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BAG3-Related Myofibrillar Myopathy Presenting as
Hypercapnia: A Case Report and Literature Review
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Objective BAG3-related myopathy is a rare condition so far reported in twenty patients worldwide. The purpose
of this study was to draw attention to this rare disease and to the fact that BAG3-related myopathy should be
considered as a rare differential diagnosis of hypercapnia.

Methods We report a sporadic case of a 14-year-old Chinese girl with a de novo p.Pro209Leu mutation in BAG3
and reviewed the literatures for reported cases related to this mutation.

Results We described a 14-year-old Chinese girl who presented with gradually appearing symptoms of
hypercapnia that required assisted ventilation. The muscle biopsy and the blood whole-exome sequencing results
confirmed the diagnosis of myofibrillar myopathy with a de novo p.Pro209Leu mutation in BAG3. Totally twenty-
one patients from twenty families with a confirmed diagnosis of BAG3-related myopathy were reported to date,
including this patient and literature review. The male to female ratio was 11:10 and most showed initial symptoms
in the first decade of life. Most patients presented toe/clumsy walking or running as the onset symptom, followed
by muscle weakness or atrophy. Creatine kinase levels were elevated in fourteen patients and were normal in
three. Eighteen patients developed respiratory insufficiency during the disease course and thirteen (one could not
tolerate non-invasive assisted ventilation) required non-invasive assisted ventilation for treatment. Except for one
not reported, heart involvement was found in seventeen patients during the disease course and seven underwent
heart transplantation. Z-disk streaming and aggregation could be observed in most of the patients’ muscle
histology. In the long-term follow-up, five patients died of cardiac or respiratory failure.

Conclusion BAG3-associated myopathy is a rare type of myofibrillar myopathy. It should be considered as a rare

differential diagnosis of hypercapnia.
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YOFIBRILLAR myopathies (MFMs) are a

group of genetically heterogeneous but

morphologically distinct muscular dystro-

phies.™ 2 The clinical features of MFMs
are variable, including rapidly progressive limb and
axial muscle weakness, rigid spine, cardiomyopathy,
and respiratory insufficiency. The diagnosis of MFMs
is based on clinical characteristics, electromyography
(EMG), nerve conduction study (NCS), and, important-
ly, muscle histology.”® The main histological charac-
teristics observed on optical microscopy include amor-
phous granular or hyaline deposits, fibre deformity and
disorganisation, fibre-size variation, vacuole presence,
and ectopic accumulation of various proteins; the
most common feature on electron microscopy is Z-disc
streaming, accompanied by progressive destruction of
its structure.!* ¥

MFMs follow an autosomal dominant inheritance
pattern, although infrequently, X-linked or autosomal
recessive inheritance patterns can be observed.' The
following nine gene types related to proteins located
at the Z-disks are reportedly related to MFM: desmin
(DES), aB-crystallin (CRYAB), myotilin (MYOT, also
TTID), filamin C (FLNC), Z-band alternatively spliced
PDZ motif-containing protein (ZASP, also LDB3), four
and a half LIM domains protein 1 (FHL1), Bcl-2-associ-
ated anthanogene-3 (BAG3), dnal homolog subfamily
B member 6 (DNAJB6) and titin (TTN)."! BAG3 is a
stress-inducible, 61-kDa protein that appears in various
cell types, including cardiomyocytes and skeletal muscle
cells as well as in cancer cells to modulate major bio-
logical processes to mediate cell adaptive responses to
stressful stimuli.™ ® BAG3 is a member of the BAG fami-
ly of co-chaperones (BAG 1-5), which are characterised
by a conserved BAG domain that is well known to bind
the nucleotide-binding domain of members of the Hsp70
family.l”) BAG3-related myopathy is a rare condition; it
was first reported by Selcen et al.,'® and then the same
mutation was found in other patients worldwide with
variable clinical characteristics.®*"

In this report, we present a novel case of myopa-
thy due to BAG3 mutation caused by the known p.Pro-
209Leu mutation with symptoms of skeletal muscle
weakness preceding symptoms of hypercapnia along
with a comprehensive literature review. We aimed
to summarise the clinical characteristics, respiratory
function, laboratory and histology findings, and clinical
outcomes of patients with BAG3-related myopathy to
draw attention to this rare condition.
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PATIENTS AND METHODS

Patient

A 14-year-old Chinese girl was diagnosed as BAG3-re-
lated myopathy with respiratory insufficiency. Medical
information was collected, muscle biopsy of the girl’s
quadriceps was performed, and peripheral venous
blood was extracted from the proband and her family
members for examination of whole-exome sequencing.
Informed consent was obtained from the patient and
all family members.

