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a b s t r a c t

The field of glycogenosis has been greatly expanded over the past few years with the

discovery of new metabolic diseases that have allowed new metabolic pathways to be

deciphered. Described here are the clinical and pathological features of four recently

described muscle glycogenoses caused by GYS1, GYG1, RBCK1 and PGM1 gene mutations.

The initial steps of glycogen synthesis are involved in deficiencies of glycogenin-1 (GYG1)

and muscle glycogen synthase (GYS1). Phosphoglucomutase deficiency disrupts two meta-

bolic pathways: the connection between galactose and glycogen on the one hand, and

glucose metabolism on the other. However, the metabolic consequences of mutations in the

ubiquitin ligase gene RBCK1 are still poorly understood.
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1. Introduction

Inborn errors of glycogen metabolism constitute an important

group of metabolic disorders, which are usually classified

according to the organ most affected: (1) disorders affecting

skeletal or cardiac muscle; (2) disorders affecting mainly the

liver; and (3) disorders affecting mainly the brain. Deficiencies

of virtually all enzymes that intervene in the synthesis or

degradation of glycogen can cause glycogen storage disease

(GSD) due to 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).
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Discussed in this paper are the most recently described GSDs,

with emphasis on their clinical features and diagnostic clues.

2. Glycogen synthase deficiency (muscle
glycogen storage disease 0)

Muscle glycogen synthase is ubiquitously expressed and

encoded by the GYS1 gene whereas GYS2, encoding for hepatic

glycogen synthase, is only expressed in the liver. Muscle

disorders of glycogen synthesis were unknown until the report

by Kollberg et al. [1], which described three young siblings with

profound muscle and heart glycogen deficiency caused by a

homozygous stop mutation in the muscle glycogen synthase
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Fig. 1 – Glycogenolysis and glycolysis pathways showing the main enzymes involved in muscle glycogenosis.
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gene. The oldest brother died of sudden cardiac arrest at the

age of 10.5 years while playing outside his school. At autopsy,

his heart weight and left ventricular mass were increased, and

the cause of death was given as hypertrophic cardiomyopathy.

Partial complex epilepsy was also diagnosed at the age of

4 years, for which he was treated with carbamazepine, which

was changed to lamotrigine after 2 years. Two years later, his

11-year-old brother showed muscle fatigability, hypertrophic

cardiomyopathy, and abnormal heart rate and blood pressure

while exercising. The 2-year-old sister had no symptoms,

although cardiac examination indicated cardiac involvement.

In muscle-biopsy specimens obtained from the two

younger siblings, staining with periodic acid–Schiff (PAS)

and electron microscopy revealed a profound deficiency of

glycogen in all muscle fibers. In addition, there was a marked

predominance of type-1 muscle fibers and mitochondrial

proliferation in both patients. This rare inborn error of

metabolism with complete absence of muscle glycogen

storage is easily revealed by routine histochemical investiga-

tion of muscle tissue.

Further reports of patients with GSD0 have confirmed the

severity of the disorder, with reports of an 8-year-old boy who

died after a bout of exercise [2] and an 11-year-old girl who had

been suffering from recurrent attacks of exertional syncope,

accompanied by muscle weakness and pain since the age of

5 years, until she died of cardiac arrest at age 12 [3]. In these

cases, muscle pathology and electron microscopy also showed
a profound deficiency of glycogen in all muscle fibers,

accompanied by mitochondrial proliferation, similar to other

previous reports. Mitochondrial proliferation probably reflects

a compensatory mechanism for supplying adenosine triphos-

phate (ATP) to glycogen-depleted muscles.

3. Glycogenin-1 deficiency: a tale of two
diseases related to the same enzyme deficiency

Glycogenin is activated at the first step of glycogen synthesis.

