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Abstract: Pompe disease is an autosomal recessive disorder resulting from a deficiency of acid a-glucosidase (GAA).
It is uncommon in the mainland of China, due to rare mutations in the GAA gene. The aim of this work was to eluci-
date the causative role of a novel compound heterozygous mutation of juvenile onset Pompe disease. In this study,
clinical samples were obtained from two siblings with muscle weakness, recurrent airway infections, cardiomyopa-
thy and respiratory insufficiency in a non-consanguineous Chinese family. The a-glucosidase activity in leukocytes of
both children was low. Next-generation sequencing was performed on the 19 coding exons of GAA in both children,
with confirmation by Sanger sequencing. Next-generation sequencing showed the same compound heterozygous
GAA mutation (c.1216G>A p.Asp406Asn and ¢.1935C>A p.Asp645Glu) in both children. As this mutation is consis-
tent with the clinical manifestations of juvenile onset Pompe disease and no other mutations were detected after
scanning the gene sequence, we suggest that the Pompe disease phenotype is caused by compound heterozygosity
for ¢.1216G>A and ¢.1935C>A. As ¢.1216G>A is not currently listed in the Pompe disease Mutation Database, this
information about Pompe disease in a Chinese population is of particular interest.
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Introduction

Pompe disease (Glycogen storage disease
type I, GSD I, acid maltase deficiency, OMIM
#232300), an autosomal recessive disorder, is
caused by a deficiency of acid alpha-1, 4-gluco-
sidase (GAA; EC.3.2.10.20). Pompe disease is
classified into infantile form (the classical and
atypical infantile forms), and late onset form
(juvenile and adult forms) based on the time of
disease onset. The juvenile form usually pres-
ents with muscle weakness resembling that of
progressive muscular dystrophy and is rarely
associated with cardiomyopathy. The infantile
form, originally described by Pompe, exhibits a
rapidly progressive course characterized by
prominent cardiomegaly, hepatomegaly, mus-
cle weakness and hypotonia, and eventually
death before the patient reaches 1 year of age.

Adult-onset Pompe disease is characterized by
slowly progressive limb-girdle sympathy pre-
senting as late as the second to the sixth
decade with or without respiratory insufficiency
[4].

Pompe disease caused by mutations in the
human gene GAA (OMIM #606800), and which
is located on chromosome 17¢g25.2-25.3, is
typically transcribed into three RNA forms
encoding the same protein. The GAA gene is
approximately 28 kb long and contains 20
exons (transcript variant 1, NM_000152) [2].
Molecular analysis of GAA in patients with
Pompe disease has uncovered more than 558
different mutations which are listed in the
Pompe disease mutation database (www.pom-
pecenter.nl), updated on May 2016. In general,
GAA activity correlates with the age at onset
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Table 1. Summary of the clinical presentation of the family

Parameter Patient 1 (P1) Patient 2 (P2) Sibling 3 Father Mother
Sex-Age (years) M-2 F-4 F-6 M-34 F-33
Type Juvenile Juvenile

Enzyme Activity* 1.45 1.03

Limb Weakness + +

Cardiac hypertrophy + +

Recurrent airway infections + +

Respiratory distress +

Respiratory failure +

Body weight (kg) 9 12 16

Body height (cm) 95 97 107

Proximal muscle strength 1-11 -tv \ \ \
Highest serum creatinekinase level (U/L) 1766 4116 Normal Normal Normal

Electromyography Neurogenic changes in left
rectus femoris muscle, left biceps,
double tibialis anterior muscle and
right gastrocnemius muscle
Genotype# ¢.1935C>A (lIs),

¢.1216G>A (unknown)

Neurogenic changes
in left gastrocnemius,
double biceps, double
tibialis anterior muscle

¢.1935C>A (Is), ?
¢.1216G>A (unknown)

¢.1216G>A/- ¢.1935C>A/-

*Enzyme activity in leukocytes (nmol/h/mg); Normal range: >14 nmol/h/mg; #Effect of the

+ = Presence; - = Absence; F = Female; M = Male; ? = Unknown.

and severity of disease. Recently, isolation of
GAA from peripheral blood leukocytes extracts
has been developed for GAA activity assay [3].