Literature review

We searched PubMed using the terms ‘myofibrillar
myopathy’ or ‘BAG3’ or ‘BAG3-related myopathy’ to
identify all articles in English. We summarised the clin-
ical characteristics, laboratory findings, involvement of
lungs and heart, treatment, and clinical outcome of all
patients whose cases have been reported so far.

Data collection and statistical analysis

The descriptive results were presented as percentages
or ranges. Two authors extracted the medical informa-
tion of the patients whose data were reported in the
selected articles using standardised forms. The data
from the selected articles were primarily descriptive.

RESULTS

Case presentation

On May 17, 2017, a 14-year-old Chinese girl present-
ed to the respiratory clinic with a 3-month history of
shortness of breath after activity and dyspnoea in the
supine position that gradually progressed. Simultane-
ously, she complained of drowsiness, dizziness, and
headache during the day. She was born to non-consan-
guineous parents of Chinese ethnicity without remark-
able antenatal and perinatal history. The patient’s his-
tory was notable for scoliosis diagnosis at 4 years old,
and she gradually developed clumsy walking, inability
to run, difficulty getting up from squatting, and talipes
equinus. At 8 years of age, she underwent surgery for
talipes equinus, but claudication remained. She had no
history of contact with special drugs, chemicals, or ra-
dioactive substances. Her parents and younger brother
had no similar symptoms.

Physical examination findings
On physical examination, the patient was in a good
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general condition, and showed no signs of respiratory
distress. The thorax was asymmetric, and the thoracic
range of motion decreased, without clubbed fingers and
chest auscultation abnormalities. The results of cardiac
and abdominal examinations were normal. The neuro-
logic examination revealed partial atrophy of the lower
limbs and absent tendon reflexes for both the upper
and lower extremities. The muscle strength measured
with the Medical Research Council scale was 5- in the
proximal upper extremities and 5 in the distal upper ex-
tremities; it was 3 in both the proximal and distal lower
extremities. Gowers’ sign was positive. She had a flexor
plantar reflex. Regarding the spine and bones, there
were deficiencies in the lumbar curve, over-bending of
the thoracic curve, and high foot arches.

Laboratory and neurological examination findings
The general laboratory examinations were near normal,
except creatine kinase (CK) was elevated to almost
twice the upper limit [307 IU/L (normal range: 24-170
IU/L)]. Arterial blood gas on room air of waking time
revealed hypercapnic respiratory failure (pH of 7.385,
PaCO, of 52.5 mm Hg, PaO, of 74.3 mm Hg, cHCO5
of 30.6 mmol/L). The pulmonary function examination
showed severe restrictive ventilation dysfunction, with
maximum expiratory and inspiratory pressure remark-
ably decreased. Forced vital capacity of 26.0% predict-
ed was decreased to 15.4% predicted in the supine po-
sition. Polysomnography could not be tolerated. Chest
radiography revealed mild scoliosis (Fig. 1). Chest com-
puted tomography imaging was normal. Brain and spine
magnetic resonance imaging revealed no space-occupy-
ing lesions or apparent neurodegenerative disease. The
NCS indicated that both the motor and sensory nerves
were impaired. The lower-extremity nerves were more
severely impaired than the upper-extremity nerves, and
there was no wave on the peroneus nerve test. Needle
EMG showed a neurogenic damage pattern combined
with evidence of myogenic damage (Fig. 2 and Table
1). Echocardiographic and electrocardiographic findings
were almost unremarkable, except for QTc (461 ms)
slightly extended on electrocardiography.

