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Scope and General introduction

SCOPE
This thesis is about Pompe disease. Pompe disease is characterized by skeletal muscle
weakness leading to serious mobility and respiratory problems over time. The first
symptoms can manifest at any age: from birth to late adulthood. In most severe form,
babies suffer from generalized muscle weakness (so called ‘floppy infants’), they
have a grossly enlarged heart, and their respiratory function is compromised to such
extend that they usually succumb in the first year of life. Affected adults often become
wheelchair bound and may need respiratory support. Based on symptomatology,
Pompe disease is listed among the neuromuscular diseases (NMD), but since the organ
dysfunctions are caused by storage of glycogen inside lysosomes (one of several intracellular compartments) it is also listed as a glycogen storage disorder (GSD) and as a
lysosomal storage disorder (LSD). Pompe disease is inherited in an autosomal recessive
way and arises by disease causing variations in the genetic code of an enzyme called
acid α-glucosidase (abbreviated ‘GAA’).
The research described in the various chapters of this thesis is focused on i) how
to measure the GAA enzyme activity for diagnostic purposes, ii) investigations on
genotype-phenotype relationships, iii) the role of the ACE polymorphism in disease
severity and response to ERT among patients with the c.-32-13T>G / ‘null’ genotypes,
and iv) gene expression profiling of patients with early as oposed to late presentation
of symptoms. A General Introduction precedes the research chapters.

GENERAL INTRODUCTION
The name Pompe disease: historic overview
For a long time, ‘Pompe disease’ (OMIM # 232300) was not the commonly used name
for this inherited disorder

[1, 2]

. The name refers to the Dutch pathologist Johannes

Cassianus Pompe who published in 1932 a case report about ‘idiopathic hypertrophy
of the heart’ as a prominent finding from an autopsy of a 7 month old girl. Dr. Pompe
observed a defect in glycogen metabolism and described it as ‘vacuolar deposit of
glycogen’ in the heart and many other tissues. He called this condition ‘cardiomegalia
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glycogenica diffusa’, and made the analogy to the cases of kidney and liver enlargement
described by von Gierke in 1929

[3, 4]

1

. Two other articles were published in the same

year by Drs Putschar and Bischoff who described very similar cases of children who
had died in infancy with ‘cardiomegaly’ and severe muscle glycogen accumulation
6]

[5,

. This disorder became known as Pompe disease. Classiﬁcation schemes in the 1950s

delineated Pompe disease as type II glycogenosis, and the molecular defect (acid
α-glucosidase or acid maltase deﬁciency) was deciphered in the 1960s as described in
depth later [4, 6]. In 1950, Di Sant’Agnese and co-authors published a critical review of all
similar cases reported up till then. The disease attracted the name ‘Glycogen Storage
Disease type II’ (GSDII), as given to it by Dr GT Cori who had made an inventory of
the several different glycogen storage diseases that had come to light by the year
1954

[7]

. Nine years later, in 1963, Dr. Hers discovered that Pompe disease (GSDII)

was caused by acid α-glucosidase (EC 3.2.1.20) deficiency, a lysosomal glycogendegrading enzyme that splits also maltose into glucose. The name ‘acid maltase
deficiency’ (AMD) settled when Dr. Engel described affected children and adults in
1973

[9]

. Acid α-glucosidase deficiency became a specific diagnostic test for GSDII /

Pompe disease / AMD and provided also new insights in disease pathogenesis. The
publication by Hers was particularly interesting as it established the role of lysosomes,
described in 1955 by DeDuve, as an organelle capable of degrading a great variety of
macromolecular compounds at acidic pH (3.5-5.0) [8]. Soon after that ground-breaking
discovery, publications appeared about patients with acid α-glucosidase/acid maltase
deficiency and GSDII without cardiomyopathy, but with skeletal muscle weakness as
main symptom

[9-11]

. When the gene encoding acid α-glucosidase / acid maltase was

mapped to chromosome 17, the gene locus was abbreviated as GAA, for Glucosidase
Acid Alpha

[12-14]

, and the enzyme ‘GAA’, in connection with its deficiency, became yet

another alternative to address the condition GSDII / Pompe disease / AMD. Mainly
through the publication policy of researchers from Erasmus MC and the start of enzyme
replacement therapy the name Pompe disease has gradually rooted. In the 2001 edition
of the Metabolic and Molecular Bases of Inherited Disease the chapter on ‘GSD II’ was
incorporated for the first time in the chapter series on Lysosomal Storage Disorders,
while formerly it had been part of the chapters on Glycogen Storage Disorders of
non-lysosomal origin

[15]

. In the latest online version of the Metabolic and Molecular

Bases of Inherited Disease (OMMBID) the name Pompe Disease is called first in the
Title and is currently broadly accepted

[2]

. The name Pompe disease is now generally

accepted by the scientific community as the result of numerous publications using this
name in the literature. However, especially in the older literature the alternative names
AMD and GSDII have been exclusively used. This should be taken into account when
searching the literature.
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The disease is rare, but has gained world-wide interest since 2006 mostly due to
1

the introduction of enzyme replacement therapy (ERT), which has substantially
contributed to adoption of the name Pompe disease for all presentations across the
clinical spectrum of acid α-glucosidase / acid maltase / GAA deficiency. The fact that
glycogen stores in lysosomes makes Pompe disease both a glycogen storage disease
(GSDII), of which there are more than 10 different types, as well as a lysosomal storage
disorder (LSD), of which there are over 70 [16, 17].
Incidence and geographic distribution of Pompe disease
Pompe disease is caused by a set of two disease-associated variants in the GAA gene;
one in each allele, and is thereby an autosomal recessive disorder. Some of the diseaseassociated GAA variants clearly demonstrate a founder effect, which combined with
population migration largely determines the incidence of the disease in specific
populations and geographic areas [2, 18-23]. Based on pathogenic sequence detection
in the Dutch population, the overall incidence of Pompe disease in the Netherlands
was estimated to be around 1 in 40.000 newborns. Further, by the type of sequence
variant it was estimated that classic infantile Pompe disease has an incidence of 1 in
138.000, whereas childhood and adult Pompe disease has an incidence of 1 in 57.000
[19, 24]

. These figures are in line with estimates based on the number of diagnosed cases

over a long period [24, 25]. A similar approach was taken in Australia and Portugal where
the number of diagnosed cases was evaluated over a period of 16 years (1980-1996)
and 19 years (1982-2001), respectively, and a much lower prevalence was registered
(1:146.000 and 1:600.000), respectively

[22, 23]

. Martiniuk et al., based their estimate of

the incidence of Pompe disease in the United States on the carrier frequency of 7, then
known, rather common GAA sequence variants among inhabitants of New York and
derived from their study an incidence 1:40.000

[20]

. However, after the most common

disease-associated GAA variant among African-Americans was identified the data of
Martiniuk was recalculated and it was argued that the prevalence of Pompe disease
among African-Americans could be as high as 1:14.000 [2, 26]. A similarly high prevalence
may also count for Taiwan where the carrier frequency was initially estimated to be
1:100 to 1:200, but later adapted based on new born screening (NBS). The overall
incidence was 1 in 17.000, and the incidence for classic infantile was 1 in 52.000 and
for other types was 1 in 25.000

[21, 27, 28]

. A recent report of NBS in Japan reported that

the incidence in that country is 1 in 34.000. In this study 103.204 newborns were
screened; three newborns were diagnosed with putative late-onset Pompe disease
and no classic infantile Pompe disease was detected

[18]

. A pilot newborn screening

study conducted in Austria using bloodspots identified 4 samples with low GAA
enzyme activity and two disease-associated GAA variants in each case. If all donors of

14
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these samples would, indeed, develop Pompe disease the prevalence in Austria would
1

be 1:8.700 [29]. Pompe disease seems to be very rare in Finland. The extrapolation from
the assumed incidences, estimates that the prevalence worldwide could be 5.00010.000 people of both genders, different ages and ethnic groups

[30]

. The incidence

of Pompe disease in its different clinical presentations and in different populations is
shown in Figure 1 and summarized in Table 1.

Figure 1. Reported incidence of Pompe disease. The incidence of Pompe disease is not exactly known, but
seems to differ by geographic region and population. The estimates are based on the number of diagnostic
cases over a given period of time#, the observed carrier frequency based on GAA sequence analysis$, or on the
number of patients identified in nationwide newborn screening programs*. Based on [18-24, 27, 28].

Table 1. Reported Incidence of Pompe Disease in Different Populations

1

Population

Reported Incidence

Reference

African American

1:14.000 (Classic infantile)

Reuser et al 2018, Hopkins et al 2015

1:40.000 (Combined)1
1:138.000 (Classic infantile)
1:57.000 (Late onset)

Ausems et al 1999, Poorthuis et al 1999

Netherlands
US

1:40.000 (Combined)

Martiniuk et al 1998

South China
Taiwan

1:50.000 (Classic infantile)
1:17.000 (Combined)
1:52.000 (Classic infantile)
1:25.000 (Late onset)

Lin et al 1987,
Chiang et al 2012, Chien et al 2015

Japan

1:34.000 (Late onset)

Momosaki et al 2019

European descent

1:100.000 (Classic infantile)
1:60.000 (Late onset)

Martiniuk et al 1998

Australia

1:146.000

Meikle et al 1999

Portugal

1:600.000

Pinto et al 2004

Combined: all Pompe disease phenotypes

GENERAL INTRODUCTION |

15

More accurate estimates of the prevalence of Pompe disease are not available at
1

present, but so far it is clear that the disease is not restricted to specific populations
or geographic areas. The world-wide distribution of Pompe disease seems mainly
determined by the natural occurrence of disease-associated variants in the GAA
gene that are carried over from parents to children. The finding of de novo variants
in affected offspring is extremely rare

[31]

. Migration has definitely played a role in the

spreading of Pompe disease. The origin and spreading of the African-American variant
c.2560C>T p.(Arg854*) has been documented best. It came from a North African tribe,
members whereof migrated Westwards to the Atlantic coast from where they were
shipped to North- and South-America as slaves [32-34]. The high incidence of this variant
among American blacks, but also its finding among Colombian patients testifies of
this event

[35]

. Other members of the tribe migrated southwards along the African

West-coast and settled in Namibia. The same variant was also identified in a family
with African-Arabian roots now living in the UK

[2]

. Likewise, the high frequency of

c.1935C>A, p.(Asp645Glu), in the Taiwanese population must have arisen by a local
founder effect, but was also encountered in patients with Asian ancestry from China,
Japan, Thailand, and other countries

[2, 36-39]

. The most common disease-associated

variant in Pompe disease is c.-32-13T>G p.(=),p.(0) (IVS1). This variant is widely spread
among Caucasians and extremely rare in other ethnicities. The incidence is typically
high in European countries, but the variant occurs also in countries where Europeans
moved to like Canada, the USA, Australia, New Zealand, South-America and others
40-43]

[35,

. Other frequently encountered disease-associated GAA variants in the Caucasian

population are the very small deletion c.525del, p.(Glu176Argfs*45), and the much
larger deletion c.2481+102_2646+31del, p.(Gly828_Asn882del), which are both
associated with the classic infantile phenotype when combined with a ‘null’ allele

[44]

.

The most common disease-associated GAA variants in particular ethnic groups are
listed in Table 2 [2].

Table 2. Common variants in particular ethnic groups
Pathogenic Variant
(DNA)

Pathogenic Variant
(Protein)

Ethnic Group

Allele
Frequency

c.1935C>A
c.2560C>T

p.(Asp645Glu)

Taiwan

0.8

Classic infantile

p.(Arg854*)

Afro-American

0.5

Classic infantile

c.525del

p.(Glu176Argfs*45)

Dutch

0.34

Classic infantile

c.2481+102_2646+31del

p.(Gly828_Asn882del)

Dutch

0.23

Classic infantile

c.-32-13T>G

p.(=), p.(0)

Caucasian

0.4-0.9

Childhood/
Adult

c.2238G>C

p.(Trp746Cys)

Chinese/
Taiwanese

0.27

Childhood/
Adult

(adapted from Reuser et al, 2018, OMMBID, Chapter 135)
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Signs and clinical spectrum of Pompe disease
1

The clinical expression of Pompe disease is dominated by skeletal muscle weakness
leading to mobility problems. Affected babies are ‘floppy’. Arm and leg muscles are
weak, and they may be difficult to feed due to ‘facial’ muscle weakness [1]. In affected
adults, a difference between proximal and distal muscle weakness is evident. The
mobility problems are mainly caused by muscle weakness in the upper legs and the
limb girdle

[45]

. Weakness of the para-spinal muscles plays a role too and can cause

scoliosis, lordosis and kyphosis in affected young children. The reason why scoliosis
is more frequent in childhood than adult patients is likely reflecting the fact that
neuromuscular scoliosis typically develops over time with increased vulnerability to
abnormal forces in a growing and developing musculoskeletal system

[46]

. Respiratory

problems due to weakness of the diaphragm are a less visible but equally serious
problem

[45]

. While the disease progresses, the vital capacity reduces, and this is most

notable in supine position

[47]

. Apart from skeletal muscle, other vital systems are

affected [48]. The floppy babies typically have cardiomegaly (a big heart) associated with
hypertrophic cardiomyopathy. The wall of the left ventricle and the cardiac septum
thicken initially, but then weaken causing cardiac dilatation and cardiac failure
49]

[1, 44,

. The picture described here for affected infants is typically called classic-infantile

Pompe disease as it addresses the phenotype originally described by Drs Pompe and
Putschar [3, 5, 50]. There is no evidence that cardiomyopathy is a prominent symptom
in any other form of Pompe disease; from childhood to adult cases. Though cardiac
involvement in children and adults with Pompe disease with the common c.-32-13T>G
variant has been reported it is considered very rare [51, 52].
Apart from skeletal muscle weakness in all forms of Pompe disease and additional
cardiomyopathy in the most severe infantile form, there are other organs involved
leading to less visible symptoms. It concerns in part problems relating to smooth
muscle pathology such as esophageal, stomach, intestinal, and bladder dysfunction,
and weakness of the blood vessel wall

[53-55]

. White matter changes were recently

reported as novel feature of Pompe disease in infants who survived far beyond the
natural expectation thanks to enzyme replacement therapy [56, 57].
In short, Pompe disease presents as a spectrum of phenotypes differing mainly by ‘yes
or no’ cardiac involvement, age at onset, rate of disease progression, and severity of
symptoms

[19, 50]

. Tables 3A and 3B provide an overview of symptoms that have been

reported in infants, children and adults with Pompe disease [2, 44, 58, 59].
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Table 3A. Common findings at presentation of Classic Infantile Pompe disease
1

Clinical signs

Frequency (%)

Left ventricular hypertrophy

83-100

Cardiomegaly

92-100

Cardiomyopathy

88

Congestive heart failure

50

Hypotonia/muscle weakness

52-96

Hepatomegaly

29-90

Respiratory distress

41-78

Macroglosia

29-62

Feeding difficulties

57

Failure to thrive
53
Reuser et al, 2018, OMMBID, Chapter 135, van den Hout et al, 2003, Kishnani et al 2006

Table 3B. Common findings in Childhood and Adult Pompe disease
System

Symptoms and manifestations
Proximal muscles weaker than distal
Lower extremities weaker that upper
Weakness common in:
o
o
o
o
o
o

Pelvic girdle/lower extremity musculature
Trunk muscles
Shoulder girdle musculature and scapular stabilizers
Neck flexors typically weaker than neck extensors
Respiratory muscles
Facial muscles

Fatigue
Muscular

Exercise intolerance
Physical limitations and functional loss of:
o
Ambulation
o
Independent transitions between positions
o

Independent breathing

Compensatory movements / deviations including:
o
Beevor sign (abnormal upward umbilicus movement upon truncal flexion
while the patient is in a supine position)
o
Positive Trendelenburg’s sign
o
Waddling gait
o
Use of modified Gower’s maneuver
Contractures
Sleep apnea
Respiratory

Decreased vital capacity
Diaphragm weakness
Dyspnea
Osteoporosis, osteopenia, low bone mineral density (BMD)
Scoliosis

Musculoskeletal

Excessive kyphosis and/or lordosis
Scapular winging
Rigid spine syndrome (RSS)

Neurological

18
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Sensorineural hearing loss (HL)

Table 3B continued.
System

Symptoms and manifestations

1

Cerebral/intracranial aneurysms, aneurysmal thrombosis
Vascular*

Lacunar encephalopathy
Dolichoectasia of basilar artery
Microhemorrhages/intraparenchymal hemorrhage
Aortic abnormalities
Cardiac hypertrophy (rare cardiomyopathy)
Abnormal heart rhythm such as:
o
Supraventricular tachycardia (SVT)
o
Wolff-Parkinson-White (WPW) syndrome

Cardiac

Hepatomegaly

Gastrointestinal/
Genitourinary

Abdominal discomfort
Constipation
Chronic diarrhea
Poor weight gain/overweight
Urinary and bowel incontinence due to weakness of anal sphincter
Muscle pain, cramps (Lower back, shoulders, upper legs/thighs)

Pain and fatigue

Mental/physical tiredness from muscle weakness
Exhaustion (fragmented sleep, daytime sleepiness)

Chan J. et al, 2017. *This maybe the case, but is currently under investigation.

From disease-associated GAA variants to clinical signs
How to explain the clinical heterogeneity of Pompe disease? The very first and wrong
hypothesis was that classic-infantile and ‘adult’ Pompe disease -initially called ‘the
muscular form of GSDII’- were two separate genetic diseases

[9, 60]

. However, later

studies provided indirect evidence that all forms of Pompe disease are related to
disease-associated variants in one and the same gene coding for acid α-glucosidase
(GAA)

[16, 61, 62]

. The GAA gene was cloned and sequence variants were identified

that differentiated, indeed, between very severe and less severe forms of Pompe
disease (discussed below)

[12, 13, 63-65]

. Cloning of the GAA gene also allowed deeper

insight in GAA protein expression, post-translational processing including proteolytic
cleavage, modification wih mannose 6-phosphate groups, and intra-cellular routing
to the lysosomes, as investigated with immuno-biochemical approaches. Diseaseassociated variants have been found to affect each of these processes, as well as basic
gene expression processes. For instance, a stretch of GAA sequence may be missing
whereby transcription of the gene into a stable messenger (pre-mRNA) becomes
impossible. Also, the introduction of a pre-mature stop codon through a mutational
event can lead to what is called ‘non-sense mediated mRNA decay’. Defects in splicing
also can play a role. The normal pre-mRNA transcript is spliced, whereby the introns
are removed and the exons linked. Defects in this mechanism, caused by base pair
changes, can lead to mRNA decay and total or partial GAA deficiency [66]. The majority
of disease-associated variants concerns missense mutations (discussed below). In
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those cases the correctly spliced mRNA is translated into GAA protein, but amino
1

acid substitutions can lead to endoplasmic-reticulum-associated protein degradation
(ERAD), or affect the fine structure of GAA so that its function is -partially- lost [67].
Essential steps in the biosynthesis of GAA are the co-translational transport of the
protein into the lumen of the endoplasmic reticulum (ER), the folding and glycosylation
at 7 positions that are encoded by the amino acid sequence Asn-Xaa-Ser/Thr, the
post-translation modification of the carbohydrate chains enabling binding to the
mannose 6-phosphate receptor and securing transport to the lysosomes

[68, 69]

, and

the proteolytic processing of GAA, which enhances the enzyme’s capacity to degrade
lysosomal glycogen. The different steps of GAA biosynthesis are depicted in Figure 2.

Figure 2. Maturation of GAA. GAA is synthesized as a precursor protein that matures by glycosylation and
proteolytic processing. The posttranslational glycosylation followed by carbohydrate modification enables
binding to the mannose 6-phosphate receptor, securing transport to the lysosomes. The proteolytic processing
enhances the enzyme’s capacity to degrade lysosomal glycogen. Adapted from [74].

20
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GAA function
1

The fraction of glycogen that is degraded by GAA is imported from the cytoplasm where
the main glycogen metabolism takes place. It is not known what signals are driving
the lysosomal import of glycogen, but the mechanism of import is through autophagy.
Cytoplasmic glycogen particles are sequestered from the bulk by a membrane that
wraps around them. The vesicle (autophagosome) moves to the lysosomes where after
the membranes of autophagosome and lysosome fuse. Glycogen enters the lysosome
where it meets GAA that by itself is brought to the lysosomes by vesicular transport from
Golgi-complex to lysosomes. Glucose, the degradation product of glycogen, is small
enough to cross the lysosomal membrane and go back to the cytoplasm (Figure 3A), but
glycogen is too big. Thus, glycogen will start to accumulate inside the lysosomes if the
GAA activity is too low to degrade it all within a certain time frame (Figure 3B).

Figure 3. How glycogen enters lysosomes via autophagy, and GAA via mannose 6-phosphate receptormediated vesicular transport. A) Breakdown of glycogen to glucose in health. B) Accumulation of glycogen in
disease. Based on [33].
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The intra-cellular biosynthesis and transport of GAA is depicted in greater detail in
Figure 4. The GAA gene is transcribed into GAA mRNA, which is then translated into
GAA protein from ribosomes that are attached to the Rough Endoplasmic Reticulum
(RER). Newly synthesized enzyme is glycosylated, phosphorylated, folded, and
processed during transport through the RER and Golgi (Figure 4, stage A). The protein
is synthesized as an enzymatically inactive precursor protein with a molecular mass of
approximately 110 kD. The precursor enters the endoplasmic reticulum while the amino
acids are being assembled, is glycosylated at the spot, and undergoes sugar chain
modifications and proteolytic cleavage. One of these latter modifications involves the
acquisition of a mannose 6-phosphate group, which allows for the recognition of
the enzyme by the mannose 6-phosphate receptor (M6P) that collects GAA at exit
from the trans-Golgi cisternae and directs it to the lysosomes (Figure 4, stage B). GAA
leaves the Golgi complex in a vesicle that delivers its content to late endosomes and
lysosomes through fusion of membranes. Once GAA has reached the late endosomes,
the receptor-ligand complex dissociates due to the low pH, and the enzyme is delivered
to the lysosomes. The mannose 6-phosphate receptor cycles back to the trans-Golgi
for the next round of sorting

[70]

(Figure 4, stage C). Figure 4 further illustrates that

the mannose 6-phosphate receptor can take a sojourn to the plasma membrane to
bind, collect, and internalize mannose 6-phosphate containing GAA from the extracellular environment by endocytosis; enzyme replacement therapy is based on this
mechanism. Endocytosis refers to a major delivery stream c.q. molecular machinery
used for the internalization of cell surface and extra cellular materials (the latter
materials are captured by receptors on the cell membrane). The plasma membrane
invaginations form a vesicle that delivers the included material to the lysosomes
73]

[71-

. Proteolytic processing of the GAA precursor takes place during transport from ER

to lysosomes and inside the lysosomes whereby the functional, enzymatic, activity
of GAA increases. The process can be followed showing the gradual appearance of
molecular forms ranging from initially 110 kD via 95 kD to 76 and 70 kD [74, 75].
GAA cleaves both the 1,4 as well as the 1,6 glucose linkages in glycogen and
disassembles the glucose polymer to monosaccharide units

[16]

. As a result of GAA

deficiency, an excessive intra-lysosomal glycogen accumulation occurs (as depicted
in Figure 3B) having a harmful impact on muscle cells, which become irreversibly
damaged (Figure 5).
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Figure 4. Synthesis and mannose 6-phosphate receptor mediated transport of GAA. A) GAA enters the
endoplasmic reticulum (ER) co-translationally where it is glycosylated and folded. B) From there, GAA is
transported via the Golgi complex where mannose residues are phosphorylated, and onwards to the lysosomes.
The proteolytic processing occurs partially en route and in the lysosomes. C) The mannose 6-phosphate
receptor secures selective transport of GAA from cis-Golgi to endosomes/lysosomes and recycles to the cisGolgi or plasma membrane. Adapted from [73, 113].

Consequences of glycogen storage
Glycogen storage is the trigger to the following complex cascade of pathologic
events

[76]

. In the simplest sense, the lysosomal system initially tries to accommodate

the excess glycogen, as it seems, by ‘growing’ in lysosomal volume. The lysosomal
system starts to dysfunction and this affects first of all the autophagic system that can
no longer deliver its contents to the lysosomes, but also the endocytic system that
communicates with the autophagic system and delivers its content derived from the
extracellular space also to the lysosomes. When these processes are blocked, the cell
ends up in chaos and secondary changes also occur in mitochondrial energy supply.
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Apparently, these changes together are so damaging to the integrity of the cell that it
1

stops functioning and dies. Initially, the lysosomal, autophagic, and lipofuscin inclusion
by itself leads to mechanical loss of muscle contractile power and muscle function.
These stages in the disease progression of Pompe disease are illustrated in Figure 5 [76].
The last step, from loss of muscle function and muscle mass to clinical signs, can
be explained by an imbalance that arises between muscle cell repair and muscle
regeneration on the one hand and continuous loss of muscle tissue at the other.
The Pompe disease variant database
The GAA gene spans approximately 20 kb and is located on the long arm of
chromosome 17q25.2-q25.3
[78]

[12, 13, 77]

. It contains 20 exons (the first exon is noncoding)

and comprises 2859 nucleotides (letters) of coding sequence for the lineup of 952

amino acids as GAA building blocks [78].
Pompe disease is an autosomal recessive disorder, which means that both inherited
GAA alleles (gene copies) need to carry a disease-associated variant before the
disease manifests itself. This happens when both parents are passing on one diseaseassociated variant to their offspring. If both parents are ‘carrier’ they have a 25% chance
that their offspring is affected [79]. As of July 2019, 562 GAA variants had been identified
and reported; of which 422 are listed as disease-associated and 140 are classified as
unknown (www.pompevariantdatabase.nl) [80].
The way in which disease-associated GAA variants result in GAA deficiency, leading
to lysosomal glycogen storage, inducing muscle damage, culminating in muscle
weakness and related clinical signs is shown in Figure 6 [15, 81].
The classic infantile form of Pompe disease is rather homogeneous in its clinical
presentation

[19, 44, 50, 58]

, but the age of onset and the age related severity of symptoms

varies substantially among childhood and adult patients (non-classic forms)

[82, 83]

. It

seems logic to assume that a combination of two very severe ‘null’ (based on the fact
that GAA enzyme activity is completely abolished) disease-associated GAA variants
results in a complete GAA enzyme deficiency (0-2%) causing classic infantile Pompe
disease, whereas a combination of less severe ‘non-null’ variants leads to less severe
phenotypes, in which some residual enzyme activity (2-25%) remains and the disease
can manifest at any time throughout life (Figure 7).
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Figure 5. From lysosomal glycogen storage to muscle pathology. GAA deficiency induces a cascade of
pathologic events starting with the lysosomal accumulation of glycogen. The ensuing lysosomal dysfunction
affects autophagy, endocytosis and other cellular processes. In addition, the formation of vacuolar inclusions
hampers muscle contraction mechanically. The muscle cells become irreversibly damaged and are locally
replaced by connective tissue. Adapted from [76].
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Figure 6. From DNA to Pompe disease phenotypes. Disease-associated GAA variants cause GAA deficiency, which results in intra-lysosomal glycogen storage that induces
muscle damage, culminating in muscle weakness and clinical signs. Depending on the nature of the variants the phenotype can manifest at very early age and be rapidly
progress, or late in adulthood with a usually slower progression. A composition of elements from several publications [15, 81] and [https://repub.eur.nl/pub/9453/].

1
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Figure 7. Genotype-phenotype correlations in Pompe disease. The left vertical axis depicts the clinical status
of the patient; from 100% symptom free to deceased; the lines indicate the declining clinical condition over
time. The right vertical axis indicates the approximate percentage of GAA activity compared to average normal.
Patients with classic infantile Pompe disease have hardly any measurable GAA activity, affected children and
adults usually more. The level of GAA activity is primarily dictated by the type and combination of diseaseassociated sequence variants on the two GAA alleles. Based on [1].

Whether such correlation exists can be investigated by systematic review of all GAA
sequence variants that have been published so far with regard to their predicted effect
or the combination in which they were identified in patients with well-described
phenotypes.
The previous version of the Pompe disease mutation database tried to keep track of
all published GAA sequence variants and, when possible, assigned to each variant a
severity rating based on functional studies, in silico analysis and/or available clinical
information

[84, 85]

. The accuracy of the predictions in this previous version of the

database has never been challenged, but was not investigated either using unanimous
criteria. Two chapters of this Thesis (Chapters 3 and 4) are devoted specifically to that
goal: they systematically review and investigate the functional effect of each listed
GAA variant not only on the basis of in silico predictions or functional assays, but
also by deciphering all the different combinations in which the variants occur in prespecified phenotypes: classic-infantile or childhood/adult Pompe disease. These two
chapters describe the extension of the updated Pompe disease GAA variant database
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at www.pompevariantdatabase.nl, which now includes a number of new features to
1

improve its utility. Most important is to distinguish GAA variants leading to total loss of
function from those leading to partial loss of function in order to assist in the diagnosis
of newborns, predict the clinical course, and provide support to geneticists, genetic
counselors, and affected families [80, 86].
From genetic modifying factors to markers of disease progression
Modifying factors, the way they are mentioned here, are circumstantial non-pathogenic
variants in the genetic constitution of patients with Pompe disease that can affect
(modify) the clinical outcome of disease severity and/or GAA deficiency independent
of the GAA genotype. For instance, some people are more muscular than others from
birth on, and some have a tendency to gain weight while others don’t. Undoubtedly,
there are numerous genetic factors and combinations thereof that co-determine the
outcome of a GAA deficiency. For instance, there could be factors affecting the onset of
symptomatology by delaying or accelerating lysosomal glycogen storage. They could
do so by variably regulating the mitochondrial balance and function or the autophagic
system

[87-89]

. Other factors may influence disease progression through their potential

effect on the repair of cell damage and the system of muscle renewal via satellite
cell activation

[90, 91]

. Obviously, none of these factors would have great impact on the

clinical course of Pompe disease when the GAA enzyme activity is totally lacking, but
when residual activity remains a modifying effect is likely. In fact, there is quite strong
evidence for the contribution of modifying factors to the clinical course since patients
with the most common disease-associated GAA genotype [c.-32-13T>G (IVS1) / ‘null’]
have been described with ages of onset varying from under 1 year to 67 years of age.
The c.-32-13T>G (IVS1) variant is the most frequent GAA variant among Caucasians
with Pompe disease and is observed in more than two-thirds of Caucasian patients
worldwide. The c.-32-13T>G transversion is located in front of the splice acceptor site
of exon 2, and results in the skipping of this exon. It also allows a low (10-15%) level of
normal splicing, which explains the late onset phenotype of the patients. [92-96]. Usually,
the IVS1 variant is combined with a ‘null’ variant on the second allele. A ‘null’ variant
can be any variant that completely abolishes GAA enzyme activity.
Recently, a novel insertion (m.317-318insCCC) in the mitochondrial D-loop region was
detected as a new mitochondrial variant that could influence disease progression in
patients with Pompe disease. This study showed that D-loop variant frequency is higher
in infantile patients than in adult patients. It seems that mitochondrial variants may have
a secondary role in the pathogenesis of Pompe disease [89]. So far, only two genes have
been identified as candidate trans-acting modifying factor by occurring in more than
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one genetic variety (allelic form). These are: 1) an insertion (I) or deletion (D) of a 2871

base-pair alu repeat within intron 16 of the angiotensin converting enzyme (ACE) gene,
resulting in an II, DI or DD genotype, and 2) the R577X polymorphism in the alphaactin-3 (ACTN3) gene, caused by a C to T transversion at position 1,747 in exon 16, and
resulting in an XX, RX or RR genotype. A first study found association between these
polymorphisms and an earlier age of onset and muscle pain, however results obtained
by a second group could not find a correlation between ACE genotype and disease
severity. It should however be noted that these results could have been influenced by
the response to ERT. Clearly, more research is required to understand the mechanism
underlying ACE/ACTN3 polymorphism, disease severity and/or response to the ERT

[97-

. The role of the ACE gene is further investigated in Chapter 5 of this Thesis, while

99]

Chapter 6 presents the results of an extensive study searching for genes that can be
used as prognostic indicator of disease progression via analysis of gene expression at the
RNA level (RNAseq analysis) in two patient populations with GAA genotype [c.-32-13T>G
/ ‘null’, in 35/39 cases], but age of onset under 8 years versus age of onset >35 years.
Diagnosis
The clinical diagnosis is based on the presentation of clinical symptoms and the
awareness of the treating physician about a rare disorder like Pompe disease. In recent
years, several patients were diagnosed among groups of patients with high CK (serum
creatin kinase level) pointing to a muscle disorder and or limb-girdle weakness of
unknown cause [100, 101]. Muscle biopsies usually reveal glycogen storage, but by hitting
a well-preserved muscle fiber bundle the diagnosis can be missed. Another pitfall of
diagnosing Pompe disease on the basis of a muscle biopsy is that the glycogen washes
out when the material is not properly fixed. Nowadays, an enzymatic GAA activity
assay in which bloodspots are used as sample source is an often used, first tier, test for
screening purposes, but not suitable for establishing the final diagnosis

[102]

. An assay

on leukocytes is more reliable for that purpose as long as the glucoamylase activity of
the granulocytes is inhibited with acarbose. The use of glycogen as natural substrate
in the assay system provides a better distinction between affected and unaffected
individuals than the use of the artificial 4-methylumbellifery α-D-glucopyranoside
substrate (4MUG), but marks individuals with a GAA2 pseudodeficiency as patients.
Cultured fibroblasts derived from a skin biopsy can also be used as diagnostic sample
source [103, 104]. They provide the most reliable results, and patients with classic-infantile
Pompe disease can be distinguished from those with less severe and less progressive
phenotypes on the basis of residual GAA enzyme activity. The functional assays based
on measuring the GAA enzyme activity using different sample types and different
procedures comparing one method with the other to determine the cut-off value
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of each assay below which the outcome is taken as positive for Pompe disease, and
1

which method applies best in cases of GAA pseudodeficiency of the gene is further
investigated in Chapter 2 of this Thesis.
DNA analysis can be applied for diagnosing Pompe disease as long it is realized that a
positive diagnosis can only be made if two GAA variants are identified, one in each GAA
allele, with affirmed pathologic effect.
The choice between enzyme activity assays as opposed to a DNA testing is partially
dependent on the diagnostic situation. In a ‘novel presenting case’ scenario an
enzyme activity assay has the advantage that it measures the functional effect of all
disease-associated GAA variants in the patient’s two GAA alleles, while some may
escape detection by DNA analysis. Currently the majority (~100%) of patients within
our center carry 2 disease-associated GAA variants, while few are known with only one
GAA variant by standard diagnostic DNA analysis. Reuser et al, 2019 recently published
that up to 10% of patients in the Pompe Registry (initiated by Sanofi-Genzyme) had
only one GAA variant identified based on standard DNA diagnostics [105]. To discriminate
between unaffected carriers and patients with Pompe disease, extended diagnostic
analyses may help to identify the second DNA variant in these rare cases (In ‘t Groen et
al., in revision). In a family scenario with an index patient and known disease-associated
GAA variants, DNA analysis is the far better method for distinguishing between (presymptomatic) affected, unaffected, and carrier than a GAA enzyme activity assays that
may fail to do so, especially in adult-onset forms of Pompe disease with high residual
GAA activity.
Therapy
Enzyme replacement therapy (ERT) with recombinant human GAA (rhGAA) was
approved in 2006 for patients across the entire clinical spectrum, after decades of preclinical research and successful Phase 3 trials. Without going into much detail, as this
would go beyond the scope of this thesis, it is generally accepted that infants benefit
from treatment as it largely prevents and reverses the hypertrophic cardiomyopathy,
improves the patients’ development and mobility, and can extend the life expectancy
by at least more than two decades in best cases. These effects have also been
demonstrated in infants that do not produce any endogenous GAA, so called cross
reactive immunological material (CRIM) negative patients. In these patients the effect
of ERT might be counteracted by the formation of anti-rhGAA antibodies [106-108]. Over
95% of affected infants treated with ERT develop antibodies against rhGAA

[109]

. CRIM

negative infants who usually develop high and sustained antibody titers tend to have
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a poor clinical outcome

[108]

. In contrast, CRIM positive patients, who synthesize a
1

defective form of GAA, usually have lower antibody titers and a better response to
ERT

[110]

. However, classic infantile Pompe disease is a very serious, life threatening

condition, and close to 50% of the infants does not survive ventilator free for more
than 5 years despite ERT. Less affected children and adults benefit from ERT by initial
gain of muscle strengths and pulmonary function, but their disease progresses albeit
more slowly than when untreated [111-113]. As in infants, the effect of ERT in children and
adults varies on a patient-to-patient basis.

AIMS OF THE RESEARCH DESCRIBED IN THIS THESIS
Over the years great progress has been made with identifying sequence variants in the
GAA gene and elucidating their effect on the natural course of Pompe disease, with
developing ERT, and with optimizing diagnostic tests.
The Erasmus MC University Medical Center in Rotterdam, The Netherlands, has been
actively involved in these activities and has, thereby, contributed substantially to the
current understanding of the disease. For instance, the rapidly expanding number of
GAA sequence variants that were discovered over the past 15 years has led to the start
of the Pompe disease mutation database and to attempts at predicting the severity of
each GAA variant.
The aims of the research described in this thesis can be summarized under the
common denominator of “elucidating the genotype-phenotype correlation in Pompe
disease”, whereto the following research questions and goals were formulated:
1.

How to diagnose Pompe disease enzymatically? A study based on diagnostic
outcomes over a period of 28 years using several sample sources and different
methods. (Chapter 2)

2.

Upgrading of the Pompe disease mutation database and facilitation of the
analysis of the genotype-phenotype correlation. A study in which all publicly
available GAA sequence data is reviewed, entered into a new format of the
Pompe disease mutation database, and pathogenic genotypes are linked to
clinical phenotypes. (Chapters 3 and 4)

3.

Does the common ACE I/D polymorphism contribute to the heterogeneity
of Pompe disease? A study in which the previously claimed impact of this
polymorphism on disease severity and effect of ERT is verified in a large
sample collection. (Chapter 5)
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4.
1

Can disease markers be identified that correlate with symptom onset? A study
wherein the genome-wide mRNA expression level of genes other than GAA
are analyzed using cultured fibroblasts of affected children and adults with
similar GAA genotypes (c.-32-13T>G / ‘null’, in 35/39 cases) (Chapter 6)

The results of these studies are discussed in broader context, overall conclusions are
drawn, and future perspective are formulated in Chapter 7.
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ABSTRACT
Pompe disease is a lysosomal and neuromuscular disorder caused by deficiency
of acid alpha-glucosidase (GAA), and causes classic infantile, childhood onset, or
adulthood onset phenotypes. The biochemical diagnosis is based on GAA activity
assays in dried blood spots, leukocytes, or fibroblasts. Diagnosis can be complicated
by additional factors such as pseudodeficiencies, i.e. GAA variants that lower GAA
activity but do not cause Pompe disease. A large-scale comparison between these
assays for patient samples, including exceptions and borderline cases, along with
clinical diagnoses has not been reported so far. Here we analyzed GAA activity in a
total of 1709 diagnostic cases over the past 28 years using a total of 2591 analyses
and we confirmed the clinical diagnoses. We used the following assays: leukocytes
using glycogen or 4MUG as substrate, fibroblasts using 4MUG as substrate, and
dried blood spots using 4MUG as substrate. In 794 individuals, 2 or more assays were
performed. We found that phenotypes could only be distinguished using fibroblasts
with 4MUG as substrate. This assay also had the lowest false positive and false
negative rates. Pseudodeficiencies caused by the GAA2 allele could be ruled out
using 4MUG rather than glycogen as substrate in leukocytes or fibroblasts. The Asian
pseudodeficiency could only be ruled out in fibroblasts using 4MUG as substrate. We
conclude that fibroblasts using 4MUG as substrate provides the most reliable assay
for biochemical diagnosis and can serve to confirm or reject results from leukocytes
or dried blood spots.
Keywords: Pompe disease, acid α-glucosidase, enzymatic diagnosis, newborn
screening.
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INTRODUCTION
Pompe disease is an autosomal recessive metabolic disorder caused by acid
α-glucosidase (GAA) deficiency, which leads to intralysosomal accumulation of
glycogen causing progressive damage especially to cardiac and skeletal muscles
3]

[1-

. Pompe disease presents as a spectrum of phenotypes. The classic infantile form
2

is associated with rapidly progressive general muscle weakness and hypertrophic
cardiomyopathy, culminating in death within the first year of life if left untreated.
Less severe and less progressive forms can manifest at any age from infancy to late
adulthood and present with proximal muscle weakness and/or respiratory problems
with minimal or no cardiac involvement [4-7]. These patients eventually lose ambulation
and become ventilator dependent. Enzyme replacement therapy with recombinant
human GAA is available and is often applied in combination with immunomodulation in
classic infantile cases to reduce the chance of antibody formation [8-11]. Early diagnosis
including phenotype prediction is required to optimize counseling and to ensure a
timely start of treatment.
Current diagnostic guidelines recommend the establishment of GAA enzyme
deficiency with additional confirmation of two disease-associated GAA variants

[12, 13]

.

Disease-associated variants, recently linked to clinical phenotypes, are listed in the
open access Pompe disease GAA variant database [www.pompevariantdatabase.nl] [14,
15]

. Different enzymatic diagnostic assays are available in which the biological material

and the choice of substrate are variables.
Biological materials can be leukocytes, dried blood spots (DBSs), fibroblasts derived
from skin biopsies, and muscle tissue. Leukocytes and DBSs are easily obtained, which is
important for timely diagnosis and treatment of classic infantile patients in connection
with newborn screening programs. However, DBSs assays are known to have both
false positive and false negative outcomes

[16]

and therefore need to be confirmed

with an independent assay. Substrates include the natural substrate glycogen, and
the artificial substrates 4-methylumbelliferyl-α-D-glucopyranoside (4MUG)
the

solution

[17]

and

(7-Benzoylamino-heptyl)-{2-[4-(3,4,5-trihydroxy-6-hydroxymethyl-

tetrahydro-pyran-2-yloxy)-phenylcarbamoyl]-ethyl}-carbamic acid tert-butyl ester
(GAA-S), a substrate used in tandem mass spectrometry for newborn screening

[18]

.

