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A Founder Mutation in Artemis, an SNM1-Like Protein,
Causes SCID in Athabascan-Speaking Native Americans1

Lanying Li, 2* Despina Moshous,2† Yungui Zhou,* Junhua Wang,* Gang Xie,*
Eduardo Salido,* Diana Hu,‡ Jean-Pierre de Villartay,† and Morton J. Cowan3*

Athabascan SCID (SCIDA) is an autosomal recessive disorder found among Athabascan-speaking Native Americans and is
manifested by the absence of both T and B cells (T�B�NK� SCID). We previously mapped the SCIDA gene to a 6.5-cM interval
on chromosome 10p. SCIDA fibroblasts were found to have defective coding joint and reduced, but precise signal joint formation
during V(D)J recombination. After excluding potential candidate genes, we conducted a combined positional candidate and
positional cloning approach leading to the identification of nine novel transcripts in the refined SCIDA region. One of the
transcripts showed significant homology with the mouse and yeast SNM1/PSO2 and was recently reported (Artemis) to be re-
sponsible for another T�B�NK� SCID condition (radiation sensitive SCID) in 13 patients of primarily European origin. In our
evaluation of this gene, we have identified a unique nonsense mutation in 21 SCIDA patients that is closely correlated to the
founder haplotypes that we had previously identified. This nonsense founder mutation results in the truncation of the deduced
protein product. The wild-type construct of the primary transcript can effectively complement the defective coding joint and
reduced signal joint formation in SCIDA fibroblasts. The above results indicate that this SNM1-like gene (Artemis) is the gene
responsible for SCIDA. We also discovered three additional alternative exons and detected at least six alternatively spliced SCIDA
variants (SCIDA-V1, 2, 3, 4, 5, and 6) coexisting with the primary transcript in trace amounts. Finally, we found that the SCIDA
primary transcript (Artemis) encodes a nuclear protein. The Journal of Immunology, 2002, 168: 6323–6329.

S evere combined immunodeficiency (SCID) is a group of
genetically and phenotypically heterogeneous disorders,
all of which result in severe T cell and B cell immunode-

ficiency (1, 2). The most severe form of SCID has the T�B�NK�

phenotype, accounting for �20% of all cases in which patients
present with a virtual absence of both circulating T and B cells,
while maintaining a normal level and function of NK cells (1–3).
This T�B�NK� condition is autosomal recessive. T�B�NK�

SCID cases have been associated with mutations in recombinase-
activating genes (RAG14 and RAG2) that initiate V(D)J recombi-
nation (4–6). A small group of patients with T�B�NK� SCID
was also found to have defective V(D)J recombination in an ex-
trachromosomal substrate assay and increased sensitivity to ioniz-
ing radiation (radiation sensitive (RS)-SCID) in bone marrow and
fibroblast cells (7, 8).

Although it is very rare in the general population, T�B�NK�

SCID has a high incidence (1:2000 live births) in Navajo and
Apache Native Americans (Athabascan SCID (SCIDA), OMIM
602450) (9–11). The Navajo and Apache are believed to have
originated from the Na-Dene subdivision of the Athabascan-speak-
ing linguistic group that migrated into the southwestern U.S. from
Alaska and western Canada between 700 and 1300 A.D., and di-
verged at the end of the 17th century (12, 13). The SCIDA con-
dition found in these two groups appears quite unique and homog-
enous, characterized by the early onset of serious infections,
failure to thrive, and severe oral and/or genital ulcers (14–16). It
presents with a T�B�NK� immunophenotype, and affected chil-
dren usually die from severe infections within 6 mo of age without
a successful bone marrow transplant (16). SCIDA is inherited as an
autosomal recessive trait with an estimated gene frequency of
2.1% in the Navajo population (10).

In a previous study, we established genetic linkage of the
SCIDA gene to a region of 6.5 cM on chromosome 10p (11). We
also presented data indicating a strong founder effect for this con-
dition based on the results that in the SCIDA candidate region,
certain rare alleles from the markers around the SCIDA locus were
highly preserved on the SCIDA chromosomes, suggesting that
these SCIDA chromosomes were descended from a common
founder. A significant impairment in V(D)J coding joint formation,
and reduced but precise signal joint formation were identified later
in the fibroblast cells from a SCIDA patient that we included in our
linkage study, using an extrachromosomal V(D)J recombination
assay (17).

