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Abstract

Dravet syndrome (DS) is a rare, devastating form of childhood epilepsy that is often associ-

ated with mutations in the voltage-gated sodium channel gene, SCN1A. There is consider-

able variability in expressivity within families, as well as among individuals carrying the

same primary mutation, suggesting that clinical outcome is modulated by variants at other

genes. To identify modifier gene variants that contribute to clinical outcome, we sequenced

the exomes of 22 individuals at both ends of a phenotype distribution (i.e., mild and severe

cognitive condition). We controlled for variation associated with different mutation types by

limiting inclusion to individuals with a de novo truncation mutation resulting in SCN1A hap-

loinsufficiency. We performed tests aimed at identifying 1) single common variants that are

enriched in either phenotypic group, 2) sets of common or rare variants aggregated in and

around genes associated with clinical outcome, and 3) rare variants in 237 candidate genes

associated with neuronal excitability. While our power to identify enrichment of a common

variant in either phenotypic group is limited as a result of the rarity of mild phenotypes in indi-

viduals with SCN1A truncation variants, our top candidates did not map to functional regions

of genes, or in genes that are known to be associated with neurological pathways. In con-

trast, we found a statistically-significant excess of rare variants predicted to be damaging

and of small effect size in genes associated with neuronal excitability in severely affected

individuals. A KCNQ2 variant previously associated with benign neonatal seizures is pres-

ent in 3 of 12 individuals in the severe category. To compare our results with the healthy

population, we performed a similar analysis on whole exome sequencing data from 70 Japa-

nese individuals in the 1000 genomes project. Interestingly, the frequency of rare damaging

variants in the same set of neuronal excitability genes in healthy individuals is nearly as high

as in severely affected individuals. Rather than a single common gene/variant modifying
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clinical outcome in SCN1A-related epilepsies, our results point to the cumulative effect of

rare variants with little to no measurable phenotypic effect (i.e., typical genetic background)

unless present in combination with a disease-causing truncation mutation in SCN1A.

Introduction

An important problem in medical genetics is identifying factors that influence the clinical out-

come of Mendelian disease. Patients that carry the same disease-causing variant may develop a

severe form of the disease, a mild form, or show no symptoms at all. Modifier genes represent

one factor that may explain the extent of clinical variability in such cases. While studies in

mice have been successful in identifying genes that modify the phenotypic expression of a

mutant gene [1–3], the search for modifier genes in humans remains challenging. This is due

to the fact that human populations carry genetic variation at many genes that could influence

clinical outcome of monogenic disease, and variants at modifier genes may have no affect on

the phenotype of individuals when not present in combination with the primary gene variant

responsible for the disease [4].

Epilepsy disorders caused by sodium channel mutations represent a disease phenotype that

may be strongly influenced by modifier genes. Truncation mutations in the voltage-gated

sodium channel gene, SCN1A, usually result in Dravet Syndrome (DS)—a haploinsufficiency

syndrome that includes severe progressive seizures and impaired cognition [5]. Most affected

individuals are sporadic cases without affected family members; however, there are known

examples of families in which an SCN1A truncation mutation is transmitted through multiple

generations, with some members exhibiting typical DS, and others with milder epilepsy [6, 7].

Similarly, SCN1Amissense variants often segregate in families in which there are members

with DS, milder forms of epilepsy, and unaffected carriers [8–11]. Studies in mice have

mapped several modifiers of SCN1A, many of which turn out to be genes coding for other ion

channels [3, 12, 13].

The advent of next-generation sequencing technology has led to new approaches to iden-

tify modifier genes. A good example is the use of exome sequencing to identify a rare genetic

modifier of clinical outcome in cystic fibrosis, which is commonly caused by variants in the

cystic fibrosis transmembrane conductance regulator (CFTR). Emond et al. [14] sequenced

the exomes of individuals at both ends of a phenotype distribution and identified DCTN4 as

a modifier of chronic Pseudomonas aeruginosa infection in cystic fibrosis. Because the fre-

quency of alleles that contribute to the trait are enriched in one or both phenotypic

extremes, a modest sample size can potentially be used to identify novel candidate genes

and/or alleles.

In this study, we employ an extreme phenotype approach to search for genetic modifiers

in a cohort of Japanese patients with SCN1A truncation-related epilepsy. We identified 22

patients with either mild or severe clinical expression as determined by cognitive and motor

skills. We then sequenced the exomes of these patients and searched for common variants

that were enriched in either the mild or severe phenotypic classes. We also performed rare

variant burden tests to look for phenotypic associations with aggregates of variants across

the exome. While we did not identify a single major modifier locus, our results suggest that

rare pathogenic variants of small effect size in genes associated with neuronal excitability

may tip the balance toward mild or severe clinical outcome in children with SCN1A trunca-

tion mutations.

Rare variants and clinical outcome
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Material and methods

Patients

We previously described a cohort of 285 patients with SCN1A-positive Dravet Syndrome [15]

for which we had detailed clinical data that was collected by pediatric neurologists between

September 2014 and September 2015. Referring physicians classified 176 of these 285 DS patients,

as well as 12 other epilepsy patients with SCN1A variants, in one of five categories (normal, bor-

der, mild, moderate and severe) on the basis of intellectual and developmental quotient (IQ and

DQ) assessment tests (Tanaka-Binet, WISC-IV, Enjoji Scale of Infant Analytical Development,

Kyoto Scale of Psychological Development 2001, Kinder Infant Development Scale, and Tsumori-

Inage Infant Mental tests), which varied by age of child. Five categories correspond to the follow-

ing scores: IQ/DQ�85 normal, 70*84 border, 50*69 mild, 25*49 moderate,�24 severe. It

was also noted as to whether patients were bedridden/wheelchair bound, or whether they could

walk and/or run. For this study we chose patients that: 1) were heterozygous for a truncation vari-

ant in SCN1A (nonsense, microdeletion, and frameshift), and 2) were classified in the opposite

end of the phenotypic spectrum. We chose 12 of the most severely affected patients—those that

were classified as severe in the shortest times after seizure onset (age range 57–150 months), and

12 of the most mildly affected patients—those that remained mild (i.e., normal, border or mild)

for the longest period of time after seizure onset (age range 68–267 months). The parents of each

of these patients provided signed informed consent using a protocol approved by the Ethics

Review Committee of Fukuoka University, and all research was approved by the Institutional

Review Board of the University of Arizona. When we resurveyed physicians in 2016, two mild

patients progressed to moderate and severe phenotypes. The patient with severe phenotype quali-

fied for inclusion in our severe group, and the patient with intermediate phenotype was excluded

from further analysis. A possible limitation of this study is the small sample of patients with mild

phenotype (see below).

Exome sequencing

Whole exome sequencing was performed by array capture of 50 Mb of exome target sequence

using the Agilent SureSelectXT Human All Exon V5 enrichment kit followed by paired-end

sequencing (100 bases each read) on an Illumina HiSeq 2500. Sequences were trimmed with

trimmomatic, v.0.32 (Bolger et al., 2014) and then aligned to the human genome (GRCh37)

using Burrows-Wheeler Aligner, v.0.7.9a (Li & Durbin, 2010). Base quality recalibration, indel

realignment, and calling of SNVs and small indels were performed using the Genome Analysis

Toolkit, v.3.3–0, as previously described (McKenna et al., 2010). Variants were annotated

using SnpEff v. 3.4 (Cingolani et al., 2012) with gene annotations made against Ensembl release

73. Previously known variants were annotated with their allele frequencies from the 1000

Genomes Project (www.1000genomes.org/data), the NHLBI GO Exome Sequencing Project

(ESP) 6,500 samples release (http://evs.gs.washington.edu/evs/), and the Exome Aggregation

Consortium (ExAC) release 0.3 (ftp://ftp.broadinstitute.org/pub/ExAC_release/).

