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CHAPTER 1                           GENERAL INTRODUCTION 
 
 
1.1. GM1-gangliosidosis 

In the past decades genetic modifications in several genes were identified and their 

importance in the onset of inherited disease was described. Although in many cases the 

genetic modification directly correlates to the pathogenesis, different clinical manifestations 

and pathological changes were observed (Suzuki, 2006; Santamaria et al., 2007). Therefore, 

different genetic modifications in the same gene generated distinct diseases or different 

clinico-pathological profiles. A well known example is the human Morquio type B and the 

GM1-gangliosidosis. Both are generated by modifications in the beta-galactosidase gene 

(GLB1) which severely reduces the activity of the corresponding enzyme (Santamaria et al., 

2007).  The molecular pathogenesis of these diseases is still poorly understood. Three types of 

GM1-gangliosidosis an infantile, a late infantile/juvenile and an adult form are described and 

several studies demonstrated correlations between specific mutations and the onset and the 

clinico-pathological characteristics of the disease (Morrone et al., 2000). Although several 

biochemical investigations showed a positive correlation between the level of 

beta-galactosidase (GLB1) activity and the evolution of GM1-gangliosidosis, the molecular 

events controlling the disease progress to one of the three GM1-gangliosidosis forms are not 

entirely elucidated. The main hindrance in understanding the pathogenesis of 

GM1-gangliosidosis is the lack of well characterized animal models of GM1-gangliosidosis. 

Besides in humans, the disease was described as a naturally occurring illness in several animal 

species. However, the underlying genetic defects were identified only in three dog breeds 

(Portuguese water dogs, Shiba dogs, Alaskan huskies) and in cats (De Maria et al., 1998; 

Wang et al., 2000; Yamato et al., 2003; Kreutzer et al., 2005, 2007).  So far, advanced clinico-

pathological, biochemical and molecular genetic investigations were fully performed in 

Alaskan huskies and partially in Shiba dogs and cats only (Müller et al., 1998, 2001, Cox et 

al., 1999; Yamato et al., 2003; Kreutzer et al., 2005; Martin et al., 2008). Several studies 

revealed that the efficient lysosomal transport and activity of GLB1 is correlated to the 

formation of a lysosomal multienzymic complex (LMC) consisting of GLB1, neuraminidase 1 

(NEU1) and the protective protein/cathepsin A (PPCA) (Potier et al., 1990; Hiraiwa et al., 

1997). To better understand the pathogenesis of GM1-gangliosidosis a closer look at the 

expression of LMC in homozygous diseased, heterozygous and healthy individuals is 

necessary (Hiraiwa et al., 1999). In addition, GLB1 is an important marker of cellular 

senescence (Lee et al., 2006). Thus, the expression of beta-galactosidase increases while the 

cells become senescent (Litaker et al., 1998; Severino et al., 2000). It could be assumed that 

therapeutic strategies in GM1-gangliosidosis based on an over-expression or delivery of large 
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amounts of GLB1 can fail to restore the wild type phenotype by driving the target cells into 

senescence.  

In the present study GM1-gangliosidosis in Alaskan husky resembling the human type II GM1-

gangliosidosis was investigated. Thus, the animal model investigated in this study allows 

insights into the molecular events related to the expression of beta-galactosidase and its 

association with proteins forming the LMC in both humans and dogs. Furthermore, the gained 

knowledge could be useful for the development of reliable therapeutic 

strategies for both human and canine GM1-gangliosidosis. 

1.2. Cause of GM1-gangliosidosis 

The deficiency of lysosomal beta-galactosidase (GLB1; EC 3.2.1.23) causes the lysosomal 

storage disease called GM1-gangliosidosis (OMIMTM # 230500; OMIATM # 00402). This 

inherited metabolic disorder is mainly caused by structural defects in the ß-galactosidase gene 

(GLB1) (Kreutzer et al., 2005, 2007; Caciotti et al., 2007; Santamaria et al., 2007). Several 

GLB1 mutations have been identified in both animals and humans causing severe 

phenotypical impairment in homozygous dogs, while heterozygous animals remain clinically 

unaffected (Wang et al., 2000; Georgiou et al., 2005; Santamaria et al., 2006; Yamato et al., 

2006; Kreutzer et al., 2007). In animals, genetic investigations were performed in three dog 

breeds and three different GLB1 defects were identified (table 1-1).  

Table 1-1: Molecular causes of GM1-gangliosidosis in Portuguese water dogs, Shiba dogs and Alaskan 

huskies.  

    a = adenosine g-guanosine; PTC = premature termination codon; R = arginine; H = histidine; * =Wang et al., 

2000; ** =Yamato et al., 2004; ***  = Kreutzer et al., 2005; 

CANINE GM1-GANGLIOSIDOSIS  

Dog breed Genetic defect Exon Amino acid change 

Portuguese water dog 200g>a Exon 2 R60H * 

Shiba dog 1668delC Exon 15 Frame shift and PTC** 

Alaskan husky 1688_1706dup19 Exon 15 Frame shift, PTC and exon 15 skipping*** 

In humans, first mutations involving the GLB1 gene where independently identified by two 

Japanese research groups in 1991 (Nishimoto et al., 1991; Yoshida et al., 1991). Moreover, 

20% of mutations causing the human GM1-gangliosidosis are located in the exon 15 of the 

GLB1 (Caciotti et al., 2007; Santamaria et al., 2007; table 2-1).  

 

 3



CHAPTER 1                           GENERAL INTRODUCTION 
 
 
Table 2-1: Genetic modifications of human GLB1 in GM1-gangliosidosis affected individuals. 

 

TYPE I  GM1-GANGLIOSIDOSIS (infantile form) 

Genetic modification Amino acid change Exon/Intron 

175c>t R59C Exon 2‡ 

171c>g T57X Exon2† 

245+1g>a 76_245 del Exon 2 skipping  Intron 2‡ 

367g>a G123R Exon 3• 

451g>t N>T Exon4† 

IVS8+2t>c Exon 8 skipping Intron 8** 

948a>g Y316C Exon 9 •• 

1445g>a R482H Exon 14** 

1445g>t G481X Exon14† 

1527g>t W509C Exon15* 

1646g>t P549L Exon 15‡‡ 

1549g>t E517X Exon 15‡ 

1561c>t R512C Exon 15‡ 

1572_1577 INSg W527LfsX5 Exon15‡ 

1580g>a W527X Exon15‡ 

1771t>a Y591N Exon 16** 

TYPE II  GM1-GANGLIOSIDOSIS (late infantile / juvenile form) 

602g>a R201H Exon 6‡ 

601c>t R201C Exon 6** 

791t>c L264S Exon 7‡ 

815g>a G272D Exon 8‡   

TYPE III  GM1-GANGLIOSIDOSIS (adult form) 

245c>t T82M Exon 2*† 

464t>g L155R Exon5‡ 

1259c>a T420K Exon 13‡ 

C = cysteine; D = aspartic acid; E = glutamic acid; G = glycine; H = histidine; K = lysine; M = methionine; Q = 

glutamine; P = proline; R = arginine; S = serine; L = leucine; N = asparagine; T = threonine; W = tryptophan; Y 

= tyrosine; X = end of translation (stop codon); lfsX5 = frame shift and end of translation 5 codons after 

insertion; a = adenosine; t = thymidine; c = cytidine; g = guanosine.; •Yoshida et al., 1991; *†Chakraborthy et al., 

1994; ••McCarter et al., 1997; * = Kaye et al., 1997; ** = Morrone et al., 2000, 2003; † = Georgiou et al., 2004, 

2005; ‡ = Santamaria et al., 2006, 2007; ‡‡ = Caciotti et al., 2007. 

Most of the genetic modifications are missense or non-sense mutations directly affecting the 

primary structure of the GLB1 by amino acids changes or by introducing premature 

termination codons (PTC). It was also demonstrated that the PTC position triggers the 

degradation of the abnormal mRNA by non-sense mediated mRNA decay (NMD), when they 

 4



CHAPTER 1                           GENERAL INTRODUCTION 
 
 
are located more than 50-55 nucleotides upstream the 3’-most exon-exon junction (Nagy and 

Maquat, 1998; Lualdi, 2006). However, exceptions of this rule are also observed, when the 

PTCs are located downstream the last exon-exon junction (Nagy and Maquat, 1998). These 

transcripts were subsequently translated into truncated proteins by evading the cellular 

surveillance mechanisms (Asselta et al., 2001; Kreutzer et al., 2005; Lualdi et al., 2006). Non-

sense mutations can also frequently alter the splicing pattern of the PTC-containing precursor 

mRNA (pre-mRNA) by generating two mRNA populations from one pre-mRNA species (Li 

and Wilkinson 1998; Valentine 1998; Hentze and Kulozik 1999; Maquat, 2001; Cartegni et 

al., 2002, Kreutzer et al., 2005); human GLB1 and hexaminidase A gene (HEXA), expression 

profiling studies showed that several non-sense mutations trigger the NMD resulting in a 

decrease of GLB1 mRNA levels, whereas frame shift mutations generating PTCs located on 

the last exon escape mRNA surveillance mechanisms (Rajavel and Neufeld, 2001; Caciotti et 

al., 2007). Moreover, up to 15% of point mutations responsible for genetic diseases in humans 

cause aberrant splicing by exon skipping (Krawczak et al., 1992). The regulation of this 

process is still not very well understood; so far, cis-regulatory elements such as exonic 

splicing enhancers (ESEs) were mostly identified in individual cases (Schaal and Maniatis 

1999; Faustino and Cooper 2003; Královicová and Vorechovsky, 2007). For canine 

GM1-gangliosidosis a 19bp duplication (at positions +1688- +1706 in the exon 15 of the 

canine GLB1) was described for Alaskan huskies (Kreutzer et al., 2005, 2007). This genetic 

modification disrupts an exon potential splicing enhancer but also generates a PTC located on 

the exon 16 of GLB1. Due to the molecular events mentioned above two mRNA species were 

generated one with the abnormal exon 15 and the other without this exon (Kreutzer et al., 

2005; Kreutzer et al., 2007; Kreutzer et al., 2008). In addition, trans-splicing events leading to 

inter-allelic exon transfer were described in other mammalian cells (Konforti and Konarska et 

al., 1995; Eul et al., 1995; Mongelard et al., 2002). 

1.3. Clinical features and characteristics of GM1-gangliosidosis 

1.3.1. Human GM1-gangliosidosis 

According to the age of onset, severity of clinical symptoms and residual ß-galactosidase 

activity, the human GM1-gangliosidosis is classified in three types:  

- type I (Norman-Landing disease or infantile form) is characterized by rapid psychomotor 

deterioration beginning within 6 months after birth, generalized central nervous system (CNS) 

impairment, hepatosplenomegaly, facial dysmorphism, macular cherry-red spots, skeletal 
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abnormalities and early death (Suzuki et al., 1977; Morrone et al., 2000; Gort et al., 2007; 

Santamaria et al., 2007).  

- type II (Derry disease or late-infantile/juvenile form) has an onset between 6 months and 3 

years of age and affected individuals shows CNS involvement with psychomotor 

impairement, seizures and localized skeletal alterations. Unlike the severe infantile type I, this 

form is usually not associated with ocular lesions or hepatosplenomegaly. The sub-

classification into late infantile and juvenile type II GM1-gangliosidosis is based on the age of 

onset and the disease course (Caciotti et al., 2003). GLB1 enzyme activity in type II ranges 

from approximately 1,65 to 4% of control values (Nishimoto et al., 1991; Yoshida et al., 

1991).  

- type III (adult form) shows onset at early adulthood and is characterized by localized 

skeletal involvement and mild CNS impairment, like dystonia, moderate ataxia or speech 

disturbance. This type of GM1-gangliosidosis has an extreme clinical variability, with patients 

exhibiting only very mild neurological signs or displaying moderate to severe neurological 

disturbances with extrapyramidal signs (e.g. tremor, rigidity, and slowness of movement) and 

mental retardation. GLB1 enzymatic activity usually ranges from approximately 4 to 7,28 % 

of control values (Ushiyama et al., 1985; Mutoh et al., 1988).  

1.3.2. GM1-gangliosidosis in animal species 

1.3.2.1. GM1-gangliosidosis in dogs 

GM1-gangliosidosis was described in Shiba dogs, mixed Beagles, Portuguese water dogs, 

English springer spaniels and Alaskan huskies (Warner and O’Brien, 1982; Shell et al., 1989; 

Yamato et al., 2000; Müller et al., 1998, 2001). The main clinical signs in GM1-gangliosidosis 

affected Portuguese water dogs are progressive ataxia, dysmetria and nystagmus, while 

hepato- and splenomegaly were not reported (Alroy et al., 1992; Yamato et al., 2003). In the 

English springer spaniel the main disease feature are represented by delayed enchondral 

ossification, dwarfism and facial dimorphism (Kaye et al., 1992; Alroy et al., 1995) while in 

Shiba dogs progressive cerebellar dysfunctions were observed (Yamato et al., 2000). Starting 

with the age of 10 months corneal clouding and loss of vision was also reported (Yamato et 

al., 2003). In Alaskan huskies severe neurological impairment involving especially the 

cerebellum was observed (Müller et al., 1998, 2001). Similar to the human late infantile (type 

II) GM1-gangliosidosis proportional dwarfism and delayed enchondral ossification were 

described (Müller et al., 1998; 2001; Kreutzer et al., 2007). In mixed beagles, external 

strabismus severe ataxia of hind limbs and spasticity were reported (Warner and O’Brien, 
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1982). The detailed clinical particularities of GM1-gangliosidosis in dogs are presented in table 

1-3.  

Table 1-3: Clinical features of GM1-gangliosidosis in Alaskan huskies (AH), mixed-breed Beagles 

(MB), English springer spaniels (ESS), Portuguese water dogs (PWD) and Shiba dogs.  
Canine GM1-gangliosidosis Features 

AH MB ESS PWD Shiba 

dogs 

Age of onset  6-8 wk 2 mo 4-5 mo 4-5 mo 5-6 mo 

Bone deformities +/- - + + - 

Facial distortion - - + - - 

Dwarfism + n/a + n/a n/a 

Tremors + + + + + 

Ataxia + + + + + 

Spasticity n/a + n/a + + 

Seizures +/- - n/a - - 

Dysmetria/Hypermetria + + n/a + + 

Hyperreflexia of limbs n/a + n/a +/- + 

Strabismus + + n/a n/a +/- 

Nystagmus + n/a + - - 

Corneal clouding - - n/a +/- + 

Vision loss - - +/- + + 

Dysarthria - n/a n/a - - 

Dysphagia - + n/a n/a - 

Vacuolated leukocytes + + + + + 

Hepato-and splenomegaly - - - - - 

Clinical course 1-7 mo 2-10 mo 4- 9 mo 4- 9 mo 2-14 mo 

MB = mixed Beagle; ESS = English springer spaniel; PWD = Portuguese water dog; AH = Alaskan 

husky; mo = month; wk = week; n/a = not applicable; adapted afterYamato et al., 2003. 

 

According to the human classification of GM1-gangliosidosis, the disease in English springer 

spaniel dogs corresponds to the type I, while the disease in the remaining four breeds is 

similar to human type II disorder (Orgard et al., 1989; Yamato et al., 2003). Furthermore, the 

GM1-gangliosidosis in Alaskan huskies closely resembles the late infantile sub-form of human 

type II GM1-gangliosidosis (Müller et al., 1998, 2001; Kreutzer et al., 2007; Kreutzer et al., 

2008).  
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1.3.2.2. GM1-gangliosidosis in cats 

The feline GM1-gangliosidosis was described in Korat, Siamese, European shorthair and 

mixed-breed cats (Baker et al., 1971; De Maria et al., 1998; Cox et al., 1999). The first 

disease symptoms were observed in 2 to 5 months old cats (Baker et al., 1971; De Maria et 

al., 1998; Cox et al., 1999).  The clinical signs start with neurological signs followed by 

severe generalized ataxia and corneal clouding (Dial et al., 1994). In European shorthair cats 

beside neurological impairment, facial dimorphism and hepato- and splenomegaly were 

reported (Barker et al, 1986). All affected animals died 2 to 3 months after onset of the 

disease.  

1.3.2.3. GM1-gangliosidosis in cattle and sheep 

The bovine GM1-gangliosidosis affects calves in the first weeks of age. Diseased animals 

show mild vacillation of hind limbs and sluggish mastication and swallowing (Leipold and 

Denis, 1980). Subsequently corneal clouding, blindness and progressive neurological signs 

were observed (Jolly and Blackmore, 1973; Sheahan, 1978). Affected animals died until the 

age of 9 months (Sheahan, 1978). An inherited lysosomal storage disease resembling type II 

human GM1-gangliosidosis was reported in Suffolk (Ahren-Rindell et al., 1988; Murnane et 

al., 1994), Coopworth (Skelly et al., 1995) and New Zealand sheep (Murnane et al., 1991), 

while in Romney sheep a GM1-gangliosidosis similar to the human type III disorder was 

reported (Ryder and Simmons, 2001). Clinically, the main abnormalities included signs 

referable to the CNS, such as ataxia, most severe in the hind limbs, and proprioceptive 

deficits. In addition blindness and recumbency were observed. The food and water uptake 

progressively decreased leading to a severe loss of the body condition (Ahern-Rindell et al., 

1988; Prieur et al., 1991). All affected animals died as a consequence of severe neurological 

impairments. 

