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Objective: The LAMA5 gene encodes the laminin subunit a5, the most abundant
laminin o subunit in the human brain. It forms heterotrimers with the subunit 1/82 and
y1/y3 and regulates neurodevelopmental processes. Genes encoding subunits of the
laminin heterotrimers containing subunit a5 have been reported to be associated with
human diseases. Among LAMAs encoding the laminin a subunit, LAMAT-4 have also
been reported to be associated with human disease. In this study, we investigated the
association between LAMAS and epilepsy.

Methods: Trios-based whole-exome sequencing was performed in a cohort of 118
infants suffering from focal seizures with or without spasms. Protein modeling was used
to assess the damaging effects of variations. The LAMAS expression was analyzed with
data from the GTEX and VarCards databases.

Results: Six pairs of compound heterozygous missense variants in LAMAS were
identified in six unrelated patients. All affected individuals suffered from focal seizures
with mild developmental delay, and three patients presented also spasms. These
variants had no or low allele frequencies in controls and presented statistically higher
frequency in the case cohort than in controls. The recessive burden analysis showed
that recessive LAMAS variants identified in this cohort were significantly more than the
expected number in the East Asian population. Protein modeling showed that at least
one variant in each pair of biallelic variants affected hydrogen bonds with surrounding
amino acids. Among the biallelic variants in cases with only focal seizures, two variants
of each pair were located in different structural domains or domains/links, whereas in the
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cases with spasms, the biallelic variants were constituted by two variants in the identical
functional domains or both with hydrogen bond changes.
Conclusion: Recessive LAMAS variants were potentially associated with infant epilepsy.
The establishment of the association between LAMAS and epilepsy will facilitate the
genetic diagnosis and management in patients with infant epilepsy.
Keywords: LAMAS gene, infant-onset epilepsy, laminins, trios-based WES, spasms

INTRODUCTION MATERIALS AND METHODS

The LAMAS5 gene (OMIM* 601033) encodes the laminin subunit
a5, expressed in the human brain, especially in the cortex
and during the early stages of life (Durkin et al., 1997). The
laminin subunit a5 forms heterotrimers with subunits $1/82 and
y1/y3 and regulates neurodevelopmental biological processes,
including epiblast polarization, neurite outgrowth, neuronal
migration, synaptic stability, and cell adhesion, differentiation,
migration, and signaling (Liang and Crutcher, 1992; Luckenbill-
Edds, 1997; Domogatskaya et al, 2012; Mukherjee et al,
2020). In mice, homozygous knock-out of LAMA5 caused
lethality throughout fetal growth and development, and led
to exencephaly, megalencephaly, and other neural tube defects
(Miner et al., 1998; Kikkawa and Miner, 2006). Genes encoding
subunits of the laminin heterotrimers containing subunit a5 have
been reported to be associated with human diseases. Among
LAMAs encoding the laminin a subunit, LAMA 1-4 have also been
reported to be associated with human disease. The association
between the LAMAS5 gene, which encodes the most abundant
laminin o subunit in the human brain, and human diseases, has
not been determined.

Epilepsy is one of the most common neurological disorders
in children with an estimated prevalence of 4-5 per 10,000.
Infancy is the critical period of brain development, and
epilepsy presents the highest incidence in infancy (Wirrell et al.,
2011; Eltze et al.,, 2013; Hirose, 2013). Multiple seizures may
appear in infancy epilepsy, such as focal (partial), myoclonic,
spasms seizures, and spasms typically occur in infancy (Bayat
et al., 2021). Clinically, both spasms and focal seizures are
common in infancy. A proportion of infants with epilepsy have
acquired causes, such as trauma, infection, and immune, but
the etiologies in the majority are unknown. Previous studies
have shown that genetic factors play an important role in
the etiology of infant epilepsy (Gan et al, 2019; Kang et al,,
2019). The established causative genes include PRRT2, KCNQ2,
SCNIA, SCN2A, STXBPI, CDKL5, and ARX, which contribute
to approximately 19% of patients with infant-onset epilepsy
(Song et al., 2021).

In this study, trios-based whole-exome sequencing (WES)
was performed in a cohort of infants with epilepsy. Six pairs
of compound heterozygous missense variants in LAMA5 were
detected in six unrelated cases. The present study suggests
that recessive LAMAS5 variants were potentially associated with
infant epilepsy.

