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Summary

Chromosome 17q21 harbors a gene (BRCA1) associated with a hereditary form of breast cancer. As a step toward
identification of this gene itself we developed a number of simple-sequence-repeat (SSR) markers for chromosome
17 and constructed a high-resolution genetic map of a 40-cM region around 17q21. As part of this effort we
captured genotypes from five of the markers by using an ABI sequencing instrument and stored them in a locally
developed database, as a step toward automated genotyping. In addition, YACs that physically link some of the
SSR markers were identified. The results provided by this study should facilitate physical mapping of the
BRCA1 region and isolation of the BRCA1 gene.

Introduction

Breast cancer is an often fatal neoplastic disease of
mammary tissue that causes -50,000 deaths/year in
the United States alone. Most cases are sporadic, with
no apparent genetic lineage. However, a hereditary
form of the disease, observed in approximately 5% of
all cases and characterized by early age at onset, has
been genetically linked to marker loci on chromosome
17q21 (Hall et al. 1990). A summary of 13 published
reports located the cancer-predisposing locus, BRCA1,
within the interval defined by D17S250 (mfdl5) and
D17S588 (42D6)(Easton et al. 1993). Several authors,
however, had suggested a more narrow localization de-
fined proximally by THRA1 and distally by D17S579
(mfdl88) (Bowcock et al. 1993; Devilee et al. 1993;
Simard et al. 1993; Smith et al. 1993). The genetic dis-
tance separating these two markers is -5 cM (O'Con-
nell et al. 1993). In the study reported here, we found
supporting evidence for this estimate and identified 25
simple-sequence-repeat (SSR) markers, many of which
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fall within this region or flank it closely on either side.
To facilitate efforts to identify the BRCA1 gene itself,
we have integrated these new markers with previously
known markers to form a highly resolved genetic map
of this region of the long arm of chromosome 17.
The new SSR markers were developed as part of a

comprehensive effort to generate large numbers of
highly informative DNA markers with which a high-res-
olution genetic map of the entire human genome might
be constructed. Such loci are easily typed by the PCR,
using unique primers flanking each variable-repeat re-
gion (Saiki et al. 1988; Weber and May 1989; Orita et
al. 1990). That markers of this type are abundant and
highly informative has been shown by several studies
describing di-, tri-, and tetranucleotide repeats (Litt and
Luty 1989; Economou et al. 1990; Weissenbach et al.
1992; Melis et al. 1993). As part of an effort to auto-
mate SSR genotyping, five of our new markers in the
BRCA1 region were fluorescently labeled, gel sepa-
rated, and analyzed on an automated ABI373A DNA
sequencer (Ziegle et al. 1992). Specialized software was
developed to facilitate capture and storage of allelic
information.

In addition to providing genetic information, the
new SSR markers can serve as anchor points for a physi-
cal map of the BRCA1 region. By screening the CEPH
library of YACs (Albertsen et al. 1990), we have identi-
fied several YACs that provide evidence for physical
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linkage among some of the SSR markers on the genetic
map reported here.

Material and Methods

Preparation and Screening of Sau3A-digested Genomic
M l3 Library
Genomic DNA from lymphocytes of a human male

was digested with Sau3AI, partially filled in with
Klenow large fragment and dGTP/dATP, and size frac-
tionated on a 1.2% agarose gel. DNA fragments of
400-900 bp were recovered from the gel and ligated
with M13mpl8 vector that had been digested with Sail
and partially filled in with dTTP/dCTP. The library
was plated on Luria-Bertani-medium plates, transferred
to nylon membranes and UV-cross-linked, and hybrid-
ized sequentially with end-labeled oligonucleotide
probes (dG-dT)10, (dA3-dT)6, (dA3-dG)6, and (dA-dG-
dA-dT)6. Hybridization was carried out for 3-4 h at
650C in 10% polyethylene glycol, 7% SDS, and 1.5
X SSPE (NaCl-NaH2PO4-EDTA buffer). Membranes
were washed in 6 X SSC and 0.1% SDS at 650C.

