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reast Cancer Linkage Consortium data on 237 breastovarian cancer families showed that 52% were linked to
BRCA1 and 32% to BRCA2 (1). Recent reports indicate that the
proportion of breast cancer families attributable to the BRCA1
and BRCA2 genes may be smaller than initially thought, especially in studies that have been based on population-based family
materials. For instance, in Finnish breast cancer families with
three or more affected cases, mutations of the BRCA1 gene were
seen in only 10% and those of BRCA2 in only 11% of the families
(2). In southern Sweden, the corresponding percentages were
23% and 11% (3). These studies suggest that in the Nordic
populations, a significant proportion of familial breast cancer is
not explained by the two known major susceptibility genes.
Therefore, identification of additional breast cancer susceptibility genes is an important goal.
According to the two-hit model of cancer development (4),
hereditary cancers arise as a result of a germ-line mutation in a

recessive tumor suppressor gene, followed by the somatic deletion of the wild-type allele of the gene. Somatic deletions
detected from tumor tissues of patients with a genetic predisposition therefore may pinpoint those loci that harbor recessive
germ-line mutations. Such somatic deletions detected by comparative genomic hybridization (CGH) recently were used to
assign the locus for the Peutz-Jeghers’ cancer syndrome, an
intestinal hamartoma-carcinoma syndrome (5, 6). In our recent
study of tumor specimens from families with BRCA1 and BRCA2
carriers (7), deletion of the 13q region (the site of the BRCA2
gene) was the most common alteration (73%) in tumors from
BRCA2 cancers. This finding suggests that the wild-type BRCA2
allele in tumor cells often may be inactivated by a large somatic
deletion. The challenge of this molecular pathological approach
lies in how to distinguish primary deletion events involved in
cancer initiation from the numerous deletion events that arise
during cancer progression.
Here, we used CGH to identify chromosomal regions that may
harbor novel breast cancer predisposition genes. We performed
CGH analyses of 61 tumor tissues from 37 non-BRCA1兾BRCA2
(BRCAX) breast cancer families. Distinction of early genetic
events was facilitated by the application of two complementary
mathematical tree models to analyze the CGH data (8, 9). In
addition, we searched for deletions that were shared in tumor
tissues from multiple affected cases of the same family. A
candidate region at 13q21-q22 that emerged from this molecular
pathology approach was further evaluated by using linkage
analysis.
Patients and Methods
Tumor Specimens and Families. A total of 61 tumor specimens from

37 breast cancer families were selected for CGH analysis from

Abbreviations: CGH, comparative genomic hybridization; lod, logarithm of odds; Hlod,
heterogeneity lod score.
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A significant proportion of familial breast cancers cannot be
explained by mutations in the BRCA1 or BRCA2 genes. We applied
a strategy to identify predisposition loci for breast cancer by using
mathematical models to identify early somatic genetic deletions in
tumor tissues followed by targeted linkage analysis. Comparative
genomic hybridization was used to study 61 breast tumors from 37
breast cancer families with no identified BRCA1 or BRCA2 mutations. Branching and phylogenetic tree models predicted that loss
of 13q was one of the earliest genetic events in hereditary cancers.
In a Swedish family with five breast cancer cases, all analyzed
tumors showed distinct 13q deletions, with the minimal region of
loss at 13q21-q22. Genotyping revealed segregation of a shared
13q21 germ-line haplotype in the family. Targeted linkage analysis
was carried out in a set of 77 Finnish, Icelandic, and Swedish breast
cancer families with no detected BRCA1 and BRCA2 mutations. A
maximum parametric two-point logarithm of odds score of 2.76
was obtained for a marker at 13q21 (D13S1308,  ⴝ 0.10). The
multipoint logarithm of odds score under heterogeneity was 3.46.
The results were further evaluated by simulation to assess the
probability of obtaining significant evidence in favor of linkage by
chance as well as to take into account the possible influence of the
BRCA2 locus, located at a recombination fraction of 0.25 from the
new locus. The simulation substantiated the evidence of linkage at
D13S1308 (P < 0.0017). The results warrant studies of this putative
breast cancer predisposition locus in other populations.

