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Background—About half of malignant hyperthermia (MH) cases are associated with skeletal

muscle ryanodine receptor 1 (RYR1) and calcium channel, voltage-dependent, L type, α1S subunit

(CACNA1S) gene mutations, leaving many with an unknown cause. We chose to apply a

sequencing approach to uncover causal variants in unknown cases. Sequencing the exome, the

protein-coding region of the genome, has power at low sample sizes and identified the cause of

over a dozen Mendelian disorders.

Methods—We considered four families with multiple MH cases but in whom no mutations in

RYR1 and CACNA1S had been identified by Sanger sequencing of complementary DNA. Exome

sequencing of two affecteds per family, chosen for maximum genetic distance, were compared.

Variants were ranked by allele frequency, protein change, and measures of conservation among

mammals to assess likelihood of causation. Finally, putative pathogenic mutations were genotyped

in other family members to verify cosegregation with MH.

Results—Exome sequencing revealed 1 rare RYR1 nonsynonymous variant in each of 3 families

(Asp1056His, Val2627Met, Val4234Leu), and 1 CACNA1S variant (Thr1009Lys) in a 4th family.

These were not seen in variant databases or in our control population sample of 5379 exomes.

Follow-up sequencing in other family members verified cosegregation of alleles with MH.

Conclusions—Using both exome sequencing and allele frequency data from large sequencing

efforts may aid genetic diagnosis of MH. In our sample, it was more sensitive for variant detection

in known genes than Sanger sequencing of complementary DNA, and allows for the possibility of

novel gene discovery.

Introduction

Malignant hyperthermia (MH, Online Mendelian Inheritance in Man #145600) is a life-

threatening disorder of muscle metabolism which occurs after exposure to certain

anesthetics, occurring in approximately 1 in 50,000 anesthetics.1,2 Its heritability was

appreciated with the first reported case.3 Research on a fortuitously discovered animal form,

followed by human linkage studies, led to the discovery that mutations in the skeletal muscle

ryanodine receptor 1 gene (RYR1, chromosome 19q13) was involved in MH.4,5 Variants in

the calcium channel, voltage-dependent, L type, α1S subunit gene (CACNA1S, chromosome

1q32) were later found to be linked.6 To date, variants in RYR1 and CACNA1S have been

associated with only 50-70% of cases of MH.7–9 Variants in other genes presumably account

for the remaining 30-50%, with linkage evidence pointing to regions in chromosomes 3q13

(logarithm of odds = 3.22 in 1 family10), 5p (logarithm of odds = 1.22 in 1 family11), 7q21

(logarithm of odds = 2.91 in 1 family12) and 17q11 (logarithm of odds = 3.26 in 5

families13).

Several methods are commonly used to detect pathogenic RYR1 variants.8 These often

involve error-prone viral reverse transcriptase to create complementary DNA (cDNA) from

messenger RNA (mRNA), which could increase the risk of false positive or negative

results.14 Another drawback to using cDNA is the inability to detect either structural or

expression-related changes, such as insertion-deletions, splice variants or promoter variants.

Due to the large size of the gene (154 kb), Sanger sequencing remains costly and

cumbersome for large-scale sequencing efforts. An alternative method is next-generation
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sequencing, which involves multiple determinations of the base at each position. Next-

generation sequencing is being applied in a number of clinical contexts now, particularly in

cancer, and has negligible false-positive rates when the quality of the sequence is high.15

One group demonstrated the feasibility of applying this technology to MH, which has the

added benefit of novel gene mutation discovery.16

Once a missense RYR1 genomic variant is found, additional tests for determining pathologic

significance are required. European Malignant Hyperthermia Group consensus guidelines *

require that the segregating variant be found in at least two families and that either in vitro

or ex vivo functional study results are consistent with the pathophysiology of MH. Of the

>200 RYR1 coding variants identified in MH individuals so far, only 30 have passed this

threshold.7,17 Since these steps add significant time and expense to identifying pathogenic

variants, many have turned to evaluating genetic variants using statistical models for

determining how damaging a mutation is to the protein. Here we used next-generation

sequencing to find the potential pathogenic MH variants in individuals who were found

mutation-negative in RYR1 and CACNA1S by cDNA sequencing. We also mined data from

5,379 control exome sequencing and current genome databases to evaluate the usefulness of

predictive methods for inferring causality of RYR1 variants. As we show, the high genetic

diversity of RYR1 and CACNA1S require additional data, such as segregation in large

families and extremely low minor allele frequencies, to suggest pathogenicity.

