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Summary

The most commmon form of human severe combined immunodeficiency (SCID) is inherited as an X-linked
recessive genetic defect, MIM 300400. The disease locus, SCIDX1, has previously been placed in Xql3.1-q21.1
by demonstration of linkage to polymorphic markers between DXS159 and DXS3 and by exclusion from
interstitial deletions of Xq21.1-q21.3. We report an extension of previous linkage studies, with new markers and
a total of 25 SCIDX1 families including female carriers identified by nonrandom X chromosome inactivation
in their T lymphocytes. SCIDX1 was nonrecombinant with DXS441, with a lod score of 17.96. Linkage
relationships of new markers in the SCIDX1 families were consistent with the linkage map generated in the
families of the Centre d'Etude du Polymorphisme Humain (CEPH) and with available physical map data. The
most likely locus order was DXS1-(DXS159,DXS153)-DXS106-DXS132-DXS453-(SCIDX1,PGK1,
DXS325,DXS347,DXS441)-DXS447-DXS72-DXYSlX-DXS3. The SCIDX1 region now spans approximately
10 Mb of DNA in Xql3; this narrowed genetic localization will assist efforts to identify gene candidates and
will improve genetic management for families with SCID.

Introduction

Severe combined immunodeficiency (SCID) is a pheno-
type characterized by susceptibility to severe and per-

sistent infections due to lack of both cell-mediated and
humoral immune responses. Although previously lethal
in the first year of life, SCID in many patients is now
successfully treated with bone marrow transplantation.
Several distinct autosomal defects can give rise to the
SCID phenotype, but the most common form of SCID
in the United States is caused by X-linked recessive mu-
tations of the SCIDX1 locus (Conley et al. 1990; Puck
et al. 1992; WHO Scientific Group 1992). SCIDX1
(formerly IMD4) was first localized to proximal Xq by
de Saint Basile et al. (1987); we subsequently confirmed
this map position and determined SCIDX1 to lie in
Xql3.1-q21.1, by tight linkage to PGK1 and DXS72
and by deletion analysis (Puck et al. 1989).
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Efforts to localize SCIDX1 have been hampered by
several factors, including (i) the rarity of SCID, esti-
mated to occur on the order of 1 per 104-105 births
(Stiehm 1993); (ii) an array of known and unknown
confounding autosomal genocopies; (iii) lack of af-
fected patients with recognized cytogenetic abnormali-
ties, such as translocations, to pinpoint the genetic re-
gion; (iv) early lethality in affected males, universal in
previous generations; and (v) the lack of any immuno-
logically detectable abnormality which would identify
female carriers. Only the last of these difficulties has
been overcome, with the discovery that female carriers
of SCIDX1 have nonrandom X chromosome inactiva-
tion in cell lineages specifically targeted by the gene
defect (Puck et al. 1987, 1992; Conley et al. 1988).
Thus, women at risk of being SCIDX1 carriers can be
identified because the active X chromosome in their
mature T lymphocytes is uniformly the nonmutant X.

Since our first report of SCIDX1 linkage in six pedi-
grees, we have accumulated 25 unrelated kindreds seg-
regating this disorder. The incorporation of newly avail-
able polymorphic markers into our original panel has
enabled us to narrow the region in which SCIDX1 lies
and has helped us to order loci in Xq13.



More Precise Linkage of SCIDX1 in Xql3

Material and Methods

Subjects
Records from all subjects, recruited throughout the

United States through immunologists and geneticists,
were reviewed to establish the diagnosis of SCID. Sub-
jects or their parents gave informed consent for genetic
evaluation of DNA samples prepared from blood, am-

niocytes, or lymphoblastoid cell lines. Of the 25
SCIDX1 pedigrees included in linkage analysis, 17 had
more than one affected boy in at least two generations
and demonstrated X-linked inheritance. Of these mul-
tigeneration pedigrees, eight have been published, in-
cluding A-F in our original linkage report (Puck et al.
1989) and the families reported by Fireman et al. (1966)
and Gatti et al. (1968); the seven most informative new
multigeneration pedigrees are G-N, illustrated in the
top portion of figure 1.
The remaining 8 of the 25 total pedigrees, of which 5,

