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The chromosomal region 17g12-q2 1 contains a gene
(BRCAI) conferring susceptihility to early-onset famil-
ial breast and ovarian eancer. An 8000-rad radiation-
reduced hybrid (RH) panel was construeted io provide
a resource for long-range mapping of this region. A
large fraction of the hyhrids (~90%) retained detect-
able human chromosome 17 sequences. 'The complete
panel of 76 hybrids was scored for the presence or ab-
sence of 22 markers from this chromosomal region, in-
cluding 14 cloned genes, seven microsatellife repeats,
and one anonymous NN A segment. Statistical analysis
of the marker retenlion data employing multipoint
methods provided both comprehensive and framework
maps of this chromosomal region, including disiance
estimates belween adincent markers. The comprehen-
sive RH map includes 17 Joci and spans 179 eRaySgagy,-
Likelihood ratios of al least 1000:1 support the 10-
locus framework order: een--DI7S250-FRBB2-
{(THRAI, TOP2A4)-D178855-PPY_D178190-
MTBTI-GP3A-BTR~D1758588—tel. The order ob-
tained from RH mapping, when used in conjunction
wilth other methods, will be useful in linkage analysis
of breast cancer families and will facililate the devel-
opment of a physical map of this region. @ 1983 Academic

I'ress, Inc.

INTRODUCTION

Breast cancer is the second maost comimon cause of
cancer death among American women. Family history of
breast cancer has long heen recognized as a significant
risk factor, increased risk being associated with two or
more affected first-degree relalives and with decrensing
age of the index case (Saltin ef ol 1985; Claus et al.,
1990, 1991). Several reports suggesl {hal increased risk
in these families is best explained hy antosomal domi-
nant inheritance of a highly penetrant susceptihility al-
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fele (Newman et af,, 1988; Claus et al., 1991). Recently,
chromosome 17q12-g21 was identified as Lhe location of
a gene conferring susceptibility to familial breast and
ovarian cancer (Hall e al., 1990; Narod et al., 1991), now
designated BRCA! (Solomon and l.edbetier, 1991).
Multipoint linkage analysis and identification of critical
recombinants in families demonstrating linkage be-
tween breast cancer and genelic markers flanking
BHCA I has narrowed the most likely region for the gene
to a <4-cM interval flanked by the markers THRAI and
D175183 (Chamberlain ef af., 1993; Faston ef af., 199:3;
Hall et ol., 1992; Bowcock et al., 199:3). Further delinea-
tion of the critical region by genetic analysis, however, is
limited by the need for informative recombinants in
breast cancer families and by the availability of well-or-
dered and highly polymorphic markers. Efforts to isolate
this gene will be aided by additional mapping strategies
that provide order and distance estimates for markers in
this region.

Radiation-reduced hybrids (RHs) represent a valu-
able somatic cell resource for the long-range analvsis of
chromosomal regions independent of genelic recombina-
tion. This technigue has been used Lo consiruct maps for
a number of chromosomal regions (Cox et af., 1990; Bur-
meister et al., 1991; Ceccherini ¢t al., 1992; Gorski et al.,
1992; Warrington et al, 1992) and Lo generale cloning
resources enriched for regions of interest (Pritchard ¢t
al., 1989; Glaser ¢t al., 1990; Brook et al., 1992). One of
the strengths of RH mapping is the ability to order
markers at a level of resolution intermediate between
that of other methods, such as linkage analysis on the
one hand and pulsed-field gel electrophoresis on the
other (Cox et al., 1990). Also, since RH mapping involves
the analysis of a single chromosome copy, all markers
are informative in each typed hybrid and nonpolymor-
phic markers can be included in the analysis. Statisti-
cally derived estimates for distance between adjacent
markers, and for relative likelihvods of different marker
orders, also are possible (Cox et af., 1990; Boehiike et al.,
1991).

We constructed a radiation hybrid panel for chromo-
some 17 to order markers within the BRCAI region.
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RADIATION HYBRID MAP OF CHROMOSOME 17q12-q21

These markers included polymorphic microsatellite re-
peats and cloned genes previcusly mapped to this region.
A number of these genes represented particularly inter-
esting candidates for BRCA, including EDH17B (estra-
diol 17-8 dehydrogenase, loci 1 and 2), ERBB2 (HER/2,
NEU), RARA (retinoic acid receptor «), THRA! (thy-
roid hormone receptor al), TOP2A (topoisomerase Ila),
and NME {(nonmetastatic proteins, loci 1 and 2). Al-
though radiation hybrids alone cannot be used to map
disease loci, superposition of the RH and genetic linkage
maps will help to refine the locations of key recombhi-
nants, decreazing the size of the BRCA1 candidate in-
terval.

