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Abstract

We examined the genetic basis for adenosine deaminase
(ADA) deficiency in seven patients with late/delayed onset of
immunodeficiency, an underdiagnosed and relatively unstudied
condition. Deoxyadenosine-mediated metabolic abnormalities
were less severe than in the usual, early-onset disorder. Six
patients were compound heterozygotes; 7 of 10 mutations found
were novel, including one deletion (A1019-1020), three mis-
sense (Argl56 > His, ArglOl > Leu, Val177 > Met), and
three splicing defects (IVS 5, 5'ss T" > A; IVS 10, 5'ss G"'
> A; IVS 10, 3'ss G-3' > A). Four of the mutations generated
stop signals at codons 131, 321, 334, and 348; transcripts of all
but the last, due to A1019-1020, were severely reduced.
A1019-1020 (like A955-959, found in one patient and appar-
ently recurrent) is at a short deletional hot spot. Arg156 > His,
the product of which had detectable activity, was found in three
patients whose second alleles were unlikely to yield active
ADA. The oldest patient diagnosed was homozygous for a sin-
gle base change in intron 10, which activates a cryptic splice
acceptor, resulting in a protein with 100 extra amino acids. We
speculate that this "macro ADA," as well as the Arg156 > His,
ArglOl > Leu, Ser291 > Leu, and A1019-1020 products, may
contribute to mild phenotype. Tissue-specific variation in splic-
ing efficiency may also ameliorate disease severity in patients
with splicing mutations. (J. Clin. Invest. 1993.92:2291-2302.)
Key words: deletional hot spot - deoxyadenosine metabolism a
genetic heterogeneity * pre-messenger RNA processing * severe
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Introduction

In 80-90% of cases, deficiency of adenosine deaminase
(ADA)' results in severe combined immunodeficiency disease
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1. Abbreviations used in this paper: ADA, adenosine deaminase; dAdo,
deoxyadenosine; dAXP, total deoxyadenosine nucleotides; PEG, poly-

(SCID) ( 1-3). Failure to thrive and life-threatening opportu-
nistic infections begin in infancy and are associated with pro-
found lymphopenia and absence of cellular and humoral im-
mune function. Marked accumulation of dATP and loss of
S-adenosylhomocysteine hydrolase (SAHase) activity in eryth-
rocytes of these patients are specific consequences of impaired
deoxyadenosine (dAdo) catabolism (4-7). In contrast to this
dramatic and often fatal syndrome, about a dozen healthy chil-
dren with normal immune function have been identified
through population screening for erythrocyte ADA deficiency.
They differ from SCID patients in having substantial residual
ADA activity in nucleated cells (so-called "partial" ADA defi-
ciency), minimal elevation in erythrocyte dATP, and a differ-
ent spectrum ofADA gene mutations (reviewed in references 3
and 8). Nearly all ofthe ADA mutations reported to date have
been from these two groups.

Two other phenotypes with intermediate severity have
been recognized. In one, onset of serious infections is "de-
layed," beginning by about 6-12 mo of age. Humoral immu-
nity may be less severely affected and infections, at least ini-
tially, less serious than in typical SCID patients; diagnosis is
usually made by the age of 2-3 yr. The fourth group has a later
clinical onset, few opportunistic infections, and gradual clinical
and immunological deterioration. "Late" and "delayed" onset
are somewhat arbitrary designations since age at onset may be
difficult to pinpoint and patients with similar immunologic
and clinical characteristics may be diagnosed at different ages
depending on the experience of treating physicians. Neverthe-
less, it is estimated that 10-15% ofADA deficient patients have
delayed onset (1-3). To date only four patients diagnosed
beyond the age of 4 yr have been reported (9, 10; Weinberg et
al., manuscript in preparation). Because of their atypical fea-
tures (and because ADA deficiency in any form is rare), late-
onset patients are probably underdiagnosed. Indeed, some may
be among patients with so-called "HIV-negative CD4 T lym-
phopenia with immunodeficiency of unknown etiology"
(Weinberg et al., manuscript in preparation ).

We have examined ADA gene mutations of four late- and
three delayed-onset patients who are among a clinically diverse
group (now > 40) who have been treated with polyethylene
glycol-modified bovine ADA (PEG-ADA) during the past - 7
yr (3, 11, 12). This report is part of a long-term study of this
relatively large patient population, aimed at better defining the

ethylene glycol; SAHase, S-adenosylhomocysteine hydrolase; SCID,
severe combined immunodeficiency disease.
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relationship ofgenotype to metabolic abnormality, clinical se-
verity, and response to restoration ofADA activity (by enzyme
replacement or gene therapy).

Methods
T cells were cultured from peripheral blood mononuclear cells as de-
scribed (13) except that culture medium contained 15% heat-inacti-
vated (30 min, 56°) fetal bovine serum (GIBCO, Laboratories, Grand
Island, NY) and 50 U/ml IL-2 (Boehringer Mannheim Biochemicals,
Indianapolis, IN) instead ofT cell-conditioned medium.

Analysis ofADA gene mutations. Standard procedures were used
for subcloning and restriction enzyme analysis (14) and for PCR (15,
16); recommendations ofthe suppliers ofreagents used in these proce-
dures were followed. Genomic DNA (17) and total cellular RNA (18)
were prepared as described. First-strand cDNA was synthesized from 5
ug oftotal cellular RNA using a first-strand cDNA synthesis kit (Phar-
macia Inc., Piscataway, NJ). PCR primers for ADA cDNA and geno-
mic DNA are given in Table I. Wild-type ADA cDNA and genomic
sequences are as reported (19, 20). ADA cDNA sequences are num-
bered relative to the start oftranslation and genomic DNA according to
Wiginton et al. (20).

