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Purpose of review

Distal myopathies are a clinically heterogenous group of rare, genetic muscle diseases, that present with
weakness in hands and/or feet at onset. Some of these diseases remain accentuated in the distal muscles
whereas others may later progress to the proximal muscles. In this review, the latest findings related to
genetic and clinical features of distal myopathies are summarized.

Recent findings

Variants in SMPX, DNAJB2, and HSPB6 have been identified as a novel cause of late-onset distal
myopathy and neuromyopathy. In oculopharyngodistal myopathies, repeat expansions were identified in
two novel disease-causing genes, RILPL1 and ABCD3. In multisystem proteinopathies, variants in HNRNPA1
and TARDBP, genes previously associated with amyotrophic lateral sclerosis, have been shown to cause
late-onset distal myopathy without ALS. In ACTN2-related distal myopathy, the first recessive forms of the
disease have been described, adding it to the growing list of genes were both dominant and recessive
forms of myopathy are present.

Summary

The identification of novel distal myopathy genes and pathogenic variants contribute to our ability to
provide a final molecular diagnosis to a larger number of patients and increase our overall understanding
of distal myopathy genetics and pathology.
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INTRODUCTION

Distal myopathies are rare, genetic, primary muscle
disorders characterized by initial muscle weakness in
thedistal extremities. The affected areas are subjected
to progressive atrophy and may include muscles of
the forearms, hands, lower legs, and feet [1,2]. It is a
highly heterogenous group of diseases with varying
age of onset, inheritance pattern, clinical presenta-
tion, disease progression, andhistopathological find-
ings [1]. Disease-causing genetic variants have been
identified in over 30 different genes (Table 1) [1,3].
The widespread application of high-throughput
sequencing methods has accelerated the discovery
of these genes in the last 10–15years [1]. Thesemeth-
ods have allowed us to sequence patients in increas-
ing numbers using improved methods, and thus,
generate vast amounts of sequencing data, shifting
the bottle neck ofmolecular diagnosis from sequenc-
ing methods to data analysis and variant interpreta-
tion. More advanced sequencing methods, such as
long read sequencing and optical genome mapping,
have improved our ability to detect elusive variants
[4]. Despite these advancements, many distal myo-
pathy patients still remain without a molecular diag-
nosis. This is partly due to elusive causative variants
uthor(s). Published by Wolters Kluwe
and the observed clinical heterogeneity that makes
the interpretation of identified variants more com-
plicated. In addition, a fraction of these patients
remains undiagnosed probably because they harbor
variants in genes that have not yet been associated
with skeletal muscle disease or within the ‘dark
genome’, where noncoding regions have poorly
understood functions that may impact gene expres-
sion and regulation. This review highlights the most
r Health, Inc. www.co-neurology.com
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KEY POINTS

� Distal myopathies are a clinically heterogenous group
of rare neuromuscular diseases that present with muscle
weakness in distal extremities at onset.

� Variants in over 30 different genes have been shown to
cause distal myopathy. Most recent additions to this list
include SMPX, DNAJB6, and HSPB6, as well as RILPL1
and ABCD3 in oculopharyngodistal myopathy.

� Distal-myopathy-causing variants are identified in
increasing numbers in genes previously associated with
multisystem proteinopathies, most recently in HNRNPA1
and TARDBP.

� In association with a growing number of genes, both
autosomal dominant and recessive forms of distal
myopathy are identified, most recently in ACTN2-
related distal myopathy.

Muscular disease
recently identified genes that cause distal myopathy
and other recent developments in distal myopathy
genetics.
NOVEL GENES

SMPX
Small muscle protein X-linked (SMPX), is predom-
inantly expressed in skeletal muscle and heart, and
localized in the costameric and intermyofibrillar
region showing highest expression in slow muscle
fibers [5]. Functionally, SMPX is thought to be part
of the muscle cell regulatory network that coordi-
nates the structural and functional states during
growth, adaptation, and repair of these cells [5].
In particular, the protein protects the sarcolemma
frommechanical stress [6]. In addition to the expres-
sion inmuscle tissue, SMPX is expressed at low levels
in various other organs, including various tissues of
the inner ear. In 2011, the gene was first associated
with human disease when protein truncating var-
iants, and thus the loss of the protein in males, were
identified in two unrelated families with X-linked
deafness [7,8].

