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Abstract Pompe disease (PD) is a recessive metabolic
disorder characterized by acid a-glucosidase (GAA) defi-
ciency, which results in lysosomal accumulation of glyco-
gen in all tissues, especially in skeletal muscles. PD clinical
course is mainly determined by the nature of the GAA
mutations. Although ~400 distinct GAA sequence variations
have been described, the genotype-phenotype correlation is
not always evident.

In this study, we describe the first clinical and genetic
analysis of Colombian PD patients performed in 11 affected
individuals. GAA open reading frame sequencing revealed
eight distinct mutations related to PD etiology including two

novel missense mutations, c.1106 T > C (p.Leu369Pro) and
c.2236 T > C (p.Trp746Arg). In vitro functional studies
showed that the structural changes conferred by both
mutations did not inhibit the synthesis of the 110 kD GAA
precursor form but affected the processing and intracellular
transport of GAA. In addition, analysis of previously
described variants located at this position (p.Trp746Gly,
p.Trp746Cys, p.Trp746Ser, p.Trp746X) revealed new
insights in the molecular basis of PD. Notably, we found
that p.Trp746Cys mutation, which was previously described
as a polymorphism as well as a causal mutation, displayed a
mild deleterious effect. Interestingly and by chance, our
study argues in favor of a remarkable Afro-American and
European ancestry of the Colombian population. Taken
together, our report provides valuable information on the
PD genotype–phenotype correlation, which is expected to
facilitate and improve genetic counseling of affected indi-
viduals and their families.

Introduction

Pompe disease (PD) is a rare autosomal recessive metabolic
disorder characterized by acid a-glucosidase (GAA) defi-
ciency. This enzyme catalyzes the hydrolysis of the a-1,4
and a-1,6-glucosidic bonds of glycogen, and its deficiency
results in lysosomal glycogen storage in all tissues,
especially in skeletal muscles. Clinically, PD patients
display a broad spectrum of phenotypes with regard to the
age of onset, the disease progression rate, and the severity
of symptoms (van der Ploeg and Reuser 2008; Raben et al.
2007; Hirschhorn et al. 2001). The infantile form of PD
includes severely affected infants (under 1 year of age) who
display a combination of generalized skeletal muscle
weakness and cardiac hypertrophy that provoke cardio-
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respiratory failure and death (Kishnani et al. 2006; van den
Hout 2003). Conversely, patients with childhood, juvenile,
and adult onset of symptoms lack cardiac involvement.
These individuals exhibit a less severe skeletal muscle
dysfunction with slowly progressive proximal myopathy as
well as a marked involvement of respiratory muscles
(Hirschhorn et al. 2001; van der Ploeg 2008; M€uller-Felber
et al. 2007; Laforêt et al. 2000). The GAA gene contains 19
coding exons. At the protein level, human GAA is
composed of five distinct regions: trefoil type-P, N-terminal
b-sandwich, catalytic (b/a)8 barrel, proximal C-terminal,
and distal C-terminal domains. The key catalytic residues
are located at Asp518 and Asp616 (Sugawara et al. 2009).
GAA is synthesized as an inactive precursor of 110 kD
which is subsequently transported to the pre-lysosomal and
lysosomal compartments via the mannose 6-phosphate
receptor. En route, it is processed to a 95 kD intermediate
and subsequently to fully active forms of 76 and 70 kD
(Hirschhorn et al. 2001).

From an etiological point of view, PD is caused by GAA
mutations that determine the degree of enzyme deficiency
and largely the clinical course (Kroos et al. 2008; Reuser
et al. 1987). Disease-causing sequence variations have been
described along the entire length of the gene including
missense and nonsense mutations, splice site variants, and
partial insertions/deletions. At present, the Pompe Disease
Mutation database (www.pompecenter.nl) lists 393 GAA
sequence variations. Among these, 54 are of unknown effect,
75 are considered as nonpathogenic, 2 are probably non-
pathogenic, and 257 are confirmed as etiological (Oba-Shinjo
et al. 2009; http://www.pompecenter.nl/). Several in vitro
studies have permitted to propose distinct molecular mecha-
nisms underlying PD etiopathology (Kroos et al. 2008). The
majority of pathogenic missense mutations seem to affect
folding, posttranslational processing, and/or intracellular
transport of GAA which partially or completely abolishes its
function (Pittis et al. 2008; van der Ploeg and Reuser 2008).

