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Abstract. Congenital myopathies (CMs) are rare genetic disorders for which the diagnostic yield does not typically exceed
60%. We performed deep phenotyping, histopathological studies, clinical exome and trio genome sequencing and a phenotype-
driven analysis of the genomic data, that led to the molecular diagnosis in a child with CM. We identified a heterozygous
variant in RYR! in the affected child, inherited from her asymptomatic mother. Given the alignment of the clinical and
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histopathological phenotype with RYRI-CM, we considered the potential existence of a missing second variant in trans

in the proband, but also hypothesized that the variant might be mosaic in the mother, as subsequently demonstrated. Our
study is an example of how heterozygous variants inherited from asymptomatic parents are frequently dismissed. When the
genotype-phenotype correlation is strong, it is recommended to consider a parental mosaicism.
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INTRODUCTION

Congenital myopathies (CM) are rare genetic
disorders that affect skeletal muscle function [1].
The associated variable phenotypes are character-
ized by genetic heterogeneity [1]. Historically, they
have been subclassified based on muscle histopatho-
logic characteristics and specific clinical features
[2]. RYRI-related disorders (MIM*180901) account
for a significant proportion of CMs, representing
20-30% of cases [3] and are the most common
non-dystrophic neuromuscular diseases, with an esti-
mated prevalence of 1:90,000 individuals [4-6]. They
are associated to pathogenic variants in RYR! gene,
which encodes the type 1 ryanodine receptor (RyR1)
of the skeletal muscle. This is a sarcoplasmic retic-
ulum calcium release channel that also acts as a
bridging structure between the sarcoplasmic retic-
ulum and the transverse tubule [4, 7]. Autosomal
dominant (AD) inheritance is associated with cen-
tral core disease (CCD), while autosomal recessive
forms are associated with more severe clinical pheno-
types: multi-minicore disease (MmD), centronuclear
myopathy (CNM), and congenital fiber type dispro-
portion (CFTD) [4, 8].

Individuals with typical clinical and histopatho-
logical features of RYRI-related CM often lack a
conclusive genetic diagnosis. Despite the use of Next
Generation Sequencing (NGS), overall genetic diag-
nostic rates for CM still rarely exceed 60% [9]. The
likely reasons behind this lack of genetic diagno-
sis are the difficulties in identifying certain types
of variants and the challenges of interpreting others.
Specifically, the interpretation of variants in RYR/ is
challenging due to factors such as a high number of
reported VUS, variability within and between fami-
lies [10], and the known existence of mosaic cases [4].

Mosaicisms have become increasingly recognized
as a cause of genetic disorders [11] and they refer
to the coexistence of at least two different genetic
cell populations within an organism [12]. Detecting
mosaicisms poses challenges as they involve a small
proportion of cells and exhibit heterogeneous distri-
bution in the different tissues of the organism.

Here, we report the case of an 8-year-old boy
with CM and a heterozygous RYRI(NM_000540.
3):c.14566G > A(p.Ala4856Thr) variant. The pheno-
type and the histopathological findings were highly
compatible with AD RYRI-related CM. Molecular
analyses showed that this causative variant was inher-
ited from his asymptomatic mother, who had somatic
mosaicism, explaining her lack of symptoms.

MATERIALS AND METHODS
Clinical examination

The child and his mother underwent clinical exam-
inations at the Neuromuscular Unit of the Hospital
Sant Joan de Déu. Blood and muscle samples were
collected from the affected child and his parents for
diagnostic purposes. Data were collected and ana-
lyzed following the ethics guidelines of Hospital Sant
Joan de Déu (PIC 98-20). The family provided written
informed consent for the study.

Histological analysis

A muscle biopsy specimen was obtained from the
index case at 5 years of age. Due to the suspicion of
maternal mosaicism, a biopsy was also performed
on her at the age of 44. Sections of snap-frozen
tissue were processed using hematoxylin & eosin
(H&E), modified Gomori trichrome, nicotinamide
adenine dinucleotide (NADH), succinate dehydroge-
nase (SDH), and staining for slow and fast myosin.
Ultrathin sections were examined with transmission
electron microscopy (JEOL model 1100). Electron
micrographs were obtained using the Gatan Orius
CCD camera (Olympus Soft Imaging Solutions,
Munster, Germany).