P-T, are shown in the bottom portion of figure 1, were
ascertained either through a sporadic affected male or,

in families P and R. two affected male siblings with
otherwise negative family history. A sixth pedigree has
been published previously (Puck et al. 1990). These fam-
ilies were considered to have SCIDX1 mutations be-
cause mothers of affected boys demonstrated nonran-

dom X chromosome inactivation in T cells (see
Evaluation of Carrier Status subsection below). In both
family P and family T, an affected male was born after
genetic workup and prenatal diagnosis, in each case

confirming that the genotype had been correctly as-

signed by the X inactivation carrier test (Himelstein et

al. 1993).

Evaluation of Carrier Status
All available females were assayed for X chromo-

some inactivation pattern in T cells, by the somatic cell
hybrid technique reported elsewhere (Puck et al. 1992).
In brief, peripheral blood T cells, highly purified after
polyclonal phytohemagglutinin stimulation, were fused
with HPRT- hamster fibroblasts and cultured with hy-
poxanthine and azaserine to select for retention of the
human active X chromosome. In over 90% of hybrid
clones arising from such fusions, a single human X
chromosome, the active X, was found. DNA from a

panel of independent hybrids was analyzed by Southern
blot, with an X chromosome RFLP probe for which the
subject was heterozygous, to identify the active human
X chromosome. The numbers of hybrids containing a

human active X chromosome from each parent (pater-
nally derived:maternally derived) are shown below each

tested female's symbol in figure 1. For females who had
no sons affected with SCID, assignment of status as
either a noncarrier, for those with random patterns (R),
or a carrier, for those with skewed patterns (S), was
made according to a maximum-likelihood analysis pub-
lished previously (Puck et al. 1992).

Genotyping at Marker Loci
Genotypes at marker loci in the pericentromeric re-

gion and proximal long arm of the X chromosome were
determined by Southern blot analysis of genomic DNA
as reported elsewhere (Puck et al. 1989). In addition,
for many females, DNA samples prepared from the
cloned hybrid cell lines containing a single active hu-
man X chromosome were included to confirm accuracy
and to establish phase. RFLP probes were obtained
from the American Type Culture Collection (Rockville,
MD) or with permission of the originators, for DXS14
in Xpll.21; DXS1 in Xql1.2; DXS159, DXS153,
DXS106, and DXS132 in Xql2; DXS347, DXS325, and
DXS441 in Xql3.2-q13.3; PGK1 in Xql3.3; DXS447
and DXS72 in Xq21.1; DXYS1X in Xq21.31; and DXS3
in Xq21.3 (Williamson et al. 1991). All but DXS1,
DXS347, and DXS325 are included in the Reference
Marker List from the Human Gene Mapping 11 Work-
shop (Davies et al. 1991). Poly-TG microsatellite poly-
morphisms at DXS441 (Ram et al. 1992) and DXS453
(Weber et al. 1990) were also used, with primers and
PCR conditions as described.

Linkage Analysis
Linkage calculations were performed on a Micro-

VAX 3400 under VAX/VMS 5.4 using version 4.9 of
the LINKAGE analysis package (Lathrop et al. 1985).
Allele frequencies for published RFLP loci were ob-
tained from Williamson et al. (1991). Every pair of loci
was analyzed by MLINK using the 25 SCIDX1 pedi-
grees to determine lod score (Z) values at specified re-
combination fraction (0) values; the 0 yielding the great-
est Z by this method was used as a seed for iteration by
ILINK to determine the 0 of maximum likelihood, 0,
for each pair of loci. The SCIDX1 locus was placed on
the map of marker loci by using the LINKMAP pro-
gram. The values for distances between fixed loci in our
data set were combined published values as described
below in Results. Order of marker loci was established
by genetic recombination and physical mapping data.
Mutation rate and allele frequency for SCIDX1 were
assigned to be 10-6 and 2 X 106, respectively. For diag-
nosed or obligate female carriers of SCIDX1 whose par-
ents were not available, the genotype of the active X,
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isolated in a human/hamster hybrid, was encoded as a

parental X.

