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CHAPTER 5
LINKAGE SEARCHES

5.1. A GENOME WIDE LINKAGE SEARCH FOR BREAST CANCER
SUSCEPTIBILITY GENES
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ABSTRACT

Mutations in known breast cancer susceptibility genes account for a minority of the
familial aggregation of the disease. To search for further breast cancer susceptibility
genes, we performed a combined analysis of four genome-wide linkage screens,
which included a total of 149 multiple case breast cancer families. All families inclu-
ded at least three cases of breast cancer diagnosed below age 60 years, at least one of
whom had been tested and found not to carry a BRCA1 or BRCA2 mutation. Evidence
for linkage was assessed using parametric linkage analysis, assuming both a domi-
nant and a recessive mode of inheritance, and using nonparametric methods. The
highest LoD score obtained in any analysis of the combined data was 1.80 under the
dominant model, in a region on chromosome 4 close to marker D4S392. Three
further LoD scores over 1 were identified in the parametric analyses and two in the
nonparametric analyses. A maximum LoD score of 2.40 was found on chromosome
arm 2p in families with four or more cases of breast cancer diagnosed below age 50
years. The number of linkage peaks did not differ from the number expected by
chance. These results suggest regions that may harbor novel breast cancer suscepti-
bility genes. They also indicate that no single gene is likely to account for a large
fraction of the familial aggregation of breast cancer that is not due to mutations in
BRCA1 Or BRCA2.
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INTRODUCTION

Breast cancer aggregates in families, with the disease being approximately twice as
common in the first-degree relatives of cases as in the general population (Collabo-
rative Group on Hormonal Factors in Breast Cancer, [2001]). The higher risk to
monozygotic twins of breast cancer cases than to dyzygotic twins of cases suggests
that most of this familial clustering is likely to have a genetic basis (Peto and Mack,
[2000]). However, although several important breast cancer susceptibility genes
have now been identified, most of the familial aggregation of breast cancer remains
unexplained.

In the 1990s, two important breast cancer susceptibility genes, BRca1 (MIM 113705)
and BRcA2 (MIM 600185), were identified by linkage studies in multiple case families
(Miki et al. [1994]; Wooster et al. [1995]). Germline mutations in these genes confer
high lifetime risks of breast cancer and ovarian cancer, together with smaller risks of
some other cancer types (Antoniou et al. [2003]; Thompson and Easton, [2004]).
Mutations in these genes are common in families with multiple cases of breast or
ovarian cancer, and are present in most families with at least six or more cases (Ford
etal. [1998]). Population-based studies have estimated that BRca1 and BRcA2 muta-
tions account for 15% of the excess familial risk of breast cancer (Peto et al. [1999];
Anglian Breast Study, [2000]; Dite et al. [2003]). Mutations in two other genes, TP53
and PTEN, also confer high risks of breast cancer, but only in the context of rare syn-
dromes. Mutations in the ATm and cHEK2 genes confer more moderate (approxima-
tely twofold) risks of breast cancer (cHEk2 Case-Control Consortium, [2004];
Thompson et al. [2005]), although some mutations in ATM may confer higher risks.
In total, the known susceptibility genes have been estimated to account for no more
than 25% of the familial aggregation of breast cancer (Easton, [1999]), suggesting

strongly that other susceptibility genes remain to be identified.

BRCA1 or BRCA2 mutations are found in the majority of families with six or more
cases of breast cancer cases consistent with dominant inheritance (Ford et al. [1998]).
This suggests strongly that further susceptibility genes are likely to confer smaller
risks than BRcA1 and BRCA2 mutations, but the number and characteristics of such
genes remains unknown. One model, suggested by a recent segregation analysis
(Antoniou et al. [2004]), proposes that there are a large number of such genes, each
conferring only small risks of the disease. If true, such loci could not be identified
through linkage studies. However, it is also possible that there are further loci

conferring more substantial risks that could be detected by linkage. To evaluate this
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possibility, we have conducted a genome-wide linkage analysis in multiple case

breast cancer families that are unlikely to be segregating BRCA1 or BRCA2 mutations.

