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Abstract

Aims: Etiology of the majority patients with idiopathic partial epilepsy (IPE) remains
elusive. We thus screened the potential disease-associated variants in the patients
with IPE.

Methods: Trios-based whole exome sequencing was performed in a cohort of 320
patients with IPE. Frequency and molecular effects of variants were predicted.
Results: Three novel BRWD3 variants were identified in five unrelated cases with IPE,
which were four male cases and one female case. The variants included two recurrent
missense variants (c.836C>T/p.Thr279%lle and c.4234A>C/p.lle1412Leu) and one in-
tronic variant close to splice site (c.2475 + 6A>G). The two missense variants were lo-
cated in WD40 repeat domain and bromodomain, respectively. They were predicted
to be damaging by silico tools and change hydrogen bonds with surrounding amino
acids. The frequency of mutant alleles in this cohort was significantly higher than that
in the controls of East Asian and all population of gnomAD. All these variants were in-
herited from the asymptomatic mothers. Four male cases presented frequent seizures
at onset, while the female case only had two fever-triggered seizures. They showed
good responses to valproate and lamotrigine, then finally became seizure free. All the
cases had no intellectual disability. Further analysis demonstrated that all previously
reported destructive variants of BRWD3 caused intellectual disability, while missense
variants located in WD40 repeat domains and bromodomains of BRWD3 were associ-

ated with epilepsy.
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1 | INTRODUCTION

BRWD3 (OMIM* 300553), mapping to Xq21.1, encodes bromo-
domain and WD-repeat domain-containing protein 3 (BRWD3).
BRWD3 is a protein with 1802 amino-acids, containing WD40 re-
peat domains in N-terminal and bromodomains in C-terminal. This
protein is epigenetic reader of histone acetylation that regulates
chromatin remodeling, ubiquitination, and signal transduction.’™
As a regulator of the JAK/STAT pathway, BRWD3 may affect the
cellular proliferation and level of brain-derived neurotrophic factor
and y-aminobutyric acid type A receptor.*> BRWD3 is ubiquitously
expressed (including in the brain) and predominantly expressed in
the embryonic period. Hemizygous deficiency of BRWD3 mice ex-
hibited embryonic growth retardation and microcephaly. Previously,
variants in BRWD3 have been associated with mental retardation,
X-linked 93 (MRX93, OMIM# 300659). However, the link between
BRWD3 and epilepsy remains unknown. Here, we performed trios-
based whole exome sequencing (WES) in a cohort of 320 patients
with unexplained partial (focal) epilepsy without acquired causes.
Three BRWD3 variants were identified in five unrelated cases.
Further analysis demonstrated that previously reported destructive
mutations of BRWD3 were associated with intellectual disability,
while the missense variants in WD40 repeat domains and bromo-

domains were associated with epilepsy.

2 | MATERIALS AND METHODS

21 | Subjects
A total of 320 patients (192 males and 128 females) with unexplained
partial epilepsy were recruited from the Epilepsy Center of the
Second Affiliated Hospital of Guangzhou Medical University
between July 2012 and March 2020. The studies adhered to the
guidelines of the International Committee of Medical Journal Editors
with regard to patients consent for research or participation. This
study was approved by the ethics committee of the Second Affiliated
Hospital of Guangzhou Medical University (Approval ethics number:
2020-hs-49). All participants gave written informed consents.
Clinical data of affected individuals were obtained through face-
to-face review by at least one of the authors. Detailed clinical informa-
tion of the patients were collected, including age, gender, types and
frequencies of seizures, general and neurological examination results,

family history, and response to anti-epileptic drugs. Neuroimaging

Conclusion: BRWD3 gene is potentially associated with X-linked partial epilepsy with-
out intellectual disability. The genotypes and locations of BRWD3 variants may ex-

plain for their phenotypic variation.
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scans including magnetic resonance imaging (MRI) were performed
to detect any brain structure abnormalities. Long-term video-
electroencephalography (EEG) monitoring records that included hy-
perventilation, intermittent photic stimulation, open-close eyes test,
and sleeping recording were conducted. Epileptic seizures and epilep-
sies were diagnosed according to the criteria of the Commission on
Classification and Terminology of the ILAE (1981, 1989, 2001, 2010,
and 2017).5°8 Epilepsies with acquired causes were excluded.

