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Search for Novel Tumor Epitopes Related
to Carbohydrates



The Ganglioside Structures: Chemistry )
and Biochemistry s

Laura Mauri and Sandro Sonnino

Abstract Gangliosides are the main glycosphingolipids of the central nervous
system where they are involved in the processes of cell signaling through interac-
tions with membrane proteins, many of which are receptors. The history of gangli-
osides started from the end of the nineteenth century, but the clear understanding of
their structure only took place from the 1940s to the 1960s of the following century.

In this article we report on the chemical, physicochemical, and biochemical
properties of gangliosides.

1 Gangliosides

The name of “gangliosides” was introduced at the end of nineteenth century, by
J.L.W. Thudichum (Thudichum 1962) who reported for the first time on the isolation
from human brain of unknown compounds that for some of their features resulted
“mysterious.” The name was clearly associated to the mystery of questions posed by
the Sphinx to the wayfarers entering into the city of Thebes. Originally, the first
compounds that were characterized resulted to be the simple cerebrosides,
monoglycosylceramides. However, in spite of the fact that the chemistry of
sphingolipids gained the attention of several investigators, progress in this field
was extremely slow, and more than another half century was needed to establish
the correct structure of sialic acid, of sphingosine, and of several gangliosides (Carter
et al. 1947; Gottschalk 1955; Kuhn and Wiegandt 1963).
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2 Ganglioside Chemical Structure

Gangliosides are glycolipids characterized by a sialic acid containing oligosaccha-
ride linked to a lipid moiety called ceramide. Ceramide is double chain lipid
composed by a lipidic basic amino chain, trivially called sphingosine, amidically
linked to a long chain fatty acid. Figure 1 reports the general structure of ganglio-
sides. Both the oligosaccharide chain, the soluble head group of ganglioside pro-
truding into the cell aqueous environment, and the ceramide, the hydrophobic
moiety of ganglioside tenaciously inserted into the cell outer layer, represent, with
their structures, a specific code responsible for the biological properties of ganglio-
sides (Lunghi et al. 2021).

2.1 The Ganglioside Oligosaccharide Chain

The oligosaccharide chain of gangliosides is formed by a sequence of neutral sugars
present in both o and P configuration and linked each other by glycosidic linkage.
The main sugars found in mammals are glucose, galactose, fucose, N-
acetylgalactosamine, and N-acetyl-glucosamine. With a single exception, the gan-
glioside GM4 (see below), glucose is the sugar with free reducing C1 available for
linkage with the ceramide moiety (Chiricozzi et al. 2021).

To the neutral oligosaccharide chain, one to five sialic acid in a configuration, is
chetosidically linked to galactose or in much less extent to a hexosamine. Sialic acid
(Schauer 1982) is the trivial name for all the derivatives of the neuraminic acid, the
5-amino-3,5-dideoxy-D-glycero-D-galacto-non-2-ulopyranosonic acid. Many sialic
acids are present in nature, but in healthy humans, only the 5-N-acetyl- and the 5-N-
acetyl-9-O-acetyl-neuraminic acid are present; the latter represents about 10% of
total sialic acid (Kamerling and Vliegenthart 1975) (Fig. 2). The 5-N-glycolyl-
neuraminic acid, quite common in many mammals, has been found in some
human cancer tissues (Yu and Ledeen 1972).

Ganglioside oligosaccharide is codified according to the structure of neutral chain
as reported in Table 1 and according to the IUPAC-IUB (Chester 1998).

RO

R: oligosaccharide chain

Fig. 1 General structure of gangliosides
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Fig. 2 Structure of Neu5Ac (a) and Neu5,9Ac, (b)

Table 1 Structures of the main neutral oligosaccharide chains of gangliosides in vertebrates.
Galactose of the Gal series is linked to the position 1 of ceramide (see below). In all the other
series, this is done by glucose

Series Abbreviation | Structure
Gal B-Gal-
Glc B-Glc-
Lac B-Gal-(1-4)-B-Glc-
Ganglio- | Ggs B-GalNAc-(1-4)-B-Gal-(1-4)-8-Glc-
3
Ganglio- | Ggy B-Gal-(1-3)-3-GalNAc-(1-4)-B-Gal-(1-4)-B-Glc-
4
Ganglio- | Ggs B-GalNAc-(1-4)-B-Gal-(1-3)-B-GalNAc-(1-4)-B-Gal-(1-4)-B-Glc-
5
Globo-3 | Gbs a-Gal-(1-4)-B-Gal-(1-4)-B-Glc-
Globo-4 Gb, B3-GalNAc-(1-3)-a-Gal-(1-4)-B-Gal-(1-4)-B-Glc-
Globo-5 | Gbs B-Gal-(1-3)-B-GalNAc-(1-3)-a-Gal-(1-4)-B-Gal-(1-4)-B-Glc-
Isoglobo- |iGbs o-Gal-(1-3)-B-Gal-(1-4)-B-Glc-
3
Isoglobo- | iGby B-GalNAc-(1-3)-a-Gal-(1-3)-p-Gal-(1-4)-p-Glc-
4
Lacto-3 Lcs B-GlcNAc-(1-3)-p-Gal-(1-4)-p-Glc-
Lacto-4 Lcy B-Gal-(1-3)-B-GlcNAc-(1-3)- B-Gal-(1-4)-B-Glc-
Neolacto- | nLcy B-Gal-(1-4)-B-GlcNAc-(1-3)- B-Gal-(1-4)-B-Glc-
4
Neolacto- | nLcg B-Gal-(1-4)-B-GlcNAc-(1-3)-B-Gal-(1-4)-B-GlcNAc-
6 (1-3)-B-Gal-(1-4)-B-Glc-

Each series linked to ceramide is abbreviated as reported in Table 2.

The additional sugar residues like sialic acid, fucose, or an hexosamine should be
named by referral to the root oligosaccharide and locating the additional substituents
by a Roman numeral designating the position of the substituent in the root oligo-
saccharide (counting from the ceramide end) to which the substituent is attached,
with an Arabic numeral superscript indicating the position on that residue which is
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Table 2 Glycolipid abbreviation according to the oligosaccharide series

Abbreviation of oligosaccharide series Abbreviation of corresponding glycolipid
Gal GalCer
Gle GlcCer
Lac LacCer
Ggs Gg;Cer
Ggy Gg,Cer
Ggs GgsCer
Gb; Gb;Cer
Gb, Gb,Cer
Gbs GbsCer
iGbs iGbsCer
iGby iGbyCer
Lcs Lc;Cer
Lcy Lc4Cer
nlLcy nLc,Cer
nlcg nLcgCer

Table 3 Examples of abbreviation for gangliosides and complex gangliosides of the ganglio series

II*-Neu5Ac-LacCer

o-NeuSAc-(2-3)-p-Gal-(1-4)-B-Gle-(1-1)-Cer

II*-Neu5Ac-Gg;Cer

B-GalNAc-(1-4)-[a-Neu5 Ac-(2-3)-1p-Gal-(1-4)-B-Gle-(1-1)-Cer

IV3-Neu5Ac-Gg,Cer

o-Neu5Ac-(2-3)-p-Gal-(1-3)-B-GalNAc-
(1-4)-B-Gal-(1-4)-p-Gle-(1-1)-Cer

II*-Neu5Ac-IV3-Neu5Ac-
Gg,Cer

o-NeuSAc-(2-3)-p-Gal-(1-3)-B-GalNAc-(1-4)-[a-Neu5 Ac-(2-3)-]-
B-Gal-(1-4)-p-Gle-(1-1)-Cer

IP-NeuSAc-IV>-
(Neu5Ac),-Gg4Cer

a-NeuSAc-(2-3)-p-Gal-(1-3)-B-GalNAc-(1-4)-[a-NeuSAc-
(2-8)-a-Neu5Ac-(2-3)-1p-Gal-(1-4)-B-Glc-(1-1)-Cer

I’-Neu5Ac-GgsCer

3-GalNAc-(1-4)-3-Gal-(1-3)-B-GalNAc-(1-4)-[oa-NeuSAc-(2-3)-]-
B-Gal-(1-4)-B-Gle-(1-1)-Cer

IVZ-a-Fuc-1I>-Neu5Ac-
Gg,Cer

a-Fuc-(1-2)-B-Gal-(1-3)-3-GalNAc-(1-4)-[a-Neu5Ac-(2-3)-]-
B-Gal-(1-4)-B-Glc-(1-1)-Cer

IV®-Neu5Ac-nLc,Cer

a-NeSAc-(2-6)-pGal-(1-4)-p-GlcNAc-
(1-3)-B-Gal-(1-4)-B-Glc-(1-1)-Cer

IV3—Neu5Ac—nLC4Cer

a-Ne5Ac-(2-3)-pGal-(1-4)-p-GIlcNAc-
(1-3)-B-Gal-(1-4)-B-Glc-(1-1)-Cer

IV3-Neu5Ac-LeyCer

a-NeSAc-(2-3)-pGal-(1-3)-p-GlcNAc-
(1-3)-p-Gal-(1-4)-p-Glc-(1-1)-Cer

I1°-Neu5Ac-Lc,Cer

BGal-(1-3)-[31B-GlcNAc~(1-3)-B-Gal-(1-4)-p-Gle-(1-1)-Cer

substituted. The anomeric configuration should also be specified. That of sialic acid
is always o and can be omitted. Table 3 reports a few examples.

Lars Svennerholm (Svennerholm 1980) introduced a simpler nomenclature for
gangliosides extracted from the brain and belonging to the Gal, Lac, and ganglio
series, now worldwide used and accepted by the IUPAC-IUB.
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In this system, the fact that it is dealing with gangliosides is indicated by the letter
G; the number of sialic acid residues is stated by M for mono-, D for di-, T for tri-,
and Q for tetra- and P for penta-sialosylglycosphingolipids. A number is then
assigned to the individual compound.

Number 1 was assigned to the structure (-Gal-(1-3)-p-GalNAc-
(1-4)-B-Gal-(1-4)-B-Glc-(1-1)-Cer, number 2 to the structure [(-GalNAc-
(1-4)-B-Gal-(1-4)-p-Glc-(1-1)-Cer, number 3 to the structure
B-Gal-(1-4)-B-Glc-(1-1)-Cer and number 4 to the structure p-Gal-(1-1)-Cer.

GM1 is available in two structures designed with letters a and b: GMI1a often,
named only GMI1, is the p-Gal-(1-3)-p-GalNAc-(1-4)-[a-NeSAc-(2-3)-]-
B-Gal-(1-4)-p-Glc-(1-1)-Cer; GM1Db is the a-NeuSAc-(2-3)-p-Gal-(1-3)-p-GalNAc-
(1-4)-p-Gal-(1-4)-B-Glc-(1-1)-Cer.

In disialosyl-, trisialosyl-, and tetrasialosylgangliosides, where residue(s) of sialic
acid can be linked to the galactose IV, of the series 1, the letter a refers to one residue
of sialic acid linked to the galactose at position II, the letter b refers to two residues of
sialic acid linked to galactose at position II, and the letter ¢ refers to three residue of
sialic acid linked to galactose at position II.

In disialosyl- and trisialosylgangliosides of the series 2 and 3, where the residues
of sialic acid are linked to galactose, no letters are used.

Much later, trivial abbreviation involving the Greek letter o has been assigned to
gangliosides with residue(s) of sialic acid linked to GalNAc.

Table 4 reports the abbreviation according to Svennerholm’ nomenclature for the
main gangliosides and a few additional trivial code for additional gangliosides.
Table 5 reports the abbreviation for a few gangliosides having Neu5SAc linked to
hexosamine. Finally, Table 6 reports graphical information for the main sugars
occurring in gangliosides and Fig. 3 some examples of ganglioside graphical
representation (Neelamegham et al. 2019).

2.2 The Ganglioside Ceramide Structures

Ceramides are N-acylated long-chain aliphatic amino alcohols called sphingoids.

The most commonly occurring sphingoid is the unsaturated compound
(28,3R,4E)-2-aminooctadec-4-ene-1,3-diol, worldwide reported as dl18:1 or
C18-sphingosine (Carter et al. 1947; Karlsson 1970; Carter et al. 1961). The
corresponding saturated compound originally named “dihydrosphingosine” should
now be as sphinganine, C18-sphinganine, or d18:0. Figure 4 shows the correct
representation for a 25,3R,4E sphingoid (Fig. 4a) and the corresponding ceramide
(Fig. 4b).

The second more abundant mammalian sphingoid contains 20 carbon atoms, the
eicosasphingosine, or d20:1 or C20-sphingosine.

The fatty acids of naturally occurring ceramides range in chain length from about
Ci to about C,s and may contain one or more double bonds and/or hydroxyl
substituents at C-2. The fatty acid linked to the sphingosine of the nervous system
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Table 4 Abbreviation of the main gangliosides

Abbreviation according to Svennerholm

Abbreviation according to [UPAC-IUB

GM4

NeuSAc-GalCer

GM3 II’Neu5Ac-LacCer

GD3 II*(Neu5Ac), LacCer

O-acetyl-GD3 I’ [Neu5,9Ac,-(2-8)-NeuSAc]-LacCer
GM2 I’Neu5Ac-Gg;Cer

GD2 I*(Neu5Ac), Gg3Cer

GMla II°Neu5Ac-Gg,Cer

GMI1b IV3Neu5Ac-Gg,Cer

Fuc-GM1 IV2aFucl’Neu5Ac-Gg,Cer
GalNAc-GM1 I’N eu5Ac-GgsCer

GDla IV Neu5AcIl’Neu5Ac-Gg,Cer
GalNAc-GDla IV Neu5AcIl’Neu5Ac-GgsCer

GDIb I’(Neu5Ac), Gg,Cer

GD1b-lactone g [Neu5Ac-(2-8,1-9)-Neu5Ac]-Gg4Cer
Fuc-GD1b IV2aFucl*(Neu5Ac),-Gg4Cer

GTla v3 (N euSAc)2H3N euSAc-Gg,Cer
GT1b IV*NeuSAcIP(Neu5Ac),-Gg,Cer
O-Acetyl-GT1b IV3Neu5AcIl? [Neu5,9Ac;,-(2-8)-Neu5Ac]-Gg,Cer
GTlc I’(Neu5Ac);_GgyCer

GQlb IV3(Neu5Ac), I (Neu5Ac),-Gg,Cer
GQlc IV3Neu5AcI*(Neu5Ac);-Gg,Cer
GPlc v3 (Neu5Ac),II3(Neu5Ac);-Gg4Cer

Table 5 Trivial abbreviations
of gangliosides with sialic
acid linked to GalNAc

GDla IV3NeuSAclI®Neu5AcGg,Cer

GTla IV3NeuSAcllI®(Neu5Ac),Gg,Cer

GQla IV3(Neu5Ac),III*(Neu5Ac),Gg,Cer
Chol-1 HI°NeuSAcI*(Neu5Ac),GgsCer

Chol-1a-a IV Neu5AcII®Neu5AcIP’Neu5 AcGg,Cer
Chol-1a-b IV3Neu5AcIlI®Neu5 AcIP(Neu5 Ac),Gg,Cer

ganglioside ceramide is predominantly stearic acid, representing the 90-95% of the
total fatty acids, together with a scant quantity of palmitic and the 20-carbon
arachidic acid. In the gangliosides of extra-nervous system, the 24-carbon lignoceric
acid is quite abundant. The same is for unsaturated fatty acids. Figure 5 reports the
scheme of the synthesis of gangliosides containing d18:1 e d20:1.

