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Chapter 1

Glycosphingolipids

on neurochemistry by extracting, purifying and elucidating many substances from the

brain which he named cerebrosides, sphingosine and sphingomyelin®. These lipids are
classified as sphingolipids and chemically defined by a long-chain aliphatic amino alcohol,
also called sphingoid base, to which an amide-linked fatty acid is attached, thereby forming
ceramide?®. In mammals, the most abundant sphingoid base is sphingosine containing
18 carbons and one double bond (d18:1). In contrast, the length of the sphingoid base in
glycosphingolipids of Drosophila melanogaster is shorter, with mainly C14 and C16 chains®®.
The attached fatty acid in glycosphingolipids shows considerable variation in structure?.

I n the nineteenth century, the chemist Johannes Ludwig Thudichum had a large impact

GSL biosynthesis

Sphingolipids are generated via de novo synthesis or a salvage pathway (Figure 1A). De
novo synthesis of sphingolipids starts in the endoplasmic reticulum (ER) with condensation
of the amino acid L-serine and an acyl-CoA thioester into a 3-ketosphinganine. In mammals
this reactions is mediated by serine palmitoyltransferase (SPT) which prefers a palmitoyl-
CoA (C16:0 palmitate), thereby generating mainly sphingolipids with a d18:1 sphingoid
base. 3-Ketosphinganine is reduced to sphinganine by 3-ketosphinganine reductase,
followed by acylation mediated by a member of the ceramide synthase (CerS) family. The
formed dihydroceramide is subsequently desaturated by a desaturase, forming ceramide®.
DES1 generates the 4,5-trans double bond of ceramide while DES2 adds a hydroxy! group
forming the t18:0 backbone of phytoceramide. Catabolism of ceramide by neutral and acid
ceramidase enzymes results in sphingosine that, via the so-called ‘salvage pathway’, can be
reacylated by one of the CerS enzymes.

Six CerS isoforms have been detected in mammals and the fatty acid composition
of sphingolipids originates from the expression level, tissue distribution and acyl-CoA
substrate selectively of the different CerS enzymes®. CerS1 is structurally and functionally
different from the other CerS isoforms with a high expression in brain and a preference for
stearoyl-CoA generating C18-dihydroceramide’. Both CerS2 and CerS3 prefer longer chain
acyl-CoAs, between C20 and C26. CerS2 is highly expressed with a broad tissue distribution,
but detected higher in kidney and liver®. Whereas CerS1 is highly expressed in neurons of
the mouse brain, CerS2 expression is high in oligodendrocytes and Swann cells. Moreover,
the transient increase in CerS2 mRNA during the period of active myelination suggests a
role for longer fatty acids in myelin sphingolipids®. CerS3 expression seems restricted to
epidermal keratinocytes and male germ cells and generates abundant epidermal ceramide
species such as ceramides with very long fatty acids (C26-C36), 2-hydroxy- and w-hydroxy
fatty acids, the latter which are precursors of esterified glucosylceramide and ceramide
lipids®'2, CerS4 is expressed ubiquitously at low levels and generates ceramides with C18-
22 fatty acids®. CerS5 and CerS6 both make ceramides with C16 fatty acid, while CerS6
also utilizes myristoyl-CoA to make C14-dihydroceramide’. The majority of the membrane
sphingolipids are composed of saturated fatty acids®.

The produced ceramide species are subsequently transported to different parts of the ER
or Golgi complex, where they are modified into more complex sphingolipids (Figure 1A).
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General introduction and goals

Intracellular transport of ceramide is often mediated by CERT in a non-vesicular manner®.
The major plasma membrane component, sphingomyelin, is generated by a transfer from
the phosphocholine headgroup of phosphorylcholine to the 1-hydroxyl position of ceramide
by either SMS1, located in Golgi membranes, or SMS2, present in plasma membranes?.

Another group of more complex sphingolipids are the glycosphingolipids (GSLs),
whereby the C1 hydroxyl of ceramide is modified by one or a chain of glycan moieties®. Two
simple glycosphingolipids are the starting point of more complex GSLs: galactosylceramide
(GalCer) and glucosylceramide (GlcCer). In general, the first sugar attached to ceramide
is either a glucose- or galactose moiety and attached via a B-linkage, although a-linked
GalCer has been found in bacteria and a marine sponge!**. The ER localized ceramide
galactosyltransferase (CGT) transfers a galactosyl moiety to the 1-hydroxyl position of
ceramide, generating a B-linked GalCer, an important lipid in the brain as major constituent
of myelin’’. The formation of GlcCer is mediated by UDP-GlcCer glucosyltransferase
(UGCG), also called glucosylceramide synthase (GCS) located on the cytosolic leaflet of the
ER or early cis-Golgi membranes®. Newly formed GlcCer can be metabolized by the non-
lysosomal membrane-associated glucosylceramidase GBA22°, but most of it is relocated
to the luminal leaflet of trans-Golgi membranes. Here, B4-galactosyltransferase (B4GALT5)
mediates the transfer of a B-linked galactose to GlcCer generating lactosylceramide (LacCer),
a GalB(1,4)GlcB(1)-Cer. LacCer is an important intermediate as starting point for more
complex GSL lipids by addition of various sugars, including glucose, galactose, mannose,
xylose, fucose, glucuronic acid, N-acetyl glucosamine and N-acetyl galactosamine. The
complex GSLs are classified as members of globo-, isoglobo-, lacto-, neolacto- and ganglio-
families and only a limited number of glycosyltransferases are required to obtain a large
variety of root-structured GSLs by addition of different a- or B-linked glycan moieties to the
3-0- or 4-0 position (Figure 1A)>%,

GSL function

The eukaryotic plasma membrane is formed of a bilayer of amphiphilic phospholipids,
sphingolipids and sterols. In the plasma membrane, sphingolipids and sterols are thought
to organize in transient semi-ordered lipid microdomains, called lipid rafts?>=2°,

In particular, cholesterol and sphingomyelin are very abundant among the plasma
membrane lipids (30-40 mol% and 10-20 mol% respectively), while GSLs are typically
present at low levels however depending on the cell type???®. Most of the sphingolipids
are present in the outer leaflet of the plasma membrane bilayer, thereby having their
hydrophilic head group facing the extracellular environment. The different head groups
of sphingolipids and GSLs offer a variety of chemical surface characteristics. Sphingolipids
and GSLs in lipid rafts are suggested to play a role in a variety of important biological
functions, ranging from signal transduction, apoptosis, cell adhesion, synaptic transmission,
organization of the cytoskeleton and protein sorting to the cellular entry of viruses, bacteria
and toxins?%730,

The synthesis of distinct GSLs is cell-type specific and different tissues can have different
compositions of specific surface GSLs. For example, gangliosides are present in the plasma
membrane of neuronal cells, while galactosylceramide, together with cholesterol, is a
major lipid constituent in the myelin sheaths surrounding axons332. Myelin is formed by
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Chapter 1

specific glia cells, either oligodendrocytes in the central nervous system or Schwann cells in
the peripheral nervous system. A change in lipid composition of myelin could contribute to
myelin destabilization and breakdown32. Another distinct feature is the role of sphingolipids
and GSLs in the skin of terrestrial animals. The specific ceramide species with very long
fatty acids (C26-C36), 2-hydroxy-, w-hydroxy fatty acids and esterified GlcCer and ceramide
lipids are of importance for the organization of the corneocytes in the stratum corneum,
in order to prevent trans-epidermal water loss and thereby lethal dehydration!*3334,
Ceramide species with very long fatty acids are also important for male fertility in sperm
cell maturation®°.

Sphingolipids and GSLs might also have intracellular biological functions, as not all
sphingolipids are associated with the plasma membrane3>=¢, Specific types of sphingolipids
and GSLs are involved in different biological processes. Sphingolipids such as sphingosine
and ceramide are thought to be involved in the eukaryotic stress response, mediating
differentiation, cell cycle arrest, apoptosis and senescence, whereas sphingosine-1-
phosphate, as ligand for G-protein coupled receptors, appears to promote proliferation and
survival?037-41,

GSL catabolism

Catabolism of glycosphingolipids predominantly takes place in endosomes and lysosomes
(Figure 1B). GSLs end up in endosomal-lysosomal compartments via various ways,
including receptor-mediated endocytosis or internalization of cellular membranes through
intraluminal vesicles, also called multivesicular bodies*?**. Macrophages are specialized
in the phagocytosis of larger cellular debris, dying or dead cells and pathogens. The
resulting phagosome is fused with lysosomes which contains the necessary enzymes to
break down its content. Generally (glyco)sphingolipid breakdown is achieved by hydrolysis
of the complex sphingolipid to separate components via lysosomal enzymes with acidic
pH optima, however hydrolytic enzymes are also reported at other locations in the cell
with other pH optima? The stepwise removal of the terminal glycan moieties of the
GSLs occurs sequentially by specific glycosidases***. For example, sialidase enzymes
mediate removal of terminal sialic acid residues, B-hexosaminidase enzymes of N-acetyl-
Glc or -Gal moieties, a-galactosidase removes terminal a-Gal moieties, B-galactosidase
of terminal B-Gal moieties, glucocerebrosidase mediates hydrolysis of GlcCer and acid
sphingomyelinase mediates removal of the phosphocholine head group of sphingomyelin.
The biosynthetic enzymes in the ER and Golgi are generally membrane-bound, while the
catabolic glycosidases in the lysosomes are not bound to membranes. In contrast, the
sphingolipids and GSLs destined for hydrolysis are typically embedded in the lysosomal
membrane. Several glycosidases therefore require the assistance of membrane-perturbing
and lipid-binding proteins in order to efficiently interact with their target substrate lipid in
the membrane.

Four sphingolipid activator proteins (saposins, Sap A-D) are known and originate from
a single encoded prosaposin polypeptide sequence. The best studied Sap variant is Sap
C which is essential for glucocerebrosidase (lysosomal acid B-glucosidase; GCase) to
hydrolyse GlcCer located in the lysosomal membrane264445,
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General introduction and goals

The final step in GSL catabolism is the cleavage of ceramide into sphingosine and a free
fatty acid. This step is performed in the lysosome by acid ceramidase but could also be
performed in other parts of the cell by one of the neutral ceramidases®*®.
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Figure 1 | Glycosphingolipid metabolism

Schematic representation of (glyco)sphingolipid biosynthesis and catabolism. Enzymes are depicted in grey. (A)
(Glyco)sphingolipids (given in italic) are synthesized in ER and Golgi compartments. Root-structured GSLs are
grouped in families (globo-, ganglio-, asialo and lacto/neolacto- series). The first GSL of the series is depicted
and others are generated by sequential addition of different glycan moieties. (B) Catabolism of GSLs occurs in
lysosomes through the sequential action of lysosomal glycosidases. A defect in one of the lysosomal glycosidases
results in accumulation of GSLs and clinical symptoms specific for that lysosomal storage disorder.
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Lysosomal storage disorders

Inherited lysosomal storage disorders (LSDs) are a group of orphan diseases characterized
by impaired lysosomal catabolism or lysosomal dysfunction. More than 70 LSDs occur,
summarized by Platt et al., and affect collectively about 1 in 5000 live births*. The majority
of the LSDs is due to mutations in genes encoding specific lysosomal glycosidases, however
LSDs can also occur when related lysosomal activator proteins, lysosomal transporters
or integral membrane proteins are not functioning properly?*#’. The so-called (glyco)
sphingolipidoses are those LSDs that are characterized by accumulation of (glyco)
sphingolipid. Despite the similarity in the chemical nature of the storage material, the
(glyco)sphingolipidoses are clinically quite distinct and with each of these diseases there is
variability among patients in severity, nature of symptoms and age of onset. The primary
defect and prominent clinical features of a number of relevant LSDs are summarized in
Table 1, including selected murine and zebrafish models.

Three LSDs and their compromised lysosomal hydrolyses receive particular attention in
this thesis and therefore warrant more detailed introduction. These LSDs are Gaucher
disease (GD) caused by deficiency of lysosomal acid B-glucosidase, Fabry disease caused by
deficiency of lysosomal a-galactosidase A and Farber disease caused by deficiency of acid
ceramidase.

Gaucher disease — A relatively common lysosomal storage disorder is Gaucher disease
(GD), with a frequency of approximately 1 in 40.000 live births in the general population
and 1 in 450 in the Ashkenazi Jewish population®. GD is caused by a defect in lysosomal
acid B-glucosidase (glucocerebrosidase, GCase; EC 3.2.1.45) and leads to lysosomal
accumulation of GlcCer, particularly in lysosomes of tissue macrophages that transform into
Gaucher cells*®**°, GCase is encoded by the GBA gene, located in man on locus 1921, and
several hundred mutations in this gene have meanwhile been associated with GD. GCase
(Glycosyl Hydrolase (GH) family 30) is a 497 amino acid glycoprotein with four N-linked
glycans and a retaining B-glucosidase with a characteristic (a/B), TIM barrel catalytic
domain®“*2, In this domain, Glu 340 acts as catalytic nucleophile and Glu 235 as acid/
base residue®. Cyclophellitol and its synthetic derivative conduritol B-epoxide (CBE) are
potent suicide inhibitors of GCase that bind covalently and irreversibly to the nucleophile
Glu 340 of GCase. Recently, superior inhibitors for GCase have been designed with a bulky
hydrophobic substituent at C8 of the cyclophellitol®®. These cyclophellitol derivatives
inactivate GCase with even higher affinity and specificity than CBE and cyclophellitol, the
latter inhibitors have shown to react with GBA2 and/or acid a-glucosidase®. Selective
activity-based probes (ABPs) have been designed by attaching a reporter group (biotin
or BODIPY) to the C8 of cyclophellitol, enabling visualization and identification of active
GCase®®. Next, cyclophellitol aziridine ABPs with attached reporter groups have also been
developed that target multiple retaining B-glucosidases including GCase, the cytosol faced
membrane-associated protein GBA2 and the cytosolic GBA3®".

GCase is transported to lysosomes independent of the mannose-6-phosphate receptor
pathway unlike other lysosomal hydrolyses®. Instead, lysosomal integral membrane
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protein 2 (LIMP2) binds newly formed GCase in the ER and transports it to lysosomes®®®.,
Mutations in the SCARB2 gene, encoding LIMP2, cause action myoclonus-renal failure
syndrome (AMRF)®>%3, Interestingly, AMRF patients do not develop lipid-laden macrophages,
indicating that the residual activity of GCase in these cell, acquired by re-uptake of faulty
secreted enzyme, is sufficient®. The activator lipid-binding protein saposin C (Sap C) is
required for optimal intralysosomal functioning of GCase as is illustrated by the finding that
defective Sap C causes symptoms similar to GD*+,

GD is clinically remarkable heterogeneous®®. Patients with considerable residual GCase
activity develop only visceral symptomes, including hepatosplenomegaly, thrombocytopenia,
abnormalities in coagulation, anaemia due to reduced erythrocyte populations and skeletal
manifestations such as bone pain and bone fractures®®®. This non-neuronopathic type
1 GD variant differs from the acute and subacute neuronopathic GD variants type 2 and
type 3. The very low residual GCase activity in types 2 and 3 GD patients causes a more
severe visceral pathology with additional neurological manifestations, like epilepsy, apraxia
and scoliosis*®*®°, Subcategories are distinguished for the heterogeneous neuronopathic
GD variants and it has been proposed to consider the disorder as continuum of disease
manifestations, each variable among individual patients’. An almost complete deficiency
of GCase causes a unique phenotype, the collodion baby with a disturbed skin permeability
barrier incompatible with terrestrial life**’. The same lethal impairment is observed
in mice with a complete genetic knockout of GCase’?. GCase has an essential role in the
stratum corneum where it converts extruded GlcCer lipids into ceramide which are required
for formation of optimal lipid lamellae®*7,

The molecular basis for the marked phenotypic heterogeneity among GD patients
is still not fully known. It is apparent that some of the several hundred GBA mutations
are associated with a milder course of disease. For example, patients with the common
amino acid substitution N370S in GCase typically display no neuropathology’. The amino
acid substitution D409H in GCase is associated with cardiac symptoms involving the aortic
and mitral valve’’%, On the other hand, within one GBA genotype, variation in severity of
disease is encountered. Most strikingly, monozygotic GD twins have been reported with
discordance in phenotype’”’8. Modifier genes, epigenetics and external factors have been
proposed to contribute to variability of disease manifestations’#°, Polymorphisms in the
genes encoding LIMP2, GCS and Sap C have been put forward as GD modifiers® . Another
candidate modifier, based on a GWAS study in patients homozygous for N370S mutation, is
the ER transmembrane protein CLN8®. CLN8 has recently been shown to be involved in the
transport of newly formed lysosomal enzymes between ER and Golgi apparatus®.

Mice have been used to study more closely the pathology associated with GCase deficiency.
However, complete GCase deficiency in mice is lethal due to the altered permeability barrier
function, as described for man372. Amino acid substitutions known to cause GD types 1
and 2 in man are introduced in the mouse genome, but these mice do not always show
disease manifestations as observed in patients®. No phenotype or GlcCer accumulation has
been observed in mice with the amino acid substitutions V394L, D409H and D409V, while
mice with the common amino acid substitutions N370S, leading to type 1 GD, or L444P,
causing a neuronopathic form of GD, die soon after birth®:58,
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In addition to the mice with point mutations, conditional knockouts have been generated
with GCase deficiency restricted to specific cell lineages, such as the hematopoietic and
mesenchymal cell lineage (Mx1-Cre-loxP%®), the neuron stem cell lineages (Nestin-flox/
flox*°) or GCase deficiency in all tissues except skin (K14-Inl/Inl*°). Defective GCase
in the hematopoietic cell lineage is sufficient to induce formation of Gaucher cells,
hepatosplenomegaly and haematological symptoms®, however for skeletal deterioration
a combined GCase deficiency in hematopoietic and mesenchymal cell lineages is needed®.
Studies with mice developing neuropathology, either by genetically induced deficiency
in neuronal cells or the overall inactivation of GCase with the suicide inhibitor CBE, have
revealed that activated microglia and neuroinflammation are associated with damaged
brain areas®“, Activated microglia has been proposed by some researchers as key mediator
of GD neuropathology, however whether the inflammation precedes neuron death or is
concomitant with it remains unclear®>®,

No strict correlation of GCase activity levels, as measured in vitro, with neuropathology
has been observed and intriguingly neither with GlcCer levels or those of its metabolite
glucosylsphingosine (see below)®. Thus, beyond the primary defective GCase other factors
might influence GD neuropathology. A considered candidate in this respect is the enzyme
GBA2 that is abundant in Purkinje neuronal cell bodies and dendrites. Prominent ABP
labelling of GBA2, confirmed by antibody staining, is seen in the cerebellar cortex and
thalamus which coincides closer with areas involved in neuropathology than the distribution
of GCase®®?’. Intriguingly, carriers of mutations in the GBA gene have an increased risk of
developing Parkinson’s disease or Lewy body disorders®®®. Active GCase molecules were
detected in regions involved in motor functioning, which are areas susceptible to develop
Lewy Bodies®. The 20-fold increased incidence of a-synucleinopathies in carriers of GD
remains yet unexplained and is worldwide investigated.

It has become recognized that metabolic adaptation occur during GCase deficiency'®.
Firstly, in plasma and spleen of GD patients increases of the ganglioside GM3 have been
noted, possibly due to increased shuttling of newly formed GlcCer to gangliosides and/ or
impaired recycling of gangliosides®®. The elevated concentrations of GM3 in GD patients
are accompanied by insulin insensitivity, however without overt hyperglycemia'®?. Secondly,
the B-glucosidases GCase and GBA2 can act as transglucosylase and form glucosylated
cholesterol (GlcChol) from GlcCer and a cholesterol acceptor'®%, |t has been suggested
that GCase is typically involved in hydrolysis of lysosomal GlcChol, while the membrane-
associated GBA2 generates GlcChol. Increased GlcChol levels were detected in plasma
and spleen of GD patients and GD mouse models, while reduced GlcChol levels in plasma
and liver of GBA2 deficient mice were observed!®. It is conceivable that also other
metabolites are glucosylated by GBA2 using GlcCer as sugar donor, which are accumulated
during GCase deficiency. The possible role of excessive glucosylated metabolites in
the complex GD pathology is yet unknown. Finally, accumulating GlcCer in lysosomes is
converted to its sphingoid base glucosylsphingosine (GlcSph) by lysosomal acid ceramidase
(ACase)™. Toxicity of excessive GlcSph in GD patients is considered in various GD disease
manifestations. The lipid has been implicated in osteopenia, the common reduced bone
mineral density in GD patients, through impairing osteoblasts?’.
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In addition, GlcSph is found to promote a-synuclein aggregation, a hallmark of Parkinson
disease!®, It has been proposed that antigenicity of GlcCer, and possibly GlcSph, underlies
the common gammopathies in GD patients that can evolve into multiple myeloma!®. In
addition, GlcSph has been proposed to activate the complement cascade activation and
associated local tissue inflammation*®*'!, GlcSph is also hypothesized to diminish the
cerebral microvascular density in GD mice*?. In line with signs and symptoms of GD, it has
been earlier hypothesized that high concentrations of GlcSph promote lysis of red blood
cells, impair cell fission during cytokinesis leading to multi-nucleated cells, damage specific
neurons, interfere with growth and activate pro-inflammatory phospholipase A2,

The lipid-laden Gaucher cells are viable, alternatively activated macrophages that release
specific proteins, leading to elevated plasma levels in symptomatic GD patients*®. Such
proteins, used as biomarkers of Gaucher cells, include the chitinase, chitotriosidase!'*%,
the chemokine CCL18/PARC (Chemokine (C-C motif) ligand 18; Pulmonary and activation-
regulated chemokine)!® and a soluble fragment of glycoprotein nonmetastatic melanoma
protein B (gpNMB)!7118, Levels of these proteins as well as GlcSph levels in plasma are
employed as biomarkers to assist diagnosis of GD patients and monitor treatment*16:119.120,

Since Gaucher cells play a prominent role in many of the visceral symptoms of type 1 GD
patients, rational therapies have been designed aiming to prevent and/ or correct the lipid-
laden macrophages. The first effective treatment of type 1 GD has been enzyme replacement
therapy (ERT) which is aimed to supplement the GCase-lacking macrophages by repeated
intravenous enzyme infusion®?. The infused recombinant GCase is modified with mannose-
terminal N-glycans to ensure targeting to macrophages. ERT results in prominent reduction
of excessive liver and spleen volumes and correction of haematological symptoms?!?.
However, at present, ERT does not prevent neurological symptoms due to the inability
of the enzyme to pass the blood brain barrier'?, An alternative treatment is substrate
reduction therapy (SRT), which is aimed to balance synthesis of GlcCer with the reduced
GCase activity of GD patients!?*2>, Miglustat and Eliglustat are two approved oral inhibitors
of GCS which have been used in the clinic for years to treat type 1 GD patients without
major adverse effects!?*'?°, Brain-permeable inhibitors of GCS are presently tested®*°. Other
types of brain-permeable small compounds are also actively studied, including chemical
chaperones for improved folding of mutant GCase in the ER also called pharmacological
chaperone therapy (PCT). Ongoing studies with Ambroxol, a weak inhibitor of GCase, have
revealed impressive reductions in spleen and liver volumes in treated type 1 GD patients
as well as neurological improvements in type 3 GD patients®3> Another approach
investigated is enzyme enhancement therapy with small compounds (EET). An example is
arimoclomol, a heat shock protein amplifier found to improve refolding, maturation and
lysosomal activity of GCase in GD fibroblasts and neuronal cells*3,
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Fabry disease — In 1898, two dermatologists, Johannes Fabry and William Anderson,
independently published case reports of patients with characteristic skin lesions called
angiokeratoma corporis diffusum?®3, It was soon realized that such individuals represent
a distinct disease entity, now named Anderson-Fabry disease (AFD) or Fabry disease (FD).
Presently, FD is thought to be the most common glycosphingolipidosis among Caucasians
with a birth prevalence of at least 1 in 4000 in European populations!®. FD is an X-linked
disorder in man caused by deficiency of the lysosomal enzyme a-galactosidase A (a-GAL
A; EC 3.2.1.22) encoded by the GLA gene (human locus Xg22)'*. The gene encodes a 429
amino acid precursor that is processed to a 398 amino acid glycoprotein functioning as
a homodimer®*, The N-linked glycans of a-Gal A acquire mannose-6-phosphate moieties
and are sorted to lysosomes through interaction with mannose-6-phosphate receptors.
The enzyme a-GAL A is a retaining a-galactosidase belonging to the GH 27 family, with
a catalytic (a/B), TIM barrel domain and Asp 170 acting as nucleophile and Asp 231 as
acid/base'®. A highly homologous a-N-actelygalactosaminidase (a-NAGAL; (EC 3.2.1.49)
is encoded in mammals by the NAGA gene (human locus 22g13) due to an ancient gene
duplication. The a-NAGAL enzyme hydrolyses terminal a-N-acetylgalactosyl moieties but
shows minor a-galactosidase activity in vitro, while a-GAL A can only accommodate and
hydrolyse a-galactose configured lipids®*”'%, Substitution of two specific amino acids of
the a-NAGAL protein into the respective residue of a-GAL A, Ser 188 into glutamic acid
(Glu) and Ala 191 into leucine (Leu), renders an enzyme (a-NAGALE) with improved activity
towards the primary substrate of a-GAL A, the glycosphingolipid globotriaosylceramide
(Gb3)¥37138  ABPs consisting of an a-galactosyl configured cyclophellitol aziridine, have been
designed allowing labelling of a-GAL A and a-NAGAL enzymes from human, mouse and
plant material'314°,

In FD, glycosphingolipids accumulate with terminal a-galactosyl moieties in endothelial,
perithelial and smooth muscle cells of the vascular system, as well as renal epithelial cells
and cells of the autonomic nervous system**, No plasma protein biomarkers of storage
cells have yet been identified for FD, contrary to GD*. The most prominent storage lipid
is Gb3, also named ceramidetrihexoside (CTH), with lesser amounts of galabiosylceramide
(Gb2) and blood group B, B1 and P1 antigens'*44. Characteristic disease manifestations of
FD in males range from skin lesions, corneal opacity, neuropathic pain (acroparasthesias),
heat intolerance, inability to sweat and micro-albuminuria, while later in life progressive
kidney disease, cardiac symptoms and cerebrovascular disease (stroke) may develop**.
Intriguingly, many female heterozygotes display attenuated forms of FD, although with a
later onset than displayed in affected hemizygous males!*. The severity of manifestations
has been suggested to depend on the degree of inactivation of the normal X-chromosome.
A variation of 25-75% in enzyme levels has been observed with random skewing of
X-inactivation'®. Two atypical FD phenotypes are discerned: a cardiac and a renal variant
with symptoms restricted to a single organ*®!*’, The N215S a-GAL A substitution appears
associated with the cardiac phenotype!*. However, among the more than 300 reported
mutations in the GLA gene, a large number is of unknown significance, being either disease-
causing or a polymorphism®. Again, modifiers might play a role in FD manifestation.
For example two polymorphisms in the NOS3 gene, encoding eNOS, seem to influence
cardiomyopathy**°,
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Interestingly, GD and FD differ in severity of disease manifestation in relation to residual
enzyme capacity. For example, almost complete GCase deficiency results in the collodion
baby and marked reduction of the activity leads to acute neuronopathic GD type 2, while
o-GAL A deficient FD males manifest symptoms surprisingly late in life. The correlation
between Gb3-laden cells and clinical symptoms in FD patients is poor®. Therefore, it is
not surprising that the present ERT treatments for FD did not prevent disease progression,
despite the observed clearance of vascular endothelial Gb3 deposits'****2, The poor
response of male classic FD patients can be partly ascribed to generation of neutralizing
antibodies against the therapeutic enzyme!>31%,

The striking discrepancies between lipid storage cells, plasma Gb3 levels and clinical
symptoms as well as the disappointing outcome of ERT, prompted a search for missing
pathogenic factors in FD pathology. It was discovered that in FD the lipid Gb3 is deacylated
by acid ceramidase to water-soluble globtriaosylsphingosine (lysoGb3), as also observed
for GlcCer in GD®%%¢, LysoGb3 levels are generally over hundred-fold elevated in plasma
of classic male FD patients. Classic FD females often show normal plasma Gb3 levels and
hardly any endothelial Gb3 deposits, while abnormal high plasma lysoGb3 is detected,
thereby assisting diagnosis®®®*>’. Chronically elevated plasma lysoGb3 is thought to be
toxic. Exposure of cultured smooth muscle cells (SMCs) to lysoGb3 at concentrations
encountered in classic FD males promotes their proliferation and might contribute to the
increased vessel wall thickness in FD patients and associated vasculopathy®*8. More recently,
inhibition of eNOS by lysoGb3 at concentrations as occur in plasma of GD patients has
been observed, rendering an explanation for the abnormalities in FD patients in nitrogen
oxide, vital for normal vasculature biology®®. In addition, excessive lysoGb3 is proposed to
promote fibrosis and toxic effects towards podocytes and nociceptive neurons have been
documented?!¢®12, These findings might offer an explanation for the peripheral pain and
renal complications in FD patients.

Farber disease — Lipogranulomatosis, also known as ceramidosis or Farber disease, is
due to deficiency of the lysosomal acid ceramidase (AC; N-acylsphingosine deacylase;
EC 3.5.1.23)% The human ASAHI1 gene is located on the short arm of chromosome 8
(8p21.3-p.22). AC is synthetized as 50 kDa that, via autoproteolysis in endosomes and
lysosomes, matures into 13 and 40 kDa a- and B-subunits, respectively!®%* The B-subunit
has 5 N-linked oligosaccharide chains but the a-subunit is not glycosylated®. In AC,
the nucleophilic thiol of Cys143 is exposed at the N-terminus of the B-subunit after the
autoproteolytic cleavage of the precursor protein®®. Recently, crystal structures of the
proenzyme and autocleaved forms of mammalian AC enzymes were described®*'%, These
findings suggested a conformational change of AC upon autocleavage uncovering a narrow
hydrophobic channel leading to the active site. This is thought to constrain the orientation
of the ceramide lipid due to the location of the catalytic cysteine and oxyanion hole.
Interestingly, it was found that head groups of larger sphingolipids cannot be fitted in the
catalytic pocket in a similar manner as ceramide’“. Based on the non-specific AC inhibitor
Carmofur as scaffold, ABPs labelling the enzyme were designed®®’. Recently superior and
specific ABPs reacting with AC have been designed and characterized?®®.
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Farber published the first case report in 1952 of a lipid metabolic disorder with
lipogranulomas®®®. Farber disease results in tissue accumulation of ceramide and is typically
characterized by the manifestation of subcutaneous skin nodules which progresses to
joint stiffness and immobilization'’®. Severe cases develop neurological symptoms such
as paralysis of the arms and legs (quadriplegia), seizures, loss of speech and involuntary
muscle jerks (myoclonus)**'72, The involvement of neuronal dysfunction depends on the
residual lysosomal ceramide turnover'®. Farber disease patients without neurological
involvement can be treated with allogeneic hematopoietic stem cell transplantation”. Of
note, spinal muscular atrophy with myoclonic epilepsy (SMA-PME; OMIM #159950) is also
caused by mutations in the ASAH1 gene!’>17,

Glycosphingoid bases in glycosphingolipidoses — In recent years it has become apparent
that the lysosomal AC plays a key role in several glycosphingolipidoses by mediating the
deacylation of the primary accumulating GSL in the lysosome, thereby generating the
respective glycosphingoid base?'%, This phenomenon is documented for Gaucher disease
with GlcSph, Fabry disease with lysoGb3, but also Krabbe disease with galactosylsphingosine
(GalSph) and GM2 gangliosidosis (B-hexosaminidase deficiency)™”*76177, Likewise, acid
ceramidase seems responsible for deacylation of sphingomyelin to lysoSM in Niemann-
Pick disease type A/B (acid sphingomyelinase deficiency) and Niemann-Pick disease type
C'’8, The availability of (isotope-encoded) standards of the various sphingoid bases allows
multiplex assays for various glycosphingolipidoses?”. The marked increase of glycosphingoid
bases assists diagnostics, monitoring disease progression and corrections by therapy. The
presumed toxicity of GlcSph and lysoGb3 in GD and FD has been addressed above. A recently
published double genetic mouse model of Krabbe disease and AC deficiency showed a less
progressive phenotype compared to the Krabbe mouse model alone, with an increased life
span, improved motor activity and only minor neuroinflammation, and suggests an acute
toxicity of GalSph'®. AC is envisioned as novel target for glycosphingoid base reduction
therapy. However, the window for such type of intervention might be very small, due to
ceramide accumulation and the induction of Farber-like symptoms by AC inhibition. The
popular AC inhibitor Carmofur is notoriously aspecific, however more specific inhibitors of
AC have been designed in recent years'®. In conclusion, it is still unknown to which extent
clinical symptoms of glycosphingolipidoses can be attributed to ‘toxic’ glycosphingoid bases,
a possibility that deserves extensive investigation.
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Table 1 | List of sphingolipidoses
Overview of various human sphingolipidoses with the defective protein, human gene name and accumulating
material as well as reported mouse models and zebrafish models.

General introduction and goals

Disorder Defective protein Gene Accumulating Mouse model Zebrafish model
material
Gaucher Glucocerebrosidase; GBA GlcCer, GlcSph,  Mice KO: not viable gba: Complete KO8
disease GCase LacCer, GlcChol  Mx1-Cre-LoxP: white blood cell Zf GCase studied inCh. 2 & 3
lineage, GD type 1% Mutants studied in Ch. 5-7
Nestin-flox/flox: neuronal stem
cell lineage, GD type 2*°
K14-Inl/Inl: GBA KO in all tissues
except skin, GD type 2%°
Fabry a-galactosidase A; GLA Gb3, lyso-Gb3,  Mouse KO; only minor cardiorenal Not reported
disease a-Gal A diGalCer, blood phenotype?:18
group B antigens Rat KO; cardiorenal phenotype Zf a-Gal A studied in Ch. 8
and paini®e-se
Krabbe Galactocerebrosidase GALC  GalCer, GalSph  Naturally occurring Twitcher KO galca/galch: morphant®
disease mouse’®
GALC/ACase: improved pheno-
typewﬂ
Schindler a-N-acetyl- NAGA Sialylated - Not reported
disease galactosaminidase; or asialo
a-NAGAL glycopeptides
and GSLs
Farber Acid ceramidase; AC ASAH  Ceramide Mouse KO** asah1b: morphant'’*
disease asahla/asahlb: KO, Ch. 6
Tay-Sachs Hexosaminidase A HEXA  GM2 ganglioside, Reviewed in 1%
disease GSLs and Mouse KO: limited clinical signs
oligosaccharides
Sandhoff Hexosaminidase B HEXB  GM2 Reviewed in **? Hexb KO**
disease ganglioside, GA2 Mouse KO: '
glycolipid and
oligosaccharides
Niemann-  Acid SMPD1 SM, lyso-SM, aSMase mouse KO: **° Not reported
Pick disease sphingomyelinase; lyso-509
type A& B aSMase
Niemann-  NPCintracellular NPC1  Cholesterol, Naturally occurring mouse mo- Npcl: KO¥7
Pick disease cholesterol NPC2  sphingolipids, del:97:1% Mutant made in Ch. 4
type C transporter 1 and -2 lyso-SM, lyso-
509, GlcChol
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Zebrafish as vertebrate model organism in research

Zebrafish (Danio rerio) are common domesticated freshwater fish, but have emerged
over the past decades into a popular vertebrate model organism for research, including
vertebrate genetics, development, toxicology and human diseases®®,

The zebrafish is a teleost fish that is part of the Cyprinidae family, which also includes
carps. They naturally occur in still waters in South Asia, however different environments
have been reported including temperature ranges from 24-38 °C with no reported heat
stress response!®. Laboratory zebrafish are maintained according to standardized protocols,
such as a fixed temperature of 28 °C, a controlled circadian rhythm, optimized water quality
and feeding, in order to improve the health of the zebrafish and the amount and quality
of the offspring. Breeding occurs at the onset of light: courtship by the fish is followed by
egg-laying and sperm release, resulting in external fertilization. Embryonic development
of zebrafish off-spring is fast at 28 °C with most major organ systems developed around
36 hours post-fertilization (hpf)®. The first cell cycles are rapid and rely on the maternally
provided mRNA. The tenth cell cycle initiates the mid-blastula transition, when the cells
of the embryo start transcribing and translating their own genome. A chorion protects
the developing embryo from external factors and the fish hatches typically between 2 to
3 days post-fertilization (dpf). The swim bladder inflates around 3 to 4 dpf, which initiates
upright swimming and feeding behaviour?®. Larvae of 4 to 5 dpf have a functional digestive
system, including intestine, liver, gallbladder and pancreas as well as intestinal microbiota,
required to digest external food. The latter process is essential since the nutrients from
the maternally deposited yolk are exhausted around 5 dpf?®. Zebrafish typically become
sexually mature around 10-12 weeks post-fertilization (wpf), with growth and sexual
maturation depending on temperature, density and individual differences'®. Zebrafish can
live up to 3-4 years, however they start showing signs of aging around 2 years including a
redundancy in the amount and the quality of the off-spring?°’.

The cost-effective maintenance, fertility, ex vivo fertilization and rapid development
are attractive features of zebrafish for use as vertebrate animal model. Moreover, the
embryonic and larval zebrafish off-spring offers additional advantages such as ex-uteral
development, transparency, small size and ease of genetic manipulation with techniques
such as CRISPR/Cas9. Additionally, the zebrafish genome has been sequenced and more
than 26.000 protein-coding genes are annotated. There is a high conservation of genes
between humans and zebrafish with 70% of the human genes having at least one
orthologue in the zebrafish genome. This percentage is even higher for genes implicated
in human disorders, with approximately 82% of the human genes having at least one
orthologue in the zebrafish genome?®2. However the evolutionary divergence between
man and fish (£ 450 million years) is larger than between man and rodents (+ 40 million
years)?®. Moreover, the teleost genome has undergone an additional genome duplication,
which means that a variety of genes have two copies in the zebrafish?*#2%, It is not always
known whether one gene copy is redundant, degenerated as pseudo-gene, or both gene
copies are functional and have undergone neofunctionalization, acquiring novel functional
properties, or subfunctionalization in which the ancestral function is divided and each
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paralog independently performs its respective function.

In the vertebrate fish, organs and tissues are present with analogous functions to those
of mammals, including brain, heart, liver, kidney, pancreas, intestinal tract and spleen.
Lacking are the typical mammalian organs such as lung, skin with a stratum corneum and
mammary gland. Anatomical and physiological similarities and differences have been
reviewed by Lieschke and Currie®®. For the study of lysosomal disorders certain organ
systems are noteworthy. Firstly, the liver contains hepatocytes, endothelial cells and bile
duct epithelial cells, but Kupffer cells, specialized macrophages in the mammalian liver,
seem absent in fish?®’. Since zebrafish lack bone marrow, the kidney interstitium acts as
main site for haematopoiesis, consisting of the same cell types such as erythrocytes (but
nucleated), neutrophils, eosinophils, lymphocytes and macrophages®®?®, Finally, the
basic structure of the central nervous system in the zebrafish brain is similar to mammals,
although distinct brain areas, such as the telencephalon and tectum, display more
pronounced differences?®?*, In contrast to mammals, zebrafish lack a distinct neocortex
and neuronal populations in the midbrain are absent?®, Dopamineric neurons in the
posterior tuberculum have been suggested as functional homolog of the mammalian
cluster in the substantia nigra, while the fish optic tectum is suggested to perform vision-
related functions performed by the neocortex of mammals?'*.

Zebrafish models of lysosomal storage disorders

Various inherited and acquired human disorders are studied in zebrafish larvae or adults,
ranging from cancer, inflammation, haematological, neurological and lysosomal disorders.
Genetic disorders can be generated using injection of antisense morpholino oligonucleotides,
resulting in a transient knockdown, also called ‘morphants’?*2, The antisense morpholino,
injected in fertilized eggs, targets both maternal and zygotic transcripts, however off-
target effects are problematic and the induced phenotype is transient and can only be
studied for a limited period of time?'2. A stable knockout is rapidly becoming the standard,
assisted by the development of convenient gene-editing techniques such as CRISPR/Cas9
technology, that also allow examination of mutant adult zebrafish. Obviously, generating a
stable knockout line is more labour intensive and requires more time. Published morphant
and stable knockout models in zebrafish of lysosomal sphingolipid storage disorders are
discussed below and summarized in Table 1.

Gaucher disease: gba — Three zebrafish models of GD were generated by means of a
complete knockout of gba®®'?'*214 The fish are viable in contrast to complete GCase
deficient mice and humans, which die immediately after birth due to trans-epidermal water
loss®3. Marked accumulation of GlcSph and GlcCer develops soon in zebrafish larvae (5 dpf)
as well as microglial activation'®?'4, Around 8 wpf the phenotype worsens with an apparent
curved back and reduced motor activity at 12 wpf. Infiltration of Gaucher-like cells occurs in
brain and liver, with extensive microglia invasion and autophagy in the brain. Dopaminergic
neuronal cell count is reduced in the caudal hypothalamus and posterior tuberculum in the
presence of ubiquitin-positive, intra-neuronal inclusions in the larger hindbrain neurons*®?,
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In another study it was noted that GCase deficiency in zebrafish is associated with defective
canonical Wnt signalling, a reduction in bone mineralization and impaired osteoblast
differentiation?'®. Chapters 5, 6 and 7 of this thesis describe gba knockout zebrafish as
larvae and adults, recapitulating findings observed in the earlier generated models.

Non-lysosomal GBA2 — The non-lysosomal B-glucosidase, GBA2, has so far been limited
studied in zebrafish. An antisense morpholino knockdown of gba2 was found to develop
abnormal motor behaviour and impaired axonal outgrowths?®®. In chapters 5 and 7, own
findings with gba2 knockout zebrafish are described for larvae and adult fish, as well as
concomitant knockouts of gba and gba2.

Acid ceramidase deficiency: asahlb — Zebrafish possess two acid ceramidase genes:
asahla and asahlb (Chapter 6 of this thesis). Previous research using transient asahlb
morphant showed reduction of axonal outgrowths accompanied by cellular death in the
spinal cord®’4,

Krabbe disease: galc — The zebrafish genome encodes two orthologues of human
galactocerebrosidase (GALC). Both Galca and Galcb have high amino acid similarity to the
human protein (both 61% identity) with a fully conserved active site with topologically
conserved positions of residues required for substrate specificity’®°. A transient knockdown
of both zebrafish galc co-orthologues, using morpholinos, was found to develop a
neurological phenotype!®®. Of note, galca/galcb double morphants had partial Galc activity
and no elevated GalSph levels were detected.

Tay-Sachs/Sandhoff disease: Hexb — The dimeric B-hexosaminidase enzyme mediates
hydrolysis of terminal B-N-acetylgalactosamine or B-N-acetylglucosamine residues of
glycolipids and oligosaccharides?'®. Mutations in the gene encoding subunit HEXB leads to
the lysosomal disorder Sandhoff disease, while a defect in HEXA leads to Tay-Sachs which
has clinically identical symptoms as Sandhoff disease*¢?'’. Patients and mouse models
accumulate the ganglioside GM2 or oligosaccharides with terminal B-N-acetylglucosamine
moieties. This metabolite accumulation is accompanied by severe neuropathology
with neuronal loss and infiltration of microglia?'®%%. A single hexb gene is present in the
zebrafish genome and the encoding Hexb protein shares high amino acid identity with the
human orthologue (approximately 64%)*. Hexb deficient 5 dpf larvae show abnormal
lysosomes in microglia and radial glia, accompanied by reduced locomotor activity. Adult
hexb” zebrafish accumulate oligosaccharides in the brain, but no neurological symptoms
were observed,

Fabry disease: gla — Although the zebrafish genome contains an orthologue of a-GAL A,
no transient knockdown or stable knockout of gla have been generated to study FD in the
fish. A plausible explanation for this is the lack of globosides in fish due to the absence
of the enzyme generating Gb3, Gb3 synthase also called A4GALT, which is the subject of
investigations described in chapter 7.
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Niemann-Pick type C — Low-density lipoprotein particles (LDL) end up in lysosomes
following endocytosis where cholesterol esters are processed by the lysosomal acid lipase to
cholesterol. Next, free cholesterol binds to NPC2, a small soluble glycoprotein that transfers
it to the large, transmembrane protein NPC1, which mediates export from the lysosome?.
Niemann-Pick disease type C (NPC) is caused by mutations in the genes encoding NPC1,
encompassing approximately 95% of the clinical cases, or encoding NPC2. The impaired
efflux of cholesterol from lysosome causes secondary deficiencies in activities of acid
sphingomyelinase and GCase in lysosomes. As a result, cholesterol, sphingomyelin and
GlcCer accumulate in liver, spleen and brain of NPC patients®’. The clinical presentation of
NPC is heterogeneous and includes visceral symptoms and progressive neurodegeneration
with an onset in infancy or childhood, although lethal, prenatal onset has been described
in severe NPC cases*?%°,

Zebrafish Npcl shows 60% of identity with the polypeptide sequence of human NPC1
and shares the NPC-like region (NPCL) as well as the SSD motif crucial for correct functioning
of NPC122%, Npc1 knockouts have been generated. The mutant fish are significantly smaller
than npc1** siblings and die sooner'®”???2, Mutants show an early-onset liver defect, with
large vacuole-like structures and accumulation of unesterified cholesterol. Later in life, npc1
mutant fish present hepatosplenomegaly, a severe liver defect and develop discoordinated
swimming suggesting a CNS defect'®”?22. The abnormal phenotype starts with an impaired
ability to maintain an upright position during swimming, which progresses rapidly into rapid
spinning and tumbling movements'®’. Neurological abnormalities are observed, including
axonal spheroids in the hindbrain and disorganized Purkinje neurons in the cerebellum,
corresponding to findings in patients and mammalian models?96223224,
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Tools to study zebrafish

Several standard histopathological, biochemical and analytical techniques can be used to
study zebrafish (Table 2 and Figure 2). Additional techniques exploit the beneficial features
of zebrafish such as extra-uterine development and transparency. In the past years,
numerous zebrafish lines have been generated expressing fluorescent reporters that either
mark specific cell-types, sub-cellular compartments or under regulation of an inducible
promoter?*>?%, These lines are also summarized on zfin.org??’. Generation of a knockout
in zebrafish using CRISPR/Cas9 or overexpression of a given gene is experimentally
straightforward and can be achieved in a matter of months. The small size of larvae make
them fit in 96-well plates, allowing easy administration of small molecules by addition to
the swimming water, often in combination with phenotypic high-throughput screenings??.

For the investigation of lysosomal glycosidases, several tools are available. Enzyme
activities can be evaluated by studying the activity towards commercial fluorogenic
substrates, such as 4-methylumbelliferone (4MU)-sugars, or nitrobenzoxadiazole (NBD)-
labelled lipids. A novel tool-box comprise cyclophellitol activity-based probes (ABPs) that
label specific retaining glycosidases??®. As discussed above, the first ABP was developed
for GCase®. This approach has been extended to other glycosidases with tuning of
the configuration of the broad-spectrum aziridine-cyclophellitol scaffold to match the
configuration of the target lysosomal retaining glycosidase (Table 2). The mechanism-based
binding of the ABP allows profiling of glycosidases from man to plant and bacterial origin®"14,
ABPs are particularly useful for zebrafish materials as limited zebrafish specific antibodies
are available and antibodies reacting with protein from man or mouse origin generally
do not cross-react. Of note, activity-based and affinity-based probes are also available
for other enzyme classes including kinases*°, serine hydrolases®*?*? and cathepsins®3. In
principle, ABPs could be employed to visualize active enzymes in transparent zebrafish
larvae. However, further optimization of probes and methodology is however still required
to reach better window between enzyme labelling and non-specific labelling stemming
from unreacted probe.

Cyclophellitol analogues can also be employed to specifically inactivate glycosidases of
interest. It has been recently demonstrated that GCase in zebrafish can be inactivated on
demand by exposure of the animals to ME656, a cyclophellitol with a bulky hydrophobic
group at C8%. Pharmacological inactivation of GCase or other glycosidases nicely
complements the study of genetic knockouts of these glycosidases?**.

Finally, ultrasensitive LC-MS/MS techniques are available to quantitatively measure
glycosphingolipid abnormalities'®®?”®. These protocols are exploited, optimized and
broadened in this thesis in order to measure a broad range of sphingolipids and GSL in the
limited zebrafish material. In particular, the impressive sensitivity of GSL detection enabled
monitoring of individual zebrafish larvae?.
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Table 2 | Toolbox

Overview of genetic-, biochemical-, pathological- and in vivo tools used to study zebrafish larvae or adults.

General introduction and goals

Type of tool Chapter
Genetic-
Genome-editing CRISPR/Cas9 and Tol2 transposase Chapter 4
Transgenic zebrafish Expression of reporter tag using (sub)cellular promoter
Biochemical-
Fluorogenic substrates Chapter 2, 3,8
Activity-based probes  Cyclophellitol-configured molecule modified with a re-
porter tag Chapter 3, 5
GCase*®® Chapter 3,5
B-glucosidases®” Chapter 3
a-glucosidases?* -
B-galactosidases?* -
a-galactosidases'® Chapter 8
a-fucosidases?® -
B-Glucuronidases?’ -
a-lduronidases®® Chapter 3
B-mannosidases -
a-Mannosidases -
Mass spectrometry Quantitative detection of sphingolipids and GSLs Chapter 2-8
(LC-MS/MS)
Protein expression Immunoblotting using antibodies Chapter 6 & 7
RNA expression RT-gPCR using specific primers, RNA sequencing Chapter 6 &7
Pathological-
Histology Standard stains for microscopic anatomy Chapter 6 & 7
For example: haematoxylin & eosin
Immunohistochemistry Visualize (sub)cellular localization of target protein -
In situ hybridization Visualize (sub)cellular localization of target mRNA -
In vivo-

Transgenic lines
Life stains

Phenotype
Drug administration

Genetic model

See above -

Visualize specific cells or compartments in vivo and in -
real-time. For example: lysotracker to visualize lysosomes
Morphology & behavioural studies Chapter 6, 7

Emerge ZF in swimming water with small molecule Chapter 3, 5

Pharmacological model

Status of (active) enzyme

Microscopy / RNA expression

Figure 2 | Zebrafish as research model for glycosphingolipidoses
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Goals of the thesis investigations

The primary goal of this thesis has been to use zebrafish as vertebrate animal model
for the investigation of lysosomal storage disorders, in particular Gaucher disease (GD).
Several biochemical and genetic techniques have been used and optimized in order to
study the catalytic features of zebrafish glucocerebrosidase (GCase) and to investigate
the consequences of its defect in zebrafish larvae and adults. In addition, the impact
of two other enzymes, non-lysosomal GBA2 and lysosomal acid ceramidase, on GCase-
deficient zebrafish received attention.

In chapter 2, GCase enzymes from different species (man, zebrafish, frog and turtle) are
compared in enzymatic features by means of biochemical assays and in silico structure
analysis using homology modelling of human GCase. Subtle differences were noted
among the different GCase enzymes. Zebrafish and frog GCase required no additives for
in vitro hydrolysis contrary to the human enzyme, while the fish enzyme was not able
to perform transglucosylation in contrast to frog and human enzyme. Over-expression
of the GCase enzymes from the different species corrected increased GlcCer and GlcSph
levels in human GCase deficient cells.

Chapter 3 reports on the pharmacological inactivation of GCase in zebrafish and
compares conduritol B epoxide, cyclophellitol and newly synthesized cyclophellitol
derivatives in selectivity towards GCase and other retaining glycosidases. Adult zebrafish
allowed the assessment of brain permeability of the new superior GCase inhibitors.

In chapter 4 a detailed protocol for the generation of knockouts in zebrafish by
CRISPR/Cas9 technology is described, including notes and considerations. The chapter
also includes information on the genomic location and obtained mutations in the
genes of gbal, gba2, gpnmb, asahla, asahlb, npcl and cIn8. Finally, proof-of-concept
is provided for the introduction of exogenous target DNA sequences in the zebrafish
genome using the Tol2 transposase technique.

Chapter 5 evaluates the metabolism of glucosylceramide (GlcCer) in zebrafish
larvae (up to 5 days post-fertilization, 5dpf) that are single or double knockouts of gba1
and gba2. Adaptations in lipid metabolism as the result of enzyme deficiencies were
monitored by LC-MS/MS methods. Recapitulating GD, gbal knockout larvae massively
generate glucosylsphingosine (GlcSph). In addition, the feasibility of pharmacological
modulation of GlcCer metabolism in individual 5 dpf larvae is reported.

In chapter 6 the detrimental role of excessive GlcSph in GD pathology is evaluated.
A specific acid ceramidase (Asahlb) is reported which is responsible for conversion of
GlcCer to GlcSph. The other acid ceramidase (Asah1la) is not able to generate GlcSph,
however its presence prohibits ceramide accumulation. Comparing gbal knockout
zebrafish with excessive GlcSph to gbal:asahlb knockout zebrafish without GlcSph,
rendered new insight in the toxicity of the sphingoid base and the role of storage cells,
neuroinflammation and neurodegeneration in the pathophysiology of GD.
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Chapter 7 reports an overview and comparison of biochemical and pathological
findings of adult zebrafish with a knockout of gbal, gba2 and asah1b and combinations
thereof. In addition mutant zebrafish at different developmental stages are examined
with emphases on morphology and accompanying lipid-, protein and RNA abnormalities.
The investigation sheds further light on the effects of non-functional Gba2 or acid
ceramidase during GCase deficiency in zebrafish.

Chapter 8 concerns the potential use of zebrafish to study a different lysosomal
storage disorder, Fabry disease. The presence of a-Gal A and a-Nagal enzymes in
zebrafish cells, larvae and organs is described.

Chapter 9 discusses the obtained results of the undertaken investigations and
describes future prospects of research. Opportunities are described including
established and novel techniques to address other common clinical manifestations of
GD patients and study their underlying molecular mechanisms. In addition, anatomical
and physiological similarities and differences of the zebrafish compared to mammals
are discussed in order to put the use of the zebrafish GD model in perspective.
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Abstract

he glycosphingolipid glucosylceramide (GlcCer) is degraded in the lysosome by the acid

B-glucosidase glucocerebrosidase (GCase, official gene name GBA). A defect in GCase

leads to the common lysosomal storage disorder Gaucher disease (GD). A complete
deficiency of GCase in man and mouse is lethal due to trans-epidermal water loss, but
fortuitously a complete gba knockout zebrafish is viable. In this chapter, a combination
of biochemical assays and molecular modelling is used to study and compare features of
GCase enzymes of different species, including man, zebrafish, frog and turtle. All GCase
enzymes showed hydrolysis of the artificial substrate 4-methylumbelliferyl B-glucoside at an
acidic pH optimum. Human GCase required either saposin C or sodium taurocholate at pH
5.2 for optimal activity, while zebrafish and frog GCase showed high hydrolysis rates at pH
4 without additives. Increased levels of endogenous GlcCer and the deacylated sphingoid
base, glucosylsphingosine (GlcSph), in the GBA-depleted cells were corrected by expression
of any of the GCase enzymes. Zebrafish GCase was remarkably active at low temperature
(10 °C) when compared to the enzyme from other species. In sharp contrast to human
and frog GCase, the zebrafish enzyme was unable to perform an in vitro transglucosylation
reaction with cholesterol as acceptor. Zebrafish GCase showed slight glucose transfer to
acceptor lipids composed of hydrophobic alkyl tails, such as ceramide, hypothesizing that
cholesterol might not fit the catalytic pocket of zebrafish GCase. In silico comparisons of
modelled structures of the various GCase enzymes, based on the established 3D-structure
of the human enzyme, revealed divergent residues in the flexible loops of GCase. Attention
was drawn to three residues with hydrophobic chains positioned close to the catalytic
pocket of zebrafish GCase. However, zebrafish GCase with substitutions of these amino
acids did not show improvement in transglucosylation. To further test the hypothesis it
should be considered to swap entire loops among enzymes of different species.
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Introduction

Lysosomal deficiency of the enzyme acid B-glucosidase (glucocerebrosidase, GCase, EC
3.2.1.45, family GH 30) hydrolysing glucosylceramide (GlcCer) constitutes the molecular
basis of the lysosomal storage disorder Gaucher disease (GD)!. Newly synthesized GCase is
translocated to the lumen of the endoplasmic reticulum (ER), where the N-terminal signal
peptide is removed, four N-linked glycans are attached to asparagine residues and folding
of the protein occurs?3. Correctly folded protein becomes rapidly membrane-associated
through binding to the lysosomal integral membrane protein 2 (LIMP2)*7. In the Golgi
apparatus the N-glycans of GCase are predominantly modified to complex-type structures
and no mannose-6-phosphate moieties are generated?. Instead LIMP2 mediates transport
of the GCase-LIMP2 complex to the lysosome*’. The activator lipid-binding protein saposin
C is required for optimal intralysosomal activity of GCase as is illustrated by findings that
defects in saposin C causes symptoms similar to GD**%,

The structure of human GCase, as resolved by crystallography, shows three domains
(Figure 1A and B)'?. Domain | (residues 1-27 and 383-414; pink) consists of a 3-stranded
antiparallel B-sheet followed by a loop, domain Il (residues 30-75 and 431-497; green) of
an 8-stranded B-barrel, resembling an immunoglobulin fold, and domain Il (residues 76-
381 and 416-430, blue) consists of the catalytic (B/a), triosephosphate isomerase (TIM)
barrel, a domain conserved among glycosidases!**3. The catalytic residues are located in
the TIM barrel with Glu 340 functioning as nucleophile and Glu 235 as acid/base. For a
recent review see also Ben Bdira et al.**.
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Figure 1 | Structural arrangement of human GCase

Two-dimensional topology (A) and 3D structure (B) of human GCase. Domain | is shown in pink, domain Il in
green and domain Il in blue, with the numbers of a-helices and B-strands of domain Ill numbered according to
the position in the sequence. Figure (A) and (B) are used from Dvir et al.*?. (C) Conformational changes of loops
1, 2 and 3 from the inactive (red) to the active, ligand associated conformation (green), with modelled ligands
in the active site (grey). Reported structures without ligand: PDB codes 10GS, 2J25, 3GXD, 3GXI and 3GXM, and
ligand associated: PDB codes 2XWE, 2V3D, 2V3E, 2NSK, 3GXF, 5LVX, 2VTO0, 2WCG, 2XWD, 3RIK and 3RIL10GS, 2J25,
3GXD, 3GXI and 3GXM.
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Like other retaining glycosidases, GCase employs a Koshland double-displacement
mechanism with Glu 340 performing a nucleophilic attack at the anomeric C1 carbon of the
B-D-glucose moiety of GlcCer and Glu 235 protonating the oxygen of the glycosidic bond?.
The aglycon is released and a covalent enzyme-glucose intermediate is formed. Insights
into the reaction mechanism and covalent intermediate have been used to design covalent
inhibitors for GCase inactivation and activity-based probes to visualize active GCase'®?’.
Next, Glu 235 activates a water molecule that acts as nucleophile and the glucose is released
from the enzyme. In this second step, another suitable hydroxyl-containing molecule could
serve as acceptor in a so-called transglucosylation reaction®®. An established acceptor in the
transreaction is cholesterol'®%,

Three loops surround the catalytic active site: loop 1 (residues 345-349), loop 2 (residues
394-399) and loop 3 (residues 312-319), with amino acid numbering of human GCase
based on the mature protein following the numbering described in previously published
reports'®?!, Crystallography and modelling studies point to a high flexibility of the three
loops, adopting different conformations (Figure 1C)*3?2. In the structure of the inactive
enzyme the catalytic pocket seems small and suboptimal for substrate binding®*?. Loop
3 appears to change from an extended loop in the inactive enzyme conformation into a
helical structure in the active GCase structure (Figure 1C)**2*, As a result, several residues
change their hydrogen bonding interactions and together these conformational changes
induce opening of the active site, which becomes wider and shallower. The structural
changes are reviewed and visualized in detail in 2011 by Lieberman et al.%.

The outer layer of the human skin, the stratum corneum, contains a large amount of active
GCase molecules?. Complete absence of GCase is incompatible with terrestrial life in man
and mice?®%, while a complete GCase-deficient zebrafish is viable (chapter 6 and 72°3°),
Therefore, the catalytic features of human and zebrafish GCase were studied and compared,
as well as features of GCase enzymes from the amphibian Xenopus laevis (African clawed
frog), and the reptile Chrysemys picta belii (western painted turtle, a freshwater turtle).
These species were chosen in view of evolutionary aspects of the transition to terrestrial
life and accompanying changes in skin composition. The outcome of the investigation is
reported and discussed in this chapter.
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Results

GCase of all tested species is catalytically active, although at different conditions

In order to allow a direct comparison of the GCase enzymes, CRISPR/Cas9 technology was
used to generate human HEK293T cells lacking endogenous GCase activity. The various
GCase enzymes were expressed under a CMV promoter in these GBA knockout (KO)
HEK293T cells cultured at 37 °C. The comparison of the catalytic features of the different
GCase enzymes was started by evaluating the enzymatic activity towards the artificial
4-methylumbelliferyl B-glucoside (4MU-B-Glc) substrate. All GCase enzymes were able
to hydrolyse the substrate albeit at different conditions. Human GCase showed optimal
hydrolysis at an acidic pH of 5.2 and required the additives Triton-X100 (Tx) and sodium
taurocholate (Tc) for optimal hydrolysis, as described before3! (Figure 2A, pink circles; closed
and open for additives and no additives respectively). Activation of human GCase could
also be obtained by addition of recombinant saposin C (SapC) and the negatively charged
lipid phosphatidylserine (PS) (Supplementary Figure 1A). Turtle GCase also showed optimal
hydrolysis around pH 5.2 and Tx/Tc slightly increased hydrolysis (Figure 2A, orange circles
and inset). Both zebrafish and frog GCase did not require Tx/Tc and showed the highest
hydrolytic activity around pH 4 (Figure 2A, blue and green circles for zebrafish and frog
respectively). The K and V__ values for the 4MU-B-Glc substrate were determined for the
different GCase enzymes. A high V__ of zebrafish and frog GCase was observed, while the
low K _ of human GCase indicates a high affinity for 4MU-B-Glc as substrate.
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Figure 2 | Enzymatic activity of GCase enzymes towards 4MU-B-Glc

(A) Hydrolytic activity of untransfected cells (black) or cells over-expressing human (h, pink), zebrafish (z, blue),
frog (f, green) and turtle (t, orange) GCase towards 4MU-B-Glc at different pH values without additives (open
circles) or with additives (Triton-X100 (Tx) and Sodium Taurocholate (Tc); closed circles), incubated for 30 min at 37
°C. (B) Homogenate is incubated with different concentrations 4MU-B-Glc for 30 min at 37°C. V__ and K _ values
are calculated using a Michaelis-Menten non-linear fit. (C) Activity of human GCase enzymes at different time
points incubated at a range of temperatures. Activity is calculated as ratio compared to the activity at 30 min at 37
°C of that specific species. Activity is measured from 3 independent homogenate preparations for (A) and (B) and 2
independent homogenate preparations for (C). Data is depicted as mean + SEM.

43



Chapter 2

Next, hydrolysis was evaluated at different temperatures in time. The data is depicted as
ratio compared to hydrolytic activity of the specific GCase at 37 °C and 30 min (Figure 2C).
Zebrafish GCase showed relatively high activity over a broad temperature range from 4 °C
to 37 °C, while the other enzymes showed 3-4 fold lower activity at 10 °C compared to
28 and 37 °C. The broad range of optimal temperatures for the zebrafish aligns with the
poikilothermous nature of these animals, with their body temperature depending on the
surrounding water.

A high potency of the GCase specific inhibitor, ME656%, was observed for human and
zebrafish GCase, with comparable IC, values of 40 and 100 nM for human and zebrafish
respectively (Supplementary Figure 1B).

Detection of active GCase using specific activity-based probe

The specific fluorescent activity-based probe for GCase was used to label all active enzyme.
As expected, no band of approximately 50-60 kDa was observed in untransfected GBA
KO cell homogenate. For human GCase, a broader band was observed around 55 kDa,
corresponding to the differently glycosylated forms of GCase as described before (Figure
3A, top panel)®. ABP-labelled zebrafish, frog and turtle GCase was visualized around 55-
60 kDa. An ABP-enzyme complex with lower molecular weight was apparent for all three
GCase enzymes, which is likely a degradation product.
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Figure 3 | Visualization of active GCase and total GCase

(A) Labeling of active GCase using a GCase specific ABP. Homogenates of untransfected cells (-) or cells over-
expressing the different GCase enzymes were used and either loaded with similar amount of total protein (top
panel) or similar activity towards 4MU-B-Glc (bottom panel). Two independent homogenate preparations were
used. (B) Activity was calculated with respect to total protein levels (left) or the intensity of the GCase-ABP
complex (right) quantified from (A) and depicted as ratio compared to hGCase. (C) Homogenate was labeled and
subsequently deglycosylated using PNGase F (top panel; ABP). A commercial GCase specific primary antibody
was used to visualize all GCase, both active and inactive (middle panel; ab). The composite figure (bottom panel)
shows active GCase-ABP complex in blue and total GCase detected using anti-GCase in green.

Detection of zebrafish and frog GCase with ABP was good, however it was observed that
the ratio of activity per unit of ABP-complex was lower compared to human GCase (Figure
3A and B). In contrast, expression and detection of turtle GCase was relatively low which
corresponds to the observed low activity (Figure 3A and B).

Deglycosylation of the GCase enzymes by PNGase F removes all N-linked glycans and
revealed a ABP-complex at a lower molecular weight of 50 kDa for all GCase enzymes (Figure
3C). The breakdown products described above were also apparent after deglycosylation. A
commercially available antibody binding GCase could only visualize human and turtle GCase,
while the ABP did not show species specificity (Figure 3C). The C-terminal part of human
GCase was used to generate the commercial antibody (amino acids 478-497; underlined in
Figure 7), a part of the protein with quite some variation between the different species.
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Zebrafish GCase hardly shows transfer of glucose to a cholesterol acceptor

First, the optimal conditions for transglucosylation activity were determined for the
different GCase enzymes. Cholesterol is a very apolar lipid, practically insoluble in water
and aqueous solutions of bile salts or detergents are known to help solubilize cholesterol.
Human GCase requires additives not only for optimal hydrolysis but also to perform optimal
transglucosylation at pH 5.2 (Figure 4A-C and Supplementary Figure 2). Zebrafish GCase
did not show significant GlcChol formation at the optimal conditions for hydrolysis (Figure
4A-C, -Tx/Tc). Addition of sodium taurocholate improved the amount of formed GlcChol,
although decreased the hydrolytic activity compared to the condition without additives.
The most interesting differences were found for frog GCase. This enzyme showed high
enzymatic activity in the absence of additives, however no GlcChol was formed (Figure 4A-
C). In the presence of Triton-X100, the hydrolytic activity remained similar and the amount
of formed GlcChol is much higher compared to the condition without additives (Figure
4A-C). In contrast, addition of sodium taurocholate lowered both the amount of formed
GlcChol and enzymatic activity towards 4MU-B-Glc. Similar findings for transglucosylation
were found using the fluorescently labelled NBD-cholesterol as acceptor (Supplementary
Figure 3). It is apparent from the investigation that addition of Triton-X100 and sodium
taurocholate should be optimized for every GCase enzyme and experimental setting.
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Figure 4 | In vitro generation and hydrolysis of GlcChol

(A-C) Homogenate (+ 40 g total protein) was incubated with 4MU-B-Glc as glucose donor and cholesterol as
acceptor with different buffer conditions: without additives (-Tc/-Tx), with sodium taurocholate (+Tc/-Tx), with
Triton-X100 (-Tc/+Tx) or with both additives (+Tc/+Tx). Formed GlcChol was measured using LC-MS/MS methods
(A), while the hydrolytic activity was measured by 4MU detection (B). The ratio was calculated of pmol GlcChol
formed for 1 nmol of hydrolysed 4MU-B-Glc (C). (D) Homogenate (+ 40 pug) was pre-treated with vehicle or a
GCase inhibitor for 30 min at 37 °C and subsequently incubated with 2 pmol GlcChol for 1 or 17 hours at 37 °C
in the presence of Tx and/or Tc. For Cntr, lysis buffer was incubated with 2 pmol for 1 hour at 37 °C. Activity is
measured from 2 independent homogenate preparations and data is depicted as mean + SD.
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Next, the ability to hydrolyse the formed GlcChol was evaluated (Figure 4D). GCase
enzymes were incubated with a fixed amount of GlcChol for 1 hour or overnight (+ 17
hours). To account for other enzymes and the different conditions, GCase homogenate was
pre-blocked with a GCase inhibitor before addition of GlcChol. Both mock and turtle GCase
did not show a significant decrease in GlcChol. Human GCase and zebrafish GCase did not
show significant decrease in GlcChol after 1 hour of incubation, however both enzymes
were able to hydrolyse part of the added GlcChol after overnight incubation. In contrast,
frog GCase was able to hydrolyse most of the added GlcChol within 1 hour of incubation
and no GlcChol was present after 17 hours of incubation.