V(D)J recombination is the mechanism by which V, D, and J
gene segments of Igs and TCRs are rearranged and assembled in
the germline into the exon-encoding Ag recognition receptors in
lymphoid cells (18). It has been well established that V(D)J re-
combination is initiated by the RAG1/2 complex, which recog-
nizes the recombination signal sequences (RSSs) that flank the V,
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veloppement Normal et Pathologique du Système Immunitaire, Hôpital Necker En-
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D, and J segments and introduce DNA double-strand breaks
(DSBs) between the RSSs and the coding sequences (19, 20). The
cleavage leaves blunt signal ends (with RSSs at the ends) that can
be directly ligated, and covalently sealed hairpinned coding ends,
which require further processing before the rejoining of different
V, (D), and J segments into various exon-encoding Ag recognition
sites. The functional significance of RAG proteins has been well
demonstrated in RAG-deficient mice and also in T�B�NK� SCID
cases found to have RAG mutations (4–6). The resolution of the
coding and signal ends depends on several ubiquitously expressed
proteins, including DNA-protein kinase catalytic subunit (PKcs),
Ku 80/70 complex, XRCC4, and DNA ligase IV, which are es-
sential factors for the general nonhomologous end joining machin-
ery. To date, no human SCID cases have been associated with
mutations in the above factors, which have also been excluded
from causing RS-SCID or SCIDA (8, 11).

In an attempt to identify the SCIDA gene, we conducted a com-
bined positional candidate and positional cloning approach. We
developed a bacterial artificial chromosome/phage artifical chro-
mosome (BAC/PAC) contig covering a �2.5-cM SCIDA region
defined by linkage disequilibrium analysis, from which we isolated
over 30 microsatellite markers and further refined the region to a
�500-kb interval by haplotype analysis (21). We identified 28
transcript units from this interval, some of which were found to be
derived from NMT2 and a pseudogene, while others were assem-
bled into 9 novel transcripts (22). One of the transcripts showed
significant homology with the mouse and yeast SNM1/PSO2 gene,
which has been shown to be involved in DNA cross-link damage
repair, and the abbreviation SNM1 was used for “sensitive to ni-
trogen mustard.” Recently, this SNM1-like gene has been reported
to be responsible for RS-SCID and named Artemis (23). RS-SCID
represents a similar T�B�NK� immunodeficiency condition
found in patients of primarily European ethnic origin. Affected
patients have been shown to have increased radiosensitivity in
their bone marrow and fibroblast cells, and their fibroblasts also
show impaired coding joint formation in an extrachromosomal
V(D)J recombination assay (7, 8). The RS-SCID condition was
previously linked with markers in the SCIDA candidate region
(17). Eight various Artemis mutations have been found in 13 RS-
SCID patients, including deletions, alternative splicing, and a non-
sense mutation (23).

In this study, we report our results indicating that this SNM1-
like gene, Artemis, is the SCIDA responsible gene, a founder mu-
tation of which causes SCIDA in Navajo and Apache Native
Americans. We also present the identification of several alternative
exons and six alternative splicing products of SCIDA. Finally, we
demonstrate the expected nuclear localization of the SCIDA/Ar-
temis gene product by transient expression of epitope-tagged
SCIDA cDNA.

