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Summary
Objective: Phenotypes caused by de novo SCN1A pathogenic variants are very

variable, ranging from severely affected patients with Dravet syndrome to much

milder genetic epilepsy febrile seizures plus cases. The most important determi-

nant of disease severity is the type of variant, with variants that cause a complete

loss of function of the SCN1A protein (a-subunit of the neuronal sodium channel

Nav1.1) being detected almost exclusively in Dravet syndrome patients. However,

even within Dravet syndrome disease severity ranges greatly, and consequently

other disease modifiers must exist. A better prediction of disease severity is very

much needed in daily practice to improve counseling, stressing the importance of

identifying modifying factors in this patient group. We evaluated 128 participants

with de novo, pathogenic SCN1A variants to investigate whether mosaicism,

caused by postzygotic mutation, is a major modifier in SCN1A-related epilepsy.

Methods: Mosaicism was investigated by reanalysis of the pathogenic SCN1A

variants using single molecule molecular inversion probes and next generation

sequencing with high coverage. Allelic ratios of pathogenic variants were used to

determine whether mosaicism was likely. Selected mosaic variants were con-

firmed by droplet digital polymerase chain reaction and sequencing of different

tissues. Developmental outcome was classified based on available data on intelli-

gence quotient and school functioning/education.

Results: Mosaicism was present for 7.5% of de novo pathogenic SCN1A variants

in symptomatic patients. Mosaic participants were less severely affected than non-

mosaic participants if only participants with truncating variants are considered

(distribution of developmental outcome scores, Mann-Whitney U, P = .023).

Significance: Postzygotic mutation is a common phenomenon in SCN1A-related

epilepsies. Participants with mosaicism have on average milder phenotypes, sug-

gesting that mosaicism can be a major modifier of SCN1A-related diseases.
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Detection of mosaicism has important implications for genetic counseling and can

be achieved by deep sequencing of unique reads.
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1 | INTRODUCTION

De novo pathogenic SCN1A variants are found in the
majority of Dravet syndrome patients.1–4 Dravet syndrome
is characterized by onset in the first year of life, with gen-
eralized or unilateral clonic seizures triggered by fever, ill-
ness, or vaccination as first symptoms. Other seizure types
often develop at a later stage, and prolonged status epilepti-
cus can occur. Psychomotor development slows, usually in
the second year of life, resulting in mild to severe intellec-
tual disability (ID) in most patients. In addition, many
patients experience walking difficulties and behavioral
problems.5–7 Pathogenic variants in SCN1A are also found
in patients with the much milder genetic epilepsy febrile
seizures plus (GEFS+) syndrome or febrile seizures only.4

SCN1A encodes for the a-subunit of a neuronal sodium
channel, Nav1.1 (Figure 1). The main disease mechanism of
SCN1A-related phenotypes is haploinsufficiency, caused by
complete or partial loss of function. Truncating variants are
expected to lead to a complete absence of expression of the
mutant allele and thus to complete haploinsufficiency of
Nav1.1. These variants are virtually always associated with
severe phenotypes8–10; 97.7% of genomic rearrangements
and splice site, nonsense, and frameshift SCN1A variants are
mainly associated with Dravet syndrome.10 The effect of
pathogenic missense variants is more difficult to predict.
Functional studies have shown varying degrees of loss of
function through a lack of sodium current when pathogenic
variants are located in critical regions of the gene (voltage
sensor and/or ion-pore regions).8–12 Most pathogenic mis-
sense variants associated with Dravet syndrome lead to a
complete loss of sodium current, whereas missense patho-
genic variants associated with milder phenotypes, such as
GEFS+, lead to milder disturbances of channel function.10

The location of missense variants is a strong indicator for
the severity of channel disruption. However, it still cannot
predict the effect of the variant on channel function and dis-
ease severity fully.8–10,12 The same is true for physicochem-
ical property changes due to missense variants.8,11

Although type and location of pathogenic SCN1A vari-
ants are a major determinant of disease severity, a signifi-
cant disease variability remains unexplained; a wide
phenotypic variability between patients with Dravet syn-
drome exists,13–15 and variable phenotypes have even been
associated with the same pathogenic variant.2,12,16 These

different SCN1A-related phenotypes may be indistinguish-
able at their first presentation, often leaving parents in great
uncertainty about the future of their children when a patho-
genic SCN1A variant is found early in life. A better predic-
tion of disease severity is very much needed in daily
practice to improve counseling, stressing the importance of
identifying modifying factors in this patient group. Several
modifying factors have already been suggested, such as
variants in the SCN1A promoter region and in 50- and 30-
untranslated regions, and variants in other genes.13,17–20