Results

In the families included in this study, carrier status

was assayed by X inactivation analysis in 71 women at

risk who had no affected offspring. Odds ratios, calcu-
lated according to the method of Puck et al. (1992), of
either >90:1 or <1:100 for being a carrier were found
in all but four women, one each in family C and family
D (odds ratios 1.5:1 and 2.3:1, respectively [Puck et al.
1992]) and, as shown in figure 1, one each in the third
generations of family M (odds ratio 60:1) and family Q
(odds ratio 20:1). These women were classified as un-

known SCIDX1 genotype.
Two-point linkage of SCIDX1 to pericentromeric

and proximal Xq polymorphic marker loci is shown in
table 1. SCIDX1 was closely linked to markers in Xql3,
showing no recombination with DXS441, DXS325,
DXS347, or PGK1. There was also no recombination
with the more distal marker DXS72. The use of both
RFLP and microsatellite polymorphisms at DXS441
made this the most informative locus, which showed no

recombination with SCIDX1 with Z = 17.96. The rela-
tive order of DXS347, DXS325, DXS441, and PGK1
has not been established by recombination, but the first
three of these markers are proximal to the Menke syn-

drome translocation breakpoints, while PGK1 is distal
(Verga et al. 1991; Tumer et al. 1992).

Pairwise linkage of loci was determined for the
SCIDX1 pedigrees, and all 0 values supported by Z > 3
are shown in table 2, along with the 0 and the peak Z (Z)
at that 0. Because Z values for two-point linkage are

additive, we combined our scores with those of Mah-
tani et al. (1991) for the CEPH 40-family panel, wher-
ever common pairs of markers were tested. The more

precise Z values based on both data sets are shown in
boldface type in table 2.

Multipoint linkage analysis was performed with mul-
tiple sets of six stationary loci, moving the SCIDX1

locus from proximal Xp through Xq21.3. The genetic
distances used for the fixed loci were 0 values at Z
values underlined in table 2, where available; others
were obtained from our own data and from Keats et al.
(1989). When no recombination was documented but
order was established by physical map data, such as the
placement of DXS447 distal to DXS441, a genetic dis-
tance of 0.001 Morgan was assigned. A representa-
tive run is shown in figure 2, in which SCIDX1 was

placed at intervals throughout the map: DXS159-.05
M-DXS106-.03 M-DXS132-.13 M-DXS441-.06 M-
DXY SlX-.09 M-DXS3. The Z values indicated for
each interval show that the maximum-likelihood loca-
tion for SCIDX1 was at DXS441. SCIDX1 was 1.3 X 109-
fold more likely to be distal, rather than proximal, to

DXS159 and was 2 X 101"-fold more likely to be distal to

DXS132. Similarly, SCIDX1 was 6.6 X 107-fold more

likely to be proximal, rather than distal, to DXYS1X. Other
stationary marker sets gave substantially the same results;
for example, in calculations not illustrated, SCIDX1 was

6.2 X 104-fold more likely proximal to DXS447.
The 19 recombinant X chromosomes from our families

which most narrowly localized SCIDX1 are shown in fig-
ure 3. Individuals who inherited a maternal X chromosome
with a normal SCIDX1 allele (as assessed either by non-

SCID phenotype, for males, or by random X inactivation,
in at-risk females) are shown on the left, and those with a

mutant SCIDX1 allele are shown on the right, with the
resultant SCIDX1 critical interval shaded. Two X chromo-
somes, one each in families N and E, had double cross-

overs, and one, in family P, had three crossovers in the
interval illustrated. All recombinations were confirmed by
more than one marker allele on each side of a crossover,

except for the SCIDX1 carrier female from family E, whose
mother was homozygous at all loci tested between
DXS447 and DXS132. Two non-SCID phenotype chro-
mosomes, one each in families N and P, and one affected
individual's chromosome in family K have crossovers

which mark the proximal boundary of the SCIDX1 region
as DXS1 32. These plus non-SCID chromosomes from fami-
lies C and B (fig. 3, left) and SCID chromosomes in families

