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Abstrakt (Norsk)

Bakgrunn: Fabry sykdom (FS) er en X-bundet lysosomal avleiringssykdom betinget
i mutasjon i alfa-galactosidase genet (GLA). Enzymet alfa-galactosidase A (a-GAL)
er ansvarlig for nedbryting av fettstoffet globotriaocylceramid (Gb3). Redusert
enzymaktivitet farer til Gb3-avleiring i ulike celletyper med organpavirkning spesielt
av nervesystem, hjerte og nyrer. Enzymerstatningsterapi er vist & kunne redusere
Gb3-avleiringer, mens det pa tross av fijerning av Gb3 synes & vaere metabolske
forstyrrelser som en ikke far bukt med. For & avklare hvilke mekanismer som er direkte
knyttet til Gb3 og hvilke ikke, har vi etablert en Fabry modell i zebrafisk (ZF). ZF
mangler fra naturens side Gb3 og gir oss mulighet til & utforske Gb3-uavhengige

mekanismer og nye potensielle medikamentelle angrepspunkt ved FS.

Metode: Basert i tilgjengelige online data pa GLA og a-GAL i ZF, lagde vi ved hjelp
av CRISPR/Cas9 gen-editering en GLA-mutert ZF. a-GAL ble malt med standard
enzymaktivitet metodologi og fordelingen av enzym i nyrevev ble evaluert ved hjelp
av immunhistokjemi. Proteinuri ble malt hos voksne ZF som mal pa nyrefunksjon. Vi
gjennomfgrte  transcriptomics via RNA  sekvensering, proteomics via
massespektrometri  (MS), oxidativ stress kolometri, immunhistokjemi og
elektromikroskopi pa nyrevev fra bade mutert og ikke-mutert ZF. Vi gjennomfarte
ogsa plasma metabolom analyse ved hjelp av liquid chromatography mass

spectrometry (LC-MS).

Resulter og konklusjon: Forsgkene vare indikerte at reduksjon av a-GAL-aktiviteten
til omtrent to tredeler i ZF ga en FD renal fenotype pa funksjonelt niva uavhengig av
Gb3-avleiring. Funnene hos mutert ZF taler for lysosomal og mitokondriell
dysfunksjon samt morfologiske forandringer i nyrevev. Metabolitt analyser viste
potensielle Gb3-uavhengige nyreskade biomarkgrer. Disse innovative resultatene gir
stotte til at det er Gb3-uavhengige mekanismer ved FS og legger grunnlag for videre
forskning for bedre a forsta de patofysiologiske mekanismene samt for utforskning av

nye medikamentelle muligheter ved denne sykdommen.
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Abstract (English)

Background: Fabry Disease (FD) is an X-linked lysosomal storage disorder caused
by different galactosidase alpha gene (GLA) gene mutations. GLA produces the
alpha-galactosidase A (a-GAL) enzyme, which is responsible for the degradation of
Globotriaosylceramide (Gb3). Inactive or partially active enzyme results in systemic
accumulation of Gb3 throughout the body, the main affected organs being the brain,
heart, and kidney. Enzyme replacement therapy can lower the Gb3 load from the cells
yet cannot reverse the molecular cell alterations. These alterations are believed to be
Gb3-dependent or independent. A main issue currently is to find a clear distinction
between these two types of alteration. To address this issue, we have established an
FD model in ZF that naturally lacks Gb3 enabling us to trace the Gb3-independent
alterations and possibly assist in better disease management by identifying potential

drug targets.

Methodology: We investigated the gla gene and the a-Gal enzyme in ZF using the
available online databases, and accordingly, we used a CRISPR/Cas9 gene editing
approach to produce gla mutant ZF. We measured a-Gal enzyme activity using a
standard enzyme activity assay and documented the enzyme kidney tissue
distribution in the mutant and wild type fish using immunohistochemistry. We
measured proteinuria of adult ZF to evaluate renal function. We conducted
transcriptomics via RNA sequencing, proteomics analysis via mass spectrometry
(MS), oxidative stress colorimetric assay, immunohistochemistry, and electron
microscopy image analysis on the kidney tissue from the mutant and the wild type
fish. We also conducted plasma metabolome analysis using Liquid chromatography—

mass spectrometry (LC-MS).

Results and conclusion: Our results indicated that lowering the a-Gal enzyme
activity by approximately 2/3 in our ZF mutant line results in FD renal phenotype
highlighted by alterations at the molecular, subcellular, functional levels independent
of Gb3 accumulation. Our results indicated lysosomal dysfunction resulting in
evidently mitochondrial functional and morphological alteration in the kidney tissue of
the mutant fish. Additionally, metabolite analysis results found potential Gb3-

independent renal impairment biomarkers. These innovative results strongly support
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the Gb3-independent alterations previously reported in FD and lay the ground for
further investigation to better understand the FD pathophysiology. Our results also
pave the way to better-tailored disease management by revealing potential drug

targets.
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1 Introduction

1.1 Fabry disease overview

Fabry disease FD (OMIM#301500) is a pan-ethnic X-linked lysosomal storage
disorder (LSD) (Desnick, Wasserstein et al. 2001) accounted for reduced quality of
life, progressive solid organ failure, and premature death (Xiao, Lu et al. 2019).
Globally, FD is ranked as the second most common metabolic storage disorder (MSD)
(Klingelhofer, Braun et al. 2020). In Norway, the prevalence of FD is the highest of all
compared to the other lysosomal storage disorders (LSDs), affecting one person in
each 17000 (Guest, Jenssen et al. 2010).

The reported prevalence of the disease varies between studies from 1:40,000—
170,000 to 1:1250 in newborn screening studies (Miller, Kanack et al. 2020). This
prevalence discrepancy is an indicator of a delayed diagnosis (Germain 2010). The
delayed diagnosis is attributed to several FD-specific factors, i.e., the disease's
nature, the phenotypes' heterogeneity, the lack of reliable biomarkers, and poor
genetic screening approaches (Reisin, Perrin et al. 2017, Carnicer-Caceres, Arranz-
Amo et al. 2021). Early diagnosis and timely treatment using enzyme replacement
therapy (ERT) have shown improved disease prognosis and increased life
expectancy of the patients (Tondel, Bostad et al. 2013). On the contrary, delayed

treatment has proven insufficient to restore normal organ functions.

In terms of genotype-phenotype interpretation, the clinical presentation of FD is very
variable (Germain 2010). Variability is found in both genders, within the same family,
or in unrelated patients with identical mutations. The disease symptoms appear in
classical cases very early in life, and if untreated, life-threatening complications such
as end-stage renal disease (ESRD) or heart failure are expected to occur by middle
age. Common symptoms include chronic neuropathic pain, gastrointestinal problems,

angiokeratoma, renal failure, cardiomyopathy, and stroke (Germain 2010).

1.1.1 Genetic basis of FD
Genetically, FD is an X-linked recessive disorder caused by GLA gene mutations.
GLA, which encodes the a-galactosidase enzyme (a-GAL; EC 3.2.1.22), is comprised

of 12000 base pairs (bp) organized in seven exons. Pathogenic mutations in this gene
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result in decreased or diminished enzyme activity. Over 1000 different mutations have
been linked to the disease etiology (Branton, Schiffmann et al. 2002). The first
description of the human a-GAL structure was published in 2004 (Garman and
Garboczi 2004). Alpha-galactosidase A was shown to be a homodimeric glycoprotein
by X-ray crystallography. The monomeric unit consists of two domains: i) (B/a)8
domain containing the active site, and ii) C-terminal domain with eight antiparallel
strands on two sheets in a B sandwich. The first domain extends from amino acids 32
to 330 and contains the active site formed by the C-terminal ends of the strands at
the core of the barrel, which is a common position for the active site in (3/a)8 domains.
The second domain, composed of amino acid residues 331-428, packs tightly against
the first, burying 2500 A2 of surface area within a single monomer. The dimer has
around 75 A x 75 A x 50 A dimensions. In the third dimension, the molecule is concave
and ranges in thickness from around 20 A to 50 A (Figure 1). Two aspartic acid
residues at positions 170 and 231 govern the catalytic process. They play the roles
of a nucleophile and an acid/base, respectively. Six N-linked carbohydrate sites on
the glycoprotein dimer indicate the basis for lysosomal trafficking via the mannose-6-

phosphate receptor (Garman and Garboczi 2004).

Figure 1. a-GAL X-ray crystallographic structure. (a) The a-GAL monomer unit is
colored from the N (blue) terminus to the C terminus (red). The first domain has the
active site in the core of the (B/a)8 barrel structure, whereas the second domain
comprises antiparallel B strands. Yellow and red CPK atoms represent the
galactose/substrate ligand. Two perspectives of the a-GAL dimer are shown in (b)
and (c). The active sites in the dimer are 50 A apart on the concave surface of the
molecule, as seen from the side in (c) derived from (Garman and Garboczi 2004)
with permission.
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Alpha-galactosidase A, a-GAL, is a lysosomal enzyme composed of 429 amino acids
which catalyzes the removal of galactose from oligosaccharides, glycoproteins, and
glycolipids during the catabolism of macromolecules. The main in vivo substrate for
a-GAL is the globotriaosylceramide/ceramidetrinexoside (Gb3/CTH), and to a lesser
extent, globotriaosylsphingosine (lysoGb3), galabiosylceramide (Gb2),
isoglobotriaosylceramide (iGb3), and blood group B, B1 and P1 antigens (Desnick
and Wasserstein 2001, Speak, Salio et al. 2007, Aerts, Groener et al. 2008, Boutin,
Menkovic et al. 2017). In FD, a-GAL deficiency results in lysosomal accumulation of
Gb3 throughout the body but mainly in the brain, heart, and kidney (Germain 2010).

As a lysosomal enzyme, native a-GAL uptake is mainly via mannose-6-phosphate
receptor (M6PR) (Prabakaran, Nielsen et al. 2012). M6PR is involved in the uptake
of more than 60 lysosomal enzyme (Johannes and Wunder 2016). Furthermore, due
to the localization of M6PR in the plasma membrane, it can retrieve the escaped
lysosomal enzyme back to the lysosome (Bajaj, Loffi et al. 2019, Zhang, Yue et al.
2021). This latter feature is the established basis of ERT in which the infused
engineered enzyme can be taken by the cell via the plasma membrane located M6PR
(Prabakaran, Nielsen et al. 2012, Shen, Busch et al. 2016). In other LSDs, i.e.,
Niemann-Pick disease, the ERT was found to be influenced by a lower M6PR
presence due to lipid load (Dhami and Schuchman 2004). Only recently similar finding
was reported in FD, nevertheless, the lower M6PR expression was not attributed to
the Gb3 load in the cardiomyocytes (Frustaci, Verardo et al. 2022). The imbalance in
this receptor can therefore disturb the lysosomal integrity regardless of the nature of

the loading material.

1.2 Mutations and their effect

Before the discovery of the a-GAL’s three-dimensional structure using X-ray
crystallography, it was assumed that disease-causing missense mutations would
result in modifications to the enzyme’s active site. However, Garman has
demonstrated that mutations in the residues near the enzyme’s active region account
for only 10% of all disease-causing mutations. Since most disease-causing mutations
occur in the hydrophobic center of the protein, FD is now understood as a protein-
folding disorder (Garman 2007).
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The pathogenic effect of GLA mutations varies considerably (Modrego, Amaranto et
al. 2021). While some mutations lead to complete enzymatic deficiency, other
mutations still result in residual enzymatic activity. In the latter, the cutoff for clinical
diagnosis of g FD is 30—-35% of mean regular a-GAL activity (Schiffmann, Fuller et al.
2016). The enzyme activity is typically measured from peripheral white blood cells or
dry blood spots; nevertheless, this measured activity does not reflect the enzyme
activity in the tissue. Multiple mutations that have been found to be disease-causing
in some individuals were shown to cause mild FD or are fully nonpathogenic in others
(Schiffmann, Fuller et al. 2016). Therefore, the exact enzyme activity threshold of FD

pathogenicity remains to be determined (Varela, Mastroianni Kirsztajn et al. 2020).

1.2.1 Classical Fabry phenotype

The most severe phenotype primarily occurs in hemizygous males and homozygous
females (also to a lesser extent in heterozygous females), a consequent of absent or
severe deficiency in a-GAL activity (Germain 2010). Heterozygous females can
present with various manifestations ranging from severe classical (similar to men) to
mild or asymptomatic (Germain 2010). This variation in heterozygous females is
attributed to the X-chromosome inactivation (Echevarria, Benistan et al. 2016,
Rossanti, Nozu et al. 2021, Reboun, Sikora et al. 2022). Symptoms can be observed
during childhood or adolescence, while functional renal or cardiac impairment

appears during the patient’s life’s third and fourth decades (Germain 2010).

Additionally, due to Gb3 accumulation in dermal endothelial cells, angiokeratomas
occur in pelvic and thigh regions and spread with disease progression to reach
genitalia, mouth, and limb ends (Desnick, Wasserstein et al. 2001). The nervous
system is affected by acroparesthesia, hypohidrosis and cerebrovascular accidents.
Sight opacity (cornea verticillate) results from Gb3 deposition in the cornea
(Bernardes, Foresto et al. 2020). Postprandial belly discomfort and bloating, followed
by repeated bowel motions and diarrhea are gastrointestinal complications (Desnick,
Wasserstein et al. 2001).

1.2.2 Nonclassical Fabry phenotype
The nonclassical form of FD results from the residual activity of the a-GAL enzyme.
This FD form is typical in women and is highly mosaic in manifestation, ranging from

asymptomatic to nearly classical phenotype (Germain 2010). Cardiac involvement is
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predominant in this phenotype (Monserrat, Gimeno-Blanes et al. 2007, Arends,
Wanner et al. 2017). In men, this nonclassical phenotype is less severe than the
classical, with all of the classical phenotype’s characteristic symptoms postponed until
the fourth decade of life (Desnick, Wasserstein et al. 2001). When untreated, 80% of
men show proteinuria by their fourth decade of life and develop ESRD. Generally,
renal symptoms start with microalbuminuria and advance to proteinuria. The severity
of the renal involvement correlates with the residual enzyme activity and depends on

the time/age of diagnosis (Branton, Schiffmann et al. 2002).

1.3 Treatment

Current FD treatment involves four therapeutic groups: enzyme replacement therapy
(ERT), chaperone therapy (CP), substrate reduction therapy (SRT), and gene therapy
(GT). While ERT and CP are currently used in the treatment, SRT and GT are in the
trial phases. ERT and chaperon therapy have shown promising results in FD
management. However, many issues or adverse effects were reported, which will be

addressed in the following two sections.

1.3.1 Therapy in clinical use

ERT is based on enzyme supplementation (Eng, Guffon et al. 2001). Currently, two
enzymes are used for FD treatment. Agalsidase alfa Replagal®, Shire HGT produced
in fibroblast and agalsidase beta Fabrazyme®, Sanofi Genzyme produced from
Chinese hamster ovary (CHO) cells. By 2001, both ERT enzymes were approved in
Europe (Eng, Guffon et al. 2001); however, agalsidase alfa is not approved in the
United States yet despite the proven efficacy in the long-term assessment (Tondel,
Bostad et al. 2013, Skrunes, Tondel et al. 2017). While the infusion of both enzymes
is bi-weekly, the dose of agalsidase alfa is lower than that of agalsidase beta, 0.2
mg/kg, and 1 mg/kg, respectively. The uptake and activity of both enzymes test in
fibroblast have shown a similar pattern (Sakuraba, Murata-Ohsawa et al. 2006).
However, the uptake of enzymes was recently shown to be cell-type dependent based
on endogenous activity, with more uptake correlated to cells with lower enzyme

activity (Ilvanova, Dao et al. 2020).

ERT is the primary treatment for FD; however, several issues were addressed in
previous studies regarding the long-term impact of ERT. One of the main issues

encountering ERT is the neutralizing antibodies that develop upon chronic exposure
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to infusion. This issue is reported in 70% of men with classical FD phenotype
(Sakuraba, Tsukimura et al. 2018, Bichet, Aerts et al. 2021). In addition, ERT does
not reach all cells with the same efficiency, i.e., podocytes (Vedder, Strijland et al.
2006) and they cannot overcome the blood-brain barrier rendering central nervous
system incurable (Concolino, Deodato et al. 2018). Furthermore, recurrent
cerebrovascular complications were recently highlighted (Muto, Suzuki et al. 2022).
The current research aims to decrease the unfavorable effects of ERT (Azevedo,
Gago et al. 2020). For example, an integrated treatment approach accompanied by a
comprehensive follow-up of Fabry nephropathy (FN) seems necessary (Ortiz,
Germain et al. 2018, Svarstad and Marti 2020). Guidelines for initiation and cessation
of ERT were updated in 2015 by the European Fabry Working Group consensus

(Biegstraaten, Arngrimsson et al. 2015).

Another approach for FD treatment is chaperone therapy. Chaperone therapy was
developed because enzyme substrates/inhibitors (galactose and 1-
deoxygalactonojirimycin) can correct enzyme misfolding and enhance its
endoplasmic reticulum-lysosome transport (Ishii, Kase et al. 1993, Fan, Ishii et al.
1999). Currently, 1-deoxygalactonojirimycin (DGJ), a pharmacological chaperone, is
used under the commercial name Migalastat (Galafold®, Amicus Therapeutics). This
orally administrated drug was approved for use in FD in 2016. Studies have shown
that joint administration of ERT and a chaperone therapy improves the FD treatment

outcome (Benjamin, Khanna et al. 2012, Warnock, Bichet et al. 2015).

1.3.2 Emerging therapeutic options

Additional modified ERT versions are under development in response to current
issues elicited by the current two ERTs. Pegunigalsidase-alfa, a plant-based a-GAL
produced in tobacco cells, is an enzyme chemically modified by polyethylene glycol
(PEG) (Kizhner, Azulay et al. 2015), currently under clinical trials. The stability of the
modified enzyme is confirmed both in vitro and in vivo (Ruderfer, Shulman et al. 2018,
Schiffmann, Goker-Alpan et al. 2019). Concerns about the prolonged plasma half-life
and eliciting immune response (due to its plant-based nature) still need to be
addressed (van der Veen, Hollak et al. 2020).

Another potential recombinant enzyme is moss-a-GAL. Moss-a-Gal is a plant-based

engineered enzyme produced in the seedless plant moss Physcomitrella patens
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(Shen, Busch et al. 2016). The potentially immunogenic xylose and fucose residues
were eliminated for convenient usage of this plant-based enzyme in the mammalian
system (Koprivova, Stemmer et al. 2004). The uptake mechanism of this enzyme is
via the mannose receptor, as a typical lysosomal enzyme in plants are voided from
the mannose 6-phosphate (M6P) modification on terminal mannose residues
(Gomord and Faye 2004). Nevertheless, testing this enzyme in mice and clinical trials
in humans has shown similar Gb3 clearance and short half-life to Agalsidase alfa
(Shen, Busch et al. 2016, Hennermann, Arash-Kaps et al. 2019). While short half-life
of the Moss-a-Gal in the plasma can reduce immune system encounter with the
enzyme in each single infusion, it necessitates more frequent infusion compared to

the currently available ERTs (Alliegro, Ferla et al. 2016).

Clinically approved chaperone therapy is limited to amenable mutations; therefore,
only 35-50% of FD patients are eligible for such therapy (Hughes, Nicholls et al. 2017,
McCafferty and Scott 2019). Other protein-folding agents need to be developed to
increase the range of eligible mutations. New enzyme stabilizers such as
cyclophellitol cyclosulfamidates are currently under development (Artola, Hedberg et
al. 2019). Additionally, potential allosteric molecules that avoid active site binding are
currently being investigated (typical for 1-deoxygalactonojirimycin). A recently
suggested candidate molecule, 2,6-dithiopurine (DTP) was found to stabilize the
enzyme and rescues the DGJ -non-amenable mutant form (Citro, Pena-Garcia et al.
2016).

Another approach for FD treatment is SRT. This approach aims to eliminate/reduce
the enzyme’s substrate, which is Gb3 in the case of FD. SRT for FD is currently under
investigation. Venglustat/Ibiglustat (Sanofi Genzyme) and Lucerastat (Idorsia
Pharmaceuticals, Switzerland) are both orally administered glucosylceramide
synthase (GCS) inhibitors under clinical trials (Guerard, Morand et al. 2017,
Peterschmitt, Crawford et al. 2021). Both SRT agents effectively reduced Gb3 and
lysoGb3 (van der Veen, Hollak et al. 2020). One of the main challenges to be
addressed is that while SRT can reduce the direct effect of Gb3 and lysoGb3, they
are unable to treat the evident Gb3 and lysoGb3 independent effects that can proceed

after or perhaps before tissue accumulation or exposure.
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Gene therapy is based on correcting the mutated gene by inserting the correct
sequence version into an adeno-associated virus (AAV), lentivirus, retrovirus or a
non-viral-based system that can alter the DNA. The first human gene therapy trial for
FD was conducted in 2016 in Canada (NCT02800070) (Kok, Zwiers et al. 2021).
Another running phase |l trial to assess the potential use of gene therapy for classic
FD is ongoing (NCT03454893) (Kok, Zwiers et al. 2021).

Experimental results have shown that gene therapy using FLT190 (Freeline
therapeutics, UK) and ST-920 (Sangamo Therapeutics) resulted in increased enzyme
activity in the plasma of the FD mouse model (Kia, McIntosh et al. 2018, Huston,
Yasuda et al. 2019, Yasuda, Huston et al. 2020). The fundamental disadvantage of
gene therapy is that symptoms are still observed in certain heterozygous females
(who supposedly have 50% normal enzyme production), which suggests that
endogenous translated genes, let alone exogenous expression, cannot guard against
FD (van der Veen, Hollak et al. 2020).

While FD treatment by the currently available therapies and perhaps soon with the
new prospective therapies is improving, the limited treatment efficacy to reverse the
molecular and cellular alterations reported in FD needs to be further addressed
(Braun, Blomberg et al. 2019). For example, it is still unclear if the unreversed cellular

alteration in FD is Gb3-dependent or independent.

1.4 The mechanisms of Fabry Nephropathy development

Nephropathy is among the most significant consequences of FD (Jaurretche,
Antogiovanni et al. 2017). It is reported in 59% and 38% of men and women,
respectively (Mehta, Beck et al. 2009). The reported incidence rate differs, which can
be explained by the well-known heterogeneous nature of the FD (Del Pino, Andres et
al. 2018). By age 38, progression to ESRD is observed regardless of gender (Ortiz,
Oliveira et al. 2008, Wilcox, Oliveira et al. 2008). In FD, renal involvement contributes
to patients' burden and low life quality, including high mortality rates (Germain 2010).
The progression rate of FN is comparable to that of diabetic nephropathy, and
although FN can start at the early stages of life, the severity of the FN varies

considerably between sexes (Sessa, Meroni et al. 2003). The various degree of renal
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injury indicates the uniqueness of the renal tissue combined with the heterogenicity
of the FD.

Histologically, renal involvement manifests as glycolipid deposits in glomerular cells
(especially podocytes, but also mesangial cells and endothelial cells), tubular
epithelial cells (particularly in the distal nephron), arterial and arteriolar endothelium
and smooth muscle cells, and interstitial cells (Alroy, Sabnis et al. 2002). Renal
biopsies show that the disease progression is highlighted by hypertrophic foamy
vacuolated mesenchymal cells, endothelial cells, and podocytes (Alroy, Sabnis et al.
2002). In each of the aforementioned renal compartments, the deposition or exposure
to the enzyme’s substrate (Gb3/lysoGb3) can trigger and maintain specific
reactions/pathways, eventually resulting in renal tissue damage (Shen, Meng et al.
2008, Braun, Blomberg et al. 2019).

Current studies suggest that these complications are solely due to Gb3 accumulation
and lysoGb3 circulation. However, discrepancies in indicating the tissue involvement
indicates that FD is more than a deposit accumulation disease (Levstek, Vujkovac et
al. 2020). In FD, the pathophysiological mechanisms of CKD and ESRD need to be

elucidated.

1.5 Pathophysiology of Fabry Disease and Fabry Nephropathy

Although it is considered that Gb3 accumulation is the primary event that leads to the
sequential clinical course (Kok, Zwiers et al. 2021), it is well documented that Gb3
accumulation is not alone responsible for the whole disease presentation (Braun,
Blomberg et al. 2019). There are numerous unsolved questions regarding the role of
Gb3 and its soluble form, lysoGb3, in FD (Shen, Meng et al. 2008, Braun, Blomberg
et al. 2019). Therefore, the pathophysiology of FD and the progression of FN are not
entirely understood (Germain 2010, Miller, Kanack et al. 2020), and attempts to
interpret the consequences of Gb3 accumulation/circulation and lysoGb3 circulation

is an ongoing research field.

In light of the current knowledge, the pathophysiology depends on the tissue exposed
to Gb3 and lysoGb3 (Germain 2010). Identified consequences involving Gb3/lysoGb3
include sclerosis (Weidemann, Sanchez-Nino et al. 2013), inflammation (Meng,
Nikolic-Paterson et al. 2014, Mauhin, Lidove et al. 2015), fibrosis (Fogo, Bostad et al.
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2010), and immune response (Mauhin, Lidove et al. 2015). These manifestations are
mainly present in the glomeruli and include focal segmental sclerosis and ischemic
injuries. The severe glomerular injuries result from the podocytes' low regeneration
abilities and glomerular hyperfiltration (Rozenfeld, de Los Angeles Bolla et al. 2020).
In tubules, the damage is less severe. Pathological changes are mainly present in
distal tubules (acidosis, isosthenuria) and, to a lesser extent, in proximal tubules most

likely due to their high regeneration capacity.

1.5.1 Glomerular injury

In the renal phenotype of FD, the kidney's glomerular part is the most affected due to
the Gb3 accumulation in all its compartments. Due to their limited regeneration
capacity, the podocytes are ranked first considering the severity of the Gb3
accumulation among the rest of the cells composing the glomerulus; they are also the
least to be reached by ERT; therefore, limited to no Gb3 clearance can be achieved.
Other cells with Gb3 deposits are mesangial, endothelial, and parietal epithelial cells
(Alroy, Sabnis et al. 2002).

In FD, podocytes were intensively studied in vitro and in vivo, and it is known that they
are the first cell type to be influenced by and overloaded with Gb3. Overburdened
podocytes undergo cell death early in the disease progression, even before
proteinuria develops (Najafian, Tondel et al. 2020). The cytoplasmic area filled with
Gb3 increases with age; therefore, monitoring the podocyte during the evolution of
the disease and treatment is essential for proper patient care (Eikrem, Skrunes et al.
2017).

1.5.1.1 Podocyte loss

Several factors lead to podocyte loss, with Gb3 loading being the first. The podocyte
loss is directly related to Gb3 build-up (Najafian, Tondel et al. 2020). Gb3 is directly
engaged in cell contraction, slit diaphragm widening and binding to integrins through
its interaction with actin. The podocyte cytoskeleton disruption in FD was already
studied 20 years ago (Utsumi, Itoh et al. 1999). FD patients have higher levels of
vitronectin and vitronectin receptor in podocytes (VNR, also known as integrin v3)
compared to healthy individuals. VNR is necessary for podocyte-basement
membrane anchoring, and when it is activated, it induces contraction and migration

of the podocyte, resulting in their dissociation (Fornoni, Merscher et al. 2014).
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LysoGb3, on the other hand, induces podocyte detachment by increasing the gene
expression of the urokinase-type plasminogen activator receptor (UPAR)/avB3
integrin system, which plays an essential role in podocyte detachment. In these two
studies, urinary podocytes and cultured podocytes revealed higher gene expression
patterns of ITGAV, ITGB3, and PLAUR genes encoding integrins av and $3 and
UuPAR, respectively (Trimarchi, Canzonieri et al. 2017, Trimarchi, Ortiz et al. 2020).