Filtering variants

The mean coverage over the exon target regions was between 46- and 89-fold for the 22 sam-

ples, with ~81–95% of RefSeq exonic base positions covered at least 20-fold. Genotypes were

recorded at 460,528 sites, both inside and outside the target regions, after the removal of sites

where more than 2 individuals had missing genotypes. We searched the 237 candidate genes

associated with neurological excitability listed in Klassen et al. [16] (S1 Table) for variants at

�1% in large public databases of exome sequences (i.e., the ExAC browser). Our coverage for

Rare variants and clinical outcome
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this set of neurotransmitter receptor (n = 88), ion channel (n = 142) and other candidate genes

(n = 7) was between 46-fold and 90-fold for the 22 samples, with ~81–95% of RefSeq exonic

base positions covered at least 20-fold.

To represent the normal Japanese population, we downloaded 70 whole exome BAM files

from the 1000 Genomes Project JPT population [17] and performed variant calling on these

files using the same methods applied to our patient samples. After reviewing coverage over the

237 candidate genes described above, we chose a subset of 22 JPT samples to use in joint vari-

ant calling with our patient samples. This subset was chosen to minimize missing genotypes at

the sites of the moderate or high-impact variants used in the rare variant analysis. The mean

coverage over the target regions of the candidate genes ranged from 80- to 103-fold with ~88–

93% of RefSeq exonic base positions covered at least 20-fold.

Data analysis

We used two approaches to identify variants associated with clinical outcome. In the first

approach, we focused on the genotypes of common (i.e., MAF >1%) variants and performed

Fisher exact tests on genotype counts in the mild or severe phenotypic categories. In the sec-

ond approach, we search for common and/or rare variants aggregated in and around genes

throughout the genome in our exome sequence data. As described in Lee et al. [18], we adap-

tively combined a burden test and SKAT (described in SNP-set Sequence Kernel Association

Test, Wu et al. [19]) to perform gene-based association tests on the WES data to assess the

joint effects of multiple SNPs in a region on a binary outcome phenotypes (mild or severe).

Adjusting for four covariates, age of seizure onset, time since onset (to present for mild, to first

diagnosis of severe for severe), gender and motor delay, we obtain parameter estimates and

residuals for the null model, which assumes there is no genetic association between genetic

variables and outcome phenotypes. In addition, for each region, SKAT analytically calculates a

p-value for association.

We also investigated patterns of rare variation in Klassen et al.’s [16] set of 237 genes related

to neurotransmission. We filtered our variants that were predicted to alter protein function

(i.e., nonsynonymous, stop-gain, stop-loss, frameshift, and splice-junction mutations) and that

were present at�1% frequency in public databases. To filter out apparent false positive hetero-

zygous calls as judged by a skew in allelic balance, we also applied a lower limit of 1% probabil-

ity on the ratio of observed reads from the two alleles under a binomial model.

Choice of a pathogenicity predictor. Several pathogenicity predicting methods are available,

each of which is based on different methods to assess the impact of a given substitution. Our

approach here was to use a statistical procedure to determine the single best pathogenicity pre-

dictor in order to avoid issues associated with a multiple testing procedures. In particular,

because we assess pathogenicity across 237 genes (see below), we wanted to avoid the compli-

cations associated with combining results from multiple predictors and/or the significance

corrections required when performing multiple tests. The Grantham score was one of the first

implemented to predict the effect of an amino acid substitution [20]. This score takes into

account protein properties that correlate best with residue substitution frequencies. Subse-

quently, we considered a variety of strategies to predict pathogenicity. For example, the phyloP

score [21] is derived from a statistical approach based on non-neutral substitution rates on

mammalian phylogenies. SIFT [22] is also based on protein conservation. Combined Annota-

tion Dependent Depletion (CADD) [23] uses a machine learning approach to integrate multi-

ple annotations. Using protein features, PolyPhen-2 [24] predicts damaging effects of missense

mutation via comparisons of a property of the wild-type allele and the corresponding property

of the mutant allele.

Rare variants and clinical outcome
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Because these pathogenicity predictors were assessed over the entire exome, the quality of

their predictions may vary depending on the family of proteins under study. Indeed, from our

previous work on Dravet syndrome [15], we found PolyPhen-2 to be the most reliable predictor.

To certify this formally, we compare the performance of the other three aforementioned patho-

genicity scores against PolyPhen-2 using the area under the curve (AUC) for the receiver-operat-

ing characteristic. Our data were taken from a set of individuals with epilepsy whose pathogenic

mutations were either in the SCN1A (n = 122) [25] or SCN8A gene (n = 111). These were

matched against the list of variants in the ExAC database (n = 346 and n = 248, respectively)

(http://exac.broadinstitute.org). Using scores of the cases and controls for these sodium channel

mutations, the AUC for PolyPhen-2 is 0.798, while the AUCs for the Grantham score and SIFT

algorithms were much lower (< 0.6). For CADD and phyloP, the AUCs were 0.759 and 0.757,

respectively (S1 Fig) To determine the statistical significance of these differences, we used the

DeLong test [26] for paired data sets implemented in the pROC R package (http://expasy.org/

tools/pROC/). The p-values for one-sided tests are 0.025 and 0.038, respectively. A bootstrap

approach produced essentially the same p-values. Hence, in the following analyses we use Poly-

phen-2 to predict whether variants were possibly or probably damaging or benign.

Power analysis

To estimate our power to distinguish phenotypic classes based upon the number of variants

predicted to be benign or damaging, we inferred a reduction in mutational load using a

hypothesis-testing framework, estimating the following parameters. The mean number of

benign or damaging mutations per individual in a given gene set is μ0 for the severely affected

and μ1 for the mildly affected. For samples of size n0 and n1, respectively, we model the number

of mutations as having a Poisson distribution, means θ0 = n0μ0 and θ1 = n1μ1. Consequently,

statistical power can be determined using the Poisson distribution. As a practical matter, we

need to choose a combination of sample size and size of gene set to obtain an estimate of the

total number of mutations equal to the desired value of θ0. For example, if we want to investi-

gate further the role of GABA genes, choride channel genes, or any small gene set, we would

increase the sample size in the study to obtain the desired power.

To illustrate power calculations, we set the sample sizes to be equal in the two groups and

the significance level alpha = 0.01. For perfect classification (benign or damaging) and muta-

tional load half as large for the mild group as in the severe group, we require θ0�30 to achieve

at least 80% power. For mutational load 2/3 as large, we require θ0 to be at least 75. For a more

realistic analysis, assume 10% false negative (classifying deleterious as benign) and 40% false

positives, then the threshold values for θ0 rise to 67 and 216 for the two examples above. This

substantial increase in sample size is necessary to account for misclassified mutation calls or an

improvement in pathogenicity prediction.

