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The Werner syndrome locus {(WRN) is located at
8pl11-pl12, To facilitate eventual cloning of the WRN
gene, a 10,000-rad radiation-reduced hybrid (RH) cell
panel was generated to map genetic markers, se-
quence-tagged sites (STSs), and genes in this region.
A hamster cell line carrying an intact human chromo-
some 8 was fused with another hamster cell line. Two
sets of hybrid cell panels from 2 separate fusions were
generated; each panel consisted of 50 independent
clones; 33 and 34 cell lines from the 2 fusions retained
human chromosome material as determined by inter-
Alu PCR. The combined panel was genotyped for 52
markers spanning the entire chromosome, including
10 genes, 29 anonymous polymorphic loci, and 13 STSs.
Seventeen of these markers have not been previously
described. Markers near the centromere were retained
at a higher frequency than more distal markers. Fluo-
rescence in sifn hybridization was also used to localize
and order a subset of the markers. A RH map of the
WRN region was constructed using a maximum likeli-
hood method, giving the following most likely order:
D&Ss131 - DBS339 (GSR) ~ D8S124 — DRS278 - D8S269 -
(D8S71) - D8S283 - D8SKT - DES105 - D8S135 (FGFR1) -
D8S136PB-1D8S255-ANKI1. A genetic map of 15 short
tandem repeat polymorphic loci in the WRN region
was also constructed. The marker orders from the ge-
netic and RH maps were consistent. In addition, an
integrated map of 24 loci in the WRN region was gener-
ated using information from bhoth genetic and RH
mapping methods. A 1000:1 framework map for 8 loci
(LPL-D8S136-D8S137-D8S87-FGFR1-ANK1) was de-
termined by genetic mapping, and the resulting locus
order was fixed during analysis of the RH genotype
data. The resulting integrated map contained more
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markers than could confidently be ordered by either
genetic or RH mapping alone. © 1994 Academic Press, Inc.

INTRODUCTION

Werner syndrome (WS) is a rare autosomal recessive
disorder with a complex phenotype that may have com-
ponents related to aging. WS subjects prematurely de-
velop some of the physical features normally associated
with aging, inchuding gray hair, baldness, and skin at-
rophy. They also develop some of the major diseases of
the elderly, including diabetes mellitus, several forms
of heart digsease, some henign and malignant neo-
plasms (particularly sarcomas), cataracts, and osteopo-
rosis (Epstein et al., 1966; Tollefsbol and Cohen, 1984).
In vitro studies of fibroblast growth characteristics also
suggest that WS may be related to aging. Primary fi-
broblasts from young donors are capable of undergoing
more doublings prior to senescence when compared to
cells from older donors. Fibroblasts from WS subjects
have a imited growth potential and thus resemble cells
from older donors (Salk ef al., 1985). This alteration in
growth potential may be related to the hypermutator
phenotype observed in WS fibroblasts (Fukuchi et al.,
1989, 1990). Recently, the WS gene (WRN) was as-
signed to human chromosome 8pll1-pl2 by conven-
tional linkage analysis (Golo ef al., 1992). This localiza-
tion was confirmed using an independent family set
and homozygosity mapping methods (Schellenberg ef
al., 1992a). The most likely location reported for the
WRN locus was between D8S87 and ankyrin (ANKI,;
Goto et al., 1992; Nakura ef al., 1993); D83339 is the
closest known marker (Thomas et al., 1993).

In addition to WRN, loci for at least 8 other diseases
have been mapped to chromosome 8. For 2 of these, the
responsible genes have been identified. Mutations in
ANK1 (8p11.1-p21.1) are responsible for hereditary
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spherocytosis (Lux et al., 1990), and mutations in lipo-
protein lipase (LPL) are involved in familiar hyperlip-
idemia type 1 in some families (Heinzmann et al.,
1991). Other disease loci localized to chremosome 8 in-
clude branchio-oto-renal syndrome at 8q11.2-p12 be-
tween D85260 and D85279 (Smith et al., 1992; Kumar
et al., 1992}, tricho-rhino-phalangeal syndrome type II
{(Langer—Giedion syndrome), and multiple exostosis at
8q24.1 (Parrish et al., 1991; Cook et al., 1993), retinitis
pigmentosa (RP1) at 8q12-q21.3 (Blanton et al., 1991},
Charcot—Marie—Tooth type 4 (CMT4) at 8q13—q21.1
between D8S279 and D8S84 (Ben Othamane et al.,
1993), and benign familial neonatal convulsions (epi-
lepsy, benign neonatal, EBN2) at 8q24 (Lewis ef al,,
1993). Putative loci for prostate, colorectal, and lung
cancers at 8p21-p22 have been suggested by loss of
heterozygosity of this region in some tumors (Cunning-
ham et al., 1993; Chang et al., 1994a).

Several genetic maps of chromosome 8 spanning the
WEN locus have recently been published (Tomfohrde
et al., 1992; NIH/CEPH Collaborative Mapping Group,
1992; Emi et al., 1992, 1993; Weissenbach et al., 1992),
Although some regions of chromosome 8 are densely
covered, gaps without polymorphic markers exist (e.g.,
telomeric to D8SKT). To improve the information about
marker order and spacing in the WRN region, we gen-
erated a chromosome 8 radiation hybrid (RH) panel.
A high density of markers in the WRN region were
genotyped, including polymorphic loci, genes, and se-
quence-tagged sites (STSs). A genetic map of 14 short
tandem repeat polymorphic (STRP) loci in the WRN
region was also constructed. The resulting maps will
facilitate locating new markers in the WRN region and
eventual cloning of the gene. Also, the RH panel will
be useful for mapping other regions of chromosome 8.

MATERIALS AND METHODS

Cell lines and culture conditions. GM10156B 1s a Chinese ham-
ster—human hybrid cell line containing human chromosome 8 as the
only human chromosome, Examination of metaphase chromosomes
showed 1 intact human chromosome 8 per cell in all cells examined
(n = 20). GM459A is a near-diploid Chinese hamster cell line defi-
cient for hypoxanthine-guanine phosphoribosyl transferase (HPRT)
activity. Both cell lines were obtained from the NIGMS Human Cell
Repository (Camden, NJ). GM10156B was maintained in Ham’s
F12D medium supplemented with 6% dialyzed fetal calf serum (FCS)
(Gibco-BRL}, 3 x 107® M hypoxanthine, and antibiotics. GM459A
was maintained in Dulbecco’s modified Eagle's medium (DMEM)
supplemented with 10% FCS, 6 ug/ml 6-thicguanine, and antibiotics.

RH cell lines were produced as previously described (Cox et al.,
1989; Siden et al., 1992). Briefly, GM10156B and GM459A (2 x 107
cells each) were trypsinized, washed, and resuspended in 10 ml of
serum-free DMEM. GM10156B cells were exposed to 10,000 rads of
y-irradiation at 2 rads/s on ice. After irradiation, the cell lines were
mixed, collected by centrifugation, and fused in 0.5 ml of 50% (w/v)
polyethylene glycol-1000 for 1 min. The fused cells were washed and
incubated at 37°C for 90 min in 5 ml of DMEM. After centrifugation,
eells were resuspended and plated in 60 X 100-cm* dishes in DMEM
containing 10% FCS, 100 uM hypoxanthine, 1 pM aminopterin, and
12 pM thymidine (HAT). HAT medium was changed every 8—7 days
for 3 weeks. For each fusion, 720 HAT-resistant colonies were iso-
lated using cloning cylinders and transferred to 24-well plates. For
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the 1st fusion, cuitures in 41 wells became confluent and were ex-
panded and analyzed; 24 of 41 (59%) contained human sequences
(either inter-Alu positive or positive for another human marker,
ANK1). For the remaining wells, the culture was maintained for an
additional week in medium containing 1/10 concentration of HAT;
after 1 week, clones in 62 wells were confluent; 8 of 62 (13%) were
Alu-positive. These results indicated that reducing the HAT concen-
tration did not yield additional hybrid clones, but probably allowed
HPRT" cells to grow. Thus, for the second fusion, only cells grown
in 1x HAT were expanded and analyzed; 34 of 50 (68%) were Alu-
positive.