Reverse transcriptase-PCR was used to amplify a "full-length"
ADA cDNA fragment extending from 61 bp 5' of the translation start
codon to 311 bp 3' ofthe stop codon. In some cases a smaller fragment
containing only the ADA coding region (bp 1-1091) was amplified.
The PCR product was precipitated with isopropanol, treated with
EcoRI and HindIII (IBI, New Haven, CT), purified on QIAEX (QIA-
GEN, Chatsworth, CA), and then subcloned into pUC18. Double-
stranded DNA was sequenced with [35S]dATP (Amersham Corp., Ar-
lington Heights, IL) using Sequenase (U.S. Biochemical, Cleveland).
After gel purification, uncloned genomic DNA PCR products were

sequenced using the cycle sequencing kit (Bethesda Research Laborato-
ries, Rockville, MD) with 32P-end-labeled sequencing primers. For
each patient, a minimum of six cDNA subclones containing the full
coding region were sequenced to identify candidate mutations. For
confirmation, PCR-amplified segments of genomic DNA were then
analyzed by sequencing and where possible, restriction enzyme diges-
tion, as described in Results.2

In vitro expression. "Full-length" mutant ADA cDNA subclones
(after sequencing the entire coding region to establish that only the
mutation of interest was present) were recloned into pBluescript SK+
(Stratagene, Inc., La Jolla, CA) and transcribed in vitro using T7 RNA
polymerase to generate sense RNA. A similarly prepared full-length
PCR fragment prepared from the normal ADA cDNA clone pADA2 11
(19) was used as a wild-type control. The size and yield of transcripts
were verified on agarose-formaldehyde gels. An aliquot ofthe RNA was
then used to prime a rabbit reticulocyte lysate translation system in the
presence of ["S]methionine (Promega Corp., Madison, WI). An ali-
quot (5 Ml) of the reaction was electrophoresed on cellulose acetate
(Helena Labs, Beaumont, TX) and stained forADA activity in situ, as
described (13). The size ofthe 35S-labeled translation product was ana-
lyzed by mercaptoethanol/ 10% SDS polyacrylamide gel electrophore-
sis and fluorography, performed after treating the gel with Enhance
(Dupont Co., Wilmington, DE). In experiments where immunoreac-
tivity of the translation product was analyzed, aliquots of translation
reactions were incubated at 4°C overnight in a volume of 0.5 ml con-
taining 2 Ml of goat anti-human ADA antibody (provided by Drs.

2. Sequencing gels documenting single-base changes in exons and previ-
ously reported mutations, which were provided for review, are not pre-
sented as figures in order to save Journal space. The authors will make
the primary data available to interested readers.

Table I. PCR Primers

Primer sequence Target* size (bp) Cloning sites

cDNA
"Full-length" 5' (+) 5'TGCCAAGCTTAGCCGGCAGAGACCCACCGAG -61 to 1402 HindIII
coding region 3' (-) 5'CTAGGAATTCGCATGCCACCAGCCATGG (1463 bp) EcoRI

5' (+) 5'CGCGCGAATTCATGGCCCAGACGCCCGCCTTCGAC 1-1091 EcoRI
3' (-) 5'GCGCAAGCTTCAGAGGTTCTGCCCTGCAGAGGC (1091 bp) HindIII

Exons 2-6 5' (+) 5'ATCAAGCCTGAAACCATCT 64-556
3' (-) 5'CATCTCCAGCCAGGT (493 bp)

Exons 5-11 5' (+) 5'CCAGACGAGGTGGTGGC 376-1001
3' (-) 5'AAACTAGATTTGGCCGC (626 bp)

Exons 9-11 5' (+) 5'ACACGGAGCATGCAGTCAT 824-1031
3' (-) 5'AGAAGCTCCCTCTTTTCATC (208 bp)

Genomic
Exon 4 5' (+) 5'GCGGAAGCTTGGATGTCATTTGCTCCTG 24899-25261 HindIII

3' (-) 5'GCGCGAATTCCATCTTTCTGAGGCCATG (363 bp) EcoRI
Exon 5 5' (+) 5'GCGGAAGCTTCAAAGCCTCCTCTTCCTC 25794-26169 HindIII

3' (-) 5'GCGCGAATTCAGGTCTCCAGTTGTTTCATG (376 bp) EcoRI
Exon 6 5' (+) 5'TAGGCTGGGAGGTCTCTC 27181-27496

3' (-) 5'ACCCAACAAAGACACACTTC (316 bp)
Exons 7-9 5' (+) 5'ATGCTGTTGAAGCAGGCAGCATGACTAGGA 28376-29115

3' (-) 5'TGCCTGCTTCCCAGGGTGTCGAAGAGATTT (740 bp)*
Exons 10-11 5' (+) 5'AGGCTGCTGTGAGGATCAAAGGCGGGTGAA 30319-31340

3' (-) 5'TGCTAGAAGTCCCACAGAAAGCCACACTGG (1022 bp)t

Italics indicate cloning site. PCR reactions (50 ,l) contained cDNA, primers (12.5 pmol each), 4 dNTPs (50 MM each), 3 U of Hot Tub DNA
polymerase, and buffer (Amersham Corp.). * cDNA numbered relative to start of translation; genomic DNA as in Wiginton et al. (20).
$ After amplification (see reference 61), the 1022-bp product, spanning intron 9 to intron 11, was digested with PstI to yield a 849-bp fragment
containing exons 10 and I1 and the intervening intron; this was subcloned into the PstI site ofpUC 18 prior to sequencing.
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Bruce Aronow and Dan Wiginton), or with nonimmune goat serum.
The samples were then incubated for 2 h with 50 ,l ofa 10% suspension
of fixed staphylococcus A (Pansorbin, Calbiochem Corp., San Diego,
CA), and then centrifuged for 5 min in a microcentrifuge. The staph
pellets were washed three times with NET-gel buffer (14) and then
analyzed by SDS gel electrophoresis as above.

