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Abstract

Plectin, encoded by PLEC, is a cytoskeletal linker and intermediate filament protein expressed

in many cell types. Plectin consists of three main domains that determine its functionality: the
N-terminal domain, the Rod domain, and the C-terminal domain. Molecular defects of PLEC
correlating with the functional aspects lead to a group of rare heritable disorders, plectinopathies.
These multisystem disorders include an autosomal dominant form of epidermolysis bullosa
simplex (EBS-Ogna), limb girdle muscular dystrophy (LGMD), aplasia cutis congenita (ACC),
and an autosomal recessive form of epidermolysis bullosa simplex (EBS), which may associate
with muscular dystrophy (EBS-MD), pyloric atresia (EBS—PA), and/or congenital myasthenic
syndrome (EBS-MyS). In this study, genotyping of over 600 Iranian patients with epidermolysis
bullosa by next generation sequencing identified 15 patients with disease-causing PLEC variants.
This mutation update analyzes the clinical spectrum of PLEC in our cohort and in the literature
and demonstrates the relationship between PLEC genotype and phenotypic manifestations. This
study has integrated our seven novel PLEC variants and phenotypic findings with previously
published data (totaling 116 variants) to provide the most complete overview of pathogenic PLEC
variants and related disorders.
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1 BACKGROUND

Cytoskeletal proteins, made up of actin, intermediate filaments (IF), or tubulin, serve

as foundations for structural support in many tissues. However, additional proteins are
responsible for the assembly and linkage of these proteins, such as the plakin family of
proteins, commonly known as cytolinkers (Bouameur et al., 2014; Sonnenberg & Liem,
2007). The plakin family harbors a large variety of versatile proteins integral to the structural
integrity of multiple tissues; one of the most functionally diverse cytolinkers is plectin
(Bouameur et al., 2014; Sonnenberg & Liem, 2007). The plectin gene (PLEC) is located

on chromosome 8924 and consists of 32 exons (Figure 1c¢) (Steinbock & Wiche, 1999). It
encodes a >500 kDa protein that is widely distributed in many tissues, with the highest level
of expression in the skin, muscle, and brain (Sonnenberg & Liem, 2007).

The molecular multidomain structure of PLEC provides clues to the functional activities of
plectin. It consists of a central 200-nm rod domain, encoded by exon 31, flanked by large
N-terminal and C-terminal globular domains, which are encoded by exons 1-30 and exon
32, respectively (Figure 1a). The N-terminal globular domain has a differentially spliced
first exon followed by an actin-binding domain (ABD) consisting of two calponin homology
domains and a plakin domain consisting of nine spectrin repeats and a SH3 domain (Figure
1a) (Sonnenberg & Liem, 2007). The N-terminal has binding sites for: (a) IFs such as
vimentin, (b) microfilaments such as actin, (c) hemidesmosomal proteins such as COL17A1l
and integrin a6pB4, and (d) neuromuscular acetylcholine receptor clustering protein rapsyn
(Koster et al., 2004; Mihailovska et al., 2014; Sonnenberg & Liem, 2007; Steinbock

& Wiche, 1999)The C-terminal domain consists of six plectin repeat molecules with a
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linker region in between each segment (Figure 1a) (Bouameur et al., 2014; Sonnenberg

& Liem, 2007). Within this region, there are binding sites for IFs (desmin, vimentin, and
cytokeratins), glial fibrillary protein, and integrin a6p4 (Figure 1a) (Potokar & Jorgacevski,
2021; Sonnenberg & Liem, 2007).

In the skin, plectin is a member of the hemidesmosomal and focal adhesion complexes, with
the highest binding affinity of plectin for integrin a6p4; consequently, in the skin plectin
preferentially localizes to hemidesmosomes (Figure 1d) (Borradori & Sonnenberg, 1999).

In the skeletal muscle, plectin is localized to the sarcolemma and neuromuscular junction
where it acts as an anchor for desmin IFs, forming intermyofibrillar and subsarcolemmal
scaffolds with sarcoplasmic reticulum, mitochondria, Z-disks, and costameres (Sonnenberg
& Liem, 2007). In the brain, plectin is found to localize with the glial fibrillary and tau
proteins, to aid in the structural integrity of astrocytes and neurons (Potokar & Jorgacevski,
2021). In the neuromuscular junction, it bridges acetylcholine receptors (AChRs) and IFs via
scaffolding protein rapsyn (Mihailovska et al., 2014).