MATERIALS AND METHODS

As a basis for this linkage study, we sought to identify informative families with a low
probability that they contained mutations in BRca1 or BRcaz2. Families were collec-
ted independently by four groups, principally through family cancer clinics or
epidemiological studies of breast cancer. All families were of Caucasian ancestry.
The recruitment of the families used in the study took place over the last 15 years,
but all families were regularly updated with regard to their cancer status. All groups
obtained appropriate Institutional Review Board approvals. Specific sources of re-

cruitment were as follows:

Australia: Families were identified through the Kathleen Cuningham Foundation
Consortium for Research into Familial Breast Cancer (kConFaB), which is a natio-
nal multidisciplinary consortium for research on familial breast cancer (GJ Mann,
unpublished). Several families were initially ascertained through the Australian
Breast Cancer Family Registry (ABCEs); these kindreds were recruited as part of a
population-based case-control-family study and all were recruited via a diagnosis of
breast cancer in the proband under the age of 40 years (Hopper et al. [1999]).

IARC: Families were ascertained by a collaborative group of investigators from the
USA, Canada, Australia, and France. Netherlands: The Dutch families were ascer-
tained through the Clinical Genetic Centers in Leiden and Rotterdam, and through
the Netherlands Foundation for the Detection of Hereditary Tumors (STOET).

United Kingdom: All but 17 of the families were ascertained through clinical gene-
tics centers in the United Kingdom. Two families were initially ascertained in the

Netherlands, six from centers in the USA, and nine from Heidelberg, Germany.

Initially, all families had to satisfy the following criteria: (1) at least three women
diagnosed with breast cancer below age 60 years, all of whom were related such that
they could share a single allele identically by descent, (2) no case of ovarian cancer
or male breast cancer in a blood relative (since these phenotypes are strongly predic-
tive of the presence of BRca1 or BRCA2 mutation), and (3) DNA samples available for
genotyping from at least three women affected with breast cancer, or from children
of affected women such that the genotypes of at least three affected women might be

inferred (in the latter case, at least two children of an affected women needed to be
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TABLE 1
Summary of families by group

Group Number of families Number of
Number of cases Cases of breast | genotyped
of breast cancer cancer diagnosed | individuals

below age 50 years|
Total 3 4 5 6+ <4 4+

Australia 21 4 6 6 5 17 4 127

IARC 26 7 5 8 6 23 3 122

Netherlands 22 3 6 5 8 15 7 79

UK. 80 25 24 18 13 70 10 395

Total 149 39 41 37 32 125 24 723

available). In addition, to minimize the probability that the family segregated a
BRCA1 Or BRCA2 mutation, DNA from at least one affected individual was screened
for mutations across both genes, by a method that examined the entire coding se-
quence and splice junctions. Whenever possible, for families with five or more cases
of breast cancer, a second affected individual was screened. Subsequently, we col-
lected detailed information on the method of mutation screening for each family, as
well as genotype data on at least three microsatellite markers flanking the BRca1 and
BRCA2 loci. Families with insufficient mutation screening (14 families) or linkage
data (a further 6 families) were not included in further analyses. Finally, we estima-
ted the residual probability that the index-affected individual carried a BRca1 and or
BRCA2 mutation, based on the assumed mutation detection sensitivity, the family
history and linkage data at BRcA1 and BRcA2 (see statistical methods). Thirteen
families, where this probability exceeded 15%, were excluded from all analyses
presented here. Characteristics of the 149 families included in the analysis are sum-
marized in Table 1.

Genotyping

To evaluate linkage to BRcA1 and BRCA2, the following markers were used in various
combinations in the four family sets: D17S800, D17S855, D17S951, D17S1322,
D17S250 (for BRCA1); D13S260,D13S171,D13S1700,D135267 (for BRCA2). At least

three markers were analyzed at each locus in each family.
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The entire coding sequences of BRca1 and BRCA2 in each family were screened for
mutations using several methods at the different centers. These include conforma-
tion sensitive gel electrophoresis, single strand conformational analysis, protein
truncation test, DNA sequencing, and denaturing gradient gel electrophoresis. All of
the Netherlands and United Kingdom and three of the 1aRc families were addition-
ally screened for large deletions and insertions using deletion junction-pcRr, multi-
plex ligation probe amplification (MLPA), or Southern analysis.

For the genome-wide linkage search, the Applied Biosystems Linkage Mapping Set
MD1o was analyzed on ABI 3700 DNA sequencers, either on contract at the Austra-
lian Genome Research Facility (Australian families) or at the Wellcome Trust Sanger
Institute (1aRC), Netherlands and United Kingdom families). Genotypes were called
automatically using Genotyper or Genemapper software and were then checked ma-
nually by at least one individual. Additional markers were used to investigate poten-
tial regions of interest in subgroups of the family set.