The complete chemical name for a specific ceramide includes the sphingoid and
fatty acyl substituents. For example, a ceramide containing 2-hydroxyoctadecanoic

acid and d18:1 should be abbreviated as d18:1, 2-OH 18:0.
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Table 6 Graphical information

CMYK color RGB color
Name Abbreviation | Shape Color | assignment assignment
Glucose Gle Filled Blue 100/50/0/0 0/114/188
circle .
Galactose Gal Filled Yellow | 0/15/100/0 255/212/0
circle O
Fucose Fuc Filled Red 0/100/100/0 237/28/36
triangle A
N- GIcNAc Filled Blue 100/50/0/0 0/114/188
acetylglucosamine square .
N- GalNAc Filled Yellow | 0/15/100/0 255/212/0
acetylgalactosamine square D
N-acetylneuraminic | Neu5Ac Filled Purple | 38/88/0/0 165/67/153
acid diamond ’
N- Neu5Ge Filled Light 41/5/3/0 143/204/233
glycolylneuraminic diamond | blue
acid O

Fuc-GD1b IV2a-Fuc-113-(Neu5Ac),-Gg,Cer
J Neurochem, 31, 947-956

A28l o BlgBley,
3
o

18

a

GaNAc-GD1a(Neu5Ac/Neu5Gc) IV4B-GalNAc-IV3-Neu5Ac-113>-Neu5Ge-Gg,Cer
Eur J Biochem, 234, 786-793.

B2 oB4 B Bl gBlee
3 3
Qo

¢ bk

O-Acetyl-GT1b  IV3Neu5Ac-1I3[Neu5,9Ac,-(2-8)-Neu5Ac]-Gg,Cer
J Biol Chem, 255, 6990-6995

0B B4 B9 Blce
3
a

:

Qo RW

9Ac

Fig. 3 Graphical representation of the three gangliosides Fuc-GD1b, GalNAc-GDla(Neu5Ac/
Neu5Gc), and O-acetyl-GT1b. The three gangliosides are represented with colored and shaped
sugars according to Symbol Nomenclature for Glycans (SNFG)-NCBI (nih.gov)


https://www.ncbi.nlm.nih.gov/glycans/snfg.html
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B

Fig. 4 Stereochemical representation of sphingosine (a) and Ceramide (b)

/ palmitoyl-CoA stearoyl-CoA \
serine palmitoyltransferase l serine 1 serine stearoyltransferase

pyridoxal 5'-phosphate pyridoxal 5'-phosphate
3-keto-C18-sphinganine 3-keto-C20-sphinganine

3-ketodihydrosphingosine reductase
l NADP*-dependent l

C18-sphinganine C20-sphinganine
any acyl-CoA ——l Ceramide synthase l-— mainly stearoyl-CoA
C18-dihydroceramide C20-dihydroceramide

' Dihydroceramide desaturase '

A NAD(P)* dependent
C18-ceramide C20-ceramide
B N

sphingomyelin glycosphingolipids
gangliosides

- J

Fig. 5 Scheme of the reactions for the synthesis of ceramide (a) and gangliosides (b) containing
d18:1 and d20:1

3 Physicochemistry of Ganglioside

Gangliosides are amphiphilic compounds. As components of our cell membranes,
they are strongly associated to the plasma membrane outer layer with the ceramide
potion and with the soluble oligosaccharide chain free to interact through hydrogen
bond with the neighboring molecules.

Gangliosides are considered to carry the driving forces necessary to stabilize
membrane domains, worldwide known as lipid rafts, highly enriched of
sphingolipids, cholesterol, and dipalmitoylphosphatidylcholine, but containing a



The Ganglioside Structures: Chemistry and Biochemistry 11

Table 7 The main ganglioside features that favor the formation and stabilization of membrane
lipid domains

— The strong hydrophobic interactions with the other hydrophobic membrane components

— The organization at the water-lipid interface of a net of hydrogen bonds both like donor and
acceptor, involving the amide linkage of ceramide

— The large surface area required by the monomers to remain inserted into the membrane, due to
their big dynamic hydrophilic head group

— The association of water to the head group useful to form bridges with the neighboring
membrane components

— Their exclusive association to the outer layer of the plasma membrane favors positive convex
curvature useful to stabilize the edges of membrane invaginations

few proteins. This is due to several features associated to their structure that, all
together, thermodynamically favor their aggregation (Sonnino et al. 2006, 2007) (see
Table 7).

But gangliosides must be carefully manipulated when available in pure form after
tissue extraction or when added to cells for any type of studies.

As amphiphilic compounds with very well-balanced hydrophilic-hydrophobic
effects, they form aggregates in water solutions (Sonnino et al. 1994). Aggregates
are of variable shape, from small quite spherical micelles of GT1b to vesicles of
GM3, this depending essentially by the number of sugars in the head group.
Differences in the ceramide structure, changing the ganglioside hydrophobic vol-
ume, participate in addressing the final aggregate shape.

Thus, in water solutions the number of monomers is always very low, from 10~
3 M for GT1b down to 10~ '° M, or less, for GM3.

Gangliosides added to the medium of cultured cells interact with the cell surface
as monomers and become membrane components and located correctly into the lipid
raft already enriched of sphingolipids and cholesterol. Then these gangliosides, now
indistinguishable from the endogenous ones, enter into the metabolic pathway
together with the endogenous membrane gangliosides.

Aggregates of gangliosides can interact with membrane proteins remaining
weakly associated to their protruding soluble portion. But with time and depending
by their shape, they are endocytosed and directed to lysosomes.

All this above, considering that the half-life of monomer release from the
aggregate is very long, says that only a very minor portion of gangliosides added
to cells in culture become new cell membrane components.

Ganglioside monomers stick strongly to a number of surfaces used in any
laboratory, such as glass, dialysis tubes, and plastics. Gangliosides dissolved in
organic solvents, like dimethylsulfoxide and ethanol, are often present as monomers
or dimers. This property is used to prepare micro titration plate useful to analyze sera
for their anti-ganglioside antibody content.
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4 Biochemistry of Gangliosides

Gangliosides are components of all the cell membranes but are particularly abundant
in the plasma membranes of neurons. They are present on the cell surface, as a
pattern of structures differing in both the oligosaccharide and ceramide portions.
Their structure and quantity depend on four separate processes in equilibrium with
each other, i.e., (1) the de novo biosynthesis, (2) the structural modification on the
cell surface, (3) the catabolism, and (4) the intracellular trafficking (Tettamanti
2004). Figure 5 reports a scheme of the synthesis of gangliosides and Fig. 6 the
ganglioside complex metabolic pathways.

4.1 The De Novo Biosynthesis of Gangliosides

The de novo biosynthesis of gangliosides begins with the synthesis of ceramide
occurring in the endoplasmic reticulum. The enzyme acyl-CoA-serine acyl transfer-
ase is associated to vitamin B6 and bounds a palmitoyl or a stearoyl chain to serine
forming the C18 and the C20 3-ketosphinganine, respectively. At the beginning of
life, the enzyme hardly recognizes the stearoyl-CoA, but this progressively occurs,
and in aged mammals, gangliosides containing C20 sphingosine are particularly
abundant. Following, the 3-keto compound is reduced and acylated to form the

Shedding

poproteins aggreg\ates Q s
O B
\ monomers \

Rl

! glycosyltransferases
. AL
| glycohydrolases ... !

< 4 complex

: ganglioside
i synthesis at distal
: Golgi

]
vescicle
transport :

Golgi synthesis

 beginning of the
 ganglioside synthesis at
: proximal Golgi

GIcCER

2 Snthase  flip-flop

Ceramide synthesis at the
endoplasmic reticulum

Fig. 6 Cartoons representing the ganglioside metabolic processes: the synthesis at the endoplasmic
reticulum and Golgi apparatus, the structural changes occurring at the cell surface, the lysosomal
catabolism, and the intracellular/extracellular trafficking
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dihydroceramide, and the dihydroceramide is oxidized to ceramide in a reaction
NADP dependent Fig. 5. A reports the scheme of reactions for the synthesis of
ceramide that can be summarized in the sequence acyl-CoA + serine — 3-keto-
sphinganine — sphinganine — dihydroceramide — ceramide (Vanier et al. 1973;
Mansson et al. 1978; Chigorno et al. 1997a, b).

Ceramide is complexed with proteins (CERT) or forms vesicles (Giussani et al.
2008). Both the aggregates reach the Golgi apparatus, where the synthesis of the
oligosaccharide starts. The type of the aggregate and the structure of the ceramide
seem to direct to the synthesis of glycosphingolipids or of sphingomyelin. For the
oligosaccharide synthesis, specific glycosyltransferases recognize the substrates and
the nucleotide-activated sugars. Nucleotide-activated sugars are synthesized in the
nucleus and transported into the cytoplasm and then to the Golgi apparatus by
specific transporters. Ceramide is firstly glycosylated to glucosylceramide on the
cytosolic leaflet of cis-Golgi membranes by glucosylceramide synthase. From this
site, the glucosylceramide reaches the lumen of the late Golgi by vesicular transport,
flip-flop, and/or a transport FAPP2-mediated. In this compartment, the synthesis of
more complex glycosphingolipids and gangliosides takes place. Sialic acid is
attached to the neutral sugar chain by sialyltransferases. Several sialyltransferases
specific for different acceptors of sialic acid from cytosine monophosphate-N-acetyl
neuraminic acid (CMP-Neu5Ac) have been identified in the trans-Golgi (D’ Angelo
et al. 2007; Halter et al. 2007; Lannert et al. 1998; Buton et al. 2002).

The final gangliosides move via vesicular transport to the plasma membranes, and
after fusion process, they become components of the external leaflet.

4.2 The Structural Modifications at the Cell Surface

Several reports have erased the notion that the glycosyltransferases are exclusively
associated to the Golgi apparatus and that the glycosylhydrolases are exclusively
associated to lysosomes. Now we know that some of these enzymes are also
associated with the plasma membrane (Sonnino et al. 2010). Probably, the first
information on this goes back to 40 years ago, when it was reported that
sialyltransferases, working on both glycoproteins and glycolipids, were associated
to the cell surface (Roseman 1970; Preti et al. 1980).

But very important, the more recent information that couples of enzymes capable
to catalyze opposite reactions are associated to the plasma membranes suggest that
changes of glycosphingolipid structures at this site could be the way to change
rapidly the GSL plasma membrane concentration, to modify the glycosphingolipid
pattern, and to modulate cell functions.

Up today, several enzymes of the ganglioside metabolism have been found
associated with the plasma membranes: sialidase and sialyltransferase,
B-hexosaminidase and [-N-acetylgalactosaminyltransferase, and p-galactosidase
and p-glucosidase (Aureli et al. 2011). For the synthesis of gangliosides,
CMP-Neu5Ac is necessary. It seems that the specific transporter of it is capable of
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moving it from the nucleus to cytosol and from cytosol to the extracellular environ-
ment. In any case, CMP-Neu5SAc has been found outside cells and working in
association with the plasma membrane-associated sialyltransferase to produce
GD3 from GM3 (Crespo et al. 2010; Vilcaes et al. 2011). Sialidase Neu3, an enzyme
not present in the lysosomes, seems mainly responsible for the hydrolysis of sialic
acid linked to the external galactose or with less extent to a sialic acid linked to
galactose. Neu3 modulates the cell surface glycolipid composition acting by trans
interactions (Papini et al. 2004), being capable to hydrolyze substrates belonging to
the surface of neighboring cells. Nevertheless, it is necessary to recall that other
sialidases have been found associated to the plasma membranes.

The plasma membrane-associated glycosylhydrolases modify the ganglioside
structure and are capable of modulating the plasma membrane concentration of
ceramide, by sequential action of Neu3, f-galactosidase, and B-glucosidase, thus
modulating the processes ceramide dependent (Aureli et al. 2014). The structure of
the plasma membrane-associated p-galactosidase is not known, but probably, and as
for f-hexosaminidase and p-glucocerebrosidase, it is the lysosomal enzyme that is
transferred to the plasma membrane during a process of fusion of lysosomes with
plasma membranes. Two different p-glucocerebrosidases are associated with the
plasma membranes. One, the GBA1 (Beutler 1992) derives from lysosomes; the
other, the GBA2 (Boot et al. 2007), displays a structure different from that of
lysosomes. The lysosomal-plasma membrane-associated enzymes work well under
acidic pH; this is determined by the activity of the cell surface proton pumps, located
together with gangliosides and glycosylhydrolases in the same lipid raft.

4.3 Ganglioside Catabolism

Lysosomes are the site for ganglioside catabolism. Gangliosides reach the lysosomes
through endocytic vesicles. Many vesicles are formed with the means of maintaining
the membrane structure by a great membrane replacing. But only a minor portion of
them becomes lysosomes, while the larger part rapidly reassociates with the plasma
membrane. Several catabolites such as sphingosine, sialic acid, and N-
acetylgalactosamine escape the lysosomes by means, in some cases, of specific
transporters and are recycled for de novo biosynthesis. The catabolic process starts
from a free non-reducing end and progressively reduces the length of the chain.
Ceramide glycanases capable of removing the total oligosaccharide chain from
gangliosides have never been found in mammals. The lysosomal glycosylhydrolases
work on gangliosides associated with the outer layer of intralysosomal vesicles
whose formation is necessary for a correct presentation of the substrates. In addition
to this, specific enzyme “supporters,” cofactors or saposins, are necessary for the
hydrolysis. The most known within them is the GM2-activator protein that is
necessary for the detachment of the N-acetylgalactosamine from GM2 and
GalNAc-GDla. Its absence or incorrect structure determines the AB variant of
Sandhoff disease (Sandhoff and Sandhoff 2018).
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4.4 Ganglioside Intracellular Trafficking

The glycosphingolipid intracellular trafficking and the complete metabolic pathway,
involving both biosynthesis and catabolism, are under continuous investigations.

It is claimed that the glycolipid biosynthesis is mainly regulated at the transcrip-
tional level controlling the expression of glycosyltransferases and transporter pro-
teins. In confirmation of this, we know that the changes of ganglioside content and
pattern during neuronal differentiation and oncogenic transformation are associated
with changes to the expression of the corresponding glycosyltransferases. But, on
the other hand, other processes such as different glycosphingolipid intracellular
flows, half-life, and shedding influence the resulting ganglioside patterns and seem
to be very important to modify the plasma membrane ganglioside concentration and
pattern in response to extracellular signals. This would supply the slowness of the
processes of de novo biosynthesis and transport to the plasma membrane. As an
example, the ganglioside half-life is short in neurons, from half to a few hours
(Prinetti et al. 2001), but it is long in the majority of cells, in fibroblasts, having been
calculated in the order of 2-3 days. In addition to this, both cultured neuronal and
non-neuronal cells lose 7-8% of the total cell sphingolipids by shedding processes
every day. Thus, taking in account that the recycling of sphingosine is quantitatively
a very important process for the de novo biosynthesis of gangliosides, the de novo
biosynthesis of sphinganine is necessary to replace the shed compounds.
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Abstract Fucosylation, a type of glycosylation associated with cancer and inflam-
mation, involves the attachment of fucose residues to glycans. Fucosylation is
regulated by the expression of various glycogenes, such as those encoding
fucosyltransferase, GDP-fucose-synthesizing enzymes, and GDP-fucose transporter.
Levels of serum fucosylated proteins are increased in cancer patients, and
fucosylated a-fetoprotein (AFP-L3) is used as a biomarker for hepatocellular carci-
noma. We previously reported that fucosylated haptoglobin (Fuc-Hp) is elevated in
patients with pancreatic cancer, and we developed a lectin-antibody enzyme-linked
immunosorbent assay to determine serum Fuc-Hp levels. The molecular mecha-
nisms underlying increased serum fucosylated proteins include abnormal production
and secretion of fucosylated proteins in cancer cells and their surrounding tissues. In
accordance with the abnormal secretion theory, we found that fucosylated prostate-
specific antigen is a novel biomarker for malignant prostate cancer. Recently, we
established novel glycan antibodies for AFP-L3 and Fuc-Hp that enable the detec-
tion of cells that produce these molecules. In this review, we summarize recent
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Abbreviations

10-7G mAb  10-7G monoclonal antibody

AAL Aleuria aurantia lectin

AFP a-Fetoprotein

AFP-L3 Fucosylated AFP

AOL Aspergillus oryzae 1-fucose-specific lectin
AUC Area under the curve

ELISA Enzyme-linked immunosorbent assay
FasMab Fucosylated AFP-associated monoclonal antibody
Fuc-Hp Fucosylated haptoglobin

FUTS al—6 Fucosyltransferase

HCC Hepatocellular carcinoma

Hp Haptoglobin

PhoSL Pholiota squarrosa lectin

PSA Prostate-specific antigen

ROC Receiver operating characteristic curve

1 Introduction

Fucosylation is the attachment of a fucose moiety to oligosaccharides on N-/O-
glycans and glycolipids. Many fucosyltransferases (such as FUTs 1-13), their donor
substrate GDP-fucose-synthesizing enzymes, and GDP-fucose transporters are
involved in fucosylated glycan synthesis (Miyoshi et al. 2008). Increases in cellular
fucosylation and serum fucosylated proteins are observed in cancer, inflammation,
and liver diseases (Blomme et al. 2009). One of the master genes of cellular
fucosylation is hepatocyte nuclear factor 1o (HNF1a), which regulates the expres-
sion of FUT and GDP-fucose synthesis genes (Lauc et al. 2010). Recently, increased
terminal fucosylation of serum glycoproteins has been associated with maturity-
onset diabetes of the young diabetes mellitus, the pathogenesis of which involves
HNF1a abnormalities (Demus et al. 2021).

