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BSTRACT

 

Background

 

Most patients with congenital hypo-
gammaglobulinemia and absent B cells are males
with X-linked agammaglobulinemia, which is caused
by mutations in the gene for Bruton’s tyrosine kinase
(Btk); however, there are females with a similar dis-
order who do not have mutations in this gene. We
studied two families with autosomal recessive de-
fects in B-cell development and patients with pre-
sumed X-linked agammaglobulinemia who did not
have mutations in 

 

Btk

 

. 

 

Methods

 

A series of candidate genes that encode
proteins involved in B-cell signal-transduction path-
ways were analyzed by linkage studies and mutation
screening.

 

Results

 

Four different mutations were identified in
the mu heavy-chain gene on chromosome 14. In one
family, there was a homozygous 75-to-100-kb dele-
tion that included D-region genes, J-region genes,
and the mu constant-region gene. In a second fam-
ily, there was a homozygous base-pair substitution
in the alternative splice site of the mu heavy-chain
gene. This mutation would inhibit production of the
membrane form of the mu chain and produce an
amino acid substitution in the secreted form. In addi-
tion, a patient previously thought to have X-linked
agammaglobulinemia was found to have an amino
acid substitution on one chromosome at an invariant
cysteine that is required for the intrachain disulfide
bond and, on the other chromosome, a large deletion
that included the immunoglobulin locus.

 

Conclusions

 

Defects in the mu heavy-chain gene
are a cause of agammaglobulinemia in humans.
This implies that an intact membrane-bound mu
chain is essential for B-cell development. (N Engl J
Med 1996;335:1486-93.)
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HE development of B cells proceeds
through a series of well-defined stages
characterized by sequential rearrangements
of immunoglobulin genes and by the ex-

pression and extinction of enzymes and structural
proteins required for presentation of the immuno-
globulin molecule on the cell surface and signal
transduction through this molecule.

 

1-3

 

 Defects in
B-cell development, both spontaneous defects in
humans and those created by homologous recombi-
nation in mice, have clarified the importance of
many of the genes involved in this process.

T

 

Patients with X-linked agammaglobulinemia have
severe congenital hypogammaglobulinemia, and al-
though they have normal numbers of pro-B cells,
they have a marked reduction in the number of pre-
B cells

 

4

 

 and less than 1 percent of the normal num-
ber of B cells.

 

5

 

 In 1993 two groups showed that
X-linked agammaglobulinemia was caused by muta-
tions in the gene for Bruton’s tyrosine kinase (Btk),
a cytoplasmic tyrosine kinase.

 

6,7

 

 The substrates phos-
phorylated by Btk have not yet been identified; how-
ever, it is clear that Btk is activated by cross-linking
of a variety of cell-surface receptors, including, per-
haps most importantly, surface IgM on B-lineage
cells.

 

8-11

 

Although over 100 different mutations in 

 

Btk

 

 have
been identified, some patients with the clinical and
laboratory characteristics of X-linked agammaglobu-
linemia have not demonstrated mutations in this
gene.

 

12-16

 

 In addition, approximately 5 to 10 percent
of patients with early-onset hypogammaglobulinemia
and absent B cells are girls.

 

17-20

 

 Together, these find-
ings suggest that there may be autosomal recessive
disorders that are phenotypically identical to X-linked
agammaglobulinemia. To investigate this possibility,
we studied two consanguineous families in which
both boys and girls had panhypogammaglobulinemia
and markedly reduced numbers of B cells (Fig. 1).

 

METHODS

 

Patients

 

The members of Family A, who live in Appalachia, are of Scot-
tish–Irish ancestry and have received their specialty medical care
at Duke University Medical Center in Durham, North Carolina.
Patient 1 was evaluated in 1973, at nine months of age, because
of a six-week history of fever, weakness, and rashes. Immunologic
studies showed hypogammaglobulinemia and absent B cells. He
was given the diagnosis of X-linked agammaglobulinemia and
treated with plasma therapy to provide gamma globulin. At 4

 

1

 

⁄

 

2

 

years of age, he died of chronic enteroviral encephalitis. Patient 2,
a cousin of Patient 1, had bilateral pneumonia at four months of
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age and was evaluated in 1979 at six months of age, when she
had persistent infection and failure to thrive. Laboratory studies
demonstrated hypogammaglobulinemia and reduced numbers of
B cells, but normal cellular immunity. Chronic enteroviral en-
cephalitis developed, and the girl was treated with high-dose in-
travenous immune globulin and a course of intrathecal immune
globulin, which resulted in the resolution of most signs of infec-
tion at six years of age. She is currently receiving intravenous im-
mune globulin and is doing well, with mild mental retardation.
(Patients 1 and 2 have been previously described as Patients 22
and 25 by McKinney et al.