1.3.2.4. GM1-gangliosidosis in birds 

An inherited disorder similar to mammalian gangliosidoses was reported in a 6 month-old 

female emu (Bermudez et al., 1995, 1997; Freischutz et al., 1997). The familial association 

seen in this case and the 14- and 25-fold increases of GM1-gangliosides in the brain tissue 

compared to control emus (Dromaius novaehollandiae) suggested an etio-pathogenesis 

related to mammalian GM1-gangliosidosis. However, the massive increase of GM3 content 

could be a particularity for avian species (Bermudez et al., 1995, 1997). Clinically, 

hypermetric gait, persistent head tremor and mild ataxia were observed (Bermudez et al., 

1995).  
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1.4. Pathophysiology of GM1-gangliosidosis 

1.4.1. GM1-gangliosid and beta-galactosidase 

1.4.1.1. Structure and localization of GM1-ganglioside 

The term ganglioside was firstly used by the German scientist Ernst Klenk for lipids isolated 

from ganglion cells of the brain (Klenk, 1935). They were shown to be oligo-

glycosylceramides containing N-acetylneuraminic acid (sialic acid) residues in which the 

amino (-NH2) group is replaced by the hydroxyl group (-OH), joined via glycosidic linkages 

to one or more of the monosaccharide units, via the hydroxyl group on position 2, or to 

another N-acetylneuraminic acid residue (Löffler and Petrides, 1997). Gangliosides constitute 

10-12% of the total lipid content (20-25% of the outer layer) of neuronal membranes. Lower 

levels of gangliosides are present at all animal tissues and are mainly concentrated in “rafts” 

in the plasma membrane like, for example, the neutral oligoglycosphingolipid (Kenworthy et 

al., 2000; Nichols, 2003; Fujita et al., 2007).  

Gangliosides are specific cellular components of animal cells and are not found outside the 

animal kingdom. The most common ranges of gangliosides are derived from the ganglio- and 

neolacto-series of neutral oligoglycosphingolipids. They should be named systematically 

according to the position of the sialic acid residue(s) in their branched structures. However, 

they are more conveniently defined by a short-hand nomenclature system proposed by 

Svennerholm (1964) in which M, D and T refers to mono-, di- and tri-sialo-gangliosides, 

respectively, and the numbers 1, 2, 3, etc refer to the order of migration of the gangliosides on 

thin-layer chromatography. 

GM1-ganglioside (monosialo-tetrahexosylganglioside) the "prototype" ganglioside is a 

member of the ganglio serie of gangliosides which contain one N-acetylneuraminic acid 

residue (figure 1-1).  
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Figure 1-1: Chemical structure of GM1-ganglioside (modified after Löffler and Petrides, 1997) 

1.4.1.2. Function of GM1-ganglioside 

GM1-ganglioside has important physiological properties which impacts neuronal plasticity and 

repair mechanisms (Zeller and Marchase, 1992).  

Thus, the GM1-ganglioside: 

- potentiates the release and the action of neurotrophic molecules like brain derived 

neurotrophic factor (BDNF) and neuronal growth factor (NGF) (Ferrari and Greene 

1998);  

- regulates neurites growth and also plays an important role in the myelinisation 

processes by binding to the glial “myelin-associated glycoprotein” (Doherty et al., 

1993; Yang et al., 1996); 

- is a receptor modulator, that modifies trophic factor-stimulated receptor dimerization, 

tyrosine phosphorylation and signal transduction events of several tyrosine kinase 

receptors (Wu et al., 2007);  

- due to its location predominantly in the membranes of nerves endings and dendrites, it 

exerts, similar to glycoproteins, receptor functions (Suzuki et al., 1977);  

- plays a very important role as selective recognition sites for cellular migration during 

neuronal differentiation (Zeller and Marchase, 1992; Ferrari and Greene, 1998). 

- displays direct anti-apoptotic activities (Ferrari and Greene, 1996, 1998);  
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- is an important signal transduction molecule (Duchemin et al., 1998; McNamara et al., 

2006); 

- enhances transmitter release by stimulating the influx of Ca2+ ions into terminals upon 

membrane depolarization (Hilbush and Levine, 1991); 

- regulates the cellular Na+, K+ and Ca2+ influx/efflux by modulating the activity of 

ionic pumps and channels (Leon et al., 1981; Tessitore et al., 2004); 

- reduces the sensitivity of dopaminergic neurons to toxins (Goettl et al., 2003). 

1.4.1.3. Beta-galactosidase biosynthesis and processing 

The beta-galactosidase gene (GLB1) is located in humans on the chromosome 3 (3.21.33) and 

in dogs on the chromosome 23. In both species 16 exons encode for the lysosomal beta-

galactosidase enzyme (GLB1) and also for the non-lysosomal elastin-binding protein (EBP) 

(Okamura-Oho et al., 1996; Kreutzer et al., 2005). The EBP is generated by removing the 

exon 3 to 5 from the GLB1 pre-mRNA through an alternate splicing mechanism (Callahan 

1999; Tatano et al., 2006). The translation of GLB1 mRNA generates in humans and dogs a 

667 respectively a 668 amino acids containing precursor polypeptide. Subsequently, the 

precursor human GLB1 is co-translationally glycosylated and phosphorylated to an 88 kDa 

precursor protein (Okamura-Oho et al., 1996). Like other lysosomal enzymes, the human 

GLB1 precursor protein is transported to lysosomes along secretory pathways (Chavez et al., 

2007). The maturation of the precursor protein occurs in the cellular acidic compartment by 

proteolytic cleavage at the carboxyl-terminus. Thus, two proteolytic fragments of 64 kDa 

(mature GLB1) and respectively of 22-24 kDa are generated. Both products (64 and 22-24 

kDa) associate and generate the catalytically active mature GLB1 (Callahan, 1999; Caciotti et 

al., 2005). The correct maturation and intracellular routing of GLB1 requires its association 

with two other proteins the neuraminidase 1 and protective protein/cathepsin A (Potier et al., 

1990; Hiraiwa et al., 1997). The formation of a lysosomal multienzymic complex (LMC) 

prevents the premature degradation of GLB1 as seen in human galactosialidosis patients 

(D’Azzo et al., 1982; Okamura-Oho et al., 1996). However, the physiologic turn-over of the 

human GLB1 includes its subsequent degradation in 18 and 50 kDa polypeptides (Callahan, 

1999). Moreover, several studies using aging cells showed an accumulation and a shift in 

GLB1 activity from pH 4,5 to pH 6,0 (Litaker et al., 1998). As reported, the senescence-

associated beta-galactosidase (SA-βgalactosidase) activity is a manifestation of the normal 

beta-galactosidase residual lysosomal activity at a suboptimal pH, which becomes detectable 
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due to the increased lysosomal content in senescent cells (Choi et al., 2000; Severino et al., 

2000). 

1.4.1.4. Degradation pathway of GM1-gangliosides 

The main sites for glycosphingolipids degradation are the lysosomes. The resulting fatty 

acids, sphingoid bases and monosaccharides can be recovered for re-use or are further 

degraded. The degradation of gangliosides starts from the GM1-ganglioside followed by 

sequential removal of monosaccharide units via the action of specific exo-hydrolases from the 

non-reducing end until a monoglycosylceramide unit is reached (Wilkening et al., 2000). 

Then, the glucosylceramide β-glucosidase or an analogous GLB1 removes the final 

carbohydrate moiety to yield ceramides, which are further hydrolyzed by an acid ceramidase 

to fatty acids and sphingoid bases. Beside the lysosomal enzymes responsible for ganglioside 

degradation, a non-lysosomal degrading enzyme for glucosylceramide has been found in the 

endoplasmic reticulum. This process requires the presence of specific non-catalytically 

activator proteins, in vivo, which are glycoproteins of low molecular weight like saposin A, 

B, C and D and the ganglioside specific GM2-activator protein (Callahan, 1999; Wilkening et 

al., 2000; Shimada et al., 2003; Ciaffoni et al., 2006). The hydrolysis of membrane-bound 

GM1-gangliosides by water-soluble GLB1 starts at the water-lipid interface of the liposomes 

and is strictly dependent on the presence of either saposin B or GM2-activator protein 

(Wilkening et al., 2000; Shimada et al., 2003). The above mentioned proteins are membrane-

active and are able to retrieve gangliosides from the lipid monolayer (Giehl et al., 1999). 

Therefore, it was assumed that the activator proteins disturb the organization of the adjacent 

lipid layer, bind to GM1-gangliosides and present it to the catalytic site of water soluble the 

GLB1 (Wilkening et al., 2000; Ciaffoni et al., 2006). Disturbances in the ganglioside 

degradation pathway determine the onset of severe diseases as depicted in figure 1-2.  
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Figure 1-2: Structure, catabolic pathways, degradation impairments of sphingolipids and associated  
                    diseases (modified after Sandhoff and Kolter, 1995; Schuette et al., 2001). 

1.4.2. Pathogenesis of GM1-gangliosidosis 

1.4.2.1. Effects of GLB1 genetic modifications on enzymatic activity 

A large spectrum of mutations was observed in patients with various forms of 

GM1-gangliosidosis. The GLB1 enzyme activity ranged from 0,65 to 1,65% of control values 

for the infantile form and 4,24 to 7,28% of control values for the adult from of human 

GM1-gangliosidosis (Yoshida et al., 1991). In some cases, combined heterozygousity for two 

different GLB1 mutations was found to cause GM1-gangliosidosis (Caciotti et al., 2003). 

These observations indicated that genetic polymorphisms could modulate the enzyme activity 
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by conformational changes or by rapid degradation of the GLB1 precursor protein 

immediately after translation (Caciotti et al., 2003; Georgiou et al., 2004). Furthermore, 

mutations in common regions of the GLB1 and the elastin binding protein (EBP) determined 

the onset of the infantile form (type I) of GM1-gangliosidosis with cardiac involvement due to 

disturbances in the elastic fibers assembly (Hinek et al., 2000; Morrone et al., 2000).  

In animals, similar to the situation encountered in human GM1-gangliosidosis, a decrease in 

enzymatic activity was observed (Suzuki et al., 1977; Müller et al., 1998; Wang et al., 2000; 

Kreutzer et al., 2007). Like in humans, in homozygous diseased dogs the decreased enzymatic 

activity (1-10% of control values) correlated with the genetic alterations of GLB1 (Müller et 

al., 1998, 2001; Wang et al., 2000; Yamato et al., 2002, 2004; Kreutzer et al., 2007). The 

diversity of clinical and pathological manifestations of GM1-gangliosidosis is based on the 

substantial variability of GLB1 genetic modifications (Morrone, et al. 2003; Santamaria et al., 

2007).  

1.4.2.2. Molecular mechanisms of cellular dysfunction in GM1-gangliosidosis 

The mechanisms of the cellular dysfunction and neurodegeneration in different lysosomal 

storage disease may be unique for the individual disorders. The extent and type of 

accumulated metabolites might determine disease outcome by triggering a cascade of specific 

cellular events, which ultimately result in cell dysfunction and/or cell death. In patients with 

GM1-gangliosidosis, GLB1 mutations which severely impair the hydrolytic activity of GLB1 

lead to progressive accumulations of GM1-gangliosides, particularly in neurons. The 

continuous accumulation throughout the lifespan of the patient, is likely to be responsible for 

the neurodegenerative aspects of the disease. It was shown that some mutations in the 

infantile and adult form of GM1-gangliosidosis interfere with the phosphorylation of the GLB1 

precursor protein. As a result, the GLB1 precursor is secreted instead of being 

compartimentalized into the lysosomes and GM1-gangliosides can not be enzymatically 

degraded and accumulate in lysosomes (Hoogeveen et al., 1986). In addition, GM1-

gangliosides play an important role in modulation of the calcium efflux across the nuclear 

membrane during neuronal development and of the Ca2+ homeostasis in the endoplasmic 

reticulum (ER) compartment (Ledeen et al., 1998; Tessitore et al., 2004). The excessive 

GM1-ganglioside accumulation in lysosomes of GLB1-/- neurons impairs the overall 

degradative capacity of the organelles and results in a build-up of the gangliosides in the ER 

leading to a disruption of its homeostasis through calcium depletion (Paschen, 2003). The 

increased GM1-ganglioside concentration at the level of the ER may trigger an unfolded 
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protein response either by directly affecting the calcium transport across the ER membranes 

or by indirectly influencing the activity of other ER membrane components, including 

calcium pumps, as postulated for the cholesterol-induced UPR activation in macrophages 

(Feng et al., 2003, Tessitore et al., 2004). Moreover, the GM1 accumulation results in reduction 

of the sarcoplasmic/endoplasmic reticulum calcium ATP-ase (SERCA) activity which 

correlates with the reduced calcium uptake in the ER (Pelled et al., 2003; Tessitore et al., 

2004). The disruption of the intracellular calcium homeostasis affects the correct protein 

folding in the ER and induces an unfolded protein response (UPR) through conventional 

routes (Kaufman 1999; Hendershot 2001). The UPR begins with attenuation or inhibition of 

protein synthesis and the up-regulation of ER-resident chaperones and ends with the 

activation of specific caspases that trigger apoptosis (Kaufman 1999; Nakagawa and Yuan 

2000; Ma and Hendershot, 2001). Furthermore, in GLB1−/− mice the UPR determined the 

activation of HSPA5 heat shock 70kDa protein 5 (HSPA5) and C/EBP homologous protein 

(CHOP), as well as the c-Jun-N-Terminal Kinase 2 (JNK2) and caspase-12 (Tessitore et al., 

2004). The increased expression of CHOP coincided with cell death and the development of 

severe neuropathologic symptoms (Tessitore et al., 2004). Several studies suggest that CHOP 

mediates apoptosis in response to ER stress (Zinszner et al. 1998; Gotoh et al. 2002; Tessitore 

et al., 2004). Although little is known about caspase-12 activation at different disease stages, 

the activation of caspase-12 is induced in neurons of GLB1−/− mice supporting  the 

assumption that in vivo caspase-12 plays a direct role in cellular apoptosis under altered 

physiological conditions (Tessitore et al., 2004). In addition, a crosstalk between 

JNK-dependent and caspase-12-dependent apoptotic pathways was also demonstrated during 

the GM1-ganglioside accumulation (Tessitore et al., 2004). Neuronal apoptosis may trigger a 

localized neuro-inflammatory response, which recruits activated microglia and macrophages 

(Jeyakumar et al. 2003). An up-regulation of the pro-inflammatory cytokine inlerleukin 1-ß 

(IL1-β) as well as the pro-apoptotic tumor necrosis factor α (TNFα) and transforming growth 

factor ß-1 (TGFβ-1) was also observed (Myerowitz et al. 2002; Wada et al. 2000; Jeyakumar 

et al. 2003). The clearance of dying neurons may enhance the glycolipid concentration in 

scavenger cells, which could in turn result in UPR-mediated cell death (Feng et al., 2003). In 

this case, apoptosis could occur similarly to that observed in response to the free cholesterol 

loading of macrophages (Feng et al., 2003). Beside neuronal lesions, in GM1-gangliosidosis 

diseased cats a prominent thymic reduction with a significant decrease in CD4+CD8+ 

lymphocyte subpopulation was observed (Cox et al., 1998; Zhou et al., 1998). The reduction 
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in these lymphocytes subtypes is associated with an increase in the apoptotic rate of 

lymphocytes resident due to abnormal GM1-ganglioside accumulation (Zhou et al., 1998).  

1.4.3. Biochemical and pathological features of GM1-gangliosidosis 

1.4.3.1. Human GM1-gangliosidosis 

The GLB1 deficiency leads to a massive accumulation of GM1-gangliosides and sialo-

derivates mainly in the CNS and at a lesser extent in visceral organs (Suzuki et al., 1977). 

Beside these accumulations, in the human type I GM1-gangliosidosis a reduction of cerebral 

lipids like sulfatides, cerebrosides, phospholipids or cholesterol was reported (Kasama et al., 

1986). Thin layer chromatography investigations revealed also a renal excretion of 

oligosaccharides, glycopeptides and keratin-sulfates (Suzuki et al., 1977). Moreover, the 

white matter of the CNS showed several features of demyelination like decrease in 

lipoproteins and total lipids (Suzuki et al., 1977). Corresponding to the accumulation of non-

catabolized substrates several pathologic changes were observed. The lesions are most 

prominent in the type I GM1-gangliosidosis compared to the two other forms (Lake, 1997). At 

histological examination, cytoplasmic hypertrophy determined by accumulation of fine 

granular material causing an excentric nuclear displacement was observed in neurons and glia 

cells (Suzuki et al., 1977; Lake, 1997). The accumulation was reported also in retinal neurons 

and peripheral nerves (Mihatsch et al., 1973). In patients with type I GM1-gangliosidosis a 

proliferation of astrocytes and microglia and myelin depletion in the CNS was observed 

(Gonatas, 1965). Characteristic features of type II GM1-gangliosidosis included the loss of the 

cerebellar granular layer and Purkinje cells and aberrant neurite formation (Cervós-Navara, 

1991). In the adult form (type III) a moderate atrophy of the Nucleus caudatus and Globus 

pallidus, neuronal degeneration, gliosis and meganeurite formation was observed, whereas 

only a mild accumulation of non-catabolized substrates was found in the cerebellum (Lake, 

1997). Ultrastructurally, the presence of characteristic lamellar inclusion bodies termed 

membranous cytoplasmic bodies was demonstrated in neurons and glia cells, in all three 

forms of GM1-gangliosidosis (Suzuki et al., 1977). Extraneuronally, the presence of 

cytoplasmic irregular multivacuolar bodies or electron dense material was observed (O’Brien 

et al., 1971). 