Cholesterol, consisting of four hydrocarbon rings, is a bulky sterol, which might influence
the positioning of the acceptor within the active site of the enzyme. Other NBD-lipids were
tested as acceptor: sphingosine (Sph) and ceramide (Cer). Both human and frog GCase
showed product formation when Sph and Cer were used (Figure 5). Turtle GCase, expressed
at low amounts, did not show prominent GlcChol formation measured using the LC/MS-
MS method and no NBD-GlcChol product could be detected using HPTLC as well. However,
prominent NBD-Glc-product was visualized when Sph and Cer were used as acceptor.
Zebrafish GCase did not show product formation when Chol was used as acceptor. When
Cer was used as acceptor lipid, minor product formation was observed.
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Figure 5 | In-vitro transglucosylation using different NBD-conjugated acceptor lipids

Homogenate (+ 40 pg) of untransfected cells (un) or cells over-expressing human- (h), zebrafish- (z), frog- (f) or
turtle- (t) GCase was incubated with donor (4MU-B-Glc) and different NBD-lipids for 1 hour at 37 °C with the
optimal buffer conditions for every GCase enzyme. Lipids were separated on HPTLC silica gel plates using
chloroform/ methanol (85:15, v/v) and visualized using fluorescent scanning of the plate.

Taken together, LC-MS/MS and HPTLC experiments indicate that human and frog are able
to perform in vitro transglucosylation using multiple different types of acceptor lipids.
Zebrafish GCase, on the other hand, is only able to use ceramide and possibly sphingosine.
These findings lead to the hypothesis that a more flexible acceptor could be able to enter

the active site of zebrafish GCase while a rigid, bulky acceptor lipid cannot.

GCase of all species is able to correct cellular glycosphingolipid abnormalities

The GBA KO HEK 293T cells show accumulation of the primary substrate GlcCer and the
de-acylated sphingoid base, GlcSph (Figure 6; untransfected cells; white bar). These lipid
abnormalities were corrected by the stable over-expression of either human, zebrafish, frog
and turtle GCase (Figure 6). An increase in GlcSph was again observed when the cells were
incubated with the GCase specific inhibitor ME656, indicating that the decrease of GlcSph
can be attributed to the respective GCase. These findings confirm that the different GCase
enzymes are both active and functional in their physiological environment, even though the
in vitro activity of for example turtle GCase is much lower.
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Figure 6 | Endogenous glycosphingolipid levels of cells expressing GCase enzymes of different species

GBA KO HEK273T cells over-expressing human-, zebrafish-, frog- or turtle GCase and GBA KO HEK293T control
cells were incubated with vehicle (0.1% (v/v) DMSO) or a GCase inhibitor (100 nM me656, 0.1% (v/v) DMSO) for
36 hours. GlcSph and GlcCer levels were measured and calculated in pmol/mg total protein. Two independent cell
experiments were performed and data is depicted as mean * SD.

Alignment and homology models indicate differences in GCase enzymes

The observed differences in enzymatic activity and transglucosylation might be related to
structural differences between the GCase enzymes of different species. Two approaches
were used to compare the amino acid sequences of the different GCase enzymes. First, the
mature amino acid sequences of human, zebrafish, frog and turtle GCase were aligned using
Clustal Omega and important residues highlighted (Figure 7). In addition, simple homology
models were generated of the zebrafish, frog and turtle structures with SwissModel,
based on the established 3D-structure of the human enzyme (PDB code 2XWE), in order
to evaluate the position of aberrant residues (Figure 8). Conserved and aberrant residues
located in the catalytic pocked and the three flexible loops are summarized in Table 1.

In the alignment of the primary sequences, the nucleophilic and acid/base glutamatic
acid residues are conserved (Figure 7; Nucleophile (N) and Acid/Base (a/b), arrows) as well
as the four cysteine residues forming disulfide bridges are conserved in all species (Figure
7, orange). The four N-glycosylation sites with reported glycans in human GCase??® are
not all conserved in the different GCase of other species (Figure 7; Asn 19, Asn 59, Asn
146 and Asn 270, dark green). In silico prediction of N-glycosylation sites showed only 3
predicted sites for zebrafish, 4 sites for frog and 3 sites for turtle GCase (Figure 7, dark
and light green). Results of the PNGase F treatment (Figure 3C) only indicated that GCase
of zebrafish, frog and turtle indeed have N-linked glycans, although it is not known how
many they have. Properly folded GCase is recognized by LIMP2 and transported as LIMP2-
GCase complex to the lysosome. Helix 1a and 1b (residues Thr 86- Leu 96 and Pro 99 — Ser
110) and helix 2 (Pro 150 — Arg 168) of GCase were found important for LIMP2 binding
(underlined in Figure 7)°. These helix motifs displayed hydrophobic patches interacting
with LIMP2 (yellow highlight in Figure 7). These hydrophobic patches of human GCase are
conserved in the amino acid sequences of the other GCase enzymes. This could explain the
functional lysosomal localisation of the different enzymes in the human GBA-KO cells which
would imply interaction of the non-mammalian GCase with human LIMP2.
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Several residues of prevalent GD mutations are conserved not only in mammals, but also
in the GCase sequences studied in this chapter (Figure 7, red)®. The residues leading to
D409H, R463C and R496H are conserved in zebrafish, frog and turtle GCase. The polar
uncharged Asn 370, leading to the prevalent N370S mutations is present in turtle GCase,
however a negatively charged Asp residue is present at this position in zebrafish and frog
GCase. The human Leu 444, leading to the L444P mutation, is present in the zebrafish and
frog protein sequence, while another hydrophobic residue, Met, is present at this position
in the turtle GCase sequence.

Table 1 | Divergent residues in zebrafish, frog and turtle GCase compared to human GCase are depicted in orange
and bold. Data was obtained from the alignment of the mature amino acid sequence using Clustal Omega and the
generated homology models, based on the reported 3D-structure of human GCase.

Human Zebrafish  Frog Turtle

Loop 3 W312 w314 w313 w312
“ Y313 Y314 Y314 Y313
“ L314 F316 L315 L314
“ D315 D317 D316 D315
“ F316 R318 A317 F316
“ L317 L319 1318 1317
“ A318 V320 V319 A318
“ P319 P321 P320 P319
C342 C344 C343 C342
V343 A345 T344 T343
G344 G346 G345 G344
Loop 1 5345 W347 F346 5345
“ K346 $348 1347 H346
“ F347 P349 P349 F347
“ W348 V350 W349  W348
“ E349 D351 N350 E349
Q350 R352 K351 R350
Loop 2 V394 V396 V395 V394
“ R395 K397 E396 Q395
“ N396 N398 N397 N396
“ F397 F399 N398 L397
“ V398 V400 V399 V398
“ D399 D401 D400 D399
Acid/base E235 E237 E236 E235
Nucleophile E340 E342 E341 E340
N370 D372 D371 N370 N370S mutation
D409 D411 D410 D409 D409H mutation
L444 L446 L446 Ma47 L444P mutation
R463 R465 R465 R466 R463C mutation
R496 R498 R498 R499 R496H mutation

In silico comparisons of modelled GCase structures

Besides the nucleophile and acid/base glutamic acid residues, several residues line the
catalytic pocket of human GCase, which were apparent in established 3D-structures??23343,
Most of these residues are conserved in the zebrafish, frog and turtle GCase as shown by
the homology model (Figure 8A), including Arg 120, Asp 127, Phe 128, Trp 179, Asn 234,
Tyr 244, Phe 246, Tyr 313, Cys 342, Ser 345, Trp 381, Asn 396, Phe 397, and Val 398 of
human GCase. Two exceptions were observed: the polar side chain of Ser 345 is replaced
by a hydrophobic side chain in the zebrafish and frog (Trp and Phe respectively), while
the hydrophobic side chain of Phe 397 is present in the zebrafish but is replaced by the
hydrophobic, small side chain of Leu in turtle and the polar side chain of Asn in frog (Figure
8A and Table 1).
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Human —--ARPCIPKSFGYSSVVCVCNATYCDSFDPPTFPALGTFSRYESTRSGRRMELSMGPIQA 58
Turtle --GRPCSPQYFGHGLMACECNATYCDTLDPVVIPALGTYAKYESSKAGKRLERSEGRFQS 58
Zebrafish DSKDGCLALNFGHGSVVCVCNATYCDSLGRTVLPDAGQFLSYVSNKAGSRLMESQGQFQK 60
Frog --GRLCAPLNFGQSSVVCQCNATYCDTLDPIVVPSVG FSVYETSQSGKRLQVMSGTFTK 58
* * Kk . . * kkkkkkKk o BN .'* * B * R * *
I | | | | |
Human NHT-GTGLLLTLQPEQKFQKVKGFGGAMTDAAALNILALSPPAQNLLLKSYFSEEGIGYN 117
Turtle DST-APDLLLKLDTAQRYQKVKGFGGSVTDSAAMNILSLSKETQRHLLASYFTEEGIEYN 117
Zebrafish NST-GAALRITLNPSQKFQHIKGFGGAMTDAAAINILSLSSGAQDQLLRQYFSTDGIEYR 119
Frog RQPSPMDLVLTLNDKKKFQTIKGFGGAVTDSAALNILSLSDETKENLLRSYFSEEGIGYN 118
* :_*: :::* :*****::**:**:***:** HE * K _**: :** *_
| | | | | I
Human IIRVPMASCDFSIRTYTYADTPDDFQLHNFSLPEEDTKLKIPLIHRALOLAQRPVSLLAS 177
Turtle LLRIPMASCDFSTHPYCYDDTQDDYQLLNFGLKDEDTKLKIPILHRAMALSKKPLSLVAS 177
Zebrafish FVRVPVASCDFSTRLYTYADTPEDYDLQNFTLAKEDVHMKIPLLORAQALSAQPLYLFAS 179
Frog ILRVPMGSCDFSTRIYTYLDTEGDFSMKTFSLOVEDTKLKIPLIQKAKELSNRSISLFAS 178
-:*:*:'***** : * kK k% *:': '* * **'::***::::* *: B H *'**
I I | | | I i
Human PWTSPTWLKTNGAVNGKGSLKGQPGDIYHQTWARYFVKFLDAYAEHKLOFWAVTAENEPS 237
Turtle PWSSPVWMKTNGEMKGKGSLKGKPGDKYHKTWANYFIRFLDEYAKHNLTFWAVTAQNEPT 237
Zebrafish AWSAPAWLKTNGALIGKGSLKGKPGGKEHKTWAQYYIRFLEEYRKYNLSFWGLTSGNEPT 239
Frog PWTSPPWMKTNGAITGKGTLKGKPGDQYHKTWANYFIRFLDEYAKLNVTFWAVTVENEPT 238
*::* *:**** : ***:***:**_ *:***'*:::**: * : P **_:* ***:
a/b
I I | | | I
Human AGLLSGYPFQCLGFTPEHQRDFIARDLGPTLANSTHHNVRLLMLDDQRLLLPHWAKVVLT 297
Turtle AGLINNYPFQCLGFTAEHQRDFIAQDLGPALANSSHKGIRLIMLDDNRVLLPHWAKVVLG 297
Zebrafish AGEMTNYSFQALGFTPETQRDWIALDLGPALHSSSFSKTQLMILDDNRLMLPHWAKVVLS 299
Frog AGLVTDYPFQSLGFTPEHMRDFIASDLGPAFANS SHKQVKIMILDDNRLLLPYWAKVILS 298
* Kk .. * ** *kk Kk x ** Kk kkkok . B '*.' R Kok k. * ** **** *
| | | | 1 I
Human DPEAAKYVHGIAVHWYLDFLAPAKATLGETHRLFPNTMLFASEACVGSKFWEQSVRLGSW 357
Turtle DPNAARYVHGIGVHWYLDFIAPIADTLLPTHNLFPDYFILATEACTGSHFWERDVILGCW 357
Zebrafish DIKAARYVHGIGVHWYFDRLVPPDVTLTSTHHLYPDYFLFATEACAGWSPVDRGVRLGSW 359
Frog DLKAARYVHGIAVHWYLDAIVPADVTLGRTHQLYPDYFLFASEACTGFTPWNKGVQLGCW 358
* :**:*****.*k**:* :.* * % k*.*:*: :::****.k ::.* **_*
Loop 3 N Loop 1
| | | | | I
Human DRGMQYSHSIITNLLYHVVGWTDWNLALNPEGGPNWVRNFVDSPIIVDITKDTFYKQPMF 417
Turtle DRGNQYSYSILTNLNNFVTGWIDWNLALDLQGGPNWVQNLVDSPVIVDRKKDLEYKQPMF 417
Zebrafish DRAEDYAHDIIQDLNNYVTGWTDWNLALNQDGGPNWVKNFVDSPIIVDPSKDIFYKQPTF 419
Frog DRGNQYSHRITIEDLNYYVTGWTDWNLALDIEGGPTWVENNVDSPIIVDLSKDVEYKQPMF 418
**. :*:: *: :* .*.** ******: :***.**.* ****:*** .** Kk kkk K
Loop 2
I | | | I |
Human YHLGHFSKFIPEGSQRVGLVASQKN---DLDAVALMHPDGSA-VVVVLNRSSKDVPLTIK 473
Turtle YHMGHFSKFVPEGSQRVGLVVSKKSCKCSMEYAAFLRPDGAA-VLVVLNRYSTDVPFGIS 476
Zebrafish YSMAHFSKFLWEESQRVGVSFSQQT---SLEMSAFIRPDASA-VLIILNRSEEEVPFEVW 475
Frog YHMAHFSKFIPEGSRRVGLDLNQGS———QLETVAFLSPDGSVAVVVVLNRESVDVKFLIS 475
* s . ***** * * *** . . o3 *:: * * RN *:: * Kk k . :* . .
Human DPAVGFLETISPGYSIHTYLWRRQ 497
Turtle DPGVGFMEAVAPADSIQTYLWRRQ 500
Zebrafish DQTVGFLPGSAPPHSILTLLWNRQ 499
Frog DPSLGVIDTVSPANSIQTYIWRRQ 499

* Sk . I3 Kk Kk ek Kk

Figure 7 | Alignment of the amino acid sequence of GCase of the different species

Alignment of the mature amino acid sequences of human-, zebrafish-, frog- and turtle GCase using Clustal Omega.
Alignments showed amino acid identities of 57.8 % for zebrafish, 63.5 % for frog and 64.6 % for turtle GCase
compared to human GCase. Important residues in the human GCase sequence are depicted as follows: both the
nucleophile (N) and acid/base (a/b) are indicated with an arrow, the cysteine residues forming disulphide bridges
in human GCase are depicted in orange, N-glycosylation sites of human GCase in dark green and the predicted
N-glycosylation sites in light green. The predicted antibody binding site of Figure 3C is underlined at the C-terminal
end, while the N-terminal human LIMP2 binding site is underlined and hydrophobic patches are highlighted in
yellow. Prevalent, clinically relevant mutations in GD are depicted in red. * = conserved residue, : = strongly similar
residue, . = weakly similar residue, | = every 10" residue of the human GCase
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A. Residues lining the glucose substrate

Active

Loop 3

JE/K/F397

/E/K/R395

Loop 2

/P/P/F347

JF/W/S345

/W/V/W348

/N/D/E349

/T/A/V343

Loop 1

/K/R/Q350

JL/F/L314

Figure 8 | In silico comparison of homology GCase models

Homology models were generated of the zebrafish, frog and turtle structures with Swissmodel, based on the
reported 3D-structure of human GCase (PDB code 2XWE?¢). (A) Glucose-lining residues. Similar residues with
respect to the human structure are depicted in grey, the nucleophilic Glu 340 and acid/base Glu 235 in red, while
aberrant residues are visualized with the respective color for human (pink), zebrafish (blue), frog (green) or turtle
(orange) residues. (B) Loops 1, 2 and 3 in the active conformation of human GCase with residues of human (pink/
grey), zebrafish (blue), frog (green) and turtle (orange) GCase. Divergent residues at the modelled position are

given in the respective color in the lower panel.
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Mutagenesis of selected amino acids in zebrafish GCase does not changes its features
Established 3D-structures of GCase revealed different conformations of loops 1, 2 and 3
in the inactive- versus the active, ligand associated human GCase structures. Interactions
of specific residues in these loops are thought to facilitate the closed conformation of
the inactive, unbound structure, while conformational changes of the loops is suggested
to open the active site’?. Several residues are different in the modelled loops 1, 2 and 3
of the zebrafish, frog and turtle structures (Figure 8B). The most intriguing differences are
between the human and zebrafish sequences. In the homology model, Trp 348 of loop 1
in human GCase is replaced in the zebrafish sequence by a Val, while a Trp with bulky side
chain of zebrafish GCase substitutes human Ser 345. In loop 3, Phe 316 in human GCase is
replaced in zebrafish by an Arg residue, while Leu 314 is replaced by a Phe residue. These
in silico models suggest that the hydrophobic side chains of Trp and Phe are present in the
zebrafish structure, albeit positioned closer to the catalytic pocket (depicted in Figure 8B by
the arrows).

It was hypothesized that these substitutions might impair entrance of the bulky sterol
acceptor. In order to test this hypothesis, three different mutations of the zebrafish GCase
were generated and evaluated: 1) F316L, 2) W347S, and 3) a double mutation of F316L
+ R318F. GCase enzymes with these mutations were transiently expressed in the GBA
KO cells and the catalytic features were determined in a pilot experiment. No change
in pH optimum of the hydrolysis reaction was observed nor an improvement in GlcChol
formation. A decrease in activity of the W347S zebrafish GCase was observed, however
transient transfection was only performed once and this effect might be due to biological
variation. Taken together, these single- and double amino acid substitutions did not validate
the hypothesis of improved access of cholesterol in the zebrafish enzyme. To test further
this hypothesis, future endeavours could focus on swapping the entire candidate loop 1 or
3 among the different species.

A. 4MUS-Glc hydrolysis B. . GlcChol formation
—e— zGCase wt
1000 ] —=— 2zGCase W347S

2 2 6 —— zGCase F316L
= = —+— zGCAse F316L+R318F
= < 4
3 500 3
£ £
c Q 2_

0 of—

2 3 4 5 6 7 8 2 3 4 5 6 7 8

pH pH

Figure 9 | Enzymatic activity and GlcChol formation of zebrafish GCase variants

(A) Hydrolytic activity of zebrafish GCase WT and GCase variants (W347S, F316L and F316L+R318F) towards 4MU-
B-Glc at different pH values without additives incubated for 30 min at 37 °C. (B) Homogenates (+ 40 pg total
protein) were incubated with 4MU-B-Glc as glucose donor and cholesterol as acceptor at different pH with 0.1%
(w/v) BSA and 0.1% (v/v) Triton-X100. Formed GlcChol was measured using LC-MS/MS methods. Data is depicted
from a single pilot experiment (no error bars) or biological duplicate with mean + SEM.
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Discussion

Zebrafish are an emerging and attractive research model to evaluate the potency and
selectivity of small molecules and to study genetic disorders such as the lysosomal storage
disease GD. The aim of present study was to evaluate whether the highly homologous
zebrafish GCase enzyme has similar features to its human counterpart. In parallel, GCase
enzymes of an amphibian (Xenopus laevis, frog) and reptile (Chrysemys picta bellii, turtle)
were studied. The zebrafish, frog and turtle GCase enzymes were highly homologous to
the human counterpart, with an amino acid identity of 57.8 % for zebrafish, 63.5 % for frog
and 64.6 % for turtle GCase. In particular residues lining the catalytic pocked showed high
conservation among the different GCase sequences.

The coding sequences of the different GCase enzymes were cloned into a mammalian
expression vector and stably expressed in GBA KO human embryonic kidney (HEK293T)
cells, generated by means of CRISPR/Cas9. ABP-labelling revealed GCase-labelled proteins
at comparable molecular weight as well as the presence of N-linked glycans in all enzymes.
The enzymatic features of zebrafish, frog and turtle GCase were quite comparable to the
human GCase. All four enzymes were active in vitro towards the artificial substrate 4MU-
B-Glc at an acid pH optimum and were able to correct endogenous accumulated GlcCer
and GlcSph in the GBA KO HEK293T cells. These findings implied that newly synthesized
GCase enzymes of zebrafish, frog and turtle are able to interact in situ with the endogenous
human LIMP2 protein. In similar manner, it can be argued that the non-mammalian GCase
enzymes are able to interact in situ with human Saposin C. However, caution is warranted
since over-expression of GCase as such might be sufficient to correct the increased GlcCer
and GlcSph lipids.

Of note, comparable enzymatic features were noted when the non-lysosomal
B-glucosidase Gba2 of the zebrafish was compared to its human counterpart®. In
addition, in vivo treatment of developing zebrafish larvae with inhibitors of GCase, Gba2
or glucosylceramide synthase (GCS) showed aberrant glycosphingolipid levels similar to
treatments of mammalian systems as discussed in chapter 53%34% Altogether these data
suggest that GlcCer metabolism as well as enzymes responsible for synthesis and catabolism
are similar in zebrafish as compared to mammals.

Although all GCase enzymes were found to be active, several differences were also
observed. Table 2 summarizes the most relevant observations in this respect. First, it
became apparent that human GCase requires additives, either Triton-X100 and sodium
taurocholate or recombinant Saposin C with phosphatidylserine, for maximal activity. Both
zebrafish and frog GCase require no additives for maximal enzymatic activity towards 4MU-
B-Glc and show a lower pH optimum of pH 4. A striking difference between zebrafish GCase
and the other studied GCases is the high activity of the former enzyme at low temperature.
Sharply contrasting with human GCase, zebrafish enzyme was at 4 and 10 °C as active as at
28 and 37 °C.

Another major difference between zebrafish and human GCase is the inability of the
former to catalyse a transglucosylation reaction in vitro using cholesterol as acceptor.
Frog GCase is able to efficiently transfer the glucose from a glucose donor to a cholesterol
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acceptor, as human GCase®®. GlcChol formation by frog GCase was low in the absence of
additives. Transglucosylation activity increased when Triton-X100 was added, but prohibited
by sodium taurocholate, sharply contrasting human GCase3. It is of interest to stress that
zebrafish GCase showed in vitro transglucosylation activity when a more flexible NBD-lipid
like ceramide was used as acceptor.

Table 2 | Overview of the findings regarding in vitro hydrolysis and transglucosylation as well as in situ correction. 0
=no stimulation, ND = not determined, NR = not reproducible, SA/ABP = specific activity / ABP-complex.

Hydrolysis Transglucosylation In situ
Tc/Tx SapC pH GlcChol | GlcCer/GlcSph
Enzyme stimulation simulation optimum SA/ABP 10/37 °C |Ability? Additives? |hydrolysis| correction
Human ++ ++ 5.2 ++ -- yes Tx/Tc ++ Yes
Turtle (+) ND 5.2 - -- NR NR NR Yes
Frog 0 ND 4.0 - - yes Tx +++ Yes
Zebrafish 0 0 4.0 - ++ no (Tc) + Yes

The combined findings raised the possibility that zebrafish GCase is in a more active fold
permanently, independent of temperature and additives, as compared to human GCase.
This more ‘rigid’ conformation of zebrafish GCase may as downside limit the enzyme’s
ability to transfer glucose to structurally rigid acceptors like cholesterol. Of note, zebrafish
GCase shows hydrolytic activity towards GlcChol that is formed in cells by the non-lysosomal
GBA2 (see Chapters 5 and 7).

It was hypothesized that specific side chains of the zebrafish GCase might impair
entrance of a bulky acceptor, like cholesterol, for the transglucosylation reaction. In silico
comparison of the modelled structures revealed that most of the glucose-lining residues
of the catalytic pocked were conserved among the three GCase enzymes compared
to human GCase, while aberrant residues were apparent in flexible loops 1, 2 and 3. In
particular, substitutions of human Leu 314 and Phe 316 of loop 3 and Ser 345 of loop 1
were noticed in the zebrafish GCase enzyme and it appeared that the hydrophobic side
chains were positioned closer to the catalytic pocket of the zebrafish enzyme. Interestingly,
a recent patent filed by Amicus describes a mutated human GCase with the double amino
acid substitution F316A and L317F located in loop 3, showing increased catalytic activity
and a doubled half-life at pH 7.5 compared to WT human GCase*. It was considered that
specific side-chain conformations could form a more ordered region near the catalytic
pocket and might be less prone to unfolding at neutral pH. Human Phe 316 is among one of
the contrasting residues in the zebrafish and frog GCase enzymes. In addition, it has been
found that the structural stability of recombinant GCase improves at acidic pH, showing an
increased half-life, higher melting temperature and lower sensitivity to tryptic digestion®2.
Binding of (semi-)covalent inhibitors increased the structural stability even further.
Therefore, it might be informative to study the structural stability of the GCase enzymes
of different species in order to evaluate the structural compactness and susceptibility for
proteolytic cleavage of the different enzymes.

A detailed comparison of human and zebrafish GCase, with parallel comparisons of frog
and turtle GCase, was chosen in view of evolutionary aspects and accompanying changes
in skin composition associated with the transition to terrestrial life. GCase sequences of
several other non-mammalian species are known and alignment in combination with simple
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modelling indicates that a lower number of divergent residues are present in loops 1, 2
and 3 of reptiles and birds compared to the fish and amphibian species (Supplementary
Table 1: python, goose, crocodile, dolphin and mouse GCase). Loop 3 is entirely conserved
in reptiles, birds and mammals, but not in zebrafish and frog. This loop 3 shows the largest
conformational change based on the established 3D-structures of human GCase?*%.
Studying the in vitro hydrolysis, transglucosylation and stability of these additional GCase
enzymes could provide more information on the impact of divergent residues in the GCase
enzymes. Of note, efforts have been made to express the GCase enzyme of the python,
exactly as performed for the other GCase enzymes. Surprisingly, no enzymatic activity
and no ABP-labelled band could be found for python GCase (data not shown). A possible
explanation for the complete absence of expression in case of python and low expression
of turtle GCase might be the utilized endogenous signal peptide of the respective GCase.
In future experiments the predicted signal peptide sequence could be replaced by the
human signal peptide sequence in order to evaluate the influence of the endogenous signal
peptide and possibly improve expression.

As final part of this study, site-directed mutagenesis of the zebrafish GCase enzyme was
performed to test the hypothesis of impaired access of cholesterol by the residues with
hydrophobic side chains. The zebrafish GCase variants with rationalized single- and double
amino acid substitutions did not impact the pH optimum or GlcChol formation. Swapping
the entire candidate loop 1 or 3 among the different species might be a more productive
approach for evaluating the influence of these loops on GlcChol formation. In addition,
crystallization of the zebrafish GCase enzyme could be very informative, as present in
silico comparisons are limited by the simple molecular modelling of divergent residues.
Crystallization and subsequent comparison of the zebrafish GCase structures with human
counterparts could reveal real differences in the 3D-structure of GCase.

In conclusion, the zebrafish GCase enzyme shows comparable hydrolytic activity to human
GCase, but markedly differs in ability to transglucosylate and the influence of temperature
on enzymatic activity. The molecular basis for these difference warrants further investigation
by detailed studies of the structures of the GCases.
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Supplementary information
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Supplementary Figure 1

(A) Enzymatic activity towards 4MU-B-Glc in the presence of the additives Triton-X100 (Tx) and sodium
taurocholate (Tc) or Saposin C with or without addition of phosphatidylserine (PS) of human GCase at pH 5.2 (left)
or zebrafish GCase at pH 4 (right). (B) IC,; curves of the inactivation of human (pink) or zebrafish (blue) GCase by
the GCase specific inhibitor, ME656. Activity is measured from 3 independent homogenate preparations for (A)
and in technical duplicate for (B). Data is depicted as mean + SD.
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Supplementary Figure 2 | Transglucosylation with GlcCer as donor

Cell homogenate (+ 40 pg) expressing human or zebrafish GCase was incubated with GlcCer d18:1/18:1 as
glucose donor and cholesterol as acceptor in buffer of pH 4 without additives (-Tc/-Tx) or buffer of pH 5.2 with
Triton-X100 and sodium taurocholate (+Tc/+Tx) for 5 hours at 37 °C. Formed GlcChol was measured using LC-MS/
MS techniques in technical duplicate.
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Supplementary Figure 3 | Effect of Triton-X100 and Sodium Taurocholate on transglucosylation with NBD-Chol
Cell homogenate (+ 40 pg) expressing human, zebrafish or frog GCase was incubated with 4MU-B-Glc as glucose
donor and NBD-cholesterol as acceptor in Mcllvaine buffer of pH 4 or pH 5.2 supplement with Triton-X100 and/
or Sodium Taurocholate and incubated for 1 h at 37 °C. Formed NBD-GlcChol was detected using fluorescent
scanning of the separated lipids on a HPTLC plate using CHCI,/MeOH (80:20) as eluents.
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Supplementary Table 1 | Comparison of residue substitutions of human, zebrafish, frog, turtle GCase and GCase
enzymes of additional species: python, goose, saltwater crocodile, freshwater crocodile, dolphin and mouse
GCase. Data was obtained from the alignment of the mature amino acid sequence using Clustal Omega and the
generated homology models, based on the reported 3D-structure of human GCase. Different residues compared
to the human enzyme are depicted in orange and bold.

Human Zebrafish Frog Turtle  Python Goose Crocodile Crocodile Dolphin  Mouse
(salt) (fresh)

Loop 3 w312 w314 w313 w312 w312 W312 W312 W312 W312 W311
“ Y313 Y314 Y314 Y313 Y313 Y313 Y313 Y313 Y313 Y312
“ L314 F316 L315 L314 L314 L314 L314 L314 L314 M313
“ D315 D317 D316 D315 D315 D315 D315 D315 D315 D314
“ F316 R318 A317 F316 F316 F316 F316 F316 F316 F315
“ L317 L319 1318 1317 L317 1317 L317 L317 L317 L316
“ A318 V320 V319 A318 A318 G318 A318 A318 A318 A317
“ P319 P321 P320 P319 P319 P319 P319 P319 P319 P318

C342 C344 C343 C342 S342 C342 S$345 C342 C342 C341
V343 A345 T344 T343 T343 1343 A346 V343 V343 V342
G344 G346 G345 G344 G344 G344 G347 G344 G344 G343

Loop 1 S$345 W347 F346 S$345 S345 A345 S348 S345 S$345 S344
“ K346 S348 T347 H346 Y346 H346 Y349 K346 K346 K345
“ F347 P349 P349 F347 F347 F347 F350 F347 F347 F346
“ w348 V350 W349 W348 W348 W348 W351 W348 W348 W347
“ E349 D351 N350 E349 E349 E349 E352 E349 E349 E348

Q350 R352 K351 R350 P350 R350 P353 Q350 Q350 Q349

Loop 2 V394 V396 V395 V394 S394 V394 S397 V394 V394 V393
“ R395 K397 E396 Q395 K395 K395 K398 K395 R395 R394
“ N396 N398 N397 N396 N396 N396 N399 N396 N396 N395
“ F397 F399 N398 L397 Y397 Y397 Y400 F397 F397 F396
“ V398 V400 V399 V398 V398 V398 V401 V398 V398 V397
“ D399 D401 D400 D399 D399 D399 D402 D399 D399 D398

Acid/base E235 E237 E236 E235 E235 E235 E238 E235 E235 E234

Nucleophile E340 E342 E341 E340 E340 E340 E343 E340 E340 E339

56



Biochemical evaluation of GCase of different species

Experimental procedures

Chemicals and reagents - The GCase specific inhibitor (ME656), ABP (ME569) and **C_-GlcChol internal
standard were synthesized as described earlier!®!32, Chemicals were obtained from Sigma-Aldrich
(St. Louis, MO, USA) if not otherwise indicated. Primers (Supplementary Table 2) were ordered from
Integrated DNA technologies (IDT; Coralville, USA) without additional purification.

Cloning of the coding sequence of gha from different species - Design of cloning primers and
plasmids containing the coding sequence of gba of different species were based on NCBI sequences
NM_000157.4 (human), XM_682379.7 (zebrafish), XM_018229065.1 (frog) and XM_005280678.2
(turtle). The coding regions of human and zebrafish GCase were amplified using Phusion HighFidelity
PCR mastermix (Thermo Fisher Scientific, Waltham, USA) using the primers given in Supplementary
Table 2. Fragments of human and zebrafish GBA were cloned into the pDONR vector using GATEWAY™
recombination cloning technology (BP reaction, Thermo Fisher) according to the manufacturer’s
instruction and subsequently shuttled to a pDEST-zeo expression vector (derived by replacing the
neomycin selection marker with a zeomycin selection marker) using the LR reaction.

Plasmids including the coding sequences of frog and turtle with flanking LR sequences and cloned
into the pUC57-Kan vector backbone, were ordered from Baseclear (Leiden, the Netherlands). A LR
reaction was performed shuttling the respective gba sequence to the pDEST-zeo expression vector.
For CRISRP/Cas9 mediated GBA knockouts of HEK293T cells, sgRNA guides given in Supplementary
Table 2 were cloned into the Bbsl restriction site of the px330-U6-chimeric_BB-CB-hSpCas9 (Addgene
plasmid #42230). All plasmids were isolated from transformed DH5a cells using a plasmid isolation kit
(Qiaprep spin Miniprep kit; Qiagen, Hilden, Germany) and sequenced.

Site-directed mutagenesis — Point mutations were introduced in the zebrafish GCase pDONR vector
using the QuickChange Lightning Site-Directed Mutagenesis Kit (Agilent, Santa Clara, USA) according
to the suppliers protocol with the primers given in Supplementary Table 2. The double F316L+R318F
mutation was generated by mutating the pDONR vector of the zebrafish GCase variant with the F316L
mutation. The pDONR vectors were sequenced before shuttling the GCase encoding sequences to the
pDEST-zeo expression vector.

Supplementary Table 2 | List of oligonucleotide sequences.

Primer Sequence (5’ -3’) Purpose
Human GBA F GGGGACAAGTTTGTACAAAAAAGCAGGCTccACCACCATGGAGTTTTCAAGTCCTTCC Gateway cloning
Human GBAR GGGGACCACTTTGTACAAGAAAGCTGGGTTCATCACTGGCGACGCCACAGGTA Gateway cloning
Zebrafish gba F GGGGACAAGTTTGTACAAAAAAGCAGGCTACCACCATGAGAGAAACGGCTCTTTTTATTC  Gateway cloning
Zebrafish gba R GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACTGTCTGTTCCACAGTAGTG Gateway cloning
Hu GBA sgRNAF CACCGCGCTATGAGAGTACACGCAG sgRNA for px330
Hu GBA sgRNAR AAACCTGCGTGTACTCTCATAGCGC sgRNA for px330
Zf GCase W347S F gaggcatgcgctgggtCgagtccagtggatcgt Mutagenesis
Zf GCase W347S R acgatccactggactcGacccagcgcatgecte Mutagenesis
Zf GCase F316LF gcattggtgttcactggtatttGgatcgccttgtgece Mutagenesis
Zf GCase F316LR ggcacaaggcgatcCaaataccagtgaacaccaatgc Mutagenesis
Zf GCase R318F F attggtgttcactggtatttGgatTTccttgtgccgectyg Mutagenesis
Zf GCase R318F R caggcggcacaaggAAatcCaaataccagtgaacaccaat Mutagenesis

Cell culture and transfection - HEK293T (CRL-3216) were purchased from ATCC (Manassas, VA,
USA) and cultured at 37 °C and 5% CO, in DMEM medium, supplied with 10% (v/v) FCS, 0.1%
(w/v) penicillin/streptomycin, and 1% (v/v) Glutamax. GBA KO cells were obtained by CRISPR/Cas9
technology by transfecting HEK293T cells seeded in 6-well plates with the px330-GBA plasmid in
combination with Fugene 6 (Roche; Basel, Switzerland) in a ratio of Fugene:DNA of 3:1. After 72 hours,
cells were diluted to approximately 0.5 cell/well, seeded in 96-well plates and individual clones were
cultured over the next weeks. GCase activity was determined of the single cell clones, as described
below, and only clones without residual activity were maintained. GBA KO clone 35 was verified using
Sanger sequencing and used for experiments, subsequently called GBA KO cells. GBA KO cells were
transfected using PEl and the pDEST-zeo-gba construct (PEI/DNA: 3/1 (w/w)). Cells expressing the
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protein of interest were selected by sub-culturing the cells in medium supplemented with 200 pg/mL
Zeomycin for at least 5 passages starting 24 hours after transfection. For transient expression, cells
were transfected, as described above, for 72 hours before harvesting. Cells were harvested in PBS and
washed twice with PBS. Cell pellets were stored at -80 °C until use.

Homogenate preparation - Cells were resuspended in 25mM potassium phosphate buffer
supplemented with 0.1% (v/v) Triton-X100 and benzonase (25mM Kpi pH6.5, 0.1% Triton-X100 and
25U/mL benzonase) and lysed using sonication (20% amplitute, 3s on, 3s off for 4 cycles) while on ice.
Protein concentration was determined (BCA kit; Pierce, Thermo Fisher) with BSA as standard.

Enzyme activity assay

General activity procedures — Generally ,assays were performed using homogenate in KPi lysis buffer
(12.5 pL, £ 12.5 pg protein) by addition of Mcllvaine buffer (citric acid — Na,HPO,) of the appropriate
pH (12.5 pL; 150mM Mcllvaine pH4 or pH5.2) before addition of 4-methylumbelifferyl B-glucoside
mix. Assays were performed using 4MU-B-Glc mixes optimized for each protein; 100 pL of 3.75 mM
4MU-B-Glc substrate, 0.1% (w/v) BSA, 0.1% (v/v) Triton-X and 0.2% (w/v) Sodium Taurocholate at
pH5.2 for human GCase (pH5.2++), 3.75 mM 4MU-B-Glc substrate and 0.1% (w/v) BSA at pH 4 for
zebrafish and frog GCase (pH4--) and 3.75 mM 4MU-B-Glc substrate and 0.1% (w/v) BSA at pH 5.2
for turtle GCase (pH 5.2--). Incubation was performed for 30min at 37 °C and stopped by addition of
glycine-NaOH STOP buffer (200 pL; 1 M Glycine-NaOH, pH 10.3) unless stated otherwise. All activity
assays were measured using a LS-55 (PerkinElmer, Waltham, USA; A, of 366 nm, A__of 445nm) and
calculated using a standard of 1nmol 4MU. All activities were measured using three independent
homogenates measured in technical duplicate unless indicated otherwise in the result section.

pH curves — PH curves were obtained by incubating homogenate (12.5 pL, + 12.5 pg total protein)
with Mcllvaine of the appropriate pH (62.5 pL; 300 mM Mcllvaine, pH 2-8) on ice for 5 minutes
before addition of two-times concentrated Glc-4Mu substrate mix with additives (50 uL; 7,5 mM Glc-
4Mu, 0.2% (w/v) BSA, 0.2% (v/v) Triton-X and 0.4% (w/v) Sodium Taurocholate in MilliQ) or without
additives (50 pL; 7.5 mM GlcMu and 0.2% (w/v) BSA in MilliQ).

Michaelis-Menten kinetics — To homogenate (12.5 pL, + 12.5 pg protein) was added Mcllvaine with
the appropriate pH (12.5 pL, 150 mM Mcllvaine pH 4 or pH 5.2) and subsequently incubated with
different substrate concentrations (100 pL; 0-10 mM Glc-4Mu +0.1% (w/v) BSA in either 150 mM
Mcllvaine buffer pH 4 (pH4--), 150 mM Mcllvaine buffer pH 5.2 or 150 mM Mcllvaine buffer pH 5.2 +
0.1% (v/v) Triton-X + 0.2% (w/v) Sodium Taurocholate (pH5.2++)). K_and V__ values were calculated
using Graphpad Prism 8.0 (GraphPad Software, San Diego, USA).

Temperature curve — Homogenates were incubated with 4MU-B-Glc mixes in PCR tubes as described
in the general assay procedures and incubated at different temperatures. At indicated time points, 5
uL of the sample was removed from the mixture, added to 200 uL STOP buffer and the fluorescence
was measured and calculated in pmol/h/mg. The relative activity was calculated using the activity of
the respective GCase at 30 min and 37 °C incubation.

IC,,_curve — For the covalent GCase specific inhibitor, human or zebrafish GCase expressing cell
homogenate (12.5 uL, + 12.5 pg protein) was pre-incubated with ME656 (2x concentrated in 300 mM
Mcllvaine pH 4 or pH 5.2 with 1% (v/v) DMSO) for 30 min at 37 ° before addition of the respective
4MU-B-Glc mix, incubation and measurement in the general assay procedures. IC, curves were fitted
using GraphPad Prism.

Saposin C/phosphatidylserine activation - Phosphatidylserine (PS, 10 mg/mL in chloroform/ methanol)
was concentrated and resuspended in Mcllvaine buffer (2x concentrated ‘PS mix’; 80 pg/mL PS, 300
mM Mcllvaine pH 4 or pH 5.2). Recombinant human Saposin C (900 pg/uL) was diluted in Mcllvaine
buffer (50 pg/uL, 300 mM Mcllvaine buffer pH 4 or pH 5.2). To human or zebrafish GCase expressing
cell homogenates (12.5 uL, 12.5 pg protein) was added Saposin C mix or Mcllvaine (12.5uL), ‘PS mix’
or Mcllvaine (50 pL) and 4MU-B-Glc mix (2x concentrated, 50 pL; 7.5 mM 4MU-B-Glc and 0.2% (w/v)
BSA in MilliQ or 50 pL of 7.5 mM 4MU-B-Glc, 0.2% (w/v) BSA, 0.2% (v/v) Triton-X and 0.4% (w/v)
Sodium Taurocholate in MilliQ). Assays were incubated and measured as described above.
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Activity-based probe (ABP) labelling

General ABP labelling procedures — Homogenates (10 uL, 10 ug total protein or protein amount to
obtain equal activity towards 4MU-B-Glc) was labelled with the cy5-modified cyclophellitol-epoxide
ABP MES569 (200 nM ME569 in 10 pl 300 mM Mcllvaine buffer pH 4 or 5.2, without additives or
supplemented with 0.2% (v/v) Triton-X100 and 0.4% (w/v) Sodium Taurocholate for human GCase,
1% (v/v) DMSO; final concentration 100 nM ME569 and 0.5% (v/v) DMSO). Proteins were denatured
with 5x Laemmli sample buffer (25% (v/v) 1.25 M Tris-HCL pH 6.8, 50% (v/v) 100% glycerol, 10%
(w/v) sodium dodecyl sulfate (SDS), 8% (w/v) dithiothreitol (DTT) and 0.1% (w/v) bromophenol blue)
and boiled for 5 min at 98 °C. ABP-labelled protein samples were separated by electrophoreses on
10% (w/v) SDS-PAGE gels, before scanning the fluorescence of the wet-slab gel with a Typhoon FLA
9500 (GE Healthcare, Chicaco, USA; cy5 (A of 635 nm, A__of 655-685 nm), 750 V, pixel size 100 uM).
Gels wer stained with Coomassie Brilliant Blue staining or transferred to a nitrocellulose membrane
(BioRad, Hercules, USA).

Deglycosylation using PNGase F — Glycoproteins were deglycosylated using PNFase F (NEB, Ipswich,
USA). Briefly, homogenate was labelled with ME569, as described above, in 2x volumes (40 pL final
volume). After incubation for 30 min at 37 °C, the mixture was denatured using Glycoprotein buffer
(supplied) and boiled for 10 min at 98 °C. The sample was divided, NP-40 (supplied) and MQ was
added to both samples NP-40 and one 20 pL sample was incubated with PNGase F, while the other
20 uL sample was incubated with MQ for 1 h at 37 °C. Laemmli sample buffer (5x) was added after
incubation and the samples were separated on a 10% (w/v) SDS-PAGE gel and scanned as described.
Immunoblot — Proteins were transferred to a 0.2 um nitrocellulose membrane by Trans-Blot
Turbo™ transfer system (Bio-Rad). Membrane was blocked with 5% (w/v) BSA in TBST for 1 h at rt
and incubated overnight at 4 °C with primary antibody (anti-GCase, Sigma-Aldrich G4171; 1:1000).
Membrane was washed three times with TBST and incubated with secondary antibody (goat anti-
rabbit IgG (H+L)-HRP, Bio-Rad; 1:5000) for 1 h at 37 °C, washed twice with TBST and a final time
with TBS before development using the Clarity Max ECL substrates (Bio-Rad) and detected by the
ChemiDoc™ MP system (Bio-Rad).

Transglucosylation and GlcChol hydrolysis

General transglucosylation using LC-MS/MS measurement — Generally, transglucosylation activity of
was determined with 4MU-B-Glc as donor and natural cholesterol as acceptor, as described with minor
modifications *2. Briefly, to GCase expressing cell homogenates (12.5 pL, + 40-50 pg total protein) was
added a mix of cholesterol acceptor and 4MU-B-Glc donor in Mcllvaine buffer of the appropriate
pH and supplemented with additives (100 pL including 3.75 mM 4MU-B-Glc, 0.1% (w/v) BSA and 25
UM cholesterol with 1% ethanol in 150 mM Mcllvaine pH 4 or pH 5.2 supplemented with 0.1% (v/v)
Triton-X100 and/or 0.2% (w/v) Sodium Taurocholate). After 1 h incubation at 37 °C with shaking, 5 uL
of the sample was transferred in duplicate to 200 pL STOP buffer, 4AMU was measured and enzymatic
activity was calculated. The residual sample was snap-frozen in liquid nitrogen or **C-GlcChol internal
standard (20 uL, 0.1 pmol/uL in methanol) was added to the 115 uL of remaining sample, followed
by methanol and chloroform (2:1 (v/v)) to precipitate the protein. After centrifugation, lipids of the
supernatant were extracted using a Bligh-Dyer extraction (MeOH:CHCI,:H,0, 1:1:0.9) and measured
using previously described methods?®.

GlcChol hydrolysis — An appropriate volume of GlcChol (2 pmol per reaction) was concentrated and
resuspended in ethanol to a concentration of 1.6 pmol/uL. A mixture of GlcChol in Mcllvaine of the
appropriate pH was prepared with BSA (0.1 % (w/v)) and with the necessary additives for every
GCase enzymes as described in the result section (0.1% (v/v) Triton-X100) and/ or 0.2% (w/v) Sodium
Taurocholate). GCase expressing cell homogenates (12.5 pL, £ 40-50 ug total protein) were incubated
with vehicle or the GCase specific inhibitor ME656 (12.5 uL of 2uM ME656 in 300 mM Mcllvaine
pH 4 or pH 5.2, 1% (v/v) DMSO) for 30 min at 37 °C before addition of the GlcChol mix (100 uL;
1.25 pL GlcChol (1.6 pmol/uL in ethanol) in 150 mM Mcllvaine pH 4 or pH 5.2, 0.1% (w/v) BSA, 0.1%
(v/v) Triton-X100 and/or 0.2% (w/v) Sodium Taurocholate; final ethanol concentration of 1% (v/v)).
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Samples were incubated for 1 h or overnight (17 hours) at 37 °C, stopped by addition of internal
standard, methanol and chloroform and subsequently extracted using the Bligh-Dyer extraction and
lipid measurements as described for the transglucosylation.

Transglucosylation with NBD-lipids and HPTLC — NBD modified lipids including N-[12-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]dodecanoyl]-d-erythro-sphingosine (C12-NBD-Cer), N-[6-[(7-Nitro-2-1,3-
benzoxadiazol-4-yl)amino]caproyl]-D-glucosyl-B1-1"-sphingosine (C6-NBD-Spho) and 25-[N-[(7-nitro-
2-1,3-benzoxadiazol-4-yl)methyllamino]-27-norcholesterol (NBD-Chol) were purchased from Sigma
or Avanti Polar lipids (Alabaster, USA). To GCase expressing cell homogenates (12.5 L, + 40-50 ug
total protein) was added Mcllvaine with the appropriate pH (12.5 puL 150 mM Mcllvaine pH 4 or pH
5.2) and a mixture of 4MU-B-Glc as glucose donor and NBD-lipid as acceptor in Mcllvaine buffer pH 4
or pH 5.2 with or without appropriate additives (100 pL; 1.25 uL NBD-lipid (in 100% ethanol; 1% final
concentration) in 150 mM Mcllvaine pH 4 or pH 5.2, 0.1% (w/v) BSA without additives or supplemented
with 0.1% (v/v) Triton-X100 and/ or 0.2% (w/v) Sodium Taurocholate. Final concentration of the NBD-
lipids: 20 uM for NBD-Chol, 10 uM for NBD-Cer and 10 uM for NBD-Sph. Samples were incubated for
1 hat 37 °C and lipids were extracted using the Bligh- Dyer extraction as described above. Lipids were
reconstituted in 20 uL methanol and separated by thin layer chromatography on HPTLC silica gel 60
plates using CHCI.:MeOH (80:20, v/v) as eluent. The HPTLC plate with NBD-lipids was scanned using
a Typhoon imaging system (cy2 settings (A_ of 488 nm, A__of 515-535 nm), 250V, pixel size 100 uM

Alignment and modelling — For alignment and modelling sequences of zebrafish (Uniprot code
E7EZM1), frog (Uniprot code AOA1L8FDFO) and turtle (NCBI code XP_005280735) GCase were
used. Signal peptides were predicted using SignalP5.0* and sequences without predicted signal
peptides were aligned with Clustal Omega*. Zebrafish, frog and turtle structures were modelled
with Swiss-Model* using the established 3D-structure of human GCase associated with 5N,65-(N’-
(N-octyl)imino)-6-thionojirimycin (6S-NOI-NJ) in the catalytic pocket (PDB 2XWEZ®) as search model.
Structures were superimposed and visualized with CCP4MG* with glucose docked at the 6S-NOI-
NJ ligand position. For alignment of predicted GCase sequences of additional species were used:
python (Python bivittatus, NCBI code XP_007435239), goose (Anser cygnoides domesticus, NCBI code
XP_013055943), saltwater crocodile (Crocodylus porosus, NCBI code XP_019412408), freshwater
crocodile (Gavialis gangetus, NCBI code XP_019383528), dolphin (tursiops truncates, NCBI code
XP_004315654) and mouse (Mus musculus, NCBI code NP_032120)
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Abstract

ebrafish, and especially their developing off-spring, offer attractive features to study

the molecular basis of genetic disorders as well as pharmacological intervention in

a whole organism. Gaucher disease (GD) is a common lysosomal storage disorder,
characterized by a defect in the enzyme glucocerebrosidase (GCase or GBA, official gene
name: GBA) which hydrolyses the lipid glucosylceramide in lysosomes. Studying GD in an
animal model has been hampered by the premature death of mammals with a complete
genetic abrogation of GBA. Therefore, on-demand GBA deficiency has been induced
chemically, by treatment of animals with the mechanism-based irreversible GBA inhibitors
conduritol B epoxide (CBE) or cyclophellitol (CP). Zebrafish larvae are used in this chapter
to study the in vivo target engagement of CBE and CP and compare the results to values
obtained from cultured human cells. Only at significantly higher CBE concentrations, non-
lysosomal glucosylceramidase (GBA2) and lysosomal a-glucosidase were identified as
major off-targets both in cells and zebrafish larvae. CP was found to inactivate GBA and
GBA2 with equal affinity and is therefore not suitable to generate genuine GD-like models.
New CP derivatives, functionalized with a bulky hydrophobic moiety at C8, were validated
as potent and selective GBA inhibitors in cultured cells and developing zebrafish larvae.
Moreover, these CP analogues selectively inhibit GBA in the brain of adult zebrafish. Overall,
this chapter demonstrates the applicability of enzymatic assays and ABPs as tools to study
zebrafish glycosidase enzymes as well as the attractive features of the zebrafish animal model
for evaluating drug potency, specificity and biodistribution, in particular brain permeability.
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Introduction

The lysosomal enzyme glucocerebrosidase (GCase or GBA, EC 3.2.1.45) is a retaining
B-glucosidase that degrades the glycosphingolipid, glucosylceramide (GlcCer). Inherited
deficiency of GBA is the cause of autosomal recessive Gaucher disease (GD)!. Most GD
patients display heterogeneous symptoms including spleen and liver enlargement, bone
deterioration, anaemia, leukopenia, and thrombocytopenia, while some patients also
develop fatal neurological symptoms?.

Research on GD has been hampered by the premature death of mice with a complete
genetic abrogation of GBA. Therefore, on-demand GBA deficiency have been generated
by treatment of animals with conduritol B epoxide (CBE 1, Figure 1A)**. CBE is a cyclitol
epoxide that covalently and irreversibly reacts with the catalytic nucleophile of GBA and
thus inactivates the enzyme irreversibly (Figure 1B). The crystal structure of GBA with
bound CBE confirmed the covalent linkage of the compound to the catalytic nucleophile
Glu 340°%7. Building on the initial work by Kanfer and co-workers, a regimen using different
doses of CBE has been established to generate a phenotypic copy of neuronopathic GD in
mice*5%, This pharmacological model is widely used to study the nature of neuropathology
resulting from GBA deficiency, including Parkinsonism®,

A major advantage of CBE’s pharmacological use in cultured cells and mice is its
tunability: the extent of GBA inactivation can be adjusted by variation of the inhibitor
concentration and/or exposure time*. However, distinct treatment regimens across
studies have been reported: exposure of cells ranging from 50 uM to 100 mM CBE for 2
hours up to 60 days'?*?*® and daily exposure of mice from 25 to 300 mg per kg body weight
during 2 hours up to 36 days®. The use of a high CBE concentration raises concerns about
specificity since the compound has been reported to inhibit other glycosidases than GBA
at high concentrations. Examples are in vitro inhibition of retaining a-glucosidases (EC
3.2.1.20)*2, in vitro?? and in situ® cell inhibition of the non-lysosomal glucosylceramidase
(GBA2, EC 3.2.1.45), and inhibition of the lysosomal B-glucuronidase (GUSB, EC 3.2.1.31) in
mice?*. The reactivity of CBE towards both B- and a-glucosidases can be explained by the
C2-symmetry found in its structure® (Figure 1A), which allows reaction with the catalytic
nucleophile of both classes of enzymes. Another structurally related cyclitol epoxide,
cyclophellitol (CP 2, Figure 1A), is a structurally closer B-glucose mimic and inhibits GBA
with far higher affinity than CBE?*%. It exhibits selectivity over a-glucosidases due to the
C5-hydroxymethyl group?*28, and was also shown to induce Gaucher phenotypes in mice?.
However, its reactivity in vivo towards GBA2 and other glycosidases is unknown. Recently,
CP derivatives have been functionalized with a fluorescent substituent at C8 (3a-e, Figure
1A). The generated cyclophellitol-epoxide activity-based probe (ABP 3) showed very potent
and selective reactivity towards GBA and was used to visualize and monitor GBA activity in
vitro, in situ and in vivo?®?°,
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Next, a configured cyclophellitol-aziridine tagged with a fluorophore was developed
which enabled labelling of all retaining B-glucosidases (ABP 4)®*. To date, a library of
ABPs is available labelling a range of retaining glycosidases (Figure 1A), including ABPs
targeting B-glucuronidase (GUSB, ABP 5%') and a-glucosidase (GAA and GANAB, ABP
632) as well as ABPs functionalized with different fluorophores (Figure 1C). It has been
previously established that the CP derivative, functionalized with a BODIPY group, does not
penetrate the brain sufficiently?®. Changing the fluorescent BODIPY substituent to a simple,
hydrophobic moiety at C8 (inhibitors 3d and 3e, Figure 1C) is thought to preserve the high
potency and selectivity of the inhibitor, while improving GBA inactivation in the brain. This
would make them suitable for generating chemically-induced neuropathic Gaucher disease

models.
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(A) Top panel: Chemical structures of Conduritol B epoxide (CBE), cyclophellitol (CP), CP-configured ABPs (ABP 3a-
c) and CP-derived inhibitors (3d,e). Lower panel: ABP labelling GBA and GBA2 (ABP 4a-c), GUSB (ABP 5c) and GAA
and GANAB (ABP 6a and 6c) (B) Reaction mechanism of CBE binding to B-glucosidase. (C) Chemical structures of
R-groups in A: Bodipy Green (a), Bodipy Red (b), Cy5 (c), biphenyl (d) and adamantane moiety (e).

This chapter describes a systematic study of the in vitro and in vivo potency and selectivity
of CBE, CP and CP derivatives using cultured cells and developing zebrafish larvae. Both
enzymatic assays, employing specific fluorogenic substrates, and competitive activity-based
protein profiling (cABPP) using a library of ABPs (Figure 1A, ABPs 3-6) are used. Finally, two
CP derivatives, one with a BODIPY-substituent at C6 (compound 3a) and the other with
a hydrophobic group (compound 3e), were administered to adult zebrafish to assess the
penetration and target engagement of these inhibitors in the brain.
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Results

A competitive ABPP method to determine GBA target engagement of CBE and CP

ABP 4c was used in a competitive ABPP method to assess the irreversible occupancy of
the catalytic nucleophile of GBA after pre-incubation with CBE 1 or CP 2. As a validation,
competition of ABP labelling by CBE and CP was compared to the loss of GBA activity
measured using the artificial fluorogenic substrate, 4-methylumbelliferyl-B-glucoside®.
For this, recombinant human GBA (rGBA) was pre-incubated with CBE across a range of
concentrations at 37 °C for 0, 30 and 180 minutes®*. Subsequent labelling of GBA by ABP 4c
enabled quantification by SDS-PAGE and fluorescence scanning. IC_; values (concentrations
of inhibitor yielding a 50% reduction of ABP 4c labelling) were determined and found to be
26.6 UM at 30 min CBE preincubation, and 2.30 uM at 180 min pre-incubation (Figure 2A).
These values match the ones determined by measurement of residual enzymatic activity of
the GBA assay (Figure 2A, lower right panel), validating the competitive ABPP methodology.
Next, CP was comparably studied using rGBA and its IC_ values determined by cABPP were
0.15 uM at 30 min pre-incubation and 0.03 uM at 180 min pre-incubation, comparable to
values determined by enzymatic assay (Figure 2B).
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(A) Representative gel images of rGBA pre-incubated with CBE (10.000-0,1 puM) for 30 min or 180 min and
fluorescently labelled with ABP 4c. Fluorescent signals were quantified and normalized to the untreated sample
(ctrl, 0 uM CBE) (bottom left) and compared to the inhibition curves obtained with enzymatic assay (bottom right).
(B) Same as A, with CP at 10-0.001 pM. Error ranges in enzymatic assay = + SD, n = 3 (technical replicates).

Selectivity of CBE and CP in cultured cells

Next, the targets of CBE and CP were evaluated in intact cultured human cells and zebrafish
larvae. These biological materials contain besides GBA the candidate off-target glycosidases:
GBA2, a-glucosidases (GAA and GANAB), and lysosomal B-glucuronidase GUSB. For each of
these enzymes ABPs have been designed, and enzymatic activity assays with fluorogenic
substrates established3®32. Of note, ABP 4 allows simultaneous visualization of active GBA
(58-66 kDa) and GBA2 (110 kDa) following SDS-PAGE analysis.
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First, HEK293T cells overexpressing GBA2 were exposed to different concentrations of
CBE (0.1 uM-10 mM) or CP (0.001 — 10 uM) for 24 h. The residual amount of GBA, GBA?2,
GAA, GANAB and GUSB that can still be labelled with the appropriate ABPs (Figure 1C) was
determined in the exposed cell lysates (Figure 3A and D for CBE and CP respectively).

For CBE, competitive ABPP showed that besides GBA, all other candidate off-target
enzymes are inactivated but with marked lower affinity: GBA (IC, = 0.59 uM), GBA2
(IC,, = 315 uM), GAA (IC, = 249 uM), GANAB (IC,, = 2900 uM) and GUSB (IC, = 857 puM)
(Figure 3B, Supplementary Figure 1A and Supplementary Table 1). Comparable results
were obtained by determination of residual enzyme activities: GBA (IC_, = 0.33 uM), GBA2
(IC,, =272 uM), GAA (IC,, = 309 uM), GANAB (IC, = 1580 uM) and GUSB (IC., = 607 uM)
(Figure 3C and Supplementary Figure 1B). CP is a much more potent inhibitor of GBA®
and reported to inhibit poorly a-glucosidases in vitro?’. However, the in vivo reactivity
of CP towards other glycosidases has not been thoroughly investigated. To compare the
selectivity windows of CP to the ones of CBE, the concentration range of CP was chosen at
0.001-10 uM for cultured cells. As determined by the competitive ABPP method, CP was
found to inhibit GBA2 on a par with GBA in cells overexpressing GBA2 upon incubation with
varying inhibitor concentrations (0.1-10 uM CP) for 24 hours (Figure 3D-F).
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(A, D) Representative gel images (1 set from n = 3 biological replicates) showing fluorescent ABP labelling of GBA,
GBA2, GAA, GANAB, and GUSB in lysates of cells treated in vivo for 24 h with CBE (A) and CP (D) respectively. (B, E)
Quantification of relative ABP labelling of GBA and GBA2 in lysates of cells treated in vivo for 24 h with CBE (B) and
CP (E) respectively. (C, F) Residual activities of GBA and GBA2 in cell lysates treated in vivo with CBE (C) and CP (F).
Error ranges = + SD, n = 3 (technical replicates).

IC,, values of CP for blocking ABP labelling were 0.063 uM for GBA and 0.154 uM for
GBAZ2 (Figure 3E and Supplementary Table 1), which was comparable to results obtained
by determination of residual enzymatic activities of GBA and GBA2 measured with the
fluorogenic 4Mu substrate (Figure 3F). No reduction of ABP labelling of GAA, GANAB and
GUSB was observed in lysates of cells incubated for 24 h up to 10 uM of CP (Figure 3D).
The apparent IC50 values of CP for the other glycosidase enzymes exceeded at least 10 uM
(Supplementary Table 1 and ref.®).
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In vivo targets of CBE and CP in zebrafish larvae

Next, the in vivo target engagement of CBE and CP was studied in intact zebrafish larvae.
Fertilized zebrafish eggs (0 days post-fertilization (dpf)) were exposed for five days to CBE
(1 uM-=100 mM) or CP (0.001-100 uM) supplemented to the egg water. The larvae were
collected, lysed, and analysed by the competitive ABPP method. Exposure to 100 mM CBE
was found to reduce ABP labelling of all five glycosidases (Figure 4A and Supplementary
Figure 2A). The IC, values determined by the competitive ABPP method were: GBA (IC,
= 44.1 uM), GBA2 (IC,, = 890 uM), GAA (IC,, = 9550 uM), GANAB (IC,, = 4700 pM) and
GUSB (IC,, = 6470 uM) (Supplementary Figure 2A and Supplementary Table 1). Thus,
inactivation of GBA in zebrafish larvae takes place 20-fold more avidly than that of GBA2
and 100- to 200-fold more potently than that of GAA, GANAB and GUSB. Analysis of
residual enzymatic activity of the various enzymes gave similar results (Supplementary
Figure 2B). Analysis by enzymatic assay revealed that exposure of the animals to 10 mM
CBE did not lead to significant inactivation of other glycosidases (a- and B-mannosidase,
N-acetyl a-galactosidase, B-hexosaminidase, a-fucosidase and /a-iduronidase) except for
B-galactosidase (IC., = 11.2 mM) and a-galactosidase (IC,, = 22.5 mM) (Supplementary
Figure 2B). Exposure of zebrafish to CP (5 days at 1-100 uM) also comparably competed
GBA and GBA2 labelling, but not that of GUSB, GAA and GANAB (Figure 4B). This finding
was again supported by results obtained from measurement of residual enzymatic activities
(Supplementary Figure 2B).
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Zebrafish embryos were incubated with (A) CBE 0.001-10 mM) or (B) CP (0.001-100uM) from 8-120 hours before
lysis and subjection to ABP labelling with appropriate ABPs.
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Potency and selectivity of functionalized cyclophellitol inhibitors

From the noted lack of selectivity of CP with respect to inactivation of GBA and GBA2, it
is obvious that CP does not allow generation of specific GBA-deficiency in cell and animal
models. Functionalized cyclophellitol compounds bearing a fluorescent moiety at C8 have
been described as highly potent and selective inhibitors for GBA%. Cyclophellitols bearing a
simple but bulky hydrophobic moiety at C8, either a biphenyl (compound 3d) or adamantyl
moiety (compound 3e) were synthesized to generate superior potent and selective GBA
inhibitors, with the potential ability to penetrate the brain.

First, the in vitro activity and selectivity of these two functionalized cyclophellitol
compounds were evaluated towards GBA and the two major off-target glycosidases of
CBE and CP: GBA2 and GAA. The inhibitors were preincubated with recombinant human
GBA (rGBA, Cerezyme), human GBA2 (from lysates of GBA2 overexpressed cells) and
recombinant human GAA (rGAA, Myozyme) for 3 h, followed by enzymatic measurements.
Both compound 3d and 3e were nanomolar inhibitors of rGBA (IC, = 1.0 nM), which were
4000-fold more potent than CBE 1 (Table 1). In contrast to CBE and CP, both compound 3d
and 3e were rather inactive toward GBA2 and GAA (IC, > 100 uM), thus making them 4000
times and 200 times more selective than for example CBE 1 (IC_; ratio = 23.6 for GBA2/GBA
and 444 for GAA/GBA, Table 1).

Apparent IC, values for in vitro inhibition of GBA, GBA2 and GAA in recombinant enzymes (rGBA and
rGAA) or overexpressed cell lysates (GBA2) by compounds CBE 1, CP 2, ABP 3a, ABP 3¢, 3d and 3e measured as
residual glycosidase activity. Error ranges depict standard deviations from biological triplicates.

ABP 3¢ 3d 3e

In vitro CBE 1 (nM) CP2(nM) ABP 3a(nM) (nM) (nM) (nM)
rGBA 4,280 29.6 1.20 3.20 1.06 0.96

+500 +2.40 +0.30 +0.17 +0.19 +0.17
GBA2 101,000 29.7 >10° 412,000 + >10° >10°
(HEK293T lysates)  + 20,100 +3.13 10,100
rGAA 1,900,000+  >10° >10° >10° >10° >10°

192,000

Ratio (in vitro)
GBA2/ GBA 24 1 >10° > 10" >10° >10°
GAA/ GBA 444 >10° >10° >10° >10° >10°

As for CBE 1 and CP 2, the in vivo activity of compounds 3d and 3e was evaluated by addition
of the compounds to the swimming water of developing zebrafish embryos. After 5 days
of incubation at 28 °C, larvae were homogenized and enzyme selectivity was analysed by
appropriate competitive ABP labelling. Quantification of ABP-labelled bands revealed that
compounds 3d and 3e had in vivo apparent IC_  values towards GBA of 4-6 nM and that
they were 5-70-fold more potent than ABP 3a or 3c and 7500-fold more potent than CBE 1
(Table 2). Potential off-target glycosidases such as GBA2, LPH, GAA, GANAB and GUSB were
not identified with compounds 3d and 3e%.
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Apparent IC, values for in vivo inhibition in 5-day treated zebrafish embryos with compounds 1, 2, 33, 3c,
3d and 3e as evaluated by quantification of residual labelling using appropriate ABPs. Error ranges depict standard
deviations from n = 12-24 individuals.

In vivo CBE 1 (nM) CP2 ABP 3a (nM) ABP 3c 3d 3e
Danio rerio larvae (nM) (nM) (nM) (nM)
GBA 4.41 x10°' 83 31.6+8.88 284+31.5 5.85%2.44 3.9410.21
GBA2 8.90 x10° 59 >10° > 10 > 10 >10°
GAA 9.55 x10° >10° > 10" > 10 > 10 > 10"
Ratio (in vivo)
GBA2/ GBA 22 0.714 >316 >35 >1710 > 2540
GAA/ GBA 233 >120 > 316 >35 >1710 > 2540
In vivo 3d (uM) In vivo 3e (uM)
S
on &S ondS
SN SIS ITs O~ IS
250 kDa
LPH» , 150
GBAZ>| - —— —— - H100
GBA» - o onun | 70
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150 kDa
100
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ABP 3¢ Fluor.! 50

Zebrafish embryos were incubated with compound 3d and 3e (0.001-10 uM) from 8-120 hours before lysis and
subjection to ABP labelling with broad-spectrum retaining B-glucosidase ABP 4c, targeting GBA, GBA2 and LPH,
and selective GBA ABP 3c as readout.

Impact of inhibitors on glycosphingolipids accumulation in treated zebrafish larvae

Next the functional impact of the GBA inhibitors was evaluated by exposing embryos for
5 days to CBE, CP or the functionalized CP compounds. In vivo inactivation of GBA leads
to compensatory formation of glucosylsphingosine (GlcSph) by acid ceramidase-mediated
conversion of accumulating GlcCer in lysosomes and such accumulation of GlcSph is a
biomarker of the inactivation of GBA®**%. The exposure of zebrafish larvae to CBE 1, CP 2
and functionalized cyclophellitol ABP 3a and compounds 3d and 3e led to pronounced
accumulation of GlcSph. A 4-fold increase in the case of 1000 uM CBE 1 and 6-fold
increase at 10 puM CP 2 was observed while ABP 3a and inhibitors 3d and 3e reached a
10-30-fold elevation in the level of GlcSph using only 0.1-10 uM of inhibitor (Figure 6).
Thus, the observed in vivo target engagement of GBA according to ABP detection was
confirmed by the accumulation of GlcSph at comparable inhibitor concentrations. However,
reaching similar GlcSph levels in the zebrafish with CBE 1 required 100-10000-fold higher
concentration in contrast to compounds 3d and 3e, concentrations at which GBA2 and GAA
may also be targeted (Figure 4 and Table 2).
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Glucosylsphingosine levels in zebrafish embryos treated for 5 days with inhibitors CBE 1, CP 2, ABP 3a,
compounds 3d or 3e. Error ranges depict standard deviations from n = 3 individuals. * P < 0.5, *** P <0.001.

