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THESIS ABSTRACT 
 

GM1-gangliosidosis and Morquio syndrome type B are lysosomal 

diseases caused by deficiencies in the lysosomal enzyme β-galactosidase (β-

gal). β-gal is responsible for catabolizing the terminal β-linked galactose residues 

in GM1 and GA1 ganglioside, keratan sulfate, and oligosaccharides. If β-gal 

enzyme activity is deficient, these macromolecules accumulate within the 

lysosomes, resulting in either severe neurodegeneration in GM1-gangliosidosis 

or severe skeletal dysplasia in Morquio syndrome type B. Sadly, no therapies for 

these debilitating diseases exist, so the development of novel treatments is of the 

utmost importance; however, to be able to test these new treatments, animal 

models are necessary. Previous murine models of GM1-gangliosidosis were 

generated using an inefficient method to disrupt the Glb1 gene by introducing 

foreign DNA into the coding sequence. While useful, these mutations do not 

recapitulate those that could be found in patients with GM1-gangliosidosis. 

Utilizing CRISPR-Cas9 genome editing, the mouse β-gal encoding gene was 

targeted to generate mutations that resulted in two novel mouse models of β-gal 

deficiencies (Chapter II). In one line, a 20 bp deletion was generated to remove 

the catalytic nucleophile of the β-gal enzyme, resulting in a mouse devoid of β-

gal enzyme activity (β-gal-/-). This resulted in ganglioside accumulation and 

severe cellular vacuolation throughout the central nervous system (CNS). β-gal-/- 

mice also displayed severe neuromotor and neurocognitive dysfunction, and as 

the disease progressed, the mice became emaciated and succumbed to the 

disease by 10 months of age (Chapter III). Overall, this model phenotypically 
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resembles a patient with infantile GM1-gangliosidosis. In the second model, a 

missense mutation commonly found in patients with Morquio syndrome type B, 

GLB1W273L, was introduced into the mouse Glb1 gene (Glb1W274L). Mice 

harboring this mutation showed a significant reduction in β-gal enzyme activity 

(8.4-13.3% of wildtype) but displayed no marked phenotype after one year of 

observation (Chapter IV). This is the first description of using CRISPR-Cas9 

genome editing to generate mouse models of a lysosomal disease. With these 

models in hand, preliminary experiments were conducted to test the functionality 

of a novel gene therapy to treat these diseases (Chapter V). Previous studies in 

lysosomal diseases have shown that tissue-specific expression of lysosomal 

enzyme ameliorates the disease pathology, including improvement of 

neurocognitive function. Here, a gene therapy system was designed to integrate 

the human GLB1 cDNA into the albumin locus by creating a double-strand break 

in the DNA by an AAV8-encoded nuclease. Theoretically, this integration of 

GLB1 cDNA would be achieved by co-injecting a second AAV8 vector encoding 

the transgene that is flanked by homologous sequence to the albumin locus, 

allowing for homology directed repair to incorporate the sequence. 30 days post 

treatment, plasma enzyme activity was 4.8-fold higher than heterozygous levels. 

However, by four months post-treatment, β-gal enzyme activity in plasma from 

treated β-gal-/- mice decreased to heterozygous levels. Four months following 

injection, β-gal enzyme activity in a subset of treated β-gal-/- mice was observed 

in the liver and spleen. Motor function testing on the rotarod showed that the 

amount of enzyme being produced does not prevent the neurological symptoms 
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of the disease. This preliminary data shows that this gene therapy system can 

produce functional β-gal enzyme that is secreted into the plasma and is capable 

of being taken up into peripheral tissue. Future studies focused on optimizing the 

dose of AAV to provide a higher enzyme level will be important for the success of 

this therapy for β-galactosidase deficiencies.   
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Overview 

 
GM1-gangliosidosis (MIM #230500, 230600, 230650) and Morquio 

syndrome type B (MIM #253010) are two rare metabolic disorders that are 

classified as lysosomal diseases. Lysosomal diseases are a group of over 70 

inherited metabolic diseases caused by deficiencies in lysosomal hydrolases, 

their activator proteins, or transporters, affecting nearly 1 in 5,000 live births [1]. 

These deficiencies result in accumulation of the complex macromolecules within 

the lysosome, leading to lysosomal dysfunction and alterations to cellular 

homeostasis and subsequently cell death [2]. β-galactosidase (β-gal), the 

enzyme that is deficient in GM1-gangliosidosis and Morquio syndrome type B, is 

responsible for the catabolism of terminal β-linked galactose residues found in 

GM1 and GA1 ganglioside, the glycosaminoglycan (GAG) keratan sulfate, and 

oligosaccharides; thus, when mutated, these substrates accumulate within the 

lysosome of the cell. Clinically, patients suffering from GM1-gangliosidosis, 

primarily a disease of the central nervous system (CNS), will present with severe 

developmental regression, hepatosplenomegaly, ataxia, a cherry-red spot in the 

eye, and potentially some skeletal abnormalities [3]. In Morquio syndrome type B 

(mucopolysaccharidosis type IV B, MPS IVB), primarily a skeletal disease, 

patients will present with short stature, corneal clouding, protruding sternum, and 

kyphosis of the thoracic and lumbar vertebrae in addition to other skeletal 

abnormalities [3]. Patients with severe GM1-gangliosidosis (infantile onset) will 

develop symptoms within the first 6 months of life and succumb to the disease by 
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the age of 2 without disease intervention [3]. Currently, the only available therapy 

for β-gal deficiencies is palliative measures, which only provide relief of 

symptoms and do not slow the progression of the disease. Thus, the 

development of novel treatments is pivotal. Developing model organisms to test 

these treatments is crucial. Currently, there are no available models of Morquio 

syndrome type B and the two mouse models of GM1-gangliosidosis were 

developed by integrating foreign DNA into the Glb1 gene. Thus, the focus of this 

thesis was to generate and characterize novel models of these diseases that 

harbored mutations in Glb1 that could be observed in the human population. 

Additionally, preliminary data from a novel gene therapy approach for these 

diseases is described.    

 

Proteins Encoded by the GLB1 Gene 

The human GLB1 gene is comprised of 16 exons, is approximately 100.6 

kb in length, and is located on chromosome 3 at 3p21.33 [4, 5]. Following 

transcription, the GLB1 mRNA can be alternatively spliced into two transcripts: 

one that encodes the lysosomal hydrolase β-galactosidase (β-gal, EC 3.2.1.23) 

and another that encodes elastin binding protein (EBP). The EBP-encoding 

transcript is processed from the alternative splicing of the GLB1 pre-mRNA, 

skipping exon 3, 4 and 6, and using an alternative reading frame of exon 5. This 

yields a 2.2 kb transcript that is translated into a 546 aa, 67 kD protein. The 

alternate reading frame possesses a unique 32 aa sequence that contains the 

elastin binding site. Unlike β-gal, EBP is catalytically inactive [5, 6], is primarily 
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localized to the plasma membrane, and is categorized as a β-galactoside lectin 

protein [7]. EBP has been shown to form the elastin receptor complex with two 

membrane-associated proteins, neuraminidase 1 (NEU1) and protective 

protein/cathepsin A (PPCA) [8]. This complex plays a major role in elastogenesis 

[9]. EBP acts as a chaperone to tropoelastin (the precursor to elastin), protecting 

it from premature degradation by elastases and self-aggregation [10]. The EBP-

tropoelastin complex is directed to the plasma membrane, where it is secreted. 

Following secretion, galactose sugars bind to the galactolectin-binding site in 

EBP, causing the release of tropoelastin and recycling of the EBP protein [11]. 

Following release from EBP, tropoelastin is incorporated with other tropoelastin 

molecules to form the mature elastin structure, a primary component of 

connective tissue [12]. In addition to elastogenesis, the elastin receptor complex 

has been shown to be involved in transducing cellular signals [13, 14].  

 The second transcript encoded by the GLB1 gene is a 2.6 kb mRNA that 

is translated to the catalytically active lysosomal hydrolase β-gal, which 

catabolizes terminal β-linked galactose residues found in GM1 ganglioside, its 

asialo derivative GA1 ganglioside, the GAG keratan sulfate, and 

oligosaccharides. The β-gal-encoding mRNA transcript is translated into a 677 

aa, 88 kDa prepropeptide, which subsequently has the 23 aa signal sequence 

[15] removed upon entry into the endoplasmic reticulum (ER), resulting in a 654 

aa propeptide [16]. Following glycosylation, a mannose-6-phosphate (M6P) is 

covalently linked to the 84 kDa β-gal propeptide [17] and is sorted to the 

lysosomal compartment. Following sorting, the 88 kDa propeptide (now including 
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M6P), is proteolytically processed at its C-terminus to a mature, catalytically 

active, 64 kDa β-gal enzyme. Interestingly, the cleaved 20 kDa C-terminal 

fragment is an essential component of the mature β-gal enzyme [18] and is 

necessary for proper folding in the ER and Golgi, but is not required for catalytic 

activity [19, 20]. β-gal is sorted to the lysosomal compartment in complex with 

PPCA [21] to protect β-gal from intralysosomal degradation by proteases. Once 

in the lysosome, this β-gal/PPCA heterodimer forms a catalytically active 

complex with NEU1 [22], however, it has been shown that the 88 kDa propeptide 

is catalytically active as a monomer [17]. Importantly, in 1997, McCarter et al. 

[23] elucidated that the glutamic acid at position 268 (GLB1Glu268; Glb1Glu269 in 

mice) is the catalytic nucleophile responsible for the hydrolysis reaction to 

remove β-galactose residues. This was further confirmed by Ohto et al. [24], who 

determined the crystal structure of the human β-gal protein.  

Mutations in the GLB1 gene that alter the ability of β-gal to catabolize the 

terminal β-galactose moiety lead to the accumulation of the complex 

macromolecules within the lysosomes of the cell. In most lysosomal diseases, a 

deficiency in one enzyme will result in one disease or differing severities of the 

same disease. In the case of β-gal deficiency, there are two distinct diseases that 

can arise: 1) GM1-gangliosidosis, a neurodegenerative disease, or 2) Morquio 

syndrome type B, a skeletal disease. The phenotype that arises is dependent 

upon the mutation, level of β-gal enzyme activity, and which macromolecules 

accumulate in the lysosome. There are over 223 reported mutations in the 

Human Gene Mutation Database (v. 2018.3) in the GLB1 gene [25], but because 
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of the extensive heterogeneity of phenotypes in GM1-gangliosidosis and Morquio 

syndrome type B patients, a relationship between the GLB1 mutations and which 

disease arises is still relatively unclear. However, there are mutations that have 

been shown to correlate to specific disease pathologies, including I51T in 

Japanese patients with adult GM1-gangliosidosis [26, 27], R201C in patients with 

juvenile GM1-gangliosidosis [26, 28], R208C in Puerto Rican patients with 

infantile GM1-gangliosidosis [29] and R482H in Italian patients with infantile 

GM1-gangliosidosis [30]. In patients with Morquio syndrome type B, a few 

common mutations have been observed in different populations. In Japanese 

patients, the mutations Y83H and R482C [31] are prevalent, where in the 

Caucasian population, W273L [32] and W509C [32] mutations are prevalent. 

Ohto et al. [24] discuss how these mutations may cause their respective 

phenotypes. Additionally, our group has recently utilized bioinformatic tools to 

investigate how specific mutations in the GLB1 gene could affect the structure of 

the β-gal enzyme to cause very distinct phenotypes [33]. Interestingly, patients 

who suffer from GM1-gangliosidosis or Morquio syndrome type B with mutations 

found in the coding sequences of both β-gal and EBP have impaired 

elastogenesis [34, 35]. 

 

Diseases Resulting from Deficiencies in β-Galactosidase 

 

GM1-Gangliosidosis: A Neurodegenerative Disease 

History and Clinical Characteristics 
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GM1-gangliosidosis is a neurodegenerative lysosomal disease caused by 

mutations in the GLB1 gene, which encodes the lysosomal enzyme β-gal. GM1-

gangliosidosis was first described in 1959 as “Tay-Sachs disease with visceral 

involvement” [36]. In 1964, eight similar cases were described [37], but it wasn’t 

until the following year that O’Brien et al. determined that the storage material in 

this disease was structurally different than that which accumulates in Tay-Sachs 

disease [38]. Finally, in 1968, it was determined by Okada and O’Brien that a 

deficiency in β-gal was the underlying cause of the ganglioside accumulation 

[39]. In this disease, GM1 ganglioside and its asialo derivative, GA1 ganglioside, 

are the primary accumulating macromolecules within the lysosomes of cells of 

the central and peripheral nervous system. GA1 ganglioside is GM1 ganglioside 

that has its sialic acid residue removed when in the presence of the GM2-

activator protein (GM2A) and the membrane protein neuraminidase 3 (NEU3) 

[40]. Additionally, accumulation of keratan sulfate in the liver of GM1-

gangliosidosis patients has also been observed [41].  

Clinically, there are three classifications of GM1-gangliosidosis: infantile, 

late-infantile/juvenile, and late-onset/adult. Categorization into a group is 

dependent upon the patient’s symptoms, time of disease onset, and residual β-

gal enzyme activity. In the case of GM1-gangliosidosis, the severity of the 

disease is correlated to the amount of residual enzyme activity (Figure 1). 

Infantile GM1-gangliosidosis patients usually have 0.07-1.3% of normal levels of 

β-gal enzyme activity [42]. Symptoms can present at birth, however, by 6 months 

of age the child typically displays developmental regression. This is followed by 
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progressive neurological deterioration displayed as loss of neurocognitive and 

neuromuscular function. Additionally, these children will have enlarged spleens 

and livers (hepatosplenomegaly), macular cherry-red spots (50% of cases), 

corneal clouding, and skeletal dysplasia [3]. Typically, children with infantile 

GM1-gangliosidosis will succumb to the disease before the age of 2 due to 

complications from viral or bacterial-induced respiratory illnesses. In juvenile, or 

late-infantile, GM1-gangliosidosis, β-gal enzyme activity is between 0.3-4.8% of 

normal values [42], and the disease onset is around 7 months – 3 years of age. 

Many of the symptoms of infantile GM1-gangliosidosis are still present in juvenile 

patients, however, the onset of these symptoms is delayed. Patients in many 

cases of juvenile GM1-gangliosidosis will become epileptic and show severe 

spasticity, in addition to ataxia and hypotonia. Life expectancy is still reduced, 

with death typically occurring between mid-childhood and early adulthood. The 

mildest form of GM1-gangliosidosis, known as late-onset or adult onset, is 

typically more difficult to diagnose. Residual β-gal enzyme activity is 

approximately 4 to 10% of normal levels. Disease onset is variable, ranging from 

age 3 to 30 years. Clinical presentation is also extremely variable, potentially 

including ataxia, muscle weakness, dystonia, declining neurocognitive function, 

and some mild skeletal abnormalities.  

 The incidence of GM1-gangliosidosis is presumed to be between 

1:100,000 to 1:200,000 live births. However, in some instances, higher 

frequencies are found in certain populations, including southern Brazil (1:17,000) 

[43], the Rudari sub-isolate (1:10,000) [44], and the Maltese Islands (1:3,700) 
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[45]. Therapies have been tested, including bone marrow transplant [46] and 

substrate reduction therapy [47], however, neither have proved to be efficacious 

for the treatment of GM1-gangliosidosis.   

 

GM1 Ganglioside: Normal Function and Role in Neurological Diseases 

 As stated above, GM1 ganglioside is the primary accumulating substrate 

in patients with GM1-gangliosidosis. GM1 ganglioside is an amphipathic 

macromolecule that contains a ceramide tail covalently attached to a head chain 

composed of several carbohydrate moieties, including β-D-glucose, β-D-

galactose, and N-acetyl-β-D-galactosamine (Figure 2). Additionally, a sialic acid 

residue, N-acetyl-α-neuraminic acid, is hydroxylation-linked to the β-D-galactose 

residue (Figure 2). If in the presence of NEU3 and GM2A, the sialic acid residue 

can be catalytically removed from GM1, resulting in GA1 ganglioside 

accumulation [40].  

While gangliosides can be found throughout the body, the highest 

concentration are found in the plasma membrane of cells in the nervous system 

[48], typically localized into microdomains known as lipid rafts [49, 50]. Overall, 

gangliosides make up over 10% of the total lipid mass in the brain [49, 51]. 

During neural development in utero and following birth, as the neural functions 

become more intricate and elaborate, there is a coinciding increase in the 

number and complexity of gangliosides, too. This is an observation that has been 

described in both mice [52] and in humans [53, 54]. Specifically, in mice, 

relatively simple gangliosides GD3 and GM3 are the predominant gangliosides 
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present at embryonic day 14 (E14.0) [52]. However, after E16.0, the 

concentration of more complex gangliosides, such as GD1a, increases [52]. 

Similarly, in humans, between fetal week 10 and 5 years of age, GM1 and GD1a 

ganglioside levels increase 12-15-fold [53]. These results depict how 

gangliosides are functionally important in the neurodevelopment.  

However, the function of gangliosides is not limited to neuronal 

development. Gangliosides have also been shown to be involved in ion transport 

[55], apoptosis during neuronal differentiation [56], nerve regeneration [57], 

neuroprotection [58], and synaptogenesis [59]. When looking specifically at the 

functions of GM1 ganglioside, it has been shown to be involved in many cellular 

processes including cell signaling, modulating calcium transport, neuronal 

development, neuroprotection, and modulating G-protein couple receptors [49, 

60-62]. Unfortunately, GM1 ganglioside also plays a significant role in disease. 

Cholera toxin, a bacterial protein infection secreted by Vibrio cholerae, can utilize 

GM1 ganglioside as a docking point on the cell surface prior to endocytosis into 

the cell [63]. Additionally, the proteins β-amyloid and α-synuclein, which are 

proteins shown to be involved in the pathogenesis of Alzheimer’s and 

Parkinson’s diseases, respectively, have domains capable of binding GM1 

ganglioside [64, 65]. In Alzheimer’s disease, the formation of β-amyloid 

aggregates in neurons is central to the development of pathogenesis. It has been 

shown that GM1 ganglioside in lipid rafts in the cell membrane aggregate β-

amyloid monomers, and form toxic β-amyloid β-sheets [66]. Similarly, α-

synuclein, a protein implicated in Parkinson’s disease, has a high affinity for 
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binding to GM1 ganglioside in lipid rafts [67]. However, it seems that GM1 

ganglioside plays a role in maintaining α-synuclein homeostasis, as mice 

deficient in GM1 ganglioside aggregate α-synuclein and have impaired motor 

function, a common symptom observed in patients with Parkinson’s disease [68]. 

 Conversely, GM1 ganglioside has been shown to be beneficial for several 

neurological disorders, including spinal cord injury [69, 70], traumatic brain injury 

[71], Parkinson’s disease [72-76], Alzheimer’s disease [77], and Huntington’s 

disease [78]. 

 

The Pathology of GM1-Gangliosidosis  

 In humans, the pathological mechanisms of GM1-gangliosidosis have not 

been elucidated to date. However, the pathology of the disease has been studied 

in mouse models of GM1-gangliosidosis, which show how the accumulation of 

GM1 ganglioside leads to disease pathogenesis. In one study, CNS inflammation 

in β-gal-/- mice was studied [79]. Histologically, β-gal-/- mice displayed microglial 

activation, macrophage infiltration, and astrogliosis in all regions of the β-gal-/- 

brain. As the GM1-gangliosidosis disease progressed, major histocompatibility 

complex class II (MHC class II) staining in the brain increased. Interestingly, CNS 

inflammation was observed as early as 2 months of age in β-gal-/- mice, which is 

before disease symptoms arise. Brains from β-gal-/- mice also stained positively 

for tumor necrosis factor receptor type 1 (TNF-R1), which is a mediator of 

apoptosis. In addition to histological analysis, inflammatory cytokine levels were 

measured in brain homogenates of β-gal-/- mice. Not only were tumor necrosis 
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factor α (TNFα) and interleukin 1 β (IL1β) levels increased, their levels continued 

to increase as the disease progressed. Further, nitrotyrosine staining was 

present in macrophage and neurons, suggesting nitric oxide (NO) was present. 

While NO has been shown to be involved in normal neurological functions such 

as neurotransmission, memory, and synaptic plasticity, it can also be toxic in high 

concentrations [80, 81]. Research into the role of NO in other neurodegenerative 

diseases, including Parkinson’s [82] and Alzheimer’s [83] diseases, suggests it 

may play a significant part in disease pathology. A similar pathological 

mechanism including NO may also play a role in GM1-gangliosidosis.  

 In another study, it was shown that progressive accumulation of GM1 

ganglioside in neurons causes prolonged stress on the ER, leading to depletion 

of calcium (Ca2+) stores [84]. The depletion of Ca2+ results in activation of the 

unfolded protein response (UPR) [85], leading to neuronal apoptosis. The UPR 

then triggers an apoptotic pathway through upregulation of C/EBP-homologous 

transcription factor and activation of c-Jun N-terminal kinase 2. This then leads to 

cleavage of the UPR-specific cysteine protease, caspace-12, contributing to 

neuronal cell death. Later, the same group showed that GM1 ganglioside 

accumulation could also cause mitochondria-mediated apoptosis [86]. This is due 

to GM1-ganglioside accumulating in the glycosphingolipid-enriched microdomain 

(GEM) fraction of the mitochondria-associated ER membranes (MAMs), which 

control Ca2+ homeostasis. When Ca2+ ions are suddenly released because of the 

stress on the ER, they are rapidly taken up by the mitochondria. This induces 
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mitochondrial membrane permeabilization, opening the permeability transition 

pore and activating the mitochondrial apoptotic pathway.  

 Additionally, Takamura et al. [87] studied the role of autophagy and 

mitochondrial dysfunction in neurodegeneration observed in GM1-gangliosidosis. 