In addition to providing a new resource for mapping
chromosome 17 markers in general, this RH panel will
complement other mapping approaches aimed toward
isolation of the BRCAI gene. The eventual identifica-
tion of this gene will permit Improved risk assessment
for family members and will help determine whether
mutations at the same locus are responsible for sporadic
tumaors.

MATERIALS AND METHODS

Cell lines, culture conditions, 7TAE-4 (donor), a rat hepatoma mi-
crocell hybrid cell line carrying a neo gene-tagged 17 as its only human
chromosome (Leach et al,, 1989}, was maintained in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal calf serum, 1000 units/ml
penicillin, 1 mg/ml streptomycin, and 4 mM glutamine {complete
DMEM), supplemented with 200 mM proline and containing 250 ug/
ml active G418 (GIBCO), GM459 (recipient), a near diploid Chinese
hamster line deficient for hypoxanthine-guanine phosphoribosyl-
transferase activity (HPRT™; Cox et al, 1990}, was maintained in
complete DMEM. For 10 days prior to fusion, GM459 cells were
grown in the presence of 10 ug/ml 6-thioguanine to select against possi-
ble HPRT* revertants.

Radiation hybrid panel construction. Donor cells were irradiated
and fused to recipients as previously described (Cox et gl., 1990), with
the following modifications: On the day of fusion, 4 X 107 TAE-4 cells
were trypsinized and resuspended in serum-free DMEM medium at a
concentration of 2 X 10° cells/ml. Inoculated Hasks were placed on ice
and vy-irradiated with 8000 rads using a '*Cs source at a rate of approx-
imately 260 rads/min. During irradiation, approximately 3 X 107
GMA459 cells were trypsinized and resuspended in serum-free DMEM
as above. Recipient and irradiated donor cells were gently mixed and
fused in the presence of PEG 1504 Eighty 100-mm dishes containing
10 ml of complete DMEM each were inoculated with 0.5 ml of the cell
fusion mixture and incubated at 37°C. The medium was replaced the
next day with HAS medium (complete DMEM plus 200 mM proline,
100 mM hypoxanthine, 10 mM azaserine) to initiate selection for
HPRT"* hybrids, Plates were incubated 2-4 weeks at 37°C with re-
placement of fresh HAS medium every 5-7 days. No colonies were
observed in control plates containing only GM459 or irradiated 7AE-4
cells in HAS medium (3 plates each; ~10° cells/plate). Seventy-six
HAS-resistant colonies were isolated using cloning eylinders and ex-
panded, DNA was extracted from nearly confluent cultures and addi-
ticnal cells were harvested for storage in liquid nitrogen.

Polymerase chain reactions (PCR). Initial characterization of hy-
brids and generation of probe DNA for fluprescence in situ: hybridiza-
tion (FISH} relied on PCR-amplification of inter-Alu: DNA segments
using individual hybrid DNAs as template. Fifty-microliter reactions
included 250 ng DNA, 13¢ Tagq polymerase buffer (Boehringer-Mann-
heim), 200 uM each ANTP, 1.0 mMM Al primer TC-65 (Nelson et al.,
1989) or Alu-5 and Afu.-3 (Tagle and Collins, 1992} and 1.25 units Taq
DNA polymerase (Boehringer-Mannheim). Following a 4-min 94°C
denaturation, amplification proceeded for 30 cycles of: 94° (1 min),
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55° (1 min}, 72° {4 min}, followed by a 7-min 72° extension. Amplifi-
cation products (10 ul) were separated by electrophoresis on 1,2% aga-
rose gels in 0.5% TBE.