Materials and Methods
Patients

In this study, we included 21 patients of Athabascan-speaking Native
American ethnic origin, including 18 Navajo and 3 Apache, 18 of whom
were diagnosed and treated at the University of California (San Francisco,
CA) between 1984 and 2000 (16). All of the patients had the T�B�NK�

immunophenotype. Patients 15-A1 and 25-A1 are first cousins, and 30-A1
is a paternal distant cousin of 14-A1. No other cross consanguinity could
be traced among the families. We also included 30 normal, unrelated Na-
vajo adult controls in this study. EDTA blood samples were obtained from
patients, parents, siblings, and normal controls. Primary fibroblast cell lines
for 19 of the 21 SCIDA patients were established from skin biopsies, and
the cell line for one of the two remaining patients, 13-A2, was derived from
amniocytes. The primary cell lines established from SCIDA patients 03-A2
and 07-A1 were also transformed and pseudoimmortalized with an
ori� SV40 construct pLAS-wt, provided by Dr. L. Daya-Grosjean (Institut

Andre Lwoff, Villejuif, France) (24). DNA was extracted using standard
methods from EDTA blood samples and fibroblast cells (25). Informed
consent was obtained from all the participating subjects. The study was
approved by the Committee on Human Research at the University of Cal-
ifornia, the Navajo Nation Health Board, and the Phoenix Area Indian
Health Service IRB.

Genotyping and haplotype analysis

All of the microsatellite markers were genotyped, and the alleles for each
marker were numbered using the same method that we described in our
previous linkage study (11). Initially, we genotyped and analyzed the five
microsatellite markers from our linkage study, D10S1664, D10S191,
D10S1653, D10S674, and D10S1477 (11), in 36 Navajo SCIDA chromo-
somes and 60 normal control chromosomes of Navajo origin for the pur-
pose of primary refinement of the SCIDA locus. After constructing the
BAC/PAC contig covering the refined 2.5-cM SCIDA region from
D10S191 to D10S1653, we included over 30 newly developed short tandem
repeat polymorphism markers in our haplotype analysis of all 42 SCIDA chro-
mosomes. These markers were identified from BAC/PAC clones by screening
small subclones of BAC/PAC DNA using one vector primer and one di- or
trinucleotide repeat primer (26). The positions of the new markers were de-
termined by PCR amplification on the overlapped YAC and BAC/PAC clones
(data not shown). We later included over 10 microsatellite markers from the
human genome draft sequences of the correlated Sanger’s BAC/PAC clones
located within the refined �500-kb SCIDA region. The full haplotypes of
SCIDA chromosomes were unambiguously determined based on the geno-
types of all family members except for patient 24-A1, whose haplotypes were
determined only for those loci showing allele homozygosity because samples
from family members were not available.

RT-PCR and 5� RACE

RT-PCR analysis was performed to evaluate the SCIDA/Artemis gene. At
first, we designed and used three pairs of primers to cover the SCIDA/
Artemis coding region, exon1F/exon6R, exon4F/exon10R, and exon9F/
exon14R. When we detected the multiple amplifications between exons 1
and 6, we sequenced the PCR products and also designed primers exon2F,
exon2bF, and exon2cF to pair with exon3R and primers to pair exon3F
with exon3bR, exon4R, and exon6R, respectively, in RT-PCR amplifica-
tion. We also used two pairs, exon1F/exon4R and exon1F/exon6R, to eval-
uate the alternative exons in a multiple tissue cDNA panel of both fetal and
adult brain, kidney, skeleton muscle, spleen, and thymus (Clontech Labo-
ratories, Mountain View, CA). All the RT-PCR reagents were from In-
vitrogen (Carlsbad, CA) for total RNA extraction and first strand cDNA
synthesis, and standard PCR conditions were used for all the evaluations.
We also performed the 5� RACE experiments to evaluate the 5� region of
the gene using the gene-specific primers (designed from exons 4 and 6) and
the Smart RACE system from Clontech Laboratories, following the man-
ufacturer’s instructions.

Northern blot analysis

A Northern blot was prepared from total RNA extracted from the fibroblast
cells of two SCIDA patients and two normal controls, and was probed with
an RT-PCR product covering the coding sequences of the SCIDA gene.

Mutation screening

Mutation screening was performed first by RT-PCR amplification of first
strand cDNA samples from fibroblast cells of patients and controls, using
primers exon1F/6R, exon4F/10R, and exon9F/14R to cover the coding re-
gion, followed by sequencing the RT-PCR products. We also designed at
least 14 pairs of primers from intron sequences to amplify and evaluate all
the exons and exon-intron junctions using PCR amplification on genomic
DNA, followed by sequencing analysis.