the Helsinki University Central Hospital (Finland, 24 tumors),
Lund University Hospital (Sweden, 23 tumors), and University
Hospital of Iceland (14 tumors). Exclusion of BRCA1 and
BRCA2 deleterious germ-line mutations was performed for each
kindred by single-stranded conformation polymorphism analysis
alone or combined with heteroduplex analysis, protein truncation test, or direct sequencing as well as detection of the
country-specific founder mutations. In the text, this group will be
called BRCAX cancers. All tumors originated from families with
three or more breast cancer patients: 10 families had three
affecteds, 16 had four affecteds, seven had five affecteds, and
four had six or more affecteds. Seven of the families included a
woman diagnosed with ovarian cancer. Average age at diagnosis
of the patients in the CGH analysis set was 52.5 years (range 33
to 80), the average age of all affecteds in the families was 54.2
years (range 29 to 87).
For linkage analysis, samples from 77 multiplex (57 Finnish, 12
Icelandic, and eight Swedish) families were genotyped. Twentythree of these were families included in the CGH analysis and
from which blood samples from multiple affecteds were available. The families were identified through the oncology clinics of
the Helsinki, Tampere, and Lund university hospitals and the
Department of Pathology of the University Hospital of Iceland.
Blood samples were collected from living family members who
gave an informed consent. Paraffin tissue blocks were obtained
from deceased cancer patients when available. DNA was extracted from blood with the PureGene (Gentra Systems) kit
according to manufacturer’s protocol. Paraffin samples were
processed as described below. Exclusion of BRCA1 and BRCA2
germ-line mutations was performed as described above. The
study was approved by the Ministry of Social Affairs and Health
in Finland, local ethics committees of the Helsinki, Tampere,
Lund, and Iceland university hospitals, as well as by the National
Institutes of Health.
CGH. CGH was performed essentially as described (7, 10) from
61 hereditary, non-BRCA1, and BRCA2-associated cancers.
DNAs from Sweden (23 cases) came from freshly frozen tumors,
whereas the remaining 38 were from formalin-fixed paraffinembedded archival samples. DNA was extracted by using a
QIAmp tissue kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions. In seven paraffin-embedded cases,
preamplification of the DNA using degenerate oligonucleotideprimed PCR methodology was necessary, as described in a
previous study (11). The CGH results in this study were compared with those of our previous studies of 55 sporadic, primary
breast cancers (10) as well as 21 cancers from BRCA1 and 15
BRCA2 mutation carriers (7).
Selection of Nonrandom Events. Many of the gains and losses
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observed by CGH are probably random and not related to the
progression of the tumor. In data sets from unselected and
hereditary cancers, random events may recur multiple times. The
events here all are based on copy number aberrations, although
the models do not depend on what type of data it is. The event
is binary, i.e., either ‘‘present’’ or ‘‘absent.’’ The methods have
been used in the past to model, not only CGH data, but also
breakpoint data, translocations, and gene expression data. To
select which recurrent events are most likely to be nonrandom
(i.e., truly related to the cause of tumor development and
progression), we used a well-established method of Brodeur et al.
(12). This method requires that the prior probabilities of events
are proportional to the size of the chromosomal region involved;
for this purpose we used chromosome arm size estimates from
Morton (13).

Construction of Tree Models of Events. To find possible hypotheses
as to which events are early兾late and which pairs of events may
9604 兩 www.pnas.org