Brain permeability of functionalized cyclophellitol inhibitors

Finally, brain penetration of the new cyclophellitol inhibitors was evaluated, a crucial feature
for their future application in the study of neuropathic Gaucher disease and Parkinson’s
disease. Adult zebrafish of 3 months’ age were treated with DMSO, ABP 3a or compound
3e (1.6 nmol/fish, approximately 4 umol/kg) administered via food intake, and after 16 h
brains and other organs were isolated, homogenized, and analysed by ABP labelling using
appropriate ABPs for GBA, GBA2, GAA, GANAB and GUSB. Labelling of brain homogenate
of adult zebrafish with ABP 3c resulted in considerable GBA labelling in control and ABP 3a
treated fish, but no labelling in brain homogenates from fish treated with compound 3e
(Figure 7A).
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Adult zebrafish were treated with DMSO, ABP 3a or compound 3e and in vivo target engagement was visualized by
labelling with (A) selective GBA ABP 3c or (B) broad-spectrum retaining B-glucosidase ABP 4c labelling GBA, GBA2
and GBA3.

Labelling by the broad-spectrum B-glucosidase ABP 4c showed that GBA2 was not a
target of compound 3e (Figure 7B), nor was the lower running band (48 kDa), which we
hypothesize to be the cytosolic B-glucosidase, GBA3. We noted that the expression level of
this protein is likely variable among individual fish, as 4 out of 6 fishes in the control group
lacked this band. ABP labelling of other glycosidase targets, such as GAA, GANAB and GUSB,
were not affected either®. In the visceral organs (both liver and spleen), both ABP 3a and
compound 3e selectively abrogated GBA while not affecting the labelling of other tested
glycosidases (Supplementary Figure 3 and ref. 36).
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Discussion

Zebrafish offer attractive features for pharmacological screenings. Hundreds of fertilized
eggs can be easily obtained and their ex-vivo, rapid embryogenesis and organ development
as well as small size have enabled researchers to study the effects of various small molecules
in a whole organism in a relatively high throughput manner®3%*, Off-target effects can have
detrimental consequences, not only in the process of drug discovery and development
but also in fundamental research when pharmacological modulation is used to study the
molecular basis of a human disorder in a model organism. On-demand GBA deficiency
has been used to study GD in mouse models, however concerns about potential off-target
effects have been raised when using high concentrations of the established GBA selective
inhibitors CBE and CP. In the present study, developing zebrafish larvae were used to
determine the in vivo potency of CBE and CP as well as in-house synthesized CP derivatives
and to evaluate their dose-dependent target engagement.

First of all, it is noteworthy to mention that the same tools can be used for the study
of glycosidases in zebrafish as for cellular and mouse samples. In chapter 2 it was shown
that the catalytic features of zebrafish GBA could be studied using the artificial 4MU-B-Glc
substrate and this chapter revealed that it was possible to evaluate enzymatic activity of
other glycosidases by use of their corresponding fluorogenic substrates. In addition, the
library of fluorescent ABPs provide a complementary method for activity assessment and
visualization of active retaining glycosidases. The ABPs bind in a mechanism-based manner
and the required nucleophilic and acid base residues are generally conserved across
species. Therefore ABPs have not only been found to react with retaining glycosidases of
mammals, but also with those from zebrafish, plants, bacteria and fungi®®4®*2, In contrast,
none of the in-house available commercial glycosidase antibodies were found to react with
the respective enzyme from zebrafish materials, including tested antibodies for GBA, GBA2,
a-galactosidase A and galactocerebrosidase (data not shown). Modification of the reporter
tag of the ABP enables researchers to visualize active enzyme by means of a fluorescent
tag in combination with in-gel fluorescence scanning or fluorescence microscopy®?,
while affinity tags allows the enrichment and identification of target enzymes by chemical
proteomics approaches *3. Zebrafish research could profit extensively from the use of ABPs.
Mechanism-based ABPs, as well as affinity-based ones, have been developed for other
enzyme classes including serine hydrolases*#, kinases*, proteases* and subunits of the
proteasome®,

Another advantage is that the ABP only reacts with an active enzyme, thereby
enabling evaluation of selectivity and potency of small molecules by an approached
called competitive activity-based protein profiling (cABPP). This approach was adopted in
this study to verify the use of zebrafish larvae as whole organismal model to study target
engagement of GBA inhibitors. The apparent IC_, values of zebrafish larvae were compared
to those obtained in cultured cells, using both activity measurements with fluorogenic
substrates as well as cABPP in parallell.
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In general, inhibitors were approximately 5-fold more potent in cultured cells compared to
developing zebrafish larvae (CBE: 0.6 uM vs 44 uM and CP: 15 nM vs 83 nM for cultured
cells and zebrafish larvae respectively). The observed selectivity of CBE and CP was similar
in cultured cells and developing zebrafish larvae. Non-lysosomal B-glucosidase GBA2 and
the lysosomal a-glucosidase GAA were determined as off-targets of CBE both in cultured
cells overexpressing GBA2 and in developing zebrafish larvae upon incubation with high
concentrations of CBE. A selective window for in vivo GBA inactivation was apparent of 0.6-
315 uM for cultured cells and 44-890 uM for zebrafish larvae (Figure 8). Such selectivity has
also been observed in brain of mice treated with a low and high concentrations of CBE®®.
CP showed potent GBA inactivation both in cultured cells and zebrafish larvae, however
this compound also inactivated GBA2 with comparable potency. Therefore this inhibitor
presents a small GBA selective window for cultured cells and none for zebrafish larvae
(Figure 8).
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Inhibition curves for CBE or CP towards GBA and other glycosidases were derived from the results of ABP detection
(average of n = 3 biological replicates). The GBA selective window is depicted as the blue area between the two
dotted lines and defined as the concentration range for CBE or CP between its IC, values towards GBA and the
next major glycosidase target (in all cases, GBA2).

The CP derivatives, functionalized at C8 with a BODIPY (3a), biphenyl (3d) or adamantyl
(3e), displayed both a very high potency and selectivity for GBA inactivation in developing
zebrafish larvae. Apparent IC  values of 4-31 nM were determined and no subsequent
effect on in vitro ABP labelling of GBA2, LPH, GAA, ER a-glucosidase GANAB or lysosomal
B-glucuronidase (GUSB) even at high concentrations of inhibitor (>10 uM). Overall, these
results show comparable in vivo potency and selectivity in cultured cells and developing
zebrafish larvae. A slightly higher potency was again observed using cultured cells, however
this could be explained by the route of administration, possible storage of the small
molecule in the lipid- and protein rich environment of the yolk (unpublished observations
of Wouter Kallemeijn) as well as the complexity of the zebrafish embryo which includes
different cell types.
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Next, the physiological impact of GBA inactivation was studied by glycosphingolipid analysis.
Inhibitor treated zebrafish revealed accumulation of GlcSph, a biochemical biomarker
of in vivo inactivation of lysosomal GBA. Only a minor significant increase in GlcSph was
observed when high concentrations of CBE (1000 uM) and CP (10 uM) were used, while
the CP derivatives significantly increased GlcSph levels already at low concentrations (0.1-1
KUM). GlcSph levels are also highly elevated in human GD patients *, mouse GD models®®
and zebrafish genetic gba knockouts (Chapter 5°). In the latter study it became obvious
that incubation with a relatively high concentration (10 uM) of the CP derivative 3e
showed higher GlcSph levels as compared to the genetic gha” larvae. It became apparent
that genetic gba KO larvae have maternally derived GBA enzyme in their early life, which
was also inactivated by treatment with compound 3e®'. Due to the easy and throughput
administration, compound 3e is used extensively throughout this thesis to study GBA
deficiency in a variety of genetic backgrounds. In addition, no genotyping of the off-spring
is necessary, as for the genetic gba zebrafish in chapter 5, and all treated off-spring have a
GBA deficiency. This could accelerate and simplify the process of sample preparation at 5
dpf.

The use of the selective and potent BODIPY functionalized ABP 3a has been hampered by
its inability to inactivate GBA in the brain?. As final part of the present study, the newly
synthesized CP derivatives were administered to adult zebrafish to evaluate their brain
penetration. As expected, ABP 3a showed inactivation of GBA activity in the spleen and
liver but limited inactivation of GBA in the brain, as has already been observed in mice?>2®,
The limited penetration into the brain of the BODIPY ABP can be likely attributed to active
removal via Pgp proteins®2. Compound 3e, on the other hand, showed complete inactivation
of GBA in the liver, spleen and brain without inhibition of off-target proteins. Of note, the
CP derivative modified with a Cy5 molecule at C8 (3c) was a very potent inhibitor of GBA in
vitro and in developing zebrafish larvae, however no inactivation of GBA was neither found
in brain, liver or spleen and accumulation in the gut was observed (unpublished data).

In conclusion, this study has shown that both zebrafish larvae and adult zebrafish are helpful
models to evaluate the potency and target engagement of small molecule inhibitors of
GBA. In addition, it has determined that compound 3e is a superior GBA inhibitor enabling
generation of a GBA deficiency, both on-demand in the brain and without any off-target
effects, to assist research in the context of neuropathic GD and PD.
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(A) Quantification of gels from Figure 4. (B) Residual activity of glycosidases by enzymatic assay. Error range = + SD,

n = 2 technical replicates
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Cultured cells were incubated for 24 hours and developing zebrafish for 5 days. Apparent IC, values (uM) were
derived biological triplicate incubations as measured by quantification of in vitro ABP labelling on residual active
enzymes. — indicates no inhibition at the tested concentrations. Error ranges = + SD, n = 3 biological replicates.

CBE 1 (uM) CP 2 (uM)
Enzyme Cultured cells ZF larvae Cultured cells ZF larvae
GBA 0.59+0.3 44.1 0.063 £ 0.026 0.083
GBA2 315+63 890 0.154 +£0.07 0.059
GAA 249 +84 9550 - -
GANAB 2900 + 1120 4700 - -
GUSB 857 +341 6470 - -
Liver/spleen Cntr ABP 3a 3e Cntr ABP 3a 3e
#individual 1 2 3 4 5 6 7 8 9 M #Individual 1 2 4 5 6 7 8 9
GBA2 »
GBA ™ GBA™
In vitro readout: ABP 3¢ In vitro readout: ABP 4c

DMSO (cntr) or compound soaked food was administered to adult zebrafish and in vivo target engagement was
visualized by in vitro labelling of liver/spleen homogenates with selective GBA ABP 3c (left) or broad-spectrum
retaining B-glucosidase ABP 4c labelling GBA, GBA2 and GBA3 (right).
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Experimental procdedures

General materials and methods - Cyclophellitol (CP), the CP derivatives 3d and 3e and the ABPs 3a-c, 4,
5 and 6 were synthesized as described earlier?®3%323%5 Chemicals were obtained from Sigma-Aldrich
(St. Louis, MO, USA) if not otherwise indicated. Conduritol B-epoxide (CBE) was purchased from Enzo
Life Sciences (Farmingdale, NY, USA). Recombinant GBA (rGBA, imiglucerase) and recombinant human
GAA (rGAA, alglucosidase alfa, Myozyme) were obtained from Sanofi Genzyme (Cambridge, MA, USA).
HEK293T cells overexpressing human GBA2 were generated as previously described® and cultured in
DMEM medium (Sigma-Aldrich) supplied with 10% (v/v) FCS, 0.1% (w/v) penicillin/streptomycin, and
1% (v/v) Glutamax, under 5% CO,.

Zebrafish housing and embryo incubations — Zebrafish were housed at the University of Leiden, the
Netherlands, according to standard protocols (zfin.org). The breeding of fish lines was approved by
the local animal welfare committee (Instantie voor dierwelzijn, IvD, Leiden). Adults, embryos and
larvae were kept at a constant temperature of 28.5 °C. Embryos and larvae, before the free-feeding
stage, not falling under animal experimentation law according to the EU animal protection Directive
2010/63/EU, were raised in egg water (60 pg L—1 sea salt, Sera marin). Synchronized wild-type ABTL
zebrafish embryos were acquired after mating of single male and female couples (both > 3 months
old) and incubated with appropriate inhibitors as described below.

Preparation of homogenates - Homogenates of cells and zebrafish were prepared by lysis in potassium
phosphate lysis buffer (25 mM KH,PO,-K ,HPO,, pH 6.5, protease inhibitor cocktail (EDTA-free, Roche,
Basel, Switzerland) and supplemented with 2.5 U/mL benzonase for HEK293T cell homogenates).
Cell pellets from two 15-cm culture dishes were resuspended in 1200 pL lysis buffer, while 4puL lysis
buffer was used to homogenize 1 zebrafish larvae. Homogenates were prepared by sonication with
a Polytron PT 1300D sonicator (Kinematica, Luzern, Switzerland) on ice at 20% power for 3 times
3 s (zebrafish) or passed through a 30-gauge needle 10 times using a 1 mL syringe (HEK293T cells
overexpressing GBA2). Protein concentration was measured using Pierce BCA assay kit (Thermo
Fisher Scientific, Waltham, MA, USA).

Enzymatic assays - All assays were performed in 96-well plates at 37 °C for human and zebrafish
materials. For measurements in rGBA or rGAA, 3.16 ng of rGBA enzyme or 2.1 ng rGAA enzyme, while
for in-vitro measurements in GBA2-overexpressing cell lysates, 8 volumes of cell lysates (7ug total
protein/ uL) was used and firstly pre-incubated with 1 volume of ABP 3a (100 nM final concentration,
0.5% (v/v) DMSO) for 30 min at 37 °C to selectively inhibit GBA activity.

Samples were incubated with compounds (CBE 1, CP 2, ABP 3a, ABP 3¢, 3d or 3e) in a final volume of
25 pL, at pH appropriate for each enzyme, while DMSO concentration was kept at 1% (v/v) in all assays
during incubation with compounds. Assays were performed by incubating the samples with 100 uL
AMU- (4-methylumbelliferyl-) substrates diluted in Mcllvaine buffer (150 mM citric acid—Na2HPO4,
0.1% (w/v) bovine serum albumin) for a period of 30 min to 2 h and performed in duplicate sets, with
3 replicates at each inhibitor concentration. After stopping the substrate reaction with 200 uL 1M
NaOH-glycine (pH 10.3), 4MU-emitted fluorescence was measured with a fluorimeter LS55 (Perkin
Elmer, Waltham, MA, USA) using }\Ex 366 nm and )\EM 445 nm 8. Measured activities were subtracted
with background values (from samples without enzyme), normalized with the average values from
the control samples (no inhibitor), and curve-fitted to inhibitor concentrations using Prism 7.0
(Graphpad) by the [inhibitor] vs response— various slope (four parameters) method to obtain IC_|
values. The substrate mixtures used for each enzyme are listed as follows: GBA, 3.75 mM 4MU-B-
D-glucopyranoside (Glycosynth, Warrington Cheshire, UK) at pH 5.2, supplemented with 0.2% (w/v)
sodium taurocholate and 0.1% (v/v) Triton X-100, and 25 nM N-(5-adamantane-1-ylmethoxy-pentyl)-
deoxynojirimycin (AMP-DNM), a GBA2-specific inhibitor®>; GBA2, 3.75 mM 4MU-B-Dglucopyranoside
at pH 5.8, with pre-incubation with 1 uM ABP 3a for 30 min to specifically inhibit GBA activity;
a-glucosidases, 3 mM 4MU-a-D-glucopyranoside at pH 4.0 (GAA) or at 7.0 (GANAB), GUSB, 2 mM
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4MU-B-D-glucuronide at pH 5.0; a-galactosidases, 2 mM 4MU-a-D-galactopyranoside at pH 4.6;
B-galactosidases, 1 mM 4MUPB-D-galactopyranoside at pH 4.3 with 0.2 M NaCl; a-mannosidases,
10 mM 4MU-a-D-mannopyranoside at pH 4.0; B-mannosidases, 2 mM 4MU-B-D-mannopyranoside
(Glycosynth) at pH 4.2; B-hexosaminidase HexA, 5 mM 4MU-B-D6-sulpho-2-acetamido-2-deoxy-
glucopyranoside at pH 4.4; B-hexosaminidases HexA/B, 5 mM 4MU-B-N-acetylglucosaminide at pH
4.5; a-N-acetyl-galactosaminidase, 1 mM 4MU-a-N-acetyl-galactosaminide at pH 4.5; a-Lfucosidase,
1 mM 4MU-a-L-fucopyranoside at pH 5.0, a-L-iduronidase, 2 mM 4MU-a-L-iduronide (Glycosynth) at
pH 4.0; GBA3, 3.75 mM 4MU-B-D-glucopyranoside at pH 6.0.

Fluorescent ABP labelling and detection - Residual active, not irreversibly inhibited glycosidases were
labelled with excess fluorescent ABPs in the optimum Mcllvaine buffer, if not otherwise stated (see
above). ABP labelling was performed at 37 °C for 30 min for all materials, in a total sample volume of
20-40 pL and 0.5-1% DMSO concentration. GBA was labelled with 200 nM ABP 3b (pH 5.2, 0.1% (v/v)
Triton-100, 0.2% (w/v) sodium taurocholate), or labelled together with GBA2 using 200 nM B-aziridine
ABP 4c at pH 5.5. GBA2 was labelled with 200 nM B-aziridine ABP 4a, 4b or 4c. The a-glucosidases
GAA and GANAB were first pre-incubated with 200 nM ABP 4a for 30 min (pH 4.0 for GAA and pH 7.0
for GANAB), followed by labelling with 500 nM ABP 6a or 6c at pH 4.0 or 7.0. The B-glucuronidase
GUSB was preincubated with 200 nM ABP 4a for 30 min, followed by labelling with 200 nM B-aziridine
ABP 5c. After ABP incubation, proteins were denatured by boiling the samples with 5x Laemmli buffer
(50% (v/v) 1 M Tris-HCl, pH 6.8, 50% (v/v) 100% glycerol, 10% (w/v) DTT, 10% (w/v) SDS, 0.01% (w/v)
bromophenol blue) for 5 min at 98 °C, and separated by electrophoresis on 7.5% or 10% (w/v) SDS-
PAGE gels running continuously at 90 V283032 Wet slab-gels were scanned on fluorescence using the
Typhoon FLA 9500 (GE Healthcare) at A, 473 nm and A, 2 510 nm for green fluorescent ABP 4a and
6a; at A, 532 nm and A, 2 575 nm for ABP 3b and 4b; and at A, 635 nm and A, 2 665 nm for ABP
4c, 5¢ and 6¢. ABP-emitted fluorescence was quantified using ImageQuant software (GE Healthcare,
Chicago, IL, USA) and curve-fitted using Prism 7.0 (Graphpad). After fluorescence scanning, SDS-PAGE
gels were stained for total protein with Coomassie G250 and scanned on a ChemiDoc MP imager (Bio-
Rad).

In vivo effects of CBE and CP in intact cultured cells - Confluent HEK293T stably expressing human
GBA2 were cultured in 12-well plates in triplicates with(out) CBE (0.01-10,000 uM) or CP (0.001-10
uM) for 24 h at 37 °C. For lysis, cells were washed three times with PBS, subsequently lysed by
scraping in potassium phosphate buffer (K2HPO4-KH2PO4, 25 mM, pH 6.5, supplemented with
0.1% (v/v) Triton X100 and protease inhibitor cocktail (Roche)), aliquoted, and stored at —80 °C. After
determination of the protein concentration, lysates containing equal protein amount (5-20 pg total
protein per measurement) were adjusted to 12 pL with potassium phosphate buffer and subjected to
residual activity measurements using enzymatic assay (n = 3 technical replicates for each biological
triplicate at each treatment condition) or ABP detection (n = 3 biological replicates) as described
above.

In vivo effects of inhibitors in living zebrafish larvae - For in vivo inhibitor treatment, a single fertilized
embryo was seeded in each well of a 96-wells plate, and exposed to 200 uL egg water supplemented
with CBE (1-100,000 uM), CP (0.001-100 puM), ABP 3a (0.001-10 uM), ABP 5 (0.0001-10uM), inhibitor
3¢ (0.001-10 puM) or 3e (0.001-10uM) with a final DMSO concentration of 0.5% (v/v) for 120 hours
at 28.5 °C. Per condition, n = 24-48 embryos were used. At 120 hours (5 dpf), larvae were collected,
rinsed three times with egg water, fully aspirated, snap-frozen in liquid nitrogen and stored at —80
°C until homogenization in 4 pL potassium phosphate buffer per individual zebrafish as described
above. Samples containing 20-45 g total protein were subjected to the enzymatic assay described
in the previous section or diluted in 14 pL lysis buffer, added with Mcllvaine buffer at various pHs
and subjected to ABP detection at a final volume of 32 pL for 30 min at 37 °C using ABP methods
described above.
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In vivo activity of inhibitors in adult zebrafish - Surplus wild-type adult zebrafish of 3 months of age
were administrated with a single dose of food grain mixed with DMSO, ABP 3a or inhibitor 3e (1.6
nmol/fish, approximately 4 umol/kg, n = 3 for each treatment) in n = 2 sets, according to project
licence AVD1060020184725,1-04. An initial experiment was performed with 3 adult zebrafish and the
effect was confirmed by additional 3 individuals per experimental condition. Zebrafish were sacrificed
after 24 h using tricaine methane sulfate (MS222; 250 mg/L), organs were harvested, snap-frozen
in liquid nitrogen and stored at -80°C until use. Food grain consisted of Gemma micro mixed with
Gemma diamond (Skretting, Stavanger, Norway). Lysis was performed with 50 pL lysis buffer (without
benzonase) per sample, and lysates containing 20—60 pg total protein were analysed by ABP method
for GBA, GBA2, GAA, GANAB, and GUSB.

Sphingolipid extraction and analysis by mass spectrometry in zebrafish larvae - Zebrafish embryos
at 8 hpf were seeded in 12-well plates (15 fish/well, 3 mL egg water/well) and treated with CBE 1
(10-1,000 pM), CP 2 (0.01-10 pM), inhibitor 3d (0.001-10 pM) or 3e (0.001-10 pM) for 120 hours
at 28.5 °C. Thereafter, zebrafish larvae were washed three times with egg water, and collected in
clean screw-cap Eppendorf tubes (three tubes of three larvae per inhibitor concentration). Lipids
were extracted and measured according to methods described previously*®. Briefly, after removing
of the egg water, 20 uL of 13C-GlcSph>” from concentration 0.1 pmol/uL in MeOH, 480 uL MeOH, and
250 plL CHCI, were added to the sample, stirred, incubated for 30 min at RT, sonicated (5x 1 minin
sonication water bath), and centrifuged for 10 min at 15,700 g. Supernatant was collected in a clean
tube, 250 pL CHCI, and 450 uL 100 mM formate buffer (pH 3.2) were added. The sample was stirred
and centrifuged, the upper phase was transferred to a clean tube. The lower phase was extracted
with 500 uL MeOH and 450 pL formate buffer. The upper phases were pooled and taken to dryness
in a vacuum concentrator at 45 °C. The residue was extracted with 700 uL butanol and 700 pL water,
stirred and centrifuged. The upper phase (butanol phase) was dried and the residue was dissolved
in 100 puL MeOH. 10 pL of this sample was injected to the LC-MS for lipid measurement with LC-MS/
MS methods described previously®®. Two-tailed unpaired t-test was performed in Prism 7.0 software
(Graphpad) to derive statistical significance, where p < 0.05 was considered significant.
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Abstract

he CRISPR/Cas9 system enables a relatively easy manner of specific genome-editing in

cells and organisms. This chapter describes the genome-editing approaches underlying

the zebrafish loss-of-function mutants characterized in subsequent experimental
chapters. First of all, a detailed protocol for the generation of CRISPR/Cas9 modified
zebrafish is provided, including notes and considerations. Next, the protocol is applied to
generate zebrafish with a loss-of-function mutation in proteins involved in lysosomal storage
disorders. For the target proteins Gbal, Gba2, Gpnmb, Asahla, Asahlb, Npcl and CIn8,
information on chromosome location and obtained mutant gene- and protein sequences
of the zebrafish knockouts are provided. RNA expression and lipid analysis of mutant larvae
of Gpnmb, Npcl and CIn8 confirmed that functional gene knockout have been generated,
while the impact of defective Gbal, Gba2, Asahla and/or Asahlb is described in chapters
5,6and 7.
In addition, pilot experiments using the Tol2 transposase technique were undertaken
to introduce an exogenous target DNA sequence in the zebrafish genome. The coding
sequence of human GBA was introduced in the zebrafish gbal” genetic background. In
addition, the coding sequence of zebrafish prosaposin was introduced harbouring a point
mutation in the saposin C region thought to impair a disulfide bridge.
In conclusion, this chapter describes a relatively easy, straightforward and cheap method to
generate genome-edited zebrafish using CRISPR/Cas9 and Tol2 transposase technology. It is
advised to closely monitor the experimental steps to achieve high mutagenesis efficiencies
with low mortality rates and off-target effects. This could reduce the number of required
animals while maintaining a mixed genetic background.
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Introduction

In the twentieth century, knowledge on heredity increased with the rediscovery of Gregor
Mendel’s pea plant research, driving the elucidation of the structure of the double DNA
helix and cracking the genetic code!. It became apparent that DNA, including smaller or
bigger changes, is transmitted from parent to offspring and that these mutations can
have detrimental effects on the health state of the offspring. For years, understanding the
molecular mechanisms underlying human inherited disorders was limited by the inability to
specifically change the endogenous genome of model organisms*3. Early genome-editing
endeavours were labour intensive and not specific. Mutagenesis induced by the chemical
N-ethyl N-nitrosourea (ENU) required extensive screenings to determine a mutation in
a target gene without off-target effects. The spontaneous homologous recombination
technique, commonly used in mouse embryo-derived stem cells, was very inefficient and
also showed a high frequency of undesired genome-editing events?>.

A new era of specific genome-editing commenced when several new programmable
nucleases were developed starting with Zinc finger-Fokl nucleases (ZFNs), transcription
activator-like effector nucleases (TALENS) and, more recently, CRISPR-associated (Cas)
enzymes in combination with Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR). The first two techniques utilize protein fusions composed of the DNA cleavage
domain of Fokl endonuclease with multiple modules of either Zinc fingers* or TALE proteins®.
One particular module could recognize either a 3-bp DNA code (Zinc finger) or one single
base (TALE protein), which required combinatorial assembly of multiple modules. Re-design
and engineering of new sets of proteins for each target was one of the main limitations of
both techniques. Therefore, adaptation of the CRISPR/Cas system has revolutionized the
research community, enabling specific and facile genome editing for all researchers.

The CRISPR/Cas system has been adapted from an endogenous prokaryotic immune
response. CRISPRs and Cas enzymes are used by prokaryotes as adaptive immune system
to cleave invading foreign genetic elements®. Prokaryotic Cas enzymes are guided by short
CRISPR RNAs (crRNA) which are transcribed from non-repeating spacer DNA sequences
originating from viruses and other mobile genetic elements’. The spacer sequences
acquired by the prokaryote are highly similar in regions called protospacer-adjacent motifs
(PAMs) and critical for the CRISPR system?. An important step in the discovery and design
of the genome-editing technique was the reprogramming of Cas9 from Streptococcus
thermophilus and S. pyogenes®, which enabled targeting of an intended bacterial DNA
sequence!®l, These findings were followed by the discovery that ‘humanized’ versions of
S.pyogenes Cas9 system also worked in eukaryotic systems?** and the technique expanded
quickly to other cell types and whole organisms such as mice, drosophila and zebrafish?>.
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The two short RNAs were combined into a single guide RNA (sgRNA)?2. The sgRNA is
composed of a specific sequence of 20 nucleotides at the 5’ end of the sgRNA, which
binds specifically to the DNA target site by Watson-Crick base pairing, followed by a RNA
sequence at the 3’ end that forms the complex with the Cas9 endonuclease through RNA
hairpins. The target DNA sequence requires the Cas9 specific PAM sequence of ‘NGG’,
immediately adjacent to the 20 bp sequence complementary to the sgRNA, to guide and
program the Cas9 protein—sgRNA complex®2.

In general, off-target effects are one of the main problems of genome-editing tools. The
10-12 bp sequence adjacent to the PAM sequence is called the ‘seed region’ and requires
perfect complementarity with the sgRNA. Mismatches in the 8 bp sequence distal to the
PAM are tolerated™ even though it does not necessary lead to DNA cleavage in vivo, making
off-target effects difficult to predict’®'. Therefore both on-target activity (efficiency)
and off-target effects (specificity) of the system can be dependent on sgRNA sequence
(including GC content, secondary structures and sequence length), cell type, Cas9 enzyme
concentration and sgRNA/Cas9 delivery methods?.

Zebrafish are an attractive vertebrate model to study human diseases, with characteristics
such as large progeny, fast embryonic development including functional liver, kidney and
tissue barriers and a high occurrence (83%) of functional zebrafish orthologs of human
disease-related genes®. Generation of a zebrafish knockout using CRISPR/Cas9 technology
can be achieved with a relatively straightforward method, a high rate of success and
generated in a matter of months instead of years. Therefore many zebrafish disease models
have been successfully generated®.

This chapter provides a detailed workflow, including notes and considerations, for the
generation and high-throughput screening of CRISPR/Cas9 mediated gene knockout
zebrafish models. The protocol relies on non-homologous end-joining (NHEJ), the most
dominant repair mechanism of vertebrates for repairing DNA double-strand breaks.
Insertions and deletions (indels) are introduced due to end resection of the complementary
strands and misaligned repair. Next, the protocol is used to establish zebrafish models
of lysosomal storage disorders. Seven target genes are selected and obtained mutations
described. In addition, preliminary biochemical data is described of mutant larvae which are
not studied in detail in subsequent chapters. In addition, the Tol2 transposon approach is
used to introduce two target sequence, human GBA and prosaposin with a point mutation,
in the zebrafish genome.
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Workflow

The procedure is summarized in Figure 1. Part 1 requires approximately one week including
target design, RNA synthesis and injection of the sgRNA/Cas9 mRNA mixture. Part 2 consists
of screening the F and F, adult zebrafish for desired modifications using the high resolution
melt (HRM) analysis and Sanger sequencing. For the F, generation, and subsequent
generations, only a HRM analysis is required, accelerating screening of the fish. Several
outbred crossings are preferred, before incrossing, to obtain a zebrafish line with a healthy
genetic background. The whole procedure of obtaining a zebrafish line with a homozygous
mutation comprises approximately 6-16 months: depending on the sexual maturation
of the fish and the preference of crossing carrier zebrafish with wildtype (WT) zebrafish
(outbred) to the F, generation before crossing the carriers with each other (inbred).

* Selecting target gene  Identify genetic variation in early exons <
* Download sequence in CLC main workbench * Design two sgRNA sequences
* Find sgRNA sequences using CHOPCHOP * Design HRM and sequencing primers
sgRNA Cas9 mRNA
- * Anneal and complement forward & reverse oligo * Linearize plasmid using Notl
- * Purify dsDNA template * Purify dsDNA template
© * Synthesize sgRNA using T7 promoter * Synthesize capped mRNA using SP6 kit
o * Cleanup by RNA precipitation * Column purify
* Quality control of sgRNA * Quality control of Cas9 mRNA
<
* In single- or two-cell stage
* Quality control of injected mixture 6/ @ — 6 — *}
« Test mutagenesis efficiency (optional)
Founder (mosaic)
* Outcross to wildtype * HRM analysis of off-spring
- germline transmitted mutations * Verify positive samples on 2% agarose gel
( Positive samples I All samples negative
* Amplify larger DNA fragment * Outcross & screen additional Fo zebrafish
~ * Purify DNA fragment & sequence * Check quality control of sgRNA & Cas9 mRNA
© * |dentify mutation based on double peak pattern Or design new sgRNA targets
g * Maintain fish with large, out-of-frame mutations * Repeat injections
« Finclip all F1 zebrafish * Maintain fish with identical, out-of-frame mutation
« |dentify heterozygous fish using HRM analysis
* Amplify & sequence larger DNA fragment
)
= * Finclip & identify heterozygous fish using HRM analysis (few hours- 1 day) 2-3 months
©
o
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Part 1 | Target design, RNA preparation & injection

Genetic variation

As starting point, Ensembl and NCBI databases are used to identify zebrafish orthologues
of the target gene. Zebrafish underwent an additional whole-genome duplication and
approximately 20% of human genes have co-orthologues in the zebrafish genome!*?%22,
Therefore, a protein BLAST of the human protein of interest is performed to identify
additional zebrafish co-orthologues of the human target. Sequences can be found and
downloaded from the NCBI database using the program CLC main workbench, including
whole chromosome, mRNA or protein sequences. The chromosome of interest is
particularly useful because it includes chromosome positions and annotations such as
coding sequences (CDS), exons, introns and non-coding sequences (example in Figure
2A). The obtained sequence does not include genetic variations, while genetic variation
between different zebrafish lines and within a laboratory stock is large?. Therefore,
genetic variations of the target region are manually annotated using the Ensembl Variation
database before the design of sgRNA sequences and primers (Figure 2A). In specific cases,
it is recommended to sequence the target region as we have noticed that various indels
are not annotated in the variation database. Double peaks in the obtained sequence trace
indicate heterozygous SNPs or indels and confirm amplification of both alleles.

SgRNA design

Several CRISPR/Cas9 target design web tools are available and we use the CHOPCHOP
web-tool**?, It offers the option to enter via RefSeq, gene ID or fasta sequences as well as
various options for target specific regions, PAM sequence, efficiency score, 5’ requirements
for sgRNA and self-complementarity. We use the gene ID, together with the newest
available genome (DanRer11/GRCz11 in 2019) and ‘NGG’ as Cas9-specific PAM sequence.
Our method requires the target sequences to start with 5° GG in order to have efficient in
vitro RNA transcription due to promoter requirements of the utilized T7 RNA polymerase.
Therefore, the option ‘GN’ or ‘NG’ is applied as 5’ requirements as well as the option to
check for self-complementarity when the leading nucleotides are replaced with ‘GG’. All
other settings of the web-tool are left on default.

Two target sequences are chosen with regard to certain guidelines: high efficiency,
low number of off-targets, located in close proximity of each other, in the first few exons
common to all known splice variants (exon 1-3) and preferably in the middle of the exon
(Figure 2B). Two efficient target sequences in close proximity are ideal for screening since
both targets can be screened using the same primer pair. Mutants with target sequences
in the middle of the exon showed more straightforward prediction of the in silico mutation
and a lower chance of exon-intron mutations.

RNA preparation and microinjection

A cloning- and PCR-free method is used to obtain the double strand template for RNA
synthesis?®. The target-specific oligo consists of a GCG clamp, the T7 promoter, the chosen
target sgRNa sequence and a sequence complementary to the constant reverse oligo of
80-nt, that contains the Cas9 binding region (Figure 2C). Target- and constant reverse oligo
are annealed, extended with DNA polymerase and purified double-strand DNA template
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is used for T7 in vitro RNA transcription. A smaller batch is transcribed than described in
the supplier’s protocol and sgRNA is purified by ammonium acetate/ethanol precipitation
instead of column purification to increase the yield. The quantity and integrity of the
purified sgRNA should always be analysed on agarose gel, whereby one or two bands of
around 100 and 200 bp are detected (Figure 2D, purified sgRNA). RNA synthesis is repeated
when a high RNA concentration is measured, but no bands are detected (low vs high RNA
yield in lane 1 vs lane 2 and 3 respectively, Figure 2E). A zebrafish codon-optimized Cas9%
is used containing nuclear localization signals at both ends of the coding sequence of Cas9
with a SP6 promoter for in vitro generation of capped and poly-adenylated mRNA. Cas9
MRNA is column-purified and the integrity analysed on agarose gel, detecting multiple
k/)\ands due to secondary RNA structures (Figure 2E).
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(A) Visualization of the gba1 locus using CLC main workbench, with the genomic sequence (annotated as blue box),
mRNA sequence (green box) and coding sequence (CDS, yellow box). Genetic variation is added manually (red
triangles) as well as used primer sequences (green) and sgRNA target sequence (grey). (B) sgRNA of the zebrafish
gbal gene determined by the CHOPCHOP web-tool. (C) Target-specific oligo (top sequence), with the T7 promoter
underlined, target sequence in green and the constant reverse oligo (bottom) with the sequences complementary
to each other in grey. (D) SgRNA generation on 1% agarose gel with from left to right: only constant oligo, only
target-specific oligo, annealed oligos, RNA sample at t= 0 h, RNA sample after 3 h of transcription without
degradation of the dsDNA template and purified sgRNA running as two bands between 100 and 200 bp due to
secondary structures. (E) Different sgRNA/Cas9 injection mixtures with comparable RNA concentrations measured
by Nanodrop. (F) Microinjection of sgRNA/Cas9 with PhenolRed to visualize proper injection into the single-cell
stage of the embryo.

Typically, a mix of 150pg sgRNA/200 pg Cas9 mRNA is injected in the cell cytoplasm or yolk
of the single- or two-cell stage embryos (Figure 2F). Higher concentrations of sgRNA/Cas9
as well as injection in the cell cytoplasm could give higher mutagenic efficiencies, but might
also result in poor survival of founder larvae. After injection, the integrity of the injected
sgRNA and Cas9 mRNA should always be analysed on agarose gel. When the intensity of
the injected RNA mix is low, synthesis and injections should preferably be repeated before
raising the injected larvae to adulthood (Figure 2E).
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Part 2 & 3 | Germline transmitted mutations & screening

High-resolution Melt (HRM) Analysis

Several methods are available to evaluate sgRNA mutagenic efficiency in injected zebrafish
embryos and adult founder zebrafish, including T7 endonuclease | analysis, the Surveyor
assay or fluorescence PCR?”%8, We adapted a high-resolution melt (HRM) analysis method to
evaluate mutations, using the specific melting characteristics of a particular DNA fragment?®.
A short fragment around the region of interest (100-150 bp) is amplified in the presence of
a dsDNA-intercalating dye. After amplification, the PCR product is heated gradually from 55
°C to 95 °C. With increasing temperature, the strands of the dsDNA sequence are melted
and the fluorescence decreases (Figure 3A). The specific combination of nucleotides in the
DNA sequence results in a characteristic melting curve. NHEJ typically generates small indels
which influences the melting curve, although differences between WT and mutant DNA
are generally not large enough to analyse the obtained melting temperature. Therefore,
fluorescent data of each sample is normalized using the start fluorescence at 55°C (Figure
3B) and the difference between the target sample and a reference sample (WT genomic
DNA) is calculated and visualized as maximum or minimum (Figure 3C and D for gbal, and
3F for gba2). The deletion or insertion is subsequently verified by loading the PCR amplicon
on a 2-2.5% agarose gel (Figure 3G for gba?2).
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(A-E) Screening of offspring of founders injected with gba sgRNA (LLO31). (A) The melting curve plotted as
fluorescence (in RFU) against temperature. (B) Fluorescence is normalized using the fluorescence at 55 °C. (C)
The difference between the target sample and reference sample is plotted against the temperature and (D) the
minimum (or maximum) visualized as bar graph. (E) The mutation is verified and reconstituted using Sanger
sequencing. (F,G) Screening of offspring of founders injected with gha2 sgRNA (LL039) with mutations (minima)
visualized in a bar graph (F) and verified on 2-2.5 % agarose gel and by Sanger sequencing (G).
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Unlike other methods, the HRM assay only requires materials and equipment routinely
used in laboratories performing RT-PCR analysis such as multiwell PCR plates, multichannel
pipettes, a buffer with dsDNA-binding dye and a real-time PCR instrument. Moreover, a
simple excel sheet is used to calculate the differences instead of the available but expensive
HRM programs. The simplicity and pace of the method is advantageous because fish can
be screened and put back in the aquarium in only a day, thereby reducing the stress of
individual housing. A potential disadvantage of this method is that very large deletions
might not be detected as these could remove the primer binding site(s) of the small
amplicon, generally located 20-25 bp from the target sgRNA cut-site (Figure 2A).

Evaluation of injected adult zebrafish (founders) and subsequent generations

Injection of embryos typically generates mosaic mutagenesis in the developing larvae;
cells can have unmodified DNA or different mutations. At this stage, the HRM analysis can
only be used to evaluate the mutagenic efficiency of the sgRNA. A visible difference and
accompanying smeared band on agarose gel, indicates a highly efficient sgRNA as most of
the cells of the developing embryo have a mutated target sequence. Subsequently, larvae
of the same injected batch are raised to adulthood.

Adult founder fish are crossed with a genetically WT strain, albino for easy crossing.
Individual embryos (n= 8) of each outcross are screened by HRM analysis and verified on
gel to find founder fish with germ-line transmitted mutations (Figure 3). A larger fragment is
amplified from positive samples to obtain information of the precise mutation using Sanger
sequencing. A fragment of 300-700 bp is amplified with primers, located at a minimum of
50 bp from the target site for optimal sequencing results (Figure 2A). If primer design in the
flanking introns is difficult, due to genetic variation, an exon in close proximity is used to
amplify a larger but more specific fragment. With the determined mutation, the modified
in silico mRNA sequence is evaluated for the prediction of an early stop codon in the protein
sequence (Figure 4). We typically keep founder fish with large, out-of-frame mutations
leading to an early stop codon and preferably easily detected with the HRM assay.

For the F1 generation, one- to two suitable founder fish are crossed with WT (not
of albino background) and raised. Genomic DNA of finclipped adults is used in an HRM
assay followed by sequencing of the positive samples. Fish with different mutations are
generally found, indicating that germ cells of the founder fish can have different mutations.
Adult F, zebrafish with the same mutation are maintained, WT fish or fish with suboptimal
mutations are discarded.

It is important to be aware of potential off-target effects that might occur. Our WT
zebrafish are maintained as genetically heterogeneous outbred stocks and therefore we
always cross several generations to WT (>F3 generation, outbred) before generating a
homozygous adult zebrafish line (inbred). This common approach results in a diverse genetic
background and reduces the selection of fish that show undesired off-target modifications
besides the desired genetic modification. Heterozygous adult fish can be crossed with
each other and offspring used in pilot biochemical experiments to confirm generation of a
functional KO. For experiments, we always use and compare genetically WT zebrafish larvae
from crossings of mutant heterozygotes (inbred, % ratio) and from crossings of WT stocks.
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Results and preliminary findings

The described CRISPR/Cas9 protocol was used successfully for generation of loss-of-
function zebrafish mutants in order to study lysosomal storage disorders. To date, seven
targets are selected: lysosomal B-glucosidase (glucocerebrosidase (GCase), gene name
gbal) impaired in Gaucher disease (GD), the membrane associated B-glucosidase GBA2
(gba2), the Gaucher biomarker transmembrane glycoprotein NMB (gpnmb), both acid
ceramidase co-orthologues (asahla and asahlb), NPC intracellular cholesterol transporter
1 (npcl) defective in Niemann-Pick disease type C1*° and CLN8 (c/n8) which results in
neuronal ceroid lipofuscinosis when defective3! and is reported as genetic modifier in GD*2.
The genetic location of each target in the zebrafish genome is given in Table 1, as well as
gene and protein annotations.

Information of protein and gene names, including representative RefSeq and Uniprot codes with genetic locations,
transcript (in bp), number of amino acids (aa), predicted protein size (kDa) and amino acid identity compared to
the human orthologue (in %). Some of the generated zebrafish are characterized in other chapters, while results of
pilot experiments of other zebrafish lines are presented in this chapter.

Protein name Gene Chr mRNA: refseq bp Uniprot aa kDa Identity

Glucosylceramidase gba 16 XM_682379 4173 E7EZM1 518 58 58%  Ch.5-7
Non-lysosomal glucosylceramidase gba2 7 XM_005172332 3676 E7F65W0 851 96.5 66% Ch.5,6
Glycoprotein nmb gpnmb X1 19 XM_009294247 5185 E7F7)7 627 70 33% Pilot exp.

N-acylsphingosine amidohydrolase asahla 14 NM_001006088 1578 Q5XJR7 390 44.6 61% Ch.6,7
Acid ceramidase 1a

Acid ceramidase 1b asahlb 1 NM_200577 1717 Q6PH71 395 446 60% Ch.6,7

CLN8, transmembrane ER and cIn8 17 NM_001114588 1473 F1QYCO 289 33.8 61% Pilot exp.
ERGIC protein

Niemann-Pick disease, type C1 npcl X2 2 XM_005163659 5059 FIQNG7 1276 143 69% Pilot exp.

For every target, two sgRNA sequences were considered, given in Supplementary Table 4.
Injection of sgRNA and Cas9 mRNA was performed as described above and multiple adult
founder and F1 zebrafish were screened until a suitable modification was found. To obtain
the genetic zebrafish knockouts, more than 500 embryos were injected, approximately 130
founder F_ fish were crossed and screened, while roughly 750 zebrafish of the F, generation
were finclipped and screened. From the total screened founder fish, approximately 25%
transmitted mutations to the offspring, although not all founder F_ fish showed suitable
modifications. Founder fish transmitting small (-1 bp, TMBO010) or in-frame mutations
(-6 bp, MB002) were discarded, while founder fish with large and frameshift germline
transmitted mutations were selected (Table 2). F, zebrafish were finclipped, genotyped and
selected based on the desired modifications (Table 2). Selected F, zebrafish were used for
subsequent crossings generating both outbred, inbred and double mutant zebrafish lines
(Supplementary Table 1).

Schematic representations of the target locus, location of the sgRNA, target sequence
and obtained mutation with sequence trace of the verified genetic KO zebrafish are given
in Figure 4.
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A Gba (Chr16: 14,326,461-14,341,192)

s e | be man e | B

LLO31
bat GAAACGGCTCTTTTTATTCTGCTCGCCGGAATAATCACCACAGCAAGAGgtgtgtaacaataatcagacggattatataag
xon 1 E T A L F I L L A G I I T A R
-31 bp GAAACGGCTCTTTTTATTCTG-———————————————m—mm tgtaacaataatcagacggattatataag

GAAACGGCTCTTTTTATTCTGtqh;a\,aataa gacggataa agatttacctttctgtccaagtgtttgttttga
ETALFILC.\TNNQTDNIR?TFLSKCLF*

B. Gba2 (Chr7: 24,374,029-24,402,239)

fHEHE-E a8 8T )

LL039
gha2 GTTCCTCTTGGTGGCATTGGCGGAGGGAGCATCACTCGTGGATGGAGAGGAGAGTTCTGCCGCTGGCAACTAARATCCT
Exon 3 vV PLGGTIGS GG GSTITI RGWZ RGETFTCURTWOQUIL N P
-16 bp GTTCCTCTTGGTGGCATTGGCG-—=——=——————=—=—— TGGATGGAGAGGAGAGTTCTGC
GTTCCTCTTGGTGGCATTGGCGTGGATGGAGAGGAGAGTTCTGCCGCTGGCAACTAA
v pL G G I GV D G EE S S A A G N *
C asah1a (Chr 14: 30.272.891-30S.278.408) Forward strand 5,52 kb

2007 bp  mRNA
390aa protein

LL104
asahla TATAGAGGAAACGTGACCTGGTACACTGTAAATCTTGATTTGCCCCCTAGTGAGAGATGGACACAAATCATCAAA
Exon 3 Y R G N V T W Yy T VvV N L D L P P S E R W T Q I I K
-8 bp TATAGAGGAAACGTGACCTGGTACACTGTAAATCTTGATTTG-—-—-——-—— TGAGAGATGGACACAAATCATCAAA

TATAGAGGAAACGTGACCTGGTACACTGTAAATCTTGATTTGT(J‘—\Gi—\f ATGGACACAAATCATCAAA
Y R G N V T W Y T V N L L

D asah1b (Chr 1: 16.654.254-16.665.044) Reverse strand 10,79 kb
. 1726 bp mRNA

[ R ——H [Hi] === =

LL178
asah1b CTAGCAGACGCCTTTGTTCCCAGCGGGAAGCTCATTCAGCTGGTGGACAAGGACTTthgaatattaacaat Sense
Exon 3 L A DAF V P S G KL I Q L V D K D direction

AGCATAATAGCCT
-2,+13bp CTAGCAGACGCCTTT--TCCCAGCGGGAAGCTCATTCAGCTGGTGGACAAGGACTTG

CTAGCAGACGCCTTTAGCATAATAGCCTTCCCAGCGGGAAGCTCATTCAGCTGGTGGACAAGGACTTGCCGTTGA
*

L A DAVF S I I A F P A G S S F S W W T R T C R
E gpnmb (Chr 19: 20.247.435-20.270.207) ENSDART00000090883/144891 (gpnmb-202) Reverse strand gpnmb-201 -202 (no exon 2)
. 22,77 kb 18,51 kb
6461 bp mRNA 1994 bp
627 aa protein 560 aa
LL100
gpnmb CCAATCCCTGGATGGGAACCGGACACGAACCCTTGGGACGAATCTCTGTATCCCCCCTTCARAACCGCAGCTGACT — Sense
Exon 2 p I p G W E P D T N P W D E S L Y P P F K P Q L T  direction
+T,-51 bp GCAGCTGACT

CCAATCCCTGGATGTGCAGCTGACTCGC L(m(‘ATU _A
P I P G C A A D S Q T * Ais from exon 3 when splicing is correct
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E npc1 (Chr 2: 3.823.813-3.866.971) ENSDART00000161880 Forward strand 43,16 kb
. 4994 bp mRNA

I "I II II II III Il I |I I I I II I | 1271 aa protein

LL253
npct GTGCATGGCCAGCACTGTATCTGGTACGGCGAATGTGGGAACTCCCCAAACGTCCCA
Exon 2 vV H G Q9 H C I WY G E C G N S P N V P
TAGGCAGAGGCACTCT

-3,+16 bp GTGCATGGCCAGCACTGTATCTGGTACGGCGAAT---GGAACTCCCCAARACGTCCCA

Aat A\AAAN AnA AN A A AAAA A \ A
ANAAAWNAAMNANNAA AN A M I iy A iy

GTGCATGGCCAGCACTGTATCTGGTACGGCGAATTAG ACTCTGGAACTCCCCAAACGTCCCA
V H G Q H CI WY G E L G R G T L E L P K R P lb6aa *

G ENSDART00000148431
. cIn8 (Chr 17: 25.187.222-25.192.247) Forward strand 5.02 kb
1713 bp mRNA

289 aa protein

cln8 TTTGGCATTCAGGGCATTGTGGCAGGTCTTCGGGCCCTCATGGAGGAATCTGTTCTCTTCTCTGATAA
Exon 2 ¥F 6 I 9 G I VA GLERALMEE S V L F S D

-23 bp TTTGGCATTCAGGGCAT-————————————————————-—— TGGAGGAATCTGTTCTCTTCTCTGATAA

TTTGGCATTCAGGGC
F G I Q G I

(A) gbal (B) gba2 (C) asahla (D) asahlb (E) gpnmb (F) npcl and (G) c/n8. Top panel: schematic representation of
the respective gene with the location and sequence of the sgRNA target given in Supplementary Table 1. Middle
panel: DNA sequence of the WT target sequence, with the exon sequence in uppercase and intron sequence in
lowercase, the sgRNA sequence lined above, PAM site in red and the protein sequence shown below. Lower panel:
the mutation as obtained from the sequence trace and the predicted translated protein sequence. Of note, the
sequence trace of a heterozygous gpnmb sample is displayed.

On average, ten fish are screened to obtain a suitable mutation. The number of screened
fish necessary appeared to be dependent on the location of the sgRNA, the quality of the
injected sgRNA and the internal sequence of the target. For example, the used sgRNA for
gbal (LLO31, Figure 2B) was in close proximity of the exon-intron transition (Figure 2A),
therefore prediction of the in silico mutation using the sequence trace of heterozygous F,
zebrafish was difficult. The 31 base pair deletion was thought to remove the endogenous
splice-site and this hypothesis was confirmed by sequencing cDNA of homozygous samples.
Another example (LLO38 of gba2), resulted in a high ratio of positive samples with the same
6 bp deletion, most likely due to high sequence similarity and microhomology-directed
repair using small repeats in the target sequence. Together these findings affirm the
importance of part 1 of the described protocol, especially the design and quality of the
sgRNA. The possible repair mechanisms, on the other hand, are more difficult to predict,
although machine learning is used to predict repair profiles and improve sgRNA design*3.
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As described before, mutant zebrafish are crossed with WT fish for several generations to
obtain a heterogeneous outbred stock and thereby segregate unlinked mutation, lower
off-target effects and improve general health. Typically, multiple individual zebrafish
are crossed with different WT zebrafish, preferably from different WT stocks, in order to
prevent selection of genetic variations in individuals.

Whole-genome sequencing was not considered to study off-target effects because of
the known high genetic variation in laboratory zebrafish. Instead, the top off-targets of the
gbal and gba2 sgRNA sequences were sequenced. These off-targets were predicted using
the CRISTA algorithm?®*. No mutations were found at the predicted CRISPR/Cas9 cut site
in several individual homozygous mutants of different crossings (Supplementary Figure 1).
Several indels and SNPs were found in WT and mutant fish, confirming the high genetic
variation described above.

Glycosphingolipid abnormalities in npc1 and c/In8 knockouts

Knockouts of gbal, gba2, asahla and asahlb are topics of the investigations in chapters
5-7. The gpnmb, npcl and cin8 KO larvae have been generated and analysed in this
chapter in pilot biochemical experiments. The protein gpNMB is remarkably induced in
human Gaucher disease (GD) patients, GD mouse and zebrafish models®?¢. At present, the
physiological function of gpNMB during lysosomal stress is unknown. The ER protein CLN8
has been suggested as candidate modifier of clinical severity of GD. CLN8 is a member of
the neuronal ceroid lipofuscinosis (NCL) associated proteins and is thought to be involved
in the regulation of ceramide synthesis and glycosphingolid trafficking®. Patients with a
defect in CLN8 develop progressive epilepsy with mental retardation (EPMR) and brains
displayed reduced levels of glycosphingolipids including ceramide, galactosylceramide
and lactosylceramide®. In Niemann Pick disease (NPC) the efflux of cholesterol from
lysosomes is impaired, due to defects in either NPC1 or NPC2. As a result, secondary
(partial) deficiencies in sphingomyelinase (ASMase) and glucocerebrosidase cause
accumulation of sphingomyelin, glucosylsphingosine (GlcSph), glucosylceramide (GlcCer)
and glucosylcholesterol (GlcChol) in these cholesterol-laden lysosomes394°,

First, glycosphingolipid levels of offspring of npc1* and c/n8* inbreds were measured
(Figure 5A). No significant differences were found for c/n8” larvae compared to
heterozygous or WT. Surprisingly, no change in GlcSph, GlcCer or GlcChol levels was
found in the npc1” larvae as in Npcl mouse models***°, The absence of secondary (glyco)
sphingolipid abnormalities might be explained by the presence of maternal Npcl in the
developing offspring, as observed for GCase* or the young age of the larvae in general. It
suggests that the burden of lysosomal cholesterol is not sufficient enough to develop the
proposed secondary deficiencies of ASMase and GCase.

Next, the impact of GCase deficiency in npcl or cIn8 genetic backgrounds was
determined. Offspring of npcl and c/n8 carriers were incubated with a GCase-specific
inhibitor for 5 days. Interestingly, c/n8” zebrafish larvae showed significantly reduced
GlcSph accumulation compared to their c/n8** and cIn8* siblings, while GlcCer and GlcChol
levels in the CIn8 deficient zebrafish were comparable to their WT and heterozygous
counterparts. No apparent differences were found between npcl” zebrafish larvae and
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their npc1** siblings, both showing increased GlcSph, GlcCer and GlcChol levels upon GCase
inactivation. GlcSph levels appeared lower in the npcl” larvae, however limited biological
npcl KO samples were evaluated in these pilot lipid analyses.

RT-qPCR analysis revealed a reduction of npcl mRNA expression in npc1” larvae compared
to WT siblings. This finding indicates that the generated mutation has led to a gene
knockout, albeit it is not known if a functional protein knockout is generated. Raising the
Npcl deficient zebrafish to adulthood would enable analysis of cholesterol and (glyco)
sphingolipid abnormalities in older fish in combination with observation of symptoms

such as hepatosplenomegaly and neurological abnormalities as reported for other npc1 KO
zebrafish %2,

No biochemical readout exists to study the endogeneous zebrafish Gpnmb protein and
commercially available zebrafish anti-gpnmb antibodies were not reactive (data not
shown). Quantification of levels of the gpnmb transcript from individual larvae revealed a
reduction of mMRNA levels in gpnmb” larvae compared to WT siblings (Figure 5B). However
homozygous gpnmb KO adult fish showed no phenotype (data not shown). Upregulation
of gpNMB expression has been reported in Gaucher cells of GD patients as well as mouse
macrophages with induced lysosomal stress®®“®, Crossing these gpnmb KO fish with animals
having a gbal mutation could reveal a particular function of Gpnmb during lysosomal stress
of macrophages.

GlcSph GlcCer GlcChol

T S S+ -+

+ -+ -+ -+ -+ -+ -+ -+ -+ - + - + GCase
B.0.004q  gpnmb 0005,  npet inhibitor
= =
% 0,003 % 0.004 — nmb:f — npcﬂf — cInS:f — w
=1 So003d | gpnmb’’ npc1’™  #22 clng’’
20,002 i == gpnmb” == npel” =W cng
o o
;i. §_04002
gOOO1 30.001
E E
0.000 0.000

(A) GlcSph, GlcCer and GlcChol levels were determined of untreated individual zebrafish larvae (5 dpf, - GCase
inhibitor) or embryos treated with the GCase specific inhibitor ME656 (10 M) for 5 days (+ GCase inhibitor) in
pmol/fish; WT (n = 9-11); data from *!, c/n8"* (n = 7-8), cIn8" (n = 8-9), cIn8” (n = 12), npc1** (n = 2-4), npc1*- (n
=5-7) and npc1” (n = 3-6). Data is depicted as mean * SD. (B) mRNA levels of gpnmb or npc1 individual zebrafish
larvae (5 dpf) as dermined by RT-gPCR using specific primers. Gpnmb** (n = 2), gpnmb* (n = 1), gpnmb” (n = 1),
npc1”* (n =4), npc1”- (n = 3) and npc1” (n=1).
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Random integration using the Tol2 transposase technique

As final part of the genome-editing approaches, the Tol2 transposase technique was
used to integrate exogenous DNA. Random integration of a donor sequence is mediated
by the Tol2 transposon element of the medaka fish (Oryzias latipes)*. Donor constructs,
with the target sequence flanked by the required Tol2 sequences, are integrated by the
transposase protein as a single copy with high germline transmission (> 30%)*“¢. Two
targets were chosen for proof-of-concept studies. First, it was appreciated that introduction
of human GBA in the zebrafish gbal KO background could enable evaluating the biological
impact of human GCase in the zebrafish GD model. Furthermore, it was rationalized that
certain genes would not be suitable for CRISPR/Cas9 mediated genome editing. One such
example is the gene encoding the prosaposin precursor protein which is cleaved to four
activator lipid-binding proteins: saposin A, -B, -C and —D. Only Saposin C is required for
optimal intralysosomal activity of GCase and defects in saposin C cause symptoms similar to
Gaucher disease?’*. The zebrafish genome appeared to have one prosaposin (psap) gene,
including annotated sequences for the activator lipid-binding proteins saposin A, -B, -C and
-D. It was rationalized that CRISPR/Cas9 genome editing according to the above established
protocol would generate a stop codon in the psap gene and thereby likely impact the other
saposins as well. An alternative approach was considered by introducing a point mutation in
the psap sequence (T>G, Supplementary Figure 2) which would result in a Cys to Gly amino
acid substitution and impair one of the predicted disulfide bridges of zebrafish saposin C
(predicted Sap C region underlined in Supplementary Figure 2)*°.

Tol2 constructs were generated using the reported three-insert Gateway which
combines three entry vectors into a destination vector with the required flanking Tol2
sequences®. The generated vectors included a ubiquitin promoter, followed by the target
sequence and a polyadenylation signal in a destination vector with a cell-specific reporter
cassette (y-cryst:CFP). The reporter cassette allows easy selection of transgenic carriers
because positive zebrafish embryos express the cyan fluorescent protein in their lens.
A mixture of 20 pg donor vector and 150 pg SP6-generated capped and polyadenylated
transposase mRNA was injected in single- or two-cell stage zebrafish embryos. As for the
CRISPR/Cas9 method, the balance between high efficiency, by injecting in the cell cytoplasm
with a high concentration of donor vector/Tol2 mRNA, and poor survival of injected
zebrafish embryos should be experimentally defined. The concentration of the mixture in
these pilot experiments was too high since more than 80% of the injected embryos died
before they reached the larval age. However the success rate of Tol2 integration final rate
was also high, because 2 out of 6 hGBA injected adult founder fish produced offspring with
CFP expression in the lens, 1 of the 2 tested pSAP"" zebrafish and 1 of the 3 tested pSAP™"
injected founder fish produced offspring showing CFP signal. Glycosphingolipid analysis of
the generated hGBA:gba” zebrafish larvae revealed a significant lower accumulation of
glucosylsphingosine (GlcSph), indicating that human GCase is expressed and functionally
active (Chapter 5). The impact of the pSAP™ on the other hand, has not been studied
yet. It is necessary to mutate the endogeneous zebrafish psap gene using the CRISPR/Cas9
protocol before an impact of the pSAP™"is expected.
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Discussion

A very practical advantage of zebrafish as research model, as compared to mice, is the speed
and convenience of generating gene knockouts. This could allow evaluation of zebrafish
with multiple genetic traits in a matter of months. This chapter provides a detailed protocol
for generation of gene knockouts in zebrafish by means of CRISPR/Cas9 technology and
efficient HRM analysis screening. In addition, established mutations are described, including
those in the zebrafish gbal, gba2, asahla, asahlb, gpnmb, cIn8 and npcl genes.

The protocol includes several notes and considerations for achieving a high mutagenesis
efficiency without off-target effects which allows reduction of the amount of necessary
injected founders and F, animals. To increase the probability of raising founders with
a mutation, it is recommended to inject high quality RNA and evaluate the mutagenesis
efficiency of multiple different sgRNAs for the same target, prior to baby raising. In general,
it is advised to raise about 20 larvae to adulthood, as not all founder fish show germline
transmitted mutations. Moreover, mutations do not always lead to frameshifts and some
mutations could be small, which complicates the HRM analysis. When a suitable mutation is
obtained in the F, generation, a reduction of necessary animals in subsequent generations
could be achieved by performing mini finclips on larvae of 3-5 dpf°. The HRM analysis is a
very suitable method as it allows screening in only a few hours.

The Tol2 transposon technique was successfully used to introduce exogenous DNA in the
zebrafish genome. A limitation of this approach is the random integration of the target
sequence as well as the regulation of expression by a non-endogenous promoter. These
limitations can be circumvented by so-called knockin approaches after the generated
CRISPR/Cas9 mediated double strand DNA break. This could allow for subsequent
introduction of specific point mutations, generation of endogenous target proteins fused to
a fluorescent reporter tag or combining an endogenous promoter with a fluorescent protein
to express a reporter under the control of that promoter. Small precise modifications of
the zebrafish genome have been achieved by directing the homology-directed repair (HDR)
pathway to repair the CRISPR/Cas9 mediated double-stranded DNA break with a single-
stranded oligodeoxynucleotide (ssODN) with the intended mutation®2. For larger and more
complex modifications, donor plasmids with long homology arms flanking the insert are
frequently used to direct HDR with the donor sequence®?, while another approach uses the
dominant NHEJ repair system to insert donor DNA sequences at the target site®**>. Both
the HDR and NHEJ approach have reported only low efficiency of germline transmission
(£ 5-7%)°%°%*>°, At present, we have failed to obtain zebrafish with a precise mutation in
gbal with the reported protocols, although only limited attempts have been performed
and ideally many more embryos should be injected and screened.
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In all subsequent chapters, zebrafish gene knockouts are used with stable and known
out-of-frame mutations. Using the high efficiency of the CRSIPR/Cas9 system, it is also
possible to study the biochemical impact of the knockout directly by evaluating the injected
F, zebrafish embryos. It has been shown that injection of the sgRNA in complex with a
Cas9 ribonucleoprotein can achieve sufficiently high levels of bi-allelic gene disruption in
the injected F, zebrafish embryos, named crispants®**®®. For example, 5 dpf crispants of
the lysosomal enzyme B-hexosaminidase showed a 95% reduction in enzyme activity and
similar phenotypic manifestations as larvae with a stable mutation®®. Therefore, the crispant
approach would be very efficient in combination with the sensitive biochemical analysis by
means of activity-based probes (Chapter 3) and LC-MS/MS (Chapter 5). This approach could
enable studying the impact of gene disruption in a matter of days, thereby accelerating the
research on zebrafish models for lysosomal storage disorders.
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Supplementary data

Available single-, double- and three-double knockouts

Target sgRNA Mutation Lines

Gbal LLO31 -31nt gbal*, gbal*" in mpeg:GFP, gbal*- in 2CLIP, gbal*:gba2”,, gpnmb”:gbal*", asa-
hla’:gbal*, asahlb”’:gbal*, asahla* :asah1b* :gbal”

Gba2 LLO39 -16nt gba2*, gba2”, gbal*:gba2”

gpnmb LL100  +T,-50 bp gpnmb*”

Asahla LL104 -8bp asahla”, asahla* :asah1b*, asahla”’:gbal*", asahla* :asahlb* :gbal*"

Asahlb LL178  -2,+13 bp asah1b*, asahla*:asahl1b*, gsah1b”:gbal*", asahla* :asah1b* :gbal*"
asah1b”npc*-

Npcl LL253  -3,+16 bp asahlb”npc*

Cln8 L1206 -23bp _ CIn8"

Gba1
OffT1 OffT2

Ehr21 M— Chr3 i

JAGAGTCCACCTOAATAAGCAGCAATAAACACOACAGCAAGCED, GGCCTTOATCAGGAATAATCACCACATAAAGAGAAGCAATGAGCAAAAATCTGCATGAAGACGCATGTGAAAACGAAAAGTOA)

A
wt 1 MW Y
N\ MW A\ WV \
WA wt 2 WA Wy WAWANVAYWAW

GGCCTTOATCAGGAATAATCACCACATAAAGAGAAGCAATGAGCAAAAATCTGCATGAAGACGCATGTGARAACGARAAGTOA

ACACTCCACC T TOTOBAGCTOT

wt 2 WMWY (A AN AN AN WA NW\'

ACACTCCACCTOAAT, T COGATOTOBAGCTO

jgbat_ofT3 (gbat ofT¢
Chr7 A — — Chrﬁ_
AAAAGTGGTG AATGC CTCTTTGCATOGC ACTGCATTTAGGATATAATGATAACAGCAAGTGGCTCATCAAATCGGGGTTTGATGAAAAGACAAACATTGGAGCAGAATGATC

TAARAGTGGTGOA A TABAABGC TeTTTod AOTOATETASOATATANTOATAAE IO AN TR0 TOATOARATOO0R T BATOARAAGACARAGATI 00ASTAGARTOATE

TocT TCTTT6CATO0E ACTOCATTTAGOATATAATCATAAAGCAAGTOOCTCATCAAATCOG0GTTTOATOAAAAGACAAACAT TGOAGCAGAATOATC

LAV WAV 4.3 4 AV WA VWA “NWWVV"\/\“"‘ W WA

v A AR T ... o

TARAAGTGE TAGAATOCTCAGCA TeTTTOCATO0
ANV AWV MM AW y

1:2 2 LMW A AV AN VAW

OffTs L .

