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A familial early onset breast cancer gene (BRCAl)
has been localized to chromosome 17¢g21. To aid in the
identification of this gene a number of new micraosatel-
lite markers from the D17S857 to D17S78 region were
isolated and characterized. These markers, along with
previously published markers from the region, were
localized on a physical map by STS content mapping
of cosmids from the BRCA1 interval. This high-density
STS map of the BRCA1 region will be useful for linkage
studies of families with apparent inherited breast can-
cer and for loss of heterozygosity analysis of breast
tumor DNAS. ¢ 1994 Academic Press, Inc.

INTRODUCTION

Breast cancer is a leading cause of death among
women, afflicting over 170,000 individuals per year in
the United States (Silverberg and Boring, 1990). Fam-
ily history of breast cancer has been identified as a
major risk factor in the development of early onset
breast cancer. Several reports have suggested that the
increased risk of early onset breast and ovarian cancer
in some families is due to an autosomal dominant sus-
ceptibility allele (Newman et al., 1988; Claus et al.,
1991). Chromosome 17q12—-g21 has recently been iden-
tified as the site of a familial early onset breast and
ovarian cancer susceptibility gene (BRCA1) (Hall et al.,
1990; Narod ef al., 1991), A collaborative study utilizing
214 breast cancer families determined that breast/
ovarian cancer was linked to markers in this region in
greater than 90% of families with at least one case
of ovarian cancer along with breast cancer. However,
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{215) 898-0248. Fax: {215} 662-7617.

linkage between breast cancer and 17q12—q21 markers
was observed in just 45% of families with breast cancer
only (Easton ef af., 1993).

Examination of recombination events in families
demonstrating linkage between breast cancer and ge-
netic markers in the 17q12—q21 region has suggested
that the BRCA1 gene is located between D175857 and
D17878, a region estimated to be 1-1.5 Mb in length
(Kelsell et al., 1993; Simard et al., 1993). Currently,
the published genetic map of the BRCA1 region, lecated
between D17S857 and D17878, contains 10 polymor-
phic markers (Anderson et al., 1993). Two distinct pairs
of these markers can be regarded as single loci because
of their close association: 175-estradiol dehydrogenase
genes (EDH17B1 and EDH17B2) have been localized
within a 13-kb genomic DNA fragment (Friedman et
al., 1993), and two other markers, PPY and D17S78,
have been localized within a 45-kb genomic DNA frag-
ment (Chandrasekharappa et al., 1994). Several of
these markers also display low levels of heterozygosity.
Two of these (PPY and D17578) (Human Gene Map-
ping 11, 1991) are non-PCR-based restriction fragment
length polymorphisms (RFLPs),

Loss of heterozygosity (LOH) of a marker in tumor
DNAs is thought to reflect the presence of a tumor
suppressor gene in the region of the marker. The loss
of the wildtype allele of a marker in a tumor sample
compared to allelic heterozygosity in the normal DNA
may be detected by Southern blotting or PCR amplifi-
cation, This method has recently been successfully used
to identify the p16 tumor suppressor gene (Kamb et al.,
1994). LOH has also been observed across the BRCA1
region in breast tumor DNAs using markers flanking
the candidate interval (Smith et af., 1992). Further re-
duction of the size of the BRCA1 region by LOH will
require the identification of small regions of allelic loss
within the BRCA1 interval. Identification of informa-
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TABLE 1
Characteristics of 10 New Polymorphic Markers from the BRCA1 Region

Size % Annealing
Locus Name Primers Type {bp) heterozygosity temp. (°C)

