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Summary

Breast cancer is known to have an inherited component, consistent in some families with autosomal dominant
inheritance; in such families the disease often occurs in association with ovarian cancer. Previous genetic linkage
studies have established that in some such families disease occurrence is linked to markers on chromosome 17q.
This paper reports the results of a collaborative linkage study involving 214 breast cancer families, including
57 breast-ovarian cancer families; this represents almost all the known families with 17q linkage data. Six
markers on 17q, spanning approximately 30 cM, were typed in the families. The aims of the study were to define
more precisely the localization of the disease gene, the extent of genetic heterogeneity and the characteristics of
linked families and to estimate the penetrance of the 17q gene. Under the assumption of no genetic
heterogeneity, the strongest linkage evidence was obtained with D175588 (maximum LOD score [Z,,.,] = 21.68
at female recombination fraction [0;] = .13) and D17S579 (Z,,, = 13.02 at O; = .16). Multipoint linkage analysis
allowing for genetic heterogeneity provided evidence that the predisposing gene lies between the markers
D175588 and D175250, an interval whose genetic length is estimated to be 8.3 cM in males and 18.0 ¢cM in
females. This position was supported over other intervals by odds of 66:1. The location of the gene with respect
to D17S579 could not be determined unequivocally. Under the genetic model used in the analysis, the best
estimate of the proportion of linked breast-ovarian cancer families was 1.0 (lower LOD — 1 limit 0.79). In
contrast, there was significant evidence of genetic heterogeneity among the families without ovarian cancer, with
an estimated 45% being linked. These results suggest that a gene(s) on chromosome 17q accounts for the majority
of families in which both early-onset breast cancer and ovarian cancer occur but that other genes predisposing

to breast cancer exist. By examining the fit of the linkage data to different penetrance functions, the cumulative
risk associated with the 17q gene was estimated to be 59% by age 50 years and 82% by age 70 years. The
corresponding estimates for the breast-ovary families were 67% and 76%, and those for the families without
ovarian cancer were 49% and 90%; these penetrance functions did not differ significantly from one another.
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Breast Cancer Linkage Analysis

Introduction

A family history of breast cancer is a now well-estab-
lished risk factor for the disease (Kelsey 1979). Many
previous epidemiological studies have shown a signifi-
cantly increased risk of breast cancer in the relatives of
breast cancer cases as compared with the general popu-
lation (e.g., see Adami et al. 1980; Claus et al. 1990).
With some exceptions (e.g., Mettlin et al. 1990), these
studies generally show that the risk of breast cancer in
relatives increases with decreasing age of the index case
and is greater for women with several affected relatives
than for women with one affected relative (Claus et al.
1990, 1991). In their analysis of the CASH study, based
on the families of over 4,500 breast cancer cases and
matched controls, Claus et al. (1991) found that familial
clustering of breast cancer could be best explained by a
model in which there are one or more autosomal domi-
nant predisposing genes conferring a high risk of the
disease; germ-line mutations in these genes must, how-
ever, only account for a minority of cases of the disease,
the remaining cases occurring sporadically; but the pro-
portion of cases occurring in predisposed individuals
increases with decreasing age at onset. Similar models
have been obtained by several other authors (Williams
and Anderson 1984; Bishop et al. 1988; Newman et al.
1988; Iselius et al. 1991).

Ovarian cancer is also known to have a familial com-
ponent, and there is evidence that this is also at least
partly the result of an autosomal dominant gene(s) with
high penetrance (Schildkraut and Thompson 1988;
D. F. Easton, unpublished data). Moreover, the risk of
breast cancer is increased in ovarian cancer relatives,
and vice versa (Schildkraut et al. 1989; D. F. Easton, F.
Matthews, A. J. Swerdlow, and J. Peto, unpublished
data). This suggests the existence of a gene(s) predispos-
ing to both breast cancer and ovarian cancer. In addi-
tion, many impressive pedigrees supporting the exis-
tence of such dominant highly penetrant breast and /or
ovarian cancer genes have been published (e.g., see
Gardner and Stephens 1950; Fraumeni et al. 1975;
Lynch et al. 1978).

The first convincing localization of a breast cancer
gene by genetic linkage was achieved by Hall et al.
(1990), who obtained a LOD score of 2.35 at 8 = .20
with D17574 located in chromosomal region 17q21.
There was significant evidence of heterogeneity, with
an estimated 40% of families being linked. Analysis by
age showed that linkage evidence was clearest in those
families with earliest age at onset (Mérette et al. 1992).
Among families with an age at onset of less than 46

679

years, the maximum LOD score was 5.98 at 6 = .001
(Hall et al. 1990). Families with later onset showed evi-
dence against linkage. However, subsequent reanalysis
(using analytical methods similar to those in the present
paper) has shown that the evidence against linkage in
later-onset families disappears if sporadic cases are al-
lowed for appropriately, since these families contain a
high proportion of sporadic cases (Margaritte et al.
1992).

Confirmation of this linkage result was provided by
Narod et al. (1991), who obtained a LOD score of 2.20
at 0 = .20 with D17574 in five breast-ovarian cancer
families. That study also found significant evidence of
genetic heterogeneity, linkage being apparently re-
stricted to three of the five families tested. There was
no apparent difference in average age at onset between
linked and unlinked families in that study. This breast-
ovarian cancer locus has been formally labeled
“BRCA1” (Solomon and Ledbetter 1991).

The aims of this collaborative study were fourfold:
first, to attempt to confirm the previously published
linkage results on a much larger set of breast cancer
families; second, to localize the gene to a particular
chromosomal interval, by using several markers span-
ning the region of interest; third, to define the extent of
genetic heterogeneity and to attempt to characterize
linked and unlinked families; and, fourth, to use the
marker information to provide an estimate of the pene-
trance of the 17q gene.

In order to provide as unbiased an assessment as pos-
sible of the extent of heterogeneity, the aim was to
encourage participation by as many groups as possible,
worldwide, who are conducting breast cancer linkage
studies. Groups were asked to submit linkage informa-
tion on all families studied, regardless of the strength of
their evidence for or against linkage. The majority of
the groups have been collaborating over the past 3 years
by participating in biennial meetings at which linkage
results have been shared. When the linkage to D17574
was reported by Hall et al. (1990) and replicated by
Narod et al. (1991), the groups all typed D17574. Heter-
ogeneity analysis for the combined set of families was
significant, but there was no resolution of the location
of the breast cancer locus (data not shown). In brief, the
data were consistent with, at one extreme, the disease
being tightly linked to D17574 in 20% of the families
and, at the other extreme, 90% percent being linked
but with the disease gene 20 cM from D17574.

To resolve this and to facilitate a joint multipoint
linkage analysis, a common set of highly polymorphic
markers was recommended for typing across the family
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set. Initially, these markers were chosen to be up to 20
cM either side of D17574, but early results suggested
that only markers proximal to D17574 were relevant. A
modified set of six markers focusing on proximal loca-
tions was drawn up, and we report here on the results
of these analyses.

Families, Material, and Methods

Families

Thirteen groups contributed a total of 214 families
to this study. Accompanying papers by the collaborat-
ing groups describe in detail the methods used for se-
lecting families, data collection, and confirmation of
diagnoses. Criteria for family selection differed be-
tween groups. Two of the groups (Utah and Iceland)
ascertained their families by using record linkage of
population genealogies to cancer registries (Arason et
al. 1993; Goldgar et al. 1993). Most of the remaining
families were ascertained through collaborating physi-
cians. The majority of families were ascertained pre-
dominantly through a family history of breast cancer,
though one group (CRC) selected some families on the
basis of ovarian cancers in the family (Smith et al. 1993)

Table |

Summary of Types of Family in the Study

Easton et al.

while another group (IARC) selected most of their fami-
lies for both breast and ovarian cancer (Feunteun et al.
1993). One family was ascertained and typed indepen-
dently by two groups (reference numbers IARC 2775
and Utah 1901). All the analyses for this family are
based on the IARC data.