Plectin has been identified in multiple tissues due to its isoform diversity. Currently, 12
alternative first exons (1, 1a, 1b, 1c, 1d, 1e, 1f, 1g, 1h, 1i, 1j, 1k) have been identified to
produce 12 isoforms, eight of which are found in humans, that alternatively splice directly
into a common exon 2 (Figure 1c¢) (Castanon et al., 2013). Additionally, alternative splicing
of exons 2 and 3 which encode parts of the ABD, adds to the complexity of the gene by
creating additional alternative exons, 2a and 3a, inserted between exons 2 and 3 as well as
3 and 4. Exon 2a is expressed in the brain, heart, and skeletal muscles and 3a in the brain
(Figure 1c). Some plectin isoforms are expressed in specific tissues, for example, sarcomeres
express four plectin isoforms (P1, P1b, P1d, and P1f), the epidermis expresses four isoforms
(P1, P1a, Plc, P1f), and the neuromuscular junction preferentially expresses P1f (Wiche &
Winter, 2011). In addition to these isoforms, there are two commonly expressed isoforms,
whose deficiencies have been related to distinct forms of plectinopathies, full-length and a
rodless plectin isoform (Figure 1a, 1b). The rodless isoform is found in the skin and the
muscle and is expressed when exon 31 is alternatively spliced out (Figure 1b) (Natsuga,
Nishie, Akiyama, et al., 2010). Each isoform adds to the complex heterogeneity of plectin’s
pathology.

Plectin’s predominant roles are highlighted by the spectrum of rare human disorders
associated with mutations in the PLEC gene, referred to as “plectinopathies”. PLEC
variants cause clinically recognizable phenotypes that range from mild forms of skin
fragility localized to the skin in autosomal dominant EBS-Ogna to severe manifestations

in autosomal recessive epidermolysis bullosa simplex (EBS) and ACC (Kariminejad et al.,
2019). EBS can also be associated with extracutaneous manifestations leading to syndromic
forms of plectinopathy associated with muscular dystrophy (EBS-MD), myasthenic
syndrome (MyS), EBS with pyloric atresia (EBS-PA), and cardiomyopathy, while limb-
girdle muscular dystrophy (LGMD) presents on its own (Vahidnezhad, Youssefian, Saeidian,
& Uitto, 2019).

The locations and types of PLEC variants have been related to different forms of
plectinopathies. However, there has not been a comprehensive overview of all PLEC
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variants and their relationship to phenotypic presentation. For this purpose, we collected
all PLEC variants published in the literature up to March 2022, and we also report seven
novel pathogenic PLEC variants that have not been described previously. In this study we
performed a systematic analysis on the seven novel variants and the 109 distinct PLEC
variants, totaling 116 reported to cause with cause the heritable disorders.

2 VARIANTS IN PLEC

All PLEC variants were documented based on current Human Genome Variation Society
mutation nomenclature guidelines based on GenBank accession humbers NM_201384.2,
NM_201378.2, and NM_00445.4 and novel variants were submitted to the Leiden Open
Variation Database (LOVD). In total, we collected 109 unique PLEC variants in 116
patients that have been reported in the Human Gene Mutation Database and in 67 peer-
reviewed articles up to March 2022 (Table 1) (Figure 2a). We identified 15 patients

with PLEC variants in over 600 Iranian EB patients and found five novel homozygous
variants and two novel compound heterozygous variants in seven patients that, to our
knowledge, have not been reported, collectively making 116 unique PLEC variants in
131 patients (Table 1 and Table 2) (Figure 2a). The pathogenicity of all variants was
analyzed via ACMG classification and Sherloc and the impact of intronic variants were
analyzed with Human Splicing Finder (HSF) System by Genomnis prediction software
(https://hsf.genomnis.com). HSF software is able to identify splicing signals, predict the
impact of mutations on these signals and provide a pathogenicity prediction for any intronic
or exonic mutation that potentially affects splicing. For technical details of whole exome
sequencing, RNA sequencing, homozygosity mapping, targeted 21 EB associated gene panel
and interpretation of genomic sequence variants in EB see these references (Uitto et al.,
2021; Vahidnezhad, Youssefian, Saeidian, Touati, et al., 2019; Vahidnezhad et al., 2017;
Vahidnezhad, Youssefian, Saeidian, Zeinali, et al., 2019; Youssefian et al., 2021). The
combined annotation-dependent depletion score (CADD) of novel variants in our cohort
were analyzed with the mutation significance cutoff specific for PLEC (Figure 2b).

Among the 116 total PLEC variants, the majority are loss-of-function (85%) with one
synonymous variant at the exon-intron border (1%), eight splice site variants (7%), 8
insertions/deletions that were protein-truncating (7%), 34 frameshift (29%), and 48 nonsense
(41%) variants (Figure 4a). Additionally, there were 17 missense variants (15%) (Figure 4a)
(Table 1, Table 2).

Multiple mutations in PLEC are found in the N-terminal alternative first exon of Pla

and P1f isoforms and the plakin domain, rod domain, and C-terminal domain, however
only two variants has been reported to affect the ABD encoded by exons 2-8 (Figure

4b) (Gostynska et al., 2017). One variant is an in-frame deletion, c. 906+19_40del*,
p.Val303_P313ins11, found in intron 8 and noted to cause alternative splicing of exon 8
and produce a shortened transcript (Gostynska et al., 2017), and the other variant was a
frameshift variant, c.647_656del TGGAGAACCT, found in exon 7 that caused extensive
aplasia cutis congenita (ACC) (Kariminejad et al., 2019). Upon further analysis, the vast
majority of the variants were located in the rod domain and C-terminal domain encoded by
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exon 31 and 32, respectively. In fact, 41% of all variants were located in exon 31 and 24% in
exon 32 (Figure 4b).