D1781138 UM39 ACTTGAACAAGTCATTAGCCTCCC CA 175 75 62
GTGCTTAGCCAGGCACTGTG

D1751139 UM40 CTGGTAACAATGTTCGCATTCTG CA 151 54 62
CCTGGAAAATGCTCAAACTGC

D1751140 UMe4 ATTATAGGTGTGTGCCACCACG CA 182 65 60
CTGGGGAACAGAGCAAGACC

D1781141 UnM4d4 GCACTCTTTGAGATTTCACCT CA 108 15 80
GATCCCCCCCAAAAGTAAATG

D17581142 UM45 GTTGTCTGGCTTAACACCGCG CA 107 44 62
CTGTCTCAGCCCTCCCAAAGTG

D1781143 UM41 ACACCATAACGTGCAAACACG CA 97 37 58
GTTTCTGTGCATGGTGGCAC

D1781144 UM46 GCCCGCCTCGACCTCCCCAAAG CA 196 68 60
CCTTGGGGTGGAGGTGCTGAAT

D1751145 UM42 CCTCCAGCCTGGCAATAGAC CA 205 34 or 88 55
TCACTCAAAGAGTGCAATTCAATG

D1781146 UmM47 GATCCAAAACTAAAGCTATTATAC CA 125 85 52
GTAACAGCGTGAGACCTTGTC

D1781147 UM43 AGGTGCTGACTCTGGCTCTTC CA 146 71 62
GCCACGTCTTTTCTGTGTTCC

tive recombinants within the BRCA1 region in linked
families may also reduce the size of the BRCA1 inter-
val. However, both linkage and LOH studies in the
BRCA1 interval have been limited by the lack of a
dense set of well-ordered, highly polymorphic markers.

To define the BRCA1 region more precisely by either
LOH or linkage studies, we developed an additional
10 PCR-based polymorphic markers from the BRCA1
region. Furthermore, we have localized these markers
and several other recently published markers (Al-
bertsen et al., 1994a; Weissenbach et al., 1993) on the
physical map, resulting in the integration of the se-
guence tagged site (STS)-based physical map and the
microsatellite-based genetic map of the BRCA1 region.

MATERIALS AND METHODS

Construction of the physical map. The known STSs D178856,
EDHI17B1, EDH17B2, D17S855, RNU-2, D175859, D173858, and
D17878 were used to isolate clones from the CEPH and Washington
University yeast artificial chromosome (YAC) libraries by PCR-based
analysis (Couch ef al., submitted), All sequences are available
through GenBank and GDB. Additional clones were identified using
information from Albertsen ef al. {1994b). The YAC 22HE5 was ob-
tained from the ICI library, and the YACs 167B7, 173B7, and 300C2
were obtained from the CEPH library. All YACs were assembled into
a contig by PCR-based STS content mapping as shown in Fig. 1.
Newly isolated polymorphic STBs were further utilized to identify
and to isolate YAC clones by PCR screening to generate a greater
density of YACs and to bridge YAC gaps.

Identification of dinucleotide repeats, Yeast artificial chromo-
somes isolated by PCR with STSs from the BRCA1 region were used
to isolate cosmids from the Los Alamos chromosome 17-specific flow-
sorted cosmid library provided by L. Deaven. The markers
D1751138-D1731147 were identified by screening 400 cosmids from
the BRCA1 region with an oligonucleotide probe containing the re-
peat sequence (CA)z.. Cosmids were digested with EcoRl, the frag-

ments were separated on 1% agarose gels, and the DNA was South-
ern blotted. Membranes were hybridized with 100 ng of the (CAlsp
oligonucleotide end-labeled using [y-**PJATP and T4 polynucleotide
kinase. Hybridization was performed for 12 h at 65°C in 6 SSC,
0.5% SDS, 2% Denhardt’s, 25% formamide, and 100 pg/ml of dena-
tured salmon sperm DNA. Membranes were washed twice for 30 min
at 65°C in 2x S8C, 0.1% SDS. Cosmids containing fragments that
hybridized strongly with (CA),, were digested with Seu3AI and sub-
cloned into pBluescript 1T KS(+) {Stratagene). Replica plated mem-
branes of the Sau3Al transformants were prepared and hybridized
with the (CA)z; probe. Clones that hybridized with **P-labeled (CA)z,
were sequenced using a Sequenase kit (US Biochemicals) for the
development of PCR primers. Primers were selected from nonrepeti-
tive regions using the program PRIMER, version 0.5 (1991,
Whitehead Institute).