V(D)J recombination assay

The extrachromosomal V(D)J recombination assay and functional comple-
mentation were performed in SV40-transformed fibroblasts from patients
03-A2, 07-A1, and two normal controls by cotransfecting RAG1/2 expres-
sion constructs and the extrachromosomal substrate pGG49 (ampr, for sig-
nal joint) or pGG51 (ampr, for coding joint), using a previously described
method (27–29). A full-length SCIDA primary transcript expression con-
struct, pCMV-SCIDA (3.5 �g), was used to assess the complementation.
pGG49 and pGG51 carry a cam gene that is interrupted from its promoter
by a transcriptional terminator flanked by RSSs. Upon transfection, RAG
proteins induce V(D)J recombination in the extrachromosomal plasmid
substrates, resulting in the excision of the transcriptional terminator and the
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activation of chloramphenicol resistance. The percentage of successful re-
combination is represented by the ratio of colonies grown on ampicillin/
chloramphenicol (from recombined substrate only) vs ampicillin plates.

SCIDA subcellular localization

Both Cos7 and HK-293 cells were transfected with cDNA constructs con-
taining the full length of the SCIDA primary transcript (Artemis) in frame
with either the hemagglutinin (HA) or myc epitopes (Clontech Laboratories
vector pCMV-HA or pCMV-Myc). Two days after lipofectamine-mediated
transfection (Invitrogen), cells grown on glass slides were fixed with 2%
paraformaldehyde, and the presence of HA- and myc-tagged proteins was
detected by indirect immunofluorescence. Primary Abs (2 �g/ml) included
mouse monoclonal anti-myc IgG and rabbit anti-HA affinity-purified IgG
(Clontech Laboratories). FITC-labeled secondary Abs (Jackson Immu-
noResearch Laboratories, West Grove, PA) were used at 5 �g/ml. Standard
epifluorescence microscopy was performed using a Zeiss (Oberkochen,
Germany) microscope, and confocal microscopy was performed on a Zeiss
LSM 510 confocal microscope. Negative controls included untransfected
cells and cells transfected in parallel, but not incubated with primary Abs.

We also used the PSORT II program to predict the subcellular local-
ization site for the SCIDA protein. The program was developed by K.
Nakai and P. Horton and was available from http://psort.nibb.ac.jp/psort/.
PSORT II analyzes the input amino acid sequence by applying the stored
rules for various sequence features of known protein-sorting signals,
among which the subprogram NNCN was adopted from NNPSL (30),
which makes the prediction by analyzing the amino acid composition ac-
cording to the neural network. The reasoning system k-NN uses the k-
nearest neighbor algorithm to assess the probability of localization at each
candidate site (31).

Results
The genomic structure of the SCIDA gene and the alternative
splicing events

The SCIDA primary transcript was detected by RT-PCR, contain-
ing exon 1–14, and is the same as the Artemis gene (23). When we
used primer pairs of exon1F/exon6R to perform RT-PCR on dif-
ferent cDNA samples, we observed multiple weaker bands accom-
panying the major SCIDA primary transcript. We sequenced the
related PCR products, and the results from analyzing the sequences
suggested that the weaker bands resulted from alternative splicing
events. Similar results were also observed in 5� RACE and full-

length amplification experiments. We detected three additional al-
ternative exons, 2b, 2c, and 3b, in addition to the 14 exons in the
SCIDA primary transcript (Artemis). By analyses of the SCIDA
mRNA sequences and the corresponding DNA genomic draft se-
quences of the human genome, we detected the same exon-intron
boundary consensus sequences (splice sites) for all 17 exons in the
corresponding genomic sequences.