have cause-and-effect relationships, we used two different methods recently developed by Desper et al. (8, 9). The essential goal
of the method of Desper et al. (8) is to find a ‘‘tree’’ structure
among the set of events selected as nonrandom, adding one event
called the root, which represents normal diploid cells in the
target organ for the cancer development. A tree structure
connects the events by ‘‘edges’’ in such a way that there is a
unique path of edges from the root to each other event. The
intuition behind such a tree structure is that: (i) events closer to
the root are earlier events, (ii) events connected by an edge may
have a cause-and-effect relationship, and (iii) events clustered in
a subtree may define a genetic subclass of tumors.
Desper et al. (8) defined a probability space of tree models, in
which each tree model T can be used to generate a distribution
D(T) from which one can sample tumors. By this, we mean that
each sample from D(T) is a set of gains and losses. The problem
of selecting a tree is to take the observed real samples and find
a tree structure whose associated distribution may have generated these samples.
Desper et al. (8) suggested how the observed probabilities of
events and observed joint probabilities of pairs of events could
be used to assign a weight to each possible edge between pairs
of events. For the edge directed from i to j, the weight function
they suggested is:
wij ⫽ log p̂ij ⫺ log(p̂i ⫹ p̂j) ⫺ log p̂j
where p̂i is the observed probability of event i and log p̂ij is the
observed joint probability of i and j. The weight function is not
symmetric in i and j because the edges selected should be
directed away from the root, and so the edges from i to j and from
j to i should not get the same weight in most cases. If there are
n events including the root, this weight function defines weights
for n*(n-1) possible edges, but a tree has only n-1 edges. Desper
et al. (8) used a method from computer science called (selection
of) a ‘‘maximum-weight branching’’ (14–17) that can efficiently
select a tree of directed edges, such that all edges are consistently
directed away from the root, and the sum of the n-1 edge weights
is maximized. To connect the maximum-weight branching back
to the probabilistic model of tumor formation, Desper et al. (9)
proved that if the observed probabilities of events and pairs of
events accurately estimate the true probabilities, then the maximum branching tree has the same edge set as the true underlying
tree model.
In Desper at al (9). a different version of the problem was
considered where the desired tree is a phylogenetic tree in which
the visible CGH events are all leaves of the tree. The internal
nodes are considered to be invisible events. For this method and
the data set herein, we proceeded as follows.
(i) A distance-matrix was generated by using the
transformation:
d(i,j) ⫽ ⫺2 log pij ⫹ log pi ⫹ log pj.
(ii) The distance matrix was fed as input to three different
programs used to fit trees to distance matrices. We used the Fitch
and Neighbor programs from the PHYLIP software package (ref.
18, see also the PHYLIP homepage http:兾兾evolution.genetics.
washington.edu兾phylip.html).
(iii) For each topology obtained in step ii, the edge-weights
were optimized by using a linear program. This resulted in a
distance matrix for each topology. The fitness of each topology
was measured by comparing the output tree metric with the input
metric, under L1, L2, and L⬁ norms.
(iv) In the analysis of the trees for the hereditary cancers, the
optimal tree was the weighted Fitch tree. It was superior to the
other output trees when measured by all three of the norms used
in step iii.
Kainu et al.

23 genetic markers (Genome Database, http:兾兾gdbwww.
gdb.org). Only females diagnosed with breast cancer were coded
as affected. Women with ovarian cancer were coded as unknown,
whereas all other females were coded unaffected. All males were
classified as unknown. In the 57 Finnish families, there were 222
affecteds (mean 3.9 per family, range 2 to 7), and 68% of the
affecteds were genotyped. In the 12 Icelandic families, there
were 75 affecteds (mean 6.3 per family, range 4 to 11), and 67%
of affecteds were genotyped. In eight Swedish families, there
were 37 affecteds (mean 4.6 per family, ranging from 3 to 7), and
86% of affecteds were genotyped. Genotyping was performed in
three different facilities (National Human Genome Research
Institute, Lund, and Reykjavik) essentially as described by Smith
et al. (19).
Genotyping data were first checked for inconsistency by using
PEDCHECK (20). Model-dependent logarithm of odds (lod) score
linkage analysis was performed by using FASTLINK software
(21–24). The genetic model was autosomal dominant inheritance, of a disease allele with a population frequency of 0.0033
(25). We used age-dependent penetrances for mutation carriers
and phenocopies derived by Easton et al. (26) from the Cancer
and Steroid Hormone Study (26), which was a reasonable
compromise for all three countries. Locus heterogeneity was
tested by using HOMOG2 (for BRCA2 and putative BRCAX) and
HOMOG3R (for BRCA1 and putative BRCAX) (27). Modelindependent affected sibpair analysis was performed by using
the SIBPAL program in the Statistical Analysis for Genetic
Epidemiology 3.1 (S.A.G.E.) package. Identity by descent (IBD)
from each population was pooled, and overall P values were
derived based on pooled IBD. We estimated country-specific
allele frequencies from independent individuals, married-in
spouses, and unrelated controls (30 from Finland, 50 from
Iceland, 50 from Sweden) by SIB-PAIR (http:兾兾www.qimr.edu.au兾
davidD兾davidd.html). Multipoint linkage analyses were performed by using FASTLINK (22–24) and GENEHUNTER (28).
Published map distances from Généthon (http:兾兾www.genethon.
fr兾genethon_en.html) between the marker loci were used in
these analyses. Multipoint heterogeneity lod scores (Hlod) were
calculated by using HOMOG (27).
The statistical significance of the peak two-point lod score
with marker D13S1308 was assessed by simulation, using the
principles outlined in ref. 27, but adding two variations needed
for this data set. Usually, one simulates n unlinked replicates,
computes lod scores in each replicate, and counts how many
replicates have a score exceeding the true score. For the analysis
herein, we need to note the following. None of 3,000 replicates
above the true score yields a P value of ⬍ 0.0010; one of 3,000
replicates above the true score yields a P value of ⬍ 0.0017.
When the X-chromosome is targeted for linkage analysis, P ⬍
0.01 is sufficient evidence to declare linkage because of the prior
evidence targeting X and the reduced multiple testing, as
compared with genomewide analysis (27). Because chromosome
13 is smaller than chromosome X (13), the appropriate threshold
for significance is no lower than P ⬍ 0.01.
We used the simulation software package FASTLINK (21, 23,
29) to generate replicates. To evaluate lod scores in each
replicate we used the linkage analysis package FASTLINK, as for
the real data. We used the same penetrance classes and countryspecific allele frequencies in the simulations as with the real data.
To make a combined ith-replicate for three countries, we pooled
together the ith replicate from each.
Because BRCA2 also is located on chromosome 13, the
simulations must allow for some of the 13q21-linked families to
have breast and ovarian cancer cases caused by undetected
BRCA2 mutations and not by a novel locus. We estimated that
the recombination fraction between D13S1308 and BRCA2 is
0.25. We generated a pool of ‘‘linked’’ replicates in which the
Kainu et al.