Results

Table 1 lists key characteristics of the patients in the study. We chose 22 subjects at opposite

ends of a phenotypic distribution (11 mild and 11 severe) from a large cohort of Japanese

patients with SCN1A truncation variants [15]. During the course of the study the two youngest

patients in the mild category progressed to a more severe phenotype, leaving 9 individuals in

the mild group. One of these patients was then included in the severe group (n = 12). For

severe individuals, the mean time between onset of seizures (mean = 5.2±2.3 months) and the

initial diagnosis as ‘severe’ is 56.3±27.5 months. For the mild patients, the mean time since sei-

zure onset (7.6±3.0 months) and the most recent assessment as ‘mild’ (i.e., length of time

patient remained classified as mild) is 186.1±39.4 months (p-value for difference in seizure

Rare variants and clinical outcome
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onset age = 0.063, t-test, and p = 0.062, Wilcoxon ranked sum test). The 5 males and 4 females

in the mild group had IQ values ranging from 50 to 85 (mean = 64.1±9.9); while the 4 males

and 8 females in the severe group all had an IQ <24. Eleven of the 12 severe patients experi-

enced a motor delay compared with 3 of the 9 mild patients. The approximate positions of the

de novo truncation mutations (10 frameshift, 7 nonsense, 2 microdeletion, and 1 splicing)

within the Nav1.1 channel are shown S2 Fig.

Our analysis of the exome sequences uncovered all of the truncating variants that were orig-

inally identified by PCR and Sanger sequencing in our cohort of 22 individuals, except for the

three cases of microdeletions covering large sections of (or the entire) SCN1A gene (S2 Table).

Considering all other variants in the complete dataset and after filtering for quality, we asked

whether particular variants are enriched in either the mild or severe phenotypic groups. We

did this by performing Fisher exact tests on genotype counts in the two groups. Fig 1A shows

a Manhattan plot of p-values, the smallest of which is associated with an intronic variant in the

eye lens gene, CRYBA4 (p = 1.02 x 10−5). We note that the smallest possible p-value given our

sample sizes is 3.4 x 10−6 (i.e., the case of fixation of opposite genotypes in the two phenotypic

groups). The smallest p-value associated with a non-synonymous variant (ZNF615, p = 5.6 x

10−4), ranked 40th in the list of smallest p-values (Fig 1A). Of the top 40 variants, only 4 were

Table 1. Characteristics of individuals in study.

Mild group Sex Diagnosis IQ motor

delay

Mutation exon

affected

Seizure onset age

(months)

No. months between seizure onset and last

assessment

M1 M DS border 61 N microdel 1~16 6 261

M2 M GEFS+ 50–

75

N nonsense 16 6 189

M3 F DS 70–

85

N nonsense 1 15 180

M4 F DS 50–

70

N splicing intron 5 5 190

M5 M DS 59 Y frameshift 16 8 187

M6 F FS+ 66 N frameshift 23 8 187

M7 F DS 65 Y frameshift 16 7 188

M8 M DS 50 Y frameshift 16 6 189

M9 M DS border 81 N nonsense 2 7 104

Severe

group

No. months between seizure onset and severe

diagnosis

S1 F DS <24 N frameshift 20 6 44

S2 M DS <24 Y frameshift 10 4 39

S3 F DS <24 Y frameshift 2 6 43

S4 F DS <24 Y frameshift 1 6 41

S5 M DS <24 Y nonsense 5 9 48

S6 F DS <24 Y frameshift 11 5 45

S7 M Epilepsy/

ID

<24 Y microdel 1~26 2 59

S8 F DS <24 Y frameshift 10 6 61

S9 M DS <24 Y nonsense 19 2 40

S10 F DS <24 Y nonsense 24 8 47

S11 F DS <24 Y nonsense 17 2 70

S12 F DS <24 Y microdel 1~26 6 138

DS, Dravet syndrome; GEFS+, genetic epilepsy with febrile seizures plus; F, female; M, male.

https://doi.org/10.1371/journal.pone.0180485.t001
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exonic (HYDIN, MACF1, ETNK1 and ZNF615), and only the ZNF615 gene is expressed in

the brain (S3 Table).

Fig 1B shows results of the gene-based association test, in which we find that gene region

FKBP5 on chromosome 6 shows a highly statistically significant association with phenotypic

class (p = 6.2 x 10−7). There are 13 variants in this region in our exome data, 5 of which are

common SNPs (MAF�5%). Importantly, statistical significance was greatly reduced when we

did not include gender as a covariate (p = 1.7 x 10−3), suggesting that sex is an important driver

of this association. We then attempted to adjust covariates to account for potential factors that

can bias SNP effect estimates and to improve statistical power by reducing residual variance

[27]. Given the correlation between severity (mild and severe) and motor delay is 0.612 (Pear-

son and Spearman), we first wanted to ask whether the signal was from one or both of these

covariates. When we switched primary outcome to motor delay and severity to a covariate,

FKBP5 does not show a statistically significant association (p = 0.022). Therefore we excluded

the possibility that the signal from FKBP5 was due to bias from adjusting covariates.

In an effort to detect the causal SNP, we performed a logistic regression using the same four

covariates and computed the contribution of each SNP to the test statistic following the meth-

ods of Lee et al. [28]. The total score statistic using equal weights is 336.7 (mean = 25.9 ± 32.5),

and the partial scores for each SNP showed that nearly half of the signal comes from two

SNPS: rs9348979 and rs79549155 (S4 Table). For these two SNPs, only a single subject in our

Fig 1. Manhattan plot of p-values. (A) Fisher exact tests performed on genotype counts for common

variants identified by whole exome sequencing in the mild versus severe groups. (B) Association tests based

on aggregated sets of both common and rare contiguous SNPs across the exonic regions of the genome. P-

value associated with FKBP5 is indicated with arrow.

https://doi.org/10.1371/journal.pone.0180485.g001
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study carried the minor allele. Moreover, this particular individual in the mild group (M7,

Table 1) has a large residual (-8.84). When we remove M7 from the analysis, the total score sta-

tistic is reduced to 148.4 (mean = 12.4 ± 15.6). This result suggests that our finding of an asso-

ciation between FKBP5 and clinical severity may be biased by inclusion of a single female

individual in the mild group.

We genotyped the intronic FKBP5 T>C polymorphism at rs1360780, which has been iden-

tified in GWAS as risk allele for stress-related disorders [29, 30] (S5 Table). We find a similar

frequency of the three genotypes in the mild and severe groups; however, we note that mild

males have a higher frequency of the T/T genotype (0.40) compared with mild females (0.0).

Severe males (0.25) and females (0.13) have intermediate frequencies of the T/T genotype. If

we compare our data with 1000 Genomes East Asian genotype data [17] at this SNP (fre-

quency = 0.05, n = 504), we find a statistically significantly higher frequency of the T/T geno-

type (p = 0.026; two-tailed Fisher exact test) in our combined DS sample (frequency = 0.19,

n = 21).

We screened the set of candidate genes associated with neurological excitability produced

by Klassen et al. [16] to search for rare, missense variants in our exome data. After filtering for

high quality variants, we limited our search to missense variants that were�1% in the ExAC

browser and then used PolyPhen-2 to predict whether these missense variants were damaging

or benign. Within the 237 genes we found 122 missense variants in our cohort of 21 individu-

als, 52 and 70 of which were predicted to be damaging or benign, respectively (Table 2). We

then asked whether rare damaging missense variants are present at lower frequency in the

mild versus severe groups. The 9 mildly affected individuals carry a total of 18 alleles predicted

to be damaging, while the 12 severely affected individuals carry a total of 46 (Table 2). We

note that all variants were singletons (i.e., present in only 1 copy among the 21 individuals),

except in the case of five variants among severely affected individuals, whereby two individuals

shared a variant at theHTR1A,KCNJ1, KCNJ14 and CACN1B loci, while three individuals

shared the same variant (p.E515D) at the KCNQ2 locus (S6 Table). When we compare the

Table 2. Rare missense alleles predicted to be damaging and benign in 237 neuronal excitability genes.