SMPX was first associated with skeletal muscle
disease in 2021, making it one of the most recent
additions to the list of genes known to cause distal
myopathy. Through deep phenotyping and high-
throughput sequencing, Johari and colleagues iden-
tified four different missense mutations in nine
families from five different countries [9]. Themolec-
ular analysis suggested that two of these mutations
were founder mutations: p.S78N likely originating
from Malta, and p.P27A from France. The authors
described a novel type of distal myopathy where the
2 www.co-neurology.com
phenotype was highly consistent across the identi-
fied families. Clinically it was characterized by
slowly progressive adult-onset distal muscle weak-
ness where the ability to walk was preserved. The
weakness typically started in the forearms with fin-
ger extension defect and in the lower legs with ankle
dorsiflexion weakness and progressed to scapular
arm abduction muscles while sparing the heart
and respiratory muscles. Muscle imaging across sev-
eral patients showed a pattern of muscle involve-
ment where fatty replacement affected the anterior
compartment muscles of the lower legs. Later, the
calf muscles, medial gastrocnemius and soleus
became affected, and then thigh muscle adductors
and quads underwent fatty replacement more than
the hamstrings. Histopathological analysis and elec-
tron microscopy of patient muscle biopsies showed
rimmed vacuoles and sarcoplasmic inclusions-pro-
tein aggregates, some with amyloid-like character-
istics. Recently, Salman et al., also described an
individual with the founder pathogenic variant p.
S78N and prominent paravertebral muscle involve-
ment. The diagnosis was facilitated by the patient’s
geographic origin, which served as an important
clue for genotype–phenotype correlation [10].
DNAJB2
DNAJB2 encodes the J-domain cochaperones
DNAJB2a and DNAJB2b. J-domain proteins (JDPs)
are a group of cochaperones that play a critical role
in protein quality control. Their J-domain stimu-
lates the ATPase activity of heat shock protein A
(HSPA) chaperones, which allows the chaperone
cycle to bind and release substrate proteins
[11,12]. DNAJB2 has the highest expression in neu-
rons, whereas lower expression has been shown in
various other tissues [13]. DNAJB2b is the predom-
inant isoform in most tissues; however, in skeletal
muscle, the expression levels of the two isoforms is
approximately equal [14]. Additionally,DNAJB2 has
some functions independent from the HSPA system,
and for example, it has been shown to counteract
TDP-43 aggregation [15]. Previously, variants in
DNAJB2 have been associated with variety of reces-
sive progressive peripheral axonal neuropathies [16–
23]. Recently, however, Liu et al. [24

&

] described a
rimmed-vacuolar myopathy in combination with
distal hereditary motor neuropathy (dHMN) in a
patient carrying homozygous missense variants in
DNAJB2. Further, in 2023, the first dominantly
inherited disease associated with DNAJB2 was iden-
tified by Sarparanta and colleagues. They reported a
patient with a combination of late-onset sensorimo-
tor polyneuropathy and distal myopathy caused by
a C-terminal frameshift variant, resulting in an
Volume 37 � Number 00 � Month 2024
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Table 1. Distal myopathies by genetic definition

Gene Protein Protein function Inheritance Early weakness Pathology

ACTN2 Alpha-actinin-2 Actin filament crosslinking AD/AR Anterior lower leg Rimmed vacuoles

ADSSL1 Adenylosuccinate synthase-
like 1

Catalyzation of IMP to AMP AR Posterior lower leg, calf Myofibrillar, nemaline
rods

ANO5 Anoctamine-5 Calcium-activated chloride
channel, membrane
repair

AR Posterior lower leg, calf Myopathic

CAV3 Caveolin-3 Component of caveolae,
sarcolemma stabilization

AD Hands and feet Myopathic

CRYAB Alpha-B crystallin Chaperone-like activity,
prevents aggregation of
various proteins under
stress conditions

AD Anterior lower leg Myopathic

DES Desmin Muscle specific intermediate
filament protein family
member, structure of the
sarcomere

AD/AR Anterior lower leg,
scapula

Dystrophic, rimmed
vacuoles, myofibrillar

DNAJB2 DNAJ subfamily B member
2

Prevention of irreversible
protein aggregation

AD Posterior lower leg, calf Myofibrillar

DNAJB6 DNAJ subfamily B member
6

Prevention of irreversible
protein aggregation

AD Posterior lower leg, calf Myofibrillar

DYSF Dysferlin Membrane repair AR Posterior lower leg, calf Dystrophic

FLNC Filamin C Sarcomere structural
integrity

AD Hands Myopathic

GNE UDP-N-acetylglucosamine 2-
epimerase

Sialic acid synthesis, rate
limiting enzyme siaylation
of muscle gylcans

AR Anterior lower leg Rimmed vacuoles

LDB3 Lim domain-binding 3 Sarcomere structural
integrity

AD Anterior lower leg Desmin myotilin
aggregates, rimmed
and nonrimmed
vacuoles

HSBP6 Small heat shock protein 22-
kD protein 6

Z-disk maintenance,
autophagy

AD Anterior lower leg Dystrophic, rimmed
vacuoles and
eosinophilic
inclusions

HSBP8 Small heat shock protein 22-
kD protein 8

Z-disk maintenance,
autophagy

AD Anterior lower leg Dystrophic, rimmed
vacuoles and
eosinophilic
inclusions

MYH7 Slow beta myosin heavy
chain

Chemical energy into
mechanical force

AD/AR Anterior lower leg Hypotrophy of type 1
slow muscle fibers

MYOT Myotilin Thin filament stabilization,
Z-disk organization

AD Posterior lower leg Myofibrillar

NEB Nebulin Regulation of actin–myosin
interaction, actin filament
maintenance

AD/AR Anterior lower leg Myopathic with or
without nemaline rods

PLIN4 Perilipin-4 Coat protein involved in
biogenesis of lipid
droplets

AD Anterior lower leg Myopathic, rimmed
vacuoles

RYR1 Ryanodyne receptor 1 Calcium release in
sarcoplasmic reticulum

AD/AR Myalgia in calf Cores

SMPX Small muscle protein X-
linked

Protection of the
sarcolemma plasma
membrane from
mechanical stress

AD Hands, finger extensors,
anterior lower leg

Myopathic, rimmed
vacuoles

TTN Titin Structure and flexibility of
the sarcomere

AD/AR Anterior lower leg, TA Dystrophic rimmed
vacuoles

Oculopharnygodistal myopathies

ABCD3 ATP-binding cassette
subfamily D member 3

Transport of branched fatty
and bile acids into the
peroxisome

AD Ptosis Rimmed vacuoles

GIPC1 GIPC PDZ domain-
containing family member
1

Scaffolding protein,
regulates cell surface
receptor expression and
trafficking

AD Lower leg Rimmed vacuoles
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Table 1 (Continued )

