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Differential diagnosis of vacuolar myopathies in the NGS era
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INTRODUCTION

Abstract

Altered autophagy accompanied by abnormal autophagic (rimmed) vacuoles detect-
able by light and electron microscopy is a common denominator of many familial
and sporadic non-inflammatory muscle diseases. Even in the era of next generation
sequencing (NGS), late-onset vacuolar myopathies remain a diagnostic challenge.
We identified 32 adult vacuolar myopathy patients from 30 unrelated families, studied
their clinical, histopathological and ultrastructural characteristics and performed
genetic testing in index patients and relatives using Sanger sequencing and NGS
including whole exome sequencing (WES). We established a molecular genetic di-
agnosis in 17 patients. Pathogenic mutations were found in genes typically linked
to vacuolar myopathy (GNE, LDB3/ZASP, MYOT, DES and GAA), but also in
genes not regularly associated with severely altered autophagy (FKRP, DYSF, CAV3,
COL6A2, GYGI and TRIM32) and in the digenic facioscapulohumeral muscular
dystrophy 2. Characteristic histopathological features including distinct patterns of
myofibrillar disarray and evidence of exocytosis proved to be helpful to distinguish
causes of vacuolar myopathies. Biopsy validated the pathogenicity of the novel
mutations p.(Phe55*) and p.(Arg216*) in GYGI and of the p.(Leul56Pro) TRIM32
mutation combined with compound heterozygous deletion of exon 2 of TRIM32
and expanded the phenotype of Ala93Thr-caveolinopathy and of limb-girdle muscular
dystrophy 2i caused by FKRP mutation. In 15 patients no causal variants were
detected by Sanger sequencing and NGS panel analysis. In 12 of these cases, WES
was performed, but did not yield any definite mutation or likely candidate gene. In
one of these patients with a family history of muscle weakness, the vacuolar myo-
pathy was eventually linked to chloroquine therapy. Our study illustrates the wide
phenotypic and genotypic heterogeneity of vacuolar myopathies and validates the
role of histopathology in assessing the pathogenicity of novel mutations detected
by NGS. In a sizable portion of vacuolar myopathy cases, it remains to be shown
whether the cause is hereditary or degenerative.

deficiencies in lysosomal enzymes. These defects disturb
the lysosomal pathway which is a key element of the

Vacuolar myopathies are characterized by autophagic vacu-
oles containing myeloid structures, degrading organelles
and other cytoplasmic contents that are detectable by
muscle biopsy on the light microscopical (rimmed vacuoles)
and/or ultrastructural level. Typical genetic causes include
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autophagy machinery (70), exemplified by glycogen storage
disease II (GSD II; Pompe disease) caused by lysosomal
alpha glucosidase deficiency, Danon disease caused by
mutation of the lysosomal membrane receptor LAMP2
and X-linked myopathy with excessive autophagy (XMEA)
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caused by mutation of the a V-ATPase lysosomal proton
channel (9,38).

Alternatively, defects in the ubiquitin-proteasome system
(UPS) that normally degrades non-functioning, misfolded
ubiquitylated proteins may result in the activation of
autophagy and subsequent protein degradation in lys-
osomes, leading to vacuolar myopathy. The degradative
capacity of the UPS may also be overloaded by the accu-
mulation of defective myofibrillar proteins. Such distinct
protein aggregates combined with rimmed vacuoles are a
characteristic feature of myofibrillar myopathies (85). A
vacuolar component may also be present in myopathies
that are not caused by mutations in these typical pathways.
For example, we previously described prominent vacuolar
myopathy in five patients with an unusual facioscapulo-
humeral muscular dystrophy (FSHD) phenotype (74).
Furthermore, drugs which lead to alterations of the
autophagic pathway such as chloroquine may cause vacu-
olar myopathy (64).

Thus, altered autophagy accompanied by abnormal
autophagic vacuoles and protein aggregates is a common
denominator of many familial and sporadic non-inflam-
matory muscle diseases. Hence, even in the era of next
generation sequencing (NGS), vacuolar myopathies remain
diagnostically challenging especially in late-onset cases
without clear family history. Here, we present results of
a comprehensive clinical, neuropathological and genetic
workup of a cohort of adult vacuolar myopathy patients.
We define morphological features useful to differentiate
between different causes and discuss the value of NGS
in finding a diagnosis.

METHODS

Patients

In this study, we included 32 patients from 30 unrelated
families with suspected or genetically confirmed myopathies
who had presented at the Dept. of Neurology, Klinikum
Kassel (Kassel, Germany) from 2001 to 2017 and had exhib-
ited vacuolar muscle biopsy pathology. Patients with a diag-
nosis of inclusion body myositis were excluded. Genetic
and clinical findings without reference to our biopsy results
have already been published for P5.1 (98), P6 (49), P7 (85),
P9 (57) and P10 (85).

Clinical examination

In the 32 index patients as well as in 36 additional family
members a detailed neurological examination was carried
out on several occasions by a neurologist with neuromuscular
specialization (AF). In all 68 individuals (patients and family
members) serum creatine kinase (CK) levels were measured
repeatedly. Needle electromyography (EMG) investigation
was carried out in all but two index patients and in four
of the family members. In selected cases we performed nerve
conduction studies. In 27 of the 32 index patients and in
three of the family members muscle MRI of the lower
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extremities and of the pelvic girdle was performed using
axial and coronal T1, T2 and STIR sequences.

Muscle biopsy

Open muscle biopsies were obtained for diagnostic purposes
from mildly to moderately affected muscles based on the
clinical features and MRI findings. In four cases, additional
sural nerve biopsy was performed. Unfixed (cryostat),
formaldehyde-fixed (paraffin) and glutaraldehyde-fixed
(semi- and ultrathin) sections were stained using standard
histological, enzyme histochemical and immunohistochemi-
cal methods (65). Electron microscopy (EM) was performed
in 28 out of 32 cases using a Philips CM10 transmission
electron microscope; in four patients glutaraldehyde-fixed
muscle tissue for EM was not available. To validate the
pathogenicity of detected genetic variants light and electron
micrographs were revisited and in selected cases additional
targeted immunohistochemistry and further EM was per-
formed. A more detailed description of our neuropatho-
logical workflow is provided in Suppl. Methods.