Sequencing of Positive Clones
Positively hybridizing plaques were directly picked

into 100-pA PCR cocktails containing 10 mM Tris-HCI
pH 8.8, 40 mM NaCl, 1.5 mM MgCl2, 5 pmol of each
vector primer (A-TGT AAA ACG ACG GCC AGT
CGC CAG GGT TTT CCC AGT CAC GAC; and B-
CAG GAA ACA GCT ATG ACC AGC GGA TAA
CAA TTT CAC ACA GGA); 2.5 jmol each of dNTPs,
and 2 U of Taq DNA polymerase (Boehringer-Mann-
heim, Indianapolis). The reaction mixtures were heated
at 94°C for 6 min, and the PCR was performed on a
GeneAmp PCR System 9600 (Perkin-Elmer) for 25 cy-
cles as follows: 95°C for 20 s (denaturation), 60°C for
20 s (annealing), and 72°C for 20 s (extension). The
amplified inserts were purified with a Centricon-100
microconcentrater (Amicon, Danvers, MA), and the se-
quencing reactions were carried out on ABI Catalyst
(Applied Biosystems, Foster City, CA) by the dideoxy
chain-termination method using fluorescently labeled
M13 sequencing primers: -21M13-TGT AAA ACG
ACG GCC AGT; and M13RP1-CAG GAA ACA GCT
ATG AC. The sequences were collected on an
ABI383A sequencer (Applied Biosystems, Foster
City, CA).

Primer Synthesis
Primers were synthesized in 40-nmol reactions by us-

ing an ABI394 DNA/RNA synthesizer (Applied Bio-

systems, Foster City, CA). After Iyophilization, the
primers were resuspended in 300 p1 of TEL4 (10 mM
Tris-CI pH 7.8,0.1 mM EDTA pH 8.0). Primer concen-
trations were determined by densitometry at 260 nm,
and working stocks were prepared at 25 pmol/pl.

Primer Selection and Development
PCR primers were developed using a locally devel-

oped computer program, OLIGO (J.-M. Lalouel and T.
Elsner, personal communication), on the basis of ge-
nomic sequence flanking the repeats. This program al-
lows sequence comparisons between oligonucleotide
primers and Alu consensus sequences, to detect homol-
ogies and to exclude primers with homologies above a
user-defined threshold. PCR conditions were opti-
mized with respect to MgCl2 concentration (1.0, 1.25,
1.5, 2.0, 3.0, and 4.0 mM) and annealing temperatures.
The size of each PCR product was determined from the
sequence and verified, first through gel electrophoresis
in 5% NuSieve 3:1 agarose (FMC BioProducts, Rock-
land, ME) and later through acrylamide gel electropho-
resis. The primer sequences and their characteristics are
listed in table 1 for each of the 25 new SSR markers on
chromosome 17.

Radioactive Genotyping
The primer of each pair that showed the least homol-

ogy to Alu was labeled with 32P in a kinase reaction.
PCR was carried out for a total of 30 cycles. Denatur-
ation was done at 95°C for 6 min in the first cycle and
for 10 s in each of the subsequent 29 cycles; annealing
was done for 10 s at the temperature specific to each set
of primers; and extension was done at 72°C for 20 s.
The reactions were carried out in a 96-well Techne
MW-2 thermal cycler (Techne, Cambridge). PCR prod-
ucts were mixed with a formamide dye solution (98%
formamide, 0.1% xylene cyanol, 0.1% bromophenol
blue, and 10 mM EDTA) and heated to 94°C for 4 min.
A 3-,l aliquot of each sample was electrophoresed
through a 7% denaturing polyacrylamide sequencing
gel with 32% of deionized formamide, 5.6 M urea, and
1 X TBE (Tris-boric acid-EDTA buffer). After electro-
phoresis, the gels were exposed to X-ray film without
drying, at -70°C for 12-24 h, with intensifying
screens.

