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Purpose of review

The field of muscle glycogenoses has progressed in recent years by the identification of new disorders, and
by reaching a better understanding of pathophysiology of the disorders and the physiology of glycogen
metabolism.

Recent findings

In this review, we describe the clinical and pathological features of the three most recently described
muscle glycogenoses caused by recessive mutations in GYG1, RBCK1 and PGM1. The three involved
enzymes play different roles in glycogen metabolism. Glycogenin-1 (GYG1) is involved in the initial steps
of glycogen synthesis, whereas phosphoglucomutase catalyzes two metabolic pathways; the connection
between galactose and glycogen on one side, and glucose metabolism on the other side. The metabolic
consequences of mutations in the ubiquitin ligase gene RBCK1 are still poorly understood. GYG1
deficiency has been associated with cardiomyopathies with abnormal storage material in the heart, but
most cases present with a polyglucosan body myopathy without cardiac involvement.

Summary

The recent identification of new glycogenosis not only allows to improve the knowledge of glycogen
metabolism, but also builds bridges with protein glycosylation and immune system.
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INTRODUCTION

Muscle glycogenoses constitute a growing number
of inborn errors of glycogen metabolism. Deficien-
cies of virtually all enzymes, which intervene in the
synthesis or degradation of glycogen, may cause
glycogen storage disease (GSD) because of aberrant
storage or utilization of glycogen.

The different GSDs are each denoted by a roman
numeral that reflects the historical sequence of their
discovery and often also by the name of the author
of the first description (Fig. 1). Muscle glycogenoses
may be subclassified into the following categories:
disorders of glycogen synthesis; disorders of glyco-
gen breakdown; disorders of glycolysis; and lyso-
somal glycogenosis. The most frequent muscle
glycogenoses are McArdle disease (GSDV), Pompe
disease (GSDII) and debranching enzyme deficiency
(GSDIII).

Clinical features are closely related to the
enzyme deficiency, with either exercise intoler-
ance associated with rhabdomyolysis episodes, or
permanent muscle weakness. Other organs may
also be involved such as heart or liver, depending
on the involved enzyme and severity of enzyme
deficiency.
rs Kluwer Health, Inc. All rights rese
In-vivo metabolic studies with exercise tests and
muscle biopsy are important tools allowing precise
diagnosis. Cycle and forearm exercise tests most
often show blunted lactate increase during exercise.
Vacuolar myopathy and increase glycogen content
on PAS staining are the hallmarks on muscle biopsy.
However, these characteristic features may lack in
some glycogenoses.

We review here the clinical, pathological and
molecular features of the three most recently de-
scribed muscle glycogenoses due to mutations in
rved. www.co-neurology.com
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KEY POINTS

� The field of muscle glyocogenosis has been extended in
the recent years with description of new glycogenosis.

� Polyglucosan body inclusions in muscle biopsies are
major hallmarks of GYG1 deficiency and RBCK1
gene mutations.

� Glycogen accumulation is generally not observed in
PGM1 deficiency, but abnormal transferrin
glycosylation pattern may be observed after transferrin
isoelectric focusing.

� Several symptoms observed in PGM1 deficiency could
be improved with galactose supplementation.

Nerve, neuro-muscular junction and motor neuron diseases
GYG1, PGM1 and RBCK1 genes, with emphasis on
the muscle biopsy analysis to continue to decipher
the field of muscle glycogenoses.
PHOSPHOGLUCOMUTASE TYPE 1
DEFICIENCY

Phosphoglucomutase type 1 (PGM1) deficiency is nov-
el inborn error of glycosylation, identified in 2009 [1].
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FIGURE 1. Glycogenolytic and glycolytic pathways showing the
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PGM1 acts as a key enzyme between glycolysis and
glycogenesis, catalyzing the interconversion of glu-
cose-1-phosphate and glucose-6-phosphate, operating
a bidirectional transfer of phosphate from position 1 to
6 on glucose. PGM has an important role in several
metabolic pathways: in the maintenance of normo-
glycemia during fasting; in the regulation of glycogen
synthesis and in the regulation of concentration of
activated monosaccharides essential for protein glyco-
sylation. This enzyme is thus involved not only in
glycogen metabolism, but also in protein glycosyla-
tion process, leading to two major phenotypes; one
with predominant muscle involvement, and the other
with multisystem disease. The main biochemical char-
acteristic of this enzyme deficiency is a decreased
transferrin glycosylation, with a mixed type 1 and type
2 pattern of serum transferrin isoelectric focusing.

