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Human breast cancer is usually caused by genetic alter-
ations of somatic cells of the breast, but occasionally,
susceptibility to the disease is inherited. Mapping the
genes responsible for inherited breast cancer may
allow the identification of early lesions that are critical for
the development of breast cancer in the general popula-
tion. Chromosome 17q21 appears to be the locale of a
gene for inherited susceptibility to breast cancer in fami-
lies with early-onset disease. Genetic analysis yields a lod
score (logarithm of the likelihood ratio for linkage) of
5.98 for linkage of breast cancer susceptibility to D17574
in early-onset families and negative lod scores in families
with late-onset disease. Likelihood ratios in favor of

e heterogeneity among families ranged between
2000:1 and greater than 105:1 on the basis of multipoint
analysis of four loci in the region.

UMAN DISEASE GENES CAN BE LOCATED BY LINKAGE

analysis of families in which the incidence of the disease is

high. Linkage analysis can reveal the chromosomal loca-
tion of the genes of interest by identifying polymorphic genetic
markers of known location that are coinherited with the disease in
families (1). Among the common cancers, breast cancer is particu-
larly suited for this approach, because family history of the disease is
a significant risk factor in all populations; epidemiological evidence
consistently indicates that a woman’s risk of breast cancer is in-
creased by the occurrence of the disease in her mother or sisters. The
younger the ages at diagnosis of her relatives, the greater the increase
in a woman’s risk (2).

The transformation of breast ductal epithelial cells to malignant
growth results from alterations in their DNA that may be either
inherited or somatic (3). Mapping genes for familial breast cancer is
important because alterations at the same loci may also be respon-
sible for sporadic disease. Individuals with inherited susceptibility to
breast cancer are completely asymptomatic for decades before the
onset of disease; the effects of critical inherited alterations are thus
latent for an extended period. Among women with no inherited
susceptibility to the disease, these same alterations may be the initial
lesions of breast tumorigenesis, with disease expression being simi-
larly dependent on subsequent genetic alterations or tumor-promot-
ing steps.

Mapping genes for human breast cancer has been complicated by
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unavoidable epidemiologic realities. The disease is common, but
only a small proportion of cases in the general populaton are
attributable to inherited susceptibility. Thus, families may have
multiple cases of breast cancer without inherited susceptibility, and
“sporadic” cases may occur even in families with inherited disease. In
addition, the disease is not completely penetrant among susceptible
persons, with expression depending on gender, age, and nongenetic
risk factors. Finally, both epidemiological and molecular evidence
suggests heterogeneity. We have tested simultaneously for genetic
linkage and heterogeneity of breast cancer in families, and our
results suggest both the presence of a gene for early-onset breast
cancer on chromosome 17q21 and linkage heterogeneity of the
disease.

Families and inheritance of susceptibility. Our genetic analysis
is based on 23 extended families with 146 cases of breast cancer
(Figs. 1 and 2). All persons in our analysis are Caucasian and from
a variety of original ancestries. The 329 participating relatives now
live in, and were therefore sampled from, 40 states of the United
States, Puerto Rico, Canada, the United Kingdom, and Colombia.
These families share the epidemiological features that are character-
istic of familial, versus sporadic, breast cancer (2): younger age at
diagnosis, frequent bilateral disease, and more frequent occurrence
of disease among men.

Our statistical model for the inheritance of susceptibility to breast
cancer was derived from our previous complex segregation analysis
of a population-based series of 1500 families with breast cancer (4).
Inherited susceptibility to breast cancer in that series could be fully
explained by a rare autosomal dominant allele with a major effect on
risk: risk of breast cancer in genetically susceptible women was
estimated to be 0.37 by age 40, 0.66 by age 55, and 0.82 over the
entire lifetime. In contrast, risk of breast cancer in women without
genetic susceptibility was estimated to be 0.004 by age 40, 0.028 by
age 55, and 0.081 over the endire lifetime. Females less than 15 years
of age and all males had a negligible risk (less than 0.001). The
estimated proportion of breast cancer cases in the sample that were
artributable to inherited susceptibility was only 4 percent, the great
majority of cases resulting purely from somatic events. Among
younger patients, however, the proportion of inherited cases is likely
to be considerably higher. Disease allele frequencies (g) between
0.004 and 0.02 yield virtually identical results; those for g equals
0.01 are described.

