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Abstract

Glycosphingolipids are amphiphilic plasma 
membrane components formed by a glycan 
linked to a specific lipid moiety. In this chap-
ter we report on these compounds, on their 
role played in our cells to maintain the correct 
cell biology.

In detail, we report on their structure, on 
their metabolic processes, on their interac-
tion with proteins and from this, their prop-
erty to modulate positively in health and 
negatively in disease, the cell signaling and 
cell biology.
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3.1	 �Glycosphingolipids

The history of glycosphingolipids (GSL) dates 
back to the late nineteenth century by 
J.L.W.  Thudichum (1884), who reported, for 
the first time, on the isolation of unknown com-
pounds from human brain. These compounds 
were found to be cerebrosides, that is, mono-
glycosylceramides (Fig.  3.1), but the knowl-
edge of their structure remained enigmatic for a 
long time, before being resolved. It soon 
became clear that glycosphingolipids are a very 
large family of amphiphilic compounds, which 
present complex structure of glycans and lipids, 
involved in the positive and negative regulation 
of the biology of our cells (Thudichum 1884; 
Sonnino et al. 2006).

3.2	 �General Structure of Natural 
Glycosphingolipids

The term “glycosphingolipid” refers to lipids con-
taining at least one monosaccharide residue and a 
sphingoid (Fig.  3.2) or a ceramide (Fig.  3.3). 
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Ganglioside nomenclature is in accordance with IUPAC-
IUB recommendations (Chester 1998).
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Ceramides (Cer) are N-acylated sphingoids. The 
carbohydrate residue is attached to O-1 of the 
sphingoid by a glycosidic linkage. The trivial 
name of lyso-glycosylceramides is used for the 
glycosylsphingoid. The vast majority of glyco-
sphingolipids are glycosylceramides but some gly-
cosylsphingoids have been found in nature, which 
appear to be more abundant in patients with lyso-
somal storage diseases (Hikita et al. 2002).

Glycosphingolipids are classified as neutral or 
acidic. Among the latter, the main ones contain 

sialic acid (Fig. 3.4) (sialosylglycosphingolipids 
or gangliosides) or sulfuric acid (sulfoglyco-
sphingolipids or sulfatides), but some contain 
uronic acid.

Sphingoids (Sph) are long-chain aliphatic 
amino alcohols, and the most common is the 
compound (2S,3R,4E)-2-aminooctadec-4-ene-
1,3-diol. The abbreviation is d18:1 or C18-
sphingosine. The corresponding saturated 
sphingoid (2S,3R)-2-aminoocta-1,3-diol origi-
nally called “dihydrosphingosine” is commonly 

Fig. 3.1  Structure of glucosylceramide Glc-β-(1-1)-Cer (GlcCer) (a) and galactosylceramide Gal-β-(1-1)-Cer (GalCer) 
(b)

Fig. 3.2  Structure of sphingosine (2S,3R,4E)-2-aminooctadec-4-ene-1,3-diol,(Sph)

Fig. 3.3  Structure of ceramide (Cer)
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Fig. 3.4  Structure of: α - 
Neu5Ac (a) and  
α-Neu5Ac-(2-8)-α- 
Neu5A (b)

coded as sphinganine, C18-sphinganine or d18:0 
(Charter et  al. 1947). Small amount of sphin-
goids composed by different number of carbon 
atoms, with multiple double bonds, or hydroxyl, 
oxo, methyl substituents have been found in 
humans.

The main fatty acids of naturally occurring 
ceramides vary in chain length from C16 to C26 
and may contain one or more double bonds and/
or hydroxyl substituents at C-2 (Grösch et  al. 
2012; Wertz 2018). The neutral chain of glyco-
sphingolipids on the basis of its structure defines 
the series of the glycosphingolipid to which addi-
tional sugars (e.g., sialic acid) or sulfate are con-
nected. Table 3.1 shows the glycan series.

In all the glycans, sugars are defined with 
Roman numbering from I to V starting from the 
saccharide linked to ceramide, and the linkage 
position of an additional glycose residue to the 
sugar of the glycan series is coded with an apical 
Arabic number as reported in Table 3.2.

Sulfoglycosphingolipids are glycosphingolip-
ids carrying a sulfate ester group, formerly called 

“sulfatides.” The nomenclature of sulfatides is 
shown in Table 3.3. More detailed information on 
the nomenclature of glycosphingolipids estab-
lished by the IUPAC-IUB are available in 
(Chester 1998).

3.3	 �Glycosphingolipid Metabolic 
Processes

Glycosphingolipids are widely distributed in all 
the cellular compartments, being membrane 
components of the subcellular fractions but are 
particularly abundant in the outer layer of the 
cell plasma membrane (PM). A small amount is 
also present in the cell cytosol in form of com-
plexes with proteins (Sonnino et al. 1979; Merrill 
2011).

De novo biosynthesis of glycosphingolipids 
first occurs in the endoplasmic reticulum (ER) 
where the highly hydrophobic ceramide is syn-
thesized from serine and palmitoyl-CoA (in some 
tissues even stearoyl-CoA is the acceptor of ser-

3  Glycosphingolipids
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Table 3.2  Coding for some glycosphingolipids with 
additional glycose linked to the glycan series

Trivial 
abbreviation Abbreviation
GM4 Neu5Ac-GalCer
GM3 II3Neu5Ac-LacCer
GD3 II3(Neu5Ac)2-LacCer
O-acetyl-GD3 II3[Neu5,9Ac2-(2-8)-Neu5Ac]-

LacCer
GM2 II3Neu5Ac-Gg3Cer
GD2 II3(Neu5Ac)2-Gg3Cer
GM1 II3Neu5Ac-Gg4Cera

GM1b IV3Neu5Ac-Gg4Cer
Fuc-GM1 IV2αFucII3Neu5Ac-Gg4Cer
GalNAc-GM1 II3Neu5Ac-Gg5Cer

3′-LM1or 
LM1

IV3Neu5Ac-nLc4Cer

GD1a IV3Neu5AcII3Neu5Ac-Gg4Cer
GalNAc-
GD1a

IV3Neu5AcII3Neu5Ac-Gg5Cer

GD1b II3(Neu5Ac)2-Gg4Cer
GD1b-lactone II3[Neu5Ac-(2-8,1-9)-Neu5Ac]-

Gg4Cer
Fuc-GD1b IV2αFucII3(Neu5Ac)2-Gg4Cerb

GT1a IV3(Neu5Ac)2II3Neu5Ac-Gg4Cer
GT1b IV3Neu5AcII3(Neu5Ac)2-Gg4Cer
O-Acetyl-
GT1b

IV3Neu5AcII3[Neu5,9Ac2-(2-8)-
Neu5Ac]-Gg4Cer

GT1c II3(Neu5Ac)3-Gg4Cer
GP1c IV3(Neu5Ac)2II3(Neu5Ac)3-Gg4Cerc

GQ1b IV3(Neu5Ac)2II3(Neu5Ac)2-Gg4Cer
GQ1c IV3Neu5AcII3(Neu5Ac)3-Gg4Cer
AGM3 LacCer
AGM2 Gg3Cer
AGM1 Gg4Cer

GD1α IV3Neu5AcIII6Neu5Ac-Gg4Cer

GT1α IV3Neu5AcIII6(Neu5Ac)2-Gg4Cer

Chol-1β III6Neu5AcII3(Neu5Ac)2-Gg4Cer

Chol-1α-a IV3Neu5AcIII6Neu5AcII3Neu5Ac-
Gg4Cer

Chol-1α-b IV3Neu5AcIII6Neu5AcII3(Neu5Ac)2-
Gg4Cer

GQ1α IV3(Neu5Ac)2III6(Neu5Ac)2-Gg4Cer

FucGb3Cer III2αFuc-Gb3Cer
aNeu5Ac, is always in α configuration
b(Neu5Ac)2 = α-Neu5Ac-(2-8)-α-Neu5Ac
c(Neu5Ac)3 = α-Neu5Ac-(2-8)-α-Neu5Ac-(2-8)-α-Neu5Ac

Table 3.1  Glycosphingolipid series

Name and abbreviation Structure
glucosylceramide β-Glc-(1-1)-Cer
GlcCer
Galactosylceramide β-Gal-(1-1)-Cer
GalCer
Lactosylceramide β-Gal-(1-4)-β-Glc-(1-

1)-CerLacCer
gangliotriaosylceramide β-GalNAc-(1-4)-β-Gal-

(1-4)-β-Glc-(1-1)-CerGg3Cer
gangliotetraosylceramide β-Gal-(1-3)-β-GalNAc-

(1-4)-β-Gal-(1-4)-β-
Glc-(1-1)-Cer

Gg4Cer

gangliopentaosylceramide β-GalNAc-(1-4)-β-Gal-
(1-3)-β-GalNAc-(1-4)-
β-Gal-(1-4)-β-Glc-(1-
1)-Cer

Gg5Cer

lactotriaosylceramide β-GlcNAc-(1-3)-β-Gal-
(1-4)-β-Glc-(1-1)-CerLc3Cer

lactotetraosylceramide β-Gal-(1-3)-β-GlcNAc-
(1-3)-β-Gal-(1-4)-β-
Glc-(1-1)-Cer

Lc4Cer

neolactotetraosylceramide β-Gal-(1-4)-β-GlcNAc-
(1-3)-β-Gal-(1-4)-β-
Glc-(1-1)-Cer

nLc4Cer

neolactohexosylceramide β-Gal-(1-4)-β-GlcNAc-
(1-3)-β-Gal-(1-4)-β-
GlcNAc-(1-3)-β-Gal-
(1-4)-β-Glc-(1-1)-Cer

nLc6Cer

globotriaosylceramide α-Gal-(1-4)-β-Gal-(1-
4)-β-Glc-(1-1)-CerGb3Cer

isoglobotriaosylceramide α-Gal-(1-3)-β-Gal-(1-
4)-β-Glc-(1-1)-CeriGb3Cer

globotetraosylceramide β-GalNAc-(1-3)-α-
Gal-(1-4)-β-Gal-(1-4)-
β-Glc-(1-1)-Cer

Gb4Cer

isoglobotetraosylceramide β-GalNAc-(1-3)-α-
Gal-(1-3)-β-Gal-(1-4)-
β-Glc-(1-1)-Cer

iGb4Cer

globopentaosylceramide β-Gal-(1-3)-β-GalNAc-
(1-3)-α-Gal-(1-4)-β-
Gal-(1-4)-β-Glc-(1-1)-
Cer

Gb5Cer

Mollutetraosylceramide β-GlcNAc-(1-2)-α-
Man-(1-3)-β-Man-(1-
4)-β-Glc-(1-1)-Cer

arthrotetraosylceramide β-GalNAc-(1-4)-β-
GlcNAc-(1-3)-β-Man-
(1-4)-β-Glc-(1-1)-Cer
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Table 3.3  Coding for sulfoglycosphingolipids

Trivial abbreviation Abbreviation
SM4s I3sulfo-GalCer
SM4s-6 I6sulfo-GalCer
SM4s-Glc I3sulfo-GlcCer
SM3 II3sulfo-LacCer
SM2a II3sulfo-Gg3Cer
SM2b III3sulfo-Gg3Cer
SB1a IV3sulfoII3sulfo-Gg4Cer
SMGb4 IV3sulgo-Gb4Cer
SMGb5 V3sulfo-Gb5Cer
Sulfo-GM1 IV3sulfoII3Neu5Ac-Gg4Cer
SMUnLc4Cer IV33sulfo-GlcU-Lc4Cer
SMUnLc6Cer VI33sulfo-GlcU-Lc6Cer

ine) and following in the Golgi compartment, 
where the hydrophilic oligosaccharide core is 
built up (Merrill 2011). The oligosaccharide 
chains are extremely variable displaying differ-
ences related to the number, structure and 
sequence of sugars, as well as the position of the 
sugar linkage and its configuration (Figs. 3.5 and 
3.6). Figure 3.7 shows the general scheme for the 
biosynthesis of glycosphingolipids.

The biosynthesis of ceramide requires pyri-
doxal phosphate (vitamin B6), NADPH (vitamin 
B3), and oxygen (Stoffel 1970). The ceramide 
moves to the cytosolic layer of Golgi membrane 
transported by specific proteins (CERT) and by 
vesicle transport (Perry and Ridgway 2005). 
Here, the ceramide is first glycosylated into the 
cerebroside glucosylceramide (GlcCer) by 
GlcCer synthase or into the galactosylceramide 
(GalCer) by galactosylceramide synthase and the 
corresponding highly reactive UDP-sugar.

A portion of the GlcCer is directly transported 
to the PM inner layer by specific GlcCer cyto-
solic transferring proteins. At the PM, a specific 
flippase places GlcCer into the outer layer. 
Vesicular transport, flip flop, and/or four-
phosphate adaptor protein 2 (FAPP2)-mediated 
transport allow most of GlcCer and GalCer to 
reach the lumen of the late-Golgi compartments 
where the synthesis of more complex glyco-

sphingolipids takes place by sequential activity 
of glycosyltransferases specific for the acceptor 
and the nucleotide activated sugar (D’Angelo 
et al. 2007). Neosynthesized sphingolipids move 
via vesicular transport to the PMs, becoming 
components of the external leaflet (Capasso et al. 
2017). Catabolism of sphingolipids occurs in 
lysosomes, from which simpler products, 
obtained in the degradation pathway, can escape.