Figure I Previously unpublished pedigrees of multigeneration SCIDX1 families (Family G-Family M) and families ascertained through
affected males in a single generation whose mothers were found to carry SCIDX1 mutations by X inactivation carrier testing (Family P-Family
T). Blackened boxes denote affected males; unblackened boxes denote unaffected males; and circles with central dots denote obligate carrier
females. A slash mark denotes that the individual is deceased. R = females at risk for carrying SCIDX1 mutations with random (noncarrier) T cell
X chromosome inactivation; and S = females at risk for carrying SCIDX1 mutations with skewed (carrier) T cell X chromosome inactivation.
Paternal:maternal ratios of hybrids scored are shown below the circles representing females who were tested. In families N, Q, and S, squares
with unblackened circles denote the chromosome of origin of the SCIDX1 mutation, determined by linkage study. In families P and T, a
generation-Ill affected male was born subsequent to genetic prediction and prenatal diagnosis by linkage. Families P, Q, and S were originally
reported by Conley et al. (1990).
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Table I

Z Values, for Increasing 0 Values, between SCIDX I and Pericentromeric and Proximal Long-Arm Loci on the X Chromosome

Z AT = a

Locus 0 .001 .01 .05 .10 .15 .20 .25 .30 .35 .40 6b 2c

DXS14 .......... -00 .61 3.50 5.06 5.26 5.05 4.65 4.12 3.49 2.76 1.94 .092 5.27

Centromere ......

DXS1 ........... -15.40 -4.18 -2.75 2.11 2.77 2.91 2.80 2.55 2.19 1.74 1.21 .148 2.91

DXS159d ......... -0 2.99 7.78 10.30 10.52 10.50 9.18 8.09 6.80 5.33 3.68 .087 10.73
DXS153d ........ 2.39 5.08 5.98 6.24 5.92 5.44 4.84 4.18 3.44 2.65 1.81 .038 6.26

DXS106 ......... -00 2.47 5.32 6.76 6.79 6.41 5.82 5.09 4.24 3.29 2.24 .074 6.86

DXS132 ......... -00 3.95 6.79 8.19 8.16 7.69 6.99 6.13 5.13 4.00 2.74 .071 8.26

DXS347e ........ 8.89 8.88 8.75 8.19 7.45 6.67 5.86 4.99 4.08 3.10 2.08 .0 8.89
DXS325 ........ 2.69 2.69 2.65 2.49 2.28 2.06 1.83 1.58 1.31 1.02 .71 .0 2.69
DXS441c ........ 17.96 17.94 17.68 16.54 15.05 13.48 11.83 8.24 6.31 1.90 .94 .0 17.96

PGK1 .......... 8.73 8.71 8.60 8.06 7.36 6.61 5.82 4.99 4.10 3.15 2.15 .0 8.73

DXS44- ..........' 4.18 6.87 7.73 7.79 7.27 6.59 5.82 4.98 4.07 3.11 2.09 .027 7.89

DXS72 .......... 10.38 10.36 10.21 9.53 8.65 7.73 6.76 5.74 4.68 3.55 2.38 .0 10.38

DXYS1X ........ -3.58 4.02 6.85 8.20 8.14 7.64 6.94 6.09 5.12 4.03 2.82 .067 8.26

DXS3 ........... -00 -7.80 -.95 3.27 4.49 4.79 4.67 4.30 3.73 3.01 2.14 .158 4.79

a For each marker, the Z is underlined.
b Most likely 0.
c Z at 0.
d The relative order of DXS159 and DXS153 has not been established.
e The relative order of DXS347, DXS325, and DXS441 has not been established.