Chr.7 Indel in intron upstream of site oty
CATTAGTTTTAACAAATTTAAGTTGATTGAATAGAAAARAAAGAAGTTGCCCCAAAAGACCTTAAGAATTGTGTTOTTTCAGCT SAAGATAGCTTTTCTCATOAAGTTTCCCTTOCTOTGOTCOATOATCTGCTTO000ATOAGOOTATAGT TOACCATOOCATTTTG

SATTAGTTTTAACAAATTTAAGTTOATTGAATAGAAARRAAACARGTTOCCCCAAARGACCT TAAGAATTGTGTTGT TTCAGCT

e AN

AT TGTC AT oA T T TG L TTaCTOTO0TCOATOATCTCCTTO00CATOAOROTATACTTOACCATOOCATITT

ST TANG AN TANG T ORTEORAT . See——
1+ 1 YWAWWY
ATTAGTITTANGKAATTTARDTTOATTOATAGAANAANA:

M

1= 2Y VY

SATTAGTTTTAACARAT

SAACATACCTTTTCTCATOAACTTTCCCTTOCTOTOGTCOATOATCTCCTTOG00ATOAGGOTATAGTTGACCATOOCATTTTC

e

YYETYTYY AR A A A A R A AN A AR, MWW
SVYVYVVVRVVVV VUV VYV VWOV VURENYY 7:2+ 1 L=

AMMAAAA A AAAAAA AARAA AAAAA AR
1:2+ 1 LLYVVVVYVYWVYVVRVYYVYY YUYV Y

SATTAGTTTTAACARATTTAAGTTOATTOAA

s 2L

AGEAGTTGCCCORBBBEACCT TABBANTTORGT TOTBTCHNCT
N

I T 1

No mutations were found in gbal”,, gha2” or gbal”:gba2”- samples on the predicted off-targets using the CRISTA
algorithm?®* for LLO31 (gbhal) and LLO39 (gba2; Next page). Predicted off-target sequences are depicted with a light
blue box, intron sequence with blue box, mMRNA sequence with green box and coding sequence with yellow box.
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Gba2

OffT1 OffT2
Chr.19 gl Chr10 oo
|
wt HA A mmnnmm oo A A AN AN A VA A A
I | i A
w2 N vNWWvMMW wt 2 A e
21 WA mmnum«muuuumnmu D0 AN 1+ s A A AN A Y A
I i \
242 l h R G mnmmum A
HasEasTEA ;
e+ OO AR
| A
120 2 A o
Cohﬂg S cm 4 SE
WAV WAV WAV A AW AN W W AN AW
N AR A AV AW AN W W AN Y
TGAAACACAGTGCTAT TTCCOGTOAA TATTCAAATAACATGTAATTAGAATATATGTCTCCTCCTCCAGTGAAGCTCCHTCCTCCTCMAGTTCAGCTATAAACACTGOAA
www\ml\wvm A AN Ao AN 2 + AN AN A LAAA A A
TATTCCAGA" TTCCOGTGAA TATTCAAATAACATOTAATTAGAATATATGTCTCCTCCTCCAGTOAAGCTCCHTCCTCCTCHAGTTCAGCTATAAACACTOOAA
2 szvvwv\/vame/\ WAV W WAV WA 2% 2 YAV ARV ANAVAMAAA A, AMAMAMANMAVARA
YGAAAcAcAcmcYAr'rccAc.lrcccAeusc‘\ecascAcvcccuGAececccuvcccemulcmcuccecmcAccscc TATTCAAATAACATGTAATTAGAATATATGTCTCCTCCTCCAGTGAAGCTCCHTCCTCCTCHAGTTCAGCTATAAACACTGOAA
:

BAITEV .- ¢ oo st

TATTCARATAACATOTAATTAGAATATATGTCTCCTCCTCGAGTOAAGCTCCHTCCTCCTCRAGTTCAGCTATARACACTOBAA

LI o WA A, g A AN A

chr.7 pracss
wt 1 WA AWV WA WA WA WA A AN
wt 2 VY WMMVWV\/\MLWNVWWM’V‘ML‘MMW\N\“/ WAV
2+ 1WA AWV WA AR WA AN AR AL
’ M Y VWNVWJWMVWWNM'W\
1:2% 2 350n0cTomn reoct T6CCCARGA

(A e WV «.ummummmuumnu A

> Coding sequence of prosapin with the (T/G) point mutation in red, leading to the
suspected loss-of-function Cys > Gly mutation of saposin C. The saposin C region of zebrafish prosaposin is
predicted using a blastp alignment of the reported human saposin C sequence. The predicted saposin C region of
the zebrafish is underlined.
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Experimental procedures

Zebrafish_husbandry and lines - Zebrafish were housed and maintained at Leiden University, the
Netherlands, according to standard protocols and described in Chapters 3, 5, 6, 7 and ref 41. Wild-
type (WT) zebrafish (ABTL) were a mixed lineage of WT AB and WT TL genetic background. Injections
to generate CRISPR/Cas9 mediated knockout (KO) zebrafish were performed in ABTL embryos. Adult
zebrafish were outcrossed to ABTL WT zebrafish for several rounds before incrossing. Obtained
zebrafish lines were kept as carriers (heterozygous in genotype) and several adult zebrafish of one
genetic, mutant line were outcrossed to different WT fish. This type of outcrossing was performed
to segregate potential unlinked off-target mutations and to improve a healthy genetic background by
preventing sibling mating.

Reagents and equipment
List of ingredients reagents including supplier and article number

Supplier

Oligonucleotides for sgRNA synthesis IDT, Newark, USA Supplementary Table 1
T4 DNA polymerase Invitrogen, Carlsbad, SA 18005017

dNTPs Promega, Madison, USA u1240

Nucleospin PCR and gel clean-up kit Macherey-Nagel, Duren, Germany 740609250

DEPC treated RNase free H,0 In-house

MEGAshortscript™ T7 Transcription kit Ambion®, ThermoFisher, Waltham, USA AM1354

Reagent

Ethanol (HPLC grade) VWR, Nederland 1009831000
pCS2-nCas9n Addgene, Watertown, USA #47929
Notl New England Biolabs, Ipswich, USA R0O189L
Zymo DNA clean & concentrator™ Zymo, Irvine, USA D4004
mMessage mMachine SP6 kit Ambion®, ThermoFisher AM1340
RNeasy mini kit Qiagen, Hilden, Germany 74104
Capillaries

QuickExtract™ EpiCentre®, Madison, USA QE09050
1Q SYBR green Bio-Rad, Hercules, USA 172-5006
Clear 96 PCR plate Sarstedt, Nimbrecht, Germany 721978202
Phusion high-fidelity DNA polymerase  ThermoFisher F530 L

List of equipment including supplier

Equipment Supplier Notes
PCR machine Bio-Rad

DeNovix DS-11 DeNovix, Wilmington, USA
Bio-Rad CFX96 Touch™ Real-Time PCR Bio-Rad

P-97 Flaming/Brown micropipette Sutter instruments

puller

M-33 micromanipulator
Eppendorf™ Femtojet

Program 9

Sutter instruments
ThermoFisher

Injection setup

t=0.2 s, p= 200-600 Pa Injection setup

To obtain 1nL injections
Stereo microscope Injection setup

Dumont™ forceps #5

Leica M50, Wetzlar, Germany
Fine Science tools, Foster city, USA To break the needle

Reagent preparation

In vitro synthesis of sgsRNA: Adapted from Gagnon and colleagues %

Double-stranded DNA (dsDNA) template

e 2 ul Forward oligo (100 uM, Supplementary Table 4), 2 L Reverse oligo (100 uM, LL030) and
16puL MQ
Anneal: 95°C 5 min, 95°C = 85°C with -2°C/s, 85°C - 25°C with -0,1°C/s, hold at 11°C

e Make premix: 8 uL 5x T4 buffer, 5 ul dNTPs (10 mM), 0.5 uL T4 polymerase and 6 pL Milli-Q for
each reaction
Add 20 pL of T4 DNA mix, incubate for 20 minto 1 hat 12 °
Add 60 pL Milli-Q and 400 pL MilliQ:NTI (1:1 (v/v))of the Nucleospin PCR and gel clean-up kit
Purify according to suppliers instruction
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Elute in 20 pL RNase free H,0
Determine the concentration of the dsDNA template ( £ 200-300 ng/uL)

Single-guide RNA sequences with the T7 promoter underlined, the target specific se-

quence (20 nucleotides) in bold and single-nucleotide mutations are given as lower case. RNA synthesis starts from
the second-to-last ‘G’ nucleotide of the T7 promotor.

Target Exon Code Sequence 5’->3’

Gbal 1 LL031 GCGTAATACGACTCACTATAGGAATAATCACCACAGCAAGGTTTTAGAGCTAGAAATAGC

Gba2

gpnmb

Asahla

Ncp1

Cln8

LL038 GCGTAATACGACTCACTATAGGTTCCTCTTGGTGGCATTGGGTTTTAGAGCTAGAAATAGC
LL039 GCGTAATACGACTCACTATAGGCGGAGGGAGCATCACTCGGTTTTAGAGCTAGAAATAGC
LL098 GCGTAATACGACTCACTATAGgCAGCTGCGGTTTGAAGGGGTTTTAGAGCTAGAAATAGC
LL099 GCGTAATACGACTCACTATAGGATACAGAGATTCGTCCCAGTTTTAGAGCTAGAAATAGC
LL100 GCGTAATACGACTCACTATAGGGAACCGGACACGAACCCTGTTTTAGAGCTAGAAATAGC
LL104 GCGTAATACGACTCACTATAGGTGTCCATCTCTCACTAGGGTTTTAGAGCTAGAAATAGC
LL105 GCGTAATACGACTCACTATAGGTATAGAGGAAACGTGACCGTTTTAGAGCTAGAAATAGC

LL109 GCGTAATACGACTCACTATAGGGAAGCTCATTCAGCTGGGTTTTAGAGCTAGAAATAGC
LL178 GCGTAATACGACTCACTATAGGGCTTCCCGCTGGGAACAAGTTTTAGAGCTAGAAATAGC
LL179 GCGTAATACGACTCACTATAGgATCATGCTCGCCATCTGAGTTTTAGAGCTAGAAATAGC
LL253 GCGTAATACGACTCACTATAGTATCTGGTACGGCGAATGTGTTTTAGAGCTAGAAATAGC
LL254 GCGTAATACGACTCACTATAGGCAGCTCCTGTCCTTCATTGTTTTAGAGCTAGAAATAGC
LL206 GCGTAATACGACTCACTATAGGGTCTTCGGGCCCTCATGGGTTTTAGAGCTAGAAATAGC
LL207 GCGTAATACGACTCACTATAGGGAACAGATTCCTCCATGAGTTTTAGAGCTAGAAATAGC

3
3
2
2
2
3
3
Asahlb 4 LL108 GCGTAATACGACTCACTATAGGCAGACGCCTTTGTTCCCAGGTTTTAGAGCTAGAAATAGC
4
4
4
2
2
3
3

Transcribe sgRNA using MEGAshortscriptTM T7 Transcription kit
Il Use RNAse free vials, filter tips, gloves, RNase free H,0.

0.5 pL 10x buffer, 0.5 pL each of ATP, GTP, UTP and CTP, 0.5-1.5 uL of dsDNA, 0.5 uL of T7 enzyme
and add Nuclease-free water to 5 pL.

Incubate at 37 °C for 3 h to overnight (run 0.5 pL of RNA sample on 1 % agarose gel to evaluate
synthesis)

Add 14 plL RNase free H,O + 1 plL Turbo DNase and incubate 15 min at 37 °C

Add 10 uL 5 M NH,OAc (supplied in the kit) and 60 uL 100% ethanol (! Use freshly prepared 75%
ethanol)

Freeze for 30 minto 1 h at -80 °C

Centrifuge 15 min at 4 °C. Remove supernatant & wash with 1 mL 75 % ethanol

Centrifuge 10 min at 4 °C, remove all supernatant

Dry 5 min at RT

Resuspend in 20 pL RNase free H,0. Determine the concentration & run 0.5 pL on 1% agarose gel
Store 2 ulL aliquots at -80 °C to avoid freeze-thaw cycles

Cas9 mRNA

Linearize 1 pg pCS2-nCas9n with Notl for 1 h at 37 °C

Purify using Zymo DNA clean & concentrator™ and determine the concentration

Transcribe Cas9 mRNA in 20 uL according to manufacturer’s instruction (mMessage mMachinery
SP6)

Clean-up with the RNAeasy kit according to the instructions.

Elute in 20 puL RNase-free water (included in the RNeasy kit), measure the RNA concentration and
check the integrity of the Cas9 mRNA on 1% agarose gel.

Store at -80 °C in 2 pl aliquots to avoid freeze-thaw cycles
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Microinjection

Setup single crossings of WT zebrafish a day prior to injection

Mix SgRNA, Cas9 mRNA, 0.5 pL phenol red and Milli-Q to a total volume of 5 pL. Final
concentration of sgRNA and Cas9 mRNA is dependent on stock concentrations and integrity of the
RNA as well as required mutagenic efficiency and mortality rate. Store sgRNA/Cas9 mRNA mix on
ice before use.

Remove the spacer of the single crossings in order to allow mating

Pull needles with program 9 of the P-97 Flaming/Brown micropipette puller

Pipet 4 pL in the pulled needle and setup the microinjector setup in order to inject a volume of 1
nL. Change the pressure of the Eppendorf™ Femtojet until a droplet of 1 nL is achieved.

Place a microscopy slide in a 10 cm plastic petri dish, place the zebrafish embryos along the slide
and remove excess water.

Inject 1 nL in one- or two cell-stage embryos.

Transfer injected embryos to a petri dish with egg water

Remove and note the number of unfertilized, dead and deformed embryos

To test mutagenesis efficiency, mini-finclip embryo at 4-5 dpf or extract genomic DNA from the
entire larvae

Genomic DNA extraction

Use 10uL QuickExtract per embryo and 15-20puL per finclip of an adult fish in PCR tubes or 96-well
plate

Incubate at 65°C for 10 min followed by 5 min at 98 °C

Vortex samples to mix, dilute to 100 pL with Milli-Q, spin down quickly to pellet all non-processed
particles which could interfere in the PCR reaction. Only use supernatant in PCR reactions.

HRM analysis (Work in columns: in order to efficiently use the multichannel & excel sheet)

Master mix: 5 puL 1Q SYBR green, 0.3 uL forward primer, 0.3 pL reverse primer (300 uM final
concentration of each primer, Supplementary Table 5) and 3.4 uL MQ per sample.
Use dedicated set of multichannel pipettes, to prevent possible contamination
Add 9 uL HRM mix to each well of a PCR plate - Add 1 pL of gDNA
Settings for CFX96 Real-Time PCR machine:
o 95 °C for 3 min; 40x [95°C for 30 sec, 61°C for 30 sec, image plate]; hold at 55 °C for 30 sec;
melt program [55-95°C with 0,5°C per step, image plate every step]

Export melt curve data and process in excel sheet

Primers for high-resolution melting (HRM) analysis and fragment size

Target Forward Sequence 5’->3’ Reverse Sequence 5’->3’ Fragment

Gbal LLO44 AGTCTCATCGGCAGGATGAG LLO45 CACTTGGACAGAAAGGTAAATC 123 bp
Gba2  LLO42 GTATGTGTTGTTTTTTTCAGGC LLO43 GCAATAACGGTTTTGTAGTGG 141 bp
Gpnmb LL101 CAATACATTCTTACCATGTCTGC LL102 CAGCATATGGTGACATGTTCCC 149 bp
Asahla LL106 GTCTAGACTCGAATAAGTTCATG LL107 TGGGAAACAGTTACCTCTGTG 169 bp
Asahlb LL110 TGCAAAGAGATGTGTTAGATTG LL111 TCCTTCAGATGGCGAGCATG 128 bp
Npcl  LL255 GGACCGGTGTAATTGCAGTTCAAC L1256 GAAGTTGAACTGCAATTACACCG 152 bp
CIn8 LL208 TTCTAGGTTTTCTGGGATTTGGC  LL209 AGGACCAGTCTTCCTGTCCGAG 133 bp
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PCR reaction for sequencing using phusion polymerase

e Master mix for 20 puL PCR reaction: 4 uL 5x HF buffer, 1 uL forward primer, 1 uL reverse primer (10
UM each, Supplementary Table 6), 0.4 uL dNTPs (10 mM), 0.2 uL phusion polymerase, 12.4 uL
Milli-Q and 1 pL genomic DNA

e Settings of general PCR machine: Den. at 98 °C for 2 min; 35x [98 °C for 10's, 65 °C for 15 s, 72 °C
for 20 s] and a final extension at 72 °C for 5 min.

e  Purify PCR product using Zymo DNA Clean & Concentrator™ and elute in 20 uL MQ

e 125-250 ng purified pcr product (size of 300-700 bp), 1 uL of sequence primer (10 uM, either
forward or reverse primer, Supplementary Table 6) and Milli-Q to a total volume of 10 uL. Sanger
sequencing is performed by Macrogen.

Primers to obtain DNA fragments for Sanger sequencing and fragment size

Target Forward Sequence 5’->3’ Reverse Sequence 5’->3’ Fragment
Gbal LLO23 CATTGCCATTTTCGTTTTTAGG LLOO7 GGAACTGTCCTTGACTCTCCAT 439 bp
Gba2 LLO36 AATGGTGGTACCGAAAGACC LLO37 AGTACTACAGACTTCATCTGC 322 bp
Gpnmb LL145  AGCCTAATCGTTGTAATACTCG L1102  CAGCATATGGTGACATGTTCCC 295 bp
Asahla LL146 TGGGATGTATCCACCTAAAGG LL147 CAGCAAGCAAAAGATGGACAG 251 bp

Asghlb LL176 ~ TACGATTTTGGGAGATTTATCTC (L1147  CAGCAAGCAAAAGATGGACAG 451 bp
Npcl L1321  AGATATTGTCCAACAGAGCATTC |L1258  GTTTCCGATACAAAGCTAACGG 307 bp
CIn8  LL259  TGAATAAGACAGCATTGAAGCAAC [1260  CAGTTCCACACAACCGCCCCTGC 439 bp

Tol2-mediated transgenesis - The coding sequences of zebrafish prosaposin (NCBI code
NM_001309267) was amplified using generated cDNA of a pool of 5 dpf zebrafish larvae (SuperScript
II™ reverse transcriptase, Thermo Fisher Scientific) as template and Phusion high-fidelity DNA
polymerase using the primers described in Supplementary Table 7. The fragment was subsequently
cloned into the pDONR entry vector using GATEWAY™ technology (BP reaction) according to the
manufacturer’s instruction. The point mutation was introduced in the psap pDONR vector using the
QuickChange Lightning Site-Directed Mutagenesis Kit (Agilent, Santa Clara, USA) according to the
suppliers protocol with the primers given in Supplementary Table 7. Generation of the human GBA
pDONR construct described in chapter 2. The pDONR vectors were sequenced before generating the
final destination vector. Destination vectors were was obtained by recombining entry vectors of p5E-
ubi, pDONR-target and p3E-IRES-GFP-PA with pDEST-Tol2-crystalEye using a LR reaction.

The pCS2FA-transposase plasmid was linearized with Not/ and purified using Zymo DNA clean &
concentrator™. Capped and polyadenylated transposase mRNA was generated using the mMessage
mMachine SP6 kit and purified using the RNAeasy mini kit as described for Cas9 mRNA. The
concentration was determined, the integrity checked on aragose gel and aliquots stored at -80 °C
until use.

Primers to generate pDONR entry vectors (pME)

Target Sequence 5’->3’ Construct

psap F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAAACCACCATGATGCTTCTCACGCTTC pME-psap WT
psap R GGGGACCACTTTGTACAAGAAAGCTGGGTCcTTAGCTCCAAACGTGACGC pME-psap WT
psap-mut F GCCGATCCCAAAACGGTCggcTCTTTCCTTGCACTCTG pME-psap mut
psap-mut R CAGAGTGCAAGGAAAGAGCCGACCGTTTTGGGATCGGC pME-psap mut
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Abstract

he B-glucosidases (GBA1 [glucocerebrosidase], GBA2, and GBA3) are ubiquitous,
Tessential enzymes. Lysosomal GBA1 and cytosol-facing GBA2 degrade glucosylceramide

(GlcCer); GBA1 deficiency causes Gaucher disease (GD), a lysosomal storage
disorder characterized by lysosomal accumulation of GlcCer, which is partly converted to
glucosylsphingosine (GlcSph). GBA1 and GBA2 may also transfer glucose from GlcCer to
cholesterol, yielding glucosylated cholesterol (GlcChol). Here, we aimed to clarify the role
of zebrafish Gba2 in glycosphingolipid metabolism during Gbal deficiency in zebrafish
(Danio rerio), which are able to survive total Gbal deficiency. We developed Gbal and
Gba2 zebrafish knockouts (gbal” and gba2”, respectively) using CRISPR/Cas9, modulated
glucosidases genetically and pharmacologically, studied GlcCer metabolism in individual
larvae, and explored the feasibility of pharmacologic or genetic interventions. Activity-
based probes and quantification of relevant glycolipid metabolites confirmed enzyme
deficiency. GlcSph increased in gbal” larvae (0.09 pmol/fish) but did not increase more
in gbal”:gba2” larvae. GlcCer was comparable in gbal” and wild-type (WT) larvae but
increased in gba2”- and gbal”:gba2” larvae. Independent of Gbal status, GlcChol was low
in all gba2” larvae (0.05 vs. 0.18. pmol/fish in WT). Pharmacologic inactivation of zebrafish
Gbal comparably increased GlcSph. Inhibition of glucosylceramide synthase in Gbal-
deficient larvae reduced GlcCer and GlcSph, and concomitant inhibition of glucosylceramide
synthase and Gba2 with iminosugars also reduced excessive GlcChol. Finally, overexpression
of human GBAl and injection of recombinant GBAl both decreased GlcSph. We
determined that zebrafish larvae offer an attractive model to study glucosidase actions
in glycosphingolipid metabolism in vivo, and we identified distinguishing characteristics of
zebrafish Gba2 deficiency.
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Introduction

The lysosomal glucocerebrosidase (GBA1) is a retaining B-glucosidase degrading the
glycosphingolipid glucosylceramide (GlcCer)'. The enzyme receives considerable interest
since its deficiency causes Gaucher disease (GD), a recessively inherited lysosomal
storage disorder in which GlcCer accumulates in lysosomes, particularly those of tissue
macrophages that transform into Gaucher cells?3. GD patients characteristically develop
hepatosplenomegaly, leukopenia, especially thrombocytopenia, and abnormalities in
coagulation®. In more severe cases, neuropathology develops, with oculomotor apraxia as a
first sign. In its most severe form, complete lack of GBA1 is associated with an acute failure
in skin permeability features, causing the so-called collodion baby with severe ichthyosis?.
Individuals that have a genetic defect in GBA1, or carriers of such a mutation, have a
markedly increased risk for developing Parkinson’s disease and Lewy-body dementia®®.
The molecular mechanisms underlying the complex pathophysiology of GD and the risk
imposed by GBA1l abnormalities for a-synucleinopathies are presently unknown. The
features and functions of GBA1 are presently extensively investigated. Novel research tools
in the field are cell-permeable fluorescent activity-based probes (ABPs) that selectively label
retaining B-glucosidases in a mechanism-based manner through covalent binding to the
catalytic nucleophile. These allow cross-species visualization of active enzyme molecules
in vitro, in situ and in vivo’®. Cyclophellitol derivative 1 (Figure 1A), carrying the reporter
fluorophore at C8 (cyclophellitol number; corresponding to position C6 in glucose), labels
selectively GBA1, arguably because the other human retaining B-glucosidases do not
accept the presence of a (bulky) fluorophore at this position’. Cyclophellitol-aziridine 2
with the fluorophore pointing towards the position occupied by the aglycon of a retaining
B-exoglucosidase binds all known cellular human B-glucosidases (GBA1, GBA2 and GBA3)
(ABP 2, Figure 1A and B).

Several corrections for GBA1 deficiency in GD have been developed and novel therapeutic
interventions are still being pursued. For almost three decades, non-neuronopathic (type 1)
GD can be treated by enzyme replacement therapy (ERT), a treatment based on chronic
intravenous administration of GBA1 with mannose-terminal N-glycans ensuring targeting
to macrophages, the primary GlcCer storage cells*. An alternative therapeutic approach is
substrate reduction therapy (SRT) that aims to reduce the biosynthesis of GlcCer through
inhibition of glucosylceramide synthase (GCS)¥. The first SRT agent developed for GD
is N-butyl-deoxynojirimyicin (Miglustat) that was registered almost two decades ago
for treatment of mild to moderate type 1 GD. More recently, an improved inhibitor for
GCS, Eliglustat (Figure 1C), has been developed for treatment of type 1 GD patients?. At
present GCS inhibitors, with improved brain-permeability, have been developed as well as
chaperones acting as enzyme stabilizers**34, Moreover, augmentation of GBA1 expression
by gene therapy approaches is actively studied in animal models?>.
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It has been recently recognized that compensatory mechanisms occur during a GBA1
deficiency*®. For example, in GBA1l deficient lysosomes, accumulating GlcCer is
partly converted by lysosomal acid ceramidase to its corresponding sphingoid base,
glucosylsphingosine (GlcSph)Y’. As a result, GlcSph is massively increased in tissues and
plasma of GD patients and GBA1-deficient mice'”*8. Roles for GlcSph in pathophysiology of
Gaucher disease with respect to organomegaly, osteoporosis, risks for multiple myeloma,
Parkinson’s disease and reduced cerebral vascularization have been proposed®®?2,

The cytosol-facing GBA2, which metabolizes cytosolic GlcCer?*?, has been recently
shown to have transglucosidase activity as well, and is able to produce glucosylated
cholesterol (GlcChol) from GlcCer and cholesterol?. The role of GBA2 in GD pathophysiology
is unclear. Excessive GBA2 activity during deficiency of GBA1 appears detrimental in some
aspects. For example, genetically ablating GBA2 in a Gaucher mouse model as well as in
Niemann-Pick type C (NPC) mice has been shown to ameliorate symptoms®?%, Moreover,
pharmacological inhibition of GBA2 by administration of low nanomolar iminosugar
derivatives (AMP-DNM and L-ido-AMP-DNM?>3°, Figure 1C) exerts beneficial effects in NPC
mice?.
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Figure 1 | Chemical structures of activity-based probes and inhibitors

(A) Chemical structures of activity-based probes (ABPs) used in this study: cyclophellitol-epoxide-based ABP 1
(GBA1 specific) and cyclophellitol-aziridine-based ABP 2 (labelling all retaining B-glucosidases). Both ABPs are
equipped with a Cy5 fluorophore as reporter (B) Catalytic reaction mechanism of cyclophellitol-based irreversible
inhibitors. (C) Chemical structures of the GBA1 specific irreversible inhibitor 3 (ME656), iminosugars AMP-DNM
and L-ido-AMP-DNM and Eliglustat. IC,; values are given for GBA1 and GBA2 and GCS*?'.
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The zebrafish (Danio rerio) is a popular vertebrate research model because of low-cost
maintenance and the ability to produce large clutches of embryos. Zebrafish larvae develop
ex-utero, are transparent and pharmacological modulation can be conveniently performed
(in 96-well plates) up to 5 days post-fertilization (5 dpf)3**3. Another attractive feature of
the zebrafish is the molecular and genetic similarity to mammalian models. For example,
the zebrafish genome encodes GlcCer-metabolizing enzymes and their activity can be
measured with the same fluorogenic substrates as commonly used for the human and
rodent analogues®. We have shown recently that zebrafish Gbal and Gba2 react like their
human counterparts with available ABPs33* and exhibit similar inhibitor affinities3***. A
complete deficiency of GBA1 causes a fatal skin abnormality in newborn mice and man3®%¥’,
however the introduction of complete Gbal deficiency in fish is tolerated®®3°,

The primary goal of our investigation was to study at organismal level the role of Gba2 in
glycosphingolipid metabolism during deficiency of Gbal. For this purpose, we used both
genetic and pharmacological approaches to modulate Gbal and Gba2 and subsequently
studied the impact on glycosphingolipid levels in individual zebrafish larvae. In Gbal-
deficient fish, either genetic or chemically induced, the most remarkable abnormality is the
increase in GlcSph, independent of the Gba2 status. The deficiency of Gba2 in zebrafish
larvae leads to reduction of GlcChol, independent of the Gbal status. As a secondary goal
we studied the feasibility of pharmacological and genetic interventions. We demonstrate
that inhibition of glucosylceramide synthase prohibits excessive formation of GlcSph and
that concomitant inhibition of Gba2 also prevents excessive GlcChol. Overexpression of
human GBA1 in Gbal-deficient larvae reduces GlcSph elevation. The same is observed upon
infusion of recombinant human GBAL. Altogether, we demonstrate that zebrafish embryos
offer an attractive organismal model to study glycosphingolipid abnormalities in genetic and
pharmacological models of Gbal and Gba2 deficiencies and moreover allow the screening
of GCS and GBA2 inhibitors regarding corrective effects on lipid abnormalities.
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Results

Gbal and Gba2 of zebrafish: detection with fluorescent ABPs.
Zebrafish have one orthologue of human lysosomal GBA1* and zebrafish Gbal (UniProt
accession P04062) shows 58% identity and 73% similarity to the human GBA1 enzyme. The
zebrafish Gbal protein consists of 518 amino acids with a predicted mass of 58 kDa. The
zebrafish orthologue (UniProt accession EZF5W0) of human non-lysosomal B-glucosidase
shows 66% identity and 79% similarity to human GBA2 and a predicted mass of 96 kDa*.
We labelled a homogenate of zebrafish embryonic fibroblasts (ZF4 cell line)* and a
homogenate of pooled WT zebrafish larvae (5 dpf) with ABPs at different pH (Figure 2A
and B). ABP 1, a Cy5 fluorescent cyclophellitol-epoxide targeting specifically Gbal, labelled
a protein with an apparent molecular weight around 60 kDa in the zebrafish homogenates,
most favourable at pH 4 (Figure 2A, top panel). The observed molecular mass coincides with
that of the glycosylated zebrafish orthologue of Gbal and the optimal labelling at acidic
pH is consistent with the pH optimum reported for Gbal’. Zebrafish material incubated
with ABP 2, the fluorescent cyclophellitol-aziridine that labels all retaining B-glucosidasesg,
revealed additionally to Gbal also a protein with an apparent molecular weight of about 95
kDa (Figure 2A and B), coinciding with the predicted molecular weight of zebrafish Gba2.
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Figure 2 | Visualization of active Gbal and Gba2 enzymes in zebrafish

(A) Effect of pH on labelling of ZF4 cell homogenate with ABP 1 (100 nM) and ABP 2 (100 nM). (B) Effect of pH on
labelling of pooled zebrafish homogenate (5 dpf) with ABP 1 (1 uM) and ABP 2 (200 nM). A protein equivalent of
one zebrafish was used per condition. (C) ABP 1 and ABP 2 labelling of homogenate of oocytes (-f) and developing
zebrafish embryos (t = 0-7 dpf). An equivalent of one zebrafish egg or embryo was used per lane. In lane —, sample
is denatured prior to ABP addition, Coomassie Brilliant Blue (CBB) staining and B-actin were used as loading
controls.

Next, we labelled homogenates of developing zebrafish embryos, from unfertilized
oocytes to 7 dpf zebrafish larvae (-f to 7 dpf, Figure 2C). Active Gbal and Gba2 molecules
were already detected in both oocytes and fertilized eggs, suggesting the presence
of active B-glucosidases in the yolk of the developing embryo deposited by the adult
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zebrafish female. The intensity of ABP-labelled Gba2 increased over time (in days), while
Gbal intensity reduced in the developing embryo. Of note, although the presence of
very abundant yolk proteins, predominantly isoforms of the phospholipo-glycoprotein
vitellogenin®, influenced the apparent molecular weight of the ABP-labelled enzyme, it did
not influence target engagement of the ABP.

Gbal” larvae accumulate GlcSph

To obtain a gbal mutant zebrafish, an appropriate sgRNA sequence was selected in the first
exon of gbal (Target 1, Figure 3A upper and middle panel). Injection of Cas9 mRNA and
sgRNA into the one-cell stage of WT embryos, generated a founder fish with a germ-line
transmitted deletion of 31 bp in the splice-site region of exon 1 (gba1A31, Figure 3A, lower
panel). This founder was subsequently used to generate a heterozygous gbal*" zebrafish
line without malformations*>. Gbal” mutant larvae were obtained following crossing of the
adult gbal*" carriers and characterization of offspring by genotyping.

To validate the gbal” fish (with A31 mutation), their Gbal status was examined by
labelling with ABP 1. Comparison of WT, gbal*  and gbal” larvae labelled with ABP 1
revealed a reduction of the ~60 kDa Gbal in the gbal” 5 dpf larvae (Figure 2B). Some
residual labelled protein at 60 kDa was observed in the gbal” larvae argued as the
deposition of maternal Gbal enzyme from the heterozygous female®.

To establish whether Gbal is truly impaired in gbal” fish, their glycosphingolipid content
was determined. In the 5 dpf gbal” larvae, total hexosylceramide (HexCer), i.e. GlcCer
and/or GalCer, and GlcChol was not significantly increased (Figure 3C). In the course of
the experiments we used HILIC column chromotography to measure sphingolipids with
glucose- and galactose moieties in a separate set of zebrafish larvae. This revealed that
in the studied 5 dpf larvae more than 70% of HexCer is GlcCer (Supplementary Figure
1). This lipid, like total HexCer, did not significantly accumulate in gbal” larvae. Likewise,
HILIC separation revealed that solely GlcSph accumulates in the gbal” larvae (Figure 3C).
No significant difference was detected for other (glyco)sphingolipids such as sphinganine,
sphingosine, dihydroceramide, ceramide, GalCer and dihexosylceramide®.

Next, 5 dpf larvae were dissected into head and body regions and glycosphingolipid levels
were determined (Supplementary Figure 2). GlcSph and GlcCer levels were significantly
increased in both regions. GlcChol was also detected in the brain region in comparable
levels to the body region.

To conclude, the prominent accumulation of GlcSph in the mutant fish resembles the
marked increase of GlcSph in Gbal-deficient patients and mice*. Thus, we introduced
a functional deficiency in lysosomal Gbal activity in the gbal” fish promoting active
conversion of accumulating GlcCer to GlcSph.
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A Gba (Chr16: 14,326,461-14,341,192)

a Target 1
Gbhat ATGAGAGAAACGGCTCTTTTTATTCTGCTCGCCGGAATAATCACCACAGCAAGAGgtgtgtaacaataatcagacggattatataag
Exon 1 M R E T A L F I L L A G I I T T A R
A31 ATGAGAGAAACGGCTCTTTTTATTCTG tgtaacaataatcagacggattatataag
mutation
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Figure 3 | CRISPR/Cas9 mediated disruption of Gbal in zebrafish

(A) Top panel: Schematic representation of the ghal gene on chromosome 16. Middle panel: DNA sequence of the
exonl-intronl boundary of gbal with the exon in upper case and intron in lower case, the sgRNA target sequence
underlined, the PAM site in red and the protein sequence shown below. Lower panel: The 31 base pair deletion
(A31), obtained from the sequence trace of an homozygous ghalA31 larvae, is located in the splice-region with
the altered predicted translated protein sequence given in blue and leads to a premature stopcodon (*). (B) ABP
labelling of homogenate of individual zebrafish larvae at 5 dpf (WT, gbal”, gbal*- or gbal** from incross, n= 3)
with ABP 1 (top panel) or ABP 2 (middle panel). In lane —, sample is denatured prior to ABP addition, CBB staining
was used as loading control. (C) GlcSph, HexCer, GlcCer and GlcChol levels were determined of individual zebrafish
larvae in pmol/fish; WT (n = 15), gbal** (n = 6), gbal*" (n = 9) and gbal” (n = 15) for GlcSph, HexCer and GlcChol
and WT (n = 9), gbal** (n = 4), gbal* (n = 7) and gbal” (n = 9) for GlcCer. Data is depicted as mean * SD and
analysed using One-Way Anova (Dunnett’s test) with WT as control group with **** P < 0.0001.

Deficiency in Gba2 results in prominent decrease in GlcChol

Next, we similarly generated a Gba2 deficient fish. An appropriate sgRNA sequence (Target
2, Figure 4A, upper and middle panel) was selected in the third exon of the gba2 gene and
subsequent rounds of screening and crossing resulted in a zebrafish with a 16 bp deletion
in exon 3 of gba2. This deletion created a premature stop codon (Figure 4A, lower panel).
Adult homozygous gba2” zebrafish showed no malformations or aberrant behaviour®.
Moreover, adult homozygous gba2” zebrafish produced regular sized clutches with
normally developing larvae until the free-feeding stage of 5 dpf, suggesting that the male
gba2” fish are fertile in contrast to some strains of GBA2 KO mice?**.
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Figure 4 | CRISPR/Cas9 mediated disruption of Gba2 in zebrafish

(A) Top panel: Schematic representation of gha2 gene on chromosome 7. Middle panels: DNA sequence of exon 3
of gba2 with the sgRNA target sequence underlined, the PAM site in red and the protein sequence shown below.
Lower panel: The 16 base pair deletion (A16), as obtained from the sequence trace, introduces a premature
stopcodon (*) in the altered predicted translated protein sequence, given in blue. (B) ABP labelling of homogenate
of individual zebrafish larvae at 5 dpf (WT, gba2” and both heterozygous gba2*- options, n= 3) with ABP 1 (top
panel) or ABP 2 (middle panel). In lane —, sample is denatured prior to ABP addition, CBB staining was used as
loading control. (C) GlcSph, HexCer, GlcCer and GlcChol levels were determined of individual zebrafish larvae in
pmol/fish; WT (n = 15), gha2*" (n = 6), gha2™* (n = 6) and gha2”" (n = 12) for GlcSph, HexCer and GlcChol and WT (n
=9), gha2* (n =3), gba2”* (n = 3) and gba2” (n = 9) for GlcCer. Data is depicted as mean * SD and analysed using
One-Way Anova (Dunnett’s test) with wt as control group with *** P < 0.001 and **** P < 0.0001.

To validate GBA2 deficiency in the gba2” fish (with A16 mutation), enzyme status was
examined by ABP 2 labelling. Homogenates of zebrafish larvae of different gba2 genotypes
were incubated with GBA1 specific ABP 1 and broad-spectrum ABP 2. Homozygous gha2” fish
showed complete absence of ABP-labelled enzyme at 90 kDa, while heterozygous offspring
from two different crossings exhibited residual ABP-labelled Gba2 enzyme (Figure 4B). The
lipid composition of gba2” larvae (5 dpf) showed an increase in HexCer, predominately
GlcCer (Figure 4C). Additionally, these larvae exhibited a very prominent decrease of
HexChol (Figure 4C). As observed for GlcSph, HILIC separation revealed that GlcChol is the
predominant form of HexChol (>95%) in 5 dpf zebrafish larvae (Supplementary Figure 1D-F).
The gba2” fish showed no increase in GlcSph and no significant differences were found for
other (glyco)sphingolipids such as sphinganine, sphingosine, dihydroceramide, ceramide,
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GalCer and dihexosylceramide (Figure 4C and reference 42). The GlcChol reduction was not
observed in WT and heterozygous gba2* larvae. The marked reduction in GlcChol in the
gba2” zebrafish larvae is similar to that observed in Gba2-deficient mice?. This suggests
that zebrafish Gba2 also acts as a transglucosylase similar to rodent and human Gba2,
generating GlcChol from GlcCer and cholesterol.

Aberrant GlcSph, GlcCer and GlcChol levels in gbal7:gba2”- larvae.

The gbal*:gba2”’ adult carrier zebrafish, used to produce gbal”:gba2” larvae, did not
show malformations and gave regular sized clutches*. To examine the ghal”:gba2” double
KO zebrafish, we employed the same ABP labelling as described above. As in the respective
Gbal and Gba2 single KO, no Gba2 enzyme was visualized on gel, while a residual ABP-
labelled enzyme with a molecular mass comparable to Gbal was present in the double KO
5 dpf larvae (Figure 5A).

(Glyco)sphingolipid analysis of gbal”:gba2” larvae showed increased HexCer levels,
predominantly GlcCer, compared to single gbal” larvae but similar to that of single gha2”
larvae (Figure 5B). Moreover, in the double KO larvae, GlcChol was significantly decreased,
similar as observed in gba2” larvae. Compared to WT larvae, a significant accumulation
of GlcSph in gbal”:gba2” larvae was detected. GlcSph levels in double KO fish tended to
be somewhat higher than in the gbal” larvae (Figure 5B), although developing zebrafish
showed considerable variation in rapidly accumulating GlcSph.

Next, we analysed the age-dependence of glycosphingolipid changes in developing
embryos, from 8 hpf to 5 dpf (Figure 5C). The elevation of GlcSph in the gbal” and gbal
/:gba2”" embryos was detectable from 3 dpf onwards. HexCer (predominantly GlcCer)
was found to increase also with age, accumulating more rapidly in gba2” and gbal”
:gba2” embryos. GlcChol increased with age in WT and gbal”- embryos, but remained low
(around 0,05 pmol/fish) in the Gba2-deficient fish. The gradual increase with age of GlcChol
suggests that it is formed in the developing embryos. In other words, its origin is unlikely to
be entirely the yolk.
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Figure 5 | Biochemical evaluation of ghal, gba2 and double gbal:gba2 KO zebrafish larvae

(A) ABP labelling of homogenate of individual zebrafish larvae at 5 dpf (WT, gbal”, gba2” and gbal’:gba2”, n
= 3) with ABP 1 (top panel) or ABP 2 (middle panel). In lane —, sample is denatured prior to ABP addition, CBB
staining and B-actin were used as loading control (lower panels). (B) GlcSph, HexCer, GlcCer and GlcChol levels
were determined of individual 5 dpf zebrafish larvae in pmol/fish; WT (n = 15), gbal” (n = 15), gha2” (n = 12)
and gbal7:gba2” (n = 13) for GlcSph, HexCer and GlcChol and WT (n =9), gbal” (n =9), gba2” (n = 9) and gbal
/:gba2” (n = 10) for GlcCer. Data is depicted as mean + SD and analysed by One-Way Anova (Dunnett’s test) with
WT as control group. * P <0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001. (C) Developing zebrafish embryos
were harvested at different ages and GlcSph, HexCer, GlcCer and GlcChol levels were determined in pmol/fish. 8
hours post fertilization (n = 4-5), 1 dpf (n = 3-5), 2 dpf (n = 3-5), 3 dpf (n = 3-5), 4 dpf (n = 3-6). Data on relevant lipid
levels of 5 dpf larvae are obtained from (C). Data is depicted as mean + SEM
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Additional accumulation of GlcSph in chemical induced Gbal-deficient larvae
Adamantyl-cyclophellitol 3, a recently designed highly specific inhibitor of GBA1, was used
to investigate the effect of acute pharmacological induction of Gba1l deficiency.. Incubation
of WT larvae with 10 uM of inhibitor 3 for 5 days led to a significant increase in GlcSph in the
developing larvae (Figure 6A) and also in their surrounding water (Supplementary Figure
3). Incubation of gha2” larvae increased GlcSph comparable to WT, which indicates that the
increase of GlcSph is independent of the Gba2 status (Figure 6A). Incubation of ghal”  and
gbal”:gba2” larvae with the Gbal specific inhibitor led to a significant increase in GlcSph
compared to vehicle treated gbal” or gbal”’:gba2” larvae (Figure 6A). GlcChol was only
significantly increased in WT treated larvae, while HexCer was increased in all genotypes
incubated with 3 (Figure 6A). A potential explanation is the additional inhibition of maternal
Gbal by compound 3 immediately after fertilization, thereby generating a completely Gbal
deficient fish larvae. Indeed, ABP-labelling of vehicle treated gbal” backgrounds visualized
a 60 kDa protein (Figure 6B), while ABP-labelled Gbal was not visible in any of zebrafish
pre-treated with inhibitor 3 (Figure 6B). Of note, ABP-labelled Gbal was present in Gbal
/~embryos of all ages. (Figure 6C). Together, the lipid and ABP data suggest the presence of
maternal Gbal enzyme, which can be inhibited by compound 3.

A. GleSph HexCer GlcChol

0.4+

3004 — 044 =

o
@
1
o
@
I

2004

1004 - .

I 0.14 . T
. A , ]
WT gba2"™  gbat* 12 WT gba2"  gbat” 12 WT gba2’  gbat’ 12"
[ 0.1% DMSO [ 10pM Gba1 specific inhibitor 3

pmol/fish
o
N
h
pmol/fish
pmol/fish
o
N
h

o
|

0.0-

B. WT __ gba2- gbat” 12+ C. gbat e==——
+ - + - + - + Inh.3 K7DSaM8h12345dpf

K7Dsa -
JERRE,,,  Er-eees

100-

CBB

Figure 6 | Chemical inactivation of Gbal shows full gbal deficiency with increased GlcSph levels

WT, gba2”, gbal”- and gbal”:gba2’- embryos were treated with vehicle (0.1 % (v/v) DMSO) or inhibitor 3 (10 uM)
for 5 days and (A) relevant lipid levels were determined of individual larvae in pmol/fish (n = 7-15) or (B) active
B-glucosidase enzyme was visualized with ABP 1 (top panel) or ABP 2 (middle panel); CBB staining was used as
loading control (lower panel). (C) Gbal”- embryos were harvested at different ages and active Gbal was visualized
with ABP 1. Data of GlcSph, HexCer and GlcChol is depicted as mean + SD and analysed using One-Way Anova
(Tukey’s test). Ns= not significant, * P <0.05, ** P <0.001, *** P < 0.001 and **** P < 0.0001.
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Lipid corrections by inhibition of glucosylceramide synthase and Gba2
Next, we studied the feasibility of pharmacological intervention and correction of
glycosphingolipid abnormalities of Gbal deficient zebrafish larvae by substrate reduction
therapy using treatment with reported GCS inhibitors as well as concomitant GCS and GBA2
inhibitors. WT zebrafish embryos were simultaneously incubated with the Gbal specific
inhibitor 3 and the potent specific GCS inhibitor Eliglustat (Figure 1C) to study Gcs inhibition
in a Gbal-deficient background. Incubation with 1 uM Eliglustat for 5 days led to a decrease
in HexCer and the derived lipids GlcSph and GlcChol (Figure 7A). As for characterization
of the genetic knockout larvae, the reduction in HexCer levels was prominently due to a
decrease in GlcCer levels, based on our HILIC method performed on additional larvae®.

The iminosugars AMP-DNM and L-ido-AMP-DNM have been reported as low nanomolar
GBA2 inhibitors, though they also inhibit GCS and GBA1 at a higher concentration (Figure
1C)». Because the reported potencies are in vitro and in situ IC,, we first recapitulated
the enzyme specific inhibition of AMP-DNM and L-ido-AMP-DNM in whole WT zebrafish
larvae. The embryos were incubated with different concentrations of AMP-DNM (10 nM,
100 nM, 500 nM and 10 puM) and L-ido-AMP-DNM (10 nM, 100 nM, 500 nM and 10 uM)
and GlcSph, HexCer and GlcChol levels were analysed as ratios relative to vehicle treated
WT (Figure 7B). At the lowest concentration of 10 nM, both iminosugars already caused an
increase in HexCer, but no prominent decrease in GlcChol yet. At the higher concentration
of 100 nM, both iminosugars caused almost complete in vivo inhibition of Gba2 as reflected
by decreasing GlcChol and simultaneously increasing HexCer (Figure 7B). At very high
concentrations of AMP-DNM and L-ido-AMP-DNM (500 nM and 10 uM), levels of HexCer,
predominantly GlcCer, decreased, indicating that Gcs was inhibited as well (Figure 7B).
A significant increase in GlcSph was observed at high AMP-DNM concentrations (10 uM,
Figure 7B), but not in case of L-ido-AMP-DNM, which is known to hardly inhibit GBA1.

Next, we analysed the potential of the iminosugars to pharmacologically correct the
glycosphingolipid abnormalities in Gbal-deficient zebrafish larvae. WT embryos were
simultaneously incubated with 3 and different concentrations of AMP-DNM or L-ido-AMP-
DNM, and glycosphingolipid levels were analysed as ratio relative to control Gbal-deficient
zebrafish larvae incubated with 3 alone. Incubation with 100 nM of AMP-DNM and L-ido-
AMP-DNM resulted in reduction of GlcChol compared to control (Figure 7C), indicating
Gba2 inhibition. At this concentration, no reduction of GlcSph was found, indicating that
pharmacological inhibition of Gba2 in a Gbal-deficient background fails to correct the
accumulation of GlcSph at the developmental stage of 5 days post-fertilization. Using high
concentrations of AMP-DNM and L-ido-AMP-DNM (10uM, Figure 7C), both Gba2 and Gcs
were inhibited as indicated by the reduction of GlcChol and HexCer, mainly GlcCer levels
(Figure 7C). At these high concentrations significant reduction in GlcSph also became
apparent.

Thus, both Eliglustat and the iminosugars at higher dose were able to pharmacologically
correct glycosphingolipid abnormalities in Gbal deficient whole zebrafish larvae.
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Figure 7 | Pharmacological inhibition of Gbal, Gba2 and Gcs

(A) WT embryos were treated simultaneously with inhibitor 3 and Eliglustat. Lipid levels were determined of
individual larvae (n = 8-9). Ratios of GlcSph, HexCer and GlcChol are depicted relative to WT embryos incubated
with inhibitor 3 only (100% line). (B) WT embryos were incubated for 5 days with different concentrations of AMP-
DNM (striped bars) or L-ido-AMP-DNM (thicker striped bars) and lipid levels were determined of individual larvae
(n = 5-9). Data of GlcSph is depicted in pmol/larvae while ratios of HexCer and GlcChol are depicted relative to
vehicle treated WT (100% line). (C) WT embryos were treated with inhibitor 3 (10 uM) and different concentrations
of AMP-DNM (striped bars) or L-ido-AMP-DNM (thicker striped bars) and lipid levels were determined of individual
larvae (n = 5-9). Data of GlcSph, HexCer and GlcChol is depicted relative to inhibitor 3 treated WT (100% line).
Inhibitor 3 treated gba2” (blue bar) is used as control for pharmacological Gbal inhibition in a full genetic Gba2
deficient background. Data is depicted as mean * SD and analysed by One-Way Anova (Dunnett’s test) with WT as
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control group. * P <0.05, ** P <0.01, *** P < 0.001 and **** P < 0.0001.
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Rescue of Gbal deficiency by expression or injection of human GBA1

Finally, we studied correction of abnormal glycosphingolipid metabolism by introducing
human GBA1l to Gbal-deficient zebrafish embryos. Two approaches were used:
overexpression of human GBA1 using the Tol2 transposase method* and injection of
recombinant GBA1 enzyme (Cerezyme®) in the bloodstream of 2 dpf gbal” zebrafish
embryos. The presence of active GBA1 was detected by labelling with ABP 1 (Figure
8A). Over-expression in the zebrafish resulted in the presence of human GBA1l with
heterogeneous molecular weight, indicating differently glycosylated forms. Infusion of
rGBA1 into the embryos led to the presence of one distinct band labelled by the ABP1
(Figure 7A). In the latter experiments variation among individual injected embryos was
noted. The significant decrease in GlcSph indicates that both overexpression and infusion
of human GBA1 functionally correct the absence of zebrafish Gbal (Figure 8B).

In conclusion, glycosphingolipid abnormalities can be corrected by pharmacological and
genetic intervention and corrections can be detected in individual zebrafish samples.
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Figure 8 | Glycosphingolipid correction by introduction of human GBA1

(A) Human GBA1 was stably overexpressed in the gbal” zebrafish background using the ubiquitin promoter.
Zebrafish Gbal and human GBA1 was visualized with ABP 1. (B) Recombinant GBA1 was introduced by injection
in the bloodstream of 2 dpf zebrafish with 10 or 36 x 10° U rGBA1 (Cerezyme®) and visualized with ABP 1. An
equivalent of 36 x 10° U rGBA1 was labelled and used as control on gel. (C) GlcSph levels were determined in
pmol/fish of uninjected, control gbal”- zebrafish (n=4), gbal” zebrafish stably overexpressing hGBA1 (n = 8) and
gbal” zebrafish infused with rGBA1 (n = 2 or 10). Data is depicted as mean * SD and analysed by One-Way Anova
(Dunnett’s test) with WT as control group. ** P < 0.01 and **** P < 0.0001.
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Discussion

The primary goal of our investigation was to study GlcCer metabolism during deficiency of
the lysosomal Gbal in a whole organismal model. For this purpose, we selected developing
zebrafish larvae until 5 dpf, an attractive model to investigate genetic disorders, related
biochemical abnormalities and pharmacological or genetic correction of the disease. We
particularly focussed on the potential role of cytosol-facing Gba2 in compensatory GlcCer
metabolism during inadequate Gbal activity. To generate a deficiency of Gbal and/or
Gba2 in zebrafish we used two different approaches: CRISPR/Cas9 mediated knockout of
the gbal gene (ghal” fish) as well as chemical inactivation using specific inhibitors. A Cy5
fluorescent ABP, labelling active Gbal enzyme molecules through covalent binding to the
catalytic nucleophile’, was used to confirm the genetic knockout of Gbal in gbal” fish as
well as its complete inactivation by selective Gbal inhibitor 3%*'. Of note, ABP labelling of
active Gbal in gbal” and gbal”gba2” fish in the developing zebrafish embryo pointed
to the presence of maternal Gbal. Apparently, maternal Gbal enzyme is deposited by the
heterozygous gbal*”- mother in the yolk of the embryo, a phenomenon described earlier
for other lysosomal enzymes as well*3,

The viability of gba1”- and gbal”:gba2’ fish deserves notice. In man and mice, a complete
deficiency of GBA1 is not compatible with terrestrial life due to altered skin permeability
causing trans-epidermal water loss®”#’. Recently the abundant presence of active GBA1
in the stratum corneum of human skin has been visualized by labelling with a specific
fluorescent ABP and zymography®. Fortuitously, different properties of fish skin and habitat
allow generation of animals with a Gba1l deficiency.

We have earlier developed mass spectrometric methods, using identical *C-encoded
standards, to sensitively quantify the key lipids of interest during GBA1 deficiency; the
primary storage lipid GlcCer and the secondary metabolites GlcSph and GlcChol?”%°. Mass
spectrometry as such does not distinguish between lipids with a glucose or galactose
moiety. We used HILIC chromatography to separate glucosyl- and galactosyl-containing
lipids of additional larvae and observed that accumulated HexSph is solely GlcSph in 5 dpf
larvae, while aberrant HexChol is solely GlcChol. In the case of HexCer about 30 % can be
attributed to GalCer in 5 dpf WT zebrafish larvae, whereby GalCer levels do not change
upon genetic or pharmacological modulation, and the vast majority being GlcCer, showing
aberrant levels upon modulation.

The observed abnormalities in GlcCer and its metabolites GlcSph and GlcChol in 5 dpf
Gbal deficient larvae in the absence or presence of Gba2 warrant discussion. Total HexCer
and the HILIC separated GlcCer were found to be not significantly abnormal in the gbal”
larvae. Apparently, accumulating GlcCer in gbal” larvae can be alternatively metabolized
to GlcSph by acid ceramidase or the presence of maternal enzyme in yolk offers somehow
degradative capacity. In contrast, deficiency of Gba2 in the 5 dpf larvae does have a major
impact on GlcCer levels. The gba2” larvae showed a clearly elevated HexCer level (two-
fold), which is attributed to an increase in GlcCer levels and potentially accumulates at
the cytosolic side of membranes. Combined Gbal and Gba2 deficiency of does not lead to
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more prominent HexCer accumulation than deficiency of Gba2 alone.

We assessed the marked elevation of GlcSph, which is from accumulating GlcCer in
lysosomes by acid ceramidase?’. The abnormality is exploited for diagnostic purposes and
monitoring of GD patients regarding disease progression and correction by therapy®4+°0-52,
Prominent accumulation of GlcSph develops in zebrafish with the gbal” background
starting around 2-3 dpf, but not in WT or gba2” zebrafish larvae. Elevation of GlcSph is
also rapidly induced by exposing larvae to the Gbal suicide inhibitor 3, independent of
their gbal and gba2 genotype. Thus, our data suggest that Gba2 status does not markedly
influence GlcSph levels during Gbal deficiency. This suggests that either the Gba2 activity
towards GlcSph is insufficient to significantly reduce GlcSph accumulation formed in 5
dpf zebrafish or that GlcSph insufficiently reaches Gba2. Of note, Mistry and coworkers
observed in mice with induced Gbal deficiency in the white blood cell lineage an increased
GlcSph that was not changed by combined Gba2 deficiency, similar to our findings with
zebrafish embryos?.

The occurrence of GlcChol abnormalities in zebrafish impaired in Gbal and/or Gba2
was assessed. The existence of GlcChol has been noted in chicken and mammalian
tissues, while the glucosylated sterol was shown to be metabolized by GBA1 as well as
GBA2?%3%, Evidence has been presented for mice that GBA1 largely degrades GlcChol to
glucose and cholesterol. Contrary, GBA2 forms GlcChol from GlcCer and cholesterol by
transglucosylase activity?. In case of extreme intralysosomal cholesterol accumulation, as
in NPC or chemically induced by U18666A, lysosomal GBA1 actively generates GlcChol via
transglucosylation?’. GlcChol levels tended to be elevated in gbal” and chemically induced
Gbal-deficient larvae, in line with Gbal involvement in GlcChol turnover. While a low level
of GlcChol was detected in Gba2 deficient embryos at 8 hpf (0,05 pmol/fish), similar to WT
embryos, GlcChol levels did not increase with age in the Gba2 deficient fish, in contrast to
WT embryos. This illustrates the contribution of Gba2 to GlcChol biosynthesis in zebrafish,
similarly to earlier observations in mice?. Taken together, this suggests that sterolglucoside
metabolism by Gbal and Gba2 in the zebrafish is similar to that observed in man and
mouse (Supplementary Table 1)?7>°. Given the observed abnormalities in GlcChol during
abnormal GlcCer metabolism its physiological significance seems intriguing as well as the
role of Gbal and Gba2 in the molecular function of GlcChol.

The iminosugar Miglustat (N-butyl-deoxynojirimycin), a registered oral agent to treat mild
type 1 GD, markedly inhibits GBA2 activity at the administered dose (3 times 100 mg daily)®®.
A very large number of type 1 GD patients have been treated with Miglustat for more than
a decade without major side effects except for intestinal complaints due to inhibition of
intestinal glycosidases®’. Apparently, in these individuals GBA2 inhibition has no overt
detrimental consequences. Moreover, concurrent deficiency of GBA2 in a mouse model
with induced deficiency of GBA1 in the white blood cell lineage has been reported to exert
positive effects, such as improvements in visceral, hematologic and skeletal symptoms*é. A
beneficial effect of GBA2 deficiency has been also been observed for NPC mice, consistent
with the use of the GBA2 inhibitor Miglustat in treatment of this disorder®. In sharp contrast
to all these positive findings regarding reduced GBA2 activity during GBA1 deficiency, loss
of function of GBA2 is reported to be associated with hereditary spastic paraplegia and
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cerebellar ataxia in man®®, A very recent study reported that some GBA2 KO mice display
a strong locomotor defect, while other animals, with the same mutation but in a different
background, show only mild alterations of the gait pattern and no signs of cerebellar
defects®. It thus appears that the outcome of GBA2 deficiency may be subtly influenced by
yet poorly understood factors. The recent notion that GBA2 has substrates beyond GlcCer,
such as GlcChol, and potentially other glucosylated metabolites, may ultimately lead to
an explanation for the presently puzzling heterogeneity in outcome of GBA2 deficiency.
In Supplementary Table 1 an overview is presented of reported glycosphingolipid
abnormalities in different GBA1-, GBA2- and GBA1:GBA2 deficient animals (zebrafish, mice
and man). Consistently GBA1 deficiency is associated with elevation of GlcSph and GBA2
deficiency with reduced GlcChol levels.

As final part of our investigation, we evaluated the feasibility of reducing GlcCer synthesis
by inhibition of glucosylceramide synthase with potent cell-permeable inhibitors. The GCS
specific inhibitor Eliglustat, registered for substrate reduction therapy of type 1 GD, led to
the expected reduction of HexCer and concomitant decrease of GlcChol in 5 dpf zebrafish.
A slight, but significant, decrease in GlcSph was also observed. The iminosugar L-ido-AMP-
DNM, inhibiting GCS and GBA2 at high doses, also led to reductions of GlcSph and GlcChol
in Gbal-deficient larvae. Thus, developing zebrafish embryos offer an organismal model to
screen GCS and GBA2 inhibitors and to assess their corrective effect on lipid abnormalities.
Also, enzyme replacement therapy was feasible in zebrafish larvae and showed GlcSph
correction after injection of recombinant GBA1 with mannos-eterminal N-glycans in the
bloodstream of 2 dpf zebrafish embryos.

Finally, genetic overexpression of human GBA1l in the zebrafish Gbal-deficient
background ameliorated GlcSph accumulation. This indicates that the zebrafish model
is able to synthesize human GBA1 protein, zebrafish Limp2 is able to transport it to the
lysosome and the human GBA1 is functionally active in the lysosome shown by the
significant reduction of GlcSph, all at the zebrafish optimal temperature of 28.5 °C.

Our present study has focused on the role of Gba2 in glycosphingolipid metabolism
during deficiency of Gbal. It will be of great interest to study in the future the possible
physiological implications of lipid abnormalities in mutant fish at adult age. It will be of
interest to establish whether lipid laden macrophages also play an important role in the
pathophysiology in zebrafish with deficient Gba1l, as in Gaucher disease. Of interest is also a
careful analysis of skin properties of Gbal-deficient zebrafish given the severe abnormalities
observed in mice and man completely lacking GBA1%¢%’. Finally, investigation of the male
gonads of Gbal-deficient zebrafish is warranted given the reported abnormalities in this
tissue of GBA2-deficient rodents*®, Earlier investigations by Zancan et al. and Keatinge et
al. reported impaired bone ossification and microglial activation prior to alpha-synuclein-
independent neuronal cell death in Gbal-deficient zebrafish, respectively®**%*. Our mutant
zebrafish with combined B-glucosidase deficiencies offer models to obtain further insight
in the potential modulating role of Gba2 during Gbal deficiency, subject of investigations
described in chapter 7. This is of great interest, particularly since current treatments
of GBA1l-deficient Gaucher patients may impact on GBA2. For example, the registered
drug Miglustat is a nanomolar GBA2 inhibitor®®. The recently approved drug Eliglustat, a
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potent inhibitor of glucosylceramide synthase, is used for substrate reduction therapy of
Gaucher disease®?%. This agent, by lowering GlcCer, will likely concomitantly reduce the
transglucosylase activity of GBA2 (28). At present it is entirely unclear whether reduction of
GBA2 activity during GBA1 deficiency is harmful, beneficial or without consequence.

In conclusion, in zebrafish larvae the inactivation of Gbal leads to a prominent increase in
GlcSph, recently proposed to promote a-synuclein aggregation characteristic for Parkinson’s
disease?!, and a modest increase of GlcChol. Deficiency of Gba2 causes a modest increase
in GlcCer levels and a prominent reduction in GlcChol. These findings are reminiscent
to findings made in cultured cells as well as mice and humans treated with iminosugars
known to inhibit GBA2%%%4, Gba2 inactivation during Gbal deficiency in zebrafish embryos
exhibited only little impact on GlcSph levels but reduced GlcChol levels. Abnormalities
in GlcSph and GlcChol levels in zebrafish can be corrected with iminosugar derivatives
with inhibitory activity towards glucosylceramide synthase and Gba2 concomitantly.
Regarding pathophysiology of Gaucher disease, models of GBA1 deficiency in the mouse
are intrinsically more informative than models in zebrafish. The general physiology of
mice is far closer to that of humans. However, the use of zebrafish offers some practical
advantages such as the ease with which multiple genetic traits can be modified and the role
of genetic modifiers can be subsequently studied. It is planned by us to introduce in fish
with a Gbal-deficient background other traits, e.g. acid ceramidase deficiency that should
prevent formation of GlcSph and is the subject of investigations described in chapter 6.
In conclusion, zebrafish offer an organismal model to assess lipid abnormalities caused by
Gbal deficiency, the impact of Gba2 and the feasibility of pharmacological intervention.
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Supplementary Information

Supplementary Table 1 | Overview of glycosphingolipid abnormalities in different GBA1-, GBA2- and GBA1:GBA2
deficient animal models. Differences in GlcSph, GlcCer and GlcChol in tissues from human patients (Hu) and
published GD models including zebrafish (Zf) and mouse (Ms). Mx1-Cre*: Gbal deficiency in the white blood cell
lineage, Limp2: transporter of GBA1 to lysosomes, Npcl: exporter of cholesterol from lysosomes; a defect leads
to accumulation of cholesterol and glycosphingolipids. -: no significant increase or reduction, nd: not determined

Animal, organ _ GlcSph GlcCer GlcChol Reference

GBA1l
Gaucher disease Hu: plasma T T ™ 27,51
Gbal deficient (inhib- Zf: larvae ™ ™ ™ This chapter
itor 3) ref. 42
Gba1” (Full KO) Zf: larvae ™ ™ nd 38
ZF: brain MM ™~ nd
Mx1-Cre*:GD1 Ms: spleen O ™ ™ 18,27,65
Ms: liver ™ T T
Limp27 Ms: spleen ™ - nd 27,65
Ms: liver ™ - T
Npcl” Ms: spleen ™~ ™ nd 65
GBA2
Gba2 KO Zf: larvae - o N This chapter
ref. 42
Gba2” Ms: spleen - ™ NE 18,27,61,66
Ms: liver - N J
Ms: testis nd ™ nd
GBA1:GBA2
Gbal:Gba2 KO Zf: larvae ™~ T N This chapter
ref. 42
Mx1-Cre*:GD1:Gba2”- Ms: spleen ™~ ™ nd 18
Ms liver nd ™ nd
Npcl”:Gba2” Ms: brain ™ T nd 28
HILIC separation - HexSph/ HexCer
Astandards (1:1) B.HexSph
. — GlcSph Gba1 deficient
[ “ Deacylated GalCer
| Deacylated GlcCer Rt =15.52
| | Rt=520 N
|| | ] GalSph
[ [ C.Neutral HexCer(deacylated)
| \ | | GlcCer Wildtype
‘ ‘ GalCer

HILIC separation - HexChol

D_ Standards  (ratio 4:1) Internal standard ("*C.-GlcChol)
GlcChol )
Rt =2.02 *C,-GlcChol
Rt =2.02

GalChol
Rt=2.20

F HexChol
. mm HexChol (C18)
0.25 GalChol (HILIC)

=3 GleChol (HILIC)

E. wildtype

GlcChol

GalChol

pmolffish
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Supplementary Figure 1 | Elution patterns of HexSph/ deacylated HexCer and HexChol using HILIC separation.

(A) Elution profile of an equimolar mixture of glucosylceramide and galactosylceramide after microwave-assisted
saponification. Deacylated GlcCer (measured as GlcSph) elutes at 5.20 min. and deacylated GalCer (measured as
GalSph) eluties at 5.52 min. (B) Elution profile of the upper phase separating GlcSph and GalSph of a Gba1l deficient
(inhibitor 3 treated) sample. (C) Elution profile of microwave-assisted deacylation of the lower phase separating
deacylated GlcCer and GalCer (measured as GlcSph and GalSph respectively) of a WT sample. (D) Elution profile
of a mixture of GlcChol and GalChol (ratio of 4:1) and the 13C-GlcChol internal standard. (E) Elution profile of
a WT sample. (F) Levels of GlcChol and GalChol as determined by HILIC separation (while bar and striped bar

respectively, n = 3) in pmol/fish compared to HexChol as determined using standard methods (black bar; Figure
4B, n = 15) in pmol/fish.
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Supplementary Figure 2 | (Glyco)Sphingolpid analysis in head- and body regions of zebrafish larvae
(A) Schematic representation of the dissection of a zebrafish larvae into head and body. (B) Glycosphingolipid
levels of dissected head and body regions of WT and gbal KO larvae at 5dpf in pmol/fish. Data is depicted as mean

+ SD and analysed using One-Way Anova (Dunnett’s test) with wt as control group with *** P < 0.001 and **** p
< 0.0001.
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Supplementary Figure 3 | Excreted GlcSph in egg water: control egg water (no incubation), pooled egg water of
DMSO incubated zebrafish individuals (500 uL, n = 5 individuals) and pooled egg water of inhibitor 3 incubated

zebrafish individuals (500 pL, n = 5 individuals). GlcSph is calculated in pmol/egg water of 1 fish (100 uL) and
depicted as mean £ SD.
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Experimental procedures

Zebrafish - Wild-type (WT) zebrafish (ABTL) were a mixed lineage of WT AB and WT TL genetic
background. Injections to generate CRISPR/Cas9 mediated knock-out (KO) zebrafish were performed
in ABTL embryos and adult zebrafish were outcrossed to ABTL WT zebrafish. Gbal mutant zebrafish
were maintained as carriers (heterozygous in gbal genotype), while gha2 mutant zebrafish were kept
and crossed as KO (homozygous in genotype). Gbal”:gba2” double mutant larvae were continuously
generated from adult zebrafish with a gba1*": gba2” background.

Zebrafish were housed and maintained at Leiden University, the Netherlands, according to standard
protocols (zfin.org). Adult zebrafish were housed at a density of 40-50 adults per tank, on a cycle of 14
hour light and 10 hour dark and at 28 °C. The breeding of fish lines was approved by the local animal
welfare committee (Instantie voor Dierwelzijn) of Leiden University and followed the international
guidelines specified by the EU animal Protection Directive 2010/63/EU. Experiments were performed
on embryos and larvae before the free-feeding stage, not falling under animal experimentation law
according the EU animal Protection Directive 2010/63/EU. Larvae of 6 and 7 dpf were used according
to project licence AVD1060020184725. Embryos and larvae were grown in egg water (60 pg/mL
Instant Ocean Sera Marin™ aquarium salts (Sera; Heinsberg, Germany)). During inhibitor incubations,
fish were kept in E2 medium (15 mM NaCl, 0.5 mM KCl, 1 mM MgSO,, 150 uM KH,PO,, 50 uM
Na,HPO,, 1 mM CaCIZ, 0.7 mM NaHCO,, 0.5 mg/L methylene blue) at 28 °C.