We have reported that serum fucosylated haptoglobin (Fuc-Hp) is a novel type of
cancer biomarker (Okuyama et al. 2006). Mass spectrometry analysis has shown that
site-specific glycan changes in cancer-associated haptoglobin (Nakano et al. 2008;
Takahashi et al. 2016) and serum Fuc-Hp levels are increased in a patients with a
variety of cancer (Zhang et al. 2016). To determine the molecular mechanisms
underlying increased cellular fucosylation in the liver, we purified and cloned the
al—6 fucosyltransferase (Fut8) gene (Uozumi et al. 1996; Yanagidani et al. 1997),
established a quantitative assay of intracellular GDP-fucose (Noda et al. 2002,
2003), and investigated factors important for increased cellular fucosylation. In
hepatocellular carcinoma (HCC) cells, the GDP-fucose transporter is a key factor
for cellular fucosylation (Moriwaki et al. 2007). Recently, we confirmed these results
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with mathematical analyses and found a common transcription factor involved in the
regulation of fucosylated regulatory genes (Kondo et al. 2022).

Selected apical secretion of fucosylated proteins has been observed in the liver
(Nakagawa et al. 2012). Fut8-deficient mice show extremely low levels of glyco-
proteins produced from hepatocytes into the bile duct (Nakagawa et al. 2006).
Fucosylated a-fetoprotein (AFP-L3) is a specific biomarker widely used for HCC.
Although dysregulated apical secretion of AFP-L3 in HCC cells is speculated to be
involved, expression of Fut8 is observed both in HCC tissue and its surrounding
cirrhotic tissue (Noda et al. 1998). Thus far, which factors regulate the sorting and
selective secretion of fucosylated proteins in cancerous and non-cancerous hepato-
cytes remain unknown.

Fucosylation in apical protein sorting and secretion also occurs in other organs,
such as the kidney and prostate, that have cellular polarity. Prostate-specific antigen
(PSA) is the gold standard for prostate cancer biomarker-based diagnosis (Van
Poppel et al. 2021). However, PSA alone is not sufficient to avoid invasive biopsy
in borderline-high PSA cases and low-risk prostate cancer groups. Recently, we
identified core-fucosylated PSA as a specific prostate cancer biomarker candidate
(Fujita et al. 2021). Core-fucosylated PSA can distinguish more aggressive prostate
cancer.

A recent topic in glycobiology has been next-generation glycan antibodies, which
recognize both specific peptide and characteristic glycan structure (Nishino et al.
2018; Egashira et al. 2019). Using these antibodies, we can identify which cells in
cancer patient tissue produce glycan biomarkers. In this review, we summarize
recent progress in the research of fucosylated proteins as cancer biomarkers.

1.1 Fucosylated Haptoglobin Is a Novel Glycan Biomarker
Jor Cancer and Inflammatory Diseases

Aleuria aurantia lectin (AAL) blotting and N-terminal sequencing were used to find
fucosylated haptoglobin (Fuc-Hp) in patients with pancreatic cancer (Okuyama et al.
2006). As shown in Fig. 1a, levels of a protein approximately 40 kD in size were
almost the same, although binding capacity to AAL was dramatically increased in
patients with pancreatic cancer. Mass spectrometry analysis confirmed the attach-
ment of fucose in N-glycan to haptoglobin purified from cancer patient sera. Next,
we established lectin-antibody ELISA to measure serum levels of Fuc-Hp
(Matsumoto et al. 2010). In cases of pancreatic cancer, serum levels of Fuc-Hp
were significantly increased at stage III and stage IV (Fig. 1b), and ROC analysis
showed a high AUC value in 300 patients with pancreatic cancer compared to
315 normal controls (Fig. 1c) (Kamada et al. 2013a, 2013b). Combination of
carbohydrate antigen 19-9 (CA19-9), a sign of pancreatic cancer, and Fuc-Hp
determined that PhoSL-antibody ELISA showed a better AUC value for differential
diagnosis of pancreatic cancer from normal volunteers and chronic pancreatitis
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Fig. 1 Fucosylated haptoglobin (Fuc-Hp) as a cancer biomarker for pancreatic cancer. (a) Identi-
fication of Fuc-Hp with AAL blot followed by N-terminal sequencing. (b) ELISA data of Fuc-Hp in
315 healthy volunteers and 300 pancreatic cancer patients. (¢) ROC analysis of Fuc-Hp for
diagnosis of pancreatic cancer. (d) Combination of Fuc-Hp determined with PhoSL-antibody
ELISA and CA19-9 showed better AUC values. These data are based on our previous papers
with slight modifications (Okuyama et al. 2006; Kamada et al. 2013a, 2013b; Kusama et al. 2017)

(Fig. 1d) (Matsumoto et al. 2010; Kusama et al. 2017). Serum Fuc-Hp levels were
increased in patients with a variety of cancers, as well as those with non-alcoholic
steatohepatitis, which entails ballooning hepatocytes (Takeda et al. 2012; Kamada
et al. 2015, 2013a,b). Regarding clinical stage, serum Fuc-Hp levels were higher at
advanced stages (Matsumoto et al. 2010), suggesting that inflammation-related
cytokines and cancer metastasis are associated with the production of Fuc-Hp. For
example, we reported that interleukin 6 treatments induce Fuc-Hp production in
hepatoma cells (Narisada et al. 2008).

Haptoglobin has four N-linked glycosylation sites. To identify characteristic sites
with fucosylated glycans, we used mass spectrometry to perform site-directed N-
glycan analysis of haptoglobin purified from the sera of pancreatic cancer patients
(Nakano et al. 2008). We found that, while all N-glycosylation sites of haptoglobin
are fucosylated, only site 3 has characteristic glycans with fucosylation. Because
lectin-antibody ELISA measures the fucosylation of other glycoproteins binding to
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haptoglobin, site-directed N-glycan analysis of haptoglobin is more accurate for
determining Fuc-Hp levels. However, clinical examination should be simple and
reliable in every measurement. Fucosylated AFP (AFP-L3) is a specific biomarker
for HCC and is measured with an automated immunoassay system that uses on-chip
electrokinetic reaction and separation by affinity electrophoresis (Kagebayashi et al.
2009). We applied this assay system to measure Fuc-Hp. While AFP has only one
N-linked glycan, haptoglobin has four N-linked glycans, resulting in no separation
of Fuc-Hp on lectin affinity chromatography (data not shown). More convenient
methods of Fuc-Hp measurement except lectin-antibody ELISA will be required for
clinical laboratory examination.

2 Core Fucosylation Is an Apical Sorting Signal

Fut8 is the only fucosyltransferase involved in the synthesis of core fucosylation.
Knockout of Fut8 in HepG2 cells reduces the production of AFP-L3 (Egashira et al.
2019), and expression of Fut8 is observed in both HCC tissue and its surrounding
cirrhotic tissue (Fig. 2a). In contrast, levels of GDP fucose, a donor substrate of Fut8,
were increased in HCC tissue compared to surrounding tissue of chronic liver
diseases (Fig. 2b) (Noda et al. 2003). Accordingly, serum AFP-L3 levels are
increased in HCC patients but not patients with chronic liver diseases (Noda et al.
1998). In the mouse liver, Fut8 is a major fucosyltransferase, as murine Fut6 is
pseudogene. Fut8 knockout mice show extremely low levels of glycoproteins
produced from hepatocytes in bile but similar levels of bile albumin, which has no
N-glycans, suggesting that core fucosylation of hepatic glycoproteins is an apical
sorting signal in the bile duct (Fig. 2c). The theory of apical sorting and fucosylation
was not clearly observed in HepG2 cells, although mild suppression of AFP-L3
secretion into the bile duct structure was observed in HepG2 cells with knockdown
of fucosylation regulatory genes (Nakagawa et al. 2012). High levels of fucosylated
proteins were observed in human bile compared to sera of the same patient,
suggesting that both core and terminal fucosylation are apical sorting signals
(Fig. 2d) (Nakagawa et al. 2006).

3 Development of More Convenient Assays to Evaluate
Aberrant Glycosylation of PSA

The PSA test is the gold standard for prostate cancer biomarkers. The detection of
elevated blood PSA can prompt prostate needle biopsy for the diagnosis of prostate
cancer. However, up to 40% of patients newly diagnosed with prostate cancer are
categorized as lowrisk (Barocas et al. 2008). Patients with low-risk prostate cancer
have a minimal likelihood of disease progression and do not require definitive
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Fig. 2 Molecular mechanism for increased fucosylation in HCC. (a) mRNA expression of Fut8
with Northern blot analysis. (b) Levels of GDP-L-fucose in tissue from patients with HCC or
chronic liver diseases. (¢) Minimal secretion of hepatic glycoproteins such as a1 anti-trypsin (AAT)
and al-acid glycoprotein (AGP) in the bile of Fut8 KO mice. (d) Increased fucosylated protein in
bile (B) compared to sera (S) in patients with choledocholithiasis. These data are based on our
previous papers with slight modifications (Noda et al. 1998; Nakagawa et al. 2006)

therapy. Unfortunately, the PSA test cannot discriminate high-risk prostate cancer,
which needs definitive therapy, from low-risk prostate cancer. PSA levels are also
elevated by benign prostate hypertrophy or prostatitis, resulting in low specificity for
the accurate diagnosis of prostate cancer. To avoid unnecessary prostate biopsies, the
development of new markers for high-risk prostate cancer is needed.

PSA is a glycoprotein with one N-glycosylation site (Asn-69), and 70% of PSA
molecules contain a fucose (Bélanger et al. 1995). Studies have reported using
fucosylated PSA for the detection of prostate cancer. According to fucosylation
and apical sorting theory, fucosylated PSA should be secreted into urine in benign
prostate diseases. To investigate this hypothesis, we measured levels of urine
fucosylated PSA with lectin-antibody ELISA. As expected, levels of urine
fucosylated PSA were decreased in patients with prostate cancer compared to
patients with benign prostate hypertrophy or prostate inflammation (Fig. 3a). Inter-
estingly, urine fucosylated PSA levels were lower in cases of advanced stage
prostate cancer. The analysis of urine PSA in prostate cancer patients was not
reproducible in urine sample of prostate cancer patients in the USA, suggesting
that stock conditions of urine are important for precise measurement of urine
fucosylated PSA levels because PSA belongs to a serine-protease.
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Fig. 3 Fucosylated PSA is a biomarker for prostate cancer. (a) Lectin-antibody ELISA using urine
samples. (b) Microcapillary electrophoresis-based immunoassay system with PhoSL to detect
fucosylated PSA (FucPSA). (¢) Serum levels of FucPSA in terms of Gleason score (GS). These
data are based on our previous papers with slight modifications (Fujita et al. 2016; Fujita et al. 2021)

In contrast, elevated expression of al,2-fucosylated PSA in prostate cancer has
been reported using Trichosanthes japonica agglutinin II (TJA-II) column chroma-
tography (Fukushima et al. 2010). In addition, serum ol,2-fucosylated PSA is
significantly higher in men with prostate cancer than men with benign prostate
hypertrophy, as found using enzyme-linked immunosorbent lectin assay with Ulex
Europaeus (UEA-1) (Dwek et al. 2010). However, for the clinical application of
fucosylated PSA, the development of a highly sensitive and automated system is
needed. For example, trace PSA can be detected in sera of cancer patients by ELISA
(the normal range of PSA is less than 3—4 ng/mL). A magnetic bead-based immu-
noassay with AAL was used to determine that the total fucosylated PSA is signif-
icantly increased in high-risk prostate cancer and associated with the Gleason score
(Li et al. 2015). The microcapillary electrophoresis-based immunoassay system with
PhoSL enables the stable and rapid measurement of serum fucosylated PSA
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(Fig. 3b). The ratio of serum core-type fucosylated free PSA can differentiate high-
risk prostate cancer from biopsy-negative or low-risk prostate cancer (Fig. 3c) (Fujita
et al. 2021). Free serum PSA from patients with prostate cancer exhibits increased
binding to Maackia amurensis agglutinin (MAA) lectin, which recognizes o2,
3-linked sialic acid, compared to free serum PSA from patients with benign prostate
hypertrophy (Ohyama et al. 2004). Automated micro-total immunoassay systems
were developed to measure the ratio of o2, 3-linked sialyl N-glycan-carrying PSA
(S82,3PSA) using MAL (Ishikawa et al. 2017). This group found that the serum
S2,3PSA ratio can predict prostate cancer better than serum PSA and that serum
S2,3PSA levels are not correlated with serum levels of core fucosylated PSA
(FucPSA) in patients with prostate cancer. Thus, the simultaneous measurement of
S2,3PSA and FucPSA increases the accuracy of detection of high-risk prostate
cancer (Hatano et al. 2021). Fucosylated PSA, especially core-type fucosylated
PSA, is a promising biomarker for prostate cancer.

4 Novel Pathophysiology of Disease-Associated
Glycosylation Explored with Next-Generation Antibodies

To develop a more convenient assay to measure serum Fuc-Hp, we established a
novel glycan antibody for Fuc-Hp. The conventional glycan antibody recognizes
only the sugar chain structure, such as Sialyl Lewis x antigen. On the other hand,
next-generation glycan antibody recognizes both the characteristic glycan structure
and amino acids and the novel peptide epitope resulting from aberrant glycosylation.
After we prepared non-fucosylated haptoglobin and Fuc-Hp, mice were immunized
with Fuc-Hp. Original screening was used to obtain a novel glycan antibody for
Fuc-Hp, referred to as 10-7G mAb, using HCT116 cells (Moriwaki et al. 2009).
Column chromatography of 10-7G mAb revealed that 10-7G mAb recognized
fucosylated forms of both mature haptoglobin and its precursor, prohaptoglobin
(proHp), which was also fucosylated (Nishino et al. 2018). Most haptoglobin is
produced from hepatocytes as prohaptoglobin, followed by cleavage with CIrL, a
protease for maturation of haptoglobin. In cases of lymphocytes and macrophages,
most haptoglobin is secreted as prohaptoglobin.

