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The development of breast cancer is a complex process that
involves multiple genes at many stages, from initial cell cycle
dysregulation to disease progression. To identify genetic varia-
tions that influence this process, we conducted a large-scale
association study using a collection of German cases and controls
and >25,000 SNPs located within 16,000 genes. One of the loci
identified was located on chromosome 11q13 [odds ratio (OR) �

1.85, P � 0.017]. The initial association was subsequently tested in
two independent breast cancer collections. In both sample sets, the
frequency of the susceptibility allele was increased in the cases
(OR � 1.6, P � 0.01). The susceptibility allele was also associated
with an increase in cancer family history (P � 0.1). Fine mapping
showed that the region of association extends �300 kb and spans
several genes, including the gene encoding the nuclear mitotic
apparatus protein (NuMA). A nonsynonymous SNP (A794G) in
NuMA was identified that showed a stronger association with
breast cancer risk than the initial marker SNP (OR � 2.8, P � 0.005
initial sample; OR � 2.1, P � 0.002 combined). NuMA is a cell
cycle-related protein essential for normal mitosis that is degraded
in early apoptosis. NuMA-retinoic acid receptor � fusion proteins
have been described in acute promyelocytic leukemia. Although
the potential functional relevance of the A794G variation requires
further biological validation, we conclude that variations in the
NuMA gene are likely responsible for the observed increased
breast cancer risk.

genome-wide association � single-nucleotide polymorphisms � coiled-coil
domain � early apoptosis

The role of genetic factors in the epidemiology and patho-
genesis of both sporadic and familial breast cancer is now

well established (1, 2). Less than 10% of breast cancer patients
develop the disease due to highly penetrant germ-line mutations
in susceptibility genes such as BRCA1, BRCA2, and P53 (3–5).
However, more common genetic variations with modest effects
likely contribute to susceptibility in sporadic breast cancer
patients (6–8). One strategy to identify such low penetrance
genes and their predisposing variants is through association
studies, in which the prevalence of alleles and genotypes for
common polymorphisms is compared between cancer cases and
matched controls (9). Ideally, all variants that may be directly
involved in the disease etiology would be tested; however, these
variants are largely unknown, and exhaustive typing of all
common variations is currently not feasible. Therefore, the effect
of causal variations on disease risk is measured indirectly by
genetic markers assumed to be in linkage disequilibrium with
those that are functionally relevant. Many breast cancer associ-
ation studies using variations in candidate genes have been
conducted with mixed success and low concordance between
studies. Variations in certain metabolizing enzymes, such as
cytochrome P450 enzymes (10), N-acetyltransferases (11), and
glutathione-S-transferases (12) are among the most consistently
reported ones to confer increased risk for breast cancer (13).

More recently, variations in the G2 checkpoint kinase CHEK2
have been substantiated as risk factors for breast and other
cancers (14, 15).

Lately, there has been increasing interest in the use of
whole-genome association methods to identify genes involved in
complex trait variation (16, 17). To date, however, few large-
scale studies have been reported (18, 19). To identify genes and
variants that influence breast cancer susceptibility, we conducted
a large-scale case-control study using 25,000 genome-wide SNPs.
To increase the likelihood of finding functionally relevant vari-
ations, we selected SNPs located within 10 kb of �16,000 known
or predicted genes. In this report, we describe the identification
of a 300-kb breast cancer susceptibility locus on chromosome
11q13 that harbors several potential candidate genes, including
the gene encoding the nuclear mitotic apparatus protein NuMA
[approved Human Genome Organization (HUGO) symbol,
NUMA1].

