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Abstract

Genetic generalized epilepsy (GGE) including childhood absence epilepsy, juvenile absence epilepsy, juvenile
myoclonic epilepsy (JME), and GGE with tonic—clonic seizures (TCS) (GGE-TCS), is genetically influenced with a two-
to four- fold increased risk in the first-degree relatives of patients. Since large families with GGE are very rare, interna-
tional studies have focused on sporadic GGE patients using whole exome sequencing, suggesting that GGE are highly
genetically heterogeneous and rather involve rare or ultra-rare variants. Moreover, a polygenic mode of inheritance

is suspected in most cases. We performed SNP microarrays and whole exome sequencing in 20 families from Sudan,
focusing on those with at least four affected members. Standard genetic filters and Endeavour algorithm for func-
tional prioritization of genes selected likely susceptibility variants in FAT1, DCHST or ASTN2 genes. FAT1 and DCHS1

are adhesion transmembrane proteins interacting during brain development, while ASTN2 is involved in dendrite
development. Our approach on familial forms of GGE is complementary to large-scale collaborative consortia studies
of sporadic cases. Our study reinforces the hypothesis that GGE is genetically heterogeneous, even in a relatively lim-
ited geographic area, and mainly oligogenic, as supported by the low familial penetrance of GGE and by the Bayesian
algorithm that we developed in a large pedigree with JME. Since populations with founder effect and endogamy are
appropriate to study autosomal recessive pathologies, they would be also adapted to decipher genetic components
of complex diseases, using the reported bayesian model.
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Introduction

Generalized genetic epilepsies (GGE), which account for
15-30% of all epilepsy, appear in childhood or adoles-
cence and often persist into adulthood. GGE comprises
four syndromes, namely childhood absence epilepsy
(CAE), juvenile absence epilepsy (JAE), juvenile myo-
clonic epilepsy (JME), and epilepsy with generalized
tonic—clonic seizures alone (GTCS). GGE is genetically

influenced with a two- to four-fold increased risk in
the first-degree relatives of patients and a proportion of
GGE patients with a positive family history (>1 first-
degree relative with epilepsy) is about 15%. Moreover, the
GGE syndrome of a relative may differ from that of the
proband [1]. However, large families in which GGE seg-
regates are rare: in few families with autosomal dominant
JME, variants have been identified in the GABRA1 gene,
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encoding the ol subunit of the GABAA receptor [2] or
in the EFHCI gene, encoding Myoclonin-1 [3, 4]. How-
ever, the causative role of the EFHCI variants has been
debated in different studies [5]. By combining genetic
and electrophysiological approaches, rare coding vari-
ants in genes encoding subunits of the GABAA receptor,
especially GABRB2 and GABRAS, have been implicated
in a cohort including American, European and Turkish
patients with sporadic GGE [6].

Most studies have been performed in large interna-
tional cohorts of sporadic cases with GGE by Whole
Exome Sequencing (WES), and supported the hypothe-
ses that GGE (i) are highly genetically heterogeneous, (ii)
involve rare or ultra-rare variants and (iii) are determined
by an oligogenic mode of inheritance [7-9]. In these con-
ditions, a few genes have been reported as susceptibility
genes for GGE, including SCNI1A, GABRG2 and SLC6A1,
encoding the ol subunit of the sodium voltage-gated
channel, the y2 subunit of the gamma-aminobutyric acid
(GABA)-A receptor and the GABA transporter, respec-
tively [10-12].However, it is difficult to infer which path-
ways play an important role in the pathomechanism of
GGE [13].

Recently, in Sudanese families with GGE, we reported
rare missense variants of ADGRVI gene [14], encoding
the adhesion G protein—coupled receptor V1 [15]. While
loss of function variants in ADGRV1 are responsible for
the rare autosomal recessive Usher IIC syndrome, the
homozygous ¢.6835delG (p.Val2250%) variant in Massl
(the mouse orthologous gene of ADGRVI) causes gen-
eralized auditory-induced seizures in the Frings mouse
[16].

In this study, we report the results of a genetic screen-
ing in a cohort of 20 Sudanese families with GGE. We
performed SNP microarrays in 20 index cases and at
least one affected relative and interpreted WES in five
families with at least four patients with GGE. Genes with
candidate variants identified in the previous step were
analyzed in the WES of probands from the 11 remaining
families.

Patients and methods

Ethical approval

This study was prospectively reviewed and approved by
the national health research ethics committee, Federal
ministry of health, Sudan (1-4-18). Written informed
consent was given by all participants.

Patients’ cohort

Twenty Sudanese families with GGE were ascertained.
In each family, we recruited the proband (n=20) along
with all available affected family members (n=36) and
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asymptomatic relatives (n=84). The total number of
patients sampled was 56. Inclusion criteria for patients
were clinical presentation of generalized epilepsies with
a positive family history of epilepsy. Patients with focal
seizures or epileptic encephalopathies were excluded.
Patients were examined and diagnosed by the referring
consultant neurologists/neuro-pediatricians, followed by
a second standardized phenotyping by clinicians of the
research team (EM, AM). Healthy relatives were exam-
ined to exclude subtle phenotypes. Electroencephalo-
gram (EEG) was performed for at least one patient per
family.