Western blot analysis was used to find that 10-7G mAb detects proHp. To
determine the epitope of 10-7G mAb, deletion mutants of haptoglobin o chain
were used (Morishita et al. 2020). As shown in Fig. 4a, the epitope of 10-7G mAb
is hidden by haptoglobin P chain. However, aberrant glycosylation of haptoglobin
induces morphological changes, resulting in the appearance of the epitope for 10-7G
mAb. Levels of serum fucosylated haptoglobin measured with 10-7G mAb ELISA
(10-7G value) are increased in patients with pancreatic cancer. Interestingly, the
genotype of haptoglobin gene affected the result (Morishita et al. 2018). As shown in
Fig. 4b, 10-7G values are below the level of detection in the Hp1-1 phenotype. This
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Fig. 4 Study of next-generation glycan antibodies with 10-7G mAb and FasMab. (a) Schematic
structure of haptoglobin in terms of 10-7G mAb epitope. (b) Serum levels of Fuc-Hp with 10-7G
mADb ELISA show different 10-7G values in each haptoglobin phenotype (Hpl-1, Hp1-2, and
Hp2-2). 10-7G values are increased pancreatic cancer (PC) patients compared to normal volunteers
(HV), except in Hp1-1. Immunohistochemical study of 10-7G mAb in pancreatic cancer tissue (c)
and liver metastasis of pancreatic cancer (d). (¢) Immunocytochemical study of AFP-L3 in HepG2
cells with FasMab and anti-AFP Ab. These data are based on our previous papers with slight
modifications (Morishita et al. 2020; Morishita et al. 2018; Ito et al. 2021; Nishino et al. 2018)

is because proHp is not produced in the Hpl-1 phenotype, and fucosylated hapto-
globin measured with lectin-antibody ELISA is also below the level of detection.
To determine which cells and tissues produce Fuc-Hp and proHp, an immuno-
histochemical study using 10-7G mAb was performed (Nishino et al. 2018; Ito et al.
2021). In pancreatic cancer tissue, only 1 out of 21 cases shows positive staining of
10-7G mAb in carcinoma cells (Fig. 4c, left panel). On the other hand, approxi-
mately 50% of infiltrated immune cells surrounding cancer tissue show positive
staining of 10-7G mAb, indicating that proHp is produced in the lesion of inflam-
mation (Fig. 4c, right panel). In fact, robust staining of 10-7G mAbD is observed in the
intestinal lymphoid tissue of patients with inflammatory bowel diseases (IBD)
(Motooka et al. 2021). 10-7G values are consistent with the severity of endoscopic
examination in IBD patients. In contrast, 10-7G mAb shows negative staining of
hepatocytes in the normal liver. However, hepatocytes surrounding metastatic can-
cer show positive staining of 10-7G mAb (Fig. 4d). Interleukin 6 produced from
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liver metastasis of pancreatic cancer and disruption of cellular polarity of hepato-
cytes induces the accumulation of Fuc-Hp in hepatocytes (Narisada et al. 2008).

We have succeeded in establishing a next-generation glycan antibody for
AFP-L3, referred to as FasMab, which recognizes both core fucose and AFP
peptides (Egashira et al. 2019). As expected, FasMab recognizes AFP produced
from parental HepG2 cells but does not recognize AFP produced from Fut8-deficient
HepG2 cells. Preliminary ELISA systems using FasMab show increases in
fucosylated AFP in HCC patients compared to benign liver disease patients.
AFP-L3 levels measured with FasMab are consistent with those measured with
conventional lectin affinity chromatography (Egashira et al. 2019). Immunostaining
using FasMab shows positive staining of AFP-L3 in the bile duct-like structure of
HepG?2 cells but not in Fut8 knockout HepG2 cells (Fig. 4e).

5 Closing

A long history of cancer and fucosylation research has given rise to published studies
of novel biomarkers, cancer biology, and future glycotherapies. For example, next-
generation antibodies will allow the novel pathological analysis of cancer and
inflammatory diseases. To further advance fucosylation research, a cargo-receptor
that regulates apical sorting of fucosylated proteins must be identified, and the
molecular mechanisms of membrane trafficking regulated by glycosylation must
be clarified.
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Abstract Sialic acid is one of the tags that are recognized as “self,” when immune
cells survey “non-self” items using the sialic acid-recognizing lectins, Siglecs, on
their cell surface. These self-non-self discriminating machineries give not only an
advantage to the host cells in innate immune system but also a disadvantage because
they allow cancer cells to escape from the immune cells. Siglec7 is one of such
machineries predominantly expressed in natural killer (NK) cells and acts as an
inhibitory receptor in a sialic acid-dependent manner; however, how Siglec7 binds
the sialic acid residues on its counter-receptors has still remained unknown. Since
1999, many reports have described the binding properties of Siglec7 using various
sialic acid-containing materials, mostly focusing on the sialyl linkage and the types
of core glycan structure. Very recently, two new features of Siglecs binding have
been reported: One is the discovery of the new binding sites in various Siglec
molecules different than the conventional binding site; the other is the finding of
the mucin-type ligands as a natural counter-receptor of Siglec7. These new features
thus led us to overview the new binding sites of Siglec7, structural aspects and
affinity for the Slglec7 ligands, and natural ligands. In this chapter, we describe the
synthetic and natural ligands for Siglec7 and discuss their ligand-binding properties,
which are important for therapeutic drug development especially under the spot light
of multivalency.
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1 Introduction

Siglecs are sialic acid (Sia)-binding immunoglobulin (Ig)-like lectins (Crocker et al.
2007) that comprise a Sia-binding N-terminal V-set domain, 1-16 C2-set Ig
domains, a transmembrane domain, and a cytosolic region. The V-set domain is
important for the interaction of Sia with the immune system (Fig. 1). The crystal
structure of Siglec with a Sia analogue demonstrates the critical Sia binding at the
Arg (R) residue on the F strand of Siglec; all Siglecs except for Siglec12 have this
essential R residue (Alphey et al. 2003; Crocker et al. 2007) (Fig. 2, 107V, 2HRL).
The majority of Siglecs are predominantly expressed in immune cells, and their
expression is cell type-specific. The cytosolic regions of almost all Siglecs have an
immunoreceptor tyrosine-based inhibition motif (ITIM) and/or an ITIM-like motif

Inhibitory receptor Activating receptor

Sia

\ 4

| o |

V-set domain
(Sia-binding)

C2-set domain

Siglec11 Siglec16
TM domain ' Do
L .
mM +_ /DAP protein
ITIM like ‘ & .:'-'*.
£ Cytosolic region W
Inhibitory effect Active effect

| | 4

Regulatory role in immune systems

Fig. 1 Schematic structure of Siglec. Siglecs are categorized into two groups based on their
functions as follows: an inhibitory receptor and an activating receptor. Extracellular domain of
Siglecs is common. All Siglecs have one V-set domain, 1-16 C2-set domains, a transmembrane
domain, and a cytosolic region. The V-set domain is the critical region for Sia (Neu5Ac) (ligand,
purple diamond) binding and is involved in distinguishing between self and non-self. Inhibitory
Siglec has an ITIM or/and ITIM-like motif where SHP-1 is recruited via phosphorylation (P,
tyrosine residues) of both motifs. Inhibitory receptor suppresses the immune response to regulate
the signal. Activating receptor has an R or K residue in the transmembrane domain, and DAP is
bound to Siglec via a D residue in its transmembrane domain. DAP recruits Syk and activates the
immune response. At times, Siglecs shows paired receptors, as observed in case of Siglecl1 (for
inhibitory receptor) and Siglec16 (for activating receptor). The V-set domains of Siglecll and
Siglec16 are the same; therefore, the binding property toward Sia is the same, but the immune
response is reverse
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Fig. 2 Schematic structure of Siglec. Molecular modeling of Siglec7. Crystal information of
apo-Siglec7 (107V) and the ligand form of Siglec7 (2HRL) was prepared. After removal of
GT1b analogue ligand information from that of 2HRL, both structures were docked with diSia
structure. The highest energy models are shown. Left, 107V with diSia structure. Right, 2HRL with
diSia structure. The 107V residue showed docking with the primary Sia-binding site, and the
carboxyl group of Neu5Ac formed a salt bridge with R124. Siglec7 model calculated using 2HRL
as a template showed the docking with the secondary Sia-binding site; the carboxyl groups of
Neu5Ac formed salt bridges with R67 and R92. In in vitro experiments, R67 but not R92 was
shown to be involved in Sia binding. R92 is somehow related to ligand binding. Interestingly, R94
was later shown to be the common amino acid among all Siglecs (see Fig. 3). Considering the
location, site 1, primary Sia-binding site, might be related to the trans-ligand, and site 2 or the
secondary Sia-binding site might be related to the cis-ligand

(s) to regulate signal inhibition; therefore, such Siglecs are inhibitory receptors that
recruit signaling molecules such as SHP1 via ITIM and ITIM-like regions. There are
several paired Siglecs such as Siglec11 and Siglec16 where one acts as an inhibitory
receptor and the other serves as an activating receptor (Fig. 1). The extracellular
domains of these paired Siglecs are identical. The striking difference in the activating
receptor is the transmembrane and cytosolic region, especially the presence of an
Arg residue within the transmembrane region that mediates the recruitment of the
adaptor protein and DAP to regulate signal activity via signaling modules such as
Syk (Fig. 1). Siglecs are important for immune cell functions via Sia binding, and
any disturbance in the interactions between Sia and Siglec alters the state of the
immune system and may lead to infection, inflammation, autoimmunity, and cancer-
escaping system (Crocker et al. 2007). In general, Siglecs are considered to be
receptors for distinguishing self from non-self; however, the precise mechanism of
action of the “self’-“non-self” distinguishing system, natural ligands, molecular
basis of the catch and release of ligands, and recycling remains unclear.
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Fig. 3 Amino acid sequence of Siglec. Amino acid sequences of human Siglec1-16 were aligned.
The common amino acid sequences among all Siglecs are shown in black. Site 1 is shown in pink
and site 2 in blue. Right panel shows the crystal structure of Siglec7. The Siglecl2, that is
considered to have no Sia-binding ability, has no R in sitel

As Siglecs are important for the immune system and cancer-escaping system, the
understanding of the role of ligands and ligand-binding systems of Siglecs in
biological processes or disease pathogenesis is very important. Recent research on
Sia-based chemistry has focused on the establishment of biochemical probes with
high affinity for Siglecs as well as specific probes for clinical use (Biill et al. 2016;
Hudak et al. 2014; Ohira et al. 2017; Prescher et al. 2017; Yamaguchi et al. 2017)
because ligands or ligand-binding systems are keys for medicinal targets.

Siglec7 (CDw328), a member of human CD33-related Siglecs, comprises an
extracellular N-terminal V-set domain, two C2-type Ig repeat domains, transmem-
brane domain, an ITIM, and an ITIM-like motif in the cytosolic region (Fig. 2)
(Angata and Varki 2000; Nicoll et al. 1999). It is well known that Siglec7 localizes to
NK cells and monocytes and functions as an inhibitory receptor. The expression of
Siglec7 is downregulated on an NK cell subset (CD56™€") in obese humans
(Rosenstock et al. 2017). Downregulation of Siglec7 expression during infection
with hepatitis C virus leads to dysfunctional NK cell phenotypes, reduced degran-
ulation, and cytokine secretion (Varchetta et al. 2016). Decreased Siglec7 level is
also observed in patients with human immunodeficiency virus (HIV) infection
(Brunetta et al. 2009). Therefore, Siglec7-expressing NK cells are more functional
than Siglec7-negative NK cells and show higher expression of several activation
markers and increased cytokine production (Shao et al. 2016). In monocytes, Siglec7
participates in generating a monocyte-mediated inflammatory outcome following
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pathogen recognition (Varchetta et al. 2012). In the case of T cells, Siglec7 is
expressed on a small subset of CD8/CD3" T cells and Jurkat cells; T cell activation
is inhibited via R124 of Siglec7 (Ikehara et al. 2004). Siglec7 has recently been
considered to be a target molecule via regulation of Sia-dependent protection of
carcinomas from NK cells because cancer cells are protected by the overexpression
of Sia on their surfaces from the survey of immune cells. A hypersialylation state on
the surface easily helps a cell to escape from NK cells based on the self (Sia)-
recognition by Siglec.

Many reports on the function of Siglec7 were appeared as described above;
however, there are not so many reports on the understanding the regulatory mech-
anism of ligands for Siglec7 and on the identification of natural ligands for Siglec7.
In this chapter, we described the recent advance on the establishing the synthetic Sia
compounds, understating the molecular regulatory mechanism of ligands, and nat-
ural ligands.

2 Ligand-Binding Site of Siglec7

Several crystal structures of Siglec7 with or without ligand(s) have been solved so
far (Attrill et al. 2006b; Dimasi et al. 2004; Alphey et al. 2003). The highly variable
C—C’ loop (residues 70-75 in Siglec7: Fig. 3) of the V-set domain is a key
determinant of Siglec specificity, as observed in domain-swapping experiments
(Yamaji et al. 2002). The crystal structure of Siglec7 complexed with a synthetic
oligosaccharide corresponding to the a2,8-disialylated ganglioside GT1b revealed
the involvement of R124 in Sia binding and the marked conformational change in
the C—C’ loop (Alphey et al. 2003). Accumulating data from the crystal structure of
Siglec7 with or without ligands allow prediction of its ligands using computational
analyses. For instance, docking results using two different Siglec7V structures
(an apo form, 107V, and a liganded form, 2HRL) demonstrated interesting aspects
for ligand recognition as follows: first, a new binding site (site 2, region containing
R67 and R92) other than the essential binding site (site 1, region containing R124)
was suggested; second, an additional glycan group under the diSia epitope
influenced the affinity toward ligand; third, the presence of a new binding site may
be regulated by ligand interaction; and fourth, the flexible C—C’ loop transition might
be the key for stable interaction. Subsequent biochemical analyses confirmed and
supported these observations. In particular, in 2020, a new Sia-binding site other
than a primary Sia-binding site (site 1, region containing R124) predicted by in silico
analysis was shown by in vitro analyses, equilibrium dialysis, and double reciprocal
plot using different ligands for Siglec7 (Yamakawa et al. 2020) (Fig. 2). The new
binding site was named as site 2, which is a region containing R67 (site 2—1, Fig. 2).
Interestingly, another R residue, R94 (site 2-3, Fig. 2), was found to be conserved
among all Siglecs (Yoshimura et al. 2021b). R67 and R94 near the edge of the C—C’
loop are thought to regulate this loop. R92 at site 2 (site 22, Fig. 2) was also
speculated to bind to the ligand for Siglec7; however, no significant changes aside
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from slight modifications were observed by in vitro analysis (Yoshimura et al.
2021b). Mutual regulation of sialic acid binding regions, sites 1 and 2, may be the
key mechanism underlying the complexity of these ligands.