Genetic testing

Written informed consent for genetic testing was obtained
from all patients and family members involved in this study.
Targeted gene analysis via Sanger sequencing was performed
mainly at the Institute of Human Genetics, Wiirzburg.
NGS-based neuromuscular panel diagnostics was carried
out mainly at the Centre for Genomics and Transcriptomics
CeGaT (Tiibingen, Germany). Custom-design in-solution
hybridization (Agilent SureSelect, Agilent) was used to select
panel genes. Over the course of this study, the panel was
expanded several times ranging from 98 genes (version 2a)
to 317 genes (version 4). Sequencing was performed on
SOLiID s5500x1 systems (Life Technologies) or Illumina
HiSeq2500 and HiSeq4000 systems to an average read depth
between 750X and 1400X per sample. SOLiD color-space
reads were aligned and variants called using lifescope (Life
Technologies). HiSeq reads were trimmed (cutadapt 1.4.1
or Skewer 0.1.116) and aligned using bwa mem (0.7.2)
against the hgl9 reference genome. PCR duplicates were
removed (samtools 0.1.18), and only uniquely aligned reads
kept for wvariant calling (CeGaT proprietary software).
Variants were called using samtools and VarScan (2.3.5
or 2.4.2). One case was diagnosed via NGS-neuromuscular
panel diagnostics at the Medical Genetics Centre, MGZ
(Munich, Germany) that used Agilent SureSelectXT,
IlluminaR sequencing technology. Patients and their rela-
tives with non-conclusive genetic workup were followed-up
for further examination and whole exome sequencing (WES).
WES was performed at the Institute of Human Genetics,
RWTH Aachen University Hospital. For whole WES enrich-
ment, the Nextera Rapid Capture Exome (v1.2, Illumina,
SanDiego, CA, USA) was applied. The exome library was
sequenced on a NextSeq500Sequencer with 2x75 cycles on
a high-output flow cell. De-multiplexing and fastq file gen-
eration was done using bcl2fastq2 (v.2.2, Ilumina, San

Brain Pathology 30 (2020) 877-896

© 2020 The Authors. Brain Pathology published by John Wiley & Sons Ltd on behalf of International Society of Neuropathology.



Mair et al

Diego, CA, USA). The generation of the analyzed "bam,”
“FastQ” and “vcf” files was carried out with an in-house
pipeline based on SeqMule (v.1.2.6.) (reference genome:
hgl19). The raw data were analyzed using the variant anno-
tation software kggseq (vl, http://grass.cgs.hku.hk/limx/
kggseq/). Variants with a minor allele frequency (MAF)
of >0.75% in relevant databases (ie, EXAC, dbSNP, 1000G),
synonymous variants and intronic variants that do not
affect the canonical splice-sites were not considered.
Bioinformatics pathogenicity assessment (PolyPhen-2,
MutationTaster, SIFT and CADD) was performed, con-
sidering that this method only indicates a possible patho-
genicity. Mean coverage depth was app. 75X. Segregation
analysis was carried out in 29 of the family members.

Availability of data and materials

The dataset supporting the conclusions of this article is
included within the article and its additional files.

RESULTS

General clinical and genetic findings

For an overview of the clinical features of the patients includ-
ing CK levels, see Tables 1 and 2. EMG revealed myopathic
patterns in 17 index patients, pathogenic, but not clearly
distinguishable patterns in 11 and neurogenic and normal
patterns in two patients. MRI imaging of the legs showed
focal fatty infiltration in 21 patients, diffuse changes in four
and widespread fatty degeneration of all leg muscles in two
patients. Of the 36 family members examined, 13 were clearly
affected and 19 unaffected. Four family members had isolated
hyperCKemia and the clinical classification was difficult.

In 11 families Sanger sequencing established a genetic
diagnosis: Five families were identified with the autosomal
recessive (AR) disorders LGMD2B, LGMD?2i (LGMDRY,
new nomenclature following OMIM) and GSDII, harbor-
ing mutations in DYSF, FKRP and GAA, respectively. Four
families were diagnosed with autosomal dominant (AD)
myofibrillar myopathy caused by mutations in MYOT,
LDB3/ZASP and DES. One index patient each showed
heterozygous mutations in GNE (hereditary inclusion body
myopathy) and SMCHDI, the latter combined with a
FSHD permissive haplotype in a digenic manner (FSHD?2).
Panel NGS identified heterozygous mutations in two patients
in COL6A2 (Bethlem myopathy) and CAV3, respectively.
Novel compound heterozygous mutations were found in
TRIM3?2 (tripartite motif-containing protein 32) and GYGI
by NGS in two separate families and were confirmed by
segregation analysis, leading to the diagnoses of LGMD2H
(LGMDRS, sarcotubular myopathy) and GSD XYV, respec-
tively. In 15 patients no definite pathogenic mutation caus-
ing vacuolar myopathy was found including one patient
who was eventually diagnosed with chloroquine myopathy.
WES performed in 12 of these cases yielded variants of
unknown significance (Tables 2 and S1), but did not clarify
the diagnosis.
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General histopathological findings

Sixteen patients showed moderate (affecting <10%), 10 marked
(10%-50%) and six severe (>50% of the muscle fibers in
the sections examined) myopathic changes including myofi-
brillar disintegration, non-subsarcolemmal nuclei, atrophy,
basophilia and necrosis. By light microscopy, 16 biopsies
exhibited numerous (>10) (rimmed) vacuoles, 10 biopsies
had light (1-3) to moderate (3—10) vacuolar defects in the
sections examined; in six patients a considerable vacuolar
myopathy characterized by large abnormal autophagic vacu-
oles was evident on the ultrastructural level only (Table 3).
In 18 cases, there was additional neurogenic muscle fiber
atrophy. Sural nerve biopsy revealed a predominantly axonal
neuropathy with minor demyelinating component in three
patients and a predominantly demyelinating neuropathy in
one patient.

Vacuolar myopathies with identified pathogenic
mutation

GNE myopathy (Hereditary inclusion body myopathy)

P15 who was of Turkish descent had difficulty in climbing
stairs at age 23 and was wheelchair bound 13 years later.
She developed high-grade paraparesis and plegia of hip
flexion and of foot dorsi- and plantarflexion, while quadri-
ceps function was largely spared. Muscle biopsy showed
severe vacuolar myopathy with rimmed vacuoles often extend-
ing along several sarcomeres (Figure 1A). Sanger sequencing
revealed the homozygous GNE ¢.1760T>C, p.(Ile587Thr)
mutation of known pathogenicity (20).

