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Linkage of at least two complementation groups of ataxia-telangiectasia (AT) to the chromosomal region
11923 is now well established. We provide here an 18-point map of the surrounding genomic region, derived
from linkage analysis of 40 CEPH families. On the basis of this map, 111 AT families from Turkey, Israel,
England, Italy, and the United States were analyzed, localizing the AT gene(s) to an 8-cM sex-averaged
interval between the markers STMY and D11S132/NCAM. A new Monte Carlo method for computing
approximate location scores estimates this location as being at least 10® times more likely than the next most
likely interval, with a support interval midway between STMY and D11S132 that is either 5.2 cM (sex-
averaged and conservatively based on 3 lod scores from the maximum-location score) or 2.8 cM (male
specific, based on a 2.72:1 interval-specific female-to-male distance ratio).

Introduction

Ataxia-telangiectasia (AT) is an autosomal recessive
disorder that afflicts children early in life (Boder
1985). Recent reports have shown that the gene or
genes responsible for AT complementation groups A
(Gatti et al. 19884; Sanal et al. 1990) and C (Ziv et
al. 1991) localize to the chromosomal region 11923.
Together, these two complementation groups consti-
tute as much as 85% of tested AT patients (Jaspers et
al. 1985, 1988). In addition, the gene responsible for
complementation group D has also been assigned to
chromosome 11q (Ejima et al. 1990; Komatsu et al.
1990). Thus, it would appear that most, if not all, of
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the genes responsible for AT map to 11q23. It is un-
clear whether these complementation groups repre-
sent different loci or intragenic defects in a single locus.

Further localization of AT within the 11923 region
depends on both a better genetic map of the region
and linkage analyses of more families. To address the
first of these two needs, we constructed a multipoint
map of 18 marker loci concentrated in the 11q22-23
region. This map is based both on linkage analyses of
normal families provided as part of the CEPH (Centre
d’Etude du Polymorphisme Humaine) consortium
(Dausset 1986; Dausset et al. 1990) and on data from
pulsed-field gel electrophoresis (PFGE) experiments.
To facilitate merging our map with other maps of
chromosome 11q (Leppert et al. 1987; Maslen et al.
1988; Budarf et al. 1989; Charmley et al. 19904,
1991; Concannon et al. 1990; Julier et al. 1990;
Lichter et al. 1990; Wei et al. 1990), a few loci outside
the 11q22-23 region were included.

To provide more definitive mapping of AT itself, we
pooled typing data on 111 AT pedigrees from various
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laboratories. Because many of the pedigrees are highly
inbred and lack key individuals in early generations, it
was impossible to calculate location scores with more
than two markers and AT simultaneously. This di-
lemma prompted us to apply a new Monte Carlo
method for the approximate calculation of location
scores with large numbers of markers. This new tech-
nique is described in the accompanying paper by
Lange and Sobel (1991). These three steps— precise
marker ordering, increasing the number of AT fami-
lies, and application of the simulation method —have
allowed us to conclusively map an AT locus to the
8-cM interval between the markers stromelysin
(STMY) and D11S132 (L424), with a male-specific
support interval of 2.8 cM midway between these two
markers. This improvement over the results of Gatti
et al. (1988a), McConville et al. (19904, 1990b), and
Sanal et al. (1990) argues in favor of the genetic homo-
geneity of AT.

Material and Methods
DNA Markers

To create a more comprehensive marker map of the
11q22-23 region, we ordered 18 loci by using the
DNA polymorphisms described in table 1. All RFLPs
were detected by Southern blotting (Gatti et al. 1984;
Charmley et al. 1990a). For the sake of brevity, the
“D11” designation for anonymous probes on chromo-
some 11 has been omitted throughout the present re-
port. RFLP typing of the Israeli (Ziv et al. 1991) and
British (McConville et al. 19904, 1990b) AT families
was completed in the collaborating laboratories (by
Y.S. and A.M.E.T., respectively), by using probes
provided by a single laboratory (R.A.G.’s). Allelic fre-
quencies shown in table 1 were either taken from the
original references cited or, in the case of S147, de-
rived from our own testing of CEPH parents. For some
loci, haplotypes were created by using more than one
probe/enzyme combination to phenotype the CEPH
families, while the AT families were typed with only
one marker from each haplotype, as indicated by the
footnotes in table 1.

