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RESUMEN 

Los  Errores Innatos del Metabolismo involucran un grupo de enfermedades 

monogénicas, de herencia autosómica recesiva en su mayoría,  que consisten en 

la alteración de un gen que modifica la función de una proteína, que en la mayoría 

de los casos es una enzima, lo que genera un bloqueo en los procesos normales 

del metabolismo, dando origen a los hallazgos bioquímicos y clínicos 

característicos de las diferentes enfermedades metabólicas. 

En Colombia los  desórdenes  hereditarios del metabolismo y muy especialmente 

las alteraciones en el ámbito lisosomal constituyen un grupo de enfermedades no 

prioritarias y casi desconocidas para los servicios de salud existentes, a tal punto 

que son consideradas enfermedades raras1 aspecto que lleva al subdiagnóstico y 

al manejo errado de  pacientes potencialmente tratables, que terminan siguiendo 

un grave deterioro ó en el mejor de los casos con secuelas irreversibles a nivel 

físico y mental. 

Bajo esta perspectiva, el desarrollo de nuevas metodologías de aproximación 

diagnóstica en nuestro medio, es parte de todo el engranaje que pretende ofrecer 

a las familias afectadas por estos desordenes la posibilidad de una definición 

clínica y en lo posible un tratamiento.  

Pretende entonces el presente trabajo de investigación, ofrecer las herramientas 
diagnósticas y valores de referencia para Biomarcadores enzimáticos y las  
enzimas directamente implicadas, usando sangre  recolectada en papel  filtro, una 
condición  que facilita la remisión de muestras y permite mayor cobertura en el 
estudio de pacientes posiblemente afectados por estas alteraciones genéticas.  
 
Los hallazgos  del presente estudio ofrecerán entonces a la comunidad médica 
valores de referencia en población control colombiana para Alfa-Galactosidasa A,  
Alfa Glucosidasa,  Alfa-L-iduronidasa, Arilsulfatasa B, Betagalactosidasa, Beta-
Glucosidasa, Hexosaminidasa Total, Iduronato Sulfatasa y Quitotriosidasa, así 
como también el  comportamiento enzimático de individuos afectados por la 
alteración hereditaria de dichas proteínas relacionadas respectivamente  a las 
siguientes enfermedades: Enfermedad de Fabry, Enfermedad de Pompe,  
Síndrome de Hurler, Síndrome de Maroteaux-lamy, Gangliosidosis GM1, 
Enfermedad de Gaucher, Enfermedad de Sandoff, Mucolipidosis y Síndrome de 
Hunter. 
 
__________________________________ 
1
Según la definición de la Unión Europea, enfermedades raras, minoritarias, huérfanas o enfermedad poco frecuente, incluidas las de origen 

genético, son aquellas enfermedades con peligro de muerte o de invalidez crónica que tienen una prevalencia menor de 5 casos por cada 
10.000 habitantes. 
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INTRODUCCION 

  

Los  Errores Innatos del Metabolismo (EIM) constituyen un grupo muy heterogéneo de 
enfermedades monogénicas, de herencia autosómica recesiva en su mayoría,  que 
consisten en la alteración de un gen que modifica la función de una proteína, que en la 
mayoría de los casos es una enzima, lo que genera un bloqueo en los procesos normales 
del metabolismo, dando origen a los hallazgos clínicos y Bioquímicos característicos de 
las diferentes enfermedades metabólicas. (Scriver et al., 1995). 

La literatura mundial ha documentado hasta la fecha más de 600 alteraciones genéticas 
que pueden clasificarse como desordenes del metabolismo,  donde se ha evidenciado 
experimentalmente el compromiso en la actividad de enzimas y transportadores, cuyo 
efecto final no solo es la deficiencia del componente proteico estudiado, sino la secuela 
tóxica  de un compuesto que no puede degradarse o eliminarse de un ambiente celular 
determinado. 

Los desordenes lisosomales hacen parte de los EIM y constituyen un grupo de entidades 
que afectan los procesos de degradación  de moléculas de gran complejidad entre las que 
se cuenta los Glicosaminoglicanos, oligosacaridos y esfingolipidos (Wilcox., 2004), grupo 
tan diversos de sustancias como la amplitud de manifestaciones clínicas que pueden 
ofrecer dichas anormalidades que oscilan desde formas pediátricas hasta presentaciones 
en la edad adulta, con síntomas y signos muy similares a otras patologías lo que dificulta 
la aproximación diagnóstica, dejando este aspecto a  ensayos especializados de 
laboratorio.(Giugliani., 1988) 

Las alteraciones del metabolismo lisosomal involucran  un grupo heterogéneo de mas de 
50 defectos, donde el daño genético altera específicamente una enzima lo que causa un 
efecto de almacenamiento crónico de una sustancia parcialmente degradada que conlleva 
a una secuencia de manifestaciones clínicas que son compartidas por un buen numero de 
las entidades, dificultando la aproximación clínica (Wilcox., 2004). 
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Una de las grandes dificultades que se enfrenta al estudiar estos desordenes, es la baja 
frecuencia que presentan en forma aislada, un aspecto que se hace más crítico en países 
en vías de desarrollo como Colombia en los que  se considera erróneamente que estos 
desordenes genéticos son en forma general de  baja frecuencia y que no deben ser una 
prioridad en los sistemas generales de salud, sin embargo se ha estimado que en forma 
conjunta uno de cada siete mil a ocho mil recién nacidos puede estar afectado por un 
desorden lisosomal (Meikle et al., 1999) 

Al documentar la frecuencia y la presentación clínica de estos desordenes a nivel mundial 
la extensa casuística  muestra que si bien estudiadas individualmente pueden ser 
enfermedades de baja frecuencia, en conjunto su periodicidad es importante, tanto que 
estudios reportados por servicios de pediatría de hospitales universitarios en Europa 
demuestran que aproximadamente un 1% de los recién nacidos  presentan algún tipo de 
malformación (de leve a severa) y que de 0,1 al 0,5 % presenta un EIM.  

Otros hallazgos en América resaltan la importancia de estos desordenes en los 
programas de salud pública; un estudio realizado en British Columbia entre 1969 a 1996 
siguiendo los programas de tamizaje neonatal (Galactosemia y PKU) y alto riesgo mostró 
que como mínimo 40 de cada 100.000 recién nacidos vivos estaban afectados por un EIM 
(1:2500)  (Derek et Al., 2000).  En Chile se ha reportado una prevalencia de  2 por cada 
1000 recién nacidos afectados de diversas enfermedades genéticas (Moreno et al., 1991), 
en Brasil estudios de alto riesgo siguiendo una población de 18000 pacientes con 
hallazgos sugestivos  de enfermedad metabólica ofreció un total de 1460 individuos 
afectados (8,5 %), de estos 59,4 % estaban afectados por alteraciones del metabolismo 
lisosomal. (Coelho et al., 1997, 2001). 

Bajo estos reportes y siguiendo los datos del  Censo  del año  2005 para Colombia con un 
total  de 42 millones de habitantes y con una proyección de crecimiento del 1,4 % anual 
(588.000 nacimientos aprox),  se esperaría siguiendo el comportamiento mundial que en 
la panorámica más conservadora 1 de cada 3000  recién nacidos estuvieran afectados 
por una alteración metabólica, es decir 196  nuevos casos por año, sin contar que nuestra 
población no ha sido estudiada en un gran porcentaje, esto ofrecería teóricamente más de 
14.000 afectados sin el beneficio del diagnóstico, con una situación adicional y es que se 
está sometiendo a estudio a las entidades o pacientes que tienen una sobrevida 
relativamente alta, lo que ciertamente indica que muchos pacientes no reciben el beneficio 
del dictamen final de la causa de su patología, aspecto que con lleva a nuevos casos que 
sobrecargan los sistemas de salud y deterioran la calidad de vida de las familias 
afectadas. 

La documentación sobre el estudio de los desordenes del metabolismo en Colombia, solo 
muestran en sus comienzos reportes sobre deficiencias a nivel de la Glucosa-6P 
Deshidrogenasa Eritrocitaria (Restrepo et al 1968) y algunos casos de galactosemia 
(Hernandez., 1983).  Los primeros registros de estudios de alto riesgo fueron presentados 
por  Barrera., 1993 y  Alvear et al., 1998, reportando la confirmación de enfermedad 
metabólica en 3,28 % de los casos.  Sin embargo resalta un aspecto  en estos primeros 
años de investigación y es que la detección de desordenes hereditarios del metabolismo 
no están sujetos a un programa global de diagnostico precoz, sino que dependen 
fundamentalmente de la sospecha clínica y del los avances en protocolos diagnósticos de 
centros de investigación biomédica muy especializados. 
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Bajo esta perspectiva, el desarrollo de metodologías de aproximación diagnóstica en el 
ámbito nacional es parte de todo el engranaje que pretende ofrecer a familias afectadas 
por estos desordenes la posibilidad de una definición clínica y en lo posible un 
tratamiento, aspecto que ha sido el objetivo del Centro de Investigaciones en Bioquímica 
(CIBI)  de la Universidad de los Andes. (Uribe et al., 2002) 

Sin embargo, los objetivos a largo plazo no solo están orientados a desarrollo de nuevos 
protocolos diagnósticos, sino,  que independiente de la localización geográfica de los 
pacientes estos puedan acceder a los servicios de  caracterización bioquímica, 
diagnostico y seguimiento de unidades de investigación especialistas en estas 
enfermedades. Para tal fin, los métodos han mostrado un cambio radical en los últimos 
años en razón al desarrollo de la metodología de análisis de muestras recolectadas en 
fase sólida, es decir sangre u orina impregnadas en papel filtro, tema central del presente 
trabajo de investigación. 

Los primeros ensayos cuantitativos en muestras recolectadas en fase sólida fueron 
realizados para el análisis de purinas y pirimidinas separadas por cromatografía en papel 
(Wyatt., 1951), pero las aplicaciones médicas se dieron en las pruebas semicuantitativas 
desarrolladas para la valoración de Fenilalanina en los primeros protocolos de tamizaje 
neonatal adelantados  en Estados Unidos para la detección de fenilcetonuria (Guthrie et 
al., 1963). Una  vez se mostró la eficacia  de esta nueva metodología los ensayos se 
llevaron a los análisis hormonales para  la detección de hipotiroidismo, mediante la 
valoración de tiroxina (Larsen et Al., 1974) con tan buen desempeño que en 1979 se 
documenta el primer millón de infantes americanos tamizados para  la detección de dicha 
anormalidad. 

La facilidad en el manejo de las muestras, dada la conservada estabilidad que presentan 
y las facilidades de envío, hacen que este nuevo recurso diagnostico se disemine a nivel 
mundial y que sea considerado una gran alternativa en los estudios epidemiológicos de 
diferentes entidades clínicas. Sus aplicaciones abarcaron rápidamente enfermedades 
infecciosas, mediante la detección de anticuerpos contra HIV, HCV, HBV, toxoplasma 
gondii, tripanosoma cruzy y rubeola entre otros. (Parker et al., 1999, Mei et al., 2001) 

A la estimación de metabolitos y anticuerpos, le sucedió  la valoración  de moléculas mas 
complejas como DNA y enzimas, para estas últimas se desarrollaron protocolos 
involucrados en la detección de desordenes lisosomales y anormalidades enzimáticas de 
expresión eritrocitaria (Chamoles et al., 2001,  Uribe et al., 2003).  Nacen entonces los 
estudios enzimáticos cuantitativos a partir de sangre seca recolectada en papel filtro como 
una orientación mas especifica en el punto de daño metabólico dado que evalúa la posible 
enzima afectada, esto último, de gran ventaja  para la aproximación diagnostica de 
diversos desordenes, pero más para las enfermedades lisosomales, dado que un buen 
numero de ellas muestran expresión enzimática leucocitaria y sérica (Chamoles et al., 
2001; Niizawa.et al, 2005; Civallero et al., 2006; Müller et al., 2010). 

