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Abstract

ORAII encodes a calcium channel essential in the store-operated calcium entry mechanism. A previous genetic association
study identified a rare in-frame insertion variant of ORAII conferring Kawasaki disease (KD). To deepen our understanding
of the involvement of rare variants of ORAII in KD pathogenesis, we investigated 3812 patients with KD and 2644 healthy
individuals for variations in the protein-coding region of ORAII. By re-sequencing the study participants’ DNA, 27 variants
with minor allele frequencies (MAFs) <0.01 that had not been examined in the previous study were identified. Although no
significant association with KD was observed either in single-variant analyses or in a collapsing method analysis of the 27
variants, stratification by MAFs, variant types, and predicted deleteriousness revealed that six rare, deleterious, missense
variants (MAF <0.001, CADD C-score >20) were exclusively present in KD patients, including three refractory cases
(OR =00, P=0.046). The six missense variants include p.Gly98Asp, which has been demonstrated to result in gain of
function leading to constitutive Ca®" entry. Conversely, five types of frameshift variants, all identified near the N terminus
and assumed to disrupt ORAII function, showed an opposite trend of association (OR = 0.35, P =0.24). These findings
support our hypothesis that genetic variations causing the upregulation of the Ca®*/NFAT pathway confer susceptibility to
KD. Our findings also provide insights into the usefulness of stratifying the variants based on their MAFs and on the
direction of the effects on protein function when conducting association studies using the gene-based collapsing method.

Introduction

Members of the Japan Kawasaki Disease Genome Consortium are
listed in Acknowledgements.

Kawasaki disease (KD, MIM#611775) is an acute sys-
temic vasculitis syndrome which mainly affects children
younger than 5 years of age. Due to the cardiac compli-
cation represented by coronary artery aneurysms, KD has
become the leading cause of acquired heart diseases
during childhood in developed countries [1, 2]. Genome-
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wide studies have identified several common variants
associated with KD susceptibility [3-5]. However, the
involvement of rare genetic variants, which has been
recognized as one of the explanations for the “missing
heritability” problem in common diseases, in KD patho-
genesis has been largely uninvestigated. In 2016, we
reported associations of a common single-nucleotide
variant (SNV) and a rare in-frame insertion variant of
the ORAII gene with susceptibility to KD [6]. ORAII is a
gene that encodes a plasma membrane calcium channel
essential to the store-operated calcium entry (SOCE)
mechanism in immune cells [7-9] and skeletal muscle
cells [10, 11], and is the first gene in which both common
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and rare variants have been associated with KD. Owing to
the design of our previous study, where we identified
variants by re-sequencing 94 patients with KD and eval-
uating their association in a larger case and control panel,
it was assumed that there remained other rare variants of
ORAII that were not examined. In this study, to deepen
the understanding of the involvement of rare genetic
variants in KD susceptibility and to obtain insight into the
role of ORAII in KD pathogenesis, a large-scale genetic
association study was conducted.

Materials and methods
The flow of this study is demonstrated in Fig. 1.
Samples

First, 2434 KD samples were collected at several coop-
erating medical institutes in Japan, and 1378 KD samples
were obtained from the Japan Kawasaki Disease Genome
Consortium, which comprises 49 participating medical
institutes/hospitals.

The control samples were all from adult individuals
without a history of KD and were collected at Keio Uni-
versity (n =374) or obtained from the Midosuji Rotary
Club (n =940) and Health Science Research Resources
Bank, Osaka (n = 1330).

Ethics

The ethical committees or institutional review boards at
RIKEN, Chiba University, and all medical institutes that
contributed to the patient samples approved the study.
Written informed consent was given by all participants.
Since KD is a childhood disease and the patients were
infants or children at the time of enrollment, in most cases,
written informed consent was obtained from the patients’
parents. When the patients were 16 to 20 years old, we
received written informed consent from both the patients
themselves and their parents.

Direct sequencing

Protein-coding regions of the ORAII gene distributed in
exons 1 (303 bp) and 2 (600 bp) were re-sequenced by a
PCR direct sequencing method. For exon 1, PCR primers
were also used for direct sequencing, while for exon 2,
primers for sequencing were additionally designed. The
sequencing reactions were performed using the BigDye™
Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific), and sequencing was carried out by an ABI
3770xL or ABI 3130xL sequencer (Applied Biosystems).
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Variants were identified on the SEQUENCHER
V4 software (HITACHI). Primer sequences for PCR and
direct sequencing were demonstrated, and PCR conditions
are summarized in Supplementary Figure 1.

