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STIM1 Mutation Associated with a Syndrome
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SUMMARY

A mutation in ORAII, the gene encoding the pore-forming subunit of the Ca2*-
release—activated Ca?* (CRAC) channel, abrogates the store-operated entry of Ca2*
into cells and impairs lymphocyte activation. Stromal interaction molecule 1 (STIM1)
in the endoplasmic reticulum activates ORAI1-CRAC channels. We report on three
siblings from one kindred with a clinical syndrome of immunodeficiency, hepato-
splenomegaly, autoimmune hemolytic anemia, thrombocytopenia, muscular hypo-
tonia, and defective enamel dentition. Two of these patients have a homozygous non-
sense mutation in STIM1 that abrogates expression of STIM1 and Ca?* influx.

OMBINED IMMUNODEFICIENCY DISEASE IS A RARE FAMILIAL DISORDER

that can be caused by mutations in a variety of genes.»? A principal feature of

most cases of combined immunodeficiency disease is impaired function of T,
B, or natural killer cells, despite their normal development. A defect in Ca?*-dependent
signaling in lymphocytes has been found in some types of immunodeficiency,>2 and
here, we describe a newly discovered mutation that impairs lymphocyte activation
in patients with combined immunodeficiency disease by disrupting Ca?* entry into
lymphocytes.

The release of Ca?* from intracellular stores facilitates the influx of Ca?* from the
extracellular compartment, which is essential for activation of lymphocytes, by means
of store-operated Ca?*-entry channels. In T cells, these channels are CRAC chan-
nels.3> The electrophysiological characteristics of CRAC channels include high Ca2*
selectivity and a gating mechanism that depends on the depletion of Ca?* stores in
the endoplasmic reticulum. Two molecules, STIM1 and ORAI1, mediate the function
of CRAC channels and the store-operated entry of Ca2* through them.°° STIM1
senses the Ca?* concentration in the endoplasmic reticulum and activates CRAC
channels in the plasma membrane, and ORAI1 is the pore-forming subunit of the
CRAC channel.**13 Qur group reported previously that a missense mutation in
ORAIL, resulting in a loss of CRAC-channel function and store-operated Ca?* entry,
causes a severe defect in T-cell activation and underlies combined immunodeficiency
disease in two patients from one kindred.®# Here, we describe three patients from
one kindred with immunodeficiency, autoimmune hemolytic anemia, thrombocy-
topenia, muscular hypotonia, and disturbed enamel dentition. Two of these siblings,
whose DNA was available for study, were homozygous for a recessive nonsense muta-
tion in STIM1 exon 3. The mutation results in a premature termination codon and
consequent truncation of the STIM1 protein, which in turn leads to undetectable
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expression of the predicted STIM1 protein and
defective store-operated entry of Ca2*.

CASE REPORTS

Patient V-1 was born at term to consanguineous
parents from central Europe (Fig. 1A). Both par-
ents and five sisters are healthy. Despite normal
early cognitive development, the neonatal period
of Patient V-1 was conspicuous because of partial
iris hypoplasia and nonprogressive global muscu-
lar hypotonia (Table 1). Muscle biopsy and electro-
myography revealed no abnormalities. Lymphade-
nopathy and hepatosplenomegaly were apparent at
7 months of age; at 15 months she was found to
have autoimmune hemolytic anemia, and at 5 years
thrombocytopenia, both of which were treated
with glucocorticoids. During the first 4 years of
life, she had multiple infections caused by a spec-
trum of pathogens, including cytomegalovirus at
1 month of age, recurrent urinary tract infection,
recurrent bacterial sepsis (caused by Streptococcus
pneumoniae and Escherichia coli), and two episodes
of chickenpox. After the age of 5 years, she had
several episodes of otitis media and pneumonia.
She also had a defect in enamel dentition, which
became apparent in the first years of life. The pa-
tient died from complications of hematopoietic
stem-cell transplantation, at 9 years of age.

Patient V-4 was the younger sister of Patient
V-1. She had a clinical picture similar to that of
her older sister, including severe autoimmune
hemolytic anemia, thrombocytopenia, lymphade-
nopathy, hepatosplenomegaly, partial iris hypo-
plasia, and muscular hypotonia. She died from
severe nephrotic syndrome that was resistant to
therapy, encephalitis, and enterovirus infection,
at the age of 18 months.