In 10 of the families one breast cancer occurred in an
individual on the opposite side of the family from the
remaining cancers; these breast cancer cases are ignored
in the summaries of numbers and ages of cases in the
families (but not in the linkage analysis). In one family
(see Arason et al. 1993) there were three breast cancer
cases on the opposite side of the family. In the remain-
ing 203 families all cases of breast and ovarian cancer
occurred in a pattern consistent with segregation of a
single rare autosomal dominant gene.

Table 1 summarizes basic details about the families
studied. All the families except three contained at least
two breast cancer cases (one family contained four
ovarian cancers and no breast cancers, one contained
three ovarian cancers and one breast cancer, and one
contained seven ovarian cancers and one breast cancer).
One hundred twenty-four (58%) contained at least four
cases, and 77 (36%) contained at least three cases under

No. ofF FAMILIES

Average Age at

No. of PEDIGREE MEMBERS

Diagnosis of
Breast Cancer No. of Ovarian Breast Cancer
(years) Cancers Male Typed
Breast Diagnosis at  Ovarian

Group* Total <45 45-60 =60 0 1 2 >2 Cancers Total Total Bilateral <45 Years Cancer Total Affected
Aberdeen ........ 1 1 1 50 4 3 8 28 4
Berkeley ......... 23 N 17 1 20 2 1 2 356 141 7 56 7 256 117
CRC .....cenntt 43 23 19 1 31 2 2 8 1 599 192 28 99 49 245 153
IARC ............ 19 13 6 4 7 2 6 570 119 19 76 42 356 85
Iceland .......... 7 2 5 3 3 1 1 261 48 7 20 7 156 37
ICRF ............ 16 9 7 12 2 2 330 64 12 34 6 157 45
Leiden ........... 13 N 6 2 1 2 353 61 2 23 4 246 39
FCN ............. 19 9 10 14 3 1 1 303 76 8 35 8 192 69
MDC ............ 9 6 3 6 3 92 30 16 3 62 25
MRC ............ 15 5 9 1 10 2 1 2 1 426 72 9 34 10 239 47
Manchester ...... 7 2 3 2 6 1 59 26 3 8 1 25 16
Stockholm ....... 29 5 13 11 29 205 82 6 15 89 68
Utah ...oovveennn. 13 8 _4 1 111 _ 1 _ 381 72 __ 39 8 209 44

Total ... 214 93 102 19 157 26 10 21 5 3,955 987 101 458 153 2,260 749

2 One family was independently identified by both the IARC group and the Utah group. In this table, the family is only listed under the IARC
group, as the latter had sampled more extensive branches of the pedigree.
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the age of 45 years. Consequently, in light of the known
epidemiological data, few of the families could be
chance aggregations. Fifty-seven (27%) of the families
contained at least one case of ovarian cancer (These
families are referred to hereafter as “breast-ovary fami-
lies.””), and 31 (14%) contained two cases. Of the re-
maining families, four contained one or more cases of
male breast cancer and are referred to as “male breast
cancer families.” (One of the breast-ovary families also
contained one case of male breast cancer.) The remain-
ing 153 families which contained only female breast
cancer are referred to as “breast-only families.” Seven
hundred forty-nine (66%) of the 1,140 breast and ovar-
ian cancer cases in the families were typed for at least
one marker.

The numbers in table 1 summarize the status of the
families as recorded at the time of this analysis (in
March 1992). Some collaborating groups have accumu-
lated further information since this date, and the totals
in the accompanying papers therefore differ slightly
from those given in table 1.

There are clear differences between the ages at onset
of the breast and ovarian cancers in the families ascer-
tained. Among the diagnoses of breast and ovarian
cancers, 4% of those made before the age of 30 years
are ovarian cancer, compared with 11% of diagnoses
made between 30 and 59 years of age and 15% of those
made at age 60 years or older. For the CRC and IARC
families which focused attention for ascertainment on
both ovarian and early-onset breast cancer, the corre-
sponding figures were 7%, 18%, and 25%.

Markers

Six polymorphic markers (GH, D17574, NME1,
D175588, D175579, and D175250) were typed in the
families, although not all of the families were typed for
all of the markers. All of these markers were CA-repeat
polymorphisms, with the exception of the VNTR
cMM86 (D17574) used in the original reports of link-
age. These markers were chosen because of both their
known high levels of polymorphism and their locations.
Details on the markers, as well as on others subse-
quently used by consortium members, are summarized
in the Appendix, which is supplied by Dr. Nigel Spurr.
The laboratory methods used by individual groups to
type these markers are described in the accompanying
papers. In total, 194 families (91%) were typed for
D175588, 189 (88%) for D17574, 189 (88%) for
D178579, 172 (80%) for D17S250, 163 (76%) for
NME1, and 141 (66%) for GH.
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Marker Allele Frequencies

One disadvantage of using microsatellite and VNTR
markers was that consistent scoring of marker alleles,
between groups and even between families being stud-
ied by the same group, could not be guaranteed. This is
an important issue, since misspecifying allele frequen-
cies can lead to exaggerated LOD scores and, in excep-
tional cases, to a biased recombination fraction esti-
mate (Ott 1992). Some of the groups did attempt to
score D175588 and NME1 consistently, but we found
discrepancies in the sizes of the most common alleles
reported. For these reasons, our analyses assume equal
allele frequencies for each marker. The markers GH
and D17574 are known to be highly polymorphic (some
groups scored 12 or more distinct alleles within some
families), so we assumed that all alleles had frequency
.05. The remaining markers were less polymorphic, and
we chose allele frequencies to reflect their observed
polymorphism. For D175579 we assumed 10 equally
frequent alleles, for D175250 and D17S588 6 alleles,
and for NME1 5 alleles. In some families, more alleles
were recognized, and recoding of the marker alleles
within such families was necessary (see Statistical
Methods section, below). This solution is clearly not
ideal, but we made these assumptions to avoid the
greatly exaggerated LOD scores which would result
from underestimating the frequency of an allele ob-
served in two distantly related affected individuals. As a
check on the robustness of the results to misspecifica-
tion of the allele frequencies, we also repeated the two-
point analyses for D175588 and D17S579, assuming
different allele frequencies. Reducing the allele fre-
quencies increased the maximum LOD scores, but the
recombination estimates remained essentially un-
changed.