Materials and Methods

MH DNA Samples

We considered 4 families with multiple individuals diagnosed with MH, but in whom no

mutations in RYR1 and CACNA1S had been identified. To rule out RYR1 or CACNA1S

variation, cDNA generated from probands’ muscle mRNA by reverse transcriptase

polymerase chain reaction had undergone Sanger sequencing as previously described.18

Each subject in this study had undergone diagnostic testing for MH susceptibility at the MH

Investigation Unit, Leeds, United Kingdom, using in vitro contracture testing (IVCT)

according to the European Malignant Hyperthermia Group.19 IVCT and RYR1 and

CACNA1S sequencing were previously performed for clinical purposes, and the results have

not been previously reported. All subjects had given written consent for blood and skeletal

muscle sample collection and storage for subsequent genetic analysis under a research

protocol approved by the Leeds East Local Research Ethics Committee (Leeds, United

Kingdom). DNA samples from both MH susceptible and MH negative individuals in each

family were de-identified and sequenced at the University of Washington, after being

granted approval by the University of Washington institutional review board (Seattle, WA).

In three families, two individuals were chosen for exome sequencing, the proband and one

distant affected relative, while in the remaining family only the proband was exome

sequenced. All sequencing was blinded to MH diagnosis.

*http://www.emhg.org/documents, last accessed March 5, 2013.
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Control Exomes

The control group consisted of 5,379 individuals sequenced at the University of Washington

and the Broad Institute as part of the National Heart, Lung and Blood Institute Grand

Opportunity (GO) Exome Sequencing Project (ESP).20 The goal of the ESP was to discover

variants in novel genes possibly causal for cardiovascular, pulmonary, and hematologic

diseases. These subjects were selected for inclusion in their original studies based on these

categories of disease, and were not screened for MH. The source study groups include the

Seattle GO, Broad GO, Heart GO, the University of Washington Lung GO, and Women’s

Health Initiative Sequencing Project GO. Data from this cohort were analyzed in aggregate

at two genes, RYR1 and CACNA1S.

Library construction, capture, and sequencing—Exome shotgun libraries were

prepared from whole blood extracted genomic DNA as previously described.21 Briefly, one

microgram of genomic DNA was subjected to a series of shotgun library construction steps,

including fragmentation through acoustic sonication (Covaris), end-polishing (NEBNext

End Repair kit), A-tailing (NEBNext dA Tailing kit), and ligation of 8bp barcoded

sequencing adaptors (Enzymatics Ultrapure T4 Ligase). Barcoded shotgun libraries were

hybridized to capture probes targeting the coding exons (Roche Nimblegen SeqCap EZ

Human Exome Library v2.0) with custom blockers complimentary to the full length of the

flanking adaptor and barcodes. Enriched libraries were amplified via polymerase chain

reaction before sequencing (BioRad iProof). Library quality was determined by examining

molecular weight distribution and sample concentration (Agilent Bioanalyzer). Pooled,

barcoded libraries were sequenced via paired-end 50 base pair reads with an 8 base pair

barcode read on Illumina HiSeq sequencers.

De-multiplexed binary sequence files (.bam) were aligned to a human reference (hg19)

using the Burrows-Wheeler Aligner.22, † Read data from a flow-cell lane were treated

independently for alignment and quality control purposes in instances where the merging of

data from multiple lanes was required. All aligned read data were subjected to: (1) removal

of duplicate reads (Picard); (2) insertion/deletion variant (indel) realignment using the

Genome Analysis ToolKit IndelRealigner; and (3) base qualities recalibration using Genome

Analysis ToolKit TableRecalibration. Variant detection and genotyping were performed

using the UnifiedGenotyper tool from Genome Analysis ToolKit v1.529.23, ‡ Variant data

for each sample were formatted (variant call format .vcf) as “raw” calls that contained

individual genotype data for one or multiple samples, and flagged using the filtration walker

(Genome Analysis ToolKit) to mark sites that were of lower quality and potential false

positives (e.g., quality scores (≤50), allelic imbalance (≥0.75), long homopolymer runs (>3),

and/or low quality by depth (<5)). Variant data were annotated using the SeattleSeq

Annotation Server.