Statistical Analysis

To compute the residual probability that the index case carried a BRca1 and BrRca2
mutation, we first used the Breast and Ovarian Analysis of Disease Incidence and
Carrier Estimation Algorithm (BoADICEA) model (Antoniou et al. [2004]) to calcu-
late carrier probabilities based on the pedigree and the mutation testing that had
been performed. This model allows for the effects of BRca1 and Brca2 and the
combined effects of other genes in a polygenic component, and is implemented in
MENDEL (Lange et al. [1988]). For this purpose, the sensitivity of mutation screening
was assumed to be 70% for BRcA1 and 80% for BRcA2 (mutation sensitivities estima-
ted from linked families in the Breast Cancer Linkage Consortium dataset; D.Eas-
ton, unpublished data). For samples that had been fully screened for large-scale rear-
rangements by MLPA, the BRCcA1 sensitivity was assumed to be 80%. The carrier
probabilities were then adjusted to allow for linkage data at the BRcA1 and Brca2
loci. Multipoint LoD scores were computed using Fastlink (Cottingham etal. [1993]),
based on at least three markers tightly linked to each locus. The residual Brca1 car-

rier probability was then given by:

plloLODl

(p,100D1+p 100D+ 1-p - p )
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and similarly for BRcA2, where p1 and p2 are the BRcA1 and Brcaz2 probabilities
generated by BOADICEA and LoD1 and LoD2 are the multipoint LOD scores at the
Brca1 and BrRca2 loci.

To conduct a combined linkage analysis, we first constructed a single linkage map
incorporating all markers typed at any center. This map was based on the sex-
averaged linkage map generated by deCODE (Kong et al. [2002]). For markers that
were not present on the deCODE map, we interpolated their position between flan-
king markers, either using estimates from other linkage maps or based on their
physical position in the human genome sequence relative to flanking markers. Al-
lele frequencies for each marker were estimated by averaging over all typed indivi-
duals, separately for each center.

Evidence for linkage was assessed using both parametric and nonparametric (allele
sharing approach) analyses. For the parametric analysis, we first assumed a model in
which susceptibility to breast cancer is conferred by a dominant susceptibility allele
with population frequency 0.003 that confers a cumulative breast cancer risk of 80%
by age 80, when compared with 8% in noncarriers. This model is based on that
derived from the segregation analysis of (Claus et al. [1981]) and has been used in
most previous breast cancer linkage analyses. As in previous analyses, risks were
modeled in seven age-categories (<30, 30-39, 40-49, 50-59, 60-69, 70-79, 80+) and
implemented by using 14 liability classes, with separate classes for affected and un-
affected individuals (Easton et al. [1993]). Since this model would have reduced po-
wer to detect a recessive susceptibility allele, we also analyzed the data under a reces-
sive model. Under this model, the risks to carriers and noncarriers were identical to
those under the dominant model, but the allele frequency was assumed to be 0.08.
All analyses were carried out in the program GENEHUNTER (Kruglyak et al. [1996]),
except for one large family (EUR60) that could not be run because the number of
individuals exceeded the limits of the program, and where pruning the family would
have lost a significant amount of information. For this family, analyses were run in
VITESSE (O’Connell and Weeks,[1995]) for autosomes and FasTLINK (Cottingham et
al. [1993]) for the X chromosome. This family separates into two distantly related
branches, and these were treated as two distinct families (EUR60a and EUR60D) in the
analysis.

For the GENEHUNTER analyses, multipoint LoD scores were calculated for locations
at 1 cM intervals along each chromosome, using all markers for that chromosome.
For the vITESSE and FASTLINK analyses, multipoint LoD scores based on every pair

of adjacent markers and the disease locus were calculated. The LoD score for each
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TABLE 2
Maximum LOD scores by chromosome under the dominant, recessive,

and nonparametric analyses

Chromosome Position Model HLOD or NPLLOD
score*

All families
2 17 Dominant 1.21 0.18
2 16 NPL 1.10
4 79 Dominant 1.80 0.18
5 196 Recessive 1.04 0.41
14 44 NPL 1.56
22 41 Dominant 1.15 0.06

4+ cases dx < 50

2 17 Dominant 2.38 0.50
4 66 Dominant 1.57 0.28
10 89 Dominant 1.12 0.35
22 41 Dominant 1.43 0.12

* HLOD, heterogeneity LOD score under dominant or recessive model;
NPL, nonparametric LOD score (see Materials and Methods).

family at each position was based on an average of the LoD scores from all analyses
relevant to that position. The multipoint LoD scores for each family at each position
were then used to generate heterogeneity LoD scores (HLODs) based on the standard
admixture model under which a certain proportion of families are assumed to be
segregating a susceptibility allele at that locus (Ott, [1983]).

