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Abstract In Gaucher disease (GD), the deficiency of
glucocerebrosidase causes lysosomal accumulation of
glucosylceramide (GlcCer), which is partly converted
by acid ceramidase to glucosylsphingosine (GlcSph) in
the lysosome. Chronically elevated blood and tissue
GlcSph is thought to contribute to symptoms in GD
patients as well as to increased risk for Parkinson’s
disease. On the other hand, formation of GlcSph may be
beneficial since the water soluble sphingoid base is
excreted via urine and bile. To study the role of exces-
sive GlcSph formation during glucocerebrosidase
deficiency, we studied zebrafish that have two ortho-
logs of acid ceramidase, Asahla and Asahlb. Only the
latter is involved in the formation of GlcSph in
glucocerebrosidase-deficient zebrafish as revealed by
knockouts of Asahla or Asahlb withglucocerebrosidase
deficiency (either pharmacologically induced or ge-
netic). Comparison of zebrafish with excessive GlcSph
(gbal”" fish) and without GlcSph (ghal” :asahlb”~ fish)
allowed us to study the consequences of chronic high
levels of GlcSph. Prevention of excessive GlcSph in
gbal":asah1b” fish did not restrict storage cells, GlcCer
accumulation, or neuroinflammation. However, GD
fish lacking excessive GlcSph show an ameliorated
course of disease reflected by significantly increased
lifespan, delayed locomotor abnormality, and delayed
development of an abnormal curved back posture. Bl
The loss of tyrosine hydroxylasel(th1) mRNA, amarker
of dopaminergic neurons, is slowed down in brain of
GD fish lacking excessive GlcSph. In conclusion, in the
zebrafish GD model, excess GlcSph has little impact on
(neuro)inflammation or the presence of GlcCer-laden
macrophages but rather seems harmful to thI-positive
dopaminergic neurons.
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Gaucher disease (GD), one of the most common
inherited lysosomal storage disorders, is caused by defi-
cient activity of lysosomal glucocerebrosidase (GCase),
encoded by the GBAI gene (1). The nature and severity of
clinical manifestations is remarkably diverse among GD
patients, ranging from perinatal to adult phenotypes (1).
Numerous mutations in GBAI have been identified and
carrier frequencies as high as 1 in 50 individuals have
been observed (2-4). GD is particularly prevalent among
Ashkenazi populations with a reported incidence of 1in
about 1,000 live births (5). The association between mu-
tations in GBAI and the development of parkinsonism
was first noted in the 1990’s, and it became clear that
Parkinson disease was more common in heterozygote
family members of patients with GD (6, 7). The various
pathophysiological mechanisms involved in manifesta-
tion of GD symptoms and risk for PD are not well un-
derstood. The physiological substrate of GCase is the
ubiquitous glycosphingolipid (GSL) glucosylceramide
(GlcCer) that is cleaved by the enzyme into ceramide
(Cer) and glucose in the lysosome (1). Macrophages in
spleen, liver, and bone marrow of GD patients promi-
nently store GlcCer in their lysosomes thus transforming
into characteristic Gaucher cells (8). These storage mac-
rophages are viable and secrete specific proteins into the
circulation such as the enzyme chitotriosidase, the che-
mokine CCLI8, and a soluble fragment of the trans-
membrane glycoprotein gpNMB (9-11) and their plasma
levels reflect the body burden of lipid-laden macro-
phages in GD patients (12-14). Gaucher cells are also the
main source of more than hundred-fold elevated glu-
cosylsphingosine (GlcSph) in plasma of GD patients (15).
It has been speculated that excessive GlcSph contributes
to signs and symptoms of Gaucher disease, including
chronic B cell activation and proliferation, aggregation
of a-synuclein in PD, impairment of osteoblasts, and
disturbance of cerebral microvasculature (16-20).
Consistently, repeated intravenous administration of a
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relative high dose of GlcSph to mice was found to induce
formation of lipid-laden storage cells as well as hep-
atosplenomegaly and hematological symptoms seen in
GD patients, although in more modest manner than in
mice with an inducible GCase deficiency in the white
blood cell lineage (21, 22). Although these findings sug-
gest direct and concentration-dependent toxicity of
GlcSph, interpretation of the observations is complicated
by the fact that high concentrations of GlcSph as such
inhibit GCase (23). Many studies examining the toxicity
of GlcSph have been performed using exogenously
added GlcSph. Itisunclear whether similar GlcSph levels
arereached in this manner as the endogenous ones in the
cells of GD patients.

We earlier provided genetic and pharmacological
evidence for the key role of acid ceramidase (ACase; N-
acylsphingosine deacylase; E.C. 3.5.1.23) in the excessive
formation of GlcSph during GCase deficiency (24). It
was shown that fibroblasts from Farber patients, with
inherited deficiency of ACase, do not form GlcSph
upon inactivation of GCase as WT cells do, confirming
an earlier observation by Kobayabhsi et al (25). ACase is
encoded by the ASAHI gene located on chromosome 8.
ACase deficiency can lead to the severe lysosomal
storage disorder Farber disease (FD) characterized by
deformed joints, subcutaneous nodules, progressive
hoarseness, and progressive neurological symptoms. In
classic FD patients, cells show less than 10% residual
ACase activity. In spinal muscular atrophy with pro-
gressive myoclonic epilepsy, ACase activity is also
reduced, but the residual activity is higher, as much as
32% of normal activity (26, 27). ACase normally hy-
drolyzes Cer with a pH optimum of 4.5-5, rendering
sphingosine and a free fatty acid as products (28).
ACase is a heterodimer consisting of an o-subunit
(13 kDa) and a p-subunit (40 kDa) linked via a disulfide
bridge (29). The enzyme is initially synthesized as N-
glycated precursor and transported to lysosomes via
mannose-6-phosphate-mediated sorting. Inside the
lysosome, ACase is processed by autocleavage into the «
and P subunits, thereby freeing the catalytic cysteine
residue at the novel N-terminus of the B-subunit and
triggering a conformational change that opens up the
active site for substrate entry (30-32).

Zebrafish offer an attractive model to study GlcCer
metabolism since the key enzymes in synthesis and
degradation are similar to those in humans. We
recently successfully generated CRIPSR /Cas9 zebrafish
lacking lysosomal GCase (33). In contrast to mammalian
species, the complete GCase-deficient fish are viable.
Like GD disease patients, these fish rapidly develop
increased levels of GlcSph (15). In addition, we devel-
oped small compounds that allow rapid, on-demand
inactivation of GCase in different species including
zebrafish (34). Based on sequence homology, there are
two zebrafish homologs of human lysosomal ACase:
Asahla and Asalb (35-37); one homolog of ASAH?2,
neutral ceramidase: Asah2;, and, three alkaline
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ceramidases as in the ones man (ACERI-3): Acerl-3.
Danio therefore seems to contain six ceramidases, of
which only the Asahla and Ashalb contain a classical
signal peptide, all the others lack this. Morpholino
knockdown of asahlb in zebrafish led to loss of motor
neuron axonal branching and spinal cord degeneration
(36). The morphants showed considerable residual
ACase activity but no Cer accumulation (36). Recently,
double asahla:asahlb KO zebrafish were generated us-
ing CRISPR/Cas9 technology: these mutant fish were
significantly smaller than WT, had a shorter life-span,
and showed accumulation of Cer (37).

The aim of our present investigation with zebrafish
was to further elucidate the detrimental role of excessive
GlcSph formed during GCase deficiency at organismal
level. For this purpose, we first generated gene knockouts
of asahla and/or asahlb to establish which enzyme is
responsible for the formation of GlcSph in GCase-
deficient zebrafish. Fortuitously, only Asahlb was
found to be involved in GlcSph formation during GCase
deficiency. This allowed us to generate GCase-deficient
fish (gbal”asah1b”") that do not produce excessive
GlcSph and at the same time show no major abnormality
in Cer levels. We next compared GCase-deficient fish
with or without GlcSph (ghal”:asah16*’* and ghal”™:
asah1b”” fish). Our investigation revealed phenotypic
improvements in GD fish lacking endogenous GlcSph
without a significant change in lipid-laden macrophages
and GlcCer accumulation, inflammation, and comple-
ment cascade activation.