cDNA for the genes CD20 and stromelysin (STMY)
was provided by T. Tedder (Tedder et al. 1988) and
N. Spurr (Spurr et al. 1988), respectively. Both the
cDNA clone pM1.3 from the mouse neural cell adhe-
sion molecule (NCAM) gene (Goridis et al. 1985) and
the human muscle NCAM cDNA clone NCAM3
(Dickson et al. 1987) were used to detect the human
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NCAM gene. cDNA for nearly the entire human tryo-
sinase gene (TYR) was provided by M. Smith (Kwon
et al. 1987). A human genomic lambda-phage clone
from the 3’ portion of the human dopamine D2 recep-
tor (DRD2) gene was provided by O. Civelli (Grandy
et al. 1989). Cloned DNA segments from the apolipo-
protein AI-CIII-AIV gene cluster (probes “I”-“X”)
were provided by S. Karathanasis (Mietus-Snyder et
al. 1990). cDNA for CD3-epsilon (CD3E) and CD3-
gamma (CD3G) was obtained from C. Terhorst (Gold
etal. 1986; Krissansen et al. 1986), and the CD3-delta
(CD3D) gene (van den Elsen et al. 1984) was pur-
chased from the American Type Culture Collection
(ATCC; Rockville, MD). A genomic clone containing
the porphobilinogen deaminase (PBGD) gene was pro-
vided through M. Goossens (Llewellyn et al. 1987).
DNA primers from the human thy-1 gene was used to
amplify exon III from human genomic DNA by PCR,
after which the unpurified DNA product was used
to detect the thy-1 polymorphism. Different genomic
sequences surrounding the ets-1 gene were obtained
from J. P. Kerckaert (Kerckaert et al. 1987), N. Sacchi
(Sacchi et al. 1986), and the ATCC. Sources of probes
for arbitrary sequences were as follows: p2-7-1Dé6
(S84) and p2-25 (S83) were obtained from M. Litt
(Maslen et al. 1988); CJ52.208M2 (S351) and
CJ52.75M1 (S385) were obtained from C. Julier (Ju-
lier et al. 1990); CRI-L424 (S132), CRI-L451 (S133),
and CRI-R548 (S138) were purchased from Collabo-
rative Research, Inc., (Bedford, MA); S144 (formerly
called “pYNB3.12” or “MCT128.1”) and HBI18P1
(S147) were obtained from Y. Nakamura (Carlson et
al. 1988; Julier et al. 1989); and L7 (S29) was obtained
from A. E. Retief (Warnich et al. 1986).

The following DNA polymorphisms used to con-
struct our genetic map have been described elsewhere:
CD20/Mspl (Charmley et al. 1990b); TYR/ Tagql
(Spritz et al. 1988); S84/ Tagl (Maslen et al. 1988);
$385/Mspl (Julier et al. 1990); STMY/ Tagql (Spurr
et al. 1988); S132/EcoRI and $132/HindIIl (Donis-
Keller et al. 1987); DRD2/ Tagl (Grandy et al. 1989);
CJ52.208M2(S351)/MspI(1) and CJ52.208M2
(S351)/ MspI(2) (Julier et al. 1990); S144/ MspI (Carl-
son et al. 1988); APO “I-X” with Pstl, Xbal, Xmnl,
Mspl, Bglll, Scal, and Pvull (Mietus-Snyder et al.
1990); S29/ Taql (Warnich et al. 1986); CD3G/ Mspl
(Charmley et al. 1989b); CD3D/ Mspl (Malhotra and
Concannon 1989); CD3E/Taql (Charmley et al.
1989a); PBGD/Mspl (Llewellyn et al. 1987); THY1/
Mspl (Gattiet al. 1987,1988b); S147/ Mspl (Julier et
al. 1989); $133/EcoRI and S133/Mspl (Charmley et
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al. 1990a); S138/Pstl and S138/EcoRI (Charmley et
al. 1990a); ETS1/Sacl and ETS1/Xbal (Sacchi et al.
1986; Kerckaert et al. 1987; Concannon et al. 1990);
and S83/Mspl (Maslen et al. 1988).

PFGE

PFGE studies were performed in a single laboratory
(by R.A.G.) using a CHEF-DRII (contour-clamped
homogeneous electric field) gel apparatus (BioRad,
Richmond, CA). DNA from four or more individuals
was isolated, in agarose, from lymphoblastoid cell
lines, was digested, and was electrophoresed in 1%
agarose gels with 0.5 x TBE buffer. Gels were typi-
cally run at a ramped pulse of 20-50 s at 200 V for
24 h at 14°C. Transfer of DNA to nylon membranes
and subsequent hybridization with radiolabeled probes
were performed essentially according to methods de-
scribed elsewhere (Gatti et al. 1984; Reed and Mann
198S5). Sizes of fragments were determined by compar-
ison with standards consisting of Saccharomyces cere-
visiae chromosomes.

Pedigrees

An 18-point marker map of the 11q22-23 region
was created by phenotyping either the original 40
CEPH consortium families or the expanded set of 61
CEPH families. The CEPH families are large nuclear
families, with either or both sets of grandparents usu-
ally included. All CEPH families have a minimum of
six offspring in the youngest generation. The original
40 families include over 500 individuals and poten-
tially represent up to 750 informative meioses per lo-
cus (Dausset 1986; Dausset et al. 1990).

