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RIASSUNTO

Gli sfingolipidi sono lipidi polari coinvolti in numerosi processi biologici. Ne consegue che sia
gli sfingolipidi che gli enzimi coinvolti nel loro metabolismo, sono importanti per I’omeostasi
cellulare e partecipano in numerosi processi fisio-patologici.

La mia ricerca mira ad investigare il ruolo degli enzimi GALC e SMPD3 nella progressione
del melanoma.

SMPD3 codifica per la sfingomielinasi neutra di tipo 2 (nSMase2) che promuove la rimozione
della testa polare dalla sfingomielina, liberando il ceramide. Studi precedenti hanno dimostrato
che I’espressione di SMPD3 decresce al progredire del melanoma suggerendo un ruolo nella
sopravvivenza. In questo lavoro, SMPD3 ¢ stato sovra-espresso in due linee di melanoma
umano, le A2058 e le A375. Livelli aumentati di nSMase2 non hanno inficiato la proliferazione
o la migrazione cellulare, tuttavia in un primo saggio di tumorigenesi in vivo, cellule che sovra-
esprimono SMPD3 hanno formato lesioni piu piccole e meno vascolarizzate rispetto ai
controlli, in linea con I’aumento di ceramide, e del suo ruolo protettivo, osservato in queste
cellule.

GALC ¢ un enzima lisosomiale che rimuove il B-galattosio dal B-galattosilceramide. Mutazioni
nel suo gene codificante sono la causa della malattia neurodegenerative di Krabbe. In
letteratura sono presenti solo pochi studi sul profilo lipidico di modelli sperimentali o pazienti
affetti da Krabbe. Per investigare come GALC modifichi la componente lipidica durante
I’embriogenesi, embrioni di zebrafish sono stati trattati con un inibitore irreversibile di GALC.
I risultati mostrano un’alterazione significativa della componente lipidica di questi embrioni,
fornendo nuove conoscenze sul coinvolgimento della componete lipidica in questa patologia.
Belleri et al., hanno mostrato che in campioni di melanoma umano c’¢ una correlazione inversa
tra GALC e SMPD3, dimostrando che GALC esercita un’attivita pro-oncogenica sulle cellule
di melanoma murine sia in vitro che in vivo. Partendo da questi presupposti, GALC ¢ stato
sovra-espresso in due linee cellulari di melanoma umano, le A2058 e le A375. I dati indicano
che cellule sovra-esprimenti GALC proliferano e migrano di piu rispetto al controllo. Inoltre,
analisi di proteomica rivelano che GALC modula I’espressione di diverse proteine coinvolte
nella regolazione del melanoma, nell’evasione della risposta immunitaria, nella risposta da

stress del reticolo endoplasmatico e ossidativo.



La progressione del melanoma ¢ strettamente collegata all’angiogenesi. Per tanto il potenziale
angiogenetico di queste cellule ¢ stato valutato in un primo esperimento in vivo, dove cellule
che sovra-esprimono GALC hanno prodotto lesioni piu vascolarizzate.

In un contesto tumorale, le cellule secernono fattori pro-angiogenetici volti a innescare il
processo di angiogenesi. E’ stato verificato che GALC non promuove la secrezione di tali
fattori, tuttavia, essendo GALC una proteina secreta, il terreno condizionato delle cellule che
lo sovra-esprimono ¢ stato utilizzato in saggi di angiogenesi in vitro € in vivo. Questi
esperimenti hanno dimostrato per la prima volta che GALC, attraverso la sua attivita
enzimatica e I’internalizzazione in cellule endoteliali, promuove la risposta angiogenetica.
Questo lavoro si propone per tanto di fornire esempi esaustivi sul ruolo degli enzimi del

metabolismo degli sfingolipidi nella progressione del melanoma.



ABSTRACT

Sphingolipids and their metabolizing enzymes are involved in a variety of physiological and
pathological conditions. During my PhD program I focused my research activity on the role of
the sphingolipid metabolizing enzymes nSMase2 and GALC in cutaneous melanoma.
nSMase2, encoded by SMPD3, is the enzyme responsible for the breakdown of sphingomyelin
into ceramide. Previous studies demonstrated an onco-suppressive role of nSMase2 in
melanoma where SMPD3 expression progressively decreases from primary to metastatic
melanoma and is associated to short overall survival. Here, I overexpressed SMPD3 in A2058
and A375 human melanoma cell lines to study the role of nSMase2 in this tumor. The
upregulation of SMPD3 did not impact their tumorigenic potential in in vitro assays even
though preliminary in vivo results suggest an onco-protective role of nSMase2. Accordingly,
A2058 nSMase2-overexpressing cells gave origin to smaller and less vascularized tumors in a
tumorigenesis assay on the top of the chick embryo chorion allantoid membrane, consistent
with the increased amount of ceramide that was observed in a lipidomic analysis on these cell
lines.

GALC is a lysosomal enzyme that cleaves -galactose from -galactosylceramide. Historically,
GALC has been studied as a causative gene of the neurodegenerative Krabbe disease. Currently,
only a limited information is available about the effect of the modulation of GALC activity on
the lipidome. For this purpose, zebrafish embryos were treated with an irreversible GALC
inhibitor, leading to significant alterations of the lipidic profile.

Belleri et al. showed an inverse correlation between GALC and SMPD3 expression in human
melanoma, demonstrating that GALC critically modulates the oncogenic activity of melanoma
cells in vitro and in vivo. On this basis, GALC was overexpressed in A2058 and A375 cell lines.
Data indicate that GALC upregulation induces a significant increase in the proliferative
potential and motility of GALC-overexpressing cells and proteomic analysis reveals that GALC
modulates proteins involved in melanoma biology, tumor immune escape, ER stress responses,
mitochondrial antioxidant activity, autophagy and/or apoptosis.

Melanoma progression strictly relies on angiogenesis. In this frame, previous studies
demonstrated that GALC deficient mice have an impaired angio-architecture of brain vessels
in post-natal angiogenesis and that their endothelium failed to respond to angiogenic factors,
suggesting a role of GALC in neovascularization. Therefore, the angiogenic potential of A2058

and A375 GALC-overexpressing cells was investigate. Indeed, the s.c. grafting of these cells



in mice has led to more vascularized tumors compared to controls. By mimicking what happens
in tumor microenvironment where GALC is secreted by melanoma cells, the conditioned
medium of GALC-overexpressing cells exerted a significant angiogenic activity in vitro and in
vivo that was hampered by inhibitors of its enzymatic activity. Finally, the conditioned medium
of these cells triggers the phosphorylation of the angiogenic tyrosine kinase VEGF receptor 2
and of various downstream signaling pathways in human endothelial cells.

In conclusion, the data pointed out a prominent role of sphingolipid metabolizing enzymes in

melanoma progression and angiogenesis.

In this thesis, I collected scientific articles and reviews to which I contributed. These works
have been inserted in different points of the narration depending on the context to which they

refer.
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1. SPHINGOLIPIDS AND THEIR METABOLISM

Sphingolipids represent one of the major classes of eukaryotic lipids. The first sphingolipids
were discovered in the brain in the late 19" century by Thudicum, who introduced the name
‘sphingosin’ after the Greek mythical creature, the Sphinx, out of respect for “the many
enigmas which it presented to the inquirer” (Hannun and Obeid 2018).

Sphingolipids are important structural molecules of cell membranes. Their common structure
is based on sphingosine, an eighteen carbon amino-alcohol. In 1947, H. E. Carter was the first
who structurally characterized the sphingosine as S,3R,4E-2- aminooctadec-4-ene-1,3-diol
(CARTER and HAINES 1947). Nowadays we refer to sphingolipids such as natural lipids
comprised of a sphingoid base backbone with an N-acylated fatty acid chain and a polar head,
absent in the sphingolipid precursor ceramide (Cer) (fig. 1.1) (Pralhada Rao et al. 2013).
Ceramides are the precursors for all the sphingolipid classes:

1) Sphingomyelins (SM), composed by Cer plus a polar phosphate head, such as
phosphocholine. They are the most common sphingolipids and represent approximately
10-20% of membrane lipid composition (Goni 2022).

2) Cerebrosides, composed by Cer with the addition of a single monosaccharide (glucose
or galactose) (Dumoulin et al. 2002).

3) Gangliosides characterized by an oligosaccharidic head containing at least one sialic
acid. They are located on cell surface and represent one of the main brain constituent,
up to 6% (Dumoulin et al. 2002).

Sphingolipids are also involved in signal transduction. Indeed, sphingosine (Sph), sphingosine
1 phosphate (S1P), Cer, and ceramide 1 phosphate (C1P) can act as bioactive lipids and act as
second messengers. Because of their chemical structure with only one aliphatic chain, Sph and
S1P readily leave membranes once activated by their receptors. Instead, Cer and C1P remain

in the membrane and are recruited by cytosolic proteins.



3
F

I

4
<
R N |
q
H
~

J

Sphingeaine backban [} /0- LN o \;O> \\DH . d H\\r
oH /Mo O/P‘o / 1
— —OH o ¥ . 4 on
o (Y
/\ """ on o= NomoH o= 3 SOH g o= e O g 0= /‘ ..... oH o= > ..... oH SN
4 LA k¢ f R = h LR
\>\ E‘E ! >\ Bmen AN Phosphosancianin \ \) I 00:
,\ Tostau < ( Phoch < < \
N, / %
)] Y y y o )——DH
< { { < { { P
/ ! / ) ) > L
{ { { / { ¢ i
) ) > B
5 {
¢ | | O
SO SR e
\\
> / / / / /

Sphingosine

A Ceramide

A Sphingomyelin A Sphingomyelin

A Cerebroside

A Ganglioside

Figure 1.1 Structure of the common sphingolipid classes.

1.1 Sphingolipid metabolism

A complex network of enzymes and lipid transporter proteins is involved in the sphingolipid
metabolism (fig. 1.2). Despite the diversity in function and structure, sphingolipids have
common anabolic and catabolic synthetic pathways.

Sphingosine, the simplest form, serves as the backbone upon which further complexity is
achieved. For example, sphingosine acylation results in several species of Cer based on the
nature of the acylCoA molecules. The addition of a polar head (phosphocholine or
phosphoethanolamine) to Cer gives origin to SM, whereas the addition of sugar residues give
origin to glycosphingolipids (Hannun and Obeid 2018).

According to the length of the acyl chain and on the type of headgroup, sphingolipids can differ
in complexity, function, and localization inside the cells. In particular, Sph and
dihydrosphingosine (DH-Sph) are sufficiently amphipathic to diffuse freely in the cell
membrane and flip inside the leaflets. However, the ionization of their free amino group allows
them to accumulate in late endosome and lysosome. Cer, instead, relies on proteins for their
transport. Among all the sphingolipids, SMs and glycosphingolipids are the most spatially
restricted, they are unable to flip among the leaflets without dedicated flippases (Gault, Obeid
and Hannun 2010).



Figure 1.2 Main pathways of sphingolipid metabolism. Modified from (Ogretmen 2018)

1.1.1 De novo synthesis of sphingolipids

De novo synthesis of sphingolipids begins at the cytosolic face of the endoplasmatic reticulum
(ER) where the enzyme serine palmitoyltransferase promotes the condensation of serine and
palmitoyl CoA into 3-ketodihydrosphingosine. The keto group is then reduced to a hydroxyl
group (dihydrosphingosine) by the enzyme 3-ketodihydrosphingosine in a NADPH dependent
manner (Menaldino et al. 2003).

Six different isoforms of ceramide synthases (CerS1-6) are mainly located in the cytoplasmatic
face of ER membrane and are responsible for the acylation of the previously formed DH-Sph,
originating a molecule of dihydroceramide (DH-Cer). Recent evidence suggests that each CerS
has a distinct fatty acyl CoA preference and, even though they are largely found in ER
membrane, they localize also in the mitochondria and nuclear membranes. Moreover, the
expression of different isoform varies among tissues and CerS activation can occur in response
to stress stimuli (Wegner et al. 2016).

The newly form molecule of DH-Cer is modified by dihydroceramide A4-desaturase that

produces a double bound between C4 and C5, thus originating Cer (Gault et al. 2010).



In ER lumen the enzyme ceramide galactosyltransferase transfers galactose from UDP-
galactose to Cer, returning a molecule of galactosylceramide (GalCer). Finally, the synthesis
of complex sphingolipids such as SMs, cerebrosides, and gangliosides occurs in the Golgi. Cer
is delivered by ceramide transfer protein (CERT) or embedded in vesicles from ER to the Golgi
where it can be modified into GluCer and SM by the enzymes glucosylceramide synthase
(GCS) and sphingomyelin synthase (SMS), respectively (Gault et al. 2010, Ogretmen 2018).
In the trans-Golgi, specific Golgi glycotransferases synthetize complex glycosphingolipids
from GluCer and GalCer. See (D'Angelo et al. 2013) for further details about the synthesis of

gangliosides.

1.1.2 The catabolism of sphingolipids

The breakdown of complex sphingolipids into Cer includes three different catabolic pathways
(Gault et al. 2010):

1. The SM hydrolysis pathway

2. The salvage pathway

3. The catabolic pathway
The SM hydrolysis pathway involves the sphingomyelinase family that hydrolyzes the binding
between the phosphocholine headgroup and Cer. The first sphingomyelinase (SMase) to be
described was the acid SMase (aSMase), encoded by the gene SMPD 1. aSMase works mainly
in the lysosome where it metabolizes SM present on endosomal membranes, but it can be also
secreted outside the cell. Among the neutral sphingomyelinases (nSMases), nSMase2 is
localized in the cytosolic leaflet of Golgi apparatus or inside the plasma membrane
(Marchesini, Luberto and Hannun 2003) whereas nSMase3 is mainly found in the ER (Cataldi
et al. 2020).
Complex sphingolipids are partially degraded, and their components are recycled to form Cer
in what is known as the salvage pathway. Glycosphingolipids are transported from the plasma
membrane along endocytic routes to the lysosomes, where they are metabolized by specific
glycohydrolases. Among them, [-galactosylceramidase (GALC) is responsible for the
breakdown of GalCer in Cer (Kitatani, Idkowiak-Baldys and Hannun 2008). For the purpose
of this thesis, the role of GALC in sphingolipid metabolism will be extensively discussed in

the following paragraphs.
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Cer is further degraded by ceramidases. In particular, the acid ceramidase, encoded by ASAH 1
gene, deacylates Cer in the lysosome, producing Sph. Neutral and alkaline ceramidases instead
are located at the plasma membrane and in ER/Golgi complex, respectively. Notably, Sph is
generated by the catabolism of more complex sphingolipids or via desaturation of DH-Cer, but

not via de novo synthesis (Coant and Hannun 2019).

1.1.3 Zebra-Sphinx: modeling sphingolipidoses in zebrafish

The enzymes involved in the catabolism of sphingolipids are crucial for cell homeostasis and
physiology and their genetic deficiency results in various inborn errors of metabolism, named
sphingolipidoses (Abed Rabbo et al. 2021). They represent a subgroup of lysosomal storage
diseases characterized by the gradual lysosomal accumulation of the substrate of the defective
proteins. Sphingolipidoses affect approximately 1 in 20,000 newborns (Eckhardt 2010) and the
clinical presentation of the diseases ranges from a mild progression for some juvenile- or adult-
onset forms to severe/fatal infantile forms. To gain a better understanding of the pathogenesis
of sphingolipidoses and develop effective therapeutic strategies, it is important to establish new
in vivo models.

The teleost zebrafish (Danio rerio) has emerged as a useful platform for studies in diverse
fields of research. The high grade of genome conservation between human and zebrafish
(Howe et al. 2013), combined with precise genome editing and the ease of manipulation, enable
to model several human diseases in zebrafish, including sphingolipidoses.

In the following review, I briefly described the molecular and clinical features of genetic
sphingolipidoses and the use of zebrafish as an animal model for the study of such diseases and

for the search of novel therapeutic approaches.
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Abstract: Sphingolipidoses are inborn errors of metabolism due to the pathogenic mutation of
genes that encode for lysosomal enzymes, transporters, or enzyme cofactors that participate in the
sphingolipid catabolism. They represent a subgroup of lysosomal storage diseases characterized
by the gradual lysosomal accumulation of the substrate(s) of the defective proteins. The clinical
presentation of patients affected by sphingolipid storage disorders ranges from a mild progres-
sion for some juvenile- or adult-onset forms to severe/fatal infantile forms. Despite significant
therapeutic achievements, novel strategies are required at basic, clinical, and translational levels
to improve patient outcomes. On these bases, the development of in vivo models is crucial for a
better understanding of the pathogenesis of sphingolipidoses and for the development of efficacious
therapeutic strategies. The teleost zebrafish (Danio rerio) has emerged as a useful platform to model
several human genetic diseases owing to the high grade of genome conservation between human
and zebrafish, combined with precise genome editing and the ease of manipulation. In addition,
lipidomic studies have allowed the identification in zebrafish of all of the main classes of lipids
present in mammals, supporting the possibility to model diseases of the lipidic metabolism in this
animal species with the advantage of using mammalian lipid databases for data processing. This
review highlights the use of zebrafish as an innovative model system to gain novel insights into the
pathogenesis of sphingolipidoses, with possible implications for the identification of more efficacious
therapeutic approaches.

Keywords: gene knockout; hereditary disease; lysosome; morpholino; sphingolipid; zebrafish

1. Introduction

Sphingolipids were first described during the second half of the nineteenth century [1].
The term “sphingolipid” was coined based on the complexity and sphinxlike nature of this
class of lipids characterized by a core long chain aliphatic amino alcohol (sphingoid base).
The most common member is represented by sphingosine, which can be functionalized by
a fatty acid condensed at its aminic moiety and by polar molecules at its hydroxyl terminus,
including small organic molecules, amino acids, or carbohydrates [2] (Figure 1).

De novo synthesis of sphingolipids begins in the endoplasmic reticulum (ER) and may
move towards the Golgi apparatus. Finally, their mature forms are delivered to cell mem-
branes [2—4]. Sphingolipids play a key structural role in cellular membranes and/or act as
signaling molecules. Owing to their molecular structure, sphingolipids can organize within
plasma membranes into ordered focal regions named lipid rafts, crucial for the arrange-
ment of raftophilic molecules or transmembrane protein domains [5]. During recycling
or after signaling events, sphingolipids may reach the lysosomes, where specific enzymes
catabolize them to less-complex molecules, which can enter different metabolic pathways
or act as novel signaling molecules [6]. Educated reviews have described the anabolic and
metabolic pathways that characterize the sphingolipid metabolism and the involvement of
the different sphingolipid species in physiological and pathological processes [7,8].

Int. ]. Mol. Sci. 2023, 24, 4747. https:/
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Figure 1. Schematic structure of sphingolipids.

Lysosomal storage diseases are a group of genetic disorders characterized by the
gradual lysosomal accumulation of metabolites due to a defective lysosomal hydrolytic
activity [9]. Among them, alterations of the lysosomal catabolic pathways responsible for
the progressive breakdown of complex sphingolipids may translate into the accumulation of
their corresponding undegraded substrates in lysosomes, leading to inherited sphingolipid
storage diseases gathered under the name of sphingolipidoses [10]. In this review, we
will focus our attention on zebrafish (Danio rerio) as an animal model for the study of
this sub-class of lysosomal storage diseases and as a “zebra-sphinx” platform for a better
understanding of the complex and, at least in part, still sphinxlike biology of sphingolipid
metabolism (Figure 2).

Figure 2. Sphingolipid catabolism. Schematic representation of the biochemical pathways of the
sphingolipid catabolism related to hereditary human sphingolipidoses and corresponding non-
functional enzymes. Zebrafish genes that have been knocked out or knocked down to generate
models of sphingolipidoses are in italics. See text for details.
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2. Sphingolipidoses

Sphingolipidoses affect approximately 1 in 20,000 newborns [11]. The clinical presen-
tation of patients affected by sphingolipid storage disorders is quite diverse, ranging from a
mild progression for some juvenile- or adult-onset forms to severe and fatal infantile forms.

To date, approved and investigational therapies for the treatment of lysosomal storage
diseases, including sphingolipidoses, comprise hematopoietic stem cell transplantation
(HSCT), in vivo and ex vivo gene therapy, enzyme replacement therapy (ERT), substrate
reduction therapy (SRT), and pharmacologic chaperone therapy [12-14] (Figure 3). These
strategies have improved the life of many affected patients by preventing progression or
ameliorating various signs and symptoms. However, given the complexities resulting from
the alterations of sphingolipid metabolism in different systemic organs, much is still needed
at the basic, clinical, and translational levels to improve patient outcomes. For the purposes
of the present paper, we will briefly describe the major types of human sphingolipidoses
(Table 1). Diseases associated with deficiency of the sphingolipid activator proteins saposins
A-D generated by proteolytic processing of the common precursor prosaposin will not be
described here.

Figure 3. Therapeutic strategies for the treatment of sphingolipidoses. Enzyme replacement therapy
consists of the intravenous administration of a bioactive recombinant form of the deficient enzyme.
Pharmacologic chaperon therapy favours the proper folding of the mutated, misfolded enzyme and
its lysosomal translocation, allowing the hydrolysis of the engulfing sphingolipid (SL) substrate.
In substrate reduction therapy (SRT), drugs inhibit the activity of the enzyme responsible for the
synthesis of the SL substrate of the deficient enzyme, hampering its lysosomal accumulation. In
hematopoietic stem cell transplantation (HSCT), healthy donor-derived cells provide the patient with
cells expressing the functional enzyme. Ex vivo gene therapy administers a bioactive enzyme by
autologous transplantation of genetically modified hematopoietic stem cells. In vivo gene therapy
consists of the injection of viral vectors encoding for the functional enzyme.
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Table 1. Human sphingolipidoses.

Main Accumulated

Disease OMIM Affected Gene Deficient Protein Metabolite
#230800 (type I) Adid
Gaucher #230900 (type II) GBA1 B-glucocerebrosidase Glucosylceramide
#231000 (type ITI) &
Fabry #301500 GLA «-Galactosidase A Globotriaosylceramide
#257200 (type A) . . . . .
#607616 (type B) SMPD1 Acid sphingomyelinase Sphingomyelin
NPC intracellular
Niemann-Pick #257220 (type C1) NPC1 cholesterol transporter 1
NPC int Il Cholesterol
intracellular
#607625 (type C2) NPC2 cholesterol transporter 2
Krabbe #245200 GALC -Galactosylceramidase -Galactosylsphingosine
. Farber #228000 ASAHI1 Acid ceramidase Ceramide
lipogranulomatosis
#230500 (type I)
GMI1 gangliosidosis #230600 (type II) GBL1 -Galactosidase GM1 ganglioside
#230650 (type III)
#272750 . .
(AB variant) GM2A GM2 activator protein
C g #272800 Hexosaminidase .
GM2 gangliosidosis (Tay-Sachs) HEXA ccsubunit GM2 ganglioside
#268800 Hexosaminidase
(Sandhoff) HEXB 3-subunit
Metachromatic .
leukodystrophy #250100 ARSA Arylsulfatase A Sulfo-galactosylceramide

2.1. Gaucher Disease

Gaucher disease (GD) is one of the most common sphingolipidoses with an incidence
ranging from 1:40,000 to 1:60,000 live births in the general population, with 1:850 in the
Ashkenazi Jewish population [15]. GD is caused by recessive mutations in the GBAI gene
that encodes for acid -glucocerebrosidase, also known as [3-glucosidase, a lysosomal
enzyme responsible for the degradation of glucosylceramide.

The deficiency of acid $-glucocerebrosidase activity leads to the accumulation of its
substrate primarily in the lysosomes of macrophages (Gaucher cells) found in the spleen,
liver, bone marrow, lungs, and lymph nodes of affected patients [16].

Marked enlarged liver and splenomegaly are clear signs of the disease in children
and teenagers that give rise to defects in the blood circulation with anemia and bleeding
tendency [17]. Gene expression analysis of cultured skin fibroblasts from GD patients
demonstrated that glucosylceramide accumulation triggers the activation of inflammatory
responses via the upregulation of genes involved in cytokine and JAK-STAT signaling path-
ways, the downregulation of genes involved in cell-to-cell and cell-to-matrix interaction,
and the inhibition of PI3K-Akt and survival signaling pathways [18].

Several factors may contribute to the severity of GD depending on the type of GBA1
mutation, including the levels of ER stress and proteasomal degradation. In particular,
ER stress responses may entail the accumulation of x-synuclein aggregates, causative of
neuronal injury and degeneration, as in Parkinson’s disease [19,20].

According to the degree of severity and impairment, GD is classified into three main
groups (GD type I-III) based on clinical presentation. The most frequent and less aggressive
form of GD is type I, also known as nonneuropathic GD. The onset of the disease varies from
childhood to adulthood, and is characterized by bone pain and fractures, splenomegaly,
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hepatomegaly, anemia, leukopenia, and thrombocytopenia [17]. Although it is considered
nonneuropathic, a continuum of clinical forms between GD types may exist, with some
neuropathic defects also observed in GD type I patients [21].

GD type I and GD type III are historically classified as primary neurologic diseases.
GD type Il represents the most severe form as it affects children eliciting rapid degeneration
that leads to death before 4 years of age. GD type III usually has a later onset with
slower progression [22].

Nowadays, macrophage-directed ERT is the standard of care for symptomatic GD
type I and type III patients. It is efficacious in reducing splenomegaly and hematological
signs, favoring the growth of GD children, whereas, at variance with ERT, SRT based on the
administration of glucosylceramide synthase inhibitors has been shown to be effective in
also reducing the skeletal complications [23]. At present, no approved treatment exists for
neuropathic GD, but recent studies suggest that the use of ambroxol, an over-the-counter
drug that can cross the blood-brain barrier, might be effective [24].

2.2. Fabry Disease

The Fabry disease, also known as the Anderson-Fabry disease, was first described by
W. Anderson and J. Fabry in 1898 as a systemic vascular disorder [25]. The Fabry disease
is a X-linked disorder caused by mutations in the GLA gene encoding for x-galactosidase
A that catalyzes the hydrolysis of terminal non-reducing «-D-galactose residues in x-D-
galactosides [26].

Pathogenic variants in GLA result in absent or non-functional x-galactosidase A,
leading to the accumulation of its substrate globotriaosylceramide (Gb3) and the deacylated
derivative globotriaosylsphingosine in the lysosomes of endothelial cells, myocytes, renal
cells, and neurons [27,28].

At the molecular level, the pathogenesis of Fabry disease is still unclear [29]. Gb3
accumulation results in the deregulation of the mitochondrial function and of mTOR and
autophagy/lysosome pathways in peripheral blood mononuclear cells from Fabry patients.
Of note, similar lysosomal, autophagy, and mitochondrial alterations were also observed
in Faber cells, suggesting that a common pathogenic mechanism may exist for both sph-
ingolipidoses [30]. Further confirmation that autophagy and mitochondrial dysfunctions
may occur in Fabry disease comes from studies performed on cardiovascular endothelial
cells derived from Fabry-induced pluripotent stem cells in which the GLA mutation was
corrected by clustered regularly interspersed short palindromic repeats/CRISPR-associated
9 (CRISPR/Cas9) technology [31].

The Fabry disease is typically divided into the major classical or infantile phenotype
and the late-onset phenotype. The classical form of Fabry disease affects males that have
little or no residual x-galactosidase A activity. It is characterized by clinical heterogeneity
and symptoms arise around 1 to 3 years of age. Children with classical Fabry disease usually
present acroparesthesia (“Fabry crisis”), angiokeratoma, hypohidrosis, and heat intolerance.
The initial symptoms are followed by gastrointestinal disorders, ocular abnormalities, and
Gb3 accumulation, causing renal, cardiac, and neurological complications. The milder late-
onset Fabry disease involves only a single organ system, typically the heart or the kidneys.
Female Fabry patients have a mosaic expression for GLA as a result of X chromosome
inactivation and they usually show less severe symptoms [32].

Increasing evidence suggests that cardiovascular morbidity is the main cause of death
in Fabry patients, mainly due to increased risk of sudden cardiac death and heart failure [33].
The identification of serum biomarkers derived from collagen type I metabolism has been
proposed to predict early fibrotic damage in Fabry patients to be followed by a prompt
ERT procedure [34-36]. A second currently approved medication is based on chaperone
therapy to correct the misfolded enzyme, but an increase in enzymatic activity and a
decrease in Gb3/lyso-Gb3 accumulation does not occur in all patients. Currently, SRT and
mRNA-based therapy are under evaluation [37].
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2.3. Niemann—Pick Disease

Niemann-Pick disease (NPD) is an autosomal recessive inherited disorder due to
hydrolase deficiency or impaired intracellular cholesterol trafficking. Mutations in acid
sphingomyelinase (aSMase), encoded by SMPD1, are causative of the NPD type A and B
forms, whereas NPD type C, a lysosomal storage disease distinct from sphingolipidoses, is
a cholesterol trafficking defect due to mutations in NPC1 or NPC2 genes [38].

aSMase catalyzes the breakdown of sphingomyelin in ceramide and phosphocholine.
The degree of severity of NPD type A and B depends on the aSMase residual activity
owing to the type of SMPD1 mutation [39]. When aSMase is mutated, its primary substrate
accumulates in the monocytes and macrophages (foam cells) of the liver, spleen, lymph
nodes, adrenal cortex, and bone marrow [40]. In children with NPD type A, foam cells
infiltrate the brain, causing structural changes, gliosis, demyelination, and neuronal cell
loss. Thus, NPD type A is the most severe form of NPD and death occurs within the second
or third year of age. NPD type A has a high incidence in the Ashkenazi Jewish population,
with a carrier frequency of 1in 90, whereas NPD type B is a pan-ethnic disease characterized
by a later onset and milder symptoms [40,41]. Currently, there is no efficacious treatment
for NPD type A and B. Recombinant human aSMase selectively reduces sphingomyelin
accumulation in NPD type B fibroblasts in vitro [42] and ERT is now under clinical trial [43].

NPD type C is due to mutations in NPC1, which encodes for a transmembrane protein
of the lysosomal membrane, or NPC2, which encodes for an intracellular cholesterol
transporter. Both deficiencies lead to intracellular accumulation of unesterified cholesterol
and glycosphingolipids [44]. Its incidence is about 1 in 100,000 live births and can be
divided into neonatal, late infantile, and juvenile [45]. Neonatal presentation is rare and
characterized by progressive liver disease, which represents the most common cause of
death among neonatal-onset NPD type C patients [46]. Late infantile and juvenile forms
are the most common, characterized by the outbreak of neurological disorders; in contrast
to the infantile form, there is no liver or spleen enlargement. NPD type C is usually treated
with anti-hypercholesterolemic drugs, but this does not ease the symptoms [47,48].

2.4. Krabbe Disease

Also known as globoid cell leukodystrophy, Krabbe disease is an autosomal recessive
disorder characterized by the deficiency of the acid hydrolase 3-galactosylceramidase
(GALC) encoded by the GALC gene. GALC catalyzes the removal of $-galactose from
-galactosylceramide (a major component of myelin) and other terminal -galactose-
containing sphingolipids, including the neurotoxic metabolite 3-galactosylsphingosine
(psychosine) [49].

By acting at different cellular levels, GALC deficiency causes psychosine accumula-
tion paralleled by neuroinflammation, degeneration of oligodendroglia, and progressive
demyelination [50]. Psychosine has been shown to inhibit protein kinase C signaling,
activate the caspase cascade, disrupt the trans Golgi network and endosomal vesicles,
and impair mitochondria and peroxisome function [51]. In addition, the detergent-like
action of psychosine may disturb the membrane microdomain organization of lipid rafts,
causing demyelination [51-53]. Moreover, deregulation of brain neovascularization occurs
in Krabbe patients and in twitcher mice, an authentic model of the disease [54], whereas neu-
roinflammation leads to increased levels of long pentraxin 3, an innate immune response
mediator that acts at the site of inflammation [55].

The early infantile form (onset at birth to 5 months of age) represents the most common
and severe type of Krabbe disease. It is characterized by fast progression and the symptoms
include regression of psychomotor development followed by seizures, loss of vision and
hearing, and early death [56]. The late-infantile onset occurs between 13 and 36 months and
is characterized by motor regression, ataxia, and progressive blindness [57]. Adult forms
of Krabbe disease are rare; they display progressive spastic paraplegia and sometimes
neuropathy [58].
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ERT is not the most effective treatment because of its poor ability to pass the blood brain
barrier and the immune response against the recombinant GALC protein [51]. Currently,
the standard of care is HSCT, which significantly improves the lifespan of Krabbe patients
when performed before the outbreak of symptoms [57].

2.5. Farber Lipogranulomatosis

Farber disease is a rare autosomal inherited metabolic disorder caused by inactivating
mutations in the ASAH1 gene that encodes for the lysosomal acid ceramidase. Acid
ceramidase promotes the breakdown of ceramide in sphingosine and fatty acid, and its
deficiency leads to the progressive accumulation of ceramide in bone, cartilage, immune
system, central nervous system, lungs, and other organs [59]. Farber lipogranulomatosis
has a wide range of age onset and clinical features, even though subcutaneous nodules,
made of ceramide engorged macrophages, arthritis, and dysphonia are the three major
signs of the disease [60]. As for other sphingolipidosis, the infantile form is the most severe,
characterized by progressive neurologic regression and lung disorders. Milder forms
present only modest or no alterations of the central nervous system [61]. Unfortunately, no
effective therapies are currently available for this disease [59].