Molecular genetic analysis

Clinical exome sequencing (CES) was performed
in the affected child using the TruSight One Sequenc-
ing Panel (Illumina, San Diego, CA, USA) and
sequencing data was processed through an in-house
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pipeline. Segregation studies were performed on
blood-derived DNA by Sanger sequencing.

Trio Genome Sequencing (GS) was performed in
the framework of the Solve-RD European Project
using the RD-Connect Genome Phenome Analysis
Platform  (https://platform.rd-connect.eu/#/) [13,
14]. The strategy to prioritize candidate variants
considered allele frequency in population databases,
functional impact predictions, and trio segrega-
tion analysis. Selected variants underwent further
pathogenicity assessment through software tools:
CADD (https://cadd.gs.washington.edu/), Mutation
Taster (https://www.mutationtaster.org/, FATHMM-
MKL (http://fathmm.biocompute.org.uk/), PROVE
AN  (https://www.jcvi.org/research/provean) and
MetaDome web server (https://stuart.radboudumc.nl/
metadome/). We visualized alternative allele fre-
quencies using the Integrative Genomics Viewer
(IGV) tool, and Sanger sequencing and droplet
digital PCR (ddPCR) confirmed the mosaicism in
blood and muscle-derived DNA from the unaffected
mother’s samples.

RESULTS

The proband was the first child of non-
consanguineous Caucasian parents without a family
history of neuromuscular disease. The pregnancy was
uneventful, and the child was born at 39 weeks ges-
tation via planned caesarean section. At birth, he
weighed 2600g (p4; —1.77 SD) and measured 47 cm
in height (p4; —1.78 SD), with a head circumfer-
ence of 35cm (p62; + 0.32 SD). The Apgar score
was 9 at one minute and 10 at five minutes. Gross
motor development was delayed, with head control
achieved at 4.5 months of age, independent sitting at
10 months, and walking at 29 months. Examination
at 3 years of age showed proximal weakness (4-/5
according to the Medical Research Council (MRC)
scale in deltoids, gluteus and psoas), but not facial
weakness or ophthalmoparesis. Electromyography of
tibialis anterior performed at 3 years of age showed
myopathic features, and peripheral nerve conduction
studies found no abnormalities. Creatine phospho-
kinase levels were in the normal range. Whole-body
magnetic resonance imaging (WBMRI) performed at
3 years of age showed fatty infiltration in gluteus max-
imus, anterior and posterior compartments of thighs,
and the posterior compartments of both calves. Rec-
tus femoris muscle is relatively spared as related to
the vastus lateralis (Supplementary Figure 1). Mus-

cle biopsy at 5 years of age (right quadriceps) showed
variability in fiber size, with some internalized nuclei
and occasional small, round fibers. Oxidative stains
showed eccentric cores, more often seen in type I
fibers. Myosin heavy chain immunohistochemistry
confirmed slow fiber predominance (Fig. 1, A-F).
Ultrastructural examination showed the presence of
Z-line streaming affecting a focal area of the sarcom-
ere (Fig. 1, M). The clinical picture improved over the
years, with proximal weakness persisting at the last
examination at 8 years of age (4-/5 according to the
MRC scale in deltoids, gluteus and psoas). However,
the child was able to climb steps without holding on
and to rise from the floor without support.

A clinical exome sequencing was performed
from the blood-derived DNA of the affected
child. The variant RYRI(NM_000540.3):c.14566G >
A(p.Ala4856Thr) was identified in heterozygosity.
It had strong in-silico predictions of pathogenic-
ity (Supplementary Table 1) and was classified as
“likely pathogenic” following the American College
of Medical Genetics and Genomics guidelines (PM1,
PP2, PM2, PP3) [15]. The variant affected a highly
conserved residue that was predicted to be intoler-
ant to variations (Supplementary Figure 2) and was
absent from population databases [16]. Due to its
correlation with the individual’s phenotype, it was
considered a relevant candidate variant and segre-
gation analysis was performed. Sanger sequencing
analysis of blood-derived DNA showed that it was
inherited from his unaffected mother (Fig. 2, A),
ruling it out as causative at this point. The mother
underwent a comprehensive examination at the age
of 44 years conducted by specialists in neuromuscu-
lar disorders, revealing no signs of any neuromuscular
disease. Muscle MRI or muscle ultrasound were not
performed.