Statistical Methods

The two-point and multipoint linkage analyses were
carried out using the LINKAGE program (Lathrop and
Lalouel 1984; Lathrop et al. 1984). As a standard ge-
netic model for breast cancer, for use in the linkage
analysis, we used the model derived by Claus et al.
(1991) from the Cancer and Steroid Hormone Study. In
this model, breast cancer susceptibility is conferred by
an autosomal dominant allele, with population fre-
quency .0033, such that the breast cancer risk is 67% by
age 70 years in carriers and is 5% in noncarriers. A
minor modification to this model was made, in order to
remove the large increase in risk to gene carriers over
the age of 70 years as compared with the risk at age
60-69 years. In our model, the age-specific risk of
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breast cancer after age 70 years in gene carriers was
taken to be the same as the risk at age 60-69 years. This
model is referred to as the “CASH” model throughout.
To implement this model, individuals were assigned to
one of seven age groups (less than 30 years, 30-39 years,
40-49 years, 50-59 years, 60-69 years, 70-79 years,
and 80 or more years), on the basis of either the age at
diagnosis of breast cancer, if affected, or the age at
death or last observation, if unaffected. Because the
disease status is censored at the age of last observation
for unaffected individuals, the likelihood must be cal-
culated according to survival analysis methods (Elston
1973). This was achieved by assigning affected and un-
affected individuals to different liability classes, so that
14 liability classes (7 age groups X 2 disease classifica-
tions) were used in total. The “penetrance” probabili-
ties assigned to these classes were the genotype-specific
cumulative risk, for unaffecteds, and the genotype-spe-
cific density, for affecteds, appropriate to each age
group (with the values at ages 25, 35, 45, 55, 65, 75 and
85 years being used, assuming a constant incidence rate
over the decade). These values are shown in table 2.
Since male breast cancer is so rare in the general pop-
ulation, male cases in these families are likely to be the
result of genetic predisposition. We therefore assigned

Table 2
Penetrance Values Used in the LINKAGE Program

PENETRANCE OF GENOTYPE*
AGE GROUP
(years) dd Dd DD

Unaffected females:

<30 ....c00innnn .00009 .008 .008

30-39 .......... .00146 .083 .083

40-49 .......... .0083 269 269

50-59 .......... .021 469 469

60-69 .......... 039 616 616

70-79 ......... .061 724 724

=80 ............ .082 .801 .801
Affected females:

<30....iinnnnnt .00002 .00167 .00167

30-39 .......... .00026 01276 01276

40-49 .......... .00112 102305 .02305

50-59 .......... .00137 .01711 01711

60-69 .......... .00226 .01260 .01260

70-79 ..iiunnn. .00218 .00908 .00908

>80 ............ .00213 .00654 .00654

NoTE.—Male breast cancers and ovarian cancers were assigned to
the youngest age group.

D refers to the disease allele conferring susceptibility to breast
and ovarian cancers, and d is the “normal” allele.

Easton et al.

affected males to the “female affected before age 30”
liability class, to maximize their probability of being
carriers. Unaffected males were assigned to the “female
unaffected at age 30” liability class, approximately
equivalent to being of unknown disease status.

Ovarian cancers presented a problem, since no ge-
netic model specifically applying to breast-ovary fami-
lies has been derived. We considered that ovarian
cancers should be treated differently than breast
cancers, first, because the disease is much rarer in the
general population (and therefore cases in the families
are more likely to be genetic) and, second, because ex-
amination of these families and of those previously
published suggests that (in contrast to breast cancer)
ovarian cancers occurring at older ages are also part of
the syndrome. We therefore assigned ovarian cancer
cases to the “female affected before age 30” liability
class. However, we also carried out analyses in which
women with ovarian cancer were assigned risks based
on the age at diagnosis, in the same manner as for breast
cancer. If both cancers occurred in the same woman,
the age of the first cancer was taken. The differences in
results obtained by using these two approaches were
very minor (see Results). All other cancers were ignored
in the analyses. There is no clear evidence that any
other cancers should be regarded as part of the syn-
drome, and, consequently, information on other
cancers was not consistently reported. Excesses of
other cancers could not therefore be reliably examined
in this data set.

Linkage analyses in these families and in the CEPH
families (Fain et al. 1991) shows that the female genetic
map is considerably longer than the male map, over this
region. Over the whole region, the distance ratio is ap-
proximately twofold, although there is variation across
the region. For this reason, all two-point LOD scores
have been calculated on the assumption that the female
distance is twice the male distance. Results are summa-
rized in the tables, according to the female recombina-
tion fraction (0;).

Given both the large number of alleles present for
each marker and the complexity of many of the fami-
lies, a full multipoint analysis including all markers and
BRCA1 was not feasible. Instead, we performed a series
of multipoint analyses. The first involved D175250,
D175588, and BRCA1—except for the IARC families,
for which no D175250 data were available. In the IARC
families, the analysis involved D17574, D175588, and
BRCA1, with the LOD scores being evaluated at the
equivalent locations on the genetic map, to allow a
combined analysis of all families. In subsequent analy-
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ses to further resolve the location, we analyzed
D175588, D17S579, and BRCA1. The position of the
disease locus was also assessed by a more informal ex-
amination of recombinant events.

Multipoint analyses were performed using LINK-
MAP (Lathrop et al. 1984), again by assuming a two-
fold-increased map distance for females versus males.
The computational efficiency of multipoint linkage
analysis depends on the number of alleles at each of the
loci. Analyses take progressively longer, the larger the
number of alleles—while ignoring the phenotypic dif-
ferences between alleles loses linkage information. The
compromise which we adopted involved recoding the
markers to six alleles for D175588 and D175250, to
seven alleles for D175579 (six “observed” alleles each
with frequency .1 and a seventh “unobserved” allele
with frequency .4), and to seven alleles for D17574 (six
“observed” alleles each with frequency .05 and a sev-
enth “unobserved” allele with frequency .70). In total,
11 families show more than six alleles for D175588, as
do 19 for D175250 and 16 for D175579. For all except
two of these families, recoding could be performed
without change of linkage information, by considering
those nuclear families in which the allele transmitted
from each parent to child could be unequivocally de-
termined. Alleles carried by individuals marrying into
such nuclear families were then renumbered while
maintaining evidence of transmission. As in the paper
by Ott (1978), such recoding changes the absolute value
of the likelihood but does not change the LOD score.
In the two exceptions, some linkage information was
lost, but this was shown to be trivial by comparing
pairwise LOD scores before and after recoding. For
D17S74, the large number of alleles recognized made
recoding necessary in 35 families. In this case, recoding
was conducted in such a way as to preserve as much
linkage information as possible; consequently, some of
the marker phase information from spouses of pre-
sumed carriers was lost. Specifically, in some families a
noncarrier spouse heterozygous for D17574 was re-
coded as being homozygous. Even with this recoding,
each multipoint analysis took approximately 3 wk on a
dedicated SUN 4 workstation.

Heterogeneity of linkage for various subgroups of
families was examined by comparing log likelihoods
calculated separately under the assumptions of hetero-
geneity and homogeneity. The subgroups considered
were based on considerations of the genetic epidemiol-
ogy of breast and ovarian cancer and so included an
investigation both of age-at-onset effects for breast
cancer and of the relevance of ovarian cancer cases
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within a family. Following preliminary evidence that
different proportions of breast-ovary families and
breast-only families were linked to 17q, we estimated
the proportion of each set of families linked, assuming
that a single gene was responsible for both sets of fami-
lies. This analysis was performed by computing the log
likelihood over all families, postulating separate linked
proportions for the two classifications of families but
the same 17q susceptibility locus.

The linkage data were used to provide an estimate of
the age-specific penetrance of the 17q gene, by maxi-
mizing the LOD score over different values of the pene-
trance function, which is equivalent to maximizing the
likelihood conditional on all the disease phenotypes
(Risch 1984). This method allows the penetrance to be
estimated free of bias due to ascertainment of families
on the basis of multiple affected individuals. This analy-
sis was carried out using a modified version of the
ILINK program (Lathrop et al. 1984). The analyses
were based on the linkage results with D175588, the
marker showing the strongest linkage evidence—ex-
cept for the Berkeley families, for which D175588 was
not completely typed; D17S579 was used for these fami-
lies (For other groups, D175588 was more completely
typed than D175579). For this analysis the recombina-
tion fraction between BRCA1 and D175588 was fixed
at .04 in males and .08 in females, as predicted by the
multipoint analysis. For the breast-ovary families, pene-
trance was modeled assuming a separate parameter for
the ratio of the incidence rates in gene carriers versus
that in noncarriers, for each of the seven 10-year age
groups defined previously. The rates in noncarriers
were fixed at the rates in noncarriers in the CASH
model. Since the aim of this analysis is to estimate the
overall penetrance, age at onset was defined by the age
at diagnosis of the first cancer (either breast or ovary).
This assumption is in contrast to the previous linkage
analyses, where ovarian cancers were distinguished
from breast cancers (see above).