Some GAA mutations seem to have spread through a
founder effect. African American patients originating from
the north of Africa frequently present c.2560 C > T
(p.Arg854X) and Asian patients c.1935 C > A
(p.Asp645Glu) sequence variants (Becker et al. 1998).
Common mutations among Caucasian patients include
c.2481 + 102_2646del (delexon18; p.Gly828_Asn882del),
c.525del (delT525; p.Glu176fsX45), and c.925 G > A
(p.Gly309Arg) (Hirschhorn et al. 2001; Kroos et al. 2008;
Raben et al. 1999). The c.-32-13 T > G mutation, which
reduces the GAA-mRNA splicing fidelity, is the most
common GAA pathogenic sequence variant among Cauca-
sian adults and children with a slowly progressive course of
the disease (Boerkoel et al. 1995; Huie et al. 1994). The
GAA residual activity in patients presenting the c.-32-
13 T > G/null genotype is usually reduced to 5–25% of

average normal (van der Ploeg and Reuser 2008; Kroos
et al. 2007). Some patients with this genotype manifest
symptoms in early childhood, whereas others remain
presymptomatic until late adulthood. This demonstrates
the role of modifying factors in PD pathophysiology (Pittis
et al. 2008; Kroos et al. 2007; Slonim et al. 2007).

In this study, we describe the first clinical and genetic
analysis of Colombian PD patients performed in 11 affected
individuals who belong to 8 families. Direct sequencing of
the complete GAA open reading frame revealed eight
distinct mutations related to PD etiology. Two novel
missense mutations were investigated for their functional
effect along with four previously described mutations to
obtain a better understanding of the disease pathophysiol-
ogy. Interestingly and by chance, our study argues in favor
of a remarkable Afro-American and European ancestry of
the Colombian population.

Material and Methods

Patients

PD patients (pt) who belong to eight distinct families were
included in this study. These individuals originate from five
different Colombian cities: Cartagena, Barranquilla,
Bucaramanga, Medellín, and Bogotá. As previously
described, PD diagnosis was performed by quantifying GAA
activity from peripheral blood leukocytes using 4-methylum-
belliferyl-a-D-glucoside as substrate (Li et al. 1785). Malt-
ase-glucoamylase activity was inhibited with 120 mmol/L of
acarbose. For each patient, GAA activity was assayed in the
presence and absence of acarbose at pH 3.8. More than 85%
inhibition confirms PD (Palmer et al. 2007). The age at
diagnosis ranged from 2 to 47 years and the initial symptoms
were mostly related to limb girdle weakness (LW) (Table 1).
Ten patients (pt 1 to pt 10) experienced first symptoms in
childhood or adulthood. One patient (pt 11) was diagnosed at
4 months of age since he displayed hypotonia and delayed
motor development. Pt 4, 5, and 6 belong to one family. The
same holds for patients 9 and 10. In all the cases, parents of
the patients were included in the study in order to evaluate
the segregation of the GAA mutations. All participants in the
study provided written informed consent. The Institutional
Ethics Committee of each participating institution approved
the clinical and experimental aspects of the study.

GAA Mutational Analysis

Genomic DNA was extracted from whole blood samples
using standard procedures. In all patients, the complete
GAA open reading frame (19 exons) was amplified by PCR
as previously described (Becker et al. 1998). Each amplicon
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was purified by using shrimp alkaline phosphatase and
exonuclease I. PCR primers were used to sequence the
coding regions in both sense and antisense directions using
an ABI 3730xl sequencer (Ko et al. 1999). The presence of
each non-synonymous variant was confirmed by an
additional round of PCR and sequencing. Variations at the
DNA level were identified using human GAA wild-type
mRNA sequence (NM_000152.3). Sequence variations
were described according to the international mutation
nomenclature guidelines as set forth by the Human Genome
Variation Society (http://www.hgvs.org/mutnomen/). Intron
mutations were designated by locating its cDNA position
and, as described by den Dunnen et al. (den Dunnen and
Antonarakis 2000), negative numbers were reported from
the starting of the splice acceptor site. GAA mutant protein
sequences were aligned and compared with the human
wild-type version (NP_000143.2) using ClustalW software.
In order to assess conservation during evolution of residues
at mutated sites, this program was also used to perform
multiple alignments of protein sequences from vertebrate
species: Homo sapiens, Pongo abeili, Bos taurus, Mus
musculus, and Rattus norvegicus. Data from the Pompe
disease mutation database (www.pompecenter.nl) were used
to define novel GAA sequence variants as well as to identify
which of them were previously related to pathogenic
effects. To predict the effect of newly identified missense
mutations we also used SIFT and PolyPhen2 software.
PolyPhen2 prediction values are the result of an algorithm,
which considers distinct features such as comparative
analysis of protein sequences from different species,
physicochemical characteristics of the exchanged amino
acids and mapping of residues replacement to available 3D
structures. Results are assessed as a quantitative value
(a probability of being deleterious) and as a qualitative
feature (benign, possibly damaging, or probably damaging).
SIFT program predicts the potential pathogenic effects of
amino acid substitutions on the basis of sequence homology
and physical properties of the exchanged residues. Scores
lower than 0.05 predict a potential deleterious effect.

