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AbsTrACT
background Dravet syndrome is a severe genetic 
encephalopathy, caused by pathogenic variants in 
SCN1A. low-grade parental mosaicism occurs in a 
substantial proportion of families (7%–13%) and has 
important implications for recurrence risks. However, 
parental mosaicism can remain undetected by methods 
regularly used in diagnostics. in this study, we use 
single-molecule molecular inversion probes (smMiP), 
a technique with high sensitivity for detecting low-
grade mosaic variants and high cost-effectiveness, to 
investigate the incidence of parental mosaicism of 
SCN1A variants in a cohort of 90 families and assess the 
feasibility of this technique.
Methods Deep sequencing of SCN1A was performed 
using smMiPs. False positive rates for each of the 
proband’s pathogenic variants were determined in 145 
unrelated samples. if parents showed corresponding 
variant alleles at a significantly higher rate than the 
established noise ratio, mosaicism was confirmed by 
droplet digital Pcr (ddPcr).
results Sequence coverage of at least 100× at the 
location of the corresponding pathogenic variant was 
reached for 80 parent couples. the variant ratio was 
significantly higher than the established noise ratio in 
eight parent couples, of which four (5%) were regarded 
as true mosaics, based on ddPcr results. the false 
positive rate of smMiP analysis without ddPcr was 
therefore 50%. three of these variants had previously 
been considered de novo in the proband by Sanger 
sequencing.
Conclusion smMiP technology combined withnext 
generation sequencing (ngS) performs better than 
Sanger sequencing in the detection of parental 
mosaicism. Because parental mosaicism has important 
implications for genetic counselling and recurrence 
risks, we stress the importance of implementing high-
sensitivity ngS-based assays in standard diagnostics.

InTroDuCTIon
Dravet syndrome (MIM: 607208) is a severe 
genetic encephalopathy, characterised by intrac-
table epileptic seizures and a delayed psychomotor 
development, resulting in mild to severe intel-
lectual disability (ID) in most patients. Walking 
difficulties and behavioural problems are common 

comorbidities.1–4 Pathogenic variants in SCN1A, 
which codes for the α-subunit of the neuronal 
sodium channel Nav1.1, are found in 70%–100% 
of patients with Dravet syndrome. SCN1A variants 
can, however, also cause milder phenotypes, such 
as genetic epilepsy febrile seizures plus (GEFS+) 
syndrome or febrile seizures only.5–7

The varying disease severity of phenotypes 
caused by SCN1A pathogenic variants are partly 
due to differences in mutation types and amino 
acid changes, which can cause different grades of 
channel dysfunction.8 However, an important part 
of the disease variability is still unexplained, and 
multiple modifying factors have been suggested.9–13 
We have recently shown that mosaicism in patients 
is an important modifier of SCN1A-related disease 
severity.12 Mosaicism arises when a variant occurs 
postzygotically, leading to genetically distinct cell 
populations. Patients that carry a mosaic patho-
genic variant might be less severely affected, since 
unaffected cells are also present.8 12 14–18 Variant 
carriers can even be free of symptoms when very 
low percentages of mosaicism are present, caused 
by mutations occurring relatively late in embryonic 
development. They can, however, still transmit 
the variant to their children when it is present in 
gonadal tissue. Unfortunately, low-grade parental 
mosaicism can be missed in molecular diagnostics, 
as regularly used Sanger sequencing fails to detect 
low percentages of a variant allele,19 which may 
also be the case when NGS is used with limited 
coverage. Moreover, variants are not always 
present in DNA isolated from blood. A number of 
patients with a presumed de novo SCN1A variant 
will therefore actually have a parent with low-grade 
mosaicism: this percentage has been estimated to be 
7%–13%17 20 21 and is illustrated by multiple case 
reports of families with healthy or mildly affected 
parents and multiple severely affected children.22–28

Detecting parental mosaicism has important 
implications for genetic counselling: recurrence 
risks rise when father or mother carries the patho-
genic variant allele too, which might affect deci-
sions regarding family planning and prenatal testing 
when they are aware of this. Other techniques are 
needed to reliably test for parental mosaicism. 
Droplet digital PCR (ddPCR), although proven to 
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be an extremely sensitive method for detecting low-grade mosa-
icism,21 29 has the disadvantage of needing specifically designed 
probes for each assessed variant, which is not feasible in regular 
diagnostics. Another assay that can be used is single-molecule 
molecular inversion probes (smMIP) capture and sequencing, a 
deep NGS technique with high sensitivity for detecting low-fre-
quency variants and high cost-effectiveness.30–32 In this study, we 
use smMIPs to investigate the incidence of low-grade parental 
mosaicism of SCN1A variants in a cohort of 90 families and 
assess the feasibility of this technique.