Lysosomes are acidic membrane-provided 
intracellular organelles residing mainly in the 
perinuclear region. They contain about 60 differ-
ent acid hydrolases, whose variety reflects the 
capability of the lysosomes to degrade multiple 
kinds of macromolecules, including nucleic 
acids, lipids, proteins, and glycosaminoglycans 
(Saftig and Klumperman 2009). Most of these 
enzymes are soluble, except for those involved in 
the lipid catabolism that are principally associ-
ated with the lysosomal membrane.

Lysosomal hydrolases are synthesized in the 
ER and then transported to the Golgi apparatus, 
where they are glycosylated and tagged with 
mannose-6-phosphate residues in the terminal 
position of the oligosaccharide chains (Fig. 3.8) 
(Braulke and Bonifacino 2009). Mannosylated 
enzymes are recognized by specific mannose-6-
phosphate receptors (M6PRs) in the trans-Golgi 
network (Ghosh et  al. 2003), and the M6PR–
enzyme complexes are transferred to lysosomes 
through clathrin-coated vesicles. In the pre-
lysosomal compartment, the increased acidity 
induces the release of enzymes from the M6PRs, 
which are recycled again in the Golgi apparatus. 
Another transport mechanism, mediated by 
Lysosomal Integral Membrane Protein 2 (LIMP-
2), has been identified for the lysosomal enzyme 
β-glucocerebrosidase, responsible for the 
hydrolysis of the simplest glycosphingolipid glu-
cosylceramide into glucose and ceramide 
(Reczek et al. 2007).

Lysosomes degrade intra- and extracellular 
macromolecules (Settembre et  al. 2013) that 
reach these organelles by two main processes: 
autophagy and endocytosis. The main autophagic 

3  Glycosphingolipids
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Fig. 3.6  Structure of GD3 α-Neu5Ac-(2-8)-α-Neu5Ac-(2-3)-β-Gal-(1-4)-β-Glc-(1-1)-Cer (a) and 9-O-Acetyl-GD3, 
α-Neu5,9Ac2-(2-8)-α-Neu5Ac-(2-3)-β-Gal-(1-4)-β-Glc-(1-1)-Cer (b)

Fig. 3.5  Structure of: gangliotetraosylceramide, β-Gal-(1-3)-β-GalNAc-(1-4)-β-Gal-(1-4)-β-Glc-(1-1)-Cer, Gg4Cer 
(a) and globotetraosylceramide, β-GalNAc-(1-3)-α-Gal-(1-4)-β-Gal-(1-4)-β-Glc-(1-1)-Cer, Gb4Cer (b)

E. Chiricozzi et al.
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Fig. 3.7  Biosynthesis of glycosphingolipids: a general scheme

pathway is characterized by the formation of a 
double-membrane vesicle, called autophago-
some, around the damaged organelle to be 
destroyed. Then, the fusion of the autophago-
some with a lysosome allows the degradation of 
its content. On the other hand, endocytosis is the 
process involved in the internalization of extra-
cellular material (Doherty and McMahon 2009). 
Endosomes undergo a maturation process char-
acterized by multiple changes including exchange 
of membrane components, perinuclear localiza-
tion, and decrease in luminal pH. After that, late 
endosomes fuse with lysosomes and lysosomal 

enzymes that degrade the extracellular material 
(Fig. 3.8).

Another important physiological role of endo-
cytosis is its involvement in the plasma membrane 
turnover with particular regards for the transport 
of glycosphingolipids into the lysosomes for their 
degradation (Kolter and Sandhoff 2005). Within 
the lysosomes, glycosidases sequentially remove 
the glycosidic residues from the nonreducing end 
of the oligosaccharide chains.

For the proper glycosphingolipids catabolism, 
hydrolytic enzymes require the presence of acti-
vator proteins, a group of four small nonenzy-

3  Glycosphingolipids
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matic glycoproteins called sphingolipid activator 
proteins (SAPs) all deriving from the same pre-
cursor gene, plus the GM2 activator protein 
(Fig. 3.9) (Kishimoto et al. 1992). At the end of 
the degradative pathway of the oligosaccharide 
chain of glycosphingolipids, ceramide is hydro-
lyzed by acid ceramidase and saposin D to sphin-
gosine and fatty acid (Ferlinz et  al. 2001). The 
final products of glycosphingolipid degradation 
(sphingosine, fatty acids, and sugars) leave the 
lysosomes through specific membrane proteins 
and, in part, are recycled for the biosynthesis of 

new sphingolipids (Sonderfeld et al. 1985; Riboni 
et al. 1996; Tettamanti 2004; Kitatani et al. 2008; 
Maceyka et al. 2012).

The catabolism of glycosphingolipids depends 
on the recycling of the PM.  Nevertheless, it is 
necessary to recall that only a minor portion of 
the endocytic vesicles becomes lysosomes, while 
the larger part rapidly reassociates with the 
PM. The glycosphingolipids’ half-life is short in 
neurons, in fact for some gangliosides it is about 
1 h, whereas in the case of fibroblasts it is around 
2–3 days. In addition, it has been determined that 

Fig. 3.8  Lysosome biogenesis and trafficking of hydro-
lytic enzymes. Lysosome biogenesis originates from the 
combination of biosynthetic and endocytic pathways as 
fusion between endolysosome and late endosome. Most 
of hydrolytic enzymes are synthesized in the endoplasmic 
reticulum and are glycosylated. In the Golgi apparatus 
they are tagged with mannose-6-phosphate (M6P) resi-

dues and, by M6P receptor (M6PR) mediated transport, 
can reach the endolysosomes in clathrin-coated vesicles. 
The acidity induces the release of enzymes from the 
M6PRs that is recycled to the Golgi apparatus. 
β-glucocerebrosidase is transported in a M6PR-
independent way, by the interaction with the lysosomal 
integral membrane protein 2 (LIMP-2)

E. Chiricozzi et al.
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up to 7–8% of the total cell sphingolipids are 
shed daily from cultured cells (Chigorno et  al. 
1997, 2006; Prinetti et al. 2000). Some of these 
are partially taken up by cells, becoming compo-
nents of the membranes and contributing to mod-
ify their composition.

Accordingly, the regulation of PM sphingo-
lipid content and pattern involves neosynthesis, 
catabolism, complex intracellular trafficking, and 
exchanges with the extracellular environment. 
Any change in these pathways contributes to the 

composition and organization of PM glycosphin-
golipids. In addition, both catabolic (hydrolases) 
and biosynthetic (transferases) glycosphingo-
lipid enzymes have been found to be associated 
with the PMs, where they have been shown to 
exhibit activity on the membrane components.

A possible regulation of the glycosphingolipid 
biosynthesis at the transcriptional level through 
the control of the expression of glycosyltransfer-
ases or transporter proteins must be considered. 
This seems to be demonstrated by the parallelism 

Fig. 3.9  Lysosomal glycosphingolipids’ catabolism. The 
diagram reports the lysosomal catabolism of ganglioside 
GM1. Glycosidases sequentially remove the glycosidic 
residues from the non-reducing end of the oligosaccharide 
chains, thanks to the presence of activator proteins 
(Saposins – SAPs or GM2 activator protein) needed for 

the hydrolysis, whereas ceramide is hydrolyzed to sphin-
gosine and fatty acid. In cytosol, sphingosine is phosphor-
ylated and becomes substrate of a lyase, which converts 
sphingosine-1-phosphate in phosphoethanolamine and 
hexadecanal

3  Glycosphingolipids
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that exists in the changes in the expression of 
glycosyltransferases and the corresponding gly-
cosphingolipid patterns that occur during neuro-
nal development, oncogenic transformation, or 
the acquisition of drug resistance in cancer cells.

3.4	 �Glycosphingolipid–Receptor 
Interactions

As described above, glycosphingolipids are 
amphiphilic molecules mainly present in the PM 
with the hydrophobic ceramide inserted into the 
lipid bilayer and with the oligosaccharide portion 
protruding in the extracellular environment. 
Indeed, they not only are membrane structural 
components, but also play a fundamental role in 
signaling and regulatory pathways. Their chemi-
cal structure makes them ideal players in the role 
of mediators of information across the PM. The 
hydrophilic portion provides recognition sites for 
the interaction with other molecules into the lipid 
bilayer, while the hydrophobic portion, in its 
peculiar position, allows them to interact with the 
other components of the plasma membrane.

The unique lipid composition of a specific cell 
membrane could affect the function of a protein 
in two independent and distinct ways, either by 
modifying the properties of the membrane to 
achieve the physical parameters required for 
proper protein function or by specific protein–
lipid interactions (Coskun and Simons 2011). 
These interactions may lead to different out-
comes: (1) allosteric regulation of the protein 
conformation; (2) regulation of protein multimer-
ization; (3) protein segregation to membrane 
domains; and (4) clustering of signaling mole-
cules in proximity to their effectors (Russo et al. 
2016).

For many years, it has been hypothesized that 
glycosphingolipids can modulate cell signaling 
pathways by interacting with hormones, mem-
brane enzymes, intracellular transducers as well 
as transmembrane receptors, thus modulating 
their properties. With the advancement of meth-
odological technologies, some of these interac-
tions and the participation of glycosphingolipids 

to the cell signaling have been studied in detail 
and explained. Below are some of the best known 
and well characterized interactions between gly-
cosphingolipids and receptor proteins associated 
with the cell PM. Particularly, the role of sialic 
acid containing glycosphingolipids, that is, gan-
gliosides, in regulating the trophic factor-
stimulated dimerization, autophosphorylation, 
and subsequent signal transduction of several 
tyrosine-kinase receptors is discussed.

3.4.1	 �Ganglioside GM1 and Trk 
Receptor

Neurotrophins and their receptors have been 
shown to be ganglioside GM1 interactors, con-
tributing to explain the neurotrophic and protec-
tive effects of GM1, thanks to a specific 
protein–oligosaccharide interaction in the extra-
cellular space (Ferrari et  al. 1995; Mutoh et  al. 
1995; Farooqui et  al. 1997; Bachis et  al. 2002; 
Chiricozzi et  al. 2017). Specifically, GM1 gan-
glioside (II3Neu5Ac-Gg4Cer, β-Gal-(1-3)-β-
GalNAc-(1-4)-[α-Neu5Ac-(2-3)]-β-Gal-(1-4)-β-
Glc-Cer) was shown to be necessary for the 
function of the tyrosine kinase receptor TrkA, 
specific for the nerve growth factor (NGF) neuro-
trophin. Earlier studies demonstrated that GM1 
was able to activate TrkA receptor in different 
cell lines (Rabin and Mocchetti 1995; Mutoh 
et al. 1995) and primary neurons (Da Silva et al. 
2005), suggesting that GM1 may mimic NGF 
activity in inducing neuronal differentiation, neu-
ritogenesis, and neuroprotection (Sokolova et al. 
2014). Importantly, using PC12 cells, with a very 
low GM1 content, it has been shown that the 
exogenous administration of GM1 strongly 
enhances NGF-mediated TrkA activation (Mutoh 
et al. 1995; Farooqui et al. 1997). Moreover, in 
cells lacking endogenous GM1, it has been dem-
onstrated that NGF did not induce the autophos-
phorylation of TrkA, but the rescue of GM1 
content recovered the responsiveness of Trk to its 
ligand (Mutoh et al. 2002). This evidence strongly 
suggests that GM1 is necessary for the normal 
functioning of Trk protein.

E. Chiricozzi et al.
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Colocalization of GM1 and Trk receptors in 
lipid rafts has been proposed to be necessary for 
TrkA phosphorylation in cultured cells (Mutoh 
et al. 1995), brain tissues (Duchemin et al. 2008), 
and in  vivo (Duchemin et  al. 2002; Mo et  al. 
2005). However, it has been recently shown that 
in neuroblastoma cells Neuro2a (N2a), TrkA 
does not belong to lipid rafts together with GM1, 
but its interaction with GM1 involves only the 
GM1 oligosaccharide chain and the extracellular 
portion of TrkA, which may flop down on the PM 
approaching the GM1 oligosaccharide chain 
(Chiricozzi et al. 2019a). Accordingly, 30 years 
ago, Schengrund observed that the GM1 oligo-
saccharide chain alone was able to induce neuri-
togenesis process in a neuroblastoma cell line 
(Schengrund and Prouty 1988). Following, 
Fantini and Yahi pointed out the presence of a 
GM1-binding domain in the extracellular domain 
of Trk, suggesting that GM1 could act as an 
endogenous activator of Trk receptors (Fantini 
and Yahi 2015). Specifically, Chiricozzi and 
coworkers recently reported that the specific 
sugar code of GM1-oligosaccharide 
(II3Neu5Ac-Gg4, β-Gal-(1-3)-β-GalNAc-(1-4)-
[α - N e u 5 A c - ( 2 - 3 ) ] -β - G a l - ( 1 - 4 ) -β - G l c , 
OligoGM1) acts as a bridge between the NGF 
and the TrkA receptor, directly participating in 
and stabilizing the interaction that leads to TrkA 
phosphorylation and to the activation of MAPK 
signaling (Fig. 3.10). This event leads to the acti-
vation of complex biochemical pathways that 
finally bring to neuronal differentiation and pro-
tection both in neuroblastoma cells and primary 
neurons (Chiricozzi et  al. 2019a, b; Di Biase 
et al. 2020a; Fazzari et al. 2020).

Furthermore, GM1 also associates with TrkB, 
the tyrosine kinase receptor for brain-derived 
neurotrophic factor, BDNF (Pitto et  al. 1998; 
Bachis et al. 2002) and with the GDNF receptor 
complex comprised of Ret, the tyrosine kinase 
component, and GFRα, a GPI-anchored corecep-
tor. The important role of GM1  in interaction 
with neurotrophic receptors is highlighted once 
again since the Ret association with GFRα was 
severely impaired in neurons totally or even par-
tially devoid of GM1 (Hadaczek et al. 2015).