Fluorescent Genotyping
As with radioactive genotyping, the primer showing

the least homology to Alu was labeled, albeit with a
fluorochrome, for detection on an ABI373A sequenc-
ing instrument. Of the three different dyes, the blue dye
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Table I

Characteristics of the 25 New SSR Markers

Product Mg++ (mM)/
Size No. of Heterozygosity Annealing

Name (locus) Primers (bp) Alleles (%) Temperature (°C)

UT7 (D17S752) ........

UT8 (D1 7S761) ........

UT26 (D17S700).

UT50 (D17S733).

UT52 (D17S735).

UT62 (D17S746).

UT67 (D17S750).

UT71 (D17S754).

UT77 (D17S758).

UT159 (D17S620).

UT165 (D17S627).

UT185 (D17S648).

UT189 (D17S652).

UT205 (D17S656).

UT217 (D17S669).

UT224 (D17S677).

UT267 (D17S693).

UT287 (D17S708).

UT290 (D17S966).

UT385 (D17S967).

UT394 (D17S702).

UT401 (D17S964).

UT573 (D17S902).

UT752 (D17S907).

UT956 (D17S965).

fGGTGACAGAGTGAGATCCTGTC 1
|CCCATGTTTGAGAGATCAAACCTTaJ
[GGGGTAGGGCGGGAATAGAGGa 1

1TGATAAAAGCAGTGAGACATTGGTAJ
[GATGACAGAGTGAGACCTTGTCC |

IGTGGGCAGACAGAGCCAAACCA J

{TGGGCAACAGAGCAAAACTCTGITT
GACAGAGGGGAGGGGAGACGG J
TGGAGGATGCAGTGAGCTGAAATG1
GACCTCCCCAAAGTACTGAGTTACJ
fTCTATGGGGGCCTTTTCCCAGAGa
|CAAGTGTATATCCCTGAGGTGTG J
[AGCGAAGAGCACTCTGACTAGAATC1

|ATGGGGTAAGGTCTACAGAATGCCT J
[TGGATTCACTGACTCAGCCTGC |

|GCGTGTCTGTCTCCATGTGTGC J
[CCCCGCCCCCATACAACAGGCT |

1CCTGGCCATGTTTTTTTTTAATGTC J
{GGGAAGGTGTCTGAAACCCAAGG
CCCACCACTACCTATTGTTCTATACJ
ACGAACAGAGCAAGACTCTGTCTC
TCCAACAAACCAGAAAGTCCACTATP
[TGGGCGACAAGGCAAGACTTCGT
lCCTGAGTGAAGGTGGCTTAAAAAAGa
[TTTCTTATCACCTTCCCTCCCACTG2 1

CTGCAATCTATCAGTGTCCAAGATGJ
{CTCCAGCCTGGGGGACAAC}
tTGTGGGGAACCAC'TTTI~TGTTCGTAaJ
{CAGCCTGGGTGACGGAGTG |
TGTCATTTAACCTCTTTGAGCTCTAaJ
CTCCATCATAGGTGACAAATTG I
TTTGAGCTTTGCCACTTGCCAGCaj
[GACATAGCGAGACTCCCTGTCCA 1
|GGCACATAGTAGGAGTGCTACATGaJ
{TGGGTGACAGAGTGAGACGCTG
CCTCCAGGCCCTTCTTCCTGG' j
{GGGTGACAGAGTGAGACTCCATC |
GCTCTGTGTCAGGGATGAGTTCA'J
{AACAAGAGCGAAACTCCGTCTCAA |
TCCTCCTTGTTCAAAGTCTGCATGaJ
[AGCAACACATATCAGGGGC |
lTGTAGGTTGACCTTAAGGCa
GTTCTTTCCTCTTGTGGG"a
AGTCAGCTGAGATTGTGCC
{GAGGTTGCAGTGAGTTGAGA 1
GGAACATCCTCCTTCACTCTTaJ
[ACTCCAACGTGGGCGACAG 1