Gene Protein Protein function Inheritance Early weakness Pathology

LRP12 Low-density lipoprotein
receptor-related protein
12

LDL receptor-related protein,
may function in signal
transduction and/or
endocytosis

AD Lower leg Rimmed vacuoles

NOTCH2NLC NOTCH2 N-terminal-like C Notch signaling and
promotion of cortical
neurogenesis

AD Lower leg Rimmed vacuoles

RILPL1 Rab-interacting lysosomal
protein-like 1

Cell shape and polarity,
protein transport,
sequestering of GAPDH

AD Ptosis Rimmed vacuoles

Multisystem proteinopathies

HNRNPA1 Heterogenous nuclear
ribonucleoprotein A1

Regulation of protein
expression through
alternative splicing

AD Hands Rimmed vacuoles

MATR3 Matrin 3 Transcription, RNA splicing,
DNA replication

AD Anterior lower leg Rimmed vacuoles

TARDBP TAR DNA-binding protein Nuclear RNA/DNA-binding
protein, RNA processing,
and metabolism

AD Anterior and lateral
lower leg, hands

Rimmed vacuoles

TIA1þSQSTM1 TIA1;Sequestosome-1 Splicing regulation and
translation repression;
ubiquitin-mediated
autophagy;

DG Hands, finger extensors Rimmed vacuoles

TIA1 TIA1 Splicing regulation and
translation repression

AD/AR Hands, finger extensors Rimmed vacuoles

VCP Valosin-containing protein Ubiquitin-dependent protein
degradation and
autophagy

AD Anterior lower leg Rimmed vacuoles

Muscular disease
extended protein [25
&

]. Clinically, the proband pre-
sented with bilateral lower leg muscle weakness
with both neurogenic and myopathic degenerative
changes visible in muscle MRI. Muscle biopsy
revealed fiber splitting, internalized myonuclei,
and rimmed vacuoles, along with severe neurogenic
changes.
RILPL1 and ABCD3
Oculopharyngodistalmyopathy (OPDM) is a subtype
of distal myopathy where weakness and atrophy of
the distal limb muscles is combined with facial and
bulbarmuscle involvement [26]. So far, repeat expan-
sion in five different genes have been identified as
causative of OPDM: GIPC1, LRP12, NOTCH2NLC,
and most recently, RILPL1 and ABCD3, along with
a noncoding CGG repeat expansion in LOC642361/
NUTM2B-AS1 [27,28,29

&&

,30
&

,31].
RILPL1, RAB-interacting lysosomal protein-like-

1, is a centrosomal and ciliary protein that regulates
lysosomal morphology [32,33]. It regulates protein
localization in the primary cilium, including protein
transport away from the cilia [32]. It can also inhibit
ciliogenesis by binding RAB10 following LRRK2-
mediated RAB10 phosphorylation [34]. In 2022,
Yu et al. [29

&&

] identified a CGG repeat expansion
in a previously unsolved family with OPDM. The
authors achieved the identification of this CGG
4 www.co-neurology.com
repeat in the 50-UTR of RILPL1 through a combina-
tion of long-read genome sequencing (LRS), repeat-
primed PCR (RP-PCR), and fluorescence amplicon
length analysis PCR (AL-PCR). This variant is asso-
ciated with a novel OPDM phenotype (OPDM 4,
MIM:619790), where distal limb muscle weakness
develops more slowly than in other types of OPDM.
Histopathological analysis of muscle tissue from
OPDM 4 patients showed rimmed vacuoles, which
is consistent with other types of OPDM.

Zheng et al. [35
&&

] identified additional six
patients from two unrelated families with similar
CGG repeat expansion in the same locus, resulting
in OPDM 4. The authors noted an earlier disease
onset in their patients compared with other types of
OPDM. Across both studies, all patients were of
Chinese origin, suggesting a founder effect; how-
ever, according to Zheng and colleagues, this has
not been conclusively proven.

ABCD3 is a ubiquitously expressed protein that
belongs in the family of ATP-binding cassette pro-
teins [36]. It is an ATP-dependent transporter with
broad substrate specificity that catalyzes the trans-
port of various fatty and bile acids from the cytosol to
the peroxisome lumen for beta-oxidation [37].
Recently, Cortese et al [38

&

]. described CCG repeat
expansions in 50-UTR of ABCD3 in individuals across
eight unrelated families of European ancestry,
affected by OPDM. This was achieved through a
Volume 37 � Number 00 � Month 2024
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combination of linkage studies, short-read genome
sequencing, and targetedOxfordNanopore-sequenc-
ing. This study marks the identification of the first
repeat-expansion-related OPDM in individuals of
non-Asian ancestry. European individuals with
CCGABCD3-related OPDM showed a similar pheno-
type compared with the Asian OPDM families
reported earlier. These patients presented with late-
onset distal myopathy where ptosis was usually
the initial symptom. Histological findings from
patient muscle biopsies showed rimmed vacuoles
without intranuclear inclusions, which, again,
aligned with previous findings in repeat-expansion-
related OPDMs.