1.4.3.2. Animal GM1-gangliosidoses 

In animals, the accumulation of GM1-gangliosides occurs mainly in the brain. However, some 

differences between species were reported (Hahn et al., 1997; Morrone et al., 2000; Müller et 

al., 2001). In Shiba dogs, a severe increase in GM1-ganglioside content in the cerebral cortex 
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and cerebrospinal fluid was described (Yamato et al., 2000, 2003, 2004). In diseased 

Portuguese water dogs and English springer spaniels high-performance thin layer 

chromatography (HPTLC) and glycolipid fractionation revealed a marked accumulation of 

GM1-gangliosides in the brain. However, a modification of the ganglioside content in the 

cerebrospinal fluid was not observed (Saunders et al., 1988; Shell et al., 1989; Alroy et al., 

1992). In diseased mixed-breed Beagles, the concentration of GM1-gangliosides was greatly 

increased in the cerebral gray matter and kidney. A striking elevation of tissue 

oligosaccharides was found in liver, kidney and spleen (Rodriguez et al., 1982). In diseased 

Alaskan huskies the GM1-ganglioside content in spinal cord and splenic tissues was 

significantly elevated compared to controls (Müller et al., 1998). Moreover, a thin-layer 

chromatography of the urine from GM1-gangliosidosis diseased Alaskan huskies showed an 

increased excretion of specific oligosaccharides, in contrast to controls or putative carriers 

(Müller et al., 1998, 2001).  

In cats, a marked decrease of beta-galactosidase activity in brain (18.9%) and liver (33.25%) 

was noticed. Furthermore, a 1,7-fold and 3-fold increase of total gangliosides was found in 

liver and brain respectively. HPTLC analyses demonstrated a massive increase in the 

GM1-ganglioside content (de Maria et al., 1998). In sheep and GLB1-/- knockout mice a 5-fold 

increase of the GM1-ganglioside content of the brain was reported (Ahern-Rindell et al., 1988; 

Matsuda et al., 1997). In GM1-gangliosidosis affected calves a residual GLB1 activity of 20-

30% was observed in leukocytes, cultured skin fibroblasts and brain tissue (Sheahan and 

Donelly, 1974; Sheahan et al., 1977; Donelly and Kelly, 1977).  

In the brains of affected emus (Dromaius novaehollandiae), the total amount of gangliosides 

derived sialic acid increased 3,3-fold compared to normal birds. The gangliosides GM1 and 

GM3 were significantly increased compared to controls (Bermundez et al., 1997). In 

comparison to the healthy emu brains, where the monosialogangliosides are undetectable, the 

brains of the diseased birds contained high levels of GM2 (Bermundez et al., 1995, 1997; 

Freischutz et al., 1997).  

Based on the decreased GLB1 activity and the ganglioside accumulation in all affected 

animals, pathological lesions are predominantly observed in the CNS. Furthermore, 

extraneuronal tissues are also affected (Alroy et al., 1992; Dial et al., 1994, Müller et al., 

2001). Histologically, affected neurons were enlarged by cytoplasmic vacuoles of different 

sizes (Hahn et al., 1997; De Maria et al., 1998; Müller et al., 2001). In addition, a severe 

cerebellar neuronal cell loss and moderate astrocytosis were observed (De Maria et al., 1998; 

Müller et al., 2001; Yamato et al., 2003). Similar to humans, GM1-gangliosidosis affected 
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animals showed formation of spheroids, torpedo-like structures and aberrant mega- and 

micro-neurites in the CNS (Ahern-Rindell et al., 1988; Murnane et al., 1991, Prieur et al., 

1991; Müller et al., 2001). Moreover, demyelination processes in the cerebellum, corpus 

callosum and the spinal cord associated with gliosis and oligodendrocytes loss were found 

(Donelly et al., 1973; Alroy et al., 1992; Kaye et al., 1992; Dial et al., 1994; Müller et al., 

2001). Immunohistological investigations revealed the abnormal presence of the stage-

specific-embryonic antigen 1 glycolipid as cause for deficient myelin synthesis in English 

springer spaniel and Portuguese water dog and Alaskan huskies (Kaye et al., 1992; Yamato et 

al., 2000; Müller et al., 2001). In affected calves a marked microglia proliferation and gliosis 

in pons and cerebellum was described (Barnes et al., 1981). Ultrastructurally, in 

GM1-gangliosidosis affected animals neuronal membranous cytoplasmic bodies were 

described (Skelly et al., 1995; De Maria et al., 1998; Yamato et al., 2000; Müller et al., 2001). 

In addition, astrocytic and microglial cytoplasmic bodies with vesicular and lamellar 

structures were reported (Murnane et al., 1991; Alroy et al., 1992).  

Liver and spleen enlargement as well as delayed enchondral ossification, similar to those 

observed in humans affected by GM1-gangliosidosis, were also reported in diseased animals 

(Alroy et al., 1992; Müller et al., 2001; Yamato et al., 2003). The ocular lesions found in 

calves and emus were due to the accumulation of non-catabolized substrates predominantly in 

the ganglion cells layer and in the inner nuclear layer of the retina (Sheahan et al., 1981; Dial 

et al., 1994; Bermundez et al., 1995, 1997; Freischutz et al., 1997). 

1.5. Molecular diagnosis of GM1-gangliosidosis 

The poor outcome of GM1-gangliosidosis associated with severe progressive neurological 

symptoms requires the precise identification of the carrier state through genotyping methods 

suitable for high throughput genetic analyses on large populations and for diagnosis on low 

gene copy numbers (Tanabe et al., 2003; Wang et al., 2004; Gu and Li, 2007; Ruan et al., 

2007). The vast majority of inherited diseases including the GM1-gangliosidosis display an 

autosomal-recessive mode of inheritance with homozygous individuals developing specific 

diseases, whereas the heterozygous carriers are phenotypically healthy (Edwards et al., 1997; 

Clarke et al., 2002). The detection of heterozygous carriers requires the direct identification of 

the genetic defect through gene of interest (GOI) amplification followed by sequencing (direct 

diagnostics) or haplotype analyses using simple sequence repeats such as microsatellites 

coupled with specific alleles (indirect diagnostics) (Dickens et al., 1999; Breen et al., 2001, 

2004; Leegwater et al., 2004). The direct diagnostic is suitable for etiological clarification as 

performed in Portuguese water dogs, Shiba dogs and Alaskan huskies affected by GM1-
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gangliosidosis (Wang et al., 2000; Yamato et al., 2000; Kreutzer et al., 2005, 2007). The use 

of microsatellite markers associated with different genes allowed the tracking of specific 

alleles in large populations during standard genetic investigations as fingerprinting analyses 

(Binns et al., 1995; Koreth et al., 1996; Naidoo and Chetty, 1998; Ichikawa et al., 2001; 

Gentilini et al., 2004). Moreover, this approach is suitable for performing large scale genetic 

analyses and for identification or exclusion of candidate genes causing specific diseases 

(Turba et al., 2005; Jayashree et al., 2006; Proschowsky and Fredholm, 2007). 
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1.7. Hypotheses, aims and outline of the thesis 

GM1-gangliosidosis represents an inherited metabolic disease caused by genetic defects of the 

GLB1. Three types of GM1-gangliosidosis an infantile, a late infantile/juvenile and an adult 

form are described in humans and several studies demonstrated correlations between the 

genetic cause and the clinico-pathological characteristics of the disease. Although several 

mutations were identified in humans and some animal species the molecular pathogenesis of 

GM1-gangliosidosis is only partly understood due to the lack of well characterized animal 

models of GM1-gangliosidosis. 

1.7.1. Hypotheses 
 
To characterize the GM1-gangliosidosis in Alaskan huskies at the molecular level following 

hypotheses have been enunciated:  

• The lack of GLB1 activity in GM1-gangliosidosis diseased Alaskan huskies is 

determined by abnormal processing, intracellular transport or lack of maturation of the 

mutant GLB1 variants 

• The mRNA expression of the lysosomal multienzymic complex components (GLB1, 

NEU1, PPCA) is genotype dependent 

• In heterozygous carriers the normal GLB1 activity is generated by  the expression of  

the wild type GLB1 allele at similar rates as in wild type individuals  

• In individuals carrying the abnormal GLB1 allele the post-transcriptional processing of 

the abnormal GLB1 precursor mRNA is influenced by modifications of the 

inclusion/exclusion rate of the abnormal exon 15 

• The microsatellite AHT K253 is associated with the GLB1 in the investigated group of 

Alaskan huskies 

1.7.2. Aims of the thesis 

The main goals of this thesis were to elucidate the patho-mechanism of GM1-gangliosidosis in 

Alaskan huskies and to establish a fast and reliable microsatellite based genotyping approach. 

Therefore, the expression of GLB1, PPCA and NEU1 in wild type, heterozygous carrier and 

homozygous diseased genotypes was analyzed. Furthermore, the intracellular localization, 

processing, and enzymatic activity of the wild type and two mutant GLB1 proteins were 
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investigated. In addition, the association between the microsatellite AHT K253 and the GLB1 

locus was analyzed. 

1.7.3. Outline of the thesis 

According to the above mentioned objectives the results were presented in three chapters (2, 

3, 4). In chapter 2 correlations between the genotype and transcriptional levels of the 

lysosomal multienzymic complex (GLB1, NEU1 and PPCA) was investigated. In the third 

chapter the post-translational processing and the intracellular trafficking of wild type and 

mutant GLB1 variants are described, and in the fourth chapter a rapid microsatellite based 

genotyping method is presented. In the chapter 5 a summarized discussion is provided. 
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Abstract 

Beta-galactosidase (GLB1) forms a functional lysosomal multienzyme complex (LMC) with 

protective protein/ cathepsin A (PPCA) and neuraminidase 1 that is important for its 

intracellular processing and activity. Mutations of the GLB1 cause the GM1-gangliosidosis. In 

order to identify additional molecular changes associated with the presence of GLB1 

mutations, the expression of LMC components in GLB1+/+, GLB1+/-, GLB1-/- fibroblasts was 

investigated at mRNA, protein and enzymatic activity levels. The obtained results showed a 

differential regulation of GLB1 and PPCA in GLB1+/- and GLB1-/- compared to GLB1+/+ 

fibroblasts. Furthermore, PPCA protein levels gradually increased with the number of mutant 

GLB1 alleles. Therefore, we propose an additional therapeutic strategy for GM1-

gangliosidosis based on increasing the GLB1 activity through co-expression with protective 

protein/ cathepsin A.  

Introduction 

Eukaryotic gene expression requires an organized chain of complex processes starting with 

the synthesis of mRNA and ending with the degradation of proteins (Stalder and Mühlemann, 

2008). Either due to structural defects or abnormal processing, impairments in these processes 

may lead to severe disorders. For several Mendelian diseases the molecular cause was 

successfully identified in the last decades (Wang et al., 2000; Yamato et al., 2002; Caciotti et 

al., 2007; Sivadorai et al., 2008). However, in the majority of the “simple” genetic disorders a 

wide phenotypic variability, in terms of clinical phenotypes and severity of the disease, was 

observed (Weatherall, 2001; Cutting, 2005; Rossetti and Harris, 2007). Therefore, clinical 

manifestations of monogenic disorders seem to be analogous to complex traits (Rossetti and 

Harris, 2007). One reason for this complexity is the regulation of gene expression at different 

levels. For different genes, certain steps in the regulation of their expression were described 

after identification of a specific clinico-pathological situation. Thus, β-galactosidase (GLB1; 

EC 3.2.1.23) deficiencies were associated with the lysosomal storage disease called GM1-

gangliosidosis (OMIM # 230500; OMIA # 00402) which displays three major types (type I, II 

and III) in humans with respect to the age of onset and clinico-pathological manifestations 

(Santamaria et al., 2007; Brunetti-Pierri & Scaglia, 2008). Other types of β-galactosidase gene 

(GLB1) mutations were also identified in Morquio B disease, a disease characterized by 

ganglioside accumulation in several organs without central nervous system involvement. 

Moreover, due to normal alternative splicing, the GLB1 encodes, additionally to β-

galactosidase, the elastin-binding protein (Hinek et al., 1993). As a consequence, structural 
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defects of GLB1 were associated with impaired elastogenesis (Caccioti et al., 2005). Similar 

variability of GM1-gangliosidosis has also been described in dogs where the disease is 

resembling either type I (in English Springer Spaniel) or type II (Alaskan Huskies, Shiba 

dogs, Portuguese Water Dog, mixed Beagle) human GM1-gangliosidosis (Yamato et al., 2003; 

Kreutzer et al., 2007). Furthermore, in humans and dogs structural defects affecting the co- 

and post-transcriptional processing of GLB1 like pre-mRNA splicing or generation of 

premature termination codons (PTC) were identified (Suzuki et al., 1991; Yoshida et al., 

1992; Santamaria et al., 2006). Other studies showed that abnormal transcripts can evade the 

cellular surveillance mechanism when the PTC is located on the last exon (Nagy and Maquat, 

1998; Asselta et al., 2001; Lualdi et al., 2006).  

In addition, at the post-translational level, the GLB1 forms a functional lysosomal 

multienzymic complex (LMC) with neuraminidase (NEU1) and protective protein/ cathepsin 

A (PPCA) which is important for its intracellular processing and activity (Pshezhetsky and 

Potier, 1993, 1996; Pshezhetsky and Ashmarina, 2001). Defects of either the hydrolytic or the 

protective components of LMC lead to abnormal phenotypes with varying degrees of clinical 

severity (Hiraiwa, 1999). Moreover, the senescence-associated beta-galactosidase was 

identified as being the normal lysosomal GLB1 whose activity is increased in physiological 

conditions related to senescence (Dimri et al., 1995; Lee et al., 2006). 

For the canine GLB1 a 19bp duplication located on exon 15 (c.1688_1706dup19) was 

identified in Alaskan huskies (Kreutzer et al., 2005; Kreutzer et al., 2007). This genetic 

modification either disrupts a potential exonic splicing enhancer sequence (ESE) leading to 

the re-framing of the mRNA by skipping the mutant exon 15 or generates a PTC on the last 

exon (Kreutzer et al, 2005). Therefore, two GLB1 mRNA populations were identified in 

diseased homozygous, one is lacking the exon 15 (ΔEx15) and the other one is carrying the 

abnormal exon 15 with the 19bp duplication (dupl; Kreutzer et al., 2005; 2007).   

Due to these different mechanisms involved in gene expression variability it is important for 

further therapeutic approaches to understand in which ‘microenvironment’ the therapy will be 

applied. To define this ‘microenvironment’ in a canine model of late infantile 

GM1-gangliosidosis, we investigated the regulation of the GLB1 mRNA expression of normal 

and abnormal variants and the GLB1 activity in different β-galactosidase genotypes. 

Furthermore, the present study analyzed how the GLB1 activity is maintained at sufficient 

levels in heterozygous individuals and investigated the relationship between GLB1 expression 

and the other LMC components, PPCA and NEU1 in different genotypes.  
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Materials and Methods 

Cell culture procedures  

Primary canine skin fibroblasts from 9 healthy dogs (3 homozygous GLB1+/+ and 6 

heterozygous GLB1+/-) and two diseased homozygous (GLB1-/-) were used (Müller et al., 

1998, 2001; Kreutzer et al., 2008). All genotypes were established based on AHT K253 

microsatellite analysis (Kreutzer et al., 2008). For all experiments fibroblasts at passage 3 

were used.  

RNA extraction, cDNA synthesis and primer design 

Total RNA was isolated from primary skin fibroblasts using the RNeasy Mini Kit (Qiagen, 

Hilden, Germany) followed by a DNase treatment (Qiagen, Hilden, Germany) according to 

the manufacturer's instructions. The OmniScript™ kit (Qiagen, Hilden, Germany), oligo dT12 

(Roche, Mannheim, Germany) and 500ng RNA were used for cDNA synthesis. The primers 

used for quantification of GLB1, PPCA, NEU1 and glyceraldehyde-3-phosphate-

dehydrogenase (GAPDH) mRNA expression were designed using Primer 3 v 0.4.0 software 

and the published sequences [(GenBank™ accession no.DQ196436, NW 876277, XM 

538838 and AB038240); (Rozen and Skaletsky, 2000)]. The characteristics of these primers 

are presented in table 2-1.  
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Table 2-1: Gene name, primer designation, sequence and amplicon length of primers used for 

quantification of different GLB1 variants, PPCA and NEU1.  

Gene name 

GeneBank 
Acc. No. 