In certain cell types such as leukocytes, the neutral hydrolase glucoamylase activity
needs to be inhibited using acarbose as it interferes with the measurement of GAA
activity [19-21].
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For the interpretation of diagnostic outcome, it is important to realize that at least
two (combinations of) GAA variants can lead to pseudodeficiency. In the Caucasian
population, the GAA2 (c.271G>A) pseudodeficiency variant lowers the activity of GAA
for the natural substrate glycogen, but not for the artificial substrate 4MUG [22, 23]. In the
Asian population, the common GAA pseudodeficiency variants c.[1726G>A; 2065G>A]
can lower GAA activity to levels that come close to the disease threshold, and their
2

presence can lead to a false positive diagnosis in certain assays [21, 24, 25].
Over the past 28 years, our laboratory has processed 1709 diagnostic cases and has
diagnosed over 250 patients with Pompe disease using various assays separately and
in parallel. In this article we are presenting and reviewing all our test results of bloodbased and fibroblast-based assays from 1990 till 2018 allowing to compare the various
methods for enzymatic diagnosis and their pitfalls.

MATERIALS AND METHODS
Diagnostic materials and assay procedures
Results were obtained over the period 1990-2018. Reference ranges were developed
for each assay and are given for the different phenotypes (classic infantile, childhood,
adulthood, healthy controls). Values in between these ranges are specified as ‘gray
zone’. For fibroblasts, the reference ranges were derived from data collected over a 40
years period. For the other assays, including GAA activity in leukocytes and bloodspots,
and tetrasaccharide 6-α-D-glucopyranosyl-maltotriose (Glc4) concentration in
urine by mass spectrometry

[26]

, a period of at least 8-years was used. The study was

conducted according to the Declaration of Helsinki. The Medical Ethical Committee at
Erasmus University MC approved the study protocol, and all patients, or their parents
or legal guardians, provided written informed consent.
Activity assays were performed as previously described

[20, 26-29]

. A final concentration

of 3 µmol/L acarbose (in the reaction mixture) was used for the glycogen assay and 8
µmol/L acarbose for the 4MUG assay to inhibit glucoamylase activity present in mixed
leukocytes and which interferes with GAA activity measurements. The GAA activity in
DBS was determined in the presence of 8 µmol/L acarbose for glucoamylase inhibition
and after precipitation of hemoglobin as previously described [27, 28].
Clinical diagnosis
The clinical information of all patients with Pompe disease and the diagnostic cases
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with GAA enzyme activities above the patient range but below the control range (the
‘gray zone’) was verified to support or reject the clinical diagnosis.

RESULTS
2

Over the past 28 years, we analyzed a total of 1709 individuals using a total of 2591
assays (Figure 1). In the majority of individuals, leukocytes were used with both
glycogen and 4MUG as substrate (n=637). In 539 individuals, fibroblasts using 4MUG as
substrate were used as single assay, while in 375 individuals, leukocytes with glycogen
were used as single assay. Only 1 individual was analyzed with leukocytes using 4MUG
as substrate as single assay. 88 individuals were analyzed with all three assays, while 69
individuals were analyzed with both leukocytes/glycogen and fibroblasts/4MUG. As part
of this study we traced back the clinical data of all patients with a confirmed enzymatic
diagnosis. The following categories for the diagnoses were defined: ‘Classic Infantile’,
‘Childhood onset’ (symptom onset before the age of 18), ‘Adult onset’ (symptom onset
at 18 years and older), ‘no Pompe disease’, and ‘Unknown’. For enzymatic assays, the
following additional categories were defined: ‘Unknown/Deficient’ (i.e. the value of the
assay was deficient but it was unknown whether the individual had Pompe disease),
‘No Pompe/Deficient’ (i.e. the value of the assay was deficient but Pompe disease was
excluded based on other assays), ‘Asymptomatic/Deficient’ (i.e. the value of the assay
was deficient but the individual was asymptomatic), and ‘Gray Zone’ (the values above
patient ranges but below normal ranges).
GAA activity assay in leukocytes using glycogen as substrate
Figure 2A shows GAA activities using glycogen as substrate that were measured in
1169 individuals. Ranges (in nmol/mg/hr), taken as guidelines by our diagnostic
department, were as follows: 0-3.5, classic infantile; 0-10, childhood/adult onset;
10-40, gray zone; >40-250, normal, >250, above normal. Within the range of 0-3.5
nmol/mg/hr, there were 20 classic infantile patients, 15 with childhood onset, and 111
with adult onset Pompe disease. Two individuals were ‘unknown deficient’. Within the
range of 3.5-10 nmol/mg/hr, there were 1 classic infantile patient, 6 with childhood
onset, 20 with adult onset, 7 ‘no Pompe/deficient’, and 3 ‘unknown/deficient’. This
indicated that classic infantile patients were strongly enriched in the range of 0-3.5
nmol/mg/hr, while childhood and adult onset patients were present in both 0-3.5
and 3.5-10 nmol/mg/hr ranges. In both ranges, putative false positives were found
to a total of 12 individuals. A subset was followed up using leukocytes/4MUG and
fibroblasts/4MUG assays, and these showed mainly gray zone (7assays) and normal

ENZYMATIC DIAGNOSIS OF POMPE DISEASE

|

47

(9 assays) values, while one assay in leukocytes/4MUG showed an unknown/deficient
value. Within the range of 10-40 nmol/mg/hr, 52 individuals were classified as gray
zone, while 1 classic infantile patient was present. This patient showed values in the
patient range in leukocytes/4MUG (3.46 nmol/mg/hr) and in the classic infantile range
in fibroblasts/4MUG (0.2 nmol/mg/hr). In the normal ranges above 40 nmol/mg/hr, a
total of 921 healthy individuals were present. In conclusion, the leukocytes/glycogen
2

assay can partially distinguish between classic infantile and late onset phenotypes in
the range between 3.5-10 nmol/mg/hr, has a considerable risk of false positives, and
a low risk of false negatives.

Figure 1. Venn diagram showing how many diagnostic cases were processed with each of the 3 different
enzymatic methods. The figure shows the similarities and differences of individuals whereby the GAA activity
was measured in leukocytes with glycogen as well as with 4MUG as substrate, and in fibroblast with 4MUG.
Of note 11 assay results (5 from leukocytes with glycogen 4 from leukocytes with 4MUG, and 2 from fibroblast
with 4MUG) were not included in this comparison since they are biological replicates. DBS assays (20 assays
from 18 individuals) are not shown.
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A

2

B

Figure 2. Distribution of GAA activity in leukocytes using: A) Glycogen as substrate in the presence of 3
µmol/L acarbose (AGLU-GN+3ACB assay). A total of 1169 individuals suspected of Pompe disease were
included. B) 4MUG as substrate in the presence of 8 µmol/L acarbose (AGLU-4MUG+8ACB assay). A total of
726 individuals suspected of Pompe disease were included in this series.

GAA activity assay in leukocytes using 4MUG as substrate
In Figure 2B, the activities in leukocyte assays using 4MUG as substrate, measured in
726 individuals, are shown. The ranges (in nmol/hr/mg) in leukocytes/4MUG, taken
as guidelines by our diagnostic department, were as follows: 0.0-4.9, patients; 4.96.7, gray zone, >6.7-27, normal, >27, above normal. In the range 0.0-4.9, there were
19 classic infantile patients, 10 with childhood and 66 with adulthood onset, 2 were
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no Pompe/deficient, and 17 were unknown/deficient. The 2 individuals that were no
Pompe/deficient and the 17 individuals that were unknown/deficient were either gray
zone and/or normal when tested in leukocytes/4MUG and/or fibroblasts/4MUG. This
showed that the leukocyte/4MUG assay did not distinguish classic infantile from late
onset phenotypes and that it showed relatively frequent false positive outcomes. The
range 4.9-6.7 showed 1 childhood onset patient, 1 adult onset patient, and 57 gray
2

zone individuals. The childhood onset patient had borderline activity just above the
threshold (5.14 nmol/mg/hr) and tested in the patient range (0.365 nmol/mg/hr) in
the leukocyte/glycogen assay. The range > 6.7 nmol/mg/hr showed 548 normal and
5 above normal individuals. This indicated that the leukocyte/4MUG had a low false
negative rate, especially when the healthy range (>6.7 nmol/mg/hr) was applied.
GAA activity assay in fibroblasts with 4MUG as substrate
In Figure 3, the activities in fibroblasts using 4MUG as substrate are shown. Ranges (in
nmol/mg/hr), taken as guidelines by our diagnostic department, were as follows: 0-3,
classic infantile; 4.2-20, childhood/adulthood onset; 20-45, gray zone; >45-180, normal;
>180: above normal. In the range 0-3, there were 77 classic infantile patients, 8 patients
with childhood and 3 with adulthood onset. One patient with childhood onset had an
activity in between 3-4.2. In the range 4.2-20, there were 1 classic infantile patient,
18 with childhood onset and 108 with adulthood onset. There were 6 asymptomatic/
deficient individuals. These individuals may develop symptoms later in life, as symptom
onset in Pompe disease can be highly variable. Two of these individuals were also tested
using leukocytes/glycogen and 4MUG, and in both individuals, these two assays yielded
gray zone values. This indicated that the fibroblasts/4MUG assay could distinguish
classic infantile from childhood/adulthood onset patients to a large extent, and between
childhood and adulthood patients to a lesser extent. In the range >20-45 nmol/hr/mg,
there were 61 gray zone individuals, while all individuals with values >45 nmol/hr/mg
were normal indicating low false positive and false negative outcomes of this assay.
GAA activity assay in DBS
Table 1 shows the results of dried blood spot (DBS) assays in 18 individuals with Pompe
disease. Ranges (in pmol/17h/ml) were 11-56, patients; 56-94, gray zone; 94-448,
normal. In 15 cases (12 classic infantile, 2 childhood, 1 with an unknown phenotype),
GAA activity was in the patient range, while three individuals (patients 30-32, who had
classic infantile Pompe disease) were in the gray zone. However, all individuals including
individuals 30-32 tested in the patient range in leukocytes with glycogen as substrate.
One sample, from patient 32 was measured three times, of which one was in the patient
range and 2 in the gray zone. Fibroblasts from this patient showed activity in the patient
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range and DNA analysis of this patient and patients 30 and 31 confirmed the presence
of two severe GAA disease-associated variants (Table 2 and Suppl. Fig S1). These results
indicated that the DBS had a relatively high false negative rate (16.7 % in this analysis).

2

Figure 3. Distribution of GAA activity in fibroblast using the artificial substrate 4-methylumbellife-ryl-α-Dglucoside (4MUG) (AGLU-4MUGassay). A total of 695 individuals suspected of Pompe disease were included
in this series.

Table 1. GAA activity in Pompe patients measured in DBS and leukocytes
DRIED BLOOD SPOT (DBS)
Patient

AGLU-4MUG+8ACB

BGAL

LEUCOCYTES
AGLU-GN+3ACB

BGAL

Clinical diagnosis

(pmol/17h/ml)

(pmol/17h/
ml)

(nmol/hr/mg)

(nmol/hr/
mg)

15

30.8

4730

1.6

152

Classic infantile Pompe disease

16

48.8

2480

1.0

131

Childhood onset Pompe disease

17

13.8

2860

-0.1

162

Classic infantile Pompe disease

18

25.2

2520

0.8

129

Classic infantile Pompe disease

19

17.4

1660

5.0

147

Classic infantile Pompe disease

20

11.4

1380

1.2

192

Classic infantile Pompe disease

21

10.6

1780

-1.1

174

Classic infantile Pompe disease

22

27.8

3100

-0.2

192

Classic infantile Pompe disease

23

14.6

2040

-1.6

167

Classic infantile Pompe disease

24

12.9

2950

0.3

207

Classic infantile Pompe disease

25

25.4

3920

0.1

172

Classic infantile Pompe disease

26

28.6

3710

2.8

104

Childhood onset Pompe disease

27

25

4990

0.9

222

Unknown

28

8.51

3060

1.2

161

Classic infantile Pompe disease

29

41.5

4700

-0.4

181

Classic infantile Pompe disease

30

59.4

3620

-2.0

225

Classic infantile Pompe disease

ENZYMATIC DIAGNOSIS OF POMPE DISEASE

|

51

Table 1 continued.
DRIED BLOOD SPOT (DBS)

BGAL

(pmol/17h/ml)

(pmol/17h/
ml)

(nmol/hr/mg)

(nmol/hr/
mg)

58.6

6050

-1.1

169

85.3

4710

68

5230

-0.7

139

48.6

3250

Normal
range

94 - 448

476 - 4680

Patient
range

11 - 56

88

31
32*

2

BGAL

LEUCOCYTES
AGLU-GN+3ACB

Patient

AGLU-4MUG+8ACB

Clinical diagnosis

Classic infantile Pompe disease
Classic infantile Pompe disease
Classic infantile Pompe disease
Classic infantile Pompe disease

>40 - 250

50 - 326

Classic Infantile:
0 - 3.5
Childhood/Adult:
0 - 10

0.6 - 6.3

Cases 30-32 were borderline inconclusive using the DBS, but were positively confirmed with leukocytes as sample
source. Patient 32 showed variable measurements of GAA activity and BGAL in DBS (technical replicates were
performed). Patient 16 and 26 were diagnosed with childhood Pompe disease, and individual 27 was classified as
Unknown/Deficient due lack of clinical information. Red: values within the patient range.

Table 2. Follow up of three cases with inconclusive DBS data.

Genotype DNA (protein)

Predicted severity
(Pompe disease GAA
variant database)

c.1460T>C p.(Phe487Ser);

Potentially less severe

Likely pathogenic

c.1460T>C p.(Phe487Ser)

Potentially less severe

Likely pathogenic

c.379_380del
p.(Cys127Leufs*18);

Very severe

Patient

30

31

32

c.525del
p.(Glu176Argfs*45)

Very severe

c.2481+102_2646+31del
p.(Gly828_Asn882del);

Very severe

c.525del
p.(Glu176Argfs*45)

Very severe

ACMG variant
classification

AGLU-4MUG
(nmol/hr/mg)

Clinical
diagnosis

0.432

Classic infantile
Pompe disease

0.35

Classic infantile
Pompe disease

0.415

Classic infantile
Pompe disease

Pathogenic
Pathogenic
Pathogenic
Pathogenic
Normal Range

Ranges (GAA activity)

Fibroblast
(GAA activity)

>45 - 180

Classic Infantile

0-3

Childhood/Adult

4.2 - 20

DNA analysis and GAA activity in cultured fibroblasts left no doubt that all three patients had classic infantile Pompe
disease.

GAA2 pseudodeficiency
Individuals with pseudodeficiencies can give false positive outcomes in GAA enzyme
assays. To illustrate this, we compared individuals with confirmed presence of the
GAA2 (c.271G>A) and Asian c.[1726G>A; 2065G>A] pseudodeficiencies using different
GAA activity assays.
In 4 individuals with the GAA2 variant at heterozygous state without other known GAA
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disease-associated variants, activities were in the gray zone (2 cases) or in the normal
range (2 cases) in leukocytes/glycogen (Table 3). In leukocytes/4MUG, 1 case had
activity in the gray zone, and 3 in the normal range. In fibroblasts/4MUG, 3 patients
were tested, 2 of whom were in the normal range and one (individual 4) in the patient
range. This indicated that the GAA2 allele at heterozygous state can already lower
GAA activity in leukocyte-based assays to values in the gray zone. Individual 4 had a
2

medical record of hypertrophic cardiomyopathy. Follow up using genetic testing led
to the identification of a disease-associated variant in exon 19 (c.1831G>A, p.E611K)
of the MYBPC1 gene (Myosin Binding Protein C, Slow Type), which plays an important
role in muscle contraction and cardiac conduction. We suspect that individual 4 may
contain a yet unidentified 2nd GAA disease-associated variant.

Table 3. GAA enzyme activity in leukocytes and fibroblast from individuals carrying the GAA2 pseudodeficiency
allele (c.271G>A p.(Asp91Asn))
Enzymatic Assay
Individual/
Patient
(Gender)

LEUKOCYTES
Genotype DNA (protein)

Clinical diagnosis
FIBROBLAST

AGLU-GN+3ACB

AGLU4MUG+8ACB

AGLU-4MUG

(nmol/hr/mg)

(nmol/hr/mg)

(nmol/hr/mg)

1 (M)

c.271G>A p.(Asp91Asn)

36.2

7.9

61.7

No Pompe disease

2 (M)

c.271G>A p.(Asp91Asn)

46.6

8.5

50.4

No Pompe disease

3 (M)

c.271G>A p.(Asp91Asn)

77.6

12.2

N.D.

No Pompe disease

4 (M)1

c.271G>A p.(Asp91Asn)

24.0

5.7

19.5

No Pompe disease

5 (M)

c.271G>A p.(Asp91Asn);
c.271G>A p.(Asp91Asn)

7.6

10.9

49.8

No Pompe disease

6 (M)*

c.271G>A p.(Asp91Asn);
c.271G>A p.(Asp91Asn)

4.4/7.7

11.1

86.9

No Pompe disease

7 (F)

c.271G>A p.(Asp91Asn);
c.-32-13T>G p.(=), p.(0)

2.2

6.1

25.9

No Pompe disease

8 (M)

c.271G>A p.(Asp91Asn);
c.-32-13T>G p.(=), p.(0)

4.1

N.D.

51.0

No Pompe disease

9 (F)

c.271G>A p.(Asp91Asn);
c.-32-13T>G p.(=), p.(0)

4.7

6.5

53.5

No Pompe disease

10 (F)

c.271G>A p.(Asp91Asn);
c.-32-13T>G p.(=), p.(0)

6.6

N.D.

53.1

No Pompe disease

11 (F)2

c.271G>A p.(Asp91Asn);
c.-32-13T>G p.(=), p.(0);
c.1076-22T>G p.?

5.7

N.D.

33.3

No Pompe disease

12 (F)

c.271G>A p.(Asp91Asn);
c.-32-13T>G p.(=), p.(0);
c.1447G>A p.(Gly483Arg)

1.5

1.9

7.6

Adult onset Pompe
disease

>40 - 250

>6.7 - 27

>45 - 180

Normal range
Ranges

Patient range

Classic Infantile:
0 - 3.5
Childhood/Adult:
0 - 10

1.1 - 4.9

Classic
Infantile: 0 - 3
Childhood/
Adult: 4.2 - 20

1
Unaffected by Pompe disease, but a disease-associated variant was found in the MYBPC1 gene, which is associated
with cardiac hypertrophy.
2
Unaffected by Pompe disease. * The biological replicate was 7.7 nmol/hr/mg in leukocytes using glycogen as substrate.
Red: values within the patient range.
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In individuals that were homozygous for GAA2 (number 5 and 6), GAA activities were in
the patient range in leukocytes/glycogen, but in the normal range in leukocytes/4MUG
and in fibroblasts/4MUG (Table 3). In individuals that were compound heterozygous
for GAA2 in combination with a second disease-associated GAA variant (numbers
7-11), GAA activities were in the patient range in leukocytes/glycogen in all cases
(individual 11 contained an additional GAA variant classified as childhood when
2

combined with a null allele according to www.pompevariantdatabase.nl) (Table 3). In
leukocytes/4MUG and fibroblasts/4MUG, values were either in the gray zone or in
the normal range. This highlights that the GAA2 pseudodeficiency at homozygous
or compound heterozygous state can give false positive outcomes when using the
leukocyte/glycogen assay, while correct outcomes can be obtained by using either
the leukocytes/4MUG or fibroblast/4MUG assays. Patient 12 contained 2 GAA diseaseassociated variants in addition to the GAA2 allele at heterozygous state, and showed
GAA values in the patient range in all three assays consistent with the diagnosis of
Pompe disease (adulthood onset).
Asian c.[1726G>A; 2065G>A] pseudodeficiency
Individual 13 was compound heterozygous and individual 14 homozygous for the
Asian c.[1726G>A; 2065G>A] pseudodeficiency (Table 4). In both cases, assays using
leukocytes, either with glycogen or with 4MUG as substrate, resulted in activities in the
patient range, while activities in fibroblasts/4MUG were in the gray zone, just above the
patient range. Additional diagnostic analyses showed that individual 13 had normal CK,
ASAT, and ALAT levels, but slightly elevated TGLC levels. Individual 14 did have elevated
CK, ASAT, and ALT levels but normal TGLC levels. Both individuals were diagnosed not
to have Pompe disease based on the diagnostic information and the lack of clinical
signs associated with Pompe disease. This indicated that the presence of the Asian
pseudodeficiency can seriously affect the diagnostic outcome of enzymatic assays
that are based on leukocytes, independent of the substrate used.
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Patient range

Normal range

c.1726G>A p.(Gly576Ser); c.2065G>A
p.(Glu689Lys)

c.1726G>A p.(Gly576Ser); c.2065G>A
p.(Glu689Lys);

c.-32-13T>G p.(=), p.(0)

c.1726G>A p.(Gly576Ser); c.2065G>A
p.(Glu689Lys);

Genotype DNA (protein)

Enzymatic assay

Childhood/Adult:
0 - 10

Classic Infantile:
0 - 3.5

>40- 250

18.7

1.1- 4.9

>6.7- 27

3.9

3

(nmol/hr/mg)

(nmol/hr/mg)

9.6

AGLU-4MUG+8ACB

AGLU-GN+3ACB

LEUKOCYTES

Childhood/
Adult: 4.2- 20

Classic Infantile:
0-3

>45- 180

20.75

22

(nmol/hr/mg)

AGLU-4MUG

FIBROBLAST

50

W>17
years:
<31
M>17
years:
<37

W>17
years:
<170
M>17
years:
<200

27-34

(U/l)

ASAT

992

58-104

(U/l)

CK

M>17
years:
<41

W>17
years:
<31

57

19-32

(U/l)

ALAT

Ancillary Studies
Plasma

Urine

No Pompe
disease
0.8

> 20 years:
2.3-130

> 20 years:
0-2.2

No Pompe
disease

Clinical
diagnosis

2.3*

(mmol/mol
creatinine)

TGLC

GAA activities were measured both in leukocytes using the natural and artificial substrates as well as in cultured fibroblasts. *2th measurement of TGLC was 5.1 and a 3rd measurement was
11.6 mmol/mol creatinine. Red: values within the patient range.

Ranges

14
(M, 53 y)

13
(F, 74 y)

Individual
(Gender,
age in
years)

Table 4. Lack of diagnosis in cases with the Asian pseudodeficiency (c.1726G>A and c.2065G>A)
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DISCUSSION
We compared the outcome of different assay procedures for measuring the GAA
activity in various sample types using different substrates measured at the Erasmus
MC in the last 28 years. The pro’s and con’s of the different diagnostic procedures are
discussed below.
2

Blood based assays
Leukocytes
We used leukocyte pellets for diagnostic purposes and applied both glycogen as well
as 4MUG as substrate

[27]

. The results presented in Figure 2A and 2B illustrate that a

diagnosis can be established in most cases and with both substrates if proper cutoff
values are chosen. As previously suggested by van Diggelen et al [27], our long-term data
also demonstrate that the dynamic range is broader with glycogen than with 4MUG.
None of the two assays fully discriminate between classic and milder (childhood,
adult) phenotypes, but by using both assays in parallel, pseudodeficiencies caused
by the Caucasian GAA2 allele can be excluded (Figure 4B). Another pseudodeficiency
that complicates the assay is the Asian c.[1726G>A; 2065G>A] pseudodeficiency. This
problem applies to all enzymatic procedures used.
Bloodspots
In our patient cohort, 3 (16.7%) of 18 patients (assays 30-32 in Suppl. Figure S1) came out
as false negative in the DBS assay but were correctly diagnosed with other diagnostic
methods. Analysis of the activity of a second lysosomal enzyme (for instance BGAL) as
reference enzyme may help to judge the outcome of the assay. For example, a normal
GAA activity should not be trusted if the reference enzyme shows activity outside of
the normal ranges. In such an event additional assays are required.
Despite the ten times higher activity of GAA for glycogen compared to 4MUG, the
small sample size of the bloodspot assay precludes the use of glycogen for DBS testing
due to the lower sensitivity of the colorimetric assay used with glycogen compared to
the fluorimetric detection using 4MUG. The tandem mass spectrometry methodology,
employing GAA-S has proven to be a valuable alternative

[18]

. A recent refinement of

that method was reported to separate 96% of the Taiwanese newborns with GAA
pseudodeficiency and all Pompe disease carriers from patients with Pompe disease
[30]
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Skin fibroblast assays
Figures 2 (A, B) and 3 clearly demonstrate that the combination of fibroblasts as
diagnostic material and the fluorimetric assay using 4MUG as artificial substrate
provide the most robust and reliable enzymatic assay for diagnosing Pompe disease. In
the majority of cases it distinguishes classic infantile Pompe disease from non-classic
phenotypes on the basis of residual activity, while none of the other methods do. Assays
2

with intermediate GAA activity were likely derived from Pompe disease carriers. DNA
analysis usually provides a clear answer in these cases, but some remained unsolved.
For instance, in individual 13, that carried the Asian pseudodeficiency c.[1726G>A;
2065G>A] in combination with the IVS1 variant, biochemical results suggested Pompe
disease while clinical signs did not, but it leaves doubt whether adult/late onset Pompe
disease can be fully ruled out in this patient.
Conclusions and recommendations
We conclude that cultured skin fibroblasts provide the best sample source. Leukocytes
isolated from peripheral blood are the second-best diagnostic sample source, but
the reaction mixture needs to contain acarbose to inhibit glucoamylase. The use
of glycogen as natural substrate enhances the resolution between affected and
unaffected, but GAA2 pseudodeficiency occurs in the Caucasian population and has
to be excluded by also using 4MUG as substrate in case of exceptionally low GAA
activity (Figure 4B). The implementation of DBSs has enabled (newborn) screening,
and several analytical methods have proven their value as first tier test. There is general
agreement that additional tests remain necessary to finally establish the diagnosis. For
reasons mentioned in the text, we advise to conduct genetic testing in addition to any
type of enzymatic testing, as recommended recently by the EPOC consortium [32].
The recommended diagnostic flow is as follows: 1) start with leukocytes using 4MUG
and glycogen as substrate; 2) confirm with DNA analysis, in which two diseaseassociated variants should be present, while a pseudodeficiency does not qualify as
disease-associated variant; 3) if there is doubt, for example when values are close
to the gray zone or when a DNA variant is unknown, use fibroblasts as confirmation
(Figure 4A, B).
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A

2

B

Figure 4. Flow chart for diagnosis of Pompe disease. A) General flow chart. B) Flow chart for cases with
pseudodeficiency.
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SUPPLEMENTARY TEXT
Pseudodeficiencies and borderline cases
c.271G>A (GAA2): common Caucasian background
Table 3 lists individuals that contained the GAA2 pseudodeficiency allele. In individuals
1-4, only the GAA2 variant was detected in heterozygous state but no other disease2

associated GAA variant were detected. GAA enzyme activities were generally low
and in some cases in the gray zone, but above the patient range in all three assays
(leukocytes using 4MUG or glycogen as substrate and fibroblasts using 4MUG as
substrate), except for individual 4. This person showed an activity that was within the
patient range in fibroblasts using 4MUG a substrate (19.5 nmol/mg/hr, patient range
4.2-20), while the activity was slightly above the disease threshold in leukocytes using
4MUG as substrate. This individual was diagnosed not to have Pompe disease. The
genetic testing led to the identification of a disease-associated variant in exon 19
(c.1831G>A, p.E611K) of the MYBPC1 gene (Myosin Binding Protein C, Slow Type). The
GAA enzymatic diagnostic outcome remained enigmatic.
Individual 5 and 6 were homozygous for GAA2. In both cases, the activity for glycogen
was within the patients’ range, but for 4MUG in the normal range. Also based on the
normal activity in cultured fibroblasts, both cases were diagnosed not to have Pompe
disease.
Individual 7-10 were compound heterozygous for GAA2 and c.-32-13T>G (IVS1). Also
in these cases, the activities using glycogen as substrate were in the patient range, but
activities using 4MUG as substrate were in the normal range or gray zone.
Individuals 11 and 12 contained the GAA2 allele in heterozygous state in addition to
two disease-associated variants. Case 11 concerned an unaffected of six children, two
females of whom have the adult Pompe disease phenotype. DNA analysis of the mother
revealed the presence of two disease-associated variants on one GAA allele c.[-3213T>G; 1076-22T>G] and the GAA2 variant on the other. The activity in leukocytes was
in the patient range when measured with glycogen as substrate, but in the gray zone
(33.3 nmol MU/hr/mg) when measured in fibroblasts with 4MUG as substrate. She was
diagnosed not to have Pompe disease. Case 12 demonstrated GAA deficiency in all
three assays and was diagnosed with adult onset of Pompe disease. She contained
[c.271G>A; c.-32-13T>G on one allele, and the disease-associated variant c.1447G>A
p.(Gly483Arg) on the other. This was supported by her clinical history, mentioning
unbalanced walking at the age of 26 years, progressing to difficulty with running,
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respiratory involvement at the age of 43, and weak back and walking difficulties one
decade later. She developed walking disability and started ERT at the age of 64 years.
In conclusion, the pseudodeficiency GAA2 allele can lower GAA enzyme activity
measurements when using glycogen as substrate, but not when using 4MUG as
substrate. This can result in values within the patient range when using leukocytes
2

with glycogen as substrate in patients that carry a disease-associated variant on one
allele and GAA2 on the second allele.
c.1726G>A and c.2065G>A: common Asian background
Individual 13 was referred at the age of 73 and was compound heterozygous for
c.[1726G>A, c.2065G>A] and c.-32-13T>G (IVS1) (Table 4). Activities in leukocytes were
in the patient range, both when using glycogen and 4MUG as substrate. The activity in
fibroblasts was just above the patient range in the gray zone. This individual also had
elevated urinary glucose tetrasaccharide levels, but no pathology in a muscle biopsy.
Individual 14 was referred at the age of 60 and was homozygous for c.[1726G>A,
c.2065G>A]. GAA enzyme activity was in the patient range in leukocytes with 4MUG as
substrate but not with glycogen as substrate; in fibroblasts the activity was just above
the patient range. This case also had elevated CK, ASAT, and ALAT levels. Both cases
did not display clinical signs of Pompe disease and were diagnosed not to have Pompe
disease. They illustrate the difficulty of GAA diagnosis solely based on biochemical
assays.
Genetic analysis
DNA sequence analysis has become an alternative or supportive diagnostic tool
in Pompe disease. We recently extended the Pompe mutation database, now
termed the Pompe disease GAA variant database, with clinical information [www.
pompevariantdatabase.nl]

[1]

. There are at least two reasons not to put DNA analysis

first in line. First, two disease-associated GAA variants cannot always be identified by
standard diagnostics, for example when the variant is located in an intron [2]. Second,
it is not always known whether the variant is disease-associated, despite the large
number of variants listed at www.pompevariantdatabase.nl and at the LOVD.
Our present studies focused on the performance of various enzymatic procedures
for diagnosing Pompe disease. The pro’s and con’s of various genetic procedures are
largely known and we mention them only briefly. Sequencing of only the GAA exons
and adjacent regions bears the risk that disease-associated variants in the promoter
sequences or deeper intronic sequences are missed. This may be approached using
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analysis at the mRNA level as shown by us previously

[2, 3]

. Another limitation is the

identification of variants of uncertain significance (VUS) necessitating the performance
of an expression assay

[4, 5]

. NGS procedures, developed for disease specific gene

panels, are gaining field, but their application is expected to increase the number
of VUSs. The great advantage of an enzymatic assay over DNA analysis is that the
enzymatic assay captures in principle all disease-associated GAA variants in one.
2

However, when it comes to carrier detection and genetic counseling in families with
an index Pompe case, DNA analysis is essential since the activity ranges of carriers and
healthy individuals show overlap [6].
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Supplementary Figure S1. Series of assays used for diagnosis of patient 32. DBSs, leukocytes and fibroblasts were analyzed as well as the Glc4 content of urine. 1 = pathogenic
variant from the mother, 2= pathogenic variant from the father, * a pilot study by DBS showed GAA activity in the grey zone, and BGAL activity higher than normal ranges.
Technical replicates were therefore performed (**), as well as assays in leukocytes using glycogen or 4MUG (plus acarbose) as substrate and in fibroblast with 4MUG as substrate.
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to clinical severity
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ABSTRACT
Pompe disease is an autosomal recessive lysosomal storage disorder caused by
disease-associated variants in the acid alpha-glucosidase (GAA) gene. The current
Pompe mutation database provides a severity rating of GAA variants based on in silico
predictions and expression studies. Here, we extended the database with clinical
information of reported phenotypes. We added additional in silico predictions
for effects on splicing and protein function and for cross reactive immunologic
material (CRIM) status, minor allele frequencies, and molecular analyses. We
analyzed 867 patients and 562 GAA variants. Based on their combination with a
GAA null allele (i.e. complete deficiency of GAA enzyme activity), 49% of the 422
disease-associated variants could be linked to classic infantile, childhood, or adult
phenotypes. Predictions and immunoblot analyses identified 131 CRIM negative and
216 CRIM positive variants. While disease-associated missense variants were found
throughout the GAA protein, they were enriched up to seven-fold in the catalytic
site. Fifteen percent of disease-associated missense variants were predicted to
affect splicing. This should be confirmed using splicing assays. Inclusion of clinical
severity rating in the Pompe mutation database provides an invaluable tool for
diagnosis, prognosis of disease progression, treatment regimens, and the future
development of personalized medicine for Pompe disease.
KEYWORDS cardiac and skeletal muscle disorder, genotype‐phenotype relationship,
glycogen storage disease type II, lysosomal storage disease, www.pompecenter.nl
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INTRODUCTION
Pompe disease or glycogen storage type II (MIM# 232300) is an autosomal recessive
disorder caused by deficiency of acid α-glucosidase (GAA; NP_000143.2). Partial or
complete GAA deficiency is caused by disease-associated sequence variants in the
GAA gene, resulting in lysosomal glycogen accumulation in many cell types, with
profound pathology in cardiac and skeletal muscle.
Pompe disease presents as a spectrum of phenotypes. Classic infantile patients have
a rapidly progressing phenotype, with hypertrophic cardiomyopathy and general
muscle weakness. Without therapy, these patients die within the first year of life.
3

Pompe patients with symptom onset at childhood or adulthood have a more slowly
progressive disease, leading to mobility problems and respiratory difficulties, but
generally without hypertrophic cardiomyopathy. Most of these patients will become
ventilator and wheelchair dependent at some point in time (Gungor & Reuser, 2013;
Hirschhorn & Reuser, 2001; Schoser et al., 2015).
The standard treatment for Pompe disease is enzyme replacement therapy (ERT) with
recombinant human GAA (rhGAA). In classic infantile Pompe disease, ERT reduces
cardiac hypertrophy, improves survival, and helps to achieve important developmental
milestones that were previously unmet (Chakrapani, Vellodi, Robinson, Jones, & Wraith,
2010; Kishnani et al., 2009; Van den Hout et al., 2000). Numerous studies in children
and adults have shown improvement of muscle strength, stabilization of pulmonary
function, decreased fatigue and extended survival. However, there is variation in
response and not all patients respond equally well (Broomfield et al., 2016; de Vries
et al., 2012; Gungor et al., 2013; Gungor et al., 2016; Hahn et al., 2018; Kuperus et
al., 2017; Papadopoulos et al., 2017; Regnery et al., 2012; Stepien, Whitby, Roberts,
& Sharma, 2015; Strothotte et al., 2010; van Capelle et al., 2010; van der Ploeg et al.,
2010).
Patients who do not produce detectable GAA protein are termed cross reactive
immunologic material (CRIM) negative. In these patients, both alleles carry a CRIM
negative variant, and the phenotype is per definition classic infantile. Whereas
CRIM positive patients have at least one disease‐associated GAA variant that allows
expression of GAA protein, the protein produced is enzymatically inactive due to
misfolding, defects in glycosylation, defects in intracellular routing to the lysosome,
and so forth. The second allele in CRIM positive patients can contain either a CRIM
positive or a CRIM negative GAA variant. CRIM positive patients who have no detectable
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GAA enzyme activity develop a classic infantile phenotype, whereas patients with a
childhood or adult phenotype still retain some enzymatic activity and are therefore
always CRIM positive. CRIM negative infants have a greater tendency to develop anti‐
GAA neutralizing antibodies compared to CRIM positive infants (Kishnani et al., 2010;
van Gelder et al., 2016). Therefore, it is important to establish the CRIM status of GAA
variants.
The rapidly expanding number of GAA sequence variants that have been discovered
over the past 15 years has provided the basis for the establishment of the Pompe
disease mutation database at www.pompevariantdatabase.nl. The present version of
the Pompe mutation database lists all known GAA variants and provides a prediction
3

of pathogenicity based on results obtained by in silico prediction algorithms, from the
measured effect on GAA synthesis and enzymatic function when expressed in vitro,
and from the type of variant. This approach resulted in a rating system with six different
categories ranging from “very severe” to “nonpathogenic” (M. Kroos et al., 2008; M. A.
Kroos et al., 2012). Here, we have extended the in silico predictions by analyzing all GAA
variants using Alamut software for effects on RNA processing and protein function,
and used these in silico predictions as well as published data to report or predict CRIM
status. We scrutinized the literature and report clinical phenotypes that are associated
with GAA variants. The results of our study described here have been included in the
update of the Pompe mutation database, that will from now on be referred to as the
“Pompe disease GAA variant database” under the link (www.pompevariantdatabase.
nl). The improved database should help doctors, genetic counselors and scientists to
better predict disease outcome in patients diagnosed with Pompe disease. As well as
providing new insight into variant severity, it will also improve prediction of prognosis
in newborn screening programs, and support decision‐making on therapeutic
intervention.
The results of our study described here have been included in the update of the Pompe
mutation database, that will from now on will be referred to as the “Pompe disease
GAA variant database” under the same link (www.pompecenter.nl). The improved
database should help doctors, genetic counselors and scientists to better predict
disease outcome in patients diagnosed with Pompe disease. As well as providing new
insight into variant severity, it will also improve prediction of prognosis in newborn
screening programs, and support decision-making on therapeutic intervention.