Morphological study

She then underwent left quadriceps femoris muscle
biopsy. Under light microscopy, muscle haematoxylin/
eosin staining (Fig. 3A) showed transverse sections,
with greater variability in muscle-fibre size and some
scattered angular muscle fibres. Several degenerated
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Figure 1. Posteroanterior (A) and lateral (B) chest radio-
graphs reveal scoliosis.

EMG
Left Deltoideus post
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Figure 2. The electromyographic result of the patient
showed a neurogenic damage pattern combined with evi-
dence of myogenic damage.

fibres were seen, and a few fibres contained cytoplas-
mic aggregates. There was no peri-fascicular atrophy,
necrosis, or phagocytosis. Modified Gomori trichrome
staining (Fig. 3B) showed dark stained cytoplasmic
aggregates in some fibres. Nicotinamide adenine dinu-
cleotide staining (Fig. 3C) indicated irregular internal
architecture in a few muscle fibres. Acid phosphatase
staining (Fig. 3D) revealed deep stained positive par-
ticles in a few individual muscle fibres. Immunohisto-
chemical staining with anti Spectrin, anti Dys-2 and
anti Dys-3, and anti a-sarcoglycan and B-sarcoglycan
antibodies were generally normal. Regrettably, electron
microscopy examination was not performed.

Genetic defect identification
The patient’s blood sample was subjected to whole-ex-
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Table 1. Results of nerve conduction study

December 2021

Medianus Motor Left Wrist-APB 3.91 (30% 1)
Elbow-Wrist 9.34
Medianus Motor Right Wrist-APB 3.96 (32% 1)
Elbow-Wrist 8.96
Ulnaris Motor Left Wrist-ADM 2.42
Above Elbow-Wrist 8.34
Ulnaris Motor Right Wrist-ADM 2.6
Above Elbow-Wrist 8.56
Tibialis Motor Left Ankle-AH NR
Peroneus Motor Left Ankle-EDB NR
Fibula Head-Ankle NR
Peroneus Motor Right Ankle-EDB NR

Fibula Head-Ankle NR

10.5
9.9 44.2 (32% 1)
7.1 (68% 1)
5.8 (68% ) 44.0 (32% 1)
8.9
8.2 43.1 (34% 1)
8.3
8.5 41.1 (37% 1)
NR
NR
NR
NR NR
NR NR

APB: abductor pollicis brevis; ADM: abductor digiti minimi; AH: abductor hallucis; EDB: extensor digitorum brevis; NR: no response.

ome sequencing, which revealed that the patient was
heterozygous for a canonical missense mutation in
the third exon of bcl-2 associated athanogene protein
3 (BAG3) (¢.626C>T; p. Pro209Leu). Then, the blood
samples of her family underwent Sanger-sequencing

Figure 3. Pathological evaluation of the left quadriceps
femoris muscle. A. Hematoxylin/eosin staining showed
transverse sections, with greater variability in muscle-fi-
ber size and some scattered angular muscle fibers (x200).
Several degenerated fibers are seen, and a few fibers
contained cytoplasmic aggregates. There was no peri-fas-
cicular atrophy, necrosis, or phagocytosis. B. Modified
Gomori trichrome staining shows dark stained cytoplas-
mic aggregates in some fibers (x400). C. Nicotinamide
adenine dinucleotide staining indicates irregular internal
architecture in a few muscle fibers (x200). D. Acid phos-
phatase staining reveals deep stained positive particles in
a few individual muscle fibers (x200).

validation for the heterozygous mutation. The results
confirmed that the proband had a de novo heterozy-
gous missense mutation (Fig. 4A), while her father
(Fig. 4B), mother (Fig. 4C), and younger brother (Fig.
4D) did not carry this mutation and did not present
any clinical manifestations.

Diagnosis and treatment

She was diagnosed with MFM with a missense de novo
mutation in BAG3. Before a precise diagnosis could
be reached, empirical non-invasive ventilation during
sleep (inhaled positive airway pressure, 16 cmH,0; ex-
haled positive airway pressure, 6 cmH,0) was initiated
to alleviate CO, retention and improve diurnal quality
of life. After support with non-invasive ventilation,
the PaCO, at awakening in the morning gradually de-
creased to the diurnal level, from 64.6 to 52.2 mm Hg.
She continued receiving non-invasive ventilation sup-
port after discharge, and reported improvement of
drowsiness, chest tightness, and shortness of breath.

