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Abstract

Recessive mutations in PYROXD1, encoding an oxidoreductase, were recently reported in families with congenital
myopathy or limb-girdle muscular dystrophy. Here we describe three novel PYROXDT families at the clinical,
histological, and genetic level. Histological analyses on muscle biopsies from all families revealed fiber size
variability, endomysial fibrosis, and muscle fibers with multiple internal nuclei and cores. Further characterization
of the structural muscle defects uncovered aggregations of myofibrillar proteins, and provided evidence for
enhanced oxidative stress. Sequencing identified homozygous or compound heterozygous PYROXD1 mutations
including the first deep intronic mutation reinforcing a cryptic donor splice site and resulting in mRNA instability
through exonisation of an intronic segment. Overall, this work expands the PYROXD1 mutation spectrum, defines
and specifies the histopathological hallmarks of the disorder, and indicates that oxidative stress contributes to the
pathomechanism. Comparison of all new and published cases uncovered a genotype/phenotype correlation with

a more severe and early-onset phenotypic presentation of patients harboring splice mutations resulting in reduced
PYROXD1 protein levels compared with patients carrying missense mutations.
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Introduction

Myopathies are clinically and genetically heterogeneous
and can be sub-classified based on the clinical presentation
of the patients and notably on the presence of specific
histological anomalies on muscle biopsies [5, 8]. Recently,
PYROXDI mutations were described in patients with slowly
progressive congenital myopathy, and analysis of the
muscle biopsies revealed multiple internal nuclei and cores,
as well as myofibrillar inclusions [6]. Additional PYROXDI
cases were reported with childhood or adult-onset limb-
girdle muscular dystrophy (LGMD) [9, 10]. PYROXD1
(pyridine nucleotide-disulfide oxidoreductase domain-
containing protein 1) is expressed in a multitude of tissues,

* Correspondence: jocelyn@igbmcfr; johann@igbmc.fr

Xaviere Lornage and Vanessa Schartner are co-first authors and contributed
equally to this work. Jocelyn Laporte and Johann Béhm are co-last authors
and contributed equally to this work.

nstitut de Génétique et de Biologie Moléculaire et Cellulaire (IGBMCQ), 1 rue
Laurent Fries, 67404 llkirch, France

Full list of author information is available at the end of the article

B BMC

has a nuclear and cytosolic localization in skeletal muscle,
and acts as an oxidoreductase potentially implicated in en-
ergy metabolism [6, 9]. Pyroxdl downregulation in murine
C2C12 myoblasts impaired cellular proliferation, migration,
and differentiation, and knockdown of the drosophila
orthologue CG10721 is lethal, demonstrating that PYR-
OXDL1 is essential for normal development [9].

In total, nine families with recessive PYROXDI muta-
tions have been reported to date [6, 9, 10]. The identified
mutations were evenly distributed over the gene and
encompassed essential splice site mutations of in-frame
exons, a 4-nucleotide insertion in the penultimate exon,
and missense mutations affecting highly conserved
amino acids. The most common p.(Asn155Ser) mutation
was found in five families at the homozygous state and
in three further families at the heterozygous state in
combination with another mutation. Here we report
additional patients from three unrelated families harbor-
ing three known and one new PYROXDI1 mutation. We
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describe for the first time a deep intronic mutation and
thereby highlight RNA sequencing as a method to diag-
nose PYROXDI cases. Investigations on the patient biop-
sies revealed fibers with foetal myosin and increased
oxidative stress markers. We also compared all pub-
lished and new PYROXDI patients and provide an over-
view on the clinical, histological and genetic spectrum of
PYROXDI-related myopathy and draw a genotype/
phenotype correlation.

Materials and methods

Patients

Sample collection was performed with written informed
consent from the patients according to the declaration of
Helsinki and its later amendments. DNA storage and usage
was IRB-approved (DC-2012-1693).