Additionally, Gb3 promotes angiotensin Il (Ang Il) overexpression in podocytes. Ang
ll-induced oxidative stress can itself activate latent tumor growth factor beta 1 (TGF-
B1) (Muller-Deile and Schiffer 2016), which then activates the SMADs and
Ras/extracellular signal-regulated kinase (SRK) pathways (Polliman, Naumovski et al.
1999). These intercalated interactions are responsible for the progressive loss of the
podocytes and eventually result in glomerulosclerosis development (Weidemann,
Sanchez-Nino et al. 2013). The renin-angiotensin-aldosterone system (RAAS) plays
multiple crucial roles in Fabry nephropathy due to the presence of Ang Il receptors on
podocytes. Podocyte hypertrophy is closely related to Ang Il and causes actin
depolymerization and cytoskeleton remodeling. Ang Il infusion has been proven to
induce proteinuria (Lapinski, Perico et al. 1996). In contrast, supplementation with
angiotensin receptor blockers or angiotensin-converting enzyme (ACE) inhibitors
decreased both podocyturia and proteinuria in FD (Warnock, Thomas et al. 2015).
However, this might not be beneficial in the late stages of CKD as ACE inhibition has

no effect (Trimarchi, Forrester et al. 2014).

In an FD podocyte model, a decrease in AKT kinase activity was also demonstrated,
suggesting its role in the potential cell damage in FD (Liebau, Braun et al. 2013). Akt
proteins suppress podocyte apoptosis, and loss of Akt2 or a decrease in its activity
can exacerbate podocyte loss, accelerate the onset of proteinuria, and increase

tubular inflammation in CKD (Canaud, Bienaime et al. 2013).

Despite intensive investigation, the exact molecular pathological process leading to
podocyte loss remains unknown.
1.5.1.2 Foot process effacement

LysoGb3 was also found to increase the mRNA and protein expression of uPAR in

cultured human podocytes (Trimarchi, Canzonieri et al. 2017). uPAR is a
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glycosylphosphatidylinositol (GPI)-anchored proteinase receptor for urokinase. It is
involved in nonproteolytic pathways by forming signaling complexes with other
transmembrane proteins like integrins, caveolin, and G-protein-coupled receptors
(Blasi and Carmeliet 2002). It also interacts with extracellular matrix (ECM) proteins
like vitronectin (Wei, Waltz et al. 1994). The induction of urokinase receptor (UPAR)
signaling in podocytes using lipopolysaccharide (LPS) resulted in foot process
effacement and proteinuria via lipid-dependent activation of av33 integrin (Wei, Moller
et al. 2008). uPAR-mediated signal transduction in podocytes is facilitated
preferentially by the 31 integrin (Utsumi, Itoh et al. 1999, Chapman and Wei 2001),
which interacts with actin to induce podocyte contraction (Sachs and Sonnenberg
2013). Indeed, Amiloride, a known inhibitor of uPAR, has proven efficient in

decreasing proteinuria in FD (Trimarchi, Forrester et al. 2014).

1.5.1.3 Immune response

Immunological responses, such as inflammation and fibrosis, contribute to the
worsening of kidney function in FD. LysoGb3 is the initiating element for Notch1
activation, which leads to hairy enhancer of spilt-1 (HES1) overexpression. Moreover,
lysoGb3 increases nuclear factor kappa B (NFkB) DNA binding activity and
inflammation (Sanchez-Nino, Carpio et al. 2015). The suppression of Notch1 by
Notch1-siRNA or y-secretase results in the downregulation of HES1 (a canonical
Notch transcriptional target), the inactivation of NFkB, and the overexpression of

LysoGb3-mediated fibronectin (Sanchez-Nino, Carpio et al. 2015).

Also, Gb3 and lysoGb3 stress/exposure are sufficient to induce the overexpression
of fibronectin and transforming growth factor beta (TGF-B1), which results in ECM
synthesis upregulation (Sanchez-Nino, Sanz et al. 2011, Weidemann, Sanchez-Nino
et al. 2013). The release of such inflammatory cytokines is mediated through the
macrophage inhibitory factor receptor (CD74) pathway (Sanchez-Nino, Sanz et al.
2011). The exact impact of lysoGb3 on TGF-31 was seen in the FD mice model (Lee,
Choi et al. 2012). TGF-B1 contributes to chronic inflammation-mediated fibrosis by
promoting ECM synthesis via epithelial-to-mesenchymal transition (EMT) (Pohlers,
Brenmoehl et al. 2009, Weidemann, Sanchez-Nino et al. 2013, Sutariya, Jhonsa et
al. 2016). Inactivation of the Notch receptor inhibited TGF-1 from promoting

epithelial-to-mesenchymal transition (Sanchez-Nino, Sanz et al. 2011). In cultured
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podocytes, TGF-B1 inhibition decreased the production of EMT markers (Jeon, Jung
et al. 2015).

Also, it was discovered that lymphocyte activation antigen 7-1 (CD80), typically found
on antigen-presenting cells, was expressed in renal biopsies from FD patients but not
controls. In cultivated podocytes, the role of LysoGb3-induced CD80 expression was
verified. This protein expression did not correlate to proteinuria (Trimarchi, Canzonieri
et al. 2016).

While podocytes are heavily investigated in FD, other glomerular cells can also be
affected by Gb3 accumulation. Gb3 accumulates in the mesangial cells; however, its
role in FN is yet to be revealed. Elevated TGF-B1 activity consequent to Gb3
accumulation in the podocytes induces proliferation and thickening of the glomerular
basement membrane (GBM) (Lee, Choi et al. 2012), which might indirectly affect
mesangial cells through TGF-B1-dependent factors that trigger the expression of
vascular endothelial growth factor (VEGF) and connective tissue growth factor
(CTGF). Eventually, this induces mesangial matrix synthesis via the paracrine

influence on the mesangial cells (Eikrem, Skrunes et al. 2017).

A recent study has shown that in biopsies from Fabry patients, apoptosis marker
caspase 3 was detected in the renal tubules, the mesangial glomerular cells, and to
a lesser extent, in the peri-glomerular zone. Additionally, a marker of myofibroblasts,
the a-smooth muscle actin (aSMA), was detected in pericytes surrounding peritubular
capillaries, mesangial cells and the peri-glomerular zone (Rozenfeld, de Los Angeles
Bolla et al. 2020). Nevertheless, more investigation is needed on the role of
Gb3/lysoGb3 in the pathogenicity of FN via mesangial cells and parietal epithelial

cells.

1.5.2 Tubulointerstitial alterations

Gb3 accumulates in distal tubules, the collecting duct, and to a lesser extent, in the
proximal tubule. The regenerative potential of the proximal tubule cells may be the
reason for a reduced amount of Gb3 accumulation or lower pathogenicity compared
to other kidney parts (Warnock, Ortiz et al. 2012, Rozenfeld, de Los Angeles Bolla et
al. 2020). Alternatively, binding protein lectin with an affinity toward a-GAL is present

on the surface of endothelial and distal tubular epithelial cells, while proximal tubule
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epithelium lacks such lectin (Faraggiana, Crescenzi et al. 1989). In kidney biopsies,
the renal tubule involvement in Fabry nephropathy is heterogeneous/mosaic due to
the variable Gb3 load (Eikrem, Skrunes et al. 2017). Gb3 buildup can cause localized

tubular atrophy and interstitial fibrosis on its own (Alroy, Sabnis et al. 2002).

Like the podocytes, both Gb3 and lysoGb3 were found to enhance the expression of
TGF-B1 and EMT markers (N-cadherin and a-SMA) and phosphorylation of PI3K/AKT
in renal tubular cells. They were also responsible for the decreased expression of the
E-cadherin. This presence in the renal epithelial cells triggered tubulointerstitial

fibrosis (Jeon, Jung et al. 2015).

In FD patient biopsies, high expression of TGF-31 accompanied by a-SMA-positive
cells (myofibroblasts) on pericytes surrounding the peritubular capillaries was found,
strengthening the previous notion of the significant role of development

tubulointerstitial fibrosis in FN (Rozenfeld, de Los Angeles Bolla et al. 2020).

Ischemic abnormalities, secondary to vascular accumulation of Gb3, result in tubular
injury. In addition, proteinuria and glomerulosclerosis contribute to tubular
degeneration (Najafian, Svarstad et al. 2011, Meng, Nikolic-Paterson et al. 2014,
Zhou and Liu 2016). Proteinuria causes tubular cells to undergo EMT, cell-cycle
arrest, and release of profibrotic cytokines (Meng, Nikolic-Paterson et al. 2014, Zhou
and Liu 2016).

Tubular epithelial cells, mainly proximal tubules, contain VEGF (Nakagawa, Lan et al.
2004). VEGF was found elevated in kidney tissue of Fabry mice compared to the
normal mice (Lee, Choi et al. 2012), which was also confirmed in the serum of FD
patients compared to healthy humans (Zampetti, Gnarra et al. 2013). Furthermore, in
cultured rat proximal tubule cells, VEGF was elevated by TGF-B1 induction
(Nakagawa, Lan et al. 2004). Additionally, hypoxia, cytokines, and growth hormones
can stimulate and modulate VEGF expression (Ferrara 2004). Presumably, VEGF
contributes to the fibrogenic effect that results from local tubular ischemia (Lee, Choi
et al. 2012), enhancing the upregulation of VEGF in tubular cells. Nevertheless, no

study has shown a direct influence of Gb3 and/or lysoGb3 on plasma levels of VEGF.

Moreover, the disease progression is further complicated by interaction between the

tubular and glomerular compartments. As the glomerular compartment affects the
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tubular part via proteinuria, the tubular part, in turn, can affect the glomerular
compartment. The damaged tubules result in poor function of their preceding
glomeruli, resulting in hypertrophy of neighboring glomeruli. Hyperfiltration in these
glomeruli may develop after localized and segmental glomerulosclerosis (Fogo,
Bostad et al. 2010).

1.5.3 Vascular changes.
The role of vasculopathy in FD is due to prolonged exposure to the lysoGb3 and Gb3

circulating in the plasma.

In the blood vessels, two cells are mainly affected by the Gb3 and lysoGb3 exposure,
the endothelial cells and smooth muscle cells. In endothelial cells, upon exposure, the
expression of adhesion molecules and integrin Mac-1 is increased, resulting in
increased interaction between leukocytes and the endothelial cells. This interaction,
in turn, promotes the release of other pro-inflammatory molecules, i.e., interleukin 1
beta (IL-18) and tumor necrosis factor alpha (TNF-a) (Mauhin, Lidove et al. 2015).

Gb3 can also influence the overexpression of the cell adhesion molecules, such as
intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1
(VCAM-1), and E-selectin (Shen, Meng et al. 2008). VCAM-1, which is involved in
endothelial wall adhesion, is increased in FD patients and regulates the activation of
the nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase in the endothelial
cell membrane. In addition, VCAM-1 enhances endothelial activation by activating
matrix metalloproteinases, which break down the ECM, permit endothelial cell

mobility, and enhance capillary permeability (Shen, Meng et al. 2008).

NADPH-oxidase activation induces the production of reactive oxygen species (ROS),
which maintains the connection between lymphocytes and endothelial cells (Deem
and Cook-Mills 2004). Similarly, Gb3 accumulation reduces SOD2 synthesis,
inducing an increase in ROS and activation of cAMP-dependent protein kinase
(AMPK), resulting in mitochondrial damage and endothelial dysfunction (Tseng, Chou
et al. 2017).

Two studies showed that the nitric oxide (NO) pathway was also implicated in
endothelial activation/dysfunction. The first lysoGb3 deposition in the medial artery

wall stimulates smooth muscle cell proliferation and may contribute to arterial wall
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stiffness via subendothelial compartment remodeling. Alterations to the arterial wall
enhance shear stress and stimulate the overexpression of angiotensin 1 and 2
receptors. Consequently, this increases the levels of ROS, NFk@, B-integrin, and
cyclooxygenase 1 and 2 activity while lowering NO synthesis via endothelial NO
synthase (eNOS) (Rombach, Twickler et al. 2010). Another study suggested that the
buildup of endothelial-lysoGb3 is entirely responsible for eNOS dysfunction (Aerts,
Groener et al. 2008). Indeed, plasma levels of 3-nitrotyrosine (3NT), a specific marker
for reactive nitrogen species, was significantly elevated in classic FD patients (Shu,
Vivekanandan-Giri et al. 2014).

Additionally, intima-media thickening, a well-known feature of FD vasculopathy, was
explained by the exposure of smooth muscle cells to lysoGb3, which induced

proliferation (Aerts, Groener et al. 2008).

Gb3 accumulation was found to increase the expression of TGF-1 and VEGF in the
bovine aortic endothelial cells, Fabry mouse, and FD patients (Lee, Choi et al. 2012,
Zampetti, Gnarra et al. 2013). This combined overexpression resulted in the elevation
of Vascular endothelial growth factor receptor 2 (VEGFR2), Fibroblast Growth Factor
2 (FGF-2) and phospho-p38 (P-p38) and induced apoptosis (Lee, Choi et al. 2012).

A recent study using FD patient-derived cells, particularly endothelial cells, found
higher expression of thrombospondin-1 (TSP1), an essential component of
extracellular matrix (ECM) proteins that govern blood vessel dynamics in their
microenvironment. TSP-1 functions as an endogenous angiogenesis inhibitor due to
its capacity to bind VEGF or FGF-2. Therefore, its increase may contribute to FN by
inhibiting the development of new blood vessels. In the peritubular capillaries of FD
patients’ renal biopsies, TSP-1, FGF-2, and VEGF showed increased expression,
whereas angiogenic factors such as eNOS, kinase domain-containing receptor, and
angiopoietin 2 showed decreased expression (Do, Park et al. 2020, Rozenfeld, de
Los Angeles Bolla et al. 2020).

Regardless of much evidence of Gb3 and lysoGb3 involvement in the FD
pathogenicity, their full role in the deteriorating kidney function and disease
development remains unclear. For example, despite early Gb3 accumulation no major

early Fabry disease symptoms have been identified, particularly in the nonclassical
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phenotype of the disease (Tsutsumi, Sato et al. 1985, Popli, Leehey et al. 1990,
Elleder, Poupetova et al. 1998, Chien, Olivova et al. 2011). A greater effort should be
devoted to elucidating the ultramicroscopic/subcellular features and the effect of the
a-GAL shortage independent of the presence of Gb3, which may aid in understanding,
diagnosing, and treating the disease at an earlier stage and improve our capacity to
identify asymptomatic patients with residual enzymatic activity, particularly those

without a family history of the condition (EIl Dib, Gomaa et al. 2017).

To sum up, the pathophysiology of FD in the renal tissue is complicated due to the
intercalation of many pathways activated by Gb3 and lysoGb3 and the downstream
cascades that run independently of their involvement (Shen, Meng et al. 2008, Braun,
Blomberg et al. 2019). In the kidney, the damage mainly occurs in the glomerular cells
(podocytes), vascular cells (smooth muscle cells and endothelial cells), and tubular
cells (distal tubule epithelia) (Eikrem, Skrunes et al. 2017, Carnicer-Caceres, Arranz-
Amo et al. 2021, Feriozzi and Rozenfeld 2021).

1.6 The current state of Fabry Nephropathy diagnosis

Diagnosis of FD is well established regardless of its complexity, however, FN
diagnosis requires special attention (Ortiz, Oliveira et al. 2008). The available renal
function tests and renal injury biomarkers are not sensitive enough to identify the
onset of renal involvement in FD (Silva, Moura-Neto et al. 2021). Generally, the
diagnosis is based on the integrated application of several tests and markers and in
patients with unknown family history, this might lead to delayed diagnosis and hence

late ERT intervention (Reisin, Perrin et al. 2017).

1.6.1 Clinical and laboratory findings

One of the leading causes of death in FD is cardiac arrhythmias following ESRD
(Ortiz, Oliveira et al. 2008, Germain 2010, Samanta, Chan et al. 2019); therefore, the
early detection of renal involvement is crucial in treatment initiation, mainly because
the early treatment has shown more efficiency (Germain, Charrow et al. 2015, van
der Veen, Korver et al. 2022). Enrolling FD patient in the ERT treatment requires renal
function assessment. Currently, evaluation of renal involvement is based on well-
established renal function tests, like proteinuria, serum creatinine, and eGFR or
kidney biopsy. Unfortunately, these gold standard tests have limited sensitivity to

monitor renal disease progression, and FN is no exception. For example, proteinuria
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may only appear after the renal tissue is already overloaded with Gb3 (Tondel, Bostad
et al. 2008).

1.6.1.1 Assessment of kidney function

Measured and estimated glomerular filtration rates (eGFR) are used to measure
Fabry patients’ renal function regularly. Because creatinine-based GFR estimations
are inaccurate, measured GFR is advised at least once a year (Ortiz and Sanchez-
Nino 2018). Because measured GFR is more complex and time-consuming,
estimated GFR measurements using an appropriate formula are more commonly

employed.

In clinical practice, the Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) equation for adults and the Schwartz formula for children are currently utilized in
serum creatinine-based formulae (Levey, Stevens et al. 2009, Schwartz, Munoz et al.
2009). Nonclassical FD has no clear cutoff for when ERT should be started. However,
starting ERT as soon as the symptoms are noticed is generally recommended to
prevent irreversible tissue damage (Tondel, Bostad et al. 2013, Waldek and Feriozzi
2014). In untreated FD patients, when eGFR is below 60 ml/min/1.73 m2renal function
deterioration is fast (Waldek and Feriozzi 2014). The updated guidelines for treatment
initiation indicated that ERT should be initiated at 45-60 or 60-90 ml/min/1.73 m?
based on the targeted class of FD patients according to the European Fabry Working
Group consensus and the Fabry Expert Panel of the United States (Biegstraaten,

Arngrimsson et al. 2015, Hopkin, Jefferies et al. 2016).

In certain Fabry patients, GFR reduction occurs before developing proteinuria
(Wilcox, Oliveira et al. 2008). Additionally, in young FD patients, glomerular
hyperfiltration may indicate early renal involvement (Riccio, Sabbatini et al. 2019).
Although rare, a reduction in GFR can also be evidence of deteriorating renal function
in adolescence in FD (Ramaswami, Najafian et al. 2010). In adult FD patients, the
slope of progression of renal insufficiency was associated with the level of proteinuria,
and it was not linear (Schiffmann, Warnock et al. 2009). However, like proteinuria,
intensive tissue damage was reported in children prior to the eGFR decline (Tondel,
Kanai et al. 2015). Furthermore, a recent study reported low FD diagnosis rate using
eGFR (Reynolds, Tylee et al. 2021).
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1.6.1.2 Cystatin-C

Cystatin-C (CsC), a protease inhibitor, was suggested as a nephropathy marker
because it is filtrated freely by the glomerulus. Under normal circumstances, the CsC
is reabsorbed and catabolized by tubular epithelial cells (Torralba-Cabeza, Olivera et
al. 2011). CsC was reported as an accurate and sensitive indicator of renal function
during renal replacement therapy (RRT) and in the determination of renal impairment
(Feriozzi, Germain et al. 2007, Braga, Fonseca et al. 2019). However, its widespread
clinical application is limited due to its high cost, time-consuming measurement, and

limited testing availability than creatinine tests (Torralba-Cabeza, Olivera et al. 2011).

1.6.1.3 Urine microscopy

Urine microscopy can be practical for diagnosing and assessing FD development
because it is a non-invasive, low-cost, and quick diagnostic method (Del Pino, Andres
et al. 2018). Most abundant cells in Fabry patients’ urine are tubular epithelial cells
(Chatterjee, Gupta et al. 1984). Under a polarized microscope, mulberry cells/bodies
(MB) with characteristic “Maltese cross bodies” (oval fat bodies) can be found in the
urine sediments (Desnick, Dawson et al. 1971, Nagao, Satoh et al. 1985, Aoyama,
Ushio et al. 2020). Figure 2 depicts a Maltese cross in the urine sediment of FD
patients. Furthermore, there is a distinct morphological population of Maltese cross
bodies with a lamellarized appearance and protrusions resembling “mosquito coils,”
which indicates fragmentation of Gb3-loaded epithelial cells (Selvarajah, Nicholls et
al. 2011).

In addition, their excretion is linked with albumin concentration in urine, suggesting
that MB may be used to assess the burden of Fabry nephropathy (Selvarajah, Nicholls
et al. 2011). Recently, this method in 51 FD patients (Yonishi, Namba-Hamano et al.
2021) showed that urinary MB excretion precedes proteinuria and is adversely
correlated with the duration of ERT. As such, the method has the potential for early
diagnostics, however, it needs to be validated and standardized. A disadvantage is
the necessity of specialized equipment (phase contrast microscopy) and well-trained

personnel (Levstek, Vujkovac et al. 2020).
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Figure 2. Birefringent Maltese cross in the urine sediment of Fabry patient when
viewed under a polarized microscope (magnification 400%) (Levstek, Vujkovac et al.
2020). Licensed under Creative Commons Attribution License.

1.6.1.4 Podocyturia

Because podocytes are terminally differentiated cells, they have little regenerative
potential (Wanner, Hartleben et al. 2014). There is evidence that Gb3 accumulates in
podocytes very early in intrauterine development and infancy (Popli, Leehey et al.
1990, Chien, Olivova et al. 2011). Progressive Gb3 accumulation increases podocyte
volume and a concurrent enlargement of the foot process, which eventually causes
their separation from the GBM (Najafian, Tondel et al. 2020) and release in urine-
podocyturia. This occurrence was documented even before the development of
proteinuria in FD patients compared to healthy people (Tondel, Kanai et al. 2015, Fall,
Scott et al. 2016, Trimarchi, Canzonieri et al. 2016, Trimarchi, Canzonieri et al. 2016,
Vujkovac, Srebotnik Kirbis et al. 2022). Therefore, it could be utilized as an early
marker for FN. However, present procedures for assessing podocyturia are not suited
for widespread use in clinical settings since they are time-consuming, costly, complex,
and non-standardized. Furthermore, the best urine podocyte-specific indicators have
yet to be identified (Vujkovac, Srebotnik Kirbis et al. 2022).

1.6.2 Kidney biopsy

A recommended yet invasive diagnostic and treatment monitoring method is kidney
biopsy (Svarstad, Iversen et al. 2004, Tondel, Bostad et al. 2008, Skrunes, Tondel et
al. 2017). Itis currently used for individuals diagnosed with CKD when GLA mutation

is of unknown significance and when the diagnosis is uncertain (van der Tol, Svarstad
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et al. 2015). It is powerful in identifying the hallmark of FD, the Gb3 tissue deposition
(van der Tol, Svarstad et al. 2015). Additionally, the usefulness of this method is
underlined by the fact that proteinuria and eGFR can be within normal range while
tissue damage has already occurred (Najafian, Svarstad et al. 2011). Recently,
bedside stereomicroscopy was suggested for easier assessment of Gb3 deposits
(Svarstad, Leh et al. 2018). The use of kidney biopsy however is still controversial,
particularly when it can be used in FD. For example, in Bergen, Norway, it is routinely
being performed, especially prior to therapy initiation and again to monitor its effect
e.g. after 5, 10 and 15 years (Svarstad, Iversen et al. 2004, Tondel, Bostad et al.
2008, Tondel, Bostad et al. 2008, Tondel, Ramaswami et al. 2010, Tondel, Bostad et
al. 2013, Tondel, Kanai et al. 2015, Skrunes, Tondel et al. 2017, Svarstad, Leh et al.
2018).

1.6.3 Glycosphingolipids in tissue, circulation and urine

Gb3 and its deacylated form, lysoGb3, are used as FD biomarkers in classical and
nonclassical phenotypes, respectively (Del Pino, Andres et al. 2018, Shiga,
Tsukimura et al. 2021). Gb3 is the main hallmark of FD when using kidney biopsies
due to its persistent accumulation in the podocytes (Svarstad, Leh et al. 2018).
Additionally, it is elevated in the urine and plasma of classic FD patients. However, in
nonclassical and heterozygous females, normal urinary and plasma levels of Gb3
were reported (Vedder, Linthorst et al. 2007). Furthermore, it does not reflect on
kidney function deterioration (Tondel, Bostad et al. 2008, Moura, Hammerschmidt et
al. 2018). A recent study has shown Gb3 in the peripheral blood mononuclear cells
(PBMCs) and its usefulness in diagnosis and treatment monitoring (Uceyler, Bottger

et al. 2018). However, this method needs to be clinically validated for routine use.

On the other hand, its soluble form, lysoGb3, in plasma and urine, has shown
reasonable prediction of the disease progression and ERT treatment monitoring
(Auray-Blais, Ntwari et al. 2010, Togawa, Kawashima et al. 2010, Togawa, Kodama
et al. 2010, Paschke, Fauler et al. 2011, Nowak, Mechtler et al. 2017, Sakuraba,
Togawa et al. 2018, Nowak, Beuschlein et al. 2022). Recently, lysoGb3 has been
argued as not a suitable biomarker for chaperone treatment monitoring (Liu, Lin et al.
2014, Schiffmann, Bichet et al. 2020, Bichet, Aerts et al. 2021). Galabiosylceramide

(Ga2) in plasma and urine was recently suggested as an alternative to lysoGb3 in FD
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females as it shows a 5-fold increase compared to lysoGb3 in these patients
(Heywood, Doykov et al. 2019).

Therefore, the FD community (practitioners and patients) desperately needs a
biomarker that can mark the initiation of renal involvement, timely treatment

enrollment, and monitor the treatment efficiency.

1.6.4 Novel biomarkers of Fabry nephropathy
Due to the several discrepancies and invasiveness of the current diagnosis and
treatment monitoring biomarkers, studies have suggested novel biomarkers for FD
and FN. These suggested biomarkers reflect glomerular and/or tubular damage.
(Table 1).

Table 1: Suggested novel biomarkers for FN. P plasma; U urine; NI not investigated;

NC, not correlated; Y, yes; N, no, T, tubular; G, glomerular, TR, treatment response;
RFC, renal function correlation.

Biomarker Assessed RFC Injury TR Reference/s

in
B2-microglobulin P NI T/G Y/N  (Tsuboi and Yamamoto 2017, Braga, Fonseca et al. 2019)
al-microglobulin U eGFR T NI (Prabakaran, Birn et al. 2014, Aguiar, Azevedo et al. 2017)
N-acetyl-B-D- u eGFR T N (Aguiar, Azevedo et al. 2017)

glucosaminidase

Transferrin u eGFR G NI (Aguiar, Azevedo et al. 2017)
Type IV collagen u eGFR G NI (Aguiar, Azevedo et al. 2017)
Alanine aminopeptidase u NC T NI (Aguiar, Azevedo et al. 2017)
1gG u NI G Y (Prabakaran, Birn et al. 2014)
Uromodulin u NI T NI (zl\élgéa;fora, Cuccurullo et al. 2015, Doykov, Heywood et al.