|CCTTCGTTTTATGTCCCGAG
{GAAGTGCCAAAGGCCAGGAACC |
CTGCACTTCATTCAGCCTGGGTGa

a This primer, of the pair, should be labeled.
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(FAM) can be incorporated directly onto the 5' end of
an oligonucleotide on the DNA synthesizer; labeling
with the yellow and green dyes (TAMRA and JOE)
requires synthesis of oligonucleotides with aminolink 2
(400808, ABI) attached 5', and subsequent addition of
the appropriate dye-NHS ester. Unreacted dye is re-
moved by means of a PD-10 column (17-0851-01, Phar-
macia) (for technical details, see Genescan 672 Software
User's Manual, Appendix D, ABI). Unlabeled oligonu-
cleotides are removed on a purification cartridge, OPC
(400771, ABI; User Bulletin 51, ABI).
To establish working conditions for each primer

pair, PCR was performed on a few samples of DNA
from the CEPH reference panel in a GeneAmp PCR
System 9600. Reaction volumes of 100 pl contained
400 ng of template, 200 FM each dNTP, 0.5 gM each
primer, 2.7 U of Taq DNA polymerase, 0.24 mM sper-
midine, 10 mM Tris-HCl pH 8.7, and appropriate con-
centrations (1.0-4.0 mM) of MgCl2. Annealing temper-
atures were estimated on the basis of primer sequence
and were adjusted where necessary. The fluorescent
PCR products were also tested for optimal signal on the
sequencing instrument, by analyzing aliquots taken at
14, 17, 20, and 23 cycles to determine the number of
cycles necessary to observe a specific product with
minimal formation of spurious product. Following the
establishment of working conditions, the PCR reac-
tions were proportionally scaled down to 25 pl and
were used for genotyping individuals in the CEPH
panel.

Linkage Analysis
All linkage analyses described in this paper were per-

formed using four programs from the LINKAGE pack-
age (version 5.1): CFACTOR, CLODSCORE, CILINK,
and CMAP (Lathrop et al. 1984).

Linkage Data
Linkage data used in this study were derived partly

from O'Connell et al. (1993), partly from the CEPH
database (version 6), and partly from genotypic analysis
of new SSR markers that were labeled with 32P or with a
fluorochrome.

Identification of YAC Clones
To initiate the development of physical representa-

tion from the BRCA1 region, the CEPH library of
YACs was screened by PCR according to a protocol
described by Green and Olson (1990). Some of the
YACs isolated in this way identified close physical link-
age for several of the SSR markers described here.

Results and Discussion

To supplement the existing archive of SSR markers,
we have developed >2,000 genomic-sequence-tagged
markers based predominantly on tetranucleotide re-
peats, as this type of repeat is, in general, highly infor-
mative and tends to show less susceptibility to PCR
artifacts such as laddering than the dinucleotide (CA).
repeats (Litt and Luty 1989; Tautz 1989). To augment
the marker density on chromosome 17 specifically, a
flow-sorted cosmid library (a gift from Dr. L. Deaven,
Los Alamos National Laboratory) was subcloned into
the M13 sequencing vector and screened for the pres-
ence of selected di- and tetranucleotide repeats; appro-
priate SSR loci were sequenced for development of
primers. Approximately 80 new SSR markers for chro-
mosome 17 were obtained in this way (data not shown).
We have now mapped 25 of those markers, by genetic
linkage analysis, to a 40-cM region surrounding the
BRCA1 locus.