Table 1. Ten most common somatic alterations in BRCAX cancers
(percentage of cases), as compared to other hereditary and
unselected breast cancers by CGH
Location
Loss 13q21–q31
Gain 1q22–q32
Loss 6q16–q24
Gain 17q23
Gain 8q23–q24
Gain 16p13–p12
Loss 11q14–q24
Gain 19q
Loss 9p23–p21
Loss Xq

BRCAX

BRCA1 (7)

BRCA2 (7)

Unselected (10)

56
46
41
39
36
34
30
30
26
26

55
55
27
46
73
27
23
18
27
40

73*
53
60
87
53
40
53
40
40
47

26
66
18
18
49
38
18
20
20
20

*Target area 13cen– q21.

simulated marker is linked at a recombination fraction of 0.25
from the disease gene. When generating linked replicates, all
individuals with ovarian cancer were coded affected.
To generate a random three-country replicate in which F
Finnish families, I Icelandic families, and S Swedish families are
linked to BRCA2, we proceeded as follows. We chose F distinct
random numbers in {1, . . . , 57}, I distinct random numbers in
{1, . . . , 12}, S distinct random numbers in {1, . . . , 8}. For each
random number chosen we replaced the unlinked copy of that
family with a linked copy from the pool of linked replicates. The
selection of linked families was without replacement. To evaluate the lod score of a three-country replicate, we first summed
the lod scores over the three countries at each  up to 0.1, then
maximized over .
Results
The Most Common Genetic Aberrations in BRCAX Tumors by CGH.

Losses in BRCAX tumors were most often seen at chromosome
arms 13q (56%), 6q (41%), 11q (30%), 9p (26%), and Xq (26%).
The 10 most common somatic genomic alterations in these
cancers, and in other types of familial and sporadic breast
cancers analyzed previously in our laboratory, are shown in
Table 1. Gains in BRCAX tumors were clustered at regions that
are also typical to unselected breast cancers, such as 1q (46%),
17q (39%), 8q (36%), and 16p (34%), whereas losses were more
evenly distributed around the genome. In BRCAX cancers, the
total number of copy number alterations (CNA) was 9.4 ⫾ 5.5
(range 1 to 19), not significantly differing from the sporadic set
(7.7 ⫾ 5.1). However, the BRCAX-associated tumors did have
a lower number of CNAs than BRCA1-associated (12.2 ⫾ 5.3,
n ⫽ 21) and BRCA2-associated (12.5 ⫾ 4.9, n ⫽ 15) tumors (P ⫽
0.02 according to one-way ANOVA).
Construction of Tree Models for Breast Cancer Progression. The