GCC-CGG repeats in several functionally unre-
lated genes have been identified as the genetic cause
of OPDM. Thus, Cortese, Beecroft and colleagues
suggest these OPDMs share an underlying patho-
genic mechanism that is at least partly independent
of the gene where the repeats are located. In a recent
abstract, Li et al. [39] suggest that this disease mech-
anism may be related to repeat associated non-AUG
initiated (RAN) translation. RAN translation-related
disease mechanism has previously been described in
relation to a 50-UTR repeat expansion in FMR1,
causing cerebellar ataxia [40].
HSPB6
Sarparanta and colleagues recently identified a
novel form of proximal and distal myopathy caused
by a C-terminal protein extending frameshift var-
iant in HSPB6 (in preparation).
MULTISYSTEM PROTEINOPATHIES

HNRNPA1
Heterogeneous nuclear ribonucleoprotein A1
(HNRNPA1) belongs in a family of ubiquitously
expressed heterogenous nuclear ribonucleoproteins
(hnRNPs). These RNA-binding proteins associate with
pre-RNAs in the nucleus and influence premRNA
processing, as well as other aspects of mRNA metab-
olism and transport, and consequently play a role in
alternative splicing [41,42]. HNRNPA1 was originally
associated with multisystem proteinopathy and
amyotrophic lateral sclerosis (ALS). Kim et al. [43]
identified missense mutations in the prion-like
domain of HNRNPA1 that resulted in multisystem
proteinopathy, while different missense variants in
the same domain were shown to cause ALS. In
2021, the first distal myopathies associated with
HNRNPA1were independentlydescribedbyHackman
et al. [44] and Beijer et al. [45]. Although the patients
described by Beijer and colleagues presented with
1350-7540 Copyright © 2024 The Author(s). Published by Wolters Kluwe
some distal myopathy characteristics, it is unclear
whether their disease should be categorized under
primary distal myopathies. Conversely, the family
described by Hackman and colleagues presented with
a clearer distal myopathy phenotype: the muscle
weakness began in the small hand muscles, then
spread to lower legs, and finally, to proximal muscles.
Theauthors identifieda small deletion inHNRNPA1 in
a previously unsolved Finnish family, originally
reported byMahjneh and colleagues (2003). The iden-
tification of this small, 160-base-pair deletion was
achieved through a linkage analysis with single
nucleotide polymorphism arrays and genome
sequencing. Analysis of the patient muscle biopsy
showed rimmed vacuoles and cytoplasmic inclusions
at an advanced stage of the disease. RNA sequencing
showed that the mutant allele produces a shorter
mRNA compared with the wild-type allele.

In 2022, Chompoopong et al. [46] reported a
novel heterozygous missense variant in HNRNPA1
in a patient affected by bilateral foot drop without
Paget disease or dementia. Muscle MRI showed
abnormalities consistent with findings reported by
Hackman and colleagues in their patients.
TARDBP
TDP-43, encoded by TARDBP, is a ubiquitously
expressed RNA-binding and DNA-binding protein.
TDP-43 is involved in various steps of RNA biogen-
esis and processing, including the regulation of RNA
splicing [47]. TDP-43 regulates the splicing of many
protein-coding RNAs involved in neuronal survival
and neurodegenerative diseases [48]. Interestingly,
it has also been shown to participate in the skeletal
muscle formation and regeneration by forming
cytoplasmic myo-granules and binding mRNAs that
encode sarcomeric proteins [49]. TDP-43 interacts
with HNRNPA1, and this interaction is mediated by
the C-terminal glycine-rich domain of the latter
protein [43]. Similar to HNRNPA1, variants in
TARDP have a long-standing association with fam-
ilial ALS [50]. The vast majority of these causative
variants are missense mutations in the C-terminal
prion like domain (PrLD) [51–53]. In 2023, Zibold
et al. [54

&&

] identified the first distal myopathy
caused by a mutation in TARDBP. They identified
a novel missense variant in PrLD in two French
families affected by late-onset distal myopathywith-
out ALS. Patient muscle biopsies revealed rimmed
vacuoles, disruption of sarcomere integrity, and
myofibrillar disorganization. Clinically, the presen-
tation of themuscle weakness was often asymmetric
with preferential initial involvement of the anterior
compartment of the forearm.Within 5–10years, the
weakness spread to all four extremities, and
r Health, Inc. www.co-neurology.com 5
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Muscular disease
eventually, in most patients, to bulbar and respira-
tory musculature. Most patients did not require
nutritional or ventilatory support, and the ability
to walk was usually preserved.