Localization ofNew SSR Markers to the BRCA I Region
Strategies to reduce the effort involved in linkage

analyses, by reducing the number of genotypes required
for map construction, are being implemented in our
laboratory. One of these strategies begins by genotyp-
ing each new marker in only four CEPH pedigrees (884,
1331, 1332, and 1362) and comparing two-point lod
scores obtained with selected loci, to determine an ap-
proximate chromosomal location; the marker is then
genotyped on a panel of CEPH individuals with known
meiotic breakpoints in that region. An initial rough lo-
calization of each new SSR marker to the BRCA1 re-
gion was based on information from the four selected
CEPH pedigrees. The power of a two-point lod score
analysis in these pedigrees, when testing SSR markers
against the Genethon markers (Weissenbach et al.
1992), depends on the degree of informativeness of
both markers in the comparison, as well as on their
genetic distance. For two completely informative
markers <5 cM apart, the lod scores can approach 20.
However, in light of the fact that markers in the com-
parisons rarely reveal complete genetic information,
most SSR markers are assigned to particular chromo-
somal regions with lod scores of 6-15 and recombina-
tion fractions of .05-.20.

Selection of Markers for the BRCA I Map
The initial stage of the genetic analysis of markers

from the BRCA1 region was in part based on results
published elsewhere (O'Connell et al. 1993), which had
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Table 2

Previously Characterized Markers Used
in the Map Construction

Locus (probe) Polymorphism' Reference

D17S36 (CRI-L946) .............. HAP Green et al. 1987
D17S37 (CRI-L581) .............. Taql Green et al. 1987
D17S41 (LEW102) ............... Taql Nakamura et al. 1988
D17S74 (pCMM86) .............. Hinfl Nakamura et al. 1988
D17S80 (YNZ94) ................ Pstl O'Connell et al. 1993b
D17S83 (2C11.1) ................ HAP O'Connell et al. 1993b
D17S85 (p2F9.8) ................. HAP O'Connell et al. 1993b
D17S183 (SCG43) ............... PCR Black et al. 1993
D17S250 (mfdl5) ................ PCR Weber and May 1989
D17S507 (cLS17.13) ............. HAP O'Connell et al. 1993b
D17S508 (cLB17.20) ............. HAP O'Connell et al. 1993b
D17S509 (fLB17.1) .Haelll O'Connell et al. 1993b
D17S511 (fLB17.18) ............. Taql O'Connell et al. 1993b
D17S579 (mfdl88) ............... PCR Weber and May 1989
D17S791 (AFM155xdl2) ......... PCR Weissenbach et al. 1992
D17S800 (AFM200zf4) ........... PCR Weissenbach et al. 1992
D17S810 (AFM248ygl) .......... PCR Weissenbach et al. 1992
NFI (four markers from NF1) .... HAP O'Connell et al. 1993b
Hox2B (Hox2B) ................. Sad Bentley et al. 1989
NME1 (NME1) ................. BgIlI Varesco et al. 1992
PPY (PPY) ....................... MspI Takeuchi et al. 1985
THRA1 (THRA1) ............... MspI Sheer et al. 1985

a HAP = haplotype.
b Reference provides verified and haplotyped genetic data rather than the

original descriptions of these loci.

established the relative order and genetic distances be-
tween loci, NF1(haplotype)-D17S250(mfdl5)-D17S509-
(fLB17.1)-D17S508(LS17.13)-D17S74(pCMM86). Us-
ing these five markers in two-point comparisons with
all chromosome 17 markers from a local database and
from the CEPH database (version 6) allowed us to iden-
tify 42 additional markers that showed linkage to the
BRCA1 region. This group of RFLP and SSR loci gen-
erated a set of 47 informative markers (tables 1 and 2).