Literature review

In total, 21 patients from 20 families with a confirmed
diagnosis of BAG3-related myopathy have been reported
to date, including this patient and literature review.
(Table 2).7 * ¥ The male to female ratio was 11:10,
and most showed initial features in the first decade
of life. Most patients presented toe/clumsy walking
or running (n=11) as the onset symptom followed by
muscle weakness or atrophy (n=5) and cardiomyo-
pathy (n=4) (Fig. 5A). The most common phenotype
was muscle weakness (n=18), followed by toe/clumsy
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Figure 4. Sanger-sequencing validation for the heterozygous mutation in the BAG3 gene with a c.626C>T (red ar-
row). The genetic testing confirmed a mutation of c.626C>T (Pro209Leu) in the proband (A), while her father (B),
mother (C), and younger brother (D) did not carry this mutation.

walking or running (n=12), rigid spine (n=11), scoliosis
(n=10), muscle atrophy (n=9), and contractures
(n=7) (Fig. 5B). CK levels were elevated in 14 pa-
tients and were normal in three patients. Eighteen
patients developed respiratory insufficiency during the
disease course and 13 (one could not tolerate non-
invasive assisted ventilation) required non-invasive
assisted ventilation for treatment. Except for one not
reported, heart involvement was found in 17 patients
during the disease course and seven underwent heart
transplantation. As for the muscle histology (Table 3),
Z-disk streaming and aggregation could be observed in
most of the patients, which is the most important char-
acteristic of this class of disease, and other features,
including fibre-size variation, protein accumulation,
granulomatous material, atrophic fibres, and disorgan-
isation of myofibrils and fibres, could also be seen in
different patients. In the long-term follow-up, five pa-
tients died of cardiac or respiratory failure. Twelve pa-
tients’ family members did not present similar symp-
toms and did not carry this mutation; affected family
members were only found in two families.

DISCUSSION

We reported the case of a patient who presented

=

Number of patients(N)

N

Figure 5. Clinical characteristics of the current patient
and of the patients in the literature review. Symptoms at
onset of BAG3-related myopathy of the patients whose
cases were reported in the articles (A). Phenotypes of
BAG3-related myopathy in these patients (B).
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Table 3. Summary of the histology of the muscle biopsy of
the current patient and of the patients in the literature review

Patient . .
Histology of the muscle biopsy
number
1 Large deposits in fibers, Z-disc streaming, disorgani-

zation of myofibrils, and sarcomeric disorganization
with accumulation of polymorphic dense structures;
focal changes containing granulomatous material.

2 NR

3-4 Accumulation of myotilin and desmin, small atrophic
fibers consistent with denervation, granulomatous
material, myofibrillar loss, Z-line streaming.

NR

6 NR

7-8 Myofibrillar breakdown, presence of desmin-reactive
inclusions, Z-line streaming.

9 Accumulation of dark dense material, increment of
intermyofibrillar spaces, and multiple core areas, de-
smin positive inclusions, electron dense filamentous
and granular material disrupting the Z-lines

10 Atrophic fibers, focal myofibrillar disorganization, and
dark inclusions with prominence of desmin

11 Atrophic fibers, focal myofibrillar disorganization,
accumulation of electron-dense granulofilamentous
materials, myofibrillar degeneration with minicores

12 Fiber size variation with atrophic and hypertrophic
fibers, myofibrillar disruption, scattered fibers with
inclusions and vacuoles

13 Accumulation of granulofilamentous material orig-
inating from the Z-disk disrupting the sarcomeres,
accumulation of dense granulomatous material

14-16 Fiber size variation, protein accumulation, Z disk
streaming and accumulation of electron dense struc-
tures, disarray of myofibrils, mitochondrial cluster,
and apoptotic nuclei

17 Myofibrillar disintegration, intracytoplasmic inclusions
containing different proteins, myofibrillar disintegra-
tion, and Z-disk streaming

18 Z disk aggregates and atrophic type I fibers, where-
as type II fibers were hypertrophic

19 Myofibril dissolution and accumulation of degradation
products at the Z-disk

20 Z-disk streaming and accumulation of granulofila-
mentous material

21 Variability in muscle-fiber size, some scattered angu-
lar muscle fibers and several degenerated fibres. Dark
stained cytoplasmic, irregular internal architecture,
deep stained positive particles could be seen in fibers.