They showed that the brains of β-gal deficient mice had an increase in the 

amount of LC3-II protein (microtubule-associated protein 1 light chain 3), a 

standard marker of autophagy, and beclin-1 protein, which is involved in 

autophagosome formation [88]. Additionally, increased levels of LC3-II protein 

were found in cells that accumulate GM1 ganglioside. Autophagy has been 

shown to be involved in many neurodegenerative disorders, including 

Parkinson’s [89], Alzheimer’s [90], and Huntington’s disease [91], in addition to 

many lysosomal diseases [92-94]. Further, Takamura et al. [87] observed that 

mitochondria isolated from the brains of β-gal deficient mice were 

morphologically abnormal. They suggest that these changes could potentially 

lead to cellular degeneration and disease progression in GM1-gangliosidosis.  

 

Morquio Syndrome Type B: A Skeletal Disease 

History and Clinical Characteristics 

Typically, when a lysosomal hydrolase is defective, a single lysosomal 

disease arises. However, in the case of β-gal, mutations in the encoding gene, 

GLB1, can result in two lysosomal diseases: GM1-gangliosidosis, the 

neurodegenerative disease described above, and Morquio syndrome type B, a 

skeletal disease. While GM1 ganglioside is the primary accumulating substrate in 
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GM1-gangliosidosis, the GAG keratan sulfate (KS) accumulates in Morquio 

syndrome type B. The discovery of Morquio syndrome type B was made in 1976 

by O’Brien et al. [95], who reported about a 14-year-old female who had multiple 

skeletal deformities, including spondyloepiphyseal dysplasia, flat vertebral bodies 

and femoral heads. This patient also exhibited corneal clouding and β-gal 

enzyme activity less than 5% of normal [95]. The intriguing discovery, though, 

was that there were no neurological abnormalities. In 1977, Arbisser et al. [96] 

described another 14-year-old patient who presented with similar skeletal 

abnormalities, including short stature, corneal clouding, abnormal gait, and 

increased urinary KS levels. At that time, an increase in KS suggested a 

deficiency in the enzyme galactosamine-6-sulfate sulfatase (GALNS), which is 

indicative of Morquio syndrome type A. However, the patients in the case report 

had normal GALNS enzyme activity. Thus, the group suggested designating the 

new disease as Morquio syndrome type B.  

 Clinically, more is known about this disease now compared to 40 years 

ago. Typically, development progresses normally in infancy and early childhood. 

After early childhood, growth begins to become delayed. Patients then develop 

progressive physical abnormalities, including a short trunk, sternal protrusions, 

kyphosis, platyspondylia (flattening of vertebrae in spine), swelling of distal ends 

of long bones, thickening of wrist and interphalangeal joints, and corneal clouding 

[95-98]. Diagnosis of Morquio syndrome type B is typically based upon residual 

β-gal enzyme activity (1.3-11.9% of normal activity [32, 99-102]) and symptoms. 
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Additionally, urinalysis shows an increase in KS and oligosaccharides secretions 

[97, 103].  

To date, the incidence of Morquio syndrome type B is too rare to be 

calculated. In four natural history studies of patients with MPS diseases [104-

107], only 2 cases of Morquio syndrome type B were reported in Germany out of 

474 reported to have an MPS disease [107]. As reported in The Metabolic and 

Molecular Bases of Inherited Diseases, as of 1997, only 16 cases were ever 

described [31, 95-98, 103, 108-110]. Since then, a few additional patients have 

been described [99, 111, 112], however, the incidence still remains extremely 

low.  

 

Function of Keratan Sulfate and its Potential Role in Morquio Syndrome 

Type B 

Keratan sulfate (KS) (Figure 3) is the primary macromolecule that 

accumulates in patients with Morquio syndrome type B. It is a large 

glycosaminoglycan that is composed of repeating disaccharides composed of 

galactose and N-acetylglucosamine. KS exists as a carbohydrate bound to a 

core protein, forming a proteoglycan. These core proteins are typically found in 

the extracellular matrix (ECM) covalently attached to a core protein or on the cell 

surface. While there are many functions of KS [113, 114], the role it potentially 

has in the pathology of Morquio syndrome type B are discussed below.  

The highest abundance of KS in the body is found in the cornea, which 

contains keratocytes that synthesize KS [115]. Within the cornea, KS plays a 
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crucial role in maintaining tissue hydration that is essential for the corneal 

transparency. This is due to KS-linked proteoglycans in the cornea having water-

binding properties [116]. If catabolism of KS is deficient, the result is 

accumulation in the tissue. This accumulation could be the cause of the corneal 

clouding that is present in patients with Morquio syndrome type B. 

Furthermore, KS is also found in bones and cartilage. Specifically, it is 

covalently attached to core proteins such as osteoadherin. The pathological 

mechanism of how deficiencies in KS catabolism results in skeletal abnormalities 

has not been elucidated, but hypotheses can be made based on the location of 

KS. Osteoadherin is a protein that is has been shown to be involved in regulating 

bone homeostasis and development [117, 118]. Dysregulation of KS 

homeostasis could cause disruption of the normal function of osteoadherin or 

other proteoglycans, resulting in the abnormal bone development observed in 

Morquio syndrome type B patients. 

Additionally, Morquio syndrome type B patients will have abnormalities in 

the connective tissue that makes up the cartilage. In the ECM, chondrocytes are 

responsible for the synthesis and secretion of KS into the ECM [119]. Another KS 

proteoglycan, aggrecan, is important for the proper formation of the compressive 

properties of cartilage [120]. Aggrecan can help tissues withstand compressive 

forces due to its ability to fill the space and absorb water in the cartilaginous 

tissues [121]. The degradation of KS is impaired in patients with Morquio 

syndrome type B. The limited mobility and range of motion due to joint stiffness 
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seen in patients with Morquio syndrome type B could be caused by dysregulation 

of a KS proteoglycan such as aggrecan.   

 

Animal Models of β-galactosidase Deficiencies 

Animal models are a critical component for studying and developing novel 

therapies for human diseases. This is especially true with rare diseases such as 

GM1-gangliosidosis and Morquio syndrome type B. Currently, the only models of 

β-gal deficiencies in existence are those that recapitulate GM1-gangliosidosis. To 

date, no animal models of Morquio syndrome type B have been described. Aside 

from mice, the models of GM1-gangliosidosis that have been described are 

naturally occurring. These models include black bear, cattle, sheep, dogs, and 

cats. Each of these models will be described briefly.  

 

Black Bear, Bovine, and Ovine Models 

In the black bear population, a naturally occurring mutation (Y348H) was 

discovered [122] in a subset of animals that resulted in the presentation of many 

GM1-gangliosidosis symptoms. These bears have a reduced lifespan, 

succumbing to the disease around 2 years of age, compared to wild black bears 

which live 32-36 years. Additionally, these diseased bears have reduced β-gal 

enzyme activity, between 1.2-2.3% of normal, and a significant accumulation of 

GM1 and GA1 gangliosides. Histological analysis showed the presence of severe 

vacuolation in mononuclear cells, chondrocytes, and in the CNS. Additionally, the 
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bear had skeletal abnormalities similar to those in some humans with GM1-

gangliosidosis.  

 GM1-gangliosidosis was also observed in inbred Holstein Friesian cattle 

[123, 124]. The symptoms of GM1-gangliosidosis, including labored movement 

and ataxia, appeared within the first month of life. Further, their lifespan was 

reduced to 6-9 months of age, compared to a normal cow that can live 

approximately 20 years. Histological analysis of the CNS showed that neurons 

had a swollen, foamy, and vacuolated morphology. Ganglioside quantification in 

these calves showed significant increases compared to normal calves.  

 In sheep, multiple naturally occurring models exist. In one model [125, 

126], disease symptoms present around 4-6 months, including severe ataxia and 

the inability to stand. Histological analysis showed severe lesions in the CNS, 

including swollen neurons with foamy or vacuolated cytoplasm. Enzyme activity 

was less than 5% of normal levels in the brain and kidney. Ganglioside 

accumulation was also seen in affected sheep. In a second model, three lambs 

presented with a more severe and aggressive β-gal deficiency. These lambs 

presented with neurological impairments around 1 month of age and by 4 months 

had either died or required euthanasia [127]. Pathological analysis showed that 

neurons were ballooned and had cytoplasmic inclusions. Enzyme activity was 

approximately 10% of normal levels. A possible third model of ovine GM1-

gangliosidosis was published by Ryder and Simmons [128], who found 

histopathological abnormalities in the brains of three adult Romney sheep that 

were comparable to those observed in late-onset GM1-gangliosidosis. These 
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sheep had an isolated disease pathology, only present within the corpus 

striatum. Within the neurons of the basal nuclei, they observed granulated 

occlusions, and positive Luxol fast blue (LFB) and Periodic acid-Schiff (PAS) 

staining. However, no other biochemical analysis was conducted, so the 

diagnosis of GM1-gangliosidosis is only speculative.  

 Overall, while these large animals could be useful for future studies of 

therapies for GM1-gangliosidosis, the cost of generating and maintaining a 

colony and the genetic heterogeneity make their use for developing treatments 

unattractive and impractical. 

 

Canine Models 

 GM1-gangliosidosis has been described in many breeds of canines, 

including mixed-breed beagles [129, 130], English Springer Spaniels (ESS) [131, 

132], Portuguese Water Dogs (PWD) [132-134], Alaskan Huskies [135-137], and 

Shiba Inu [138-141].  

 In mixed-breed beagles, an initial animal was described to present with 

GM1-gangliosidosis symptoms [129]. The animal was observed for 4 months, 

where it displayed progressive motor dysfunction including head tremors and 

impaired coordination. The animal also had progressive vision loss, hyperactivity, 

and became uncoordinated as it aged [129]. At 9 months of age, the animal was 

unable to stand and was euthanized. Histological analysis revealed that neurons 

in the brain, spinal cord, and retina were enlarged and vacuolated. The storage 

material within the vacuoles stained positive with Sudan black and LFB. Further, 
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vacuolation was also observed in hepatocytes, spleen, and kidney [129]. 

Ganglioside levels were elevated in the brain, spleen, and liver of affected 

animals. β-gal enzyme activity in the gray matter of the brain was significantly 

reduced below 6% of normal levels [129]. Further studies were conducted on 

beagles from the same pedigree described above [130]. Affected animals 

developed normally until approximately 3 months of age, when their eyes began 

to become crossed. Further neurological impairments presented around 6 

months, when affected animals started developing hind-limb ataxia [130]. Around 

7-9 months, diseased dogs displayed severe neuromotor dysfunction, including 

ataxia, weakness in their limbs, and head tremors [130]. Similar to the dog 

discussed in [129], by 9-10 months of age, diseased animals became paralyzed 

and were euthanized [130]. Histological observations were similar to the dog 

described by Read et. al. [129], with distended and vacuolated neurons in the 

brain and spinal cord [130]. Biochemical analysis revealed that ganglioside levels 

were significantly increased and β-gal enzyme activity was 4% of normal levels in 

diseased dogs.  

 In English Springer Spaniels (ESS) [131], diseased puppies are dwarfed 

compared to their littermates. Around 4 months of age, diseased ESS puppies 

displayed neurological impairments, including ataxia. By 8 months of age, the 

animal was completely ataxic and had nystagmus and decreased neural 

response to stimulation [131]. In affected ESS puppies, disease progression 

occurred quickly, where most animals required euthanasia by 10 months of age. 

Histological analysis revealed cellular vacuolation in the neurons in the brain, 
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spinal cord, and retina, in addition to the pancreas, kidneys, and chondrocytes 

[131]. Interestingly, one diseased ESS dog at 8 months of age displayed skeletal 

abnormalities at necropsy, including thickened intervertebral disk spaces and 

deformed femoral heads. Biochemical analysis revealed that GM1 ganglioside 

levels in the brain and oligosaccharide levels in the brain, liver, urine, and 

cartilage were increased in diseased ESS dogs. Further, enzyme assays showed 

that β-gal enzyme activity was significantly reduced in affected animals [131].  

 A few years later, another canine model presenting with GM1-

gangliosidosis symptoms was described in the Portuguese Water Dog (PWD) 

[133]. Examination of PWD at 6 months of age revealed significant neurological 

deterioration. Symptoms of affected animals included generalized ataxia, head 

tremors, and nystagmus. By 7 months of age, diseased PWD dogs were 

euthanized due to disease severity. Histological analysis revealed vacuolation in 

the neurons of the brain, spinal cord, and retina, which stained positive with LFB 

and toluidine blue. Vacuolation was also present in non-neuronal tissue, 

including the liver, kidneys, spleen, pancreas, and lung. Biochemical analysis 

revealed β-gal enzyme activity in the liver was less than 10% of normal, and that 

there was a significant accumulation of GM1 ganglioside in the brain. Further 

characterization and comparisons of diseased PWD to affected ESS dogs was 

done by Alroy et. al. [132]. They described that both ESS and PWD puppies had 

skeletal abnormalities as young as 2 months of age. Histological studies showed 

again that the neurons in brains, spinal cord, and retina were severely vacuolated 

and the cytoplasmic inclusions stained positively with LFB. Biochemically, they 
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saw that ganglioside levels in both models were significantly elevated and β-gal 

enzyme activity was approximately 6.2% and 1.5-8.8% of normal levels in ESS 

and PWD, respectively. The group also noted that while these two models of 

GM1-gangliosidosis had similar disease pathology and progression, only affected 

ESS animals were dwarfed and developed coarse facial features.   

 Another naturally occurring model of canine GM1-gangliosidosis was 

described in Alaskan Huskies [135-137]. Initial observations [135] of diseased 

Huskies showed that they were dwarfed compared to littermates and had 

neurological impairments that arose around 4 months of age. The neurological 

impairment progressively worsened until 7 months of age, at which time the 

animals were euthanized. Histological analysis revealed a vacuolated pathology 

in neurons, macrophages, and lymphocytes. Enzymatic analysis showed that β-

gal enzyme activity was 4.0-11.3% of normal levels in lymphocytes and 4.2%, 

6.3%, 1.9%, and 2.1% of normal levels in the liver, kidney, spleen, and brain, 

respectively. Additionally, ganglioside levels were significantly elevated. Further 

studies [136] on Huskies from the same pedigree showed that the disease 

symptoms are first noticeable around 6-8 weeks of age, including weight loss, 

abnormal gait, and a slight head tremor. At 7 months of age, diseased Huskies 

were still dwarfed compared to littermates and displayed symptoms of cerebellar 

dysfunction including impaired coordination of their hindlimbs, in addition to a 

more severe head tremor. A similar skeletal phenotype was observed in Huskies 

to that described in ESS and PWD dogs, including widening of the intervertebral 

disc space and delayed ossification of the lumbar vertebra. Again, neurons if the 
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brain, spinal cord, and peripheral ganglia were severely vacuolated in diseased 

Huskies. The storage material in these vacuolates stained positive with both PAS 

and LFB.  

 More recently, a naturally occurring Shiba Inu canine model of GM1-

gangliosidosis has been described and studied [138-141]. The first description of 

this model [138] discussed a Shiba dog that had progressive motor dysfunction 

beginning at 5 months of age. This dysfunction displayed a similar cerebellar 

disorder described above for the other canine models, including ataxia, head 

tremors, and the inability to maintain its balance. By 8 months of age, the 

affected Shiba was unable to stand and while it was able to respond to stimulus 

(e.g. sound or touch), the response was delayed. At 10 months of age, corneal 

clouding and loss of vision was observed. Pathological analysis showed that the 

liver and spleen of the affected animal were slightly enlarged and that neurons 

throughout the CNS were vacuolated. Ganglioside quantification revealed that 

GM1 ganglioside levels were more than 20-fold normal levels in the cerebral 

cortex and 10-fold normal levels in the cerebral medulla. Additionally, β-gal 

enzyme activity was less than 2% of normal in the liver and leukocytes of 

affected animals. In the same paper, Yamato et. al. [138] describe a second case 

of GM1-gangliosidosis in a Shiba puppy that died shortly after birth. While 

ganglioside levels were not elevated, β-gal enzyme activity in the cerebrum, 

cerebellum, liver, spleen, and kidney were 1%, 0.6%, 2.1%, 1.2%, and 5.2% of 

normal, respectively. Yamato et. al. [139] followed this initial description with a 

longitudinal study on the Shibas model of GM1-gangliosidosis that further 
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characterized the behavioral and clinical features of these animals. Unlike 

affected ESS puppies [131] which are dwarfed at birth, diseased Shiba puppies 

are normal. Interestingly, they observed that around 10 months of age, affected 

animals started to become aggressive and bark. Further, while their food intake 

does not change, affected Shibas begin to lose weight around 10 months of age. 

This decrease in weight coincides with the diseased animals increase in 

mortality. Beginning around 13 months of age, diseased Shiba become 

completely lethargic, and by 15 months require humane euthanasia due to the 

severity of the disease.  

 Overall, these canine models recapitulate many of the clinical symptoms 

and disease pathology of GM1-gangliosidosis and could be important models for 

testing potential therapies in a larger model of the disease. However, the high 

cost of maintaining canine models hinders their use. 

 

Feline Models 

 In felines, many cases of GM1-gangliosidosis phenotypes have been 

described. At 4 months of age, a Siamese cat [142, 143] started showing 

weakness and incoordination in its hind legs, and progressive ataxia, until the 

animal became completely incapacitated at 6 months of age and required 

euthanasia. Histological analysis showed that the neurons of the CNS and retina 

were enlarged and vacuolated. This vacuolation was also present in the spleen, 

where vacuolated macrophages were observed. Biochemical analysis revealed 
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that ganglioside content was 2-fold of normal levels and β-gal enzyme activity 

was 15% and 20% of normal levels in the brain and kidney, respectively. 

 In an isolated case, a 7-month-old Korat cat [144] was reported to have 

delayed growth, hindlimb tremors, labored breathing and seizures. The affected 

cat also displayed other neurological symptoms, including mental deterioration, 

ataxia, and impaired ability to complete the wheelbarrow behavior test. Following 

euthanasia at 21 months of age, histological analysis showed severe neuronal 

vacuolation throughout the brain, spinal cord, and peripheral ganglia. Vacuolation 

was also present throughout the visceral organs, including the liver, kidney, 

bronchi, and esophagus. Biochemical analysis of the affected cat revealed β-gal 

enzyme activity was significantly reduced (19% of normal in brain; 33% of normal 

in liver). Ganglioside quantification revealed that this decrease in enzyme activity 

resulted in a 3-fold and 1.7-fold increase in total gangliosides levels in the brain 

and liver, respectively. 

 Other cases of felines with GM1-gangliosidosis have also been described 

in non-purebred domestic cats found in the United Kingdom [145-147], Japan 

[148, 149], and Bangladesh [150]. In these cases, similarities in symptoms to 

human GM1-gangliosidosis were observed. 

 Similar to canine models, felines with GM1-gangliosidosis could provide a 

feasible larger model for studying therapies for this disease. However, the use of 

feline models poses similar challenges as all the previously described animal 

models, which is the high cost. This highlights the need for a more practical and 

cost-efficient model.  
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Murine Models 

 In comparison to the naturally occurring models of GM1-gangliosidosis in 

larger animal models described above, genetic engineering was utilized to 

generate murine models of the disease. Prior to this dissertation, two mouse 

models of GM1-gangliosidosis had been developed [151, 152]. Both of these 

models were generated by inserting an exogenous neomycin resistance gene 

cassette into the reading frame of the Glb1 gene through homologous 

recombination in embryonic stem (ES) cells [153]. In one line developed by Hahn 

et al. [151], the Glb1 gene was disrupted by targeting exon 6, while Matsuda et. 

al. [152] targeted exon 15. Both of these mutations resulted in a significant loss 

of β-gal enzyme activity. In the Matsuda mouse, β-gal enzyme activity in tail 

snips was 6.8% of wildtype levels and enzyme activity in the brain, spleen, liver, 

kidney, and testes was extremely low compared to wildtype levels [152]. 

Similarly, in the Hahn mouse, enzyme activity was 7.4%, 3.9%, 2.3%, and 1.1% 

of wildtype levels in the kidney, brain, liver, and spleen, respectively [151]. The 

groups attributed this residual enzyme activity levels to the presence of a second 

β-galactosidase, galactocerebrosidase, which is capable of cleaving the synthetic 

substrate utilized in enzyme assays [154]. The loss of β-gal enzyme activity led 

to the accumulation of GM1 ganglioside in the CNS of both murine models. 

Ganglioside quantification showed that the Matsuda et. al mouse showed a 20-

fold increase in GM1 ganglioside levels in the brain and that GA1 ganglioside 

levels were increased [152]. Similarly, Hahn et. al. observed an increase in 

ganglioside levels, beginning as early as 3 weeks of age [151]. Between this time 
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point and 3.5 months of age, GM1 ganglioside levels increased from 2.2-fold of 

normal levels to 4.8-fold of normal levels. Histological analysis revealed that this 

loss of β-gal enzyme activity and subsequent ganglioside accumulation resulted 

in the presence of neuronal vacuolation in the brain that stained positive with 

PAS as early as 3 weeks of age. By 5 weeks, the severity of neuronal 

vacuolation increased significantly and was observed in nearly all regions of the 

brain, which again stained positive with PAS. 