Penetrance calculation using PENCALC

After all the pertinent data were keyed in, the PENCALC
program exhibited the estimate of the penetrance rate K,
its exact 95% confidence interval [95% CI(K)], and the
formula for the corresponding likelihood function. When
the genealogy contained consanguineous trees, the pro-
gram also showed the partial values of K used for esti-
mating the final value of the penetrance rate [17].

SNP microarrays

Thirty-five individuals including 20 index cases and 15
affected relatives were genotyped using 660W-Quad
microarrays (Illumina, San Diego, CA, USA). Auto-
mated Illumina microarray experiments were performed
according to the manufacturer’s specifications. Image
acquisition was performed using an iScan System (Illu-
mina). Image analysis and automated CNV calling was
performed against the human GRCh37 reference using
GenomeStudio v.2011.1 and CNVPartition v.3.1.6 with
the default confidence threshold of 35. We also used a
size threshold of 20 kb since CNVs<20 kb detected by
660W-Quad microarrays proved to be false positives.
Identified CNVs were systematically compared with
those present in the Database of Genomic Variants
(DGV), excluding BAC-based studies, using an in-house
bioinformatics pipeline, to assess their frequency in con-
trol populations. Only CNVs identical (breakpoints and
copy number) to or totally included in those described
in the DGV were considered; microrearrangements
partially overlapping CNVs described in DGV or with
a discordant copy number were treated as novel. CNVs
with a minor allele frequency>1% in at least one study
comprising>30 controls were excluded from further
analysis. CN'Vs encompassing coding regions, and with a
frequency < 1%, were considered as possibly deleterious.
CNV frequencies were compared with the Mann—Whit-
ney or unilateral Fisher’s exact tests. Candidate genes
present in the CNVs were compared with those present
in AutDB [18] (http://www.mindspec.org/autdb.html).
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Whole exome sequencing

WES was performed in 40 affected members from F7,
F8, F12, F14 and F19 families with at least 4 patients with
available DNA, and at least the proband of the 13 remain-
ing families. Sequencing libraries were prepared using
the NimbleGen SeqCap EZ Exome v3 array (Nimblegen
Inc., Madison, WI) and sequenced as 150-bp paired-
end reads on the Nextseq 500 platform (Illumina, San
Diego, CA, USA), at the iGenSeq sequencing platform
at ICM (Paris). Reads were processed following a stand-
ard analysis pipeline at the Pitié-Salpétriere University
Hospital. Overall sequencing quality was assessed with
FastQC v0.11.8, the reads were then aligned to the refer-
ence human genome sequence (hgl9) using the Burrows-
Wheeler Aligner BWA-mem v0.7.17, the alignment files
were sorted and indexed using Samtools v1.9, and Sam-
bamba v0.7.0 was used to flag duplicates. Variants were
called using GATK Software v4.1.4 on Gencode v30 basic
CDS targets. Multi-allelic variants were split and indels
were normalized using vt 0.57721. The potential splicing
effect of all variants were predicted using SpliceAl, with a
10 000 bp analysis window [19]

Variant selection, prioritization and validation

WES data were analyzed with two different strategies:
shared homozygous variants, and all other shared vari-
ants (heterozygous or homozygous). First, variants, which
were found homozygous in all affected individuals within
the same family and present in<20 homozygous carri-
ers in gnomAD were analyzed. For the second strategy,
shared variants were filtered out if they met one or more
of the following exclusion criteria: (i) variants already
identified in one or more of homozygous carriers in our
in-house database, indicating artifacts (n=943 WES, this
database not including the individuals of this study), (ii)
variants with a maximum allele frequency>1% in gno-
mADvV2 [20] or in GME (http://igm.ucsd.edu/gme/) [21],
(iii) variants which are not shared by all affected mem-
bers within the family, (iv) non coding (intronic, UTRs)
or synonymous variants with SpliceAI delta scores<0.2,
(v) variants only affecting minor isoforms of the gene,
i.e. variants with pext score/gene maximal pext score
ratio<0.1 [22].

Candidate variants were prioritized based on: (i) their
frequency in the closest control populations with large
available WES or WGS data, African controls extracted
from gnomADv2 database and from GME variome data-
base, (ii) their classification in ClinVar dataset (http://
www.ncbi.nlm.nih.gov/clinvar), and (iii) the pathogenic-
ity prediction according to CADD v1.4 with a score >20
predicting the 1% most deleterious variants in the gene
(23], M-CAP [24] and REVEL [25].
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Endeavour algorithm was used to prioritize the candi-
date genes with relevance to the disease, phenotype, or
biological process of interest, taking into account seed
genes already incriminated in GGE (Table S1) [26]: (i)
genes reported in at least a study with a statistically sig-
nificant link to GGE [2, 3, 27-49], (ii) those recurrently
ranked in the top 10 candidate genes in WES case—con-
trol studies [10, 50, 51] or genes whose knock-out caused
generalized epilepsy in animal model including BSN [52],
JRK [53], GRIA4 [54] or SV2A [55, 56].