Materials and Methods
Study Subjects. The sample used for the large-scale association
study (referred to as the discovery sample) comprised 254 breast
cancer patients attending the Frauenklinik Innenstadt, Univer-
sity of Munich (Munich). Lymph node status was positive at time
of assessment in 94 cases (37%), and 18 cases (7%) had known
distant metastases. Twenty-seven cases (11%) reported a family
history of breast cancer (one or more first or second degree
relatives), and 73 cases (29%) reported a family history of any
cancer. The median age at diagnosis was 56 yr (range � 23–87
yr). A total of 268 controls with a median age of 57 yr (range �
17–88 yr) were recruited from patients with benign disease
attending the clinic during the same period. Controls with a
family history of breast or ovarian cancer were excluded. Both
parents of each study participant were reported to be of German
descent.

The German replication sample consisted of 188 cases and 150
controls recruited at the Department of Obstetrics and Gyne-
cology, Technical University of Munich (Munich). The majority
of breast cancer cases were recruited at preoperative visits, and
female controls were recruited from healthy individuals or
patients with nonmalignant diagnoses. Median age of diagnosis
for cases was 59 yr (range � 22–87 yr), and median age of
controls was 50 yr (range � 19–91 yr). All but two participants
reported both parents to be of German descent. The two
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exceptions each reported one parent of non-German, Eastern
European origin.

The Australian replication sample comprised 180 breast can-
cer cases recruited by the Pathology Department of Gold Coast
Hospital or by the Genomics Research Center, Southport.
Median age of diagnosis was 50 yr (range � 24–74 yr). Controls
consisted of 180 healthy volunteers recruited through the
Genomics Research Center. Only controls with no family history
of cancer or precancerous conditions were included. Controls
were individually age matched to cases (�5 yr). Median age of
controls was 60 yr (range � 28–94 yr).

All subjects involved in our studies signed a written informed
consent, and the institutional ethics committees of participating
institutions approved the experimental protocols.

SNP Markers and Genotyping. A set of 25,494 SNP markers was
selected from a collection of 125,799 experimentally validated
polymorphic variations (20). This set was limited to SNPs located
within gene coding regions, minor allele frequencies �0.02 (95%
have frequencies �0.1), and a target intermarker spacing of 40
kb. SNP annotation is based on the National Center for Bio-
technology Information (NCBI) dbSNP database, refSNP, build
118. Genomic annotation is based on NCBI Genome Build 34.
Gene annotation is based on LocusLink genes for which NCBI
provided positions on the Mapview FTP site.

DNA pools were formed by combining equimolar amounts of
each sample as described (21, 22). For pooled DNA assays, 25 ng
of case and control DNA pools was used for amplification at each
site. All PCR and homogeneous MassEXTEND reactions were
conducted by using standard conditions (22). Relative allele fre-
quency estimates were derived from area under the peak calcula-
tions of mass spectrometry measurements from four analyte ali-
quots as described (22). For individual genotyping, the same
procedure was applied except only 2.5 ng DNA was used and only
one mass spectrometry measurement was taken. The following
gene-specific primer sequences were used to genotype the SNPs
discussed: for rs673478, PCR1, 5�-TAATACAAAGGTGGCAG-
CAG-3�; PCR2, 5�-TTGACAAGGATAAGGACAAG-3�; and
Extend, 5�-AAGGGGAGGTCGACTGGG-3�; for rs3750913,
PCR1, 5�-CACACTCACTCTCAGCTGTG-3�; PCR2, 5�-CCAT-
CAGGCTGAGACTGAAG-3�; and Extend, 5�-CACTCTCAG-
CTGTGTGCTGGGCA-3�; for rs3018301, PCR1, 5�-ACTAAG-
AACCTTCCTGCTCG-3�; PCR2, 5�-TCTGTCCCATGTGA-
GTGTTG-3�; and Extend, 5�-ACCCTCATCACCTTTCAC-3�.