Polymerase chain reaction (PCR) and genotyping analysis. Geno-
mic DNA (100 ng) was amplified by PCR in 50 mM KCI, 10 mM
Tris—HCI, pH 9.0, 1.0-3.0 mM MgCl; (depending on the primer set
used}, 0.1% Triton X-100, 0.2 mM dNTP, and 1 U Tag DNA polymer-
ase in a final volume of 25 ul. Thermocycling conditions were as
follows: an initial denaturation step at 94°C for 5 min; 3 amplification
cycles at 94°C, 45-60°C (depending on the primer set), and 72°C for
1, 1, and 2 min, respectively; 30 amplification cycles at 94°C, 45—
60°C {depending on the primer set used), and 72°C, for 0.5, 0.5, and
1 min, respectively; and a final extension step at 72°C for 10 min,
Reaction preducts were separated by electrophoresis in 3% NuSieve
agarose gel electrophoresis in 1X TBE. Bands were visualized by
ethidium bromide staining. Analysis of PCR products was also per-
formed using 3*P-radiolabeled oligonucleotide primers as previously
described (Schellenberg et al., 1392h). For loci used for RH map
construction, the analysis was repeated at least 2 times. Controls of
rodent DNA from the original cell lines used for the fusions were
included to determine whether the PCR reactions were specifically
amplifying human sequences. Inter-Alu PCR was performed as de-
scribed by others using a combination of primers Alu TC-65 (Nelson
et al., 1989) or L1Hs (Ledbetter et al., 1990). These primers gave no
signal with hamster DNA, PCR primers for specific loci are described
or referenced in Table 1.

Multipoint mapping of the radiation hybrid data. The chromo-
some 8 radiation hybrid mapping data were analyzed using a
multipoint maximum likelihcod method (Boehnke et al., 1991). X-
ray breakage was assumed to occur at random along the chromo-
some, and the resulting fragments were assumed to be independently
retained in each radiation hybrid. In the N-locus case, the liketihood
of the radiation hybrid data is a function of the N-1 breakage proba-
bilities between adjacent loci and one or more fragment retention
probabilities. We made use of data on all loci simultaneously, includ-
ing information on partially typed hybrids,

To describe the different fragment retention probability models,
let ry; be the probability of retaining a fragment on which only loci {
< i+ 1< - «jare present. We considered two such models. In
the first, all fragment retention probabilities are assumed to be equal
(ry =rforalli = j). In the second, we allow for a gradient in retention
along the chromosome by setting ri; = r; and ry = rp (1 < i), as
suggested by the gradient in observed retention probabilities for
these data (see Results).

For each model, and for a given locus order, breakage and retention
probabilities are estimated by those values that maximize the likeli-
hood for the radiation hybrid mapping data. Orders can be compared
by their maximum likelihoods, the order with the largest maximum
likelihood being best supported by the data. For a given order, models
can be compared by a likelihood ratio test.

Since it is not practical to consider explicitly all 12! =~ 5 x 10® or
21! = 5 X 10'® orders for the sets of 12 (Figs. 1 and 2, Table 3) or
21 loci (Figs. 4 and 5) used for RH map construction, we used a
stepwise locus ordering algorithm to identify the best locus order
{Boehnke et al., 1991). This algorithm builds locus orders by adding
one locus at a time. At each stage, it keeps under consideration those
partial locus orders no more than K times less likely than the current
best partial locus order. We carried out stepwise locus ordering for
both theoequal and the centromeric models for the 12 or 21 loci with
K = 10",

Stepwise locus ordering results in a list of the locus orders with
the largest maximum likelihoods. To construct a framework map of
loci, we begin with those loci whose positions are consistent among
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all locus orders with maximum likelihoods no more than 1000 times
smaller than that of the best locus order. We first note whether these
loci can be ordered at 1000:1. To those loci that can, we add any
other loci whose best position gives a locus order maximum likelihood
at least 1000 times greater than their next best position. The re-
maining markers are then added to the framework map one at a
time to determine the possible positions for each and the relative
maximum likelihood for those positions.

To integrate the information from the RH and genetic linkage
mapping studies, we repeated some of the RH mapping analyses. In
these repeat analyses, we considered only those locus orders in which
the orientation of 6 loci agreed with their order in the 1000:1 linkage
framework map. The purpose of this approach is to combine informa-
tion from the 2 locus ordering methods and to achieve accurate order-
ing of as many loci as possible.

Fluorescence in situ hybridization (FISH). Cosmid DNA was la-
beled with biotin or digoxigenin either by nick-translation (Gibeo-
BRL) or by random priming {Boehringer Mannheim}, yielding prod-
ucts between 200 and 400 bp. The cosmid probes were precipitated
in the presence of human COT-1 DNA (Life Technologies) and prean-
nealed for 4—6 h at 37°C. The hybridization was carried out as pre-
viously described (Edelhoff et al., 1994). Biotin-labeled probes were
detected with an avidin-Texas red conjugate (Boehringer Mann-
heim), while digoxigenin-iabeled probes were detected with anti-di-
goxigenin—fluorescein (fluorescein isothiocyanate, FITC) conjugates
(Vector, Burlingame, CA). The chromosomes were banded using
Hoechst 33268-actinomycin D staining. The chromosomes and hy-
bridization signals were visualized by fluorescence microscopy, using
a dual band pass filter (Omega or Chroma, Brattleboro, VT). Each
hybridization was performed a minimum of 2 times, and 20-50 cells
were examined for each probe (Chang et al., 1994b), Cosmids used
in this study were from an arrayed chromosome 8 library constructed
fram flow-sorted chromosomes (Wood et al., 1992 from L. L. Deaven,
Los Alamos National Laboratory).

The FISH mapping data were analyzed using the Bayesian ap-
proach of Guo and colleagues (Flejter ef al., 1993; Guo et al., 1994).
In brief, this method assumes that the number of incorrect orderings
for a locus pair follows a hinomial distribution with error probability
# and that ¢ is uniformly distributed on the interval 0 < 6 < % Based
on these assumptions and the observed data, we then calculate the
posterior probability of correct or ineorrect ordering. Since, generally,
error probabilities are well less than %, this method tends to slightly
underestimate the true posterior probability of correct ordering when
the number of spreads is small.

Genetic map construction. The genetic maps were constructed
with data from the CEPH families using the computer program CRI-
MAP. Genotyping data were obtained from the CEPH Version 6 data-
base for Généthon markers (Weissenbach ef al., 1992), from the data
set described previously (Tomfohrde et al., 1992}, and from typing of
additional CEPH families at Seattle using methods described pre-
viously (Schellenberg et al., 1992b}.