Definition of the breast cancer phenotype. For any complex
disease, it is essential to adequately define the phenotype, the
inheritance of which will be traced in families. Real linkages can be
missed and spurious linkages suggested either by defining the
phenotype too broadly (so that persons without inherited suscepti-
bility to disease are mistakenly categorized as affected) or simply by
making errors in diagnosis. To minimize errors in diagnosis, we
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reviewed existing pathology records of all family members on whom
breast surgery had been performed. For deceased persons reported
by their relatives to have had breast cancer, but for whom no
pathology records were available, we obtained hospital records or
death certificates. For living subjects who had not undergone breast
surgery, we relied on self-report of no breast cancer; for deceased
persons with no history of breast surgery, we relied on death

- certificates and reports of relatives. The affected phenotype was
defined as all histologic types of invasive breast cancer. No other
cancer sites were included (5).

Statistical methods. Four approaches to evaluating linkage were
applied:

1) Lod scores (logarithms of the likelihood ratios for linkage) for
linkage of individual markers to disease were estimated with the
LIPED program; multipoint mapping was performed with the
LINKAGE program; homogeneity of recombination fractions was
evaluated with the B test for two-point linkage data and direct
comparison of likelihoods for multipoint data (1, 6). Homogeneity
of linkage was tested for all families; the sample was not a priori
subdivided. Linkage analyses were based on an autosomal dominant
model with the age- and sex-specific risks described above for
hypothetically susceptible and nonsusceptible individuals. (LIPED
was modified to incorporate four liability classes for each genotype.)
The risk group (liability class) for each woman was defined by her
age at diagnosis of breast cancer, at death if deceased without breast
cancer, or at most recent interview if living and unaffected. All men
were assigned to the lowest risk group.

2) In determining a plausible model for inheritance of suscepti-
bility to a complex disease, it is always possible that the underlying
genetic model may be correct, but that penetrance may not be

1

accurately estimated. Therefore, we also tested for linkage by
including disease information only for the affected relatives (that is,
the breast cancer cases) in each family; all unaffected subjects were
assigned to the lowest risk class, so that only their marker informa-
tion was incorporated. Autosomal dominance was still assumed, and
lifetime risk of sporadic disease was not altered.

3) In order to evaluate linkage without imposing any specific
genetic model, we counted alleles shared by descent for affected pairs
of female relatives. This analysis was possible because one marker
was highly polymorphic. Pairs of affected relatives were sisters (first-
degree relatives), aunt-niece and grandmother-granddaughter (sec-
ond-degree relatives), and first cousins (third-degree relatives).
Relative pairs were stratified by the average age of breast cancer
diagnosis for the pair.

4) We applied the affected-pedigree-member method to evaluate
sharing of alleles by state among the breast cancer cases in each
family (7). Only cases whose marker genotypes could be determined
with certainty were included in the analysis of affected pedigree
members.

Typing of DNA polymorphisms. For each of the 329 informa-
tive relatives, we obtained 35 milliliters of fresh blood and prepared
immortalized lymphocytes by Epstein-Barr viral transformation (8).
Genomic DNA was prepared as described (9). Probes were labeled
by random primer extension (10) and hybridized to DNA according
to standard procedures (11). Parentage was confirmed by consistent
inheritance of 183 polymorphic markers. Markers at chromosome
17q21 include D17S74, a VNTR (variable number of tandem
repeats) defined by the probe CMM86 and Hinfl; D17540, defined
by the probe LEW 101 and Msp I; D17S41, defined by the probe
LEW 102 and Pst I; and D17S78, defined by the probe p131 and
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Msp I (12). On the basis of analysis of the CEPH families, the order
and approximate recombination distances of the markers are:
17cen—D17578—(0.10)-D17541—(0.06)—-D17574—(0.12)-D17540
—17qter (13).

D17574, a highly polymorphic VNTR with heterozygosity great-
er than 0.90, is extremely useful for linkage analysis but presents
technical challenges that are common to VNTRs. Linkage analysis is

critically sensitive both to errors .in assigning genotypes and to
marker allele frequencies. The lengths of the Hinfl restriction
fragments that define D17S874 alleles are continuously distributed
between 1 and 5 kilobase pairs (kb). For our analyses, D17S74
alleles were identified by analyzing DNA samples from all members
of a family on the same Southern blot, placing relatives with
fragments of similar size adjacent to one another (14). “Population”
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frequencies of the D17574 alleles in this sample were estimated by
selecting subjects from different families whose D17574 fragments
appeared to be of similar size on the basis of their “family blots,” and
then analyzing the DNA from these unrelated persons in neighbor-
ing lanes on the same blots. Some samples were included several
times in order to identify distortions in the gels. These “population
blots” weré analyzed without reference to sample numbers, in order
to determine which alleles could be consistently distinguished.
D17574 had more than 30 distinguishable fragment lengths—and
hence more than 30 different alleles—in our sample, nine of which
occurred more than once among unrelated individuals, at frequen-
cies ranging from 0.07 to 0.13. The other D17574 alleles were only
represented once in our sample, but because extremely rare marker
allele frequencies can have a major influence on estimates of lod
scores and the T statistic (7), apparently unique alleles were each
assigned the frequency 0.03.