2.6. GM1 and GM2 Gangliosidoses

Gangliosides are glycosphingolipids that account for up to 10% of brain lipid content
and were isolated from the human brain for the first time in 1939 by E. Klenk [62]. They are
composed of sialic-acid-containing oligosaccharide chains linked via a 3-glycosidic bond
to ceramide, which is responsible for their insertion into cell membranes. Deficiencies in en-
zymes involved in their metabolism cause an accumulation of unmetabolized gangliosides
in lysosomes, mainly in neurons where ectopic neurite outgrowth may occur [63].

2.6.1. GM1 Gangliosidosis

[-Galactosidase is a lysosomal hydrolase that cleaves 3-linked galactose residues
from the non-reducing end of glycan moieties found in various glycoconjugates [62].
Deficiency in the 3-galactosidase encoding gene GBL1 leads to the accumulation of the GM1
ganglioside and its derivative GA1 mainly in lysosomes. Like all of the other lysosomal
disorders, GM1 gangliosidosis is an inherited metabolic disease with an estimated incidence
of 1 in 100,000-200,000 newborns [64].

The most severe form of the disease is the infantile type I GM1 gangliosidosis, charac-
terized by hydrops fetalis developmental psychomotor regression and, as the child grows,
hepatosplenomegaly and skeletal abnormalities. Type II GM1 gangliosidosis is named late
infantile or juvenile, depending on the age at which the first symptoms arise: between
12 and 24 months for the late infantile form and 3-5 years for the juvenile form. Children
quickly lose their ambulatory capacity and need a gastrostomy placement. In the juvenile
form, ataxia and dysarthria follow the psychomotor decline [65]. The adult-onset type III
GM1 gangliosidosis is characterized by milder and more varied symptoms, with a longer
life expectancy [66].

Currently, no specific treatment exists for GM1 gangliosidosis; the therapy aims to
relieve symptoms and is mostly palliative [67]. Recently, miglustat, a glucosylceramide
synthase inhibitor, used for SRT in GD and NPD type C diseases [68,69], has also been
proposed for the treatment of children affected by type Il GM1 gangliosidosis [70].

2.6.2. GM2 Gangliosidosis

The disease is due to the lysosomal accumulation of the GM2 ganglioside [71], which
represents about 5% of all brain gangliosides [72]. The hydrolysis of GM2 to GM3 gan-
glioside is performed by -hexosaminidase A (HEXA), a heterodimer whose « and (3
subunits are encoded by HEXA and HEXB genes, respectively, and requires the GM2 acti-
vator protein (GM2AP) as a cofactor [73]. In an ERT prospective, an enzymatically active
recombinant protein homodimer HexM has been developed that is able to interact with
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the GM2AP-GM2 complex in vivo [73]. Currently, the use of HexM as ERT has not been
transferred to the clinics and works are in progress to optimize an AAV vector for gene
therapy [74,75] with reduced immune response reactions [76].

Three forms of GM2 gangliosidoses have been described: the AB variant, Tay—Sachs
disease, and Sandhoff disease. They are characterized by neurological disorders that vary
from hypotonia regression to cerebellar ataxia according to the age of onset [71].

AB Variant

The AB variant is the rarest form of GM2 gangliosidosis, with about 30 cases reported
in the scientific literature. It is caused by inherited mutations of the GM2A gene that
disrupt the activity of the GM2AP cofactor. The AB variant is characterized by severe
cerebellar atrophy that causes dysphagia, muscle atrophy, psychotic episodes, and manic
depression [72].

Tay-Sachs Disease

More than 130 mutations of the HEXA gene have been reported for Tay—Sachs disease,
which has an incidence of 1 in 100,000 live births [77]. HEXA encodes for the a-subunit of
the enzyme and the disease presents an ample heterogeneity of clinical symptoms based
on hexosaminidase residual activity [69].

Tay—Sachs disease can be divided according to the age of onset. The infantile form
represents the most aggressive form and is associated with very low hexosaminidase
activity. Developmental delay arises around the sixth month of age and is followed by
blindness, cognitive impairment, seizures, and paralysis, resulting in death before 5 years
of age [78]. The juvenile form is characterized by ataxia, dysarthria, and developmental
delay; the survival time is usually around 14 years [79]. The adult form is less severe and
has 5-20% of hexosaminidase residual activity. With the progression of the disease, patients
complain of leg weakness, ataxia, tremor, and psychiatric disorders [80]. Current treatments
for Tay—Sachs patients involve SRT, bone marrow transplantation, hematopoietic or neural
stem cell transplantation, and the use of anti-inflammatory drugs. However, most of the
treatments have failed to relieve neurological symptoms owing to the difficulty in restoring
hexosaminidase activity in the brain [77].

Sandhoff Disease

Sandhoff disease accounts for approximately 7% of GM2 gangliosidoses. In this type
of GM2 gangliosidoses, HEXB variants prevent the correct catabolism of GM2 ganglioside
with its lysosomal accumulation in the central nervous system and somatic cells [62].

As for other sphingolipidoses, Sandhoff disease has been classified into infantile,
juvenile, and adult forms according to the severity of the disease and the age of onset. The
cardinal clinical features of infantile Sandhoff disease are seizure, muscle weakness, devel-
opmental delay, and regression; death occurs before 3 years of age [81]. Late onset forms
are less common and characterized by lower motor neuron disease and neurological degen-
eration [82,83]. Clinical manifestations, mainly in juvenile and adult Sandhoff patients, are
heterogeneous and based on residual hexosaminidase activity. A case report of two siblings
with compound heterozygous HEXB mutations further confirmed the clinical heterogeneity
of Sandhoff disease [84]. As in Tay—Sachs disease, efficacious therapy for Sandhoff patients
is still lacking owing to poor diffusion of the drugs into the nervous system [83].

2.7. Metachromatic Leukodystrophy

Metachromatic leukodystrophy (MLD) is an autosomal-recessive inherited sphin-
golipidoses caused by deficiency of the enzyme arylsulfatase-A encoded by the ARSA gene.
The enzyme cleaves sulfatides in galactosylceramide and its deficiency leads to the forma-
tion of sulfatide-engulfed metachromatic granules in oligodendrocytes, microglia, Schwann
cell, neurons, and macrophages, causing myelin degradation and inflammation [85]. Motor
neurons derived from induced pluripotent MLD stem cells are characterized by lysosomal
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accumulation of sulfatides, mitochondrial fragmentation, and impaired autophagy, leading
to premature cell death [86].

The worldwide incidence of MLD is around 1.5 in 100,000 live births, being much
higher in Habbanite Jews (1:75) and Navajo Indians (1:2500) [85]. Different mutations in
ARSA are associated with two groups with different residual arylsulfatase-A activity: the
allele 459+1G>A is the most frequent mutation in Europe and belongs to group 0 with
no residual activity, whereas the alleles 1277C>T and 536T>G represent the R group with
minimal residual activity [87].

The disease can be also divided into four groups according to the age at onset: late
infantile, early, and late juvenile, and adult forms. Late infantile and early juvenile MLD are
the most frequent forms with severe and rapid progression; they arise during the second
and fourth year of life, respectively, and the symptoms affect both the central and the
peripheral nervous system [87]. Adult MLD is often misdiagnosed as early-onset dementia
or schizophrenia because of its slow progression [85].

The most promising treatment is bone marrow transplantation or HSCT when per-
formed before the onset of symptoms [85]. Moreover, HSCT leads to stabilization or
reduced decline in motor and cognitive functions and the positive effects were particularly
meaningful in the peripheral nervous system in patients with late-infantile MLD, refractory
to other therapeutic interventions [88].

3. Sphingolipids in Zebrafish

Beginning with use as a vertebrate animal model during the 1980s [89], the teleost
zebrafish has emerged as a useful platform for studies in diverse fields of research. The
high grade of genome conservation between human and zebrafish (around 70%, and the
percentage increases to 84% when focusing on genes associated with human diseases) [90],
combined with precise genome editing and the ease of manipulation, enable to model
several human diseases in zebrafish, such as cancer [91], neurodegenerative [92], cardiovas-
cular [93], behavioral [94,95], and inherited [96,97] disorders, including sphingolipidoses.
Indeed, lipidomic analysis has revealed the presence in zebrafish of all the principal lipid
classes present in mammals (see [98,99] and Figure 4), supporting the possibility to model
lipidic metabolism diseases in the fish with the advantage of using existing mammalian
lipid databases for data processing [100]. In addition, zebrafish is useful to study lipidic
changes after exposure to industrial pollutants [101], drugs [102], toxic compounds [103], or
a high-cholesterol /high-fat diet [99]. Moreover, zebrafish larvae can be fed with fluorescent
BODIPY-lipids to serve as metabolic tracers when incorporated in vivo into more complex
lipid products [99].

Figure 4. Lipid composition of zebrafish embryos. Untargeted lipidomic MS analysis of zebrafish
embryos at 72 hpf identified 1377 lipid species. The relative amounts of the major classes of lipids
are shown in the corresponding pie charts. Lipids were grouped into categories according to the
LIPID MAPS consortium nomenclature [104]. Cer, ceramide; FA, fatty acyls; GL, glycerolipids;
GP, glycerophospholipids; HexCer, hexosylceramides; PI-Cer, inositolphosphorylceramides; SM,
sphingomyelins; SPB, sphingoid bases; SP, sphingolipids; ST, sterols.



Int. ]. Mol. Sci. 2023, 24, 4747

10 of 26

3.1. Zebrafish Lipidomics

The dynamic composition of lipids in the body and yolk sac of zebrafish embryos
was investigated during the first 5 days of development via liquid chromatography/mass
spectrometry (LC/MS), demonstrating significant differences between the two embryonic
compartments [98]. The results have shown that cholesterol, phosphatidylcholine, and
triglycerides are the most abundant lipids in zebrafish embryos. Of note, the yolk not only
represents simple storage of lipids to provide energy for the growing embryo, but also an
active organ where lipids are remodeled before reaching the embryo body.

Desorption electrospray ionization MS imaging followed by nanoelectrospray MS and
tandem MS (MS/MS) were used to detect phosphatidylglycerols, phosphatidylcholines,
phosphatidylinositols, free fatty acids, triacylglycerols, ubiquinone, squalene, and other
lipids during zebrafish embryonic development from 0 to 96 h post fertilization (hpf) [105].
In addition, high-spatial-resolution matrix-assisted laser desorption/ionization (MALDI)
MS imaging was applied to map and visualize the 3D spatial distribution of phosphatidyl-
choline, phosphatidylethanolamines, and phosphatidylinositol molecular species in ze-
brafish embryos at the one-cell stage, whereas high-spatial-resolution 2D MALDI MS
imaging was used to analyze zebrafish embryos at the 1- to 16-cell stages [106]. These
studies have allowed to investigate the composition and distribution of lipids in zebrafish,
with insights about lipidic dynamics during embryonic development.

Given the growing interest in the study of the zebrafish lipidome, attempts have
been performed to improve the quality of lipid analysis. For instance, conventional one-
dimensional LC (1D-LC) was compared to comprehensive two-dimensional LC (2D-LC)
coupled to a high-resolution time-of-flight mass spectrometer for a full-scale lipid charac-
terization of lipid extracts from zebrafish embryos. The results demonstrate that 2D-LC
is 2.5 times more efficient than 1D-LC, allowing the annotation of more than 1700 lipid
species [107].

Recently, a direct infusion MS/MS approach using multiple reaction monitoring was
applied to precisely quantify membrane lipid composition both in the yolk and in the
zebrafish embryo body during the gastrula stage [108]. Around 700 membrane lipids
were annotated, divided into two main lipid classes: sphingolipids and phospholipids,
with the latter including phosphatidylcholine, phosphatidylinositol, phosphatidylserine,
and phosphatidylethanolamine. The composition of the embryo body and yolk was quite
similar, with phosphatidylcholine representing the most abundant species. However, major
differences were found in the content of phosphatidylserine, dihydrosphingolipids, and
sphingomyelin with short-chain fatty acids (significantly higher in the embryo body than
in the yolk). Notably, the fine tuning of the sphingolipid synthesis appears to be related to
the wnt pathway and is fundamental for proper orientation during cell division.

Lipidomic analysis can also be applied to specific organs from adult zebrafish. For
instance, livers from 6-month-old animals were analyzed with different MS techniques,
identifying 712 unique lipid species from four categories (fatty acyls, glycerolipids, glyc-
erophospholipids, and sphingolipids) [109]. Moreover, adult zebrafish brains have been
analyzed for changes in the lipid profile after exposure to different xenobiotics [102,110].

The central hub of the sphingolipid pathways ceramide and its derivatives play a
pivotal role in different biological processes [3]. The ceramide profiles of adult zebrafish
brain, 7-day-old zebrafish larvae, and human cells were compared using a parallel reaction
monitoring approach in which a targeted quantification method was associated with high-
resolution hybrid MS [111]. The results highlighted a significant overlapping in ceramide
distribution, even though a scarcity of sphingadiene-containing ceramides was observed
in zebrafish specimens, despite their biological importance in mammals. These results
raised the hypothesis about possible alternative unexplored lipidic pathways in zebrafish
that might pave the way for novel discoveries in human sphingolipid disorders. Targeted
sphingolipidomics performed at various stages of embryonic development and in adult
animals under different physiological and pathological conditions are required for a better
understanding of sphingolipid metabolism and function in zebrafish.
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3.2. Sphingolipid Metabolizing Enzymes in Zebrafish

Zebrafish and human genomes share a high homology [90], thus several lipid-metabolizing
enzymes involved in human diseases have a zebrafish counterpart (Figure 2).

Ceramide synthases (CERS), the enzymes responsible for ceramide production, play
a central role in the sphingolipid metabolism. Highly conserved through evolution, the
CERS gene family encompasses six isoforms (CERS1-6) with diverse spatial/temporal
expression in mammals. All CERSs except for CERS1 show an N-terminal homeobox-like
domain whose functions remain elusive [112]. In zebrafish, nine genes encoding for the
six cers subtypes have been identified with a sequence homology with human and mouse
counterparts ranging from 46% to 79% identity. Owing to the genome duplication typical
of zebrafish, cers2, cers3, and cers4 are present as double copy genes (2 and b), while cers1,
cersb, and cers6 are present as single copy genes. As in mammals, all zebrafish orthologs
display the Hox domain, except for the Cersl protein.

The tissue-/stage-dependent expression of the cers genes has been analyzed during
zebrafish embryo development by whole mount in situ hybridization (WISH) [113]. The
results suggest that these enzymes are involved in diverse biological processes and that
the production of ceramides may dynamically vary in different tissues. For instance,
only cers2a and cers3b are expressed in the embryonic zebrafish pronephros, congruent
with the high expression of Cers2 in murine kidney, while all cers are expressed in the
nervous tissue, possibly pointing to the requirement for various ceramide species in the
developing brain. Notably, the expression of cers can be modulated in zebrafish embryo
when a perturbation in the lipidic composition occurs. Indeed, zebrafish embryo mutants
for the sphingosine kinase gene sphk2, in which a potentially dangerous accumulation
of the metabolite sphingosine occurs, upregulate the expression of cers2b to activate the
sphingolipid salvage pathway and turn the excess of sphingosine in ceramide [114]. In this
frame, the ortholog of the human peroxisome proliferator-activated receptor y-responsive
transmembrane gene FAMb57B, involved in the regulation of ceramide metabolism, was
found to maintain the homeostasis of sphingolipids and glycerol lipids during brain
development in zebrafish [115]. Indeed, untargeted lipidomic analysis performed in
the brain tissue of 7-day-old fam57b null and heterozygous zebrafish lines has revealed
remarkable differences in the lipid profile with consequences on membrane composition
and permeability when compared with wild type animals.

As described above, ceramide catabolism is catalyzed by the lysosomal acid cerami-
dase encoded by the ASAH1 gene. In silico analysis has revealed the presence of two ASAH1
co-orthologs in zebrafish (asahla and asah1b) [116]. Genome editing techniques have re-
vealed the importance of lysosomal acid ceramidase to maintain the physiological levels
of ceramide in zebrafish. Indeed, asahla and asah1b enzymes are both able to hydrolyze
ceramide and the presence of either asahla or asahlb prevents substrate accumulation, with
ceramide being increased only in double asahla~/~ /asah1b~/~ mutants [117].

Ceramide represents the substrate for the generation of more complex sphingolipids,
such as sphingomyelin, a central component of myelin. The enzymes responsible for
the production of sphingomyelin from ceramide are named sphingomyelin synthases
(SMSs). As reported in the ZFIN database [118], two duplicated genes are predicted for
the two human SMS genes in zebrafish (sgmsla, sgms1b, sgms2a, and sgms2b). Moreover,
a gene ortholog for the human enzymatically inactive SMS-related protein (SMSr) has
been reported in zebrafish, named zgc:175139 [119]. SMSr represents a key regulator of
ceramide homeostasis that may operate as a sensor rather than a converter of ceramides in
the ER [120]. However, its role in zebrafish remains unexplored.

SMases, also named sphingomyelin phosphodiesterases, catalyze the production of
ceramide and phosphocholine from sphingomyelin, representing one of the three ceramide
production pathways together with the de novo synthesis and the salvage pathways [121].
In zebrafish, smpdl has been identified as a single ortholog of the aSMase-encoding gene
SMPD1, which shares 59% identity with the human counterpart. A mutant line of smpd1
was created in zebrafish via the CRISPR/Cas9 technique; the SMase enzymatic activity was
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abolished by 93% at 5 days post fertilization (dpf) with a consequent increase in various
sphingolipid metabolites [122].

SMPD?2 encodes for the membrane-bound Mg?*-dependent neutral SMasel. Its smpd2
ortholog has been cloned in zebrafish and it has been shown to mediate ceramide produc-
tion and activation of apoptosis following heat stress in zebrafish embryonic cells [123]. Of
note, neutral SMasel is activated by phosphorylation at Ser-270 downstream of the c-Jun
N-terminal kinase pathway in both zebrafish and human cells [124], and thalidomide exerts
an antiangiogenic effect on zebrafish embryos due to the upregulation of neutral SMase
activity and the consequent production of ceramides [125]. In addition, a mitochondrial
neutral SMase (mtSMase) has been characterized in zebrafish. mtSMase was purified from
zebrafish cells and tested for its enzymatic activity, showing an optimum working pH of
7.5 and sphingomyelin as the main substrate. Cell fractionation and immunofluorescence
analysis demonstrated the mitochondrial localization of this novel SMase. Another neutral
SMase has been identified in zebrafish that represents the ortholog of the human gene
SMPD3 with a conserved identity of 55% [126].

The sphingoid base sphingosine is an important component of sphingolipid metabolism.
Its biologically active metabolite sphingosine-1-phosphate (S1P) is involved in a vari-
ety of physiological and pathological processes by binding specific G-coupled receptors
(S1PRs) [127]. The study of sphingosine and related metabolites in zebrafish can provide
novel information about the human counterparts, favoring a better understanding of the
biological mechanisms involved in sphingolipidoses and other pathologies. Two S1P phos-
phatase (spp1 and spp2), two sphingosine kinase (sphk1 and sphk2), and one sphingosine
lyase (spl) encoding genes have been identified in zebrafish, together with seven conserved
s1pr orthologs corresponding to the five human SIPRs (s1pr3 and s1pr5 being duplicated in
zebrafish). s1pr1 is highly expressed in the brain, while s1pr4 is expressed mainly in the
kidney, which represents the zebrafish hematopoiesis site, thus reflecting the mammalian
SI1PR expression in lymphoid and hematopoietic tissues [128]. Knockdown (KD) and
knockout (KO) approaches have shown that the S1P/S1PR pathway plays a pivotal role in
vascular and cardiac development in the zebrafish embryo [129,130].

A single ortholog of the human GLA gene is present in zebrafish (a-gal) with signif-
icant similarities between human and zebrafish proteins (>70%). [131]. Enzymatic and
immunohistochemical analyses have shown that the zebrafish protein retains significant
x-galactosidase activity and a distribution in zebrafish kidney like in humans, suggesting
that it may retain the same biological functions. Finally, the zebrafish gene arsa is reported
in the ZFIN database [118] as an ortholog of the human gene ARSA with a predicted
arylsulfatase activity; however, its role in zebrafish remains to be investigated.

4. Zebrafish as an Animal Model for Sphingolipidoses: The “Zebra-Sphinx” Platform

In the last decades, the use of zebrafish to study gene function has increased expo-
nentially thanks to the multiple advantages offered by this model, such as a high number
of offspring generated, embryo transparency, and quick genetic manipulation. The ne-
cessity to target distinct genes to study their function led to the development of different
techniques to block gene function either in a transient manner or permanently. One of
the most used commonly techniques involves the injection of antisense oligonucleotides
complementary to specific genetic loci, named morpholinos (MOs), which temporarily KD
protein production [132]. There are two different strategies by which MOs can interfere
with protein expression. The first strategy is based on the block of the translation of the
targeted gene (ATG-MO). The second one is aimed at interfering with the splicing process
that occurs during mRNA maturation (splicing-MO) [96].

Genome editing techniques have been extensively applied in the zebrafish field. To
date, the most used techniques are the Zinc-Finger Nuclease, the Transcription Activator
Like Effector Nuclease (TALEN) [133,134], and a more recent approach based on the
CRISPR/Cas9 system [135-137]. Briefly, these systems use different approaches to drive
proteins with nuclease activity to a specific DNA sequence. Once bound to the locus, the
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nucleases cut the double-stranded DNA, forcing the cell to activate double-strand break
repair mechanisms. The repair process mediated by the non-homologous end-joining repair
system can introduce deletions or insertions (indels) into the break-point region, which can
lead to alterations of the reading frame and hence to an altered protein sequence and loss
of gene function. Using these procedures, several models of inherited human diseases have
been generated in zebrafish. In line with this review, we will discuss the phenotypes of the
main models of sphingolipidoses in zebrafish (Table 2).

Table 2. Zebrafish models of sphingolipidoses.

Zebrafish

Disease Human Gene Zebrafish Model
Orthologous
MO [138]
Spontaneous mutation [138]
Gaucher GBA1 gbal TALEN [139]
CRISPR/Cas9 [117,140]
Fabry GLA gla CRISPR/Cas9 [131]
SMPD1 smpdl CRISPR/Cas9 [122]
Niemann-Pick NPC1 npcl MO [141]
NPC2 npc2 CRISPR/Cas9 [142-145]
GALCa
Krabbe GALC GALCh MO [146]
. Farber . ASAHT asahla MO [147]
lipogranulomatosis asahlb CRISPR/Cas9 [111]
T HEXA hexa MO [148,149]
GM2 gangliosidosis HEXB hexb CRISPR/Cas9 [150]
Metachromatic
leukodystrophy ARSA arsa MO [148]

4.1. Gaucher Disease

Injection of a splicing-MOs directed against gbal, the zebrafish ortholog of the human
GBA1 gene, caused the appearance of specific alterations in 5 dpf embryos, including
curvature of the trunk, defects of primary bone ossification with a decrease in col10al and
runx2b gene expression associated with a dysfunction of the osteoblast population, and
severe erythropenia and thrombocytopenia caused by early hematopoietic defects. Mi-
croarray analysis demonstrated alterations in the expression of genes involved in different
biological processes, including mitochondrial activity and intracellular vesicle traffick-
ing. These defects were paralleled by increased oxidative stress and reduced signaling
of the Wnt/-catenin pathway [138]. In a different study, gbal KD led to an increased
number of vacuolated macrophages, characterised by migratory defects and enlarged
lysosomes, pointing to an impairment in the macrophage function due to the low levels of
acid B-glucocerebrosidase activity [148].

The first KO model for GD was derived from a forward genetic screening that led to
the identification of a gha1%71621/91621 mytant zebrafish line. The characterization of this
mutant revealed a decrease in the body length and curvature of the spine at 7 dpf [138]. Like
gbal morphants, gha1%1621/471621 mytants show a reduction in col10a1 and runx2b expression
related to osteoblast function, as well as erythropenia. In addition, splenomegaly and
hepatomegaly can be observed in 3-month-old mutants.

To date, different zebrafish KO models of GD have been generated taking advantage
of genome editing techniques. The first engineered gbal null mutant was obtained by
TALEN approaches [139]. Mutants did not show any significant defect during the early
stages of development, with the first alterations in the swimming behaviour occurring
at 8 weeks of age and curvature of the spine at 12 weeks. Histopathological analysis
revealed the presence of Gaucher-like cells in the brain, liver, thymus, and pancreas of
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adult KO animals. Furthermore, dopaminergic neuron degeneration, the presence of
cytoplasmic inclusions resembling Lewy bodies, an increased number of autophagosomes,
and microglia activation were observed in KO brains. MS demonstrated the accumulation
of sphingolipid metabolites in ghal~/~ larvae at 5 dpf. They included hexosylsphingosine,
glucosylceramide, lactosylceramide, and galactosylceramide, and their levels were further
increased in juvenile brains.

A second zebrafish model of GD was generated by the CRISPR/Cas9 technique [140].
As observed for the gbal null zebrafish generated by TALEN, adult gbal KO mutants
showed a curved back, and swimming and feeding impairment starting from 10 weeks
of age. In addition, adults were characterized by the presence of Gaucher-like cells in
the liver, spleen, and pancreas, together with an increase in glucosylsphingosine and
glucosylceramide levels in the brain and liver. However, in this study, gbal KO larvae
appeared to accumulate solely glucosylsphingosine at 5 dpf, and no altered levels of
other glycosphingolipids were observed at this stage. Expression analysis of specific
mRNAs in the brain of adult ghal~/~ zebrafish mutants [117] revealed the upregulation of
macrophage (gpnmb, chia.6), microglia (apoeb), and complement system (c1qa, c3.1, c5, c5aR1)
markers, as well as the upregulation of proinflammatory cytokines (i/1-b, tnf-a2), whereas
downregulation of the dopaminergic neuron marker (th1) and of the myelin-related gene
(mbp) were observed. Autophagy was also increased in these brains.

More recently, a further KO model was generated in zebrafish using TALEN [151].
Animals showed a reduction in dopaminergic and noradrenergic neurons at 3 months of
age, confirming the importance of gbal function for neuronal survival.

Cytosol-facing GBA2 metabolizes cytosolic glucosylceramide. Genetic ablation of the
Gba2 gene exerts beneficial effects in murine models of GD and NPD type C [152,153]. In or-
der to investigate the potential role of GBA2 in compensatory glucosylceramide metabolism
during inadequate GBA1 activity, double gbal and gba2 null animals were generated by
CRISPR/Cas9 in zebrafish [140]. Lipid analysis performed on double mutants at 5 dpf
showed increased glucosylceramide levels when compared with single gbal~/~ larvae,
but similar to those detected in single gba2~/~ animals. Moreover, glucosylcholesterol
was significantly decreased in the double KO animals and in single gha2 =/~ mutants. In
addition, a significant accumulation of glucosylsphingosine occurs in double gbal/gba2
null animals when compared with controls. Notably, in keeping with an SRT approach for
the treatment of GD, the administration of the potent specific glucosylceramide synthase
inhibitor eliglustat elicited a significant decrease in hexoxylceramide and in the derived
lipids glucosylsphingosine and hexoxylcholesterol in gbal’/ ~ larvae. Together, these data
indicate that zebrafish larvae offer an attractive model to study glucosidase actions on
glycosphingolipid metabolism in vivo.

To study the role of excessive glucosylsphingosine formation during acid
-glucocerebrosidase deficiency, KO zebrafish lines were generated for the two ASAH1
orthologs asahla and asah2b [117]. Of note, double asahla/asahlb null larvae, but not single
asahla or asahlb mutants, accumulate the primary substrate ceramide. Nevertheless, only
asahlb appears to be involved in the formation of glucosylsphingosine in a gbal-deficient
background. Accumulation of glucosylsphingosine in ghal~/~/asah1b~/~ zebrafish did
not prevent the formation of Gaucher-like cells, glucosylceramide accumulation, or neu-
roinflammation. However, these double mutants show an ameliorated course of disease
reflected by a delay in the appearance of locomotor abnormalities and curvature of the
back, reduced loss of dopaminergic neurons, and increased lifespan, suggesting that the
accumulation of glucosylsphingosine may play a role in the pathogenesis of GD.

A similar approach was used to investigate the impact of acid SMase activity on
a glucocerebrosidase-deficient background by generating double gbal =/~ fsmpd1~/~ ze-
brafish mutants [122]. Unexpectedly, double gbal =/~ /smpd1~/~ mutants showed a markedly
prolonged survival, rescue of neuronal and mitochondrial damages, and normalization of
the motor phenotype when compared with gbal KO animals. This occurred in the presence
of an additive increase in the levels of various sphingolipid metabolites.
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Both GSC1 and SMPD1 variants represent inherited risk factors for Parkinson’s dis-
ease [154]. In keeping with the data obtained in double KO animals, human cells with
combined glucocerebrosidase and aSMase deficiency showed an unpredicted reduction in
intracellular a-synuclein levels. Together, these observations indicate that a better under-
standing of the crosstalk among sphingolipid metabolizing enzymes is required to dissect
the pathogenesis of sphingolipid-related pathologies and for the development of efficacious
therapeutic approaches.

4.2. Fabry Disease

A model of Fabry disease was obtained in zebrafish by the generation of a x-gal KO
fish line using the CRISPR/Cas9 technique [131]. This led to the decrease in «-gal protein
expression in the kidney associated with a marked reduction in x-galactosidase activity.
Even though KO mutants did not show significant differences in body size when compared
with wild type animals, they were characterized by an increased mortality during the early
embryonic stages. A more in-depth analysis unveiled an increase in creatinine levels and
the leak of high molecular weight proteins, suggesting that an impairment of glomerular
filtration may occur in these mutants. Accordingly, microscopic analysis of the kidney
revealed an increased glomerular size, dilated capillary loop, and thinner Bowman'’s space.
In contrast with the results obtained in other animal models of Fabry disease that do not
show renal abnormalities [155], these data are in keeping with the nephropathy that occurs
in Fabry patients [156]. Notably, the absence of a Gb3 synthase encoding gene ortholog in
zebrafish provides the unique opportunity to identify pathogenic processes that may work
in concert with Gb3 accumulation in Fabry disease [131].

4.3. Niemann—Pick Disease

A KO model of NPD type A was generated in zebrafish using the CRISPR/Cas9
system [122]. Smpdl KO animals showed a 93% reduction in the enzymatic activity at
5 dpf, with a consequent increase in sphingolipid metabolites, including sphingomyelin,
ceramide, lactosylceramide, and sphinganine. However, despite the absence of enzyme
activity and the significant increase in key glycolipid substrates, no obvious phenotype
was observed in embryo and adult KO animals.

At variance with the paucity of zebrafish models for the aSMase-deficient forms of
NPD, various attempts have been made to model the type C form of NPD, a lysosomal
storage disease distinct from sphingolipidoses that depends on cholesterol trafficking
defects due to mutations in NPCI or NPC2 genes. For instance, injection of specific MOs
for npcl, the orthologous of NPC1, induces an accumulation of unesterified cholesterol at
early embryonic stages [141]. Morphological evaluation of the zebrafish KD morphants
injected at one cell stage or in the yolk syncytial layer revealed a disorganization of the
actin cytoskeleton and a delay in the development during epiboly, unveiling a role for npcl
in cell movement at this embryonic stage. Interestingly, a lower dose of MO was associated
with a milder phenotype characterized by neuronal death, like in the human pathology.
KD of npcl in zebrafish has also been associated with thrombocytopenia, as observed in
some NPD patients [157].

Various KO models for NPD type C have been developed using the CRISPR/Cas9
technology to inactivate the npcl [142,143] or the npc2 [144] gene. KO of npcl caused
premature death of half of the animals during the embryonic and juvenile stages, with a
significant reduction in body length, together with hepatomegaly, splenomegaly, neurologi-
cal defects, and ataxia—features that resemble those observed in patients and other animal
models of NPD type C. Moreover, analysis of hepatocytes unveils a massive accumulation
of cholesterol and changes in the levels of different types of lipids, including ceramide,
diacylglycerol, and lysophosphatidic acid [144,145]. At variance with npcl null animals,
npc2 KO fishes were able to reach adulthood, even though they showed a reduction in body
size and impairment in the locomotor system starting from 2 months and 4 months of age,
respectively [144]. Histopathological analysis of npc2 KO adults revealed the presence of
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foam cells in liver and kidney, defects in axonal myelination, and alterations of cerebellar
Purkinje cells. Notably, significant alterations have also been observed in npc2 null zebrafish
at early stages of development [145]. They include the accumulation of unesterified choles-
terol, upregulation of markers of inflammation and activated microglia, mitochondrial
dysfunction, defects in the myelination process, and an anxiety-like behaviour. Like what
was observed in npcl maternal mutants, npc2 KO derived from homozygote females show
an aberrant phenotype already at 30 hpf, such as a curved tail, absence or abnormalities of
the otoliths, defects in the brain structures, and lack of circulating cells—defects that may
arise from an impairment of the Notch3 signaling pathway [145].

As for NPD type C, zebrafish has been used as a platform to model lysosomal storage
diseases other than sphingolipidoses, including mucolipidosis type II (MLII) and mu-
copolysaccharidosis type II (MPSII), providing novel information about the pathogenesis
of these disorders.