The 111 AT families included in the AT consortium
data set are much more ethnically diverse than the
CEPH families. Some collaborators concentrated on a
few large highly inbred pedigrees with many affecteds
(Gatti et al. 1988a; Sanal et al. 1990; Ziv et al. 1991),
while others collected large numbers of small nuclear
families (McConville et al. 19904, 19905). In all cases,
the diagnosis of AT was established by clinicians with
extensive experience and was based on the presence of
(1) progressive cerebellar ataxia with onset in early
childhood, (2) ocular apraxia, (3) nonrandom chro-
mosomal aberrations, (4) elevated alpha-fetoprotein,
(5) immunodeficiency, (6) family history, (7) telangi-
ectasia and/or (8) abnormal in vitro response of fi-
broblast cultures to ionizing radiation (i.e., radioresis-
tant DNA synthesis, as described by Young and
Painter [1989]). Families with questionable diagnoses
were excluded. The DNA of each family was pre-
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screened for paternity by using Southern blots hybrid-
ized with the highly polymorphic D2544 probe (Naka-
mura et al. 1987). Most families were not typed for
complementation group. The international scope of
this collaboration provided much greater ethnic and
racial diversity than has any previous genetic analysis
of AT. These families are further described in table 2.
The diagnosis in American family ATV20 (table 2) is
AT¥eesno (Curry et al. 1989).

Statistical Analysis

A. CEPH data set.—Prior to computation of lod
scores, the CEPH genotypic data were simplified by
the methods of Lange and Goradia (1987) and Lange
and Weeks (1989). These simplifications improved
computational efficiency without changing numerical
results. All linkage calculations were performed using
a new version of the computer program MENDEL
(Lange et al. 1988). This version is specifically de-
signed for multilocus mapping problems with large
numbers of markers.

Our first priority was to order all 18 loci in one
comprehensive map. An exhaustive consideration of
all 3.2 x 10 (18!/2) orders would have been prohibi-
tive. Fortunately, a somatic cell hybrid breakpoint lo-
cated between S144 and APO (Wei et al. 1990) al-
lowed us to divide the markers into two disjoint groups
of nine markers each; each group was then ordered
separately. Within each of these two marker groups,
several loci had been previously ordered (Maslen et al.
1988; Charmley et al. 19904, 1991; Julier et al.
1990). We merged and éxpanded these previous maps
through a combination of pairwise lod scores and
multipoint lod scores. With the exception of two unre-
solved pairs of loci (see below), a “best-supported or-
der” with highest maximum lod score was attained in
both halves of the map. Our strategy for ordering loci
has been described in detail by Weeks and Lange
(1987). A key element of this strategy is to test the
stability of any proposed best order by inverting each
subblock of loci within the order and then recomput-
ing maximum lod scores.

The nine loci telomeric to S144 were especially fa-
vorable for ordering because a second somatic cell
hybrid breakpoint telomeric to CD3 isolated the
markers APO, $29, and CD3 (Wei et al. 1990) from
the markers PBGD, THY1, S133, S147, ETS1, and
$83. This physical finding reduced the number of pos-

. sible orders and permitted a more definitive multipoint

analysis of the nine loci telomeric to S144.
Through the creation of two distinct, nonoverlap-
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Table |
Probe/Enzyme Polymorphisms
Family Allele
Group(s) Size(s) Allele Observed No. of AT
Locus (probe) Used Enzyme (kb) Frequency Heterozygosity Families Typed
CD20 (pB1-21A-29)......... AT + CEPH Mspl 9.0 .43
6.0 57 31 22
TYR (pmel34)................. AT + CEPH Taql 2.8 .42
2.7 and 2.4 .42 .58 100
2.4 .16
D11S84 (p2-7-1D6).......... AT + CEPH Tagql 2‘31 ;Z } 40 106
D11S385 (CJ52.75M1) ..... AT + CEPH Mspl 5.5 .87 } 17 108
3.5 and 2.0 .13 ’
STMY (psp64) ................ AT + CEPH Tagql 4.6 .54 } 46 110
2.1 and 1.0 .46 ’
D11S132 (CRI-L424)........ CEPH Haplotype® .58
.30
06 .58
.06
AT EcoRI 8.0 .62
7.3 38 } .55 110
DRD2 (HD2G1).............. AT + CEPH Taql 6.6 11 } 24 109
3.7 and 2.9 .89 :
D11S351 (CJ52.208)........ CEPH Haplotype® .58
.36 .52
.05
AT Mspl 4.0 41
3.2 59 } .53 108
D11S144 (MCT128.1)...... AT + CEPH Mspl 2.9 .53 }
.56 108
2.6 .47
APO (apolipoprotein) ....... CEPH Haplotype* 55
.28 .82
AT 17
Mspl 1.7 .96
1.0 04 } 08 H
D11S29 (L7)..cecvvnerinnnnnns AT + CEPH Taql 10.9 .79 } 30 59
13.9 .21 ’
CD3 G/D/E....ccvceeinaenn. CEPH Haplotype! .62
.29 .54
.08

ping maps—one centromeric to $144 and the other
telomeric to $144 — we were able to reduce the compu-
tational load and increase efficiency. After concatenat-
ing the two “best-supported orders,” we calculated
one overlapping, combined 18-point map from CD20
to S83. Adjacent loci were then inverted to determine
odds favoring the statistical stability of this proposed
order.