A partir de dichos protocolos nacen entonces los primeros estudios en Colombia 
orientados a las enfermedades lisosomales, un grupo complejo de alteraciones 
metabólicas que abarca alrededor de 50 desordenes diferentes, consistentes en un 
defecto enzimático que trastorna el catabolismo de diversas macromoléculas ocasionando 
un acumulo progresivo a nivel lisosomal y de efecto sistémico (Wraith., 2001), que aunque 
en forma separada puede ofrecer una aparente baja incidencia en forma conjunta se 



10 

 

documenta una frecuencia de 1 de 7000 a 8000 recién nacidos vivos (Meikle et al., 1999; 
Poorthuis et al., 1999). En consecuencia, si retomamos la tasa de crecimiento colombiana 
tendríamos en el panorama más mesurado 80 nuevos casos por año, un indicador que 
pone en contexto la posibilidad de que  muchos  de estos individuos  estén muriendo sin 
el beneficio del diagnostico.   

Siguiendo esta premisa, es entonces la presentación de los siguientes   tres (3) artículos 
el epilogo de  toda una secuencia experimental que cumple a la fecha aproximadamente 
siete años de labor investigativa, en lo referente a estandarización de métodos, 
estimación de valores de referencia y seguimiento de población de alto riesgo en 
Colombia para desordenes lisosomales, procesos que no tienen antecedentes en la 
documentación científica nacional, he ahí la relevancia de los resultados de este trabajo 
doctoral: 

 

1. Niño, M., Mateus, H., Fonseca, D.Y., Kross, M., Ospina, S., Mejia, J.F., 
URIBE, A., Reuser, A., Laissue, P. Identification and Functional 
Characterization of GAA Mutations in Colombian Patients Affected by 
Pompe Disease. Journal Inherited Metabolic Disease Report. DOI: 
10.1007/8904-2012-138ISSN:2192-8304 y  1573-2665 (versión electrónica). 
Pag 39-48 vol.7, Febrero 2012. 

 

2. Pacheco, N; URIBE, A. “Enzymatic analysis of biomarkers for the 
monitoring of Gaucher patients in Colombia”. GENE. http: // 
dx.doi.org/10.1016/j.gene.2013.03.044. ISSN: 0378-1119. Pag 129-135 vol. 
521 N.121 (1), Marzo 2013. 

 

3. URIBE, A; Giugliani, R. “Selective screening for lysosomal storage disease 
with dried blood spots collected on filter paper in 4.700 High-Risk Colombian 
Subjects”. JIMD Reports Vol (11).  DOI 10.1007/8904_2013_229. Pag107-
116.  ISSN: 1573-2665 (Abril 13/2013). 
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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

JIMD Reports



Ta
bl
e
1

P
he
no

ty
pe
s
an
d
G
en
ot
yp

es
of

C
ol
om

bi
an

P
om

pe
D
is
ea
se

P
at
ie
nt
s

P
at
ie
nt

1
P
at
ie
nt

2
P
at
ie
nt

3
P
at
ie
nt

4
P
at
ie
nt

5
P
at
ie
nt

6
P
at
ie
nt

7
P
at
ie
nt

8
P
at
ie
nt

9
P
at
ie
nt

10
P
at
ie
nt

11

C
lin

ic
al

fe
at
ur
es

G
en
de
r

M
M

F
F

M
M

M
F

M
M

M

F
ir
st
sy
m
pt
om

s
(y
ea
rs
)

1.
1

6
12

20
19

17
27

38
10

15
0.
3

A
ge

at
di
ag
no

si
s

(y
ea
rs
)

5
11

29
33

35
36

31
47

19
20

2

In
iti
al

cl
in
ic
al

si
gn

s
P
l

LW
LW

LW
LW

LW
LW

LW
LW

LW
H
D
M
D

M
us
cl
e
w
ea
kn

es
s

L
L

W
C

L
L

L
L

L
L

L
L

L
L

L
L

L
L

W
C

R
P
M
W

R
es
pi
ra
to
ry

di
st
re
ss

V
S

V
S

N
o

N
o

N
o

N
o

O
O

an
d
F
E

V
S
/n
ig
ht

V
S

V
S

C
ar
di
om

yo
pa
th
y

N
o

N
o

N
o

N
o

N
o

N
o

N
o

N
o

N
o

N
o

Y
es

H
ep
at
om

eg
al
y

Y
es

N
o

N
o

N
o

N
o

N
o

N
o

N
o

N
o

N
o

N
o

U
nd

er
w
ei
gh

t
Y
es

N
o

N
o

N
o

N
o

N
o

N
o

N
o

N
o

N
o

Y
es

A
ss
oc
ia
te
d

F
D

S
D
B

N
o

N
o

N
o

N
o

N
o

N
o

S
D
B

F
D

F
D

C
K

(I
U
/L
)

12
7

54
5

33
2

N
o
da
ta

N
o da
ta

N
o da
ta

48
8

91
2

97
7

73
6

35
0

A
S
T
/A
LT

(I
U
/L
)

14
2/
14

4
18

7/
11
2

66
/7
0

N
o
da
ta

N
o da
ta

N
o da
ta

56
/4
6

46
/4
4

12
5/
11
8

21
3/
15

4
22

6/
18

0

G
A
A
m
ut
at
io
ns

c.
10

64
T
>
C

(p
.L
eu
35

5
P
ro
)

c.
10

64
T
>
C

(p
.L
eu
35

5
P
ro
)

c.
-3
2-

13
T
>
G

c.
24

81
+
10

2_
26

46
de
l

(p
.G

ly
82

8_
A
sn
88

2d
el
)

Id
em P
t4

Id
em P
t4

c.
25

60
C
>
T

(p
.A

rg
85

4X
)

c.
-3
2-

13
T
>
G

c.
25

60
C
>
T

(p
.A

rg
85

4X
)

c.
25

60
C
>
T

(p
.A

rg
85

4X
)

c.
25

60
C
>
T

(p
.A

rg
85

4X
)

c.
11
06

T
>
C

(p
.L
eu
36

9
P
ro
)*

c.
52

5d
el
T

(p
.G

lu
17

6
fs
x4

5)

c.
-3
2-
2A

>
G

Id
em P
t4

Id
em P
t4

c.
15

81
A
>
G

(p
.A
rg

52
7A

rg
)

c.
15

51
+
42

A
>
G

c.
15

51
+
42

A
>
G

c.
22

36
T
>
C

(p
.T
rp
74

6
A
rg
)*

c.
-3
2-

13
T
>
G

c.
15

81
A

>
G

(p
.A
rg
52

7
A
rg
)

c.
15

51
+
42

A
>
G

c.
59

6G
>
A

(p
.A
rg

19
9H

is
)

c.
59

6G
>
A

(p
.A
rg
19

9
H
is
)

c.
59

6G
>
A

(p
.A
rg
19

9
H
is
)

c.
59

6G
>
A

(p
.A
rg
19

9
H
is
)

c.
68

A
>
G

(p
.H
is
22

3
A
rg
)

c.
66

8A
>
G

(p
.H
is
22

3
A
rg
)

c.
66

8A
>
G

(p
.H
is
22

3
A
rg
)

c.
66

8A
>
G

(p
.H
is
22

3
A
rg
)

c.
25

53
A

>
G

(p
.G
ly
85

1
G
ly
)

JIMD Reports



Ta
bl
e
1

(c
on

tin
ue
d)

P
at
ie
nt

1
P
at
ie
nt

2
P
at
ie
nt

3
P
at
ie
nt

4
P
at
ie
nt

5
P
at
ie
nt

6
P
at
ie
nt

7
P
at
ie
nt

8
P
at
ie
nt

9
P
at
ie
nt

10
P
at
ie
nt

11

c.
15

51
+
49

A
>
C

c.
23

38
A

>
G

(p
.I
le
78

0
V
al
)

c.
23

38
A

>
G

(p
.I
le
78

0
V
al
)

c.
15

51
+
49

A
>
C

c.
23

38
A

>
G

(p
.iL

e7
80

V
al
)

c.
25

53
A

>
G
(p
.

G
ly
85

1
G
ly
)

c.
25

53
A

>
G

(p
.

G
ly
85

1
G
ly
)

L
ab

or
at
or
y
fin

di
ng

s

C
K

(I
U
/L
)

12
7

54
5

33
2

N
o
da
ta

N
o da
ta

N
o da
ta

48
8

91
2

97
7

73
6

35
0

A
S
T
/A
LT

(I
U
/L
)

14
2/
14

4
18

7/
11
2

66
/7
0

N
o
da
ta

N
o da
ta

N
o da
ta

56
/4
6

46
/4
4

12
5/
11
8

21
3/
15

4
22

6/
18

0

P
l
P
ul
m
on

ar
y,

LW
L
im

bg
ir
dl
e
w
ea
kn

es
s,
H
D
M
D

H
yp

ot
on

ia
/d
el
ay
ed

m
ot
or

de
ve
lo
pm

en
t,
L
L
L
ow

er
lim

bs
,
W
C
W
he
el
ch
ai
r;
O

O
rt
ho

pn
ea
,
F
E
F
at
ig
ue

on
ex
er
tio

n,
F
D

F
ee
di
ng

di
ff
ic
ul
tie
s,
SD

B
S
le
ep
-d
is
or
de
re
d
br
ea
th
in
g,

R
P
M
W

R
ap
id
ly

pr
og

re
ss
iv
e
m
us
cl
e
w
ea
kn

es
s.

U
nd

er
lin

ed
m
ut
at
io
ns

de
no

te
ho

m
oz
yg

ou
s
st
at
us
;
m
ut
at
io
ns

in
bo

ld
ar
e
pa
th
og

en
ic
;
*d

en
ot
es

no
ve
l
m
ut
at
io
ns
.

JIMD Reports



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

The question mark (?) signifies that there remains uncertainty about the formation of the 76 kD form of GAA (in column 1)
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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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Introduction: Gaucher disease is caused by a deficiency of the enzyme acid beta-glucosidase. There is treatment
available, but given thewide variability in phenotypes, it is difficult to establish the adequate administration and
change of doses. Chitotriosidase and angiotensin converting enzyme (ACE) have been described as reliable
biomarkers for the monitoring of patients. The enzymatic evaluation of these biomarkers has been traditionally
made in serumor plasma samples, making difficult themonitoring of Colombian patientswho live far away from
big cities. Dried blood spot samples have been proposed as a solution. The aim of the present study was to
validate the chitotriosidase quantification in DBS with respect to the serum determination, and to standardize

a microtechnique for the quantification of serum ACE.
Results: Using a fluorometric method for the chitotriosidase quantification and a colorimetric one for ACE
determinations, we found significant differences between control subjects and Gaucher patients in both
serum and DBS samples. A positive correlation was observed between both kinds of samples. A reference
value for the ACE determination was established. A positive correlation between chitotriosidase and ACE
was found.
Conclusion: We could standardize two microtechniques for chitotriosidase and ACE analysis in serum samples.
A close relation between DBS and serum samples for chitotriosidase analysis allowed us to validate DBS as a
reliable sample that could facilitate the access of Colombian Gaucher patients to health services.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Lysosomal storage disorders (LSDs) are pathologies caused by
the deficiency of a lysosomal enzyme that generates a substrate accu-
mulation in toxic amounts, consequently resulting in a pathological
response in the organism (Futerman and van Meer, 2004; Parkinson-
Lawrence et al., 2010). Usually, these deficiencies are the product of a
mutation that alters the function, synthesis or appropriate folding of
an enzyme, but they can also be caused by the inappropriate delivery
of the enzyme from the endoplasmic reticulum to the lysosome
(Parkinson-Lawrence et al., 2010; Vellodi, 2005).