Zebrafish cell culture - Zebrafish embryonic fibroblasts (ZF4 cells*°) were cultured at 28 °C with 5 %
CO2 in DMEM/F12 (Sigma-Aldrich Chemie GmbH, St Louis, USA) supplemented with 10 % (v/v) Fetal
Calf Serum, 1 % (v/v) Glutamax and 0.1 % (v/v) penicillin/streptomycin. Cells were harvested using
trypsin (0.25 % (v/v) trypsin in PBS, no EDTA), washed twice with PBS and cell pellets were stored at
-80 °C until use.

Chemicals and reagents - ABP 1 (ME569)*, ABP 2 (JJB367)%, compound 3 (ME656)%*, AMP-DNM
and L-ido-AMP-DNM3°, eliglustat®’, 13C5-sphinganine, 13C5-sphingosine, 13C5-GlcSph, 13C5-
lyso-globotriaosylceramide (LysoGb3), C17-lysosphingomyelin (LysoSM), 13C6-GlcChol and C17-
dihydroceramide?’® were synthesized as reported. The standards GlcCer (d18:1/16:0), GalCer
(d18:1/16:0), B-D-galactosyl cholesterol (GalChol) were obtained from Avanti Polar lipids (Alabaster,
USA) and GlcChol from Sigma-Adrich Chemie GmbH. LC-MS grade methanol, 2-propanol, water, formic
acid and HPLC grade chloroform were purchased from Biosolve (Valkenswaard, the Netherlands). LC-
MS grade ammonium formate and sodium hydroxide from Sigma-Aldrich, butanol and hydrochloric
acid from Merck Millipore (Billerica, USA).

Genomic DNA extraction and PCR - Genomic DNA (gDNA) of larvae or fin clips was extracted using
QuickExtract™ (EpiCentre®, Madison, USA) by incubation at 65 °C for 10 min, followed by incubation
at 98 °C for 5 min. Samples were vortexed, diluted with water and centrifuged quickly to spin down
all non-processed particles which interfere in the PCR reaction. For rapid screening of genotypes, a
high-resolution melt (HRM) analysis was used as described in Chapter 4 and reference 42.

Generation of CRISPR/Cas9 mediated knockout zebrafish — SgRNA targets were designed and sgRNA
and Cas9 mRNA were synthesized and purified according to methods described in chapter 4 and
42, Approximately 1 nL total volume of Cas9 mRNA and sgRNA (200 pg and 150 pg for Cas9 mRNA
and sgRNA respectively) were co-injected into the yolk of one-or two-cell stage embryos. Embryos
were checked regularly for unfertilized and dead embryos and subsequently raised to adulthood to
generate founder fish (FO). Founder fish and F1 zebrafish with germline transmitted mutations were
screened using the HRM analysis and Sanger Sequencing of positive samples, according to protocols
described in chapter 4 and reference 42. All F1 heterozygous zebrafish were outcrossed to WT fish at
least twice (> F3 heterozygous) before incrossing. Gbal*-(A31 mutation) adult fish were crossed with
each other and offspring thereof were used for experiments after genotyping. To generate GBA2-
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deficient fish, adult F3 gha2*(A16 mutation) fish with the desired mutation were crossed with each
other and screened. Offspring of the F4 homozygous adult gba2” fish were used for experiments. For
heterozygous gba2 samples, gba27*larvae were obtained by crossing a gha2”- female with a WT male
while gba2* larvae were obtained by crossing a WT female with gba27 male. To obtain gbal*:ghba2”
zebrafish, ghbal*" adult fish were crossed with gha2*- adult fish and raised to adulthood. Adult fish
were screened for the desired mutations as described above. Double heterozygous ghal* :gba2* fish
were crossed with heterozygous gha2* fish, adult fish were screened to obtain fish with the desired
genotype (gbal* :gba2”)) and the offspring of these fish were used for experiments.

Treatment of fish with inhibitors - Adult fish of WT, gbal*", gba2” or gbal* :gba2”- genotype
were crossed and developing offspring (8 h post-fertilization) were incubated in 100 pL E2 medium
immersed with vehicle (0.1-0.2 % (v/v) DMSO) or inhibitor (in 0.1-0.2 % (v/v) DMSO). For embryos
of the gbhal” and gbal*:gba2’ crossings, samples were assigned to their genotype as described
above. The Gbal specific inhibitor 3 (Figure 1A%) was used at a final concentration of 10 uM in all
experiments, the iminosugar inhibitors AMP-DNM?®® and L-ido-AMP-DNM? at final concentrations of
10, 100 nM, 500 nM or 10 pM and Eliglustat at 200 nM or 1 pM final concentration. At 5 dpf, the
larvae were washed three times with E2 medium before genotyping and subsequent labelling with
ABPs or extraction of lipids as described above.

Generation of Tol2 mediated transgenesis of hGBA1 zebrafish - The coding sequence of human GBA1
(NCBI code: NM_000157) was amplified using Phusion high-fidelity DNA polymerase (primers in
reference 42 and chapter 2) and subsequently cloned into pDONR using GATEWAY technology (BP
reaction, Invitrogen) according to the manufacturer’s instruction. The hGBA1 Tol2 destination vector
was obtained by recombining the pDONR-hGBA with a p5E-ubi, p3E-polyA and pDEST-Tol2-crystalEye,
from the Tol2 kit*® using a LR reaction. The plasmid containing the Tol2 transposase sequence was
linearized using Notl and purified (Nucleospin PCR and gel clean-up kit). Capped and polyadenylated
Tol2 mRNA was generated using the mMessage mMachine® SP6 kit as described above for Cas9
MRNA. Approximately 1 nL total volume of Tol2 mRNA and pDEST-ubi:hGBA (100 pg and 20 pg for Tol2
mRNA and plasmid respectively) were co-injected into the yolk of one-or two-cell stage embryos. At 5
dpf, larvae were screened for the expression of Cyan Fluorescent Protein (CFP) in the lens of the eyes
and positive larvae were raised to adulthood. Adult zebrafish were crossed with the gbal*" carriers,
generating ubi:hGBA|Gbal*" zebrafish which were crossed and offspring were used for experiments.

Injection of gbal’ fish with Cerezyme - Gbal*" adults were crossed and offspring (2 dpf) in the
bloodstream (i.e. the vein under the yolk sac directed towards the heart) with 16 or 36 uU rGBA1
(Cerezyme®, 1 nL in 25 mM Kpi pH5.2; 1,6- 3.6x10° U/mL; Sanofi Genzyme, Cambridge, USA). No
increased lethality was observed after injections in either the yolk or in the bloodstream. At 5dpf, the
larvae were collected, genotyped and subsequently labelled with ABPs or lipids were extracted as
described above.

Homogenate preparation and protein concentration - ZF4 cell homogenates, oocyte, egg or whole
zebrafish embryo homogenates were prepared in potassium phosphate (KPi lysis buffer; 25 mM
K,HPO,-KH,PO, pH 6.5 + 0.1 % (v/v) Triton-X100 + 25 U/mL Benzonase® Nuclease (Merck, Darmstadt,
Germany)) by sonication (20 % amplitude, 3 sec on, 3 sec off for 4 cycles) using a Vibra-Cell™ VCX 130
(Sonics, Newtown, USA) while on ice. Total protein concentration of homogenates was determined
using Pierce™ BCA protein assay kit (Thermo Fisher Scientific, Waltham, USA) and measured using an
EMax® plus microplate reader (Molecular Devices, Sunnyvale, USA).
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Labelling of B-glucosidases with activity-based probes - ABP 13! was used for specific labelling of
Gbal, whereas for concomitant labelling of the three B-glucosidases Gbal, Gba2 and Gba3, ABP 2
was used®®. A WT homogenate was denatured prior to ABP labelling (lane -) to account for aspecific
adhesion. ZF4 cell homogenate (10 pL, 30 pg protein) was preincubated with 5 pL 300 mM Mcllvaine
buffer (pH 2-8) for 5 min on ice before addition of ABP 1 (5 uL; 400 nM in MQ with 2 % (v/v) DMSO,
final concentration of 100 nM and 0.5 % (v/v) DMSO) or ABP 2 (5 uL; 400 nM in MQ, 2 % (v/v) DMSO,
final concentration of 100 nM and 0.5 % (v/v) DMSO). Samples were incubated for 30 min at 28 °C
before addition of 5x Laemmli sample buffer (5 uL; 25 % (v/v) 1.25 M Tris-HCL pH 6.8, 50 % (v/v) 100
% glycerol, 10 % (w/v) sodium dodecyl sulfate (SDS), 8 % (w/v) dithiothreitol (DTT) and 0.1 % (w/v)
bromophenol blue) and boiled for 5 min at 98 °C.

Zebrafish homogenate (10 uL, 1 zebrafish per incubation) was preincubated with 5 uL 300 mM
Mcllvaine (pH 2-8) for 5 min on ice before addition of ABP 1 or ABP 2 (5 uL ABP 1; 4 uM in MQ with 2
% (v/v) DMSO, final concentration of 1 uM and 0.5 % (v/v) DMSO or 5 pL ABP 2; 800 nM in MQ with
2 % (v/v) DMSO, final concentration of 200 nM and 0.5 % (v/v) DMSO). Samples were incubated for
30 min at 28 °C before addition of 5x Laemmli sample buffer (5 pL) and samples were briefly boiled.
Homogenates of zebrafish in different developmental stages (10 uL, 1 egg or embryo per lane) were
incubated with 10 uL ABP 1 (2 uM in 150 mM Mcllvaine pH 4 with 1 % (v/v) DMSO, final concentration
of 1 uM with 0.5 % (v/v) DMSO) or ABP 2 (200 nM in 150 mM Mcllvaine pH 6 with 1 % (v/v) DMSO,
final concentration of 200 nM and 0.5 % (v/v) DMSO), incubated for 30 min at 28 °C, before addition
of 5x Laemmli sample buffer (5 uL) and samples were boiled for 5 min at 98 °C.

For characterization of the gbal, gba2 and gbal:gba2 double knockout, individual zebrafish 5 dpf
larvae with different genotypes were homogenized in 30 pL KPi buffer using a Dounce homogenizer
(10 s; Pellet pestle motor, Kimble® Kontes). Zebrafish homogenate (10 pL, % of a zebrafish) was
incubated with ABP 1 and ABP 2 as described for the different developmental stages. In the case of
experiments using Gbal knockout and inhibitor 3 treated WT at different agents as well as larvae
overexpressing human GBA1 or injected with Cerezyme were lysed in 20 pL KPi buffer. Homogenate
(% of a zebrafish) was used to label active Gbal with ABP 1 as described above, while human GBA1
was labelled using the optimal conditions for human GBA1 (2 uM in 150 mM Mcllvaine pH 5.2 with
0,1 % (v/v) Triton-X100 and 0,2 % (w/v) Sodium Taurocholate and 1 % (v/v) DMSO, final concentration
of 1 uM with 0.5 % (v/v) DMSO) .

Gel electrophoresis and fluorescence scanning - ABP-labelled protein samples were separated by
electrophoresis on 8% (w/v) SDS-PAGE gel for 2 h at 90 V, before scanning the fluorescence of the
wet-slab gel with a Typhoon FLA 9500 (GE Healthcare, Chicago, USA; Cy5 (635 nm A_, 665 nm A_ ),
750V, pixel size 100 um).

EX’

Western blot and total protein staining - B-Actin as loading control was visualized by western blot
using primary rabbit anti-actin antibody (ab8227, Abcam, Cambridge, UK) at 1:2000 and donkey anti-
rabbit Horseradish Peroxidase (HRP)- linked secondary antibody (Bio-Rad laboratories Inc., Hercules,
USA) at 1:5000. Chemiluminescence was visualized using a ChemiDocMP imager (Bio-Rad laboratories
Inc.) in chemiluminescence settings with an exposure of 1 min. Total protein loading was visualized
using Coomassie brilliant blue G250 and scanned on the ChemiDocMP imager.

(Glyco)sphingolipid analysis - Neutral (glyco)sphingolipids, (glyco)sphingoid bases and glycosylated
cholesterol (HexChol) were extracted from the same individual zebrafish using an acidic Bligh and
Dyer procedure (1:1:0.9 chloroform: methanol: 100 mM formate buffer pH 3.1) according to methods
described before?”#%%, To an individual zebrafish was added 20 pL of internal standard mixture (0.1
pmol/pL of *C,-sphinganine, *C.-sphingosine, *C,-GlcSph, *C_-lysoGb3 and C17-lysoSM in methanol),
20 pL of C17-dihydroceramide (20 pmol/uL in methanol), 20 pL of **C.-GlcChol (0.1 pmol/uL in
methanol) followed by methanol and chloroform (2:1, v/v). After brief mixing, the samples were left
at room temperature for 1 h with occasional stirring and 3x 1 min sonication in a bath sonifier (VWR
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ultrasonic cleaner usc, Radnor, USA). Samples were centrifuged for 10 min at 13,000 rpm to spin
down precipitated proteins. The supernatant was transferred to a clean tube, while excess organic
solvent was evaporated and genomic DNA was extracted from the remaining material to validate the
genotype. Chloroform and 100mM formate buffer pH 3.1 were added to the supernatant, to a final
ratio of 1:1:0.9 methanol: chloroform: formate buffer, to induce separation of phases. The upper phase
was used for analysis of lyso(glyco)sphingolipids and the lower phase for analysis of neutral (glyco)
sphingolipids and HexChol. After centrifugation, the upper phase was transferred to a clean tube and
the lower phase (chloroform phase) was extracted an additional time with methanol and formate
buffer. Pooled upper phases were concentrated at 45 °C in an Eppendorf concentrator Plus and a
butanol/water (1:1, v/v) extraction was performed. The upper phase (butanol phase) was transferred
to a clean tube and concentrated. Lipids were dissolved in 100 uL methanol, stirred, sonicated for
30 sec in a bath sonifier and centrifuged. The supernatant was transferred to a vial for subsequent
LC-MS/MS analysis. The remaining lower chloroform phase was transferred to a clean tube and the
interphase was washed with chloroform. The pooled lower chloroform phases were split, whereby
one part was used to analyse HexChol and the part for analysis of neutral glycosphingolipids was
transferred to a pyrex tube and dried at 45 °C under a gentle stream of nitrogen. De-acylation was
performed by adding 500 puL sodium hydroxide (0.1 M NaOH in methanol) using a microwave-assisted
saponification method®. The samples were cooled and neutralized by adding hydrogen chloride (50
uL of 1 M HCl in methanol) and dried, followed by butanol/water extraction and prepared for LC-MS/
MS as described above. For determination of HexChol?’, the other half was concentrated, a butanol/
water extraction was performed and samples were prepared for LC-MS/MS analysis as described
above. Glycosphingolipid analysis was performed from three independent crossings and incubations,
extractions and measurements using biological replicates as described in the results section. For
hydrophilic interaction liquid chromatography (HILIC) separation, different individual larvae (n= 3-9)
were extracted as described above and lipids were resuspended in acetonitrile:methanol (9:1, v/v)
prior to transfer to LC-MS vials.

LC-MS/MS - Measurements were performed using a Waters UPLC-Xevo-TQS micro instrument
(Waters Corporation, Milford, USA) in positive mode using an electrospray ionization (ESI source).
For measurements of (glyco)sphingoid bases, deacylated neutral (glyco)sphingolipids and HexChol, a
BEH C18 column (2.1 x 50 mm with 1.7 um particle size, Waters) was used with eluents and LC-MS/
MS programs as described previously for (glyco)sphingoid bases* and HexChol?” respectively. A BEH
HILIC column (2.1 x 100 mm with 1.7 um particle size, Waters) was used at 30 °C for the separation
of lipids with glucosyl and galactosyl moiety. In general, eluent A contained 10 mM ammonium
formate in acetonitrile/water (97:3, v/v) and 0.01 % (v/v) formic acid and eluent B consisted of 10
mM ammonium formate in acetonitrile/water (75:15, v/v) and 0.01 % (v/v) formic acid. Lyso- and
deacylated glycosphingolipids were eluted in 18 min with a flow of 0.4 mL/min using the following
program: 85 % A from 0-2 min, 85-70 % A from 2-2.5 min, 70 % A from 2.5-5.5 min, 70-60 % A
from 5.5-6 min, 60 % A from 6-8 min, 60-0 % A from 8-8.5 min, 0-85 % A from 8.5-9.5 min and re-
equilibration of the column with 85 % A from 10-18 min. HexChol was eluted in 18 min with a flow
of 0.25 ml/min using the following program: 100 % A from 0-3 min, 100-0 % A from 3-3.5 min, 0 % A
from 3.5-4.5 min, 0-100 % A from 4.5-5 min and re-equilibration with 100 % A from 5-18 min. Data
was analysed with MassLynx 4.1 Software (Waters).

Statistics - Statistical analysis were performed using GraphPad Prism (v7.00, GraphPadsoftware, CA,
USA) and values are presented as mean + SD. Lipid data were analysed by One-Way Anova using
Dunnett’s or Tukey’s test as described in the results section. Ns=not significant, * P< 0.05, ** P< 0.01,
**% Pp< 0.001 and **** P<0.0001.
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Abstract

eficiency of B-glucosidase (GCase) underlies Gaucher disease (GD), a lysosomal

storage disorder. GD patients convert part of accumulating glucosylceramide through

lysosomal acid ceramidase to the sphingoid base glucosylsphingosine (GlcSph).
Chronically elevated GlcSph in blood and tissues of GD patients is thought to contribute
to pathology. GCase-deficient gbal knockout (KO) zebrafish are viable and develop
markedly increased GlcSph. Zebrafish have two orthologues of human acid ceramidase
(ACase): Asahla and Asahlb. From both single ACase KO fish only the asahlb KO fish
fail to produce excessive GlcSph during GCase deficiency, while combined deficiency
of both Asahla and Asahlb is required to accumulate ceramide. Contrary to gbal KO
fish, double deficient gbal:asahlb KO zebrafish show an ameliorated course of disease
as reflected by a significant increase in lifespan (30-50%), with delayed development of
abnormal locomotor activity and curved back. Both gbal and gbal:asah1b KO fish showed
comparable GlcCer accumulation in tissues and similar induction in expression of storage-
cell biomarkers chitinase (chia.6) and gpnmb. Infiltration of Gaucher-like cells in the
periventricular grey zone of the optic tectum also appears comparable. In their brains the
two mutant fish showed similar autophagy, indicated by increased protein levels of p62,
and inflammation, reflected by increased mRNA levels of il1-8, tnfB and apoeb, as well as
indications for similar activation of the complement cascade. In conclusion, the generated
mutant zebrafish suggest that excessive GlcSph, generated in vivo by ACase, is detrimental.
Abolishing Asah1b-ACase results in some phenotypic improvements but it does not prevent
all abnormalities such as storage cell formation and neuroinflammation.
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Introduction

Glucosylceramide (GlcCer) is a ubiquitous glycosphingolipid in cells and lipoproteins that
acts as precursor of more complex glycosphingolipids. The breakdown of glycosphingolipids
takes place in lysosomes where the penultimate step is catalysed by the acid B-glucosidase,
named glucocerebrosidase (GCase) encoded by the GBA gene. Deficient activity of
this enzyme causes Gaucher disease in which GlcCer characteristically accumulates
in lysosomes of tissue macrophages that transform into storage cells. These ‘Gaucher
cells’ are viable and secrete specific proteins into the circulation such as the enzyme
chitotriosidase, the chemokine CCL18 and a soluble fragment of gpNMB!3. The plasma
levels of these proteins are clearly increased in symptomatic Gaucher patients and are
presently used to assess the body burden of lipid-laden macrophages in patients*®. More
recently it has become clear that Gaucher cells are also the main source of the more than
hundred-fold elevated glucosylsphingosine (GlcSph) in plasma of Gaucher patients’. This
striking abnormality is widely employed to monitor Gaucher patients and assist diagnosis’.
It has been speculated that excessive GlcSph contributes to signs and symptoms of Gaucher
disease (see Ferraz et al. for a review?®), including B cell activation and proliferation,
aggregation of a-synuclein in Parkinson’s disease, impairment of osteoblast and a harmful
role on cerebral microvasculature®!, Moreover, repeated intravenous administration
of a relative high dose of GlcSph to mice induces formation of lipid laden storage cells
resembling Gaucher cells as well as hepatosplenomegaly and haematological symptoms®*.
Although these findings suggest direct and concentration-dependent roles for GlcSph in
the pathological manifestations of Gaucher disease, the translation of findings made with
in vitro experiments are hampered by the current lack of knowledge of local (sub)cellular
concentration of GlcSph during GCase deficiency. Furthermore, it should be taken into
account that high concentrations of GlcSph act as inhibitor of GCase and therefore may
reduce any catalytic activity of the enzyme?®®. Because of this, the harmful effects observed
upon chronic administration of excessive amounts of GlcSph might be partly indirect.
Genetic and pharmacological evidence has been provided for the key role of acid
ceramidase (ACase) in the excessive formation of GlcSph during GCase deficiency?®. It was
shown that fibroblasts from Farber patients, with inherited deficiency of ACase, do not form
GlcSph upon inactivation of GCase as wildtype (WT) cells do. ACase (N-acylsphingosine
deacylase; E.C. 3.5.1.23) is encoded by the gene (ASAH1) located on chromosome 8. ACase
deficiency leads to the lysosomal storage disorder Farber disease (FD), with cells of classic
FD patients typically showing less than 10% residual ACase activity. In spinal muscular
atrophy with progressive myoclonic epilepsy (SMA-PME), ACase activity is also reduced
but residual activity is higher, as much as 32% of controls'’*8, Classic FD is characterized
by deformed joints, subcutaneous nodules and progressive hoarseness, with neurological
symptoms in severe patients. ACase hydrolyses ceramide (Cer) with a pH optimum of 4.5—
5.0, rendering sphingosine and a free fatty acid as products. The enzyme is known to be
able to catalyse the reverse reaction, generating Cer from sphingosine and free fatty acid at
a pH optimum of 6.0 *°. ACase is a heterodimer consisting of an a- (13 kDa) and a B-subunit
(40 kDa)*. The enzyme is initially synthesized as N-glycated precursor and transported
to lysosomes via mannose-6-phosphate mediated sorting. Inside the lysosome, ACase is
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processed by autocleavage into the a and B subunits, thus freeing the catalytic cysteine
residue at the novel N-terminus of the B-subunit and triggering a conformational change
that opens up the active site for substrate entry?*2,

The zebrafish has two orthologues of human ACase, Asahla and Asahlb, and the latter
enzyme has been studied best?*?®. The consequences of Asahlb deficiency in zebrafish
larvae have been investigated using morpholino knockdown?. Morphants showed
degeneration of neurons in the spinal cord and less branched motor-neuron axons. The
residual acid-ceramidase activity was about 26% and no increase in Cer levels was detected.

Zebrafish lacking lysosomal GCase have been generated using CRISPR/Cas9 technology?.
The GCase-deficient fish are viable and rapidly develop increased levels of GlcSph,
mimicking Gaucher disease’. Additionally, small compounds were developed that allow
rapid, on-demand inactivation of GCase in zebrafish?’. In this chapter, gene knockouts of
asahla and/or asahlb were generated and subsequently studied to evaluate if one or both
enzymes are required for formation of GlcSph in zebrafish deficient in GCase. Interestingly,
only Asah1b is involved in GlcSph formation during GCase deficiency. Raising the double
deficient gbal”:asah1b” fish, lacking excessive GlcSph, to adulthood revealed an improved
phenotype compared to gbal” fish, with excessive GlcSph. Comparison of the mutant fish,
at the predetermined end stage of 12 weeks post-fertilization (wpf), further indicated that
the absence of GlcSph does not prevent inflammation in the brain nor impact on storage
cells and increased GlcCer levels in liver and brain during GCase deficiency. The present
study also uncovered that Asahlb deficiency alone does not cause severe accumulation
of Cer. Active Asahla seems to prevent this, given the observed Cer accumulation in
asahla”:asah1b”" zebrafish larvae. In conclusion, a unique Asahlb deficient zebrafish
model is presented. Asahlb deficient zebrafish are unable to deacylate the accumulating
primary GlcCer substrate in gbal”:asah1b”- and show an improved phenotype. In future
endeavours, these Asahlb deficient zebrafish could enable the study of the impact of
(toxic) lyso-lipids formed in other lysosomal storage disorders as well.

Figure 1| Alignment of the amino acid sequence of human ACase, zebrafish Asahla and Asah1lb »
The amino acid sequences of the pre-mature human ACase (Uniprot code Q13510), zebrafish Asahla (Uniprot
code Q5XJR7) and Asah1b (Uniprot code Q6PH71) are aligned using ClustalO(1.2.4)%. * indicates a conserved res-
idue between the three sequences, : a strongly similar residue and . a weakly similar residue. The signal peptide
is predicted using SignalP-5.0 and depicted in blue?. Important residues in human ACase are coloured: the cata-
lytic Cys143 is depicted in red, Cys31-Cys340 forming a disulfide bridge in pink, residues important for substrate
hydrolysis and autocleavage in orange (Arg159 and Asp162, Glu225, Asn320 and Arg332) and the four assigned
glycosylation sites in green?.
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Results

Two acid ceramidase orthologues in zebrafish: asahla and asah1b

A protein BLAST with human acid ceramidase (UniProt accession Q13510) revealed
two zebrafish co-orthologues: Asahla (Uniprot accession Q5XJR7) and Asahlb (Uniprot
accession Q6PH71). To investigate differences between the human protein and both
zebrafish orthologs, the protein sequences of human ACase, Asahla and Asahlb were
aligned (Figure 1). The predicted Asahla protein has 59% identity to the human protein,
while Asahlb has 60% identity to the human ACase, albeit the proteins have 70% identity
to each other. The predicted signal peptide showed the most variation (depicted in blue)?.
The four potential N-glycosylation sites are present in both zebrafish Asahl proteins (Asn
173, Asn 259, Asn 286 and Asn 342 in yellow)?. The catalytic cysteine (Cys 143) in human
ACase, at the free N-terminus of the B-subunit after autocleavage, is present in a highly
conserved region of both zebrafish Asah1 proteins (Figure 1). The a- and B-subunit of the
mature heterodimeric human ACase protein are linked by a disulfide bond of Cys 31 and
Cys 340, both being conserved in the zebrafish Asahla and Asahlb proteins. Important
residues in the B-subunit of human ACase, such as Arg 159, Asp 162, Glu 225 and Asn
320, are conserved in both zebrafish proteins (green and orange for Arg/Asp and Glu/
Asn respectively). These amino acids are thought to play roles in stabilizing the catalytic
N-terminus and/or positioning the ceramide substrate during hydrolysis 22.
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Asahlb MNNRLNLCEFFI-LSYMCMCLSAQYVPPFTEDCRSGMYPPNGPTFKGDVSWYTVDLDLPAS 59
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Asahla IFGNRDGMWTGFLTRRVLENSTSYEDAKDQLSQTKLLAPVYFILGGNRTGQGCVITRTRI 294
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Chapter 6

Generation of CRISPR/Cas9 mediated knockouts of Asahla and Asahlb

To study the role of zebrafish ACases in vivo, CRISPR/Cas9 mediated knockouts of Asahla
and Asahlb were generated. SgRNA sequences were selected in the third exon of asahla,
located on chromosome 14, and the fourth exon of asahlb located on chromosome 1
(Figure 2A and B, top and middle panels). Injection of Cas9 mRNA and the appropriate
sgRNA in the single-cell stage of wildtype (WT) embryos resulted in founder fish with a
germline transmitted deletion of 8 bp for asahla and an insertion of 11 bp for asahlb
(Figure 2A and B, lower panels). The predicted stop-codons of these mutations are located
in exon 3 and exon 4 for asahla and asahlb respectively, both in the translated a-subunit
(mutation marked in Figure 1 with an arrow), resulting in no functional B-subunit.

A asah1a (Chr 14: 30.272.891-30.278.408) Forward strand 5,52 kb
: 2007 bp  mRNA
390 aa protein

sgRNA1
asah1a TATAGAGGAAACGTGACCTGGTACACTGTAAATCTTGATTTGLL (CCTAGTGAGAGATGGACACAAATCATCAAA
Exon3 Y P Q
-8 bp TATAGAGGAAACGTGACCTGGTACACTGTAAATCTTGATTTG--—-——-— TGAGAGATGGACACAAATCATCARA
I \‘ H
An | \ I\ | |
A WA VAl M \/\/\/\MN\/\[\/\/\ ‘/W\
TATAGAGGAAACGTGACCTGGTACACTGTAAATCTTGATTTGTGAGAG!
Y R G N V T W Y T V N L D *
asah1b (Chr 1: 16.654.254-16.665.044) Reverse strand 10,79 kb
1726 bp mRNA
.IIII [H:H] [I_EI:I 395aa protein
sgRNA2
asah1b GATCTAGCAGACGf CTTTGT 1LLLAGCGGGAAGCTCATTCAGCTGGTGGACAAGGACTTthgaatattaacaat Sense
Exon4 D gV P Q direction
AGCATAATAGCCT

-2,+13bp GATCTAGCAGACGCCTTT--TCCCAGCGGGARGCTCATTCAGCTGGTGGACAAGGACTTG

!\MM\MM/\!\J\A M e

GATCTAGCAGACGCCTTTAGCATAATAGCCTTCCC
D L A D A F S I A F P

Figure 2| CRISPR/Cas9 mediated disruption of Asahla and Asah1b in zebrafish

(A) Top panel: Schematic representation of the asahla gene on chromosome 14, encoding the predicted 390
amino acid Asahla enzyme. Middle panel: DNA sequence of exon 3 of asahla with sgRNA target 1 lined, the PAM
site in red and the protein sequence shown below. Lower panel: The 8 base pair deletion, as obtained from the
sequence trace, leads to a premature stopcodon (*). (B) Top panel: Schematic representation of the asah1b gene
on chromosome 4, encoding the predicted 395 amino acid Asah1b enzyme, with the exon in upper case and intron
in lower case. Middle panel: DNA sequence of exon 4 of asah1b with sgRNA target 2 lined, the PAM site in red and
the protein sequence shown below. Lower panel: The sequence trace showed an insertion of 11 base pairs, which
leads to a change amino acid sequence and a premature stopcodon (*).
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Role of GlcSph during GCase deficiency

Only the double knockout of asahla:asah1b accumulates primary substrate ceramide
Double heterozygous asahla* :asahlb*- were crossed and lipid analysis of WT, asahla”,
asahlb” and asahla”’:asahlb” zebrafish larvae (5 dpf) showed that ceramide was only
significantly increased in asahla”:asah1b” fish (Figure 3A). This finding indicates that
Asahla and Asahlb enzymes are both able to hydrolyse ceramide and that a single enzyme
deficiency is not enough to cause ceramide accumulation.

Only Asah1b generates GlcSph during GCase deficiency

To study the role of either ACase in GCase deficiency we exposed developing zebrafish
embryos lacking either Asahla, Asahlb, or both, to a specific suicide inhibitor of GCase
(ME656), known to rapidly inactivate the GCase enzyme?’. Inhibitor treated WT zebrafish
larvae (5 dpf) showed a significant increase in hexosylceramide (HexCer), primarily GlcCer
as determined before?®, GlcChol and GlcSph (Figure 3B and C). Contrary to Asahla-deficient
larvae, the inhibitor-treated animals deficient in Asahlb did not show the striking GlcSph
elevation, although Asahlb-deficient larvae did accumulate GlcChol and HexCer (Figure
3C). In addition, GlcSph levels did not increase in double genetic gbal”:asah1b” larvae
(Supplementary Figure 1). Thus, Asahlb in the zebrafish seems responsible for the
generation of GlcSph during GCase deficiency.

>

Ceramide B GlcSph C HexCer GlcChol

044 = ns s = -

pmol/fish

pmol/fish
pmol/fish
pmol/fish

- < - 2 I
[ 0.1% DMSO 3 10uM GCase specific inhibitor

Figure 3 | (Glyco)sphingolipid abnormalities in Asahla and/or Asah1b deficient zebrafish larvae

(A) Total ceramide levels were determined of individual zebrafish larvae (5 dpf) of off-spring of Asahla”:asah1b*
crossings in pmol/fish. Data is depicted as mean * SD and analysed using a Two-Way Anova with Tukey’s multiple
comparisons Test. (B) Asahla*:asah1b*- adult zebrafish were crossed and off-spring was treated with vehicle
(0.1% (v/v) DMSO) or 10 um GCase specific inhibitor (ME656) for 5 days. Relevant lipid levels were determined of
individual larvae in pmol/fish. WT (n = 5-6), asahla”:asah1b* (n = 1-5), asah1**:asah1b” (n = 6), asah1*:asah1b”
(n = 7-8) and asahla’:asahlb” (n = 4-8). Data is depicted as mean * SD and analysed using a Two-Way Anova
with Sidak’s multiple comparisons test. In general, statistical comparisons are depicted only when a significant
difference is apparent and relevant. Ns = not significant, * P < 0.05,** P < 0.01, *** P < 0.001 and **** P < 0.0001.
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Chapter 6

Biochemical hallmarks in livers and brains of gbal” and gbal”:asah1b” fish

WT, gbal’ fish, asahib” and double deficient gbal”:asahlb” fish were raised to
adulthood and (glyco)sphingolipid composition, mRNA expression, protein expression and
histopathology of relevant organs were analysed at 12 weeks post-fertilization (wpf).
Gbal” adult zebrafish showed a phenotype as described before*® and were culled at earlier
stages when predetermined end points were observed (t = 10-11 wpf).

Gaucher-like cells in visceral organs of gbal”:asah1b” fish

Excessive GlcSph was only detected in the livers of gbal” zebrafish (Figure 4A). GlcCer
was increased comparably in gbal” and gbal”:asah1b” livers (5000 pmol/mg, Figure
4A). GlcChol was significantly increased in gbal” fish (10 pmol/mg liver), but not in gbal”
:asah1b” fish. The livers of gba1”:asah1b” fish showed minor increases of Cer, GalCer and
LacCer (Figure 4A). This was not prominent in the tissues of gbal” fish and asah1b” fish.

Next, the expression of mRNAs encoding specific proteins were studied in livers of
the different zebrafish (Figure 4B). A significant increase in expression of the storage-cell
biomarker gpnmb was apparent in gbal” and gbal”:asah1b” zebrafish livers. However, no
prominent difference in expression of an orthologue of human chitotriosidase (chia.6) was
detected, while the lysosomal protease Cathepsin D (catD) and the inflammatory cytokine
il-1B showed a slight, but not significant increase and tnff showed only a significant
increase in gbal” livers. To analyse the pathology of multiple different organs and tissues,
the whole body of the fish was sectioned sagitally (Figure 4C-E).

The liver of zebrafish differs from the mammalian one: the zebrafish liver is not
organized in hepatic lobules and Kupffer cells seem absent®'. In addition, pancreatic
cells of the zebrafish are scattered along the intestinal tract®. Infiltration of Gaucher-like
cells was detected in the liver, spleen and pancreatic cell rich tissue of gbal”" and gbal
/:asah1b” zebrafish (Figure 4D and E). Lesions with Gaucher-like cells were apparent in
gbal”:asahlb” tissue. No apparent pathological observations were noticed in tissues of
asah1b” fish (Supplementary Figure 2).
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Figure 4 | Abnormalities in adult zebrafish visceral organs

(A) Lipid levels were determined in pmol/mg liver tissue. Data is depicted as mean + SEM; WT (n = 10), gbal” (n
=9), asah1b” (n = 8), gbal”:asahlb” (n = 11). Data is analysed by One-Way Anova (Dunnet’s test) with WT as
control group. (B) Expression of gpnmb, chia.6, il-1B, tnfB, apoEb or catD mRNA levels were determined using
RT-gPCR analysis; WT (n = 6-9), gbal” (n = 6-8), asah1b” (n = 5), gbal”:asah1b” (n = 7). Data is normalized using
two housekeeping genes (efla and rp/13) and analysed by One-Way Anova (Dunnett’s test) with WT as control
group. H&E staining of liver, spleen and pancreatic tissue of WT (C), ghbal” (D) and gbal”:asah1b” (E) zebrafish.
Higher magnifications of oxed areas are shown below the respective lower magnifications. Ns = not significant, * P
<0.05,** P<0.01, and **** P < 0.0001.
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Similar lipid abnormalities, autophagy and inflammation in the brain of gbal”:asah1b”
Analysis of the lipid composition of brains of the mutant zebrafish and that of matched WT
animals (Figure 5A) showed that the total Cer levels are normal. Accumulation of GlcSph is
profound in brains of gbal” zebrafish (+ 0.16 to 130 pmol/mg for brains of WT and gbal-
/- respectively), while no significant increase in GlcSph levels is detected in brains of ghal”
:asah1b” zebrafish (+ 10 pmol/mg). The primary substrate of GCase, GlcCer, is comparably
elevated in brains of both ghal” and gbal”:asah1b” (+ 100-fold and 120-fold), as well as
that of the product glycosphingolipid LacCer (+ 22-fold and 33-fold, respectively). GlcChol
is elevated in brains of gbal” zebrafish (+ 2.5-fold) and slightly in brains of gba1”:asah1b”
fish (+ 1.3-fold). The abundant myelin lipid GalCer is only slightly decreased in gbal” brains,
however variation among individual fish in this lipid was marked.

Next, the expression of mRNAs in brains of the different zebrafish were analysed

(Figure 5B). In both gbal” and gbal”:asah1b” brains, expression of gpnmb and chia.6 was
strikingly increased (+ 70-fold for gpnmb and chia.6). In parallel, we observed increased
expression of mMRNAs of inflammatory cytokines il1-8 (+ 6.5-fold and 8.5-fold for brains of
gbal” and gbal”:asah1b” fish, respectively) and tnfB (+ 17-fold and 30-fold) (Figure 5B).
In addition, increased mRNA expression was noted in the brains of both gbal” and gbal
/:asah1b” for catD (2.5-3-fold), and the microglia marker apoEb (5-6-fold)*?3. Expression
of several genes encoding components of the complement system (c1gA, c3.1, c5 and the
c5a receptor (c5aR1)) are significantly increased in both ghbal”- and gbal”:asah1b” brains.
Western blot analysis revealed that the amount of p62 and the ratio of LC3-Il to LC3-I
were increased in the brains of both gbal” and gbal”:asahl1b” zebrafish, indicating that
autophagy was upregulated (Figure 5C and D).
H&E staining showed infiltration of Gaucher-like cells in brains of both gbal” and gbal”
:asah1b” fish, mainly in the periventricular grey zone of the optic tectum (Figure 5E with
zoom in Figure 5F). These abnormal cells were not present in WT or asah1b” zebrafish brain
(Figure 5E and F for WT, Supplementary Figure 3 for asah1b”). Transverse sections of the
dienchephalon, showed infiltration of Gaucher-like cells in both brain halves (Figure 5G).

Figure 5 | Biochemical abnormalities in adult zebrafish brain »
(A) Lipid levels were determined of dissected brains in pmol/mg tissue. Data is depicted as mean + SEM; WT
(n = 9-10), gbal” (n = 9), asah1lb” (n = 8), gbal”:asah1b” (n = 11). Data is analysed by Two-Way Anova with
Dunnett’s multiple comparison test and WT as control group. (B) mRNA levels of asahla, asahlb, gpnmb, chia.6,
il-1B, tnfB, apoEb, catD, c1gA, c3.1, c5aR and c5 was determined using RT-gPCR analysis; WT (n = 9-11), gbal” (n
=8-11), asah1b” (n =5), gbal”:asah1b”’- (n = 9-10). (C) Representative western blot of p62, LC3-I, LC3-Il, B-catenin
protein levels in WT, gbal”, asah1b”- and gbal”-:asah1b” zebrafish brains, with B-actin as protein loading control.
(D) Quantitative analysis of LC3-1I/LC-I levels and p62 protein levels. WT (n = 5), ghal” (n = 5), asahlb” (n =
3), gbal”:asah1b” (n = 6). (E) H&E staining of brain sagittal sections of WT, gbal” and gbal”:asah1b”:, with
infiltration of Gaucher-like in the periventricular grey zone of the optic tectum (F) in gbal”- and gbal”:asah1b”
brains. (G) Transversal sectioning with storage cell infiltration in both halves of the periventricular grey zone of
the optic tectum. (H) mRNA expression of th1, th2, sncB, sncya, sncyb and mbpa was determined using RT-qPCR
analysis; WT (n = 7), gbal” (n =9), asah1b” (n = 4), gbal”:asah1b” (n = 7). Data of RT-qPCR is normalized using
two housekeeping genes (ef1a and rpl/13), analysed by One-Way Anova with Tukey’s multiple comparisons test or
Brown-Forsythe and Welch Anova with Dunnett’s multiple comparisons test for gpnmb and chia.6 and depicted as
scattered dot plot + SEM. In general, statistical comparisons are depicted as WT vs gbal”, WT vs gbal”:asah1b”
or gbal”vs gbal”:asah1b”, only when a significant difference is apparent and relevant. Ns = not significant, ** P
<0.01, *** P <0.001 and **** P <0.0001.
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Chapter 6

Neurodegeneration was studied by analysis of mRNA levels of the two tyrosine hydroxylase
orthologues in the zebrafish brains. A significant decrease in th1, but not th2, was
observed in gbal” zebrafish brains, while no significant reduction was observed in the
gbal”:asah1b” brains (Figure 5H). In addition, two transcripts of zebrafish orthologues of
a-synuclein, sncB and sncyb, were significantly reduced in gbal” brains compared to WT
and gbal”:asah1b” brains. The expression of myelin-basic protein (mbpa) was comparably
reduced in both gbal” and gbal”:asahlb” brains. These mRNA findings could point to
aberrant myelination in both mutants, while dopamine neurons appear to be only abnormal
in gbal” fish at this age.

Phenotypic improvements of adult Asah1lb:Gbal double knockout zebrafish

In general, experiments were ended at 12 wpf, or earlier for individual ghal” zebrafish
when predetermined human end points were observed (t = 10-12 wpf). Up to 8 wpf,
no overt phenotype was observed in the WT, gbal”, asahlb” and gbal”:asahlb” fish.
From 8 wpf onwards, a drop in the tail of individual gbal” zebrafish was apparent which
progressively worsened from 9 to 12 wpf. Differences were noticeable among the different
types of mutant fish as well as variation among individual fish within each genotype.
All gbal” zebrafish (t= 10-12 wpf) showed phenotypic characteristics such as a curved
back and different swimming behaviour (Figure 7A). The size of the gbal” zebrafish was
significant smaller than WT, while the tortuosity, i.e. the length of the curved back divided
by the length from head to tail base, was significantly enlarged (Figure 7B). Most of the
gbal” fish showed abnormal swimming behaviour, ranging from difficulty with balance,
failure to maintain an upright position to the inability to move from the bottom of the tank.
Individual zebrafish were tracked to quantify their swimming speed and time spend in the
upper part of the tank (Figure 7C and D). It was observed that tracking various gbal” fish
was more difficult, as they did not move from the bottom of the tank. However, on average,
gbal” zebrafish did not show bradykinesia, because the mean speed was not significantly
different from WT (Figure 7D). A significant difference was observed in the ability of the
zebrafish to use the whole tank. In contrast to WT fish, ghal” zebrafish spend significantly
less time in the top of the tank (Figure 7C and D). These findings suggested that the ghal”
zebrafish had abnormal swimming behaviour, predominantly manifested as the inability to
use the entire tank, however on average they reach similar velocities as WT.

Contrary to gbal” fish, all gbal”-:asah1b” fish at 12 wpf showed no significant difference in
length or tortuosity (Figure 7A and B). Additionally, gbal”:asah1b” did not show postural
imbalance and used the whole tank for swimming as the WT and asah1b”" zebrafish (Figure
7C and D). Therefore, a pilot longevity study was performed by raising the gbal”:asah1b”
zebrafish past 12 wpf until similar phenotypic characteristics were apparent for the ghal”
zebrafish at 10 to 12 wpf. Individual double mutant zebrafish showed a curved back (Figure
7E), postural imbalance and abnormal swimming behaviour and therefore had to be culled
around 15-17 wpf (Figure 7F and Supplementary Figure 4).
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Role of GlcSph during GCase deficiency

Thus, there was a marked amelioration of disease course by at least 5 weeks (33%) in the
gbal”:asahlb” zebrafish lacking excessive GlcSph. Importantly, the absence of GlcSph did
not prevent, on the longer run, the development of phenotypic abnormalities such as the
curved back and differences in swimming behaviour.
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Figure 7 | Phenotypic improvements of adult Asah1b:Gbal double deficient zebrafish

(A) Representative photographs of WT, ghal” and gbal”:asahlb” zebrafish. (B) The length of individual zebrafish
is determined (head to tail base) as well as the tortuosity, calculated as ratio of the length along the back divided
by the length of the fish, as indication for the curved back. Data of individual zebrafish is depicted in a violin plot;
WT (n = 21), gbal” (n = 29), asah1b” (n = 16), ghal”:asah1b” (n = 19), and analysed using a non-parametric
Kruskal-Wallis test with Dunn’s multiple comparison test. (C) Representative movement traces of WT, ghal” and
gbal”:asahlb” zebrafish, all at t = 12 wpf. (D) Quantification of individual zebrafish average velocity (in cm/s) and
time spend in the top half of the tank. Data of individual zebrafish is depicted in a violin plot; WT (n = 13), ghal
/- (n = 16), asah1b” (n = 16), gbal”:asah1b” (n = 19) and analysed using a One-Way Anova with Tukey’s multiple
comparison test. (E) Photograph of individual ghal”:asah1b” zebrafish at t = 15 and 16 wpf. (F) Kaplan-Meier
plot indicating the onset of predetermined symptoms, such as the curved back and abnormal swimming resulting
in impaired feeding behaviour, of gba1” and gbal”:asah1b” zebrafish; gbal”" (n = 30), gbal”:asah1b” (n = 5).
Curves are analysed using a Log-rank (Mantel-Cos) test. In general, statistical comparisons are depicted as WT vs
gbal”, WT vs gbal”:asahlb”’- or gbal”’-vs gbal’:asahlb”-, only when a significant difference is apparent and
relevant. Ns = not significant, ** P <0.01 and **** P < 0.0001.
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Discussion

The role of GlcSph in GD pathophysiology is still largely based on circumstantial evidence and
therefore tentative. The present study describes the generation of a unique GD zebrafish
model that sheds light on the importance of GlcSph in pathology. Zebrafish express two
ACase enzymes, Asahla and Asahlb. Only the combined deficiency of both ACases was
found to cause marked accumulation of Cer, as occurs in Farber disease, while only Asahlb
was found to be involved in the formation of excessive GlcSph during GCase deficiency in
zebrafish. The comparison of adult gbal” fish, with excessive GlcSph, and gbal”:asah1b”
fish, without GlcSph, therefore allows delineation of the contribution of this lyso-lipid to
different mechanisms underlying GD manifestations, including storage cells, inflammation
and autophagy.

Both gbal” and gbal”:asahlb”- fish show accumulation of Gaucher-like cells which is
accompanied by excessive tissue GlcCer levels. The observation that tissue GlcCer is similar
in gbal” fish and gbal”:asahlb” fish indicates that ACase-mediated GlcSph formation
reduces marginally GlcCer accumulation during GCase deficiency. Despite the GlcCer
accumulation and Gaucher-like cells in brain and liver in both GCase deficient fish, a very
marked increase in life span is observed for the gbal”:asahlb” fish. Individual gbal”
zebrafish show a drop of the tail around 8-9 wpf, which progresses in subsequent weeks to
a characteristic phenotype of a curved back, postural imbalance and more time spent at the
bottom of the tank. No curved back nor abnormalities in swimming behaviour develop in
gbal”:asah1b” fish at 12 wpf and animals live up to 33% longer until similar manifestations
to those of gbal” fish are apparent.

It is tempting to attribute the delayed onset of abnormalities to the absence of GlcSph
in GCase-deficient zebrafish lacking ACase-Asahlb. Of note, the absence of GlcSph and
improved phenotype was not accompanied by changes in biomarkers of Gaucher cells. The
comparably increased expression of mRNAs encoding Gpnmb and Chia.6 in both GCase
mutants suggests that similar amounts of lipid-laden macrophages develop in gbal” fish
and gbal”:asah1b” zebrafish and that the cells react similarly to lysosomal accumulation of
GlcCer by increased production of gpNMB and chitinase proteins. Furthermore, increased
autophagy occurs in brains of both types of mutant zebrafish, as well as comparable
neuroinflammation, as depicted by increased expression of inflammation markers 1-18,
Tnf-B and ApoEb and the lysosomal protease Cathepsin D in brains of both gbal” fish and
gbal”:asahlb” fish. Transcript levels of components of the complement system (c1gA,
3.1, ¢5 and the c5a receptor (c5a0R1)) are comparably increased in gbal”" and gbal”
:asah1b” brains. In addition, infiltration of Gaucher-like cells in the periventricular grey
zone of the optic tectum of the brain is apparent in both gbal”- and gbal”:asah1b”- fish.
It will be of interest to comparatively visualize and quantify more closely microglia in brains
of the mutant fish. Altogether, the biochemical findings and pathology examination suggest
that the presence of excessive GlcSph is not a prerequisite for inflammation.
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The considered activation of the complement cascade as major driver of the inflammatory
pathology in GD mice** was not apparent in our study. Brains of gba1”:asah1b” fish without
excessive GlcSph and no apparent phenotype at that time-point, showed comparable
complement activation, compared to phenotypic gbal” fish of 10-12 wpf. Likewise,
impaired autophagy and neuroinflammation did not differ among the GCase-deficient fish
with or without excessive GlcSph. Apparently, these processes do not explain the more
severe phenotype of GCase-deficient fish with excessive lyso-lipid.

In view of the recently recognized link between mutations in GBA gene and risk for Parkinson
disease®, the fate of dopaminergic neurons in GCase-deficient fish with or without excessive
GlcSph is of interest. The expression of mRNAs encoding tyrosine hydroxylase 1 (th1), a
marker for dopaminergic neurons, is reduced in gbal” zebrafish brains, but not ghal”
:asah1b” brains. Zebrafish do not encode an orthologue of human a-synuclein, but instead
express B-synuclein (sncB) and two y-synuclein variants (sncya and sncyb). The B-synuclein
and yl-synuclein (sncyb gene) isoforms are expressed in the cell bodies of TH-positive
catecholaminergic cell groups®. Two transcripts of zebrafish synucleins, snc6 and sncyb,
were significantly reduced in ghbal” brains compared to WT and gbal”:asahlb” brains,
while the expression of myelin-basic protein (mbpa) is comparably reduced in both gba1 KO
and gbal:asahlb KO brains. These findings suggest that the presence of excessive GlcSph
might specifically impact dopaminergic neurons. However, visualization and quantification
of TH-positive dopamine neurons is required to confirm this. Keatinge and colleagues
observed earlier in gbal” zebrafish, a reduction of TH-immunoreactive neurons in the
caudal hypothalamus and posterior tuberculum accompanied by abundant Lewy body-like
ubiquitinylated neuronal cytoplasmic inclusions and neurites in the hindbrain®. In addition,
a reduction of B- and yl-synuclein (sncgb gene) protein levels was found. Based on our
findings regarding mRNA levels, gbal”:asah1b” brains lacking excessive GlcSph would likely
show a more moderate reduction of TH-immunoreactive neurons. It was earlier observed
with GD/PD mouse models that GlcCer levels are not increased in the brain, while GlcSph
accumulation already occurs in young mice (8-12 weeks), supposedly triggering a-synuclein
aggregation®. Similar observations were made with cultured human neuronal cells. In
addition, a recent study with mice heterozygous for GBA deficiency showed development
of a-synucleinopathy concomitantly to overproduction of GlcSph'®. These observations
all point to a detrimental role of excessive GlcSph regarding dopaminergic neurons. Our
findings with zebrafish are in line with this. Further research is required to elucidate the
exact role of GlcSph in the accelerated neuronal cell death in the a-synuclein independent
zebrafish model. In this connection the proposed harmful effects of complement-activating
immune complexes deposited on neuronal cells, oxidative damage and mitochondrial
dysfunction®®37-3 warrant specific attention. Obviously, the absence of a-synuclein in
zebrafish, and the different location of dopaminergic neurons as compared to human
brain, could limit their use as genuine models to study Parkinson’s disease during GBA
deficiency?’2°. More attractive to some extent are Oryzias latipes (medaka) fish expressing
endogenous a-synuclein®?,
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Itis important point out that despite delayed disease manifestations and improved life span,
gbal”:asah1b” lacking GlcSph still developed abnormal swimming behaviour at 4 months
of age and are culled earlier than WT and asahl1b” age-mates. This suggests that GlcSph
contributes significantly to the onset of GD symptoms, but is not the only pathogenic factor.
In this respect, the impact of accumulating GlcCer and other glucosylated lipids deserves
further attention.

The noted differences between the enzymes encoded by asahla and asahlb warrant
further discussion. Both ACases hydrolyse ceramide and no abnormal phenotype is
observed for fish lacking only one of the ACase enzymes, up to the moderately old age
of 2 years. Both asahla”:asah1b” and asahla”:asah1b”- adult zebrafish were obtained
at predicted Mendelian frequency, however no adult double asahla”:asah1b” zebrafish
could be raised. This suggests that maternal ACase in the developing larvae is essential
during combined Asahla and Asahlb deficiency. Moreover, after 5 dpf endogenous ACase
activity, either Asahla or Asahlb, is important for viability. The sequence alighment of
Asahla, Asahlb and human ACase shows a high conservation of relevant residues (Figure
1). It is known for human ACase that autocleavage of the peptide bond preceding Cys 143
results in activation of the proenzyme and subsequently leads to a conformational change
of Tyr 137%, a residue also conserved in both Asahla and Asahlb. Tyr 137 is then stabilized
through hydrogen bonding or hydrophobic interactions between the a-subunit helix
(residues 127-140) and B-subunit region (residues 225-250, Supplementary Figure 5). The
conformational change opens up a hydrophobic pocket hosting the fatty acid of ceramide,
as implied by the binding conformation of covalent inhibitor Carmofur?. Simple molecular
modelling of human and zebrafish enzymes, reveals that Asahla contains more aromatic
residues lining the entrance of the pocket (Supplementary Figure 6). However, none
of these residues seem to be in close proximity to the proposed catalytic site. Residues
Asp 200, Phe 201 and Met 300 located on the loops adjacent to the catalytic site might
be close enough to be of significance, assuming that these loops adapt a slightly different
orientation towards the catalytic site in solution, in comparison to the crystal structures.
Nonetheless, whether these residues provide an explanation for the different substrate
specificity of Asahla and Asahlb remains yet unclear. An alternative explanation for our
findings could be that Asahla is less abundant in lysosomes of macrophages in zebrafish,
the most likely source of GlcSph formation. Overall, it will be of interest to elucidate in the
future why Asahla is not able to generate GlcSph in GCase-deficient fish.

The ACase-mediated formation of deacylated sphingolipid bases from lipids accumulating
in lysosomes is not unique to GD. A similar phenomenon is observed with other lysosomal
sphingolipidoses: Fabry disease with globotriaosylsphingosine (lysoGb3) formed from
accumulating globotriaosylceramide (Gb3); Krabbe disease with galactosylsphingosine
(GalSph) formed from galactosylceramide; acid sphingomyelinase deficiency, a.k.a.
Niemann-Pick disease types A and B, with phosphocholinesphingosine formed from
sphingomyelin®®#, As for GlcSph in GD disease, research has been focused on evaluating
the neurotoxic actions of lysoGb3 in Fabry disease and galactosylsphingosine in Krabbe
disease*?**, Recently, ablation of ACase in a mouse model of Krabbe disease, deficient in
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galactocerebrosidase (GALC) showed no GalSph accumulation in brain, liver and spleen
tissue*?. As a result, a reduction of activated macrophages/microglia in the cerebellum was
observed as well as improved axonal structures, few infiltrating inflammatory cells, little
oedema, improved motor activity and increased life span compared to GALC deficient
mice. On the other hand, increased levels of ceramide were apparent in liver and spleen
of the GALC/ACase deficient mice as well as haematological abnormalities such as
vacuoles in the spleen, circulating monocyte and neutrophil populations, as observed in
the ACase deficient mice*’. The established Asahlb deficient zebrafish without ceramide
accumulation could offer interesting opportunities to investigate the detrimental role of
deacylated sphingolipid bases in the outcome of other lysosomal storage diseases, without
the accompanying ceramide accumulation.

With the improved life span, it is tempting to consider inhibition of ACase as therapeutic
avenue in neuronopathic GD with unmet need. Carmofur is a known inhibitor of ACase*®*.
It has been earlier demonstrated that Carmofur treatment of GCase-deficient cells reduces
formation of GlcSph*®. The compound Carmofur is however not a specific ACase inhibitor, as
it also inactivates neutral ceramidases and it is known to inhibit the nucleotide-synthesizing
enzyme thymidylate synthetase, an effect underlying its wide-spread use in chemotherapy*®.
More specific ACase inhibitors have been designed by Fabrias and colleagues®. Testing such
compounds in our zebrafish models of GCase deficiency could be considered as first step to
assess clinical applicability. The window for such type of intervention might be very small,
or even not exist, given the report that partial ACase deficiency already impairs spinal-cord
motor neurons and other areas of the CNS*.

In conclusion, the comparison of GCase-deficient zebrafish with or without excessive
GlcSph, due to respective presence or absence of Asahlb, reveals that the latter fish show
amelioration of swimming abnormalities and increased life span. It is remarkable that this
improvement in disease manifestations in the absence of GlcSph is independent of storage
cell burden and neuroinflammation.
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Supplementary Information
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Supplementary Figure 1 | GlcSph levels of gbal” (n = 14) and gbal”:asah1b” (n = 5) larvae KO at 5dpf in pmol/
fish. Data of gbal” is used from chapter 5. Data is depicted as mean * SD.

Liver Spleen

asah1b”

Supplementary Figure 2 | H&E staining of asah1b” zebrafish including liver, spleen and pancreatic tissue as well

as sagittal section (left and magnification in the middle panel) and transversal section (right panel) of asah1b”
zebrafish brain.

asah1b”:gbat1**

Supplementary Figure 4 | Heatmaps of individually filmed zebrafish at 15 wpf.
Heatmaps of asah1b” (yellow stickers) and gbal”:asah1b” (orange stickers) at 15 wpf, with individual fish starting
to show differences in swimming behaviour. Red indicates more time and blue less time spend at that location.
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Human ACase "AVAQHAPPWTEDCRKSTYPPSGPTYRGAVPWYTINLDLPPY 59

Asahla GLEDCRSGMYPPKGPTYRGNVTRYTVNLDLPPS 55
Asahlb YVPPFTEDCRSGMYPPNGPTFKGDVSWYTVDLDLPAS 59
* . KkKkK | KKK KKKk K KKy kKKK
Human ACase KRWHELMLDKAPVLKVIVNSLKNMINTFVPSGKIMQVVDEKLPGLLGNFPGPFEEEMKGI 119
Asahla ERWTQI IKDKNTELIEMVQTIKDMAKGFF-HGKLVNFVDKELPFIVDTLPNPFNEEIKGI 114
Asahlb KRWTDVISDKKTEMASMIQAIRDLADAFVPSGKLIQLVDKDLPLMVDTLPYPFNEEIRGI 119
pEE o P T e
a- subumthehx
Human ACase AAVTDIPLGEIISFNIFYELFTICTSIVAEDKKGHLIHGRNMDFGVFLGWNINNDTWVIT 179
Asahla AAVSGIPLGEIALFNIFYEVFTVCTSLVAEDNNGNIYHGRNLDFGLFMGWDRONKTWTLT 174
Asahlb ASVSGVPLGEVVLENIFYEVFTVCTSLVAEDVNGNLIHARNLDFGLFMGWDLKNRSWVIT 179
Kok hkkk:  KAKKKKiKkihAK kKKK skp: K Kkikkkrkikk: 1k ok ik
- “subunit ¥ regmn
Human ACase EQLKPLTVNLDFQRNNKTVFKASSFAGYVGMLTGFKPGLFSLTLNERFSINGGYLGILEW 239
Asahla EKLKPLVVNINFERKNQTVFKSTSFAGYVGMLTGIRPGELTLTMNERFDFDGGYIGILDW 234
Asahlb EKLKPLVVNIDFTRNGQTVFKSTNFAGYVGMLTGIHONSFTLTMNERFSLDGGY IGILEW 239
KKK KKk Ky s KKKK g KKKKKKKKKK gy | oKk kkKK g kkkykkk Kk
Human ACase ILGKKDVMWIGFLTRTVLENSTSYEEAKNLLTKTKILAPAYFILGGNQSGEGCVITRDRK 299
Asahla IFGNRDGMWTGFLTRRVLENSTSYEDAKDQLSQTKLLAPVYFILGGNRTGQGCVITRTRI 294
Asahlb ILGKRDGMWMSFLTRSVLENATSYESAKALLSDTKLLAPAYFILGGNQSGEACIITRSRT 299
Kok k Kk kkkk kkkkykkkk kk Ky kkykkk Akkkkkkyik: kokkk ok
Human ACase ESLDVYELDAKQGRWYVVQTNYDRWKHPFFLDDRRTPAKMCLNRTSQENISFETMYDVLS 359
Asahla NTLDIWELELMLGRWYVLETNYDHWDKPMFLDDRRTPAMKCMNQTTQANISLASIYNVLS 354
Asahlb QNISPLELNVKNGRWYVLETNYDHWKEPLFLDDRRTPAMKCMNQTTQTNISVKTVYDVLS 359
. Kok KKKKK L KKKK K K KKKKKKKKK Ko kikik KKk 1ikikkk

Human ACase TKPVLNKLTVYTTLIDVTKGQFETYLRDCPDPCIGW 395

Asahla TKPVLNKLTTYTSLMAVSTGTLESYVRDCPNPCTPW 390
Asahlb TKPVLNKLTTYTTLMEVSKGTLESFIRDCPNPCMPW 395

kkkkkkkkk kkaka ke Kk akaaskkkkskx K

Supplementary Figure 5 | Sequence alignment of acid ceramidase variants with the predicted signal peptide
(depicted in blue), self-cleaved catalytic residue C143 (bold, red) and contrasting residues (highlighted in grey).
Modelled residues indicated with black line above while residues D200, F201 and M300 of Asah1la are indicated
in bold.

a-subunit helix

B-subunit region

Supplementary Figure 6 | Structure of human ACase with modelling of divergent residues of Asahla and Asahlb
Ribbon diagram of the side (left) or top (right) of human ACase (PDB 6MHM) with a-subunit (light grey), B-subunit
(dark grey) and disulfide bonds (yellow) indicated. Inhibitor Carmofur (black, ball and stick) and catalytic residues
C143, D162, E225 or N320 (cyan sticks) are also visualized for clarity, as proposed by Dementiev et al.%. Divergent
residues of Asahla (red) and Asah11b (green) surrounding the catalytic pocket are superimposed on the human
structure.
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Experimental procedures

Chemicals and reagents - GCase specific inhibitor (ME656)”’, *C_-sphinganine, *C -sphingosine, *C,-
GlcSph, ®C.-lyso-globotriaosylceramide (LysoGb3), C17-lysosphingo-myelin (LysoSM), **C_-GlcChol
and C17-dihydroceramide (C17-dhCer)>*>! were synthesized as reported. All chemicals and reagents
were obtained from Sigma-Aldrich Chemie Gmbh (St Louis, USA) unless mentioned otherwise. The
standards Cer (d18:1/16:0), dhCer (d18:0/16:0), GlcCer (d18:1/16:0), GalCer (d18:1/16:0), LacCer
(d18:1/16:0) were obtained from Avanti Polar lipids (Alabaster, USA) and GlcChol from Sigma-Aldrich.
LC-MS grade methanol, 2-propanol, water, formic acid, acetonitrile and HPLC grade chloroform
were purchased from Biosolve (Valkenswaard, the Netherlands). LC-MS grade ammonium formate,
ammonium acetate and sodium hydroxide from Sigma-Aldrich, butanol and hydrochloric acid from
Merck Millipore (Billerica, USA).

Zebrafish - All zebrafish were housed and maintained at the University of Leiden, the Netherlands,
according to standard protocols. Wildtype (WT) zebrafish (ABTL) were a mixed lineage of WT AB and
WT TL genetic backgrounds. Zebrafish were kept at constant temperature of 28.5 °C and on a cycle
of 14-hour light and 10 hour dark. Experiments with larvae, juvenile and adult zebrafish after the
free-feeding stage were approved by the local animal welfare committee (Instantie voor Dierwelzijn)
of the University Leiden (Project license AVD1060020184725). Zebrafish from 5 dpf to 2 wpf were
fed with both dry food (2x daily; Skretting Gemma micro 75, Zebcare, Nederweert, the Netherlands)
and Rotifers (1x daily) and from 3 wpf to the end of the experiment fed with both dry food (2x daily;
Skretting Gemma micro 150 until 30 dpf or Gemma Micro 300 mixed with Gemma Diamond for fish
from 30 dpf) and hatched Artemia (1x daily).

Zebrafish sampling, morphology and movement - In general, zebrafish were sacrificed at 12 wpf or
earlier when zebrafish showed symptoms noted as human endpoints in the project license (t = 10-11
wpf for gbal”’). Zebrafish (10-12 wpf) were recorded individually from the side for 20 minutes, after
10 minutes of acclimatization in their new tank. Movements of the fish in the individual tank was
tracked using Ethiovision software 10.1 (Noldus, Wageningen, the Netherlands). Arenas were setup
for each individual tank, with a division for the top and bottom zone, and subsequently data was
obtained for 10 minutes. Fish were subsequently sacrificed using an overdose of tricaine methane
sulfonate (MS222, 200 mg/L) and photographed using Leica M165C (Wetzlar, Germany). The three or
four images of one fish were stitched to obtain one image using Photoshop CC2018 (Adobe, San Jose,
USA) The length of the fish from head to tail base (short length) was determined as well as the length
of the back from head to tail base (long length) using ImageJ software®2. The tortuosity was calculated
by dividing the long length by the short length. Whole zebrafish were fixed using paraformaldehyde
(4% (w/v), Alfa Aesar, Haverhill, USA) or Bouin’s solution (5% acetic acid, 9% formaldehyde, 0.9%
picric acid, Sigma) for histopathology performed as described below or organs were dissected.
Dissected organs were either snap frozen for protein and (glyco)sphingolipid analysis or submerged
in RNAlater™ (Invitrogen, Thermo Fisher Scientific, Waltham USA) for RT-PCR analysis (brain or liver)
and stored at -80 °C.

CRISPR/Cas9 mediated knockout of asahla and asahlb - CRISPR/Cas9 mediated gbal knockout
zebrafish were generated and maintained as previously described?®. CRISPR/Cas9 mediated
zebrafish gene knockouts of asahla and asahlb were generated using the protocol previously
described (Chapter 4 and? with sgRNA1 5-gGTGTCCATCTCTCACTAGG and sgRNA2 5’-GgGCTTCCCG
CTGGGAACAA for asahla and asahlb respectively. Of note, the first or second nucleotide of the
sgRNA found by the CHOPCHOP webtool was replaced by a ‘g’ to improve T7 RNA synthesis. Injected
founders were crossed to WT and off-spring screened using an HRM assay with primers described in
Supplementary Table 1. Fragments for Sanger sequencing were obtained using primers described
in Supplementary Table 1. Heterozygous adult zebrafish (F2 generation) of both genotypes were
crossed to obtain double heterozygous zebrafish (asahla*:asah1b*"). Adult fish were crossed with
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each other and off-spring was used for incubations with vehicle (0.1% DMSO) or GCase specific
inhibitor (10 uM MEG56, 0.1% DMSO) for 5 days, followed by (glyco)sphingolipid analysis. The ghal”,
gbal**:asah1b”" and gbal”:asahl1b” zebrafish were generated by appropriate crossings. The status
of gbal and asah1b was determined by fin clipping of 4-5 dpf larvae and subsequent HRM assays.

Supplementary Table 1| Forward (F) and reverse (R) primers for HRM analysis and amplification for sequencing

Target Sequence 5’->3’ Target Sequence 5’->3’

Asahla HRM F GTCTAGACTCGAATAAGTTCATG Asghla sequencing P TGGGATGTATCCACCTAAAGG
Asahla HRM R TGGGAAACAGTTACCTCTGTG  AsahlasequencingR  Same as HRM R

Asahlb HRM F TGCAAAGAGATGTGTTAGATTG Asghlb sequencing F CAGCAAGCAAAAGATGGACAG
Asah1b HRM R TCCTTCAGATGGCGAGCATG Asah1b sequencing R TACGATTTTGGGAGATTTATCTC

Homogenate preparation - Homogenates of organs were prepared in potassium phosphate lysis buffer
(25 mM K,HPO,-KH,PO, pH 6.5, 0.1% (v/v) Triton-X100 and EDTA-free protease inhibitor (cOmplete™,
EDTA-free Protease Inhibitor Cocktail, Roche, Sigma-Aldrich)). Organs were first homogenized using
a Dounce homogenizer (10 strokes) followed by sonication (20% amplitude, 3 sec on, 3 sec off for 4
cycles) using a Vibra-Cell™ VCX 130 (Sonics, Newtown, USA) while on ice. Total protein concentration
of homogenates was determined using Pierce™ BCA protein assay kit (Thermo Fisher Scientific,
Waltham, USA) and measured using an EMax® plus microplate reader (Molecular Devices, Sunnyvale,
USA).

