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Recurring homozygous ACTN2 variant (p.Arg506Gly) causes
a recessive myopathy

Sandra Donkervoort' (), Payam Mohassel', Melanie O’Leary?, Devon E. Bonner®?, Taila Hartley?,
Nicole Acquaye’, Astrid Brull', Tahseen Mozaffar®’, Mario A. Saporta®(), David A. Dyment> (%),
Jacinda B. Sampson®?, Sander Pajusalu®'®"" (), Christina Austin-Tse*'2, Kyle Hurth'3,

Julie S. Cohen' ">, Kirsty McWalter'®, Jodi Warman-Chardon'’, Amy Crunk'®, A. Reghan Foley' {3,
Undiagnosed Diseases Network*, Andrew L. Mammen'>'8'° Matthew T. Wheeler®2°,

Anne O'Donnell-Luria®'*2" & Carsten G. Bonnemann'

"Neuromuscular and Neurogenetic Disorders of Childhood Section, National Institute of Neurological Disorders and Stroke, National Institutes of
Health, Bethesda, Maryland, USA

ZProgram in Medical and Population Genetics, Broad Institute of MIT and Harvard, Cambridge, Massachusetts, USA

3Stanford Center for Undiagnosed Diseases, Stanford University, Stanford, California, USA

“Department of Pediatrics, Medical Genetics, Stanford University School of Medicine, Stanford, California, USA

>Children’s Hospital of Eastern Ontario Research Institute, University of Ottawa, Ottawa, Ontario, Canada

%Department of Neurology, University of California, Irvine, California, USA

’Department of Pathology & Laboratory Medicine, University of California, Irvine, California, USA

8Department of Neurology, University of Miami Miller School of Medicine, Miami, Florida, USA

°Department of Neurology, Stanford University School of Medicine, Stanford, California, USA

0Genetics and Personalized Medicine Clinic, Tartu University Hospital, Tartu, Estonia

"Department of Clinical Genetics, Institute of Clinical Medicine, University of Tartu, Tartu, Estonia

2Center for Genomic Medicine, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts, USA

3Department of Pathology, Keck School of Medicine, University of Southern California, Los Angeles, California, USA

"“Department of Neurology and Developmental Medicine, Hugo W. Moser Research Institute, Kennedy Krieger Institute, Baltimore,
Maryland, USA

">Department of Neurology, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA

"8GeneDx, Gaithersburg, Maryland, USA

17Department of Medicine, The Ottawa Hospital, University of Ottawa, Ottawa, Ontario, Canada

"8Muscle Disease Unit, National Institute of Arthritis and Musculoskeletal and Skin Diseases, National Institutes of Health, Bethesda,
Maryland, USA

"“Department of Medicine, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA

2%Division of Cardiovascular Medicine, Stanford University School of Medicine, Stanford, California, USA

2"Division of Genetics and Genomics, Boston Children’s Hospital, Harvard Medical School, Boston, Massachusetts, USA

Correspondence Abstract

Carsten G. Bonnemann, Neuromuscular and . o . . .
Neurogenetic Disorders of Childhood Section, ~ Objective: ACTN2, encoding alpha-actinin-2, is essential for cardiac and skeletal

National Institute of Neurological Disorders muscle sarcomeric function. ACTN2 variants are a known cause of cardiomyopa-
and Stroke/NIH, Porter Neuroscience thy without skeletal muscle involvement. Recently, specific dominant monoallelic
Research Center, 35 Convent Drive, Bldg 35, variants were reported as a rare cause of core myopathy of variable clinical onset,
Room 2A-116, Bethesda, MD 20892-3705, although the pathomechanism remains to be elucidated. The possibility of a reces-

USA. Tel: 301-594-5496; Fax: 301-480-3365; . . . . . .
E-mail: carsten bonnemann@nih.gov sively inherited ACTN2-myopathy has also been proposed in a single series.
' ' ' Methods: We provide clinical, imaging, and histological characterization of a
series of patients with a novel biallelic ACTN2 variant. Results: We report seven

Received: 14 September 2023; Revised: 10 patients from five families with a recurring biallelic variant in ACTN2: c.1516A>G
December 2023; Accepted: 16 December (p-Arg506Gly), all manifesting with a consistent phenotype of asymmetric, pro-
2023 gressive, proximal, and distal lower extremity predominant muscle weakness.