Moreover, parental mosaicism for the pathogenic SCN1A
variant has been well recognized in cases were mosaic par-
ents of Dravet children show a mild epilepsy phenotype.
This observation suggests that postzygotic pathogenic vari-
ants may be present in a significant percentage of carriers of
de novo pathogenic SCN1A variants and that the percentage
of mosaicism can affect the severity of the disease.21–24

However, these are results from single case reports or stud-
ies aimed at the detection of low-grade parental mosaicism.
A study to investigate the occurrence and effect of high-
grade mosaicism in patients with de novo SCN1A patho-
genic variants themselves has never been reported to our
knowledge. Because mosaicism has been known to influ-
ence expression in other diseases,25 we here investigate
whether mosaicism is a common phenomenon in de novo
pathogenic SCN1A variants, and whether it has a substantial
effect on the severity of the disease. If both are true, then
mosaicism might be a major modifier for SCN1A-related
phenotypes, which can help predict the disease course. We
here describe testing for mosaicism in 128 participants with
de novo pathogenic SCN1A variants, using single molecule

Key Points

• Mosaicism is present in 7.5% of symptomatic
patients with de novo pathogenic SCN1A variants

• Patients with mosaicism of truncating variants
have on average milder phenotypes than patients
with heterozygous truncating variants, which
makes mosaicism an important modifier in
SCN1A-related phenotypes

• Detection of mosaicism has important implica-
tions for genetic counseling and can be achieved
by deep sequencing of unique reads
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molecular inversion probes (smMIPs) and next generation
sequencing (NGS), to determine the incidence and clinical
effects of mosaicism.

2 | MATERIALS AND METHODS

2.1 | Participants and clinical data

2.1.1 | Participants

A cohort of 128 participants with de novo SCN1A patho-
genic variants was evaluated. Only participants with
(likely) pathogenic SCN1A variants (class 4 and 5) were
included (see Data S1 for more details). Multiplex ligation-
dependent probe amplification (MLPA) was performed in
all patients to exclude deletions or duplications. Because
mosaicism is not expected in inherited pathogenic variants,
we included only participants with de novo pathogenic
variants (confirmed de novo by Sanger sequencing or
NGS, n = 107; presumed de novo [negative family history]
in the absence of parental DNA, n = 21). Because we aim
to improve counseling in patients with SCN1A pathogenic
variants detected in clinical care, all individuals with
pathogenic variants detectable by standard diagnostic pro-
cedures were considered for inclusion. One hundred
twenty-four participants exhibited epilepsy or febrile sei-
zures (Dravet syndrome, n = 106, according to criteria
published previously26). The other 4 participants were
fathers of children with Dravet syndrome (n = 3) and the
oldest member of a GEFS+ family (n = 1), who carried
the same causal SCN1A pathogenic variant as their children
but did not have any seizures themselves. In 2 of these 4
asymptomatic participants and in 2 others, mosaicism was

already suspected based on their diagnostic results (Sanger
sequencing or MLPA), 1 of whom has been described ear-
lier.27 Diagnostic testing in the 4 asymptomatic participants
was only performed after their children were diagnosed, so
one could argue that they should not have been included.
Our main analyses are therefore performed without these
participants, to achieve results applicable to symptomatic
patients, which is clinically most meaningful. We however
repeated the analyses including them, because asymp-
tomatic carriers of pathogenic SCN1A variants have a
higher a priori probability of being mosaic. By including
them in our analyses, we achieve a more complete under-
standing of the effects of mosaicism as a modifier, as it
gives the opportunity to investigate at what grade of
mosaicism symptoms arise.

All eligible individuals known to the University Medi-
cal Center Utrecht were approached, to avoid any selection
bias for milder phenotypes or known mosaic cases.
Informed consent was obtained from participants or their
legal caretakers according to the Declaration of Helsinki.
The study was approved by the Ethical Committee of the
University Medical Center Utrecht.