Gaucher disease is the most frequent LSD with a prevalence of
~1:40,000 people (Aerts et al., 2011; Grabowski, 2008). This disorder
is caused by the deficiency of acid beta-glucosidase (EC 3.2.1.45) – also
known as glucocerebrosidase – an enzyme involved in the final step of
the sphingolipid degradation pathway that is encoded by the GBA
gene (HGNC: 4177) (Michelin et al., 2005). This enzyme hydrolyzes
glucoceramide (a second messenger in the apoptotic cascade) to cer-
amide and glucose through the cleavage of the beta-glucosidic linkage
between them (Cox, 2001; Michelin et al., 2005). Its deficiency results
sin Converting Enzyme; DBS,
s; ERT, Enzyme Replacement

fax: +5713394949 ext:2781.
N. Pacheco),

rights reserved.
in the accumulation of deposits of glucoceramide in macrophages, gen-
erating hepatosplenomegaly, pancytopenia and bone alterations (Aerts
et al., 2003; Cox, 2001; Grabowski, 2008; Parkinson-Lawrence et al.,
2010). Given that macrophages are primarily phagocytic cells from the
immune system, they are enriched with lysosomes, making monocyte
derived cells the most affected in Gaucher disease (Aerts et al., 2003;
Cox, 2001; Elleder, 2006; Grabowski, 2008; Parkinson-Lawrence et al.,
2010).

This disorder has been classified in 3 forms: type 1 (OMIM#230800),
that mainly affects macrophages and produces the organomegalies
characteristic of Gaucher patients; type 2 (OMIM# 230900), which
involves principally the nervous system and as a consequence reduces
patients' life expectancy; and type 3 (OMIM# 231000), which has
both neurological and visceral commitment (Grabowski, 2008). The
diagnosis of Gaucher disease is made by the quantification of
glucocerebrosidase activity in any nucleated cell and its correlation
with the clinical symptoms (Bodamer and Hung, 2010). Over 300
mutations for the GBA gene have been described, resulting in a
huge variation of phenotypes, ranging from asymptomatic people
to critical patients who die soon after birth (Campbell and Choy,
2012; Grabowski, 2008).

Gaucher disease is one of the few LSDs for which treatment has been
developed (Jmoudiak and Futerman, 2005). Enzyme replacement ther-
apy (ERT) is one of the most used today, but substrate synthesis inhibi-
tion is also available (Jmoudiak and Futerman, 2005). Given the wide
variability in phenotypes, it is difficult to establish the adequate

http://dx.doi.org/10.1016/j.gene.2013.03.044
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administration and change of doses for each patient, making imperative
the need to have quantitative parameters that help physiciansmake de-
cisions (Aerts et al., 2011).

Biomarkers are molecules that increase or decrease their concen-
tration according to the disease status, allowing the monitoring of
patients undergoing treatment (Aerts et al., 2011; Cox, 2001). One
of the most studied biomarkers for Gaucher disease is chitotriosidase
(ChT, EC 3.2.1.14), a chitin-degrading enzyme that cleaves the 1,4-β
linkage of chitin (Malaguarnera, 2006). Although this is not a specific
biomarker for the disease and its function is not clearly understood,
its activity increases many folds in Gaucher patients, making it a suit-
able biomarker (Aerts et al., 2011; Hollak et al., 1994; Wajner et al.,
2004).

The problem with this biomarker is a 24 bp duplication in the
gene encoding the enzyme that inactivates it and can generate false
negatives (Aerts et al., 2011). Four allelic variations have been de-
scribed that bring as a consequence reduced enzyme activity, from
which the duplication of 24 bp in exon 10 of CHIT1 (HGNC: 2013)
gene is the most frequent in the global population. Previous reports
indicate that this homozygous mutation generates null values of the
enzyme and is present in around 6% of people around the world,
while the heterozygous mutation that leads to a decreased activity
of the enzyme is present in 30% to 40% of people (Aerts et al., 2011;
Malaguarnera, 2006; Vellodi et al., 2005).

Other biomarkers have been described with the aim of diminishing
this false negative rate. One of them is the angiotensin converting
enzyme (ACE, EC 3.4.15.1), an enzyme involved in blood pressure
homeostasis through the cleavage of angiotensin I and the inhibition
of bradykinin in the renin–angiotensin system (Coates, 2003; Corvol
et al., 1995; Lambert et al., 2010). Like chitotriosidase, this enzyme is
not specific for Gaucher disease, but several studies have reported it
as a reliable biomarker for the disease (Cabrera-Salazar et al., 2004;
Maire et al., 2008; Sumarac et al., 2011). Cabrera-Salazar et al. (2004)
reported a good correlation between ACE and ChT, postulating ACE as
a good biomarker for the monitoring of patients, especially those that
cannot be monitored by ChT activity.

The enzymatic evaluation of these biomarkers has been tradition-
ally made in serum or plasma samples (Hollak et al., 1994; McDade
et al., 2007; Ronca-Testoni, 1983). However, in Colombia the rural
population is far away from clinical centers, making difficult their ac-
cess to health services. The dried blood spot sample (DBS) seems to
be the solution to this problem since it is a fast, economic and mini-
mally invasive sample that can be taken far away from big cities
and can be easily transported to the laboratory for analysis, given
that it does not require refrigeration or a cold chain from the collec-
tion place to the laboratory (McDade et al., 2007). Another advantage
of biomarker analysis in DBS is its stability over time as it can be
stored in a freezer and used after a long period of time without losing
metabolite activity caused by sample degradation (McDade et al.,
2007).

Nowadays the quantification of chitotriosidase in DBS is available
for the monitoring of Gaucher patients in Colombia, however, physi-
cians do not trust this kind of measurement. That is the reason why
the aim of the present study was to validate the chitotriosidase quanti-
fication in DBS comparing it with the traditional serum determination.
Table 1
Analytical conditions of chitotriosidase and angiotensin converting enzyme assays.

Enzyme/sample Buffer used Substrate used
(concentration in buffe

Chitotriosidase/serum 20 μl Citrate:phosphate buffer
0.2 M, pH 5.2

4-Methylumbelluferyl t
(0.01 mM)

Chitotriosidase/DBS 30 μl Sodium acetate buffer
0.2 M, pH 5.5

4-Methylumbelluferyl t
(0.095 mM)

Angiotensin converting
enzyme/serum

100 μl Tris:NaCl buffer
0.1:0.6 M, pH 5.2

N-[3-(2-Furyl)acryloyl]
(4 mM)
Also, we wanted to standardize a microtechnique for the quantification
of ACE with the purpose of monitoring patients in cases where
chitotriosidase cannot be used as a biomarker for the disease.

2. Methods

2.1. Sample collection

Peripheral blood samples were taken by venipuncture from 82
control subjects and 25 patients with non-neuronopathic Gaucher
disease (OMIM# 230800) between 2011 and 2012. Control subjects
are described as people clinically defined that apparently are not
affected by the disease. Gaucher patients were all previously con-
firmed in peripheral leukocytes and most of them were undergoing
treatment. Control subjects' ages ranged between 18 and 53 years
old (mean: 23.3 ± 6.4 years) while patients' ages were between 1.6
and 72 years old (mean: 24.1 ± 17.4 years).

From these samples, 5 ml of blood were used to isolate serum in
SST™ tubes (BD Franklin Lakes, NJ, USA) and approximately 1 ml
was used to collect dried blood spot (DBS) samples. To isolate
serum, tubes were centrifuged at 5000 rpm for 10 min and then
stored in 200 μl aliquots at −20 °C. For DBS, blood was dripped on
Whatman® 960 grade filter paper, then dried for at least 8 h at
room temperature and finally stored at 4 °C in sealed plastic bags.
All procedures were made under the Helsinki declaration (1993)
and every person who participated in the study signed an informed
consent approved by the ethics committee of the Universidad de
Los Andes.

2.2. Reagents

All reagents used in this study are of analytical grade. 4-
methylumbelliferyl triacetyl chitotrioside and N-[3-(2-furyl)acryloyl]-
phenylalanyl-glycyl-glycine were provided by Sigma Aldrich
(St. Louis, MO, USA).

2.3. Chitotriosidase activity assay

Enzymatic activity of chitotriosidase was analyzed by the fluoro-
metric method. For serum samples we used a method described by
Hollak et al. (1994) with some modifications shown in Table 1. The
buffer mixture was placed in opaque 96 well plates with one well
for blank (that contained only buffer without substrate) and 3 for
samples. All samples were previously diluted 1:20 and 10 μl were
placed in each of the 4 wells. All the reagents were added to the
plate on a refrigerated surface.

For DBS samples, the method used was the one described by
Chamoles et al. (2002) with modifications by Uribe (2009). Here, a
punch of 1.2 mm was placed in each well of an opaque 96 well
plate with the specifications described in Table 1. Like in serum
assay, one well was used for blank (that contained only buffer) and
the other 3 for sample analysis. The procedure was also made on a re-
frigerated surface. Both serum and DBS reactions were quenched by
adding 200 μl and 150 μl of glycine:carbonate buffer pH 10.5, respec-
tively. 20 μl of incubated buffer-substrate solution were added to the
r)
Incubation conditions

riacetyl chitotrioside Homogenization for 5 min at room temperature.
Incubation at 37 ºC for 20 min.

riacetyl chitotrioside Homogenization for 10 min at room temperature.
Incubation at 37 ºC for 20 min.

-phenylalanyl-glycyl-glycine Homogenization for 2 min at room temperature.
Incubation at 37 ºC for 1 h.
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Fig. 1. Chitotriosidase activity in serum samples of (A) control subjects and Gaucher
patients and (B) percentile 25% of Gaucher patients and all the control subjects. The
line represents the established cutoff value (115.12 nmol/ml/h). ChT: chitotriosidase.
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blanks to determine unspecific substrate degradation due to the
temperature.

Fluorometricmeasurementsweremade in a Spectramax (Molecular
Devices) at 360 nm excitation and 450 nm emission. The results were
compared with a 4- methylumbelliferyl (4-MU) curve of 4 to 10 points
made by dilutions from a standard of 1.7 to 0.003 nmol of 4-MU. All en-
zymatic activities are shown in nmol of substrate hydrolyzed by millili-
ter of sample per hour.

2.4. Angiotensin converting enzyme (ACE) assay

The analysis of ACE activity was made according to the colorimet-
ric method described by Ronca-Testoni (1983) with some modifica-
tions shown in Table 1. Absorbance measurements were made at
340 nm in a Spectramax from Molecular Devices. The assay was
made in clear 96 well plates where 20 μl of serum were placed in
each of 3 wells to see reproducibility. Previous to incubation, the ab-
sorbance was recorded at time 0 and then after 60 min of incubation.
Instead of a curve, the millimolar ΔA of FAPGG hydrolysis at 340 nm
(0.58) was used to calculate ACE activity, as previously described
(Harjanne, 1984). All enzymatic activities are expressed in nmol of
substrate hydrolyzed by milliliter of sample per hour.

