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Abstract

In 15-20% of children with severe combined immunodeficiency
(SCID), the underlying defect is adenosine deaminase (ADA)
deficiency. The goal of this study was to determine the precise
molecular defect in a patient with ADA-deficient SCID whom
we previously have shown to have a total absence of ADA
mRNAand a structural alteration of the ADAgene. By de-
tailed Southern analysis, we now have determined that the
structural alteration is a deletion of - 3.3 kb, which included
exon 1 and the promoter region of the ADAgene. DNAse-
quence analysis demonstrates that the deletion created a novel,
complete Alu repeat by homologous recombination between
two existing Alu repeats that flanked the deletion. The 26-bp
recombination joint in the Alu sequence includes the 10-bp "B"
sequence homologous to the RNApolymerase III promoter.
This is the first example of homologous recombination involv-
ing the B sequence in Alu repeats. Similar recombination
events have been identified involving Alu repeats in which the
recombination joint was located between the A and B se-
quences of the polymerase III split promoter. The nonrandom
location of these events suggests that these segments may be
hot spots for recombination.

Introduction

Severe combined immunodeficiency (SCID)l is a syndrome
characterized by a profound deficiency in B and T cell func-
tion (1). Infants born with this disorder die in the first few years
of life unless treated successfully by bone marrow transplanta-
tion or kept in a sterile isolation facility (1, 2). In most cases of
SCID, the underlying molecular defect is unknown. In 15% of
the patients, however, a deficiency of the enzyme adenosine
deaminase (ADA, EC 3.5.4.4) is found (2-3) and is thought to
be responsible for their immunodeficiency (4).

In recent years the normal ADAcDNA(5-7) and normal
ADAgene (8) have been characterized, facilitating studies of
the molecular defects in patients with ADA deficiency. The
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specific mutations found to date have been similar to those
found in other enzyme systems. In most patients, Northern
RNAanalyses have revealed normal-sized ADAmRNA(9),
suggesting that most ADAmutant alleles carry a point muta-
tion leading to an inactive or unstable ADAprotein. Indeed, in
the two patient ADAcDNAs sequenced to date, point muta-
tions affecting amino acid sequence have been found (10-1 1).
In S1 nuclease studies, some patients have been found with
abnormal-sized protected fragments, suggesting splicing de-
fects, insertions, or deletions (9).

Wepreviously reported an apparent deletion mutation in a
patient with ADAdeficiency and SCID who had a major struc-
tural alteration in the 5' end of the ADAgene (12). This pa-
tient, R.P., who has no ADAenzyme activity in his lympho-
cytes, was shown to have no detectable ADA mRNAby
Northern RNAanalysis, and to have a deletion in the region of
the first exon of the ADAgene by Southern DNAanalysis (12).
The research described in this paper led to the precise defini-
tion of the boundaries of the deletion in this patient and the
mechanism of the defect, namely, homologous recombination
between two repetitive DNAsequences of the Alu family, re-
sulting in the deletion of the ADApromoter and first exon
region.

Methods

Cell lines. B lymphoblastoid cell lines were established from Ficoll-
Hypaque purified peripheral mononuclear cells by EBV transforma-
tion (12-13). The patient, R.P., his mother, and father have been
extensively studied clinically at Duke University Medical Center (ref-
erence 2, patient 13; reference 14). Enzymatic studies have confirmed
the patient's absolute lack of ADAenzymatic activity (12).

DNApurification from the lymphoblastoid cell lines. DNAwas
harvested by the technique of Chirgwin et al. (15), using guanidine
isothiocyanate extraction and purification by cesium chloride gradient
centrifugation. DNAwas harvested from the interface of the gradients.

Southern DNAanalyses. These were done using minor modifica-
tions of the standard technique of Southern (16) as described (12).