 

18

 

) Patient 3, a nephew of Patient 1,
had chronic otitis and had an episode of bronchopneumonia and
gastroenteritis at seven months of age. In 1991, at one year
of age, he was evaluated for recurrent infections and was found
to have hypogammaglobulinemia. He has done well since that
time with intravenous immune globulin treatment. Patient 4, the
brother of Patient 3, was examined at one month of age in 1991
because of the family history of immunodeficiency. Treatment
with intravenous immune globulin was begun when he was found
to have hypogammaglobulinemia. He has not had noteworthy in-
fections.

The members of Family B are of Turkish descent and have re-
ceived their specialty care at Mainz University Hospital in Mainz,
Germany. Recurrent respiratory tract infections developed in Pa-
tient 5 at three months of age. At seven months of age, in 1993,
he was hospitalized for septic shock due to 

 

Pseudomonas aerugi-
nosa

 

. He was found to have hypogammaglobulinemia and absent
B cells, and he was treated with intravenous immune globulin and
given the diagnosis of X-linked agammaglobulinemia. Since that
time he has done well, except for an episode of aseptic arthritis
at two years of age. Patient 6, the sister of Patient 5, was hospi-
talized in 1994, at six months of age, with pneumonia. She was
recognized to have hypogammaglobulinemia, and treatment with
intravenous immune globulin was begun. She has had recurrent
episodes of perirectal abscesses.

Patient 7 is the son of a Korean mother and a white father,
born in 1983. At 15 months of age, two weeks after he had re-
ceived oral poliovirus vaccine, fevers, weakness, rashes, and neu-
tropenia developed. At 20 months of age, he was hospitalized at
Children’s Memorial Hospital, Chicago, for persistent fevers and

weakness. He was found to have hypogammaglobulinemia and
absent B cells, and treatment with intravenous immune globulin
was begun. Although he has some residual weakness and recur-
rent otitis, he has had normal growth and development.

 

Polymerase Chain Reaction

 

Genomic DNA was isolated from peripheral-blood leukocytes.
The polymerase chain reaction (PCR) was carried out in a 20-

 

m

 

l
volume containing 100 ng of genomic DNA, 100 

 

m

 

M of each
deoxynucleotide triphosphate, 20 pmol of each primer, and 1 U
of Taq DNA polymerase. For single-strand conformation poly-
morphism (SSCP) analysis, 3 

 

m

 

Ci of [

 

32

 

P]

 

a

 

-deoxycytidine tri-
phosphate was added to the reaction mix. The samples were de-
natured at 95°C for 5 minutes, followed by 30 cycles at 95°C for
45 seconds and annealing at the temperature indicated in Table
1 for 30 seconds and at 72°C for 30 seconds, with a final 5-minute
extension at 72°C.

 

Single-Strand Conformation Polymorphism

 

SSCP analysis was performed as previously described,

 

12

 

 except
that some PCR samples were digested with restriction enzymes
before analysis. Labeled amplified DNA was mixed with loading
buffer (95 percent formamide, 20 nM EDTA, 0.05 percent bro-
mophenol blue, and 0.05 percent xylene cyanole FF) in a 1:5 ra-
tio, denatured for five minutes at 90°C, placed on ice, loaded onto
an MDE gel (AT Biochem, Malvern, Pa.), and electrophoresed at
4°C in 0.6

 

�

 

 TBE buffer (1

 

�

 

 TBE buffer is 89 mM TRIS, 89 mM
borate, and 2 mM EDTA) at 2 to 4 W overnight. Gels were trans-
ferred to 3MM paper (Whatman, Clifton, N.J.), dried, and ex-
posed to Kodak X-OMAT film (Kodak, Rochester, N.Y.).

 

Short-Tandem-Repeat Analysis

 

The primer pairs for microsatellite-repeat polymorphisms near the
genes for Syk (D9S257, D9S910, and D9S922), mb-1 (D19S178
and D19S246), and EBF (D5S1471, D5S820, and D5S1456) and
the mu heavy-chain gene (D14S611 and D14S118) were obtained
from Research Genetics (Huntsville, Ala.). PCR was used to amplify

 

32

 

P-labeled DNA, which was analyzed on a denaturing 6 percent
polyacrylamide gel.