 In both cases, β-gal deficient animals were reported to be behaviorally and 

phenotypically normal at birth compared to littermates. However, around 4 

months of age, as the disease progressed and neuronal ganglioside content and 

vacuolation increased, neurological symptoms including body tremors, ataxia, 

and abnormal gait became apparent. As the animals aged, the severity of the 

disease worsened. As animals started to become paralyzed and completely 

emaciated, they finally succumbed to the disease around 10 months of age [151, 

152]. Initial neurological impairment was described by Matsuda et. al. [155], who 

observed that affected mice at 8 months old displayed a limb-clasping behavior 

when hung by their tail, pulling their limbs in close to their body. In contrast, a 

neurologically normal mouse will extend their limbs outwards to balance. This 

limb-clasping behavior is a common observation in mice with neurodegeneration 

[156]. Further behavior analysis in β-gal deficient mice showed that their motor 

function was significantly impaired [157-160]. However, no cognitive testing has 

been conducted on these animals. 
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 Overall, mice are a useful model organism for testing therapeutics 

because they are genetically identical, increasing the reproducibility of 

experiments. The low cost and frequent breeding of mice make them more 

practical and accessible than larger animal models. Furthermore, most 

experiments for biochemical analyses and behavior tests have been developed. 

However, the mechanism by which these previous models were made is 

completely synthetic and does not recapitulate GLB1 mutations in human 

patients with β-gal deficiencies. Additionally, the models that are published do not 

synthesize any function β-gal enzyme, limiting the approaches that can be tested 

in these animals. The near absent level of β-gal enzyme activity also prevents 

testing therapies for patients who have missense mutations in the GLB1 gene, 

resulting in residual enzyme activity, such as patients who have juvenile or late-

onset GM1-gangliosidosis. Therefore, we created two models of β-gal deficiency, 

one completely devoid of β-gal activity, in addition to the first β-gal deficient 

mouse with residual enzyme activity, using CRISPR-Cas9 genome editing. 

These are the first mouse models of lysosomal diseases to be generated utilizing 

this technology. 

 

CRISPR-Cas9 Genome Editing to Create Genetically Modified Mouse 

Models 

CRISPR, or clustered regularly interspaced short palindromic repeats, are 

present in the adaptive immune system of archaea and bacteria to counter 

infections by viruses [161]. When a virus infects bacteria, the bacterial response 
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is to incorporate a piece of this viral DNA into its own genome. Bacteria then use 

this incorporated DNA as an adaptive immune response to subsequent infections 

by transcribing a small RNA, approximately 20 nucleotides in length (CRISPR 

RNA, crRNA; also known as the protospacer sequence), which guides an 

effector endonuclease to the invading viral DNA and binds to the complementary 

strand [162]. One of these endonucleases that has been adapted for genome 

editing is the CRISPR-associated (Cas) protein, Cas9. To create a site-specific 

double-strand DNA break (DSB), Cas9 must form a complex with a crRNA and a 

trans-activating RNA (tracrRNA) that partially complements the crRNA. For gene 

editing, these two RNA sequences are combined to form a single guide RNA 

(sgRNA). One requirement of Cas9 DNA cleavage is the presence of a 3 bp DNA 

sequence known as the protospacer adjacent motif (PAM), which needs to be 

positioned directly 3’ to the crRNA complementary sequence [163, 164].  

Following a DSB, the cell undergoes double-strand DNA repair following 

one of two paths, either homology directed repair (HDR) or non-homologous end 

joining (NHEJ) [165-167]. These pathways can be exploited with the CRISPR-

Cas9 system to generate mouse models in the following ways. A specific 

mutation can be created through HDR by providing a DNA template containing a 

specific mutation that is flanked by a sequence homologous to the targeted 

region of DNA. In contrast, insertions or deletions (indels) can be created by a 

second method of DSB repair known as NHEJ. This approach can yield 

mutations resulting in the creation of a gene knockout model in mice.  
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Current Clinical Therapies for β-galactosidase Deficiencies 

Clinically, there are no treatments for the β-galactosidase deficiencies 

GM1-gangliosidisis and Morquio syndrome type B. Because the number of 

Morquio syndrome type B patients is so low, most approaches taken to date 

have been for GM1-gangliosidosis, which will be the sole focus of discussion on 

therapies in this section.  

 

Substrate Reduction Therapy 

 One method of alleviating the devastating pathology of GM1-

gangliosidosis is by substrate reduction therapy (SRT) with a drug called 

miglustat, also known as N-butyldeoxynojirimycin (N-B-DNJ) or Zavesca®. It was 

shown that this iminosugar is capable of inhibiting glucosylceramide synthase, 

which is responsible for the formation of glucosylceramide (GlcCer), a major 

component of most glycosphingolipids including GM1 ganglioside. Miglustat has 

been shown to reduce ganglioside content in mice with gangliosidoses [168, 

169]. By inhibiting the ability to form new gangliosides, miglustat reduces the 

number of accumulating gangliosides. This therapy has been implemented for 

use in patients who suffer with either GM1-gangliosidosis or GM2-

gangliosidoses. However, while this treatment temporarily helps with symptoms, 

it does not slow down the progression of the disease [170-174]. 

A combination of miglustat with a ketogenic diet, which is a diet that 

contains higher amounts of fats and lower amounts of carbohydrates, is currently 

in clinical trials (ClinicalTrials.gov Identifier: NCT02030015). The rationale behind 
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this combination therapy is that by reducing the carbohydrates content, there will 

be a synergistic effect with miglustat. Whether this has any effect on therapy or 

disease progression is still unknown as the trial is ongoing. 

 

Hematopoietic Stem Cell Transplant 

In 2005, Shield et. al. [46] published a case report of a patient with juvenile 

GM1-gangliosidosis who had undergone a successful bone marrow transplant at 

7 months of age. Cells were isolated from her older sister whose β-gal enzyme 

activity was 240 nmol/hr/mg protein. At the time of transplantation, her 

development and neurological pathology were normal compared to other children 

her age. At 14-months of age, she was able to walk and had normal speech 

skills. However, around 20 months of age, she began progressively losing 

speech and motor skills. At 29 months of age, MRI scans showed both myelin 

dysfunction and loss of myelination, and her EEG showed she had cerebral 

dysfunction. Sadly, by the time she was 5 years old, she was severely ataxic, 

had limited motor function, and lost her ability to communicate. At 7 years of age, 

she was completely wheelchair bound and suffering from seizures. Interestingly, 

at 7 years post-transplant, the patient’s β-gal enzyme activity was 246 

nmol/hr/mg protein in white blood cells. Overall, this outcome suggests that, even 

though there were high levels of β-gal enzyme present, stem cell transplantation 

is not sufficiently treating the neurodegeneration in this debilitating disease.  

 

Pre-clinical Studies for Treating β-galactosidase Deficiencies 
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Rationale for Treating Lysosomal Diseases 

 The rationale for nearly all approaches for treating lysosomal diseases 

such as GM1-gangliosidosis is based upon the phenomenon known as metabolic 

cross-correction. Cross-correction was first shown in 1968 by Dr. Elizabeth 

Nuefeld and her group, where they observed that by culturing fibroblasts from 

patients with two different lysosomal diseases (one from MPS I, another from 

MPS II), degradation of GAG occurred normally [175]. However, when the 

fibroblasts were cultured separately, GAG accumulated. Later experiments 

showed that most lysosomal enzymes are post-translationally modified by the 

covalent attachment of mannose 6-phosphate (M6P) [176] and sorted to the 

Golgi by binding to the M6P receptors (M6PR) [177, 178]. The lysosomal enzyme 

and M6PR complex is then sorted to the lysosomal compartment, where the 

acidic pH dissociates the enzyme from the M6PR [179].  

 However, 5-20% of the enzyme follows another pathway and is trafficked 

to the cell surface and released into the extracellular space [180]. The secreted 

lysosomal enzymes are able to interact with the M6PR or mannose residues on 

the surface of nearby cells and be internalized and trafficked to the lysosome, 

where they can be used to degrade macromolecules. This is what is known as 

metabolic cross-correction and is the basis for most clinical and pre-clinical 

research in the treatment of many lysosomal diseases. 

 

Molecular Chaperone Therapy 
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 For GM1-gangliosidosis, a couple of molecular chaperones have been 

studied that could increase the activity of defective β-gal. In vitro studies 

conducted on fibroblasts from GM1-gangliosidosis patients treated with 

derivatives of galactonojirimycin showed restoration of β-gal activity [181]. 

Previously, 1-deoxygalactonojirimycin, or DGJ, had been shown to increase the 

activity of mutated α-galactosidase, which is the deficient enzyme in the 

lysosomal disease Fabry disease [182]. This increase in activity was shown to be 

a result of accelerated transport and maturation of the mutated protein [182].  

In mutant fibroblasts, the use of low concentrations of DGJ and N-(n-butyl)-

deoxygalactonojirimycin (NB-DGJ) elevated β-gal enzyme activity 3-fold and 7-

fold in cells with I51T and R201C mutations, respectively. However, cells from 

patients with other mutations, including patients with Morquio syndrome type B, 

showed minimal increase in enzyme activity.  

 In another study by Matsuda et. al. [183], a galactose derivative, N-octyl-4-

epi-β-valienamine (NOEV), was tested to determine if β-gal enzyme could be 

stabilized or have an increase in activity. To test this, they randomly inserted a 

transgene expressing the human GLB1R201C mutation found in patients with 

GM1-gangliosidosis into their β-gal-deficient mouse model [183]. In vitro and in 

vivo testing of NOEV showed a marked increase in β-gal enzyme activity. 

Additionally, the group showed that NOEV could reduce the levels of GM1 

ganglioside in the brain. This showed that NOEV could cross the blood-brain 

barrier (BBB), which is the significant limitation of enzyme replacement therapy in 
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lysosomal diseases with neurological involvement. However, this approach has 

not been applied clinically. 

 

Enzyme Replacement Therapy 

 While enzyme replacement therapy (ERT) has been approved for use in 

multiple lysosomal diseases [184], it has not been tested in vivo, nor approved, 

for use in GM1-gangliosidosis clinically. However, recombinant proteins have 

been synthesized from felines [185, 186] and from humans [187]. In one of these 

studies [185], purified feline β-gal in liposomes reduced ganglioside levels in β-

gal deficient fibroblasts.  

Recently, a group tested a β-gal fusion protein that included the human 

GLB1 sequence fused to the ricin toxin B-subunit (RTB), which is known to bind 

carbohydrates and mediate transport into cells [188-191]. The rationale for this 

fusion construct was that RTB can bind to the cells of the BBB, be transcytosed, 

and treat the neurological component of GM1-gangliosidosis. In vitro, this fusion 

construct showed uptake into fibroblasts from GM1-gangliosidosis patients and 

had functional β-gal activity. To date, in vivo testing of this enzyme has yet to be 

published. However, a similar system has been tested in a mouse model of the 

lysosomal disease MPS I (Hurler syndrome) [192] and was shown to reduce 

GAG levels and improve neurocognitive function of diseased animals. 

 Another ERT approach in MPS I mice showed that by providing a high 

dose (20-fold clinical dose) of recombinant enzyme intravenously, neurocognitive 

function was improved [193]. This result was important, because it shows that if a 
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therapy can provide large and continuous amounts of enzyme, there is a 

possibility that neurological function can be improved.  

 

Gene Therapy 

 Over the last few decades, gene therapy has emerged as the next 

revolutionary approach to treating genetic conditions such as lysosomal 

diseases. To date, many pre-clinical gene therapy studies have been conducted 

in lysosomal diseases. These approaches include the use of liposomes, 

polymers, minicircles, and Sleeping Beauty transposons for non-viral therapy, 

and retroviruses (RV), lentiviruses (LV), adenoviruses (Ad), and adeno-

associated viruses (AAV) for viral therapies. 

Non-viral systems provide many advantages, including reduced 

pathogenicity, reduced risk of insertional mutagenesis, relatively cheap to 

develop, and easy manufacturing. However, they are inefficient at entering cells 

and expressing enough transgene to have a therapeutic effect. Many non-viral 

approaches have been used for gene therapy in lysosomal diseases [194], 

however, viral approaches will be the focus of this dissertation.  

 The field of gene therapy has also utilized the capacity of different viruses 

to infect cells and express a specific transgene. Which viral vector is used is 

dependent upon many factors, including the size of the transgene, types of cells 

being targeted, delivery method (ex vivo or in vivo), and whether DNA integration 

is necessary.  
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Retroviruses 

The first virus used in clinical trials were retroviruses (RVs). RVs are 

single-stranded RNA (ssRNA) containing enveloped viruses. The proteins 

necessary for viral infection and reproduction are encoded by three RV genes, 

gag, pol, and env. These three RV genes are flanked by long-terminal repeat 

(LTR) sequences that are required for proper viral DNA reverse transcription and 

integration into the host genome. Following infection, reverse transcriptase, 

encoding by the pol gene, reverse transcribes the viral genome to produce a 

single strand of DNA, which is converted to double-stranded DNA through 

multiple steps [195]. Following double-strand synthesis, the DNA is transported 

to the nucleus and is integrated into the host cell’s DNA by the virally-encoded 

integrase protein. For gene therapy purposes, researchers remove the gag, pol, 

and env sequences and replace them with an exogenous promotor to drive the 

expression of a transgene of interest. The capacity of the RV is approximately 8 

kb, so the coding sequences for most lysosomal enzymes could be used. While 

powerful and capable of providing a permanent transgene expression, RVs have 

limitations. One of these limitations is the inability of RVs to transduce non-

dividing cells, which makes them an unlikely candidate for transducing neurons 

and treating neurological diseases.  

For GM1-gangliosidosis, preclinical studies have been done in vitro and ex 

vivo utilizing RVs. In vitro studies in human fibroblasts from GM1-gangliosidosis 

patients transduced with RVs encoding either human or mouse β-galactosidase 

resulted in the restoration of β-gal enzyme activity [196]. This experiment also 
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showed that mouse β-gal enzyme was secreted more efficiently than human β-

gal, and that it also had a higher enzyme activity [196]. In a second study [157], 

normal (expressing endogenous mouse Glb1) bone marrow cells were 

transduced with RVs encoding human GLB1 and transplanted into β-gal deficient 

mice. Treated mice displayed increased β-gal enzyme activity in the brain, 

resulting in improvement of neuronal pathology and reduction in GM1 ganglioside 

accumulation. Treated mice also had improved neuromotor function in the 

rotarod test.  

 

Lentiviruses 

The human immunodeficiency virus (HIV)-1-based lentivirus (LV) has 

been adapted for use in gene therapy and is capable of transducing both dividing 

and non-dividing cells [197, 198]. LVs have been utilized in many preclinical 

studies in lysosomal diseases [199, 200], however, have never been applied to 

treating GM1-gangliosidosis. LV approaches have been utilized to transduce 

hematopoietic stem cells ex vivo for the treatment of diseases such as β-

thalassemia [201], Wiskott-Aldrich syndrome [202] and X-linked 

adrenoleukodystrophy [203] with great success. While these therapies have been 

promising, LVs also have their limitations. LV integration has been shown to be 

semi-random [204, 205], leading to safety concerns regarding insertional 

mutagenesis. This observation led to the development of LV vectors that are 

incapable of integrating into the genome, also called non-integration LV vectors 
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[206]. However, there are other viruses that are non-integrating that are capable 

of transducing both dividing and non-dividing cells.  

 

Adenoviruses 

 One of the non-integrating viruses are adenoviruses (Ads), which have a 

double-stranded DNA (dsDNA) genome that is approximately 36 kb in length, 

encoding over 50 polypeptides [207]. Following infection and subsequent loss of 

the viral capsid, the viral DNA is released and transported to the nucleus [208]. 

Once in the nucleus, transcription and translation of viral DNA occurs by utilizing 

host and viral DNA. Gene expression in Ads is broken into two phases, early and 

late. Genes expressed in the early phase encode for proteins involved in initiation 

and regulation of cellular functions that allow for DNA replication, where late 

genes encode structural proteins required for encapsidation of the newly 

replicated DNA [207, 209]. Currently, there are 57 human adenovirus serotypes 

classified into seven different species, however only two (Ad2 and Ad5) are 

commonly used for gene therapy [210]. Ads were attractive vectors for gene 

therapy because of their large capacity for transgenes (~36 kb), ability to 

transduce dividing and non-dividing cells, and are non-integrating. For GM1-

gangliosidosis, the use of Ads has been limited to testing in β-gal deficient mice 

[211]. This study showed that a single intravenous injection of an Ad encoding 

the mouse β-gal enzyme into a neonatal β-gal deficient mouse had beneficial 

outcomes for disease pathology. This included an increase in β-gal enzyme 

activity in tissue and decrease in GM1 ganglioside content in animals that were 
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treated with the β-gal-encoding Ad. However, by 60 days post-treatment, GM1 

ganglioside content was increased compared to day 30, as if the amount of β-gal 

enzyme was not sufficient to keep up with the rate of accumulation [211]. 

 One of the potential limitations of naturally-found Ads is that most humans 

have been exposed to them. They are responsible for causing respiratory and 

gastrointestinal symptoms such as colds, sore throats, pneumonia, and diarrhea. 

Moreover, Ads are very immunogenic. However, this has not hindered their use 

in clinical trials, as over 500 gene therapy trials have been or are being 

conducted using human Ad vectors [212].  

 

Adeno-associated viruses 

 Another non-integrating virus is the adeno-associated virus (AAV), so 

named because it is a dependovirus and requires co-transfection of another 

virus, adenovirus or herpes simplex virus, to complete its viral lifecycle [213-215]. 

AAVs are small, non-enveloped viruses that have a single-stranded DNA 

(ssDNA) genome consisting of approximately 4.7 kb. The AAV genome contains 

two open reading frames, rep and cap, that are flanked by two inverted terminal 

repeat (ITR) sequences required for genome replication and packaging. Rep, 

short for replication, encodes four overlapping genes responsible for viral 

replication. Cap, short for capsid, contains three overlapping sequences that 

encode the capsid proteins VP1, VP2, and VP3 which form the icosahedral viral 

capsid [216, 217]. To enter the cell, the capsid of the AAV interacts with glycan 

moieties for initial attachment to the cell surface [218] and is then endocytosed 
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into the cell by clathrin-coated vesicles [219, 220]. The cell-type that is 

transduced by the AAV depends on the serotype of the AAV capsid. To date, 

there have been over 100 different variants of AAV identified in human or 

nonhuman primate tissues [221-225], however, 11 different serotypes have been 

described (AAV1-AAV11, respectively). Each of these variants, with the 

exception of AAV10 and AAV11, have been well studied and shown to have 

various tropisms, or preferences for specific cell-types. AAV2, though, has been 

the most widely used and studied AAV serotype [226-230]. 

 For use as a gene therapy vector, the AAV genes rep and cap are 

removed and replaced with the therapeutic gene, and in most cases, a promotor 

to drive transgene expression. With the removal of the wildtype AAV genes, three 

plasmids to produce AAV are required. One of these plasmids encodes the 

transgene flanked by the ITRs from AAV2. The second plasmid encodes the rep 

and cap genes that were removed, which are required for viral replication and 

capsid formation. To be able to specify which cells are transduced, AAV tropism 

is selected by replacing the cap genes from a specific AAV. For this study, the 

AAV8 capsid was utilized for its ability to effectively transduce hepatocytes [231]. 

The third plasmid encodes helper genes from adenovirus (Ad), E4orf6, E2a, and 

VA RNA. These three plasmids are then transfected into producer HEK293 cells, 

which express two additional Ad helper genes, E1a and E1b55k, from which 

active virus can be isolated from cell lysates [232, 233].  

 AAV has become an attractive virus for use in gene therapy because it 

can transduce dividing and non-dividing cell types, and is not known to cause 
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any pathogenic conditions in humans. Additionally, where wildtype AAV is 

capable of integrating into the AAVS1 site on chromosome 19 [234, 235], AAVs 

have had the rep gene removed, removing their capacity to integrate [236]. 

However, some of these benefits are also limitations of AAV. Over time, many 

cells that have been transfected with AAV will die off, or divide, leading to a loss 

or reduction of transgene expression. This problem is further exacerbated by the 

inability to administer another dose of AAV due to the formation of neutralizing 

antibodies and T-cell responses [237-239]. Further, the ability to produce high 

titers (concentrations) of AAV is limited and costly. The ability to produce these 

high titers also becomes more difficult as the size of the transgene increases, 

which is a problem, because the capacity of AAV is only 4.7 kb.  

 These potential pitfalls, though, have not limited the use of AAV vectors in 

clinical trials. As of August 2018, AAV has been utilized in 227 gene therapy 

clinical trials, which is approximately 8.1% of all gene therapy trials [212]. From 

these clinical trials, many have been successful at treating their respective 

disease, including spinal muscular atrophy 1 [240], α-1-antitrypsin deficiency 

[241], hemophilia B [242-244], childhood-onset blindness [245], and macular 

degeneration [246, 247]. Further, two AAV-based gene therapies have 

successfully cleared experimental trials and have been approved for clinical use. 

The first ever approved gene therapy, known as Glybera®, developed for 

patients with lipoprotein lipase deficiency, was successfully approved for use in 

Europe in 2012 [248]. However, due to the cost of the treatment (>$1,000,000 

per treatment) and the limited number of patients available (prevalence of 1 in 
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1,000,000 people), the development and use of the drug was discontinued. In 

December of 2017, the U.S. Food and Drug Administration approved the use of 

Luxturna™, an AAV gene therapy developed by Spark Therapeutics to treat 

patients with a rare inherited form of vision loss that can result in blindness [249]. 

The approval of these drugs shows the vitality and strength of AAV vectors for 

use in gene therapy. 

While the approved gene therapies utilize episomal expression of the 

unmutated transgene, there are at least two current clinical trials for lysosomal 

diseases that are circumventing the potential dilution or loss of AAV expression 

over time. Our group, in collaboration with Sangamo Therapeutics, utilized three 

AAV vectors to incorporate the deficient lysosomal enzyme into the albumin 

locus to provide permanent expression of the transgene. Two of these AAV 

vectors encode zinc-finger nucleases that generate a DSB in the albumin locus, 

and a third AAV vector that encodes the deficient lysosomal enzyme, either α-L-

iduronidase (IDUA) [250] or iduronate-2-sulfatase (IDS) [251]. Each of these 

transgenes is flanked by DNA sequence that is homologous to the region 

targeted in the albumin locus, which promotes homology directed repair of the 

DSB. This allowed for stable integration of the missing enzyme, meaning that 

AAV dilution should not occur following cell division, as the daughter cells will 

also have the incorporated sequence. 