Characterization of dinucleotide repeats. PCR conditions were de-
veloped for each of the 10 polymorphic markers. Annealing tempera-
tures are shown in Table 1. The PCR-based markers were then geno-
typed on a panet of 160 unrelated CEPH parent DNAs. Amplification
of all microsatellite repeats was carried out in 10-pl volumes of 1x
Cetus buffer containing 4 ng forward primer, 4 ng **P-end-labeled
reverse primer, 1.5 mM MgCl;, 200 M each ANTP, 10-50 ng of
human genocmic DNA template, and 0.1 units of Teg polymerase on
a programmable thermal controller (MJ Research). Reactions were
denatured at 94°C for 3 min followed by 35 cyeles of 94°C for 30 s,
the specific annealing temperature for 30 &, and 72°C for 30 &, Alleles
were separated on 6% denaturing polyacrylamide sequencing gels
and visualized by autoradiegraphy. Allele sizes and frequencies for
the mierosatellites were estimated from genotypes of the panel of
CEPH parents.

Moapping the dinucleotide repeats. YACs and cosmids from the
BRCAZ1 region that had been assembled into contigs were used as
template for PCR amplification with microsatellite oligonucleotide
primers, Amplification was performed in 25-p1 reaction volumes con-
taining buffer as stated above, 100 ng of each cosmid or YAC DNA
as veaction template, 1 unit of Tag polymerase, and primers at 150
ng per reaction. PCR reactions for the markers D1751138-
31751147 were carried out under the temperature conditions shown
in Table 1. Conditions for the markers D175648, D175750, D173652,
D175902, and D178965 were as previously published (Albertsen et
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TABLE 2

Allele Size and Frequency of 10 New Polymorphic Markers

Locus Alleles Basepairs Frequency Basgepairs Frequency
D1751138 8 183 0.0072 175 0.3913
181 0.0217 173 0.1014
179 0.0724 171 0.0072
177 0.3550 169 0.0434
D1751139 6 155 0.0562 149 0.0250
153 0.1188 147 0.0438
151 0.6625 145 0.0938
D1781140 5 190 0.0062 184 0.4625
188 0.0250 182 0.0318
186 0.4750
D1781141 4 110 0.0015 106 0.0385
108 0.8590 104 0.0641
D1751142 10 127 0.0064 117 0.0383
125 0.0766 115 0.0064
123 0.1075 109 0.0511
121 0.0319 107 0.6519
119 0.0192 105 0.0064
D1781143 6 101 0.0062 95 0.0188
99 0.1062 93 0.0750
97 0.7875 91 0.0082
D1781144 10 210 0.0067 200 0.1087
208 0.0600 198 0.0400
206 0.2200 196 0.2533
204 0.0667 194 0.1333
202 0.0933 192 0.0200
D17581146 CEPH 207 0.0857 203 0.0571
4 208 0.7857 201 0.0714
Random 221 0.0200 211 0.0400
10 219 0.0400 209 0.1200
217 0.0200 207 0.0400
215 0.2000 205 0.3000
213 0.0600 203 0.1600
D1751146 17 149 0.0072 130 0.0072
143 0.0072 129 0.0869
141 0.0072 128 . 0.0507
137 0.0289 127 0.1087
135 0.0797 125 0.1667
134 0.0072 124 0.0579
133 0.2174 123 0.0362
132 0.0145 119 0.0072
131 0.1087
D1751147 9 150 0.0063 140 0.0570
148 0.0253 138 0.2975
146 0.0570 136 0.0380
144 0.0696 118 0.0063
142 0.4430

al., 1994a} and similarly for the markers D175857 (Anderson ef al.,
1993}, GAS (Human Gene Mapping 11, 1991), D175856, D175855,
D178858, D175859 (Anderson et al., 1993), D175951 (Weissenbach
et al., 1993), and EDH17B1 and 2 (Friedman e? al., 1993). PCR prod-
ucts were separated on 2% agarose gels, stained with ethidium bro-
mide, and visually scored for the presence or absence of individual
microsatellites in each cosmid and YAC.

RESULTS

Ten polymorphic microsatellites were identified and
developed from cosmids in the 17921 BRCA1 region,
which is flanked by the markers D175857 and D17578
(Anderson et al., 1993). After determination of PCR

conditions, each anonymous polymorphism was typed
on CEPH parent DNAs to determine the number, size,
and frequency of the alleles and to caleulate the hetero-
zygosity of the markers. The results of these studies
are presented in Tables 1 and 2.