3 Interaction Between Siglec7 and Synthetic Glycans

Siglec7 was firstly cloned in 1999 from a human primary dendritic cell cDNA
library, and its Sia-based binding was confirmed by the interaction between
Siglec7-expressing COS-1 cells and erythrocytes (Nicoll et al. 1999). In addition,
the authors used biotinylated polyacrylamide glycoconjugates containing
Neu5Aca2,3Galp1,4Glc  (2,3-PAA), NeuSAca2,6Galpl,4Glc (2,6-PAA), and
Galp1,4Glc (Lac-PAA) (Fig. 4a) and observed stronger binding with 2,6-PAA
than with 2,3-PAA; no binding was observed with Lac-PAA. Interestingly, even
after sialidase treatment to remove cis-ligands as sialoglycans on COS-1 cells,
Siglec-7 showed the same binding property toward 2,6-PAA and upregulated bind-
ing toward 2,3-PAA, unlike other Siglecs (Siglecl, CD22, and Siglec5). These
phenomena might be attributed to the different binding sites for 2,3Sia and 2,6Sia,
as described in Sect. 2 (Fig. 2). In 2000, the same Siglec7 gene was cloned from
human peripheral blood mononuclear cells, and the binding specificity was analyzed
using a biotin-conjugated polyacrylamide array (Angata and Varki 2000) of
Neu5Aca2,6Galpl,4Glc (2,6Lac-PAA), NeuSAca2,3Galfl,4Glc (2,3Lac-PAA),
Neu5Aca2,3Galp1,3GlcNAc (2,3LacNAc(I)-PAA), NeuSAca2,3Galp1,4GlcNAc
(2,3LacNAc(II)-PAA), Neu5Aca2,3Galp1,3GalNAc, Neu5Aca2,6GalNAc
(2,6Corel-PAA), NeuS5Aca2,3Galpl,3(Fucal,4)GlcNAc  (sLe*-PAA), and
Neu5Aca2,3Galpl,4(Fucal,3)GIcNAc (sLe®-PAA) (Fig. 4a). The highest binding
was observed for 2,6Lac-PAA but not for 2,6Core1-PAA, indicating, as described in
Sect. 2, that the underlying non-Sia glycan structure or the distance from the
backbone polymer structure was also important. In addition, the authors showed
the requirement of the glycerol side chain (C;-Cy) of Sia by periodate treatment. In
2002, ganglioside glycan probes were used for binding analysis (Yamaji et al. 2002).
The oligosaccharide part of the ganglioside was released from the native ganglioside
by ozonolysis, and the released glycan was conjugated to streptavidin (SA) by
reductive amination. The oligosaccharide-SA was then coupled with biotinylated
and radioiodinated bovine serum albumin (BSA) to obtain multivalent ganglioside
glycans (Fig. 4b). Binding analysis was performed using CHO cells expressing
Siglec7, and GD3, GT1b, GDla, LSTa, LSTb, LSTc, and GM1 probes were
prepared. Siglec7 could bind to GD3, GT1b, and LSTb probes (Fig. 4b); it is also
bound to GD1a and LSTc, but the binding was only observed for sialidase-treated
Siglec7-expressing CHO cells, indicating that the ligand-binding pocket of Siglec7
on CHO cells was already occupied and only opened after sialidase treatment. The
presence of different Sia-binding sites, as described in Sect. 2, can be considered.
One pocket, probably site 2, may be for a cis-ligand such as GD1a- and LST1c-like
molecules. As the GD1a is one of the most abundant gangliosides in the cells, it is
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A PAA-based assay
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Fig. 4 Siglec ligands used for binding or inhibition assay. (a) Polyacrylamide (PAA)-based
ligands. 2,3Lac-, 2,6Lac, 2,3GalGalNAc-, 2,6Corel-, 2,3LacNAc(I/Il), sLex, and sLea were
used, and binding activities were observed. (b) BSA-based ligands. Ganglioside oligosaccharides
were conjugated to BSA, and multivalent soluble ligands were used for binding assay in Siglec7-
expressing cells. GD3, GT1b, and LSTb-BSA probes can bind to Siglec7-expressing cells with any
sialidase treatment. On the other hand, GD1a and LSTc showed sialidase-dependent binding. (c)
ELISA-based ligands. Typical gangliosides were used for the interaction with Siglec7. GD3, GD2,
GT1b, GQlb, GTla, and 2,6SPG were shown to bind to Siglec?. Disialic, trisialic, and tetrasialic
acid containing phosphatidylethanolamine (PE) (Sato et al. 1995) were synthesized and shown to
bind to Siglec7. (d) Array-based ligands. The glycan array system was used for the analysis of the
interaction. Siglec7 showed high activity toward GD3, GD2, triSia, and GT3 and intermediate
activity toward NeuSAca2,6-(NeuSAca2,3)-GalNAc, 6-sulfosLex, and 6’sulfosLex. (e) Ligands
used for inhibition. DiSia-octyl, poly-diSia, and diSia-dex were used for the inhibition analysis (see
Fig. 5). Only diSia-dex could release Siglec7 from the GD3 plate
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Fig. 5 Inhibition analysis of Siglec7. Two types of inhibition assays were used. Type I inhibition
assay is a typical way of inhibition analysis of Siglec7. Type Il inhibition assay is a cell surface-type
inhibition, which releases the binding site of Siglec7 masked with the ligand on host cells

reasonable that GDla is the self-signal. Interestingly, Siglec9 did not show any
binding toward these multivalent probes, indicating that multivalency is critical
feature for Siglec7 binding. In the inhibition assay, free GD3 oligosaccharides
inhibited the binding between Siglec7 and gangliosides other than GDla and
LSTlc, with ICsy values of 5-10 mM. Inhibition analysis using GD3 glycan
derivatives such as GD3-C; amide, GD3-(C;-OH), and GD3-(C;-OH) showed
lower inhibition than that observed with GD3 glycan, indicating that C; and C,
positions are important. Chimeric analyses of Siglec7 and Siglec9 revealed a small
region (NDISWK) of Siglec7 localized in the C—C’ loop (Fig. 3) responsible for
ligand specificity. Interestingly, the three upstream amino acids, R, were shown to
form a second Sia-binding site (Figs. 2 and 3) (Yamakawa et al. 2020; Yoshimura
et al. 2021b). The binding of GD3, GT1b, and GQ1b was also demonstrated using
Siglec7-expressing CHO cells, although the baselines toward these gangliosides
were very high (Rapoport et al. 2003) (Fig. 4c).

In 2001, various authentic gangliosides (GD3, GD2, GT1b, GD1a, GD1b, GM2,
and GM3), a2,3/6SPG, o2,3-SnLce, sLe*, and sLe?, were analyzed for their inter-
actions with Siglec7. Among these, GD3, GD2, and GT1b appeared to bind Siglec?
(Fig. 4c¢). In addition, a2,6-SPG could also bind Siglec7 (Ito et al. 2001) (Fig. 4c).
Other samples showed no interaction with Siglec7, although GM3 has the same
sequence as NeuSAca2,3Galf1,4Glc-, which was used to determine the binding
using the glycan array system (Nicoll et al. 1999; Angata and Varki 2000). Based on
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the solid-phase analysis, the disialyl (diSia) epitope on gangliosides (GD3, GD2,
GTla, GT1b, and GQ1b) was focused on the ligand for Siglec7 (Fig. 4c). Newly
synthesized oligoSia-containing glycolipids, oligoSia-PE (Fig. 4c), were analyzed
for the requirement of Siglec7 interaction, and di-, tri-, and tetra-Sia containing
phosphatidylethanolamine were found to interact with Siglec7 even before sialidase
treatment (Yamakawa et al. 2020). The glycan specificity of Siglec7 binding was
also analyzed using the glycan array system supplied by the Consortium for Func-
tional Glycomics (Avril et al. 2006a) that showed a new sulfated epitope, (su)-sLe*
(Fig. 4d).

Based on the reports of the interaction between ganglioside glycan and Siglec7,
synthetic ganglioside glycans were used to understand the crystal as a ligand-bound
conformational form by structural analysis of GT1b and Siglec7 (Attrill et al.
2006a, b). First, oxamide-NeuSAc was prepared from the methyl a-glycoside of
9-amino-9-deoxy-NeuSAc via reaction with activated oxamic acid. At the same
time, DSLc4 was also used (Attrill et al. 2006b). The synthetic GT1b analog
(GT1b-trimethylsilyl)ethyl was used for crystal formation (Attrill et al. 2006a).
Both analyses confirmed the interaction between ligands and the R124 residue on
Siglec7 that was considered important for Sia binding.

4 Interaction Between Siglec7 and Synthetic Glycopolymers

Glycan multivalency was analyzed using 2,3PAA and 2,6PAA, and almost all
results were obtained from multivalent-based ligands or assays (Nicoll et al. 1999)
(Fig. 4). The glycan multivalency of Siglecs was also confirmed by liposome-based
experiments. The interaction between Siglec1 and its ligand was used as the target of
the drug toward macrophages expressing Siglecl. The compound 9-N-
biphenylcarboxyl-NeuAca2-3Galp1-4GlcNAc-ethylamine (39-BPCNeuAc) was
introduced into hydroxysuccinimide (NHS)-activated pegylated lipids, and Sia
analogue-bearing liposomes were prepared (Chen et al. 2012a). The glycan ligand
of Siglecl-decorated liposomes was successfully delivered to macrophages, and
internalization was achieved. The same approach was adopted toward CD22
(Chen et al. 2012b). These studies, from the viewpoint of drug delivery, clearly
showed that Sia-coated liposomal nanoparticles exhibited effective binding and
served as therapeutic material targets for Siglecs. A sialoside library in solution
and on-chip was also established (Rillahan et al. 2012, 2013), and a high-affinity
ligand for Siglec7 was found where the fluorescein group appended to the Cq
position through a triazole linkage. Researchers also succeeded in synthesizing
Siglec7 ligand-coated liposomal nanoparticles to deliver liposomes to Siglec7-
expressing cells. The diSia-coated nanoparticles could bind to mouse Siglec-E and
inhibit the inflammation of human monocytes and macrophages (Spence et al. 2015).

The consideration of the strength of the affinity of the ligand toward Siglec7 first
appeared in the inhibition analysis. The ICsy value of the GD3 epitope toward
GD3-Siglec7 interaction was 5—10 mM (Yamaji et al. 2002). Later, the synthesized
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9-N-oxamyl sialosides were shown to have an ICsy of 1.6 mM, and the native
Neu5Ac had an ICsg of 8 mM. If the 9-position was subjected to hydrophobic
substitution, the ICsq changed to 1/58 (140 pM) of the original value (Prescher
et al. 2015). The affinity also increased to 1.6 pM following the substitution at the
C-9 position (Prescher et al. 2017). These authors used a monoSia structure for
binding monovalent Sia.

The affinity of synthetic diSia structure toward Siglec7 was first measured by
Tanaka and Sato (Ohira et al. 2017) who showed that the ICsq values of fluorescently
labeled poly-diSia (degree of polymerization [DP] = 20), fluorescently labeled poly-
diSia (DP = 50), and diSia were 10 pM, 3 pM, and greater than 1 mM, respectively.
This was the first quantitative analysis to demonstrate that diSia multivalency
effectively changed the affinity. After the development of dextran-based new
glycopolymers (Dex), the interaction (Kp) between diSia-Dex and Siglec7 was
measured by biolayer interference methods (BLI) and found to be 5.87 x 10~ '° M
(Yamaguchi et al. 2017). When calculated as the diSia unit, the mono-diSia contri-
bution was almost 2 x 10~ M. The affinity between diSia-Gal and Siglec7 was
2 x 107® M when measured by the equilibrium dialysis method (Yamakawa et al.
2020); based on these values, the multivalent effect on affinity was approximately
tenfold. This observation suggests that the multivalency effect was synergistic. The
authors also analyzed the inhibitory effect of polySia on the diSia-Siglec7 interac-
tion. PolySia consists of Sia (colominic acid) with a DP of ~40 and could be
considered as a polymer of diSia (DP = 20). In addition, the non-reducing terminal
ends of polySia and diSia may be the same. However, there was no inhibitory effect
of colominic acid on Siglec7-GD3 interaction, indicating that the diSia epitope on
polySia, even at the non-reducing terminal end, was not the same glycotope of the
diSia structure. This observation is important and consistent with the results of
antigen specificity of anti-oligo/polySia antibody toward oligo/polySia structures.
In addition, inhibitory effects of glycopolymers such as chondroitin, hyaluronan,
heparan sulfate, chondroitin sulfate-6S, chondroitin sulfate-4S, keratan sulfate, and
dermatan sulfate were not observed, indicating that any negative charge, except for
Sia, is not the cause for interaction in the case of Siglec7. In addition, mannose
polymer (mannan), glucose polymer (glucan), and GlcN polymer (chitosan) had no
binding ability toward Siglec7.

The ICsq of diSia-Dex was shown to be ~1 nM (Yamaguchi et al. 2017), which is
almost consistent with the K value. The inhibition of monoSia-Dex against binding
of GD3 and Siglec7 was achieved at 50 nM concentration, and monoSia-Dex only
inhibited half of the binding, indicating that there are several binding sites. As it is
demonstrated that Siglec7 had a secondary Sia-binding site around R67, based on in
silico analyses, mutation analysis, equilibrium dialysis, saturation transfer difference
nuclear magnetic resonance analysis, and reciprocal plots of inhibition assay
(Yamakawa et al. 2020), monoSia- and diSia-Dex may distinguish the sites. In
addition, each site may show different binding affinity.

For the inhibition analysis, two types of experiments were performed using
Siglec7. The typical method (type 1) involves pre-inhibition of Siglec7 using an
inhibitor and analysis of GD3 binding (Fig. 5). This inhibition mimicked the
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Fig. 6 Summary of the inhibition assay using multivalent ligands. DiSia-octyl, poly-diSia, and
diSia-dex were used for the analysis of type I and type Il inhibition (see Fig. 5). Kp is also shown.
diSia-octyl showed a high Kp, value and did not inhibit the interaction between Siglec7 and GD3.
Poly-diSia showed only type I inhibition. The Kp, is two-order lower than that observed with diSia-
octyl. Using diSia-dex, both inhibition types were observed. The Kp was almost 107'0 (M),
indicating that the affinity greater than 10~ '° (M) is important for releasing the cis-ligand on host
cells from the binding site. Multivalent effect such as mucin-type glycan is necessary

masking effect. In contrast, the type 2 inhibition experiment mimicked the
unmasking effect because the inhibitor was used after Siglec7-GD3 binding. These
two types of experiments revealed an interesting feature. MonoSia-octyl could not
inhibit the interaction (Fig. 6, upper-left, monoSia), but 2,3PAA could bind to
Siglec7, indicating that the monoSia epitope should be multivalent for Siglec?
binding. This should be a mucin-type O-linked Sia cluster, which was confirmed
by thin-layer chromatography (TLC) immunostaining (Yoshimura et al. 2021b).
DiSia-octyl also showed no effect on type 1 inhibition (Fig. 6, upper-left, diSia),
indicating that diSia clusters are required. Unlike GM3, Siglec7 can bind to GD3
ganglioside; thus, the cluster of GD3 localized on lipid rafts may be a ligand
candidate. If the diSia epitope increases as a glycopolymer, such as poly-diSia
(DP = 20), it shows type 1 inhibition (Fig. 6, upper-middle, diSia) and indicates
that at least 20 diSia epitopes are required for stable masking. There was no effect on
type 2 inhibition using this compound, suggesting that an affinity stronger than that
of poly-diSia is required. If the concentration of the diSia epitope in the polymer is
increased, as in diSia-Dex, the type I inhibition effect is increased by 100 times.
Effective type 2 inhibition was observed using this glycopolymer (Fig. 6, lower-
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right, diSia), demonstrating that the unmasking effect of diSia clustering requires a
Kp of at least 5.87 x 107 '° M based on the BLI-based measurement. Using this
glycopolymer, a natural ligand could be identified (Yoshimura et al. 2021a).

For multivalency, GD3 expression experiments are interesting (Hashimoto et al.
2019). A colon cancer cell line, DLD-1, which expresses no ligands for the recom-
binant protein Siglec7-Fc on the cells, showed no Siglec7 binding even after
transfection with ST8Sial, responsible enzyme for GD3. After transfection with
ST8Sial, GD3 was confirmed to be expressed in DLD-1 cells using an anti-GD3
antibody. However, the addition of purified GD3 from milk to DLD-1 cells resulted
in Siglec7 binding. These authors found that Siglec7 recognizes only
GD3-containing regular ceramides, but not phytoceramides. The key enzyme was
sphingolipid delta(4)-desaturase/C4-monooxygenase (DES2), and the ceramide
moiety involved in raft location (clustering in raft domain) and ligand length from
the membrane might be important.

5 Natural Ligands for Siglec7

From the viewpoint of natural ligands, three disialogangliosides, namely,
disialylgalactosylgloboside (DSGG), IV>Neu5AcIlI®Neu5AcLc, (DSLc,), and
IV*GalNAcIV>*Neu5AcIlI®Neu5AcLc, (GalNAcDSLcy) (Fig. 7), related to lung
metastasis were first identified in renal cell carcinoma (RCC) (Ito et al. 2001).
Next, the glycan epitope-responsible genes to synthesize the diSia-epitope were
considered. The first gene identified was ST8SIAI. Transfection approach showed
that Siglec7-mediated Sia recognition modulates NK cell killing activity and has
important implications in tumor cell escape from NK cell cytotoxicity (Nicoll et al.
2003). The masking of Siglec7 on NK cells was demonstrated using the 2,8-PAA
probe because Siglec7 could bind 2,8-PAA only after sialidase treatment. Activation
by interleukin (IL)-2, IL-12, and interferon did not favor any binding toward
2,8-PAA, indicating that Siglec7 was constitutively masked by cis-ligands on NK
cells. Overexpression of ST8Sial in P815 cells (target cells) led to higher binding
toward Siglec7, suggesting that the newly synthesized GD3 is a potential ligand for
Siglec7. Inhibition of NK cell cytotoxicity via DSGB4, a ligand for Siglec7, and
Siglec7 interaction was also confirmed (Kawasaki et al. 2010). In 2004, diSial.e® was
considered as a natural ligand for Siglec7 by gene analysis, and synthetic glycan,
diSiale®, and diSiaLe® were used for the analysis of Siglec7 binding (Miyazaki et al.
2004). Although the authors did not purify the glycoconjugates, the results from cell-
based and in vitro analyses were consistent.