The clinical manifestations of PLEC variants vary considerably. Plectinopathy is a spectrum
of disorders with the same patients having multiple disorders, such as a patient with pyloric
atresia manifesting muscular dystrophy later in life. In fact, 40.5% (66 patients) were
diagnosed with muscular dystrophy, 14.1% (23 patients) of the patients were diagnosed with
autosomal recessive EBS alone, 9.2% (15 patients) with autosomal dominant EBS-Ogna,
8.6% (14 patients) were diagnosed with pyloric atresia, 13.5% (22 patients) with MyS, 3.1%
(five patients) with cardiac disease, 4.3% (seven patients) with ACC, and 6.7% (11 patients)
with LGMD.

3 PLEC: BIOLOGICAL AND CLINICAL RELEVANCE

3.1 Epidermolysis bullosa simplex and aplasia cutis congenita

Epidermolysis bullosa (EB) is a group of heritable phenotypically diverse skin fragility
disorders, characterized by trauma induced blisters, erosions, and wounds to the skin and
mucous membranes. EB encompasses a vast phenotypic spectrum, varying from relatively
mild lifelong cutaneous blistering to severe cutaneous and extracutaneous involvement with
early mortality. EB is divided into four broad subtypes: EB simplex (EBS), junctional EB
(JEB), dystrophic forms of EB (DEB), and kindler EB (KEB) (Fine et al., 2014; Has et
al., 2020). To date, 16 genes involved in dermal-epidermal integrity and adhesion have
been linked to the pathogenesis of different forms of EB. In EBS alone, seven genes

have currently been identified as candidate genes: KR75, KRT14, CD151, KLHL 24, DST,
EXPHS5, and PLEC (Has et al., 2020; Khalesi et al., 2022; Vahidnezhad, Youssefian,
Daneshpazhooh, et al., 2019; Vahidnezhad, Youssefian, Saeidian, Mahmoudi, et al., 2018;
Vahidnezhad et al., 2016; Vahidnezhad, Youssefian, Saeidian, Touati, et al., 2018).

PLEC s believed to account for approximately 8% of all EBS cases (Bolling et al.,

2014; McLean et al., 1996). The recessive subtype of EBS caused by PLEC variants

is characterized by life-long, trauma-induced blistering of skin (Figure 3b, 3c, 3e, 3f)
(Pfendner et al., 2005). However, there is significant phenotypic variability in this blistering
subtype. One of the characteristic phenotypes seen in most plectin subtypes is the presence
of hemorrhagic blisters and erosions (Figure 3a, 3d) (Table 3). However, in EBS-PA, skin
fragility can range from trauma-induced erosions to extensive congenital ACC (Chung

& Uitto, 2010; Pfendner & Uitto, 2005). ACC is a group of heterogeneous disorders
characterized by absent skin at birth (Kariminejad et al., 2019). ACC can occur as part

of a syndrome, as seen in EBS-PA, or as an isolated sign. Additionally, throughout all
subtypes, some patients also present with nail dystrophy, palmoplantar keratoderma, tooth
decay, edentulism, urethral strictures, respiratory infections, and mucosal erosions (Figure
3g—-m) (Table 3).

Altogether, 29 variants identified in 23 autosomal recessive EBS index cases were assessed
(Table 1 and Table 2) (Figure 2a, 4c) (Bauer et al., 2001; Charlesworth et al., 2013;
Gostynska et al., 2015; Khan et al., 2021; Kunz et al., 2000; Maccari et al., 2019; Mariath
et al., 2019; McMillan et al., 2007; Mellerio et al., 1997; Natsuga, Nishie, Akiyama, et
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al., 2010; Natsuga et al., 2017; Tu et al., 2020; Walker et al., 2017; Yu et al., 2021). The
variants associated with EBS are found throughout the entire gene including 15 nonsense
mutations, four missense, three insertions/deletions, two splice variants, and five frameshift
variants (Figure 4c). Of the 23 cases of EBS, 16 patients had at least one variant in exon

31 or 32 and they all resulted in PTCs. With evaluation of the variant type and the location
in the rod domain, it has been predicted that patients with variants in this domain are likely
to develop MD. In fact, several patients have been diagnosed with EBS-MD, without MD
signs and symptoms and/or diagnostic testing, due to the location of the mutation. While

it is common to have rod domain and c-terminal involvement, there are isoform specific
mutations that can be predicted to lead to EBS alone. In fact, one patient had a homozygous
nonsense variant (c.46C>T, p.Argl16*) specific to Pla isoform, and has developed, by the
age of 1-year-of-age, skin fragility only (Figure 2a) (Gostynska et al., 2015). This isoform is
primarily expressed in keratinocytes of the epidermal basal cell layer, and it was found that
P1la transcription level was undetectable.