Generation of New Genetic Data
Since the initial localization of the SSR markers to

the BRCA1 region was based on genetic information
from only four CEPH pedigrees, it was necessary to
widen the data set to increase precision. For markers
UT67, UT573, UT752, and D17S183 this was done by
first genotyping all 120 CEPH parents to identify com-
pletely informative pedigrees; all members of the pedi-
grees so indicated were then genotyped. For the five
markers genotyped on the ABI instrument (UT7,
UT217, UT224, UT394, and D17S250; see below) most
CEPH pedigrees were genotyped. The remaining
markers were typed on arbitrarily selected CEPH pedi-
grees or on small panels of individuals selected for the

presence of meiotic breakpoints. The radioactive signa-
tures of 13 of these markers are shown in figure 1.

Capturing Genotypes by Using an AB1373A Sequencing
Instrument
As a test of an alternative method of genotyping, five

selected SSR markers were visualized and captured with
the ABI373A Laser Scanning Unit developed by Ap-
plied Biosystems. To capture genotypes on this instru-
ment, a fluorescent tag is attached to the 5' end of one
of the two primers that define an SSR locus. The tagged
primer is then used in a standard PCR. The tag can be
blue (FAM), green (JOE), or yellow (TAMRA); the
fourth color, red (ROX), is reserved for the internal
standard. After the PCR product is mixed with the in-
ternal standard and loaded on the instrument, the al-
leles are captured as fluorescent peaks (fig. 2). The in-
ternal standard precisely determines the size, in base
pairs, of a given genotype peak, permitting comparison
and scoring of alleles across gels. The potential advan-
tages to the fluorescent/electronic system compared
with the radioactive system of capturing genotypes are

UT7 UT5O UT52 UT62

UT394

UT67 UT205

UT290 UT385 UT956 UT573 UT752

Figure I Radioactive signatures of 13 of the new SSR
markers, selected in part for their high degree of heterozygosity.
Most of these markers amplify tetranucleotide repeats; however,
UT67 represents a typical dinucleotide repeat with the laddering ef-
fect frequently associated with this type of repeat. UT394 shows a
complex PCR pattern that most likely originated from amplification
of two separate loci. However, as segregational analysis of UT394 in
the CEPH reference panel did not disclose any recombination be-
tween the two loci, a very close genetic relationship between the two
systems was indicated. Further evidence for physical linkage between
the two systems was obtained when two distinct PCR products were
visualized when YAC 151 E1 was used as template (data not shown).
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several: (1) fluorescently labeled primers have a signifi-
cantly longer shelf life, usually > 1 year; (2) a high degree
of multiplexing with different dyes and allele sizes can
be achieved; (3) electronic recording of genotypes re-
duces transcription errors and allows for rapid and ac-
curate scoring; and (4) archiving, retrieving, and verify-
ing genotypes does not rely on storage or handling of
autoradiograms.

Selection of the Strongest Markers
The map was constructed by means of tools from the

LINKAGE package. As a first step, all 47 markers in the
BRCA1 region were analyzed by the program CLOD-
SCORE to determine all possible pairwise combina-
tions of two-point lod scores. To construct a strong
map (i.e., with odds >1,000:1 against inversion of any
pair of loci), 20 of the 47 markers were selected accord-
ing to the sole criterion of having one or more pairwise
lod scores >30. The rationale for choosing this crite-
rion for selection, rather than heterozygosity or num-
ber of informative offspring, is that mapping informa-
tion that is shared by two markers is quantitatively
more significant than the extent to which a single marker
has been typed and is informative in the data set.

Generation of a Trial Map and Verification against
Inversion
The 20 selected markers were divided into several

groups of six, each containing one or more markers in
common with another group. Each group was tested by
CILINK to establish a linear order with odds >1,000:1
against alternative orders within that set; 3 of the 20
markers were eliminated at this stage because they
could not be ordered consistently with those odds.
Where the six-member maps overlapped, orders were
retested in new six-marker groups so arranged that in-
formation could be combined. Approximately 15 such
runs were sufficient to establish a trial map of 17 loci.
To verify the trial map, likelihoods for order were

calculated with CILINK for all possible permutations
of the central three markers in each series of seven loci,
the first series beginning with NF1. After the central
triplet of a set was tested in the context of its four
nearest flanking markers, the next group of seven was
constituted by dropping the most centromeric marker
of the prior set and adding the marker next in line; the
central triplet of the new series was tested, and so on
down the entire map, until every marker had been evalu-
ated for possible local inversions. (Note, however, that
in the case of markers at the ends of the map, a tested
triplet could not be "central"; three or four of the other

markers would lie on one side and one or none on the
other.) In this way, all 17 markers were linearly ordered
with odds >1,000:1 against inversions.