Myofibrillar myopathy

In four cases, the diagnosis was myofibrillar myopathy of
which P9 and P10 presented with weakness of the distal
lower legs, whereas P7 and P8 showed predominant weak-
ness of the iliopsoas, sparing of the quadriceps, and initially
preserved lower leg function. In each of the muscle biopsies,
rimmed vacuoles were found along with alterations of Z-band
architecture and accumulations of granulofilamentous mate-
rial (Figure 1B,C). In P10 groups of filamentous bundles
previously found to be characteristic for ZASPopathy (12)
were frequently encountered (Figure 1D). Confirming this
association, Sanger sequencing identified the pathogenic
heterozygous LDB3/ZASP mutation ¢.494C>T, p.(Alal65Val)
(83) in this case. The same method revealed heterozygous
mutations of known pathogenicity in MYOT (P9: c.179C>T,
p-(Ser60Phe)) (82) and in DES (c.1049G>C, p.(Arg350Pro)),
the latter leading to a limb-girdle syndrome in P7 and PS8,
which is a known phenotype of Arg350Pro-desminopathy
(99).

COL6A2 (Bethlem myopathy)

P11 reported generalized muscle weakness since childhood
and showed contractures of the finger and elbow flexors.
MRI of the legs revealed an outside rim of fatty infiltra-
tion of the vastus lateralis muscle contrasted by relative
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Figure 1. Characteristic morphological findings in vacuolar myopathies.
A. Prominent vacuoles containing granular osmiophilic material (arrows)
in GNE myopathy (P14). Semithin section, toluidine blue. Scale
bar = 40 pym. B,C. Large osmiophilic membranous and granular
inclusions indicative of altered autophagy combined with
granulofilamentous material and other myofibrillar breakdown products
(asterisks) in desminopathy (P7). EM. Scale bar in B = 3 pm, in
C = 1.5 uym. D. Filamentous bundles characteristic for ZASPopathy in

sparing of the central part. The biopsy showed large
autophagic vacuoles filled with membranous and granular
osmiophilic material (Figure 1E). There was focally accentu-
ated endomysial fibrosis. Collagen VI immunohistochemistry
revealed concentric accumulations of collagen and of fibro-
blasts around individual muscle fibers (Figure 1F). The
prominent flexor contractions combined with the morpho-
logical alterations and the typical MRI features (58) raised
the suspicion of Bethlem myopathy. NGS panel testing for
COL6AI, COL6A2 and COL6A3 revealed the heterozygous

Brain Pathology 30 (2020) 877-896

P10. EM. Scale bar = 3 pm. E. Large autophagic vacuole containing
pleomorphic granular and membranous material in a case of Bethlem
myopathy (P11) caused by COL6A2 mutation. EM. Scale bar = 2 um. F
Prominent endomysial fibrosis with concentric accumulation of collagen
and of fibroblasts around individual muscle fibers in P11. Paraffin section,
Coll VI immunohistochemistry (brown). Scale bar = 30 ym.

c.1861G>A, p.(Asp621Asn) COL6A2 gene mutation of
known pathogenicity (by alternative nomenclature
p-(Asp620Asn), GenBank accession No.: M34571) (76).
Moderate mitochondrial changes, such as globoid inclusions,
were present (not shown), confirming previous observations
in Bethlem myopathy (103). Segregation analysis revealed
the same COL6A2 mutation in the mother, who did not
complain of muscle weakness, but showed mild muscular
atrophy on MRI and chronic hyperCKaemia (up to
1100 U/L).

883

© 2020 The Authors. Brain Pathology published by John Wiley & Sons Ltd on behalf of International Society of Neuropathology.



Vacuolar Myopathies in the NGS Era

TRIM32 (Sarcotubular myopathy)

P1.1 suffered from weakness of the leg and back muscles
starting at age 27 and developed plegia of hip flexion
and knee extension over 16 years. His older brother P1.2
who showed similar symptoms at a later age was wheel-
chair bound at the age of 53. Initial biopsy analysis yielded
marked dystrophic features. Linkage analysis of the family
including the healthy parents and three additional healthy
brothers suggested TRIM32 as a candidate gene. Panel
NGS of DNA of P1.1 revealed the heterozygous c.467T>C,
p.(Leul56Pro) TRIM32 variant (rs145907585) of unknown
significance. This is a rare variant with a minor allele
frequency <0.01% that is rated as pathogenic by Mutation
Taster and Polyphen 2 and is located within a highly
conserved region (GERP 5.36). By quantitative RTqPCR,
an additional heterozygous deletion of exon 2, the only
coding exon of TRIM32, was detected. Subsequent analysis
of new semithin sections of the biopsies of Pl.1 and
P1.2 revealed rimmed vacuoles and many vacuoles located
in rows in markedly affected muscle fibers (Figure 2A,B).
In electron micrographs vacuoles were associated with
autophagic membranous and tubular structures and focal
myofibrillar disintegration (Figure 2C,D), a pattern typical
for sarcotubular myopathy (46,62). Gene panel NGS also
yielded the heterozygous MYH7 variant c¢.4258C>T,
p(Argl420Trp) which has been described previously in
patients with a cardiomyopathy (97). However, the limb-
girdle phenotype, the AR mode of inheritance in this
family and the lack of morphological alterations typical
for MYH7 mutations such as myosin storage/hyaline bod-
ies and cores/minicores or fiber type disproportion (25,90)
argued against the diagnosis of MYH?7-related myopathy.
Moreover, subsequent analysis of DNA of the affected
brother P1.2 showed the same TRIM32 genotype as found
in P1.1. The five unaffected family members mentioned
above underwent segregation analysis: The father carried
the heterozygous p.(Leul56Pro) TRIM32 variant, while
the mother and another brother harbored the TRIM32
deletion, confirming that one normal copy of TRIM32 is
sufficient for proper gene function. Two other brothers
harboured neither the exon 2 deletion nor the p.(Leul S6Pro)
mutation. We conclude that the combination of the
p-(Leul56Pro) TRIM32 variant and the deletion of exon
2 cause LGMD2H (LGMDRS).

FSHD2

P6 presented with facial weakness, atrophy of the shoulder
girdle muscles and scapular winging. Light microscopy showed
several muscle fibers with rimmed vacuoles (Figure 2E,F),
some of which contained pTDP-43-immunoreactive aggre-
gates (Figure 2G), and moderate focal endomysial accumula-
tions of LCA immunoreactive cells including a small number
of CDS positive T-cells. By EM, frequent strongly lobulated
or fragmented myonuclei and focal proliferation of the sar-
coplasmic reticulum and T-system were found (not shown).
After genetic exclusion of FSHD1 (contraction of the D474
repeat unit on chromosome 4q) Sanger sequencing revealed
the heterozygous c¢.1433G>A, p.(Glyd78Glu) SMCHDI
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mutation associated with a 11% hypomethylation pattern
of the D4Z4 region; this digenic inheritance is typical for
FSHD?2 (49).