Functional Analysis of GAA Mutations

An expression vector (pSHAG2), containing the wild-type
GAA open reading frame (named GAA-Wild-Type), was
used to perform site-directed mutagenesis. We introduced
into this plasmid the two novel GAA c.1106 T > C
(p.Leu369Pro) or c.2236 T > C (p.Trp746Arg) missense
mutations found in Colombian patients. These constructs
were named GAA-Leu369Pro and GAA-Trp746Arg,
respectively. Similarly, we created four additional con-
structs (GAA-Trp746X, GAA-Trp746Cys, GAA-
Trp746Gly and GAA-Trp746Ser) carrying mutant GAA
versions, which represent previously reported mutations

located at position 746. The integrity of the resulting
mutant constructs was, in each case, confirmed by direct
sequencing.

HEK 293 T cells were seeded into 24-well plates and
grown overnight in DMEM medium supplemented with
10% of fetal bovine serum, 50U/mL of penicillin and
50 mg/mL of streptomycin, in a 10% carbon dioxide and
90% air humidified incubator. Cells at 80–90% of
confluence were transfected with 1.4 mg of GAA-WT or
mutant constructs using polyethyleneimine. Mock trans-
fected cells served as negative controls. Seventy-two hours
after transfection, cells were washed with PBS and
harvested with lysis buffer (50 mM Tris–HCl pH 7.0,
150 mM NaCl, 50 mM NaF, and 1% TritonX-100). After
centrifugation (10,000 g for 10 min), the supernatant
fraction was recovered. GAA activity was measured in
both medium and cell homogenates (M€uller-Felber et al.
2007). As described by Kroos et al. (2008), the mutation
severity scoring system is based on the assessment of GAA
activity levels in the medium and in the cells, and on the
quality and quantity of the different molecular species that
arise during GAA posttranslational modification (Kroos
et al. 2008). To visualize protein biosynthesis and post-
translational processing, cell homogenates and immunopre-
cipitated GAA from the medium were subjected to SDS-
PAGE followed by Western-blotting (M€uller-Felber et al.
2007). To visualize GAA on the blots we used GAA-
specific polyclonal mouse and rabbit antisera as primary
antibodies and goat anti-mouse IRDye 800LT (LI-COR
Biosciences) and goat anti-rabbit IRDye 700LT (LI-COR
Biosciences) as secondary antibodies. Transfection assays
and GAA measurements were performed three times as
duplicates.

Results

GAA Mutation Detection and In Silico Analysis

Sequence analysis of the complete coding region of GAA,
performed in 11 Colombian PD patients, revealed six
sequence variants previously related with PD pathogenesis:
c -32 -13 T > G, c . -32 -2A > G, c .525de lT (p .
G lu176f sX45) , c .1064 T > C (p .Leu355Pro ) ,
c.2481 + 102_2646del (p.Gly828_Asn882del), and
c.2560 C > T (p.Arg854X) (Table 1). Pt 2 was homozy-
gous for the p.Leu355Pro mutation and pt 3 showed
compound heterozygosity for the two pathogenic variants
c.-32-13 T > G and c.525delT (p.Glu176fsX45). Three
related patients (pt 4, 5, and 6) shared the c.-32-2A > G/
c.2481 + 102_2646del (p.Gly828_Asn882del) compound
heterozygous genotype. Pt 7 was compound heterozygote
for the sequence variants c.2560 C > T (p.Arg854X) and
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c.-32-13 T > G. Pt 8 displayed c.-32-13 T > G homozy-
gosity. Patients 9 and 10 were also related. They shared the
c.2560 C > T (p.Arg854X) heterozygous mutation. Pt 7, 9,
and 10 also carried non-synonymous and intronic variants,
which were previously described in PD patients but were
not related with the disease pathogenesis (Table 1).