2.2 | Trios-based WES

Blood samples were obtained from the probands, their parents and
other family members (if available) to determine the origin of the iden-
tified genetic variants. Genomic DNA was extracted from peripheral
blood using a QuickGene DNA whole blood kit (Fujifilm). Trios-based
WES was conducted on the Illumina HiSeq 2500/4000 platform by
BGI-Shenzhen as previously reported (Wang et al., 2018; Shi et al.,
2019). A case-by-case analytical approach were performed to identify
candidate causative variants in each trio. We first prioritized the rare
variants with a minor allele frequency <0.005 in the 1000 Genomes
Projects, Exome Aggregation Consortium, and gnomAD. Potentially
pathogenic variants including frameshift, nonsense, canonical splice
site, initiation codon, and missense variants predicted as being dam-
aging by in silico tools (http://varcards.biols.ac.cn/) were retained.
We then screened the potential disease-causing variants in each
case under five models: (1) epilepsy-associated gene variants, (2) de
novo dominant variants, (3) autosomal recessive inheritance model,
(4) X-linked model, and (5) co-segregated variants. Possible novel epi-
lepsy genes were considered if a gene presented recurrent de novo
variants, biallelic variants, hemizygous variants, and variants with seg-
regations. We aimed to discover novel potential epilepsy genes, so
known epilepsy-associated genes were excluded’ in the analysis of
the present study. Conservation of mutated residues were evaluated
using sequence alignment of phylogenetic species. Sanger sequencing
were performed for confirming potential clinical significance variants.

All variants were annotated based on the transcript NM_153252.

2.3 | Statistical analysis

SPSS Statistics 26.0 was used for statistical analysis. The frequen-
cies of the variants in candidate gene in the present cohort were
compared with that in the control populations by Fisher's exact
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test (R4.0.2).2° A p value of <0.05 was considered to be statistically

significant.

2.4 | Mutation analysis

Protein modeling was performed to predict the effects of missense
variants on molecular structure by the Iterative Threading ASSEmbly
Refinement (I-TASSER) software. The confidence of each modeling
was quantitatively measured by a C-score in the range of [-5, 2].
PyMOL 1.7 was used for three-dimensional protein structure visuali-
zation and analysis. I-Mutant server was used for prediction of protein
stability changes. The changes of the protein stability were assessed
using the free energy stability change (DDG, Kcal/mol) value.

In an attempt to evaluate the genotype-phenotype correlation,
we systematically reviewed BRWD3 mutations on the PubMed data-
base till March 2021, and mutations in patients with detailed neuro-
logical phenotypes were analyzed.

3 | RESULTS

3.1 | Identification of BRWD3 variants
Among the 320 patients with unexplained partial epilepsy, three
BRWD3 variants were identified in five unrelated cases (Figure 1

and Table 1), including two recurrent missense variants (c.836C>T/p.

(A) Case 1 Case 2
¢.836C>T/p.Thr2791le ¢.836C>T/p.Thr2791le
|
+Y mi+ +Y m/+ oY
1l
” -~ mi+ ”

m/Y

M Partial epilepsy [l Febrile seizure

(8)

Case 3

¢.4234A>C/p.Ile1412Leu

mfY

Thr279lle and c.4234A>C/p.lle1412Leu) and one intronic variant
close to splice site (c.2475+6A>G). The five cases had no other
pathogenic or likely pathogenic variants in genes known to be
associated with seizure disorders.’ All the variants were inherited
from their asymptomatic mothers.