Subjects

One hundred and eighteen infants who suffered from focal
seizures without any acquired causes were recruited from four
hospitals, including the Second Affiliated Hospital of Guangzhou
Medical University, Foshan Maternal and Child Health Hospital,
the Second Affiliated Hospital of Shandong University, and
Children’s Hospital of Shandong University, from June 2019
to July 2021. Clinical information of the affected individuals
was collected, including age at onset, type and frequency of
seizures, family history, systemic and neurological findings,
and effective antiepileptic drugs. The structural abnormalities
were detected by brain magnetic resonance imaging (MRI)
scans. Long-term (24 h) video electroencephalography (EEG)
monitoring records were performed with electrodes being
arranged according to the international standard of 10-20
reduced montage system. The procedures of open-close eyes test,
hyperventilation, intermittent photic stimulation, and sleeping
recording were obtained. The EEG results were reviewed by
at least two qualified electroencephalographers. The Chinese
version of the Gesell development scales was utilized in the
neurodevelopment evaluation of the participants according to
their ages. Its scores were evaluated using tests for gross
motor, fine motor, adaptive behavior, language, and personal-
social behavior. Epileptic seizures and epilepsy syndromes were
diagnosed according to the criteria of the Commission on
Classification and Terminology of the International League
Against Epilepsy (1981, 1989, 2001, 2010, and 2017). All patients
were followed up for more than 1 year.

For the controls, WES was performed on 296 healthy Chinese
volunteers who served as a normal control group as our
previous report (Wang et al., 2018). Frequencies of the identified
variants were also compared with that in the other control
populations, including East Asian and general populations in
the Genome Aggregation Database (gnomAD"), and the 8,364
persons without known neuropsychiatric conditions in the Epi25
WES Browser® (Epi25 Collaborative, 2019; Karczewski et al.,
2020).

This study adhered to the principles of the International
Committee of Medical Journal Editors concerning patient
consent for research or participation and received approval

'gnomad.broadinstitute.org
%https://epi25.broadinstitute.org/

Frontiers in Molecular Neuroscience | www.frontiersin.org

May 2022 | Volume 15 | Article 825390


https://gnomad.broadinstitute.org
https://epi25.broadinstitute.org/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Luo et al.

LAMAS Variants and Infant Epilepsy

from the Ethics Committee of the Second Affiliated Hospital of
Guangzhou Medical University. Written informed consents were
provided by the patient’s legal guardians.

Whole Exon Sequencing

Blood samples of the probands, their parents, and other
available family members were collected to identify the source
of the genetic variation and to aid in the analysis of the
pathogenicity of variants. Genomic DNAs were extracted from
blood samples using the Qiagen Flexi Gene DNA kit (Qiagen,
Hilden, Germany). WES was performed using a NextSeq500
sequencing instrument (Illumina, San Diego, CA, United States)
following the standard procedures previously described (Wang
et al., 2018). The sequencing data were generated by massively
parallel sequencing with an average depth of >125x and >98%
coverage of the capture region on the chip for obtaining high-
quality reads that were mapped to the Genome Reference
Consortium Human genome build 37 by Burrows-Wheeler
alignment. Single-nucleotide point variants and indels were
called with the Genome Analysis Toolkit.

Genetic Analysis

A case-by-case analytical approach was adopted to identify
candidate causative variants in each trio. Primarily, the rare
variants were prioritized with a minor allele frequency <0.005
in the Genome Aggregation Database (see Text Footnote 1).
Then, potentially pathogenic variants were retained, including
frameshift, nonsense, canonical splice site, initiation codon,
and missense variants predicted as being damaging in silico
tools. Lastly and importantly, the potentially disease-causing
variants in each trio were analyzed with an individualized
protocol. The variants in each trio were sorted according to
the following five models: (1) epilepsy-associated gene model
(Wang et al., 2017); (2) de novo variant dominant model; (3)
autosomal recessive inheritance model, including homozygous
and compound heterozygous variants; (4) X-linked model; (5) co-
segregation analysis model. To identify novel epilepsy-associated
genes, the known epilepsy-associated genes were put aside. Genes
with de novo variants, bi-allelic variants, hemizygous variants, or
variants with segregations, which represent the genetic difference
between the patients and normal individuals in a family and
potentially explain the occurrence of disease, were selected for
further studies to define the gene-disease association. LAMA5
emerged as one of the candidate genes with recurrent bi-allelic
variants in this cohort of infancy epilepsy. Sanger sequencing
was used to validate the candidate variants. All LAMAS5 variants
identified in this study were annotated into the reference
transcript NM_005560.4.