72

| CHAPTER 3

METHODS
Annotation of variants
Variant annotations and classification conform to recommendations of the human
genome variation society (HGVS) according to update 2016 (den Dunnen et al., 2016).
NM_000152.3 was used as reference sequence for GAA mRNA. Annotation of variants
present in intronic regions were based on the LRG_673 reference sequence. Position
c.1 represents the first nucleotide of the translation start codon ATG located in exon 2.
NP_000143.2 was used for annotation of GAA protein variants.
Minor allele frequency and reference SNP number
3

Minor allele frequency (MAF) was examined using dbSNP, Exac, Genome of the
Netherlands (GoNL), ESP, and HGVD, with 1 January 2017 as last entry. The MAF reported
in the database was based on the highest MAF score seen in any of the aforementioned
databases. The link for the most recent information on MAF has been provided in the
database. Reference SNP (RS) numbers, when available, are also provided.
In silico prediction of pathogenicity
These were performed using Alamut software. Missense predictions were performed
using Mutation Taster, SIFT, and Align GVGD.
Splicing prediction
Splice variants were defined as intronic positions −1 and −2 relative to the canonical
splice acceptor site, and intronic positions +1 and +2 relative to the canonical splice
donor site. So far, all splice variants defined in this way had been listed as “very severe”.
To better evaluate variants’ possible effect on pre‐mRNA splicing, we reevaluated
all variants using Alamut® software and provided this information in the database
(Algorithms used are listed in Table S1). Splice predictions were deemed to potentially
affect splicing when at least two of the five algorithms predicted more than a 10%
difference in splice site strength as described previously (Bergsma et al., 2015). In some
cases it was possible to use the literature to retrieve functional evidence of variants
that affect splicing. These findings were added to the column “biochemical evidence
of pathogenicity”.
Prediction of CRIM status
If CRIM status had been determined experimentally by endogenous protein (i.e.,
immunoblot) or RNA expression (i.e., RT‐qPCR) analysis, this was indicated at the
“variant info” page under “biochemical evidence of CRIM status” or “biochemical
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evidence of pathogenicity”, respectively. We also predicted CRIM status based on the
type of variant for all variants, and reported this in the database. Variants that caused a
frame shift were predicted to be CRIM negative. Missense variants were predicted to be
CRIM positive, provided that no effect on splicing was predicted. Known and predicted
splice variants were classified with an “unknown” CRIM status, unless experimental
evidence was reported on expression of in‐frame mRNA transcripts. Please note that
a) all prediction need to be confirmed experimentally. For example, it is known that
certain variants that cause a premature stop codon can escape nonsensemediated
decay. In those cases, the actual CRIM status could be positive rather than negative.
It is also known that splicing outcome is difficult to predict (e.g., see Bergsma et al.,
2015). b) the CRIM status of a patient is determined by two disease‐associated variants,
3

and all patients with symptom onset at childhood or adulthood have some residual
GAA enzyme activity. For this reason, these patients always have a CRIM positive status,
caused by the presence of at least one CRIM positive variant.
Patient classification and phenotypic information
We classified published patient information based on the criteria stated in Gungor
and Reuser (2013). Patients were classified with classic infantile Pompe disease if
they presented symptoms at or under 12 months of age, and had evident signs of a
hypertrophic cardiomyopathy (cardiac enlargement visible on chest X‐ray, evidence of
hypertrophy by echography). Patients were classified with childhood Pompe disease
if the age of symptom onset was before 18 years of age and evident hypertrophic
cardiomyopathy was absent. Patients were classified with adult Pompe disease if the
first symptoms presented at the age of 18 years or later. If specific clinical information
was reported in the literature, it was included in the database as indicated. Since familial
connections were not always clearly stated in publications, no familial connections
were taken into account and all cases were reported independently. We did all we could
to avoid duplicating patients who had been described in more than one publication. It
nonetheless remains possible that some duplicate cases were not detected.
Availability of the data
The open access Pompe disease GAA variant database is available at www.pompecenter.
nl. In addition, all variants and patient phenotypes associated with the variants are
included in the Leiden Open Variation Database (LOVD) at www.lovd.nl/gaa.
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RESULTS
Overview of the updated Pompe database
A flow chart for the criteria used for clinical severity rating is given in Figure 1a. Clinical
severity rating of variants was performed based on patients with two identified GAA
variants, at least one of which was a null allele, which is defined as a GAA variant who’s
protein product lacks any detectable GAA enzyme activity. The classification of null
alleles (listed in Table S2) was made based on their association with the classic infantile
phenotype. In some cases data have been reported that are derived from site directed
mutagenesis of GAA expression constructs, but no patients have been reported that
have such variant. In those cases, the clinical phenotype was classified as “unknown”.
3

When patients were reported but the second GAA allele was not a null allele, was not
reported or had an unknown severity, the clinical phenotype was classified as unknown
(disease‐associated). In those cases, the variantdoes causePompe disease because
patientshave beenreported, and thus this variant is disease ‐associated. However the
variant cannot be associated to a certain phenotype because the contribution of
the second allele to the phenotype is unknown. The updated open access Pompe
disease GAA variant database is available at www.pompevariantdatabase.nl. The main
access page contains the most essential information, including a) the location of the
variant based on exon or intron number, b) the DNA, RNA and protein nomenclature
according to the recommendations of the HGVS (version 2016) (den Dunnen et al.,
2016), c) the predicted severity, d) the phenotype when combined with a null alelle,
e) the CRIM status according to literature reports or based on prediction according to
type of variant, and f) links to the variants and to the patients described in the literature.
(Figure 1b).
The link to variants includes the type of variants, their predicted severity, the phenotype
of variants when combined with a null allele, biochemical evidence and in silico
prediction of (non‐) pathogenicity, MAF, RS‐number, biochemical evidence and in silico
prediction of CRIM status, splicing prediction for all variants using different prediction
algorithms, severity predictions for all missense variants, and the link to publications
on the variant. The link to patients contains the clinical phenotype of patients found
in the literature with that variant in combination with a second disease‐associated
variant, additional clinical symptoms, the patients’ geographical location, and the link
to publications in which the patient was reported. The extended database includes
an analysis of all data contained in the Pompe disease mutation database. Eight new
variants have been added since the last update in May 2016 (Table S3).
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Figure 1: The Pompe Disease GAA Variant Database. (A) Flowchart for determining the clinical severity rating
in the updated database. (B) Screenshot of the updated Pompe Disease GAA Variant database home page at
www.pompevariantdatabase.nl

Analysis of GAA variants based on clinical phenotype
Of the total number of 562 described variants, 422 are listed as disease‐associated.
We analyzed types of GAA variants according to their RNA and protein nomenclature
(HGVS version 2016), and stratified these based on the clinical phenotype, being classic
infantile, childhood, or adult (Figure 2). The variants present in a total of 867 patients
were analyzed (Figure S2). In 49% of patients with Pompe disease reported in the
mutation database (data not shown), the second GAA allele contained a null allele, and
these patients were used for clinical severity rating of GAA variants. The reason for this is
as follows. Usually, the second allele is a null allele, from which no residual GAA enzyme
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activity is produced. Any residual GAA enzyme activity is caused by the first allele. In this
way, the disease‐associated variant on the first allele can be rated. When the second
allele would also have residual GAA enzyme activity, both alleles will contribute to the
total residual GAA enzyme activity, and it would not be possible anymore to attribute the
activity and the clinical severity rating to one of the two alleles. The remaining 140 of 562
GAA variants are classified as unknown (Table S4). The nondisease‐associated variants
include alleles such as the Caucasian variant c.271G>A (GAA2; MAF 0.02), and the Asian
GAA variants c.1726G>A (MAF 0.0179) plus c.2065G>A (MAF 0.08797; Table S5). These
variants have previously been shown to lower GAA enzymatic activity to some extent,
however, they cannot cause Pompe disease (M.A. Kroos et al., 2008; Shigeto et al., 2011;
Swallow et al., 1989; van Diggelen et al., 2009).
3

First, we performed stratification of GAA variants. At the RNA level, substitutions were
the predominant type of variants in all three phenotype groups. Other types of variants
including splicing variants and deletions were present at a lower percentage without
a clear trend relative to the phenotype. At the protein level, analysis of substitutions
showed that the largest fraction was represented by missense variants, followed by
nonsense variants, again without a clear trend relative to the phenotype. In 15% of
cases, splicing prediction of disease‐associated missense variants revealed possible
effects on splicing (Figure S1). The total number of unique variants was similar between
the three phenotype groups and ranged from 134 in adult to 154 in childhood and
173 in classic infantile patients. A different result was obtained when the number of
patients with a certain type of variant was plotted per disease onset group. The variants
in all patients with a known phenotype were analyzed (Figure S2). We note that two
GAA variants per patients were counted. A typical adult patient contains one null
allele and one less severe allele, whereas a classic infantile patient contains two null
alleles. In this case, the percentage of patients with a splicing variant (intron variant)
increased from less than 1% in the classic infantile group to 18% in the childhood group
and 44% in the adult group (Figure 2b). At the protein level, this effect was reflected
at the level of the category deletion (translation initiation site), as the IVS1 variant
causes skipping of the translation initiation site‐containing exon 2. This effect can be
attributed to the large number of childhood and adult Caucasian Pompe patients with
the splicing (intron variant) variant c.‐32‐13T>G (IVS1). This variant leads to partial or
complete skipping of exon 2 during GAA pre‐mRNA splicing, which has been described
previously (Bergsma et al., 2015; Boerkoel et al., 1995; Dardis et al., 2014; Huie, Chen,
Brooks, Grix, & Hirschhorn, 1994; van der Wal, Bergsma, Pijnenburg, van der Ploeg, &
Pijnappel, 2017; van der Wal, Bergsma, van Gestel et al., 2017).
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Figure 2: Frequencies of GAA variants and patients with specific GAA variants, stratified for disease severity.
(A) Frequencies of unique variants, classified at the RNA level (upper panel) and protein level (lower panel). The
consequences of variants that affect pre-mRNA splicing was only included in specific categories (e.g. deletion,
insertion, frameshift) at the protein level if experimental evidence was available. A list of all included categories
is shown in Supp. Table S6. (B) Frequencies of variant types in patients, classified at the RNA level (upper panel)
and protein level (lower panel). Two GAA alleles per patient were counted. Please note that 1) only one GAA
allele could be counted in patients with an unknown second GAA variant; and that 2) the allele was counted
twice in patients with a homozygous genotype
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CRIM status of classic infantile variants
The CRIM status of a Pompe patient is determined by the combined effect of both GAA
variants: a CRIM negative patient has by definition two CRIM negative variants. A CRIM
positive patient has either one CRIM positive (and one CRIM negative) or two CRIM
positive variants. Only for a limited number of variants, experimental evidence of CRIM
status, either by immunoblot or by RT‐PCR analyses, has been published. This resulted
in 46 CRIM negative, and 15 CRIM positive variants (Figure 3a,b). At the RNA level,
predominant categories for CRIM negative variants with experimental evidence were
substitutions, splicing (splice donor site), deletions, and duplications (Figure 3a). At the
protein level, most of these variants were substitutions (nonsense) or frameshifts, both
of which cause premature translation initiation sites, whereas substitutions (missense)
3

were absent (Figure 3b). For CRIM positive variants with experimental evidence, most
variants were substitutions or splicing variants. At the protein level, most variants were
classified as substitutions (missense) or deletions. A small fraction of CRIM positive
variants were frameshifts, suggesting that in these cases the nonsense‐mediated decay
pathway did not completely degrade the mRNA.
Prediction of CRIM status was performed on the basis of the variants’ effects on the
reading frame, but it should be noted that experimental validation is needed for these
cases. 201 variants were predicted to be CRIM positive, and these were substitutions
(missense) and deletions. Eighty‐five GAA variants were predicted to be CRIM negative,
the majority of which were frameshift and substitution (nonsense) variants. The total
numbers of classified variants that is those determined experimentally and those
predicted were 216 CRIM positive variants (62%) and 131 CRIM negative variants (38%).
Distribution of disease-associated variants along the GAA gene
Figure S3 shows that disease‐associated variants are distributed throughout the GAA
RNA (Figure S3A) and protein (Figure S3B) with a slight enrichment in exons 4‐16
relative to the flanking exons. A similar pattern was obtained when the distribution of
variants was plotted along exons according to clinical severity (Figure S3C). For introns,
disease‐associated variants were found in all introns except for intron 5, without a
clear pattern (Figure S3D). We note that intronic variants are rarely investigated at the
functional level and that only the exon flanking regions are sequenced in standard
diagnostic analysis.
However, mapping of disease‐associated substitution (missense) variants to functional
GAA protein domains (Figure 4a), showed a strong enrichment (up to seven‐fold) in the
catalytic sites relative to the N‐terminal signal peptide and the C‐terminal distal β‐sheet
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(Figure 4b). Variants associated with the classic infantile phenotype showed a similar
enrichment in the catalytic sites. When GAA variants in ExAC and dbSNP databases
(which contains both diseaseassociated and non disease‐associated variants) were
plotted, no such enrichment in the catalytic domain was observed (Figure 4c). These
results are in line with the critical function of the catalytic core for GAA enzyme activity.

3

Figure 3: Distribution of CRIM positive and CRIM negative variants per variant type at the RNA level (A) and
protein level (B). Left panels in (A) and (B): predicted variants; right panels: experimentally tested variants. CRIM,
cross reactive immunologic material
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3

Figure 4 Distribution of missense variants along the GAA protein. (a) Cartoon of the GAA gene indicating
the locations of exons. Dark brown regions indicate the 5′and 3′untranslated regions. The translation start
codon is indicated as c.1 in exon 2. The second cartoon indicates the GAA protein domains and the sites
modified by M6P residues. (b) The distribution of disease‐associated variants in GAA protein domains according
to frequency and clinical severity rating. Numbers are corrected for the length of each domain. (c) as (b), but
now for all GAA variants, including both disease‐associated and non‐disease‐associated missense variants, listed
in the ExAc database
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Geographic distribution of the most common disease-associated GAA variants
Table 1 shows the most common disease‐associated variants per severity (when
combined with a null allele), their geographical distributions, and their linked
phenotypes. We note that two CRIM negative alleles are required to give rise to a CRIM
negative phenotype. Variants associated with the classic infantile phenotype include
the very common variants c.525del (Caucasian, CRIM negative), c.1935C>A (Asian,
CRIM positive), and c.2481_102_2446+31del (delex18; Caucasian, CRIM positive).
Other common variants associated with the classic infantile phenotype include the
CRIM negative variants c.2560C>T (Latin American and African/African American),
c.1411_1414del (Asian), and c.2237G>A (Caucasian), and the CRIM positive variants
3

c.925G>A, c.1933G>A, c.784G>A, and c.1655T>C (all mostly Caucasian).
Three common variants that are classified as either associated with the classic infantile
or childhood phenotypes include c.1064T>C (Caucasian), c.670C>T (Caucasian and
Asian), and c.1561G>A (Asian). Variants associated with the childhood phenotype
include the common variants c.1857C>G, c.796C>T (both Asian), c.‐32‐3C>A (Caucasian
and Latin American), c.875A>G (Caucasian), and c.1082C>T (Asian).
Variants that are associated with the childhood or adult phenotypes are strongly
dominated by the c.-32-13T>G (IVS1) variant (Caucasian and Latin American). This
variant is present in 86% (253/294) of patients in this category. Other common
variants associated with the childhood or adult phenotype include c.2238G>C
(Asian), c.2014C>T and 2173C>T (both Caucasian), and c.1634C>T (Caucasian and
Asian). Variants associated with the adult phenotype include the common variants
c.2647‐7G>A (Caucasian) and c.1585_1586delinsGT (Asian). This analysis demonstrates
that common disease‐associated variants can be found for each phenotype and
geographical region.
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Table 1. Frequency and geographical distribution of most common GAA variants
Phenotype with
a null allele

DNA nomenclature

c.525del
c.2560C>T
Classic infantile
c.1411_1414del
(CRIM negative)
c.2237G>A

29
1

Total
Phenotype with
a null allele

Caucasian
(n)

DNA nomenclature

5
35
Caucasian
(n)

c.1935C>A
c.2481+102_2646+31del

c.925G>A
Classic infantile
c.1933G>A
(CRIM positive)
c.784G>A
c.1655T>C *
Total
Phenotype with
a null allele

Childhood

9

1

4

9

1

African/AfricanLatinAmerican (n)
American (n)
3
1
1
1
1
7

2
2
72

African/AfricanLatinAmerican (n)
American (n)
2

Caucasian
(n)

Asian
(n)
6
5

African/AfricanLatinAmerican (n)
American (n)

DNA nomenclature
c.1857C>G
c.796C>T
c.-32-3C>A
c.875A>G
c.1082C>T

DNA nomenclature
c.-32-13T>G

Childhood or
Adult

Asian
(n)
68

1
3
1

1
3

5

15

Caucasian
(n)

Asian
(n)

Undetermined
(n)

1
3

Asian
(n)
3
3
3
9

Total
Phenotype with
a null allele

1
11
1
13

African AfricanLatinAmerican (n)
American (n)

Caucasian
(n)
9
3
1
Total
13

DNA nomenclature

c.1064T>C
Classic infantile c.670C>T
or Childhood c.1561G>A

Phenotype with
a null allele

20
7
4
4
5
40

Asian
(n)

Undetermined
(n)
1

1

Total
(n)
68
24
8
7
7
6
120
Total
(n)
14
6
4
24

Undetermined
(n)

Total
(n)
6
5
4
4
4

3

Undetermined
(n)

Total
(n)

8

253

224

3

c.2238G>C
c.2014C>T
c.1634C>T

7
3

21
1
2

1

c.2173C>T

5
239

27

1

19

8

294

Caucasian
(n)

Asian
(n)

African
/AfricanAmerican (n)

LatinAmerican (n)

Undetermined
(n)

Total
(n)

Total

Phenotype with
a null allele

DNA nomenclature

Adult

c.2647-7G>A
c.1585_1586delinsGT
Total

9

21
8
6
1

9
4
4

3

23

3

18

30
15
11
6
62

Undetermined
(n)

2

African/AfricanLatinAmerican (n)
American (n)

Total
(n)

6

9
4
13

*The c.1655T>C variant has been classified to be associated with the classic infantile phenotype, although we note that
three patients have been reported that carry this variant and showed a childhood onset phenotype.
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DISCUSSION
This study describes the extension of the Pompe mutation database (now named: Pompe
disease GAA variant database) www.pompevariantdatabase.nl, which now includes
a number of new features to improve its utility. First, by linking variants to the patient
information reported in the literature, we have extended severity ratings with the clinical
phenotype. Second, we have added information on the MAF, geographical distribution,
onset and types of clinical symptoms; and have performed predictions for a) effects on
splicing, b) severity of missense variants, and c) CRIM status. Third, we have provided
separate lists of null alleles, variants with an ‘unknown’ clinical severity rating, and variants
that can lower the activity of GAA without being capable of causing Pompe disease.
3

An important asset of the database which is freely accessible online is that it provides
comprehensive information on the genotypephenotype relationship. In the previous
version of the database, the severity of the majority of GAA variants was predicted in silico.
For a subset of variants, expression studies were available. The extended database now
considers the clinical consequences of a GAA variant, and it enables a better judgment
of the potential severity of variants. This is important for several aspects related to the
diagnosis and treatment of Pompe disease as outlined below.
Novel aspects of the database
Clinical information
Pompe disease has a broad spectrum of disease onset and symptoms. It is important to
be able to distinguish between classic infantile and late onset phenotypes, because the
classic infantile phenotype is so severe that immediate treatment with ERT is required.
This is reflected by severe muscle weakness and hypertrophic cardiomyopathy, which
results in death within the first year of life if left untreated due tot cardiorespiratory
insufficiency. It has also become evident that classic infantile patients slowly develop
abnormalities in the central nervous system as detected using nuclear magnetic
resonance, which can result in diminished intellectual performance (Ebbink et al.,
2018). When patients have a late onset form of Pompe disease, at present it cannot
be accurately predicted when symptoms will a rise and how severe these will be. It is
therefore important to collect the clinical information on specific disease‐associated
variants to better understand the genotype–phenotype relationships. These aspects
are relevant for newborn screening programs and genetic counseling.
In silico predictions
Whereas clinical information is crucial for judging the severity of GAA variants, in
silico predictions can be helpful as they can provide part of the evidence that leads
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to determination of the severity of variants. In addition, in silico predictions can
provide evidence for the underlying mechanism involved in the disruption of GAA
enzyme activity. For example, splicing predictions can point to possible effects on
splicing of variants that would normally not be suspected of such effects. In particular,
missense variants are often not evaluated for their effect on splicing, whereas several
reports have suggested that missense variants can often affect splicing (Lim, Ferraris,
Filloux, Raphael, & Fairbrother, 2011; Soukarieh et al., 2016). Also in Pompe disease,
we recently described a missense variant (c.1075G>A; p.G359R) that appeared to
be disease‐associated mainly because it affects splicing rather than changing the
amino acids sequence. The effect of this variant was predicted in silico, and this was
experimentally confirmed (Bergsma et al., 2015). On the other hand, predictions can
3

also fail, such as is the case for the IVS1 variant, which has an experimentally confirmed
effect on splicing that cannot be predicted in silico (Boerkoel et al., 1995; Dardis et
al., 2014; Huie et al., 1994; van der Wal, Bergsma, Pijnenburg et al., 2017; van der
Wal, Bergsma, van Gestel et al., 2017). In addition, comparison of predictions of the
severity of amino acid changes with expression studies revealed failure of at least
two out of three prediction programs to predict the experimentally found deleterious
effect on GAA enzyme activity. This was the case for the following GAA missense
variants: c.307C>T, c.307C>G, c.380G>T, 701C>G, c.947A>T, c.1040C>G, c.1381G>A,
c.1456G>C, c.1834C>T, c.1905C>A, c.2105G>T, and c.2210C>A. Conversely, there
were also variants for which in silico programs predicted a deleterious effect, while
expression studies showed no effect on enzyme activity. These variants included c.
664G>A, c.2132C>G. Finally, it is known that the strength of unnatural transcription
termination signals depends on the adjacent sequences andthatsuchsignal canbe
‘leaky’, reinforcing theneed forexperimental confirmation (Dabrowski, Bukowy‐
Bieryllo, & Zietkiewicz, 2015). In all these cases, it is important to know whether a
variant has some residual enzyme activity, whether the GAA protein is still expressed,
or whether it is completelydeleterious. This is crucial tomake a distinction between the
classic infantile and late onset forms of Pompe disease, and within the classic infantile
population, to distinguish between CRIM positive and CRIM negative patients.
CRIM status
CRIM negative classic infantile patients generally have a poorer prognosis compared to
CRIM positive classic infantile patients when treated with ERT. One of the explanations
is the tendency of CRIM negative patients to form high antibody titers during ERT
(Kishnani et al., 2010; van Gelder et al., 2016). This can be explained by the lack of any
endogenous GAA protein in CRIM negative patients, which results in the recognition
of rhGAA by the immune system and the generation of rhGAA‐specific antibodies.
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However, most CRIM positive patients with Pompe disease also develop anti‐rhGAA
antibodies, likely due to posttranslational differences between the endogenous
GAA protein and rhGAA, although on average the antibody titers are lower in CRIM
positive patients compared to CRIM negative patients (Kishnani et al., 2010; Poelman
et al., 2018). Antibodies have the potential to interfere with ERT by binding to rhGAA
and thereby neutralizing its activity and/or uptake by muscle cells. This has led to
the exploration of immune modulating strategies before the start of ERT in classic
infantile patients (Elder et al., 2013; Mendelsohn, Messinger, Rosenberg, & Kishnani,
2009; Messinger et al., 2012), in particular in CRIM negative patients. At least 32%
of disease‐associated variants listed in the database have been shown or predicted
to be CRIM negative. Whereas the majority of missense variants is predicted to be
3

CRIM positive, missense variants that affect splicing may be CRIM negative if they fully
abrogate canonical splicing and change the reading frame to introduce a premature
stop codon. For experimental validation of variants CRIM status, future efforts should
focus on performing standardized assays such as immunoblot analysis combined with
sensitive detection. As the generation of leaky wild type splicing can be detected by
RT‐PCR analysis and is indicative of a CRIM positive status, such validation should
also include splicing analysis (Bergsma, van der Wal, Broeders, van der Ploeg, & Pim
Pijnappel, 2018), such as the splicing assay for GAA that has been reported by us
previously (Bergsma et al., 2015).
MAF
The extended database now also includes information on the MAF of variants. In
general, a MAF of <1% is required for a variant to be considered disease‐associated,
because otherwise there would be many more patients then found in reality. Relatively
high MAFs can be seen in the case of certain disease‐associated GAA variants that are
more frequent. The IVS1 variant, associated with late onset Pompe disease, is truly
disease‐associated but is clearly enriched in the Caucasian population with a MAF of
up to 0.8%. Similarly, c.1935C>A, a disease‐associated variant associated with classic
infantile Pompe disease is enriched in the Asian population with a MAF of 0.17%. Novel
variants for which the severity is unknown should first pass the MAF <1% rule, and
this is a useful fast criterium to determine whether the variant could be considered
disease‐associated or not. This rule also applies to variants that can lower GAA activity
but not sufficiently to be truly disease‐associated (meaning they can cause Pompe
disease) on their own. These include the GAA2 (c.271G>A) (MAF up to 4.9%) variant
in the Caucasian population and c.1726G>A; c.2065G>A allele (MAF up to 14%) in
the Asian population, both of which are variants that lower GAA enzyme activity to
some extent (M. A. Kroos et al., 2008). Considering their MAF and modest effect on
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GAA activity, they cannot be considered diseaseassociated variants with sufficient
deleterious effect to cause Pompe disease. As screening and diagnostic procedures
involve 4MU as substrate, these variants can cause false‐positive results that can be
excluded using second tier DNA analysis.
Geographical information
We have analyzed the geographical distribution of diseaseassociated variants and this
indicated distinct sets of variants in Caucasian and Asian populations. For instance,
the IVS1 variant is frequent in the Caucasian population but absent in people from
Asian descent, whereas the opposite is true for c.1935C>A. In countries with mixed
populations, it is difficult to attribute variants to a certain descent. For example, in Latin
3

America, indigenous populations are mixed with Caucasians and people from African
and Asian descent. Many populations including those from Africa, Russia, China, and
more areas are currently not covered by the database as it mostly includes variants
found in patients from Europe, North America, Australia, Taiwan, and Japan. For future
diagnostic purposes in other countries, it will be important to extend the database
beyond the current geographical regions.
Identification of disease-associated variants
There are a number of patients in which only one GAA variant has been identified. It
is important to stress that this does not imply that Pompe disease can be caused by
only a single diseaseassociated variant. This is evident from the lack of symptoms in
carriers, such as the parents of Pompe patients. Most likely, lack of identification of a
second disease‐associated GAA variant is caused by variants that are not detected by
standard DNA diagnostics. Currently, standard DNA diagnostic analysis involves Sanger
sequencing of exonic regions. This means that intronic regions, 5′ and 3′ untranslated
regions, and the GAA promoter are not examined, all of which could in principle harbor
disease‐associated variants. A first clue to the presence of such variant can be provided
by analysis at the mRNA level, which can reveal splicing events or a lack of mRNA
expression. We have shown that such analysis is useful for detection of deep intronic
variants and for elucidating splicing events in fibroblasts (Bergsma et al., 2015), but in
principle such analysis may also be performed in blood. Small deletions are analyzed
using multiplex ligation‐dependent probe amplification or DNA‐qPCR at diagnostic
departments, but other chromosomal aberrations such as deletions/duplications or
uniparental disomy are currently not systematically analyzed. SNP arrays have recently
been shown to be useful for the detection of such cases, which also occur in Pompe
disease and may be useful to include in standard DNA diagnostics (Labrijn‐Marks et al.,
2019).
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Utilization of the database for future personalized medicine
Like ERT with rhGAA, next‐generation therapies are now under development. Clinical
trials have started for modified versions of rhGAA, such as avaglucosidase alpha (former
neoGAA; made by Sanofi Genzyme); and ATB200/AT2221 (made by Amicus), which
combines rhGAA with a chaperone to improve the stability of ERT. When used as single
treatment without ERT, chaperones could be used to treat a subpopulation of Pompe
patients with certain missense variants by preventing degradation of endogenous
GAA by the endoplasmatic reticulum‐associated protein degradation pathway. The
structure of rhGAA, which was solved recently (Roig‐Zamboni et al., 2017), should
aid the design of next generation chaperones for personalized treatment, a process
that will be greatly supported by information in the Pompe mutation database. When
3

disease‐associated missense variants were mapped on the GAA structure, we found
enrichment of deleterious variants in the catalytic domain, which is important for GAA
enzyme activity. The signal peptide/propeptide is involved in protein targeting and
activation (Choo, Tan, & Ranganathan, 2005), while the trefoil domain is found in a
number of extracellular proteins (http://pfam.xfam.org/family/PF00088) and forms a
secondary substrate binding site (Roig‐Zamboni et al., 2017). Given their (potential)
importance, it is surprising that a relatively low percentage of disease‐associated
missense variants was found in the signal peptide/propeptide and trefoil domains.
Nevertheless, these domains also contained deleterious variants, which may be relevant
for the idea that chaperones could be designed for trefoil domain variants that would
have enhanced specificity compared to catalytic domain chaperones, because the
catalytic domain is conserved in neutral glycosidases that would mediate undesired
side effects when targeted with a chaperone (Roig‐Zamboni et al., 2017). If approved,
other potential therapies currently under preclinical development may, depending on
the predicted phenotype, be the most suitable for certain types of Pompe patients.
These include AAV‐mediated gene therapy directed toward the diaphragm (Corti et al.,
2017) or the liver (Puzzo et al., 2017), hematopoietic stem cell‐mediated lentiviral gene
therapy (van Til et al., 2010), and splice switching antisense oligonucleotides for the
common c.‐32‐13T>G (IVS1) variant and for other more rare childhood/adult variants
(van der Wal, Bergsma, Pijnenburg et al., 2017; van der Wal, Bergsma, van Gestel et
al., 2017). It will be important to continue updating and improving the database as it
forms an important reference point for research on genotype‐phenotype relationships,
diagnostics, treatment regimen, and clinical trial design.
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Supplementary data
3

Supplementary Figure S1: Splicing prediction of missense variants. Alamut® software was used, in which the
cutoff for a predicted effect on splicing is met when two or more of the five prediction algorithms predict a
difference in strength greater than 10%, as described previously (Bergsma, et al., 2016).

Supplementary Figure S2. Overview of the number of patients and their phenotypes used in this study.
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3

Supplementary Figure S3: Distribution of variants in the GAA gene. (A) Frequencies of RNA variant types per
exon. Numbers are corrected for the length of the exons. (B) As (A), but now at the level of protein. C) As (A)
but now according to clinical severity rating. (D) Distribution of disease-associated variants within GAA intronic
regions adjacent to the exons on the basis of clinical severity rating. Due to the lack of sequencing coverage of
large introns, the frequency of variants within the GAA intronic regions is not corrected for intron size.
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0

0,4

0

65

Alamut 2.4.2

Splice Site Finder-like

Max Ent Scan

NNSPLICE

Gene Splicer

Human Splicing Finder

Prediction method

5’ donor threshold

[0-100]

[0-15]

[0-1]

[0-12]

[0-100]

-

Range

65

0

0,4

0

70

-

3’ acceptor threshold

Supplementary Table S1, Algorithms used to predict impact on splicing
Range

[0-100]

[0-15]

[0-1]

[0-16]

[0-100]

-

Website

http://www.umd.be/HSF/

http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml

http://www.fruitfly.org/seq_tools/splice.html

http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html

http://www.genet.sickkids.on.ca/~ali/splicesitefinder.html

http:// http://www.interactive-biosoftware.com/doc/alamut-visual/2.4/splicing.html
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Location

DNA nomenclature

RNA nomenclature

Protein nomenclature

GAA and part of
CCDC40

Ch37/hg19:g.78,056,048_
78,094,854delins14bp

r.(-212_*551del)

p.(0)
p.(Cys8Profs*24)

exon 2

c.18_25del

r.(18_25del)

exon 2

c.118C>T

r.(118c>u)

p.(Arg40*)

exon 2

c.136T>C

r.(136u>c)

p.(Ser46Pro)
p.?

exon 2

c.147_859-12del

r.spl

exon 2

c.172C>T

r.(172c>u)

p.(Gln58*)

exon 2

c.236_246del

r.(236_246del)

p.(Pro79Argfs*13)

exon 2

c.266G>A

r.(266g>a)

p.(Arg89His)

exon 2

c.307T>G

r.(307u>g)

p.(Cys103Gly)
p.(Cys103*)

exon 2

c.309C>A

r.(309c>a)

exon 2

c.340_341insT

r.(340_341insu)

p.(Lys114Ilefs*32)

exon 2

c.377G>A

r.(377g>a)

p.(Trp126*)

exon 2

c.378G>A

r.(378g>a)

p.(Trp126*)

exon 2

c.379_380del

r.(379_380del)

p.(Cys127Leufs*18)
p.(Tyr133*)

exon 2

c.399C>A

r.(399c>a)

exon 2

c.421C>A

r.(421c>a)

p.(Leu141Met)

exon 2

c.506T>C

r.(506u>c)

p.(Leu169Pro)

exon 2

c.525del

r.(525del)

p.(Glu176Argfs*45)

exon 2

c.525_526del

r.(525_526del)

p.(Asn177Profs*11)
p.?

intron 2

c.546+2T>C

r.spl

intron 2

c.546+2_546+5del

r.spl

p.?

exon 3

c.573C>A

r.(573c>a)

p.(Tyr191*)

exon 3

c.650C>T

r.(650c>u)

p.(Pro217Leu)

exon 3

c.655G>A

r.(655g>a)

p.(Gly219Arg)

exon 3

c.685_686insCGGC

r.(685_686inscggc)

p.(Arg229Profs*102)

intron 3

c.692+1G>A

r.spl

p.?
p.(Leu239Argfs*29)

exon 4

c.716del

r.(716del)

exon 4

c.722_723del

r.(722_723del)

p.(Phe241Cysfs*88)

exon 4

c.742del

r.(742del)

p.(Leu248Profs*20)

exon 4

c.784G>A

r.(784g>a)

p.(Glu262Lys)

exon 4

c.827_845del

r.(827_845del)

p.(Ile276Thrfs*32)
p.(Thr277Alafs*45)

exon 4

c.829_851del

r.(829_851del)

intron 4

c.859-2A>T

r.spl

p.?

exon 5

c.872T>C

r.(872u>c)

p.(Leu291Pro)

exon 5

c.877G>A

r.(877g>a)

p.(Gly293Arg)

exon 5

c.896T>G

r.(896u>g)

p.(Leu299Arg)
p.(Leu299Pro)

exon 5

c.896T>C

r.(896u>c)

exon 5

c.923A>C

r.(923a>c)

p.(His308Pro)

exon 5

c.925G>A

r.(925g>a)

p.(Gly309Arg)

exon 5

c.935T>G

r.(935u>g)

p.(Leu312Arg)

exon 5

c.953T>C

r.(953u>c)

p.(Met318Thr)
p.(Trp330Gly)

exon 6

c.988T>G

r.(988u>g)

exon 6

c.998C>A

r.(998c>a)

p.(Thr333Lys)

exon 6

c.1062C>G

r.(1062c>g)

p.(Tyr354*)

intron 6

c.1076-1G>C

r.spl

p.?

exon 7

c.1099T>C

r.(1099u>c)

p.(Trp367Arg)

exon 7

c.1101G>A

r.(1101g>a)

p.(Trp367*)

exon 7

c.1115A>T

r.(1115a>u)

p.(His372Leu)
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Supplementary Table S2 continued.
Location

DNA nomenclature

RNA nomenclature

exon 7

c.1120T>C

r.(1120u>c)

Protein nomenclature
p.(Cys374Arg)

exon 7

c.1124G>T

r.(1124g>u)

p.(Arg375Leu)

exon 7

c.1128_1129delinsC

r.(1128_1129delinsc)

p.(Trp376Cysfs*16)

exon 7

c.1129G>C

r.(1129g>c)

p.(Gly377Arg)
p.(Val387Glyfs*119)

exon 7

c.1157dup

r.(1157dup)

intron 7

c.1194+2T>C

r.spl

p.?

intron 7

c.1195-19_2190-20del

r.spl

p.?

intron 7

c.1195-2A>G

r.spl

p.?

exon 8

c.1199_1210del

r.(1199_1210del)

p.(Val400_Asn403del)
p.(Gln401Arg)

exon 8

c.1202A>G

r.(1202a>g)

exon 8

c.1209C>G

r.(1209c>g)

p.(Asn403Lys)

exon 8

c.1209del

r.(1209del)

p.(Asn403Lysfs*37)

exon 8

c.1210G>A

r.(1210g>a)

p.(Asp404Asn)

exon 8

c.1211A>G

r.(1211a>g)

p.(Asp404Gly)

exon 8

c.1214T>C

r.(1214u>c)

p.(Leu405Pro)

exon 8

c.1222A>G

r.(1222a>g)

p.(Met408Val)

exon 8

c.1316T>A

r.(1316u>a)

p.(Met439Lys)

exon 8

c.1322_1326+9del

r.spl

p.?

intron 8

c.1326+1G>A

r.spl

p.?
p.?

intron 8

c.1327-2A>G

r.spl

exon 9

c.1356del

r.(1356del)

p.(Ser454Alafs*23)

exon 9

c.1377_1379del

r.(1377_1379del)

p.(Asp459del)

exon 9

c.1385T>C

r.(1385u>c)

p.(Leu462Pro)

exon 9

c.1396del

r.(1396del)

p.(Val466Phefs*11)

exon 9

c.1396G>T

r.(1396g>u)

p.(Val466Phe)

exon 9

c.1408_1410del

r.(1408_1410del)

p.(Asn470del)
p.(Glu471Profs*5)

exon 9

c.1411_1414del

r.(1411_1414del)

exon 9

c.1432G>A

r.(1432g>a)

p.(Gly478Arg)

exon 9

c.1437G>C

r.(1437g>c), r.(spl?)

p.(Lys479Asn), p.(?)

intron 9

c.1437+2T>C

r.1327_1437del

p.(Asp443_Lys479del)

exon 10

c.1441del

r.(1441del)

p.(Trp481Glyfs*39)
p.(Trp481Arg)

exon 10

c.1441T>C

r.(1441u>c)

exon 10

c.1456_1468del

r.(1456_1468del)

p.(Ala486Serfs*30)

exon 10

c.1465G>A

r.(1465g>a)

p.(Asp489Asn)

exon 10

c.1465G>T

r.(1465g>u)

p.(Asp489Tyr)

exon 10

c.1509_1511del

r.(1509_1511del)

p.(Ala504del)
p.(Gly514Arg)

exon 10

c.1540G>C

r.(1540g>c)

exon 10

c.1548G>A

r.(1548g>a)

p.(Trp516*)

intron 10

c.1551+1G>C

r.spl

p.?

intron 10

c.1551+2T>G

r.spl

p.?

exon 11

c.1555A>G

r.(1555a>g)

p.(Met519Val)
p.(Met519Thr)

exon 11

c.1556T>C

r.(1556u>c)

exon 11

c.1561G>C

r.(1561g>c)

p.(Glu521Gln)

exon 11

c.1564C>G

r.(1564c>g)

p.(Pro522Ala)

exon 11

c.1582_1583del

r.(1582_1583del)

p.(Gly528Leufs*2)

intron 11

c.1636+5G>C

r.1636_1637ins957

p.(Gly546fs*145)
p.?

intron 11

c.1637-2A>G

r.spl

exon 12

c.1650dup

r.(1650dup)

p.(Thr551Aspfs*85)

exon 12

c.1655T>C

r.(1655u>c)

p.(Leu552Pro)

exon 12

c.1669A>T

r.(1669a>u)

p.(Ile557Phe)

EXTENSION OF THE POMPE MUTATION DATABASE |

3

99

Supplementary Table S2 continued.

3

100

Location

DNA nomenclature

RNA nomenclature

exon 12

c.1687C>T

r.(1687c>u)

Protein nomenclature
p.(Gln563*)

exon 12

c.1696T>C

r.(1696u>c)

p.(Ser566Pro)

exon 12

c.1705dup

r.(1705dup)

p.(tyr569Leufs*67)

exon 12

c.1710C>G

r.(1710c>g)

p.(Asn570Lys)
p.(Glu579Lys)

exon 12

c.1735G>A

r.(1735g>a)

intron 12

c.1754+1G>A

r.spl

p.?

intron 12

c.1755-1G>A

r.spl

p.?

exon 13

c.1760T>C

r.(1760u>c)

p.(Leu587Pro)

exon 13

c.1798C>T

r.(1798c>u)

p.(Arg600Cys)
p.(Arg600His)

exon 13

c.1799G>A

r.(1799g>a)

exon 13

c.1799G>T

r.(1799g>u)

p.(Arg600Leu)

exon 13

c.1802C>A

r.(1802c>a)

p.(Ser601*)

exon 13

c.1802C>T

r.(1802c>u)

p.(Ser601Leu)

exon 13

c.1820G>A

r.(1820g>a)

p.(Gly607Asp)
p.(Ala610Aspfs*88)

exon 13

c.1824_1828dup

r.(1824_1828dup)

exon 13

c.1826dup

r.(1826dup)

p.(Tyr609*)

exon 13

c.1827C>G

r.(1827c>g)

p.(Tyr609*)

exon 13

c.1833_1847delinsACGGGGTAT

c.(1833_1847delinsacgggguau)

p.(His612_
Asp616delinsArgGlyIle)

exon 13

c.1834C>T

r.(1834c>u)

p.(His612Tyr)

exon 13

c.1843G>A

r.(1843g>a)

p.(Gly615Arg)

exon 14

c.1905C>A

r.(1905c>a)

p.(Asn635Lys)

exon 14

c.1912G>T

r.(1912g>u)

p.(Gly638Trp)

exon 14

c.1913G>T

r.(1913g>u)

p.(Gly638Val)

exon 14

c.1924G>T

r.(1924g>u)

p.(Val642Phe)

exon 14

c.1927G>A

r.(1927g>a)

p.(Gly643Arg)

exon 14

c.1930_1936dup

r.(1930_1936dup)

p.(Val646Glyfs*93)
p.(Asp645His)

exon 14

c.1933G>C

r.(1933g>c)

exon 14

c.1933G>A

r.(1933g>a)

p.(Asp645Asn)

exon 14

c.1935C>A

r.(1935c>a)

p.(Asp645Glu)

exon 14

c.1941C>G

r.(1941c>g)

p.(Cys647Trp)

exon 14

c.1960T>C

r.(1960u>c)

p.(Ser654Pro)
p.(Gln663Serfs*33)

exon 14

c.1987del

r.(1987del)

exon 14

c.2012T>G

r.(2012u>g)

p.(Met671Arg)

exon 14

c.2024_2026del

r.(2024_2026del)

p.(Asn675del)

intron 14

c.2040+1G>T

r.spl

p.?

intron 14

c.2041-2A>C

r.spl

p.?
p.(Gln682Arg)

exon 15

c.2045A>G

r.(2045a>g)

exon 15

c.2078dup

r.(2078dup)

p.(Ala694Glyfs*43)

exon 15

c.2104C>T

r.(2104c>u)

p.(Arg702Cys)

exon 15

c.2105G>A

r.(2105g>a)

p.(Arg702His)

exon 15

c.2105G>T

r.(2105g>u)

p.(Arg702Leu)
p.(Ala724Asp)

exon 15

c.2171C>A

r.(2171c>a)

exon 15

c.2174G>C

r.(2174g>c)

p.(Arg725Pro)

exon 15

c.2185del

r.(2185del)

p.(Leu729Trpfs*35)

exon 15

c.2188G>T

r.(2188g>u)

p.(Glu730*)

intron 15

c.2189+459_3405del

r.spl

p.?
p.(Thr737Asn)

exon 16

c.2210C>A

r.(2210c>a)

exon 16

c.2236T>C

r.(2236u>c)

p.(Trp746Arg)

exon 16

c.2237G>A

r.(2237g>a)

p.(Trp746*)
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Supplementary Table S2 continued.
Location

DNA nomenclature

RNA nomenclature

exon 16

c.2238G>A

r.(2238g>a)

Protein nomenclature
p.(Trp746*)

exon 16

c.2242dup

r.(2242dup)

p.(Glu748Glyfs*48)

exon 16

c.2269C>T

r.(2269c>u)

p.(Gln757*)

exon 16

c.2274dup

r.(2274dup)

p.(Gly759Argfs*37)
p.(Pro768Arg)

exon 16

c.2303C>G

r.(2303c>g)

exon 16

c.2303C>T

r.(2303c>u)

p.(Pro768Leu)

intron 16

c.2331+2T>C

r.2316_2331del

p.(Tyr773fs*3)

exon 17

c.2380del

r.(2380del)

p.(Arg794fs*12)

exon 17

c.2432del

r.(2432del)

p.(Leu811fs*36)
p.(Gly828_Asn882del)

intron 17

c.2481+102_2646+31del

r.2482_2646del

exon 18

c.2501_2502del

r.(2501_2502del)

p.(Thr834Argfs*49)

exon 18

c.2512C>T

r.(2512c>u)

p.(Gln838*)

exon 18

c.2560C>T

r.(2560c>u)

p.(Arg854*)

exon 18

c.2608C>T

r.(2608c>u)

p.(Arg870*)

exon 18

c.2639C>A

r.(2639c>a)

p.(Ala880Asp)

intron 18

c.2646+2T>A

r.spl

p.?

exon 19

c.2662G>T

r.(2662g>u)

p.(Glu888*)

3

exon 19

c.2707_2709del

r.(2707_2709del)

p.(Lys903del)

exon 19

c.2741delinsGAC

r.(2741delinsgac)

p.(Gln914fs*30)
p.(ly920_Asn925dup)

exon 19

c.2758_2775dup

r.(2758_2775dup)

exon 20

c.2815_2816del

r.(2815_2816del)

p.(Val939Leufs*78)

exon 20

c.2841dup

r.(2841dup)

p.(Leu948Serfs*70)

Supplementary Table S3. List of new variants added to the Pompe disease GAA variant database.
Location

DNA
nomenclature

RNA
nomenclature

Protein
nomenclature

Predicted
severity

Phenotype with
a null allele

CRIM
status

exon 2

c.322T>G

r.(322u>g)

p.(Cys108Gly)

Potentially
less severe

Unknown

Unknown

exon 2

c.364A>G

r.(364a>g)

p.(Met122Val)

Less severe

Unknown
(disease-associated)

Unknown

exon 7

c.1101G>A

r.(1101g>a)

p.(Trp367*)

Very severe

Classic infantile

Negative

exon 8

c.1322_1326+9del

r.spl

p.?