The nonparametric (allele sharing) analyses were conducted using the program
GENEHUNTER-plus (Kong and Cox,[1997]), using the all scoring function (Whitte-
more and Halpern,[1994]). Analyses were conducted separately for each of the four
centers and the results files combined. Nonparametric LoD scores were then gene-
rated using the program asm, using the exponential scoring option and equal

weighting of families.
RESULTS

Table 2 summarizes all linkage peaks with LoD scores greater than 1 in the combined

dataset, for the whole family set and for analyses restricted to families with four or
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TABLE 3

Maximum HLOD scores by chromosome and group, under the dominant model

Chrom Australia TIARC Netherlands UK TOTAL
1 0.78 (134) 0.54 (7) 0.12 (108) 0.41 (20) 0.22 (9)
2 1.07 (17) 0.57 (7) 0.28 (253) 0.68 (27) 1.21 (17)
3 0.62 (38) 0.72 (101) 0.08 (30) 0.68 (107) 0.93 (102)
4 1.02 (35) 2.02 (73) 0.08 (189) 0.92 (79) 1.80(79)
5 0.91 (170) 0.43 (42) 0.15 (5) 0.15 (104) 0.13 (170)
6 0.65 (89) 0.72 (171) 0 0.04 (189) 0.04 (94)
7 0.37 (103) 0.19 (46) 0.03 (57) 0.86 (170) 0.20 (171)
8 0.62 (39) 0.12 (50) o 0.35 (13) 0.07 (42)
9 0.48 (121) 0 0.70 (81) 0.07 (64) 0.01 (113)
10 0.53 (89) 0 0.16 (138) 0.04 (20) 0.12 (102)
11 0.50 (0) 0.89 (26) 0.47 (95) 0.01 (22) 0.42 (0)
12 0.57 (161) 0.15 (119) 0.43 (150) 1.04 (3) 0.43 (150)
13 0.86 (67) 0.15 (99) 0 0.19 (108) 0.0 (99)
14 0.44 (44) 0.93 (37) 0.20 (44) 0.49 (116) 0.79 (44)
15 0.0 0.11 (26) 0 1.30 (9) 0.41 (21)
16 0.13 (0) 0.14 (14) o 0.27 (25) 0.0 (3)
17 1.17 (93) 0.09 (103) 0.12 (41) 0.64 (115) 0.60 (103)
18 0.20 (49) 0.01 (89) 0.07 (16) 0.79 (18) 0.49 (17)
19 0.0 0.2 (54) 0.0 (32) 0.21 (86) 0

20 0.34 (58) 1.40 (73) o 2.06 (8) 0.70 (2)
21 0.84 (51) 0.54 (45) o 0.22 (15) 0.94 (51)
22 0.03 (0) 0.01 (11) 0.28 (15) 1.52 (40) 1.15 (41)
X 0.06 (188) 0.25 (18) 0.65 (135) 0.11 (123) 0.06 (122)

* Numbers in parentheses indicate position (cM).

more breast cancer cases diagnosed below age 50 years. Tables 3-5 give the highest
LoD scores for each chromosome by group, for each of the three analyses. Figure 1
gives the maximum scores for all chromosomal locations for the three analyses in
the combined dataset.

In the parametric analysis under the dominant model, the highest HLOD was 1.80 on

chromosome arm 4q, close to D4S392. Positive scores were obtained at this location
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TABLE 4