MATERIALS AND METHODS

Chemicals and reagents

GCase specific inhibitor (ME656) (34), 13C5-sphinganine,
13Cy,-sphingosine, 13C5-G1CSph, 13C5-1yso-globotriaosylceramide
(LysoGb3), Cl7-lysosphingomyelin (LysoSM), '*Cs-GlcChol,
and Cl7-dihydroceramide (38, 39) were synthesized as re-
ported. All chemicals and reagents were obtained from
Sigma-Aldrich (St Louis, USA) unless mentioned otherwise.
The standards Cer (d18:1/16:0), dhCer (d18:0/16:0), GlcCer
(d181/16:0), galactosylceramide (GalCer) (d18:1/16:0), and
LacCer (d18:1/16:0) were obtained from Avanti Polar lipids
(Alabaster, USA) and glucosylated cholesterol (GlcChol) from
Sigma-Aldrich. LC-MS grade methanol, 2-propanol, water,
formic acid, acetonitrile, and HPLC grade chloroform were
purchased from Biosolve (Valkenswaard, the Netherlands).
LC-MS grade ammonium formate, ammonium acetate, and
sodium hydroxide from Sigma-Aldrich, and butanol and hy-
drochloric acid from Merck Millipore (Billerica, USA).

Cloning and cell culture

Gateway Technology (Thermo Fisher) was used according
to the manufacturer’s instructions to create constructs. Gen-
eration of the pLenti6.3/V5 destination with the human
ASAHI coding sequence was described before (24). Coding
sequences of asahla and asahlb were amplified by PCR using
primers flanked with attB sites (supplemental Table Sl). The
attB PCR product was shuttled into a pDONR™221 vector
using the BP recombination reaction and subcloned into the
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pLenti6.3/V5-DEST destination gateway vector. All constructs
were validated using Sanger sequencing.

Cell culture, transfection of human embryonic kidney
293T (HEK293T) cells, infection of Farber fibroblasts, and
selection of fibroblasts stably overexpressing ACase was per-
formed according to the protocol described before (24).
Briefly, HEK293T cells were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% (v/v) Fetal
Calf Serum, 0.1% (w/v) penicillin/streptomycin, and 1% (v/v)
Glutamax in a 5% COy humidified incubator at 37°C. Fibro-
blasts obtained from FD patients were grown in DMEM/
Nutrient mixture F-12 (DMEM/F12) supplemented with 10%
(v/v) Fetal Calf Serum, 0.1% (w/v), penicillin/streptomycin,
and 1% (v/v) Glutamax in a 5% COy humidified incubator at
37°C. HEK293T cells were transfected with a control pLenti6.3
construct (expressing GFP) or the different pLenti6.3-ASAHI
constructs in combination with viral packaging vectors
(pMD2G, pMDLg/pRRe and pRSV-Rev) and poly-
ethyleneimine (PEI) to produce lentiviral particles that were
subsequently collected and used for infection of the Farber
fibroblast cell line. Fibroblasts were incubated with the lenti-
viral particles for 48 h. Farber Fibroblast cells stably
expressing the human ACase, Asahla, or Asahlb were selected
by incubation medium supplemented with blasticidin for
several passages.

Farber fibroblasts inhibitor incubation

Fibroblasts were seeded in a 12-well plate at a ratio of 0.5 x
10° cells/well one day prior to incubation.Control Farber fi-
broblasts (overexpressing GFP) or Farber fibroblasts stably
overexpressing human ACase, Asahla, or Asahlb were incu-
bated with either vehicle (1% (v/v) DMSO) or the GCase spe-
cific inhibitor (9.6 nM ME656, 1% (v/v) DMSO). After 24 h, the
cells were washed three times with ice cold PBS and harvested
in 120 pl of ice-cold water. Homogenate preparation, deter-
mination of the protein concentration, and lipid extraction
was performed as described below.

Zebrafish

All zebrafish were housed and maintained at the Univer-
sity of Leiden, the Netherlands, according to standard pro-
tocols (zfin.org) and following the guidelines of the Animal
Welfare Body. WT zebrafish (ABTL) were a mixed lineage of
WT AB and WT Tupfel Long Fin genetic backgrounds.
CRISPR /Cas9-mediated mutant zebrafish were crossed at
least 2 times with WT fish before generating the double
heterozygous line. These crossings were performed to obtain
a diverse genetic background as observed in WT zebra-
fish (40). Zebrafish were kept at a constant temperature of
28.5°C and on a cycle of 14 h light and 10 h dark. Experiments
with larvae, juvenile, and adult zebrafish after the
free-feeding stage were in line with the European Directive
201/63/EU and approved by the Dutch Central Commission
for Animal experimentation (Centrale Commissie voor
Dierproeven, project license AVD1060020184725). Zebrafish
from the age of 5 days postfertilization (dpf) to 2 weeks
postfertilization (wpf) were fed with both dry food (2x daily;
Skretting Gemma micro 75, Zebcare, Nederweert, the
Netherlands) and Rotifers (1x daily) and fed with both dry
food (2x daily; Skretting Gemma micro 150 until 30 dpf or
Gemma Micro 300 mixed with Gemma Diamond for fish
from 30 dpf) and hatched Artemia (I1x daily) from 3 wpf to
the end of the experiment.
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CRISPR /Cas9-mediated KO of asahla and asahlb

CRISPR/Cas9-mediated gbal KO zebrafish were generated
and maintained as previously described (33). CRISPR/Cas9-
mediated zebrafish gene KOs of asahla and asahlb were
generated using the protocol previously described (33) with
sgRNAI1 5'-gGTGTCCATCTCTCACTAGG and sgRNA2 5'-
GgGCTTCCCGCTGGGAACAA for asahla and asahlb,
respectively. Of note, the first or second nucleotide of the
sgRNA found by the CHOPCHOP webtool is replaced by a ‘g’
to improve T7 RNA synthesis. Injected founders were crossed
to WT and their off-spring screened using an high resolution
melt assay with primers described in supplemental Table SI,
and fragments for Sanger sequencing were obtained using
primers also described in supplemental Table S1. Heterozy-
gous adult zebrafish (F2 generation) of both genotypes were
crossed to obtain double heterozygous zebrafish
(asahla*”:asahI6™"). Adult fish were crossed with each other,
and off-spring was used for incubations with vehicle (01%
DMSO) or GCase specific inhibitor (10 pM ME656, 0.1%
DMSO) for 5 days, followed by (glyco)sphingolipid analysis.
The ghal”, ghal* *:asah1b” and gbal” :asah1b”” zebrafish were
generated by appropriate crossings. The status of gbal and
asahlb was determined by fin clipping of 4-5 dpf larvae and
subsequent high resolution melt assays.

Fish lacking only one of the ACase enzymes was main-
tained for crossings and lived as long as WT fish, with no clear
changes in swimming behavior, feeding behavior, and
morphology such as size, weight, curvature, and general
appearance.

Zebrafish sampling

Zebrafish were sacrificed at 12 wpf or earlier when zebra-
fish showed symptoms noted as human endpoints. From 8
wpf, zebrafish were monitored extensively for phenotypic
and morphological symptoms such as curvature of the back
and abnormal swimming behavior. Humane endpoints were
defined as follows: 1) fish having a moderate to extreme
curvature of the spine independent of the feeding con-
sumption, 2) fish with a slight curvature but clear abnormal
swimming behavior, or 3) fish with a slight curvature which
are unable to reach and consume the provided food. Gbal”"
zebrafish were sacrificed between 10 and 12 wpf, while no
symptoms were observed for WT, asah16”", and gbal” :asah1b”".
The same humane endpoints were used for the longevity
study of the gbal”:asahlb”. Individual zebrafish were trans-
ferred to single tanks (1 1 external breeding tank with lid,
Techniplast, West Chester, USA) acclimatized for 10 min and
recorded from the side for 20 min. Fish were sacrificed using
an overdose of tricaine methane sulfonate (MS222, 200 mg/L)
and photographed using a Leica M165C microscope (Wetzlar,
Germany). Whole zebrafish were fixed for histopathology as
described below, or organs were dissected. Dissected organs
were either snap frozen in liquid nitrogen for protein and
(glyco)sphingolipid analysis or submerged in RNAlater™
(Invitrogen, Thermo Fisher Scientific, Waltham USA) for RT-
PCR analysis (brain or liver) and stored at —80°C.