3.4.2	 �GM3 Ganglioside and EGF 
Receptor (EGFR)

Specific carbohydrate–carbohydrate and carbohy-
drate–protein interactions are known to be 
involved in the molecular mechanism mediating 
the inhibitory effect of GM3 ganglioside on the 
epidermal growth factor receptor (EGFR). 
Ganglioside GM3 ([α-Neu5Ac-(2-3)]-β-Gal-(1-
4)-β-Glc) has been reported to inhibit EGF-
dependent cell proliferation in a variety of cell 
lines. Both in vitro and in vivo, this glycosphingo-
lipid blocks the kinase activity of the EGF recep-
tor (Miljan and Bremer 2002; Miljan et al. 2002). 
The ganglioside interaction site seems to be dis-
tinct from the receptor EGF-binding site, so this 
effect is not due to inhibition of binding of EGF to 
its receptor. It has been shown that GM3 inter-
feres with the EGFR dimerization through a direct 
interaction (Yednak and Bremer 1994). It was 
reported that EGFR forms two different specific 
lateral interactions with GM3 at the extracellular 
plasma membrane level. One is a protein–carbo-
hydrate interaction involving the terminal 
N-acetylneuraminic acid of the GM3 and the 
lysine 642 of EGFR localized in proximity to its 
transmembrane domain. Through this interaction, 
GM3 maintains the EGFR in its inactive state pre-
venting receptor dimerization and activation with-
out affecting ligand binding (Coskun et al. 2011). 
Second, GM3 interacts with the EGFR also by a 
carbohydrate–carbohydrate interaction involving 
the sialylated galactose of GM3 and the multi ter-
minal N-acetylglucosamine residues on EGFR 
N-glycans. This interaction, although weaker, was 
demonstrated to inhibit EGFR autophosphoryla-
tion and activation (Fig. 3.11) (Kawashima et al. 
2009; Russo et al. 2016).

3.4.3	 �Ganglioside GM3 and Insulin 
Receptor (IR)

Of clinical relevance is also the protein–carbohy-
drate interaction of ganglioside GM3 with the 
insulin receptor (IR) in adipocytes in a state of 
inflammation-induced insulin resistance (Nojiri 

3  Glycosphingolipids



72

Fig. 3.10  Diagram of 
the GM1-TrkA mediated 
functions. GM1 
ganglioside through its 
oligosaccharide chain 
stabilizes the TrkA-NGF 
complex on the cell 
surface triggering the 
phosphorylation of TrkA 
on tyrosine 490 (Tyr490) 
promoting MAPK 
signaling. This induces 
the activation of multiple 
intracellular pathways 
that finally lead to 
neuronal differentiation, 
protection and 
restoration. (Modified 
from Chiricozzi et al. 
2017, 2019b). 
Glycosphingolipid sugar 
code is according to 
Varki et al. (2015)

Fig. 3.11  Diagram of EGFR inhibition mechanism by 
GM3 ganglioside. On the left: EGF receptor association 
with sphingolipid cholesterol domains prevents the aber-
rant activation of EGFR signaling. EGF ligand binding 
promotes EGFR dimerization leading to the formation of 
an active dimer. On the right: When GM3 is present in the 

bilayer, the direct association of GM3 with the EGFR 
domain leads to the inactivation of the EGFR kinase activ-
ity. (Modified from Coskun and Simons 2011). 
Glycosphingolipid sugar code is according to Varki et al. 
(2015)
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et  al. 1991; Tagami et  al. 2002). An inhibitory 
effect of GM3 on insulin signaling has been 
reported both in cell systems (Tagami et al. 2002) 
and in mice lacking GM3 synthase that exhibit 
enhanced insulin signaling and are unaffected by 
insulin resistance induced by a high-fat diet 
(Yamashita et al. 2003).

Specifically, IRs are highly concentrated in 
caveolae microdomains where their binding to 
Cav1 is necessary for successful insulin signaling 
in adipocytes (Fig. 3.12) (Cohen et al. 2003). In 
adipocytes, in a state of TNFα-induced insulin 
resistance, there is an accumulation of ganglio-
side GM3 that is responsible for the elimination 

Fig. 3.12  Diagram of proposed mechanism behind the 
shift of Insulin receptor (IR) from the caveolae to the 
GM3 lipid rafts in adipocytes during a state of insulin 
resistance. Top: IR may be constitutively resident in cave-
olae via its binding to the scaffolding domain of Cav1 
through the caveolin binding domain in its cytoplasmic 
region. Binding of IR and Cav1 is necessary for success-

ful insulin metabolic signaling. Bottom: in adipocytes the 
localization of IR in the caveolae is interrupted by ele-
vated levels of the endogenous ganglioside GM3 during a 
state of induced insulin resistance. (Modified from 
Kabayama et al. 2007). Glycosphingolipid sugar code is 
according to Varki et al. (2015)
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of IR from the caveolae microdomains and the 
inhibition of insulin metabolic signaling (Tagami 
et  al. 2002). The dissociation of the IR–Cav1 
complex is caused by the interaction between the 
lysine 944 residue of IR, located just above the 
transmembrane domain, and the increased GM3 
clustered at the cell surface (Kabayama et  al. 
2007).

3.4.4	 �Lactosylceramide, Lyn, 
and CD11b/CD18 Integrins

Neutral glycosphingolipids expressed on PM 
have been considered by many studies as the cell 
antenna for the recognition of pathogenic micro-
organisms (i.e., bacteria, fungi, and viruses). This 
interaction occurring at the cell surface repre-
sents the starting point for the cell signal response. 
Neutral glycosphingolipids can modulate the 
reactivity to stimuli both by acting as a mem-
brane receptor for an extracellular ligand and by 
interacting with the other components of the cell 
PM.

Lactosylceramide [LacCer; β-Gal-(1-4)-β-
Glc-(1-1)-Cer] is the most abundant neutral gly-

cosphingolipid and is highly expressed on PM of 
human mature neutrophils (Brackman et  al. 
1995; Kniep and Skubitz 1998; Spychalska et al. 
2003). It has been reported to act as a pattern 
recognition receptor (PRR) able to recognize 
pathogen-associated molecular patterns 
(PAMPs), leading to the activation of phago-
cytes’ functions such as chemotaxis, phagocyto-
sis, and superoxide generation (Iwabuchi et  al. 
2008; Yoshizaki et  al. 2008; Nakayama et  al. 
2013). In particular, LacCer containing very 
long fatty acid chain of ceramide, C24:0 and 
C24:1, is the major molecular species of LacCer 
in human neutrophils (Iwabuchi et  al. 2008). 
Specifically, C:24-LacCer has been demon-
strated to form plasma membrane microdomains 
where specifically and directly interacts with 
Lyn protein, which is associated with the cyto-
plasmic layer via myristic/palmitic chains, 
whose activation finally leads to phagocytosis, 
superoxide formations, and migration mecha-
nisms as response to pathogen infection 
(Fig.  3.13) (Iwabuchi and Nagaoka 2002; 
Iwabuchi et al. 2008; Chiricozzi et al. 2015). The 
long fatty acid of LacCer has been proposed to 
interdigitate with the acyl chains of the cytosolic 

Fig. 3.13  Diagram of the LacCer-lipid raft mediated 
function in inflammatory response. Lactosylceramide 
(LacCer) with long fatty acid chain (C:24) presents into 
the lipid rafts of plasma membranes of neutrophil cells 
directly associates with the cytoplasmic protein Lyn via 
myristic/palmitic chains promoting its phosphorylation 

and activation of other proteins (Gi family protein). This 
specific C:24-LacCer/Lyn interaction finally leads to 
phagocytosis, superoxide generation and cell migration 
following CD11b/CD18 integrin translocation in C:24-
LacCer microdomain in response to bacterial infection. 
(Modified from Chiricozzi et al. 2018)
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layer, reducing membrane thickness. The start-
ing process required for LacCer-immunological 
function is the binding of pathogen ligand with 
the carbohydrate moiety that triggers transmem-
brane signaling. Consequently, a change in the 
thermodynamic properties of the distal carbons 
of the long fatty acid acyl chain allows direct 
interaction with the Src kinase Lyn on the cyto-
solic membrane surface. This is the first evidence 
of a direct interaction between a glycosphingo-
lipid resident in the outer layer of the PM with a 
cytosolic-associated protein.

Importantly C:24-LacCer enriched PM micro-
domains are also fundamental for the CD11b/
CD18 integrin mediated phagocytosis of nonop-
sonized microorganisms by human neutrophils 
(Iwabuchi and Nagaoka 2002; Nakayama et  al. 
2008). Upon binding of PAMPs expressed on 
pathogens, CD11b/CD18 is activated and under-
goes a conformational change, resulting in the 
rearrangement of cytoskeletal proteins. The 
CD11b/CD18 subsequently translocates into 
LacCer-enriched membrane microdomains, 
allowing CD11b/CD18 to transmit stimulatory 
signals to Lyn through the interaction of LacCer 
with residues 514–553 in the C-terminal portion 
of the conserved domain of CD18 (Lu et al. 2001; 
Nakayama et al. 2008). These signaling cascades 
lead to the formation of actin-enriched phago-
cytic cups, resulting in phagosome formation 
(Nakayama et al. 2013).

3.4.5	 �Gb3 Globotriaosylceramide 
and Fas (CD95) Receptor

Another important neutral glycosphingolipid 
involved in the regulation of cell signaling 
response across the PM is globotriaosylceramide 
[Gb3, α-Gal(1-4)-β-Gal(1-4)-β-Glc-Cer] through 
its interaction with Fas receptor. Fas (CD95/
APO-1/TNFRSF6) is a TNF receptor superfam-
ily member, known as a key apoptosis activator, 
upon binding with its specific ligand (FasL). An 
efficient Fas activation of the apoptotic mecha-
nism is subsequent to its internalization. 
Specifically, this process requires the interaction 

between Fas and a specific glycosphingolipid-
rich membrane Gb3 raft. In particular, it has been 
demonstrated that Fas receptor contains a con-
served extracellular glycosphingolipid-binding 
motif that interacts specifically with Gb3 regulat-
ing its internalization route and consequently the 
signals transmitted upon ligand binding (Lee 
et  al. 2006; Chakrabandhu et  al. 2008). When 
interacting with Gb3, Fas bounded to its ligand is 
internalized by clathrin-dependent endocytosis, 
which allows the transduction of cell death signal 
deriving from caspase-8 cascade activation 
(Kischkel et al. 1995; Mayor and Pagano 2007). 
In the absence of the lipid–receptor interaction, 
ligand-bound Fas is internalized by ezrin-
mediated endocytosis, activating a progrowth 
signaling through MAPK cascade pathway 
(Chakrabandhu et al. 2008).

3.5	 �Aging: Glycosphingolipids 
in Span Life

Aging is defined as the progressive decline of the 
body’s physiological functions, not necessarily 
linked to the chronological age (Gladyshev 
2016). This is accompanied by an ever-decreasing 
ability of the organism to respond adequately to 
stimuli and thus the increasing of mortality rate 
(Flatt 2012). Aging is the first risk factor for a 
series of pathologies such as neurodegenerative 
disorders, cardiovascular and immune system 
diseases, and cancer (Ferrucci et al. 2020). Many 
factors are thought to contribute to mammalian 
aging including changes in gene expression, 
mitochondrial dysfunction, oxidative stress, 
shortening of telomeres, and accumulation of 
advanced glycation end-products. These pro-
cesses are accompanied by substantial molecular 
and cellular changes that also affect glycosphin-
golipids. Changes in the content and composition 
of glycosphingolipids during aging have been 
mainly studied in few tissues, both in humans and 
in experimental in vivo and in vitro models. Here, 
we will make an overview on the variations that 
glycosphingolipids undergo during aging in dif-
ferent tissues.
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3.5.1	 �Glycosphingolipids in Brain

Sialic acid-containing glycosphingolipids are 
particularly enriched in the nervous system play-
ing both a structural and an essential functional 
role for the adequate development and mainte-
nance of the nervous system (Schengrund 2015). 
The ganglioside content in the brain increases as 
development proceeds and simultaneously the 
expression pattern of gangliosides shifts from 
simple gangliosides, such as GM3 and GD3, 
which are mainly expressed in embryos and 
along the early post-natal life, to complex gan-
gliosides, with GM1, GD1a, GD1b, and GT1b 
becoming the most represented ganglioside spe-
cies in the adults (Ngamukote et  al. 2007). In 
humans the content of gangliosides remains 
barely constant from 20 to 70 years, after when 
undergoes a progressive decline (Svennerholm 
1994). Ganglioside changes in the brain are 
region-specific (Kracun et al. 1991; Svennerholm 
and Gottfries 1994). In fact, the frontal and tem-
poral cortices and respective white matters show 
a reduction mostly of GD1a and GM1, and an 
increase of GM3 and GD1b within the cortices 
and of GD3 in the white matters. Additionally, a 
moderate GD1a and GM1 decrease in aged 
human hippocampus was detected (Kracun et al. 
1991). Noteworthy, GD1a and GM1 deficiency 
has been reported to predispose to Parkinsonism 
(Wu et al. 2012; Ledeen and Wu 2018b). On the 
other hand, the cerebellar cortex showed a 
decrease in b-series gangliosides (GT1b and 
GD1b) during human aging (Kracun et al. 1991).