Damaging Benign

Gene Class # Genes Mild Severe Mild Severe

Cholinergic Receptor Genes 16 3 4 2 3

Dopamine Receptor Genes 5 0 0 2 2

GABA Receptor Genes 20 0 5 3 5

Glycine Receptor Genes 9 0 0 1 0

Ionotropic Glutamate Receptor Genes 14 0 3 1 1

Metabotropic Glutamate Receptor Genes 8 1 3 1 1

Serotonin Receptor Genes 16 3 3 3 3

Voltage-gated Calcium Channel Genes 26 0 6 3 8

Chloride Channel Genes 9 2 1 4 4

Voltage-gated Potassium Channel Genes 50 5 9 5 5

Voltage-gated Sodium Channel Genes 14 1 2 4 7

Calcium Activated Potassium Channel Genes 8 0 0 0 2

Potassium Inwardly Rectifiying Channel Genes 14 2 4 1 0

Twin Pore Potassium Channel Genes 14 0 0 1 1

Cyclic Nucleotide-gated Channel Genes 4 0 1 0 1

Ryanodine Receptor Genes 3 1 4 4 3

Other 7 0 1 0 2

https://doi.org/10.1371/journal.pone.0180485.t002
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number of damaging alleles relative to the number of reference alleles between the two pheno-

typic groups (i.e., 18 versus 918 and 46 versus 1202, respectively), we find a statistically signifi-

cant excess of damaging alleles in the severe group (p = 0.0100, one-tailed Fisher exact test).

This result contrasts with the distribution of benign missense alleles, which are found in

approximately equal frequencies in the mild (35 versus 1225) and severe (48 versus 1632)

groups (p = 0.9111, two-tailed Fisher exact test). The frequency of damaging and benign alleles

in mildly and severely affected individuals is shown in Fig 2A.

To compare the prevalence of rare damaging variants in our DS cohort with that in healthy

populations, we accessed the BAM files for 70 JPT exomes made public by the 1000 Genomes

project [17]. To control for different sample sizes and variant calling methods we processed

the 22 public samples with the fewest missing sites in the 237 genes analyzed above along with

our exome data in a single variant calling analysis. As a result of quality differences between

data sets, we were not able to call all of the same variants that were called when analyzing our

data separately. Within the 237 genes we found 118 missense variants in our cohort of 21 DS

individuals, 46 and 72 of which were predicted to be damaging or benign, respectively

(Table 2). There are 15 and 40 alleles predicted to be damaging in the mildly and severely

affected individuals, respectively; which again results in a statistically significant excess of dam-

aging alleles in the severe group (p = 0.0116, one-tailed Fisher exact test).

We find 160 alleles in the public data, of which 56 and 104 are predicted to be damaging

and benign, respectively. Fig 2B plots the frequency of damaging and benign alleles in our DS

cohort and in the public JPT exomes. Unlike the case in mildly versus severely affected

Fig 2. Frequency of rare missense variants predicted to be damaging and benign in 237 neuronal excitability genes. (A) Mild versus severe group.

(B) Mild, severe and 1000k genomes East Asian exomes. Frequencies were calculated by dividing the number of alternate alleles by the total number of

alleles in each class.

https://doi.org/10.1371/journal.pone.0180485.g002
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individuals in our DS cohort, we find a similar frequency of damaging (56/1804 = 0.031) and

benign (104/3476 = 0.030) alleles in the public data. Moreover, we note that healthy individuals

have an intermediate frequency of damaging alleles (0.031) relative to the frequencies we find

in mildly (0.019) and severely (0.037) affected DS individuals, while all three groups have simi-

lar frequencies of benign alleles (0.029, 0.029, 0.030, respectively).

Discussion

An important goal in human genetics is to identify genetic factors that modulate the clinical

expression of monogenic diseases. Characterization of modifier genes not only leads to a better

understanding of syndrome-specific pathophysiology, it also helps to facilitate novel therapeu-

tic approaches. Much of our current knowledge of the pathophysiology of epilepsy comes

from animal models, many of which were constructed with genetic variants discovered in

humans. Indeed, the observation that phenotype severity in Scn1a+/− mice was strongly depen-

dent on strain background led to the discovery of modifiers in mouse models of DS [3, 31].

Identifying modifier genes in humans has proven to be much more difficult. Anecdotal evi-

dence has pointed to variants in ion channels as modifiers of the severity of the DS phenotype.

Singh et al. [32] suggested that variants in the closely linked SCN9A gene were associated with

increased severity of the disorder, while Ohmori et al. [33] suggested the same for rare variants

in the CACNA1A gene. On the other hand, Gaily et al. [34] proposed that variants in POLG (a

catalytic subunit of mitochondrial DNA polymerase) increase susceptibility for acute encepha-

lopathy in DS.

To perform a more systematic search for genetic variants affecting the severity of DS, we

sequenced the exomes of 22 Japanese patients with SCN1A truncation variants and whose clin-

ical outcomes represented opposite ends of a phenotypic distribution. We chose to restrict our

study to epilepsy patients carrying a truncation mutation in SCN1A to control for the effect of

‘mutation type’ on clinical outcome. Truncation mutations anywhere in the SCN1A gene other

than in exon 26 are predicted to result in nonsense mediated RNA decay and haploinsuffi-

ciency [15]. Unlike missense variants that are present in different functional domains of the

channel and that result in different amino acid substitutions, truncation mutations can be con-

sidered a single “genetic phenotype.” Barring the effects of other factors, truncation mutations

are expected to be associated with a more homogeneous clinical outcome [15]. We also chose

to control for population structure by considering only a single ethnic group. Given that vari-

ants in modifier genes may have little to no effect on the phenotype of individuals that do not

carry a pathogenic variant in a ‘driver’ gene, we reasoned that modifier variants could be pres-

ent as common polymorphisms. By restricting our study to Japanese patients, we had hoped to

minimize the possibility of a loss of power due to the segregation of more than a single com-

mon modifier in the sample. A liability of this approach is that our sample size was limited by

the rarity of patients with haploinsufficiency and mild clinical symptoms.

The first test attempted to identify SNP genotypes that differed in frequency in mildly

affected versus severely affected individuals. Although we had low power, no single genotype

emerged from this analysis, and those that showed the greatest differentiation between pheno-

typic groups were variants in non-coding regions of the exome. The second test sought to

boost power by aggregating sets of contiguous SNPs, both common and rare, and by searching

for a phenotypic association across the exonic regions of the genome. Interestingly, 13 SNPs

positioned across the FKBP5 locus together produced a statistically significant association

when clinical severity was selected as the outcome and gender as a covariate. This association

disappeared when gender was ignored, suggesting that sex-associated factors played a role in

this association. FKBP5 is a co-chaparone of the glucocorticoid receptor and participates in
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regulation of glucocorticoid receptor sensitivity, and variants at this locus have been associated

with risk of post-traumatic psychological sequelae and post-traumatic pain outcome [35, 36].