Movement analysis

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

Zebrafish morphology

The three or four images of one fish, obtained with the
Leica microscope, were stitched to obtain one image using
Photoshop CC2018 (Adobe, San Jose, USA). The length of the
fish from head to tail base (body length) was determined as
well as the length of the back from head to tail base (long
length) using Image] software (41). The tortuosity was calcu-
lated by dividing the long length by the body length.

Homogenate preparation

Homogenates of brain and liver samples were prepared in
potassium phosphate lysis buffer (256 mM KoHPO4-KHsPO4
pH 6.5, 0.1% (v/v) Triton-X100 and EDTA-free protease in-
hibitor (cOmplete™, EDTA-free Protease Inhibitor Cocktail,
Roche, Sigma-Aldrich)). Organs were first homogenized using
a Dounce homogenizer (10 strokes) followed by sonication
(20% amplitude, for 4 cycles of 3 s on and 3 s off) using a
Vibra-Cell™ VCX 130 (Sonics, Newtown, USA) while placing
the samples on ice. Total protein concentration of homoge-
nates was determined using Pierce™ BCA protein assay kit
(Thermo Fisher Scientific, Waltham, USA) and measured us-
ing an EMax® plus microplate reader (Molecular Devices,
Sunnyvale, USA).

Western blot

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

Gene expression analysis

RNAlater™ was removed from stored brain and liver
samples, and RNA was extracted using a Nucleospin RNA XS
column (Machinery-Nagel, Duren, Germany) procedure ac-
cording to supplier’s protocol, without the addition of carrier
RNA. Contaminating DNA was degraded on column by a
DNase I treatment (supplied in the kit). cDNA was synthesized
using SuperScript™ II reverse transcriptase (Invitrogen,
Thermo Fisher Scientific, Waltham, USA) using oligo(dT) and
an input of approximately 200-500 ng total RNA according to
the manufacturer’s instruction. Generated cDNA was diluted
to an approximate concentration of 0.5 ng total RNA input/pl
with Milli-Q) water. RT-PCR reactions were performed with
the IQ SYBR green mastermix (Bio-Rad laboratories Inc,
Hercules, USA) in a total volume of 15 pl (Ix SYBR green,
333 pM of forward and reverse primer as given in
supplemental Tables S1 and 5 pl of the diluted cDNA input)
and carried out using a CFX96™ Real-Time PCR Detection
system (Bio-Rad laboratories Inc., Hercules, USA) with the
following conditions: denaturation at 95°C for 3 min, fol-
lowed by 40 cycles of amplification (95°C for 30 s and 61°C for
30 s), imaging the plate after every extension at 61°C, followed
by a melt program from 55-95°C with 0.5°C per step with
imaging the plate every step. Differential gene expression of
each biological sample was calculated using the AACt method
normalized to two house-keeping genes ¢fla and rpll3 and
depicted as fold change compared to WT.

(Glyco)sphingolipid analysis

Neutral (glyco)lipids, (glyco)sphingoid bases, and glycosy-
lated cholesterol were extracted from zebrafish larvae, cell- or
tissue-homogenates using an acidic Bligh and Dyer procedure
(1/1/0.9 chloroform/ methanol/ 100 mM formate buffer pH
3.1) as described before (33, 39). Lipids were resuspended in
methanol, when using a CI8 column, or acetonitrile/methanol
(9/1, v/v) when using a HILIC column, and transferred to a
vial for LC-MS/MS analysis. LC-MS/MS measurements were
performed using a Waters UPLC-Xevo-TQS micro instru-
ment (Waters, Corporation, Milford, USA) in positive mode
using an electrospray ionization source as described before
for separating GlcChol and (glyco)sphingolipids using the CI8
column (26, 42, 43). To separate glucolipids and galactolipids
by HILIC chromatography, a BEH HILIC column (21 X
100 mm with 1.7 pm particle size, Waters) was used at 30°C as
described before (26) with minor modifications in the eluent
program allowing a faster run while preserving the separation
of Glc- and Gal-containing lipids. Eluent A contained 10 mM
ammonium formate in acetonitrile/water (97:3, v/v) with
0.01% (v/v) formic acid, and eluent B consisted of 10 mM
ammonium formate in acetonitrile/water (7525, v/v)
with 001% (v/v) formic acid. Lyso- and deacylated-
glycosphingolipids were eluted in 10 min with a flow of
06 ml/min using the following program: 85% A from
0-1 min, 85%-65% A from 1-25 min, 60%-0% A from
2.5-4 min, 0% A from 4-4.5 min, 0%-85% A from 4.5-4.6 min,
and re-equilibration with 85% A from 4.6-10 min. GlcChol was
eluted in 18 min with a flow of 025 ml/min using the
following program: 100% A from 0-3 min, 100%-0 % A from
3-3.5 min, 0% A from 3.5-4.5 min, 0%-100% A from 4.5-5 min,
and re-equilibration with 100% A from 5-18 min. Lipid levels
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were calculated in pmol/mg total protein, sphingoid bases
and GlcChol were calculated based on the respective isotopic
C internal standard, while deacylated neutral (glyco)sphin-
golipids were calculated using C17-dhCer as internal standard
and normalized using the respective standard.

Histology

For histopathology, sacrificed zebrafish were opened along
the ventral line and subsequently fixed in paraformaldehyde
(4% PFA (w/v), Alfa Aesar, Haverhill, USA) overnight or
Bouin’s solution (5% acetic acid, 9% formaldehyde, 0.9% picric
acid, Sigma-Aldrich) for 4 days, decalcified for 4 days using
formic acid (20% (v/v)), and embedded in paraffin. Subse-
quently, serial sections of 5 pM thickness were made using a
Leica RM2055 microtome. For H&E staining, the sections were
stained with hematoxylin and eosin. For immunostaining,
brain sections were rehydrated and treated with citric buffer
(10 mM citric acid buffer, pH 6.) at 98°C. Endogenous per-
oxidases were inhibited by treatment with 0.3% HyOs in PBS.
Next, the sections were incubated with L-plastin primary
antibody, to visualize immune cells, in PBST/1% BSA (1:500,
GTX124420; Genetex Inc, Irvine, USA), subsequently incu-
bated with the secondary antibody (1:200, goat anti-Rabbit-
biotin, BA-1000; Vector laboratories, Burlingame, USA) and
finally incubated with ABC reagent. Sections were developed
using DAB solution, counterstained with hematoxylin, dehy-
drated and mounted using Entellan®. The slides were exam-
ined using light microscopy.

Sequence alignment and modeling

Signal peptides were predicted using the SignalP-5.0 server
(44) and sequences aligned with Clustal Omega (45). Signal
peptides were excluded and Asahla or Asahlb structures were
modeled with Swiss-Model (46) using human ACase, PDB
6MHM (32), as search model. The structures were super-
imposed and visualized with CCP4MG (47).

