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ABSTRACT

Malignant hyperthermia (MH) is an anaesthetic complication that causes an abnormal hypermetabolic
state. RYRI encoding ryanodine receptors of the sarcoplasmic reticulum and CACNAIS encoding a sub-
units of dihydropyridine receptors are known to be associated with MH pathogenicity. We performed
genetic screening using next-generation sequencing to evaluate the prevalence of genes associated with
MH pathogenicity and clinical symptoms. This was a retrospective cohort study wherein next-generation
sequencing data of 77 families diagnosed with MH predisposition by calcium-induced calcium release
(CICR) tests from 1995 to 2019 was used to search for RYRI and CACNA1S variants. Furthermore, the clini-
cal symptoms and predisposition tests in participants with RYR1 and CACNA1S variants were compared. In
the 77 families, 44.2%, 7.8%, and 48.1% individuals had RYR1, CACNA1S, and neither RYRI nor CACNAIS
variants, respectively. Clinically significant differences were found in the maximum body temperature, maxi-
mum elevated body temperature for 15 min, creatinine kinase level, and CICR rate between the RYRI and
CACNA1S groups. The prevalence of pathogenic CACNAIS variants appears to be prominent in Japan. The
severity of clinical symptoms and the CICR rate were greater in individuals with RYR1 variants than in those
with CACNA1S variants, likely due to more direct regulation of calcium levels by ryanodine receptors than by
dihydropyridine receptors. Genetic analysis of MH in future studies may help identify other genes associated
with MH, which will further clarify the relationship between genotypes and MH symptoms and contribute to
safer anaesthesia practice.
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(gene encoding ryanodine receptor 1 in the sarcoplas-

INTRODUCTION

Malignant hyperthermia (MH) is a rare anaesthetic
complication (1 in 10,000 to 250,000%®) caused by
the administration of inducing agents such as volatile
anaesthetics and depolarising muscle relaxants to
MH-susceptible patients. Patients may have clinical
symptoms such as abnormal temperature rise, tachy-
cardia/arrhythmia, muscle rigidity, and skeletal muscle
breakdown, which may be fatal without effective treat-
ment!®. MH develops as a potentially fatal hyperme-
tabolic crisis associated with a rapid and uncontrollable
increase in calcium (Ca?*) in skeletal muscle cells!®.

The mechanism of MH is mainly an abnormality in
Ca?* metabolism caused by pathogenic variants in RYR1

mic reticulum) and CACNAIS (gene encoding the alpha
subunit of the dihydropyridine receptor (DHPR) in the
plasma membrane of skeletal muscle cells). It has also
been reported that STAC3 is involved in the development
of MH!9, Although STAC3 is known to interact with
DHPR, its precise functional role in MH is still unknown.
Many individuals (34-86%) with pathogenic variants
in RYRI??, and some (1%) with pathogenic variants in
CACNAI1S show predisposition to MH??. CACNAIS is
a rare gene associated with MH, and few studies have
examined the clinical characteristics of MH caused by
CANCAIS variants®. CACNAIS is the second most com-
mon gene associated with MH, and it is important to
examine the distinct clinical symptoms of MH caused
by genes such as RYRI and CANCAIS. In this study,
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we performed genetic screening using next-generation
sequencing to evaluate the prevalence of genes associ-
ated with MH (RYR1 and CACNA1S) and corresponding
clinical symptoms of MH in Japan. We excluded STAC3
from this study because there are no reports associating
STAC3 with MH in Asia.

METHODS

Patients and DNA extraction

This was a retrospective cohort study. This study
was approved by the ethics committee of Hiroshima
University, Japan (ethical approval #151). DNA was
extracted from the blood, muscle tissues, and cells of
49 MH patients and 41 family members (Supplemen-
tary Table 1) with a predisposition to MH, as deter-
mined by the calcium-induced calcium release (CICR)
test at Hiroshima University Hospital from 1995 to
2019. Seventy-seven independent families were included
in this study. The automated DNA separation system
Quick Gene-610L and Quick Gene DNA Whole Blood
Kit L (KURABO, Kurashiki, Japan) were used for DNA
extraction from the blood, and DNeasy Blood and Tissue
Kits (QIAGEN, Hilden, Germany) were used for DNA
extraction from muscles and cells.