Genomic cloning. Patient R.P.'s genomic DNAwas cut with the
Eco RI restriction enzyme and ligated into the EMBL4lambda DNA
arms (Stratagene Cloning Systems, La Jolla, CA). This was packaged
using Gigapack Plus (Stratagene) and titered on E. coli P2392.200,000
plaques were screened by hybridization after transfer to nitrocellulose
filters by Benton and Davis plaque hybridization (17). DNA from
positive clones was purified by a plate lysate method (18) and recombi-
nants confirmed by restriction endonuclease mapping.

Sequencing. The lambda DNAcontaining the desired 12-kb Eco RI
restriction fragment from patient R.P. was cut with Hind III, and the
4.3-kb Hind III fragment containing the region of the deletion was
identified by Southern analysis. This fiagment was subcloned into a
pUC vector and its identity confirmed by restriction analysis. The
284-bp Sca I-Xba I fragment encompassing the deletion was then
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cloned out of the pUCvector into MI3mpl9 cut with Sma-Xba I. The
M13 clones were transformed into and grown on E. coli JM109. Sin-
gle-stranded M13 templates were sequenced using a quasi end labeling
adaptation of the dideoxy chain termination method ( 19).

Results

Northern RNAanalyses had previously shown that patient
R.P. had no detectable ADAmRNA(Fig. 1 of reference 12).
Consistent with this finding, mapping of the patient's ADA
gene by Southern DNAanalyses demonstrated that he had no

detectable sequences hybridizing to an exon 1 genomic probe
(reference 12, Fig. 2), although normal restriction fragment
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Figure 2. Strategy for
cloning R.P.'s DNA.
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Figure 1. Southern blot of Hind III-digested genomic DNAprobed
with a fragment cloned from the ADAstructural gene. The probe ex-

tends from position -3,935 to -3,209 bp 5' of the ADAmRNAcap

site. Lane I contains DNAfrom a control; lane 2, DNAfrom R.P.'s
mother; lane 3, DNAfrom R.P.; and lane 4, DNAfrom R.P.'s fa-
ther. The diagram at the bottom of the figure shows the 5' end of the
ADAstructural gene. The Hind III restriction sites are indicated as

vertical lines and are labeled H. Exon 1 is represented as a black box.
The 1.5- and 7.6-kb Hind III fragments are located at the 5' end of
the normal ADAgene. The novel 4.3-kb fragment is generated by a

3251 bp deletion of the 7.6-kb fragment. The probe used in this fig-
ure spans the Hind III site between the 7.6- and 1.5-kb Hind III frag-
ments. The asterisks indicate the novel 4.3-kb fragment found in pa-

tient R.P.

bands were detected when probed with exons 2-12 in a cDNA.
To determine if the patient were homozygous for this muta-
tion, we performed a study of the parents' ADA genes. By
using the probe depicted in Fig. 1, we demonstrated that both
parents have normal restriction fragments and also a novel
fragment compared with controls. The patient has only the
novel fragment seen in both parents, suggesting that he is ho-
mozygous for a single mutation or has two very similar muta-
tions (see Fig. 1). Most likely, therefore, the parents share a

commonancestor.
In further studies (not shown), the deletion joint was

mapped between a Sca I site at position -1,607 relative to the
ADARNAcap site and an Xba I site in intron 1, 2,030 bp 3' to
the ADA RNAcap site (numbered according to reference 8).
This deletion joint was included within a 12-kb Eco RI restric-
tion fragment in R.P.'s genomic DNA(data not shown).

Fig. 2 shows the strategy used to clone the genomic DNA
fragment spanning the deletion junction. Eco RI-digested ge-
nomic DNAfrom patient R.P. was cloned into lambda
EMBL4. The 4.3-kb Hind III fragments from two clones were

subcloned into a pUC vector and their identity verified by
restriction analysis. To prepare DNAfor sequencing, the 284-
bp Sca I-Xba I fragment encompassing the deletion site was

cloned into M 3mp19 that had been digested with Sma I and
Xba I.