The organization of the SCIDA gene is presented in Fig. 1.
Alternative splicing was observed with exons 2, 2b, 2c, 3b, and 5
in the evaluation of multiple normal tissues by RT-PCR analysis
and 5� RACE experiments, resulting in at least six alternatively
spliced variants (GenBank accession AF395747-AF395752). Vari-
ant 1 (SCIDA-V1) includes all the exons except 2c and 3b;
SCIDA-V2 contains all the exons except 2b and 3b; SCIDA-V3
has all the other exons except exons 2b, 2c, 3b, and 5; SCIDA-V4
has none of the alternative exons; SCIDA-V5 contains exons 1–14
plus 2b and 3b; and SCIDA-V6 has exons 1–14 plus 2c and 3b.
The alternatively spliced variants, SCIDA-V1, V2, V5, and V6,
result in a shorter open reading frame of 1689 bp, in which the first
ATG appears at the position of the 121st aa of the deduced protein
from the primary transcript (SCIDA/Artemis) and the second at
the147th aa. SCIDA-V3 and SCIDA-V4 have a similar shorter
open reading frame of 1734 bp with the first ATG appearing in a
different frame in exon 4 and the second ATG also at the 147th aa.
The stop codon of the six alternative spliced transcripts appears to
be the same as the dominant one. The surrounding sequences of the
ATG at the position of the 147th aa appear to best match the
Kozack consensus sequence for translation initiation (32). We
evaluated the expression level of SCIDA and its splice variants
with the commercial panels of cDNAs (Clontech Laboratories)
from both fetal and adult tissues of brain, kidney, skeleton muscle,
spleen, and thymus. The alternatively spliced transcripts appeared
to coexist in trace amounts with the primary transcript, and no
obvious tissue-specific or developmental-specific distributions
were observed (data not shown).

FIGURE 1. The organization of the human SCIDA gene and the six splice variants. The exon-intron organization is depicted. The constitutive exons
are shown as � and the alternative exons are shown as p.
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The SCIDA founder mutation and the founder haplotypes

A homozygous single base change (TAC3TAA) in exon 8 was
found in 17 of 18 Navajo SCIDA patients and all 3 Apache SCIDA
patients (Fig. 2A). It was also present on the mRNA of the remain-
ing Navajo SCIDA patient (30-A1), which appeared to result from
the paternal allele that carries the mutation, and the absence of the
maternal allele that carries no mutation at exon 8 in the genomic
DNA. This absence of the maternal SCIDA allele in the mRNA
expression was also confirmed by a single nucleic polymorphism
in exon 9, in which the base that was carried homozygously on the
mother’s genomic DNA was also absent in the RT-PCR product of
30-A1 (data not shown). The nonsense mutation in exon 8 creates
an NspI site (CCATGT3ACATGT), leading to a simple assay to
confirm the mutation and the heterozygous status for patients and
carriers (Fig. 2A). We evaluated this mutation in the parents and
siblings and 60 normal chromosomes from Navajo controls, which
eliminated its possibility of being a normal polymorphism. The
nonsense mutation creates a premature stop codon in SCIDA, and
its expression level was low in SCIDA patient fibroblast cells com-
pared with normal control fibroblasts in Northern blot analysis
(Fig. 2B), suggesting the involvement of nonsense-mediated
mRNA decay (33). The deduced putative protein from the SCIDA
primary transcript (Artemis) is composed of 686 aa, and the non-
sense mutation in SCIDA patients resulted in a speculated trunca-
tion of SCIDA at the 192nd aa. The SCIDA truncation was seen in
SCIDA patients in the Protein Truncation Test (data not shown).

The full haplotypes of 42 SCIDA chromosomes for 12 repre-
sentative loci in the SCIDA region are presented in Table I. Num-
bers were used to represent the different alleles for each marker.
The founder haplotype is bolded. Thirty-five of thirty-six Navajo
SCIDA chromosomes presented in the first eight rows, and all six
Apache SCIDA chromosomes listed in Table I carry the nonsense
mutation, and they all have the haplotypes formed by the SCIDA-
associated alleles in a rather large region. The maternal allele of
patient 30-A1 (row 9) that carries an unidentified regulatory mu-
tation appears to have a smaller region bearing the SCIDA-asso-
ciated allele.