2.5. Statistical analysis

Data analysis and graphicsweremade using R (R Development Core
Team, 2009) and Prism 5 (GraphPad Software Inc.). The Shapiro–Wilk
test was used to see data distribution. Given that in chitotriosidase de-
terminations only the control population showed a normal distribution,
a Wilcoxon test was used to determine if there were differences be-
tween control subjects and Gaucher patients. To determine significant
differences in the quantifications of ACE, Student's t test was used.
Additionally, a Pearson correlation test was applied to establish if
there was a correlation between samples analyzed in serum and DBS,
and between ChT and ACE activities.

3. Results

3.1. Chitotriosidase activity

3.1.1. Serum samples
A group of 82 healthy controls and 24 patients with Gaucher

disease was analyzed both in serum and DBS samples. The range of
activity of ChT in control subjects was 0–94.7 nmol/ml/h, with a
mean of 38 nmol/ml/h (±20.4). In the control group 3 individuals
were found as atypical with increased activities of 120, 110.5 and
104.1 nmol/ml/h. These subjects were not taken into account in the
determination of the cutoff value. For Gaucher patients, we found
one subject with decreased activity with respect to patients' values
(24.6 nmol/ml/h), whose mean was 10268.92 nmol/ml/h (±8431.4).
The ChT activity range for this group of people was between 2325.5
and 35266.01 nmol/ml/h.

Fig. 1A illustrates the results for both populations and Fig. 1B
shows the comparison between controls and the percentile 25% of
Gaucher patients to better illustrate the differences between them.
The line (115.12 nmol/ml/h) represents the cutoff determined as
mean plus 2 standard deviations of control subjects' chitotriosidase
activities. Significant differences were found between activities of
controls and Gaucher patients (p-value = 2.63e − 13). The coeffi-
cient of variance intra-assay was 5.01% while inter-assay was, on
average, 4.06%.

Dilution experiments were made to determine the real activity of
Gaucher patients since with a 1:20 dilution the group seemed to be
very homogeneous. Fig. 2 show the results for dilutions applied to
all patients analyzed, from 1:5 to 1:200.
3.1.2. Dried blood spot samples
The experiments with dried blood spot samples were conducted

on the same group of people analyzed for serum samples. The range
of ChT activity in control subjects was 0–106.2 nmol/ml/h, with a
mean of 44.8 (±22.8) nmol/ml/h. Two control subjects showed slight
elevations of ChT activity (106.2 and 105.7 nmol/ml/h) that were not
considered as pathologic, according to the cutoff value previously
established by Uribe (2009). Regarding Gaucher patients, the same
patient who showed a low activity in the serum sample, showed a
decreased activity in DBS (9.4 nmol/ml/h). The mean ChT activity of
the group was 743.2 nmol/ml/h (±673.3) with an activity range
between 150.9 and 2568.5 nmol/ml/h.
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Fig. 2. Serum dilutions. Samples of Gaucher patients may be diluted at least 1:60
previous to the determination of enzyme activity.
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Fig. 3. Chitotriosidase activity in DBS samples of (A) Gaucher patients and healthy con-
trols and (B) percentile 50% of Gaucher patients and all the control subjects. The line
represents the cutoff value (97 nmol/ml/h) reported by Uribe (2009). DBS: dried
blood spots, ChT: chitotriosidase.
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Fig. 3A illustrates the results for both populations and Fig. 3B shows
the comparison between controls and the percentile 50% of Gaucher
patients to better illustrate the differences between them. The line illus-
trates the cutoff (97 nmol/ml/h) determined previously by (Uribe and
Pacheco, submitted for publication) using 543 control subjects. As
with serum samples, significant differences were found for activities
of controls and Gaucher patients (p-value = 2.63e − 13). The coeffi-
cient of variance intra-assaywas6.7%while inter-assaywas, on average,
6.3%.

When comparing control subjects' data from DBS and serum
samples, there was a strong correlation between samples analyzed
(p-value = 2.2e − 16, Pearson correlation coefficient = 0.983), as
shown in Fig. 4. We also evaluated how many times ChT activities
of serum from Gaucher patients exceeded the quantifications in DBS
samples, since magnitudes are different. We found that, on average,
ChT activity in serum samples is 14.6 (±3.85) times above ChT activ-
ity in DBS samples with a range of 9.4–26.5 times.

Given that DBS samples contain only ~0.6 μl of blood (Daitx et al.,
2012), chitotriosidase activity was measured at different times to re-
solve if the enzyme reached the substrate depletion phase while
serum samples were still degrading the substrate. We made fluores-
cence determinations in 7 Gaucher patients at 10 minute intervals
for 1 h to see substrate degradation (data not shown). Even measur-
ing after 1 h of incubation, the enzyme in DBS had not reached it
saturation point while the serum chitotriosidase became saturated
after ~20 min of incubation.

3.2. Angiotensin converting enzyme activity

Seventy-six control subjects and twenty-three Gaucher patients
were analyzed to determine the activity of ACE in serum samples.
ACE activity range for control subjects was between 53.8 and
761.4 nmol/ml/h with a mean of 336.7 (±169.7) nmol/ml/h. A cutoff
value of 931.1 nmol/ml/h was determined as the higher control
subject's activity plus 2 standard deviations.

Fig. 5 illustrates the results for both control subjects and Gaucher
patients, where the line indicates the established cutoff. A significant
difference was found between both studied groups (p-value =
9.51e − 07). The coefficient of variance intra-assay was 2.08% while
inter-assay was, on average, 2.11%. From the 23 studied patients, 7
showed a decreased value that overlapped with the higher values of
control subjects, but most data was over the maximum value found
for the control group.

When comparing ACE and ChT activities in serum samples, we
found that although there are differences because some patients
did not show marked ACE elevations, a positive correlation can be
established (p-value b 2.2e − 16, Pearson correlation coefficient =
0.85), as shown in Fig. 6.
4. Discussion

In recent years, the research on biomarkers that help in the mon-
itoring of patients with lysosomal disorders has become imperative
given the necessity of establishing a quantitative and objective pa-
rameter that allows clinicians to make decisions on patients' treat-
ment (Aerts et al., 2011). The present study analyzes chitotriosidase
activity both in serum and dried blood spot samples to demonstrate
that the last one is a viable sample for the analysis of this biomarker
in the monitoring of patients with Gaucher disease in Colombia.
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Until now, there has been no report with reference values of
serum chitotriosidase activity for Colombian population. This moti-
vated us to standardize a serum micro-technique to additionally val-
idate DBS samples. The serum values reported in the present study
can serve as a reference to evaluate patients with Gaucher disease
in our country.

The results of chitotriosidase show a marked increase in serum
samples of Gaucher patients with respect to control subjects and
their activities are in accordance with the range of activities reported
for Serbian and Brazilian patients by Sumarac et al. (2011) and
Wajner et al. (2004) respectively. Also, the activities determined
in DBS are in accord with a previous study, where the range of
activities for treated Gaucher type 1 patients was between 32 and
1074 nmol/ml/h (Chamoles et al., 2002).

We have made dilution experiments with serum samples to eval-
uate if we were underestimating the activity of Gaucher patients. We
found that at a dilution 1:20, some patients quickly reached the sub-
strate depletion phase, indicating a rapid saturation of the enzyme.
The experiments made with dilutions of 1:40, 1:60 and 1:200 showed
increases in patients' activities even at a dilution 1:200. However, the
control subjects' activities were very unstable at these concentrations,
which is the reason why the values shown for controls are from the
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Fig. 5. Angiotensin converting enzyme activity in serum samples of control subjects and
Gaucher patients. The line represents the established cutoff value (931.1 nmol/ml/h).
ACE: angiotensin converting enzyme.
quantification at a dilution 1:20. In this regard, it is important to eval-
uate patients at dilution at least 1:60 to avoid underestimation of
their ChT activity.

In the results of serum assay, we found 3 subjects that showed atyp-
ical values with respect to the established cutoff, while in the DBS assay
2 subjects showed increased values that were not taken as pathologic
given that they were not far from the previously established cutoff
(Uribe, 2009). Since these were subjects with normal beta-glucosidase
activity and with no apparent symptom that suggests a lysosomal stor-
age disorder at the moment that their sample was taken, it is possible
that these high chitotriosidase activities may be due to other factors
such as fungic or parasitic infections, as described earlier (Barone
et al., 2003; Hall et al., 2008; Kzhyshkowska et al., 2007). Inasmuch as
chitotriosidase is not a specific biomarker for Gaucher disease and
that these levels, although atypical, were not far from controls mean,
ChT remains as a useful biomarker in themonitoring of patients, as pre-
viously described by several authors (Aerts et al., 2011; Maire et al.,
2007; Sumarac et al., 2011; Vellodi et al., 2005).

However, it should be noted that there are patients whomight show
decreased activities due to a mutation that inactivates the enzyme. In
this regard, we found 4 control subjects with no chitotriosidase activity
and 10 with decreased activity (less than 50% residual activity with
respect to the controls' mean-range between 2.9 and 19.8 nmol/ml/h
in serum and between 4.8 and 22.6 nmol/ml/h in DBS), representing
~5% and ~13% of the group, respectively.

When analyzing Gaucher subjects, we found only one case of
decreased activity both in serum and DBS (24.6 and 9.4 mol/ml/h,
respectively), which does not mean that patients in Colombia do
not show null activities. Instead, Uribe (2009) found that ~4.7% of
Gaucher patients analyzed (n = 107) showed null activity for the
enzyme, suggesting that the reason why we did not find a similar
result may be attributed to the few number of Gaucher patients
analyzed in the present study. In this regard, it is important to high-
light that in 2007, Grace et al. (2007) identified another rare allelic
mutation with 3 different variations (OMIM: 600031.0002) in a pa-
tient who showed no residual enzyme activity. This variation was as-
sociated with Caribbean Hispanic, Dominican, Caribbean Black, Puerto
Rican and American Black descendants, and given that there are no
molecular reports for the CHIT1 gene in Colombian population, this
variation should be taken into account for future studies.

Our results show that ChT activities evaluated in serum samples
were even 26.5 times above their respective activity in DBS. Given
that neither of the DBS samples analyzed reached the substrate deple-
tion phase during the 10 minute incubation time, it is possible that
the difference in these values is due to two main factors: the first
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one could be the amount of sample used per assay. The serum assay
uses 10 μl of diluted serum while the DBS assay uses a whole blood
amount of ~0.6 μl (Daitx et al., 2012) (here we do not report our re-
sults in relation to the serum quantity in DBS since Gaucher patients,
due to their characteristic leukopenia, anemia and thrombocytopenia
could have a lower blood to serum ratio). This could lead to a signif-
icant decrease in ChT activity that, in some way, could explain the
differences in magnitude. Additionally, it is important to note that
the incubation time might not be enough for a complete elution of
filter paper, making available even fewer quantities of ChT for the
DBS assay.

The second factor is related to the heterogeneity in the sample.
While the serum assay is made with a sample that contains a concen-
tration of the enzyme, due to the separation of serum from whole
blood, the DBS assay is made with an elution from whole blood,
which has more metabolites in solution that could increase assay
fluorescence without increasing chitotriosidase activity.

When comparing both filter paper and serum results we found a
close correlation between both assays, indicating that DBS works as
a viable sample for biomarker analyses and can be used instead of
serum for the monitoring of patients in our country, especially in
rural areas where health services are distant from people. Addition-
ally, when evaluating coefficients of variation inter- or intra-assay,
we found that both indices are similar and acceptable, supporting
again DBS as a viable sample for the analysis.