Moreover, imaging mass spectrometry studies 
highlighted the increase in the C:20 to C:18 ratio 
of fatty acid chain of ganglioside ceramide dur-
ing brain aging (Sugiura et  al. 2008), in accor-
dance with previous founding in aged rat 
cerebellar granule neurons (Valsecchi et  al. 
1996). This, together with a progressive increase 
in the expression of the 3-keto-sphinganine syn-
thase that uses stearoyl-CoA as substrate, leads to 
an increase in the C:20 to C:18 ratio of sphingo-
sine. All this makes the brain gangliosides more 
hydrophobic and, consequently, the plasma 
membranes more rigid during aging. In rodents, 
the trend of brain ganglioside levels is similar but 

not identical to that of humans (Ohsawa 1989). In 
general, from 6 to 24  months of life, GD1a, 
GD1b, and GT1b remain constant and then dras-
tically collapse up to 30  months. GM1, on the 
other hand, tends to increase up to 24 months and 
then only slightly decrease. Interestingly, GM1 
tends to increase in the murine aged hippocam-
pus and hippocampal synaptosomes (Yamamoto 
et al. 2008) such an increment supposedly to be 
associated with a seeding activity to the aggrega-
tion of misfolded proteins.

Considering ganglioside localization at the 
level of the presynaptic neuronal terminals mod-
ulating survival and neuronal transmission pro-
cesses, the alteration of their content and 
composition associates with the reduction of neu-
ronal function mainly through two mechanisms: 
trophic support insufficiency, since neurotrophic 
receptor activity is known to be modulated by 
gangliosides, and reduction of neuronal plasticity 
deriving from a limited vesicles capability to fuse 
with the membrane resulting in the lowering of 
synaptic vesicle release upon stimuli (Ledesma 
et al. 2012) This reflects in the cognitive decline 
that occurs with aging. Besides gangliosides, 
age-related increase in LacCer and GlcCer has 
been found in rodent brain together with a 
reduced acidic glucosylcerebrosidase activity 
(GCase, EC number 3.2.1.45) (Hallett et  al. 
2018). GCase is encoded by GBA gene and GBA 
haploinsufficiency is the highest genetic risk fac-
tor to develop Parkinson’s disease (Sidransky and 
Lopez 2012), and interestingly, a significant 
reduction in GCase activity was found within the 
substantia nigra and putamen of elder people that 
could increase the vulnerability of dopamine 
neurons and lower the threshold for developing 
Parkinson’s disease (Rocha et al. 2015).

3.5.2	 �Glycosphingolipids in Bone

Gangliosides were also described to be expressed 
in bone marrow mesenchymal stem cells (MSCs) 
and osteoblasts (Bergante et  al. 2014, 2018). It 
has been documented that a-series ganglioside 
GD1a contributes to the regulation of osteoblast 
differentiation in MSCs (Kim et al. 2008). Series 
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b gangliosides (GD3, GD2, GD1b, andGT1b) 
were found in osteoclast precursors and primary 
murine osteoclasts, while they are not expressed 
in osteoblasts (Yo et al. 2019). Moreover, a down-
regulation of GD3 synthase and b-series ganglio-
sides is observed following induction of 
osteoclastogenesis mediated by receptor activator 
of nuclear factor kappa-B ligand (RANKL). 
Interestingly, the inhibition of GD3 synthase with 
the following ablation of b-series gangliosides 
appeared to prevent the age-related bone resorp-
tion in mice (Yo et al. 2019).

3.5.3	 �Glycosphingolipids in Kidney

Hernández-Corbacho and coworkers (Hernández-
Corbacho et al. 2011) first described alterations 
in kidney sphingolipids in aged mice. Their data 
revealed that long-chain hexosilceramide 
(HexCer) and LacCer significantly increase dur-
ing renal aging as well as in mouse aging brain 
and liver and in human fibroblasts obtained from 
elderly individuals. Even though the underlying 
mechanism associated with the age-related dete-
rioration of kidney function and any other tissues 
is not known, some studies report HexCer and 
LacCer acting as mediators of inflammatory and 
apoptotic processes (Zhang and Kiechle 2004; 
Wennekes et al. 2009). Still scanty is the mecha-
nism by which the alteration of glycosphingo-
lipid metabolism occurs. Diet could play an in 
important role, as the caloric restriction was 
found to limit the accumulation of both renal 
HexCer and LacCer in aged mice (Hernández-
Corbacho et al. 2011).

3.5.4	 �Glycosphingolipids 
in Endothelial Cells

Changes in glycosphingolipid composition of 
endothelial cells (EC) have been first reported by 
Sasaki and coworkers (Sasaki et  al. 2015). 
Immunocytochemical and cytofluorimetric anal-
ysis revealed a GM1 increase in human cultured 
senescent EC.  In addition, B4GalNT1 gene 
(GM2-syntase, EC number 2.4.1.92) was upregu-

lated. Furthermore, a decrease in the abundance 
of GD3 was observed in senescent ECs, suggest-
ing that the GM2 and GM1 synthetic pathway is 
predominant in senescence. This is accompanied 
by impaired insulin signaling in senescent EC, 
with a slight reduction in the insulin receptor. 
Treatment of senescent EC with AMP-DNM, a 
glycosphingolipids’ synthesis inhibitor, restored 
insulin signaling suggesting a possible negative 
impact of GM1 level alteration induced by aging. 
Even though this evidence remains to investigate 
more in detail the content of GM3  in the EC 
deriving from elderly subjects since GM3 is 
known to directly modulate the insulin receptor 
signaling (Kabayama et al. 2007).

3.5.5	 �Glycosphingolipids in Skin

The outer human epidermis layer, namely stra-
tum corneum (SC), is enriched in lipids and is 
composed of 50% ceramides, 25% cholesterol, 
and 15% free fatty acids (Rogers et al. 1996). All 
three components are required for skin integrity, 
especially the ceramides, which play a crucial 
role in bilayer system formation (Feingold and 
Elias 2014). The SC ceramide derives from the 
metabolism mostly of GlcCer and sphingomy-
elin (SM) present in the innermost layers of the 
epidermis. These substrates are then metabo-
lized by the action of glucosylceramidase and 
sphingomyelinase, respectively (Holleran et  al. 
2006). During aging, the skin becomes thinner 
and dry and decreases the ability to recover from 
lesions. An overall reduction in SC lipid content 
has been found in elder subjects as well as in 
aged mice, without any alteration in composition 
of each lipid species (Ghadially et al. 1995). A 
decrease activity of the enzymes involved in the 
synthesis and catabolism of GlcCer have been 
found in aged skin and pathological conditions 
suggesting a lower substrate availability for 
ceramide production (Holleran et  al. 2006). 
Interestingly, the oral administration of cereal 
lipid extract enriched in GlcCer appeared to 
increase ceramide content in the SC of aged 
mice and to ameliorate recovery ability after 
injury (Bizot et al. 2017).
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3.6	 �Glycosphingolipids 
in Disease

In the previous paragraphs, we reported the role 
played by glycosphingolipids in regulating signal 
transduction. Hence, here comes the importance 
of the correct glycosphingolipidic content and 
pattern of living cells and the correct glycosphin-
golipid topology. These three points depend on 
the balanced expression of a multitude of 
enzymes necessary for their biosynthesis, catabo-
lism, and intracellular transport. Any change in 
the metabolic pathway could affect glycosphin-
golipids’ content and composition resulting in 
their reduced availability on the cell surface and/
or overexpression of some species. All these 
events predispose to impairment of cell function-
ing leading to disease onset.

3.6.1	 �Glycosphingolipids 
and Neurodegeneration

Considering the increase of population age, in the 
last decades, a huge number of studies have 
focused on neurodegeneration, a phenomenon 
consisting in the progressive loss of structure and 
function of neurons leading to the onset of neuro-
degenerative disorders.

Since sphingolipids are key cell signaling 
molecules enriched in neuronal membranes, their 
biology and alterations have been extensively 
studied in the context of neurodegeneration 
(Piccinini et  al. 2010; Breiden and Sandhoff 
2018; Magistretti et  al. 2019). Indeed, different 
neurodegenerative disorders are characterized by 
central and peripheral alterations of the composi-
tion and metabolism of sphingolipids, particu-
larly of glycosphingolipids such as 
glycosylceramide, sulfatides, and gangliosides 
(Wang and Bieberich 2018).

Altered levels of sphingolipids have been 
found both in acute and in chronic 
neurodegeneration.

In response to acute injuries (i.e., stroke, spi-
nal cord injury, and traumatic brain injury), the 
activation of sphingomyelinases and glycosi-
dases accompanied by increased levels of 

ceramide and glycolipids has been reported 
(Novgorodov and Gudz 2009; Horres and 
Hannun 2012; Gu et al. 2013; Brunkhorst et al. 
2015; Ong et  al. 2015; Jones and Ren 2016; 
Roux et al. 2016; Barbacci et al. 2017; Abe et al. 
2018; Sajja et al. 2018). On the other hand, loss-
of-function alterations of enzymes involved in 
the hydrolytic degradation of glycosphingolipids 
can lead finally to chronic neurodegeneration 
due to sphingolipid aberrant accumulation 
within lysosomes and related cellular compart-
ments (Ariga et  al. 2008; Mielke and Lyketsos 
2010; Haughey 2010; Mencarelli and Martinez-
Martinez 2013; Farfel-Becker et  al. 2014; 
Schnaar 2016; Spassieva and Bieberich 2016; 
Sandhoff 2016; Arenz 2017; Di Pardo and 
Maglione 2018; Grassi et al. 2019) (see section 
“Glycosphingolipidosis”).

Besides its association in sphingolipidosis-
derived neurodegeneration, several evidence 
highlighted the central role of gangliosides both 
as therapeutic agents and as putative initiators of 
neurodegeneration via subnormal levels (Ledeen 
and Wu 2018a, b; Magistretti et al. 2019).

The involvement of a-series gangliosides, and 
in particular of GM1 and its catabolic precursor 
GD1a, represents a common denominator for at 
least three neurodegenerative disorders: 
Parkinson’s disease (PD), Alzheimer’s disease 
(AD), and Huntington’s disease (HD) (Ledeen 
and Wu 2018a, b; Magistretti et al. 2019).

3.6.1.1	 �Parkinson’s Disease
PD is a disorder characterized by accumulation 
of α-synuclein (α-syn) fibrillary aggregates and 
progressive degeneration of nigrostriatal dopami-
nergic neurons that finally lead to motor and cog-
nitive dysfunctions (Del Tredici et  al. 2002; 
Ledeen and Wu 2018a, b; Zesiewicz 2019).

About 5 to 10% of PD cases have a known 
genetic origin, while the vast majority, defined as 
sporadic PD, has only age as the major risk factor 
(Stern et al. 2012; Ledeen and Wu 2018b). Up to 
now, the most common genetic rick factor of PD 
is represented by mutations in the GBA gene, 
coding for the lysosomal β-glucocerebrosidase 
enzyme (GCase), for which the 3–5% of PD 
patients carry heterozygous mutations.
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Until 20 years ago, the GBA gene was consid-
ered responsible for only the Gaucher’s disease 
(GD), one of the most common lysosomal stor-
age disorders. GCase catalyzes the hydrolysis of 
GlcCer to ceramide and glucose mostly within 
lysosomes and partially at PM level. Homozygous 
or, more commonly, combined heterozygous 
mutations in GBA gene, generally, cause the 
enzyme to be defective leading to the accumula-
tion of the substrate, responsible for the multior-
gan clinical manifestations of the disease.

The initial discovery of Parkinsonism in a sub-
set of adult onset type I GD patients suggested a 
possible pathogenic link between the two disor-
ders (Neudorfer et al. 1996; Tayebi et al. 2003; 
Sidransky 2005). Neuropathological analysis of 
these patients revealed the presence of α-syn pos-
itive Lewy bodies (Wong et al. 2004), suggesting 
the involvement of αsyn aggregation. Importantly, 
several additional genetic studies in large patient 
cohorts demonstrated that patients with 
Parkinsonism have an increased incidence of 
GBA mutations (Lill et al. 2009).

Despite the efforts of researchers, to date the 
mechanism underlying the relation between 
GBA mutations and the development of PD is far 
to be completely understood and different 
hypotheses have been explored. Since GCase 
resides and acts within endolysosomal compart-
ment, its incorrect folding could induce an 
impairment and engulfment of ER and lyso-
somes which in turn would trigger a stress 
response in the dopaminergic neurons leading to 
their damage and death (McNeill et al. 2014). In 
addition in GBA-PD and non-GBA-PD, GCase 
shows a significant reduction of its catalytic 
activity resulting in a loss of function that seems 
to be associated with a gain of a toxic–cytotoxic 
function resulting in an aberrant positive feed-
back loop involving GCase, alpha-synuclein 
(α-syn) and the nonmetabolized GlcCer 
(Mazzulli et al. 2011). The intracellular GlcCer 
levels control the formation of soluble toxic 
α-syn assemblies in cultured neurons and mouse 
and human brain, leading to neurodegeneration. 
The elevation and formation of α-syn assemblies 
further contributes to a pathogenic cycle by 
inhibiting the lysosomal maturation and activity 

of normal GCase, resulting in additional GlcCer 
accumulation and augmented α-syn oligomer 
formation. The central role of not correctly 
metabolized GlcCer accumulation in the α-syn 
pathology continues to emerge from recent 
reports according to which the accumulation of 
GlcCer even in the absence of a direct GBA 
mutation is sufficient to induce a conformational 
change of the physiological aggregates of α-syn 
in pathological oligomers, with a tendency to 
form fibrils. Even more important for the thera-
peutic perspectives, the reduction of GlcCer 
induces a reversion of the pathological conform-
ers of α-syn into the physiological ones (Zunke 
et al. 2018). It follows that strategies to restore/
maintain GCase activity and reduce GlcCer lev-
els are currently under exploration to treat the 
misfolding and pathogenic aggregation of α-syn 
in PD (Riboldi and Di Fonzo 2019).