Another TARDBP mutation causing myopathy
was recently identified by Ervilha Pereira et al. [55].
Using genome-wide linkage analysis and exome
sequencing, they identified a C-terminal frameshift
mutations producing an altered PrLD in a large
family with rimmed vacuole myopathy. However,
the authors describe a disease phenotype where
both distal and proximal muscle were affected,
and thus it is unclear if this disease should be
categorized under distal myopathies.
SAME GENE, DIFFERENT PATTERNS OF
INHERITANCE

ACTN2
ACTN2 encodes alpha-actinin-2, a structural protein
expressed in both cardiac and skeletal muscle sarco-
meres [56]. The primary function of the protein is to
cross-link actin in the sarcomere Z-disk. In addition,
alpha-actinin-2 dynamically interacts with numerous
other sarcomeric proteins, most notably with titin
[57–59]. ACTN2 has a long-standing association with
cardiomyopathy, however, the first patients with
ACTN2-related distal myopathies were first identified
in 2019 by Savarese and colleagues [60], making the
gene one of the more recent additions to the growing
list of distal-myopathy-associated genes. Soon after,
ACTN2was also associatedwith congenitalmyopathy
[61]. Clinically, ACTN2-related diseases present with
significant clinical heterogeneity, and clear genotype–
phenotype correlations have not been established
[62]. Generally, ACTN2-related distal myopathies
begin with foot drop due to muscle weakness in the
anterior compartment of the lower leg. Later, the
weakness spreads to the thigh and posterior lower
leg, leading to walking difficulties. However, this pro-
gression is usually slow, and upper limbs often remain
unaffected [63]. Facial weakness has been reported in
some distal myopathy patients with frameshift muta-
tions causing a C-terminal protein extension
[60,64,65]. In a manuscript published as a preprint,
Ranta-Aho et al. [66] reported a large family with an
ACTN2 protein-extending variant presenting with a
mixed phenotype where some patients were affected
by skeletal myopathy, some by cardiomyopathy, and
some by both.

Until recently, only autosomal dominant forms
of ACTN2-related distal myopathies had been
described. In 2021, Inoue et al. [67

&&

] identified
the first recessive form of ACTN2-related distal myo-
pathy. The authors describe eight patients from three
6 www.co-neurology.com
unrelated families with a biallelicmissense variant in
ACTN2. These patients presented with fatty replace-
ment in the anterior compartment of the lower leg.
However, posterior compartment of the thigh and
medial head of the gastrocnemius were also affected,
whereas the anterior compartment of the thigh was
largely spared.Thispatternofmuscleweakness some-
what deviates from the previously described domi-
nant forms. Muscle biopsy showed scattered fibers
with internal nuclei, rimmed vacuoles, nemaline
bodies, and type 1 fiber predominance with mini-
core-like structures.

More recently, Donkervoort et al. [68
&

] reported
another recessive form of ACTN2-related distal myo-
pathy, associated with a different missense variant.
The authors describe seven patients from five families
all manifesting with a consistent phenotype of distal
lower extremity predominant muscle weakness. All
patients were of Palestinian ancestry, and through
haplotype analysis, the authors showed that this
ACTN2 variant is a founder mutation. A distinct pat-
tern of asymmetric muscle weakness was observed:
hamstrings and adductors in the thigh, and anterior
compartmentof the lowerand soleus allwere affected.
Muscle biopsies showed disruption of the intermyofi-
brillar architecture, rimmed vacuoles, internal nuclei
and type 1 fiber predominance.
CONCLUSION

Distalmyopathies are ahighlyheterogenousgroupof
disease with variable age of onset, pattern of muscle
weakness, and histological findings. During the past
10–15years, more advanced sequencing methods
have a contributed to the identification novel distal
myopathy genes, whichhas only further emphasized
this clinicalheterogeneity. Ithas alsobroughtonnew
diagnostic challenges: with vast amounts of data,
efficient data analysis and variant interpretation
has become increasingly complex. Some of the most
recently identified distal myopathy genes elucidate
this diagnostic challenge at hand: some of them lack
an obvious functional connection to muscle tissue
(e.g.RILPL1),havepreviouslybeenassociatedwithan
unrelated clinical phenotype (e.g. SMPX) or harbor
highly elusive variants (e.g.HNRNPA1), and thus, are
extremely difficult to identify. Other known genes
may present a challenge in finding genotype–pheno-
type correlation and variant interpretation, present-
ing with both autosomal dominant and recessive
forms and significant clinical heterogeneity (e.g.
ACTN2). The identification of novel distalmyopathy
genes and elusive variants is crucial in order to
improve diagnostic rate in distal myopathies, and
more research is needed to uncover these unknown
causative genes.
Volume 37 � Number 00 � Month 2024



CE: ; WCO/370508; Total nos of Pages: 8;

WCO 370508

Current advance on distal myopathy genetics Ranta-aho et al.
Acknowledgements

None.

Financial support and sponsorship

J.R.-A. is supported by Emil Aaltonen foundation. M.J. is
supported by the Association Française contre les Myo-
pathies (AFM T�el�ethon, The French Muscular Dystrophy
Association, grant award number: 24438). B.U. is sup-
ported by Juselius foundation, Jane and Aatos Erkko
foundation, and Samfundet Folkh€alsan.