Maximum HLOD scores by chromosome and group, under the recessive model

Chrom Australia IARC Netherlands UK Total

1 0.18 (4) 0.70 (68) 0.29 (16) 0.64 (228) 0.37 (4)
2 0.67 (0) 0.62 (171) 0.13 (54) 0.66 (124) 0.64 (172)
3 0.17 (150) 0.0 (95) 0.09 (30) 0.51(5) 0.07 (30)
4 0.57 (80) 0.31 (51) 0.12 (132) 0.30 (108) 0.15 (115)
5 0.70 (170) 0.26 (47) 0.44 (11) 0.88 (200) 1.04 (196)
6 0.10 (35) 0.63 (120) 0.02 (120) 0.27 (138) 0.37 (121)
7 0.25 (181) 0.14 (23) 0.95 (18) 1.03 (166) 0.25 (171)
8 0.40 (23) 0.61 (97) 0.02 (97) 0.96 (27) 0.95 (27)
9 0.37 (18) 0.02 (113) 1.36 (80) 0.19 (159) 0.06 (33)
10 0.34 (102) 0.22 (1) 0.02 (111) 0.71 (102) 0.76 (102)
11 0.27 (116) 0.19 (104) 0.03 (89) 0.27 (133) 0.23 (116)
12 0.86 (24) 0.31 (115) 1.29 (170) 0.56 (36) 0.14 (61)
13 0.16 (69) 0.16 (121) 0.0 0.12 (22) 0.0 (113)
14 0.33 (44) 0.90 (36) 0.0 0.10 (36) 0.46 (36)
15 0.02 (108) 0.29 (0) 0.28 (23) 0.21 (0) 0.08 (0)
16 0.41 (122) 1.16 (92) 0.0 0.37 (46) 0.66 (50)
17 0.38 (86) 0.20 (103) 0.15 (94) 0.74 (30) 0.55 (103)
18 0.63 (115) 0.0 (108) 0.0 0.94 (1) 0.19 (18)
19 0.0 0.0 0.65 (33) 0.69 (97) 0.03 (37)
20 0.0 0.0 0.06 (62) 0.98 (7) 0.0

21 0.01 (33) 0.12 (43) 0.03 (55) 0.08 (56) 0.08 (55)
22 0.28 (8) 0.04 (4) 0.36 (15) 0.13 (56) 0.33 (21)
X 0.32 (188) 0.88 (117) 0.37 (45) 1.27 (188) 0.63 (120)

* Numbers in parentheses indicate position (cM).

in the Australian, 1ARC, and United Kingdom series, but not in the Dutch dataset.
Two other HLODS over 1 were found, on 2p (1.20, close to marker D2S2211) and on
chromosome 22 (1.15, between D225278 and D225283). The latter result is predo-
minantly due to a single family, EUR60, which includes 18 breast cancer cases and is
the most informative family in the dataset. One branch of this family (EUr60b) ge-

nerates a LOD score of 2.62. Seven women with breast cancer in this family, all belon-
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TABLE 5

Maximum nonparametric scores by chromosome and group

Chrom Australia IARC Netherlands UK Total

1 0.37 (89) 0.49 (75) 0.06 (171) 0.04 (271) 0.23 (83)
2 1.22 (17) 0.86 (4) 0.10 (129) 0.83 (28) 1.10 (16)
3 0.54 (112) 0.59 (100) 0.04 (30) 0.72 (106) 0.71 (102)
4 0.24 (35) 2.15 (73) 0.04 (131) 0.03 (170) 0.32 (73)
5 0.68 (169) 1.31 (47) 0.15 (9) 0.20 (205) 0.28 (205)
6 0.29 (90) 0.56 (172) 0.0 0.0 0.0

7 0.72 (104) 0.72 (46) 0.24 (22) 0.58 (122) 0.42 (122)
8 0.61 (39) 0.26 (43) 0.0 0.70 (0) 0.36 (21)
9 0.02 (45) 0.00 (34) 0.74 (81) 0.06 (66) 0.02 (31)
10 0.30 (138) 0.06 (111) 0.0 0.06 (103) 0.04 (102)
11 1.00 (117) 0.14 (152) 0.98 (95) 0.16 (130) 0.38 (133)
12 0.20 (161) 0.38 (117) 0.41 (150) 1.65 (31) 0.76 (150)
13 0.17 (76) 0.43 (106) 0.00 (99) 0.23 (109) 0.12 (109)
14 0.68 (98) 0.69 (44) 0.71 (37) 0.21 (37) 1.56 (44)
15 0.0 0.02 (15) 0.02 (23) 0.99 0 0.0

16 0.24 (50) 0.13 (51) 0.0 0.33 (101) 0.09 (85)
17 0.75 (93) 0.57 (55) 0.03 (86) 0.62 (29) 0.19 (5)
18 0.23 (121) 0.74 (18) 0.11 (99) 1.31 (14) 0.85 (15)
19 0.08 (24) 0.04 (63) 0.17 (32) 0.40 (86) 0.01 (16)
20 0.10 (60) 1.34 (74) 0.0 2.22 (8) 0.46 (0)
21 0.21 (34) 0.02 (43) 0.00 (55) 0.0 0.0