Statistical Analysis. Tests of association between disease status
and each SNP by using pooled DNA were carried out in a similar
fashion as explained in ref. 23. Sources of measurement variation
included pool formation, PCR�mass extension, and chip mea-
surement. When three or more replicate measurements of a SNP
were available within a model level, the corresponding variance
component was estimated from the data. Otherwise, the follow-
ing historical laboratory averages were used: pool formation �
5.0 � 10�5, PCR�mass extension � 1.7 � 10�4, and chip
measurement � 1.0 � 10�4. Tests of association using individual
genotypes were carried out by using a �2 test of heterogeneity
based on allele and genotype frequencies. Selected tests of
association involving contingency tables with rare or missing
cells were carried out by using Fisher’s exact test. The DerSi-
monian–Laird random effects metaanalysis method (24) was
used for the analysis of replication samples to test for the
consistency of association while permitting allele frequencies to
differ among samples. All tests of allele frequencies involving
only replication samples are one-sided, confirming the effect
observed in the discovery sample. P values were derived by using
the log odds of each contrast and their standard errors. Multiple
approaches were explored in an effort to identify haplotypes
demonstrating a stronger association with disease status than

single sites. These approaches included analyses of five-SNP
haplotypes and subsets thereof using the coalescent theory-
based PHASE 2.0 (25) and the score method that relies on the
expectation-maximization (EM) algorithm (26). No attempt was
made to correct P values for multiple testing. Rather, P values are
provided to compare the relative strength of association from
multiple dependent (e.g., SNPs within samples) and independent
(e.g., SNPs between samples) sources of information. P values
�0.05 are referred to as statistically significant.

Results
Identification of Breast Cancer Susceptibility Locus on 11q13. Using
DNA samples from 254 clinically diagnosed breast cancer cases
and 268 matched controls, we conducted a genome-wide study
consisting of 25,494 SNPs to discover variants associated with
increased breast cancer risk (27). The screening strategy in-
volved DNA pooling and a three-phase filtering procedure (Fig.
1). In the first phase, a single PCR and primer extension reaction
was conducted for each SNP on one DNA pool each for cases
and controls, respectively. Four mass spectrometric measure-
ments of each extension product were taken, and relative allele
frequencies were calculated and compared between the pools. In
the second phase, the 1,619 SNPs (�5%) with the most statis-
tically significant associations were tested again, this time in
triplicate for each DNA pool, and the results were compared. In
the third phase, the 74 most significant SNPs (�5%) from step
two were individually genotyped. Fifty-two SNPs were con-
firmed to have statistically significant differences between cases
and controls (P � 0.05, Fig. 2). One of the loci identified was
located on chromosome 11q13. A C-to-T transition in intron 1
of the gene LOC220074 (rs673478) was associated with breast
cancer susceptibility [odds ratio (OR) � 1.8, P � 0.01]. The
susceptibility allele (C) was increased in the case group from
4.7% to 7.7% (Table 1).

A conservative Bonferroni adjustment to yield an experiment-
wide type I error rate of 0.05 would demand a test-wise P value
on the order of 10�6. Given the modest sample size and low
minor allele frequency, only variations with relatively large
effects (OR � 4) would have adequate power to be detected.
Instead, we chose to be more mindful of the role of type II error
rates and apply a more liberal set of criteria in the initial phases
of the study and verify true genetic effects by independent

Fig. 1. Schematic presentation of genome-wide association study from
pool-based initial screen to replicated candidate genes. Phases 1 and 2 are
conducted by using DNA pools yielding allele frequencies, and all subsequent
steps involve genotyping of individual samples. hME, homogeneous Mass-
EXTEND. See Results for more details.
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replication. In this study, we used two independent collections of
breast cancer cases and controls from Germany and Australia,
respectively, for replication. The distribution of P values ob-
tained for each of the 52 SNPs selected for replication is
presented in Fig. 2, comparing the results in the discovery sample
with those in the combined replication samples. In both repli-
cation samples, the susceptibility allele was increased in the cases
with ORs of 1.24 and 1.52, respectively (Table 1). The allele
frequencies were very similar among the controls of all three
samples. A combined analysis of all three samples resulted in an
OR of 1.6 (P � 0.01). This finding was the second most
significant result in the combined replication sample (see Fig. 2)
and was therefore chosen to follow up. The most significant
association identified was a variation in the ICAM region on
chromosome 19q13.2, which was published recently (27).