Very severe

Classic infantile

Negative

exon 10

c.1468T>C

r.(1468u>c)

p.(Phe490Leu)

Less severe

Unknown

Positive

exon 11

c.1582_1583del

r.(1582_1583del)

p.(Gly528Leufs*2)

Very severe

Classic infantile

Negative

exon 13

c.1796C>T

r.(1796c>a)

p.(Ser599Tyr)

Less severe

Unknown
(disease-associated)

Unknown

exon 18

c.2512C>T

r.(2512c>u)

p.(Gln838*)

Very severe

Classic infantile

Negative
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Supplementary Table S4. List of variants with the clinical severity rating “Unknown”.
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Location

DNA nomenclature

RNA nomenclature

Protein nomenclature

Minor Allele frequency

exon 1, 5’ UTR

c.-82G>C

r.(-82g>c)

p.?

MAF not reported

exon 2

c.1A>T

r.(1a>u)

p.(0)

MAF not reported

exon 2

c.32G>A

r.(32g>a)

p.(Arg11Gln)

MAF is less than 1%

exon 2

c.54C>T

r.(54c>u)

p.(=)

MAF not reported

exon 2

c.186_196dup

r.(186_196dup)

p.(Arg66Hisfs*80)

MAF not reported

exon 2

c.199G>A

r.(199g>a)

p.(Asp67Asn)

MAF not reported

exon 2

c.221G>A

r.(221g>a)

p.(Arg74His)

MAF not reported

exon 2

c.271G>A

r.271g>a

p.(Asp91Asn)

MAF is over 1%

exon 2

c.307T>C

r.(307u>c)

p.(Cys103Arg)

MAF not reported

exon 2

c.322T>G

r.(322u>g)

p.(Cys108Gly)

MAF not reported

exon 2

c.324T>C

r.324u>c

p.(=)

MAF is over 5%

exon 2

c.363G>A

r.(363g>a)

p.(=)

MAF not reported

exon 2

c.447G>A

r.(447g>a)

p.(=)

MAF is over 1%

exon 2

c.483dup

r.(483dup)

p.(Lys162Glnfs*15)

MAF not reported

exon 2

c.510C>T

r.(510c>u)

p.(=)

MAF is less than 1%

exon 2

c.532C>T

r.(532c>u)

p.(Arg178Cys)

MAF is less than 1%

intron 2

c.546+24G>A

r.(=)

p.?

MAF is less than 1%

intron 2

c.546+45G>C

r.(=)

p.?

MAF not reported

intron 2

c.547-4C>G

r.(=)

p.?

MAF is over 5%

exon 3

c.596A>G

r.(596a>g)

p.(His199Arg)

MAF is less than 1%

exon 3

c.642C>T

r.642c>u

p.(=)

MAF is over 5%

exon 3

c.658G>T

r.(658g>u)

p.(Val220Leu)

MAF is less than 1%

exon 3

c.664G>A

r.(664g>a)

p.(Val222Met)

MAF is less than 1%

exon 3

c.668G>A

r.668g>a

p.(Arg223His)

MAF is over 5%

intron 3

c.693-49C>T

r.(=)

p.?

MAF is over 5%

exon 4

c.701C>G

r.(701c>g)

p.(Thr234Arg)

MAF not reported

exon 4

c.725C>T

r.(725c>u)

p.(Ala242Val)

MAF is less than 1%

exon 4

c.743T>C

r.(743u>c)

p.(Leu248Pro)

MAF not reported

exon 4

c.768dup

r.(768dup)

p.(Ile257Tyrfs*73)

MAF not reported

exon 4

c.776G>T

r.(776g>u)

p.(Gly259Val)

MAF not reported

exon 4

c.852G>A

r.(852g>a)

p.(=)

MAF is over 1%

intron 4

c.858+5_858+6ins7

r.(spl?)

p.?

MAF not reported

intron 4

c.858+6G>A

r.(=)

p.?

MAF not reported

intron 4

c.858+17_858+23del

r.(=)

p.?

MAF not reported

intron 4

c.858+20dup

r.(=)

p.?

MAF not reported

intron 4

c.858+21C>G

r.(=)

p.?

MAF not reported

intron 4

c.858+17_858+23dup

r.(=)

p.?

MAF not reported

intron 4

c.858+30T>C

r.(=)

p.?

MAF is over 5%

intron 4

c.858+37C>T

r.(=)

p.?

MAF not reported

exon 5

c.868A>G

r.(868a>g)

p.(Asn290Asp)

MAF is less than 1%

exon 5

c.872T>A

r.(872u>a)

p.(Leu291His)

MAF not reported

exon 5

c.915G>A

r.(915g>a)

p.(=)

MAF is less than 1%

exon 5

c.921A>T

r.921a>u

p.(=)

MAF is over 5%

exon 5

c.929T>G

r.(929u>g)

p.(Val310Gly)

MAF is less than 1%

exon 5

c.947A>T

r.(947a>u)

p.(Asn316Ile)

MAF not reported

intron 5

c.955+2T>G

r.spl

p.?

MAF not reported

intron 5

c.955+12G>A

r.(=)

p.?

MAF is over 5%

intron 5

c.956-84C>T

r.(=)

p.?

MAF is over 5%

intron 6

c.1075+13C>T

r.(=)

p.?

MAF is over 1%
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Supplementary Table S4 continued.
Location

DNA nomenclature

RNA nomenclature

Protein nomenclature

Minor Allele frequency

exon 7

c.1134C>G

r.(1134c>g)

p.(Tyr378*)

MAF not reported

exon 7

c.1190C>T

r.(1190c>u)

p.(Pro397Leu)

MAF is less than 1%

intron 7

c.1194+5G>A

r.(spl?)

p.?

MAF not reported

intron 7

c.1195-44C>T

r.(=)

p.?

MAF is less than 1%

exon 8

c.1203G>A

r.1203g>a

p.(=)

MAF is over 5%

exon 8

c.1204T>C

r.(1204u>c)

p.(Trp402Arg)

MAF not reported

exon 8

c.1229C>T

r.(1229c>u)

p.(Ser410Phe)

MAF is less than 1%

exon 8

c.1286A>G

r.(1286a>g)

p.(Gln429Arg)

MAF is over 1%

intron 8

c.1326+5G>A

r.(spl?)

p.?

MAF not reported

intron 8

c.1327-18A>G

r.(=)

p.?

MAF is over 5%

exon 9

c.1370C>A

r.(1370c>a)

p.(Pro457His)

MAF not reported

exon 9

c.1373A>G

r.(1373a>g)

p.(Tyr458Cys)

MAF not reported

exon 9

c.1374C>T

r.1374c>u

p.(=)

MAF is over 5%

exon 9

c.1381G>A

r.(1381g>a)

p.(Gly461Ser)

MAF not reported

intron 9

c.1437+4G>C

r.(spl?)

p.?

MAF not reported

intron 9

c.1438-19G>C

r.(=)

p.?

MAF is over 5%

intron 9

c.1438-1G>T

r.spl

p.?

MAF is less than 1%

exon 10

c.1445C>G

r.(1445c>g)

p.(Pro482Arg)

MAF not reported

exon 10

c.1448G>T

r.(1448g>u)

p.(Gly483Val)

MAF not reported

exon 10

c.1468T>C

r.(1468u>c)

p.(Phe490Leu)

MAF not reported

intron 10

c.1551+42G>A

r.(=)

p.?

MAF is over 1%

intron 10

c.1551+49C>A

r.(=)

p.?

MAF is over 5%

intron 10

c.1551+49C>T

r.(=)

p.?

MAF not reported

exon 11

c.1564C>T

r.(1564c>u)

p.(Pro522Ser)

MAF not reported

exon 11

c.1564C>T

r.(1564c>u)

p.(Pro522Ser)

MAF not reported

exon 11

c.1568C>A

r.(1568c>a)

p.(Ser523Tyr)

MAF not reported

exon 11

c.1581G>A

r.1581g>a

p.(=)

MAF is over 5%

exon 12

c.1672T>A

r.(1672u>a)

p.(Cys558Ser)

MAF not reported

exon 12

c.1717A>C

r.(1717a>c)

p.(Asn573His)

MAF not reported

exon 12

c.1724A>G

r.(1724a>g)

p.(Tyr575Cys)

MAF not reported

exon 12

c.1726G>A

r.1726g>a

p.(Gly576Ser)

MAF is over 5%

exon 12

c.1727G>A

r.(1727g>a)

p.(Gly576Asp)

MAF not reported

intron 12

c.1754+12G>A

r.(=)

p.?

MAF is over 5%

intron 12

c.1754+16C>T

r.(=)

p.?

MAF is less than 1%

exon 13

c.1804A>G

r.(1804a>g)

p.(Thr602Ala)

MAF is less than 1%

exon 13

c.1830C>T

r.(1830c>u)

p.(=)

MAF is less than 1%

exon 13

c.1850T>C

r.(1850u>c)

p.(Val617Ala)

MAF not reported

exon 13

c.1872C>T

r.(1872c>u)

p.(=)

MAF is less than 1%

exon 13

c.1879T>C

r.(1879u>c)

p.(Ser627Pro)

MAF not reported

exon 13

c.1886C>T

r.(1886c>u)

p.(Pro629Leu)

MAF is less than 1%

intron 13

c.1888+21G>A

r.(=)

p.?

MAF is over 5%

intron 13

c.188927_2040+23del

r.spl

p.?

MAF not reported

exon 14

c.1917G>A

r.(1917g>a)

p.(=)

MAF not reported

exon 14

c.1920T>G

r.(1920u>g)

p.(=)

MAF is less than 1%

exon 14

c.1923G>A

r.(1923g>a)

p.(=)

MAF not reported

exon 14

c.1951_1952delinsT

r.(1951_1952delinsu)

p.(Gly651Serfs*45)

MAF not reported

exon 14

c.1962_1964del

r.(1962_1964del)

p.(Glu656del)

MAF not reported

exon 14

c.1971G>A

r.(1971g>a)

p.(=)

MAF not reported

exon 14

c.1981T>G

r.(1981u>g)

p.(Trp661Gly)

MAF not reported
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Location

DNA nomenclature

RNA nomenclature

Protein nomenclature

Minor Allele frequency

intron 14

c.2040+12G>A

r.(=)

p.?

MAF not reported

intron 14

c.2040+20A>G

r.(=)

p.?

MAF is over 5%

intron 14

c.2040+20A>T

r.(=)

p.?

MAF not reported

intron 14

c.2040+22G>T

r.(=)

p.?

MAF not reported

intron 14

c.2041-64G>A

r.(=)

p.?

MAF is over 5%

intron 14

c.2041-61del

r.(=)

p.?

MAF not reported

exon 15

c.2061C>T

r.(2061c>u)

p.(=)

MAF not reported

exon 15

c.2065G>A

r.2065g>a

p.(Glu689Lys)

MAF is over 5%

exon 15

c.2097_2102del

r.(2097_2102del)

p.(Thr700_Leu701del)

MAF not reported

exon 15

c.2133A>G

r.2133a>g

p.(=)

MAF is over 5%

exon 16

c.2152G>A

r.(2152g>a)

p.(Val718Ile)

MAF is less than 1%

exon 15

c.2154C>T

r.(2154c>u)

p.(=)

MAF is less than 1%

intron 15

c.2189+1G>A

r.spl

p.?

MAF not reported

intron 15

c.2190-53C>G

r.(=)

p.?

MAF is less than 1%

exon 16

c.2227C>A

r.(2227c>a)

p.(Gln743Lys)

MAF not reported

exon 16

c.2236T>G

r.(2236u>g)

p.(Trp746Gly)

MAF not reported

exon 16

c.2242G>T

r.(2242g>u)

p.(Glu748*)

MAF not reported

exon 16

c.2284G>A

r.(2284g>a)

p.(Glu762Lys)

MAF is less than 1%

intron 16

c.2331+20G>A

r.(=)

p.?

MAF is over 5%

intron 16

c.2331+24T>C

r.(=)

p.?

MAF is over 5%

exon 17

c.2338G>A

r.2338g>a

p.(Val780Ile)

MAF is over 5%

exon 17

c.2357dup

r.(2357dup)

p.(Pro788Thrfs*8)

MAF not reported

exon 17

c.2395C>G

r.(2395c>g)

p.(His799Asp)

MAF not reported

exon 17

c.2446G>A

r.2446g>a

p.(Val816Ile)

MAF is over 5%

intron 17

c.2481+1G>A

r.spl

p.?

MAF not reported

exon 18

c.2495_2496del

r.(2495_2496del)

p.(Thr832Asnfs*51)

MAF not reported

exon 18

c.2553G>A

r.2553g>a

p.(=)

MAF is over 5%

intron 18

c.2646+39G>A

r.(=)

p.?

MAF is less than 1%

exon 19

c.2724C>G

r.(2724c>g)

p.(=)

MAF not reported

exon 19

c.2770T>C

r.(2770u>c)

p.(Ser924Pro)

MAF not reported

exon 19

c.2780C>T

r.2780c>u

p.(Thr927Ile)

MAF is over 5%

intron 19

c.2800-60G>A

r.(=)

p.?

MAF is less than 1%

exon 20

c.2804T>C

r.(2804u>c)

p.(Leu935Pro)

MAF not reported

exon 20

c.2808C>T

r.(2808c>u)

p.(=)

MAF not reported

exon 20, 3’ UTR

c.*3G>A

r.(*3g>a)

p.?

MAF not reported

exon 20, 3’ UTR

c.*16T>A

r.(*16u>a)

p.?

MAF not reported

exon 20, 3’ UTR

c.*91G>A

r.(*91g>a)

p.?

MAF is over 5%

exon 20, 3’ UTR

c.*140del

r.(*140del)

p.?

MAF not reported

exon 20, 3’ UTR

c.*143C>T

r.(*143c>u)

p.?

MAF not reported

exon 20, 3’ UTR

c.*154_*155insG

r.(*154_*155insg)

p.?

MAF not reported

exon 20, 3’ UTR

c.*223C>T

r.(*223c>u)

p.?

MAF is over 5%

exon 20, 3’ UTR

c.*227G>C

r.(*227g>c)

p.?

MAF not reported

exon 20, 3’ UTR

c.*418T>C

r.(*418u>c)

p.?

MAF not reported
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Supplementary Table S5. List of GAA variants that lower GAA activity but do not cause Pompe disease.
Location
exon 2

DNA
nomenclature
c.271G>A

RNA
Protein
nomenclature nomenclature
r.271g>a

p.(Asp91Asn)

Predicted
severity

Phenotype
with
a null allele

Presumably
Unknown
non-pathogenic

exon 12

c.1726G>A

r.1726g>a

p.(Gly576Ser)

Presumably
Unknown
non-pathogenic

exon 15

c.2065G>A

r.2065g>a

p.(Glu689Lys)

Nonpathogenic

Nonpathogenic

CRIM
status
Positive

Common
name
GAA2

MAF
2.0%

Asian pseudoUnknown deficiency
1.8%
allele
Asian pseudoPositive
deficiency
8.8%
allele

3

EXTENSION OF THE POMPE MUTATION DATABASE |

105

Supplementary Table S6. Definition of groups outlined in Figure 2.
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The extended Pompe mutation
database reveals distinct
phenotypic spectra of Pompe
disease-associated GAA variants

Monica Y. Niño, Stijn L.M. in ’t Groen, Atze J. Bergsma, Marianne HoogeveenWesterveld, Ans T. van der Ploeg and W.W.M. Pim Pijnappel

ABSTRACT
4

Pompe disease is an autosomal recessive lysosomal storage disorder caused by
variants in the acid alpha glucosidase (GAA) gene. Symptom onset depends on the
GAA variants, and is influenced by putative disease-modifying factors. Phenotypic
spectra of individual GAA variants remain largely unexplored. Here, we used the
Pompe mutation database to compare phenotypic variation for common GAA
genotypes. In patients with compound heterozygous genotypes, in which the
second GAA alelle was fully deleterious, the childhood GAA variants c.503G>A,
c.546G>T, and c.796C>T were associated with symptom onset between 1 and 17
years of age. For patients with the childhood or adult variants c.2238G>C, c.-322A>G, and c.2173C>T, onset ranged between 2 and 24 years of age. The adult variant
c.2647-7G>A was associated with symptom onset between 35 and 53 years of age.
The c.-32-13T>G (IVS1) variant was associated with an exceptionally broad onset
between 0 and 67 years of age. Patients with homozygous GAA genotypes showed
similar disease spectra but with later onsets compared to compound heterozygous
patients. These results improve clinical prognosis of the progression of Pompe
disease, and suggest that the influence of putative modifying factors is particularly
large for the c.-32-13T>G variant as compared to other GAA variants.
Keywords: Pompe disease, www.pompecenter.nl; mutation database, genotypephenotype relationship, GAA deficiency, Glycogenosis type II
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INTRODUCTION
Pompe disease is a monogenic lysosomal storage disorder caused by disease
associated variants in the acid α-glucosidase (GAA) gene (van der Ploeg and Reuser,
2008). A large number of disease associated GAA variants have been identified. These
are listed at the open source website www.pompecenter.nl (Kroos, et al., 2012a; Kroos,
et al., 2008) and are described in the accompanying manuscript (Niño, et al., 2019).
Two disease associated GAA variants, one per allele, are required to cause Pompe
disease. The clinical spectrum of Pompe disease ranges from a classic infantile form
to an adult onset form (Gaeta, et al., 2015; Gungor and Reuser, 2013; Herzog, et al.,
2012; Hirschhorn and Reuser, 2001; Kroos, et al., 2007; Laforet, et al., 2013; Schoser, et
al., 2015; Van der Beek, et al., 2009; van der Ploeg and Reuser, 2008). The most severe
classic infantile form of Pompe disease is caused by two very severe disease associated
GAA variants that completely abrogate GAA enzymatic activity. Classic infantile patients
have generalized skeletal muscle weakness and hypertrophic cardiomyopathy at birth
and die without therapy within the first year of life. Patients with some residual GAA
4

enzyme activity, due to the presence of at least one milder disease associated GAA
variant, have variable onset of symptoms. These patients develop at some point in their
life skeletal muscle weakness leading to mobility problems, and decreased pulmonary
function resulting in wheelchair and/or ventilator dependency. Development of
hypertrophic cardiomyopathy is rare. Symptoms including scoliosis/ kyphoscoliosis,
scapular winging, ptosis, and cerebral vessel anomalies may variably occur.
While there are many different disease-associated GAA variants that are rare, certain
variants are more frequent. Common variants are specific to geographical regions, for
example the three Caucasian variants c.-32-13T>G (IVS1), c.2481+102_2646+31del
(p.Gly828_Asn882del), c.525del (p.Glu176Argfs*45) and the two Asian variants
c.1935C>A (p.Asp645Glu) and c.2238G>C (p.Trp746Cys) (Ausems, et al., 2001; Dagnino,
et al., 2000; Hirschhorn and Reuser, 2001; Huie, et al., 1994; Kroos, et al., 1995; Laforet,
et al., 2000; Lin and Shieh, 1996; Liu, et al., 2014; Muller-Felber, et al., 2007; Pittis
and Filocamo, 2007; Shieh and Lin, 1998; Van der Kraan, et al., 1994; Wokke, et al.,
1995). In the case of the IVS1 variant, a very broad range of symptom onset occurs
(Herzog, et al., 2012; Kroos, et al., 2007). The phenotypic variation is also observed
within and between families as is illustrated by a study on 22 families with two or
three siblings with the IVS1 variant (Wens, et al., 2013). A large subset of unrelated
patients witin this cohort also contained identical GAA variants on the second allele
but varied widely in symptom onset, ruling out any effect of the second GAA variant
on phenotypic variation. This variation has led to the idea that other factors -genetic,
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epigenetic, or environmental- may modify the disease course of patients with the IVS1
variant (Herzog, et al., 2012; Ko, et al., 1999; Kroos, et al., 2012b; Kroos, et al., 2007;
Shieh and Lin, 1998; Wens, et al., 2013). It it still unclear how the phenotypic variation
is for other disease associated GAA variants is and how these relate to the variation
observed in IVS1 patients. The accompanying manuscript describes how we have
extended the Pompe mutation database at www.pompecenter.nl by linking genotype
information and clinical information (Niño, et al., 2019). In the present study, we used
the information included in the Pompe mutation database to compare the variation
in symptom onset for common GAA genotypes in Pompe disease. The information
is useful for the clinical prognosis of Pompe disease, and it provides a framework
for investigating modifying factors that may contribute to the clinical phenotype of
Pompe disease.

METHODS
4

NM_000152.3 was used as reference sequence for GAA mRNA and NP_000143.2 for
GAA protein. Position c.1 represents the first nucleotide of the translation start codon
located in GAA exon 2. We used the updated version of the Pompe mutation database
(available at www.pompecenter.nl), in which GAA variants were linked to clinical
phenotypes (Niño, et al., 2019). The patients’ country or ethnic origin is stated in the
database. For the analyses described in this manuscript, these origins were categorized
in the four following groups: Caucasian (for patients from Europe, North America and
Australia), Latin American (for patients from Central and South America), African (for
patients from the African continent and also for African-American patients) and Asian
(for patients from the Asian continent).

RESULTS
Phenotypic variation in compound heterozygous patients
The most frequent compound heterozygous genotypes were listed from patients in
whom a classified disease associated GAA variant was combined with a null allele,
which is defined as an allele that produces no detectable GAA enzyme activity. Their
age of disease onset was plotted per GAA variant (Figure 1 and Table 1). We note
that while other frequent compound heterozygous genotypes were present in the
database, the second allele in these cases was not a null allele, and genotypic variation
could not therefore be attributed to a specific disease associated variant.
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Adult

Childhood or Adult

Childhood

Classic Infantile

4

Figure 1: Variations in disease onset in compound heterozygous patients. Age of disease onset is indicated for
the most common variants. The variant severity rating is shown for clarity. Patients carry the indicated variant
exclusively in combination with a null allele. Per variant, the median age of onset is indicated by a vertical line.
One exceptional case was excluded from the figure, this involved an adult patient with two very severe GAA
variants (genotype: c.1935C>A/c.2560C>T, age of onset: 25 years, phenotype: adult), who was considered to
be an enigmatic case (Hermans, et al., 1993).

Table 1. Phenotypic variation of most common GAA variants when present in compound heterozygous
genotypes in combination with a GAA null allele.
DNA nomenclature
c.2647-7G>A

Predicted severity
Potentially mild

Phenotype with Total no. of
a null allele
patients
Adult

Combined with 1 null allele

c.-32-13T>G

Potentially mild

Childhood
Adult

or

Less severe

Childhood
Adult

or

Childhood
Adult

or

Childhood
Adult

or

35 to 53 years (7)

Caucasian

141

3 months (1)
1 to 17 years (30)
18 to 67 years (63)
ND (33)
Asymptomatic (8)
At adulthood (5)
At childhood (1)

Caucasian,
Latin-American

3

3 years (2)
22 years (1)

Caucasian

3

17 years (1)
19 years (1)
20 years (1)

Latin-American

9

>1 and <3 years (1)
3 years (1)
6 years (1)
Asian
23 to 24 years (3)
ND (3)

Combined with 2 different alleles
c.-32-2A>G

Very severe

Combined with 1 null allele

c.2238G>C

Potentially mild

Combined with 3 different null alleles

Population

7

Combined with 40 different null alleles
c.2173C>T

Age of onset
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Table 1 continued.
DNA nomenclature
c.796C>T

Predicted severity
Potentially mild

Phenotype with Total no. of
a null allele
patients
Childhood

Combined with 2 different null alleles
c.546G>T

Potentially mild

c.503G>A

Unknown

Childhood

Very severe

Classic infantile

Combined with 1 null allele
c.2560C>T

Combined with 8 different null alleles
c.1411_1414del

Very severe

Classic infantile

Combined with 3 different null alleles
c.2481+102_2646+31del Very severe

Classic infantile

Combined with 15 different null alleles
c.525del

Very severe

c.1935C>A

Potentially less severe Classic infantile

Combined with 23 different null alleles

9 years (2)
1,75 years (1)

Asian

3

3 years (1)
12 years (1)
17 years (1)

Asian

3

10 years (2)
1,2 years (1)

Asian

8

<7 months (8)

African, LatinAmerican

12

<7 months (9)
N.D. (3)

Asian

20

<1 year (10)
N.D. (10)

Caucasian,
Latin-American

22

< 1year (15)
1 year (1)
N.D. (6)

Caucasian

39

<8 months (31)
N.D. (8)

Asian

Classic infantile

Combined with 17 different null alleles

Population

3

Childhood

Combined with 2 different null alleles

Age of onset

4

Genotypes containing at least one null allele were grouped according to the clinical
severity of the disease associated GAA variant as decribed (Niño, et al., 2019). The groups
are indicated on the Y axis of Figure 1 and are: (1) classic infantile, (2) childhood, (3)
childhood or adult, and (4) adult. There was little phenotypic variation in patients with
the classic infantile form of Pompe disease group: age of disease onset was below the
age of 1 year by definition. Variants associated with the childhood phenotype included
the missense variants c.796C>T (Asian) and c.503G>A (Asian), and the splicing variant
c.546G>T (Asian). Despite the low number of patients, it was apparent that for all three
variants the age of onset ranged from a minimum of 1.2 years to a maximum of 17 years
(n=9 in total for this group). The group containing the most common variants associated
with childhood or adult phenotypes was strongly dominated by the splicing variant c.32-13T>G (IVS1) (Caucasian, Latin American). Age of onset in patients with the IVS1 variant
in whom this was combined with a null allele differed exceptionally broadly (range 0.2567 years). This contrasted with the age at onset of patients with other variants in this
group including the missense variants c.2238G>C (Asian) and c.2173C>T (Caucasian),
and the splice variant c.-32-2A>G (Latin American); this ranged from a minimum of 1
year to a maximum of 24 years-less broad than in those with the IVS1 variant but still
substantial. In those with the non-coding splice variant c.2647-7G>A (Caucasian), which
is associated with the adult phenotype, age of onset ranged from a minimum of 35 years
to a maximum of 53 years. The information on the c.2647-7G>A variant is derived from
a single Italian family and has been described previously (Sampaolo, et al., 2013).
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Altogether, while age at onset in those with GAA variants associated with the classic
infantile phenotype was similar (i.e., before the age of 1 year), it varied considerably in
patients with other variants. Except for those with the IVS1 variant, whose ages at onset
covered an 67-year range, the maximum range was 23 years.
Phenotypic variation in homozygous patients
Following an analysis similar to that in Figure 1, we analyzed differences in age of onset
for four groups of homozygous patients (Figure 2 and Table 2. groups are indicated
on the Y axis of Figure 2). As expected, age of onset varied little for patients who
were homozygous for variants associated with the classic infantile phenotype (i.e.
below 1 year of age in all cases). Age of onset varied from 0.5 to 6 years in patients
who were homozygous for the missense variant c.1064T>C (Caucasian), associated
with the classic infantile or childhood phenotype. In patients with the c.-32-3C>A
splicing variant (Latin-American), associated with the childhood phenotype, age of
onset varied from 31 to 43 years. Interestingly, the ages of onset of two patients who
were compound heterozygous for c.-32-3C>A combined with a null allele varied from
4

0.5 to 7 years of age (data not shown). This suggests that onset had been delayed
considerably from an early childhood to a mid-adult age by doubling of the residual
enzyme activity in patients with two c.-32-3C>A alleles. Age of onset in patients who
were homozygous for the c.-32-13T>G (IVS1) variant (Caucasian and Latin American),
associated with the childhood or adult phenotype, ranged very broadly from 6 to 58
years. From this analysis of patients with a homozygous GAA genotype, we conclude
that a broad range of disease onset in childhood and adult Pompe patients exists. The
c.-32-13T>G (IVS1) variants shows an exceptionally broad range of disease onset.
Comparison of patients with compound heterozygous and homozygous c.-3213T>G (IVS1) genotypes
We compared patients that carried the c.-32-13T>G (IVS1) GAA variant on one allele
and different GAA variants on the second allele: 1) a null allele; 2) a non-null allele (i.e.
any classified GAA variant except null alleles and c.-32-13T>G (IVS1) itself); and 3) c.32-13T>G (IVS1) itself (Figure 3). While the ranges of disease onset were similarly broad
in all three cases, the median age of onset depended on the severity of the second
allele. In patients with an IVS1/null allele genotype, median age of onset was 25.5 years,
in patients with an IVS1/non-null allele, this was 29, and in homozygous IVS1 patients,
it was 39.5. These results suggests that in patients with the c.-32-13T>G (IVS1) variant,
disease onset can be modulated by the severity of the second GAA allele. Because very
few homozygous IVS1 patients have been reported among many patients diagnosed
with Pompe disease, we speculate that a subset of homozygous IVS1 individuals remains
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asymptomatic and have therefore not been included in the analysis.

4

Childhood or Adult

Childhood

Classic Infantile or Childhood

Classic Infantile

Figure 2: Variation in disease onset in homozygous patients. Disease onset is indicated for the most common
variants. Per variant, the median age of onset is indicated by a vertical line.

Figure 3: Variation in age of disease onset of Pompe patients carrying the c.-32-13T>G (IVS1) variant in
combination with a null allele (top), a disease associated allele other than a null allele (non-null; middle), or
a second c.-32-13T>G (IVS1) variant (bottom). The median age of onset is indicated by a vertical line.
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Table 2. Phenotypic variation of most common GAA variants when present in homozygous GAA genotypes.
DNA
nomenclature

c.-32-13T>G

Predicted
severity

Potentially
mild

Phenotype with
a null allele

Childhood or
Adult

Total no.
of patients

Age of onset

Population

17

Family 1:
40 and 49 years
Others:
6 years (1)
13 years (1)
20 to 58 years (10)
N.D. (3)

Caucasian, LatinAmerican

Latin-American

c.-32-3C>A

Less severe

Childhood

7

Family 1:
34, 35 and 36 years
Family 2:
31, 32 and 43 years
Other:
41 years

c.1064T>C

Potentially
less severe

Classic Infantile
or Childhood

6

<4 months to 6 years (5)
Childhood (1)

Caucasian, LatinAmerican, Asian

c.1933G>A

Potentially
less severe

Classic Infantile

4

Birth (1)
<1 year (2)
1 year, 3 months (1)

Caucasian, Asian

c.2741delinsGAC

Very severe

Classic Infantile

5

<2 years (4)
N.D. (1)

Caucasian, Asian

c.525del

Very severe

Classic Infantile

8

<5 months (3)
N.D. (5)

Caucasian
African, Asian, LatinAmerican
Asian

c.2560C>T

Very severe

Classic Infantile

13

<5 months (8)
N.D. (5)

c.1935C>A

Potentially
less severe

Classic Infantile

35

<7 months (29)
N.D. (6)

4

DISCUSSION
Our analysis of the Pompe mutation database reveals that identical or similar GAA
genotypes can result in substantial differences in age of disease onset. An exception
is the homogeneous classic infantile phenotype that occurs in patients with two very
severe GAA variants. Age of onset in patients with GAA variants associated with the
childhood or adult phenotype differed by up to 23 years, except in patients with the
IVS1 variant, in whom it varied by up to 67 years.
As suggested previously (Kroos, et al., 2007; Wens, et al., 2013), this strongly suggests
that the progression of Pompe disease can be modified by additional factors. It is well
known that monogenic diseases caused by the same genotypes can have variable
phenotypes, and that additional (epi)genetic factors can affect disease progression
(Kammenga, 2017). In the case of Pompe disease, very few disease-modifying factors—
including ACE and ACTN—have been reported to date (Baek, et al., 2016; de Filippi, et
al., 2010; De Filippi, et al., 2014). However, as only small differences in disease onset
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have been observed, these cannot explain the large phenotypic differences in Pompe
patients (Baek, et al., 2016; de Filippi, et al., 2010; De Filippi, et al., 2014).
From the current analysis, we propose that there are at least two sets of modifying
factors. The first may be independent of the type of variant, and may modify the overall
progression of Pompe disease. This is suggested by the observation that many different
GAA variants have a broad phenotypic variation. The second set of factors may be
variant specific. As the IVS1 variant stands out for its exceptionally broad phenotypic
variation, it is a good candidate for such variant-specific modfying factor(s). It should
be noted that far more patients with the IVS1 variant have been reported than patients
with other variants. To more accurately establish the age range for these other variants,
the group size for determining the phenotypic range should therefore be increased.
At this point, we can only speculate upon the identity of these putative modifying factors.
Options include environmental, epigenetic, or genetic modifiers. It is interesting to
note that the variability of patients with identical genotypes (IVS1/c.525del) was larger
4

between families rather than within families (Wens, et al., 2013). Although this does
not rule out epigenetic or environmental effects, one could speculate that modifiers
of Pompe disease include genetic factors. One would expect candidate modifying
genetic variants to be present in pathways involved in Pompe disease, such as skeletal
muscle function and regeneration, glucose metabolism, autophagy, and lysosomal
biogenesis. We speculate that GAA variant-specific modifiers may, in the case of splice
variants, include splicing factors; or, in the case of missense variants, components
of the endoplasmic reticulum-associated protein degradation (ERAD) machinery
pathway involved in protein folding (Fan, 2008). The identification of such putative
genetic factors should be aided by genome-wide analyses of large patient groups.
The identification of factors that can modify the progression of Pompe disease will
be highly relevant for newborn screening programs for Pompe disease (Burton, et al.,
2017; Johnson, et al., 2017; Kronn, et al., 2017; Savarese, et al., 2018). In the case that
such factors will be found to be genetic, it will be straightforward to include genetic
analysis in the program. Future genetic counseling of patients and their parents
should be based not only on the severity of the disease associated GAA variant, but
also on the presence of identified modifying factors that can accelerate or slow down
disease progression. In current clinical practice, the decision on the timing of start of
treatment with ERT is based on clinical parameters (Broomfield, et al., 2016; EchanizLaguna, et al., 2015; Kuperus, et al., 2017; Schoser, 2015; Schoser, et al., 2017; Stepien,
et al., 2016; Strothotte, et al., 2010; van der Meijden, et al., 2018; van der Ploeg, et
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al., 2017). For childhood or adult patiens, the timing at which treatment should be
started is difficult to determine. In many cases, treatment will be started when disease
symptoms start to develop. However, it is desirable to start treatment prior to the onset
of pathology, because tissue damage may be difficult to revert. On the other hand,
a too early treatment will impose uncessary burden on the patient and will increase
costs. A better understanding of the variations in symptom onset that are associated
with GAA variants should aid in a better prognosis of the progression of symptom
development for patients with Pompe disease.
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The ACE I/D polymorphism does
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natural course and response to
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ABSTRACT
The majority of children and adults with Pompe disease in the population of European
descent carry the leaky splicing GAA variant c.-32-13T>G (IVS1) in combination with
5

a fully deleterious GAA variant on the second allele. The phenotypic spectrum of this
patient group is exceptionally broad, with symptom onset ranging from early infancy
to late adulthood. In addition, the response to enzyme replacement therapy (ERT)
varies between patients. The insertion/deletion (I/D) polymorphism of the angiotensin
I-converting enzyme (ACE) has been suggested to be a modifier of disease onset and/
or response to ERT. Here, we have investigated the effect of the ACE I/D polymorphism
in a relatively large cohort of 131 children and adults with Pompe disease, of whom
112 were followed during treatment with ERT for 5 years. We assessed the use of
wheelchair and mechanical ventilation, muscle strength assessed via manual muscle
testing and hand-held dynamometry (HHD), distance walked on the six-minute walk
test (6MWT), forced vital capacity (FVC) in sitting and supine position and dailylife activities assessed by R-PAct. Cross sectional analysis at first visit showed no
differences between the genotypes with respect to age at first symptoms, diagnosis,
wheelchair use, or ventilator use. Also response to ERT over 5 years assessed by linear
mixed model analyses showed no significant differences between ACE groups for any
of the outcome measures. The patient cohort contained 24 families with 54 siblings.
Differences in ACE genotype could neither explain inter nor intra familial differences.
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We conclude that the ACE I/D polymorphism does not explain the large variation in
disease severity and response to ERT observed among Pompe patients with the same
c.-32-13T>G GAA variant.
Keywords: ACE I/D polymorphism, clinical variation, enzyme remplacemt therapy

INTRODUCTION
Pompe disease (OMIM 232300) is a metabolic myopathy caused by diseaseassociated variants in the acid α-glucosidase (GAA) gene (OMIM 606800). This results
in deficiency of the lysosomal enzyme GAA, leading to an impaired breakdown of
glycogen

[1]

. Clinically, a broad disease spectrum can be observed, ranging from a

rapidly progressive classic infantile phenotype to a slower progressing disease
course in children and adults. Classic infantile patients present shortly after birth with
hypertrophic cardiomyopathy and generalized muscle weakness. Without treatment
these patients die within the first year of life due to cardiorespiratory insufficiency [2, 3].
Children and adults present with a slower progressive limb girdle muscle weakness,
while cardiac involvement is rare. Most of these patients become wheelchair and
ventilator dependent. Survival is reduced compared to the general population [4–6].
The majority of children and adults of European descent with Pompe disease

5

carry the common c.-32-13T>G (IVS1) variant on one GAA allele. The IVS1 variant
causes aberrant GAA pre-mRNA splicing by inducing partial or complete skipping
of GAA exon 2. A small percentage (10–15%) of leaky wild type splicing occurs [7–12]. The
second GAA allele in children and adults with Pompe disease is in many cases a ‘null’
allele, which is defined as an allele that does not generate any detectable GAA enzymatic
activity, for example an allele that carries the frequent variant c.525delT [13]. Interestingly,
the natural disease course in patients with the IVS1 variant shows an exceptionally
broad spectrum: disease onset can vary from early infancy to late adulthood and
symptoms can vary. Such differences are even observed among patients with the
same IVS1/c.525delT GAA genotype [14–17]. The variation between siblings is less broad,
suggesting that disease progression can be modified by genetic background factors
[17]

.

Since 2006, enzyme replacement therapy (ERT) with recombinant human GAA (rhGAA),
is available for Pompe disease. In children and adults with Pompe disease ERT has
shown to improve muscle function and strength and to stabilize pulmonary function.
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However, individual responses can vary considerably

[18]

, which is highlighted in our

recent study on the clinical response to ERT during 5 year follow up [19]. This is observed
irrespective of formation of anti-rhGAA antibodies, suggesting that other factors exist
that can modify the response to ERT in this patient group [19–21].
It has been suggested that a polymorphism in the angiotensin converting enzyme
(ACE) gene -the insertion (I) or deletion (D) of an alu repeat in intron 16- may affect
phenotypic variation and response to ERT in patients with Pompe disease [22–25]. So far,
four studies were performed, but the outcomes of the studies were different [22–25]. The
DD genotype was associated with an earlier disease onset in some studies [22, 23], but not
in another [25], and it was associated with less favorable response to ERT with regard to
muscle mass in one study

[24]

, and with regard to FVC and 6MWT in another study

[25]

.

The different outcomes may be explained by small group sizes, an overrepresentation
of adult patients, and/or a short follow up of maximum 2 years. This was reason to
perform the current nationwide study in a group of 131 children and adults representing
the full phenotypic spectrum of patients with the c.-32-13T>G/ ‘null’ gene type. The
aim was to further explore the potential influential effect of the ACE polymorphism
on age of disease onset, disease severity and outcome of patients when treated with
ERT by using a relatively large patient cohort and a longer follow up of 5 years of ERT.

MATERIALS AND METHODS

5

Patients and study design
This study was part of an ongoing single-center prospective, open-label study, in
which all Dutch children and adults with a confirmed diagnosis of Pompe disease by
enzyme analysis in leucocytes or fibroblasts, and by DNA analysis participated [15, 26–28].
Only patients that carried the c.-32-13 T>G (IVS1) GAA variant on one allele and a
fully deleterious (“null”) GAA variant on the other allele were included in this study.
Information was collected with respect to onset of symptoms, age of diagnosis and
wheelchair- or ventilator dependency. Clinical assessments were performed with 3–6
months intervals. Daily life activities were assessed via the Rasch-built Pompe-specific
Activity (R-PAct) scale

[29]

. Data were collected from January 1, 1999 through January

1, 2016. All data available during this period were used in this analysis. The study was
conducted according to the Declaration of Helsinki, the Medical Ethical Committee at
Erasmus MC University Medical Center approved the study protocol, and all patients,
or their parents or legal guardians, provided written informed consent.
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ACE polymorphism
ACE genotyping was performed based on the methods described by Al-Awadhi et al [30]. In
short, genomic DNA from blood or fibroblasts was used in a first PCR flanking the alu insertion in
intron 16 using the following primers: fw1: 5’-CTGGAGACCACTCCCATCCTTTCT-3’ and
rev1: 5’-GATGTGGCCATCACATTCGTCAGAT-3’. PCR was performed using FastStart
PCR (Roche) in which 6% DMSO was included in the reaction mixture. Reactions
were run on a Bio-rad C1000 Touch Thermal Cycler. When no I allele was found,
a second PCR was performed using an alu insertion-specific internal primer
fw2: 5’-TGGGATTACAGGCGTGATACAG-3’, which was used in a PCR with the same
primer rev1 as above. Positive, negative, and blank controls for the ACE genotype were
included in all analyses.
Clinical outcome measures
The use of a wheelchair and mechanical ventilation was registered at each visit. Skeletal
muscle strength was assessed using the Medical Research Council (MRC) grading
scale and hand-held dynamometry (HHD; Cytec dynamometer, Groningen, The
Netherlands) [31–33]. The following muscle groups were tested for either method: neck
flexors, shoulder abductors, elbow flexors, elbow extensors, hip flexors, hip abductors,
knee flexors, and knee extensors. Additionally, an MRC grade was determined for the
hip extensors and hip adductors. This was expressed as percentage of the maximum
possible score for MRC sum scores. HHD sum scores were expressed as percentage
of the median strength of healthy males and females. Sum scores were calculated if

5

no more than two muscle groups were missing. Muscle function was assessed using
the Quick Motor Function Test (QMFT), consisting of 16 motor skills related to daily life
[34]

. Muscle endurance was assessed using the six-minute walk test (6MWT) in which

the distance walked in 6 minutes was recorded

[35]

. Forced vital capacity (FVC) was

measured in upright and supine positions. Results were expressed as percentage of
the predicted FVC

[36]

. The R-PAct scale was used to assess patients’ self-reported

ability to perform daily life activities. A score was calculated as described [29], only when
all items had been answered. Only adult patients performed this test.
Statistical analysis
Differences in characteristics between the three different ACE genotypes (II, DD and
ID) at first visit were calculated as follows. First we tested if any of the ACE groups
differed from the others using the Kruskal-Wallis test for numerical data and the chisquare test (2x3) for categorical data. When significant, the Mann-Whitney and chisquare tests (2x2) were used to identify which of the groups (II vs ID, II vs DD or ID vs
DD) differed. We corrected for multiple testing using the Holm method [37].
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Longitudinal analyses of the effects of ERT were performed using linear mixed effect
models to account for repeated measurements per patient as described [19]. Models were
fitted for each outcome measure using the nlme package of the statistical program
R (version 3.2.5) [38, 39]. Time was expressed as years after start of ERT. To account for
potential non-linear profiles we used natural cubic splines in the fixed-effects and
random-effects parts of the model. In the specification of the splines, boundary knots
were placed at 0 (i.e. start of ERT) and 5 years, and internal knots were placed at 1 and
3.5 years. For the random-effects part of the model an unstructured covariance matrix
was used. Likelihood-ratio-tests were used to asses if there was an interaction between
time and ACE polymorphism; e.g. if outcome measures progressed differently during
treatment for each ACE polymorphism or if the different polymorphisms had different
intercepts; e.g. overall disease severity. Obtained p-values were corrected for multiple
testing using the Holm method

[37]

. Plots for the group means were generated for

the different outcome measures during 5 years of ERT as described

[19]

. Siblings from

various families were identified. For each sibling the age at first symptoms, diagnosis,
the start of ERT, the start of wheelchair/ventilator use, and their last follow-up or death
were plotted to study if different ACE genotypes explained variation within families.
Siblings were classified as having varying outcomes when an event occurred in one
sibling and did not occur within 10 years in the other sibling.
Power analysis
5

We conducted a post hoc power analysis based on our cross-sectional data using the
outcome measure age of onset, as this is highly variable in patients with the same IVS-1/
null variants. We assumed that the ACE genotype would fully explain all phenotypical
variation between patients. In this scenario, the medians of the three ACE genotype
groups (II, ID, and DD) are the same as the 25th, 50th and 75th percentiles of the age of
onset of the overall population. We calculated how many subjects are needed to detect
a difference between ACE groups at a power of >0.8 by simulating a thousand ‘sample
populations’ with the given number of patients, and performing a Kruskal-Wallis test.