To evaluate sample stability through time, some of these samples
were analyzed in the course of a year and a half with the quantifica-
tion of chitotriosidase (data not shown). From these experiments
we observed that DBS samples maintained their stability and could
be used with the same confidence even a year after the sample was
taken, compared with serum samples, whose stability decreased as
a consequence of defrosting. All these aspects are in accord with the
advantages of using DBS in clinical analysis described by McDade
et al. (2007).

To standardize the ACE assay we found that the best incubation
time was 1 h, since shorter incubation times showed more variation
that did not make a big difference between control subjects and
Gaucher patients. Unlike what Ronca-Testoni (1983) described, we
found that the best peak of absorbance for FAPGG hydrolysis is
340 nm, which is in accord with what Harjanne (1984) reported
previously.

Regarding the results of ACE, we found that there is also a signifi-
cant difference between data from control subjects and Gaucher pa-
tients, although it is not as great as that observed for chitotriosidase,
in part because more patients showed lower values but also, because
the means, both in controls and patients, are not as different as in ChT
activities. In this case, 7 patients showed values that overlapped with
those of control subjects, indicating that ACE functions also as a bio-
marker in our population but it is not as effective as chitotriosidase.
However, this finding allows us to offer to the medical community
in Colombia another tool for the monitoring of Gaucher patients in
treatment, especially for those who carry the ChT mutation and
have null or decreased activity.

Another important point in this analysis is that the correlation
found between ACE and ChT activities is significant and similar to
what Cabrera-Salazar et al. (2004) reported in 2004, indicating that,
in most cases, ACE illustrates also the charge of the disease. Given
that Gaucher patients usually present portal hypertension because
of their prominent hepatosplenomegaly, it is possible that ACE activ-
ity increases in response to this phenomenon, since this enzyme is
involved in the regulation of arterial tension through the renin–
angiotensin system (Corti et al., 2000; Matthew Morris et al., in
press).

We speculate that a possible explanation for the reduced activities
found in some Gaucher patients is that their splenohepatic compro-
mise is not strongly marked. This could lead to reduced portal
hypertension that will reduce ACE levels, since ACE activation is con-
trolled by vasodilatation, which in turn can be a consequence of an el-
evation of cytokines as a product of macrophage activation,
characteristic in the disease given the lysosomal accumulation
(Corti et al., 2000; Matthew Morris et al., in press). In this respect, it
should be noted that one of the patients in the study who had the
most prominent hepatosplenomegaly, showed one of the greatest in-
creases both in chitotriosidase and in ACE. It is also important to note
that some patients were undergoing treatment at the time of sam-
pling, which could explain the reduced splenohepatomegaly, and in
turn the reduced ACE activity in some of the patients analyzed.

5. Conclusions

The present study allowed us to standardize two microtechniques,
one for the analysis of chitotriosidase and the other for ACE analysis,
both in serum samples. Also, we found a significant correlation be-
tween the 2 biomarkers analyzed, making both of them reliable for
the monitoring of patients in Colombia. We could also determine a
close relation between DBS and serum samples for chitotriosidase
analysis, validating DBS as a reliable sample for the monitoring of
patients, even if they are far away from clinical centers.

Previous studies have demonstrated the cost-effective benefits of
using DBS instead of serum or plasma samples (McDade et al., 2007).
Nowadays there is a lot of research that focuses on standardizing DBS
techniques for clinical analysis with the aim to bring medical services
closer to the patient. We hope that this study contributes to this aim
and would serve to ameliorate the health services offered to Gaucher
patients in Colombia.

Acknowledgments

We would like to thank Maria Claudia Lattig (Universidad de
Los Andes) and Dr. Gregory Grabowski (Cincinnati's Children Hospital)
for their orientation. We also extend our thanks to the Facultad de
Ciencias and Departamento de Ciencias Biologicas (Universidad de
Los Andes) and Genzyme de Colombia for their support.

References

Aerts, J.M., Hollak, C., Boot, R., Groener, A., 2003. Biochemistry of glycosphingolipid
storage disorders: implications for therapeutic intervention. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 358, 905–914.

Aerts, J.M.F.G., et al., 2011. Biomarkers in the diagnosis of lysosomal storage disorders:
proteins, lipids, and inhibodies. J. Inherit. Metab. Dis. 34, 605–619.

Barone, R., Simporé, J., Malaguarnera, L., Pignatelli, S., Musumeci, S., 2003. Plasma
chitotriosidase activity in acute Plasmodium falciparum malaria. Clin. Chim. Acta
331, 79–85.

Bodamer, O.A., Hung, C., 2010. Laboratory and genetic evaluation of Gaucher disease.
Wien. Med. Wochenschr. 160, 600–604.

Cabrera-Salazar, M. a, O'Rourke, E., Henderson, N., Wessel, H., Barranger, J. a, 2004.
Correlation of surrogate markers of Gaucher disease: implications for long-term
follow up of enzyme replacement therapy. Clin. Chim. Acta 344, 101–107.

Campbell, T.N., Choy, F.Y.M., 2012. Gaucher disease and the synucleinopathies: refining
the relationship. Orphanet J. Rare Dis. 7, 12.

Chamoles, N.A., Blanco, M., Gaggioli, D., Casentini, C., 2002. Gaucher and Niemann–Pick
diseases—enzymatic diagnosis in dried blood spots on filter paper: retrospective
diagnoses in newborn-screening cards. Clin. Chim. Acta 317, 191–197.

Coates, D., 2003. The angiotensin converting enzyme (ACE). Int. J. Biochem. Cell Biol.
35, 769–773.

Corti, R., Sudano, I., Binggeli, C., Nava, E., Noll, G., Lüscher, T.F., 2000. Endothelial dys-
function and regulation. In: Vallance, P.J., Webb, D.J. (Eds.), Vascular Endothelium
in Human Physiology and Pathophysiology. CRC Press, London, p. 302.

Corvol, P., Williams, T.A., Soubrier, F., 1995. Peptidyl dipeptidase A: angiotensin
I-converting enzyme. Methods Enzymol. 248, 283–305.

Cox, T., 2001. Gaucher disease: understanding the molecular pathogenesis of
sphingolipidoses. J. Inherit. Metab. Dis. 24, 107–123.

Daitx, V.V., Mezzalira, J., Goldim, M.P.D.S., Coelho, J.C., 2012. Comparison between
alpha-galactosidase A activity in blood samples collected on filter paper, leukocytes
and plasma. Clin. Biochem. 45, 1233–1238.

R Development Core Team, 2009. R: A Language and Environment for Statistical
Computing, R Foundation for Statistical Computing, ISBN 3–900. Available at
http://www.r-project.org.

http://www.r-project.org


135N. Pacheco, A. Uribe / Gene 521 (2013) 129–135
Elleder, M., 2006. Glucosylceramide transfer from lysosomes—the missing link in mo-
lecular pathology of glucosylceramidase deficiency: a hypothesis based on existing
data. J. Inherit. Metab. Dis. 29, 707–715.

Futerman, A.H., van Meer, G., 2004. The cell biology of lysosomal storage disorders. Nat.
Rev. Mol. Cell Biol. 5, 554–565.

Grabowski, G.A., 2008. Phenotype, diagnosis, and treatment of Gaucher's disease.
Lancet 372, 1263–1271.

Grace, M.E., Balwani, M., Nazarenko, I., Prakash-Cheng, A., Desnick, R.J., 2007. Type 1
Gaucher disease: null and hypomorphic novel chitotriosidase mutations—
implications for diagnosis and therapeutic monitoring. Hum. Mutat. 28, 866–873.

Hall, A.J., Morroll, S., Tighe, P., Götz, F., Falcone, F.H., 2008. Human chitotriosidase is
expressed in the eye and lacrimal gland and has an antimicrobial spectrum differ-
ent from lysozyme. Microbes Infect. 10, 69–78.

Harjanne, A., 1984. Automated kinetic determination of angiotensin-converting en-
zyme in serum. Clin. Chem. 30, 901–902.

HGNC Database, HUGO Gene Nomenclature Committee (HGNC), EMBL Outstation -
Hinxton, European Bioinformatics Institute, Wellcome Trust Genome Campus,
Hinxton, Cambridgeshire, CB10 1SD, UK. Jan, 2013. URL: http://www.genenames.
org.

Hollak, C.E., van Weely, S., van Oers, M.H., Aerts, J.M., 1994. Marked elevation of plasma
chitotriosidase activity: a novel hallmark of Gaucher disease. J. Clin. Invest. 93,
1288–1292.

Jmoudiak, M., Futerman, A.H., 2005. Gaucher disease: pathological mechanisms and
modern management. Br. J. Haematol. 129, 178–188.

Kzhyshkowska, J., Gratchev, A., Goerdt, S., 2007. Human chitinases and chitinase-
like proteins as indicators for inflammation and cancer. Biomark. Insights 2,
128–146.

Lambert, D.W., Clarke, N.E., Turner, A.J., 2010. Not just angiotensinases: new roles for
the angiotensin-converting enzymes. Cell Mol. Life Sci. 67, 89–98.

Maire, I., Guffon, N., Froissart, R., 2007. Current development and usefulness of bio-
markers for Gaucher disease follow up. Rev. Med. Interne 28, S187.
Maire, I., Guffon, N., Piraud, M., Froissart, R., 2008. The role of current biomarkers in the
management of lysosomal storage disorders. Clin. Ther. 30, S90–S91.

Malaguarnera, L., 2006. Chitotriosidase: the yin and yang. Cell Mol. Life Sci. 63,
3018–3029.

Matthew Morris, E., Fletcher, J. a, Thyfault, J.P., Scott Rector, R., in press. The role of an-
giotensin II in nonalcoholic steatohepatitis. Mol. Cell. Endocrinol. 1–12.

McDade, T., Williams, S., Snodgrass, J., 2007. What a drop can do: dried blood spots as
a minimally invasive method for integrating biomarkers into population-based
research. Demography 44, 899–925.

Michelin, K., et al., 2005. Biochemical properties of beta-glucosidase in leukocytes from
patients and obligated heterozygotes for Gaucher disease carriers. Clin. Chim. Acta
362, 101–109.

Parkinson-Lawrence, E.J., Shandala, T., Prodoehl, M., Plew, R., Borlace, G.N., Brooks, D.,
2010. Lysosomal storage disease: revealing lysosomal function and physiology.
Physiology (Bethesda) 25, 102–115.

Ronca-Testoni, S., 1983. Direct spectrophotometric assay for angiotensin-converting
enzyme in serum. Clin. Chem. 29, 1093–1096.

Sumarac, Z., et al., 2011. Biomarkers in Serbian patients with Gaucher disease. Clin.
Biochem. 44, 950–954.

Uribe, A., 2009. Evaluation of chitotriosidase in dried blood spot collected of filter
paper: reference values in control subjects and patients with lysosomal storage
diseases. Rev. Investig. Clin. 61, 23 - 23.

Uribe, A., Pacheco, N., submitted for publication. Chitotriosidase levels in dried blood
spots: application of a microtechnique to the normal population and patients
with lysosomal disorders. Clin. Biochem. 1–13.