B. AT data set. — The complex inbreeding loops and
missing ancestors in the AT consortium pedigrees pre-
sented a computational challenge. As a first step in

(continued )

analysis, we computed pairwise lod scores between
AT and all 18 markers. After pairwise lod score calcu-
lations, we performed traditional three-point location
scores by using adjacent pairs of markers and AT,
placing AT in the three possible positions relative to
the two marker loci. The distance between markers
was obtained from the 18-point map described above.

These calculations were followed by approximate
computation of location scores, using the Monte
Carlo simulation technique described in the accompa-
nying paper by Lange and Sobel (1991). This tech-
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Table | (continued)
Allele
Family Size(s) Allele Observed No. of AT
Locus (probe) Group(s) Enzyme (kb) Frequency Heterozygosity Families Typed
CD3G (pT3dH)...e.een..... AT Mspl 2.5 .80 } . ¢t
1.7 and 0.8 .20 ’
CD3D (pPBGCY)............. AT Mspl 5.4 .06 }
4.6 .94 04 32
CD3E (pDJ4) evevveeereaen. AT Tagql gz g; } » s
PBGD (pUSE109) ............ AT + CEPH Mspl 3.0 .43
2.2 57 .52 57
THY1 (pCR502-505) ....... AT + CEPH Mspl 0.9 .28 4
0.8 72 43 7
D11S147 (HBI18P1)......... AT + CEPH Mspl 5.2 .43
.48 34
4.8 .57
D11S133/D11S138
(CRI-L451/CRI-R548)... CEPH Haplotype® 70
.20
05 .53
.05
AT EcoRI 12.0 .08
10.8 .92 } 36 34
ETS i, CEPH Haplotypef .62
.36 .57
.02
AT Xbal 2.4 .09
1.5 91 } 17 35
D11S83 ..coviiiiiiiiiieaeen AT + CEPH Mspl 4.3 .22 } 49 39
3.2and 1.1 .78 ’

2 Consists of EcoRI and HindIIl RFLP (Charmley et al. 1990a).
b Consists of Mspl(1) and MspI(2) RFLP (Julier et al. 1990).

¢ Consists of seven probes and 10 enzymes (Mietus-Snyder et al. 1990).

4 Consists of three probes and two enzymes (Charmley et al. 19894, 1989b; Malhotra and Concannon 1989).
¢ Consists of two probes and three enzymes (Charmley et al. 1990a).

f Consists of two probes and one enzyme (Concannon et al. 1990; Charmley et al. 1991).

nique can analyze many markers, but all markers must
be biallelic. Thus, we employed only 14 markers in
this final location score computation.

Results

|. The Multipoint CEPH Map

Table 3 displays maximum lod scores and corres-
ponding recombination fraction estimates for each
pair of loci between CD20 and S83, a sex-averaged
distance of approximately 92 ¢cM encompassing most
of the long arm of chromosome 11. The maximum
lod scores reflect the number of individuals typed, as
well as the informativeness of each marker. Allelic
frequencies are given in table 1. As can be seen in table

3A, two pairs of loci (STMY/S385 and S351/S144)
showed no recombination (also see fig. 1J. A unique
“best-supported order” could not be established be-
cause the multipoint lod scores also estimate zero re-
combination between these pairs when the loci in each
pair are adjacent. By fixing an arbitrary orientation of
the two loci in each of these zero-recombination pairs,
a single best order could be identified.

The two tightly linked pairs of loci were further
analyzed by PFGE using “rare cutter” restriction en-
zymes. By serial probing of the same blot after com-
plete “stripping” of the previous probe (Gatti et al.
1984) and by visual comparison of overlapping auto-
radiograms, we observed that STMY and S385 hy-
bridized to DNA fragments of identical position when



1268 Foroud et al.

Table 2 Table 2 (continued)
Families Included in AT Consortium Data Base
No. of No. of
Family ID Individuals Family ID Individuals