The intronic SNP rs1360780 in this gene (T allele versus C homozygous) has been shown to be

associated with increased FKBP5 protein levels and prolonged stress hormone activation fol-

lowing a stressor [37]. Stress-induced activation of the hypothalamic-pituitary-adrenal (HPA)

axis leads to compromised GABAergic inhibition in the hippocampus, and to increased neuro-

nal excitability and seizure susceptibility [38, 39]. Interestingly, sex-dependent differences in

the HPA axis stress response are believed to contribute to the different prevalence rates of

stress-related disorders in females and males [40]. We found an increased frequency of the

rs1360780-T allele in our DS cohort relative to an East Asian population, which may be

accounted for by an excess of this allele in males with a mild outcome. However, we also found

that statistical significance was lost when gene-based association analysis was performed after

removing a single female in our cohort, suggesting that that this association may be a false pos-

itive. Further work with a much greater sample size is needed to confirm an association

between variation at FKBP5 and clinical outcome in DS.

In our final test, we searched a set of 237 neurotransmission genes [16] for rare variants

(MAF�1%) in the exome sequences of our epilepsy cohort. Interestingly, we observe a greater

frequency of rare damaging alleles in the severely affected group, while benign alleles show a

similar frequency in mildly and severely affected groups (Fig 2A). The gene classes with the

lowest ratio of damaging alleles between the mild and severe groups (relative to that for benign

alleles) are the GABA receptors and voltage-gated calcium channels. When Klassen et al. [16]

compared exonic region variant profiles for this set of 237 ion channelopathy candidate genes

in a cohort of unaffected individuals and those with sporadic idiopathic epilepsy, they observed

overlapping patterns of both rare and common variants across both populations. They sug-

gested that deleterious ion channel mutations confer uncertain risk to an individual depending

on the other variants with which they are combined, thus revealing a complex allelic architec-

ture underlying personal disease risk. Our results parallel those of Klassen et al. [16] in that we

do not find a single modifier influencing outcome in SCN1A-truncation positive DS; rather we

find that the constellation of rare variants in an individual’s genetic background can tip the

balance toward a mild or severe outcome when coupled with SCN1A haploinsufficiency. Indi-

vidually, each rare damaging variant may not have a clinically significant effect on healthy

individuals. Indeed healthy individuals appear to carry nearly as many damaging rare variants

as severely affected patients with truncation mutations in SCN1A (Fig 2B). This is consistent

with hypothesis that rare pathogenic variants of small effect size in genes associated with neu-

ronal excitability may tip the balance toward mild or severe clinical outcome.

A key difference between studies is that Klassen et al. [16] searched for variants in the gene

(s) responsible for epilepsy, while we searched for modifiers of clinical variability in individuals

with a primary variant known to cause DS. Interestingly, there are no known modifiers that

completely protect individuals with SCN1A truncation mutations, and no SCN1A truncation

variants are present in large public databases of healthy individuals (i.e., without childhood

epilepsy). Because all patients with DS tend to progress from a mild to a severe cognitive phe-

notype [15], the difference between our phenotypic groups—and hence what putative modifi-

ers may be acting upon—are processes that influence the rate of cognitive decline.

In the Scn1a+/- DS mouse model, Hawkins et al. [2] recently performed expression analysis

and identified the GABAA receptor subunit, Gabra2, as a putative modifier gene. They sug-

gested that neurotransmitter receptors modulate the effects of loss of function mutations at

Scna1 by influencing the excitatory/inhibitory balance. Variation at other ion channel genes has

been suggested to modify spontaneous seizure activity and the lifespans of Scn1a+/- mutants [1,

12, 13, 41]. We note that a single variant predicted to be damaging in the potassium channel
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gene, KCNQ2-p.E515D, was found in three of our patients with severe DS (S2, S3 and S8). This

variant has been reported in several families with benign neonatal seizures (BFNE) and is

thought to be a risk allele for epilepsy [42]. There is no evidence that these three patients exhib-

ited signs of BFNE, which usually presents with seizures in the first week of like (e.g., mean sei-

zure onset was 5.3 ± 1.2 months, very similar to the mean of 5.1 ± 2.6 for the other 8 severely

affected individuals). However, it is interesting to note that patients with the KCNQ2-E515D

variant may exhibit a higher rate of intellectual disability than BFNE patients with other

KCNQ2 variants (Lee et al. 2016). Our patients with KCNQ2-p.E515D also differ with respect to

typical EEG and seizure semiology patterns observed in KCNQ2 encephalopathy. For example,

EEGs often show a suppression burst pattern in KCNQ2 encephalopathy, whereas our patients

either had normal EEGs at seizure onset (S2 and S8) or showed hemisphere dominant epileptic

discharges (S3). While KCNQ2 encephalopathy is often associated with epileptic spasms at

onset, our patients exhibited hemiconvulsions (S2), generalized tonic clonic convulsions

(GTCC) triggered by fever (S3), and myoclonus of upper limbs and secondary GTCC (S8), and

went on to develop generalized tonic seizures (S2 and S3) or seizure freedom (S8).

Our finding of a similar frequency of damaging alleles among both healthy individuals and

severely affected individuals in the same set of neuronal excitability genes suggests that the

mildly affected patients have a reduced mutational load. This makes sense in light of the fact

that it is extremely difficult to identify truncation-positive DS patients with a persistently mild

phenotype. Therefore, by culling such individuals from the population at large we may have

unintentionally selected for outliers with fewer damaging rare alleles at these loci. It is tempt-

ing to speculate that that the penetrance of other monogenic disorders may be influenced by

the high prevalence of rare damaging alleles segregating at multiple loci in the human popula-

tion. Indeed, the recent explosive growth experienced by human populations has been impli-

cated in increasing the load of deleterious rare variants, which now play a role in the

individual genetic burden of complex disease risk [43, 44]. We suggest that this process also

may have influenced current clinical outcome in monogenic (oligogenic) disease.

Supporting information

S1 Fig. Receiver operating characteristic for the pathogenicity prediction scores, Poly-

Phen-2, phyloP, and CADD for binary classification of benign versus pathogenic for

SCN1A and SCN8A variants. Benign variants were taken from the ExAC database and patho-

genic variants from Ishii et al. [15].

(TIF)

S2 Fig. Approximate positions of the de novo truncation mutations (10 frameshift, 7 non-

sense, 2 microdeletion, and 1 splicing) within the NaV1.1 channel.

(TIFF)

S1 Table. List of 237 candidate genes associated with neurological excitability in Klassen

et al.

(XLSX)

S2 Table. Truncating variants identified by WES in our cohort of 22 individuals (originally

identified by multiplex ligation-dependent probe amplification (MLPA) and/or PCR-San-

ger sequencing).

(XLSX)

S3 Table. Top 40 variants in Test 1.

(XLSX)

Rare variants and clinical outcome

PLOS ONE | https://doi.org/10.1371/journal.pone.0180485 July 7, 2017 12 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180485.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180485.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180485.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180485.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180485.s005
https://doi.org/10.1371/journal.pone.0180485


S4 Table. SKAT test statistic for FKBP5 SNPs.

(XLSX)

S5 Table. FKBP5 functional SNP genotypes.

(XLSX)

S6 Table. Neuronal excitability gene variant genotypes.

(XLSX)

Acknowledgments

We thank the families for participating and Krishna Veeramah for discussions that inspired

this study.

Author Contributions

Conceptualization: MFH SH AI.