For the breast cancer families without ovarian cancer
there was evidence of genetic heterogeneity. In order to
obtain an estimate of the penetrance, we assumed, for
simplicity, that the families resulted from the segrega-
tion of either BRCA1 or a second, unlinked autosomal
dominant gene; these two genes were allowed to confer
different penetrances. The penetrance of the linked
gene was modeled in terms of seven age-specific risks,
as for the breast-ovary families. The penetrance con-
ferred by the unlinked gene was initially assumed to be
equal to the penetrances given by Claus et al. (1991) and
used in the previous analyses, but different penetrances
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were also considered. It was also necessary to estimate a
parameter Y = p,/(p; + p,), where p, and p, are the
gene frequencies of the linked and unlinked genes, re-
spectively; v is not, of course, the same as the propor-
tion of linked families, since the two genes can confer
different penetrances, and the probability of a family
being linked will therefore depend on the number and
ages at onset in affected individuals.

Results

Linkage Map

As a basis for the multipoint linkage analysis, we first
constructed a multipoint linkage map of the six
markers, based on the marker data in the breast cancer
families and using the program CRIMAP (Barker et al.
1987; Lander and Green 1987). The preferred order for
the markers, together with the corresponding sex-spe-
cific genetic distances between markers, is shown in
figure 1. This order is preferred to all other orders with
odds of more than 10™:1. It also corresponds to the
order generated by analysis of recombinants in CEPH
families (Fain et al. 1991), and is consistent with the
order of loci generated by somatic cell and radiation
hybrids (Black et al. 1993). The corresponding two-
point marker-marker LOD scores and recombination
fraction estimates are shown in table 3.

Two-Point Linkage Results under Homogeneity

Table 4 summarizes the overall two-point LOD
scores for linkage between BRCA1 and the six chromo-
some 17q markers, by the female recombination frac-
tion. Significant evidence of linkage is seen with all
markers except growth hormone (GH). The strongest
evidence of linkage is with D175588 (Z,,.., = 21.68 at 6;
=.13)and D175579 (Z,,., = 13.02 at 6; = .16). In terms
of the maximum LOD score, this represents more than

Centromere

-

FEMALE 8 10
MALE 3 5
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a fourfold increase in the linkage evidence over that
previously reported (Hall et al. 1990; Narod et al.
1991).

Table 5 presents a more detailed breakdown of the
results for D175588 and D175579, according to the
types of cancer occurring in the families. The majority
of the linkage evidence comes from the breast-ovary
families (Z,,,, = 18.44 at 6; = .08, for D175588; and
Zomax = 11.24 at 0, = .08, for D175579). There is also
significant linkage evidence within the families contain-
ing only female breast cancer cases, but the LOD scores
are maximized at significantly greater distances (3.60 at
0; = .22, for D175588; and 3.74 at 6; = .22, for
D175579). This is suggestive of genetic heterogeneity,
which is examined in more detail below.

Of the four families containing male breast cancer
(but not ovarian cancer), there is some evidence of link-
age with D175588, though not with D175579. One fam-
ily shows evidence of linkage (see Cohen et al. 1993),
and the male breast cancer case shares the disease-bear-
ing chromosome, while one particularly impressive fam-
ily (see Hall et al. 1990) shows strong evidence against
linkage. This latter family was not typed with D175588,
which explains the discrepancy in results between the
two markers. These male breast cancer families have
been excluded from all subsequent analyses.

Among the breast-ovary families, no difference is ap-
parent between families with just one ovarian cancer
case and those with multiple ovarian cancer cases. We
repeated the analysis for the breast-ovary families, al-
tering the liability class for the ovarian cancer cases to
that appropriate to the age at diagnosis, as for the breast
cancer cases; but this made little difference to the re-
sults (Z,,,, = 19.18 at 6; = .06, for D175588; and Z_,,
=11.88 at 0; = .06, for D175579). In the breast cancer-
only families, evidence of linkage to D175588 is con-
fined to families with at least four cases of breast cancer

Telomere

—_—

7 11 7

| | |
D17S250 D178579 D17S588
(mfd15) (mfd188) (42D6)

LOCUS
PROBE

Figure |

markers.

1 | I
NME1 D17S74 GH
(cMM86)

Map of 17q. st.owing both the order obtained from CRIMAP and the sex-specific genetic distances (in cM) between the
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Table 3

685

Estimated Sex-specific Recombination Fractions between Markers and Corresponding
LOD Scores, Based on the Data Set of Breast Cancer Families

D175250 D175579 D175588 NME1 D17574 GH
D175250 ...... 77.79 58.80 34.30 41.13 22.35
D175579 ...... .08, .03 66.75 34.85 47.93 15.09
D175588 ...... .16, .03 08, .06 48.43 77.16 27.53
NME1 ........ 21, .04 15, .05 .08, .05 51.23 20.41
D17574 ....... 29, .07 20, .08 .13, .06 .13,.03 71.64
GH ........... 26,.10 28, .11 .19, .09 .16, .08 .06, .06

NoTe.—Data below the diagonal are estimated sex-specific recombination fractions (in each pair, the
first number is the estimate for females, and the second number is the estimate for males); and data above

the diagonal are the corresponding LOD scores.

under the age of 60 years. There is also a significant
cffect of age at onset. For D175579, linkage evidence
was confined to families whose average age at onset was
under 45 years. For D175588, there was some evidence
of linkage for families with older average ages, but the
maximum LOD score occurred at a recombination
fraction greater than that for the earlier-onset families.

Multipoint Analysis and Heterogeneity

The first multipoint analysis involved D175588 and
D178250 for all families except the IARC families, for
which an analysis of D17574 and D175588 was per-
formed. Analysis of all 214 families jointly suggests the
location of the gene to be between D175588 and
D178250. Under the maximum-likelihood solution, the
proportion of linked families () is estimated to be 62%,
and the most likely location for BRCAL1 is 9 cM proxi-
mal to D175588. The odds in favor of this order are

Table 4

250:1 over the location being distal to D175588 and are
475,000:1 over the location being proximal to
D17S250.

Figure 2 shows the LOD scores, by location, for the
breast-only families, for the breast-ovary families, and
for both categories combined. When only the 57
breast-ovary families are considered, the most plausible
location is again 9 cM centrometric to D175588, but in
this group the best estimate of a is 1.0. The odds in
favor of BRCA1 being located between D175588 and
D175250 are reduced from those in the analysis of the
whole set of families (86:1 over a location distal to
D175588 and 8,050:1 over a location proximal to
D175250). Figure 3 shows a contour plot of the LOD
score over possible locations and a, for the breast-ovary
families. The lower limit of the LOD — 1 support re-
gion, for a, is .71.