Primer sequences for locus-specific sequence-tagged sites (ST88s)
were obtained from the following sources: D173250 (Mfd15), ERBB2
(HER2/NEU/{NGL; avian erythroblastic leukemia viral oncogene ho-
molog), TOP2A (topoisomerase II, o subunit), GAS (gastrin), PPY
(pancreatic polypeptide), EPB3 (erythrocyte surface protein band 3),
GP2B (platelet glycoprotein IIb), GIP {gastric inhibitory peptide), and
NGFR (nerve growth factor receptor) were all obtained from the pro-
ceedings of the Second International Workshop on Human Chromo-
some 17 Mapping (Fain et el, 1991); D175579 (Mfd188, Hall et af,
1992); D175588 (42D6, Easton et al., 1993); GP3A (platelet glycopro-
tein Illa, Stoffel and Bell, 1992); NME! (nm23-H1, nonmetastatic
protein, Chandrasekharappa et al., 1993); D175190 (SCG41, Black et
al., 1993; Anderson et al, 1993} BTR, an anonymous DNA segment
isolated from near the end of a chromosomal rearrangement (A. Fu-
treal, Research Triangle Park, NC, 1992, pers. communication);
D178865 (JW248yp9) and D175856 (OF2) (Andersan et al, 1993).
The following STSs were designed from sequences deposited in the
GenBank database or from published sequences: THRAI (thyroid
hormone receptor «, Nakai et al, 1988); RNU2 (U2 small nuclear
RNA, Westin et al,, 1984); MTBTI (microtubule § associated protein
taul, Goedert et al, 1988); D175409 (LL154, J. Chamberlain, Ann
Arbor, MI, 1992, pers. communication); and EDH17B (estradiol 17-8
dehydrogenase, Luu-The ef ai,, 1990). Twenty-five-microliter PCR re-
actions included 50-100 ng genomic DNA, 1X reaction buffer (Boeh-
ringer-Mannheim), 200 pM each dANTP, 2-10 ng/ul each oligenucleo-
tide primer, and 0.75-1.0 units Taeg polymerase. The primer se-
quences, concentrations, and annealing temperatures for each STS
are shown in Table 1. After denaturation, amplifications proceeded
for 25 cyeles of: 94° (1 min), annealing temperature (1 min}, 72° (1
min), followed by a 5 min 72° extension. PCR reactions were per-
formed using either a DNA Thermal Cycler (Perkin-Elmer-Cetus) or
a PTC-100 Programmahle Thermal Controller (MJ Research). Sam-
ples were analyzed on 1.5% NuSieve/1% agarose gels in 0.5X TBE.

Multinoint mapping of the radiation hybrid data. We analyzed the
chromosome 17 RH mapping data using the multipoint maximum like-
lihood appreach of Boehnke et al. {1991). For this purpose, we used the
FORTRAN programs RH2PT and RHMAXLIK from the package
RHMAP version 1.1 (Boehnke et al, 1991). In cur analysis, we as-
sumed that y-ray breakage occurred at random along the chromo-
some, and that the resulting fragments were independently retained in
a RH. In the N-locus case, the likelihood of the RH data is a function
of the N-1 breakage probabilities between adjacent loci and one or
more fragment retention probabilities. Under the assumption of no
interference, breakage probabilities # can be converted to additive dis-
tances d according 10 the formula d = —in{1 — 4} (Cox et al, 1990).
Distances d are expressed in centirays (¢R), where 100 cR a0, cOrre-
sponds to one expected break per hybrid after exposure to 8000 rads.

To describe the different fragment retention probability models, let
r; be the probability of retaining a fragment on which only locii < i + 1
<+« + < jare present. We considered two such models. In the first, all
fragment retention probabilities were assumed to be equal (r; = » for
all { €J). In the second, we allowed for a centromeric effect by setting
ry;=rand r; = r; {1 < i). Use of this second model was suggested by
the decrease in observed retention probabilities with increasing dis-
tance frorn the centromere (see Results). For each model, and for a
given locus order, we estimated breakage and retention probabilities
by those values that maximized the likelihood for the RH mapping
data. Orders were compared by their maximurm likelihoods, the order
with the largest maximum likelihood being best supported by the data.
For a given order, models were compared by likelihood ratio tests.

Since it was not practical to consider explicitly all 171/2 (equal re-
tention) or 17! (centromeric retention) > 10™ orders for the 17 distin-
guishable loci separated by at least one obligate chromosome break,
we used a stepwise locus ordering algorithm to identify the best locus
order {Boehnke et gl, 1991). This algorithm builds locus orders by
adding one locus at a time. At each stage, it keeps under consideration
those partial locus orders with maximum likelihood no more than K
times smaller than the maximum likelthood for the best partial locus
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order made up of the same loci. We carried out stepwise locus ordering
for both the equal and centromeric models for the 17 distinguishable
loci with K = 10*. For each model, the locus order for all 17 distinguish-
able loci that had the largest maximum likelihood was the comprehen-
sive map. To build a framework map of loci ordered at 1000:1 maxi-
mum likelihood ratio, we carried out stepwise locus ordering, adding
loci until no additional locus could be added with maximum likelihood
ratio of at least 1000:1 for its best position. Possible positions of the
remaining loci within the framework were then determined by adding
each such locus to the map and noting those locus orders with maxi-
mum likelihood ratio within 1000:1 of that for the locus’ best position.