Bikunin u NC T NI (Lepedda, Fancellu et al. 2013)

Neutrophil gelatinase-associated lipocalin (NGAL/Lipocalin-2), Netrin-1, and kidney
injury molecule (KIM-1) are acute kidney injury (AKI) biomarkers for tubular damage
(Adiyanti and Loho 2012). Though they have not been investigated in FD or FN, they
can also be of potential benefit considering their high sensitivity, but more studies are

needed.

The aberrant urine excretion of tubular and glomerular proteins in Fabry patients
reflects their compromised glomerular and tubular function. Consequently, these
indicators may help evaluate kidney involvement and predict the course of FN. The

sensitivity and their relationships with the course of FN, the currently used biomarkers,



37

and the changes in response to ERT must be thoroughly investigated in larger-scale
studies (Levstek, Vujkovac et al. 2020).

1.6.5 Prospective biomarkers
The progress in genomics, transcriptomics, proteomics and metabolomics can be
incredibly beneficial for investigating new FN biomarkers. Indeed, several studies

have already highlighted potential biomarkers.

Apart from identifying gene variants, no genomics studies, i.e., genome-wide
association studies (GWAS), were reported on FD and the consequent renal
involvement. With the current era of omics approaches, it might be of good value to
adapt such approaches to investigate novel biomarkers of FN. The nature of FD
heterogeneity likely hindered such studies due to the possible high cost and

processing time.

Urinary and plasma miRNAs were investigated in a few FD studies. miR-29 and miR-
200, associated with renal fibrosis, were decreased in FD patients prior to the onset
of proteinuria (Jaurretche, Perez et al. 2019). Additionally, specific serum miRNAs
were downregulated upon ERT treatment, and some were gender-specific (Xiao, Lu
et al. 2019). A recent study investigated the urinary extracellular vesicles for their
molecular load (Levstek, Mlinsek et al. 2021), and they reported elevated expression
of miR-29a-3p, miR-200a-3p, and miR-30b-5p. Interestingly, miR-30b-5p has a
protective role in podocyte injury. Although not used routinely, miRNA studies can
help reveal potential biomarkers due to their high sensitivity and specificity (Condrat,
Thompson et al. 2020). Gene expression of kidney biopsies performed by renal
research group at UiB indicated variations between FD patients at three-time intervals
(baseline, five years post-ERT, and eight to ten years post-ERT) and healthy controls.
Extracellular matrix, EMT, fibrosis, and immune response pathway gene set
enrichment has been observed. Similar to the control samples, the early ERT
intervention appeared to revert the elevated pathways to normal. Long-term, such as
after ten years of ERT, these enriched pathways remained elevated (Eikrem, Strauss
et al. 2018, Strauss, Eikrem et al. 2019, Eikrem, Delaleu et al. 2020).

Epigenetics (external factors) affecting FD progression and organ involvement are

suggested due to the mosaic phenotypes in FD (Schiffmann, Fuller et al. 2016).
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Epigenetic changes are reversible, hence can help monitor disease treatment.
Although a couple of studies have highlighted the epigenetics changes in FD (Hubner,
Metz et al. 2015, Hossain, Wu et al. 2019), none have proved helpful for monitoring
FN.

Proteomics studies to detect novel biomarkers should focus on kidney function
because their dysfunction correlates with excreting urine. Additionally, the urinary
protein content excretion is low; therefore, it might be relatively simple to detect the
dysregulation of a specific protein. Therefore, urine-derived proteomics studies are
greatly valued (Cuccurullo, Beneduci et al. 2010). This approach identified several
potential urinary proteins i.e., uromodulin also known as Tamm-Horsfall protein
(THP), prostaglandin H2 d-isomerase (PGD2) and prosaposin (PSAP) (all are
involved in renal tubular damage) in FD patients compared to healthy controls
(Schiffmann, Waldek et al. 2010, Hollander, Dai et al. 2015, Matafora, Cuccurullo et
al. 2015, Tebani, Mauhin et al. 2020).

In a recent study, genetically diagnosed FD patients were classified into three groups
based on organ involvement (cardiac, cerebral, or renal involvement) according to the
standard diagnostic criteria for each organ, (i.e., proteinuria and eGFR in the renal
involvement group). LysoGb3 measured in plasma could not detect all asymptomatic
FD patients (Doykov, Heywood et al. 2020). Proteomics analysis of the patients' urine
samples revealed an elevation of six proteins before the development of glomerular
filtration barrier impairment and albuminuria: albumin (Alb), THP, a1l-antitrypsin
(AAT), glycogen phosphorylase brain form (PYGB), endothelial protein receptor c
(EPCR), and ICAM-1. Only one protein, PYGB, was elevated in the asymptomatic
disease and correlated with progressive multiorgan involvement. Podocalyxin
(PODXL), fibroblast growth factor 23 (FGF23), cubulin (CUBN), and a1M/Bikunin
Precursor (aMBP) were higher in renal phenotype groups. Nephrin, a protein unique
to podocytes, was higher in all symptomatic groups. PSAP, a lysosomal sphingolipid
hydrolase activator, was higher in all symptomatic groups and exhibited increasing

specificity with increased disease severity (Doykov, Heywood et al. 2020) .

GLA-knockout podocytes and FD patient urine-derived cells revealed increased

proteins, including lysosomal proteins Glucosylceramidase (GBA), lysosomal integral



39

membrane protein 2 (LIMP-2/SCARB2), the ECM protein fibrillin (FBN1) and o-
internexin (INA) (Slaats, Braun et al. 2018).

Taken together, the proteomics approach has identified several potential target
molecules that will likely improve FN's early diagnosis and disease progression.

However, further studies must confirm their future potential use in clinical practice.

The state of metabolites in the body changes swiftly with the physiological and
pathophysiological changes (Schiffmann, Waldek et al. 2010). Additionally, they can
change regardless of protein and mRNA levels. Most metabolite studies have focused
on the Gb3 and lysoGb3 (Auray-Blais, Blais et al. 2015, Boutin and Auray-Blais 2015,
Tebani, Mauhin et al. 2020). However, to this date, no metabolite study has

specifically addressed renal involvement in FD.

1.7 Models of Fabry Disease

Animal and cell culture models proved inevitable for studying human disease
pathophysiology. In FD, discrimination of specific FN subcellular processes and
molecular pathways can be challenging due to their similarities with other chronic
kidney diseases. Therefore, animal or cell models provide an opportunity for a
detailed examination to distinguish better the FD-specific alterations, particularly the
FN (Eikrem, Skrunes et al. 2017).

1.7.1 Cultured cell lines

The consequences of Gb3 accumulation on FN pathogenicity were studied using
various cell lines. In peripheral blood mononuclear cells (PBMC) cultured from a Fabry
patient, the Gb3 buildup increased the secretion of proinflammatory cytokines (De
Francesco, Mucci et al. 2013). MDCK cells from the kidneys of Madin-Darby canines
were used to establish a renal epithelial cell model of Fabry disease using short
interfering RNA (siRNA) (Labilloy, Youker et al. 2014). In this model, Gb3
accumulation disrupted raft-mediated cell activities, such as raft-mediated signal
transduction through TGF-f.

Jeon et al. produced human proximal renal tubular epithelial cells (HK2) and mouse
glomerular mesangial cells (SV40 MES 13) by silencing a-GAL using siRNA (Jeon,
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Jung et al. 2015). This model verifies prior findings about the effects of exogenous

Gb3 and lysoGb3 on cell lines; EMT is more commonly related to lysoGb3.

In microvascular endothelial cells cultured from FD patients and obtained using skin
biopsy from the forearm, it was demonstrated that Gb3 accumulation induces

intracellular ROS generation in a dose-dependent manner (Shen, Meng et al. 2008).

A human podocyte model was used to explore FD-dysregulated autophagy. This
model, developed by lentiviral transfer of small hairpin RNAs (shRNA) against GLA,
demonstrates that the increase of Gb3 disrupts mTOR signaling, resulting in

dysregulated autophagy and podocyte death (Liebau, Braun et al. 2013).

Using the CRISPR/Cas9 gene-editing tool, another FD model was produced in a
human immortalized podocyte cell line (Pereira, Labilloy et al. 2016). This model
identified 65 distinct disease-related signaling pathways, among which the MAPK and

VEGF pathways were considerably enriched.

The involvement of Gb3 and its soluble form lysoGb3 was examined by exposing
normal cell lines to these two molecules (Sanchez-Nino, Sanz et al. 2011, Jeon, Jung
et al. 2015, Shin, Jeon et al. 2015). The exposure of the immortalized podocytes cell
line to lyso-Gb3 revealed significant increases in TGF3-1, type IV collagen (CollV),
and CD74 expression (Sanchez-Nino, Sanz et al. 2011). Also, treating human
proximal renal tubular epithelial cells (HK2) and mouse renal mesangial cell line
(SV40 MES 13) with Gb3 and lysoGb3 results in elevated expression of TGF-31, EMT
markers (N-cadherin and a-SMA) and phosphorylation of PI3K/AKT, and decreased
the expression of E-cadherin (Jeon, Jung et al. 2015). The gene expression profiles
in the same kidney cells exposed to Gb3 or lyso-Gb3 were substrate- and cell-
dependent, suggesting that Gb3 and lyso-Gb3 modulate renal fibrosis through

separate biochemical pathways (Shin, Jeon et al. 2015).

1.7.2 Kidney organoids

Recently, kidney organoids (based on human inducible pluripotent stem cells, iPSC)
were used to investigate the FN. This FD model revealed disturbed podocytes and
tubular cell shape accompanied by the accumulation of globotriaosylceramide (Gb3).
Additionally, elevated levels of oxidative stress were observed in the mutant organoid
(Kim, Kim et al. 2021).
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1.7.3 Rodent models of FD

FD models in mice have been predominantly used to investigate treatment outcomes.
Only a few models were used to investigate the role of Gb3 in FD. In 1997, the first
FD mouse model with null a-GAL activity was created (Ohshima, Murray et al. 1997).
Similar to human FD patients, Gb3 was detected in various tissue types (Christensen,
Zhou et al. 2007, Bangari, Ashe et al. 2015); however, this model lacks organ damage
features similar to FD. Another mouse model in which human Gb3 synthase is
expressed was established (Shiozuka, Taguchi et al. 2011, Taguchi, Maruyama et al.
2013). In contrast to other mouse models, this mouse resembles the human
phenotype more closely by showing elevated serum Gb3 concentrations, tissue Gb3
accumulation, renal impairment, and a shorter lifespan. However, in their model,
ocular manifestations related to FD classical phenotype were nonconclusive (Miller,
Aoki et al. 2019).

1.7.4 Limitations

Despite the enormous contribution of cell lines, cell culture research on podocytes is
limited, because podocytes lose their defining characteristics in vitro. For example,
intercellular connections are neither physically nor functionally like the slit-diaphragm
found in vivo (Hagmann and Brinkkoetter 2018). Additionally, the FD patient-derived
cell lines carry different GLA gene mutations that are influenced by variable genetic
backgrounds which is an important issue even for monogenic, dominant, and highly
penetrant diseases in FD. Therefore, it can be considered a significant limitation of
this approach (Kajiwara, Aoi et al. 2012, Pan, Ouyang et al. 2016, Song, Chien et al.
2019).

The significance of the FD models to our understanding of the pathophysiology and
histology of Fabry disorders is indisputable. However, neither cell lines nor mice could
adequately characterize the physio-histopathology of FN, let alone optimize ERT for

individualized treatment.

Another critical issue is that Gb3-dependent and independent disease manifestations
have never been addressed clearly in the course of FD. These models can’t
distinguish between Gb3-dependent and independent injury. Furthermore,
investigations on mice or kidney organoids can be laborious and expensive. In

addition, studying intra-uterine gestation in mice is complicated by the potential
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absence or reduced a-GAL enzymatic activity throughout the early developing stage
(Haskins, Giger et al. 2006, Hagmann and Brinkkoetter 2018). Moreover, species
variations in metabolic pathways must always be kept in mind (Germain 2010). Thus,
there is an urgent need for a new FD model capable of bridging the previously
addressed issues and shedding light on the Gb3-independent manifestations of FD
to describe the decline of renal function and to aid the screening for prospective

medicines.

1.8 Zebrafish: General background and similarity to humans

The zebrafish (ZF) is a widely used animal to study human diseases and new drug
screening. The favorable characteristics include anatomical and genetic similarity to
humans, short life cycles, transparency of embryonic phases, ex-utero egg
development, low maintenance costs, and simple handling (Gut, Reischauer et al.
2017). On top of that, the small size and large offspring numbers allow for time-
efficient drug screening in a 96-well plate format (Zon and Peterson 2005, Gehrig,
Pandey et al. 2018).

In the laboratory, zebrafish are kept according to defined parameters. Examples
include a narrow temperature range, circadian rhythm, water quality, and feeding
habits. Adopting such conditions, four stages of a typical life cycle develop the
embryo, larva, juvenile, and adult (Kimmel, Ballard et al. 1995). By five days post-
fertilization, embryos have hatched, and larvae can feed on external food particles,
i.e., fish food. ZF reaches sexual maturity at around three months, depending on the
temperature and population density (Meyers 2018). The kidney, heart, liver, and brain
of vertebrate fish are functionally equivalent to humans (Lieschke and Currie 2007),
and zebrafish are no exception to this rule. Therefore, investigating organ participation

in health and disease in ZF is highly reliable.

1.8.1 Genetic similarity

Due to the intensive use of ZF in developmental and neurological studies, the DNA
sequence of the ZF genome was published in 2013 (Howe, Clark et al. 2013). When
the zebrafish and human reference genomes were compared, it was shown that 71%
of human genes had at least one zebrafish orthologue, while 69% of zebrafish genes
have at least one human orthologue (Howe, Clark et al. 2013). Importantly, zebrafish

orthologues exist for 82 percent of all human illness-associated genes (Howe, Clark
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et al. 2013). The zebrafish system was first shown to be genetically amenable in the
mid-1980s (Driever, Solnica-Krezel et al. 1996, Haffter, Granato et al. 1996), and it
has subsequently proven to be very responsive to genetic manipulation. The
feasibility of using variable forward and reverse genetic manipulation approaches
have been documented in many diseases (Phillips and Westerfield 2020). More
recently, advances in targeted gene editing technologies like Clustered Regularly
Interspaced Short Palindromic Repeat- CRISPR Associated Protein 9 (CRISPR-
Cas9) with 99% accuracy (Varshney, Pei et al. 2015) have accelerated the growth of

stable zebrafish models (Hwang, Fu et al. 2013, Gagnon, Valen et al. 2014).

1.8.2 CRISPR-Cas9 gene editing

CRISPR-Cas9 gene editing technology enables genetic modification that is mainly
permanent and highly specific. Cas9 is one of several RNA-guided endonuclease
enzymes generated from the immune systems of bacteria and archaea as a natural

defense mechanism against invading viruses (Marraffini 2015).

Recently, the CRISPR-Cas9 technology has been effectively developed for editing
the genomes of numerous multicellular and complex species, such as zebrafish, mice,
and humans (Elmonem, Berlingerio et al. 2018). Cas9 is coupled to two RNA guide
molecules, the trans-activating CRISPR RNA (tracrRNA) and the CRISPR RNA
(crRNA), to create the Cas9 holoendonuclease system, a trimeric complex in bacteria.
Typically, a specially designed single guide RNA (sgRNA) replaces the tracrRNA-

crRNA complex in an experimental setting (Wright, Nunez et al. 2016).

Short CRISPR RNAs (crRNA) created from non-repeating spacer DNA sequences
acquired from viruses and other mobile genetic elements guide Cas enzymes in
prokaryotes (Brouns, Jore et al. 2008). The spacer sequences of prokaryotes are
highly similar in areas called protospacer-adjacent motifs (PAMs), which are essential
for the CRISPR system (Deveau, Barrangou et al. 2008). These two RNAs are
combined into one single guide RNA sgRNA as follows: a 20-nucleotide sequence at
the 5' end of the sgRNA binds specifically to the DNA target site. The 3' end is followed
by an RNA sequence that, via RNA hairpins, forms a complex with the Cas9
endonuclease. Cas9 protein—sgRNA complex attaches to the DNA when the 20 bp
gRNA integrates with its corresponding sequence in the target region of the DNA; the

activity of Cas protein is dependent on this 20 bp gRNA's proximity to its particular
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PAM sequence. The cut is then created few bases following the PAM triplet sequence
(Jinek, East et al. 2013). One of the significant drawbacks of this technology is the
off-target binding, which is influenced by sgRNA sequence, cell type, Cas9 enzyme
concentration, and delivery methods (Pattanayak, Lin et al. 2013, Lino, Harper et al.
2018). Many disease models were produced in ZF using this technology, and more
recently, intensive use of ZF in LSDs has been documented with promising results
(Zhang and Peterson 2020).

1.8.3 Zebrafish kidney

The kidney of the zebrafish has two forms: pronephros (embryo and larva) and
mesonephros (juvenile and adult). In its simplest form, the pronephros, two nephric
units stretch down the mid-dorsal line and are pre-headed by a single fused
glomerulus behind the embryo or larva head (Drummond, Majumdar et al. 1998).
Hundreds of nephrons are created within the mesonephros at the juvenile stage
(about 14 dpf) (Diep, Ma et al. 2011). The mesonephros is typically separated into the
head, neck, body, and tail (Figure 3). A fascinating characteristic of ZF mesonephros

is its continued regeneration in the event of renal injury (Gerlach and Wingert 2013).

Figure 3. Zebrafish kidney development. (A) The pronephric kidney in the 3-day
larva. One fused glomerulus at the midline connects to the pronephric tubules that
run backward laterally and are joined at the cloaca (external opening). (B) The adult
zebrafish 90 dpf. (C) adult zebrafish mesonephros, a few hundreds of glomeruli
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connected to their proximal and distal tubules. (D) hematoxylin stain of the adult
kidney. G, glomerulus, T, tubule. (Original figure).

Zebrafish kidneys contain all functional structures present in the human kidney
(glomerular corpuscle, proximal and distal tubules, collecting duct) except for the loop
of Henle, which can be attributed to their freshwater habitat. In contrast to humans,
ZF lacks bone marrow; therefore, blood production occurs in the kidney interstitium
(Lieschke and Currie 2007, Jagannathan-Bogdan and Zon 2013).

The glomerular filtration barrier (GFB) partially functions as early as two days post-
fertilization and is entirely operational by day four (Kramer-Zucker, Wiessner et al.
2005, Drummond and Davidson 2010). This early kidney development when
embryos/larvae are still transparent makes zebrafish an effective model for studying

kidney disease since the kidney may be analyzed with minimum intervention.

1.8.4 Zebrafish in Lysosomal storage diseases research

Currently, around 60 genetically engineered zebrafish recapitulate phenotypes of
various LSDs (Zhang and Peterson 2020). Sphingolipidoses, mucolipidoses (MLs),
neuronal ceroid lipofuscinoses, integral membrane protein disorders, glycogen
storage diseases (GSD), glycoproteinoses, mucopolysaccharidoses (MPS), and
lysosome-related organelle disorders are among the eight types described (Platt,
d'Azzo et al. 2018). lllustrated in Table 2 are the current LSDs models in ZF.

Table 2. Lists of the current available lysosomal storage disease models utilizing

zebrafish.

Gene LSD References

ASAH1 Farber lipogranulomatosis (Zhou, Tawk et al. 2012, Zhang, Trauger et al. 2019)

ARSA Metachromatic leukodystrophy (Berg, Levitte et al. 2016)

GALC Globoid cell leukodystrophy/Krabbe disease (Zizioli, Guarienti et al. 2014)

GBA Gaucher disease (Busch-Nentwich 2012, Keatinge, Bui et al. 2015, Zancan, Bellesso

et al. 2015, Berg, Levitte et al. 2016, Lelieveld, Mirzaian et al. 2019,
Watson, Keatinge et al. 2019)

HEXA Tay-Sachs disease (Berg, Levitte et al. 2016)

HEXB Sandhoff disease (Kalen, Wallgard et al. 2009, Kuil, Lopez Marti et al. 2019)

GNPTAB  Mucolipidosis Il a/B (I-cell disease); (Flanagan-Steet, Sias et al. 2009, Petrey, Flanagan-Steet et al.
Mucolipidosis Il a/B (pseudo-Hurler 2012, Qian, van Meel et al. 2015, Flanagan-Steet, Matheny et al.
polydystrophy) 2016, Flanagan-Steet, Christian et al. 2018)

GNPTG Mucolipidosis Ill y, variant pseudo-Hurler (Flanagan-Steet, Matheny et al. 2016)
polydystrophy

MCOLN1  Mucolipidosis IV (Li, Pei et al. 2017, Jin, Dai et al. 2019)

ATP13A2  CLN12/Kufor-Rakeb syndrome (Lopes da Fonseca, Correia et al. 2013, Spataro, Kousi et al. 2019)

CLN3 CLN3/Batten-Spielmeyer-Sjogren disease (Wager, Zdebik et al. 2016)

CTSD

CLN10

(Follo, Ozzano et al. 2011, Follo, Ozzano et al. 2013)
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GRN CLN11 (Chitramuthu, Baranowski et al. 2010, Laird, Van Hoecke et al. 2010,
Li, Chen et al. 2010, De Muynck, Herdewyn et al. 2013, Li, Chen et
al. 2013, Chitramuthu, Kay et al. 2017)

TPP1 CLN2 (Busch-Nentwich 2010, Busch-Nentwich 2010, Busch-Nentwich
2013, Mahmood, Fu et al. 2013)

CTNS Cystinosis (Busch-Nentwich 2013, Elmonem, Khalil et al. 2017, Festa, Chen et
al. 2018)

NPC1 Niemann-Pick disease type C1; type D (Schwend, Loucks et al. 2011, Louwette, Regal et al. 2013, Chu, Liao
et al. 2015, Lin, Cai et al. 2018, Tseng, Loeb et al. 2018)

SCARB2 Action myoclonus-renal syndrome (Golling, Amsterdam et al. 2002, Amsterdam, Nissen et al. 2004,
Diaz-Tellez, Zampedri et al. 2016)

GAA Pompe disease (Wu, Yang et al. 2017)

MANBA B-mannosidosis (Ko, Yi et al. 2017)

IDS Mucopolysaccharidosis [I/Hunter syndrome (Moro, Tomanin et al. 2010, Costa, Urbani et al. 2017, Bellesso,
Salvalaio et al. 2018)

HSP5 Hermansky-Pudlak disease type 5 (Driever, Solnica-Krezel et al. 1996, Stemple, Solnica-Krezel et al.
1996, Daly, Willer et al. 2013)

HSP7 Hermansky-Pudlak disease type 7 (Chen, Song et al. 2018)

LYST Chédiak-Higashi disease (Kim, Wu et al. 2015)

Regardless of the extensive use of ZF in LSDs research, our search revealed no
published research in FD. An interesting fact about ZF is the lack of Gb3 synthase
enzyme, the enzyme responsible for Gb3 production; therefore, it could be a useful

tool to investigate the possible Gb3-independent renal injury.

1.9 Research question

How can we induce the Gb3-independent findings of Fabry disease (especially
nephropathy) in zebrafish?

1.10 Hypothesis

We can lower the activity of a-Gal in zebrafish by introducing a selective mutation,
which will be reflected by functional (elevated serum creatinine levels, proteinuria)

and histological kidney damage independently of Gb3 accumulation.

1.10.1 Rationale

FD is known for the high heterogeneity between individual FD patents. Additionally,
until now, it is not possible to dissect Gb3/lysGb3 tissue injury from an injury unrelated
to their accumulations. Such differentiation can help in the early diagnosis of tissue
involvement and design of perspective medical therapy, particularly in the kidney, as
early ERT intervention indicates better treatment outcomes. Zebrafish is a good tool

because it is a naturally Gb3 synthase-free organism. Therefore, by generating an FD
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model in ZF, we can study the Gb3 independent tissue injury and identify new

potential biomarkers for early tissue involvement.

1.10.2 Aim
To establish an FD model in zebrafish that allows studying the renal pathogenic

effects of Fabry disease independent of Gb3.

1.10.3 Objectives
1.10.3.1 General objective

To establish the FD model in zebrafish and investigate the Gb3 independent

biomarkers for early tissue injury diagnosis.

1.10.3.2 Specific objectives

e To characterize the GLA gene and a-GAL enzyme in zebrafish and compare
the similarity to their human counterparts.

e To generate GLA-mutant ZF.

e To characterize the impact of the GLA mutation on the a-GAL activity, renal
function (creatinine levels and proteinuria) and other FD-related phenotypes.

e To study the molecular mechanisms of the FD progression in a Gb3-free
environment on the transcriptome, proteome, and metabolome level in a Gb3-

free environment.
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2 Methods

2.1 Ethical approval (Paper I, Il, and lll)

The Norwegian Food Safety Authority (Mattilsynet) approved this study as ethical
(FOTS ID 15256). All operations were carried out under the approved guidelines of
the Zebrafish Facility at the UiB. We used the AB/Tlibingen (AB/TU) zebrafish strain

for our research.

2.2 Study design (Paper |, I, and Ill)

The design of this study is illustrated in Figure 4.
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Figure 4. Study design chart. 1: wild type gene and protein compared to their human
counterpart, mutant line created and verified using DNA sequencing and by
detecting the enzyme abundance in the renal tissue. 2: enzyme activity used to
validate the mutant, and renal function was evaluated using plasma creatinine and
proteinuria assay. 3: renal tissue was histologically investigated using transmission
electron microscopy. 4: multi-omics approach used to identify Gb3-independent
markers in the renal tissue. IHC: immunohistochemistry, EA: enzyme activity.
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2.3 Zebrafish maintenance and housing (Paper |, I, and Ill)

Rearing of the early developmental stages (eggs, embryos 1-2 days post-fertilization
(dpf), and larva 3-5 dpf), juvenile stage 30+ dpf, and adult stage 90+ dpf was

performed according to the universal protocol adopted by the zebrafish facility, UiB.

Under standard laboratory conditions, adults were kept at 28°C with a 14 h light/10 h
dark cycle. According to the standard/routine protocol of the zebrafish facility, male

and female adults were crossed to produce new fish (www.zfin.org).

Eggs were obtained from the fish tank using a fine mesh strainer, then washed and
incubated at 28°C for five days in a petri dish while submerged in E3 medium (5 mM
NaCl, 0.17 mM KCI and 0.33 mM MgSOa) with 0.01 percent methylene blue. Egg
development into embryo and larva was monitored daily during the first five days. E3
medium with 0.01 percent methylene blue was used on days 1 and 2, and methylene
blue was removed from day three. During this period, developing stages are not free
feeders. From day six, the free feeder larva was transferred from the incubator into
larger fish tanks and installed in the fish tank system. Water circulation was only
introduced gradually (low-speed water dripping) by day 14. By day 30, juvenile fish

were fully integrated into the circulation system in the zebrafish facility.

2.4 Sample collection (papers |, I, and ll)

Different samples were collected: embryo, larva, and juvenile stages, kidney, blood,
and fins from adult zebrafish. The collection of samples depended on the stage/tissue
and the analysis application needed. The dissection of the adult fish and extraction of
their kidneys were similar for all downstream applications unless otherwise stated.
According to the standard protocols, all invasive pain-causing treatments on stages
older than five dpf were conducted under anesthesia in 100 mg/L tricaine methane
sulfonate MS222 (Sigma, Cat. No. A-5040).