For the bacterial ligand, Campylobacter jejuni strains were analyzed (Avril et al.
2006b). Among the Siglec-tested strains, HS:19(GM1*, GTl1a") and HS(GD3")
showed binding toward Siglec7 in a Sia-dependent manner. HS(GM1*, GD1a")
also showed significant binding properties, but the reaction was Sia-independent
(Fig. 7, LPS).
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Fig. 7 Natural ligands identified so far. Campylobacter jejuni strains have ligands for Siglec7,
and HS:19 (GM1", GTla*) and HS (GD3") strains showed binding toward Siglec7 in a
Sia-dependent manner. HS (GM1*, GD1a") also showed significant binding properties but in a
Sia-independent manner. Ligands from cancer cells are shown. DSGG, DSLc4, and GaINAcDSLc4
were identified. Using transfection experiments, disialyl Le* and GD3 were shown to be Siglec7
ligands. From K562 cells, CD43 was identified as a Siglec7 ligand. Ligand on 562 was trapped on a
Siglec7 column and specifically eluted using diSia-dex (see Fig. 5). Same results were obtained with
the CRISPR system

The natural ligand between NK and K562 cells was analyzed in part. Although
NK cells are usually masked by their surface-expressed Sia-containing
glycoconjugates, the unmasking system remains unsolved. After unmasking,
Siglec7 can bind to tumor cells (K562 cells) because it is a specific inhibitory
receptor that checks self and non-self molecules. Therefore, in 2021, proximity
labeled molecules on K562 cells were affinity-purified using a Siglec7 column,
and specifically bound molecules were eluted with the high-affinity multivalent
ligand molecule, diSia-dex (Yamakawa et al. 2020). After mass spectrometry
(MS) analysis, the natural ligand of K562 was found to be sialophorin (SPN). At
the same time, the possibility of ganglioside ligand expression on K562 cells was
analyzed by Siglec7 blotting using TLC immunoblotting; no binding was observed,
although the diSia-epitope-containing ganglioside GD3, which was shown to be the
Siglec7 ligand using glycan array and enzyme-linked immunosorbent assays
(ELISAs), was detected. These data show that the ganglioside on K562 might not
be the ligand for Siglec7 and that the trans-natural ligand was SPN. Interestingly,
genetically engineered cell-based experiments showed that SPN was a ligand for
Siglec7 (Wisnovsky et al. 2021). SPN, also known as leukosialin or CD43, is a type I
mucin-type glycoprotein composed of a 19-amino acid signal peptide, an extracel-
lular 255 amino acid region with many O-glycans, and one N-glycan near the
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transmembrane region (N239). The intracellular 123 amino acid region is related to
signal transduction and activation of -catenin, nuclear factor kappa B, nuclear factor
of activated T cells (NFAT), and activator protein-1. The conformational structure of
the extracellular domain of SPN shows a rodlike structure, protruding approximately
45 nm from the cell surface. There are approximately 80 O-linked glycans in the Ser/
Thr-rich region. Based on mutation analysis, it was shown that the Siglec7-binding
motif is present at the N terminus of CD43, which is densely glycosylated with
disialyl core 1 epitopes and is a favorable location for sensing Siglec7. Further
detailed analyses are imperative.

6 Future Perspective

Multivalency is a key feature in understanding natural ligands and drug targeting.
Under natural conditions, ligands on glycoproteins and glycolipids are different. In
the case of glycoproteins, the natural ligand is localized on the O-linked glycan on
mucin-type glycoprotein (CD43) (Fig. 8). In the case of glycolipids, especially GD3,
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Fig. 8 Hypothesis of the cis/trans ligands of Siglec7. The cells naturally expressing Siglec7, such
as NK cells, have masked Siglec7 (masking) because a2,8-PAA showed no binding toward NK
cells. Therefore, the cis ligand might be a ganglioside cluster or other glycoproteins on several
ligands. NK cells sense cancer cells such as K562 cells when in their vicinity. K562 cells displayed
highly dense O-lined glycan. NK cells bind to K562 via Siglec7 and mediate immunosuppression.
Siglec7 may utilize site 2 and site 1 for cis and trans binding, respectively
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the ceramide moiety for localization in the raft and, therefore, the clustering is
important. From the viewpoint of synthetic glycopolymers, especially considering
binding parameters, clustering ligands such as diSia-dex are the only ligand type that
showed the Siglec7-releasing effect from GD3 on the plate. Thus, the affinity of the
trans-ligand might be around 10'°. Another point is the presence of (at least two)
Sia-binding sites on Siglec7 (Fig. 8). Attempts to overcome this affinity have been
successful, and in some cases, materials have been used for clinical therapy (Xiao
et al. 2016); however, the precise ligand-binding and ligand-releasing mechanisms
of Siglecs still remain unclear. A comprehensive consideration of several in silico
and in vitro experiments is warranted in the future.
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Abstract Glycosylation is the most prominent posttranslational modification of
proteins that regulates various protein functions and characteristics. Protein glyco-
sylation is regulated by the cellular expression profile of enzymes regarding glycan
and substrate synthesis and the cellular metabolism reflecting cellular status and
microenvironments. In the disease process, the glycan synthesis pathway is altered,
and aberrant glycans can be generated. Sialyl-Tn (sTn) antigen is a cancer-associated
glycan, which is formed on the O-glycans of various proteins. The expression of the
sTn antigen correlates with poor prognosis and cancer metastasis, in which sTn
antigen plays a pivotal role in the cancer progression. ST6GalNAc-I is a
glycosyltransferase responsible for the synthesis of the sTn antigen, the expression
of which is induced under hypoxic conditions. In cancer progression, cancer cells
benefit from intratumoral microenvironments by exchanging signals to the micro-
environments and stromal cells through sTn antigen and its receptor proteins. The
function of the sTn antigen is relevant to immune suppression, epithelial-
mesenchymal transition, remodeling of the extracellular matrix, invasion, generation
and maintenance of cancer stem cells, and metastasis. In this chapter, we introduce
the accumulated evidences of the pathophysiological function and significance of the
sTn antigen and discuss its role in cancer metastasis.
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Abbreviations

ARNT Aryl hydrocarbon receptor nuclear translocator
cAMP Cyclic adenosine 3’,5’-monophosphate

COX Cyclooxygenase

CRE cAMP response element

CSC Cancer stem cell

DAPI12 DNAX activation protein of 12 KDa

DC Dendritic cell

ECM Extracellular matrix

EMT Epithelial-mesenchymal transition

EP E prostanoid receptor

GalNAc N-acetylgalactosamine

HIF-1 Hypoxia-inducible factor 1

ITAM Immuno-receptor tyrosine-based activation motif
KLH Keyhole limpet hemocyanin

M-CSF Macrophage colony-stimulating factor

MMP Matrix metalloproteinases

mTORC Mechanistic target of rapamycin complex
NeuAc N-acetylneuraminic acid

NK cell Natural killer cell

PGE2 Prostaglandin E2

PHD Prolyl hydroxylase

PKA Protein kinase A

ppGalNACcTs  Polypeptide N-acetylgalactosaminyltransferases
Siglec Sialic acid-binding immunoglobulin-like lectin
sTn Sialyl-Tn

Syk Spleen trypsin kinase

TGF Transforming growth factor

TIMP Tissue inhibitors of metalloproteinase

VHL von Hippel-Lindau

1 Introduction

Protein glycosylation is an essential posttranslational modification, which fine-tunes
the function of glycoproteins and regulates cellular functions. Dysregulation in
glycan synthesis impairs cellular functions and is a part of pathogenesis of various
diseases, and aberrant glycans are occasionally detected as biomarkers of disorders
(Ohtsubo and Marth 2006). Cellular glycosylation is a comprehensive outcome of
portfolio of gene expression and cellular metabolism reflecting cellular signals
arising from cellular microenvironments (Ohtsubo and Marth 2006). In the devel-
opment and progression of cancer, cellular expression profile of
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glycosyltransferases, glycosidases, transporters, and chaperonins is altered, and
intracellular metabolic pathway is also dramatically shifted that consequently
evoke the synthesis of aberrant glycans. Malignant transformation is accompanied
by comprehensive increase of cellular sialylation, especially de novo production of
a2,6-linked sialic acid, that is functionally relevant to cellular signaling, prolifera-
tion, and cellular interaction (Pinho and Reis 2015; Kim and Varki 1997; Sata et al.
1991). The aberrant glycans are often detected as tumor markers associating with
tumor progression, malignancy, and metastasis (Kailemia et al. 2017; Angata et al.
2012). Therefore, cancer-associated aberrant glycans can be key links between
tumor microenvironment and cellular responses. Sialyl-Tn (sTn) antigen is a glycan
epitope bearing the o2,6-linked sialic acid and is used as a clinical tumor marker.
There are accumulating findings and evidences indicating that sTn antigen function-
ally involves in cancer progression and metastasis; however, the underlying mech-
anism of the sTn antigen-mediated pathogenesis of cancer is still largely unknown.
In this chapter, we introduce the sTn antigen-related cellular signal exchange among
cells and microenvironments in the immune suppression, epithelial-mesenchymal
transition (EMT), remodeling of the extracellular matrix, invasion, generation and
maintenance of cancer stem cells, and metastasis.

2 Biogenesis of sTn Antigen

The  synthesis of  O-glycan is  initiated by  polypeptide  N-
acetylgalactosaminyltransferases (ppGalNAc-Ts), which transfer N-
acetylgalactosamine (GalNAc) from a nucleotide sugar donor substrate,
UDP-GalNAc, to hydroxy group of serine/threonine residues of peptide. The formed
structure is designated as Tn antigen. Normally, the Tn antigen is further
glycosylated by a series of glycosyltransferases to form branched, elongated, and
complex structures (Fig. 1). In cancer cells, the early termination of the O-glycan
synthesis is often occurred by 1) malfunction of the O-glycan elongation enzyme,
Coref1,3-galactosyltransferase, caused by the genetic mutation, or the
hypermethylation-mediated epigenic down-regulation of its chaperone, COSMC
(Ju et al. 2008; Radhakrishnan et al. 2014), 2) aberrant localization of the initiation
enzymes of O-glycan synthesis, ppGalNAc-Ts, from Golgi apparatus to the endo-
plasmic reticulum (Gill et al. 2010), 3) out of optimal pH range of
glycosyltransferases in Golgi apparatus (Hassinen et al. 2011), and 4) induction of
ST6GalNAc-I, which transfers a sialic acid (N-Acetylneuraminic acid, NeuAc) from
CMP-NeuAc to the Tn antigen at «2,6-likage and blocks the further elongation of O-
glycans (Marcos et al. 2004). The resultant disaccharide structure
(NeuAca2,6GalNAca-O-Ser/Thr) is named as sTn antigen (Fig. 1). sTn antigen, a
truncated O-glycan, is a noted cancer-associated carbohydrate epitope, the expres-
sion of which correlates with cancer metastasis and poor prognosis (Ju et al. 2013;
Munkley 2016). Besides, the expression of sTn antigen is found in wide variety of
cancers (Julien et al. 2012; Ohuchi et al. 1986; Itzkowitz et al. 1989; Thor et al. 1986;
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Fig. 1 Early termination of the biosynthesis pathway of O-glycans by sTn antigen production. O-
glycan synthesis is initiated at the hydroxy group of a serine or threonine residue in polypeptide by
ppGalNAcTs, which catalyze the transfer of an N-acetylgalactosamine (GalNAc) from
UDP-GalNAc. The resultant glycan epitope is termed Tn antigen. The Tn antigen is further
extended by adding a galactose that is catalyzed by Coref}1,3-galactosyltransferase (Corefi1,3GalT).
For the acquisition of the enzymatic activity of Corepl,3GalT, the proper protein folding by a
chaperon, COSMC, is required. The resultant glycan epitope is termed T antigen or core 1 structure
and normally further elongated by the sequential reaction of glycosyltransferases. On the other
hand, the Tn antigen may receive a sialic acid at 2,6 linkage by ST6GaINAC-I. The resultant
glycan epitope is termed sialyl-Tn (sTn) antigen, which terminates the further elongation of the
glycan chain. ST6GalNAc-I and Coref1,3GalT compete for reaction with the Tn antigen as an
acceptor substrate; therefore, enhanced expression of ST6GalNAc-I or malfunction of
Coref1,3GalT results in the sTn antigen production and the early termination of O-glycans

Lottich et al. 1985; Johnston et al. 1986; Flucke et al. 2001; Ching et al. 1993;
Genega et al. 2000; Myers et al. 1994; Ferreira et al. 2013; Hashiguchi et al. 2016),
so that the detection of sTn antigen in specimens provides clinically important
information.
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3 Hypoxia-Induced sTn Antigen in Tumor
Microenvironments

It has been reported that the expression of sTn antigen is controlled by hypoxia-
inducible factor 1 (HIF-1) under hypoxic conditions (Peixoto et al. 2016). Hypoxia is
a substantial microenvironment factor heterogeneously generated in growing solid
tumor tissues by vascular insufficiency and defective of angiogenesis. Indeed,
clinical detection of sTn antigen is correlated with tumor mass, which is usually
found in advanced cancers (Kobayashi et al. 1991; Leivonen et al. 2001). Prostate
cancer exhibits enhanced expression of ST6GalNAc-I in primary cancer tissues
where hypoxic tumor environments should be formed, while the expression is
significantly reduced in newly formed metastatic lesions (Munkley et al. 2015).
HIF-1 is a heterodimer complex transcription factor, consisting of an oxygen-
dependent HIF-o subunit and the aryl hydrocarbon receptor nuclear translocator
(ARNT)/HIF-1f subunit. Under normal oxygen concentration, prolyl hydroxylases
are constitutively activated, and HIF-1a is hydroxylated at Pro402 and Pro564,
which are determinants for the molecular interaction with the von Hippel-Lindau
E3 ubiquitin ligase; therefore, HIF-1a is poly-ubiquitinated and degraded by the
proteasome pathway (Fig. 2). Under low oxygen concentration, the activity of prolyl
hydroxylases is attenuated, so that HIF-1a could escape from degradation and acts as
a transcription factor with HIF-1p (Fig. 2) (Myers et al. 1994). HIF-1 is a master
regulator controlling expressions of various proteins regarding tumor growth, anti-
apoptosis, angiogenesis, immune modulation, invasion, cancer stem cell formation,
and cellular metabolic shift from aerobic pathway to anaerobic pathway enabling
accommodation in hypoxic tumor microenvironments and contribute tumor progres-
sion (Rankin and Giaccia 2016; Vaupel and Multhoff 2018; Zhang et al. 2021). In
the hypoxic tumor microenvironments, cancer cells exchange signals with
intratumoral congregating cells, including NK cells, macrophages, lymphocytes,
neutrophils, platelets, and fibroblasts by juxtacrine, and paracrine fashion. sTn
antigen might partly involve in these cellular events through the regulation of
function of its carrier proteins.

4 sTn Antigen in Intratumoral Immune Modulation

Several glycoproteins have been previously identified as carrier proteins of sTn
antigen, such as MUCI, B1 integrin, CD44, and osteopontin (Clement et al. 2004;
Julien et al. 2006, 2009; Ozaki et al. 2012).

MUCI is a major extracellular matrix (ECM) component providing a functional
niche in the tumor microenvironments. MUCI is a heavily glycosylated protein, and
its glycoform is dramatically changed in cancers that include sTn antigen-positive
MUCI. The cancer-associated MUCI is involved in immune modulation. It has been
revealed that sTn antigen is a functional determinant of the cancer associated with
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Fig. 2 Hypoxia-induced expression of ST6GalNAc-I. Under normoxic conditions, abundant
oxygen allows prolyl hydroxylases (PHD) to react to HIF-1a. The hydroxylated HIF-1a is recog-
nized by von Hippel-Lindau (VHL) E3 ubiquitin ligase and receives poly-ubiquitination. The poly-
ubiquitinated HIF-1a is degraded by the proteasome pathway. In contrast, under hypoxic condition,
PHD could not obtain enough oxygen for the hydroxylation of target proteins; therefore, HIF-1a
could escape from the proteasome-dependent degradations and form a heterodimer with HIF-1f.
The heterodimer HIF-1 works as a transcription factor activating various gene expressions, includ-
ing ST6GalNAc-I. The hypoxia-induced ST6GalNAc-I produces sTn antigen on various
glycoproteins

mucin-mediated inhibition of NK cell cytotoxicity, in which removing sTn antigen
from mucin by neuraminidase treatment abolished NK cell cytotoxicity (Ogata et al.
1992). These results indicate that sTn antigen is functionally relevant to the immune
escape and further suggest the presence of the receptor molecule for the sTn antigen-
positive MUC1 on NK cells; however, it has not been identified yet.