†http://bio-bwa.sourceforge.net/, last accessed March 5, 2013.
‡http://www.broadinstitute.org/gatk/, last accessed March 5, 2013.
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Exome data analysis for single nucleotide variants (SNVs) and small indels

The exome definition was based on consensus coding sequence (CCDS 2009) of the human

reference genome (hg19/GRCh37). All rare missense variants were viewed using the

Integrative Genomics Viewer 1.5.37.24 In our effort to search for pathogenic MH variants in

novel genes using exome sequencing, we adapted a filtering strategy that has been

successful for other Mendelian disorders.25,26 This method works particularly well for SNVs

and indels. We performed the following steps for each family. Our starting set included all

genotypes with sufficient coverage (>7x) which differed from the reference homozygous

genotype. Of these genotypes, we took those shared among all cases in that family. Next we

removed all synonymous and intronic, nonsplice variants, which are least likely to cause this

phenotype, based on the known coding mutations. To filter out variation that was too

common to be highly penetrant for MH, we removed single nucleotide polymorphisms

reported in the Single Nucleotide Polymorphism Database (dbSNP) 13127 or 1,000

Genomes28 phase 1 to have a minor allele frequency above 1%. We then looked at all

remaining variants in RYR1 and CACNA1S. If these genes were devoid of variants, we

would then look for genes which harbored a variant in more than one family. The Integrative

Genome Viewer (Broad Institute, Cambridge, MA) was used to graphically display the

sequence variants for inspection.24, §

Confirmation and segregation analysis of potentially causative variants

The presence of potentially causative variants was confirmed using conventional Sanger

sequencing of genomic DNA, which was also used for segregation analysis of the variant

within the family.

Conservation score analysis

For each base position in the exons of RYR1 and CACNA1S, we compared several

conservation and protein change scores, described briefly here. The genomic evolutionary

rate profiling (GERP++) score is a measure of evolutionary constraint at each base derived

by aligning 29 mammalian genomes and comparing the observed to expected rejected

substitution rate,29,30 where negative scores indicate a lack of conservation and high positive

scores indicate strong conservation among multiple species. PhastCons is a conservation

score that uses a phylogenetic hidden Markov model to generate a probability that a base-

pair is located in a region that conforms to a conserved model.31 The Grantham score is a

measure of similarity between two distinct amino acids based on chemical properties, taking

polarity and stericity into consideration.32 PolyPhen2 is a method for predicting the potential

damage that a sequence change will have on a protein. It takes into account both the

likelihood of the sequence change based on homologous sequences, as well as its effect on

the structure of the protein.33

The PhastCons and Grantham scores cited here were generated by the SeattleSeq Annotation

Server 134.** GERP++ scores were pre-calculated by the Sidow group for chromosomes 1

and 19.†† PolyPhen2 scores were generated through the batch-query interface on the

§http://www.broadinstitute.org/igv/, last accessed on March 5, 2013.
**http://snp.gs.washington.edu/SeattleSeqAnnotation134/, last accessed on March 5, 2013.
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PolyPhen2 server version 2.2.2. ‡‡ Graphs and histograms displaying the conservation

scores were generated using R (R Foundation for Statistical Computing, Vienna, Austria).34

Results

In a few filtering steps, we reduced the number of potential candidate variants from 6-7

thousand to 1-2 dozen (table 1). At this point, a quick scan of the known genes revealed that

each of the four families had a rare missense variant in either RYR1 or CACNA1S (table 2).

These exact variants are neither among the 30 known pathogenic variants, nor seen in the

literature or in variant or exome databases, but alternate base substitutions at two of the

same positions in RYR1 have been reported as potential pathological variants in the

literature.35

Follow-up analyses found that the variant in family A had not been detected by the Sanger

sequencing because the mRNA for the RYR1 fragment containing exon 91 had been of

insufficient quality to amplify during the polymerase chain reaction. Sanger sequencing had

been complete for the samples from the other families but the original software base call

(Gap4, Medical Research Council Laboratory of Molecular Biology, Cambridge, United

Kingdom)36, §§ at each of the relevant cDNA positions was homozygous reference (fig. 1).

The Integrative genomics viewer plots from the next-generation sequencing, however, show

highly consistent reads at each location, with a near-perfect split of 49-51% of all calls

representing the non-reference allele (fig. 2). This gives strong support for a heterozygous

genotype at these loci, which is consistent with autosomal dominant inheritance. To ensure

that these were not false positive sequencing results, we confirmed the presence of each

variant using direct sequencing of genomic DNA and the electropherogram for the index

case of Family A is shown in figure 3. We then genotyped the familial variant in all

previously IVCT-tested family members where genomic DNA was available and

segregation of the variants with IVCT status is shown in figure 4 for families A, B and C. In

family G only two MH positive individuals have been screened for the variant. For each