 

Thesis Statement 



 43 

 The introduction above has laid out the current models of the β-gal 

deficiencies, including GM1-gangliosidosis and Morquio syndrome type B, and 

the limitations in clinical care of patients with these debilitating diseases. In the 

following chapters, the development of novel models of β-gal deficiencies and the 

application of a novel gene therapy approach for GM1-gangliosidosis will be 

discussed. Chapter II discusses how CRISPR-Cas9 genome editing was used to 

introduce two novel mutations into the β-gal encoding gene. Chapter III describes 

the comprehensive assessment of one these mutations that completely abolishes 

β-gal enzyme activity, resulting in a mouse model of GM1-gangliosidosis. In 

Chapter IV, the mouse containing the second mutation that reduces β-gal 

enzyme activity is discussed. Chapter V will discuss preliminary data from a 

proprietary gene therapy approach that utilizes the endogenous albumin 

promotor drive the expression of the human GLB1 cDNA. Overall, these studies 

advance the development of a treatment for β-galactosidase deficiencies. 
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Figure 1. Severity of GM1-gangliosidosis increases as residual β-
galactosidase enzyme activity decreases. Derived from [3, 42]. 
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Figure 2. Chemical structure of GM1 ganglioside. GM1 ganglioside is 

synthesized in the Golgi apparatus through the sequential addition of 

carbohydrate moieties to a ceramide group. Red, fatty acid; Black, sphingosine; 

Red and Black, ceramide; Purple, glucose; Blue, galactose; Yellow, N-acteyl-β-

D-galactosamine; Green, N-acetyl-α-neuraminidate (NANA).  
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Figure 3. Chemical structure of the repeating disaccharide in keratan 
sulfate. Keratan sulfate is composed of repeating disaccharides containing β-D-

galactose (Blue) and N-acetyl-D-glucosamine-6-sulfate (Red). 
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Introduction 
 

Animal models are key for the development of novel therapies. Mice have 

become a cornerstone for pre-clinical drug development for many reasons: 1) 

mice share approximately 85% genetic similarity to humans in protein-coding 

genes, 2) they are capable of being genetically manipulated, 3) they can be 

inbred to minimize genetic variations, allowing for more accurate and repeatable 

experiments, 4) they have an accelerated lifespan (~2.5 years), and 5) the age of 

reproduction is approximately 6 weeks, and they can reproduce quickly (~every 

21 days). In the past, there were two techniques used for creating mouse 

models, including pronuclear injection and embryonic stem (ES) cell 

manipulation, which are time consuming. Further, pronuclear injection relies upon 

random integration of the transgene, which could result in inactivation of 

necessary genes or integration into a region that activates an oncogene. With ES 

cell manipulation, targeted mutagenesis via homologous recombination (HR) was 

possible; however, the efficiency of desired HR is extremely low (<0.01%) [153] 

and the experimental timeframe is extensive and costly. Thus, new technologies 

were needed that allow for site-specific mutagenesis, in addition to accelerating 

the process and be more economical. It was shown that by introducing a DSB in 

the DNA, the efficiency of HR increased by approximately 5000-fold [252]. 

Utilizing this knowledge, and recent discoveries of programable DNA binding 

proteins, new technologies were developed, including synthetic zinc finger 

nucleases (ZFNs) [253] and transcriptional activator-like effector nucleases 

(TALENs) [254], both of which are able to create targeted DNA breaks and 
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circumventing the need for ES cells. However, these systems can be expensive 

and designing constructs that target a region of interest is time-consuming. In the 

last few years, CRISPR-Cas9 has become the frontrunner as the technology to 

use in targeted gene modifications, as it is relatively straightforward and 

inexpensive. This system utilizes a short oligonucleotide sgRNA that is 

complementary to the sequence to be modified. This sgRNA forms a complex 

with Cas9, a nuclease, and “guides” the complex to the complementary 

sequence in the genome, causing Cas9 to generate a DSB in the DNA. Following 

a DSB, the cell has two primary mechanisms of repairing the break, either by 

NHEJ or HDR. NHEJ typically creates in small insertions and deletions, which 

could be utilized to create knockout mutations. However, HDR can be promoted 

by providing a donor sequence that contains a sequence of interest flanked by 

homologous sequence to the targeted region of the genome. Here, we exploited 

this knowledge to create novel models of two lysosomal diseases. 

Typically, when a lysosomal hydrolase is defective, a single lysosomal 

disease arises; however, in the case of the enzyme β-gal, mutations in the 

encoding gene, GLB1, can result in two lysosomal diseases: GM1-

gangliosidosis, a neurodegenerative disease, and Morquio syndrome type B, a 

skeletal disease. β-gal is responsible for catabolizing the terminal galactose 

residue in GM1 ganglioside, its asialo derivative GA1, and the 

glycosaminoglycan keratan sulfate [38, 255]. The primary substrates that 

accumulate in GM1 gangliosidosis are GM1 and GA1 gangliosides, while in 

Morquio syndrome type B, keratan sulfate accumulates.  Clinically, GM1-
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gangliosidosis patients are categorized into one of three disease severities, 1) 

infantile, 2) late infantile/juvenile, and 3) adult, depending upon symptoms and 

residual β-gal enzyme activity. Those with the most severe infantile form have 

minimal or no residual enzyme activity. Patients usually present with severe 

neurocognitive regression around 6 months of age, hypotonia, macular cherry-

red spot, hepatosplenomegaly, skeletal dysplasia, and typically succumb to the 

disease by 2 years of age [3]. In Morquio syndrome type B, patients have 

residual β-gal enzyme activity (1.3-11.9% of normal [32, 99-101]). Morquio 

syndrome type B patients present with normal intellect, but suffer from 

progressive skeletal dysplasia, short stature, in addition to odontoid hypoplasia 

and corneal clouding [256]. Besides palliative approaches, there are no available 

treatments for either of these debilitating diseases. 

Previous mouse models of GM1-gangliosidosis were developed utilizing 

ES cell gene targeting to insert the exogenous neomycin resistance gene into the 

Glb1 locus; where the model developed by Hahn et al. [151] disrupted the gene 

by inserting the cassette in exon 6 and Matsuda et al. [152] targeted exon 15. To 

create more natural models of β-gal enzyme deficiency for use in the 

development of novel therapies, we employed CRISPR-Cas9 genome editing to 

introduce either a deletion in the mouse Glb1 gene or a missense mutation 

commonly found in Morquio syndrome type B patients. These mutations resulted 

in a loss of (β-gal-/-) or a significant reduction (GLB1W273L) of β-gal enzyme 

activity. See Chapters III and IV, respectively, for how the loss or reduction of β-
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gal enzyme activity affects the phenotype of these mice. Both of these models 

will be important for use in therapeutic testing. 

 

Materials and Methods 

Mice 

All animal care and experimental procedures were conducted under the 

approval of the Institute Animal Care and Use Committee (IACUC) of the 

University of Minnesota. All animals were housed in specific pathogen-free 

conditions and genotyped by polymerase chain reaction (PCR). C57BL/6J 

(000664) animals were purchased from The Jackson Laboratory. 

 

Generation of β-gal-/- and Glb1W274L Mice by CRISPR-Cas9 Embryo Micro-

injection 

To develop two models of β-galactosidase deficiency in a single 

experiment, CRISPR-Cas9 genome editing was employed to target the Glb1 

gene. Candidate CRISPR-Cas9 sgRNA targeting exon 8 of the mouse Glb1 gene 

were designed utilizing Benchling® software (Benchling, Inc, San Francisco, CA) 

based on a system established previously by Mali et al. [257]. To increase 

specificity and reduce the potential of off-target Cas9 cleavage, truncated 17 bp 

sgRNAs were designed, as suggested by Fu et al. [258]. sgRNAs were produced 

by T7 in vitro transcription and validated in vitro by incubating a sgRNA, Cas9 

protein, and PCR amplified target site, followed by gel electrophoresis to 

determine the extent of in vitro cleavage activity. The most efficient candidate 
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sgRNA (5’-CTGAGTTCTATACTGGC-3’) was chosen for in vivo use in zygote 

microinjections. 

 Zygotes for microinjection were produced by super-ovulating C57BL/6J 

females by injection of pregnant mare’s serum gonadotropin (PMSG) and human 

chorionic gonadotropin (HCG) and then mated with C57BL/6J stud males. 114 

one-celled embryos were collected from the ampulla oviducts the morning after 

mating and microinjected with 400 nM of Cas9 protein, 50 ng/ul sgRNA targeting 

exon 8 of Glb1, and 50 ng/ul of donor oligonucleotide. For this experiment, Cas9 

protein was utilized for microinjections to increase on-target efficiency of DNA 

cutting [259, 260] and to circumvent the issues with using Cas9 mRNA, including 

mosaicism at the target site [261]. The donor oligonucleotide was designed as a 

template for homologous recombination to introduce a 2 bp mutation resulting in 

a tryptophan to leucine substitution at position 274 (Glb1W274L), commonly found 

in Morquio syndrome type B patients. Of the 114 injected zygotes, 106 were 

transferred into 4 pseudopregnant mothers, yielding 24 neonates.  

 

Sequencing of Potential Founder Mice 

Toe or tail samples were obtained from each of the potential founder 

neonates and DNA was isolated using the HotSHOT DNA preparation [262]. 

Briefly, 100 µl of Solution A is added to the biopsy tube (Solution A: 25 mM 

NaOH, 0.2 mM EDTA (pH ~12.0). The tubes are then incubated at 95ºC for 30 

minutes. 100 µl of Solution B is then added (Solution B: 40 mM Tris-HCl in 

ddH2O (pH ~5.0)), and the samples are vortexed. Tubes are then spun down for 
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1-5 minutes at max speed. DNA from each potential founder was PCR amplified 

at the sgRNA target site within exon 8 of Glb1. The amplified PCR product was 

then subjected to Sanger sequencing. Primer sequences for PCR and 

sequencing are listed in Table 1. Of the 24 live offspring, three had mutations 

within the target site of the sgRNA. Two founders had undergone HDR and were 

heterozygous for the 2 bp mutation that results in the W274L amino acid 

substitution of interest (Glb1W274L), while the third founder had undergone NHEJ 

and harbored a 20 bp deletion of the targeted region (β-gal-/-).  

 

Sequencing of Potential Off-Target Sites 

Potential off-target cutting by Cas9 was assessed in founder animals. To 

predict these sites of off-target Cas9 DNA cleavage, the CCTOP algorithm [263] 

was used. Sites of interest were determined by sgRNA sequence homology near 

a potential PAM sequence. Ten loci were sequenced, 5 containing the NGG 

protospacer adjacent motif (PAM) sequence and 5 with a NAG PAM sequence. 

Each of the founder mice were bred to C57BL/6J wildtype mice for germline 

transmission of the mutant allele. Genotyping of the offspring (N1 generation) 

was conducted similar to that described above for founder mice. Heterozygous 

N1 animals were bred to obtain wildtype, heterozygous, and homozygous mutant 

animals used in these studies.  

 

Genotyping of β-gal-/- and Glb1W274L Mice 
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 Genotyping was conducted by amplifying the targeted mutation site with 

PCR by using the Glb1-ScF1 (forward) and Glb1-ScR1 (reverse) primers (Table 

1). In Glb1W274L mice, PCR products were digested using HaeIII (Promega, 

Madison, WI), which differentially cleaves wildtype and mutant Glb1 alleles. 

Wildtype mice have bands at 288 and 160 bp, where mutant alleles contain 

bands of 202, 160, and 86 bp in length. Undigested DNA is found at 448 bp. For 

β-gal-/- mice, PCR amplification utilizes the same primer sequences as Glb1W274L 

mice. However, to distinguish mutant and wildtype mice, the PCR amplified 

product is treated with XbaI. Wildtype animals have a single band at 448 bp, 

where homozygous mutant β-gal-/- mice have bands of 242 and 186 bp. 

Heterozygous mice have all three bands.  

 

Polymerase Chain Reaction (PCR) 

 PCR reactions of 25 µL total volume were set up with the following 

reagents: 12.5 µL 2X Pfu DNA Polymerase Mastermix (2X, Cat. #786-817, G-

Biosciences, St. Louis, MO), 6.5 µL nuclease-free water, 2.0 µL of each 10 µM 

PCR primer, and 2 µL of template DNA. All PCR reactions were performed using 

the following cycling conditions: [1] 98ºC, 30 seconds; [2] 98ºC, 10s; [3] 58ºC, 

30s; [4] 72ºC, 30s; [5] repeat steps 2-4 for 35 cycles; [6] 72ºC, 5 minutes, [7] 

10ºC, infinite hold.  

 

Restriction Enzyme Digest 
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 Restriction enzyme digestions of the PCR products were done using the 

following 24 µL reaction: Glb1W274L: 2.4 µL of 10X Buffer C (Promega), 0.24 µL of 

10 mg/mL BSA, 12.36 µL of nuclease-free water, 1 µL of HaeIII, and 8 µL of PCR 

amplified product. β-gal-/-: 2.4 µL of 10X Multi-Core Buffer (Promega), 0.24 µL of 

10 mg/mL BSA, 12.36 µL of nuclease-free water, 1 µL of XbaI, and 8 µL of PCR 

amplified product. The reaction was incubated at 37ºC for 2-4 hours.  

 

Agarose Gel Electrophoresis 

NuSieve™ GTG™ Agarose (Cat. #50080, Lonza, Basel, Switzerland) or 

LE Agarose (Cat. #E-3120-500, VWR International, Radnor, PA) solutions for 

separation of DNA fragments was conducted in 1X TAE (diluted from 50X made 

with 141 g Tris free base, 28.55 mL of Glacial acetic acid, 9.3 g 

ethylenediaminetetraacetic acid [EDTA], made up to 500 mL with ddH2O). 

Ethidium bromide was added to allow for DNA visualization under ultraviolet (UV) 

light in the gel documentation system. Restriction enzyme-digested samples 

were loaded (10 µL) onto the cast gel, along with 5 µL of Invitrogen™ 1 kb Plus 

DNA ladder (Cat. #10787, Thermo Fisher Scientific, Waltham, MA) in a separate 

well, and the gel was run at 120 volts for 60-100 minutes, or until DNA fragments 

were sufficiently separated. Visualization and image capturing were done under 

UV light using the EpiChemi3 Darkroom (UVP BioImaging Systems, Upland CA) 

system with QCapture software (V2.9.13, Quantitative Imaging Corporation, 

Surrey, British Columbia, Canada). 

 



 56 

Results  

Introduction of Mutations into the Glb1 Locus Using CRISPR-Cas9 Genome 

Editing 

To develop two models of β-gal deficiency, one with residual β-gal activity, 

and another completely devoid of enzyme activity, CRISPR-Cas9 genome editing 

was utilized. A sgRNA was designed to target exon 8 of the Glb1 gene. To 

generate a model of β-gal deficiency with residual enzyme activity, a donor 

oligonucleotide was developed to promote HDR to incorporate a 2 bp mutation 

commonly found in Morquio syndrome type B patients. The donor 

oligonucleotide, along with Cas9 protein, and the sgRNA was injected into 114 

one-cell-stage zygotes isolated from C57BL/6J mice. Of the 114 injected 

zygotes, 106 were transferred into 4 pseudopregnant females, which yielded 24 

live pups (Figure 4A). PCR amplification and sequencing of the sgRNA targeted 

site showed that three of the 24 pups contained potential mutations of interest 

(Figure 4B). Two of the potential founders had undergone HDR, resulting in a 2 

bp missense mutation at position 274 (Glb1W274L, Figure 4C). Additionally, one 

mouse had undergone non-homologous end joining, which resulted in a 20 bp 

deletion within exon 8, yielding 3 premature stop codons, in addition to deleting 

the catalytic nucleophile of β-gal, Glb1Glu268 (GLB1Glu269 in humans) (β-gal-/-D20, 

Figure 4C). All three heterozygous mice were bred to wildtype C57BL/6J mice, 

resulting in N1 heterozygous offspring. Heterozygous mice were then bred to 

obtain homozygous mutant Glb1W274L and β-gal-/- mice, in addition to 

heterozygous and wildtype control animals. PCR amplification and Sanger 
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sequencing of Glb1W274L and β-gal-/- mice at the sgRNA target site confirmed 

homozygosity of the mutations (Figure 5). 

 

No Off-target Cleavage by Cas9 in β-gal-/- and Glb1W274L Mice  

 One potential pitfall of CRISPR-Cas9 genome editing is off-target cutting 

by the Cas9 nuclease. To predict potential off-target sites of Cas9 DNA cleavage, 

the CCTOP algorithm [263] was used. Sites of interest were determined by 

sgRNA sequence homology near a potential protospacer adjacent motif (PAM) 

sequence. Ten loci were sequenced in all three founder mice, 5 with an NGG 

PAM sequence and 5 containing a NAG PAM sequence (Table 2). Sanger 

sequencing of these sites showed that the potential off-target sites were 

unedited. 

 

Genotyping Glb1W274L and β-gal-/- Mice 

 Sequence analysis of Glb1W274L and β-gal-/- mice showed that each 

mutation in exon 8 of Glb1 introduced novel restriction enzyme sites that could 

be utilized for genotyping via restriction fragment length polymorphism (RFLP) 

analysis. In Glb1W274L mice, a novel HaeIII restriction site is introduced. PCR 

amplification results in 448 bp band in both mutant Glb1W274L/W274L and control 

animals. Following treatment with HaeIII, mutant Glb1W274L/W274L mice have DNA 

bands at 86, 160, and 202 bp, whereas wildtype mice have bands at 160 and 

288 bp (Figure 6A). While β-gal-/- mice are missing 20 bp, which is detectible via 

sensitive PCR amplification and gel electrophoresis, the presence of a novel 
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XbaI site allows for a more definitive confirmation of the mutation. Following 

treatment of the PCR amplified product with XbaI, mutant β-gal-/- mice have DNA 

bands present at 186 and 242 bp, and wildtype mice have a single band at 448 

bp (Figure 6B). Heterozygous mice display bands present in both homozygous 

mutant and wildtype mice. 

 

Discussion 

 In the present study, CRISPR-Cas9 genome editing was utilized to 

successfully introduce a 2 bp mutation into the Glb1 gene, in addition to creating 

a 20 bp deletion in the same gene of another mouse. The results of these 

experiments demonstrate the power, precision, and convenience of the CRISPR-

Cas9 genome editing system. By utilizing this tool, it was possible to knock-in a 

desired two base pair mutation into the Glb1 locus of one mouse, and also 

generate another containing a 20 bp deletion, in a single step. This allowed for 

the development of two mouse models for the cost of generating a single model. 

Additionally, by using CRISPR-Cas9, the time and expenditures were 

significantly reduced compared to traditional gene editing techniques like ES cell 

manipulation. 

 The development of novel gene targeting strategies, including ZFNs, 

TALENs, and CRISPR-Cas9, has opened the door for investigators to 

manipulate the genome of many organisms. These methods utilize the ability of 

nuclease enzymes to generate a targeted double-stranded break in DNA, 

inducing the cell’s DNA repair mechanisms that include non-homologous end 
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joining and homology directed repair, allowing for targeted gene editing. In the 

last few years, CRISPR-Cas9 has pulled ahead of the other technologies due to 

its simplicity and ease of use. This is shown by the numerous publications 

utilizing this technology, not only to generate mouse models, but to study 

diseases such as cancer [264, 265]. However, to date, this methodology has not 

been utilized to generate a mouse model of lysosomal diseases. 

Similar to other novel technologies, this system has its limitations. One of 

these is the off-target effects. The main requirement for Cas9 cleavage is the 

presence of the protospacer adjacent motif (PAM), which is typically NGG [163, 

266, 267]. To effectively guide the Cas9 protein to the region to be cleaved, a 20-

nucleotide guide RNA sequence that is complementary to the target region is 

necessary. Initially, this was thought to be specific enough, however, it has been 

shown that DNA with three to five nucleotides that are mismatched to the sgRNA 

are still capable of being cleaved by Cas9 [268-271]. One way this was 

minimized was by utilizing a shorter (17 nt) sgRNA, which has been shown to 

increase specificity [258]. Sequencing of 10 potential off-target sites with 2 or 

fewer mismatches showed that founders were not edited.   

Another limitation of this system is the possibilities of mosaic founder mice 

caused by DNA cleavage after the first cell division [261, 272]. To limit the 

possibility of this, Cas9 protein was injected into zygotes instead of alternative 

methods including a plasmid or mRNA encoding Cas9, bypassing the need for 

transcription or translation events. By minimizing the time necessary to have an 

active protein and with Cas9 having a short half-life, the number of potential DNA 
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cleavage events is significantly reduced [273, 274]. Sequencing of N1 offspring 

of each founder mouse confirmed that this was not an issue.  