Primer 
Name 

Sequence Positions Size of PCR 
product (bp) 

GLB1 

DQ 196436 

97fw 

98rev 

5’-TTC ACA ATT GAC TAC AGC CAC- 3’   

5’- TAA TAG CCA AGC AGG TAA TC- 3’ 

79-100 

384-405 

326 

GLB1ΔEx15  

DQ 196436* 

Ex14fw 

Ex14/16rev 

5’-TCT GAA CAT AAC CGG GAA GG- 3’* 

5’-TCC ACA GAC CCT TAA AAT C- 3’* 

1390-1409 

1475-1488 

107 

GLB1dupl         

DQ 196436* 

Dupl fw 

Ex15/16 

5’-TTG CCC CAG GAT CCC AGA C- 3’* 

5’-TAA TCC ACA CCT GAC CCT TG- 3’ *  

1697-1715 

1754-1773 

76 

PPCA  

NW 876277      

PPCAfw 

PPCArev 

5’-CCT ATG AGC AGA ATG ACA ACT CC- 3’ 

5’-GGC AGG CGA GTG AAG ATG TT- 3’ 

687-709 

954-983 

290 

NEU1 

XM 538838 

NEU1fw 

NEU1rev 

5’-CAT GTT GGT GTG GAG CAA AG- 3’ 

5’-CAC TGA GGA GGC AGA AGA CC- 3’ 

507-526 

681-700 

195 

GAPDH 

AB 038240 

GAPDHfw 

GAPDHrev 

5’-GCC AAA AGG GTC ATC ATC TC- 3’ 

5’-GGC CAT CCA CAG TCT TCT- 3’ 

340-359 

548-565 

229bp 

GLB1- canine ß-galactosidase gene; GLB1ΔEx15 – mutant canine ß-galactosidase lacking of exon 15; 

GLB1dupl – mutant canine ß-galactosidase with the abnormal exon 15 carying the 19 bp duplication;  

PPCA – protective protein/cathepsin A gene; NEU1- neuraminidase 1gene; GAPDH - glyceraldehyde-

3-phosphate-dehydrogenase;  fw = sense; rev = antisense; Ex14 = canine GLB1 exon 14; Ex14/16 = 

boundary between exon 14 and 16 in the mutant canine GLB1 lacking of exon 15;  Dupl = 19bp 

duplication in exon 15 of canine GLB1); * - primers were generated using wild type (DQ 196436) and  

mutant specific GLB1 sequences; 

To distinguish between the different populations of GLB1 mRNA (GLB1wild-type, 

GLB1ΔEx15 and GLB1dupl), specific primer pairs were designed as shown in figure 2-1. 

 

 

 

 

 

 

 39



    CHAPTER 2                          mRNA EXPRESSION ANALYSIS 
                        
 
Figure 2-1: Design of the primer pairs to detect different populations of GLB1 mRNA. 

                             

GLB1 Ex14 Ex    15 Ex16 

97fw    98rev 

Ex14 GLB1ΔEx15 Ex16 

97fw    98rev Ex14fw         Ex14/16rev

Ex14 

Ex14 = canine GLB1 exon 14; Ex15 = canine GLB1 exon 15; Ex16 = canine GLB1 exon 16; GLB1 = 

wild type canine GLB1; GLB1ΔEx15 = mutant canine GLB1 lacking of exon 15; GLB1dupl = mutant 

canine GLB1 with the abnormal exon 15 carrying the 19bp duplication; 

Quantitative RT-PCR (qRT-PCR)  

Quantitative RT-PCRs were performed in the Mx3005P™ Instrument (Stratagene, La Jolla, 

CA, USA) using a total volume of 25µl. For each reaction, 1µl cDNA was placed in a 24µl 

reaction mixture containing: 0.25µl Taq DNA Polymerase (5U/µl) (Invitrogen, Karlsruhe, 

Germany), 2.5µl supplied 10Xbuffer, 1.25µl MgCl2 (50mM), 0.5µl dNTP (10mM) 

(Invitrogen, Karlsruhe, Germany) and 0.5µl of each primer (10µM) diluted in distillated 

water. SYBR® Green I was used as DNA-binding dye while ROX was chosen as reference 

dye. The cycling temperature profile was identical for all transcripts and consisted of: 95ºC 

for 5 minutes followed by 40 cycles of denaturation at 95ºC for 30 seconds, annealing at 68ºC 

for 1 minute and extension at 72ºC for 30 seconds.  Melting curves were generated at the end 

of each amplification reaction.  

For the generation of gene specific standard curves, the PCR products were run on a 2% 

agarose gel, excised and eluted using the QIAquick Gel Extraction™ kit (Qiagen, Hilden, 

Germany). The DNA concentration was measured at 260 nm using the GeneQuant Pro™ 

RNA/DNA calculator (GE Healthcare, Freiburg, Germany). The identity of each amplicon 

was confirmed by sequencing (Agowa GmbH, Berlin, Germany). All reactions were 

performed in quadruplicates. 

Quantification of expression levels  

Each assay included two standard curves (one for the gene of interest and one for GAPDH) 

using serial 10-fold dilutions (ranging from 108 to 102 copies). The correlation coefficient (R2) 

of the standard curves was above 0,985. The slopes of the standard curves were used to 

GLB1dupl Ex16 

97fw    98rev Duplfw    Ex15/16rev

Ex     15 
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determine the reaction efficiency (E) using the equation: (E) = 10(-1/slope)-1 (Bustin, 2002). 

Thus, obtained amplification efficiencies were above 95%. Between quadruplicates, the 

median coefficient of variation (CV) was calculated as CV= SD/mean and was under 5%. 

Due to differences in the amplicon sizes, the CT-values were corrected for PCR efficiency (E) 

using the following formula: CTE=100%=CTE [log(1+E)/ log(2)]. The relative number of 

molecules for each transcript was determined by interpolating the CTE=100% values of the GOI 

to each standard curve and the obtained values were normalized with respect to GAPDH for 

each individual cDNA (Pérez, 2003). Statistical differences between groups were assessed by 

the t-test and differences with p<0.05 were considered significant.  

ß -galactosidase enzymatic assays 

GLB1 activities were measured as described (Müller et al., 1998, 2001) and were expressed in 

mU/mg protein.   

Western Blotting  

Proteins were extracted and subjected to SDS-PAGE analysis as described (Kreutzer et al., 

2008). For detection of PPCA and actin, the polyclonal anti-PPCA (Acris GmbH, 

Hiddenhausen, Germany) and anti-actin antibody (Santa Cruz Biotechnology, Heidelberg, 

Germany) were used as primary antibodies. As secondary antibodies the anti-rabbit IgG, 

HRP-linked antibody (Cell Signaling Biotechnology) and the polyclonal rabbit anti-mouse 

IgG HRP-linked antibody (Dako GmbH, Hamburg, Germany) were utilized. All antibodies 

were diluted 1:1000. 

Results 

GLB1+/+and GLB1+/- fibroblasts showed high levels of GLB1 activities while the GLB1-/- cells 

had a significant deficiency in the enzymatic activity of GLB1 (figure 2-2). In addition, no 

significant difference was observed between the GLB1 activities of GLB1+/+and GLB1+/- 

fibroblasts.  
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Figure 2-2: GLB1 activity in GLB1+/+, GLB1+/-, GLB1-/-

 fibroblasts.  
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“+/+“ - GLB1+/+ genotype; “+/-“- GLB1+/- genotype; “-/- “ - GLB1-/- genotype; 

To further investigate how GLB1 activity is maintained at similar levels in GLB1+/+and 

GLB1+/- fibroblasts, the GLB1 mRNA expression was analyzed by qRT-PCRs using the 

universal GLB1 primer pair (97fw and 98rev). These primers were designed to detect the total 

GLB1 mRNA expression which is represented by one mRNA population (GLB1wild-type) in 

GLB1+/+ fibroblasts, in GLB1+/- by three (GLB1wild-type, GLB1ΔEx15 and GLB1dupl) and 

in GLB1-/- fibroblasts by two mRNA populations (GLB1ΔEx15 and GLB1dupl). Relative 

quantification, revealed that GLB1 mRNA expression pattern in GLB1+/+, GLB1+/-, GLB1-/-
 

genotypes (figure 2-3). The expression of total GLB1 mRNA in GLB1+/- fibroblasts was 

statistically significantly higher (p <0.05) compared to GLB1+/+ and GLB1-/- fibroblasts. Thus, 

in GLB1-/- and GLB1+/- cells the GLB1 mRNA expression was two-fold and three-fold 

increased compared to GLB1+/+ fibroblasts. 
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Figure 2-3: Expression of total GLB1 in GLB1+/+, GLB1+/-, GLB1-/-

 fibroblasts. The expression of 

total GLB1 mRNA in GLB1+/- fibroblasts was significantly increased (p <0.05) 

compared to GLB1+/+ and GLB1-/- fibroblasts. 
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“+/+“ - GLB1+/+ genotype; “+/-“- GLB1+/- genotype; “-/- “ - GLB1-/- genotype; 

To determine which GLB1 population contributed to the high levels of GLB1 mRNA in 

GLB1+/- fibroblasts and to analyze possible alterations in the alternative splicing process 

between GLB1+/- and GLB1-/- fibroblasts, the expression of GLB1 variants (GLB1ΔEx15 and 

GLB1dupl) was further investigated. 

As shown in figure 2-4, the expression levels of GLB1ΔEx15 in GLB1+/- and GLB1-/- 

fibroblasts were not significantly different.  
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Figure 2-4: Expression of GLB1ΔEx15 in GLB1+/+, GLB1+/-, GLB1-/-

 fibroblasts. No significant 

differences were observed in the expression levels of GLB1ΔEx15 mRNA in 

GLB1+/- and GLB1-/- cells. 
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GLB1ΔEx15 mRNA- mutant canine GLB1 mRNA lacking of exon 15; “+/+” - GLB1+/+ genotype; “ 

+/-“ - GLB1+/- genotype; “-/- “ - GLB1-/- genotype; 

 Similar results were observed for the expression of GLB1dupl (figure 2-5). 

Figure 2-5: Expression of GLB1dupl in GLB1+/+, GLB1+/-, GLB1-/-
 fibroblasts. No significant 

differences were observed in the expression levels of GLB1dupl mRNA in GLB1+/- 

and GLB1-/- cells. 
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GLB1dupl - mutant canine GLB1 mRNA with the abnormal exon 15 carrying the 19bp duplication; 

“+/+” - GLB1+/+ genotype; “ +/-“ - GLB1+/- genotype; “-/- “ - GLB1-/- genotype; 
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The total GLB1 mRNA population is represented by the GLB1ΔEx15 and GLB1dupl variants 

in GLB1-/- fibroblasts. In addition, as illustrated in figures 4 and 5, both GLB1ΔEx15 and 

GLB1dupl levels were similar in GLB1+/- and GLB1-/- fibroblasts. It was concluded that 

GLB1+/- and GLB1-/- fibroblasts shown similar levels of GLB1ΔEx15 and GLB1dupl.  

To further investigate whether this increase in total GLB1 mRNA expression in GLB1+/- 

fibroblasts was associated with modifications in the expression of NEU1, qRT-PCR were 

performed. No significant difference was observed between NEU1 mRNA levels in GLB1+/+, 

GLB1+/- and GLB1-/- fibroblasts (figure 2-6).  

Figure 2-6: Expression of NEU1 mRNA in GLB1+/+, GLB1+/- and GLB1-/- fibroblasts. No significant 

differences were observed in the expression levels or NEU1 mRNA in GLB1+/+ 

GLB1+/- and GLB1-/- cells. 
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“+/+” - GLB1+/+ genotype; “+/-“ - GLB1+/- genotype; “-/- “ - GLB1-/- genotype; 

The investigation of the PPCA mRNA expression revealed a gradualy increased expression in 

GLB1+/+, GLB1+/- and GLB1-/- fibroblasts with the highest expression in GLB1-/- and the lowest 

expression in GLB1+/+ fibroblasts (figure 2-7).  
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Figure 2-7: PPCA mRNA expression in GLB1+/+, GLB1+/- and GLB1-/- fibroblasts. The PPCA 

mRNA expression revealed a gradualy increased expression in GLB1+/+, GLB1+/- 

and GLB1-/- fibroblasts. 
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“+/+” - GLB1+/+ genotype; “+/-“ - GLB1+/- genotype; “-/- “ - GLB1-/- genotype; 

In addition, at the protein level, PPCA showed a similar pattern of expression as at the mRNA 

level (figure 2-8).  

Figure 2-8: Expression of PPCA protein in GLB1+/+, GLB1+/- and GLB1-/- fibroblasts.  

“+/+” - GLB1+/+ genotype; “ +/-“ - GLB1+/- genotype; “-/- “ - GLB1-/- genotype; 

Discussion  

In the last decades, the genetic defects for several Mendelian disorders were elucidated and it 

was shown that different mutations can affect the expression of a single gene at multiple 

levels. Moreover, single genes are involved in various processes. Thus, the phenotypical 

manifestations of a ‘so-called’ simple genetic display avariability similar to complex traits. 

Therefore, even for the monogenic diseases the identification of the molecular cause is only 

the first step in designing further therapeutic approaches (Burrow et al., 2007). 

In the present study, the expression of GLB1, PPCA and NEU1 in GLB1+/+, GLB1+/- and 

GLB1-/- genotypes was investigated, in order to analyze additional molecular changes 

associated with the presence of GLB1 mutations. The identification and characterization of 
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such modifications are essential in developing efficient therapeutic strategies for the treatment 

of GM1-gangliosidosis.  

The majority of lysosomal genes vary substantially in their expression (Bustin, 2000). 

Thereby, modifications of the GLB1 mRNA expression under special conditions can not be 

excluded. By now, differential expression of GLB1 was analyzed by comparing wild type and 

patients suffering from GM1-gangliosidosis. Like for other monogenic diseases, analysis of 

heterozygous GLB1+/- individuals is important not only for detection of mutant allele carriers 

but also for developing strategies to antagonize the effect of the mutant allele.  

In the present study, the GLB1 activity of GLB1+/+, GLB1+/- and GLB1-/- fibroblasts was 

analyzed and, as expected, it was observed that GLB1-/- fibroblasts showed a massive 

deficiency in GLB1 activity compared to GLB1+/+ and GLB1+/- fibroblasts. Interestingly, no 

significant differences between fibroblasts carrying one or two wild-type alleles were 

identified, suggesting a differential regulation of GLB1 activity in these genotypes. To 

analyze this hypothesis, the total GLB1 mRNA expression was investigated and in GLB1+/- 

fibroblasts a significant increase of GLB1 mRNA expression was observed. In addition, 

however less prominent, the GLB1 mRNA expression was also increased in GLB1-/- 

fibroblasts compared to GLB1+/+ fibroblasts. This observation is in apparent discrepancy with 

previous reports, which showed no difference between the GLB1 expression in controls and 

GM1-gangliosidosis patients (Caciotti et al., 2007; Martin et al., 2008).  In addition, human 

GM1-gangliosidosis patients carrying splicing defects displayed a decrease in total GLB1 

mRNA expression (Caciotti et al., 2007). As previously mentioned, the 19bp duplication is 

generating a PTC which should trigger nonsense mediated decay (NMD) of the abnormal 

mRNA. However, due to its special position (more than 50-55 nucleotides upstream the 3’-

most exon-exon junction), this PTC confer ‘resistance’ against NMD (Nagy and Maquat, 

1998; Lualdi, 2006; Isken and Maquat, 2008). As a consequence, the mRNA abundance in 

carriers of such NMD-resistant mRNA differs from those lacking these RNAs. This could 

explains why the GLB1 mRNA levels were higher in GLB1-/- fibroblasts compared to GLB1+/+ 

fibroblasts in Alaskan huskies. To prove the presence of NMD-resistant mRNA and to 

investigate further the distributions of both GLB1 variants in GLB1+/- and GLB1-/- fibroblasts, 

qRT-PCR using variant-specific primers were performed. Thus, the NMD- resistant mRNA 

(GLB1dupl) was detected in GLB1+/- and GLB1-/- fibroblasts. In addition, after analysis of the 

relative quantification it was observed that a small part of this mRNA lacks the mutant exon 
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15 (GLB1ΔEx15). The obtained results suggest the presence of a post-transcriptional 

mechanism which is favoring the maintainance of the exon 15 in the abnormal GLB1 mRNA.  

Quantitative RT-PCR with variant-specific primers was also performed to determine which 

GLB1 population is responsible for the high levels of GLB1 mRNA in GLB1+/- fibroblasts. 

The GLB1 wild-type mRNA was expressed at similar levels in GLB1+/+ and GLB1+/- 

fibroblasts. This explains the presence of similar for the same levels of GLB1 activity in these 

cells. However, GLB1 activity depends on its assembly with PPCA and NEU1 proteins to 

form the lysosomal multienzymic complex (Potier 1990; Pshezhetsky and Potier 1996; 

Ostrowska et al., 2003). Albeit the elevated levels of GLB1 expression in GLB1+/- fibroblasts 

and the lack of an appropriate amount of the other LMC components seems to be associated 

with deficiencies in GLB1 activity. For this reason, we further investigated the expression of 

PPCA and NEU1 genes in GLB1+/+, GLB1+/- and GLB1+/- fibroblasts. Thus, after analysis of 

NEU1 mRNA levels in these fibroblasts no difference was observed between GLB1+/+, 

GLB1+/- and GLB1-/- cells. Furthermore, previous analyses of NEU1 enzymatic activity 

performed by our group showed no differences among the three genotypes (Müller et al., 

1998). These results are in concordance with the observation that some human GLB1 mutant 

alleles are not associated with modifications in NEU1 expression (Santamaria et al., 2007). A 

lack of variation in NEU1 expression was also described when sialidosis diseased patients 

(NEU1-/-) were compared to control healthy individuals [(NEU1+/+); (Sergi et al., 2001)]. 