FISH analysis of radiation hybrids. Metaphase chromosomes were
prepared from phytochemaglutinin (PHA)-stimulated peripheral
blood lymphocytes of a healthy female according to standard proce-
dures. Alu-PCR products from individual hybrids were labeled by
nick-translation with biotin~14-dATP using a commercially available
kit (GIBCO/BRLY}. Biotinylated probe DNAs {500 ng} were separated
from unincorporated nucleotides using Sephadex G-50 spin columns,
ethanol precipitated along with 10 yg human Cot-1 DNA (GIBCO/
BRL), and resuspended in 10 ul of a hybridization mix containing 50%
formamide, 10% dextran sulfate, 2X SSC (pH 7.0). Following denatur-
ation and preannealing for 3 h at 37°C, probe hybridization to meta-
phase chromosomes and detection was performed as described
(Lichter et al., 1988). Chromosomes were counterstained in an anti-
fade solution containing 200 ng/ml propidium iodide. Slides were
viewed on a Zeiss Axioskop microscope equipped with FITC epifluores-
cence optics and were photographed with Kodak Ektachrome 400
color film.

RESULTS

RH Panel Construction and Initial Characterization

As noted previously (Cox et al., 1990), the appropriate
combination of monochromosomal hybrid (donor) and
rodent recipient cell lines is crucial for successful RH
panel construction. In our earlier attempts at generating
radiation hybrids for chromosome 17, the donor/recipi-
ent pairs HDD3B/RJK88 (hamster) and MH22.6/A9
{mouse) produced few hybrids. The RH panel described
here was generated using the cell lines 7AE-4 and
GM459 (hamster), as only this combination yielded a
large number of hybrid clones.

DNAs from the complete pane! of 76 hybrids were ex-
amined by Alu-PCR, using the Alu primer TC-65 (Nel-
son et al., 1989), to estimate the fraction of hybrid clones
that retained human chromosome 17 sequences. Al-
though there was no selection for chromosome 17
markers, 69 of the hybrids (91%) retained detectable hu-
man sequences by this assay (data not shown}. The speci-
ficity of the primer for human sequences was confirmed
by the absence of products in reactions containing either
rat or hamster DNA, both of which are present in the
hybrids. The hybrids displayed a range in the number of
products generated, most likely reflecting different rela-
tive amounts of chromosome 17 retained per hybrid.

Alu-PCR products from several radiation hybrids
were used as FISH probes to verify chromosomal frag-
mentation and determine whether the hybrids retained
multiple fragments. PCR products, generated using
primers Alu-5 and Alu-3' (Tagle and Collins, 1992), were
bictin-labeled and hybridized to normal human meta-
phase chromosomes. As shown in Fig. 1a, Alu-PCR
probes generated from the parental line 7AE-4 painted
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the entire lengths of both chromosome 17 homologs. Hy-
bridization of Alu-PCR products from three RH clones
was similarly limited to chromosome 17; however, these
probes detected from two to six noncontiguous chromo-
somal regions (Figs. 1b--1d}. These results provided sup-
port for breakage of chromosome 17 and retention of
multiple chromosomal fragments in at least a portion of
the hybrids.

PCR Analysis Using Chromosome 17q Markers

The complete RH panel (76 hybrids) was scored using
PCR for the presence or absence of 22 markers flanking
BRCAI, including 14 cloned genes, 7 microsatellite re-
peats, and 1 anonymous DNA segment. Table 1 identi-
fies the locus and reaction conditions for each STS. The
marker retention scores are shown in Table 2, All scores
were performed in duplicate to help identify typing
errors, and any discrepant scores were repeated at least
once more. A total of 20 discrepancies that could not be
resolved were left as untyped. Thirteen hybrids shared
identical marker retention scores with other hybrids
cloned from the same original culture dish and were con-
sidered likely to be daughter clones. Only data from the
63 clearly independent hybrids are shown in Table 2 and
were included in the analysis which provided marker
order and distance estimates. Partially typed hybrids
can be included in this analysis, allowing for those in-
stances in which a particular hybrid/marker combina-
tion could not be scored confidently.

Multipoint Analysis of the Radiation Hybrid Data

Marker retention data were analyzed using multipoint
methods described in Boehnke et al. (1991). In the 63
clearly independent hybrids, no breaks were detected be-
tween loci THRA1 and TOP2A, between loci GIP and
NGFR, and between loci D175579, EPB3, and GP2B. To
simplify the computations, we excluded THRA1, NGFR,
EPB3, and GP2B from the multipoint analysis. In this
analysis, we carried out stepwise locus ordering for both
the equal and the centromeric retention models. Both
models gave the same best order for the 17 distinguish-
able loci. The centromeric model fit the data signifi-
cantly better than the equal retention probability model
(x*=6.69, df = 1, P < .01), consistent with our observa-
tion of decreasing retention as a function of distance
from the centromere. The best comprehensive map
under the centromeric retention probability model is pre-
sented in Fig. 2, together with distance estimates be-
tween adjacent loci and observed locus retention fre-
gquencies. The map spans a distance of 179 ¢Rgg0). Dis-
tance estimates under the equal retention model were
very similar. The most likely order agrees well with
orders determined using other methods (Fain, 1992; Hall
et al., 1992; Kaston et al., 1993} and with orders deter-
mined by FISH and genetic analysis of this region using
many of these same STSs (Flejter et al., 1993; Anderson
et al., 1993).