Pt 1 and 11 displayed novel c.1106 T > C (p.Leu369-
Pro) and c.2236 T > C (p.Trp746Arg) heterozygous
variants, respectively. These mutations are located in the
catalytic (b/a)8 barrel (p.Leu369Pro) and in the proximal
C-terminal (p.Trp746Arg) domains of GAA. Both these
patients are compound heterozygous for deleterious GAA
mutations since they also presented c.1064 T > C (p.
Leu355Pro) (pt 1) and c.2560 C > T (p.Arg854X) (pt 11).

At the protein level, comparative in silico analysis of the
novel p.Leu369Pro and p.Trp746Arg mutations showed a
strict conservation among vertebrate species of both
Leucine and Tryptophan residues at positions 369 and
746, respectively (Fig. 1). Polyphen bioinformatic tool
predicted that these mutations are probably damaging.
Similarly, SIFT software showed probabilistic scores
compatible with a potential deleterious effect (p.Leu369Pro
¼0.00, p.Trp746Arg ¼0.01).

Functional Characterization of GAA Mutations

To further investigate the effect of p.Leu369Pro and p.
Trp746Arg, both these mutations were introduced in the
wild-type GAA cDNA by site directed mutagenesis and
transiently expressed in HEK-293 cells. Cells and media
were analyzed for GAA content by polyacrylamide gel
electrophoresis followed by western blotting. The results
are shown in Fig. 2a (cells) and 2b (media). Mock
transfected HEK-293 cells showed faint signals in cells
and culture medium (Fig. 2a–b). Since HEK-293 cells
constitutively express human GAA, these signals can be
considered as background staining.

Cells transfected with the GAA wild-type construct
contained three molecular species representing the 110 kD
precursor, the 95 kD partially processed intermediate and
the 76 kD mature form of GAA. The medium contained
only the 110 kD GAA precursor (Fig. 2). Similar results in
cells and media were obtained after transfection of HEK-
293 cells with the mutated p.Trp746Cys and p.Trp746Ser
constructs. Quite different results were obtained after
transfection with p.Trp746Arg, p.Trp746Gly, and
p.Leu369P: only the intracellular 110 kD GAA precursor
and no other forms of GAAwere detected in cells or media,
except for possibly a little bit of 76 kD mature enzyme after
transfection with p.Trp746Arg. Transfection with
p.Trp746X resulted in the formation of a unique molecular
species with an apparent molecular mass between 76 and
95 kD in the cells. In all cases we also measured the GAA

activity in cells and media and used the scoring system as
described by Kroos et al. (2008) to evaluate the severity of
all the different mutations. The results are summarized in
Table 2.

Discussion

In an effort to delineate the clinical and molecular features
of Colombian PD patients, we identified 11 cases in which
we performed GAA genotype analysis. Among the six
different mutations that we identified in this study and that
were previously related to PD pathogenesis, two affect the
GAA mRNA splicing (c.-32-13 T > G and c.-32-2A > G),
one is a missense mutation (c.1064 T > C/p.Leu355Pro),
one is a single base pair deletion (c.525delT/p.
Glu176fsX45), one is a large deletion including exon 18
(c.2481 + 102_2646del/p.gly828_Asn882del), and one is a
nonsense mutation (c.2560 C > T/p.Arg854X).

GAA c.-32-13 T > G was most frequently encountered
since three patients (pt 3, 7, and 8) (allelic frequency
¼ 0.27) were found to be either homozygous or heterozy-
gous for this mutation. This sequence variation is the most
common pathogenic GAA mutation among Caucasian
individuals (>70%) affected by slowly progressive PD
(Hirschhorn et al. 2001; Ko et al. 1999). Pt 3 and 7,
respectively, presented p.Glu179fsX45 and p.Arg854X as
second pathogenic mutation. In both patients, limb girdle
weakness and orthopnea were recorded as the first PD
symptoms, but the age of onset differed substantially (12 vs
27 years). These findings fit with the notion that the clinical
picture of patients carrying the c.-32-13 T > G mutation
can vary in terms of the age of onset and rate of disease
progression due to modifying factors (Huie et al. 1994;
Kroos et al. 2007). Pt 8, who displayed c.-32-13 T > G
homozygosity, showed first symptoms at the age of 38 years
and had mild clinical features. Homozygosity for the c.-32-
13 T > G variant is particularly rare as only three cases
have been reported so far (M€uller-Felber et al. 2007;,