High-Linkage Disequilibrium in 300-kb Region. To fine map the
region of association, we tested an additional 160 SNPs located
within 100 kb of the initial marker using the discovery pools (Fig.
3A). Sixty-four of the 160 SNPs tested were significantly asso-
ciated with breast cancer risk (P � 0.05). The region of highest
significance extended �100 kb, suggesting relatively low haplo-
type diversity and a linkage disequilibrium (LD) block extending
beyond the 5� end of the region analyzed. To determine the
complete extent of LD in this region, we analyzed the pair-wise
relationships between the SNP genotypes available in the
CEPH30 sample from the HapMap project (28) within a 500-kb
window including our marker (Fig. 3B). According to this
analysis, the LD block including the marker SNP rs673478 spans
�300 kb. The fine mapping project included SNPs in all genes
annotated in this window.

This 300-kb block contains seven annotated genes (Fig. 3A).
The LOC220074 gene, in which the marker SNP is located, is a
gene of unknown function. Downstream of this gene are another

three genes encoding hypothetical proteins or proteins of un-
known function: FLJ20625, Q8WZ04, and DKFZP564M082, all
located around the 3� end of the LD block. Upstream of
LOC220074 are three genes that contain the majority of signif-
icant SNPs. RNF121 is a member of the RING finger 5 family,
which is not well characterized to date. IL18BP codes for the
Il-18-binding protein, which prevents the binding of IL-18 to its
receptor, and thus inhibits IL-18-induced IFN-� production (29).
It is constitutively expressed in mononuclear cells, and its
expression can be enhanced by IFN-�. An elevated level of this
protein is detected in the intestinal tissues of patients with
Crohn’s disease (30). Finally, the gene encoding the nuclear
mitotic apparatus protein (NuMA) is located in the center of the
LD block and covers �75 kb of genomic sequence.

Nonsynonymous Variation in NuMA Strongly Associated with Disease.
NuMA is the best-described and most likely candidate in this
region. The gene encodes a 236-kDa protein with a very large
coiled-coil central domain (31, 32). NuMA is a cell cycle-related
protein that is present throughout the nucleus in the interphase,
and localizes to the spindle apparatus at mitosis (31, 33). Several
studies have shown that it is essential for normal mitosis as an
organizer of the mitotic spindle and for nuclear reassembly in
late mitosis (34–37).

Because we had individually genotyped only one SNP in
LOC220074, we selected four additional SNPs throughout the
NuMA gene from the 64 SNPs that showed significant differences
between cases and controls in the pool-based fine-mapping exper-
iment and genotyped them in all three sample collections. The
SNPs were located in the 5� upstream region (rs3018301), intron 3
(rs4945430), exon 16 (rs3750913), and intron 25 (rs2852365). Ex-
cept for the intron 25 marker, all SNPs confirmed to be statistically
significant. The results for two of these SNPs are included in Table
1. The third significant SNP, rs4945430, was in almost complete LD
with rs3018301 (r2 � 0.99) and was therefore not presented. All
SNPs genotyped had low minor allele frequencies, and LD analysis
confirmed low haplotype diversity in the region in agreement with
the results obtained from the HapMap project (Fig. 3B). Interest-
ingly, the most significant association was observed for rs3750913,
a C-to-G polymorphism in exon 16 encoding an alanine-to-glycine
variation at residue 794 (A794G). In the discovery sample, the
susceptibility allele (glycine) was increased from 1.9% in the
controls to 5.1% in the case group (OR � 2.8, P � 0.005), and the
combined significance of all samples was P � 0.002 (OR � 2.1;
Table 1). It is noteworthy that the effect was stronger in the German
replication sample than in the Australian sample. All other publicly
annotated coding variations in the 300-kb window (including ten
nonsynonymous SNPs in NuMA, three nonsynonymous SNPs in
IL18BP, and one nonsynonymous SNP in FLJ20625) were tested as
part of the fine mapping and were rare in our sample. None of these
SNPs showed significantly different frequencies between case and
control pools. Analyses of complete haplotypes as well as those
consisting of subsets of the five genotyped SNPs did not reveal any
haplotype with stronger association than that observed for A794G
(data not shown).