December 2021

to the hospital with dyspnoea, and additional laborato-
ry testing led to a diagnosis of hypercapnia and severe
restrictive ventilation dysfunction. The combination
of medical history, physical examination, and chest
imaging helped exclude pulmonary and airway diseas-
es and pointed towards neuromuscular disease, later
confirmed with EMG and NCS. The electrophysiological
testing and muscle biopsy revealed features of MFM,
and the genetic testing results confirmed MFM with a
de novo missense BAG3 mutation.

Respiratory failure can arise from an abnormality
in any of the ‘effector’ components of the respiratory
system—central nervous system, peripheral nervous
system, respiratory muscles and chest wall, airways,
or alveoli. Brain and spine MRI could help to exclude
inherited or acquired central nervous system disease
and disorder of respiratory control centre. The normal
chest CT, combined with normal pulmonary ausculta-
tion and normal forced expiratory volume in 1 second
(FEV1)/forced vital capacity (FVC) ratio, helped ex-
clude the possibility of intrinsic lung diseases, airway
occlusion, and pleural disease.

Respiratory-muscle weakness can directly lead to
respiratory insufficiency resulting from respiratory-pump
failure. The process is usually insidious, accompanied
by elevated arterial-CO, concentration. Respiratory
insufficiency caused by respiratory-muscle weakness
occurring in multiple types of neuromuscular disease,
should be made a careful differential diagnosis. Hered-
itary motor sensory neuropathy (HMSN, also known as
Charcot-Marie-Tooth disease) should be considered as
those patients often presented with pronounced distal
leg weakness, pes cavus, inverted champagne bottle
shaped legs, and absence of tendon reflex, howev-
er, early-onset respiratory insufficiency is very rare in
HMSN and involvement of the proximal muscles of the
lower limbs is infrequent. The EMG and NCS results
revealed demyelinating and axonal neuropathy in both
the motor and sensory nerves, supporting a diagnosis
of peripheral neuropathy, whereas the myogenic dam-
age could not be explained by HMSN. As hypercapnia
due to respiratory muscle weakness is not a common
complication in inflammatory myopathy, these diseases
were unlikely. Metabolic diseases, such as late-onset
acid maltase deficiency, can also cause musculoskeletal
or peripheral nervous system dysplasia with respiratory
insufficiency as the main clinical manifestation, which
also had to be evaluated. Inherited muscle diseases,
such as myotonic dystrophy type 1, limb-girdle muscu-
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lar dystrophy, MFM, hereditary myopathy with early re-
spiratory failure, tropomyosin 3-based myopathy, could
only be completely distinguished by muscle biopsy and
gene testing. The patient was diagnosed with MFM by
the electrophysiological testing, muscle biopsy and gene
testing.

MFM symptoms vary across subtypes. DES mu-
tations more commonly involve the facial, neck flexor,
and trunk muscles, in contrast to MYOT or ZASP muta-
tions.!*”! DES and BAG3 mutations more likely involve
the heart.!"® Reportedly, patients with genetic variants
in TTN, FHL1, DES, CRYAB, FLNC, and BAG3 could
present with respiratory insufficiency during the dis-
ease course,* '