None of the patients have cardiomyopathy or respiratory insufficiency. Notably,

Annals of Clinical and Translational all patients report Palestinian ethnicity, suggesting a possible founder ACTN2 var-

Neurology 2024; 11(3): 629-640 . . .. o,
9 @ iant, which was confirmed through haplotype analysis in two families. Muscle

doi: 10.1002/acn3.51983 biopsies reveal an underlying myopathic process with disruption of the intermyo-
fibrillar architecture, Type I fiber predominance and atrophy. MRI of the lower

© 2024 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 629
This article has been contributed to by U.S. Government employees and their work is in the public domain in the USA.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.


https://orcid.org/0000-0001-6399-1444
https://orcid.org/0000-0001-6399-1444
https://orcid.org/0000-0001-6399-1444
https://orcid.org/0000-0002-7142-9993
https://orcid.org/0000-0002-7142-9993
https://orcid.org/0000-0002-7142-9993
https://orcid.org/0000-0001-9085-3602
https://orcid.org/0000-0001-9085-3602
https://orcid.org/0000-0001-9085-3602
https://orcid.org/0000-0002-5435-0781
https://orcid.org/0000-0002-5435-0781
https://orcid.org/0000-0002-5435-0781
https://orcid.org/0000-0003-2168-1119
https://orcid.org/0000-0003-2168-1119
https://orcid.org/0000-0003-2168-1119
https://orcid.org/0000-0002-5930-2324
https://orcid.org/0000-0002-5930-2324
https://orcid.org/0000-0002-5930-2324
http://creativecommons.org/licenses/by-nc-nd/4.0/

Biallelic ACTN2 variants in myopathy
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extremities demonstrate a distinct pattern of asymmetric muscle involvement
with selective involvement of the hamstrings and adductors in the thigh, and

anterior tibial group and soleus in the lower leg. Using an in vitro splicing assay,
we show that c.1516A>G ACTN2 does not impair normal splicing. Interpreta-
tion: This series further establishes ACTN2 as a muscle disease gene, now also
including variants with a recessive inheritance mode, and expands the clinical

spectrum of actinopathies to adult-onset progressive muscle disease.

Introduction

Alpha-actinin-2 (encoded by ACTN2) is a sarcomeric pro-
tein that is predominantly expressed in cardiac and skeletal
muscle. It is an important component of the Z-disc, and it
is essential for sarcomere contractility and structural stabil-
ity. Alpha actinin-2 is a dimeric protein, cross-linking actin
filaments with titin, and serves as a mechanosensor and
scaffold for many other cytoskeletal and sarcomere-
associated proteins."” Pathogenic variants in ACTN2 are a
known cause of cardiac disease, including hypertrophic and
dilated cardiomyopathies and arrhythmias, without
reported skeletal muscle involvement.>* Recently, domi-
nantly acting monoallelic pathogenic ACTN2 variants were
identified in patients with progressive skeletal myopathy
with variable onset and progression without cardiomyopa-
thy, characterized by predominant distal weakness, facial
weakness in some, and histological and ultrastructural find-
ings of a core myopathy.”® Recessive ACTN2 variants were
implicated in skeletal core myopathy in a single case series
reporting a recurring biallelic (p.Asn480Ser) ACTN2 vari-
ant in three families with adult-onset weakness.” The
underlying disease mechanism, and how monoallelic or
biallelic variants in ACTN2 result in skeletal muscle and
cardiac disease, remain poorly understood.

Here we report and characterize a series of patients
with a novel, recurring homozygous variant in ACTN2:
c.1516A>G (p.Arg506Gly), manifesting with asymmetric,
progressive lower extremity predominant muscle weakness
with histological findings of myofibrillar disarray and a
distinct pattern of asymmetric muscle involvement on
muscle MRI imaging. Taken together, we establish reces-
sive. ACTN2 variants as a cause for adult-onset skeletal
myopathy, thus expanding both the phenotypic and
genetic spectrum associated with this emerging group of
actininopathies to now include homozygous c.1516A>G
(p-Arg506Gly) ACTN2 variants.