Candidate variants were then validated and checked
for segregation within the families, and screened in 119
Sudanese controls by Sanger sequencing, according to
standard procedures.

Linkage analyses

Lod scores were calculated using the MERLIN package.
For the FATI variant in the family F19, an autosomal
recessive inheritance was assumed. A disease allele fre-
quency of 0.0001, a phenocopy rate of 0.0001 and a com-
plete penetrance for homozygotes were considered. An
allele frequency of 0.00005 was used for the ¢.13757C>T
(p.-Thr4586Met) variant.

For the Family 12, an autosomal dominant mode of
inheritance with incomplete penetrance was selected as
well as the previous value for disease allele frequency and
phenocopy rate. A penetrance of 0.34 was estimated with
the PENCALC method [17]. A multipoint linkage analysis
was performed with ¢.63578G >A (p.Arg21193His) and
€.28299C > G (p.Asp9433Glu) in TTN and the ¢.310 T>C
(p-Ser104Pro) variant in SLC38A11. A recombination rate
of 0.1% and 1.5% was used between the two TTN variants
and between TTN and SLC38A11 gene, respectively. An
allele frequency of 0.0004, 0.0018 and 0.006 was consid-
ered for c.63578G > A (p.Arg21193His) and ¢.28299C>G
(p-Asp9433Glu) in TTN, and ¢.310 T>C (p.Ser104Pro)
variant in SLC38A11, respectively (from North African-
Arab population extracted from GME Variome).

Bayesian model of oligogenism

In order to take into account the unobserved genotypes in
the family 7, we followed Lauritzen and Sheehan [57] and
used a Bayesian network to model the theoretical trans-
mission of alleles in the pedigree. The model included
the five bi-allelic loci of interest (DCHS1, ASTN2, CAM-
SAP1, GTF3CS5, R3HDM1), a Mendelian transmission of
allele taking into account the linkage between three loci
(ASTN2—13 cM—CAMSAPI—3 cM—GTF3C5), and the
following conservative minor allele frequencies: 0.0005
for DCHS1, 0.0013 for ASTN2, 0.0010 for CAMSAPI,
0.0010 for GTF3C5, and 0.0025 for R3HDM 1 (from North
African-Arab population extracted from GME Variome).


http://igm.ucsd.edu/gme/
http://www.ncbi.nlm.nih.gov/clinvar
http://www.ncbi.nlm.nih.gov/clinvar

Page 5 of 18

(2024) 18:130

Dahawi et al. Human Genomics

Japuodsay a1eoidjen eN [eWION dy1dads bulyion 170 $D1-399 A8 A8 W IN 614
Japuodsay o1eoidjen eN [eWION da3js Joxde 170 $D1-399 A8 A8 W 9N 614
Jopuodsay S1e0idien eN [eWION do3js jo e 170 $D1-399 AOL A4 YAl 614
e|xeje
1e|[902192 p|Iw ‘squl|
19moj pue Jaddn ay3 ul anbiiey
Jopuodsay S1eoudien eN 112Yyap Jolou piN "ANIAIDR BAISSEDXT €¢C SO1-399 AVC AOC W 6/l 61
ssauls [edisAyd Jo
Japuodsay a1e0id|en eN [BWION  [PIUSWDINSOdXD UNG a3 SD1-399 AOC A9L 4 LIA vl
1apuodsay s1e0.idjen eN [EWION AL Buiyiem 4] $D1-399 Aoy Aot A A 4
J93nd
-WOD 3Y3 JO JUoI) Ul
1apuodsay a1e0.d|eA eN [eWION Bunus/AL Buiydiem r17ol $D1-399 A6l Aol A YA vid
weipel| 1yb1juns 1e
|0JIUOD ZS 1004 -AS7 snjd S1eoid|eA eN [ewioN  BujooT ‘Al Buiyoiep [y SD1-399 Az yulg - W EN Y14
1apuodsay 21e0.d|RA BN [W.ION da3js Joxde|/AL 7S $D1-399 ATS AOL W SAl 714
Japuodsay S1eoidjea eN [PULION SUON 170 SDI-399/3vD A9l ACL E YLAl [4E|
Japuodsay 31eoidjen eN |BWLION SUON SaW 7| UeYl IO SD1-399 AL AS 4 LAl 45
Japuodsay a1eosdjen eN [eWION SUON 8/ SO1-399 ALL AE W YAl cld
Japuodsay deoidjen ey [BWION SUON [ SO1-999 A9 NG W LA [4E
Japuodsay a1eoldjeA eN |[eUION SUON LT ¥l VD AL A9 W LLAI cld
Japuodsay a1e0id|eA eN| |eWLION 9UON £ JINP £91 ASL 4 8Nl /4
Japuodsay aujdszeweaqued) Anulogap Jabuly JUON 170 JNr Aez A Al /4
Jspuodsay suidazeweqied [eWION  anbned/dssys Jo3yoeT 170 $D1-399 ALE A6 W Ll /4
Japuodsay 91eoidien ey |euIoN SUON payidadsun Es A9C A0 W OLAl /4
19s5uU0
juswiean uoljeulwexa judwijean uoneulwex? ainzias
0} 3suodsay Adeiayy quaiin) |edibojounaN  snjnwins bunebbly 2109 dam/zs adAy Asdajidy 1e 9by jeaby xas oujuaned piAjweq

