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Abstract. Breast cancer is a malignancy with a strong heri-
table component. Genetic counseling has been principally 
focused on families carrying high-penetrance breast cancer 
1/2, early onset genes. Current modeling suggests that the 
majority of the unexplained fraction of familial risk is likely 
to be explained by a polygenic model. The aim of the present 
study was to estimate the heritability (h2) of breast cancer 
susceptibility through the analysis of 6 single nucleotide 
polymorphisms (SNPs), nuclear mitotic apparatus protein 1, 
cyclin D1, cytochrome C oxidase copper chaperone, fibro-
blast growth factor receptor 2, TOX high mobility group 
box family member 3 and solute carrier family 4 member 7. 
These 6 SNPs, previously identified by genome‑wide asso-
ciation studies, were considered to evaluate the additive and 
common environmental components that contribute to the 
development of breast cancer in nuclear (pedigrees including 
only first degree relationships) and in extended families (with 
at most third degree relationships). A total of 22 extended 
pedigrees, subsequently split into 52 nuclear pedigrees were 
analyzed. An example of splitting process from extended to 
nuclear pedigree is shown in Fig. 1. Firstly, an underline latent 
continuous trait (Y*) using breast cancer status and informa-
tion of 6 breast cancer-associated SNPs was calculated. This 

novel trait summarized the susceptibility of breast cancer in 
each individual. Secondly, the h2 of Y* was estimated using 
an additive polygenic-common environment-unique error 
model. h2 was evaluated in extended and immediate pedigrees, 
obtaining comparable results. h2 accounts for ~40% of the 
total phenotypic variance, indicating a fairly strong additive 
genetic effect of breast cancer susceptibility. The present study 
indicated the importance of the evaluation and consideration 
of these six SNPs, which can be used as instrumental variables 
in order to obtain improved genetic models that are useful for 
h2 analysis.

Introduction

Breast cancer (BC) is one of the most commonly diagnosed 
types of malignancy following non-melanoma skin cancer 
worldwide, as reported in GLOBOCAN 2012 (1). BC is a 
disease with a strong heritable component. Risk increases 
with the number of affected relatives, age at diagnosis and the 
number of affected male relatives (2-5). Genetic counseling has 
principally focused on families with a history of breast cancer 
that have a risk of carrying alterations in high-penetrance 
breast cancer 1, early onset (BRCA1) and breast cancer 2, 
early onset (BRCA2) genes, that are associated with the highest 
lifetime risk. However, only 25% of the familial aggregation of 
BC is explained by known high- and moderate-risk genes (6). 
For this reason, genetic testing leads to uninformative results 
in a number of patients. Numerous efforts have been made 
by consortia, including the Consortium of Investigators of 
Modifiers of BRCA1 and BRCA2 (7) and the Breast Cancer 
Association Consortium (8), to explain the remaining heritable 
risk through genome-wide association studies (GWAS).

However, GWAS results only collectively explain a small 
part of the estimated hereditability. It is of note that GWAS 
were conducted in the general population and that patients 
affected by familial BC constitute a different group of risk. 
Sawyer et al (9) analyzed 22 single nucleotide polymorphisms 
(SNPs), which were previously identified through GWAS 
to be involved in increasing the risk of developing BC in a 
cohort of 1,143 index patients with BRCA1/2 alterations and 
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BRCAX indices (patients with family history of BC but with 
no mutation in BRCA1/2 genes). It was demonstrated that the 
magnitude of the effect of the SNPs was greater compared 
with those described through population-based studies and, in 
addition, the authors identified for the first time an applica-
tion of GWAS results (9). However, the study conducted by 
Sawyer et al (9) only considered index patients, and not their 
relatives and the shared environmental factors.

Family-based studies provide several opportunities for the 
investigation and interpretation of the numerous, but at present 
unidentified, genetic variations underlying complex diseases. 
This type of study allows heritability (h2) to be estimated, 
which is formally defined as a ratio of variances, or more 
specifically as the proportion of total variance in a popula-
tion for a particular measurement, obtained at a particular 
time or age that is attributable to variation in additive genetic 
values (10).