The first pathogenic mutations in the PGM1
gene coding for the muscle-specific PGM1 isoform,
and resulting in phosphoglucomutase deficiency in
muscle, were found in a patient with primary muscle
involvement, characterized by episodes of exercise-
induced rhabdomyolysis mimicking McArdle dis-
ease [1]. Only two patients with muscle symptoms
and PGM deficiency had previously been reported in
the literature, but they were not genetically
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main enzymes involved in muscle glycogenoses.
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confirmed [2,3]. A recently reported case, diagnosed
at the age of 52 years after an episode of rhabdomy-
olysis, also presented with growth retardation and
dilated cardiomyopathy, suggesting an overlap be-
tween the myopathic and multisystem phenotypes
[4]. An abnormal protein glycosylation profile char-
acteristic for PGM1-CDG was detected in the plasma
of this patient.

Mutations in the same gene have been discovered
soon after the description of this new metabolic
myopathy, by whole-exome sequencing in patients
with multisystemic disorder classified as having con-
genital disorder of glycosylation [5]. So far, more than
20 different PGM1 mutations have been identified
[5,6]. The spectrum of symptoms that may be ob-
served are malformations (cleft palate, uvula bifida or
Pierre–Robin sequence), endocrine symptoms (hypo-
gonadism, adrenal insufficiency and growth retarda-
tion), elevated serum transaminases, hypoglycemia,
coagulation abnormalities and dilated cardiomyopa-
thy. In addition, some of these patients, mostly chil-
dren, may show muscle symptoms such as malignant
hyperthermia and episodes of rhabdomyolysis. A
considerable variability of the clinical phenotype
and severity of the disease has been highlighted re-
cently, with the report of the clinical picture of seven
affected patients from a consanguineous family [7].
However, characteristics and natural history of the
muscle symptoms that may be observed in children
with multisystemic disorder are still unknown. Mass
spectrometry of transferrin shows similar profiles in
all patients, with transferrin glycoforms lacking one
or both glycans, as well as forms with truncated
glycans lacking galactose. The abnormal glycopro-
teins in PGM1 deficiency are most likely due to the
decreased availability of UDP-Galactose compared to
UDP-Glucose for the proper glycosylation [6].

In contrast to patients with McArdle disease, in
whom lactate production is blocked [7,8], the pa-
tient reported by Stojkovic et al. [1] had a normal
lactate response to forearm exercise, but abnormally
high ammonia levels. The forearm exercise test may
thus provide an important biological clue for the
diagnosis of PGM deficiency when showing an ex-
aggeration of ammonia levels, even without blunted
increase in lactate level. Considering muscle biopsy
analysis, neither vacuoles nor significant increase in
glycogen content on PAS staining has been observed
on muscle biopsies described by Stojkovic et al. [1]
and Voermans et al. [4] These results show that
disorders of muscle glycogen metabolism may be
easily missed on muscle biopsy analysis from
patients with PGM1 deficiency, as it has also been
observed in some rare disorders of glycolysis.

Exercise studies in PGM1 deficiency have shown
that fat oxidation during exercise tends to be
1350-7540 Copyright � 2017 Wolters Kluwer Health, Inc. All rights rese
increased to compensate for the partial block in
carbohydrate breakdown [4,9]. As the enzymatic
defect is proximal to the entry of glucose into gly-
colysis, it could be hypothesized that a second wind
phenomenon could also occur in PGM1 deficiency.
However, this was not the case in the two first
patients who were studied during exercise [4,9],
but a third more severely affected patient with lower
residual PGM1 activity in muscle did show a second
wind phenomenon identical to that seen in McArdle
disease (unpublished observations). So far, the sec-
ond wind phenomenon was considered pathogno-
monic for McArdle disease, but now PGM1 should
also be considered with this symptom.