 

Figure 1.

 

 Pedigrees of the Study Families.
The immunoglobulin haplotypes inherited by the members of Family A are shown below the symbol for each family member. The
haplotypes were detected by Southern blotting with a 2.2-kb probe from the mu-chain switch region to analyze 

 

Sac

 

I-digested DNA.
Circles denote female family members, squares male family members, and symbols with a slash deceased family members.
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Southern Blot Analysis

 

Standard methods were used in Southern blot analysis. The
probes used to examine the genes for VH6 and JH4 and the con-
stant-region genes for mu, delta, and gamma have been previously
described.

 

21-23

 

 To obtain a probe for the DH region, a 500-bp PCR
product based on the sequence reported by Ichihara et al.

 

24

 

 was
produced with use of the forward primer 5

 

�

 

CAGGTACAGCTG-
TAGAGA3

 

�

 

 and the reverse primer 5

 

�

 

AGACAGCAGCCTTGA-
GAG3

 

�

 

.

 

Cloning and Sequencing

 

PCR products from the patients with visible band shifts on
SSCP analysis were cloned into TA vector (Invitrogen, San Diego,
Calif.) and sequenced with use of M13 primers or oligonucleo-
tides from the human mu heavy-chain gene. All mutations were
confirmed by a second, independent PCR reaction.

 

Immunofluorescence Staining

 

Peripheral-blood lymphocytes were incubated with monoclon-
al anti-CD19 antibody and with goat antihuman IgM, both con-
jugated to phycoerythrin. Bone marrow cells were stained with
anti-CD19, anti-CD34, and polyclonal antibodies against human
light chains conjugated to phycoerythrin, peridinin chlorophyll
protein, and fluorescein isothiocyanate, respectively. Nuclear ter-
minal deoxynucleotidyl transferase (TdT) and cytoplasmic mu
heavy chain were detected with specific antibodies conjugated to
phycoerythrin and fluorescein isothiocyanate applied after cells
had been rendered permeable with OrthoPermeafix (Ortho Di-
agnostics, Raritan, N.J.). Immunophenotypes were analyzed with
a FACScan flow cytometer with Lysis II software (Becton Dick-
inson, San Jose, Calif.).

 

RESULTS

 

Linkage Analysis

 

The patients in Family A were related through the
maternal lineage; however, linkage analysis showed
that the defect in this family did not map to the
X-linked agammaglobulinemia locus at Xq22, and
genomic DNA from Patient 2 did not demonstrate
mutations in 

 

Btk

 

. Therefore, a series of candidate
genes that encode other proteins involved in signal

transduction through the surface immunoglobulin
receptor was chosen for analysis. Particular empha-
sis was placed on genes that are expressed early in
B-cell differentiation and genes that are specific to
the B-cell lineage. Linkage analysis was performed
with highly polymorphic short tandem repeats lo-
cated near the genes for Syk, a cytoplasmic tyrosine
kinase encoded at 9q22

 

25

 

; CD79a (also known as
mb-1 or Ig

 

a

 

), an invariant component of the B-cell
antigen–receptor complex that has been mapped to
19q13.2

 

26

 

; EBF, a transcription factor required for
CD79a transcription that is encoded at 5q34

 

27

 

; and
the immunoglobulin heavy-chain genes at 14q32.3.

 

28

 

The region showing the best linkage with the disease
gene in Family A was near the immunoglobulin
heavy-chain locus on the long arm of chromosome
14; when haplotypes derived from the polymor-
phisms at D14S611 and D14S118 were used, only a
single crossover was seen. In Family B the parents
shared a haplotype at this locus, and both children
were homozygous for the shared haplotype.

 

Mutation Detection

 

A probe from the mu switch region, at the 5

 

�

 

 end
of the exons for the mu constant-region gene, cross-
hybridizes to polymorphic switch regions at the
5

 

� 

 

end of the genes for alpha 1 and alpha 2, revealing
over 25 immunoglobulin haplotypes in genomic
DNA digested with 

 

Sac

 

I

 

.