Housekeeping genes characteristics were initially reported for the PPCA promoter. However, 

the distribution pattern of PPCA requires a specific regulation that cannot be anticipated by 

the housekeeping gene properties of its promoter (Rottier et al., 1998; Ponce et al., 1999). In 

the present study, the PPCA mRNA and protein levels were assessed and a significant 

genotype dependent expression pattern was observed.  Thus, an increase in the total GLB1 

mRNA level as observed in GLB1+/- and GLB1-/- fibroblasts was associated with elevated 

values of PPCA mRNA and protein. Therefore, the GLB1 activity in GLB1+/- fibroblasts 

seems to be maintained at high levels by a simultaneous increase of wild-type GLB1 allele 

and PPCA expression. Interestingly, the PPCA expression in GLB1-/- fibroblasts was 

significantly higher compared to GLB1+/- fibroblasts, suggesting a mechanism whereby the 

PPCA expression is increased in order to antagonize the lack of GLB1 activity. 

Increase GLB1 activity is the ultimate goal of an innovative therapy for GM1-gangliosidosis. 

The enzyme replacement approaches are confronted with massive overexpression (elevation 

until 65-fold) of GLB1 in mice (Takaura et al., 2003; Broekman et al., 2007; Oehmig et al., 
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2007). Senescence was associated with elevated beta-galactosidase levels (Dimri et al., 1995). 

Thus, in the case of GLB1 over-expression, the rescued cells will show senescence associated 

modifications which could have detrimental effects for these cells. Therefore, a co-expression 

of PPCA beside GLB1 could allow a GLB1 expression at physiological levels and a sustained 

stability of LMC complex giving may give rise to a more stabile GLB1 activity. 

In the present study, we proposed a new therapeutic strategy based either on PPCA expression 

alone in those cases with a residual GLB1 activity, or on a combination of PPCA and GLB1 

expression from those cases with no residual GLB1 activity.  
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Abstract 

GM1-gangliosidosis is a lysosomal storage disorder caused by a deficiency of ß-galactosidase 

activity. Human GM1-gangliosidosis has been classified into 3 forms according to the age of 

clinical onset and specific biochemical parameters. In the present study, a canine model for 

type II late infantile human GM1-gangliosidosis was investigated “in vitro” in detail.  For a 

better understanding of the molecular pathogenesis underlying GM1-gangliosidosis the study 

focused on the analysis of the molecular events and subsequent intracellular protein 

trafficking of ß-galactosidase. In the canine model the genetic defect results in exclusion or 

inclusion of exon 15 in the mRNA transcripts and to translation of two mutant precursor 

proteins. Intracellular localization, processing and enzymatic activity of these mutant proteins 

were investigated. The obtained results suggested that the ß-galactosidase C-terminus 

encoded by exons 15 and 16 is necessary for correct C-terminal proteolytic processing and 

enzyme activity but does not affect the correct routing to the lysosomes. Both mutant protein 

precursors are enzymatically inactive, but are transported to the lysosomes clearly indicating 

that the amino acid sequences encoded by exons 15 and 16 are necessary for correct folding 

and association with protective protein/ cathepsin A, whereas the routing to the lysosomes is 

not influenced. Thus, the investigated canine model is an appropriate animal model for the 

human late infantile form and represents a versatile system to test gene therapeutic approaches 

for human and canine GM1-gangliosidosis.  

Keywords: animal model, GM1-gangliosidosis, ß-galactosidase, post-translational processing  

Introduction 

GM1-gangliosidosis (OMIM 230500; OMIA ID: 000402) is a rare autosomal recessive disease 

characterized by lysosomal storage of GM1-ganglioside due to deficiency of ß-galactosidase 

activity (GLB1; EC 3.2.1.23) [1]. In humans, the consequence of GM1-ganglioside 

accumulation in the central nervous system is progressive cerebellar dysfunction [2-4]. The 

clinical phenotypes depend on the type of mutations which correlate with defects in GLB1 

maturation [5, 6]. Over 20% of the humans suffering from GM1-gangliosidosis display 

mutations in exon 15 of ß-galactosidase gene. Exon 2 is affected in 6% of the cases [7, 8]. 

The three forms of GM1-gangliosidosis in humans: infantile (type I), late infantile/juvenile 

(type II) and adult (type III) are characterized by a different age of onset and temporal 

evolution [9-12]. The precise molecular mechanisms behind these three forms are not clearly 

understood. Thus, to develop specific therapies for human GM1-gangliosidosis it is vital to use 

appropriate animal models for each form of the disease. Canine GM1-gangliosidosis resembles 

 55



CHAPTER 3                            CANINE GLB1 PROCESSING 
 

the human disease at genetically, clinical, biochemical and pathological levels [3, 13, 14, 15]. 

GM1-gangliosidosis occurs naturally in five dog breeds: mixed-breed beagles, English springer 

spaniels, Portuguese water dogs, Shiba dogs and Alaskan huskies. The molecular defects 

responsible for GM1-gangliosidosis in dogs were described only for the last three breeds [4, 

16, 17, 18]. Thus, in Portuguese water dogs with GM1-gangliosidosis exon 2 of 

ß-galactosidase gene is mutated, while for Shiba dogs the mutation occurs in exon 15 [16, 18]. 

A Shiba canine model was proposed for the type II GM1-gangliosidosis, but in these dogs the 

disease is milder than the late infantile GM1-gangliosidosis in humans with slightly later onset 

and longer survival period [3, 8, 16]. In the present study, we describe at the molecular level a 

canine Alaskan husky model for the late infantile type II GM1-gangliosidosis. 

The genetic defect in Alaskan huskies with GM1-gangliosidosis is represented by a 19 bp 

duplication, in exon 15 of the canine ß-galactosidase gene (GLB1), which partially disrupts a 

potential exon splicing enhancer (ESE) leading to exon 15 skipping in a fraction of the 

transcripts. The other transcripts retain the mutated exon 15, which generates a premature 

termination codon [4, 17]. As a result of these genetic modifications in affected homozygous 

individuals, due to a vast deficiency in the GLB1 enzymatic activity (only 1 to 10 % 

compared to homozygous healthy dogs), a massive accumulation of GM1-gangliosides in 

neuronal inclusions is observed [14, 17]. Clinically, the first disease signs are present at 6-8 

weeks after birth and steadily progressed until death of the affected individuals. The diseased 

animals show signs of progressive cerebellar dysfunctions including ataxia and spasticity 

similar with those observed in human patients with late infantile GM1-gangliosidosis [13, 14, 

17].  

Like all lysosomal enzymes, human GLB1 is transported to its final destination along the 

secretory pathways [19, 20]. Thus, the 84 kDa human GLB1 precursor synthesized on 

ribosomes contains an N-terminal signal sequence which targets its co-translational 

translocation in the endoplasmic reticulum (ER) [21, 22]. After the proteolytic cleavage of 

this signal sequence, the nascent protein undergoes glycosylation in the ER and further in 

Golgi compartments [23, 24]. Subsequently, the precursor protein is phosphorylated and 

mannose-6-phosphate targeted to the lysosomes [20,  25]. Here, in an acidic environment, the 

human GLB1 precursor protein is processed to a mature enzyme by proteolytic modification 

at the C-terminal region. The resulting proteolytic fragments (64 and 22 kDa) generate the 

fully active GLB1 [26]. Finally, the 64 kDa fragment of GLB1 is degraded to an 18 and 

respectively 50 kDa fragments by cathepsin-B like thiol proteases [24] 
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Along these secretory pathways, the human GLB1 forms complexes with protective protein/ 

cathepsin A (PPCA) and N-acetyl-α-neuraminidase (NEU1; EC 3.2.1.18) which are essential 

for intracellular routing and maintenance of GLB1 activity [26, 27]. Without PPCA, human 

GLB1 is abnormally cleaved to inactive 80 and 72 kDa peptides [24].   

For a better understanding of the molecular mechanisms underlying GM1-gangliosidosis in 

both the canine disease and human late infantile type II form, the present study focused on the 

analysis of the molecular events which connect the genetic defects to the lack of GLB1 

activity. Therefore, the possible association between the absence of GLB1 activity and the 

abnormal processing of the canine GLB1 mutants or impaired transport to the lysosomes was 

investigated. This was accomplished by following the GLB1 proteins from the synthesis on 

the ribosomes until their final destination, the lysosomes.  

Materials and methods 

Computer-aided analyses 

The canine N-terminal signal sequence necessary for GLB1 translocation into the ER was 

predicted using the SignalP 3.0 software [28, 29]. To identify the putative N-linked 

glycosylation sites the amino acid sequence of GLB1 was screened with the NetNGlyc 

software [30]. The Protein Calculator v3.3. was used to estimate the molecular weight of the 

proteins.  

RNA isolation and cDNA synthesis 

Total RNA was isolated from skin fibroblasts of healthy and affected dogs using the RNeasy 

Mini Kit (Qiagen, Hilden, Germany). A DNase (Qiagen, Hilden, Germany) treatment was 

performed according to the manufacturer's instructions. The synthesis of full length wild-type 

and mutant canine GLB1 cDNAs was performed using the SMART™ RACE method 

(Clontech, Palo Alto, CA, USA). 

Expression vector construction 

The obtained cDNAs were amplified by PCR using the proof-reading KOD HotStart® 

polymerase (Novagen, Darmstadt, Germany). The N-terminal signal sequence was amplified 

using 5’-atatggctagctccaccatggcggggttcctggttcgcatcctc-3’upstream and 5’-ggtggcgaccggtccc 

tgggtggcattgcgcaa-3’downstream primers which include the recognition sites for NheI and 

AgeI, respectively. For amplification of the wild-type (GLB1) and the mutant sequence 

lacking exon 15 (GLB1-delEx15), the 5’-atatcgagctcaactgcggaatgcttcccagagg-3’ upstream 
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and 5’-atccgcccgggcttcagtggtggtggtggtggtggacatagtccagtctcaa-3’ downstream primers were 

used. For the mutant sequence harboring the 19 bp duplication in exon 15 (GLB1-19bpdupl), 

the following downstream primer 5’-ccgcccgggcttcagtggtggtggtggtggtgatccacacctgacccttg-3’ 

was applied. Both downstream primers contained a nucleotide tag encoding 6 histidine 

residues (6xHis).  

The constructs designed to encode GLB1 proteins contained the enhanced cyan fluorescent 

protein (ECFP) sequence flanked at the 5’end by the canine N-terminal signal sequence (ss) 

and at the 3’end by the wild type or the mutant GLB1 sequences without their internal N-

terminal signal sequence (-iss). The ss was cloned in the NheI/AgeI site of the pECFP-C1® 

Vector (Takara Bio Europe, Saint-Germain-en-Laye, France) while the wild type and the 

mutant GLB1 sequences harboring the 6xHis tag at their C-terminus were introduced between 

the SacI and XmaI sites. Thus, three vectors ss-ECFP-(-iss)-GLB1-His, ss-ECFP-(-iss)-

GLB1delEx15-His and ss-ECFP-(-iss)-GLB1-19bpdupl-His were produced (Figure 3-1).  

Figure 3-1: Cloning strategy for generating fusion proteins used in the enzymatic assays and   

intracellular localization analyses; ss - signal sequence for translocation in endoplasmic 

reticulum; ECFP - nucleotide sequence encoding the enhanced cyan fluorescent protein; 

XIV, XV, XVI - nucleotide sequences corresponding to exon 14, 15, 16 from the canine 

GLB1 gene; His-tag encoding for 6 histidine residues (6xHis tag); 

 

The identity of all obtained constructs was confirmed by sequencing (Agowa GmbH, Berlin, 

Germany). 
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Cell culture procedures and transfection 

The primary canine GLB1+/+ and GLB1-/- fibroblasts obtained from healthy and respectively 

from affected Alaskan huskies and Madin-Darby Canine Kidney (MDCK) cells (ATCC CCL-

34) were maintained in Modified Eagle’s Medium (MEM) with 10% fetal calf serum (FCS), 1 

mM sodium pyruvate and 1% penicillin/streptomycin at 37°C in a water-saturated 5% CO2 

environment [14]. All reagents were purchased from PAA Laboratories GmbH, Pasching, 

Austria. Subsequently, the cells were plated in 6-well plates (Nunc GmbH & Co. KG, 

Wiesbaden, Germany) before transfection. For lysosomal staining procedures and confocal 

microscopy analyses, cells were grown on cover slips. Subsequently, the cells were 

transfected with Lipofectamine 2000® (Invitrogen, Karlsruhe, Germany) according to the 

manufacturer's instructions after they reached 60-70% confluence. 

Protein extractions 

Twenty-four hours after transfection, cells were collected by scraping on ice, centrifuged at 

4°C and then resuspended in 50 µl distilled water. To obtain the total protein extracts 3 cycles 

of freezing in liquid nitrogen and thawing at 37°C in a water bath were performed. All steps 

were done in the presence of 1 mM phenylmethylsulfonyl fluoride, 1 µg/ml pepstatin, 5 µg/ml 

leupeptin, and 5 µg/ml aprotinin (Sigma-Aldrich, Taufkirchen, Germany). 

ß -galactosidase enzymatic assays 

GLB1 activity was measured using 4-methylumbelliferyl-ß-D-galactopyranoside (4-MU-G, 

Sigma-Aldrich, Taufkirchen, Germany) as previously described [14, 31, 32, 33]. Briefly, 

GLB1 cleaves 4-MU-G to galactose and the fluorescent compound (4-MU). The 4-MU 

released is measured at 365 nm and 455 nm and the GLB1 activity is given in mU/mg protein. 

Fibroblasts from Alaskan huskies GLB1+/+ dogs were used as positive controls. 

Normalization of ß -galactosidase activities 

The ß -galactosidase activities were normalized to the amount of total protein and transfection 

efficiency. The transfection efficiencies were expressed as the percentage of ECFP-expressing 

cells from the total number of cells. Then, the ß -galactosidase activities from the transfected 

cells were extrapolated to 100% of transfection efficiency. For detection of ß –galactosidase 

activities in transfected and non-transfected cells, the same number of cells was used. Finally, 

the ß –galactosidase activities were presented as mU /mg total protein. All experiments were 

performed in triplicate. 
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SDS/PAGE and immunoblotting 

Aliquots (10 µl) of total protein extracts were subjected to SDS-PAGE analysis using a 10% 

(w/v) gel, followed by transfer to a nitrocellulose membrane (Amersham Hybond™ ECL™, 

GE Healthcare, Freiburg, Germany). Non-specific binding sites were blocked with 5% (w/v) 

skim milk (Merck KGaA, Darmstadt, Germany) in PBS [34]. Then, the membrane was 

incubated either with BD Living Color™ A.v. Monoclonal Antibody (anti-ECFP antibody) 

(Clontech- Takara Bio Europe, Saint-Germain-en-Laye, France) or with Penta-His antibodies 

(anti-His antibody) (Qiagen, Hilden, Germany). After washing 3 times with PBS, the 

membrane was incubated for 2 hours with the secondary antibody, horseradish peroxidase-

conjugated goat anti-mouse IgG (Sigma,-Aldrich, Taufkirchen, Germany). For protein 

visualization the ECL System (GE Healthcare, Freiburg, Germany) was used.  

Lysosomes staining and imaging 

Acidic organelles were labeled with the acidotropic dye LysoTracker® Red DND-99 

(Invitrogen, Karlsruhe, Germany) or with anti lysosomal-associated membrane protein 1 

(LAMP-1) antibody (Acris Antibodies GmbH, Hiddenhausen, Germany). For LysoTracker 

staining, twenty-four hours after transfection the cells were pre-incubated for 30 minutes with 

50 nM LysoTracker dye. For immunostaining with LAMP-1, the cells were washed with PBS 

and then fixed with 4% paraformaldehyde for 30 minutes at room temperature (RT). After an 

additional washing step, the cells were permeabilized with 0.25% Triton-X (Sigma-Aldrich, 

Taufkirchen, Germany) in PBS (PBST) for 15 minutes. To block unspecific binding sites, the 

cells were kept in 5% goat serum (Sigma-Aldrich, Taufkirchen, Germany) in PBST for 30 

minutes. The cells were then incubated overnight at 4°C with the LAMP-1 antibody diluted 

1:1000 in PBST. After 10 minutes washing in PBST, cells were incubated for 30 minutes with 

Cy3 conjugated AffiniPure goat anti-mouse (Dianova GmbH, Hamburg, Germany) diluted 

1:200 in PBST. Then, the cells were washed with and kept in PBS until embedded with 

Fluorescent mounting medium® (Dako Deutschland GmbH, Hamburg, Germany). Ulterior, 

the lysosomes labeled with LysoTracker and respectively with Cy3 were imaged with an 

inverted microscope Leica DM IRE2 (Leica, Wetzlar, Germany) using a HeNe 543 nm laser. 