Methods

Recruitment and sample collection

Patients were identified through their local neurology

and/or genetics clinic. Informed consent for study

procedures and photographs was obtained by a qualified
investigator (protocol 12-N-0095 approved by the
National Institute of Neurological Disorders and Stroke,
National Institutes of Health; protocol 2016P001422
approved by the Mass General Brigham IRB; protocol 15-
HG-0130 approved by the National Human Genome
Research Institute, National Institutes of Health and pro-
tocol 11-04E approved by the CHEO Research Institute).
Medical history was obtained; clinical evaluation and
biopsies were performed as part of the standard diagnos-
tic evaluation. DNA and muscle biopsy samples were
obtained according to standard of care procedures. Mus-
cle MRI was performed using conventional T1-weighted
spin echo and short tau inversion recovery (STIR) of the
lower extremities on different scanners at two different
centers.

Genetic testing

The details of clinical and research genetic testing per-
formed in each are listed in Supplementary 1. Confirma-
tion of variants and segregation testing was performed by
Sanger sequencing.

Haplotype analysis

To determine if shared haplotypes were present, we exam-
ined whether high-quality variants (passed Variant Qual-
ity Score Recalibration (VQSR) filtration, genotype
quality >40, allele balance >0.25) within a 2.7 Mb ROH
region identified in F2 (GRCh38 1:235048910-237783609)
that contained ACTN2 with allele frequency <10% in
gnomAD, were shared between F1 and F2.

Exontrap analysis

Cell-based splicing analysis of the mutant ACTN2
¢.1516A>G was performed using Exontrap cloning vector,
pET01 (MoBiTec GmbH). Template genomic DNA from
patient F1P1 and a wild-type (WT) control was used to
PCR amplify WT and mutant ACTN2 exon 14 and partial
surrounding introns sequences (753 bp) using specific
primers that included Xhol and BamHI sites (5'-
CTACTCGAGGCACACAACTTCTCTGCACAT-3' and 5'-
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GATGGATCCAACGGGTTTGCAACACAGAGTA-3').

PCR products were digested with Xhol and BamHI-HF
restriction enzymes (New England Biolabs) and ligated to
pETO1 using T4 DNA ligase (New England Biolabs). Two
microliter of ligation was used for transformation in TOP
10 competent cells (ThermoFisher Scientific) and selected
colonies were verified by Sanger sequencing (Quintara
Biosciences). HEK293T cells were cultured in DMEM
(Gibco/ThermoFisher Scientific) supplemented with 10%
pinnacle fetal bovine serum (FBS; Phoenix Scientific) and
1% penicillin/streptomycin (Gibco/ThermoFisher Scien-
tific) at 37°C with 5% CO,. pET01-ACTN2-WT and
pET01-ACTN2-MUT plasmids were transfected into
HEK293T cells using Lipofectamine 3000 according to the
manufacturer’s protocol (ThermoFisher Scientific) and
incubated for 24 h before RNA isolation. Total RNA was
isolated from PBS-washed adherent cultured cells using
RNeasy Mini kit according to the manufacturer’s protocol
(Qiagen). RNA (1 pg) was treated with DNAse I (Ther-
moFisher Scientific) and c¢cDNA was synthesized with
SuperScript IV Reverse Transcriptase (ThermoFisher Sci-
entific) using the vector-specific primer 5-ACTGATC-
CACGATGC-3'. ¢<DNA was then PCR amplified using
KAPA HiFi HotStart polymerase (Roche) and specific
primers  (5-GGATTCTTCTACACACCC-3’ and 5'-
CCGGGCCACCTCCAGTGCC-3"). PCR products were
run on a 2.5% agarose gel and imaged using the Chemi-
Doc XRS+ Imaging System (Bio-Rad) and verified by
Sanger sequencing.

Results

Clinical presentation

Detailed clinical information for all patients, which
includes four males and three females, is summarized in
Table 1, with ages ranging from 34 to 65 years at the time
of the most recent examination. The muscle disease
occurred sporadically in three families, only affecting a
single family member. In one family (F2), there were four
affected and four unaffected siblings with unaffected par-
ents. Clinical data were not available for the deceased
affected sibling in F2. All families report Palestinian
ancestry. Three families (F1, F3, and F4) reported possible
distant consanguinity. Family history was otherwise non-
contributory (Fig. 1A).