Altogether, we found seven variants in seven patients that was associated with either

an isolated or syndromic ACC (Table 1). An isolated case of ACC was identified in

one patient from a consanguineous family who harbored the pathogenic PLEC variant,
€.647_656delI TGGAGAACCT (Table 1) (Figure 2a) (Kariminejad et al., 2019). This variant
was found in exon 7 in the ABD and is therefore noted to affect all isoforms of plectin.
Interestingly, three other patients in this family also suffered from isolated ACC, however
no mutation analysis was done to confirm the genetic cause. Additionally, all four patients
from this family also had underdeveloped facies and facial dysmorphism. Further analysis
of the literature also found three studies where patients with EBS-PA and ACC, also had
underdeveloped ears, nose, or limbs (Charlesworth et al., 2013; Charlesworth et al., 2003;
Pfendner & Uitto, 2005). ACC is typically found in syndromic cases, as seen in EBS-PA. In
fact, analysis of this cohort found that six out of the 13 patients with EBS-PA also suffered
from ACC. These patients harbored PTC nonsense and frameshift variants in domains that
are noted to affect all isoforms of plectin and one patient harbored splice site variant in
intron 26 that is predicted to affect the acceptor site of all plectin isoforms (Table 1) (Figure
2a and 4c).

3.2 Epidermolysis bullosa simplex-Ogna

In contrast to the severe recessive subtype, the autosomal dominant EBS-Ogna has a
relatively mild presentation. This dominant form was first described in a large Norwegian
family in the 1970s in the town of Ogna, however, the sequence variant in PLEC causing
this EBS-Ogna was not described until some three decades later in a German family and
members of a Norwegian family residing in Ogna. They found a recurrent heterozygous
missense variant (¢.5917C>T, p.Arg1973Trp) in exon 31 which encodes the rod domain
(Koss-Harnes et al., 2002) (Figure 2a); the patients exhibit small, mechanically induced
hemorrhagic blisters. Furthermore, clinically distinctive EBS-Ogna patients do not develop
MD, cardiomyopathy, or MyS. Comparable findings were reported in an EBS-Ogna
mouse model, where ¢.5917C>T, p.Arg1973Trp was induced in knock-in mice that had
cutaneous microlesions and fragility (Walko et al., 2011). They also found that the plectin
l1a isoform was selectively degraded in comparison to plectin 1c isoform, which is also
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found in keratinocytes. Of note, only Pla is recruited to hemidesmosomes, while P1c

is found in suprabasal cell layers and at lateral and inter-hemidesmosome basal cell
membranes, indicating EBS-Ogna to be a consequence of hemidesmosomal dysfunction
(Walko et al., 2011). Additionally, they found that plectin’s rod domain formed dimers

that added to plectin stability, which was reduced in the knock-in mice. Therefore, it was
proposed that EBS-Ogna phenotype could also be attributed to decreased plectin dimer
stabilization. Interestingly, in addition to the recurrent rod domain variant, two additional
heterozygous missense variants that were dominantly inherited, c.8587A>T, p.Thr2863Ser,
and ¢.10498C>T, p.Arg3500Cys, were found in exon 32 (Table 1) (Figure 4c) (Bolling et
al., 2014; Kiritsi et al., 2013). Therefore, rod-domain stability may not contribute to EBS-
Ogna, however, further functional studies of how these variants specifically affect plectin is
necessary. Interestingly, this heterozygous variant ¢.10498C>T, p.Arg3500Cys, found in this
Ogna patient, was also reported as a homozygous variant in an EBS-MD patient.

3.3 EBS-pyloric atresia

EBS-PA is one of the most severe consequences of mutations in the PLEC gene. The
patients often present with polyhydramnios during pregnancy, severe blistering and ACC,
pyloric or duodenal atresia, and early postnatal demise. Currently, there are 20 distinct
variants in 14 cases of PLEC associated PA (Table 1, Table 2, Table 3) (Figure 2a and

4c) (Charlesworth et al., 2013; Charlesworth et al., 2003; Nakamura et al., 2005; Natsuga,
Nishie, Shinkuma, et al., 2010; Pfendner & Uitto, 2005; Sawamura et al., 2007; Valari et al.,
2019; Walker et al., 2017). All the patients, except for three patients, died in the neonatal
period or the first year of life (Charlesworth et al., 2013; Valari et al., 2019; Walker et al.,
2017).