MeThoDs
Participants
A portion of the parents of a previously described cohort of 176 
patients clinically affected by SCN1A-related seizures12 13 were 
tested for low-grade mosaicism. In this cohort, only participants 
with pathogenic variants (class 5) and likely pathogenic variants 
(class 4), according to the American College of Medical Genetics 
and Genomics criteria,33 in SCN1A were included. SCN1A 
variants in index patients had been detected in diagnostic labo-
ratories (University Medical Center Utrecht, Utrecht, the Neth-
erlands; Laboratory for Neurogenetics, Institute Born-Bunge, 
University Antwerp, Antwerp, Belgium; Radboud University 
Nijmegen Medical Center, Nijmegen, the Netherlands; and 
Duncan Guthrie Institute of Medical Genetics, Glasgow, UK) 
by Sanger sequencing, NGS epilepsy gene panels, whole exome 
sequencing or by multiplex ligation-dependent probe ampli-
fication (MLPA). Only parents for whom DNA was available 
were considered for inclusion. In most families, parents had 
been assessed for carriership of the pathogenic SCN1A variant 
by Sanger sequencing in a regular diagnostic setting; families in 
which parents were shown to be heterozygous or mosaic carriers 
of their children’s pathogenic variants were regarded as partic-
ipants themselves and excluded from additional DNA testing. 
Families in which mosaicism was demonstrated in the proband 
in previous research12 were also excluded, since this rules out 
parental mosaicism. Informed consent was obtained from partic-
ipants, according to the Declaration of Helsinki.

Molecular analyses
Mosaicism screening by smMIPs and NGS
All SCN1A exons were captured by smMIPs, as described 
earlier,12 31 and sequenced (see online supplementary data 
1 for more details) in parental DNA extracted from lympho-
cytes. The resulting data were analysed using commercial soft-
ware (SeqNext module of Sequence Pilot; JSI medical systems, 
Ettenheim, Germany) (see online supplementary data 2 for more 
details). Reads with the same single-molecule tag were assembled 
into one consensus read to correct for PCR and sequencing arte-
facts. In addition, the molecular tag discriminates unique reads 
from PCR duplicates, allowing the determination of quantitative 
sequence coverage of reads originating from unique DNA mole-
cules. SCN1A pseudogene reads were removed from alignment 
and analysis.

Parents of patients with deletions and duplications spanning 
more than one smMIP were excluded from analyses, since those 
variants cannot be detected by smMIPs.

Statistical analysis of smMIP data
We determined whether the patients’ pathogenic variants were 
present in the sequencing data of their respective parents. Only 
variants that were present in both forward and reverse reads were 
counted to filter out likely false positive reads. High coverage is 

needed to detect low-grade mosaicism with a high confidenti-
ality: a unique coverage of 300× is needed to detect 1% of alter-
native allele reads with a 95% probability level (calculated based 
on a binomial distribution). Therefore, parents with a coverage 
<100× (needed to detect 3% of alternative allele reads with a 
95% probability level, calculated based on a binomial distribu-
tion) and no alternative allele reads at the location of their child’s 
pathogenic variant were excluded from statistical analyses.

We established the false positive rate of the variants detected 
in the parents to determine whether they were true variants 
and not sequencing errors leading to false positives. The overall 
percentage of variant reads of each possible low-grade mosaic 
variant was determined in 145 unrelated samples. P values were 
calculated for each parent in whom a possible mosaic variant 
was present, based on a binomial distribution and the average 
percentage of variant reads in unrelated controls, to determine 
whether the percentage of variant reads deviated significantly 
from the established noise ratio. Variants in parents with signifi-
cant p values, corrected for multiple testing (below 0.05 divided 
by the number of tested parents), were considered to be likely 
true low-grade mosaic variants.