For visualization of ECFP-fused proteins an Ar-Ion 488 nm laser was used. Full-frame images 

(1024 pixels × 1024 pixels) were taken with an oil immersion objective (Plan-Apochromat 

63x/1.40 Oil DIC, Leica, Wetzlar, Germany), with an interval of 0,5 μm and a flattened z-

stack image of the confocal images was generated. 
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Results 

Predicted characteristics of canine compared to human GLB1 

Screening of the amino acid sequence with the SignalP 3.0 software revealed a potential 

signal sequence at the N-terminus of the canine GLB1 precursor protein. The identified 

potential signal sequence was similar to the signal sequence for translocation in the ER 

present in the human GLB1. To determine whether the 29 amino acid long hydrophobic 

sequence has the ability to drive the protein to the ER, the corresponding nucleotide sequence 

was cloned in front of the ECFP sequence for generating the ss-ECFP vector. Then, MDCK 

cells were transfected with ECFP and ss-ECFP plasmids and the location of these proteins 

was visualized by confocal microscopy. As shown in figure 3-2, those proteins containing the 

29 amino acid sequence at the N-terminus were driven into the ER and further into the Golgi 

apparatus, whereas the proteins without this sequence remained in the cytosol.  

 

 

 

 

 

 

Figure 3-2: Localization of ECFP and ss-ECFP proteins in MDCK cells, 24 hours after transfection; 

A- uniform cytoplasmic distribution of ECFP protein; B – endoplasmic reticulum and 

Golgi apparatus (arrows) distribution of ss-ECFP protein. 

For the human GLB1, the cleavage site used for lysosomal maturation of the enzyme was 

located in the amino acid sequence encoded by exon 15 (S543 F555). A similar cleavage 

locus (S544 F556) was identified in the amino acid sequence encoded by exon 15 of the 

canine GLB1 gene. This cleavage site is missing in the canine GLB1-delEx15 mutant protein. 

Furthermore, by screening the canine GLB1 amino acid sequence with the NetNGlyc 

software, six putative N-glycosylation sites at positions N27, N248, N465, N499, N546 and 

N556 in the wild type canine GLB1 and the canine GLB1-19bpdupl mutant protein and only 

3 sites (N27, N248, N465) in the canine GLB1-delEx15 mutant protein were identified.  

Similarly, the human GLB1 contains a cleavage site at A594R595 which was involved in 

abnormal degradation in the absence of PPCA [24]. In the canine GLB1 amino acid sequence 
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this presumptive cleavage site is also present at positions A595R596. The predicted size of 

glycosylated canine GLB1 precursor was 84 kDa. After proteolytic cleavage in lysosomes, the 

putative sizes of the resulting two fragments resulted were 64 and 20 kDa. Without the 

internal signal sequence (-iss), the corresponding sizes for the mutant precursor proteins 

(GLB1-delEx15 and GLB1-19bpdupl) were 74.5 and 75.2 kDa respectively. 

Intracellular localization, processing and enzymatic activity of wild type and mutant 

canine GLB1  

For the analysis of intracellular routing of the canine GLB1, ECFP-fused canine GLB1-His-

tagged proteins were used. To demonstrate that the ECFP and His sequences do not modify 

the normal behavior of GLB1 in the cells, the GLB1 activities from MDCK, GLB1-/- and 

GLB1+/+ fibroblasts transfected with ss-ECFP-(-iss)-GLB1-His and ss-(-iss)-GLB1 constructs 

were compared. The GLB1 activity was similar in all transfected cells (Figure 3-3), therefore 

the ss-ECFP (-iss)-GLB1-His plasmids were used for further experiments.  

 

 

 

 

 

 

 

 

 

Figure 3-3: Influence of ECFP and His tag on canine GLB1 activity in MDCK cells, GLB1-/- and 

GLB1+/+ fibroblasts; the data shown that GLB1 activity (mU/mg) increased after 

transfection with the wild type GLB1 containing vectors, while no difference in GLB1 

activity was detected between those cells transfected with ss-(-iss)-GLB1-His or ss-ECFP-

(-iss)-GLB1-His vectors; non-transfected - endogenous GLB1 activity in MDCK cells, 

GLB1-/- and GLB1+/+ fibroblasts; ss-ECFP - GLB1 activity in cells transfected with the ss-

ECFP construct; ss-(-iss)-GLB1 - GLB1 activity in cells transfected with the wild type 

GLB1 without ECFP and His tag; ss-ECFP-(-iss)-GLB1-His - GLB1 activity in cells 

transfected with the construct containing a signal sequence (ss) for internalization into the 
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ER, before ECFP sequence and the wild type GLB1 without its signal sequence (-iss), 

fused to 6xHis at C-terminus.  

To investigate if the canine GLB1 protein encoded by ss-ECFP-(-iss)-GLB1-His reached the 

lysosomes, the MDCK cells were transfected with the ss-ECFP-(-iss)-GLB1-His construct. 

The intracellular location of the GLB1 was assessed by confocal microscopy, after a specific 

staining of the lysosomes with LysoTracker. Thus, as shown in figure 3-4, ECFP and 

LysoTracker fluorescence co-localized, indicating that GLB1 protein reached the lysosomes. 

 

Figure 3-4: Localization of wild type canine GLB1 in MDCK cells transfected with ss-ECFP-(-iss)-

GLB1-His construct; confocal microscopy analyses revealed the lysosomal localization of 

wild type GLB1; I - lysosomes stained with LysoTracker (red); II - wild type canine 

GLB1 detected by ECFP fluorescence (green); III - co-localization of LysoTracker and 

GLB1 (amber); magnification 630X. 

Similar results were obtained after staining the lysosomes with LAMP-1 antibody (data not 

shown). 

To determine if the canine GLB1 undergoes similar lysosomal proteolytic modifications as 

the human GLB1, Western blot analyses were performed with antibodies against the ECFP 

and 6xHis tag. As shown in figure 2-5A line 1, the ECFP-GLB1-His precursor protein 110 

kDa (84 kDa + 26 kDa ECFP protein) is partially processed to a 90 kDa fragment (64 kDa + 

26 kDa ECFP protein) which represents the ECFP fused N-terminus proteolytic fragment of 

the mature form of the enzyme produced in the lysosomes after cleavage at S544F556 locus. 

Moreover, as a result of further normal N-terminus degradation of GLB1 by the resident 

proteases an additional fragment of 44 kDa (18 kDa + 26 kDa ECFP protein) was observed. 
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Furthermore, beside the ECFP-GLB1-His precursor protein of 110 kDa (84 kDa + 26 kDa 

ECFP protein), Western blot analyses using an anti-His antibody revealed the presence of a 

20 kDa specific polypeptide (Figure 2-5B; line 1). This represents the C-terminus proteolytic 

fragment of the mature GLB1 produced after cleavage at S544F556 locus. To examine 

whether this fragment is generated by lysosomal processing, a canine GLB1 protein designed 

to be retained in the ER was also analyzed (ss-ECFP-(+ iss)-GLB1). This protein showed 

neither processing to the 90 and 44 kDa fragments (Figure 5A; line 2), nor to the 20 kDa 

fragment (Figure 3-5B; line 2).  

 

 

 

 

 

 

 

 

Figure 3-5: Processing of wild type ECFP fused GLB1 in MDCK cells; the Western blot images 

shown the lysosomal maturation of wild type GLB1 as indicated by the presence of the 90 

kDa (A, line 1) and 20kDa (B, line1) bands, in comparison with the ER resident GLB1 

protein (A, B, lines 2) A - 110 kDa canine GLB1 precursor protein (84 kDa precursor 

GLB1 + 26 kDa ECFP ), 90 kDa processed fragment (64 kDa mature GLB1 + 26 kDa 

ECFP) and 44 kDa fragment (18 kDa GLB1 fragment + 26 kDa ECFP) were detected 

using anti-ECFP antibody; B - 110 kDa canine GLB1 precursor protein (84 kDa precursor 

GLB1 + 26 kDa ECFP) and 20 kDa polypeptide was observed using anti-His-antibody; an 

unspecific band of ~40kDa appeared in figure 5B line 1 and 2. 

This result attested the lysosomal origin of the 20kDa fragment. To further determine whether 

possible processing differences between the wild type and the mutant proteins are responsible 

for the lack of the GLB1 activity in the homozygous individuals carrying the 19 bp 

duplication, the intracellular routing and the processing of the mutant proteins was 

investigated. MDCK cells and GLB1-/- fibroblasts were transfected with ss-ECFP-(-iss)-

GLB1delEx15-His and ss-ECFP-(-iss)-GLB1-19bpdupl-His vectors. In comparison with the 

wild type GLB1 protein, the mutant GLB1 proteins were inactive (Figure 3-6).  
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Figure 3-6: Comparison between the enzymatic activities of wild type and mutant GLB1 proteins in 

MDCK cells and GLB1-/- fibroblasts; the data shown that GLB1 activity (mU/mg) 

increased after transfection with the wild type GLB1 containing vector, whereas in cells 

transfected with the constructs which encodes for mutant GLB1 proteins the GLB1 

activity decreased under the levels of non-transfected cells. ss-ECFP – GLB1 activity in 

cells transfected with the ss-ECFP construct; ss-ECFP-(-iss)-GLB1-His - GLB1 activity in 

cells transfected with ss-ECFP-(-iss)-GLB1-His construct which encodes for the wild type 

GLB1; ss-ECFP-(-iss)-GLB1delEx15-His - GLB1 activity in cells transfected with ss-

ECFP-(-iss)-GLB1delEx15-His construct which encodes the mutant GLB1 without the 

sequence encoded by exon 15; ss-ECFP-(-iss)-GLB1-19bpdupl-His -  GLB1 activity in 

cells transfected with ss-ECFP-(-iss)-GLB1-19bpdupl-His construct which encodes the 

mutant GLB1 harboring the 19 bp duplication inside the exon 15 sequence. 

Moreover, the intracellular localization of these mutant proteins was observed by confocal 

microscopy after specific staining of the lysosomes with LysoTracker. For this purpose, 

MDCK cells were transfected with ss-ECFP-(-iss)-GLB1delEx15-His and ss-ECFP-(-iss)-

GLB1-19bpdupl-His vectors. As the wild type protein, a fraction of the mutant proteins was 

also located in the lysosomes (Figure 3-7A and B).  
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Figure 3-7: Intracellular localization of the canine GLB1-delEx15 (A) and GLB1-19bpdupl (B) 

mutant proteins in MDCK cells; the confocal images shown lysosomal localization of the 

mutant GLB1 proteins. IA, IB - lysosomes stained with the LysoTracker (red); IIA, II B- 

mutant GLB1 lacking the nucleotide sequence encoded by exon 15 (GLB1-delEx15) and 

mutant GLB1 containing exon 15 with the 19 bp duplication (GLB1-19bpdupl), 

respectively (green); IIIA, IIIB – co-localization of LysoTracker with GLB1-delEx15 or 

GLB1-19bpdupl (amber); magnification 630X . 

Similar results were obtained after staining the lysosomes with LAMP-1 antibody (data not 

shown). 

 To determine whether the mutant proteins are proteolytically modified at the lysosomal level 

Western blot analyses with antibodies against ECFP and His-tag were performed. It was 

observed that the N-terminal processing of the mutant proteins and wild type protein was 
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identical. Thus, the mutant precursor proteins of 100,5 kDa and respectively 101,2 kDa are 

both processed to the 90 kDa and 44 kDa fragments like the wild type precursor protein 

(Figure 2-8 A; lines 1,2 and 3). In contrast, the C-terminal processing of the mutant proteins 

differed from those of the wild type protein as assessed by the variation in the small 

polypeptide bands, 20 kDa for the wild type protein (Figure 2-8 B; line 1) as compared to a 

11kDa for the GLB1delEx15 (Figure 2-8 B; line 2) and no polypeptide for the GLB1-

19bpdupl mutant) (Figure 3-8 B; line 3). 

 

Figure 3-8: Processing of wild type canine GLB1 (lane 1) and mutant GLB1delEx15 (lane 2) and 

GLB1-19bpdupl (lane 3) proteins; the Western blot images shown that all GLB1 proteins 

are similar processed at the N-terminal end (A), but differentially cleaved at the C-

terminal end. A - 110 kDa (84 kDa GLB1 + 26 kDa ECFP), 100.5 (74.5 kDa 

GLB1delEx15 + 26 kDa ECFP) and 101.2 kDa (75.2 kDa GLB1-19bpdupl + 26 kDa 

ECFP) precursor proteins; 90 kDa processed fragments (64 kDa mature GLB1/ 

GLB1delEx15/ GLB1-19bpdupl + 26 kDa ECFP) and 44 kDa proteolytic fragments (18 

kDa GLB1/ GLB1delEx15/ GLB1-19bpdupl + 26 kDa ECFP) were observed with anti-

ECFP antibody; B - 110 kDa (84 kDa GLB1 + 26 kDa ECFP), 100.5 kDa (74.5 kDa 

GLB1delEx15 + 26 kDa ECFP) and 101.2 kDa (75.2 kDa GLB1-19bpdupl + 26 kDa 

ECFP) precursor proteins were observed with His antibody; using the same antibody in 

lane 1 was observed a 20 kDa cleavage product while in lane 2 a 11 kDa cleavage product 

was detected. 

Discussion 

In the present study, the intracellular localization, processing, and enzymatic activity of the 

wild type and two mutant GLB1 proteins were investigated in a canine model of GM1-
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gangliosidosis with the ultimate goal of elucidating the patho-mechanism of GM1-

gangliosidosis [4, 14]. 

Using clinical and biochemical data it was demonstrated that GM1-gangliosidosis in dogs 

resembled its human counterpart to a higher extent than GM1-gangliosidosis in genetically 

engineered mice [12, 16, 35- 37]. Unlike in humans, a regulatory mechanism in the murine 

brain involving an active desialylating enzyme reduces the GM1-ganglioside accumulation 

thus leading to high levels of asialo-GM1 (GA1). In this model it is difficult to differentiate the 

phenotypic effects of GM1 from those of GA1 accumulation. Moreover, due to this molecular 

system, high levels of GM1, typical for types I and II GM1-gangliosidosis are attained in 

genetically engineered mice only at an adult age [38-40]. 

For further therapeutic approaches, the similarities between canine and human GLB1 were 

investigated at the molecular level. Furthermore, the role of canine GLB1 mutants in onset of 

GM1-gangliosidosis was also elucidated. 

First, structural features, lysosomal transport and maturation of canine GLB1 were 

investigated and compared to those of human GLB1. Both enzymes have an identical 

cleavage sequence for proteolytic maturation in lysosomes (N542S SNYT LPAFYMGGNPF 

555) [22) 26]. This demonstrated that the canine GM1-gangliosidosis resembled its human 

counterpart not only at the clinical, but also at the molecular level. 

To determine whether the lack of GLB1 activity observed in affected dogs is the result of an 

abnormal transport through the cell or is a consequence of an abnormal proteolytic processing 

of the C-terminus, the influence of two distinct genetic modifications in the GLB1 mRNA on 

the intracellular trafficking of the corresponding proteins was investigated.  

Both cell types analysed, MDCK cells and canine GLB1+/+ fibroblasts, revealed a similar high 

level of endogenous GLB1 activity, in comparison with canine GLB1-/- canine fibroblasts, 

which had almost undetectable levels of GLB1 [14]. After transfection with ss-ECFP-(-iss)-

GLB1-His vector, the GLB1 activity in canine GLB1-/- fibroblasts as well as in MDCK cells 

increased substantially. In transfected canine GLB1-/- fibroblasts, the GLB1 activity reached 

the level of non-transfected canine GLB1+/+ fibroblasts. Interestingly, in the immortal MDCK 

cells transfected with the ss-ECFP-(-iss)-GLB1-His construct, the GLB1 activity exceeded 

that from the non-transfected MDCK cells. In GLB1-/- fibroblasts transfected with the same 

construct the GLB1 activity did not increase over the GLB1 activity level from the primary 

non-transfected GLB1+/+ fibroblasts. The observed differences between the immortal cell line 

(MDCK) and the primary cells (GLB1+/+ fibroblasts) suggests the presence of an intracellular 
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restrictive factor which protects the primary cells from entering into premature cellular 

senescence by limiting an increase in GLB1 activity over the level of primary GLB1+/+ 

fibroblasts [41-43]. Differences between immortalized and primary cells regarding 

senescence-associated GLB1 (wild type GLB1) activities were already described [44]. The 

activity of GLB1 depends largely on protective protein/cathepsin A (PPCA) which forms 

oligomers with GLB1 in a strict regulated molecular ratio of 8 to 4. These complexes are 

essential for the correct folding and the transport of human GLB1 into the lysosomes, hereby 

acting as a possible GLB1 activity restrictive factor [45- 47]. In view of the great similarity 

between the human and canine GLB1 it is plausible to propose a similar complex formation 

between GLB1 and PPCA with a comparable molecular ratio [18, 35]. Interestingly, when 

MDCK cells were transfected with ss-ECFP-(-iss)-GLB1delEx15 and ss-ECFP-(-iss)-GLB1-

19bpdupl vectors the GLB1 activity decreased. This could be due to dimer formation between 

wild type and mutant protein forms. Alternatively, it is likely that the transport behavior of the 

wild type endogenous enzyme is substantially hampered due to the reduction in the number of 

PPCA molecules, since part of these associate also with the mutant proteins. Subsequently, 

these abnormal complexes may decrease the activity of the wild type proteins [26, 27]. 