Results of linkage and heterogeneity analysis in the breast
cancer families. For the 23 families as a group, homogeneity of
linkage of breast cancer to D17S74 could be rejected at P equals
0.01. Multipoint analysis of linkage in the interval D17S78-D17541-
D17874-D17540 yielded likelihood ratios in favor of heterogeneity
of linkage among the 23 families between 2000:1 and 1.4 X 10° to
1. After adjusting for heterogeneity among all families, the maxi-
mum two-point lod score is +3.28 at recombination distance of
0.014 from D17S74, with disease linked to this locus in 40 percent
of the families (Figs. 1 and 2).

Heterogeneity of linkage in these families appears explicable by
age of disease onset. Breast cancer is linked to markers in this
chromosomal region specifically in families with early-onset breast
cancer. Among the seven families with a mean age of breast cancer
diagnosis less than or equal to 45, the two-point lod score for
linkage of D17574 and breast cancer is +5.98 at a distance of 0.001
recombination units, with a 95 percent confidence interval of 0.001
to 0.09 (Table 1). In contrast, total lod scores for the families with
late-onset disease are negative. It is characteristic of linkage in the
presence of heterogeneity that a modest lod score (in this case
+2.35) for all families, ignoring heterogeneity, at a fairly large
recombination distance (0.20 recombination units) masks two
curves, one with a more positive lod score in the linked families
(+5.98) at a smaller recombination fraction (0.001 to 0.09) and the
other negative (15).

Two-point lod scores for all four markers in this chromosomal
region suggest that a gene for susceptibility in the early-onset
families is likely to be within approximately 10 percent recombi-
nation of D17S74 (Table 2). Multipoint analysis of the four-
marker interval yields a maximum lod score of +5.41 near D17574
for the earliest-onset families (Table 2). Again, total lod scores for
families with older ages at diagnosis are negative throughout the
interval.

of breast cancer to D17574 was also evaluated on the
basis of only the individuals with breast cancer in each family. For
this analysis, all women without breast cancer and all men were
assigned to the lowest risk group. For the 23 families as a group, the
P value for homogeneity of linkage is 0.06. For the families with
average age at diagnosis less than or equal to 45, the maximum lod
score is +4.69 at close linkage, with a 95 percent confidence interval
for the recombination fraction of 0.001 to 0.10. Lod scores at close
linkage to D17S74 are —2.19 for families 8 to 15 and —5.22 for
families 16 to 23.

Analysis of alleles shared by descent among related pairs of
women with breast cancer also s ted linkage of early-onset
breast cancer to D17S74 (Table 3). In families 1 to 7, all three classes
of relatives shared more alleles by descent than expected by chance.
Even in families 8 to 23, there was evidence for increased identity by

21 DECEMBER 1990

Table 1. Lod scores for linkage of breast cancer to D175874, chromosome
17q21. For each family, M is the mean age of diagnosis of breast cancer.

Recombination fraction

. 3Z at
Famil M
Y 0001 010 020 030 o040 0001
1 327 +236 +1.89 +1.38 +0.82 +028 +2.36
2 372 +050 +0.35 +021 +0.09 +0.02 +2.86
3 373 +040 +029 +019 +0.09 +003 +3.26
4 398 +114 +091 +0.64 +0.35 +0.11 +4.40
5 426 -050 -025 -008 +0.00 +0.03 +3.90
6 442 +138 +106 +073 +041 +0.14 +528
7 454 +070 +058 +040 +021 +0.05 +598
8 470 +000 +002 +002 +001 +000 +598
9 474 -031 +003 +0.06 +0.04 +001 +567
10 476 -004 -006 -008 —-008 -005 +5.63
11 493 -151 -041 -013 -003 -000 +4.12
12 502 -006 -003 -002 -001 -000 +4.06
13 504 -041 -009 -002 -003 -0.04 +3.65
14 514 -065 -018 +001 +0.06 +0.04 +3.00
15 518 -035 -008 -002 -001 -000 +2.65
16 520 -271 -056 -020 -007 -002 -0.06
17 535 —013 +0.04 +007 +0.05 +0.01 —0.19
18 536 -075 -038 -018 -007 -002 -094
19 558 -256 -093 -045 -020 —-0.05 —3.50
20 564 -171 -101 -056 -028 —011 -521
21 587 +065 +050 +0.34 +0.18 +005 —4.56
22 594 -085 —0.13 +0.04 +005 +0.02 -541
23 633 -007 -002 +0.00 +000 +0.00 -548