It is an autoglycosylated glycosyltransferase that catalyzes the

formation of a short glucose polymer of approximately

10 glucose residues. There are two glycogenin isoforms:

glycogenin-1, encoded by GYG1, is the muscle isoform but is

also expressed in other tissues to a minor degree; and

glycogenin-2, encoded by GYG2, is the liver isoform that is

also expressed in cardiac muscle but not in skeletal muscle.

Recessively inherited mutations of GYG1, leading to

inactivation of autoglycosylation of glycogenin-1, were ini-

tially detected in a 27-year-old man with exercise intolerance,

muscle weakness and cardiac arrhythmia associated with

hypertrophic cardiomyopathy [4]. This patient experienced

dizziness and palpitations shortly after exercise, complicated

by an episode of ventricular fibrillation, leading to cardiac

defibrillation and placement of an implantable cardioverter

defibrillator. Interestingly, muscle-biopsy morphological and



Fig. 2 – Histochemical biopsy sections of skeletal muscle from patients with (A) RBCK1 and (B) GYG1 gene mutations, stained

with periodic acid–Schiff (PAS) and demonstrating accumulation of PAS-positive material.
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histochemical analyses had similar results to GSD0, revealing

a profound deficit of glycogen, a marked predominance of

type-1 oxidative muscle fibers and mitochondrial prolifera-

tion. Western blot analysis of glycogenin-1 in muscle showed

exclusively unglucosylated defective glycogenin-1, and

sequencing of the GYG1 gene indicated that this was the

consequence of a missense mutation in one allele and a

nonsense mutation in the other. The missense mutation

resulted in inactivation of the autoglucosylation of glycoge-

nin-1 necessary for priming glycogen synthesis in muscle.

A few years after identification of the first case of

glycogenin-1 deficiency, a series of seven patients with other

GYG1 mutations and different phenotypes was reported [5].

These patients all had presented as adults with a slowly

progressive myopathy and no cardiac involvement. Four

patients developed proximodistal muscle weakness with

variable involvement of the hip- and shoulder-girdle muscles,

lower legs and hands. Two patients showed isolated proximal

muscle weakness. One patient showed only hand and finger

involvement that started in adulthood. Serum creatine kinase

was normal in all patients but one, whereas electrocardio-

graphy (ECG) and cardiac ultrasound were normal in all of

them.

In sharp contrast to the depletion of glycogen observed in a

biopsy of the first reported patient [4], PAS-positive storage

material was found in around 30–40% of muscle fibers in the

patients reported by Malfatti et al. [5]. Alpha-amylase

treatment showed a variable degree of digestion of PAS-

positive material, thus sharing some similarities with poly-

glucosan body myopathy due to other causes, such as

glycogen-branching enzyme deficiency (Fig. 2). Genetic inves-

tigations revealed homozygous or compound heterozygous

deleterious variants in the glycogenin-1 gene (GYG1). The most

frequent variant was c.143+3G>C, identified in four patients of

different ethnic backgrounds. This common splice site variant

caused complete or near-complete alternative splicing with a

profound reduction of wild-type glycogenin-1.

More recently, new cases of polyglucosan body myopathy

and GYG1 mutations have been reported in several
publications, underscoring the fact that mutations associated

with glycogen depletion are much rarer than those associated

with polyglucosan body myopathy. Fanin et al. [6] reported a

mild late-onset myopathy in three relatives in an Italian

family, with weakness involving both limb girdles, thereby

causing a waddling gait and Gowers’ sign. Two other Italian

sisters affected by a myopathy that arose after the age of 30

were reported shortly thereafter by Colombo et al. [7], with

pelvic-girdle weakness and asymmetrical shoulder-girdle

involvement. Disease progression in this latter family

showed variable severity, ranging from mild weakness to

wheelchair dependency. Finally, Luo et al. [8] reported on a 46-

year-old Chinese woman with late-onset skeletal myopathy

affecting proximal limb muscles and accompanied by mild

exercise intolerance. Clinical examination of this patient

revealed general wasting, profound scapular winging, asym-

metrical proximal-limb weakness with more pronounced

involvement of the shoulder girdles, neck flexor weakness,

and asymmetrical involvement of wrist extensors and

flexors.