Bioinformatic Analyses

Protein modeling was performed by using the Iterative Threading
ASSEmbly Refinement software (I-TASSER®) to evaluate the
damaging effect of candidate variants (Yang and Zhang, 2015).
The confidence of each model was quantitatively measured
by a C-score in the range of [—5, 2]. PyMOL Molecular

3https://zhanglab.ccmb.med.umich.edu/I- TASSER/

Graphics System (Version 2.3.2; Schrodinger, LLC; New York,
NY, United States) was used for three-dimensional protein
structure visualization and analysis. I-Mutant Suite server was
used for the prediction of protein stability changes upon
single-nucleotide variants that lead to changes in the amino
acid* (Capriotti et al, 2005). The alteration of the protein
stability was assessed by the free energy change value (AAG,
kcal/mol). Values greater than 0.5 kacl/mol imply a large
increase in protein stability, values less than —0.5 kacl/mol are
considered to be a large decrease in protein stability, and others
imply neutral stability. The consequences of all the missense
variants were predicted by several common tools, including
SIFT, PolyPhen2_HVAR, CADD, MutationTaster, GenoCanyon,
fitCons, M_CAP, and GERP.

Statistical Analysis

R (version 4.0.3) was used for data processing. The frequencies
of the LAMAS5 variants between the epilepsy cohort and the
controls were compared by a two-sided Fisher exact test
(CONVERGE Consortium, 2015). The burden of recessive
variants was analyzed according to the method recommended
recently (Martin et al.,, 2018). P-value < 0.05 was considered
statistically significant.

RESULTS
Identification of LAMAS Variants

Six pairs of compound heterozygous missense variants, i.e.,
(c.1337G > A/p.Arg446GIn and c.10699C > T/p.Pro3567Ser),
(c.1418G > A/p.Pro473Leu and c.3608C > T/p.Argl203Gln),
(c.5426G > A/p.Argl809His and ¢.7394G > A/p.Arg2465Gln),
(c.3170C > T/p.Ser1057Leu and ¢.6388C > T/p.Arg2130Cys),
(c.9448G > A/p.Gly3150Ser and ¢.10744C > T/p.Arg3582Trp),
and (c.1963G > A/p.Gly655Ser and ¢.2192C > G/p.Ala731Gly),
were identified in six unrelated cases with focal seizures,
including three infants with also spasms (Figures 1A,B and
Table 1). The compound heterozygous variants originated from
their asymptomatic mothers and fathers, consistent with a
classical recessive inheritance pattern.

These variants presented no or low frequencies (MAF < 0.005)
in the gnomAD databases (Table 2). Nine of the variants did
not present in the normal control of Epi25 WES Brower, and
the other three variants presented extremely low frequencies
(MAF < 0.0005). None of the variants, except p.Ala731Gly, were
presented in the 296 normal controls.

When the burden of recessive variants was analyzed, (Martin
et al., 2018) the LAMAS5 variants in the present cohort were
significantly more than the expected number by chance in the
East Asian population (MAF < 0.005, P = 6.4654 x 107°).
Furthermore, the aggregate frequency of the variants in this
cohort was significantly higher than that in the six controls
(Table 2), including the controls of 296 normal individuals
(12/236 vs. 1/592, p = 2.243 x 107°), the normal control
of Epi25 WES Browser (vs. 6/16844, p < 2.2 x 10716), the

“https://folding.biofold.org/i-mutant/i-mutant2.0.html
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FIGURE 1 | Genetic data of cases with LAMAS variants. (A) Pedigrees of the six cases with LAMAS mutations and their corresponding phenotypes. (B) DNA
sequence chromatogram of the LAMAS mutations. Arrows indicate the positions of the variants.
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gnomAD-all population (vs. 472/248,058; p = 8.306 x 10~ %),
the controls of gnomAD-all population (vs. 218/100,060;
p = 4728 x 107!3), the gnomAD-East Asian population (vs.
167/18250, p = 3.36 x 107%), and the controls of the gnomAD-
East Asian population (vs. 71/8836, p = 1.749 x 1079).