All patients presented with asymmetric, progressive,
proximal and distal lower extremity weakness and to a
lesser degree affecting the upper extremities. The pattern
of weakness is predominantly proximal; however, a few
clinical findings also pointed to distal muscle involvement
including foot and/or toe drop bilaterally (Fig. 1B,C).
Interestingly, two of the patients (F1Pland F2P2) were

Biallelic ACTN2 variants in myopathy

found to have finger flexor weakness as well as finger
extensor weakness in digits I, II, and III more than IV
and V, the pattern of what is seen in
MYH7-related Laing distal myopathy. Over time during
adulthood, weakness was progressive with persistent loss
of muscle strength and function, at times exacerbated by

reverse

periods of immobility or pregnancy as reported by F2P2
and F4P6 respectively. There was no facial weakness.
F3P5 had mild left-sided ptosis. Patients F2P2 and F4P6
had a high arched palate, possibly suggesting a prenatal
or congenital onset of disease.

Electromyography was performed in six patients and
demonstrated findings consistent with a myopathic pro-
cess, with early recruitment of short duration and small
amplitude motor unit action potentials. None of the
patients have clinical evidence of cardiomyopathy or
respiratory insufficiency at their most recent evaluation. A
full description of the patients is provided in the Supple-
mentary Materials 2.

Muscle imaging findings

Lower extremity muscle MR imaging was available for
three patients (F1P1, F2P2, and F3P5) and showed
increased T1 signal consistent with fibro-fatty infiltration
of muscles, reflecting an underlying myopathic disease
process. In all three, there was a distinct pattern of asym-
metric muscle involvement with marked fatty replacement
of the posterior, medial, and gluteal compartments in the
thighs (Fig. 2A). In the lower legs, there was selective
involvement of the anterior tibial group and soleus with
relative sparing of the gastrocnemius. A notable feature
was the marked asymmetry and side-to-side variability of
T1 signal change in the tibialis anterior and quadriceps
muscles. Several areas of STIR hyperintensity were noted,
specifically in areas of muscle with normal or near normal
T1 signal (Fig. 2B), presumably highlighting areas of dis-
ease activity.

Muscle histological and ultrastructural
findings

Muscle biopsies were performed in five patients (F1P1,
F2P3, F3P5, F4P6, and F5P7) and demonstrated find-
ings consistent with a chronic myopathic process,
including variation in fiber size (Fig. 3A) and internal-
ized nuclei (Fig. 3B). Lobulated and ring fibers were
noted in three on nicotinamide adenine dinucleotide
(NADH) and cytochrome oxidase (COX) staining
(Fig. 3C, D). Overall, Type 1 fiber predominance and
atrophy were noted (Fig. 3E,F). Four biopsies were
noted to have rimmed vacuoles on GOomori trichrome
(GT) staining. Electron microscopy (EM) was available
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Figure 1. Pedigrees and clinical presentation of patients with biallelic ACTN2 variants. (A) Pedigrees of the five families. Circles indicate female,
squares indicate male, clinically affected relatives are filled black, and unaffected relatives are unfilled white. (+) indicates presence of, (-)
indicates absence of the c.1516A>G; (p.Arg506Gly) ACTN2 variant. (B) Visualization of muscle weakness using MuscleViz (https:/muscleviz.
github.io), based on the Medical Research Council (MRC) scores. (C) Patient F1P1 showing atrophy of the lower extremity muscles, with distal

muscles more affected.

for two patient (F4P6 and F5P7) and revealed subsar-
colemmal accumulations of mitochondria in F4P6
(Fig. 3G,H). Sarcoplasmic vacuoles with irregular osmo-
philic material and membranous bodies were noted in
F5P7. Occasional mitochondrial aggregates were seen in
association with rimmed or autophagic vacuoles. There
was no evidence of disarray of Z-discs, or regional loss
of mitochondria as would be seen with cores or core-
like regions (Fig. 31).