In tumor microenvironments, maturation of dendritic cells (DCs) is important for
proper immune response for tumor rejection. It has been demonstrated that
upregulation of ST6GalNAc-I in bladder cancer coincided with immaturity of DCs
(detected as the elevated cellular CD1a levels) that resulted in the lowered secretion
of IL-12 and TNF-a and subsequent attenuation of the T lymphocyte priming.
Indeed, the sTn antigen-mediated tolerogenic DC function was recapitulated in
in vitro observation that DCs, phagocytosed sTn antigen-expressing cancer cells,
failed to prime T lymphocyte. Moreover, the induction of tolerance in DCs
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encountered with sTn antigen was canceled by treatment with blocking monoclonal
antibody against sTn antigen, MUC1, and CD44 (Carrascal et al. 2014), suggesting
that the sTn antigen on these carrier proteins is a trigger of the tolerance induction in
DCs, at least. These findings indicate that sTn antigen disturbs the DC maturation
and suppresses the antitumor response of T lymphocyte. These findings were also
recapitulated by another group; cancer-associated MUCI1 impaired DC maturation,
and T lymphocytes primed by the immature DCs became anergic and act as
suppressor and regulatory cells (Monti et al. 2004; Carlos et al. 2005). Moreover,
it has been elucidated that cancer-associated MUCI directly induces anergy in T
lymphocyte, in which isolated MUCI1 from peritoneal effusion of cancer patients
attenuated the proliferation of T lymphocyte that was canceled by the stimulation of
T lymphocyte with IL-2 or anti-CD28 monoclonal antibody (Agrawal et al. 1998a).
These findings well explain the mechanism of the attenuated immune response for
tumor rejection by the intratumoral lymphocytes.

In addition, mucins are important inducers of cyclooxygenase (COX)-2 in tumor
microenvironments (Inaba et al. 2003), which is an inflammatory inducible cyto-
plasmic enzyme that catalyzes the conversion of arachidonic acid into prostaglandins
and thromboxanes (van der Donk et al. 2002). One of the major products of COX2 is
prostaglandin E2 (PGE2), which is a lipid signal mediator of the inflammation-
related biological events associating various immunological reactions, pain reac-
tions, developmental processes, angiogenesis, and tumor progression (Smith et al.
2000; Kaiser et al. 1990). Immunohistochemistry revealed that the deposition of
MUC?2 in columnar-lined esophagus tissues was overlapped with that of COX2
(Jang and Cho 2005). The biological signal of PGE2 is mediated in autocrine and
paracrine manner via E prostanoid (EP) receptors, EP1, EP2, EP3, and EP4, which
exhibit different ligand binding affinities and have isoforms generated by alternative
splicing; therefore, EPs provide concentration-dependent precise functional regula-
tion of target cells in tumor microenvironments (Abramovitz et al. 2000; Sugimoto
and Narumiya 2007). Indeed, enhanced expression of COX2 is relevant to tumoral
growth, apoptosis, angiogenesis, and metastasis (Ohno et al. 2005a). It has been
reported that the tumoral mucins stimulated intratumoral macrophages and mono-
cytes and induced COX2 production that resulted in PGE2 production (Inaba et al.
2003). The PGE2 secreted from tumoral macrophages should bind to EP2 receptor
on cancer cells and induce COX2 production, which evokes various cellular
responses. EP2 and EP4 receptors substantially mediate immune-suppressive effects
through activation of the cAMP/PKA/CRE (cAMP response element)-binding pro-
tein pathway (Subbaramaiah et al. 2008). PGE2 dose-dependently attenuated the
proliferation and the following production of interferon-y and interleukin-4 in
specific antigen-stimulated helper type 1 (Thl) and helper type 2 (Th2) T lympho-
cytes in an adenylate cyclase-dependent manner, respectively. Besides, the treatment
of PGE2 and EP2 receptor agonist also abolished the specific antigen stimulation-
induced production of interferon-y and interleukin-5 by peripheral blood mononu-
clear cells (Okano et al. 2006). Taken together, these results imply that PGE2,
induced by cancer-associated mucins, stimulates the cAMP-dependent
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EP2/EP4-mediated pathway and suppresses Th1- and Th2-polarized antigen-specific
T lymphocyte responses in tumor microenvironments.

The cancer-associated mucin-induced COX2 induction and the resulting immune
suppression could be implicated in the aberrant glycosylation of mucin. This was
evident in endometrial cancer, in which sTn antigen expression was significantly
associated with tumoral production of COX2 that coincided with poor infiltration of
CD8* T lymphocyte into the cancer nest (Ohno et al. 2005b).

As described above, cancer-associated mucins receiving aberrant glycosylation,
such as sTn antigen, are involved in immune suppression at multiple steps that
largely contribute to the escape from immunological tumor rejection.

In addition to the immune suppression, COX2 is involved in the determination of
the tropism of metastatic destination organs. In breast cancers, COX2 predominantly
regulates Dickkopf (DDK)1 expression, which is a predictive factor whether breast
cancer cells metastasize in lung or bone marrow. DDK1 attenuates COX2-mediated
recruitment of neutrophils and macrophages in lung metastatic lesion via the
non-canonical p-catenin-independent Wnt signaling pathway, and simultaneously
DDKI1 activates the canonical Wnt/p-catenin signaling pathway in osteoblasts and
facilitates bone marrow metastasis (Zhuang et al. 2017).

S sTn Antigen in Epithelial-Mesenchymal Transition
(EMT)

Emergence of truncated O-glycans including sTn antigen is found in most of cancers
and in various premalignant lesions (Ching et al. 1993; Itzkowitz et al. 1991; Kim
et al. 2002). In ovarian cancer, sTn antigen-expressing cells are always found at
invasive front edge of tumor tissues and rarely observed in metastatic lesions
(Davidson et al. 2000a, b). In breast cancer, sTn antigen is abundantly expressed
in primary ductal cancer cells, and lower levels of sTn antigen are found in invasive
cancer cells (Schmitt et al. 1995). Indeed, overexpression of sTn antigen in breast
and gastric cancer cell lines by introducing the ST6GalNAc-I expression vector
resulted in tumor growth and metastasis in murine xenograft models (Julien et al.
2006; Ozaki et al. 2012).

Cellular glycosylation provides various carbohydrate moieties which act as
ligands for a wide variety of recognition molecules (Ohtsubo and Marth 2006). In
cancer progression, the alterations in cellular glycan structure cause the cellular
binding profile of lectins and proteins bearing carbohydrate recognition ability,
which results in changes in regulation of cellular responses and in cellular interac-
tions against other cells and ECM (Hauselmann and Borsig 2014). Since sTn antigen
has negative charges derived from the intrinsic sialic acid, the expression of sTn
antigen terminates O-glycan synthesis at early step and simultaneously confers
electric charge on the carrier proteins that is implicated in the cellular interactions
in microenvironments (Munkley and Elliott 2016).



Role of Sialyl-Tn Antigen in Cancer Metastasis 61

It has been reported that the sTn antigen expression reduces the cell-cell interac-
tion and releases individual cancer cells from primary cancer nest that were relevant
to the altered glycan recognition by lectins (Takenaka et al. 2004; Beatson et al.
2015). And thereby, these findings indicated that the induction of the sTn antigen
facilitates tumor metastasis (Munkley et al. 2015) and further suggested that sTn
antigen evokes the invasion of cancer cells and consequently facilitates their dis-
semination by blood and lymph circulation (Pinho et al. 2007). However, these
obtained data were insufficient to explain the detailed mechanism of the initiation of
the sTn antigen-mediated cancer dissemination.

Most of cancers originate in epithelial tissues. Epithelial cells are closely
connected with adjacent cells through engagement of cell adhesion machinery
(adherens junctions, tight junctions, and desmosomes) and maintain cellular polarity.
These characteristics are inherited to cancer cells. For the initiation of invasion of
epithelial cancers, reduction of the cell-cell interactions and activation of the cellular
motility are essential that are found in the process of EMT. EMT is a cell-
physiological process in which epithelial cells lose their polarity and cell-cell
attachment, and therefore cellular motility and invasiveness are increased
(Greenburg and Hay 1982; Ribatti et al. 2020). Indeed, the benign tumor cells
initially acquire invasive and metastatic features in the process of tumor progression,
in which EMT plays a crucial role (Thiery et al. 2009). During EMT process,
reduction of E-cadherin, cytokeratins, desmoplakin, and occludin and disappearance
of adherens junctions occur that are accompanied with increase of N-cadherin,
vimentin, and fibronectin, matrix metalloproteinases (MMP)-2, MMP-3, MMP-9,
Snail 1, Snail 2, Twist, FOX C2, and SOX 10 that consequently confer invasive
functions and apoptosis resistance on the cells (Garside et al. 2012; Micalizzi et al.
2010; Wells et al. 2008; Ribatti et al. 2020). EMT is regulated by complex cellular
signal transduction pathway leading to these synchronized alterations. It has been
elucidated that the transforming growth factor (TGF)-f/Smads pathway robustly
mediates EMT signals through enhancement of corresponding transcription factors
(Xu et al. 2009). Characteristics of EMT are organized under the regulations of
transcription factors, Snaill, Snail2, ZEB1, and Twist (Stemmler et al. 2019). Snaill
elicits the reduction of E-cadherin and claudins and the increase of vimentin and
fibronectin (Kaufhold and Bonavida 2014). In tumor microenvironments, tumor-
associated macrophages are one of the major producers of TGF-f and contribute to
the induction of EMT in cancer cells. In the F9-teratocarcinoma-transplanted mouse
model, elimination of macrophage by clodronate-liposome treatment reduced mes-
enchymal gene expression and induced epithelial differentiation of the tumor cells.
Moreover, the intratumoral M2-like macrophage was the inducer of the EMT by
secreting TGF-p (Bonde et al. 2012).

Glycan-mediated molecular interactions between cancer-associating glycopro-
teins and lectins on immune cells are deeply involved in the modulation of tumor
microenvironments (Aarnoudse et al. 2006; Rabinovich and Croci 2012). In line
with these findings, tumoral infiltration of M2-like macrophages was found in sTn
antigen expressing ulcerative colitis and colon cancer tissues, where the tumor-
associated M2-like macrophage produced IL-13 and CCL17 and stimulated colon
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cells that promote the expression of ST6GalNAc-I (Kvorjak et al. 2020). In the
tumor microenvironment, M2-like macrophage and sTn antigen expressing cancer
cells might exchange signals in paracrine and juxtacrine manner and initiate EMT.
For the recognition of sTn antigen, M2-like macrophage might express an endoge-
nous lectin as a receptor molecule. Sialoglycans, which are glycans bearing sialic
acid moiety, are usually recognized by lectin family consisting of sialic acid-binding
immunoglobulin-like lectins (Siglecs) (Crocker and Varki 2001; Varki and Angata
2006). Siglecs are receptor-type lectins mainly expressed on immune cell linage and
exert immuno-suppressive effects. Besides, a subfamily of Siglecs lacks the cyto-
plasmic domain and is associated with signal adaptor molecule DNAX activation
protein of 12 KDa (DAP12) at plasma membrane. DAP12 has an immuno-receptor
tyrosine-based activation motif (ITAM) and mediates activation signals for the
upregulation of the production of cytotoxic cytokines by modifying Toll-like recep-
tor signals in immune cells including macrophages (Lanier 2009). The enhanced
expression of DAP12 correlates with poor prognosis in breast cancer (Shabo and
Svanvik 2011). Siglec-15 is a member of this subfamily, expressed on macrophages
and DCs, and preferentially binds to the sTn antigen (Angata et al. 2007; Ishida-
Kitagawa et al. 2012). It has been revealed that the tumoral infiltrating M2-like
macrophages express Siglec-15 in clinical cancer tissues of the liver, lungs, and
rectum, which suggests the tumor-associated M2-like macrophages have a potential
to recognize the sTn antigen on cancer cells (Takamiya et al. 2013). Indeed,
coculture of M-CSF-induced human macrophage with the sTn antigen-expressing
cancer cells, which were established from human non-small lung carcinoma cells,
enhanced TGF-f production. The sTn antigen-expressing cancer cell-induced
TGF-f production was recapitulated in genetically engineered THP-1 cells (human
promonocytic cell line) expressing Siglec-15 that was significantly reduced by the
genetic mutation of Siglec-15 or by the disruption of the sTn antigen on cancer cells
by sialidase treatment. These findings indicated that Siglec-15 on macrophages is a
responsible receptor molecule for the recognition of the sTn antigen on cancer cells
(Takamiya et al. 2013). Extracellular ligand engagement with DAP12-associated cell
surface receptor causes the recruitment of spleen trypsin kinase (Syk) to DAP12 and
transduces the signal across the plasma membrane in immune cells (Humphrey et al.
2005; Turnbull and Colonna 2007). In consistent with this, the sTn antigen-
dependent production of TGF-f was abolished by the treatment of Syk inhibitor
(Takamiya et al. 2013). These findings indicate that the tumoral sTn antigen is
recognized by Siglec-15 on intratumoral M2-like macrophages in which the cellular
signal is mediated by DAP12-Syk pathway (Fig. 3). The mechanism is a key link
between the tumoral sTn antigen expression and the induction of EMT in tumor
microenvironments.

For releasing cancer cells from the tumor nest, as well as the reduction of cell-cell
interaction, the degrading and remodeling of the ECM surrounding cancer cells are
also essential initial steps in metastatic processes. A family of proteinases, MMPs, is
deeply involved in the degradation and remodeling of ECM in tumor progression
(Egeblad and Werb 2002; Page-McCaw et al. 2007). Humans have 23 MMPs
consisting of 17 soluble MMPs and 6 membrane-associated MMPs (Quesada et al.
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Fig. 3 sTn antigen-mediated activation of tumor-associated macrophage and the induction of
EMT. Cancer cell presents sTn antigen on cell surface glycoproteins. The sTn antigen is recognized
by sialic acid-binding immunoglobulin-like lectin (Siglec)-15 on the tumor-associated macrophage.
The ligand-binding signal is transduced to spleen trypsin kinase (Syk) through an adaptor molecule,
DNAX activation protein of 12 KDa (DAP12) at plasma membrane. The activated Syk signal
results in the production of TGF-f. TGF-f is a strong inducer of epithelial-mesenchymal transition
(EMT) of cancer cells that facilitates metastasis and cancer progression

2009). They are further classified by domain architecture, substrate specificity, and
their spatial and temporal expression profiles (Radisky and Radisky 2010). The
catalytic domain of MMPs is composed of an active center, and a substrate binding
pocket is the target of the endogenous tissue inhibitors of metalloproteinases
(TIMPs); thereby, MMP activity is physiologically regulated by the production of
TIMPs (Nagase et al. 2006). Moreover, MMPs are produced as cryptic proenzymes,
in which an N-terminal short prodomain structurally blocks active site (Tallant et al.
2009; Visse and Nagase 2003). The sequential cleavage of MMPs by proteinases
removes the prodomain and releases the active MMPs (Visse and Nagase 2003;
Rosenblum et al. 2007). Expression of MMPs is regulated through various signal
cascades in response to the tumor microenvironments. It has been reported that the
expressions of MMP-2, MMP-12, and MMP-13 were transcriptionally enhanced in
the breast cancer cells undergoing TGF-f-induced EMT (Janda et al. 2002;
Jechlinger et al. 2003). In addition, the TGF-p treatment of glioma cell lines
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exhibited the induction of MMP-2 expression and the reduction of TIMP-2 expres-
sion that resulted in enhanced cellular invasion (Wick et al. 2001). Besides, hypoxia
also induces expression of MMPs: MMP-2 and MTI1-MMP in breast cancer
(Muiioz-Najar et al. 2006), MMP-2 in oral squamous cell carcinoma (Ma et al.
2019), MMP-2 and MMP-9 in breast cancer cells (Choi et al. 2011; Lv et al. 2017),
MT1-MMP in ovarian cancer cells (Sun et al. 2015), MMP-1 in bladder cancer cells
(Shin et al. 2015), MMP-2 in prostate cancer cells (Dai et al. 2011), MMP-2 and
MMP-9 in monocytes (Wan et al. 2011), and MMP-9 in vascular smooth muscle
cells (Revuelta-Lépez et al. 2013). These findings indicate that the emerging
intratumoral microenvironments, such as sTn antigen-related TGF-p-induced EMT
and hypoxia, induce the expression of MMPs to degrade and remodel the ECM and
then enable cancer cells to detach from tumor nest.

