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Isolation of the defective gene in X linked
agammaglobulinaemia

For many years now, the human X chromo-
some has been one of the primary targets of
researchers interested in studying inherited dis-
orders and the gene defects which cause them.
Because of the unique pattern of inheritance of
this chromosome, which results in disease phe-
notypes mainly in males, over 100 disease loci
have been mapped to the X chromosome, and
its subsequent genetic and physical mapping
has been extensive. Add to this the impetus of
the Human Genome Project and it is hardly
surprising that within the past few months a
number of genes on the X chromosome, namely
those involved in Menkes disease,'-3 hyper-IgM
immunodeficiency syndrome,47 glycerol kinase
deficiency,89 and adrenoleucodystrophy,l' have
all been isolated. Also during this exciting time,
the gene responsible for yet another X chromo-
some disorder known as X linked agammaglo-
bulinaemia," 12 or XLA for short, was added to
this ever growing list.
XLA (MIM 30030; gene symbol AGMX1) is

a rare primary immunodeficiency affecting 1 in
50000 live male births. Often referred to as
Bruton's agammaglobulinaemia after the per-
son who first reported the condition just over 40
years ago,.3 XLA is now used to describe a
clinically homogeneous disorder characterised
by the absence of serum immunoglobulins of all
isotypes, and susceptibility to recurrent bouts
of life threatening bacterial infections from an
early age.14 These infections are not limited to
bacteria, as some parasitic and viral infections
also occur. Immunoglobulin replacement ther-
apy and intensive courses of antibiotics are
normally used to ameliorate the symptoms as-
sociated with XLA; however, some serious
infections, such as those of the central nervous
system by echovirus, remain untreatable.
Over the last couple of decades, evidence

emerged which hinted that XLA resulted from
a defect in the development of B lymphocytes.
The lack of immunoglobulins in XLA patients
was the consequence of a lack of circulating
mature B cells and their terminally differen-
tiated form, the immunoglobulin secreting
plasma cells. Other leucocyte lineages
appeared to be unaffected in the disorder.
However, levels of the immediate precursors
of B cells, the pre-B cell, found in the bone
marrow and gut associated lymphoid tissue,
were normal in XLA patients, indicating a
block in the transition from pre-B to mature B
cell.'5 Although B cells depend upon interven-
tion from other cell types such as T cells during
their development, the XLA defect was shown
to be intrinsic to the B cell lineage by examining
the X chromosome inactivation patterns of
XLA carrier females.'617 B cells from female
carriers, unlike other leucocyte types, all
showed inactivation of the X chromosome car-
rying the XLA defect. Implicit in this observa-
tion was the idea that expression of the mutant

XLA allele in pre-B cells would prevent the
transition to B cells. Hence, the entire B cell
population in the immunologically normal
female carrier had, as the active chromosome,
the X carrying the wild type XLA allele.

Despite having insight into the develop-
mental requirement of the XLA gene product
in B cell progenitors, there was still no direct
evidence, biochemical or otherwise, which
gave any clues about the nature of the gene
product involved in this disorder. With this in
mind, researchers set out to try and identify
the gene involved in XLA based on its location
on the X chromosome, that is, by 'positional
cloning'.'8 The first step in this systematic
process was genetic linkage analysis. The poly-
morphic Xq22 marker DXS 178 showed no
recombination with the disease1921 suggesting
that the gene involved in XLA may be very
near to this marker. This, coupled with refine-
ments to the genetic and physical maps of
Xq22,2122 set the stage for strategies aimed at
identifying candidate genes within a 2 cM or
1 7 Mb region centered around DXS 178.
Based on the genetic evidence and the lack of

any large deletions or translocations known to
be associated with XLA in this region, a col-
laborative study based in London and in Swe-
den chose to investigate the likelihood that the
causative gene may be very near DXS178."
This seemed a reasonable place to begin such a
gene hunt, since a number of CpG islands,
indicative of the presence of genes, were
known to be located near this marker.22 Yeast
artificial chromosome (YAC) clones spanning
the XLA interval were isolated and one which
contained 640 kb from around DXS 178 was
subsequently used to isolate 48 cosmid clones
and a number of candidate cDNAs. Isolation of
the candidate genes was accomplished by using
the relatively new method of cDNA direct
selection.2324 This technique, based on the poly-
merase chain reaction (PCR), allowed a Bur-
kitt's lymphoma cDNA library to be enriched
for transcripts contained within the 640 kb
YAC clone. One hundred and four partial
cDNAs were identified by screening only 1536
cDNA clones derived from these PCR based
experiments with cosmid fragments known to
contain transcribed sequences in the vicinity of
DXS178. Further analysis of these 104 candi-
date cDNAs showed that 25 of them belonged
to a single gene having a transcript of 2-6 kb in
length. Two of the cDNAs from this group of
25 identified DNA restriction fragment abnor-
malities in eight out of 33 unrelated XLA
patients. Five of these DNA differences turned
out to be deletions, two of which were entirely
intragenic, thus providing crucial evidence that
this was the gene which was defective in XLA.
Other lines of evidence further supported

the involvement of this gene in XLA. It was
expressed in the B cell but not in the T cell
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lineage, as would be expected for a gene
involved in a defect intrinisic to B cells. Quite
surprisingly the gene also appeared to be
expressed in a variety of other tissues, particu-
larly in the pancreas and the lung. The com-
plete cDNA sequence provided, perhaps, the
most exciting clues as to how the protein pro-
duct of this gene was functioning. The se-
quence showed high similarity to the src family
of protein-tyrosine kinases,25 a family of onco-
genes known to be involved in cell growth,
proliferation, and differentiation. These cata-
lytic proteins provide signals for cellular de-
velopment via phosphorylation of tyrosine resi-
dues within themselves, thus providing a means
of autoregulation, and on their protein sub-
strates. If the XLA gene product was a protein-
tyrosine kinase, this may explain its key role in
signalling the transition from the pre-B cell
stage to the mature B cell. The detection of
point mutations in two XLA patients within
critical regions of sequence encoding the pre-
dicted kinase domain of this gene (by now
dubbed atk for agammaglobulinaemia tyrosine
kinase) further suggested that the protein pro-
duct was a tyrosine kinase. In independent
studies, a group of American investigators who
had isolated the same gene owing to its homo-
logy with genes from the src family,'2 showed
that its protein did have kinase activity. More
importantly, this catalytic activity was absent in
B cell lines derived from XLA patients.

It is worth noting that the methods used by
the two groups, whose work unravelled the
cause of the XLA defect, differed drastically in
how they approached the task. The rewards
gained from such parallel studies bode well for
future gene hunting expeditions in the human
genome given that more and more methods of
gene detection are becoming available.
And what of future studies involving XLA?

Of course, the isolation of a new tyrosine
kinase involved in B cell development will
prompt researchers to investigate the exact
signalling role fulfilled by the atk protein pro-
duct in B cells and in other tissues not affected
in XLA. These studies will also shed addi-
tional light on the roles that src and src related
proteins play in signal transduction. Studies of
atk will also be clinically important, since
mutation analysis will provide a direct means
of assessing the carrier status and also give a
more accurate estimate of the frequency of
XLA in the population. Since phenotypic vari-
ants of XLA do exist, it will be interesting to
determine if atk mutations can account for
these conditions. The B cell specificity of the
disorder makes atk a good candidate for som-
atic gene therapy as a means of correcting the
defect in the pre-B cells of the bone marrow.
This latter avenue of experimentation brings
with it the prospect that the cloning of this

human disease gene may ultimately reap its
most satisfying benefits in clinical medicine.
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