FIGURE 2. A, The nonsense homologous founder mutation C3A at
exon 8 of the SCIDA gene in SCIDA patient 01-A1 and a normal control
plus the NspI digestion of the SCIDA exon 8 PCR products in family 29.
The affected child (lane 6) carried the homologous founder mutation that
resulted in the total cleavage of the exon 8 PCR products into two bands.
The parents and the carrier sibling (lanes 2, 3, and 4) present with about
one-half of the products cleaved by NspI, and the normal sibling (lane 5)
shows no cleavage. B, The low expression of the SCIDA transcript in
SCIDA patient 03-A2 and 07-A1 fibroblast cells (lanes 3 and 4) compared
with the normal expression of the SCIDA mRNA in control fibroblast cells
(lanes 1 and 2).
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Complementation of the defective V(D)J recombination activity
by the SCIDA gene

In a previous study, it was demonstrated in one SCIDA cell line,
AK5760 (03-A1), that coding joint formation was nearly absent
while signal joint formation appeared precise, but with a lower
frequency (17). In the current study, the same coding joint defect
was detected in AK5760 and was effectively complemented when
expressing the wild-type Artemis gene (data not shown). We ob-
tained comparable results in fibroblast cells from SCIDA patients
03-A2 and 07-A1 using extrachromosomal substrates pGG49 (for
signal joint) and pGG51 (for coding joint), plus pCMV-SCIDA for
complementation (Table II). Furthermore, in addition to restoring
coding joint function with pCMV-SCIDA, the apparently lower
rate of signal end rejoining in the SCIDA fibroblast cells was also
significantly increased to control levels.

SCIDA/Artemis gene nuclear localization

Cos7 and HK-293 cells transfected with either HA- or myc-tagged
SCIDA/Artemis cDNA showed a characteristic nuclear pattern of
expression by immunofluorescence. All positive cells (�10–20%
of the cells on the slides) showed the tagged protein located es-
sentially exclusively in the nucleus, with occasional cells also
showing a punctate cytoplasmic staining, consistent with the en-
doplasmic reticulum (Fig. 3A). Since the anti-HA immunofluores-
cence experiments showed higher background staining, all the de-
tailed analysis was performed with the anti-myc detection. The
nuclear immunostaining clearly excluded the nucleoli and was as
intense in the periphery as in the nucleoplasm interior (Fig. 3B).
High resolution microscopy revealed spots of more intense stain-
ing distributed throughout the nucleoplasm. No staining was de-
tected in untransfected cells or slides unexposed to the primary Ab.

The region of SCIDA/Artemis that is homologous to SNM1/
PSO2 does not include the region presenting the putative nuclear
localization signal (NLS) (34). Although a bipartite NLS could not
be identified in the SCIDA cDNAs, the basic residue cluster
KKRK (aa 676–679 in the primary transcript product) was de-
tected as a potential NLS. The NNCN prediction supports the nu-
clear localization for SCIDA/Artemis with 89% reliability. k-NN
analysis gave a prediction of 69.6% possibility in the nucleus vs
13% in the cytoplasm, 8.7% in Golgi, 4.3% in the cytoskeleton,
and 4.3% in the plasma membrane.

Discussion
Our results indicate that a unique nonsense mutation in an SNM1-
like gene, Artemis causes SCIDA. Twenty of twenty-one SCIDA
patients of Navajo and Apache origin in our study carried the ho-
mozygous nonsense mutation at exon 8 (TAC3TAA), which was
not seen in any of the 30 normal controls, while it was carried by
their parents. The same mutation was also presented on the pater-
nal chromosome of the 21st patient and was pathogenic because
the maternal SCIDA allele was not expressed in the mRNA se-
quence. This nonsense mutation creates a premature stop codon
and results in a decreased level of SCIDA transcription (Fig. 2B)
and the truncation of its protein product. The V(D)J recombination
defect found in the SCIDA fibroblast cells can be effectively com-
plemented by transfecting the wild-type SCIDA primary transcript
into the fibroblast cells of SCIDA patients.