All' LAMAS5 variants identified in this study were
predicted to be damaging by at least two in silico tools
(Supplementary Table 1). The probability that transcript falls
into distribution of recessive genes (pRec) is 0.99353 for the
LAMAS5 gene, indicating that it is very likely intolerant to
recessive loss-of-function variations (Karczewski et al., 2020).
None of the six affected individuals had pathogenic or likely
pathogenic variants in genes known to be associated with
epilepsy (Wang et al., 2017).

Clinical Features of the Cases With
LAMAS Variants

The main clinical features of the six patients with LAMAS5
variants were summarized in Table 1. All patients showed infant-
onset epilepsy with onset ages ranging from 1 to 9 months. The
patients of cases 1, case 2, and case 3 suffered from infrequent
focal seizures or secondary tonic-clonic seizures (monthly or
yearly) and became seizure-free after treatment with valproate
monotherapy or valproate in combination with levetiracetam.
Their EEGs showed bilateral, unilateral, and multiple discharges,
predominantly at the frontal, central, and temporal lobe, mainly
during sleep (Figure 2A). The patients of case 4 and case 5
had daily focal seizures with spasms. Seizure-free was achieved
after treatment with a combination of adrenocorticotropic
hormones and topiramate. The patient of case 6 also had focal
seizures and spasms (daily). The spasms and focal seizures
disappeared after treatment, but myoclonic seizures appeared,
which were infrequent (3-4 times/month). Interictal multifocal

and generalized discharges were recorded in the three cases with
spasms (Figure 2B).

These patients were full-term and delivered without
abnormalities. Brain MRI was normal in the six cases. All
patients showed mild global developmental delays.

Molecular Alteration of Laminin Subunit
o5

The laminin subunit o5 contains one signal peptide, one
Laminin N terminal domain, 22 Laminin EGF-like domains,
one Laminin IV type A domain, and five Laminin G-like
domains (Uniport-id: 015230) (Figure 3A). Five of the
variants were located in Laminin EGF-like domains, including
p.Arg446Gln, p.Pro473Leu, p.Gly655Ser, p.Ala731Gly, and
p-Arg2130Cys. Three variants, p.Glu3150Ser, p.Pro3567Ser,
and p.Arg3582Trp, were located in the Laminin G-like
domains. Variant p.Vall809His was located in the Laminin
IV type A domain. The other three variants p.Ser1057Leu,
p-Argl1203Gln, and p.Arg2465Gln are located between structural
domains (Figure 3A).

The molecular effects of the variants were analyzed by using
I-TASSER for protein modeling and PyMOL for visualization.
Eight of the variants, including p.Arg446Gln, p.Pro3567Ser,
p.Argl203Gln, p.Arg2465Gln, p.Serl057Leu, p.Arg2130Cys,
p.Arg3582Trp, and p.Ala731Gly changed their hydrogen bonds
with surrounding residues. The other four variants, p.Pro473Leu,
p.Gly655Ser, p.Argl809His, and p.Gly3150Ser, did not change
their hydrogen bonds but were predicted to decrease the protein
stability significantly with A AG values less than —0.5 kcal/mol.
In each pair of compound heterozygous variants, at least one
variant had hydrogen bonds change (Figure 3B).

It is notable that among the compound heterozygous variants
in the three cases with only focal seizures (case 1, case 2, and
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TABLE 1 | Clinical features of the patients with LAMAS variants.

Variants (NM_005560.4) Sex Age Seizure Seizure Seizure  Seizure- AEDs EEG Brain MRl Development
onset course timing free delay
duration
Case 1 €.1337G > A/p.Arg446Gin 4 yr. 9 mo. sGTCS ~7/yr.  Nocturnal 3yr LEV, Spike-slow Normal Mild
¢.10699C > T/p.Pro3567Ser FS once in mostly VPA  waves in middle
3yrs. and posterior
temporal areas.
Case 2 c.1418G > A/p.Pro473Leu 4yr. 5 mo. sGTCS 1-2  Diurnal and 3yr VPA Sharp and Normal Mild
€.3608C > T/p.Arg1203GIn time/wk. nocturnal spike waves in
frontal, central,
and
pretemporal
areas.
Case 3 ¢.5426G > A/p.Arg1809His Fo4dyr 1 mo. 1-2 time/wk. Diurnal and 4yr VPA  Spikes in the Normal Mild
€.7394G > A/p.Arg2465GIn nocturnal frontal and
central areas.
Case 4 ¢.3170C > T/p.Ser1057Leu M 1.5y 3 mo. Spasms and Diurnal 1yr TPM, Spike-slow Normal Mild
€.6388C > T/p.Arg2130Cys CPS, 1-3 mostly ATCH  waves in the
times/days anterior area
and generalized
spikes and
spike-slow
waves.
Case 5 €.9448G > A/p.Gly3150Ser F 15y 5 mo. Spasms and  Nocturnal 1yr TPM, Spike-slow and  Normal Mild
¢.10744C > T/p.Arg3582Trp CPS, 1-2 mostly ATCH sharp-slow
times/day. waves in the
bilateral
posterior area
and generalized
spikes and
spike-slow
waves.
Case 6 €.2192C > G/p.Ala731Gly F25yrn 3 mo. Spasms and  Diurnal and - CNZ, Spikes and Normal Mild
¢.1963G > A/p.Gly655Ser CPS, 2-3 nocturnal LEV, spike-slow
times/day. TPM, waves in
LTG bilateral
temporal,
frontal and