Sal|ILURy JUSIBHIP 243 JO B1RP [eDIUlD) L d]qel



Dahawi et al. Human Genomics (2024) 18:130

Page 6 of 18

F19 FAT1 c.13757C>T p.-Thr4586Met
I -1 -2 -3 -4
Il mTé

-1 -4 -5 -6 -7 -8 -9
I" t] éID-A 11-5 11I-6 nm-7 -8
\"2i Vi+
v °® EE O nm
v-4 v-5 V-6 V-7 V-8 V-9 Iv-10
VIV VIV VIV V/i+ VIV

c Biallelic FAT1 phenotypes this study

T858M D2876H V3388I EADOOK

o Tan . S
D o @
ap o
am
<D

X
LR
LU mooooomomommmn =i

T4586M

1

missense variant
truncating variant
@ Coloboma, syndactyly +/- nephropathy
@ Focal seizures
@ cases with generalized epilepsy
. Cadherin domain
ﬁ epidermal growth factor-like repeat
[E8 laminin G domain
Trans-membrane

Hippo
signaling
pathway

Fig. 1 a Segregation of FAT variant in F19; b FAT1 interactome network according to STRING-db, showing close interactions with DCHS1 and FAT4;
c Biallelic FATT variants involvement in human diseases: all previously published missense are located in the FAT1 extracellular domains, The T4586
from F19is outlined in black, located in the C-terminal cytoplasmic domain containing a PTB-like motif (dark grey) with a PDZ-binding motif (-HTEV)

The resulting Bayesian network as a total of 975 variables,
and inference using the sum-product algorithm (Koller
and Friedman [58]— Probabilistic Graphical Mod-
els: Principle and Techniques) results in a junction tree
decomposition of 793 cliques where the largest clique
has 21 binary variables, with a total inference complexity
of 5,248,864. The available genotypes or partial genotypes
of 13 individuals were injected in the Bayesian network,
and a total of 50,000 full genotypes were sampled condi-
tionally to this evidence. Simulated data are available in
supplementary material (Table S2). These data were used
to obtain the posterior distribution of individuals’ joint
genotypes and of the number of family carriers. In order
to test the association between carriers of the 5 variants
and JME affected, fisher exact test was performed for
each of the 50,000 statistical replications.

Structural analysis

For the modeling of FAT1 NM_005245.4:c.13757C>T
p.(Thr4586Met), the wild type structure of the last 377
residues of FAT1 (Uniprot Q14517) has been obtained
by using RoseTTaFold [59]. Among the various models
proposed, the model with the minimal error estimate
has been selected. The Threonine to Methionine change
has been introduced to the wild type structure by mis-
sense3D [60].

For the modeling of ASTN2
NM_001365068.1:c.3448A>G  p.(Ser1150Gly), the
structure 5J67 was used as wild type template [61]. The
Serine to Glycine structural change was generated by
missense3D [35].

The structures were visualized using the RCSB pairwise
alignment tool https://www.rcsb.org/alignment [62].

Results

Mode of inheritance in selected families

The families F7, F8, F12, F14, and F19 with at least 4
patients or obligate carriers were selected in order to
search for candidate variants by comparing WES of
patients within the family. The clinical features of the
affected members of these families are summarized in
Table 1.

The inspection of the pedigrees allowed determining
a likely mode of inheritance in 2/5 of these families. In
F19, all affected members were born to healthy parents
related by short consanguinity loops, highly suggesting
an autosomal recessive mode of inheritance (Fig. la).
In F8, since only males were affected and females were
asymptomatic carriers, the most probable transmis-
sion was recessive X-linked or autosomal dominant with
incomplete penetrance (Fig. 2¢). In contrast, it was diffi-
cult to determine the transmission of GGE in F7 (Fig. 2a),
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F12 (Fig. 3a), and F14 (Fig. 4). For example, F7 presented
with two affected sibs IV4 and IV8 with JME born from
related parents, who also had a second cousin IV10 with
JME from a priori non-related parents and an uncle 11113
with a different GGE phenotype (GGE-TCS) (Fig. 2a).
In F12, two patients, IV7 and IV11, were issued from
different consanguinity loops, but the 5 other affected
members originated from unrelated parents and a verti-
cal transmission by an asymptomatic carrier IV3 can be
suspected in one branch (Fig. 3a). In F12 and F14, the
epileptic trait occurred in a given generation (sibs and
first cousins), which could be vertically transmitted to the
next generation. The penetrance of GGE in F7 and F12
using PENCALC algorithm [17] was very low, 0.27 and
0.34, respectively.