Conflicts of interest

There are no conflicts of interest.
REFERENCES AND RECOMMENDED
READING
Papers of particular interest, published within the annual period of review, have
been highlighted as:

& of special interest
&& of outstanding interest
1. Savarese M, Sarparanta J, Vihola A, et al. Panorama of the distal myopathies.
Acta Myol 2020; 39:245–265.

2. Udd B. Genetics and pathogenesis of distal muscular dystrophies. Adv Exp
Med Biol 2009; 652:23–38.

3. Milone M, Liewluck T. The unfolding spectrum of inherited distal myopathies.
Muscle Nerve 2019; 59:283–294.

4. Savara J, Novosad T, Gajdos P, Kriegova E. Comparison of structural variants
detected by optical mapping with long-read next-generation sequencing.
Bioinformatics 2021; 37:3398–3404.

5. Palmer S, Groves N, Schindeler A, et al. The small muscle-specific protein Csl
modifies cell shape and promotes myocyte fusion in an insulin-like growth
factor 1-dependent manner. J Cell Biol 2001; 153:985–998.

6. Ervasti JM. Costameres: the Achilles’ heel of Herculean muscle. J Biol Chem
2003; 278:13591–13594.

7. Schraders M, Haas SA, Weegerink NJ, et al. Next-generation sequencing
identifies mutations of SMPX, which encodes the small muscle protein, X-
linked, as a cause of progressive hearing impairment. Am J Hum Genet 2011;
88:628–634.

8. Huebner AK, Gandia M, Frommolt P, et al. Nonsense mutations in SMPX,
encoding a protein responsive to physical force, result in X-chromosomal
hearing loss. Am J Hum Genet 2011; 88:621–627.

9. Johari M, Sarparanta J, Vihola A, et al. Missense mutations in small muscle
protein X-linked (SMPX) cause distal myopathy with protein inclusions. Acta
Neuropathol 2021; 142:375–393.

10. Salman D, Bolano-Diaz C, Muni-Lofra R, et al. Axial involvement as a
prominent feature in SMPX-related distal myopathy. Neuromuscul Disord
2024; 39:3–4.

11. Kampinga HH, Craig EA. The HSP70 chaperone machinery: J proteins as
drivers of functional specificity. Nat Rev Mol Cell Biol 2010; 11:579–592.

12. Kampinga HH, Andreasson C, Barducci A, et al. Function, evolution, and
structure of J-domain proteins. Cell Stress Chaperones 2019; 24:7–15.

13. Cheetham ME, Brion JP, Anderton BH. Human homologues of the bacterial
heat-shock protein DnaJ are preferentially expressed in neurons. Biochem J
1992; 284(Pt 2):469–476.

14. Claeys KG, Sozanska M, Martin JJ, et al. DNAJB2 expression in normal and
diseased human and mouse skeletal muscle. Am J Pathol 2010; 176:
2901–2910.

15. Chen HJ, Mitchell JC, Novoselov S, et al. The heat shock response plays an
important role in TDP-43 clearance: evidence for dysfunction in amyotrophic
lateral sclerosis. Brain 2016; 139(Pt 5):1417–1432.

16. Blumen SC, Astord S, Robin V, et al. A rare recessive distal hereditary
motor neuropathy with HSJ1 chaperone mutation. Ann Neurol 2012;
71:509–519.

17. Gess B, Auer-Grumbach M, Schirmacher A, et al. HSJ1-related hereditary
neuropathies: novel mutations and extended clinical spectrum. Neurology
2014; 83:1726–1732.

18. Schabhuttl M, Wieland T, Senderek J, et al. Whole-exome sequencing in
patients with inherited neuropathies: outcome and challenges. J Neurol 2014;
261:970–982.

19. Gonzaga-Jauregui C, Harel T, Gambin T, et al. Exome sequence analysis
suggests that genetic burden contributes to phenotypic variability and com-
plex neuropathy. Cell Rep 2015; 12:1169–1183.
1350-7540 Copyright © 2024 The Author(s). Published by Wolters Kluwe
20. Sanchez E, Darvish H, Mesias R, et al. Identification of a large DNAJB2
deletion in a family with spinal muscular atrophy and parkinsonism. HumMutat
2016; 37:1180–1189.

21. Liu X, Duan X, Zhang Y, et al.Molecular analysis and clinical diversity of distal
hereditary motor neuropathy. Eur J Neurol 2020; 27:1319–1326.

22. Frasquet M, Rojas-Garcia R, Argente-Escrig H, et al. Distal hereditary motor
neuropathies: mutation spectrum and genotype-phenotype correlation. Eur J
Neurol 2021; 28:1334–1343.

23. Sharifi Z, Taheri M, Fallah MS, et al. Comprehensive mutation analysis and
report of 12 novel mutations in a cohort of patients with spinal muscular
atrophy in Iran. J Mol Neurosci 2021; 71:2281–2298.

24.
&

Liu M, Xu Y, Hong D, et al. DNAJB2 c.184C>T mutation associated with
distal hereditary motor neuropathy with rimmed vacuolar myopathy. Clin
Neuropathol 2022; 41:226–232.

This study was the first to identify a myopathic component in disease associated
with variants in DNAJB2.
25.
&

Sarparanta J, Jonson PH, Reimann J, et al. Extension of the DNAJB2a isoform
in a dominant neuromyopathy family. Hum Mol Genet 2023; 32:3029–3039.