Data curation: AI LJ AT BL RS.

Formal analysis: BH MZ JZ JW.

Funding acquisition: MFH SH.

Investigation: AI.

Methodology: AI LJ BL AT JZ MZ.

Project administration: MFH.

Resources: AI.

Supervision: MFH.

Visualization: MFH.

Writing – original draft: MFH.

Writing – review & editing: MFH JW SH AI.

References

1. Hawkins NA, Kearney JA. Confirmation of an epilepsy modifier locus on mouse chromosome 11 and

candidate gene analysis by RNA-Seq. Genes Brain Behav. 2012; 11(4):452–60. https://doi.org/10.

1111/j.1601-183X.2012.00790.x PMID: 22471526; PubMed Central PMCID: PMCPMC3370141.

2. Hawkins NA, Kearney JA. Hlf is a genetic modifier of epilepsy caused by voltage-gated sodium channel

mutations. Epilepsy Res. 2016; 119:20–3. https://doi.org/10.1016/j.eplepsyres.2015.11.016 PMID:

26656780; PubMed Central PMCID: PMCPMC4698075.

3. Miller AR, Hawkins NA, McCollom CE, Kearney JA. Mapping genetic modifiers of survival in a mouse

model of Dravet syndrome. Genes Brain Behav. 2014; 13(2):163–72. https://doi.org/10.1111/gbb.

12099 PMID: 24152123; PubMed Central PMCID: PMCPMC3930200.

4. Genin E, Feingold J, Clerget-Darpoux F. Identifying modifier genes of monogenic disease: strategies

and difficulties. Hum Genet. 2008; 124(4):357–68. https://doi.org/10.1007/s00439-008-0560-2 PMID:

18784943; PubMed Central PMCID: PMCPMC2911473.

5. Bechi G, Scalmani P, Schiavon E, Rusconi R, Franceschetti S, Mantegazza M. Pure haploinsufficiency

for Dravet syndrome Na(V)1.1 (SCN1A) sodium channel truncating mutations. Epilepsia. 2012; 53

(1):87–100. https://doi.org/10.1111/j.1528-1167.2011.03346.x PMID: 22150645.

6. Guerrini R, Cellini E, Mei D, Metitieri T, Petrelli C, Pucatti D, et al. Variable epilepsy phenotypes associ-

ated with a familial intragenic deletion of the SCN1A gene. Epilepsia. 2010; 51(12):2474–7. https://doi.

org/10.1111/j.1528-1167.2010.02790.x PMID: 21204810.

Rare variants and clinical outcome

PLOS ONE | https://doi.org/10.1371/journal.pone.0180485 July 7, 2017 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180485.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180485.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180485.s008
https://doi.org/10.1111/j.1601-183X.2012.00790.x
https://doi.org/10.1111/j.1601-183X.2012.00790.x
http://www.ncbi.nlm.nih.gov/pubmed/22471526
https://doi.org/10.1016/j.eplepsyres.2015.11.016
http://www.ncbi.nlm.nih.gov/pubmed/26656780
https://doi.org/10.1111/gbb.12099
https://doi.org/10.1111/gbb.12099
http://www.ncbi.nlm.nih.gov/pubmed/24152123
https://doi.org/10.1007/s00439-008-0560-2
http://www.ncbi.nlm.nih.gov/pubmed/18784943
https://doi.org/10.1111/j.1528-1167.2011.03346.x
http://www.ncbi.nlm.nih.gov/pubmed/22150645
https://doi.org/10.1111/j.1528-1167.2010.02790.x
https://doi.org/10.1111/j.1528-1167.2010.02790.x
http://www.ncbi.nlm.nih.gov/pubmed/21204810
https://doi.org/10.1371/journal.pone.0180485


7. Suls A, Velizarova R, Yordanova I, Deprez L, Van Dyck T, Wauters J, et al. Four generations of epilepsy

caused by an inherited microdeletion of the SCN1A gene. Neurology. 2010; 75(1):72–6. https://doi.org/

10.1212/WNL.0b013e3181e62088 PMID: 20484682.

8. Abou-Khalil B, Ge Q, Desai R, Ryther R, Bazyk A, Bailey R, et al. Partial and generalized epilepsy with

febrile seizures plus and a novel SCN1A mutation. Neurology. 2001; 57(12):2265–72. PMID:

11756608.

9. Escayg A, MacDonald BT, Meisler MH, Baulac S, Huberfeld G, An-Gourfinkel I, et al. Mutations of

SCN1A, encoding a neuronal sodium channel, in two families with GEFS+2. Nat Genet. 2000; 24

(4):343–5. https://doi.org/10.1038/74159 PMID: 10742094.

10. Goldberg-Stern H, Aharoni S, Afawi Z, Bennett O, Appenzeller S, Pendziwiat M, et al. Broad phenotypic

heterogeneity due to a novel SCN1A mutation in a family with genetic epilepsy with febrile seizures

plus. J Child Neurol. 2014; 29(2):221–6. https://doi.org/10.1177/0883073813509016 PMID: 24257433.

11. Moulard B, Guipponi M, Chaigne D, Mouthon D, Buresi C, Malafosse A. Identification of a new locus for

generalized epilepsy with febrile seizures plus (GEFS+) on chromosome 2q24-q33. Am J Hum Genet.

1999; 65(5):1396–400. https://doi.org/10.1086/302621 PMID: 10521305; PubMed Central PMCID:

PMCPMC1288292.

12. Hawkins NA, Martin MS, Frankel WN, Kearney JA, Escayg A. Neuronal voltage-gated ion channels are

genetic modifiers of generalized epilepsy with febrile seizures plus. Neurobiol Dis. 2011; 41(3):655–60.

https://doi.org/10.1016/j.nbd.2010.11.016 PMID: 21156207; PubMed Central PMCID:

PMCPMC3035952.

13. Martin MS, Tang B, Papale LA, Yu FH, Catterall WA, Escayg A. The voltage-gated sodium channel

Scn8a is a genetic modifier of severe myoclonic epilepsy of infancy. Hum Mol Genet. 2007; 16

(23):2892–9. https://doi.org/10.1093/hmg/ddm248 PMID: 17881658.

14. Emond MJ, Louie T, Emerson J, Zhao W, Mathias RA, Knowles MR, et al. Exome sequencing of

extreme phenotypes identifies DCTN4 as a modifier of chronic Pseudomonas aeruginosa infection in

cystic fibrosis. Nat Genet. 2012; 44(8):886–9. https://doi.org/10.1038/ng.2344 PMID: 22772370;

PubMed Central PMCID: PMCPMC3702264.

15. Ishii A, Watkins JC, Chen D, Hirose S, Hammer MF. Clinical implications of SCN1A missense and trun-

cation variants in a large Japanese cohort with Dravet syndrome. Epilepsia. 2016. https://doi.org/10.

1111/epi.13639 PMID: 28012175.

16. Klassen T, Davis C, Goldman A, Burgess D, Chen T, Wheeler D, et al. Exome sequencing of ion chan-

nel genes reveals complex profiles confounding personal risk assessment in epilepsy. Cell. 2011; 145

(7):1036–48. https://doi.org/10.1016/j.cell.2011.05.025 PMID: 21703448; PubMed Central PMCID:

PMCPMC3131217.

