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A founder event causing a dominant childhood epilepsy survives 800 years through weak

selective pressure
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Abstract

Genetic epilepsy with febrile seizures plus (GEFS+) is an autosomal dominant familial epilepsy
syndrome characterised by distinctive phenotypic heterogeneity within families. The SCN1B
€.363C>G (p.Cys121Trp) variant has been identified in independent, multi-generational
families with GEFS+. Despite the variant being present in population databases (at very low
frequency), there is strong clinical, genetic and functional evidence to support pathogenicity.
Recurrent variants may be due to a founder event in which the variant has been inherited
from a common ancestor. Here, we report evidence of a single founder event giving rise to
the SCN1B c.363C>G variant in 14 independent families with epilepsy. A common haplotype
was observed in all families, with the age of the most recent common ancestor estimated to
be approximately 800 years ago. Analysis of UK Biobank whole exome sequencing data
identified 74 individuals with the same variant. All individuals carried haplotypes matching
the epilepsy families, suggesting all instances of the variant derive from a single mutational
event. This unusual finding of a variant causing an autosomal dominant, early-onset disease
in an outbred population that has persisted over many generations can be attributed to the
relatively mild phenotype in most carriers and incomplete penetrance. Founder events are
well established in autosomal recessive and late-onset disorders, but are rarely observed in
early-onset, autosomal dominant diseases. These findings suggest variants present in the
population at low frequencies should be considered potentially pathogenic in mild
phenotypes with incomplete penetrance and may be more important contributors to the

genetic landscape than previously thought.
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Report

Genetic epilepsy with febrile seizures plus (GEFS+ [MIM: 604233]) is an autosomal dominant
familial epilepsy syndrome characterised by distinctive phenotypic heterogeneity. Within
families, a spectrum of phenotypes beginning in infancy or childhood is seen, ranging from
mild (febrile seizures) to severe (epilepsy with myoclonic-atonic seizures and Dravet
syndrome) disorders 2. Phenocopies are frequently observed, particularly individuals with

febrile seizures, which are a common childhood condition 3

. GEFS+ is genetically
heterogeneous with pathogenic variants identified in several genes. The sodium channel
beta-1 subunit gene, SCN1B (MIM: 600235), was the first gene associated with GEFS+ 4, with

pathogenic variants in SCN1B accounting for approximately 8% of GEFS+ families 2.

Penetrance of SCN1B variants has been estimated at 62-76% based on large family studies *°.

The SCN1B c.363C>G (p.Cys121Trp) variant has been associated with epilepsy, and specifically
GEFS+, in at least six independent, multi-generational families 2%7. Despite being present in
control databases, albeit at low frequency (1.4e™ (4 carriers) in gnomAD v2.1.1 8, 1.1e™ (6

carriers) in TopMed (https://bravo.sph.umich.edu/freeze8/hg38/variant/snv/19-35033654-

C-G, accessed 07/07/2022)), the variant meets ACMG guidelines ° for pathogenic/likely
pathogenic classification with strong support coming from in vitro, in vivo and in silico data.
ClinGen Gene Validity Evaluation determined there is moderate evidence to support the

SCN1B-GEFS+ gene-disease relationship (https://search.clinicalgenome.org/kb/gene-

validity/CGGV:assertion 91fb4b50-478b-4e3a-ac8a-a5¢ch7634a492-2022-01-

04T211619.605Z, accessed 08/15/2022). Multiple studies in NaV B1 ¢.387C>G (p.Cys121Trp)

heterozygous mice provide robust evidence of a deleterious gain of function effect 0-12,
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A recurrent variant observed in unrelated individuals or families may result from the variant
arising independently, or may be due to at least one founder event where individuals have
inherited the variant from a common ancestor. Observation of the variant alone does not
inform that distinction: if the variant is de novo in a family, or is present on independent
haplotypes in different families, recurrent mutational events can be assumed. If the variant is
present on a shared haplotype across different families, then a founder effect is likely. Whilst

founder effects are well known for recessive disorders 34 and late-onset dominant