All patients with PLEC variants and EBS-PA had at least one variant that resulted in a
PTC (Table 1 and Table 2). Interestingly, of the 14 cases, 12 had variants outside of the

rod domain. Of the two patients with variants in the rod domain, one patient had a PTC
mutation within exon 24 and the other patient had both mutations in exon 31 (Table 1)
(Figure 2a). With mutations outside of the rod domain, all plectin isoforms are potentially
affected. In fact, one study found the expression of two distinct isoforms, and found that
protein truncating mutations led to two different subtypes of plectinopathies, EBS-PA and
EBS-MD (Natsuga, Nishie, Akiyama, et al., 2010). It was found that patients with EBS-PA
had deficiency of both full-length and rodless plectin isoforms, which correlates with the
severity and early demise seen in this cohort (Figure 1a, 1b) (Natsuga, Nishie, Akiyama, et
al., 2010). However, EBS-MD patients had conserved rodless expression but no full-length
plectin expression. Due to the loss of both isoforms, it was postulated that if an EBS-PA
patient lived for a longer period, then it is likely that he/she may develop muscular dystrophy
due to residual plectin expression.

Two studies have found patients who developed MD after PA. In one study, a patient
lived until 3 months of age and began showing clinical signs of muscular dystrophy
(Natsuga, Nishie, Shinkuma, et al., 2010). This patient had compound heterozygous
variants (¢.10903C>T, p.GIn3635*; ¢.11372_11381del, p.lle3791Argfs*90) in exon 32
where binding of IF, such as desmin, occurs, explaining to the relatively early onset MD

Hum Mutat. Author manuscript; available in PMC 2023 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vahidnezhad et al.

Page 8

(Table 1). Similar to the previous patient, another study also denoted a patient who at the
time of the study, had MD at the age of 2.5 years. This patient has compound heterozygous
PTC mutations, ¢.11831delA, p.Lys3944Argfs*10, and ¢.12418C>T, p.Arg4140%*, in exon
32 (Valari et al., 2019) (Table 1). Two additional patients have also survived past the 15t
year of life; however, they have not developed MD. One patient was 13-years of age with
compound heterozygous mutations in exon 32 and 30, and the other patient was 6-years of
age and had no MD symptoms but had mildly elevated creatine kinase levels (Charlesworth
et al., 2013; Walker et al., 2017). This 6-year-old patient had PTC mutations in exons 24 and
31 (Walker et al., 2017).

3.4 The skin-muscle connection: Epidermolysis bullosa simplex-muscular dystrophy

(EBS-MD)

One of the most common PLEC related extracutaneous manifestations is muscular
dystrophy. In EBS-MD, the patients typically present with skin blistering at birth, however,
the onset of muscular symptoms onset is variable. MD defining symptoms may develop in
infancy, however, most cases present later in life, with some cases reported to occur in the
third and fourth decade of life (Chavanas et al., 1996; Pulkkinen et al., 1996). Most patients
note the presentation of muscular weakness in their second or third decade of life and the
muscular manifestations are slowly progressive. Patients typically present with stepwise loss
of motor function: in the early stages of muscular dystrophy, the patients tend to present
with upper and lower extremities muscle weakness and fatigue, while infants tend to present
with delayed motor developmental milestones (Table 3). In the later stages, the patients lose
their ability to ambulate and frequently experience respiratory insufficiency, which is the
primary cause of early demise. The diagnosis of MD is made based on a spectrum of clinical
findings including clinical symptoms, positive EMG results, elevated CPK, and muscle
biopsy (Table 3). Muscle biopsies show atrophic angulated muscle fibers, widened spaces
between the plasma membrane and muscle sarcomere, disordered desmin aggregation, and
accumulation of sarcolemmal and intermyofibrillar nuclear aggregates which represent end-
stage muscle fibers with residual nuclei (Alvarez et al., 2016; Chiaverini et al., 2010).

In total, 69 PLEC variants were found in 66 patients diagnosed with EBS-MD (Table 1

and Table 2) (Figure 4c). Among them, ¢.4937_4955del, was shared with one patient who
only manifested EBS (Mellerio et al., 1997; Winter et al., 2016) (Table 1). The variants are
present throughout the different domains of the gene (Figure 2a). Of the 69 variants, 32 were
located in exon 31 and 22 were located in exon 32 and of the 66 patients, only six patients
had pathogenic variants outside of exon 31 or 32 (Table 1 and Table 2).

Consequently, it has been suggested that patients with variants in exon 31 are likely to
develop MD, but, since there are cases with PLEC variants in exon 31 and these patients
have not developed MD, this prediction is not absolute. However, it is postulated that these
patients may develop MD later in life, as the oldest reported patient with EBS alone was
31-years of age and there has been a case of EBS with late onset MD that presented in the
patient’s 40’s (Tu et al., 2020; Uitto, 2004). In fact, further analysis of plectin expression
found that EBS-MD patients had decreased to absent full-length plectin but found residual
expression of the rodless isoform (Natsuga, Nishie, Akiyama, et al., 2010). Initially, it

Hum Mutat. Author manuscript; available in PMC 2023 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vahidnezhad et al.