RESULTS

RH panel construction and marker analysis. The
chromosome 8 RH panel was generated in 2 separate
fusion experiments. Fusion 1 yielded 103 hybrids, and
fusion 2 yielded 50 hybrids. The presence of human
DNA fragments was assessed by inter-Alu PCR; 32 of
103 cell lines and 34 of 50 cell lines were positive for
fusions 1 and 2, respectively. The RH panel was geno-
typed for 52 loci (Tables 1 and 2), including genes, poly-
morphic loci, and STSs. These markers spanned the
entire chromosome. Genotypes for loci used in RH map
construction were determined at least twice. Initially,
all cell lines from fusion 1 (Alu positive and negative)
were genotyped for D8S87, D85255, D8S259, D8S268,
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D8S278, D8S283, and ANKI1. Of the 71 Alu-negative
cell lines, only 1 was positive for a single marker
(ANK1). In subsequent experiments from fusion 1, only
Alu-positive cell lines were used, with the exception
that the single Alu-negative, ANK1-positive line was
also included. For fusion 2, only Alu-positive cell lines
were used for genotyping.

RH marker retention patterns. Five pairs of loci
gave identical retention patterns (D8S131/APOJ, D8S-
339/GSR, D88259/D8S71, D8S135/FGFR1, and D8-
S597/D85598), suggesting that these markers are
closely linked. For two of these pairs (D85135/FGFR1
and D835597/D85598), single cosmids were identified
containing both markers, confirming the close physical
association of these loci. To facilitate subsequent RH
map construction, genotype data from only one of each
pair were used.

The observed locus retention frequencies ranged
from 0.12 to 0.54 (Table 2). The retention pattern of
the two fusion panels appeared quite similar. Formal
tests of heterogeneity revealed no evidence for hetero-
geneity between the two panels (see below). Thus, for
all subsequent work, data from the two panels were
pooled. Markers surrounding the centromere have a
higher retention frequency compared to telomeric
markers. Markers spanning the centromere (GSR at
8p12to D8S166 at 8312, Fig. 1 and Table 2) have reten-
tion frequencies from 0.30 to 0.54, while retention fre-
quencies for the remaining more telomeric markers
range from 0.12 to 0.31. Higher retention frequencies
for centromeric markers have been observed previously
for several RH panels (Cox et al., 1990; Ceccherini et
al., 1992; Gorski et al., 1992; Tamari et al., 1992).

Somatic cell hybrid panel. A somatic cell hybrid
panel (Wagner et al., 1991) was genotyped for some of
the markers (Table 2). This panel can be used to resolve
chromosome 8 into 9 regions designated A-I (Fig. 1).
The WRN region, as defined by D85S87 and ANK1, is in
region C. The panel was genotyped for 15 loci, including
genes (NAT2, LHRH, and XPACID), STSs (D85116),
STRP loci (D8S598, D8S599, DRSE00), and anonymous
expressed sequence-tagged sites (ESTs; DE8S288E,
D8S289E, D8S291E, D3S292E, D8S294E, D8S295E,
D8S297E, and D8S340E). Some of the other loci used in
this study had been genotyped and assigned to specific
regions by others (Table 2). Markers determined to be
in the C region using the somatic cell hybrid panel or
by FISH or colocalization of loci on a common cosmid
clone {D85135 and FGFR1) were used for subsequent
RH map construction.

Multipoint analysis of RH genotype data. We fo-
cused our initial analysis on markers in the C region,
close to the WRN locus (markers inclusive of and be-
tween D85S131 and ANKI, Table 2; see also Fig. 1 for
a list of markers used). Both the equal and the unequal
retention models gave the same best locus order. The
unequal retention probability model fit the data sig-
nificantly better than the equal retention probability



INTEGRATED MAP OF CHROMOSOME 8p11.2-p21.3

103

TABLE 1

PCR Primers for Chromosom: 8 Markers

PCR product  Conditions
Locus Primers (5" to 3" size (bp) (MgCl;, °C) Reference
Genes
Defensin 1 (DEF) TGC AGA ATA CCA GCG TGG ATT GC 142 3.0, 60 Daher et al.,, 1988
AGC AAT TCC CTG TAG CTC TCA AAG C
Catepsins B (CTB) AAA AGA TCT AAT CTG CCG TGG GCC 107 1.5, 65 Chan et al., 1986
CCT GCC TGA AAC TTG TAT CTT ACG T
N-Acetyltransferase (NAT?2) CTC TCA CTG AGG AAG AGG TTG AAG 135 1.5, 55 Ohsako and Deguchi, 1990
CAT CAC CAG GTT TTG GCA CGA GA
Surfactant protein 2 (SFTP2) GAG GAG AGC ATA GCA CCT GCA G 133 1.5, 60 Glasser ef al., 1988
GAG GAG GCA GGG CCA TCA CAC A
Luteinizing hormone releasing CCT GGT GCC AAA AAG GTT GG 161 2.0, 57
hormone (LHRH) TTG CAG TGA GCC GAG ATT GC
Glutathione reductase (GSR) TTT CTC GGG CTT GGA AGT CAG CA 126 1.5, 65 Tutic et al., 1990
CTC AGG TCC TTG GTA TTC GGG A
Fibroblast growth factor GCT TTG CTG ACC AAA TGC CTG G
receptor 1 (FGFR1) GAT GGG TAA ATC TCT GGT AAC G 190 1.5, 58 Itoh et al., 1990
Short tandem repeats
D8S597 GAR BAG TCT GGT TTC TGG TCC 148 5.0, 55
ATG AGG TAT ATA TTG TTA TCT CC
D85598 CCT TTC TCA GAT GTC CTC ACG 219 2.0, 55
GGG CAA CAG AGC BAG ACT CC
D&s599 CTT TTC TCT TGG GTC TTC GTC G 168 2.0, 55
AAC ACA ATC TTG ACT CCA CCC
D8s600 CAT TPT TGT TCAR AGG AGA CTG G 169 2.0, 57
GTT TTG ATT AAG GTC CAA GTT GC
D8s116 TAC CCT CTT CCT TTA GTG TGG 230 1.5, 55
GCA CTT ACT TGG TAG TGA AGG
D8S135FPB ACC TAA BAAC CCT GTT CAC 162 1.5, 55
GAC TGA GGG GCG TTG GTA C
Sequence-tagged sites
D8sT1 TGG GTA TCT CAC CAA TGA CCG 323 1.5, 55
TTG GTA CGC CAC AAG TGA TGC
D8594 TAT CTC CTC GGA ATG AAG TTC C 289 1.5, 55
TPT GGR AARA TCT GAT GGC TCC C
D8S105 TTC CTG ATT GGA CAT TGA CTG G 147 1.5, 56
GCA GTA GCT CAT GTT CCA TTG G
D85124 TCC AAA GGT TTA TCA CCC ATC C 260 1.5, 55
CTC AGG AAG GAG ACA CAT AAG C