The framework map for these loci under the centro-
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meric model is shown in Fig. 3. In this map, 10 loci are
ordered at 1000:1 maximum likelihood ratio. Positions
for the nonframework loci that are consistent with
1000:1 ordering within this framework map are also in-
dicated; most of them can be placed in one of two adja-
cent intervals. The shorter length of the framework map
(139 cR) relative to the corresponding portion of the
comprehensive map (D175250-1D178588, 165 cR) sug-
gests the presence of undetected typing errors, despite
duplicate typing and scoring.

Two marker pairs that could not be resolved by the
RH panel (THRA1/TOP2A and EPB3/D1738579) have
heen ordered using different mapping approaches. The
somatic cell hybrid, P12.3B (vanTuinen et al., 1987)
contains the derivative chromosome 17 of a t(15;17)
translocation associated with acute promyelocytic leu-
kemia (APL). THRAI was previously localized proximal
to the APL breakpoint (Sheer et al, 1985). More re-
cently, PCR analysis of P12.3B DNA confirmed the
proximal location for THRA1 relative to the APL break-
point, but indicated that TOP2A mapped distal (Chan-
drasekharrappa et al, in preparation). Given that the
APL translocation breakpoints have been localized to
the retinoic acid receptor a{ RARA) locus (Borrow et al,,
1990; Lemmons et al., 1990), these results suggest the
order: cen-THRAI-RARA-TOP2A—tel. The order for
THRA! and TOPZ2A is consistent with that determined
by FISH analysis (Flejter et al., this issue). The analysis
using FISH also demonstrated that EPB3 lies proximal
to D178579.

DISCUSSION

We constructed an 8000-rad radiation-reduced hybrid
panel and used it to order markers within the BRCA1
region of human chromosome 17. Despite the absence of
selection for chromosome 17 sequences, a large fraction
of the hybrids (31%) were shown to have retained hu-
man DNA. The complete panel of 76 hybrids was
screened using PCR for the presence or absence of 22
markers in the 17q12-q21 region. Marker retention fre-
quencies ranged from 44 to 67%, with an average fre-
quency of 55%. Although it is not known whether these
observations are representative for the entire chromo-
some, they suggest that, on average, roughly half the
chromosome may have been retained per hybrid.

The retention data were analyzed using multipoint
methods which rely upon maximum likelihood. The anal-
ysis also determined order under different marker reten-
tion models and when different assumptions were made
regarding hybrid independence. Data from several
groups suggest that fragments nearer the centromere
may be retained at higher frequencies (Benham et al,,
1989; Lawrence et al., 1991; Ceccherini et al, 1992;
Gorski et al, 1992). Essentially identical results were
obtained under models allowing for either equal reten-
tion probabilities for all markers, or for higher retention
probabilities for centromeric fragments. Also considered
was the possibility that hybrids cloned from the same
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culture dish originally may not be independent, but in-
stead may be daughter clones. The order and distances
presented were based upon the 63 clearly independent
hybrids. When the data from all 76 hybrids were in-
cluded, the most likely orders were largely unchanged
(although their relative rankings were altered some-
what), and the same framework order for 10 loci was
supported at 1000:1 maximum likelihood ratio.

Statistical analyses also provided a most likely order
including 17 loci. This order was in good agreement with
recently proposed orders including many of these same
markers and which derive from other mapping ap-
proaches (Easton et al, 1993; Fain, 1992; Hall et al.,
1992; Flejter et al., 1993; Anderson et al, 1993). Map
locations were determined for a number of markers for
which little information was previously available, such
as BTR, D178190, MTBT1I, D175409, and GP3A. How-
ever, several markers could not be ordered by radiation
hybrid analysis alone. Three regions were identified
which included two or three markers not resolved by
obligate breaks. Of these, the regions THRAI/TOP2A
and EPB3/GP2B/D175579 potentially contain markers
within the BRCAI candidate interval. A somatic cell hy-
brid containing an APL translocation breakpoint and
FISH analysis have been useful for ordering the loci
THRA1 and TOP2A, and for localizing RARA with re-
spect to the RH maps. Although no rearrangement was
available to subdivide the other group, EPB3 has been
shown to lie proximal to D175579 by FISH analysis
(Flejter et al, 1993), and analysis of YAC clones con-
taining EPB3 and GP2B indicate that these genes are
separated by no more than 130 kb (Chandrasekharappa
et al., in preparation). Thus, as observed previously (Cox
et al., 1990; Gorski et al., 1992), radiation hybrids can be
useful in the identification of those loci close enough to
examine using higher resolution physical mapping strat-
egies.