Page 9

was postulated that presentation of rodless plectin was the primary cause of MD, however,
rodless plectin knock-in mice were generated and it was found that the rod domain was not
necessary for tissue integrity (Ketema et al., 2015). In fact, they found that mice with rodless
plectin did not develop any skin or muscular pathology and rodless plectin was able to
compensate for full-length plectin (Ketema et al., 2015). However, it is the low expression of
the rodless plectin, rather than absence of the rod domain that contributes to the presentation
of EBS-MD (Ketema et al., 2015). Further, as we investigated the location of the mutations
in EBS-MD patients we found that a large majority of patients had variants in exon 32. Exon
32 of PLEC encodes the IF binding site used by desmin for sarcolemma structural integrity
significant for muscular function.

3.5 Limb-girdle muscular dystrophy

Limb-girdle muscular dystrophy (LGMD) is a heterogeneous group of disorders
characterized by weakness and atrophy of proximal muscles in the arms and legs. There
are over 40 types of LGMD that are subcategorized by the causative gene and inheritance
pattern. Variants in PLEC are known to cause autosomal recessive LGMD type 17
(LGMDR17, formerly LGMD2Q). Similar to EBS-MD patients, they present with classic
axial muscular weakness in early childhood and progressive physical decline resulting

in wheelchair/bed-bound individuals by late 20°s to early 30’s, however, no cutaneous
involvement is reported (Deev et al., 2017; Fattahi et al., 2015; Gundesli et al., 2010;
Mroczek et al., 2020).

To date, there have been six variants reported in 11 cases of LGMDR17 caused by PLEC
variants (Table 1) (Figure 2a and 4c) (Deev et al., 2017; Fattahi et al., 2015; Gundesli et

al., 2010; Mroczek et al., 2020; Zhong et al., 2017). Among them, there have been seven
cases of a recurrent homozygous deletion (c.1_9del *, p.?) and three cases of homozygous
nonsense variant (¢.58G > T, p.Glu20%*) in the first exon of the P1f isoform, which localizes
to striated muscle and acts as a structural scaffold for muscle sarcolemma (Rezniczek et al.,
2007). Additionally, they found that the 1f isoform expression was ~100-fold lower than in
normal skeletal tissue. Interestingly, prediction software on how this variant would affect the
transcript, predicted significant alterations in the exonic splicing enhancers and silencers and
postulated the activation of a cryptic donor site that would lead to altered splicing (Tablel).

LGMDRL17 was initially associated with the P1f isoform, but additional cases identified
patients with variants that would affect all isoforms, yet presented with LGMDR17
phenotypes. One patient harbored compound heterozygous missense variants, ¢.6037C>T,
p.Arg2013Trp in exon 31 and ¢.9982T>A, p.Phe3328lle in exon 32 (Zhong et al., 2017)
(Table 1). This patient was a 7-year-old male who exhibited delayed independent walking at
2 years of age, and muscle biopsy confirmed cytoskeletal disorganization; the patient had no
prominent skin manifestations. Similarly, another study also reported two additional patients
in their 30’s with LGMDR17 phenotypes and compound heterozygous PLEC variants
(c.2983C>T, p.GIn995*; ¢.11422G>A, p.Gly3808Ser) in exons 24 and 32, respectively
(Table 1) (Fattahi et al., 2015). However, an additional variant was found in candidate

gene titin (77M\) which is related to LGMD but PLEC was implicated due to the co-
segregation analysis in the family. Interestingly, as we analyzed these variants, we found
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that both ACMG and Sherloc analysis would designate the PLEC variants ¢.2983C>T

and ¢.11422G>A as a benign variant and a variant of unknown significance, respectively.
Additionally, these patients had variants in domains that are likely to affect multiple tissue
isoforms, however there was no reported EBS. Whether these patients may present with
skin findings later in life is currently unknown and further studies on skin hemidesmosome
involvement in these patients is needed.

3.6 Congenital myasthenic syndrome

Congenital myasthenic syndromes (CMS) or myasthenic syndrome (MyS) is an inherited
disorder characterized by muscle weakness and fatigability, especially of ocular and cranial
muscles (Engel et al., 2015). MyS patients are diagnosed based on clinical manifestations,
decremental electromyography (EMG) response or abnormal single fiber EMG, and genetic
testing (Engel et al., 2015). In MyS, the most common phenotypic presentations are

ptosis, ophthalmoparesis, facial and bulbar weakness, and generalized muscle weakness

in the neonatal period or early childhood (Figure 3n, 30) (Table 3) (Engel et al., 2015).
However, clinical manifestations may present in adolescence and late adulthood, and the
pattern of muscle weakness may vary, making the diagnosis difficult. Currently, there are
over 30 genes associated with impaired neuromuscular transmission in CMS, including
PLEC (Engel et al., 2015). Plectin is located in the postsynaptic neuromuscular junction
and is crucial in the formation and maintenance of acetylcholine receptors (AChR)

clusters at synaptic sites (Mihailovska et al., 2014). Specifically, P1f interlinks desmin IF
with dystrophin glycoprotein complexes which stabilize the synaptic junction for AChRs
incorporation. Additionally, P1f binds rapsyn-AChR complexes to maintain the stability of
AChR clusters (Mihailovska et al., 2014).