2.4.1 Whole animal collection: embryo and larva (papers | and Il)
The collection of embryos and/or larvae was performed for DNA extraction, enzyme
activity, and oxidative stress assay. Samples were collected using snap-freezing

liquid nitrogen for enzyme activity and oxidative stress assays.
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2.4.2 Kidney collection from adult fish (paper I, I, and Ill)

The kidney was collected as follows: after the fish were euthanized in 300 mg/L
tricaine methane sulfonate MS222 (Sigma, Cat. No. A-5040), the abdominal cavity
was opened, and the viscera were removed, exposing the kidney. The kidney was
flushed with cold 1X PBS (ThermoFisher, Cat. No. AM9625) while in the body. Then,
the kidney was removed and snap-frozen in liquid nitrogen for protein extraction, lipid
extraction, and oxidative stress assays. Alternatively, the head and tail were removed,
and the dissected-open fish was placed in paraformaldehyde (Sigma-Aldrich, Cat. No.
16005) for 24 hours. This step was introduced due to the soft nature of the zebrafish
kidney, as the immediate extraction will distort the kidney shape for tissue embedding
and result in poor tissue sections and tissue consistency on a glass slide. The next
day, the fish was flushed with 1X PBS, and the kidney was removed for downstream
tissue processing. For electron microscopy, the kidney was removed after dissection
and placed in 2.5% glutaraldehyde (in 0.1 M cacodylate buffer) for 24 hours. Then the
kidney was flushed with 0.1 M cacodylate buffer and delivered to the molecular

imaging center (MIC), UiB for embedding, sectioning, staining, and imaging.

2.4.3 Blood collection (papers | and Il)

Blood was collected from adult fish according to the previously described protocol
(Jagadeeswaran, Sheehan et al. 1999). After fish were euthanized, a transverse cut
was made just caudal to the dorsal fin, leading the blood to pool on the surface. The
pooled blood was collected using a heparin-coated micropipette tip (Heparin 5000
IE/ml, LEO Pharma Cat. No. 464327). The plasma was then separated from the blood
by centrifugation (Eppendorf, 5415R) for 10 minutes at 1000 g at 4°C. Then the

plasma was frozen in liquid nitrogen and stored at -80°C.

2.5 Generation of antibody against zebrafish a-GAL (Paper I)

Due to the lack of good quality antibodies that can work in zebrafish, we evaluated
four anti-human a-GAL Abs (Table 3) based on their published antigenic sequences
and their predicted cross-reactivity with ZF. After being evaluated for western blot and

immunohistochemistry, none could specifically detect ZF a-GAL of 46 kDa.

Zebrafish-specific antibody against the a-GAL protein was produced using
GenScript® services. a-GAL protein sequence was retrieved using Geneious prime

software. The screen for putative antigenic regions via the EMB0OSS6.5.7 plugin
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embedded in the Geneious prime software. The potential sequences were then
shared with GenScript®, where they conducted another level of assurance by testing
the predicted reactivity, sequence similarity, and antigenicity. In the end, five
sequences were chosen to produce polyclonal antibodies against zebrafish a-GAL
(Table 3). Antibodies were then generated by GenScript® in New Zealand rabbits
using GenScript's standard process.

Table 3: The list of all primary antibodies used in this study. WB: western blot, IHC:

immunohistochemistry, Cat. No.: catalog number, NC: nonconclusive, N/A: not

available, AR: antigen retrieval, HIER: heat-induced epitope retrieval, H: human, M:
mouse, Z: zebrafish. N/A: not applicable.

Code/Cat. No. Conc. Peptide sequence/ target protein  WB conc.  IHC conc. Company AR HIER
ab24170 1 mg/ml LAMP1 (H) N/A 1:400 Abcam pH9
ab134045 0.36 mg/ml CD63 (H) N/A 1:800 Abcam pH9
ARP54296 0.5 mg/ml HU a-GAL 1:1000 NC Aviva NC

GTX124431 0.84 mg/ml Idh3a (2) N/A 1:200 GeneTex pH9
GTX124294 1 mg/ml Sod2 (2) N/A 1:50 GeneTex Skipped
GTX125890 1.27 mg/ml Cdh1 (2) N/A 1:200 GeneTex pH6
GTX129952 1 mg/ml OPA1 (H) N/A 1:1000 GeneTex pH6
gla pAbl 1.683 mg/ml MVKEGWKDAGYEFVC (Z) NC NC GenScript NC
gla pAb2 0.803 mg/ml CVMNRQEIGGPRRFT (2) NC NC GenScript NC
gla pAb3 0.482 mg/ml QHQQPDYEAIRKTC (2) NC NC GenScript NC
gla pAba 0.462 mg/ml CVVNRQEIGGPRRFT (2) NC NC GenScript NC
ZF-gla pAb5*  1.107 mg/ml CKADSFELWERPLSG (2) 1:1000 1:600 GenScript Skipped
M1506-1 2ug/ul CTSB (M) N/A 1:1000 HUABIO pH6
LS-C166494 N/A HU a-GAL 1:1000 NC LSBio NC
LS-C80577 1 mg/ml GOT2 (H) N/A NC LSBio NC
15428-1-AP 450pg/ml HU a-GAL 1:1000 NC Proteintech NC
20384-1-AP 0.5 mg/ml NPHS2 (M) N/A NC Proteintech NC
AV54296 1 mg/mL HU a-GAL 1:1000 NC Sigma-Aldrich NC
V9131 N/A VCL (H) N/A NC Sigma-Aldrich NC

2.6 Computation analysis, protein modeling of GLA, and

generation of the mutant (Paper I)

Our study strategy was aimed at generating GLA mutant zebrafish. ZF GLA gene and
protein sequences were compared to their human counterparts using several
databases, including the National Centre for Biotechnology Information GenBank
database (NCBI), Ensembl database, Universal Protein Resource (UniProt),
Zebrafish Information Network (ZFIN), Swiss Institute of Bioinformatics (Expasy) and

Iterative Threading Assembly Refinement (I-TASSER).
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In detail, we compared nucleotide and amino acid sequences to non-redundant gene
databases accessible through NCBI http://blast.ncbi.nim.nih.gov using the BLAST
method under the default online tool settings. The NCBI BLAST online tool

(https://blast.ncbi.nim.nih.gov/Blast.cgi) was used to assess sequence similarity to

the most updated (at the time of search, 2018) genome assembly of zebrafish
(GRCz11/danRer11). ClustalW plugin was used to produce the multiple sequence
alignment, which was then executed using the Geneious program. The Ensembl

database (http://www.ensembl.org) was used for comparative genomics analysis of

zebrafish and human GLA sequences. The homology modeling study was conducted
using the ITASSER online modeling program (Roy, Xu et al. 2011). The final model
was selected based on the confidence score (C-score), which assesses a model's
prediction and is computed using the relevance of threading template alignments and
convergence parameters in structure assembly simulations. The usual range for the
C-score is -5 to 2, with a higher C-score suggesting a model with greater confidence.
The predicted 3D model with the greatest C-score was used to pick the potential

protein structure.

2.6.1 CRISPR target design and Generation of short guide RNA
CHOPCHOP online tool (https://chopchop.cbu.uib.no) was used to select the target

sequence following previously published protocols (Labun, Montague et al. 2019,
Labun, Krause et al. 2021). Three target sequences were selected, covering exons
2, 3, and 5 based on the following criteria: high efficiency, low number of off-targets,
proximity, location in the exons shared by all known splice variants, and a preference
for the center of the exon. Eventually, our target sequences, PCR primers for
genotyping and sequencing, and the Cas9 enzyme were acquired from Integrated
DNA Technologies BVBA (IDT, Leuven, Belgium). Ribonucleoprotein (RNP)
combinations were assembled according to manufacturer instructions. Sequences

are shown in Table 4.

Table 4: gRNA sequences

Exon target gRNA sequence
GLA2 GACCCCAAAAGGTTTCCCAGTGG
Exon 2 GLA3 TGTGCGTCCCTTTGTTGCGAAGG
GLAS TGCCAGTTTTTTGATGCCACTGG
GLA1 GTGGGCACAAAAACTTGCGCAGG

Exon 3
GLA4 GCTGGGAATATATGCAGATGTGG
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Exon 5 GLA6 GCAGAAGATCGTCGTCCCAGTGG
Exon 6 GLA7 CTTTGGGACAGATGTCTCGCAGG

2.6.2 CRISPR/Cas9 injection and rearing the mutants

We used the untargeted approach for generating the mutant line. In this approach,
we injected a single or combination of the selected gRNAs (see sgRNA combinations
in Table 5). At the 1-cell stage, a wild type zebrafish egg was injected with the
ribonucleoprotein (RNP: sgRNA 200ng/ul and cas9 protein 250ng/ul). Two nL of the
injection mix was delivered into the yolk neighboring the cell membrane. PCR
fragment analysis was performed as detailed in the next section for genotyping. The
detailed methodology for detecting and rearing mutant fish was as follows: five dpf
embryos injected with sgRNA (Founder 0/Fo) were genotyped to validate effective
mutant creation. After verifying the success of the Fo mosaic mutant, mature larvae
were raised to adulthood. Individual adult fish were screened, and positive mutants
were outcrossed to wild type to produce F1 embryos with a heterozygous genotype
GLA*-. F1 adults were inbred to produce the F2 generation (GLA**, GLA*-, and GLA"
I- offspring). To obtain a pure GLA” mutant line, F2 mutants were genotyped,
sequenced, and mutants with potential premature stop codon were bred to generate
Fs homozygous GLA” mutants. All studies have been undertaken on the F3
generation or its inbred offspring compared to their similar generation wildtype. Based
on the enzyme activity evaluation, the mutant line was validated further. The mutant
with predicted low or null enzyme activity was chosen for further examination in this
work. The general workflow for generating the mutant line is illustrated in Figure 5.

Table 5: gRNAs combination for microinjection X2: exon 2, X3: exon 3, X5.6: exon 5
and 6, X2,3,5,6: exon 2, 3, 5, and 6, GLA 1-7: gRNAs for the target sequence.

EXON/S
X2 X2.3 X5.6 X2.3.5.6

Cas9 protein 0.5 ug/uL 2.5uL  2.5pL  2.5pL 2.5uL

GLA2 0.67uL  0.5uL 0.5uL

GLA3 2 0.67uL 0.5uL

GLAS 0.67uL

gRNA 3 uM GLA1 0.5uL 0.5uL
GLA4 } 0.5ulL
GLA6 5 1uL 0.5uL
GLA7 | 6 1pl 0.5uL

Phenol Red2.5% 0.5uL  0.5uL  0.5pL 0.5uL
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The generation of the mutant line plan Time

Target design

mmm l

Investigate the gene and protein sequences,
*Check similarity with human,
*Select gRNA based on preferred target site and design screening method.

Microinjection

Part 1

*Assemble the RNP and inject the eggs at 1-cell stage.

Check the success of the injection

*Check mortality rate,
*Screen possible mutants,
*Raise FO (mosaic) to adult.

Identify the mutant FO

*Genotype FO to identify individual mutant,
*Refine the mutation (outcross),

*Check the germ line transmission,

*Raise the F1.

Part 2

Identify heterozygous F1

*Genotyping and sequencing to identify the individual mutant,
sSort out the mutant,

eIncross F1 (individuals bearing similar mutation),

*Check the ratio of the homozygous mutant in F2,

*Raise F2.

Identify homozygous mutant in F2

*Incross to increase,
*Outcross to keep the line,
e Collect the samples for the downstream experiments.

Part 3

Figure 5. The workflow of generating the mutant line using the CRISPR/Cas9 gene
editing tool. FO is the founder generation, F1 is the first generation, and F2 is the
second generation.

2.6.3 DNA extraction, genotyping, and sequencing

DNA was extracted from the whole larva or adult tail fin. For larval DNA extraction, a
pooled sample of five larvae per sample or a single larva per sample was utilized
based on the purpose. Larval sample treatment followed the adult sample treatment
described below. For adult fish screening, one-third of the tip of the adult's tail fin was
cut and placed in 50mM NaOH and heated for 25 minutes at 95°C using a
thermocycler (Bio-Rad: C1000 Touch™ Thermal Cycler). The samples were then
stored at -20°C until further analysis. PCR reaction was prepared as described in
(Table 6). PCR conditions were modified for each primer set (Table 7). The digestion
was performed using NEB enzymes (Table 8) per NEB's instructions. The selection

of the digestive enzyme is based on their recognition motif in proximity to the potential
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mutation site and their single or double cutting sites. The planned mutation/s interrupt

the sequence of the restriction enzyme cutting site, preventing the enzyme from

recognizing the region to cut and, therefore, retaining the enzyme passive. The

digestive reaction was carried out on a thermocycler.

Table 6: PCR reaction

Cat. No. Notes

Initial conc.  Final conc.

Taq buffer ThermoFisher, EP0703 10X 1X
dNTP mix ThermoFisher, R0193 10mM 0.2 mM
FW primer 100 um 0.5uM Electrophoresis:
RV primer 100 pM 0.5 uM Run at 80 Am for 40-50 min.
DNA template varies 5 ng/uL
DreamTaq polymerase  ThermoFisher, EP0703 5U/uL 125U

HiFi Taq polymerase ThermoFisher, F530S 2U/uL 0.02 U/uL

Nuclease free water top up top up

Table 7: Primer sequences for genotyping and sequencing.

PCR length (mutant)

Region primer direction Adjusted Tm Extension time (sec.)

Sequence

bp
forward 59.1 TGCATCCCATTCCTTTTGCC
exon 5to 6 562 (+11) 30
reverse 58.6 TCTCTTGCATTTCAGCCTGAC
forward 58.3 AATATCCACTCACCTTCTCCCA
exon 3 288 20
reverse 58.8 CCCCTAGTGTTGTTTTGCTGAT
forward 60.3 ACCTCTTCCAGCCTCATACTCA
exon 2 272 (+18) 20
reverse 58.3 AGAGCAGATGCAGATTTGAACA
forward 59.1 TGCATCCCATTCCTTTTGCC
exon 2to6 6915 180
reverse 58.3 AGAGCAGATGCAGATTTGAACA
forward 58.3 AATATCCACTCACCTTCTCCCA
exon2to3 2405 60
reverse 58.3 AGAGCAGATGCAGATTTGAACA

Table 8: restriction enzymes

Enzymatic digestion Initial conc.  Final conc.  Incubation

Enzyme buffer 10X 1X
Bmrl NEB, R0600S 5000 U/mL 0.05 37cC
BsmFI NEB, R0572S 2000 U/mL 0.02 65C

According to the anticipated product size, PCR or digestion products were run on

agarose gels of 1, 1.5, or 2.5 percent. The gel was imaged using the gel
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documentation system (Synoptics, GBox HR) with embedded image processing
software (GeneSnap). The retrieval and labeling of images were performed using the

PowerPoint package.

ExoSAP-IT™ (Applied Biosystems™ Cat. No. 78201.1.ML) was used to clean PCR
products for sequencing according to manufacturer's instructions. Sequencing
reactions were prepared following the BigDye  v.3.1 Protocol
(https://assets.thermofisher.com/TFS-Assets/L SG/manuals/cms 081527 .pdf)

adapted by Sequencing Facility, High Technology Center, UiB, using the following

sequencing cycle: 96°C for 5 minutes; 25 cycles of 96°C for 10 seconds, 58°C for 5
seconds, and 60°C for 4 minutes. Automated Sanger DNA sequencing was performed

using the capillary-based Applied Biosystem 3730XL Analyzer.

2.7 RNA extraction and transcriptome analysis (Paper lll)

Samples of kidneys were collected as described earlier, washed, and preserved in
RNAlater reagent (ThermoFisher, Cat. No. AM7024). The samples were kept at 4°C
for one night before being transported to -80°C for further processing. RNA was
isolated using RNeasy Plus Mini Kit (Cat. No. 74134) according to the manufacturer’s
instructions. The extracted RNA was quantified using the nanodrop (ThermoFisher,
Cat. No. ND-ONE-W) and Qubit 3 (Thermo Fisher: Cat. No. Q33216). Prior to
shipment for RNA sequencing, samples were kept at -80°C. For transportation
purposes, dry ice was used. RNA integrity, cDNA library and RNA sequencing were
conducted at Novogene, Oxford, UK according to the company’s guidelines

(https://en.novogene.com).

2.8 Protein extraction for enzyme activity, western blot, and

proteomics (Paper | and Il)

Adult kidney tissue was used for western blot, enzyme activity, and proteomics
analysis. The kidney was collected as described earlier and processed similarly for

all the current purposes.

For assessing our customized a-GAL antibodies, and the four human a-GAL
antibodies specificity on western blot, samples were homogenized in RIPA lysis buffer
(Sigma-Aldrich, Cat. No. R0278) provided with a protease inhibitor cocktail (Roche,
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Cat. No. 4693116001) and phosphatase inhibitor (Sigma-Aldrich, Cat. No. P5726)
using soft tissue homogenizing kit CK14 (0.5 ml) for precellys (BertinPharma, Cat.
No. D34004). After homogenization, samples were centrifuged at 4°C for 20 minutes
at 12,000 rpm. The supernatant was transferred into a new tube, and the protein
concentration was assessed using the standard BCA assay (ThermoFisher, Cat. No.
23225).

For enzyme activity assay, sample preparation was conducted on ice. The samples
were diluted based on the tissue weight in 100-200 uL of deionized water and
homogenized at 4°C (glass/Teflon; 10-15 strokes). Protein concentration was

determined using the BCA protein assay (ThermoFisher, Cat. No. 23225).

For proteomics, proteins was extracted similarly to the WB. Protein samples were
reduced in 100mM DTT for 20 minutes at 60°C. Cysteine alkylation was performed
using 200mM iodoacetic acid (IAA) for 1 hour at room temperature. Protein cleanup
was performed at 24°C (RT) for 7 min at 1,000 rpm using SP3 beads (Automated
Magnetic Separations for Proteomics, ThermoScientific) and 100% ethanol. A
magnetic rack was used to collect the beads, which were then washed and rinsed in
80% ethanol SP3. Peptides were digested in trypsin prepared in 100mM AmBic/1mM
CaCl2. Samples in trypsin were sonicated for 30 seconds in a water bath to
disaggregate the beads fully, then incubated at 37°C for 16 hours at 1,000 rpm. Then
they were centrifuged at 13,000 rpm at 24°C for 3 minutes. Beads were then
separated from the solution again using the magnetic rack, and the solution was
transferred into a new tube and diluted with 0.5M NaCl. Eventually, peptides were
desalted using Oasis C18 30ug Elution plates (Waters, Milford, MA) and dried in a
vacuum centrifuge. The samples were then resuspended in 200 mM HEPES, pH 8.
Proteins were labeled using Tandem Mass Tag (TMT) 16plex label reagent
(ThermoFisher, Cat. No. A44520) following the manufacturer’s protocol. The samples

were desalted and vacuum-dried again.

2.8.1 Western blot

For protein separation, protein samples were loaded into Bolt 4-12% Bis-Tris Plus
electrophoresis gels, and then they were transferred to nitrocellulose membranes
(NCM) using the iBlot 2 System. Nonspecific binding was blocked with 5% bovine
serum albumin (BSA) in PBS containing 0.1% Tween-20 (PBST) for 1 hour at 37°C.
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Later, the NCM was incubated overnight with the primary antibodies (Table 5). Protein
standard SeeBlue Plus2 Pre-stained (Invitrogen, LC5925) was used to track protein’s
molecular weight. After washing for three times with a wash buffer (PBST), NCM was
incubated with goat anti-rabbit (Abcam, ab205718) HRP-linked antibodies (1:20000)
for 1 hour and then washed again with PBST. NCM was developed using Pierce ECL
Plus Western blotting substrate (Thermo Fisher, Cat. No. 32132). Chemo-

luminescence signals were captured using ChemiDoc Imaging System (Bio-Rad).

2.8.2 a-GAL activity assay (Paper )

Enzyme activity was assessed using the a-GAL standardized protocol used in clinical
diagnostics (Svennerholm, Hakansson et al. 1979, Mayes, Scheerer et al. 1981) at
Sahigrenska university hospital, Sweden. The artificial a-GAL substrate 4-
metylumbelliferyl (MU)-alpha-galactopyranoside was used. Due to the cross activity
of the alpha-N-acetyl-galactosamidase, N-acetyl-D-galactosamine was used as an
inhibitor of alpha-N-acetyl-galactosamidase. The fluorescence of samples, blanks,
and the standard solution was measured by spectrofluorometry (Jasco FP-6500,
Jasco Inc., Easton, MD, USA) using an excitation wavelength of 360 nm and an

emission wavelength of 448 nm.

2.8.3 Protein expression analysis using NanoLC-ESI- Orbitrap Exploris mass
spectrometry (Paper II).

Protein expression was conducted at PROBE, UiB. Trypsin-digested peptide sample
(0.5ug) was reconstituted in 2% acetonitrile (ACN), and 0.5% formic acid (FA) for
injection. The sample was injected into the Ultimate 3000 RSLC system (Thermo
Scientific, Sunnyvale, California, USA), which is connected online to an Orbitrap
Exploris mass spectrometer (Thermo Scientific, San Jose, CA, USA) equipped with
EASY-spray nano-electrospray ion source (Thermo Scientific). The sample was
loaded and desalted at a flow rate of 5 I/min for 5 min with 0.1% TFA on a pre-column

(Acclaim PepMap 100, 2cm x 75um ID nanoViper column, filled with 3um C18 beads).

Peptide separation was performed using a 25 cm analytical column (PepMap RSLC,
50 cm x 75 um ID EASY-spray column, filled with 2 ym C18 beads) with solvent
gradients (ACN) at a flow rate of (flow rate of 250 nl/min). The two solvents were A
(100% ACN) and B (0.1% FA (vol/vol) in water). The gradient's composition was 5%B
for the first five minutes of trapping, followed by 5-7%B over 0.5min, 8-22%B for
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80min, 22-28%B over 10 min, and 35-80%B over 10min. Elution of highly hydrophobic
peptides and column conditioning was performed for 15 minutes with 90%B isocratic
elution and 20 minutes with 5%B isocratic conditioning. The LC-column-eluted
peptides were ionized by electrospray and analyzed by the Orbitrap Eclipse. The
mass spectrometer (operated through Tune 2.7.0 and Xcalibur 4.4.16.14 software)
was operated in DDA mode (data-dependent acquisition) to automatically transition
between full scan MS and MS/MS acquisition. With ion accumulation time set to auto
after accumulation to a target value of 4e5 in the C-trap, full survey scan MS spectra
(from m/z 375 to 1500) were acquired in the Orbitrap with resolution R = 120.000 at
m/z 200.

At compensation voltages (CVs) of -45V and -65V, FAIMS was enabled, and the mass
spectrometer (in the DDA mode) operated to automatically transition between full
scan MS and MS/MS acquisition, while the cycle duration remained constant at
0.9s/CV. Prior to fragmentation in the HCD (Higher-Energy Collision Dissociation) cell
during the 1.5s cycle time, the most intensely eluting peptides with charge states 2 to
6 were sequentially isolated to a target value (AGC) of 2e5 and a maximum IT of 120
ms in the C-trap, while maintaining an isolation width of 0.7 m/z. Fragmentation was
carried out using normalized collision energy (NCE) of 30%, and fragments were
detected in the Orbitrap with a resolution of 300,000 at m/z 200, with the initial mass
fixed at m/z 110. Spray and ion-source parameters were as follow: lon spray voltage

= 1900V, no sheath or auxiliary gas flow, and capillary temperature = 275°C.

2.9 Lipid extraction (Paper I)

Lipid analysis was conducted at Sahlgrenska university hospital, Sweden. Lipid
extraction was performed following (Polo, Burlina et al. 2017). Lipids were measured
using reverse-phase liquid chromatography. The mass spectrometry was detected
using a Xevo TQ MS detector (Waters, USA) in positive mode using electrospray

ionization (ESI) source following (Polo, Burlina et al. 2017).

2.10 Proteinuria assay and protein identification (Paper I)

2.10.1 Proteinuria assay
The assay was performed in larva and adult stages. For proteinuria evaluation, larvae

or adults were kept overnight in 1mL and 200ml of water, respectively. The larva and
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the adult fish were removed from the 24-well plate and the fish tank, respectively, on
the following day. For the adult, 50 ml of water was used for protein precipitation,

whereas the entire amount (1 mL) was utilized for the larva.

2.10.2 Urine protein precipitation

Protein was precipitated from the fish water using Trichloroacetic acid (TCA) (Sigma-
Aldrich, Cat. No. T0699) and chloroform. Upon mixing the water samples with
TCA/Chloroform, samples were incubated for 30 minutes at 4°C, then centrifuged for
5 minutes at 13,000 rpm at 4°C. The supernatants were discarded. Then the pellets
were washed in cold acetone and dried on a hot plate for 5 minutes. Dried pellets
were resuspended in 20 ul of sample buffer, and the mixture was incubated for 10
minutes at 70°C. Then the samples were run in Gels for SDS-PAGE (ThermoFisher,
Cat. No. NP0321BOX). The gel was stained and destained upon run completion using
the Coomassie Brilliant Blue R-250 Staining Solution kit (Bio-Rad Cat. No.1610436).
The gel was imaged using the ChemiDoc XRS+ imaging system (Bio-Rad). Gel bands
were excised, suspended in deionized water, and stored at -20°C before being
shipped to the Department of Biosciences at the University of Oslo for protein
identification using LC-MS/MS where the analysis was conducted. Sample
preparation for LC-MS/MS was performed according to a previously published

protocol (Anonsen, Vik et al. 2012).

2.10.3LC-MS/MS analysis of protein fractions

Using an Ultimate 3000 nano-UHPLC system (Dionex, Sunnyvale, CA, USA) coupled
to a QExactive mass spectrometer (ThermoElectron, Bremen, Germany) equipped
with a nano electrospray ion source, peptide samples were examined. Acclaim
PepMap 100 column (C18, 3 ym beads, 100 A, 75 ym inner diameter, 50 cm) (Dionex,

Sunnyvale, CA, United States) was utilized for liquid chromatographic separation.

The mass spectrometer automatically switched between MS and MS/MS collection in
data-dependent mode. After accumulating to a target of 1e6, survey full scan MS
spectra (from m/z 200 to 2000) were obtained with the resolution R = 70,000 at m/z
200. The maximum allowable time for ion buildup was 100ms. The used approach
permitted the sequential separation of up to ten most intense ions (intensity threshold
1.7e4) for fragmentation utilizing higher-energy collision-induced dissociation (HCD)
with a target value of 10,000 charges and a resolution R = 17,500 with NCE 28. The
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isolation window has an m/z value of 2 without any offset. The maximum ion
accumulation time for the MS/MS spectrum was 60ms. For precise mass
measurements, the lock mass option for internal recalibration during the analysis was

activated in MS mode.

2.10.4 Database search and label-free quantitation
Data were acquired using Xcalibur v2.5.5. After raw data processing, the database
search was conducted on the Zebrafish (Danio rerio) (NCBI; taxon ID7955; 55761)
and the common contaminant list using Proteome Discoverer v2.4 software
(ThermoScientific, Whaltham, Massachusetts, USA).

Percolator was used to evaluate peptide-spectrum matches with FDR targets of 0.01
(strict) and 0.05 (relaxed). Low FDR proteins, proteins with a single (low-scoring)
peptide, and contaminants were deleted from generated protein lists by hand curation.
Proteins were functionally annotated using the PD protein knowledge database

connected to GO: annotations.