In order to investigate BC h2, a family-based study 
analyzing 6 SNPs whose association with BC risk was previ-
ously identified by GWAS and confirmed by Sawyer et al (9) 
was performed. The reason for studying the h2 of BC is that at 
present, 20 risk alleles have been identified (11‑14) to be asso-
ciated with BC risk, however these results have not yet been 
integrated into clinical practice. Common low-penetrance 
BC susceptibility alleles have been implemented in different 
BC Risk Assessment Tools (15-19), however no improvement 
in model performance has been exhibited (20,21). Thus, the 
primary aim of the present study of BC in Caucasian families 
was to verify the opportunity to implement a procedure for h2 

estimation based on GWAS‑identified BC alleles.

Materials and methods

Study population. A sample of 22 patients at high risk of 
carrying BRCA mutations were enrolled from the Counseling 
Program of IRCCS Istituto Tumori ‘Giovanni Paolo II’ of 
Bari between March 2008 and September 2011, following 
the specific criteria summarized in Table I. Genealogical 
information and medical history were registered to each 
participant. Genetic information and the tumor-node-metas-
tasis staging (22) of breast cancer are also available for the 
analysis (Table II). All patients enrolled were characterized 
according to pathological features and family history, and 
were classified as having an increased risk to carry BRCA 
mutations (10-20%) by BRCAPRO software (19). On the basis 
of genealogical information, 22 extended and 56 nuclear 
pedigrees were developed for each patient (Table II). An 
extended pedigree is represented by each index enrolled in 
genetic counseling and all relatives of all degrees. Every 
extended pedigree was split into several nuclear pedigrees, 
each including only first‑degree relatives.

Ethics approval and patient consent. Written informed 
consent was obtained from all participants. The present study 
was approved by the Ethics Committee of the IRCCS-Istituto 
Tumori ‘Giovanni Paolo II’ (Prot. N56/CE; 06/05/2011) to 
perform molecular analyses and use data for research purposes.

BRCA genes sequencing and SNP genotyping. Genomic DNA 
was extracted using QIAmp DNA blood midi kit (Qiagen, Inc., 

Valencia, CA, USA) according to the manufacturer's protocol. 
DNA was quantified using a ND-8000 Spectrophotometer 
(NanoDrop Technologies; Thermo Fisher Scientific, Inc., 
Wilmingtom, DE, USA) and mutational screening was 
performed (23). If a variant was identified in the index patient, 
the consent to inform other family members was requested. 
The blood of all enrolled members, healthy or affected, were 
analyzed for the identified variant in the index patient. The 
variants identified in the sequence were characterized and 
compared with those present in the online databases Breast 
Cancer Information Core (http://www.research.nhgri.nih.
gov/bic/), ENTREZ SNP (http://www.ncbi.nlm.nih.gov), 
Ensemble Database (http://www.ensembl.org) and the Human 
Genome Variation database (http://hgvbase.cgb.ki.se/).

SNP genotyping (rs3018301, rs614367, rs6504950, 
rs2981582, rs3803662 and rs4973768) was performed through 
TaqMan assays (Thermo Fisher Scientific, Inc., Waltham, MA, 
USA), according to the manufacturer's protocol. SNPs infor-
mation are summarized in Table III.

Statistical analysis. A generalized linear model was applied to 
each of the 6 SNPs. Data are presented as the mean ± standard 
error of the mean for continuous variable and for categorical 
data. The association between genotyped SNPs and BC was 
tested using a generalized mixed linear model using R software 
(version 3.1.3) (24). As the traditional variance components 
model for dichotomous phenotypes demands a high number of 
cases, a two-step approach was adopted.

First step: From binary to continuous score trait. A BC 
susceptibility score was obtained using a liability threshold 
model. This model assumed that under dichotomous disease 
information there was a hypothetical continuous liability 
composed of latent genetic and environmental factors (25). 
In particular, for each subject the susceptibility score Y* was 
calculated, which summarizes disease status (affected or unaf-
fected) and information on six disease-associated SNPs. In 
order to estimate h2, it is mandatory to have a continuous and 
normal distribution. Generally, such variables depend on the 
presence of a number of binary response variables from which 
a latent variable may be calculated (25). In the present study, 
a binary variable (disease status) and information regarding 
disease-associated SNPs were available. Thus, these were used 
as instrumental variables to obtain a novel variable, Y*, and 
a Gaussian continuous variable N (0,1) underlying to disease 
status. Specifically, the disease status Y coded (0=affected, 
1=not affected) is linked to Y* by a threshold τ:

Y* is linked to the six SNPs additively coded (X=0,1,2) by 

In other terms, Y* includes the liability of BC predicted by 
the SNPs of BC and unobserved terms U representing the 
liability of BC variation unexplained by SNPs. Computations 
were carried out by Mplus software (version 6.0; Muthen and 
Muthen, Los Angeles, CA, USA) (26), and the Mplus output 
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scores for each subject for the latent response Y* is the outcome 
variable for hereditability analysis used in the second step.

Second step: h2and c2 estimations. In the second step, 
individuals were not considered independently, but associ-
ated with each other by drawing pedigrees. A total of 22 
extended families (52 nuclear families) were used to esti-
mate the genetic component of the susceptibility of BC. h2 
analysis was carried out by the variance component analysis 
algorithm implemented in the genetic analysis software 
SOLAR (version 6.0; Southwest Foundation for Biomedical 
Research, San Antonio, TX, USA) (27), assuming an Additive 
polygenic-common environment-unique error (ACE) model 
and adjusting for sex and age (28). SOLAR was performed 
with extended pedigrees and nuclear pedigrees. Therefore, a 
variance component (c2) was adopted to denote the variance 
among family members due to a common cluster environ-
ment, using extended pedigrees, and the variance between 
siblings due to a common sibling environment, using nuclear 
pedigrees.

Results

The demographic characteristics and BRCA1/2 mutational 
status of the enrolled 144 subjects (52 patients with breast 
cancer) are described in Table IV. Regarding the observed 
odds ratio of the BRCA1/2 and the six SNPs no significance 
was observed.

h2. h2 effects were estimated in extended and nuclear families 
(22 and 52 pedigrees, respectively) through SOLAR using the 
liability scores Y*, that were normally distributed, as expected. 
The scores were interpreted only as the liability variation of 
BC unexplained by SNPs, as no significant SNPs results were 
observed (Table IV). The results from the analysis of the 
extended and nuclear pedigrees are summarized in Table V.

Extended pedigrees. h2 estimation in extended pedigrees is 
demonstrated in Table V. h2 without covariates was significant 
and equal to 40.7%. h2 was increased compared with the model 
without covariates and also significant when sex and age are 

Figure 1. Example of one extended pedigree (family #5) with 10 subjects (first section) and two nuclear pedigrees following the splitting process (second 
section). Identities flanked by letter are the same individuals of the extended pedigree. They were renamed to perform analyses on nuclear pedigrees.
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considered (h2=46.4%). Finally when BRCA1 and BRCA2 muta-
tional information are considered in the model as covariates, h2 

is 46.7%. In the final model, only BRCA1 exhibited a significant 
contribution. When the household effect was also considered, c2 
was not observed to be significant (data not shown).

Nuclear pedigrees. h2 remained significant in the three models 
using nuclear pedigrees (model with no covariate, adjusted for 
sex/age and BRCA1/BRCA2) but reduced compared with the 
extended pedigrees. In particular, h2 without any adjustment 
was 35.9, 39.4 and 34% with sex and age covariates and with 
BRCA1/BRCA2, respectively (Table V). In the final model, 

only BRCA1 demonstrated a significant contribution. The 
effect of siblings, or sibling-household effects, c2, such as in 
extended pedigrees, were not observed to be significant (data 
not shown).

Discussion

A number of studies have been focused on the genetics of BC. 
This malignancy is ~twice as common in the first‑degree rela-
tives of women with the disease as in the general population, 
consistent with the variation in genetic susceptibility to the 
disease (29). Inherited mutations in BRCA1/2 genes lead to a 

Table I. Familial and clinical criteria used to enroll patients in the Genetic Counseling Program. 

Index features Hereditary-based criteria

Patients <50 years old with BC 1 first‑degree relative <50 years old with BC 1 first‑degree relative with 
  bilateral BC or OC at any age
Patients >50 years old with BC 2 first‑degree relatives with BC at any age 
Patients with ovarian/fallopian tube 1 first‑degree relative with OC or fallopian 
carcinoma tube carcinoma at any age

To be enrolled for the program, patients had to match one of the ‘Index features’ and a ‘hereditary-based criteria’. BC, breast cancer; OC, 
ovarian cancer.