To improve the usefulness of all the markers in the
BRCAI1 region, we attempted to place the 10 new mark-
ers described above, along with several recently identi-
fied markers (Albertsen ef al., 1994a; Weissenbach et
al., 1993), on the physical map of the BRCAI1 region.
The current genetic map of the D175857-D17878 in-
terval includes 10 previcusly known markers ordered
by analysis of recombination events in CEPH and
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breast cancer families and by STS mapping on a YAC

|§ b [pe contig. The order of markers is as follows: D17S857—
- GAS - D175856 — EDH17B1 - EDH17B2 — D175855 —
o b D178859-D17S858-PPY-D17878 (Anderson et al.,
é 1993). The order of markers in this genetic map is con-

sistent with that in the physical map generated by both
% ¢ | fluorescence in situ hybridization (Flejter e¢ al., 1993)

and radiation hybrid mapping (Abel et al, 1993).
Therefore, localization of microsatellite markers on the
physical map by inference also places the markers on
the genetic map of the BRCA1 region.
[ ¢ The markers were mapped by PCR as STSs onto a
cosmid and YAC contig of the BRCA1 region. The contig
was based on the published physical map of Albertsen
et al. (1994b), which utilized many novel STSs to gener-
ate a contig of YAC and cosmid clones. Three previously
ol unpublished YACs B188H2, 308G8, and B109C8 in as-
sociation with many of the YACs from Albertsen et al.,
b (1994b) are shown in Fig. 1. All clones were typed with
the known STSs (D178856, EDH1TB1, BEDHI17BZ,
D178855, RNU2, D178859, D175858, and D17S78)
from the published physical (Flejter et al., 1993; Abel
et al.,, 1993) and genetic (Anderson ef al., 1993) maps
e [se of the region.

All 10 newly derived markers were observed to map
between D175856 and D178855 in the order shown in

415F6
X
X
X
X
X
X

AlSTES | 3002
X
X
X

BL09CE | 2HES | 16787 17387
X
X

§§ * I* Fig. 2, while other recently developed markers (Al-
o bertsen et al., 1994a; Weissenbach et al., 1993) were
EE e |4 scattered throughout the D178857-D17878 interval.
o Mapping of the markers resulted in the identification
] b of several marker clusters. The markers D175856,
= D175648, and D1751138 were placed within a 100-kb

~ region by colocalization to the two overlapping cos-
g e e mids 18D10 and 19C3. The markers D1751132 and
D1751143 mapped to the 140G10 cosmid, or a 50-kb

I b e < e region, which overlapped with the 19C3 cosmid con-
& taining the D1751138 markers. Similarly, the

D1751144/D1751145 and the D1751140/D1751147 in-
tervals were also shown to be less than 50 kb by colocal-
ization of the markers to single cosmids 87B3 and

11D8, respectively. The within-pair orders from centro-
mere to telomere of (D1781139/D1751143), (D1751145/
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X
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262
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X
X
X

c140G10
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X

FIG. 1. A YAC- and cosmid-based physical map of the BRCA1
region between the markers D178856 and D17578. The map indi-
cates which clones, placed across the top of the figure, are positive
for the STS markers and polymorphisms indicated in the address
column. The polymorphisms used to construct Fig. 2 are indicated
in boldface type. Cosmid clones are identified by the letter c. The
map is composed of 2 minimal set of reagents, 14 YACs and 7 cosmid
clones, which cover this interval. The contig is based on the published
physical map of Albertsen et al. (1994b), in which many STSs were
used to generate an overlapping contig of YAC and P1 clones. Only
those STSs from Albertsen ef al. (1994b) required to demonstrate
minimal overlap are shown above. The sizes of YACs B188H2, 308G8,
and B109C8 (Couch et al., submitted) that were not reported in Al-
bertsen ef al. (1984b) are 375, 360, and 100 kb, respectively. A dele-
tion in the YAC 308GS8 was identified by the absence of the marker
D1751142.
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FIG. 2. A map of the BRCA1 region from centromere to telomere
indicating the position of genetic markers as determined by STS
mapping on a cosmid and YAC contig of the region. New anonymous
markers described in this paper are in boldface lettering. Arrows
show the position of previously known markers on a genetic map of
the BRCA1 region (Friedman et al.,, 1993). The remaining markers
were previously reported (Albertsen et al,, 1994a; Weissenbach et
al., 1993). The asterisk indicates marker pairs with undefined order.
Maximum physical distances between markers are indicated by
brackets.