17. Genomes Project C, Auton A, Brooks LD, Durbin RM, Garrison EP, Kang HM, et al. A global reference

for human genetic variation. Nature. 2015; 526(7571):68–74. https://doi.org/10.1038/nature15393

PMID: 26432245; PubMed Central PMCID: PMCPMC4750478.

18. Lee S, Emond MJ, Bamshad MJ, Barnes KC, Rieder MJ, Nickerson DA, et al. Optimal unified approach

for rare-variant association testing with application to small-sample case-control whole-exome

sequencing studies. Am J Hum Genet. 2012; 91(2):224–37. https://doi.org/10.1016/j.ajhg.2012.06.007

PMID: 22863193; PubMed Central PMCID: PMCPMC3415556.

19. Wu MC, Lee S, Cai T, Li Y, Boehnke M, Lin X. Rare-variant association testing for sequencing data with

the sequence kernel association test. Am J Hum Genet. 2011; 89(1):82–93. https://doi.org/10.1016/j.

ajhg.2011.05.029 PMID: 21737059; PubMed Central PMCID: PMCPMC3135811.

20. Grantham R. Amino acid difference formula to help explain protein evolution. Science. 1974; 185

(4154):862–4. PMID: 4843792.

21. Pollard KS, Hubisz MJ, Rosenbloom KR, Siepel A. Detection of nonneutral substitution rates on mam-

malian phylogenies. Genome Res. 2010; 20(1):110–21. https://doi.org/10.1101/gr.097857.109 PMID:

19858363; PubMed Central PMCID: PMCPMC2798823.

22. Ng PC, Henikoff S. Predicting deleterious amino acid substitutions. Genome Res. 2001; 11(5):863–74.

https://doi.org/10.1101/gr.176601 PMID: 11337480; PubMed Central PMCID: PMCPMC311071.

23. Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, Shendure J. A general framework for estimating

the relative pathogenicity of human genetic variants. Nat Genet. 2014; 46(3):310–5. https://doi.org/10.

1038/ng.2892 PMID: 24487276; PubMed Central PMCID: PMCPMC3992975.

24. Adzhubei I, Jordan DM, Sunyaev SR. Predicting functional effect of human missense mutations using

PolyPhen-2. Curr Protoc Hum Genet. 2013;Chapter 7:Unit7 20. https://doi.org/10.1002/0471142905.

hg0720s76 PMID: 23315928; PubMed Central PMCID: PMCPMC4480630.

25. Meng H, Xu HQ, Yu L, Lin GW, He N, Su T, et al. The SCN1A mutation database: updating information

and analysis of the relationships among genotype, functional alteration, and phenotype. Hum Mutat.

2015; 36(6):573–80. https://doi.org/10.1002/humu.22782 PMID: 25754450.

Rare variants and clinical outcome

PLOS ONE | https://doi.org/10.1371/journal.pone.0180485 July 7, 2017 14 / 16

https://doi.org/10.1212/WNL.0b013e3181e62088
https://doi.org/10.1212/WNL.0b013e3181e62088
http://www.ncbi.nlm.nih.gov/pubmed/20484682
http://www.ncbi.nlm.nih.gov/pubmed/11756608
https://doi.org/10.1038/74159
http://www.ncbi.nlm.nih.gov/pubmed/10742094
https://doi.org/10.1177/0883073813509016
http://www.ncbi.nlm.nih.gov/pubmed/24257433
https://doi.org/10.1086/302621
http://www.ncbi.nlm.nih.gov/pubmed/10521305
https://doi.org/10.1016/j.nbd.2010.11.016
http://www.ncbi.nlm.nih.gov/pubmed/21156207
https://doi.org/10.1093/hmg/ddm248
http://www.ncbi.nlm.nih.gov/pubmed/17881658
https://doi.org/10.1038/ng.2344
http://www.ncbi.nlm.nih.gov/pubmed/22772370
https://doi.org/10.1111/epi.13639
https://doi.org/10.1111/epi.13639
http://www.ncbi.nlm.nih.gov/pubmed/28012175
https://doi.org/10.1016/j.cell.2011.05.025
http://www.ncbi.nlm.nih.gov/pubmed/21703448
https://doi.org/10.1038/nature15393
http://www.ncbi.nlm.nih.gov/pubmed/26432245
https://doi.org/10.1016/j.ajhg.2012.06.007
http://www.ncbi.nlm.nih.gov/pubmed/22863193
https://doi.org/10.1016/j.ajhg.2011.05.029
https://doi.org/10.1016/j.ajhg.2011.05.029
http://www.ncbi.nlm.nih.gov/pubmed/21737059
http://www.ncbi.nlm.nih.gov/pubmed/4843792
https://doi.org/10.1101/gr.097857.109
http://www.ncbi.nlm.nih.gov/pubmed/19858363
https://doi.org/10.1101/gr.176601
http://www.ncbi.nlm.nih.gov/pubmed/11337480
https://doi.org/10.1038/ng.2892
https://doi.org/10.1038/ng.2892
http://www.ncbi.nlm.nih.gov/pubmed/24487276
https://doi.org/10.1002/0471142905.hg0720s76
https://doi.org/10.1002/0471142905.hg0720s76
http://www.ncbi.nlm.nih.gov/pubmed/23315928
https://doi.org/10.1002/humu.22782
http://www.ncbi.nlm.nih.gov/pubmed/25754450
https://doi.org/10.1371/journal.pone.0180485


26. DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under two or more correlated

receiver operating characteristic curves: a nonparametric approach. Biometrics. 1988; 44(3):837–45.

PMID: 3203132.

27. Aschard H, Vilhjalmsson BJ, Joshi AD, Price AL, Kraft P. Adjusting for heritable covariates can bias

effect estimates in genome-wide association studies. Am J Hum Genet. 2015; 96(2):329–39. https://

doi.org/10.1016/j.ajhg.2014.12.021 PMID: 25640676; PubMed Central PMCID: PMCPMC4320269.

28. Lee S, Abecasis GR, Boehnke M, Lin X. Rare-variant association analysis: study designs and statistical

tests. Am J Hum Genet. 2014; 95(1):5–23. https://doi.org/10.1016/j.ajhg.2014.06.009 PMID:

24995866; PubMed Central PMCID: PMCPMC4085641.

29. Binder EB, Salyakina D, Lichtner P, Wochnik GM, Ising M, Putz B, et al. Polymorphisms in FKBP5 are

associated with increased recurrence of depressive episodes and rapid response to antidepressant

treatment. Nat Genet. 2004; 36(12):1319–25. https://doi.org/10.1038/ng1479 PMID: 15565110.

30. Wochnik GM, Ruegg J, Abel GA, Schmidt U, Holsboer F, Rein T. FK506-binding proteins 51 and 52 dif-

ferentially regulate dynein interaction and nuclear translocation of the glucocorticoid receptor in mam-

malian cells. J Biol Chem. 2005; 280(6):4609–16. https://doi.org/10.1074/jbc.M407498200 PMID:

15591061.

31. Rubinstein M, Westenbroek RE, Yu FH, Jones CJ, Scheuer T, Catterall WA. Genetic background mod-

ulates impaired excitability of inhibitory neurons in a mouse model of Dravet syndrome. Neurobiol Dis.

2015; 73:106–17. https://doi.org/10.1016/j.nbd.2014.09.017 PMID: 25281316; PubMed Central

PMCID: PMCPMC4254180.

32. Singh NA, Pappas C, Dahle EJ, Claes LR, Pruess TH, De Jonghe P, et al. A role of SCN9A in human

epilepsies, as a cause of febrile seizures and as a potential modifier of Dravet syndrome. PLoS Genet.