Analysis of CNVs

The detection of rare CNVs was performed in the 20
index cases and 15 additional patients from F7, F8, F12,
F14 and F19 families. The already published recurrent
microdeletions at 15q11.2, 15q13.3 and 16pl13.11 in
GGE patients [47] as well as the 22 recently reported
seizures-associated CNV [63] were not found in our

cohort. We identified 6 rare CNVs, 4 deletions and 2
duplications, which were shared by at least 2 families.
Their sizes ranged from 75 to 224 kb. Among them, 4
were identified in more than two families (Table S3).
The limits of the duplication at 10q26 slightly var-
ied from one family to another and were centered on
the Chr10q26 (135,508,269-135290022) interval of
220 kb, including Cen-CYP2E1-FRG2B-SYCEI-DUX4-
DUX4L3-tel. None of these genes were obvious candi-
date for GGE. The 5 remaining rearrangements were
intragenic. Two were located in introns of SUMFI or
KANK1 gene, with no predictable consequences. The
75 bp deletion in IFNAR2 gene was localized within
untranslated exon 1. The intragenic duplication of exon
2 to 11 in CESI gene likely changed the translation of
this gene. CES1 was weakly expressed in brain and its
function as a member of the carboxylesterase family
could not be related to epilepsy. The deletion of exon
1 and 2 of CYPI1BI likely constituted a loss of function
variant. However, pathogenic variants in CYP1B] at the
homozygous or compound heterozygous state caused
primary open-angle glaucoma [64]. Moreover, none of
these identified CNV segregated with GGE in family
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Fig. 3 a Segregation of SLC38A11 and TTN variants in F12. Symbols indicated in green corresponded to CAE and in black to GTCS. The symbol

“+" corresponded to the wild-type allele and “v" to the candidate variant. b Refinement of the candidate 2q region using WES data. Black circles
represented variants shared by all 5 patients and white diamonds, variants not shared by at least one patient. The candidate region was delineated
on the chromosome 2 scheme by a red square and on the genemap by the two grey vertical lines. Epilepsy genes were highlighted in yellow

F7, F8, F12, F14 or F19 (Table S3). In addition, none of  Candidate variants detected in WES

the candidate genes determined by WES (see below) For family F8 (see pedigree in Fig. 2c), no candidate

(Table 2) was harbored in the regions with copy num-  variants have been identified at the homozygous or

ber variations. hemizygous state in X-linked genes. In contrast, our
prioritization process retained 39 rare missense vari-
ants at the heterozygous state (Table S4). Among them,
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Fig. 4 Segregation of SCNT0A, PIGG and FBXO42 variants in F14. Symbols in black indicated GTCS-GGE. The symbol “+" corresponded

to the wild-type allele and “v"to the candidate variant

the best candidate pointed out by the Endeavour algo-
rithm (top 1 of candidates for all families, Table S1) was
the c. 6464G>T (p. Arg2155Leu) in CACNAIA encod-
ing the al subunit of the voltage-gated channel, which
had already been involved in GGE [65] and epileptic
encephalopathies. In addition, a spontaneous frameshift
variant at homozygous state was shown responsible for
the well-known mice model of absence epilepsy, the tot-
tering mice [66]. This variant was predicted deleterious
by CADD predictors with a score of 23. Its MAF was 8.5
1074 21072 and 3% in African gnomADv4 controls, GME
database and 119 Sudanese controls, respectively.

In F19 (see pedigree in Fig. 1), a rare variant,
c.13757C>T (p.Thr4586Met), in FATI segregated at
the homozygous state in all patients and was at the
heterozygous state in one unaffected sib (IV-8). FAT1
gene encoded a protocadherin transmembrane pro-
tein involved in cell adhesion in a broad range of tis-
sue, including neurons [67]. Biallelic loss-of-function
in FATI have been associated with nephropathy [68]
and microphtalmia [69]. Moreover, monoallelic mis-
sense variants of FATI have been associated with spi-
nocerebellar ataxia [70]. The FATI missense variant
chr4(hgl9):g.187509756G > A (p.Thr4586Met), was rare
in population databases, (gnomAD Maximal Allele Fre-
quency=0.0003659 (SAS); no homozygous individual;

absent in the 238 Sudanese chromosome controls). This
variant was predicted to be deleterious by both M-CAP
and CADD predictors. The Bipoint-lodscore between
this variant and the phenotype was 2.53 at 6=0.00, sup-
porting the involvement of FATI. This variant is located
in the extreme cytoplasmic C-terminal domain of the
protein interacting with the Scribble protein, which reg-
ulates dendritic spine development in association with
NOS1AP [71]. This C-ter region is well conserved and
depleted of missense variation in the population, accord-
ing to Metadome, supporting a constrained region [72]
(Fig. S1).

Furthermore, the deletion of the last 3 residues (TEV)
has been shown to prevent the interaction of Fatl with
Scribble [73]. This supports a crucial role of this short
motif for partner interaction. Structural modelling of
the C-terminal domain of FAT1 shows that the intro-
duction of a methionine in the H-T-E-V codon motif
altered the accessible molecular surface of the motif
(Fig. S1).