central areas.

AEDs, antiepileptic drug; ATCH, adrenocorticotropic hormone; CPS, complex partial seizure; EEG, electroencephalogram; F, female; FS, febrile seizure; LEV, levetiracetam;
LTG, lamotrigine; M, male; mo, month; MRI, magnetic resonance imaging, sGTCS, secondary generalized tonic-clonic seizure; TPM, topiramate; VPA, valproate;

wk, week; yr, year.

case 3), two variants of each pair were located in different
structural domains or domains/links (Figure 3A). Case 1 had
the compound heterozygous variants with two variants located
furthest apart (p.Arg446Gln and p.Pro3567Ser); the patient
showed a milder phenotype than the others, e.g., the latest onset
age (8-month-old) and infrequent seizure frequency (yearly). In
the three cases with spasms, two pairs of compound heterozygous
variants (case 5 and case 6) were constituted by two variants
in the identical functional domains. The two variants of case 4
were in non-identical structural domains but presented the most
pronounced hydrogen bonding changes (a total of eight hydrogen
bonds disrupted).

The Expression Profile of LAMAs

The functional laminins are cruciform heterotrimers that consist
of three short arms formed by the N-terminal portion of o,
B, and y subunits, respectively, and a long arm polymerized

by the C-terminal parts of the three subunits (Figure 4A).
The laminin short arms (N-terminus) are involved in laminin’s
ability to polymerize with those of other laminins to form a
polygonal network, while the laminin long arm interacts with the
extracellular matrix components to regulate biological processes
(Hohenester, 2019). Laminin subunit a5 appears in laminin-511
(with B1 and y1), laminin-521 (with B2 and y1), and laminin-
523 (with B2 and vy3). Previous studies show that laminins
containing subunit a5 play an essential role in embryonic
development and are intensely expressed on the surface of
the ectoderm (Copp et al., 2011). Tissue-specific expression
is the basis of gene function and subsequently the clinical
phenotype. We thus compared the expression of LAMAs in
the human brain from the data in VarCards and Genotype-
Tissue Expression databases (GTEx Consortium, 2013). The
LAMAS gene presented the highest expression in the human
brain (Figure 4B). Furthermore, it was more abundant in the

Frontiers in Molecular Neuroscience | www.frontiersin.org

May 2022 | Volume 15 | Article 825390


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Luo et al.