Genetic screening using next-generation
sequencing

DNA samples were screened for pathogenic variants
in RYR1 (NM_000540) and CACNA1S (NM_000069)
using a next-generation sequencer (Ion Personal
Genome Machine (PGM), Life Technologies, Carlsbad,
CA, USA). In total, 231 primer pairs for the exonic
regions of RYRI and CACNAIS were designed using the
Ion AmpliSeq designer (https://www.ampliseq.com/) as
two subgroups—primer pool 1 for 116 amplicons and
primer pool 2 for 115 amplicons (GRCh37/hg19) (Sup-
plementary Table 2). Eight exonic regions in RYRI and
CACNAI1S were not covered by the designed primers
(Supplementary Table 3). The uncovered regions were
amplified by polymerase chain reaction (PCR) and
sequenced directly using Sanger sequencing using an
Applied Biosystems 3130 DNA sequencer (Life Tech-
nologies).

Ion PGM sequencing was performed using the Ion
AmpliSeq Library Kit 2.0 (Life Technologies) and Ion
PGM Hi-Q sequencing kit (Life Technologies), according
to the manufacturer’s protocols. Variants were identified
using the TorrentSuite Software 5.0.5 (Thermo Fisher
Scientific, Waltham, MA, USA).

Variants were filtered based on the criteria of com-
bined annotation-dependent depletion (CADD, https://
cadd.gs.washington.edu/) score > 16, rare exome vari-
ant ensemble learner (REVEL, https://sites.google.com/
site/revelgenomics/downloads) score > 0.5, and minor
allele frequency (MAF) < 0.1% in the Genome
Aggregation Database (gnomAD v2.1.1, https://gno-
mad.broadinstitute.org/). These variants were confirmed
by standard PCR-based amplification followed by
Sanger sequencing.

We evaluated the confirmed variants based on the
EMHG scoring matrix for identifying genetic vari-
ants conferring malignant hyperthermia susceptibility
(https://www.emhg.org/genetic-scoring-matrix). To be
evaluated as “Pathogenic” and “Likely pathogenic”
according to EMHG scoring matrix, it is necessary
to satisfy the conditions of “Pathogenic Strong” or
“Pathogenic Moderate”. Pathogenic Strong requires a
diagnostic mutation in EMHG. To be pathogenic mod-
erate, the prevalence of the variant was significantly
increased (P < 1 x 1077) compared with the prevalence
of a relevant low-risk population. In previous studies,
CICR-positive variants have also been found to be posi-
tive on in vitro contracture testing (IVCT)?®. Therefore,
we classified CICR-positive cases, that is, all cases in
this study, as “Pathogenic supporting”: association with
a clinical reaction consistent with malignant hyperther-
mia under anaesthesia and confirmed by a positive IVCT
in the EMHG scoring matrix. We chose “Pathogenic”
and “Likely pathogenic” variants on the EMHG scoring
matrix as pathogenic variants. CICR-negative samples
from 17 independent MH patients and their families, not
included in this study, were also genetically screened.

Evaluation of the association between variants
and clinical symptoms

Clinical symptoms, namely, maximum body tempera-
ture (Max BT), maximum elevated body temperature for
15 min (°C/15 min), maximum creatine kinase value
(Max CK), clinical grading scale (CGS)'”, maximum
serum K concentration, maximum PaCO,, and minimum
pH data, were extracted from anaesthesia charts and
medical records. The Mann—Whitney U test was per-
formed to assess the differences in the clinical symptoms
of the RYRI and CACNAIS groups. For comparison
with normal controls, we used samples diagnosed as
MH-negative (MHN) by IVCT and CHCT in a previous
study as the normal group?®.