Vellodi, A., 2005. Lysosomal storage disorders. Br. J. Haematol. 128, 413–431.
Vellodi, A., Foo, Y., Cole, T.J., 2005. Evaluation of three biochemical markers in the

monitoring of Gaucher disease. J. Inherit. Metab. Dis. 28, 585–592.
Wajner, A., et al., 2004. Biochemical characterization of chitotriosidase enzyme:

comparison between normal individuals and patients with Gaucher and with
Niemann–Pick diseases. Clin. Biochem. 37, 893–897.

http://www.genenames.org
http://www.genenames.org


33 
 

 

 

 

 

 

 

 

 

 

 

Artículo No.3 

 

URIBE, A; Giugliani, R. “Selective screening for lysosomal storage 
disease with dried blood spots collected on filter paper in 4.700 High-
Risk Colombian Subjects”. JIMD Reports Vol (11).  DOI 
10.1007/8904_2013_229. Pag107-116.  ISSN: 1573-2665 (Abril 
13/2013). 

 



RESEARCH REPORT

Selective Screening for Lysosomal Storage Diseases with
Dried Blood Spots Collected on Filter Paper in 4,700
High-Risk Colombian Subjects

Alfredo Uribe • Roberto Giugliani

Received: 14 December 2012 /Revised: 18 March 2013 /Accepted: 27 March 2013
# SSIEM and Springer-Verlag Berlin Heidelberg 2013

Abstract Lysosomal storage disorders (LSDs) are a very
heterogeneous group of hereditary disorders. The diagnos-
tic process usually involves complex sampling, processing,
testing, and validation procedures, performed by
specialized laboratories only, which causes great limitations
in reaching a diagnosis for patients affected by these
diseases.

There are few studies about LSDs in Colombia. The
diagnostic limitations often make medical practitioners
disregard the possibility of these disorders while diagnosing
their patients. The current study documents the results of a
7-year screening in high-risk patients, aimed to detect LSDs
using dried blood spots (DBS) collected on filter paper,
with a micromethodology that facilitates diagnosis even
with a large number of samples.

The activities of a-galactosidase A, a glucosidase, a-L-
iduronidase, arylsulfatase B, b-galactosidase, b-glucosi-
dase, total hexosaminidase, iduronate sulfatase, and chito-
triosidase were analyzed in high-risk patients for lysosomal
disease. The catalytic activity was evaluated with fluoro-

metric micromethods using artificial substrates marked with
4-methylumbelliferone.

The reference values for a control population were estab-
lished for the enzymes listed above, and 242patientswere found
to have an enzyme deficiency, guiding to the following
diagnoses: Fabry disease (n ¼ 31), Pompe disease (n ¼ 16),
Hurler Syndrome (n ¼ 15), Maroteaux-Lamy Syndrome
(n ¼ 34), GM1 Gangliosidosis (n ¼ 10), Morquio B (n ¼ 1),
Gaucher disease (n ¼ 101), Sandhoff disease (n ¼ 1), Muco-
lipidosis (n ¼ 2), and Hunter Syndrome (n ¼ 31). In conclu-
sion, this protocol provides a comprehensive diagnostic
approach which could be carried out in Colombia and made
it available to medical services spread around the country,
enabling the identification of a large number of patients
affected by LSDs, which could potentially benefit from the
therapeutic tools already available for many of these diseases.

Introduction

Lysosomal storage disorders (LSDs) include approximately
50 different diseases with a combined incidence of 1:1,500
to 1:7,000 births (Wraith 2002; Staretz-Chacham et al.
2009). Each of these diseases occurs due to a deficiency in
the enzymes, activating proteins or transport proteins
involved in the catabolism of macromolecules that takes
place in the lysosomes, causing substrate storage and
progressive cell damage (Gieselmann 1995). The majority
of these genetic anomalies is inherited in an autosomal
recessive manner, with the exceptions of Fabry, Hunter, and
Danon diseases, which are linked to the X chromosome
(Staretz-Chacham et al. 2009).

The clinical findings surrounding these pathologies
demonstrate multisystemic and progressive difficulties with
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a broad spectrum of manifestations, including skeletal
abnormalities, visceromegalies, and, often, central nervous
system dysfunction, ranging from behavior problems to
profound mental retardation (Vellodi 2005; Scriver et al.
2001). The phenotypic expression of these diseases is so
diverse and heterogeneous that their definitive identification
and diagnosis must be made through specialized clinical
and laboratory studies (Wenger et al. 2002)

The laboratory diagnostic approach, directed at high-risk
populations, first uses protocols typically based on the
detection of metabolites that are excreted in the urine after
accumulating in tissues as a result of enzymatic deficien-
cies. Lysosomal storage disorders usually involve an
accumulation of three groups of compounds: sphingolipids,
mucopolysaccharides, and oligosaccharides, molecules that
may be detected in affected individuals but do not offer
specific diagnostic clues (Futerman et al. 2004; Filocamo
and Morrone 2011). Next, these preliminary tests were
followed by specific enzymatic studies – which involved
plasma, leukocytes, or cultured fibroblasts samples – aimed
to provide definitive diagnosis (Civallero et al. 2006).

In Colombia, and in the majority of Latin American
countries, laboratory diagnosis of these metabolic disorders
is not a routine practice in health services, due to the
complexity of the process and also because these disorders
have a very low incidence and are not among the health
priorities. According to the European Union, a rare disease
is classified as having a prevalence of fewer than five cases
for every 10,000 inhabitants (Stolk et al. 2006). Since a
complex infrastructure is required to perform the diagnostic
tests for LSDs, the protocols for screening and diagnosis
are primarily developed by few specialized centers. This
situation becomes a limitation for the investigation of a
large number of patients, either because they do not have
direct access to these centers or because sending liquid
samples to these laboratories (plasma, whole blood, or
urine) requires strict storage conditions and short transpor-
tation times. These circumstances can either cause underdi-
agnosis or late diagnosis, leading to a delay in starting the
treatment and, in some cases, to the death of affected
individuals without the benefit of a diagnosis.

Recently, a new methodology to facilitate patient access
to this type of screening has been developed in Latin
America and implemented worldwide. It consists in the
enzymatic analysis of dried blood spots (DBS) collected
on filter paper (Fig. 1) (Chamoles et al. 2001a, 2001b;
Niizawa et al. 2005; Civallero et al. 2006; M€uller et al.
2010). This methodology facilitates the packing and
shipment of samples because it does not require strict
refrigeration and eases the collection of samples for
analysis at reference testing centers, allowing the study
of high-risk populations without regard to their geograph-
ical location. Given that in the recent years a number of

treatments are available to treat some of these diseases,
diagnosis becomes relevant. This point is especially
important in the case of enzyme replacement therapy for
disorders such as Fabry, Gaucher, Pompe, and Mucopoly-
saccharidosis type I, II, and VI for which an early
diagnosis could dramatically improve the outcome of the
disease (Brady 2006).

The protocols for LSDs screening are usually made
with a punch of 3.2 mm diameter (1/8 in.). This is
considered the “universal punch” and is the most widely
used because its blood volume (3.2 ul) has been reported
with the greater exactitude (Reuser et al. 2011). In
Colombia, there are no government screening programs
that include these kinds of diseases, so all the initiatives to
study them are from private universities, which leads to
the development of sustainable projects based on dona-
tions and self-reliance. In this context, we propose the use
of a 1.2 mm punch with the aim of diminishing the
sample, materials, and reagents quantities used and in that
way, reduce costs even in a 40 %, making the project
viable and sustainable in time.

The results presented here correspond to seven years of
selective screening for LSDs in Colombia. This study
involves the enzymatic evaluation of DBS samples from
4,700 patients, with ages ranging from 4 months to 73
years. This study also involved the analysis of control
samples to obtain reference values for a-galactosidase A,
a-glucosidase, a-L-iduronidase, arylsulfatase B, b-galacto-
sidase, b-glucosidase, total hexosaminidase, iduronate
sulfatase, and chitotriosidase using modified protocols for
a punch of filter paper with a diameter of 1.2 mm. These
enzymatic analyses of DBS resulted in the identification of
242 individuals affected by LSDs, an unprecedented
accounting in Colombia. The techniques reported here have
facilitated the diagnostic approach and rapid incorporation
of affected individuals into available treatment programs,
which helped to change the clinical trajectory of these
pathologies and to improve the quality of life for these
patients and their families.

Materials and Methods

Sample Collection for the Controls and Patients
in the Study

A total of 4,700 blood samples were collected on filter
paper for analysis. These samples were taken from patients,
aged between 4 months and 73 years, who had clinical
findings related to disorders affecting glycosaminoglycan
and sphingolipid metabolism. The samples were subjected
to different enzymatic analyses according to clinical criteria
and informed consent was obtained. Blood samples were
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obtained via intravenous or capillary puncture, depending
on the age of the person being evaluated and were collected
directly on grade 903 filter paper (Schleicher and Schuell,
Whatman®) provided by GE Healthcare Life Sciences
(Piscataway, NJ, USA). The specimens were kept at room
temperature for 8–12 h to assure complete drying and then
stored at 4 �C in self-sealing plastic bags to prevent
deterioration from humidity. The samples were received
from different regions in Colombia, did not undergo

refrigeration, and had transport times ranging from 2 to 7
days.

To establish reference values for each enzyme tested in
this study, a total of 2,520 healthy subjects were analyzed
during 7 years of study (approximately 360 subjects per
year, 30 per month), following the same sampling proce-
dure applied to patients. Control subjects are distributed in
two groups: the first one consisted of 250 completely
healthy newborns (10%), who were <36 days old (range

Table 1 Analytical conditions for the lysosomal enzymes under study

Enzyme Reaction buffer
Substrate (Concentration in
reaction buffer) Incubation time/T� Stop buffer

Arylsulfatase B 40 ml of 0.5 M acetate buffer
0.5 M, pH 6.0 with 10 mM
barium acetate

4-Methylumbelliferyl
Sulfate 5.5 mM

24 h/37�C 150 ml 0.17 M glycine:
carbonate, pH 10

a-Galactosidase A 20 ml of 0.15 M citrate phosphate
buffer, pH 4.4 with 10 ml of
0.25 M N-acetil-D-galactosamine

4-Methylumbelliferyl
a-D-Galactoside 5 mM

20 h/37�C 150 ml 0.17 M glycine:
carbonate, pH 10

a-I-Iduronidase 20 ml of 0.2 M sodium formiate
buffer, pH 2.8 with 10 ml of
3.1 mM D-saccharic acid
1,4-lactone monohydrate

4-Methylumbelliferyl
a-L-Iduronide 2 mM

20 h/37�C 200 ml 0.17 M glycine:
carbonate, pH 10

a-Glucosidase (AaG)a Total AaG determination: 40 ml
of 0.04 M acetate buffer, pH 3.8. :
Residual AaG: 40 ml of 0.04 M
acetate buffer, pH 3.8 with 40 ml
of 40 mM acarbose. Neutral
isoforms: 40 ml of 0.04 M acetate
buffer, pH 7.0

4-Methylumbelliferyl
a-D-Glucopyranoside
2.8 mM

24 h/37�C 200 ml 0.17 M glycine:
carbonate, pH 10

b-Galactosidase 40 ml of 0.1 M citrate phosphate
buffer, pH 4.4 with 20 ml of
0.15 M NaCl

4-Methylumbelliferyl
b-D-Galactoside 0.8 mM

3 h/37�C 200 ml 0.17 M glycine:
carbonate, pH 10

b-Glucosidase 60 ml of 0.3 M citrate phosphate
buffer, pH 5.0 with sodium 1%
taurodeoxycholate and
conduritol-b-epoxide 0.5 mMb

4-Methylumbelliferyl
b-D-Glucoside 20 mM

24 h/37�C 150 ml 0.17 M glycine:
carbonate, pH 10

Total Hexosaminidase 60 ml of 0.01 M citrate phosphate
buffer, pH 4.4

4-Methylumbelliferyl
2-Acetamide-2 deoxy-
b-D-Glucopyranoside
3 mM

1 h/ 37 �C 120 ml 0.17 M glycine:
carbonate, pH 10

Iduronate Sulfatase Pre-Incubation: Place each 1.2 mm
punch in 25 ml of BSA 0.2 %

Incubation 1: Add 16 ml of 0.1 M
of acetate buffer, pH 5.0 with
lead acetate 10 mM and the
substrate to 1.25 mM.