Western blot - Proteins of organ homogenates (20 ug protein) were denatured using 5x Laemmli
sample buffer (25% (v/v) 1.25M Tris-HCL pH 6.8, 50% (v/v) 100% glycerol, 10% (w/v) sodium dodecyl
sulphate (SDS), 8% (w/v) dithiothreitol (DTT) and 0.1% (w/v) bromophenol blue), samples were boiled
for 5 min at 98 °C and proteins were separated by electrophoresis on a 12% (w/v) SDS-PAGE gel.
Proteins were transferred to nitrocellulose membranes (0.2 uM, Bio-Rad laboratories Inc., Hercules,
USA) using the Trans-Blot® Turbo™ Transfer system (Bio-Rad). Membranes were blocked with 5%
(w/v) bovine albumin serum (BSA) and incubated overnight at 4 °C with primary antibodies: rabbit
anti-LC3 (1:1000, NB100-2220; Novus Biologicals, Centennial, USA), rabbit anti-p62/SQSTM1 (1:1000,
P0067; Sigma) or rabbit anti-actin (1:1000, ab209857; Abcam, Cambridge, UK). Membranes were
washed 3 times with TBST and incubated for 1 h at RT with secondary antibody: GARPO goat anti
rabbit 1gG (H+L) peroxidase (1:5000, Bio-Rad). Chemiluminescence signal is developed using the
Clarity Max Western ECL substrate (Bio-Rad), detected using a ChemiDocMP imager (Bio-Rad) and
signal quantified by Imagel software.

Gene expression analysis - RNAlater™ was removed and RNA was extracted using a Nucleospin RNA
XS column (Machinery-Nagel, Diren, Germany) procedure according to supplier’s protocol, without
the addition of carrier RNA. Contaminating DNA was degraded on column by a DNase | treatment
(supplied in the kit). cDNA was synthesized using SuperScript™ Il reverse transcriptase (Invitrogen,
ThermoFisher Scientific, Waltham, USA) using oligo(dT) and an input of approximately 200-500 ng
total RNA according to the manufacturer’s instruction. Generated cDNA was diluted to an approximate
concentration of 0.5 ng total RNA input/uL with Milli-Q water. RT-PCR reactions were performed
with the 1Q SYBR green mastermix (Bio-Rad laboratories Inc., Hercules, USA) in a total volume of 15
pL (1x SYBR green, 333 uM of forward and reverse primer as given in Supplementary Table 2 and
5 uL of the diluted cDNA input) and carried out using a CFX96™ Real-Time PCR Detection system
(Bio-Rad laboratories Inc., Hercules, USA) with the following conditions: denaturation at 95 °C for 3
min, followed by 40 cycles of amplification (95 °C for 30 sec and 61 °C for 30 sec), imaging the plate
after every extension at 61 °C, followed by a melt program from 55-95 °C with 0.5 °C per step with
imaging the plate every step. All biological samples were tested in technical duplicate, differential
gene expression was calculated using the AACt method normalized to two house-keeping genes efla
and rpl13 and depicted as log, fold change + SEM, compared to WT.
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Supplementary Table 2| Forward and reverse primers for RT-qPCR analysis.

Target NCBI code Forward primer sequence (5’->3’) Reverse primer sequence (5’->3’)

Asahla NM_001006088 ATTAGGCCTGGTGAACTGAC CTGCGAGTAAGAAAACCCGTC 125 bp
Asahlb NM_200577 TGGACTGTTCATGGGATGGG CCGGTCAACATCCCGACATA 150 bp
Gpnmb XM_009294247 GCAAGGGCGTAGAATTGAAA TGGCAGGGACATGTCAGTAA

Chia.6 NM_199603 TCCACGGCTCATGGGAGAGTGTC AGCGCCCTGATCTCGCCAGT ref. 53
catD NM_131710 TGGGTGGAAAGGTCTACTCG CACTCAGGCAGATGTCGTGT

il18 NM_212844 TGGACTTCGCAGCACAAAATG GTTCACTTCACGCTCTTGGATG ref. 54
tnfB NM_182873  GCATGTGATGAAGCCAAACG GATTGTCCTGAAGGGTCACC ref. 55
apoeb NM_131098  AAACTGACATGACCGACGCT TAGGTTGCTACGGTGTTGCG 172 bp
cigA NM_001020527 CTCTGTTTCCCTTTTCCTTCTG CTTTCTCTCCTTTTGGTCCTGG 108 bp
c3a.1 NM_131242 CGCTGCACAAAGTACTTCCAC GCCAGCTCCATGTCCTTGAC 197 bp
c5aR1 XM_005159274 CCGACAAGCTCGCATCCTAT GCGAATGATGGTTATCGCCC 163 bp
c5 XM_001919191 CAAGGCCACGGTTCAATCAG TCTTCATGCTTTCGGCAGTCA 152 bp
thi NM_131149  AGCTTTGTGGACGCTACTGA GTGGGTTGTCCAGCACTTCT 112 bp
th2 NM_001001829 TACAAGCCATTCGACCCAGC ATGCTGCAAGTGTAGGGGTC 173 bp
sncf NM_200969 GGAGTTTGGTCAGGAAGCCA CCTCGGGCTCATAATCCTGG 107 bp
sncya  NM_001017567 TGGAGGGGCTGGAGACTATG AGCATCATGGGACATTCGGTT 123 bp
sncyb  NM_001020652 ATGGTGAACCCGGGTGACTT AGGCTTTGGAGCAGAAACGTA 129 bp
mepa XM_002665562 TGGTCATCTATCCTCCTCTCCA  CTTTCTCCCAGGCCCAATAGTTCT 150 bp
efla CTGGAGGCCAGCTCAAACAT ATCAAGAAGAGTAGTACCGCTAGCATTAC ref, 56
rpl13a TCTGGAGGACTGTAAGAGGTATGC AGACGCACAATCTTGAGAGCAG ref. 56

(Glyco)sphingolipid analysis - Neutral (glyco)lipids, (glyco)sphingoid bases and glycosylated cholesterol
were extracted from the same homogenate (10 uL, 20-30 ug total protein in KPi lysis buffer) using
an acidic Bligh and Dyer procedure (1/1/0.9 chloroform/methanol/100 mM formate buffer pH 3.1)
as described before?®°, Lipids were resuspended in methanol for separation by a C18 column or
acetonitrile/methanol (9/1, v/v) for separation using a HILIC column and transferred to a vial for LC-
MS/MS analysis. LC-MS/MS measurements were performed using a Waters UPLC-Xevo-TQS micro
instrument (Waters, Corporation, Milford, USA) in positive mode using an electrospray ionization (ESI)
source as described before for separating GlcChol and (glyco)sphingolipids using the C18 column?6°052,
To separate lipids by HILIC chromatography, a BEH HILIC column (2.1 x 100 mm with 1.7 um particle
size, Waters) was used at 30 °C as described before? with minor modifications in the eluent program
allowing a faster run while preserving separation of Glc- and Gal containing lipids. Eluent A contained
10 mM ammonium formate in acetonitrile/water (97:3, v/v) with 0.01% (v/v) formic acid and eluent
B consisted of 10 mM ammonium formate in acetonitrile/water (75:15, v/v) with 0.01% (v/v) formic
acid. Lyso- and deacylated glycosphingolipids were eluted in 10 min with a flow of 0.6 mL/min using
the following program: 85% A from 0-1 min, 85-65% A from 1-2.5 min, 60-0% A from 2.5-4 min, 0%
A from 4-4.5, 0-85% A from 4.5-4.6 min and re-equilibration with 85% A from 4.6-10 min. GlcChol
was eluted in 18 min with a flow of 0.25 ml/min using the following program: 100% A from 0-3 min,
100-0 % A from 3-3.5 min, 0 % A from 3.5-4.5 min, 0-100 % A from 4.5-5 min and re-equilibration
with 100 % A from 5-18 min. Lipid levels were calculated in pmol/mg total protein, sphingoid bases
and GlcChol were calculated based on the respective isotopic *3C internal standard, while deacylated
neutral (glyco)sphingolipids were calculated using C17-dhCer as internal standard and normalized
using the respective standard.

Histology - For H&E staining, zebrafish were fixed in paraformaldehyde (4% PFA (w/v), Alfa Aesar,
Haverhill, USA) overnight or Bouin’s solution (5% acetic acid, 9% formaldehyde, 0.9% picric acid,
Sigma) for 4 days, decalcified for 4 days using formic acid (20% (v/v)) and embedded in paraffin.
Subsequently, serial sections of 5 uM thickness were made using a Leica RM2055 microtome. Sections
were stained with Haematoxylin and Eosin.
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Sequence alignment and modelling - Signal peptides were predicted using the SignalP-5.0 server?®
and sequences aligned with Clustal Omega®. Signal peptides were excluded and Asahla or Asahlb
structures where modelled with Swiss-Model*” using human ACase, PDB 6MHM?%, as search model.
Structures were superimposed and visualized with CCP4AMG®®,

Statistical analyses - Statistical analyses were performed using GraphPad Prism (v8.1.1,
GraphPadsoftware, CA, USA) and data depicted as described in the result section. Data of lipid,
protein and mRNA levels was analysed by One-Way Anova using Dunnett’s test, with WT as control
group, or Tukey’s multiple comparison test as described in the result section. Data of length and
tortuosity are analysed using a non-parametric Kruskal-Wallis test with Dunn’s multiple comparison.
In general, statistical comparisons are performed of WT vs gbal”,, WT vs gbal”:asahlb”and gbal”
vs gbal”:asah1b”, and depicted only when a significant difference is apparent and relevant. Ns = not
significant, * P< 0.05, ** P< 0.01, *** P< 0.001 and **** P< 0.0001.
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Abstract

he penultimate step in the degradation of glycosphingolipids is the hydrolysis of
Tglucosylceramide into glucose and ceramide. GlcCer is degraded in lysosomes by

the acid B-glucosidase glucocerebrosidase (GCase). Mutations in the gene encoding
GCase (gene name: GBA) lead to the common lysosomal storage disorder Gaucher disease
(GD), characterized by lysosomal accumulation of GlcCer which partly is metabolized by
acid ceramidase (ACase) into neurotoxic glucosylsphingosine (GlcSph). GlcCer can also be
hydrolysed in the cytosol by the membrane-associated GBA2. Defective GBA2 has been
found in association with autosomal-recessive cerebellar ataxia (ARCA) and hereditary
spastic paraplegia (HSP). In the present study, zebrafish with complete knockouts (KOs)
of the genes encoding GCase (gbhal), Gba2 (gba2), ACase (asahlb) and combinations
thereof, were raised to adulthood (12 weeks post-fertilization (wpf)) and characterized.
Their phenotype as well as biochemical and pathological parameters are described. Carrier
gbal* fish show no apparent phenotype nor any biochemical abnormalities, while the
Gba2 knockout fish only develop a significant increase in specific GlcCer species in the brain.
No clear abnormal phenotype is observed for any of the GCase deficient fish at 8 wpf, even
though increases in GlcCer, neuroinflammation and autophagy are already demonstrable.
Phenotypic abnormalities of the single gbal knockout zebrafish have an early onset (+ 9
wpf), starting with a drop of the tail and progressing into a change in swimming behaviour.
In contrast, the double gbal:gba2 knockout do not show the preceding characteristics
such as the drop of the tail, but many develop a severe phenotypical abnormalities in a
matter of days and have a significantly shorter lifespan than single gbal knockouts. Pilot
experiments indicate a related earlier onset of dopaminergic neuron degradation in the
gbal:gba2 knockout fish, however the precise underlying pathophysiological mechanism
is still elusive.
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Introduction

Glucosylceramide (GlcCer) is the precursor of more complex glycosphingolipids. Hydrolysis
of GlcCer into glucose and ceramide is catalysed by different B-glucosidases with different
subcellular locations (Figure 1). Acid B-glucosidase, or glucocerebrosidase (GCase), is a
lysosomal B-glucosidase, hydrolysing GlcCer in lysosomes, while the membrane-associated
GBA2 and cytosolic GBA3 hydrolyse GlcCer in the cytosol. Mutations in the gene encoding
GCase lead to Gaucher disease, characterized by lysosomal accumulation of GlcCer
primarily in tissue macrophages®. Clinical symptoms range from hepatosplenomegaly,
anaemia, thrombocytopenia to bone deterioration in type 1 GD patients and, additionally,
neuropathological symptoms in type 2 and 3 GD patients. Lysosomal acid ceramidase
(ACase) is able to hydrolyse the fatty acid of the accumulating GlcCer, forming
glucosylsphingosine (GlcSph). GlcSph is thought to be neurotoxic and to contribute to B-cell
activation, a-synuclein aggregation and reduced cerebral microvasculature®®. Carriers of a
mutation in GCase, have a markedly increased risk for developing Parkinson’s disease and
Lewy-body dementia®’. However, to date, the underlying molecular mechanisms, imposed
by GCase abnormalities, are not fully elucidated. Little is known about the physiological
role of the non-lysosomal GBA2 and the impact of its deficiency. On one hand, mutations in
the gene encoding GBA2 have been associated with autosomal-recessive cerebellar ataxia
(ARCA) and hereditary spastic paraplegia (HSP)®%. On the other hand, mildly affected type
1 GD patients are treated for more than a decade with the iminosugar Miglustat (N-butyl-
deoxynojirimycin) and develop no major complications, even though this compound
markedly inhibits GBA2 activity at the administered dose (3 times 100 mg daily)*>*,

In the past years, several research models have been generated in order to study the impact
of defective GCase or GBA2 and evaluate treatments of GD*. Complete GCase-deficient
mouse models die prematurely due to trans-epidermal water loss'>*. For that reason, GD
has been studied by pharmacological induction of GCase deficiency'” or using conditional
knockouts of GBAI1 where GCase deficiency is limited to specific cell lineages. Examples
are the GD mouse models with a defective GCase in the hematopoietic stem cell lineage?®,
neuronal cells® or all tissues except skin'®. GBA2 knockout mice are viable and develop a
moderately increased GlcCer in testis, brain and liver (Marques and Ferraz; unpublished
data and ref. 20). Male KO mice are found to display impaired fertility?>?2. Remarkable
interindividual differences were recently noted among GBA2 deficient mice with some
animals developing marked neurological abnormalities and others not?. Interestingly,
concomitant GBA2 deficiency in a conditional GCase deficient mouse model, limited to the
haematopoietic stem cell lineage, revealed a correction of the visceral, hematologic and
bone phenotype. In addition, a partial correction of increased cytokines was observed, even
though persistent Gaucher cells were observed as well as increased GlcCer and GlcSph levels
in liver and spleen of double mutant mice?. Amelioration of phenotypic manifestations of
Niemann-Pick type C (NPC) mice, including behaviour and neuropathology, were apparent
in mice with a concomitant genetic- or pharmacological GBA2 deficiency upon treatment
with GBA2-specific iminosugars?*. At present the impact of defective GBA2 in GD mice
regarding neurological symptoms remains elusive.
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Recent research has revealed that both GCase and GBA2 have substrates beyond GlcCer.
Both enzymes may act as transglucosidase, catalysing the (reversible) transfer of the
glucose from GlcCer to an acceptor moiety such as cholesterol and thereby forming
glucosylated cholesterol (GlcChol, Figure 1)*>2°. GD patients and GD mouse models show
an increase in GlcChol levels, while GBA2 deficient mice show a decrease®. Although GCase
can perform transglucosylation in vitro, increased levels of GlcChol during GCase deficiency
suggest a primary role of the enzyme in hydrolysis of lysosomal GlcChol®. It is presently
unclear whether elevated GlcChol during GCase deficiency contributes to pathology.
Previously, CRISPR/Cas9 technology was successfully used to generate mutations in the
zebrafish orthologues of GCase and GBA2. The developing zebrafish off-spring of 5 days
post-fertilization (5 dpf) were studied regarding aberrant glucosylceramide metabolism
of gbal, gba2 and double gbal:gba2 knockout (KO) individuals. At 5dpf, single gbal”
zebrafish larvae show accumulation of GlcSph, but no GlcCer accumulation, while single
gba2” zebrafish larvae show accumulation of GlcCer and a decrease in GlcChol?.
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Figure 1 | Schematic representation of GlcCer hydrolysis by lysosomal GCase and membrane-associated GBA2.
Secondary pathways of GlcCer catabolism are described. ACase is able to hydrolyse accumulating lysosomal
GlcCer to GlcSph during GCase deficiency. Next to hydrolysis of GlcCer, GBA2 is also able to transfer the glucose of
GlcCer to a cholesterol acceptor, generating GlcChol.

The primary goal of the present study was to evaluate adult Gba2 KO zebrafish and to study
the impact of the absence of Gba2 during GCase deficiency. For this purpose, zebrafish
were raised to adulthood and several morphological, histopathological and biochemical
features were assessed and compared between the different mutants. This study also
included gbal* (carriers), asahlb” and gbal”:asahlb”- fish. Given the significant
difference in occurrence of symptoms and accompanying lifespan of gbal”, gbal”:gba2”
and gbal”:asah1b” fish, attention was paid to the progression of pathology in the various
mutant zebrafish. Zebrafish with gbal, gba2, gbal:gba2 and asahlb:gbal mutations were
examined at different developmental ages with respect to neuroinflammation that likely
precedes neurodegeneration.
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Results

Lipid abnormalities of gba1:gba2 KO zebrafish as compared to gbal and ghal:asahib KO
Glycosphingolipids in brains and livers of 12 wpf zebrafish with a KO of gbal, gba2 and
asahlb and combinations thereof were quantified. Recently, Hisako Akiyama at the RIKEN
discovered the existence of galactosylcholesterol (GalChol) in tisssues, particularly the
brain?. GalChol is synthesized by GBA2. With the initial LC-MS/MS method GlcChol and
GalChol were not separated. This prompted the use of a different LC chromatography
in order to individually measure GlcChol and GalChol. With this method in place, brains
of mutant zebrafish were investigated. Brains and livers of gbal”" zebrafish presented
significantly increased GlcSph, total GlcCer, lactosylceramide (LacCer) and GlcChol levels
but no significantly elevated GalChol, ceramide and sphingosine levels (brain) (Figure 2A
and B for liver and brain respectively). A reduction in galactosylceramide (GalCer) levels was
apparent in gbal” but this was not significantly different.
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Figure 2 | Relevant (glyco)sphingolipids in livers and brains of end stage zebrafish (t = 9-12 wpf)

Relevant glycosphingolipids, GlcSph, GlcChol, GalChol as well as total ceramide, total GlcCer, total GalCer and total
LacCer, were determined of zebrafish livers and brains in pmol/mg tissue. Livers and brains were dissected of
zebrafish at t= 12 wpf or at the end stage, following pre-determined human end points for gbal” (t= 10-12 wpf)
and gbal’:gba2” zebrafish (t = 9-12 wpf). Data is depicted as mean + SEM; end stage; (n = 8-11). Data is analysed
by One-Way Anova with Tukey’s multiple comparison test. Ns = not significant, ** P < 0.01, *** P <0.001 and ****
P <0.0001.

Gbal”:asah1b” brains and livers displayed no excessive GlcSph, while total GlcCer and
LacCer levels were increased (see also chapter 6). No significant accumulation of GlcChol
was observed in the gbal”:asah1b” brains in contrast to the gbal” brains.
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No significant differences were apparent in any of the lipids quantified in brains and livers
of gbal* (carrier) zebrafish compared to wildtype (WT) (striped bars, Figure 2A and B).
GlcSph, total GlcCer and LacCer levels were significantly elevated in the gbal7:gba2” livers
and brains compared to WT (purple bars, Figure 2A and B). Statistical analysis revealed
that GlcCer levels of gbal”:gba2” livers and brains were significantly higher compared to
single gbal” and gbal”:asahl1b”- samples, while only significant higher GlcSph levels were
detected in livers of gbal”:gba2”-, compared to those of ghal” fish. GalCer levels were
significantly reduced in the double gbal”:gba2” deficient fish brains compared to WT.
GlcCer tended to be increased in livers and brains of gba2” zebrafish, while no significant
reduction of GlcChol was measured in either gha2”- or gbal”’gba2” samples (Figure 2A
and B). The latter was unexpected, as zebrafish larvae (5 dpf) presented increased GlcCer
levels and a reduction of GlcChol ?. Moreover, GBA2 deficient mice accumulate GlcCer in
their livers and show a decrease in GlcChol levels?®?2*2> The chromatographic separation
of GlcChol and GalChol revealed that the latter is significantly decreased in brains of gha2”
and gbal”-gba2”’ fish compared to WT but not in gbal” or gbal”:asah1b” brains.

Fatty acid composition of GSLs and SM

Neutral (glyco)sphingolipids consist of a sphingosine backbone linked to a fatty acid,
which can differ in carbon chain length and presence of double bonds. Our routine LC-
MS/MS method for sphingolipids contains a microwave-assisted deacylation step?**° and
consequently renders no information on fatty acyl composition of measured sphingolipids.
Another type of modified ceramide is sphingomyelin (SM), which has a phosphocholine
headgroup and is the most predominant sphingolipid in cell membranes. However,
phosphatidylcholine (PC) has similar m/z transitions as the SM species, including an
identical daughter of 184.1 Da which is the phosphocholine headgroup of either SM or PC.

In order to study aberrant (glyco)sphingolipids with specific fatty acids, a LC-MS/MS
procedure was developed using hydrophilic interaction liquid chromatography (HILIC)
which enabled separation of sphingolipids with glucosyl- and galactosyl moieties as well
as separation of SM and PC species. The ceramide species and the internal standard
dihydroceramide eluted in the first 2 min, followed by GlcCer and GalCer lipids (2.5 to 3
min), LacCer (+ 5 min), PC (x 8 min) and finally the more polar SM (+ 9 min) (Figure 3A).
First, the fatty acyl composition of ceramide, GlcCer, GalCer and SM species in WT brain was
determined (Figure 3B). Ceramide species mainly had fatty acyls 16:0 (9.4%); 18:0 (24.6%);
24:0 (25.1%) and 24:1 (30.7%). In the brain, the main monohexosylceramide is GalCer (+
97%) (Figure 2B). The major fatty acyl species of GlcCer were 16:0 (61.2%) and 18:0 (13.8%),
while GalCer mainly had the longer fatty acyls 22:0 (17.9%), 24:2 (10.1%), 24:1 (39.4%) and
24:0 (15.8%). SM mainly showed 16:0 (702.6 m/z, 30.7%), 18:0 (730.6 m/z, 16.5%) and 24:1
(812.7 m/z, 32.4%) fatty acyls.

However, in theory the composition of the double bonds on the sphingosine backbone
and fatty acid of SM could be different due to the used phosphocholine headgroup as
daughter in the LC-MS/MS method instead of the sphingosine backbone (264.4 m/z) for the
other (glyco)sphingolipids. The fatty acyl composition of ceramide, GlcCer, GalCer and SM
species in the liver was different from that of the brain (Figure 3C).
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The majority of ceramide species in the liver had 16:0 (46.8 %) and 24:1 (21.8 %) fatty acyls,
GlcCer predominantly contained 18:0 (81.1 %), while GalCer had comparable levels of 16:0
(23.7 %), 22:0 (27.3 %), 24:1 (23.7 %) and 24:0 (18.6 %) fatty acyls and SM predominantly
16:0 (48.9 %) fatty acyls with smaller fractions of 22:0, 22:1 and 24:1 (11.8%, 10.7% and
17.1 % respectively).
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Figure 3 | LC-MS/MS method for analysis of neutral (glyco)sphingolipids with fatty acyl

(A) Combined chromatograms showing elution of different ceramides, GlcCer, GalCer, LacCer and sphingomyelin
species from a sample with different standards (top panel) or a WT brain (bottom panel). The internal standards
(dhCer d17:0/16:0 and SM d18:1/17:0) are shown in blue, lipids with 16:0 fatty acyl in black, 18:0 or 18:1 in grey
and 24:1 fatty acyl in light grey. (Glyco)sphingolipids with different fatty acyl compositions were measured of WT
brains (B) and livers (C) and depicted as ratio of the total of respective lipid species. WT, 12 wpf: n =4

The same method was used to determine specific fatty acyl composition of sphingolipids
in brain and liver of knockout zebrafish. A trend with regard to ceramide species was
observed in brains of the gbal- and gbal:asahlb KO fish. Ceramide species with 16:0
and 18:0 fatty acyls appeared increased in ghal”" and gbal”:asahlb” brains, but only a
significant increase of 16:0 was apparent in in gbal”:asah1b” brain (+ 6-fold, Figure 4A). In
the liver, ceramide species with 16:0 and 18:0 ceramides were only significantly increased
in gbal:asahlb KO fish (Figure 4B). Ceramides levels with longer fatty acyls (24:1, 24:0,
26:1 and 26:0) showed a slight, but not significant reduction in brains of gbal”, gbal”
:gba2”- and gbal”’:asahlb” zebrafish. SM showed a similar trend of increased 16:0 fatty
acyls and decreased levels of longer fatty acyls, but none of the differences were significant
(Supplementary Figure 1A).
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All GlcCer species were increased in brain and liver of the three gbal mutant zebrafish.
GlcCer with 18:0 and 20:0 fatty acyls showed the highest increase, while GlcCer species
with 22:0 and 24:0 fatty acyls showed only small increases. Total GlcCer levels were not
increased in ghba2” brain and liver, however the GlcCer species with 18:0 and 20:0 fatty
acids were significantly increased in brain of gba2” zebrafish. Brains of gbal”:gba2”
double mutant fish showed significant higher levels of GlcCer with 18:0 and 20:0 fatty
acyls compared to single gbal” and gbal”:asahl1b” fish. LacCer, a product of GlcCer, also
showed higher levels of species with 16:0 and 18:0 fatty acyls in the three gbal mutant
zebrafish brains, consistent with increases of specific GlcCer species (Supplementary Figure
1B).
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Figure 4| Changes in levels of ceramide and GlcCer with specific fatty acyls

Levels of ceramide and GlcCer species with different fatty acyls in brains (A) and livers (B) of WT (n =4), gba1*" (n=3),
gbal” (n=4),gba2” (n=3), ghal”:gba2” (n=3),asalb” (n=3)and ghal”:asah1b” (n = 4). Ceramide and GlcCer
species were measured and calculated as relative abundance in the target sample compared to the mean of the
WT sample. Data is depicted as mean + SEM. Data is analysed by Two-Way Anova with Tukey’s multiple comparison
test. In general, statistical comparisons are depicted of WT vs respective mutant, gbal” vs gbal”:gba2”-, gbal”-vs
gbal”’:asahlb”:or gbal”’:gba2” vs gbal”:asah1b”-,only when a significant difference is apparent and relevant. Ns
= not significant, * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001.

Infiltration of Gaucher-like cells in visceral tissues during GCase deficiency

Zebrafish were sectioned along the sagittal plane and stained using haematoxylin and eosin
(H&E) (Figure 5 and Supplementary Figure 2). Infiltration of Gaucher-like cells was observed
in liver (5A), spleen (5B) and pancreas (5C) of gbal” zebrafish (panels left down). The same
was observed for tissues of gbal”:gba2” and gbal” :asahlb” fish, while no storage cells
were observed in the tissues of gba2” zebrafish. No apparent abnormalities were observed
in other tissues such as kidney, testis and skin (Supplementary Figure 2). One zebrafish
with a gbal”:gba2” background showed exceptionally very persistent infiltration of storage
cells in liver, spleen, pancreas, kidney and testis (Supplementary Figure 3).
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\\\A‘\‘ Lan/ pm .
Figure 5 | Histopathology of visceral tissues
Haematoxylin and eosin (H&E) staining of liver (A), spleen (B) and pancreas (C) of WT and mutant zebrafish.
Gaucher-like cells are indicated with arrows.
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s | gbat 4’:"

Figure 6| Histopathology of brain.
H&E staining of brain sagittal (A) and transversal sections (B) of WT and mutant zebrafish

Infiltration of Gaucher-like cells in brain during GCase deficiency

Next, brains were analysed for the presence of storage cells. No overt pathology was
apparent in gbal*" (carrier) brains and gba2” brains, while marked infiltration of Gaucher-
like cells was observed in gbal”:gba2” and gbal” and gbal” :asahlb brains (Figure 6).
This infiltration was remarkably high in the periventricular grey zone of the optic tectum.

Neuroinflammation and neurodegeneration in gbal:gba2 KO zebrafish

Brains were analysed for abnormal autophagy, storage cell presence, induction of
lysosomes, inflammation, complement activation and neurodegeneration by analysis of the
expression of relevant proteins and mRNAs. Upregulation of autophagy was evaluated by
immunoblotting of p62, a ubiquitin-binding protein targeting other proteins for selective
autophagy, and the two forms of LC-3, cytosolic LC3-I and lipid conjugate LC3-Il which is
recruited to autophagosomal membranes. Gbal”, gbal”:gba2” and gbal”:asah1b”brains
showed increased levels of LC3-1l and p62, indicating increased autophagy (Figure 7A and
B). Consistent with upregulation of the lysosomal-autophagy pathway, increased expression
of the lysosomal protease catd was observed in all of the gbal” brains. In analogy to the
histopathology examination (Figure 6), mRNA levels of storage cell biomarkers gpnmb and
chia.6 were increased in all of the gbal” brains (Figure 7C).
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The same was observed for genes involved in neuroinflammation, such as il-16, tnf8, the
gene for the microglia marker apoeb and genes involved in the complement system c1gA,
¢3.1 and c5aR (Figure 7C). Of note, no significant difference was found between gbal” and
gbal”:gba2” for any of the studied proteins or genes.

The study described in chapter 6 suggested a potential harmful role for GlcSph in
accelerating dopaminergic neuronal loss. Indeed, gbal”:asah1b” fish lacking excessive
GlcSph as compared to gbal” fish show a significantly improved expression of mRNAs
encoding the tyrosine hydroxylase (th1), indicative for dopaminergic neurons, as well as
improved expression the two zebrafish synuclein orthologues, snc6 and sncyb (Figure 7C).
Brains of gbal”:gba2” zebrafish with excessive GlcSph showed a significant reduction of
th1, sncB and sncyb mRNAs like gbal” fish (Figure 7C). In all three gbal mutant brain a
reduction of the transcript encoding myelin-binding protein (mbpa) was observed. Thus, no
protective effect by the combined GBa2 deficiency in this respect was observed.
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Figure 7| Protein and RNA abnormalities in WT and knockout zebrafish

(A) Representative western blots of p62, LC-3 and B-actin as loading control. (B) Quantification of protein
abnormalities with the ratio of LC-31I/LC-31 and ratio of p62/WT (n = 2-5). (C) mRNA levels of asahla, asahlb,
gpnmb, chia.6, il-18, tnf68, apoEb, catD, c1gA, c3.1, c5aR, c5, th1, th2, sncB, snya, sncyb and mbpa were determined
using RT-qPCR analysis of n = 5- 11 fish. Data is normalized using two housekeeping genes (efla and rpl13), analysed
by One-Way Anova with Tukey’s multiple comparison test or Brown-Forsythe and Welch Anova with Dunnett’s
multiple comparisons test for gpnmb and chia.6and depicted as scattered dot plot £ SEM. * P < 0.05, ** P < 0.01,
*** P <0.001 and **** P <0.0001.
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Unpredictable disease progression of gbal:gba2 deficient zebrafish

The gbal”" zebrafish develop a progressive phenotype and it was necessary to cull
individual fish before the experimental end point of 12 wpf (see chapter 6). In contrast,
gbal”:asahlb” fish lacking excessive GlcSph developed similar phenotypic symptoms at
later age, around 15-17 wpf (Figure 8A). Most gbal” zebrafish developed a characteristic
drop of the tail prior to the change in swimming behaviour. In this respect, gbal”:gba2”
zebrafish showed a very unpredictable course of disease manifestations. The change in
swimming behaviour could occur in only a matter of days and was not preceded by a drop in
the tail. Many gbal”:gba2” fish had to be sacrificed earlier than their gbal” counterparts,
at approximately 10-11 weeks (Figure 8A). No abnormal morphology was observed for
the gbal* (carrier), gba2”, asah1b” and gbal”:asah1b” fish at 12 wpf (Figure 8B and C).
Both gbal” and gbal”:gba2” fish were significantly smaller and more curved than WT
or gbal”:asahlb” fish (Figure 8B and C), while gbal”" and gbal”:gba2”  age-matched fish
appeared comparable (t= 10, 11 and 12 wpf; Supplementary Figure 4).

Swimming patterns

All zebrafish were individually filmed at 12 wpf, or at the end stage of their lives, to quantify
their swimming pattern (Figure 8D and E). Most gbal” zebrafish and gbal”:gba2” zebrafish
failed to maintain un upright position, while some severe gbal”:gba2” individuals were
swimming upside down complicating their tracking (Figure 8D). A significant reduction in
velocity was observed for ghal”:gba2” zebrafish compared to WT and gbal” zebrafish
(Figure 8D and E). Noteworthy, the tracked Gbal:Gba2 double mutant zebrafish showed
movement throughout the tank, in contrast to the significant increase of time spend at the
bottom of the tank by gbal” zebrafish (Figure 8D and E).
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Figure 8| Morphology phenotype and change in behaviour of gbal”- and gbal”-:ghba2’ zebrafish

(A) Kaplan-Meier plot for the onset of predetermined symptoms; gbal” (n = 29), gbal”:gba2”- (n = 30) and
gbal”:asahlb” (n = 5). Curves of ghal”:gba2”- and gbal”:asah1b” were compared to the curve of ghal” and
analysed using a Log-rank (Mantel-Cos) test. (B) Representative photographs of gba2” and ghal”:gba2”- zebrafish.
(C) The length of individual zebrafish, head to tail base, is determined as well as the tortuosity, calculated as ratio
of the length along the back divided by the length of the fish. Data of individual zebrafish is depicted in a violin
plot; WT (n=21), gbal* (n=28), gbal” (n=29), gha2” (n=23), gbal”:gba2”’ (n=30), asahlb” (n=16), gbal”
:asah1b” (n = 19) and analysed using a non-parametric Kruskal-Wallis test with Dunn’s multiple comparison’s test.
(D) Representative movement traces recorded at 12 wpf, except for the 10 wpf ghal”:gba2”. Red indicates more
time and blue less time spend at that location. (E) Quantification of the movement traces of individual zebrafish,
including the time (%) unable to track individual zebrafish, the average velocity (in cm/s) and time spend in the top
half of the tank (%). Data of individual zebrafish is depicted in a violin plot; WT (n= 13), gbal* (n = 14), gbal” (n =
16), gba2” (n=14), gbal”:gba2” (n=18), asahlb” (n=16), gbal’:asahlb” (n =19) and analysed using One-Way
Anova with Tukey’s multiple comparison’s test. In general, statistical comparisons are depicted of WT vs respective
mutant, ghal” vs gbal”:gba2” or gbal” vs gbal”’:asahlb”- only when a significant difference is apparent and
relevant. Ns = not significant, * P < 0.05, ** P <0.01, *** P < 0.001 and **** P < 0.0001.
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GCase deficient juveniles accumulate GSLs, but show no obvious phenotype

Overall, a more severe and unpredictable phenotype was observed for the gbal”:gba2”
zebrafish compared to the gbal” zebrafish, even though at the end stage no significant
biochemical differences were observed in lipid abnormalities or physiological processes
such as autophagy and neuroinflammation. Therefore, fish were also examined at earlier
developmental stages, when the phenotype was not apparent yet. Up to 8 wpf no significant
difference in size (Figure 9A, 4 and 8 wpf) or curvature of the back (tortuosity in Figure 9B,
4 and 8 wpf) was apparent and no abnormal swimming behaviours were observed in any of
the groups. Only at the end of the experiment (12 wpf maximal), gbal”- and gbal”:gba2”
zebrafish were significantly smaller and more curved than WT (Figure 9, end stage).
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Figure 9 | Morphology of juvenile zebrafish at different ages

(A) Length (B) Tortuosity WT (white bars: 4 wpf, n = 9; 8 wpf, n= 8; end stage, n= 23), Gbal*" (red, striped bars: 4
wpf, n =9; 8 wpf, n = 4; end stage, n=28), gbal” (red bars: 4 wpf, n= 8; 8 wpf, n = 8; end stage, n =29), gba2” (blue
bars: 4 wpf, n = 9; 8 wpf, n = 3; end stage, n = 26), gbal”:gba2” (purple bars: 4 wpf, n = 8; 8 wpf, n = 7; end stage n
=30). Data is depicted as violin plot, with the mean as black line and quartiles as dashed lines and analysed using
a two-way ANOVA with Tukey’s multiple comparison test. Ns = not significant, * < 0.05, *** P < 0.001 and **** p
< 0.0001.

Abnormalities in head and body region in developing fish.

Head and body regions of zebrafish of different age were separated to analyse
glycosphingolipid, protein and RNA changes. At 2 and 4 wpf the juvenile fish were too small
to dissect distinct organs, while, at 8 and 12 wpf, homogenates of distinct organs could be
prepared. Lipid analysis revealed that GlcSph had accumulated in head and body samples
of gbal” and gbal”:gba2” fish of all developmental ages, as observed for 5 dpf larvae and
adult organs (Figure 10A). As in the 5 dpf zebrafish larvae, GlcSph levels in the gbal:gba2
KO fish appeared somewhat higher than in gbal KO counterparts but no significant and
progressive trend was observed. Total GlcCer was slightly, but not significantly, increased
in gbal” zebrafish of 2 wpf and significantly increased in 2 wpf gba2”- and the gbal:gba2
double mutant zebrafish (Figure 10B). The lack of significant GlcCer accumulation was also
described for the 5 dpf gbal” larvae, which was attributed to the deposition of maternal
RNA and protein in the yolk (Chapter 6). However, at the age of 2 wpf it is not likely that
maternally derived GCase is still highly present.

GlcCer levels of gbal” and gbal”’:gba2”  zebrafish showed a progressive increase at
4 wpf and 8 wpf, while GlcCer levels of gha2” zebrafish did not increase further. GlcCer
accumulation was more profound in the head region of 4 wpf and 8 wpf gbal” and gbal”
:gba2”- zebrafish compared to the body region.
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GlcChol levels of gbal” zebrafish became significantly increased in the brain at 8 wpf
and 12 wpf (Figure 9C), indicating that GCase is important for the lysosomal hydrolysis of
GlcChol. A reduction in GlcChol levels was reported in the 5 dpf larvae with a Gba2 deficient
background, consistent with the ability of Gba2 to synthesize GlcChol as transglucosidase?.
Surprisingly, none of the older gba2” or gbal”’:gba2” zebrafish showed a prominent
difference in GlcChol levels compared to WT (Figure 10C). A possible explanation for this
discrepancy might involve the presence of glucosylated sterols in the provided plant-
based food starting from the 5 dpf timepoint reported before. The detected GlcChol in the
zebrafish might, therefore, stem largely from the exogenous source.
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Figure 10 | Relevant glycosphingolipids of juvenile zebrafish at different ages

GlcSph (A), GlcCer (B) and GlcChol (C) were measured of whole zebrafish at 2 and 4 wpf (left), head and body
regions at 4 and 8 wpf (middle) and brains of 8 wpf and end stage fish (right). Whole fish: 2 wpf (n = 2-4); 4 wpf (n
= 4-7), Head/body: 4 wpf (n=2); 8 wpf (n = 2) and brains: 8 wpf (n = 3-4); end stage (n = 8-12). Data is depicted as
mean = SEM and analysed using a two-way ANOVA with Tukey’s multiple comparison test.

Development of neuropathology.

Glycosphingolipid abnormalities are already detectable in GCase-deficient zebrafish at a
few dpf and increase progressively, while phenotypic manifestations become detectable
only at much older age. The progression of neuroinflammation was therefore analysed in
developing zebrafish by measurement of protein and RNA abnormalities in head (4 and 8
wpf) and brain (8wpf) region. The p62 marker of autophagy was found to be low in WT,
gbal*- and gba2’ samples at 4 and 8 wpf, but increased in samples of all fish with a GCase
deficiency (Figure 11A and B). The storage-cell biomarker chia.6 was already significantly
increased at 8 wpf in brains of GCase-deficient fish, with gpnmb levels showing a similar
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trend (Figure 11C). Transcript levels of the lysosomal protease catD and microglia marker
apoeb were also significantly increased in 8 wpf brain, as well as the inflammation markers
il16 and tnf8 (data not shown). Expression of complement components c1gA and ¢3.1 was
slightly, but not significantly increased at 8 wpf. At the same age, a reduction of mRNA levels
of th1, snc8 and snyb was apparent, however only the reduction of snc8 and snyb levels in
gbal”:gba2” brains reached significance. Overall, the protein and mRNA analyses indicate
that neuroinflammation and autophagy already becomes abnormal at 8 wpf, clearly before
the onset of morphological and behaviour disease manifestation, while genes related to
neurodegeneration were not significantly reduced yet at this age.
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Figure 11 | Protein and RNA abnormalities in WT and knockout zebrafish

(A) Representative western blots of p62, LC-3 and B-actin as loading control of head regions (h) at 4 wpf and 8 wpf
or dissected brains (br) at 8 wpf. (B) Quantification of protein abnormalities with the ratio of p62/WT (n = 2-4). (C)
mRNA levels of asahla, asah1b, gpnmb, chia.6, il-18, tnf8, apoEb, catD, c1gA, c3.1, c5aR, c5, thl, th2, sncB, snya,
sncyb and mbpa in brains of 8 wpf or 11 wpf zebrafish were determined using RT-qPCR analysis of n = 2 for gpnmb,
gbal”’ and n = 4- 11 fish for others. Data is normalized using two housekeeping genes (ef1a and rp/13a), analysed
by One-Way Anova with Tukey’s multiple comparison test or Brown-Forsythe and Welch Anova with Dunnett’s
multiple comparisons test for gpnmb and chia.6and depicted as scattered dot plot + SEM. In general, statistical
comparisons are depicted of WT vs respective mutant, ghal” vs gbal”:gba2”, gbal’ vs gbal”:asahlb”’-or gbal
/:gba2” vs gbal”:asah1b”, only when a significant difference is apparent and relevant. Ns = not significant, * P <
0.05, ** P<0.01, *** P < 0.001 and **** P < 0.0001.
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Discussion

The ubiquitous glycosphingolipid GlcCer is degraded by cells in their lysosomes by the acid
B-glucosidase GCase or in the cytosolic membrane leaflet by the membrane-associated
GBA2. Deficiency of GCase in humans leads to the lysosomal storage disorder GD. Little
is presently known about the impact of GBA2 during impaired lysosomal degradation of
GlcCer. GCase deficiency in humans is not only accompanied by accumulation of GlcCer, but
also the formation of excessive GlcSph by lysosomal acid ceramidase (ACase). In addition,
accumulation of glucosylated cholesterol (GlcChol) during GCase deficiency is reported?®.
GlcChol is typically synthesized by GBA2 via a transglucosylation reaction using GlcCer as
sugar donor and normally degraded by GCase to cholesterol and glucose?. The potential
contribution of the excessive GlcCer, GlcSph and GlcChol during GCase deficiency to specific
symptoms is poorly understood at present. To generate new insights, mutant zebrafish
were generated by CRISPR/Cas9 with a knockout (KO) of the gbal, gba2 and asahlb genes
encoding respectively GCase, GBA2 and the ACase responsible for formation of GlcSph.
The present study primarily focussed on a comparison of gbal”, gbal”:gba2” and gbal”
:asah1b” fish up to the adult age of 12 weeks. In addition, adult carrier gba*", gba2” and
asahlb” zebrafish were studied. An overview of findings of the different zebrafish is given
in Supplementary Table 1.

First of all, attention was paid to lipid abnormalities in the various mutant zebrafish. GlcCer
accumulated in gbal” fish relatively late. The fish showed at young age (up to 2 wpf) little
accumulation of GlcCer. The lipid levels of GlcCer became significantly increased at 4 wpf.
The gbal* carrier fish showed no GlcCer abnormalities whatsoever up to 12 wpf. The gba2
KO fish developed an increase of GlcCer in the brain, specifically the species with a 18:0 fatty
acyl, but total GlcCer increase was statistically not significant. An increase of HexCer 18:0
was also reported for cerebellum of GBA2-deficient mice, where again the increase of total
HexCer did not reach significance?. Interestingly, total GlcCer levels were only significantly
increased in young Gba?2 deficient zebrafish (0-2 wpf) and decreased thereafter, in contrast
to the GCase-deficient fish. This finding might indicate that the GlcCer catabolism by Gba2
is relatively higher in young zebrafish. The mutant gbal:gba2 fish was striking with respect
to the increase in GlcCer. In brain there was a prominent increase of GlcCer with 18:0 and
20:0 fatty acyls was observed, exceeding that observed in gbal” brains. Increased levels
of these specific GlcCer species were also observed in brains of gba2 KO fish, therefore
it is likely that these species of GlcCer accumulate in the cytosol due to the concurrent
Gba2 deficiency. In the liver, GlcCer 16:0 was markedly increased, again exceeding the
abnormality in the same lipid in gbal” fish. The total GlcCer increase in gbal:gba2 double
KO fish already was significant at the age of 1 wpf?” and GlcCer levels tended to be at all
ages the highest among all genotypes. Finally, gbal”:ashalb” fish were quite comparable
to gbal” fish in their GlcCer abnormalities in brain and liver.
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GlcSph started to accumulate in gbal” fish and gbal”:gba2” fish at very young age (before
5 dpf as described in chapter 5¥) and these levels increased over time. GlcSph levels tended
to be higher in gbal7-gba2” fish than ghal” fish at various ages, however these differences
never reached significance. Slightly elevated GlcSph levels were earlier also detected
in spleens of mice with GCase deficiency in hematopoietic cells with or without a GBA2
deficiency?®. The gbal* (carrier) fish and gba2” fish showed no accumulation of GlcSph,
while brains and livers of gbal7:asah1b” fish showed no GlcSph at 12 wpf because of their
Asah1b deficiency as described in chapter 6.

GlcChol levels increased from 4 wpf in gbal” fish and were significantly increased in
the brains of 8 and 12 wpf fish. An unexpected finding was the similar GlcChol level in Gba2
deficient fish compared to WT. In mice and larvae different observations in this respect
have been made. Adult GBA2 deficient mouse livers and Gba2 deficient larvae (up to 5 dpf)
were found to show a reduced GlcChol*?’, consistent with the role of Gba2 in synthesis
of GlcChol. Reduced GlcChol levels were detected in developing Gba2 deficient zebrafish
until the age of 4 wpf, but levels became quite comparable to WT at 8 and 12 wpf. A
possible explanation for these findings might be offered by the zebrafish diet and its lipid
composition. Glucosylated sterols are present in various plants®, although campesterol,
sitosterol and stigmasterol are the main types of sterols found in plants®. Next to the
manufactured, plant-based food, zebrafish also receive food of animal origin starting at the
age of 5 dpf life. This to provide optimal and consistent rates of survival and growth during
larval rearing and promote natural active feeding behaviour®34 The larvae are fed with
Brachionus plicatilis (rotifers), an aquatic invertebrate species, from 5 dpf to 2 weeks of
age, while juveniles and adults receive Artemia, a genus of small aquatic crustaceans. At
present, no lipid measurements of these food sources have been performed, however it is
conceivable that the animal food could contain glucosylated sterols which are taken up by
the developing zebrafish.

The absence of a clear phenotype of the adult Gba2-deficient fish is remarkable in view of
the findings made with rodents regarding male infertility associated with Gba2 deficiency
2022 and the observed association of GBA2 defects with neurological complications in some
individuals®’. The Gba2-deficient fish did not show abnormal fertility: a regular sized tank
of gba2 KO adults produced average clutches with normally developing larvae, comparable
to WT fish. Of note, in the present study lipid levels in the testis and sperm morphology
were not analysed. The gha2 KO fish were maintained for many months without symptoms.
The fish only showed aging features after 2 years, comparable to the WT strains. In
sharp contrast, HSP and ARCA patients with mutations in GBA2 develop a progressive
neurological phenotype, including muscle weakness and spasticity, with an early onset in
infancy or childhood®°. GBA2-knockout mice develop mild defects in the gait pattern, but
strong locomotor defects were only observed in a few individuals?*. Overall, Gba2-deficient
zebrafish appear to have similar biochemical results to the reported GBA2 knockout mice,
including an increase in specifically GlcCer d18:1/18:0, while the lifespan and lack of a clear
phenotype contrasts with patients carrying mutations in GBA2 and with GBA2-deficient
mice showing male infertility.
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The impact of the enzyme Gba2 during deficiency of GCase in zebrafish warrants
discussion. Two studies with mice with a reduced GCase activity (conditional GCase
deficiency in hematopoietic cells and secondary GCase deficiency in NPC1 mutants)
reported amelioration of some symptoms in animals by concomitant GBA2 deficiency?*?4.
Comparison of the findings made with gbal” and gbal”:gba2” zebrafish is therefore
of interest. The gbal KO zebrafish showed a clear onset and progression of symptoms,
starting with a drop in the tail, followed by postural imbalance and a change in swimming
behaviour. In contrast, gbal:gba2 double KO fish showed an unpredictable course of disease
manifestation and no clear characteristic drop of the tail was observed as onset. Severe
postural imbalance and abnormal swimming behaviour could be observed in only a matter
of days, with some individual fish starting to swim upside down overnight. Gbal:gba2 KO
fish were culled earlier than single gbal KO fish and the decreased lifespan and quality of
life of most gbal:gba2 KO fish was unexpected. It should be taken in mind the studied fish
are complete knockouts in both enzymes, contrary to the mouse models mentioned above.
In the type 1 GD mice, GCase was functional in the neuronal lineage. In the NPC1 model,
GCase deficiency is only partial and the animals have a far less severe disease progression
than neuronopathic GD mice lacking GCase in neuronal cells (life spans of 85 vs 21 days for
NPC1 knockout®* and nestin:Cre:GD mice respectively’®). Consistently, GlcCer and GlcSph
levels in brain of 85 day old NPC1 mice are lower than in 21 day old neuronopathic GD
mice (GlcCer: 311 pmol/mg wet weight vs 338 pmol/mg tissue and GlcSph: 1.4 pmol/mg
wet weight vs 28 pmol/mg tissue”?4),

The mechanisms underlying the onset, progression and severity of symptoms in GCase-
deficient zebrafish are puzzling. The present study indicates that the presence of storage
cells, neuroinflammation, and impairment of autophagy is comparable in the brains of
gbal-, gbal:gba2- and gbal:asahlb KO fish while the latter animals have a much milder
phenotype. Storage cells, neuroinflammation and impaired autophagy were already
apparent in brains of all GCase-deficient zebrafish at 8 wpf, clearly prior to the onset of
phenotypic symptoms. Dopaminergic neuronal cell loss likely underlies some of the
observed neurological complications in the mutant zebrafish. The expression of mRNAs
coding for tyrosine hydroxylase (th1), a protein required for formation of dopamine, and
two synuclein genes (snc8 and sncyb) was found to be significantly reduced in brains of
gbal KO and gbal:gba2 KO fish at 10-12 wpf, but not in those of gbal:asahlb KO fish.
These important findings need confirmation at protein level by immunohistochemistry.
In addition, it will be important to study more closely (activated) microglia in the mutant
zebrafish. A prominent role for microglia activation and astrogliosis in neuronal loss
occurring in neuropathic Gaucher mice has been proposed by Futerman and co-workers3>2¢,
This process would be driven by GlcCer accumulation according to these investigators®>?’. It
has recently been reported that Gpnmb is a marker for activated microglia in neuronopathic
GD mice and is also elevated in cerebral spine fluid from type 3 GD patients3®. Gonmb mRNA
levels are also increased in mutant zebrafish but this does not correlate with the course of
neurodegeneration or phenotypic manifestations.
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To conclude, at present it remains unclear whether exposure to excessive GlcSph in
zebrafish drives dopaminergic neuronal loss after some time or whether microglia
activation, driven by GlcCer accumulation, is a driving force for neurodegeneration.
It is a priori conceivable that both processes occur hand in hand and that the sequence
and importance of pathology events differs among species. In fact, it is known that the
consequences of pharmacologically induced GCase deficiency in different mice strains
with conduritol B-epoxide (CBE) may differ dramatically®. It was observed that the age of
survival following CBE administration varied from 40 to 200 days. It can be argued that
toxic activated microglia will likely promote loss of dopaminergic neurons and subsequent
symptomatology and excessive GlcSph may speed up such events.

Likewise, spatio-temporal assessment of GlcSph and specifc GlcCer species in brain regions
may be of value. Various mass spectrometry-based imaging techniques for this purpose are
presently developed and applied. A recent study reported a correlation of GlcCer d18:1/18:0
accumulation with microglia activation in brain of neuronopathic GD mice*. Of particular
interest will be correlation of lipids with complement-activating immune complexes
deposited on neuronal cells, oxidative stress and mitochondrial dysfunction374143,

In conclusion, the comparative investigation of gbal-, gbal:gba2- and gbal:asahlb KO
fish provided new insights as well as questions regarding pathology induced during GCase
deficiency. It is apparent that excessive GlcSph is associated with more severe disease
manifestation but the role of microglia activation and neuroinflammation warrants further
investigation. The role of excessive GlcChol could not be elucidated since adult gbal:gba2
KO fish did unexpectedly not show reduced levels of GlcChol in their brains.
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Supplementary Information
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Supplementary Figure 1 | Levels of SM and LacCer with different fatty acids in brains of WT (n = 4), gba1*" (n=3),
gbal” (n=4), gba2” (n = 3), gbal”:gba2” (n =3), asalb” (n = 3) and gbal”:asahlb” (n = 4). Lipid species were
measured, calculated and analysed as described in the experimental procedures. * P < 0.05
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Supplementary Figure 2 | H&E staining of kidney, testis and skin of WT and mutant zebrafish.
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Supplementary Figure 3 | H&E staining of one individual, severe ghal7:gbha2” zebrafish head kidney, distal
kidney and testis. Patches with Gaucher-like cells are marked with arrows.
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Supplementary Figure 4 | Different gbal” and gbal”:gha2” zebrafish at 10, 11 and 12 wpf as well as WT and
gbal”:asahlb” individuals at 12 wpf.
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Supplementary Table 1 | Overview of findings in brains of WT, gba1* carriers, gbal, gha2, gbal:gba2, asahlb

and gbal:asahlb KO fish.

Lipids mMRNA expression Pathology
Storage Complement th & Infiltration of

Enzyme GlcSph GlcCer GlcChol cells _Inflammation activation _ synucleins | Gaucher-like cells
WT - - - - - - - -
gbal* - - - - - - - -
gbal KO MM | 0 0 v 0

Only
gba2 KO - 18:0 - - - - - -
gbal:gbazkO ™ M - ~ 0 ™ N2 0
asahlb KO - - - - - - - -
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Experimental procedures

Chemicals and reagents - GCase specific inhibitor (ME656)*, »*C -sphinganine, *C -sphingosine, *C,-
GlcSph, ®C.-lyso-globotriaosylceramide (LysoGb3), C17-lysosphingo-myelin (LysoSM), **C_-GlcChol
and C17-dihydroceramide (dhCer)?=° were synthesized as reported. All chemicals and reagents
were obtained from Sigma-Aldrich Chemie Gmbh (St Louis, USA) unless mentioned otherwise. The
standards Cer (d18:1/16:0), dhCer (d18:0/16:0), GlcCer (d18:1/16:0), GalCer (d18:1/16:0), LacCer
(d18:1/16:0) were obtained from Avanti Polar lipids (Alabaster, USA) and GlcChol from Sigma-Aldrich.
LC-MS grade methanol, 2-propanol, water, formic acid, acetonitrile and HPLC grade chloroform
were purchased from Biosolve (Valkenswaard, the Netherlands). LC-MS grade ammonium formate,
ammonium acetate and sodium hydroxide from Sigma-Aldrich, butanol and hydrochloric acid from
Merck Millipore (Billerica, USA).

Zebrafish - All zebrafish were housed and maintained at the University of Leiden, the Netherlands,
according to standard protocols. Wildtype (WT) zebrafish (ABTL) were a mixed lineage of WT AB and
WT TL genetic backgrounds. Zebrafish were kept at constant temperature of 28.5 °C and on a cycle of
14-hour light and 10 hour dark. CRISPR/Cas9 mediated knockout zebrafish of gbal, gba2 and asah1b
were generated and maintained as described in chapters 4, 5 and 6. Heterozygous (gbal background)
or homozygous (gba2 or asah1b background) adults were in-crossed and raised to adulthood (gba2
/) or genotyped at 4-5 dpf before raising to adulthood (gbal*, gbal”, gbal”:gba2”, asahlb”’ and
gbal”:asahlb”). Experiments with larvae, juvenile and adult zebrafish after the free-feeding stage
were approved by the local animal welfare committee (Instantie voor Dierwelzijn) of the University
Leiden (Project license AVD1060020184725). Zebrafish from 5 dpf to 2 wpf were fed with both dry
food (2x daily; Skretting Gemma micro 75, Zebcare, Nederweert, the Netherlands) and Rotifers (1x
daily) and from 3 wpf to the end of the experiment fed with both dry food (2x daily; Skretting Gemma
micro 150 until 30 dpf or Gemma Micro 300 mixed with Gemma Diamond for fish from 30 dpf) and
hatched Artemia (1x daily).

Zebrafish sampling — Zebrafish were sacrificed at 12 wpf or earlier when zebrafish showed symptoms
noted as human endpoints. From 8 wpf, zebrafish were monitored extensively for phenotypic and
morphological symptoms such as curvature of the back and abnormal swimming behaviour. Human
endpoints were defined as follows: 1) fish having a moderate to extreme curvature of the spine
independent of the feeding consumption, 2) fish with a slight curvature but clear abnormal swimming
behaviour or 3) fish with a slight curvature which are unable to reach and consume the provided
food. Gbal” zebrafish were sacrificed between 10 and 12 wpf, while no symptoms were observed
for WT, asah1b” and gbal”-:asah1b”-. The same human endpoints were used for the longevity study
of the gbal”:asah1b”. Individual zebrafish were transferred to single tanks (1 L external breeding
tank with lid, Techniplast, West Chester, USA) acclimatized for 10 minutes and recorded as described
below. Afterwards, fish were sacrificed using an overdose of tricaine methane sulfonate (MS222, 200
mg/L) and photographed using a Leica M165C microscope (Wetzlar, Germany). Whole zebrafish were
fixed for histopathology or organs were dissected. Dissected organs were either snap frozen in liquid
nitrogen for protein and (glyco)sphingolipid analysis or submerged in RNAlater (Invitrogen, Thermo
Fisher Scientific, Waltham USA) for RT-PCR analysis (brain or liver) and stored at -80 °C.

Movement analysis — The individual tanks were randomly placed in a 3x4 or 4x4 setup and the camera
was placed at a distance dependent on the setup to include all tanks. Zebrafish were left for at least
10 min to acclimatize and recorded for 20 min using a Sony A6000 camera (Tokyo, Japan) with a 30
mm objective. Movements of the fish in the individual tank were tracked using Ethiovision software
10.1 (Noldus, Wageningen, the Netherlands). Arenas were setup for each individual tank by drawing
a rectangular shape in the tank, thereby not including any reflections at the top, bottom and sides.
The arenas without reflection accompanied approximately 46 + 5% of the total area of the individual
tank (+ 17 cm length x 8 cm weight). A horizontal and vertical line were used to calibrate the area
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to the measurements of the tank and each arena was divided in two equal zones: a top and bottom
zone. The detection settings were set as follows: model-based and differencing settings for Nose-
tail detection; the subject colour was brighter than background, sensitivity of 45; subject size with
a minimum of 80 and maximum of 2042 pixels and video sample rate of 6.25 per sec. Data was
acquired every 0.16 sec for a total of 10 minutes after a 5 min delay. The data was exported and the
velocity was calculated by averaging the velocity of all datapoints, while the time spend in the bottom
zone was obtained by dividing the amount time spend in the bottom zone by the total time.

Zebrafish morphology — The three or four images of one fish, obtained with the Leica microscope,
were stitched to obtain one image using Photoshop CC2018 (Adobe, San Jose, USA) The length of the
fish from head to tail base (body length) was determined as well as the length of the back from head
to tail base (long length) using Image) software. The tortuosity was calculated by dividing the long
length by the body length.

Homogenate preparation - Homogenates of organs were prepared in potassium phosphate (KPi
lysis buffer; 25 mM K,HPO,-KH,PO, pH 6.5, 0.1% (v/v) Triton-X100 and EDTA-free protease inhibitor
(cOmplete™, EDTA-free Protease Inhibitor Cocktail, Roche, Sigma-Aldrich). Organs were first
homogenized using a Dounce homogenizer (10 strokes) followed by sonication (20% amplitude, 3
sec on, 3 sec off for 4 cycles) using a Vibra-Cell VCX 130 (Sonics, Newtown, USA) while on ice. Total
protein concentration of homogenates was determined using Pierce BCA protein assay kit (Thermo
Fisher Scientific, Waltham, USA) and measured using an EMax® plus microplate reader (Molecular
Devices, Sunnyvale, USA).

Western blot - Proteins of organ homogenates (20 ug protein) were denatured using 5x Laemmli
sample buffer (25% (v/v) 1.25M Tris-HCL pH 6.8, 50% (v/v) 100% glycerol, 10% (w/v) sodium dodecyl
sulphate (SDS), 8% (w/v) dithiothreitol (DTT) and 0.1% (w/v) bromophenol blue), samples were boiled
for 5 min at 98 °C and proteins were separated by electrophoresis on a 12% (w/v) SDS-PAGE gel.
Proteins were transferred to nitrocellulose membranes (0.2 uM, Bio-Rad laboratories Inc., Hercules,
USA) using the Trans-Blot® Turbo™ Transfer system (Bio-Rad). Membranes were blocked with 5%
(w/v) bovine albumin serum (BSA) and incubated overnight at 4 °C with primary antibodies: rabbit
anti-LC3 (1:1000, NB100-2220; Novus Biologicals, Centennial, USA), rabbit anti-p62/SQSTM1 (1:1000,
P0067; Sigma) or rabbit anti-actin (1:1000, ab209857; Abcam, Cambridge, UK). Membranes were
washed 3 times with TBST and incubated for 1 h at RT with secondary antibody: GARPO goat anti
rabbit 1gG (H+L) peroxidase (1:5000, Bio-Rad). Chemiluminescence signal is developed using the
Clarity Max Western ECL substrate (Bio-Rad), detected using a ChemiDocMP imager (Bio-Rad) and
signal quantified by ImageJ software.
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Gene expression analysis - RNAlater was removed and RNA was extracted using a Nucleospin RNA
XS column (Machinery-Nagel, Diren, Germany) procedure according to suppliers protocol, without
the addition of carrier RNA. Contaminating DNA was degraded on column by a DNase | treatment
(supplied in the kit). cDNA was synthesized using SuperScript Il reverse transcriptase (Invitrogen,
ThermoFisher Scientific, Waltham, USA) using oligo(dT) and an input of approximately 200-500 ng
total RNA according to the manufacturer’s instruction. Generated cDNA was diluted to an approximate
concentration of 0.5 ng total RNA input/uL with Milli-Q water. QPCR reactions were performed with
the 1Q SYBR green mastermix (Bio-Rad laboratories Inc., Hercules, USA) in a total volume of 15 uL
(1x SYBR green, 333 uM of forward and reverse primer as given in Supplementary Table 2 and 5 pL
of the diluted cDNA input) and carried out using a CFX96™ Real-Time PCR Detection system (Bio-
Rad laboratories Inc., Hercules, USA) with the following conditions: denaturation at 95 °C for 3 min,
followed by 40 cycles of amplification (95 °C for 30 sec and 61 °C for 30 sec), imaging the plate after
every extension at 61 °C, followed by a melt program from 55-95 °C with 0.5 °C per step with imaging
the plate every step. All biological samples were tested in technical duplicate, differential gene
expression was calculated using the AACt method normalized to two house-keeping genes efla and
rpl13 and depicted as log, fold change + SEM, compared to WT.

Supplementary Table 2| Forward and reverse primers for RT-qPCR analysis.

Target NCBI code Forward primer sequence (5’->3’) Reverse primer sequence (5’->3’)

Asahla NM_001006088 ATTAGGCCTGGTGAACTGAC CTGCGAGTAAGAAAACCCGTC 125 bp
Asah1lb NM_200577 TGGACTGTTCATGGGATGGG CCGGTCAACATCCCGACATA 150 bp
Gpnmb XM_009294247 GCAAGGGCGTAGAATTGAAA TGGCAGGGACATGTCAGTAA

Chia.6 NM 199603 TCCACGGCTCATGGGAGAGTGTC AGCGCCCTGATCTCGCCAGT ref. 45
catD NM:131710 TGGGTGGAAAGGTCTACTCG CACTCAGGCAGATGTCGTGT

il18  NM 212844  TGGACTTCGCAGCACAAAATG GTTCACTTCACGCTCTTGGATG ref. 46
tnf8 NM_182873  GCATGTGATGAAGCCAAACG GATTGTCCTGAAGGGTCACC ref. 47
apoeb NM_131098  AAACTGACATGACCGACGCT TAGGTTGCTACGGTGTTGCG 172 bp
clgA NM_001020527 CTCTGTTTCCCTTTTCCTTCTG CTTTCTCTCCTTTTGGTCCTGG 108 bp
c3a.1 NM_131242 CGCTGCACAAAGTACTTCCAC GCCAGCTCCATGTCCTTGAC 197 bp
c5aR1 XM_005159274 CCGACAAGCTCGCATCCTAT GCGAATGATGGTTATCGCCC 163 bp
c5 XM_001919191 CAAGGCCACGGTTCAATCAG TCTTCATGCTTTCGGCAGTCA 152 bp
thi NM_131149 AGCTTTGTGGACGCTACTGA GTGGGTTGTCCAGCACTTCT 112 bp
th2 NM_001001829 TACAAGCCATTCGACCCAGC ATGCTGCAAGTGTAGGGGTC 173 bp
snc8  NM_200969  GGAGTTTGGTCAGGAAGCCA CCTCGGGCTCATAATCCTGG 107 bp
sncya  NM_001017567 TGGAGGGGCTGGAGACTATG AGCATCATGGGACATTCGGTT 123 bp
sncyb  NM_001020652 ATGGTGAACCCGGGTGACTT AGGCTTTGGAGCAGAAACGTA 129 bp
mcpa  XM_002665562 TGGTCATCTATCCTCCTCTCCA CTTTCTCCCAGGCCCAATAGTTCT 150 bp
efla CTGGAGGCCAGCTCAAACAT ATCAAGAAGAGTAGTACCGCTAGCATTAC ref. 48
rpli3a TCTGGAGGACTGTAAGAGGTATGC AGACGCACAATCTTGAGAGCAG ref. 48

(Glyco)sphingolipid (GSL) analysis - Neutral (glyco)lipids, (glyco)sphingoid bases and glycosylated
cholesterol were extracted from the same homogenate (10 pL, 20-30 pg total protein in KPi lysis

buffer) using an acidic Bligh and Dyer procedure (1/1/0.9 chloroform/methanol/100 mM formate
buffer pH 3.1) as described before?*°. Lipids were resuspended in acetonitrile/methanol (9/1,
v/v) for separation using a HILIC column and transferred to a vial for LC-MS/MS analysis. LC-MS/
MS measurements were performed using a Waters UPLC-Xevo-TQS micro instrument (Waters,
Corporation, Milford, USA) in positive mode using an electrospray ionization (ESI) with a BEH HILIC
column (2.1 x 100 mm with 1.7 um particle size, Waters) was used at 30 °C as described before?” with
minor modifications in the eluent program allowing a faster run while preserving separation of Glc-
and Gal containing lipids. Eluent A contained 10 mM ammonium formate in acetonitrile/water (97:3,
v/v) with 0.01% (v/v) formic acid and eluent B consisted of 10 mM ammonium formate in acetonitrile/
water (75:15, v/v) with 0.01% (v/v) formic acid. Lyso- and deacylated glycosphingolipids were eluted
in 10 min with a flow of 0.6 mL/min using the following program: 85% A from 0-1 min, 85-65% A from
1-2.5 min, 60-0% A from 2.5-4 min, 0% A from 4-4.5, 0-85% A from 4.5-4.6 min and re-equilibration
with 85% A from 4.6-10 min. GlcChol was eluted in 18 min with a flow of 0.25 ml/min using the
following program: 100% A from 0-3 min, 100-0 % A from 3-3.5 min, 0 % A from 3.5-4.5 min, 0-100
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% A from 4.5-5 min and re-equilibration with 100 % A from 5-18 min. Lipid levels were calculated in
pmol/mg total protein, sphingoid bases and GlcChol were calculated based on the respective isotopic
13C internal standard, while deacylated neutral (glyco)sphingolipids were calculated using C17-dhCer
as internal standard and normalized using the respective standard.