Confirmation by ddPCR
All likely true mosaic variants were validated by ddPCR if probes 
could be designed (see online supplementary data 3 for more 
details).

resulTs
Participants
DNA was available for both parents in 101 families. The probands 
of six families carried a duplication or deletion of SCN1A that 
could not be detected by smMIPs and were therefore excluded. 
High-grade mosaicism was previously established in probands of 
seven of these families, which were excluded. Ninety complete 
families remained and were analysed as described. The 26 fami-
lies for which DNA of both parents was not available contained 
five mosaic family members, of which four were parents of 
probands that were found to carry the same mutation as their 
children in regular diagnostics (Sanger sequencing).

Molecular analyses
Mosaicism screening by smMIPs and NGS
A coverage of at least 100× unique coverage at the location of the 
known pathogenic variant of their children was reached for 80 
complete parent couples. Seventy of these 80 families had been 
previously assessed for parental carriership by Sanger sequencing 
in standard diagnostic procedures, and their children’s variants 
had been deemed de novo (figure 1). Parents of the other 10 
families had previously declined Sanger sequencing of their 
own DNA. The average unique read depth in these parents 
was 1663× (ranging from 112× to 8990×, median: 1203×). 
No corresponding pathogenic variant alleles were detected in 
parents with a unique coverage <100×.

Corresponding variant alleles were detected in 29 parents, 
belonging to 22 different families; in seven families, both 
parents carried variant alleles. Variants in six parents, of which 
two belonged to families in which both parents carried variant 
reads, were regarded as false positives, since their variant reads 
were never present in both a forward and reverse read and had 
low-quality scores (14). The remaining 23 parents belonged to 
18 different families and carried 16 different variants (two vari-
ants were present twice in the cohort of probands).
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Figure 1 Flow chart of detected mosaic pathogenic variants in the complete cohort described here and in previous work. ddPcr, droplet digital Pcr; 
smMiPs, single molecule molecular inversion probes.

Statistical analysis of smMIP data
The percentages of variant reads in unrelated parents (noise 
ratios) are shown in table 1 for all 16 variants. A percentage of 
variant reads significantly higher than the established noise ratio 
was found in nine parents (table 1, bolded p values). Unexpect-
edly, a significantly high ratio of variant allele was found in both 
father and mother of one family (variant 1). The father of this 
parent couple, in which a much lower ratio of variant allele was 
found than in the mother (0.63% vs 6.47%), was regarded as a 
false positive, since it is extremely unlikely that both parents are 
true mosaics for the same variant. The low p value in this father 
might be explained by the location of the variant in a poly-T 
sequence, for which less reliable NGS results are seen.

Confirmation by ddPCR
Mutation specific ddPCR probes could be designed for six of 
the eight likely mosaic parents. Low-grade mosaicism could be 

confirmed in three: a significantly higher percentage of drop-
lets positive for the variant allele was observed than in nega-
tive controls (table 1). The confirmed mosaic variants belonged 
to the parents with the lowest p values that we established for 
the percentages of variant compared with noise ratios. One of 
the parents (family 1) for whom ddPCR probes could not be 
designed (due to their variant being in a poly-T sequence) had an 
even lower p value (7.5×10–88), the highest percentage of variant 
alleles (6.47%), and two affected sons; we therefore regard her 
as a true mosaic variant carrier as well. The other parent for 
whom no ddPCR probes could be designed however (variant 7) 
had a p value in the same range as the variants that could not 
be confirmed by ddPCR (0.0006) and the lowest percentage of 
variant alleles (0.17%). This father was therefore regarded as a 
false positive. In summary, we have detected low-grade parental 
mosaicism in 4 out of 80 parent couples (5%) (figure 1). In three 
of these four families, parents had been assessed for carriership 

 on 27 M
arch 2019 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

edgenet-2018-105672 on 27 O
ctober 2018. D

ow
nloaded from

 

http://jmg.bmj.com/


78 de Lange IM, et al. J Med Genet 2019;56:75–80. doi:10.1136/jmedgenet-2018-105672

Diagnostics

Table 1 Possible low grade parental mosaic variants

Variant
% variant reads in 
father (coverage)

% variant reads in 
mother (coverage)

% variant reads in unrelated 
parents (coverage)

P values* 
(father; mother) ddPCr results†: % of variant alleles

1 c.1209del
p.(Phe403fs)

0.63 (630×) 6.47 (804×) 0.06 (325 481×) 0.0004; 7.5×10–88 Probes could not be designed – 
mosaicism likely.