descent among sisters with early-onset disease, but little or no
evidence for increased identity by descent for second- and third-
degree relatives. Finally, the affected-pedigree-member analysis of
alleles shared by state among all individuals with breast cancer in
cach family also suggested linkage of early-onset breast cancer to
markers in this chromosomal region (16).

These analyses defined families with early-onset disease as those
with an average age at breast cancer diagnosis of less than or equal
to 45. However, “carly-onset” could be defined in a variety of ways.
The cumulative lod scores for linkage of breast cancer to D17574, as
families with increasing age at disease onset are included in the
analysis, are indicated in Fig. 3 and the right-hand column of Table
1. Cumulative lod scores are above 5.0 for families with an average
age at diagnosis of less than 48, remain positive for families with an
average age at diagnosis of less than 52, and then drop sharply. As
specific alternative ways of defining early-onset breast cancer, we
defined families with early-onset disease to be those in which (i)
most breast cancers in each family were diagnosed by age 50
(families 1 to 7,9, 10, 12, 13, 21), or (ii) most breast cancers in each
family were diagnosed by age 45 (families 1 to 6, 10), or (iii) the
average age at breast cancer diagnosis was less than 48, the mean for
all the cases in the sample (families 1 to 10). The critical results for
all definitions were the same: maximum lod scores for linkage of
breast cancer to this chromosomal region are between 5.2 and 5.7 in
the early-onset families and negative in the late-onset families, and
the disease gene appears to be within about 0.10 recombination
units of D17S74.

Other risk factors for breast cancer in the families. To deter-
mine whether the linked gene is expressed in the presence of any
specific background of nongenetic risk factors for breast cancer, we
compared breast cancer risk factors for women in families with
apparent linkage of breast cancer to chromosome 17q versus women
in families with evidence against this linkage. Ages at first pregnan-
cy, number of children, prevalence of fertility problems, exposure to
x-rays, use of oral contraceptives, and ages at menopause were
similarly distributed in “linked” and “unlinked” families, after
adjusting for age and birth cohort of the women. Similarly, preva-
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Fig. 3. Linkage of D17574
to breast cancer in families,
based on the autosomal
dominant model described
in the test. Cumulative lod
scores (2.Z) are shown for
all families for which the
mean age of breast cancer
diagnosis (M) is less than
or equal to the age repre-
sented on the x-axis. Total
lod scores are greater than
or equal to 5.0 for families
with M < 48 and greater
than or equal to 3.0 for
families with M =< 50. Each
dot above the x-axis repre-
sents a family with that par-
ticular mean onset age. -2t

Age of onset (years)

lences of specific cancers at other sites did not differ among women
in “linked” and “unlinked” families, although male breast cancers
occurred only in “unlinked” families. The only observed difference
between women in “linked” versus “unlinked” families was age at
breast cancer diagnosis.

Linkage analysis in families and loss of heterozygosity in
tumors. Comparisons of breast tumor tissue with normal tissue
from the same individual have suggested that chromosomes 1p, 3p,
11p, 13q, 16q, or 17p (or some combination) may harbor genes
that are important for breast tumor progression (17). An earlier
linkage analysis from our group, based on fewer and less-informative
families, suggested (with a modest lod score) that a gene for familial
premenopausal breast cancer or ovarian cancer is present on chro-
mosome 16q (18). We have excluded the other regions suggested by
loss of heterozygosity in tumors as locales of genes for inherited
susceptibility to breast cancer (9, 19).

A gene or genes on chromosome 5q appear to be responsible for
inherited forms of colon cancer and quite possibly for the initial
somatic lesions of other colon cancers, with genes on 12p (K-ras),
17p (p53), 18q (DCC), and possibly elsewhere being responsible
for subsequent invasion and metastasis (20). This pattern of multiple
sequential events, determined by alterations on more than one
chromosome, may also apply to breast cancer.