LAMAS Variants and Infant Epilepsy

£ w
3]
0
o)
o9«
ggg ocoooo !l ocooooo | o
o
S <
£+
c
8
5 @
o <
°n ¥ © ® © © 0 © 8 © IS4
5w DT I 3L | B
Ed 8823185335878
S A LRI T RRA2FL I G
°Q S S 3 ® = 3 6 BN ©
o
< €
F o
c
)
c
8
[
<
3 |oeg® o003 28x8
- 3 © - = ©
= OO NPl by RN
i o 2l e
a - - T c - L T T T
g 3o ¥ NS9O~ =3
)
<
(0]
“ 5 _
£ 38282883 gg58z 2
== o B O 1)
5 53281888 Y 19950~ I @
g EX288588 {3828 1¢F
5 T2 -
X 0o g T T T T 55 0 =
@ ggn_v—mw@ s =838 N
o
£ [
.
c
=
]
-1
£
F]
c
2 =
= © © o
3 ¢ 5 o B o QO CoJooaoly
e ] ~ 3w 5~ oI~ o8
o Q% Ao | S - - waa
o <2 QS B DH ~ - o B K~ O
2 = o © g5 9 Nobdauosr
] £ [ [N Y] NN Qq€
= s g S5 93 s ¥ o5
< gn o 2~ X T Y¥o o -3
]
-
S 32
o 2
. s m <+ o o <
> 5 R R R
E sU coTTTTeTTIOEL
] c - - -
2
% e =5 S S
%)
2 £
ES] Fa
c i)
ko]
2
=
= -4
[} N ©
ke} - O
ke] 5 2
» €
- ®w S (oY)
c 2o e o
S o N I S O N SN
kst >
= 22 | TTTETTTTTTO
> Q £
QO =
© ©
o
o
g £
=
O | =
Z |8
c | E >
o | 3T
S |E3
Tl 5% © © © ©©©© O O QO © ©
o | E eI IEE
tgg N N N N N N A AN
(ORI
2
T |0 £
S|
]
O | =
o | <
o)
©
2 P o
J £ w C
= c 3 s > O m T 22m DD o
—_ £ @ o =2 G T (O] =
5T c 28R 3838EE
=] OO U - W QOQ2®O DL Y
@©
8 & 358889853888
> 9 50585 2200289
=198 < 5323 o 5% D
T |8 <& 0L << <O 35 g
g | cg g8 ogg2gg R
= |2 FIIdrrl
a < ANAAN A AN A AN S
] O 0 0 OO0 UOUU&e T
o R RO A IOD ORI OD T
m 8 D -0 ORON®Q®DIT BN
2 IO - B Y OB I OO
] DR B T B e B S
= > G 0 6 6 6 6 6 S 8 6 4 O

472/248058(1.9 x 10-3)  218/100060(2.18 x 10-3)  167/18250(9.15 x 10-3)  71/8626(8.04 x 10-3)

6/16844(3.56 x 10~4)

1/592(1.69 x 10-3)

12/236(5.08 x 1072)

Total

1.749 x 10-©
6.452(3.139-12.204)

<2.2 x 1016 8.306 x 1014 4.728 x 10~ 13 3.36 x 1070
28.104(14.202-50.423) 24.538(12.299-44.594) 5.799(2.894-10.599)

149.545(51.506—

2.243 x 106
31.589(4.628-

P-value

OR (95% Cl)

484.264)

1348.630)
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ClI, confidence interval; gnomAD, Genome Aggregation Database; OR, odd ratio; WES, whole-exome sequencing.

cerebral cortex, substantia nigra, frontal cortex, hippocampus,
and anterior cingulate cortex (Figure 4C).

DISCUSSION

The LAMAS5 gene, predominantly expressed in the early stage of
life, plays a vital role in neurodevelopmental biological processes
such as neurite outgrowth, epiblast polarization, neuronal
migration, synaptic stability, and cell adhesion, differentiation,
migration, and signaling. A functional study suggested that the
laminin subunit a5 was deposited at synapses in the brain and
was essential for dendritic spine structural regulation and synapse
stability (Omar et al., 2017). Experimentally, mutant protein of
LAMAS5 resulted in decreased binding to the synaptic vesicle
protein encoded by SV2A (Maselli et al., 2018). Abnormalities
in the central nervous system were monitored in the conditional
allele knockout LAMAS5 mice (Omar et al., 2017). In this study,
six pairs of biallelic variants in LAMAS5 were identified in patients
with infant-onset epilepsy. All variants presented no or low allele
frequencies in controls. The aggregate frequency of the LAMA5
variants identified in the case cohort was significantly higher
than that in controls. The recessive burden analysis also showed
that the LAMAS5 variants in the present cohort were significantly
more than the expected number in the East Asian population.
These findings suggest a potential association between LAMA5
variants and epilepsy.

Previously, a de mnovo canonical splice site variant
(c.10828 + 1G > A) was identified in a patient with
developmental delays and epilepsy (Han et al, 2018). In a
patient with cortical developmental malformations, a pair
of compound heterozygous variants (p.Glu3567Lys and
p-Asp2372Asn) were identified (Wiszniewski et al., 2018).
One pair of homozygous variants in LAMAS5 (p.Arg2659Trp)
and one homozygous variant in LAMAI were identified in a
patient with the presynaptic congenital myasthenic syndrome
who has non-classified facial tics or tics (Maselli et al., 2018).
A heterozygous variant in LAMAS5 (p.Val3140Met) was identified
in a family with a complex multisystem syndrome, in which
several family members with the LAMAS5 variant had seizures
(Sampaolo et al., 2017). These data provided clues for the possible
association between LAMAS5 and epilepsy, but the pathogenic
role of LAMAS5 variants in epilepsy could not be determined due
to the variable phenotype, co-appearance of variants in other
potentially pathogenic genes, or the single affected case. In the
present study, we identified LAMA5 variants in six unrelated
cases, and the other possible pathogenic genes were excluded.
Therefore, this study provided direct evidence in supporting the
association between LAMAS5 and epilepsy.