Sequencing studies showed that the region 5' to the recom-
bination joint was derived from the left half of an Alu repeat
located 1,491 bp 5' to the ADAmRNAcap site. The region 3'
of the recombination joint was derived from the left half of a

different Alu repeat located in the first intron, 1,757 bp 3' to
the ADAmRNAcap site. The location of these two Alu re-

peats and the region deleted is illustrated in Fig. 3.
Sequence analysis revealed that the abnormal allele con-

tains a novel, complete Alu repeat. This Alu repeat was formed
by homologous recombination between the two Alu repeats
located at either end of the deletion, as shown in Fig. 4. Exami-
nation of the published normal ADAgene sequence revealed a

26-bp stretch of nucleotides in both Alu sequences that were

involved in the recombination junction. The site of homolo-
gous recombination was within this stretch of 26 bp, as only
one copy is found in the abnormal allele. Detailed analysis of
the recombination joint revealed that the "B" sequence of the
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Figure 3. Linear representation of the ADAstructural gene. The 12
exons are labeled. TheAlu repeats are indicated as carats below the
representation of the ADAgene. The area of the deletion is repre-

sented by the cross-hatched box. Alu repeats -1,491 and + 1,757 are

numbered relative to the ADAmRNAcap site. (This figure is modi-
fied from reference 8.)

RNApolymerase III split promoter was included in this region
(see Fig. 4). This is the first report of a recombination joint
encompassing the "B" sequence.

Discussion

This paper defines at the molecular level the first described
deletion mutation in a patient with ADAdeficiency and SCID.
The deletion is 3,248 bp long and encompasses the promoter
region and the first exon of the ADAstructural gene. Consis-
tent with the critical nature of the region deleted, previous
studies have shown that no ADAmRNAis detected in this
patient (12). It appears from the Southern analysis in Fig. 2
that the patient is homozygous for this deletion and that both
parents are heterozygous. Although the parents are not aware
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Figure 4. Sequence analysis. The top portion of the figure shows the
sequences of the normal Alu at position -1,491 (top sequence, open

box), normal Alu at position + 1,757 (bottom sequence, closed box),
and mutant gene (middle sequence) in the region of the recombina-
tion joint. (Normal sequences are taken from reference 8). The verti-
cal lines at positions -93 and -68 encompass the 26-bp region of
the recombination joint. Asterisks between the sequences denote po-

sitions at which the basepairs differ. The 26-bp sequence is num-

bered in accordance with the Alu consensus sequence described by
Deininger et al. (22). Lower portion: the patient's novel Alu se-

quence formed by homologous recombination. Portion contributed
by the normal Alu sequence at position -1,491 is shown by the open

box, and portion contributed by the normal Alu sequence at position
+ 1,757 is shown by the closed box. The normal Alu sequence at po-

sition + 1,757 contributes the entire right arm and the 3' portion of

the left arm. The position of the recombination joint in the left half
of the Alu consensus repeat is shown. The 5' 10 bp of the recombina-
tion joint represents the B sequence of RNApolymerase III pro-

moters (27).

of common ancestors, they both were born in the same town
in Tennessee and likely have a distant ancestor in common.

The ADApromoter region has been sequenced and studied
in functional assays in both the human (8, 20) and murine (2 1)
systems. The promoter is a typical GC-rich promoter with no
TATA or CAAT boxes. Instead, it has multiple putative Spl
binding sites (8, 20). Various studies suggest that only a few
hundred basepairs of promoter sequence are needed 5' of the
ADAmRNAcap site for effective transcription (20-21). The
deletion described in this paper, whose 5' boundary is at posi-
tion -1,491 (±13 bp), encompasses the entire known ADA
promoter region and exon 1 and extends to position 1,757
(± 13 bp) of the first intron (numbered according to reference
8). Thus, the deletion of this important area correlates well
with the absolute lack on Northern analysis of any detectable
ADAmRNA(12).