Note. Primers for DEF, CTB, NATZ, SFTP2, GSR, and FGFR1 were designed from published sequences. Segments of DNA clones pL8-
22, pL8-42, pBS8-91, PBS8-132, and PBS8-163 were sequenced to generate a STS for D8S71, D8S94, D8S105, DES116, and D85124,
respectively. For LHRH, a CA-repeat track was identified in a cosmid clone containing this gene, and flanking primers were designed. The
CA track was not polymorphic. For all other loci tested, published primer sequenczs were used: ANK1, D8S7, D8S84, D8S85, D8387, DRSE8,
D8S135, D85137, D85164, D85165, D8S166, D8S167, D8S198, D8S199, D§S200, D8S201, and LPL (GZ14/15) are from Tomfehrde ef al.
(1992); D85339 is from Thomas and Drayna (1993); D8S255, DBS259, D8S268, D8S278, and D8S283 are from Weissenbach ef al. (1992),
see Genome Database (GDB), Welch Medical Library, Johns Hopkins; D8S288E, D8S289E, D8S291E, D8S292E, APOJ (D8S293E), D8S2ME,
D85295E, DES297E, and D8S340F are from Adams et al. (1992), see GDB; D8S131 is from Weber ef al. (1990); D83136 is from NIH/CEPH
Collaborative Mapping Group (1992), see GDB; XPACII is from Kaur ef al. (1992).

model (x* = 11.35, df = 1, P < 0.0008), consistent with
our observation of decreasing retention with increasing
distance from the centromere. Table 3 presents the five
locus orders with maximum likelihoods no more than
1000 times less than that of the best locus order under
the unequal retention model. Locus orders are pre-
sented in only their most likely orientation. The best
comprehensive map under the unegual retention prob-
abﬂity model spans 200 CRIO,UOO (Where 100 CRIO,UOU is
the distance corresponding to 1 expected radiation

break per hybrid given a radiation dose of 10,000 rad)
and is presented in Fig. 1, along with the distance esti-
mates between loci, observed locus retention probabili-
ties, and locus retention probabilities predicted by the
unequal retention model. For comparison, distances es-
timated under the equal retention model also are pro-
vided. From these data, we constructed a framework
map of 8 loci for which the markers are ordered at
1000:1 maximum likelihood ratio (Fig. 2). The addi-
tional nonframework markers could be placed in 1 of
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TABLE 2

Location of Chromosome 8 Markers, Retention Frequencies (%) in RH Cell Lines,
and Markers Used for Meiotic Mapping

Retention frequencies (%)
in RH cell lines

Somatic cell Cytogenetic Loci used for
Locus 1st set 2nd set Total hybrid region location (FISH) meiotic mapping
D&s201 24 24 24 A
Dgs7 21 26 24 AT 8p23
D8S289E 21 24 22 AP
DEF 27 32 30 A 8p23—p22°
CTB 12 26 19 8p22°
D8S599 18 29 24 B*
NAT2 24 29 27 B¢ 8pter—qll°
D8S297E 24 32 28 B*
D8S294E 30 32 31 B
LPL 27 24 25 B® 8p22° +
SFTP2 24 24 24 c? 8p°
85136 21 21 ce 8p21° +
LHRH 27 24 25 C? 8p2l1-pl1.2°
185137 24 24 24 Ce 8p21° +
APOJ 21 21 21 8p21-pl2
D8s131 a1 18 19 ce 8p21° +
Dgs339 30 35 33 +
GSR 30 35 33 ce 8pl2°
D8s124 30 35 33 ce 8p23-qll
D8s278 30 33 31 +
D8aS259 33 35 34 +
DasTl 33 35 34 ce 8pter—q22
Dgs283 33 38 36 +
DEsRT 36 42 39 ce 8pl12° +
Das105 33 35 34 ok 8p23—-ql1
FGFR1 30 30 8p1% +
D8s135 30 44 37 [ 8pll.2°
D85135PB 36 36
83255 44 50 46 +
ANK1 45 44 45 ce 8pll1.2° +
DRS268 52 47 49 c* +
D8S291E 42 41 42 ct
18594 52 53 52 ce
D8S292E 52 56 54 ct
D8S165 36 32 34 E-
D8S166 33 32 33 E*
DB8288E 27 29 28 F*
D85164 18 32 27 F*
D8sg4 18 35 28 Fa 8q13—q21.2
D8S8340E 15 18 16 Fe
D8S167 21 12 16 G*
D&ss8 27 15 21 G*
DBS600 18 15 18 H?
DBS295E 18 24 21 *
D8S200 24 21 22 I*
D8Ses 30 a1 26 I° 8q21-q22
D&S116 18 20 19 Iy 8p23—qll
D8S597 21 21
D8S598 21 29 25 g
D8s199 18 24 21 I®
D85198 12 21 16 I=
XPACII a 15 12

Note. Markers are listed in the approximate order in which they oceur, starting with the telomeric region of 8p and extending to the
telomeric region of 8q.

* From Wagner et al. (1991) and Tomfohrde e al. (1992).

£ Location determined as part of this study by PCR analysis of a somatic cell hybrid panel (Wagner ef al., 1991).

“From Sparkes et al. (1989) (DEF), Fong et al. (1892) (CTB), Blum et al. (1990} (NAT2), Mattei et al. (1993) (LPL), Fisher et al. (1988}
(SFTP2), Williamson et al. (1991) (LHRH), and Ruta et al. {1989) (FGFR1). The locations of the other markers were taken from GDB.

¢ Westbrook et al. {1993).

¢ Determined by FISH analysis.
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FIG. 1. Chromosome 8 and a comprehensive RH map of WRN

region. The letters A—I are regions defined by the somatic cell hybrid
panel described by Wagner et al. (1991). Numbers between loci indi-
cate the distances in cR,pg9, for the unequal retention model, with
distances under the equal retention model given in parentheses. The
righthand-most column gives observed locus retention probabilities
(ROBS) and estimated locus retention probabilities for the unequal
retention model (REST).

2 intervals. The framework map had a total length of
190 cRig000. The difference in map length between the
comprehensive and framework maps suggests that
there may be some inflation of map length due to errors
in the genotyping data.

RH map construction was also attempted using all
of the markers listed in Table 2. However, the loci order
obtained was grossly inconsistent with regional local-
izations obtained with the somatic cell hybrid panel
and with other mapping techniques. The inability to
order the entire marker set was due to the combined
effects of the large spacing of markers outside of the
WRN region and the limited number of hybrid cell lines
available.

Genetic analysis of chromosome 8 markers. A ge-
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Likelihcod ratios for
non-framework loci

Framework
loci

D8S131/APOJ
51.4 (54.0)
DBS339/GSBR
| 32.2 (36.7)
pRg27s
| sst08
DBS283
| 22000
D8587
| 23.9 (26 1)
D85105
27.9 (30.5)
D88135/FGFR1
| a7 (33.9)
ANK1

13

08s124

D8s259/08571

347

1 1

265
5(;1 DB5135PB 48;| 08s

FIG. 2, Framework RH map of the WRN region. The framework
map for the unequal retention method is given in the center column
with distances in cR g g0 given between each marker; distances under
the equal retention model are given in parentheses. Likelihood ratios
of at least 1000:1 support the framework order shown. For nonframe-
work markers, potential intervals are given on the right side of the
figure; 1 indicates the most likely interval, and the second value for
a marker indicates likelihood ratios against localization in a given
interval.

netic linkage map of the WRN region was constructed
using data from 13 STRP (Table 2} loci. Markers used
included loci from 2 previously published, independent
genetic maps (Weissenbach et al., 1992; Tomfohrde et
al., 1992), and new STRP markers not previously
mapped (D8S131 and FGFR1, Yu et al, 1994ab;
D88S339, Thomas and Drayna, 1993). FGFR1 was used
in place of D8S135 since the former is substantially
more polymorphic and both are present on the same
cosmid. Additional families were also genotyped for
Généthon markers D8S283, D8S259, and D8S278
{(Weissenbach et al., 1992). The resulting female, sex-
equal, and male maps are presented in Fig. 3 and maxi-
mum likelihood ratios supporting these orders are
given in Table 4. The following markers could not be
unambiguously ordered by linkage analysis because no
recombinants were chserved between them (Table 4):
D85131 and D8S137; D8S87, D8S278, D8S259, and