Interestingly, both cardiac and respiratory muscles were

spared in all reported patients so far, while the same intronic

c.143+3G>C mutation was detected in a homozygous state in

all the most recently reported patients except the Chinese

patient, whose genetic analysis revealed a homozygous novel

mutation in exon 6 of the glycogenin-1 gene (c.634C>T,

p.His212Tyr).

4. Muscle and cardiac glycogenosis due to
RBCK1 gene mutations

Loss-of-function mutations in the RBCK1 (HOIL-1) gene, coding

for E3 ubiquitin ligase, were initially found in three young

children with failure to thrive, chronic auto-inflammation and

recurrent episodes of sepsis [9]. Two of the children died of

sepsis at ages 8 and 3.5 years while the remaining child, who

had undergone allogeneic bone marrow transplantation at

13 months of age, died of sudden respiratory distress at 4 years
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Fig. 3 – Forearm exercise (grip) test of a patient with phosphoglucomutase type-1 (PGM1) deficiency shows a normal lactate

increase (left) but with abnormally high ammonia levels (right).
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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 myopathy, eight of whom also had rapidly progressive

cardiomyopathy, requiring heart transplants in four of them

[10]. Extensive polyglucosan accumulation was detected in

skeletal muscle, and in the heart in cases of cardiomyopathy.

All of these patients were homozygous or compound

heterozygous for missense or had truncating mutations in

the RBCK1 gene, and none had recurrent episodes of sepsis or

any apparent chronic auto-inflammation. The prognosis for

this new disorder is poor due to the severity of the

cardiomyopathy.

5. Phosphoglucomutase type-1 (PGM1)
deficiency

Phosphoglucomutase-1 (PGM1) acts as a key enzyme between

glycolysis and glycogenesis, catalyzing the interconversion of

glucose-1-phosphate and glucose-6-phosphate. The first

pathogenic mutations in the PGM1 gene, coding for the

muscle-specific PGM1 isoform, were found in one patient

with exercise-induced rhabdomyolysis episodes mimicking

McArdle disease, and phosphoglucomutase deficiency in

muscle [11]. Mutations in the same gene have also been

discovered by whole-exome sequencing in patients with

multisystemic disorders (hepatopathy, uvula bifida, growth

retardation, hypoglycemia and dilated cardiomyopathy), and

an abnormal transferrin glycosylation profile is usually

observed in congenital disorders of glycosylation [12].

In contrast to patients with McArdle disease, in whom

lactate production is blocked [13], the PGM1 patient has a

normal lactate response to forearm exercise but with

abnormally high ammonia levels (Fig. 3). Thus, the forearm

exercise test may provide an important biological clue to the
diagnosis of PGM deficiency if it also shows exaggerated

ammonia levels, even without a blunted increase in lactate

level. In addition, muscle biopsy showed no significant

increase in glycogen content on PAS staining.

Thus, PGM1 deficiency should be considered in patients

with rapid-onset exercise intolerance and rhabdomyolysis

episodes, even with normal lactate production and without an

increase in glycogen content on muscle biopsy. Transferrin

isoelectric focusing should be performed and may reveal a

mixed CDGI/II profile.

6. Conclusion

The field of glycogenosis has been greatly expanded over

the past few years with the discovery of new metabolic

disorders, which have also allowed further elucidation of

new metabolic pathways, such as that for phosphogluco-

mutase, which bridges GSD and congenital glycosylation

disorders. Nevertheless, several important pathophysiolo-

gical issues remain unresolved, such as the mechanisms

behind abnormal glycogen storage related to RBCK1 and

GYG1 gene mutations. Treatment approaches also need to

be developed and preliminary data suggest that galactose

supplementation may benefit patients with PGM1 deficiency

[14,15].
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