2.1.2 | Clinical data and statistical analyses

Detailed clinical data were collected from medical records
for all participants, and a semistructured telephone inter-
view was conducted when possible (n = 118). Further-
more, for a subset of participants, based on age, the
PedsQL Measurement Model questionnaire was completed,
to measure health-related quality of life for participants
aged 0-25 years.28 A classification of the developmental
outcome was made, rated in a consensus meeting by a

FIGURE 1 Schematic overview of the
SCN1A protein (alpha unit of the neuronal
voltage-gated sodium channel Nav1.1).
SCN1A consists of 4 domains (DI-DIV),
connected by intracellular loops. Each
domain consists of 6 transmembrane
segments (S1-S6). The S5 and S6 segments
of all domains make up the pore of the
channel, and the connecting loop between
S5 and S6 is the pore loop. The S4
segment is the positively charged voltage
sensor of the protein
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child neurologist, neuropsychologist, and clinical geneticist
who were blinded to the outcome of the mosaicism assess-
ment. Developmental outcome was rated on a 5-point scale
based on available data on intelligence quotient (IQ) and
developmental level, adjusted for age at assessment (1 =
no ID [IQ or developmental quotient (DQ) > 85], 2 = bor-
derline ID [IQ or DQ = 70-85], 3 = mild ID [IQ or DQ =
50-70], 4 = moderate ID [IQ or DQ = 30-50], 5 = severe
or profound ID [IQ or DQ < 30]). When no (recent) IQ or
DQ was available, the assessment was made based on
school functioning, communication, and adaptive behavior.
Differences in outcomes between mosaic participants and
nonmosaic participants were analyzed (Mann-Whitney U
test for cognitive development and age at seizure onset,
Fisher’s exact test for seizure severity and age at first
notice of developmental delay, independent samples t test
for PedsQL results), for symptomatic participants as well
as for the complete group of participants. We furthermore
performed a second analysis for both groups in which only
participants with truncating variants were assessed, to con-
trol for variation in outcomes due to the variant types
themselves. This group comprises patients with frameshift
and nonsense variants, large rearrangements, and splice site
variants leading to frameshifts, all of which can be
expected to lead to a similarly severe channel dysfunction
of SCN1A. This in contrast to missense variants, for which
the precise effects on channel function cannot be accu-
rately predicted.

2.2 | Molecular analyses

2.2.1 | Mosaicism screening by smMIPs and
NGS

All SCN1A exons were captured by smMIPs, as described
earlier,29 and sequenced (see Data S2 for more details).

The resulting data were analyzed using commercial
software (SeqNext module of Sequence Pilot; JSI Medical
Systems, Ettenheim, Germany; see Data S3 for more
details). Reads with the same single molecule tag were
assembled into one consensus read, to correct for poly-
merase chain reaction (PCR) and sequencing artifacts. In
addition, the molecular tag discriminates unique reads from
PCR duplicates, allowing the determination of quantitative
sequence coverage of reads originating from unique DNA
molecules. SCN1A pseudogene reads were removed from
alignment and analysis. The earlier identified pathogenic
variants were located and the percentages of mutated reads
were used to determine whether mosaicism for these patho-
genic variants was likely based on a binomial distribution.
Only pathogenic variants with a coverage of at least 20X
were initially analyzed. Two types of technical artifacts
were identified, and pathogenic variants with a deviating

alternative allele frequency (AAF) influenced by these
were discarded as possible mosaics (see Data S4 for more
details).

2.2.2 | Statistical analysis of smMIP data

We expect true heterozygous variants to follow a binomial
distribution, in which variants with a higher coverage
(number of observations) will have an AAF closer to 0.5.
For each pathogenic variant, a P-values was calculated
(chi-square test), to test whether the AAF deviated signifi-
cantly from 0.5 (see Data S5 for more details).

2.2.3 | Confirmation by droplet digital PCR

Some of the samples with screening results compatible
with mosaicism were reevaluated by droplet digital PCR
(ddPCR; see Data S6).

2.2.4 | Confirmation in other tissues

DNA from buccal cells, saliva, urine, and/or brain tissue
could be obtained for 5 participants who were suspected of
mosaicism based on smMIP screening, and was analyzed
with smMIPs and NGS or ddPCR as described above. No
tissue samples were available for the other mosaic
participants.

