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Aldolase A (ALDOA), is the predominant isoform of aldolase in skeletal muscle and erythrocytes that catalyzes
the reversibleconversion of fructose-1,6-bisphosphate to glyceraldehyde 3-phosphate. Autosomal recessive mu-
tations in ALDOA, are extremely rare and cause hemolytic anemia and/or recurrent episodes of rhabdomyolysis,
usually precipitated by fever. In this report we describe, clinical, laboratory and genetic data of two novel un-

related patients harboring mutations in the ALDOA gene who presented with episodic rhabdomyolysis, we review
all previously published cases and discuss the most valuable features for diagnosis of this rare disorder.

1. Introduction

Fructose-biphosphate aldolase (Aldolase A, ALDOA), is the pre-
dominant isoform of aldolase in skeletal muscle and erythrocytes
encoded by the ALDOA gene on chromosome 16. ALDOA is a glycolytic
enzyme that catalyzes the reversible conversion of fructose-1,6-
bisphosphate to glyceraldehyde 3-phosphate [1]. Autosomal recessive
mutations in ALDOA, are extremely rare and were originally reported to
cause hemolytic anemia by impairing thermostability of the enzyme
[2-4]. Subsequent reports have identified ALDOA deficiency as a cause
of recurrent episodes of rhabdomyolysis, usually precipitated by fever,
not always associated with hemolytic anemia, designating the disease as
glycogen storage disease type 12 (GSD12) [5-7]. In this report, we
describe clinical, laboratory and genetic data of two unrelated novel
patients harboring mutations in the ALDOA gene who presented with
episodes of rhabdomyolysis. We also review all previously GSD12 pub-
lished cases and discuss the most valuable features for diagnosis of this
rare disorder.

2. Patients and methods

We present clinical, laboratory and genetic data from two male un-
related Greek patients with ALDOA gene pathogenic variants.

2.1. Muscle biopsy and biochemical studies

Open quadriceps muscle biopsy was obtained from patient 1 and
processed using conventional routine morphological techniques [8].
Aldolase A activity in skeletal muscle was determined as previously
described [7].

2.2. Molecular studies

DNA was extracted from peripheral blood lymphocytes from patients
1 and 2 and their relatives. Genetic analysis was performed with semi-
targeted Exome Sequencing, using Sophia Genetics Clinical Exome
Panel (CES) and Nextera Rapid Capture Exome (Illumina), runing on a
NextSeq-500 (Illumina USA). The CES panel includes ~4900 genes
(114.405 exons), linked to known genetic disorders more than 500 of
which are muscle associated Bioinformatic data analysis with SOPHiA
DDM (Sophia Genetics) and VarAFT 2.14 was performed. Variants were
classified according to the 2015 American College of Medical Genetics
and Genomics (ACMG) criteria. In silico analysis of variants included
evaluation with tools like PROVEAN, Mutation Taster, SIFT, and
Polyphen-2. All results and variant segregation patterns were confirmed
by Sanger sequencing when appropriate.
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Fig. 1. Western blot shows almost complete aldolase A protein levels compared
with healthy controls (arrows).

an apparently homozygosity (segregation analysis was not available).
Both variants are absent from controls (1000G and gnomAD) and mul-
tiple lines of computational evidence such as PROVEAN, Mutation
Taster, SIFT, Polyphen-2 support a deleterious effect on the protein.

4. Discussion

In this report we describe two novel patients harboring mutations in
the ALDOA gene. The first patient (P1) presented with episodes of
rhabdomyolysis following fever or exercise since childhood and the
second patient (P2) episodes of rhabdomyolysis in the context of viral
infection since birth. Biochemical studies in patient P1 disclosed
reduced ALDOA activity in muscle. Genetic studies showed that patient
P1 harbored the previously reported missense c.839C > T (p.Ala280Val)
homozygous variation in the ALDOA gene [7], while patient P2 was
homozygous for the previously reported ¢.1016G > A (p.Cys339Tyr)
missense mutation [6].