Analysis of the 153 breast-only families suggests a

LOD Scores for Linkage between Breast and Ovarian Cancers and

Markers on Chromosome 17q

LOD Score AT FEMALE RECOMBINATION FRACTION OF

Locus .001 .01 .05 A1 2 3 Z nax 0/max
D178250 ...... —11.98 —8.96 -1.20 3.81 7.30 6.65 7.42 23
D178579 ...... —1.43 1.62 8.55 12.08 12.55 9.17 13.02 .16
D17S588 ...... 8.23 11.39 18.35 21.33 20.15 14.79 21.68 13
NME1 ........ —-1.41 75 6.01 8.70 9.13 6.76 9.45 .16
D17874 ....... -39.15 -31.73 —13.34 —-2.73 6.32 7.50 7.67 27
GH ........... —34.19 -30.24 —-19.49 —11.80 —4.11 -1.03 .00 .50

* The female map distance is assumed to be equal to twice the male map distance.
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D178250 D17S588

30
LOD
Score 251
20 ) /\
—

All families

Breast-Ovary families

_— |

| 1/

Breast Only families

0 U 1 T
30 20 -10 0 10 20 30

Distance in cM from D17S588

Figure 2 LOD score between BRCA1 and the 17q markers,
obtained from an analysis of D175588 and D175250. The LOD score
is defined as the maximum over @, the proportion of linked families.
LOD scores for the total set of families, for the breast-ovary families,
and for the breast-only families are shown.

gene location which is 5 cM proximal to D175588, but
there is little evidence over a more distal location (odds
of 1.37:1). The location proximal to D175250 is again
the least plausible (odds of 55:1 for proximal versus
distal to D175250). In this case, 45% of breast-only
families are estimated to be linked (LOD — 1 support
limits 27%-65%), a proportion lower than that for
breast-ovary families (LOD difference 1.21). Figure 2
also shows the location scores for these families, while
figure 4 shows a contour plot of the LOD score over
possible locations and a.

Finally, in figure 2, we also show the location score
for the analysis of all 214 families, assuming that the
proportion of breast-only families due to BRCA1 is dif-
ferent from the proportion of breast-ovary families due
to this gene. In this analysis, the most plausible location
for BRCAL1 is again between D175588 and D175250, at
a distance 9 cM from D175588, with odds of 66:1 over
alocation distal to D175588 and 490,000:1 over a loca-
tion proximal to D175250. At this location, the esti-
mate of o for the breast-only families is .45.

Table 6 gives details of the multipoint heterogeneity
analysis. Analysis by average age at onset showed some
evidence that the proportion of linked breast-only fami-
lies is age dependent; among families with an average
age at onset before age 45 years, an estimated 67% were
linked, compared with 19% of the families with mean
onset age between 45 and 55 years and 38% for families
with average onset age after 55 years (x* = 4.65, P <

687

.05, when families with average onset age under 45
years are compared with those with average onset age
of 45 years or older). There is some suggestion that the
proportion of linked families is higher among families
with five or more cases with onset age under 45 years
(the estimate of @ is .72) than it is among families with
fewer early-onset cases. There is little evidence of link-
age among breast-only families with three or fewer
cases in total (Z = 0.36 with a being estimated as .26).

We also conducted a multipoint analysis based on
D175588 and D17S579. This gave slight evidence in
favor of a location for BRCA1 between D175588 and
D178579, with odds of 30:1 over a location proximal
to D175579. The most likely location was 2 ¢cM distal
to D175579.

Critical Recombinants

The multipoint analysis presented above required
various statistical assumptions about the mode of in-
heritance of BRCA1 and only took into account two of
the markers in each analysis. In an attempt to include
information from more of the markers, we identified
those between-marker recombination events which
suggested a location for BRCA1 with respect to the
markers. The search was restricted to apparently linked
families, defined to be breast-only families with a maxi-
mum LOD score of more than 1.0 for D175588,
D178579, or D175250, and all breast-ovary families.
Furthermore, since penetrance is incomplete, only re-
combinations which occurred either in affected individ-
uals or in ancestors of affected individuals were consid-
ered. Even so, these observations need to be interpreted
cautiously, for two reasons. First, there is no guarantee
that a case occurring within a linked family is due to
BRCA1, although recombinants in young affected
cases provide more convincing evidence since they are
more likely to be genetic. Second, some of the appar-
ently linked families may not be due to BRCA1. No one
observation can therefore provide conclusive informa-
tion about gene location.

Table 7 contains lists of key recombination events
occurring in families likely to be linked, which support
the conclusion, from the multipoint analysis, that
BRCAL1 lies between D175588 and D175250. This table
reports the families concerned, the type of family in-
volved (breast only or breast-ovary), and a brief de-
scription of the informative individual. In one family
(IARC 1816), two separate branches of the family share
a haplotype proximal to D175588 but are discordant
for D175588, suggesting that there has been a recombi-
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D175250

D17S588

Easton et al.

(04
> 20.78
19.78 - 20.78
18.78 - 19.78
17.78 - 18.78
16.78 - 17.78
15.78 - 16.78
N
<15.78
0 | | |
-30.00 -20.00 -10.00 0.00 10.00 20.00 30.00
Distance in cM from D17S588
Figure 3 Contour plot showing LOD scores, by location and proportion of linked families, o, for the 57 breast-ovary families. The

maximum LOD score is 20.79, which is obtained when all of the families are linked to BRCA1. The blackened region of this figure has LOD
scores of at least 20.78, while all unshaded regions have LOD scores less than 15.78; and shaded regions have intermediate LOD scores, as
indicated in the key to the right. The regions with LOD scores of at least 19.78 form the LOD ~ 1 support region.

nation event involving D175588 in the common line of
ancestry.

In table 7 we also report the recombinants which
suggest a location with respect to D175579, assuming
that the gene is between D175588 and D175250. We
include alternative explanations of the recombination
events, since several occur either in families which are
not clearly linked or in individuals who could be spo-
radic cases. The recombinants included in table 7 are
described in more detail in the accompanying papers.

Penetrance

Inspection of the apparently linked families (as de-
scribed above) suggests that the penetrance conferred
by BRCAL is close to 100%, since there are very few
unaffected female obligate gene carriers. This can be
confirmed by examining the carrier status of first-de-

gree relatives of breast or ovarian cancer cases. Rela-
tives of breast cancer cases under age 60 years, or of
ovarian cancer cases at any age, were included. In these
families 201 relatives could be identified whose carrier
status could be identified unambiguously (see table 8).
Of these, 77 (39%) were determined as being gene car-
riers. However, of the unaffected women over age 60
years, only 2/32 (6%) were carriers, indicating a high
penetrance. Penetrance estimates were also obtained by
maximizing the LOD score over different genetic mod-
els, in order to utilize all the available information. For
the breast-ovary families, we first fitted a model in
which the age-specific rates in carriers were those given
by the CASH model used in the previous analysis, but
multiplied by a constant factor . The maximum condi-
tional likelihood estimate obtained for r was 1.54,
which yields a marginally significant improvement in
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>6.10

5.10 -6.10
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3.10-4.10

< 3.10
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Figure 4 Contour plot showing the LOD scores, by location and proportion of linked families, a, for the 153 breast-only families. The

maximum LOD score is 6.11, which is obtained when 45% of the families are linked to BRCA1. The blackened region of this figure has LOD
scores of at least 6.10, while all unshaded regions have LOD scores less than 3.10; and shaded regions have intermediate LOD scores, as indicated
in the key to the right. The regions with LOD scores of at least 5.10 form the LOD — 1 support region.

the LOD score (22.14, compared with 21.32; %% = 3.78,
P = .05). This model would correspond to penetrances
of 52% by age 50 years and 82% by age 70 years, com-
pared with 38% and 67%, respectively, under the
CASH model. If the age-specific rates in all age groups
are allowed to vary, we obtain the penetrance function
illustrated by the dotted line in figure 5. The estimated
penetrance is 67% by age 50 years (95% confidence
limits [CL] 44%-80%) and 76% by age 70 years (95%
CL 52%-88%).