3 | RESULTS

3.1 | Statistical analysis of mosaicism
screening by smMIPs

NGS results were obtained for 122 of 128 participants
(Figure 2). The pathogenic variants of 6 participants could
not be detected by smMIPs due to the nature of the vari-
ants (deletions or duplications spanning >1 smMIP, with
no heterozygous single nucleotide polymorphisms [SNPs]
present in that region to deduct possible mosaicism). Nine
other participants did not meet the threshold of 20X cover-
age at the site of their pathogenic variant. The average
unique read depth on the location of the known pathogenic
variant of the 113 remaining participants was 1599X (rang-
ing from 20X to 7320X, median = 1281X).

Fifteen pathogenic variants had P-values below the
mosaicism cutoff. Six were discarded as possible mosaic
variants due to the technical artifacts described earlier.
Among the remaining 9 were 2 pathogenic variants in a
repetitive region with an AAF < 0.5 that were selected for
further testing by ddPCR. This confirmed true mosaicism
in one and disproved it in the other, leaving 8 true mosaic
pathogenic variants. All mosaic participants carried at least
1 neutral SNP with an AAF close to 0.5, excluding
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additional deletions or duplications of SCN1A as the cause
for their deviating AAF.

The pathogenic variant in 1 of the participants for
whom the SNP data were regarded as outliers was an
SCN1A deletion of exon 2-23. Results of diagnostic
genetic testing by MLPA had already suggested mosaicism
for this deletion in 50% of cells. The significantly deviat-
ing AAFs of the SNPs present in this region confirmed
mosaicism (AAF = 0.72-0.75, P = 1.75 9 10�34 to
3.63 9 10�55, Figure 3), thereby raising the number of
mosaic participants detectable by smMIPs to 9 of 113
(7.9%). AAFs of the mutated alleles ranged between 0.10
and 0.39 (Table 2).

As mentioned above, for 9 participants insufficient cov-
erage was reached (<20X), and 14 others had a coverage
<100X. With these read depths, high-grade mosaicism is
virtually impossible to detect at our level of significance; at
100X an AAF of <0.25 is necessary to drop below the P-
value threshold for significance, and at 20X even zero

alternative allele reads only give a P-value of 7.7 9 10�6,
still above the threshold. We therefore reanalyzed 2 low-
coverage pathogenic variants with the lowest AAFs (<0.25)
with ddPCR.

3.2 | ddPCR

ddPCR was used to reanalyze 7 likely mosaic pathogenic
variants detected by NGS, including the 2 poorly covered
pathogenic variants described above. It was not feasible to
design functional ddPCR essays for each likely mosaic
pathogenic variant, so a selection was made based on the
expected specificity of the probes. As mentioned earlier, 1
pathogenic variant in a repetitive region was disproved
(Figure 2). The other 6, including the 2 low-coverage vari-
ants, were confirmed as mosaics (Table 1). This raises the
final number of mosaic participants in our complete cohort
to 11 of 122 (9%). For symptomatic patients only, the inci-
dence is 9 of 118 (7.5%).

FIGURE 2 Flowchart of detected
mosaic pathogenic variants. AAF,
alternative allele frequency; ddPCR, droplet
digital polymerase chain reaction; smMIP,
single molecule molecular inversion probe;
SNP, single nucleotide polymorphism
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3.3 | Sequencing of other tissues

DNA from buccal cells, saliva, urine, and/or brain tissue
was analyzed with smMIPs in 5 mosaic participants. In all
5, mosaicism could be confirmed, in most with similar
AAFs as in blood (Table 1).

3.4 | Read-frame restoring mosaic pathogenic
variant

In 1 participant (Participant 6), not only her known frame-
shift pathogenic variant (insG) was seen at the variant site,
but also a missense variant 3 base pairs upstream, that had
not been identified in diagnostic testing. The known frame-
shift pathogenic variant was present in ~32% of the reads,
and the second variant in ~13% of the reads (Figure S1A),
together accounting for ~50%. No reads were present with
both variants, proving independent haplotypes. We hypothe-
size that at first a heterozygous insG pathogenic variant was
present, and that in a subpopulation of cells this allele
acquired another variant, a delT 3 base pairs upstream. This
leads to restoring of the original reading frame along with a

T>G missense variant, resulting in mosaicism for both the
frameshift and the new missense variant in different cell pop-
ulations (Figure S1B). The missense variant is estimated to
be less severe than the frameshift pathogenic variant. ddPCR
confirmed that both variants were present in <50% of alleles,
with more insG than delT alleles, although no exact percent-
ages can be given because the Poisson statistics implemented
in the software are not appropriate to calculate this in a 3-
allelic situation.