FKRP

P2 and P3 initially presented with severe proximal paresis
of the legs. Proximal arm weakness was severe in P2 while
P3 had relatively well-preserved arm function. The sister of
P2 had died of respiratory muscle failure at the age of 39
caused by an undiagnosed muscle disease. P2 developed
wheelchair dependency and respiratory muscle weakness 14
years after disease onset. P3 received an implantable cardi-
overter-defibrillator at age 37 caused by an episode of ven-
tricular tachycardia and suspected cardiomyopathy. In the
muscle biopsy of P2, subsarcolemmal proliferations of
enlarged mitochondria projected deeply into many muscle
fibers and were associated with marked proliferations of the
T-system and focal myofibrillar degradation (not shown).
Autophagic vacuoles containing membranous, myelin-like
material were frequently seen immediately below the sarco-
lemma. Similar predominantly subsarcolemmal autophagic
vacuoles were also found in the biopsy of P3 and were
associated with cytoplasmic and nuclear accumulations of
12-18 nm tubulofilaments (Figure 3A,B). Because of the
limb-girdle distribution of muscle weakness and the AR
inheritance pattern in both families, targeted Sanger sequenc-
ing of FKRP was performed, revealing the most frequent
FKRP mutation ¢.826C>A, p.(Leu276lle) in P2 in a homozy-
gous state (7). P3 was compound heterozygous for this
mutation combined with the ¢.1486T>A, p.(*496Argext*21)
mutation that abolishes a stop codon and leads to an exten-
sion of the protein by 21 amino acids (19). In line with
the genetic findings, alpha-dystroglycan immunohistochemis-
try yielded absent reactivity; the immunoblot showed a mark-
edly reduced intensity of the alpha-dystroglycan band and
an additional band of reduced molecular weight (not shown).

Caveolin-3

P15 presented with hypesthesia of the feet, reduced vibra-
tion sense of the ankles and claw toes. No paresis was
detected. Needle EMG of the right tibialis anterior muscle
was normal while nerve conduction velocity and muscle
action potentials were moderately reduced. CK was elevated
to 960 U/L. Nerve biopsy showed a chronic, slowly pro-
gressive, predominantly axonal neuropathy with mild demy-
elination (not shown). Muscle biopsy revealed neurogenic
muscular atrophy combined with myopathic changes. Gene
Panel NGS detected the heterozygous ¢.277G>A,
p-(Ala93Thr) (alternatively p.(Ala92Thr), GenBank acces-
sion No.: AF043101.1) CAV3 mutation which has previ-
ously been linked to rippling muscle disease (45). The
p.(Ala93Thr) variant segregated with the polyneuropathy
phenotype and mildly elevated CK levels (up to 270 U/L)
in the patient’s mother. However, neither the index patient
nor his mother showed muscle rippling. To further examine
the pathogenicity of this CAV3 mutation, we performed
immunoblotting and EM analyses. The Caveolin 3 band
was absent in the immunoblot. By EM, caveolae at the
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Figure 2. Rimmed vacuoles in sarcotubular myopathy and FSHD2.
A. Central rimmed vacuoles (white arrows) in P1.2 with compound
heterozygous TRIM32 mutations. Cryostat section, GOm&ri trichrome.
Scale bar = 30 pm. B. Numerous smaller empty vacuoles arranged in
rows typical for sarcotubular myopathy in P1.1, the brother of P1.2 who
carried the same compound heterozygous TRIM32 mutations as P1.2.
Semithin section, toluidine blue; scale bar = 30 um. C,D. By EM, the
small vacuoles in the biopsy of P1.1. At least partially correspond to

plasma membrane were found to be largely absent, whereas
irregular foci of filamentous material attached to the cyto-
plasmic face of the sarcolemma were frequently seen,
resembling previous ultrastructural observations in
Ala93Thr-caveolinopathy (45). In addition, subsarcolemmal
proliferations of membranes, often forming loops and
vacuolar structures, were prominent in several muscle

Brain Pathology 30 (2020) 877-896

dilations of the sarcoplasmic reticulum. Scale bar in C = 4 pym, in
D = 2 ym. E. Muscle biopsy of the FSHD2 patient P6 showing
subsarcolemmal rimmed vacuoles (arrow). Cryostat section, H&E. Scale
bar = 20 pm. F Subsarcolemmal rimmed vacuoles in the same biopsy as
in (E). Cryostat section, Gomori trichrome. Scale bar = 20 pm. G. The
autophagic vacuoles in P6 contain pTDP-43-immunoreactive granular
material (arrows). Paraffin section. Scale bar = 30 ym.

fibers; they probably correspond to abnormal extensions
of the sarcoplasmic reticulum (Figure 3C,D).

Dysferlin

Three young female patients, one of consanguineous
Pakistani descent (P4) and two sisters (P5.1 and P5.2),
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Figure 3. Ultrastructural pathology of FKRR CAV3 and DYSF mutation
cases. A. Prominent autophagic vacuoles combined with intranuclear
tubulofilamentous inclusions (white arrow) in LGMD2i (LGMDR9)
caused by compound heterozygous FKRP mutations (P3). Scale
bar = 3 um. B. P3: Membranous autophagic material accumulating
within a myonucleus (arrows) and in the perinuclear sarcoplasm. Scale
bar = 3 um. Inset: High power view of sarcoplasmic tubulofilaments.
Scale bar = 0.5 pm. C,D. Subsarcolemmal vacuoles and proliferations of

presented with limb-girdle phenotype and severely elevated
CK levels (up to 10 000 U/L). Muscle biopsies showed
focal vacuolar alterations in all patients. Dysferlin immu-
noreactivity was absent in cryostat sections, in line with
the absence of dysferlin protein bands in immunoblots
of each of the three biopsies. In the biopsies of P5.1
and P5.2, caveolin-3 and B-dystroglycan staining was

886

membranes in a case with CAV 3 mutation (P15). Scale barin C =1 ym
and D = 2 pm. E. Similar subsarcolemmal membranous proliferations in
LGMD2B caused by compound heterozygous DYSF mutations (P5.2).
Scale bar = 2 um. FE Exocytosis of membranous autophagic material in
the dysferlinopathy patient P5.1, the sister of P5.2. Scale bar = 2 pm.
G,H. Large extracellular electron-dense globules with abundant
amorphous extracellular material surrounded by surplus basal lamina in
the biopsy of P5.1. Scale barin G = 10 pm, in H = 1.5 um.