In summary, CRISPR-Cas9 is an effective technology that can be utilized 

to generate mouse models via targeted DNA breaks. Here, we describe the first 

instance of creating a mouse model of lysosomal diseases using CRISPR-Cas9 

genome editing. The resulting mutations created two potential mouse models of 

β-galactosidase deficiencies by introducing a 2 bp mutation in one mouse line, 

and creating a 20 bp deletion in another. In the following chapters, the 

characterization of these mice will be discussed. 
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Table 1. Primers used for sequencing and PCR amplification of 
targeted region of Glb1.   
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Figure 4. Introducing mutations into the β-galactosidase encoding gene, 
Glb1 utilizing CRISPR-Cas9 genome editing. (A) Experimental schematic to 

introduce two mutations into the Glb1 gene in a single experiment using 

CRISPR-Cas9 genome editing. (B) Sequencing of founder mice showed three 

mice (11, 13, and 19) contained mutations at the target site in Glb1. Red arrows 

indicate location of mutation in each line. (C) Founder animal mutations in exon 8 

of β-galactosidase encoding gene Glb1. Two mice had 2 bp mutation resulting in 

tryptophan to leucine substitution commonly found in Morquio syndrome type B 

(Glb1W274L, green underlined sequence). Another founder contained a 20 bp 

deletion (β-gal-/-  D20; red asterisks denote stop codons introduced by the 

deletion).  
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Figure 5. Confirmation of homozygosity in offspring derived from founder 
mice. Amplification and sequencing at the Cas9 targeted site in Glb1 in 

homozygous offspring derived from founder mice confirmed the presence of the 

Glb1W274L and β-gal-/- mutations. Red arrows indicate site of mutation. 
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Table 2. Ten potential off-target cleavage sites of Cas9 enzyme. Off-target 

sequencing sites determined by CCTop algorithm. 5 contained an NGG PAM 

sequence and 5 contained a NAG PAM sequence. OT, off-target; Chrom., 

chromosome; PAM, protospacer adjacent motif; MM, number of mismatches. 

Black underlined nucleotide signifies the base that is mismatched compared to 

the target sequence of the sgRNA. 
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Figure 6. Genotyping β-gal-/- and Glb1W274L mice. (A) PCR products from 

Glb1W274L mice amplified with Glb1-ScF1 and Glb1-ScR1 after digestion with 

HaeIII restriction digest. Three Glb1W274L bands at 86, 160, 202 bp; two wildtype 

(WT) bands at 160 and 288 bp; and heterozygous (HET) had all four bands at 

86, 160, 202, and 288 bp. Undigested DNA bands were at 448 bp. (B) PCR 

products from β-gal-/- mice amplified with Glb1-ScF1 and Glb1-ScR1 after 

digestion with XbaI restriction digest. Two β-gal-/- bands at 186 and 242 bp; one 

WT band at 448 bp; HET had all three bands. Undigested DNA bands were at 

448 for WT and HET, and 428 and 448 in β-gal-/-. Samples were run on a 3% 

agarose gel at 120V for 45 minutes.  
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Introduction 

GM1-gangliosidosis is an autosomal recessive lysosomal disease caused 

by mutations in the GLB1 gene, which encodes the lysosomal hydrolase β-

galactosidase (β-gal; EC 3.2.1.23). β-gal is responsible for catabolizing the 

terminal β-galactose residue from many macromolecules, including GM1 

ganglioside, its asialo derivative GA1 ganglioside, keratan sulfate, and 

oligonucleotides. When the mutations in GLB1 cause deficiencies in the catalytic 

activity of β-gal, these macromolecules accumulate within the lysosome of cell. 

Specifically, GM1 and GA1 ganglioside are found to accumulate primarily in the 

CNS [38], while KS and oligosaccharides accumulate within the visceral tissue 

[255]. Clinically, GM1-gangliosidosis patients are categorized into one of three 

disease severities, 1) infantile, 2) late infantile/juvenile, 3) late onset/adult [3], 

depending upon symptoms and residual β-gal enzyme activity. The incidence of 

GM1-gangliosidosis is between 1:100,000 and 1:200,000 live births [42]. Those 

with the most severe form, infantile, have minimal or no residual β-gal enzyme 

activity [26, 275, 276]. Patients usually present with symptoms around 6 months 

of age, including severe psychomotor and neurocognitive regression, hypotonia, 

macular cherry-red spot, hepatosplenomegaly, skeletal dysplasia, coarse facial 

features, and typically succumb to the disease by 2 years of age [3]. Late 

infantile and juvenile GM1-gangliosidosis patients will typically have residual β-

gal enzyme activity, typically between 1 and 5% of normal activity [26, 275]. 

Symptoms of the disease are typically similar, but milder, than those observed in 

infantile GM1-gangliosidosis, and onset around 1-3 years of age. However, 
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patients will typically not present with the macular cherry-red spot or 

hepatosplenomegaly [277]. Life expectancy of these patients is approximately 10 

years. In adult onset GM1-gangliosidosis, patients have between 4-10% of 

normal β-gal enzyme activity [26, 275, 276, 278]. This range of enzyme activity 

yields a broad phenotypic variability, ranging from mild neurological symptoms 

such as dystonia, to more severe neurocognitive impairments, and onset, which 

can happen between 3 to 30 years of age. Besides palliative approaches, there 

are no current treatments for GM1-gangliosidosis.  

 To test therapies for this disease, an animal model was necessary. Here 

we describe the characterization of a mouse model that was developed and 

described in Chapter II using various biochemical and behavioral tests. The 20 

bp mutation that was created abolished β-gal enzyme activity, resulting in a 

mouse model that recapitulates many aspects of human GM1-gangliosidosis.  

 

Materials and Methods 

Animal Care and Procedures 

All animal care and experimental procedures were conducted under the 

approval of the Institute Animal Care and Use Committee (IACUC) of the 

University of Minnesota. All animals were housed in specific pathogen-free 

conditions and genotyped by PCR described in Chapter II. C57BL/6J (000664) 

animals were purchased from The Jackson Laboratory.  

The humane endpoint for these studies was defined as the presence of 

limb paralysis, the inability to rear and feed normally, or the loss of ³15% of peak 
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body weight. For biochemical analysis, animals were sacrificed by CO2 

asphyxiation and perfused transcardially with 20 mL of ice-cold PBS. Animals 

utilized for histological analysis were further perfused with 20 mL of 10% neutral 

buffered formalin (NBF). Tissues isolated for biochemical assays were flash 

frozen in liquid nitrogen. 

 

Tissue Homogenization 

Harvested organs for biochemical analysis were homogenized in 1 mL of 

T-PER™ Tissue Protein Extraction Reagent (Cat. #78510, Thermo Fisher 

Scientific) with Halt™ Protease Inhibitor Cocktail (Cat. #78430, Thermo Fischer) 

added to manufacturers recommendation using a Brinkmann Polytron™ PT 

10/35. 

 

Quantitative Reverse Transcript PCR (RT-qPCR) 

 Glb1 gene expression was determined utilizing RT-qPCR. Tissue samples 

(~30 mg) were harvested from the brain and liver of animals and placed into 

RNAlater™ (Cat. #AM7021, Thermo Fisher) to stabilize RNA until isolation. 

Tissues were homogenized in RNase-free Eppendorf® Safe-Lock® snap-cap 

tubes containing stainless steel beads (Cat. #GREENE1-RNA, Next Advance, 

Troy, NY) using the Bullet Blender® (Next Advance) following manufacturers 

protocols, in Buffer RLT from the RNeasy Kit (Cat. #74104, Qiagen, Hilden, 

Germany). Total RNA isolation was completed following the RNeasy Kit 

manufacturers recommendations. Final RNA concentration was determined 
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using a NanoDrop 1000 (Thermo Fisher). 1 µg of RNA was used for reverse 

transcription using the QuanitiTect® Reverse Transcription kit (Cat. #205311, 

Qiagen) following the manufacturers protocol. Utilizing this cDNA, the qPCR 

reaction was set up in 96-well plate format: 10 µL TaqMan™ Fast Advanced 

Master Mix (2X, Cat. #4444556, Applied Biosystems™, Foster City, CA), 1 µL 

TaqMan® primer/probe mix (20X, Cat. #4331182, Thermo Fisher), 50 ng of 

cDNA template, and up to 20 µL with nuclease-free water. The reaction was then 

run using the BioRad CFX96 Touch™ Real-Time PCR Detection System 

(BioRad, Hercules, CA) under the following conditions: [1] 50ºC, 2 minutes, [2] 

95ºC 20 seconds [3] 95ºC 3s, [4] 60ºC 30 seconds; [5] repeat steps 3-4 for 40 

cycles. Glb1 expression was calculated relative to the expression of Gapdh (Cat. 

#4331182, Thermo Fisher) using the 2-DDCT algorithm [279]. 

 

β-galactosidase (β-gal) Enzyme Assay 

 β-gal enzyme activity was determined utilizing a fluorometric assay as 

previously described [280], with slight modification. Briefly, tissue samples were 

homogenized in 1 mL of T-PER™ Tissue Protein Extraction Reagent (Thermo 

Fisher Scientific, Waltham, MA) with added Halt™ Protease Inhibitor Cocktail 

(Thermo Fischer Scientific) added to manufacturers recommendation. To 

determine β-gal activity, supernatants of the tissue homogenates were diluted 

with a 0.2 M sodium acetate/0.1 M sodium chloride buffer (pH 4.3) and 40 µL of 

each was added in triplicate to a 96-well black round-bottom plate (Corning™, 

Corning, NY) on ice. 20 µL of a substrate solution containing 1.0 mM 4-
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methylumbelliferyl-β-D-galactopyranoside (4-MUGal, Millipore-Sigma, St. Louis, 

MO) was added to each well, and the plate was incubated for 30 minutes at 

37°C. To quench the reaction, 200 µL of 1M carbonate buffer (1 M sodium 

carbonate to pH 10.7 with 1 M sodium bicarbonate) was added. In the presence 

of β-gal enzyme, the non-fluorescent 4-MUGal is cleaved and releases a 

fluorescent 4-methylumbelliferone (4-MU) molecule. This fluorescence was 

measured in a Synergy MX Plate Reader with Gen5 plate reader program 

(BioTek Instruments, Winooski, VT) with excitation at 360 nm and emission read 

at 460 nm (80% sensitivity). 4-MU (Sigma-Millipore) is used to generate a 

standard curve. β-gal enzyme activity is expressed in nmol of 4-MU released per 

hour, per milligram of protein (nmol/hr/mg), which is determined using a Pierce™ 

BCA Protein Assay Kit (Thermo Fisher Scientific). 

 

Histopathological Analysis 

 Following perfusion and fixation with 10% neutral buffered formalin (NBF), 

tissues were processed into paraffin wax using standard histology techniques, 

sectioned at a thickness of 4 µm, stained with hematoxylin and eosin (H&E), and 

evaluated using light microscopy by two A.C.V.P. board-certified pathologists. 

Additional evaluation was performed on selected tissues stained with Luxol fast 

blue (LFB)/H&E combination stain, Periodic acid-Schiff (PAS), alcian blue, and 

toluidine blue using standard laboratory protocols. Major organs examined in β-

gal-/- mice include the brain, liver, heart, intestines, and pancreas. All work was 
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done at the Masonic Cancer Center Comparative Pathology Shared Resource 

laboratory at the University of Minnesota (St. Paul, MN). 

 

Ganglioside Isolation and Quantification 

GM1, GA1, GM2, and GM3 ganglioside accumulation in β-gal-/- tissue was 

quantified with the following ratio of tissue/volume CHAPS (3-[(3-

cholamidopropyl) dimethylammonio]-1-propanesulfonate): cerebellum (1g wet 

tissue/10 mL CHAPS), cerebral cortex (1g wet tissue/6 mL CHAPS), 

hippocampus (1 g wet tissue/ 10 mL CHAPS) were homogenized in 2% CHAPS. 

Protein precipitation with 200 µL of methanol was performed to extract 

gangliosides GM1, GA1, GM2, and GM3 from 50 µL of homogenate in the 

presence of internal standards. For GM1, N-CD3-Stearoyl-GM1 (Cat. #2050, 

Matreya LLC Lipids and Biochemicals, State College, PA) was used; for GA1, 

standard was developed by conversion of N-CD3-Stearoyl-GM1 to N-CD3-

Stearoyl-GA1 using methods described in [281]; for GM2, N-CD3-Stearoyl-GM2 

(Cat #. 2051) was used; and for GM3, N-CD3-Stearoyl-GM2 (Cat. # 2052) was 

used. The 10% study sample extracts from each tissue type were pooled to 

prepare a quality control (QC) sample for that tissue. QC samples were injected 

every 5 study samples to monitor the instrument performance. Samples reported 

have a QC coefficient of variance <15%. 

 Sample analysis was performed with a Shimadzu 20AD high performance 

liquid chromatography (HPLC) system coupled to a 6500QTRAP+ mass 

spectrometer (AB Sciex, Framingham, MA) operated in positive MRM mode. 
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Data processing was conducted with Analyst 1.6.3 (Applied Biosystems). Data 

were reported as the peak area ratios of the analytes in sample to the 

corresponding internal standards. 

 

Mouse Behavioral Analysis 

 At 6 months of age, mice were subjected to multiple behavior tests to 

assess neuromotor and neurocognitive function. All behavioral analyses were 

conducted in the Mouse Behavior Core at the University of Minnesota. 

 

Neuromotor Testing 

Balance Beam 

 The balance beam protocol was adapted from [282, 283]. Trials were 

performed on a 1 meter long wooden beam, held 48 cm above the table by a 

platform on one end (start) and a dark enclosure “safe box” on the other (stop). 

Before the first trial was conducted each day, the mouse was habituated for 15 

seconds in the safe box. To begin the trial, the mouse was placed on the start 

platform under an aversive light in a dark room. The latency to cross the beam 

and enter the enclosure was measured, in addition to the number of hind foot 

slips that occur while crossing the beam. Each mouse was trained on a square 

beam (25 mm wide) for three days, with four trials per day. On day four, mice 

were subjected to two trials on beams of increasing difficulty: 25 mm square 

beam, followed by 27 mm round beam, and lastly the 15 mm wide square beam. 
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Again, latency to cross and number of hind foot slips were measured. Max trial 

duration was limited to 60 seconds. 

 

Pole Test 

 The pole test was conducted as previously described with minor 

modifications [284]. The test began by placing a mouse head-upward on a 

vertical pole (10 cm in diameter; 55 cm tall) wrapped in athletic tape to assist with 

grip. Two measurements were taken: Latency to rotate body to face downward 

was measured, in addition to total time to descend the pole and place all 4 paws 

on the base of the apparatus inside of the cage, with a maximum test duration of 

60 seconds. If a mouse failed to make the initial rotation to face downward, 60 

second was recorded for both the turn and total time to descend. If the mouse fell 

from the pole during the testing time, it was placed back at the initial starting 

point while the time continued until 60 seconds. Mice were subjected to a single 

trial. 

 

Accelerating Rotarod 

Rotarod analysis was conducted on an accelerating rotarod (Ugo Basile, 

Comerio, Italy), adapted from a protocol previously described [285]. Briefly, mice 

were tested for three consecutive days, undergoing four trials per day, with a 

minimum inter-trial duration of 30 minutes. Testing was done on a rotarod 

programmed to accelerate from 5 to 50 rpm over a max trial duration of 300 

seconds. 3-5 mice were placed on the divided rod simultaneously and the 
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apparatus’ counter was started. The trial was considered complete when 1) the 

mouse fell off the rotarod and stopped the counter, 2) the mouse completes two 

consecutive rotations by holding on to the rod without walking, or 3) when 300 

seconds elapsed.  

 

Inverted Screen 

 Inverted screen testing [286] was completed utilizing a wire mesh 

apparatus, approximately 25 cm x 25 cm with 25 mm2 square openings, placed 

approximately 30 cm over a cushioned surface. Testing began by placing the 

mouse on the wire mesh, which was then inverted until the animal was 

completely upside down. Latency to fall was measured for a max trial duration of 

60 seconds. Mice were subjected to 3 trials, with a minimum of 15-minute resting 

period between trials. 

 

Neurocognitive Testing 

Barnes Maze 

 The Barnes maze [287] was conducted on an elevated circular platform, 

36 inches in diameter, with 20 equally spaced holes around its perimeter. All of 

the holes on the platform were blocked except for one, which contained an 

opening to an escape box. The apparatus was placed directly under a bright light 

source that served as an aversive stimulus for the mouse to escape the platform. 

Visual cues were placed on each of the walls that act as navigational cues for the 

mouse. Mice were trained on the Barnes maze for 4 days, each mouse subjected 



 76 

to 4 trials per day, for a max of 3 minutes per trial, with a minimum of 30 minutes 

between trials. Data was collected utilizing the ANY-Maze software (Stoelting Co, 

Wood Dale, IL). 

 

Spontaneous Alternation T-Maze 

The spontaneous alternation T-maze test [288] was utilized to test the 

spatial and working memory of the animals with a maze consisting of three arms. 

The starting arm of the maze contained a small compartment which was 

separated from the rest of the maze by a guillotine door. The two choice arms of 

the maze contained different visual cues on the end walls. Testing was done in a 

dark room with the maze lit by a portable canopy light over the choice arms. A 

mouse was placed in the start chamber for 5 seconds, after which the guillotine 

door is opened and the mouse was allowed to explore the maze and freely 

choose either choice arm. Once the animal’s body completely entered the choice 

arm, a removable partition was placed behind the mouse, blocking the animal 

within the chosen arm for 15 seconds. This first trial is referred to as the free 

choice trial. The animal was then placed back into the start box for 5 seconds 

and the test was repeated, for a total of 11 trials (1 free choice, 10 choice trials). 

Once all trials were completed, the percent of correct alternations was calculated. 

A correct alternation was defined as successfully alternating arms from left to 

right, or right to left, on subsequent trials. On the following day, the experiment 

was repeated and the average percentage of correct alternations was calculated 

and reported. 
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Statistical Analysis 

Data are reported as mean ± standard error. GraphPad Prism 7 (v. 7.0a, 

GraphPad Software, Inc, La Jolla, CA) was used to perform all statistical 

analyses. Survival probability was determined using Kaplan-Meier analysis, 

followed by the log-rank test (Mantel-Cox) to compare statistical significance of 

the survival curves for each group. One-way or two-way ANOVA, followed by 

Tukey’s multiple comparisons test was conducted in all other experiments to 

compare wildtype, heterozygous, and mutant groups. 

 

Results 

Loss of Glb1 expression in β-gal-/- mice 

 The deletion of 20 bp in Glb1 results in the introduction of three premature 

stop codons within exon 8 of the gene (Figure 4C). To determine whether these 

mutations result in nonsense mediated decay of the mRNA and subsequent loss 

of Glb1 expression, quantitative reverse transcription PCR (RT-qPCR) was used, 

targeting the sequence spanning exons 6 and 7, upstream of the 20 bp mutation. 

In the brain, relative Glb1 expression in β-gal-/- mice (0.07-fold) was 

approximately 7.0% of wildtype levels (1.0-fold), and 11.5% of heterozygous 

levels (0.61-fold) (Figure 7A). In the liver, relative Glb1 expression (0.03-fold) in 

β-gal-/- mice was 3.1% of wildtype levels (1.0-fold) and 4.9% of heterozygous 

levels (0.70-fold) (Figure 7B). These results show that Glb1 expression is 

negligible in β-gal-/- mice. 
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Loss of β-gal enzyme activity in β-gal-/- mice 

The deletion of the catalytic nucleophile (Glb1E269 [23]) and lack of Glb1 

transcripts in β-gal-/- mice results in loss of β-gal enzyme activity. In the brain of 

β-gal-/- mice, β-gal activity was 1.9±0.2 nmol/h/mg protein, compared to 95±10.1 

nmol/h/mg in heterozygous mice and 195.8±30.2 nmol/h/mg in wildtype mice 

(Figure 8A). Similarly, β-gal activity in the heart of β-gal-/- mice was abolished, 

with 0.6±0.5 nmol/h/mg, where heterozygous mice had 20.9±0.9 nmol/h/mg and 

wildtype mice had 47.1±7.0 nmol/h/mg (Figure 8B). In the liver, β-gal activity in β-

gal-/- mice was 0.6±0.3 nmol/h/mg, where β-gal activity in heterozygous mice was 

88.7 nmol/h/mg and wildtype was 190.3±23.5 nmol/h/mg (Figure 8C). Lastly, in 

the spleen, β-gal activity in β-gal-/- mice was 3.3±1.0 nmol/h/mg, whereas activity 

in heterozygous mice was 264.1±18.6 nmol/h/mg and wildtype mice was 

460.9±27.7 nmol/h/mg (Figure 8D). Overall, β-gal enzyme activity is abolished in 

β-gal-/- mice. 

 

Significant weight loss and decreased lifespan of β-gal-/- mice 

At birth, β-gal-/- mice were indistinguishable from their littermates. At 4 

months of age, β-gal-/- mice begin showing gait disturbance in their hind limbs, 

followed by body tremors and ataxia around 5 months. For the first year of life, 

heterozygous and wildtype female mice continued to gain weight, however, the 

weight of female β-gal-/- mice peaked at 25.3±0.4 grams at approximately 33 

weeks of age (~7.5 months), after which their weight began to decline rapidly 
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(Figure 9A). Surprisingly, male β-gal-/- mice became significantly heavier than 

their littermates at 25 weeks of age (45.3±1.2g compared to wildtype, 40.0±1.2g 

and heterozygous 38.0±0.9g) (Figure 9B). Following this peak weight, male  

β-gal-/- mice began to lose weight rapidly, similar to female β-gal-/- mice. This 

decline in weight coincided with the overall decline in health of the β-gal-/- mice. 

 Similar to the previously published mouse models of GM1-gangliosidosis, 

at 6 months of age, β-gal-/- mice had a severe neurological disease phenotype. 6-

month-old female (Movie 1) and male (Movie 2) β-gal-/- mice had an ataxic gait, 

with a stiff, curved tail, as if it was being used for balance. At 9 months of age, 

both female (Movie 3) and male (Movie 4) β-gal-/- mice displayed severe 

neurological deterioration, manifesting as physical instability and labored 

ambulation. As the disease progressed, neurological symptoms of β-gal-/- mice 

significantly worsened, leading to a loss of function in the forelimbs and hindlimbs 

of β-gal-/- mice, leading to total paralysis.  