For the breast-only families we first performed analy-
ses assuming that the risks caused by the unlinked
gene(s) followed the CASH model as previously, vary-
ing only the penetrance of the linked gene. The result of
fitting age-specific penetrances is shown by the dashed
line in figure 5; the resulting penetrances are 49% by age

50 years and 90% by age 70 years. Under this model, vy,
the gene frequency of BRCA1 as a proportion of the
total frequency all breast cancer genes (constrained to
be .0033 as in the CASH model), is estimated as .39.
The shape of the penetrance function appears some-
what different from that of the CASH model, with high
age-specific risks up to age 60 years but with little risk
thereafter. If the penetrance of BRCA1 is assumed to be
the same in both breast-only and in breast-ovary fami-
lies, the best estimates are 59% by age 50 years (95% CL
39%-72%) and 82% by age 70 years (95% CL 64%-
91%), with 7y for the breast cancer estimated to be .35.
This penetrance function is illustrated by the continu-
ous line in figure 5.

We also performed analyses in which the risks con-
ferred by the non-17q genes were reduced to 2 of the
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Table 6

Multipoint Heterogeneity Analysis

LOD Proportion
Group (no. of families) Score Linked*
Breast-ovary (57) ................ 20.79 1.00
Breast-only (153)® .............. 6.01 45
Average age (years) at diagnosis:
<45(54) coiiiiiiiiiiin 6.56 .67
45-54(63) covvririniinnnn, 40 .19
255(36) ciiiiiiiiiiii .08 .38
No. of cases diagnosed:
Before age 45 years:
Two or fewer (110) ...... 1.46 44
Three or four (36) ....... 1.89 .39
Five or more (7) ......... 2.88 72
Before age 60 years:
Three or fewer (98) ...... .36 26
Four or five (38) ......... 3.29 .60
Six or more (17) ......... 2.72 45

2 All estimates are at the maximum-likelihood position 9 cM proxi-
mal to D175588 on the female map.
® Four families with male breast cancer cases were excluded.

risks implied by the CASH model. This reduced slightly
the estimated penetrance of BRCA1. y was, however,
reduced to .05.

Haplotype Sharing among Affected Relatives

The haplotype sharing at the D17574 locus, reported
by Hall et al. (1990), suggested that young affected sis-
ters shared the allele from the nontransmitting parent
more often than would be expected by chance, perhaps
indicating a recessive component to early-onset breast
cancer, conferred by the second 17q allele (if BRCA1
were acting in a dominant fashion, the allele from the
nontransmitting parent should be shared by 50% of
affected sister pairs). To test this hypothesis by using
the closer markers, we identified 30 sister-sister pairs in
“linked families” (as defined previously) where both
sisters were typed and affected with breast cancer; of
these, 16 (53%) shared the haplotype based on
D175588, D175579, and D175250 from the nontrans-
mitting parent. The proportions for sister pairs in which
both members were affected with ovarian cancer and
for sister pairs in which one sister had breast cancer and
one had ovarian cancer were 3/7 (43%) and /16 (38%),
respectively. Thus there is no evidence of a recessive
effect being conferred by the homologous BRCA1
allele.

Easton et al.

Affected-Sib-Pair Analysis

The linkage analysis gives little support for linkage
among the families containing, at most, three cases of
breast cancer diagnosed under age 60 years. One con-
cern is that this might be an artifact due to an inappro-
priate genetic model (e.g., if such families were the re-
sult of much lower penetrance mutations). As an
alternative approach, we examined sharing of the 17q
haplotypes between sister pairs affected with breast
cancer, subdivided by the number of breast cancer
cases diagnosed under age 60 years in the family, to
determine whether there was any evidence of excess
sharing. The identity-by-descent results are shown in
table 9. For this analysis, haplotypes based on
D175588, D175579, and D175250 were examined as-
suming no recombination within the sibship. The re-
sults of this analysis are in agreement with the likeli-
hood analysis, in showing no evidence of linkage for
families with two or three breast cancer cases under age
60 years at diagnosis, while families with four cases did
show some evidence of linkage.

Sporadic Cases of Breast and Ovarian Cancer in the
Families

Within the families, some cases of either breast or
ovarian cancer which did not appear to carry the high-
risk haplotype could be picked out. Table 10 lists appar-
ently sporadic cases which were, at most, third-degree
relatives of other affected individuals in linked families
(as defined previously). Of the six cases identified, only
two were first-degree relatives of other affected individ-
uals.

Discussion

In this study we have attempted to obtain 17q link-
age data on breast cancer and breast-ovary families
from as many groups as possible, worldwide. This repre-
sents a very considerable increase in the total available
linkage data (the maximum LOD score is increased
more than fourfold over that from previous studies)
and provides conclusive proof of the existence, on
chromosome 17q, of a gene predisposing to breast and
ovarian cancers.

All the collaborating groups contributed data on all
their breast cancer families for which 17q marker typ-
ing was available, regardless of whether there was any
evidence for linkage. In particular, typings for either
D175588 or D175250 (or both), the markers used in
our main multipoint analysis, were available for almost
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Table 7

Recombinants with Relevance to the Fine-Scale Mapping of BRCAI|

691

Group

Family

Family Type

Maximum
LOD Score

Critical Observation

Recombinants putting BRCA1
proximal to D175588:
Berkeley ..................

Recombinants putting BRCA1
distal to D175250:*8

Berkeley ..................

CRC .o

Recombinant putting BRCA1
proximal to D175579:
Leiden ......ooooeeiiniint

Recombinants putting BRCA1
distal to D175579:
IARC ...

“©

w

871
1816

1927

801

17
BOV2

1901
2082

19

1816

11

Breast-only

Breast-ovary
Breast-ovary
Breast-ovary
Breast-ovary
Breast-ovary
Breast-ovary
Breast-only

Breast-only

Breast-ovary
Breast-ovary
Breast-ovary
Breast-ovary

Breast-only
Breast-ovary

Breast-ovary

Breast-ovary

Male breast

1.75%
2.01¢
.64°
214
57°
3.51¢
31f
1.16°

1.68°
.62°
.04f
.61f
190

1.52f
3.84f

.82¢

3.51¢

1.81¢

Breast cancer at age 51 years
Breast cancer at age 40 years
Breast cancer at age 31 years
Breast cancer at age 33 years
Breast cancer at age 55 years
Two sides recombinant®

Breast cancer at age 35 years
Breast cancer at age 38 years

Breast cancer at age 37 years
Ovarian cancer at age 50 years
Ovarian cancer at age 32 years"
Breast cancer at age 38 years

Breast cancer at age 44 years, or breast
cancer at age 46 years, and ovarian

cancer at age 52 years
Breast cancer at age 45 years
Ovarian cancer at age 45 years

Ovarian cancer at age 52 years

Breast cancer at age 57 years

Two sides recombinant!

Possible
Explanation

Sporadic
case?

Sporadic
case?
Unlinked

family

# Recombinants in breast-ovary families and breast-only families with a maximum LOD score greater than 1.0 for one of the markers in the

region.
® With D175579.
€ Multipoint.
4 With D175250.

€ The two sides of this family have an identical haplotype centromeric to D175588 but are discordant for D175588.

fWith D175588.

& An additional recombinant, not included in this data set, has been noted by Bowcock et al. (1993).
" The most likely recombinant individual, although the recombination could have occurred in a woman with bilateral breast cancer at ages 29

and 33 years.