Results

Patients

Late onset. Patients AlNe, AnRo, AA (9, 21, 22), and CC (10,
12) were relatively asymptomatic until 2-5 yr of age, when
recurrent respiratory problems, including sinusitis, bronchitis,
asthma, and pneumonia became prominent features. By the
time ADA deficiency was discovered at 5-15 yr of age (Table
II), chronic pulmonary insufficiency was present to varying
degree in AA, AlNe, and AnRo. At diagnosis all were T lym-
phopenic (Table II); in vitro response of lymphocytes to mito-
gens was diminished and response to antigens was absent. Im-
munoglobulin levels and specific antibody responses to prior
infection and immunization were variable. However, relatively
well-preserved T cell function and humoral immunity had
been documented 3 yr before diagnosis in patients AlNe and
AnRo (Weinberg et al., in preparation). Dysregulation of im-
munity and hematopoiesis were also present. AA had autoim-
mune thyroid insufficiency, CC had eosinophilia and a defi-
ciency of the IgG2 subclass, and IgE was elevated in both CC
and AlNe. At diagnosis AlNe was pancytopenic and transient
pancytopenia and a hypocellular marrow were found in AnRo
3 yr before diagnosis; the relationship to ADA deficiency is
unclear.

Delayed onset. JH was diagnosed at the age of 14 mo when
she presented with Pneumocystis carinii pneumonia and recur-
rent diarrhea from about 9 mo of age (23). AD was diagnosed
at the age of 2 yr during evaluation for a persistent cough. She

had been treated for pneumonia at 1 yr of age and for nasal
congestion and cough since the age of 3 mo, but she had never
been hospitalized ( 12 ). AD developed transient autoimmune
thrombocytopenia after a viral infection soon after diagnosis. T
lymphopenia (Table II) and reduced or absent lymphocyte re-
sponses to mitogens were found at diagnosis; immunoglobulin
levels were variable but titers of specific antibody were low or
absent.

MJ was discovered to be ADA deficient at the age of 3 yr
when she was evaluated for failure to thrive and chronic inter-
stitial pneumonia. Lung biopsy showed extensive scarring with
bronchiolitis obliterans; no etiologic agent was identified. Re-
current pulmonary infections and asthma dated from 1 yr of
age. Lymphopenia (620/mm3) was present at diagnosis with-
out significant abnormalities in distribution of lymphocyte
subsets. Mitogen responses of peripheral blood lymphocytes
and quantitative immunoglobulins were normal, but antibod-
ies to tetanus and diphtheria were absent despite adequate im-
munization. Delayed skin test reaction to tetanus toxoid was
absent, but converted to positive on ADA replacement ther-
apy, correlating with resolution of her lymphopenia.

Except for an unsuccessful trial of deoxycytidine infusion,
intended to relieve inhibition of ribonucleotide reductase by
dATP (21, 22), patient AA received no specific therapy aimed
at restoring endogenous immune function until PEG-ADA
was begun at the age 15 yr, 7 yr after diagnosis. The other
patients began treatment with PEG-ADA at the time ofdiagno-
sis. All have shown sustained improvement in clinical status
and immune function ( 10, 12, 24) (and Weinberg et al., manu-
script in preparation). They all continue to receive PEG-ADA,
including patients CC and AD, who have also received experi-
mental treatments with ADA gene-transduced T cells sporadi-
cally during the past 2-3 yr ( 12). MJ has required steroids and
monthly immunoglobulin infusions ( 1 g/kg) to control symp-
toms related to chronic bronchiolitis obliterans.

Table II. Clinical and Metabolic Characteristics

Age
T cell T cell Red cell Red cell

Patient Diagnosis Present count* ADA dAXPt SAHaset References

yr cells/ell nmol/h per mg nmol/ml nmol/h per mg

AlNe (M, H) 15 16.3 397 87.2 60 1.01 §
AnRo (F, H) 6 7.4 232 32.1 139 0.51 §
AA (F, C) 8 19.7 232±27 15.7 264 0.56 (21)
CC(F,C) 5.6 11.9 244 7.1 204 0.27 (10, 12)
AD (F, A) 2 6.7 26 24.3 289 0.26 (12)
JH (FC) 1.2 5.3 70-175 -1%1" 253' 0.60** (23)
MJ (F, C) 3 4.7 423 12.1 218 0.67 this report

12 early onset 0.42±0.3 12.7-83.9 797±426 0.31±0.2 this report
SCID patientstt 0.1-0.9 (3 patients) 354-1839 0.03-0.86