MyS secondary to PLEC mutations is an extremely rare presentation, which is oftentimes
overshadowed by and merged into a consequence of MD. Currently, 20 variants have been
associated with 22 cases of MyS in patients with AL £C mutations, however, an additional
five reported patients had classic myasthenic signs that were diagnosed as muscular
dystrophy (Figure 2a, 4c) (Tablel and Table 2) (Argente-Escrig et al., 2021; Banwell et

al., 1999; Fattahi et al., 2015; Forrest et al., 2010; Gache et al., 1996; Gonzalez Garcia et
al., 2019; Gostynska et al., 2017; Kyrova et al., 2016; Maselli et al., 2011; Selcen et al.,
2011; Villa et al., 2015; Walker et al., 2017). In the 22 patients diagnosed with MyS, 20
patients also exhibited EBS-MD and harbored compound heterozygous and homozygous
variants (Table 1, Table 2, Table 3). In one case, a 63-year-old Russian woman harbored

a homozygous insertion, ¢.1419 1420ins36, p.Arg473_Val474ins12, in exon 14 of PLEC
(Maselli et al., 2011). This patient had EBS that presented in infancy and MyS that did

not present until 50-years-of-age and no signs of MD (Maselli et al., 2011). Interestingly,
this patient also had a homozygous insertion, ¢.1293insG in CHRNE, which has protein
expression in the neuromuscular junction (Maselli et al., 2011). Following this trend, in our
cohort, we found one patient with a recurrent nonsense variant who had no clinical and
laboratory signs of MD, however, this 8-year-old female manifested EBS-MyS (Table 2 and
Table 3). Interestingly, apart from five cases, all MyS patients had at least one variant in
exon 31 or 32. In four cases, the patients harbored the recurrent muscle and neuromuscular
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specific P1f isoform deletion, c.1_9del in exon 1, commonly causing LGMD (Mroczek et
al., 2020) and the other patient was mentioned above (Maselli et al., 2011).

After diagnosing a patient with compound heterozygous variants, ¢.6955C > T, Arg2319%*;
€.12043dupG, p.Glu4015Glyfs*69 in exons 31 and 32, respectively, one study focused on
the pathomechanisms of PLEC mutations causing MyS. They found that colocalization

of plectin and AChR at the end-plates of neuromuscular junction was strong in normal
patient samples, however, in affected patients the AChR expression was normal but plectin
expression was essentially undetectable, leading to loss of the junctional folds (Selcen et
al., 2011). Comparable to these findings, in a plectin knock-out mice that disrupted muscle
specific P1f isoform, neuromuscular junctions were disorganized, and the mice showed
phenotypes similar to that of EBS-MD-MyS, such as weakness and impaired balance
(Mihailovska et al., 2014).

While a general genotype-phenotype correlation can be made about the type of mutations,
isoforms, and locations affected in plectin-induced MyS, it is not fully understood why some
patients with EBS-MD have MyS and some do not. In our cohort alone, we found 8 patients
with MyS, therefore, to avoid underdiagnosis of MyS, it should always be considered and
investigated in PLEC patients.

and the heart

Several studies have found a connection between aberrations in PLEC and systemic
pathologies. For example, plectin is predominantly expressed in striated muscle explaining
the classic characteristic of MD, however, plectin is also found in the intercalated disks

of the myocardium. Indeed, there have been five reported mutation-confirmed cases of
EBS-MD who harbored cardiac manifestations, including dilated cardiomyopathy with
ventricular arrhythmias (Figure 2a) (Bolling et al., 2010; Winter et al., 2016), left ventricular
hypertrophy (Schroder et al., 2002; Winter et al., 2016), left ventricular non-compaction
hypertrophy (Villa et al., 2015), and cardiomyopathy (Bolling et al., 2010).

The PLEC mutations associated with the reported cardiac pathologies vary. Currently, there
have been three homozygous variants and two compound heterozygous variants (Table 1)
(Figure 4c). The homozygous variants include one deletion in intron 8, one duplication

in exon 32, and a nonsense variant in exon 31. Interestingly, the variant in intron 8

was found to result in alternative splicing of exon 8 that expressed a shortened PLEC
transcript in the muscle, myocardium, and skin (Gostynska et al., 2017). The compound
heterozygous variants were a missense and nonsense variant in exon 9 and 31, respectively,
and two deletions, one in exon 19 and the other in exon 31 (Bolling et al., 2010; Winter

et al., 2016). Interestingly, all patients had at least one PTC variant and all patients

had clinically severe EBS-MD and three patients had classic myasthenic symptoms. In
addition to the cardiomyopathy, a genome-wide association study found a missense variant,
p.Gly4098Ser in exon 32, in 14,255 atrial fibrillation patients in Iceland that associated with
a 55% increased risk of atrial fibrillation and 64% increased risk of sick sinus syndrome,
however, they did not find any association with cardiomyopathy (Thorolfsdottir et al., 2017;
Vahidnezhad, Youssefian, Saeidian, & Uitto, 2019).
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The cardiac manifestations expressed in these patients are an emerging consequence of
PLEC variants. Therefore, future exploration into the cardiac manifestations of these patients
is needed and should be investigated in all patients, due to the potentially fatal cardiac
consequences in these patients and their families.