Moreover, canine GLB1 localization analyses showed that only a fraction of the wild type 

protein was found in lysosomes suggesting an inefficient transport into the lysosomes, 

probably due to an insufficient concentration of PPCA [46]. Similar results were observed 

after Western blot analyses, where only a fraction of wild type precursor protein was 

processed at the C-terminal end to a mature form of the enzyme. The processing occurs in 

analogy to the situation in humans [20, 26]. 

As expected, analyses of GLB1 levels in GLB1-/- fibroblasts transfected with constructs 

encoding the mutant proteins revealed that the abnormal precursor proteins did not result in 

detectable enzymatic activity. Similar to humans the amino acid sequence encoded by exon 

15 and 16 is essential for the activity of canine GLB1 [26]. In humans, modifications in the 

polypeptide region encoded by these exons have shown to induce major conformational 

changes and impair the maturation of the GLB1 [5, 20, 24, 26]. Based on the obtained results 

using both abnormal canine GLB1 variants (GLB1delEx15 and GLB1-19bpdupl) it was 

demonstrated that in dogs, similar to humans, a correct amino acid sequence in the C-terminal 

region is a prerequisite for correct processing and precursor maturation. Surprisingly, the lack 

of these amino acid sequences is not important for the further transport of both mutant 

proteins to the lysosomes. These observations indicate that the mannose-6-phosphate signal 

for lysosomal trafficking of canine GLB1 is not located on the asparagine residues 499, 546 

 69



CHAPTER 3                            CANINE GLB1 PROCESSING 
 

and 556 within exon 15. The significant modifications at the C-terminus result in different 

processing of the mutant proteins in the lysosomes as compared to the wild type species. 

Thus, deletion of exon 15 in the canine GLB1-delEx15 mutant and the subsequent elimination 

of the canonic cleavage site do not block cleavage. In fact, cleavage takes place via an 

alternative cleavage recognition sequence that is presumably located on the sequence encoded 

by the exon 14. Moreover, due to the presence of a proteolytic fragment with an apparent 

molecular weight of 18 kDa (as a 44 kDa hybrid molecule with the 26 kDa ECFP protein) in 

all GLB1 variants, it could be further assumed that a recognition cleavage site is located in the 

amino acid sequence encoded by exon 4. While our results differ significantly from previous 

reports, showing diverse proteolytic fragments of canine GLB1 of 32 kDa and 60 kDa, they 

conform very well with proteolytic cleavage described for the human GLB1 [20,  24, 35, 48]. 

Altogether, the results of the present study reveal that canine GM1-gangliosidosis is an 

appropriate animal model for the human late infantile form. Both mutant protein precursors 

are enzymatically inactive, but are transported to the lysosomes clearly indicating that the 

amino acid sequences encoded by exons 15 and 16 are necessary for correct folding and 

association with PPCA, whereas the routing to the lysosomes is not influenced. The present 

study additionally show that the investigated canine model represents a suitable platform for 

developing therapeutic strategies in both human late infantile (type II) and canine GM1-

gangliosidosis. 
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Abstract 

The GM1-gangliosidosis is an autosomal recessive lysosomal storage disease caused by 

structural defects of the ß-galactosidase gene (GLB1) which lead to a severe phenotypical 

impairment in homozygous individuals, whereas heterozygous carriers remain clinically 

normal. Currently employed DNA parentage tests include the analysis of microsatellites, 

which also have a diagnostic predictive value. The aim of the present study was to provide a 

reliable tool for genotyping the canine GLB1 which can be effectively integrated in parentage 

testing investigations. For this purpose the association between the GLB1 gene and the AHT 

K253 microsatellite was analyzed in 30 Alaskan huskies (11 GLB1+/+, 17 GLB1+/- and 2 

GLB1-/-dogs). The 143 bp AHT K253 microsatellite allele was identified only in GLB1+/- and 

GLB1-/- animals and was in strong linkage disequilibrium with the causative mutation for 

GM1-gangliosidosis, a 19 bp duplication within exon 15 of the GLB1 gene. The results of the 

present study revealed a 100% concordance between the previous established genotypes and 

those obtained after the analysis of the AHT K253 microsatellite. Thus, the genotype of the 

AHT K253 microsatellite, which is routinely determined during dog parentage testing, has a 

high predictive value for the GM1-gangliosidosis carrier status.  

 

Keywords: GM1-gangliosidosis, diagnosis, microsatellite, parentage testing 

1. Introduction 

GM1-gangliosidosis (OMIM # 230500; OMIA # 00402) is an autosomal recessive 

lysosomal storage disease caused by structural defects of the ß-galactosidase gene (GLB1) [1-

5]. In all affected species GLB1 mutations cause severe phenotypical impairment in 

homozygous individuals, whereas the heterozygous carriers remain mainly unaffected [3,6-9]. 

The poor outcome of the GM1-gangliosidosis associated with severe progressive neurological 

symptoms requires the identification of the carrier status by molecular genetic analyses 

[1,3,9]. In dogs, GM1-gangliosidosis has been reported so far in five breeds: mixed-breed 

beagles, English springer spaniels, Portuguese water dogs, Shiba dogs and Alaskan huskies 

[1,6,8,10]. The molecular defects responsible for GM1-gangliosidosis in dogs were described 

only for the last three breeds [1,6,10]. In Alaskan huskies, the GM1-gangliosidosis is caused by 

a 19 bp duplication in exon 15 of the GLB1 gene [1,2].  

Well characterized canine genomic resources are now available [11,12,13]. They 

facilitate DNA parentage tests and mapping of abnormal genes using microsatellite-based 

approaches in large families or populations [14,15].  
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Initially, GM1-gangliosidosis diagnostic was based on detection of beta-galactosidase 

activity [16]. This test allowed the detection of the GM1-gangliosidosis affected patients but 

failed to identify the heterozygous carriers which might have similar beta-galactosidase 

activities as homozygous healthy animals [16,17]. Recently, GLB1 specific PCR-based assays 

became available [1,6,10]. These tests were developed after identification of the GLB1 genetic 

defects and they require a separate DNA analysis in addition to the DNA parentage tests [3,8]. 

The currently employed DNA parentage tests include the analysis of 10 – 15 microsatellites 

which are distributed on different canine chromosomes.  

We analyzed whether the routinely employed parentage control marker AHT K253 on 

chromosome 23 would be suitable to predict the GM1-gangliosidosis carrier status as well.  

 

2. Materials and Methods 

2.1. DNA isolation  

Genomic DNA was isolated from 30 Alaskan huskies (12 females and 18 males) with 

different GLB1 genotypes: GLB1+/+, GLB1+/- and GLB1-/- using the Puregene™ kit (Biozym, 

Oldendorf, Germany) [1-3]. The animals were related and originated from one breeder 

[16,17]. 

2.2. Microsatellite amplification and analysis 

The obtained DNA samples were amplified by PCR using AHT K253 microsatellite 

primers (FAM AHT K253_forward: 5’ -FAM- CTCAAAGGCGTTCTTTCCAG- 3’ and AHT 

K253_reverse: 5’- GCACATGGAGGACAAGCAC- 3’) [18]. All reactions were carried out on a 

PTC-200 thermal cycler (MJ Research, MA, USA) using 100 ng DNA, 1.5 mM MgSO4, 0.2 

mM dNTPs, 0.3 μM primers (MWG-Biotech, Ebersberg, Germany) and 0.02 U/μl KOD Hot 

Start DNA Polymerase (Novagen, Darmstadt, Germany) in a final volume of 50 µl. 

Subsequently, the KOD Hot Start polymerase was activated for 2 minutes at 94°C and the 

enzymatic amplification was carried out during 40 cycles consisting of denaturation at 94°C 

for 15 seconds, 30 seconds annealing at 60°C, and extension at 68°C for 2 minutes. The 

microsatellite identification was performed on an ABI Prism® 3100 DNA Sequencer using the 

Genotyper® 3.7 Software (Applied Biosystems, Foster City, CA, USA) by measuring the 

fluorescent signals of the obtained amplicons at 514 nm after excitation at 495 nm (Eurofins 

Medigenomix GmbH, Martinsried, Germany). 
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3. Results  

The investigations were performed on well characterized samples obtained from 

normal and heterozygous Alaskan huskies as well as from animals suffering of GM1-

gangliosidosis. Using results from previous studies [1,3,16,17], we identified 11 GLB1+/+ , 17 

GLB1+/-  and 2 GLB1-/- dogs based on the genotypes at the causative 19 bp duplication within 

exon 15 of the GLB1 gene. The microsatellite AHT K253 is routinely employed in parentage 

testing. It is located on chromosome 23 about 4.4 Mb downstream of the GLB1 gene (NCBI 

map viewer, dog genome build 2.0). The AHT K253 microsatellite was amplified and its 

association with the canine GLB1 was analyzed. In the investigated Alaskan huskies, the AHT 

K253 microsatellite revealed five alleles: 139, 141, 143, 145 and 147 bp in length. The 143 bp 

allele was found exclusively in animals with the 19 bp duplication in the GLB1 gene and was 

in absolute linkage disequilibrium with the causative mutation in the tested animals (Table 4-

1). 

Table 4-1: Allele frequencies of the AHT K253 microsatellite in Alaskan huskies with specific GLB1 

genotypes. 

 Allele frequencies in Alaskan huskies 

Allele (bp) GLB+/+ (n=11) GLB+/- (n=17) GLB-/- (n=2) 

139 0.50 0.29 0 

141 0.41 0.20 0 

143 0 0.50 1.00 

145 0.045 0 0 

147 0.045 0 0 

.  

 Thus, we found a perfect agreement between the two tests (GLB1 19 bp duplication test 

and AHT K253 microsatellite test).  

4. Discussion and Conclusions 

The aim of the present study was to provide a rapid and economic prediction of the 

GM1-gangliosidosis carrier status using the genotype information, which is routinely obtained 

during parentage testing. Similarly, the utility of (GT)n repeats for allele discrimination has 

been shown for carriers of the haemophilia A gene defect [18,19].  

The present results demonstrated the strong association between the AHT K253 microsatellite 

and the specific GLB1 alleles. The sensitivity of the AHT K253 microsatellite analysis for 

identification of GLB1 genotypes was 100% in our samples. However, as the dogs used for 

our analysis were related and did possibly not constitute a representative sample of the entire 
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Alaskan husky population, it must be cautioned that the predictive value in other Alaskan 

husky subpopulations may be lower than 100%, if recombinations between the GLB1 

mutation and the AHT K253 microsatellite have occurred. Obviously, testing the causative 

mutation will always give the highest possible diagnostic sensitivity and specificity. However, 

the genotype information of the AHT K253 microsatellite is available for every dog that has 

undergone parentage testing and thus even a test with less than 100% accuracy provides 

useful information for the breeders. Therefore, using the AHT K253 genotype information 

represents an economic way to infer a reliable prediction of the GLB1 genotype for dog 

owners who cannot afford to pay the extra costs for the specific GLB1 gene test. 

According to our knowledge, this is the first example in dogs, where the association of a 

specific allele of a parentage testing microsatellite with a disease-causing mutation was 

demonstrated. It seems possible that similar associations may be present for other traits and 

breeds as well. The other known GLB1 mutations in Shiba and Portuguese water dogs 

represent obvious candidates for associations with specific AHT K253 alleles. 
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GENERAL DISCUSSIONS 

5.1. Genotype related GLB1, NEU1 and PPCA mRNA expression 

In the present study, the expression of GLB1, PPCA and NEU1 in GLB1+/+, GLB1+/- and 

GLB1-/- genotypes was investigated, in order to identify molecular changes associated with the 

presence of GLB1 mutations. In the investigated canine model of type II GM1-gangliosidosis 

two mRNA populations arising from the same abnormal allele were identified (Kreutzer et al, 

2005, 2007). One of abnormal canine GLB1 mRNA transcript contained the abnormal exon 

15 (c.1688_1706dup19) and the second one, due to exon skipping, lacked this exon (Kreutzer 

et al., 2005). The presence of exon 15 generates a PTC located on the last exon of canine 

GLB1 mRNA. Therefore, due to the particular position of the PTC, the abnormal mRNA 

molecules carrying the abnormal exon 15 can evade the cellular surveillance mechanisms 

(Nagy and Maquat, 1998; Kreutzer et al., 2005; Lualdi, 2006; Isken et al., 2008). The 

independent expression of both abnormal GLB1 alleles could explains the higher GLB1 

mRNA levels measured in Alaskan husky GLB1-/- fibroblasts compared to GLB1+/+ 

fibroblasts. Moreover, the obtained results suggest a post-transcriptional mechanism favoring 

the maintenance of exon 15 in the mature mRNA. Therefore, only a small amount of a mRNA 

population lacking mutant exon 15 was generated, showing that the “re-framing” of the 

abnormal GLB1 mRNA was not prefered.   

In the present study, the GLB1 activity in GLB1+/+, GLB1+/- and GLB1-/- fibroblasts was also 

determined and, as expected, a severe GLB1 deficiency was observed in GLB1-/- individuals. 

Interestingly, no significant GLB1 activity differences were observed between GLB1+/+, 

GLB1+/- genotypes, despite the difference between the number of wild type GLB1 alleles 

present in each genotype (two in the wild type and one in the heterozygous carrier). This 

suggests a differential regulation of GLB1 activity in these genotypes. The analysis of GLB1 

mRNA expression levels in GLB1+/+ and GLB1+/- genotypes revealed a significant increase in 

heterozygous carriers and homozygous diseased dogs compared to wild type individuals. 

Therefore, in the GLB1+/- individuals the wild type GLB1 allele should be transcribed at 

similar rates like in the GLB1+/+ genotype to maintain the GLB1 activity in a physiological 

range. In GLB1-/- the increased mRNA expression could reflect the cellular effort to rescue the 

phenotype. 

Moreover, the GLB1 activity is dependent on its assembling with PPCA and NEU1 proteins 

into the lysosomal multienzymic complex (Potier 1990; Pshezhetsky and Potier 1993; 

Ostrowska et al., 2003). In this macromolecular structure GLB1 and NEU1 accomplish 

hydrolytic functions and PPCA plays a dual role by transporting and protecting the hydrolases 
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(D’Agrosa et al., 1992; Callahan, 1999; Malvagia et al., 2004). Therefore, an even elevated 

GLB1 expression level cannot contribute to the phenotype rescue in absence of PPCA or 

other lysosomal multienzymic complex components (Pshezhetsky and Potier, 1993, 1996; 

Pshezhetsky and Ashmarina, 2001).  For this reason the expression of PPCA and NEU1 genes 

was investigated in GLB1+/+, GLB1+/- and GLB1+/- individuals. The PPCA mRNA and protein 

levels showed a genotype dependent expression pattern. The observed increase in total GLB1 

mRNA levels was associated with elevated levels of PPCA mRNA and PPCA protein in 

GLB1+/- and GLB1-/- genotypes. Based on the obtained results it was assumed that the GLB1 

activity in GLB1+/- fibroblasts is maintained at physiological levels by an increase of both 

wild-type GLB1 allele and PPCA expression. In addition, the results revealed a significant 

increase of PPCA expression in GLB1-/- individuals compared to GLB1+/- Alaskan huskies, 

suggesting a regulatory mechanism whereby the PPCA expression increases in order to 

antagonize the lack of GLB1 activity. In the human and animal lysosomal multienzymic 

complex another important constituent is represented by the NEU1 (Potier 1990; Pshezhetsky 

and Potier 1993; Hiraiwa et al., 1997; Nagaoka et al., 1998; Ostrowska et al., 2003). 

Therefore, the expression of NEU1 mRNA levels in GLB1+/+, GLB1+/- and GLB1-/- genotypes 

were investigated and no significant differences were observed. The obtained results are in 

concordance with previous studies demonstrating that the NEU1 activity remained in the 

normal range in Alaskan huskies affected by GM1-gangliosidosis as well as in human patients 

(Müller et al., 1998; Santamaria et al., 2006).  

In conclusion, a co-expression of PPCA could allow a GLB1 expression at physiological 

levels and a sustained stability of the LMC complex giving rise to a more stabile GLB1 

activity. 