In-vitro studies in patient fibroblasts show an
improved glycosylation after galactose supplementa-
tion. Initial results from an open trial of D-galactose
supplementation in young patients suggested im-
provement of growth and liver function, and a de-
crease in frequency of hypoglycemic episodes [6].
Protein glycosylation profile was also improved in
these patients. Voermans et al. also reported the effect
of oral galactose treatment in an adult with PGM1
deficiency with predominant muscle symptoms.
After 5 months of treatment with galactose, there
was an improvement of walking distance, a normali-
zation of muscle substrate use during exercise and
restoration of near-normal levels of transferrin gly-
cosylation. However, neither peak exercise tolerance,
nor muscle strength improved after galactose supple-
mentation. Therefore, based on available clinical
data, treatment with D-galactose should be consid-
ered in patients with PGM1 deficiency [10].

PGM1 deficiency should thus be considered in
patients with exercise intolerance early in exercise
and episodes of rhabdomyolysis, even with a normal
lactate production during exercise and without overt
increase of glycogen content on muscle biopsy.
Transferrin isoelectric focusing should be performed
and may show a mixed CDGI/II profile.
GLYCOGENIN 1 DEFICIENCY: A TALE OF
TWO DISEASES

Glycogenin activates the first step of glycogen syn-
thesis. It is an autoglycosylated glycosyltransferase
that catalyzes the formation of a short glucose poly-
mer of approximately 10 glucose residues. There are
two glycogenin isoforms: glycogenin-1 (GYG1),
encoded by GYG1, is the muscle isoform, but is also
expressed in other tissues to a lesser degree; glyco-
genin-2, encoded by GYG2, is the liver isoform,
which besides the liver is also expressed in cardiac,
but not in skeletal muscle.

Recessively, mutations of GYG1, leading to in-
activation of autoglycosylation of GYG1, were first
rved. www.co-neurology.com 3
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reported in a 27-year-old man with exercise intoler-
ance, muscle weakness and cardiac arrhythmia as-
sociated with hypertrophic cardiomyopathy [11].
This patient experienced dizziness and palpitations
shortly after exercising, complicated by an episode
of ventricular fibrillation leading to cardiac defibril-
lation and placement of an implantable cardi-
overter–defibrillator. Interestingly, muscle biopsy
morphologic and histochemical analyses were simi-
lar to GSD0 [12], thus showing profound glycogen
depletion, a marked predominance of type 1 oxida-
tive muscle fibers and mitochondrial proliferation.
In contrast, large vacuoles of PAS-positive material
were detected in the myocardial biopsy. Western
blot analysis of GYG1 in muscle showed exclusively
unglycosylated, defective, GYG1. Only a handful of
patients with this cardiac phenotype have been
described all presenting with cardiac failure often
necessitating cardiac transplantation [13].

A few years after the identification of the first
case of GYG1 deficiency, a series of seven patients
with other GYG1 mutations and a different pheno-
type were reported [14]. All these patients presented
at adult age with a slowly progressive myopathy
without cardiac involvement. Four patients devel-
oped proximo-distal muscle weakness with variable
involvement of hip and shoulder girdle muscles,
and calf and hand muscles. Two patients showed
isolated proximal muscle weakness. One patient
showed only hand and finger involvement starting
in adulthood. Serum creatine kinase was normal in
all patients, but one. Electrocardiography and cardi-
ac ultrasound were normal in all patients.