RYR1 variant there was complete segregation but for the variant in CACNA1S there were six

IVCT positive individuals who carried the variant, seven IVCT negative individuals who did

not carry the variant and one IVCT negative individual who did carry the variant. The IVCT

results for the discordant individual and his father who carried the variant are shown in

figure 4. To calculate the likelihood that a pedigree could have appeared the way it does by

chance, we calculated each family’s logarithm of odds (LOD) score, using the software

package Statistical Analysis for Genetic Epidemiology.*** A LOD score is the base 10

logarithm of the odds that a pedigree’s inheritance pattern occurred by chance

recombination. For example, a LOD score of 3 indicates a 1 in 103 (or 1,000) odds of seeing

the observed cosegregation of the trait and marker by chance. In order to perform these

calculations, certain assumptions were made regarding the disease model: the mode of

inheritance is autosomal dominant, the minor allele frequency for each disease allele is 1 ×

10−6, penetrance is 0.99, and the sporadic rate of disease in noncarriers is 1 × 10−4.

††http://mendel.stanford.edu/SidowLab/downloads/GERP/hg19.GERP_scores.tar.gz, last accessed on March 5, 2013.
‡‡http://genetics.bwh.harvard.edu/pph2/bgi.shtml, last accessed on March 5, 2013.
§§http://staden.sourceforge.net/, last accessed March 5, 2013.
***http://darwin.cwru.edu/sage/, Statistical Analysis for Genetic Epidemiology 6.3 [2012], last accessed May 31, 2013.
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Although we had to make an assumption of disease allele frequency, the LOD scores were

robust to variations in this frequency. In addition, positive MH status was indicated by either

MH equivocal or MH susceptible IVCT results, in accordance with the European MH Group

IVCT protocol. The LOD score was 1.32 for Family A, which corresponds to an odds of

approximately 1 in 20. The LOD scores for Family B and Family C were much higher, at

2.52 and 2.12, which correspond to odds of less than 1 in 100. These high LOD scores are

strong evidence that the variants we found are the causal variants or cosegregate with the

causal variants in these families. The LOD score for Family G was much lower at 0.61,

which is only a 1 in 4 odds. This is due to the fact that the three genotyped MH equivocal

and susceptible individuals appeared within only one branch of the family, rendering the

MH negative individuals in the other branches uninformative.

To provide more information regarding causal RYR1 variants, we analyzed all nonreference

genotypes seen in 5,379 individuals of mixed ancestry from the ESP cohort. The ESP did

not screen for MH status and this cohort can thus be viewed as a population sample. We

found a total of 1,014 different RYR1 SNVs, 1,000 of which were in regions of high

sequence quality (>7x fold coverage). Overall, 948 of these SNVs (94.8%) occurred at a

frequency below 5% and 902 (90.2%) were below 1%. Among the low-frequency SNVs

(<1%), 217 of 902 (24.1%) were synonymous, 312 (34.6%) were missense, 3 (0.3%) were

nonsense, 2 (0.2%) were in putative splice sites, and 2 (0.2%) were in untranslated regions.

Among all 317 deleterious SNVs (defined here as either missense, nonsense, or in a putative

splice site) in RYR1, 127 of 317 (40.1%) were not previously reported in the dbSNP or 1,000

Genomes databases and of these 112 (35.3%) were seen in only 1 individual. Finally, if we

look at this entire cohort, over a third (1,933/5,379 = 35.8%) had one or more potentially

deleterious variants in RYR1. In summary, over a third of all people in our population

sample had at least one protein-coding change in RYR1, and over a third of all protein-

coding changes seen in RYR1 were rare and occurred in only one individual. This high

number of rare protein-changing RYR1 variants in the population may be due to the large

size of RYR1 (154 kb) and might suggest a relatively high de novo mutation rate. Given the

low estimated incidence of MH, it follows that the majority of rare, missense RYR1 variants

in the population are not causal for MH.

In order to help identify causal RYR1 variants, each variant’s conservation and protein

prediction scores were compared. In order to facilitate the visual comparison, each score was

transformed:

The result is a score, s, that is bounded by 0 and 1, with low conservation or benign protein

prediction resulting in a score near 0 and high conservation or damaging protein prediction

resulting in a score near 1. The results for RYR1 exons 6, 24, 49, and 91 and CACNA1S exon

24 are shown (fig. 5). RYR1 exon 6 demonstrates an idealized situation, where a known

pathogenic variant in red has conservation and protein prediction scores that clearly

distinguish it from the ESP exome variants in blue. However, in general, there was no clear

cutoff value that could distinguish between known pathogenic and presumed benign,
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common variants. The pathogenic variants tend to have a distribution of conservation scores

skewed towards the higher end, but the common variants have scores that span the range

(fig. 6).