Subsequent analyses showed that one marker,
UT224, from the group of weaker markers could be
placed in a single interval on the map, with odds
>1,000:1 (see below). The "strong map" of these 18
markers in the BRCA1 region, with odds against local
inversions, is shown in figure 3. Since inclusion of
breakpoint information will bias the recombination
frequencies and thereby the genetic distance between
markers typed on a breakpoint panel, it is important to
note here that UT205 is the only marker, on the
"strong" map, for which a significant amount of geno-
typic data had been obtained as breakpoint data.
Two markers, mfdl88 (D17S579) and HOX2B,

which showed zero recombination with fLB17.1
(D17S509) and cLS17.13 (D17S507), respectively,
could substitute for the latter two markers with odds
against inversion slightly reduced, albeit still >1,000:1.
On this basis, haplotypes between D17S509 and
D17S579 and between D17S507 and HOX2B were
generated and were subsequently used in construction
of the final map.

In light of the linear order and distances between
markers in the map of strong markers, it became possi-
ble to localize the remaining markers to particular in-
tervals in the map by using the CMAP routine. The
result of this analysis usually defined a region in the
strong map, encompassing two or three neighboring
intervals, as the most likely location of a given marker.
Based on this initial observation, a location was tested
by analyzing with CILINK all specific positions of the
test locus among the seven to nine surrounding markers
from the strong map. The reason for doing this was that
CMAP only tests discrete positions in a given map,
whereas the CILINK analysis is not limited to a subset
of discrete distances and therefore is likely to identify
genetic distances with higher likelihoods. Using this ap-
proach, we were able to position one additional
marker, UT224 (D17S677), in a single interval and add
it to the strong map. Other markers that could not be
placed in a single interval were each tested in at least
five of the most likely consecutive intervals by using
CILINK to identify the set of intervals to which the
marker could be localized with odds >1,000:1. These
positions are shown as confidence intervals to the right
of the map in figure 3.

Errors in the Genetic Data and Map Inconsistencies
The genetic data developed in this study, as well as

data included from a previous study, were extensively
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Figure 3 Upper right, Karyogram of chromosome 17, with a vertical line to indicate the approximate coverage of the map developed in
this study. Left, All markers that could be linearly ordered with odds >1,000:1, starting, at the top, with the most centromeric marker, NFl.
D1 7S74 marks the map boundary on the telomeric side. Recombination frequencies between neighboring markers are indicated on the left side
of the map, and the odds against inversion in each interval are on the right. The markers that could not be placed in a single interval on the map
are placed within confidence intervals of 1,000:1 odds and are illustrated by vertical lines. The two pairs of loci that were haplotyped (see text)
are indicated by single and double asterisks (* and **). Marker UT159 is drawn with an arrow pointing up to indicate that the confidence
interval extends beyond NF1. Marker UT401 is drawn in two intervals connected by a dashed line to indicate a noncontinuous confidence
interval; however, the location of UT401 around D17S250 is favored with >40:1 odds over the other location. The location of THRA1, shown
by its confidence interval, is based on the genetic information; however, since this location is in disagreement with observations made with
YACs and pulsed-field gel electrophoresis, its physical location is indicated by a plus sign (+). PPY could not be placed into an unambiguous
confidence interval with 1,000:1 odds and is therefore shown on the map by a dashed line to indicate its most likely location.