Normal 950-2600 2047±1360 <2 4.18±1.2

F, female; M, male; H, Hispanic; C, caucasian; A, Asian (Sri Lankan). dAXP = total dAdo nucleotides. * At diagnosis: values are CD3+ cells
except for AA (E-rosette+) and AD (CD2+); normal values are the approximate 95% confidence limits for caucasian adults; values are higher in
children, depending on age. $ Pretreatment. § Weinberg, et al., manuscript in preparation. 11 In blood mononuclear cells. ' dATP (normal
for lab = undetectable). ** Extrapolated from a reported value of 0.01 nmol/min per mg (normal = 0.1±0.01 nmol/m per mg). $$ Untransfused
patients; data are from laboratory of Dr. Hershfield.
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Metabolic status
ADA activity in cultured T cells from six ofthe patients, and in
uncultured blood mononuclear cells from JH, ranged from
< 1% to 4% of normal (Table II). In pretreatment red cells,
dAdo nucleotides (dATP in the case of JH, total deoxyadeno-
sine nucleotides (dAXP) in the other 6) ranged from 60 to 289
nmol/ml (normal, < 2 nmol/ml). These values are interme-
diate between those of typical SCID patients and healthy indi-
viduals with partial ADA deficiency. Among the latter dATP is
< 20 nmol/ml (reviewed in Hershfield and Mitchell [31]),
while in 12 newly diagnosed, untransfused SCID patients (sam-
ples analyzed at Duke University Medical Center), red cell
dAXP ranged from - 350 to > 1800 nmol/ml (Table II).
Erythrocyte SAHase activity ranged from 6% to 24% of nor-
mal, and exceeded 10% in five ofthe seven late/delayed-onset
subjects. Among the 12 SCID patients, SAHase was < 10% of
normal in nine, and < 5% in six (Table II). AlNe, the oldest
patient at diagnosis, had the mildest red cell metabolic abnor-
malities.

ADA gene mutations
Patient AlNe. All amplified cDNA subclones (8/8) had a 32-
bp insertion following bp 974 relative to the start oftranslation,
precisely at the junction between exons 10 and 11 (Fig. 1 A).
The inserted sequence corresponded to the last 32 nucleotides
of intron 10, suggesting a splicing defect. Direct sequencing of
an amplified segment ofgenomic DNA spanning exons 10 and
11 revealed a previously unreported G -> A transition in intron
10 at bp -34 relative to the normal intron 10-exon 11 bound-
ary, or at bp -2 relative to the start of the 32-base insert found
in cDNA (Fig. 1 B). No other base was incorporated at this
position. The mutation introduces a new BfaI restriction site;
digestion of the amplified exon 10-11 genomic fragment with
BfaI showed only the mutant pattern, consistent with homozy-
gosity (data not shown).

The G 34 -- A change converts a GG dinucleotide to AG,
creating a new splice acceptor site with all the cis acting ele-
ments of a functional 3' splice junction (25, 26) (Fig. 1 C).
Besides introducing nine new codons after Leu325, use of the
cryptic splice site shifts the reading frame to include 268 bp of
the normal 3' noncoding region before a new TGA stop codon
is generated 16 bp from the polyA addition signal (Fig. 1 D).
The mutant protein is predicted to consist of463 residues with
a mass of 52,275 Kd, vs. 363 residues and 40,762 Kd for the
normal ADA protein. Although the normal 3' splice site in
intron 10 remains, the cryptic site is used preferentially in the

patient's cultured T cells. Thus, no normal sized PCR product
was detectable by ethidium bromide staining when a fragment
spanning exons 10 and 11 was amplified from cDNA prepared
from total T cell RNA (Fig. 1 E).

Patient AnRo. Four cDNA subclones had a G > A transi-
tion at bp 529, which changes codon 177 (exon 6) from GTG
Val to ATG Met, and introduces a new NcoI site (data not
shown). Two subclones lacked this change, but had a deletion
ofthe AG dinucleotide at bp 1019-1020 (exon 11) (Fig. 2 A).
Heterozygosity for these mutations was demonstrated by direct
sequencing of exon 6 amplified from genomic DNA, and of
amplified and subcloned genomic DNA spanning exons 10-11
(data not shown). Neither of these mutations has previously
been reported.

A1019-1020 shifts the mRNA reading frame, changing
amino acids 340-348 from KRELLDLLY to KGASRPALX,
where X348 is a new TAA translation termination signal. Vari-
able reduction in steady-state levels of transcripts bearing pre-
mature stop codons has frequently been observed (27-30). We
estimate the level ofthe A1019-1020 transcript to be 30% to >
50% of that of the Val 177 > Met transcript. We infer this be-
cause two ofsix cDNA subclones had the deletion, and because
the relative intensity of bands representing the two alleles gen-
erated by NcoI digestion ofamplified cDNA was similar to that
of the analogous bands generated from amplified genomic
DNA (Fig. 2 B).

Patient CC. Four amplified cDNA subclones possessed aG
> T transversion at bp 302, changing Arg (CGG) to Leu
(CTG) at codon 101 in exon 4 (data not shown). Four sub-
clones lacked this change, but had a C > T transition at bp 872,
which changes codon 291 from Ser (TCG) to Leu (TTG) in
exon 10 (data not shown). Both mutations were confirmed by
direct sequencing of amplified genomic DNA (data not
shown). The Arg O1 > Leu mutation has not been reported,
but Ser291 > Leu has recently been identified indepen-
dently (31) .

Patient AA. Three amplified cDNA subclones possessed a
previously unreported G > A transition at bp 467, which
changes codon 156 in exon 5 from Arg (CGC) to His (CAC),
and eliminates a recognition site for the isoschizomers HhaI
and CfoI (data not shown). Four subclones lacked this change,
but had a previously reported G > A transition at bp 646,
which causes the Gly216 > Arg substitution (exon 7) (32)
(data not shown). Heterozygosity for each of these mutations
in amplified genomic DNA was shown by the partial elimina-
tion of a HhaI/CfoI site in exon 5 and introduction of a new
BstXI site in exon 7 (data not shown).