15 16

conditions (e.g. Huntington’s Disease '°, amyotrophic lateral sclerosis '°, breast/ovarian
cancer ), pathogenic variants associated with early-onset dominant diseases rarely show
founder effects, as they undergo purifying selection 8. A practical clinical corollary of this is

that such variants are characteristically absent from ‘control’ databases °. Indeed, this metric

has been powerfully used as a filter to facilitate discovery of novel disease-causing variants

20,21

Here we analyse a cohort of 14 independent families with the SCN1B ¢.363C>G variant for
evidence of a common ancestor to determine whether this recurrent variant arose in a single
common ancestor or by independent mutational events. We demonstrate evidence of a
founder effect in an autosomal dominant, mild childhood onset epilepsy syndrome caused by

the SCN1B ¢.363C>G variant in an outbred population.

Nine Australian families segregating the heterozygous SCN1B c¢.363C>G variant were
identified from the Epilepsy Research Centre database (Table 1, Supplemental Figure S1). The
families were recruited to a long-term study of the genetic basis of epilepsy and were

originally identified because of the family history of seizures. Six families have been previously
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reported >*7. An additional five individuals from the UK, the USA and Australia carrying the

same variant were identified through the Epi25 Collaborative 2°,

All individuals with the SCN1B ¢.363C>G variant included in this study with clinical data
available had epilepsy phenotypes consistent with GEFS+ 2, The family history of epilepsy, if
present, was also consistent with GEFS+. The phenotypes of family members carrying the
SCN1B variant ranged from unaffected at the mildest end of the spectrum to Dravet
Syndrome at the most severe end (Table 1, Supplemental Figure S1). The most common
phenotypes observed in the families were febrile seizures and febrile seizures plus. Twelve
individuals known to carry the SCN1B ¢.363C>G variant had no known history of seizures.
Limited clinical data was available for families M and N: The proband of family M was
recorded as having non-acquired focal epilepsy, and the proband of family N was recorded

only as “epilepsy”.

No genealogical link could be made between the families despite being able to trace five
family pedigrees back to at least the early 1800s, although a common haplotype had
previously been noted between families A and F . Of the nine Australian families, six
originated from the British Isles prior to immigrating to Australia (Table 1). The countries of
origin of the remaining families were unknown but all were self-reported to be of white

European origin.

Forty-four individuals were genotyped for the same 573,453 genome-wide SNPs

(Supplemental methods). Genotyping quality was high with all samples achieving SNP
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genotyping call rates >98%. Datasets were harmonised to the GRCh37/hg19 HRC reference

genome and merged for quality control checks, ancestry and identity by descent analyses.

Principal component analysis performed with the 1000 Genomes Project Data set as the
reference showed that all individuals clustered with European population samples, with the
closest sub-populations being the British (GBR) and Utah residents (CEPH) with Northern and

Western European ancestry (CEU) populations (Supplemental Figure S2).

Relatedness between all sample pairs both within and between families was estimated by
Identity by descent (IBD) analyses using KING 22 and TRIBES 23, We did not identify any cryptic
relationships between individuals from different families, with up to 7™ degree relatives
reportedly detectable by TRIBES. Genetically inferred sex and within family relationships

verified the accuracy of clinical and pedigree records.

To explore whether the variant may still have arisen from a common ancestor (i.e. a founder
effect) despite lack of evidence to support interfamilial relationships, we reconstructed the
chromosome 19 haplotype using phased SNP data either side of the SCN1B ¢c.363C>G variant
for each family. A core ancestral haplotype spanning approximately 260 kilobase pairs (kb),
or 0.5 centiMorgans (cM), was shared by all 14 families at chr19g13.11 (chr19: 35,298,500 —
35,559,474 (hg19), Figure 1A and Supplemental Figure S3). Beyond the core 0.5 cM region,
shared haplotypes between any two families ranged from approximately 630 kb to 6.9
megabase pairs (Mb) (Figure 1A). No alternate rare variants (i.e. putatively pathogenic) were

detected along the ancestral haplotype and shared across families.
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Haplotype age was estimated using an algorithm that predicts the age of the most recent
common ancestor based on the lengths of shared regions utilizing recombination rates 2. The
age of the most recent common ancestor of these 14 families was estimated to be 31.2
generations (95% confidence interval 14.2-70.4 generations), or approximately 800 years (95%

confidence interval 355 years-1760 years) assuming 25 years per generation.

