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Abstract

A molecular linkage analysis in 11 families with X-linked agam-
maglobulinemia (XLA) localized the XLA gene to the proximal
part of the long arm of the human X chromosome. Significant
linkage was detected between XLA and loci defined by two poly-
morphic DNAprobes called 19-2 for the DXS3 locus and S21
for the DXS17 locus. Both localize to the region Xq2l.3-Xq22.
Most likely recombination distances (0) and associated logarithm
of the odds (lod) scores for the XLA-DXS3 and XLA-DXS17
pairs were d = 0.04 morgans (lod, 3.65) and 0= 0 (lod, 2.17),
respectively. Tight linkage between XLA and the locus DXS43
defined by the X short arm probe D2 (localized to Xp22-Xp21)
was strongly excluded and we obtained no evidence for significant
linkage between XLA and any other X short arm probe. The
probe pair 19-2 and S21 should be informative for molecular
linkage-based analysis of XLA segregation in the majority of
families afflicted with this disorder.

Introduction

In one form of agammaglobulinemia, which is inherited in an
X-linked recessive mode (XLA),' the serum of males expressing
the disease contains markedly diminished or undetectable
quantities of all immunoglobulins (1), and B lymphocytes are
markedly decreased or absent in peripheral blood, bone marrow,
and lymphoid tissues from affected patients. Mature plasma cells
cannot be found, although the bone marrow contains normal
numbers of pre-B lymphocytes, a fact that might ultimately
lead both to basic understanding of the pathogenesis of this dis-
order and to specific therapy (2). At present, one is limited to
empirical therapeutic action, which consists of prophylaxis
against recurrent pyogenic infections, achieved by the regular
administration of pooled human immune serum globulin.
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1. Abbreviations used in this paper: lod, logarithm of the odds of linkage;
RFLPs, restriction fragment-length polymorphisms; XLA, X-linked
agammaglobulinemia.

Diagnosis of XLA is restricted at present to males who are
well past the newborn period. Female heterozygotes for this dis-
ease (1) cannot be detected directly, although obligate hetero-
zygotes can be identified by pedigree analysis. Heterozygous fe-
males are immunologically normal. It has not yet been possible
to perform prenatal diagnosis of XLA in male fetuses. Affected
newborn males with XLA are passively protected against infec-
tion by maternal IgG for the first year of life (1). Moreover, the
clinical and immunologic abnormalities in affected males vary
both within and between families, the latter feature promoting
the suspicion that "X-linked agammaglobulinemia" might not
be a single defect at a unique locus (3). Mapping XLA on the
X chromosome, before establishing its linkage relationships with
other X chromosome loci, about which published data do not
yet exist, would help address this question of XLA heterogeneity
and lead to more definitive diagnosis of the disorder.

Weundertook this study to ascertain if loci defined by re-
striction fragment-length polymorphisms (RFLPs) (4) could be
found sufficiently close to the XLA locus in available families
to provide information on chromosome map location and per-
haps to be of use in prenatal diagnosis. Toward this purpose,
segregation analysis in 13 families at risk for the transmission
of XLA was performed. In view of the rarity of this disorder
and the difficulty in finding kindred suitable for this type of
analysis, it was fortuitous that we were able to determine that
two cloned DNA fragments from the human X chromosome
(named S21 [5] and 19-2 [6, 7]) recognize RFLPs mapped as
loci DXS17 and DXS3, respectively, to the q2I.3-q22 region
that are genetically linked to the putative gene for XLA. This
provides a first step toward the desired gene mapping and di-
agnostic capabilities.

Methods

Patients with XLA were identified by the criteria of the Expert Committee
on Immunodeficiency of the World Health Organization (8). These pa-
tients have been previously described (3, 9, 10). Blood samples were
collected into tubes containing EDTAafter obtaining informed consent
from the propositi and their relatives. Blood samples of 20-40 ml were
obtained from 121 individuals in 13 unrelated kindred.

DNA isolation. High molecular weight genomic DNAwas isolated
from peripheral blood samples according to the protocol of Aldridge et
al. (6, 9, 1 1) except that DNAase-free pancreatic RNAase was added to
the mixture at a concentration of 50 ,g/ml I 1/2h before phenol-chloroform
extraction and the mixture was dialyzed against 10 mMTris, 1 mM
EDTA, and 20 mMNaCI buffer.

DNA labeling. In vitro labeling of DNAwas performed using T4
DNApolymerase according to the method of O'Farrell (12) as modified
by Kunkel et al. (13). Briefly, 0.5 jg of DNAwas predigested in T4 buffer
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(12) with 2-3 U of T4 DNApolymerase for 5 min at 370C before the
addition of 40-80 ,Ci of [2P]dCTP. The reaction mixture was incubated
for 10 min and cold dNTP was added to finish the reaction. The radio-
labeled fragments were purified on 0.6% low melt agarose and the ap-
propriate 32P-fragment was recovered from the gel.