G and E (fig. 3, right) could narrow the SCIDX1 region
proximal boundary further, with additional informative
markers. Similarly, there are five potentially informative
meioses for definition of distal boundaries with new
markers.

In an attempt to further localize the SCIDX1 critical
region, the position of DXS453 in proximal Xq (Weber et
al. 1990) was defined more precisely. This PCR-based poly-
TG polymorphic locus was amplified, proving that it was
present, in a hybrid cell line containing only Xq distal to the
AnLy translocation breakpoint at the ectodermal dysplasia
locus in Xql2-ql3.1 (Zonana et al. 1988); DXS132 was
proximal to this breakpoint. Furthermore, limited geno-
typing with DXS453 in our laboratory revealed four cross-
overs not informative for SCIDX1 but, nonetheless, placing
DXS453 proximal to DXS441. Thus DXS453 was shown
to lie between DXS132 and DXS441.
When SCIDX1-informative meioses were analyzed at

DXS453, only one recombinant X chromosome was found
which enabled the SCIDX1 critical region to be narrowed.

The maternally derived X chromosome of a noncarrier
female in family B, which is second from the left in figure 3,
had the DXS453 allele from the maternal mutation-bearing
X. Thus a crossover is likely to have occurred distal to
DXS453 and proximal to SCIDX1. DXS453 may therefore
represent a new, narrower proximal boundary for SCIDX1.

Discussion

This study indicates that the SCIDX1 locus, muta-
tions of which cause the majority of human SCID, lies
on the proximal long arm of the X chromosome, be-
tween the markers DXS132 and DXS447. A single re-
combinant suggests placement of SCIDX1 in an even
narrower interval, on the order of 10 Mb, between
DXS453 and DXS447. SCIDX1 did not recombine with
a cluster of markers in Xql3 which include PGK1,
DXS325, DXS347 and DXS441, for which an RFLP
and a multiallele poly-TG polymorphism were nonre-
combinant with SCIDX1 with Z = 17.96. To date, link-

Puck et al.180



Table 2

Z Values, for Increasing 0 Values, between Pericentromeric and Proximal Long-Arm Marker Loci on the X Chromosome

Z ATO = a

Locus 1 Locus 2 .00 .01 .02 .03 .04 .05 .10 .20 .30 .40 6b 2c

DXS14 DXS1.3.34c 3.28 3.23 3.17 3.12 3.06 2.78 2.18 1.53 0.81 .00 3.34
DXS14 DXS159 -o 2.52 2.77 2.89 2.96 3.00 2.99 2.59 1.94 1.08 .07 3.02

-oo 12.08 12.45 12.62 12.58 12.53 11.85 9.66 6.81 3.44
DXS14 DXS347. 5.10 5.02 4.93 4.85 4.76 4.68 4.24 3.32 2.33 1.23 .00 5.10
DXS14 DXS447. 3.66 3.61 3.55 3.49 3.43 3.37 3.06 2.39 1.67 0.88 .00 3.66

DXS1 DXS441 -o 1.15 1.96 2.38 2.66 2.85 3.23 3.01 2.27 1.23 10.12 3.25

DXS159 DXS153. 7.05 6.94 6.83 6.72 6.60 6.49 5.90 4.62 3.17 1.59 .00 7.05
26.62 26.21 25.79 25.37 24.94 24.52 22.31 17.50 12.06 5.95 .00 26.62

DXS159 DXS106 - .85 2.20 2.92 3.38 3.70 4.36 4.05 2.92 1.40 .12 4.41
-0o 12.20 13.65 14.35 14.73 14.94 14.85 12.54 8.95 4.60

DXS159 DXS132 . - 1.33 2.68 3.40 3.87 4.19 4.86 4.55 3.40 1.75 .12 4.91
-0o 13.28 14.73 15.42 15.81 16.01 15.90 13.54 9.90 5.30