While RS-SCID represents a group of sporadic cases resulting
from various mutations in Artemis (SCIDA), our results support a
founder effect causing the high incidence of SCIDA in Navajo and
Apache Native Americans. We previously proposed the founder
effect for SCIDA based on the observations that the phenotype of
all SCIDA cases is quite homogeneous and has relatively unique
clinical aspects, in particular a high incidence of oral and genital
ulcers, which appears very characteristic and has only been reported
in SCIDA patients (14–16). In addition, we found that certain rare
alleles from SCIDA-linked loci were highly preserved on the SCIDA
chromosomes, suggesting a common origin(s). Finally, these two
groups of Native Americans share a possible ancestry link. The
Navajo and Apache are believed to have originated from the same
Athabascan-speaking linguistic group that migrated into the south-
western U.S. between 700 and 1300 A.D. and diverged at the end of
the 17th century (12, 13). In our studies, we found that almost all the
Navajo and Apache disease chromosomes carry a significantly rare
common haplotype formed by certain rare alleles from loci around
the SCIDA locus ( p � 0.0001) (Table I and data not shown). The
nonsense mutation at exon 8 was detected in 35 of the 36 Navajo
and all six Apache SCIDA chromosomes, all of which carried the

FIGURE 3. SCIDA nuclear localization from immunofluorescence ex-
periment using myc-tagged SCIDA cDNA. A, The view from �10 micros-
copy: the positive cells (arrows) show the tagged protein located exclu-
sively in the nucleus, with occasional cells showing punctate cytoplasmic
staining. B, The view from �100 microscopy: the nuclear immunostaining
excludes the nucleoli (�) and is as intense in the periphery as in the nu-
cleoplasm interior.

Table II. Complementation of V(D)J recombination in SCIDA patient (13-A2 and 07-A1) fibroblasts transfected with a wild-type SCIDA construct
(pCMV-SCIDA)

Cell Line pCMV-SCIDA

Coding (pGG51) Signal (pGG49)

ampr and camr Total (ampr) R%a ampr and camr Total (ampr) R%b

Control 1 – 376 37,880 9.9 10 980 1.02
Control 2 – 30 1,360 2.2 15 1,320 1.13
13-A2 – 2 81,920 0.02 532 85,080 0.62

� 347 49,840 6.96 112 7,520 1.49
07-A1 – 0 59,280 �0.01 62 25,000 0.25

� 1,040 153,280 6.78 71 4,480 1.58

a R (coding joints) � (ampr and camr)/(Total) � 1,000.
b R (signal joints) � (ampr and camr)/(Total) � 100.

6327The Journal of Immunology

 on O
ctober 11, 2010 

w
w

w
.jim

m
unol.org

D
ow

nloaded from
 

http://www.jimmunol.org


SCIDA common haplotypes. These results support that this non-
sense mutation represents a mutation that occurred on the founder
chromosome before the separation of the Navajo and Apache at the
end of the 17th century. Our results support the view of common
ancestors for Navajo and Apache populations.

The results of this study further support the belief that SCIDA
(Artemis) is involved in V(D)J recombination/DNA repair (28).
By using extrachromosomal substrates to demonstrate the V(D)J
recombination, we show that SCIDA fibroblast cells carry a defect
that severely impairs coding joint formation and apparently also
reduces the rate of precise signal joint formation, similar to what
has been previously reported (17). Furthermore, we show that both
of these specific defects can be effectively complemented by the
expression of a wild-type construct of the SCIDA primary tran-
script. Finally, the nuclear localization of the SCIDA (Artemis)
protein that we found also correlates with its inferred functional
involvement in V(D)J recombination, although its precise role re-
mains unknown.

It has been previously reported that sequence comparison did
not reveal informative orthologue or functional domains that might
indicate the nature of the functional involvement of Artemis in
V(D)J recombination (23). In the same report, it was noted that the
C-terminal portion of 331 aa does not show obvious similarity with
any known proteins, while the remaining portion appears to share
significant sequence similarity with the murine and yeast SNM1/
PSO2 gene (23). SNM1/PSO2 has been found to be involved in the
repair of DNA damage caused by DNA interstrand cross-linking
agents, but not ionizing radiation. Therefore, the C-terminal region
of SCIDA/Artemis may be critical in directing itself to the specific
DSBs (including the physiological coding and signal ends) repair
pathway. We have recently found that DNA-PKcs coprecipitates
with SCIDA in immunoprecipitation studies, that SCIDA can be
phosphorylated by DNA-PK in vitro, and that the critical site(s) is
located in the C-terminal region (data not shown). DNA-PKcs has
been known to quickly appear, following Ku proteins, at DSB
ends, and together they may function in recruiting other factors
(XRCC4/ligase IV complex) and activating the specific DNA re-
pair machinery (35–38). Therefore, although still preliminary, our
results support the potential importance of the C-terminal region in
directing SCIDA/Artemis to the V(D)J recombination/nonhomolo-
gous end joining repair pathway.