Although sporadic PD etiopathogenesis is 
complex and to date poorly understood, and both 
genetic and environmental factors have been 
reported to play a synergistic role, a new theory 
confers a crucial role to GM1 ganglioside. This 
ganglioside highly enriched in neurons exhibits a 
physiological progressive decline with aging 
and/or epigenetic influences (Svennerholm and 
Gottfries 1994). However, its decrease below 
critical thresholds may induce the deregulation of 
key molecular mechanisms leading to neuro-
pathological dysfunction and finally to PD onset 
(Ledeen and Wu 2018a, b; Chiricozzi et al. 2020). 
Accordingly, PD patients reported a decreased 
expression of genes involved in GM1 synthesis, 
such as B4galnt1, B3galnt4, and St3gal2, accom-
panied by a reduction of GM1  in central and 
peripheral nervous tissues (Ledeen and Wu 
2018b; Schneider 2018). Besides the clinical 
data, the consequence of GM1 insufficiency is 
illustrated in a newly presented mouse model of 
sporadic PD that was obtained from the heterozy-
gous disruption of the B4galnt1 gene causing a 
partial depletion of GM1 comparable to those 
found in PD patients (Wu et al. 2012; Hadaczek 
et al. 2015; Ledeen and Wu 2018a, b). This con-
dition is sufficient to accurately recapitulate 
behavioral and biochemical PD phenotype that 
was found to be recovered by administration of 
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LIGA-20, a membrane-permeable analogue of 
GM1 (Wu et al. 2012; Ledeen and Wu 2018b).

The neurorestorative and neuroprotective 
potential of GM1 ganglioside was highlighted by 
different studies using widely accepted in  vivo 
PD models, including mice and nonhuman pri-
mates exposed to 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine, a neurotoxin impairing 
mitochondrial function (Hadjiconstantinou et al. 
1989; De Girolamo et  al. 2001; Nicotra and 
Parvez 2002; Meredith and Rademacher 2011), 
and rats overexpressing human A53T mutant 
α-syn via adeno-associated viral vector 
(Schneider et al. 2019). At molecular level, sev-
eral neuronal functions can become gradually 
compromised as GM1 levels recede (Ledeen and 
Wu 2018a, b; Chiricozzi et al. 2020). In PD con-
text, a particular attention was given to the sig-
naling mediated by neurotrophic receptors and 
the α-syn interaction. Indeed, it has been hypoth-
esized that the reduced level of plasma membrane 
GM1 in PD neurons may trigger the neurodegen-
erative process due to a failure in trophic signal-
ing together with a reduction of α-syn clearance 
(Bartels et  al. 2014; Hadaczek et  al. 2015). 
Accordingly, GDNF signaling, found to be 
impaired both in the substantia nigra from PD 
patients and B4galnt1 PD mouse model, was res-
cued through the administration of the GM1 ana-
logue LIGA20 (Hadaczek et  al. 2015). In 
addition, studies have highlighted the specific 
inhibition of α-syn fibril formation mediated by 
GM1 binding and the key role of N-acetylation of 
human α-syn in enhancing GM1 binding and 
specificity (Martinez et  al. 2007; Bartels et  al. 
2014).

However, although a direct correlation 
between GM1 and the loss of neurotrophic signal 
is quite evident both in  vitro and in  vivo 
(Schengrund and Prouty 1988; Schneider and 
DiStefano 1994; Wu et  al. 2004, 2005, 2012; 
Schneider et  al. 2015a), to date the molecular 
mechanisms underlying these GM1 effects 
remain to be elucidated. In this context, differ-
ence in  vitro and in  vivo evidence pointed out 
that the functional moiety responsible for activat-
ing the GM1 neurofunctions resides in its oligo-
saccharide chain (Schengrund and Prouty 1988; 

Schneider and DiStefano 1994; Wu et al. 2004, 
2005, 2012; Hadaczek et  al. 2015; Schneider 
et al. 2015b; Di Biase et al. 2020b; Fazzari et al. 
2020). This evidence led to hypothesize that spo-
radic PD pathogenesis may be due to PM GM1 
deficiency that causes an alteration of the molec-
ular interaction between the GM1 oligosaccha-
ride and specific PM proteins. Since GM1 is 
involved in the regulation of numerous neuronal 
pathways, the loss of specific GM1 oligosaccha-
ride–protein interactions may gradually compro-
mise several functions.

As reported above, recently a new theory 
emerged regarding a possible role for ganglioside 
GM1 and its precursor (i.e., ganglioside GD1a) 
in the etiopathogenesis of sporadic form of PD, 
due to a decrease of their expression under a spe-
cific threshold level during aging (Ledeen and 
Wu 2018a, b).

Accordingly, this reflects the partial success of 
the GM1 replacement therapy in clinic. Starting 
from the 90s, Schneider and coworkers carried 
out a trial with the aim to check the short- 
(24 weeks) and long-term (120 weeks) effects of 
GM1 treatment on PD: improve symptoms, delay 
disease progression, and partially restore dam-
aged brain cells (ClinicalTrials.gov 
NCT00037830; (Schneider et  al. 2010). Up to 
100 patients were daily treated intravenously or 
subcutaneously with 100–200 mg of GM1 for up 
to 5 years (Schneider et al. 2010). The GM1 treat-
ment brought positive effects, like a partial resto-
ration of dopamine transporter functional level in 
the striatum, improvement of motor symptoms, 
and lowering the disease symptom progression 
(Schneider et al. 2010, 2013, 2015a). The study 
results provided indications that GM1 may 
improve motor symptoms and may also have 
potentially disease modifying effects on PD 
patients. However, since the small cohort of 
patients enrolled in these trials, the data obtained 
were not clear enough to authorize GM1 as an 
official drug for the treatment of PD.

Additionally, an important and fundamental 
problem in the peripheral administration of GM1 
ganglioside is that for its chemophysical proper-
ties (i.e., amphiphilic characteristic) it hardly 
crosses the blood–brain barrier (BBB) and thus a 
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too small quantity of GM1 may reach the dam-
aged neurons. It is plausible to think that the posi-
tive results obtained in GM1 trials on PD patients 
are mainly due to the altered-inflamed BBB 
areas, typically observed in patients with 
advanced pathology (Saulino and Schengrund 
1994; Desai et al. 2007; Erdö et al. 2017).

In conclusion, although different studies and 
clinical data reported the therapeutic action of 
systemically administered GM1 (Schneider et al. 
1992, 2015a; Herrero et  al. 1993; Rothblat and 
Schneider 1998), it remains to be verified whether 
GM1 can reach brain regions by crossing intact 
BBB (Ghidoni et  al. 1986; Svennerholm et  al. 
1990; Saulino and Schengrund 1994; Polo et al. 
1994).

To facilitate the brain internalization different 
strategies can be developed, including the optimi-
zation of drug delivery and the design of modi-
fied-GM1 able to more efficiently cross BBB.

In 2012, Wu et al. demonstrated that the addi-
tion of a dichloroacetyl group linked to the sphin-
gosine amino group instead of the acyl chain 
generates a membrane-permeable analogue of 
GM1, LIGA-20, able to maintain different GM1 
neuroproperties (Wu et  al. 2012). In addition, 
while the toxicity associated with long-term 
treatments hampered its use, the effectiveness of 
LIGA-20 suggested that the ceramide moiety is 
not critical for preserving the GM1 functions 
(Schneider and DiStefano 1994; Wu et al. 2004, 
2005; Hadaczek et al. 2015). In well accordance, 
recent studies have highlighted that the oligosac-
charide portion of ganglioside GM1 is able to 
replicate the neurotrophic and neuroprotective 
properties of the entire GM1 both in  vitro and 
in  vivo (Chiricozzi et  al. 2017, 2019a, b, c; Di 
Biase et al. 2020a, b; Fazzari et al. 2020). In this 
scenario, the GM1 oligosaccharide maintains all 
the beneficial effects of the ganglioside from 
which it derives but loses its amphiphilicity 
acquiring the ability to effectively reach the cen-
tral nervous system, thus demonstrating a strong 
therapeutic potential.

3.6.1.2	 �Alzheimer’s Disease
AD is the most common neurodegenerative dis-
order characterized by impairment in memory 

and cognition due to the presence of abundant 
extracellular amyloid β plaques and neurofibril-
lary tangles triggering neuronal degeneration 
(Serrano-Pozo et al. 2011).

In this context, the analysis of samples from 
patients affected by dementia of Alzheimer type 
compared to controls led to identification of a 
significant reduction of all gangliosides in hip-
pocampal, entorhinal, posterior cingulate, visual 
and prefrontal cortex, with a preferential decrease 
of b-series gangliosides (GD1b, GT1b) (Crino 
et al. 1989). On the other hand, the ganglioside 
composition in AD frontal cortex was found to be 
similar to controls, with minor exception for 
GQ1b and GT1b that resulted decreased 
(Brooksbank and McGovern 1989). By employ-
ing a peculiar method for ganglioside quantifica-
tion (TLC–Blot and MALDI-TOF mass 
spectrometry), the depletion in b-series ganglio-
sides was identified in AD hippocampal gray 
matter, while the level of the a-series ganglio-
sides (GM1 and GD1a) was not affected (Valdes-
Gonzalez et al. 2011).

The decrease of all gangliosides in the tem-
poral and frontal cortex and nucleus basalis of 
Meynert (Kracun et al. 1991) or a mild decrease 
of a-series gangliosides in the temporal lobe of 
late-onset patients (Svennerholm and Gottfries 
1994) were also reported. In addition, another 
study identified an increase of simpler ganglio-
sides (i.e. GM2 and GM3) in AD cortex indicat-
ing, possibly, the acceleration of gangliosides 
lysosomal degradation and/or the presence of 
reactive astrogliosis typical of neuronal death 
process (Kracun et al. 1992). Data regarding the 
GM1 levels and function are controversial: it 
has been both negatively and positively linked 
to AD pathogenesis (Ariga et al. 2008). Different 
studies have reported the GM1 capability to 
bind amyloid β-protein and seed its fibrillogen-
esis to the aggregated form, the neuropathologi-
cal hallmark of AD tissues (Hayashi et al. 2004; 
Ngamukote et  al. 2007; Ariga et  al. 2008). In 
addition, a cytotoxic effect was reported in 
mouse embryonic neural stem cell coexposed 
with GM1 and amyloid β (1–40) peptide 
(Yanagisawa et  al. 2010). On the other hand, 
independent in vitro studies reported the protec-
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tive action of GM1 ganglioside in the presence 
of amyloid β fibrillae (Ariga et al. 2008; Ledeen 
and Wu 2018b), indicating the GM1 capability 
to increase cell viability (Sokolova et al. 2007), 
to modulate inflammation by inhibiting amyloid 
β-induced release of proinflammatory cytokines 
(Ariga and Yu 1999), and to prevent toxicity 
triggered by fibrillar amyloid β via modulating 
the GSK3β-induced apoptotic pathway (Kreutz 
et al. 2011).

In addition, the crossing of homozygous GD3 
synthase knockout mice, lacking the b- and 
c-series gangliosides, with a double-transgenic 
(APP/PSEN1) mouse model of AD has led to the 
elimination of amyloid β plaques and to a behav-
ioral performance overlapped to wild-type mice 
(Bernardo et  al. 2009). These results suggested 
not only that GD3 synthase could be a valuable 
therapeutic target to counteract AD but also that 
these improvements might be attributed to 
increase of GM1 and GD1a seen in the triple-
transgenic mice (Bernardo et al. 2009).

Accordingly, GM1 administration to Wistar 
rat injected with amyloid β1-40 improved spatial 
learning and memory deficits and inhibited the 
oxidative stress and lipid peroxidation (Yang 
et al. 2013). Further in vivo studies suggested that 
the beneficial effects of GM1 against amyloid 
β-derived toxicity could reside in the enhanced of 
amyloid β clearance via autophagy (Dai et  al. 
2017) or the elimination by brain phagocyte 
microglia of amyloid β trapped in 
glycosphingolipid-rich exosomes (Yuyama et al. 
2014).

Finally, the intraventricular injection of 
GM1 in five early-onset AD patients determined 
a significant amelioration of motor performance 
and neuropsychological assessments (Yuyama 
et  al. 2014). The experimental and clinical evi-
dence on the GM1 positive effect suggest a pos-
sible role not only for plasma membrane GM1 
deficiency but also for AD pathogenesis that, in 
our opinion, should be investigated more in 
detail.

3.6.1.3	 �Huntington’s Disease
Altered levels of glycosphingolipids content have 
been correlated to a third neurodegenerative dis-

order: HD (Desplats et al. 2007; Maglione et al. 
2010; Ledeen and Wu 2018a; Magistretti et  al. 
2019). This condition, characterized primarily by 
involuntary movements and impaired motor 
coordination, is caused by an autosomal domi-
nant mutation in the huntingtin (HTT) gene 
determining the expansion of poliQ stretch at 
N-terminus of the protein that results in HTT 
misfolding and aggregation (Magistretti et  al. 
2019).