The amino acid residues of the two missense variants are highly
conserved in various species (Figure 2A). The two missense vari-
ants were suggested to be damaging by at least three silico tools
(Table S1). Variant Thr279lle was predicted to have more severe
effects than variant llel412Leu according to Grantham scores (89
v.s. 5). The three variants are not present or at low minor allele
frequency (MAF) in gnomAD database (Table 2). A statistical anal-
ysis on the frequency of BRWD3 mutant alleles in this cohort was
significantly higher than that in the controls of all population and
East-Asian population of gnomAD (5/448 vs. 12/76827 in con-
trols of all populations, p = 3.74x107%; v.s. 12/6670 in controls
of East-Asian population, p = 3.17x10°%; and 4/192 vs. 3/1906
hemizygotes in controls of East Asian populations, p = 1.91x 1073
(Table 2).

3.2 | Clinical information

All probands showed infancy or childhood-onset partial epilepsy,
the onset age ranged from 7months to 12years. The main clini-
cal features of the cases with BRWD3 variant were summarized in

Table 1. All patients were born to non-consanguineous parents after

Case 4

¢.4234A>C/p.Ile1412Leu

Case 5

¢.2475+6A>G

+Y 2N

m/Y

m/Y

i ‘ ) (\ Y|
Father I..AL_L.A_‘J \ ;.../._\‘_ L

I\
|\
CTCAGATCTAT

FIGURE 1 Genetic data on the patients with BRWD3 variants. (A) Pedigrees of the five cases with BRWD3 variants and their
corresponding phenotypes. (B) DNA sequence chromatograms of the BRWD3 variant. Arrows indicate the positions of the variants
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FIGURE 2 Schematicillustration of BRWD3 variants. (A) Phylogenetic conservation of the Thr279 and lle1412 (highlighted in red). These
residues were conserved between species during evolution. (B) Schematic diagram of BRWD3 and the localization of the missense variants
of BRWD3 identified in previous reports and in this study. (C) Hydrogen bond changes of mutants Thr279lle and lle1412Leu

3.4 | Genotype-phenotype correlation of
BRWND3 variants

To explore the mechanism underlying phenotypic variations, we
analyzed genotype-phenotype associations in all reported BRWD3
mutations with detailed neurological phenotypes. Previously, 32
mutations have been reported, including 21 destructive mutations
(nine nonsense mutations, six frame shift mutations, three splice
site mutations, and three gross deletions), seven missense muta-
tions, one intronic mutation, and three gross duplications.l'“'26
Their clinical and molecular details were listed in Appendix S1
(Table S1). Further analysis demonstrated that all individuals who
carrying destructive mutations were associated with intellectual
disability. Among the missense mutations, six reported muta-
tions associated with intellectual disability were located outside
the WD40 repeat domains and bromodomains, while three mu-
tations associated with epilepsy (one previously reported variant
Pro308Ala'® and two variants identified in this study) were located
in WD40 repeat domains and bromodomains (Figure 2B). Both
two intronic mutations (c.1877-5T>C'® and ¢.2475+ 6A>G) were
associated with epilepsy. As for gross duplications, two patients
carrying larger duplications had intellectual disability, and the pa-
tient carrying a smaller duplication (involving bromodomains) had

Rolandic epilepsy.

4 | DISCUSSION

BRWD3 contains eight WD40 repeat domains and two bromodo-
mains, which plays a crucial role in ubiquitination, brain develop-
ment, and synaptic plasticity.i'u'14 This protein is predominantly
expressed in the early stages of human development, especially in
blastocyst. In animal model, hemizygous deficiency of BRWD3 mice
exhibited microcephaly and developmental delay. These evidences
indicate that BRWD3 is essential for normal development of cen-
tral nervous system. BRWD3 is highly expressed in human brain.
Clinically, BRWD3 mutations have been identified as the cause of
MRX93 in human. However, the association between BRWD3 muta-
tions and epilepsy remains unknown. In the present study, we iden-
tified BRWD3 variants in five unrelated cases with partial epilepsy.
The variants included two recurrent missense variants and one in-
tronic variant close to splice site. These variants had no or low allele
frequency in the gnomAD database. Their frequency of MAF was
significantly higher in the present cohort than that in control popu-
lations in gnomAD. The two missense variants were predicted to be
damaging by multiple in silico tools and altered the protein confor-
mation. Taking together the evidence that BRWD3 gene is expressed
in brain and associated with neurodevelopment, the BRWD3 gene is
suggested to be potentially a candidate pathogenic gene of partial

epilepsy.
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TABLE 2 Gene-based burden analysis for BRWD3 variants identified in this study

Allele count/number in populations of gnomAD

Allele count/number from this study

TIAN ET AL.