 In agreement with previous mouse models of GM1-gangliosidosis [151, 

152], β-gal-/- mice had a significantly shortened lifespan compared to wildtype 

and heterozygous animals, which have an average lifespan over 2 years. In 

females, the lifespan of β-gal-/- mice was 264.4±34.9 days (mean±SD) (Figure 

10A). Likewise, the lifespan of male β-gal-/- mice was 265.2±21.2 days (Figure 

10B). 

While β-gal-/- mice are fertile and produce normal litters, at approximately 

5 months of age, they cease breeding. Whether this is due to the onset of these 

neurological symptoms or another physiological reason is unknown. 
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Accumulation of gangliosides in the brain of β-gal-/- mice 

To determine whether the loss of Glb1 expression and subsequent 

deficiency in β-gal enzyme activity resulted in ganglioside accumulation, high-

performance liquid chromatography, tandem mass spectrometry (HPLC-MS/MS) 

was implemented to quantify GM1 and GA1 gangliosides in microdissected β-gal-

/- brains. As the 18-carbon atom sphingosine chain length is the most abundant 

GM1 and GA1 ganglioside [289], this was chosen as the biomarker for 

quantification. In the cerebral cortex, GM1 ganglioside was increased 1.6-fold in 

β-gal-/- mice compared to control animals, where GA1 ganglioside content was 

increased 2.5-fold (Figure 11A). In the cerebellum, GM1 ganglioside levels were 

increased 4.0-fold compared to control mice and GA1 ganglioside was increased 

7.3-fold (Figure 11B). Further, in the hippocampus, GM1 ganglioside was 2.2-fold 

higher than controls and GA1 ganglioside was increased 3.6-fold (Figure 11C). 

 In addition to quantifying the primary substrate of β-gal, the secondary 

accumulation of GM2 and GM3 gangliosides was also measured. In all three 

brain regions analyzed, secondary ganglioside accumulation was significantly  

increased, except GM3 ganglioside in the cerebellum. In the cerebral cortex, 

GM2 ganglioside accumulation was 2.6-fold higher than control mice, while there 

was a 4.5-fold increase of GM3 ganglioside (Figure 11A). In the cerebellum, GM2 

ganglioside was 1.5-fold higher than controls and GM3 ganglioside was 

increased 1.8-fold (Figure 11B). Lastly, in the hippocampus, GM2 ganglioside 

was increased 2.6-fold and GM3 ganglioside was increased 2.4-fold (Figure 

11C). 
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Severe CNS and visceral cellular vacuolation in β-gal-/- mice 

 Histopathological examination of the CNS in β-gal-/- mice revealed a 

striking and marked enlargement of neurons with pale, finely granular to foamy 

cytoplasm that occasionally displaced the nucleus to the periphery (Figure 12). 

Neuronal cytoplasmic vacuolation was variable and was observed within the 

cerebral cortex, thalamus, Cornu Ammonis (mainly CA3) of the hippocampus, 

brainstem nuclei, cerebellum (Purkinje cells and deep cerebellar nuclei), and 

spinal cord (ventral and dorsal spinal horns). These observations are consistent 

with the CNS findings for β-gal-/- mice described previously [151, 152] and are 

characteristic findings in the brain of patients with GM1-gangliosidosis. This CNS 

pathology was absent in control mice. In addition to the CNS pathology, we also 

observed cellular enlargement with cytoplasmic vacuolation involving 

hepatocytes of the liver, acinar cells of the pancreas, and enterocytes of the 

intestine (Figure 13). 

 Additionally, although negative with PAS, toluidine blue, and alcian blue 

stains, histological analysis utilizing LFB staining on CNS tissue confirmed the 

presence of complex lipids within the vacuolated cells, which has been described 

in several animal models of gangliosidoses [136, 290]. These inclusions were 

observed in the CA3, cerebellar nuclei, cerebellar cortex, pons, and cortex of β-

gal-/- mice (Figure 14). 

 

β-gal-/- mice have significant neuromotor dysfunction 



 82 

To test whether the lack of β-gal activity and subsequent accumulation of 

gangliosides in the brain of β-gal-/- mice led to neurological deficiencies, female 

and male mice were subjected to many behavioral analyses at 6 months of age. 

First, neuromotor function was tested using the balance beam. In this test, β-gal-/- 

mice showed a severe motor coordination deficit. When measuring latency to 

cross the balance beam, from Day 1 of testing, the latency to cross the beam of 

β-gal-/- was significantly longer (female, 28.3±2.2 seconds; male, 44.5±3.1s) 

compared to heterozygous (female, 12.5±1.5s; male, 17.7±1.6s) and wildtype 

(female, 14.8±1.2s; male, 13.0±1.4s) (Figure 15A and B). While the latency to 

cross the beam shortened on subsequent days, β-gal-/- mice took significantly 

longer to cross the beam compared to control mice. On Day 4, the latency to 

cross of β-gal-/- mice (female, 18.5±2.3s; male, 20.9±2.8s) was still significantly 

longer than heterozygous (female, 8.2±1.4s; male, 7.7±0.9s) and wildtype mice 

(female, 7.1±0.9s; male, 6.0±0.8s).  

In addition to the increased latency to cross the beam, the number of hind 

foot slips (fs) while crossing the beam was significantly higher in β-gal-/- mice. On 

Day 1, the average number of foots lips of female β-gal-/- mice was 7.6±1.3fs, 

where heterozygous (0.8±0.2 fs) and wildtype (0.7±0.2 fs) mice averaged less 

than one foot slip per trial (Figure 15C). Male β-gal-/- mice (15.3±2.6 fs) also had 

significantly more foot slips compared to heterozygous (1.3±0.3 fs) and wildtype 

(1.6±0.3 fs) mice (Figure 15D). On each of the 4 trial days, β-gal-/- mice continued 

to have significantly more foot slips compared to control animals.  
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 On Day 4, mice were tested on beams of increasing difficulty, and again 

latency to cross and number of hind foot slips were measured. As the difficulty of 

the beams increased, the latency to cross in both female (25mm square, 

18.5±2.3s; 27mm round, 23.5±4.5s; 15mm square, 27.7±4.7s) and male β-gal-/- 

mice increased (25mm square, 20.9±2.8s; 27mm round, 29.8±6.1s; 15mm 

square, 30.2±5.7s), in contrast to heterozygous (25mm square, 8.2±1.4s; 27mm 

round, 6.9±0.8s; 15mm square, 8.5±1.5s) and wildtype (25mm square, 7.1±0.9s; 

27mm round, 7.0±0.9s; 15mm square, 8.5±1.3s) mice, which had consistent 

latencies to cross (Figure 15E). This trend was also observed in male mice. The 

latency to cross the beam for heterozygous (25mm square, 7.7±0.9s; 27mm 

round, 8.4±1.1s; 15mm square, 8.3±1.3s) and wildtype (25mm square, 6.0±0.8s; 

27mm round, 7.0±1.1s; 15mm square, 5.7±0.6s) mice were consistent between 

the beams, however, the latency to cross of β-gal-/- mice (25mm square, 

20.9±2.8s; 27mm round, 29.8±6.1s; 15mm square, 30.2±5.7s) increased as the 

beam difficulty increased (Figure 15F). 

Similarly, as the beam difficulty increased, the number of hind foot slips in 

β-gal-/- mice also increased. β-gal-/- females foot slips increased from 3.3±1.1 fs 

on the 25mm square beam, to 13.8±0.7 fs on the 27mm round beam, to 17.5±1.7 

fs on the 15mm square beam (Figure 15G). Similarly, in male β-gal-/- mice, hind 

foot slips increased (25mm square, 9.2±1.8 fs; 27mm round, 12.7±0.5 fs; 15mm 

square, 12.7±2.1 fs) (Figure 15H). Overall, the results of the balance beam test 

showed that β-gal-/- mice have a severe motor coordination deficit. 
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  The second test of neuromotor function was the accelerating rotarod to 

test motor coordination and motor learning. Over the 3 days of trials, the latency 

to fall of female β-gal-/- mice (Day 1, 25.3±6.8s; Day 2, 31.8±6.7s; Day 3, 

37.2±5.8s) was significantly lower than heterozygous (Day 1, 151.8±7.8s; Day 2, 

214.6±7.9s; Day 3, 216.1±6.0s) and wildtype mice (Day 1, 150.6±11.6s; Day 2, 

202.1±12.7s; Day 3, 201.6±14.6s) (Figure 16A). In all male mice, the overall 

latency to fall was shorter than female mice, but β-gal-/- mice had a significantly 

shortened latency to fall (Day 1, 15.1±1.8s; Day 2, 29.0±8.8s; Day 3, 27.1±9.4s) 

compared to heterozygous (Day 1, 115.1±16.1s; Day 2, 160.8±10.9s; Day 3, 

182.1±12.1s) and wildtype mice (Day 1, 101.9±15.2s; Day 2, 158.8±15.1s; Day 3, 

180.8±18.3s) (Figure 16B). These results further showed that β-gal-/- mice have 

impaired motor coordination and motor learning. 

 Thirdly, the pole test was utilized to assess bradykinesia, typically 

observed in other CNS diseases such as Parkinson’s disease [291]. Muscle 

weakness and tremors, which are seen in GM1-gangliosidosis patients, can 

contribute to bradykinesia. In both β-gal-/- females (50.6±5.8s) and males 

(52.5±5.5s), the inversion time was significantly longer than heterozygous 

(female, 9.5±3.9s; male, 10.7±2.2s) and wildtype (female, 10.32±2.5; male, 

8.0±2.9s) mice (Figure 17A and B). Similar results were seen in the total time to 

descend. Female (55.9±4.1s) and male (56.4±3.6s) β-gal-/- took significantly 

longer to descend the pole in comparison to heterozygous (female, 20.9±4.0s; 

male, 25.9±2.9s) and wildtype mice (female, 20.7±2.7s; male, 19.0±3.0s) (Figure 
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17C and XD). If the mice could not complete the inversion task and descend the 

pole, a maximum time of 60 seconds was recorded. Overall, these results 

support the observation that β-gal-/- mice have impaired motor function. 

 The last test used to analyze neuromotor function was the inverted screen 

test to measure grip strength. The latency to fall of female β-gal-/- mice averaged 

17.6±3.7s, where heterozygous and wildtype mice could remain on the inverted 

screen for 59.1±0.6s and 57.4±1.2s, respectively (Figure 18A). Male β-gal-/- mice 

showed a similar significant loss of grip strength, only being able to stay on the 

screen for 3.4±0.5s, compared to 53.4±2.9s in heterozygous mice, and 49.9±2.4s 

in wildtype mice (Figure 18B). In summation, the results of this test and the 

extensive behavior tests of motor function showed that β-gal-/- mice have severe 

neuromotor impairments. 

  

Neurocognitive testing of β-gal-/- mice revealed severe impairments 

 To test neurocognitive function in β-gal-/- mice, spatial reference memory 

and learning was tested using the Barnes maze. Over the course of 4 days of 

testing, the latency to escape the platform of wildtype and heterozygous mice 

decreased significantly in females from 158.7±9.6 and 159.9±10.0 seconds on 

Day 1 to 42.4±5.4 and 35.1±5.0 seconds on Day 4 (Figure 19A). Similarly, in 

males, the latency to escape decreased from 176.9±2.4 seconds in wildtype and 

180 seconds in heterozygous mice on Day 1 to 38.2±2.5 seconds and 42.0±10.8 

seconds on Day 4 (Figure 19B). These results indicate a normal cognitive 
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function. In comparison, the latency to escape of female and male β-gal-/- mice 

decreased from 180 seconds for both groups to 177.3±1.8 seconds and 

175.3±4.8 seconds, respectively. The latency to escape did not decrease, 

suggesting that β-gal-/- mice have a neurocognitive learning disability and 

impaired spatial reference memory.  

  Additionally, the spatial working memory of the β-gal-/- mice was tested 

using the spontaneous alternating T-maze. This test utilizes the normal 

tendencies of mice to explore a new environment. If an animal’s cognition is 

impaired, mice will not alternate between arms, resulting in a random pattern of 

arm choice (£50% successful alternation). In this test, female wildtype and 

heterozygous mice successfully alternated 72.9±2.4% and 75.0±1.9% of the 

trials, while β-gal-/- mice correctly alternated 47.9±5.9% of the time (Figure 20A). 

Similarly, male wildtype and heterozygous mice successfully alternated 

74.3±2.8% and 68.8±1.8% of the trials, where β-gal-/- mice correctly alternated 

42.0±8.5% of the trials (Figure 20B). These results suggest the decision of β-gal-/- 

mice was random, indicating a spatial working memory deficiency. 

 

Discussion 

 Large animal models of GM1-gangliosidosis exist, including felines, 

canines, and sheep, are available, however the cost and time to use these 

models makes the mouse a more feasible option for use in developing and 

testing novel therapies for this debilitating disease. The data presented here 
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depict the characterization a novel murine model of β-galactosidase deficiency 

that recapitulates many characteristics of the human lysosomal disease GM1-

gangliosidosis. Currently, there are 2 published murine models of this disease, 

however these models were generated by introducing a synthetic neo cassette to 

disrupt the Glb1 gene. Here, we describe a mouse model that harbors a mutation 

that could potentially exist in the human population. Additionally, this is the first 

model of a lysosomal disease to be described that was generated utilizing 

CRISPR-Cas9 genome editing. In this mouse line, the removal of 20 bp in exon 8 

results in a frameshift mutation introducing 3 premature stop codons in the 

reading frame of Glb1. Additionally, this mutation resulted in the deletion of a 

highly conserved region of DNA, including the catalytic nucleophile (Glb1Glu269, 

GLB1Glu268 in humans) yielding an enzyme that is catalytically inactive. While 

there have been no patients with a mutation resulting in a loss of the catalytic 

nucleophile described, this mutation is predicted to result in both Morquio 

syndrome type B and GM1-gangliosidosis, as a catabolic reaction cannot occur 

[24]. 

 Mice homozygous for this mutation (β-gal-/-) have minimal Glb1 expression 

and negligible enzyme activity towards a synthetic fluorogenic substrate. The 

lack of β-gal enzyme activity resulted in a severe cellular vacuolation phenotype 

in the central nervous system, in addition to visceral organs. This data was 

corroborated by GM1 ganglioside quantification using HPLC-MS/MS, which 

showed significant accumulation of GM1 ganglioside and its asialo derivative 

GA1 ganglioside in multiple regions of the mouse brain. An alternative pathway 
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of GM1 ganglioside catabolism exists apart from GM1 ganglioside to GA1 

ganglioside conversion by neuraminidase. In the presence of ceramide 

deacylase, GM1 ganglioside can be converted to lyso-GM1, which has been 

shown to be elevated in patients with GM1-gangliosidosis [292]. It is believed that 

lyso-GM1 is also neuropathic, similar to other toxic lysosphingolipids like 

galactosylsphingosine and glucosylsphingosine in Krabbe and Gaucher 

diseases, respectively. Further, secondary accumulation of glycosphingolipids 

such as glucosylceramide, lactosylceramide, GM2, GM3, and GD1a gangliosides 

in GM1-gangliosidosis patients has been reported [293-295]. In the β-gal-/- 

mouse model reported here, a significant secondary accumulation of GM2 and 

GM3 gangliosides in the brain was observed. While not previously reported in the 

other murine models of GM1-gangliosidosis, this secondary accumulation of 

GM2 and GM3 ganglioside is not specific to GM1-gangliosidosis, but is found to 

be a common phenotype of many lysosomal diseases with a neurological 

involvement (reviewed in [296]). Specifically, accumulation of GM2 ganglioside 

has been implicated in ectopic dendritogenesis, which alters neuroplasticity and 

synaptic connectivity [297]. This could provide an explanation for the 

observations of severe motor and cognitive impairments of β-gal-/- mice in 

behavior testing. These deficiencies are further supported by where gangliosides 

are accumulating in the CNS of β-gal-/- mice. Specifically, the accumulation 

present within the Purkinje cells and deep cerebellar nuclei of the cerebellum 

could contribute to the neuromotor dysfunction observed. Additionally, there was 

vacuolation present and ganglioside accumulation in the CA3 region of the 
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hippocampus, a region of the brain that is attributed to the memory and learning 

and could explain impairments seen in the Barnes maze and T-maze, which had 

not been described in the previous models of GM1-gangliosidosis [298]. 

 Another surprising finding in this study was the presence of a vacuolated 

phenotype in the somatic tissue of β-gal-/- mice, in addition to the CNS pathology. 

While primarily a neurological disease, human patients with infantile GM1-

gangliosidosis do present with an enlarged liver and spleen. While this was not 

observed in β-gal-/- mice, the presence of cellular vacuolation in tissues like the 

liver and intestine supports the idea that therapies for this disease will require 

targeting both the CNS and the viscera.  

 In conclusion, the β-gal-/- mouse model characterized here recapitulates 

many aspects of the human disease GM1-gangliosidosis, including biochemical 

and cognitive abnormalities. Overall, this β-gal-/- mouse model will play an 

important role in the development of new therapies for patients suffering with 

GM1-gangliosidosis.  
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Figure 7. Loss of Glb1 expression in β-gal-/- mice. Utilizing RT-qPCR to 

quantify Glb1 gene expression in the (A) brain and (B) liver of β-gal-/- mice. 

Expression is relative to Gapdh expression. Data are mean ± SEM. *p≤0.05, 

**p≤0.01 when comparing mutant mice (β-gal-/-) to wildtype and heterozygous 

mice.  
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Figure 8. β-galactosidase enzyme activity is abolished in β-gal-/- mice. 
Enzyme activity determined using the artificial substrate β-D-galactopyranoside 

in β-gal-/- mouse (A) brain, (B) heart, (C) liver, and (D) spleen. Wildtype n=5, 

heterozygous (β-gal+/-) n=9, mutant (β-gal-/-) n=7. Data are mean ± SEM. 

****p≤0.0001 when comparing mutant mice to wildtype and heterozygous.  
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Figure 9. Significant weight loss in β-gal-/- mice. Weight of (A) female and (B) 

male β-gal-/- mice over one year (n>5 for each group, except β-gal-/- males at 

timepoint week 41, where n=1). Weight data are mean ± SEM. *p≤0.05, **p≤0.01, 

****p≤0.0001.  
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Figure 10. β-gal-/- mice have a significantly reduced lifespan. Kaplan-Meier 

survival curve of (A) female and (B) β-gal-/- mice (n=5-8 for each group). Survival 

of β-gal-/- mice significantly reduced ****p≤0.0001. 
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Figure 11. Primary and secondary accumulation of gangliosides in the 
brain of β-gal-/- mice. GM1, GA1, GM2, and GM3 ganglioside accumulation in 

the (A) cerebral cortex, (B), cerebellum, and (C) hippocampus of mice (n = 3 for 

each group) were measured using high performance liquid chromatography 

tandem-mass spectrometry. Data are reported as the peak area ratios of 

analytes in the sample to the corresponding internal standard. Data are mean ± 

SEM. *p≤0.05, ****p≤0.0001. 
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Figure 12. Widespread marked enlargement of neurons with cytoplasmic 
vacuolation (reflecting significant accumulation of storage material) in the 
central nervous system of β-gal-/- mice. Hematoxylin and eosin staining of 

brain and spinal cord of β-gal-/- and control mice. Brain and spinal cord (β-gal-/-): 

objective x40, scale bar indicates 30 µm; spinal cord control: objective x60, scale 

bar indicates 20 µm. Black arrows indicate vacuolated cells. 
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Figure 13. Severe vacuolation phenotype in visceral organs of β-gal-/- mice. 
Hematoxylin and eosin staining of liver, pancreas and intestine of β-gal-/- and 

control mice. Liver and pancreas: objective x40, scale bar indicates 30 µm; 

intestine: upper panels: objective x20, scale bar 60 µm, lower panels: objective 

x40, scale bar indicates 30 µm. 
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Figure 14. Luxol fast blue positive staining in the neurons of the brain. 
Histopathological images of Luxol fast blue-stained brain tissue from β-gal-/- mice 

compared with control mice. Neurons of β-gal-/- mice are enlarged/swollen, and 

contain abundant intracytoplasmic, granular, Luxol fast blue positive material, 

with occasional nuclear peripheralization. Objective x40, scale bar indicates 30 

µm.  
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Figure 15. Impaired balance and motor coordination in β-gal-/- mice. At 6 

months of age, β-gal-/- mice were tested on a balance beam. (A and B) Latency 

to cross beam and (C and D) number of hind foot slips while crossing the beam. 

(E and F) Latency to cross beams of increasing difficulty and (G and H) number 

of hind foot slips while crossing the beam on test day (n = 5-8 for each group). 

Data are mean ± SEM. **≤P0.01, ***p≤0.001, ****p≤0.0001. 
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Figure 16. Impaired motor coordination and motor memory in β-gal-/- mice. 
Latency to fall off accelerating rotarod of (A) female and (B) male  

β-gal-/- (n = 5-8 for each group) for three test days. Data are mean ± SEM. 

****p≤0.0001. 
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Figure 17. Slowed and impaired fine motor skills in β-gal-/- mice. Time to 

rotate body on pole and time to descend pole were recorded in a single trial (n=5-

8 for each group). Data are mean ± SEM. ****p≤0.0001.  
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Figure 18. Significant reduction in grip strength in β-gal-/- mice. Assessment 

of grip strength of (A) female and (B) male mice using the inverted screen test 

(n=5-11 for each group). Data presented are mean of three trials ± SEM. 