Statistical analyses

Statistical analyses were performed using GraphPad Prism
(v811, GraphPad software, CA, USA) and data depicted as
described in the result section. The data of lipid, protein, and
mRNA levels was analyzed by One-Way Anova using
Dunnett’s test, with WT as control group, or Tukey’s multiple
comparison test as described in the result section. The data of
length and tortuosity were analyzed using a nonparametric
Kruskal-Wallis test with Dunn’s multiple comparison. In
general, statistical comparisons are performed on WT versus
gbal”, WT versus gbal”:asahlb”, and gbal”" versus gbal” :a-
sah1b”, and depicted only when a significant difference is
apparent and relevant. Ns = not significant, *p < 0.05, ¥p <
0.01, ¥*p < 0.001, and ****p < 0.0001

RESULTS

Two Acase orthologs in zebrafish: asahla and asahlb

Danio rerio has two homologous asahl genes encod-
ing ACase enzymes: Asahla (UniProt accession
Q5XJR7) and Asahlb (UniProt accession Q6PH?71). The
aligned protein sequences of human ACase (UniProt
accession Q13510), Asahla, and Asahlb reveal similar-
ities and differences between the enzymes (Fig. 1). The
predicted Asahla protein has 59% identity to the
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human protein, the Asahlb has 60% identity, and the
zebrafish ACase proteins have 70% identity to each
other. The predicted signal peptide showed the most
variation (depicted in blue) (44). Four potential N-
glycosylation sites are present in both zebrafish Asahl
proteins (Asnl73, Asn259, Asn286, and Asn342 of hu-
man ACase, depicted in yellow) (31). The catalytic
cysteine (Cysl43) in human ACase, at the free N-ter-
minus of the f-subunit after autocleavage, is present in
a highly conserved region of both zebrafish Asahl
proteins (Fig. 1). The o- and p-subunit of the mature
heterodimeric human ACase protein are linked by a
disulfide bond of Cys3l and Cys340, both being
conserved in the zebrafish Asahla and Asahlb proteins.
Important residues in the p-subunit of human ACase,
such as Argl59, Aspl62, Glu225, and Asn320, are
conserved in both zebrafish proteins (green and orange
for Arg/Asp and Glu/Asn, respectively). These amino
acids are thought to play roles in stabilizing the catalytic
N-terminus and/or positioning the Cer substrate dur-
ing hydrolysis (31). In silico modeling of human and
zebrafish enzymes reveals that Asahla contains more
aromatic residues lining the entrance of the pocket
(supplemental Figs. S1 and S2). However, none of these
residues seem to be in close proximity to the catalytic
site.

Only double asahla:asahlb larvae accumulate the
primary substrate Cer

Next, CRISPR/Cas9-mediated KOs of Asahla and
Asahlb were generated to study the role of both
zebrafish ACases in vivo. SgRNA sequences were
selected in the third exon of asahla, located on chro-
mosome 14, and the fourth exon of asahlb located on
chromosome 1 (Fig. 2A, B, top and middle panels). In-
jection of Cas9 mRNA and the appropriate sgRNA in
the single-cell stage of WT embryos resulted in founder
fish with a germline transmitted deletion of 8 bp for
asahla and an insertion of 11 bp for asahlb (Fig. 2A, B,
lower panels). The predicted stop-codons of these mu-
tations are located in exon 3 and exon 4 for asahla and
asah1b, respectively, both in the translated a-subunit
(mutation marked in Fig. 1 with an arrow).

Double heterozygous asahla* :asahlb*” zebrafish
were crossed, and lipid analysis of WT, asahla”,
asah1b”, and asahla” :asah1b” larvae (5 dpf) showed that
Cer was only significantly increased in double mutant
asahla” :asah1b”" fish (Fig. 3A). This finding indicates
that Asahla and Asahlb enzymes are both able to hy-
drolyze Cer and that the presence of either Asahla or
Asahlb sufficiently degrades Cer and prevents its
accumulation. Parallel to our study, Zhang et al. (37)
reported the generation of Farber fish by combined
CRISPR/Cas9-mediated knockouts of Ashala and
Asahlb. They meticulously analyzed the accumulating
Cer species by parallel reaction monitoring LC-MS/MS.
The authors noted that Asahlb KO fish have no
prominent Cer accumulation (37).
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Alignment of the amino acid sequence of human ACase, zebrafish Asahla, and Asahlb. The amino acid sequences of the

precursor (prior to autocleavage) human ACase (Uniprot code Q13510), zebrafish Asahla (Uniprot code Q5X]JR7), and Asahlb
(Uniprot code Q6PH71) are aligned using ClustalO(1.2.4) (45). (*) indicates a conserved residue between the three sequences, () in-
dicates a strongly similar residue, and (.) indicates a more weak similar residue. The signal peptide is predicted using SignalP-5.0 and
depicted in blue (44). Important residues in human ACase are colored: the catalytic Cysl43 is depicted in red, Cys31-Cys340 forming a
disulfide bridge in pink, residues important for substrate hydrolysis and autocleavage in orange (Argl59 and Aspl62, Glu225,
Asn320, and Arg332), and the four assigned glycosylation sites in green (31). ACase, acid ceramidase.

Only Asahlb generates GlcSph during GCase
deficiency

To study the role of either ACase in generating
GlcSph, we exposed developing zebrafish embryos
lacking either Asahla, Asahlb, or both, to ME656, a
specific irreversible inhibitor of GCase (34). Inhibitor-
treated WT zebrafish larvae (5 dpf) showed a signifi-
cant increase in hexosylceramide (being primarily
GlcCer (33)), GlcChol, and GlcSph (Fig. 3B, C). Contrary
to Asahla-deficient larvae, the GCase inhibitor-treated
fish deficient in Asahlb did not develop the striking
GlcSph elevation. These fish did show the accumulation
of GlcCer and GlcChol (Fig. 3C). Likewise, GlcSph levels
did not markedly increase in gbal”:asahlb”" larvae
(supplemental Fig. S3). Thus, Asahlb is the principal
enzyme responsible for the generation of excessive
GlcSph during GCase deficiency. At present, we do not
have information on the preference of Ashalb
regarding particular GlcCer species. The vast majority
of detected GlcSph has a 18:1 sphingoid base.

6 ] Lipid Res. (2022) 63(5) 100199

Farber fibroblasts stably overexpressing either hu-
man ACase, zebrafish Asahla, or Asahlb showed a
reduction of Cer (supplemental Fig. S4A). The finding
substantiates that zebrafish Asahla and Asahlb are the
lysosomal homologs of human ACase. Next, we
induced a GCase deficiency in these cells by exposure
to a GCase specific inhibitor (34). In inhibitor-treated
Farber fibroblasts, GlcSph is only formed in cells
expressing Asahlb or human ACase and not those
expressing Asahla (supplemental Fig. S4B).

Gaucher-like cells in visceral organs of GCase-
deficient zebrafish

WT, gba]'/ ", asah1b”", and double deficient gbal'/ “a-
sah1b”” fish were raised to adulthood. Relevant organs
were examined at 12 wpf, by means of biochemistry
and histopathology. Changes in swimming behavior
and problems with feeding were already observed in
some individual gbaI”" zebrafish starting around 10 or 11
wpf. These fish were therefore culled earlier when
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Y R G N VvV T W Y T V N L D L *
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2,+13 GATCTAGCAGACGCCTTT--TCCCAGCGGGAAGCTCATTCAGCTGGTGGACAAGGACTTG
bp
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Fig. 2. CRISPR/Cas9-mediated disruption of asahla and asahlbin zebrafish. A: Top panel: Schematic representation of the asahla
gene on chromosome 14, encoding the predicted 390 amino acid Asahla enzyme. Middle panel: DNA sequence of exon 3 of asahla
with sgRNA target 1 lined, the PAM site in red, and the protein sequence shown below. Lower panel: The 8 base pair deletion, as
obtained from the sequence trace, would lead to a premature stopcodon (¥). B: Top panel: Schematic representation of the asahlb
gene on chromosome 4, encoding the predicted 395 amino acid Asahlb enzyme, with the exon in upper case and intron in lower case.
Middle panel: DNA sequence of exon 4 of asahlb with sgRNA target 2 lined, the PAM site in red, and the protein sequence shown
below. Lower panel: The sequence trace showed an insertion of 11 base pairs, which would lead to a change of amino acid sequence

and a premature stopcodon (¥).

predetermined humane endpoints were reached. We
first focused on liver and spleen, organs prominently
affected in GD patients (8). Relevant glycosphingolipids
levels in liver tissue were determined by mass spec-
trometry. GlcSph was found to be significantly
increased in the livers of gbal”" fish but not of
gbal” :asah1b” fish (Fig. 4A). In contrast, hepatic GlcCer
levels were increased comparably in gbal” and
gbal”":asah1b”” fish. GlcChol was significantly increased
in gbal”" fish, but not in gbal” :asahIb”” fish.