Gel analysis and filter hybridization. Genomic DNAwas digested
for several hours in the appropriate buffer with various restriction en-
zymes. Electrophoresis was carried out in 0.8% agarose gels in Tris borate
buffer (90 mMTris, 90 mMboric acid, 25 mMEDTA). The gel was
denatured in 0.5 MNaOH, 0.5 MNaCi, and neutralized in 0.5 MTris,
pH 7.6, 0.6 MNaCl. DNAfrom the gel was transferred to nitrocellulose
in 20X SSC(3 MNaCl, 0.3 MNa citrate) using the method of Southern
(14). After transfer, the filters were rinsed in 4X SSC, and baked for 2 h
at 80'C. Prehybridization was performed in a mixture containing 50%
formamide, 4X SSC, 8%dextran sulfate, lOx Denhardt's solution (15),
25 gg/ml denatured salmon DNA, 100 jsg/ml transfer RNA(tRNA), 1.0
mMEDTA, 0.1% sodium dodecyl sulfate (SDS) for several hours at
42°C. Hybridization was carried out for 18 h in the same solution con-
taining 32p at -1 X 106 cpm/ml of 32P-labeled probes. After hybridization
the filters were washed in 0.1 %SSC, 0.1% SDSat 55°C. Autoradiography
was performed at -70°C for 12-36 h, using X-Omat R film (Eastman
Kodak Co., Rochester, NY) and an intensifying screen.

Results

DNAfrom a total of 121 individuals, derived from 13 families,
was digested with a panel of restriction enzymes, subjected to
Southern blotting, and then probed with one of 18 chromosome-
specific DNAfragments.2 Probes defining loci that map on the
short arm of the X chromosome reveal high frequencies of re-
combination in XLA families (e.g., Table I, DXS43 for probe
D2; other data not shown). However, loci defined by two different
probes (DXS3 for probe 19-2 and DXS17 for probe S21) (5, 6),
that map to Xq2 1 .3-Xq22, show close linkage between the XLA
gene and DNApolymorphisms with the enzymes Taq I or MspI.

Fig. 1 shows the segregation of Taq I alleles of probe 19-2
in the pedigree of one family with XLA. The obligate hetero-
zygotes, lane 11-2 and 11-3, exhibit the heterozygous profile of
the 5.2,3.0/2.2 kb Taq I alleles. The lower allele (3.0/2.2 kb) is
present in two affected probands (lane III-1, IV-1), while the
allele with the 5.2-kb band is present in the unaffected son (lane
111-2). This family reveals Mendelian inheritance pattern with
no recombinants in three meiotic events. The obligate hetero-
zygote I11-3 is homozygous for the lower allele (3.0/2.2 kb) and
her affected son has the lower allele.

Linkage analysis was performed on the 10 families that could
be scored by analysis with the 19-2 probe, the four families that
yielded information that could be scored with probe S21, and
four families that were informative with probe D2. Recombi-
nants were detected by comparing the genotypes of heterozygous
females with those of their offspring. The phase in the obligate
female heterozygote carriers was determined from the genotype
of their fathers, whenever possible; otherwise it enters into linkage

2. The polymorphic probes used, their approximate locations on the
human X (given in parentheses), and their official locus designations
[given in brackets] were: Dic 56(pter-p22) [DXS143] (22); RC8(p22.3-
p21) [DXS9] (16); D2(p22.3-p21) [DXS43], 99-6(p22-p21) [DXS41],
B24(p21) [DXS67], 58-l(pl I-cen) [DXS141, 19-2(q21.3-q22) [DXS3],
22-33(q24-qter) [DXS 1], 43-15(q24-qter) [DXS42] (6, 7); C7(p21.3-
p21.2) [DXS28] (18); p754(p21.2-p21.1) [DXS84] (32); OTC(p21) (20);
L.128(pl 1.3-pl 1) [DXS7] (17); p8(cen-q12) [DXS1]; pDP34(cen-q 13)
[DXYS1] (21); PGK(q13) (19); S21(q21.3-q22) [DXS17] (4); and
52A(q27-qter) [DXS51] (7).

Table I. Linkage Analysis of Loci Defined by Three Molecular
Probes with the X-linked Agammaglobulinemia Locus

Locus DXS3 DXS17 DX,43
Probe 19-2 S21 D2
Location Xq2 1 .3-Xq22 Xq2 1.3-Xq22 Xp22.3-Xp2l

morgans

0
o -oo 2.17 -00
0.05 3.64 1.99 -3.71
0.1 3.41 1.80 -2.31
0.15 3.03 1.59 -1.54
0.2 2.59 1.38 -1.04
0.25 2.12 1.16 -0.69
0.3 1.62 0.93 -0.43
0.35 1.15 0.69 -0.25
0.4 0.70 0.46 -0.12
0.45 0.31 0.34 -0.04
0.5 0 0 0

Summary of the lod scores for possible linkage of XLA with loci
DXS3, DXS17, and DXS43 defined by probes 19-2, S21, and D2 at 5
centimorgan recombination (0) intervals. Shown under the designation
for each probe is the approximate probe location on the human X
chromosome, based on information provided in the text. Please note
that since some of the data for probes 19-2 and S21 were obtained
from the same pedigrees and individuals, the sum of the lod scores for
their respective loci at each value of 0 is not a valid indication of their
aggregate evidence for linkage but is an overestimate.