Briefly, MLII is due to the mutation in the GNPTAB gene, encoding for the catalytic
subunit of N-acetylglucosamine-1-phosphotransferase that catalyses the first step of the
formation of mannose 6-phosphate (M6P)-tagged lysosomal soluble hydrolases. As a
consequence of GNPTAB mutation, the lack of the M6P tag causes the missorting and
secretion of such hydrolases, with lysosomal accumulation of their substrates. A first
zebrafish model of MLII was obtained by MO injection. Morphant embryos showed
craniofacial defects, impaired motility, and abnormal otolith and pectoral fin development.
This model allowed to undercover alterations in the spatial-temporal expression of type II
collagen and Sox9 [158]. Stable mutant lines for the gnptab gene were obtained by TALEN
and site-directed mutagenesis technologies. Zebrafish mutants showed a craniofacial
phenotype and elevated levels of cathepsin K activity associated with abnormal cartilage
development and heart and valve malformations [159,160].

MPSII is caused by mutation in the IDS gene, encoding for the lysosomal enzyme
iduronate 2-sulfatase, leading to the toxic accumulation of glycosaminoglycans into lyso-
somes (mainly dermatan and heparan sulphates) and multi-organ damage. An MO ap-
proach in zebrafish targeting ids, the single ortholog for human IDS, caused early defects
in embryonic development. In particular, the abnormal migration and differentiation of
neural crest cells into chondroblasts were responsible for craniofacial cartilage defects,
while sonic hedgehog pathway disruption led to congenital heart defects [161,162]. In
addition, KO of ids in zebrafish has provided novel information about the role of early
deregulation of the fibroblast growth factor signaling pathway in the occurrence of irre-
versible skeletal defects before glycosaminoglycans” accumulation [163]. With a different
approach, human-mutated IDS mRNAs have been injected into zebrafish embryos for a
rapid preliminary study about novel IDS point mutations associated with MPSII [164].

4.4. Krabbe Disease

Two GALC co-orthologs have been identified in zebrafish (GALCa and GALCD) that
share a high identity with their human counterpart [148]. Further analysis confirmed that
both isoforms are endowed with enzymatic activity and are localised in the lysosome.
Moreover, WISH analysis revealed their co-expression in the central nervous system during
embryonic development. Injection of single GALCa or GALCb specific MOs in zebrafish
resulted in the partial reduction in enzymatic 3-galactosylceramidase activity, which was
completely abolished by the simultaneous injection of both MOs. Nevertheless, no evident
morphological alterations were observed in both single- and double-injected morphants
during embryonic development. Notably, no alterations in psychosine levels were detected
in double GALCa/GALCbh morphants, suggesting that the transient abrogation of GALC
activity is not sufficient to accumulate this metabolite [146].

Relevant to this point, myelination in zebrafish starts in the hindbrain at day 4 of
development and is not completed at day 10 [165], making the study of the effect of
-galactosylceramidase deficiency on myelination in zebrafish morphants unfeasible. How-
ever, analysis of the expression pattern of a set of neuronal marker genes unveiled a
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significant reduction and partial disorganization in neurod1 expression and neuronal death
in double GALCa/GALCbh morphants, in keeping with the neurodegenerative features of
Krabbe disease. These data suggest that GALC loss-of-function may have pathological con-
sequences independent of psychosine accumulation, thus providing new insights into the
pathogenesis of Krabbe disease. This possibility is supported by the observation that psy-
chosine levels do not correlate with nervous system regions exhibiting demyelination and
axonopathy in twi-5] mice harboring a spontaneous missense GALC mutation [166]. Thus,
double GALCa/GALCb zebrafish morphants may represent an interesting option for ad-
dressing previously unrecognized psychosine-independent key aspects of the pathogenesis
of Krabbe disease.

4.5. Farber Lipogranulomatosis

Transient downregulation of asah1b using an ATG-MO approach led to a 74% decrease
in acid-ceramidase activity in zebrafish embryos [147]. Embryo morphants develop macro-
scopic phenotypic alterations by 48 hpf. Further analysis has disclosed increased neuronal
apoptosis localised only in the spinal cord, leading to a reduction in the number of motor
neuron branches. This defect does not affect peripheral projections, indicating a specific
susceptibility of motor neurons to the reduced levels of lysosomal acid-ceramidase [147].

A more recent zebrafish model of Farber disease was generated using the CRISPR/Cas9
technique [111]. Three different mutant lines were generated: single KOs for each of the two
co-orthologs (asahla or asah1b) and a double asahla/asah1b KO. At variance with the MO
model, the abrogation of only one gene (asahla or asah1b) did not lead to the appearance of
an evident phenotype until adulthood, whereas double KO animals display a progressive
reduction in body size when compared with wild type and single KO siblings. These
differences became more evident 3 months after birth and double KO animals died within
4 months [111]. Accordingly, sphingolipid analysis performed on the brain of 3.5-month-
old fishes revealed a significant accumulation of ceramide only in double KO animals.
These results indicate that the activity of a single asah1 ortholog is sufficient to maintain
physiological levels of ceramide and to guarantee a normal phenotype in zebrafish. At vari-
ance, reminiscent of the joint deformations observed in Farber patients [61], the complete
abrogation of acid-ceramidase activity impairs the normal growth of the skeletal system in
zebrafish and induces a premature death, probably due to heart failure or seizure related to
progressive ceramide accumulation.

4.6. GM2 Gangliosidoses
4.6.1. Tay-Sachs Disease

During a multi-gene analysis to understand the role of macrophages in tuberculosis
progression, a zebrafish model for Tay-Sachs disease was generated by injecting an MO
targeting hexa, the ortholog of human HEXA. This model was characterized by augmented
macrophages that show migratory defects and enlarged lysosomes [148].

4.6.2. Sandhoff Disease

Analysis of different MOs in a wide range screening for angiogenesis inhibitors in
zebrafish revealed that downregulation of hexb, the HEXB ortholog, induces defects in
the vascular system at 48-56 hpf, as shown by FITC-dextran microangiography and by
WISH analysis of the expression of the endothelial cadherin-5 encoding gene cdh5 in the
intersegmental vessels [149].

More recently, a KO model of Sandhoff disease was generated using a CRISPR/Cas9
approach targeting hexb [150]. The enzymatic activity of hexa*/* /hexb=/~ animals was
reduced by 99% compared with controls, indicating that the hexa does not contribute signif-
icantly to the total 3-hexosaminidase activity in zebrafish. Despite the lack of enzymatic
activity, hexb null adult fishes are viable and show a normal morphological phenotype.
However, mutant fishes showed an accumulation of different oligosaccharides in the brain
and various internal organs. A more in-depth analysis performed on hexb KO embryos at
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5 dpf evidenced abnormality in the lysosome morphology of the microglia and radial glia,
probably associated with defects in the lysosome fusing process. A behavioural analysis of
4.5 and 6 dpf embryos showed a reduced locomotor activity of hexb KO animals compared
with controls, an alteration that resembles the impaired locomotor function observed in
Sandhoff patients [167]. Interestingly, the manifestation of this locomotor alteration is
simultaneous with the appearance of lysosomal abnormalities in the radial glia, suggesting
a correlation between glial function and locomotor activity. Moreover, hexb KO animals ex-
hibit a slight increase in neuronal loss at 5 dpf that partially mimics the neurodegeneration
observed in humans.

4.7. Metachromatic Leukodystrophy

The only zebrafish model established so far for MLD was obtained by injection of
a splicing-MO specific for the arsa gene [148]. An initial characterization of this KD
model showed an increased number of vacuolated macrophages presenting enlarged
lysosomes compared with control embryos. Moreover, as observed in ghal and hexa null
animals, abnormal macrophages showed an impairment of movement associated with
migratory defects. These results indicate that diverse lysosomal storage disorders may
impair macrophage function with an impact on their anti-microbial function [148].

5. Concluding Remarks

In this review, we have highlighted the use of zebrafish to develop new animal models
of sphingolipidoses. Starting from a gene knockdown approach via MO injection at the
one—-two cell stage of embryonic development, the more recent use of the TALEN and
CRISPR/Cas9 gene editing techniques has allowed to knock out enzymes involved in
sphingolipid metabolism whose deficiency is responsible for various human hereditary
sphingolipid disorders. Notably, many of these models recapitulate, at least in part, the
phenotypic defects observed in patients (Figure 5). In addition, lipidomic analysis has
allowed the study of the impact of enzymatic deficiencies on the sphingolipid metabolism
in zebrafish, providing useful insights into the pathogenesis of these diseases. It must
be pointed out that these studies can be performed not only in adult animals, but also
in zebrafish embryos, thus providing invaluable information about the early biochemical
alterations that may occur in patients before birth.

At present, different therapeutic approaches, including HSCT, ERT, SRT, pharmacolog-
ical chaperones, and in vivo and ex vivo gene therapy, are envisaged for patients affected
by sphingolipidoses. However, given the complexities resulting from the alterations of
sphingolipid metabolism in different systemic organs and the early appearance of serious
pathological alterations in the infantile forms of various sphingolipidoses, more efficacious
therapeutic strategies are required to improve patient outcomes.

As described in numerous reviews [96,97], the zebrafish system includes several
advantages that make this organism a powerful platform for the study of the pathogenesis
of human hereditary diseases and for the development of novel drug-based therapeutic
strategies. Indeed, as also pointed out in this review, most of the pathogenic processes
of genetic diseases are conserved between humans and zebrafish, with high similarity
among possible drug targets. Compared with cell-based and biochemical screening of
putative drug candidates, zebrafish models offer the great advantage of providing a whole
organism response to the delivery of drug candidates, thus also allowing the evaluation
of side effects such as teratogenicity, toxicity, and metabolic alterations, as well as the
study of drug pharmacokinetics and pharmacodynamics [168]. In addition, the zebrafish
embryo offers multiple advantages that make this model attractive for a cost-effective drug
screening, including external fertilisation, high fecundity, and ease of use; furthermore,
embryo transparency enables imaging at cellular resolution and internal organ visualization.
Given these features, zebrafish has been used as a tool for high-throughput screening of
different drug candidates relevant to a broad range of human diseases [169]. Many of these
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molecules have reached the clinical trial phase, confirming the possibility of using zebrafish
as a platform for the development of new potential therapeutic strategies.

Figure 5. Main phenotypic alterations in zebrafish models of sphingolipidoses. Schematic summary
of the major biological systems affected in zebrafish embryos or adults following the knockdown or
knockout of the indicated genes encoding for different sphingolipid metabolizing enzymes. See text
for details.

In this frame, even though some of the approaches envisioned for the therapy of sphin-
golipidoses cannot be modelled in zebrafish (like HSCT and gene therapy), various studies
indicate the possibility to assess, in KO zebrafish mutants, the therapeutic potential of novel
drugs to be used in an SRT approach. In addition, double KO zebrafish mutants harbouring
the pathogenic mutation together with the genetic deficit of an upstream enzyme involved
in the synthesis of the accumulating substrate may provide useful information about the
possible efficacy of drug-driven SRT strategies. Moreover, zebrafish models of sphingolipi-
doses might be useful for the screening of pharmacological chaperones in zebrafish lines
obtained by CRISPR/Cas9-based point mutation gene editing that harbour the identical
pathogenic mutation detected in human patients.

Clearly, given the obvious differences with humans, zebrafish models may not fully
reflect the pathophysiology of the human disease. In addition, the duplication of the
zebrafish genome may result in the presence of two co-orthologs of the human pathogenic
gene. This may require the understanding of the biological role of both proteins encoded by
the two orthologs during zebrafish development and in adults to evaluate how and to what
extent the single or double KO mutants may mimic the human disease. Despite these and
other drawbacks, the “zebra-sphinx” system represents an innovative and informative tool
to gain insights into the biology of sphingolipid metabolism for a better comprehension
of the pathological processes contributing to sphingolipid disorders, thus enabling the
development of novel potential therapies and their translation to patients.
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Highlights:

e Sphingolipidoses arise from inborn errors of genes that encode for sphingolipid
metabolism. They represent a subgroup of lysosomal storage diseases characterized
by the gradual lysosomal accumulation of the substrate of the defective protein.

e The incidence of sphingolipidoses is approximately 1 in 20.000 newborns. The
clinical presentation is quite diverse ranging from a mild progression for some
juvenile or adult-onset forms to severe and fatal infantile forms.

¢ Given the complexities resulting from alterations of sphingolipid metabolism, much is
still needed at the basic, clinical, and translational levels to improve patient outcomes.

e Lipidomic analyses have revealed the presence in zebrafish of all the principal lipid
classes present in mammals, supporting the possibility to model lipidic metabolism

diseases in this animal model.

Take home message:

The “zebra-sphinx” system represents an innovative and informative tool to acquire knowledge
about the biology of sphingolipid metabolism for a better comprehension of the pathological
processes contributing to sphingolipid disorders, thus enabling the development of novel

potential therapies and their translation to patients.

1.2 The important balance between ceramide and sphingomyelin

SM is one of the main components of plasma membrane, endocytic recycling compartment and
the trans Golgi. SM is present also in the nucleus where, together with cholesterol (CHOL), is
associated to proteins in the chromatin structure (Albi et al. 1994). In addition, mitochondrial
SM has been proposed to participate in initiation of apoptosis via Cer generation (Dai et al.
2004).

The SMS enzyme exerts its activity mainly in the luminal #rans Golgi and plasma membrane,
resulting in SM enrichment in the membranes of the endosomal recycling compartment
(Devaux and Morris 2004).

In plasma membrane, SM is biochemically more stable than most phospholipids and its melting

point above 37°C consolidates membrane order. Moreover, SM is often the only fully saturated
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phospholipid and for this reason CHOL is more prone to bind SM, creating SM-CHOL enriched
domains (Gofii 2022). The interaction between SM and CHOL can affect CHOL homeostasis.
For example, addition of SM to cells increases CHOL biosynthesis (Gatt and Bierman 1980).
Conversely, enhanced SM degradation leads to free CHOL that it is transported to ER and
inhibits its synthesis (Slotte et al. 1990). In addition, SM-CHOL enriched membrane domains
specifically accommodate several transmembrane proteins and are crucial structural
components of caveolae (Slotte 2013).

Through the degradation pathway, SM is metabolized in Cer that, beside playing a structural
role in the cell membranes, may mediate several cell responses, such as regulation of apoptosis,
differentiation, senescence, and cell-cycle arrest (Morad and Cabot 2013). Of note, the length
of the acyl chain is critical to address different Cer molecules towards a particular signaling
pathway. The “many ceramides” hypothesis postulates that each structural change in Cer leads
to specific sphingolipid derivatives with distinct subcellular localization and function (Hannun
and Obeid 2011).

As described above, aSMase catabolizes the reaction inside the lysosome, and it has been
reported to be activated by various cellular stressors to promote Cer formation. Furthermore,
the levels of its secreted form are increased in mouse and human serum in response to pro-
inflammatory cytokines (Jenkins et al. 2011). Accordingly, various stimuli, such as TNF-a,
PMA, H>0O», and cell confluence, may increase nSMase?2 activity and induce its translocation
from the Golgi to the plasma membrane (Airola and Hannun 2013). In addition, nSMase2 can

induce cell growth arrest via p53 following DNA damage (Shamseddine et al. 2015b).

1.2.1 Structure of neutral sphingomyelinase 2

nSMase2 (E.C.3.1.4.12) is a Mg?*-dependent phosphodiesterase that catalyzes the hydrolytic
cleavage of SM to Cer and phosphocholine at a neutral pH (Marchesini et al. 2003).

nSMase2 is encoded by the SMPD3 gene that maps on chromosome 16 and consists of 13
exons. Both the human and murine nSMase2 are 655 amino acid long, resulting in a molecular
mass of 71 kDa. The structure of the human protein has been resolved in 2017 (fig. 1.3) (Airola
et al. 2017). The N-terminal domain contains two helical hydrophobic segments that anchor
the protein in the membrane. This region acts as allosteric activator and binds the lipid activator
phosphatidylserine which is necessary for full nSMase2 activity. The activity of nSMase2 is
also mediated by the DK switch domain that consists in an extended loop adopting several

conformations obstructing or unleashing the hydrophobic grove. The C-terminal catalytic
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domain originates a DNase-I-type fold with a B-sandwich core and connecting loops and
secondary structure elements forming the active pocket. This site contains all the residues
predicted to bind the phosphodiester group of SM that is stabilized by Mg?". The remaining
portion forms two B-strands on the periphery of the site: one of them contains the binding motif
for the calmodulin-activated phosphatase calcineurin, important for nSMase2 regulation
(Filosto et al. 2010, Airola et al. 2017). In addition to calcineurin regulation, nSMase?2 is
modulated by phosphorylation of five conserved serine residues (Filosto et al. 2012). Finally,
the catalytic region of nSMase2 harbors two palmitoylation sites that contribute to nSMase2

membrane association and stability (Airola and Hannun 2013).

Figure 1.3 A) Domain architecture and topology of nSMase2. B) Overview of nMSase2 structure and localization in the cell
membrane: the N-terminal domains, in orange, associate to the membrane whereas the catalytic C-terminal site, in blue,
localizes in the cytoplasm. c) nSMase2 catalyzes the hydrolysis of SM to generate Cer and phosphocholine. Modified from
(Airola and Hannun 2013)
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1.2.2 Role of nSMase2 in cellular signalling

As reviewed in (Airola and Hannun 2013), the modulation of nSMase?2 activity in response to
various cellular stresses and cytokines, including TNF-o IL-1f and IFN-y (Shamseddine,
Airola and Hannun 2015a), may affect several biological processes in physiological and
pathological conditions.

Activation by TNF-a is currently the best-studied pathway. Decreased amounts of glutathione
(Liu et al. 1998), as well as phosphorylation by p38 mitogen-activated protein kinase (MAPK)
and Protein Kinase C delta are critical for TNF-a-induced activation of nSMase2, leading to a
rapid SM hydrolysis (Clarke, Truong and Hannun 2007, Clarke, Guthrie and Hannun 2008).
The involvement of nSMase2 in pathology and in neuropathology is well established. For
example, nSMase2-derived Cer mediates apoptosis after lung and cardiac insults. At the same
time, overexpression of nSMase?2 is associated with hypertension (Airola and Hannun 2013,
Chaube et al. 2012). Recently, the role of nSMase2 in Alzheimer’s disease has been
investigated. Chronic increase of brain nSMase2 activity and related exosome release causes
accumulation of amyloid-B and treatment with nSMase2 inhibitors has been proposed as
therapy for Alzheimer’s disease (Tohumeken et al. 2023, Séla et al. 2020)

Despite the great interest in nSMase2 there is a lack of lipidomic studies. How SMPD3
overexpression may modulate melanoma progression and lipidic profile will be cover later in

this thesis.

1.2.3 Biology of B-galactosylceramidase

-galactosylceramidase (GALC; EC 3.2.1.46) is a lysosomal hydrolase responsible for the
catabolism of several 3-galactosphingolipids (Won, Singh and Singh 2016) including GalCer,
one of the main component of myelin (Luzi, Rafi and Wenger 1995).

In humans, the GALC gene maps on chromosome 14 and consists of 17 exons ranging from 39
to 181 nucleotides that encode for a 685 amino acid protein. More than 70 mutations in GALC
are associated with globoid cell leukodystrophy (GLD), a sever neurodegenerative disease also
named Krabbe disease (Deane et al. 2011).

GALC is highly conserved: the murine ortholog retains 83% homology with the human
counterpart (Deane et al. 2011) and the two co-orthologs zebrafish galca and galb share the
same 17 exons/16 introns structure of human and murine genes and display 61% homology

with human GALC (Zizioli et al. 2014).
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GALC is a 80 kDa protein translated in the ER and N-glycosylated at specific aspargine

residues in the ER/trans-Golgi network (Nagano et al. 1998). The addition of a mannose 6-

phosphate (M6P) moiety allows the binding of GALC to M6P receptors (M6PRs) and its

transport via the M6P pathway. M6P-tagged GALC is transferred to the late endosome

compartment where it is released by the receptor and delivered to the lysosome. Once in the

lysosome, GALC is cleaved in two 50 and 30 kDa fragments (Nagano et al. 1998). The

presence of both subunits and the binding to the saposin-A (SapA) co-factor are essential for

its enzymatic activity in the lysosome (Nagano et al. 1998, Hill et al. 2018). However, GALC

may follow an alternative secretory

pathway and be released in the

extracellular environment (Nagano

et al. 1998).

3D structure analyses of murine

GALC protein revealed three

domains: a central TIM barrel, a 3-

sandwich, and a wunique lectin

domain not observed in other

hydrolases. The central TIM barrel

is composed of eight parallel -

strands surrounded by a-helices (fig

1.4) and it allocates the core of the

catalytic site (Deane et al. 2011).

The hydroxyl groups of galactose

make multiple specific contacts Figure 1.4 Ribbon diagram colored by protein domain showing the
, , overall structure of murine GALC. TIM barrel (brown), 8-sandwich

with the enzyme, however there is 10 ) fectin domain (green). (Belleri et al. 2022)

conformational change, suggesting that

the catalytic site is highly preorganized (Hill et al. 2018). A specific hydrogen bond between

one of the hydroxyl groups of galactose and the residue T93 allows the enzyme to distinguish

galactose from glucose. Moreover, the active pocket accommodates only the sugar group and

does not have space for the lipid tails.

The presence of the lectin domain is atypical. It is a carbohydrate recognition domain, not

observed in other hydrolases. This region may involve binding of glycosylated proteins during

the translation and maturation process and it might provide an additional uptake mechanism
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(Deane et al. 2011). Although the catalytic site lies in the C-terminal face of the TIM barrel,
loops from both the B-sandwich and lectin domains contribute to the formation of the active
pocket. Finally, X-ray crystallography demonstrates that the non-enzymatic sphingolipid
activator protein saposin-A forms a 2:2 heterotetramer with GALC. SapA-GALC complex
creates a hydrophobic cavity that accommodates the polar headgroup of galactosphingolipids

but not their tails, further explaining how this hydrolase can cleave the sugar moiety from Cer

(Hill et al. 2018).

1.2.4 GALC as a key player in the sphingolipid homeostasis

As mentioned above, GALC removes (3-galactose from galactosylsphingolipids, mainly from
GalcCer. Further GALC substrates are psychosine (or -galactosyl-sphingosine), lactosyl-
ceramide and the seminolipid precursor galactosyl-alkyl-acyl-glycerol. GLD is caused by
inborn genetic errors in GALC that lead to accumulation of the neurotoxic metabolite
psychosine, followed by degeneration of oligodendroglia and progressive demyelination.
Sphingolipidome analysis suggests that, beside psychosine, other sphingolipids are modified
in twitcher mice, an authentical model of GLD. For example, in their central nervous system
the levels of psychosine, C16:0 Cer and C18:0 GalcCer were increased compared to wild-type
animals, whereas S1P and long chain Cer (C18:0, C22:0, C24:0) were reduced. Saturated long
chain GalCers were similar between twifcher and control mice, conversely there was a trend
toward decreased levels of C24:1 GalCer (Esch et al. 2003). Analysis on fatty acid chain further
confirmed this tendency (Zanfini et al. 2014). Finally in murine hematopoietic stem cells,
downregulation of Galc results in decrease levels of Cer and Sph, whereas its upregulation
causes a significant increase of these sphingolipids and SIP, in the absence of significant
changes in the intracellular levels of psychosine, SM, and sulphatides (Visigalli et al. 2010).

Remarkably, downregulation of GALC also impacts phospholipid and CHOL, as demonstrated
by two independent studies. Weinstock et al. performed a metabolomic analyses on twitcher
mice brain revealing that phospholipids and CHOL precursors are reduced (Weinstock et al.
2016). More recently, Belleri et al, downregulated Galc in murine melanoma B16F10 cells.
Surprisingly, a significant increase of intracellular Cer mirrored by a decrease of SM was
observed. This occurred together with a significant reduction of phosphatidylethanolamines
and cholesteryl esters, accompanied by an increased concentration of diacylglycerols (Belleri

et al. 2020).
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Further studies are needed to fully understand the role of GALC in sphingolipid metabolism.
Here I include an example of the use of a GALC inhibitor to study the effect of GALC

modulation on the lipid profile in zebrafish.

1.2.5 Impact of an irreversible 3-galactosylceramidase inhibitor on the lipid profile of

zebrafish embryos

The sphingolipidosis Krabbe disease is characterized by the genetic deficiency of the acid
hydrolase GALC. The majority of the studies elucidating the biological role of GALC
performed on Krabbe patients and twitcher mice reveals that the pathogenesis of this disorder
is the consequence of the accumulation of the neurotoxic GALC substrate psychosine (Li et al.
2019). Despite this, there is little information available about how GALC downregulation
affects the cell lipidome in adult and developing organisms (Martin et al. 1981, Suchlandt,
Schlote and Harzer 1982).

The teleost zebrafish has emerged as a useful platform for lipidomic studies. This animal can
be used to model genetic disorders of lipid metabolism, including sphingolipidoses, due to the
high genome conservation between humans and zebrafish, the presence of the main
mammalian lipid classes and the use of lipid databases for data processing (Mignani et al.
2023). Indeed, two GALC co-orthologs have been identified in zebrafish that share a high
identity with their human counterpart and are co-expressed in the central nervous system during
embryonic development (Zizioli et al. 2014). On this basis, in the following article we have
investigated the effect of the competitive and irreversible GALC-inhibitor Gal-cyclophellitol
(GCP) (Marques et al. 2017) on the lipid profile in zebrafish embryos. Docking and molecular
dynamics simulation show the ability of GCP to compete with the natural product B-D-
galactose for the binding to the catalytic residues of human GALC and zebrafish Galca and
Galcb proteins. In in vitro and in vivo experiments, GCP binds and inhibits [3-
galactosylceramide activity of zebrafish resulting in significant changes in lipid profile of
zebrafish embryos.

The results indicate for the first time that GALC may be more than a psychosine “scavenger”

since the lack of GALC activity deeply affects the lipidome of developing zebrafish embryos.
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Abstract

Krabbe disease is a sphingolipidosis characterized by the genetic deficiency of the acid hydrolase [3-
galactosylceramidase (GALC). Most of the studies concerning the biological role of GALC performed on
Krabbe patients and Galc-deficient twitcher mice (an authentic animal model of the disease) indicate that the
pathogenesis of this disorder is the consequence of the accumulation of the neurotoxic GALC substrate 8-
galactosylsphingosine (psychosing), ignoring the possibility that this enzyme may exert a wider biologica
impact. Indeed, limited information is available about the effect of GALC downregulation on cell lipidomein
adult and devel oping organisms. The teleost zebrafish (Danio rerio) has emerged as auseful platform to model
human genetic diseases, including sphingolipidoses, and two GALC co-orthologs have been identified in
zebrafish (galca and galcb). Here, we have investigated the effect of the competitive and irreversible GALC
inhibitor B-galactose-cyclophellitol (GCP) on the lipid profile of zebrafish embryos. Molecular modelling
indicates that GCP can be sequestered in the catalytic site of the enzyme and covaently binds human GALC,
zebrafish Galca, and Galcb proteinsin asimilar manner. Accordingly, GCP inhibits the B-gal actosyl ceramide
hydrolase activity of zebrafishin vitro and in vivo, leading to significant alterations of the lipidome of zebrafish
embryos. These results demonstrate for the first time that the lack of GALC activity may deeply affect the
lipidome during the early stages of embryonic development, providing further insights about the pathogenesis
of Krabbe disease.

Keywords: lipidomics, galactosylceramidase, Krabbe disease, molecular modeling, zebrafish.

INTRODUCTION

Krabbe disease, also known as glaboid cell leukodystrophy (OMIM #245200), isan autosomal recessive
sphingolipidosis characterized by the deficiency of the acid hydrolase [B-galactosylceramidase (GALC)
encoded by the GALC gene. GALC catalyzes the removal of -galactose from B-gal actosylceramide, a mgjor
component of myelin, and other terminal B-Gal-containing sphingolipids (1). The early infantile form of the
disease is characterized by fast progression and early death; the symptoms include irritability, regression of
psychomotor development, feeding difficulties, followed by hypertonicity, seizures, and loss of vision and
hearing (2). The standard of care of Krabbe disease is hematopoietic stem cell transplantation that improves
the lifespan of Krabbe patients only when performed before symptoms outbreak (3).

Based on along-held and recently confirmed “psychosine hypothesis” (4), Krabbe disease may manifest
because of the accumulation of the neurotoxic GALC substrate 3-gal actosylsphingosine (psychosine) in the
central and peripheral nervous system, leading to neuroinflammation, degeneration of oligodendroglia, and
progressive demyelination (5). In this frame, most of the studies concerning the biological role of GALC
performed on Krabbe patients and Gal c-deficient twitcher mice (an authentic animal model of the disease (6),
have led to the envision that the major biological function of GALC may consist in its psychosine “scavenging”

activity, neglecting the possibility that this enzyme may exert awider biological impact.



The teleost zebrafish (Danio rerio) has emerged as a useful platform to model human genetic diseases
due to the high grade of genome conservation between human and zebrafish. In addition, lipidomic studies
have allowed the identification in zebrafish of all the main classes of lipids present in mammals, supporting
the possibility to model diseases of the lipidic metabolism in this animal species, including sphingolipidoses,
using mammalian lipid databases for data processing (7).

Two GALC co-orthologs have been identified in zebrafish (galca and galcb) that share a high identity
with their human counterpart and are co-expressed in the central nervous system during embryonic
development (8). Double gal ca/galcb knockdown by oligonucl eotide morpholino injection caused alterations
of the central nervous system in the absence of asignificant accumulation of psychosine, suggesting that GALC
loss-of -function may have pathological consequences during early developmenta processes independent of
psychosine accumulation (8). Indeed, aterations of the myelinated regions of the spinal cord, brain stem, and
peripheral nerves have been reported in 20-23-week-old Krabbe fetuses analyzed after therapeutic abortion,
before a significant accumulation of psychosine may occur (9, 10). However, at present no data are available
about the impact of GAL C deficiency on the lipidome of developing organisms.

In contrast to the murine models of Krabbe disease, in which the intrauterine gestation makes it difficult
to follow possible alterationsin early devel opmental processes, zebrafish has significant advantages over mice
in producing hundreds of externally fertilized eggs that develop in vitro as optically transparent embryos. This
makes zebrafish particularly suitable for studying the effects of GAL C deficiency on thelipid landscape during
embryonic development. On thisbasis, in the present paper we have investigated the effect of the competitive
and irreversible activity-based GALC inhibitor Gal-cyclophellitol (GCP) (11) on the lipid profile of zebrafish
embryos. Docking and molecular dynamics (MD) simulations show the ability of GCP to compete with the
natural product B-D-galactose (B-D-Gal) for the binding to the catalytic residues of zebrafish Galca and Galcb
proteins. Accordingly, GCP inhibits the 3-galactosylceramide hydrolase activity of zebrafish in vitro and in
vivo, leading to significant alterations of the lipid profile of zebrafish embryos.

These results demonstrate for the first time that the lack of GALC activity deeply affects the lipidome
during the early stages of embryonic development, providing further insights about the pathogenesis of Krabbe
disease and setting the bases for a better comprehension of the alterations of the central and peripheral nervous
system observed human Krabbe fetuses.

MATERIALSAND METHODS

Molecular docking studies

Human GALC (hGALC) protein (Uniprot P54803) was modelled on the Swiss-Model website
(https://swissmodel .expasy.org/) (12) based on the GALC mouse structure determined by x-ray diffraction
(PDBId: 4CCE: sequence identity 82.6%) (13). Similarly, the initial models of the zebrafish Galca (Uniprot
Q5SNX7) and Galcb (Uniprot Q7ZUDb5) proteins were modelled on the Swiss-Maodel website based on the
murine GALC/saposin-A crystal structure (PDBid: 5NXB; sequence identity 64.48% and 64.99%,



respectively) (14). The high sequence identity and the conservation of the catalytic sites enabled the generation
of high-quality models as evaluated by the MolProbity tool (15). The protein structures were then prepared
using the Protein Preparation Wizard in Maestro (Schodinger Release 2019-1) (16) and protonated at pH 4.4
using PROPKA. Prior to docking calculation, B-D-Gal and GCP were prepared with LigPrep (16) and ionized
at pH 4.4 using Epik (17). Flexible non-covalent docking (hereafter referred to as flexible docking) studies
were performed with Glide 4.8 (16) in Standard Precision mode with default parameters at pH 4.4. The grid
box was centered on the active site pockets: G63, T109, N197, E198, E274, W307, Y 319, and W541 for human
GALC (UniProt P54803); G41, T87, N175, E176, E251, W284, F296, and W517 for zebrafish Galca (Uniprot
Q5SNX7); G45, T91, N179, E180, E256, W289, F301, and W521 for zebrafish Galcb (Uniprot Q7ZUD5).
Notably, E198 in human GALC, or alternatively E176 and E180 in zebrafish Galca and Galcb respectively,
were protonated. Covalent docking studies were performed with Glide.4.8 (16) in covalent docking mode and
default parameters at pH 4.4. The grid box was centered as previoudly described. The reaction type selected is
the epoxide opening while the reacting residue selected was E274 in human GALC or aternatively E251 and
E256 in zebrafish Galca and Galcb respectively (13). Thirty-two poses were collected and ranked according
to their Gscore value for al ligands in the flexible or covalent docking procedures. The poses selected for f3-
D-Ga and GCP in the flexible docking and in the covalent docking were the top-ranked, overlapping with the
orientation of the crystal structure with -D-Gal (PDBid: 4CCE) (13).