Next, the livers were examined regarding the
expression of specific mRNAs encoding specific pro-
teins (Fig. 4B). A significant increase in expression of

the storage-cell biomarker gpnmb was apparent in gbal”"

and gbal”":asah1b’" zebrafish livers pointing to the
presence of GlcCer-laden macrophages. No prominent
difference in the expression of an ortholog of human
chitotriosidase (chia.6) was detected. Genes encoding the
lysosomal protease Cathepsin D (catD) and the proin-
flammatory cytokine I showed a slight, but not sig-
nificant increase, while nfp (also known as tnf-a2 (48))
showed only a significant increase in ghal” livers.
Next, a histopathology examination was performed
for which the whole body of the fish was sectioned in
the sagittal plane to allow inspection of multiple organs
and tissues (Fig. 4C-E). GlcCer-laden macrophages
accumulate in the viscera of GD patients detected by
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light microscopy as enlarged foamy histocytes with a
cell body resembling “crumpled tissue paper” (49, 50).
Liver, pancreas, and spleen of gbal”" and gbal” :asahl1b”
showed multifocal presence of aggregates of foamy
histiocytes (Fig. 4D, E). These Gaucher-like cells were
not apparent in any of the WT or asahIb” fish (Figs. 4C
and S5 for WT and asahlb”, respectively). Overall, both
gbal'/ " fish, with Glcsph, and glm]'/ “asah 1’ without
excessive GlcSph showed a massive increase in GlcCer
in livers and presence of Gaucher-like cells in this or-
gan, the likely source of the increased gpnmb transcript
levels.

Persistent lipid abnormalities and inflammation in
brains of both gbal- and gbal:asahlb KO fish

Next, brains of the generated mutant zebrafish were
examined. Analysis of lipid levels revealed normal total
Cer levels in gbal” :asah1b”” brains similar to WT, gbal”,
and asah1b”” brains. Accumulation of GlcSph was pro-
found in brains of gbal”” zebrafish (from 016 to 130
pmol/mg for brains of WT and gbal”, respectively),
with no significant increase in brains of gbal” :asah1b”’"
fish (= L5 pmol/mg). The primary substrate of GCase,
GlcCer, was comparably elevated in brains of both
gbal” and gbal”:asah1b’” (= 100-fold and 120-fold).
More modest abnormalities in other lipids were
observed: the product glycosphingolipid LacCer was 22-
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Fig. 3. (Glyco)sphingolipid abnormalities in Asahla- and/or Asahlb-deficient zebrafish larvae. A: Total ceramide levels (pmol/fish)
were determined of individual zebrafish larvae (5 dpf) of off-spring of Asahla™:asah15*" crossings. Data is depicted as mean + SD
and analyzed using a One-Way Anova with Dunnett’s multiple comparisons Test and WT as control group. B: Asahla™ :asah1b™"
adult zebrafish were crossed and off-spring was treated with vehicle (0.1% (v/v) DMSO) or 10 pm GCase specific inhibitor (ME656)
for 5 days. Relevant lipid levels were determined of individual larvae in pmol/fish. WT (n = 5-6), asahla” :asahIb*” (n = 1-5), asahla™’
*:asah 167 (n = 6), asah It :asah1b” (n = 7-8), and asahla” :asah1b”" (n = 4-8). Data is depicted as mean + SD and analyzed using a Two-
Way Anova with Sidak’s multiple comparisons test. Ns = not significant, *¥p < 0.05p < 0.01, #¥p < 0.001, and ***¥p < 0.0001.

fold and 33-fold elevated in brains of gbal”” and
gbal”":asah1b’" zebrafish, respectively. GlcChol was
about 25-fold elevated in brains of gbal”~ zebrafish
and 1.3-fold in brains of gbal”:asah1b’" zebrafish. The
abundant myelin lipid GalCer was just slightly
decreased in gbal”” brains, however variation among
individual fish in this lipid was marked.

Next, we analyzed and compared the expression of
specific mRNAs in various brains. In both gbaI”" and
gbaI:asah1b”" brains, expression of the GlcCer-laden
macrophage markers, ghnmb and chia.6, was strikingly
increased (+ 70-fold for gpnmb and chia.6) (Fig. 5B). In
parallel, we observed increased expression of mRNAs
of the proinflammatory cytokines 14 (£ 10-fold and
13-fold for brains of ghal”" and gbal”:asahlb”’" fish,
respectively) and infp, also known as nfa2 (+ 20-fold
and 35-fold respectively) (Fig. 5B). In addition,
increased catD mRNA expression (3-fold) and the
microglia marker apoEb mRNA (5.5-7-fold) expression
was detected in brains of both types of mutant fish
lines. Activation of the complement system has previ-
ously been observed in GD mouse models, resulting in
production of proinflammatory cytokines and chemo-
kines (51). Expression of several genes encoding com-
ponents of the complement system such as cI1¢A, ¢3.1, ¢5,
and the cba receptor (c5aR1) was significantly increased
in brains of gbal”" zebrafish. These genes were also
markedly overexpressed in brains of gbal” asahlb’"
fish without GlcSph. Western blot analysis revealed an
accumulation of the autophagy substrate p62 and an
increase in the ratio of LC3-1I to LC3-1 in brains of both
gbal” and gbal” :asahIb”” zebrafish, consistent with
reduced autophagic flux due to the lysosomal pheno-
type (Fig. 5C, D). In conclusion, based on observed
mRNA and protein levels of neuroinflammation,
complement system activation and autophagy were
found to be increased, but interestingly, no significant
differences were found in any of the studied parame-
ters between gbal KOs accumulating GlcSph and
gbal:asahlb KOs without excessive GlcSph.
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The presence of Gaucher-like cells, detected by H&E
staining, was evident in brains of both gbal”~ and
gbal”":asah16”" fish, but not in WT or asahlb’ brains
(Figs. 6A and S6). The Gaucher-like cells mainly accu-
mulated in the periventricular gray zone of the optic
tectum (Fig. 6A with zoom in Fig. 6B). Transverse sections
of the midbrain showed severe diffuse bilateral accu-
mulation of Gaucher-like cells filling the periventricular
zone (Fig. 6C). Presence of Gaucher-like cells was
confirmed by immunohistochemistry using the zebrafish
monocyte/macrophage lineage cells marker L-plastin
[42] In addition we used immunostaining of L-plastin to
visualize microglia activation (52). There was a marked
increase in microglial cells in the brain parenchyma of
gbal™"and gbal’":asah1b”" zebrafish compared with con-
trols (Figs. 6 and S6). In addition, microglia with swollen
cell bodies were increased in the medulla oblongata of
gbal” zebrafish and to a lesser extent in that of gbal”:
asah1b”" fish (supplemental Fig. S6C). In conclusion, in
brains of gbal”” and gbal”":asah1b”" fish, a quite compa-
rable presence of Gaucher-like cells was detected as well
as comparable indicators of neuroinflammation, sharply
contrasting to the marked difference in GlcSph levels
between the two types of brains.

Next, loss of putative dopaminergic neurons in the
various fish brains was assessed. For this, we determined
the expression of mRNAs encoding tyrosine hydroxy-
lase 1 (¢h1), a marker for dopaminergic neurons (42).
This was reduced in ghal”" zebrafish brains, while no
significant reduction was observed in the ghal” :asah b’
brains (Fig. 6E). The th2 mRNA expression was not
abnormal. In addition, two transcripts of zebrafish
orthologs of a-synuclein, sn¢f, and sneb were signifi-
cantly reduced in gbal”” brains compared to WT and
gbal’":asah1b”’” brains. The expression of myelin-
binding protein (mbpa) was comparably reduced in
both gbal” and asahIb”~gbal’”" brains, suggesting
disturbed myelination in both mutants. In conclusion,
only significant differences were found in parameters
related to putative dopaminergic neurons.