22 0.26 (3) 0.15 (3) 0.65 (15) 0.00 (50) 0.00 (0)
X 0.32 (141) 0.67 (116) 0.51 (28) 0.01 (120) 0.35 (137)

* Numbers in parentheses indicate position (cM).

ging to branch EUR60D, carry the cHEK2 1100delC variant (Meijers-Heijboer et al.
[2002]). When both branches of this family were removed, the maximum HLOD on

chromosome 22 reduced to 0.06.

When analyses were restricted to families with at least four cases of breast cancer
diagnosed below age 50, the maximum HLOD on 2p rose to 2.38. HLODs over 1 in this
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Figure 1.

Maximum HLOD’s by location for the dominant model (red line), the recessive model (blue line),

and maximum nonparametric LoD scores (yellow line).
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TABLE 6
LOD scores greater than 1.5 in individual families, under the dominant model

Study center Family Chromosome Position LOD score
Australia 699003 2 67 1.67
IARC 2191 4 61 1.84
IARC 2191 20 70 1.80
IARC MAYO151 3 95 1.52
IARC MAYO151 11 43 1.59
Netherlands RUL153 11 88 1.67
UK EURG6oa 15 24 1.50
UK EURG60b 4 79 1.91
UK EURG60b 22 41 2.62

subset were also found on chromosomes 4 and 22 close to the peaks in the overall
analysis, and a further peak on chromosome 10 (HLOD 1.12) was also identified.

In addition to the aforementioned loci, an HLOD of 2.06 was found on 20p (at 8 cM)
in the United Kingdom family set. There was, however, no evidence of linkage in the
families from the other groups. LoD scores greater than 1.5 in individual families are
summarized in Table 6. Of the eight scores, three contribute to the linkage peaks on
chromosomes 2 and 4 found in the overall dataset. In addition two families showed
linkage on chromosome 11. These peaks were however separated by over 40 cM and
there was no evidence of linkage to this region in the overall analysis.

In analyses under a recessive model, only one locus reached a HLOD of greater than
1 (1.04 on 5q). In the nonparametric analysis, the highest peak was on chromosome
14 (LOD 1.56 at position 43). The only other LoD over 1 was on chromosome 2 (LoD
1.10, position 16), almost coincident with the peak in the analysis under the domi-
nant model.

DISCUSSION

The analyses of 149 families reported here represented by far the largest genome-
wide linkage screen for breast cancer susceptibility loci. The only other report since
the identification of BRcA1 and BRCA2 was that by (Huusko et al. [2004]), who stu-

died 14 BRCA1/2 negative breast cancer families from Finland. Other reports have
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examined specific loci on chromosome arms 6q, 8p, and 13q (Zuppan et al. [1991];
Kerangueven et al. [1995]; Seitz et al. [1997]; Kainu et al. [2000]; Rahman et al.
[2000]; Thompson et al. [2002]).

The rationale for the genome-wide linkage searches is that there exist further breast
cancer genes in which alleles confer high risks. The pattern of familial risks indicates
that such alleles are likely to be dominant, and we therefore considered the para-
metric analysis assuming a dominant model to be the primary analysis. To provide
some protection against model misspecification, we also conducted analyses under
a recessive model and using an allele sharing approach. These approaches, however,
identified no further strong linkage signals.

Under the dominant model, we found three regions with HLODs in excess of 1, but
none with HLODs over 2. Of these linkage peaks, one on chromosome 22 is explained
entirely by a single family (EUR60). This family is the most informative in the study,
containing 18 breast cancer cases. Seven cases of breast cancer have been shown to
carry the cHEK2 variant 1100delC (Miejers-Heijboer et al. [2002]). Since CHEK2 is
located on chromosome 22, one might hypothesize that the linkage signal is a reflec-
tion of the segregation of this variant. However, the breast cancer risk conferred by
cHEK2 1100delC is only twofold, and this would not be expected to generate strong
linkage evidence. Furthermore, the LoD score in the larger branch of EUR60 at CHEK2
itself is only 0.3. Thus, it remains unclear whether the linkage signal on chromosome
22 reflects the effect of cHEK2 1100delC together with chance segregation, or whe-
ther there is an additional susceptibility allele segregating in this family. If the latter
is true, given the lack of any linkage evidence from other families, susceptibility
alleles at this other locus must be rare.