Morphological analyses

Patient P1 from Family 1 underwent open muscle biopsy at
the age of 6, P2 (Family 2) underwent two open muscle bi-
opsies at 29 and 66 years of age, and P3 (Family 3) under-
went open muscle biopsy at the age of 9. For histological
and histochemical analyses, transverse 10pm cryostat
muscle sections were stained with Haematoxylin & Eosin
(H&E), Nicotinamide adenosine dinucleotide-tetrazolium
reductase (NADH-TR), modified Gomori Trichome
(mGT), and cytochrome c oxidase (COX). For electron mi-
croscopy, muscle sections were fixed, post-fixed, and dehy-
drated according to standard procedures, and embedded in
epon resin. For immunohistochemistry, following primary
and secondary antibodies were used: mouse anti-desmin
(D33, Abcam, Cambridge, UK), mouse anti-myotilin
(Novocastra, Newcastle upon Tyne, UK), mouse anti-alpha
B crystallin (1B6.1-3G4, Abcam), mouse anti-p62 (D-3,
Santa Cruz Biotechnology, Dallas, USA, mouse anti-foetal
myosin (Novocastra), and appropriate secondary antibodies
(Alexa Fluor, Invitrogen, Carlsbad, CA, USA).

Molecular diagnosis

P1 (Family 1) was sequenced for a targeted panel of 210
neuromuscular disorders genes (MYOdiagHTS) on a
NextSeq550 (Illumina), P2 (Family 2) was exome-
sequenced with the SureSelect Human all Exon 50 Mb
capture library v5 (Agilent, Santa Clara, USA) followed by
paired-end sequencing on an Illumina HiSeq2500 (Illu-
mina, San Diego, USA), and P3 (Family 3) was directly
Sanger-sequenced for all coding exons and the adjacent
splice-relevant regions of PYROXDI. Confirmation of var-
iants and segregation was performed by Sanger sequen-
cing for all families. The mutations were numbered
according to GenBank NM_024854.4 and NP_079130.2
with + 1 corresponding to the A of the ATG translation
initiation codon.
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RNA analyses

Skeletal muscle RNA from P3 (Family 3) and an age-
matched control were extracted from frozen muscle using
the Precellys 24 homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France). Relative expression of
PYROXD1 was measured with the SYBR Green PCR Mas-
ter Mix (Qiagen, Hilden, Germany) on a LightCycler 480
Real-Time PCR System (Roche, Basel, Switzerland) using
human PYROXDI- and HPRT1-specific primer sets. For
c¢DNA analysis, the RNA was reverse transcribed using the
SuperScript® III kit (Invitrogen).

Western blot

Total muscle lysates were prepared in a buffer containing
50mM Tris, 100mM NaCl, 1mM EGTA, 0.5% NP-40,
0.5% Triton-X100, 0.1% SDS, 1mM DTT, 1 mM PMSE,
and a mix of protease inhibitor (Complete EDTA-free,
Roche, Basel, Switzerland), and 50 ug of protein extracts
were loaded on a 10% SDS-Page gel. The following primary
and secondary antibodies were used: sc-133,245 mouse anti-
Glutathione Reductase (Santa Cruz Biotechnology), rabbit
anti-HSP70 (4872S, Cell Signaling Technology, Danvers,
USA) mouse anti-GAPDH (MAB374, Millipore, Burlington,
USA), and horseradish peroxidase (Jackson immunoresearch
Europe, Cambridgeshire, UK). Membranes were revealed
with the Supersignal west pico kit (ThermoFisher Scientific),
and immunoblots were visualized on an Amersham Imager
600 (GE Healthcare Life Sciences, Chicago, USA). Quantifi-
cations of glutathione reductase and HSP70 reflect a single
experiment.

Results

Clinical reports

The patients described in this study belong to three un-
related families and presented with an early-onset and
progressive muscle disorder. The clinical and histological
features are summarized in Table 1 and compared with
all previously reported PYROXD1 families.

P1 and P3 were born to non-consanguineous parents,
while the parents of P2 were first-degree cousins. P1 mani-
fested neonatal hypotonia and delayed motor milestones
with progressive axial muscle weakness. The patient is
wheelchair-bound since the age of 12 years, and respiratory
insufficiency requires non-invasive ventilation (NIV) and
oxygen therapy since the age of 14 years. Additional clinical
features included scoliosis and joint hypermobility. His
younger brother was reported with a similar course of dis-
ease and perished at the age of 16 years from respiratory dis-
tress. Patient 2 had a childhood-disease onset with walking
and running difficulties resulting from axial and proximal
muscle weakness predominantly affecting the lower limbs.
The patient was ambulant at the last clinical examination at
the age of 66, and presented with a reduced vital capacity
(VC) of 68%. P3 had a similar disease course as P1 with
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Table 1 Clinical, genetic, and histological features of patients with PYROXD1 mutations. All families have been numbered according
to the mutation position. Homozygous mutations are highlighted in bold