Laforêt et al. 2000; Labrousse et al. 2010). Similarly to the
patient reported by Laforet et al., this individual was
classified as a late-onset case since the first symptoms
manifested after the age of 38 years. It has been proposed
that the rare finding of affected c.-32-13 T > G homozy-
gotes is probably related to the high level of residual GAA
activity that is associated with this genotype. Notably, all
our patients having the c.-32-13 T > G mutation shared six
additional sequence variants (SNP-IDs: rs17410539,
rs11150843, rs7225049, rs3176968, rs1042397,
rs1042397), which together mark the most common c.-32-
13 T > G haplotype encountered among Caucasian PD
patients (M€uller-Felber et al. 2007; Kroos et al. 2008).
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Pt 2, who was diagnosed at the age of 11 years and
homozygous for c.1064 T > C (p.Leu355Pro), confirms
the previously established genotype-phenotype correlation
for this mutation in that it is associated with an early
childhood presentation of PD (Labrousse et al. 2010;
Montalvo et al. 2004). Pt 4, 5, and 6, who are related and
were diagnosed at ages of 33, 35, and 36 years, appeared to
have the c.-32-2A > G/c.2481 + 102_2646del (p.
Gly828_Asn882del) genotype. Interestingly, c.-32-2A > G
was previously reported to be associated with early-onset

PD (Kroos et al. 2008). Thus, our results do not correlate
with those previously reported and argue in favor of a
relatively mild effect of the c.-32-2A > G mutation or the
impact of modifying factors.

The p.Arg854X mutation, which has been reported as
the most frequent GAA sequence variation among Afro-
American PD patients, was identified in four of our
Colombian patients (pt 7, 9, 10, and 11) at heterozygous
state (Raben et al. 1999). Homozygotes for this mutation
have infantile onset PD (Laforêt et al. 2000; Kroos et al.

1A

1B

H. sapiens PFMPPYWGLGFHLCRWGYSSTAITRQWEN
PFMPPYWGLGFHLCRWGYSSTAITSQWEN
PFMPPYWGLGFHLCRWGYSTSAITRQWEN
PFMPPYWGLGFHLCRWGYSSTAIVRQWEN
PFMPPYWGLGFHLCRWGYSSTAIVRQWEN

FPKDSSTWTVDHQLLWGEALLITPVLQAGK

369 746

FPKDSSTWTVDHQLLWGEALLITPVLQAGK
FPEDPSTWTVDRQLLWGEALLITPVLEAEK
FPEDPSTWSVDRQLLWGPALLITPVLEPGK
FPEDPSTWSVDRQLLWGPALLITPVLEPGK

P. abelii
B. taurus
M. musculus

H. sapiens
P. abelii
B. taurus
M. musculus
R. norvegicus

R. norvegicus

Fig. 1 Alignment of the GAA sequences of selected vertebrates: for leucine at position L369 (1A) and for tryptophane at position W746 (1B)

Fig. 2 Western blot analysis of GAA expression in transiently
transfected HEK293 cells. Cells and culture media were harvested
72 h after transfection and the different molecular species representing
precursor GAA (110 kD), partially processed precursor (95 kD) and

mature GAA (76 kD) were separated by SDS-PAGE and visualized by
immunoblotting as described in Materials and Methods. Panel A, cell
homogenates; Panel B, media
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2008; Reuser et al. 1689). The patients in our study lacked
cardiomyopathy and presented their first clinical signs after
10 years of age. The difference in age of onset must be due
to residual GAA activity conferred by a less severe
mutation located on the second allele. Indeed, pt 7 carried
the c.-32-13 T > G mutation, which displays significant
residual activity that apparently compensates the strong
deleterious effect of the Arg854X mutation. Unfortunately,
we failed to establish a more precise genotype-phenotype
correlation in pt 9 and 10 (who are related) since we did not
find the second GAA mutation.

Pt 11 with infantile PD had the first clinical signs
(hypotonia, delayed motor development) at 3 months of
age. Apart from the p.Arg854X amino acid change, this
patient displayed the novel p.Trp746Arg mutation, which is
located in the proximal C-terminal domain of GAA.
Comparative sequence analysis of vertebrate species dem-
onstrated a strict conservation of this tryptophane suggest-
ing its essential functional role. The substitution Trp to Arg
implicates a drastic modification in terms of physicochemi-
cal properties. Indeed, tryptophane is a nonpolar aromatic
amino acid whereas Arg is a small polar hydrophilic
residue. These features were reinforced by SIFT and
Polyphen2 bioinformatic tools which predicted a potential
deleterious effect of the p.Trp746Arg mutation.