2.11 Metabolite analysis (Paper | and Il)

Adult zebrafish samples were used for the analysis. The plasma metabolites were
measured using high-performance liquid chromatography/tandem mass spectrometry

in collaboration with Bevital AS, Bergen, Norway (Midttun, Kvalheim et al. 2013).

2.12 Tissue preparation for oxidative stress assessment (Paper Il)

Adult zebrafish kidneys and whole larva were used for oxidative stress assessment.
Tissue homogenization was performed using precellys beads. Total antioxidant
capacity (TAC), lipid peroxidation assay (MDA), and total/reduced glutathione
GSH+GSSG / GSH were measured using abcam kits (ab65329), (ab118970), and
(ab239709), respectively. All tests were performed following the manufacturer's
guidelines on a 96-well plate. The SpectraMax Spectrophotometer from Molecular
Devices was used to measure the optical density of TAC, MDA, and total
GSH+GSSG/GSH at 570 nm, 532 nm, and 412 nm, respectively. The tissue/larvae

weights were used for data normalization.
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2.13 Tissue processing for IHC and TEM and image acquisition

(Papers |, Il, and Ill)

Adult zebrafish kidney was used for immunohistochemical and transmission electron
microscopy analysis. For standard histology processing, kidney samples were
processed according to the standard protocol of tissue dehydration and embedding
at the histology laboratory, Department of Pathology, UiB. Sections of 5 uM were

acquired for histology and immunohistochemical staining.

Immunohistochemistry was performed as previously described (Zhang, Wen et al.
2017) with slight modifications. The antigen retrieval step was abandoned for some
antibodies (Table 5). After tissue rehydration, nonspecific binding was blocked using
normal goat serum (5%) in 1X PBST, and tissue was incubated with the primary
antibodies for 1 hour at room temperature. Later, tissue was washed in 1X PBST (3X)
and incubated with EnVision+ HRP rabbit or mouse (Agilent Technologies, Cat. No.
K4003 or K4001) secondary antibodies. Signal was developed using EnVision FLEX
DAB+ Substrate Chromogen System (Agilent Technologies, Cat. No. K3468). For
negative controls, the primary antibody was omitted. Slides were scanned with
ScanScope XT® (Aperio) at x40 resulting in a resolution of 0.25 micrometer per Pixel.

Digital slides were viewed in ImageScope 12.

For transmission electron microscopy preparation, samples were processed at
Molecular Imaging Center (MIC), UiB. Samples were washed in cacodylate buffer and
incubated for 1 hour in 1% osmium tetraoxide and then washed again in cacodylate
buffer. Dehydration was done in ascending ethanol concentrations. After dehydration,
samples were incubated in a mixture of ethanol and propylene oxide (PO), and the
infiltration was performed overnight by gradually the PO with the embedding medium
(Epon 812 resin). Epon 812 resin (100%) was polymerized at 60°C for 48 h. Sections
(70-80 nm) were collected using a Leica ULTRACUT microtome, stained with 2%
uranyl acetate (aqueous) for 16 min and then with lead citrate for 12 min. Jeol JEM-

1230 electron microscope was used for image acquisition.
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2.14 Image processing and quantification for IHC and TEM (Paper |,
Il, and Ill)

2.14.1 Immunohistochemistry (IHC)

IHC quantification was done using the color deconvolution algorithm version 9.1
(Aperio, CA, USA) after adjusting the default parameters to DAB staining. The signal
for each antibody was corrected at three levels: low, medium, and high, as per
quantification algorithm parameters. The percentage of positive pixels was used as a

visualization parameter.

2.14.2 Transmission electron microscopy (TEM)

Foot process effacement was quantified as foot process width (FPW), mitochondrial
morphology, and cristae structure were analyzed to assess mitochondrial alterations
using transmission electron microscopy (TEM). Images retrieved were at different
magnifications (x12,000 for mitochondria, x50,000 for cristae, and x20,000-25,000 for
the podocyte). FPW was analyzed following previously published protocols
(Gundersen, Seefeldt et al. 1980, van den Berg, van den Bergh Weerman et al. 2004,
Khalil, Lalai et al. 2019). Mitochondrial morphology was performed following
previously published protocols (Koopman, Visch et al. 2006, Picard, White et al. 2013,
Lam, Katti et al. 2021). Cristae morphology was assessed following previously
published protocols (Eisner, Cupo et al. 2017). All images were processed manually
using image processing package Fiji in Image J (Schindelin, Arganda-Carreras et al.
2012, Schneider, Rasband et al. 2012). Manual tracing of images to produce raw data

is illustrated in Figure 6.



64

Figure 6. Demonstration of manual tracing of A: PFW yellow circle, including the
region of the count, spread over the highlighted line of the glomerular basement
membrane, B: mitochondria morphology, and C: cristae organization using ImageJ
software.

2.15 Statistical and multiomics analysis (Papers |, Il, and Ill)

For the assessment of the enzyme activity, Glutathione assay, FPW, mitochondria,
cristae, and IHC, statistical analysis was performed using GraphPad Prism V 9.2.0.
Values were presented as median/interquartile ranges or as mean +SD. The Kruskal—
Wallis test with Dunn test for post hoc comparison (more than two groups) or Mann-
Whitney test (two groups) was used to assess statistical significance. Differences

were considered significant with p-values <0.05.

Proteome analysis was performed using Perseus v. 1.5.5.3 (Tyanova, Temu et al.
2016). General statistics was performed using SPSS (IBM SPSS Statistics v.29).
Relevant GO terms and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis were retrieved from ShinyGO
(http://bioinformatics.sdstate.edu/go/). GO terms with FDR < 0.05 were considered

significantly enriched. KEGG figures were generated using FASTA sequences in
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GhostKOALA (Kanehisa, Sato et al. 2016). Data available in the ProteomeXchange

Consortium (http://proteomecentral.proteomexchange.org/cgi/GetDataset) via the

PRIDE partner repository (Vizcaino, Deutsch et al. 2014) with the project accession
number: PXD035409.

For the transcriptomic analysis, the sequencing reads were aligned to the zebrafish
reference genome (GRCz11). Data were processed with R/Bioconductor packages
(R version 4.2). DEGs were identified by using the DESeq2 R package (version
1.36.0) and selected using a Wald’s test with filter criterion of FDR <0.05 and FC >0.5
(Love, Huber et al. 2014). FC values were shrunk using a Normal prior, with the
remaining options for DESeq2 set to default values. Processing script found at:
https://github.com/Roleren/fabry_article_code. Data is available at ENA project id
number: PRJEB55250.

Gene ontology (GO) and KEGG pathway analyses were performed using ShinyGO
0.76. Genes/pathways with adjusted p-value < 0.05 were considered significantly

differentially enriched.
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3 Summary of the main results

ERT can lower the Gb3 accumulation in FD if a timely ERT is applied. Nevertheless,
it has long been shown that ERT can not reverse cellular alterations caused by Gb3
accumulation. Cellular alterations in FD are not limited to Gb3 accumulation,
indicating Gb3-independent alterations. The distinction between Gb3-dependent and
independent alteration is still unclear. We aim to study the potential Gb3-independent
alteration in vivo using ZF. ZF can efficiently reflect the Gb3 independent alterations
as they cannot produce Gb3 due to natural lack of Gb3 synthase enzyme produced
via the A4GALT gene. This feature, accompanied by the other advantageous features

of ZF, enables us to investigate the Gb3-independent alterations.

In this regard, our in-silico search revealed only one ortholog to the human GLA gene,
in ZF identified as gla, which is predicted to produce the a-Gal enzyme. We have also
shown that the predicted enzyme sequence is similar to its human counterpart. Our
in silico 3D protein structure modeling prediction is also similar to humans.
Additionally, we have proved similar in vitro functionality of zebrafish a-Gal to its
human counterpart using conventional human a-Gal enzyme activity assay during
different life stages of the fish and in the renal tissue of adult fish. Similar to humans,
kidney tissue distribution of ZF-a-Gal was observed using the ZF-a-Gal antibody
produced via GenScript. Furthermore, the knockdown of this ZF’s gla resulted in lower
enzyme activity. We have observed renal alterations, such as podocyte foot process
effacement, and we have documented renal malfunction as indicated by higher

plasma creatinine and proteinuria in the mutant fish compared to the wild type.

We expanded our investigation at transcriptome, proteome, and metabolome levels.
Transcriptomic analysis revealed DEG in the mutant compared to the wild type and
GO term analysis indicated that the immune response gene set was overrepresented
among the upregulated genes. In contrast, the energy production and consumption,
aerobic respiration and oxidative phosphorylation gene sets were overrepresented
among the downregulated genes. The KEGG pathway analysis also further indicated
where glutathione and Ca?* pathways were upregulated while oxidative
phosphorylation and fatty acid metabolism were downregulated. Proteomic analysis

strengthened this finding and has shown an overrepresentation of downregulated
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carbon metabolism. Also, the involvement of the subcellular organelles was indicated,

i.e., lysosome, mitochondria, and cytoskeleton.

Additionally, interrupted glutathione activity, isocitrate dehydrogenase, superoxidase
mutase, and oxidoreductase were observed in the mutant fish. FD is an LSD in which
the lysosome is the prominently affected organelle in the cell due to the Gb3
accumulation. The disruption of lysosomal protein ftrafficking/sorting and the
autophagy process is influenced by Gb3 accumulation. In our study, however, we
have seen interrupted lysosomal proteins as indicated by KEGG analysis of both
transcriptomic and proteomic analysis. Besides the internal controls gla or a-Gal, our
results revealed disrupted lysosomal hydrolyses (Cathepsins), lysosomal membrane
proteins, e.g., Tetraspanin (Cd63/Limp1), and proteins and receptors associated with
the transport of synthesized lysosomal enzymes (M6pr). These results were validated
using IHC for Cd63/Limp and Ctsba.

In FD, disrupted mitochondrial function resulted from Gb3-dependent impaired
lysosomal function (Biancini et al, 2012; Schumann et al, 2021). Our proteomics
results aligned with this, showing affected mitochondrial-related pathways. We
validated these observations by measuring the oxidative stress (via glutathione
assay), semiquantitative IHC, and semiquantitative image analysis of electron

microscopy of the renal tubules.

Our results indicated a significantly higher state of oxidative stress in the renal tissue
from the adult mutant fish and the larval stage, consistent with transcriptomics and

proteomics analysis.

The affected mitochondrial function was further evaluated by immunohistochemistry.
IHC analysis confirmed the mitochondria malfunction showing reduced expression of
two proteins highlighted in our omics analysis; these are Sod2 and Idh3a.
Furthermore, the assessment of mitochondria and cristae using TEM indicated
distorted mitochondrial morphology, particularly in the proximal tubules. Additionally,
in both tubules, cristae morphology was affected (less healthy mitochondria in mutant
compared to wild type), consistent with the impaired mitochondrial function proven

earlier in our study.
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Our Omics analysis indicated dysregulation in the cytoskeleton and cell-to-cell

adhesion. Therefore, Cadherin (Cdh1) was assessed by IHC and was lower in the

mutant compared to the wild type, consistent with our omics analysis.

Further plasma metabolome investigation revealed (not statistically analyzed due to

low sample number) differences in Trimethylamine N-oxide (TMAO), carnitine,

methionine sulfoxide (MetSO), trimethyl-lysine, creatine, histidine citrulline, betaine

and asymmetric dimethylarginine (ADMA). Figure 7 illustrate our main findings in this

study.
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Figure 7. Graphical summary of the main results. Histological observations (A1 and
A2) on the podocyte and renal tubule’s mitochondria revealed PFPE and
mitochondrial shape and cristae alterations which was further validated using multi-
omics approach revealing stressed mitochondria and disturbed lysosomal contents

(B) and IHC.
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4 Discussion

4.1 Discussion of the main results

4.1.1 Zebrafish’s gla and a-Gal are similar to their human counterparts

For the first time, this study documented that in ZF, gla mutation resulting in reduced
enzyme activity can lead to FD renal phenotype accompanied by molecular, cellular,
functional, and histological alterations in the renal tissue independent of Gb3
accumulation. This innovative finding adds the first non-human in vivo evidence of

Gb3-independent alterations in FD.

In the current study, we did not just document the presence of gla in ZF as one
ortholog to its human counterpart, but we have also shown that its product, a-Gal,
resembles the human version of the enzyme at the structural, functional, and
histological distribution levels. Interestingly, using the CRISPR/Cas9 gene editing
tool, we successfully generated mutant ZF characterized by low enzyme activity

resembling the nonclassical FD phenotype in humans (Arends, Wanner et al. 2017).

4.1.2 Gb3-independent renal impairment

Contrary to previous understanding of the Fabry disease progress in light of Gb3
(Germain 2010), we have observed leaky kidneys in the mutant fish reflected by the
high molecular weight proteins detected in fish’s urine. Furthermore, high plasma

creatinine was observed in the mutant, indicating impaired kidney function.

We were interested in investigating whether this renal impairment is of glomerular or
tubular origin. Therefore, we histologically investigated the glomerulus and renal
tubules in the kidney tissue of mutant and wild type fish. Surprisingly, we have
observed a widening of the podocyte foot process (also known as foot process
effacement) in the mutant fish without Gb3. Although podocyte foot effacement, which
leads to podocyturia, can also occur in normal individuals (Maestroni, Maestroni et al.
2014), in FD, it has been shown that it follows Gb3 load in the podocytes or the
lysoGb3 interactions that can elicit the podocytes detachment (Trimarchi, Ortiz et al.
2020). Nevertheless, we have shown a similar effect on the ZF podocytes without
Gb3. This finding indicates that either another a-Gal substrate is involved in triggering

this effect or the molecular unbalance resulting from mutant a-Gal. Another reason
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could be that the trafficking of the malformed enzyme to the lysosome affects the cell
and leads to apoptosis, reflecting the podocytes' cellular morphological alteration and

resulting in an impaired glomerular filtration barrier.

4.1.3 Molecular evidence for renal impairment

Our omics approach (transcriptomics and proteomics) revealed subcellular organelle
involvement in addition to dysregulated pathways that are well-known in human FD.
Lysosomes, mitochondria, and cell junctions were highlighted in the GO term of
cellular components. Furthermore, genes involved in Cellular respiration, Aerobic
respiration, Oxidative phosphorylation, glutathione metabolism, Ca2+ cell signaling,

and immune response were markedly affected in the mutant fish renal tissue.

4.1.3.1 Gb3-independent lysosomal disturbance

Our omics data analysis revealed the downregulation of the lysosomal enzymes (i.e.,
Ctsba), lysosomal membrane proteins (i.e., Cd63), and transport proteins (i.e., Ap-1,
Ap-3, and M6pr) in MU fish.

While our study highlighted the downregulation in Cd63, in a stable a-GAL-deficient
podocyte cell line model for FD, CD63 protein expression remains unaffected (Jehn,
Bayraktar et al. 2021). One possible explanation for the disparity between the latter
study and ours is that in the absence of Gb3 accumulation, additional pathways
leading to an FD-related phenotype may be activated. Docking of Limp-1/Cd63 from
the trans-Golgi network to lysosomes requires the AP-3 adaptor complex (Eskelinen,
Tanaka et al. 2003), which was shown to be downregulated in our data. It has been
shown that the inactivation of CD63 in mice results in polyuria and decreased urine
osmolality, indicating that lysosomes contribute to renal homeostasis (Schroder,
Lullmann-Rauch et al. 2009), consistent with our finding. Additionally, lysosome
membrane proteins play crucial roles in lysosomal-related diseases (Gonzalez,
Valeiras et al. 2014). CD63 can be detected in the urine of chronic kidney disease
(CKD) model rats (Adam, Paterson et al. 2020) and human urine (Bryzgunova,
Zaripov et al. 2016, Campos-Silva, Suarez et al. 2019, Salvi, Bandini et al. 2021). In
line with our results, CD63 might be considered a novel, noninvasive potential

biomarker for Gb3-independent FD disease progression.
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Another lysosomal-related protein observed in our study is the lysosomal/cytoplasmic
vessel cysteine protease cathepsin Ba (Ctsba). This enzyme is a critical player in
lysosomal homeostasis, and its dysregulation is attributed to variable lysosomal
abnormalities (Man and Kanneganti 2016, De Pasquale, Moles et al. 2020, Yadati,
Houben et al. 2020). For example, CTSB downregulation results in autophagosome
accumulation due to compromised lysosomal clearance (Mizunoe, Kobayashi et al.
2019). Generally, dysregulation of cathepsins (CTSs) leads to a variety of human
diseases, including, cardiovascular diseases, neurodegenerative disorders, and
kidney diseases (De Pasquale, Moles et al. 2020). However, in FD, CTSB expression
has not been analyzed. In Niemann-Pick type C (NPC) disease (another LSD),
inhibition of this protease results in lysosomal dysfunction (Cermak, Kosicek et al.
2016). The role of CTSB is not restricted to the lysosomal as its presence is also
reported in the extracellular space, where it participates in many functions, e.g.,
inflammasome triggering, apoptosis, and extracellular matrix degradation (Yadati,
Houben et al. 2020). CTSB can be measured in the urine and plasma (Aisa,
Cappuccini et al. 2016, Wang, Bai et al. 2016). Downregulation of CTSB is associated
with renal tubular injury (Svara, Pogacnik et al. 2010, Herzog, Yang et al. 2012, Liu,
Shen et al. 2015, Goncalves, Hultman et al. 2016, Wang, Bai et al. 2016), even at an
early stage in life (Aisa, Cappuccini et al. 2016); we, therefore, suggest it as a possible
Gb3-independent noninvasive biomarker that can report the lysosomal homeostasis

and early tubular injury in FD.

Our results have also highlighted the upregulation of Mannose-6-Phosphate
Receptors (m6pr) at the gene expression level and its downregulation at the protein
level in the mutant fish kidney. A similar result was recently published by Frustaci et
al. in endomyocardial biopsies (Frustaci, Verardo et al. 2022). The contrasted
upregulation and downregulation at gene and protein levels can be attributed to post-
translation degradation. It is well established that M6PR is the lysosomal receptor for
a-GAL (Sands and Davidson 2006, Prabakaran, Nielsen et al. 2012); hence

downregulation of this receptor can negatively impact the efficacy of the ERT.

Lysosomal and mitochondrial interactions/functions are inseparable for sustaining
cellular homeostasis. In FD, autophagy-mitophagy processes are affected (Todkar,
llamathi et al. 2017, Deus, Yambire et al. 2020). A reasonable explanation for such

disruption is the inability of the lysosome to integrate into the mitophagosome
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resulting in an impaired downstream mitophagy process and might explain the
elevated oxidative stress and the altered mitochondrial morphology we have
observed in the mutant kidney tissue (Das and Naim 2009, Platt, Boland et al. 2012,
Ivanova, Changsila et al. 2019, Parenti, Medina et al. 2021, Schumann, Schaller et
al. 2021).

4.1.3.2 Oxidative stress and mitochondria morphology

Consistent with the assumption on the lysosomal-dependent mitochondrial alterations
in FD (Biancini, Vanzin et al. 2012, Todkar, llamathi et al. 2017, Deus, Yambire et al.
2020, Schumann, Schaller et al. 2021), and other metabolic disorders (Platt, Boland
et al. 2012, de la Mata, Cotan et al. 2016, Abed Rabbo, Khodour et al. 2021, Parenti,
Medina et al. 2021), the unbalanced glutathione metabolism indicated mitochondrial
dysfunction in the mutant fish kidney compared to the wild type. This observation was
further validated at the morphological level. Observing mitochondria and cristae
morphology indicated shape alterations of the mitochondria in the proximal tubules,
while the cristae area was affected in both proximal and distal tubules. Recent findings
in tubular cells of an FD mouse model and human-derived tubular cells have shown
similar results (Maruyama, Taguchi et al. 2018, Schumann, Schaller et al. 2021).
While the higher oxidative stress state is suggested to accompany Gb3 buildup in FD
(Biancini, Vanzin et al. 2012), it was also observed that oxidative stress could be
increased while lysoGb3 is at the expected levels in some FD patients (Simoncini,
Torri et al. 2020). Our results align with the assumption that oxidative stress can also

be initiated and maintained in a Gb3-free environment.

Consistent with the above, we have found disrupted mitochondrial proteins Sod2 and
Idh3a. Reduced Sod2 activity in ZF is associated with increased oxidative stress
(Ding, Zhang et al. 2021), consistent with our observation. Similarly, alterations were
observed in pluripotent stem cells from the peripheral blood of FD patients (Tseng,
Chou et al. 2017). While Sod2 downregulation was attributed to Gb3 accumulation in
their study, our data suggest that Sod2 disruption can occur in the absence of Gb3.
On the other hand, Sod2 was not altered in the unilateral ureteral obstruction (UUO)
FD mice, a combined model of obstructive nephropathy and FN (Chung, Son et al.
2021). Nonetheless, we hypothesize that Gb3 accumulation exacerbates Sod2

downregulation.
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Moreover, the Isocitrate dehydrogenase catalytic subunit alpha (ldh3a), a
mitochondrial protein, was also downregulated in kidneys from mutant fish. IDH3a
promotes ATP production by catalyzing oxidative decarboxylation of isocitrate to 2-
oxoglutarate. Downregulation of this enzyme is also known to affect
neurotransmission in Drosophila melanogaster (Ugur, Bao et al. 2017). In addition,
dysregulation of this enzyme interrupts the energy production in the cell, consistent
with our observation of the stressed mitochondria. Unluckily, disruption of Idh3a has

not been investigated in FD.

4.1.3.3 Cell junctions

Our omics analysis highlights the disruption of cytoskeleton genes, including the
Cadherin 1 (Cdh1) in renal tissue from mutant fish. Using IHC, we validated this
observation. Previous investigations in FD have also shown downregulation of Cdh1
expression at the RNA and protein levels in urine-derived cells (Jeon, Jung et al.
2015, Slaats, Braun et al. 2018). However, this marker has never been used as a
diagnostic or monitoring tool. Interestingly, Cdh1 depletion is associated with EMT,
cell death, and ferroptosis (Eikrem, Beisland et al. 2016, Tang, Chen et al. 2021). Our
results indicate that these pathways are altered in MU compared to WT ZF and

unrelated to the cellular Gb3 load.

4.1.4 Immune response-mediated calcium signaling

The observed oxidative stress reflected by the down-regulation of Cellular respiration,
Aerobic respiration, and Oxidative phosphorylation suggests a prevailingly anaerobic,
glycolytic metabolism, representing an inefficient, emergency energy production
pathway in mutant fish kidney tissue consistent with an ongoing immune system

activation (Pearce and Pearce 2013).

KEGG analysis has provided additional support to our findings. Pathways associated
with inflammation, such as phagosome activation, endocytosis and ferroptosis, are
upregulated in mutant fish. Due to immune stimulation, the calcium signaling pathway
is upregulated in mutant fish. Indeed, oxidative stress-dependent calcium influx was
previously highlighted using GLA mutant human inducible pluripotent stem cells
(iPSC) in a kidney organoid template (Kim, Kim et al. 2021). Furthermore, in Fabry
knockout murine tissues, expression of S100 calcium-binding proteins A8 and A9

(also known as MRP8 and MRP14) was markedly elevated at the gene and protein
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levels (Park, Choi et al. 2009). Significantly, S100A8/A9, Ca?* sensors involved in
cytoskeleton remodeling and arachidonic acid metabolism, are expressed
constitutively by neutrophils and monocytes and are actively produced during
inflammation, promoting leukocyte recruitment and cytokine production (Wang, Song
et al. 2018).

In our renal research group at UiB similar finding was observed in the kidney biopsy
of FD patients (Eikrem, Strauss et al. 2018, Strauss, Eikrem et al. 2019, Eikrem,
Delaleu et al. 2020). Besides the enriched set of genes involved in the extracellular
matrix and EMT, fibrosis and immune response were also enriched in the
microdissected glomerular compartment. Evident to our Gb3-independent cellular
alteration, ERT intervention returned the upregulated pathways to a normal state;
however, this was not the case in the long-term, i.e., ten years of ERT (Eikrem,
Strauss et al. 2018, Strauss, Eikrem et al. 2019). Furthermore, we have also identified
that complement component 1, g subcomponent, C chain gene (c7qc) is significantly
upregulated in the mutant fish compared to the wild type, which has already been
shown in FD (Heo, Kang et al. 2017, Strauss, Eikrem et al. 2019). While the previous
observations were reported in humans in the presence of Gb3, our results suggest
that activation and maintaining immune response is present in its absence, which is

supported by previous research (Braun, Blomberg et al. 2019).

4.1.5 Metabolites analysis supports elevated oxidative stress, and renal
dysfunction observation

The profile of plasma metabolites from mutant fish further supported our oxidative

stress, and renal impairment.

Generally, elevated levels of TMAO, MetSO, citrulline, and ADMA were observed in
mutant fish in contrast to the lower levels of carnitine, trimethyllysine, creatine,

histidine, and betaine.

TMAO elevation indicates declining kidney function and an increased risk of
significant adverse cardiovascular events (Janeiro, Ramirez et al. 2018). In humans,
TMAO is converted from choline, betaine, and carnitine (Velasquez, Ramezani et al.
2016). Increased plasma TMAO levels impact cardiovascular health and correlate
with impaired renal function (Tang, Wang et al. 2015, Velasquez, Ramezani et al.
2016, Vallance, Koochin et al. 2018).
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Additionally, low carnitine, an essential metabolite for transporting long-chain fatty
acids across the inner mitochondrial membrane (Maas, Hintzen et al. 2020), indicates
decreased energy output. In our KEGG pathway analysis, we found fatty acid
metabolism disturbances. One of the three sites of carnitine production is the kidney,
where it is efficiently reabsorbed to reduce urine loss. Our data on low carnitine in the
plasma reflects the renal tubular dysfunction in mutant fish. Indeed, previous studies
attributed its deficiency to metabolic disorders (Sharma and Black 2009, Virmani and
Cirulli 2022).

Another source for TMAO is betaine. In contrast to the high plasma levels of TMAO,
betaine was found to be decreased in the mutant fish plasma. Generally, low betaine
concentration is associated with an unfavorable cardiovascular risk and metabolic
syndrome (Ueland 2011). The other metabolite that yields TMAO is choline, which

was inconclusive.

We found low plasma trimethyllysine concentration, which might also explain the low
carnitine levels in the plasma. Trimethyllysine is a precursor for carnitine synthesis. A
low concentration of trimethyllysine has been described in systemic carnitine

deficiency patients, which is similar to our results (Lehman, Olson et al. 1987).

We have also observed elevated plasma levels of methionine sulfoxide (MetSO) in
the mutant fish. The elevation of this metabolite is associated with higher oxidative
stress in yeast and mice (Stadtman, Van Remmen et al. 2005). In FD, similar results
were reported (Ducatez, Mauhin et al. 2021). While the above-mentioned human FD
study results are attributed to the Gb3 load, we have shown that such elevation is

independent of Gb3 accumulation.

The amino acid histidine, which is known to have anti-inflammatory and antioxidant
properties (Hasegawa, Ichiyama et al. 2012), was lower in mutant fish. Consistent
with our observation, low plasma histidine concentrations are relevant to the higher

mortality rates in CKD patients (Watanabe, Suliman et al. 2008).