TABLE 3
Locus Order for WRN Region Loci Assuming Unequal Marker Retention

Likelihood
Rank ratio Locus order
1 1 DSS131 D8S339 D8S124 DRS278 D8%259 D8S283 DBS8T Das105 DsS135 DSS135PB DBS255F  ANKI
2 13 D8S131 DBS124  D8S5339 D8S278 Dals259 Dak283 DESs7 D8S105 D8S135 D8S135PB DBS255 ANKI
3 347 D8S131 D8S339 D8S124 D8S278 D8S283  DB8S259 D8S87 D8S105 D8S135 D8S135PB D8S2556 ANK1
4 9567 D8S131  D8S339 D8S124  Das278  DAS25% DAS283  D8S8sT  D8S105 D8S5135 D8S135PB ANKL D83255
5 988 D8S131 DBS339 DABS124 DBSZT8  D8S259 DES283  DASKT  DAS10s  DSS135 D255 ANK1 DBS135PB

Note. Underlined loci are in a different order compared to the most likely order.
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Female Sex -equal Male
T~ LPL LPL LPL
4.9 3.8 3.0
T ——————— DB85136 / 085138 085136
11.1 —— 7.4 4.5
D8S137 085137 D83137
1.6 0.9 1.8
085131 T DBS131 DBS131
12.2 6.7 0.5
=4 D83359 DBS339 -+ D8s8339
T 0.0 1.8 2,2
D8s87 = 08387 T D8s87
0.0 0.0 0.0
D8S278 D8S278 | D88278
0.0 0.0 i 0.0
DB5259 + 085259 =+ D85259
0.0 - 0.0 B 0.0
- D8S283 D8s283 T D85283
a.7 T \ 25 1.7
- —— . FGFRT -+ FGFR1 FGFR1
T 6.8 1 \ 2.8 0.0
D8S256 088255 DBS255
/ 3.0 2.1 0.0
- ANK1 ANKA ANK 1
1 < 0.0 0.0 0.0
0Bs268 D&S268 Dgs268
43.2 cM 27.7 cM 13.7 cM

FIG. 3. Comprehensive genetic maps of the WRN region. Male, sex-equal, and female genetic maps are presented along with the total
distances for each map. Distances between markers are given in ¢cM and were computed with the Kosombi interference function. Genotypes
for GZ14/15, LPL5GT, and LPL3GT, which are 3 different STRP loci at the LPL locus (Tomfohrde ef al., 1992), were haplotyped. The map
presented is the best order and is not a framework map since for some markers, the computed odds supporting inversion of adjacent markers

were not 1000:1 for all loci (Table 4).

D8S283; ANK1 and D85268. However, by examining
crossovers, D85137/D85131 could be located between
D8S136 and D8S339, and ANK1/D8S268 proximal to
D8S255. Also, in the center of the map, D8S87/D85S278/
D85283 could be placed between D8S339 and FGFR1
on the basis of at least 1 clear crossover event, and
similarly D8S259 could be placed between D8S131/
D85137 and FGFR1.

FISH analysis of chromosome 8 markers. To con-
firm further the locus order obtained from RH mapping
and to anchor the RH map to specific chromosome 8
bands, FISH analysis of some loci was performed.
Seven loci corresponding to 2 genes (ANK1 and GSR),
and 5 STRP loci (D8SR7, DRS131, DES136, DRS137,
D8S133) were mapped by FISH to a region spanning
from the centromere to band 8p22. In addition, D85135
and DNA polymerase 5 had been previously mapped by
the same method (Changet al., 1994b), ANK1, D8S135,
and DNA polymerase £ mapped to 8p11.2, D8S87 and
GSR to 8pl2, D8S131, D8S136 and D8S137 to 8p21,
and D8S133 to 8p21.3—p22 (Fig. 1). In each hybridiza-
tion, at least 20 metaphase cells were analyzed, show-
ing signals on one or both chromatids at the assigned
gite in 80—90% of the examined cells.

Two-color FISH was used to establish the order of
Dass7, GSR, and D8S131. Pairs of cosmids correspond-

ing to these loci were labeled with biotin or digoxigenin,
so that in each paired hybridization, red and green
signals could be identified (Table 5). Three separate
experiments were performed; D8S87 was hybridized to
metaphase chromosomes together with GSR, GSR with
D8S131, and D8S87 with D8S131. The relative order
of the hybridization signals for D8S131 with GSR,
D8S131 with D8587, and GSR with D8S87 was scored
as being distal, even, or proximal (Table 5). The 3 ex-
periments together indicate the order centromere—
D8S87-GSR-D85131-telomere, consistent with the
RH and genetic mapping results. Furthermore, the
data suggest distances of greater than 1-2 Mb between
D8S131, GSR, and D3587, since most chromatids
showed distinct signals and a consistent relative order
of the signals (Trask et al., 1991, 1994; Lawrence et al.,
1990). Analysis of the 3 FISH experiments (Flejter et
al., 1993; Guo et al., 1994) resulted in posterior proba-
bilities of incorrect ordering of less than 10°° for each
experiment, suggesting very high confidence in the
overall 3-point locus order inferred.

Map integration. We also attempted to construct a
RH map for all of the C region markers and LPL (region
B). When RH genotypes for 21 markers spanning this
region (Fig. 1, Tables 2 and 6; markers used are shown
in Figs. 4 and 5) were analyzed under the unequal
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TABLE 4

Meiotic Mapping Analysis

Odds against flipping
adjacent markers

Number of crossovers

Lod secores between
adjacent markers

Marker (log,, odds)® between adjacent markers® [Z(8;, By Bavel)
LPL

5.3 6 34.2 (0.05, 0.03, 0.04)
D83136

18.9 7 24,3 (0.07, 0.04, 0.06)

D8s137

0.0 0 8.4 (0.00, 0.00, 0.00)
D8S8131

3.8 2 7.6 (0.17, 0.00, 0.03)
D88339

3.1 1 18.8 (0.00, 0.03, 0.01)
DBS87

0.0 ) 13.2 (0.00, 0.00, 0.00)
D8S278

0.0 0 13.2 (0.00, 0.00, 0.00)
D8S259

0.0 0 19.3 (0.00, 0.00, 0.00)
D8s283

10.7 3 14.9 (0.10, 0.02, 0.04)

FGFR1

5.7 2 23.2 (0.06, 0.00, 0.02)
D83255

34 1 16.3 (0.02, .00, 0.02)
ANK1

0.0 0 15.4 (0.00, 0.00, 0.00)
D8Ss268

¢ Sex-specific analysis using flips option of CRIMAP.
¢ Determined using CRIMAP chrompic routine,

¢ Pairwise sex-specific maximum lod scores. In parentheses the maximum likelihood estimates for recombination frequencies are listed

for female, male, and sex-pooled meioses, respectively.

retention model, 46 locus orders had a maximum likeli-
hood no more than 1000 times less than that of the
best locus order, and 11 loci could be placed in a 1000:1
framework map (Fig. 4B). However, the positions of
several markers at the end of the map were not well
defined. For example, D835136 and LPL could be placed
at either end. A comprehensive RH map spanning
514.7 cRyo000 and a framework RH map for these 21
loci are given in Figs. 4A and 4B, respectively. Distance
estimates under the equal retention model also are pro-
vided for comparison; this model again fit the data less
well than the unequal model (x® = 15.11,df = 1,P <
0.0002).