Family Patient Mutation Onset Muscle Muscle Nasal ~ Scoliosis Respiration Other features Reference
weakness histology speech
1 P1 c285+1G>A Neonatal  Axial, wheel- Internal nuclei,  No Yes NIV and Joint hypermobility This
c464A> G chair-bound cores, fiber size oxygen study
p.(Asn155Ser) since age 12 variability, therapy
fibrosis since age
14
2 Cl1 c4144+1G>A Neonatal  Axial, upper NA Yes Yes Normal Joint hypermobility, O'Grady
c464A > G and lower contractures, rigid etal,
p.(Asn155Ser) limbs, facial spine, high-arched 2016 [6]
weakness palate
Cll.2 Childhood  Axial, upper Internal nuclei,  Yes No Normal Joint hypermobility,
and lower cores, high-arched palate
limbs, facial myofibrillar
weakness inclusions,
sarcomeric
disorganization
3 P2 c464A > G Childhood  Axial, upper Internal nuclei, No VC 68% - This
p.(Asn155Ser) and lower limbs cores, study
myofibrillar
inclusions
4 BIl2  c464A>G Childhood  Proximal and NA Yes No Normal - O'Grady
p.(Asn155Ser) axial, upper and etal,
lower limbs, 2016 [6]
facial weakness
B.II.3 Childhood Proximal and Internal nuclei,  Yes No Abnormal  Ptosis, retrognathia
axial, upper and  cores,
lower limbs, myofibrillar
facial weakness inclusions,
sarcomeric
disorganization,
rods
5 D c.464A > G Childhood  Proximal and NA Yes No Normal Ptosis, high-arched O'Grady
p.(Asn155Ser) axial, upper and palate etal,
lower limbs, 2016 [6]
facial weakness
D3 Childhood  Proximal and Internal nuclei,  Yes No Normal Ptosis, high-arched
axial, upper and  cores palate
lower limbs,
facial weakness
6 1 c464A > G Childhood Proximal, lower  NA No No Normal - Saha et
p.(Asn155Ser) limbs, al, 2018
wheelchair- [9]
bound since
age 37
7 P2 c.464A > G Childhood  Proximal, upper Internal nuclei,  No No VC 40% Ptosis, kyphosis Sainio et
p.(Asn155Ser) and lower fiber size al, 2019
limbs, requires  variability [10]
cane since age
54, facial
weakness
8 P3 c.464A > G Adulthood Proximal and NA No No VC 67% - Sainio et
p.(Asn155Ser) axial, upper and al, 2019
lower limbs, [10]
requires cane
since age 70
P4 Adulthood  Proximal and Dystrophic No No VC 30% -
axial, upper and  features,
lower limbs, myofibrillar
wheelchair- inclusions
bound since

age 66
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Table 1 Clinical, genetic, and histological features of patients with PYROXD1 mutations. All families have been numbered according
to the mutation position. Homozygous mutations are highlighted in bold (Continued)

Family Patient Mutation Onset Muscle Muscle Nasal  Scoliosis Respiration Other features Reference
weakness histology speech
9 P1 Cc464A > G Adulthood  Proximal, upper Internal nuclei,  No No VC 54% - Sainio et
p.(Asn155Ser) and lower limbs fiber size al, 2019
c1061TA > G variability [10]
p.(Tyr354Cys)
10 Ell.2 c464A > G Childhood  Proximal, distal, Internal nuclei,  Yes No Normal High-arched palate O'Grady
p.(Asn155Ser) upper and cores et al,
c.1159- lower limbs, 2016 [6]
1160insCAAA facial weakness
11 All1 285+ 1G>A Childhood Proximal, distal, Internal nuclei,  Yes Yes Abnormal  Joint hypermobility, O'Grady
c1116G>C, axial, upper and  cores, contractures, rigid et al,
p.GIn372His lower limbs, myofibrillar spine, pectus 2016 [6]
facial weakness inclusions, excavatum, high-arched
sarcomeric palate, dental malocclu-
disorganization, sion, pes cavus
rods
All.2 Childhood  Proximal, distal, NA Yes No Normal Joint hypermobility,
axial, upper and rigid spine, high-arched
lower limbs, palate, dental
facial weakness malocclusion
12 P3 c415-976A>G Neonatal  Proximal, distal, Internal nuclei,  Yes Yes NIV since  High-arched feet, hand  This
c1116G>C, axial, upper and  cores, age 15 length asymmetry, low-  study
p.GIn372His lower limbs, myofibrillar set ears, decreased
wheelchair- inclusions, rods bone density
bound since
age 13