By analyzing postmortem caudate HD sam-
ples, Desplats and coworkers identified a 
decreased expression of enzymes involved in 
ganglioside synthesis, including St3gal5, St8sia3, 
St3gal2, and B4galnt1 (Desplats et  al. 2007). 
Consequently, an overall remodeling of ganglio-
side expression and a significant elevation of 
GD3 ganglioside accompanied by decreased 
level of GM1 were found (Desplats et al. 2007). 
The analyses of different HD transgenic mouse 
models confirmed the alteration of ganglioside 
pattern with a GM1 reduction in the striatum and 
cortex, two regions involved in HD (Desplats 
et al. 2007; Maglione et al. 2010), and a signifi-
cant decrease of cerebrosides and sulfatides in 
the forebrain suggesting abnormalities in myelin 
content (Desplats et al. 2007).

In vitro administration of GM1 protected HD 
cells from apoptosis via PI3K/AKT pathway acti-
vation (Maglione et  al. 2010) and, accordingly, 
the intraventricular infusion of GM1 was able to 
improve motor and anxiety behaviors and cogni-
tive functions in HD mice models (Maglione 
et al. 2010; Alpaugh et al. 2017). In line with the 
phenotypic amelioration, different molecular 
events were modulated by GM1 exposure. 
Depending on the HD model used, GM1 admin-
istration led to reduction of ferritin levels 
(Alpaugh et al. 2017) that correlate to striatal and 
cortical atrophy in HD patients (Magistretti et al. 
2019), to restoration of expression and phosphor-
ylation of DARPP-32 protein involved in modu-
lation of dopamine signaling. Additionally, GM1 
treatment of HD model shows to modulate differ-
ent neurotransmitters levels (Alpaugh et  al. 
2017), to attenuate HTT toxicity by inducing the 
phosphorylation at Ser13 and Ser16 that allow 
the decrease of HTT aggregates (Di Pardo et al. 
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2012) and by reducing both soluble and insoluble 
mutant HTT (Alpaugh et al. 2017).

3.6.1.4	 �Peripheral Neuroprotection
From 1976, gangliosides were used as commer-
cial drug for the therapy of peripheral neuropa-
thies, but at the beginning of the 1990s, 
gangliosides were claimed by the medical society 
as responsible for inducing the Guillain-Barré 
syndrome (Sonnino et al. 2017) and the drug was 
withdrawn in many countries. Today, the idea 
that the administration of gangliosides is not 
associated with the onset of Guillain-Barré syn-
drome seems to be sounder (Magistretti et  al. 
2019), and in recent years, clinical trials at differ-
ent phases still involve GM1 ganglioside. One of 
these, related to the association of GM1 with 
oxaliplatin chemotherapy seems to give very 
promising results.

Oxaliplatin is a very powerful drug against 
gastrointestinal tumors; however, it is character-
ized by severe peripheral neurotoxicity. Sixty 
patients with gastrointestinal tumors were 
injected daily with 100 mg of GM1 for the 3 days 
following the chemotherapy treatment. The treat-
ment showed some protection against the oxali-
platin neurotoxicity (Zhu et al. 2013).

3.6.2	 �Glycosphingolipidoses

For a long time, lysosomes have been considered 
the final destination of degradative pathways, but it 
is now clear that they are also crucial regulators of 
cell homeostasis and their impairment causes the 
onset of severe pathology called lysosomal storage 
disorders (LSDs) (Perera and Zoncu 2016).

LSDs are caused by a reduced or absent enzy-
matic activity of catabolic lysosomal enzymes, 
by defect in the nonenzymatic lysosomal activa-
tor proteins or in nonlysosomal proteins involved 
in glycohydrolases maturation. These defects 
result in the intralysosomal accumulation of 
undegraded metabolites that leads to the onset of 
cell damage (Platt et al. 2012).

Classically, LSDs are classified based on the 
nature of the accumulated substrate: mucopolysac-

charidoses (accumulation of mucopolysaccha-
rides), sphingolipidoses (sphingolipids), and 
oligosaccharidoses also known as glycoproteinoses 
(oligosaccharides) (Filocamo and Morrone 2011). 
More recently LSDs have also been classified by 
the molecular defect, including more pathologies 
recognized now as LSDs: (1) nonenzymatic lyso-
somal defects, (2) transmembrane protein defects 
(transporters and structural proteins), (3) lysosomal 
enzyme protection defects, (4) post-translational 
processing defects of lysosomal enzymes, (5) traf-
ficking defects in lysosomal enzymes and (6) poly-
peptide degradation defects (Table 3.4).

LSDs clinical manifestations involve multi-
ple organs and systems (Wang et al. 2011). The 
principal pathological phenotypes are repre-
sented by hepatosplenomegaly, corneal or len-
ticular opacities, retinal dystrophy, optic nerve 
atrophy, glaucoma, blindness, bone dysplasia, 
abnormalities of bone density, and osteonecro-
sis (Parenti et  al. 2015). About two-thirds of 
patients affected by LSDs also show an impor-
tant neurological deficiency, which is extremely 
variable and heterogeneous ranging from pro-
gressive neurodegeneration and severe cogni-
tive deficit to psychiatric and behavioral 
disorders (Parenti et  al. 2015). This is particu-
larly true for lysosomal storage disorders caused 
by defects in SL metabolism (sphingolipidoses); 
reviewed in (Futerman et  al. 2004; Futerman 
and Van Meer 2004; Kolter and Sandhoff 2006). 
The onset of symptoms can occur before the 
birth, for the most severe phenotypes, or during 
the adulthood for the late-onset mild forms. 
Severity and age of onset in LSDs depend by 
several factors including: residual enzyme activ-
ity, distribution of tissue-specific and cell-spe-
cific substrates, cell turnover rate, defective 
protein expression, and other mechanisms that 
influence the lifespan of affected cells 
(Jakóbkiewicz-Banecka et al. 2014).

The complexity of LSDs, at the phenotypic 
and molecular level, particularly considering the 
aspects related to neuronal dysfunctions, clearly 
indicates that, even if it is undoubtedly clear that 
the intralysosomal accumulation of unmetabo-
lized substrates is the primary cause of the dis-
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Table 3.4  Lysosomal storage disorders and secondary accumulated gangliosides

Disease Defective protein
Primary acccumutared 
substrate

Secondary 
accumulated 
gangliosides

Mucopolysaccharidoses (MPS)
MPS I (Hurler, Scheie, Hurler/
Scheie)

α-Iduronidase Dermatan sulphate, heparan 
sulphate

GM2, GM3

MPS II (Hunter) Iduronate sulphatase Dermatan sulphate, heparan 
sulphate

GM2, GM3

MPS III A (Sanfilippo A) Heparan sulphamidase Heparan sulphate GM2, GM3
MPS III B (Sanfilippo B) Acetyl α-glucosaminidase Heparan sulphate GM2, GM3

MPS III C (Sanfilippo C) Acetyl CoA: α-glucosaminide 
N-acetyltransferase

Heparan sulphate NE

MPS III D (Sanfilippo D) N-acetyl 
glucosamine-6-sulphatase

Heparan sulphate GM3

MPS IV A (Morquio A) Acetyl 
galactosamine-6-sulphatase

Keratan sulphate, 
chondroiotin 6-sulphate

NE

MPS IV B (Morquio B) β-Galactosidase Keratan sulphate NE

MPS VI (Maroteaux-Lamy) Arylsulphatase B Dermatan sulphate GM3
MPS VII (Sly) β-Glucuronidase Dermatan sulphate, heparan 

sulphate, chondroiotin 
6-sulphate

GM2, GM3

MPS IX (Natowicz) Hyaluronidase Hyluronan NE
Sphingolipidoses
Fabry α-Galactosidase A Globotriasylceramide NE

Farber Acid ceramidase Ceramide NE
Gangliosidosis GM1 (Types I, 
II, III)

GM1 β-galactosidase GM1 ganglioside, Keratan 
sulphate, oligosaccharides, 
glycolipids

GM2, GM3

Gangliosidosis GM2 
(Tay-Sachs)

β-Hexosaminidase A GM2 ganglioside, 
oligosaccharides, glycolipids

GM3

Gangliosidosis GM2 
(Sandhoff)

β-Hexosaminidase A + B GM2 ganglioside, 
oligosaccharides, glycolipids

GM3

Gaucher (Types I, II, III) Glucosylceramidase Glucosylceramide GM2, GM3, 
GM1, GD3

Krabbe β-Galactosylceramidase Galactosylceramide NE

Metachromatic leucodystrophy Arylsulphatase A Sulphatides NE
Niemann-Pick (Types A, B) Sphingomyelinase Sphingomyelin GM2, GM3
Oligosaccharidoses (Glycoproteinoses)
Aspartylglicosaminuria Glycosylasparaginase Aspartylglucosamine NE
Fucosidosis α-Fucosidase Glycoproteins, glycolipids, 

fucoside-rich 
oligosaccharides

NE

α-Mannosidosis α-Mannosidase Mannose-rich 
oligosaccharides

NE

β-Mannosidosis β-Mannosidase Man(β1→4)GlnNAc NE

Schindler N-acetylgalactosaminidase Sialylated/
asialoglycopeptides, 
glycolipids

NE

Sialidosis Neuraminidase Oligosaccharides, 
glycopeptides

NE

Glycogenoses
Glycogenosis II/Pompe Acid maltase Glycogen NE

(continued)
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Table 3.4  (continued)

Disease Defective protein
Primary acccumutared 
substrate

Secondary 
accumulated 
gangliosides

Lipidoses
Wolman/CESD Acid lipase Cholesterol esters NE
Non-enzymatic lysosomal protein defect
Gangliosidosis GM2, activator 
defect

GM2 activator protein GM2 ganglioside, 
oligosaccharides

/

Metachromatic leucodystrophy Saposin B Sulphatides NE
Krabbe Saposin A Galactosylceramide NE
Gaucher Saposin C Glucosylceramide GM2, GM3, 

GM1, GD3
Transmembrane protein defect
Transporters
Sialic acid storage disease; 
infantile form (ISSD) and adult 
form (Salla)

Sialin Sialic acid NE

Cystinosis Cystinosin Cystine NE
Niemann–Pick Type C1 Niemann–Pick type 1 (NPC1) Cholesterol and sphingolipids GM2, GM3, 

GM1
Niemann–Pick, Type C2 Niemann–Pick type 2 (NPC2) Cholesterol and sphingolipids GM2, GM3
Structural Proteins
Danon Lysosome-associated 

membrane protein 2
Cytoplasmatic debris and 
glycogen

NE

Mucolipidosis IV Mucolipin Lipids NE
Lysosomal enzyme protection defect
Galactosialidosis Protective protein cathepsin A Sialyloligosaccharides GM2, GM3, 

GM1, GD1a
Post-translational processing defect
Multiple sulphatase deficiency Multiple sulphatase Sulphatides, glycolipids, 

GAGs
NE

Trafficking defect in lysosomal enzymes
Mucolipidosis IIα/β, IIIα/β GlcNAc-1-P transferase Oligosaccharides, GAGs, 

lipids
GM1

Mucolipidosis IIIγ GlcNAc-1-P transferase Oligosaccharides, GAGs, 
lipids

Multiple

Polypeptide degradation defect
Pycnodysostosis Cathepsin K Bone proteins NE
Neuronal ceroid lipofuscinoses (NCLs)
NCL 1 Palmitoyl protein thioesterase Saposins A and D NE
NCL 2 Tripeptidyl peptidase 1 Subunit c of ATP synthase NE
NCL 3 CLN3, lysosomal 

transmembrane protein
Subunit c of ATP synthase NE

NCL 5 CLN5, soluble lysosomal 
protein

Subunit c of ATP synthase NE

NCL 6 CLN6, transmembrane protein 
of ER

Subunit c of ATP synthase NE

NCL 7 CLC7, lysosomal chloride 
channel

Subunit c of ATP synthase NE

NCL 8 CLN8, transmembrane protein 
of ER

Subunit c of ATP synthase NE

NCL 10 Cathepsin D Saposins A and D GM2, GM3

NE not evaluated; data were collected from (Walkley 2004; Walkley and Vanier 2009)
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ease, other, still obscure, molecular mechanisms 
might lead from this event to the pathology.

Since SL metabolism and traffic is a complex 
network of interdependent events, and the recycle 
of catabolic fragments originated in the lysosome 
for biosynthetic purposes is quantitatively rele-
vant, it can been expected that the blockade of 
proper sphingolipids catabolism at the lysosomal 
level leads to the jamming of the overall flow of 
metabolites, with consequences on the sphingo-
lipids composition in all cellular districts, includ-
ing the plasma membrane. Interestingly, in 
confirmation of this, more than 70% of LSDs is 
characterized by the secondary accumulation of 
glycosphingolipids that is not confined to the 
lysosome but also occurs at the plasma mem-
brane level.

The cell machinery responsible for cell sphin-
golipids pattern is complex and still not com-
pletely understood in its details. The Golgi de 
novo biosynthesis, that is necessary to replace the 
molecules catabolized in the lysosomes as the 
consequence of membrane turnover, is consid-
ered the heart of the metabolic process, and is 
regarded as the main regulatory site. Nevertheless, 
in recent years many other processes capable to 
modulate the final PM composition have been 
included to the complex sphingolipids biosyn-
thetic pathway: (1) partially catabolized com-
pounds can leave the lysosomes and can be 
transported to the Golgi for reassembling or to 
any other membrane (Kitatani et  al. 2008); (2) 
both sphingolipids synthases and hydrolases are 
associated with the PM allowing changes of the 
content of ceramide, SM, and gangliosides 
directly in situ; (3) PM sphingolipids can be shed 
in the extracellular milieu ad can be partially re-
associated with the same membrane or associated 
with the membranes of neighboring cells; (4) 
intracellular vesicles (endosomes, lysosomes, 
exosomes, and other vesicles) can fuse with PM; 
and (5) lipids, including sphingolipids, can 
undergo active trafficking between different 
intracellular membranes mediated by membrane 
contact sites (MCSs).