Twenty-four SNPs representing the core 0.5 cM ancestral haplotype that are not in linkage
disequilibrium (r? < 0.1; Supplemental Table S1) were used to determine the population
frequency of the core ancestral haplotype in the 1000 Genomes Project European populations
25 yvia LDLink 2°. This established the haplotype frequency to be 0.7% in all European cohort
samples and 1.3% in samples of British and Western European origin (GBR and CEU 1000
Genomes populations combined). This haplotype was not present in any of the non-European

populations represented in the 1000 Genomes Project.

To further investigate the frequency of the SCN1B c.363C>G variant in the British population,
whole exome sequencing and imputed SNP data from the UK Biobank %’ were accessed
through project ID 36610. The ¢.363C>G variant was present in 0.039% of individuals in the
European cohort of the UK Biobank with WES data available (74/188,663 unrelated
individuals). There were no homozygous carriers. The 74 variant carriers were unrelated
(kinship coefficient < 1/2%/2)) as reported by the UK Biobank 2”. All 74 individuals self-reported
their ethnic background as British, Irish or “any other white background”. This equates to an
allele frequency of 2.0e* (compared with the allele frequency of 1.4e observed in gnomAD
(v2.1.1) & Odds ratio 13.9, 95% Cl 5.1-37.9). This difference in frequency may reflect the

different distribution of ethnicities represented in the two databases, and suggest that the
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variant is more concentrated in the British population. We note that the frequency of the
variant observed in the UK Biobank data (0.039%) is far less than the frequency of the
haplotype observed in the 1000 Genomes Project data (1.3%). This is consistent with the
mutation event occurring on a haplotype already present multiple times within the

population.

We evaluated the genetic risk of the variant by using clinical data from hospital and GP
records from the UK Biobank. General practitioner (GP) and hospital records were available
for 34 and 66 of the 74 variant carriers respectively and were examined for enrichment of
seizure-related codes. All ICD and READ codes associated with any seizure phenotype were
captured. The mean age of first hospital and GP records available were 54 and 28 years
respectively. Five of the 74 individuals had relevant codes recorded: two referred to
childhood epilepsy or convulsions (ascertained from GP records), while the remaining three
indicated epilepsy or convulsions in the 6M-8™" decades of life with limited data available

(ascertained from hospital records).

The odds ratio (OR) estimate for the UK Biobank was low (OR 2.8, 95% Cl 1.1-7.0) suggesting
the variant was a weak/moderate risk allele but still higher than the current highest reported
OR in GWAS for febrile seizures (OR 2.09 %8). However, we have low confidence in this
calculation and think it is a gross under-estimate, as childhood seizures in these individuals,
aged over 40 years at the time of recruitment 27, will be greatly under-reported due to
childhood seizures having been missed, forgotten or not captured in the medical records 2°3°
In addition, the frequency of any type of seizure captured in the UK Biobank records was 2.8%,

compared with population estimates of convulsive disorders of 10% 3! and febrile seizures
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were noted in only 0.05% (compared with repeated epidemiological estimates of 2-5% 332).
Further, the penetrance for seizures in our multigenerational families is approximately 70%.
Thus, the absence of childhood data available for UK Biobank participants limits conclusions

regarding the penetrance or effect size of the variant being drawn from this data.

Sixty-six UK Biobank variant carriers (89%) shared the full 0.5 cM core ancestral haplotype
found in the 14 epilepsy families (Figure 1B, Supplemental methods). The remaining eight UK
Biobank variant carriers shared smaller regions of the core haplotype ranging from 0.19 cM
to 0.48 cM. All 74 individuals also shared segments of the extended haplotype with the

original 14 families outside the core haplotype region (Figure 1B).