© 2024 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Identification of ACTN2 variants

In all families, extensive next-generation-based sequencing
had been unrevealing. Exome or genome sequencing
revealed one apparent homozygous missense variant in
ACTN2: c1516A>G (p.Arg506Gly) (NM_001103.2) in
eight affected individuals of the five families. The variant
is absent from gnomAD v2 and v3, has inconsistent in
silico computational predictions (MutationTaster: disease
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tibialis
anterior

medial
gastrocnemius

Figure 2. Muscle MRI imaging in patients with biallelic ACTN2 variants. Lower extremity T1 axial images in patients F1P1 (age 44 years), F2P2
(age 53 years), and F3P5 (age 61 years) reveal severe atrophy and T1 hyperintensity in the thigh muscles with almost complete replacement of
the posterior compartment (hamstring muscles) and medial compartment (adductors) with fibroadipose tissue. There is also notable asymmetric
involvement of the anterior thigh (quadriceps) muscles, with patchy abnormal signal (right > left) in patient F1P1 and (left > right) in patient F3P5.
In the lower leg muscles, selective involvement of the soleus muscle is seen in all three patients. There is evidence of strikingly asymmetric
involvement of the medial gastrocnemius, with fibroadipose tissue replacement on the right and relative sparing on the left (in F1P1 and F3P5).
Similarly, the tibialis anterior muscle demonstrates strikingly asymmetric involvement, with severe involvement on the right and relative sparing on
the left (in F2P2 and F3P5). Also of note is evidence of STIR positivity in muscles with normal T1 signal, as demonstrated in left tibialis anterior

muscle of F1P1 and the medial and lateral gastrocnemius muscles of patient F2P2.

causing; CADD: 23. PrimateAl 0.76, REVEL 0.24, Alpha-
Missense: 5.99E-01) and has not yet been reported to
cause disease (Fig. 4A). Segregation testing was consistent
with biallelic recessive inheritance in Family 2, with the
variant identified in an apparent homozygous state in
three affected siblings, heterozygous in two unaffected sib-
lings and an unaffected parent, and absent in a third
unaffected sibling. Parental DNA was not available in
F1P1 and F3P5 for segregation testing.

Families 1 and 2 were assessed for copy number and
structural variants respectively with none identified for
the ACTN2 gene. The variant (p.Arg506Gly) in ACTN2
affects a highly conserved residue (Fig. 4B). ACTN2 is
constrained for loss of function (LoF) variation, with only
6 of 49.6 expected predicted LoF variants observed in

gnomAD v2.1.1 (pLI score 1, LOEUF score 0.24) with
84% (CI 78-91%) of missense variation present (z-score
1.29)."% This lower-than-expected frequency of loss of
function variants, indicates strong intolerance of ACTN2
to loss of function variation.

Haplotype analysis

We assessed whether Family 1 and Family 2 shared a hap-
lotype. The (p.Arg506Gly) variant was within a region of
homozygosity of 1.1 Mb in Family 1 (exome data) and
2.7 Mb in Family 2 (genome data). All homozygous vari-
ants (allele frequency <10%) from exome data in Family
1 were shared with Family 2, indicative of a shared haplo-
type between these two families. In addition to the causal

634 © 2024 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Figure 3. Histopathological findings in patients with biallelic ACTN2 variants. (A) Hematoxylin and eosin (H&E) staining of the left quadriceps
muscle biopsy obtained at 41 years of age from patient F2P3 shows myofiber atrophy and fiber size variability. (B) Gomori trichrome (GT) staining
highlights similar findings with variation in fiber size and internalized nuclei (black arrow). (C) Nicotinamide adenine dinucleotide (NADH) staining
shows disruption of intermyofibrillar architecture with lobulated fibers (black arrow) and ring fibers (red arrow). (D) Cytochrome oxidase (COX)
staining shows a similar lobulated appearance of fibers (black arrow). (E) ATPase (pH 9.4) reveals increase in Type 1 (pale) fibers which are
atrophic (F) ATPase (pH 4.35) highlighting similar findings with Type 1 fiber (dark) predominance and selective Type 1 fiber atrophy. (G,H)
Electron microscopy of muscle for patient F4P6 showing subsarcolemmal accumulation of mitochondria, and (I) normal appearing Z-discs.

variant, this included three variants with allele frequencies
of 0.2%, 8.7%, and 3.4% in gnomAD v3.