The combined incidence of all forms of Pompe
disease is approximately 1:40,000 [4]. The
estimated frequency of Pompe disease in
southern China and Taiwan newborns is 1 in
20,000-40,000 [5]. In Taiwanese populations,
the ¢.1935C>A (p.Asp645Glu) mutation repre-
sents 36%-80% of mutations [6, 7]. Yet, very
few cases of Pompe disease have been report-
ed in Mainland China.

In the present study, we report the clinical fea-
tures and a new heterozygous GAA compound
gene mutation (c.1216G>A and ¢.1935C>A) of
two siblings in a Mainland Chinese family with a
juvenile onset form of Pompe disease. They
were presented with clinical characteristics
such as muscle weakness, recurrent airway
infections and respiratory insufficiency. So, we
herein elucidate the causative role of a novel
compound heterozygous mutation (c.1216G>A
and c¢.1935C>A) in the pathogenesis of a
severe form of GAA with a review of previously
reported cases.

Patients and methods
Subjects (Table 1)

The first patient (P1), a 2-year-old boy, born at
term gestation by vaginal delivery weighed 4.7
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mutations: potentially less severe (Is) (see for details www. pompecenter.nl);

kg at birth. He started walking 20 months after
birth. His first visit to our clinic was when he
was 2 years old. Respiratory problems (such as
recurrent airway infections and respiratory dis-
tress) with progressive limb weakness were the
first symptoms. He was admitted to our inten-
sive care unit because of respiratory failure.
Physical examination revealed malnutrition,
with a body weight of 9 kg (-3 SD) and a height
of 95 cm (0.2 SD) and a body weight for height
value of -3.2 SD [8]. Neurological examination
revealed a diffuse decrease of muscle mass in
both the upper and lower extremities. Proximal
muscle strength was I/l in the upper extremi-
ties and Il in the lower extremities. Deep ten-
don reflexes were normal in upper extremities,
and were absent in the patella and the Achilles
tendons. Laboratory evaluation was unremark-
able except for a mildly elevated creatine kina-
se level (range 201-1766 U/L; normal value
25-200 U/L). Left ventricular hypertrophy was
observed during echocardiography (Figure 1A).
Electromyography showed neurogenic changes
in the left rectus femoris muscle, left biceps,
double tibialis anterior muscle and right gas-
trocnemius muscle.

The second patient (P2), the sibling of P1, a
4-year-old girl, was born at term gestation by
vaginal delivery and weighed 3.9 kg at birth.
She started to walk 13 months after birth. Her
first visit to our clinic was then that she was 4
years of age. She experienced recurrent airway
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Figure 1. Echocardiogram images. A. The patient 1’s interventricular septum thickness (8 mm). B. The patient 2’s

interventricular septum thickness (8 mm).
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Figure 2. Family pedigree: the patient 1 is indicated
by an arrow (l1:3). The patient 2 is 1I:2.

infections and respiratory distress with pro-
gressive limb weakness and one month later
she was admitted to our intensive care unit
because of respiratory failure. Physical exami-
nation revealed malnutrition, with a body wei-
ght of 12 kg (-3.5 SD) and a height of 97 cm
(-2 SD) and a body weight for height value of
-2.2 SD. Neurological examination revealed a
diffuse decrease in muscle mass in both the
upper and lower extremities. Proximal muscle
strength was I/l in the upper extremities and
Il in the lower extremities. Deep tendon reflexes
were normal in the upper extremities, but were
decreased in the patellas, and the Achilles ten-
dons. Laboratory evaluation revealed a mildly
elevated creatine kinase level (range 237-4116
U/L; normal value 25-200 U/L). Echocardiogra-
phy revealed a left ventricular hypertrophy (Fig-
ure 1B). Electromyography showed neuroge-
nic changes in the left gastrocnemius, double
biceps, and double tibialis anterior muscle.
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We herein describe two mainland Chinese sib-
lings with clinical features of juvenile onset
Pompe disease including recurrent airway in-
fections and respiratory distress and muscu-
lar weakness that were mainly associated with
neuromuscular disorders. Ultimately the diag-
nosis of Pompe disease was confirmed via the
acid a-glucosidase deficiency and the presen-
ce of new compound heterozygous mutation
in GAA gene.