Table II. Features of the index patients whose families were involved in the study.

ID c/nc BRCA1 mutation BRCA2 mutation Age GC, years Histology Tumor node metastasis n N

#1 c c.5266dupC  60 IDC pT2N0Mx 14 3
#2 c  c.6462_6463delTC 41 IDC pT3N1M0 5 1
#3 nc   37 IDC pT2N0Mx 3 1
#4 c  c.6447_6448dup 59 IDC pT2N1M0 6 1
#5 nc   50 IDC pT1N1M0 10 3
#6 c  c.1772_1775delTTTA 72 IDC pT4N0M0 13 3
#7 nc   65 IDC pT1bN0M0 5 1
#8 nc   48 IDC pT2N0Mx 5 1
#9 c  c.2049_2050delTC 36 IDC pT2N1M0 7 2
#10 nc   36 IDC pT1cN0M0 11 2
#11 c c.5266dupC c.5796_5797delTA 51 IDC pT2NxM0 8 2
#12 c c.5266dupC  43 IDC pT1cN1biiiM0 5 1
#13 c  c.5796_5797delTA 42 DCIS pT1cN0M0 20 4
#14 nc   62 IDC pT1N1M0 28 5
#15 c  c.5796_5797delTA 51 IDC pT1N1M1 5 1
#16 c c.181T>G  41 IDC pT1bN0M0 10 2
#17 nc   59 IDC pT1cN0M0 10 2
#18 nc   55 IDC pT2N1M0 11 3
#19 c c.5266dupC  54 IDC pT1cN1M0 4 1
#20 c c.5266dupC  48 IDC pT2N1aM0 30 7
#21 nc   38 IDC pT1cN0M0 13 3
#22 c c.5266dupC  53 IDC pT2N0M0 10 3

c, carrier; nc, non-carrier of BRCA1/2 deleterious mutations; Age GC, age of patient at the genetic counseling; n, number of subjects in the 
index pedigree; N, number of nuclear families in the index pedigree IDC, invasive ductal carcinoma; DCIS, ductal carcinoma in situ.
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high risk of breast and other associated cancers (30). However, 
the majority of families with multiple patients with BC do not 
carry mutations in these genes (31). These observations have 
led to the proposal that BC susceptibility is largely polygenic, 
meaning that susceptibility is conferred by a large number of 
loci, each with a small effect on BC risk (32). This model is 
consistent with the observed patterns of familial aggregation 
of BC.

A base for counseling may be provided by mathematical 
models, which predict BRCA1/2 carrier probabilities and 
cancer risk. A number of models have been suggested in 
the literature (15-21). Several of these are logistic regres-
sion models that use descriptive measures of family history 
and may be implemented by adding other non-genetic risk 
factors. An alternative approach is to base predictions on a 
genetic model for the disease, for example the Claus (15-16) 
or Gail models (17,18,21). However, genetic susceptibility to 

BC is more complex than these models suggest. As has been 
previously mentioned, BRCA1/2 genes explain just a small 
proportion of hereditary BC. Different studies focused on 
the association between BC risk and 8 common alleles, each 
conferring a relative BC risk <1.5 (14,32-34). It is important to 
highlight that the attributable risk of these alleles is relatively 
high (13-16% for the allele of stronger effect) as they occur at 
a high frequency in the general population. However, the vari-
ants may only explain a proportion of BC when they perform 
a causal role (33,34).

The present study focused on the estimation of h2 of BC 
susceptibility through 6 common variants used as instrumental 
variables in 52 Apulian nuclear families, with a relevant family 
history of BC. In addition, BC data analysis was performed 
for the first time by applying the ACE model on the liability 
scores, Y*, of BC. This is defined by the liability of BC as 
predicted by SNPs that are not statistically associated with the 

Table III. Genotyped SNPs for the present study with genome-wide association study OR (95% CI).

Author, year Gene SNP RefSeq HGV name OR  95% CI (Refs.)