In vitro splicing analysis

The ¢.1516A>G variant impacts the first base pair of exon
14 of ACTN2 and thus has the potential to cause a loss of
the acceptor site.'' Unfortunately, there was no muscle
tissue available for RNA sequencing to evaluate whether
the c.1516A>G ACTN2 variant impacts normal splicing
and normal ACTN2 levels. Therefore, we pursued a cell-
based splicing analysis of the mutant ACTN2 c.1516A>G
using an Exontrap cloning vector (Fig. 5A). No aberrant
spliced product was identified, and the mutant construct
produced bands that were comparable to wild type
(254 bp), indicating a normal splicing pattern (Fig. 5B).

Sequence analysis of the mutant band confirmed normal
splicing without deletion of exon 14 (Fig. 5C). This
observation is in line with the in silico prediction pro-
vided by SpliceAl: 0.0.

Discussion

In this series, we provide detailed clinical, imaging, and
histological data of seven patients from five families.
Patients all manifested with a remarkably consistent phe-
notype of adult-onset progressive proximal, distal, and
lower greater than upper extremity asymmetric weakness
without significant cardiac or respiratory involvement.
All patients were found to be homozygous for the iden-
tical ¢.1516A>G (p.Arg506Gly) ACTN2 variant. Segrega-
tion testing was pursued in two families (F2 and F4)
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Figure 4. Pathogenic ACTN2 (NM_001103.2) skeletal muscle disease variants. (A) Schematic representation of ACTN2 with corresponding
domains. Both recessive (top) and dominant (bottom) pathogenic variants associated with skeletal muscle disease are listed. (B) Alignment of

ACTN2 showing that R506 impacts a conserved residue.

where at least one relative was available for testing, and
was consistent with a recessive mode of inheritance. This
variant is rare, impacts a conserved residue, and is pre-
dicted to be damaging. All families reported Palestinian
background suggesting a common origin for this variant.
Haplotype testing from two families identified a shared
haplotype, and thus indeed indicating a likely founder
variant. Our series confirms the findings by Inoue et al
(2021) who suggested a recessive ACTN2 mechanism
due to a recurring c.1439A > G (p.Asn480Ser) ACTN2
variant in three families with adult-onset core myopathy.
Taken together, this series expands the clinical pheno-
typic and genetic spectrum associated with ACTN2-
related disease to now include biallelic (p.Arg506Gly)
ACTN2 recessive variants as a cause for adult-onset
myopathy.
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Clinically, the patients in this series all present with
slowly progressive and chronic muscle weakness, as is typ-
ically seen in hereditary myopathies, but also in some
autoimmune myopathies such as autoimmune anti-
HMGCR (3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase) myopathy.'>'” In addition, patients were found to
have predominant distal muscle weakness and marked
asymmetric muscle involvement. Clinically patients with
biallelic (p.Asn480Ser) ACTN2 also present with distal
predominant muscle weakness, though symptom onset
seems to be later in life compared to (p.Arg506Gly)
ACTN2 patients, ranging from age 4060 year compared
to age 4-30 years respectively.” Facioscapulohumeral mus-
cular dystrophy (FSHD) commonly presents with asym-
metric muscle involvement and can affect proximal and
distal muscles, including anterior tibial group. However,
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Figure 5. In vitro splicing analysis of ACTN2 c.1516A>G. (A) A schematic illustration of the pETO1-ACTN2 c.1516A>G Exontrap assay. Wild-type
(WT) or mutant (Mut) ACTN2 ¢.1516A>G exon 14 (yellow) and flanking introns (blue) were cloned into the Xhol and BamHlI sites located in the
vector's multiple cloning site (orange) between two pETO1 exons (blue). Minigenes were transfected into HEK293T cells and RNA was isolated
24 hours later. (B) Agarose gel electrophoresis of reverse transcription PCR (RT-PCR) products amplified using pETO1 primers (red arrows).
Composition and size of the amplicons is exemplified on the right: Empty pETO1 vector (113 pb) and wild-type (WT) and ACTN2 c.1516A>G
(Mut) variant (254 bp). (C) Sanger sequencing chromatograms of the minigene splicing assay products. Wild-type (top); Mutant c.1516A>G