2 c.5348C>T
p.(Ala1783Val)

2.34 (770×) 0.07 (123 200×) 3.4×10–21 0.58% (nC: 0.0001%).

3 c.5674C>T
p.(Arg1892*)

6.35 (126×) 0.06 (114 869×) 1.8×10–14 8% (nC: 0.15%).

4 c.5656C>T
p.(Arg1886*)

0.50 (2403×) 0.03 (317 306×) 3.0×10–11 0.83% (nC: 0.05%).

5 c.5164A>G
p.(Thr1722Ala)

0.24 (841×) 0.001 (172 609×) 4.7×10–5 No confirmation.

6 c.4757G>A
p.(Gly1586Glu)

0.31 (651×) 0.002 (248 849×) 0.00012 No confirmation.

7 c.3706–1G>A
p.(1236splice)

0.17 (3580×) 0.10 (3913×) 0.03 (435 939×) 0.0006; 0.021 Probes could not be designed – 
mosaicism unlikely.

8 c.4219C>T
p.(Arg1407*)

0.56 (718×) 0.07 (117 985×) 0.0013 No confirmation.

9 c.602+1G>A
p.(201splice)

0.16 (4324×) 0.08 (4842×) 0.049 (685 966×) 0.0043; 0.121

10 c.2836C>T
p.(Arg946Cys)

0.09 (4350×) 0.07 (2921×) 0.07 (420 914×) 0.165; 0.271

0.34 (1170×) 0.007

11 c.602C>T
p.(Ala201Val)

0.04 (4508×) 0.004 (696 006×) 0.0164

12 c.1738C>T
p.(Arg 580*)

0.22 (912×) 0.06 (285 028×) 0.079

0.09 (2113×) 0.216

13 c.1178G>A
p.(Arg393His)

0.12 (1669×) 0.05 (226 584×) 0.155

14 c.580G>A
p.(Asp194Asn)

0.04 (5271×) 0.04 (5466×) 0.05 (736 234×) 0.246; 0.239

15 c.3637C>T
p.(Arg1213*)

0.03 (5947×) 0.02 (527 215×) 0.249

16 c.5269G>A
p.(Gly1757Arg)

0.04 (5371×) 0.033 (465 391×) 0.266

*Threshold values for significance: <0.05/23=0.00217. Significant p values are bolded.
ddPCR, droplet digital PCR; NC, negative control.

of their child’s variant, which had been deemed de novo by 
Sanger sequencing.

Clinical symptoms
Two of the four mosaic parents (50%) had experienced seizures in 
the past, although limited details were available: the father of family 
4 (0.5% variant alleles) had experienced epilepsy as a child for 
which phenobarbital was prescribed; the father of family 2 (2.43% 
variant alleles) had epilepsy as a child and was prescribed antiepi-
leptic drugs until 10 years of age. Seizures were reported in 5% of 
the remaining non-mosaic parents, who experienced mostly typical 
febrile seizures (6/8), one single seizure (1/8) and one parent had had 
two seizures as a child and one as an adult, provoked by alcohol and 
fatigue. Antiepileptic drugs were prescribed in none.

DIsCussIon
The presence of low-grade parental mosaicism for pathogenic vari-
ants has important implications for genetic counselling. A recurrence 
risk of 1% is often counselled to parents in the case of a presumed 
de novo genetic disorder34; recurrence risks, however, rise when 
father or mother are shown to carry variant alleles as well. Parents 
may make different choices regarding prenatal diagnostics when 
this knowledge is available. In standard clinical practice, Sanger 
sequencing in parents is often the method of choice to determine 
whether the pathogenic variant in a proband is de novo or not. 

However, Sanger sequencing and regular NGS fail to detect low 
percentages of variant allele,19 and a normal result might therefore 
give parents a false sense of reassurance. By using smMIPs and deep 
sequencing, we here detected low-grade parental mosaicism in 3 out 
of 70 families (4.3%) with a previously presumed de novo SCN1A 
variant (based on Sanger sequencing in regular diagnostics) and in a 
total of 4 out of 80 families (5%).