5.2. Structural features, lysosomal transport and maturation of canine GLB1 

GM1-gangliosidosis is an autosomal recessive lysosomal storage disease characterized by an 

accumulation of GM1-ganglioside in lysosomes (Müller et al., 1998, 2001; Yamato et al., 

2004; Kreutzer et al., 2005; Takamura et al., 2007; Martin et al., 2008). Effects of GM1-

ganglioside accumulation on the fate of neurons has been described in all affected species 

(Hahn et al., 1997; Müller et al., 1998, 2001; Tessitore et al., 2004; Martin et al., 2008). The 

molecular events leading to GM1-gangliosidosis are not completely elucidated (Oshima et al., 

1994; Okamura-Oho et al., 1996; Callahan, 1999). Due to the fact that the canine and human 

GLB1 share a great degree of homology molecular investigations on the pathogenesis of the 

canine GM1-gangliosidosis would be advantageous for a better understanding of the human 
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disease (Hotamisligil et al., 1993; Alroy et al., 1995; Ahern-Rindell et al., 1996; Wang et al., 

2000; Müller et al., 1998, 2001; Yamato et al., 2003; Kreutzer et al., 2005). Therefore, a 

detailed analysis of the posttranslational processing, intracellular localization and enzymatic 

activity of wild type and two mutants GLB1 proteins in a canine model of GM1-gangliosidosis 

was performed. Besides similarities in nucleotide and amino acids sequence, homologies in 

the processing of wild type human and canine GLB1 were found. Thus, it was also observed 

that the cleavage sequence for lysosomal proteolytic maturation of the GLB1 precursor 

(N542S SNYT LPAFYMGGNPF 555) is identical in canine and humans (Meacock et al., 2000; 

van der Spoel et al., 2000).  To investigate the cause of the clinical relevant decrease of GLB1 

enzymatic activity in canine GM1-gangliosidosis the proteolytic processing of two distinct 

genetic modifications in the GLB1 mRNA were investigated in a stable cell line (MDCK, 

ATCC CRL-34) and in primary GLB1+/+ and GLB1-/- canine fibroblasts. The MDCK cells, 

and the canine GLB1+/+ fibroblasts revealed similar high levels of endogenous GLB1 activity, 

whereas only residual levels of GLB1 were detected (1% from the wild type activity) in 

canine GLB1-/- fibroblasts. Furthermore, the performed expression studies using constructs 

encoding the wild type GLB1 restored the GLB1 activity in GLB1-/- canine fibroblasts.  The 

present findings support other investigations, performed on human GLB1-/- fibroblasts, 

showing the restoration of GLB1 enzymatic activity after transfection with constructs 

encoding the wild type GLB1 (Sena-Esteves et al., 2000; Balestrin et al., 2008). Surprisingly, 

the results revealed that the expression of constructs carrying the wild type GLB1 in the 

MDCK cells  increased the GLB1 activity over that of non-transfected MDCK cells, whereas 

in GLB1-/- canine fibroblasts transfected with the same construct the activity did not exceed 

the activity measured in non-transfected GLB1+/+ cells. In addition, several studies 

demonstrated a direct correlation between the GLB1 activity and cellular senescence (Choi et 

al., 2000; Lee at al., 2006). Therefore, the observed differences between the immortalized cell 

line (MDCK) and cultured primary fibroblasts suggest the presence of a restrictive factor 

which protects “normal” cells from entering into “premature” senescence (Severino et al., 

2000; Lee et al., 2006; Unterluggauer et al., 2007). The potential restrictive factor could be 

represented by the PPCA which is necessary for the correct folding, transport and stability of 

human GLB1 into the lysosomes (Potier et al., 1990; Pshezhetsky et Potier 1993; Hiraiwa et 

al., 1999; Ostrowska et al., 2003).  In contrast, when MDCK cells were transfected with a 

vector encoding the mutant canine GLB1 the GLB1 activity decreased. Based on this 

observation, it was assumed that dimer formation between wild type and mutant proteins can 

influence the GLB1 activity. In addition, the transport of the wild type GLB1 may be 
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impaired due to the reduction of PPCA molecules available for binding the wild type GLB1, 

after its association with the mutant GLB1. The performed localization analyses revealed that 

only a fraction of the newly expressed canine GLB1 was found into the lysosomes. 

Furthermore, Western blot analyses revealed that a part of the wild type canine GLB1 was 

processed at the C-terminal end to the mature form of the enzyme like its human counterpart 

(Okamura-Oho et al., 1996; Callahan 1999; van der Spoel et al., 2000). In the investigated 

Alaskan huskies the molecular cause of the GM1-gangliosidosis is represented by a 19 bp 

duplication in the exon 15 of the canine GLB1 comprising the positions +1688-+1706 of the 

GLB1 cDNA (Kreutzer et al., 2005). By disruption of a potential exon splicing enhancer 

(ESE) two different GLB1 mRNA arise from the mutant allele (one transcript contained the 

exon 15 with the 19-bp duplication, while the other transcript lacked exon 15; Kreutzer et al., 

2005). As a consequence of these molecular events two different truncated GLB1 proteins are 

expressed from the mutant GLB1 allele in GM1-gangliosidosis affected Alaskan huskies. In 

the present study, colocalization analyses performed after transfection of canine fibroblasts 

and MDCK cells with constructs encoding the mutant GLB1 proteins revealed that a part of  

the mutant proteins are routed to the lysosomes. These findings indicate that the 

mannose-6-phosphate signal for lysosomal trafficking of canine GLB1 is not located on the 

asparagine residues within exon 15.  Moreover, studies performed in humans affected by 

GM1-gangliosidosis demonstrated that the amino acid sequence in the region encoded by exon 

15 and 16 induce major conformational changes and impair the maturation of GLB1 

(Okamura-Oho et al., 1996; Callahan, 1999; van der Spoel et al., 2000; Zhang et al., 2000). In 

addition, in GLB1-/- canine fibroblasts the expression of constructs encoding the mutant GLB1 

proteins did not result in an increase in GLB1 enzymatic activity. According to the obtained 

results it can be concluded that, in dogs like in humans, the correct amino acid sequence in the 

C-terminal region is necessary for the correct post-translational processing and maturation of 

canine GLB1, whereas the lysosomal transport was not impaired. In addition, the lack of the 

exon 15 and the elimination of the canonic proteolytic site (N542S SNYT LPAFYMGGNPF 
555) do not block the cleavage of the abnormal canine GLB1. Based on the obtained results it 

was concluded that, the cleavage occurs at an alternative recognition sequence most likely 

located on the sequence encoded by exon 14.  Furthermore, the presence of a proteolytic 

fragment with an apparent molecular weight of 18 kDa (as a 44 kDa hybrid molecule with the 

26 kDa ECFP) in all wild type and mutant GLB1 indicates the presence of an additional 

proteolytic cleavage site probably located at the amino acid sequence encoded by exon 4.  

Altogether, the obtained results demonstrated that similar to human GLB1 the amino acid 
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sequences encoded by exon 15 and 16 are necessary for the correct processing of the canine 

GLB1 (Okamura-Oho et al., 1996; Callahan, 1999; van der Spoel et al., 2000;  Zhang et al., 

2000). Moreover, the observed post-translational processing of the canine GLB1 differs from 

previous reports showing diverse proteolytic fragments of canine GLB1 and is similar to the 

proteolytic pattern observed for the human GLB1 (Hotamisligil et al., 1993; Okamura-Oho et 

al., 1996; Callahan, 1999; van der Spoel et al., 2000).  Sumarized, the investigated canine 

GM1-gangliosidosis is an appropriate animal model for the human late infantile form and 

represents a versatile system to test gene therapeutic approaches for human and canine 

GM1-gangliosidosis. 

5.3. Genotype identification by microsatellite analysis 

The main goal of the performed investigation was to develop a reliable tool for genotyping of 

canine GLB1 during genetic investigations as parentage testing. Currently used diagnosis 

approaches for the identification of mutant GLB1 in animals and humans requires additional 

sample collection and processing (Kreutzer et al., 2007; Caciotti et al., 2007; Yamato et al., 

2008). GM1-gangliosidosis is associated with severe progressive neurological symptoms and 

invariably ends with the death of affected individuals. Therefore, the precise identification of 

the carrier state through genotyping methods is a prerequisite for efficient profilaxis (Yamato 

et al., 2004; Kreutzer et al., 2005, 2007).  The use of microsatellite based genotyping could by 

advantageous by being available for every dog that has undergone parentage testing and thus 

even a test with less than 100% accuracy provides useful information for the breeders. In 

addition, the utility of (GT)n repeats for the allele discrimination was demonstrated  to be an 

usefull tool for identification of heterozygous individuals carrying of haemophilia A gene 

defect (Kim et al., 2005; Tizzano et al., 2005). In the investigated colony of Alaskan huskies 

the obtained results demonstrated the positive association between the microsatellite AHT 

K253 (Breen et al., 2001) and specific GLB1 alleles. The fluorescent microsatellite analysis 

performed in the present study revealed different allele calls according to the genotype of 

investigated individuals such as GM1-gangliosidosis diseased, heterozygous carriers and 

healthy dogs.  In GLB1+/+ Alaskan huskies different microsatellite length associated with the 

wild type GLB1 were identified (139 bp in 19/30 individuals, 141 bp in 16/30 dogs, 145 bp in 

1/30 dog and 147 bp in 1/30 dog).  The microsatellite associated with the mutant GLB1 allele 

(143 bp in length) was present only in GLB1+/- and GLB1-/- individuals. In addition, other 

known GLB1 mutations in Shiba and Portuguese water dogs represent obvious candidates for 

associations with specific AHT K253 alleles. In addition, similar associations may be present 
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for other traits and breeds.  Moreover, the use of AHT K253 genotype information represents 

an economic way to provide a reliable prediction of the GLB1 genotype dogs. 
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SUMMARY 

SUMMARY 

 
Molecular pathogenesis, differential transcription of enzymes forming the lysosomal 

multienzymic complex and microsatellite based genotyping in canine GM1-gangliosidosis 

 

Robert Kreutzer  
 
GM1-gangliosidosis is an autosomal-recessive lysosomal storage disorder caused by a 

deficiency of the ß-galactosidase activity, due to genetic defects affecting the GLB1. Human 

GM1-gangliosidosis has been classified into 3 forms according to the age at clinical onset and 

specific biochemical parameters. In Alaskan huskies the GM1-gangliosidosis resembles the 

human type II form and is caused by 19bp duplication in the exon 15 of the GLB1 

(c.1688_1706dup19). This genetic defect exerts a dual role generating a frame shift and 

inducing an abnormal splicing of GLB1 precursor mRNA.  Therefore, two mutant GLB1 

mRNAs are generated and subsequently translated in truncated GLB1 proteins. In the present 

work the investigations focused on the analysis of the mRNA expression of GLB1, NEU1 and 

PPCA LMC components, as well as on the analysis of the intracellular trafficking and post-

translational processing of GLB1.  The obtained results showed a differential regulation of 

GLB1 and PPCA in GLB1+/- and GLB1-/- , compared to the wild type genotype (GLB1+/+). In 

addition, it was shown that PPCA protein levels gradually increased with the number of the 

expressed mutant GLB1 alleles (one in GLB1+/- and two in the GLB1-/-), while the NEU1 

activity remained in the normal range in all genotypes. Further, the intracellular localization, 

processing and enzymatic activity of the mutant GLB1 proteins was investigated and it was 

shown that mutant protein precursors and mature proteins are enzymatically inactive. 

Surprisingly, these mutant proteins are transported to lysosomes like the wild type GLB1. The 

obtained results indicate that the amino acid sequences encoded by exons 15 and 16 are 

necessary for correct processing and enzymatic activity, whereas the routing to the lysosomes 

is not influenced by the genetic defect.  

As mentioned, due to the autosomal-recessive character of the GM1-gangliosidosis the 

heterozygous carriers are phenotypical normal and contribute to the spread of the mutant 

allele into the canine population. Therefore, besides elucidating the pathogenesis of this 

disease, establishing of novel genetic tests is crucial. In the present work, a reliable tool for 

genotyping the canine GLB1 that can be effectively integrated in parentage testing 

investigations was designed. For this purpose the association between the GLB1 gene and the 
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AHT K253 microsatellite was analyzed in 30 Alaskan huskies (11 GLB1+/+, 17 GLB1+/- and 2 

GLB1-/-dogs). The 143 bp AHT K253 microsatellite allele was identified only in GLB1+/- and 

GLB1-/- animals and displayed strong linkage disequilibrium with the causative mutation for 

GM1-gangliosidosis, the 19 bp duplication within exon 15 of the GLB1. The results of this 

study revealed a 100% concordance between the previous established genotypes and those 

obtained after the analysis of the AHT K253 microsatellite. Therefore, the genotype of the 

AHT K253 microsatellite, which is routinely determined during dog parentage testing, has a 

high predictive value for identifying the GM1-gangliosidosis carrier status. 

Summarized, the investigated inherited disease is an appropriate animal model for the human 

late infantile GM1-gangliosidosis form and represents a versatile system to test gene 

therapeutic approaches for cure of both the human and canine disease. 
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ZUSAMMENFASSUNG 

 
Molecular pathogenesis, differential transcription of enzymes forming the lysosomal 

multienzymic complex and microsatellite based genotyping in canine GM1-gangliosidosis 

 

Robert Kreutzer 
 
Die GM1-Gangliosidose ist eine autosomal-rezessive lysosomale Speicherkrankheit deren 

Ursache ein Verlust der ß-Galaktosidase Aktivität ist. Die Ursache dieser angeborenen 

Erkrankung liegt in einem genetischen Defekt innerhalb des kaninen sauren ß-Galaktosidase 

Gens (GLB1). Aufgrund  spezifischer biochemischer Parameter und dem Alter  bei dem die  

ersten Ausfallserscheinungen auftreten wurde die humane  GM1-Gangliosidose in 3 Typen 

eingeteilt. Die bei Alaskan Huskies  vorkommende GM1-Gangliosidose ähnelt dem humanen 

Typ 2 und wird durch eine 19 Basenpaare (bp) Duplikation im Exon 15 der GLB1 

(c.1688_1706dup19) hervorgerufen. Der genetische Defekt übt eine Doppelrolle  durch eine 

Leserasterverschiebung sowie durch die Beeinflussung des prä-mRNA Spleißens aus. 

Dadurch entstehen zwei abnormale GLB1 mRNA-Isoformen die anschließend in defekte 

verkürzte Proteine translatiert werden. In der vorliegenden Arbeit wurde die mRNA 

Expression der  GLB1 und anderer wichtiger Komponenten des lysosomalen 

multienzymatischen Komplexes (Neuraminidase 1 und das Protective Protein/Cathepsin A) 

sowie der intrazelluläre Transport und die Prozessierung des GLB1-Proteins untersucht. Die 

erzielten Ergebnisse zeigten eine Genotyp-abhängige Regulierung der GLB1- und der 

Protective Protein/Cathepsin A-Expression in GLB1+/- und  GLB1-/-  im Vergleich zum 

Wildtyp GLB1+/+. Die durchgeführten Studien zeigten auch eine signifikante Erhöhung der 

PPCA- Menge im Zusammenhang mit der Anzahl abnormaler GLB1-Allele (eins in GLB1+/- 

und zwei in GLB1-/-), wohingegen die Neuraminidase 1 Aktivität Genotyp-unabhängig im 

physiologischen Rahmen blieb. Des Weiteren, wurde die intrazelluläre Lokalisation, die 

Prozessierung, sowie die enzymatische Aktivität der mutanten GLB1 untersucht. Die 

abnormalen Vorläuferproteine erwiesen sich als enzymatisch inaktiv,  wurden aber ähnlich 

dem Wildtyp GLB1  in die Lysosomen transportiert. Dadurch konnte nachgewiesen werden, 

dass die kodierte  Aminosäurensequenz von Exon 15 und 16 für die korrekte Prozessierung 

und die Entfaltung der enzymatischen Aktivität notwendig ist, wohingegen der Transport zu 

den Lysosomen durch den genetischen Defekt nicht beeinflusst wurde.  
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In Folge des autosomal-rezessiven Erbganges der GM1-Gangliosidose, zeigen die 

heterozygoten Anlageträger einen  Wildtyp-Phänotyp und tragen dadurch zur Verbreitung des 

mutanten Allels in der Hundenpopulation bei. Daher ist die Etablierung von neuartigen 

genetischen Testmethoden, welche auch die phänotypisch Gesunden heterozygoten 

Anlageträger erfassen, äußerst wichtig. Zu diesem Zweck  wurde in der vorliegenden Arbeit 

ein verlässliches Genotypisierungsinstrument für die kanine GM1-Gangliosidose, welches in 

Vaterschaftstests eingebunden werden kann, entwickelt. Dafür wurde die Assoziation 

zwischen der kaninen GLB1 und dem Mikrosatelliten AHT K253 in 30 Alaskan Huskies (11 

GLB1+/+, 17 GLB1+/- and 2 GLB1-/-) untersucht. Das 143 bp lange Mikrosatellitenallel wurde 

ausschließlich  in GLB1+/-- und GLB1-/-- Individuen nachgewiesen und steht in einem starken 

Kopplungsungleichgewicht mit der  19 bp Duplikation im Exon 15 der kaninen GLB1.  Die 

mittels Mikrosatelliten-Analyse erzielten Ergebnisse zeigten eine 100%ige Übereinstimmung 

mit den bestimmten GLB1 - Genotypen. Der Mikrosatellit AHT K253, welcher routinemäßig 

in Vaterschaftstests eingesetzt wird, hat somit einen hohen prädiktiven Wert für die 

Identifikation der kaninen Anlageträger. 

Zusammenfassend lässt sich feststellen, dass die untersuchte  Erbkrankheit beim Alaskan 

Husky ein geeignetes Tiermodel für die spät-infantile Form der humanen GM1-Gangliosidose 

ist und ein vielseitiges System für die Überprüfung gentherapeutischer Vorgehensweisen zur 

Heilung von lysosomalen Speicherkrankheiten bei Mensch und Hund darstellt.
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