Calcium-induced calcium release (CICR) test

Ninety patients and their family members underwent
skeletal muscle biopsies and were examined using the
CICR test!!?9.The CICR test was performed according
to the method described by Endo and colleagues® with
chemically skinned fibres. The CICR rates were assessed
by measuring the induced calcium release from the sar-
coplasmic reticulum at five different calcium concentra-
tions (0, 0.3, 1.0, 3.0, and 10 uM). The CICR rate was
considered to be increased when the CICR values were
two standard deviations (SD) above the average values of
the normal group at two or more calcium concentrations.
Normal CICR values were derived from 12 MHN individ-
uals previously excluded by IVCT!¥.

Data analysis

Data from the CICR test and clinical symptoms were
analysed using the PRISM 7.0 package (USA, San Diego,
CA) and EZR plug-in in the R software'®. P < 0.05,
as calculated by the Mann—Whitney U test, was consid-
ered significant.
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Figure 1 Percentage of genes associated with MH
pathogenicity in MH patients and families. Screening results
of genes associated with MH pathogenicity in 77 families
showing that 34 families carried variants in RYRI and six
families in CACNA1S. The remaining 37 families carried no
variants in RYRI or CACNA1S (unknown group).

RESULTS

Screening of RYR1 and CACNA1S variants

Thirty-two variants with a CADD score > 16, REVEL
score > 0.5, and MAF < 0.1% in gnomAD were selected,
and all variants were confirmed by Sanger sequencing.
Evaluation of these variants based on EMHG scoring,
28 RYRI variants and four CACNAIS variants classified
as “Pathogenic” and “Likely pathogenic” were found in
90 subjects (49 MH patients, 41 MH family members)
from 77 families (Table 1). Of these, nine RYRI and
one CACNAIS variant have been reported by the Euro-
pean Malignant Hyperthermia Group (EMHG, https://
www.emhg.org/diagnostic-mutations), thirteen RYRI
variants have been reported in previous studies®'V,
and six RYRI and three CACNAIS variants were novel
(Table 1, Supplementary Table 1). Thirty-four families
had RYRI variants (41 individuals, 28 variants; RYRI
group), six families had CACNAIS variants (seven indi-
viduals, four variants; CACNA1S group), and 37 families
did not have RYR1 or CACNA1S variants (42 individuals,
Unknown group; Figure 1, Supplementary Table 1). Two
individuals in the RYRI group had two RYRI variants
(Supplementary Table 1, M51, 60). In the 77 families,
44.2%, 7.8%, and 48.1% individuals had RYRI, CAC-
NAI1S, and neither RYRI nor CACNA1S variants, respec-
tively (Figure 1). Although variants associated with
MH pathogenicity are abundant in the RYRI hotspot
region, variants have also been frequently identified out-
side the hotspot (hotspot region I, p.M1-p.R614; region
II, p.R2163-p.R2458; region III, p.R4136-P4973). We
screened 17 CICR-negative MH patients and their fami-
lies and found no likely pathogenic variants.

Evaluation of clinical symptoms

Max BT was recorded in 36 cases (18 cases from
the RYRI, four cases from the CACNAIS, and 14 cases
from the unknown group), and was significantly dif-
ferent between the RYRI and CACNAIS groups (p =
0.0003) (Figure 2A, Supplementary Table 1). Further-
more, °C/15 min was recorded in 32 cases (16 cases
from the RYRI group, four cases from the CACNAIS
group, and 12 from the unknown group), and was signifi-
cantly different between the RYRI and CACNA1S groups
(p = 0.0239) (Figure 2B, Supplementary Table 1). Maxi-
mum CK was recorded in 30 cases (15 cases from the
RYRI group, three cases from the CACNAIS group, and
12 cases from the unknown group), and was significantly
different between the RYRI and CANCAIS groups (p =
0.0098) (Figure 2C, Supplementary Table 1). There was
no significant difference in CGS between the RYR1 and
CACNA 18 groups (18 cases from the RYRI group, five
from the CACNAIS group, and 15 from the unknown
group) (p = 0.1140) (Figure 2D, Supplementary Table 1).