United States: Israel:
ATO01 6 ISATO1 492
ATO002 4 ISATO02 172
ATO004 7 ISATO03 172
ATO006 9 ISATO04 5
AT007 6 ISATOS 11°
ATO009 5 ISATO06 6
ATO10 4 ISATO7 6
ATO11 11 ISATOS8 112
ATO12 552 ISATO09 30?
ATO14 S Italy:
ATO017 132 IATOL .coeeniiieeennennes 2
ATO18 6 IATO2... 4
ATO19 4 4
ATV20 7 3
ATO021 9 5
ATO022 8 5
ATO023 7 172
ATO024 6 6
KATO1 12

TIATO7
TIAT11
TIAT12
TIAT13
TIAT1S

A T B T e B e T e e R R - N - N NV B U T O B N N N & i« N Ne N N

(continued ) (continued )
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Table 2 (continued)

No. of

Family ID Individuals

2 Consanguineous family.
® Family omitted from Monte Carlo simulations, because of miss-
ing data or complicated pedigree structure.

the DNA was digested with Sfil, Clal, BssHII, or Xhol;
the smallest common fragment was approximately 60
kb (table 4). S144 and S351 also hybridized to frag-
ments of identical positions, when the enzymes Sfil,
Clal, and BssHII were used; the smallest common

Table 3

1269

fragment was approximately 150 kb (table 4). DNA
fragments of identical positions were also noted with
probes S132 and NCAM when two enzymes were
used; the smallest common fragment was 340 kb (ta-
ble 4). The fact that Xhol digests produced different-
sized fragments with $132 and NCAM indicates that
the two probes are not identical.

On the basis of hybridization to DNA from hybrid
cell lines with X;11 and 4;11 translocations (Wei et
al. 1990), we localized APO, S29, and CD3 between
$144 and THY1. In addition, the loci PBGD, THY1,
$147,5133, ETS1, and S83 all localized telomeric to
the t4;11 breakpoint. Pairwise lod scores for all nine
telomeric loci are displayed in table 3B. The three
loci APO, $29, and CD3 were ordered by three-point
maximum lod scores. The best order, APO-S29-
CD3, placed S29 in the middle. The orientation cen-
tromere~APO-529-CD3 is suggested by the partial
map, centromere-S144-529-CD3, of Charmley et al.
(1990a). Of the six loci telomeric to the t4;11
breakpoint (PBGD, THY1, $S147, S133, ETS1, and
$83), only two—PBGD and $147 —still required or-
dering (Charmley et al. 19904; Concannon et al.

Maximum Lod Scores (below diagonal) and Maximum Likelihood Estimates of Recombination Fractions

(above diagonal)

A. Between Pairs of Nine Loci Centromeric to X;11 Translocation Breakpoint

CD20 TYR S84 $385 STMY $132 DRD2 $351 S144
A1 .26 .39 31 .16 .18 .34 .20
7.38 .05 .10 .20 .16 .26 .22 .26
.96 8.11 .03 12 17 13 .14 .18
.01 2.62 5.57 .00 .06 .24 21 13
.45 4.25 7.24 17.78 .09 .21 .18 .16
2.90 4.12 7.37 8.27 16.69 .07 .07 .09
1.08 .40 5.05 1.31 1.37 4.67 .09 11
.44 3.87 7.23 2.34 5.92 21.61 8.03 .00
3.46 2.94 7.02 4.42 5.58 13.25 4.40 55.76
B. Between Pairs of Nine Loci Telomeric to X;11 Translocation Breakpoint
APO $29 CD3 PBGD THY1 $147 $133 ETS1 S83
.05 .05 .04 .06 .07 .16 .20 .25
24.71 .04 .00 .05 .02 .16 .19 .23
42.36 19.21 .00 .03 .07 12 17 .20
35.08 12.94 21.98 .00 .01 .07 .10 .14
30.24 15.30 27.05 15.35 .05 .00 .18 .23
27.24 10.82 16.19 20.91 11.86 .06 13 .50
5.45 1.44 2.85 9.19 3.53 5.47 .02 .07
11.22 2.19 6.73 12.46 4.34 8.64 9.60 .10
3.05 1.01 4.45 5.85 2.37 .00 4.09 7.35

2 Haplotype (see table 1 footnotes).
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Table 4

Summary of PFGE Experiments

1271

APPROXIMATE FRAGMENT S1zE? (in kb) FOR ENZYME

PrOBE Sfl Clal BssHII Xbhol
STMY ..cviiinnnne 420 650 700 60
340 600
280 450
220 410
200 350
300
260
200
75
50
S385 e 420 200 700 60
340 75
200
S132.ciiiiiiiiinnenns 440 445 370 80
400 25
380
340
NCAM.....cccvvunnne 440 370 180
400 75
380
340
DRD2........ceeueeee. 80 290 200 90
240
8351 it 150 415 650
100 340 380
305 345
265
245
S144 .....ovvvnninnnnnn. 150 340 380
30 265 345
245

2 The smallest fragments are assumed to represent complete digestion products. Additional cohybridiz-
ing bands were assumed to represent partial digestion products, allowing us to visualize some larger
common fragments as well. Each fragment was observed in DNA from four or more individuals.