3.5 | Phenotypic features and statistical
analysis of clinical outcomes

Clinical features and molecular details of the 11 mosaic
participants are summarized in Table 1. Two participants
were clinically unaffected. Overall, 54 participants carried
truncating variants, of whom 10 belonged to the mosaic
participants. No statistically significant differences were
seen in disease severity in comparing all symptomatic par-
ticipants (Table 2). However, the mosaic group contained a
much higher percentage of truncating variants (89% vs only
40% in the nonmosaic group). Therefore, we also compared

FIGURE 3 Overview of neutral single nucleotide polymorphisms (SNPs) and pathogenic variants. For each analyzed neutral SNP or
pathogenic variant the percentage of alternative allele and the achieved unique coverage at its location is depicted.
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the outcomes of participants with mosaic and nonmosaic
truncating variants only (Table 2), so our analysis is not
biased by differences in severity based on the variant type
itself. In this group, statistically significant differences

regarding developmental outcome were seen in favor of
mosaic patients (median score = 3 [mild ID] in mosaic par-
ticipants vs median score = 4.5 [moderate to severe ID] in
nonmosaic participants, P = .023 [Mann-Whitney U test]).

TABLE 2 Comparison of outcomes between mosaic and nonmosaic participants in clinically affected patients

Group

All symptomatic patients Symptomatic patients with truncating variants

Mosaic
patients

Nonmosaic
patients Statisticsa

Mosaic
patients

Nonmosaic
patients Statisticsa

Number of participants 9 109 — 8 44 —

Mean age, y 25 19 — 27 15 —

Developmental outcomeb

1, n 1 17 P = .393 (Mann-Whitney
U, U = 409, z = �0.854)

1 1 P = .023 (Mann-Whitney
U, U = 87, z = �2.408)2, n 2 7 2 2

3, n 3 16 3 5

4, n 0 27 0 14

5, n 3 42 2 22

Median score 3 4 3 4.5

Age at first notice of developmental delay, moc

Young, <24 months 2 (25%) 52 (58%) P = .170 (Fisher’s
exact text)

1 (14%) 26 (60%) P = .022 (Fisher’s
exact test)Older, ≥24 months 6 (75%)

(no delay,
n = 1)

38 (42%)
(no delay,
n = 16)

6 (85%)
(no delay,
n = 1)

17 (40%)
(no delay,
n = 1)

Average age at seizures onset, mo

Mean (range) 8.67 (3-24) 6.98 (1-48) P = .294
(Mann-Whitney
U = 571, z = 1.050)

9.25 (3-24) 5.20 (1-11) P = .054 (Mann-Whitney
U = 251, z = 1.941)Median 6 5 7 5

Seizure severityd

Major seizures
often (2-4)

5 (56%) 77 (71%) P = .452 (Fisher’s
exact test)

4 (50%) 37 (84%) P = .051 (Fisher’s
exact test)

Major seizures
rarely (0-1)

4 (44%) 32 (29%) 4 (50%) 7 (16%)

Minor seizures
often (2-4)

5 (56%) 63 (58%) P = 1.000 (Fisher’s
exact test)

4 (50%) 32 (73%) P = .231 (Fisher’s
exact test)

Minor seizures
rarely (0-1)

4 (44%) 46 (42%) 4 (50%) 12 (27%)

Quality of lifee

Completed
questionnaires

n = 4 n = 66 P = .260
(independent
samples t test,
t68 = 1.136)

n = 4 n = 46 P = .087 (independent
samples t test,
t32 = 1.765)Average total

score (range)
67.68 (57-86) 56.02 (13-99) 67.68 (57-86) 52.04 (26-98)