All-atom Molecular Dynamics (MD) simulation

The Amberl8 package (18) was used to carry out the simulations for the modelled systems starting
from the top ranked docking poses. Three replica all-atom MD simulations of 100 ns duration in explicit
solvent and 150 mM NaCl salt concentration were run for each system. Parameters for GALC were assigned
with the ff14SB force field (19). Ligands were parameterized with GAFF (20) along with AM1-BCC for
assigning partial charges (21). The models were placed in a periodic-cubic water box using the TIP3P water
model (22) with 10 A between the solutes and the edges of the box. Na* and CI- ions were added to neutralize
the systems and to immerse them in solvent with an ionic strength of 150 mM. Each system was energy
minimized in 4 consecutive minimization steps, each of 100 steps of steepest descent followed by 900 steps of
conjugate gradient, with decreasing positional restraints from 10 to 0 kcal mol™ A2 on all the atoms of the
systems excluding waters, counterions, and hydrogens, with a cut-off for non-bonded interactions of 8 A. The
systems were then subjected to two consecutive steps of heating, each of 10,000 steps, from 10 to 100 K and
from 100 to 310 K in an NVT ensemble with a Langevin thermostat. Bonds involving hydrogen atoms were
constrained with the SHAKE agorithm and 2 fstime step was used. The systems were then equilibrated at 310
K for 2.5 nsin the NPT ensemble with a Langevin thermostat with random vel ocities assigned at the beginning
of each step. During the MD simulations, a cutoff of 8 A for the evaluation of short-range non-bonded
interactions was used and the Particle Mesh Ewad method was employed for the long-range electrostatic



interactions. The temperature was kept constant at 310 K with a Langevin thermostat. MD trajectories were
analyzed using CPPTRAJ from AmberTools20 (18) and Visua Molecular Dynamics (VMD) (23).

Zebrafish maintenance

Zebrafish embryos were handled according to relevant national and international guidelines. Current
Italian rules do not require approval for research on zebrafish embryos. Zebrafish were raised and maintained
under standard laboratory conditions as described (24). Briefly, the wildtype AB strain was maintained at 28°C
on a 14 hlight/10 h dark cycle. Immediately after spawning, the fertilized eggs were harvested, washed, and
placed in 10 cm Petri dishes in fish water. The developing embryos were incubated at 28°C and staged as
described (25).

GALC activity assay

GALC-mediated hydrolysis of the fluorescent GALC substrate lissamine-rhodaminyl-6-
aminohexanoyl-gal actosyl ceramide (L Rh-6-Gal Cer) was quantified by thin-layer chromatography (TLC) (26)
following its incubation with 20-50 pg of the extracts of zebrafish embryos or of adult zebrafish or mouse
brains. Briefly, 3 nmoles of LRh-6-GalCer in 3:2 chloroform/methanol were concentrated and dissolved in 5
ul of DMSO and 25 pul of 0.2 M citrate phosphate buffer, pH 4.4. The enzyme source and water were added to
afinal volume of 100 pl and incubated overnight at 37°C. The reaction was extracted with 1.9 ml of 3:2 v/v
chloroform/methanol and 0.4 ml of water. The lower phase was collected and evaporated under nitrogen.
Samples were gspotted on glass-coated silica gel plates and developed in 25:25:25:9:16 volumes
chloroform:ethyl acetate:n-propanol:0.25 M KCl:methanol. The fluorescent ceramide spots (L Rh-6-Cer) were
visualized under an ultraviolet lamp and photographed. Next, the bands corresponding to the enzyme product
were extracted in 6:4 volumes chloroform:methanol and fluorescence of the solubilized product was measured

at the spectrofluorometer (Excitation: 565 nm; Emission: 575 nm).

LC-MSlipidomic analysis of zebrafish embryos

Zebrafish embryos at 1-2 cell stage were injected with GCP (160 pmoles/embryo) or vehicle (4
nanoliters of 10% DM SO in water). At 96 hours post-fertilization (hpf), embryos were harvested and grouped
in 3 pools of GCP or vehicle treaded animals, each formed by 4-8 embryos. Next, pools were processed for
GALC activity assay and lipidomic analysis. Lipids were extracted using two different cold organic solvents.
Embryos were sonicated, and 5 pul of a methanol mix of deuterated standards (Splash Lipidomix®) was added.
Then, 225 ul of cold methanol were added and the sample was vortexed for 10 s, followed by the addition of
750 wl of cold MTBE and vortexed for 10 s. The samples were then shacked at 4 °C for 6 min at 2000 rpm and
100 pl of water were added and vortexed. After 2 min of centrifugation at 14,000 rpm and 4 °C, 500 ul of
supernatant were collected and evaporated using a SpeedVac. The dried sample was reconstituted with 50 ul
of a solution MeOH/toluene 9:1 (v/v) containing the internal standard CUDA (12.5 ng/ml). For the lipidomic
analysis a UHPL C Vanquish system (Thermo Scientific, Rodano, Italy) coupled with an Orbitrap Q-Exactive



Plus (Thermo Scientific, Rodano, Italy) was used. A reverse phase column was used for the separation of lipids
(Hypersil GoldTM 150 x 2.1 mm, particle size 1.9 pm). Mass spectrometry analysis was performed in both
positive and negative ion modes. The source voltage was maintained at 3.5 kV in the positive ion mode and
2.8 kV in the negative ion mode. All other interface settings were identical for the two types of analysis. The
injection volume was 3 pl. Lockmass and regular inter-run calibrations were used for accurate mass-based
analysis. An exclusion list for background ions was generated by analyzing the same procedural blank sample,
for both the positive and negative ESI modes. More details on the chromatographic and mass spectrometry
conditions can be found here (27). To ensure good reproducibility during the analysis, different quality control
procedures were adopted: a quality control sample, represented by a pool of all the samples, was analyzed at
the beginning of the batch, after every 5 samples, and at the end of the batch. Internal standards that cover
several analyte classes at appropriate levels (Avanti SPLASH Lipidomix), and an internal standard (CUDA)
added beforethe LC-M S analysiswere used. Instrument variations were then monitored and corrected ensuring
the good reproducibility of all the batches. Raw data acquired from untargeted analysis were processed with
MSDIAL software (Y okohama City, Kanagawa, Japan), version 4.24. Peaks were detected, MS2 data were
deconvoluted, compounds were identified, and peaks were aligned across all samples. For quantification, the
peak areas for the different molecul ar species detected were normalized using the deuterated internal standard
for each lipid class. To obtain an estimated concentration expressed in nmol/4 embryos, the normalized areas
were multiplied by the concentration of the internal standard. An in-house library of standards was aso used
for lipid identification. MetaboAnalyst 4.0 software (www.metaboanalyst.org) was used for the statistical

anaysis.

Statistical analysis
Statistics were performed using Microsoft Excel 365 and Graphpad Prism 8. P-values were cal culated
by two-tailed uncoupled t-test and P-values < 0.10 were considered statistically significant.

RESULTS

MD simulations and covalent docking elucidate the activity of the GCP inhibitor on human GALC.

To investigate the mechanisms exerted by the selective inhibitor GCP, a preliminary set of experiments
was performed to model by homology the structure of human GALC (hereinafter named hGALC) on the
murine GALC crystal structure (PDBid: 4CCE) (13) using the Swiss-Model webserver (12). The global
amino acid sequence identity between the two proteins is 82.6% and the local identity in the catalytic site
increases up to 100% (UniProt P54818 and P54803 for murine and human sequences, respectively). The
binding mode of the natural product -D-Gal and of theirreversible inhibitor GCP on hGAL C wasinvestigated
by performing flexible docking with the Glide docking software [14] at pH 4.4, in keeping with the lysosomal
pH [15]. The top-ranked poses for both ligands perfectly overlapped in the binding mode with the
crystallographic data for the mouse model. Indeed, the root-mean-square deviation (RMSD) computed



between mouse and human proteins for f-D-Gal was equal to 0 A and between B-D-Gal and GCP with the
human enzyme was equal to 0.5 A. This indicates that the catalytic pocket is conserved between the murine
and human enzymes and points to a similar binding mode for 3-D-Gal and GCP. 3-D-Gal establishes hydrogen
bonds with T109, W151, N197, E198, E274, S277, and R396 residues of human GALC, while GCP interacts
with G63, T109, W151, N197, E198, E274, and S277 residues (Table 1). The docking scoresindicate adightly
better binding affinity for GCP (Gscore= -7.846) when compared to B-D-Gal (Gscore= -7.348).

Molecular dynamics (MD) simulations were then performed to evaluate the stability of the B-D-
Gal/hGALC and GCP/hGALC complexes and to confirm the binding pose of the ligands. Both ligands are
steadily anchored to the hGAL C active site during the simulation, with an average deviation from the starting
structure of lessthan 0.5 A (Supplementary Fig. S1). The orientation of B-D-Gal is maintained via hydrogen
bonds among the hydroxyl groups of the ligand and the catalytic residues E198 and E274 (proton donor and
active site nucleophile, respectively) and the non-catal ytic product binding residues T109, W151, N197, S277,
and R396, with an occupancy over 90% along all the replicas (Fig. 1A and Table 1). Simulations confirmed
the ability of GCP to establish stable polar contacts with all the catalytic and non-catalytic residues involved
in the interaction of f-D-Gal for more than 90% of the replica simulations (Fig. 1B). The orientation of GCP
is further maintained by interaction with T109 and G64, which confers specificity to the ligand. The only
contact not conserved upon GCP engagement is with the R396 residue due to the lower flexibility of the
epoxide compared to the hydroxyl groups exposed by the natural product at thisinterface (Fig. 1A,B and Table
1). This interaction strongly reflects on the binding free energy equal to -46.92 + 0.65 and -32.05 + 1.59
kcal/mol for B-D-Gal and GCP, respectively (Table 2). The favorable solvation component resulting from the
exposure to the solvent of the epoxide of GCP does not compensate the strong el ectrostatic term derived from
the salt bridge established between the hydroxyl group of B-D-Gal and R396 (Fig.1A,B and Table 2).

To obtain insightsinto theirreversible binding mode of GCP on GAL C, the opening of the oxirane of GCP
upon nucleophilic attach was investigated by performing covalent docking with Glide. The top-ranked poses
show how the covalent linkage between the C3 of GCP exposed upon opening of the oxirane and the O%? atom
of nucleophile E274 is unambiguous and only requires a minor conformational change of E274. All the
interactionsidentified with classic docking followed by MD simulations are conserved and further interaction
with Y254, Y319, and R396 are established (Fig. 1C). Notably, interaction with R396 is important for the
binding of B-D-Gal (Fig. 1A). The covalent docking score is -8.719. The conservation of the contacts
established with GCP prior and upon opening of the oxirane and limited conformational changes on the active
siteloopsindicate that the binding pocket of hGAL C is highly preorganized and the flexible docking procedure
followed by MD simulation enabled the identification of the orientation of GPC prior the nucleophilic attack.

Overal, our findings suggest that GPC can be accommodated in the catalytic pocket with the closed-
epoxide and the subsequent nucleophilic attack exerted by E274 triggers the formation of an irreversible

linkage.



GCP sequesters the pharmacophoric residues within the catalytic pocket of zebrafish GALC
orthologues.

The protocol described above was applied to investigate the interaction of -D-Gal and GCP with the two
GALC zebrafish orthologues Galca and Galcb (8). The zebrafish Galca and Galcb were modelled in Swiss-
Model based on the x-ray murine GALC/saposin-A crystal structure (PDBid: 5NXB) [16] and the Galca
(Uniprot Q5SNX7) and Galch (Uniprot Q7ZUD5) sequences. Flexible docking was used to set up the systems
for both zebrafish orthologues with -D-Gal or GCP simulated at pH 4.4. The top-ranked poses of B-D-Gal in
Galcaand Galcb overlap with those of the ligand in the murine GALC crystal structure (RMSD < 0.2 A) while
the two top-ranked poses for GCP are dightly rotated (RMSD < 0.8 A) athough they maintain the interaction
with all the key residues within the catalytic pocket. Indeed, B-D-Gal interacts with T87, W129, N175, E176,
E251, S254, and R373 residuesin Galcaand with T91, W133, N179, E180, E256, S259, and R378 residuesin
Galch. while GCP establishes contacts with G42, W129, N175, E176, E251, S254, and R373 in Galca and
with residues G46, W133, N179, E180, E256, S259, and R378 in Galcb (Table 1). As observed for hGALC,
docking scores show better binding affinity of GCP for Galca and Galch (Gscore= -8.069 and -8.063,
respectively) when compared to the natural ligand B-D-Gal (Gscore= -7.138 and -7.29).

Multiple replica MD simulations were then performed to evaluate the stability of the systems and to
confirm the binding pose of the ligands. In agreement with the docking scores, al ligands in both zebrafish
orthologues were stable along the simulations with a deviation from the starting structure of less than 0.5 A
(Fig. 1D,E,G,H and Supplementary Fig. S1). The orientation of B-D-Gal was maintained via hydrogen bonds
between the hydroxy! groups of the ligand and Gal ca or Galcb non catalytic residues (T87, W129, N175, S254,
and R373 for Galca; T91, W133, N179, S259, and R378 for Galcb) and with the proton donor and the active
site nucleophile (E176 and E251 in Galca; E180 and E256 in Galcb) for more than 90% of all the replicas (Fig.
1D,G and Table 1). The computed binding free energy values were equal to -43.14 + 4.28 and -42.11 + 3.41
kcal/mol for B-D-Gal/Galca and -D-Gal/Galcb, respectively (Table 2). As observed for the human model,
GCP demonstrates the ability to sequester the catalytic pocket of both zebrafish GALC orthologues
mai ntai ning interactions with key residues for more than 90% of the simulations (Fig. 1D,E and Table 1). In
the system with Galca, the orientation of GCP is stabilized by an intricate hydrogen bond network involving
the hydroxyl groups of the inhibitor and T87, N175, E176, E251, and R373 residues, plus a pi-pi interaction
with W284 (Fig. 1E and Table 1). In the system with Galcb, the orientation of GCPis dightly shifted and the
hydrogen bond network invol vesthe hydroxyl groups of theinhibitor and T91, Y 236, E256, and R378 residues,
plus a pi-pi interaction with W289 (Fig. 1H and Table 1). Remarkably, the salt bridge between the hydroxyl
group of the inhibitor and the Galca residue R373 results in a more favorabl e el ectrostatic component with an
increased binding free energy when compared to the GCP/hGALC complex, with values equd to -35.36 +
4.46 kcal/mol (Table 2). Conversely, although the correspondent salt bridge is maintained in the GCP/Galcb
complex, the loss of other interactions results in alower binding free energy equal to -27.71 + 2.19 kcal/mol
(Table2).



Then, covalent docking was performed to investigate the putative formation of an irreversible linkage
between GPC and Galca or Galcb upon nucleophilic attack in the catalytic pocket, as seen in hGALC. Top-
ranked poses show that, upon nucleophilic attack and oxirane-opening, C4 or C3 of GPC established covalent
linkage with the O atom of E251in Galca or E256 in Galcb, respectively. In Galca, the orientation of GPC is
slightly rotated compared to B-D-Gal, although the inhibitor interacts with &l the pharmacophoric residues
previoudy identified and, in addition, with G42 and Y231 (Figure. 1D,F). In Galcb, the orientation of GPC
perfectly overlaps the binding mode of B-D-Gal, and the irreversible inhibitor interacts with al the
pharmacophoric residues of Galcb plus G46 (Figure. 1G,l). Covalent docking scores are -7.372 and -8.629
for Galca and Galch, respectively. In summary, despite the preservation of the catalytic pocket in both Galca
and Galch, differences in their surrounding regions, combined with the rigidity of GPC before the oxirane
opening, hindered the precise determination of the GPC orientation that triggers the nucleophilic attack by
flexible docking followed by MD simulation. However, the covalent docking results allow the identification
of the interactions established by GPC on Galca and Galch, suggesting the ability of the inhibitor to establish
acovalent binding with the zebrafish orthologues in an arrangement corresponding to that seen for hGALC.

GCP inhibits GAL C activity in zebrafish embryos.

The in-silico data prompted us to assess the capacity of GCP to inhibit GALC activity in zebrafish. In a
first set of experiments, the extracts of zebrafish embryos at 96 hpf and of adult zebrafish brain harvested at 3
months of age were incubated with increasing concentrations of GCP. Next, GALC activity was measured by
an enzymatic TLC assay using the fluorescent GALC substrate LRh-6-GalCer (26). As shown in Fig. 2A,B,
GCP inhibits the activity of GALC in both zebrafish extracts in a dose-dependent manner, with a potency
similar to that exerted onthe GAL C activity of amurine brain extract and on the activity of recombinant human
GALC transduced in human HEK293 célls.

On this basis, the impact of GCP on GALC activity was assessed in vivo in zebrafish embryos. To this
aim, zebrafish embryos at 1-2 cell stage were microinjected with GCP (160 pmoles/embryo) or vehicle (10%
DMSO in water). The enzymatic TLC assay performed on the whole embryo extracts at 96 hpf confirmed the
capacity to GCP to inhibit GALC activity in vivo when compared to DM SO-treated embryos (Fig. 2C). No
significant differences in embryo mortality and macroscopic morphologic alterations were observed between

the two experimental groups (data not shown).

GCP modulatesthelipid profile of zebrafish embryos.

Untargeted lipidomic analysis was used to assess the effect of GALC inhibition on the lipid composition
in 96 hpf embryos microinjected at 1-2 cell stage with 160 pmoles/embryo of GCP or vehicle. The analysis
identified 766 lipid species in both experimental groups, representing various classes of lipids, including:
bis(monoacylglycerol)phosphate (BMP, 1 species), fatty acids (FA, 8 species), fatty acyl carnitines (CAR, 17
species), N-acyl-ethanolamines (NAE, 9 species), sterols (ST, 3 species), free cholesterol, cholesteryl esters
(CE, 2 species), diacylglycerols (DG, 58 species), and triglycerides (TG, 179 species); the sphingolipids



ceramides (Cer, 20 species), sphingomyelins (SM, 52 species), and sphingoid bases (SPB, 1 species); the
phospholipids phosphatidylcholines (PC, 193 species), phosphatidylethanolamines (PE, 102 species),
phosphatidylglycerols (PG, 2 species), phosphatidylinositols (Pl, 39 species), and phosphatidylserines (PS, 24
species); the lysophospholipids lyso-PC (LPC, 27 species), lyso-PE (LPE, 15 species), lyso-Pl (LPI, 5
species), and lyso-PS (LPS, 3 species) (Supplementary Table S1).

When GCP-treated embryos were compared to vehicle-treated animals, significant differences were
observed for the levels of TG and ST classes, as well as for the levels of Cer and SM, al increased in GCP-
treated animals with respect to controls, whereas the levels of CE were decreased by GCP. In addition,
significant changes were observed for the levels of various classes of phospholipids, that included an increase
of the amount PC and LPE, paralleled by adecrease of PI, LPI, LPS, and PI-Cer (Fig. 3A). Moreover, analysis
of the metabolic pathways affected by GCP trestment using the BioPan platform (29) identified 77 activated
and 43 suppressed reactions. Among them, DG—TG and PS—»PE—PC—LPC pathways accounted for 68%
of the activated reactions (53/77) whereas TG—DG and PE—PS represented 50% of the suppressed reactions
(21/43) (Fig. 3C and Supplementary Table S2).

Analysis of the individual molecular species confirmed the capacity of GCP to modulate the lipid
composition of zebrafish embryos. Indeed, among the 766 lipid species identified in the two experimental
groups, 186 lipids were present at different levels in GCP-treated embryos when compared to controls (Fig.
3B and Supplementary Table S3). Many of these lipid specieswerein the TG and PC classes [74/179 (41%)
and 42/193 (22%), respectively] (Fig. 4A,B). Among them, BioPan analysis pointed to the activation of the
synthesis of TG 62:8, 58:11, and 54:8 species from DG 40:2, 36:5, and 34:3, respectively, whereas the
degradation of TG 58:11 and 54:8to DG 42:11 and 38:8 was suppressed. Similarly, the production of PC 40:2,
38:3, 36:5 and 36:4 species was increased from different substrates whereas the degradation of PC 40:2 and
36:4 to DG 40:2 and LPC 20:4 was suppressed (Fig 4H).

Lipid speciesin classes other than TG and PC were affected as well. Among phospholipid classes other
than PC, various PE species (17/102; 16%) were significantly increased, including PE 36:4 (more than two-
fold increase), and PE 42:7 plus the corresponding L PE 20:1 (both increased by 80%). Accordingly, PE 36:4
conversion from LPC 16:0 was activated in parallel with a suppression of its degradation to LPE 20:4 (Fig
4C,H). Conversdly, 9 out of 39 Pl species (23%) and 3 out of 5 LPI species (60%) were decreased following
GCP administration. Among them, the Pl 38:4 and 38:3 species were decreased by 70% as a result of an
augmented conversion to LPI 18:0 whereas LPI 20:5 and 20:4 species decreased by approximately 50%, LPI
20:4 being converted to Pl 40:8 (Fig. 4D,H). Similarly, PS 38:6 and 40:7, as well as LPS 16:0, were aso
decreased by 30 to 50% following their conversion to PC 38:6 and 40:7, respectively, together with areduction
in their synthesis reactions (Fig. 4E,H). As for sterols, CE 22:5 and 22:6 were decreased by 40% and 50%
respectively, whereas ST 24:1,02;T and 24:1;03;T were increased significantly, no changes being observed
for free cholesterol (Fig. 4F). Finally, among sphingolipids, the levels of 3 out of 20 Cer species were more
abundant in GCP-treated embryos, Cer 40:2;20, 37:3;20, and 41:1;20 species being increased by more than
60%, 25%, and 20%, respectively. Similarly, among the 52 detected SM species, the levels of SM 32:1;20,



33:1;20, and 35:1;20 wereincreased by more than 50% following GCP treatment (Fig. 4G). Together, the data
indicate that inhibition of GALC activity by GCP exerts a significant impact on the lipid profile of zebrafish

embryo.

DISCUSSION

The B-galactopyranose-configured cyclophellitol -epoxide GCP has been demonstrated to exert a covalent
and irreversible inhibition of the enzymatic activity of recombinant and rodent GALC (11). Here, in-silico
analysisindicatesthat GCP shares the same pharmacophoric pointsin hGAL C and in the zebrafish orthologues
Galca and Galch, indicating its capacity to exert an inhibitory effect by trapping the catalytic residues of the
active site of the zebrafish enzymes. Based on our in-silico prediction and on experimenta evidence about an
irreversible binding of GCP with GALC (11), we demonstrated that once the GCP epoxide is accommodated
within the catalytic site of the enzyme, the lysosomal acid environment promotes the protonation of the oxirane
while the nucleophile residue within the catalytic pocket (E274, E251, and E256 in hGALC, Galca, and Galcb,
respectively) triggers its opening and the formation of a covalent bond (Figure. 1C,F,l), thus leading to an
irreversible inhibition of human and zebrafish enzymes.

In keeping with this hypothesis, GCP inhibits the GALC activity present in zebrafish embryos and adult
brain extracts with a potency similar to that exerted on human and murine GALC. Accordingly, injection of
GCP into the zebrafish embryos at 1-2 cell stage leads to a significant inhibition of GALC activity that it is
retained for at least 96 hours after injection. Of note, no significant changesin embryo survival and morphology
were observed between GCP-treated animals and vehicle-injected control embryos. Previous observations had
shown that double galca/galch knockdown by oligonucleotide morpholino injection caused reduction and
partia disorganization of the expression of the neuronal marker neuroD in the central nervous system of
zebrafish morphants (8). Such alterations were not observed in GCP-treated embryos (data not shown) and
may represent off-target effects consequent to the double morpholino injection. Further studieswill berequired
to evaluate the consegquence of GALC deficiency on the spatial-temporal transcriptome of zebrafish during
embryonic development.

Taking advantage of the capacity of GCPto exert along-lasting inhibition of GALC activity wheninjected
in zebrafish at the 1-2 cell stage, we analyzed the lipid profile of zebrafish embryos at 96 hpf to assess a
possible impact of GALC deficiency on the lipidome during the early phases of embryonic development.
Indeed, even though scattered evidence indicated that alterations of the central and peripheral nervous system
may occur in human Krabbe fetuses (9, 10), no data are available about the effects of thelack of GALC activity
on the lipidome of devel oping organisms.

Untargeted lipidomic analysis identified 766 lipid species in the whole extracts of zebrafish embryos at
96 hpf in both GCP-treated and control animals. Even though embryos still relay on the yolk contents for
nutrition at this developmental stage, the lipid content of the yolk sac is remarkably decreased at 96 hpf while



it isincreased in the embryo body, lipid metabolism representing a dynamic process that occurs between the
two embryonic compartments (30). Thus, the results of our analysis reflect the effect of GCP on the balance
between lipid remodeling that occurs in the yolk sac and their metabolism in the embryo proper.

Among the various classes of lipids, GCP treatment caused a significant increase of the levels of TG,
possibly because of areduced lipid remodeling in the yolk sac. This increase was due to an increased amount
of 74 out of the 179 TG species identified in zebrafish embryos, indicating a specificity of the effect. Asfor
sterols, while no changes in the levels of free cholesterol were observed between GCP-treated and control
animals, the decrease in the level s of the CE species 22:5 and 22:6 resulted in asignificant decrease in the total
amount of CE following GCP treatment. This observation goes al ong with the decrease of CE levelsthat occurs
in murine melanoma B16-F10 cells following shRNA mediated Galc knockdown (31). In GCP-treated
embryos, CE reduction was paralleled by an increase of the levels of the taurine-conjugated bile acids ST
24:1;02;T and 24:1;03;T. Maturation of the liver occursin zebrafish embryos at 72-120 hpf (32). These data
suggest that a decrease in GALC activity may affect liver metabolism in zebrafish embryos, in keeping with
the aterations observed in the liver of adult GALC-deficient twitcher mice, an authentic model of Krabbe
disease (33, 34).

Notably, significant changes were observed for the levels of various classes of phospholipids following
GCP treatment. They included an increase of PC, PE, and LPE levels, paralleled by adecrease of PI, LPI, LPS,
and PI-Cer. As observed for TG changes, the effect of GCP on these phospholipid classes was restricted to
defined lipid species, pointing again to a specific effect of GALC inhibition on phospholipid metabolism in
zebrafish embryos. In keeping with these observations, a significant reduction of PE was observed in Galc
knockdown B16 cells (31) and alterations of the phospholipid profile and membrane turnover have been
reported in the brain of twitcher mice (35) as a possible consequence of the tight crosstalk that occurs between
phospholipid and sphingolipid metabolism [reviewed in (36)]. Indeed, significant changesin the levels of Cer
and SM were detected in GCP-treated animals. They included Cer 40:2;20, 37:3;20, and 41:1;20, as well as
SM 32:1;20, 33:1;20, and 35:1;20, the increased amount of SM reflecting the higher content of its biosynthetic
precursors PC and Cer.

The effect of GCP on Cer deserves further discussion. Previous observations had shown that the total
levels of Cer are decreased in Galc null murine hematopoietic stem cells (37) whereas they are increased in
Galc knockdown murine melanoma B16 cells (31). On the other hand, a lipidomic approach has shown that
thelevelsof Cer 16:0 wereincreased in the central nervous system of twitcher mice when compared to wildtype
animals, whereas the levels of Cer 18:0, 22:0, and 24:0 were reduced, no difference being observed for Cer
24.0 (38). The Cer species affected by GCP in zebrafish belong to both long acyl chain (C18:0) and very long
acyl chain (22:0; 23:0, and 24:0) species. Nine highly conserved homol ogs of the vertebrate Cer synthase gene
family have been identified in the zebrafish genome (39). Since the six members of the mammalian Cer
synthase family show substrate preference for different lengths of FA chains (40), it seems possible to
hypothesize that GALC deficiency may affect different Cer synthases in a context-dependent manner with a

consequent impact on different Cer species.



GCPisacompetitive and irreversible GAL C inhibitor with no anti-a-gal actosi dase nor anti-B-glucosidase
activity, its selectivity arising from its absolute configuration (11, 41). However, we cannct rule out the
possibility that its effect on zebrafish embryo lipidomic may be due, at least in part, on its possible interaction
with B-galactosidase(s) distinct from GALC, including acid B-galactosidase (11). Experiments on galca/galch
single and double knockout animals will be required to elucidate this point.

In Krabbe patients and twitcher mice, the lack of GALC activity is characterized by aprogressive increase
of the neurcotoxic GALC substrate psychosine after birth. Here, the levels of hexosylsphingosines (including
psychosine) were below the limits of detection in both control and GCP-treated embryos. These data are in
keeping with the lack of psychosine accumulation in double galca/galcb zebrafish embryo morphants and
human Krabbe fetuses (8-10), possibly as a consequence of the early developmental time at which such
analyses were performed.

Thus far, only alimited information is available about the effect of the modulation of GALC activity on
the lipidome, mainly obtained by the analysis of tissues harvested from adult twitcher mice or geneticaly
modified cell lines [reviewed in (42)]. Our data extend these observations and indicate for the first time that
GALC playsanon-redundant rolein lipid metabolism al so during embryonic development, in line with clinical

evidence about aterations of the central and peripheral nervous system of human Krabbe fetuses (9, 10).
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L egendsto Figures.

Figure. 1. Binding modes from molecular docking and molecular dynamics simulations of the
interaction of p-D-Gal and GCP with human and zebrafish GALC proteins. The active site pockets of
hGALC (A,B,C), zebrafish Galca (D,E,F), and zebrafish Galcb (G,H,1) proteins are shown with the orientation
of B-D-Gal (left panels) and GCP (center panels) obtained after MD simulation and for GCP obtained upon
covalent docking (right panels), Proteins are shown in grey cartoon representation while residues involved in
the interactions are shown in stick representation colored by element with green, cyan, or turquoise carbons
for hnGALC, Galca, and Galcb, respectively. B-D-Ga and GCP are shown in stick representation with carbons
colored brown or magenta, respectively. H-bond interactions are shown as yellow dashed lines. The covalent
bond between the ligand and the protein is shown as extended connection between GCP and the neutrophile
residue (E274 for human GALC, E251 or E256 for zebrafish Galca or Galch, respectively).

Figure. 2. Effect of GCP on GALC activity in zebrafish. A) Extracts of 96 hpf zebrafish embryos (50
ug/sample) and of adult zebrafish brain (20 ug/sample) were incubated. at room temperature with increasing
concentrations of GCP in the presence of the GALC substrate LRh-6-GalcCer. After overnight incubation, the
GALC product LRh-6-Cer was separated from its substrate by TLC, visualized under an ultraviolet lamp, and
photographed. B) Extracts of zebrafish embryos, zebrafish and murine adult brains, and recombinant human
GALC expressed in HEK 293 cells (rGALC) were incubated with GCP asin A. The GALC product LRh-6-
Cer was quantified following its extraction from the silica gel plates. Data are the mean + SEEM of 3-4
independent experiments. C) Zebrafish embryos at 1-2 cell stage were injected with 160 pmoles of
GCP/embryo) or vehicle. At 96 hpf, embryos were harvested and grouped in pools of GCP or vehicle-treaded
animals, each formed by 8 embryaos. Next, pools were processed for GALC activity assay asin pand B. Data
arethemean + SEE.M of 4 independent experiments. Inset: Image of the TLC analysis performed on two pools
of vehicle (-) or GCP (+) treated animals.

Figure. 3. Effect of GCP on the lipid profile of zebrafish embryos. A) Levels of the different classes of
lipids detected in DM SO and GCP-treated embryos. Embryos were treated at the 1-2 cell stage and lipid
analysis was performed 96 hpf. Data are expressed as nanomoles/pool of 4 embryos. *, P< 0.1; **, P< 0.05,
Student’s t test. B) Heatmap showing hierarchical clustering of thelipid species between GCP-treated zebrafish
embryos and control animals (DM SO). Only the 50 most important lipids species are displayed based on their
t-test p-values. Color coding representsthe -Log p-value. C) Lipid subclass correlation network of GCP-treated

embryos compared to controls.

Figure. 4. GCP affectsthelevelsof variouslipid speciesin zebr afish embryos. A-G) Levels of the different
species of lipids whose amount was significantly affected by GCP treatment when compared to controls.

Embryos were treated at the 1-2 cell stage and lipid analysis was performed 96 hpf. Data are expressed as



nanomoles/pool of 4 embryos. H) Z-score representation of the reactionsthat involve the most GCP-modul ated
species of lipids following BioPan analysis of lipidomic data. Positive z-score indicates an activated reaction,
negative z-score indicates a suppressed reaction.
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TABLE 2. Computed binding free energy for the human and zebrafish simulated systems @

Enzyme Ligand AG @ 4G*¢ AG VW AG =V
hGALC B-D-Ga -46.92+ 0.65 -79.58+ 0.72 -22.20+ 0.76 54.87 + 0.47
GCP -3205+ 159 -48.32+ 3.65 -20.70 £ 3.52 38,51+ 201
Zebrafish Galca B-D-Ga -43.14+4.28 -8500+3.04 -18.91+3.46 60.77 £ 4.63
GCP -35.36+4.46 -69.61+3.83 -19.31+335 5357+ 4.66
Zebrafish Galcb B-D-Gal -42.11+341  -79.34+ 7.08 -18.41 + 0.52 55.64 + 8.67
GCP -27.71+219 -6299+4.12 -17.50+ 1.3 52.79+ 251

(4 Molecular mechanics-generalized Born surface area (MM/GBSA) energies (kcal/mol) and their component
computed for B-D-Gal or GCP bound to hGALC, Galca, or Galcb show that the GCP inhibitor accommodates
within the catalytic site of the enzyme with energetically favorable interactions that trigger the formation of a
covalent bond (see Fig. 1C,F,l). The average binding free energy (AG'?) is computed as the sum of the
electrostatic (AG®), Van der Waals (AGY™) and solvation-free (AG®") energies. The mean and standard

deviations of the energies are computed from three replica simulations for each system.