NIV non-invasive ventilation, VC vital capacity

neonatal hypotonia and delayed motor milestones, and a
progressive axial, proximal, and distal muscle weakness re-
quiring a wheelchair since the age of 13. Respiratory insuffi-
ciency necessitates non-invasive ventilation since the age of
15, and nasal speech, low-set ears, high-arched feet, hand
length asymmetry (Fig. 1), mild septal and decreased antero-
septal dyskinesia, and reduced bone density were also
diagnosed.

Whole body MRI was performed for P1 and P3 and re-
vealed a similar picture with generalized and symmetric

atrophy and diffuse fatty infiltrations with particular in-
volvement of proximal lower limb muscles such as gluteus
maximus, vastus lateralis, vastus intermedius, and vastus
medius.

Muscle sections show common findings of multiple
internalized nuclei and cores

Histological and histochemical analyses on muscle sec-
tions from all three patients described in this study re-
vealed fiber size variability, endomysial fibrosis, and

Fig. 1 Photographs of P3. a Low-set ears, b scoliosis, ¢ hand size asymmetry, d arched feet
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especially grouped fibers with multiple internalized nuclei
and numerous cores (Fig. 2). Fuchsinophilic inclusions
consistent with cytoplasmic rods were furthermore
observed on the biopsy from P2 and P3. Ultrastructural
investigations on muscle biopsies from P2 and P3 con-
firmed the presence of cores, rods, and internal nuclei,
and uncovered extensive myofibrillar disorganization
(Fig. 3). In addition, osmiophilic membranous structures
of unknown origin were seen adjacent to the sarcolemma
and within fibers in P3.

To further characterize the structural aberrations in
the muscle fibers, we performed a series of immunola-
beling experiments on muscle sections from P2 and P3.
We found abnormal aggregations of the intermediate
filament desmin, the myofibrillar protein myotilin, and
the chaperone alpha-crystallin B (Fig. 4), all three mu-
tated in myofibrillar myopathies. We furthermore de-
tected a subset of fibers expressing foetal myosin, and
we noted marked accumulations of the autophagosome
marker p62. We also found fibers with dark focal areas
strongly staining positive for COX, and areas with re-
duced COX staining, potentially corresponding to cores.
Overall, the clinical, histological, and ultrastructural fea-
tures of our patients were strongly suggestive of PYR-
OXD1I-related myopathy.
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Identification of PYROXD1 mutations

We performed panel sequencing of 210 neuromuscular
disorder genes for P1 (Family 1), and detected com-
pound heterozygous PYROXDI mutations. Segregation
analysis disclosed the ¢.285 + 1G > A mutation affecting
the essential donor splice site of the in-frame exon 3 on
the paternal allele, and the common PYROXDI
c464A > G (p.(Asnl55Ser)) missense mutation on the
maternal allele (Fig. 5). The younger brother was found
to carry the same compound heterozygous PYROXDI
mutations, confirming recessive disease inheritance. Ex-
ome sequencing of P2 revealed the common c.464A > G
(p-(Asn155Ser)) missense mutation at the homozygous
state, and direct Sanger sequencing of PYROXDI in P3
identified the heterozygous c¢.1116G > C (p.GIn372His)
mutation, which was previously reported in an unrelated
family [6]. Since the clinical and histopathological fea-
tures of P3 were strongly indicative of PYROXDI-related
myopathy, we extracted the skeletal muscle RNA, per-
formed quantitative RT-PCR, and analyzed the reverse
transcribed PYROXDI coding sequence. We found a
strong reduction of the PYROXDI mRNA level com-
pared with an age-matched control, and we detected the
¢.1116G > C (p.GIn372His) mutation at the homozygous
state on the cDNA, demonstrating that expression of the