TABLE 5

Order of D8S131, GSR, and D8S87
by Two-Color FISH

Locus (band)

Locus D85131 (8p21) GSR (8pl2) D8887 {8pl2)
D8s131 — 38:6:2¢ 47:1:1
GSR — — 23:2:0

2 The number of chromatids in which the hybridization signals of
the probes listed in columns are distal, even, or proximal, respec-
tively, to the loci listed across the top.

To facilitate the ordering of a larger number of loci,
results from meiotic mapping (Table 4 and Tomfohrde
et al., 1992) were used to impose the marker order
LPL-D8S137-D8587-FGFR1-ANKI1 for 6 loci in the
WRN region. The order for these 6 loci was supported
at 1000:1 relative maximum likelihood in the meiotic
mapping analysis, When the RH data were reanalyzed
under the constraint that these 6 loci be so ordered,
the same comprehensive map was obtained as before
(Fig. 4A), and a new framework map of 13 loci was
obtained (Fig. 5). The new framework map was consis-
tent with the unrestrained framework map of 11 loci,
and the positions of the nonframework markers were
in several cases more clearly specified. Under the con-
straint, all 21-loci orders within 1000:1 maximum like-
lihood were consistent with the ordering (D8S292E,
D8S94, D8S291E)-(D8S268, ANK1)-D8S255-
D8S135PB-D385135-D8S105-D8S87-(D8S283, D8S-
259)-D8S278—(DR8S124, D8S339)-D8S131-D85137—
LHRH-({D8S136, SFTP2, LPL), where loci within
parentheses were not convincingly ordered among
themselves. However, since LPL is in the B-region and
SFTP2 and D8S136 are in the C-region as determined
by data from the somatic cell hybrid panel (Fig. 1 and
Table 2), LPL can be considered the most telomeric of
the loci in this group.
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TABLE 6
Marker Retention Patterns for the WRN Region

Locus order
bp D npDaADDDDDDDDDDUDDTL D S8 L
8§ 8 8 8 N 8 8 8 8 8 8 8 B 8 8 8 8 H 8 F P~
§ 8 8 8 K 8 8 § 8 8 8 8 §8 8 8 8 8 R 8 T L
2 %9 2 2 1 2 1 1 1 8 2 2 2 1 3 1 1 H 1 P
g 4 9 6 5 3 3 ¢ 7 8 5 7 2 3 3 3 3 2
2 1 8 5 5 5 5 3 9 8 4 9 1 7 6
Hybrid Hybrid Number Obligate E E P
number name observed breaks B
1 06D2 1 0 - - - - 0 - - - - - - - - - - = - = - -
2 10D1 1 0 U
3 11A4 1 1 + + + + - - = - = - = - - - - - - - - -
4 18E3 1 2 e
5 22D1 1 3 - - - - - - = - = 4+ 4+ + 4+ 4+ + + 4+ 4+ - - 4+
6 24C5 1 5 + + - 4+ + 4+ 4+ - - - - - - - 4+ 4+ 4+ + - = -
7 33D4 1 3 + + - + o+ o+ o+ - = - = = = e = e = - e =
8 52E4 1 4 + + + + + + - - - + + + + + + -~ = = = 4+
9 01A1 1 2 + + + + 4+ 4+ + 4+ + + + 4+ 4+ + + - - = 4+ o+ 4+
10 01C1 1 0 - - - - - - - - - - = - = - = - - = .=
11 01C7 1 0 - - - - - - - - - - - - e - === -
12 01E4 1 2 + + + + + + - — - - - — - — - - - — + + +
13 03B2 1 1 + + 4+ + 4+ 4+ + + + + + + + - - - - - - = =
14 1605 1 3 - - - — - — - — + — — — — — —_ — — + + + +
15 17Ca 1 0 - -~ = - - - - - - - - - - = - e =~ = -
16 21A5 1 0 - - - - - - -4 - - - - - = - = = - - ==
17 23B5 1 3 - - - 4+ 4+ 4+ 4+ + + 4+ + + + + + + + + - + +
18 24D6 1 1 S
19 25D2 1 2 e T < S T o
20 27C2 1 0 + + + + 4+ 4+ 4+ + + 4+ + + 4+ + + + + + o+ o+ o+
21 31A2 1 5 + + - + + + + + + 4+ - - - - - - 4+ - = - -
22 35B2 1 3 + +t + - - - - - - - - - - - - - - = -+ =
23 38A3 1 0 - - - = - - - - - = = = - - - - - - -
24 44A6 1 1 - - = = = - = - = - = - = - = - = 4+ o+ o+
25 47B3 1 1 + + + 4+ + + + + + + + + o+ + o+ + - = = -
26 49E1 1 3 + + 4+ 4+ - - - - - - - - - - -+ 4+ o+ o+ 4 -
27 49E3 1 )} - - - = = = - = = m e = e = = - - ==
28 51C6 1 2 - - - - - - - - 4 4+ + 4+ + + 4+ - - - - = =
29 53C1 1 5 + + + 4+ + + + + + + + + - + - - - + 4+ - -
3¢ 53E1 1 1 + + + 4+ + ¥ + + + 4+ + 4+ 4+ 4+ 4+ - - = = = =
31 56A5 1 0 - - - - - - - - = - - - - - = === - -
a2 56E2 1 1 + + + 4+ 4+ + 4+ 4+ + + + + + 4+ + + o+ + - = =
33 02E2 1 2 - - - - 3+ = - - - - - -4 - - - - - - - -
34 Fo2G 1 0 - - - - - 4 0 = = - - - - -4 - - - =% - -
35 FO6E 1 3 - - - 4+ 4+ + 0 4+ - - - - - - - - - - 0 - +
38 F13C 1 1 + + + + 4+ + 0 4+ 4+ + + + 4+ - - - - - 0 - -
37 F13E 1 5 - - - = - 4+ 0 4+ - 4+ + 4+ + + + - - - 0 + +
38 FigeB 1 0 + + + + + + O + 4+ *+ + + +r + + + + + 0O + o+
39 F22H 1 5 + 4+ - + + + 0 + - - 4+ + + + + - - - 0 - -
40 F23A 1 0 - - - - - - 0 - - - -4 - - - = - -4 -0 = -
41 F24C 1 5 - - - - - - 0 - - 4+ - - - - - - % - 0 -«
42 25D 1 Q — - — — - — 1] — — - — — — - _ _ - _ 0 _ _
43 F25E 1 1 + + - - - — 0 - = - - — - - 4 -4 -4 -9 - -
44 F26H 1 3 + + 4+ + + + 0 + + + + + + - - + 4+ = 0 -
45 F27H 1 1 + + + + + + 0 + 4+ + + 4+ + 4+ 4+ -~ - - 0 - -
46 F29B 1 3 + + + + + + 0 + + + + + + + + - - - 0 + -
47 F29G 1 1 - - - - - - 00 - - - - - - - - - - 4+ 0 + +
48 F31B 1 1 + + + + 4+ 4+ 0 + 4+ + + 4+ - - - - - - 0 - -
49 F31F 1 0 - - - - - 0 - - - - - - - - - - -9 - -
50 F34F 1 4 - - - - - -0 - - - - - - 4 4+ - - + O - -
51 F36B 1 2 - - - - - - 0 - - - - - - % 4 - - = 0 - -
52 F37B 1 1 + + 4+ + + - 0D - - - - - - - - - - — 0 -
53 F38A 1 0 - - - - - - 0 - - - - - - -4 - - - -0 - -
54 F38E 1 1 + 4+ - - - - 0 - = - - - - - 4 - - - g9 = -
55 F40H 1 1 + 4+ + + + + 0 4+ + + + + + - - - - - 0 - -
06 F41B 1 2 + + - - - - 0 - - - - - - 4+ + + + + 0 + +
87 F41C 1 1 + - - - — - 0 - - - - - - 4 - - - - 909 - -
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TABLE 6—Continued
Locus order
D p nppb A DD DDDDDDDUDDUDUL D S8 L
8 8 8 8 N B 8 8 8 8 8 8 8 8 B8 8 8 H 8 F P
s 8 8 8 K 8 §8 8 §8 §8 8 8 8 8 8 8 58 R 8 T L
2 9 2 2 1 2 1 1 1 8 2 2 2 1 3 1 1 H 1 P
9 4 9 6 5 3 8 0o 7 8 5 7T 2 3 3 3 3 2
2 1 8 5 5 5 5 3 9 8 4 9 1 7 6
Hybrid Hybrid Number Obligate E E P
number name  observed  breaks B
58 F42C 1 5 - - - 4+ - 4+ 0 4+ + + 4+ 4+ + + + - - 4+ 0 + +
59 F42F 1 1 + + + + + + 0 + - - - - - - - - - - 0 - -
60 F42G 1 3 + + 4+ + + 4+ 0 + + - - - - 4+ + 4+ + + 0 + -
61 F43G 1 3 + + + - - - 06 - 4+ + 4+ - - - - - - - 0 - -
62 F44F 1 0 - - - - - = 0 - - - - - - - = - - -0 - -
63 F47B 1 1 + + + 4+ 4+ + 0 + + + 4+ 4+ + + + + 4+ + 0 - -
64 F4TH 1 3 + + + + + + 0 - - - = - - - - - 4 + 0 - -
65 F53C 1 2 - - - - - + 0 - - - = - - - - - - - 0 - -
66 FA3F 1 2 - - - - -0 - - 4+ - - - - - - - - 0 - -
67 F55H 1 2 + + + + 4+ + 0 4+ + + + + + 4+ + + + - 0 + +