The endogenous inhibitor of nitric oxide synthase (NOS), Asymmetric
dimethylarginine (ADMA), which catalyzes the synthesis of nitric oxide (NO) from
arginine and is a marker of endothelial dysfunction, revealed a higher plasma level in

the mutant fish. In Fabry-associated cardiomyopathy, elevated ADMA has been
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described to be higher (insignificant) in the FD patient (Loso, Lund et al. 2018).
Furthermore, serum ADMA levels inversely correlate with coronary flow reserve in
Fabry patients who received de novo enzyme replacement therapy (Fuijii, Kono et al.
2012). Additionally, elevated plasma ADMA was observed in patients with renal

dysfunction and cardiovascular disease (Tousoulis, Georgakis et al. 2015).

Three urea cycle intermediates were detected in our metabolite analysis. Only
citrulline presented apparent elevation in the mutant fish, whereas no clear
differences were found in ornithine and arginine levels. In children with early CKD, a
high plasma citrulline-to-arginine ratio has been described as a marker of
cardiovascular involvement (Lin, Hsu et al. 2013). Citrulline can ,therefore, be used

as an early marker for renal involvement in FD.

Our results indicated low levels of plasma creatine. Creatine is essential in energy
storage and transmission (Boenzi, Pastore et al. 2012) and is also known as an
antioxidant (Lawler, Barnes et al. 2002). Creatine supplementation has been
proposed as a treatment for different age-related diseases (Smith, Agharkar et al.

2014). Creatine levels in plasma are not generally monitored in FD.

4.2 Methodological consideration

4.2.1 Choice of the animal model

Besides many cited advantages of using ZF as a disease model, particularly in LSDs
(Zhang and Peterson 2020), one that was of particular interest to our purpose is that
it lacks the Gb3 synthase enzyme, which is responsible for producing Gb3. The
absence of this gene in ZF was crucial as we were interested in investigating the Gb3-

independent FD characteristics if any.

4.2.2 Why kidney samples only?

Gb3 deposits at the early stages of life in every cell in the renal tissue; however, the
renal function assessment cannot reflect the degree of its deposition. Additionally,
ERT is limited to reverse molecular and cellular alteration caused by Gb3-dependent
and independent injuries that lead to deterioration of the renal function. Therefore,
new tools and/or biomarkers are urgently needed to effectively assess renal function

(Waldek and Feriozzi 2014, Silva, Moura-Neto et al. 2021). Furthermore, we are a
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renal research group and time/resources too limited to study the other involved organs

in this thesis.

4.2.3 Why the use of gene and protein expression together?

Compared to the non-differentially expressed gene, the differentially expressed
mRNAs correlate with their protein product substantially better, which strengthens the
cause for using differential mMRNA expression for biological findings, i.e., diagnostic
or treatment biomarkers (Koussounadis, Langdon et al. 2015). Furthermore,
transcriptome of ZF is well described in contrast to its proteome, although proteome
is more informative at the molecular level. Our consistent finding in both
transcriptomics and proteomics analysis strengthen our results. It is worth noting that

the RNA sequencing and proteomics samples were not from the same kidney tissue.

The issue when working with both tools, the current state-of-art technology is still
limited, particularly for protein detection. For example, protein abundance analysis
typically yields fewer proteins than genes detected by gene expression, which many
factors can explain due to the theory behind protein detection used in the current
proteomics platforms. For instance, high abundance proteins tend to mask the low
abundance proteins, rendering them invisible to the detection method. This may
explain the differences between the number of genes and proteins we found. While
the total number of protein-coding genes in ZF is 26206, our gene expression analysis
has shown almost all of them at 25592. While the total number of proteins found in
our study was 8075, as shown in Figure 8. It is worth mentioning that ZF, like humans,
has tissue-specific proteomics patterns (Desgrange and Cereghini 2015, Banu,
Srivastava et al. 2021).

Also technically-wise, RNA is amplified in before running transcriptomics analysis
while the same is not applied to proteomics analysis. On top of that, not all RNAs are

translated into proteins.

Another issue with protein expression analysis in ZF is that not all proteins are
curated/validated in the current databases. Therefore, multiple databases must be
used concurrently to retrieve the most updated protein information to produce a better

interpretation. Several databases can be consulted for such purposes, including:

e ZFIN (Bradford, Van Slyke et al. 2022),
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e NCBI (https://www.ncbi.nim.nih.gov/genome/gdv/?org=danio-rerio),

¢ GRC (https://www.ncbi.nIm.nih.gov/grc),

e UCSC (http://genome.ucsc.edu/cite.html),

e UNIPROT (UniProt 2021),

e and Ensembl (Cunningham, Allen et al. 2022).
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Figure 8. Comparison between the gene expression and protein expression raw
numbers. Original figure generated using data from papers Il and Ill.

4.2.4 Choice of quantification methods
4.2.4.1 Quantification of podocyte foot process

Kidney podocytes are the ultimate barrier to urinary protein loss. They are terminally
developed epithelial cells with complicated cellular architecture. On electron
microscopy, podocyte foot process effacement (FPE) is a typical characteristic in
proteinuric renal disorders like focal segmental glomerulosclerosis (FSGS), minimal
change disease, immunoglobulin (Ig) A nephropathy, Fabry disease (FD) and diabetic
nephropathy (DN). In FSGS, podocyte loss was correlated with the degree of
proteinuria. In contrast, this was not the typical case in other diseases like FD, which
suggest that the timing of the initiation of proteinuria and the development of podocyte
foot process effacement is inconsistent (Deegens, Dijkman et al. 2008). However,
reduction of PFPE after treatment with ERT or Chaperone therapy was demonstrated
in FD, which makes it a good treatment efficiency detector (Mauer, Sokolovskiy et al.
2017).
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Foot process effacement is measured by foot process width (FPW). Accurate
podocyte effacement measures need an understanding of the 3-dimensional nature
of the glomerulus and glomerular components, often seen as 2-dimensional
structures on microscopic imaging. The challenge with direct measurement of foot
process width is determining the extent of the foot processes as they curve around
the capillary wall (Becherucci and Romagnani 2015, Mauer, Sokolovskiy et al. 2017,
Basgen, Wong et al. 2021).

In ZF, fewer glomeruli are found compared to humans, and only one glomerulus can
be found during the early developmental stages (less than 16 dpf). In our work, we
evaluated the FPW in adult fish. Currently used methods in quantifying FPE in ZF are
similar to humans (van den Berg, van den Bergh Weerman et al. 2004, Deegens,
Dijkman et al. 2008, Lindahl, Reinholt et al. 2014, Rider, Bruton et al. 2018, Jobst-
Schwan, Hoogstraten et al. 2019, Khalil, Lalai et al. 2019).

4.2.4.2 Mitochondria morphology

Mitochondria are dynamic organelles that often change shape and intracellular
distribution throughout their lifespan. The appropriate rates of fusion and fission
determine the number and form of mitochondria. Many articles have reported
substantial mitochondrial network remodeling throughout a range of pathological
situations such as differentiation, cell cycle progression, mitochondrial respiratory
chain performance, Ca?* transport, and apoptosis. Changes in mitochondrial shape
thus play a critical role in regulating both autophagy and mitophagy (Marchi, Bonora
et al. 2017).

It has been highlighted recently that mitochondria morphology is altered in renal
tubule in FD, which was accompanied by elevated oxidative stress (Schumann,
Schaller et al. 2021). We, therefore, used the mitochondrial morphology assessment

approach to reproduce the current finding in FD.

4.2.4.3 Cristae morphology

Cristae vary in size, form, and packing density between species, tissues within the
same organism, and even different parts of the same cell. For example, in cells with
higher energy demands, mitochondria generate more prominent, more densely

packed cristae, presumably to maximize ATP generation per volume occupied by
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mitochondria in the cell. Evidence of inner mitochondrial membrane morphing has
also been observed in response to physiological changes such as energy production,
apoptosis, and oxidative stress. A delicate balance of organelle fusion and fission,
regulated by specific proteins, determines mitochondria overall size and structure.
Likewise, cristae do not appear at random, for example, by simply expanding. Instead,
cristae are formed, and their integrity and shape are maintained through complex

protein-protein interactions (Afzal, Lederer et al. 2021).

We used the recently suggested approach to assess the cristae morphology in
response to the observed oxidative stress in the mutant compared to the wild type
fish (Eisner, Cupo et al. 2017, Lam, Katti et al. 2021).

4.2.5 No behavioral or external morphology investigation?

During this work, no abnormal body morphology was observed in the mutant.
However, at the F5 generation, high mortality rates were observed in the mutant
compared to the wild type. Unfortunately, that was observed late in the study;

therefore, the results were not critically investigated.

4.3 Limitations

Notably, residual a-GAL enzyme activity was seen in mutant animals. Because the a-
GAL protein in the mutant line is notably undetectable by IHC while still partially
functional, we suggest that the produced stop codon may be partially skipped during
protein translation, resulting in structural deformation/protein misfolding with residual

enzymatic activity.

Additionally, pathophysiological gender disparities represent a challenge (Hollander,
Dai et al. 2015) because in humans GLA gene is located on the X chromosome, but
in ZF, it is located on an autosomal chromosome. Hence, pathophysiological
differences between male and female zebrafish cannot be reliably addressed
(Babaei, Ramalingam et al. 2013, Zheng, Xu et al. 2013, Li, Tan et al. 2016).

Another limitation is that no eGFR was measured in our model. In FD patients, renal
function can be measured using eGFR, proteinuria/albuminuria or even podocyturia.
In zebrafish, however, eGFR measurement is currently not feasible, and zebrafish do

not produce albumin. Nevertheless, alternatives to evaluate renal function have been
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developed, i.e., by injecting fluorescently labeled dextran into the bloodstream and
measuring decreasing fluorescent intensity over time. This technique is currently used
for the larval stage as they are transparent (Hentschel, Mengel et al. 2007, Tobin and
Beales 2008, Christou-Savina, Beales et al. 2015, Hanke, King et al. 2015, Bolten,
Pratsinis et al. 2022). In adult fish, one way to evaluate renal function is via the
transgenic zebrafish that expresses a fluorescent protein that in healthy fish does not
cross the glomerular filtration barrier (GFB), while when the kidney is damaged it
filtrates easily through the glomerulus (Elmonem, Berlingerio et al. 2018, Outtandy,
Russell et al. 2019). Indeed, several transgenic lines were developed for this purpose
(Xie, Farage et al. 2010, Zhou and Hildebrandt 2012, Chen, Luciani et al. 2020).
These methods are laborious and time-consuming. In our study, we overcame such
limitation by using a simple proteinuria assay which was used in the larval stage
(Nishibori, Katayama et al. 2011, Jobst-Schwan, Hoogstraten et al. 2019), and we
have adopted this approach for the adult stage, which proved to be easy, cheap,
efficient, and time-saving (paper |). Additionally, we were able to measure plasma
creatinine by pooling several blood samples as recommended by previous work in
zebrafish (Jagadeeswaran, Sheehan et al. 1999, Babaei, Ramalingam et al. 2013). It
is worth mentioning that only two pooled samples were used for the plasma metabolite

measurements due to the high blood volume needed for this analysis.

Lastly, no histological abnormalities were seen in the mutant fish other than the
podocyte foot process effacement and the altered mitochondrial morphology. The
lack of histological abnormalities can be attributed to the lack of Gb3 load in the
cells.Additionally, ZF is known for its high tissue regeneration capacity, in contrary to

human (Kamei and Drummond 2014).
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5 Conclusion and future perspectives

5.1 Conclusions

We successfully generated a nonclassical FD model in zebrafish that mirrors some of
FN's main features. Our model is valuable in studying the Gb3-independent
alterations. Using this model, we have shown that Gb3-independent alteration can

lead to evident renal impairment.

Our findings suggest that gla mutation, independent of Gb3 accumulation, is sufficient
to alter renal tissue at the molecular and histological levels. This surprising
observation indicates that Gb3 and lysoGb3 amplify the cellular alterations initiated
by gla mutation. Our findings open the way for developing novel diagnostic,
monitoring, and perhaps therapeutic approaches, which would be especially useful in

the early stages of FD before Gb3 buildup.

5.2 Future perspectives

Our innovative Gb3-free FD disease model in zebrafish is valuable in studying
disease progression, potential early diagnosis biomarkers, and treatment efficacy
independent of Gb3 accumulation. We are interested in reproducing our main finding
in archival human renal biopsies, which we can access through the Norwegian Kidney
Biopsy Registry. We have previously shown that these biopsies are viable for gene
expression studies. Using such a resource will help us define potential noninvasive
FD/FN diagnoses and more efficient and universal treatment monitoring biomarkers.
In addition, we hope to study zebrafish with and without the Gb3 synthase gene by
inserting the gene into the fish. This way, we can exclusively highlight the Gb3-

dependent and independent effects of the FD.
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ARTICLEINFO ABSTRACT

Keywords: Fabry disease (FD) is a rare genetic lysosomal storage disorder, resulting from partial or complete lack of alpha-
GLA galactosidase A (a-GAL) enzyme, leading to systemic accumulation of substrate glycosphingolipids with a broad
o-Galactosidase A range of tissue damage. Current in vivo models are laborious, expensive, and fail to adequately mirror the
;:]})‘;Lﬁiﬁnmy complex FD physiopathology. To address these issues, we developed an innovative FD model in zebrafish.
Fabry disease Zebrafish GLA gene encoding a-GAL enzyme presents a high (>70%) homology with its human counterpart,
and the corresponding protein has a similar tissue distribution, as evaluated by immunohistochemistry. More-
over, a similar enzymatic activity in different life stages could be demonstrated. By using CRISPR/Cas9 tech-
nology, we generated a mutant zebrafish with decreased GLA gene expression, and decreased expression of the
specific gene product in the kidney. Mutant animals showed higher plasma creatinine levels and proteinuria.
Transmission electron microscopy (TEM) studies documented an increased podocyte foot process width (FPW) in
mutant, as compared to wild type zebrafish.
This zebrafish model reliably mirrors distinct features of human FD and could be advantageously used for the
identification of novel biomarkers and for an effective screening of innovative therapeutic approaches.

1. Introduction

Fabry disease (FD) is a rare X-linked lysosomal storage disorder
caused by a variety of mutations in the alpha-galactosidase gene (GLA)
on Xq21.3-q22. The result of which is a wide spectrum of a-GAL enzyme
activities, ranging from normal to complete deficiency [1], leading to
different clinical phenotypes with both intra- and interfamilial clinical
variabilities [2,3].

As o-GAL hydrolyzes glycosphingolipids and glycopeptides [4], its
complete deficiency leads to multi-organ accumulation of the glyco-
sphingolipid globotriaosylceramide (Gb3) [5], but mainly in the kidney,

heart, and nervous system [6,7]. In the human kidney, the main clinical
manifestations are due to Gb3 accumulation throughout the nephron
and, predominantly, in renal epithelial cells [6]. Progressive Gb3
accumulation is associated with end-stage renal disease (ESRD) [8,9].

Although Gb3 and the deacetylated form lysoGb3 in plasma are
currently used for FD diagnosis and to monitor treatment effectiveness
[10,11], their ability to mirror all GLA gene mutations detected so far is
debated [12-16].

Enzyme replacement therapy (ERT) has improved multiple aspects of
FD. However, the associated complications e.g. allergies and variable
efficiency that depend on the age and degree of nephropathy [17] as
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well as the elevated mortality rates, contribute to considering ERT as a
disease modifier rather than a cure [18]. Therefore, innovative new
treatment options are still urgently needed. Nevertheless, the develop-
ment of novel therapies for FD critically requires the availability of
adequate experimental models [17-20].

In vitro studies using different cell lines may model the main FD
hallmark, e.g. Gb3 accumulation [21-24], but fail to address the
complexity of damaged organs [25]. Instead, murine FD models [26,27]
recognized the role of ERT in decreasing Gb3 levels [28], and some of
them succeeded in imitating the renal impairment of FD, however, hy-
pertrophic cardiomyopathy was not reported in this FD model [29].
Fortunately, a study using FD model in rat have managed to recapitulate
both renal and heart phenotypes [30], in addition, FD-related ocular
manifestations was reported by the same research group [31]. However,
knockout Fabry mice maintain a standard adult lifetime and their pre-
mature death was never attributed to the FD complication i.e. kidney or
heart defects [29]. Others FD model appear clinically normal, and do not
show obvious microscopic lesions in the kidney, liver, heart, spleen,
lungs, and brain [32]. Therefore, current in vitro and in vivo models fail
to fully elucidate FD physio-histopathology, and do not allow ERT
optimization for personalized treatment. On top of that, murine studies
can be laborious, and expensive, and it is challenging to follow the
possible lack or reduction of a-GAL enzymatic activity early during
intra-uterine gestation [25,32].

Thus, additional in vivo Fabry disease models are needed to explore
glomerular filtration barrier integrity and to facilitate screening for
potential drugs [25,32]. Moreover, inconsistency of Gb3 and lysoGb3
monitoring in kidney during treatment requires more out of the box
thinking, including considering an animal model that is voided of Gb3/
lysoGb3.

In this context, zebrafish is a good candidate since it lacks Gb3
synthase and, therefore, cannot produce Gb3 [33]. This could allow to
investigate the substrate-independent role of GLA mutation and other
low scale yet powerful markers that might be masked by the over-
consideration of Gb3 and lysoGb3. Based on the unmistakable similar-
ity of its kidney with the human one, zebrafish has extensively been used
to study abnormalities in kidney development, inherited glomer-
ulopathies, and ciliopathy-associated human cystic kidney diseases
[34]. In the recent years, the use of zebrafish to study lysosomal storage
disorders has grown tremendously [35], and with new advances in gene-
editing technologies, researchers were able to produce zebrafish trans-
genic lines that facilitate the study of lysosomal storage disorders [36].

In addition to the similarities with human kidneys, zebrafish is
valuable for other research-friendly characteristics such as ex-utero
fertilization and development, rapid development from embryos to
larvae in 5 days, and to full adult stage in 90 days, and high fecundity.
Additionally, the transparency of embryos and larvae allow easy visu-
alization of developmental processes or monitoring of the desired
phenotype, [37]. Advantageously, the robust development of the pro-
nephrone which is fully functioning at 4-day post-fertilization (dpf)
identify zebrafish as an unavoidable organism in high throughput drug
screening studies [34,38,39] and a useful bridge between in vitro cell-
and in vivo rodent-based FD models [40].

On the basis of these considerations, we investigated the character-
istics of a-GAL in wild-type zebrafish and evaluated the effects of the
inhibition of GLA gene expression, to explore the possibility of using this
valuable organism in FD studies.

2. Materials and methods
2.1. Ethical approval

The Norwegian Food Safety Authority (Mattilsynet) granted ethical
approval for this study (FOTS ID 15256). All procedures were performed

following standard protocols of the Zebrafish Facility, University of
Bergen (UiB). We used the AB/Tiibingen (AB/TU) strain of zebrafish for
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2.2. Zebrafish maintenance and sample collection

Eggs, embryos, larvae, juveniles, and adult fish were handled in
compliance with applicable national and international standards, ac-
cording to zebrafish facility regulation at the University of Bergen.
Under normal laboratory conditions, an adult (90+ days post-
fertilization dpf) wild-type zebrafish was held at 28 °C on a 14 h
light/10 h dark period. Standard spawning protocol (www.zfin.org) was
followed by egg harvesting. Eggs were stored in an E3 medium con-
taining 0.01% methylene blue after harvesting. Embryos and larvae
were incubated at 28 °C until 5 dpf. Current rules do not require
permission for testing on zebrafish embryos before the free-feeding stage
(5 dpf). According to the zebrafish facility rules, all invasive pain-
causing interventions on stages older than 5 dpf were performed
under anesthetic conditions.

2.3. Bioinformatics analysis and prediction of a-GAL structure in
zebrafish

Using the BLAST algorithm with default parameters, we compared
nucleotide and amino acid sequences to the non-redundant gene data-
bases accessible at the National Centre for Biotechnology Information
GenBank database (NCBI) http://blast.ncbi.nlm.nih.gov. NCBI BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was wused to evaluate
sequence similarities against the Zebrafish May.2017 (GRCz11/
danRer11) genome assembly. ClustalW was used to generate the mul-
tiple sequence alignment, which was then run on the Geneious software.
The Ensembl db (http://www.ensembl.org) was used for comparative
genomics analysis of GLA sequences in zebrafish and humans. The I-
TASSER online modeling service was used to perform the homology
modeling analysis [41]. The model was selected based on the confidence
score (C-score), assessing the predictability of models. The significance
of threading template alignments and the convergence parameters of
structure assembly simulations are used to compute the C-Score. The
standard C-score range is —5 to 2, with a higher C-score indicating a
model with high confidence. The putative protein structure was selected
based on the predicted 3D model with the highest C-score.

2.4. General CRISPR target design and generation of short guide RNA

Primers and single-guide RNA (sgRNA) sequences were designed by
considering genomic variation and using the known genetic variation of
the GRCz11 annotation (ENSDARG00000036155). Primers, single guide
RNA (sgRNA), tracrRNA, and Cas9 Nuclease V3 were purchased from
Integrated DNA Technologies BVBA (IDT, Leuven, Belgium). The
CHOPCHOP web-tool [42] was used for both GN or NG as 5’ specifica-
tions. The Supplemental table displays primers and sgRNA sequences
(Sup. 1).

2.5. Generation of mutant lines

Zebrafish GLA mutants were generated by CRISPR/Cas9-mediated
gene tool. One-target region located within GLA exon five was chosen
for sgRNA recognition. The corresponding sgRNA was injected into
wild-type zebrafish embryos (n = 200) at the 1-cell stage together with
cas9 protein. For mutation screening, sgRNA-injected embryos (Founder
0/F) of 5 dpf were screened by PCR fragment analysis to confirm suc-
cessful mutant generation. After validating the successful Fo mosaic
generation, larvae were raised to adulthood, screened individually, and
positive mutants were out-crossed to TAB wild-type adults to obtain the
first generation F; embryos with heterozygous genotype.

To obtain the GLA™/~ mutant line, selected F; adult were in-crossed
and produced the second generation F, in which the progeny was GLA*/
*, GLA*/~ and GLA™/~. Homozygous GLA~/~ mutant individuals from
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Fy were genotyped, sequenced, and in-crossed to generate third gener-
ation F3, 100% homozygous GLA ™/~ mutant. All work has been done on
F3 generation or its in-crossed progeny compared to the wild type of
similar crossing batch Sup.2.

2.6. Genotyping and sequencing

Genotyping was performed using simplified PCR fragment analysis.
To genotype GLA mutants, genomic DNA was extracted from either
whole embryos/larvae or the tail fin of adults with the DNA crude
extraction method. Briefly, samples were collected in 50 pL of 50 mM
NaOH, samples were then heated at 95 °C for 20 min followed by quick
cooling at 4 °C. Genomic DNA was used as template for genotyping PCR.
The PCR was carried out at the following conditions: 95 °C for 5 min; 35
cycles of 94 °C for 30 s, 58 °C for 30 s, 72 °C for 30 s, and final elongation
step of 72 °C for 5 min. PCR product was digested with restriction
enzyme BsmFI (R0572L), New England BioLabs, Ipswich, MA, USA)
65 °C for 1 h, following manufacturer instructions. Final digestion
products were resolved on 2% agarose gels.

For sequencing, PCR products were cleaned up using ExoSAP-IT™
(Applied  Biosystems™), following manufacturer instructions.
Sequencing reactions were prepared following BigDye v.3.1 Protocol,
Sequencing Facility, High Technology Center, UiB, with the following
sequencing cycle: 96 °C for 5 min; 25 cycles of 96 °C for 10 s, 58 °C for 5
s, 60 °C for 4 min. Automated Sanger DNA Sequencing was performed
using capillary based Applied Biosystem 3730XL Analyzer.

2.7. Alpha-galactosidase A activity assay and lysoGb3 measurement

To compare o-GAL activity levels at different developmental stages,
samples were collected from 2dpf embryos (n = 7), 4dpf larvae (n = 8),
and 30dpf juveniles (n = 4). For +90 dpf adults, kidney samples were
pooled (3/sample, male n = 10, female n = 9). For a comparison be-
tween adult wild type and mutant, kidney lysates from each gender were
sampled separately (n = 10). Samples were snap-frozen in liquid ni-
trogen immediately after collection and shipped in dry ice to Sahl-
grenska University Hospital, Sweden, to measure a-GAL activity and
lysoGb3 levels. Samples were stored at —80 °C upon arrival and before
the analysis.

For a-GAL activity analysis, samples were kept on ice, diluted in
100-200 pL of deionized water, depending on tissue sample weight, and
homogenized at 4 °C (glass/Teflon; 10-15 strokes). Protein concentra-
tion was determined by the BCA Protein Assay Reagent method (Pierce,
Rockford, USA). Enzyme activity was assessed using the a-GAL stan-
dardized protocol used in clinical diagnostics [43,44]. Briefly, the ac-
tivity of tissue homogenates was measured using a fluorometric assay
utilizing 4-metylumbelliferyl (MU)-alpha-galactopyranoside (20 mM,
Apollo Scientific) as substrate. Sodium acetate buffer (0.1 mM, pH 4.5)
was used as substrate buffer. The substrate solution included N-acetyl-D-
galactosamine (200 mM, Toronto Research Chemicals) as an inhibitor of
alpha-N-acetyl-galactosamidase (previously named alpha-galactosidase
B), as well as 2% delipidized bovine serum albumin. The enzyme reac-
tion was performed at 37 °C, pH 4.5 for 30 min, and stopped with
glycine buffer (0.25 M, pH 10.3, Merck). Fluorescence of samples,
blanks, and standard solution (4-Methyl Umbelliferon 1 pM, diluted in
Glycine buffer) was measured by spectrofluorometry (Jasco FP-6500,
Jasco Inc., Easton, MD, USA) using an excitation wavelength of 360
nm and an emission wavelength of 448 nm. The activity of a-GAL was
expressed as pkatal/kg protein.

Analysis of lysoGb3 was performed in tissue homogenates of zebra-
fish kidney by a modified method, as previously described [45]. Samples
were prepared as described above, and 50 pL of the homogenate was
used for analysis.
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2.8. Customized polyclonal antibody synthesis

Alpha-galactosidase protein sequence was screened using Geneious
prime software for potential antigenic regions using the default setting
of the software. The minimum length of the antigenic region was set to 7
amino acids. The antigenic region prediction was powered by the
EMBOSS6.5.7 tool plugin within Geneious prime software. The selected
sequences were then investigated using BLAST against rabbit sequence
for sequence similarities to avoid cross-reactivity. Moreover, Gen-
Script® proprietary software evaluated their antigenicity. Accordingly,
two antigenic sequences were selected for the rabbit-generated poly-
clonal antibody against zebrafish a-GAL protein. Both antigenic peptides
were at the seventh exon of the protein. The two antigenic peptides of
the carboxy-terminal amino acids 251-264 [(NH2-) CKADSFEL-
WERPLSG (-CONH3)] and 271-284 [(NH-) CVVNRQEIGGPRRFT
(-CONHy)] were synthesized and coupled to KLH carrier via the cysteine
residue (underlined). Antibodies were then produced by GenScript’s
standard protocol in New Zealand rabbits.

2.9. Plasma creatinine assessment

Zebrafish were euthanized by immersion in tricaine methanesulfo-
nate MS-222300 mg/L, Sigma Chemical Co., St. Louis, Mo. (Cat. No. A-
5040). Blood was immediately collected from the dorsal aorta, as
described [46]. Briefly, a transverse cut was made just caudal to the
dorsal fin. Blood spilling from this cut was rapidly collected by a
heparin-coated micropipette tip and pooled to achieve the desired vol-
ume of 20 pL (n = 2/genotype).