RESULTS
Patients
A total of 146 Dutch patients with the IVS1/”null” genotype were known in our center at
data closure. DNA was available for 131 patients to determine the ACE genotype (Table
1), of whom 112 had started with ERT. The characteristics of the total patient group (n
= 131) were as follows. Gender was evenly distributed (50% females) in the total group
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and the three different ACE groups (II, DD and ID). Most patients (86%) started ERT at
adulthood (>18 years of age). Median ages (in years, with ranges indicated in brackets)
at symptom onset, diagnosis, first visit, and start of ERT were 31 (0–62); 38 (0–72);
46 (0–75); and 49 (1–76) years, respectively. Further testing of the age range at start
of ERT revealed that these did not differ between the ACE groups. At first visit, 31% of
patients used a wheelchair, while the median age at which patients started to use a
wheelchair was 49 (11–76) years. For usage of a ventilator, these numbers were 22%
and 52 years of age (6–72). The age ranges for all parameters listed above were broad,
highlighting the heterogeneity of disease onset and progression of Pompe patients
with the IVS1 variant.
Effect of ACE I/D polymorphism at first visit: Cross sectional analysis
The ACE polymorphism genotype was normally distributed within the total patient
group (II: 24%; ID: 44%; DD: 31%) (Table 1). Outcomes were compared between the
three groups in a cross sectional analysis at first visit (Table 2A) and at start of ERT (Table
2B). This showed that none of the parameters were different between the groups. The
use of a wheelchair at first visit was initially found to be different with a p-value of
0.047 with the lowest number of wheelchair users in the DD group, but post-hoc
testing showed that this was not significant. Slightly more II patients started ERT during
childhood, but the differences between ACE groups were also not significant.
5

Table 1. Patient characteristics at first visit.

*Null hypothesis II = ID = DD rejected at the p<0.05 level. Post-hoc testing (II vs ID, II vs DD or ID vs DD) did not
show significant differences between the ACE
groups.
#
All parameters were tested for 131 patients, except for start ERT during childhood and median age at start ERT
for which a total of 112 patients were analyzed.
§
age ranges were n.s.
https://doi.org/10.1371/journal.pone.0208854.t001
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Table 2, Cross-sectional evaluation of muscle force, function and lung function at first visit (A) and start of
ERT (B).

Abbreviations: ERT = enzyme replacement therapy; HHD = handheld dynamometry; MRC = Medical Research
Council; QMFT = Quick Motor Function Test;
R-PAct = Rasch-Built Pompe-Specific Activity scale; 6MWT = 6-minute walk test; FVC = forced vital capacity
percentage predicted; n.s. = not significant.
*The age ranges of patients that had started with ERT were 1–68 for the II group, 14–73 for the DD group and
1–76 for the ID group, and these were not significantly
different between the ACE genotype groups.
https://doi.org/10.1371/journal.pone.0208854.t002

5

Effect of ACE I/D polymorphism on response to enzyme replacement therapy
A total of 112 patients within the cohort received ERT and were included in longitudinal
analysis of 5 years follow-up (Fig 1). We followed the response to ERT by assessment
of muscle strength (MRC sumscore, HHD), muscle function (6-minute walking test,
QMFT), respiratory function (FVC in sitting and supine positions), and daily life activities
(R-Pact scale). The results were analyzed using linear mixed effects models. For some
parameters, a difference was observed at the start of ERT between the II and the DD
genotype groups, notably for R-Pact scale, QMFT, and FVC in sitting position, with a
more favorable value for the II group. However, following multiple testing correction,
these differences were not significant. The responses to ERT (i.e. the slopes of the
curves during ERT treatment) were not different between the ACE genotype groups
for all parameters tested. Individual responses to ERT varied within the ACE genotype
groups. We found both good responders and non-responders to ERT in all three ACE
genotype groups.
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Fig 1. Predicted group means for outcome measures over 5 years of ERT treatment. Group means (continuous
line) of the outcome measures and 95% prediction interval (area between the dotted lines) obtained for the II,
ID and DD genotypes using linear mixed models. P values are indicated in the titles above the graphs.

ACE polymorphisms within families
Our cohort of patients included 54 siblings from 24 different families (2–3 siblings
per family). Age at first symptoms, diagnosis, start of wheelchair use, ventilator use,
ERT, death (if applicable), and ACE genotype are shown for each patient in Fig 2.
Families are ordered by the onset of disease of the youngest family member. In 14 of
the 24 families, siblings had discordant ACE polymorphisms, while 10 had the same
ACE polymorphism. We found siblings with discordant ACE genotypes but with similar
disease courses (8 siblings from 4 families; families 14, 19, 20 and 22), while we also
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found siblings with the same ACE genotype but very different disease courses (21
siblings from 10 families; families 5, 6, 9, 10, 11, 13, 15, 16, 18 and 24). We conclude
that no clear influence of the ACE genotype on onset of disease symptoms can be
detected within these families.

5

Fig 2. ACE polymorphisms and clinical parameters in family members with Pompe disease. Each line
represents one patient. Families are numbered and visualized using alternating straight and dotted lines. The

ACE genotype of individual patients is indicated at the right side of each patient’s line. Onset of clinical events
is plotted on the X axis and indicated with the symbols indicated on the right.
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DISCUSSION
Pompe patients with the IVS1 variant represent the largest patient group of European
descent with childhood or adult disease onset. These patients have a particularly large
variation in phenotype, with symptom onset ranging from 0 to 62 years of age
40]

[5, 15,

. Pompe patients in general have a variable response to ERT, ranging from good to

moderate to non-responders

[19, 21, 41]

. Here, we investigated the potential contribution

of the ACE I/D genotype as a modifier of Pompe disease and response to ERT. Our
results indicate that such contribution, if it exists, is too small to explain the phenotypic
heterogeneity in this patient group. This applies both to differences in disease severity
and to the response to ERT. Analysis of siblings with the same IVS1 genotype also did
not point to a contribution of ACE genotype to clinical variation within families. These
results are discussed in the light of other reports and with respect to the statistical
power needed to identify a genetic modifier for Pompe disease.
A priori, at least two categories of genetic factors can be envisioned as potential
modifiers of the disease course in Pompe disease. The first is a modifier of splicing,
because the IVS1 variant is a splicing variant. For example, in theory it is possible that
polymorphisms in splicing factors affect the amount of leaky wild type splicing by the
IVS1 variant. If such polymorphism would exist, it would likely be present in a general
splicing factor that is shared between fibroblasts and skeletal muscle cells, because
these two cell types show similar aberrant splicing patterns [42]. Another category might

5

be a genetic factor that modifies skeletal muscle function, as skeletal muscle is affected
in Pompe disease. The ACE I/D genotype falls in this category, as it has been associated
with performance of top athletes. Depending on the type of sport and its requirement
for either endurance or strength, groups of top athletes are either enriched in the I
or the D ACE alleles, respectively [43–49]. Considering the exceptionally broad clinical
phenotype of patients with the IVS1 variant, a strong modifier is expected to explain
the large variation in disease severity. Alternatively, modulation of the phenotype may
occur via a combination of genetic factors with small effects that, when combined,
have a strong effect on muscle function. In this scenario, the ACE polymorphism might
be one of multiple factors that, when combined, affect the clinical phenotype.
The first study on the effect of the ACE I/D genotype on the natural course of Pompe
patients was published in 2010. This study included 38 patients, 36 of whom contained
the IVS1 GAA variant [22]. Sixteen parameters were tested in cross sectional analyses. The
results suggested significant differences for some parameters, notably an association
between the DD genotype and a worse Walton score (which scores muscle function),
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an earlier disease onset, more muscle pain, and higher CK levels were found. In
2014, the initial study was extended to 85 patients that contained the IVS1 variant

[23]

.

Associations were found between the DD genotype and pain, but in contrast to the
previous study, no associations between ACE genotype and Walton score, CK levels
or other clinical parameters were found in cross sectional analyses. Another study
was published in 2016, in which 58 patients that had previously been included in the
treatment arm of the late onset placebo controlled multicenter enzyme replacement
study (LOTS study) were analyzed

[25]

. In this study, very mildly affected and severely

affected patients were excluded. This showed no association between ACE genotype
and any parameter including onset of first symptoms, disease duration, 6MWT, or FVC
rating disease severity. In the present study, no inclusion criteria were applied other
than the presence of the IVS1 variant combined with a null allele and a confirmed
diagnosis of Pompe disease. Given the conflicting results published so far, we aimed
to test the effect of the ACE genotype in a relatively large patient cohort of 131 patients
including both children and adults of various ages and different disease severities. This
revealed no significant effects of the ACE genotype on any of the parameters tested. It
should be noted that initial statistical analysis suggested some significant differences
between different ACE genotype groups, but that these turned into non-significant
p-values after multiple testing correction, a method that has not always been applied
in previous studies. When we only included adult patients, there were no significant
effects of the ACE genotype on any parameter tested (data not shown). Taken together,
5

the initial idea that the ACE DD genotype may be associated with faster symptom
onset and more severe muscle symptoms could not be confirmed.
Two previous studies have investigated the influence of the ACE I/D genotype on the
response to treatment with ERT. In a study on 16 patients with the IVS1 allele that were
treated for > 2 years with ERT, the DD genotype (n = 3) was associated with reduced
muscle mass over the course of treatment, while no associations were found for
muscle strength, FVC, or 6MWT

[24]

. In the previously mentioned LOTS study, in which

58 moderately affected patients were treated with ERT for 78 weeks, the DD genotype
(n = 17) was associated with a poorer response to ERT of FVC in sitting position [25]. One
other parameter was tested, namely the 6MWT, and this showed a better response in
patients with the ID genotype and a trend toward a better response in patients with the
II genotype compared to the DD genotype. Other parameters for muscle strength and
function were not reported in this study. The overall conclusion from the LOTS study
was therefore that the II genotype may be associated with a better response to ERT. In
the present study, 112 patients were treated with ERT with a follow-up of 5 years after
start of ERT, and severely affected patients were also included. Patients with the DD
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genotype in general did worse compared to the II genotype for several parameters,
including 6MWT, QMFT , FVC, and R-Pact scale. However, the effects were small and
not statistically significant. Altogether, the data available to date do not support the
idea that the ACE genotype can explain the heterogeneous response to ERT in juvenile
and adult Pompe patients.
The question arises whether we would have been able to detect an effect of the ACE
genotype in our patient cohort, given the number of patients tested in relation to the
heterogeneity of clinical outcome. To address this, we performed a post-hoc power
analysis. We performed the calculation for the hypothetical situation in which the ACE
genotype is the only modifying factor that is responsible for phenotypic variation in
patients with the IVS1 variant. Although we realize that this may not be the case, the
calculation has been performed in this way to give a sense of the number of patients
required. As a primary outcome measure, we used symptom onset, because this
outcome measure shows a documented large variation among IVS1 patients

[17]

. In

our patient cohort, we calculated that 12 patients would be sufficient to demonstrate
a significant effect on natural course (power = 0.96). In this study, we included 131
patients with Pompe disease, arguing that we should have detected an effect of the
ACE polymorphism in our cohort if it would exist. We conclude that a possible effect of
the ACE I/D genotype on natural course or the clinical response to ERT, if any, is very
small, and remains undetected in our patient cohort. The search for modifying factors
that can explain phenotypic variation in Pompe disease should continue.

5
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Clinical diversity of Pompe
patients with c.-32-13T>G
genotypes investigated by
gene expression profiling

Niño Martinez MY, de Faria, DOS, Kroos M, Hoogeveen-Westerveld M, in ’t Groen
SLM, van den Hout JMP, van IJcken W, van der Ploeg AT, Pijnappel WWMP.

ABSTRACT
Background: Pompe disease is an autosomal recessive neuromuscular disorder caused
by acid α-glucosidase (GAA) deficiency. The disease presents as a clinical spectrum
with regard to age of onset, symptom severity and rate of disease progression.
Notably, clinical diversity occurs also among patients with GAA genotypes that exert
the same functional effect on GAA activity. This observation points to the interaction
of factors co-determining the clinical course of Pompe disease. We hypothesized that
differences in gene expression profiles result in modulation of secondary responses
and outcomes of disease progression while the level of GAA deficiency is the same. The
differentially expressed genes (DEGs) provide opportunities for a better understanding
of the molecular pathogenesis of Pompe disease and may at the same time serve as
6

markers of disease progression.
Objective: The aim of our present study was to identify transcriptional differences in
cultured fibroblasts from patients with childhood and adult onset Pompe disease.
Materials and methods: RNA sequencing (RNA-seq) was applied to cultured fibroblasts
from patients with GAA genotypes (c.-32-13T>G / ‘null’, in 35/39 cases). The patients
were selected on the basis of ages of onset. Seventeen had childhood onset (<16
years) and 22 adult onset (>35 years) Pompe disease. Patients and controls were
analyzed in 2 separate analyses. Study 1 was the initial study, while study 2 was an
independent study using individuals to validate the results of study 1. For comparison,
we investigated gene expression also in fibroblasts from 19 childhood and 18 adult,
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age-matched, unaffected individuals. Gene ontology analysis was performed using
Panther and Ingenuity software.
Results: In study 1, the median age (years) at symptom onset was 1.25 in childhood
onset patients, and 47 years in adulthood onset patients. These numbers were 7
and 33 in study 2, respectively. RNA-seq revealed 569 differentially expressed genes
(DEGs) between childhood and adult Pompe patients in study 1. A substantial number
of these DEGs were linked to known metabolic and cellular processes. The number
of DGEs identified in the replicate study 2 was only 7, but a core set of 3 disease
related DEGs could be established between childhood and adult phenotypes: MAOA,
Stc-1, and NRK-1. When comparing expression profiles between Pompe patients and
healthy controls, we found 6607 DEGs for adults and 4426 DEGs for children in study
1. For study 2 these numbers were 53 and 89, respectively. Importantly, only one gene
overlapped when comparing genes that were differentially expressed in adults plus
children with Pompe disease compared to age matched controls, which was GAA. This
result strongly supports the validity of the chosen methodology and the data analysis.
Conclusion: Our study shows that fibroblasts can be used for detection of genomewide transcriptional differences between patients with Pompe disease and unaffected
individuals but also between Pompe disease phenotypes. However, large individual
differences in gene expression within both healthy controls and patients prevents the
reproducible identification of most disease-regulated genes. MAOA, Stc-1, and NRK-1
were the exceptions and might be associated with the onset of symptoms in Pompe
disease. This should be confirmed in larger cohorts.
Keywords: Pompe disease, clinical heterogeneity, disease-marker, differential gene
expression, RNA sequencing, c.-32-13T>G (IVS1)

6

INTRODUCTION
Pompe disease (MIM# 232300) or glycogen storage type II (GSDII) is an autosomal
recessive disorder caused by acid α-glucosidase (GAA; NP_000143.2) deficiency,
a lysosomal enzyme degrading glycogen to glucose. The combination of diseaseassociated variants in the two copies of the GAA gene causes deficiency or total
absence of GAA enzyme activity resulting in intra-lysosomal accumulation of glycogen
with profound degenerative effects on muscle cells. Continuous accumulation of
glycogen prohibits the normal functioning of lysosomes, disturbs the autophagic
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transport pathways, interferes with cellular metabolism, and may even lead to rupture
of lysosomes, all together resulting in cellular damage and progressive degeneration
of skeletal muscles. Pompe disease presents as a spectrum of phenotypes. Apart from
the rapidly fatal classic infantile phenotype, characterized by death within the first year
of life due to cardiorespiratory failure [1], there are more slowly progressive phenotypes
exemplified by children and adults presenting with skeletal and/or respiratory muscles
weakness at older age [2-6].
In 2006, enzyme replacement therapy (ERT) using recombinant DNA technology was
approved for the treatment of Pompe disease based on the outcome of clinical trials
in infants [7, 8]. Currently, ERT is commercially available as the only treatment for Pompe
disease. Studies in infants have demonstrated that human recombinant GAA (rhGAA)
is capable of improving cardiac and skeletal functions and longer-term survival by
reducing lysosomal glycogen accumulation [7, 9, 10]. Studies focusing on affected children
and adults have shown that ERT, at the group level, improves muscle function (distance
walked during 6 minutes), muscle strength and pulmonary function, and has longterm benefit [8, 11-13]. However, patients’ response to ERT with rhGAA is highly variable [13,
14]

. This variation could be due to a multitude of factors among which, obviously, the

severity of symptoms at age of diagnosis and the disease duration at start of treatment.
Also, other factors play a role such as antibody formation against the administered
rhGAA, which is generally considered as a negative outcome predictor and in most
cases but not all associated with a CRIM negative status [15-17].
Optimal management of patients with Pompe disease depends on early diagnosis,
intelligent prediction of disease progression, coordinated follow up, and timely
initiation of ERT. However, other than the patients’ GAA genotype, their level of
6

residual GAA activity, and their clinical signs, there are hardly any biochemical/
molecular disease-markers to be guided by. Currently, Glucose tetrasaccharide (Glc4)
is used as biomarker in Pompe disease; patients with Pompe disease typically excrete
increased amounts of Glc4 in urine, which can be analyzed by high performance
liquid chromatography (HPLC). A decrease in the level of Glc4 has been reported in
patients responding to ERT. However, raised levels of Glc4 have been observed also
in patients with glycogen storage diseases (GSDs) type Ia and type III suggesting that
Glc4 is not a highly sensitive marker for Pompe disease

[18]

. Myostatin and insulin- like

growth factor 1 (IGF-1) have been proposed as potential therapeutic biomarkers in
Pompe disease as well. Those molecules have shown lower serum levels in Pompe
patients than in healthy controls. After ERT, the expression levels of both myostatin
and IGF-1 reached normal levels, suggesting possible utility for disease monitoring [19].

148

| CHAPTER 6

Recent studies have suggested a group of miRNAs as potential biomarkers of Pompe
disease. The validation of the results identified three miRNAs, suggesting that may
represent additional biomarkers for the follow-up of adult onset Pompe disease

[20, 21]

.

At present there are no established methods that can facilitate and provide a better
understanding of decision-making on therapeutic intervention. This difficult task has
prompted the need to develop methods for prediction of disease progression and start
of therapeutic intervention.
In our search for genes and associated pathways that could potentially affect the
clinical course of Pompe disease and serve as biochemical / molecular disease-marker
we analyzed the transcriptome of cultured skin fibroblasts from two groups of patients
with functionally ‘the same’ GAA genotype but quite different age of onset of clinical
symtoms, patients with childhood onset and patients with adult onset. Age matched
healthy individuals were analyzed as controls. To enable the collection of a sufficiently
large patient cohort with functionally ‘the same’ GAA genotypes we have chosen in
our study for affected children and adults with the common c.-32-13T>G/diseaseassociated variant genotypes (-32-13T>G/ null, in 35/39 cases) Patients with the IVS1/
null genotype may present with symptoms and any age from early childhood to late
adulthood [22].
The c.-32-13T>G transversion upstream of the splice acceptor site of exon 2 results
in aberrant splicing whereby only 5-15% of the normal amount of structurally and
functionally normal acid α-glucosidase is produced. c.-32-13T>G is the most frequent
GAA variant among Caucasians with Pompe disease and is observed in more than twothirds of the patients worldwide

[23-25]

. In the Netherlands, about 95% of adults with

Pompe disease and 68% of affected children under 18 years have the c.-32-13T>G /
‘null’ genotype [22, 23].

6

MATERIAL AND METHODS
Study population
Inclusion criteria and study design
An overview of the entire experimental setting performed in study 1 and study 2 is
provided in Figure 1.
Patients had to be diagnosed with Pompe disease during childhood or adulthood. For
genome-wide expression analysis, all patients (39) had to be compound heterozygote for
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the common c.-32-13T>G GAA gene variant in combination with a disease-associated
variant on the second GAA allele (which was null in 35 cases and presumably null in 4
cases). Patients with substantially different ages of onset (<8 years vs >35 years) were
selected for the study. Cohort 1 comprised 17 patients with childhood onset of Pompe
disease (13 male, 4 female) with a median age at symptom onset of 2 years (range 0.513). Cohort 2 consisted of 22 patients with adult onset Pompe disease (8 male, 14 female)
with a median age at onset of symptoms of 41.5 years (range 20-62). In addition, a total
of 37 unaffected individuals were included in the study: 19 children (12 males, 7 females)
with a median age at time of skin biopsy of 9 years (range 1.2-14.2), and 18 adults (9
males, 9 females) with a median age at time of biopsy of 52.5 years (range 35-76.9).
Biopsies were taken from either the skin of the proximal part of the leg (patients) or form
the distal part of the leg or from the foreskin (controls). Characteristics of study subjects
and study materials including ages at biopsy) are provided in Table 1 and Figure 2A. To
further validate the results obtained a skin biopsy, a third cohort of Pompe patients (3
childhood, 3 adult and 1 classic infantile) were analyzed. The Medical Ethical Committee
at Erasmus University MC approved the study protocol, and all patients, or their parents
or legal guardians provided written informed consent.

6

Figure 1. Workflow of the generic approach for the RNAsequencing analysis in Pompe patients and healthy
controls included in studies 1 and 2. The differentially expressed genes (DEGs) were analyzed by qPCR.
Afterwards, skin fibroblasts derived from Pompe patients were re-grown (1A and 2), and qPCR of DEGs as
performed to confirm the RNAseq findings. *Samples used as internal control.

150

| CHAPTER 6

Table 1. Demographics of Patients and Controls in studies 1 and 2.
Criteria

Childhood Pompe

Adult Pompe

<8*

>35#

Childhood control

Adult control

Age:
at onset (y)
at biopsy (y)

<16

>35

<16

>35

Gender:
male

13

8

12

9

female

4

14

7

9

17

22

13

18

Biopsy:
leg
foreskin

6

Total
17
22
19
*Patients seen by doctors at indicated age (<8 years) with clear signs of
Pompe disease. #Patients with first signs at indicated age (>35 years) and seen by doctors at that age.

18

6

Figure 2A. Patient’s age at time of biopsy and sample source. Skin biopsies were taken from the upper
lower limb or the lower limb except for 6 samples whereby served as sample source (foreskin fibroblasts are
represented as dotted green square). The study number is given within brackets. The horizontal line presents
the median value.

For several reasons it was not possible to incorporate all RNAseq measurements in a
single study. Therefore, the analyses were divided as follows: study 1 (all from cohort
1) was performed in two experiments, study 1A (12 children with evident symptoms
under the age of 8 years and 11 adults with symptoms over 35 years); and study 1B (11
unaffected children and 10 unaffected adults with skin biopsies taken under the age
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of 16 or over the age of 35, respectively), 3 samples were chosen for measuring RNA
profiles in both study 1A and study 1B to determine a potential batch effect, which
was absent. Study 2 (all from cohort 2) included 8 unaffected and 5 affected children,
and 8 unaffected and 11 affected adults with skin biopsies taken under the age of 16
(childhood) or over the age of 35 (adult), respectively (Fig. 1 and Fig. 2A).
Cell culture, GAA enzyme activity and glycogen content
Skin fibroblasts were cultured according to routine procedures in medium containing
DMEM supplemented with 10% fetal calf serum and 1% penicillin/streptomycin, in a
humidified atmosphere containing 5% CO2/95% air, at 37º C. The cells were harvested
with trypsin/EDTA (ethylenediaminetetraacetic acid) at day 3 after the last subculture
and stored as pellet at -80°C until use. Cell lysates were prepared and assayed for GAA
activity and protein, as mentioned below, and for measuring the glycogen content
according to Umapathysivan et al, 2005; whereby the cells were kept for 3 to 5 days
on glucose-free medium before harvesting [26].
The standard GAA enzyme activity assay mixture consisted of 10 μL of cell homogenate
(10 μg of protein) and 20 µL of 2.2 mmol/L 4-methylumbelliferone (4-MU)–α-Dglucopyranoside (4MUG, Sigma) in 0.2 mol/L Na-acetate buffer (pH 4.0) with 0.02%
(wt / vol) sodium azide. The reaction mixtures were incubated for 1 hour at 37°C, and
the reaction was stopped by the addition of 200 µL 0.5 mol/L Na2CO3/NaHCO3 (pH
10.7). The fluorescence of released 4MU was measured with a fluorimeter (Thermo
Electron corporation). The protein concentration of the samples was determined
using Pierce™ BCA Protein Assay Kit (Thermo Scientific™) following the instructions
provided by manufacturer and previously described [27]. The GAA enzyme activity assays
and the protein assays of study 1 (see Results) were performed at time of this study.
6

The GAA enzyme activities per mg protein of study 2 were obtained using exactly the
same routine procedures, but were derived from the patients’ medical records.
RNA sample collection for RNA sequencing and qPCR
Skin fibroblasts were cultured according to routine procedures in DMEM medium
supplemented with 10% fetal calf serum and 1% penicillin/streptomycin. Fully
confluent tissue culture flasks were split and harvested 3 days later for RNA isolation
using the RNAeasy miniprep kit with on-column DNase treatment according to the
manufacturer’s recommendations (Qiagen). For gene expression analysis, 800 ng of
RNA was used for generation of cDNA using the iScript cDNA synthesis kit (Biorad) and
real time qPCR. The cDNA solution was diluted 10 times before use. To determine the
relative concentration of each sample, 4 μl of each cDNA sample (10 times diluted
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in H2O) was processed in a 15 μl PCR reaction containing IQ Mastermix (Biorad) and
0.333 μM of each primer. To account for the efficiency of each specific primer set, all
samples were related to a standard curve from the healthy control sample. All samples
were measured in triplicate and normalized using β-actin.
RNA isolation, cDNA library construction, Illumina deep sequencing and Data
processing of RNA-Seq experiments
Total RNA was extracted using the RNAeasy miniprep kit following the manufacturer’s
protocol (Qiagen). A total of ≥ 100 ng RNA per sample was sent for library preparation
using the TruSeq RNA sample preparation kit and sequenced according to the Illumina
TruSeq v3 protocol on the HiSeq2000 with a single read 43 bp and 7bp index, and
mapped against the requested reference using Tophat (version 2.0.10). We called
gene expression values using Cufflinks (version 2.1.1). More than 10 million aligning
reads per sample were generated for each sample. The gene/transcript annotation
hg19_transcriptome was used. Raw data in the fastq format were processed. We
applied three methods for differential gene expression analysis: T-test per gene on
cufflinks FPKM (fragments per kilobase of transcript per million mapped reads) values,
Limma on read counts, and EdgeR with a generalized linear model. RNA sequencing
was performed by the Erasmus Center for Biomics at Erasmus MC (www.biomics.nl,
Rotterdam, The Netherlands).
Differential Analysis: Pompe patients Child vs Adult and Controls
Differential expression analysis was performed using edgeR (R package) with a
generalized linear mode and we called gene expression values using Cufflinks (version
2.1.1). Hierarchical cluster analysis and multidimensional scaling (MDS) plots were used
to identify DEGs. DEGs were filtered with false discovery rate (FDR) <0.05, fold change
(FC) >1.5 or <–1.5 in each pairwise comparison.

6

GO analysis
Gene ontology (GO) analysis was performed to determine the biological implications
of the expression of unique genes in significant or representative profiles of genes
that were differentially expressed using The PANTHER database (Protein Analysis
Through Evolutionary Relationships) at http://pantherdb.org). The Bonferroni
correction for multiple testing was applied to identify significant GO categories, and
p-values of <0.05 were considered significant. The categories are described as GO
molecular function (GOTERM_MF), GO biological process (GOTERM_BP), and GO
cellular component (GOTERM_CC), GO panther pathways, and Reactome pathways.
All enriched biological processes were ranked from top to bottom according to the
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p-values for each GO term.
Pathway analysis was used to determine the significant pathway(s) of the DEGs
according to the PANTHER database and Ingenuity software (IPA; Qiagen, Valencia,
CA; http://www.ingenuity.com). The analysis was determined by adjusting p-values
for multiple testing, including the Bonferroni and Benjamini-Hochberg correction
methods (P<0.05), in order to identify the most significant pathways and causal
relationships associated with the experimental data.
Statistical Analysis
We called gene expression values using Cufflinks (version 2.1.1).
The data were analyzed using IBM SPSS (version 25), and GraphPad prism (version
8.0.0). The category percentage and the basic statistics value were calculated for each
group and/or study. Linear regression analysis was used to modeling the relationship
between gene expression level and age of onset/biopsy. We performed the one-way
and 2-way ANOVA: Turkey’s multiple comparisons test for testing groups to see if there
is a difference among and between them. Differences were regarded to be significant
in all tests at a significance level of “P < 0.05”
The pathway and GO terms associated with the obtained DEGs were tested for
significance using the Bonferroni correction and Benjamini-Hochberg correction for
multiple testing (P < 0.05) and were subjected to gene ontology analysis

RESULTS
6

Figure 1 provides an overview of the experimental setting.
Clinical features and disease severity
Table 2 provides the characteristics of the patients in cohort 1 (onset of symptoms
under the age of 16 years) and 2 (onset of symptoms over the age of 35 years). The
majority (76.5%) of affected children in cohort 1 was male. The median age at first
symptoms was 2 years (0.5-13), and the median age at time of biopsy was 9.8 years
(0.35-16.3). Among the adult patients in cohort 2, 36.4% are males. The median age at
first symptoms was 41.5 years (20-62), and the median age at time of biopsy was 55.8
years (38.9-72.9). Table 2 also lists the number of GAA genotypes of all patients. With
regard to the latter, all patients carry the common c.-32-T>G variant that combines
in 6 (35%) of the childhood cases and in 12 (55%) of the adult cases with the c.525del
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allele and in all other cases of childhood (53%) and adult onset (36%) with an equally
deleterious “null” other disease-associated GAA variant, except for 4 patients (2 child
(12%) and 2 adult (9%) that contain a ‘non-null’ GAA variant.

Table 2. Characteristics of patients reported in studies 1 and 2.

Patients with Pompe disease
Gender: males (%)a
Median age at first symptoms (y)b
Median diagnosis age (y)b
Median age at time of biopsy (y)b

Childhood Pompe

Adult Pompe

all patients

Total

Total

Total

17

22

39

13 (76.5)

8 (36.4)

21 (54)
22 (0.5-62)

2 (0.5-13)

41.5 (20-62)

2.5 (0-14.1)

46.5 (26-72)

34 (0-72)

9.8 (0.35-16.3)

55.8 (39-72.9)

41 (0.35-72.9)

16 (94)

14 (63.6)

30 (76.9)

Mobility (%)a
Ambulant
Wheelchair dependent

2 (9.1)

2 (5.1)

1(5.9)

5 (22.7)

6 (15.4)

1 (4.5)

1 (2.6)

1 (5.9)

6 (27.3)

7 (17.9)

9.1 (6.2-29)

12 (5.2-18.7)

11.5 (5.2-29)

c.-32-13T>G/c.525del p.(Glu176Argfs*45)

6 (35)

12 (55)

18 (46)

c.-32-13T>G/ other ‘null’ GAA variant

9 (53)

8 (36)

17 (44)

c.-32-13T>G/ ‘non-null’, c.2135T>C p.(Leu712Pro)

2 (12)
2 (9)

2 (5)

Partially wheelchair dependent
Walking aid
Ventilation dependent (%)a
GAA activityb,c
Patients and genotypes (%)a

c.-32-13T>G/ ‘non null’, c.1076-22T>G p.?

2 (5)

The figures are a percentages or b medians with ranges. c The control range for GAA activity in fibroblast is: 40–180 nmol
MU/mg.h.

Figures 2B and 2C present the age at first symptoms, the age at diagnosis, the age at
time of biopsy, and the disease duration for each individual patient, and Suppl. Figure
12 provides the ages at biopsy of controls. If known, the figures also include the age
at which the patients became wheelchair or ventilator dependent and/or started to

6

receive ERT. Patients sharing exactly the same GAA genotype are marked. The youngest
of all patients developed symptoms in the first year of life, while the oldest developed
symptoms at the age of 62 years. The age at diagnosis varies between 0 and 72 years
(median 34 years). The age at time of skin biopsy varies between 0.35 and 72.9 years
(median 41 years). Table 3 shows the median age at first symptoms of the childhood
and adulthood onset patients with Pompe disease per study.
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Figure 2B. Clinical course of patients in study 1. C1-C12 are patients with childhood onset Pompe patients
and A1-A11 are adult onset Pompe patients. Dots represent an event during the course of the disease. Patients
marked with * or # share the same GAA genotype. Patient C11 is partly wheelchair dependent, but can walk for
200 m. Patient Ch1 was wheelchair dependent but acquired walking ability during ERT.

GAA enzyme activity and glycogen accumulation
The GAA enzyme activity and glycogen accumulation assays were performed in
fibroblasts of Pompe patients and healthy controls to investigate potential associations
between residual GAA activity, glycogen accumulation, and clinical phenotype.
6

Figure 2D showed no statistically significant differences between the GAA enzyme
activity in fibroblasts from childhood vs adult patients that could explain differences
in phenotype (P>0.05). For healthy controls a significant difference was observed
between GAA activities of children and adults (P < 0.001). As expected, patients
showed GAA deficiency compared to controls (P<0.001), with the following values:
childhood patients: 9.1 [6.2-29], adult patients: 12 [5.2-18.7], childhood control: 98.95
[79.1-168], adult control: 70.3 [30.2-116] (control range of GAA activity in fibroblasts:
40-180 nmol MU/mg.h) [22].
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Figure 2C. Clinical course of patients in study 2. Patients Ch13-Ch17 had childhood onset and A12-A22 during
adulthood. Dots represent an event during the course of the disease. Patients marked with * or # share the
same GAA genotype. Patients A15, A18- A20 and A22 are partially wheelchair dependent.

In order to measure the lysosomal glycogen content of the fibroblast, a culture
condition without glucose had to be applied for 3-5 days to deplete cytoplasmic
glycogen. Before embarking on this assay, we investigated whether changing the
culture conditions had any effect on the GAA activity (Suppl. Fig S1). There were no
significant differences between the GAA activity of fibroblasts from affected children

6

and adults (cohorts 1 and 2), neither between childhood controls and adulthood
controls cultured in media with or without glucose for either 3 or 5 days’ time (P>0.05).
We measured the glycogen content of the fibroblasts from children with Pompe disease
and unaffected children and adults on day 3 after culture in glucose free media and did
not find statistically significant differences between the four sample types (Suppl. Fig.
S2). The cells did not store glycogen, as opposed to fibroblasts from a single patient
with classic infantile Pompe disease, which was included in the experiment as positive
control and which did store glycogen with a 5-10 fold increase. Supplementary Figure
S2 summarizes the results per individual sample and shows the median glycogen
content per sample type in µg glycogen per mg protein (childhood patient: 37 [8.1143], adult patient: 25 [9.5-60], childhood control: 58.4 [15-86], adult control: 56.5 [11-88]).
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Figure 2D. GAA enzyme activities in fibroblast samples of studies 1 and 2. The horizontal line presents the
median value. The study number is given within brackets. The difference between the childhood and adult
onset groups is non-significant (ns; (P>0.05), but the difference between the patients (childhood plus adult
onset) and controls were significantly different P<0.05 (**** <0.0001, *** indicate p 0.0001). Normal range of
GAA activity in fibroblasts is 40–180 nmol MU/mg.h (4MUG as substrate was used). *Foreskin fibroblasts are
not included in this figure. Enzyme activities for controls in study 2 were not performed. The one-way ANOVA
test was used for the analysis.

Searching for DEGs: RNA-Seq analysis
Differentially expressed genes in childhood vs adult onset Pompe disease compared
to childhood versus adult controls
RNA-Seq analyses were conducted to generate transcriptome profiles from fibroblasts
6

of Pompe patients and healthy controls in order to identify genetic denominators
that could possibly explain the difference between childhood and adult onset Pompe
disease. We conducted pairwise comparison of materials from adult and childhood
Pompe patients (study 1A) and adult and childhood controls (study 1B).
The Multidimensional scaling (2-D MDS) plot (Fig. 3A) revealed distinct expression
profiles of Pompe patients and healthy controls included in the studies 1A-B. Adult
Pompe patients (dark green) had different gene expression levels than childhood Pompe
patients (light green), whereas adult (dark blue) compared to childhood (light blue)
control samples did not. Quite unexpectedly, six childhood control samples (yellow) had
completely different gene expression profiles than all other samples from either patients
or controls. It then turned out that the deviant samples were from foreskin, while all
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others were derived from skin biopsies of the upper leg. Without clear understanding,
we were confronted with the fact that foreskin may have other characteristics than other
types of skin fibroblasts. This was reason to exclude the results obtained with foreskin
fibroblasts were excluded from all further analyses. The DEGs were filtered based on
level fold change (FC) >1.5 or < –1.5, and false discovery rate (FDR) <0.05, in each
pairwise comparison. The outcome of hierarchical cluster analysis of study 1A plus 1B
(foreskin excluded) is depicted in Supplementary Figure S3A and showed a group-wise
clustering of patients in the left branches of the tree and controls in the right branches.
Healthy children and adults were randomly represented in the various sub-branches.
Within the patient branches were sub-branches with adults or children only, but there
was no complete separation of phenotypes. Similar results were obtained in study 2
(Supp. Fig. S3B) albeit that the branching pattern was not precisely the same as in study
1, and the separation between adult and childhood cases of Pompe disease even less
evident, which suggested a very large variation in study 2 compared to study 1.
Pairwise comparisons of adult vs childhood cases of Pompe disease (study 1A)
compared to adult vs childhood healthy controls (study 1B) revealed that 569 genes
were significantly differentially expressed between the childhood compared with the
adult patient cohorts and 6 between the childhood and adult controls (Fig. 3B[A]).
The Venn diagram shows that only 1 gene, TMEM26, was shared between patients
and controls. Of the 569 DEG’s between fibroblasts of affected children compared
to affected adults, 385 were down regulated (Fig. 3B[B] and 184 upregulated in adults
(Fig. 3B-[C])
All DEG’s that were identified in study 1 were subjected to further analysis using the
Panther database and Ingenuity software. The pathway and GO terms associated with
the obtained DEGs were subjected to gene ontology analysis. The GO enrichment

6

of the GO terms suggested that the transcriptional levels of genes related to
molecular function (such as aminoacyl-tRNA ligase activity catalyzing the formation
of aminoacyl-tRNA and related compounds), and biological processes (such as the
type I interferon signaling pathway; cellular response to type I interferon, response
to type I interferon, response to virus, defense response to virus) were altered (Supp.
Figs. S4A-B). Similar results were obtained when analyzing the data in the context
of GO pathway category. In fact, the results of the GO enriched pathway analysis
supported our findings obtained with ingenuity pathway analysis (Supp. Figs. S5A-B).
Pathway terms that came out as being significant included several major processes
such as i) amino acid metabolism and biosynthesis (tRNA charging and the superpathway of serine and glycine biosynthesis I), ii) cell and organ morphology (axonal
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guidance signaling, nitric oxide signaling in the cardiovascular system), iii) immune
system response/processes (role of pattern recognition receptors in recognition of
bacteria and viruses), and iv) hormone metabolism (thyronamine and iodothyronamine
metabolism, thyroid hormone metabolism I via de-iodination).

6

Figure 3A. Multidimensional Scaling Plot (2-D MDS) of the RNA-seq data for the patients and controls of
study 1. The MDS plot shows different gene expression profiles between Pompe patients and healthy controls.
The profiles of adult onset patients (dark green, n= 11: 30A, 30B, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40) differ
from those of childhood onset patients (light green, n=12: 10, 11, 12, 13, 14, 15 ,16A, 16B, 17, 18, 19, 20, 21). In
contrast, unaffected children (light blue, n=5: 60, 64, 68, 69, 70) and adult controls (dark blue, n=10: 80, 81,
82, 83, 84, 85, 86, 87, 88, 89) controls show similar expression profiles except for samples from 6 unaffected
children (gold: 61, 62, 63, 65, 66, 67) that revealed a completely different profile. These were fibroblasts
derived from foreskin. The stress for this plot is 13.5%. Of note, the patient numbers shown in this figure do not
correspond with those in the tables (see Suppl. Table S5. for comparison).
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Figure 3B. Venn diagram showing the numerical difference between genes expressed in adult versus
childhood onset Pompe disease (green) compared to the difference between adult versus childhood control
(blue) of study 1. (A) A total of 569 genes are differentially expressed in childhood versus adult onset Pompe
disease (corrected for controls), whereas only 5 in the comparison of unaffected children versus unaffected
adults. (B) Of the 569, 385 are downregulated in adult onset Pompe disease, and (C) 184 upregulated. Foreskin
fibroblasts were excluded. The DEGs were filtered using a cut off value of < -1.5 - >1.5 fold change (FC) (LogFC:
+/- 0.584) and false discovery rate (FDR) of <0.05

6

qRT-PCR analysis was used to validate the quality of the RNA-Seq data. For this
purpose, we selected 10 downregulated and 10 upregulated genes that were identified
in study 1A-B. The relative gene expression levels of selected genes measured by qRTPCR were in good agreement with the RNA-sequencing data (Supp. Figs 6A-B). The
strong correlation between the RNA-Seq and qRT-PCR data indicates the reliability of
our transcriptomic profiling data. Therefore, the culture condition dependency and
reproducibility were analyzed by re-growing the fibroblasts of patients included in
study 1A and the expression levels of down and upregulated genes were analyzed by
qRT-PCR. The majority of those genes are in line with our previous results by qRT-PCR.
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The expression of some genes seemed culture condition dependent (Supp. Figs 6C-D).
The same approach was taken to evaluate the outcome of study 2. The Venn diagram
of this experiment revealed only 7 genes differentially expressed between adult onset
and childhood onset Pompe patients, and 80 in childhood versus adult unaffected
controls (Fig. 4A[A]). Of those 7 genes, controls and patients share 3, and all three are
downregulated in adult compared to childhood Pompe disease (Fig. 4A[B]). Four genes
are upregulated (Fig. 4A[C]). Although, the DEGs in study 2 are not in line with our previous
results (study 1), we performed RT-qPCR of genes selected for study 1. Conversely, the
majority of these genes showed the same trend of down and upregulation as in study
1. However, they were not statistically significant (data not shown).