In animals, the homozygous LAMAS5 knockout mice model
showed preweaning lethality with complete penetrance’, while
the heterozygous knockout mice showed fewer abnormalities,
suggesting a dose-effect. The pRec, a metric for intolerant of
biallelic loss-of-function variants, is 0.99353 for the LAMA5
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FIGURE 2 | Ictal and interictal EEG in the cases with LAMAS5 variants. (A) Interictal EEG in case 1 at the age of 8 months showed irregular spike-slow waves in the
middle and posterior temporal region. (B) Interictal EEG in case 4 at the age of 3 months showed diffuse high amplitude spike and spike-slow waves, and focal
spike-slow waves in the anterior region.

gene, indicating that it is highly intolerant for recessive loss-
of-function variations (Karczewski et al., 2020). The LAMA5
variants identified in the present study were all biallelic variants.
It was noted that among the compound heterozygous variants
in the three cases with only focal seizures, two variants of
each pair variant were located in different structural domains
or domains/links. In the three cases with spasms, two pairs
of variants were constituted by two variants in the identical
functional domains, and another pair of variants presented the
most pronounced hydrogen bonding changes. Taken together
that homozygous LAMAS5 knockout mice displayed preweaning
lethality with complete penetrance, it was considered that
homozygous variants in LAMAS5 would cause the most severe
damage effect and resulted in the most severe phenotype or
even early death; the compound heterozygous variants with
two variants located in identical functional domains potentially
created relatively severe damage effect and caused severe epilepsy
such as spasms; and the compound heterozygous variants
with two variants located in non-identical functional domains
potentially caused relatively mild damage effects and led to
mild phenotypes. It is suggested that the location of variants in
compound heterozygous variants was potentially associated with
the phenotype severity, providing one of the explanations for the
phenotype variation.

Structurally, the laminin subunit a5 forms heterotrimers with
laminin subunits B1/f2 and y1/y3, which were encoded by
LAMBI, LAMB2, LAMCI, and LAMC3 that were associated
with neurodevelopmental diseases and epilepsy. The LAMBI
gene is the responsible gene of lissencephaly 5 (OMIM #615191)
characterized by focal and spasmodic seizures and psychomotor
development delay (Radmanesh et al., 2013; Tonduti et al., 2015).
The LAMB?2 gene is the causative gene of Pierson syndrome
(OMIM #609049), with which the majority of patients died early
and the survivors presented severe neurodevelopmental delays

(Pierson et al., 1963; Zenker et al., 2004). The LAMCI gene
has been repeatedly reported in Dandy-Walker malformation
with occipital cephalocele, and most of the affected individuals
had an infant-onset intellectual disability with or without
seizures (Carvalho et al., 2006; Darbro et al.,, 2013). Variants
in LAMC3 were the causes of occipital cortical malformations
(OMIM #614115), and the affected individuals experienced
seizures (Barak et al., 2011). Experimentally, these genes caused
neurological abnormalities through a common mechanism
of disrupted function of laminin heterotrimers in regulating
neuronal migration and other biological processes (Pierson et al.,
1963; Zenker et al., 2004; Carvalho et al., 2006; Darbro et al,,
2013; Radmanesh et al., 2013; Tonduti et al., 2015). However, the
LAMAS5 gene, which encodes one of the indispensable parts of
the heterotrimers, has not been confirmed to be associated with
neurological disorders. In this study, the patients with biallelic
LAMAS5 variants presented focal seizures and developmental
delays, suggesting a potential role of LAMAS in epilepsy with the
involvement of neurodevelopment.