 

29

 

 This probe demonstrat-
ed complete linkage with the defect in Family A, an
event that would be expected to occur by chance
with a likelihood of less than 0.1 percent. The mu
switch-region probe revealed a deletion in the af-
fected children in Family B. The extent of this de-
letion was determined with probes for VH6, DK1,
JH4, and the mu, delta, and gamma heavy-chain
genes. A deletion of 75 to 100 kb, encompassing
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F

 

RAGMENTS

 

A

 

NNEALING

 

T

 

EMPERATURE

 

bp °C

 

1a ACTCAGAACGCCACTCAG TGAGGTGGCTGCGTACTT 1

 

Eco

 

RI 162 and 129 60

1b CTTCCCATCAGTCCTGAG ACGAAGACGCTCACTTTG 1

 

Hae

 

III 157 and 106 56

2 ACTGCAGTGATTGCCGAG AGTGGACCCCTGTGTGTC 2

 

Bsa

 

HI 223 and 167 60

3a CAGAGGCAGTTGCTACTC TCACAGCTTCGCCATTCT 3 — 180 60

3b ATGACAGCGTGACCATCT GGGGTGCTTTCCACCATG 3

 

Eco

 

RI 160 and 134 60

4a CATGGTGGAAAGCACCCC TGGCAGCAAGTAGACATC 4 — 157 58

4b GATGTCTACTTGCTGCCA GGTTTACCGGTGGACTTG 4

 

Rsa

 

I 187 and 130 60

4c TACTTCGCCCACAGCATC GCACTCAGGACCAGTATC 4

 

Pvu

 

II 169 and 159 60

m1 CTGCACTTGCTCTCCCCA CTGTTGGGATCATTTCAC Membrane
exon 1

 

Rsa

 

I 210 and 152 56

m2 CGTCACCTTGTTCAAGGT CAGGGCAACAAGCGTATC Membrane
exon 2

 

Mbo

 

I 230 and 194 60
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the D-region genes, the J-region genes, and the mu
constant-region gene, including the membrane ex-
ons, was identified (Fig. 2). Using the signal inten-
sity of the VH6 band to control for the amount of
DNA loaded in each lane, we found that the signal
intensity of the Cm band in the DNA samples from
the parents was approximately 50 percent of that of
the control band.

To screen for mutations in the mu constant-region
gene in Family A, PCR primers that flank each exon
were designed for use in SSCP analysis (Table 1). Ge-
nomic DNA from the affected girl in Family A and
from patients who were presumed to have X-linked
agammaglobulinemia, but in whom mutations in Btk
had not been identified, was screened. Analysis of
exon 4, the exon that encodes the CH4 domain,
demonstrated the loss of normal bands and the gain

of different aberrant bands in the DNA from Patient
2 and from a boy with presumed X-linked agamma-
globulinemia without a mutation in Btk (Patient 7)
(Fig. 3). The loss of the normal bands suggested that
the alterations in both patients were homozygous or
hemizygous. The same primer pair, pair 4c, was used
to examine DNA from 100 unrelated people (200
chromosomes) and did not demonstrate the pattern
seen in either patient. All three affected children in
Family A had the same aberrant pattern, and each
family member who inherited the B haplotype (Fig.
1) at the mu switch locus was heterozygous for the
normal and the aberrant SSCP pattern.

DNA from both patients with altered band pat-
terns in exon 4 was amplified by PCR, cloned, and
sequenced. A single-base-pair substitution, a G-to-A
transition at nucleotide 1831 (according to the num-

Figure 2. Southern Blot Analysis Demonstrating a Deletion That Includes the Mu Heavy-Chain Gene in Family B.
Genomic DNA from a control (Panel A, lane 1), from the parents (lanes 2 and 3), and from Patients 5 and 6 was digested with Sac I
and analyzed with a Cm probe. The blot was stripped and rehybridized with a VH6 probe. DNA from four controls (Panel B, lanes 1,
2, 3, and 4) and from Patient 5 was digested with BamHI and analyzed with a probe for DK1. This probe identifies five fragments in
control DNA; four of these fragments correspond to genes within 9-kb tandem repeats in the DH region, and the fifth identifies a
gene in a DH region that is on chromosome 15.30 The four fragments from the DH region on chromosome 14 were absent in the
DNA sample from the patient, localizing the 5� border of the deletion to a region between VH6 and the first DK sequence in the DH
region. In Panel C, DNA from five controls and from Patient 5 was digested with XbaI and analyzed with a Cd probe from the second
hinge exon, which detects a 17- or 13-kb polymorphism.31 The patient was homozygous for an aberrant 15-kb band, localizing the
3� border of the deletion to a region between the mu membrane exons and the Cd constant-region gene. Panel D is a diagram of
the immunoglobulin locus, with the extent of the deletion in Family B indicated below. The 5� and 3� borders of the deletion are
represented by dashed lines. Values in Panels A, B, and C are kilobases.
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bering system of Friedlander et al.32), was found in
the DNA of the affected girl. This alteration, which
destroys an MspI restriction site, was confirmed in
the DNA of Patients 2, 3, and 4 by digesting ampli-
fied DNA with this enzyme. This single-base-pair re-
placement is at the �1 position of the alternative
splice-donor site that is used to produce the mem-
brane rather than the secretory mu transcript (Fig.
4). A mutation at this critical site would be expected
to have three effects. First, this change would cause
a substitution of serine for glycine in the secreted
form of the mu chain. Second, in the membrane
form of the mu chain, a positively charged lysine
would be substituted for the wild-type, negatively
charged glutamic acid. Finally, because the alterna-
tive splice-donor site has only weak homology to the
consensus splice-donor sequence (Shapiro–Senapa-
thy score, 71.5),33 the loss of the consensus G at the
�1 position would be expected to markedly reduce
efficient splicing at this site, leading to an absence of
the membrane form of the mu heavy chain.