In accordance with these predictions, transient expres-
sion studies demonstrated that the structural changes
conferred by p.Trp746Arg do not inhibit the synthesis of
the 110 kD precursor but affect the processing and
intracellular transport of GAA (Fig. 2). According to the
mutation severity scoring system proposed by Kroos et al.
(2008) these results argue in favor of a potentially less
severe mutation. Additional analysis of previously
described variants revealed similar results for the substitu-

tion p.Trp746Gly, which was found during a newborn
screening program in a patient with low GAA activity
(Labrousse et al. 2010). The p.Trp746Cys and p.Trp746Ser
variants can both be classified as relatively mild mutations
since the 110 kD GAA precursor as well as processed forms
of GAA were detected in both cases, albeit in less than
normal amount (Fig. 2a–b, Table 2). Notably, up till now
some controversy existed concerning the pathogenicity of
p.Trp746Cys since it was described as a polymorphism as
well as a causal mutation (Wan et al. 2008; Chien et al.
2011). Our results argue in favor of a mildly deleterious
effect.

Transient expression of the p.Trp746X mutation resulted
in the appearance of a truncated precursor, which is
apparently stable enough to be visualized by western
blotting, but lacks catalytic activity. This situation corrob-
orates previous clinical findings in which patients carrying
this mutation are affected by infantile PD (Kishnani et al.
2006; Beesley et al. 1998).

Next to p.Trp764Arg, p.Leu369Pro was the second novel
mutation identified in our study. It was found in an affected
child in combination with p.Leu355Pro. Pulmonary distress
was diagnosed at 1 year of age, and the patient required
ventilation support at the age of 9 years. The muscle weakness
was especially severe. In silico analysis of this mutation
suggested a pathogenic effect, similar to p.Trp746Arg, based
on the strict conservation of the Leu residue at position 369
among vertebrate species. This prediction was validated by
transient expression studies since the amino acid substitution
appeared to hamper the posttranslational modification and
intracellular transport of GAA (Fig. 2a–b, Table 2).

Finally, from an ethnical point of view, it is interesting
that the two most common GAA mutations found in our
study are also common in Caucasian (c.-32-13 T > G) and

Table 2 GAA sequence variations analyzed by transient expression in HEK293 cells

Nucleotide change Amino acid change M 110* C110* C95* C76* M% C% Class*

c.1106 T > C p.Leu369Pro 1,1 3,4 2,4 ? 0.2 3.1 B

c.2238 G > A p.Trp746X 1,1 3,2 1,1 ? –0.2 –0.14 A

c.2238 G > C p.Trp746Cys 3,4 3,4 3,4 3,4 5.4 29.4 D

c.2236 T > G p.Trp746Gly 1,1 3,4 2,4 ? 0.2 2.1 B

c.2236 T > C p.Trp746Arg 1,1 3,4 2,4 ? –0.1 3.5 B

c.2237 G > C p.Trp746Ser 3,4 4, 4 3,4 3,4 8.2 40.1 E

The two new missense mutations that we analyzed in this study are shown in bold

*M110, C10, C95, and C76 stand for the various molecular forms of GAA that arise during synthesis and posttranslational modification and that
can be visualized by western blotting as illustrated in Fig 2a and b. The numbers refer to the severity rating system as published by Kroos et al.
(2008). Class A mutations are very severe, class B mutations are potentially less severe, class D mutations are mild, and class E mutations are
probably nonpathogenic. M% stands for the percentage of GAA activity in the culture medium and C% for the percentage of GAA activity in the
cells as compared to Wild-Type GAA activity.

The question mark (?) signifies that there remains uncertainty about the formation of the 76 kD form of GAA
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African (p.Arg854X; allele frequency ¼ 0.43) populations
(Becker et al. 1998). Notably, all Colombian patients
presenting p.Arg854X shared a previously identified haplo-
type found in black PD patients from the United States, the
Ivory Coast, Ghana, and Namibia (Becker et al. 1998;
Hermans et al. 1993). These findings evoke a remarkable
Afro-American and European ancestry of the Colombian
population.

In summary, we investigated the genetics of PD in the
Colombian population and identified two novel causative
mutations in the GAA gene in addition to other previously
reported pathogenic sequence variations. Valuable informa-
tion on the genotype-phenotype correlation was obtained
that is expected to facilitate and improve genetic counseling
of affected individuals and their families.
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