DXS159 DXS347 -o 6.23 6.42 6.48 6.48 6.46 6.12 5.01 3.56 1.84 .04 6.48
DXS159 PGK1.4.97 4.91 4.84 4.78 4.71 4.64 4.27 3.43 2.46 1.33 .00 4.97

-oo 19.98 20.50 20.66 20.65 20.55 19.44 15.92 11.43 6.05
DXS159 DXS441 -o 9.20 9.34 9.35 9.31 9.24 8.66 7.03 5.00 2.62 .03 9.35
DXS159 DXS72 .-o 2.28 3.35 3.91 4.27 4.51 4.96 4.49 3.29 1.66 .11 4.97

DXS153 DXS106. 4.21 4.14 4.07 3.99 3.92 3.84 3.45 2.61 1.70 .77 .00 4.21
-00 5.94 6.39 6.59 6.68 6.71 6.47 5.25 3.58 1.67

DXS153 DXS132. 7.37 7.25 7.13 7.01 6.88 6.76 6.11 4.71 3.17 1.53 .00 7.37
- 14.32 14.37 14.30 14.16 14.02 12.99 10.39 7.31 3.80

DXS153 DXS347. 3.28 3.22 3.17 3.12 3.07 3.02 2.74 2.14 1.48 7.60 .00 3.28
DXS153 DXS441 . -o 4.14 4.37 4.47 4.52 4.54 4.43 3.77 2.79 1.55 .06 4.54
DXS153 PGK1 .4.15 4.09 4.03 3.97 3.91 3.85 3.53 2.83 2.03 1.10 .00 4.15

- 12.21 12.55 13.12 13.24 13.26 12.79 10.68 7.77 4.18
DXS153 DXYS1X -x 3.84 4.06 4.16 4.20 4.22 4.09 3.44 2.54 1.40 .05 4.22

DXS106 DXS132. -o 9.66 9.78 9.77 9.70 9.61 8.94 7.13 4.96 2.49 .02 9.78
-oo 23.59 24.04 24.10 24.00 23.83 22.30 17.92 12.52 6.27

DXS106 DXS441 . -o 3.21 3.97 4.37 4.60 4.75 4.94 4.29 3.09 1.58 .04 4.95
DXS106 DXS72 .-o 2.87 3.65 4.04 4.28 4.44 4.65 4.04 2.89 1.42 .09 4.65
DXS106 DXYS1X . -0 2.01 2.53 2.80 2.97 3.08 3.26 2.93 2.23 1.25 .10 3.26

DXS132 DXS441 -o .67 1.76 2.35 2.73 3.00 3.60 3.48 2.67 1.43 .13 3.68
DXS132 DXS72 .-0 3.75 4.23 4.46 4.59 4.66 4.62 3.85 2.69 1.28 .07 4.70
DXS132 DXS3.. - -.14 1.24 1.99 2.49 2.84 3.66 3.66 2.81 1.52 .14 3.81

DXS347 DXS441 . -o 2.76 3.26 3.50 3.65 3.73 3.78 3.21 2.28 1.14 .08 3.81
DXS347 DXS447. 3.22 3.17 3.12 3.07 3.02 2.96 2.68 2.07 1.38 .64 .00 3.22
DXS347 DXS72.5.70 5.61 5.51 5.41 5.32 5.22 4.72 2.65 2.49 1.21 .00 5.70
DXS347 DXYS1X 5.38 5.29 5.20 5.12 5.03 4.94 4.48 3.51 2.45 1.30 .00 5.38

DXS325 DX572 4.50 4.43 4.37 4.30 4.23 4.17 3.81 3.06 2.19 1.19 .00 4.50
DXS325 DXYS1X . -o 3.03 3.26 3.37 3.42 3.45 3.37 2.86 2.11 1.17 .06 3.45

PGK1 DXS441. 12.37 12.19 12.00 11.81 11.62 11.43 10.44 8.28 5.85 3.10 .00 12.37
PGK1 DXS72.4.21 4.14 4.07 4.00 3.93 3.85 3.49 2.71 1.88 .98 .00 4.21
PGK1 DXYS1X . -o 4.02 4.51 4.74 4.88 4.95 4.94 4.24 3.13 1.72 .07 5.00