method of Brodeur et al. (12) selected the following events as
nonrandom in BRCAX cases: ⫹1q, ⫹8q, ⫹16p, ⫹17q, ⫹19p,
⫹19q, ⫹20q, ⫺6q, ⫺8p, ⫺9p, ⫺11q, and ⫺13q. Brodeur’s
method used in the tree models takes into account the relative
sizes of the 41 chromosome arms, whereas the frequency counts
in the previous paragraph ignore this information. In sporadic
cancers, the selected events were: ⫹1q, ⫹5p, ⫹8q, ⫹16p, ⫹17q,
⫹19p, ⫹19q, ⫹20q, ⫺8p, ⫺16q, and ⫺17p. These two sets of
tumors have eight events in common: ⫹1q, ⫹8q, ⫹16p, ⫹17q,
⫹19p, ⫹19q, ⫹20q, and ⫺8p. Interestingly, several gains are
common to both data sets, but only a few losses were selected as
nonrandom events in both.
Next, tree models were constructed (Fig. 1 A and B) for the
BRCAX cancers according to Desper et al. (8, 9). The loss of 13q
was selected as being an early event in the progression of BRCAX
PNAS 兩 August 15, 2000 兩 vol. 97 兩 no. 17 兩 9605
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Linkage Analysis. Seventy-seven families were genotyped by using

Fig. 1. A schematic representation of results from the tree analysis of
nonrandom genomic alterations of BRCAX breast carcinomas. The root represents a normal diploid mammary cell, whereas only events above the 95th
percentile of the distribution are shown (see text for details). (A) Shown is how
the observed probabilities of events and observed joint probabilities of pairs
could be used to assign a weight to each possible ‘‘edge’’ between pairs and
events. The edge represents a putative cause-and-effect relationship between
events, whereas clusters of events may define a genetic subclass of tumors. (B)
The result obtained from the best fitting distance matrix, weighted Fitch tree
(see text for details). Both independent probabilistic approaches thus led to
the following finding: The loss of chromosome 13 seems to be an early event
in the pathogenesis of BRCAX breast cancers, and it is not strongly associated
with other early or late events.

tumors with both branching and phylogenetic (distance matrix)
trees. In contrast, 6q loss was located far from the root of both
tree types, suggesting that it may not be an early event in the
progression of these tumors.
13q Losses in Tumor Tissues and Germ-Line Haplotype Sharing in a
BRCAX Breast Cancer Family. Compelling evidence implicating 13q

loss as an early event in the BRCAX tumors came from one large
family (L5), where all five samples analyzed from different
patients showed a deletion at 13q, with the consensus region of
deletion at 13q21-q22 (Fig. 2). Loss of 13q was the only genetic
alteration common to all five tumors from this family. Several
other families showed individual tumors with the same narrow
region of loss. Loss at 13q was common in samples from each
country (Finland 13兾24, Sweden 13兾23, and Iceland 8兾14).
To test whether losses of the 13q21-q22 region were selected
for because this region harbors a germ-line alteration predisposing to breast cancer, we genotyped genetic markers along the
13q region in the germ-line DNA of the L5 family members. A
7.3 cM haplotype was shared between all five affected cases in
this family with markers along 13q. The region of sharing was
apparent between markers D13S1317 and D13S166. Markers at
the BRCA2 region were not shared (Fig. 2). A metaphase
fluorescence in situ hybridization experiment localized a yeast
artificial chromosome probe for a shared genetic marker
(D13S1257) to 13q22. This haplotype sharing region was therefore identical with the region of loss in the tumors by CGH
(Fig. 2).
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Linkage Analysis. Linkage analysis was carried out in 77 breast

cancer families from Finland, Sweden, and Iceland. We found
that three markers, D13S1308, D13S1257 and D13S791, had
two-point lod scores ⬎ 1 in the Finnish population with a peak
two-point lod score of 2.89 at D13S1308 with  ⫽ 0.04. After
combination with the Swedish and the Icelandic data, six mark-

9606 兩 www.pnas.org

Fig. 2. Pedigree Lund 5 shown with the CGH profiles of chromosome 13,
demonstrating loss of 13q21-q22 in all five tumors from the four affected
individuals. The haplotypes with markers from 13q are shown next to the CGH
profiles (the marker map is located on the left). Markers located near BRCA2
were not shared between the affected individuals (D13S260 and D13S267). At
13q21-q22, however, all five affected women shared a 7 cM haplotype (red
box). Below the CGH profile of a bilateral breast cancer is the original CGH
image (FITC hybridization with tumor DNA). The interstitial 13q21-q22 loss can
be observed as an absence of FITC signal (green color) in the middle of the
chromosome (a). Hybridization with a Texas red-labeled yeast artificial chromosome probe for marker D13S1257 demonstrates that the region of the
shared haplotype coincided with the region of deletion by CGH (b).