aAll reported tests were performed 2-tailed with an alpha-level for significance of P < .05. Significant P-values are in boldface.
bBased on available data on intelligence quotient (IQ) and developmental level, adjusted for age at assessment. 1 = no intellectual disability (ID; IQ or developmen-
tal quotient [DQ] > 85), 2 = borderline ID (IQ or DQ = 70-85), 3 = mild ID (IQ or DQ = 50-70), 4 = moderate ID (IQ or DQ = 30-50), 5 = severe or profound ID
(IQ or DQ < 30). When no (recent) IQ or DQ was available, the assessment was made based on school functioning, communication, and adaptive behavior.
cNumbers of participants and statistical test results are given for dichotomized scores (young vs older).
dCurrently. 0 = seizure-free, 1 = yearly seizures, 2 = monthly seizures, 3 = weekly seizures, 4 = daily seizures. Numbers of participants are given for dichotomized
scores (score 0-1 = rarely, score 2-4 = often).
eQuality of life total score, based on results of the PedsQL Measurement Model questionnaire.
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TABLE 3 Comparison of outcomes between mosaic and nonmosaic participants (complete cohort including unaffected participants)

Group

All patients Patients with truncating variants

Mosaic
participants

Nonmosaic
participants Statisticsa

Mosaic
patients

Nonmosaic
patients Statisticsa

Number of participants 11 111 — 10 44 —

Mean age, y 28 20 — 30 15 —

Developmental outcomeb

1, n 3 19 P = .126 (Mann-Whitney
U, U = 445. z = �1.530)

3 1 P = .002 (Mann-Whitney
U, U = 88, z = �3.114)2, n 2 7 2 2

3, n 3 16 3 5

4, n 0 27 0 14

5, n 3 42 2 22

Median score 3 4 2.5 4.5

Age at first notice of developmental delay, moc

Young, <24 months 2 (25%) 52 (58%) P = .135
(Fisher’s
exact test)

1 (14%) 26 (60%) P = .039 (Fisher’s
exact test)Older, ≥24 months 6 (75%)

(no delay,
n = 3)

38 (42%)
(no delay,
n = 18)

6 (86%)
(no delay,
n = 3)

17 (40%)
(no delay,
n = 1)

Average age at seizures onset, mo

Mean (range) 8.67 (3-24) 6.98 (1-48) P = .294
(Mann-Whitney
U = 571, z = 1.050)

9.25 5.20 P = .054 (Mann-Whitney
U = 251, z = 1.941)Median 6;

(no seizures,
n = 2)

5;
(no seizures,
n = 2)

7;
(no seizures,
n = 2)

5;
(no seizures,
n = 0)

Seizure severityd

Major seizures
often (2-4)

5 (45%) 77 (69%) P = .174 (Fisher’s
exact test)

4 (40%) 37 (84%) P = .008 (Fisher’s
exact test)

Major seizures
rarely (0-1)

6 (55%) 34 (31%) 6 (60%) 7 (16%)

Minor seizures
often (2-4)

5 (45%) 63 (57%) P = .535 (Fisher’s
exact test)

4 (40%) 32 (73%) P = .067 (Fisher’s
exact test)

Minor seizures
rarely (0-1)

6 (55%) 48 (43%) 6 (60%) 12 (27%)

Quality of lifee

Completed
questionnaires

n = 4 n = 66 P = .260
(independent
samples t test,
t68 = 1.136)

n = 4 n = 30 P = .087
(independent
samples
t test, t321.765)

Average total
score (range)

67.68 (57-86) 56.02 (13-99) 67.68 (57-86) 52.04 (26-98)

aAll reported tests were performed 2-tailed with an alpha-level for significance of P < .05. Significant P-values are in boldface.
bBased on available data on intelligence quotient (IQ) and developmental level, adjusted for age at assessment. 1 = no intellectual disability (ID; IQ or developmen-
tal quotient [DQ] > 85), 2 = borderline ID (IQ or DQ = 70-85), 3 = mild ID (IQ or DQ = 50-70), 4 = moderate ID (IQ or DQ = 30-50), 5 = severe or profound ID
(IQ or DQ < 30). When no (recent) IQ or DQ was available, the assessment was made based on school functioning, communication, and adaptive behavior.
cNumbers of participants and statistical test results are given for dichotomized scores (young vs older).
dCurrently. 0 = seizure-free, 1 = yearly seizures, 2 = monthly seizures, 3 = weekly seizures, 4 = daily seizures. Numbers of participants are given for dichotomized
scores (score 0-1 = rarely, score 2-4 = often).
eQuality of life total score, based on results of the PedsQL Measurement Model questionnaire.
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Mosaic participants furthermore had a later onset of devel-
opmental delay (86% after 24 months vs 40% of nonmosaic
participants, P = .022 [Fisher’s exact test]). A trend for
later seizure onset (median 7 months vs 5 months,
P = .054 [Mann-Whitney U test]) and for lower seizure
frequency of major seizures (50% “rarely” vs 16% “rarely,”
P = .051 [Fisher’s exact test]) was observed in the mosaic
participants compared to nonmosaic participants. Repeated
analyses, including the 4 asymptomatic participants,
showed similar results (Table 3).