For the analysis of neutral glycosphingolipids with fatty acyls, 20 pL of the intenal standard dhCer
d17:0/16:0 (20 pmol/uL in methanol) and 20 uL of SM d18:1/17:0 (20 pmol/uL in methanol) was
added to homogenates (10 pL, + 10 pg total protein in KPi lysis buffer) and lipids were extracted
using an acidic Bligh and Dyer procedure (1/1/0.9 chloroform/methanol/100 mM formate buffer
pH 3.1), the lower phase was collected, dried and a butanol/water extraction was performed. Lipids
were resuspended in acetonitrile/methanol (9/1, v/v) for separation using a HILIC column and
transferred to a vial for LC-MS/MS analysis. The same eluent composition was used as described
above and neutral glycosphingolipids were eluted in 23 min with a flow of 0.25 mL/min using the
following program: 100% A from 0-3 min, 100-70% A from 3.-3.5 min, 70% A from 3.5-6 min, 70-
0% A from 6-9.5 min, 0% A from 9.5-10.5 min and re-equilibration with 100% A from 10.6-23 min.
Lipid levels were calculated based on SM d18:1/16:0 for SM lipids or dhCer d17:0/16:0 for the other
glycosphingolipids, normalized using the protein concentration and depicted as ratio compared WT.

Supplementary Table 3| Tansitions, cone voltage and collision energy of neutral GSLs with different fatty acyls.

Lipid Transition Cone Collission Lipid Transition Cone Collission
dhCer d17:0/16:0 (IS) 526.7>264.4 10 20

Cer d18:1/16:1 536.6>264.4 10 20 HexCer d18:1/16:1 698.6>264.4 10 44
Cer d18:1/16:0 538.6>264.4 10 20 HexCer d18:1/16:0 700.6>264.4 10 44
Cer d18:1/18:1 564.6>264.4 10 20 HexCer d18:1/18:1 726.6>264.4 10 44
Cer d18:1/18:0 566.6>264.4 10 20 HexCer d18:1/18:0 728.6>264.4 10 44
Cer d18:1/20:1 592.6>264.4 10 20 HexCer d18:1/20:1 754.6>264.4 10 46
Cer d18:1/20:0 594.6>264.4 10 20 HexCer d18:1/20:0 756.6>264.4 10 46
Cer d18:1/22:1 620.6>264.4 10 20 HexCer d18:1/22:1 782.6>264.4 10 48
Cer d18:1/22:0 622.6>264.4 10 20 HexCer d18:1/22:0 784.6>264.4 10 48
Cer d18:1/24:1 648.6>264.4 10 20 HexCer d18:1/24:1 810.6>264.4 10 52
Cer d18:1/24:0 650.6>264.4 10 20 HexCer d18:1/24:0 812.6>264.4 10 52
SM d18:1/17:0 (IS) 717.6>264.4 30 30

SM d18:1/16:1 701.6>184.1 30 30

SM d18:1/16:0 703.6>184.1 30 30 LacCer d18:1/16:0 862.7>264.4 30 48
SM d18:1/18:1 729.6>184.1 30 30

SM d18:1/18:0 731.6>184.1 30 30 LacCer d18:1/18:0 890.7>264.4 30 48
SM d18:1/20:1 757.6>184.1 30 30

SM d18:1/20:0 759.6>184.1 30 30

SM d18:1/22:1 785.7>184.1 30 30

SM d18:1/22:0 787.7>184.1 30 30

SM d18:1/24:1 813.7>184.1 30 40 LacCer d18:1/24:1 972.8>264.4 30 50
SM d18:1/24:0 815.7>184.1 30 40 LacCer d18:1/24:0 974.8>264.4 30 50

Histology - For H&E staining, zebrafish were fixed in paraformaldehyde (4% PFA (w/v), Alfa Aesar,
Haverhill, USA) overnight or Bouin’s solution (5% acetic acid, 9% formaldehyde, 0.9% picric acid,
Sigma) for 4 days, decalcified for 4 days using formic acid (20% (v/v)) and embedded in paraffin.
Subsequently, serial sections of 5 UM thickness were made using a Leica RM2055 microtome. Sections
were stained with Haematoxylin and Eosin.

Statistical analyses - Statistical analyses were performed using GraphPad Prism (v8.1.1,
GraphPadsoftware, CA, USA) and data depicted as described in the result section. Data of lipid,
protein and mRNA levels was analysed by One-Way Anova using Dunnett’s test, with WT as control
group, or Tukey’s multiple comparison test as described in the result section. Data of length and
tortuosity are analysed using a non-parametric Kruskal-Wallis test with Dunn’s multiple comparison.
In general, statistical comparisons are performed of WT vs gbal”-, WT vs gbal”:asah1b”- and gbal”
vs gbal”:asah1b”, and depicted only when a significant difference is apparent and relevant. Ns = not
significant, * P< 0.05, ** P<0.01, *** P<0.001 and **** P< 0.0001.
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Chapter 8

Abstract

uman a-galactosidase A (a-GAL A) is responsible for the hydrolysis of terminal
= o-galactosyl moieties from glycosphingolipids in lysosomes. Mutations in the X-linked
GLA gene resulting in deficient a-GAL A cause the lysosomal storage disorder Fabry
disease. The highly homologous enzyme, a-N-acetylgalactosaminidase (oa-NAGAL),
primarily cleaves terminal N-acetylgalactosamine moieties from glycocojugates, but it
is in vitro also active towards a-galactosides. This chapter investigates the presence of
a-galactosidase enzymes in zebrafish embryonic fibroblast cells, zebrafish larvae (5 days
post-fertilization) and organs of adult fish. The zebrafish genome annotates one a-Gal A and
one a-Nagal orthologue. The presence of a-Gal A and a-Nagal proteins in zebrafish cells
and larvae was confirmed by chemical proteomics using an a-Gal configured activity-based
probe (ABP). Both enzymes have N-linked glycans and a comparable molecular weight of 45
kDa as determined by SDS-PAGE. Fluorogenic a-galactoside and a-N-acetylgalactosaminide
substrates reveal considerable a-Nagal activity in zebrafish larvae and adult organs.
a-Gal A activity is lower than a-Nagal activity, but higher in fertilized eggs, reproductive
organs, liver and kidney. Interestingly, no Gb3 could be detected using sensitive LC-MS/
MS methods in any of the studied zebrafish materials such as cells, larvae, brain, liver,
kidney and testis. The absence of the lipid Gb3 is consistent with the absence of a gene
encoding lactosylceramide 4-a-galactosyltransferase (A4gGALTt; Gb3 synthase) in zebrafish
or any other teleost species. HEK293T cells lacking endogenous a-GAL A were generated
using CRISPR/Cas9 technology. The increase in endogenous Gb3 levels in these cells could
be comparably corrected by over-expression of either human a-GAL A or zebrafish a-Gal
A. These findings indicate that zebrafish a-Gal A can hydrolyse the endogenous substrate
Gb3 in the cellular setting, however it seems that it is not able to hydrolyse the artificial
substrate NBD-Gb3 in vitro. The role of the conserved a-galactosidase encoded by the gla
gene in the zebrafish remains elusive. It is envisioned that gla” zebrafish expressing human
AA4GALT might render a useful Fabry disease model. The comparison of such fish with
those with a concomitant ashalb KO might assist the investigation of the specific impact of
excessive lysoGb3 in Fabry disease pathology.
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Introduction

Human a-galactosidase A (a-Gal A; E.C.3.2.1.22, Uniprot accession P06280) is encoded by
the GLA gene at locus Xq22 and responsible for the hydrolysis of terminal a-linked galactosyl
moieties of primarily the a-1,4-linked glycosphingolipids globotriaosylceramide (Gb3) and
galabiaosylceramide (diGalCer) in lysosomes!2. In addition, ABO blood group antigens are
determined by terminal a-1,3-Gal and/or a-1,3-linked N-acetylgalactosamine (GalNAc) of
glycolipids and glycoconjugates and antibodies against the opposite blood group antigens
are of clinical importance in transfusion and transplantation®.

Deficiency of a-Gal A leads to Fabry disease, an X-linked lysosomal storage disorder
which is characterized by lysosomal accumulation of the globoside Gb3, the deacylated
globotriaosylsphingosine (lysoGb3), diGalCer and blood group B GSLs in tissues as well
as increased levels in body fluids*®. Heart and kidney tissues are often affected in Fabry
male patients who may develop clinical symptoms such as angiokeratoma, anhidrosis,
acroparesthesias, gastrointestinal complaints, cardiomyopathy, cerebrovascular disease,
renal insufficiency and spontaneous or triggered pain episodes?.

In the last decade, several cyclophellitol-configured activity-based probes (ABPs) have
been developed as chemical tools to study corresponding retaining glycosidase enzymes
and assist the diagnosis of lysosomal storage disorders stemming from enzyme deficiencies
including, but not limited to, Gaucher disease, Fabry disease and Krabbe disease’®. These
ABPs bind in a mechanism-based irreversible manner to the catalytic nucleophile of the
retaining glycosidase, while the attached fluorophore or biotin allows detection of the
target enzymes?®. The fluorescent a-Gal configured cyclophellitol aziridine ABP has been
shown to label a-Gal A in human, mouse and plant material®!!. The a-Gal configured ABP
also labels the homologous N-acetyl-galactosaminidase (a-NAGAL), which has arisen by
a gene duplication2, The a-NAGAL enzyme specifically hydrolyses terminal a-galactose
moieties with a N-acetyl substituent on the 2-position of the galactose sugar (a-GalNAc)
and mutations in the NAGA gene lead to the very rare Schindler disease!*!*. However
due to structural differences, a-NAGAL can also accommodate and hydrolyse a-galactose
configured lipids in vitro, while a-GAL A can only hydrolyse a-galactose moieties!>?®,
Modified a-NAGAL enzymes have been developed as possible enzyme replacement therapy
for Fabry disease enabling Gb3 and lyso-Gb3 corrections without the immunological cross-
reactivity that can occur with recombinant a-Gal A treatment*¢8,

The aim of the present study was to characterize a-galactosidase enzymes in zebrafish
materials including embryonic cells, larvae of 5 days post-fertilization (5 dpf) and organs of
adult fish. The presence of both a-Gal A and a-Nagal was confirmed using a combination
of mRNA analysis, activities towards artificial a-Gal substrates as well as labelling and
identification of the corresponding glycosidases using a-Gal configured ABPs. The
physiological role of a-Gal A in the zebrafish remains elusive since no Gb3 has been found
in any of the tested zebrafish materials.

207



Chapter 8

Results

Presence of a-galactosidase enzymes in zebrafish cells and larvae

Firstly, artificial fluorogenic substrates 4-methylumbelliferyl a-D-galactopyranoside (4MU-
a-Gal) and 4-MU a-D-N-acetylgalactosaminide (4MU-a-GalNAc) were used to study the
occurrence of corresponding hydrolytic activities in homogenates of cultured zebrafish
embryonic fibroblasts (ZF4 cells) and a pool of 5 dpf zebrafish larvae. Activity towards
both substrates was observed with an optimum around pH 4.0-4.5 (Figure 1). The activity
towards 4MU-a-Gal in lysates of zebrafish cells was much higher than activity towards
4MU-a-GalNAc (Figure 1A; black and grey circles for 4MU-a-Gal and 4MU-a-GalNAc
respectively). Only a small amount of activity towards 4MU-a-Gal was lost upon inhibition
of the suspected a-Nagal enzyme with a high concentration of the a-GalNAc (NAGA) sugar
(Figure 1A; open circles, incubation with 200 mM final concentration of a-GalNAc).

In lysates of zebrafish larvae, the activity towards 4MU-a-GalNAc was higher than that
towards 4MU-a-Gal (Figure 1B; black and grey circles for 4MU-a-Gal and 4MU-a-GalNAc
respectively). About 50% of hydrolysis of 4MU-a-Gal could be inhibited by the presence of
200 mM a-GalNAc (Figure 1A; open circles, incubation with a-GalNAc). An apparent IC50 of
11 mM was noted for a-GalNAc regarding 4MU-a-GalNAc activity (Supplementary Figure
1). In the presence of 200 MM of a-GalNAc the residual a-Nagal activity was only 5%. Thus,
activity towards 4MU-a-Gal can be differentiated in two components: activity inhibitable by
a-GalNAc (zebrafish a-Nagal), and activity that is not inhibitable with the sugar,(zebrafish
a-Gal A), analogous to the situation in mammalian cells in tissues.

A. ZF4 cells B. 5 dpf ZF

—o— 4MU-aGal
--O-- 4MU-aGal +GalNAc
—o—  4MU-aGalNAc

Figure 1 | Hydrolytic activity of zebrafish cells and larvae towards 4MU-a-Gal and 4MU-a-GalNAc

Activity towards 4MU-a-Gal (black) and 4MU-a-GalNAc (grey) at a range of pH values (pH 2-8) in homogenates of
zebrafish embryonic cells (A) and zebrafish larvae of 5 dpf (B). Specific activity of a-Gal A was measured by blocking
a-Nagal activity using 200 mM GalNAc sugar (black, open circles). Activity is measured from three independent
homogenate preparations. Data is depicted as mean + SD.
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Next, the effect of different a-galactose configured cyclophellitol aziridines was tested in
cell and larvae lysates by measuring residual enzymatic activity towards 4MU-a-Gal and
4MU-a-GalNAc. Tested were ME737 and ME539 extended with an alkyl moiety at the
nitrogen and TB474 conjugated further with a Cy5 fluorophore (see Supplementary Figure
2 for structures of the inhibitors). The three compounds inhibited both a-Gal A and a-Nagal
activities, with low micromolar apparent IC_; values (Figure 2A and B, Table 1). The Cy5
configured ABP (TB474) was more potent in inactivating a-galactosidase activity in the ZF4
cell and zebrafish larvae lysates than the compounds without the bulky fluorescent group
(ME737 and ME737).
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Figure 2 | Potency of a-Gal configured cyclophellitol aziridine inhibitors for a-Gal and a-Nagal

Residual activity towards 4MU-a-Gal (black) and 4MU-a-GalNAc (grey) for a-Gal A and a-Nagal respectively, in cell
homogenates of ZF4 cells (A) and 5 dpf zebrafish larvae (B) treated in vitro with the a-Gal configured inhibitors
ME737, ME739 and ABP TB474. Residual activity is measured from three independent incubations using different
homogenates. Data is depicted as mean + SD.

Table 1 | Apparent IC_ values of a-Gal configured ME737, ME739 and ABP TB474 for in vitro inhibition of a-Gal A
and a-Nagal enzymes in homogenates of ZF4 cells and 5 dpf zebrafish larvae (ZF).

a-Gal A a-Nagal
Compound ZF4 cells ZF (5 dpf) ZF4 cells ZF (5 dpf)
ME737 (M) 0.197 £ 0.044 1.129 +1.152 1.770 £ 1.107 2.264 +1.56
ME739 (uM) 0.385+0.113 0.755+£0.321 v1.144 £ 0.742 1.878 +1.353
TB474 (ABP) (uM) 0.037 £0.019 0.141 + 0.098 1.058 + 0.334 1.123 +0.436

In order to visualize the a-Gal enzymes, homogenates were incubated with the a-Gal
configured ABP (TB474) for 30 min, proteins were separated using SDS-PAGE and labelled
proteins were detected by in-gel fluorescence scanning. An ABP-enzyme complex with an
apparent molecular weight of 45 kDa was detected in both cell and larvae lysate (Figure
3A; +ABP (TB474)). The intensity of this enzyme-ABP complex was significantly less, when
the homogenates were pre-incubated with non-fluorescent a-Gal configured cyclophellitol
aziridine inhibitor ME739 (Figure 3A). The intensity of the other labelled bands was not
competed with ME739, indicating aspecific labelling of abundant proteins in the zebrafish
material.
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After translation, a-Gal enzymes are modified with high-mannose N-linked glycans acquiring
terminal mannose 6-phosphate moieties that mediate transport of correctly folded enzyme
to lysosomes®®. Removal of all N-linked glycans with PNGase F digestion led to a reduction
of the molecular weight of ABP-labelled enzyme from to 40 kDa, both for enzyme in
homogenates of ZF4 cells and zebrafish larvae (Figure 3B). Fabrazyme, the recombinant
human a-GAL A used to treat Fabry patients, also showed a quite comparable reduction of
molecular weight following PNGase F digestion. Next, the binding to concanavalin A (ConA)-
Sepharose beads was examined for the zebrafish proteins that are labelled with ABP. The
lectin beads bind to the N-linked glycans in glycoproteins without interference of the active
site and therefore allow subsequent activity assays. The * 45 kDa protein labelled with ABP
bound to the ConA beads, both for homogenates of ZF4 cells and 5 dpf larvae (Figure 3C).
Hydrolysis of 4-MU-a-Gal A and 4MU-a-NAGA was nearly absent in the unbound fraction,
indicating binding of the majority of active enzymes to the lectin beads (Supplementary
Figure 3).

_ 5dpfZF B. C.
-+ Inh. ZF4 5 dpf ZF Fabr.

+ + ABP Kba M
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Figure 3 | In vitro labelling of a-Gal A and a-Nagal with a-Gal configured ABP

(A) Labelling of homogenates of ZF4 cells and a pool of 5 dpf zebrafish larvae with a-Gal configured ABP (TB474,
1uM) in the absence or presence of inhibitor ME739 (50 uM). (B) Homogenates and recombinant a-Gal A
(Fabrazyme) were labelled with ABP TB474, before deglycosylation using PNGase F. Apparent deglycosylated
protein was depicted with the open triangle. (C) Glycoproteins were enriched using Concanavalin A (ConA)-
Sepharose beads. Start material, supernatant (unbound), wash and ConA bound material were collected and
a-Gal A and a-Nagal was visualized using ABP TB474 in equal volumes relative to the starting material. Coomassie
Brilliant Blue (CBB) was used as protein loading control in A-C.

+ PNGase F kpa M 2
-50-

Prediction of a-galactosidase and N-acetylgalactosaminidase in zebrafish genome

The zebrafish genome was evaluated for orthologues of human a-galactosidase A (Uniprot
code P06280) using a protein blast. Two zebrafish orthologues were found (F1Q5G5 and
F1QR55). Only F1Q5G5 showed a corresponding gla gene (ncbi code NM_001006103),
located on chromosome 14. The genomic location of F1QR55 is allocated to chromosome
14 as well, however annotated as alternative chromosome. The two predicted proteins
have 95% identity, whereby F1QR55 misses part of the N-terminal sequence of F1Q5G5.
The in silico data suggest that only one annotated a-Gal A is expressed, while the other
likely arises from genetic variation among fish. The zebrafish a-Gal A F1Q5G5 precursor
protein shows 67% identity with its human a-Gal A counterpart. The predicted mature
zebrafish a-Gal A contains 389 amino acids, slightly less compared to the 398 polypeptide
of human a-Gal A. The zebrafish genome also shows one orthologue of human a-N-
acetylgalactosaminidase (Uniprot code P17050). The zebrafish naga gene is located on
chromosome 4 and two encoding transcripts are annotated, AOA2R8QPJ2 of 415 residues
and AOAOR4IJL2 of 437 residues. Only the longer a-Nagal enzyme has a predicted signal
peptide (AOAOR4IJL2). The predicted mature zebrafish a-Nagal polypeptide has 420 amino
acids, compared to 394 amino acids of the human a-NAGAL.
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Identification of a-galactosidase enzymes in zebrafish

ABP ME741, containing a biotin tag (see Supplementary Figure 1), was used to isolate ABP-
reactive proteins from both the zebrafish cell and larvae homogenate and to subsequently
establish their identity by proteomics with a similar streptavidin pull down based procedure
as used earlier'. Peak lists were searched against the UniProt database of Danio rerio. In
this manner, among the ABP-reactive proteins in the zebrafish cell homogenate the two
zebrafish a-Gal A enzymes and two annotated enzymes of a-Nagal were detected. Both
a-Gal A and a-Nagal were detected in two of the three independent experiments (Table 2).
Among the ABP-reactive proteins in the homogenate of pools of 5 dpf zebrafish larvae, only
the two annotated a-Gal A enzymes were detected, even though activity towards 4MU-a-
Nagal was measured in this material. Likely, the enzymes are not abundant enough to be
always detected with the used chemical proteomics method.

The detected peptide sequences (Supplementary Table 1) were compared to the
predicted amino acid sequences of a-Gal A an a-Nagal (underlined in Supplementary
Figure 4). All detected peptide sequences were judged to be specific for one of the two
enzymes. In conclusion, the ABP-based chemical proteomics method confirmed the
presence of both a-Gal A and a-Nagal proteins in the zebrafish materials investigated.

Table 2 | Overview of chemical proteomics experiments using a-Gal ABP (ME741) in homogenate of ZF4 cell
(performed 3 independent times) and 5 dpf zebrafish larvae (performed 2 independent times).
ND = not detected, - = experiment not performed

Experiment 1 (25-10-2018) | Experiment 2 (09-11-2018) | Experiment 3 (10-01-2019)
Found Mass |Score Matched Coverage |Score Matched Coverage [Score Matched Coverage
(kDa) peptides (%) peptides (%) peptides (%)
ZF4 cells a-Gal A: 2/3 46.8 | 6555 13 31 1787 14 37 ND
F1Q5G5
a-Gal A: 2/3 37.5 | 6090 10 31 1704 10 34 ND
F1QR55
a-Nagal: 2/3 49.8 (2184 4 8.5 ND 1311 6 14
AOAOR4IIL2
a-Nagal; 2/3 47.4 (2184 4 8.9 ND 1311 6 15
AOA2R8QPJ2
5 dpf ZF A-Gal A: 2/2 46.8 - 145 5 12.5 289 9 25
F1Q5G5
A-Gal A: 2/2 375 141 4 15.5 280 8 28
F1QR55
a-Nagal: 0/2 ND ND
AOAOR4IIL2
a-Nagal; 0/2 ND ND
AOA2R8QPJ2
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Alignment and evaluation of zebrafish a-Gal A compared to human

The structure of human a-Gal A has been solved by X-ray crystallography and revealed that
a-Gal A is a homodimeric glycoprotein®®. Alignment of human a-Gal A with zebrafish a-Gal
A (isoform F1Q5G5) indicates conservation of large stretches of amino acids. Moreover,
several important features and residues are conserved in the zebrafish a-Gal A protein
sequence. The cysteine residues forming five disulfide bonds are conserved, however
only one N-linked glycan site is conserved in the zebrafish a-Gal A (Figure 4, orange for
cysteine residues and green for N-glycosylation sites respectively). Importantly, the catalytic
nucleophile and acid/base residues are conserved in zebrafish o-Gal A (Figure 4, red;
human catalytic nucleophile D170 and acid/base D231) as well as residues with side chains
thought to have primary interactions with the a-galactose moiety®® (Figure 4; W47, D92,
D93, Y134, K168, E203, L206, Y207, R227 and M267 in blue and C142 and C172 in orange).

Human MOLRNPELHLGCALALRFLALVSWDI PGARALDNGLARTPTMGWLHWERFMCNLDCQEEP 60
Zebrafish =~ ----------- MRASTIVVIGLVCLLVPAAALDNGLALTPTMGWLHWERFMCNTDCDADP
Kk kkkkkkk hkkkkkkkkkkkkkk kk . g

Human DSCISEKLFMEMAELMVSEGWKDAGYEYLCIDDCWMAPQRDSEGRLQADPQRFPHGIRQL 120
Zebrafish QNCIREELFMQMADVMVKEGWKDAGYEFVCIDDCWPSQQRDAQGRLOADPKRFPSGIKKL
.** *:***:**::**.*********::****** T ***::*******:*** **::*
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Figure 4 | Alignment of human a-GAL A with zebrafish a-Gal A.

The amino acid sequences of the pro-protein of human a-GAL A (Uniprot P06280) and zebrafish a-Gal A (Uniprot
F1Q5G5) were aligned using Clustal Omega®. * indicates a conserved residue, : a strongly similar residue and . a
weakly similar residue. The signal peptide is predicted using SingalP-5.0%* and depicted in purple. The catalytic
Asp residues are depicted in red, Asn residues with reported N-linked in green, the cysteine residues forming
five disulfide bridges in orange and residues interacting and stabilizing the a-galactose in blue. The Glu and Leu
residues which form specificity of the a-galactose moiety are emphasized with #.

The protein sequence and structure of a-GAL A and a-NAGAL enzymes are quite similar®.
The substrate specificity for either a hydroxyl or a N-acetyl substituent on the 2-position
of the a-galactose moiety is thought to arise from the side chains of two amino acids
in the B5-a5 loop. The side chains of E203 and L206 of human a-GAL A sterically block
the larger N-acetyl substituent. The residues of a-NAGAL at the two positions are
serine and alanine and these side chains do not block the N-acetyl group and tolerate a
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hydroxyl group. Alignment of zebrafish a-Gal with a-Nagal (isoform AOAOR4IJL2) indicates
conservation of the residues involved in the reported interactions with the a-galactose or
N-acetylgalactosamine moiety (depicted in blue in Supplementary Figure 4). Moreover, the
Glu and Leu residues are present in zebrafish a-Gal A, while Ser and Ala residues are present
in zebrafish a-Nagal (Figure 4; # for human and zebrafish a-Gal A and Supplementary Figure
4; # for zebrafish a-Gal A and a-Nagal).

In vivo inhibition of a-Gal A does not show lipid abnormalities

Next, it was attempted to examine the physiological role of the zebrafish a-galactosidase
enzymes in vivo. First it was established which concentration of the a-Gal inhibitors
ME737 and ME739 led to complete inhibition of a-galactosidase activities in cultured
cells and developing zebrafish larvae. A concentration of 1 uM ME737 and 24 hours of
incubation was enough to block most of the a-Gal activity in cultured ZF4 cells, which
showed residual a-Nagal activity (Figure 5A). Incubation of developing zebrafish larvae
from fertilization up to 5 dpf with 100 um ME737 or ME739 led to a reduction in a-Gal
and a-Nagal activity (Figure 5B). High concentrations of ME737 and ME739 were used to
study the glycosphingolipid changes in developing zebrafish larvae by earlier established
LC-MS/MS methods?2. No significant change was found in neutral glycosphingolipids such
as lactosylceramide, glucosylceramide or ceramide (Figure 5C). No Gb3 was detected in
samples of zebrafish larvae, neither in those of a-Gal inhibitor treated fish (Supplementary
Figure 5A).
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Figure 5 | in vivo inhibition of a-Gal A and a-Nagal

(A) ZF4 cells were treated with different concentrations ME737 or ME739 (0.1-10 uM) for 24 hours and residual
activity towards 4MU-a-Gal (black bars) and 4MU-a-GalNAc (grey bars) was measured. Data is obtained from three
individual incubations and depicted as mean + SD. (B) Developing zebrafish embryos were treated with ME737 or
ME739 (20-100 uM) for 5 days. Residual activity towards 4MU-a-Gal (black bars) and 4MU-a-GalNac (grey bars)
was measured in homogenates of a pool of 3 zebrafish. Data is obtained from three individual incubations and
depicted as mean + SD. (C) Ceramide, galactosylceramide and lactosylceramide levels were measured of individual
zebrafish larvae (5 dpf) treated with 100, 50 or 20 uM (n = 4) and DMSO treated controls (n = 7) in pmol/fish. Data
is obtained from two independent incubations and depicted as mean + SD.
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Gla expression and a-Gal A activity in adult organs, but no Gb3

Next, experiments were performed to analyse the specific mRNA expression, a-galactosidase
activity and the glycosphingolipid composition of developing zebrafish embryos (t =0 -5
dpf) as well as different organs. Evaluation of specific mMRNA expression using RT-qPCR
showed highest gla expression in fertilized eggs, brain and testis, while expression of naga
appeared highest in fertilized eggs, brain, fin and spleen (Figure 6A). The expression of naga
mMRNA was relatively higher than gla mRNA, likely corresponding to the relatively higher
activity towards 4MU-a-GalNAc in the measured materials (Figure 6A and 6C). High specific
a-Gal A activity was found in the liver, kidney, reproductive organs and fertilized zebrafish
eggs (0 dpf) (Figure 6B and Supplementary Figure 6). Interestingly, the lipid Gb3 was not
detected in brain, liver, kidney, testis or ovary tissues either (Supplementary Figure 5A).
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Figure 6 | mRNA expression and activity in developing zebrafish and adult organs

(A) mRNA levels of gla and naga in developing zebrafish embryos (0, 1 and 5 dpf) and adult fish organs and
tissue (brain, liver, fin, testis, spleen, kidney and heart) analysed using RT-qPCR. Data is normalized using Efla
and rpl13a, in technical duplicate and depicted as relative expression compared to the housekeeping genes. An
inset zooming on gla mRNA levels is depicted below. (B) Specific a-Gal A activity in homogenates of developing
zebrafish embryos and adult fish organs and tissue, determined as the residual activity towards 4MU-a-Gal after
inactivation of a-Nagal activity using 200 mM GalNAc sugar. (C) Specific a-Nagal activity determined as activity
towards 4MU-a-GalNAc. Activity is measured in technical duplicate of a single biological sample.
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Zebrafish a-Gal A can hydrolyse Gb3 in situ, but not NBD-Gb3 in vitro

In order to study the catalytic features of zebrafish a-Gal A and compare the enzyme to
human enzyme, cells without endogenous a-GAL A were generated. Human embryonic
kidney (HEK293T) cells were mutated in the human GLA gene using CRISPR/Cas9 technology
and deficient cells were grown from single cell cultures. Two cell populations showed no
endogenous human a-GAL A protein upon ABP labelling and subsequent immunoblotting
with a specific human a-GAL A antibody (Figure 7A). Next, human a-GAL A and zebrafish
a-Gal A enzymes were expressed in the established GLA knockout (KO) cells under the CMV
promoter and at 37 °C. Expression of both a-GAL A enzymes restored activity towards the
artificial substrate 4MU-a-Gal (Figure 7B). No hydrolysis of the fluorescent NBD-Gb3 lipid
was detected in lysates of untransfected cells (#4 in Figure 7C), while expression of human
a-Gal A restored hydrolysis of NBD-Gb3 into NBD-LacCer (Figure 7C). Interestingly, cell
lysates containing zebrafish a-Gal A showed no formation of NBD-LacCer from NBD-Gb3,
indicating that the fish enzyme is not able to hydrolyse the fluorescent Gb3 substrate, while
at the same time its activity towards 4MU-a-Gal is high.

As final part of this study, corrections of the endogenous glycosphingolipids were
studied in unmodified HEK293T (wildtype, WT), GLA KO cells and GLA KO cells transiently
expressing human a-GAL A or zebrafish a-Gal A. Levels of Gb3 were increased in the GLA
KO cells and Gb3 levels were corrected to WT levels in both the human a-GAL A expressing
cells as well as the zebrafish a-GAL A expressing cells (Figure 7D). These pilot findings
indicate that the zebrafish a-GAL A is able to hydrolyse the natural substrate Gb3 in the
cellular conditions.
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Figure 7 | Catalytic features of human and zebrafish a-GAL A in GLA KO cells

(A) Homogenates of unmodified HEK293T cells and various single cell populations after CRISPR/ Cas9 mediated
mutagenesis in the GLA gene, were labelled with a-Gal configured ABP (top panel, TB474, 1uM) to visualize
active enzyme, while all human a-GAL A protein was subsequently detected using an antibody (middle panel).
a-tubulin was used as protein loading control (bottom panel). Cell populations # 1-2 were obtained using px335-
sgRNA1+sgRNA2, #3-6 using px330-sgRNA1 and #7-13 using px330-sgRNA2. (B) Activity towards 4MU-a-Gal in
homogenates of unmodified HEK293T cells and GLA KO cells as well as GLA KO cells expressing human a-GAL A
or zebrafish a-Gal A. (C) Hydrolysis of NBD-Gb3 by the different cell homogenates and subsequent separation of
NBD-lipids by HPTLC using CHCI,/MeOH/15 mM CaCl, (60/35/8 (v/v/v)). NBD-Gb3 and NBD-LacCer are used as
standards. (D) Endogenous Gb3 levels in WT cells, GLA KO cells and GLA KO cells expressing human a-GAL A or
zebrafish a-Gal A in pmol/mg. Lipids are measured from two independent transfections in technical duplicate.

215



Chapter 8

Discussion

The zebrafish is a popular research model to study genetic disorders such as lysosomal
storage diseases. The CRISPR/Cas9 technology described in this thesis enables efficient
generation of zebrafish disease models and is used in previous chapters to evaluate the
impact of GBA2 or acid ceramidase defects in the zebrafish Gaucher disease model.
A present challenge is to generate a zebrafish model of Fabry disease that is caused by
deficiency of a-galactosidase activity. The present study focused on evaluating the presence
of endogenous GLA-like a-galactosidase in zebrafish in order to establish whether a Fabry
disease zebrafish model is feasible. One orthologue of human a-GAL A and one orthologue
of human a-NAGAL was found using an in silico BLAST. The presence of zebrafish a-Gal A
and a-Nagal was experimentally confirmed in zebrafish materials using a-Gal configured
ABPs. The two enzymes contain N-linked glycans and a very similar molecular weight using
SDS-PAGE. Next, chemical proteomics was used to detect specific peptides of a-Gal A and
a-Nagal to confirmed the presence of both proteins. In this manner both enzymes were
detected at protein level in the zebrafish cells, while only a-Gal A could be identified in
the fish larvae. Specific mRNA transcripts of gla and naga were detected in developing
zebrafish and various adult tissues as well as activity towards the artificial substrates 4MU-
o-Gal and 4MU-a-GalNAc in these materials.

Although o-Gal configured cyclophellitol aziridine inhibitors blocked the activities
of a-galactosidase enzymes in zebrafish cells and developing larvae, no accumulation of
relevant glycosphingolipids, such as Gb3, was observed. In fact, Gb3 was not detectable
in any of the measured zebrafish materials, including those with relatively high gla
expression and activity towards 4MU-a-Gal. The apparent absence of the glycosphingolipid
Gb3 in zebrafish materials, including larvae, brain, liver, kidney, testis and ovary, warrants
discussion. Lactosylceramide 4-a-galactosyltransferase (A4GALT) is a member of the
glucosyltransferase 32 (GT32) family and the enzyme mediating transfer of an a-galactose
moiety from UDP-a-D-galactose to [-D-galactosylceramide, [-D-galactosyl-1,4-B-D-
glucosylceramide (lactosylceramide)?*?*. No protein orthologue of human A4GALT was
found using a protein BLAST and no a4galt gene is annotated in the zebrafish genome. An
orthologue of human A4GALT is also absent in other ray-finned fish species, such as Oryzias
latipes (medaka) and salmon. Orthologues are present in Drosophila melanogaster and
Xenopus tropicalis (Supplementary Figure 7). The only fish species with a known A4GALT
orthologue is the coelacanth, the oldest living lineage of Sarcopterygii. The coelacanth
is a translational species between fish and tetrapods being more related to lungfish and
tetrapods than to ray-finned fish?.

A number of possible explanations can be considered for the presence of an a-Gal A-like
enzyme in zebrafish that apparently lack endogenous Gb3. Firstly, it may mediate intestinal
degradation of exogenous oligosaccharides and glycosphingolipids from incoming food.
Glycosphingolipid analysis of various food sources was inconclusive about the presence of
Gb3. A lipid with similar LC-MS/MS parameters as Gb3 was detected, however the retention
time was quite different (Supplementary Figure 5B).
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Secondly, the enzyme might play a role in turnover of other types of molecules with an
a-galactosyl moiety such as polysaccharides composed of one or more a-1,6-linked galactose
moieties including plant-derived melibiose, raffinose and stachyose®. Nonetheless,
these oligosaccharides are not hydrolysed by the intraluminal or intestinal enzymes of
humans or other monogastric animal. Instead they are hydrolysed by a-galactosidases of
bacteria in the lower small intestine and colon, which produce gas and short-chain fatty
acids, such as acetic, propionic and butyric acids?. Several publications report on the
expression and characterization of a-galactosidases from different sources, including
bacteria?, microspora?, mushroom?® and plants??, not only to treat Fabry disease but also
for applications in the food and feed industry?. Limited information is available about the
intraluminal and intestinal enzymes of digestive tract of zebrafish, only that their intestine
consists of one long tube without a distinct stomach, small intestine or large intestine?®’.
Finally, specific gla mRNA expression and a-Gal A activity was high in the reproductive
organs, liver and kidney of the zebrafish, corresponding to high RNA and protein expression
in the same tissues of humans®2. In contrast, the zebrafish intestine showed relatively low
o-Gal A activity.

Investigated were also other glycosyltransferase families able to transfer galactose using
another glycosidic linkage besides the described a-1,4-linkage mediated by A4GALT (GT32)
and the a-1,6-linkage of the raffinose family. In the GT6 family, several globoside a-1,3-N-
acetylgalactosaminyltransferases (Forssman synthase-like) are annotated in the zebrafish
genome (Gbgtlll (Uniprot accession Q7ZTV7), Gbgtll2 (BOROWS5), Gbgtll3 (A2CED1),
Gbgtll4 (Q7SXD8)), and one possible a-1,3-galactosyltransferase®. However, at present it
is unknown whether this annotated ABO blood group transferase (transferase A, a-1,3-N-
acetylgalactosaminyltransferase; transferase B, a-1,3-galactosyltransferase; Uniprot code
B0S7I1) encodes a functional enzyme and whether active enzymes could have both A
(a-1,3-GalNAc) or B (a-1,3-Gal) activity, depending on the sequence, as in humans®. Another
member of the GT6 family is isogloboside 3 synthase (iGb3S, also called A3GALT), which is
reported to transfer an a-1,3-galactosyl moiety to LacCer, generating iGb334. Even though
orthologues of iGb3S are annotated in other fish, such as Oryzias latipes, no orthologue is
documented in the zebrafish genome?.

Thus, the presence and role of a-Gal A in zebrafish larvae and adult organs remains
elusive. No Gb3 is detected using LC-MS/MS techniques nor an orthologue of A4GALT or
iGb3S is found in the zebrafish. However, the presence and activity of a-Gal A in zebrafish
larvae and distinct adult organs could indicate towards an additional role of a-Gal A besides
the hydrolysis of Gb3, a-1,4-galactosyl or a-1,3-galactosyl modified glycoconjugates
mediated by A4Galt or iGb3S respectively. On the other hand, the a-Gal A enzyme could
have been evolutionary pressured to be present and functional in order to hydrolyse a-Gal
containing lipids and proteins of non-endogenous invaders such as bacteria and viruses.
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For future endeavours, a zebrafish knockout of gla might be useful to study clinical
manifestation in the absence of the well-known substrate Gb3 and thereby investigate
potentially unknown roles of a-Gal A. Only a few animal disease models for Fabry disease
have been developed which are all limited to rodents. Male Fabry mice show a modest
to large increase in Gb3 in different tissues, but display no renal complications, only mild
myocardial alterations, no spontaneous vascular manifestation and decreased sensitivity
to painful stimuli*>*. Fabry rats showed accumulation of a-galactosyl glycosphingolipids
in serum, dorsal root ganglia, kidney and heart tissue as well as renal tubule dysfunction,
mitral valve thickening and neuropathic pain383°,

In addition, it would be of great interest to introduce the ability to synthesize the lipid
Gb3 in zebrafish. This would allow investigation of the impact of Gb3 by itself as well as
Gb3 accumulation during a-Gal A deficiency. In view of this consideration, it was essential
to confirm the ability of zebrafish a-Gal A to hydrolyse the substrate Gb3. For this purpose,
GLA KO HEK293T cells were generated using CRISPR/Cas9 technology and subsequent
expression of zebrafish a-Gal A in these cells enabled the study of its catalytic features.
Interestingly, expression of zebrafish a-Gal A in the established GLA KO cells showed a high
in vitro activity towards 4MU-a-Gal, but no hydrolysis of the fluorescent NBD-Gb3 lipid
was observed. When sensitive LC-MS/MS methods were used to quantify the endogenous
Gb3 levels in the different cells, it became apparent that zebrafish a-Gal A was able to
correct the increased Gb3 levels of the GLA KO cells to WT levels similar to human a-GAL A.
These findings indicate that zebrafish a-Gal A is able to hydrolyse endogenous Gb3 in vivo.
Apparently, the NBD tagged Gb3 does not fit the active site of the zebrafish enzyme or the
enzyme requires specific additives in order to be active towards lipid substrates in vitro.

In principle, it should be feasible to insert the human A4GALT gene in the zebrafish
genome using the Tol2 transposon technique, as performed in chapter 4 for human
GBA. It could be evaluated whether such transgenic fish produce Gb3 and whether their
endogenous a-Gal A is able to hydrolyse this in vivo. If successful, Gb3-producing Fabry
zebrafish (huA4GALT:gla KO) could be generated and crossed with ashalb KO fish. In
this manner Fabry fish could be generated that are unable to form lysoGb3 during a-Gal
A deficiency. In analogy to the study on GlcSph in chapter 6, meticulous comparison of
Fabry zebrafish with excessive lysoGb3 and those without lysoGb3 will further clarify the
postulated toxic action of lysoGb3 in Fabry disease.
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Supplementary Figures
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Homogenate of zebrafish larvae was incubated with a range of a-GalNac concentrations
(1-500 mM final concentration) and residual activity of a-Nagal was measured using the
fluorogenic substrate 4MU-a-GalNAc in technical duplicate.
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Supplementary Table 1 | Detected peptide sequences with a score higher than 5.0 (PLGS software) or 25 (Mascot
software). The *’ indicates the position of trypsin digestion and the peptide sequence within the two “’ is found.
ND = not detected

Peptide sequence Peptide sequence
ZF4  o-Gal A: R.LAVAVMNR.Q ZF4 cells A-Nagal A: R.LSEDGWK.E
cells  F1Q5G5 K.LADYVHSK.G AOAOR41JL2 K.GASALVFFSR.R
K.LGIYADVGTK.T K.AVISNQDPLGIQGR.R
K.KLADYVHSK.G R.GIPHLAQYVHDR.G

KTFADWGVDLLK.F
K.QIIAINQDPLGK.Q
R.NYGDVYDQWTSVK.S
K.TCAGYPGSLGYYDIDAK.T
5dpf a-GalA: K.SILDWTAEK.Q 5 dpf ZF A-Nagal A: ND
ZF F1Q5G5 R.NYGDVYDQWTSVK.S AOAOR4IJL2

R.LAVAVMNR.Q

K.QIIANQDPLGK.Q
K.SILDWTAEK.Q
K.LGIYADVGTK.T
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***.*:** **.****: *. H **:******:*:**:***: . :** **.*
# #
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7F a-Nagal VLQNKAVISINQDPLGIQGRRLLKEKSGIQVFQRPLSKGASALVFFSRRS DMPYRYTTS
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Supplementary Figure 4 | Alignment of zebrafish a-Gal A with zebrafish a-Nagal.

The amino acid sequences of the pro-protein of zebrafish a-Gal A (Uniprot F1IQ5G5) and zebrafish a-Nagal (Uniprot
AOAOR4IJL2) were aligned using Clustal Omega®. * indicates a conserved residue, : a similar residue. The signal
peptide is predicted using SignalP-5.0?! and depicted in purple. The catalytic Asp residues are depicted in red,
the cysteine residues forming disulfide briges in orange and residues interacting and stabilizing the a-galactose
in blue. The Glu and Leu residues of a-Gal A and Ser and Ala residues of a-Nagal, which form specificity of the
a-galactose of N-acetylgalactosamine moiety are emphasized with #. Specific peptides sequences, obtained from
PLGS or Mascot analysis after chemical proteomic, as described in the result section, are underlined in black for
a-Gal A and in red for a-Nagal respectively.
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Supplementary Figure 5 | Detection of Gb3 in various samples using LC-MS/MS

(A) Glycosphingolipids were extracted of different human and zebrafish materials and the presence of deacylated
Gb3 (784.4>282.3, parent> daughter) was detected and visualized. Two human sources were used as controls
(pink lines): 25 pL human plasma and 20 pg of HEK293T WT cell homogenate. Zebrafish homogenates were used
of various samples (15 pg protein): kidney, testis, brain, liver, ovary, zebrafish embryonic cells (ZF4) and 5 dpf
zebrafish larvae (black lines). (B) Lipids of various food sources were also extracted and a peak with the correct
parent/daughter was observed in manufactured, plant-based food (green lines), however it is unclear if this signal
is actually Gb3. The signal of an extracted equivalent of Gb3 (4 pmol) was used as standard in both figures (grey
line).
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Supplementary Figure 6 | Specific activity of a-Gal A
The activity towards 4MU-a-Gal was measured of homogenates of zebrafish of different ages (t = 0-5 dpf) and
various adult organ tissues with and without the presence of 500 mM a-GalNac to inhibit the endogenous a-Nagal
enzyme. The hydrolytic activity of a-Nagal towards 4MU-a-Gal was determined and depicted as ratio of the total

activity towards 4MU-a-Gal. The specific a-Gal A activity was determined as the residual activity towards 4MU-a-
Gal with 500 mM a-GalNac inhibitor and subsequently used in Figure 6B.
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Supplementary Figure 7 | Gene tree of A4GALT
Phylogenetic (gene) tree displaying annotated orthologues of human A4GALT. No ray-finned fish species are
depicted in this gene tree. Figure is obtained and exported from Ensembl.
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Experimental procedures

Chemicals and reagents - The a-Gal specific inhibitors (ME737 and ME739), ABPs (TB474 and ME741)
and C17-dihydroceramide were synthesized at Leiden University (the Netherlands) as reported?®#,
Chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) if not otherwise indicated. LC-
MS grade methanol, 2-propanol, water, formic acid and HPLC grade chloroform were purchased
from Biosolve (Valkenswaard, the Netherlands). Butanol and hydrochloric acid were obtained from
Merck Millipore (Billerica, USA). 4-Methylumbelliferyl 2-acetamido-2-deoxy-a-D-galactopyranoside
(4MU-a-GalNAc) was purchased from Carbosynth (Compton, UK), N-Dodecanoyl-NBD-ceramide
trihexoside (NBD-C12-Gb3) from Matreya (State college, USA) and C12-NBD Lactosyl Ceramide
from Avanti. Primers were ordered from Integrated DNA technologies (IDT; Coralville, USA) without
additional purification.

Zebrafish husbandry and samples - Wild-type (WT) zebrafish (ABTL) were a mixed lineage of WT
AB and WT TL genetic background. Zebrafish were housed and maintained at Leiden University
(the Netherlands) according to standard protocols. The breeding of fish lines was approved by the
local animal welfare committee (Instantie voor Dierwelzijn) of Leiden University and followed the
international guidelines specified by the EU animal Protection Directive 2010/63/EU. Experiments
using embryos and larvae were performed before the free-feeding stage, not falling under animal
experimentation law according the EU animal Protection Directive 2010/63/EU. Embryos and larvae
were grown in egg water (60 pug/mL Instant Ocean Sera MarinTM aquarium salts (Sera; Heinsberg,
Germany)). No adult zebrafish were used for experimentation and organs used in experiments were
only obtained from defined old and excess WT zebrafish (> 1.5 years). Animal caretakers killed the WT
zebrafish according to in-house protocols, after which organs were dissected from the dead zebrafish.
Organs were snap frozen for protein analysis or stored in RNAlater (Invitrogen, ThermoFisher
Scientific, Waltham USA) for RT-gPCR analysis and stored at -80 °C.

Cloning - Design of cloning primers and single-guide RNA sequences (sgRNA) were based on NCBI
sequences NM_000169 for human GLA and NM_001006103 for zebrafish gla. The coding regions
were amplified using Phusion HighFidelity PCR mastermix (Thermo Fisher Scientific, Waltham, USA)
with cDNA as template (in-house human cDNA library or cDNA from extracted 5 dpf zebrafish larvae)
using the primers given in Supplementary Table 2. Fragments of human and zebrafish GLA were
cloned into the pDONR vector using GATEWAY™ recombination cloning technology (BP reaction,
Thermo Fisher) according to the manufacturer’s protocol and sequenced before shuttling the GLA
fragments to the pDEST-zeo expression vector (derived by replacing the neomycin selection marker in
the pDEST vector with a zeomycin selection marker) using the LR reaction. Several pDONR constructs
were sequenced with the zebrafish gla insert and the insert with the least amount of mutations
compared to NM_001006103 was used (Supplementary Figure 8). For CRISPR/Cas9 mediated GLA
targeting in HEK293T cells, sgRNA sequences, given in Supplementary Table 2, were cloned into the
Bbsl restriction site of the px330-U6-chimeric_BB-CB-hSpCas9 vector (Addgene plasmid #42230) or
the px335-U6-Chimeric_BB-CBh-hSpCas9n vector (Addgene #42335) for SpCas9 nickase expression.
All plasmids were isolated from transformed DH5a cells using a plasmid isolation kit (Qiaprep spin
Miniprep kit; Qiagen, Hilden, Germany) and sequenced using Sanger sequencing (Macrogen, Leiden,
The Netherlands).
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Supplementary Table 2 | List of oligonucleotide sequences.

Primer Sequence (5’ -3’) Purpose

Hu GLA sgRNA1 F caccgTTGTCCAGTGCTCTAGCCCC sgRNA: px330/335
Hu GLA ngNAl R aaacGGGGCTAGAGCACTGGACAAC ngNA: px330/335
Hu GLA sgRNA2 F caccgTTGGCAAGGACGCCTACCAT sgRNA: px330/335
Hu GLA ngNAZ R 2aaacATGGTAGGCGTCCTTGCCAAC sgRNA: px330/335
Human GLA F GGGGACAAGTTTGTACAAAAAAGCAGGCTACCACCATGCAGCTGAGGAACCCAGA Gateway cIoning
Human GLA R GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAAAGTAAGTCTTTTAATGACATC Gateway cloning
Zebrafish glaF ggggacaagtttgtacaaaaaagcaggcttcaccaccATGCGTGCCTCAATTATAGTC Gateway cloning
Zebrafish gla R ggggaccactttgtacaagaaagctgggtcCAGTGGGTTGACGGTGAGTAG Gateway cloning

Cell culture and transfection - Zebrafish embryonic fibroblasts (ZF4 cells*!) were cultured at 28 °C
and 5% CO, in DMEM/F12 medium, supplied with 10% (v/v) Fetal Calf Serum, 0.1% (w/v) penicillin/
streptomycin, and 1% (v/v) Glutamax. HEK293T cells were cultured at 37 °C and 5% CO, in DMEM
medium, supplied with 10% (v/v) FCS, 0.1% (w/v) penicillin/streptomycin and 1% (v/v) Glutamax.
HEK293T GLA KO Cells were obtained by transfecting HEK293T cells seed in 6-well plates with the
px330-GLA construct (px330-GLA-sgRNA1 or px330-GLA-sgRNA2) or both px335-GLA constructs
(sgRNA1+sgRNA2) in combination with PEI (PEI/DNA, 3/1 (w/w)). After 72 hours, cells were diluted
to approximately 0.5 cell/ well, seeded in 96-well plates and individual clones were cultured over the
next weeks. Activity towards 4MU-a-Gal was determined as well as ABP labelling as described in the
result section and the two clones (#1 and #4) without residual activity and ABP-labelled protein were
maintained. GLA KO clone 4 was used for subsequent experiments and further mentioned as GLA KO
cells. GLA KO cells were transfected using PEIl and the pDEST-zeo-GLA construct (PEI/DNA, 3/1 (w/w))
and incubated for 72 hours before harvesting. In general, HEK293T cells were harvested by pipetting
in PBS, while ZF4 cells were harvested using trypsin (0.25% (v/v) trypsin in PBS, no EDTA). Cell pellets
were washed twice with PBS and stored at -80 °C until use.

Homogenate preparation - Cell homogenates were prepared in potassium phosphate (Kpi lysis buffer,
supplemented with Triton-X100 and benzonase (25 mM K,HPO,-KH,PO,, pH 6.5, 0.1% (v/v) Triton-X100
and 25 U/mL benzonase) and lysed using sonication (20% amplitute, 3s on, 3s off for 4cycles) while
on ice. Whole zebrafish embryos or larvae or zebrafish organs were resuspended in Kpi lysis buffer
(12.5 pL/embryo, 100 pL for small organs (spleen, kidney, heart, fin) or 200-400 pL for larger organs
(brain, liver, intestine, skin), supplemented with 0.1% Triton-X100 and EDTA-free protease inhibitor
(25 mM K,HPO,-KH,PO,, pH 6.5, 0.1% (v/v) Triton-X100 an 1x cOmplete™, EDTA-free Protease
Inhibitor Cocktail, Roche, Bazel, Switzerland). Embryos and organs were first homogenized using a
Dounce homogenizer (10 strokes), followed by sonication as described. Total protein concentration
of homogenates was determined using Pierce™ BCA protein assay kit (ThermoFisher Scientific) and
measured using an EMax® plus microplate reader (Molecular Devices, Sunnyvale, USA). Homogenates
of organs were stored at -80 °C, homogenates with a protein concentration higher than 5 mg/mL
were diluted with KPi lysis buffer and stored in aliquots.

Enzyme activity assay

General assay procedures - Generally assays were performed using homogenate in KPi (12.5 uL, 12.5-
50 pg total protein) by addition of Mcllvaine (citric acid — Na,HPO,) buffer of the appropriate pH (12.5
uL; 150 mM Mcllvaine pH4) and supplemented with a covalent inhibitor if mentioned, before addition
of 4-methylumbelifferone (4MU-aglycone) mixes; 100 uL of 3.75 mM 4-MU a-D-galactopyranoside
(4MU-a-Gal) substrate with 0.1% (w/v) Bovine Albumin Serum (BSA) or 100 pL of 1 mM 4-MU a-D-N-
acetylgalactoside (4MU-a-GalNAc) substrate. Incubation was performed at 37 °C for 30 min for ZF4
cells and 60 min for zebrafish embryos or organs unless indicated otherwise and stopped by addition
of glycine-NaOH STOP buffer (200 uL; 1 M Glycine-NaOH, pH 10.3). All activity assays were measured
using a LS-55 (PerkinElmer, Waltham, USA; ?\ex of 366 nm, }\em of 445nm) and calculated using a
standard of 1 nmol 4MU.
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a-Nagal activity was blocked by addition of the sugar a-N-acetyl-galactosaminide (a-GalNAc; NAGA),
with a final concentration of 200 mM in the assay (concentration in substrate mix: 250 mM NAGA).
For the zebrafish embryo and larvae samples, a homogenate without substrate mix was included and
used as blanc to account for background fluorescent signal originating from the sample. All activities
were measured using 3 independent homogenates measured in technical duplo unless indicated
otherwise in the result section.

pH curves - PH curves were obtained by incubating homogenate (12.5 uL, + 12.5 ug total protein)
with Mcllvaine of the appropriate pH (62.5 uL; 300 mM Mcllvaine, pH 2-8) on ice for 5 minutes before
addition of two-times concentrated 4MU-a-Gal or 4MU-a-GalNAc substrate mix (50 uL; 7,5 mM 4MU-
a-Gal or 2 mM 4MU-a-GalNAc, 0.2% (w/v) BSA in MilliQ).

_IC__measurements - For the covalent a-Gal configured inhibitors, homogenate (12.5 uL, + 12.5 pg
total protein) was pre-incubated with the inhibitor (2x concentrated in 300mM Mcllvaine pH 4 with
1% (v/v) DMSO; final concentration of 0.5% (v/v) DMSO and 0.001- 100 uM for ME737 and ME739,
0.0001- 50 uM for TB474) for 1 h at 37 °C, before addition of 100 pL 4Mu-a-Gal or 4MU-a-GalNAc
substrate mix and incubation as described in the general assay procedures. IC_ values were calculated
using Graphpad Prism (v8.1.1, GraphPadsoftware, CA, USA).

Activity-based probe (ABP) labelling and chemical proteomics

General ABP labelling procedure - Zebrafish cell, embryo or organ homogenate (10 pL, xxx pg total
protein) was labelled with the a-Gal configured ABP TB474 (2 uM TB474 in 10 pL 300 mM Mcllvaine
buffer pH 4, 1% (v/v) DMSO; final concentration of 1 uM TB474 and 0.5% (v/v) DMSO) for 30 min
at 37 °C. For the inhibitor experiment, zebrafish a-Gal and Nagal were preblocked by incubating
homogenate (10 uL) with a-Gal configured inhibitor ME737 (100 uM in 10 pL 300 mM Mcllvaine
buffer pH 4, 1% (v/v) DMSO; final concentration of 50 pM and 0.5% (v/v) DMSO) for 30 min at 37
°C before the addition of TB747 (3 uM TB474 in 10 puL 300 mM Mcllvaine buffer pH 4, 1% DMSO;
final concentration of 1 uM TB474 and 0.5% (v/v) DMSO). Proteins were denatured with 5x Laemmli
sample buffer (25% (v/v) 1.25 M Tris-HCI pH 6.8, 50% (v/v) 100% glycerol, 10% (w/v) sodium dodecyl
sulfate (SDS), 8% (w/v) dithiothreitol (DTT); and 0.1% (w/v) bromophenol blue) and boiled for 5 min
at 98 °C. ABP-labelled protein samples were separated by electrophoreses on 10% (w/v) SDS-PAGE
gels, before scanning the fluorescence of the wet-slab gel with a Typhoon FLA 9500 (GE Healthcare,
Chicago, USA; Cy5 (A, of 635 nm, A, of 665 nm), 750 V, pixel size 100 um). Gels were stained with
Coomassie Brilliant Blue staining (CBB-G250) and scanned on a ChemiDoc™ MP imager (Bio-Rad;
Hercules, USA). For western blotting, proteins were transferred to a nitrocellulose membrane (0.2 uM,
Bio-Rad) using the Trans-blot® Turbo™ Transfer system (Bio-Rad). Membranes were blocked with 5%
(w/v) bovine albumin serum (BSA) and incubated overnight at 4 °C with primary antibodies: mouse
anti-human a-tubulin (1:10.000; clone DM1A) or rabbit anti-a-Gal A (1:1000; Abnova, Taipai, Taiwan).
Membranes were washed 3 times with TBST and incubated with 1 h at RT with complementary
secondary antibodies: donkey anti-mouse Alexa 488 (1:10.000; Invitrogen) or GARPO goat anti rabbit
IgG (H+L) peroxidase (1:5000, Bio-Rad). Fluorescent signal was detected using a Typhoon, while
chemiluminescense signal was detected using a ChemiDoc MP imager.

Deglycosylation using PNGase F - Glycoproteins were deglycosylated using PNGase F (New England
Biolabs, Ipswich, USA) according to the manufacturer’s instructions. Briefly, zebrafish cell and larvae
homogenate was labelled with TB474, as described above, in 2x volumes (40 pL final volume). After
incubation for 30 min at 37 °C, the mixture was denatured using Glycoprotein buffer (supplied) and
boiled for 10 min at 98 °C. The sample was divided, NP-40 (supplied) and MQ was added to both
samples NP-40 and one 20 uL sample was incubated with PNGase F, while the other 20 pL sample was
incubated with MQ for 1 h at 37 °C. Laemmli sample buffer (5x) was added after incubation and the
samples were separated on a 10% (w/v) SDS-PAGE gel and scanned as described above.
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Chemical proteomics - ZF4 cell and zebrafish 5 dpf embryos homogenate (125 uL; 125 ug total protein)
was incubated with biotin-ABP ME741 (5 pM ME741 in 150 mM Mcllvaine buffer pH 4; final DMSO
concentration of 0.5% and final volume 250 pL) for 2 h at 37 °C. The labelling was stopped by addition
of 20 pL 20% (w/v) SDS and subsequent boiling of the sample at 95 °C for 5 min. Proteins were
precipitated by chloroform/methanol, proteins were rehydrated in 2% (w/v) SDS in PBS followed by
reduction using DTT (final concentration of 5 mM DTT in MQ) for 30 min at 45 °C and alkylation using
iodacetamide (final concentration of 15 mM in MQ) for 30 min at RT in dark. Another chloroform/
methanol precipitation was performed, proteins were rehydrated in 2% (w/v) in PBS buffer and ABP-
bound proteins were enriched by incubation with paramagnetic avidin beads (Dynabeads™ MyOne™
Strptavidin T1, Thermo Fisher Scientific) at 4 °C overnight. Beads were washed with 0.1% (w/v) SDS
in PBS, 2x with PBS, 1x with 4 M urea in 50 mM NH, HCO, followed by a wash with PBS and 2x MQ.
On-bead tryptic digestion was performed by incubating the beads in trypsin digestion buffer (100 pL,
2.5 ng/uL trypsin in 50 mM NH,NO,, pH 8 with 2% (v/v) CAN and 1 mM CaCl,) overnight at 37 °C with
shaking. Prior to LC-MS analysis, peptides were desalted by Stagetips prepared using Empore™ C18
47-mm extraction discs*. Samples were analysed on a Synapt G2Si mass spectrometer (Waters,
Milford, USA) operating with Masslynx for acquisition as previously described*, proteins were
identified using the Danio rerio proteome (Uniprot code UP000000437) and either Mascot software
or ProteinLynx Global Server (PLGS) was used for peptide identification.

Concanavilin A lectin binding - Concanavalin A-Sepharose 4B beads (ConA beads; Sigma) were first
washed three times in 0.1 M sodium acetate, 0.1 M NaCl, 1 mM MgCI2, 1 mM CaCl2, 1 mM MnCl2,
pH 6.0, washing buffer using brief centrifugation at 2000 rpm for 2 min. Next, 100 L of beads were
mixed with 100 pL of 4 mg/ml zebrafish or cells lysate. The samples were incubated overnight at
4 °C while rotating. Afterwards, the mixture was centrifuged at 13000 rpm at 4 °C for 10 min. The
supernatant was collected, the beads were washed three times with washing buffer and the beads
were stored in 100 pL wash buffer. Four fractions were collected: sample prior to ConA beads
incubation (‘start’), supernatant after incubation with the beads (‘unbound’), supernatatant after the
third wash (‘wash’) and beads pellet (‘ConA bound’). Afterwards, the fractions were labelled with
ABP TB474 and enzyme activity towards 4MU-a-GAL and 4MU-a-GalNAc was measured as described
in the general assay procedures. The protein concentrations of the unbound, wash and ConA bound
fraction were determined. Instead, the amount of sample for ABP labelling and enzyme activity was
the same for the 4 fractions and the specific activity was calculated as nmol/mL sample or depicted as
ratio of the start material.

Treatment of cells or embryos with inhibitors - ZF4 cells were transferred to 6-well plates and grown
to 70-80% confluency before addition of 1mL fresh culture medium supplemented with vehicle (0.5%
(v/v) DMSO) or inhibitor (0.001, 0.01, 1, 5 or 10 uM of ME737 or ME739). Cells were incubated for 24
hours, washed three times with PBS before harvesting the well content on ice by addition of 100 pL
ice-cold KPi lysis buffer (25 mM KPi buffer pH 6.5, 0.1% (v/v) Triton X-100 and protease inhibitor) and
scraping. The sample is collected, sonicated to obtain a homogenate sample and the total protein was
determined using the BCA assay as described before. Using this procedure, the protein concentration
of these in situ treated cell homogenates was between 1 and 2 mg/mL. Enzyme activity towards
4MU-a-Gal and 4MU-aGalNAc was measured in technical replicate as described in the general assay
procedures. Adult WT zebrafish were crossed and developing off-spring (8 h post-fertilization) was
incubated in 100 pL egg water immersed with vehicle (0.5% (v/v) DMSO) or inhibitor (20, 50 or 100
UM ME737 or ME739 with 0.5% (v/v) DMSO) for 5 days at 28 °C. Larvae (5 dpf) were washed with
egg water and stored in pools of 3 larvae for enzyme activity measurements and single larvae in 2
mL Safe-Lock Eppendorf tubes for glycosphingolipid analysis. Homogenate was prepared by addition
of 60 pL KPi lysis buffer, sonication and protein determination was performed as described before.
Enzyme activity towards 4MU-a-Gal and 4MU-a-GalNAc was measured in technical replicate as
described in the general assay procedures.
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Glycosphingolipid analysis — The internal standard C17-dihydroceramide (20 pL, 20 pmol/ uL in
MeOH) was added to homogenate (10 pL, 20-50 pg total protein in KPi lysis buffer) and neutral (glyco)
sphingolipids were extracted using an acidic Bligh and Dyer procedure (1/1/0.9 chloroform/ methanol/
100 mM formate buffer pH 3.1) as described before?4°, The lower phase was concentrated and lipids
were deacylated using sodium hydroxide (0.5 M NaOH in MeOH) in combination with a microwave
protocol described before*. Samples were neutralized, a butanol/water clean-up was performed and
lipids were resuspended in methanol for separation as described before®.

Hydrolytic activity towards NBD-Gb3 — NBD-C12-Gb3 was concentrated and resuspended in Mcllvaine
buffer (150 mM Mcllvaine buffer pH 4.5, 0.05% (v/v) Triton X-100 and 0.05% (w/v) sodium taurocholate
and MQ to a total volume of 60 puL; 5 uM NBD-C12-Gb3 final concentration) before addition of cell
homogenate (40 pL, 80 g total protein) or Fabrazyme (0.18 pmol in 40 uL Mcllvaine buffer pH 4.5
with 0.05% (v/v) Triton-X100 and 0.2% (w/v) sodium taurocholate). Samples were incubated for 3 h
at 37°C and stopped by addition of MeOH, CHCI, and MQ to a final ratio of 1/1/0.9 with subsequent
Bligh and Dyer extraction. The lower phase was concentrated and lipids reconstituted in CHCI,/MeOH
(2/1) and separated by thin layer chromatography on a HPTLC silica gel 60 plate (VWR) using CHCL,/
MeOH/ CaCl, (60/35/8 (v/v) of CHCl.,/MeOH/15 mM CaCl,) as eluent. The HPTLC plate with NBD-lipids
was scanned using a Typhoon imaging system (cy2 settings (A of 488 nm, A__of 515-535 nm), 250V,
pixel size 100 pM.

Gene expression analysis - RNA of organs and zebrafish eggs or larvae (10 eggs or larvae per sample)
was extracted using a Nucleospin RNA XS column (Machinery-Nagel, Diren, Germany) according to
supplier’s protocol, without the addition of carrier RNA. Contaminating DNA was degraded on column
by a DNase | treatment (supplied in the kit). cDNA was synthesized using SuperScript™ Il reverse
transcriptase (Invitrogen, ThermoFisher Scientific, Waltham, USA) using oligo(dT) and an input of
approximately 1000 ng total RNA according to the manufacturer’s instruction. Generated cDNA was
diluted to an approximate concentration of 0.5 ng total RNA input/uL with Milli-Q water. RT-gPCR
reactions were performed with the IQ SYBR green mastermix (Bio-Rad) in a total volume of 15 pL (1x
SYBR green, 333 uM of forward and reverse primer as given in Supplementary Table 3 and 5 pL of the
diluted cDNA input) and carried out using a CFX96™ Real-Time PCR Detection system (Bio-Rad) with
the following conditions: denaturation at 95 °C for 3 min, followed by 40 cycles of amplification (95 °C
for 30 sec and 61 °C for 30 sec), imaging the plate after every extension at 61 °C, followed by a melt
program from 55-95 °C with 0.5 °C per step with imaging the plate every step. All biological samples
were tested in technical duplicate and gene expression was normalized to two house-keeping genes
efla and rpl13a and depicted as ACt value.

Supplementary Table 3| Forward and reverse primers for RT-qPCR analysis.

Target Forward primer sequence (5’->3’) Reverse primer sequence (5’->3’)

gla TCTGGGCAAACAGGGCTAT GGGTTACGTTGCATTTCGGG 188 bp
naga ~ TCGCTCCGTCCTCCAGAATA ATGGCATATCAGACCTGCGG 167 bp
efla CTGGAGGCCAGCTCAAACAT ATCAAGAAGAGTAGTACCGCTAGCATTAC Ref. 45
rpl13a  TCTGGAGGACTGTAAGAGGTATGC AGACGCACAATCTTGAGAGCAG Ref. 45
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The zebrafish gla coding sequence is amplified using zebrafish cDNA as template and cloned into the pDONR vector
as described in the experimental procedures. This sequence is obtained from Sanger sequencing of the resulting
pDONR-gla. The obtained sequence showed genetic variations resulting in the same amino acid (depicted in
orange) compared to the annotated gene (NCBI code NM_001006103), but only one polymorphism resulting in an
amino acid substitution (depicted in red, with the NCBI annotated amino acid given after the /).
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Chapter 9

n this thesis, zebrafish are used as vertebrate model to study the lysosomal storage

disorder Gaucher disease (GD). GD is characterized by mutations in the gene encoding

glucocerebrosidase (GCase). Lysosomal GCase hydrolyses the glucosylceramide (GlcCer)
as penultimate step in the catabolism of glycosphingolipids. Zebrafish are at first glance an
appealing model organism to study GD disease since they produce the lipid GlcCer, their
genome contains an orthologue of the human GBA gene and an active acid B-glucosidase is
expressed. Zebrafish also express candidate modifier proteins, such as non-lysosomal Gba2
and lysosomal acid ceramidase (ACase).