Plasma concentrations of creatinine were measured by high-
performance liquid chromatography/tandem mass spectrometry
following [47] in collaboration with Bevital AS, Bergen, Norway.

2.10. Proteinuria assessment

In humans, albuminuria and proteinuria are standard clinical
methods to evaluate kidney function. However, zebrafish does not
produce albumin, therefore, albuminuria cannot be detected. We
adopted a new method to qualitatively assess the pattern of proteinuria
in zebrafish adults. For each measurement, one wild-type and one
mutant fish were kept in 100 ml water for 24 h at 28.5 °C. Water samples
(n = 5) were harvested after ensuring that the fish was alive, and blank
was used as a negative control (only water). Protein was precipitated
using Trichloroacetic acid (TCA): Chloroform method. Briefly, 100%
TCA solution was added, mixed gently with the water sample and
incubated at 4 °C for 30 min. Samples were then centrifuged at 13,000
rpm at 4 °C for 5 min and supernatants were discarded. Pellets were
washed 2x with cold acetone, with each washing step followed by
centrifugation at 13,000 rpm at 4 °C for 5 min. After drying the pellets,
20 pL of sample buffer was added and the mixture was incubated at
70 °C for 10 min. For SDS-PAGE, the samples were applied to NuPAGE
4-12% Bis-Tris Gels (Invitrogen). The gel was stained and destained
with Coomassie Brilliant Blue R-250 Staining Solution Kkit,
Cat#1610436, and imaged using ChemiDoc XRS+ system, BIO-RAD.

To identify protein/s in each gel, bands were excised using a clean
blade under sterile conditions. Cut gel bands of similar sizes were placed
into a sterile 70% ethanol-pre-cleaned 1.5 mL tube. Sufficient sterile
water was added to cover excised gels. and samples were kept at —20C
until being shipped to Department of Biosciences, University of Oslo,
where they were analyzed using LC-MS/MS, detailed method below.

2.10.1. In-gel protein digest
Gel slices containing proteins were destained, reduced, alkylated,
and digested with trypsin (Sigma) as previously described [37].

2.10.2. LC-MS/MS analysis of protein fractions
The generated peptide samples were analyzed using an Ultimate
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3000 nano-UHPLC system (Dionex, Sunnyvale, CA, USA) connected to a
QExactive mass spectrometer (ThermoElectron, Bremen, Germany)
equipped with a nano electrospray ion source. For liquid chromatog-
raphy separation, an Acclaim PepMap 100 column (C18, 3 pm beads,
100 f\, 75 pm inner diameter, 50 cm) (Dionex, Sunnyvale CA, USA) was
used. A flow rate of 300 nL/min was employed with a solvent gradient of
3-55% B in 53 min, to 96% B in 2 min and retaining that for 5 min then
back to 3% B in 3 min. Solvent A was 0.1% formic acid and solvent B was
0.1% formic acid/90% acetonitrile. The mass spectrometer was oper-
ated in the data-dependent mode to automatically switch between MS
and MS/MS acquisition. Survey full scan MS spectra (from m/z 200 to
2000) were acquired with the resolution R = 70,000 at m/z 200, after
accumulation to a target of 1e6. The maximum allowed ion accumula-
tion times were 100 ms. The method used allowed sequential isolation of
up to the ten most intense ions (intensity threshold 1.7e4), for frag-
mentation using higher-energy collision induced dissociation (HCD) at a
target value of 10,000 charges and a resolution R = 17,500 with NCE 28.
Target ions already selected for MS2 were dynamically excluded for 60
s. The isolation window was m/z = 2 without offset. The maximum
allowed ion accumulation for the MS/MS spectrum was 60 ms. For ac-
curate mass measurements, the lock mass option was enabled in MS
mode for internal recalibration during the analysis.

2.10.3. Database search and label-free quantitation

Data were acquired using Xcalibur v2.5.5 and raw files were pro-
cessed. Database searches were performed against the Zebrafish (Danio
Rerio) (NCBI; taxon ID7955; 55,761 entries) and the PD common con-
taminants list, with the proteome discoverer v 2.4 software (Thermo-
Scientific, Whaltham, Massachusetts, USA). The following parameters
were used: digestion enzyme, trypsin; maximum missed cleavage, 2;
minimum peptide length 4; parent ion error tolerance, 10.0 ppm; frag-
ment ion mass error tolerance, 0.04 Da; and fixed modifications, car-
bamidomethylation of cysteines. Oxidation of methionine and
acetylation of the N-terminus were specified as variable modifications
and the maximum number of PTMs was set to 2. Peptide-spectrum
matches was assessed with percolator with FDR target set at 0.01
(strict) and 0.05 (relaxed). Generated protein lists were manually
curated, with low FDR proteins, proteins with single (low score) pep-
tides, and contaminants removed. Functional annotation of proteins was
done using the PD protein knowledge-database linked to GO:
annotations.

2.11. Histology and immunohistochemistry

For standard histology and immunohistochemical staining, wild type
(n = 6) and mutant (n = 3) adult (90 + dpf) zebrafish were euthanized in
300 mg/L tricaine methanesulfonate MS-222 Sigma (Cat. No. A-5040)
and dissected open. Kidneys were exposed after discarding viscera under
1x PBS (Life Technologies, Cat. No. AM9625). Dissected fishes were
fixed with 4% paraformaldehyde in 1x PBS for 48 h. Later, kidneys were
removed, processed, and embedded in paraffin according to standard
protocols of molecular imaging center MIC, UiB and Pathology
Department, Haukeland University Hospital. Sections of 5 pM were ac-
quired for histology (Hematoxylin and periodic acid Schiff stain) and
immunohistochemical staining.

Immunohistochemistry was performed as previously described [48]
with slight modifications. Antigen retrieval was skipped upon IHC pro-
tocol optimization. Staining with our customized rabbit polyclonal pri-
mary antibody (anti-a-GAL) was performed for one hour at room
temperature at 1:600 concentration. For negative controls, the primary
antibody was omitted. Slides were scanned with ScanScope XT®
(Aperio) at x40 resulting in a resolution of 0.25 pm per Pixel. Digital
slides were viewed in ImageScope 12.

Immunohistochemical positivity for anti-a-GAL was quantified using
the color deconvolution algorithm version 9.1 (Aperio, CA, USA) after
adjusting the default parameters to DAB staining. The total percentage
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of positive pixels was used as a visualization parameter and statistics
was performed IBM SPSS V. 25.

For transmission electron microscopy (TEM), kidney samples of wild
type (n = 9) and mutant (n = 8) were fixed overnight at 4 °C in 2.5%.
Samples were washed 3 times in 0.1 M cacodylate buffer and then
incubated for 1 h in 1% osmium tetraoxide and washed with cacodylate
buffer. Samples were dehydrated in ascending ethanol concentrations
and incubated in ethanol and propylene oxide (PO). Samples were then
infiltrated with 25% Epon 812 resin and 75% PO for 35 min, followed by
50% Epon 812 resin and 50% PO for 1 h and exchanged with a new 50%
Epon 812 resin and 50% PO for overnight incubation. Samples were
exchanged with 75%: 25% (resin: PO), then pure epoxy resin for 3-4 h,
then overnight. Finally, the resin exchanged completely with epoxy
resin for 3 h, embedded in epoxy resin, and polymerized at 60 °C for 48
h.

Sections 500 nm to 1 pm thick were collected using a Leica ULTRA-
CUT microtome. Thick sections were stained with 1% toluidine blue.
70-80 nm ultrathin sections were cut from this block, collected on 300-
mesh copper grids, and stained with 2% uranyl acetate (aqueous) for 16
min and then with lead citrate for 12 min. Samples were imaged at MIC,
Department of Biomedicine, UiB, on the Jeol JEM-1230 electron mi-
croscope at various magnifications.

2.11.1. Measurement of podocyte foot process width

Glomerular basement membrane GBM length was measured using
Fiji (ImageJ) [49]. The number of podocyte foot processes along the
GBM was counted manually. Any connected epithelial segment laying
on GBM and separated by filtration slit was considered as a foot process.
The arithmetic mean of the foot process width was calculated from the
following equation:

FPW — E.Z GBM length
4" SFPNo.

Where > "FP No. is the total number of foot processes counted in each
picture, and Y GBM length is the total GBM length measured in each
picture. The hypothetical random variation in the angle of section
relative to the long axis of the podocyte was corrected using the
correction factor n/4. Mean width was calculated first for an individual
sample, and then it was used to calculate the mean FPW for the two
groups (wild type and mutant). 1-3 glomeruli were evaluated per fish (n
= 9 wildtype, n = 8 mutant).

2.12. Statistical analyses

Statistical analysis was performed using IBM SPSS V 25 and Graph-
Pad Prism V 9.2.0. Values are presented as violin plots (median/inter-
quartile ranges) or as mean =+ SD. The Kruskal-Wallis test with Dunn test
for post hoc comparison or Mann-Whitney test were used to assess sta-
tistical significance. Differences were considered significant with p-
values <0.05.

3. Results
3.1. Zebrafish GLA is the only orthologue for its human counterpart

To develop an innovative experimental model of potential relevance
for the study of human FD, we first investigated the expression of GLA
homologues in zebrafish.

We found only one previously annotated version of the human GLA
gene counterpart in zebrafish (chromosome 14: NC_007125.7) in the
National Centre for Biotechnology Information (NCBI) online databases,
named galactosidase, alpha. This gene, similar to its human counterpart,
is composed of seven exons, encoding a 1470 bp mRNA
(NM_001006103). A polypeptide homologous to human a-GAL protein
was also identified (NP_001006103.2).

To explore their exclusive homology to the human gene and protein
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counterparts, we used the nucleotide (NC_000023.11) and the amino
acid (NP_000160.1) sequences of human GLA gene and a-GAL protein as
queries in non-redundant sequence databases from NCBI, against the
Zebrafish May 2017 (GRCz11/danRer11). Indeed, zebrafish GLA gene
mRNA is highly similar to its human counterpart (71% bp sequence
identity). Moreover, a comparison between zebrafish and human pro-
teins revealed a high degree of sequence similarity (65.53% amino acids
identity). Most importantly, active, and substrate-binding sites are 100%
conserved along with the primary structure of zebrafish protein.

Based on this background, we performed a homology modeling
analysis on I-TASSER online modeling service, and we evaluated asso-
ciated C-scores. After removing the first 20 amino acid residues
comprising the signal sequence, the structure revealed was similar to its
human counterpart, e.g. a homodimeric protein (Fig. 1 al and a2) with
each monomer composed of two domains (Fig. 1 bl and b2), first, a N-
terminal (B/a)s domain (residues 21 to 319), containing the active site,
and second, a C-terminal domain (residues 320 to 409), containing
antiparallel p8 strands packs against the first domain.

As expected from the high protein sequence similarity, the model fits
well on the template when superimposed with Geneious prime software.
The positions of the catalytic residues Nucleophile (159D) and Proton
donor (220D) together with the substrate-binding site 192E are fully
conserved (Fig. 1 C). Moreover, the position of the N-glycosylation site
(N181), and the Ubiquitination sites (K116, 229, 297, 303, and 315),
and the five-disulfide bond organization (C41-C83, C45-C52,
C131-C161, C191- C212, and C367-C371) are similarly conserved.
Among these, C131-C161 is the most important one, as it is directly
involved in stabilizing the conformation of the active site. Also, amino

Human

Zebrafish
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acids, W36, D81, D82, Y123, K157, and R216 conferring substrate
specificity for a-GAL are in topologically conserved positions (Fig. 1 C).
The non-conserved residues between mammalian and zebrafish «-GAL
enzymes are exposed on the surface of the predicted zebrafish a-GAL
structure.

This data indicates that GLA is the only zebrafish orthologue for the
human GLA gene and encodes a protein with high in silico similarity to
its human counterpart.

3.2. Zebrafish-a-GAL tissue distribution and functional activity are
similar to their human counterpart

The kidney is a major affected organ in classical FD in humans. To
investigate the pattern of a-GAL enzyme distribution, as related to its
human counterpart, immunohistochemical analysis of adult zebrafish
kidneys was performed by using a customized polyclonal antibody.
Worth mentioning here that only one antigenic peptide was able to
produce an appropriate antibody against zebrafish a-GAL, that is amino
acids 251-264 [(NH2-) CKADSFELWERPLSG (-CONH2)].

Distribution of the «-GAL enzyme immune-reactivity was limited to
the cytoplasm of podocytes and proximal and distal tubule cells. How-
ever, while in the podocytes, the a-GAL signal was scarcely distributed
in the cytoplasm, it was extensively present in the renal tubules (Fig. 2
A). Thus, immunohistochemical results indicate that the a-GAL distri-
bution in the zebrafish’s kidney is similar to that in the human kidney
[50].

The sole presence of the protein does not necessarily reflect the same
functional activity as in humans, where its deficiency is crucial in

Fig. 1. Structure prediction of the zebrafish a-GAL. (al)
homodimer structure of human «-GAL; (a2) homodimer
structure of zebrafish a-GAL. The dimers are colored from
N-terminal (blue) to C-terminal (red). The structure pre-
diction shows that the zebrafish a-GAL folds in a pattern
highly similar to its human counterpart. (b1l) is the
monomer of a human o-GAL enzyme showing the two
domains, while (b2) is the zebrafish o-GAL enzyme
showing the same structure. Domain 1, (B/a)8 barrel, ex-
tends through residues 32-330 in human (red) and
21-319 in zebrafish (red), and contains the active site,
while domain 2 extends through residues 331-429 in
human (green) and 320-409 in zebrafish (green) and
contains antiparallel p strands. C: the superimposed
structure of the two enzymes active sites and substrate
binding site, with substrate specificity residues W36, D81,
D82, Y123, K157, R216 in zebrafish and W47, D92, D93,
Y143, K168, R227 in human, are fully conserved between
the two species. The active sites D159 and D220 in
zebrafish, D170, and D231 in humans are also conserved.

Domain1 Domain 2 Domain1 Domain 2 The residues C131 and C161 zebrafish and C142 and C172
human help to stabilize the conformation of the substrate-
W36.,47 binding site through the formation of disulfide bonds. The
/ substrate-binding site boundaries E192 and Y196 in
C zebrafish correspond to E203 and Y207 in humans. Color
DD92,93 ligands for zebrafish and human are shown in plate C. (For
' interpretation of the references to color in this figure
\ legend, the reader is referred to the web version of this
D220, 231 article.)
Y196,207
/4
Y123,143
[/ 192,703 R216,227
K157,168 M Zebrafish

' M Human
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Fig. 2. Kidney tissue distribution and enzyme activity in
wild type zebrafish. (A) Immunohistochemistry (IHC)
staining for Zebrafish a-GAL in wild-type adult zebrafish

* kidney. The expression pattern is similar in both genders.

g 1 The protein was abundantly detectable in the cytoplasm of

9 50 Kk * renal tubule cells, and to a lower extent in the glomerulus.

% g_ Hematoxylin was used as counterstain. The lower panel
= - 40+ shows the three renal structures, as stained with Periodic
g Acid Schiff (PAS). Scale bar (in black) = 50um. (B) Wild-

] 30+ type zebrafish a-GAL activity as evaluated in the whole

= 20+ embryo, larvae, and juvenile whole body tissue lysates and

> in adult male and female kidney tissue lysates (Kruskal-

E 104 $ Wallis, P < 0.05). Results of the Dunn post hoc test show a

E = significant difference (*) between juvenile and larvae (P <

17, o 04 0.05) and juvenile and adult female specimens (P < 0.05).
E £ The violin plot represents these results within the 95th
E -10 T T T T T percentile. G = glomerulus, PT = proximal tubule, DT =

w S 60 @é’b (.&e» ‘\&0 &q}o distal tubule. Validation of the antibody is provided in

Q/& N . \»40 & Sup.4.

determining FD manifestations. We therefore evaluated the enzymatic
activity of zebrafish a-GAL in the animal tissue lysates (embryo, larva,
and juvenile) and in kidney lysates of adult males and females. A
comparative analysis revealed a significant difference between larva and
juvenile stages (p = 0.006), larva and adult male (p = 0.03), and be-
tween juvenile and adult female (p = 0.048) (Fig. 2 B).

These results not only demonstrate the presence of zebrafish a-GAL
throughout different developmental stages, but also validate the func-
tional similarity of zebrafish a-GAL and its human orthologue by uti-
lizing the same chemical substrate. Thus, due to our in-depth
bioinformatic analysis demonstrating high levels of identity on both
sequence and structural levels coupled with our enzymatic in-vitro assay

DNA 14.355 kb
A 1 2 3 4 5 6-’Prlmer 7
5 3
LB BN | EEEEEEEEEEEEESR EEEEER LA LE RN N LR EEEER LN}
Primer
~Sa
: 5 6
L ]|
H : |
WT  cDNA GCAGAAGAUCGUCGUCC -~ -- -~ == -~ CAGUGG
GLA7* cDNA EGAAUGGCCGUUAUA =5AU GCAGAAGAUCGUCGUCCAGUGGCAGGACCAGUGG UGA
409 aa -/- +- L 4f+ c*
B W roen c P
381bp
245 bp
________________________________ 125bp

- - EKQKIVVQWQDQWQDQEDGMTLTCH -

Fig. 3. Generation and verification of a GLA mutant line. (A) CRISPR/Cas9-based gene-editing tool used to generate mutant zebrafish. The targeted genomic
sequence for the introduction of the insertion mutation in the exon 5 is illustrated. The eleven base pair insertion (shown in blue) is highlighted in the cDNA
sequence. The putative stop codon after the insertion is highlighted in red. Guide RNA and PAM sequences are highlighted in green and black, respectively. Mutation
occurred 45 bp from the proton donor catalytic site (in violet) and 120 bp from the substrate binding site (in light blue) that is in exon 4. Primers for genotyping and
sequencing spanning exons 5 and 6 are indicated by the red bar (B) The insertion mutation leads to a frameshift with a premature stop codon (in red) 16 amino acid
downstream the insertion region (the lower panel). (C) PCR screen shows that the insertion interrupts one of the two restriction enzyme digestion sites resulting in
two PCR fragments in the mutant (—/—) instead of three in the wild type (+/+), LPP = DNA ladder in base pairs (bp), C* = wild type undigested PCR product (the
agarose gel image is edited for illustration, full image can be reviewed in sup.5). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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demonstrating functional similarity to human a-GAL we hereafter refer
to NC_007125.7 as zebrafish a-GAL.

We additionally measured lysoGb3 in zebrafish kidney tissue lysate
but obtained negative result Sup. 3. These results are in line with pre-
vious work [33] and supporting our in-silico observation that zebrafish
lacks Gb3 synthase gene.

3.3. Generation and verification of the mutant line

To investigate “in vivo” the effects of reduced a-GAL enzyme pro-
duction in zebrafish, we used CRISPR/Cas9 gene-engineering tool to edit
the GLA gene. Sequencing of the edited line revealed a 11 bp insertion in
exon 5 (the targeted region) at moderate proximity to the active site
(Fig. 3). The mutation was 45 bp downstream from the proton donor
catalytic site in exon 5 and 120 bp downstream from the substrate
binding site, in exon 4 (Fig. 3). The insertion resulted in a frameshift
started at position ¢.802, p244.P > Q, and a subsequent premature stop
codon within exon 6 at ¢.842, p.261.1 > *.

3.4. GLA indel mutation results in decreased enzymatic activity and
expression of zebrafish a-GAL in renal tissues

DNA sequencing analysis indicates that the mutation introduced
generated a frameshift in the resulting mRNA. To validate these results
at the protein level, we measured the enzyme activity in the kidney
tissue lysate of mutant animals and their wildtype counterpart. Our re-
sults revealed an approximately 65% decrease of enzyme activity in the
mutant fish, as compared to the wild type (p = 0.025) (Table 1, Fig. 4).

Based on the enzyme activity data, we anticipated a reduced pres-
ence of the enzyme in the renal tissue. Therefore, we performed
immunohistochemical analysis to quantify a-GAL protein expression in
wild-type and mutant renal tissue. We observed that no or very weak
a-GAL signal was detectable in mutant, as compared to wild type renal
tissue (p = 0.024, Fig. 4). We also used periodic acid Schiff (PAS) stain to
document glomerular changes and we observed dilated capillary loops
and thinner Bowman'’s space (Fig. 4) in the mutant compared to the wild
type kidneys.

3.5. Compromised renal function in GAL mutant zebrafish

Same as in humans, in zebrafish creatinine is freely filtered through
the glomerulus. Therefore, plasma creatinine level mirrors the integrity
of the glomerular barrier. We assessed the plasma creatinine of wild type
and mutant zebrafish. We observed more than double volume plasma
concentrations of creatinine in mutant compared to wild type animals
(mean SD) in pmol/L: 10.08 + 1.167 vs. 4.36 + 0.4950 (Fig. 5 A),
consistent with a severely compromised kidney function.

Accordingly, we were also interested in evaluating impaired filtra-
tion barrier integrity using zebrafish-adapted proteinuria assessment.
Indeed, a high molecular weight protein leakage was detectable in
mutant, compared to the wild type fish (Fig. 5 C). The main high mo-
lecular weights proteins crossing filtration barrier were detected at 80
kDa, 98 kDa and 150 kDa. These proteins were identified by mass
spectrometry after individual bands were excised from polyacrylamide
gels (Sup.6). Interestingly, the yolk-transport protein abundantly found
in blood, vitellogenin, was also detectable in all three gel bands. This
could be explained by non-specific protein fragmentation [51]. This
protein is the zebrafish counterpart of human plasma albumin [52] and

Table 1
The a-GAL enzyme activity measurements in pkat/kg of protein in wild type and
mutant. N:sample number; SD: standard deviation.

N Mean + SD Median Mean Rank
Wild type 10 26.3 +15.4 28.60 13.45
Mutant 10 9.9+ 1.9 9.700 7.55
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A IHC PAS

Mutant

Wild Type

Percent Total Positive

Fig. 4. Histological distribution and enzymatic activity of Zebrafish- a-GAL
protein in the GLA mutant zebrafish. (A) Scanned digital images show a-GAL
antibody and periodic acid Schiff staining. Note that PAS staining shows dilated
capillary loops and thinner Bowman’s space (yellow arrowheads) in mutant
compared to wild type animals. (B) Quantification of immunohistochemical
analysis of sections from wild-type and mutant kidneys. Signal intensity is
significantly higher in wild type compared to mutant tissues (Mann-Whitney U
test: P < 0.05). The violin plot represents these results within the 95th
percentile, and the dash-line symbol inside the violin plot represents the me-
dian. Scale bar = 50um. (C) Comparison of a-GAL activity in wild type and
mutant zebrafish kidney tissue lysate (Mann-Whitney Test, P < 0.05).

we therefore interpreted this as a valuable test to assess the integrity of
the membrane-filtration barrier.

To further validate our results at the TEM level, we measured
podocyte foot process width (FPW) (Fig. 5 B). In zebrafish, no reference
or standard FPW is available. However, previous studies [53] suggest
that in normal state, it is half-sized, compared to its human counterpart
(508-827 nm) [54]. Accordingly, within GBM distances ranging be-
tween 21,000 and 207,000 nm (average total glomerular capillary
circumference: 22157 nm), FPW ranged between 192 and 276 nm
(235.5 + 24.76 nm) in wild type but between 298 and 555 nm (383.4 +
78.43 nm) in mutant animals (P < 0.05) (Fig. 5 B).

4. Discussion

Innovative supplemental therapeutic approaches for FD are urgently
needed. However, in vitro and in vivo models currently used to test novel
treatments, fail to adequately mirror FD pathobiology. Here, we have
developed a zebrafish-based experimental model to allow a reliable and
rapid in vivo assessment of the potential clinical relevance of new mol-
ecules and biologicals and to elucidate non Gb3-dependant pathophys-
iological disease mechanisms.

In-silico investigation demonstrated the presence of a single ortho-
logue for human GLA gene in zebrafish. Furthermore, structure
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prediction revealed a high similarity between human and zebrafish
a-GAL (Fig. 1), this is in agreement with previous report [55]. Impor-
tantly, by using a polyclonal antibody against zebrafish a-GAL we could
show that the distribution of a-GAL in zebrafish kidneys closely re-
sembles that of its human counterpart (Fig. 2 A). Most interestingly, the
human o-GAL activity assays can effectively be used to measure zebra-
fish enzyme activity and we could therefore demonstrate that it is pre-
sent in zebrafish as early as in 2 dpf embryo, 4 dpf larva, 30 dpf juvenile
and adult fish tissues 90" dpf (Fig. 2 B), and fluctuates similarly to
humans [56]. We have noticed that enzyme activity in general is higher
in adult wildtype female compared to adult male zebrafish, in agree with
what have been described previously in Fabry mice [57] as well as in
human [58]. For both Fabry mice and human this could be explained by
the X-chromosome inactivation patterns [59], however, in zebrafish, as
the GLA gene is not X-linked, we can attribute the enzyme activity dif-
ference to undetermined endogenous gender-related factors, i.e. gender-
related expression pattern [52]. In fact, variable reports have indicated
that individuals with FD disease are known for having normal values of
the enzyme activity in response to variable mutations [60-62] while the
lysoGb3 maintain elevating [63]. Apart from this, enzyme activity in
vitro can differ from in vivo activity for many factors, i.e. the nature of the
used substrate [64,65]. No difference was observed in the size or the
weight between mutant and wildtype fish, however, we have observed
higher mortality rates during the early embryonic stages, particularly
when the crossing is made between younger mutant generations e. the
5th generation (F4) see Sup.8.

To provide a functional validation of our data, using CRISPR/Cas9
gene-editing tool, we introduced a hypomorphic mutation in exon 5 of
GLA gene, resulting in decreased a-GAL activity. Sequence analysis in-
dicates that the eleven base pair insertions at the end of the 5th exon and
close to the active site (Fig. 3, Sup.9), resulted in a frameshift and
introduced a premature stop codon at the beginning of the 6th exon.
Notably, this mutation resembles a previously described rs869312402
¢.785G > A-Trp262* mutation, which is pathogenic and leads to a
classical FD phenotype in humans [66,67].

Molecular Genetics and Metabolism Reports 31 (2022) 100851

Fig. 5. GLA-mutant zebrafish show compromised filtra-
tion barrier function. (A) Renal impairment is documented
by double plasma creatinine level in the mutant zebrafish.
(B and D) FPW quantitation in adult zebrafish kidney on
TEM images reveals wider foot processes (podocyte foot
process effacement) in the mutant (Mann-Whitney Test, P
< 0.05. Violin plots depict results within the 95th
percentile. The yellow line highlights the GBM. White
arrows point to the silt diaphragm between two adjacent
foot processes. CL = capillary lumen, F = fenestrae, EC =
endothelial cell, US = urinary space, PFP = podocyte foot
process. (C) Renal function impairment is further vali-
dated by the leakage of high molecular weight proteins
observed by SDS-PAGE electrophoresis. The illustrated
protein bands in the fig. (80 kDa, 98 kDa and 150 kDa
wight arrowheads) were identified by mass spectrometry
analysis. MW = marker in kDa, WT = wild type, Mu =
Mutant, C = control (water). The polyacrylamide gel
image is edited for illustration, full gel image can be
reviewed in Sup.7.