ers within a 10 cM region (D13S1313 to D13S162) had two-point
lod scores greater than 1 (Table 2). The peak lod score was 2.76,
 ⫽ 0.10 with marker D13S1308. There was no evidence for sex
dependence of the recombination fraction.
Testing for the presence of both BRCA1-linked families and
families linked to the putative BRCAX region on chromosome
13q by HOMOG3R analyses showed no evidence of heterogeneity,
indicating a low fraction of BRCA1-linked families in this data
set. The HOMOG2 analyses, testing for the presence of both
BRCA2- and BRCAX-linked families in the data also did not
result in significant evidence of heterogeneity (P ⬎ 0.3). This
finding suggests that although there may be a few BRCA2-linked
families that were not discovered in the extensive mutation
detection, the proportion of such families is likely to be small.
Multipoint lod scores, using the sliding three-point (one
disease locus vs. two markers) technique in FASTLINK, were
positive (2.60) only between markers D13S1296 and D13S1308.
The highest Hlod score was 3.46 with estimated proportion of
linked families (␣) of 0.65 in the region between D13S1296 and
D13S1308, and the Hlods were positive from D13S1262 to
D13S160 (Table 3). Multipoint Hlods from GENEHUNTER were
positive but always considerably lower than the corresponding
ones obtained from FASTLINK. These discrepancies are caused by
the fact that many of our families were too large to be analyzed
by any implementation of the Lander-Green algorithm in GENEHUNTER.
Nonparametric affected sib-pair analysis also supported evidence of linkage at 13q21-q22. The number of informative
affected sib-pairs ranged from 33 to 65 in the Finnish (mean 50),
from two to 12 in the Icelandic (mean 7), and from 10 to 23 in
the Swedish (mean 20) families. The most significant results were
Kainu et al.

lod score at 
Marker

cM

0.00

0.05

0.10

0.20

D13S260
D13S1701
D13S267
D13S1301
D13S1313
D13S1317
D13S1262
D13S275
D13S1296
D13S1308
D13S1291
D13S152
D13S1257
D13S745
D13S791
D13S1326
D13S1249
D13S166
D13S269
D13S162
D13S1306
D13S160
D13S1255

1.6
0
20.3
0.8
1.9
0
0.8
0.8
0
0.5
2.6
0
0
0
0
0.7
0
1.0
1.4
1.2
1.8
1.6

⫺8.24
⫺4.36
⫺2.35
⫺1.75
0.94
⫺1.87
⫺4.01
⫺0.24
⫺0.27
1.61
⫺2.64
⫺5.58
⫺0.4
0.63
⫺1.55
⫺3.34
⫺0.45
⫺4.93
⫺1.66
⫺1.13
⫺3.01
⫺2.26
⫺2.87

⫺4.81
⫺2.48
⫺1.16
⫺0.69
1.13
⫺0.18
⫺2.03
0.7
0.79
2.56
⫺0.85
⫺2.12
0.64
0.86
0.36
⫺1.2
0.16
⫺2.03
⫺0.2
0.68
⫺0.98
⫺0.5
⫺1.08

⫺2.92
⫺1.43
⫺0.56
⫺0.16
1.18
0.58
⫺1.09
0.98
1.13
2.76
⫺0.03
⫺0.67
1.14
0.89
0.99
⫺0.28
0.47
⫺0.7
0.5
1.39
⫺0.07
0.18
⫺0.16

⫺1.01
⫺0.39
⫺0.04
0.23
0.98
0.96
⫺0.21
0.87
1.05
2.19
0.52
0.41
1.26
0.68
1.09
0.32
0.59
0.39
0.85
1.55
0.51
0.47
0.48

The markers D13S260, D13S1701 and D13S267 flank the BRCA2 gene. The
peak lod score of 2.76 was seen at marker D13S1308 at  ⫽ 0.10.
Lod scores greater than 1.0 are shown in bold.