In sharp contrast with the depletion of glycogen
observed in the biopsy of the first reported patient
with GYG1 deficiency, a PAS-positive storage mate-
rial was found in around 30–40% of muscle fibers of
the patients [14]. a-Amylase treatment showed a
variable degree of digestion of the PAS-positive ma-
terial, thus sharing similarities with polyglucosan
body myopathies of other causes, such as branching
and phosphofructokinase enzyme deficiencies and
these forms have been classified in OMIM as poly-
glucosan body myopathy 2 (OMIM # 616199. POL-
YGLUCOSAN BODY MYOPATHY 2; PGBM2).
Genetic investigation revealed homozygous or com-
pound heterozygous deleterious variants in GYG1.
The most frequent variant was c.143þ3G>C, iden-
tified in four patients from different ethnic back-
grounds. This common splice site variant caused
alternative splicing, exon 2 skipping and profound
reduction of wild-type GYG1.

To date, less than 30 patients with late-onset
polyglucosan body myopathy and proximal weak-
ness due to GYG1 mutations have been reported
[14,15–19], suggesting that mutations associated
4 www.co-neurology.com
with glycogen depletion and heart involvement are
much rarer than those associated with polyglucosan
body myopathy and no heart involvement. It appears
that disease progression and pattern of muscle in-
volvement can be quite variable and even asymmet-
ric in the myopathic form of GYG1 deficiency.

Interestingly, cardiac and respiratory muscles
are spared in all patients reported with the myo-
pathic form so far, and the same intronic
c.143þ3G>C mutation was detected in homozy-
gous state in most patients, except in Chinese
patients in whom genetic analysis revealed a homo-
zygous novel mutation in exon 6 of the GYG1 gene
(c.634C>T, p.His212Tyr) [17].

It is an enigma, not only that the disease is
associated with two distinct phenotypes, but also
that patients are able to produce muscle glycogen at
all, considering that mutations generally result in
severely reduced, nonfunctional protein, and yet
normal looking glycogen granules, albeit somewhat
larger than normal, are present on electron micros-
copy. Glycogen levels have been demonstrated to be
within normal limits [20

&

]. The polyglucosan bodies
have often been shown to have a lobulated grape
structure composed of oval subunits and consist of a
mixture of dense filamentous material, normal or
altered glycogen deposits and myofibrillar proteins
of various sorts. Glycogenin 2, which is absent in
health muscle, is highly expressed in patients with
GYG1 deficiency, which may explain the rescue of
glycogen formation. GYG1 and 2 can heterodimer-
ize. As cardiac muscle consists of type I fibers, and
unlike skeletal muscle expresses glycogenin 2, it is
possible that the functional glycogenin 2 heterodi-
merizes with nonfunctional GYG1, which then by a
dominant-negative effect renders the dimer non-
functional as shown in vitro [21]. This may then also
explain the great discrepancy in phenotype between
primary cardiac vs. myopathic forms of the disease.

Some GYG1 patients report exercise intolerance.
The glycogenosis is generally viewed as a GSD with
fixed weakness and not dynamic, exercise-related
symptoms. It follows that exercise intolerance merely
could be the result of this weakness, which comes
about from the affected myofibril ultrastructure in
type II fibers due to the intermyofibrillar glycogen
accumulation in patients. However, it has recently
been shown that GYG1 deficiency also has an exer-
cise-induced dynamic, energy deficiency component
to its phenotype. GYG1 deficiency, besides the defect
in glycogen synthesis imposed by the GYG1 defect,
also has impaired breakdown of muscle glycogen
during exercise. Thus, during exercise, patients with
GYG1 deficiency produce half the amount of lactate
despite a higher neurohormonal signal for glycogen-
olysis [22]. In keeping with this, intravenously
Volume 30 � Number 00 � Month 2017
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supplied glucose improves exercise tolerance in the
patients [22]. The breakdown of glycogen is likely
impaired in GYG1 deficiency, because the target for
glycogenolytic enzymes is altered and inaccessible
due to mislocalization and pooling of glycogen to the
intermyofibrillar space.
MUSCLE AND CARDIAC GLYCOGENOSIS
DUE TO RBCK1 GENE MUTATIONS

Loss-of-function mutations in RBCK1 (HOIL-1) gene,
coding for the E3 ubiquitin ligase, were initially
found in three young children with failure to thrive,
chronic autoinflammation and recurrent episodes of
sepsis [23]. Two of the children died from sepsis at
ages 8 and 3.5 years; and one child, who had an
allogenic bone marrow transplantation at 13 months
of age, died from sudden respiratory distress at 4 years
of age. Accumulation of polyglucosan was identified
in skeletal muscle, heart and liver at autopsy.