SASBMB



>

GlcSph GlcCer GlcChol
. 15000 *x - 20— vy —wT
& o i 3 I gba 1
g 100 . g g 154 Jasah1b™
o ‘10000 . s o B gbat*:asah1b™
£ £ @ £
3 504 3 i 3
£ E 5000 E
0- 0-
Cer GalCer
2000 . 2000 — i
2 1500 . £ 1500 2 600- .
g g g
= 10004 = 1000 = 400 .
o o o
g g g
500 500+ 2004
0- 0- 0-
Storage cell markers
gpnmb chia.6 catD inp tnfp
B . Wt
I gbat”
Jasah1b™

[ gbat*:asah1b™

Fold change

gbat”

gbat”:asah1b’

Fig. 4. Abnormalities in adult zebrafish visceral organs. A: Lipid levels were determined in pmol/mg liver tissue. GlcSph, GalCer,
and GlcChol were separated from their respective galactosylated lipid by HILIC chromatography. Data is depicted as mean + SEM;
WT (n = 10), gbal” (n = 9), asah1b” (n = 8), and gbal”:asah1s”” (n = 11). Data is analyzed by One-Way Anova with Tukey’s multiple
comparison test. B: Expression of gpnmb, chia.6, il-18, inp, apokb, or catD mRNA levels were determined using RT-qPCR analysis; WT
(n = 6-9), ghal”" (n = 6-8), asah1b” (n = 5), and gbal”:asah1b”" (n = 7). Data is normalized using two housekeeping genes (¢fla and 7pl13)
and analyzed by One-Way Anova with Tukey’s multiple comparison test. Statistical analysis is depicted of WT versus gbal”, asahIb”,
or asahIb”":gbal”", only when a significant difference is apparent or of gbal”" versus asahlb:ghal’” when significant difference is of
interest. Ns = not significant, ¥p < 0.05,%p < 0.01, ¥*¥p < 0.001, and ****p < 0.0001. C-E, Zebrafish were serially sectioned along the
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Fig. 5. Biochemical abnormalities in adult zebrafish brain. A: Lipid levels were determined of dissected brains in pmol/mg tissue.
GlcSph, GalCer, and GlcChol were separated from their respective galactosylated lipid by HILIC chromatography. Data is depicted
as mean + SEM; WT (n = 9-10), ghal”” (n = 9), asah1b”" (n = 8), and ghal” :asah1b”’" (n = 11). Data is analyzed by One-Way Anova with
Tukey’s multiple comparison test. B: mRNA levels of asahla, asahlb, gpnmb, chia.6, il-18, tnfB, apoEb, catD, clqA, 3.1, c5aR, and c¢5 was
determined using RT-qPCR analysis; WT (n = 9-11), ghal”" (n = 8-11), asah1b”" (n = 5), and gbal”":asah1b”" (n = 9-10). Data is analyzed by
One-way Anova with Tukey’s multiple comparison test. C: Representative Western blot of p62, LC3-1, LC3-I1, f-catenin protein levels
in WT, gbal”, asah1b”, and gbal” :asah1b” zebrafish brains, with p-actin as protein loading control. D: Quantitative analysis of LC3-11/
LC-I levels and p62 protein levels. WT (n = 5), ghal”" (n = b), asah16” (n = 8), and gbal” :asah1b” (n = 6). Statistical analysis is depicted
of WT versus gbal”, asah1b”, or asahlb”":gbal”", only when a significant difference is apparent or of ghal” versus asahlbgbal”” when
significant difference is of interest. *p < 0.05, **p < 0.01, and **** p < 0.0001. GalCer, galactosylceramide; GlcSph, glucosylsphingosine;
GlcChol, glucosylated cholesterol.

of the WT, gbal’/ " asah1b”, and gbal'/ “asah1b”” fish up to
8 wpf. From that age onwards, a hanging tail during

Phenotypic improvements of adult Asahlb:Gbal
double KO zebrafish

Finally, we wondered if GlcSph impacts on the
pathological phenotype of GCase-deficient zebrafish.
No overt macroscopic phenotype was observed in any

rest became apparent in some of the ghal”” zebrafish.
Individual ghal”” zebrafish with swimming abnormality
had to be culled before the 12 wpf experimental

sagittal plane and stained using H&E. Images of liver, spleen, and pancreatic tissue of WT (C), gbal”” (D), and gbal”:asah1b” (E)
zebrafish. Areas of interest are marked by dotted boxes, and higher magnifications of these areas are shown below the respective
overview images. Scale bars: 50 pm and 20 pm for low and higher magnifications, respectively. GlcSph, glucosylsphingosine; GalCer,
galactosylceramide; GlcChol, glucosylated cholesterol.
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Fig.6. Gaucher-like cells accumulate in ghal” and gbal”:asahI1b” brains. A and B: WT, gbal”, and ghal” :asah1b” ~brains were seriall)f
sectioned in the sagittal plane and H&E stained. Gaucher-like cells occupy the periventricular zone of the optic tectum in both gbal”"1
and gbal” :asahIv”" brain, with higher magnifications of the boxed areas in (A) and (B). Scale bars: 200 um and 50 pm for the low and
higher magnifications, respectively. C: Transverse view of WT, gbal”, and gbal” :asah1b” ~brains showing severe bilateral and diffuse
accumulation of Gaucher-like cells in the periventricular gray zone of the optic tectum (HE). D: Immunohistochemistry for the
zebrafish monocyte/macrophage lineage cells marker L-plastin. Immunoreactive macrophages were abundantly present in the
ventricle and periventricular regions of gbal”"and ghal”":asah15”" brains but not in the WT brain; counterstaining was performed
using hematoxylin. Scale bars: 100 pm in C and D. E: mRNA expression of thl, th2, sn¢f, sncya, sncyb, and mbpa was determined using
RT-qPCR analysis; WT (n = 7), ghal” (n = 9), asahId” (n = 4), and gbal”:asahIb” (n = 7). Data of RT-qPCR is normalized using two
housekeeping genes (¢fla and 7pll3), analyzed by One-Way Anova with Tukey’s multiple comparisons test or a Brown-Forsythe and
Welch Anova with Dunnett’s multiple comparisons test for gpnmb and chia.6 and depicted as scattered dot plot + SEM. Statistical
analysis is depicted of WT versus gbal”;, asahlb”, or asah1b”":gbal”", only when a significant difference is apparent or of ghal”” versus
asahIb:ghal”” when significant difference is of interest. Ns = not significant, *p < 0.05, ¥p < 0.01, and % < 0.0001.

endpoint. Differences were noticeable among the
different types of mutant fish as well as variation
among individual fish within each genotype. All ghal”
zebrafish (t= 10-12 wpf) showed phenotypic abnor-
malities such as a curved back and different swimming
behavior compared to WT (Fig. 7A and supplemental
Videos SI and S2; red stickers). The morphology of
the various fish was compared by measurement of the
body length and curvature of the back, assessed by
dividing the length of the back by the body length
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(tortuosity). The body length of the gbal” zebrafish was
significant smaller than WT, while the tortuosity was
significantly enlarged (Fig. 7B). Most of the ghal”"
zebrafish showed abnormal swimming behavior,
ranging from difficulty with balance, failure to main-
tain an upright position to the inability to move from
the bottom of the tank (supplemental Videos S1 and S2).
In order to analyze and compare their behavior, indi-
vidual zebrafish were tracked and their swimming
speed and time spend in the upper part of the tank was