****p≤0.0001. 

  



 103 

  
 

Figure 19. Severe spatial learning and memory deficiency in β-gal-/- mice at 
6 months of age.  The Barnes maze was used to investigate the ability of (A) 

female and (B) male β-gal-/- mice (n=5=11 for each group) to learn and remember 

how to escape the platform over the course of four experimental days consisting 

of 4 trials per day. Data are mean of three trials ± SEM. ***p≤0.001, ****p≤0.0001. 
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Figure 20. Impairment of spatial working memory in β-gal-/- mice. Measuring 

the exploratory behavior of (A) female and (B) male mice as a measurement of 

spatial working memory in the spontaneous alternating T-maze (n=5-8 for each 

group). Dashed line indicates 50%. Data are mean ± SEM. **p≤0.01, ***p≤0.001. 
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Introduction 

Morquio syndrome type B, also known as Mucopolysaccharidosis type IV 

B (MPS IVB, MIM #253010), is an autosomal recessive lysosomal disease 

caused by deficiencies of β-galactosidase (β-gal; EC 3.2.1.23), a lysosomal 

hydrolase that is responsible for catalyzing the hydrolysis of the terminal 

galactose residue on keratan sulfate, GM1 ganglioside, GA1 ganglioside, and 

galactose-containing oligosaccharides. While there are over 223 disease causing 

mutations in the β-gal encoding gene, GLB1, reported in the Human Gene 

Mutation Database (v. 2018.3) [25], there are only 22 mutations reported to be 

associated with Morquio syndrome type B. These mutations reduce the ability of 

β-gal enzyme to catabolize keratan sulfate (KS), leading to KS accumulation 

within the lysosome. This storage of KS leads to severe skeletal changes, 

including skeletal dysplasia, odontoid hypoplasia, short stature, kyphosis, 

protruding sternum and corneal clouding. In some cases, there is cardiac 

involvement. Interestingly, there is typically no neurological involvement in 

Morquio syndrome type B, whereas GM1-gangliosidosis, another disease caused 

by deficiencies in β-gal, is primarily a neurological disease. Morquio syndrome 

type B is extremely rare, and the incidence rate is currently unknown. In four 

natural history studies of patients with MPS diseases [104-107], there were only 

2 cases of Morquio syndrome type B reported, which were in Germany. Out of 

474 patients reported to have an MPS disease over 15 years, only 2 patients had 

Morquio syndrome type B [107]. Like GM1-gangliosidosis, there are no current 
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therapies available for Morquio syndrome type B except for pain relief from 

abnormal bone growth.  

 Up to now, the ability to study this disease has been limited, not only by 

the limited number of patients available, but also due to the lack of an animal 

model. Currently, most research conducted for Morquio syndrome type B has 

been limited to studies on patient fibroblasts [100]. Additionally, the mouse 

models that are available for studying β-gal deficiencies are those that 

completely lack expression of Glb1, resulting in a complete loss of β-gal enzyme 

activity. Patients with Morquio syndrome type B have missense mutations that 

result in changes in the secondary and tertiary structure of the β-gal protein, and 

have a residual enzyme activity between 1.3-11.9% of normal activity [32, 99, 

101, 102]. One common mutation is a 2 bp missense mutation that results in an 

amino acid substitution from tryptophan to leucine (GLB1W273L). This mutation 

was introduced into a murine model (Glb1W274L) using CRISPR-Cas9 genome 

editing (see Chapter II) and the characterization of this line is described here.  

 

Materials and Methods 

Animal Care and Procedures 

All animal care and experimental procedures were conducted under the 

approval of the Institute Animal Care and Use Committee (IACUC) of the 

University of Minnesota. All animals were housed in specific pathogen-free 

conditions and genotyped by PCR described in Chapter II. C57BL/6J (000664) 

animals were purchased from The Jackson Laboratory.  
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The humane endpoint for these studies was defined as the presence of 

limb paralysis, the inability to rear and feed normally, or the loss of ³15% of peak 

body weight. For biochemical analysis, animals were sacrificed by CO2 

asphyxiation and perfused transcardially with 20 mL of ice-cold PBS. Animals 

utilized for histological analysis were further perfused with 20 mL of 10% neutral 

buffered formalin (NBF). Tissues isolated for biochemical assays were flash 

frozen in liquid nitrogen. 

 

Tissue Homogenization 

Harvested organs for biochemical analysis were homogenized in 1 mL of 

T-PER™ Tissue Protein Extraction Reagent (Cat. #78510, Thermo Fisher 

Scientific) with Halt™ Protease Inhibitor Cocktail (Cat. #78430, Thermo Fischer) 

added to manufacturers recommendation using a Brinkmann Polytron™ PT 

10/35. 

 

β-galactosidase (β-gal) Enzyme Assay 

 β-gal enzyme activity was determined utilizing a fluorometric assay as 

previously described [280], with slight modification. Briefly, tissue samples were 

homogenized in 1 mL of T-PER™ Tissue Protein Extraction Reagent (Thermo 

Fisher Scientific, Waltham, MA) with added Halt™ Protease Inhibitor Cocktail 

(Thermo Fischer Scientific) added to manufacturers recommendation. To 

determine β-gal activity, supernatants of the tissue homogenates were diluted 

with a 0.2 M sodium acetate/0.1 M sodium chloride buffer (pH 4.3) and 40 µL of 
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each was added in triplicate to a 96-well black round-bottom plate (Corning™, 

Corning, NY) on ice. 20 µL of a substrate solution containing 1.0 mM 4-

methylumbelliferyl-β-D-galactopyranoside (4-MUGal, Millipore-Sigma, St. Louis, 

MO) was added to each well, and the plate was incubated for 30 minutes at 

37°C. To quench the reaction, 200 µL of 1M carbonate buffer (1 M sodium 

carbonate to pH 10.7 with 1 M sodium bicarbonate) was added. In the presence 

of β-gal enzyme, the non-fluorescent 4-MUGal is cleaved and releases a 

fluorescent 4-methylumbelliferone (4-MU) molecule. This fluorescence was 

measured in a Synergy MX Plate Reader with Gen5 plate reader program 

(BioTek Instruments, Winooski, VT) with excitation at 360 nm and emission read 

at 460 nm (80% sensitivity). 4-MU (Sigma-Millipore) is used to generate a 

standard curve. β-gal enzyme activity is expressed in nmol of 4-MU released per 

hour, per milligram of protein (nmol/hr/mg), which is determined using a Pierce™ 

BCA Protein Assay Kit (Thermo Fisher Scientific). 

 

Histopathological Analysis 

 Following perfusion and fixation with 10% NBF, tissues were processed 

into paraffin wax using standard histology techniques, sectioned at a thickness of 

4 µm, stained with hematoxylin and eosin (H&E), and evaluated using light 

microscopy by two A.C.V.P. board-certified pathologists. Tissues that were 

examined include the lungs, liver, heart, spleen, kidney, adrenal gland, stomach, 

large and small intestine, brain, eyes, salivary glands, skeletal muscle, sternum, 

and femur (including hip and stifle joints). All work was done at the Masonic 
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Cancer Center Comparative Pathology Shared Resource laboratory at the 

University of Minnesota. 

 

Plasma Heparan Sulfate and Keratan Sulfate Quantification 

 Liquid chromatography, tandem mass spectrometry was performed by Dr. 

Shunji Tomatsu at the Nemours/Alfred I. duPont Hospital for Children at the 

University of Delaware following procedures published previously [299]. 

 

Radiographic Analysis 

 Following perfusion and harvesting of visceral organs, radiographic 

analysis was performed using a Faxitron UltraFocus X-ray imaging cabinet 

(Faxitron Bioptics, LLC, Tucson, AZ) at the Veterinary Diagnostic Laboratory at 

the University of Minnesota (St. Paul, MN). 

 

Statistical Analysis 

Data are reported as mean ± standard error. GraphPad Prism 7 (v. 7.0a, 

GraphPad Software, Inc, La Jolla, CA) was used to perform all statistical 

analyses. Survival probability was determined using Kaplan-Meier analysis, 

followed by the log-rank test (Mantel-Cox) to compare statistical significance of 

the survival curves for each group. One-way or two-way ANOVA, followed by 

Tukey’s multiple comparisons test was conducted in all other experiments to 

compare wildtype, heterozygous, and mutant groups. 
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Results 

Residual β-gal enzyme activity in Glb1W274L mice 

 In β-gal-/- mice, a loss of 20 bp in exon 8 of the Glb1 gene, including the 

catalytic nucleophile, resulted in complete loss of β-gal enzyme activity. Here, we 

measured the enzyme activity in the Glb1W274L mice, to determine whether the 

common Morquio syndrome type B mutation resulted in a similar residual β-gal 

enzyme activity that is observed in patients. In the brain, β-gal enzyme activity in 

homozygous Glb1W274L mutant mice (14.5±0.6 nmol/hr/mg of protein) was 13.3% 

of wildtype activity (108.9±4.0) (Figure 21A). Similarly, in the heart (4.2±0.4), liver 

(10.3±0.8), and spleen (59.8±8.1) of Glb1W274L mice, β-gal enzyme activity was 

9.8%, 8.4%, and 12.4% of wildtype activity, respectively (heart, 43.2±7.1; liver, 

122.5±4.4; and spleen, 480.3±52.0) (Figure 21B-D). As expected, carriers of the 

Glb1W274L mutation have an intermediate β-gal enzyme activity (brain, 65.0±1.8; 

heart, 22.0±1.5; liver, 75.3±3.5; and spleen, 322.9±49.2). 

 

Appearance and survival of Glb1W274L mice 

 Over the course of one year, the weight of Glb1W274L mice was monitored. 

In contrast to β-gal-/- mice, weights of both female (Figure 22A) and male (Figure 

22B) Glb1W274L mice did not differ from wildtype and heterozygous mice. 

Similarly, Glb1W274L mice showed no increase in mortality over one year of 

observation (Figure 23A and B). Further, Glb1W274L mice showed no obvious 



 112 

visible phenotype over the course of the year. Glb1W274L mice also have normal 

litter sizes and breed for a normal length of time. 

Histological and X-ray assessment of Glb1W274L mice 

Human Morquio syndrome type B patients primarily suffer from a skeletal 

disease, so highly detailed X-rays were taken at approximately 8 weeks of age to 

assess any abnormalities found in the bones of the Glb1W274L mice. Following 

assessment by board-certified pathologists, it was deemed that there were no 

observable differences between Glb1W274L mice and a wildtype littermate (Figure 

24A-D). 

 

Glycosaminoglycan quantification in Glb1W274L mice 

 As keratan sulfate (KS) is the primary substrate that accumulates in 

patients with the GLB1W273L mutation, tandem mass-spectrometry was utilized to 

quantify monosulfated (mono-KS) and disulfated KS (di-KS) in plasma samples 

of 8-week old mice. The results of this experiment showed that both mono-KS 

and ds-KS were undetectable (<19.5 ng/ml) in mice assayed, including Glb1W274L 

mice. Interestingly, heparan sulfate was quantified and was found to be 

significantly elevated in plasma samples of Glb1W274L mice (DDiHS-0S, 57.24±2.0 

ng/mL; DDiHS-NS, 6.81±0.3 ng/mL) compared to wildtype mice (DiHS-0S, 

30.7±9.1 ng/mL; DDiHS-NS, 4.1±0.8 ng/mL) (Figure 25A and B). 

 

Discussion 
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 The introduction of a 2 bp mutation that is commonly found in patients with 

Morquio syndrome type B into a mouse model results in the first described 

mouse model of β-galactosidase deficiency that has residual β-gal enzyme 

activity. The mutation, which causes a substitution of a tryptophan residue to a 

leucine at position 274 (Glb1W274L; GLB1W273L in humans), occurs at a highly 

conserved residue in the GLB1 gene. This tryptophan residue is important for 

forming the substrate binding pocket, specifically playing a role in shaping the 

pocket, and when substituted to an amino acid with a smaller side chain, the 

ability to cover the pocket was lost [24]. This conformational change in the 

protein results in a loss of specificity to keratan sulfate [300], which results in its 

accumulation within the lysosomes of patients with Morquio syndrome type B. 

Even though β-gal enzyme activity was significantly reduced, ranging from 8.4-

13.3% of wildtype levels, accumulation of keratan sulfate was not observed in 

Glb1W274L mice and even after one year, no skeletal phenotype was observed. An 

explanation for this observation may be the absence of keratan sulfate in skeletal 

tissues of mice [301]. However, keratan sulfate-containing proteoglycans are 

found in the cornea of the mouse, beginning around postnatal day 20 [302, 303]. 

This will have to be carefully examined to determine whether the Glb1W274L mice 

will accumulate corneal keratan sulfate.  

 While this mouse lacks a Morquio syndrome type B phenotype, it is still 

valuable for the testing of novel therapies, not only for Morquio, but for patients 

with GM1-gangliosidosis as well. Previously generated murine models of GM1-

gangliosidosis, including the one described in Chapter III, knockout function of 
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the protein completely. This limits their use in β-gal deficiency studies to 

developing enzyme replacement therapies [187] or to gene therapies [159, 160, 

211, 304, 305]. However, most patients who suffer from GM1-gangliosidosis or 

Morquio syndrome type B do not have a complete β-gal enzyme deficiency. In 

reality, many patients with juvenile or adult forms of GM1-gangliosidosis or 

Morquio syndrome type B have a single amino acid substitution that affects the 

secondary or tertiary structure of β-gal, reducing its catalytic activity. With the 

creation of the Glb1W274L mouse model, the ability to test enzyme-stabilizing 

small molecules becomes a possibility.  

 In conclusion, the first mouse model of β-galactosidase deficiency that has 

residual enzyme activity has been developed. While the mouse lacks a Morquio 

syndrome type B pathological phenotype, this model will be important for the 

development of new therapies for all β-gal deficiencies that a knockout model 

cannot be used for. Also, it could be helpful for the study of the GLB1W273L 

mutation and others that cause reduced affinity for galactose-containing 

macromolecules. This has recently been assessed in silico by our laboratory for 

the β-gal protein [33].  
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Figure 21. The Glb1W274L mutation results in the presence of residual β-gal 
enzyme activity. Enzyme activity in the (A) brain, (B) heart, (C) liver, and (D) 

spleen of mice (n=3-4 for each group) determined using the artificial substrate 4-

MUGal. Data are mean ± SEM. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. 
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Figure 22. Presence of Glb1W274L mutation in mice has no effect on weight. 
Weight of (A) female and (B) male Glb1W274L mice over one year (n>6 for each 

group). Weight data are mean ± SEM. 
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Figure 23. Reduction in enzyme activity in Glb1W274L mice has no effect on 
lifespan over one year. Kaplan-Meier survival curve of (A) female and (B) male 

Glb1W274L mice (n=7-16 for each group). 
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Figure 24. Lack of skeletal abnormalities in Glb1W274L mice observed in 
Morquio syndrome type B patients. X-ray analysis conducted on 2-month-old 

(A and C) Glb1W274L and (B and D) control mice using a Faxitron digital imager.   
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Figure 25. Secondary accumulation of heparan sulfate in the plasma of 
Glb1W274L mice. Using tandem mass spectrometry to measure (A) DiHS-0S and 

(B) DiHS-NS heparan sulfate moieties in plasma from Glb1W274L mice (n=3 for all 

groups). Data are presented as mean ± SEM. *p≤0.05. 
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Introduction 
 Lysosomal diseases are a group of metabolic diseases caused by 

deficiencies in lysosomal hydrolases, which lead to an accumulation of substrate 

within the lysosome of the cell. One of these diseases, GM1-gangliosidosis, is a 

fatal neurodegenerative disease caused by insufficiencies in the enzyme β-

galactosidase (β-gal; EC 3.2.1.23). Because of this deficiency, GM1 and GA1 

gangliosides accumulates in the central nervous system (CNS), leading to a 

cascade of cellular events, often resulting in cell death [3, 84, 86]. Clinically, 

there are three severities of GM1-gangliosidosis, including infantile, juvenile, and 

adult forms. Classification into a specific category is determined by residual 

enzyme activity, and symptom presentation. Typically, as the amount of residual 

enzyme activity decreases, the more severe disease symptoms a patient will 

have. In the infantile form, the most severe, residual enzyme activity is between 0 

and 2% of normal, where juvenile and adult forms have between 0.3-5% and 5-

10% of normal, respectively. In the infantile form, symptoms typically become 

apparent by 6 months of age, which include delayed or regression of intellectual 

development, increased muscle weakening, progressive hepatosplenomegaly, 

seizures, and in some cases corneal clouding and skeletal abnormalities [3], 

leading to death before the age of 2. In juvenile and adult forms, these symptoms 

are milder or absent due to the higher residual enzyme activity.  

Currently, there are no approved therapies for GM1-gangliosidosis. In the 

clinic, bone marrow transplant has been attempted [46] as a treatment, even as 

early as 5 weeks of age (Whitley, personal communication), however patients still 
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develop the symptoms of the disease. An additional approach has been 

substrate reduction therapy using miglustat (Zavesca) [47, 174], however this too 

has had minimal benefits; thus, there is a critical need for a new therapy. To 

date, there have been many preclinical studies conducted, including using 

enzyme replacement therapy [186, 187], molecular chaperones [181-183], and 

gene therapy [159, 160, 211, 304-306], however, none have proceeded to clinical 

trials. Recently, Sangamo Therapeutics received approval to conduct a Phase I 

safety trial for two lysosomal disease, MPS I (Hurler syndrome; ClinicalTrials.gov 

Identifier: NCT02702115) and MPS II (Hunter syndrome; ClinicalTrials.gov 

Identifier: NCT03041324) which were supported by preclinical studies conducted 

by our group and colleagues [250, 251]. This study utilized two AAV vectors 

encoding zinc-finger nucleases (ZFNs) which generate a site-specific DSB in the 

first intron of the albumin locus, and another vector that encodes the cDNA of the 

deficient gene with homology sequence to the site of cleavage. Under expression 

of the albumin promoter, even with a low number of integration events, this 

system produced enough enzyme to correct the pathology and neurocognitive 

deficiencies of the diseased mice.  

In this chapter, a similar approach adapted from the ZFN experiments is 

taken to test whether this could be a beneficial approach to treat GM1-

gangliosidosis. These preliminary studies were to determine whether a 

catalytically active β-gal enzyme could be synthesized from an AAV system 

designed to integrate the human GLB1 cDNA into the albumin locus. Further, 
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these initial studies looked at whether the level of β-gal enzyme produced was 

enough to prevent the neuromotor disease observed in β-gal-/- mice.  

 

Materials and Methods 

Animals 

All protocols involving animals were approved by the University of 

Minnesota Institutional Animal Use and Care (IACUC) committee. β-gal-/- and 

control mice were genotyped by PCR described in Chapter II. All animals were 

housed in specific pathogen-free conditions.  

Mice were sacrificed by CO2 asphyxiation and perfused transcardially with 

20 mL of ice-cold PBS. Tissues isolated for biochemical assays were flash frozen 

in liquid nitrogen, and stored on dry ice.  

 

Plasmid Design and Adeno-associated Virus (AAV) Vector Production 

 The plasmid design encoding the nuclease in this system is proprietary 

and will be designated PS-905. The donor construct providing human GLB1 

(AAV-hGLB1) was subcloned from the plasmid Cat #SC119908 from OriGene 

(Rockville, MD). This plasmid contains the hGLB1 cDNA sequence flanked by 

regions of homology to the albumin locus, but lacks a promoter. Packaging of 

these plasmids into AAV8 vectors was done at the Children’s Hospital of 

Philadelphia Research Vector Core. The titer was verified by SDS PAGE and 

silver staining. 
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Hydrodynamic Injection 

 Hydrodynamic injection of 8-week-old β-gal-/- mice was done as previously 

described [307, 308]. Briefly, mice were anesthetized with a cocktail of ketamine 

hydrochloride (10 mg/kg), acepromazine (0.12 mg/kg), and butorphanol (0.012 

mg/kg) as an analgesic, all given intraperitoneally. 50 ng of each plasmid was 

mixed in a volume of Ringer’s solution equivalent to 10% of body mass, and 

injected via tail vein using a 27-gauge butterfly needle over a period of 5-8 

seconds. 24 hours after injection, mice were euthanized and assayed for enzyme 

activity. 

 

Intravenous AAV Injection 

 Neonatal mice (postnatal day 0-3) were injected with AAV vectors (<30 

µL) through the temporal facial vein with a 31-gauge needle. Mice were injected 

with a dose ratio of 1:6 (nuclease:GLB1 donor cDNA).  

 

Tissue Homogenization 

Harvested organs for biochemical analysis were homogenized in 1 mL of 

T-PER™ Tissue Protein Extraction Reagent (Cat. #78510, Thermo Fisher 

Scientific) with Halt™ Protease Inhibitor Cocktail (Cat. #78430, Thermo Fischer) 

added to manufacturers recommendation using a Brinkmann Polytron™ PT 

10/35. 

 

Blood Collection for Enzymatic Assay 
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Blood samples (<200 µL) were collected monthly by submandibular bleed 

into a microfuge tube containing 20 µL of heparin to prevent clotting. Plasma was 

separated from the sample by spinning the tubes for 10 minutes at 3,000 rpm. 

Plasma samples were then diluted as necessary and assayed for β-gal enzyme 

activity as described for tissue samples.  