Comparison of CICR rate between
pathogenic variants

The CICR rates at five calcium concentrations were
examined in all 90 participants. Under Ca-free condi-
tions, samples generally did not react, even in the pres-
ence of MH predisposition, and no significant difference
was found between the RYRI and CACNAIS groups
using the Mann—Whitney U test (Figure 3A). However,
significant differences were observed between the two
groups at other four calcium concentrations (0.3 pM, p =
0.0240; 1.0 uM, p = 0.0284; 3.0 uM, p = 0.0016; 10 pM,
p = 0.0011). Figure 3B shows a representative graph of
CICR at calcium 3.0 pM.

DISCUSSION

We screened the most common genes, namely RYRI
and CACNAIS, associated with MH pathogenicity in the
Japanese population and analysed the frequency of these
gene and their correlation with clinical symptoms in MH.
The prevalence of pathogenic CACNAIS variants associ-
ated with MH pathogenicity was higher in Japan than
in other countries. Patients with pathogenic RYR1 vari-
ants had more severe MH than those with pathogenic
CACNAIS variants, as determined by clinical symptoms
and predisposition tests.

In the 77 families tested, 44.2%, 7.8%, and 48.1%
individuals had RYR1, CACNA1S, and neither RYR1 nor
CACNAIS variants, respectively. We observed the preva-
lence of RYRI variants to be lower than that reported
previously in the Japanese population'V. Previous stud-
ies have reported pathogenic variants in RYRI as the
most common in MH patients—it has been reported to
be 76% in the UK (546 of 722 families)?®, 52% in the
USA (62 out of 120 families)?, 34% in Australia (33 out
of 96 patients)®?, 57% in Japan (33 of 58 patients)'?,
72% in Italy (31 of 43 patients)”, 86% in Canada (31 of
36 patients)'”, and 50% in Sweden (7 of 14 patients)?.
We used the REVEL score, CADD score, and MAF in
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Figure 2 Comparison of the clinical symptoms corresponding to variants in each gene associated with MH pathogenicity. (A—D)
Comparison of clinical symptoms corresponding to variants in each gene associated with MH pathogenicity (Max BT, °C/15 min,
Max CK, CGS). The value of each item is represented by a dot and the interquartile range is represented by a line. The Mann—
Whitney U test was conducted for comparing RYR and CACNAILS groups. *p < 0.05. Abbreviations: Max BT, maximum body
temperature; °C/15 min, elevated body temperature for 15 min; Max CK, maximum creatine kinase; CGS, Clinical Grading Scale
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Figure 3 Comparison of CICR for each gene associated with MH pathogenicity. A comparison of the CICR values for each
causative gene is shown. The CICR was examined at five Ca concentrations (0, 0.3, 1.0, 3.0, and 10 uM). (A) Rate of Ca release at
0 uM Ca (Ca-free) was not different the RYRI and CACNALS groups in relation to MH status. (B) Rate of Ca release for each gene
associated with MH pathogenicity at the other four Ca concentrations was significantly different between the RYRI and CACNA1S
groups. Ca release at 3.0 uM Ca is shown as a representative.

gnomAD to assess the pathogenicity of the variants. The the frequency of pathogenic CACNAILS variants, and a
prevalence of RYRI1 variants is lower than in previous previous study reported that approximately only 1% of
studies because our study not only excludes variants with MH patients carried CACNAIS variants®”. There have
high MAF but also excludes variants by bioinformatics. been no studies on the prevalence of genes associated
This may also be affected by the difference between CICR with MH in Asia, except in Japan; thus, the prevalence

and IVCT/CHCT. However, few studies have examined of pathogenic CACNAIS variants in Asia is unknown.



36 R. Kanzaki et al

In this study, the prevalence of CACNAIS variants was
high, suggesting that CACNAIS variants may be more
frequent in the Japanese population than in Western
populations. The number of families without variants
in either RYR1 or CACNAIS was also higher than that
reported in previous studies. It is difficult to make a
simple comparison based solely on frequency because
the criteria for determining the genes associated with
MH pathogenicity and the method for selecting cases
varied. The prevalence of pathogenic variants and their
frequency change depending on the criteria for classify-
ing a variant as pathogenic.