Association analyses

Lack of statistical power is a major obstacle in performing
association studies of rare variants when the number of
subjects is not sufficiently large. Combining information of
multiple rare variants to evaluate the effect as a single
variant is one method to overcome this problem [12]. We
applied the collapsing method to variants for which >0.75 of
statistical power was not expected to detect association with
P <0.05 under the assumption of the odds ratio of 3.0.
Association of the individual, as well as collapsed multiple
variants with KD, were assessed by Fisher’s exact test using
the R 3.4.0 statistical computing environment. P values <
0.05 were considered significant.

In silico prediction of deleteriousness of the
identified variants

Predictions of the deleteriousness of the ORAII variants
identified in this study were carried out using the Combined
Annotation Dependent Depletion (CADD) tool [13]. The
prediction score (C-score) of 20 corresponded to the top 1%
of harmfulness when evaluating all known single-base
substitutions, and was set as the threshold for creating a
stratified variants subgroup for collapsing.

Results

Chromosomal locations, nucleotide and protein changes,
the allele frequencies in cases of KD and controls, and the
protein domains together with the CADD C-scores of the
identified 34 variants, including 11 novel ones, are sum-
marized in Table 1. These include all of the known five
common variants (rs3741595, rs3741596, rs3741597,
rs3825174, and rs3825175) as well as two rare variants
(rs141919534 and c.59G>C) that have already been iden-
tified in our previous study [6]. The 27 variants that have
never been evaluated for their association with KD include
12 missense (44%), 9 synonymous (33%), 5 frameshift
(19%), and 1 in-frame insertion (4%) variant, and all of
them had minor allele frequencies (MAFs)<0.01 in the
subjects in this study (Table 1). The position of these rare
variants on the ORAII protein domains and the number of
subjects presenting each variant are shown in Fig. 2. All of
the alternative alleles of insertion or deletion variants were
determined by sequencing of the PCR amplicons cloned
into plasmids (data not shown).
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Fig. 1 Flowchart of the study

Identification of variants within coding region of ORA/I gene
= 3812 KD patients
= 2644 controls
= PCR & direct sequencing

34 variants (15 in exonl and 19 in exon2) were identified

= MAF > 0.05, n=5
= MAF <0.05, n=2

Exclusion of variants already
examined in our previous study

A—

Variants with MAF > 0.001
(n=4)

|

Assiciation analysis
= Collapsing method

Of the 27 variants, 4 (c.12G>T, ¢.264C>G, c.397G>A,
and c¢.889G>A) had relatively high allele frequencies
(MAF >0.001) in the controls, and the others were so rare
that only up to three minor alleles were observed in the
entire sample sets. None of the four relatively common
variants showed significant association with KD (data not
shown). When all 27 variants and the variants stratified
based on their MAFs (>0.001 or <0.001) were evaluated as
a single variant by the collapsing method, none of them had
a significant association (Table 2).

Next, the variants were further stratified based on their
deleteriousness using the CADD prediction score (C-score).
Of the 23 variants with MAFs <0.001, 11 had higher C-
scores > 20 and included 6 missense and 5 frameshift var-
iants. The six deleterious missense variants were exclu-
sively identified in patients with KD (odds ratio (OR) = o,
P =0.046). The clinical features of the six KD patients is
summarized in Table 3. Three of the six were refractory
cases who did not respond to at least two rounds of the
standard intravenous immunoglobulin (IVIG) treatment
(2g/kg) and required additional therapies. The three

AN—

Newly identified variants (n=27)

Assiciation analysis
= Individual variants
= Collapsing method

Stratification of
variants by MAFs

Variants with MAF < 0.001

> (n=23)

Assiciation analysis
= Collapsing method w or
w/o stratification by

1. C-score in CADD
2. Type of vatiants

included two patients who had medium-sized to giant cor-
onary artery aneurysms as cardiac complications. Although
not significant, the five frameshift variants showed a nega-
tive trend of association (OR = 0.35, P =0.24).