Figure 1. (A) Sequence ofPCR amplified cDNA subclone from patient AlNe (Mut) and a control ( Wt, wild type) showing 32-bp insert (lower
case) at the exon 10/exon 11 junction. (B) Sequence of PCR-amplified genomic DNA from patient AlNe and a control showing the region of
the intron 10/exon 11 junction. Stars indicate the site of the G > A mutation (C > T in the antisense sequence) at bp -34 from the normal in-
tron/exon junction. Arrows indicate splice junctions. Nucleotides in the intron are in lower case and those included in mRNA in upper case.
(C) Comparison of the cryptic splice acceptor site in intron 10 in patient AlNe (Mut) and the normal ( Wt) splice acceptor. Sequences are over-
lapped and numbered to show the regions involved in splicing; bp -34, the site of the G > A mutation (arrows), and bp 27-32 (underlined)
indicate the sequence alignment. Intron nucleotides are in lower case and those included in mRNA in upper case. The box includes the T/CAG
and polypyrimidine tract components of a consensus splice acceptor site. Stars indicate potential branchpoints. (D) Carboxy-terminal amino
acid sequences for normal (WT) ADA and patient AlNe ADA generated by use of the cryptic splice acceptor in intron 10. Nucleotides in the
3' untranslated region (3'UT) are in lower case and the polyA addition signal is underlined. (E) Ethidium bromide-stained agarose gel showing
PCR-amplified cDNA spanning the exon 10/exon 11 boundary from patient AlNe (lane 1) and a normal control (lane 2). The 208 bp product
is expected if the normal intron 10 splice acceptor is used and the 240-bp product from use of the cryptic splice site generated by the patient's
mutation.
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A Figure 2. (A) Sequence
Or\AG A C (anti-sense) of PCR-

amplified cDNA sub-
clones from a control

C _ _.4v;,j.X_;I (left panel) and patient
'T, I.._AnRo (right panel)

Am= = -.'''_.. v I4 showing the region of
exon 11. Stars indicate
the CT dinucleotide

or' Pt
B cOn Pt (AG on coding strand)

z _ at position 1019-1020
316-_473=Ithatare deleted. (B)

I86 Ethidium bromide
DO-0 153-- stained agarose gel of

NcoI digested, uncloned
PCR-amplified exon 6 from genomic DNA (left panel) and cDNA
(right panel) from a control (con, lane 1) and patient AnRo (pt, lane
2). The Val177 > Met mutation creates a new NcoI site and results
in generation ofbands at 186 and 90 bp from the genomic DNA PCR
product and 473 and 153 bp from the cDNA PCR product.

Patients JH and MJ. CfoI digestion of exon 5 amplified
from genomic DNA (Fig. 3, lanes 1-3) and direct sequencing
(data not shown) showed that JH and MJ were each heterozy-
gous for the Argl 56 > His mutation found in patient AA. How-
ever, CfoI digestion of uncloned amplified cDNA prepared
from T cells (MJ) or fibroblasts (JH) gave only the mutant
pattern (Fig. 3, lanes 4-6), indicating that the second ADA
allele in each case was either not expressed or was expressed at a
very low level. Multiple cDNA subclones were then digested to
identify any with Argl 56 (wild type) as candidates for the sec-
ond allele.

In the case of JH, 2 of 36 cDNA subclones had Argl56.
Both had a 4-bp insertion, ATGA, after bp 974, at the exon
10-1 1 junction (Fig. 4A). Direct sequencing ofamplified geno-
mic DNA revealed heterozygosity for a G > A transition at bp
+ 1 of intron 10, changing the wild-type splice donor sequence
from gtgagt to atgagt (Fig. 4 B). Mutations ofthe invariant G+'
to A can cause skipping of a preceding exon or can activate
downstream or upstream cryptic splice donor sites (33-35). In

Genomic DNA cDNA

396 -

209-
188

con MJ JH con MJ JH
1 2 3 4 5 6

-1112

-634

-478

Figure 3. Ethidium bromide stained agarose gel of CfoI digested, un-
cloned PCR-amplified exon 5 from genomic DNA (lanes 1-3) and
cDNA (lanes 4-6) from a control (lanes I and 4) and patients MJ
(lanes 2 and 5) and JH (lanes 3 and 6). The Argl56 > His mutation
eliminates a CfoI site and results in loss ofbands at 209 and 188 bp
from the genomic DNA PCR product and at 634 and 478 bp from
the cDNA PCR product.

JH fibroblasts use of a cryptic splice donor at bp +5 of intron
10 (gtgggt) results in inclusion of the first four intronic bp
(including the mutation) in mRNA. As a result, amino acids
326-334 at the start ofexon 11 are changed from the wild-type
NINAAKSSF to MKHQCGQIX. The new TAG stop signal at
codon 334, which eliminates 30 carboxy-terminal residues, ap-
parently accounts for the very low abundance of the corre-
sponding mRNA.

In the case ofMJ, 1 of28 cDNA subclones analyzed lacked
the mutation at codon 156. Sequencing revealed a deletion in
exon 10 ofGAAGA, bp 955-959 from the start of translation
(data not shown). Heterozygosity for this 5-bp deletion was
demonstrated by sequencing subclones of amplified exon 10
genomic DNA, and by showing heterozygosity for a new BpmI
site in the uncloned genomic PCR product (data not shown).
This deletion shifts the reading frame and mutates codons 319-
321 from EEE to GVX, eliminating the last 43 amino acids.
This same 5-bp deletion has recently been found in a patient
with early-onset SCID3 and in unrelated ADA-deficient pa-
tients (36). MJ lacks a polymorphism, Lys8O> Arg, found in
one ofthese patients, suggesting an independent origin, consis-
tent with the suggestion that the mutation is at a deletional hot
spot.3