D1781144), and (D1751140/D1751147) are currently
unknown. The markers D1751140 and D17S1147
mapped a maximum of 150 kb, or three cosmid lengths,
distal to the two EDH17B genes. The cosmids 93E12,
53B12, and 11D8 were shown to overlap by restriction
digestion and whole cosmid hybridization (Couch et al.,
submitted). Another cluster of markers was detected
surrounding the marker D17S858 (OF3), which had
previously been placed on the genetic map of the region
(Anderson et al., 1993). The marker D175858 was de-
termined to be the same microsatellite as the marker
D178750 (UT67) by comparison of DNA sequences
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present in GDB and GenBank. Similarly, D178859
(OF4) is identical to the marker D175652 (UT189). The
markers D17S858/D178750 and D173859/D178652,
the marker D178965 (UT956), and the marker
D175951 (afm298wgb) were all localized to the 140E9
and 82H10 cosmids. The remaining markers mapped
sufficiently distant to known markers that estimates
of the intervening distances could not be made.

Several of the new markers were typed both on the
CEPH parent panel and alse on a panel of unrelated
individuals from the general population {described un-
der Materials and Methods). The levels of heterozygos-
ity in both populations were consistent in most cases.
However, the heterozygosity values generated for the
marker D1751145 were very different. Initially, 35 of
the CEPH parents were typed, which resulted in the
identification of four alleles yielding a heterozygosity
value of 34%. The marker was subsequently typed on
25 unrelated individuals from the general population.
Ten alleles were identified with a heterozygosity value
of 88%.

One other dinucleotide repeat was isolated from the
BRCALI cosmids. Sequence analysis of a Scu3Al clone
known to contain a repeat identified two dinucleotide
repeats within a 155-bp region. A (CA),; repeat was
shown to be nonpolymorphic when typed on the CEPH
parent panel, while the other (CA},s repeat generated
a heterozygosity value of 15%. The monomorphic re-
peat was not assigned a D segment number, while the
polymorphic repeat is represented in this paper as
D1751141.

DISCUSSION

We have isolated 10 new polymorphic dinucleotide
repeat markers from the BRCA1 region of chromosome
17q12—q21. The new markers were isolated in an at-
tempt to reduce the BRCA1 candidate interval by iden-
tification of recombination events in linked families
and by LOH analysis of breast tumor DNAs. These and
other closely spaced markers have assisted in defining
the position of recombination events in linked families,
thereby reducing the size of the BRCA1 eritical region.
Furthermore, detailed LOH analysis within the
D178857-D17578 1 to 1.5-Mb region using these
markers has allowed accurate determination of the
boundaries of allelic loss in those rare tumors that dis-
play interstitial LOH specific to this small region (data
not shown). The prevalence of informative markers in
the BRCA1 region, flanking the BRCA1 gene, will allow
accurate linkage analysis of breast cancer families to
be performed for diagnostic purposes. As shown in Fig,
2, several of the markers are separated by distances of
less than 50 kb. These marker pairs can usually be
treated as single loci for linkage analysis of BRCA1
families and LOH studies of BRCA1 tumors.

The markers were mapped in relation to markers on
the previously published genetic and physical maps of
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the region by localization on a cosmid and YAC contig.
All 10 new markers mapped into the D178857-D17378
BRCA1 region between the genetic map markers
D178856 and D175855, while other markers were dis-
tributed between D17S857 and D17578. It was not pos-
sible to order all of the markers by radiation hybrid
analysis. Analysis of known breakpoints within the hy-
brids suggested that only two breaks existed between
the markers D178856 and D175855 and three breaks
between D178855 and D17578. Therefore, the markers
could be separated into only six segments. However,
the placement of the markers on the STS-based physi-
cal map allows incorporation of the new markers into
the genetic map. No genetic distances are currently
available for these intramarker intervals, but the
known loeation on the physical map should allow the
markers to be integrated and used in linkage studies.
The markers can also serve as STSs in the BRCAl
region. Screening of the markers on YACs and cosmids
from the region has identified overlaps between geno-
mic clones and has subsequently served as a framework
for completion of both YAC and cosmid contigs in the
BRCATI region (Couch et al., submitted).
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