Discussion

ORAII, as part of the SOCE mechanism, plays an essential
role in T-cell activity. Homozygous loss of functional
ORAII alleles causes an autosomal recessive immune
deficiency syndrome [9]. ORAIl is also expressed in
hematopoietic cells including B cells [14], dendritic cells
[15], neutrophils [16], natural killer cells [17], platelets [18],
and mast cells [19]. In our recent study, one common non-
synonymous variant (rs3741596) and a rare 6-bp insertion/
deletion variant (rs141919534) were associated with KD
[6]. Based on previous studies on Ca’*/nuclear factor of
activated T-cells (NFAT) pathway upregulation by sus-
ceptibility variants of ITPKC and CASP3, in addition to
successful clinical studies on cyclosporine A, which is an
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Fig. 2 ORAII protein domains and variants identified in this study.
Positions and amino acid substitutions of the 27 ORAII variants
identified in this study on the protein domains are shown. Two pre-
viously identified rare variants (p.Pro45_Pro46insProPro4 and p.
Gly20Ala) are also shown. For each modification, the number of
individuals with the variant in the 3812 cases of Kawasaki disease and

immunosuppressant targeting this pathway for KD [4, 5,
20-22], the two above-mentioned variants were hypothe-
sized to upregulate ORAI1 channel function. In this study,
by selecting variants for collapsing according to their
MAFs, types, and predicted deleteriousness, we observed a
significant association in six rare deleterious missense
SNVs with KD. Although conclusions should be carefully
drawn because of a lack of exact information on the
directions and sizes of the effects due to individual variants,
the results in this study further support our hypothesis that
genetic variants leading to Ca>'/NFAT pathway upregula-
tion may confer susceptibility to KD. The idea was based on
the following two studies. First, we obtained the informa-
tion showing that one of the six rare and deleterious mis-
sense variants has a significant gain-of-function effect [23].
The p.Gly98Asp mutation was located within the first
transmembrane region of the protein, where amino acids
were well conserved throughout the species (Supplementary
Figure 2). The Gly98 of ORAII is a key amino acid that
acts as a gating hinge for channel opening and closing, and
the change from glycine (neutral and hydrophobic) to
aspartate (acidic and hydrophilic) is known to result in
constitutive Ca’>" permeability independently of STIM1
[23, 24]. Second, the five frameshift variants, which tended
to be negatively associated with KD, were collectively
identified in the N-terminal cytoplasmic region (Supple-
mentary Figure 3). None of the four transmembrane regions
of ORAII, all located downstream of the frameshift-
initiating points on the variant proteins, would be properly
translated because of the incorrect reading frames. Thus, the
truncated ORAI1 proteins, which had the correct amino acid
sequence of ORAIl only in the N-terminal cytoplasmic
region and lacked the membrane protein properties, would

p.Asnl53Asn
p.Pro231Pro

o}

. 0)
, 0)

=

=)

p.Gly219Gly
p.Pro216Pro

1D
, 1 p.Arg259His (1, 0)

o

p.vall33Met (3, 6) p.Arg289Arg (1, 1
p.vall29val (2, 0) .Le , 1)
p.Alal22Thr (1, 0) p.Thr295Met (1, 0)
p.Gly98Asp (1, 0) p.Gly297Ser (9, 14
p.AlaggAla (9, 8)

Proline rich region
Regions for interaction with STIM1

- Transmembrane regions

2644 controls is provided between parentheses. The black, red, and
purple letters indicate synonymous, missense, and deletion/insertion
variants, respectively. Variants with a Combined Annotation Depen-
dent Depletion (CADD) C-score 220 (5 frameshift and 8 missense
variants) are indicated in boldface (color figure online)

not be expressed on the plasma membrane (Supplementary
Figure 4), and could not engage in ion conduction. There-
fore, the two types of variants, which were supposed to have
at least partly different functional effects on ORAII protein
function, had the opposite directions of association with
KD, and thereby provided an insight into the role of ORAIl
variants in KD pathogenesis. Of the six KD patients with
the rare deleterious missense variants, three were refractory
cases requiring repeated IVIG administration and other
treatment options. In particular, an early-onset case, who
was affected at 2 months of age, suffered from extremely
severe KD. The patient developed giant coronary aneur-
ysms in three coronary artery branches and had an acute
myocardial infarction by occlusion of the right coronary
artery on day 34 of illness (Table 3). Considering the low
frequencies of the deleterious alleles, the usefulness of
sequencing the ORAII gene at the bedside of acute KD
patients seems to be limited. However, the accumulation of
knowledge about the functional significance of the rare
variants, their association with KD, as well as the severer
manifestations and the degrees of genetic penetrance will
pave the way for genetic counseling or testing of the rela-
tives of the variant carriers.