DNA-PKcs-, Ku-, XRCC4-, and ligase IV-deficient cells and
animal models all show impaired lymphogenesis and increased
radiosensitivity. The phenotype of DNA-PKcs deficiency appears
relatively simple, and although the coding joint formation is se-
verely impaired, the signal end rejoining appears relatively normal
(39), which has been suggested to be the result of an alternative
mechanism (40). In contrast, Ku-deficient mice show complete
impairment of both coding and signal joint formation, plus signs of
growth retardation and cellular phenotypes, suggesting additional
functional roles (38, 41, 42). XRCC4 and ligase IV-deficient mice
exhibit a different pleiotropic phenotype, including late embryonic
lethality due to massive apoptosis of newly generated neurons, and
various cellular defects (43, 44). Comparatively, SCIDA more
closely resembles the DNA-PKcs deficiency phenotypes, but in
SCIDA, the signal end rejoins accurately, although at a lower rate,
while the coding joint formation is completely impaired. These
results suggest that SCIDA may not be directly involved in the
signal end rejoining reaction and that the defect in SCIDA may be
related to coding end processing.

The mechanism for DSB end (including coding end) processing
remains unclear. Based on the current knowledge, it is thought to
involve a coordinated reaction of nucleases, polymerases, and
other factors (45, 46). DNA-PKcs and Ku proteins are most likely

involved based on the accumulation of hairpinned intermediates in
targeted mice (41, 47), and it may be related to their potential roles
in recruiting and/or activating factors that mediate the end pro-
cessing. Therefore, the physiological and functional associations
of SCIDA with DNA-PKcs and Ku are most likely significant and
will be elucidated in further study.

With respect to the several SCIDA alternative splicing products
that we identified, it is unclear as to their functional significance.
They all exist in trace amounts without obvious tissue or devel-
opmental differences. However, alternative splicing has been rec-
ognized as a powerful and versatile regulatory mechanism that can
affect the quantitative control of gene expression and accounts for
a considerable proportion of proteomic complexity in higher eu-
karyotes (48, 49). A similar alternative splicing event was also
observed in our analysis of the mouse Scida gene (data not shown),
which appears to support the existence of putative functional al-
ternative transcripts for SCIDA. The deduced proteins from the
alternative splicing products lack the N-terminal domain contain-
ing the metallo-�-lactamase fold and retain the conserved region
harboring sequences that may be related to nucleic acid metabo-
lism (23) and the C-terminal region that appears related to the
functional interaction with DNA-PKcs. Further studies will be re-
quired to determine whether or not these variants have any func-
tional significance.

Finally, the identification of the specific SCIDA common mu-
tation provides a direct way for prenatal diagnosis and carrier de-
tection in Navajo and Apache populations. It is now feasible to
establish a population-based screening program to identify the es-
timated 2.1% of individuals who carry the mutation, in addition to
establishing a population-based newborn screening test consider-
ing its high incidence in this ethnic group. Pregnancies of diag-
nosed carriers can be monitored accurately by early DNA-based
testing for family-specific mutations, which is considerably easier
and more accurate than linkage analysis. The identification of the
responsible gene and SCIDA mutation also opens the door for the
prospect of the eventual cure of SCIDA by gene therapy.

Note added in proof. It has recently been reported that Artemis
(SCIDA) associates with DNA-PKcs, and upon the formation of
the complex and phosphorylation by DNA-Pkcs, it acquires endo-
nuclease activity on 5� and 3� overhangs and hairpins (50).
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