6

Figure 4A. Venn diagram showing the numerical difference between genes expressed in adult versus
childhood onset Pompe disease (brown) compared to the difference between adult versus and childhood
control (orange) of study 1. (A) A total of 7 genes are differentially expressed in childhood versus adult onset
Pompe disease (corrected for controls), whereas 80 in the comparison of unaffected children versus unaffected
adults. (B) Of the 7 genes, 3 are downregulated genes in adult onset disease and (C) 4 upregulated. Foreskin
fibroblasts were excluded. The DEGs were filtered using a cut off value of 1.5 fold change (FC) and a false
discovery rate (FDR) of <0.05.
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Figure 4B. Venn diagram showing the numerical difference between genes expressed in adult versus
childhood onset Pompe disease combining study 1 and 2. The venn diagram is corrected for the differences
between unaffected children and adults, and shows that (A) A total of 3 genes are differentially expressed in
adult versus childhood onset Pompe disease, of which (B) one is downregulated in adult onset disease and (C)
two upregulated.

Differentially expressed genes in childhood vs adult Pompe disease combining study
1 and 2
Venn diagrams were also made to identify the DEGs in adult vs childhood onset Pompe

6

disease, corrected for childhood vs adult controls, identified in the combined studies
1 + 2. (Fig. 10A). By combining the results of all these studies only 3 DEGs came out
distinguishing between childhood and adult onset Pompe disease: one downregulated
in adult onset compared to childhood onset disease and two upregulated (Fig. 4B) The
nik related kinase (NRK) gene showed over 14-fold diminished expression in 13 of
the 22 samples from Pompe patients with adult onset disease relative to childhood
Pompe (slightly up regulated in 4 samples and slightly down regulated in 4 others. (Fig.
5A). Genes coding for a mitochondrial enzyme MAOA and a secreted, homodimeric
glycoprotein: STC1, exhibited over two-fold increased expression in adult Pompe
compared to the childhood Pompe patients (Fig. 5B). Interestingly, those genes have
been implicated in various biologic processes including bone and muscle development,
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cellular calcium/phosphate homeostasis, cellular metabolism, and cellular biogenic
amine metabolic process. (Supp. Tables S3A-B).

A

B

6

Figure 5. DEGs comparing adult with childhood onset Pompe disease from studies 1 and 2 (corrected for
controls). The horizontal line represents the median value; (1/2)= study number. *Fragments per kilobase of
exon per millon reads mapped. Fig. 5A. Downregulated DEGs in adult versus childhood onset disease. Fig. 5B.
Same as Fig. 5A but upregulated genes.
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Differentially expressed genes in adult Pompe patients vs adult Controls: Study 1
Apart from determining the difference between early and late onset disease among
Pompe patients we also investigated whether particular genes would be differentially
expressed in patients compared to unaffected controls.
In study 1 (A-B), pairwise comparisons were made between expression profiles of
adult Pompe disease patients and adult controls. It turned out that 6607 genes were
significantly differentially expressed. Of these 6607 genes, 3292 were significantly
downregulated and 3315 significantly upregulated in adult Pompe patients compared
to adult healthy controls (Supp. Table S4A).
All those DEGs were subjected to gene ontology and pathway analysis as described
above. It appeared that over 600 GO terms were enriched among all DEGs and 390
GO terms among the downregulated DEGs (MF= 30, BP= 265 CC= 95). Enrichment of
these GO terms suggests that genes involved in amino acid synthesis, RNA translation,
and protein binding play a role. These results were supported by GO pathway analysis
terms (Supp. Fig. S4A). Furthermore, we found by pathway analysis (IPA) that most
altered pathways are associated with protein synthesis, apoptosis, and cellular stress
such as EIF2 signaling, mTOR signaling, regulation of eIF4 and p70S6K signaling and
mitochondrial dysfunction (Supp. Fig. S5A). The mTOR signaling pathway was the
principal core and key pathway involved. It plays an important role in protein synthesis
and apoptosis, but particularly in regulation of the autophagy machinery. Interestingly,
dysfunctional autophagy contributes greatly to the skeletal muscle pathology in Pompe
disease

. In fact, autophagy has a vital role in maintaining the amino acid pool.

[28]

Among the upregulated DEGs, 265 GO terms were enriched (MF= 26, BP= 190, CC=
49). Immune response genes and related genes were significantly over-represented in
adult vs childhood onset Pompe disease relative to adult control (Supp. Fig. S4B), which

6

agrees with the outcome of the most significant pathway analysis by IPA (Supp. Fig. S5B).
Differentially expressed genes in adult Pompe patients vs adult Controls: study 2
In study 2, pairwise comparisons of adulthood Pompe versus adulthood control
showed that 53 genes were significantly differentially expressed. Among these, 28
genes were significantly downregulated and 25 genes were significantly upregulated
in adult Pompe patients compared to the adult healthy controls (Supp. Table S4A).
Differentially expressed genes in childhood Pompe patients vs childhood Controls:
study 1
Using the same filtering parameters and considering FDR significance of only less
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than or equal to 0.05, we identified 4426 DEGs in the cohort of childhood Pompe
patients, of which 2002 were downregulated and 2424 were upregulated compared to
the childhood controls (Supp. Table S4B). Those DGEs were subjected to the analysis
of Gene Ontology (GO) terms and pathway analysis. More GO terms were enriched
by genes having lower expression level as well as their relationships in the cell cycle
process, and cellular division in childhood Pompe relative to the childhood control
(Supp. Fig. S4A), which highly correlated with the pathways potentially affected (Supp.
Figs. S4A and S5A). The poor expression of genes related to cell division might be
caused by a cascade of events induced by the cell culture reaching confluence. The
analysis including upregulated genes by Panther pathway term and Ingenuity pathway
provided clear indication of over-expressed genes in childhood Pompe relative to
childhood Control play a role in immune response (Supp. Figs. S4B and S5B).
To identify the DEGs specific for Pompe disease, we employed Venn diagrams comparing
both adult Pompe vs adult controls as well as childhood Pompe disease vs childhood
control. They illustrate that 3857 genes were expressed at a significantly different level
(Supp. Fig. S5A). Among these, 1748 genes were significantly downregulated (Supp.
Fig. S5B) and 2107 genes were significantly upregulated in Pompe disease (Supp. Fig.
S7). In addition, this Venn diagram revealed a total of 2750 genes, which were only
expressed in adult Pompe patients and 569 genes only in childhood patients (Supp.
Fig. S7, top). The number of representative genes in the adult and childhood Pompe
patients for the up or downregulated DEGs are shown in (Supp. Figs. S7[-B-C]).
Differentially expressed genes in childhood Pompe patients vs childhood Controls:
study 2
We identified 89 DEGs in childhood Pompe, of which 49 were downregulated and 40
6

were upregulated compared to childhood controls (Supp. Table S4B).
We performed the same approach in study 2 as in study 1 for identifying the DEGs in
Pompe patients by comparing the difference between adult Pompe and adult controls
compared to the difference between childhood Pompe and childhood control. As
shown in Supplementary Figure S8[A], only seven genes were differentially expressed.
Among these, five genes were significantly downregulated (Supp. Fig. S8[B]) and two
genes were significantly upregulated in Pompe patients (Supp. Fig. S8[C]). In addition,
this Venn diagram revealed a total of 46 genes that were differentially expressed in
adult Pompe patients and 82 genes in childhood patients (Supp. Figs. S8[B-C]).
With regard to the biological significance of DEGs identified in study 2, the GO and IPA
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analysis did not yield any conclusive results as no processes or pathways were found
to be significantly enriched, which can be explained by the much lower number of
DEGs identified in study 2 compared to study 1.
Differentially expressed genes in Pompe disease compared to unaffected controls
combining the results of study 1 + 2.
Apart from analyzing the differences in gene expression profiles between childhood and
adult Pompe patients, we also compared the profiles of fibroblasts from affected versus
unaffected individuals. The results are depicted in the Venn diagrams of Supplementary
Figures S9 (adults), S10 (children) and S11 (adults and children combined). In the
comparison adult Pompe/ adult control 32 genes came out as differentially expressed
(Supp. Fig. S9[A]), but only 17 genes were identified that had the same behavior (up
or down) in both studies. Nine of these 17 genes were downregulated (Supp. Fig.
S9[B]) and 8 upregulated in adult Pompe patients compared to adult controls (Supp.
Fig. S9[C]). In the comparison childhood Pompe / childhood control 31 genes were
identified (Supp. Fig. S10[A]), whereby 9 showing the same behavior came out in both
studies. Six of these were downregulated (Supp. Fig. S10[B]) and 3 upregulated in
childhood Pompe patients compared to childhood controls (Supp. Fig. S10[C]).
Finally, the DEGs identified in the childhood/childhood and adult/adult comparisons
were analyzed in combination (Supp. Fig. S11) and this resulted in the identification of
only one single gene that was downregulated in all Pompe disease patients compared
to all controls. It turned out to be the GAA gene, and its lower expression in fibroblasts
of all patients is explained by the disease-associated c.-32-13T>G variant that all
patients in our study share and leads to 80-90% diminished GAA mRNA expression.
The finding is comforting as it contributes to the validity of our approach and supports
the additional findings.

6

Validation of the 3 common DEGs between adulthood and childhood patients in
study 1 and 2.
Again, to validate the accuracy of the RNA-Seq analysis, qRT-PCR was performed in
study 3, which included fibroblasts of a new set of six childhood and six adult patients
with Pompe disease. This new test confirmed the statistically significant higher
expression level of MAOA in affected adults compared to affected children (Fig. 6A),
also when applied to all patients and controls included in the studies 1-3 (P<0.01) (Fig.
6B). Figure 6C is suggestive for an upward trend of the MAOA gene expression level with
age of onset. In contrast, in healthy controls age-related changes in gene expression
of MAOA were not observed (Suppl. Figure S12A). Similar results were obtained for
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STC1 gene expression in study 3 (Fig. 7A) as well as in studies 1-3 (Figs. 7B-C) albeit that
4 samples in particular had a strong effect on the upward trend. Supplementary Figure
12B does not show age-related gene expression changes of STC1 in controls. Analysis
of NRK expression by RT-qPCR revealed that this gene was not expressed in most
individuals but that it was highly expressed in selected individuals, without preference
for one group. Therefore, we did not further pursue NRK expression.

Figure 6A. MAOA gene expression in fibroblasts of patients from study 3. The gene expression level was
measured by RT-qPCR in a third series of samples to validate the results obtained in study 1-2. The horizontal
line presents the median value. ns, not significant (P>0.05), * significant (P<0.05); ** indicate P<0.01. The oneway ANOVA test was used for analysis.
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Figure 6B. MAOA gene expression in fibroblasts of patients from studies 1-3. The gene expression level was
measured by RT-qPCR combining studies 1-3. The horizontal line presents the median value. ns, not significant
(P>0.05). ** significant (P<0.01). The one-way ANOVA test was used for the analysis.

6

Figure 6C. MAOA gene expression by age of onset in studies 1-3. The expression level was measured by RTqPCR. Linear regression analysis using SPSS was used.
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Figure 7A. STC1 gene expression in fibroblasts of patients from study 3. The gene expression level was
measured by RT-qPCR to validate the results obtained in study 1-2. The horizontal line presents the median
value. The one-way ANOVA test was used for the analysis. ns, not significant (P>0.05), significant *P<0.05.

6

Figure 7B. STC1 gene expression in fibroblasts of patients from studies 1-3. The gene expression level was
studied by RT-qPCR. The horizontal line presents the median value. The one-way ANOVA test was used for the
analysis. ns, not significant (P>0.05).
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Figure 7C. STC1 gene expression by age of onset in fibroblast of patients from studies 1-3. The expression
level was measured by RT-qPCR. Linear regression analysis was performed using SPSS.

DISCUSSION
The transcriptomes of fibroblast cultures from patients with childhood and adult
Pompe disease were investigated to gain insights in the DEGs pattern of various
Pompe disease phenotypes. To the best of our knowledge this is a unique study
for several reasons. Firstly, there is hardly any literature on markers and/or factors
that can be used for monitoring disease progression in Pompe disease. Secondly,
transcriptome analysis using Pompe patient fibroblasts has never been thoroughly

6

described, although one paper has analyzed gene expression by using microarray, but
this was performed on muscle biopsies of classic infantile Pompe patients that don’t
have the c.-32-13T>G variant that leads to residual GAA activity like the patients in our
study [29]. Thirdly, cultured skin fibroblasts were specifically chosen for this purpose as
they are by far the best sample source for accurate measurement of the residual GAA
enzyme activity level. In fact, our results of the lysosomal glycogen content confirmed
a previous finding that cultured fibroblasts from patients other than those with classic
infantile Pompe disease do not store measurable amounts of glycogen [26]. Finally, our
study utilizes the more powerful deep sequencing strategy and different approaches
to identify DEGs instead of the more commonly used microarray datasets. Lastly, we
compared the transcriptome of childhood and adult Pompe patients carrying the
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functionally similar c.-32-13T>G / ‘null’, genotype in 35/39 cases to understand the
broad clinical variation observed in those patients.
The significantly downregulated genes related to the amino acid biosynthesis pathway
in adult vs childhood Pompe disease compared to childhood versus adult controls
discovered in study 1 might suggest a compensatory molecular mechanism in response
to cellular stress and cellular metabolic adaptation. The overexpression of genes
associated with immune response pathways might point to better cellular regeneration
in fibroblasts from patients with adult compared to childhood Pompe disease.
Importantly, comparison between the analyses of study 1 and study 2 revealed only
one common gene that showed altered expression between adult and childhood
Pompe disease, which was the GAA gene. This can be taken as a clear indication of
unbiased analysis. Despite the fact that study 2 identified a low number of DEGs, the
trend of significantly up- or down-regulated genes in this study was the same but not
significant (data not shown), which is likely due to a large variation between individuals.
The large variation observed in the second study reflects reality but serves as a highly
valuable ‘stress test’. For this reason, we argue that the core dataset determined
under this approach survived this stress test and may represent a more robust readout for symptom onset in Pompe disease compared to either dataset from study
1 and 2 separately. The 3 genes MAOA, Stc-1, and NRK-1 have been implicated in
various biologic processes including bone and muscle development, cellular calcium/
phosphate homeostasis, cellular metabolism, and cellular biogenic amine metabolic
process. In addition, from the total of 24 DGEs identified in fibroblasts from Pompe
patients compared to controls (Supp. Fig. S11), 16 were differentially expressed only in
adult Pompe. The downregulated DEGs (in adulthood Pompe) were mainly involved in
6

cell adhesion and cell-cell adhesion. Of particular interest, WNT2 plays an important
role in the Wnt and mTOR pathways, which are involved in several cellular processes
such as proliferation, cell migration, apoptosis, protein biosynthesis, and autophagy [30,
31]

. In fact, WNT2 is an upstream signaling factor of the mTOR pathway that regulates

glycogen synthase kinase (GSK-3) activity. GSK-3 has been shown to function in
cellular division, proliferation, and survival, but furthermore, it is an important enzyme
in glycogen metabolism. In addition the mTOR complex is involved in anabolic activities
in the lysosome including autophagy, which has been shown to be dysfunctional in
Pompe patients and consequently contributes to the pathological cascade in skeletal
muscle

[32, 33]

. The down-regulation of WNT2 expression might be explained as part

of a compensatory molecular mechanism in response to cellular stress and cellular
metabolic adaptation in adult Pompe patients.
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On the other hand, patients with childhood Pompe disease showed up-regulation of
differentially expressed genes such as FNIP2 and SLC9A7 that may be involved in energy
and/or nutrient sensing through the AMPK and mTOR signaling pathways, transport
of glucose plus other sugars, bile salts and organic acids, metal ions and amine
compounds [www.genecards.org/]. Notably, diseases associated with pathogenic
SLC9A7 gene variants include scapuloperoneal myopathy in which muscle fibers are
also damaged or dysfunctional [34], as in Pompe disease [35-37]. In fact, scapular winging
is a condition that has been reported in Pompe disease, but with low frequency.
Also, three childhood Pompe patients (C2, C3 and C6) in this study (1A) presented
scapular winging. However, as shown in Supplementary Figure S10, patient (C2) who’s
symptoms were so severe they interfered with daily life (moderate status) at the time of
biopsy had a higher SLC9A7 gene expression than the two other children (C3 and C6)
who’s symptoms barely interfered with daily life (mild status) at the time of biopsy. In
fact, the gene expression of SLC9A7 in C3 and C6 is almost the same. (Supp. Fig. S13).
This argues against a causative role of SLC9A7 in scapular winging.
Part of the explanation for the lack of consistency between study 1 and 2 may be
technical, variations in control samples, small sample size, and possible batch effects
because the patients and controls of the first study were handled in separate studies
(1A and 1B). However, we included three identical RNA samples in study 1A in study 1B,
and these gave similar results, making a batch effect unlikely. A more likely explanation
can be deduced from Figs. 2B and C. In study 1, the patient cohorts are very well
separated, while in study 2, the separation is far less defined with respect to age of
onset and disease progression. Also in study 3, separation between the two cohorts is
not as good as in study 1 (Table 3). This indicates that differences in gene expression
profiles can be found at the group level provided that patient cohorts are sharply
separated, but that it is difficult to link expression profiles to individual patients.

6

Table 3. Minimum and maximum ages of onset among all patients in studies 1-3.
Study number
Phenotype

Study 1

Study 2

Study 3

Childhood

Adult

Childhood

Adult

Childhood

12

11

5

11

6

6

Median age at first symptoms (y)

1.25

47

7

33

8.75

39.5

Minimum age at first symptoms (y)

0.5

40

0.75

20

1

36

8

62

13

62

15

57

Range (y)

7.5

22

12.25

42

14

21

Mean age at first symptoms (y)

2.7

48.4

6.4

34.9

8.3

43.2

Std. Deviation

2.5

8.0

5.1

12.3

6.4

8.1

Patients (n)

Maximum at first symptoms (y)

Adult

The median, mean and std. deviation of age of symptoms onset is indicated per phenotype and study number.
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Pompe disease manifests with a broad clinical heterogeneity. Currently, the diagnosis
and progression of Pompe disease relies predominately on GAA activity indices. Studies
and development of factors that may modulate the underlying pathogenic etiologies
of glycogen accumulation should offer the possibility to target those disease-markers
that would monitor disease progression and could help in decision making about the
timing of therapeutic intervention. Our study may also help to reveal new insight in
potential disease-markers for Pompe Disease.
Our findings provide an argument to further investigate the impact of MAOA and
STC1 on the clinical course of Pompe disease, as they comprise the core set of DEGs
that were consistently upregulated in patients with adulthood onset compared to
patients with childhood onset. In light of these results, this core set of DEGs might be
considered as potential disease-markers in patients with the IVS1/null genotype.
Funding information
Administrative Department of Science, Technology and Innovation (Colciencias,
Colombia), Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq,
Brasil).
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SUPPLEMENTARY DATA / SUPPORTING INFORMATION
Supplementary text
Clinical features and disease severity
Table 2 provides demographic characteristics of the patients in cohort 1 and cohort
2. The majority (76.5%) of affected children in cohort 1 is male. Only one of the 17
patients (5.9%) in cohort 1 was partially wheelchair and ventilation dependent at the
time of study. All others (94%) were still ambulant. The most frequent first symptom
was delayed motor development (35.3%) followed by elevated CK (29.4%). Among the
adult patients in cohort 2, 36.4% are males, Five of these patients (22.7%) were partially
wheelchair dependent, 2 (9.1%) wheelchair dependent, 1 (4.5%) using a walking
aid, while the others (63.6%) were ambulant. Six (27.3%) patients were ventilation
dependent. The most frequent first symptom in cohort 2 was fatigue, presenting in 6
(27.3%) patients, followed by difficulty climbing stairs in 4 (18.2%).
One childhood patient (C11) became wheelchair dependent at 4 years of age, but is
able to walk a distance of 200 meter. Another child (C1) was wheelchair dependent
at the age of 11 years, but regained walking ability during ERT. Two adult patients
were fully wheelchair dependent at 51 (A17) and 60 years of age (A21), respectively.
Five adult patients had become partially wheelchair dependent from 36 and 63 years
onwards. One childhood patient (C2) became ventilator-dependent, using nightly bilevel positive airway pressure (BiPaP) at 12 years, and six adult patients were treated
with either invasive or non-invasive ventilation support. The patients using noninvasive ventilation were: A11 at age 57 years, A19 at age 54 years and A20 at age 53
years. The patients that required invasive ventilator support are listed as follow: A17 at
age 39 years, A18 at age 33 and A21 at age 67 years (Supp. Tables S1A-B).
6

As shown in Supplementary Tables S1A-B the currently most severely affected Pompe
patients are two adults (patients A17 and A21). Patient A17 had first symptoms at 30
years, started invasive ventilation support at 39 years and became fully wheelchair
dependent at the age of 51 years. Patient A21 with an age of onset at 40 years, was
fully wheelchair dependent at the age of 60 years and was invasively ventilated at
the age of 67 years. Of course, disease severity in Pompe disease is a matter of age
of onset, rate of disease progression, and moment of evaluation. In this respect, the
childhood patient (C2) that had first symptoms under the age of 1 year and started
to use ventilation support at 12 years of age may in time become the most severely
affected. The clinical course is hard to predict in most cases. The clinical features
of all child and adult patients with Pompe disease and kind of first symptoms are
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Abbreviations: Ch1-Ch12= childhood onset Pompe disease and A1-A11= adult onset Pompe disease included in study 1. BP = Nightly BiPaP; Non-I=
non-invasive; na= not available/applicable; M= male, F= female; mild= symptoms barely interfere with daily life; mod= moderate: symptoms so severe
that they interfere with daily life; sev= severe: in the need of a wheelchair and/or ventilator; +*= Ch1 starts walking during ERT; +^= Ch11 is partly
wheelchair dependent, can walk 200m.

Supplementary Table S1A. Clinical features of patients with Pompe disease in study 1.

described in Supplementary Tables S1A-D. The onset of symptoms and severity of

disease progression varied substantially even between these patients with the same

set of disease-associated variants on both GAA alleles. Their GAA genotypes and

complementary information of the second disease-associated variant are listed in

Supplementary Table S2.
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Supplementary Table S1B. Clinical features of patients with Pompe disease in study 2.

Abbreviations: Ch13-Ch17 are childhood onset Pompe patients, and A12-A22 are adult onset Pompe patients included
in study 2. INV= invasive; Non-I= non-invasive; +*= partially wheelchair dependent; -*= no walking aid; na= not
available; M= male, F= female; mild= symptoms barely interfere with daily life; mod= moderate: symptoms so severe
that they interfere with daily life; sev= severe: in need of a wheelchair and/or ventilator; +=yes.
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+

+

diarrhea

dysarthria

stiffness

difficulty stumbling

difficulty standing straight

difficulty changing posture

difficulty standing from
squatting position

difficulty climbing stairs

difficulty with practicing sports

difficulty running

difficulty walking

abnormal gait

+

+

+

+

+
+

Ch8 Ch9
+

+

Ch7

+

Ch6

+

Ch5

Childhood onset Pompe patients
Ch4

walking problems

+

Ch3

falling

mild muscle weakness

muscle ache

lower back pain

pulmonary weakness

fatigue

slipping through

difficulty chewing

difficulty swallowing

feeding problems

growth stagnation

delayed growth

+

Ch2

delayed motor development

+

Ch1

hypotonia

Kind of first symptoms

patient ID

Clinical phenotype

+

+

+

Ch10

+

Ch11 Ch12

Supplementary Table S1C. Kind of first symptoms of patients with Pompe disease in study 1.
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+

+

A1

+

+

A2

+

+

A3

+

+

+

A5

+

+

A6

+

+

A7

+

+

A8

Adult onset Pompe patients
A4

+

A9

+

+

+

A10

+

+

A11
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patient ID
+

+

+

+

Ch14

+

Ch15

+

Ch16

+

+

Ch17

Childhood onset Pompe patients
Ch13

+

+

A12

+

+

A13

+

+

A14

E2
E2
E15
I16
E5

E10

E2
I16

Ch6

Ch7
Ch8

Location

Ch1
Ch2
Ch3
Ch4
Ch5

pt ID

c.525del
c.2331+2T>A

c.1441T>C

c.525del
c.525del
c.2135T>C
c.2331+2T>A
c.923A>C

DNA

p.(Glu176Argfs*45)
p.?

p.(Trp481Arg)

p.(Glu176Argfs*45)
p.(Glu176Argfs*45)
p.(Leu712Pro)
p.?
p.(His308Pro)

Protein

deletion
substitution

substitution

Type of variant
(DNA)
deletion
deletion
substitution
substitution
substitution

+

+

A15

very severe
very severe

potentially less severe

very severe
very severe
less severe
very severe
potentially less severe

+

A17

pathogenic
pathogenic

likely pathogenic

ACMG
classification
pathogenic
pathogenic
likely pathogenic
pathogenic
likely pathogenic

+

+

A16

+

A20

+

A21

phenotype with null allele

+

+

A19

classic infantile
unknown (disease-associated)

classic infantile

classic infantile
classic infantile
unknown (disease-associated)
unknown (disease-associated)
classic infantile

+

A18

Adult onset Pompe patients

predicted severity

Supplementary Table S2. GAA genotypes of patients with Pompe disease reported in studies 1 plus 2.

difficulty standing up

reduced force legs

stiffness

stumbling

difficulty changing posture

difficulty standing from supine position

difficulty climbing stairs

difficulty with practicing sports

difficulty walking

abnormal gait

waddling gait

falling

mild muscle weakness of legs

muscle ache

lower back pain

Respiratory failure

fatigue

delayed motor development

Kind of first symptoms

CHILDHOOD ONSET
PATIENT

182

Clinical phenotype

Supplementary Table S1D. Kind of first symptoms of patients with Pompe disease in study 2
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-*
-*

+

-*
-*
+
-*
+

CR IM

+

+

+

A22
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Location

DNA

Protein

Type of variant
predicted severity
ACMG
phenotype with null allele
CR IM
(DNA)
classification
Ch9
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
Ch10
I17
c.2481+102_2646+31del p.(Gly828_Asn882del) deletion
very severe
pathogenic
classic infantile
+
Ch11
E6
c.1051del
p.(Val351Cysfs*41)
deletion
very severe
pathogenic
unknown (disease-associated) Ch12
E15
c.2066_2070dup
p.(Ala691Serfs*7)
duplication
very severe
pathogenic
unknown (disease-associated) Ch13
E15
c.2135T>C
p.(Leu712Pro)
substitution
less severe
likely pathogenic unknown (disease-associated) +
Ch14
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
Ch15
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
Ch16
E10
c.1548G>A
p.(Trp516*)
substitution
very severe
pathogenic
classic infantile
-*
Ch17
E14
c.1933G>A
p.(Asp645Asn)
substitution
potentially less severe pathogenic
classic infantile
+#
A1
E10
c.1548G>A
p.(Trp516*)
substitution
very severe
pathogenic
classic infantile
-*
A2
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
A3
I17
c.2481+102_2646+31del p.(Gly828_Asn882del) deletion
very severe
pathogenic
classic infantile
+
A4
E5
c.925G>A
p.(Gly309Arg)
substitution
potentially less severe likely pathogenic classic infantile
+
A5
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
A6
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
A7
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
A8
I6
c.1076-22T>G
p.?
substitution
potentially mild
pathogenic
childhood
?
A9
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
A10
E10
c.1548G>A
p.(Trp516*)
substitution
very severe
pathogenic
classic infantile
-*
A11
E5
c.896T>C
p.(Leu299Pro)
substitution
potentially less severe likely pathogenic classic infantile
+
A12
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
A13
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
A14
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
A15
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
A16
I6
c.1076-22T>G
p.?
substitution
potentially mild
pathogenic
childhood
?
A17
I17
c.2481+102_2646+31del p.(Gly828_Asn882del) deletion
very severe
pathogenic
classic infantile
+
A18
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
*
A19
E5
c.925G>A
p.(Gly309Arg)
substitution
potentially less severe likely pathogenic classic infantile
+
A20
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
A21
E2
c.525del
p.(Glu176Argfs*45)
deletion
very severe
pathogenic
classic infantile
-*
A22
E5
c.925G>A
p.(Gly309Arg)
substitution
potentially less severe likely pathogenic classic infantile
+
All patients included in this study share the same variant on the first GAA allele, c.-32-13T>G, and a second variant on allele 2 as listed. Ch1-C1h7: patients with childhood onset Pompe
disease; A1-A22: patients with adult onset Pompe disease. E= exon, I= intron, += positive; -= negative; ?= unknown. *CRIM, as published by Bali et al. 2012. Predicting cross-reactive
immunological material (CRIM) status in Pompe disease using GAA mutations: lessons learned from 10 years of clinical laboratory testing experience. Am J Med Genet C Semin Med Genet.
160C(1):40-9; #= CRIM as published by Kishnani et al. 2006. Chinese hamster ovary cell-derived recombinant human acid alpha-glucosidase in infantile-onset Pompe disease J Pediatr.
149(1):89-97.
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Supplementary Table S2 continued.
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CHILDHOOD ONSET
PATIENT

ADULT ONSET PATIENT
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Xq22.3

NRK

cytosol

Subcellular
location

-receptor signaling protein
-serine/threonine kinase
activity
-ATP binding

Molecular function
overexpressed in:
-ovary
-adrenal gland

Tissue expression
-TNF receptor
signaling pathway

Signaling pathway

8p21.2

Xp11.3

STC1

MAOA
-primary amine oxidase
activity -flavin adenine
dinucleotide binding
-serotonin binding

-hormone activity

Molecular function

ubiquitous

overexpressed in:
-thyroid
-pituitary

Tissue expression

Additional information

Diagnosis
The protein may play a role in the regulation
(ovarian cancer) of renal and intestinal calcium and
phosphate transport, cell metabolism, or
cellular calcium/phosphate homeostasis.
Overexpression of human stanniocalcin 1 in
mice produces high serum phosphate levels,
dwarfism, and increased metabolic rate
Catalyzes the oxidative deamination of
biogenic and xenobiotic amines and has
important functions in the metabolism
of neuroactive and vasoactive amines in
the central nervous system and peripheral
tissues

Additional information

The encoded protein may be involved in
the induction of actin polymerization in late
embryogenesis

Biomarker
application (s)

Biomarker
application(s)

-Enzymatic degradation of
dopamine by monoamine
oxidase
-Tryptophan metabolism
-Tyrosine metabolism
Glycine, serine and threonine
metabolism
-Arginine and proline
metabolism
-Histidine metabolism
Phenylalanine metabolism
-Metabolic pathways

ND

Signaling pathway

Description of genes significantly upregulated in adult compared with childhood onset Pompe disease.

-mitochondrion
-cytosol

-extracellular
-nucleus
-plasma
membrane

Chromosomal Subcellular
location
location

Gene
symbol

Supp. Table S3B.

Description of genes significantly downregulated in adult compared with childhood onset Pompe disease.

Chromosomal
location

Gene
symbol

Supp. Table S3A.

revealed by pairwise comparisons of differentially expressed genes in Pompe disease affected individuals from studies 1 plus 2 (corrected for controls).

Supplementary Table S3. Description of genes significantly differentially expressed in adult onset compared to childhood onset Pompe disease. These genes were

6

Supplementary Table S4. Number of genes differentially expressed in adult Pompe disease compared to
adult controls and in childhood Pompe compared with childhood controls in the studies 1 plus 2.

Supp. Table S4A.
Comparison

Study

Down

Up

Total of Genes

adult patient vs adult control

1 (A-B)

3292

3315

6607

adult patient vs adult control

2

28

25

53

Number of genes differentially expressed in adult onset Pompe disease
compare with adult controls in studies 1 plus 2.

Suppl. Table S4B.
Study

Down

Up

Total of Genes

childhood patient vs childhood control

Comparison

1 (A-B)

2002

2424

4426

childhood patient vs childhood control

2

49

40

89

Number of genes differentially expressed in childhood onset Pompe disease
compared with childhood controls in studies 1 plus 2.

Suppl. Table S5. The corresponding number identification of childhood and adult onset Pompe patients in
the tables compared to the multidimensional scaling plot (MDS, Figure 3A)
Clinical
phenotype

Childhood onset
Pompe patients

Tables
Patient ID

MDS
patient ID

Clinical
phenotype

Tables
Patient ID

MDS
patient ID

CH1

12

O1

30A, 30B

CH2

10

O2

37

CH3

21

O3

40

CH4

11

O4

38

CH5

14

O5

39

CH6

15

O6

34

CH7

16A, 16B

O7

36

CH8

17

O8

31

CH9

13

O9

32

CH10

20

O10

33

CH11

18

O11

35

CH12

19

Adult onset
Pompe patients
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Supplementary Figure S1. GAA enzyme activity in fibroblast samples of study 1 at different culture
conditions. The cells were routinely grown in DMEM as described in Material and Methods. For measurement
of the lysosomal glycogen content the medium was replaced by glucose free medium for either 3 or 5 days
where after the cells were harvested and the GAA activity measured. The horizontal line presents the median
value. As in Fig.4A, ns = non-significant (P>0.05). The differences between the GAA activities in patients versus
controls were in all instances significant (P<0.05). The same methodology was used as in Fig 4A. *Fibroblasts
from foreskin were not included. The 2way ANOVA test was used for the analysis
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Supplementary Figure S2. Glycogen accumulation in fibroblast samples of study 1. The horizontal line
presents the median value. There were no significant differences between the groups (ns; P>0.05). Only the
single cell line from a patient with classic infantile Pompe disease that was included as a control in this study
showed significant accumulation of glycogen when compared with all other samples. The same methodology
and statistical analysis was used as in Fig 4A. *Fibroblasts from foreskin were not included.

6
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Supplementary Figure S3A. Hierarchical cluster analysis by RNA sequencing comparing Pompe patients and
healthy controls from studies 1A plus B. The patients cluster together in the left branch, and the controls in
the right sub-branch of the top-right branch. The left sub-branch of the top-right branch includes one sample
of a child and one of an adult onset of Pompe disease from study 1B and one sample of a child from study
1A. These three samples are quite different from the controls however, as expected. Within the patients’ tree,
the left branch is all patients, whereas the right branch is all childhood patients, together with 4 adult patients.
Within the controls tree, there is a clear separation between a branch with only child controls, and a branch
with a mixture of child and adult.

6

Supplementary Figure S3B. Hierarchical cluster analysis by RNA sequencing comparing Pompe patients and
healthy controls from study 2. Most patient samples cluster apart from the controls except for five (24, 41, 43,
50, 51) that cluster with the controls. Two samples from (adult) patients (45 and 48) cluster together apart from
all other.
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Supplementary Figure S4. Gene Ontology (GO) analysis of DEGs from study 1. The DEGs detected by RNA-Seq were investigated for significantly enriched GO terms
(B p-value <0.05) using the Panther classification system. All significant GO terms were ranked according to the Bonferroni correction p-values. Bars represent p-values
adjusted by Bonferroni (B) correction multiple test (-Log2 B p-value) of the most significant GO terms. Colors represent the GO enriched terms in adult versus childhood
onset Pompe disease, relative to healthy controls. The GO terms are listed by category: Panther pathways, Reactome pathways, molecular function (MF), biological process
(BP) and cellular component (CC). GOID and the term are included. Number of observed genes (ob), and number of expected genes (ex) are given at the end of the bars.
Supp. Fig. S4A, depicts the set of downregulated genes, Supp. Fig. S4B the set of upregulated genes.
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Supplementary Figure S4B
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Supplementary Figure S5. Pathway ingenuity analysis (IPA) of DEGs from study 1. The DEGs detected by RNA-Seq were investigated for identification of pathways (B-H
p-value <0.05) using Ingenuity software and ranked accordingly. Bars represent adjusted p-values (-Log2 B-H p-value) of the most significant pathways. Colors represent
the pathways identified in adult versus childhood onset disease relative to healthy controls. Top functions of the pathways are listed at the right. The figures at the end of the
bars represent the number of DEGs (in patients) per pathway relative to the total number of genes assigned to that pathway. Supp. Fig. S5A, depicts the set of downregulated
genes by pathway, Supp. Fig. S5B the set of upregulated genes by pathway.
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Supplementary Figure S5B
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Supplementary Figure S6A. Downregulated genes in adult onset Pompe disease by RNAseq and RT-qPCR (study 1). Ten downregulated genes identified by RNAseq were
analyzed by qPCR to validate the quality of the RNAseq data. The relative gene expression levels of selected genes measured by RT-qPCR were in good agreement with the
RNA-sequencing data
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Supplementary Figure S6B. Upregulated genes in adult onset Pompe disease by RNAseq and RT-qPCR (study 1). Ten upregulated genes identified by RNAseq were
analyzed by qPCR to validate the quality of the RNAseq data. The relative gene expression levels of most selected genes measured by RT-qPCR were in good agreement
with the RNA-sequencing data.
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Supplementary Figure S6C. Re-evaluation of downregulated genes in adult onset Pompe disease from study
1. The fibroblasts of patients included in study 1 were re-grown and gene expression levels of downregulated
genes were re-evaluated by RT-qPCR in order to analyze dependency on culture conditions and reproducibility.

6
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Supplementary Figure S6D. Re-evaluation of upregulated genes in adult onset Pompe disease from study 1.
The fibroblasts of patients included in study 1 were re-grown and gene expression levels of upregulated genes
were re-evaluated by RT-qPCR in order to analyze dependency on culture conditions and reproducibility.
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Supplementary Figure S7. Venn diagram showing the difference between affected adults and children
compared to unaffected controls from study 1. (A) A total of 3857 genes are differentially expressed in
fibroblasts of the patients. (B) 1748 genes are downregulated and (C) 2107 are up-regulated in the patients. The
DEGs were filtered using a cut off value of fold change (FC) < -1.5/>1.5, and false discovery rate (FDR) <0.05.

6
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Supplementary Figure S8. Venn diagram showing the difference between affected adults and children
compared to unaffected controls from study 2. (A) A total of 7 genes are differentially expressed in Pompe
patients. (B) 5 genes are downregulated and (C) 2 are upregulated genes in the patients. The DEGs were filtered
using a cut off value of fold change (FC) < -1.5/>1.5, and false discovery rate (FDR) <0.05.

6

198

| CHAPTER 6

Supplementary Figure S9. Venn diagram showing the difference between affected adults and unaffected
adult controls combining studies 1 and 2. (A) A total of 32 genes are differentially expressed in adult patients
compared to adult controls (B) 9 genes are downregulated in the patients and (C) 8 are upregulated.

6

Supplementary Figure S10. Venn diagram showing the difference between affected children and unaffected
childhood controls combining studies 1 and 2. (A) A total of 31 genes are differentially expressed in childhood
patients compared to controls. (B) 6 genes are downregulated in the patients and (C) 3 are upregulated.
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Supplementary Figure S11. Venn diagram showing the number of DEGs comparing both adult patients with adult controls as well and affected children with childhood
controls combining the data sets from studies 1 and 2 (A) A total of 17 genes are differentially expressed in adult patients compared to controls, and 9 are differentially
expressed in childhood patients compared to controls. (B) 9 are downregulated in adult onset Pompe disease and 6 in childhood onset disease. Notably, the single one
gene downregulated in both adult as well as childhood patients, compared with age matched controls, is the GAA gene, which showed over two-fold decreased in Pompe
patients. (C) 8 genes are upregulated in affected adults and 3 in affected children compared to age matched controls.
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Supplementary Figure S12A. MAOA gene expression by age in controls of studies 1- 3. The expression level
was measured by RT-qPCR. Samples from foreskin were not included. Linear regression analysis was performed
using SPSS.