This study was the first to identify a dominantly inherited disease caused by
DNAJB2. The study reported a patient with late-onset sensorimotor polyneuro-
pathy and distal myopathy, caused by a C-terminal frameshift variant in DNAJB2.
26. Yu J, Deng J, Wang Z. Oculopharyngodistal myopathy. Curr Opin Neurol

2022; 35:637–644.
27. Ishiura H, Shibata S, Yoshimura J, et al.Noncoding CGG repeat expansions in

neuronal intranuclear inclusion disease, oculopharyngodistal myopathy and
an overlapping disease. Nat Genet 2019; 51:1222–1232.

28. Ogasawara M, Iida A, Kumutpongpanich T, et al. CGG expansion in
NOTCH2NLC is associated with oculopharyngodistal myopathy with neuro-
logical manifestations. Acta Neuropathol Commun 2020; 8:204.

29.
&&

Yu J, Shan J, Yu M, et al. The CGG repeat expansion in RILPL1 is associated
with oculopharyngodistal myopathy type 4. Am J Hum Genet 2022;
109:533–541.

This study was one of the first to identify a CGG repeat expansion in RILPL1 that
was causative of oculopharyngodistal myopathy.
30.
&

Gu X, Yu J, Jiao K, et al. Noncoding CGG repeat expansion in LOC642361/
NUTM2B-AS1 is associated with a phenotype of oculopharyngodistal myo-
pathy. J Med Genet 2024; 61:340–346.

This study was to the first to identify a noncoding repeat expansion as the cause of
oculopharyngodistal myopathy.
31. Deng J, Yu J, Li P, et al. Expansion of GGC repeat in GIPC1 is associated with

oculopharyngodistal myopathy. Am J Hum Genet 2020; 106:793–804.
32. Schaub JR, Stearns T. The Rilp-like proteins Rilpl1 and Rilpl2 regulate ciliary

membrane content. Mol Biol Cell 2013; 24:453–464.
33. Wang T, Wong KK, HongW. A unique region of RILP distinguishes it from its

related proteins in its regulation of lysosomal morphology and interaction with
Rab7 and Rab34. Mol Biol Cell 2004; 15:815–826.

34. Dhekne HS, Yanatori I, Gomez RC, et al. A pathway for Parkinson’s disease
LRRK2 kinase to block primary cilia and Sonic hedgehog signaling in the
brain. Elife 2018; 7:e40202.

35.
&&

ZengYH,YangK,DuGQ,et al.GGCrepeat expansion of RILPL1 is associated
with oculopharyngodistal myopathy. Ann Neurol 2022; 92:512–526.

This study was one of the first to identify a CGG repeat expansion in RILPL1 that
was causative of oculopharyngodistal myopathy.
36. Roerig P, Mayerhofer P, Holzinger A, Gartner J. Characterization and func-

tional analysis of the nucleotide binding fold in human peroxisomal ATP
binding cassette transporters. FEBS Lett 2001; 492:66–72.

37. Okamoto T, Kawaguchi K, Watanabe S, et al.Characterization of human ATP-
binding cassette protein subfamily D reconstituted into proteoliposomes.
Biochem Biophys Res Commun 2018; 496:1122–1127.

38.
&

Cortese A, Beecroft SJ, Facchini S, et al. A CCG expansion in ABCD3 causes
oculopharyngodistal myopathy in individuals of European ancestry. medRxiv
2023.

This preprint is the first to identify a CCG repeat expansion in ABDC3 as the cause
of oculopharyngodistal myopathy.
39. Li C, Pittman S, Maltby C, et al. RAN translation of expanded CGG repeat in

LRP12 may contribute to oculopharyngodistal myopathy. Neuromuscul Dis-
ord 2023; 33:S66–S192.

40. Rodriguez CM, Wright SE, Kearse MG, et al. A native function for RAN
translation and CGG repeats in regulating fragile X protein synthesis. Nat
Neurosci 2020; 23:386–397.

41. Mayeda A, Helfman DM, Krainer AR. Modulation of exon skipping and
inclusion by heterogeneous nuclear ribonucleoprotein A1 and premRNA
splicing factor SF2/ASF. Mol Cell Biol 1993; 13:2993–3001.

42. Paronetto MP, Achsel T, Massiello A, et al. The RNA-binding protein Sam68
modulates the alternative splicing of Bcl-x. J Cell Biol 2007; 176:929–939.

43. Kim HJ, Kim NC, Wang YD, et al. Mutations in prion-like domains in
hnRNPA2B1 and hnRNPA1 cause multisystem proteinopathy and ALS.
Nature 2013; 495:467–473.

44. Hackman P, Rusanen SM, Johari M, et al.Dominant distal myopathy 3 (MPD3)
caused by a deletion in the HNRNPA1 gene. Neurol Genet 2021; 7:e632.

45. Beijer D, Kim HJ, Guo L, et al. Characterization of HNRNPA1 mutations
defines diversity in pathogenic mechanisms and clinical presentation. JCI
Insight 2021; 6:148363.
r Health, Inc. www.co-neurology.com 7



CE: ; WCO/370508; Total nos of Pages: 8;

WCO 370508

Muscular disease
46. Chompoopong P, Oskarsson B, Madigan NN, et al. Multisystem proteino-
pathies (MSPs) andMSP-like disorders: clinical-pathological-molecular spec-
trum. Ann Clin Transl Neurol 2023; 10:632–643.