Correlation of Association with Family History of Cancer. The dis-
covery collection of German breast cancer patients included
information related to family history, age of onset, severity of
disease, and type of treatment. The genotyped SNPs were tested
for association with these variables (Table 2). The A794G SNP
showed association with a positive family history of cancer (P �
0.1), which was reported by 73 cases. Of those homozygous for
the protective allele (C), only 27% had a positive family history
of cancer, compared with 39% of the heterozygotes. The one
homozygote for the susceptible allele also reported family
history of cancer. Comparing A794G allele frequencies between
cases with a cancer family history and all controls resulted in a

Fig. 2. Distribution of discovery and replication P values for the 52 SNPs
selected from the third phase (genotype confirmation) of the large-scale
association study. The inner plot shows the P values (�log10 transformed)
comparing allele frequencies between cases and controls in the discovery
sample (x-axis, two-sided test) versus the comparison in the combined repli-
cation samples (y-axis, one-sided test based on effect observed in the discovery
sample). The top and right outer margins show the univariate distributions of
the discovery and replication P values, respectively. An arrow points to the
result for marker rs673478. The result for the NuMA nonsynonymous variation
rs3750913 identified during subsequent fine mapping is indicated as a bold 	.
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larger estimated genetic effect (OR � 4.45, P � 0.001). There
was no significant correlation with family history of breast cancer
per se, but the sample number in this group was very low (n �
25). There was also no correlation with age of diagnosis or
predisposition to the development of metastases. It is notewor-
thy, however, that the individual homozygous for the glycine
allele was younger than the lower quartile of the alanine
homozygotes and received radiation therapy, which only 50% of
the remaining group underwent.

Discussion
In an association study by using SNPs in nearly 16,000 genes we
obtained evidence that a 300-kb region on chromosome 11q13
encompassing the NuMA gene influences breast cancer risk. The
effect proved to be relatively consistent in two independent sam-
ples. Of the seven genes in the defined LD block, five encoded
either hypothetical or poorly described proteins, and one, IL18BP,
is mainly expressed in mononuclear cells and was previously
implicated in Crohn’s disease. We will not attempt to speculate on
a potential involvement of these genes in breast cancer predispo-
sition but elaborate on NuMA as a likely candidate for the observed
association. The NuMA gene codes for a component of the nuclear

matrix and relocalizes to the spindle poles during mitosis (33),
where it forms a complex with cytoplasmic dynein and dynactin
(37). Evidence that NuMA is interacting with splicing factors (38)
and with the putative transcription factor GAS41, glioma-amplified
sequence 41 (39), suggests that NuMA might also be involved in
gene regulation. Furthermore, NuMA seems to be a key protein in
apoptotic events. Several studies have shown that NuMA is de-
graded in early apoptotic cell death (40, 41), induced through
cleavage by caspase-3 and�or caspase-6 (42, 43). Silencing of the
NuMA gene results in an apoptotic phenotype in HeLa cells (44),
suggesting an antiapoptotic function of the protein. Also interesting
in this context is that NuMA is preferentially expressed in prolif-
erating cells (45).

Another line of evidence that makes NuMA a plausible candi-
date for cancer predisposition is the existence of NuMA-retinoic
acid receptor � (RAR�) fusion proteins in acute promyelocytic
leukemia (46). Even though the contribution of the NuMA gene
disruption to the phenotype is unclear, this observation was the first
to implicate a mitotic apparatus protein in the molecular patho-
genesis of human malignancy. The comparison of NuMA-RAR�
mice with mice carrying other RAR fusion proteins strongly
suggests that disruption of the NuMA function plays a role in the
development of myeloid leukemia (47).