P2 - 29 years '

P2- 66 years §

100 i,

P3 - 9 years

Fig. 2 Skeletal muscle histopathology. H&E, NADH-TR, and Gomori trichrome staining of transverse muscle section from P1, P2, and P3 revealed
similar histological features as fiber-size heterogeneity, fibrosis, rods, and fibers with multiple internalized nuclei (black arrows) and cores (white arrows)
J

100 pm

100 pm
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10 um

origin outside the sarcolemma and within fibres

Fig. 3 Skeletal muscle ultrastructure. Electron microscopy on muscle section from P2 and P3 confirmed the presence of cores and rods (white
arrows), and revealed glycogen accumulations (black arrow), abnormal mitochondria, and dense osmiophilic bodies (yellow arrow) of unknown

T fumy

second allele was strongly attenuated (Fig. 6). To specif-
ically amplify and enrich the second allele containing the
wild-type guanine at cDNA position 1116, we performed
PCR using a discriminative primer, and subsequent elec-
trophoresis revealed the presence of a band with in-
creased size (Fig. 6). Extraction and sequencing of the
aberrant amplicon uncovered an insertion of 110 nucleo-
tides containing an in-frame stop codon between exons
4 and 5. We next Sanger-sequenced the entire intron 4
on genomic DNA from P3 and detected the deep in-
tronic ¢.415-976A > G mutation. This transition is not
listed in the public databases, and in-silico analyses
through NNSplice, MaxEntScan, and SpliceSiteFinder-
like predict that it significantly enhances the recognition
of a cryptic GT donor splice at positions ¢.415-979 and
¢.415-980. Taken together, the c.415-976A > G mutation
activates an intronic cryptic slice site and induces the

exonisation of 110 nucleotides between exons 4 and 5.
The presence of an in-frame stop codon within the cryp-
tic exon presumably leads to nonsense-mediated mRNA
decay (NMD) of the aberrant transcript. It has indeed
been shown that NMD is efficiently triggered if the stop
codon is at least 50—-55 nucleotides upstream of the last
exon-exon junction [4].

Increased levels of the stress markers HSP70 and
glutathione reductase

PYROXDL1 is a ubiquitously expressed protein contain-
ing an oxidoreductase domain, and functional investiga-
tions in yeast and mammalian cell models provided the
evidence of a reductase activity that can antagonize the
effects of oxidative stress [6, 9]. To further investigate
the impact of the identified PYROXD1 mutations on
muscle physiology, we assessed the expression levels of

-

Fig. 4 Protein accumulations in patient muscles. Immuno- and chemical staining of muscle biopsies from P2 and P3 revealed accumulations of
the myofibrillar proteins desmin, myotilin, and alpha B crystallin, and of the mitochondrial marker COX, and detected a few fibers expressing

foetal myosin, or with positive labelling for the p62 autophagy marker
. J
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Family 1 Family 2 Family 3
c.464A>G c.285+1G>A Cc.464A>G  c.464A>G c.1116G>C ¢c.415-976A>G
p.Asn155Ser p.Asn155Ser p.Asn155Ser p.GIn372His
P1 P2 P3
Heterozygous ¢.1116G>C Homozygous c.464A>G Heterozygous ¢.464A>G
fﬂ'\ ~\ f |
i |
/ \ \/ |
Heterozygous ¢.285+1G>A
7\ A N\ I\
AW / | VA
IV BRAAN
| S IRYVANERVIRY.
b c.415-976A>G New mutation
ATG TAA
|1-12l-3 " 4 F£5m 6 7 x 8 x 9 x10 11wl12|
©.285+1G>A C.AB4A>G c.1116G>A | Known mutations
cA1AGoA c.1159insCAAA

Fig. 5 Identification of PYROXDT mutations. a Pedigrees of three novel PYROXD1 families and chromatopherograms showing the mutations.
b Schematic representation of PYROXDT and position of known mutations (black) and the novel mutation (red)

a c.1116G>C - DNA c.1116G>C - RNA
/ A \ I{"“I‘ / I'l,l
2 .