Consequences of excessive glucosylsphingosine 1
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Fig. 7. Phenotypic improvements of adult Asahlb:Gbal double deficient zebrafish. A: Representative photographs of WT, gbal”,
and ghal”:asahIb” zebrafish. B: The length of individual zebrafish is determined (head to tail base) as well as the tortuosity,
calculated as ratio of the length along the back divided by the length of the fish, as indication for the curved back. Data of individual
zebrafish is depicted in a violin plot; WT (n = 21), gbaI”" (n = 29), asah1b” (n = 16), and gbal” :asah1b”” (n = 19) and analyzed using a
nonparametric Kruskal-Wallis test with Dunn’s multiple comparison test. C: Representative movement traces of WT, ghal”; and
gbal”":asah1b”" zebrafish, all at t = 12 wpf. D: Quantification of individual zebrafish average velocity (in cm/s) when in motion and
time spend in the top half of the tank. Data of individual zebrafish is depicted in a violin plot; WT (n = 13), gbaI”" (n = 16), asah1s” (n =
16), and gbal”:asahIp”" (n = 19) and analyzed using a One-Way Anova with Tukey’s multiple comparison test. E: Photograph of
individual ghal”":asah1b”" zebrafish at t = 15 and 16 wpf. F: Kaplan-Meier plot indicating the onset of predetermined symptoms, such
as the curved back and abnormal swimming resulting in impaired feeding behavior, of gbaI” and ghal” :asah1s”" zebrafish; ghal” (n =
30), and gbal”:asah1b”" (n = 5). The curves are analyzed using a Log-rank (Mantel-Cos) test. Statistical analysis is depicted of WT
versus gbal”, asahlb” or asahlb’ :gbal”, only when a significant difference is apparent or of ghal”” versus asahlb:ghal’” when sig-
nificant difference is of interest. Ns = not significant, **p < 0.01 and ***¥p < 0.0001. wpf, week postfertilization.

quantified (Fig. 7C, D). The average velocity of the
gbal” zebrafish in motion was not significantly
different (Fig. 7D), and no difference in average
angular velocity was found either (data not shown). A
significant difference was observed in the ability of the
zebrafish to use the entire space of the tank. In contrast
to WT fish, ghal”" zebrafish spent significantly less time
in the top of the tank (Fig. 7C, D).

Of note, contrary to gbal”" fish, none of the
gbal”":asah1b”” fish showed a significant difference in
length or tortuosity at 12 wpf (Fig. 7A, B). Additionally,
gbaI:asah1b”” did not show postural imbalance and
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used the whole tank for swimming as also observed for
WT and asahlb” zebrafish (Fig. 7C, D, supplemental
Videos S1-S3; orange stickers for gbal” :asahlb”").
Therefore, we performed a longevity study by raising
the gbal” :asah1b”’" zebrafish past 12 wpf until similar
phenotypic abnormalities became apparent as those of
gbal”" zebrafish at 10 to 12 wpf. Individual double
mutant zebrafish started showing the phenotypic
abnormalities, such as a curved back, postural imbal-
ance, and abnormal swimming behavior at around
15-17 wpf (Figs. 7E and S7). Thus, there was a marked
amelioration of disease course in the ghal” :asahlb’
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zebrafish lacking excessive GlcSph. The lifespan of all
gbal’":asah1b”” zebrafish was increased, some even by
7 weeks, almost a doubling (Fig. 7F). Importantly, the
absence of GlcSph did not prevent on the longer run
phenotypic abnormalities such as the curved back and
differences in swimming behavior.

DISCUSSION

Our investigation has profited from the fortuitous
duplication of the asahl gene that occurred in zebra-
fish, coupled to the evolution of an apparent different
substrate specificity of the Asahla and Asahlb ortho-
logs. Both fish ACases hydrolyze its primary substrate
Cer, but only Asahlb proves to be involved in forma-
tion of GlcSph during GCase deficiency. This fact
allowed us to compare adult gbal”" (GD) fish with
excessive GlcSph with those without this lyso-lipid
(gbal” :asah1b” GD fish). Both types of GD fish show
comparable prominent accumulation of Gaucher-like
cells in tissues, similar as observed in animal models
of GD and patients (41, 43, 53). Thus, it appears that the
ACase-mediated GlcSph formation only marginally
reduces GlcCer accumulation during GCase deficiency
in macrophages of zebrafish.

It is tempting to compare the outcome of GCase
deficiency in fish producing GlcSph from accumu-
lating GlcCer in lysosomes (gbal”~ GD fish) with those
that cannot (gbal” :asah 16" GD fish). Clearly, prevention
of GlcSph formation does not result in a worse disease
in the GD zebrafish. Apparently, only a fraction of
accumulating GlcCer is converted to GlcSph and may
subsequently leave the body via urine or bile. Thus,
formation and subsequent excretion of GlcSph offers
no prevention of the formation of lipid-laden storage
cells. The GD fish with excessive GlcSph and those
without show similar amounts of Gaucher-like storage
cells in tissues and similar markers of neuro-
inflammation, increased autophagy, and complement
cascade activation in the brain. Thus, the chronic
presence of GlcSph does not appear to markedly pro-
mote one of these pathophysiological processes. On the
other hand, the clinical course of gbal” :asah16”" GD fish
lacking GlcSph seems more benign as that of ghal”” GD
fish. This is best reflected in a slower development of a
permanently curved back and swimming abnormalities
as well as increased lifespan of gbal” :asah1b’” GD fish
lacking GlcSph. However, ultimately, these animals do
develop the same phenotypic abnormalities as gbal””
GD fish. As shown in supplemental Fig. S8, inspection
of spinal cords of WT, ghal”, and gbal” :asah1b”" fish
revealed no overt abnormalities. Earlier Zhou et al. (36)
reported that a morpholino knockdown of asahIbled to
an abnormal spinal cord of Danio embryos. We have no
explanation for this discrepancy. Possibly, different
methodology (morpholino knockdown and CRISPR-
Cas ablation of asahlb) offers an explanation.
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The observations above appear conflicting with
presently popular ideas on a dominant acute toxicity of
lysolipids like glucosylsphingosine as well as a dominant
acute toxicity of storage cells and neuroinflammation
(54). Therefore, both topics warrant further consider-
ation and discussion. Firstly, the apparent absence of
acute toxicity of GlcSph to many cells in the viscera.
Histological examination suggests that many cell types
in viscera tolerate the chronic presence of GlcSph
amazingly well. In fact, a similar notion is obtained
from GD patients in which many cell types do well
despite the high circulating and tissue GlcSph levels
(15). Acute dysfunction of mitochondria or key en-
zymes by direct inhibition by GlcSph seems therefore
not a likely scenario: cells might get stressed but clearly
can still thrive. However, as discussed in more detail
below, dopaminergic neurons may be particular
vulnerable in this aspect. The second surprising obser-
vation concerns the limited impact of chronic high
GlcSph and incidence of storage cells on inflammation
in combination with the observed improvement in
phenotype of fish lacking excessive GlcSph. In fact, the
cumulative research by Futerman et al. in neuro-
nopathic GD (nGD) mice have presented evidence that
inflammation, contrary to earlier considerations (54), is
not the dominant determinant of neurotoxicity in GD
(65, 56). For example, the IFN pathway is prominently
activated in the brain of nGD mice. The ablation of
upstream pathways leading to IFN production had no
therapeutic benefit on the lifespan of nGD mice but
attenuated neuroinflammation (55). Our findings are
consistent with this notion by Futerman et al,, at least in
GBA1l deficient brains, neuroinflammation is not
entirely dependent on GlcSph and neuroinflammation
is not synonymous with some neurological signs such as
locomotor abnormality and development of an
abnormal curved back posture.