The identification of a shared chromosomal haplotype in 14 epilepsy families and 74 UK
Biobank samples is consistent with a single common ancestral origin for the SCN1B c.363C>G
variant. The most recent common ancestor of the 14 epilepsy families is estimated to have
lived approximately 31 generations, or 800 years, ago. The age of this common founder
suggests the variant arose prior to white settlement of Australia in the late 1700s. The
additional finding that this variant is present in the European cohort of the UK Biobank at 14
times the frequency seen in the gnomAD database, together with the ancestral origins of the
epilepsy families, supports a British origin of the variant, which subsequently spread through

settlement of Australia and the USA following the migration of individuals from Britain.

While there are a small number of entries for this variant in public repositories (four entries
in gnomAD 2 and 12 entries in ClinVar 33 (accessed 04/11/2022)), there are only a small

number of other reports in the literature 3*3¢, Limited clinical details and ethnicities regarding
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these individuals are provided or not known. Given the frequency of this variant observed in
the UK Biobank, it may be somewhat surprising that there are not more individuals or families
reported. However, as carriers of this variant may be unaffected or have predominantly mild
phenotypes, these individuals may be less likely to access genetic testing than those with
more severe epilepsies and therefore remain undetected, or variants detected through

clinical testing may not be reported in the literature.

There are no reported homozygous carriers of the SCN1B ¢.363C>G variant, and no
homozygous haplotype carriers were observed in our epilepsy families or the UK Biobank
variant carriers. However there are a growing number of reports of other SCN1B variants in
the homozygous state 3’. The phenotype in these patients is usually more severe than the
phenotypes seen in the ¢.363C>G families. Most of the homozygous patients were the
product of consanguineous unions with two of the variants being recurrent within the same
ethnic population, suggesting another possible founder effect. SCN1B is now recognized as
one of a growing list of genes that can cause epilepsy under both autosomal dominant and
recessive inheritance models. Similarly, the homologous NaV B1 variant modelled in mice
(c.387C>G) has a febrile seizure phenotype in the heterozygous state 1° but an epileptic

encephalopathy phenotype in homozygous animals 38,

The incomplete penetrance of the ¢.363C>G variant and its presence in population databases
raises the interesting question of whether this is a risk allele rather than a Mendelian variant
with incomplete penetrance. These two concepts lie at different ends of a spectrum of genetic
variant effect sizes with limited guidance regarding how these terms should be applied and

where the line should be drawn 3°. The ClinGen Low Penetrance/Risk Allele Working Group
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currently propose using risk allele to refer to “variants with very low penetrance that do not
manifest in a Mendelian pattern of inheritance”, while low or incomplete penetrance variants
are conceptualized as those “that may have evidence of segregating in a Mendelian pattern”
40 Large family studies facilitate this distinction, and indeed there are many examples of
autosomal dominant epilepsies with incomplete penetrance 3. With the most reliable
penetrance estimates for the SCN1B c.363C>G variant being approximately 70%, coupled with
the functional study evidence, the classification as a Mendelian “variant with incomplete

penetrance” stands, however, we note that this is an evolving spectrum.

Founder variants have typically been identified in specific ethnic populations, populations
with high rates of consanguinity or populations that have undergone significant bottleneck
events. The majority of diseases caused by such variants are autosomal recessive or late-onset
autosomal dominant disorders. While there are some examples of founder events in early-
onset, dominant disorders in outbred populations #+#’, the relative rarity of such examples is
presumably due to their negative effect on reproductive fitness. The finding here of a variant
arising from a single founder event causing an early-onset disease in a highly outbred

population across multiple continents is therefore of particular interest.

The characteristics of the SCN1B ¢.363C>G variant and the associated phenotype may explain
why the variant has persisted in the population over many generations despite causing an
autosomal dominant, childhood-onset disease. Although most new, non-synonymous
variants that are deleterious to human health are rapidly eliminated from the population
through purifying selection %49, variants associated with mild phenotypes (e.g. febrile

seizures), those with incomplete penetrance or causing late-onset disease may be subject to
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weaker selection and therefore reach relatively high population frequencies 8. Conversely,
variants leading to haploinsufficiency are subject to stronger selective pressure than variants
with gain of function or dominant negative effect . It is well established that SCN1B
¢.363C>G causes a gain of function %12 and most carriers present with the mild phenotype of
febrile seizures, which typically resolve by six years of age, or are unaffected. These factors

likely explain its continued presence in the population even after ~800 years.