The distribution of prediction scores for known pathogenic variants versus population

variants occurring at a frequency of ≤1% across the 5379 ESP exomes for GERP++ and

PolyPhen2 2.2.2 scores is shown in figure 6. The GERP++ scores ranged from −10.70 to

5.84 with the average being 0.17 for all variants, and 1.12 for nonintronic variants. While

the ESP variants tend to have a more uniform distribution centered near 0, the 30 European

Malignant Hyperthermia Group pathogenic variants cluster at the higher end. These latter

pathogenic variants had a much higher average of 3.99 GERP++ as well. The scores ranged

from −3.09 to 5.08. Unfortunately, each of these plots demonstrates the difficulty in

choosing a cut-off for any one of these scores as evidence of pathogenicity. In order to

assess the use of all four scores evaluated in this study (GERP++, PhastCons, Grantham,

PolyPhen2), we modeled the relationship between the conservation scores of the ESP and

pathogenic variants using logistic regression. Since the lowest GERP++ score was the only

negative score and a clear outlier, we performed our analysis with and without that variant

and the results were identical. Case/control status was the dependent variable, with GERP+

+, PhastCons, Grantham, and Polyphen2 scores being the predictor variables. In the case of

Polyphen2, when a mutation fell in multiple transcripts and the score differed, the maximum

score was chosen. The regression equation was unable to predict with high sensitivity the

likelihood of pathogenicity for either one of the confirmed mutations, or one of the newly

discovered variants (data not shown).

We also examined the coding sequences of CACNA1S in the ESP exomes. In all, there were

478 SNVs, of which 474 were at high-quality sites. Again, a high proportion of these were

uncommon and rare, with 434 of 474 (91.6%) ESP variants below 1%. Among those below

1% in frequency, 83 of 434 (19.1%) were synonymous, 152 (35.0%) were missense, 4

(0.9%) were nonsense, and 1 (0.2%) was predicted to be in a splice site, thus resulting in 157

rare, deleterious variants. Sixty-four of 157 (38.8%) were not seen in either the dbSNP or

1,000 Genomes, of which 54 (32.7%) were seen in only one individual. Finally, the most-

striking finding in the ESP cohort was that 5,124 out of 5,379 individuals (95.6%) had one

or more deleterious variants in CACNA1S. This is much higher than the proportion seen in

RYR1 (35.8%), which may be unexpected since CACNA1S is half the size of RYR1 (73kb vs.

154kb).

Moving beyond variant counts and gene size comparisons, we turned next to calculating the

average genetic diversity (pi) per base pair for RYR1 and CACNA1S across both populations

included in the ESP dataset.37 This would help understand how diverse these two genes are

compared to the rest of the genome, and whether we would expect to see this much variation

in these genes. When compared to all other genes, we found that both CACNA1S and RYR1

are more diverse than the average gene in either population. Specifically, CACNA1S is more

diverse than 76.8% of genes in African-Americans, and more diverse than 82.8% of genes in

European-Americans; RYR1 was slightly less diverse but exhibited a similar pattern (more

diverse than 78.8% of genes in African-Americans, 74.0% of genes in European-

Americans). These data suggest that both of these genes can be expected to have a large
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amount of natural variation, which likely does not contribute to MH considering the rarity of

the disease.

Discussion

In our search for novel mutations contributing to MH in four families from the United

Kingdom, we detected three rare and likely pathogenic variants in RYR1 and 1 in CACNA1S.

Each of these variants were missed by conventional, automated cDNA Sanger sequencing

methods. Sanger sequencing these two genes in their entirely (using either cDNA or

genomic DNA) is difficult because they are large (154kb and 73kb) and many times the

length of the average human gene (~10-15kb). Also, the finding of a missense mutation on

its own cannot be assumed to be causal. In our sample of 5,379 control exomes, we found

902 nonreference variants in RYR1 and 434 in CACNA1S that were below 1% in frequency,

nearly all of which are presumed to be noncausal for MH. While the variants found in our

families were novel and had not been seen in over 5,000 exomes or in variant databases, the

same could be said for 112 RYR1 and 54 CACNA1S variants seen in the ESP dataset.

However, the frequency data allowed us to quickly narrow our search to just one variant in

each family. The subsequent finding of perfect or near-perfect segregation in each family

confirmed our suspicions and provided strong evidence for their role in MH in these

families.