Hemizygote in controls of
East Asian populations

East Asian Controls of East

Controls of all
populations

Asian populations

populations

All populations

Hemizygote

All alleles

Variant (NM_153252.4)

1/1906 (5.24x 1074

3/6670 (4.50x 107%)
9/7512 (0.00120)

-/-

5/13235 (3.78x 107%)
17/14842 (0.00115)

-/-

3/76827 (3.90x 107%)

5/174894 (2.86x107°)

1/192 (0.00520)
2/192 (0.0104)

2/448 (0.00446)

c.836C>T; p. Thr279lle

2/2368 (8.38x 1074

9/87142 (1.03 x 1074

17/203636 (8.35% 10™°)

-/-

2/448 (0.00446)

c.4234A>C; p. lle1412Leu
c.2475+6 A>G

Total

1/192 (0.00520)
4/192 (0.0208)

1/448 (0.00223)
5/448 (0.0111)

3/1906 (0.00157)

191x1073

12/6670 (0.00180)

3.17x107°

22/13235 (0.00166)

1.63x1073

12/76827 (1.56x 107%)

3.742x 1078

22/174894 (1.26x10™%)

8.207x1077

p value®t

72.21 (18.84-221.56) 6.776 (1.99-18.44) 6.259 (1.72-19.19) 13.460 (2.259-92.500)

89.693 (26.39-243.37)

OR (95% CI)

Note: p values and odds ratio were estimated with a 2-sided Fisher's exact test.

Abbreviations: Cl, confidence interval; gnomAD, Genome Aggregation Database; OR, odds ratio.

Knockout of BRWD3 in mice exhibited short tail buds, micro-
cephaly and, in some cases, embryonic growth retardation. Clinically,
all destructive mutations of BRWD3 caused MRX93; while missense
mutations, intronic variants close to splice sites, and small gross du-
plications were potentially associated with epilepsy with infancy or
childhood onset, suggesting a genotype-phenotype correlation. In
previously reported studies, the patients with variants p.P308A,
¢.1877-5T>C, and duplication of 155kb including part of BRWD3
gene presented seizures started at the age of 19 months, 2.2years,

161820 \which were consistent with the

and 2years, respectively,
onset age of the patients in this study. Generally, missense muta-
tions and intronic mutations close to splice sites led to relatively mild
damage effect comparing to destructive mutations. In this study,
all male cases had frequent seizures, while the female individu-
als carrying BRWD3 variants were asymptomatic or had only rare
fever-triggered seizures, reflecting relatively moderate decrease or
low dose dependence of BRWD3, and potentially explaining the in-
complete penetrance. Additionally, the small gross duplication had
milder symptoms than the large gross duplications. These evidences
indicated the quantitative correlation between the degree of func-
tional damage and the phenotypic severity, which supports the po-
tential pathogenicity of BRWDS3 variants.