Interestingly, using an artificial model of lyso-
somal impairment represented by human fibro-
blasts loaded with sucrose, it has been described 

that the impaired lysosomes are not able to catab-
olize the sphingolipids leading to their lysosomal 
accumulation (Samarani et  al. 2018). 
Nevertheless, as already demonstrated in a cellu-
lar model of Niemann Pick type A disease 
(Gabandé-Rodríguez et  al. 2014), it has been 
found that the SL accumulation not only is 
confined to lysosomes but also affects the 
PM.  The molecular mechanism responsible for 
the migration of noncatabolized sphingolipids 
from lysosomes to the PM is not understood so 
far, even if several line of evidence support the 
activation of two mechanisms: (1) the intralyso-
somal vesicles accumulating SL could exchange 
monomers with the internal leaflet of the lyso-
somal membrane that, by the fusion with the cell 
surface, becomes component of the PM; (2) the 
lysosomal exocytosis may induce the release in 
the extracellular milieu of the intralysosomal 
vesicles accumulating sphingolipids that, by 
uptake, could be inserted into the outer leaflet of 
the cell membrane. This study points out also on 
the importance of the PM sphingolipids altera-
tion in determining the onset of cell damage in 
lysosomal storage disorders that is independent 
by the primary accumulated substrate due to the 
genetic defect.

Indeed, in LSDs the activation of the lyso-
somal exocytosis not only is responsible for an 
increased content of glycosphingolipids but 
drives also lysosomal hydrolases at the external 
leaflet of the PM. The concomitant aberrant pres-
ence of glycosphingolipids and its hydrolases 
induces conformational changes in the mem-
brane architecture that are responsible for the 
onset of cells damage (Samarani et  al. 2018) 
(Fig. 3.14).

The bioactive role of PM sphingolipids is 
mainly related to the lipids-rafts concept. The lat-
eral segregation of sphingolipids, and particu-
larly of gangliosides, is considered a major 
driving force for the formation of lipid domains 
(Simons and Ikonen 1997; Sonnino et al. 2006; 
Sonnino and Prinetti 2013), where they modulate 
the activity of a number of cell surface receptors 
and enzymes (Simons and Toomre 2000; Prinetti 
et al. 2009). The resulting sphingolipids-enriched 
membrane domains with non-physiological com-
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position might be responsible for altered signal-
ing events involved in the onset of the cellular 
damage and of tissue pathology.

This hypothesis has been recently confirmed 
by several observations: (1) in a cell model of 
GD, impaired lysosomal catabolism of GlcCer 
led to the accumulation of GlcCer at the plasma 
membrane level in lipid rafts, possibly explain-
ing the altered lipid and protein sorting observed 
in this pathological condition (Hein et al. 2008); 
moreover, it has been reported that GD is asso-
ciated with insulin resistance (Langeveld et al. 
2008). Since insulin receptor function is regu-
lated by its interaction in lipid rafts with GSL 
(Kabayama et al. 2007) and in particular, GM3 
ganglioside, this suggests that the altered lipid 
rafts’ organization in Gaucher cells might be 
responsible for altered responsiveness to insu-
lin; (2) psychosine (galactosylsphingosine) is 
one of the galactoslylsphingolipids that accu-
mulates in the brain of Krabbe disease (human 
globoid cell leukodystrophy) patients due to the 
deficient activity of β-galactosylceramidase. 

Psychosine accumulates in lipid rafts from brain 
and sciatic nerve from twitcher mice (the animal 
model for the infantile variant of the disease) 
and from human Krabbe patients, leading to an 
altered distribution of lipid raft proteins and to 
inhibition of protein kinase C (White et  al. 
2009); (3) in brains from ASMKO mice, an ani-
mal model for Niemann–Pick disease type A 
(due to deficient activity of the lysosomal acid 
sphingomyelinase) (Schuchman 2007), in addi-
tion to the expected SM accumulation, we 
observed an unexpected remodeling of the fatty 
acid composition of the accumulated SM and a 
significant increase in ganglioside content, 
mainly due to the accumulation of monosialo-
gangliosides GM3 and GM2, leading to a non-
conventional lipid raft organization (Scandroglio 
et  al. 2008; Buccinnà et  al. 2009). Taken 
together, these observations open a new sce-
nario on the existence of a lysosome-PM axis 
fundamental to maintain the cell homeostasis 
that in case of alterations is responsible for the 
onset of cell damage.

Fig. 3.14  Diagram showing the lysosome-PM axis suggested to explain the mechanism linking lysosomal storage and 
the onset of cell damage resulting in cell growth arrest
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Starting from the ‘90, the enzyme replacement 
therapy has been introduced for treatment of gly-
cogen storage disease type II, the Pompe disease 
caused by a deficiency of the lysosomal acid 
α-glucosidase, of a few several mucopolysac-
charidoses and a few glycosphingolipidoses. 
Nevertheless, the treatment could not generally 
be applied to the LSDs with serious damage of 
the central nervous system due the obstacle posed 
by the BBB (Li 2018; Concolino et al. 2018).

Administration of glucocerebrosidase to type 
1 GD, that causes damages to liver, spleen, kid-
ney, lung and bone, increases the activity of this 
enzyme intracellularly, and ameliorates symp-
toms. Several recombinant approved forms of 
glucocerebrosidase are available reporting modi-
fication of the glycosylation sites to have man-
nose at the end of the chain. This is necessary, to 
be recognized by mannose receptors present on 
the surface of macrophages and be then taken up. 
Side effects are mild, but present, such as, diar-
rhea, back pain, and many others (Revel-Vilk 
et al. 2018).

A similar approach has been used in building 
an α-galactosidase necessary to treat the Fabry 
disease, in which the enzyme deficiency in the 
lysosomal leads to the accumulation of globotri-
aosylceramide, with progressive damage of kid-
ney and other organs, and to peripheral 
neuropathy.

Long-term treatment slows down disease pro-
gression, but many complications develop in 
most patients (Ortiz et al. 2018). Therefore, sev-
eral new treatment approaches are under devel-
opment and study: chaperone therapy aimed to 
reduce the catabolism of incorrect enzyme and 
increase its availability into the lysosomes; 
administration of the enzyme mRNA to help 
stimulate production of the enzyme; substrate 
reduction therapies by administration of inhibi-
tors of glucosylceramide synthase.

3.6.3	 �Cancer

The origin and progression of tumors are charac-
terized by several steps and features, including 
limitless replicative potential (the result of the 

combination of different factors, such as self-
sufficiency in growth signals on one hand, and 
insensitivity to growth-inhibitory signals associ-
ated with escape from programmed cell death on 
the other hand), sustained angiogenesis, interplay 
with immune system cells, and eventually, in 
some cases, tissue invasion and metastasis. The 
initial events that trigger tumorigenic transforma-
tion are digging deeply into the genome (e.g. 
genetic mutations of oncogenes and tumor sup-
pressor genes) of the cells undergoing transfor-
mation. On the other hand, in all the steps leading 
to cancer disease progression tumor-host interac-
tions are of crucial importance. In the interac-
tions between tumor cells and the surrounding 
microenvironment, the relevant interface is repre-
sented by the cellular surfaces. The surface of the 
tumor cell, the site where interactions between 
the cell and the extracellular environment are 
organized and transduced into signals able to 
modify the cell properties influencing the tumor 
phenotype. But also the surface of the incredible 
variety of cells present in the tumor stromal com-
partment, including endothelial cells, fibroblasts, 
and resident and recruited inflammatory and 
immune system cells. Thus not surprisingly, the 
glycocalyx of tumor cells is characterized by 
multiple and complex alterations, and the altered 
expression of carbohydrate epitopes at the tumor 
cell surface (“aberrant glycosylation”) is involved 
in many, if not all, of the steps of tumor progres-
sion. The term “aberrant glycosylation” indicates 
an altered expression of oligosaccharide epit-
opes, associated with both glycolipids and glyco-
proteins. Independent reports from several 
authors, but in particular the extensive work in 
this area of Dr. Sen-itiroh Hakomori and his 
scholars allowed to define aberrant glycosylation 
as a general feature of human cancer (Hakomori 
1985), and to elucidate the main metabolic altera-
tions responsible for aberrant glycosylation in 
cancer. At least two different metabolic mecha-
nisms contribute to the generation of tumor-
associated carbohydrate epitopes: (1) the 
impairment of specific glycosylation steps 
(“incomplete synthesis”); (2) the induction of 
genes encoding for glycosyltransferases or, less 
frequently, for carbohydrate transporters (“neo-

E. Chiricozzi et al.



89

synthesis”) (Hakomori 1996). As the result, 
tumors are characterized by the appearance and/
or accumulation of carbohydrate epitopes that are 
often present in tumor-associated antigens. 
Indeed, glycan epitopes associated with aberrant 
glycosylation in tumors were in most cases origi-
nally defined by their ability to raise the produc-
tion of specific antibodies, and only later their 
molecular structures have been characterized. 
The discovery of oligosaccharide 
tumor-associated antigens and the development 
of different antibodies reacting against them pro-
vided useful diagnostic and research tools, and 
opened the field of tumor glycobiology, that 
developed tremendously in the following 
decades.

As already mentioned, aberrant glycosylation 
in tumors do affect carbohydrate epitopes associ-
ated with both glycolipids and glycoproteins. 
Sphingolipids, and in particular glycosphingolip-
ids, mediate several aspects of the interactions 
between a cell and the extracellular environment 
or other cells under physiological conditions. 
They are known as cell surface antigens, as medi-
ators of cell-cell recognition and cell adhesion 
and as modulators of several aspects of signal 
transduction processes involved in cell survival/
proliferation and differentiation. Aberrant glyco-
sylation in GSL seems to play very relevant roles 
under pathological conditions, and several lines 
of evidence point on the importance of aberrantly 
expressed GSL in the formation and progression 
of tumors. Indeed, the notion that GSL metabo-
lism and expression is dramatically changed dur-
ing neoplastic transformation and tumor 
progression was probably the origin of the con-
cept of aberrant glycosylation associated with 
tumors, and it is rooted into multifaceted experi-
mental evidence. In several tumors, total 
ganglioside-bound sialic acid levels was found to 
be higher than in the corresponding normal tissue 
(e.g., in breast tumor tissues v. normal mammary 
tissues (Marquina et  al. 1996). The chemical 
structure of sialic acid associated with tumor tis-
sue gangliosides was different in several tumors, 
in particular gangliosides containing 
N-glycolylneuraminic acid, usually expressed at 
low levels in humans, were relatively abundant 

(Hakomori 1989) (this finding led to the hypoth-
esis that consumption of foods rich in 
N-glycolylneuraminic acid could favor the onset 
of certain tumors). Moreover, the accumulation 
of high levels of specific gangliosides and/or neu-
tral GSLs in specific types of cancer was reported: 
this is the case for GD3, GD2 and GM3 ganglio-
sides in human and mouse melanoma, GD2  in 
neuroblastoma, Gg3  in human and mouse lym-
phoma, fucosyl-GM1  in small cell lung carci-
noma, globo-H in breast and ovarian carcinoma, 
disialosylgalactosylgloboside in renal cell carci-
noma. Several pieces of evidence pointed out that 
aberrant glycosphingolipid expression is not sim-
ply an epiphenomenon accompanying neoplastic 
transformation, but rather suggested that aberrant 
GSL expression could actively contribute to the 
tumor phenotype. In vitro, it has been shown that 
tumor cell lines with higher tumorigenic poten-
tial are characterized by higher ganglioside levels 
(Ladisch et al. 1987; Deng et al. 2000), and that 
the artificially induced increase in cellular gan-
glioside levels enhanced the ability to form 
experimental tumors. On the other hand, in 
human cancer patients correlations between the 
expression levels of some GSL structures and 
tumor malignancy and/or patient survival rates 
have been observed (e.g. disialosylgalactosylglo-
boside in renal cell carcinoma (Satoh et al. 1996), 
galactosylgloboside in seminoma (Ohyama et al. 
1996) and GM3 ganglioside in bladder cancer – 
the latter example will be further discussed in this 
section) (Hakomori 1996, 2002). Another intrigu-
ing aspect of aberrant GSL behavior in tumors is 
represented by the ability of tumor cells to shed 
significant amounts of selected ganglioside spe-
cies mostly in the form of vesicles (Ladisch et al. 
1994, 1997; Chang et  al. 1997). GSL shedding 
from cells is known for long time and is also 
present in non-tumor cells, however tumor cells 
do shed much higher amounts of GSL, and, as 
mentioned, there is apparently a selection of the 
molecular species that are preferentially shed. 
Many Authors argued that GSL shedding might 
reflect a non-physiological membrane turnover 
typical of cultured cells, however GSL and in 
particular gangliosides are found in human 
serum, and, remarkably, serum ganglioside levels 
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in cancer patients were found higher than in 
healthy individuals (Ladisch et  al. 1994, 1997; 
Chang et al. 1997). When GSL shedding was dis-
covered, researchers still had a quite naïve view 
about the interplay between the tumor and the 
immune system, that is indeed very complicated 
and crucial for the progression of the tumor itself. 
At that time, it has been hypothesized that tumor-
derived gangliosides released in the host environ-
ment might play a role in eluding the aggression 
by the host immune system. Now it is becoming 
evident that release of selected ganglioside spe-
cies from tissues characterized by chronic low-
grade inflammation (a feature considered a tumor 
hallmark) do interact with specific immune sys-
tem cells subpopulations, and in particular do 
affect the function of innate immune response, 
likely contributing to the progression of TLR4-
mediated diseases, possibly including some 
forms of cancer (Kanoh et al. 2020).