The use of smMIPs to detect mosaicism has several advantages. 
First, the assembly of smMIP reads into one consensus read based 
on the molecular barcode in each smMIP probe corrects for PCR 
or sequencing artefacts and therefore reduces sequencing errors. 
Furthermore, the removal of PCR duplicates from the analyses 
leads to very accurate percentages of variant alleles, since only 
one read per unique DNA molecule is taken into account. The 
smMIP technique with deep sequencing allows us to detect parental 
mosaicism even when only very small fractions of variant alleles 
are present. However, this method also has several limitations. 
No definitive conclusions about mosaicism can be made without 
confirmation by a second technique, especially when percentages 
of variant reads are very low. This is illustrated by the three variants 
for which significant percentages of variant alleles were seen based 
on smMIP sequencing, of which none could not be validated by 
ddPCR. Another example of the need for confirmatory tests is the 
parent couple that both showed a significant percentage of variant 
reads, of which only one is likely a true mosaic. A solution for this 
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could be to lower the p value threshold for significance, since the 
choice of threshold influences the false positive rate. Since all false 
positive variants had p values in the same range (much higher than 
the true mosaic variants), this may be a feasible resolution. Besides 
generating false positive results, mosaic variants may also be missed 
when using smMIPs, which causes false negative results. While we 
were able to detect percentages of mosaicism as low as 0.5%, theo-
retically even lower percentages of mosaicism are possible. Frac-
tions of variants in the noise range (0.001%–0.07%, dependent on 
variant location) will however not be detected. Even variants with 
percentages above this noise ratio can be missed when coverage is 
insufficient at their location; for mosaic variants of 0.5%, a coverage 
of at least 600× is needed to detect it with a 95% probability level 
(calculated based on a binomial distribution). In 44 of the non-ex-
cluded parents, this coverage level was not reached, and therefore 
some very low-grade mosaics have possibly remained undetected. 
Finally, variant alleles will not be detected by sequencing of DNA 
from blood in the case of purely gonadal mosaicism. Our percentage 
of families affected by parental mosaicism (5%) is therefore likely an 
underestimation, which is demonstrated by one family in our cohort 
with two affected brothers and absence of variant alleles in both 
parents (905× and 1564×). A previous study21 has demonstrated 
paternal mosaicism for SCN1A pathogenic variants in sperm that 
could not be detected in DNA from blood in three fathers. This 
highlights the limitations of mosaicism detection if only DNA from 
lymphocytes is investigated.

Studies to investigate the incidence of parental mosaicism of 
SCN1A pathogenic variants have been performed previously in 
Dravet syndrome families. A recent study detected parental mosa-
icism in 3 out of 40 families with apparent de novo pathogenic 
SCN1A variants by using smMIPs.35 No validation studies were 
performed, which may have led to false positive results; however, as 
the reported percentages of mosaicism were relatively high (16.7%–
30.6%), this risk may be low. Xu et al20 found parental mosaicism in 
10% of Dravet syndrome families as well. Yang et al21 reported an 
even higher incidence: parental mosaicism was detected in 25% of 
Dravet syndrome families. However, part of these parental mosaics 
could also be detected by Sanger sequencing, which was an exclusion 
criterion in our study based on which four families were excluded. 
The incidences of parental mosaicism in the mentioned studies 
were 8.6% and 13.3%, respectively, if only mosaics undetectable by 
conventional methods in clinical practice are taken into account. In 
our study, the relatedness of families was not confirmed, which makes 
it possible that additional mosaic parents were missed. However, the 
much higher incidence of Yang et al21 is most likely due to the use of 
ddPCR as screening method, which can reach a higher sensitivity than 
NGS-based methods; variant allele percentages as low as 0.03% were 
reported, which is in the noise range of our technique. However, the 
disadvantage of ddPCR as a screening tool is that specifically designed 
probes are needed for each mutation, which makes it infeasible to 
implement in standard diagnostics. smMIPs that cover SCN1A only 
have to be designed and ordered once and can then be used for the 
assessment of all pathogenic variants detectable by NGS, making them 
very inexpensive: a full SCN1A smMIP NGS run for 96 patients could 
be performed in our lab for approximately €22 per sample (including 
the use of plastics, reagents, oligos and sequencing, excluding labour 
costs for laboratory procedures and analyses). In contrast, ddPCR 
costs €600–€800 per sample for merely ordering custom probes 
for each patient, and Sanger sequencing could be performed at our 
diagnostics lab for ~€25–30 per sample. smMIPs might therefore 
be an attractive cost-effective method to assess parental mosaicism: 
although it will detect less instances of parental mosaicism than more 
sensitive methods like ddPCR, it is clear that it outperforms Sanger 

sequencing; in three families, mosaicism, detected by smMIPs, was 
missed in regular diagnostics.