6

Supplementary Figure S12B. STC1 gene expression by age in controls of studies 1- 3. The expression level was
measured by RT-qPCR. Samples from foreskin were not included. Linear regression analysis was performed
using SPSS.
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Supplementary Figure S13. SLC9A7 gene expression by RNA-seq in the patients included in studies 1 plus 2.
C2= childhood Pompe disease with scapular winging and moderate (symptoms so severe they interfere with
daily life) status at time of biopsy; C3 and C6= childhood Pompe disease with scapular winging and mild
phenotypes (symptoms barely interfere with daily life) at time of biopsy. The horizontal line represents the
median value. *Fragments per kilobase of exon per millon reads mapped. (1/2) = study number: $scapular
winging unknown, * foreskin fibroblasts were not included.
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CHAPTER 7
GENERAL DISCUSSION
AND PERSPECTIVES

7

General discussion and
perspectives

As briefly mentioned in the Scope of this thesis Pompe disease can be addressed
as a glycogen storage disorder (GSD), as a lysosomal storage disorder (LSD), and
also as a neuromuscular metabolic disorder (NMD). For understanding the cellular
pathology, the pathologic cascade of events, and the clinical phenotype of Pompe
disease information can be gathered by searching for features that Pompe disease has
in common with other diseases within these three disease categories.
With regard to glycogen storage, Pompe disease is different from all other GSDs in
that the major cellular pathways of glycogen metabolism -synthesis and turnoverare not seriously affected. For instance, energy deficit has not been documented in
Pompe disease. The crux lays in the fact that the lysosomal contribution to glycogen
metabolism is far smaller than the cytoplasmic. What primarily counts in Pompe disease
is the lysosomal pathology and dysfunction that is caused by physical overload of the
lysosomal system. This affects a cascade of lysosome related processes and pathways,
most prominently autophagy, endocytosis, and cellular renewal. In this respect, the
LSDs share many aspects of cellular pathology, but they differ in clinical signs largely
depending on which compound stores in which cell type based on a given enzyme
deficiency or other lysosomal defect. The grouping of Pompe disease as NMD follows
from the sharing of clinical symptoms related to skeletal-muscle dysfunction. In
Pompe disease the dysfunction derives from the muscle itself while in other NMDs it
may be caused by neural defects.
Above all Pompe disease is a genetic disorder caused by disease-associated sequence
variants in the gene that encodes an enzyme called acid α-glucosidase (GAA). GAA
is needed for the stepwise degradation of glycogen to glucose, but only for the

7

portion of total cellular glycogen that ends up in lysosomes by autophagy. The
genetic information provided by the GAA gene and the surrounding genetic network
are together responsible for GAA activity, the metabolism of glycogen, the process of
autophagy and the synthesis of GAA. In concert these determine how much lysosomal
glycogen is degraded.
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The concepts ‘lysosome’, ‘glycogen storage’, ‘acid α-glucosidase (GAA)’, and ‘muscle
cell damage resulting in clinical signs’ were introduced in Chapter 1 in their simplest
ways. Figure 1 shows how 2 GAA alleles -Pompe disease is autosomal recessiveprimarily determine how much GAA is synthesized and in which forms (both fully
functional, one partially functional the other fully dysfunctional, one partially present
the other absent, and in any other thinkable combination). More and functionally
better GAA provides faster and more efficient lysosomal glycogen degradation and
slower development of lysosomal pathology. The figure illustrates in addition how
genes other than GAA can influence the lysosomal glycogen turnover (surrounding
genetic network). At the right side of this figure are genetic factors depicted involved
in lysosomal enzyme synthesis and transport. A positive influence may upgrade GAA
synthesis. A negative influence may lead to reduction of GAA synthesis. At the left side
of the figure are genes depicted that are involved in cytoplasmic glycogen metabolism
(extra-lysosomal) and genes involved in autophagosome formation and functioning.
If the lysosomal import of glycogen is low, relatively little GAA activity may suffice to
prevent lysosomal storage, but if the import is high the demand for GAA may be higher
too. The figure also shows the contribution of the ‘cellular organization’ (for instance, a
muscle fiber is not a liver cell. One cell type needs more GAA than the other, one stores
more glycogen than the other, one metabolizes more glycogen than the other outside
the lysosome, one contracts -causing mechanical damage- the other does not, and so
on). Figure 1 is not more than a hypothetical model, but it does show how the clinical
phenotype of Pompe disease relates to the amount and quality of the GAA, which in
turn is primarily dictated by the two GAA alleles and the type of disease-associated
sequence variants that they incorporate. The figure illustrates in addition how the GAA
genotype-phenotype correlation in Pompe disease is potentially influenced by the
expression level and quality of numerous other genes (surrounding genetic network)
that are addressed as genetic modifiers.
The concept of a lysosomal storage disorder (LSD) was proposed around 50 years ago
by HG Hers [1], following the discovery that ‘Pompe disease’ was caused by lysosomal
enzyme deficiency. Soon after that, the ground-breaking concept of “cross correction”
introduced by Elizabeth Neufeld

[2]

lead to the notion of enzyme replacement therapy

7

(ERT). Since then, there has been a huge progress and expansion in the field with
regard to the level of understanding of both the molecular and clinical basis of LSDs.
Treatments for these disorders have advanced rapidly and now provide several safe and
effective enzyme replacement therapies. However, of the more than 70 LSDs identified
so far, approved enzyme treatment is currently available for some including Gaucher
disease, (type I and III), Fabry disease, Mucopolysaccharidosis (type I, II, IV, VI, and VII),
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Mannosidosis, and Pompe disease, which is the first inherited muscle disorder for which
therapy has become available. However, multidisciplinary research remains a crucial
factor for understanding the whole impact of the disease and the clinical outcome.

Figure 1. How expression of GAA dictates and genetic background modifies lysosomal degradation. This
model illustrates how the amount of functionally active GAA is primarily determined by the 2 GAA alleles and
how a substantial number of other genes (surrounding genetic network) exert their impact on the lysosomal
glycogen degradation. The latter are involved in processes related to the synthesis, processing and transport of
GAA, the formation and functioning of cell organelles (including autophagy), and the extra-lysosomal glycogen
metabolism.

7

The research described in this thesis was aimed to determine which enzymatic
diagnostic assay to use for which purpose. For this first aim a considerable number
of diagnostic cases from over the past 28 years was reviewed and the information
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used for determining the disease threshold of GAA enzyme activity in different assay
systems (Chapter 2). Our findings suggest that Pompe disease can be excluded when
leukocytes serve as sample source using either glycogen or 4MUG as substrate.
However, if the GAA activity is below the normal range using glycogen, deficiency
should be confirmed using 4MUG, which excludes cases of GAA pseudodeficiency.
Clearly, based on decades of experience with large numbers of diagnostic samples
of various kinds and assay procedures we conclude that cultured skin fibroblasts are
by far the best sample source for enzymatic diagnosis. The method provides the best
discrimination between classic infantile and non-classic phenotypes; mixed leukocytes
do not. However, using fibroblasts as sample source has it’s drawbacks, such as relative
invasiveness and the time needed to establish the fibroblast cultures. This limits the
use of fibroblasts as first assay, especially in baby’s that need a fast diagnosis in order to
allow early start of treatment with ERT, which can be lifesaving in these patients. With
respect to measuring the activity in blood our findings indicate that using glycogen
as natural substrate provides better distinction between affected and unaffected than
4-MUG. In practice very few laboratories use glycogen because it makes the assay
more complicated. It would be valuable to be able to establish an enzymatic assay
than can rapidly be performed and that has the same qualitative outcomes as the
fibroblast assay. Future research is required for this and might include downscaling
sample size to allow a direct measurement of primary cells obtained from different
sources such as skin or cheek mucosa.
Furthermore, this thesis aimed to deﬁne conceptual disease models by way of assigning
a functional severity scale to each GAA variant not only based on predictive values
but more so on clinical outcome. This second aim was meant to facilitate diagnosis,
support genetic counseling in prediction of genetic risk and clinical course and guide
in decision-making with regard to treatment options (Chapter 3). Such models allow
the extrapolation of outcomes based on clinical information described in the literature
via PubMed (previously: www.pompecenter.nl; now: www.pompevariantdatabase.nl)
and brings knowledge of the genotype-phenotype correlation in Pompe disease a step
forward (Chapter 4). For instance, it has led to a third aim of this thesis i.e. the finding
of genes that can possibly explain differences in disease severity and progression

7

between patients with the same or very similar GAA genotypes, be used as predictor
of disease progression, and be a potential target for the development of alternative
treatments (Chapters 5 and 6). Salient aspects of the various studies are discussed in
the following paragraphs followed by a short final paragraph on perspectives for future
research. The main findings of this thesis are summarized in Table 1.
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Table 1. Main Findings and Perspectives
Main findings

Perspectives

-The GAA activity measured in fibroblasts is the
gold standard for diagnosing Pompe disease,
which discriminates between clinical subtypes.
-Assays in leukocytes using glycogen as substrate
partly distinguish between clinical phenotypes but
can result in false-positive diagnosis due to GAA2
pseudodeficiency.
- DBS assays are ideally suited for screening
purposes
but the relatively high incidence of false-positive
and false-negative results calls for confirmation
by other
methods.

-International standardization of
nomenclature and diagnostic
protocols is
needed, also in terms of which
method to
apply in which situation.
-Newborn screening technical
advances
are recommended in order to
distinguishing between Pompe
disease and
GAA pseudodeficiency in Asian
populations.

-The extended Pompe variant database not only
reports the nature of GAA variants but also links
GAA
genotypes to phenotypes, which means a step
forward in understanding the disease.
-The database is foreseen to support diagnostic,
prognostic, and genetic counseling.

-The Pompe variant database
gains power if periodically
updated and supplemented with
sophisticated functional analysis
of variants.
- The database may also
contribute to the development of
personalized therapies.

- Homozygous and compound heterozygous
GAA
genotypes manifest genotype specific
phenotypic spectra.
- The broad clinical spectrum of patients with
c.-32-13T>G / ’null’ genotypes suggest that the
impact of
modifying factors is particularly large in this
genotype.

- A search for genetic modifiers
is strongly
recommended as this may lead
to new
therapeutic opportunities.

CHAPTER 5
The ACE I/D polymorphism
does not explain
heterogeneity of natural
course and response to
enzyme replacement
therapy in Pompe disease

-The broad clinical spectrum of patients with -32
13C>T / ‘null’ GAA genotypes is not explained in
totality by genetic diversity of the ACE locus.

-Searching for alternative
modifiers is warranted.

CHAPTER 6
Clinical diversity of Pompe
patients with c.-32-13T>G
genotypes investigated by
gene expression profiling

A search for differential gene expression in
fibroblast of patients with c.-32-13T>G / ’null’
genotypes (in 35/39 cases) has led to the
identification
of genes and their associated metabolic and
cellular
processes that could potentially serve as markers
for
disease severity.

The preliminary results have to
be validated using larger sample
size.
-Functional studies can be added
to consolidate the findings.

CHAPTER 2
Enzymatic Diagnosis of
Pompe Disease: lessons from
28 years of experience

Chapter 3
Extension of the Pompe
mutation database by
linking
disease‐associated variants
to clinical severity

CHAPTER 4
The extended Pompe
mutation database reveals
distinct phenotypic spectra
of Pompe disease-associated
GAA variants
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MAIN FINDINGS
Enzymatic Diagnosis of Pompe Disease: lessons from 28 years of experience
Since 2006, enzyme replacement therapy (ERT) with alglucosidase alfa (Genzyme,
Cambridge, MA, USA) has been available, patients with Pompe disease have experienced
significant medical benefits. The most convincing effects of ERT are the reduction
of cardiac hypertrophy, the survival for several years beyond natural life expectancy,
and the reaching of important developmental milestones in classic infantile Pompe
patients, in which the median age at death is 8.7 month without ERT

[3, 4]

. The short-

term fatal prognosis in absence of treatment highly indicates there is more than ever
a need for early and reliable diagnosis to reduce mortality and morbidity as well as
to increase the chance of maximal therapeutic benefit. These considerations have
led to the implementation of newborn screening (NBS) for Pompe disease in some
countries. Before briefly discussing the pro’s and con’s of that approach I will first draw
conclusions about the present day methodologies of routine enzymatic diagnosis as
based on the studies described in Chapter 2.
In that study the diagnostic outcome data were analyzed that had been obtained over
a period of 28 years by the diagnostic laboratory of the department of Clinical Genetics
of the Erasmus University Medical Center, Rotterdam. In short, the assay in which
cultured fibroblasts had been used as sample source and 4MUG as artificial substrate
had provided the most reliable results. With this method a distinction could even be
made between classic infantile and childhood or adult forms of Pompe disease on the
basis of discriminating levels of residual GAA activity in almost all cases. The method
has, however, also it’s drawbacks in that the taking of a skin biopsy and the followup culturing of the fibroblasts is not a routine procedure at every institution, is time
consuming, and culturing the cells under strictly standardized conditions is required.
The second-best method turned out to be the one whereby mixed leukocytes were
used as sample source. The drawing of blood is a routine procedure and so is the
isolation of leukocytes at most sites. Based on our experience we recommend against
the isolation of lymphocytes as a means to eliminate the activity of glucoamylase,
which is a disturbing factor in the assay of GAA. Especially when the blood sample
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is a few days old the lymphocyte preparation will easily be contaminated with
granulocytes producing the glucoamylase activity

[5, 6]

. With less effort and better

result, the glucoamyslase activity can be inhibited by the inclusion of 3 uM acarbose
in the assay with glycogen as substrate, and 8 uM acarbose with 4MUG as substrate.
The second experience with comparing the various assay procedures was
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confirmation of an earlier observation that the use of glycogen as natural substrate
provided a better distinction between affected and unaffected than the use of 4MUG
as artificial substrate [7]. However, the latter procedure has also a draw back in that the
so called GAA2 allele which has a carrier frequency of 1:16 in Caucasian populations
causes GAA pseudodeficiency that can mistakenly be interpreted as pathologic
deficiency. Therefore, one of our conclusive advices in Chapter 2 is to measure
the GAA activity in mixed leukocytes using glycogen as substrate and acarbose as
inhibitor of glucoamylase, and to be aware that GAA2 homozygosity and compound
heterozygosity reduces the affinity of GAA for glycogen without causing a state of
disease. Deficiency needs to be confirmed using a parallel assay with 4MUG substrate.
We based our advice on the diagnostic outcome in cases that were included in our
study with either 1 or 2 GAA2 alleles. These samples fell in either the patient range or
in a grey zone between affected and unaffected. For individuals with Asian ancestry
counts that they may have GAA pseudodeficiency as carriers or homozygotes of 1 or 2
c.[1726A;2065A] pseudodeficiency alleles leading to moderately or markedly reduced
activity in leukocytes and fibroblasts for both the natural substrate glycogen as well
as the artificial 4MUG substrate. A limitation of all leukocyte assays is that they seem
not sensitive / specific enough to provide information about the level of residual GAA
activity and do not discriminate between classic infantile Pompe disease and less
severe phenotypes with later onset. This distinction can be reached in fibroblasts using
4MUG as substrate.
Figure 3 in Chapter 2 clearly demonstrates that measuring GAA activity in cultured
fibroblasts is the gold standard for diagnosing Pompe disease, since close to 1%
of residual GAA activity is detectable using 4MUG substrate and distinctive clinical
subtypes can be diagnosed on the basis of residual activity, while none of the other
methods does. The flow diagram illustrates what we believe to be the best approach
to diagnose Pompe disease based on our studies described in Chapter 2. Start with
measuring the GAA activity in mixed leukocytes using both glycogen as well as 4MUG
substrates. If the activity falls within the control range, Pompe disease is excluded and
DNA analysis and/or fibroblast assays are not required (Figure 2A, top). However, if
the GAA activity in mixed leukocytes using glycogen (+3 µmol/L acarbose) is below
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the control range but not clearly deficient using 4MUG (+8 µmol/L acarbose) as
artificial substrate, the best approach is to perform DNA analysis to exclude GAA2
pseudodeficiency and to search for other disease-associated GAA variants (Figure 2A,
middle). In case of questionably low activity for both substrates perform DNA analysis
to exclude heterozygosity or homozygosity for the Asian pseudodeficiency allele and
to search for disease-associated variants as well (Figure 2A, bottom). In case none
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of the former procedures leads to a definitive diagnosis and the outcome remains
inconclusive, a skin biopsy can be taken to perform an additional GAA activity assay
with 4MUG and any other assay either using DNA or RNA, or protein extracted from
these cells or search for glycogen storage with histochemical procedures.
In addition, Figure 2B (text box) proposes on how to act in familial cases of Pompe
disease. In this situation, a thorough clinical investigation including ancillary studies
should be the first action to take. If the person is clinically affected the diagnosis can
be confirmed by GAA enzyme activity assay or by DNA analysis if an index case is
available. In case the clinical investigation is inconclusive a DNA analysis is indicated
for identifying -the familial- GAA disease-associated variants, taking into consideration
that the GAA enzyme activity assay may not provide an answer. In a situation like this it
will be difficult to distinguish a pre-symptomatic patient with rather high GAA activity
from an unaffected carrier. Diagnosis of Pompe disease based on GAA sequence
analysis is not included in Chapter 2. However, in practice we use and recommend
this procedure in most cases, either to confirm the diagnosis or to collect as much
information as possible for counseling purposes and future (pre-natal) diagnosis, as
well as for deciphering the GAA genotype-phenotype correlation and to learn about
the contribution of modifying factors.

7

Figure 2A. How to diagnose Pompe disease? Flow diagram showing methods and materials for the enzymatic
diagnosis of Pompe disease with special attention for GAA pseudodeficiency (Niño et al 2020).
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Figure 2B. How to diagnose Pompe disease? Recommendations for how to act in ‘familial cases’.

Exceptional cases
Exceptional cases were found in this study, in which neither the GAA activity in
leukocytes nor the GAA activity in fibroblast nor the genotype provided a decisive
answer. There are two possible reasons. First, the patient might have a more complex
genetic cause of Pompe disease. For example, SNP arrays have proven to be instrumental
in demonstrating that some patients with Pompe disease have uniparental isodisomy
(UPD), in which part of a chromosome is present in homozygous state and derived
from only one parent

[8]

. This may lead to inclusion of extended analysis such as SNP

arrays in obscure diagnostic cases. Second, we suggest that modulators, or modifying
factors, having an impact on the clinical course of disease severity may exist. For
instance, some studies have identified secondary modulators, as per example loss-offunction (LoF) mutations in zinc transporter 8 that protect against diabetes in obese
individuals

[9]

, another example is provided by mutations in globin genes that modify

the severity of sickle cell disease by buffering primary mutations in β-globin genes
[10]

. Moreover, a study including around 600,000 genomes from healthy individuals

identified 13 adults with no signs of clinical manifestations harboring mutations for
eight severe Mendelian childhood diseases, suggesting that modifying factors can play
a role in disease outcome

[11]

. The identification of modifier genes that can modulate

disease progression is expected to have serious diagnostic and prognostic value. It
can be envisioned that a panel of known modifiers could be included as a standard
diagnostic tool to better predict disease progression. This might help to decide when
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treatment with ERT should be started.
Newborn screening (NBS)
Newborn screening has been implemented in several countries and US states to
establish rapid diagnosis and early therapeutic intervention if needed

[12-14]

. For

instance, a newborn screening program for Pompe disease was initiated in Taiwan
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in 2005 and has led to early diagnosis of the disease. Indeed, interest in newborn
screening for additional lysosomal storage disorders (LSDs) including Fabry Disease,
Gaucher disease, and mucopolysaccharidosis type I (MPSI) continues to expand as
new technologies and treatments become available. Pilot studies in LSDs provide
insight in the effectiveness of, for instance, the digital microfluidic screening method
as well as the refinement of the ‘cutoff values’ for detection of these LSDs

[15, 16]

.

Technical advances on different methods based on the analysis of GAA activity have
recently been reported, and new artificial substrates that are used for detection of GAA
activity in dried blood spot (DBS), either by fluorometry, tandem mass spectrometry
(MS/MS)

[17]

, or microfluidics combined with fluorometry

[18, 19]

. These advances have

improved throughput and performance of the assays, but they have not improved
the intrinsic properties of the assays. It still remains important to validate the results
of NBS in second tier biochemical analyses, and to exclude pseudodeficiencies using
DNA analysis.
Drawbacks of NBS
The screening methods do serve their function in that affected newborns are identified
in their first weeks of life, but they have their drawbacks that need to be considered
too and are future challenges to be addressed in this field. For instance, NBS in Pompe
disease is complicated by occurrence of false positive and false negative screening
results. In Chapter 2, we presented a clear example of a false negative case of
classic infantile Pompe disease in a patient who presented hypotonia since birth and
hypertrophic cardiomyopathy (HCM) at 3.5 months of age. The misdiagnosis of this
patient by DBS was due to the clinical picture of viral lung infection with bacterial
superinfection. GAA pseudodeficiency due to homozygosity or heterozygosity for the
c.[1726A;2065A] allele is a far more common complication of newborn screening in
Asian populations with a high frequency of this allele
analysis

[22]

[20, 21]

, Solutions include DNA

. DBSs assays are also ideal for screening purposes, however, it is generally

accepted that a second diagnostic procedure in samples other than bloodspots is
needed to finally establish the diagnosis. Most problematic is the fact that the current
screening test for Pompe disease not only detects cases of classic infantile Pompe
disease, but also the childhood and adult forms, for which the age of onset varies
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considerably from infancy to adulthood. The unpredictable age of onset in those latter
cases has a huge impact on emotional stress including psychological burden for the
patients-in-waiting and their families. Moreover, patients might be lost to follow up [23,
24]

. This has become an important point of discussion among patient representatives

and treating physicians. It is evident that NBS provides an important advantage for the
early identification of classic infantile Pompe disease. For later onset forms of Pompe
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disease, it is more difficult to decide whether NBS provides an advantage. On one
hand, patients would like to be diagnosed as early as possible to allow timely treatment
and to prevent irreversible damage. On the other hand, there is an ethical concern in
reporting late onset Pompe disease in newborns without being able to predict when
symptoms will present, as these might occur only very late in life at 60-70 years of age.
It will be important to continue these discussions among stakeholders and to closely
evaluate the results of NBS for Pompe disease.
Extension of the Pompe mutation database by linking disease-associated variants
to clinical severity
The rapidly expanding number of sequence variations that were discovered over the
past 15 years has led to the start of the Pompe disease mutation database at www.
pompecenter.nl to archive the continuously growing number of variants that were
identified. Initially, the contribution by Erasmus MC was relatively large, but gradually
more and more entries were retrieved from the literature. By the time that I started
the study described in Chapter 3 the database (version May 2016) listed 558 different
variants that were classified mainly based on the predicted and measured effect of the
individual variants, but not linked to the clinical phenotypes of the patients in whom
these variants were found. Thus, conclusions about genotype-phenotype correlations
could not be drawn. Therefore, in order to make current knowledge of GAA variants
useful to physicians and geneticists, it was decided to extend the database by
additionally linking variants to clinical outcome of patients with associated genotypes.
In Chapter 3 we extended the database with clinical information of reported
phenotypes by performing a systematic review of published studies and report
clinical phenotypes that are associated with GAA variants. We also added additional
in silico predictions for effects on splicing and protein function and for cross reactive
immunologic material (CRIM) status, minor allele frequencies (MAFs) and molecular
analyses. We classified published patient information based mostly on the criteria
stated in Güngör and Reuser

[25]

. We grossly divided the patients in three clinical sub-

groups: those with classic infantile Pompe disease, as originally described by Dr J.C.
Pompe; patients with a disease onset during childhood; and those with an onset during
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adulthood. The currently often used terminology of infantile-onset Pompe disease
(IOPD) and late-onset Pompe disease (LOPD) was intentionally avoided. Both terms are
impractical for investigating genotype-phenotype correlations. In the literature, IOPD
is variably used for onset of symptoms at infantile age (without very specific definition
of age ranges) or as substitute for classic infantile Pompe disease characterized by
onset of symptoms shortly after birth typically including hypertrophic cardiomyopathy
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/ cardiomegaly with a mean survival age of 6-8 months, but is also used for onset of
symptoms under the age of 1 year with cardiomyopathy. The problem with using the
term LOPD is that it does not provide any information whatsoever about the current
age of the patient and the age of onset which can be any age from birth to over 70
years. Differentiation between classic infantile, childhood and adult Pompe disease is
important since the life expectancy of these sub-groups differs substantially and the
projected outcome of enzyme replacement therapy as well.
In our study patients were classified with classic infantile Pompe disease if they presented
symptoms at or under 12 months of age, and had evident signs of a hypertrophic
cardiomyopathy. Patients were classified with childhood Pompe disease if the age of
symptom onset was before 18 years of age and evident hypertrophic cardiomyopathy
was absent. Patients were classified with adult Pompe disease if the first symptoms
presented at the age of 18 years or later and evident hypertrophic cardiomyopathy was
absent. In our study, 18 years was chosen as the cut-off age between childhood and
adult Pompe disease. Others suggested around 16 years

[25]

and 12 years was chosen

as cut-off age in previous Pompe Registry publications presenting an overview of the
diagnostic methods [26, 27] and the genotype-phenotype correlation, respectively [28].
The first step taken to link GAA variants to phenotypes was to identify all patients with
an evident form of classic infantile Pompe disease. From earlier studies and from our
own review of enzymatic diagnostic procedures it is known that these patients do
not have any GAA activity due to any combination of two so called GAA ‘null alleles’
[13, 29-32]

. Thus, all GAA variants associated with the classic infantile phenotype were

marked as “classic-infantile” variants. Subsequently, we analyzed the genotypes of
affected children and adults. If a classic infantile variant was found in one allele the
variant in the other allele had to be responsible for the milder phenotype (almost
always associated with a certain level of residual GAA activity)

[33]

. This way variants

were labeled “childhood” and “adult” or “childhood or adult” when associated with
both phenotypes. Moreover, the pathogenicity of each variant was determined based
on its MAF, molecular nature, in vitro functional studies, and in silico predictions.
Another important feature added to the database was the CRIM status, which is a
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relevant criterium for treatment decision making in cases of classic infantile Pompe
disease because CRIM-negative patients tend to develop higher antibody titers to the
therapeutic enzyme than CRIM-positive patients [13].
As a result of our efforts 49% of the 422 disease-associated variants could be linked
to patients with either classic infantile, childhood, or adult phenotypes. Thereby,
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genetic counsellors and treating physicians are supported with predicting the patients’
prognosis not only based on earlier identified genotypes, but also by combination
of variant alleles. A total of 132 CRIM-negative and 216 CRIM-positive variants were
identified based on predictions and immunoblot analyses. While disease-associated
missense variants were found throughout the GAA protein, they were enriched up to
7-fold in the catalytic site.
The current updated version of the Pompe disease database, from now on named as the
“Pompe disease GAA variant database” under the link (www.pompevariantdatabase.nl)
offers access to a collection of information and data from studies developed in research
laboratories (in vitro and in vivo functional studies), from bioinformatics (in silico
analysis), and from scientific publications thereby providing meaningful connections
between clinical, biochemical, and molecular genetic data. It will promote scientific
research and deeper insight in several aspects of Pompe disease including patients’
and families’ support, diagnosis, newborn screening, genetic counselling, treatment,
clinical trials planning, all together leading to improved clinical care and hopefully new
modes of treatment.
It has become clear that improved treatment options are desirable for Pompe disease.
In particular, ERT with myozyme has a variable clinical response, with both good,
moderate, and no responders. In addition, it has become clear that the CNS shows
progressive white matter abnormalities in long term surviving classic infantile Pompe
patients, and that ERT is not able to cross the blood-brain barrier. Novel treatment
options are being developed in several laboratories including our own, and the
database will be instrumental in defining patient populations that may be amenable to
specific treatment options. Future work is required for a further update beyond 2016,
and to increase the number of patients in order to obtain a higher (>49%) percentage
of variants that can be classified according to clinical severity.
The extended Pompe mutation database reveals distinct phenotypic spectra of
Pompe disease-associated GAA variants
Understanding the clinical heterogeneity in Pompe disease and the variable response
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to ERT is a challenge on its own. Knowledge of the genotype-phenotype correlation
and confounding factors is essential and heavily leans on high quality data coverage by
the Pompe disease GAA variant database. The availability of information is necessary
for answering and understanding several questions that still remain such as the broad
phenotypical variation within GAA genotypes, common disease-associated variants
in relation to geographic origin and founder effect, and as mentioned the different
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response to ERT seen in patients with the same genotypes. Also, understanding and
analyzing patient-specific variants and phenotypes could potentially improve patient
selection for clinical trials, as well as lead to personalized therapies.
A first investigation of the genotype-phenotype correlation based on data in the Pompe
disease database clearly supports the notion that modifying factors co-determine the
clinical course. As early shown (Kroos et al 2007 and several other publications)

[34-37]

patients with a c.-32-13T>G / ‘null’ GAA genotype demonstrate a very broad clinical
spectrum with regard to age of onset, severity and rate of disease progression. Our
analyses do not only confirm this finding, but reveal clinical variation also within other
GAA genotypes. In case of c.-32-13T>G / ‘null’ the spectrum encompasses onset from
the first year of life till around 70 years. Within families and within other genotypes the
variation is considerably less but cannot be ignored. Findings like these have led to
the search for genes in studies such as described in Chapters 5 and 6, but also to the
development of potentially therapeutic interventions based on the use of antisense
oligonucleotides (AONs) to reduce the percentage of aberrantly spliced GAA premRNA species and thereby higher the GAA activity to a non-pathogenic level

[38-40]

.

The approach is of great relevance since c.-32-13T>G is the most common diseasecausing variant in affected children and adults (86% of cases).
Shortly before completion of this study, my colleagues at Erasmus MC reported the
discovery of a GAA silent variant in the c.-32-13T>G allele influencing the degree of
aberrant splicing. As far as c.-32-13T>G / ‘null’ compound heterozygotes are concerned,
this synonymous variant (c.510C>T located in exon 2 and uniquely co-occurring with
c.-32-13T>G) was found in 27% of cases with childhood onset but in none with adult
onset. Compared to the C at position c.510, the T appeared to increase the number of
aberrant splicing events leading to a lower level of residual GAA activity, which could
explain the earlier onset of symptoms in these cases. Similar, as yet to be identified,
GAA sequence variants co-segregating with c.-32-13T>G might explain the early onset
in the remaining 63% of childhood cases, but genetic modifiers located in cis or trans
and outside the GAA gene must play a role too. Also the fact that -“Homozygous IVS1
(c.-32-13T>G) patients who carry c.510C>T, either at heterozygous or at homozygous
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state, have the prognosis to develop symptoms at any age, while homozygous IVS1
patients without c.510C>T may remain asymptomatic or may develop symptoms at
any age”- points to the existence of genetic modifiers [41]. In the future, information on
the modifier genes would present a major improvement. Furthermore, the database is
meaningful source for diagnostics, newborn screening implementation, trial planning
that can be used as platform tool to supporting patients and treating clinicians.
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The ACE I/D polymorphism does not explain heterogeneity of natural course and
response to enzyme replacement therapy in Pompe disease.
Chapter 5 is devoted to the potential contribution of the ACE I/D polymorphism to the
clinical diversity in -32-13T>G / ‘null’ genotypes. ACE stands for angiotensin converting
enzyme, which is produced by lung endothelial cells and catalyzes among others
the conversion of angiotensin I to angiotensin II instrumental in the up-regulation of
somatic functions such as water and salt retention via vasoconstriction. The Insertion
/ deletion (I/D) polymorphism in the ACE gene has been suggested to modify the age
of onset and the response to ERT in Pompe disease [35-37, 42]. In Chapter 5 we have
investigated the effect of the ACE I/D polymorphism in a larger cohort of children
and adults (131) than earlier reported. One hundred and twelve of these patient had
received ERT for several years and the clinical course of each individual has been
accurately monitored over the 5 years’ study duration. At first visit, we did not find
significant differences in clinical outcome measures of patients with the ACE I/I ,
I/D or D/D genotypes. Also the response to ERT after a 5 years period did not reveal
significant differences in any outcome measure between the ACE groups using linear
mixed model analyses. The same analysis also failed to explain intra familial differences
in age of onset and/or clinical course. Our conservative conclusion from this study
was that the broad clinical spectrum of patients with -32-13C>T / ‘null’ GAA genotypes
was not explained by genetic diversity of the ACE locus. Its contribution could only
be minor and the search for alternative modifiers is justified. Consequently, it was
decided to embark on a further search for transcriptional differences contributing to
the clinical outcome that can be used as disease-marker as described in Chapter 6.
Identification of genes related to clinical heterogeneity in Pompe disease by gene
expression profiling analysis.
Variable age of onset, clinical severity, and treatment efficacy among patients with GAA
c.-32–13T>G / ‘null’ genotypes and lack of clear genotype-phenotype correlations
also within and between families suggests that genetic modifiers exist that affect the
phenotypic expression of Pompe disease

[33, 36, 43]

. Importantly, the identification of

transcriptional differences contributing to the clinical outcome might lead to biomarker
development, improvement of the therapeutic intervention, and prediction of disease
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phenotype. In Chapter 6, we applied RNA sequencing (RNA-seq) to examine gene
expression profiles in cultured skin fibroblasts from two Pompe patients cohorts with
similar GAA genotypes (c.-32-13T>G/ ‘null’, in 35/39 cases) but different ages of onset.
In the two studies that we conducted, we compared expression differences in patients
with those in age-matched controls. The two studies were evaluated separately
and the results of each comparison were subsequently analyzed in categories to
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identify expression patterns characteristic for Pompe disease phenotypes and those
distinguishing between Pompe patients and controls. By doing this we specifically
aimed to identify factors favoring either the adult or the childhood phenotype and/
or factors that distinguish it from other LSDs and myopathies, which can be used as
potential disease-marker in Pompe disease.
Expression differences between Pompe patients relative to controls
Analysis of the multidimensional scaling plot (MDS) revealed a separation of 23 (12
childhood onset, 11 adult onset) Pompe and 21 (11 childhood, 10 adult) control
samples in the gene expression space indicating that Pompe disease induces gene
expression differences. Additionally, the clear separation of adult onset and childhood
onset patients indicates a distinctive transcriptional signature between these two
Pompe phenotypes. In one study (study 1B in Chapter 6) six control samples emerged
as outliers when compared to the other control samples. These samples were derived
from foreskin in contrast to the other samples that were derived from skin biopsies.
Apparently but unexpectedly the two cell types have a distinctive transcriptional
signature.
Across the two studies that we performed, our analyses showed a number of common
gene sets that were altered in disease, although the exact identity and pattern of gene
expression varied between the studies. Part of the explanation for this variation could
relate to inappropriate control selection criteria, to sample size, and possibly to batch
effects, even though it is unlikely since two patient samples were included in study
1B, which included the controls, but they cluster instead of with the patients. Despite
some variation in outcome data, it became clear from these two studies that common
sets of differentially expressed genes (DEGs) are altered in disease compared to health
and in affected adults compared with affected children.
Differentially expressed genes in common between studies
The common expression differences between the two studies were examined at the
level of individual genes. To accomplish this, probe sets were identified in each dataset
which were significantly different between adult and childhood onset Pompe disease
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(corrected for controls), and between patients with Pompe disease and controls at a
false discovery rate (FDR) of <0.05 and Log fold change of 1.5. The overlap between
studies was assessed using Venn diagram comparison. Between the two studies in
adult Pompe compared to childhood Pompe, 3 DEGs were altered, and between
Pompe compared to controls, 24 genes showed significant expression differences.

GENERAL DISCUSSION AND PERSPECTIVES |

221

The 3 gene sets differentiating between adult and childhood onset Pompe disease
are linked to known metabolic and cellular processes including bone and muscle
development, cellular calcium / phosphate homeostasis, and cellular biogenic amine
metabolic process. Among these DEGs, one gene was significantly downregulated and
two genes were significantly upregulated in adult Pompe disease relative to childhood
onset Pompe disease. Notably, the nik related kinase (NRK) gene showed over 14fold decreased expression in adult Pompe relative to childhood Pompe. Its encoded
protein is tentatively involved in the induction of actin polymerization through
phosphorylation of cofilin-1 in late embryogenesis and plays a rol in actin cytoskeleton
re-organization. Among its related pathways are NAD metabolism and TNF signaling.
Gene Ontology (GO) annotations related to this gene include transferase activity,
transferring phosphorus-containing groups and protein tyrosine kinase activity.
Genes coding for a secreted, homodimeric glycoprotein: STC1, and a mitochondrial
enzyme MAOA exhibited over two-fold increased expression in adult Pompe compared
to the childhood Pompe patients. The protein encode by STC1 may play a role in the
regulation of renal and intestinal calcium and phosphate transport, cell metabolism,
or cellular calcium/phosphate homeostasis. MAOA is bound to the outer membrane
of mitochondria in most cell types including skeletal muscle. It catalyzes the oxidative
deamination of biogenic and xenobiotic amines and has important functions in the
metabolism of neuroactive and vasoactive amines in the CNS and peripheral tissues.
Among its related pathways is Cytokine Signaling in the immune system, which is in
agreement with our results of GO terms by Reactome pathway analysis in our study 1.
Indeed, genes with higher expression levels in adult Pompe compare to child Pompe
tend to be expressed in pathways and biological processes that play a role in immune
system functions as shown by GO analysis.
The identified genes are involved in a broad range of biological processes crucial for
mitochondrial and muscle metabolism including oxidative phosphorylation, TCA cycle,
fatty acid metabolism, amino acid degradation, cell survival, and calcium homeostasis,
and relevant processes of the immune system. Since mitochondria play a central role
in energy metabolism, while cytokines serve to mediate and regulate immune and
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inflammatory responses, the DEGs identified in our study could be partially responsible
for mitochondrial dysfunction and inflammatory condition, which have been described
in Pompe disease. Therefore, these genes could be attractive candidates that could
influence the clinical course of Pompe disease.
The expression of this set of 3 genes might be associated with disease clinical status
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and progression, and may therefore be useful as a putative signature in predicting
symptom onset, and prognosis, and instrumental for genetic counseling in relation to
neonatal screening programs for Pompe disease and the timing of treatment initiation.
In parallel, it may provide a new insight of putative modifying factors, and consequently
provide a better understanding of molecular pathogenesis of Pompe disease.
A retrospective study has evaluated gene expression changes in muscle from classic
infantile Pompe patients and identified genes involved in muscle-specific pathways
and genes involved in inflammation and apoptosis pathways and networks

[44]

. The

pathologic process in muscle will have induced these changes, but interestingly, we
identified pathways and networks playing a role in muscle metabolism and inflammatory
responses as well using fibroblasts as experimental cell type. The similarity of findings
is intriguing and deserves further attention. Nevertheless, the gene expression found
in our studies in fibroblast presents good read out and reflects the disease. Important
questions to be addressed remain, for instance, are these candidate genes the cause or
the consequence of disease progression, and are gene-specific patterns of expression
variation per individual?
Unfortunately, at present, there are not yet answers to these questions that could
help with decision making about disease management and therapeutic intervention.
However, each little step forward into the direction of biomarker development or
cost-effective method to predict and diagnose the onset and progression of the
disease, may ultimately be useful for therapeutic monitoring or intervention. The
genes described in our study that were associated with the course of Pompe disease
can potentially serve this purpose. However, the variability in expression among
individuals (controls and patients) will make these genes unsuitable for predicting the
clinical course of individual patients. Different approaches migt be needed to identify
additional modifying factors. For example, recent work from our laboratory using
allele-specific PCR identified the cis-acting silent GAA variant c.510C>T as a strong
modifier of symptom onset

[41]

. This modifier was statistically highly significant, but

explains only part of the phenotypic variation seen. Therefore, we cannot exclude that
other not yet identified modifiers exist.
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PERSPECTIVES AND CHALLENGES TO OVERCOME
Diagnosis
The studies described in this thesis incorporate several relevant aspects of Pompe
disease that need be addressed for making steps forward in the understanding of
Pompe disease and the development of therapeutic interventions. While most of
our studies were already performed on relatively large numbers of cases and patient
derived biological samples there remains the desire to further increase the sample
size and to minimize ‘local effects’ by preferential inclusion of cases managed by our
own Center for Lysosomal and Metabolic Diseases. One way to achieve this goal is to
enhance international collaboration of clinical and fundamental research centers and
vividly interact with Pompe patient associations and establish data repositories. Such
actions are prone to validate the outcome of our studies and will benefit the accuracy
and efficacy of future projects.
The introduction of new and the updating of existing laboratory procedures including
ancillary studies, NBS, prenatal screening, enzyme analytical procedures and NGS
technologies have facilitated the diagnosis of Pompe disease. However, deep
knowledge, intelligent application of available procedures, and correct interpretation
of outcome data remains the key to optimal disease management. In some cases it is
difficult to decide which method to use for which purpose. As illustrated in Chapter 2 on
the enzymatic diagnosis of Pompe disease, the outcome depends on sample source,
substrates used, and awareness of pseudo-deficiency alleles. If DNA sequence analysis
is used as diagnostic procedure other pitfalls arise in that GAA sequence variants may
be missed or their effect be misinterpreted with currently available technologies.
Despite the enormous advances in diagnostic procedures in recent years, but actually
because of these advances some real challenges are faced. A salient example is the
NBS assay, which is based on GAA activity measurement in dried blood spots. The
assay is hampered by a relatively large percentage of false positives, troubled by the
occurrence of GAA pseudodeficiency in Asian populations and does not discriminate
between classic infantile Pompe disease and cases of childhood and/or adult onset
disease.
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The latter causes ethical dilemmas and devastating uncertainty in affected families.
Notably, the diagnosis ‘infantile onset Pompe disease’ (IOPD) is a true ordeal that
ignites a reaction of immediate start of ERT whereas the long-term clinical outcome
of ERT remains uncertain with present day treatment protocol and clinical outcome.
The verdict “late-onset Pompe disease” (LOPD) is accepted as the better outcome but
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anxiousness about the first moment of symptom presentation lays a huge burden on
the families’ psychological wellbeing [23, 45]. On the one hand one may conclude that the
current implementation of NBS in countries like Taiwan, Austria, Italy, Hungary, Japan,
and several states in the United States

[24]

is to the benefit of patients, on the other

hand it causes unwanted anxiety in absence of totally curative therapeutic modes of
intervention. Discussion among all stakeholders involved is required to evaluate and
possibly adapt the practice of NBS for Pompe disease.
Other than but certainly next to the introduction of NBS, there is an urgent need for
international standardization of diagnostic protocols or at least the introduction of
generally accepted diagnostic protocols in basic terms of when to apply what method.
For instance, should one still measure GAA activity in isolated lymphocytes or use
mixed leukocytes instead with either glycogen or 4MUG as substrate and acarbose
as inhibitor of glucoamylase and in what concentration? Or alternatively start with
DNA sequence analysis in all instances and rely on the features of the variants either
predicted by their nature or by in silico analysis? Decision about which method to
use should be made in expert diagnostic laboratories. This is crucial, because if the
wrong test is chosen, particularly in cases of pseudodeficiency, or if outcome data
are incorrectly interpreted, it may lead to misdiagnosis, for instance the unnecessary
prescription of ERT to carriers.
With regard to newborn screening technical advances have been made

[19, 24, 46]

and

contributed to improved diagnostic methods for distinguishing between Pompe disease
and GAA pseudodeficiency in Asian populations

[47]

. With regard to GAA sequence

analysis and the interpretation of GAA variants and their effects, the introduction of
methods for functional analysis and methods to assay the efficacy of splicing events
has substantially helped with diagnostic decision making

[30, 48]

. Most of all we believe

that the systematic collection and analysis of all available information on GAA variants
including both their functional as well as their clinical effects, as reported in Chapter 3
and 4, lends a tremendous support to diagnostic practice.
Future developments, such as the introduction of NGS facilities, will further contribute
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to easier, quicker and broader means of Pompe disease diagnosis including the
detection of genetically determined modifying factors as well as the identification of
variants affecting the promotor, untranslated regions (3’ UTR and 5’ UTR) and splice
sites.
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Genetic counseling and prognosis
Prognosis and genetic counseling should be intimately related to the diagnostic
tract and ‘loss to follow-up’ considered inacceptable. Currently, the diagnosis and
prognosis of Pompe disease relies predominately on clinical observation, GAA activity
indices and/or common GAA genotypes. The same parameters are used as guidelines
for the start of enzyme replacement therapy while, unfortunately, the very longterm outcome of the currently available enzyme replacement therapy is still under
investigation. The diagnosis ‘classic infantile Pompe disease’ at birth is at present
interpreted as an indication to start enzyme replacement therapy as soon as possible
while it has become gradually known that grey matter changes and residual muscle
weakness occur despite of therapy. This warrants the development of alternative
treatment options that can target both muscle and the CNS. The diagnosis ‘childhood’
or ‘adult’ Pompe disease at birth is problematic too because none of the currently
available assay procedures is able to predict with sufficient accuracy when the first
symptoms will manifest and what the life expectancy of the patient will be given the
broad clinical diversity within this group of patients. The first to be done is to develop
methods and institute guidelines to discriminate at least between childhood and adult
forms of Pompe disease and to abandon the terminology ‘late-onset Pompe disease’
(LOPD), as well as establishing an uniform terminology of Pompe disease classification
described in the scientific literature. Advanced insights in the role of GAA variants to
phenotypes, and disease modifiers could assist the counseling process. Attempts to
identify these correlations and factors were described in Chapters 3-6.
What to expect from current developments?
With respect to diagnosis and the identification of clinical sub-types we believe that
the worldwide collection and sharing of clinical, enzymatic, and molecular data is
the most powerful tool for becoming optimally informed about the incidence of
Pompe disease, the clinical presentation and the genotype-phenotype correlation;
all supportive to optimal management. Twenty years ago, the Pompe disease
mutation database at www.pompecenter.nl was set up to achieve this goal and will
serve it even better in its present format (www.pompevariantdatabase.nl) including
a variant severity rating not only based on molecular but also on clinical parameters

7

(Chapters 3 and 4). Therefore, updating the database periodically will be established.
In fact, our research group is currently working on a new update, which includes the
addition of new scientific publications and variants previously not reported. Future
updates should consider the addition of more extensive functional studies. It may be
possible to create an algorithm that provides an estimation about the possible clinical
phenotype and disease progression of a particular patient based on the GAA genotype
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and clinical symptoms. This prediction of prognosis might help physicians to making
timely treatment-decisions. However, much future research on larger patient cohorts
is required to establish such algorithm. The establishment of the European Pompe
Consortium is expected to be instrumental in these efforts as it will provide a much
larger patient cohort that will be useful to validate putative modifying factors.
With respect to disease modifiers, it is evident that, on top of GAA genotypes, disease
modifying factors can steer into the direction of either childhood or adult onset. In
addition, the observed activation or depression of certain functional networks might lead
to the identification of useful genes involved in predicting the disease course (Chapter
6). While exploring this topic, the key issue is determining whether the differences in
gene expression profiles between phenotypes are the cause or the consequence of
the phenotypic diversity. Our findings reveal that the c.-32-13T>G variant stands out
for its exceptionally broad phenotypic variation. The current challenge is to identify
the factor(s) involved in this variation, which may result in the design of a personalized
treatment strategy. Additional plans include evaluating the association of genetic
variants and gene expression levels by performing eQTL (expression quantitative trait
loci) analysis. This will allow identification of the relationship between genomic variants
and regulation of gene expression. Consequently, establish if the clinical variation
with respect to disease onset and progression might be associated to individual
variants per patient. Our recent work demonstrates that it is possible to predict an
early presentation of symptoms based on the presence of the c.510C>T GAA modifier
variant. This modifier was identified in a cohort of ~130 patients, demonstrating the
feasibility of identifying disease modifiers even in relatively small cohorts [41]. However,
collaborative efforts are needed to bring together large cohorts, which will facilate the
finding and validation of also other moderate risk factors.
The glucose tetrasaccharide (Glc4) in urine is a well-known and useful biomarker
in Pompe disease, but is not specific for the disease since increased levels are also
found in other GSDs

[49]

. Myostatin and insulin-like growth factor 1 (IGF-1) have been

proposed as potential therapeutic biomarkers in Pompe disease as well but are not
regularly reported

[50]

. The insertion/deletion (I/D) polymorphism of the angiotensin

7

I-converting enzyme (ACE), was reported as potential disease modifier and affect the
response to ERT, but this was not supported by our own findings in a larger number of
cases [36, 37, 42]. A demand for informative biomarkers in Pompe disease remains.
The studies described in this thesis do not provide a direct answer on how to
approach therapy, but signifies that therapy starts with proper and rapid diagnosis
at the deepest level of under-standing. In the era of personalized medicine, the aim

GENERAL DISCUSSION AND PERSPECTIVES |

227

will be to design the appropriate and most effective treatment based on molecular,
enzymatic, and clinical findings. Affected children and adults are expected to benefit
from new generation enzyme replacement therapies employing improved enzyme
formulas, higher doses and possibly co-administration of chaperones. Patients with
classic infantile Pompe disease might benefit the same from novel modes of enzyme
replacement therapy, but more so from the development of gene therapy protocols
that address the white matter changes that have recently been reported. Therapies
based on gene manipulation, for instance the employment of AONs for correcting
splicing defects, the application of ex vivo or in vivo gene therapy compensating the
defective GAA gene, or interference with genetic modifiers, are among the future
options.
May the studies described in this thesis add their share to the very complex challenges
that lay ahead.