*
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TABLE 1. Amino acid residues of human GALC and zebrafish orthologues involved in the interaction with -D-
Gal and GCP in the simulated systems [@

Enzyme Ligand Amino acid residues

hGALC B-D-Gal T109, W151, N197, E198, E274, S277, R396
GCP T109, W151, N197, E198, E274, S277, R396

Zebrafish Galca B-D-Gal G64, T109, W151, N197, E198, E274, S277
GCP G64, T109, W151, N197, E198, E274, S277

Zebrafish Galcb B-D-Gal T87, W129, N175, E176, E251, S254, R373
GCP T87, W129, N175, E176, E251, S254, R373

(@ Comparison between docking and MD simulation results confirms that both B-D-Gal and GCP are stably
anchored to the catalytic pockets of hGALC and the zebrafish orthologues. Docking results represent the top-
ranked poses then submitted to MD simulation. Contacts from MD simulations shown in the table are conserved
in more than 90% of the simulations and in at least two out of the three replicas performed for each simulated
system. Residue numbering follows the FASTA numbering (UniProt P54803) for the human enzyme and the
Ensembl numbering for the Galc (Uniprot Q5SNX7) and Galcb (Uniprot Q7ZUDS) zebrafish orthologues.



Highlights:

e Molecular docking simulation on human GALC and zebrafish Galca and Galcb
demonstrated that once GCP epoxide is accommodated within the catalytic site of
the enzyme, the lysosomal acid environment triggers the formation of a covalent
bond.

e GCP competes with the natural product B-D-Galactose for the binding to the
catalytic residues of human and zebrafish GALC.

e GCP inhibits zebrafish Galca and Galcb activity both in vitro and in vivo.

e Lipid profile of zebrafish embryos at 96 hours post fertilization reveals that GCP
treatment caused a significant increase of TG and decrease CE. Among
phospholipids, an increase of PC, PE and LPE, paralleled by a decrease of PI, LPI,
LPS and PI-Cer were observed.

e 3 outof20 Cer species and 3 out of 52 SM species were significantly more abundant

in GCP-treated embryos.

Take home message:

In silico analyses demonstrate for the first time that the catalytic site of GALC is conserved
among human, murine and zebrafish counterparts and that the GALC inhibitor GCP competes
with the natural substrate. The teleost zebrafish allowed the study of the effect of GALC
modulation in a developing organism and our data show that GALC plays a non-redundant role

in lipid metabolism also during embryonic development.
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2. SPHINGOLIPID METABOLIZING ENZYMES MODULATE
TUMOR PROGRESSION

Sphingolipids have opposing roles in regulating cancer cell death and survival. In general,
ceramides are linked to apoptosis, cell cycle arrest, senescence, and autophagy. However, the
length of the acyl chain, the metabolic pathway activated, the subcellular localization and even
the cell type can affect these responses (Hannun and Obeid 2018).

In this scenario, the CerS family are usually downregulated. For instance, both CerS2 and
CerS6 are inhibited by the mitochondrial associated anti apoptotic protein BCL2LI13 in
glioblastoma cell lines and xenograft tumors (Jensen et al. 2014). CerS6 is also downregulated
in colon cancer cells resistant to chemotherapy. Additionally, CERS! is inhibited in head and
neck cancer cells, therefore C18 ceramide-induced apoptosis is repressed (Meyers-Needham
et al. 2012). Conversely, CerS6-generated C16 ceramide in the same tumor protects from ER-
stress (Senkal et al. 2011).

Upregulation of acid ceramidase is linked to a pro-oncogenic phenotype in many cancers
(Beckham et al. 2013, Tirodkar et al. 2015). In prostate cancer, acid ceramidase promotes
nuclear export of PTEN through S1P-mediated AKT signalling. Moreover, its expression is
increased in patients who had relapsed from radiotherapy (Cheng et al. 2013, Beckham et al.
2013). In colon cancer cells, acid ceramidase mediates pro-survival S1P signalling through
activation of CerS6 (Tirodkar et al. 2015).

In keeping with the hypothesis that Cer orchestrates cancer responses, also glycosphingolipid
metabolism may be impaired. Expression of GCS is associated to poor prognosis in patients
with oral cavity cancer. Moreover, GCS-dependent accumulation of GluCer is important for
maintenance of breast cancer stem cell pluripotency, whereas inhibition of GCS in ovarian
cancer restores p53-mediated apoptosis (Ogretmen 2018).

Finally, loss of CERT is linked to heightened epidermal growth factor receptor which is up
regulated in 70% of triple negative breast cancer (Heering et al. 2012). In contrast, CERT
expression is induced in ovarian tumors treated with paclitaxel, thereby protecting cells from

Cer-induced apoptosis (Swanton et al. 2007).
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2.1 Role of nSMase2 in cancer progression

SMPD3 is located on chromosome 16q22.1 that represents a common site of loss of
heterozygosity in breast and prostate cancer, thus suggesting a tumor suppressor role for this
gene. Accordingly, lack of nSMase2 has been observed in a murine osteosarcoma cell line and
SMPD3 hypermethylation occurs in basal MDA-MB-231 adenocarcinoma cells (Clarke 2018).
Moreover, higher SMPD3 methylation correlates with larger tumors and higher tumor grade in
renal carcinoma (Wang et al. 2015) and low levels of nSMase2 are associated to earlier
recurrence in hepatocellular carcinoma (Revill et al. 2013).

Conversely, anti-cancer drugs, including danorubicin, doxorubicin, cisplatin and oxaliplatin,
may increase nSMase2 activity and Cer production (Clarke 2018). nSMase2 promotes cell
growth arrest in G1. Accordingly, the induction of nSMase2 is necessary for retinoic acid-
induced G1 arrest in breast cancer cells (Clarke et al. 2011) and cell growth blockage by
doxorubicin requires SMPD3 expression and activity (Shamseddine et al. 2015b).

Recently, nSMase?2 has been investigated in cutaneous melanoma. SMPD3 expression and Cer
levels progressively decrease from primary to metastatic melanoma (Belleri et al. 2020) and its
low expression is associated with short overall survival. Smpd3 upregulation in murine
melanoma cells is associated to a strong decrease in tumor growth in immunocompetent
C57BL/6 mice but not in CD8a-deficient animals. In immunocompetent animals, the number
of tumor-infiltrating leukocytes is significantly higher in SMPD3 overexpressing tumors and
nSMase2 has been shown to enhance the effect of both anti-programmed cell death 1 (PD-1)
and anti-cytotoxic T-lymphocyte antigen-4 (CTLA-4) therapies in melanoma (Montfort et al.
2021)

2.1.1 nSMase2 modulates the lipidomic profile in melanoma cells

At present, no lipidomic studies have been performed to evaluate the impact of nSMase2 on
melanoma lipidic profile. On this basis, during my PhD program, SMPD3 was overexpressed
in two human melanoma cell lines harboring the BRAFV6%E driver mutation, frequently
observed in human melanoma. The upregulation of nSMase2 in A2058 and A375 cells
(nSMase?2 cells) was confirmed by Western blot analysis (fig. 2.1 A). Increased levels of
nSMase?2 do not result in reduced cell proliferation neither in basal nor starving conditions (fig.

2.1 B-D). Similarly, the migratory capacity of these cells, evaluated in a wound healing assay
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and in a Boyden chamber migration assay, was not affected by SMPD3 overexpression (fig.

2.1 E-F).

Figure 2.1 SMPD3 overexpression in A2058 and A375 human melanoma cells does not affect their tumorigenic potential in
vitro. A) Western blot analysis of SMPD3-upregulated cells. B, C) nSMase2 does not delay cell growth at basal (10% FBS) or
starving (2% FBS) conditions. D) Colony formation on 2D plastic support is similar in mock and nSMase2 cells. E, F) Migration
rate after wound healing and chemotaxis response in a Boyden chamber assay are not affected by SMPD3 upregulation.

Despite the lack of phenotype in vitro, lipidomic analysis revealed that nSMase2 upregulation
does modulate sphingolipid and lipid levels in melanoma cells (fig. 2.2). Cer and DH-Cer were
significantly increased in both cell lines, paralleled by a decrease of SM and DH-SM. A2058

melanoma cells also showed a significant decrease in the levels of hexosyl- and dihexosyl-Cer,
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phosphatidylcholine, and CHOL. A trend toward a decrease in hexosyl- and dihexosyl-Cer was

observed also in nSMase2 A375 cells with no effect on lipid levels.

Figure 2.2 nSMase2 upregulation modulates sphingolipid and lipid levels in human melanoma cell lines. Sphingolipidomics
(A) and lipidomics (B) analyses on A2058 (left) and A375 (right) cells overexpressing SMPD3. Cer: ceramide, SM:
sphingomyelin, DH-Cer: dihydroceramide, DH-SM: dihydrosphingomyelin, HexCer: hexosylceramide, CDH: dihexosylceramide,
PC: phosphatidylcholines, LPC: lyso-phosphatidylcholine, PE: phosphatidylethanolamines, LPE: lyso-phophatidylcholine, TAG:
triacylglycerols, CHOL: cholesterol, CE: cholesterol ester

To evaluate the impact of nSMase?2 upregulation on the tumorigenic activity of melanoma cells,
nSMase2 and control A2058 cells were implanted on the top of the chick embryo chorion
allantoic membrane (CAM). As shown in fig. 2.3, preliminary results suggest that nSMase2
upregulation causes a significant decrease in the growth and neovascularization of nSMase2

A2058 tumor grafts when compared to control lesions.
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Figure 2.3 Reduced tumorigenic and angiogenic capacity of melanoma nSMase2 A2058 cells. Mock and nSMase2 cells were
implanted on the top of the chick embryo CAM at day 7 post fertilization. A, B) After 10 days, volume and total RNA of the
explanted grafts were measured. C) The number of neo-vessels converging versus the graft was assessed before the explant.

2.2 GALC: tumor suppressor or pro-oncogenic protein?

2.2.1 Oncosuppressive and oncogenic activity of the sphingolipid-metabolizing enzyme [3-

galactosylceramidase

At variance with SMPD3, GALC seems to have a dual role in cancer progression. GALC is
heavily downregulated by promoter hypermethylation in laryngeal squamous cell carcinoma
and head and neck tumors, as well as in nasopharyngeal carcinoma where promoter
demethylation is associated with decreased cell proliferation and migration (Gordgh et al. 1999,
Peng et al. 2015, Zhao et al. 2015). Conversely, GALC appears to be upregulated and increases
tumorigenesis in cutaneous melanoma, colorectal cancer, non-small cell lung cancer and
cervical cancer (Belleri et al. 2020, Yang et al. 2020, Liu et al. 2018, Atilla-Gokcumen et al.
2014).

Further studies are needed to unravel the role of GALC in cancer where it may behave as onco-
suppressor or pro-oncogenic protein depending on the modulation it exerts on sphingolipids,
in particular on Cer.

The dual role of GALC in cancer progression has been reviewed in the following article that I

co-authored.
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p-galactosylceramidase (GALC) is a lysosomal enzyme that removes f-galactose from p-galactosylceramide,
leading to the formation of the oncosuppressor metabolite ceramide. Recent observations have shown that GALC
may exert opposite effects on tumor growth by acting as an oncosuppressive or oncogenic enzyme depending on
the different experimental approaches, in vitro versus in vivo observations, preclinical versus clinical findings, and
tumor type investigated. This review will recapitulate and discuss the contrasting experimental evidence related
to the impact of GALC on the biological behavior of cancer and stromal cells and its contribution to tumor

1. Introduction

B-Galactosylceramidase (GALC; EC 3.2.1.46) [1] is a lysosomal acid
hydrolase that catalyzes the removal of p-galactose from f-gal-
actosylceramide (GalCer, a major component of myelin) and other ter-
minal f-galactose-containing sphingolipids, including
p-galactosylsphingosine (psychosine). In humans, GALC deficiency
causes globoid cell leukodystrophy (also named Krabbe disease; OMIM
#245200), an autosomal recessive sphingolipidosis characterized by
degeneration of oligodendroglia and progressive demyelination due to
the accumulation of the neurotoxic metabolite psychosine. In its infan-
tile form, Krabbe disease manifests in early infancy and results in a se-
vere neurological dysfunction that often leads to death by 2 years of age
[2].

Sphingolipid metabolism occurs in different subcellular compart-
ments due to the activity of a variety of enzymes that form a complex
lipid landscape that regulates various biological processes in different
tumor types [3]. Among them, the GALC enzymatic product ceramide
acts as a tumor suppressor metabolite and alterations in ceramide
metabolism contribute to tumor cell survival and resistance to chemo-
therapy [4]. Ceramide is at the center of various interrelated metabolic
pathways that include, among others, the de novo, sphingomyelin

hydrolysis, salvage, and catabolic pathways (Fig. 1). Thus, intracellular
levels and localization of ceramide are the result of the orchestrated
activity of more than 30 sphingolipid-metabolizing enzymes [5]. In this
frame, recent observations have shown that the ceramide-generating
enzyme GALC may exert opposite effects on tumor growth and differ-
entiation [6]. Here, we will recapitulate and discuss the contrasting
experimental evidence related to the contribution of GALC to the
sphingolipid metabolism in cancer and its role in tumor progression.

2. Biology of GALC
2.1. GALC gene and protein

2.1.1. GALC gene

The human GALC gene maps on chromosome 14 and consists of 17
exons ranging from 39 to 181 nucleotides that encode for a 685 amino
acid protein [7]. Murine GALC protein retains 83% identity with human
GALC and two GALC co-orthologs (named galca and galcb) are expressed
in zebrafish [8]. Zebrafish galca and galch genes share the same 17
exons/16 introns structure of human and murine genes. A comparison of
Galca and Galcb zebrafish polypeptides with mammalian GALC revealed
a 61% amino acid sequence identity, with phylogenetic tree analysis

Abbreviations: ER, endoplasmic reticulum; GALC, f-galactosylceramidase; GalCer, p-galactosylceramide; IGF2R, insulin-like growth factor 2 receptor; M6P,
mannose-6-phosphate; M6PR, M6P receptor; SMPD3, sphingomyelin phosphodiesterase 3; VEGF, vascular endothelial growth factor.
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Fig. 1. Ceramide metabolism. Schema of the main ceramide metabolic path-
ways. Only the major ceramide precursors and ceramide-generating enzymes
are shown. GALC, involved in the salvage pathway, generates ceramide by
removing galactose from galactosylceramide. In Krabbe disease, GALC activity
deficiency leads to the accumulation of toxic metabolites, including psychosine.
CerSs, ceramide synthases; DESs, dihydroceramide desaturases; GCase, gluco-
sylceramidase; SMases, sphingomyelinases. See [5] for a detailed description of
ceramide as the central hub of sphingolipid metabolism.

showing that vertebrate GALC has been highly conserved during evo-
lution [8].

The untranslated 5’ flanking region —176 to —24 of the human GALC
gene is GC-rich, it includes potential YY1 (AAATGG) and Sp1 (CCCGCC)
binding sites and is endowed with promoter activity. However, at
variance with other lysosomal enzyme promoters, the minimal promoter
region in human GALC does not contain a housekeeping gene-typical
GC-box nor TATA or CAAT box types. In addition, the 5" end of intron
1 contains six potential Spl binding sites, one AP1 binding site, and
eight AP2 binding sites [9]. As described in section 3.1., promoter
methylation modulates the expression of GALC in some types of cancer.
However, to the best of our knowledge no published data are available
about the transcription factors/suppressors and intracellular signaling
pathway(s) that control GALC gene expression under physiological and
pathological conditions.

2.1.2. GALC protein structure and cellular trafficking

The 3D structures of GALC protein and of the GALC-product complex
have been solved by X-ray crystallography [10,11]. GALC contains a
TIM barrel domain responsible for the enzymatic activity, a p-sandwich
domain, and a unique carbohydrate recognition lectin domain not
observed in other hydrolyses (Fig. 2A). In addition, these studies
revealed how the active site of GALC recognizes and accommodates the
sugar moiety of galactose-containing lipids (Fig. 2B) and provided
insight into Krabbe disease-associated GALC mutations that affect the
activity, stability, folding, glycosylation, and trafficking of the mutated
protein (see [10] for a description of the protein regions perturbed by
such mutations). The characterization of GALC structure in complex
with substrate, product, and covalent intermediate has elucidated the
catalytic cycle of the enzyme [11]. Finally, recent X-ray crystallography
studies have revealed how GALC and the nonenzymatic sphingolipid
activator protein saposin A form a heterotetrametric complex that ac-
commodates the acyl moiety of glycosphingolipids in a hydrophobic
patch of the saposin A dimer while the hydrophilic glycosyl head group
interacts with the GALC active site [12].

The GALC protein is produced and N-glycosylated at specific aspar-
agine residues in the endoplasmic reticulum (ER)/trans-Golgi network.
Then, the addition of mannose-6-phosphate (M6P) groups allows its
binding to M6P receptors (M6PR). This is followed by the transport of
the M6P-tagged protein from the early to the late endosome compart-
ment from where the enzyme is delivered to the lysosome after disso-
ciation from the receptor [13]. Once in the lysosome, the 80 kDa GALC
protein is cleaved in two 50 and 30 kDa fragments [7,13], originating a

BBA - Reviews on Cancer 1877 (2022) 188675

complex that maintains its enzymatic activity [14]. M6P-tagged GALC
may also enter an alternative secretory pathway to be released in the
extracellular environment [13]. Once in the extracellular milieu, GALC
can be recycled via the M6PR-dependent pathway and delivered to the
lysosomes (Fig. 2C). It has been hypothesized that the reuptake of
extracellular GALC may occur also via M6P-independent mechanism(s)
[13], possibly due to the presence of the lectin domain in its protein
structure [see [10] for further details].

2.2. Engymatic activity of GALC

Sphingolipids are a family of lipids with a sphingoid backbone. Their
metabolism occurs in different subcellular compartments via the activity
of a variety of enzymes that form a complex lipid landscape [3,5,15]. In
this frame, GALC acts inside the lysosomes and removes f-galactose
primarily from GalCer, thus generating ceramide. Psychosine, lactosyl-
ceramide, and the seminolipid precursor galactosyl-alkyl-acyl-glycerol
represent further GALC substrates. GalCer is synthesized following gal-
actosylation of ceramide by the action of UDP-ceramide:galactose gal-
actosyltransferase whereas psychosine is synthesized by galactosylation
of sphingosine, which is generated from the deacylation of ceramide by
acid ceramidase (Fig. 2D) [see [2] and references therein]. Recent ob-
servations have shown that acid ceramidase may also synthesize psy-
chosine from GalCer and have confirmed the long-held “psychosine
hypothesis” indicating that the pathogenesis of Krabbe disease is due to
the accumulation of this neurotoxic metabolite [16].

Despite the pivotal role exerted by psychosine in GALC deficient
animal models of Krabbe disease, scattered experimental evidence
suggests that GALC may act not only as a psychosine “scavenger”,
indicating that this enzyme may exert also psychosine-independent ef-
fects. For instance, downregulation of GALC expression results in a
significant decrease in the response of endothelial cells to vascular
endothelial growth factor (VEGF) with negligible modifications of the
intracellular levels of psychosine [17]. Similarly, double galca/galch
knockdown in zebrafish embryos induces apoptosis and causes an
altered expression of the neuronal marker neuroD in the absence of any
significant accumulation of this metabolite [8]. Relevant to this point,
galcb zebrafish morphants also show a delay in melanoblast/melanocyte
differentiation consequent to the downregulation of the dopachrome
tautomerase and tyrosinase genes, a finding that paved the way to further
studies about the role of GALC in melanoma [18] (see section 3.2.). In
addition, twitcher mice, an authentic model of Krabbe disease [19],
accumulate psychosine when generated in the C57BL/6 J background
but not in the mixed C57BL/6 J/129SvEv background characterized by
the accumulation of the alternative GALC substrate lactosyl-ceramide
[20], a lipid raft component implicated in cell differentiation, devel-
opment, apoptosis, and oncogenesis [21]. These data suggest that
modulation of GALC may exert a more general impact on the sphingo-
lipid profile under different physiological and pathological conditions.

Unfortunately, only limited information is available about the effect
of GALC up/downregulation on the sphingolipidome. A lipidomic
approach has shown that the levels of psychosine, C 16:0 ceramide, and
C 18:0 GalCer were increased in the central nervous system of twitcher
mice compared to wild-type animals, whereas the levels of sphingosine-
1-phosphate, C18:0 ceramide, C22:0 ceramide, and C24:0 ceramide
were reduced. At variance, the levels of C22:0 and C24:0 GalCer were
similar in the two groups with a trend toward reduced levels of C24:1
GalCer and C24:1 hydroxy-GalCer in twitcher specimens [22]. Further
studies have indicated a possible impact of GALC deficiency on fatty acid
composition in twitcher mice [23] and a decrease in phospholipid and
membrane turnover in the brain of these animals [24]. In addition, Galc
downregulation decreases the levels of ceramide and sphingosine in
murine hematopoietic stem cells whereas its upregulation causes a sig-
nificant increase of these sphingolipids and of sphingosine-1-phosphate,
in the absence of significant changes in the intracellular levels of psy-
chosine, sphingomyelin, and sulphatides [25]. More recently, the
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Fig. 2. 3D structure, intracellular trafficking, and role of GALC in sphingolipid metabolism. A) Ribbon diagram colored by protein domain showing the overall
structure of murine GALC (PDB 3ZR5) [10]. TIM barrel (brown), p-sandwich (blue), lectin domain (green). B) Molecular modeling of the active site pocket of human
GALC showing its interaction with D-galactose. In line with crystallographic data [10], D-galactose interacts with Thr'%, Trp'®, Asn'%’, Glu'®®, Glu*"%, Ser*”” and
Arg®® residues of GALC protein (grey cartoon). Amino acid residues involved in D-galactose interaction are shown as sticks colored by elements (green for carbons);
polar hydrogens are in white. D-galactose is shown by stick representation (carbons in brown) and H-bond interactions as yellow dashes. C) GALC is produced in the
endoplasmic reticulum/trans-Golgi network where it is modified by the addition of mannose-6-phosphate (M6P) groups, thus allowing its binding to M6P receptors
(M6PR) and its transport to the early endosomal compartment (EE). In the late endosomal compartment (LE), GALC dissociates from M6PR and translocates to the
lysosome. Alternatively, M6P-tagged GALC enters the secretory pathway and is released in the extracellular environment from where it can be recycled to the ly-
sosomes following its binding to cell surface M6PRs. D) GalCer and psychosine are synthesized through the galactosylation of ceramide and sphingosine by the action
of UDP-ceramide:galactose galactosyltransferase (CGT). In turn, GALC removes fB-galactose from its major substrates GalCer and psychosine, thus generating cer-
amide and sphingosine, respectively. Acid ceramidase (aCDase), that generates sphingosine from ceramide, may synthesize psychosine from GalCer. FA, fatty acid.

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sphingolipid, phospholipid, and neutral lipid composition of murine
melanoma B16 cells have been investigated following shRNA mediated
Galc knockdown [18]. Unexpectedly, Galc downregulation was found to
result in a significant increase of intracellular ceramide mirrored by a
decrease of sphingomyelins. This occurred together with a significant
reduction of phosphatidylethanolamines and cholesteryl esters, accom-
panied by an increased concentration of diacylglycerols. No alterations
were instead observed for the levels of sphingosine-1-phosphate, as well
as of monohexosyl- and lactosyl-ceramides [18]. Further studies will be
required to fully elucidate the impact of the modulation of GALC activity
on ceramide metabolism, as well on the overall sphingolipidome, as
compared to the other sphingolipid-metabolizing enzymes.

3. GALC in cancer
3.1. GALC as an oncosuppressor enzyme

In 1999, T. Gorogh et al. [26] showed that the expression of GALC is
strongly downregulated in laryngeal squamous cell carcinoma cell lines
and tumor specimens when compared to benign keratinocytes. This was
confirmed by the reduced transcriptional activity of a 152 bp regulatory
promoter element of the 5 flanking region of the GALC gene when
transduced in laryngeal squamous cell carcinoma cells in respect to
benign keratinocytes. In keeping with these observations, methylation
and expression analysis of the GALC gene in a limited number of head
and neck cancer (HNC) and lung cancer cell lines revealed that the low
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levels of GALC expression observed in approximately 50% of the sam-
ples were paralleled by heavy CpG island promoter methylation and
were rescued by treatment with the demethylating agent 5-Aza-2'-
deoxycytidine. Accordingly, GALC promoter hypermethylation was
observed in a small set of HNC specimens, absent in normal mucosa
[27]. GALC downregulation linked to promoter hypermethylation has
been reported also in Epstein-Barr virus-associated nasopharyngeal
carcinoma [28]. Accordingly, low levels of GALC protein in nasopha-
ryngeal primary tumors correlated with a higher risk of lymph node
metastases [28].

With a reductionist approach, these data suggest that GALC may
behave as an oncosuppressor enzyme, GALC downregulation leading to
a decrease of the levels of ceramide derived by GalCer hydrolysis, thus
allowing tumor progression [29]. Based on this hypothesis, a reduced
GALC activity may also cause an increase of its substrate GalCer. In this
frame, the capacity of GalCer to favor tumor growth and metastatic
activity of breast cancer cells by inhibiting apoptosis appears to be in
line with this premise [30]. Accordingly, high levels of the GalCer syn-
thesizing enzyme UDP-ceramide:galactose galactosyltransferase
contribute to the aggressiveness of basal-like breast cancer [31], even
though, in apparent contrast with these observations, treatment with
C12:0 or C18:0 GalcCer inhibited the growth of HPV16 E6/E7-trans-
formed murine lung TC-1 cells and human lung cancer A559 cells,
respectively [32,33].

3.2. GALC as an oncogenic enzyme

Despite the above-mentioned experimental observations pointing to
a possible oncosuppressive role of GALC, recent data indicate that this
enzyme might also exert pro-tumorigenic effects. Tumor growth de-
pends on bi-directional interactions between tumor and non-malignant
cells, including immune, stromal, and endothelial cells. In vitro and in
vivo experimental evidence suggest that GALC may affect both stromal
and parenchymal tumor compartments in a pro-tumorigenic manner. A
first evidence for a possible impact of GALC on tumor stroma came from
the observation that the loss of GALC activity deeply affects the micro-
vasculature of the brain and bone marrow of twitcher mice and of the
brain cortex of Krabbe patients [17,34], pointing to a role for GALC in
the neovascularization process, a hallmark of cancer. Accordingly, ex
vivo and in vivo angiogenesis models demonstrated that the Galc-null
endothelium fails to respond to pro-angiogenic stimuli. Indeed, as stated
above, GALC silencing prevents the capacity of human umbilical vein
endothelial cells to migrate and proliferate following stimulation by the
major tumor-derived angiogenic factor VEGF [17].

GALC may also affect the activity of cancer-associated fibroblasts,
important players in tumor progression [35]. Indeed, GALC-over-
expressing fibroblasts undergo senescence and stimulate the prolifera-
tion, motility, and tumorigenic potential of co-cultured colorectal cancer
(CRC) cells. Moreover, transcriptome analysis of CRC cells co-cultured
with GALC-overexpressing fibroblasts demonstrated the enrichment of
various Gene Ontology pathways associated with tumor cell survival and
metastasis [36].

These data raise the question as to whether such stimulatory effects
are exerted by pro-tumorigenic factors released by GALC-overexpressing
cells and/or are due to an extracellular activity of GALC released in the
extracellular milieu. Relevant to this point, sphingolipid metabolites and
sphingolipid-metabolizing enzymes may function not only at the intra-
cellular level but also on the cell surface and in the extracellular
microenvironment [37]. For instance, extracellular acid sphingomyeli-
nase retains a significant, albeit decreased enzymatic activity at neutral
pH when compared to optimal pH 5.5 and can catalyze the hydrolysis of
sphingomyelin present in lipid rafts when localized in the outer leaflet of
the plasma membrane [37]. Of note, GalCer is abundant at the extra-
cellular surface of the multilayered myelin sheath and it is present in the
outer layer of the cell membrane, contributing to its nanomechanical
properties (see [38] and references therein). Given the role of lipid rafts
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in receptor activity and intracellular signaling, it is tempting to hy-
pothesize that extracellular GALC may modulate GalCer composition on
the cell surface, thus affecting the behavior of both tumor parenchyma
and stroma. Moreover, recent observations have shown that the M6P/
insulin-like growth factor 2 receptor (IGF2R), usually considered to
act as a IGF2-scavenging oncosuppressor protein, binds a variety of li-
gands, including M6P-tagged proteins, and may exert a pro-tumorigenic
function in cancer [see [39] and references therein]. The possibility that
extracellular M6P-tagged GALC may modify the cell membrane milieu
and/or that its M6PR/IGFR2 interaction may affect tumor progression
remains unexplored.

In keeping with the hypothesis that GALC may favor tumor growth
by affecting the behavior of cancer parenchymal cells, immunohisto-
chemical data have shown that high levels of GALC immunoreactivity
are associated with poor prognosis in CRC patients [36]. Accordingly,
the levels of GALC expression in circulating tumor cells correlate closely
with the presence of distant metastases and tumor number in non-small
cell lung cancer (NSCLC) patients. In addition, higher GALC expression
levels in circulating NSCLC tumor cells correlated with a poor response
to therapy, thereby suggesting that GALC may represent a predictor of
tumor progression and prognosis in these patients [40]. Finally, studies
aimed at investigating the lipid composition and localization during the
cell cycle of cervix cancer HeLa-S3 cells provided evidence that RNAi
GALC knockdown results in metaphase delay, cytokinesis failure, and
altered cell shape and actin morphology [41].

In line with the data obtained on HeLa-S3 cells, Galc silencing results
also in a significant inhibition of the tumorigenic and metastatic activity
of murine melanoma B16-F10 cells [18]. As described in section 2.2.,
Galc-silenced cells showed alterations of the sphingolipid profile char-
acterized by an increase of the intracellular levels of the anti-
oncometabolite ceramide. This was paralleled by a non-redundant
upregulation of sphingomyelin phosphodiesterase 3 (Smpd3). At variance,
no changes were observed in the expression levels of various other genes
involved in sphingolipid metabolism, including Smpd1, Sgms1, Sgms2,
Gbal, Asahl, Cerk, and Sphk1 that encode for acid lysosomal sphingo-
myelinase, sphingomyelin synthase 1, sphingomyelin synthase 2, acid
p-glucosylceramidase, acid ceramidase, ceramide kinase, and sphingo-
sine kinase 1, respectively.

Smpd3 encodes for the SMPD3 protein, also named neutral sphin-
gomyelinase 2 (nSMase2), an enzyme that catalyzes the hydrolysis of
sphingomyelin to form ceramide and phosphocholine. Thus, its upre-
gulation may result in increased intracellular levels of ceramide. Indeed,
in keeping with the data obtained in Galc-silenced murine melanoma
cells, GALC downregulation caused SMPD3 upregulation and ceramide
accumulation also in human melanoma A2058 cells. Conversely, RNA in
situ hybridization followed by morphometric image analysis of human
specimens ranging from common nevi to stage IV melanoma demon-
strated that the gradual increase of GALC mRNA levels that occurs
during melanoma progression goes along with a decrease of ceramide
and SMPD3 immunoreactivity and with increased protein levels of the
melanocyte differentiation markers microphtalmia transcription factor
and tyrosinase, both involved in melanoma progression [18] (Fig. 3).
Notably, Human Protein Atlas mining (www.proteinatlas.org) of TCGA
Skin Cutaneous Melanoma data set shows that melanomas with low
levels of GALC expression are associated to a better 3-year patient sur-
vival (50%) when compared to tumors with high levels of GALC
expression (0%). Nevertheless, the same Atlas reports low or absent
GALC immunoreactivity in human melanoma specimens, possibly
because of the lower sensitivity of the immunohistochemistry tech-
niques when compared to gene expression analysis.