obtained in the Finnish families at marker D13S1257 (P ⫽ 0.003)
with D13S1308 showing borderline significance (P ⫽ 0.05). In all
77 families, three markers were slightly positive: D13S1257 (P ⫽
0.015), D13S791 (P ⫽ 0.05), and D13S269 (P ⫽ 0.04).
Tumor tissue for loss of heterozygosity analysis was available
from 16 individuals from six families with evidence of linkage to
13q22. Allelic imbalance with multiple markers at 13q22 was
observed in 11兾16 cases (69%), whereas the frequency observed
in sporadic tumors in this region is ⬇25% (30). In eight of the
Table 3. Multipoint (three-point) lod scores under homogeneity
and heterogeneity.
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Interval within markers
D13S260–D13S1701
D13S1701–D13S1301
D13S1301–D13S1262
D13S1262–D13S1296
D13S1296–D13S1308
D13S1308–D13S1291
D13S1291–D13S152
D13S152–D13S1257
D13S1257–D13S745
D13S745–D13S791
D13S791–D13S1326
D13S1326–D13S166
D13S166–D13S269
D13S269–D13S162
D13S162–D13S160

Maximum
multipoint lod
within the interval

Maximum multipoint
Hlod within the
interval (␣)

⫺10.72
⫺1.27
⫺4.16
⫺1.26
2.60
⫺0.52
⫺6.08
⫺4.08
⫺2.25
⫺0.88
⫺5.45
⫺5.65
⫺5.64
⫺2.60
⫺2.92

0 (0)
0.05 (0.17)
0 (0)
1.50 (0.37)
3.46 (0.65)
1.49 (0.42)
0.06 (0.09)
0.76 (0.29)
0.90 (0.39)
0.95 (0.43)
0.16 (0.16)
0.26 (0.16)
0.39 (0.17)
0.66 (0.25)
0.68 (0.31)