2009; 5(9):e1000649. https://doi.org/10.1371/journal.pgen.1000649 PMID: 19763161; PubMed Central

PMCID: PMCPMC2730533.

33. Ohmori I, Ouchida M, Kobayashi K, Jitsumori Y, Mori A, Michiue H, et al. CACNA1A variants may mod-

ify the epileptic phenotype of Dravet syndrome. Neurobiol Dis. 2013; 50:209–17. https://doi.org/10.

1016/j.nbd.2012.10.016 PMID: 23103419.

34. Gaily E, Anttonen AK, Valanne L, Liukkonen E, Traskelin AL, Polvi A, et al. Dravet syndrome: new

potential genetic modifiers, imaging abnormalities, and ictal findings. Epilepsia. 2013; 54(9):1577–85.

https://doi.org/10.1111/epi.12256 PMID: 23808377.

35. Bortsov AV, Smith JE, Diatchenko L, Soward AC, Ulirsch JC, Rossi C, et al. Polymorphisms in the glu-

cocorticoid receptor co-chaperone FKBP5 predict persistent musculoskeletal pain after traumatic stress

exposure. Pain. 2013; 154(8):1419–26. https://doi.org/10.1016/j.pain.2013.04.037 PMID: 23707272;

PubMed Central PMCID: PMCPMC3699900.

36. Maiaru M, Tochiki KK, Cox MB, Annan LV, Bell CG, Feng X, et al. The stress regulator FKBP51 drives

chronic pain by modulating spinal glucocorticoid signaling. Sci Transl Med. 2016; 8(325):325ra19.

https://doi.org/10.1126/scitranslmed.aab3376 PMID: 26865567; PubMed Central PMCID:

PMCPMC4880036.

37. Sharma S, Powers A, Bradley B, Ressler KJ. Gene x Environment Determinants of Stress- and Anxi-

ety-Related Disorders. Annu Rev Psychol. 2016; 67:239–61. https://doi.org/10.1146/annurev-psych-

122414-033408 PMID: 26442668.

38. Maguire J, Salpekar JA. Stress, seizures, and hypothalamic-pituitary-adrenal axis targets for the treat-

ment of epilepsy. Epilepsy Behav. 2013; 26(3):352–62. https://doi.org/10.1016/j.yebeh.2012.09.040

PMID: 23200771; PubMed Central PMCID: PMCPMC3874873.

39. Sawyer NT, Papale LA, Eliason J, Neigh GN, Escayg A. Scn8a voltage-gated sodium channel mutation

alters seizure and anxiety responses to acute stress. Psychoneuroendocrinology. 2014; 39:225–36.

https://doi.org/10.1016/j.psyneuen.2013.09.018 PMID: 24138934; PubMed Central PMCID:

PMCPMC3989103.

40. Stephens MA, Mahon PB, McCaul ME, Wand GS. Hypothalamic-pituitary-adrenal axis response to

acute psychosocial stress: Effects of biological sex and circulating sex hormones. Psychoneuroendocri-

nology. 2016; 66:47–55. https://doi.org/10.1016/j.psyneuen.2015.12.021 PMID: 26773400; PubMed

Central PMCID: PMCPMC4788592.

41. Kearney JA, Yang Y, Beyer B, Bergren SK, Claes L, Dejonghe P, et al. Severe epilepsy resulting from

genetic interaction between Scn2a and Kcnq2. Hum Mol Genet. 2006; 15(6):1043–8. https://doi.org/10.

1093/hmg/ddl019 PMID: 16464983.

42. Lee IC, Yang JJ, Li SY. A KCNQ2 E515D mutation associated with benign familial neonatal seizures

and continuous spike and waves during slow-wave sleep syndrome in Taiwan. J Formos Med Assoc.

2016. https://doi.org/10.1016/j.jfma.2016.11.009 PMID: 28038823.

Rare variants and clinical outcome

PLOS ONE | https://doi.org/10.1371/journal.pone.0180485 July 7, 2017 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/3203132
https://doi.org/10.1016/j.ajhg.2014.12.021
https://doi.org/10.1016/j.ajhg.2014.12.021
http://www.ncbi.nlm.nih.gov/pubmed/25640676
https://doi.org/10.1016/j.ajhg.2014.06.009
http://www.ncbi.nlm.nih.gov/pubmed/24995866
https://doi.org/10.1038/ng1479
http://www.ncbi.nlm.nih.gov/pubmed/15565110
https://doi.org/10.1074/jbc.M407498200
http://www.ncbi.nlm.nih.gov/pubmed/15591061
https://doi.org/10.1016/j.nbd.2014.09.017
http://www.ncbi.nlm.nih.gov/pubmed/25281316
https://doi.org/10.1371/journal.pgen.1000649
http://www.ncbi.nlm.nih.gov/pubmed/19763161
https://doi.org/10.1016/j.nbd.2012.10.016
https://doi.org/10.1016/j.nbd.2012.10.016
http://www.ncbi.nlm.nih.gov/pubmed/23103419
https://doi.org/10.1111/epi.12256
http://www.ncbi.nlm.nih.gov/pubmed/23808377
https://doi.org/10.1016/j.pain.2013.04.037
http://www.ncbi.nlm.nih.gov/pubmed/23707272
https://doi.org/10.1126/scitranslmed.aab3376
http://www.ncbi.nlm.nih.gov/pubmed/26865567
https://doi.org/10.1146/annurev-psych-122414-033408
https://doi.org/10.1146/annurev-psych-122414-033408
http://www.ncbi.nlm.nih.gov/pubmed/26442668
https://doi.org/10.1016/j.yebeh.2012.09.040
http://www.ncbi.nlm.nih.gov/pubmed/23200771
https://doi.org/10.1016/j.psyneuen.2013.09.018
http://www.ncbi.nlm.nih.gov/pubmed/24138934
https://doi.org/10.1016/j.psyneuen.2015.12.021
http://www.ncbi.nlm.nih.gov/pubmed/26773400
https://doi.org/10.1093/hmg/ddl019
https://doi.org/10.1093/hmg/ddl019
http://www.ncbi.nlm.nih.gov/pubmed/16464983
https://doi.org/10.1016/j.jfma.2016.11.009
http://www.ncbi.nlm.nih.gov/pubmed/28038823
https://doi.org/10.1371/journal.pone.0180485


43. Keinan A, Clark AG. Recent explosive human population growth has resulted in an excess of rare

genetic variants. Science. 2012; 336(6082):740–3. https://doi.org/10.1126/science.1217283 PMID:

22582263; PubMed Central PMCID: PMCPMC3586590.

44. Henn BM, Botigue LR, Bustamante CD, Clark AG, Gravel S. Estimating the mutation load in human

genomes. Nat Rev Genet. 2015; 16(6):333–43. https://doi.org/10.1038/nrg3931 PMID: 25963372;

PubMed Central PMCID: PMCPMC4959039.

Rare variants and clinical outcome

PLOS ONE | https://doi.org/10.1371/journal.pone.0180485 July 7, 2017 16 / 16

https://doi.org/10.1126/science.1217283
http://www.ncbi.nlm.nih.gov/pubmed/22582263
https://doi.org/10.1038/nrg3931
http://www.ncbi.nlm.nih.gov/pubmed/25963372
https://doi.org/10.1371/journal.pone.0180485