(bottom).

it is most commonly an autosomal dominant (FSHD1) or
digenic co-dominant (FSHD2) disease, and not consistent
with the observed recessive inheritance in our patients. In
addition, lack of weakness in scapular fixators and facial
weakness are common features in FSHD that were absent
in our patients. The proximal muscle weakness and atro-
phy in the lower extremities, and asymmetric tibialis ante-
rior weakness combined with selective weakness of the
wrist and finger flexors is a pattern that is reminiscence
of patients with sporadic inclusion body myositis
(sIBM)." Accordingly, three patients (F1P1, F4P6, and
F5P7) carried this diagnosis early in their disease course,
although their muscle biopsies lacked primary inflamma-
tion, a hallmark of sIBM. Finger flexor weakness may be
a rare manifestation of other inherited myopathies with
various underlying genetic etiologies such as VCP and
ACTAL" which were evaluated and ruled out by genetic
testing. MYH7-related myopathy may present with proxi-
mal and distal weakness in the lower extremities with foot
drop and toe drop as well as finger extensor weakness.'®
However, while consistent for the toe involvement, the
pattern of finger flexor weakness in MYH7-related myop-
athy (greater in digits IV and V than I, II, and III) is typi-
cally the reverse of what we observed in the patients in
this series (greater in digits I, II, and III than IV and V).

© 2024 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Thus, these unique clinical features help define the spe-
cific phenotype of ACTN2-related myopathy and help dif-
ferentiate it from sIBM, and other hereditary distal
myopathies.

MRI of the lower extremities in three patients in this
series revealed a distinct pattern of asymmetric muscle
involvement, with selective involvement of the hamstrings
in the thigh, and the anterior tibial group and the soleus
in the lower leg. This was particularly striking for the
medial gastrocnemius in two patients, appearing nearly
completely fat replaced on one side and unaffected on the
other. This pattern was also seen in muscle imaging in
one patient with biallelic ¢.1439A > G (p.Asn480Ser)
ACTN2 variants’ but is distinct from patients with domi-
nantly acting variants. Although selective involvement of
the posterior and medial thigh compartments compared
to anterior thigh is a common feature in limb-girdle mus-
cular dystrophies, the selective involvement of the tibialis
anterior, soleus, and medial gastrocnemius with marked
side-to-side asymmetry distinguishes ACTN2 from some
other hereditary myopathies. Recognition and characteri-
zation of patterns of muscle involvement is therefore a
useful tool to aid in the diagnosis and variant interpreta-
tion of potential future patients with different biallelic
ACTN?2 variants.
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Histologically, our series shows clear myopathic find-
ings with marked disarray of the myofibrillar architecture,
Type 1 fiber predominance and selective Type 1 fiber
atrophy. Rimmed vacuolar pathology was consistently
reported, similar to previous observations in both domi-
nant and recessive ACTN2-related myopathy. Unlike pre-
vious reports, no clear core-like structures were identified
on histology, or electron microscopy, which however was
only available for F4P6 and F5P7. In the available EM
images, areas of perinuclear and subsarcolemmal mito-
chondrial accumulation were notable, which typically
lacked myofibrils. However, Z-disks were otherwise nor-
mal in appearance. Selective Type 1 fiber atrophy/hypo-
trophy can be a nonspecific histologic finding in
myopathies. Of note, ACTN2 is expressed in Type 1 mus-
cle fibers," and it remains unclear if these histological
findings relate to a potential mechanistic connection
between mutated ACTN2 and evolution of Type 1 fiber
atrophy in muscle, thereby contributing to weakness.
Given the small sample size, it is challenging to make a
prediction on a possible correlation between muscle
pathology and clinical severity specifically given the vari-
ability in the muscle biopsied and age of biopsy in our
cohort, in addition to the inherent variability in muscle
biopsies due to sampling bias.