Our results provide evidence of a common founder for the SCN1B ¢.363C>G (p.Cys121Trp)
variant and estimate the time since the most recent common ancestor. These findings suggest
variants present in the population at low frequencies should be considered potentially
pathogenic in mild phenotypes with incomplete penetrance and may be more important than
previously thought. Such variants may be erroneously dismissed in cohort studies or by

clinical laboratories due to their population frequency.
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Figure titles and legends

Figure 1: Representation of shared haplotype regions around the SCN1B locus

A) Shared haplotype regions identified in the 14 epilepsy families. Family identifiers from
top to bottomare: M, D, C, I, L, E, N, A, K, J, B, H, G, F. Location of the SCN1B ¢.363C>G
variant is shown by the dotted line. Dark orange represents the 0.5 cM core ancestral region
shared by all 14 families. Yellow represents the regions shared by at least two epilepsy
families.

B) Haplotype regions in 74 UK Biobank samples carrying the SCN1B c.363C>G variant that
are shared with the 14 epilepsy families. Red arrows indicate that some individuals may

share longer haplotypes than displayed in the plots.



Table 1: Clinical and demographic details of epilepsy families

Family ID | Number of | Country: State/Region(s) Countries of origin (prior to | Individual phenotypes within
(reference) | indjviduals | of residence immigration to Australia) families
genotyped
Al 17 Australia: Tasmania England, Ireland FS, FS+, FS+ & Abs, MAE
B2 5 Australia: Tasmania England, Ireland FS, FS+
C 1 Australia: Victoria, New England, Ireland, Scotland, | FS
South Wales, Queensland | Switzerland
D 1 Australia: Victoria Unknown FS, TLE
E*4 7 Australia: Victoria England FS, FS+, TLE
F> 4 Australia: South Australia, | England FS, FS+, TLE
Victoria, Queensland
G* 2 Australia: Queensland, England, Germany FS, TLE
Northern Territory

Grinton 15



He® Australia: New South Unknown FS, DS
Wales

I Australia: Victoria Unknown FS, FS+

J Australia: Victoria Unknown FS+, Abs

K UK: Wales Not applicable FS, FIA (possible temporal origin),
TLE, NAFE

L UK Not applicable FS, Myo, Abs, BCS
Generalised and focal discharges
on EEG

M UK: North East Not applicable NAFE

N USA: Texas Not applicable Unknown*

Grinton 16

Abs: Absence; BCS: Bilateral convulsive seizures; DS: Dravet Syndrome; FIA: Focal impaired awareness; FAS: Focal aware; FS: Febrile seizures;

FS+: Febrile seizures plus; MAE: Myoclonic-astatic Epilepsy; Myo: Myoclonic; NAFE: Non-acquired focal epilepsy; TLE: Temporal Lobe Epilepsy

“no ethical approval to obtain additional patient data
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Figure S1: Pedigrees of multigenerational epilepsy families. See Table 1 for references for

previously published families.
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Figure S2: Principal component analysis comparing 14 epilepsy family cohort samples with

the 1000 Genomes Project populations. A) SCN1B epilepsy family cohort samples (yellow)

cluster with the European (EUR) population (pink). B) Within the European cohort, the

SCN1B Epilepsy family cohort samples cluster most closely with the GBR and the CEU

subpopulations.

AFR: African, AMR: Admixed American, CEU: Utah residents with Northern and Western

European ancestry, EAS: East Asian, EUR: European, GBR: British in England and Scotland,

IBS: Iberian populations in Spain, SAS: South Asian, TSI: Toscani in Italia, Fin: Finnish in