The strongest linkage signal in our set was found on the short arm of chromosome
4. This score was also, in part, due to EUR60 (LOD score 1.91 in the larger branch),
although some evidence of linkage remained when EUR60 was excluded. The third
linkage peak was on 2p (HLOD 1.2). This evidence increased (HLOD 2.4) when
analyses were restricted to families with at least four cases of breast cancer diagnosed
below age 50 years.

Huusko et al. ([2004]) reported evidence for linkage to markers on 2q32 in 14
Finnish breast cancer families, with a maximum LoD score of 3.20 close to D2S2262.
We found no evidence of linkage in this region (maximum HLOD under the domi-
nant model 0.0, = 0.0; nonparametric LOD = 0.05). Huusko et al. ([2004]) found one
other LoD score over 1 under a dominant model, at D9S283 (1.12). Again, we found

no evidence for linkage in this region. Similarly, Zuppan et al. ([1991]) found
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evidence of linkage to the estrogen receptor gene on 6q in two families. In our study,
we found no evidence of linkage to this region (HLOD = o for both the dominant and
recessive models).

Theoretical calculations indicate that, for a fully informative marker map, the ex-
pected number of regions with LoD scores of greater than 1 and 1.5 will be 5 and 2,
respectively (Lander and Kruglyak,[1995]). These predictions are not strictly com-
parable to our analyses, since our marker sets are not fully informative. Nevertheless,
they indicate that the number of linkage peaks is not clearly in excess of the number
that might be expected by chance and, therefore, that the observed peaks may reflect
the play of chance rather than true susceptibility loci.

Under the admixture model, the estimated proportion of families linked to the loci
are 0.18, 0.18, and 0.06 for chromosomes 2, 4, and 22, respectively. Such estimates
can be misleading, since they are highly dependent on the genetic model that is as-
sumed, and the true model is unknown. However, they indicate that, even if one or
more of these linkage peaks is ultimately shown to harbor a true susceptibility locus,
its contribution to the familial aggregation of breast cancer is likely to be modest.
Moreover, under the assumed parametric dominant model, 87% of the genome
achieved an HLOD of -1 or lower if the proportion of linked families was assumed to
be 0.3, and 66% of the genome achieved an HLOD <-2, indicating that such a locus
was unlikely to have been missed elsewhere in the genome.

The failure to detect strong linkage signals might reflect extensive locus hetero-
geneity, whereby the disease is only linked to a particular locus in a small proportion
of families. Under this scenario, greater power might be achievable by considering
subsets of families from more homogeneous populations where genetic hetero-
geneity might be reduced. We were able to examine this to a limited extent by per-
forming separate analyses of the families in each of the four study sets. Since the
Australian families were largely of British and Irish origin, these two groups might
be considered comparable. The Dutch population exhibits distinct founder muta-
tions for many diseases and this group is, to an extent, genetically distinct, while the
1ARC families originated from many sources and are genetically heterogeneous. In
the event, no strong linkage signals were observed either in the Dutch set or in the
combined United Kingdom/Australian set. In particular, the linkage peaks identi-
fied in family EUR60 were not supported by linkage evidence in other Dutch fami-
lies. The linkage peak on chromosome 2 did, however, become somewhat stronger
when the Dutch families were excluded.

The failure to detect strong evidence for linkage may also reflect disease heterogene-
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ity. Recent studies have demonstrated that breast tumors can be categorized into
groups on the basis of CGH profiles and expression patterns, and that these patterns
differ between BRCA1, BRCA2, and non-BRCA1/2 familial breast cancer (Hedenfalk et
al. [2001],[2003]; Gronwald et al. [2005]; Macguire et al. [2005]). These observations
raise the possibility that mutations in other breast cancer susceptibility genes are as-
sociated with distinct tumor profiles. If so, incorporating tumor characteristics into
the analyses could identify linkage signals that are not evident using breast cancer as
a whole as the disease end point.

The positive signals found in this study indicate the most promising locations for
further high-risk susceptibility genes, and would be worth following up in further
families. Our results also indicate, however, that many genes are likely to be involved
in breast cancer predisposition, with no gene accounting for a large fraction of the
familial aggregation, and that alternative strategies will probably be necessary to
identify them.
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