Zebrafish GCase —To establish whether the highly homologous zebrafish GCase enzyme
has similar enzymatic properties to its human counterpart, a detailed comparison of GCase
enzymes was performed (chapter 2). For this purpose, GCase of zebrafish and humans was
comparatively expressed in GCase-deficient HEK293T cells and examined regarding catalytic
features. Both enzymes showed an acid pH optimum and a similar sensitivity for inhibitors.
In addition, over-expression of both GCase enzymes corrected the increased levels of
GlcCer and its deacylated sphingoid base, glucosylsphingosine (GlcSph), in the GCase-
deficient HEK293T cells. Differences between the human and zebrafish GCase were also
noted. Firstly, the human GCase enzyme required additives for optimal in vitro hydrolysis
while no additives were necessary for zebrafish GCase activity. Secondly, the fish enzyme
was equally active at 10 and 37 °C, whereas the human enzyme showed about three-fold
higher activity at 37 °C. Lastly, the zebrafish enzyme was unable to transglucosylate, i.e.
form glucosylated cholesterol (GlcChol) from GlcCer as sugar donor and with cholesterol as
acceptor. A modest transglucosylation activity of zebrafish GCase was noted with ceramide
as acceptor that is more flexible than the rigid cholesterol. Of note, zebrafish GCase, like
human enzyme, is able to hydrolyse GlcChol, both in vitro (chapter 2) and in vivo (chapters
5and 7).

Evolutionary aspects and protein dynamics — In the same investigation, GCase of turtle
and frog were studied as well to reveal an evolutionary trend. Subtle differences in
characteristics were noted for each of the enzymes when compared to human GCase.
The ability to transglucosylate cholesterol was demonstrable for frog and turtle enzyme.
Thus, the zebrafish is unique in its incapacity to position cholesterol as acceptor for
transglucosylation. Taken together, it may be speculated that the fish GCase, over-expressed
in mammalian cells, is more permanently present in an active status as compared to
the other enzymes studied. Such more ‘rigid’ conformation of zebrafish GCase may as
downside limit the enzyme’s ability to transfer glucose to structurally rigid acceptors like
cholesterol. For human GCase, it has been proposed that specific side-chain conformations
favour a more ordered region near the catalytic pocket and reduce unfolding at neutral pH*.
In an acidic environment, GCase shows an increased half-life, higher melting temperature
and lower sensitivity to tryptic digestion?. Binding of (semi-)covalent inhibitors increases
the structural stability of recombinant GCase further?. In silico comparison of modelled
structures of zebrafish and human GCases revealed divergent residues in the three loops
surrounding the catalytic pocket. Site-directed mutagenesis of specific residues in loops
of the zebrafish GCase did not change hydrolytic activity or ability to transglucosylate.
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Swapping of loops among the GCases of different species might be more helpful in future
experiments. Of interest will be future meticulous comparative investigations of GCases
of various species regarding protein dynamics by means of measuring melting curves and
performing deuterium exchange mass spectrometry?.

Generation of double knockout zebrafish — An enormous practical advantage of the
zebrafish, compared to mice, is the speed and convenience with which new gene knockouts
(KOs) can be generated and these KOs crossed with fish with other genetic traits. Chapter
4 provides a detailed protocol for the generation of gene KOs in zebrafish by means of
CRISPR/Cas9 technology. Knockouts of gbal, gba2, asahla, and asah1b have already been
successfully established and are topics of the investigations described in chapters 5-7 of
which the results are discussed below. Chapter 4 also describes generated mutations in the
zebrafish gpnmb, cIn8 and npcl genes. Follow-up investigations with fish of these gene KOs
are of interest as well as the combined KO with GCase deficiency.

gpNMB — The protein gpNMB is remarkably induced in plasma and Gaucher cells of GD
patients as well as in GlcCer-laden macrophages of GD and NPC mice3*. Exposing cultured
RAW cells to stressors of lysosomes, e.g. HEPES, chloroquine or sucrose, leads to prominent
increases in gpNMB?®. Zebrafish with a GCase deficiency show a remarkable increase in
the expression of gpnmb mRNA (chapter 6). The question remains whether the marked
overexpression of this protein during lysosomal stress of macrophages serves a particular
function. Crossing gpnmb KO fish, with or without a concurrent GCase deficiency, with
fish expressing a fluorescent reporter in macrophages, under regulation of the mpeg
promoter®, will allow an assessment of the impact of Gpnmb on macrophages. Moreover,
careful examination of gpnmb KO fish regarding their sensitivity for infections should be
considered.

CLN8 — Appealing is a follow-up investigation on the role of CLN8 during GCase deficiency
in zebrafish. CLN8 is an ER protein that is considered as modifier of clinical severity of
GD. Its possible impact on disease severity was first indicated by a GWAS study involving
more than a hundred type 1 GD patients homozygous for N370S mutation’. Several SNPs
in the locus of the CLN8 gene were associated with a more severe outcome of type 1
GD. Moreover, a higher expression of CLN8 mRNA was observed in fibroblasts of mild GD
patients compared to severe GD patients. Independently, the CIn8 gene locus was linked
to the variation in plasma GlcCer levels in inbred mouse sub-strains (Argmann, Aerts
unpublished observations). More recently, it was reported that the CLN8 protein is involved
in the ER-to-Golgi transfer of many newly formed soluble lysosomal enzymes, such as
cathepsins®®. Upon CLN8 deficiency, maturation of lysosomal enzymes was delayed and a
reduction of several enzymes in the lysosome observed®. In chapter 4, c/n8 KO zebrafish
larvae with concurrent GCase deficiency show a significant reduction in the accumulating
GlcSph, warranting further investigation. Possibly, acid ceramidase is reduced but other
explanations for the observation can’t be excluded yet. It will of great interest to examine
whether CLN8 modulates the clinical course of ghbal”-fish.
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NPC1 - Finally, the viability of npcI mutant fish opens possibilities for exciting novel research.
There are indications for an intricate interplay between cholesterol and GSL metabolism.
In Niemann Pick disease (NPC), the efflux of cholesterol from lysosomes is impaired, due
to defects in either NPC1 or NPC2. In cholesterol-laden lysosomes of cells of NPC patients
and NPC mouse models, secondary partial deficiencies in activities of sphingomyelinase
(ASMase) and GCase cause accumulation of SM and GlcCer*!® In NPC lysosomes, GlcChol
is actively formed by GCase. Normally, GlcChol is synthesized in cells by the cytosol-faced
enzyme GBA2 and degraded by GCase!. It has been reported that npcl KO zebrafish
develop prominent accumulation of lysosomal cholesterol similar to NPC patients!*®3, In the
presented study, no glycosphingolipid abnormalities were detected in the generated npcl
KO larvae up to 5 days post-fertilization (dpf) (chapter 4). In young larvae, compensatory
maternal Npcl might be available or the burden of lysosomal cholesterol might yet not be
high enough to induce secondary deficiencies of ASMase and GCase. Raising the npc1 KO
fish to adulthood will enable analysis of cholesterol and glycosphingolipid levels at adult
age as well as close monitoring of the expected symptoms, such as hepatosplenomegaly,
neuropathology and uncoordinated swimming'>3, In addition, analysis of Npcl-deficient,
with and without concurrent GCase deficiency, will indicate whether they also start to
accumulate GlcChol as occurs in NPC mice and patients. If so, it could be attempted to
prohibit formation of excessive GlcChol with potent iminosugar inhibitors of GBA2 and
GlcCer synthase (GCS)™. Inhibition of GBA2 in NPC mice, either by pharmacological or
genetic ablation, was earlier found to ameliorate disease manifestations and increase life
span of the animals!¢. Likewise, the available Gba2 KO fish could be used to test whether
NPC disease can also be ameliorated by Gba2 modulation in zebrafish. For this, the clinical
course of npc1”:gba2**, npc1”:gba2”* and npc1”:gba2” fish could be compared.

ACase-deficient zebrafish — The generated GCase deficient zebrafish have already been
combined with deficiencies of two other enzymes (Asahlb and Gba2) and the outcome
of these double KOs has been investigated. Given the role of acid ceramidase (ACase) in
formation of the presumed toxic GlcSph lyso-lipid in mouse and man?’, it was decided
to generate zebrafish lacking such enzyme and consequently being unable to generate
GlcSph during GCase deficiency. In zebrafish the genes asahla and asahlb encode two
orthologues of human ACase. Only the enzyme encoded by the asahlb gene was found
to be able to generate GlcSph during GCase deficiency, while Asahla and Asahlb seem
complementary regarding degradation of ceramide (chapter 6). Combined deficiency of the
two enzymes is not viable, likely as the result of massive ceramide accumulation mimicking
Farber disease, a devastating disorder in humans. It will be of interest to study the cause
for the differences in substrate specificity of the two fish ACases, Asahla and Asahlb, that
is presently not understood. Substrate specificity might be caused by subtle difference in
amino acid composition of Asahla and Asahlb. On the other hand, expression of the two
enzymes in cells accumulating GlcCer during GCase deficiency could differ, with Asahlb
being present far more prominently in lysosomes of macrophages. Recently, highly specific
ABPs for ACase were developed by Fabrias and colleagues®. These probes could assist
studies on the cellular and subcellular distribution of Asahla and Asahlb. The available
ashala and asahlb KO zebrafish will be helpful in such investigations.
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GCase-deficient fish unable to produce excessive GlcSph — Gbal”:asahlb” fish were
successfully generated as a model of GCase deficiency without concomitant GlcSph excess.
The comparison of adult gbal KO fish, with excessive GlcSph, and adult asahl1b:gbal KO
zebrafish, without GlcSph, excites several topics for further discussion. Importantly, the
gbal:asahlb KO fish developed a milder course of disease than gbal KO animals. This
finding suggests that excessive GlcSph during GCase deficiency is indeed toxic. Secondly,
gbal- and asahlb:gbal KO zebrafish accumulate comparably GlcCer in tissues and develop
similarly Gaucher-like storage cells. In their brains, the two mutant fish showed similar
abnormal autophagy, indicated by increased protein levels of p62, similar inflammation,
reflected by comparably increased mRNA levels of il1-8, tnfB and apoeb, and indications
for similar activation of the complement cascade. The infiltration of Gaucher-like storage
cells, likely microglia, in the periventricular grey zone of the optic tectum also appeared
comparable. Keatinge and colleagues earlier reported a reduction in dopaminergic
neurons of gbal KO fish in the presence of ubiquitin-positive, intra-neuronal inclusions?®.
Own findings with gbal- and gbal:asahlb KO fish suggest that the presence of excessive
GlcSph might accelerate dopaminergic neuron loss, by a presently unknown mechanism.
It is noteworthy that the observed amelioration of disease in asah1b:gbal KO fish, lacking
GlcSph, appears to be independent of storage cell burden, neuroinflammation and
complement activation, commonly assumed major drivers of GD pathology**?*. In GD/PD
mouse models and human neuronal cells, GlcSph has been found to trigger a-synuclein
aggregation??, The zebrafish has no orthologue of human a-synuclein and only express
a B-synuclein and two y-synuclein orthologues?®?’. In this respect zebrafish offer no simple
copy of PD. Nevertheless, the available zebrafish that are able or unable to form GlcSph
during GCase deficiency can be exploited to investigate GlcSph driven neuropathology
independent of a-synuclein. It should be noted that the asahlb:gbal KO fish lacking
excessive GlcSph do develop symptoms at 4 months. Thus, it seems that GlcSph indeed
contributes to the onset of neuropathology but is not the only toxic factor during GCase
deficiency and other pathological mechanisms are involved. In this respect, the impact of
accumulating GlcCer and other glucosylated lipids deserves further attention.

It is tempting to consider inhibition of ACase as therapeutic avenue for neuronopathic GD
with present unmet need. The more specific ACase inhibitors recently designed by Fabrias
and colleagues could be tested in the now available zebrafish models of GCase-deficiency®®.
The window for such intervention is likely narrow given the fact that a partial ACase
deficiency impairs spinal-cord motor neurons?,

Regarding toxicity of GlcSph, it has to be taken into consideration that present
investigations only quantified GlcSph with a regular C18-sphingosine moiety. Several
species of GlcSph with distinct sphingosine moieties do however occur®. For example, the
regular C18-sphingosine containing GlcSph is the most prominent species in plasma of GD
patients, while in their urine it is only a very minor species and hydroxylated sphingoid
bases are common?®. It will be of interest to study more closely specific GlcSph isoforms in
brain of GCase deficient zebrafish and to establish whether these contribute to severity of
symptoms.
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Other glycosphingolipidoses — The ACase-mediated deacylation of accumulating
glycosphingolipids in lysosomes to sphingolipid bases is not unique to GD*. ACase also
converts accumulating globotriaosylceramide (Gb3) in lysosomes of Fabry disease (FD)
patients, having a defective a-galactosidase A (a-GAL A), into globotriaosylsphingosine
(lysoGb3)Y’. At present many symptoms of FD patients are attributed to excessive lysoGb3,
but caution is warranted since solid proof for the physiological relevance in patients is
largely lacking®34. In analogy to chapter 6, asah1b KO fish could be exploited to increase
insight in the toxicity of lysoGb3. Chapter 8 reports the presence of an acid a-galactosidase
(a-Gal A) and acid a-N-acetylgalactosaminidase (a-Nagal) in zebrafish cells, larvae and
adult tissues. Zebrafish a-Gal A, despite prominent homology with the human enzyme,
seems unable to degrade fluorescent NBD-Gb3 in vitro, but shows correction of Gb3
accumulation in situ. Noteworthy, fish lack the enzyme responsible for the synthesis of
Gb3 from lactosylceramide, Gb3 synthase (a.k.a. AAGALT). Consequently, the globo-series
glycosphingolipids could not be detected in the investigated zebrafish materials. Introducing
A4GALT should allow generation of the non-endogenous Gb3 in fish. Next, accumulation of
lysoGb3 should be induced by a-Gal A inactivation in fish expressing A4GALT and it should
be prohibited in asahl KO fish expressing A4GALT. In this way, organismal models could be
obtained allowing investigation of the toxicity of endogenous lysoGb3 in vivo.

The same approach as described above could be considered for other diseases in which
ACase generates sphingoid bases from accumulating sphingolipids in lysosomes®.
Recently, Li and colleagues describe the amelioration of disease manifestations in a
Krabbe mouse model by introducing ACase deficiency, thereby lacking the ability to from
galactosylsphingosine (GalSph) from accumulating galactosylceramide®. In contrast to
the described AC deficient mice, asahlb KO zebrafish show no features of Farber disease
until the relatively old age of 2 years. Other interesting LSDs in this respect are Sandhoff
disease where lysoGM?2 is formed from the ganglioside GM23¢ and acid sphingomyelinase
deficiency, a.k.a. Niemann-Pick disease type A/B type (NP A/B), where lyso-sphingomyelin is
formed from sphingomyelin®’. Orthologues of the defective lysosomal hydrolases involved
in these LSD are present in the zebrafish genome (Table 1), as well as most of the enzymes
of glycosphingolipid synthesis (Supplementary Table 1).

Table 1 | Zebrafish orthologues of human lysosomal hydrolases defective in LSDs. The zebrafish gene is given, as
well as the genomic location and Uniprot code of the encoded proteins.

gene Protein gene Protein
Gaucher disease gba Chr 16 E7EZM1 Tay-sachs disease/ hexa Chr25 F1RDQ5
Sandhoff disease
Krabbe disease  galca  Chr 20 QS5SNX7 Sandhoff disease  hexb  Chr5 A2BHD8/ F1QUUO
galcb  Chr17 F1QYH2 NP type A/B smpdl Chr10 F8W546
Fabry disease gla Chr 14 F1Q5G5 MLD arsa  Chr18 A5WV48
Schindler disease naga Chr4  AOAOR4lIL2 GM1-gangliosidosis g/b1  chr1l A2BG54
Farber disease asahla Chr 14 Q5XIR7 Sialidosis neul Chr19 QILWP9
asahlb Chr1 Q6PH71 Pompe disease gaa  Chr3 E7FGCO/ F1R7G7
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Combined GCase and Gba2 deficiency in zebrafish — GBA2 is a B-glucosidase tightly
associated with membranes that catalyzes metabolism of GlcCer in the cytosolic membrane-
leaflet. It has been demonstrated that GBA2 is able to act as transglucosylase and generates
GlcChol using GlcCer as sugar donor and cholesterol as acceptor, both in zebrafish (chapter
5) and in mammals?’. Lack of Gba2 in the zebrafish is therefore predicted to reduce GlcChol
and to increase GlcCer in cytosolic membrane leaflets. Double gbal:gba2 KO zebrafish
were generated to examine the impact of the proposed reduction of GlcChol on disease
manifestations. Investigations in chapter 7 reveal that gba2 KO fish lack a clear phenotype,
while gbal:gba2 KO individuals do not show apparent phenotypic improvements when
compared to gbal KO fish.

A prominent increase of GlcCer lipids with specific fatty acyls is observed in brains of
gba2 KO fish, as also reported for cerebellum of GBA2-deficient mice®*. Moreover, levels of
these particular GlcCer lipid species in brains of gbal:gba2 KO fish exceed those observed
in gbal KO brains. It is likely that these additional 18:0 and 20:0 fatty acyl GlcCer lipids
accumulate at the cytosolic membrane leaflets in gbal:gba2 KO fish, instead of intra-
lysosomal. The findings regarding GlcChol warrant discussion. GlcChol is increased in
GCase-deficient fish and it is reduced in young gba2 KO fish, consistent with the role of
Gba2 in synthesis of GlcChol and the role of GCase in hydrolysis of GlcChol (chapter 5
and 7). Unexpectedly, GlcChol levels in older Gba2 deficient fish were found to be quite
comparable to those in WT fish. The presence of GlcChol in the diet of the zebrafish,
receiving both plant- and animal-based food, possibly explains this discrepancy. Supporting
this hypothesis is the finding by Akiyama and co-workers that brain of chicken contains
GlcChol, but also plant sterols and glucosylated plant sterols®. This suggests that food-
derived glucosylated sterols indeed are taken up and even reach the brain. Therefore, it
is of interest to raise the gbal:gba2 KO zebrafish without the supplementary animal food,
likely high in GlcChol, to examine disease manifestations in fish receiving different diets.

Macrophage storage cells — GCase-deficient zebrafish develop lipid-laden cells, reminiscent
to Gaucher cells in GD patients. Besides gpnmb, GCase-deficient fish show increased
expression of the chitinase, chia.6. The most extreme biomarker of human Gaucher cells
is also a chitinase called chitotriosidase*®*!. Similarly, GD fruit flies deficient in GCase over-
express a chitinase*. While the zebrafish genome encodes six homologous chia genes,
chia.1-chia.6, with different tissue distributions* only chia.5 and chia.6 mRNA levels are
increased in brains of GCase-deficient fish. Of interest for future experiments is examining
the spatial location of gpnmb and chia.6 expression in the GCase-deficient zebrafish by for
example in situ hybridization. It will also be of interest to study more closely what drives
lipid-laden macrophages to massively overexpress proteins with unknown functions in
GD, such as gpNMB and a chitinase with apparent antifungal and possible anti-microbial
activity. For this purpose, the promoters of chia.6 and gpnmb could be combined with a
reporter to visualize the induction of lipid-laden macrophages in transparent larvae. Such
visualization could be of particular use to study different disease conditions resulting in
lipid-laden macrophages and microglia in developing larvae.
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Genome-editing approaches — In this thesis, CRISPR/Cas9 technology has been used
in zebrafish to generate gene knockouts, while Tol2 transposase technique introduced
exogenous DNA in the zebrafish genome (chapter 4). Random integration of the target
sequence and its expressional regulation by ubiquitous and reported cell-specific promoters
are two limitations of the Tol2 transposase technique. Of particular interest for future
research is optimization of so-called knockin approaches after CRISPR/Cas9 mediated DNA
cleavage. Several applications can be envisioned including a study on the impact of human
GD-causing mutations in zebrafish, generation of the described gpnmb or chia.6 reporter
fish or combining an endogenous gene sequence with a reporter tag. For example, the
subcellular localization of the membrane-associated Gba2 is still poorly understood and
a fluorescently tagged Gba2 may assist detailed analysis of subcellular localization of this
enzyme in the transparent larvae.

Small compound interventions — Zebrafish offer a convenient organismal model to study
small compound inhibitors. The investigation described in chapter 3 reveals comparable
selectivity of GCase inhibitors, as cultured human cells. GCase was specifically inactivated
when intact zebrafish larvae were exposed to ME656, a cyclophellitol modified at C8 with a
bulky adamantyl moiety, in the swimming water. Moreover, it could be demonstrated with
adult fish that ME656 cyclophellitol passes the blood brain barrier and inactivates GCase in
the brain. Given the specificity of ME656, not targeting other retaining B-glucosidases**4
it appears feasible to generate pharmacologically a bona fide organismal model of
neuronopathic Gaucher disease. Likewise, addition of small compound iminosugars
inhibitors of GCS and GBA2 to the medium of GCase-deficient larvae resulted in expected
corrections in lipid abnormalities as detected with sensitive LC-MS/MS allowing analysis of
individual fish (chapter 5).

The studies in this thesis illustrate that in essence similar fluorogenic substrates, ABPs and
LC-MS/MS techniques can be used to evaluate enzyme characteristics and relevant lipids,
as those used for human and mouse materials.
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Opportunities and limitations of zebrafish as disease model

GCase deficiency in zebrafish results in a number of similar biochemical abnormalities
that are similar to those in GD patients and GD mice models. GlcSph and GlcCer massively
increase and storage cells accumulate in tissues, likely being the source of increased
gpnmb and chia.6 expression. The focus of investigations in this thesis has been primarily
the brain. The zebrafish models might equally be exploited to study other common GD
manifestations, such as splenomegaly, hepatomegaly, focal lesions, blood abnormalities
and bone involvements, such as bone crises and osteoporosis. In view of the common
symptoms of GD patients, key organ systems are discussed regarding anatomical and
physiological similarities and differences between fish and mammals. The impact of GCase
deficiency in these organ systems in fish and humans is discussed.

Spleen and haematopoiesis — In mammals, haematopoiesis takes largely place in bone
marrow and the spleen is involved in the removal of senescent blood cells from the
circulation. The infiltration of viable Gaucher cells in bone marrow, spleen and liver of GD
patients are thought to underlie cytopenia, hepatosplenomegaly and bone defects®. The
zebrafish spleen, as in nearly all vertebrates, is a non-vital organ and similar in structure to
a large lymph node located inside the serosal lining of the intestine®. It acts primarily as a
blood filter and plays important roles regarding red blood cells and the immune system. As
in GD patients, GCase-deficient fish accumulate Gaucher-like cells in their spleen, which are
more apparent in the ghbal:gba2 and gbal:asah1b KO fish.

Zebrafish fundamentally differ from mammals in the site of haematopoiesis. In adult
fish, the kidney marrow acts as the main site for haematopoiesis, analogous to specialized
bone marrow in mammals*®. Development of the haematopoiesis system is regulated by
similar molecular mechanisms as the mammalian system**°, Fish have similar blood cells
as mammals: erythrocytes, however nucleated, neutrophils, eosinophils, lymphocytes and
macrophages®*,

The kidneys of the gbal-, gbal:gba2- and gbal:asahlb KO fish appeared normal with
standard haematoxylin and eosin staining. It will be of interest to study the haematological
abnormalities and/or disturbed haematopoiesis in the three gbal mutants. Blood sampling
is feasible from an adult zebrafish, although limited to only a few microliter®®. Zancan and
colleagues reported that in 3-10 dpf larvae hepatomegaly, thrombocytopenia, anaemia
were already demonstrable®!. In this respect, transgenic zebrafish lines can be used to
investigate hepatocytes (fabpl0a gene element), thrombocytes (oitga2b), erythrocytes
(gatal) and blood vessel architecture (krdl)®. It will be particularly interesting to study
blood abnormalities in gbal:gba2 zebrafish as it has been described that ablation of
GBA2 in mice with GCase deficiency in the haematopoietic lineage improves the observed
cytopenia, amongst other symptoms®.
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Bone — Common among GD patients is the occurrence of bone defects, characterized by a
reduction in bone mineral density, reduction of bone mass and a decrease in the trabecular
volume of long bones. This results in brittle bones that are more prone to fracture.
Osteoporosis is caused by a dysregulation of bone homeostasis with decreased bone
metabolism, by reduced activity of osteoblasts and osteocytes, and increased catabolism,
by enhanced osteoclast activity. Several studies have indicated that osteoblastic bone
formation is particularly impaired in GD patients®®3.
The skeletal physiology of the zebrafish shows strong similarities to mammals®*®. In
zebrafish, as in mammals, bone is formed de novo by osteoblasts and remodelled by
the coupled action of osteoclasts. Terrestrial vertebrates have thicker bones compared
to zebrafish, however the relevant skeletal cell types and modes of regulation, including
osteoblast and osteoclast coupling and bone remodelling, are conserved between zebrafish
and higher vertebrates®¢. The first cartilaginous structures, chondrocytes and osteoblasts
are formed in the few days of development, however osteoclasts are not formed until 10-12
dpf>*. Therefore, true remodelling through combined activity of osteoblasts and osteoclasts
starts in the second week of development. Previously discussed research, using transgenic
zebrafish, also reveals reduced bone mineralization, impaired osteoblast differentiation
and a defect in canonical Wnt signalling in the GCase deficient larvae®. Increased reactive
oxygen species production was found to precede the Wnt signalling impairment. Reduced
Wnt signalling activity was also observed in GD fibroblasts resulting from increased
B-catenin degradation®’. The three GCase-deficient zebrafish models have not been
examined yet for skeletal abnormalities. Of note, the mutants do show a curvature of the
back but it is presently unknown whether this abnormality has not a neurological nature.
In view of the hypothesized interference of excessive GlcSph in normal osteoblast bone
formatio 7, it will be particularly interesting to study the bone in gbal:asah1b fish lacking
excessive GlcSph. Examining bone defects in the gbal:gba2 KO zebrafish is also of interest,
given the reported improvement of bone in GD mice with concomitant GBA2 deficiency®2.
In order to study bone defects in developing zebrafish larvae, reported transgenic
zebrafish lines can be used, studying for example osteoblasts (Ola.Sp7 gene element),
osteoclasts (ctsk), chondrocytes (col2al) or neural crest derived-skeleton (sox10)>**¢. The
skeletal phenotype of larvae and adult zebrafish can also be studied using histological
stains, that bind calcium and calcium-containing materials, or X-ray based imaging of live
animals®®, Micro-computed tomography analysis has, for example, been used to evaluate
developmental skeletal defects in a zebrafish model for mucopolysaccharidosis type II
(MPSII)*. Underlying molecular mechanisms can be studied by means of protein or RNA
analysis of different skeletal structures. For example, the tail fin of adult zebrafish is easily
accessible, contains several separated vertebrae and has been extensively used as model
for regenerating bone>*°,
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Liver — Mildly affected GD patients develop a moderate hepatosplenomegaly due to
infiltration of Gaucher cells®’. In severely affected GD patients, chronic liver injury and
inflammation lead to collagen deposition and fibrosis which may lead to loss of metabolic
and synthetic functions, also called hepatic cirrhosis®*®2. The zebrafish liver differs in
important aspects from the mammalian one. It encompasses three lobes, containing
hepatocytes, endothelial cells and bile duct epithelial cells, but specialized macrophages,
called Kupffer cells, seem absent?. Hepatocytes form plates and are lined with sinusoids
and biliary ducts, but are not clearly organized in cords or lobules with portal triads as
in the mammalian liver*’®3, Hepatocytes of females are basophilic due to production of
vitellogenin, which results in a slightly different staining of the female and male livers using
standard haematoxylin and eosin staining®.

Gaucher-like cells are apparent in liver of GCase-deficient fish, while hepatocytes in
these livers appear relatively normal. No enlarged spleen or liver was observed during
dissections of GCase-deficient zebrafish and their histopathological examination. Further
characterization of the observed Gaucher-like cells by immunostaining for macrophage
markers, and in situ hybridization of gpnmb or chia.6 should be undertaken.

Brain — GD patients with very low residual GCase activity display neurological impairments,
which are either severe and manifest at very young age (type 2 GD) or more mild and
variable of nature (type 3 GD)*. Mutations in the GBA gene encoding GCase are a prominent
risk factor for Parkinson’s disease®.

The zebrafish brain resembles the mammalian brain in many aspects, however there
are differences to point out. The zebrafish brain is also anatomically divided into fore-
, mid-and hindbrain with defined regions such as the diencephalon, telencephalon,
cerebellum and spinal cord®®>. The telencephalon, or forebrain, is responsible for aspects
of memory, colour vision as well as reproductive- and feeding behaviours®®. The midbrain,
or mesencephalon, is relatively large and anatomically subdivided in the tegmentum and
optic tectum?’. The optic tectum in fish appears to have a high degree of complexity and is
suggested to perform vision-related functions performed by the neocortex of mammals®’.
The blood-brain barrier (BBB) develops fast in zebrafish and has a similar structure and
function compared to that of higher vertebrates®.

The zebrafish brain uses the same neurotransmitters as mammals such as dopamine,
noradrenaline, serotonin, histamine and acetylcholine®® . The adjustment of movement
is regulated predominantly by the monoaminergic system that is highly conserved in
vertebrates®®’°, Tyrosine hydroxylase (TH) mediates the first step of catecholamine
biosynthesis and is therefore an important marker of catecholaminergic neurons. Two
orthologues of the mammalian TH gene exist in the zebrafish genome and the encoding
Th1 and Th2 proteins are highly similar to mammalian TH. Th1 expressing dopaminergic
neurons are found in the olfactory bulb, telencephalon, diencephalon and locus coeruleus,
while Th2 expressing neurons are found in the diencephalon, ventral proptic region and
hypothalamus. Thl and Th2 neuron populations are intermingled in the diencephalon,
however neurons mostly express either one of the enzymes. Importantly, only Th1 reacts
with the available antibodies, therefore catecholiminergic populations visualized by
immunohistochemistry are Th1-positive populations’®"%,
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Several reported hallmarks of neuronopathic GD in mouse models are also observed
in GCase-deficient zebrafish, such as infiltration of Gaucher-like cells, likely expressing
gpnmb and chia.6, increased neuroinflammation, abnormal autophagy, complement
system activation and neurodegeneration’?74, The various available mutant fish with GCase
deficiency discussed above will allow follow-up investigations on the role of specific lipid
abnormalities in neuropathology.

Given the interest in the relationship between GCase and Parkinson’s disease (PD), it is
of interest to point out that zebrafish lack the dopaminergic neuronal populations in the
midbrain that are involved in PD”. In PD, selective degeneration of dopaminergic neurons
occurs in the pars compacta of the substantia nigra, a basal ganglia structure located in
the midbrain, which is thought to be responsible for its motor symptoms. In the zebrafish,
the telencephalon contains a significant population of dopaminergic neurons that is not
present in mammalian brain. Diencephalic dopaminergic cell populations in the posterior
tuberculum of the zebrafish brain are considered as functional homolog of the mammalian
dopaminergic neurons in the substantia nigra’>. In PD, cytoplasmic inclusion bodies
termed Lewy bodies, mainly composed of a-synculein, are a histopathological hallmark.
As mentioned, above an orthologue of the human a-synuclein is not to be present in the
zebrafish genome. Zebrafish express three synuclein isoform: -, y1- and y2-synuclein, the
first two showing involvement in normal dopaminergic neuron development?*?’,  Over-
expression of yl-synuclein in zebrafish results in formation of neuronal aggregates and
neurotoxicity, similar to that observed for human a-synuclein in PD’®,

Levels of B- and yl-synucleins were found to be reduced in brains of GCase-deficient
zebrafish, both at mMRNA (chapter 7) and protein level*®. This reduction is likely attributed
to loss of neurons?. This investigation by Keatinge and coworkers with gbal KO fish also
revealed intra-neuronal inclusions, resembling Lewy bodies in PD patients®. It is difficult to
judge at present whether gbal KO zebrafish provide a useful model for studying PD or only
offer a model for neuronopathic GD®77,

Endogenous a-synuclein is expressed by another type of teleost fish, Oryzias latipes
(medaka). Gbal KO medaka fish show infiltration of Gaucher-like cells in the brain,
progressive neuronal loss and microgliosis’. Accumulation of a-synuclein in axonal
swellings is observed, however disruption of the gene encoding a-synuclein does not
improve lifespan, formation of axonal swellings, neuronal loss or neuroinflammation’®.
Medaka fish might intrinsically offer more attractive PD models than zebrafish.
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Skin — Skin of collodion GD patients and null-allele GD mice show severe barrier
abnormalities, incompatible with terrestrial life, with increased GlcCer levels and decreased
ceramide levels in the stratum corneum’®, The extracellular outer skin layer of mammals
prevents against water loss and protects the epidermis and dermis®’. The stratum corneum
consists of terminally differentiated keratinocytes, called corneocytes, embedded in lipid
lamellae that consist largely of ceramide, cholesterol and free fatty acids®. Keratinocytes
extrude GlcCer and sphingomyelin, via lamellar bodies, into the interface with the stratum
corneum as well as GCase and ASMase. These enzymes generate locally the ceramides
from the lipid precursors, an essential process for formation of desired barrier properties
of the skin®.

Fish are, in sharp contrast to mammals, ectoterm (rely on environmental heat sources),
poikilotherm (body temperature varies with the ambient temperature) and their skin is
adapted to the aqueous environment®#, The teleost skin consists of an epidermis and
dermis and contains no keratin or water barrier®. The protective outer cuticle contains a
mix of glycoproteins and immune component containing mucus, which is the mechanical
and biochemical barrier against pathogens®#. Fish lack a similar structure to the stratum
corneum of mammals. The presence of sphingolipids in teleost skin is poorly studied. Only
limited data is available for total skin, indicating the presence of quite similar GlcCer, SM
and ceramide levels to those in other tissues®2¢. The absence of a specialized, ceramide-
enriched stratum corneum in fish might explain the observed viability of GCase deficient
zebrafish (chapters 5, 6 and 7).

Neurological symptoms
(Type 2 & 3)
Neurological symptoms

Blood abnormalities  Gaucher-like cells
 Aneamia © Neuroinflammation

 Thrombocytopenia  Neurodegeneration Curved back
? Bone defects ?

Abnormal swimming

Enlarged liver & spleen Skin barrier defects
(Severe type 2)
Bone defects Liver/spleen
 Bone pain  Gaucher-like cells
* bone lesions ? Hepatosplenomegaly ?

* osteoporosis

Figure 1 | GD disease manifestations in human patients and zebrafish model
Schematic representation of common disease manifestations of human GD patients and the observed symptoms
of the established GCase-deficient zebrafish.
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Concluding remarks

The studies in this thesis illustrate the great potential of the zebrafish as vertebrate model
to study Gaucher disease. The practical advantages of zebrafish have enabled generation of
various gene knockouts and screening of small molecule inhibitors. Similar techniques can
be applied in zebrafish larvae and adult tissues as earlier established for human and mouse
materials. Glycosphingolipid metabolism can be evaluated using fluorogenic substrates,
ABPs and LC-MS/MS techniques, while standard pathology, protein and RNA analysis offer
opportunities to study underlying molecular mechanisms.

Obviously, fish are no phenocopy of humans due to differences in anatomy and physiology.
However, zebrafish prove to be an attractive model to study molecular mechanism of
disease manifestation at an organismal level. Moreover, GD zebrafish allow convenient
screening for drugs and the evaluation of their efficacy in correcting aberrant metabolism
at organismal level. Insights that are obtained in this manner complement information
obtained by studying cultured human cells and mouse models. In particular, the unique
asahlb KO fish, not able to generate the presumed toxic lyso-lipid, could give valuable
insights into the role of GlcSph, GalSph, lyso-Gb3 or other lyso-lipids in accelerating disease
manifestations.
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Supplementary information

Supplementary table 1 | Zebrafish (ZF) orthologues of human proteins responsible for GSL metabolism. Limited
information is available on the cell-specific expression, localization and substrate specificity of these zebrafish
enzymes as compared to their human orthologue.

ZF gene Uniprot ZF gene Uniprot
Serine palmitoyl sptic1 Chr 10 Q502G6/F1QEL4 GSL ugt8 Chr1 E7FDZ0
transferase sptlic2a  Chr 17 F1QCX4 gal3stla Chr5 A2BGH3
sptlc2b  Chr 20 F1Q992 gal3stib Chr 10 E9QCM2
sptlc3 Chr 13 F1QQP7 ugcg Chr10 F1QNT4
Desaturase segs1 Chr 13 B8A4A2 LacCer b4galt5 Chr 23 Q3YL68
degs2 Chrl7 F1QW74 Globo- series ad4galt/ N o t
a3galt2  found
Ceramide cers1 Chr 22 F1Q5B1 Lacto- series b3gnt5a Chr 11 Q7T3S5
synthase cers2a  Chr 19 Q90YY7 b3gnt5b Chr2 AS5WVT9
cers2b Chr 16 E7F9X7 Ganglio- series bdgaintlaChr 23 A1L229
cers3a Chr7 E7F1Q9 bdgalntlbChr 6 X1WFC5
cers3b  Chr 18 F1QVG1 st3gal5 Chr 14 F1RCA6
cersda Chr22 Q1L8N1 st8sial Chr4 Q6KC13/A1A5W4
cers4b ~ Chr2 E7FCM3 st3gal2 Chr 18 Q6EV31
cers5 Chr22 A7E7D4 LacCer b4galt5 Chr23 Q3YL68
cers6 Chr9 F1QPF3 Globo- series ad4galt/ N o t
a3galt2  found
CerlP cerk Chr4 AWVZO Lacto- series b3gnt5a Chr 11 Q7T3S5
M sgms1 Chr 12 AOJMNO Lysosomal protein Npcl Chr2 F1QNG7
sgms2a Chr1 B8A5Q0 Npc2 Chr 17 Q9DGIJ3
sgms2b  Chr 23 Q6DEI3 Activator protein  Psap Chr 13 B8JI17
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Summary

model for the investigation of lysosomal storage disorders, in particular Gaucher

disease (GD). Deficiency of glucocerebrosidase (GCase) degrading glucosylceramide
(GlcCer) in lysosomes constitutes the molecular basis of GD. Zebrafish are an appealing
model organism to study genetic disorders due to their facile maintenance, their ability to
generate hundreds of off-spring which rapidly develop, are transparent and fit in a 96-wells
plate. Zebrafish appear to be particularly interesting to study GD since they produce the
lipid GlcCer, their genome contains an orthologue of the human GBA gene and an active
acid B-glucosidase is expressed. Zebrafish also express many of the candidate modifier
proteins, such as non-lysosomal Gba2 and lysosomal acid ceramidase (ACase). Research
described in this thesis primarily focused on optimizing and using several biochemical and
genetic techniques to study the catalytic features of zebrafish GCase and the consequences
of its defect in zebrafish larvae and adults. In addition, the impact of two other enzymes,
non-lysosomal GBA2 and lysosomal acid ceramidase, on GCase-deficient zebrafish received
attention.

The primary goal of this thesis has been to evaluate zebrafish as vertebrate animal

Chapter 1 provides an overview of the biological function, synthesis and catabolism of
(glyco)sphingolipids (GSLs). Defects in one of the enzymes responsible for degradation of
these lipids lead to a group of orphan diseases called lysosomal storage disorders (LSDs).
Three LSDs are of particular importance in this thesis: Gaucher disease caused by deficiency
of lysosomal GCase, Fabry disease caused by deficiency of lysosomal a-galactosidase A
(a-GAL A) and Farber disease caused by deficiency of acid ceramidase (ACase). Zebrafish
are introduced as attractive vertebrate research model, for LSDs. The chapter concludes
with an overview of tools used to study lysosomal glycosidases in zebrafish larvae and
adults, including fluorogenic substrates, activity-based probes (ABPs) and sensitive LC-MS/
MS techniques to measure (glyco)sphingolipids.

In chapter 2, a combination of biochemical assays and molecular modelling is used to
study and compare features of GCase enzymes from different species, including man,
zebrafish, frog and turtle. All GCase enzymes showed hydrolysis of the artificial substrate
4-methylumbelliferyl B-glucoside (4MU-B-Glc) at an acidic pH optimum. Although human
GCase required either saposin C or sodium taurocholate at pH of 5.2 for optimal activity,
zebrafish and frog GCase showed high hydrolysis rates at pH 4.0 without additives. Increased
levels of endogenous GlcCer and the deacylated sphingoid base, glucosylsphingosine
(GlcSph), in the GBA-depleted HEK293T cells were corrected by over-expression of any of
the GCase enzymes. In sharp contrast to human and frog GCase, the zebrafish enzyme was
unable to perform an in vitro transglucosylation reaction with cholesterol as acceptor. It
was suggested that cholesterol might not fit as acceptor in the catalytic pocket of zebrafish
GCase. In silico comparison of modelled structures of the various GCase enzymes, based on
the established 3D-structure of the human enzyme, revealed that residues of the catalytic
pocket were highly conserved, while divergent residues were observed in the three flexible
loops surrounding the catalytic pocket of GCase. Attention was drawn to three residues
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with hydrophobic chains positioned close to the catalytic pocket of zebrafish GCase.
Site-directed mutagenesis revealed that zebrafish GCase with substitutions of these amino
acids did not show improvement in transglucosylation. To further test the hypothesis it
should be considered to swap entire loops among enzymes of different species.

Chapter 3 describes the use of zebrafish as convenient organismal model to study in vivo
target engagement of the mechanism-based irreversible GCase inhibitors. The potency
and selectivity of conduritol B epoxide (CBE) and cyclophellitol (CP) were evaluated in
developing zebrafish larvae and compared with findings in cultured human cells. Only
at high CBE concentrations, non-lysosomal glucosylceramidase (GBA2) and lysosomal
a-glucosidase were identified as major off-targets in cells and zebrafish larvae. CP was found
to inactivate GCase and GBA2 with equal affinity and is therefore not suitable to generate
genuine GD-like models. New CP derivatives, functionalized with a bulky hydrophobic
moiety at C8, were validated as potent and selective GCase inhibitors in cultured cells and
developing zebrafish larvae. Moreover, these CP analogues selectively inhibit GCase in the
brain of adult fish. Overall, chapter 3 demonstrates the suitability of the zebrafish model
to evaluate drug potency, specificity and biodistribution, in particular brain permeability.
The investigations in chapter 2 and 3 illustrate that similar fluorogenic substrates, ABPs and
LC-MS/MS techniques can be used to evaluate enzyme characteristics and relevant lipids as
those used for human and mouse materials.

A practical advantage of the zebrafish, compared to mice, is the speed and convenience
with which new gene knockouts (KOs) can be generated. Chapter 4 provides a detailed
protocol for the generation of gene KOs in zebrafish by means of CRISPR/Cas9 technology.
It also describes the already generated mutations in the zebrafish gbal, gba2, asahla,
asahlb, gpnmb, cIn8 and npcl genes. RNA expression and lipid analysis of mutant larvae of
Gpnmb, Npcl and CIn8 confirmed that functional gene knockout have been generated. The
impact of defective Gbal, Gba2, Asahla and/or Asah1b is described in detail in chapters
5-7. Pilot experiments using the Tol2 transposase technique were undertaken to introduce
an exogenous target DNA sequence in the zebrafish genome. The coding sequence of
human GBA was introduced in the zebrafish ghal” genetic background, as well as the
coding sequence of zebrafish prosaposin with a point mutation in the saposin C region
thought to impair a disulfide bridge.

Chapters 5-7 report on GCase deficient “Gaucher” zebrafish, which are viable in contrast to
mouse models, and describe the impact of concurrent GBA2 deficiency (chapters 5 and 7)
and the impact of excessive GlcSph (chapter 6).

Chapter 5 focused on the role of zebrafish Gba2 in glycosphingolipid metabolism during
GCase deficiency. Genetic and pharmacological modulation has been used to study GCase-
and/or Gba2 deficiency in individual zebrafish larvae of 5 days post-fertilization (dpf) by
evaluating their enzyme status using specific ABPs and their GlcCer metabolism using
sensitive LC-MS/MS methods. Prominent formation of GlcSph was apparent in gbal KO
and gbal:gba2 KO larvae as well as during pharmacologic inactivation of zebrafish GCase.
Accumulation of GlcCer in GCase-deficient fish is relatively limited, likely due to the
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alternative metabolism of the lipid to its sphingoid base and the presence of active GCase
derived from the heterozygous mother. Significantly higher levels of GlcCer and lower levels
of GlcChol were measured in Gba2 deficient zebrafish larvae, underlining the importance of
Gba2 for generation of GlcChol. Iminosugar inhibitors for GlcCer synthase and Gba2 were
used to assess and correct abnormalities of GlcCer metabolism during GCase deficiency.
In addition, overexpression of human GCase and injection of recombinant GCase both
corrected the increased GlcSph levels.

In chapter 6 the potential toxicity of excessive GlcSph during GCase deficiency is examined.
Zebrafish have two orthologues of human acid ceramidase (ACase): Asahla and Asahilb.
From both single ACase KO fish only the asah1b KO fish fail to produce excessive GlcSph
during GCase deficiency, while combined deficiency of both Asahla and Asah1b is required
to accumulate ceramide. A detailed comparison of gbal KO fish with excessive GlcSph and
gbal:asahlb KO zebrafish without GlcSph revealed several differences but also interesting
similarities. A significant amelioration of phenotype was observed in the gbal:asahib KO
fish. These fish did not show the same abnormalities in posture and swimming behaviour
as gbal KO fish at 12 weeks post-fertilization (wpf). Double deficient gbal:asahlb KO fish
showed an increased lifespan, however at 15-17 wpf abnormal swimming was apparent.
Both gbal and gbal:asahlb KO fish showed comparable GlcCer accumulation in tissues
and increased expression of the storage-cell biomarkers chitinase (chia.6) and gpnmb.
The infiltration of microglia and storage cells in the periventricular grey zone of the optic
tectum also appeared comparable. In their brains the two mutant fish showed similar
autophagy, indicated by increased protein levels of p62, and inflammation, reflected by
increased mRNA levels of il1-8, tnfB and apoeb, as well as indications for similar activation
of the complement cascade. Thus, abolishing Asahlb-ACase results in some phenotypic
improvements but it does not prevent all abnormalities such as storage cell formation,
neuroinflammation and complement activation.

Chapter 7 gives an overview of findings using zebrafish with complete KOs of the genes
encoding GCase (gbal), Gba2 (gbha2), ACase (asahlb) and combinations thereof. These fish
are raised to 12 wpf and their phenotype as well as biochemical and pathological parameters
are described. Carrier gbal*" fish show no apparent phenotype nor any biochemical
abnormalities, while brain of Gba2 KO fish only reveal significant increased levels of specific
GlcCer species. No clear abnormal phenotype is observed for any of the GCase deficient fish
at 8 wpf, even though increases in GlcCer, neuroinflammation and autophagy are already
demonstrable. Phenotypic abnormalities of the single gbal KO zebrafish have an early
onset (+ 9 wpf), starting with a drop of the tail and progressing into a change in swimming
behaviour. In contrast, many of the double gbal:gba2 KO develop severe phenotypical
abnormalities in a matter of days, without the preceding characteristics such as the drop
of the tail. Additionally, they have a significantly shorter lifespan than single gbal KO fish.
Pilot experiments indicate a related earlier onset of dopaminergic neuronal loss in the
gbal:gba2 KO fish, however the underlying pathophysiological mechanism remains elusive.
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ACase-mediated deacylation of accumulating glycosphingolipids to its sphingolipid bases
is not unique to GD. Chapter 8 evaluates the potential of using zebrafish to study another
common lysosomal storage disorder Fabry disease (FD). Deficiency of a-GAL A constitutes
the molecular basis of FD, characterized by accumulating globotriaosylceramide substrate
in lysosomes which is partly converted by ACase into globotriaosylsphingosine (lysoGb3).
Chapter 8 shows that the zebrafish genome annotates one a-Gal A and one orthologue
of the highly homologous a-N-acetylgalactosaminidase (a-Nagal). The presence of a-Gal A
and a-Nagal proteins in zebrafish cells and larvae was confirmed by chemical proteomics
using an a-Gal configured ABP. Fluorogenic a-galactoside and a-N-acetylgalactosaminide
substrates reveal considerable a-Nagal activity in zebrafish larvae and adult organs. a-Gal
A activity is typically lower than a-Nagal activity, but relatively high in fertilized eggs,
reproductive organs, liver and kidney, compared to other tissues. Interestingly, no Gb3 could
be detected using sensitive LC-MS/MS methods in any of the studied zebrafish materials
such as cells, larvae, brain, liver, kidney and testis. The absence of the lipid Gb3 is consistent
with the absence of a gene encoding lactosylceramide 4-a-galactosyltransferase (A4galt;
Gb3 synthase) in zebrafish or any other teleost species. HEK293T cells lacking endogenous
a-GAL A were generated using CRISPR/Cas9 technology. The increase in endogenous Gb3
levels in these cells could be comparably corrected by over-expression of either human
o-GAL A or zebrafish a-Gal A. These findings indicate that zebrafish a-Gal A can hydrolyse the
endogenous substrate Gb3 in the cellular setting, however it showed no in vitro hydrolysis
of the artificial substrate NBD-Gb3. The role of the conserved a-galactosidase encoded by
the gla gene in the zebrafish remains unknown. It is envisioned that gla knockout zebrafish
expressing human A4GALT might render a useful Fabry disease model. The comparison of
such fish with those with a concomitant ashalb KO might assist the investigation of the
specific impact of excessive lyso-Gb3 in Fabry disease pathology.

Chapter 9 discusses the obtained results of the undertaken investigations and describes
future prospects of research. In addition, established and novel techniques are highlighted
which could be useful to study other common clinical manifestations of GD patients, such
as bone defects and blood abnormalities. Comparison of the different gbal KO zebrafish
models might reveal underlying molecular mechanisms of common clinical manifestations
upon concomitant GBA2 or ACase deficiency. Anatomical and physiological similarities and
differences of the zebrafish compared to mammals are also discussed, in order to put the
use of the zebrafish GD model in perspective.

In conclusion, investigations described in this thesis show that zebrafish offer exciting new
possibilities to study molecular mechanisms underlying pathological processes during
lysosomal hydrolase deficiencies. Due to differences, information obtained from gbal KO
fish might not directly be translated to GD patients, however important mechanistic insights
may be revealed by studying these teleost models. In particular, the unique asah1b KO fish,
not able to generate the presumed toxic lyso-lipid, could give valuable insights into the role
of GlcSph, psychosine, lyso-Gb3 or other lyso-lipids in accelerating disease manifestations.
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et voornaamste doel van het onderzoek, beschreven in dit proefschrift, is het maken en

karakteriseren van zebravis modellen om lysosomale stapelingsziekten te bestuderen,

met in het bijzonder de ziekte van Gaucher. De ziekte van Gaucher wordt gekenmerkt
door een defect in glucocerebrosidase (GCase), een enzym dat het lipide glucosylceramide
(GlcCer) afbreekt in lysosomen. De zebravis is een aantrekkelijk model organisme voor
onderzoeksdoelstellingen vanwege de kostenbesparende huisvesting en het vermogen om
honderden nakomelingen te genereren. De nakomelingen, ook wel larven genoemd, zijn
klein, transparent en hebben een snelle embryonale ontwikkeling ondergaan.

Zebravissen hebben een aantal specifieke kenmerken waardoor ze potentieel erg
geschikt zijn om de ziekte van Gaucher te bestuderen: Ze produceren het lipide GlcCer,
hun genoom heeft een ortholoog van het menselijke GBA gen en synthetiseert een actief
B-glucosidase. Daarnaast komen ook twee interessante eiwitten tot expressie die de
uitkomst van de ziekte mogelijk beinvloeden: Het niet-lysosomale GBA2 en lysosomaal acid
ceramidase (ACase).

Het onderzoek in dit proefschrift is voornamelijk gericht op het genereren van
zebravissen met een deficiéntie van deze interessante (lysosomale) eiwitten, alsmede het
optimaliseren en gebruiken van verschillende biochemische en genetische technieken om
de katalytische kenmerken van GCase in de zebravis te bestuderen. Hiermee kunnen de
gevolgen van deze deficiénties (of dubbel deficiénties) onderzocht worden bij jonge vissen
(larven) en volwassenen. Ook is onderzocht wat de impact is van de GBA2 en ACase op het
ziektebeeld van de GCase-deficiénte zebravissen.

Hoofdstuk 1 geeft een overzicht van de biologische functie, synthese en katabolisme van
(glyco)sfingolipiden. Een defect in een van de enzymen die verantwoordelijk zijn voor de
afbraak van deze lipiden leidt tot een groep erfelijke ziekten die lysosomale sfingolipide
stapelingsziekten genoemd worden.

Drie van dergelijke stapelingsziekten staan centraal in dit proefschrift: De ziekte
van Gaucher veroorzaakt door een deficiéntie in lysosomaal GCase, de ziekte van Fabry
veroorzaakt door een deficiéntie in lysosomaal a-galactosidase A (a-GAL A) en de ziekte van
Farber veroorzaakt door een deficiéntie in acid ceramidase (ACase). Vervolgens worden de
aantrekkelijke kenmerken van de zebravis voor onderzoek naar genetische aandoeningen
geintroduceerd, gevolgd door reeds beschreven zebravis modellen voor verschillende
lysosomale stapelingsziekten.

Het hoofdstuk eindigt met een overzicht van instrumenten en technieken, die thans
veelal worden gebruikt om zebravis larven en volwassenen te bestuderen. Ook zijn er
specifieke technieken beschikbaar om lysosomale glycosidases te bestuderen, zoals
fluorogene substraten, activity-based probes (ABPs) en gevoelige LC-MS/MS technieken om
afwijkende (glyco)sphingolipide hoeveelheden te meten.

256



In hoofdstuk 2 wordt een combinatie van biochemische assays en moleculaire modellen
gebruikt voor de bestudering en vergelijking van GCase enzymen van verschillende
diersoorten, waaronder de mens, de zebravis, de kikker en de schildpad. Alle GCase
enzymen vertoonden hydrolyse van het kunstmatige substraat 4-methylumbelliferyl
B-glucoside (4MU-B-Glc) bij een zuur pH-optimum. Menselijk GCase vereiste saposine C
of natriumtaurocholaat bij een pH van 5,2 voor optimale activiteit, terwijl GCase van de
zebravis en kikker een optimale hydrolyse vertoonde bij pH 4,0 zonder deze toevoegingen.
Verhoogde niveaus van endogeen GlcCer en het gedeacyleerde lipide, glucosylsfingosine
(GlcSph) werden gemeten in de GBA-deficiénte HEK293T-cellen en deze levels werden
gecorrigeerd door expressie van elk van de GCase enzymen. Het enzym van de zebravis
bleek, in schril contrast met de GCase van mens en kikker, niet in staat te zijn om de glucose
van een 4MU-B-Glc of GlcCer donor over te dragen naar een cholesterol acceptor. Mogelijk
past een cholesterol molecuul niet in de katalytische pocket van het zebravis GCase.

Vervolgens zijn in silico vergelijkingen uitgevoerd van de gepubliceerde 3D-structuur
van het menselijke GCase met gemodelleerde structuren van de zebravis, kikker en
schildpad enzymen. Hier kwam een hoge mate van algemene conservering naar voren
inclusief conservering van de twee katalytische glutaminezuur residuen en andere residuen
die deel uitmaken van de katalytische pocket. In deze in silico vergelijkingen bevinden
zich afwijkende residuen in de drie flexibele loops van GCase die de katalytische pocket
omringen. Drie specifieke residuen in het zebravis GCase leken potentieel interessant omdat
hun hydrofobe zijgroepen mogelijkerwijs impact kunnen hebben op katalyse. Zebravis
GCase enzymen met deze aminozuur veranderingen zijn vervolgens gemaakt en getest,
maar deze enzymen vertoonden geen verbetering in transglucosylering. Om de hypothese
verder te testen wordt overwogen om volledige loops te wisselen tussen de enzymen van
verschillende diersoorten.

Hoofdstuk 3 beschrijft het gebruik van zebravissen als handig organismaal model om in
vivo de doelgerichtheid van irreversibele GCase-remmers te bestuderen. De effectiviteit
en selectiviteit van conduritol B-epoxide (CBE) en cyclophellitol (CP) werd geévalueerd in
ontwikkelende zebravislarven en vergeleken met bevindingen in gekweekte menselijke
cellen. Alleen bij hoge CBE-concentraties werden niet-lysosomaal GBA2 en lysosomaal
a-glucosidase geidentificeerd als belangrijke off-targets, zowel in cellen als in zebravislarven.
CP bleek GCase en GBA2 met dezelfde affiniteit te inactiveren en is daarom niet geschikt om
modellen voor de ziekte van Gaucher te genereren. Nieuwe CP-derivaten, gefunctionaliseerd
met een omvangrijke hydrofobe groep op de C8 positie, werden gevalideerd als krachtige
en selectieve GCase remmers in gekweekte cellen en zebravislarven.

Hoofdstuk 3 toont bovendien dat het zebravis diermodel aantrekkelijke eigenschappen
heeft voor het evalueren van de effectiviteit, specificiteit en biologische verspreiding van
geneesmiddelen, in het bijzonder de permeabiliteit van de hersenen. De onderzoeken in
hoofdstuk 2 en 3 demonstreren dat vergelijkbare fluorogene substraten, ABPs en LC-MS/
MS technieken gebruikt kunnen worden in de zebravis om enzymkenmerken en relevante
lipiden te evalueren als die voor menselijke- en muismaterialen.

257



Een praktisch voordeel van de zebravis, in vergelijking met de muis, is de snelheid en het
gemak waarmee nieuwe genetische knockouts gegenereerd kunnen worden. Hoofdstuk
4 biedt een gedetailleerd protocol voor het genereren van genetische knockouts in
zebravissen door middel van CRISPR/Cas9 technologie. Het beschrijft ook de reeds
gemaakte mutaties in de zebravis genen voor Gbal, Gba2, Asahla, Asahlb, Gpnmb, cIn8 en
Npcl. Analyses van RNA-expressie en (glyco)sfingolipide waardes van mutante larven van
Gpnmb, CIn8 en Npcl, bevestigen dat een functionele genetische knockout is gegenereerd.
De impact van defecten in Gbal, gha2, Asahla en/of Asahlb wordt in hoofdstuk 5-7 in
detail beschreven.

Ook wordt in hoofdstuk 4 de Tol2-transposase techniek toegepast om een exogene
DNA sequentie in het genoom van de zebravis te introduceren. Op die manier werd de
coderende sequentie van menselijk GBA geintroduceerd in de genetische achtergrond
van de zebravis ghal”.. Dit menselijke GCase was functioneel en leidde tot verlaging van
GlcSph, beschreven in hoofdstuk 5. In een ander project werd de coderende sequentie van
de zebravis prosaposine geintroduceerd met een puntmutatie in het saposine C gebied,
waarvan wordt gedacht dat het een disulfidebrug aantast.

De hoofdstukken 5 tot en met 7 rapporteren over GCase-deficiénte “Gaucher” zebravissen.
Het focust ook op de impact van een gelijktijdig defect in GBA2 (hoofdstukken 5 en 7) of de
impact van overmatig GlcSph (hoofdstuk 6).

Hoofdstuk 5 is gericht op de rol van zebravis Gba2 in het glycosfingolipide metabolisme
tijdens GCase-deficiéntie. Zebravislarven met een GCase- en/of Gba2-deficiéntie zijn
gegenereerd door middel van genetische- of farmacologische inactivering. Vervolgens
zijn de enzymstatus en de glycosfingolipide levels geévalueerd van zebravislarven van 5
dagen oud (5 dagen na bevruchting, 5 dpf). De afwezigheid of inactivering van GCase of
Gba2 is gevisualiseerd met behulp van specifieke ABPs, terwijl het GlcCer-metabolisme
geanalyseerd is met behulp van gevoelige LC-MS/MS methoden.

Prominente vorming van GlcSph werd geconstateerd bij zowel de gbal en gbal:gba2
genetische knockout larven als tijdens farmacologische inactivatie van GCase in de
zebravislarven. De accumulatie van GlcCer bij de GCase-deficiénte vissen is relatief beperkt,
waarschijnlijk vanwege het alternatieve metabolisme van het lipide tot GlcSph en de
aanwezigheid van actief GCase afkomstig van de heterozygote moeder. Significant hogere
GlcCer- en lagere GlcChol waardes werden gemeten bij Gba2-deficiénte zebravis larven,
wat het belang van Gba2 voor de vorming van GlcChol weergeeft. Ook zijn iminosuiker-
remmers gebruikt om GlcCer-synthase en Gba2 te remmen om zo de afwijkingen van het
GlcCer metabolisme tijdens GCase-deficiéntie te corrigeren. Over-expressie van humaan
GCase en injectie van recombinant GCase zorgden beiden voor een correctie van de GlcSph
waardes.
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In hoofdstuk 6 wordt de mogelijke toxiciteit van overmatig GlcSph tijdens GCase-deficiéntie
onderzocht. Zebravissen hebben twee orthologen van humaan acid ceramidase (ACase):
Asahla en Asahlb. Een belangrijke observatie was de afwezigheid van GlcSph wanneer
specifiek een Asah1b-deficiéntie werd geintroduceerd, gelijktijdig met de GCase-deficiéntie.
Ceramide accumulatie, zoals voorkomend bij de ziekte van Farber, werd alleen gedetecteerd
wanneer zebravissen een gelijktijdige Asahla- en Asahlb-deficiéntie hadden.

Een gedetailleerde vergelijking van gbal genetische knockout vissen, met overmatig
GlcSph, en gbal:asahlb knockout zebravissen, zonder GlcSph, onthulde enkele
morfologische en biochemische verschillen maar ook interessante overeenkomsten. Een
significante verbetering van het fenotype werd waargenomen in de gbal:asahlb knockout
vissen. Deze vissen vertoonden rond 12 weken na bevruchting niet dezelfde afwijkingen
in houding en zwemgedrag als de gbal knockout vissen. De gbal:asahlb knockout vissen
vertoonden een ongeveer 1,5x langere levensduur dan gbal knockout vissen. Toch
vertoonden de dubbel deficiénte vissen ook abnormaal zwemgedrag rond 15-17 weken na
bevruchting.

Zowel gbal als gbal:asahlb knockout vissen vertoonden vergelijkbare GlcCer
accumulatie in weefsels en verhoogde expressie van de biomarkers chitinase (chia.6) en
gpnmb. De infiltratie van microglia en stapelingscellen in de periventriculaire grijze zone
van het optisch tectum leek ook vergelijkbaar. In het brein vertoonden de twee GCase-
deficiénte vissen vergelijkbare autofagie, weerspiegeld door verhoogde eiwitniveaus
van p62, en inflammatie, door verhoogde mRNA-levels van il1-8, tnf8 en apoeb, evenals
indicaties voor een vergelijkbare activering van de complement cascade. Het ontbreken van
Asahlb-ACase resulteert dus in enkele fenotypische verbeteringen, maar voorkomt niet
alle afwijkingen, zoals stapelingscellen, neuroinflammatie en complement activering.

Hoofdstuk 7 geeft een overzicht van de bevindingen van zebravissen met een mutatie in
genen die coderen voor GCase (gbal), Gba2 (gba2), ACase (asahlb) en combinaties van
deze mutaties. Deze vissen zijn opgegroeid tot maximaal 12 weken oud en zowel hun
fenotype als biochemische en pathologische kenmerken worden beschreven.

Vissen die drager zijn van de mutatie in gbal (gbal*’) vertoonden geen duidelijk
fenotype noch biochemische afwijkingen, terwijl bij gba2 knockout vissen alleen significante
toenames werden gedetecteerd van specifieke GlcCer soorten in de hersenen.

Er werd geen duidelijk abnormaal fenotype waargenomen voor een van de GCase-
deficiénte vissen tot 8 weken na bevruchting, hoewel toenames in GlcCer, neuroinflammatie
en autofagie wel aantoonbaar waren. Fenotypische afwijkingen van de gbal knockout
zebravis start rond 9 weken met een neergang van de staart en deze neergang verslechtert
met de tijd, waardoor de balans en het zwemgedrag van de vis is verstoord. In tegenstelling
tot de enkele gbal knockout vissen, ontwikkelden veel van de dubbele gbal:gba2
knockout vissen binnen enkele dagen de ernstigere afwijkingen in het zwemgedrag, zonder
de voorafgaande kenmerken zoals de progressieve daling van de staart. Deze dubbele
knockout vissen hebben daarom ook een aanzienlijke kortere levensduur.

Pilot experimenten wezen op een mogelijke vroegtijdige afbraak van dopamine
neuronen in de gbal:gba2 knockout vis, maar de precieze onderliggende pathofysiologische
mechanismen zijn nog onbekend.
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ACase-gemedieerde deacylering van ophopende glycosfingolipiden tot de sfingolipide-
basen is niet uniek voor de ziekte van Gaucher. Hoofdstuk 8 evalueert de mogelijkheid
om zebravissen te gebruiken om de ziekte van Fabry te bestuderen, een andere veel
voorkomende lysosomale stapelingsziekte. Een mutatie in het gen coderend voor
o-galactosidase A (a-GAL A) vormt de moleculaire basis van de ziekte van Fabry. Deze
ziekte wordt gekenmerkt door lysosomale accumulatie van globotriaosylceramide (Gb3),
dat gedeeltelijk door ACase wordt omgezet in globotriaosylsphingosine (lyso-Gb3).

Hoofdstuk 8 toonde aan dat het genoom van de zebravis één ortholoog van humaan
a-GAL A annoteert en één ortholoog van het zeer homologe a-N-acetylgalactosaminidase
(a-NAGAL). De aanwezigheid van a-Gal A en a-Nagal eiwitten in zebravis cellen en larven
werd bevestigd door proteomics met behulp van een op a-Gal geconfigureerde ABP.
Zebravis larven en volwassen organen vertoonden een aanzienlijke a-Nagal activiteit,
gemeten door hydrolyse van fluorogene a-galactoside- en a-N-acetylgalactosamine
substraten. De a-Gal A activiteit is doorgaans lager dan a-Nagal activiteit, maar relatief
hoog in bevruchte eieren, voortplantingsorganen, lever en nier, in vergelijking met andere
weefsels. Ondanks de aanwezigheid van het a-Gal A enzym, kon het primaire substraat van
a-Gal A, Gb3, gedetecteerd worden in de bestudeerde zebravis materialen zoals zebravis
cellen, larven, brein, lever, nier en testis. De afwezigheid van Gb3 komt overeen met de
afwezigheid van een gen dat codeert voor lactosylceramide 4-a-galactosyltransferase
(A4GALT of Gb3 synthase) in zebravissen of andere vissoorten.

Om recombinant humaan en zebravis a-GAL A te bestuderen en vergelijken werden
humane HEK293T cellen zonder endogeen a-GAL A gegenereerd door middel van CRISPR/
Cas9 technologie. De accumulatie van endogene Gb3 waardes in deze a-GAL A deficiénte
cellen werd vergelijkbaar gecorrigeerd door over-expressie van ofwel humaan a-GAL A
of zebravis a-Gal A. Deze bevindingen toonden aan dat zebravis a-Gal A het endogene
substraat Gb3 in de cellulaire setting kon hydrolyseren. Interessant genoeg leek het zebravis
a-Gal A niet in staat om het kunstmatige substraat NBD-Gb3 te hydrolyseren bij dezelfde in
vitro condities als humaan a-GAL A.

De rol van het geconserveerde a-galactosidase dat gecodeerd wordt door het gla gen
in de zebravis blijft onbekend. Een toekomstig doel is om humaan A4GALT tot expressie
te brengen in de zebravissen in combinatie met gla knockout zebravissen. Indien deze
zebravissen een accumulatie van Gb3 en lyso-Gb3 vertonen, zouden ze mogelijk een model
kunnen zijn om de ziekte van Fabry te kunnen bestuderen. De vergelijking van dergelijke
vissen met zebravissen met een gelijktijdige asahlb knockout zou nuttig kunnen zijn om
de specifieke impact van overmatig lyso-Gb3 in de ziekte van Fabry, zoals uitgevoerd voor
GlcSph in de ziekte van Gaucher.
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Hoofdstuk 9 bediscussieert de verkregen resultaten van de uitgevoerde onderzoeken en
beschrijft vooruitzichten van toekomstig onderzoek. Daarnaast worden gevestigde en
nieuwe technieken uitgelicht, die nuttig zouden kunnen zijn om andere veelvoorkomende
klinische manifestaties van patiénten met de ziekte van Gaucher, zoals botdefecten en
bloedafwijkingen, in meer detail te bestuderen in de gegenereerde GCase-deficiénte
zebravis modellen. Ook worden zowel anatomische en fysiologische overeenkomsten als
verschillen uiteengezet van de zebravis en zoogdieren, om zo het gebruik van het zebravis
model van de ziekte van Gaucher in perspectief te plaatsen.

Tezamen tonen de onderzoeken beschreven in dit proefschrift, aan dat zebravissen
aantrekkelijke nieuwe mogelijkheden bieden om mechanismen te bestuderen die ten
grondslag liggen aan pathologische processen tijdens lysosomale sfingolipidoses. Vanwege
anatomische en fysiologische verschillen is aannemelijk dat informatie verkregen met gba1
knockout vissen niet rechtstreeks vertaald kunnen worden naar patiénten met de ziekte
van Gaucher. Daarentegen zouden belangrijke mechanistische inzichten kunnen worden
onthuld door het bestuderen van deze vis modellen. Met name de unieke asah1b knockout
vis, die niet in staat is het veronderstelde toxische lyso-lipide te genereren, zou waardevolle
inzichten kunnen geven in de rol van GlcSph, psychosine, lyso-Gb3 of andere lyso-lipiden bij
het versnellen van ziekteverschijnselen.
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