Later, trio genome sequencing was performed,
detecting the same candidate variant in RYRI and
no other candidate variants in RYR/ or other known
neuromuscular genes. Intronic regions of RYRI were
explored, without detecting any further candidate
variant. Trio GS confirmed the heterozygous state of
the unaffected mother and the affected child. Given
the strong correlation of the clinical and histopatho-
logical phenotype of the affected child with an
RYRI-CM, we hypothesized the variant might be
mosaic in the mother. Therefore, a muscle biopsy was
performed on her, revealing highly preserved muscle
tissue (Fig. 1, G-L).

While the affected child had an alternative allele
frequency (AAF) of 0.60, the mother had an AAF
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Fig. 1. Muscle biopsy from the right quadriceps of a child with congenital myopathy at 5 years of age (upper panel) and his unaffected mother
at 44 years of age (lower panel). A, G: hematoxylin-eosin; B, H: Gomori modified trichrome; C, I: NADH; D, J: SDH; E, K: slow myosin
and F, L: fast myosin staining. In staining B, C and D eccentric cores can be observed and are indicated with an arrow. M: ultrastructural
examination of the child’s muscle. Although the mother’s biopsy showed a highly preserved muscle, with no variability in fiber size or
increase of connective tissue, sarcoplasma with moth-eaten of the intermyofibrillar pattern and eccentric cores were observed in some fibers.

of only 0.23 (Fig. 2, B). This was consistent with
a mosaic status in the mother, which was also con-
firmed by reviewing the Sanger electropherogram
peaks corresponding to the amplification from both
blood— and muscle-derived DNA (Fig. 2 A).

To confirm the mosaicism hypothesis, quantifica-
tion through ddPCR from blood and muscle-derived
DNA was performed. The analysis revealed that in the
maternal blood-derived DNA, only 17% of droplet
counts corresponded to the alternative allele, whereas
in the individual’s sample, 49% was observed, con-
firming maternal mosaicism for this variant. Notably,
the maternal muscle-derived DNA exhibited an even
lower quantification of the alternative allele (Fig. 2,
O).

DISCUSSION

Mosaicism is defined as the existence of two or
more genetically distinct populations of cells in a par-
ticular organism [17], and in recent years has been
suggested as the cause of CM in an increasing num-
ber of individuals. In apparently sporadic probands,

born to asymptomatic parents, mosaicism can also
be a hindrance in reaching a genetic diagnosis and
a major concern due to its implications for genetic
counseling and overall management of the condition.

Moreover, some bioinformatics analysis pipelines
may interpret a mosaic variant as a standard heterozy-
gous call if the alternative allelic frequency (AAF)
exceeds the established thresholds. This occurrence
was observed in the case of the asymptomatic mother,
where the default minimum AAF in our analysis was
set at 0.2. This situation can pose a problem for inter-
pretation since it is often a reason to dismiss a variant
when it is inherited from an asymptomatic parent.
When detected, confirmation of the mosaic variant
by a quantitative technique and DNA derived from a
different tissue is necessary for conclusive interpreta-
tion. Another potential scenario may arise when the
AAF of mosaic variants is low and does not exceed the
established threshold: it might be interpreted that an
asymptomatic parent is homozygous wild-type and
that the offspring carries a de novo variant.

Since parental mosaicism has been previously
reported in individuals with RYRI-CM [4], our study
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Fig. 2. Molecular analysis of the RYRI genetic variant. (A) The family pedigree and Sanger sequencing analysis. The electropherogram
shows that the affected child is heterozygous for the RYRI(NM_000540.3):c.14566G > A variant (arrow). The asymptomatic mother was
found to be also heterozygous when blood-derived DNA was analyzed. Nevertheless, the mosaicism is reflected in the small green peak not
present in the father. The analysis of a second tissue (muscle-derived DNA) in the mother confirmed the mosaicism (again, a small green
peak). (B) IGV screenshot of genome sequencing of the results from blood-derived DNA of the affected child and his mother, including
the variant position Chr19:39,071,064 (hg19). Mother mosaicism is observed in the lower AAF (0.23) when compared to the child with
congenital myopathy (0.60). (C) Droplet digital PCR results confirmed the mosaic condition of the mother. Abbreviations: AAF, alternative

allele frequency; DP, depth.
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reinforces the idea that this phenomenon may be a
challenge for diagnosing RYRI-related CM, since
causative variants inherited from asymptomatic par-
ents with mosaicisms are likely to be overlooked.

Our study highlights the importance of phenotype-
driven analysis and careful interrogation of the likely
relevant variants, even when the initial segregation
data can be somehow contradictory.
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