Ahmed et al, 2009 COX11 rs6504950 NM_178509.5 c.-156-6504G>A 0.76 0.61 0.96 (11)
Easton et al, 2007 FGFR2 rs2981582 NM_000141.4 c.109+906T>C 1.26 1.23 1.30 (12)
Turnbull et al, 2010 SLC4A7 rs4973768 NM_001258379.1 c.*4043+394G>A 1.33 1.07 1.64 (13)
Turnbull et al, 2010 CCND1 rs614367 NC_000011.9 g.69328764C>T 1.15 1.10 1.20 (13)
Easton et al, 2007 TOX3 rs3803662 NC_000016.9 g.52586341A>G 1.20 1.16 1.24 (12,14)
and Stacey et al, 2007
Antoniou et al, 2004 NUMA1 rs3018301 NM_001145307.4 c.-140+140A>G 1.45 1.03 20.3 (35)

SNP, single nucleotide polymorphism; OR, odds ratio; CI, confidence interval; HGV, human genome variation; COX11, cytochrome C oxidase 
copper chaperone; FGFR2, fibroblast growth factor receptor 2; SLC4A7, solute carrier family 4 member 7; CCND1, cyclin D1; TOX3, TOX 
high mobility group box family member 3; NUMA1, nuclear mitotic apparatus protein 1.

Table IV. Description of the cohort.

 Healthy Patients with  Odds 95% confidence
Features subjects breast cancer ratio interval P-value

Subjects 92 52
Age, years mean 40.81 (2.84) 52.8 (11.53)    <0.001
(standard deviation)
Female 62 50 7.79 2.57 33.8 0.001
BRCA1-mutated 15 14 0.76 0.90 4.98 0.070
BRCA2-mutated 17 12 1.49 0.60 3.44 0.350
NUMA1 28 12 0.87 0.30 1.91 0.730
CCND1 26 15 1.11 0.54 2.22 0.750
COX11 37 19 1.16 0.60 2.18 0.640
FGFR2 81 41 1.30 0.50 3.22 0.550
TOX3 63 26 0.81 0.40 1.40 0.450
SLC4A7 77 40 1.59 0.90 2.87 0.110

BRCA1, breast cancer 1, early onset; BRCA2, breast cancer 2, early onset; NUMA1, nuclear mitotic apparatus protein 1; CCND1, cyclin D1; 
COX11, cytochrome C oxidase copper chaperone; FGFR2, fibroblast growth factor receptor 2; TOX3, TOX high mobility group box family 
member 3; SLC4A7, solute carrier family 4 member 7.
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disease, in addition to the unobserved terms representing the 
variation in liability of BC, unexplained by SNPs.

Family information and genotypes were used to estimate 
h2 in extended and nuclear pedigrees. Comparable results 
were obtained in the two cases (0.407±0.19 and 0.359±0.17, 
respectively). This first result indicates a fairly strong additive 
genetic effect of BC susceptibility scores, Y*. The possibility 
to analyze extended and nuclear pedigrees allows more precise 
and detailed estimations of variances to be obtained. However, 
no statistically significance was observed with household and 
sib-household effects, while the additive genetic component 
(h2) was fairly strong and significant. It is not possible to 
compare the results of the present study with the literature as 
no other similar study regarding BC h2 has been performed 
previously.

Antoniou et al (35) developed a model using complex 
segregation analysis of breast and ovarian cancer occurrence. 
It allowed for the simultaneous effect of BRCA1 and BRCA2 
and the effect of low-penetrance genes with multiplicative 
effects on BC risk. The results of the present study demon-
strated that the presence of deleterious mutations in BRCA1 
genes have to be considered in the estimation of polygenic risk. 
The largest limitation of the present study was the sample size. 
The number of pedigrees and other SNPs correlated with BC 
by GWAS studies needs to be considered to improve the power 
of the study. It is important to highlight that h2 estimation is a 
snapshot of a moment in a limited geographical region and is 
not universally applicable.

Although the cohort size needs to be enlarged, the 
preliminary results are encouraging. The present study 

indicated the importance of the evaluation and consideration 
of the six SNPs, used as instrumental variables, in index 
patients in order to obtain improved genetic models useful 
for h2 analysis.
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