Patient V-7 is the brother of Patients V-1 and
V-4. He had three undocumented episodes of
sepsis during the first 2 months of life and was
treated with intravenous immune globulin since
birth. At 1 month of age, he had an episode of
thrombocytopenia and at 2 years of age was
found to have hypoglycemia. Patient V-7 survived
after hematopoietic stem-cell transplantation (with
a healthy, HLA-identical sister as donor) performed
at 15 months of age, and intravenous immune
globulin was stopped. He no longer has an in-
creased susceptibility to infection. Currently, at
6 years of age, he has nonprogressive muscular
hypotonia and partial iris hypoplasia only.

Figure 1 (facing page). Nonsense Mutation in the Stromal
Interaction Molecule 1 Gene (STIM1) and Lack of Store-
Operated Ca** Entry into Cells.

Panel A shows the pedigree of the proband with com-
bined immunodeficiency disease (Patient V-1) and her
affected siblings (Patients V-4 and V-7). The STIM1 gen-
otypes of patients and family members from whom
DNA was available for sequence analysis (all of whom
were in generation IV or V) are listed under their sym-
bols; no DNA was available for Patient V-4. WT denotes
wild type. Squares indicate male family members, cir-
cles female family members, solid symbols patients,
open symbols unaffected persons, slashes deceased
persons, and double horizontal lines consanguinity.
Panel B shows intracellular calcium levels measured in
fibroblasts from Patient V-1 and from a control, showing
a reduction of Ca** influx in fibroblasts from Patient
V-1. Depletion of Ca** stores was induced with thapsi-
gargin (TG) in Ca**-free Ringer’s solution, followed by
perfusion with Ringer’s solution containing 20 mM Ca**
to allow for Ca** influx. The resultant intracellular Ca**
levels were measured as the ratio of fluorescence emis-
sions at 510 nm of Fura-2, a fluorescent dye that binds
calcium, after excitation at 340 nm and 380 nm, respec-
tively. Between 40 and 80 cells per experiment were ana-
lyzed; results of one representative experiment are
shown in the plots on the left side, in which the horizon-
tal bars indicate the durations of perfusion with Ca**-
containing (black) and Ca**-free (white) Ringer’s solu-
tion and the duration of stimulation with thapsigargin
(gray). The plots to the right show the average peak
Ca** levels and initial Ca®* influx rates after the perfu-
sion of 20 mM Ca** (corrected for the baseline values,
which were those before the initial depletion of the Ca**
stores) from four independent experiments. I bars rep-
resent the standard error. Panel C shows the results of
sequence analysis of genomic STIM1 DNA obtained
from Patient V-1 and from a control, revealing an inser-
tion of a single adenine in STIM1 exon 3, between posi-
tions 380 and 381 of the coding sequence (380_38linsA;
NM_003156) resulting in a frame shift and premature
termination codon (X) at position 136 of the protein
(E136X; NP_003147). The structures of the STIM1 pro-
tein domains are superimposed on the sequence of
STIM1 exons (modified from Williams et al.*®) in Panel
D, showing the location of the E136X truncation muta-
tion in STIMI exon 3, resulting in a truncated STIM1
protein in the N-terminal end of its sterile alpha-motif
(SAM) domain. The abbreviation cEF denotes canonical
EF-hand domain, hEF hidden EF-hand domain (as re-
cently identified by Stathopulos et al.*®), K lysine-rich
domain, S/P serine—proline-rich domain, TM transmem-
brane domain, and UTR untranslated region.

METHODS

Written informed consent was obtained from the
parents of the patients. The experiments were
conducted after approval was given by the insti-
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tutional review boards at New York University
Langone Medical Center and Necker—Enfants
Malades Hospital.

CELL LINES AND PLASMIDS

Fibroblasts from Patient V-1 and from controls
were immortalized by means of retroviral trans-
duction with human telomerase reverse transcrip-
tase (hTERT), as previously described.® Cells were
transduced with bicistronic retroviral expression
vectors containing myc-epitope—tagged STIM1,

N ENGL) MED 360;19

STIM2, ORAI1, and internal ribosome entry site
green fluorescent protein (GFP), as previously de-
scribed.® Protein expression was assessed by mea-
suring the expression of GFP and immunoblot-
ting for STIM1 with the use of peptide-specific
antibodies.

GENOMIC SEQUENCING

Genomic DNA from fibroblasts of Patient V-1 and
from control fibroblast cell lines was isolated ac-
cording to standard methods. For the polymerase-
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