Note. +, scores; —, absent; {), not genotyped. Genotyping data for APOJ, GSR, and D8871 are not shown. Hybrids beginning with the

letter “F” are from the second fusion hybrid panel.

Two markers included in the 1000:1 framework map

A R !

43.8 {39.0) —

256.1(22.1) —

56.2 {49.2) —

56.¢ (60.6) —

131 {15 — T

9.5 (62.3)
7.4 (8.9] >~
38.4 (36.1)
7.4 (6.9)
3.5 (3.9)
14.4 {13.9) §_
26.9 (25.8) ~_
318 (30.3)
10.6 {10.3)
10.1 (10.0} }: ]
16.7 {18.8) ~— |
16.4 (18.4) — |

L
T 1T

40.1 (40.5) —
238 (23.7) —_ ]

2.9 (30) — 4

YIS

LPL

SFTP2
085136
LHRH
088137
D88131/APOJ
083339/G3R
Dgsi124
085278
085259
D8s283
passr
085105
D881356/FGFR1
D8S135PB
D83265
ANK1
DB3Z68
DBS291IE
D8sg4
DBSs2e2E

ROBS/REST
0.254/0.267
0.238/0.268
0.212/0.268
0.254/0.271
0.238/0.278
0.184/0.276
0.328/0.287
0.328/0 289
(0.313/0.300
0.3483/0.303
0.358/0.304
0.388/0.311
0.343/0.325
0.373/0.347
0.364/0.356
0.470/0.366
0.448/0.384
0.483/0.405
0.418/0.474
0.522/0.528
0.537/0.537

end of the RH framework map, but in the integrated
(Fig. 4B) were not included as framework markers in  map, it falls in 1 of 2 very large gaps between D85S136
the integrated map (Fig. 5). D85131 is placed at the

and D88137 and between D85137 and D8S339/GSR.

B Framework
loci

DBS131/APOJ

| 47.5 (08)
DBS339/GSA

| 207 (3580
besz78

| 9.2 (10.4)
peszes

| 126087
D8Se7?

| 281250
Das105

Izsegaam
DBS135/FGFR1

8.5 (10.2)

DBS135PB

| w6000
Das2s5

| 19.7 {19.9)
Daszss

| 36.5 (34.7)
DBSo4

214_|
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1
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5| bes2sze ©|peszoie
1 1 23

1 1 ]
SFTP2 | DBS137 LHRH
1 4 18

085124
1

Likelihood ratios for
non-framework loci

DBS259/D8871

Das136

FIG. 4. Comprehensive and framework map of 21 C-region loci. {A) Comprehensive RH map. Numbers in the lefthand column are
distances in ¢Ryg 000 under the unequal retention model, with distances under the equal retention model given in parentheses. The righthand-
most column gives observed locus retention probabilities (ROBS) and estimated locus retention probabilities for the unequal retention model
(REST). (B) Framework map. Likelihood ratios of at least 1000:1 support the framework order shown. Numbers between markers are
distances in cRy,000 under the unequal retention model, with distances under the equal retention model given in parentheses. For nonframe-
waork markers, potential intervals are given on the right side of the figure; 1 indicates the most likely interval and the second value for a
marker indicates likelihood ratios against localization in a given interval.
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Framework Likelihood ratios for
loci non-framework loci
LPL 17|
| 598512 1 SFTP2
D8S136 5
| 15881258 — - S
D8S137 23;] LHRH I}DaswsonoJ
| oursay =
PBS339/GSR , | p8si124
| 388(E3  —
D8s278
| 1z08) ;
pas2e3 34;] DB8S258/D85871
| 148089
D8s87
| 270250
D8S105
| 518 (30.4)
D8S135/FGFR1
| 107008
DBS135PB
| w0000
DBS255
| 187 188) 70
ANK1 1| 85288
] 38.4 {39.4) P 3
08554 ;| D8S291IE IJ DB8S292E
FIG. 5. Integrated map of WRN region. The integrated RH

map was constructed assuming the unequal retention model and
the following forced locus order: LPL-D88136-D85137-DBS8T7—
D8S135(FGFR)-ANKI1. Map distances and likelihood ratio annota-
tions are as described in Fig. 4.

Given the large size of these gaps (158.8 and 91.1 ¢R,
respectively), specific placement within them is uncer-
tain, so that D85S131 cannot be placed confidently in the
integrated framework map. D83268 also is included in
the RH framework map but not the integrated map. In
this case, it is because either D85268 or the nearby
marker ANK1, but not both, can be placed with confi-
dence in the framework map. Since ANK1 was forced
into the integrated map, D83S268 could not be included.