The characteristics of all previously reported GSD12 cases are sum-
marized in Table 1. Patients usually present with episodes of rhabdo-
myolysis starting at the newborn period or early childhood, usually,
precipitated by fever. Electromyographic studies are not useful in the
diagnosis, since they can be normal or show a non-specific myopathic
pattern. Creatine kinase levels range in between attacks from normal to
up to very highly elevated and muscle biopsy is not contributing to the
diagnosis as it, usually, reveals non-specific alterations. Biochemical
studies in muscle, when performed, show diminished ALDOA activity.
Most reported patients present hemolytic anemia during episodes or
even between attacks, a fact that can narrow down the differential
diagnosis, since hemolysis is only associated with aldolase A [5],
phosphofructokinase [9] and of phosphoglycerate kinase deficiency
[10]. The presence of hemolysis is explained by the low activity of
ALDOA in erythrocytes. Patients L3, L4, L5, were reported not to have
chronic hemolytic anemia and only presented episodes of rhabdomyol-
ysis [7]. The authors postulated that this was due to greater residual
enzyme activity observed in these patients compared to previously re-
ported cases, to the fact that hematological investigations were not
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performed during episodes of decompensation, or to a selective resis-
tance to thermoliability in erythrocytes [7]. Nevertheless, patient P1
with the same homozygous mutation shows chronic hemolytic anemia
not related to acute episodes. Although we didn’t measure ALDOA ac-
tivity in erythrocytes in P1, it seems that the clinical expression of
ALDOA deficiency is not exclusively related to mutation type or tissue
specific thermoliability and that, probably, other factors contribute to
this variable disease expression. These, still unidentified, factors,
collectively, could explain the fact that originally, ALDOA deficiency
was only reported as a cause of nonspherocytic hemolytic anemia, not
related with skeletal muscle symptoms [2-4]. Mental retardation has
been reported in the original ALDOA patients [2]. Subsequently re-
ported patients [5-7], as well as patient P1, also showed learning dis-
abilities or delayed language acquisition. Since ALDOA is the aldolase
isoform with the most abundant expression in the brain [11], it is not
surprising that mutations in the ALDOA gene could possibly result in
subtle cognitive dysfunction and that brain involvement can be a part of
the GSD12 spectrum.

Patient’s P1 most usual precipitant of rhabdomyolysis episodes was
exercise, unlike previously reported patients, who usually experienced
rhabdomyolysis following febrile illness [5-7]. It has been shown that
the ¢.839C > T mutation affects thermostability of the enzyme and that
stimulation of patients’ myoblasts with TNFa and IL-1§ further reduces
ALDOA activity [7]. Exercise increases core body temperature [12],
while it induces secretion of pro-infalmmatory cytokines, including
TNFa and IL-18 [13]. Probably, high core body temperature and secre-
tion of pro-inflammatory cytokines during exercise, exacerbates ALDOA
deficiency leading to exercise-induced rhabdomyolysis [7]. This phe-
nomenon could explain the normal results in the forearm exercise test
performed in our patient. During the short duration of a forearm exercise
test, performed on ambient conditions, the body core temperature
doesn’t increase high enough in order to affect the thermostability of the
enzyme. It is possible that the residual, decreased, enzymatic activity is
sufficient enough for a normal exercise test.

Fixed muscle weakness seems not to be a constant feature of ALDOA
deficiency. Some patients show mild proximal weakness at a very young
age [5,6], while others, have no signs of muscle weakness until child-
hood [7]. Upon examination at 23-years of age, patient P1 had distal
upper limb weakness, head flexion weakness and showed bilateral
scapular winging, while other patients, homozygous for the same,
¢.839C > T mutation (L3, L4, L5) had no muscle weakness at a younger
age [7]. It is unclear if this clinical difference is due to still unidentified
additional genes and non-genetic factors such as life-style, nutrition or,
yet, unknown environmental modifiers, or if muscle weakness will
develop later in the course of their disease.

Patient P2, at the age of 5, shows a rather benign disease course with
only 2 episodes of rhabdomyolysis and no signs of muscle weakness at
last examination. On the contrary patient L2, heterozygous for the same
missense mutation, that modifies the structure of the enzyme in a
temperature-sensitive fashion, presented proximal lower limb weakness
since the age of 2 and a severe disease course leading to death at 54
months of age. He, additionally, harbored the c.931C > T, nonsense
mutation that produces a “null” allele and leads to production of a
truncated protein [6]. The presence of a “null” allele led to more severe
ALDOA deficiency and decompensation during fever and ultimately to a
graver disease phenotype in patient L2, unlike the rest of GSD12 re-
ported patients, who have missense mutations in the ALDOA gene,
interfering with the protein tetrameric structure in a thermoliabile
fashion [5-7].

5. Conclusion

Patients with ALDOA deficiency show a rather homogeneous
phenotype that comprises episodes of rhabdomyolysis, starting at the
newborn or early childhood period, precipitated by fever or exercise and
associated either with hemolysis or learning disabilities, or both.
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Although both muscle biopsy and EMG may show non-specific
myopathic changes hemolysis and learning disabilities are key features

tha

t may aid in achieving the correct diagnosis.
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