In F12, WES was performed in 5 affected members
including two patients from consanguineous mar-
riages, leading to a very short list of candidate vari-
ants (Table S4). Intriguingly, among the four rare and
deleterious candidate variants retained, two were in
the same genomic interval of chromosome 2 (genes
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TTN, SLC38A11). From the filtered variants, another
rare TTN missense was identified. Those three vari-
ants co-segregated in the family with a maximum mul-
tipoint lodscore of 2.75 at §=0.00 (Fig. 3). Since both
genes have not been related to epilepsy until now and
had a low Endeavour score, it could be hypothesized
that a variant in a gene localized within the haplotype
delineated by SLC38411 and TTN and not detected
by SNPs microarrays or WES was responsible for the
phenotype. By using the patients’ WES data on chro-
mosome 2, this genomic interval was restricted to the
1.8 Mb chr2(hg38):151,617,472-169,827,714  (chr2
(hg19):152,473,986-170,684,224) region (See Fig. 3b),
including CACNB4 encoding the 4 subunit of the cal-
cium voltage-dependant channel and the cluster of
SCNIA, SCN2A and SCN3A genes encoding the al, a2
and o3 subunits of the sodium voltage-gated channel,
respectively. In addition, we checked for variants shared
by all individuals without any filtering, i.e. 18/135 vari-
ants in the chr2(hgl9):152,473,986-170,684,224 region
where the sodium channel genes were located. The rar-
est variant (SCN9A: 2-166,281,810-T-TA, hg38) was
homozygous in 1634 individuals.in gnomADv4.

In F14 (Fig. 4), since no candidate SNPs were iden-
tified at the hemizygous or homozygous state in the
4 tested patients, 32 missense variants at the het-
erozygous state fulfilled our genetic criteria. The
NM_006514.4:c.754C>T (p.Leu252Phe) variant in
SCN10A, of which biallelic variants were associated with
refractory epilepsy [7, 74, 75], was absent from gno-
mADv4 and predicted to be deleterious according to
several in-silico predictors. The SCNI10A gene was con-
sidered as the best candidate in the family by Endeavour
algorithm (Table S1). Among the remaining candidates,
c.1808G>A (p.Arg603His) variant (CADD score=25)
was localized in the coding sequence of the FBXO42
gene, which was reported in the top 3 of candidate genes
for GGE by the epi25 [51] consortium. The c.712G>A
(p.Glu238Lys) variant (CADD score=29.6) in PIGG
(Phosphaidylinositol Glycan Anchor Biosynthesis Class
G Protein), which is associated with an AR syndrome
associating intellectual disability, cerebellar atrophy
and seizures [75]. The 3 previous variants were identi-
fied by Sanger in Patient (F14 V-11) DNA, which was
not included in the WES study (Fig. 4): IV-10 and IV-11
asymptomatic parents were homozygous for PIGG and
FBX042, respectively.

In F7 (Fig. 2a), no variant at the hemizygous or homozy-
gous state fulfilled the selection criteria. No frameshift
variants surpassed the filters. Only 5 candidate missense
variants have been selected by our algorithm, but none of
them affected a gene previously related to epilepsy or sei-
zures. In the 4 patients with GGE available in the family,
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the ¢c.1441C>T (p.Pro481Ser) variant was identified in
the DCHS1 gene, which encodes the Dachsous Cadherin
related-1 protein, also called Protocadherin 16 (PCDH16).
Biallelic and monoallelic alterations of DCHS1 are associ-
ated with Van-Maldergem syndrome and mitral valve pro-
lapse, respectively [51, 76, 77]. DCHSI has been involved
in neurogenesis [76] and two other Protocadherins, 7 and
19, have already been implicated in GGE and in female-
restricted epilepsy and mental retardation (EFMR) [78],
respectively. PCDH16 is a receptor of FAT4, belonging to
the same protein family as FAT1 implicated in F19, those
3 proteins being in narrow interaction (Fig. 1b). Moreover,
Badouel and colleagues (2015) supported that Fatl and
Fat4 interacted in cis to regulate radial precursor develop-
ment in mice [79] According to Endeavor prioritization,
DCHS1I was the best candidate in the family F7, and was
in the top 5 of candidate genes among all families (see
Table S1). The 3 patients with JME shared 7 additional
candidate variants, which were not present in the patient
with GTCS (I11.13). Interestingly, among the 7 correspond-
ing genes, 4 were involved in dendrite development or
functioning (ASTN2, CAMSAPI, GTF3C5 and R3HDM]1).
Astrotactin 2, encoded by ASTN2, regulates the surface
expression of Astrotactinl in glial-guided neuronal migra-
tion, and modulates synapse strength in post-migratory
neurons by trafficking and degradation of surface proteins
[80]. CAMSAPI plays a key role in the neuronal polarity
by regulating the number of microtubules [81]. In mice
cortical neurons, silencing of Gtf3c5 mimicked the effects
of chronic depolarization, inducing a dramatic increase
of both dendritic length and branching [82]. Knockdown
of R3hdml in mouse embryonic hippocampal neurons
suppressed dendritic growth and branching [83]. While
ASTN2, CAMSAPI and GTF3C5 are located in the
9q33.1-9q34.3 chromosome segment, R3HDM1 is located
on chromosome 2. The 3 patients with JME carried vari-
ants in these 4 genes and the DCHS1 variant (Fig. 2a). The
ASTN2 Ser1150Gly missense variant is predicted to desta-
bilize the Fibronectin type-III domain through the crea-
tion of a cavity (Fig. S2).