1990). Three-point maximum lod scores involving the
triplets S29/PBGD/THY1 and THY1/S147/5133
effectively ordered the two new loci, PBGD and $147.
Our final proposed order for the nine loci telomeric to
$144 is shown in figure 1.

Five of the nine loci centromeric to the X;11 translo-
cation had been previously ordered (Charmley et al.
1990a). Two of the three remaining loci—S385 and
$351—are closely linked to STMY and S144, respec-
tively. Examination of multipoint lod scores suggested
the order shown in figure 1. This order was checked
by first inverting blocks of loci within it and then look-

ing for a higher maximum lod score. No such inver-
sions led to a better order.

Merging the two maps on either side of $144 pro-
duced a combined map of 18 markers (fig. 1). To
estimate distances between the 18 adjacent markers,
we used a new version of MENDEL (Lange et al.
1988). No observed phenotypes or individuals were
omitted from the analysis. Our success in this large-
scale computation arose both from the incorporation
of new algorithms in MENDEL and from the large
memory and computational efficiency of an IBM
3090, on which the 18-point analysis was performed.
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As a final check of the proposed order of figure 1, we
inverted adjacent pairs of loci and recomputed maxi-
mum lod scores. These six-point lod scores always
included the two closest flanking markers on either
side of the pair of markers inverted. The odds against
these inversions are also shown in figure 1. The only
anomaly in these odds is the 10:1 odds favoring the
alternative order centromere-APO-S144/S351, and
this alternative was ruled out by the translocation data
(Wei et al. 1990).

2. Location Scores for AT

The AT consortium data base offered a unique op-
portunity to further localize the AT gene or genes. The
111 families contained over 1,000 meioses. We first
computed pairwise lod scores between AT and all
marker loci. The resulting lod scores, summed over
all AT families, are presented in table 5, along with the
maximum lod scores, corresponding recombination
fraction estimates, and their standard errors. As indi-
cated, not all markers were completely typed in all
families.

The results in table 5 confirm previously published
reports indicating that AT is most likely located within
the 17-cM sex-averaged interval from STMY to S144
(McConville et al. 1990b; Sanal et al. 1990). The high-

Table 5

Lod Scores for AT versus Markers in TYR-S83 Region
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estlod scores with AT were found with theloci STMY,
$351, S144, and S132. The four markers STMY,
$132, DRD2, and S351 had estimated distances from
AT that were less than 12 cM. Seven markers outside
the interval from STMY to 5144 gave maximum lod
scores over 3.0; six had estimated distances from AT
that were greater than 12 cM. This result would seem
to dispel any conjecture that another AT gene may lie
in the region of THY1 (Gatti et al. 1988b; McConville
et al. 1990a, 1990b; Sanal et al. 1990).
Conventional three-point location scores were cal-
culated in order to determine the most likely location
of the AT locus within the candidate region sur-
rounding and including the STMY-5144 segment de-
scribed by Sanal et al. (1990). Table 6 summarizes
these results for the marker pairs $84/STMY,STMY/
$132, S132/DRD2, and DRD2/S144, when the re-
combination fraction estimates shown in figure 1 are
used. The most likely location of the AT gene was
within the STMY-S132 segment, telomeric to the
$84-STMY segment, and centromeric to the DRD2-
$144 segment. Location scores for AT at S132 and
DRD2 seemed to rule out the order S$132-AT-DRD2
but failed to differentiate between placing AT telo-
meric or centromeric to the S132-DRD2 segment. Al-
together these three-point calculations presented rea-