Table 1. Analysis of association of SNPs in LOC220074 and NuMA with breast cancer status

Sample N* MAF† OR‡ P value§

Genotype
frequencies¶ P value�

rs673478
LOC220074 Intron 1 (T3C) C TT TC CC

German Controls 265 0.047 1.85 0.017 0.91 0.09 0.00 0.04
(Discovery) Cases 244 0.077 0.84 0.14 0.01
German Controls 144 0.045 1.24 0.272 0.91 0.09 0.00 0.53
(Replication) Cases 189 0.056 0.89 0.11 0.00
Australian Controls 178 0.042 1.52 0.111 0.92 0.07 0.01 0.51
(Replication) Cases 176 0.063 0.89 0.10 0.01
Replication all 1.38 0.098

Total 1.59 0.011

rs3750913
NuMA Exon 16 (C3G, A794G) G CC CG GG

German Controls 267 0.019 2.84 0.005 0.96 0.04 0.00 0.02
(Discovery) Cases 246 0.051 0.90 0.09 0.00
German Controls 143 0.017 2.31 0.055 0.97 0.03 0.00 0.09
(Replication) Cases 190 0.040 0.92 0.08 0.00
Australian Controls 180 0.028 1.43 0.198 0.94 0.06 0.00 0.54
(Replication) Cases 179 0.039 0.93 0.07 0.01
Replication all 1.72 0.049

Total 2.13 0.002

rs3018301
NuMA 5� upstream (�510 G3A) A GG GA AA

German Controls 260 0.052 1.68 0.042 0.90 0.09 0.01 0.09
(Discovery) Cases 244 0.084 0.84 0.15 0.01
German Controls 144 0.045 1.49 0.127 0.91 0.09 0.00 0.45
(Replication) Cases 190 0.066 0.87 0.12 0.01
Australian Controls 178 0.045 1.55 0.095 0.92 0.08 0.01 0.45
(Replication) Cases 179 0.067 0.88 0.11 0.01
Replication all 1.52 0.042

Total 1.59 0.008

*Number of subjects with genotypes.
†Minor relative allele frequency.
‡OR with reference to allele with increased frequency in cases.
§P value for test comparing allele frequencies between cases and controls; tests for German discovery and all
samples (Total) are two-sided; tests in replication collections are one-sided, based on the effect observed in the
discovery collection.

¶Relative genotype frequencies.
�P value for tests comparing genotype frequencies between cases and controls.
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The only verified polymorphic nonsynonymous residue in
NuMA, A794G, proved to be the most strongly associated with
breast cancer risk, and individuals carrying the glycine allele have
a �2-fold higher risk compared with individuals not carrying this
allele. The residue is located in coil 3 of the large central coiled-coil

domain of NuMA (32), an �-helical structure that is important for
oligomer formation and potentially for protein–protein interactions
during mitosis. A conserved domain search at the National Center
for Biotechnology Information (NCBI) web site revealed that
A794G is located in a domain that has homology to the SMC

Fig. 3. Association fine mapping of breast cancer susceptibility region on chromosome 11q13. (A) One hundred sixty public domain SNPs in a 100-kb window
around the initial marker SNP (arrow) were compared between pools of cases and controls. Sixty-four of 160 SNPs were significant at P � 0.05 (horizontal dashed
line). The nonsynonymous A794G SNP in exon 16 of NuMA is indicated (	). The x-axis corresponds to their chromosomal position, the y-axis to the test P values
(�log10 scale). The continuous dark line presents the results of a goodness-of-fit test for an excess of significance (compared with 0.05) in a 10-kb sliding window
assessed at 1-kb increments. The continuous light gray line is the result of a nonlinear smoothing function showing a weighted average of the P values across
the region. The darkness of each point corresponds to the minor allele frequency of each SNP in the control sample (see legend below graph). The LocusLink
gene annotations for NCBI genome build 34 are included. (B) Estimates of LD from HapMap CEPH30 data in a 300-kb region encompassing NuMA. Estimates of
LD(�D�� and r2) are represented as gray-scale ranging from white (LD � 0) to black (LD � 1) at increments of 0.1. SNP locations are indicated as downward tick
marks in the ruler above. The marker SNP rs673478 location is marked (arrow).