ACTN2 is predominantly expressed in muscle and car-
diac tissue. Currently, there is limited understanding
between the various protein domains and the clinical
manifestation of cardiac or skeletal disease, given that
pathogenic variants are scattered throughout the ACTN2
gene without clear genotype—phenotype correlation. The
(p-Arg506Gly) variant reported here, along with the previ-
ously reported recessive (p.Asn480Ser) variant, impact the
spectrin repeat of ACTN2, which is essential for
dimerization.” Notably, dominantly acting pathogenic
variants in the same exon have also been reported in
patients with isolated cardiac disease (p.Tyr473Cys)'® and
with isolated skeletal muscle disease (p.Cys487Arg).” The
lack of significant cardiac manifestations in our series is
noteworthy. Overall, there seems to be a dichotomy
where patients with predominant cardiac manifestations
do not have concomitant progressive muscle disease,
while patients presenting with skeletal myopathy do not
show significant cardiac involvement, at least not early to
mid-way in their disease progression. Although no dedi-
cated screening was pursued, heterozygous carrier rela-
tives in our series did not report cardiac or skeletal
muscle involvement. Given the limited natural history
data, regular long-term cardiac surveillance for all patients
with ACTN2-related myopathy is essential.

The pathomechanism for ACTN2-related disease
remains unclear and future mechanistic work is required
to explore whether the ACTN2 Arg506Gly variant leads

S. Donkervoort et al.

to impaired protein stability, altered localization, or
impairment of ACTN2 function via another mechanism.
The characterization of variants causative for cardiac dis-
ease revealed two distinct mechanisms in patient-derived
iPSC-cardiomyocytes with a heterozygous truncated pro-
tein causing an arrhythmogenic cardiomyopathy, while in
homozygosity manifesting as a severe progressive restric-
tive cardiomyopathy.'” A dominant-negative effect of the
heterozygous dominant ACTNZ2 variant was postulated
but has not been established for skeletal muscle variants."’
Haploinsufficiency has not yet been proven to be a dis-
ease mechanism in ACTN2-related disease although a
handful of presumed heterozygous truncating variants
have been reported as a cause for cardiac disease. The
lower-than-expected number of loss of function variants
in gnomAD (pLI score: 1, LOEUF of 0.24), indicates
intolerance of ACTN2 to loss of function variation in a
healthy control population. This is supported by knock-
down approaches in animal models, ACTN2-null dro-
sophila are lethal,® and zebrafish show severe cardiac and
skeletal muscle defects.”’ The c.1516A>G ACTN2 variant
identified in this series impacts the first base pair of exon
14 and has the potential to act as a complex hypomorph
allele and to impair normal splicing. Unfortunately, we
did not have frozen muscle tissue available to study the
effect of the variant in disease relevant patient tissue.
Therefore, we designed a splice vector assay, which did
not show aberrant splicing in a cell-based system. This is
in line with findings in homozygous (p.Asn480Ser)
ACTN2 muscle in which ACTN2 expression level in
patient muscle was similar to control.” Taken together,
these data suggest that recessive ACTN2 alleles do not act
as a hypomorph, but that the missense variants interfere
with the normal function of alpha-actinin 2. In patients
with skeletal muscle disease, both dominant and recessive
ACTN2 mutational mechanism result in progressive
myopathy, of variable onset and progression, with histo-
logical findings of myofibrillar network disarray. Thus,
there may be some overlapping concomitant effects on
the sarcomere and muscle homeostasis in both mutational
mechanisms, while the underlying alpha-actinin-2 dys-
function requires further investigations.

Given the phenotypic and genetic heterogeneity in skeletal
and cardiac muscle disease variants, classification for ACTN2
remains challenging.”” This series is the first to report a clear
genotype—phenotype correlation for (p.Arg506Gly) ACTN2,
a recessive variant that is associated with a consistent and
recognizable phenotype of adult-onset progressive proximal
and lower extremity predominant myopathy with vacuolar
histology and characteristic findings on muscle MRI imag-
ing. Identification of additional variants and characterization
of the spectrum of associated clinical, histological, and imag-
ing findings is essential to gain further insight in the cardiac
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and skeletal muscle disease manifestations and potential
genotype—phenotype correlations associated with pathogenic
ACTN? variants. Further work is needed to understand the
underlying disease pathomechanisms in actinopathies, which
now extends to include a recessive (p.Arg506Gly) ACTN2
variant.
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