Finland.
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gCHROM  "nysmap SNP REF ALT  ancestral
(hg19)
haplotype
19 35,298,500 rs16969747 T C T
19 35,298,961 rs3746236 C T C
19 35,310,791 rs10414962 C T C
19 35,315,264 rs10439133 A C A
19 35,321,775 rs755733 G T G
19 35,328,604 rs77351121 T C T
19 35,329,265 rs10500276 T G T
19 35,329,919 rs17704752 T C T
19 35,337,427 rs71351794 T C T
19 35,339,966 rs749981 G A G
19 35,342,922 rs8106116 T C T
19 35,344,974 rs2546048 T C T
19 35,357,338 rs4806060 T C T
19 35,368,639 rs75107343 T C T
19 35,388,152 rs8113651 A G G
19 35,400,147 rs117738748 G A G
19 35,418,092 rs2651125 G A A
19 35,418,450 rs76499006 G A G
19 35,420,841 rs2546001 G A G
19 35,424,444 rs74413818 C T C
19 35,434,448 rs62122088 A G G
19 35,434,648 rs145945527 T C T
19 35,435,001 rs78688282 C T C
19 35,435,006 rs1345658 A G A
19 35,435,776 rs1053213 G A G
19 35,449,486 rs34687332 T C T
19 35,451,124 rs77771822 C T C
19 35,454,215 rs2546027 T G T
19 35,454,430 rs78090888 G A G
19 35,459,133 rs77981981 C T C
19 35,462,191 rs2546043 G A G
19 35,463,646 rs77396367 C T C
19 35,470,408 rs11084794 G A A
19 35,472,417 rs295771 C T C
19 35,473,576 rs7248217 A G A
19 35,479,913 rs786506 G A G
19 35,480,974 rs55930889 T G T
19 35,482,114 rs7247980 C T C
19 35,486,475 rs12610307 T G T
19 35,496,231 rs117868756 G A G
19 35,503,025 rs67813969 C T C
19 35,504,627 rs7251988 C A C
19 35,506,729 rs2290647 G A G
19 35,510,304 rs73038384 C T C
19 35,520,962 rs67242970 T C T
19 35,527,030 rs111437296 C T C
19 35,530,073 rs16969930 T C T
19 35,531,222 rs41275828 T C T
19 35,536,364 rs8107142 G A G
19 35,545,385 rs73597479 C T C
19 35,556,123 rs2305744 A G A
19 35,557,440 rs1688029 T C T
19 35,559,474 rs11671010 T C T

Figure S3: Core ancestral haplotype identified in 14 epilepsy families
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Table S1: SNPs representing the core 0.5¢cM ancestral haplotype that are not in linkage

disequilibrium (r> < 0.1)



Supplemental Materials and Methods

Genotyping and quality control

Individuals from the 14 epilepsy families were genotyped for the same 573,453 SNPs using
the lllumina Global Screening Array-24 (San Diego, CA, USA) at three different centres (Broad
Institute, USA; Australian Genome Research Facility, Australia; and Erasmus University
Medical Centre, The Netherlands). Datasets were harmonised to the GRCh37/hgl19 HRC
reference genome using GenotypeHarmonizer ! prior to merging using Plink v.1.9.3 2 for
guality control checks. The sex of each sample was genetically inferred and assessed for
concordance with reported sex from clinical records. Principal components analysis to assess
ancestry was performed with the 1000 Genomes Project Data set as the reference using the

GCTA software (version 1.93.2) 3.

Chromosome 19 SNP data was phased using Eagle2 # with the Michigan Imputation server
(Minimac4) °. Haplotypes were compared across families using graphical and analytical

methods with the statistical programming software R (version 4.1.1).

Whole exome sequencing data filtering
Whole exome sequencing data was available from seven families. Variants within the core
ancestral haplotype region that passed quality filtering and were present in gnomAD exomes

less than 100 times were extracted and filtered for variants shared by all individuals.

UK Biobank variant and haplotype analysis
Whole exome sequencing data from the European cohort of the UK Biobank was scrutinized

for the SCN1B c.363C>G variant. 1,263 imputed SNPs (version 3 of the UK Biobank imputed



SNP data) with imputation accuracy 20.9 across a 10.4cM region spanning the chromosome
19 SCN1B locus were phased using SHAPEIT4-4.2.2 to infer haplotypes in variant carriers.

These haplotypes were compared with the haplotypes seen in the epilepsy families.

Ethics statement
This study was approved by the Austin Health Human Research Ethics Committee. Informed
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