reduced. Ultrastructurally, many small subsarcolemmal
vacuoles associated with defects of the plasma membrane
and membranous proliferations were found (Figure 3E).
Frequently, degenerated globular dense material within
redundant loops of basal lamina typical for dysferlinopathy
(84) was seen. These features were combined with signs
of abnormal autophagy and exocytosis described already

Brain Pathology 30 (2020) 877-896
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by Selcen et al (84) such as subsarcolemmal vacuoles with
pleomorphic material in contact with the extracellular space
and with abundant amorphous osmiophilic extracellular
deposits surrounded by free basal lamina (Figure 3F-H).
The diagnosis of dysferlinopathy was confirmed by Sanger
sequencing: P5.1 and P5.2 harbored the compound het-
erozygous mutations ¢.864_865insA, p.(Ser2891Ilefs*39) and
¢.3196_3197ins6bp, p.(Glul065_Glyl066ins2a.a.) in DYSF
(NM_003494.3) as reported previously (98). The former
causes a frameshift and leads to premature termination
of the protein; the latter leads to insertion of two amino
acids without frameshift. P4 carried the homozygous muta-
tion ¢.265C>T, p.(Arg89*) that leads to a premature stop
codon and has been reported previously to cause dysfer-
linopathy in a compound heterozygous state (44,98).

Glycogen storage diseases

P12 presented with mild proximal arm and leg paresis and
respiratory muscle weakness requiring nocturnal BiPAP
therapy at the age of 52. Biopsy revealed many PAS-positive
vacuoles in numerous muscle fibers suggestive of GSD. By
EM (Figure 4A), the extensive glycogen deposits were asso-
ciated with autophagic vacuoles and abnormal lipofuscin
as well as considerable mitochondrial pathology, consistent
with GSD II (24,51). Alpha-1,4-glucosidase activity was
reduced to 0.9 pumol/l/h (normal >3.3 pmol/l/h). Sanger
sequencing detected the intronic mutation c.-32-13T>G, which
is present in most late-onset GSD II cases and gives rise
to alternatively spliced transcripts with deletion of the first
coding exon (34), combined with the ¢.1796C>A,
p-(Ser599Tyr) missense mutation of known pathogenicity
(69).

P13 presented with severe foot drop and mild hip flexion
paresis starting at age 50. Muscle biopsy revealed numerous
large autophagic vacuoles, cytoplasmic and intranuclear
accumulation of tubulofilamentous material, myonuclear
degeneration, mitochondrial alterations and focal myofibrillar
breakdown. In several muscle fibers, large abnormal, partially
membrane-bound accumulations of glycogen granules were
associated with the autophagic vacuoles. Within the glycogen
accumulations, round clusters of finely granular material
which was less osmiophilic than normal glycogen were fre-
quent. Some of these clusters were fully or partially engulfed
by a membrane (Figure 4B-D). NGS panel detected the
previously undescribed compound heterozygous mutations
c.164_165delTT, p.(Phe55*%) in exon 3 and c.646C>T,
p.(Arg216*) in exon 6 of GYGI. The clinically unaffected
adult son and the healthy maternal aunt of the patient
were heterozygous for p.(Arg216*), in line with a compound
heterozygous disease process in the index patient.

Vacuolar myopathy associated with chloroquine
therapy

P16 presented with left hand weakness, severe foot drop,
marked bilateral pes cavus and claw toes. He reported prob-
lems with his feet since childhood; there had been similar

Brain Pathology 30 (2020) 877-896

Vacuolar Myopathies in the NGS Era

complaints of ambulation by his father, sister and nephew.
CK levels were normal. Panel NGS for CMT and myopathy
genes yielded variants of unknown significance in KIFIB
and DYSF (Table S1). Muscle biopsy revealed severe vacu-
olar myopathy with numerous rimmed vacuoles combined
with extensive accumulations of lipofuscin and of abundant
curvilinear material (Figure 4E). Prominent build-up of lipo-
fuscin and of curvilinear material are typical for chloroquine
myopathy (64). When asked explicitly, the patient then reported
that he had taken chloroquine for several years to treat
systemic lupus erythematosus.

Unclassified cases and variants of unknown
significance

P21 exhibited proximal leg weakness and had a history
of follicular non-Hodgkin lymphoma and chemotherapy.
Anti-Ro52 and anti-SRP antibodies were found in the
blood, but muscle biopsy did not reveal any signs of
myositis. His son and his brother had moderately elevated
CK-levels. Granular and diffuse intermyofibrillar LAMP2
and dysferlin immunoreactivity was enhanced mainly in
damaged fibers (not shown). There was focal degradation
of myofibrils with large quantities of partially membrane-
bound autophagic material in a predominantly subsar-
colemmal position. Often such material was also found
in the extracellular space between plasma membrane and
basal lamina (Figure 4F). These findings of marked
autophagy and exocytosis resembled Danon disease caused
by LAMP2 mutation, which was, however, genetically
excluded. WES did not yield any relevant alterations except
for the c.10511C>T, p.(Ser3504Phe) RYRI variant of
unknown significance which segregated with the elevated
CK levels in the family.

Biopsies of P17, P27, P29 and P30 showed marked
inclusion body myopathy combined with prominent sar-
coplasmic as well as myonuclear 12-18 nm tubulofilamen-
tous inclusions. In P17, myopathic changes were
accompanied by severe neurogenic atrophy. P27 was par-
ticular in that EM revealed many subsarcolemmal
autophagic vacuoles that were continuous with the extra-
cellular space indicating ongoing exocytosis. In addition,
accumulations of sarcoplasmic 12-18 nm tubulofilaments
were combined with intranuclear tubulofilaments of smaller
diameter reminiscent of oculopharyngeal muscular dystro-
phy (OPMD) (92) (Figure 4G). However, no trinucleotide
expansion was found in PABPNI, and WES did not detect
any relevant mutation neither in this patient (P27) nor
in P17. In addition, clinical features in P27 only partly
matched those found in OPMD: facial symptoms were
mild, ptosis was lacking and limb weakness was pronounced
rendering the patient wheelchair bound at the age of 42
years. In P29 and P30 WES could not be performed;
extensive Sanger sequencing of several candidate genes
only revealed the heterozygous variant c.155A>G,
p-(Asn52Ser) in ANOS5 in P29, but no second mutation
including ANO5 exon deletions or duplications (by MLPA)
could be detected.
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Three patients (P18, P23 and P28) showed focal myofi-
brillar breakdown combined with autophagic vacuoles and
prominent accumulations of abnormal mitochondria often
containing multiple paracrystalline inclusions. No patho-
genic variants were found using WES in any of these
cases. In P18, this was surprising because he is member
of a large family with an autosomal dominant trait