Experimental evidence indicates that SMPD3 may act as a tumor
suppressor gene by regulating tumor cell proliferation, survival, and
response to chemotherapy (reviewed in [42]). In addition, Smpd3
overexpression directly inhibits the growth of murine melanoma and
breast tumor grafts in syngeneic immunocompetent mice by increasing
anti-tumor immune responses and by potentiating the efficacy of
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Fig. 3. GALC in human melanoma. A) RNA in situ hybridization analysis shows an increase of GALC mRNA levels (pink spots) in human skin melanoma (right panel)
when compared to nevus (left panel). B) Ceramide immunoreactivity (x axis, reverse scale) is directly related to SMPD3 immunoreactivity (right y axis) and inversely
related to GALC mRNA levels (left y axis) in skin specimens from 60 melanoma patients. Morphometric image analysis was used to quantify the GALC mRNA in situ
hybridization signal that was expressed as spots per cell. See [18] for a detailed description of the in situ hybridization analysis of GALC expression in human
melanoma. C) When clustered according to tumor stage, data shown in panel B indicate that GALC expression increases during melanoma progression. This was
paralleled by a progressive decrease of the levels of SMPD3 and ceramide immunoreactivity. **, P < 0.01 versus earlier stage. D) Schematic representation of the
relationship among GALC expression, SMPD3, ceramide, microphtalmia transcription factor (MITF), and tyrosinase (TYR) immunoreactivity during melanoma
progression. ICH, immunohistochemistry; CN, common nevi; DN, dysplastic nevi; M I-IV, melanoma stages. See [18] for details. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

immune check point inhibitors [43]. Together, these findings suggest
that the oncosuppressive effects exerted by GALC downregulation in
melanoma might be mediated, at least in part, by a parallel increase of
SMPD3 activity, with a consequent increase of ceramide levels, inhibi-
tion of tumor growth, and immune escape. This hypothesis is supported
by the observation that the neutral sphingomyelinase inhibitor GW4869
causes a significant stimulation of the tumorigenic activity of Galc-
silenced murine melanoma cells paralleled by decreased levels of cer-
amide [18]. On the other hand, the above-mentioned impact of Galc
downregulation on the sphingolipid profile of murine melanoma cells,
that includes increased concentrations of diacylglycerols and the
reduction of phosphatidylethanolamines/lyso-phosphatidylethanolam
ines, cholesteryl esters and phosphatidylcholines [18], indicates that
this enzyme may also exert a more direct effect on melanoma cells.
SMPD3 deficiency may disrupt the homeostasis of ceramide, diac-
ylglycerol, and sphingomyelin in the Golgi compartment [44]. As stated
above, Galc downregulation in murine melanoma cells causes an in-
crease of both ceramide and diacyglycerols. These observations raise the

question as to whether GALC might be involved directly (or indirectly
via the modulation of SMPD3 activity) in the regulation of ER/Golgi
intracellular pathways related to tumor progression, such as autophagy
and ER stress [45,46]. Relevant to this point, cBioPortal for Cancer
Genomics data mining indicates an enrichment of Gene Ontology terms
related to ER/Golgi cellular components for the top 25 genes co-
expressed with GALC in the TCGA melanoma data set [6]. Among
these genes, SEL1L and TMED10 encode for proteins involved in protein
transport and quality control of ER export of misfolded proteins [47,48].

Chemotherapeutics, all-trans-retinoic acid, p53-mediated response
to DNA damage, and inflammatory cytokines can modulate SMPD3
expression at the transcriptional level. In addition, various kinases
regulate intracellular stability and trafficking of the SMPD3 protein
[42]. However, the molecular mechanisms responsible for the SMPD3
upregulation that occurs in murine melanoma cells in response to GALC
silencing remain unknown. In addition, the possibility exists that the
modulation of GALC and SMPD3 expression in melanoma may depend
also on common upstream signaling pathways affecting the two genes in
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an opposite manner.

It must be pointed out that the inverse correlation between GALC and
SMPD3 expression observed in melanoma cells might may not neces-
sarily hold true for all types of cancer. Indeed, TCGA data mining via the
cBioPortal for Cancer Genomics platform indicates that such inverse
correlation occurs in brain lower grade glioma, renal clear cell carci-
noma and thymoma, whereas no correlation (e.g., in stomach and
pancreatic adenocarcinoma) or a direct correlation (e.g., in esophageal,
breast, and liver carcinoma) can be found in other tumor types. Further
studies aimed at understanding the mechanism(s) that regulate the
GALC/SMPD3 balance in different cancers and its impact on ceramide
metabolism in tumor progression are eagerly required.

4. Concluding remarks

Growing experimental evidence indicates that sphingolipid
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metabolism plays a pivotal role in cancer [3,15]. Enzymes affecting the
levels of the anti-oncometabolite ceramide may act as tumor promoting
or oncosuppressive mediators, depending on their negative or positive
impact of the intracellular concentration of this sphingolipid [3,4]. In
addition, the tight crosstalk between the mechanisms involved in
neoplastic transformation and cell differentiation, including but not
limited to the epithelial-to-mesenchymal transition process, emphasizes
the importance of dissecting the role of bioactive lipids and of the cor-
responding metabolizing enzymes in embryonic development, cell fate
specification, and differentiation. Such understanding may pave the way
to novel therapeutic strategies in cancer.

As described in this article, the scientific literature provides con-
trasting findings about a possible dual role of GALC in cancer progres-
sion, indicating that this sphingolipid-metabolizing enzyme may exert
both oncosuppressive and oncogenic functions in tumor biology. It is
conceivable that such discrepancies may be due to different

Table 1
Oncosuppressive and oncogenic activity of GALC. Preclinical and clinical observations.
Cancer type GALC expression Experimental preclinical observations Observations in human Impact on the Reference
In vitro Invive tumors sphingolipidome
Oncosuppressive activity
Laryngeal Downregulated Transcriptional repression  n.a. Transcriptional repression in  n.a [26]
squamous cell by promoter LSCC specimens versus
carcinoma (LSCC) hypermethylation in LSCC normal mucosa.
cell lines versus normal
keratinocytes.
Epstein-Barr virus- Downregulated Transcriptional repression n.a. GALC protein expression in n.a. [28]
associated by promoter NPC specimens more
nasopharyngeal hypermethylation in NPC frequently detectable in
carcinoma (NPC) cell lines. tumors with latent EBV
Promoter demethylation infection versus tumors
inhibits NPC cell without EBV latent infection.
proliferation and
migration.
Head and neck Downregulated Transcriptional repression  n.a. Promoter hypermethylation n.a. [27]
cancer (HNC) by promoter in primary HNC specimens
hypermethylation in HNC versus normal oral tissues.
cell lines versus
immortalized normal
keratinocytes.
lung Downregulated Promoter n.a. n.a. n.a. [27]
adenocarcinoma hypermethylation in a few
cancer cell lines.
Oncosuppressive activity
Melanoma Increased GALC downregulation GALC downregulation GALC expression is positively ~ GALC downregulation [18]
inhibits murine and inhibits the tumorigenic correlated to tumor stage in alters the sphingolipid
human melanoma cell and metastatic activity of ~ human skin melanoma profile and increases
growth and motility. murine and human specimens. ceramide levels in murine
melanoma cells. and human melanoma cell
lines.
GALC mRNA levels are
inversely related to
ceramide levels at different
stages of human skin
melanoma.
Colorectal cancer Increased in GALC overexpressing GALC overexpressing High levels of GALC n.a. [36]
(CRC) senescent CRC- fibroblasts undergo fibroblasts contribute to immunoreactivity in CRC
associated senescence and induce the grafting and growth specimens are associated
fibroblasts CRC cell proliferation and of CRC xenografts in with poor prognosis.
migration. immunodeficient mice.
Non-small cell lung Expressed by n.a. n.a. GALC expression in n.a. [40]
cancer (NSCLC) circulating NSCLC circulating NSCLC cells
cells positively correlates with
tumor number, distant
metastases, and poor
response to therapy.
Cervical cancer Expressed by Cell division failure in n.a. n.a. Accumulation of specific [41]
Hela cells GALC silenced cells. side-chain

hexosylceramides in GALC
silenced cells.

See text for details. n.a., not available.
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experimental approaches, in vitro versus in vivo observations, preclinical
versus clinical findings, and tumor type investigated (Table 1). Clearly,
further studies are required to dissect the impact of GALC on cancer and
to assess whether such enzyme may represent a therapeutic target.

In its infantile form, inherited GALC deficiency causes the lethal
neurodegenerative Krabbe disease, leading the progressive loss of
myelin and death by 2-4 years of age. In addition, loss of GALC activity
has been shown to induce mitochondrial and peroxisomal defects [2] as
well as microvascular alterations [17]. In addition, liver damage [49],
lymphoid organ atrophy [50], and impairment of the hematopoietic
stem cell niche [25] have been observed in Galc null twitcher mice.
Moreover, even though the most relevant changes in myelination occur
in humans between midgestation and the end of the second postnatal
year, myelination may continue for the next 30-40 years in some areas
of the central nervous system [2]. These data indicate that GALC in-
hibitors to be used as potential chemotherapy drugs for GALC-
dependent tumors might be endowed with significant side effects.
Thus, tumor-targeting, nano-based drug delivery approaches [51]
should be envisaged to overcome possible organ-specific and/or sys-
temic side effects consequent to the administration of GALC-targeting
agents. Conversely, gene or microRNA delivery via tumor-targeting
viral and non-viral vectors [52] might be used for those tumors in
which GALC exerts an oncosuppressive activity.

In conclusion, much remains to be achieved to understand the impact
exerted by GALC on cancer. The envision of GALC as a mere “psychosine
scavenger” neglects a potentially wider impact of this enzyme on the
sphingolipid metabolism, including the ceramide hub, in cancer cells.
Few data, if any, are available about the impact of GALC activity on
tumor and stromal cell lipidome, metabolome, transcriptome, and pro-
teome. Also, the mechanism(s) regulating GALC expression during
tumor progression and metastasis are largely unknown. Relevant to this
point, it is unknown if and how oncogene and oncosuppressor driver
mutations affect GALC expression and activity in different tumor types.
Finally, the impact, if any, of extracellular GALC in tumor biology re-
mains unexplored. Only such a level of understanding will allow a
precise delineation of the role of GALC in cancer and of its clinical im-
plications for improving anticancer therapy.
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Highlights:

e Downregulation of GALC by promoter hypermethylation suggests its role as an
oncosuppressive protein.

e The expression of GALC correlates with a worst prognosis in cutaneous melanoma,
colorectal cancer and non-small cell lung cancer.

e Downregulation of GALC in murine melanoma cells is linked to increased level of

SMPD3 expression and ceramide production, leading to tumor protection.
Take home message:
GALC exerts a dual role in cancer progression. It may have both oncosuppressive and
oncogenic activity depending on the type of the tumor. Understanding the role of GALC in

tumor progression will be achieved by elucidating its mechanisms of expression and regulation

and its impact on tumor sphingolipid metabolism.
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3. CUTANEOUS MELANOMA

3.1 Cutaneous melanoma

Cutaneous melanoma is a malignant skin cancer that occurs from the uncontrolled proliferation
of melanocytes. Melanocytes are specialized cells that produce the melanin pigment and are
found mostly in skin, but also in eyes, ears, leptomeninges, gastrointestinal tract and mucous
membranes (Centeno, Pavet and Marais 2023). Since melanocytes are mainly present in the
derma, cutaneous melanoma is the most common diagnosis for bulk melanoma in white
population. In Europe, the incidence of cutaneous melanoma (hereafter referred as melanoma)
is approximately 25 new cases per 100°000. The incidence is higher in the USA with 30 cases
per 100’000 inhabitants and 60 per 100’000 in Australia (Long et al. 2023).

A family history of melanoma, sun sensitivity, exposure to ultraviolet radiation (UVR) and
immunosuppression are the main risk factors for this tumor. Melanoma may account for 90%
of all skin cancer-related death each year (Garbe et al. 2010). This high mortality is explained
by its tendency towards metastasis. Melanoma is one of the most aggressive cancers and even
relatively small tumors are able to disseminate throughout the body. Moreover, its progression
is also linked to immune escape mechanisms and resistance to chemotherapy and
immunotherapy (Braeuer et al. 2014).

At a first glance, melanoma presents as typically dark pigmented lesions because of melanin
production, but it can also be clear (amelanotic), a situation that delays its detection. Biopsy
and histopathology are generally required to confirm the diagnosis. Early-stage melanoma
appears as radial growth phase lesions upon the superficial layers of the epidermis. However,
this localized lesion can easily convert to the vertical growth phase: it first invades the dermis

and then migrates and metastasized into distant organs (Miller and Mihm 2006).

3.2 Clinical management of melanoma

Primary melanoma tumors are removed with surgical excision. The size of the excision is
usually determined by histological analyses, and it varies between 1 or 2 cm radial surgical

margin. The excision generally reaches the underlying muscular fascia, which might be

modified to accommodate the mass. Apart from excision of primary tumor, assessment of
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patient’s sentinel lymph node is established. These procedures are curative in the majority of
cases (Ross and Gershenwald 2011).

Nowadays advanced and metastatic tumors remain a therapeutic challenge with high risk of
recurrence and the 5 years survival at this stage is about 30% (Centeno et al. 2023, Leonardi et
al. 2018). Currently, the gold standard of cure for metastatic tumors are BRAF and MEK kinase
inhibitors and the use of immune checkpoint inhibitors such as anti-PD-1 combined with anti
CTLA-4 (Amaria et al. 2018). This has allowed durable disease control in approximately 50%
of patients with advance or metastatic melanoma. Consequently, chemotherapy is considered
a second-line treatment option (Leonardi et al. 2018).

Despite remarkable initial response, the limiting factor of BRAF-targeted therapy is the
acquired resistance. About 50% of patients develop resistance within 1 year and 80% of
patients gain resistance within 5 years. At the basis of different mechanisms of resistance there
are, among others, MAPK re-activation through secondary NRAS or MEK mutations and
amplification. Clinical studies have shown that combined BRAF and MEK inhibitors
effectively prevent the development of acquire resistance and led to high response rates, with
a progression free survival of nearly 12 months and an overall survival significantly higher
than monotherapy (Liu et al. 2017).

Although immune checkpoint inhibitors have less initial activity than target therapy, they have
improved 5-year overall survival up to 50% and their capability to control the disease is higher.
However, responses to immune therapy remain unpredictable and depends on tumor
microenvironment, genetic and epigenetic alterations and on the type of immune infiltrate into

the tumor (Carlino, Larkin and Long 2021, Leonardi et al. 2018).

3.3 The origin of melanoma

The origin of melanoma is still a matter of debate since it presents high heterogeneity and
recapitulates distinct melanocyte developmental states. Melanocytes derive from the neural
crest and they migrate towards the extremity of the developing embryo. At this stage the
microphthalmia-associated transcription factor (MITF) is responsible for cell survival and
proliferation. For this reason, melanocyte stem cells are considered as the putative source of
melanoma (Centeno et al. 2023, Prager et al. 2019). However also mature melanocytes can de-
differentiate and give origin to tumors (Kohler et al. 2017).

In 1969, W.H Clark first described the histogenesis of three melanoma forms: the superficial

spreading melanoma, the nodular melanoma, and the lentigo malignant melanoma (fig 3.1).
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Figure 3.1 The Clark model of the progression of melanoma emphasizes the stepwise transformation of melanocytes to
melanoma. The model depicts the proliferation of melanocytes in the process of forming nevi and the subsequent
development of dysplasia, hyperplasia, invasion, and metastasis. Modified from (Qendro et al. 2014)

The first event described in the model is the formation of benign nevi by proliferation of
structurally normal melanocytes. The abnormal activation of the MAPK hijacks melanocytes
proliferation and it is driven by N-RAS or BRAF mutation in 15 and 80% of tumors,
respectively (Centeno et al. 2023). Accordingly, melanocyte specific expression of mutant
BRAF in animals models causes an ectopic proliferation similar to human nevi (Kohler et al.
2017, Baggiolini et al. 2021). However, neither NRAS nor BRAF mutations are capable of
driving melanoma progression to the next stage. This static phase is probably due to oncogene-
induced cell senescence (Michaloglou et al. 2005), a phenomenon linked to downstream
activation of the cell-cycle inhibitor of kinase 4A (INK4A).

The second stage of the Clark model is characterized by the formation of dysplastic nevi in
preexisting ones or in a new location. Lesions undergo aberrant growth and may appear
asymmetric, with random and discontinuous cytologic atypia. At a molecular level, this stage
is characterized by the acquisition of a second mutation distinct from BRAF or NRAS
mutations. In familial melanoma, cyclin-dependent kinase inhibitor 2A (CDKN2A) is usually

inactivated in 25 to 40% of tumors and results in low expression of the tumor suppressor protein

6INK4A 9ARF

pl and pl . Concerning sporadic melanoma, phosphatase and tensin homologue
(PTEN) is often inactivated.

The radial growth phase occurs because of the increased expression of CD1 that allows cells
to proliferate intraepidermally. A progressive transition from epithelial to mesenchymal feature
allows melanocytes to cross the basement membrane and form nodules, the so-called vertical
growth phase. Metastatic melanoma is the final stage of the Clark model characterized by

migration of tumor cells into distal tissues and organs (Miller and Mihm 2006).
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Nowadays, the Clark’s model is applied only for tumors with < 1 mm thickness. The clinical
staging is based on the American Joint Comitee on cancer system (Keung and Gershenwald

2018) and European guidelines (Garbe et al. 2010) (Table 3.1).

Table 3.1 Clinical melanoma stages. Modified from (Garbe et al. 2010)

3.4 Mechanisms of melanoma progression and dissemination

As previously described, melanoma is highly metastatic and accounts for the majority of the
cancer-related death among all skin cancers.

Melanoma cells usually metastasize to the lung, brain or liver (Braeuer et al. 2014). Therefore,
they can respond and adapt to different organ microenvironments by acquiring specific
characteristics. For example, human A375SM amelanotic melanoma cells grafted in different
mouse organs showed the upregulation of neurological signalling genes only in cells implanted
in brain (Park et al. 2011). In addition, tumor cells prepare the distant metastatic environment
by priming the pre-metastatic niche throughout the so called “tumor exosome-driven
education”. According to Hood et al., melanoma-derived exosomes educate endothelial cells
(ECs) and lymph nodes by inducing expression of factors responsible for cell recruitment,
matrix remodeling, and angiogenesis even in the absence of tumor cells (Hood et al. 2009,
Hood, San and Wickline 2011). Moreover, melanoma cells are able to create a specific
supporting microenvironment through the secretion of paracrine factors that allow them to
grow, migrate and evade the immune response. The pro-inflammatory lipid Platelet-Activating

Factor (PAF) activates keratinocytes, ECs, macrophages, fibroblasts, and cancer cells
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promoting both cell survival and angiogenesis. Moreover, PAF is secreted by keratinocytes
after UVR exposure and the binding of PAF to its receptor PAFR on keratinocytes induces the
expression of other pro-inflammatory molecules such as COX-2, IL-6, and IL-8. The signal
transduction of PAF in melanoma cells stimulates the production of matrix metalloproteases
(MMPs) that play a critical role in the degradation of the basement membrane and the
extracellular matrix to allow the invasion of melanoma cells (Zhang et al. 2006, Im et al. 1996).
The transcription factor AP-2a is generally downregulated during the vertical growth phase.
Loss of AP-2a correlates with decreased p21 levels and it is linked to poor prognosis. The
transcription of the adhesion molecule MCAM/MUCI8 is generally inhibited by the binding
of AP-2a to the MCAM/MUCI8 promoter. Consequently, reduced AP-2a levels result in
increased MCAM/MUC18 expression on plasma membrane. In addition, the signal cascade of
the activated PAFR leads to phosphorylation of CREB and subsequent expression of
MCAM/MUCI1S8 (Braeuer et al. 2011). Of note, the expression of this cell adhesion molecule
augments as the tumor progresses. In this frame, MCAM/MUCIS is highly expressed in
advance primary melanoma, regional lymph nodes and metastasis, whereas it is barely
expressed on normal epidermal melanocytes (Lehmann et al. 1987, Denton et al. 1992). In
addition, the upregulation of several adhesion proteins such as MCAM/MUCI18, L1-CAM, N-
cadherin, VCAM, PECAM and VE-cadherin allows melanoma cells to start the intravasation
process into the blood circulation as well as to adhere to the blood vessel wall and extravasate
into the parenchyma (Zhang et al. 2019).

Both melanoma and stromal cells secrete immunosuppressive cytokines that abrogate the
immune response. TNF-a, IL-8, and TGF-f3 are expressed at very low levels in nevi and thin
primary melanoma, whereas they are upregulated in thick primary tumors and metastases
(Moretti et al. 1999, Mattei et al. 1994). TGF-B negatively regulates T-cell proliferation,
inhibits antigen presenting cells and promotes the differentiation and activation of T-reg that
suppresses physiological and pathological immune responses (Braeuer et al. 2014). Moreover,
melanoma cells may express specific T cell antigens. Physiologically, CTLA-4 is normally
expressed on T cells, and it is involved in dampening their activation. Thus, melanoma cells
expressing CTLA-4 can modulate the immune response. Likewise, programmed cell death
ligand 1 (PD-L1) is highly expressed on malignant and stromal cells and its binding to PD-1
on the surface of T cells allows the downregulation of the immune response (Amaria et al.
2018). Accordingly, as described above, targeting PD-1 and/or CTLA-4 can significantly

increase the immune response against melanoma.
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Finally, to evade cytotoxicity, melanoma cells can also downregulate major histocompatibility
complex I (MHC-I) components (Degenhardt et al. 2010) and this mechanism is at the basis of
the resistance to anti-PD1 inhibitors in MITF'**/AXLhi¢" de-differentiated tumors (Lee et al.
2020).

4. GALC IN MELANOMA

As previously described, GALC may exert either an onco-suppressive or pro-tumorigenic role
in cancer progression. Experimental evidence suggests that GALC may play an oncogenic role
in melanoma.

Indeed, downregulation of Galc causes a decrease in the proliferation rate of silenced B16F10
murine melanoma cells (sShGALC cells) compared to controls. Likewise, shGALC cells show
a reduced colony formation ability, motility, and invasion capacity when compared to mock
and wild-type cells. In addition, sS\AGALC cells implanted in C57BL/6 mice exhibited a delay
in tumor growth and a significant reduction in lung metastases when compared to controls.
Interestingly, lipidomic analysis revealed increased levels of Cer and decreased amount of SM
in these cells, possibly as a consequence of the upregulation of Smpd3 expression. In keeping
with this hypothesis, the administration of the neutral sphingomyelinase inhibitor GW4869
(Luberto et al. 2002) restored the rate of growth of sSh\GALC grafts (Belleri et al. 2020).

In keeping with these observations in a murine melanoma model, Human Protein Atlas
(“http://www.proteinatlas.org”) and Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo) data mining indicates that GALC expression levels in
human specimens are related to melanoma progression. Accordingly, RNAscope analysis
performed on 60 human melanoma specimens indicated that GALC expression levels positively
correlate with melanoma progression and are paralleled to a progressive increase of MITF and
tyrosinase immunoreactivity in the same samples (Belleri et al. 2020). In addition, the
overexpression of GALC in the A2058 melanoma cell line leads to a higher proliferative

capacity in vitro or when cells were grafted in NOD/Scid mice (Belleri et al. 2020).
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4.1 The pro-oncogenic sphingolipid-metabolizing enzyme f-
galactosylceramidase modulates the proteomic landscape in BRAF(V600E)-

mutated human melanoma cells

The mutation BRAFY®E is a tumor-driving mutation in approximately 50% of human
cutaneous melanomas (Ascierto et al. 2012). The overexpression of catalytically active GALC
in A2058 and A375 human melanoma cells harboring the BRAFV6%E mutation leads to higher
proliferation and migration in in vitro assays. At the proteomic level, the upregulation of GALC
modulates the expression of proteins involved in different aspects of tumor progression,
including melanoma biology, tumor invasion and metastatic dissemination, tumor immune
escape, mitochondrial antioxidant activity, endoplasmic reticulum stress responses, autophagy.
Notably, analysis of the expression of the corresponding genes in human skin cutaneous
melanoma samples (TCGA, Firehose Legacy) using the cBioPortal for Cancer Genomics
platform demonstrated a positive correlation between GALC expression and the expression
levels of 14 out of the 27 genes identified by proteomic analysis, thus supporting our findings.
Overall, these data indicate for the first time that the expression of the lysosomal sphingolipid-
metabolizing enzyme GALC may exert a pro-oncogenic impact on the proteomic landscape in

BRAF-mutated human melanoma.
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Abstract: 3-Galactosylceramidase (GALC) is a lysosomal enzyme involved in sphingolipid metabolism by
removing (-galactosyl moieties from 3-galactosylceramide and 3-galactosylsphingosine. Previous
observations have shown that GALC may exert pro-oncogenic functions in melanoma and Galc
silencing, leading to decreased oncogenic activity in murine B16 melanoma cells. The tumor-driving
BRAF(V600E) mutation is present in approximately 50% of human melanomas and represents a major
therapeutic target. However, such mutation is missing in melanoma B16 cells. Thus, to assess the
impact of GALC in human melanoma in a more relevant BRAF-mutated background, we investigated
the effect of GALC overexpression on the proteomic landscape of A2058 and A375 human melanoma
cells harboring the BRAF(V600E) mutation. The results obtained by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) demonstrate that significant differences exist in the protein land-
scape expressed under identical cell culture conditions by A2058 and A375 human melanoma cells,
both harboring the same BRAF(V600E)-activating mutation. GALC overexpression resulted in a
stronger impact on the proteomic profile of A375 cells when compared to A2058 cells (261 upregu-
lated and 184 downregulated proteins versus 36 and 14 proteins for the two cell types, respectively).
Among them, 25 proteins appeared to be upregulated in both A2058-upGALC and A375-upGALC
cells, whereas two proteins were significantly downregulated in both GALC-overexpressing cell
types. These proteins appear to be involved in melanoma biology, tumor invasion and metastatic dis-
semination, tumor immune escape, mitochondrial antioxidant activity, endoplasmic reticulum stress
responses, autophagy, and/or apoptosis. Notably, analysis of the expression of the corresponding
genes in human skin cutaneous melanoma samples (TCGA, Firehose Legacy) using the cBioPortal for
Cancer Genomics platform demonstrated a positive correlation between GALC expression and the ex-
pression levels of 14 out of the 27 genes investigated, thus supporting the proteomic findings. Overall,
these data indicate for the first time that the expression of the lysosomal sphingolipid-metabolizing
enzyme GALC may exert a pro-oncogenic impact on the proteomic landscape in BRAF-mutated
human melanoma.

Keywords: melanoma; proteomics; 3-galactosylceramidase

1. Introduction

-Galactosylceramidase (GALC; EC 3.2.1.46) is a lysosomal acid hydrolase that cat-
alyzes the removal of the 3-galactose moiety from 3-galactosylceramide and other sph-
ingolipids [1]. Recent observations have shown that a progressive increase in GALC
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expression occurs during melanoma progression in human pathological skin specimens
ranging from common nevi to stage IV melanoma [1]. These data suggest that GALC
might act as an oncogenic enzyme during melanoma progression. In keeping with this
hypothesis, Galc knockdown causes a decrease in the tumorigenic and metastatic potential
of murine melanoma B16 cells that also showed significant alterations in their lipidomic
profile, characterized by increased levels of the oncosuppressive sphingolipid ceramide and
of diacylglycerols, mirrored by a decrease in sphingomyelins, phosphatidylethanolamines,
and cholesteryl esters. Accordingly, increased levels of ceramide were observed in GALC-
silenced human melanoma A2058 cells and tumor xenografts, with a consequent decrease
in their tumorigenic potential [1]. However, the mechanism(s) by which GALC exerts its
pro-tumorigenic functions in melanoma remains poorly understood.

Mass spectrometry (MS)-based proteomics has been emerging as a core technique for
largescale protein characterization in cells and tissue samples by providing a qualitative and
quantitative analysis of proteins produced under different physiological and pathological
conditions, including cancer [2]. Recently, analysis of the proteome has been considered as
a tool for the advancement of diagnostic and prognostic biomarkers in melanoma, as well
as for the identification of biological pathways leading to melanoma progression [3-5].

The BRAF(V600E)-activating mutation is present in approximately 50% of human
melanomas and represents a major target for melanoma therapy [6]. However, such
mutation is missing in murine melanoma B16 cells [7]. To obtain further insights into the
role of GALC in human melanoma, liquid chromatography-tandem mass spectrometry (LC-
MS/MS) was used in the present work to investigate the impact of GALC overexpression
on the proteomic profile of BRAF-mutated human melanoma cells. To this aim, GALC
was stably overexpressed in BRAF(V600E)-mutated A2058 and A375 human melanoma
cells that express intermediate levels of GALC when compared to other human melanoma
cell lines (Supplementary Figure S1). The use of two cell lines harboring the same driver
mutation appeared to be necessary given the well-known tumor heterogeneity and would
have allowed us to define common and individual protein profiles modulated by GALC
overexpression in BRAF-mutated human melanoma cells.

The results of the present work extend previous observations about a pro-oncogenic
role of GALC in Braf wildtype murine melanoma cells [1] by demonstrating that GALC
overexpression increases the tumorigenic potential of human melanoma cells harboring
the tumor-driving BRAF(V600E) mutation. Moreover, LC-MS/MS proteomic analysis,
supported by transcriptomic data mining, demonstrates for the first time that GALC upreg-
ulation exerts a significant impact on the proteomic landscape of BRAF-mutated human
melanoma cells, leading to the modulation of the expression of proteins involved in different
aspects of tumor progression, including endoplasmic reticulum responses, the metastatic
process, and tumor immune escape.

2. Results
2.1. GALC Overexpression in A2058 and A375 Melanoma Cells

A2058-upGALC and A375-upGALC cells, together with the corresponding control
A2058-mock and A375-mock cells, were obtained by lentiviral infection, and GALC over-
expression was confirmed by semiquantitative RT-PCR and enzymatic activity assays
(Figure 1A,B). As shown in Figure 1C,D, A2058-upGALC and A375-upGALC cells showed a
significant increase in their proliferative potential and their anchorage-independent growth
ability when compared to the corresponding mock cells. In addition, GALC-overexpressing
cells were characterized by increased motility when assessed in wound healing and Boyden
chamber assays (Figure 1E,F). Together, these data indicate that GALC upregulation exerts a
pro-oncogenic function on both A2058 and A375 cells. On this basis, LC-MS/MS proteomic
analysis was performed on the cell extracts of mock and upGALC cells originating from
both cell lines.
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Figure 1. GALC upregulation affects the proliferative and migratory potential of human melanoma
cells. RT-PCR (A) and enzymatic activity TLC (B) assays show the increased expression and activity
of GALC in A2058-upGALC and A375-upGALC cell extracts (CEx) and conditioned media (CM)
when compared to mock cells. GALC upregulation stimulates the growth (C) and colony formation
capacity (D) of A2058 and A375 cells. GALC upregulation stimulates the migratory potential of
A2058 and A375 cells after a mechanical scratch of the cell monolayer (E) and in a Boyden chamber
chemotaxis assay (F). Data are the mean + SEM, ** p < 0.01, *** p < 0.001.

2.2. Analysis of A2058 and A375 Cell Proteomics

Given the well-known heterogeneity of the proteomic landscape even among cell
lines originating from the same tumor type [8], a preliminary analysis was performed to
compare the proteomic profile of A2058-mock and A375-mock cells. LC-MS/MS resulted in
the identification (protein-level FDR below 1%) of 1471 and 1483 proteins for mock A2058
and A375 cells, respectively (Figure 2A,D). Among them, 1437 proteins were detected
in both cell types. Comparative quantitative analysis of averaged spectral count values
for the identified proteins resulted in 666 proteins equally expressed and 771 proteins
differentially expressed in the two cell types. Among the differentially expressed proteins
(Supplementary Table S1), 349 proteins were expressed at higher levels in A2058-mock
cells and 422 proteins in A375-mock cells. Proteins that showed expression levels above
the sensitivity threshold of the LC-MS/MS procedure in only one of the two cell types
(13 and 22 proteins for A2058-mock and A735-mock cells, respectively) were included in the
corresponding list of upregulated proteins, resulting in 362 and 444 entries for A2058-mock
cells and A375-mock cells, respectively.
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Figure 2. Summary of the quantitative data obtained by proteomic analysis of mock and upGALC
cells. (A-C) Comparison of protein counts identified for (A) A2058-mock vs. A375-mock cells,
(B) A2058-mock vs. A2058-upGALC cells, and (C) A375-mock vs. A375-upGALC cells. Each Venn
diagram shows the breakdown of protein counts between the two groups. ¥: total number of proteins
differentially expressed in the two groups. Underlined numbers: proteins expressed at significantly
higher levels in the corresponding group. Numbers in italics: proteins expressed at the same level
in the two groups. Numbers in bold above the —Log(FDR) threshold value of 1.36 represent the
number of proteins detected at a significant level in only one group, whereas those below the
threshold value (bold and italics) represent the number of proteins detected in only one group but
below the confidence level. (D,E) Volcano plot representation of proteins differentially expressed in
A2058-mock vs. A375-mock cells (D), A2058-upGALC vs. A2058-mock cells (E), A375-upGALC vs.
A375-mock cells (F).
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When analyzed with the gene-set enrichment tool ShinyGO [9], A2058-mock cells
showed higher levels of expression for proteins associated with KEGG pathways related to
energetic metabolism when compared to A375-mock cells, including, among others, oxida-
tive phosphorylation, mitochondrial function, and TCA cycle (Figure 3A). Accordingly, the
Gene Ontology (GO) molecular function, biological process, and cellular component terms
also related to energetic processes associated with mitochondrial activity were significantly
enriched in the set of the 362 proteins more expressed in A2058-mock cells (Figure 3B).

Upregulated proteins in A2058-mock vs A375-mock cells
A KEGG a
b
GO biological process
B a
GO molecular function GO cellular component
b c

Figure 3. KEGG and Gene Ontology annotation of proteins expressed at higher levels in A2058-mock
vs. A375-mock cell extracts. (A) Enriched KEGG pathways are related to energetic metabolism,
including oxidative phosphorylation, mitochondrial function, and the TCA cycle (a). Pathview
rendering of oxidative phosphorylation (b) and TCA cycle (c) KEGG pathways showing the proteins
expressed at higher levels in A2058-mock vs. A375-mock cell extracts (in red). (B) Significantly
enriched GO biological process (a), molecular function (b), and cellular component (c) terms are
related to energetic processes associated with mitochondrial activity.



Int. ]. Mol. Sci. 2023, 24, 10555 6 of 21

At variance, the 444 proteins expressed at higher levels in A375-mock cells were more
significantly associated with the ribosome and spliccosome KEGG pathways
(Figure 4A). In keeping with these findings, the corresponding enriched GO terms re-
ferred to categorizations related to mRNA binding/splicing and ribosomes (Figure 4B).