JAVATAV.VAYAYR

© S ©
<Q 00\
< (/
=z
= <« Transcript 2
E < Transcript 1
> %]
= Q
= _——
2 { \

d Transcript 2

ATG TAA

|1=2=3 =4 = =5=6 =7=38=09=10=11 =12

tcacctctagGTCCAGTGCTCTTGCAGATGTTTCTTAAATTGCAATATCCTCAATGAAGGACAAACTGAAATAAACTTCAGTTG CTTGGAGAATTTmAGATGTCAGCTTCAgtgitatta

Fig. 6 Characterization of the deep intronic mutation. a The c.1116G > C mutation appears heterozygous on the P3 DNA and homozygous on the
RNA. b The PYROXD1 mRNA was strongly reduced in the muscle from P3. ¢ Discriminative PCR on skeletal muscle cDNA revealed the presence of an
aberrant amplicon with increased size (transcript 2). d Sequencing of the aberrant transcript 2 showed the inclusion of an additional 110 nt exon with
in-frame stop codon (highlighted in black). The intronic mutation (red) reinforces a cryptic donor site (green)
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HSP70 and glutathione reductase in muscle extracts
from P2 and a previously reported PYROXDI1 patient
with the common p.(Asn155Ser) missense mutation
(B.IL2) [6]. HSP70 is a heat shock protein and glutathi-
one reductase is implicated in oxidoreduction, and both
are known to be upregulated in skeletal muscle in re-
sponse to cellular stress [3, 11]. Western blot revealed
increased HSP70 and glutathione reductase signal inten-
sities in P2 and B.IL2 compared to age-matched con-
trols, and quantification showed that both proteins are
significantly more abundant in the patient muscles
(Fig. 7). This suggests that the PYROXDI mutations re-
sult in increased oxidative stress, which presumably con-
tributes to the skeletal muscle pathology of the patients.

Discussion

Here we describe three new families with recessive PYR-
OXD1 mutations, and we support our findings by clin-
ical, histological, ultrastructural, and genetic data. All
patients presented with early-onset and progressive my-
opathy, and the biopsies revealed myofibrillar inclusions
and multiple internal nuclei and cores as common fea-
tures. The abundance of HSP70 and glutathione reduc-
tase in the patient muscles suggests that oxidative stress
contributes to the pathology.

(2019) 7:138
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Genotype/phenotype correlation

Exome, panel, or Sanger sequencing identified recessive
missense or intronic PYROXDI mutations in the three
patients described in this study. The c.464A>G
(p.(Asn155Ser)) missense mutation was found at the
compound heterozygous state in P1 and at the homozy-
gous state in P2, and has previously been reported in
eight PYROXD1I families from different ethnic origin [6,
9, 10]. The public gnomAD database lists 12 heterozy-
gous and no homozygous carriers of the PYROXDI
c.464A > G mutation among almost 140,000 individuals.
For other PYROXDI mutations as ¢.285+ 1G> A,
p-(Tyr354Cys), and p.GIn372His, gnomAD respectively
lists 22, 4, and 5 heterozygous carriers and not a single
homozygous carrier, and this low frequency in the gen-
eral population is in agreement with the rare occurrence
of recessive PYROXDI mutations associated with a hu-
man disorder.

Including our patients, a total of 12 PYROXDI families
have been described to date, and all had a progressive
course of disease with a predominant involvement of upper
and lower limb muscles. As a general rule, carriers of
homozygous (p.(Asn155Ser)) or compound heterozygous
missense mutations (p.(Asn155Ser) and p.(Tyr354Cys)) ap-
pear to exhibit a LGMD-like phenotype with childhood or
adulthood disease onset and only little additional clinical
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Fig. 7 Increased oxidative stress markers. a Western blot and b quantification on muscle extracts from two PYROXD1 patients revealed increased
protein levels of HSP70 monomers (70 kDa) and dimers (140 kDa) and glutathione reductase compared with age-matched controls