Patient AD. BstXI digestion ofexon 7 amplified from geno-
mic DNA showed that AD was heterozygous for the Gly216
> Arg mutation (data not shown). Of20 cDNA subclones ana-
lyzed, 17 were mutant and 3 wild type at codon 216. The latter
in each case lacked exon 5, with precise joining of exon 4 to
exon 6 (Fig. 5 A). Complete sequencing of one full-length
cDNA clone missing exon 5 revealed no other mutations.
These findings suggested a mutation that affected splicing of
exon 5. Direct sequencing ofamplified genomic DNA revealed
wild-type exon 4/intron 4, intron 4/exon 5, and intron 5/exon
6 junctions, and there were no changes in exon 5. However, at
bp +6 of intron 5 both A and the normal T were present
(gtgagt/a). The intron 5 T"6 > A transversion was subse-
quently found in 5 of 10 subclones derived from the amplified
genomic segment (Fig. 5 B).

Loss ofexon 5 shifts theADAmRNA reading frame, chang-
ing the amino acid sequence after codon 121 and creating a
TAA stop signal at codon 131. To estimate the abundance of
mRNA lacking exon 5, a segment spanning exons 2-6 was
amplified from cDNA prepared from AD T cells and analyzed
on an agarose gel. The normal-sized product was obtained, but
no band ofthe size expected for deletion ofexon 5 was detected
by ethidium bromide staining, indicating very low abundance
(data not shown).

ADA activity ofmutant proteins expressed in vitro
In vitro translation ofRNA transcribed from cDNA, combined
with in situ assay for ADA activity, was used to determine
whether the putative mutations identified were capable of
causing ADA deficiency. Equal amounts of mutant and wild-
type translation products were compared in the in situ assay. In
the experiment shown in Fig. 6, the Val177 > Met, A 1019-

3. Gossage, D. L., C. J. Norby-Slycord, M. S. Hershfield, and M. L.
Markert. 1993. A homozygous five nucleotide deletion in the adeno-
sine deaminase (ADA) mRNA in a child with ADA deficiency and
very low levels ofADA mRNA and protein. Hum. Mo. Genet. In press.
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1020, ArglO 1 > Leu, Ser29 1 > Leu, and Argl 56 > His cDNAs
were tested. The major band generated from the wild-type tran-
script and from mRNAs with amino acid substitutions mi-
grated just ahead ofthe ovalbumin (46 kD) marker (Fig. 6 A).
The major A1019-1020 product was smaller, consistent with
the predicted truncation at codon 348. Two smaller 35S-labeled

translation products were generated from wild-type and mu-

tant transcripts. They were not produced in the absence of
mRNA and are presumably due to aberrant translation or to
proteolysis.

ADA activity of the wild-type translation product was eas-

ily detected by in situ staining after electrophoresis on cellulose
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acetate (Fig. 6 B). Of the mutants tested, only the Argl56
> His product (lane 8) showed detectable ADA activity, and
this was much fainter than for the wild-type translation prod-
uct; this result was reproducible. In other experiments not pre-

sented, no activity was detected with the Gly216 > Arg in vitro
translation product, consistent with transient expression stud-
ies in cos cells (32). The translation product derived from the
intron 10 G+' > A splice donor mutation (JH), which is trun-
cated at codon 334, was of the expected size and was also inac-

tive (data not shown).

A 2 3 4 76Figre 6. (A) SDSmer-
captoethanol gel of 35S-69j-- .z~z/XtA' ': '*; ...... ,. ' 'labeled in vitro transla-

46- tion products. See
Methods for details of

30- procedure. Lane 1, nor-
mal human ADA; lane
2, patient AnRo ValI77

B 2 3 4 5 6 > Met; lane 3, patient
AnRo A1019-1020,
lane 4, patient CC
ArglOl > Leu; lane 5,
patient CC Ser291

L...............> Leu; lane 6, patient
AA, Arg156 > His; lane

7, no RNA control. Numbers at left, size (kD) of molecular mass
markers. (B) In situ ADA assay of in vitro translation products. See
Methods for details ofprocedure. Arrows indicate position ofhuman
ADA. The dark bands at the bottom and top (lanes 1-3 and 5-8) are
rabbit hemoglobin and rabbit ADA, respectively, carried over from
the reticulocyte translation reaction. Lane 1, no RNA control; lane
2, patient AnRo Vall77 > Met; lane 3, patient AnRo A1019-1020,
lane 4, human erythrocyte lysate (lower band is hemoglobin); lane 5,
normal human ADA; lane 6, patient CC Ser29 1 > Leu; lane 7, patient
CC Argl0l > Leu; lane 8, patient AA, Argl56 > His.

The major translation product derived from AlNe cDNA,
which is predicted to have 100 more amino acid residues than
wild type ADA, had an estimated mass of57-58 kD (Fig. 7 A).
Although this is larger than the 52 kD expected, the wild-type
translation product was also larger than expected on this gel,

46 kD instead of 41 Both the mutant and wild-type

35S-labeled peptides were specifically precipitated with anti-
body to human ADA (Fig. 7 B). ADA activity of the mutant
translation product was undetectable (Fig. 7 C, left panel).
However, sufficient activity was present in extracts of AlNe T
cells to detect by in situ assay. The activity, presumably derived
from mRNA generated by use of the cryptic 3' splice site, mi-
grated more slowly than wild-type ADA (Fig. 7 C, right panel).
Further characterization ofthis "macro-ADA" will be reported
elsewhere.