Mutations in the same gene were also identified
in 10 patients from eight families with childhood or
juvenile onset of myopathy, eight of whom also had
rapidly progressive cardiomyopathy, requiring heart
transplant in four [24]. Extensive polyglucosan ac-
cumulation was detected in skeletal muscle and in
the heart in cases of cardiomyopathy. For this rea-
son, this condition has been classified in OMIM as
polyglucosan body myopathy 1 (OMIM # 615895.
POLYGLUCOSAN BODY MYOPATHY 1; PGBM1).
All these patients were homozygous or compound
heterozygous for missense or truncating mutations
in RBCK1 gene, and none of them had recurrent
episodes of sepsis or apparent chronic autoinflam-
mation. Prognosis of this new disorder is poor be-
cause of the severity of the cardiomyopathy.
AQ5
MUSCLE MORPHOLOGICAL FINDINGS

RBCK1 and GYG1 deficiency

Muscle tissue has PAS-positive inclusions correspond-
ing to polyglucosan bodies in both RBCK1-PGBM1
and GYG1-PGBM2. Inclusions may affect different
proportions of muscle fibers. These distinctive features
render histopathology fundamental in the diagnostic
workupanddetailedhistological, immunohistochem-
ical and ultrastructural analyses help distinguishing
among RBCK1-PGBM1 and GYG1-PGBM2.

On H&E, PGBM1 cases show the presence of
basophilic dotty inclusions widespread in the cyto-
plasm; less frequently inclusions are found as thicker
subsarcolemmal crescent or, exceptionally as central-
ly round structures (Fig. 2a). In contrast, PGBM2
muscles harbor bigger round or oval subsarcolemmal
or cytoplasmic inclusions that appear pinkish matt
1350-7540 Copyright � 2017 Wolters Kluwer Health, Inc. All rights rese
and uneven, sometimes including myonuclei (Fig. 2
b). PAS staining confirms the above described pattern
of lesions.The majorityof fiberswith inclusions show
markedglycogen depletion (Fig. 2candd)andthere is
a striking difference in a-amylase resistance consist-
ing of major resistance of dotty inclusion in RBCK1-
PGBM1, whereas only bigger inclusions showed re-
sistance in GYG1-PGBM2 (Fig. 2e and f).

Immunohistochemical studies confirmed the de-
position of numerous myofibrillar and ubiquitin
proteasome system proteins inside the inclusions.
However, we noticed that tiny dotty inclusions, pe-
culiar of RBCK1-PGMB1, are particularly immunore-
active for P62 compared to desmin (Fig. 2g and h).
This finding could explain the increased a-amylase
resistance of the small inclusion described above.

With ultrastructural studies, full-blown polyglu-
cosan bodies are found both in subsarcolemmal and
cytoplasmic areas. They are nonmembrane bound
and span up to 30–40 sarcomeres (Fig. 3a). The
lobulated grape structure is always present and each
acinus is separated by a thin rim of normally struc-
tured and electron dense glycogen granules in
GYG1-PGBM2, and mainly mitochondria in
RBCK1-PGBM1. At higher magnification, they show
to be invariantly composed of partly filamentous
material intermingled with glycogen granules
(Fig. 3b). In RBCK1-PGBM1, and to lesser extent
in PGBM2, smaller deposits of normal glycogen with
some partly filamentous material initially dissociat-
ing normally structured myofibrils (Fig. 3c) are also
visible. These structures appear to progressively dis-
sociate myofibrils and successively disrupt the sar-
comeric structure (Fig. 3d). We frequently observed
remnants of sarcomere inside the polyglucosan bod-
ies suggesting the dissolution of myofibrils (Fig. 3d).