In contrast to the six rare and deleterious missense var-
iants exclusively observed in patients with KD, frameshift
variants were observed in patients with KD as well as in
controls. Loss-of-function mutations of ORAII have been
known to cause an autosomal recessive congenital immune
deficiency syndrome (IMD9; MIM #61782) [9]. In the
familial case of IMD9, both parents of the patients, who
were heterozygous for the causal mutation and in whose
T cells SOCE was partially impaired, were immunologically
normal. Furthermore, it is also known that some gain-of-

SPRINGER NATURE
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Table 2 Association of the newly identified rare variants of ORAII
gene with KD

Number  Number of OR* P*
of variants alternative alleles in
the subjects

KD" Control”
n=3711 n=2593
All variants® 27 95 68 098 0.87
Variants with MAF >0.001 4 74 60 0.86 0.43
C-score < 20 2 18 22 0.57 0.08
C-score 220 2 56 38 1.03  0.92
Variants with MAF <0.001 23 21 8 1.84 0.19
C-score < 20 12 13 4 227 022
In-frame variants 1 3 0 o0 0.27
Synonymous variants 8 8 3 1.86 0.54
Missense variants 3 2 1 140 1
C-score > 20 11 8 4 1.40 0.77
Frameshift variants 5 2 4 0.35 0.24
Missense variants 6 6 0 o0 0.046

KD Kawasaki disease, MAF minor allele frequency, OR odds ratio
#Association in allelic model was evaluated using Fisher’s exact test

"Subjects with missing genotype data at variant positions identified in
this study were excluded from this analysis

“Variants with minor allele frequencies < 0.01 except for ¢.59C>G and
rs141919534 were included in this analysis

function mutations of ORAII cause an autosomal dominant
tubular aggregate myopathy (TAM2; MIM #615883) [25].
Three independent patients with TAM2 due to a p.Gly98Ser
of ORAII have been reported [26, 27]. In in vitro experi-
ments using exogenously expressed ORAIl mutant pro-
teins, both p.Gly98Ser and p.Gly98Asp similarly lead to a
constitutive activation of the channel [23, 27]. Given that
five other rare deleterious missense variants also have a
gain-of-function effect on ORAIl function, and some
dominant effects, it was reasonable for the control popula-
tion to lack these types of variants. The different distribu-
tion patterns of these stratified variants in the study
populations might reflect the difference in impact of the
variants on the cellular activity as well as on the phenotype
that individuals with the variants would have. It has been
reported that ORAII has two isoforms, ORAIla with 303
amino acids translated from the first methionine, and
ORAIIP, a shorter isoform that uses the second (64th
position) or the third (71st position) methionine residue as a
translation initiation codon [28]. The impact of the five
frameshift variants in this study might be milder than
expected, because the shorter isoform that also supports
SOCE can be translated from all alternative alleles of these
variants.

Collapsing the rare variants has been recognized to be
effective in assessing the association of rare genetic variants
[29]. Usually, common variants are not included in the
collapsing analysis because their high allele frequencies in
cases or controls, whether they are associated with the trait

SPRINGER NATURE

of interest or not, may interfere with the detection of the
association of other rare variants. In this study, we found it
useful to further stratify the rare variants by their MAFs.
The MAFs of the rare variants in the controls in this study
vary from 0.00617 for ¢.12G>T, with 53 and 32 alternative
alleles seen in the cases of KD and controls, respectively, to
0.0 for multiple variants observed only in a single or few
patients with KD. There is a well-recognized model of the
relationship between the risk allele frequencies and the
strength of the genetic effect, in which the smaller allele
frequencies of the risk-associated variants result in a larger
effect size [30, 31]. In this context, it seemed reasonable to
evaluate the association of rare variants by the collapsing
method after stratifying them by their MAFs. In contrast to
the lack of difference in the alternative allele frequencies
when the 27 rare variants were collapsed without stratifi-
cation (OR =0.98, P=0.87), 23 variants with MAFs <
0.001 showed a positive trend of association (OR = 1.84,
P=0.19).

The opposite trends of association in both missense and
frameshift variants were indicative of the potential impor-
tance of stratifying rare variants in association studies,
according to their magnitude and the direction of their
effects on the protein function. Currently, there are a
number of computer tools to predict the deleteriousness of
genetic variants. The results of stratifying the nine rare
(MAF <0.001) missense variants were inconsistent among
the commonly used prediction tools, including Polyphen-2,
SIFT, and Mutation Taster [32] (Supplementary Table 1). In
this study, we used CADD, recognizing an advantage of the
tool in performing the prediction by integrating multiple
prediction results and scores, including those from SIFT and
PolyPhen-2. The option to evaluate synonymous SNVs
and deletion/insertion variants was another reason for
selecting CADD. However, the items utilized to calculate
the C-scores during deleteriousness evaluations of known
causal variants of TAM?2 (gain of function) [26, 27, 33, 34]
and IMD9 (loss of function) [35-38] with CADD did not
seem to be suited to discriminating the two variant cate-
gories. This resulted in difficulty in precisely inferring
the direction of the variant effects by in silico tools (Sup-
plementary Table 2). At present, determining the true
functional effect of each variant by functional assays with
Ca*" imaging or patch-clamp techniques using the variant
carriers’ lymphocytes, or cultured cell lines transduced with
the variant channels, is the most suitable and reliable
method of stratifying the variants for efficient association
studies.