Search for additional rare variants in candidate gene
For each gene with at least one candidate variant, addi-
tional variants were searched for in WES of probands in
the 15 remaining families. We used the same filter criteria
as those applied in WES process. The segregation of each
variant was established after determining the genotype of
family members by Sanger sequencing and indicated on
the pedigrees (Figs. 1, 2, 3, 4). The retained variants were
listed in Table 2.

No additional variants were identified in CAC-
NAIA, FATI, or SCN10A selected in F8, F19, and F14,
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respectively. In contrast, additional variants were identi-
fied in DCHSI in family F18, F4, F14 and F16, and 1 in
ASTN2 in family F8. Other DCHSI variant in F18 seg-
regated with the disease but not those in family F4, F14,
and F16. In family F8, the c.2426G>A (pArg860GlIn)
variant in ASTN2 segregated in the two JME patients but
not in the affected sib with GTCS, the same condition
than in F7 (Fig. 2a, c). Structural modelling of ASTN2
p-Arg860GIn predicts the destabilization of the MACPF
domain through the disruption of a curvature ionic bond
with Glul006. In the native 3D structure of Astrotactin
2, the MACPF domain interfaces the Fibronectin type III
domain, which is mutated in F7 (Fig. S2).

A Bayesian model to test Oligogenic inheritance tested

in family 7

To test the hypothesis of oligogenicity, a Bayesian model
was applied to the genotypic data for family 7 (Fig. 2a).
The empirical posterior marginal probability of carry-
ing the 5 gene variants in DCHSI, ASTN2, CAMSAPI,
GTF3C5 and R3HDM1I was calculated for all individu-
als identified in the family tree, whether genotyped or
not (Fig. S3A). Several individuals, such as the two key
individuals II6 or 1110, who were not available for genetic
testing, have very different carrier probability distribu-
tion (Fig. S3B).

Figure 2b shows the posterior distribution of the num-
ber of carriers for the five variants: 5-8 carriers are the
most likely situations. The corresponding Fisher’s exact
test p-values for the association between JME and being a
carrier of the five variants (Table S5) have also been plot-
ted at the top of Fig. 2b. Even in the (highly improbable)
case of a family with 11 carriers of all 5 variants (proba-
bility 0.002%), the test remains significant. If we consider
only the most common situation, with a number of carri-
ers ranging from 5 to 8, the p-values range from 0.000810
to 0.004540.

Discussion

In order to identify susceptibility genes in complex dis-
eases, studies on familial forms are complementary to
those on large cohorts of sporadic cases. Large families
with GGE are rare, explaining why the studies on familial
forms are infrequent. We applied an integrative approach
combining CNV detection and identification of candidate
genes by WES in a cohort of 20 mutigenerational fami-
lies from Sudan with clustering of patients. The Sudanese
population is structured in tribes or closed communities,
associating endogamy and founder effects. Moreover, the
large sibships in rural areas of Sudan facilitate the iden-
tification of families with many affected members. We
mainly selected families with consanguineous index cases
in order to enrich this population in autosomal recessive
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GGE. However, our algorithm selected very few vari-
ants at the homozygous or compound heterozygous state
(Supplementary Table S4). Indeed, such a variant was
identified only in family F19 with an a priori autosomal
recessive inheritance. In contrast, in the remaining fami-
lies F7, F12 and F14, patients shared rare to ultra-rare
variants at the heterozygous state. The penetrance of the
disease estimated in these families was in the range of
the penetrance of the Parkinson disease associated with
the p.Gly2019Ser susceptibility variant in LRKK2 gene,
which varied from ~ 24 to 33% in US Jewish, US non-Jew-
ish or Italian Parkinson patients [84].

Our strategy used standard genetic filters and the
Endeavour algorithm to functionally prioritize genes.
Endeavour was based on machine learning techniques
using different data sources (sequence data, expression
data, functional annotations, protein—protein interaction
networks, text mining data, regulation information and
phenotypic information) and trained with the already
known disease causing genes (Seed genes) [26].

In F19 family, the perfect segregation with GGE of the
likely pathogenic biallelic FATI variant, ¢.13757C>T
(p.Thr4586Met), with a lodscore of 2.53 (maximal the-
orical Lod score in F19) at 8=0.00, highly suggested its
role in the phenotype. Biallelic frameshift variants in
FAT1 (600,976) were first identified in patients with a
syndrome characterized by facial dysmorphism, colo-
bomatous, microphthalmia, ptosis and syndactyly with
or without nephropathy [69]. More recently, an asso-
ciation was reported between misense FAT! variants at
the compound heterozygous state in extracellular cad-
herin domains and pharmacosensitive focal epilepsy
with or without febrile seizures [85]. The ¢.13757C>T
(p. Thr4586Met) variant in family F19 is in the highly
conserved C-terminal 4584-HTEV-STOP codon motif
(up to Tetraodon), which interacts with the scribble key
protein of the hippo pathway playing a role in the neurite
outgrowth [67, 86, 87]. To our knowledge, no missense
variant at the homozygous state has been reported in this
C-terminal motif [88].