Regarding LAMAs that encode the laminin o subunits,
the associations between LAMAI-4 and human diseases have
been established. Variants in LAMAI cause Poretti-Boltshauser
syndrome (OMIM #615960), characterized by delayed motor
development, speech delay, and cognitive function; and seizures,
tics, and spasticity have also been observed (Aldinger et al., 2014;
Elmas et al., 2020). LAMA?2 is the causative gene of autosomal
recessive limb-girdle muscular dystrophy-23 (OMIM #618138)
and congenital merosin deficient or partially deficient muscular
dystrophy (OMIM #607855), in which epilepsy was regarded
as one of the core features (Chan et al, 2014; Xiong et al,
2015; Salvati et al., 2021). The LAMA3 gene is the responsible
gene of Herlitz type junctional epidermolysis bullosa (OMIM
#226700), generalized atrophic benign epidermolysis bullosa
(OMIM #226650), and laryngo-onycho-cutaneous syndrome
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FIGURE 3 | Schematic illustration of LAMAS variants. (A) Schematic illustration of the laminin subunit a5 and the location of the LAMAS variants identified in this
study. Two variants of the same height represent a pair of biallelic mutations. The variants of red-colored represent cases with both spasms and focal seizures; those
of blue-colored represent cases with only focal seizures. (B) Hydrogen bond changes and free energy stability changes (A AG, Kcal/mol) value of the variants from
the present study.

(OMIM #245660) (Kivirikko et al., 1995; McGrath et al., 1995;
Vidal et al., 1995; Nakano et al., 2002; McLean et al., 2003). The
LAMA4 gene is the causative gene of dilated cardiomyopathy 1JJ
(OMIM #615235) (Knoll et al., 2007). Compared with the other
LAMAs genes, the LAMAS5 gene had the highest expression in the
human brain and was abundant in the cerebral cortex, substantia
nigra, frontal cortex, hippocampus, and anterior cingulate cortex.
Generally, tissue-specific expression is the basis of gene function
and subsequently the clinical phenotype. The highest expression
of LAMAS5 in the human brain provided an anatomical basis for
the association between LAMAS5 and neurological diseases.

The proteins encoded by LAMAs are of tissue-specific
expression and independent function, while the protein encoded
by LAMAS5 interacts with that encoded by LAMBs and LAMCs.
Therefore, the possibility of digenic or polygenic mechanisms
could not be excluded. No pathogenetic or likely pathogenetic
variants in LAMBs, LAMCs, or other epilepsy genes were

identified in these patients, suggesting a potential monogenic
role of LAMAS. However, the patients with LAMAS5 variants
presented a relatively moderate phenotype, and several variants
presented in the population with low frequency. Thus, a modifier
role of LAMA5 could not be excluded. Further studies with
large cohorts are needed to validate the pathological nature of
LAMAS variants.

Among the disease-causing genes in humans (OMIM®), 1,008
genes were associated with disease in a dominant inheritance
pattern, whereas 1,936 genes were in a recessive inheritance
pattern. Considering that the genome in humans is diploid,
it is possible that recessive variants were more common than
dominant variants in the etiology of human diseases. Currently,
most infantile spasms-related genes (36/47) (Bayat et al., 2021)
and all focal epilepsy-associated genes were of autosomal

Swww.omim.org
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FIGURE 4 | Schematic illustration of laminin heterotrimers and the expression profile of LAMAs. (A) Schematic illustration of the heterotrimers containing laminin
subunit 5. Laminin subunit a5 formed laminin-511 with subunit B1 and y1, laminin-521 with subunit B2 and y1, and laminin-523 with subunit B2 and y3. (B) The
overall expression of LAMAs in the human brain. RPKM, Reads Per Kilobase per Million mapped reads. (C) Heatmap and hierarchical clustering of LAMAs
expression in the sub-regions of human brain. Columns represent individual sub-region and rows represent individual genes. The darker the color, the higher the
expression. The lines represent cluster analysis. More details were presented in the GTEx database (www.gtexportal.org).

dominant inheritance. Thus, more attention should be paid to
recessive variants in epilepsy. This study revealed LAMAS5 as
a potential novel autosomal recessive gene in infant epilepsy,
enriching the genetic etiology of epilepsy.

This study has several limitations. The direct functional effects
of the variants were not examined. The consequences of the
variants on the interactions of the alpha subunit with its partners
warrant further studies. Besides point variants, whether CNV in
the LAMAS gene was pathogenic should also be considered.

CONCLUSION

The association between LAMAS5 and epilepsy was supported
by multiple pieces of evidence, such as common clinical
features, unique gene functions, and statistical evidence. The

establishment of the association between LAMA5 and epilepsy
will facilitate the genetic diagnosis and management in patients
with infant epilepsy.
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