In this study, we identified low-grade mosaicism of variants that 
had remained undetected by Sanger sequencing. Alternatively, 
mosaicism can be present at higher grades in variants that can be 
detected by Sanger sequencing. We have recently used smMIPs and 
NGS to identify high-grade mosaicism in 9% of pathogenic SCN1A 
variants detected in regular diagnostics, of which 9 out of 11 were 
previously considered heterozygous based on Sanger sequencing 
results.12 Similar percentages of high-grade mosaic variants in other 
genes have been reported previously.36–38 The grade of mosaicism 
reflects the timing of mutagenesis: variants occurring during some 
of the first cell divisions after fertilisation will be present in many 
cells in multiple tissues, whereas variants that occur later in embry-
onic development might only be present in a single tissue type.36 
Although the methods of studies differ, which makes comparing 
exact percentages difficult, relatively similar incidences of high-
grade and low-grade mosaic variants are reported, implicating that 
mutations occur at roughly the same rate during early and slightly 
later embryonic development. Detecting high-grade mosaicism in 
a proband is currently the only way to virtually rule out low-grade 
mosaicism in a parent, since only one member of a family can be 
mosaic for a specific variant and all techniques can miss very small 
percentages of (gonadal) mosaicism. Testing probands for high-grade 
mosaicism therefore adds value to testing parents for low-grade 
mosaicism in the assessment of recurrence risks, especially because 
this occurs in a substantial amount of patients (9%).12 We suggest 
that analysing both parents and the proband with smMIPs and NGS 
is currently the most cost-effective way of assessing parental mosa-
icism in SCN1A-related epilepsy after a pathogenic variant is found 
in regular diagnostics. Since either low-grade or high-grade mosa-
icism could be detected in a total of 12% of families carrying patho-
genic SCN1A variants in this cohort (11 probands12 and 4 parents 
in 122 families), a substantial amount of families will likely benefit 
from improved counselling this way.

The percentages of pathogenic variant allele reads detected in 
parents ranged between 0.5 and 6.5. Two of the four mosaic parents 
had experienced seizures or epilepsy in the past, in contrast to 5% 
of non-mosaic parents. Furthermore, more severe epilepsy pheno-
types were observed. Unlike in a previous report,21 the percentage 
of mosaicism was not necessarily related to seizure symptoms: the 
two parents with the highest percentages of mosaicism (6.47% and 
6.35%) reported no seizures. A reason for this may be that levels 
of mosaicism in blood do not necessarily correspond to those in 
brain. Furthermore, different genetic backgrounds are likely to 
modify the effect of the mosaic pathogenic SCN1A variant on the 
disease outcomes. Symptoms have previously been reported to arise 
between 12.5% and 25% of pathogenic SCN1A variant alleles.8 12 39 
Our results and earlier studies20 21 suggest that symptoms might 
already arise below 1%, although this risk of seizures is much lower 
and we cannot be sure that the seizures have been caused by the 
SCN1A variant.

In conclusion, this study confirms that parental mosaicism of 
SCN1A pathogenic variants is a common phenomenon. Using molec-
ular barcoding to obtain unique sequence reads per DNA fragment 
analysed, by combining smMIP technology and deep sequencing, 
can detect parental mosaicism in 4.3% of families with mutations 
that were previously considered de novo by standard diagnostics. 
Our reported total incidence of 5% is likely an underestimation, 
since ultra-low percentages of variant allele and gonadal mosaicism 
cannot be detected by the used methods. However, our methods 
perform better than Sanger sequencing used in regular diagnostics, 
and implementing smMIPs could be a cost-effective way to improve 
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the accuracy of counselling recurrence risks, which has important 
implications for families.
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