 

Plasma and Tissue β-galactosidase Enzyme Activity 

 Plasma and tissue β-gal enzyme activity was determined utilizing a 

fluorometric assay as previously described [280], with slight modification. Briefly, 

tissue samples were homogenized in 1 mL of T-PER™ Tissue Protein Extraction 

Reagent (Thermo Fisher Scientific, Waltham, MA) with added Halt™ Protease 

Inhibitor Cocktail (Thermo Fischer Scientific) added to manufacturers 

recommendation. To determine β-gal activity, supernatants of the tissue 

homogenates were diluted with a 0.2 M sodium acetate/0.1 M sodium chloride 

buffer (pH 4.3) and 40 µL of each was added in triplicate to a 96-well black 

round-bottom plate (Corning™, Corning, NY) on ice. 20 µL of a substrate solution 

containing 1.0 mM 4-methylumbelliferyl-β-D-galactopyranoside (4-MUGal, 

Millipore-Sigma, St. Louis, MO) was added to each well, and the plate was 

incubated for 30 minutes at 37°C. To quench the reaction, 200 µL of 1M 

carbonate buffer (1 M sodium carbonate to pH 10.7 with 1 M sodium 

bicarbonate) was added. In the presence of β-gal enzyme, the non-fluorescent 4-

MUGal is cleaved and releases a fluorescent 4-methylumbelliferone (4-MU) 

molecule. This fluorescence was measured in a Synergy MX Plate Reader with 
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Gen5 plate reader program (BioTek Instruments, Winooski, VT) with excitation at 

360 nm and emission read at 460 nm (80% sensitivity). 4-MU (Sigma-Millipore) is 

used to generate a standard curve. β-gal enzyme activity is expressed in plasma 

as nmol 4-MU released per hour, per mL of plasma used (nmol/hr/mL). In tissue, 

activity is expressed in nmol of 4-MU released per hour, per milligram of protein 

(nmol/hr/mg), which is determined using a Pierce™ BCA Protein Assay Kit 

(Thermo Fisher Scientific). 

 

Behavioral Analysis 

 At 4 months of age, mice were subjected to the accelerating rotarod (Ugo 

Basile, Comerio, Italy) as previously described [285]. Briefly, mice were tested for 

three consecutive days, undergoing four trials per day, with a minimum inter-trial 

duration of 30 minutes. Testing was done on a rotarod programmed to accelerate 

from 5 to 50 rpm over a max trial duration of 300 seconds. 3-5 mice were placed 

on the divided rod simultaneously and the apparatus’ counter was started. The 

trial was considered complete when 1) the mouse fell off the rotarod and stopped 

the counter, 2) the mouse completes two consecutive rotations by holding on to 

the rod without walking, or 3) when 300 seconds elapsed. 

 

Statistical Analysis 

Data are reported as mean ± standard error of the mean. GraphPad Prism 

7 (v. 7.0a, GraphPad Software, Inc, La Jolla, CA) was used to perform all 
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statistical analyses. Unpaired t-test was conducted to compare treated mice to 

mutant control mice. 

 

Results 

Assessing the functionality of PS-905 and hGLB1 plasmids using 

hydrodynamic delivery 

 Hydrodynamic delivery of plasmids was utilized to test whether the two 

plasmid designs functioned properly and were capable of producing active β-gal 

protein. At 8-weeks of age, β-gal-/- mice were injected with either the donor 

plasmid encoding the human GLB1 cDNA alone (donor only; n=2) or both the 

donor plasmid and the PS-905 nuclease plasmid (n=2), which is under regulation 

by a liver-specific promoter. Two-days following injection, mice were sacrificed 

and β-gal enzyme activity was assessed in the liver and brain. In the group 

receiving the donor only plasmid, liver β-gal enzyme expression was 5.2±1.7 

nmol/hr/mg, compared to 1.1±0.7 nmol/hr/mg in mutant controls and 122.8±17.8 

nmol/hr/mg in heterozygous mice. Importantly, mice receiving both the donor 

cDNA plasmid and PS-905 plasmid had an enzyme activity of 16.9±1.7 

nmol/hr/mg protein (Figure 26). These results indicate that the plasmid design is 

sufficient to produce a functional β-gal enzyme. Knowing this, the plasmids were 

packaged into AAV8 vectors for use in a preliminary gene therapy study for 

treating β-gal deficiency in β-gal-/- mice. 

 



 128 

Intravenous injection of AAV8-hGLB1 and AAV8-PS-905 produces a 

catalytically active and secreted β-gal protein 

Neonatal β-gal-/- mice (n=9) were injected with AAV8-PS-905 (5 x 109 vg/g 

body weight) and AAV8-hGLB1 (3 x 1010 vg/g body weight) through the temporal 

facial vein. As a control, an additional group of β-gal-/- mice received an injection 

of the donor only (AAV8-hGLB1, n=5). Over the course of 4 months post-dosing, 

plasma enzyme activities were assessed (Figure 27). 30 days following dosing, 

plasma activity in mice receiving both AAV8-PS-905 and AAV8-hGLB1 was 

13.8±3.1 nmol/hr/mL, which was 4.8-fold higher than heterozygous activity 

(2.9±0.2 nmol/hr/mL). Strangely, on subsequent measurements, β-gal enzyme 

activity in AAV8-PS-905+AAV8- hGLB1 treated mice (Day 60, 4.4±1.4; Day 90, 

3.1±0.5; Day 120, 2.9±0.7 nmol/hr/mL) began to diminish and fell to 

heterozygous levels (Day 60, 2.9±0.6; Day 90, 2.2±0.2; Day 120, 2.0±0.04 

nmol/hr/mL) by 120 days post injection. Mice receiving the donor only had no 

increase in β-gal enzyme activity over the course of 120 days, indicating that 

there was no episomal transgene expression from the donor which lacks a 

promoter sequence. 

 At 120 days post-dosing a subset of mice was sacrificed and β-gal 

enzyme activity was measured in tissues. Enzyme activity was not present within 

the brains (Figure 28A) and hearts (Figure 28B) of mice treated with AAV8-PS-

905+AAV8-hGLB1 vectors (n=3). In the liver and spleen, enzyme activity was 

observed in two of the three animals tested. In the liver, AAV8-PS-905+AAV8-

hGLB1 mice had a β-gal enzyme activity of 39.1±22.9 nmol/hr/mg, compared to 
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mutant control mice (n=2), which showed no observable enzyme activity (Figure 

28C). In the spleen, β-gal enzyme activity in mice receiving treatment with AAV8-

PS-905+AAV8-hGLB1 vectors was increased (41.3±34.1 nmol/hr/mg) compared 

to mutant β-gal-/- mice receiving no treatment (0.5±0.5 nmol/hr/mg) (Figure 28D). 

 

Neuromotor function is not improved by current dose of hGLB1  

Behavior analysis with the accelerating rotarod was conducted to 

determine whether there was a therapeutic effect at the current vector dose and 

whether it had any effect on neuromotor function. Over the three trial days, β-gal-

/- mice that received both AAV8-hGLB1 and AAV8-PS-905 performed slightly 

better over subsequent days of testing (Day 1, 61.6±8.9 seconds; Day 2, 

86.7±10.3s; Day 3, 88.0±12.5s). However, treated β-gal-/- mice did not improve 

their performance compared to β-gal-/- mice receiving no treatment (Day 1, 

55.6±25.8 seconds; Day 2, 73.8±35.2s; Day 3, 82.6±38.4s), or those only 

receiving the donor vector AAV8-hGLB1 (Day 1, 59.8±14.1; Day 2, 96.6±15.7; 

Day 3, 90.9±13.5). In comparison, the latency to fall of a normal heterozygous 

mouse progressively increased from 113.6±9.6s on Day 1 to 171.9±11.4s on Day 

3, indicating a normal neuromotor function (Figure 29). These results indicate 

that the current vector dose does not provide a therapeutic effect.  

 

Discussion 



 130 

Currently, there are no existing treatments for patients suffering with GM1-

gangliosidosis, thus it is of the utmost importance that one be developed. 

Recently, gene therapy has emerged as a potential treatment for many diseases, 

especially lysosomal diseases. With gene therapy, a convenient single-dose 

treatment is a possibility. Here, a gene therapy was designed to incorporate the 

gene that is deficient in patients with GM1-gangliosidosis, GLB1, into intron 1 of 

the albumin locus. Albumin is a the most abundant protein found in human blood, 

making up over 50% of total protein levels [309]. By incorporating the deficient 

gene into this locus, GLB1 expression is driven by the highly active albumin 

promoter, which results in high expression of the GLB1 gene, and subsequently  

increases the amount of β-gal enzyme. Through metabolic cross-correction [175], 

β-gal can be secreted into the blood stream and taken up by cells across the 

body to alleviate the GM1-ganglioside pathology. The preliminary data presented 

here from the initial experiments shows that following neonatal AAV8 injection, a 

functional β-gal enzyme is being synthesized and secreted into the blood stream 

and taken up by cells, illustrated by plasma and tissue enzyme activity. This 

indicates that these plasmids are functional. 

 While behavior testing on the accelerating rotarod revealed that there was 

no improvement in motor function of treated mice, there is still optimism that this 

system can be beneficial. Typically, large proteins are unable to reach the CNS 

due to the presence of the blood-brain barrier. However, our group has 

previously published that providing 20-fold of the clinical dose of recombinant 

IDUA can ameliorating the neurological disease in MPS I mice [310]. Additionally, 
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recent publications by our group and collaborators showed that a similar 

approach to that described here to drive expression of the transgene from the 

albumin locus could produce enough IDUA or IDS enzyme to ameliorate the 

neurological disease in MPS I [250] and MPS II [251] mice. This means that 

more commitment should be focused to increasing the amount of β-gal protein 

that is synthesized by this system, in hopes of treating both the primary CNS 

disease and the secondary systemic disease. 

 The first hurdle is to understand what is occurring in these animals as they 

age. For some reason, β-gal enzyme activity dropped significantly between day 

30 and 60 in the plasma and continued to decline until reaching a lower limit, or 

low plateau, around heterozygous enzyme levels. A similar observation was 

made in mice that were treated with the Sleeping Beauty transposon system 

expressing another IDUA [308]. Aronovich et al. [308] showed that by 

suppressing the immune system of the mice using cyclophosphamide, enzyme 

activity could be maintained. The loss of enzyme activity seen in this study has 

not been previously reported in gene therapy studies for GM1-gangliosidosis, 

however plasma β-gal enzyme activity has not been monitored in those studies. 

A key difference between the approach taken in this chapter and those reported 

previously is the cDNA sequence of the Glb1 gene. In our approach, the human 

GLB1 cDNA was utilized, while previous studies utilized the mouse Glb1 

sequence. Thus, it is possible that an immune response to the new protein is 

occurring. 
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 An alternative hypothesis to the loss of enzyme activity could be due to 

the difference in biochemical properties of the protein. It has been described that 

the human β-gal protein is temperature sensitive and requires protective 

protein/cathepsin A (PPCA) to function properly within the lysosome, and protect 

human β-gal (hβ-gal) from intralysosomal proteolytic inactivation [311], but the 

mouse β-gal (mβ-gal) does not. Lambourne et al.[311] also showed that enzyme 

activity of mβ-gal is significantly higher than hβ-gal activity, has a longer half-life, 

and is more stable than hβ-gal. Taking all of this into consideration, it may be 

more appropriate to utilize the mouse Glb1 cDNA for subsequent experiments. 

 Overall, while the level of enzyme activity produced is not sufficient to 

ameliorate the disease neuromotor phenotype, the preliminary data presented 

show that this AAV approach produces a functional β-gal enzyme that can be 

secreted and measured in the plasma of treated mice for at least 120 days. 

Further, it showed that the secreted enzyme can be taken measured in 

peripheral tissues. These results are important, because it is the first step in 

developing a permanent, single-injection therapy for treating β-galactosidase 

deficiencies.  
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Figure 26. β-gal enzyme expression in liver following hydrodynamic 
delivery of GLB1 constructs. Age-matched mice were assigned into four 

groups: 1) Heterozygous control (β-gal+/-) (n=3, blue circles); 2) Untreated β-gal-/- 

control (n=2, red squares); 3) β-gal-/- mice injected with 50 ng hGLB1 plasmid 

(donor) only (n=2, orange upward triangles); 4) β-gal-/- mice injected with 50 ng 

each of PS-905 plasmid + donor plasmid (n=2, purple downward triangles). Data 

are presented as mean ± SEM. *p≤0.05. 
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Figure 27. Significant decline and stabilization of plasma β-gal enzyme 
activity after 120 days post-treatment. Neonatal mice (P0-P2) were assigned 

into four groups: 1) Heterozygous control (β-gal+/-) (n=8, blue circles); 2) 

Untreated β-gal-/- control (n=6, red squares); 3) β-gal-/- mice injected with AAV8-

hGLB1 (donor) only (n=5 orange upward triangles); 4) β-gal-/- mice injected with 

both AAV8-PS-905 + AAV8-hGLB1 (n=9, purple downward triangles). Plasma 

was collected every 30 days. Data are presented as mean ± SEM. ****p≤0.0001. 

 

  

**** 
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Figure 28. Presence of β-gal enzyme activity in the liver and spleen of two 
treated β-gal-/- mice. A subset of animals (n=2-3 for each group) from each 

group were sacrificed 120 days post-treatment and β-gal enzyme activity was 

measured in the (A) brain, (B) heart, (C) liver, and (D) spleen. Data are 

presented as mean ± SEM.  
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Figure 29. Treated β-gal-/- mice show no improvements in the accelerating 
rotarod. Mice were subjected to the accelerating rotarod at 120 days old for 

three days, four trials per day, to assess neuromotor function. n³5 for each 

group. Data are presented as mean ± SEM. 
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β-galactosidase is a unique lysosomal hydrolase, in that when it is 

deficient, depending on where the mutation is located in the GLB1 gene and 

what effect it has on β-gal enzyme activity, it is responsible for two distinct 

lysosomal diseases: one affecting the central nervous system (GM1-

gangliosidosis), and another affecting the skeletal system (Morquio syndrome 

type B). To be able to develop and test potential therapeutics for these diseases, 

an appropriate animal that recapitulates the phenotype of the human disease is 

essential. The work compiled in this thesis describes the development of two 

novel mouse models of these two lysosomal diseases. Additionally, the 

preliminary analysis of a novel gene therapy for these diseases is discussed. 

Previous techniques utilized for developing novel mouse models, including 

pronuclear injection and ES cell manipulation, were inefficient and time 

consuming. Further, pronuclear injection relies upon random integration of the 

transgene, which could result in 1) inactivation of necessary genes, or 2) 

integration into a region that activates an oncogene. With ES cell manipulation, 

targeted mutagenesis via homologous recombination was made possible. While 

this method allows for specific manipulation of genes, the efficiency of 

homologous recombination is extremely low, and the experimental timeframe is 

extensive and tedious. With the advent of CRISPR-Cas9 genome editing, the 

ability to generate targeted mutations with high efficiency and in a short time 

frame is possible. Towards this end, Chapter II describes the successful 

introduction of two mutations into the β-galactosidase-encoding gene, Glb1, 

using CRISPR-Cas9 genome editing. This is the first description of using 
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CRISPR-Cas9 genome editing to generate a mouse model of a lysosomal 

disease. To introduce a 2 bp mutation commonly found in patients with Morquio 

syndrome type B, a donor oligonucleotide encoding the mutated sequence was 

used. Sequencing of potential founders showed that two mice had undergone 

HDR, and contained the Glb1W274L mutation. The second potential repair pathway 

following double-stranded DNA cleavage is NHEJ. Of the offspring sequenced, 

one was found to contain a 20 bp deletion that resulted in a frameshift and 3 

premature stop codons, removing the catalytic nucleophile of the β-gal enzyme. 

By using CRISPR-Cas9, this was all accomplished in a single experiment, 

showing just how powerful this system is for genome modification.  

 To determine whether these mutations resulted in a phenotype that is 

similar to human patients, these mice were characterized. Chapter III 

investigated the phenotype of mice harboring a 20 bp mutation in the Glb1 gene, 

which resulted in a loss of β-gal enzyme activity and subsequent accumulation of 

GM1 and GA1 ganglioside within the CNS and visceral tissue. Further, this 

ganglioside accumulation resulted in a severe neurological phenotype in these 

mice, which presented as a loss of motor function and cognitive ability. This 

observation of motor dysfunction is a phenotype described significantly in 

previous reports [157-160]. However, this was the first description that mice 

lacking β-gal enzyme activity are also cognitively impaired. It will be key to use 

these tests as outcome measures for novel therapies for this disease, because it 

will be important that the treatment reaches all parts of the CNS. 
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In Chapter IV, the initial characterization experiments of the mouse 

harboring the common Morquio syndrome type B mutation, Glb1W274L (position 

273 in humans) showed that this mutation recapitulated the human β-gal enzyme 

deficiency, as mice had between 8.4%-13.3% of wildtype β-gal enzyme activity. 

This is the first description of a mouse model that has residual β-gal enzyme 

activity. However, even though the enzyme activity was approximately 10% of 

wildtype levels, these mice showed no visible phenotype, even after a year. It 

was surprising that this minimal enzyme activity did not produce a phenotype at 

all. This is an important observation, because if 10% of normal enzyme activity is 

enough to keep up with the catabolism of the target macromolecules, this should 

be the goal of any potential therapies for these diseases. This level of activity has 

previously been assumed to be the minimum activity to prevent storage in 

lysosomal diseases [312]. One way to test whether this is a possible “threshold” 

of minimum enzyme activity is to cross β-gal deficient mice to Glb1W274L mice to 

reduce the enzyme activity even further and see whether a neurological 

phenotype arises.  

With the murine models of GM1-gangliosidosis and Morquio syndrome 

type B established, the most important next step is to utilize them in developing a 

new therapy. In Chapter V, preliminary experiments are discussed regarding a 

proprietary gene therapy system that is designed to integrate the human GLB1 

cDNA into the albumin locus of neonatal β-gal-/- mice. This system was designed 

to express the GLB1 transgene under the regulation of the albumin promoter. 

Preliminary data from these experiments showed that functional β-gal protein 
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was being synthesized and secreted into the bloodstream. While the data was 

limited, β-gal enzyme activity was present in the liver and spleen of two of the 

three animals analyzed. Additionally, even though plasma β-gal activity was 

maintained for 120 days at heterozygous levels and found in peripheral tissue, 

the level of β-gal expression was not sufficient to prevent the onset of 

neurological symptoms of the disease. In current and future experiments, it will 

be important to determine a dose that is effective to treat both the CNS and the 

systemic disease. One alternative approach, instead of using more vector, is to 

create a cDNA encoding a fusion protein. This has been applied for enzyme 

replacement therapy in pre-clinical studies for lysosomal diseases. For MPS I 

[192] and GM1-gangliosidosis [187], the ribosome-inactivating toxin B subunit 

(RTB) lectin, which exploits endocytic pathways to enter cells, was fused to IDUA 

and β-gal, respectively. While only shown to be functional in vitro with β-gal, the 

fusion construct was shown to improve neurocognitive function and reduce GAG 

accumulation in MPS I mice. A similar approach has been applied with a 

monoclonal antibody against the human insulin receptor for treating MPS I [313]. 

These both could be applied to treating the CNS disease of GM1-gangliosidosis.  

For Morquio syndrome type B, developing a novel gene therapy will 

require addressing several challenges. This is because it is primarily a skeletal 

disease, and targeting the skeletal system through metabolic cross-correction is 

especially difficult due to the bone being located in an avascular area. One way 

to increase delivery and target the bone and cartilage is to fuse an aspartic acid 

octapeptide (D8) to the β-gal protein. This has been shown to be effective when 
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fused to alkaline phosphatase [314] and the lysosomal enzymes β-glucuronidase 

[315] and N-acetylgalactosamine-6-sulfatase [316]. Alternatively, 

pharmacological chaperone therapy with small molecules could be utilized to 

treat Morquio syndrome type B or any β-gal deficient patients with missense 

mutations. Proof-of-principle experiments have been conducted on various 

lysosomal diseases using pharmacological chaperones [183, 317-321].  

Further, an aspect to take into consideration for therapy of these diseases 

is timing of the treatment. Most in the field of lysosomal diseases believe that the 

earlier the treatment, the better the outcome will be for the patient. However, 

even when a patient is treated when symptoms arise around 6 months of age, 

irreversible damage has occurred. In MPS I, mouse fetuses deficient for IDUA 

have a significant accumulation of GAG, suggesting that the disease starts in 

utero (Figure 30). This may be the case in GM1-gangliosidosis as well. It was 

reported that a premature fetus lacking β-gal enzyme activity displayed a 

vacuolated phenotype in the basal ganglions of the brain [322]. Additionally, 

many newborns with lysosomal diseases present with nonimmune hydrops, 

which is an abnormal accumulation of fluid in two or more fetal compartments 

[323, 324]. Because these symptoms arise in utero, current therapeutic timing 

may not be sufficient to prevent the onset of the disease. With the advancements 

of in utero prenatal screening tests, including genetic screening, it may be 

important to begin testing and treating these patients in the fetal stage of 

development. Many groups have done pre-clinical in utero experiments for 

various diseases [325-327], however their use in human patients in clinical trials 
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has not been tested yet and will require further assessment for safety and 

efficacy.   

 

Closing Remark 

 Collectively, the studies conducted and described in this dissertation 

provide hope for patients and families suffering from β-galactosidase 

deficiencies. Two new models of these diseases now exist and are being utilized 

for the development of a new therapy that has shown promising preliminary 

results. Knowing that a similar gene therapy system has been approved and 

implemented in clinical trials for other lysosomal diseases should provide a clear 

and concise path to treatment once more pre-clinical studies have been 

conducted with the system described above. We show that this system can 

produce catalytically active β-gal enzyme that is secreted into the bloodstream 

and be measured in peripheral tissue. Once the appropriate dose is determined, 

this therapy could be utilized as a platform strategy to treat most lysosomal 

diseases, in addition to many other monogenic diseases.  
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Figure 30. Significant accumulation of glycosaminoglycans in fetal MPS I 
mice. MPS I (Idua-/-) and heterozygous control (Idua+/-) embryos were isolated at 

embryonic days E14.5 and E17.5, homogenized, and assessed for 

glycosaminoglycan (GAG) content with the Blyscan™ Glycasaminoglycan Assay 

(Biocolor Ltd, United Kingdom). Data are presented as mean ± SEM. ***p≤0.001. 
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