" An additional recombinant has been identified in the breast-only family Utah 1901 (Goldgar et al. 1993), which suggests that BRCA1 is

proximal to D175579.

I The recombinant individual cannot be determined.

every family in the study. We have no reason to believe,

therefore, that our estimates of the proportions of fami-
lies (of different types) which are linked are materially

biased.

In particular, this study provides much clearer evi-
dence than was previously available that BRCA1 pre-
disposes to ovarian cancer as well as to early-onset

breast cancer. This was an implicit assumption in the
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Table 8

Carrier Status of First-Degree Relatives of Breast and
Ovarian Cancer Cases in Apparently Linked Families

Age Group No. of Carriers/
(years) Total No. of First-Degree Relatives (%)
<40 ........ 50/99 (51%)
40-49 ...... 14/41 (34%)
50-59 ...... 11/29 (38%)
60-69 ...... 1/14 (7%)
=270 ........ 1/18 (5%)

above-cited linkage analyses, but this assumption can
be verified by examining haplotype sharing between the
breast and ovarian cancers. Of the 24 ovarian cancer
cases who were first-degree relatives of breast cancer
cases in families where the disease-bearing chromo-
some could be identified from the breast cancer cases

CUMULATIVE RISK
1 q

.8

Easton et al.

alone and who were not obligatory carriers of the dis-
ease gene, only 2 cases did not appear to carry the dis-
ease chromosome, although one could also be an infor-
mative recombinant (table 7, IARC family 1234). The
other, in ICRF family BOV3, is discussed below.
Although this study did not specifically aim to inves-
tigate ovarian cancer susceptibility, it is worth noting
that some of the families in the data set were specifi-
cally ascertained through multiple cases of ovarian
cancer. Only one family in the study did not contain
any cases of breast cancer, and this family was consis-
tent with linkage. These results raise the possibility,
therefore, that BRCA1 explains most dominant suscep-
tibility to ovarian cancer. Further families selected
solely for the presence of multiple cases of ovarian
cancer need to be studied to test this hypothesis.
When we consider first the question of gene localiza-
tion, the results of this study provide evidence that the
cancer-susceptibility gene lies between D175250 and

T

30 35 40 45 50 55 60 65 70 75 80
Figure 5 Estimated cumulative risk for either breast or ovarian cancer in female carriers of the BRCA1 mutation. The dotted line

indicates the estimated cumulative risk for breast-ovary families; the dashed line indicates the cumulative risk for breast-only families; and the
continuous line (with CL) indicates the cumulative risk for all families combined.
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Table 9

693

Observed and Expected Haplotype Sharing among Relative Pairs in Which Both Members Are Affected with Breast Cancer
at <60 Years of Age, in Families Containing up to Four Breast Cancers

No. oF HAPLOTYPES SHARED BY TwWO AFFECTED RELATIVES

Both Relatives <45 Years of Age

at Diagnosis

Both Relatives <60 Years of Age,
at Least One =45 Years of Age

Haplotype Haplotype Haplotype Haplotype Haplotype Haplotype
Shared by Shared by Shared by Shared by Shared by Shared by
First- Second- Third- First- Second- Third-
Degree Degree Degree Degree Degree Degree
Relatives Relatives Relatives Relatives Relatives Relatives
No. oF Casks 2 1 0 1 0 1 0 2 1 0 1 0 1 0
TWO woiiiiiiiii 2 2 0 0 0 1 0 1 4 3 2 0 1 2
Three ..oovvvviinevinnnnn. 1 S 3 3 S 0 0 7 17 S 6 9 0 4
FOUT +. i 4 3 0 0 3 2 1 2 1 2 7 1 2 1
Total no. observed ...... 7 10 3 3 8 3 1 10 22 10 15 10 3 7
No. expected® ............. S 10 5 5.5 5.5 1 3 10.5 21 10.5 12.5 12.5 2.5 7.5

2 Computed under the hypothesis of no linkage to the 17q interval from D175250 to D175588.

D175588, thus confirming the results of Hall et al.
(1992). This interval is approximately 8.3 cM in males
and 18.0 cM in females. Evidence for this localization is
provided both by the summary of key recombinant
events and by a formal multipoint analysis which favors
this interval with odds of more than 66:1 over either
adjacent interval. Nine recombinant events in appar-

Table 10

ently linked families indicate a location proximal to
D175588, and seven indicate a location distal to
D175250. The apparent sporadic cases listed in table 10
might be considered as evidence against this interval,
since they could be explained as gene carriers if the gene
were proximal to D175250. Note, however, that only
two of the six individuals listed are first-degree relatives

Apparent Sporadic Cases of Ovarian Cancer or Breast Cancer Diagnosed at <60 Years of Age,
in Breast-Ovary Families and Breast Cancer Families with LOD Scores Greater than 1.0

Closest
Group Family Sporadic Case Affected Carrier Comment

Aberdeen ...... 1 Breast cancer at age 35 years Second-degree relative  Does not share D175250-GH region

Berkeley ....... 5 Breast cancer at age 59 years Second-degree relative  Intervening unaffected 86-year-old female

Berkeley ....... 5 Breast cancer at age 36 years Third-degree relative Intervening unaffected 92-year-old female

IARC .......... 2651 Breast cancer at age 48 years Second-degree relative  Linkage implies that BRCA1 enters into family
from spouse of this case’s offspring

ICEL .......... 6 Breast cancer at age 43 years First-degree relative Two branches separated by unaffected females,
ages 75 and 81 years

6 Breast cancer at age 49 years Third-degree relative Intervening unaffected 81-year-old female
ICRF .......... BOV3  Ovarian cancer at age 59 years  First-degree relative Shares NMET1 and telomeric region but not

THRA1-D175588 region
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of affected gene carriers. The first (in Iceland family 6)
was diagnosed with breast cancer at age 43 years and is
the daughter of an untyped breast cancer case, and so
we cannot be sure that either carries the disease-bearing
chromosome. The second (in ICRF family BOV3) was
diagnosed with ovarian cancer at age 59 years (Spurr et
al. 1993). This case does not share with her affected
sister or mother the region from THRA1 to D175588.

We attempted to define further the location of
BRCA1 within the interval D175250-D17S588 but
found that the orientation with respect to D175579
could not be determined. Multipoint analysis gave
some evidence for the interval D175588-D175579, but
with odds of only 30:1 over the interval D175579-
D175250. A subsequent examination of the key recom-
binant events with D17S579 showed no consistent pat-
tern, with two recombinants supporting a location
proximal to D175579 (one of the two occurred in Utah
1901 and is based on data unavailable to us at the time
of the analysis) and two suggesting a distal location.
None of these observations is entirely convincing, as
the families may be unlinked or the important cases
may be sporadic. However, a further D175579 recombi-
nant in an apparently linked family, not included in this
data set, has been reported by Chamberlain et al.
(1993). This recombinant would place BRCA1 proxi-
mal to D175579. The recombinant occurred in an indi-
vidual with both breast and ovarian cancer by age 35
years and therefore provides more convincing evidence
of location than the other recombinants. Further evi-
dence which includes D175579 comes from Bowcock
et al. (1993), who report a likely recombinant which
indicates a location for BRCA1 distal to THRAI,
which is known to lie between D175250 and D175579.