The variants in RYR1 and CACNA1S could have been missed by Sanger sequencing the

cDNA for a variety of reasons. First, Sanger sequencing for disorders that may be

transmitted as dominant traits such as MH require accurate calling two bases at one position

to call a mutation and even the best software available can sometimes miss a variant, which

was the case in two of our families. In each of these cases, the traces at these newly variant

positions were ambiguous enough to trigger a homozygous-reference genotype call by the

software (Gap4). Upon closer examination of these traces, the minor allele trace could be

seen, but was missed in the automated analysis. In Sanger sequencing, each individual base

position is only covered by one or two sequencing reactions, and the 154kb gene and 15k

cDNA length is large enough that the expense would limits the coverage. Therefore, calls

could easily be missed from one or two poor or noisy sequencing reactions. Meanwhile,

next-generation exome sequencing usually results in dozens if not hundreds of copies of

DNA at any particular base position. This redundancy provides more consistent and

confident calls, which are also less prone to errors of human interpretation. In addition, both

real and artifactual differences may occur between the genomic DNA and cDNA sequences.

Errors may be introduced by the poor fidelity of viral reverse transcriptase, which is an

error-prone step introduced in generating cDNA from muscle tissue mRNA since splice

variants or stop codons that lead to nonsense mediated decay could influence the

amplification of both alleles from the mRNA. There is also the possibility that there are true

differences between the genomic DNA and its mRNA product, but this is controversial.38,39

Schiemann and colleagues have applied next-generation sequencing to successfully uncover

potentially pathogenic RYR1 variants in an MH family, but chose to target 32 candidate

genes for reasons of feasibility, with cost presumably being the primary one. With costs of

whole-exome and whole-genome sequencing decreasing in half every several years, this

technology will be within reach for many research and clinical laboratories very soon. It will
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likely become influential in MH research and diagnosis, but the quality of the informatics

and statistical analysis will help determine the success of its application.

In addition to successfully finding rare variants in RYR1 and CACNA1S in MH families,

next-generation sequencing also has the valuable benefit of discovering variants in new

genes not currently known to be involved in MH pathogenesis. Without a more complete

knowledge of the involved genes and the characteristics of their variants, an effective and

sensitive genetic screening test for MH is impossible. Eventually, developing an inexpensive

and routine genetic screening test could save thousands of patients and families from

invasive studies and unanticipated MH events. Toward this end, we conducted a genome-

wide search and an in-depth analysis of protein prediction and sequence conservation scores

in RYR1. However, the variability of these scores among the 30 confirmed pathogenic

mutations was too great, and our attempts to find a deterministic algorithm to distinguish

pathogenic from nonpathogenic variants were unsuccessful. Since RYR1 is one of the largest

genes in the genome, and since both RYR1 and CACNA1S have a per-base genetic diversity

that is in the top quartile of all genes, many nonpathogenic protein-coding variants can be

expected in the population. To date, only 30 pathogenic mutations have been verified, but as

more are added to this list, our prediction algorithms might improve over time. In addition,

we have not yet modeled the strength of muscle contracture for the known pathogenic

variants, which could enhance sensitivity. Further study into creating useful algorithms to

predict a given variant’s pathogenicity is warranted.

Another issue that deserves attention is that of multiple protein isoforms. Many genes like

RYR1 result in more than one transcript, and the protein prediction scores differ by

transcript. Many of the 30 known pathogenic variants have >90% PolyPhen2 prediction of

pathogenicity for one protein isoform, but not for the other. More basic research needs to be

done on the role each transcript plays and the impact a variant has on each of them.

Finally, there are several unique advantages and disadvantages to using exome and next-

generation sequencing. The main advantages are the breadth and depth of the data. For a

relatively low price, all known protein-coding regions of the genome are included, and each

region is sequenced in often 50-100 fold redundancy. Thus, if a patient with MH does not

have an RYR1 or CACNA1S mutation, a search for a variant in another gene could be

undertaken immediately. Since we and others40 have seen that the average individual has

roughly 10,000 protein-coding nonreference variants, additional methods must be used to

significantly reduce the target region for study, which could include standard linkage

analysis or more complex inherited by descent sharing analysis.41 However, a limitation of

this method is that more complex structural variation, such as copy-number changes

(deletions, duplications), large indels (insertion or deletion of multiple bases), or epigenetic

changes can be missed. If these were present they would require other approaches, such as

array comparative genomic hybridization for copy-number changes or bisulfite sequencing

for epigenetic changes.
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Conclusion