Table 2. Association of rs3750913 with clinical indicators in the discovery sample

Genotype N
CC

(N � 222)
GC

(N � 23)
GG

(N � 1) P value

Age of diagnosis (yr) 235 49�56�63* 51�57�61 43�43�43 0.441
Familial history cancer 254 27% (60) 39% (9) 100% (1) 0.101
Familial history breast cancer 254 10% (23) 9% (2) 0% (0) 1
Lymph node metastases 254 31% (68) 22% (5) 100% (0) 0.8
Organ metastasis 254 7% (16) 4% (1) 0% (0) 1
Radiation therapy 254 49% (109) 52% (12) 100% (1) 0.22

*Quantitative variables are expressed as first quartile�median�third quartile. Categorical variables are expressed
as column percentage (count).

2008 � www.pnas.org�cgi�doi�10.1073�pnas.0409806102 Kammerer et al.



(structural maintenance of chromosome) family of chromosome
segregation ATPases. This family includes proteins that are in-
volved in cell division, chromosome partitioning, and DNA repair,
such as RAD18 and SMC1, a protein that has been shown to
interact with BRCA1 (48). An alignment of NuMA protein se-
quences from all species available at NCBI’s GenBank (human,
mouse, rat, and frog) showed that residue A794 is conserved in all
species (data not shown).

A functional implication of the variant in the etiology of breast
cancer, however, can only be hypothesized at this point. Biological
validation of this variant is necessary to determine whether the
variation leads to changes in the structural or functional properties
of the protein. The G794 allele is also significantly more common
in cases with a family history of any cancer. Therefore, it might be
worthwhile to also analyze sample collections of other cancer types
for a correlation of this variant with disease status. As an essential
protein for chromosomal segregation and cell proliferation, NuMA
is a conceivable candidate for predisposition to different forms of
cancer.

In summary, a large-scale association study discovered variations
in NuMA that might be involved in the predisposition to breast
cancer, a finding that supports the promise of more comprehensive
genome-wide studies. Disruption or constitutive activation of
NuMA could lead to perturbation of cellular functions. Loss-of-
function might render the cell less efficient in the execution of
mitotic events. On the other hand, a gain-of-function variation
might disrupt proper cleavage of NuMA and prohibit apoptosis.

Additional analysis of the A794G and other potentially functional
variants in the gene, including promoter sites, will be necessary to
gain further knowledge about the biological basis of this disease
association. As a consequence of the relatively low frequency of the
variant, the statistical significance of some of the observations made
in this study is limited. As shown for a variant in the G2 checkpoint
kinase 2, CHEK2*1100delC, which has a similarly low frequency in
the population, the observed effect of the variation is relatively
modest but consistent among most studies (14). In our study, the
genetic effect of NuMA*G794 has been demonstrated in three
independent breast cancer samples. Additional independent and
ideally larger samples are needed to support and extend these
findings. Despite its relatively low frequency and modest effect, this
region may be an important component of breast cancer risk in the
population. Based on the combined data from this study, the
A794G variation has an estimated population-attributable fraction
(attributable risk) of 3.5%, comparable with BRCA1 and BRCA2
mutations combined, which are substantially rarer (49). In combi-
nation with other predisposing factors, such as CHEK2*1100delC
and the ICAM variations [which we have previously reported (27)],
variations in NuMA may prove to be useful to assess breast cancer
risk and potentially help decide on the appropriate timing and
selection of treatment.

We thank all patients participating in this study and the members of
Sequenom’s genotyping team for their excellent support in producing the
genetic data for this research.
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