calculations as an uncertainty. The logarithm of the odds of
linkage (lod) scores, using all information available, was com-
puted directly, using principles as described by Cavalli-Sforza
and Bodmer (23) and Conneally and Rivas (24). The lod score
values associated with various values of 0 with each probe tested
are shown in Table I. The lod score curve for XLAand the locus
DXS3defined by probe 19-2 (Fig. 2) indicates a most probable
estimate of the recombination fraction, 0, of 0.04 morgans (>95%
confidence limits, by direct calculation, between values of 0
slightly greater than zero and less than 0.20 morgans) with a lod
score of 3.65 at 0 = 0.04 morgans. Hence, the odds favoring
linkage of XLA with DXS3, compared with the absence of link-
age, are more than 4,000 to 1. One obligate recombination in
26 meiotic events between the XLA locus and the DXS3 locus
in XLA families has been observed with probe 19-2. This gave
rise to the calculated most probable recombination fraction be-
tween XLA and probe 19-2 of greater than zero (0.04 morgans).
In the case of the locus DXS1 7, defined by probe S2 1, however,
four families were informative, with no obligate recombinants
in 13 meiotic events (0 = 0, lod = 2.17). DXS1 7 did not recom-
bine with XLA in the family in which the single DXS3crossover
event occurred, although DXS17 was not informative in the
obligate DXS3 recombinant meiosis.

Discussion

Wehave analyzed 13 families at risk for XLA, and using RFLPs
we were able to detect informative heterozygosity for probes 19-
2, S2 1, or D2 in 12 of the families. In 10 of these families there
were 26 informative meiotic events detected with the DNAprobe
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19-2 (6, 7) and in four families, 11 informative meiotic events

were detected with another DNAprobe S2 1 (5). Both of these
DNAsegments mapped to the region Xq21.3-Xq22 (6, 7; and
S.-P. Kwan, L. Kunkel, and G. Bruns, unpublished observations).
One crossover was observed between the XLA locus and the
locus DXS3 polymorphic for the probe 19-2 and none was ob-
served between XLA and the locus (DXS17) polymorphic for
the probe S2 1, consistent with tight linkage of XLA to both of
these probes. The combined heterozygosity of probes S2 1 and
19-2, based on published data (5-7) is greater than 0.75, making
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Figure 2. Logarithm of the odds (lod) of the cosegregation observed
between the locus DXS3defined by probe 19-2 and the XLA locus
relative to the absence of any genetic linkage as a function of the pos-

sible recombination distances (expressed as percentages) between
them. The curve derived from data on the 10 informative families de-
scribed here has a maximum at a value of = 0.04 morgans (lod
score, 3.65). The nominal confidence range defined by lod scores are

one less than the maximum. 0 <0 20 centimorgans includes 96% of
the area of a curve of the actual ratio of the odds corresponding to the
plot shown.

Figure 1. Cosegregation of Taq I alleles of the probe
19-2 and the XLA locus in one of the 10 families
studied. The pattern of 5.2-kb and/or 3.0/2.2-kb al-
leles in Taq I-digested DNA, as revealed by probe
19-2, is shown directly under the symbol for the corre-
sponding member of the pedigree. Affected males are
represented by darkened spaces, and obligate female
heterozygotes by half-darkened circles. I-1 had a son
with XLA who died.

this probe combination of significant potential use in the diag-
nosis of XLA.

Tabor et al. (25) have studied a boy with deletion in the X
chromosome between bands ql 3 and q2 1.3. Although no specific
information was reported about the child's immunoglobulin
levels, it does not appear from the clinical details given that he
had XLA. Nurmi et al. (26) and Eshola et al. (27) have reported
three Finnish females with an extensive deletion in the short
arm of the X chromosome, localized to Xp22.13-pl 1.11 or
Xp22. 1 l-pl 1.23 (28, 29). One of these females had decreased
T helper lymphocytes but normal numbers of B cells. They con-

cluded that an immunoregulatory defect was present but that
the defect did not resemble XLA. Schuurman (30) has studied
a number of families with XLAwith two short-arm DNAprobes,
RC8 and L128. He concluded that the XLA gene must lie be-
tween Xp2 1 and Xpl 1, although the maximum calculated lod
scores published for these probes did not reach 1.0. As stated
earlier, we have been unable to find any linkage between the X
short-arm marker locus DXS43 defined by probe D2 and the
XLA gene, and none of the fragmentary data on other X short-
arm marker loci and XLA in our families are indicative of an

Xp location for XLA. Other abnormalities and deletions of the
short arm of X chromosome in males have been described, and
none of these patients were reported to have XLA (31, 32).

From our studies it appears that the XLA in the families we

examined is a single locus defect, despite the clinical variability
among the cases. Now that the XLA gene has been mapped to
the proximal region of the long arm of the X chromosome, it
appears useful to apply additional RFLPs to refine the map lo-
cation and ultimately, to use the information obtained for pre-
natal diagnosis of XLA. For probes 19-2 and S21 described in
this study, greater than three-quarters of XLA heterozygotes
might be amenable to such an analysis.
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