Negative lod scores in the families with late-onset breast cancers
may reflect any or all of the following: the existence of a different
locus or loci responsible for inherited susceptibility in these families;
the chance occurrence of some families with multiple cases; or a

Table 3. Identity by descent of two, one, or zero alleles of D17574
among pairs of related individuals with breast cancer. Mean onset is the
average age of breast cancer diagnosis for the related pair. Family numbers
refer to Figs. 1 and 2. Second-degree (2°) relatives are aunt-niece or
grandmother-granddaughter pairs; third-degree (3°) relatives are first

cousins.

Mean onset of Sisters 2° 3
related pair
(years) Two One Zero One Zero One Zero
All families
=45 14 4 0 19 5 8 4
46-55 5 8 0 9 2 4 4
=56 3 6 2 7 7 3 10
Families 1 to 7
=45 9 2 0 17 0 6 2
46-55 0 0 0 2 0 1 0
Families 8 to 23
=45 5 2 0 2 5 2 2
46-55 5 8 0 7 2 3 4
=56 3 6 2 7 7 3 10

higher prevalence of sporadic cases in families with late-onset
inherited disease. Loci responsible for disease in families with
late-onset discase may be identifiable by continued simultancous
analysis of linkage and heterogeneity.

Candidate genes on chromosome 17q. The ultimate goal of
gene mapping of human traits is to move from a known chromo-
somal location to identification of the crucial gene and characteriza-
ton of its critical alterations. This region of chromosome 17q
includes several plausible candidate genes (21). A gene for a
truncated form of the human epidermal growth factor receptor
[her2; MIM 164870 (Mendelian Inheritance in Man)] is identical to
erbb2 or new (MIM 190150). The gene her2 acts as an oncogene in
NIH 3T3 cells and is amplified in many primary breast tumors; her2
amplification is associated with poor prognosis at least for node-
positive tumors (22). Other candidate genes in this region include
that for estradiol-178 dehydrogenase (edhb17; MIM 264300),
which is the enzyme that catalyzes the conversion of estrone to
estradiol; the homeobox 2 gene (hox2; MIM 142960), which is
critical for murine embryological development; nm23, whose expres-
sion is associated with lymph node metastasis in primary breast
carcinomas; the gene for retinoic acid receptor a (rara; MIM
180240), a protein that binds the possible anticarcinogen retinoic
acid; and wnt3 (MIM 165330), one of the integration sites activated
by the mouse mammary tumor virus and which is homologous to

Table 2. Linkage analysis of breast cancer to four markers on chromosome 17q by mean age (M) of breast cancer diagnosis.

Two-point lod scores at five recombination fractions

Families 1 to 7 (M = 45)

Familes 8 to 15 (46 = M = 51)

Families 16 to 23 (M = 52)

Marker
0.001  0.10 020 030 040 0001 010 020 0.30 040 0.001 0.10 0.20 0.30 0.40
D17578 -0.84 -0.65 -0.16 -0.04 +0.00 +0.36 +095 +0.81 +048 +0.14 -418 -125 -044 -012 -0.04
D17s41 -154 -1.12 -071 -036 -0.14 +0.10 +0.51 +043 +026 +0.08 -2.73 -103 -059 -035 -0.16
D17874 +598 +4.83 +347 +197 +065 -3.33 -080 -0.18 -0.05 -0.04 -813 -249 -094 -034 -012
D17S40 +1.36 +1.01 +0.63 +030 +007 -049 -0.12 +0.01 +0.06 +005 -242 -071 -025 -0.05 -0.00
Lod scores based on multipoint analysis of the interval (on recombination units)
8§78 S41 8§74 S40

Families , .000 0.020 0.040 0060 0.080 0.100 0.120 0.140 0160 0.184 0208 0232 0256 0.280

lwo7 +2.83 +3.09 +330 +347 +357 +341 +446 +4.60 +524 +541 +524 +496 +4.48

8tol5 -030 -0.07 +0.01 +0.03 -0.05 -020 -158 -271 -9.14 -561 -424 -336 -2.78

16t023 -6.70 -580 -551 -552 -589 -698 -6.60 -7.94 —1521 -894 -6.79 -—558 —5.03
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the Drosophila winglessness locus (23). If alterations in any of these

ge

nes are responsible for inherited breast cancer, polymorphisms at

the critical locus may be in linkage disequilibrium with the disease in
the carly-onset families.
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