The family comprised five individuals spanning
two generations, coming from southern China
(south of the Yangtze River) (Figure 2). The
healthy non-consanguineous parents had no
personal or family history of Pompe disease,
following a healthy pregnancy with no prenatal
complications. They have three children. The
eldest sister is healthy. The other two children
had pompe disease.

Ethical approval was obtained for this study
from the Ethics Committee of the First Affiliated
Hospital of Sun Yat-sen University (Guangzhou,
China). All data were collected with informed
consent of the parents.

Both children needed mechanical ventilatory
support during the early phase of their hospital
stay. They were treated with low tidal volume
ventilation, anti-infection, regular mobilization
on the bed, back patting and sputum suction.
We also administered drugs to protect the heart
and liver function as well as nourish the nerve.
Both children quickly underwent smooth venti-
lator weaning (maybe you should state how
long it took), without alglucosidasealfa (Myozy-
me®) enzyme replacement therapy.
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The diagnosis of late-onset
Pompe disease was confirmed
by an abnormal low acid alpha
glucosidase activity. The o-
glucosidase activity in white
blood cells of the elder sister

Figure 3. The chromatograms showing mutations identified in this study. A.
In patients single base change from G to A at position ¢.1216 produced the
substitution of aspartic acid at position p.406 to asparagusate. B. Amino

(P2) was 1.03 nmol/h/mg and
the younger brother (P1) was
1.45 nmol/h/mg (>14 nmol/h/

acid aspartic acid at position p.645 is substituted to glutamic acid by the mg).
single base change from C to A at position ¢.1935 in patients.

GAA enzyme assay

The GAA activity was obtained from peripheral
blood leukocytes.

GAA mutation analysis

5 ml of peripheral blood was obtained by veni-
puncture from the patients and their parents,
and Genomic DNA was extracted from periph-
eral blood leukocytes with the QIAamp Blood
DNA Mini Kit (Qiagen, American). The coding
region (exon 2-exon 20) of GAA was amplified
with PCR from genomic DNA. Primers for 19
exons and exon-intron boundaries of GAA were
designed using Primer 5.0. PCR amplification
was performed in a conventional PCR machine
(ABI Gene AmpPCR System 9700, Life Techno-
logies, USA) with 2 x Red Dye PCR master mix-
es. PCR products were analyzed using a 3500
Genetic DNA analyzer, ABI Prism (Life technol-
ogy, USA). NG_009822.1 and NM_000152.3
were used as the reference sequence for the
coding regions to find a mutation.

The pathogenicity prediction of the missense
mutation

The assessment of the damaging effect of
missense mutation was performed using Poly-
Phen-2 software (http://genetics.bwh.harvard.
edu/pph2/). This software calculates the prob-
ability that a given mutation is damaging and
reports both possible false positive rates (the
chance that the mutation is classified as dam-
aging when it is in fact non damaging) and true
positive rates (the chance that the mutation is
classified as damaging when it is indeed dam-
aging). Our results showed PolyPhen-2 achieved
true positive prediction rates of 92% and 73%
on HumDiv and HumVar datasets, respectively
[9]. The probability of a false positive rate was
20%.
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The capture and sequencing

of genomic DNA indicated that
both siblings had the same mutations in the
GAA gene. Sanger sequencing confirmed that
both siblings carried the same compound
heterozygous mutation (c.1216G>A and ¢.193-
5C>A) in GAA. Furthermore, sequencing of the
parental DNA showed that the ¢.1216G>A
mutation was inherited from the father (Figure
3A). Whereas the ¢.1935C>A mutation was
inherited from the mother (Figure 3B). Mole-
cular analysis of the healthy elder sister was
not done due to non-consent of the parents.