47. Tollervey JR, Curk T, Rogelj B, et al. Characterizing the RNA targets and
position-dependent splicing regulation by TDP-43. Nat Neurosci 2011;
14:452–458.

48. Wang A, Conicella AE, Schmidt HB, et al. A single N-terminal phosphomimic
disrupts TDP-43 polymerization, phase separation, and RNA splicing. EMBO
J 2018; 37:e97452.

49. Vogler TO, Wheeler JR, Nguyen ED, et al. TDP-43 and RNA form amyloid-like
myo-granules in regenerating muscle. Nature 2018; 563:508–513.

50. Mackenzie IR, Bigio EH, Ince PG, et al. Pathological TDP-43 distinguishes
sporadic amyotrophic lateral sclerosis from amyotrophic lateral sclerosis with
SOD1 mutations. Ann Neurol 2007; 61:427–434.

51. Van] Deerlin VM, Leverenz JB, Bekris LM, et al. TARDBP mutations in
amyotrophic lateral sclerosis with TDP-43 neuropathology: a genetic and
histopathological analysis. Lancet Neurol 2008; 7:409–416.

52. Kabashi E, Valdmanis PN, Dion P, et al. TARDBP mutations in individuals with
sporadic and familial amyotrophic lateral sclerosis. Nat Genet 2008;
40:572–574.

53. Sreedharan] J, Blair IP, Tripathi VB, et al. TDP-43 mutations in familial and
sporadic amyotrophic lateral sclerosis. Science 2008; 319:1668–1672.

54.
&&

Zibold J, Lessard LER, Picard F, et al. The new missense G376V-TDP-43
variant induces late-onset distal myopathy but not amyotrophic lateral sclero-
sis. Brain 2023; 147:1768–1783.

This study was the first to identify a clear late-onset distal myopathy without ALS
caused by a TARDBP variant.
55. Ervilha Pereira P, Schuermans N, Meylemans A, et al. C-terminal frameshift

variant of TDP-43 with pronounced aggregation-propensity causes rimmed
vacuole myopathy but not ALS/FTD. Acta Neuropathol 2023; 145:793–814.

56. Beggs AH, Byers TJ, Knoll JH, et al. Cloning and characterization of two
human skeletal muscle alpha-actinin genes located on chromosomes 1 and
11. J Biol Chem 1992; 267:9281–9288.

57. Murphy AC, Young PW. The actinin family of actin cross-linking proteins - a
genetic perspective. Cell Biosci 2015; 5:49.
8 www.co-neurology.com
58. Ribeiro Ede A Jr, Pinotsis N, Ghisleni A, et al. The structure and regulation of
human muscle alpha-actinin. Cell 2014; 159:1447–1460.

59. Young P, Gautel M. The interaction of titin and alpha-actinin is controlled by a
phospholipid-regulated intramolecular pseudoligand mechanism. EMBO J
2000; 19:6331–6340.

60. Savarese M, Palmio J, Poza JJ, et al. Actininopathy: a new muscular dystrophy
caused by ACTN2 dominant mutations. Ann Neurol 2019; 85:899–906.

61. Lornage X, Romero NB, Grosgogeat CA, et al. ACTN2 mutations cause
“Multiple structured Core Disease” (MsCD). Acta Neuropathol 2019;
137:501–519.

62. Ranta-Aho J, Olive M, Vandroux M, et al.Mutation update for the ACTN2 gene.
Hum Mutat 2022; 43:1745–1756.

63. Savarese M, Jokela M, Udd B. Distal myopathy. Handb Clin Neurol 2023;
195:497–519.

64. Savarese M, Vihola A, Jokela ME, et al.Out-of-frame mutations in ACTN2 last
exon cause a dominant distal myopathy with facial weakness. Neurol Genet
2021; 7:e619.

65. Chen L, Chen DF, Dong HL, et al. A novel frameshift ACTN2 variant causes a
rare adult-onset distal myopathy with multiminicores. CNS Neurosci Ther
2021; 27:1198–1205.

66. Ranta-aho J, Felice KJ, Jonson PH, et al. Protein-extending ACTN2 frameshift
variants cause variable myopathy phenotypes by protein aggregation. Ann
Clin Transl Neurol 2024.

67.
&&

Inoue M, Noguchi S, Sonehara K, et al. A recurrent homozygous ACTN2
variant associated with core myopathy. Acta Neuropathol 2023; 142:
785–788.

This study was the first identify a recessive form of ACTN2-related distal myopathy,
presenting with a phenotype distinct from the previously described dominant forms
of the disease.
68.
&

Donkervoort S, Mohassel P, O’Leary M, et al. Recurring homozygous ACTN2
variant (p.Arg506Gly) causes a recessive myopathy. Ann Clin Transl Neurol
2024; 11:629–640.

This study identifies a novel, recessive form of ACTN2-related distal myopathy
characterized by a distinct pattern of asymmetric distal muscle weakness. The
identified variant was a founder mutation of Palestinian origin.
Volume 37 � Number 00 � Month 2024