In this study of four MH families, exome sequencing discovered novel coding variants in

either RYR1 or CACNA1S in each of four families. Supporting evidence for their

pathogenicity include the variants’ absence in population variant databases, absence in a

sample of 5,379 exome sequences, and segregation with MH in our pedigrees. They were

clearly present on exome sequencing, but were missed by automated Sanger cDNA

sequencing. As whole exome or whole genome next-generation sequencing becomes

increasingly available, its use on genomic DNA for MH research and diagnostics should be

considered. Our data demonstrate the superior sensitivity of next-generation sequencing

compared to cDNA Sanger sequencing, and the effectiveness of leveraging allele

frequencies from exome sequence data to screen potentially pathogenic variants.
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MS #201301054 – Final Boxed Summary Statement

What we already know about this topic:

• Known variants in the genes for the ryanodine receptor and a calcium channel

are associated with about half of the cases of malignant hyperthermia

• Problems with conventional DNA sequencing can miss certain mutations that

can be detected using newer methods

What this article tells us that is new:

• Exome sequencing of DNAs from four pedigrees associated with malignant

hyperthermia identified novel genetic variant in each

• The increased sensitivity of next-generation sequencing combined with allele

frequency data is a powerful approach to identify rare variants associated with

malignant hyperthermia

Kim et al. Page 14

Anesthesiology. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 1.
Original Sanger sequencingtraces of relevant ryanodine receptor 1 mutations.

Polymerase chain reactionelectropherograms showing sequencing traces from direct

sequencing studies of muscle-derived complementary DNA in probands from three families.

The base calls are those generated automatically by the software, and the arrow indicates the

position of the erroneous homozygousreference base call. A) Trace for Family B proband;

B) Trace for Family C proband; C) Trace for Family G proband.Adenine = A; cytosine = C;

guanine = G; thymine = T.
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Fig. 2.
Rare variants found with exome sequencing.

In these Integrative Genomics Viewer figures, each column represents one position in the

genome. The reference allele (which is color-coded) and amino acid is at the bottom, while

colored bars above indicate the called allele for each read. Gray bar = reference allele;

colored bar = alternate allele. The bar at the top of each column also shows the called alleles,

with the height of each color being proportional to the number of reads at that position,

which in each case were all >19x. A) Rare variant in two malignant hyperthermia
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susceptible subjects from family A at chromosome 19, position 39055674. B) Variant in

twomalignant hyperthermia susceptible subjects from Family B at chromosome 19, position

38957026; C) Variant in onemalignant hyperthermia susceptible subject from Family G at

chromosome 19, position 38993563; D) Variant in twomalignant hyperthermia susceptible

subjects from Family C at chromosome 1, position201031099.

Adenine = A;aspartic acid = D;calcium channel, voltage-dependent, L type, α1S subunit

gene = CACNA1S;cytosine = C; guanine = G;leucine = L;phenylalanine = F; proline =

P;ryanodine receptor 1 gene = RYR1;threonine = T, blue background; thymine = T, white

background; valine = V.
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Fig. 3.
Follow-up confirmatory conventional sequencing trace.

Family A variant chromosome 19, position 39,055,674, complementary DNA position

12,700.Adenine = A; cytosine = C; guanine = G; thymine = T.

Kim et al. Page 18

Anesthesiology. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 4.
Pedigrees of all fourfamilies showing co-segregation of phenotype and genotype

These pedigrees are coded to indicate in vitro contracture test and mutation status. In all

families except for C, all known genotypes were concordant with the phenotype. Circles

represent females and squares males; diagonal line through symbol = deceased; diagonal

arrows indicate clinical reaction. A) Family A; B) Family B; C) Family C. Here, one

individual was discordant between genotype (variant +) and phenotype (MHN). For this

individual and his MHE father the additional boxes provide details of in vitro contracture

test and creatine kinase results: H = tension at 2% halothane; C = tension at 2 millimolar

caffeine; R = onset time for ryanodine contracture test; CK = creatine kinase concentration

in international units per liter (IU/L) (normal < 205); D) Family G.
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malignant hyperthermia = MH; MH equivocal = MHE; MH negative = MHN; MH

susceptible = MHS;negative = −ve; positive = +ve.
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Fig. 5.
Gene conservation scores graphed for RYR1 and CACNA1S exons

GERP++, Grantham, and PhastCons scores are displayed for four RYR1 exons and

oneCACNA1S exon. All scores were scaled to fit within a 0-1 scale on the vertical axis for

ease of viewing. Blue vertical lines mark positions were variants were seen in 5,379 UW

ESP exomes, red vertical lines mark an EMHG causal variant, and orange lines mark a rare

variant found in one of four families in this study. A) RYR1 exon 6, showing two EMHG

pathogenic variants and two UW ESP variants; B) RYR1 exon 91 which has the Family A
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variant; C) RYR1 exon 24 which has the Family B variant; D) RYR1 exon 49 which has the

Family G variant; E) CACNA1S exon 24, which has the Family C variant.