We compared the clinical symptoms and predisposi-
tion test results of each group and found that patients
with CACNA1S variants had milder symptoms in that
they had lower Max BT, °C/15 min, and Max CK. A
previous study showed that patients with RYRI vari-
ants were likely to exhibit high CGS®, however, we
did not find any significant difference in CGS between
RYRI1 group and CACNALS group, probably because of
the type of anaesthetic used and the timing of thera-
peutic interventions. Therefore, studies involving more
patients are needed for gaining clarity in this regard.
A previous study comparing the IVCT results of MH
patients with RYRI and CACNAIS variants rather than
clinical symptoms showed that patients with CACNAIS
variants showed lower responses to both caffeine and
halothane in IVCT®. We also found that the CACNAIS
group showed milder abnormalities than the RYRI
group in CICR, as well as in terms of the aforemen-
tioned clinical symptoms. DHPR encoded by CACNA1S
does not directly participate in calcium dynamics but
acts indirectly through RYR1. Consequently, unlike
RYRI variants, CACNA1S variants may not directly alter
RYRI activity.

In a previous study, MH phenotype caused by RYRI
variants varied depending on the location of the vari-
ants®. Our results also showed that the CICR data and
clinical symptoms in the RYRI group were highly vari-
able, which may be due to the different locations of
RYR]1 variants (Figure 2, 3). In the unknown group,
the CICR data and clinical symptoms were also widely
distributed, probably because of the involvement of mul-
tiple novel genes associated with MH pathogenicity and
different location of variants (Figure 2, 3).

The penetrance of genes most commonly associated
with MH pathogenicity is low, and recent studies have
shown that the penetrance of RYRI variants is 40.6%,
and the probability of developing MH upon exposure to
triggers is only 25% in predisposed individuals'?. Patient
age (young), sex (male), and use of succinyl choline
also affected the onset of MH. Owing to the low pene-
trance, patients may be susceptible to MH but may not
develop MH under general anaesthesia. In addition, not
all individuals with pathogenic variants have experienced
general anaesthesia. In such cases, the patient is not
aware of the predisposition to MH. Genetic analysis is
non-invasive compared with tests that require muscle
biopsy (CICR, IVCT, and CHCT) and can identify the
genes associated with MH pathogenicity in more than

50% of predisposed individuals. In addition to genetic
diagnosis and bioinformatics analysis, it is desirable to
perform a combination of predisposition tests (CICR,
IVCT, and CHCT), MAF evaluation, and functional anal-
ysis depending on the situation®”. As the investigation
for new genes associated with MH pathogenicity pro-
gresses and genetic diagnosis becomes easier, predispo-
sition to MH can be diagnosed before surgery, enabling
safer anaesthesia.

In this study, we demonstrated that MH with
RYRI variants (MH-RYR1) or CACNAILS variants (MH-
CACNA1S) may have different clinical symptoms. We
particularly focused on the different properties of MH-
RYR and MH-CACNA1S symptoms to further clarify the
differences in each pathological condition. Differences
in pathogenesis due to the genes associated with MH
pathogenicity can be useful in determining clinical treat-
ment. In contrast, by determining features not related
to the genes associated with MH pathogenicity, common
characteristics of MH can be deduced and applied as
a more useful diagnostic criteria. Further studies are
required to examine MH-RYR1 and MH-CACNAIS in
more detail. As the correlation between the genotype and
phenotype of MH becomes more apparent, genetic diag-
nosis can be used to determine treatment strategies and
predict MH severity and prognosis.

CONCLUSIONS

In this study, we investigated the genetic predispo-
sitions to MH using targeted sequencing. Pathogenic
CACNAIS variants appear to be more prominent in
Japanese than in Western populations. The -clinical
symptoms and predisposition test (CICR) results were
more severe for MH-RYR1 than for MH-CACNA1S. This
is probably because the ryanodine receptor encoded by
RYRI1 has a more direct effect on the regulation of Ca**
than DHPR encoded by CACNA1S. Further studies using
larger samples can reveal more details regarding the
relationship between genotypes and clinical symptoms
of MH. Moreover, advances in genetic analysis, including
the identification of novel genes responsible for MH, will
improve the diagnostic rate of genetic screening and con-
tribute to safer anaesthesia practice.
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