Upregulated proteins in A375-mock vs A2058-mock cells
A KEGG a
c
GO biological process
B a
GO molecular function GO cellular component
b c

Figure 4. KEGG and Gene Ontology annotation of proteins expressed at higher levels in A375-mock
vs. A2058-mock cell extracts. (A) The proteins expressed at higher levels in A375-mock cells are
significantly associated with the ribosome and spliceosome KEGG pathways (a). Pathview rendering
of the ribosome (b) and spliceosome (c) KEGG pathways showing the proteins expressed at higher
levels in A375-mock vs. A2058-mock cell extracts (in red). (B) Significantly enriched GO biological
process (a), molecular function (b), and cellular component (c) terms refer to categorizations related
to mRNA binding/splicing and ribosomes.

Of note, A2058-mock and A375-mock cells differentially express proteins involved in
the protein processing that occurs in the endoplasmic reticulum (ER). Indeed, A2058-mock
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cells express higher levels of proteins belonging to the ubiquitin ligase complex, whereas
A375-mock cells express higher levels of proteins related to ER-associated degradation
(Figure 5).

A2058-mock cells A375-mock cells

Data on KEGG graph Data on KEGG graph

Rendered by Pathview.

Figure 5. A2058-mock and A375-mock cells differentially express proteins involved in the protein
processing that occurs in the ER. Pathview rendering of the protein processing in endoplasmic
reticulum KEGG pathway showing the proteins expressed at higher levels in A2058-mock (A) and
A375-mock (B) cell extracts (in red).

Together, these data indicate that significant differences exist in the protein landscape
expressed under identical cell culture conditions by A2058 and A375 human melanoma
cells, both harboring the same BRAF(V600E)-activating mutation.

2.3. Impact of GALC Ovuerexpression on the Proteomic Profile of A2058 and A375 Cells

As observed for mock cells, LC-MS/MS analysis identified 1583 and 1482 proteins in
A2058-upGALC and A375-upGALC cell extracts, respectively (Figure 2B,C). When com-
pared to the corresponding control A2058-mock cells, 37 proteins were upregulated, and
14 proteins were downregulated upon GALC transduction in A2058 cells, whereas the
levels of expression of 1408 proteins remained unchanged (Figure 2B,E and Supplemen-
tary Table S2). At variance, GALC overexpression in A375 cells resulted in the upregulation
of the levels of 263 proteins and in the downregulation of 184 proteins, while 1052 proteins
remained unchanged (Figure 2C,F and Supplementary Table S3). Thus, GALC overexpres-
sion resulted in a stronger impact on the proteomic profile of A375 cells when compared to
A2058 cells (p < 0.0001, chi-square test).

ShinyGO categorization analysis of the 37 proteins upregulated in A2058-upGALC cells
did not allow unambiguous identification of enriched GO terms, with just three entries associ-
ated with the “nicotinate and nicotinamide metabolism” KEGG. At variance, despite their
limited number, the 14 downregulated proteins were found to belong to enriched KEGG path-
ways and GO terms related to mitochondrial processes, including oxidative phosphorylation,
mitochondrial respiratory chain complexes, and aerobic respiration (Figure 6).

Concerning A375-upGALC cells, categorization analysis indicated that upregulated
proteins were mainly associated with spliceosome and oxidative phosphorylation KEGG
pathways and to GO terms related to the RNA metabolism/ribonucleoprotein complex
and to various metabolic processes (Figure 7).
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GALC downregulated proteins in A2058 cells

A KEGG

GO biological process

GO molecular function GO cellular component

Figure 6. KEGG and Gene Ontology annotation of proteins downregulated following GALC overex-
pression in A2058-upGALC cells. (A) Enriched KEGG pathways are related to energetic metabolism,
including oxidative phosphorylation (a). Pathview rendering of the oxidative phosphorylation KEGG
pathways (b) showing the proteins expressed at higher levels in A2058-upGALC vs. mock cell extracts
(in red). (B) Significantly enriched GO biological process (a), molecular function (b), and cellular
component (c) terms are related to mitochondrial processes, including oxidative phosphorylation,

mitochondrial respiratory chain complexes, and aerobic respiration.
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GALC upregulated proteins in A375 cells

KEGG

e c

Data on KEGG graph
Rendered by Pathview

GO biological process

GO molecular function GO cellular component

Figure 7. KEGG and Gene Ontology annotation of proteins upregulated following GALC overex-
pression in A375-upGALC cells. (A) Enriched KEGG pathways are related to metabolic pathways,
including oxidative phosphorylation and spliceosome (a). Pathview rendering of oxidative phos-
phorylation (b), and spliceosome (c) KEGG pathways showing the proteins expressed at higher
levels in A375-upGALC vs. mock cell extracts (in red). (B) Significantly enriched GO biologi-
cal process (a), molecular function (b), and cellular component (c) terms are related to the RNA
metabolism/ribonucleoprotein complex and various metabolic processes.
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Notably, the 184 proteins downregulated in A375-upGALC cells were also more signif-
icantly associated with the spliceosome and TCA cycle/oxidative phosphorylation KEGG
pathways. Accordingly, enriched GO terms belonging to biological process, molecular func-
tion, and cellular component categorizations of these downregulated proteins referred mainly
to mRNA binding/splicing as well as aerobic respiration and mitochondrion (Figure 8).

Overall, this categorization analysis suggests that GALC upregulation modulates the
protein landscape in melanoma cells by affecting the biological processes related to RNA
metabolism and mitochondria function.

GALC downregulated proteins in A375 cells
KEGG
a
c
GO biological process
B a
GO molecular function GO cellular component
b c

Figure 8. KEGG and Gene Ontology annotation of proteins downregulated following GALC overex-
pression in A375-upGALC cells. (A) Enriched KEGG pathways are related to metabolic pathways,
including oxidative phosphorylation and spliceosome (a). Pathview rendering of TCA cycle (b),
oxidative phosphorylation (c) and spliceosome (d) KEGG pathways showing the proteins expressed
at lower levels in A375-upGALC vs. mock cell extracts (in red). (B) Significantly enriched GO
biological process (a), molecular function (b), and cellular component (c) terms refer mainly to mRNA
binding/splicing as well as aerobic respiration and mitochondrion.
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Based on these premises, we investigated which proteins were downregulated or
upregulated by GALC transduction in both cell lines by comparing the entries shown in
Supplementary Tables S2 and S3. Twenty-five proteins appeared to be upregulated in both
A2058-upGALC and A375-upGALC cells, whereas only two proteins were significantly
downregulated in both GALC-overexpressing cell types. The list of these proteins and
a brief description of their biological function(s) in cancer (including human melanoma
when available) are shown in Table 1.

Table 1. List of common significantly up- and downregulated proteins upon GALC transduction in
both A2058 and A375 cell lines. Each entry is completed by the name of the gene encoding for the
listed protein and its known referenced biological function.

Protein Gene Biological Function

Significantly upregulated

Abhydrolase domain-containing 10, A mitochondrial acyl-protein thioesterase modulating mitochondrial antioxidant

depalmitoylase ABHDI0 ability [10].
A 42.6 kD subunit of dynactin complex associated with the centrosome and involved in

Actin-related protein 1A ACTRIA microtubule-based vesicle motility, including ER—to-Golgl tran‘sp01jt a.nd the centripetal
movement of lysosomes and endosomes. Potential biomarker in pituitary and colon
cancers [11,12].

Aminopeptidase N ANPEP A membrane-bound zinc metalloprotease involved in the metabolism of regulatory

peptides. It promotes angiogenesis, tumor growth, and metastasis in melanoma [13,14].

Member of the inositol monophosphatase family localized to the Golgi apparatus. It
3/(2'), 5'-Bisphosphate nucleotidase 2 BPNT2 catalyzes the hydrolysis of phosphoadenosine phosphate to AMP. No data are available
about its role in cancer.

It connects cadherins located on the plasma membrane to the actin filaments, playing an
Catenin alpha 1 CTNNA1 important role in the cell adhesion process. CTNNA1 germLine variants are associated
with hereditary gastric cancer [15].

Cytoplasmic FMR1-interacting CYEIP1 It regulates cytoskeletal dynamics and protein translation. Involved in tumor
protein 1 metastasis [16].
1:C>r)(())t(eci nmotif—containing zinc-binding CZIB Previously referred to as Clorf123, its function remains unknown.

It directs the binding of methionyl-tRNAi to 40S ribosomal subunits in a
EIF2A codon-dependent manner. Involved in ER stress in cancer via the
(PERK)-eIF2a-ATF4-CHOP signaling axis [17].

A glycosyltransferase involved in the first steps of glycogen synthesis. A target of
miR-194/192 whose expression is downregulated in hepatocellular carcinoma [18].

Eukaryotic translation initiation
factor 2A

Glycogenin 1 GYGI

Karyopherins, or importins, are cytoplasmic proteins that recognize NLSs and dock
Karyopherin subunit alpha 4 KPNA4 NLS-containing proteins to the nuclear pore complex. Oncosuppressor involved in
tumor immune escape [19].

It is involved in the biosynthesis of NAD cofactors from tryptophan through the
Kynureninase KYNU kynurenine pathway. Overexpressed in lung adenocarcinoma, it is associated with
immunosuppression and poor survival [20].

Lectin mannose-binding 1 or ER-Golgi Membrane mannose-specific lectin that cycles between the ER, ER-Golgi intermediate
intermediate compartment 53 kDa LMAN1 compartment, and cis-Golgi, functioning as a cargo receptor for glycoprotein transport.
protein (ERGIC-53) Involved in ER stress and autophagy in human melanoma [21].

It binds to the N-terminus of the oncogenic protein C-MYC, enhancing its transcriptional

MYC-binding protein MYCBP activity. Involved in EMT and progression of triple-negative breast cancer [22].

Plasma membrane protein that catalyzes the conversion of extracellular nucleotides to
5'-Nucleotidase ecto NT5E membrane-permeable nucleosides. Involved in melanoma immune escape via the
CD73/adenosine axis [23].

Lipid transporter involved in lipid counter transport between the Golgi complex and ER
membranes. Potential marker for cholangiocarcinoma metastasis [24].

Oxysterol-binding protein OSBP

Member of the collagen prolyl hydroxylase family. Localized to the ER, its activity is
required for proper collagen synthesis and assembly. Highly expressed by most tumors
and associated with overall survival, its knockdown hampers liver cancer cell
proliferation, migration, and invasion [25].

Prolyl 3-hydroxylase 1 P3H1

Member of the glycosyltransferase O-Fuc family, it adds O-fucose through an
O-glycosidic linkage to conserved serine or threonine residues in the epidermal growth
factor-like repeats of several cell surface and secreted proteins. Tumor promoter via
Notch signaling [26].

Protein O-fucosyltransferase 1 POFUT1




Int. ]. Mol. Sci. 2023, 24, 10555

12 of 21

Table 1. Cont.

Protein

Gene Biological Function

PPFIA-binding protein 1

Member of the LAR protein tyrosine phosphatase-interacting protein (liprin) family.
Liprins interact with members of the LAR family of transmembrane protein tyrosine
phosphatases. Drives tumor cell migration and invasion via the FAK/Src/JNK
pathway [27].

PPFIBP1

RNA-binding motif protein 12

It contains several RNA-binding motifs, potential transmembrane domains, and

REM12 proline-rich regions. It plays a key role in liver cancer immunity [28].

Secreted protein acidic and rich in
cysteine

Cysteine-rich acidic matrix-associated protein. Involved in melanoma metastatic

SPARC dissemination [29].

Signal recognition particle 72

72 kDa subunit of the signal recognition particle, a ribonucleoprotein complex that

SRP72 mediates the targeting of secretory proteins to the ER. Involved in epithelial cancers [30].

Transglutaminase 2

It catalyzes the crosslinking of proteins by epsilon-gamma glutamyl lysine isopeptide

TGM2 bonds. Involved in radioresistance in melanoma [31].

TOR signaling pathway regulator

Allosteric regulator of serine/threonine-protein phosphatase 2A. The TIPRL/PP2A axis

TIPRL affects apoptosis and proliferation of cancer cells [32].

X-prolyl aminopeptidase 1

Cytosolic metalloaminopeptidase that catalyzes the cleavage of the N-terminal amino
acid adjacent to a proline residue. Its expression is associated with disease progression
and shorter overall survival in multiple myeloma [33].

XPNPEP1

Zyxin

A zinc-binding phosphoprotein that concentrates at focal adhesions and along the actin
cytoskeleton. It may function as a messenger in the signal transduction pathway that
mediates adhesion-stimulated changes in gene expression and may modulate the
cytoskeletal organization of actin bundles. Its expression is directly related to melanoma
cell spreading and proliferation and inversely related to their differentiation [34].

zYX

Significantly downregulated

Aconitase 2

It catalyzes the interconversion of citrate to isocitrate via cis-aconitate in the second step
of the TCA cycle. Oncosuppressor affecting TCA cycle and mitochondrial oxidative
metabolism in cancer cells [35,36].

ACO2

Serpin family B member 6

A member of the serine proteinase inhibitor superfamily. Its dysregulation is associated

SERPINBG with autophagic and apoptotic induction in cancer cells [37].

Notably, 6 out of the 27 proteins modulated by GALC overexpression in both A2058-
upGALC and A375-upGALC cells have been involved in melanoma biology (i.e., aminopep-
tidase N (CD13), lectin mannose-binding 1,5'-nucleotidase ecto (CD73), secreted protein
acidic and cysteine rich, transglutaminase 2, and zyxin, encoded, respectively, by ANPEP,
LMAN1, NT5E, SPARC, TGM2, and ZYX genes), 8 proteins have been involved in tumor
invasion and metastatic dissemination (i.e., aminopeptidase N (CD13), cytoplasmic FMR1-
interacting protein 1, catenin alpha 1, oxysterol-binding protein, prolyl 3-hydroxylase 1,
PPFIA-binding protein 1, secreted protein acidic and cysteine rich, and zyxin, encoded,
respectively, by ANPEP, CYFIP1, CTNNA1, OSBP, P3H1, PPFIBP1, SPARC, and ZYX genes),
4 proteins have been implicated in tumor immune escape (i.e., karyopherin subunit alpha 4,
kynureninase, 5'-nucleotidase ecto (CD73), and RNA-binding motif protein 12, encoded,
respectively, by KPNA4, KYNU, NT5E, and RBM12 genes), and 10 proteins have been
shown to play a role in ER stress responses, mitochondrial antioxidant activity, autophagy,
and/or apoptosis (i.e., lectin mannose-binding 1, eukaryotic translation initiation factor 2A,
signal recognition particle 72, actin-related protein 1A, abhydrolase domain-containing
10 (depalmitoylase), glycogenin 1, aconitase 2, serpin family B member 6, TOR signaling
pathway regulator, and X-prolyl aminopeptidase 1, encoded, respectively, by LMANI,
EIF2A, SRP72, ACTR1A, ABHD10, GYG1, ACO2, SERPINB6, TIPRL, and XPNPEP1 genes)
(see Table 1 and references therein).

Next, RT-qPCR analysis was performed on A2058-upGALC vs. A2058-mock cells to assess
the expression levels of genes encoding for various proteins up- or downregulated by GALC
overexpression in BRAF-mutated melanoma cells. As shown in Supplementary Figure S2, the
results of RT-qPCR analysis were congruent with proteomic data.

Finally, the correlation between GALC mRNA levels and the expression of the genes
encoding for the 27 proteins similarly modulated by GALC upregulation in A2058 and
A375 cells was assessed in 448 human skin melanoma samples (TCGA, Firehose Legacy)
using the cBioPortal for Cancer Genomics platform [38,39]. As shown in Figure 9, the
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expression levels of 14 out of the 27 genes investigated show a significant correlation with
GALC expression in human melanoma specimens, congruent with the proteomic data.

Figure 9. GALC expression in human melanoma specimens correlates with the expression of pro-
teins identified by proteomic analysis of upGALC vs. mock melanoma cells. Correlation of GALC
expression with the expression of the genes encoding for the proteins similarly modulated by GALC
upregulation in A2058 and A375 cells was assessed in 448 human skin cutaneous melanoma samples
(TCGA, Firehose Legacy) using the cBioPortal for Cancer Genomics platform (A). Correlation between
GALC and LMAN]1 expression in human melanoma (B).

3. Discussion

GALC is a lysosomal enzyme involved in sphingolipid metabolism by removing
-galactose from (-galactosylceramide and other terminal (3-galactose-containing sph-
ingolipids. Recent observations indicate that this enzyme might be involved in tumor
progression (reviewed in [40]). In keeping with this hypothesis, immunohistochemical
data have shown that high levels of GALC immunoreactivity are associated with poor
prognosis in colorectal cancer patients [41] and that higher GALC expression levels in
circulating lung cancer cells correlate with a poor response to therapy, representing a
possible predictor biomarker in these patients [42]. In line with these findings and with
the observation that sphingolipid metabolic reprogramming plays an important role in
melanoma progression [43], analysis of human specimens ranging from common nevi to
stage IV melanoma demonstrated a gradual increase in GALC expression during tumor
progression that goes along with a decrease in ceramide levels [1]. Accordingly, Galc si-
lencing results in significant inhibition of the tumorigenic and metastatic activity of Braf
wildtype murine melanoma B16-F10 cells that showed alterations in their sphingolipid
profile, characterized by an increase in the intracellular levels of the oncosuppressor sphin-
golipid ceramide. A similar ceramide accumulation was observed in human melanoma
cells following GALC downregulation [1].

Here, we extend these observations and demonstrate that GALC overexpression plays
a pro-tumorigenic function on both A2058 and A375 human melanoma cells that harbor
the BRAF(V600E)-activating mutation, which is present in approximately 50% of human
melanomas [6]. A2058 and A375 cells express intermediate levels of GALC mRNA and
protein when compared to other human melanoma cell lines (Supplementary Figure S1),
being therefore suitable for assessing the impact of the upregulation of this enzyme on the
biological behavior of human melanoma cells in a BRAF-mutated background. Indeed,
our data indicate that GALC upregulation induces a significant increase in the proliferative
potential and anchorage-independent growth of both BRAF-mutated human cell lines,
paralleled by increased cell motility in a Boyden chamber assay and after in vitro wounding
of the cell monolayer.

These findings prompted us to investigate the impact of GALC upregulation on the
proteomic landscape of both A2058 and A375 human melanoma cells. The results of the LC-
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MS/MS analysis of the cell extracts of control and GALC-overexpressing cells indicate that
significant differences exist in the protein landscape expressed under identical cell culture
conditions by the two melanoma cell lines that harbor the same driver mutation. Indeed,
in keeping with the well-known heterogeneity of the proteomic landscape, even among
cell lines originating from the same tumor type [8], 771 proteins (52%) out of 1437 proteins
detected in both control A2058 and A375 cells were present at different levels in the two
cell types. Notably, KEGG and GO categorizations indicated that A2058-mock cells express
higher levels of proteins related to energy metabolism and mitochondrial activity, whereas
proteins related to mRNA binding/splicing and ribosome terms are present at higher levels
in A375-mock cell extracts. Experimental evidence indicates that BRAF-driven ER stress
and unfolded protein response play an important role in melanoma (reviewed in [44]). In
this frame, a further indication of melanoma cell heterogeneity derives from the observation
that A2058-mock and A375-mock cells differentially express proteins involved in the protein
processing that occurs in the ER, A2058-mock cells expressing higher levels of proteins
belonging to the ubiquitin ligase complex, whereas A375-mock cells are characterized by
higher levels of proteins related to the ER-associated protein degradation process.

Based on this cell heterogeneity, it is not surprising that GALC overexpression exerted
a different impact on the proteomic landscape of the two melanoma cell lines. Indeed,
GALC transduction in A2058 cells resulted in the up- or downregulation of the expression
levels of 37 and 14 proteins, respectively, whereas it exerted a stronger impact on A375
cells (263, and 184 proteins up- or downregulated, respectively). At present, the mecha-
nisms responsible for such differences remain unknown. It will be interesting to evaluate
the impact exerted by GALC overexpression on the sphingolipidomic profile of the two
cell lines.

Despite the differences observed between the two cell lines in terms of the number
of proteins whose levels are modulated by GALC upregulation, categorization analysis
indicates a significant enrichment in both cell lines of downmodulated proteins involved in
mitochondrial functions, including oxidative phosphorylation, mitochondrial respiratory
chain complexes, and aerobic respiration. Melanoma cells can shuttle between glycolysis
and respiration depending upon conditions of growth, hypoxia, acidosis, and therapy, and
BRAF activity has been shown to suppress oxidative phosphorylation, thus driving aerobic
glycolysis in melanoma (see [45] and references therein). Thus, GALC appears to modulate
the energetic plasticity of melanoma cells by metabolic reprogramming. In this frame,
it is interesting to note that alterations in the sphingolipid metabolism via modulation
of the expression levels of the lysosomal acid ceramidase affect mitochondria activity in
melanoma cells [46]. Further studies will be required to elucidate the impact of GALC on
the rewiring of energetic metabolism in melanoma.

Among the proteins whose levels of expression were affected by GALC overexpression
in melanoma cells, 25 of them were upregulated in both A2058-upGALC and A375-upGALC
cells, whereas only 2 of them were downregulated in both cell types. Of note, six proteins
are known to play a significant role in human melanoma. Indeed, aminopeptidase N (CD13)
promotes melanoma growth, angiogenesis, and metastatic dissemination [13,14]. Similarly,
the cysteine-rich acidic matrix-associated protein (SPARC) plays a role in melanoma metas-
tasis [29], whereas lectin mannose-binding 1 (LMANT1) is involved in melanoma ER stress
and autophagy [21], and the expression of the zinc-binding, focal adhesion-associated
phosphoprotein zyxin has been shown to affect melanoma cell spreading and prolifera-
tion [34]. Finally, transglutaminase 2 plays a role in melanoma radioresistance [31], whereas
the plasma membrane protein 5'-nucleotidase ecto (CD73) may favor melanoma immune
escape via the CD73/adenosine axis [23].

Together with CD13, SPARC, and zyxin, GALC-upregulated cytoplasmic FMR1-
interacting protein 1 and catenin alpha 1 are also implicated in the metastatic process by
regulating cytoskeletal dynamics and cell adhesion of tumor cells [15,16], PPFIA-binding
protein 1 drives tumor cell migration and invasion via the FAK/Src/JNK pathway [27],
ER-associated collagen prolyl 3-hydroxylase 1 plays a pivotal role in cancer cell prolifer-
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ation, migration, and invasion [25], and the lipid transporter oxysterol-binding protein
has been proposed as a potential marker for cholangiocarcinoma metastasis [24]. Together,
these data suggest that GALC may modulate the metastatic potential of melanoma cells.
In keeping with this hypothesis, GALC is expressed at higher levels in human melanoma
metastases when compared to primary tumors, and Galc knockdown hampers the capacity
of murine melanoma B16-F10 cells to form experimental lung metastases [1].

Immune system evasion represents a hallmark of melanoma progression [47]. Our
data indicate that, besides CD73, GALC transduction induces an increase in the levels of the
importin karyopherin subunit alpha 4, kynureninase, and RNA-binding motif protein 12, all
involved in tumor immune escape [19,20,28]. In keeping with a possible role for alterations
in the sphingolipid metabolism in immune evasion, sphingolipid pathway enzymes have
been shown to modulate immune cell function in cancer [48], sphingomyelin appears to play
a key role in tumor progression and immune evasion [49], and neutral sphingomyelinase 2
expression impairs melanoma growth by enhancing CD8+ T-cell responses [50]. Whether
and how GALC represents a key player in modulating immune responses in melanoma
remains to be investigated.

A possible role of GALC in ER functions in cancer is supported by the observation that
GALC overexpression induces not only the upregulation of the levels of the overmentioned
LMANT that functions as a cargo receptor for glycoprotein transport in the ER [21] but also
of the levels of the eukaryotic translation initiation factor 2A involved in ER stress in cancer
via the (PERK)-elF2a-ATF4-CHOP signaling axis [17], the signal recognition particle 72 that
mediates the targeting of secretory proteins to the ER [30], and the actin-related protein 1A
implicated in the ER-to-Golgi transport and lysosome/endosome movement, representing
a possible biomarker for pituitary and colon cancers [11,12].

In keeping with the hypothesis that GALC may modulate the energetic plasticity of
melanoma cells (see above), both GALC-transduced A2058 and A375 cells are characterized
by higher levels of the mitochondrial abhydrolase domain-containing 10 able to affect the
mitochondrial antioxidant activity [10] and of glycogenin 1, a glycosyltransferase involved
in the first steps of glycogen synthesis downregulated in liver cancers [18]. In addition,
GALC upregulation causes the downregulation of the oncosuppressor aconitase 2, which
affects the TCA cycle and mitochondrial oxidative metabolism in cancer cells [35,36], and of
the serine protease inhibitor serpin family B member 6, whose dysregulation is associated
with autophagic and apoptotic induction in cancer [37].

Finally, GALC-upregulated proteins include the TOR signaling pathway regulator,
an allosteric regulator of the serine/threonine-protein phosphatase 2A in cancer cells [32],
and the cytosolic X-prolyl aminopeptidase 1 associated with disease progression and
shorter overall survival in multiple myeloma [33], together with 3/(2'), 5'-bisphosphate
nucleotidase 2 and CXXC motif-containing zinc-binding protein, whose function(s) in
cancer remains unexplored.

In silico analysis of transcriptomic data from 448 human skin melanoma samples
performed on the cBioPortal for Cancer Genomics platform [38,39] supported the proteomic
data. Indeed, the expression of 14 out of the 27 genes encoding for GALC-modulated
proteins in both A2058 and A375 cells was significantly correlated with GALC mRNA levels
in human melanoma specimens. Among them, three genes encode for proteins related
to ER responses (i.e., LMANI1, SRP72, and EIF2A), three genes encode for proteins that
play a significant role in the metastatic process (i.e., SPARC, CYFIP1, and PPFIBP1), and
three genes encode for proteins involved in tumor immune escape (i.e., KPNA4, NT5E, and
RBM12), thus supporting the role of GALC in different aspects of melanoma progression.

Previous observations have shown that GALC may exert a pro-oncogenic role in Braf
wildtype murine melanoma cells [1]. The results of the present work confirm and extend
these findings by demonstrating that GALC overexpression increases the tumorigenic
potential of both A2058 and A375 human melanoma cells harboring the tumor-driving
BRAF(V600E) mutation. In addition, LC-MS/MS proteomic analysis, supported by tran-
scriptomic data mining, indicates for the first time that GALC may exert a pro-oncogenic
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impact on the proteomic landscape in BRAF-mutated human melanoma cells. Previous
observations have shown that GALC downregulation may exert profound alterations in
the lipidome of murine melanoma and exert a significant increase in ceramide levels in
A2058 cells [1]. Exogenous administration of ceramide affects the protein profile of different
tumor cell types [51,52], and the lack of GALC activity alters the proteome of the central
and peripheral nervous system in Galc-null Twitcher mice [53]. At present, we do not
know whether the effects observed in BRAF-mutated human melanoma cells following
GALC overexpression are due to an excess of enzyme product(s) and/or a reduction in
its substrate(s). Further studies will be required to assess the effect of the modulation of
GALC activity on the sphingolipidome of human melanoma cells and how this, in turn,
may orchestrate their transcriptomic and proteomic profiles.

4. Materials and Methods
4.1. Cell Cultures and Lentivirus Infection

A2058 and A375 cells were purchased from ATCC, grown in Dulbecco’s modified
Eagle medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin, and 100 ug/mL strep-
tomycin (Thermo Fisher Scientific) and maintained at 37 °C and 5% CO, in a humidified
incubator. For GALC overexpression, cells were infected with a lentivirus (pLenti PGK GFP
Puro (w509-5) was a gift from Eric Campeau and Paul Kaufman, Addgene plasmid #19070)
harboring the human GALC ¢cDNA (NM_000153.3), thus generating A2058-upGALC and
A375-upGALC cells. Cells transduced with an empty vector were used as controls (A2058-
mock and A375-mock cells). For the infection protocol, cells were incubated with lentiviral
particles for 7 h in a complete medium containing 8.0 pg/mL of polybrene and selected
by adding puromycin (1 ug/mL) 24 h later. Next, GALC overexpression was confirmed
by semiquantitative RT-PCR. Briefly, cells were processed, and total RNA was extracted
using TRIzol Reagent according to the manufacturer’s instructions (Invitrogen, Waltham,
MA, USA). Contaminating DNA was digested using DNAse (Promega, Madison, WI,
USA), and 2.0 ug of total RNA was retro-transcribed with MMLYV reverse transcriptase
(Invitrogen) using random hexaprimers in a final 20 uL volume. Then, 1/10th of the
reaction was analyzed by semiquantitative RT-PCR using the following primers: GALC,
forward: ATCTCTGCATCCATGCTCCT, reverse: CTGATTTAAAATGCGACCCC; GAPDH,
forward: ACGGATTTGGTCGTATTGGG, reverse: TGATTTTGGAGGGATCTCGC. The
PCR products were then electrophoresed on a 2% agarose gel and visualized by ethidium
bromide staining.

4.2. GALC Activity Assay

GALC-mediated hydrolysis of the fluorescent GALC substrate LRh-6-GalCer (Nlissamine-
rhodaminyl-6-aminohexanoylgalactosyl ceramide) following its incubation with 20 pg
of cell extract or 20 uL of their conditioned medium (50 x) was quantified by thin-layer
chromatography (TLC) [54]. Briefly, 5 nmoles of LRh-6-GalCer in 3:2 chloroform/methanol
was concentrated and dissolved in 5 pL of dimethyl sulfoxide (DMSO) and 25 pL of 0.2 M
citrate phosphate buffer, pH 4.4. The enzyme source and water were added to a final
volume of 100 pL and incubated overnight at 37 °C. The reaction was extracted with 1.9 mL
of 3:2 v/v chloroform/methanol and 0.4 mL of water. The lower phase was collected
and evaporated under nitrogen. Samples were spotted on glass-coated silica gel plates
and developed in 25:25:25:9:16 volumes of chloroform/ethyl acetate/n-propanol/0.25 M
KCl/methanol. The fluorescent ceramide spots (LRh-6-Cer) were visualized under an
ultraviolet lamp and photographed.

4.3. Cell Proliferation Assay

Cells were seeded at 10* cells/cm? in DMEM supplemented with 2.0% FBS. After 24 h
(TO), fresh medium was added, and cells were counted 24-96 h thereafter [1]. The data are
the mean + SEM of three experiments in triplicate.
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4.4. Soft Agar Assay

Cells (5 x 10%) were suspended in 2 mL of medium containing 0.3% agar and applied
onto 2 mL pre-solidified 0.6% agar in 35 mm culture dishes (3 dishes per cell line). After
15 days of incubation, cell colonies were observed under a phase contrast microscope and
counted [55].

4.5. Wound Healing Assay

Confluent cells were scraped with a 200 pL tip to obtain a 2 mm thick denuded area.
After 24 and 48 h, wounded monolayers were photographed, and the width of the wounds
was quantified by computerized analysis of the digitalized images in three independent
sites per group [56]. The experiment was performed twice with similar results.

4.6. Boyden Chamber Migration Assay

The chemotaxis assay was performed as described with minor modifications [57]. Briefly,
cells (5 x 10* cells) were suspended in 50 pL/well of serum-free DMEM and loaded in the
upper compartment of a Boyden chamber containing gelatine-coated polyvinylpyrrolidone-free
(PVP-free) polycarbonate filters (8 um pore size, Costar, Cambridge, MA, USA). A total of
30 uL of 10% FBS-containing DMEM was placed in the lower compartment. After 5 h of
incubation at 37 °C, cells that had migrated to the lower side of the filter were stained with
H&E. Five random fields were counted for each triplicate sample.

4.7. Mass Spectrometry
4.7.1. Sample Preparation

Cell samples were lysed with RIPA buffer and denatured with TFE. The samples were
subjected to DTT reduction (200 mM), IAM alkylation (200 mM), and complete trypsin
protein digestion. The peptide digests were desalted on the Discovery® DSC-18 solid
phase extraction 96-well plate (25 mg/well). After the desalting process, samples were
vacuum-evaporated and reconstituted in the mobile phase for analysis [58]. All reagents
were from Sigma-Aldrich Inc. (St. Louis, MO, USA).

4.7.2. Proteomic Analysis

The digested peptides were analyzed with a UHPLC Vanquish system (Thermo Scien-
tific, Rodano, Italy) coupled with an Orbitrap Q-Exactive Plus (Thermo Scientific). Peptides
were separated by a reverse phase column (Accucore™ RP-MS 100 x 2.1 mm, particle size
2.6 um) at a flow rate of 0.200 mL/min, with water and acetonitrile as mobile phase A and
B, respectively, both acidified with 0.1% formic acid. The analysis was performed using the
following gradient: 0-5 min from 2% to 5% B; 5-55 min from 5% to 30% B; 55-61 from 30%
to 90% B, and hold for one minute. At 62.1 min, the percentage of B was set to the initial
condition of the run at 2% and held for about 8 min in order to equilibrate the column for a
total run time of 70 min. The mass spectrometry analysis was performed in positive ion
mode. The ESI source was used with a voltage of 2.8 kV. The capillary temperature, sheath
gas flow, auxiliary gas, and spare gas flow were set at 325 °C, 45 arb, 10 arb, and 2, respec-
tively. S-lens was set at 70 rf. For the acquisition of spectra, a data-dependent (ddMS2) top
10 scan mode was used. Survey full-scan MS spectra (mass range m/z 381 to 1581) were
acquired with resolution R = 70,000 and AGC target 3 x 106. MS/MS fragmentation was
performed using high-energy c-trap dissociation (HCD) with resolution R = 35,000 and
AGC target 1 x 10°. The normalized collision energy (NCE) was set to 30. The injection
volume was 3 pL.