Turning to the issue of heterogeneity, a clear distinc-
tion is apparent in this study, between breast-ovary fam-
ilies and breast-only families. All or almost all families
in the former group appear to be compatible with link-
age. In this regard, it is interesting to note that the two
families, IARC 2651 and IARC 2770, which gave evi-
dence against linkage with D17574 in the previous anal-
ysis by Narod et al. (1991) both gave positive multi-
point LOD scores in our analysis. However, it is
important to bear in mind that the confidence interval
for the proportion of linked families is wide (lower
LOD — 1 support limit 0.71) and that a number of
these families may ultimately turn out not to be the
result of BRCA1 mutations. Indeed, we do not expect
all such families to be linked, since ovarian cancer cases

Easton et al.

must sometimes occur by chance in breast cancer fami-
lies. Although none of the breast-ovary families gave
clear evidence against linkage in our analysis, some evi-
dence against linkage was found in three breast-ovary
families from IARC, in the analysis by Feunteun et al.
(1993); their analysis included data on cLB17.1 (close to
D175579), as well as some further typings not included
in our data set. In addition, ovarian cancer cases were
treated slightly differently by Feunteun et al. (1993)
than in our analysis. All three of these families con-
tained just one ovarian cancer. One of these (in family
IARC 1252) was diagnosed at age 84 years; the second
(in family IARC 2850) occurred in an individual with a
previous breast cancer, in a family with 14 other breast
cancer cases; the third (in family IARC 2651) was diag-
nosed at age 26 years, but the individual was a fourth-
degree relative of the nearest early-onset breast cancer
case, with two intervening unaffected women. In this
family in particular, the evidence for linkage depends
critically on what assumption is made about the proba-
bility that such a young ovarian cancer case is a gene
carrier. Smith et al. (1993) also report one breast-ovary
family with some evidence against linkage (family
CRC128). The evidence against linkage in this family
derives from a breast cancer case diagnosed at age 35
years who does not share the putative disease chromo-
some with her affected sisters. This result also depends
on marker typings not available at the time of the pres-
ent analysis. Finally, some suggestive evidence against
linkage was also found in three of the Utah breast-ovary
families studied by Goldgar et al. (1993).

In contrast to the breast-ovary families, a substantial
proportion of families segregating early-onset breast
cancer but not ovarian cancer do not appear to be
linked to 17q. It might be argued that this heterogeneity
is an artifact of the assumed genetic model and that
apparently unlinked families are merely chance aggre-
gations of cases. This seems unlikely, however, both
because there are a few impressive families which do
not appear compatible with linkage and because the
haplotype sharing in the smaller families shows no evi-
dence of linkage, even though epidemiological studies
would indicate that such families are not chance aggre-
gations. This indicates that some—possibly the major-
ity—of the genetic variation in breast cancer is not the
result of 17q loci. The precise genetic model underlying
these unlinked families remains unclear, however, and
need not necessarily involve penetrant dominant genes.
Among the families without ovarian cancer, there is
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partial confirmation of the “age at onset” effect sug-
gested by Hall et al. (1990). Only a proportion of the
families with average age at onset under 45 years appear
to be linked (67% by the multipoint analysis), but the
proportion is lower among families with a higher aver-
age age at onset.

The probability of linkage also appears to be related
to the number of breast cancer cases. While there are
many small families in which affected individuals do
not share a consistent 17q haplotype, there are few
large families which are clearly incompatible with link-
age (the most negative multipoint LOD score at the
putative location for BRCA1 is —2.03 in family FCN1,
and only four families have LOD scores less than —1.0).
The obvious explanation of this phenomenon is that
BRCA1 confers a higher age-specific breast cancer risk
than do other breast cancer genes. We have addressed
this question formally by attempting to estimate the
penetrance in the linked families, using the marker data.
This provides evidence that the penetrance of BRCA1
is high; of 32 unaffected individuals age 60 years and
older who were first-degree relatives of affected individ-
uals in linked families, only 2 are gene carriers. We
estimated a penetrance of 59% by age 50 years and 82%
by age 70 years in BRCA1 carriers. This compares to
38% and 67%, respectively, predicted by the CASH
model (it should, however, be noted that these latter
figures relate solely to breast cancer penetrance, while
our estimates are for either breast or ovarian cancer).
There was no obvious difference in penetrance be-
tween the linked breast cancer families and the breast-
ovary families. Clearly, better estimates of penetrance
will ultimately be obtained from population-based stud-
ies of mutations, once the gene has been cloned; but
this study provides useful estimates in the interim. In
particular, the confirmation that the gene confers a
high lifetime risk of cancer has immediate implications
for genetic counseling in linked families. The degree of
heterogeneity indicates that counseling on the basis of
17q markers will only be appropriate in families with a
high posterior probability of linkage (in particular,
breast-ovary families) and will therefore not be appro-
priate for the much larger group of women with only
two or three affected relatives.

In addition to the questions alluded to above, a num-
ber of other issues remain to be addressed. One is
whether BRCA1 confers a risk of any cancer other than
breast and ovarian cancer. A further study based on this
set of families is attempting to answer this question.
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Another question is whether there is any allelic hetero-
geneity among linked families. For example, some of
the linked families contain no ovarian cancers, whereas
in others the ovarian cancers outnumber the breast
cancers. It is impossible to determine unambiguously
from this study to what extent these differences are a
result of differences in ascertainment. There is also the
possibility that there are mutations in the BRCA1 gene
which confer much lower cancer risks. Such mutations
would not, in general, give rise to the heavily loaded
families which provide most of the linkage evidence in
this data set. The lack of evidence of linkage in the
smaller families, however, suggests that such mutations
do not explain a significant proportion of familial
breast cancer. If different mutations prove to confer
different risks, this would provide further complica-
tions for genetic counseling. Finally, this analysis sug-
gests that only a fraction of the familial aggregation of
breast cancer is due to BRCA1 and that other breast
cancer-susceptibility genes may be mappable; popula-
tion-based analyses of familial risks, allowing for the
effect of BRCA1, will be necessary to elucidate the
contribution of other genes.
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Data in these two tables were supplied by Dr. Nigel
Spurr of the Imperial Cancer Research Fund, London.
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Table Al

DNA Probes Screened during the Consortium Linkage Study

Human Gene

Mapping Name Alleles (frequency)
Probe of Locus Enzyme (kb) Reference®
A1, 2.0 (.85) .
pBS3 ...l HOX2B Sacl [ A2 9,11 (1 5)] Human Gene Mapping 11 1991
A1, 2.0 (.59) .
pH2-1-3Bg2 ...... HOX2F Mspl A2 18 (.41)] Human Gene Mapping 11 1991
Al, 3.8 (.15) .
pH2-1-9 .......... HOX2G Tagql A2.32(8 5)] Human Gene Mapping 11 1991
A1, 4.8 (.8)
NM23 ........... NME1 Bglll A2 21 (‘2)] Varesco et al. 1992
pTHHS9 ......... D1754 Puull VNTR with six alleles of .8-1.8 kb Human Gene Mapping 11 1991
pRMU3 .......... D17524 Pyull VNTR with >10 alleles Human Gene Mapping 11 1991
A1,15.0 (.7) .
LEW101 ......... D17540 Mspl A2.7.0(3) ] Human Gene Mapping 11 1991
PR L
LEW102 ......... D17541 U Human Gene Mapping 11 1991
Tadl B1, 8.0 (.25)
i B2, 5.5 (.75)
cMMS86 .......... D17574 [?;;Ifl] VNTR with >20 alleles of 1.0-3.5 kb Human Gene Mapping 11 1991
Pyull
LCWS5A2 ......... D175308 Tagql VNTR with alleles of 2-5 kb Human Gene Mapping 11 1991
BamHI

2 Human Gene Mapping 11 (1991) is the publication of the proceedings of Human Gene Mapping Workshop 11, held in London in August

1991.
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