BAG3-related myopathy is a rare MFM subtype
associated with the common heterozygous c.626C>T,
p.Pro209Leu, mutation in exon 3. BAG3 mutation re-
sults in myofibril dissolution and deposits of degrada-
tion products at the Z-disk, which is pathognomonic for
MFM.[*®" Homma et al.”® found that mouse knockouts
of BAG3 had obviously limited growth within 12 weeks
after birth and died within 4 weeks, which proved the
key role of BAG3 in promoting skeletomuscular mat-
uration. Patients develop symptoms during childhood,
initiating with muscle weakness that, with a variable
proximal, proximodistal, or distal pattern, are mostly
accompanied by rigid spine, contractures, peripheral
neuropathy, possible nasal speech, and respiratory
insufficiency and cardiomyopathy, which may precede
muscle weakness.? The disease course is severe, with
respiratory and cardiac insufficiency leading to prema-
ture death in some patients.! Summarising the clinical
characteristics of patients with BAG3-related myopathy
reported to date, we found that most showed initial
features during childhood, with toe/clumsy walking or
running, and muscle weakness or atrophy; other fea-
tures involving the musculoskeletal system including
rigid spine, contractures, and skeletal deformity could
also be observed. Increase in CK levels was observed
in 82.4% (14/17) of patients with CK levels reported
in our study; according to previous evidence, CK levels
are reported to be generally higher in BAG3-related
myopathy than in most other MFM types.!®

Respiratory insufficiency in BAG-related MFM
usually presents with nocturnal hypoxaemia and hy-
percapnia, severe restrictive ventilation dysfunction
with reduced forced vital capacity. The symptoms are
nonspecific; patients usually complain of shortness of
breath, which gradually progresses to dyspnoea espe-
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cially in the supine position, sometimes combined with
sleep-related symptoms, including sleep disruption,
headache, and diurnal hypersomnolence, which could
be attributed to lack of sleep, nocturnal hypoventila-
tion, or hypercapnia. Some other factors in myopathies,
such as scoliosis, chest wall deformity, or muscle con-
tractures, may aggravate respiratory insufficiency by
interfering with airway clearance and increasing the risk
of pneumonia.® Therefore, for patients of hypercapnia,
the diagnosis of MFM should be considered if the pa-
tient accompanied by multiple muscles involved, skel-
etal deformity or elevated CK level. Almost all patients
progress to require non-invasive assisted ventilation
support. Excepting for one not reported, 90% (18/20)
of patients presented with respiratory insufficiency,
which is a markedly high proportion, and 13 (one could
not tolerate non-invasive assisted ventilation) required
non-invasive assisted ventilation for treatment.

Cardiac involvement is also common in this disease,
and some patients even have restrictive cardiomyopathy
at the onset. Cardiac involvement should be carefully
evaluated because of the risk of sudden death caused
by cardiomyopathy or long QT syndrome. Among the 21
patients summarized in our study, excepting for one not
reported, 85.0% (17/20) presented with heart disease
including restrictive cardiomyopathy, hypertrophic cardio-
myopathy, and arrhythmia. The cardiac function of our
patient was still normal, whereas there should be close
monitoring of cardiac function in the long-term follow-up,
given that BAG3-related myopathy is commonly accom-
panied by cardiomyopathy and heart failure.

Supportive treatment remains the main therapy
for this disease. For patients with impaired conduction
or arrhythmia, a pacemaker or cardioversion defibrilla-
tor could be considered as well as heart transplantation
in severe cardiomyopathy. For patients with respiratory
failure, non-invasive assisted ventilator should be ap-
plied. Other supportive means include physical rehabil-
itation and orthopaedic surgery or nutrition medicine
including adenosine triphosphate, inosine, and vitamin
E supplementation. Therapeutic options that target
the pathogenesis have been recently preclinically ex-
plored, such as regulating the protein quality control
system and heat shock protein function, protecting the
mitochondria, preventing oxidative stress or apoptosis,
and inhibiting aggregation. Therefore, more in-depth
studies on the pathogenesis of MFM may promote new
therapeutic solutions in the future.

In conclusion, we described the sporadic case of
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a 14-year-old Chinese girl with a de novo p.Pro209Leu
mutation in BAG3 who presented with skeletomuscu-
lar and peripheral nerve dysfunction in childhood and
gradually appearing symptoms of hypercapnia that
required assisted ventilation, suggesting that BAG3-as-
sociated MFM should be considered as a rare differen-
tial diagnosis of hypercapnia.
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