The mass spectra analysis was carried out using MaxQuant software (version 1.6.14).
MaxQuant parameters were set as follows: trypsin was selected for enzyme specificity; the
search parameters were fixed to an initial precursor ion tolerance of 10 ppm and MS/MS tol-
erance at 20 ppm; as fixed modification, carbamidomethylation was set, whereas oxidation
was set as variable modification. The maximum missed cleavages were set to 2. Andromeda
search engine searched the spectra in MaxQuant against the Uniprot_CP_Human_2018
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sequence database. Label-free quantification was performed, including a match between
runs option with the following parameters: protein and peptide false discovery rate was set
to 0.01; the quantification was based on the extracted ion chromatograms, with a minimum
ratio count of 1; the minimum required peptide length was set to 7 amino acids. Statistical
analyses were performed using MaxQuant software (version 1.6.14) and MetaboAnalyst
software (version 5.0) (https://www.metaboanalyst.ca/ (accessed on 24 January 2021)) [59].

4.8. Analysis of MS Data

Statistics were performed using Microsoft Excel 365 and GraphPad Prism 8. p-values
were calculated by a two-tailed uncoupled f-test of 4 technical replicates per sample. Setting
a false discovery rate of 5% by a two-stage linear step-up procedure of Benjamini, Krieger,
and Yekutieli [60] allowed us to obtain lists of significantly differentially abundant proteins

whose encoding genes were given to ShinyGO for obtaining pathway analyses through
KEGG and Gene Ontology databases.

4.9. RT-qPCR Analysis

For the analysis of differentially expressed genes, total RNA was extracted from mock
and upGALC A2058 cells as described above. RT-qPCR analysis on retro-transcribed RNA
was performed using specific primers (Supplementary Table S4).

Supplementary Materials: The supporting information can be downloaded at: https:/ /www.mdpi.
com/article/10.3390/ijms241310555/s1.
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Highlights:

e The overexpression of GALC exerts a pro-tumorigenic function on A2058 and A375
human melanoma cells harboring the BRAFY®%E mutation.

e GALC upregulation induces a significant increase in the proliferative potential and
anchorage-independent growth, paralleled by augmented cell motility.

e Liquid chromatography-tandem mass spectrometry analysis suggests that GALC
exerted a different impact on the proteomic landscape of A2058 and A375 cell lines.

e Among the proteins whose levels of expression were affected by GALC
overexpression, 25 of them were upregulated in both A2058 upGALC and A375
upGALC cells, whereas only 2 of them were downregulated in both cell types.

e The upregulation of GALC modulates the expression of proteins involved in different
aspects of tumor progression, including melanoma biology, tumor invasion and
metastatic dissemination, tumor immune escape, mitochondrial antioxidant activity,

endoplasmic reticulum stress responses, autophagy, and apoptosis.
Take home message:
In the article, we have investigated the impact of GALC overexpression on the proteomic
profile of two BRAFV®%E human melanoma cell lines. The results demonstrate that, in keeping

with its pro-tumorigenic activity, GALC modulates the expression of proteins involved in

different aspects of melanoma progression.
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5. TUMOR ANGIOGENESIS

Angiogenesis is defined as the formation of new blood vessels from pre-existing ones,
(Zahedipour et al. 2021). During carcinogenesis, malignant cells require the presence of new
blood vessels to support their growth and metastatic dissemination. To this aim, tumor and
stromal cells secrete pro-angiogenic molecules to induce the so called “angiogenic switch”
(Bergers and Benjamin 2003).

Angiogenesis is a multi-step process that is typically characterized by the budding of new
capillaries from parental microvessels (sprouting angiogenesis) or, to a lesser extent, by the
intravascular splitting of pre-existing capillaries (intussusceptive angiogenesis) (Lugano,
Ramachandran and Dimberg 2020).

Intussusceptive angiogenesis is a dynamic intravascular process where two opposite ECs make
contact and inter-endothelial junctions are formed at their edge. Within the junctions, thinning
of cell membrane and cytoplasmic pressure induces splitting and separation into two vessels.
Surrounding cells, i.e. mesenchymal stem cells and pericytes, invade the gap between newly
formed membranes and form the intussusceptive pillar, a cylindrical microstructure that spans
the lumen of small vessels and capillaries, thus increasing the complexity and number of
microvascular structures within the tumor (Mentzer and Konerding 2014).

However, the most frequent and studied angiogenic process in cancer is represented by
sprouting angiogenesis (fig. 5).

Sprouting angiogenesis consists in the branching of an existing vessel. ECs initiate
angiogenesis after the stimulation exerted by various pro-angiogenic factors, including
vascular endothelial growth factor (VEGF-A). At the same time, MMPs start to degrade the
basement membrane of ECs and favor the detachment of mural cells (pericytes), allowing EC
invasion into the perivascular stroma. In response to VEGF-A, tip cells (i.e., the ECs at the
edge of the sprouts) drive the migration of the stalk cells in the back by producing Delta-like-
4 ligand. Modulation of Notch signaling will affect the behavior of stalk cells whereas PDGF
will recruit new pericytes. Finally, the formation of a vascular lumen will allow the blood flow

(Lugano et al. 2020).
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Figure 5 After activation of ECs by angiogenic stimuli, proteolytic enzymes are produced, which degrade the
perivascular extracellular matrix and the basement membrane. ECs proliferate and migrate into the perivascular
area, forming “primary sprouts”. Subsequent lumenation of these primary sprouts leads to formation of capillary
loops, which is followed by synthesis of a new basement membrane and blood vessel maturation to complete tube-
like structures through which blood can flow. From Cancer Research Product Guide, Edition 3, 2015.

5.1Angiogenesis in melanoma

Melanoma displays a gradual increase in vascularity as the tumor progresses (Barnhill et al.
1992, Marcoval et al. 1997). The first evidence of the ability of melanoma to induce
angiogenesis was observed following the transplantation of a human melanoma into a hamster
pouch (Warren and Shubik 1966). In a subsequent study, the transplantation of malignant
melanomas but not normal dermal tissue induced neo-vessel formation into cheek pouches
(Hubler and Wolf 1976). Since then, various lines of evidence have shown that there is a
relationship between angiogenesis and melanoma progression.

Melanoma creates a specific hypoxic microenvironment, rich in pro-inflammatory molecules
that stimulate the angiogenic response. During melanoma progression, MITF regulates the

expression of several genes to promote tumor survival. Among them the hypoxia-inducible
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factor 1-alpha (HIF'I-a) is upregulated. The expression of HIF1-a leads to the transcription of
angiogenic factors, including VEGF-A (Viallard and Larrivée 2017). The ability of melanoma
cells to build new vessels is also based on their capability to trans-differentiate into an
endothelial-like cell phenotype (Wechman et al. 2020). The increased expression of VE-
cadherin in highly metastatic melanoma cells enable them to form capillary-like structures that
are abolished when targeting VE-cadherin with a monoclonal antibody (Bracuer et al. 2014).

Therapies targeting VE-cadherin are proving effective in pre-clinical tests (Mabeta 2020).

5.2 Sphingolipid metabolizing enzymes modulate angiogenesis

Few studies have focused about a possible role of sphingolipid metabolism in the angiogenic
process, most of the experimental evidence being related to the angiogenic potential of S1P
(Wang et al. 2019).

Indeed, S1P has been found to activate complex cellular functions in the tumor
microenvironment and to play an important role in endothelial barrier maintenance and tumor
angiogenesis (Qiu et al. 2022). For instance, the binding of S1P to its EC receptors activates a
series of signaling cascades that promotes tube formation via the activation of phospholipase
C, ERK and PI3K-Akt signalling (Heo et al. 2009).

Scattered data indicate that also other sphingolipid-related pathways may be involved in tumor
angiogenesis. Indeed, a proteomic study revealed that nSMase?2 is increased in breast tumor-
associated vascular cells (Bhati et al. 2008) whereas nSMase?2 regulation of exosomal miR-210
increases in vivo metastasis in basal breast cancer by promoting local angiogenesis (Kosaka et
al. 2013)

Another example is provided by ASAHI1 that promotes angiogenesis in vitro and in vivo
presumably by increasing the levels of HIF-1a (Cho et al. 2019).

Relevant to the aims of my PhD thesis, significant alterations of microvascular endothelium
were observed in the post-natal brain of GALC-deficient twitcher mice, an authentic model of
globoid cell leukodystrophy. In addition, twitcher endothelium showed a reduced capacity to
respond to pro-angiogenic factors, such as VEGF-A and fibroblast growth factor 2 (FGF2).
Moreover, downregulation of GALC in human ECs leaded to decreased proliferation and
hampered their motogenic response to VEGF-A. Together, these data demonstrate that GALC

deficiency induces significant alterations in endothelial neovascular responses (Belleri et al.
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2013). On these bases, during my PhD program I investigated the role of GALC in melanoma

neovascularization.

5.2.1 GALC promotes angiogenesis in melanoma

In a first set of experiments, RNAscope analysis was performed on 60 human melanoma
samples to assess the relationship between GALC expression and vascularization at different
stages of tumor progression. Morphometric analysis demonstrates that the progressive increase
of GALC expression from common nevi to stage IV melanoma was parallel by an increase in
the number of blood vessels infiltrating the tumor (fig. 5.1A-B).

These observations were confirmed when GALC overexpressing A2058 and A375 human
melanoma cells (upGALC cells) generated in our laboratory (Belleri et al. 2020, Capoferri et
al. 2023) were implanted subcutaneously in C57BL/6 mice. Histological analysis of the tumor
grafts performed 7 days after implantation demonstrated a significant increase of CD31+

vessels in upGALC lesions when compared to mock controls (fig. 5.1C).
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Figure 5.1 GALC expression correlates with blood vessel number in human melanoma. A, B) RNAscope analysis shows a
progressive increase of GALC mRNA expression and microvessel density in histologic samples from 60 patients at different
stages of melanoma progression, including common nevi (CN), dysplastic nevi (DN), melanoma stages I-1I (M I-I1), 1ll (M I1I),
and IV (M IV) . Scale bar 60 um. C) Positive correlation between GALC expression levels and microvessel density as measured

in the 60 samples independently of their tumor stage. D) Immunostaining of mock and upGALC grafts and quantification of
CD31+ areas.
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Next, an angiogenesis protein array of the conditioned medium (CM) of upGALC A2058 cells
was performed to assess whether the increased angiogenic potential of upGALC cells was due
to an increased production and release of pro- and anti-angiogenic factors. As shown in fig.
5.2A, no significant alterations of the angiogenic balance seems to occur following GALC
overexpression in melanoma cells, thus suggesting that GALC by itself may exert a pro-
angiogenic function in our experimental model.

Lysosomal enzymes, including GALC, may be secreted by producing cells, being potentially
available in melanoma microenvironment. To prove this hypothesis, the CM of upGALC cells
was collected after 48h of starvation. Then, GALC activity was measured in the cell extract
and CM of both mock and upGALC cells by a thin layer chromatography (TLC) enzymatic
assay based on the conversation of the LRh-6-GalCer substrate to the LRh-6-Cer product (fig.
5.2B). The results confirm the capacity of GALC-overexpressing melanoma cells to release

significant amounts of the active enzyme in the tumor microenvironment.
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Figure 5.2 GALC overexpression does not modulate the secretion of pro-angiogenic factors in human melanoma cells. A) CM
composition was characterized by an angiogenesis array (R&D system). B) GALC activity in the cell extract (CEx) and CM of
mock and upGALC cells was evaluated by an enzymatic TLC assay.

On this basis, human umbilical vein endothelial cells (HUVEC) were stimulated with mock
and upGALC A2058 CM in the absence or in the presence of the GALC inhibitor GCP
(Marques et al. 2017). As anticipated, upGALC CM was able to induce a significant increase
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of HUVEC migration and sprouting when compared to the control CM and such increase was
abrogated by the GALC inhibitor (fig. 5.3A-B). In keeping with these observations, GCP
abolished the angiogenic response exerted by the upGALC CM when tested in zebrafish
embryo sprouting assay (fig 5.3C) or in the chick embryo CAM assay (fig. 5.3D-E). Of note,
GCP did not affect VEGF-A and FGF2-mediated angiogenesis, indicating the specificity of its
effect (fig. 5.3F).

Figure 5.3 GALC promotes angiogenesis in vitro and in vivo. A) HUVEC Boyden chamber migration assay, B) HUVEC sprouting
assay, C) Zebrafish sprouting assay, and D-E) CAM assay indicates that GALC exerts a pro-angiogenic activity in vitro and in
vivo, both abrogated by the GALC inhibitor GCP. F) GCP did not affect neo-vessel formation triggered by VEGF-A or FGF2 in the
CAM assay.
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To further support a direct role of GALC activity in angiogenesis, wild-type (wt) GALC and a
catalytically inactive GALC mutant harboring the R396W mutation (GALCR*¢Y) (Deane et
al. 2011) were overexpressed in HEK293T cells by lentiviral transduction. The mutation
R396W is located inside the catalytic site of the enzyme, without affecting the folding and
trafficking of the enzyme that is correctly expressed and secreted, as shown by Western blot
analysis of GALC and GALCR¥®W cell lysates and CM (fig. 5.4A). As anticipated, the secreted
mutant was endowed with a very limited enzymatic activity (fig. 5.4B-C) and was unable to
stimulate HUVEC sprouting in vitro and angiogenesis in vivo in the CAM assay (fig 5.5D-E).
CR396W

Accordingly, the, inactive GAL
CAM when overexpressed by A2058 cells (fig. 5.4F-G).

was unable to induce an angiogenic response in the

Together, these data indicate that the angiogenic potential of GALC is strictly related to its

enzymatic activity.

121



Figure 5.4 Catalytically inactive GALC failed to promote angiogenesis. A) Western blot analysis of CEx and CM confirms the
overexpression of GALC*t and GALCR396W jn HEK293T cells. B) and C) Residual activity of the inactive mutant was assessed by
a TLC enzymatic assay. The inactive GALCR3%W mutant failed to promote HUVEC sprouting (D) and neo-vessel formation in the
CAM assay (E). Similar results were obtained when GALCR396W was expressed in A2058 melanoma cells (F-G).
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As observed for other lysosomal enzymes, GALC tagged by a M6P residue may interact with
MG6PRs following its release in the extracellular environment. This will result in a receptor-

driven internalization of the enzyme that will be delivered into the lysosomes (Fig. 5.5).

Figure 5.5 Schematic representation of GALC endocytosis by endothelial cells. M6P-tagged GALC is released from melanoma
cells and it binds to M6PRs on ECs surface. The Figure was partly generated using Servier Medical Art, provided by Servier,
licensed under a Creative Commons Attribution 3.0 unported license.

Accordingly, incubation of HUVECs with the A2058 upGALC CM causes a significant and
progressive increase of GALC activity in their cell extract when compared to HUVECs
incubated with mock CM (fig. 5.6A). Such increase is hampered by the addition of M6P to the
upGALC CM (fig. 5.6B). Accordingly, RT-qPCR analysis demonstrates that HUVECs express
significant levels of both cation dependent and cation independent (IGFR2) M6PRs (data not
shown).

To assess whether M6PR-mediated internalization plays a non-redundant role in the angiogenic
responses elicited by GALC, in vitro and in vivo angiogenesis assays were performed with
upGALC CM in the absence and in the presence of M6P. In keeping with this hypothesis, M6P
hampered the capacity of upGALC CM to induce HUVECs motility and sprouting and to
stimulate neo-vessel formation in the CAM assay (fig. 5.6C-E). Again, no effect of M6P was
exerted on the angiogenic activity of VEGF-A or FGF2, confirming the specificity of the effect
(fig. 5.6F).
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Figure 5.6 M6PR-mediated internalization mediates the angiogenic activity of upGALC CMECs. A) Kinetics of GALC uptake in
HUVECs as evaluated by a TLC enzymatic assay. B) M6P prevents GALC uptake in HUVECs. M6P inhibits the capacity of A2058
upGALC CM to induce HUVEC migration (C) and sprouting (D) as well as angiogenesis in the CAM assay (E). (F) M6P did not
affect VEGF-A or FGF2 mediated angiogenesis.
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5.2.2 GALC promotes tyrosine kinase receptor signalling cascades and VEGFR2
activation in HUVECs

To identify the mechanism(s) responsible for the observed angiogenic response elicited by
GALC in ECs, a human phospho-kinase array was performed on the cell extracts of HUVECs
that have been incubated for 4 hours with the CM of mock or upGALC A2058 cells. As shown
in fig. 5.7A, several intracellular kinases were significantly activated in HUVECs treated with
upGALC CM when compared to control CM. These results were confirmed and extended by
Western blot analysis of the same cell extracts (fig. 5.7B), raising the possibility that upGALC
CM may induce the activation of one or more tyrosine kinase receptor(s). In keeping with this
hypothesis, it was observed that the incubation of HUVECs with upGALC CM induces the
phosphorylation of VEGFR2, the main pro-angiogenic tyrosine kinase receptor in ECs (fig.
5.7C). It must be pointed out that, in keeping with the angiogenesis array shown in fig. 5.2A,
this occurred even though mock and upGALC CM contain the same levels of VEGF-A protein
as assessed by ELISA (fig. 5.7D). Of note, both VEGFR2 and PI3K phosphorylation were
abrogated upon co-treatment with the GALC inhibitor D-galactal (Dgal) (Hill et al. 2013) that,
like GCP, hampered HUVEC sprouting mediated by upGALC CM (fig. 5.8A-B). Relevant to
this point, no difference in VEGF-A gene expression was observed in HUVECSs treated for 24
hours with mock or upGALC CM (data not shown), ruling out the possibility that GALC may
induce VEGF-A upregulation in these cells.
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Figure 5.7 GALC activates VEGFR2 phosphorylation in ECs. A) Human phospho kinase array (R&D system) showed increased
activation of several intracellular kinases in HUVECs stimulated for 4 h with upGALC CM. B) The data were confirmed and
extended by Western blot analysis of the same cell extracts. C) Western blot analysis of VEGFR2 phosphorylation in HUVECs
treated with upGALC (4 hours) or VEGF-A (10 min). D) VEGF-A proteins levels in mock and upGALC CM as assessed by ELISA.

Finally, to evaluate whether the capacity of upGALC CM to trigger VEGFR2 activation is
mediated or not by the presence of the natural receptor ligand VEGF-A, HUVECs were co-
treated with upGALC CM and the anti-VEGF-A antibody Ranibizumab. As shown in fig. 5.8C-
D, Ranibizumab abolished VEGFR2 activation and HUVEC sprouting triggered by upGALC

CM or recombinant VEGF-A, here used as a control.
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Figure 5.8. GALC activity and extracellular VEGF-A are required to promote VEGFR2 activation by upGALC CM. A) Western blot
analysis shows that co-treatment of HUVECs with upGALC CM and the GALC inhibitor Dgalactal hampers VEGFR2
phosphorylation and downstream PI3K activation. B) Dgalactal abrogated also HUVEC sprouting triggered by upGALC CM.
Trapping extracellular VEGF-A with the anti-VEGF-A antibody Ranibizumab inhibited GALC-mediated VEGFR2 phosphorylation
(C) and sprouting (D) in HUVECs. Dgal: Dgalactal.

Together, the data indicate that enzymatically active GALC, once internalized via the
M6P/M6PR pathway, is able to trigger VEGFR2 activation, downstream intracellular
signalling, and biological responses (sprouting) in HUVECs. This capacity is strictly dependent

upon the presence of VEGF-A in the extracellular environment.
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6 DISCUSSION

Sphingolipids play a pivotal role in various physiological and pathological conditions. During
my PhD program, I focused my research activity on two enzymes involved in sphingolipid
metabolism: GALC and SMPD3.

The review “Zebra-Sphinx: modelling sphingolipidoses in zebrafish” underlines the
importance of zebrafish as a versatile animal model to study sphingolipidoses. My group have
investigated Krabbe disease in zebrafish and in the article “Impact of an irreversible -
galactosylceramide inhibitor on the lipid profile of zebrafish embryos”, we provide a new
approach to deepen the mechanism of this neurodegenerative disease in developing organism,
highlighting how GALC may exert a wider effect in the pathogenesis of the disorder. Besides
its role in Krabbe disease, GALC has been studies also in tumor biology and in the review
“Oncosuppressive and oncogenic activity of the sphingolipid-metabolizing enzyme B-
galactosylceramide” we underline the dual role of GALC in cancer progression. Finally, the
pro-oncogenic activity of GALC has been explored in the article “The Pro-Oncogenic
Sphingolipid-Metabolizing Enzyme B-Galactosylceramidase Modulates the Proteomic
Landscape in BRAF(V600E)-Mutated Human Melanoma Cells”.

Here I briefly discuss the work I performed during my PhD program, emphasizing the central
role that sphingolipid enzymes play both in lysosomal storage diseases and in tumor

progression.

Genetic deficiency of sphingolipid metabolizing enzymes leads to the occurrence of a series of
pathological conditions named sphingolipidoses. The molecular and clinical features of genetic
sphingolipidoses and the use of zebrafish as an animal model for the study of such diseases and
for the search of novel therapeutic approaches are reviewed in the paper “Zebra-Sphinx:
modelling sphingolipidoses in zebrafish”.

GALC is historically studied as a causative gene of Krabbe disease. Thus far, only a limited
information is available about the effect of the modulation of GALC activity on the lipidome,
mainly obtained by the analysis of tissues harvested from adult twitcher mice or genetically
modified cell lines (Belleri et al. 2022). In addition, even though scattered evidence indicated
that alterations of the central and peripheral nervous system may occur in human Krabbe
fetuses (Suchlandt et al. 1982, Martin et al. 1981), no data are available about the effects of the

lack of GALC activity on the lipidome of developing organisms. During my PhD, I evaluated
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how the irreversible GALC inhibitor GCP modifies the lipid profile in zebrafish embryos. GCP
has been demonstrated to exert a covalent and irreversible inhibition of the enzymatic activity
of recombinant and rodent GALC (Marques et al. 2017). In the article “Impact of an
irreversible p-galactosylceramide inhibitor on the lipid profile of zebrafish embryos”, in-
silico analysis indicates that GCP shares the same pharmacophoric points in human GALC and
in the zebrafish orthologues Galca and Galcb, indicating its capacity to exert an inhibitory
effect by trapping the catalytic residues of the active site of the zebrafish enzymes. In keeping
with this hypothesis, GCP inhibits the GALC activity present in zebrafish embryos and adult
brain extracts with a potency similar to that exerted on human and murine GALC.

Taking advantage of the capacity of GCP to exert a long-lasting inhibition of GALC activity
when injected in zebrafish at the 1-2 cell stage, we analyzed the lipid profile of zebrafish
embryos at 96 hpf to assess a possible impact of GALC deficiency on the lipidome during the
early phases of embryonic development. Untargeted lipidomic analysis identified 766 lipid
species in the whole extracts of zebrafish embryos at 96 hpf in both GCP-treated and control
animals. Among the various classes of lipids, GCP treatment caused a significant increase of
the levels of TAG, possibly because of a reduced lipid remodeling in the yolk sac. As for sterols,
while no changes in the levels of free cholesterol were observed between GCP-treated and
control animals, the decrease in the levels of the CE species 22:5 and 22:6 resulted in a
significant decrease in the total amount of CE following GCP treatment. This observation goes
along with the decrease of CE levels that occurs in murine melanoma B16-F10 cells following
shRNA mediated Galc knockdown (Belleri et al. 2020).

Notably, significant changes were observed for the levels of various classes of phospholipids
following GCP treatment. They included an increase of PC, PE, and LPE levels, paralleled by
a decrease of phosphatidylinositols, lyso-phosphatidylinositols, lyso-phosphatydilserines, and
phosphatidylinositols-Cer. As observed for TAG changes, the effect of GCP on these
phospholipid classes was restricted to defined lipid species, pointing again to a specific effect
of GALC inhibition on phospholipid metabolism in zebrafish embryos. In keeping with these
observations, a significant reduction of PE was observed in Galc knockdown B16 cells (Belleri
et al. 2020) and alterations of the phospholipid profile and membrane turnover have been
reported in the brain of twitcher mice (Weinstock et al. 2016) as a possible consequence of the
tight crosstalk that occurs between phospholipid and sphingolipid metabolism [reviewed in
(Rodriguez-Cuenca et al. 2017)]. Indeed, significant changes in the levels of Cer and SM were
detected in GCP-treated animals.
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Our data extend these observations and indicate for the first time that GALC plays a non-
redundant role in lipid metabolism also during embryonic development, in line with clinical
evidence about alterations of the central and peripheral nervous system of human Krabbe

fetuses (Suchlandt et al. 1982, Martin et al. 1981)

Alterations of sphingolipid metabolism, exert a deep impact in melanoma progression
(Bizzozero et al. 2014, Bilal et al. 2019, Shirane et al. 2014). Recently, experimental evidence

pointed to an anti-tumorigenic role of nSMase2 in melanoma. nSMase2 derived-Cer delays

tumor growth in C57BL/6 mice and increases CD8" lymphocytes infiltrating the tumor (Belleri
et al. 2020, Montfort et al. 2021). In this thesis, the overexpression of SMPD3 in two human
melanoma cell lines harboring the BRAFYE mutation was evaluated. Consistent with
previous studies, nSMase2 does not modulate proliferation (Jabalee et al. 2020) and migration
of melanoma cells (Montfort et al. 2021). As anticipated, nSMase2 upregulation in A2058 and
A375 melanoma cells increased the levels of Cer and DH-Cer, parallelled by a decreased
amount of SM and DH-SM. Reduced levels of HexCer and CDH may be explained by a
simultaneous increase of GALC, as it was observed in some neurodegenerative diseases
(Filippov et al. 2012), or Gba2, as noted in normal liver after injury (Yu et al. 2023). In a
preliminary tumorigenesis assay performed on the chick embryo CAM, A2058 nSMase2 cells
developed smaller lesions compared to A2058 mock grafts, consistent with the onco-
suppressive role of Cer, as previously observed with murine melanoma tumors (Montfort et al.
2021, Belleri et al. 2020). In contrast to what occurs in breast cancer, where nSMase? is related
to increased local angiogenesis (Bhati et al. 2008) (Kosaka et al. 2013), here I showed that the
nSMase2 lesions were less vascularized. The reduced neo-vessel formation might simply
reflect the decrease in tumor growth or might represent a specific effect of Cer (Yazama et al.
2015). Further experiments will be required to elucidate this point.

Recently, Belleri et al. showed an inverse correlation between GALC and SMPD3 expression
in human melanoma, demonstrating that GALC critically modulates the oncogenic activity of
melanoma cells in vitro and in vivo (Belleri et al. 2020). In the review “Oncosuppressive and
oncogenic activity of the sphingolipid-metabolizing enzyme B-galactosylceramide” we
have shown that GALC may exert opposite effects on tumor growth.

In line with these findings, analysis of human specimens ranging from common nevi to stage
IV melanoma showed a gradual increase in GALC expression during tumor progression that

goes along with a decrease in Cer levels (Belleri et al. 2020). Accordingly, high levels of GALC
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immunoreactivity are associated with poor prognosis in colorectal cancer patients (Yang et al.
2020) and GALC upregulation in circulating lung cancer cells correlates with a poor response
to therapy, representing a possible predictor biomarker in these patients (Liu et al. 2018).

In the article “The Pro-Oncogenic Sphingolipid-Metabolizing Enzyme -
Galactosylceramidase Modulates the Proteomic Landscape in BRAF(V600E)-Mutated
Human Melanoma Cells”, we investigated the effects of GALC overexpression in A2058 and
A375 human melanoma cells that harbor the BRAF(V600E)-activating mutation, which is
present in approximately 50% of human melanomas (Ascierto et al. 2012). Our data indicate
that GALC upregulation induces a significant increase in the proliferative potential and
anchorage-independent growth of A2058 and A375 melanoma cells, paralleled by increased
cell motility in a Boyden chamber assay and after in vitro wounding of the cell monolayer.
These findings prompted us to investigate the impact of GALC upregulation on the proteomic
landscape of both A2058 and A375 cells. Notably, KEGG and GO categorizations indicated
that A2058-mock cells express higher levels of proteins related to energy metabolism and
mitochondrial activity when compared to A375 cells. Conversely, proteins related to mRNA
binding/splicing and ribosome terms are present at higher levels in A375-mock cell extracts.
Based on this cell heterogeneity, it is not surprising that GALC overexpression exerted a
different impact on the proteomic landscape of the two melanoma cell lines. Indeed, GALC
transduction in A2058 cells resulted in the up- or downregulation of the expression levels of
37 and 14 proteins, respectively, whereas it exerted a stronger impact on A375 cells (263 and
184 proteins up- or downregulated, respectively).

Categorization analysis indicates a significant enrichment in both cell lines of downmodulated
proteins involved in mitochondrial functions, including oxidative phosphorylation,
mitochondrial respiratory chain complexes, and aerobic respiration. Melanoma cells can shuttle
between glycolysis and respiration depending upon conditions of growth, hypoxia, acidosis,
and therapy, and BRAF activity has been shown to suppress oxidative phosphorylation, thus
driving aerobic glycolysis in melanoma. Thus, GALC appears to modulate the energetic
plasticity of melanoma cells by metabolic reprogramming (Huang, Radi and Arbiser 2021). In
this frame, it is interesting to note that alterations in the sphingolipid metabolism via
modulation of the expression levels of the lysosomal acid ceramidase affect mitochondria
activity in melanoma cells (Lai et al. 2021). Further studies will be required to elucidate the
impact of GALC on the rewiring of energetic metabolism in melanoma.

Among the proteins whose levels of expression were affected by GALC overexpression in

melanoma cells, 25 of them were upregulated in both A2058-upGALC and A375-upGALC
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cells, whereas only 2 of them were downregulated in both cell types. Notably, 6 out of the 27
proteins modulated by GALC overexpression in both A2058- upGALC and A375-upGALC
cells have been involved in melanoma biology, 4 proteins have been implicated in tumor
immune escape and 10 proteins have been shown to play a role in ER stress responses,
mitochondrial antioxidant activity, autophagy and/or apoptosis.

The results of the present work confirm and extend previous observations about the pro-
oncogenic role of GALC (Belleri et al. 2020) by demonstrating that GALC overexpression
increases the tumorigenic potential of both A2058 and A375 human melanoma cells harboring

the tumor-driving BRAF(V600E) mutation.

Angiogenesis plays a pivotal role in melanoma progression. Consistent with the pro-oncogenic
effects exerted by GALC on melanoma cells, we observed that GALC overexpressing A2058
and A375 cells give rise to more vascularized lesions when grafted in C57BL/6 mice. Of note,
GALC promotes melanoma angiogenesis without affecting the secretion of angiogenic factors,
including VEGF-A. Based on the observation that GALC can be secreted by producing cells
(Nagano et al. 1998), we hypothesized GALC released by melanoma cells may promote tumor
angiogenesis.

In keeping with this hypothesis, the CM of GALC-overexpressing melanoma cells contain
significant levels of the enzyme and is able to induce angiogenic responses in vitro in HUVECs
and in vivo in zebrafish embryos and in the chick embryo CAM. These effects were inhibited
by the GALC inhibitors GCP and Dgal, indicating that the enzymatic activity of GALC is
required to exert an angiogenic response. Accordingly, the enzymatically inactive GALCR36W
mutant was devoid of a significant angiogenic potential in vitro and in vivo when expressed in
HEK393T or A2058 cells.

The M6P/M6PR pathway allows the uptake and internalization of lysosomal enzymes present
in the extracellular environment, including GALC (Nagano et al. 1998). Accordingly, we
observed a progressive increase of GALC activity in HUVECs incubated with the CM of
GALC-overexpressing melanoma cells and demonstrated that M6P is able to hamper the
angiogenic potential of GALC in vitro and in vivo. Together, these data suggest that the
internalization of enzymatically active GALC via its binding to M6PR is required to induce an
angiogenic response in ECs. In keeping with this hypothesis, previous observations had shown
that M6PR is involved in mediating proliferin-induced angiogenesis by allowing the

internalization of proliferin into ECs (Volpert et al. 1996).
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In this thesis, preliminary observations indicate that the activation of the prototypic angiogenic
receptor VEGFR2 may mediate the angiogenic activity of GALC. Indeed, the CM of GALC-
overexpressing melanoma cells causes the phosphorylation of this receptor and the activation
of various downstream signalling pathways in HUVECs, abrogated by the GALC inhibitor
Dgal. Surprisingly, a similar inhibitory effect was exerted also by the neutralizing anti-VEGF-
A antibody Ranibizumab, despite the absence of significant differences in the levels of VEGF-
A in the CM of GALC-overexpressing cells when compared to controls. At present, studies are
in progress to assess the possibility that internalized GALC may modulate the lipid
composition of HUVEC membranes, thus affecting the mobility of VEGFR2 on the cell surface
and its capacity to interact with VEGF-A.

Together, these observations indicate for the first time that GALC may exert both autocrine
and paracrine functions in human melanoma by conferring a pro-oncogenic phenotype to

melanoma cells and inducing an angiogenic response in tumor endothelium.
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