MAXIMUM-LIKELIHOOD

LoD SCORE AT RECOMBINATION FRAGMENT OF

MaximuMm ESTIMATE OF
Lop RECOMBINATION FRACTION
MARKER/ENZYME 106 .05 .10 .20 .30 .40 SCORE (standard error)
TYR/Tagql ........... -47.00 .01 3.40 4.33 3.08 1.41 4.43 .17 (.04)
S84/Taql............. -33.48 15 2.36 2.85 1.89 72 2.96 .16 (.05)
S$385/Mspl........... -14.13 2.10 2.75 2.31 1.37 .52 2.77 .11 (.05)
STMY/Taql......... -15.46 14.96 15.28 11.94 7.38 3.12 15.47 .08 (.02)
S132/EcoRLI.......... -29.06 7.26 8.80 7.10 4.00 1.27 8.81 .11 (.03)
DRD2/Taql ......... -9.10 8.30 8.21 6.30 3.92 1.70 8.42 .07 (.03)
S351/Mspl........... -18.35 13.13 13.13 9.39 5.08 1.66 13.48 .07 (.02)
S$144/Mspl........... -32.70 10.06 11.40 9.30 5.66 2.20 11.40 .10 (.02)
APO/Mspl........... -16.62 1.93 3.36 3.35 2.23 1.01 3.61 .14 (.05)
$29/Taql............. —-26.68 15 2.13 2.69 1.96 .93 2.74 .17 (.05)
CD3G/Mspl......... -28.51 478 6.53 6.01 4.05 1.86 6.69 .13 (.03)
CD3D/Mspl......... -4.22 1.10 1.28 1.08 .69 .30 1.29 .11 (.08)
CD3E/Tagql.......... -25.64 2.19 411 4.24 2.95 1.36 4.49 .15 (.04)
PBGD/Mspl ......... -63.91 -3.82 .86 3.15 2.58 1.22 3.17 .21 (.05)
THY1/Mspl......... -33.04 3.44 5.57 5.20 3.29 1.30 5.81 .13 (.03)
S$147/Mspl........... -8.58 3.26 3.54 2.77 1.66 .67 3.55 .09 (.04)
S133/EcoRl.......... -6.70 -.51 .02 .29 .25 13 .29 .23 (.15)
ETS1/Xbal .......... -4.61 .30 .74 .98 .85 S1 .98 .20 (.12)
S83/Mspl............. -67.49 -10.80 -5.93 -2.01 -.52 -.01 .04 .45 (.11)
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Table 6
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Odds for Position of AT Locus within Four Contiguous Intervals from S84 to
S144, Based on Traditional Three-Point Location Scores

Proposed Location of AT

Odds vs. Best-supported Order

$84-STMY:
AT-S84-STMY.....coorriiiiiiiniiiinniiieeeennnnnns
S84-AT-STMY.....ooiiiriiiiiiriiiiiiiinn e,
S84-STMY-AT.......cccevvvvirrriiiriirnnrnnnnnnns
STMY-5132:
AT-STMY-S132 ..o,
STMY-AT-8132% .. ..ccciiiiiiiiiiiiieeenninnane,
STMY-S132-AT ....oooviiiiiiiiiiiiiincceeenens
$132-DRD2:
AT-S132-DRD2 ......ccoovvriiiiiiiiiiinniiiniinnn,
S132-AT-DRD2 .....ccccviinniiiiiiiiriiinininnns
S132-DRD2-AT? .....ceiiiiiiiiiiiiiiiiiicceianes
DRD2-5144:
AT-DRD2-S144% ........cccoovvimniiinnnninninnnns
DRD2-AT-S5144 ......ccoovviiiiiiiinininienennnns
DRD2-5S144-AT .....ccovvvniiiiriiiiiiiinnieeennnns

1:2.3 x 10°
1:8.9
1:1

1:7.4 x 102
11
1:1.3 x 108

1:2.3
1:3.7 x 10°
1:1

1:1
1:3.2 x 10?
1:2.8 x 10?

2 Best-supported order for AT, for each three-point location.

sonably convincing evidence that AT lies between
STMY and S132; the odds against the next most likely
order, AT-STMY-S132, were 740:1.

In an accompanying paper by Lange and Sobel
(1991), a new technique is described that makes more
efficient use of our marker data than do the conven-
tional three-point location scores reported above and
helps to further resolve the location of the AT gene.
Through the use of Monte Carlo simulations, an ap-
proximate location score curve can be generated.
These simulations sample only a limited number of
marker genotype vectors for each pedigree. In fact, we
sampled only about 100 marker genotype vectors per
pedigree. (In the language of the Lange and Sobel
[1991] paper, the number of replicates was 100, and
the sampling period was 50,000). The resulting loca-
tion score curve is quite striking (fig. 2). Note that
log-base-10 units are used for the vertical axis of figure
2. If the peaks for the various intervals are compared,
the most likely interval for the AT gene is still within
the 8.1-cM segment defined by STMY and $132, the
maximum location score being midway between these
loci, or approximately 4 cM telomeric to STMY. The
next most likely interval —i.e., within the $84-STMY
segment—is more than 10® times less likely than the
best-supported interval. Recalculation of these curves
by a second sample of 100 replicates per pedigree gave
virtually identical conclusions. The substantial com-

putation time of about 1-2 d for each sample precludes
establishing upper and lower statistical envelopes for
the curve in figure 2.

A support interval for the most likely location of the
AT gene can be defined by first dropping a certain
defined distance below the maximum location score
(fig. 3) and then finding the two intersection points
of the corresponding horizontal line and the location
score curve (Edwards 1972; Lange and Sobel 1991).
Because the magnitude of our errors in approximating
the location scores is unknown, it is prudent to be
conservative. For instance, if we drop 3 log-base-10
lod units below the maximum, we can identify a sup-
port interval of either 5.2 cM, sex averaged, or 2.8
cM, male specific, centered midway between STMY
and S132.