Most importantly, in animals bearing the engineered GLA gene,
expression of the specific gene product in the kidneys was nearly un-
detectable by immunohistochemistry (Fig. 4 A and B), and enzyme ac-
tivity was markedly reduced (Fig. 4 C).

During FD treatment, evaluation of proteinuria and serum/plasma
creatinine is crucial to monitor disease progression and treatment
outcome. Accordingly, we observed that plasma creatinine is higher in
mutant, compared to wild type zebrafish. Moreover, proteinuria
assessment unraveled a leak of high molecular weight proteins in the
mutant fish. Combined, these observations support a glomerular filtra-
tion impairment. In agreement with this data, microscopic examination
of kidney sections revealed increased glomerular size in mutant zebra-
fish characterized by dilated capillary loops, enlarged glomerular
diameter, and thinner Bowman’s space (Fig. 4 A). Similar findings have
been reported in human Fabry nephropathy [68-71] but not in other FD
model [29,72].

Increased podocyte and glomerular volumes have recently been
described in classical FD patients by non-biased ultrastructural methods
[73]. In accord with these reports, ultramicroscopic investigation
revealed significant podocyte foot process effacement in the zebrafish
mutant line.

Taken together, these results are consistent with the general
assumption that damage of the kidney filtration barrier results in protein
leakage and elevated plasma creatinine which are critical in defining
glomerular filtration rate loss [74,75]. Most importantly, similarities
with human FD phenotype not associated with Gb3 accumulation sup-
port the important role of substrate independent pathophysiologic
mechanisms in Fabry nephropathy [76].

Limitations of the proposed model should be acknowledged. In
particular, FD is characterized by a slow systematic accumulation of Gb3
[9,77,78] but zebrafish does not have Gb3 synthase gene, and hence no
Gb3 accumulation can be expected. However, in FD, proteinuria rep-
resents an early clinical sign of kidney damage [79,80], even before Gb3
accumulation in the podocyte [79,81], and low range proteinuria may
start as early as at 5 to 10 years of age [82,83]. Therefore, it is widely
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recognized that apart from Gb3, in humans, multiple and not fully
elucidated signal mechanisms do work in concert with histopathologic
mechanisms [84]. Nevertheless, the possibility to insert Gb3 synthase
gene or to transiently express it in zebrafish could be considered so that
we can evaluate the effect of GLA inactivation on Gb3 in vivo and
establish the hallmark of FD, Gb3 accumulation.

Notably, a residual enzyme activity was also detectable in mutant
animals. It is worth mentioning that this residual activity could be due to
a-N-acetylgalactosaminidase (a-galactosidase B) since the inhibitor (N-
acetyl-D-galactosamine) concentration is optimized for human samples.
Nevertheless, the low immunohistochemically detected signal of
zebrafish a-GAL may compromise this assumption. Since a-GAL protein
is remarkably undetectable by IHC in the mutant line, yet partially
functioning, we speculate that the generated stop codon might be to
some extent bypassed during protein translation, leading to structural
deformation/protein misfolding with residual enzymatic activity.

On the other hand, the zebrafish model presents several advantages.
Previously established Fabry mice, appear to be clinically normal, with
no abnormality in blood and urine analyses and a normal lifetime.
Kidney damage is only detectable by histological analysis in 20 weeks
old mice (young adult) [32,85]. However, this could be achieved by day
five post fertilization in zebrafish, thus in a considerably shorter time.

Besides the lack of the Henle loop, zebrafish and human kidneys are
highly similar, sharing all fundamental functional units, and, especially,
podocytes [22]. Moreover, expression pattern of zebrafish a-GAL is
analogous to humans and enzyme activity can be easily and consistently
measured throughout all developmental stages.

Another distinct advantage of zebrafish is represented by non-
invasive drug administration protocols. Whether through an aqueous
environment or oral gavage, this allows feasible drug delivery for both
embryos and adult fish with reduced stress, thereby allowing more ac-
curate observation of the histo- and physiopathology in the fish [86,87].
Additionally, progress in high-throughput drug screening in zebrafish
has recently been documented [88].

Our results not only provide strong evidence for a structural and
functional similarity of human and zebrafish a-GAL but indicate that the
induction of mutations resulting in enzyme activity decrease efficiently
models human FD, consistent with previous studies highlighting the use
of zebrafish as a valuable kidney disease model.

Taken together, our data paves the way for a better molecular un-
derstanding of kidney phenotypes observed in FD patients and opens
new avenues for the identification of novel biomarkers, and the per-
formance of large-scale drug screenings.
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Abstract (200 words): Fabry disease (FD) is an X-linked inborn metabolic disorder due to partial or
complete lysosomal a-galactosidase A deficiency. FD is characterized by progressive renal insuffi-
ciency and cardio- and cerebrovascular involvement. Restricted access on Gb3-independent tissue
injury experimental models has limited the understanding of FD pathophysiology and delayed the
development of new therapies. Accumulating glycosphingolipids, mainly Gb3 and lysoGb3, are
Fabry specific markers used in clinical follow up. However, recent studies suggest there is a need
for additional markers to monitor FD clinical course or response to treatment. We used a gla-knock-
out zebrafish (ZF) to investigate alternative biomarkers in Gb3-free-conditions. RNA sequencing
was used to identify transcriptomic signatures in kidney tissues discriminating gla-mutant (M) from
wild type (WT) ZF. Gene Ontology (GO) and KEGG pathways analysis showed upregulation of
immune system activation and downregulation of oxidative phosphorylation pathways in kidneys
from M ZF. In addition, upregulation of the Ca? signaling pathway was also detectable in M ZF
kidneys. Importantly, disruption of mitochondrial and lysosome-related pathways observed in M
ZF was validated by immunohistochemistry. Thus, this ZF model expands the pathophysiological
understanding of FD, the Gb3-independent effects of gla mutations could be used to explore new
therapeutic targets for FD.
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rate (GFR) [6]. However, these tests have a low sensitivity for detecting early kidney dam-
age, and aberrant readings frequently only represent late indicators of renal disease asso-
ciated with irreparable structural damage [7] not benefiting from FD specific treatment
like enzyme replacement therapy (ERT) [8]. Thus, they have limited sensitivity for early
detection and monitoring of FD nephropathy, essential to preserving renal function [9,
10].

Accumulation of Gb3 and its deacylated form lysoGb3 is involved in various FD
pathophysiological manifestations [11-13]. However, slowly progressive tissue deposition
is insufficient to explain the gradual onset of organ dysfunction or adverse outcome [14-
16]. For instance, plasma lysoGb3 levels fail to conclusively identify patients with milder
phenotypes, particularly in females [17]. Other factors beyond Gb3 accumulation and lys-
0oGb3 exposure may influence FD pathogenicity [18, 19]. We have recently shown that
renal damage is evident in a Gb3-independent FD model [20].

Early biomarkers of FD nephropathy have been investigated in adult patients, with
promising results. However, most studies were conducted by using proteomic or metab-
olomic technology [21], whereas RNA sequencing has more rarely been addressed [8].

More importantly, no studies have been conducted to explore genes encoding poten-
tial FD biomarkers associated with a-GAL deficiency in Gb3-free conditions. Such inves-
tigations might pave the way towards earlier detection of the disease prior to the devel-
opment of the wide range of organ damage caused by Gb3 accumulation. To address this
issue, we used a Gb3 synthase-free-gla- mutant zebrafish (ZF) as a FD model to investigate
the Gb3-independent gene expression signature[20].

2. Results
2.1. RNA sequencing

First, we performed a quality control of the RNA-seq data obtained from zebrafish
(ZF) kidney samples (n=16). Besides expected sex-related differences, this analysis
showed a very high (r2>0.91) correlation among mutant (M, n=8) and wild type (W, n=8)
samples, consistent with high homogeneity and data reproducibility (Figure 1A). Most
importantly, M and WT samples were indeed clustering better together than between each
other, as shown by variance stabilized counts using both a clustering heatmap and a 2-
dimensional principal component analysis (PCA) (Figure 1B-C), thereby suggesting that
the expression of defined gene subset(s) clearly separated sample groups.

Gene expression changes in ZF kidney tissues were then comparatively analyzed in
detail. In total, 22646 genes were successfully identified, and 4042 of them showing high
FDR confidence (padj <0.05) were used for further analysis. A total of 2224 genes were
differentially expressed (FDR <0.05, FC 20.5 and <-0.5) in mutant (M) compared to
wildtype (WT) ZF with 1209 downregulated, and 1015 upregulated in MT vs. WT. Figure
1D reports the global differential expression pattern, showing that a higher number of
downregulated genes displayed very high Log2 Fold Change.
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Figure 1. Quality Control and Fold Change. MtM: Mutant Male, MtF: Mutant Female, WtM: Wild
type Male, WtF: Wild type Female. (A) Pearson Correlation for pairwise comparison of mRNA
FPKM between samples, rounded to 2 decimals; (B) Heatmap clustering of variance stabilized
counts for all genes binned into five hundred clusters, showing that both sex and condition are
clustering together; (C) PCA analysis of variance stabilized counts for all genes, with batch correc-
tion for both Sex and Replicates; (D) Volcano plot of Log?2 fold change (LFC) for all genes using
DESeq?2 differential expression analysis, with resulting -logl0 adjusted p-values. (Negative LFC
means LFC (Mutant Mt) < LEC (Wild type Wt). A high confidence set of genes are displayed with
gene symbols (adjusted p-value < 0.000001 and absolute value of LEC >1.7).

2.2. Differential gene expression analysis

Differentially expressed genes (DEGs) in M vs. WT ZF renal tissues were first ana-
lyzed by Gene Ontology (GO) term enrichment. A high number of genes markedly up-
regulated in M compared to WT samples were involved in different phases of the immune
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response, including activation, regulation and effector functions, as indicated by GO
terms of biological process (BP) analysis (Figure 2A). On the other hand, downregulated
genes were relevant to energy production and consumption, aerobic respiration and oxi-
dative phosphorylation (Figure 2B).

In cell compartment (CC) terms, genes upregulated in M vs. WT specimens mostly
encoded proteins expressed on the external sides of cell membranes, in the cytoskeleton
and cytoplasmic vesicles (Figure 2C). In contrast, downregulated genes mainly encoded
proteins associated with the mitochondrial compartment, including mitochondrial inner
membranes and involved in the respiratory chain (Figure 2D).

Finally, molecular function (MF) term analysis showed that genes upregulated in M
samples encoded proteins widely involved in cytokine and chemokine binding and sig-
naling, and antigen binding, in addition to different transporter activities (Figure 2E). On
the other hand, downregulated genes mainly encoded proteins involved in oxidoreduc-
tase activity, electron transfer activity, NAD(P)H dehydrogenase activity, and pyruvate
transmembrane transporter activity (Figure 2F).

KEGG analysis revealed that 1129 genes upregulated and 782 downregulated in M,
compared to WT kidney samples, were associated with various molecular pathways. Up-
regulated genes were relevant to endocytosis, cell cycle, phagosome functions, ferroptosis,
ECM-receptor interaction, cellular senescence, focal adhesion, glutathione metabolism,
and calcium signaling pathways (Figure 3A-B). In contrast, downregulated genes were
mainly involved in oxidative phosphorylation, in defined metabolic pathways, including
carbon and fatty acid metabolism, and peroxisome functions (Figure 3C-D).
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Figure 2. Gene ontology (GO) enrichment analysis of pathways upregulated and downregulated in
renal tissues from the mutant, compared to wildtype ZF. Data refers to GO Biological Process (BP:
A and B, respectively), Cellular component (CC, C and D, respectively) and Molecular function (MF:
E and F, respectively). In all cases, the twenty most enriched pathways are reported. FDR <0.05.
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Figure 3. KEGG pathway enrichment analysis in mutant compared to wildtype ZF. (A) KEGG path-
ways associated with the upregulated genes; (B) Heat map of the upregulated genes corresponding
to the highlighted pathway, only showing protein-encoding genes with FC >0.8 (percentage row
normalized, where dark blue is the maximum per row); (C) KEGG pathway associated with the
downregulated genes; (D) Heatmap of the downregulated genes corresponding to the highlighted
pathway, only showing protein-encoding genes with FC <-0.8. The twenty most enriched pathways
are reported. Enrichment FDR <0.05. MF1-4 (mutant female), MM1-4 (mutant male), WF1-4 (wild
type female), WM1-4 (wild type male).

2.3. Validation by IHC

To validate gene expression data, we tested by immunohistochemistry (IHC) the ex-
pression of proteins encoded by genes differentially expressed in renal tissues from M and
WT ZEF. The selection of proteins was based on the extent of the dysregulation of encoding
genes and the availability of commercially validated ZF antibodies. Two proteins, iso-
citrate dehydrogenase subunit alpha (Idh3a), expressed in mitochondria, and cathepsin B
(Ctsb), expressed in lysosomes, met these criteria (Figure 4A). A semiquantitative im-
munohistochemical analysis demonstrated reduced average signals in kidneys from M
compared to their WT counterparts (Figure 4B), consistent with expression patterns of the
corresponding genes (Figure 4C).
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Figure 4. Inmunohistochemical detection of selected proteins in kidneys from WT and M ZF reveals
protein expression disturbances in mitochondria and lysosomes. (A) Representative IHC staining
specific for mitochondrial marker isocitrate dehydrogenase (NAD®)3 alpha (Idh3a) and lysosomal
marker cathepsin B (Ctsb) in kidney tissue sections from WT and M ZF (upper right and upper left
panels, and lower right and lower left panels, respectively; (B) Quantification of immunohistochem-
ical staining of sections from WT and M ZF kidneys. Signal intensity is significantly higher in WT
than in M for both proteins. (Mann Whitney test U P<0.05). Wildtype (WT), mutant (M). Scale bar
(bottom left corner, in black) = 100um; (C) Count (FPKM) heatmap (percentage column normalized,
where dark blue is the maximum per column) showing the expression of the selected downregu-
lated genes ctsba and idh3a.

3. Discussion

In our previous study, we developed an innovative model of FD in ZF [20], amenable
to investigations addressing pathogenetic mechanisms and identifying potential drug tar-
gets. Here we further expand the pathophysiological understanding of FD and show that
a thorough analysis of gene expression in kidneys from gla-mutant and WT ZF reveals
specific patterns of potential clinical relevance.

Gene ontology (GO) data document that genes associated with different aspects of
the immune response are highly significantly upregulated in M ZF. This data is supported
by the analysis of molecular function (MF), showing upregulation of genes associated
with chemokine and cytokine activity, and response to antigens.

Similarly to other lysosomal storage disorders, previous studies have repeatedly sug-
gested an important role of immune response in FD pathogenesis [22, 23]. However, im-
mune system activation was generally attributed to Gb3 accumulation [24, 25], leading to
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invariant natural killer T cells (iNKT) activation. In this respect, our data provide im- 170
portant new information. Indeed, while both innate and adaptive immune systems are 171
functional in ZF [26, 27], mutant gla knock-out ZF does not produce Gb3 [20]. Therefore, 172
our results indicate that immune system activation closely resembling that observed in 173
FD patients [28, 29] takes actually place in the absence of Gb3 as well, and set the stage for 174
the identification of novel “immunostimulatory” compounds [30] of potential clinical rel- 175
evance in FD. Accordingly, zgc:101699 gene, the second most upregulated gene in kidneys 176
from M ZF, encodes a phospholipase, belonging to a protein family highly overexpressed 177
upon inflammation in different animal classes. 178

Our group's transcriptomics analysis from kidney biopsy revealed differences be- 179
tween FD patients at three time points (baseline, five years post-ERT, and 8-10 years post 180
ERT) and healthy controls [31-33]. Gene Set Enrichment Analysis in the glomerular com- 181
partment demonstrated enriched gene sets of extracellular matrix, EMT, fibrosis, and im- 182
mune response. The early ERT intervention seemed to return the upregulated pathways 183
to normal, similar to the control samples [31]. However, these enriched pathways re- 184
mained high in the long-term, e.g., 10 years of ERT [32, 33]. Our results are in line with 185
these investigations. Furthermore, we have also identified that complement component1, 186
q subcomponent, C chain gene (cIqc) is significantly upregulated in the mutant fish com- 187
pared to the wild type, which has already been shown by Strauss et al., [32] and Heo et 188
al., [34]. While Eikrem et al. and Strauss et al. [31-33] have shown these results in humans 189
in the presence of Gb3, we have shown that similar results can also be achieved in its 190
absence. Our results indicate that other pathways might be responsible for triggering and 191
maintaining such pathways independently of Gb3, which is supported by previous re- 192
search [35]. 193

Interestingly, we have observed upregulation of Mannose-6-Phosphate Receptors 194
(m6pr) at the gene expression level (this study) accompanied by downregulation of Mépr 195
protein abundance (our previous work paper 2) in the mutant fish kidney compared to 19
the wildtype, similar to the recent finding of Frustaci et al. in endomyocardial biopsy [36]. 197
The contrasted regulation can be attributed to the post-translation degradation. M6PR is 198
the lysosomal receptor for a-GAL [37, 38]; therefore, its downregulation can negatively 199
impact the efficacy of the ERT. Our results give the first wet lab evidence on the previously 200
suggested Gb3 independent effects and strongly suggest that Gb3 independent effects 201
should be extensively investigated. 202

Most notably, GO analysis of genes downregulated in M ZF indicates that, among 203
others, genes involved in “Cellular respiration”, “Aerobic respiration and “Oxidative 204
phosphorylation” are markedly affected. This data suggests a prevailingly anaerobic, gly- 205
colytic metabolism, representing an inefficient, emergency energy production pathway, 206
in M ZF kidneys, consistent with an ongoing immune system activation [39]. 207

KEGG analysis further supports these findings, since pathways associated with in- 208
flammation, such as phagosome activation, endocytosis and ferroptosis are upregulated 209
in kidneys from M ZF. Possibly as a consequence of immune stimulation, calcium signal- 210
ing pathway is also upregulated in M ZF. Remarkably, previous studies using GLA mu- 211
tant human inducible pluripotent stem cells (iPSC) in a kidney organoid template, have 212
shown an increased calcium influx into the cytoplasm in response to oxidative stress [40]. 213
Additionally, in Fabry knockout murine tissues, expression of S100 calcium-binding pro- 214
teins A8 and A9 (also known as MRP8 and MRP14), was markedly elevated at the gene 215
and protein levels [41]. Importantly, SI00A8/A9, Ca? sensors involved in cytoskeletonre- 216
modeling and arachidonic acid metabolism, are expressed constitutively by neutrophils 217
and monocytes and are actively produced during inflammation, promoting leukocyte re- 218
cruitment and cytokine production [42]. 219

In line with GO data, KEGG analysis confirms that metabolic pathways, and, in par- 220
ticular oxidative phosphorylation, are downregulated in kidneys from M ZF. In addition, 221
the expression of a variety of cytochrome genes, typically detectable in mitochondria, but 222
collectively included in the “cardiac muscle contraction” pathway in the KEGG analysis, 223



Int. ]. Mol. Sci. 2022, 23, x FOR PEER REVIEW 9 of 16

is also markedly downregulated in kidneys from M ZF. Taken together these observations =~ 224
delineate a mitochondrial stress scenario, possibly associated with Ca? signaling dysreg- 225
ulation, in line with our previous findings, and with previous reports in FD [40, 43, 44], 226
and in other heart and muscle disorders [45]. 227

Based on transcriptome data and on the availability of ZF-specific reagents, we tested 228
the expression of selected proteins in kidneys from M and WT ZF to validate our findings 229
at the protein level. 230

Isocitrate dehydrogenase catalytic subunit alpha (Idh3a) is a mitochondrial protein 231
encoded by a gene downregulated in kidneys from M compared to WT ZF. Idh3a pro- 232
motes ATP production by catalyzing oxidative decarboxylation of isocitrate to 2-oxoglu- 233
tarate. Downregulation of this enzyme is also known to affect neurotransmission [46]. 234
Consistent with gene expression data, Idh3a protein expression was also decreased in M, 235
as compared to WT ZF kidney sections. 236

The lysosomal/cytoplasmic vessel cysteine protease cathepsin Ba (ctsba), an ortholo- 237
gous to human CTSB gene was also downregulated at both the gene and protein level. 238
CTSB is a key player in lysosomal homeostasis and its dysregulation has been attributed 239
to variable lysosomal abnormalities [47-49]. CTSB downregulation results in autophago- 240
some accumulation due to compromised lysosomal clearance [50]. In general terms, 241
dysregulation of cathepsins (CTSs) expression and/or activity, impairing cellular homeo- 242
stasis, leads to a variety of human diseases, including, among others, cardiovascular dis- 243
eases, neurodegenerative disorders, and kidney dysfunctions [47]. However, CTSB ex- 244
pression has not been associated with FD so far. In Niemann-Pick type C (NPC) disorder, 245
a rare neurodegenerative disorder, inhibition of this protease results in lysosomal dys- 246
function [51]. In fact, CTSB resides not only in the lysosome, but also in the cytosol and 247
the extracellular space, where it participates in many functions, e.g., inflammasome trig- 248
gering, apoptosis, and extracellular matrix degradation [49]. The CTSB can be a potential 249
biomarker as it can be measured in urine and plasma [52, 53], and previous studies have 250
shown its downregulation is associated with the state of renal tubular injury [53-57], even 251
at an early stage in life [52]. 252

Limitations of our study should be acknowledged. In particular, in ZF, kidney is also 253
a major hematopoietic organ [58-61], and, as such, it physiologically includes myeloid 254
cells at different maturation stages. However, genes encoding cytokines and chemokines 255
are highly upregulated in kidneys from M, as compared to WT ZF, thereby ruling out the 256
possibility that the mere nature of the experimental model accounts for our results. More- 257
over, admittedly, our study exclusively focuses on gene expression in ZF kidneys, 258
whereas other organs are also affected in FD. However, alterations of kidney functions do 259
represent some of the most common FD symptoms. On the other hand, the scarce availa- 260
bility of ZF-specific antibodies has limited the validation, at the protein level, of our gene 261
expression data. 262

Nonetheless, our findings show that even in the absence of Gb3 and lysoGb3, specific 263
alterations of gene and protein expression may be detected in M ZF. While validating this 264
model as an important tool to explore FD pathogenesis and to identify new drug targets, 265
our data paves the way for studies investigating novel, clinically relevant FD markers. 266

In conclusion, for the first time we have demonstrated a Gb3-free impact equivalent 267
to FD in humans in our gla-mutant zebrafish. Independent of Gb3, calcium ion flux dis- 268
ruption and altered mitochondrial and lysosomal pathways can be established and main- 269
tained. Our findings therefore support the hypothesis that additional mechanisms are in- 270
volved in the onset and maintenance of these processes in FD. 271

4. Materials and Methods 272
Ethical approval 273
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FOTS ID 15256 was granted by the Norwegian Food Safety Authority (Mattilsynet) 274
for this study. All procedures were performed following the Zebrafish Facility protocol at 275
the University of Bergen (UiB), by using the AB/Tiibingen (AB/TU) strain of ZF. 276

Zebrafish maintenance and sample collection 277

Eggs, embryos, larvae, juveniles, and adult fish were handled in compliance with 278
applicable national and international standards, according to ZF facility regulation at the 279
University of Bergen. Under normal laboratory conditions, an adult (90+ days post-ferti- 280
lization dpf) wild-type ZF was held at 28°C on a 14 h light/10 h dark period. Standard 281
spawning protocol (www.zfin.org) was followed by egg harvesting. Eggs were stored in 282
an E3 medium containing 0.01 % methylene blue after harvesting. Embryos and larvae 283
were incubated at 28 °C until 5 dpf. Current regulation does not require permission for 284
testing on ZF embryos before the free-feeding stage (5 dpf). Instead, according to the ZF = 285
facility rules, all invasive pain-causing interventions on stages older than 5 dpf was per- 286
formed under anesthetic conditions. For sample collection, adult ZF were humanely eu- 287
thanized in 300 mg/L tricaine methanesulfonate MS222 Sigma (Cat. No. A-5040), and then 288
dissected open. Kidneys were exposed after discarding the viscera under cold 1X PBS Life 289
Technologies (Cat. No. AM9625), removed and placed into clean RNAse-free tube pre- 290
filled with RNAlater™ Stabilization Solution (AM7021). Three kidneys were pooled per 291
sample. Samples were kept overnight at 4°C and stored at -80°C until further RNA extrac- 292
tion take place. 293

RNA extraction and sequencing 294

Total RNA was extracted from whole kidneys (N= 8/group) using RNeasy Mini Kit 295
(74104) following the manufacturer’s protocol. Quantification of RNA concentration and 296
purity was determined using NanoDrop 2000. The integrity of the RNA, cDNA library 297
construction and Illumina sequencing were performed by NovoGene as described previ- 298
ously [62]. 299

RNA sequences analysis 300

Raw data (FASTQ format) was processed using the STAR aligner and resulting files 301
were processed with R/Bioconductor packages (R version 4.2). After initial QC checks in 302
fastp, read mapping was done with STAR (version 2.7.4a). STAR used the indexed version 303
of Danio rerio: GRCz11 Ensembl patch 101. The whole process was wrapped up using the 304
RNA-seq pipeline in ORFik [63-66]. Number of reads per gene for each sample were 305
counted using count Overlaps (a hit is >1 nucleotide of read overlapping any gene exon 306
on the same strand). In the pairwise comparison (M vs. WT), DEGs were identified by 307
using the DESeq2 R package (version 1.36.0) and selected using a Wald’s test with filter 308
criterion of FDR <0.05 and FC >0.5 [67]. FC values were shrunk using a Normal prior, with 309
remaining options for DESeq2 set to default values. Processing script found at: 310
https://github.com/Roleren/fabry article code. RNA-seq data is available at ENA project id 311
number: PRJEB55250. 312

Gene ontology (GO) and KEGG pathway analyses were performed using ShinyGO 313
0.76 [68]. Genes/pathways with adjusted p-value < 0.05 were considered as significantly 314
differentially enriched. Heatmap for Count (FPKM) was produced using GraphPad Prism 315
V 9.2.0. We used FC of +0.8 as produced FC using DESeq2 more realistic [69, 70] as it 316

focuses on analysis strength, not the expression [67]. 317
318
IHC 319

Kidney samples of adult ZF (90+dpf) were used. N=12 (6/genotype, 3 males, 3 fe- 320
males). IHC was performed as previously described [71] with slight modifications foreach 321
antibody. Heat-induced antigen retrieval was performed for 3 min in Dako Target Re- 322
trieval Solution, pH 6 (CTSB) and pH 9 (IDH3a). Staining was performed by one hour 323
incubation at room temperature. Antibodies used were IDH3a GTX124431 (1:200) from 324
GeneTex and CTSB M1506-1 (1:1000) from HUABIO. For negative controls, the primary 325
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antibody was omitted. Slides were scanned with ScanScope XT® (Aperio) at x40 resulting 326
in a resolution of 0.25 micrometer per Pixel. Digital slides were viewed in ImageScope 12. 327

IHC positivity for each antibody was quantified using the color deconvolution algo- 328
rithm version 9.1 (Aperio, CA, USA) after adjusting the default parameters to DAB stain- 329
ing. Total percentage of positive pixels was used as a visualization parameter and statis- 330
tics was performed using GraphPad Prism V 9.2.0. Values are presented as mean +SD and 331
Mann-Whitney test was used to assess statistical significance. Differences were considered 332
significant with p-values <0.05. 333
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