The DNA from Patient 7 showed a T-to-G transi-
tion at nucleotide 1768 (Fig. 4); this alteration, which
creates an MspI restriction site, was confirmed by di-
gesting PCR-amplified DNA with this enzyme. This
nucleotide change results in the substitution of gly-
cine for the wild-type cysteine at codon 536 in the
carboxy-terminal immunoglobulin domain of the mu
chain.34 The cysteine at this site is the 3� cysteine in-
volved in the intrachain disulfide bridge that is char-
acteristic of all immunoglobulin domains.35 This mu-
tation would be expected to result in an unstable form
of both membrane and secreted mu chain.36 To deter-
mine whether Patient 7 was homozygous or hemizy-
gous for this mutation, his genomic DNA was digest-
ed with SacI and examined by Southern blot analysis
with a probe for the mu constant-region gene. A sin-
gle fragment of the expected size was detected; how-
ever, the intensity of the signal was 50 percent of that
of the control, suggesting a deletion of the mu-chain
gene on one chromosome. Further studies using the
VH6 probe and a probe for the gamma constant-
region genes also showed a 50 percent decrease in sig-
nal intensity, indicating that the deletion was greater
than 260 kb. The karyotype was normal.

Functional Studies

To determine the physiologic consequences of
mutations in the mu-chain gene, we compared the
phenotype of peripheral-blood lymphocytes from
Patients 2, 3, 4, and 7 with those from patients with
known mutations in Btk. The number of CD19�
B cells, as determined by flow cytometry, was mark-
edly decreased in patients with mutations in Btk;
however, 38 of 44 patients had detectable B cells
(between 0.01 and 1.0 percent of peripheral-blood
lymphocytes5). By contrast, none of the patients
with mutations in the mu-chain gene had detectable

Figure 3. SSCP Analysis and Sequencing of Exon 4 of the C�
Gene, Demonstrating Mutations in DNA from Patients 2 and 7.
In the top panel, SSCP analysis with primer pair 4c (Table 1)
shows altered patterns for Patients 2 and 7 as compared with
controls (C) and other patients with reduced numbers of B cells
(lanes 1 to 6 and 8 to 12). In the middle and bottom panels the
partial DNA sequences of C� exon 4 from Patients 2 and 7 are
compared with the normal sequence. The base-pair substitu-
tions in the patients are indicated by asterisks.
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B cells (less than 0.01 percent of peripheral-blood
lymphocytes).

Bone marrow was obtained from Patient 7 to de-
termine the point in B-cell differentiation at which
maturation was blocked. The results demonstrated
that the patient had normal percentages of the ear-
liest precursors, pro-B cells that express CD19 and
CD34 on the cell surface and terminal deoxynucle-
otidyl transferase in the nucleus. However, there was
a marked decrease in the number of cells at the next
stage in B-cell differentiation, the stage at which mu
heavy chain is first expressed in the cytoplasm (Fig.
5). There was a small number of IgM-positive cells,
but the staining for IgM was dim (the mean fluores-
cence intensity for IgM was 34.65 in Patient 7, as
compared with 120.35 in the control), a finding
consistent with the hypothesis that the amino acid
substitution in the mu heavy chain in Patient 7 re-
sulted in an unstable protein.