Mair et al

including six additional affected family members in three
generations. The index patient had distinct high-grade
paresis of finger extension, whereas leg weakness developed
at a much later stage. One of his brothers had been
wheelchair bound at the age of 40 and had died at 58
years of an undiagnosed muscle disease. Other affected
family members had difficulty in maintaining an erect
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Figure 4. Ultrastructure of GSD I, GSD XV, chloroquine myopathy and
cases without identifiable gene defect. A. Intermyofibrillar deposits of
excess glycogen in GSD Il (Pompe disease; P12). Scale bar = 3 pm. B.
Muscle biopsy of P13 with novel compound heterozygous GYGT (GSD
XV) mutations showing excess glycogen with distinct round clusters of
less osmiophilic fine granules, possibly representing partially degraded
glycogen (arrows). Scale bar = 2 pm. C. P13: Autophagic vacuoles
(arrows) associated with the glycogen deposits. Scale bar = 2.5 um. D.
P13: Large intermyofibrillar autophagic vacuole. Scale bar = 8 pm. E.
Autophagic vacuoles combined with extensive accumulations of
lipofuscin and curvilinear material (arrow) typical for chloroquine

Vacuolar Myopathies in the NGS Era

myopathy (P16). Scale bar = 2 um. E Arrows marking the membranous
borders of exocytosed material between the plasma membrane and the
basal lamina in P21. However, no mutation in LAMP-2 or any other
myopathy gene was found in this patient by WES. Scale bar = 2 pm. G.
Distinct OPMD-like tubulofilaments within a myonucleus in P27 who did
not harbor a detectable PABPNT repeat expansion or any other mutation
in a myopathy gene. Scale bar = 0.5 pm. H. Deposition of
granulofilamentous material in P19 suggested the diagnosis of a
desminopathy/myofibrillar myopathy, but no defect in any of the relevant
known genes was detected by WES. Scale bar = 0.5 um.

posture, which correlated with fatty degeneration of spinal
muscles on radiological imaging. In the biopsy of P23,
nemaline bodies were found repeatedly, albeit not as fre-
quent as usually seen in sporadic late-onset nemaline
myopathy (SLONM) (78). In addition, muscle weakness
was only slowly progressive in this case; there was no
rapid progression leading to respiratory weakness within
1-5 years after onset or axial weakness or dysphagia which
is often encountered in SLONM cases (78).

P20 presented with rhabdomyolysis and showed extensive
myofibrillar degradation associated with large autophagic
vacuoles and sarcoplasmic accumulations of 12-18 nm
tubulofilaments. CK levels remained severely elevated 6 years
after first presentation. Genetic analysis including WES
revealed the heterozygous RYRI sequence variant ¢.6617C>T,
p.(Thr2206Met) which has been linked to AD malignant
hyperthermia (55) and AR muscular dystrophy (2), but was
found in the unaffected mother of P20 as well. In addi-
tion, the recurrent c.549delA, p.(Thr184Argfs*36) CAPN3
frameshift mutation was found (rs80338800), but only in
a heterozygous state. Copy number variations of CAPN3
exons were ruled out by MLPA analysis.

Distinct weakness of finger and hand extensors was
the initial symptom in P25 and consecutive weakness of
toe, foot and neck extensors evolved. Muscle biopsy showed
predominantly subsarcolemmal myofibrillar alterations
often reminiscent of cores as well as granulofilamentous
inclusions, sarcolemmal reduplication and large tubular
aggregates. P19 presented with distal leg paresis and showed
myofibrillar alterations and granulofilamentous inclusions
similar to P25 (Figure 4H). P22 showed weakness of the
paraspinal and gluteal muscles. In her biopsy, we found
numerous autophagic vacuoles along with markedly
increased lipofuscin. P24 and P26 exhibited considerable
vacuolar myopathy without any other specific histopatho-
logic features. No pathogenic variant was found in any
of these patients by WES. In P24 who was of Swedish
descent and in P19 sural nerve biopsy showed an addi-
tional neuropathy.

In all cases with significantly elevated CK that could not
be assigned to a genetically defined entity (n = 6), dystro-
phinopathy was ruled out caused by the absence of an
X-chromosomal trait, predominantly distal muscle involve-
ment, normal dystrophin (Dys1-3) in immunohistochemistry
and immunoblot and a prominent vacuolar component.
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DISCUSSION

In healthy cells potentially harmful cellular contents such as
protein aggregates or damaged organelles are eliminated by
selective autophagy. Defective autophagic processes result in
poor protein quality control, limited availability of free amino
acids, disrupted metabolic homeostasis and inefficient stress
response triggering compensatory mechanisms that lead to
excess autophagy (38). Altered, upregulated autophagy involves
a decline in the selectiveness of this process that now takes
place in an indiscriminate manner (16), in line with the
phenotype of vacuolar myopathies. In these disorders, normal,
tightly regulated autophagy is disturbed, leading to the accu-
mulation of autophagic substrate in large, membrane-bound
vacuoles. Muscle fibers are particularly susceptible to altera-
tions of autophagy, because they constantly accumulate
autophagic substrate caused by high protein turnover and
exposure to mechanical stress (38). In addition, dysfunctional
mitochondria that undergo mitophagy accumulate at high
numbers in muscle fibers during aging (18). The study of
muscle biopsies, thus, offers a unique opportunity to examine
tissue patterns of altered autophagy in human patients.

The patients of our cohort fall into four major groups:
In the first group characteristic clinical and biopsy features
guided targeted sequencing, and thus led to a swift definite
diagnosis in the GNE mutation, GSDII and myofibrillar
myopathy cases. In two patients with myofibrillar myopathy,
extensive granulofilamentous inclusions and prominent fila-
mentous bundles detected by EM specifically suggested the
diagnoses of desminopathy and ZASPopathy, respectively.
These diagnoses were subsequently confirmed by targeted
sequencing.

Biopsy findings expand the phenotype of
known mutations

In the second group, markedly disturbed autophagy was
linked to known pathogenic mutations in genes not regu-
larly associated with autophagy alterations. Such changes
were prominent in P2 and P3 with LGMD2i (LGMDRY)
caused by the p.(*496Argext*21)/p.(Leu276lle) and
p.(Leu276lIle)/ p.(Leu276lle) FKRP mutations (Figure
3A,B). They are consistent with the known function of
FKRP in the glycosylation of sarcolemmal proteins and
correlate with previous findings by others in an FKRP
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mouse model (11) and in two FKRP patients homozygous
for p.(Leu276lle) (73). The severe mitochondrial changes
in P3 have not been described before in LGMD2i
(LGMDRY).