DXS441 DXS447. 4.95 4.87 4.79 4.70 4.62 4.53 4.08 3.13 2.10 1.01 .00 4.95
DXS441 DXS72.6.59 6.48 6.37 6.26 6.14 6.03 5.44 4.20 2.85 1.40 .00 6.59
DXS441 DXYS1X . -0 5.85 6.31 6.52 6.63 6.67 6.51 5.49 4.02 2.20 .06 6.68

DXS447 DXS72 . -o 3.36 3.57 3.66 3.09 3.71 3.55 2.88 1.99 9.82 .05 3.72

NOTE.-Values in boldface type are the sum of SCIDX1 and CEPH 40-family Z values from Mahtani et al. (1991).
a For each marker, the Z is underlined.
b Most likely 0.
c Z atO.
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Figure 2 Seven-point multipoint linkage analysis of SCIDX1 with respect to markers in the proximal long arm of the X chromosome.
Lod scores represent the loglo likelihood that SCIDX1 lies at each position shown, relative to an unlinked position on Xp.

age studies by our group and others (de Saint Basile et
al. 1987), in over 30 unrelated families segregating this
disorder, have shown no evidence of genetic heteroge-
neity for the X-linked form of SCID.

Early lethality of SCID, clearly evident in the pedi-
grees in figure 1, has reduced the number of individuals
available for linkage analysis. The present linkage study
was substantially aided by the performance of carrier
testing by X chromosome inactivation in T lympho-
cytes. The number of SCIDX1-informative meioses
more than doubled in the multigeneration pedigrees
after carrier determination. Moreover, those pedigrees
ascertained by affected males in a single generation
could not otherwise have been included. Results of X
inactivation testing by the hybrid method gave a defini-
tive result in 93% of women at risk. Additional phase
information was obtained from the hybrids of female
carriers segregating the active, non-mutation-bearing X
chromosomes.
The most likely locus order in the pericentromeric

and proximal long-arm regions of the human X chro-
mosome for SCIDX1 families was DXS1-(DXS159,
DXS153) - DXS106 - DXS132- DXS453 -(SCIDX1,PGK1,

DXS325,DXS347,D XS441)-DXS447-DXS72-DXYS1X-
DXS3. This order and the genetic distances between
loci shown in table 2 are consistent with previous maps
(Davies et al. 1991; Mahtani et al. 1991) and provide
additional marker localization. With these new linkage
boundaries for SCIDX1, positional cloning approaches
and evaluation of candidate genes will be facilitated.
Moreover, 11 SCIDX1-informative meioses with cross-
overs are available which could potentially narrow the
SCIDX1 critical region further when new polymorphic
markers become available.

Survival of SCID patients after bone marrow trans-
plantation has improved significantly during the past 2
decades, although important questions remain about
both optimization of posttransplantation B lymphocyte
function and long-term outcome (Fischer et al. 1990;
Conley 1991). Genetic management of families with
SCID has been greatly facilitated by carrier determina-
tion for SCIDX1 mutations and by the currently avail-
able array of closely linked marker loci. The poly-TG
polymorphism at DXS441 alone, with a heterozygosity
of .76 (Ram et al. 1992), is a powerful predictor of
SCIDX1 status, and the present delineates abundant
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Figure 3 Representation of SCIDX1-informative X chromosomes with meiotic crossovers near the SCIDX1 region. Blackened squares
and circles denote alleles derived from the maternal mutation-bearing X chromosome; and unblackened squares and circles denote the maternal
nonmutant X chromosome. Horizontal dashes at a locus denote maternal homozygosity.

tightly linked flanking markers. To date, successful pre-
natal diagnosis using chorionic villus or amniocyte
DNA has made possible perinatal bone marrow trans-
plantation in three affected boys (Himelstein et al.
1993; Puck 1993); their excellent outcome underscores
the value of linkage analysis for this disorder.
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