As a whole, RBCK1 and GYG1 PGMBs have
different morphological features. A fine histopatho-
logical analysis allows to discriminate the two con-
ditions and suggests the genetic diagnosis. The
pathological mechanism of polyglucosan body for-
mation remains unknown. On the basis of IHC
studies, one may suggest that protein deposition
could be the seminal mechanism in RBCK1-PGBM1.
Ongoing studies of molecular dissection of polyglu-
cosan bodies may help disclosing disease mecha-
nism and potential therapeutic avenues.
PHOSPHOGLUCOMUTASE TYPE 1
DEFICIENCY

In sharp contrast with the characteristic muscle
findings in RBCK1 and GYG1, muscle findings in
phosphoglucomutase are generally unspecific and
not very helpful in the diagnostic algorithm. Muscle
biopsy in a previously reported patient failed to
rved. www.co-neurology.com 5
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FIGURE 2. Histological and immunohistochemical muscle biopsy features in patients with RBCK1-PGBM1 and GYG1-PGBM2.
(a) PGBM1, H&E. Basophilic dotty inclusions are found widespread inside the cytoplasm of often atrophic muscle fibers.
Thicker subsarcolemmal crescent shaped and centrally round inclusions are also seen. (b) PGBM2, H&E. Round or oval
subsarcolemmal and cytoplasmic inclusions that appear pinkish matt and contain darker and rounded subunits. Myonuclei are
sometimes observed inside or in vicinity of the inclusions. (c) PGBM1, PAS. Presence of the same and easy recognizable
lesion pattern. Marked glycogen depletion in areas surrounding the inclusions. (d) PGBM2, PAS. Presence of the same and
easy recognizable lesional pattern. Marked glycogen depletion in areas surrounding the inclusions. (e) PGBM1, PAS/a-
amylase. Dotty cytoplasmic inclusions appear more resistant to digestion compared to subsarcolemmal, thicker inclusions. (f)
PGBM2, PAS/a-amylase. Bigger dotty inclusions show higher resistance to digestion. (g) (h). Serial cross-section underwent
desmin and p62 immunohistochemistry. Notice the P62 immunoreactivity of small dotty lesion that cannot be appreciated with
desmin of the same fiber (indicated by an arrow and the asterisk).

Nerve, neuro-muscular junction and motor neuron diseases
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FIGURE 3. Electron micrographs from RBCK1-PGBM1 and GYG1-PGBM2 muscle samples. (a) PGBM1. Multiple grape
structure polyglucosan bodies of different sizes are visible in both cytoplasmic and subsarcolemmal regions. (b) PGBM1. Each
acinus is separated by mitochondria and glycogen granules and is made of partly filamentous and denser protein. (c)
PGBM1. Small deposits of normal glycogen with some partly filamentous material dissociating normally structured myofibrils
(indicated by arrows). Proliferation and progressive disruption of the sarcomeric structure (indicated by an asterisk). Full-blown
polyglucosan body is present in the left part of the picture. (d) PGBM2. Remnants of a sarcomere dispersed inside the
polyglucosan body.

Update on new muscle glycogenosis Laforêt et al.
show increase in glycogen content. No other specific
histopathological lesions were appreciated.
AQ6
CONCLUSION

The field of glycogenoses has been widely expanded
during the past years with the discovery of new meta-
bolic disorders, allowing at the same time to decipher
new metabolic pathways such as phosphoglucomu-
tase that bridges GSD and congenital glycosylation
disorders. Several important pathophysiological issues
remain unsolved such as the mechanisms of polyglu-
cosan bodies formation related to RBCK1 and GYG1
genemutations. Treatmentapproachesalso need to be
developed, but preliminary in-vitro and clinical data
suggest that galactose supplementation could benefit
for patients with PGM1 deficiency [14,15].
AQ7
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