Discussion

Among the seven patients studied, all 14 chromosomes were
accounted for and 10 different mutations were identified.
These included two short deletions and five missense muta-
tions located in exons 4, 5, 6, 7, 10, and 1; and three splicing
defects in introns 5 and 10 (Table III). One of the deletions,
three of the amino acid substitutions, and the three splicing
defects are novel. In vitro translation products bearing the new
mutations lacked or had much less enzymatic activity than an
equivalent amount of wild-type translation product, evidence
that the mutations cause ADA deficiency. Further studies of
expression of cloned cDNAs in intact cells and of purified,
overexpressed enzymes will be needed to assess the stability
and kinetic properties ofthe mutant proteins, and their contri-
bution to residual cellular ADA function.

Environmental factors and circumstances (exposure to spe-
cific organisms, the nature ofmedical care, whether a patient is
the first or second affected child in a family, etc.) are important
in determining disease severity in patients with ADA defi-
ciency. Also, given the complex nature ofimmunity and resis-
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Figure 7. (A) SDS gel of 35S-labeled in vitro translation products.
Lane 1, patient AlNe; lane 2, normal human ADA; lane 3, no RNA
control. (B) SDS gel of 3S-labeled translation products from the ex-
periment shown in A after immunoprecipitation with goat anti-
human ADA antibody (lanes 1 and 3) or nonimmune goat serum
(lanes 2 and 4) (see Methods). Lanes 1 and 2, AlNe; lanes 3 and 4,
normal human ADA. (C) In situ ADA assay. Left panel: translation
products from the experiment shown in A. Lane 1, normal human
ADA; lane 2, patientAlNe; lane 3, no RNA control; lane 4, human
erythrocyte lysate. Right panel:3 cell extracts from patient AlNe
(lane 1) and a normal control (lane 2). Extracts were prepared from
2 x 106 control4 cells and 2 X 10' AlNe T cells by freezing and
thawing three times. After centrifugation,3-2.l aliquotsweere electro-
phoresed on cellulose acetate and stained for ADA activity as for assay
of translation products.

tance to infection, it is likely that genes other than ADA can
influence clinical phenotype in patients with ADA deficiency.
Nevertheless, a simple hypothesis, based on the known meta-
bolic consequences of ADA deficiency (3), is that specific
ADA mutations affect phenotype insofar as they determine the
overall capacity to eliminate dAdo, the primary lymphotoxic
ADA substrate.

There is evidence that the capacity to eliminate dAdo is
related to disease severity. Specifically, the degree of dAXP
pool expansion and SAHase inactivation in erythrocytes reflect
exposure to circulating dAdo (red cells lack dAdo precursors),
and hence total residual ADA function (discussed in Hersh-
field and Mitchell [ 3 ]). Abnormalities in these parameters in
the late/delayed-onset patients under study were less marked
than in typical SCID patients, but more severe than in individ-
uals with partial ADA deficiency (see Results), consistent with
the working hypothesis. An important corollary ofthis hypoth-
esis is that, in conferring a mild phenotype, an allele that pro-
vides some functional ADA will be dominant to one that elimi-
nates function. This simplifies evaluation of the contribution
ofindividual mutations to disease severity in compound hetero-
zygotes, i.e., six of the seven patients studied.

The Argl 56 > His mutation found in patients AA, MJ, and
JH, had detectable in situ ADA activity. It is very unlikely that
the second alleles of these patients are functional. The 5-bp
deletion in the case of MJ, and the invariant G+' splice donor
mutation in the case ofJH, resulted in proteins predicted to be
truncated by 43 and 30 carboxy-terminal amino acids, respec-
tively, and in each case very low levels of the corresponding
mRNA were detected. The second mutation in late onset pa-
tient AA (and also in delayed onset patient AD) is Gly216
> Arg. Homozygosity for this mutation was found in a single
patient with a very severe phenotype (32). Our experience with
other patients, to be presented elsewhere, confirms that Gly2 16
> Arg, when it is the only expressed allele, is associated with
severe metabolic abnormalities and early-onset SCID. It is note-
worthy that the Argl 56 > His mutation occurs at a CpG muta-
tional hot spot (37, 38). The fact that it has been found in three
patients with delayed or late onset and none with the more

Table III. Sumary ofMutations Identified

Patient Location (bp) Mutation Effect of mutation Restriction site affected*

AlNe IVS 10 (31,131) 3'ss -34 G > A 32-bp insert in mRNA; BfaI (+)
adds 100 amino acids

AnRo exon 11 (1019-20) A [AG] AGOt premature stop codon 348
exon 6 (529) GTG > ATG ValI77 > Met NcoI (+)

CC exon 4 (302) CGG > CIG ArglOl > Leu
exon 10 (872) TCG > TTG Ser291 > Leu

AA exon 5 (467) CGC > CAC Argl56 > His HhaI, CfoI (-)
exon 7 (646) GGG > AGG Gly216 > Arg BstXI (+)

JH exon 5 (467) CGC > CAC Argl56 > His HhaI, CfoI (-)
IVS 10 (30,549) 5'ss 4 bp insert in mRNA; HphI (-)

G+ > A premature stop codon 334
MJ exon 5 (467) CGC > CAC Argl56 > His HhaI, CfoI (-)

exon 10 (955-59) CT [GAAGA] GGt premature stop codon 321 BpmI (+)
AD IVS 5 (26,009) 5'ss T+6 > A skip exon 5

exon 7 (646) GGG > AGG Gly216 > Arg BstXI (+)

* (+), site created by mutation; (-), site eliminated by mutation. * Bases in brackets deleted.
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common SCID presentation further supports the conclusion
that it confers a relatively mild phenotype. Although Argl 56
> His has not previously been reported, substitution ofCys for
Argl 56 has been found in a SCID patient who responded tran-
siently to partial exchange transfusion (31). Response to the
relatively low level ofADA activity provided by this'treatment
was considered unusual and an indication of relatively mild
disease.