The apparent impact of excessive GlcSph on GCase-
deficient putative dopaminergic neurons warrants dis-
cussion. Interestingly, the expression of mRNAs
encoding tyrosine hydroxylase 1 (thl), a marker for
dopaminergic neurons, is reduced in ghal”" zebrafish
brains, but not gbal” :asah1b”" brains. Zebrafish p-synu-
clein and fyl-synuclein (sncyd gene) isoforms are
expressed in the cell bodies of TH-positive catechol-
aminergic cells (57). An ortholog of human a-synuclein
is not present in the zebrafish genome (57). In our ex-
periments, the two transcripts of zebrafish synucleins,
sngf and sncyd, were significantly reduced in gbal KO
brains compared to WT and gbal:asahlb KO brains,
while the expression of myelin-basic protein (mbpa) was
comparably reduced in both mutant brains. Keatinge
et al. (43) observed a reduction of TH-immunoreactive
neurons in the caudal hypothalamus and posterior
tuberculum and a reduction of f- and yl-synuclein
proteins in gbal”" zebrafish. Thus, our earlier findings
suggest that increased GlcSph negatively impacts on
TH-positive dopaminergic neurons.
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Other observations also have pointed to a detri-
mental role of excessive GlcSph regarding dopami-
nergic neurons. In neuronopathic GD/PD mouse
models, GlcCer was found to be not increased in the
brain while GlcSph accumulation already occurred in
young mice (8-12 weeks), supposedly somehow trig-
gering o-synuclein aggregation as observed with
cultured human neuronal cells (18). In addition, a recent
study with mice heterozygous for GCase deficiency
showed development of a-synucleinopathy concomi-
tant to overproduction of GlcSph (17). The absence of
a-synuclein in zebrafish, and the different location of
dopaminergic neurons as compared to human brain,
limits the use as genuine Parkinson’s disease model. Of
note, Oryzias latipes (medaka) fish do express a-synuclein
(58). Another recent elegant study corroborates the
toxicity of GlcSph regarding dopaminergic neurons.
Feldman et al. (59) studied human-induced pluripotent
stem cell-derived neurons from neurologically affected
GD patients. Elevated levels of GlcSph in these cells
were found to activate mammalian target of rapamycin
(mTOR) complex 1, interfering with lysosomal
biogenesis and autophagy. Inhibition of ACase pre-
vented both, mTOR hyperactivity and lysosomal
dysfunction, suggesting that these alterations were
caused by GlcSph accumulation in the mutant neurons.
Incubation of WT neurons with exogenous GlcSph
was also found to induce the harmful mTOR
hyperactivation.

Our study focused primarily on the impact of GlcSph
on presence of lipid-laden macrophages in tissues. The
neuropathological aspects of gbal”” zebrafish are more
completely documented by Keatinge et al. (43). We
studied general swimming of individual adult fish and
noticed clear differences in gbal”" fish, not using the
whole tank. More advanced methods are available to
study behavioral defects, including learning and social
interaction assays as reviewed by Vaz et al. (60).
Although zebrafish are an increasingly popular model
to study mechanisms underlying Parkinson’s disease,
also in connection to increased risk posed by mutations
in the GBA1 allele (GD-PD), it might not offer a straight-
forward model for human GD-PD. Firstly, we gener-
ated zebrafish with a complete loss in GCase (activity).
Others employing GCase suicide inhibitors generate
animals with a complete loss of enzymatic activity. Both
conditions markedly differ from human GD-PD in
which patients have a significant residual GCase (7). In
fact, the ghal”" fish are also not a true model of the most
common phenotypes of GD with residual enzyme.
Furthermore, there are intrinsic differences between
humans and zebrafish in key molecular players in PD,
such as the absence of a-synuclein in the latter species.
In fact, the relationship between the GBAI locus and the
risk for PD is still largely elusive (7). Only a fraction of
carriers of mutant GBAI alleles, largely independent of
the severity of the underlying mutations, develop PD.
To complicate matters further, it has been reported

14 . Lipid Res. (2022) 63(5) 100199

that deficiency of GCase in dopaminergic neurons
themselves does not lead to an increased risk for PD
symptoms in mice (61). Therefore, simply translating
the findings made in our present study to human
GD-PD is not wise, and over-interpreting findings
in zebrafish models to human disease should be
avoided.

At present, it remains unclear whether excessive
GlcSph itself drives putative dopaminergic neuronal
loss or whether microglia activation, likely driven by
GlcCer accumulation and lysosomal dysfunction assists
the neurodegeneration. Conceivably, both processes
might occur hand in hand to a variable extent. Of in-
terest, the consequences of pharmacologically induced
GCase deficiency in different mice strains with con-
duritol B-epoxide may differ dramatically (62). It was
observed that the age of survival following conduritol
B-epoxide administration varied from 40-200 days (62).
It is important to point out that despite the delayed
disease manifestations and improved lifespan, gbal:a-
sahlb KO fish lacking GlcSph still develop abnormal
swimming behavior at 4 months of age and need to be
culled earlier than WT and asah1b single KO zebrafish.
This suggests that GlcSph contributes significantly to
the onset of GD symptoms, but it is not the only path-
ogenic factor. In this respect, the impact of specific
accumulating GlcCer species and other glucosylated
lipids such as GlcChol (38) deserves further attention.
Future studies with Gba2 KO GD fish, unable to pro-
duce GlcChol, should provide insight on a possible
contribution of the glycosylated sterol in GD pathology.
In theory, the introduction of Asahlb deficiency in
gbal” fish might lead to other lipid abnormalities
beyond the reduction in GlcSph. We did not observe
prominent lipid abnormalities in asak1b” fish . In the
gbal” :asah1b”" fish, slightly increased hepatic levels of
Cer, GalCer, and LacCer, and increased LacCer and
decreased GlcChol were observed. Likely, these minor
abnormalities stem partly from the presence of storage
cells in the tissues of GCase-deficient fish and do not
contribute to the more benign clinical course of the
gbal” :asah 1" fish.

Inhibition of ACase is considered as therapeutic
avenue in neuronopathic GD with unmet need. Car-
mofur is a known inhibitor of ACase (63, 64). It has
been earlier demonstrated that Carmofur treatment of
GCase-deficient cells reduces formation of GlcSph (24).
The compound Carmofur is however not a specific
ACase inhibitor, as it also inactivates neutral ceram-
idases and it is known to inhibit the nucleotide-
synthesizing enzyme thymidylate synthetase, an effect
underlying its wide-spread use as chemotherapeutic
agent (63). More specific ACase inhibitors have been
designed by Fabrias et al. (65). The window for such
type of intervention might be very small, or even not
exist, given the report that partial ACase deficiency
already impairs spinal-cord motor neurons and other
areas of the CNS (66).
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The ACase-mediated formation of deacylated
sphingolipid bases is not unique to GD. A similar phe-
nomenon is observed with other lysosomal sphingoli-
pidoses: Fabry disease with globotriaosylsphingosine
(lysoGb3) formed from accumulating globo-
triaosylceramide (Gb3); Krabbe disease with gal-
actosylsphingosine (GalSph) formed from GalCer; acid
sphingomyelinase deficiency, ak.a. Niemann-Pick dis-
ease types A and B, with phosphocholine-sphingosine
(lysosphingomyelin) formed from sphingomyelin (67,
68). As for GlcSph in GD disease, toxic actions of
lysoGb3 in Fabry disease and GalSph in Krabbe disease
have been studied (69-72). Recently, ablation of ACase
in a mouse model of Krabbe disease deficient in gal-
actocerebrosidase (GALC) was found to prevent
GalSph accumulation in brain, liver, and spleen tissue
(69). A reduction of activated macrophages/microglia
in the cerebellum, improved axonal structures, fewer
infiltrating inflammatory cells, less edema, improved
motor activity, and increased lifespan were observed
compared to GALC-only deficient mice. On the other
hand, increased levels of Cer were apparent in the liver
and spleen of the GALC/ACase-deficient mice as well
as hematological abnormalities such as vacuoles in the
spleen, circulating monocyte, and neutrophil pop-
ulations, as observed in the ACase-deficient mice (69).
As opposed to the mice models, our Asahlb-deficient
zebrafish without Cer accumulation could offer inter-
esting opportunities to investigate the detrimental role
of deacylated sphingolipid bases in the outcome of
other lysosomal storage diseases, without the accom-
panying Cer accumulation.

In conclusion, our investigation of GCase-deficient
zebrafish with or without concomitant deficiency of
Ashalb provides evidence that inability to form GlcSph
(ashalb’") does not worsen disease, suggesting that
excretion of water-soluble GlcSph is not an effective
protection against symptoms. Lack of excessive GlcSph
increases lifespan and seems to slow down the loss of
dopaminergic neurons as revealed by ¢hI mRNA.
However, even in the absence of excessive lyso-lipid,
gbal” :ashall’” fish ultimately develop fatal pathology.
Thus, GlcSph seems not to be the sole player in the
pathophysiology during GCase deficiency in zebrafish.
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