4 | DISCUSSION

4.1 | Prevalence of mosaicism in SCN1A
pathogenic variants

Although mosaicism has been detected in many other
genetic diseases caused by de novo heterozygous patho-
genic variants, only a few studies have tried to estimate its
prevalence, which ranges from 3.3% to 30%.30–33 However,
these studies all had different designs and inclusion criteria,
which makes it difficult to compare results. Two studies
are most similar to ours. The first33 found mosaicism in
6.5% of de novo pathogenic variants in severe ID patients.
smMIPs were used in this study as well, but only to con-
firm possible mosaic pathogenic variants with a deviating
AAF, which were detected by other methods. The other
study34 found mosaicism in 0.6%-12.5% of pathogenic vari-
ants in genes related to epilepsy-related neurodevelopmen-
tal disorders, and in 1.3% of SCN1A variants specifically.
Conclusions were based on the results of multigene epi-
lepsy panels or whole exome sequencing. Differences in
sequencing methods could explain the lower prevalences
compared to the current study (mosaicism in 7.5% of
symptomatic patients); by not screening with smMIPs, it is
likely that some (high-grade) mosaic pathogenic variants
were missed. The added value of the single molecule tag to
deduplicate PCR copies is highlighted by our results; with-
out deduplication, 4 mosaic participants show AAFs that
differ significantly from frequencies after deduplication (5,
8, 10, and 15 percentage point differences). At least 2
mosaic participants would not have been identified if not
for the single molecule tag.

By using MIPs with single molecule tags and high cov-
erage, we were able to make very accurate estimates of the
percentages of mosaicism, which were confirmed by
ddPCR. This makes it possible to distinguish high-grade
mosaicism from heterozygous pathogenic variants. Three
of 4 participants in whom mosaicism was already sus-
pected or shown, based on earlier clinical results, were
detected as mosaics. The fourth participant did not meet
our criteria for mosaicism because of low coverage at his
variant site, although sequencing results were still very

suggestive of mosaicism, and further testing by ddPCR
confirmed this. It is possible that more mosaic pathogenic
variants were missed for this reason, because high cover-
age could not be reached for all regions of SCN1A. We
recommend reanalyzing variants that have a strongly devi-
ating AAF but a coverage that is too low to reach statisti-
cal significance, as we did for our 2 variants with an AAF
< 0.25. It is also possible to miss mosaics with relatively
high coverage, as they require higher coverage to be reli-
ably detected. For example, a pathogenic variant with an
AAF of 0.4 can only fall below the confidence interval
(Figure 2) at ~1000X or higher. By assuming that these
variants are heterozygous although there is still a small
possibility that they are actually mosaic, our result of
mosaicism in 7.5% of symptomatic participants might be
an underestimation. Furthermore, it is estimated that 7%-
10% of parents of Dravet syndrome patients are low-grade
mosaics for the SCN1A pathogenic variants of their off-
spring.35 Therefore, it is likely that not all tested patho-
genic variants were truly de novo. By excluding cases with
parental mosaicism, the percentage of mosaic participants
may increase even more.

Conversely, smMIPs may generate false-positive
mosaics as well. Skewed AAFs at the ends of each smMIP
can be due to the use of a NextSeq, which has lower qual-
ity base calls in the first few cycles. Future studies should
take this into consideration during their experimental
design, because smMIPs always start and end at the same
coordinate. Skewed AAFs in repetitive regions should also
be interpreted with caution, because this can be due to
technical artifacts. By reanalyzing 2 pathogenic variants in
repetitive regions by ddPCR, we could confirm mosaicism
in 1 (Participant 8), while disproving it in the other.