DISCUSSION

A RH panel for chromosome 8 was generated and
used to construct a RH map of the WRN region. When
15 loci spanning 8pl1.2—pl2 were used, a map span-
ning 200 cR was obtained (Table 3, Fig. 1). Of the 15
markers, 3 pairs could not be resolved because identical
retention patterns within each pair were observed. Be-
cause no obligate breaks were detected between each
pair, the identical retention patterns suggest that the
markers within a pair are closely adjacent loci. The
close physical proximity was confirmed for D8S135/
FGFRI1 as both markers were found in the same cos-
mid, indicating a maximum distance of 40 kb. The RH

OSHIMA ET AL.

marker order obtained was consistent with results
from genetic mapping (Tomfohrde et a/., 1992; Weissen-
bach et al., 1992; Fig. 3). In particular, previous genetic
mapping yielded the order D85131-D8S87-D8S135—
ANK]1, which is the same as that obtained by RH anal-
ysis. In addition, the polymorphic markers D8S278 and
D8S283, which could not be genetically ordered due to
alack of recombinants (Weissenbach et al., 1992), could
be resolved by RH analysis. Also, several genes
(FGFR1, GSR, and APOJ) and nonpolymorphic STSs
(D8S124, D8S104) could be located relative to polymor-
phic loci. Further, the RH mapping results are consis-
tent with the limited FISH information for ordering
D8S131, GSR, and D83587. The agreement of the RH
map with data from other mapping methods indicates
that this RH panel will be useful for developing a
higher resolution map of the region.

All analyses described above made use of 2 separate
radiation hybrid panels (see Materials and Methods).
As noted previously, retention frequencies for the vari-
ous markers were quife similar in the 2 panels (Table
2). In addition, we carried out a large sample heteroge-
neity test under the best locus order for those 19 of the
21 analyzed region C markers that were genotyped in
both panels. For this test, the sum of the maximum
log-likelihoods for the best locus order for each panel
separately was compared to the maximum log-likeli-
hoods for the best locus order for the combined panel.
The resulting x* heterogeneity test statistic did not
approach statistical significance (x* = 17.81, df = 20,
P = 0.60), providing further evidence that pooling re-
sults for the 2 panels was appropriate.

The genetic map constructed contains 3 new STRP
markers not previously genetically mapped (Fig. 3).
These are FGFR1, D8S131 (formerly mapped as an
RFLP polymorphism), and D85339. Note that FGFR1
localized to the interval between the D8S87/DRS283/
DgS278 cluster and ANK]1 at greater than 1000:1 odds
{Table 4). Previously, the only marker in this region
was D88135, which could not be unambiguously as-
signed to the same interval. The male and female maps
differ substantially in length, with the female map be-
ing over 3 times as long as the male map. x* analysis
indicates that the overall length difference is signifi-
cant at the P < 0.01 level, although length differences
for individual intervals were not significantly different
(P = 0.05). The higher female recombination rates ap-
pear to occur across the entire length of the region
mapped. The region between D8S339 and D8S136 re-
mains poorly mapped. Not only are there relatively
large gaps in this region (6.7 cM between D8S339 and
D8S131 and 7.4 ¢cM between D8S3137 and D8S136, sex-
averaged distance), but also the markers in this region
(D8S131 and D8S137) cannot be unambiguously or-
dered by either genetic or RH mapping (Fig. 4). It may
be possible to resolve the order of D85137 and D8S131
by genotyping the complete CEPH family panel. How-
ever, additional markers are clearly needed in this re-
gion.
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The integrated map presented in Fig. 5 combines
information from both genetic and RH mapping. The
genetic framework markers (those ordered at greater
than 1000:1 odds of inversion) were used to force an
order for the analysis of the RH genotyping data. The
resuliing map yielded significantly more information
than either the RH or the genetic maps alone. For ex-
ample, the integrated framework map (Fig. 5} con-
tained 2 more loci compared to the standard RH map
generated for the same markers (Fig. 4B). Also, for
markers D85136 and LHRH, which could not be or-
dered at greater than 1000:1 odds, the integrated map
method yielded less ambiguous locations with 2 poten-
tial intervals indicated (Fig. 5) rather than possible
locations at either end of the map (Fig. 4B). Also, ge-
netic mapping could not resolve the cluster D8S278,
D8S259, DBS283, and D8S87, while both the standard
RH maps (Figs. 2 and 4B) and the integrated map (Fig.
5) could unambiguously order 3 of these 4 markers.
Because genotyping a RH panel for a marker requires
less time than genotyping STRP loci for genetic analy-
sig, the integrated mapping is a very cost-effective ap-
proach for adding a large number of new markers to
existing genetic maps. Since for RH mapping markers
do not need to be polymorphic, newly identified genes
including anonymous EST sites (e.g., D8S291E and
D8S292E) and STS markers, such as D85124, D85105,
and D8S94, can be rapidly incorpaerated into the com-
bined map. Localization of nonpolymorphic loci can pro-
vide a starting point for identifying additional polymor-
phic markers to fill in gaps in the genetic map. Also,
mapping of ESTs such as D8S282E and D8S291E and
genes SFTP2, LHRH, FGFR1, APQJ, and GSR relative
to known genetic markers permits the rapid evaluation
of these expressed sequences as potential candidates
for the WRN gene. However, some expressed sequences
could not be mapped on the RH panel by PCR-based
methods because PCR amplification produced similar
signal products from both human and hamster DNA.
Presumably the corresponding hamster gene was suf-
ficiently homologous to the human gene so that primer
annealing and amplification could occur from both ge-
nomes. In other cases, PCR primer sets designed from
cDNA sequences did not produce products, presumably
because either the primer sequence was interrupted
by an intron/exon boundary or because lengthy intron
sequences separated the primers. These complica-
tions prevented localization of EGR3, NEFL, PLAT,
D8S290E, and D8S296E.

The strategy that we used to map integration was to
fix the order of loci ordered at 1000:1 in the linkage
analysis in the subsequent RH mapping, This strategy
has the advantage of combining information from the
2 mapping methods, permitting accurate ordering of
more of the typed markers. However, it should be noted
that such strategy is approximate rather than exact;
even loci ordered at 1000:1 can in principle be ordered
incorrectly. The best strategy for map integration
would be the simultaneous analysis of the RH and link-
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age mapping data. Such a strategy, while theoretically
possible, cannot yet be carried out with available soft-
ware. Since it is likely that loci mapped at 1000:1 are
ordered correctly, it is very unlikely that the approxi-
mate and exact methods would yield different maps.

Our RH, genetic, and integrated map will facilitate
the fine-mapping of the WRN locus. Initial analysis of
the WRN region, using 2-point and multipoint linkage
methods, indicated that WRN was between ANK]1 and
D8S87, although a location on either side of ANK1/
D8S87 could not be excluded (Goto et al., 1992), Haplo-
type analysis of affected subjects from consanguineous
matings also suggested that WRN was between D8S87
and ANK1 (Goto et al., 1992). Analysis of an indepen-
dent set of WS families (Schellenberg et al., 1992a; Na-
kura ef al., 1993) was consistent with the WRN locus
being in the vicinity of D8S87 and ANK1. Subsequent
work identified a new marker, D8S339, for which fewer
recombinants in WS families were observed. This
marker was thought to be closer to the WRN locus than
either D8S87 or ANK1 (Thomas ef al., 1993). Again,
haplotype analysis of WS families suggested that
D3S339 was between D8S87 and ANKI1 (Thomas et
al., 1993). However, the genetic, RH, and FISH resulis
presented here suggest that D8S339 is felomeric fo
both D8387 and ANK]1, suggesting that the WRN locus
may be in the interval between D8S87 and D85131. In
light of the maps presented here, the localization of the
WRERN locus needs to be reevaluated.
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