Incubation 2: Add 25 ml of 0.2 M
of citrate phosphate buffer, pH
4.5 with 0.02 % sodium azide
and auxiliary enzyme

Incubation 1:
4-Methylumbelliferyl
a-Iduronate-2-Sulfate
1.25 mM

Incubation 2: Enzyme
a-I-Iduronidase 3.4 mg/ml
in distilled water

Pre-incubation:
20 min/room T�

Incubation 1:
24 h/37 �C
Incubation 2:
24 h/37 �C

200 ml 0.17 M glycine:
carbonate, pH 10
(Added at the end of
Incubation 2)

Chitotriosidase 30 ml of 0.2 M acetate buffer, pH
5.5 with 10 mM barium acetate

4-Methylumbelliferyl-
b-D-N,N0,N00

Triacetylchitotrioside
0.25 mM

20 min/37�C 150 ml 0.17 M glycine:
carbonate, pH 10

a For each reaction mixture, the experimental assay requires a 1.2 mm punch of filter paper. An evaluation of AaG in the presence of the inhibiting
agent acarbose permits the elimination of maltase glucoamylase activity, that can degrade the substrate, but it is not related with Pompe disease.
Evaluation at pH 7.0 determines the activity of neutral isoforms (Glucosidase II and a-Glucosidase C). The quotient obtained from dividing this
value over activity in the presence of acarbose offers a discrimination criterion for individuals affected by Pompe disease and healthy controls
b See Olivova et al. 2008

JIMD Reports



between 4–36 days). These samples came as part of the
extended newborn screening program offered by our
laboratory.

The second group consisted of 2,270 control subjects,
from 3 months to 88 years, distributed as follows: 1,463
samples were from control subjects (58%) >12 years old.
These samples were taken from students and employees of
Universidad de los Andes, and their relatives (all of them
healthy subjects). Another 605 samples (24%) were from
subjects ranging from 1.5 to 11.5 years old, who were in
routine growth and nutritional control in pediatric services.
Finally, 202 samples (8%) corresponded to subjects
clinically defined who were between 3 months and 1.3
years old. These subjects did not show clinical findings
related with inborn errors of metabolism.

Enzyme Activity Assay

DBS analysis employed substrates marked with 4-methyl-
umbelliferone (4-MU) provided by Sigma (St. Louis, MO,
USA), with the exception of 4-methylumbelliferyl-a-L-
iduronide (enzyme: a-L-iduronidase), which was provided
by Toronto Research Chemicals (Toronto, Canada), and
4-methylumbelliferyl-iduronate 2-sulfate (enzyme: iduro-
nate sulfatase), which was provided by Moscerdam Sub-
strates (Rotterdam, the Netherlands). All solutions were
prepared using reagents with a high level of purity.

Analytical assays on DBS for b-galactosidase, total
hexosaminidase, a-galactosidase A, a-L-iduronidase, b-glu-
cosidase, and chitotriosidase were based on the protocols
proposed by Chamoles et al. (2001a, 2001b, 2002) and
Civallero et al. (2006). The analysis of a-glucosidase was
performed according to a standardized methodology
described by Kallwass et al. (2007) and Li et al. (2004).
The analysis of arylsulfatase B was performed using a
standardized methodology based on the analytical principle
of the leukocyte analysis proposed by Shapira et al. (1989)
and Civallero et al. (2006). The analysis of iduronate
sulfatase was performed using an adaptation of the methods
of Voznyi et al. (2001) and Civallero et al. (2006).

The aforementioned methodologies were modified to
implement the use of 1.2 mm punches (~ 0.52 ml of blood)
and the corresponding volumes of substrate and buffers
(Table 1). To determine the approximate blood volume in
the 1.2 mm punch, we calculate and average quantity
according to what Reuser et al. (2011), Daitx et al. (2012),
and Rodrigues et al. (2009) reported before (see Supple-
mentary Fig. 1).

A volume of substrate, equal to that used in the samples,
was included to test unspecific substrate degradation. This
volume was incubated with the samples in a separate
Eppendorf tube for each protocol. At the end of
the incubation, the stop buffer (glycine:carbonate buffer

0.17 M, pH 10) was added to samples and blanks. Then, the
incubated substrate was added to the blank wells to
evaluate unspecific substrate degradation in the reaction
buffer. The difference between sample and blank fluores-
cence values allowed differentiating the real enzymatic
activity from the unspecific degradation.

Assays were carried out by combining the punches of
filter paper and the reaction solutions in black, 96-well
polypropylene microplates. Evaporation was prevented
using aluminum foil thermo-sealing sheets provided by
Corning (Lowell, USA). The elution (5 min at room
temperature) and incubation processes were performed with
the orbital agitation of samples (200 rpm for elution and
120 rpm for incubation), using a Titramax 1000 plate
vibrator and agitator and a Unimax 1010 incubator/agitator
from the Heidolph group (Schwabach, Germany). A
Spectramax M2 (Molecular Devices Corp.) was used as a
fluorescence reader (excitation 360 nm, emission 460 nm),
and the results were compared with a 10 points 4-MU
calibration curve. Enzymatic activity was expressed as
nanomoles of hydrolyzed substrate per milliliter of blood
per hour (nmol/ml/h).

As quality control measures for the procedure, every
referred patient was evaluated for betagalactosidase and
total hexosaminidase as control enzymes, besides the
requested enzyme (Supplementary Fig. 2). To avoid
enzyme activity loss due to sample storage, the maximum
processing time between sample taking and processing was
30 days. All samples were processed by triplicate to
establish an intra assay coefficient of variance and in each
plate, besides the group of patients, a control sample and a
previously detected patient were included to see the
feasibility of the assay. It is important to note that these
control samples were not the same in each plate but they
were evaluated several times to determine inter-assay
variation. Additionally, since 2010 we are involved in an
external quality control that includes sample exchange
between research groups from Argentina, Brazil, and
Mexico (Burin et al. 2011).

Deficient activity values were found in the screening
assays for the DBS for the different enzymes under study
and were confirmed in leukocyte assays performed in
accordance with the protocols designed by Shapira et al.
(1989), Voznyi et al. (2001), and Kallwas et al. (2007) (see
Supplementary Table). Protein quantities were determined
according to Lowry et al. (1951) and BCA (ThermoScien-
tific) assays.

Statistical Analysis

An inter- and intra-assay coefficient of variance (CV) was
determined as the average value taken from all the enzymes
analyzed. Descriptive statistics were performed using the
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IBM SPSS Statistic 19 software provided by SPSS Inc.
(Special Package for the Social Sciences, Chicago, USA).
A nonparametric Shapiro-Wilk test was used to evaluate
the distribution of control groups and a Mann-Whitney test
was used to determine the difference between the popula-
tions under study. The cutoff between the enzymatic
activities of controls and patients was established using
ROC (Receiver Operating Characteristics) curves with the
same program.

Results and Discussion

Enzymatic analysis of the control population samples on
filter paper allowed establishing reference values for the
Colombian population for nine enzymes that are directly
related to hereditary disorders involving lysosomal metabo-
lism. Samples from a total of 4,700 patients, whose clinical
results were indicative of an LSD, were received during the
study period (2005–2011) from all over the nation.

This high-risk screening led to the detection of
242 patients (5.2 %) affected by different LSDs. We found
242 with enzyme deficiencies, leading to the following
diagnoses: Fabry disease (n ¼ 31), Pompe disease
(n ¼ 16), Hurler Syndrome (n ¼ 15), Maroteaux-Lamy
Syndrome (n ¼ 34), GM1 Gangliosidosis (n ¼ 10), Mor-
quio B (n ¼ 1), Gaucher disease (n ¼ 101), Sandhoff
disease (n ¼ 1), Mucolipidosis (n ¼ 2), and Hunter Syn-
drome (n ¼ 31). The enzymatic activities obtained showed
significant differences ( p < 0.001) in the catalytic agents
measured with respect to the control group (Table 2).

Internal quality controls provided evidence that the
analytical techniques used here are reproducible. To this
end, samples were evaluated in triplicate and the time
between sampling and processing was interior to 30 days.
The assays demonstrated an average intra-assay coefficient of
variance of 7.7 % for all the enzymes analyzed and an inter-
assay variability coefficient of 11.9 % (n ¼ 30). The highest
values found for any the enzymes analyzed in this study were
detected in the b-glucosidase assay, where the intra- and
inter-assay coefficients showed values of 15 % and 14.7 %.

When working with DBS samples, the suggested
storage temperature for the filter paper is � 20 �C.
However, in accordance to our experience and previous
studies (Gasparotto et al. 2009; de Castilhos et al. 2011;
De Jesus et al. 2009), the decrease in enzymatic activity
from DBS samples stored at 4 �C in 60 days is less than
6 %, which means that there is no significant difference in
the sample storage at 4 �C or � 20 �C.

Upon following up on the condition of the patients
remitted for b-glucosidase, all cases showed evidence of
various levels of leukopenia, which can affect sample quality
and has been reported to be a variant that might affect the

analytical processes (Civallero et al. 2006; Jiménez et al.
2011) (Table 2). In the present study, DBS analyses of
b-glucosidase detected 103 deficient patients and the
leukocyte assay confirmed only 101 Gaucher patients,
finding two false positives and suggesting a possible
interference due to low leukocyte counts. The other
enzymes analyzed did not have this problem, and showed
a 100% correlation between DBS and leukocyte samples.

In regard to the interferences reported in the analysis of
b-glucosidase, both the studies in DBS and the leukocytes
included the use of conduritol-b-epoxide (CBE, 0.5 mM),
which has been described as a potent inhibitor of
b-glucosidase, and allowed us to discriminate the activity
of other isoenzymes that could degrade the fluorogenic
substrate (Olivova et al. 2008). Additionally, it is important
to highlight that the described DBS protocols are not made
for diagnostic purposes, they are designed to orient the
diagnosis, but definitely this must be confirmed with the
measurement of enzymatic activities in cellular extracts.

The different methodologies led to a significant differen-
tiation of enzymatic activities between control subjects and
patients with an enzymatic deficiency. However, the evalua-
tion of a-glucosidase levels from whole blood samples
presented a challenge, given that three enzyme forms
unrelated to the disease showed catalytic activity on
4-MU-a-D-glucopyranoside. This finding was demonstrated
in the present study, where total catalytic activity was not
different between the healthy controls and the patients
(p < 0.176). A modified technique was used based on the
one reported by Kallwass et al. (2007) and Li et al. (2004),
which permitted the discrimination of the activity of the
different isoforms using acarbose as an inhibitor. This
method achieved significant differences between the controls
and the individuals affected by Pompe disease (see Table 3).