Homologous recombination between two Alu repeats was
the mechanism of this deletion. Alu repeats have been well
characterized as sequences of - 300 bp (22) which are re-
peated - 400,000 times in the human genome (23). They are
composed of a right and left half (22). The right half is homolo-
gous to the left half and has, in addition, a 3l-bp insertion (22).
The function, if any, for Alu repeats remains unclear at the
present time. They are found scattered throughout the ge-
nome; 23 are found in the intron regions of the ADAgene (8).
The right halves of Alu repeats are more homologous to each
other than the left halves. One would expect, therefore, that
the right half would be more frequently involved in homolo-
gous recombination events than the left half. This, however,
has not been the case in the extensively studied LDL receptor
and hemoglobin gene (24-25). In naturally occurring muta-
tions of these genes, Alu sequences have been found at the
boundaries of deletions and duplications in homologous and
nonhomologous recombination (24). As Lehrman et al. (24)
have shown in their review of recombination involving Alu
repeats, the majority of recombination events have involved
the left half of the Alu repeat sequence, not the more homolo-
gous right half. In particular, they noted that most recombina-
tion joints occurred between the "A" and "B" sequences of the
left arm. These sequences are homologous to the two halves of
the RNA polymerase III split promoter (26-27). It is not
known whether the particular A and B sequences of the Alu
repeats that were involved in this recombination event are
transcribed by RNApolymerase III in vivo. Certainly, in vitro,
many Alu sequences have been shown to be active in RNA
polymerase III transcription assays (27). These promoter-like
sequences may play a role in recombination in the human
genome, since the majority of recombination events involving
Alu repeats have been shown to occur between the A and B
sequences. The deletion reported in this paper adds to the
group and is the first in which the recombination joint en-
compasses the B sequence.

One can try to correlate a patient's molecular defect in the
ADA structural gene with immunologic phenotype and re-
sponse to therapy. ADA-deficient patient R.P. is the first
ADA-deficient SCID patient whomwe have been able to im-
munologically reconstitute by haploidentical (maternal) stem
cell transplantation without pretransplant immunosuppres-
sion (reference 2, patient 13; reference 14). This patient's
younger brother, who also was born with ADA-deficient
SCID, has also achieved normal immune function after a simi-
lar haploidentical (maternal) bone marrow stem cell trans-
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plant. Both infants were disparate for a complete HLA haplo-
type compared with the marrow donor. Thus, the success of
these bone marrow transplants cannot be explained by homo-
zygosity at the major histocompatibility locus. One can specu-
late that an absolute lack of the ADA enzyme might be a
favorable predictor for response to bone marrow transplanta-
tion. A structural gene deletion mutation as was found in our
patient results in an absolute lack of enzyme. This contrasts
with the situation found in many patients with point muta-
tions, in whoma minimal amount of enzyme activity may be
detected (14). Although this is only speculation, it will be inter-
esting to study additional cases to determine whether patients
with gross structural alterations of the ADA gene will also
respond to haploidentical bone marrow transplantation.

The R.P. cell line may be useful for studies of ADAgene
regulation and ADAgene insertion studies. Introduction of
ADA promoter constructs into this cell line should not be
complicated by competition from endogenous ADApromoter
sequences. Data analysis is also simplified by the lack of en-
dogenous ADAactivity and ADAmRNA.

Summary. A deletion mutation encompassing the first
exon and promoter region is responsible for ADAdeficiency in
an infant with SCID. This patient was initially shown to have
no ADAenzymatic activity and no ADAmRNA(12). Subse-
quent Southern analyses have shown that patient R.P. is ho-
mozygous for a 3.3-kb deletion encompassing exon 1 and the
promoter region. Both parents are heterozygous for the same
3.3-kb deletion. Cloning and sequencing of the recombination
joint have shown that the crossover occurred in the left halves
of two Alu repeats, one on either side of exon 1. An identical
stretch of 26 bp was found in the normal Alu sequences at
either end of the deletion. Most likely, this deletion occurred
by homologous recombination between the two 26-bp se-
quences in the Alu repeats. Several examples of homologous
recombination involving two Alu repeats have been published
involving the LDL receptor and hemoglobin genes (reviewed
in reference 24). This is the first, however, involving the B
sequence of the RNApolymerase III promoter.
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