Calcium channel, voltage-dependent, L type, α1S subunit gene= CACNA1S;European

Malignant Hyperthermia Group = EMHG; Exome Sequencing Project = ESP; genomic

evolutionary rate profiling = GERP; ryanodine receptor 1 gene= RYR1; University of

Washington = UW.
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Fig. 6.
Histograms of GERP++ (conservation) and Polyphen2(prediction) scores of RYR1 variants

in the UW ESP and EMHG data sets.

Each of these panels graphs the indicated conservation score for variants in RYR1 from

either a subset of the 5,379 UW ESP exomes or those labeled pathogenic by the EMHG.A)

GERP++ scores for thenonintronic UW ESP exome variants with MAF < 1%. Vertical

dashed line indicates the mean score (1.12) of these 535 variants; B) GERP++ scores for the

30 EMHG pathogenic variants. Vertical dashed line indicates the mean score,3.99; C)
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PolyPhen2 scores for missense UW ESP variants with MAF < 1%.The vertical dashed line

is the mean score (0.726) of these 317 variants; D) PolyPhen2 scores for the 30 EMHG

pathogenic variants.The vertical dashed line is the mean score, 0.997.European Malignant

Hyperthermia Group = EMHG; Exome Sequencing Project = ESP; genomic evolutionary

rate profiling = GERP; minor allele frequency = MAF; ryanodine receptor 1 gene = RYR1;

University of Washington = UW.

Kim et al. Page 24

Anesthesiology. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Kim et al. Page 25

Table 1

Identifying Likely Pathologic Variants in Malignant Hyperthermia Families

Filter Family A Family B Family C Subject G

Not homozygous reference 15,259 16,477 15,344 22,973

Missense/Nonsense/Splice Site/Indel 6,499 6,998 6,538 9,220

Not in databases 139 208 132 347

Not in control exomes 7 23 2 103

RYR1 or CACNA1S variants 1 1 1 1

The numbers in each column represent counts of individual exome variants among affected members in each family. The first row indicates the
number of variants in each family that were high quality (>7x coverage), shared by affected members, and were different from the reference
genome. In the lower rows, each cell lists the number of variants that remain after applying the indicated filter.

calcium channel, voltage-dependent, L type, α1S subunit gene = CACNA1S; insertion or deletion = indel; ryanodine receptor 1 gene =RYR1.
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Table 2

Characteristics of Rare Exome Variants

Family code:
Gene Codon AA

change Base Seen
Before?

Poly-
Phen2

Grantham
Score

Phast-
Cons GERP++

A: RYR1 4234 VAL/LEU G > T G > C 0.994 32 1.0 3.07

B: RYR1 1056 ASP/HIS G > C G > A 1.0 81 0.999 2.94

G: RYR1 2627 VAL/MET G > A No 1.0 21 1.0 4.08

C: CACNA1S 1009 THR/LYS C > A No 0.998 78 0.987 5.12

Each row lists the characteristics of a novel rare variant suspected of being pathogenic. The letter to the left of the gene name indicates which
family the variant was found in. All four variants have not been seen in any databases or in 5,379 UW ESP individuals. However, a different base
change has been seen at the same position as the first two variants (Families A and B). The table includes scores that assess predicted protein
change (PolyPhen2 and Grantham) and evolutionary conservation (PhastCons and GERP++), and highlights in bold either maximal scores (e.g.,
1.0 for PhastCons and PolyPhen2) or extreme values.

Adenine = A; amino acid = AA; aspartic acid = ASP; calcium channel, voltage-dependent, L type, α1S subunit gene = CACNA1S; cytosine = C;
exome sequencing project = ESP; genomic evolutionary rate profiling = GERP; guanine = G; histidine = HIS; leucine = LEU; lysine = LYS;
methionine = MET; ryanodine receptor 1 gene = RYR1; threonine = THR; thymine = T; University of Washington = UW; valine = VAL.
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