Dysferlin is involved in membrane repair and induces
sarcolemma resealing following damage (10). Dysferlin
mutations lead to marked sarcolemmal defects combined
with characteristic extracellular electron-dense globules
detectable by EM (84), as confirmed in P5.1 and 5.2.
Associated with the membrane defects, we also confirmed
subsarcolemmal autophagic vacuoles and extracellular
deposits of membranous cell debris, consistent with the
hypothesis that dysferlin mutations interfere with normal
autophagy (22,84).

Caveolin-3 is a major component of caveolae (59). P15
and his affected mother carried the heterozygous
p.(Ala93Thr) CAV3 mutation previously associated with
AD rippling muscle disease, RMD (45), but did not show
muscle rippling. EM analysis revealed a marked reduction
of caveolae, large subsarcolemmal vacuoles and focal pro-
liferations of the sarcoplasmic reticulum, findings typical
for caveolinopathy (5,6,59). Polyneuropathy has been
described by us before in RMD caused by the c.80G>A,
p.(Arg27Gln) CAV3 mutation; in functional assays this
mutation diminished signaling of the nerve growth factor
receptor TrkA, potentially accounting for the manifestation
of neuropathy (5). Hence, the present cases expand the
spectrum of CAV3 mutations leading to neuromyopathy
(45,102).

Collagen VI contributes to the anchoring of the muscle
fiber basal lamina in the extracellular matrix (47). Defective
autophagy has been observed in a COL6A42 myopathy mouse
model, along with decreased levels of beclin-1 and Bnip3
in human Bethlem myopathy patients (30). The marked
vacuolar changes detectable in P11 harboring the known
pathogenic AD COL6A42 mutation p.(Asp621Asn) (76) sup-
port the notion that altered autophagy is a relevant patho-
mechanism of collagen VI-related myopathy. Similar to the
prominent core/rod pathology suggestive of altered proteo-
stasis reported by us in a patient with COL6A43 mutation
(13), the exact sequence of events leading to these changes
remains unclear.

Previously, we have described five unrelated patients with
genetically confirmed FSHD1 whose biopsies showed vacu-
olar myopathy with rimmed vacuoles (74). To our knowl-
edge, we here report the first case of genetically confirmed
FSHD2 associated with markedly vacuolar myopathy.
Again, the pathomechanism leading to the vacuolar fea-
tures is unclear.

Biopsy confirms the pathogenicity of novel
mutations detected by NGS

The third group included cases with novel mutations that
were classified as pathogenic based on the clinical findings
including segregation analysis and on the biopsy results.
GYGI1 mutations cause AR GSD XV (33,54,61). The novel
p.(Phe55%) and p.(Arg216*) GYGI mutations in P13 each
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lead to premature termination of the coding sequence.
The disease phenotype was only expressed by the index
patient, but not by the heterozygous family members, thus
confirming that one functional copy of the GYGI gene
is sufficient. Glycogenin-1 is thought to be a primer of
glycogen synthesis. As reported already in GSD XV cases
and in glycogenin-1 KO mice (91), glycogen accumulated
in the muscle fibers of P13. Of note, the signs of altered
autophagy were particularly prominent (Figure 4D).
Accumulation of finely granular material, probably of
smaller glycogen granules, was a further distinguishing
feature of our case (Figure 4B,C). Interestingly, smaller
than usual (partially degraded?) glycogen granules have
already been shown to occur in GSD II muscle fibers
(21).

TRIM32 is an E3 ubiquitin ligase located in the Z-band
(53). Al LGMD2H (LGMDRS) mutations reported so
far are located within the NHL domain of TRIM32 which
is critical for the recognition of protein targets for ubig-
uitination (27,53). Two brothers with clinical LGMD phe-
notype (P1.1. and P1.2) showed a deletion of exon 2, the
only coding exon of TRIM32, and the sequence variant
p.(Leul56Pro), resulting in a change of leucine to the
structurally unrelated proline in a highly conserved region,
but not within the NHL domain. These results indicate
that mutation in TRIM32 outside of the NHL domain
can cause sarcotubular myopathy/ LGMD2H/LGMDRS.
Notably, our initial histopathology of the muscle biopsy
of P1.1 had not shown the typical vacuolar, sarcotubular
expansions of the sarcoplasmic reticulum combined with
myofibrillar disintegration (46,79). However, subsequent
semithin sections and EM examination of archival mate-
rial established the diagnosis of sarcotubular myopathy,
and thus confirmed the functional relevance of the
p-(Leul56Pro) mutation. This focal occurrence of the sar-
cotubular alterations confirms previous observations by
others (62). Our morphological workup did not yield any
evidence for pathogenicity of the detected M YH7 sequence
variant, in line with the limb-girdle phenotype of the
index patient. Thus, highlighted by this case, repeated and
extended morphological examination may eventually settle
an uncertain genetic diagnosis.

Non-inflammatory vacuolar myopathies with
negative WES

In the fourth group consisting of 15 patients including
the chloroquine myopathy patient, no pathogenic gene
defects were detected by broad genetic screening and NGS
panel analysis. In 12 of these cases, additional WES was
inconclusive. Trio WES analysis would be a more powerful
and promising approach to identify causal mutations,
however, especially in patients with late-onset disease,
parental samples are often not available. Several of these
patients showed characteristic pathology such as OPMD-
like intranuclear filamentous inclusions, prominent exocy-
tosis or granulofilamentous deposits. It remains unclear
whether such cases can at some point be assigned to
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Table 4. Differential diagnosis of non-inflammatory vacuolar myopathies.