The complete RH map from D175250 to NME1 spans
an estimated distance of 179 cR g, - Although the exact
relationship between cRg and physical distance in
this region is not clear, estimates can be made from ge-
netic mapping data. The interval from D17S250 to GIP
spans an estimated RH distance of 160 ¢R g0, and a
genetic distance of 8.3 ¢cM (Hall et al., 1992; NIH/CEPH
Collaborative Mapping Group, 1992). Making the as-
sumption that 1 ¢M is approximately equivalent to 1000
kb, we estimate that within the BRCAI region, 1 cR g
corresponds to about 50 kb. This estimate, determined
for a relatively large region, is consistent with estimates
for several other regions based upon similar radiation
dosages (Cox et al., 1990; Burmeister et al., 1991). Con-
sideration of smaller subregions, however, can provide
very different estimates. The interval D178250-
D1735579 has estimated distances of 6 ¢cM and 66 cR g0 »
giving an average of about 90 kb/cR gy - On the other
hand, the adjacent interval D17S579-GIP has an esti-
mated genetic distance of only 2 cM, vet has an esti-
mated RH map distance of 94 ¢R g, for an average of
about 20 kb/cR go0; - Although data exist suggesting that
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TABLE 1
PCR Conditions for 17q12-q21 STSs

PCR product Primer conc. Anneal temp.
Locus Primer sequences {(bp} {ng/ul) (degrees C)

BTR TGCAAGTGCACAGTGTCAGC ~150 2 83
GGATGTGTGGACCCTTTCTC

D178190 ACCTGACCCATCTCTCTGTC ~110 2 65
GGTGACCTGTCATATGCACG

D178250 GGAAGAATCAATAGACAAT ~165 10 55
GCTGGCCATATATATATTTAAAACC

D175409 TTTCTAGAACCCGATCCACG ~170 2 55
TGCCCTTCACTCTCGACTG

D178579 AGTCCTGTAGACAAAACCTG ~120 10 60
CAGTTTCATACCAAGTTCCT

D175588 CCTGGTCTAGGAAGAGTGTCA 156 2 60
GTGTAAGCATCTGTGTATACTAC

D175855 GGATGGCCTTTTAGAAAGTGG 145 2 55
ACACAGACTTGTCCTACTGCC

D175856 AAGGCAAGACTTCGTCGAGA 260 2 83
CATTCCCTGGTCCTGTGC

EDHI7B AAAGAAGCCAGCCCAGGATCAC 150 2 65
GGTCTCATGGCTAATGGGGTCC

EPB3 AGGGGCACCTGTGTTTAAGCAG 158 10 66
TCCACTGCCTGCAGGTACTGT

ERBBZ2 CTGGAATGGGAAGCA ~1100 10 60
GCCAGCAAAGAAATCTTAGACGT

GAS ATGCTAGTCGGTGTAGAGCCATG 297 10 67
TTGTACCTCATAGGGCTGCGTGA

GIP CTTGCTGGATCAGACAAACCT ~ 1960 2 65
CACAATGGGCTCGACTTAGCATAA

GP2B TCTCCGTCTTCTGTTACACCT 361 10 58
CCTACACTATTCTAGCAGGAGGGT

GP3A GCTAAATCATCCTTAGCCTTC ~165 2 58
AGCCATTGCTCCTAGTGGAG

MTBT! CAGCAAGCCCAGTGCAATAC 155 10 65
TGATCTCTTCTTTGGCCAGC

NGFR TTGTGTGTAAGTTTCAGGAGGGCC 348 10 64
GAAGGGACTAGGAGCACTGTAGTA

NME!? TTAATCAGATGGTCGGGGAT 1868 2 60
GATCTATGAATGACAGGAGG

PPY CCTTTCTCTCCCATGCATTTGGCA 258 10 64
TACACTGCCATGTTCTGCCCTGT

RNL2 GAAGAAGCACGGGTGTAAGA 160 10 60
TCCCACTCTCATCCACATTC

THRAI TGCTGATGAAGGTGACTGAC 359 10 87
CACACTGTCCTTTCCATAGC

TOP2A GGGAGAGTGATGACTTCCATATGGA 229 10 60

AACACCTTCCCCAAACTAAATTCAG

Note. Locus identification, sources of ST8s, and thermal cycling programs are detailed under Materials and Methods.