In this study, six insertion/deletion variants were newly
identified. Because all of them were located within the N-
terminal cytoplasmic region, this domain might be a hot
spot for these types of variants (Supplementary Figure 3).
One of these variants was a novel insertion of 37 bases



Investigation of novel variations of ORAIT gene and their association with Kawasaki disease 517

Table 3 Characteristics of the KD patients with rare deleterious missense variants of ORAII

Cardiovascular events

CAL

Additional therapies

Age of onset Gender IVIG regimen

Variants

Patients

400 mg/kg x5
2g/kg x2

F

p.Gly26Ser ly 2m

#1

Medium-sized aneurysms (5—6 mm) on RCA and LAD

mPSL pulse, IFX, UTI

S5m

p-Glu62Lys
p.Gly98Asp

#2

F 2g/kg x 1

ly 8m

#3

AMI (day 34)

Giant aneurysms (>8 mm) on 3 coronary artery branches

2 g/kg x4

2m

p.Alal22Thr
p-Arg259His

#4

2g/kg x 1

F
F

ly Il m

#5

CsA

2g/kg x2

ly 11 m

p-Thr295Met

#6

KD Kawasaki disease, IVIGintravenous immunoglobulin, CAL coronary artery lesion, y year, m month, F female, M male, mPSL methylprednisolone, [FX infliximab, UTI urinary trypsin

inhibitor, CsA cyclosporine A, RCA right coronary artery, LAD left anterior descending coronary artery, AMI acute myocardial infarction

(c.125_126ins), which was identical to the upstream
sequence from the inserted position. In ClinVar, two other
insertion variants of 37 bases in similar positions of ORAII
(c.126_127insCCGCCGCCGCAGCGGGGACGGGGAGC
CCCCGGGGGCC;  Variation ID: 594718, and
c.141_142insCCGCCGCCGCAGCGGGGACGGGGAGC
CCCCGGGGGCC; Variation ID: 470188) had been regis-
tered. Although these three variants were not identical, the
high similarity of the inserted sequences (Supplementary
Figure 5) suggests some common mechanism in the gen-
eration of the variants.

Previously, we reported a positive association of a six-
base insertion variant of ORAII (rs141919534; p.Pro45_-
Pro46insProPro) with KD. Interestingly, another novel in-
frame insertion variant (p.Arg32_Arg33insSerArgArg),
identified within the same cytoplasmic region, was observed
in three patients with KD but not in controls. Within the
cytoplasmic region, there is a domain for interactions with
STIM1 (Supplementary Figure 3). The similar association
trend observed for these two in-frame insertion variants
within the N-terminal cytoplasmic region may reflect the
modulated interaction between ORAIl and STIMI due to
the elongation of this domain and the subsequent increase in
Ca’" influx or the duration of the channel opening.

There are several limitations to this study. First, the exact
impacts of the rare and deleterious missense variants were
not evaluated by biological assays and the prediction of
deleteriousness was carried out with a single tool. Second,
the frequencies of the deleterious missense variants identi-
fied in this study were so low that the findings cannot be
immediately applied in clinical diagnosis, even when the
gain-of-function effect was proven for all six variants.
Finally, a correction of multiple testing was not conducted.

In conclusion, we observed that ORAII deleterious
missense variants with MAFs < 0.001, including one known
gain-of-function mutation in the first transmembrane region,
had a positive association with KD in a collapsing method
analysis. Although it was not significant, an in-frame
insertion variant in the N-terminal cytoplasmic region
showed the same association trend as the other in-frame
insertion variant within the same protein domain that had
been identified in our previous study [6]. Conversely, five
frameshift variants causing N-terminal protein truncation
showed the opposite trend of association. These observa-
tions support our hypothesis that genetic variants leading to
upregulation of the Ca’"/NFAT pathway confer suscept-
ibility to KD. The usefulness of the collapsing method in
evaluating the association of mutations and rare variations
with diseases may be enhanced when MAFs and variant
types are taken into account. Currently, there is no in silico
tool that can predict the direction of the variants’ effect on
the protein function. Future advances in the precise pre-
diction of the functional impact of the identified variants
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(i.e., neutral, gain of function, or loss of function) may
facilitate the assessment of their association with diseases.
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