Vacuolar Myopathies in the NGS Era

Disease entities

Gene defects/Causes

Cases of this study, References

Additional prominent or special
features

Myopathies with a consistent vacuolar phenotype

Inherited causes
Myofibrillar myopathy

Glycogen storage disease
Lysosomal myopathy

Neuronal ceroid lipofuscinosis
Limb-girdle muscular dystrophy

Distal myopathy with immed
vacuoles

Neuromyopathy/vacuolar
myopathy and motor neurone
disease

Hypokalaemic periodic paralysis
Acquired causes

Amphiphilic cationic drugs
Chronic hypokalaemia

DES
CRYAB

MYOT

LDB3/ZASP

FLNC - rod domain
FHL1

BAG3

TTN - exon 344 (HMERF)
GAA (GSD I, Pompe)
AGL (GSD 1)

LAMPZ2 (Danon)

VMAZ21 (XMEA)

CLN3

DNAJB6 (LGMDD1)
hnRNPDL (LGMDD?3)
GNE (HIBM)

TIAT (Welander)

TTN - exon 363 (Udd)
OPDM, gene not known
HSPB8 (dHMN2, CMT2L)
VCP (IBMPFD, ALS)
SQSTM1/p62
hnRNPA2B1, hnRNPAT
MATR3 (VCPDM, ALS)
CACNA1S, SCN4A

Chloroquine etc.
Alcohol abuse, diuretics

Myopathies with occasional vacuolar changes

Inherited causes
Muscular dystrophy

Bethlem myopathy
Glycogen storage disease

Myosin-related myopathy

Nemaline-body myopathy
CAV-3-related myopathy
Acquired causes

SLONM

Endocrine disorders

DYSF (LGMD2B)

FKRP (LGMD 2i/R9)
TRIM32 (LGMD 2H/R8)
TCAP (LGMD2G)
PABPNT (OPMD)

D4z4 (FSHD1)
SMCHD1, D474 (FSHD2)
COL6A2

GBET1 (GSD IV)

GYGT1 (GSD XV)

MYH2
MYH7 (Laing)
ACTAT

CAV3

MGUS, HIV
Thyrotoxicosis
Acromegaly
Hyperaldosteronism

P7 P8, Weihl 2015 (100), Claeys 2008 (12)
Selcen 2003 (81), (12)

P9, Selcen 2004 (82), (12)

P10, Selcen 2005 (83), (12)

Kley 2012 (42), Furst 2013 (28)
Schessl 2009 (77), Selcen 2011 (80)
Semmler 2014 (85)

Pfeffer 2014 (68), Palmio 2019 (67)
P12, Lewandowska 2008 (51)
DiMauro 1979 (17), Laforét 2019 (48)
Danon 1981 (15), Murakami 1995 (63)
Ramachandran 2013 (72)

Cortese 2014 (14), Radke 2018 (71)
Sarparanta 2012 (75), Harms 2012 (32)
Berardo 2019 (4)

Nonaka 1981 (66), Kayashima 2002 (39)
Hackman 2013 (31)

Udd 1993 (93)

Uyama 1998 (95)

Ghaoui 2016 (29), Al-Tahan 2019 (1)
Weihl 2009 (101), Johnson 2010 (36)
Bucelli 2015 (8), Fecto 2011 (23)

Kim 2013 (41), Izumi 2015 (35)
Senderek 2009 (86), Johnson 2014 (37)
Lehmann-Horn 2004 (50)

Sieb 2004 (87)
Khurana 1977 (40)

P4, P5.1, P5.2, Selcen 2001 (84)

P2, P3, Reilich 2006 (73)

P1.1, P1.2, Schoser 2005 (79)
Moreira 1997 (60), Vainzof 2002 (96)
Tomé 1980 (92), Uyama 1996 (94)
Reilich 2010 (74)

P6

P11

Nolte 2008 (65)

P13, Moslemi 2010 (61)

Tajsharghi 2002 (89)
Fiorillo 2016 (26)
Liewluck 2019 (52)
P15, Brauers 2017 (6)

Sieb 1997 (88), Schnitzler 2017 (78)
Korényi-Both 1981 (43)

Mastaglia 1973 (56)

Atsumi 1979 (3)

Granulofilamentous aggregates

Granulofilaments, sandwich
formations

Tubulofilaments, Filamentous
bundles

Filamentous bundles

Reducing bodies

Excess lipofuscin

Exocytosis, sarcolemmal folding

Inflammatory infiltration

Sarcoplasmic reticulum vacuoles

Excess lipofuscin

Sarcolemmal/basal lamina
defects, exocytosis

Sarcotubular alterations
Intranuclear thin tubulofilaments

Inflammatory infiltration

Mitochondrial alterations

Polyglucosan bodies

Clusters of pale glycogen
granules

Hyaline bodies, cores/minicores
Subsarcolemmal vacuoles/

membrane loops,
neuromyopathy

Abbreviations: ALS = amyotrophic lateral sclerosis; CMT2L = Charcot-Marie-Tooth type 2L; dHMN2 = distal hereditary motor neuronopathy type lla;
HIBM = hereditary inclusion body myopathy; HIV = human immunodeficiency virus; HMERF = hereditary myopathy with early respiratory failure;
IBMPFD = inclusion body myopathy associated with Paget’s disease of bone and frontotemporal dementia; MGUS = monoclonal gammopathy of
undetermined significance; OPDM = oculopharyngodistal myopathy; SLONM = sporadic late-onset nemaline myopathy; VCPDM = vocal cord and
pharyngeal weakness with distal myopathy; XMEA = X-linked myopathy with excessive autophagy.
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mutations that are not within the sequenced coding regions
or to copy number variations or other structural altera-
tions of the genome. Alternatively, at least some of them
might represent sporadic degenerative myopathies of non-
genetic origin which share characteristic features of
autophagy impairment. This is reminiscent of neurode-
generative disorders such as Alzheimer’s disease, which
are also age-related and characterized by abnormal
autophagy, comprising early-onset, often genetic and late-
onset, often non-genetic forms.

Classification of cases according to frequency
and extent of the vacuolar changes

Table 4 provides an alternative classification of non-inflam-
matory vacuolar myopathies, distinguishing myopathies with
a consistent vacuolar phenotype from those with only occa-
sional vacuolar changes. In the latter, abnormal autophagic
vacuoles are not found regularly at high numbers and may
in some cases only be detected by electron microscopy. Still,
we believe that it is important to keep in mind when reading
biopsies that signs of considerable autophagy impairment may
also occur in the second group. Moreover, these morphologi-
cal findings indicate that altered autophagy contributes to
the pathophysiological chain of events in these disorders.

Finally, Table 4 includes a group of interesting monoge-
netic disorders that has emerged in recent years. In these
diseases, mutations in genes involved in proteostasis and/or
RNA processing such as HSPBS, VCP, SQSTM1/p62, hnRN-
PA2BI, hnRNPAI and MATR3 may lead to either vacuolar
myopathy or motor neurone disease, or combinations thereof
(“neuromyopathy”). Hence the study of myopathic skeletal
muscle should provide valuable insight into pathophysiologi-
cal mechanisms that are also relevant for common neuro-
degenerative diseases.
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