Lod scores greater than 1.0 are shown in bold. ␣ denotes the percentage of
families linked.
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11 cases it was the putative wild-type allele that demonstrated
loss.
A simulation experiment was carried out to validate the
significance of the two-point linkage score empirically. The
simulation also addressed the concern that undetected BRCA2
mutation-positive families had influenced the observed lod
scores at 13q21-q22. We conservatively estimated that the upper
limit of BRCA2-linked families would be 17兾57 Finnish families,
1兾12 Icelandic families, and 1兾8 Swedish families. In all possible
configurations allowing this number of families to have undetected BRCA2 mutations, the simulated lod score at D13S1308
exceeded the threshold of 2.76 (corresponding to the peak true
lod score) in at most one of the 3,000 replicates. This finding
corresponds to a significance level of P ⬍ 0.0017 (27). For a
linkage analysis that targets a chromosome no larger than X
because of substantial prior evidence for linkage, P ⬍ 0.01 is
considered sufficient evidence for linkage (27).
Discussion
Identification of a candidate susceptibility locus at 13q21 for
breast cancer was based on a strategy that assumed that somatic
genetic changes in cancer tissues may give insights to the nature
of the germ-line predisposing loci (5). For this purpose, it is
critical to distinguish early, initiating genetic changes from those
that are associated with cancer progression. In our analyses of
BRCA1 and BRCA2 mutation-negative breast cancer families,
four intersecting lines of evidence suggest that the 13q losses
observed in these tumors may represent early, initiating genetic
alterations. First, the overall frequency of 13q loss was about two
times higher in BRCAX tumors than in control breast cancers.
Second, exploring the CGH data with two different tree models
placed the loss of 13q at or near the root of the hypothetical
breast cancer progression pathways. Third, tumor tissues from
patients belonging to the same cancer family showed the same
specific deletion at 13q21-q22 and shared a germ-line haplotype
at this locus. Finally, and most importantly, unselected BRCAX
breast cancer families showed significant evidence of linkage to
the 13q21-q22 region. Taken together, these findings support the
hypothesis that the loss of 13q21-q22 is an early genetic event in
the BRCAX tumors and possibly uncovers a recessive tumor
suppressor gene at this locus. The findings therefore provide
preliminary evidence for the location of a novel predisposition
locus for breast cancer at 13q21-q22.
In the 77 families, a maximum two-point lod score of 2.76 and
a peak multipoint Hlod of 3.46 (␣ ⫽ 0.65) were observed. These
lod scores were obtained from a linkage analysis targeting a
single candidate site in the genome, based on prior suggestions
from CGH. This situation is in sharp contrast to genome-wide
linkage scans, where hundreds of comparisons are performed,
and therefore much more stringent thresholds for statistical
significance need to be applied. The two-point linkage result was
further evaluated by means of a simulation analysis. Based on
haplotype sharing at the BRCA2 locus, we modeled that up to 17
Finnish families, one Icelandic family, and one Swedish family to
be putative BRCA2 families, in which BRCA2 mutations may
have been missed. This was done to evaluate the influence of
putative ‘‘contaminating’’ BRCA2 families on the lod scores
observed in the 13q21-q22 region. The simulation results suggested that the observed linkage to D13S1308 was significant at
a level of P ⬍ 0.0017. It will be critically important to independently validate this genetic locus for breast cancer, especially in
populations outside of the Nordic countries.
In the analysis of the somatic progression of cancer by
cytogenetics, CGH, and other methods, usually only the frequency of the genetic alterations is reported. Tree models will
provide substantial additional information on the associations
between genetic alterations in a series of tumors, as well as on
their putative sequence of appearance. Although the progression
PNAS 兩 August 15, 2000 兩 vol. 97 兩 no. 17 兩 9607
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Table 2. Combined lod scores from the 77 families at several
values of theta for markers on 13q
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pathway involving 13q losses may be a predominant ‘‘route’’ by
which BRCAX cancers arise, not all BRCAX tumors evolve
through this pathway. This chromosomal region often is also
involved in sporadic breast cancers and other types of cancers,
including prostate cancer (31, 32), upper gastrointestinal cancer
(33), and nasopharyngeal cancer (34), which suggests the involvement of several genes at this region in tumor progression.
Most, but not all, of the families displayed loss of the wild-type
allele with markers along 13q21. The possibility of multiple
tumor suppressor genes at 13q may well influence the observed
loss of heterozygosity pattern: a small initial deletion in the
wild-type chromosome may be masked by larger deletions
occurring during tumor progression. Furthermore, because of
the small family size, defining individual ‘‘linked’’ families could
not be done with absolute certainty. This may lead to an
appearance of a loss of the ‘‘mutant’’ allele, especially as some
families also may contain sporadic breast cancers. There are
numerous putative candidate target genes in the 13q21-q22
region, including protocadherin 9, the serine兾threonine protein
kinase EMK, the human homologue of the Drosophila dachshund
gene, and the ubiquitin carboxyl-terminal esterase L3 (GENEMAP
99; http:兾兾www.ncbi.nlm.nih.gov兾genemap99).
CGH was previously used to pinpoint a predisposition locus
for Peutz-Jeghers syndrome (5, 6), a single-gene disorder with a
defined early premalignant lesion, which was used as a starting
point for the analysis. Mutations in the gene LKB1兾STK11—
located at the locus assigned by the targeted linkage analysis—
subsequently were identified in Peutz-Jeughers’ families (35, 36).
Based on the present study, we believe that the CGH approach
also will be powerful for the analysis of several types of cancers
with a complex genetic basis. CGH also gave suggestions on the
biological properties of the BRCAX tumors. The total number
of genetic alterations per tumor in the BRCAX cases was nearly

identical with that seen in unselected sporadic cases and about
half of that seen in BRCA1 and BRCA2 tumors. The degree of
genetic instability in the BRCAX tumors therefore may be less
prominent than in BRCA1- and BRCA2-associated tumors,
where the loss of function of the DNA repair pathways has been
suggested to play a pathogenetic role (37).
In conclusion, our results suggest that somatic genetic deletions taking place in tumor tissues from cancer families may
provide a powerful approach to define candidate cancer predisposition loci, assuming that one can distinguish primary genetic
alterations from secondary ones. A mathematical tree analysis of
CGH findings pointed to the chromosomal region 13q21-q22 as
the site containing a novel breast cancer predisposition locus.
The presence of this locus was supported by linkage analysis of
77 Finnish, Icelandic, and Swedish breast cancer pedigrees,
which provided suggestive evidence of a breast cancer susceptibility locus at 13q21-q22. Because of the substantial genetic
heterogeneity of breast cancer, studies to evaluate the significance of this candidate locus in other populations will be
critically important.
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