The pathogenicity prediction of the ¢.1216G>A
mutation

Multiple sequence alignments of GAA homolo-
gous sequences in different species are shown
(Figure 4A). Poly-Phen-2 analysis predicted that
this variant is probably damaging with score
of 1.000 and 0.998 on HumDiv and HumVar
models, respectively (Figure 4B).

Discussion

The GAA genetic mutation analysis revealed
a previously unreported compound heterozy-
gous mutation (c.1216G>A and c.1935C>A).
Normative population databases (e.g., 1000
Genomes SNP Database and HapMap) were
used for comparison, and this same mutation
has not been previously observed in Pompe
disease patients. The mutation identified in
this study is associated with the clinical mani-
festations of Pompe disease, and no other
mutation was detected after scanning the gene
sequence.

In our study, the siblings inherited a novel
¢.1216G>A (p.Asp406Asn) missense mutation
from their father and a ¢.1935C>A (p.Asp64-
5Glu) missense mutation from their mother.
Their parents both in heterozygosis were asy-
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A c1216G>A B PolyPhen-2 report for P10253 D406N
3A
' Protein Acc  Position AA; AA: Description
Homo sapiens FMDSRRDFTFNKDGFRDFPAMVQELH Canonical, RecName: Full=Lysosomal alpha-glucosidase, EC=3 2. 1 20, AitName: Full=Acid maltase. AltName
Callsthrix jacchus DY MDARRDFTFNRDGFLDFPAMVRELH P10253 406 D N Full=Aglucosidase alfa; Contains: RecName: Full=76 kDa lysosomal alpha-glucosidase; Contains: RecName
Full=70 kDa lysosomal aipha-giucosidase, Flags: Precursor, Length: 952
Equus caballus MDARRDFTFNKDGFGDFPAMVQELH ey . ¥
Results

Canis tupus familiaris I MDARRDF TFNKDGFRDFPAMVQELH

Prediction/Confidence PolyPhen-2 v2.2.2r398
Atfwropoda melanoleuca I MDARRDFTFNKDGFRDFPAMVQELH B
e e I iR This mutation Is predicted to b2 PROBABLY DAMAGING with a score of 1.000 (sensitivity. 0.00. specificity: 1.00)
Bos taurus Y MDARRDF TFNKDHFGDFPAMVQELH
M w Eeminsintibie bty ‘ -
Rattus norvegicus 'MDARRDF TFNQDGFADFPDMVHELH 000 o120 o1 o 0180 1,00
Mus musculus Y MDARRDFTFNQDSFADFPDMVRELH (=] Humvar
Loxodonta africana IMDARRDFTFNKHGFEDFPAMVQELH This mutation is predicted to be PROBABLY DAMAGING with a score of 0.998 (sensitivity. 0.18, specificity. 0.98)
Sarcophilus harrisiil 'MDAGRDFTFNQDNFWDFPAMVQEFH
Sarcophilus harrisii2 "MDAGRDFTFNQDNFWDFPAMVQEFH 0.00 0.20 0.40 0.60 0.80 1.00

Figure 4. A. Multiple sequence alignments of GAA homologous sequences in different species are shown. Missense mutation reported in this study is highlighted