7
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APPENDIX

Summary
The first chapter of this thesis (chapter 1) provides a historic overview of the
developments that have led to the naming Pompe disease or glycogen storage
disease type II. It further describes acid α-glucosidase (GAA), its biosynthesis,
structure, function, and its deficiency that causes lysosomal glycogen storage, and
how lysosomal glycogen storage leads to muscle cell damage and clinical symptoms
through a cascade of pathologic events. The chapters 2 to 6 describe the research
that was done to advance insight in Pompe disease whereby attention is focused on
diagnostic methods (chapter 2), GAA sequence variant collection and analysis ‘The
Pompe disease GAA variant database’ (chapters 3 and 4), the proposed role of ACE
as genetic modifier contributing to clinical variation and response to ERT (chapter 5),
and genome-wide differential gene expression in Pompe disease with emphasis on
differences between early- and late-onset phenotypes as potential disease-markers
(chapters 6). Chapter 7 is a general discussion. What follows here is a brief summary
of the most essential content of each chapter.
Pompe disease or glycogen storage disease type II (GSDII) (chapter 1) is one of
more than 10 different Glycogen Storage Diseases (GSDs) and also one of over 70
different lysosomal disorders (LSDs). It is an autosomal recessive disorder caused
by acid α-glucosidase (GAA) deficiency. GAA enzyme normally degrades lysosomal
glycogen stepwise to glucose. Pathogenic sequence variations in the GAA gene are
responsible for partial or complete GAA deficiency causing glycogen to accumulate
inside lysosomes, causing muscle pathology. Expanded lysosomes not only interfere
with muscle contraction but also with other kinds of cellular processes including
autophagy. In the final stage of pathology, the cells are damaged and progressive
muscle degeneration occurs.
Pompe disease presents as a spectrum of phenotypes, ranging from a rapidly
fatal phenotype in infants, usually succumbing in their first year of life due to
cardiorespiratory failure, to more slowly progressive disease in older children and
adults whereby skeletal and respiratory muscles are affected, but the heart is spared.
The clinical heterogeneity with regard to age of onset observed among children and
adults with the most common ‘c.-32-13 T>G / ‘null’ genotype has led to the hypothesis
that modifying factors play a role in disease severity and progression (addressed in

A

chapters 4-6).
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In the very early days (1932), Pompe’s disease (glycogenosis type II) was known as a
disease of infancy. Muscular variants were described much later, but still before acid
α-glucosidase deficiency was discovered as the primary cause of lysosomal glycogen
storage. By 1973, the full clinical spectrum of glycogenosis type II had come to light,
and was first described by Dr. Andrew Engel and his colleagues. At that time, there was
no clue to what factors were causing the clinical diversity. The difference between
the classic-infantile phenotype as described by Dr Pompe, and the later-onset
phenotypes (childhood and adult) is so striking that they could have been caused by
mutations in different genes; for instance, a gene encoding GAA structure and a gene
regulating the height of GAA expression. The latter hypothesis was abandoned since
complementation analysis did not lead to correction of GAA deficiency. Later, it was
generally accepted that a variety of allelic mutations in the acid α-glucosidase gene
(GAA) must be causing the clinical heterogeneity, but this could not be proven at that
time by lack of technology. However, genetic heterogeneity could be demonstrated
indirectly by following the biosynthesis of GAA in cultured skin cells of clinical variants
and the finding of informative differences. The full extent of genetic heterogeneity has
come to light after the cloning of the GAA gene allowing the search for pathogenic
sequence variations.
The rapidly expanding number of sequence variations that were discovered over
the past 15 years has led to initiate the Pompe disease mutation database at www.
pompecenter.nl, which had grown to 558 GAA variants in May 2016. These variants
had obtained designations from ‘very severe’ to ‘non-pathogenic’ either based on their
location and/or nature, their in silico predicted effect, or their effect on GAA synthesis
and enzymatic function as studied in vitro. The accuracy of the predictions was never
challenged, but not investigated either. Upgrading the Pompe disease mutation
database by linking individual GAA variants to GAA genotypes and clinical phenotypes
became one of the major study subjects resulting in the extended GAA variant database
that replaced the previous database and can be found at www.pompevariantdatabase.
nl (chapters 3 and 4).
Undoubtedly, one of the most exciting events in the history of Pompe disease has
been the introduction of enzyme replacement therapy in 2006. The benefits and still
remaining challenges are also addressed in this first chapter, but haven’t been subject
of this study.
Other background information provided in Chapter 1 relates to the frequency of

A

Pompe disease, the geographic distribution, the symptoms and the clinical spectrum.
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The aims / questions of the studies performed in the context of this thesis were
formulated at the end of Chapter 1 and were as follows:
1.

How to diagnose Pompe disease enzymatically?

2.

Upgrading of the Pompe disease mutation database and facilitation of the
analysis of the genotype-phenotype correlation.

3.

Does the common I/D ACE polymorphism contribute to the heterogeneity of
Pompe disease?

4.

Can disease-markers be identified that can distuinguish severe from mild
disease?. The results of these studies are discussed in broader context, overall
conclusions are drawn, and future perspective are formulated in Chapter 7.

Chapter 2 is devoted to the enzymatic diagnosis of Pompe disease and reviews the
outcome of a series of 2591 assays in 1709 diagnostic cases from various sources using
different procedures over the past 28 years in the department of Clinical Genetics of the
Erasmus MC University Medical Center in Rotterdam. The GAA activity was measured
in white blood cells (leukocytes), dried blood spots, and skin fibroblast with the aim to
establish the best assay for particular purposes. It came out that cultured skin fibroblasts
provide by far the best results with regard to differentiating between classic infantile,
childhood and adult forms of Pompe disease. Mixed leukocytes provide the fastest
diagnostic method, whereby the reaction mixture needs to contain acarbose to inhibit
glucoamylase. Glycogen as well as 4-methylumbelliferyl-α-D-glucopyranoside are
suitable substrates, but glycogen discriminates best between affected and unaffected.
The disadvantage of using glycogen is that carriers of GAA2 pseudodeficiency may
be scored as patients. In such cases, additional use of 4-methylumbelliferyl-α-Dglucopyranoside (4MUG) solves the problem. Dried bloodspots are the best sample
source for screening purposes, but are in our hands not suitable for final diagnosis,
which is in line with the general opinion that a second diagnostic test is required to
confirm the diagnosis.
Chapter 3 and 4 describe how the Pompe disease mutation data base with the
previous link www.pompecenter.nl and the new link www.pompevariantdatabase.
nl was upgraded and logistically altered to provide more and better information on
the functional effects of GAA sequence variants by linking each variant (one allele)
to pathogenic genotypes (a combination of 2 alleles) and their associated clinical
phenotypes. The direct link deepens insight in the genotype-phenotype correlation
and facilitates diagnosis, prediction of disease severity and genetic counseling. The
upgraded version of the database (chapter 3) provides quick access to all clinical

A

phenotypes associated with one particular GAA genotype and easily delineates the
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clinical diversity within genotypes (chapter 4). Similar types of analysis have been
described in other disorders, but are mostly restricted to single patients per genotype.
Our genotype-phenotype analysis illustrates that 49% of the 422 disease-associated
GAA variants are linked to classic infantile, childhood and adult phenotypes. In
addition, 38% of disease-associated variants listed in the database are shown to be or
predicted to be Cross Reactive Immunological Material (CRIM) negative (i.e. without
any expression of GAA protein), while the majority of missense variants is predictably
CRIM positive (i.e. with expression of enzymatically inactive GAA protein) (chapter 3).
The new features that are added to the Pompe disease mutation database provide
an invaluable tool for diagnosis, prognosis of disease progression, and treatment
decision-making in Pompe disease. Chapter 4 is a first demonstration of how the
upgraded version of the database can be used for research purposes. In this study
we analyzed and compared the phenotypic variation among patients with the most
common c-32-13T>G genotypes and other rather common GAA genotypes. The
conclusion is reached that there must be genetic or environmental factors that codetermine the course of Pompe disease in case patients are not fully GAA deficient.
In Chapter 5 the effect of one of the few modifying factors previously reported was
explored. It concerns the ACE I/D polymorphism. Based on rather small patient
numbers, patients with the ACE DD genotype compared to the ACE II genotype seemed
to have more rapid disease progression and reduced response to enzyme replacement
therapy. However, some of the reported findings are conflicting, and studies in a larger
patient population were recommended. Therefore, we investigated the role of the
ACE polymorphism in a relatively large cohort of 131 children and adults covering the
full phenotypic spectrum of patients with the c.-32-13T>G / ‘null’ GAA genotype with
regard to age of disease onset, disease severity and outcome when treated with ERT
over a follow up period of 5 years. In our study we could not confirm earlier results:
differences in ACE polymorphism could neither explain inter-familial nor intra-familial
phenotypic diversity.
In Chapter 6, we performed a search for disease-markers in Pompe disease that could
be used as read out of disease severity. The chosen method was that of measuring gene
expression at the mRNA level in two groups of patients with similar GAA genotypes
(c.-32-13T>G / ‘null’ in 35/39 cases); one with onset of first symptoms under the age
of 16 years and one with onset of symptoms over the age of 35 years. These studies
were hampered by inter-experimental variation in outcome, but three genes stood out
as tentative disease-markers: MAOA (Monoamine Oxidase Type A), which catalyzes

A

the oxidative deamination of biogenic and xenobiotic amines and has important
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functions in the metabolism of neuroactive and vasoactive amines in the central
nervous system and peripheral tissues; STC1 (Stanniocalcin-1) that plays a role in the
regulation of renal and intestinal calcium and phosphate transport, cell metabolism,
or cellular calcium/phosphate homeostasis; and NRK (Nik Related Kinase) that has
been associated with the induction of actin polymerization in late embryogenesis. In
general, these genes have been implicated in various biologic processes including
bone and muscle development, cellular calcium / phosphate homeostasis, cellular
metabolism, and cellular biogenic amine metabolic process. In addition, a multitude of
genes could be earmarked as potential disease-markers since they were differentially
expressed in cultured skin fibroblasts from affected Pompe patients compared to
unaffected controls.
Collectively, the findings described in this thesis are a step forward in the diagnosis
and understanding of Pompe disease with emphasis on the genotype-phenotype
correlation, as discussed in Chapter 7.

A
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Samenvatting
Het eerste hoofdstuk van dit proefschrift (Hoofdstuk 1) geeft een historisch overzicht
over de ziekte van Pompe, ook wel glycogeen stapelingsziekte type II genoemd. In
dit hoofdstuk wordt het enzym zure alfa-glucosidase (GAA) besproken, alsmede de
biosynthese, structuur, functie en de deficiëntie ervan die uiteindelijk leidt tot stapeling
van glycogeen en de ziekte van Pompe. Ook wordt besproken hoe de stapeling
van glycogeen in de lysosomen kan leiden tot beschadiging van spiercellen en de
bijbehorende klinische symptomen.
De hoofdstukken 2 tot 6 beschrijven het verrichte onderzoek in dit proefschrift om
meer inzicht te krijgen in de ziekte van Pompe. De focus van het proefschrift ligt met
name op de diagnostiek van de ziekte van Pompe (Hoofdstuk 2), het in kaart brengen
van GAA sequentie varianten en het uitbreiden van de Pompe database waarin alle
bekende mutaties zijn opgenomen (Hoofdstuk 3 en 4). Hoofdstuk 5 en 6 focussen
op de rol van genen die wellicht een voorspellende factor zouden kunnen zijn voor
het klinisch verloop van de ziekte van Pompe. Het laatste hoofdstuk (Hoofdstuk 7)
is een algemene discussie. Een korte samenvatting van elk hoofdstuk is hieronder
weergegeven.
De ziekte van Pompe (Hoofdstuk 1) is één van de bijna 70 verschillende lysosomale
stapelingsziekten

(LSDs),

waaronder

meer

dan

10

verschillende

glycogeen

stapelingsziekten (GSDs) vallen. Het is een autosomaal recessieve ziekte die
veroorzaakt wordt door een mutatie in het GAA gen dat zure alfa-glucosidase (GAA)
produceert. Het GAA enzym breekt normaal gesproken glycogeen af tot glucose.
Pathogene variaties in de sequentie van het GAA gen zorgen voor een gedeeltelijk of
geheel tekort aan GAA en dit leidt tot stapeling van glycogeen in de lysosomen. Deze
stapeling van glycogeen in de lysosomen zorgt ervoor dat de lysosomen opzwellen
en daarbij het samentrekken van spieren bemoeilijkt. De glycogeen stapeling kan
ook interfereren met andere processen die zich in de cel afspelen, zoals autofagie.
In het laatste stadium van de ziekte van Pompe zijn spiercellen zo beschadigd dat er
progressieve spierdegeneratie plaatsvindt.
De ziekte van Pompe heeft een breed fenotypisch spectrum. Het snel progressief
en fatale fenotype in baby’s leidt tot overlijden aan cardiorespiratoir falen. Bij het
minder progressieve fenotype in oudere kinderen en volwassenen zijn voornamelijk

A

de skelet- en ademhalingsspieren aangedaan, maar het hart niet. Grote klinische
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heterogeniteit wordt gezien bij de genetische afwijking die het meest voorkomt bij
kinderen en volwassenen: c.-32-13 T>G / ‘null’. Dit heeft geleid tot de hypothese dat
naast de genetische mutatie ook modificerende factoren een rol spelen in de mate van
progressie en ernst van de ziekte (Hoofdstuk 4-6).
In 1932 werd de ziekte van Pompe voor het eerst beschreven door de Nederlandse
patholoog J.C. Pompe en was alleen bekend als een ziekte die bij baby’s voorkwam.
Later werd de kinder- en volwassen variant van de ziekte beschreven waarbij alleen de
spieren waren aangedaan. In 1973 werd het brede spectrum van de ziekte van Pompe
beschreven door Dr. Andrew Engel en collega’s, maar het was nog steeds onduidelijk
wat de onderliggende oorzaak hiervan was. Opvallend genoeg wordt het grote verschil
in klinische manifestatie tussen het klassiek infantiele fenotype en het niet-klassieke
fenotype niet veroorzaakt door mutaties in verschillende genen. Later ontstond het
idee dat verschillende mutaties in het GAA gen zouden kunnen leiden tot de klinische
heterogeniteit van de ziekte van Pompe, maar dit kon in die tijd nog niet bewezen
worden. Wel kon de genetische heterogeniteit indirect gedemonstreerd worden door
de biosynthese van GAA in gekweekte huidcellen van patiënten met de verschillende
varianten van de ziekte te bestuderen welke leidde tot duidelijke verschillen. Pas
nadat het GAA gen gekloneerd kon worden kon er onderzoek gedaan worden naar de
pathogene sequentie varianten en werd de grote genetische heterogeniteit duidelijk.
Het groeiende aantal sequentie varianten die werden ontdekt in de afgelopen 15 jaar
leidde uiteindelijk tot het opzetten van de Pompe database (www.pompecenter.nl).
In mei 2016 waren er al meer dan 558 genetische varianten van de ziekte van Pompe
in opgenomen. De variaties werden geclassificeerd als ‘niet-pathogeen’ tot ‘zwaar
aangedaan’ en was gebaseerd op de locatie waar in het gen de mutatie zit, een in silico
voorspelling en/of het effect van de mutatie op GAA synthese en enzym activiteit welke
bepaald zijn met in vitro testen. De nauwkeurigheid van de in silico voorspelling werd
nooit in twijfel getrokken, maar werd verder ook nooit onderzocht. Dit proefschrift
beschrijft de optimalisatie van de Pompe database en is gedaan door verbanden te
leggen tussen de individuele GAA varianten, de GAA genotypes en klinische fenotypes.
De resultaten hiervan leidden tot een nieuwe Pompe database. De nieuwe database
kan hier gevonden worden: www.pompevariantdatabase.nl (Hoofdstuk 3 en 4).
De introductie van de enzym vervangingstherapie in 2006 is zonder twijfel de
belangrijkste gebeurtenis in de geschiedenis van de ziekte van Pompe. De voordelen
van deze enzym vervangingstherapie en uitdagingen die nog openstaan worden ook
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Pompe besproken, de geografische verdeling, symptomen en het klinisch spectrum.
De doelstellingen van de studies in dit proefschrift zijn:
1.

Hoe kan de ziekte van Pompe enzymatisch het beste worden gediagnosticeerd?

2.

Het leveren van een verbeterde Pompe database die kan bijdragen aan het
analyseren van een eventuele genotype-fenotype correlatie

3.

Draagt het ACE polymorfisme bij aan klinische heterogeniteit van de ziekte
van Pompe?

4.

Kunnen er genen geïdentificeerd worden met behulp van genoom-wijde
mRNA expressie analyse die een rol spelen bij de ernst van het fenotype in
kinderen en volwassenen met hetzelfde GAA genotype? Zouden deze genen
gebruikt kunnen worden als voorspellers van het verloop van de ziekte?

Hoofdstuk 2 is geheel gewijd aan de enzymatische diagnose van de ziekte van Pompe
en bespreekt de resultaten van 2591 enzym assay’s die gedaan zijn met materiaal van
1709 personen in de afgelopen 28 jaar in het Erasmus Medisch Centrum in Rotterdam.
De GAA enzym activiteit werd gemeten in witte bloedcellen (leukocyten), gedroogde
bloed spots en huid fibroblasten. De gekweekte huid fibroblasten gaven de beste
resultaten om te kunnen differentiëren tussen de klassiek infantiele en de niet-klassieke
vorm van de ziekte van Pompe. De enzym assay met leukocyten is de snelste methode
om de ziekte vast te stellen, waarbij wel acarbose nodig is om neutrale hydrolase
glycoamylase te inhiberen, dit interfereert namelijk met de meting van het GAA enzym.
Als substraat voor de enzym assay kan zowel glycogeen als 4-methylumbelliferylα-D-glucopyranoside gebruikt worden, waarbij glycogeen meer geschikt is om het
verschil aan te tonen tussen aangedaan of niet-aangedaan. Het nadeel van het gebruik
van glycogeen als substraat is dat dragers van het GAA2 gen geclassificeerd worden als
patiënten met de ziekte van Pompe terwijl ze de ziekte niet hebben. In dat geval moet
4-methylumbelliferyl-α-D-glucopyranoside gebruikt worden. Gedroogde bloedspots
zijn de best toegankelijke bron van materiaal om patiënten te screenen, maar zijn
niet geschikt om de finale diagnose mee te stellen en vereisen dan ook een tweede
diagnostische test om de diagnose te bevestigen.
Hoofdstuk 3 en 4 beschrijven de overgang van de oude Pompe mutatie database
naar de nieuwe Pompe mutatie database (www.pompevariantdatabase.nl). De nieuwe
Pompe database bevat meer en gedetailleerdere informatie over de effecten van
GAA sequentie varianten doordat daarin elke variant (op één allel) gelinkt is aan het
bijbehorende pathogene genotype (combinatie van 2 allelen) en klinisch fenotype.
De gelinkte data geven meer inzicht in de genotype-fenotype correlatie en faciliteren
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genetische counseling. De nieuwe database (Hoofdstuk 3) geeft snel toegang tot alle
klinische fenotypes die geassocieerd zijn met een bepaald GAA genotype en kan zo
klinische verscheidenheid tussen de genotypes gemakkelijk weergeven (Hoofdstuk 4).
De genotype-fenotype analyse uit de database laat zien dat 49% van de 422
geanalyseerde GAA varianten van de ziekte van Pompe gelinkt zijn aan klassiek
infantiele, juveniele en adulte fenotypes. Ook zijn 38% van de pathogene varianten
bewezen of voorspeld ‘cross reactive immunologic material’ (CRIM) negatief, terwijl
de meerderheid van de missense varianten een voorspelde CRIM positieve status
hebben (Hoofdstuk 3). De CRIM-status is belangrijk omdat dit een grote rol speelt bij
de prognose van de ziekte en bij het opstellen van een behandelplan: CRIM negatieve
patiënten hebben in het algemeen een minder goede prognose.
De uitbreiding van de Pompe database hebben ervoor gezorgd dat het een onmisbare
database is geworden voor de diagnose, prognose van het verloop van de ziekte en
keuze van behandeling van de ziekte van Pompe. In hoofdstuk 4 wordt voor het eerst
getoond hoe de nieuwe versie van de Pompe database gebruikt kan worden voor
onderzoeksdoeleinden. We analyseerden en vergeleken de fenotypische variaties van
patiënten met de meest voorkomende c-32-13C>T genotypes (en andere voorkomende
GAA genotypes) en concludeerden dat er genetische en/of omgevingsfactoren een rol
spelen bij het ziekteverloop van de ziekte van Pompe.
In hoofdstuk 5 is het effect van het ACE I/D polymorfisme, een in de literatuur
voorgestelde modificerende factor, onderzocht. In een kleine patiëntengroep werd
gerapporteerd dat patiënten met het ACE DD genotype, in vergelijking met het ACE II
genotype, een sneller ziekteverloop hebben en een verminderde respons op de enzym
vervangingstherapie. Vanwege het kleine aantal patiënten in deze studie waren de
resultaten niet eenduidig en nieuwe analyses met een grotere groep patiënten werden
aanbevelen. Daarom werd hier de rol van het ACE polymorfisme in een cohort van 131
kinderen en volwassenen bestudeerd. Deze patiënten hadden allen het c.-32-13T>G
/ ‘null’ GAA genotype maar vertoonden een breed spectrum van de ziekte (start van
de ziekte, ernst van de ziekte en respons op ERT behandeling na 5 jaar behandeling).
In onze studie konden we eerdere resultaten niet bevestigen: verschillen in het ACE
polymorfisme konden de inter-familiaire en de intra-familiaire fenotypische diversiteit
niet verklaren.
In hoofdstuk 6 hebben we gezocht naar genen waarvan de expressie voorspellend
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van genen werd bestudeerd op mRNA niveau in twee groepen patiënten die allen
hetzelfde GAA genotype (c.32-13T>G / ‘null’, in 35/39 casussen) hebben. De ene
groep patiënten had de eerste symptomen voor het 16e levensjaar en de andere
groep patiënten na het 35ste levensjaar. Deze studies hadden als nadeel dat er veel
experimentele verschillen waren tussen experimenten, maar er waren drie genen die
daar geen last van hadden en er daardoor uit sprongen in alle experimenten. Daarom
zouden die drie genen voorspellend kunnen zijn voor het verloop van de ziekte van
Pompe: MAOA (Monoamine Oxidase Type A), dat voor versnelling van oxidatieve
deaminatie van biogene en xenobiotische amines zorgt en een belangrijke rol speelt in
het metabolisme van neuroactieve en vasoactieve amines in het centraal zenuwstelsel
en perifere weefsels; STC1 (Stanniocalcin-1), dat een rol speelt in de regulatie van
calcium en fosfaat in de nieren en de darmen, fosfaat transport, in cel metabolisme
en in homeostase van calcium en fosfaat; en NRK (Nik Related Kinase) gen, dat
geassocieerd wordt met het induceren van actine polymerisatie tijdens embryogenese.
In het algemeen spelen deze genen een rol in verschillende biologische processen,
inclusief spier- en botontwikkeling, calcium/fosfaat homeostase, metabolisme en
biogene amine metabole processen in de cel. Vele andere genen leken aanvankelijk
ook een voorspellende rol te kunnen hebben, omdat zij anders tot expressie kwamen
in gekweekte huid fibroblasten van aangedane Pompe patienten vergeleken met niet
aangedane gezonde personen. Echter deze genen kwamen niet significant anders tot
expressie in een onafhankelijk cohort, waardoor hun voorspellende rol in twijfel werd
gebracht.
De bevindingen in dit proefschrift zijn een stap voorwaarts in het diagnosticeren en
leiden tot meer begrip van de ziekte van Pompe, waarbij de nadruk ligt op de genotypefenotype correlatie (Hoofdstuk 7).

A

APPENDIX |

243

Resumen
El primer capítulo de esta tesis (capítulo 1) proporciona una visión histórica de
los desarrollos que le dieron el nombre a la enfermedad de Pompe o enfermedad
de almacenamiento de glucógeno tipo II. Además, describe la proteína llamada
α-glucosidasa ácida (GAA), su biosíntesis, estructura, función y deficiencia que causa
almacenamiento de glucógeno lisosomal, y cómo el almacenamiento de glucógeno
lisosomal conduce al daño de las células musculares y los síntomas clínicos a través de
una cascada de eventos patológicos. Los capítulos 2 a 6 describen las investigaciones
o estudios que se realizaron para avanzar en la comprensión de la enfermedad de
Pompe, la cual centra su atención en los métodos de diagnóstico (capítulo 2), la
recolección y el análisis de las variantes en la secuencia del gen GAA ‘La base de
datos de la variante GAA de la enfermedad de Pompe (capítulos 3 y 4), el sugerido rol
de ACE como modificador genético que podría contribuir a la variación clínica y a la
respuesta de terapia de remplazo enzimático (ERT, de sus siglas en inglés) (capítulo
5), y la expresión génica diferencial de todo el genoma en la enfermedad de Pompe
con énfasis en las diferencias entre los fenotipos de inicio temprano y tardío como
posibles marcadores de la enfermedad (capítulos 6). El capítulo 7 incluye la discusión
general de esta tesis. A continuación, se describe un breve resumen del contenido más
esencial de cada capítulo.
La enfermedad de Pompe o la enfermedad de almacenamiento de glucógeno tipo II
(GSDII) (capítulo 1) es una de más de 10 diferentes enfermedades de almacenamiento
de glucógeno (GSD) y también una de más de 70 diferentes trastornos lisosomales
(LSD). La enfermedad de Pompe es un trastorno autosómico recesivo causado por
la deficiencia de la proteína denominada α-glucosidasa ácida (GAA). La enzima GAA
normalmente degrada el glucógeno lisosomal en glucosa. Las variantes patogénicas
en la secuencia del gen GAA son responsables de la deficiencia parcial o completa
de la enzima GAA que causa que el glucógeno se acumule dentro de los lisosomas,
causando patología muscular. Los lisosomas expandidos no solo interfieren con la
contracción muscular sino también con otros tipos de procesos celulares, incluida
la autofagia. En la etapa final de la patología, las células se dañan y se produce una
degeneración muscular progresiva.
La enfermedad de Pompe presenta un espectro de fenotipos, que van desde un
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primer año de vida debido a una falla cardiorrespiratoria, hasta una enfermedad más
lenta y progresiva en niños mayores y adultos, en donde los músculos esqueléticos
y respiratorios se ven afectados, pero el corazón no. La heterogeneidad clínica con
respecto a la edad de inicio observada entre niños y adultos con el genotipo más
común ‘c.-32-13 T> G / ‘nulo’ ha llevado a la hipótesis de que factores modificadores
juegan un rol en la severidad y progresión de la enfermedad (abordado en los capítulos
4-6).
A comienzos de 1932, la enfermedad de Pompe (glucogenosis tipo II) se conocía
como una enfermedad de la infancia. Las variantes musculares se describieron mucho
más tarde, pero aún antes de que se descubriera la deficiencia de α-glucosidasa ácida
como la causa principal del almacenamiento de glucógeno lisosomal. En 1973, el
espectro clínico completo de la glucogenosis tipo II había salido a la luz, y fue descrito
por primera vez por el Dr. Andrew Engel y sus colegas. En ese momento, no era claro
cuales factores eran la causa de la diversidad clínica observada. La diferencia entre el
fenotipo clásico infantil descrito por el Dr. Pompe y los fenotipos de aparición tardía
(juvenil y adulta) es tan sorprendente que podrían haber sido causados por mutaciones
en diferentes genes; por ejemplo, un gen que codifica la estructura de GAA y un gen
que regula la expresión de GAA. La última hipótesis fue abandonada ya que análisis
de complementación no condujeron a la corrección de la deficiencia de la proteína
GAA. Más tarde, fue generalmente aceptado que una variedad de mutaciones alélicas
en el gen de la α-glucosidasa ácida (GAA) debería estar causando la heterogeneidad
clínica, pero esto no se pudo probar en ese momento por falta de tecnología. El rol
de la heterogeneidad genética ha salido a la luz después de la clonación del gen GAA
permitiendo la búsqueda de variantes patogénicas en su secuencia.
El creciente número de variantes en la secuencia del gen que se han descubierto
en los últimos 15 años han llevado a iniciar la base de datos de las mutaciones de
la enfermedad de Pompe (www.pompecenter.nl), las cuales han aumentado a 558
variantes de acuerdo a la versión de mayo de 2016. Estas variantes fueron clasificadas
desde ‘muy severas ‘ a ‘ no patogénicas’, ya sea bien por su ubicación y/o naturaleza,
predicción in silico o por su efecto sobre la síntesis y función enzimática según los
resultados de estudió in vitro. Sin embargo, La precisión de las predicciones nunca
fueron cuestionadas, ni tampoco investigadas. Por consiguiente, actualizar la base de
datos de mutaciones de la enfermedad de Pompe al vincular las variantes individuales
de GAA con los genotipos de GAA y los fenotipos clínicos se convirtió en uno de los
principales temas de ésta tesis, lo que dio como resultado la extensión de la base de
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se puede encontrar a través del siguiente link: www.pompevariantdatabase.nl
(capítulos 3 y 4).
Sin lugar a dudas, uno de los eventos más emocionantes en la historia de la enfermedad
de Pompe ha sido la introducción de la terapia de reemplazo enzimático en el año
2006. Sus beneficios y desafíos también se abordan en este primer capítulo, sin
embargo, no han sido objeto de este proyecto de investigación.
Otra información que se describe en el capítulo 1 se relaciona con la frecuencia de la
enfermedad de Pompe, la distribución geográfica, los síntomas y el espectro clínico.
Las preguntas / objetivos de los estudios realizados en el contexto de esta tesis fueron
formulados al final del capítulo 1 y son los siguientes:
1.

¿Cómo diagnosticar enzimáticamente la enfermedad de Pompe?

2.

Actualización de la base de datos de mutaciones de la enfermedad de Pompe
y facilitación del análisis de la correlación genotipo-fenotipo.

3.

¿El polimorfismo ACE contribuye a la heterogeneidad clínica de la enfermedad
de Pompe?

4.

¿Pueden ser identificados marcadores de la enfermedad que puedan distinguir
entre el tipo mas severo y entre el menos progresivo de la enfermedad? Los
resultados de esos estudios están discutidos en un contexto mas amplio, las
conclusiones generales están descritas, y las perpectivas están formuladas en
el capitulo 7.

El Capítulo 2 está dedicado al diagnóstico enzimático de la enfermedad de Pompe y
revisa el resultado de una serie de 2591 ensayos en 1709 casos clínicos obtenidos de
diferentes tipo de muestras y utilizando diferentes procedimientos realizado durante
los últimos 28 años en el departamento de Genética Clínica del Centro Médico
Universitario Erasmus MC en Rotterdam . La actividad de la enzima GAA se midió en
leucocitos, sangre (dried blood spots, DBS) y fibroblastos con el objetivo de establecer
el mejor ensayo para fines particulares. Se descubrió que los fibroblastos cutáneos
cultivados proporcionan con mucho los mejores resultados con respecto a la
diferenciación entre las formas infantil clásica, juvenil y la adulta. Los leucocitos mixtos
proporcionan el método de diagnóstico más rápido, por lo que la mezcla de reacción
necesita contener acarbosa para inhibir la glucoamilasa. El glucógeno, así como el
4-metillumbeliferil-α-D-glucopiranosido (4MUG), son sustratos adecuados, pero el
glucógeno discrimina mejor entre afectados y no afectados. La desventaja de usar
glucógeno es que los portadores de la pseudodeficiencia Caucásica (GAA2) pueden
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α-D-glucopyranoside (4MUG) resuelve el problema. Las gotas de sangre secas son
la mejor fuente de muestra para fines de detección, pero no son adecuadas para el
diagnóstico final, lo que requiere una segunda prueba de diagnóstico para confirmar
el diagnóstico.
Los capítulos 3 y 4 describen cómo la base de datos online de las mutaciones de la
enfermedad de Pompe, adscrita al anterior link: www.pompecenter.nl, y que actualmente
se puede encontrar en el nuevo enlace: www.pompevariantdatabase.nl fue actualizada
y modificada logísticamente para proporcionar más y mejor información sobre los
efectos funcionales de las variantes de la secuencia GAA mediante la vinculación de
cada variante (un alelo) con genotipos patógenos (una combinación de 2 alelos) y
sus fenotipos clínicos asociados. El enlace directo profundiza la comprensión de la
correlación genotipo-fenotipo y facilita el diagnóstico, la predicción de la gravedad de
la enfermedad y el asesoramiento genético. La versión mejorada de la base de datos
(capítulo 3) proporciona acceso rápido a todos los fenotipos clínicos asociados con
un genotipo de GAA particular y delimita fácilmente la diversidad clínica dentro de los
genotipos (capítulo 4). Se han descrito tipos similares de análisis en otros trastornos,
pero se limitan principalmente a pacientes individuales por genotipo. Nuestro
análisis genotipo-fenotipo ilustra que el 49% de las 422 variantes de GAA asociadas
a la enfermedad están vinculadas a los fenotipos infantil clásica, la juvenil y la adulta.
Además, se predice que el 38% de las variantes asociadas a la enfermedad que figuran
en la base de datos son CRIM (cross-reactive immunological material, de sus siglas
en ingles) negativos, mientras que la mayoría de las variantes de tipo missense son
CRIM positivo (capítulo 3). Las nuevas características que se agregan a la base de
datos de las mutaciones de la enfermedad de Pompe proporcionan una herramienta
invaluable para el diagnóstico, el pronóstico de la progresión de la enfermedad y la
toma de decisiones del tratamiento de la enfermedad de Pompe. El Capítulo 4 es
una primera demostración de cómo se puede usar la versión actualizada de la base
de datos para fines de investigación. En este estudio analizamos y comparamos la
variación fenotípica entre pacientes con los genotipos c-32-13T> G más comunes y
otros genotipos de GAA bastante comunes. Lo cual lleva a la conclusión de que debe
haber factores genéticos o ambientales que conjuntamente determinan el curso de
la enfermedad de Pompe en el caso de pacientes que no tengan una total deficiencia
de actividad enzimática.
En el capítulo 5 se exploró el efecto de uno de los pocos factores modificadores
previamente reportados. Se trata del polimorfismo ACE I/D. Basado en un número
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con el genotipo ACE II parecían tener una progresión más rápida de la enfermedad y
una respuesta reducida a la terapia de reemplazo enzimático. Sin embargo, algunos
de los hallazgos informados son contradictorios, y se recomendaron estudios en
una población de pacientes más grande. Por lo tanto, investigamos el papel del
polimorfismo ACE en una cohorte relativamente grande de 131 niños y adultos
cubriendo el completo espectro fenotípico de pacientes con el genotipo GAA c.-3213T> G / ‘nulo’ con respecto a la edad de inicio de la enfermedad, severidad de la
enfermedad y respuesta a la terapia de remplazo enzimático (ERT) durante un período
de seguimiento de 5 años. En nuestro estudio no pudimos confirmar resultados
anteriores: las diferencias en el polimorfismo ACE no pudo ni explicar la diversidad
fenotípica inter-familiar ni la intra-familiar.
En el capítulo 6, realizamos una búsqueda de marcadores de enfermedad en la
enfermedad de Pompe que podrían usarse como lectura o pronóstico de la severidad
de la enfermedad. El método elegido fue analizar la expresión génica a nivel de ARN
mensajero (mARN) en dos grupos de pacientes con genotipos de GAA similares
(c.-32-13T> G / “nulo” en 35/39 casos); uno con inicio de síntomas antes de los 16
años y otro con el inicio de los síntomas después de los 35 años. Estos estudios se
vieron obstaculizados por la variación inter-experimental, sin embargo tres genes
se destacaron como marcadores tentativos de la enfermedad: MAOA (monoamina
oxidasa tipo A), que cataliza la desaminación oxidativa de las aminas biogénicas y
xenobióticas y tiene funciones importantes en el metabolismo de aminas neuroactivas
y vasoactivas en el sistema nervioso central y tejidos periféricos, STC1 (Stanniocalcin-1)
que desempeña un papel en la regulación del transporte renal e intestinal de calcio
y fosfato, el metabolismo celular o la homeostasis celular de calcio / fosfato, y
NRK (Nik Related Kinase) que se ha asociado con la inducción de la polimerización
de actina en la embriogénesis tardía. En general, estos genes se han implicado en
varios procesos biológicos, incluyendo el desarrollo óseo y muscular, la homeostasis
celular de calcio / fosfato, el metabolismo celular y proceso metabólico de aminas
celulares. Adicionalmente, una gran cantidad de genes podrían asignarse como
posibles marcadores de la enfermedad, ya que se expresaron de manera diferencial en
fibroblastos de piel cultivados de pacientes afectados con la enfermedad de Pompe en
comparación con los controles no afectados.
En conjunto, los hallazgos descritos en esta tesis son un paso adelante en el diagnóstico
y la comprensión de la enfermedad de Pompe con énfasis en la correlación genotipofenotipo, como es discutido en el capítulo 7.
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