Either of the alleles possessed by CC, ArglOl > Leu and
Ser291 > Leu, could contribute to her mild metabolic and
clinical phenotype. Ser29 1 > Leu has been identified indepen-
dently in an ADA-deficient SCID patient, who showed im-
provement during red cell transfusion therapy (31). ArglOl
> Leu has not yet been found in other patients, but ArglO 1
> Gln was apparently the only allele expressed in a patient with
mild disease (39-41). ArglOl > Trp was found in a SCID
patient whose second mutation was Arg2 11 > His (42). Cul-
tured T cells from this patient were found to express significant
levels ofADA activity, though it was unclear which allele was
responsible for this activity ( 13 ).

Neither Val 177 > Met nor Ai1019-1020 found in late onset
patient AnRo have previously been described; either one, or
the combination, could provide sufficient enzymatic activity to
diminish disease severity. A1019-1020 in exon 11 changes
seven of eight amino acids after codon 341 and terminates
translation at codon 348, eliminating the last 16 residues. How-
ever, abundance ofthe mRNA for this allele was not as severely
reduced as with the frame shifting alleles of patients AD, MJ,
and JH, which generate premature stop signals at codons 131,
321, and 334, respectively. This is consistent with polarity ef-
fects of premature stop signals on mRNA stability for other
genes (28-30, 43). No point mutations responsible for ADA
deficiency have been reported beyond Ala 329. Moreover,
wild-type murine ADA, which otherwise is highly homologous,
is 11 amino acids shorter than human ADA, and the "missing"
residues are all at the carboxy terminus (44). Based on the
crystal structure of murine ADA (45), the carboxy terminal
residues affected by A 10 19-1020 should be located far from
the active site.

It is noteworthy that M1019-1020 lies within 60 bp of
A955-959 found in MJ. Each occurs in a segment that contains
multiple short direct repeats, a motifthat appears to predispose
to short deletions, and each is part ofa sequence that resembles
a consensus short deletional hot spot, TGA/GA/GG/TA/C
(46). Thus, as has been noted,3 the A955-959 segment,
TTTAGTgaagaGGAGTTTA (deleted bases in lower case),
has three GA and a TTTA repeat (underlined). Similarly, the
A1019-1020 segment, AGAAGATGAAAggGGAG, has four
AG repeats and is part of an AAG repeat. If M1019-1020 is a
hot spot, it will be interesting to see whether it occurs selectively
in patients with late or delayed onset rather than early onset
SCID.

AlNe is homozygous for a G > A mutation at bp -34 from
the intron 10/1I1 junction. The cryptic splice acceptor acti-
vated by this mutation was highly favored over the normal site
in his cultured T cells. A number oflocal and long-range "con-
text" factors govern selection among alternative splice sites
(47, 48). In the present case, the cryptic splice site has five A
residues located 22-33 bp 5' of the new splice junction that
might be used as a branchpoint; the wild-type splice acceptor
for intron 10 has only two, at -16 and -28 bp (Fig. 1C). Use of
the cryptic splice site results in an enzyme 100 amino acids

longer than normal. Preliminary studies (A. Mary and M. S.
Hershfield, unpublished observation) suggest that the mutant
enzyme accounts for the residual ADA activity detected in T
cells of the patient. Whether it accounts entirely for his quite
mild metabolic abnormality and remarkable survival to the age
of 15 yr before diagnosis remains to be determined. A low level
of normal enzyme may be generated by use of the normal
splice site in some cell types. In this regard, tissue and patient-
specific variation in splicing efficiency appear to account for
the variable phenotype associated with an unusual splicing mu-
tation in the HexB gene (49). Differences in nuclear processing
ofpre-mRNA have been postulated to play a role in regulating
ADA levels in certain cell lines (50), though whether or not
splicing is involved is unclear.

In the case ofAD, skipping ofexon 5 results from the splice
donor mutation T6 > A in intron 5. Skipping of a preceding
exon due to splice donor site mutations has been observed in
patients with several other genetic disorders ( 51-57 ). This find-
ing may be explained by the "exon definition" model (58), in
which the splicing machinery first binds at a 3' splice acceptor
site, then searches downstream for a 5' splice site; definition of
the exon is then followed by rearrangement ofthe splicing com-
ponents to allow intron removal. In this model, if a splice ac-
ceptor site is not followed within 300 bp by a proper 5' splice
donor site the exon is deleted or a cryptic splice donor site in
the exon may be used, as in the case ofa bp +6 mutation in IVS
1 of the f3-globin gene (59, 60). Inspection of ADA exon 5
shows a potential, though nonconsensus splice donor site,
AGgtggtg, at bp 21-28 from the 5' end, which apparently is not
used in the cells of patient AD.

Skipping ofexon 5 markedly destabilizes the corresponding
mRNA and results in a protein truncated at codon 131, which
is undoubtedly inactive. As discussed above, AD's second mu-
tation, Gly2 16 > Arg is unlikely to contribute to her mild phe-
notype. It is possible that factors other than ADA genotype are
involved. However, as discussed for AlNe, it is possible that
correct splicing at exon 5 occurs in some cell type(s), providing
sufficient dAdo catabolizing activity to ameliorate disease. In
this regard the +6 mutation in ,B-globin allowed some normal
processing to occur and resulted in a mild ,B+ thalassemia phe-
notype (59). Further studies of the role of tissue specific splic-
ing in determining phenotype in patients such as AD and AlNe
are planned.
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