DISCUSSION

Many proteins are required for the assembly and
expression of the immunoglobulin molecule; how-
ever, it is the mu heavy-chain gene itself that is at the
center of this process. Our studies show that several
different types of mutations in this gene are a cause
of profound immunodeficiency in humans. Homol-
ogous recombination has been used to “knock out”
the J-region genes or the membrane exons of the
mu-chain gene in murine models of immunodefi-
ciency.37-39 In contrast to alterations in Btk, which re-
sult in a mild B-cell abnormality in mice,40-42 but a
much more severe defect in humans,4,5 the B-cell
phenotype of mice that have mutations in the mu
constant-region gene is identical to that of patients
with mutations in this gene. In both there is a com-
plete absence of B-cell production and profound hy-
pogammaglobulinemia.

Heterozygous deletions of the mu heavy-chain

Figure 4. Diagram of the Mu Heavy-Chain Gene Showing the Four Exons of the C� Constant-Region
Domains and the Two Exons of the Membrane Domain.
The alternative splice site, marked by the dashed line at the end of exon 4, allows the C� constant-
region domains (solid blocks) to be spliced to the membrane exons (gray blocks). If this splice site is
not used, a transcript for the secretory form of the mu heavy chain is produced that includes the secre-
tory carboxy-terminal end (hatched area). The sites of the mutations in Patients 2 and 7 are shown.
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Figure 5. Evaluation of CD19� Cells from the Bone Marrow of Patient 7 for the Expression of Terminal
Deoxynucleotidyl Transferase (TdT) and Mu Heavy Chain. 
The isometric contour plot shows that Patient 7 had normal percentages of pro-B cells that expressed
TdT. However, there was a marked decrease in the next stages of B-cell differentiation: early pre-B cells
that are TdT� and IgM�, and late pre-B cells that are TdT� and IgM�.
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gene have been reported in two patients with com-
plex chromosomal rearrangements involving chromo-
some 14.28 These patients had multiple morphologic
defects but no immunodeficiency. It is notable that
the heterozygous parents, siblings, and aunts and un-
cles included in our study were also free of immuno-
deficiency. Deletions of the gamma, alpha, or epsilon
heavy-chain gene, or of a combination of these genes,
have been described by several groups.43 Persons with
these deletions have subclass deficiencies but usually
have minimal or no signs of immunodeficiency.

The two families in this study represent the only
families that we have analyzed in which both males
and females have lacked B cells. Although we have
identified mutations in either the mu heavy-chain
gene or Btk in 79 unrelated persons referred for ge-
netic analysis, we have also studied an additional
4 patients with sporadic disease who did not have
mutations in either gene. This suggests that the im-
munodeficiency in these patients is due to a combi-
nation of genetic and environmental factors or that
there may be additional forms of autosomal recessive
disease resulting in the absence of B cells.

The identification of genes that cause immunode-
ficiencies has both clinical and biologic implications.
As improved therapies for immunodeficiencies be-
come available, it may be critical to know the exact
nature of the genetic defect. Specific mutations also
provide clues to the normal development of the
B-cell lineage. The findings in our patients support
the hypothesis that expression of a surface mu chain
is essential for the progression of B-cell differentia-
tion beyond the pre-B-cell stage.
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versity (CRU-MOI-RR-30) and by the American Lebanese Syrian Associ-
ated Charities and the Federal Express Chair of Excellence.

We are indebted to the study families for their willingness to par-
ticipate in these studies, to Jason E. Farrar for excellent technical as-
sistance, and to Janice Mann for help in the preparation of the
manuscript.

REFERENCES

1. Burrows PD, Cooper MD. Regulated expression of cell surface antigens 
during B cell development. Semin Immunol 1990;2:189-95.
2. Melchers F, Haasner D, Grawunder U, et al. Roles of IgH and L chains 
and of surrogate H and L chains in the development of cells of the B lym-
phocyte lineage. Annu Rev Immunol 1994;12:209-25.
3. Satterthwaite A, Witte O. Genetic analysis of tyrosine kinase function 
in B cell development. Annu Rev Immunol 1996;14:131-54.
4. Campana D, Farrant J, Inamdar N, Webster ADB, Janossy G. Pheno-
typic features and proliferative activity of B cell progenitors in X-linked 
agammaglobulinemia. J Immunol 1990;145:1675-80.
5. Conley ME. B cells in patients with X-linked agammaglobulinemia. 
J Immunol 1985;134:3070-4.
6. Tsukada S, Saffran DC, Rawlings DJ, et al. Deficient expression of a 
B cell cytoplasmic tyrosine kinase in human X-linked agammaglobulinemia. 
Cell 1993;72:279-90.
7. Vetrie D, Vorechovsky I, Sideras P, et al. The gene involved in X-linked 
agammaglobulinemia is a member of the src family of protein-tyrosine ki-
nases. Nature 1993;361:226-33. [Erratum, Nature 1993;364:362.]
8. de Weers M, Brouns GS, Hinshelwood S, et al. B-cell antigen receptor 