In F8, the MAF of the CACNAIA variant were high
(3%) in the Sudanese controls, raising the question of
its responsibility in the disease or of the relevance to
increase the frequency threshold used (MAF <5%). The
study of familial forms could allow detecting rare/ult-
rarare (MAF<1/10 000) as well as relatively frequent
(MAF up to 5%) susceptibility variants, making a bridge
between GWAS using markers with MAF >5% and case-
controls study by WES enable to detect only ultra-rare
variants [89] Moreover, CACNAIA might be involved in
GGE in association with at least a second non-detected
variant on chromosome X, in accordance with the
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recessive X-linked inheritance expected by the observa-
tion of the pedigree.

In family F7, few candidate variants segregated at
heterozygous state with GGE following a non-conven-
tional transmission: they were always transmitted by an
asymptomatic parent. F7 can be considered as a tribe
with founder effects and deep endogamy. Several vari-
ants in different genes could have circulated in the tribe
until they were transmitted together in few family mem-
bers, who developed GGE. The segregation of the vari-
ants in family F7 highly supports this model, especially
those closely located on chromosome 9 (Fig. 2a). Based
on the visual reconstruction of haplotypes, since the 3
JME patients received the DCHS1 variant and the four in
ASTN2, GTF3C5, CAMPASI and R3HDM1, 9/10 non-
JME members (9 at-risk asymptomatic individuals and
the patient I11.13 with GTC), for whom it lacked at least
one variant, did not develop JME (Fig. 2a). To test the
hypothesis of oligogenism, which was highly supported
in Amyotrophic Lateral Sclerosis [90, 91] or in Holopros-
encephaly [92], a Bayesian model was applied to the gen-
otype data of family 7. Our analysis concludes that, even
when accounting for unobserved genotypes, there exists
a significant statistical association between JME and car-
rying all five variants, highly supporting the hypothesis of
oligogenism (Fig. 2b).

It is interesting to note that in F8, since all 3 patients
received the CACNAIA variant, ASTN2 variant was pre-
sent only in the two patients with JME and not in the
affected sib with GTCS (Fig. 2c). These data made ASTN2
the best susceptibility candidate variant for JME, added
to the fact that ASTN2 is on the top 200 genes in the
epi25 consortium study [51].

The functions of the genes implicated in this study were
different, from channels to proteins involved in dendrite
development. We identified variants in genes encoding
transmembrane proteins with structural and signal trans-
duction function, especially at synapses: DCHS1 encod-
ing the Protocadherin 16 [93], FAT1 an atypical Cadherin
and ADGRVI an adhesion G protein-receptor [14]. In the
recent study by Epi25 consortium on GGE [51], the most
significant candidate gene intolerant to loss-of function
variants was NLGN2 (MIM: 606,479), encoding neuroli-
gin 2, a trans-synaptic adhesion molecule [94].

The relatively small size of our cohort can represent an
obvious limitation of our study. This argument is com-
mon to the rare studies based on familial forms of com-
plex diseases including GEE. In Sudan, epilepsy, even
GGE, which is a relatively mild phenotype, remains a
taboo, especially in rural areas, explaining why we could
not get some samples in extended branches of few fami-
lies. We expect that communication on advancement of
our work will encourage family members to participate to
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future studies. Another limitation of our approach is that
we only analyzed the untranslated, translated and flank-
ing splicing regions of genes, missing variants localized in
noncoding or in far regulatory sequences. Whole genome
or long-read sequencing might be the appropriate tech-
nique to explore these regions, especially the CACNB4-
UBR3 genomic interval for family F12 or X chromosome
for family F8.

Conclusion

Our approach on familial forms of GGE is comple-
mentary to large-scale collaborative consortia studies
of sporadic cases. Both strategies incriminated similar
genes such as ASTN2. The fact, that this candidate gene
was identified by two different strategies in different
populations, is an argument in favor of its role as sus-
ceptibility variants in GGE. The identification of FATI
as a likely susceptibility gene for GGE, points out with
DCHSI1 a new class of susceptibility genes involved in
the DCHS1—FAT1/FAT4—Hippo signaling pathway.
Finally, our study reinforces the hypothesis that GGE is
genetically heterogeneous, with various modes of inherit-
ance, even in a regionally restricted population. However,
GGEs are mainly multifactorial, probably with oligogenic
inheritance, as supported by the Bayesian algorithm
that we developed in a family with JME. This algorithm
will be helpful to test oligogenic inheritance in families
with epilepsy or other common diseases. Since popula-
tions with founder effect and endogamy are appropriate
to study autosomal recessive pathologies, they would be
also adapted to decipher genetic components of complex
diseases.
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