radiation breaks are uniform on the physical map (Cox small intervals are considered. Alternatively, since these
et al., 1990; Burmeister et al., 1991), it is possible that estimates have a basis in genetic distances, it is also pos-
nonrandom distribution of breaks will be observed when sible that these differences reflect variation in the fre-



TABLE 2
Retention Scores for Markers Flanking BRCA 1

Loci®

RH* 25¢ ERB THR TOP GAS 856 EDH 856 RNU PPY EPB GFP2 579 190 MTB 409 GP3 BTR GIP NGF 588 NME

|
I
|
|
|
i
|
|
|
I
|
|
|
I
|
|
|
)
|
I
|
|

I
I
|
|
|
!
|
|
|
|
|
f
]
|
|
!
|
|
|
)

+
|
|

[=
|

[=]

+
|
|
|
|
!
|
[
|
|
}
!
|
|
|
J

|
|
|
|
|
|
|
|
|
|
|
|
1
|
|
|
|
!
|
|
|
|

|
|
!
|
I
|
[
|
|
|
1
|
|
|
1

I
|
|
|
|
|
I

I+ + 1
|+ +
IR
|

H
?w%qgaqaam.hmw
1

o+ +

L+ 1

o+ 4+

o+ +

I+ o+

L1+ +

P+ o+

I+ + +

[+ + +

|+ o+

!
|
|
|
!

-
+
+
+
+
+
+
+
+

L+ 1+ + + |
+
+

bt D+
L+ 0+ 4+
[+ 1+ +
£+t
+ 1+ +
+ 1+ +

—
o
I
|
|
I
|
|
|
|

|
|
|
|
|
!
|
|
|
!

-
W
|
I
|
|
|
i
|
|
|
i
|
|
|
I
|
|
1
!
i
|
|
!

&
|
[
|
[
[
!
!
|
[
!
|
[
[
i
!
|

n

"

+

n

-+

+

16a
16b

+
+
+
+
+
+
+
+
+
+
+
+

|
(=]

|

!

|

|

|

|

|
|
|
|
|
|
!
|
|
|
1
|
|
|
|
|
|
|
l
|
1

18a

|
o+o 1+
+ 1
+ 1
|
+ 1
+ 1
+
+ o+
++
+ o+
S+ |
[
!
!
+
+ o+

I+ +
[

!

|

[

|

[
b+ o+
b+ o+
|+ +
+

<

+

o

:

|
|
|
|
1
|
f
|
i
|

|
|
1
|
|
|
|
|
|

|
!
|
(
{
|
!
|
1

[
|
1
|
|
|
|
!
|
|
|
!

L+ 1+ e+
|+
o+
|+
|
L
1
[
I+ +
|+ +
|+ +
I+ 4

|
!

L+ ++++++ 1+

R o IS S S B
f b+ o+
N
|+ + +
L+ + +
I+ + + |+ |
I+ o+
I+ + +
I+ + +
I+ + +

i
|+ +

o+ + +
++ 4+
++ 4+
++ 4+
++ 4+
+ 4+ +
o4+

bho

[=I=]
I+ +++++++ 1+ 1+
L+ ++ 4+ ++ 1+
L+ ++4 1+ + 1+
L+ +++ 14+ ++ 1+
R RN

|+ + + +
bt

!
|
f
1
|
|
i
|
|

S+ + A+ttt
.

]
%
|
1

|
I
Lo
|
|
|
i
[
!
!
[
[
I+ +++ 1 ++1

+
+
|

|
+ oo |
|
|
)
|
|

4

+

+

+

4

+ @ |

-+

I+ i ++++ 1 ++ |

I+ o+ +
!
I+ 4+

|
1

]
(3]
(=
L+ + 1
-+

!
I+ + 1
+ 4+ +
4+ + +
I+ + o+

!
|
|
|
|
|
|
|
|
|

L+t b+ ++ |+ +
P+ L+ A+

4
I+ +
|+ +

=

™

-]
|

|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
!
|
|
l
i

|
|
|
|
|
|
|
|
|
|
|
|
|
[
|
|
|
!