N

HSP70
130 kDa - R

70 KDa| S i et s

55 kDa! " e s

GAPDH 35 kDa " cum as— s—

~ Vo4V

Q \\r\"
Q@

N N
N
s &

O O

HSP70

Normalized expression level

1-1
04
~
3
QO
N
N

& S

>~
§




Lornage et al. Acta Neuropathologica Communications (2019) 7:138

features (this study and [6, 9, 10]). By contrast, patients with
splice mutations (c.285+ 1G> A; c414+ 1G> A; c4l5-
976A > G) are most often affected at birth or infancy, and
manifest a more severe and complex clinical picture includ-
ing scoliosis, nasal speech, joint hypermobility, contractures,
rigid spine, pectus excavatum, and anomalies of the feet
and hands (this study and [6]). It was shown that the muta-
tions affecting the essential splice sites of the in-frame
exons 3 and 4 interfere with the production of a stable
PYROXD1 protein [6], and here we demonstrated that the
deep intronic ¢415-976A > G mutation found in P3 im-
paired transcript expression. This illustrates that all identi-
fied splice mutations involve a reduction of the overall
PYROXD1 protein level, which manifestly contributes to
the development of a more severe and early-onset pheno-
type. Noteworthy, the splice mutations were exclusively
found at the heterozygous state and in combination with a
heterozygous missense mutation, suggesting that homozy-
gous splice mutations might be embryonically lethal or give
rise to a severe systemic disorders not classified and recog-
nized as myopathies.

Multiple internal nuclei and cores as histopathological
hallmarks

The biopsies from the patients described in this study
displayed similar histological features of fiber size vari-
ability, endomysial fibrosis, and the presence of charac-
teristic groups of muscle fibers with multiple
internalized nuclei and cores. Electron microscopy add-
itionally revealed prominent myofibrillar disorganization
and occasional rods, consistent with the histological and
ultrastructural observations in previously reported PYR-
OXD1 cases [6]. Internal and central nuclei, cores of
varying size and rods define specific forms of congenital
myopathies [8], but a considerable overlap with co-
existence of histopathological abnormalities has been
described as well [2]. The combination of multiple in-
ternal nuclei and cores within single fibers constitutes a
typical histopathological indication of PYROXDI-related
myopathy.

As previously shown [6] and confirmed in the present
study, the muscle fibers from PYROXDI patients also
featured myofiber disorganization and accumulations of
myofibrillar proteins as desmin, myotilin, or alpha B
crystallin. Although primarily seen in myofibrillar myop-
athy, the accumulations were also described in different
forms of core myopathy [1, 12]. Vacuoles, another hall-
mark of myofibrillar myopathy, have not been detected
in any PYROXDI biopsy. Overall and in view of the
histological characteristics on biopsies as cores, central
nuclei, and sarcoplasmic aggregates, PYROXDI-related
myopathy can be considered as mixture of core
myopathy, centronuclear myopathy, and myofibrillar
myopathy. This highlights the relevance of PYROXDI
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sequencing in patients with different histopathological
diagnosis.

Impact of PYROXD1 mutations on muscle physiology

We investigated the structural muscle fiber aberrations
in our patients by additional immunolabeling experi-
ments, and detected foetal myosin and found evidences
of enhanced autophagy. PYROXD1 is an oxidoreductase,
and complementation assays in the yeast have shown
that the missense mutations p.(Asnl55Ser) and
p-.(GIn372His) strongly impair the oxidoreductase activ-
ity, and thereby increase the sensitivity of the cells to
oxidative stress [6]. Oxidative stress can cause mitochon-
drial damage and impair mitochondrial function, and
was also shown to promote the formation of cores in
muscle fibers [7]. As PYROXDI1 deficiency was further-
more associated with reduced mitochondrial respiration
in cultured myoblasts [9], we may speculate that the ab-
errant skeletal muscle function and structure in PYR-
OXDI patients is partially a consequence of increased
oxidative stress. This is supported by our findings of in-
creased expression of HSP70 and glutathione reductase
in the patients.

Conclusions

Nine families with recessive PYROXD1 mutations have
been reported to date, and here we present clinical,
histological, and genetic data on three novel families.
We expand the genetic spectrum of PYROXDI-related
myopathy and report for the first time a deep intronic
mutation. By comparing all new and published cases, we
furthermore provide a genotype/phenotype correlation.
PYROXD1 codes for a barely studied oxidoreductase and
should be considered in patients with early-onset muscle
weakness predominantly affecting the limbs, especially if
the muscle biopsy shows multiple internal nuclei and
cores within individual fibers.
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