Chitotriosidase analyses, which were originally intended
to assist in the diagnosis of patients suspected to suffer from
Gaucher disease, also allowed for the evaluation of other
LSDs in many cases (n ¼ 74). Patients with Niemann-Pick
disease, Mucopolysaccharidosis, and Gangliosidosis, among
others, showed variable levels of this biomarker (Table 2).
While its detection was nonspecific, an increase in the
levels of this biomarker could be of great use in the
detection of these disorders. In relation to Gaucher patients,
Table 2 shows two different groups classified according to
their chitotriosidase activities (elevated and non elevated
with respect to the reference values), indicating that,
although useful, chitotriosidase cannot always be used as a
tool for a diagnostic approach. In the present study, we found
that 14.9 % of patients with Gaucher disease did not show a
marked increase in this biomarker. Moreover, in a previous
study that evaluated Colombian healthy subjects and patients
with LSDs, 2.6 % of control subjects showed no activity for
this enzyme (data not shown, article in preparation).
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The present study also allowed the detection of one
patient with Morquio IVB. In this case, the patient was
referred because he showed dysmorphic features and short
stature without mental commitment. The obtained results
for arylsulfatase B, a-L-iduronidase, and iduronate sulfatase
showed normal values. However, this patient showed a
marked decrease in the enzymatic activity of one of the
control enzymes (b-galactosidase). In order to support
diagnosis, we made a quantification of glycosaminoglycans
in urine samples, obtaining a value 1.5 times above the
reference value. The electroforetic pattern fund in this
sample showed excretion of keratan sulfate, which, in
correlation with clinical symptoms, allowed the diagnosis
of a mucopolysaccharidosis type IVB (Morquio B). We
also find a patient with Sandhoff disease, whose deficiency
was confirmed measuring total hexosaminidase activity and
the percentage of hexosaminidase A in leukocytes (see
Supplementary Table).

Another finding of great relevance was observed while
evaluating b-galactosidase and total hexosaminidase in all
samples as a quality control for blood extraction, drying,
and sample transport. The total hexosaminidase analysis
exhibited variable levels of increased enzymatic activity
(n ¼ 32, from 1.2 to 6.5 times above the reference value)
with significant differences (p < 0.001) compared to the
control groups. In conducting a follow-up with previously
confirmed cases, increases in activity could be related to
patients with Mucopolysaccharidosis, Gangliosidosis,
Gaucher disease, Pompe disease, and Mucolipidosis. This
result might suggest that for this enzymatic quantification,

beyond the ability to detect Sandhoff disease, a nonspecific
elevation might be a useful indicator of a lysosomal
disease. This aspect is currently under investigation and
could be of great assistance for the high-risk screening of
these disorders (Table 2).

When comparing DBS and leukocyte samples, we could
not demonstrate a quantitative exact correlation between
both samples because of the sample’s nature. While the
activity in DBS is calculated over an approximate blood
volume in the punch, the leukocyte activity is normalized to
the protein quantity measured in the sample, making the
latter a more accurate measure. Nevertheless, qualitatively
the correlation is very good.

We could not perform molecular studies for all the
deficiencies found due to the costs that these would imply.
However, in association with another research group,
we were able to develop a molecular protocol for Pompe
disease, and 11 volunteer patients were tested for a
complete study (Niño et al. 2012). At this time, patients
with Fabry disease and Hunter syndrome are under
mutation analyses.

Some articles have described interferences due to fluores-
cence quenching caused by hemoglobin (Oermardien et al.
2011). Our protocol uses a 1.2 mm punch, which dilutes the
quantity of hemoglobin in the reaction, considerably dimin-
ishing this kind of interference. These modifications also
allow to make the sample processing easier, since there is no
need to make a previous elution (the punch is directly placed
in the 96-well plate) and does not need addition of other
reagents or posterior centrifugation to get better lectures, as

Fig. 1 Final results of the application of enzymatic studies for dried blood collected on filter paper
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Table 2 Results of enzymatic activity on controlaand patient DBS

Enzyme n
Activity (nmol/ml/h)
Average DS Range CV1 CV2 Pb Cutoffc

Arylsulfatase B

Mucopolysaccharidosis type VI
(age range: 1.5–17 years)

34 0.0–2.06
M: 1.2 DS:0.67

6.4 11.47 <0.0001 2.7

Controls (<36 days) 21 4.0–31.5
M: 10.1 DS: 5.9

Controls (3 months–59 years) 625 2.9–43.2
M: 9.2 DS: 5.6

a-Galactosidase A

Fabry disease – men
(age range: 10–50.1 years)

23 0.0 –0.3
M: 0.08 DS: 0.09

8.2 10.7 <0.0001 1.15

Fabry diseased - heterozygotes
(age range: 28–67 years)

8 0.21–3.34
M: 1.0 DS: 1.0

Controls (<36 days) 80 2.5–21.9
M: 11.3 DS: 5.2

Controls (3 months–88 years) 2337 2.0–21.8
M: 7.4 DS: 3.5

a-Iduronidase

Mucopolysaccharidosis type I
(age range: 8 months–27.7 years)

15 0.0–0.65
M: 0.25 DS: 0.23

5.2 11.3 <0.0001 1.1

Normal control (<36 days) 48 3.0–19.6
M: 9.9 DS: 3.6

Normal controls (3 months–59 years) 1585 1.5–20.1
M: 9.5 DS: 3.8

b-Galactosidase

Gangliosidosis GM 1
(age range: 7 months–4 years)

10 0.1–2.3
M: 1.4 DS: 0.7

5.3 13.4 <0.01 11.4

Mucopolysaccharidosis type IVB
(age: 4 years)

1 2.1

Controls (3 months–88 years) 2354 19–99
M: 47 DS: 16

Controls (<36 days) 166 28–164
M: 71 DS: 26

b-Glucosidase

Gaucher disease
(age range: 4 months–72.8 years)

101 0.39–5.3
M:3.6 DS:1.14

15 14.7 <0.0001 5.6

Controls (6 months–63 years) 715 5.9–16.8
M:9.6 DS: 2.6

Total Hexosaminidase

Sandoff disease
(age: 1 years)

1 42.1 4.1 10.2 <0.0001 111.4

Normal controls (3 months–88 years) 1820 180.8–750.2
M: 396.3 DS:120.8

Controls (<36 days) 114 284.3–884.1
M: 527.2 DS: 130.2

Overexpression of total
Hexosaminidase activity**

32 856.4–4882.8
M: 1538.3 DS: 913.1

Iduronate Sulfatase

Mucopolysaccharidosis type II
(age range: 1.1–35 years)

31 0.0 –1.86
M: 0.86 DS: 0.43

8.0 11.2 <0.0001 6.3

Controls (<36 days) 11 19.1–44.2
M:32.8 DS: 9.3

Controls (3 months–59 years) 210 10.7–45.2
M: 24.8 DS: 7.3

(continued)
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has been described by Oermardien et al. (2011). Addition-
ally, a smaller punch allowed us to make retrospective
studies, which is a very important fact given the difficulty of
finding some of these patients after the first sampling. The
use of 1.2 mm punches allows us to reanalyze them several
times and orient to a diagnosis that can, in some cases, be
different from the initial approach.

Given the little information available in the literature
about the state of the art of these entities in our countries, it
is difficult to implement early detection protocols for LSDs,
leading to a late diagnosis and, in the worst situation, to the
death of patients without a diagnosis. Given that physicians
and health management entities are more interested in the
studies when these are made in their own countries than
when they take place outside, we think this study will
generate more interest from the medical community toward
lysosomal storage diseases.

Although working with 4-MU substrates is not new and
several authors have reported similar assays before, in
Colombia, Andean countries, and several Central American
countries, there are no high-risk screening studies for
lysosomal storage diseases that involve such a large number
of patients with a representative number of affected
subjects, over such a long period of time. In our country,
the funding for research in these orphan entities and the
investment from the government in these diseases is very

low. With this study we want to present an alternative
solution that would help achieve diagnosis for patients in
Colombia and the neighboring countries.

Conclusions

The results of this study offer reference values for healthy
controls and individuals affected by nine lysosomal
enzymes, allowing for the diagnostic approach of eight
lysosomal disorders.

To date in Colombia, Andean countries, and several
Central American countries, there are no high-risk screen-
ing studies for lysosomal storage diseases that involve such
a large number of patients with a representative number of
affected subjects, over such a long period of time. In this
regard, in the 10 years prior to the start of this project
(1995–2004), our laboratory performed enzymatic evalua-
tions on only 751 patients with clinical characteristics
related to these disorders which resulted in 26 confirmed
cases. This limitation was due to the aforementioned
difficulties regarding the handling of liquid samples, which
led us to believe that the implementation of dried blood
spots collected on filter paper would increase the number of
patients that could be tested in the upcoming years. Here
we report our increased testing capacity that allows
individuals with clinical results related to these disorders

Table 2 (continued)

Enzyme n
Activity (nmol/ml/h)
Average DS Range CV1 CV2 Pb Cutoffc

Chitotriosidase

Patients affected by Gaucher disease
and elevated chitotriosidase

86 120.9–3479.8
M:1108.9 DS: 789.9

9.4 12.4 <0.0001 96.7

Patients affected by Gaucher disease
without elevated chitotriosidase*

15 0.0–80.8
M: 41.3 DS: 34.8

Patients affected by other lysosomal
disorders***

74 20.3 – 1649.6
M: 229.1 DS:231.5

Controls (3 months–78 years) 518 2.3 –96.1
M:36.3 DS:23.2

a According to the Shapiro-Wilk test, all control groups analyzed failed to show a normal distribution (Sig. <0.05 with 95% confidence)
b Cited values correspond to the results of the non-parametric Mann-Whitney test comparing activity values of individuals affected by enzyme
deficiency and healthy controls
c Obtained through ROC (Receiver Operating Characteristics) analysis, based on a comparison between results for patients and control individuals
(99 % confidence, 100 % sensitivity, and 100 % specificity). Both sensitivity and specificity values refer to the certainty offered by each cutoff for
the enzyme analyzed. The ROC analysis was made with the complete dataset
d Results correspond to obligated heterozygotes (mothers of Fabry patients) who at the time of this writing are still not under clinical follow-up
*All referred patients with clinical findings suggesting Gaucher disease were evaluated for chitotriosidase. Eight cases showed increased
Chitotriosidase activities (range: 105–1650 nmol/ml/h) with normal b–glucosidase activity in leukocyte samples; subsequent studies indicated
Niemmann Pick disease (data not shown)
**The values shown do not establish a cutoff for the overexpression. Some patients with a confirmed diagnosis of LSD (n ¼ 32) showed increases
of 1.5 to 6.5 times above the reference value. (range: 180.8–750.2 nmol/ml/h). This study is in progress
***Patients with other LSDs and increased chitotriosidase: Gangliosidosis GM1 (n ¼ 3), Fabry disease (n ¼ 3), MPS I (n¼2), MPS II (n ¼ 1),
MPS VI (n¼1), MPS VII (n ¼ 1)
CV1: Intra assay variability coefficient. (%)
CV2: Inter assay variability coeffcient. (%) (n ¼ 30)
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to be more easily studied regardless of their geographical
location, and, in addition, permits the analysis of a high
volume of samples.

The final results of this study offer a general view of
LSDs in Colombia, disorders that were, until recently,
considered an extreme rarity in the medical field. It is
expected that these preliminary findings could stimulate
state-sponsored health systems to systematically screen for
these disorders and to support reference centers which
could offer diagnostic testing, facilitating the detection of
these disorders and enabling a timely treatment for many
patients affected by LSDs.
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Synopsis

In this report, of a 7-year screening study, we demonstrate
the usefulness of dried blood spots on filter paper for the
high-risk screening of lysosomal storage disorders.
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