Our previous study showed that molecular sub-regional loca-
tion of the missense mutations was a critical factor to determine the
pathogenicity of variants and associated with phenotypic severity. In
this study, all missense variants associated with epilepsy (Thr279lle,
Pro308Ala, and lle1412Leu) clustered in WD40 repeat domains or
bromodomains, while the missense mutations associated with intel-
lectual disability were located outside WD40 repeat domains and
bromodomains, suggesting a molecular sub-regional effect of BRWD3
mutations. Bromodomains are protein interaction modules that spe-
cifically recognize e-N-lysine acetylation motifs, a key event in the
reading process of epigenetic signaling marks. There is strong evi-
dence that epigenetic signaling, which exerts high fidelity regulation
of gene expression and plays a crucial role in the pathophysiology of
epileptogenesis and epilepsy.?” Bromodomains in the human genome
include 61 subtypes and cluster into eight families (I-VIII) based on
structure/sequence similarity. The human BRD2 gene, family Il of
bromodomain proteins, has been associated with myoclonic epilepsy
and photosensitive epilepsy with electroencephalographic abnormal-
ities.?®2? Disruption of Brd2 in the mouse revealed that homozygous
mutation (Brd2™") is incompatible with life, while the heterozygotes
increased susceptibility to provoked seizures and significantly de-
creased GABA markers.2° BRWD3 belongs to the family Il of bromo-
domain proteins and is similar to BRD2 in the structure and functions
of bromodomain region. In addition, BRWD3 also contains another
crucial domain--WD40 repeat domain, which has been reported to
be involved in signal transduction and cell division.® Previously, genes
containing the WD repeat domains such as WDR37 and WDR45 have
been reported to be associated with epilepsy.®¥3? In the present
study, the missense variants associated with epilepsy were located
in WD40 repeat domain or bromodomain. These evidences suggest
that WD40 repeat domains and bromodomains of BRWD3 may play a
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FIGURE 3 Ictal and interictal EEG in the cases with BRWD3 variants. (A) EEG of case 1 detected partial seizures originated from left
frontal region (red box indexed the seizure onset) (obtained at age of 9). (B) EEG of case 2 showed right centrotemporal discharges (black
line) (at the age of 4.5years). (C) EEG of case 5 indicated right temporal spike/sharp-slow waves (black line) (obtained at age of 12years)

crucial role in the pathophysiology of epileptogenesis by affecting cell
signal transduction, epigenetic signaling reading, level of neurotrans-
mitters, and neurovascular changes.”’34 Further studies on the
pathological consequences/neurological dysfunction are required to
elucidate the essential link between the BRWD3 variants and epilepsy.

In the present study, all the patients with BRWD3 variants had
partial seizures accompanied with frontal or temporal discharges,
which is anatomically consistent with predominant expression of
BRWD3 in the frontal cortex and hippocampus (www.proteinatl
as.org/search/BRWD3). Although most patients showed frequent
partial epilepsy in the early stage of onset, they all finally became
seizure-free with the treatment of valproate and/or lamotrigine.
These evidences may provide a reference for clinical management of
the patients with BRWD3 mutations.

In this study, three BRWD3 variants were identified in five unre-
lated cases with partial epilepsy. The mutation rate of BRWD3 in this
cohort was 1.56% (5/320). So far, over a thousand of genes are as-
sociated with epilepsy. However, the mutation rate in single gene is

very low in patients with partial epilepsy. For example, DEPDCS5 vari-
ants were identified in 0.9% (2/220) cases with partial epilepsy®>;
UNC13B variants were in 1.8% (8/446) cases with partial epilepsy>’;
and AFF2in 1.3% (5/372) of the cases with partial epilepsy.%” Overall,
the frequency of variants for each gene in the patients with partial
epilepsy warrants further investigation.

This study has several limitations. The direct functional effects
of the variants were not examined. Thus, the concrete biological
basis for BRWD3 variants-associated seizures warrants further in-
vestigation. The total number of patients with BRWD3 variants was
relatively small in this study. More cases are needed to elucidate
genotype-phenotype correlation of BRWD3 gene in future studies.

5 | CONCLUSIONS

In conclusion, this study identified three novel variants of BRWD3 (in-
cluding two recurrent missense variants) in the patients with partial
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epilepsy with favorable outcome and without intellectual disabil-
ity. The frequency of mutant alleles in this cohort was significantly
higher than that in the controls of East Asian and all population of
gnomAD. Two missense variants were predicted to be damaging and
alter the protein configuration. Taking together the evidence that
BRWD3 is expressed in brain and essential for normal neurodevelop-
ment, BRWD3 is suggested to be potentially a candidate pathogenic
gene of epilepsy. The genotype and variant location help explaining

the phenotypic variation.
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