4 THERAPEUTIC APPROACH AND ADVANCEMENTS

Currently, plectinopathies are incurable. However, there are traditional and genetic
approaches for symptomatic relief. In EBS, symptomatic approaches typically focus on
protection via topical treatments, wound management, and avoidance of trauma. In cases of
MysS, 13 patients have been treated for myasthenic symptoms, and all but two patients

had significant symptomatic improvement (Argente-Escrig et al., 2021; Fattahi et al.,

2015; Forrest et al., 2010; Gonzalez Garcia et al., 2019; Mroczek et al., 2020; Selcen et

al., 2011). These patients received targeted treatments for MyS, such as pyridostigmine,
3,4-diaminopyridine, ephedrine, prednisone, and/or salbutamol. They variably experienced
improvement in ptosis, climbing stairs, decreased fatigability, fewer chest infections, and
improved strength, however, the decrease in repetitive nerve stimulation did not improve in
two patients who experienced symptomatic improvement (Figure 3n, 30) (Gonzalez Garcia
etal., 2019).

Further exploration for curative options has led to the use of systemic gentamicin in
approximately 40 percent of the patients (see Figure 4A). Gentamicin is an aminoglycoside,
which beyond its antimicrobial actions can read through premature termination codons
(PTCs) and has been tested in several genetic diseases. In fact, a recent study reported that
systemic gentamicin in an EBS-MD patient led to an improvement in daily quality of life,
strength, mobility, maximal inspiratory and expiratory pressures, and decreased mucosal
blistering (Martinez-Santamaria et al., 2022). Additionally, they found that keratinocytes
cultured with gentamicin had increased plectin expression. These findings point to the
importance of further exploration of gentamicin as a treatment for plectinopathy, with the
notion that it has appreciable results in patients with PTC mutations. Molecular genetics
have revolutionized therapeutic approaches to genetic diseases and future approaches
focus on targeted gene and cell-based treatment. Thus, interdisciplinary approaches to
plectinopathies and other genetic diseases are necessary.

5 CONCLUSION AND FUTURE PROSPECTS

This study presents a comprehensive update of all PLEC cases to date and the associated
clinical manifestations that will help investigators and clinicians. The clinical manifestations
of individuals with plectinopathy vary regarding the onset, progression, and the type of
manifestations a patient may develop. The cause of this variability is not fully understood
and can only be partially explained by the location of mutations in different domains and

the predicted affected isoforms. Therefore, a better understanding of clinical features of
plectinopathies and associated molecular mechanisms are needed. Notably, patients with the
same PLEC mutations might have a different phenotype, and consequently, other molecular,
genetic, epigenetic, or environmental factors in the context of specific disease manifestations
require further detailed studies.
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Figure 2.
Distribution and assessment of pathogenicity of PLEC Variants. (a) Schematic

representation of all 116 variants in PLEC. (b) The CADD scores of the unpublished
variants. The CADD scores of variants are mapped on the y~axis in relation to the mutation
significance cut-off (MSC) of 19.28 which is specific for PLEC. The X-axis depicts the
allele frequency of the PLEC variants in the population database including aggregated
gnomAD database. The CADD scores of novel variants: p.Thr3571Met (25.3), p.Trp531*

Hum Mutat. Author manuscript; available in PMC 2023 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Vahidnezhad et al.

Page 23

(37), p.Ala2121GInfs*68 (34), p.GIn414Arg (12.5), p.Argl676Cys (23.8), p.GIn2425* (37),
and ¢.1737+1G>A (23.7). This figure was generated in Biorender.

Hum Mutat. Author manuscript; available in PMC 2023 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vahidnezhad et al. Page 24

Figure 3.
Phenotypic Manifestations of Plectinopathies. (A-G) Note the fragility of the skin with

hemorrhagic blisters, erosions, and scarring. (H, I, K) Nail dystrophy associated with
plectinopathies. (J) Plantar hyperkeratosis. (L, M) Dental abnormalities present in cases
of plectinopathies. (N, O) Ptosis in patients with myasthenic syndrome. This figure was
generated in Biorender.
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24% = Actin Binding Domain (Exon 2-8)
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Prevalence of PLEC variants, types, and associated phenotypes. (A) Total number and
percentage of nonsense, missense, frameshift, slice site, insertion, and deletion variants.
(B) Total number and percentage of pathogenic variants by location in different protein
domains. (C) The relative distribution of the type of PLEC variants by each plectinopathy
subtype. Please note that EBS-Ogna is an autosomal dominant disorder and the presence
of a missense variant causes the disease. All the other types of plectinopathies listed are
autosomal recessive. This figure was generated in Biorender.
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