stimulation activates the human Bruton’s tyrosine kinase, which is deficient 
in X-linked agammaglobulinemia. J Biol Chem 1994;269:23857-60.
9. Aoki Y, Isselbacher KJ, Pillai S. Bruton tyrosine kinase is tyrosine phos-
phorylated and activated in pre-B lymphocytes and receptor-ligated B cells. 
Proc Natl Acad Sci U S A 1994;91:10606-9.
10. Saouaf SJ, Mahajan S, Rowley RB, et al. Temporal differences in the 
activation of three classes of non-transmembrane protein tyrosine kinases 
following B-cell antigen receptor surface engagement. Proc Natl Acad Sci 
U S A 1994;91:9524-8.
11. Kawakami Y, Yao L, Miura T, Tsukada S, Witte ON, Kawakami T. Ty-
rosine phosphorylation and activation of Bruton tyrosine kinase upon 
FceRI cross-linking. Mol Cell Biol 1994;14:5108-13.
12. Conley ME, Fitch-Hilgenberg ME, Cleveland JL, Parolini O, Rohrer 
J. Screening of genomic DNA to identify mutations in the gene for Bru-
ton’s tyrosine kinase. Hum Mol Genet 1994;3:1751-6.
13. Bradley LAD, Sweatman AK, Lovering RC, et al. Mutation detection 
in the X-linked agammaglobulinemia gene, BTK, using single strand con-
formation polymorphism analysis. Hum Mol Genet 1994;3:79-83.
14. Hagemann TL, Chen Y, Rosen FS, Kwan SP. Genomic organization of 
the Btk gene and exon scanning for mutations in patients with X-linked 
agammaglobulinemia. Hum Mol Genet 1994;3:1743-9.
15. Vorechovsky I, Vihinen M, de Saint Basile G, et al. DNA-based muta-
tion analysis of Bruton’s tyrosine kinase gene in patients with X-linked 
agammaglobulinaemia. Hum Mol Genet 1995;4:51-8.
16. Jin H, Webster ADB, Vihinen M, et al. Identification of Btk mutations 
in 20 unrelated patients with X-linked agammaglobulinaemia (XLA). Hum 
Mol Genet 1995;4:693-700.
17. Hoffman T, Winchester R, Schulkind M, Frias JL, Ayoub EM, Good 
RA. Hypoimmunoglobulinemia with normal T cell function in female sib-
lings. Clin Immunol Immunopathol 1977;7:364-71.
18. McKinney RE Jr, Katz SL, Wilfert CM. Chronic enteroviral meningoen-
cephalitis in agammaglobulinemic patients. Rev Infect Dis 1987;9:334-56.
19. Conley ME, Sweinberg SK. Females with a disorder phenotypically iden-
tical to X-linked agammaglobulinemia. J Clin Immunol 1992;12:139-43.
20. de La Morena M, Haire RN, Ohta Y, et al. Predominance of sterile 
immunoglobulin transcripts in a female phenotypically resembling Bruton’s 
agammaglobulinemia. Eur J Immunol 1995;25:809-15.
21. Borzillo GV, Cooper MD, Kubagawa H, Landay A, Burrows PD. Iso-
type switching in human B lymphocyte malignancies occurs by DNA de-
letion: evidence for nonspecific switch recombination. J Immunol 1987;
139:1326-35.
22. Borzillo GV, Cooper MD, Bertoli LF, Landay A, Castleberry R, Bur-
rows PD. Lineage and stage specificity of isotype switching in humans. 
J Immunol 1988;141:3625-33.
23. Carter M, Neale GA, Kitchingman GR. Characterization of immuno-
globulin heavy chain genes from an acute lymphocytic leukemia with four 
rearrangements. Leukemia 1991;5:668-72.
24. Ichihara Y, Matsuoka H, Kurosawa Y. Organization of human im-
munoglobulin heavy chain diversity gene loci. EMBO J 1988;7:4141-50.
25. Ku G, Malissen B, Mattei MG. Chromosomal location of the Syk and 
ZAP-70 tyrosine kinase genes in mice and humans. Immunogenetics 1994;
40:300-2.
26. Ha H, Barnoski BL, Sun L, Emanuel BS, Burrows PD. Structure, chro-
mosomal localization, and methylation pattern of the human mb-1 gene. 
J Immunol 1994;152:5749-57.
27. Milatovich A, Qiu RG, Grosschedl R, Francke U. Gene for a tissue-
specific transcriptional activator (EBF or Olf-1), expressed in early B lym-
phocytes, adipocytes, and olfactory neurons, is located on human chromo-
some 5, band q34, and proximal mouse chromosome 11. Mamm Genome 
1994;5:211-5.
28. Benger JC, Teshima I, Walter MA, Brubacher MG, Daouk GH, Cox 
DW. Localization and genetic linkage of the human immunoglobulin 
heavy chain genes and the creatine kinase brain (CKB) gene: identification 
of a hot spot for recombination. Genomics 1991;9:614-22.
29. Migone N, Fede J, Cann H, et al. Multiple DNA fragment polymor-
phisms associated with immunoglobulin mu chain switch-like regions in 
man. Proc Natl Acad Sci U S A 1983;80:467-71.
30. Nagaoka H, Ozawa K, Matsuda F, et al. Recent translocation of variable 
and diversity segments of the human immunoglobulin heavy chain from 
chromosome 14 to chromosomes 15 and 16. Genomics 1994;22:189-
97.
31. Benger JC, Cox DW. Polymorphisms of the immunoglobulin heavy-
chain delta gene and association with other constant-region genes. Am J 
Hum Genet 1989;45:606-14.
32. Friedlander RM, Nussenzweig MC, Leder P. Complete nucleotide se-
quence of the membrane form of the human IgM heavy chain. Nucleic Ac-
ids Res 1990;18:4278.
33. Shapiro MB, Senapathy P. RNA splice junctions of different classes of 
eukaryotes: sequence statistics and functional implications in gene expres-
sion. Nucleic Acids Res 1987;15:7155-74.