by a black rectangle, illustrating that the p.D406N (p.Asp406Asn) mutation is in a highly conserved region. B. Results of the PolyPhen-2 analysis predicting the
pathogenicity the ¢.1216G>A substitution on GAA protein.
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mptomatic. GAA mutations have been reported
to cluster in three critical regions: exon 2 which
contains the start codon, exon 10 and 11 which
contain the enzyme catalytic site, and exon 14,
which encodes a highly conserved region of the
protein [10]. Genetic heterogeneity is a charac-
teristic of Pompe disease. Missense mutations
have been reported to be involved with impair-
ed enzyme synthesis, transport, post-transla-
tional modification and function [11, 12]. The
missense mutation ¢.1935C>A (p.Asp645Glu),
located in exon 14, has frequently been identi-
fied in Taiwanese Pompe disease patients [13,
141, and the presence of a “potentially less se-
vere” mutation (http://www.pompecenter.nl/).
Also, ¢.1935C>A mutation has also been identi-
fied in mainland Chinese patients with infantile
and late onset Pompe disease [15]. The other
missense mutation ¢.1216G>A, located in exon
8, has not been elsewhere reported.

It should be noted that the disease was rela-
tively more severe in P1 than in P2. The relative
severity of the disease in our patients were not
determined by the low enzyme activity [16], but
Wens et al. reported genotype, other factors
such as epigenetic and environmental effects
influence the clinical presentation and disease
course [17]. The genotype-phenotype relation-
ship for the ¢.1216G>A mutation in Pompe dis-
ease is not clear. The ¢.1216G>A mutation is
likely pathogenic in several reasons. First, in
multiple alignment analysis, both amino acids
are highly conserved between several species
of mammals and reside in the conserved re-
gions of amino acid sequences. The highly con-
servation of the amino acid at the position
1216 (Figure 4A) suggests that the replace-
ment within the aspartic acid may change the
tertiary structure of GAA. Second, consequent-
ly, the D406N (Asp406Asn) substitution caused
by our mutation may affect the function and
the stability of GAA protein (Figure 4B). The
mutation is likely to produce a conformational
change in protein structure since the charged
amino acid Aspartic acid has been substituted
into an uncharged amino acid Asparagine. Most
of the reported mutations associated with late
onset Pompe disease are missense mutations
producing a single amino acid change as in
patients [18]. Another characteristic of muta-
tions found in Pompe disease is that many of
the GAA mutations show ethnic specificity [19,
20]. For example, ¢.-32-13T>G is the most
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common mutation in Caucasian patients with
a frequency as high as 34-47% [21-26]. Con-
versely, ¢.1935C>A (p.D645E) and ¢.2238G>C
(p.W746C) are common in Taiwanese patients
(include probability rate) [13, 15, 271, while it is
not among Japanese (include probability rate)
[19, 28]. Mutations in the GAA gene that cause
Pompe disease have been sporadically identi-
fied in mainland Chinese patients. Fu L et al.
examined a total of 18 Chinese children with
infantile-onset Pompe disease and found 6
novel mutations (c.1356delC, ¢.378G>A, ¢.18-
27C>G, ¢.859-2A>T, ¢.1551+2T>G, and c.14-
65G>T) in mainland China [15]. Now, we identi-
fied one novel missense mutation ¢.1216G>A
(p-Asp406Asn) in mainland patients with late
onset Pompe disease.

Respiratory difficulty is a consistent feature in
juvenile onset Pompe disease, and often pre-
cedes ambulatory failure in many patients [29].
Previous studies have suggested that a smaller
proportion of patients with late onset (juvenile
and adult onset) Pompe disease (<10%) have
cardiovascular involvement, including electro-
physiological abnormalities and myocardial
hypertrophy [30-32]. We herein report two sib-
lings diagnosed with a juvenile onset form
Pompe disease with both having skeletal and
cardiac muscle involvement. P1 had hypertro-
phic myocardiopathy, while P2 had ventricular
hypertrophy. This may be the clinical character-
istics of the compound heterozygous mutation
(c.1216G>A and ¢c.1935C>A).

Enzyme-replacement therapy (ERT) is currently
being evaluated in the treatment of the severe
infantile form [33] as well as late-onset [34]
patients, but is not widely available yet in
Mainland China.

In summary, we diagnosed two siblings Main-
land Chinese patients with Pompe disease us-
ing biochemical and molecular genetic analy-
ses and discovered a novel GAA mutation. This
is significant in that mutation could be speci-
fic for patients with late onset form of the
disease.
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