Discussion

The map presented in figure 1 contains two pairs of
loci, STMY /S385 and S351/S144, that could not be
placed in a definitive order by linkage analyses because
of the absence of recombination between the members
of each pair. PFGE is a technique that can be used
to approximate the physical distance between nearby
markers. “Rare cutter” restriction enzymes generate
large pieces of DNA, i.e., 50-2,000 kb. If probes for
the two markers in question hybridize to common
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PFGE-generated DNA fragments, then the distance
between those markers cannot exceed the size of the
smallest common DNA fragment. In this way, the
pairs STMY/S385 and $351/5144 were found to re-
side within 60 kb and 150 kb of one another, respec-
tively.

Our map has seven loci in common with the map of
Julier et al. (1990) and is compatible with the order
and approximate distances of those maps. Our order-
ing is also compatible with a map of structural genes
in the 11q22-23 region (Charmley et al. 1991).

The 17-cM distance between STMY and S144,
shown in figure 1, updates our previous estimate of 31
cM (Charmley et al. 1990a). This revision is based
both on the characterization of more individuals and
on a greater saturation of markers in the region. An
accurate assessment of distance in this region is essen-
tial to the ultimate isolation of the AT gene(s).

It was surprising— and somewhat disappointing—
that linkage analysis of seven RFLPs in a 17-cM region
between STMY and S144 revealed three tight clusters
of loci, rather than a more evenly dispersed, higher-
resolution map. No recombinants were seen either be-
tween S35, STMY, and S385; between NCAM and
DRD2; or between S351 and S144 (fig. 1; Julier et al.
1990; McConville et al. 19904; Charmley et al. 1991;
authors’ unpublished data). PFGE has confirmed the
close proximity of these clustered loci (table 4; also see
McConville et al. 19904a). Our selection of restriction
enzymes yielding smaller fragments than those re-
ported by McConville et al. (1990a) allowed us to
further reduce the distance between STMY and S$385
(i.e., from 400 kb to 60 kb) and between S351 and
$144 (i.e., from 560 kb to 150 kb). On the other
hand, whereas McConville et al. (1990a) observed
common-sized fragments between DRD2 and NCAM
(the smallest being an Xmalll 500-kb fragment), our
experiments with different enzymes failed to identify
common fragments between these probes.

We observed common fragments between $132 and
NCAM, with two enzymes, the smallest fragment
placing the two markers within 340 kb of one another.
Thus, our localization of the AT gene(s) between
STMY and S132 may be equivalent to the localization
by McConville et al. (1990a), placing the AT gene(s)
between STMY and NCAM. The AT consortium
studies of NCAM polymorphisms and the precise lo-
calization of NCAM by linkage analysis within the
CEPH families are still in progress.

Genetic heterogeneity was expected to be a major
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obstacle to linkage analyses of AT . Five complementa-
tion groups had been described (A, C, D, E, and V1)
(Jaspers et al. 1988). Groups A, C, D, and E are clini-
cally indistinguishable from one another. However,
our initial data linking AT (group A) to 11q22-23
also showed that families unassigned to a complemen-
tation group increased rather than decreased lod
scores, suggesting homogeneity, or clustering of
genes. More recently, we have shown that group C
also links to the same 11923 markers as do the Group
A families (Ziv et al. 1991). Further, Ejima et al.
(1990) and Komatsu et al. (1990) have corrected the
radiosensitivity of group D fibroblasts by fusion with a
hybrid containing a normal human chromosome 11q.
Together, groups A, C, and D constitute 97% of all
tested AT families (Jaspers et al. 1988). For these rea-
sons, we have elected to postpone further analyses of
heterogeneity until most recombination events in the
AT families can be delimited by closely flanking mark-
ers. The international scope of the AT consortium
families should provide a stringent test of the heteroge-
neity issue. Meanwhile, all putative recombinants in
our data base have been rechecked and are accurate.
We find no appreciable double recombinants between
STMY and $132.

The Monte Carlo simulation technique applied to
the AT consortium data has allowed us to localize
the AT gene to within an 8-cM sex-averaged interval
defined by STMY and $132, with a conservative sex-
averaged support interval of 5.2 cM. Using the inter-
val-specific sex-difference distance ratio (female:male)
of 2.72:1 (based on the work of Charmley et al.
[1990]) delimits the male-specific support interval
containing the AT gene(s) to 2.8 cM. This confirms
and further refines the previous localizations by Gatti
et al. (19884, 1990), Sanal et al. (1990), and McCon-
ville et al. (1990a, 1990b). However, none of these
previous reports considers the possibly closest flanking
marker, S132. The power of the new location score
method is well illustrated on the complex inbred pedi-
grees of the current AT consortium. The improvement
in odds for the 14-point location scores (fig. 2) versus
the exact three-point location scores (table 6) is en-
couraging for studies aimed at further localizing the
AT gene(s).
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