Copyright © 1996 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org at UNIV OF PENN LIBRARY on July 9, 2010 . 



MUTATIONS IN THE MU HEAVY-CHAIN GENE IN PATIENTS WITH AGAMMAGLOBULINEMIA

Volume 335 Number 20 � 1493

34. Putnam FW, Florent G, Paul C, Shinoda T, Shimizu A. Complete ami-
no acid sequence of the Mu heavy chain of a human IgM immunoglobulin. 
Science 1973;182:287-91.
35. Beale D, Feinstein A. Structure and function of the constant regions 
of immunoglobulins. Q Rev Biophys 1976;9:135-80.
36. Bubb MO, Conradie JD. Studies on the structural and biological func-
tions of the Cm3 and Cm4 domains of IgM. Immunology 1978;34:449-58.
37. Kitamura D, Roes J, Kuhn R, Rajewsky K. A B cell-deficient mouse by 
targeted disruption of the membrane exon of the immunoglobulin mu 
chain gene. Nature 1991;350:423-6.
38. Gu H, Zou YR, Rajewsky K. Independent control of immunoglobulin 
switch recombination at individual switch regions evidenced through Cre-
loxP-mediated gene targeting. Cell 1993;73:1155-64.

39. Chen J, Trounstine M, Alt FW, et al. Immunoglobulin gene rearrange-
ment in B cell deficient mice generated by targeted deletion of the JH lo-
cus. Int Immunol 1993;5:647-56.
40. Thomas JD, Sideras P, Smith CIE, Vorechovsky I, Chapman V, Paul 
WE. Colocalization of X-linked agammaglobulinemia and X-linked immu-
nodeficiency genes. Science 1993;261:355-8.
41. Rawlings DJ, Saffran DC, Tsukada S, et al. Mutation of unique region 
of Bruton’s tyrosine kinase in immunodeficient XID mice. Science 1993;
261:358-61.
42. Wicker LS, Scher I. X-linked immune deficiency (xid) of CBA/N mice. 
Curr Top Microbiol Immunol 1986;124:87-101.
43. Smith CIE, Islam KB, Vorechovsky I, et al. X-linked agammaglobuline-
mia and other immunoglobulin deficiencies. Immunol Rev 1994;138:159-83.

Copyright © 1996 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org at UNIV OF PENN LIBRARY on July 9, 2010 . 