analyzed for errors and, where possible, were tested by
secondary typings (see O'Connell et al. 1993). Inconsis-
tency between the genetic and the physical map loca-
tions of THRA1 suggested that the genetic data were
probably incorrect, in that this gene had been physically
linked to UT205 on YAC 44F8 (280 kb) (and on other

YACs; data not shown); yet the genetic analysis ex-
cluded UT205 from the 1,000:1-odds interval of
THRA1. The physical location of THRA1 in the imme-
diate vicinity of the UT205 locus is supported by obser-
vations using pulsed-field gel electrophoresis (Lemons
et al. 1990). We attempted to place another marker,
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PPY, within a confidence interval on the map, but this
locus showed widely varying confidence boundaries
when tested against different groups of markers from
the strong map. Both of these inconsistencies are
shown graphically in figure 3.

SSR Markers Linked by YACs
Several YACs identified by PCR screening of the

CEPH library were found to contain more than one of
the SSR markers described in this study. For example,
UT67 (D17S750) and UT189 (D17S652) were both
present on 416F6 (290 kb); 151E11 (600 kb) contained
UT394 (D17S702) and D17S800; 44F8 (280 kb) con-
tained THRAL, UT205 (D17S656), and UT26 (Dl7S700);
233F6 (310 kb) contained UT62 (D17S746) and UT385
(D17S967); and 500D9 (360 kb) contained UT71
(D17S754), UT205 (D17S656), and UT26 (D17S700).
The physical observations obtained from the YAC
screening suggest that certain markers are sufficiently
close together to allow haplotyping of these markers in
future studies.

Comparison of the Genetic Map with a Radiation
Hybrid Map

In parallel with the construction of the genetic map
of the BRCA1 region, a complementary approach was
taken to construct a map by using many of the same
SSR markers, ordering them on the basis of PCR typ-
ings in radiation hybrids (see accompanying article
[O'Connell et al. 1994]). Comparison of the two maps
shows agreement for the following linear order: NF1-
UT71-UT394 -UT573 - D17S183 - D17S509/Dl 7S579-
D17S507/Hox2B-NMEl. In addition to having
markers in common, the two maps complement each
other and augment map information by contributing
additional markers to the composite map.

Conclusion

Twenty-five newly developed SSR markers have been
genotyped and integrated with 22 previously mapped
markers from chromosome 17ql 1.2-21.33, to form a
highly resolved genetic map. Most of the markers were
genotyped by traditional means, but technological de-
velopments allowed us to automate sample handling
and to adapt five of the markers for fluorescent geno-
typing. Automated procedures promise not only higher
throughput but also minimal risk of human errors. The
entire map, ranging from NF1 on the centromeric side
to D17S74 on the telomeric side, spans -46 cM. How-
ever, most of the markers are grouped in the central 25

cM of the map, where they provide a high concentra-
tion of reagents in the region believed to contain the
BRCA1 gene.
Most previous reports on the fine localization of

BRCA1 have indicated a region flanked by THRA1 and
D17S579. The map we present here places at least 6 of
the new markers, and possibly as many as 13, in this
5-cM interval. Under the assumptions that 1 cM repre-
sents the equivalent of 1 Mb and that 10 markers truly
are located in the region, the marker density would
equal one every 500 kb, on average. Such a density of
markers makes an appropriate starting point for the
construction of comprehensive physical maps in YACs
and other large-insert clones. In addition to their quali-
ties as reagents for physical mapping, the SSR markers
(or derivatives thereof) may serve as physical probes to
test for pulsed-field gel anomalies in BRCA1 patients
(Joslyn et al. 1991). Alternatively, the SSR markers can
be used in loss-of-heterozygosity studies by comparing
blood and tumor samples from single individuals
(Cropp et al. 1990). The many possible applications
mean that the SSR markers presented in this study
could facilitate progress toward the isolation of the
BRCA1 gene.
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