The physiological roles of GSL in modulating 
cell properties are multiple and at least in part 
highly specific for a given GSL molecular spe-
cies. Thus, not surprisingly, the consequences of 
aberrant GSL expression on tumor cell pheno-
type are as well multifaceted. The modification 
of glycosphingolipid expression deeply affects 
several properties of tumor cells, that are directly 
relevant to the growth and progression of the 
tumor, and to metastasis formation: cell prolifer-
ation/survival, cell adhesion (to other cells in the 
original tumor mass for solid tumors, to the extra-
cellular matrix or to the endothelium of blood 
vessels), motility, recognition and invasion of 
host tissues. This heterogeneity at the cellular 
level is reflected by the corresponding heteroge-
neity in the underlying interactions at the molec-
ular levels.

At the molecular level, the phenotypic altera-
tion in tumor cells explained most straightfor-
wardly by aberrant GSL expression is probably 
the proliferation sustained by the interaction of 
GSL, in particular gangliosides, with classical 
tyrosine kinase growth factor receptors. The abil-
ity of GSL, and gangliosides in particular, to 
modulate the activity of receptor tyrosine kinases, 
has been widely documented (Hakomori and 
Igarashi 1995; Yates and Rampersaud 1998). Still 

to be elucidated in most cases remain the molecu-
lar aspects of GSL-protein interactions underly-
ing the modulatory effect of GSL.  However, at 
least for some growth factor receptors, the inter-
action with gangliosides is facilitated by the co-
clustering of the receptor itself and of the 
interacting lipids within lipid rafts. The sustained 
proliferation of tumor cells is supported by a net-
work of different soluble growth factors pro-
duced from different cells present or recruited in 
the tumor stromal compartment. Among those, 
the EGFR is particularly relevant, and prognosis 
of patients affected by several solid tumors (for 
example, small cell lung carcinoma) is deter-
mined by mutations in the EGFR. EGFRis effec-
tively inhibited by GM3 (and, at lesser extent, by 
other gangliosides) (Bremer et  al. 1986). GM3 
inhibited receptor autophosphorylation but not 
receptor dimerization (Zhou et al. 1994), neither 
its binding with the ligand, EGF (Yednak and 
Bremer 1994). The sialyllactose oligosaccharide 
is essential for ganglioside-receptor interaction 
(Miljan et  al. 2002), being involved in side-by-
side carbohydrate-carbohydrate interactions with 
N-linked glycan bearing multiple GlcNAc termi-
nal residues on the receptor (Yoon et al. 2006a, 
b). GM3/EGFR interaction is facilitated by the 
enrichment of EGFR in GM3-enriched lipid rafts 
(Ringerike et  al. 2002; Roepstorff et  al. 2002). 
However, it is becoming clear that different sub-
populations of EGFR associated with distinct 
membrane domains exist. Interestingly, high lev-
els of GM3 seem to be able to negatively regulate 
EGF-dependent proliferation of tumor cells with 
other mechanism, in addition to the direct inhibi-
tion of the receptor as described above. In some 
cell types, GM3 overexpression favors the inter-
action of caveolin-1, and important modulator of 
tumor phenotype, with EGFR, in turn causing 
inhibition of EGFR tyrosine phosphorylation and 
dimerization (Wang et  al. 2002). Thus, GM3 
influences EGFR signaling by a second molecu-
lar mechanism, clearly distinct from the direct 
inhibition, by modulating EGFR/caveolin-1 
association.

The modulation of cell adhesion, motility and 
recognition seems to be modulated through a 
wide variety of GSL-binding proteins and/or 
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GSL-GSL interactions (Hakomori 1996, 2002; 
Hakomori et al. 1998). In particular, GSL might 
contribute to the modulation of integrin-
dependent interactions of tumor cells (determin-
ing their adhesion, motility and invasiveness, but 
also affecting their proliferation potential) with 
the extracellular matrix as well as with host cells 
present in the stromal compartment of the tumor. 
GSL might also be involved in selectin- or 
galectin-dependent adhesion of tumor cells to 
endothelial cells, a crucial step in the extravasa-
tion of circulating tumor cells and in the initiation 
of metastasis. At least in some cases, trans GSL-
GSL interactions are also important in determin-
ing the motility and metastatic potential of tumor 
cells, while in others GSL at the tumor cell sur-
face have anti-adhesive properties. For example, 
GM3-GM3 interaction-mediated repulsion of 
tumor cells was implicated in the release of cells 
from the tumor mass, playing a role in initiation 
of metastasis. On the other hand, adhesion of cir-
culating melanoma cells to endothelial cells, a 
critical step in melanoma cell metastasis, was 
mediated by the heterophilic trans interaction 
between GM3 at the surface of melanoma cells 
and lactosylceramide and/or Gg3 at the surface of 
endothelial cells. Melanoma cells usually do 
express high levels of GM3, while in turn endo-
thelial cells express LacCer and Gg3. In vitro, 
GM3-rich B16 melanoma cells were able to 
adhere to LacCer- or Gg3 coated dishes. GM3-
dependent adhesion is probably the best docu-
mented example of trans head-to-head 
carbohydrate-carbohydrate interaction. 
Remarkably, GM3-dependent adhesion (in a sim-
ilar way to integrin-dependent adhesion) is not 
merely a physical link. B16 adhesion mediated 
by GM3-LacCer or GM3-Gg3 interactions and 
led to initiation of signal transduction, in particu-
lar FAK activation and enhanced GTP loading on 
Rho and Ras, with consequent phenotypic 
changes in terms of motility and morphology, 
suggesting that B16 GM3-dependent adhesion is 
associated with enhanced B16 cell motility and 
thereby initiates metastasis (Kojima et al. 1992; 
Iwabuchi et  al. 1998). In these cells, GM3 is 
closely associated with signaling proteins such as 
c-Src, Rho and Ras within sphingolipid-enriched 

membrane domains, and binding with Gg3 or 
anti-GM3 antibody stimulates focal adhesion 
kinase phosphorylation and c-Src activity. 
Activation of c-Src and FAK with enhanced 
motility and invasiveness was induced in MCF-7 
breast carcinoma cells by anti monosialyl-Gb5 
monoclonal antibody, but not by antibodies to 
other glycosphingolipids (anti-Gb3, anti-Gb5, 
anti-GM2) (Steelant et al. 2002).

Recently, it has been proposed that many 
aspects of tumor cell social life are mediated by 
cell surface signaling complexes regulated by 
GSL. Again, lipid rafts seem to play a relevant 
role in the organization of these signaling com-
plexes, favoring the clustering of different inter-
actors, made possible only when certain GSL are 
expressed above a given quantitative threshold. 
Apparently, highly hydrophobic adapter mem-
brane proteins such as tetraspanins or caveolins 
are essential for the organization of these com-
plexes. On the other hand, their function seems 
strictly dependent on their GSL composition, 
providing clues about the molecular mechanisms 
underlying the phenotypic effects associated with 
aberrant glycosylation.

In the case of GM3 ganglioside, a number of 
studies have shown that its expression levels do 
affect the tumor phenotype in multiple ways, in 
particular by controlling of tumor cell motility, 
invasiveness and survival. As mentioned above, 
in the case of GM3-dependent adhesion of mela-
noma cells, it has been shown that GM3 is closely 
associated with c-Src, Rho and Ras within Triton 
X-100 insoluble ganglioside-rich lipid rafts and 
binding to Gg3 triggers the phosphorylation of 
the focal adhesion kinase and stimulates c-Src 
activity (Iwabuchi et  al. 1998). A similar func-
tional association between a sialoglycolipid and 
c-Src and other related signaling molecules was 
observed for GM3 also in neuroblastoma cells 
(Prinetti et al. 1999), for disialylgalactosylglobo-
side in renal carcinoma cells (Satoh et al. 2000), 
and for monosialyl-Gb5 in breast carcinoma cells 
(Steelant et al. 2002).

In bladder cancer, GM3 is highly expressed 
in non-invasive, superficial tumors compared 
with invasive tumors, as result of the upregula-
tion of relevant glycosyltransferases (Satoh 
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et al. 1996; Satoh et al. 2001; Kawamura et al. 
2001). In a non-invasive cell line (KK47) origi-
nated from superficial human bladder cancer, 
GM3 levels were higher than in the invasive 
YTS1 human bladder cancer cell line. In this 
kind of tumor, the regulation of adhesion/motil-
ity by GM3 requires a multimolecular signaling 
complex organized by members of the tetraspan 
membrane protein superfamily (“tetraspanins”). 
Tetraspanins are highly hydrophobic integral 
membrane proteins strongly interacting with 
GSL (indeed, they were originally defined as 
“proteolipids”) (Kawakami et al. 2002), and the 
best characterized member, CD9, has been fre-
quently described as interacting with integrin 
receptors (Hemler 1998). Tetraspanin CD9 and 
integrin α3 or α5 are associated within the same 
Brij 98-insoluble glycolipid-enriched domain. 
However, the physical and functional interac-
tion between the tetraspanin and integrins, and 
the resisting downstream signaling controlling 
cell motility, are strongly affected by the cellu-
lar levels of GM3. In fact, knock down of CD9 
or GM3 depletion in non-invasive KK47 cells 
induced their phenotypic conversion into inva-
sive variants. On the other hand, exogenous 
GM3 addition induces the phenotypic reversion 
of the highly invasive and metastatic cell lines 
YTS1 to low motility variants. The changes in 
cell motility observed upon manipulation of 
GM3 levels were strictly correlated with the 
association of CD9 with α3 integrin. The level 
of interaction was positively modulated by GM3 
and was thus higher in non-invasive than in 
highly invasive cells. In turn, CD9/α3 integrin 
association was reduced by GM3 depletion in 
KK47 and conversely enhanced by exogenous 
GM3 addition in YTS1 cells.

GM3 levels in these cells control not only 
CD9/α3 integrin association, but also the down-
stream signaling events by controlling the activa-
tion state of c-Src. The activity of the non-receptor 
tyrosine kinase c-Src is usually very high in 
malignant, invasive tumors, where c-Src is fre-
quently constitutively overexpressed. The extendt 
of c-Src association to the CD9/α3 complex is 
negatively determined by the cellular GM3 lev-
els. Moreover, with a still unclear mechanism, 
GM3 levels determine the extent of translocation 

and recruitment of the kinase Csk to the CD9/
α3/c-Src complex. C-Src phosphorylation by Csk 
represents the main inhibitory mechanism for 
c-Src activity. c-Src is present in higher amount 
in the glycosynapse fraction in YTS1 cells, and it 
is activated in cells with low GM3 levels and high 
invasive potential (YTS1 or GM3-depleted 
KK47). On the other hand, exogenous addition of 
GM3 to YST1 cells caused Csk translocation to 
the lipid raft fraction and consequent inactivation 
of c-Src, influencing cell motility (Mitsuzuka 
et al. 2005).

Thus, GM3 complexed with CD9 and integrin 
receptors seems to play a crucial role in the con-
trol of tumor cell motility and invasiveness. This 
role of CD9/GM3 complexes in the regulation of 
integrin-mediated cell adhesion and signal trans-
duction in oncogenic transformation, was con-
firmed by experiments showing the effect of the 
manipulation of GM3 levels in transformed cells. 
v-Jun-transformed mouse and chicken embryo 
fibroblasts were characterized by lower GM3 lev-
els and down–regulated GM3 synthase mRNA 
levels respect to the non-transformed counter-
parts (Miura et al. 2004) and reversion of v-Jun 
oncogenic phenotype could be achieved by 
enhanced GM3 synthase gene transfection. 
During phenotypic reversion of v-Jun-
transformed cells induced by GM3 synthase 
transfection, the association of CD9 and integrin 
receptors complex was increased.

Most notably, artificially increasing cellular 
GM3 levels (by loading cells with exogenous 
GM3 (Kawamura et  al. 2001) or by pharmaco-
logical treatments (Satoh et al. 2001; Nojiri et al. 
2002) led to a strong reduction of the tumorigenic 
activity and/or of the invasive potential of differ-
ent human tumor cells lines. Consistently with 
this observation, the stable overexpression of 
GM3 synthase (SAT-I) in a mouse bladder carci-
noma cell line reduced cell proliferation, motility 
and invasion with concomitant increase in the 
number of apoptotic cells (Watanabe et al. 2002). 
High expression levels of GM3 with concomitant 
expression of the tetraspanin CD9 inhibited cell 
motility in colorectal (Ono et al. 1999, 2001) can-
cer cells, and in CHO mutants the coexpression 
of CD9 and GM3 is essential for the downregula-
tion of cell motility.
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All these data support the notion that altered 
ganglioside levels can affect the tumor phenotype 
in terms of adhesion/motility by regulation the 
organization and function of the integrin signal-
ing machinery. Recently it has been shown that 
integrin signaling can be controlled by other 
kinds of GSL/tetraspanin complexes. GM2 gan-
glioside complexed with a different tetraspanin, 
CD82, inhibits the activation of Met tyrosine 
kinase induced by hepatocyte growth factor 
(Todeschini et  al. 2007). This suggests that 
ganglioside-controlled integrin signaling com-
plexes might be a general paradigm controlling 
cell motility via tyrosine kinase signaling.
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