4.2 | Mosaicism as a modifier in SCN1A-
related epilepsy

Overall, participants with mosaic truncating variants were
less severely affected than participants with heterozygous
truncating variants, suggesting that mosaicism is an impor-
tant modifier for SCN1A-related phenotypes. This is in line
with previously published results.10,36 Remarkably, in 2 of
the 11 mosaic participants (18%), sudden unexpected death
in epilepsy (SUDEP) occurred, whereas this occurred in
none of the other 111 patients. This may be pure coinci-
dence, but further studies on a possible association between
SUDEP and mosaic SCN1A pathogenic variants are war-
ranted. Two of the mosaic participants were clinically unaf-
fected, leading to the estimation that symptoms arise at
between 14% and 27% of mutated allele in blood. This is
in line with earlier studies.10,37 The effects of mosaicism
would be underestimated if we did not take into account
participants with such low AAFs that they do not show
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any symptoms. However, by including them in our clinical
analysis, our results might not be applicable to the group
of symptomatic patients for whom we want to improve
clinical counseling. Therefore, these participants were
excluded from our main analyses (Table 2), but were
included in repeated analyses (Table 3). Cognitive abilities
usually decline as patients with Dravet syndrome age,
which could create a bias in the analyses. However, the
mosaic participants are older on average in all analyzed
(sub)groups, so the effect of mosaicism on cognitive out-
come might even be underestimated.

Interestingly, we also found mosaicism in 3 severely
affected participants (Participants 4, 5, and 8). To our knowl-
edge, this is the first report of mosaic SCN1A pathogenic
variants that do not lead to a relatively mild phenotype. This
suggests that other modifiers, such as variants in other genes,
have a large influence as well. Furthermore, it is likely that
the degree of mosaicism is of more importance than just its
presence or absence. In addition, levels of mosaicism in lym-
phocytes do not necessarily correspond to the levels in brain.
Clinical factors such as medication use and comorbidities
should also be taken into account. For example, Participant 5
was affected by the unrelated Reye syndrome, which caused
major developmental regression. Participants 4, 5, and 8
were all treated with sodium channel blockers, which are
contraindicated drugs in Dravet syndrome. This emphasizes
the importance of accurate clinical management for cognitive
development; even patients with a favorable genotype can
ultimately have a poor outcome.

4.3 | Implications for genetic counseling

Besides partially explaining and predicting differences in
phenotype severity, our results also reveal other important
consequences for genetic counseling. Patients who are only
mildly affected because they are mosaic for a pathogenic
variant should be made aware that their children are at risk
to be more severely affected, when they inherit the variant
in a heterozygous state. Furthermore, mosaicism in a pro-
band virtually rules out germline mosaicism in the parents,
which lowers their recurrence risk to zero. Nevertheless,
Participant 7 shows that simply assessing mosaicism is not
enough for accurate counseling. At first sight, she seemed
mosaic for her known insG pathogenic variant. However,
because we also discovered her mosaic T>G variant 3 base
pairs upstream, we could reason that this was most likely a
mosaic read frame-restoring variant of an originally
heterozygous insG pathogenic variant. Similar read-frame
restoring mosaic variants and human reverse mutations in
general have previously been described.38–41 This is the
first report of a reverse mutation in Dravet syndrome. Sev-
eral hypotheses about the occurrence of reverse mutations
have been proposed.41,42 In Dravet syndrome, however,

these do not seem applicable, so this might be pure coinci-
dence. Nonetheless, by deducing that the insG pathogenic
variant only seemed mosaic but was probably originally
heterozygous, we now cannot exclude that one of the
patient’s parents might be germline mosaic for this variant,
with an inherent increased recurrence risk.

Overall, mosaicism is present in 7.5% of de novo patho-
genic SCN1A variants in clinically affected patients, which
implicates that postzygotic mutation is a common phe-
nomenon in SCN1A-related epilepsies. Patients with mosai-
cism of truncating variants have on average milder
phenotypes, which makes mosaicism an important modifier
in SCN1A-related phenotypes. However, mosaicism is also
seen in severely affected patients, implicating an important
role of other modifiers, including accuracy of clinical man-
agement. Detection of mosaicism has important implica-
tions for genetic counseling regarding recurrence risk and
phenotype prediction, and can be achieved by deep
sequencing of unique reads. Our results stress the impor-
tance of implementing high-coverage NGS with attention
for possible mosaic pathogenic variants in standard diag-
nostics.
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