+
+
+
+
+
+
+

I+ + |
I -+
I+
|
|
I
|
|
!
+

0+
+ 4+ 4+
4+ 4

I+ ++ 1+
I+ ++ 1+
A+
1+

(4 4+
I+ ++ 1+
b+ 4+ 1+
I+ ++ 1+

o+ F o+t
e ik 2 B S

4+ 1+
b+
b+

on

(=]
O T T S S e
++ 4+

I+ 4+ + +
L+ +++
b+ o+ + 4+
I ++ o+
|+ + + +
P+ o+
P+ +o+ 1 +++

64a
66
67
68
69
70
71
72b
72c
73
T4b
75
76a

|+ 4+ + + +
N
+h o+
A+
I+ + 4+ + 1

|

R R
R e T T I o S AR A St N B
I T S e B A L I e
R o 2 o T T SIS ISR S IS
s Tk T T 2 T S SIS S IR A
i T S T SN A ISR S ISR
R s Sk ST S S S B S A

O T S R e o R s

+++ 4+ 4
s I i S S S
s JE IR S S TR AR
R b Sk R S S

A o R o T T e

i S SIS A

SR T Tk IE A S A

N L iy

+ o+

[+ 4+

[+ o+ ++ 1

I+ + + +

I+ 4+ + +

R I Tkt I SE R

Note. Symbols indicate that the locus was typed and either present (+), absent {—), or could not be typed (0).

? RH, radiation hybrids. Scores for only the 63 clearly independent hybrids are shown.

® All numbered loci have the prefix D17S. ERB, ERBB2; THR, THRAI; TOP, TOP24; EDH, EDHI7B; RNU, RNUJ/2; EPB, EPB3; GP2,
GP2BE; MTRB, MTBTI; GP3, GP34A; NGF, NGFR.
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(cen)
* Rel.
¢R 5000 freq.
D175250 0.667
17
ERBB2 0.587
10
THRAI 0.561
RARA
TOP2A 0.581
10
GAS 0.556
oy
=3 10
Sé EDH17B,D175856 0.571
€
e D178855 0.566
7
RNTZ2 0.581
3
pPY 0.587
— 3
EPB3, GP2B,D178579 0.603
3
D178190 0.587
10
MTBT1 0.540
4
D178409 0.508
33
GP3A 0.444
30
BTR 0.435
14
GIP, NGFR 0.468
7
D173588 0.476
14
0.516

(tel)

FIG. 2. Comprehensive RH map of the BRCA I region of chromo-
some 17g12-q21. The most likely order for all tested loci determined
by multipoint maximum likelihood analysis of the marker retention
data is shown, Estimated distances in c¢Rp between adjacent loci
and marker retention frequencies (Ret. freq.) are also shown. The
region considered most likely te contain BRCA!I by genetic linkage
analysis (Bowcock et al,, 1993; Chamberlain et al,, 1993} is shown to
the left. The loci THRAL and TOP2A could not be ordered by our
panel of radiation hybrids; the order shown is based upon mapping
these markers using FISH (Flejter et al., 1993) and relative to a trans-
location breakpoint at the RARA locus (Chandrasekharappa et al., in
preparation). Otherwise, RARA was not included in the RH analysis
and is thus not regarded as a component of the comprehensive RH
map.

quency of genetic recombination in the two subregions,
or simply reflect random experimental variability in any
of the distance estimates. The length of the interval
most likely to contain BRCAI (THRA1-D178579) is es-
timated to be only 39 cR g0y - Using the relationship of
50 kb/cRgue, the size of this critical interval is esti-
mated to be roughly 2000 kb, although allowance for po-
tential variation in this relationship suggests that the
estimated size could range between 800 and 3500 kb,
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RH mapping, particularly when combined with other
mapping techniques, thus represents a powerful tool for
analyzing large chromosomal regions. The overall con-
sistency between our RH maps and other reports sug-
gests that this panel will be a valuable resource for the
rapid mapping of new markers which derive from chro-
mosome 17ql2-q21. Screening the panel with a new
marker and obtaining likelihood ratios for candidate in-
tervals on the framework map are possible within sev-
eral days. We have found that the use of a small subset of
carefully chosen hybrids can now be extremely useful for
excluding from further analysis those markers which do
not derive from the well-characterized region. The order
of genes and polymorphic markers obtained from RH
mapping will assist in efforts both to narrow the critical
region containing BRCAT and to exclude candidate dis-
ease loci. Also, knowledge of marker order and distance
estimates will facilitate the development of a physical
map of this region, including the construction of contigs
of cloned genomic DNA segments. It is anticipated that
with further characterization, this panel should also
provide a useful resource for mapping other regions of
human chromosome 17.

Framework Loci
(CRSOO())
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;

(16}
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(10}
GAS THRAITOFP2A
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D175409‘ MTAaTI

29
GP3A
(33
BTR
9 124
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1

FIG. 3., Framework RH map of the region 17q12-q21. Likelihood
ratios of at least 1000:1 support the order shown for the 10 loci in bold
type. Numbers in parentheses indicate the estimated distances in
¢Raoon between adjacent framework loci, The likelihood estimates for
placement of the remaining markers within the framework map are
also shown. A value of 1 identifies the most likely interval to contain a
particular marker; values for other candidate intervals are the likeli-
hood ratios against localization of that marker in each respective in-
terval,
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