6 sTn Antigen Expression and Integrin-Mediated Tumor
Invasion

As well as reducing cell-cell interactions and degrading ECM to release cancer cells
from tumor nest, enhancing automotility to invade into surrounding tissues is a
fundamental metastatic process. For activating cellular motility, the continuous
interaction with the ECM components and modulation of cellular signals are
required. ECM is the complex network of specialized glycoproteins, including
collagen, fibronectin, laminin, and vitronectin. The cellular adhesion signal of
these macromolecules regulates various cell-physiological events: cellular prolifer-
ation, differentiation, survival, and migration (Berrier and Yamada 2007). These
cellular activities are required for metastasis. For recognition of ECM proteins and
exchange signals, mammalian cells express cell surface receptor molecules,
integrins. Integrins form a heterodimeric complex consisting of an « integrin and a
f integrin, which have a large extracellular domain and a short cytoplasmic tail. The
extracellular domains of integrin subunits together form a head-domain having a
ligand-binding activity (Zaidel-Bar et al. 2007). In vertebrates, 24 distinct integrin
complexes are identified as the selective pairing of 18-« integrins and 8-f integrins;
they have different ligand preferences and affinities (Luo et al. 2007). B integrins
determine the subcellular distribution of the integrin heterodimer at focal adhesion
sites (Akiyama et al. 1994; Reszka et al. 1992). The signal of the engagement of the
ECM ligands is mediated at the cytoplasmic tail by associating with adaptors
bridging integrin to kinase, cytoskeletal proteins, and other plasmalemmal receptors
that evoke the assembly of actin filaments (Giancotti and Ruoslahti 1999). The
function of integrin heterodimer is conformationally regulated. In the inactive
state, the integrin heterodimer takes bent form bearing low affinity to ECM ligands.
If the ECM ligand binds to integrin, the conformation of the integrin heterodimer is
changed to upright-close form bearing moderate affinity to ECM ligands. Subse-
quently, the conformation is further changed to the upright-open form (the p-tail
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domain and the cytoplasmic tail domain of P integrin are separated from « integrin)
bearing high affinity to ECM ligands (Barkan et al. 2008). Conversely, the molecular
interaction of an activator, e.g., talin and kindlin, with the cytoplasmic tail of 8
integrin also induces alterations in the conformation of the integrin heterodimer that
enlarge the affinity to ECM ligands (Barkan et al. 2008). Following the initial
activation of integrin with ECM, the large mature focal adhesion complex is
orchestrated to generate signals for cellular proliferation, differentiation, survival,
and migration (Barkan et al. 2008; Shibue and Weinberg 2009). These findings
suggest that the conformation of the cytoplasmic tail and the p-tail domain is
important to regulate the activation status of integrins. In line with this speculation,
mutations in these regions of either integrin resulted in the constitutive activation
(O’Toole et al. 1991, 1994).

Since integrins are involved in cell migration and invasion in pathophysiological
events (Huttenlocher and Horwitz 2011; Paul et al. 2015), most of the biological
functions of integrins have been investigated in cancer cells. As P1 integrin is the
most abundant P integrin subunit (Sastry and Horwitz 1993) and acts as a connector
to actin in the cytoplasmic tail (Hynes 1992), many studies have suggested the
pathophysiological significance of 1 integrin in cancer progression (Hamidi et al.
2016). Indeed, the blocking antibody treatment against $1 integrin suppressed cancer
cell proliferation in vivo and in vitro that was accompanied with significant impair-
ment of tumoral angiogenesis (Park et al. 2006; Bhaskar et al. 2007).

It has been considered that the glycosylation is one of the major regulators of
integrin function (Janik et al. 2010; Yoon et al. 2005; Gu and Taniguchi 2004).
Especially in the cancer progression, altered glycosylation is associated with intra-
cellular distribution and function of integrins. It has been reported that
overexpression of ST6GalNAc-I in murine mammary adenocarcinoma cell line
resulted in the expression of the sTn antigen on Pl integrin that altered cellular
morphology and cellular behaviors (Clement et al. 2004). Moreover, exposure of
bladder tumor cell lines to hypoxia induced production of sTn antigen on various
glycoproteins, including Bl integrin that was coincident with enhanced cellular
migration and invasion (Peixoto et al. 2016). sTn antigen is considered to be
functionally involved in the activation of the cellular signals downstream of f1
integrin; however, the sTn antigen-dependent regulation mechanism of 1 integrin
remains unclear. Although the O-glycosylation sites of Bl integrin have not been
identified, potential O-glycosylation sites can be predicted by in silico analyses using
NetOGlyc 4.0 program (https://services.healthtech.dtu.dk/service.php?
NetOGlyc-4.0) (Steentoft et al. 2013). The prediction of the O-glycosylation site
analyses revealed that 1 integrin has potential O-glycosylation sites, including two
sites in hybrid domain, three sites in B-I domain, three sites in [-EGF1 domain, one
site in [-EGF4 domain, and three sites in $-tail domain (Fig. 4). Noteworthy, as this
prediction, Pl integrin receives the sTn antigen in the p-tail domain, which is
important for the conformational regulation, and in B-I domain, which contains a
metal binding motif. sTn antigen has an intrinsic negative charge which may cause
intramolecular structural changes modulating the ligand affinity and may produce
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Fig. 4 Prediction of O-glycosylation sites of human P1 integrin. (a) Amino acid sequence of
human f1 integrin with potential O-glycosylation sites. O-glycosylation sites of human p1 integrin
were analyzed by NetOGlyc 4.0 program (Steentoft et al. 2013). Predicted O-glycosylation sites are
indicated as red-colored characters in amino acid sequences of Pl integrin. Each domain of f1
integrin is indicated as the respective color corresponding to the domain of B1 integrin illustrated in
(c). (b) Prediction score of individual deduced O-glycosylation site. The obtained data from the
analyses by NetOGlyc 4.0 program was summarized in a chart. (¢) Schematic diagram of human 1
integrin. The hybrid domain, B-I domain, I-EGF1 ~ 4 domains, p-tail domain, TM domain, and
cytoplasmic domains are illustrated. The position of the individual predicted O-glycosylation site is
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the intermolecular repulsive force between a and f integrin subunits that may lead to
the conformational change to the open form of the integrin heterodimer.

Glycoproteomic analyses of integrins will confirm the glycosylation profile of
integrins and should provide detailed information about the structure-function rela-
tionships of integrin glycans; these investigations will reveal the regulation mecha-
nism of integrins and provide molecular insight into the pathophysiological role of
integrins.

7 sTn Antigen Expression and Cancer Stem Cells

In solid tumors, hypoxia is a major feature of tumor microenvironment, which
provides an essential niche for development and accumulation of cancer stem cells
(CSCs). CSCs are poorly differentiated cells, possessing the intensive invasiveness
and tumorigenicity that directly and indirectly contribute to the generation of
metastatic cells (Shiozawa et al. 2013). CSCs have been detected in various cancers:
breast cancer (Quinn et al. 2021), hepatocellular carcinoma (Tomuleasa et al. 2010),
glioblastoma (Ishii et al. 2021), melanoma (Fattore et al. 2020), and head and neck
cancer (Yoshikawa et al. 2013). Although the origin of CSCs has not been fully
identified yet, the source of the cells is considered to be generated in the process of
EMT and under the intratumoral hypoxic conditions, in which differentiated and
non-stem cells might acquire the characters like CSCs (Li et al. 2019; Nejad et al.
2021). Intratumoral hypoxia acts as an inducer of the CSC marker protein, CD133,
via the HIF-1a-mediated enhancing of the expression of OCT3/4 and SOX2 (lida
et al. 2012). Since CSCs differ from differentiated cancer cells in the gene expression
profile and cellular metabolism, CSCs should express specific glycans, which allow
distinguishing CSCs from non-cancer stem cells (Alisson-Silva et al. 2014; Lanctot
et al. 2007). It has been demonstrated that the glycosylation pattern of CD133 might
be involved in the maintenance of cancer stem cells (Bidlingmaier et al. 2008).

As hypoxia is a common inducer of sTn antigen expression and development of
CSCs, some populations of cancer stem cells express sTn antigen. It has been
reported that a subset of human ovarian cancer cells is positive for CD133 and sTn
antigen that exhibited the features of CSC: enhanced colony and sphere formation
and elevated chemoresistance (Starbuck et al. 2018). As described above, sTn
antigen bearing MUC1 enhances the expression of COX2, which produces PGE2.
PGE2 is also important for cancer stem cell maintenance; PGE2 induces IL-6 in the
triple-negative breast cancer cell lines that regulate the renewal of CSCs (Basudhar
et al. 2017). It has been revealed that the proliferation and stemness properties of
CSCs are regulated by PI3K-Akt signal pathway in breast cancer (Gargini et al.

<
«

Fig. 4 (continued) indicated as an arrow with numbers of amino acid positions from N-terminal.
The structure of B1 integrin is illustrated based on the UniProt database (http://www.uniprot.org/)
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2015, 2016), glioma (Gargini et al. 2016), and colorectal cancer (Todaro et al. 2014).
In colorectal cancers, sTn antigen is involved in the regulation of Akt pathway. sTn
antigen is expressed on CD44 which induces the phosphorylation of Akt cooperating
with galectin-3. The Akt activation results in the reduction of GSK3p and subse-
quently promotes the f-catenin-mediated transcription. The Akt signal is branched to
mTORCI1 which causes phosphorylation of S6 and enhances protein synthesis. Both
of the downstream of the Akt signals evoke stemness in cancer cells (Ogawa et al.
2017). These findings indicate that sTn antigen plays a curtail role in generation,
maintenance, and renewal of CSCs at multiple steps in tumor microenvironments
that substantially contribute to the generation of metastatic cells.

8 Conclusion and Future Perspectives

In the present chapter, we have provided current knowledge of the function of sTn
antigen in cancer metastasis and progression, which are closely related to immune
suppression, EMT, remodeling the extracellular matrix, enhancing cellular motility,
generation, and maintenance of cancer stem cells. In these cancer-related events, sTn
antigen and its carrier proteins evoke various alterations in cellular functions through
the exchange of cellular signals that contribute to the facilitation of metastasis.
Therefore, these molecules and cellular signals are good candidates for the thera-
peutic targets. Vaccination with sTn-keyhole limpet hemocyanin (KLH) was clini-
cally successful to induce production of sTn antigen-specific IgGs (Miles et al. 2011;
Miles and Papazisis 2003; Ibrahim and Murray 2003). Moreover, sTn-KLH vacci-
nation induced sTn antigen-specific antibodies and eliminated tumors in murine
models (Julien et al. 2005). Theratope (sTn-KLH vaccination) could induce specific
immune response against sTn antigen and exhibited a significantly improved sur-
vival in phase II clinical trials for metastatic breast cancer patients (Miles et al. 1996;
MacLean et al. 1996a, b; Holmberg and Sandmaier 2004; Reddish et al. 1996);
however, double-blind phase III clinical trial of Theratope failed to improve survival
of patients, and no overall benefit in time to progression was observed (Miles et al.
2011). These findings indicate that immunotherapy with sTn antigen has a potential
to induce specific immune responses in cancer patients, but there are difficulties in
obtaining successful clinical outcomes that need to be clarified in the future. Besides,
the pharmacological intervention to inhibit the ST6GalNAc-I or nucleic acid drugs
to suppress ST6GalNAc-I expression in cancer cells might be capable to suppress
cancer progression and metastasis, because the administration of the ST6GalNAc-I
siRNA-liposome significantly suppressed peritoneal dissemination and improved
the survival of the mice receiving gastric cancer xenografts (Tamura et al. 2016). As
the expression of ST6GalNAc-I is specifically expressed in cancer cells, these
approaches may be tolerated by patients with little side effects. Other than targeting
the sTn antigen or ST6GalANc-I, vaccination targeting MUCT exhibited a favorable
toxicity profile in the initial phase I and II trials (Agrawal et al. 1998b; Palmer et al.
2001; North and Butts 2005), and COX2 inhibitor (celecoxib) treatment exhibited
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positive outcome in clinical trials of colorectal cancer, breast cancer, gastric cancer,
and head and neck cancer (Totoczko-Iwaniuk et al. 2019). As these target molecules
and cellular signals are commonly and deeply involved in the progression and
metastasis of various cancers, the medications targeting them in cancer therapy
seem to be justified. Future studies elucidating the detailed molecular functions of
sTn antigen in the regulation of its carrier proteins and exploring the sTn antigen-
recognizing receptors will contribute to better understand the role of sTn antigen in
cancer metastasis and to the development of new drugs and therapeutic approaches.
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Insights into the Role of Chondroitin Sulfate M)
in Cancer e

Satomi Nadanaka and Hiroshi Kitagawa

Abstract Chondroitin sulfate (CS) chains are secreted into the extracellular matri-
ces or are associated with the plasma membranes of virtually all cells. They are
covalently attached to the serine (Ser) residues of core proteoglycan proteins. The
expression levels and/or fine structure of CS chains are altered in response to
environmental cues, and such changes are involved in controlling cell fate decisions.
CS chains selectively interact with numerous proteins, including growth factors,
morphogens, adhesion molecules, and receptors, and regulate various cellular and/or
tissue processes. These interactions between various signaling molecules and the CS
moieties of proteoglycans (PGs) are the molecular basis for the functions of PGs as
signaling modulators, transductors of signals into cells, and regulators of cellular
functions. In addition, it is thought that the interactions between proteins and CS
chains are regulated by the fine structure of CSs. The CS chains consist of N-
acetylgalactosamine (GalNAc) residues alternating in glycosidic linkages with
glucuronic acid residues. During the biosynthesis of CS chains, GalNAc residues
are sulfated to varying degrees at the 4- and/or 6-positions. Recent studies have
indicated that CS chains encode important functional information via the introduc-
tion of position-specific sulfate groups. Here, we describe the significance of
CS-PGs as signal molecules or co-receptors of soluble factors such as growth
factors/morphogens in cancer biology. In addition, we discuss how alterations in
CS structures activate cancer-related cell signaling and lead to cancer progression.

1 Structure and Biosynthesis of CS

CS chains attached to a unique core protein are expressed as PGs. Both core proteins
and CS chains, particularly the sulfation pattern of CS chains, participate in interac-
tions with many protein ligands, such as growth factors, cytokines, and morphogens
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implicated in tumor progression. CS biosynthetic or degradative enzymes in a
developing tumor may modify the CS structure and thus alter cell function.

CS chains consist of repeating disaccharide units [(-4GlcAP1-3GalNAcp1-),] and
are covalently linked to specific Ser residues in any of the core proteins via the
glycosaminoglycan-protein linkage region (GlcAp1-3Galp1-3Galp1-4Xylp1-O-Ser)
(Fig. 1) (Mikami and Kitagawa 2013; Nadanaka and Kitagawa 2008). The repeating
disaccharide units are biosynthesized by a combination of six homologous
glycosyltransferases—chondroitin (Chn) synthases (ChSy)-1, ChSy-2, and ChSy-
3, Chn polymerizing factor (ChPF), and Chn GalNAc transferases (ChGn)-1 and
ChGn-2 (also known as CSGALNACT-1 and CSGALNACT-2, respectively)
(Fig. 1). The resulting backbones of the CS chains are subsequently modified via
sulfation and uronate epimerization (Mikami and Kitagawa 2013). Based on the
substrate preferences of Chn sulfotransferases identified to date, the biosynthetic
scheme for CS-type sulfation can be classified into initial “4-O-sulfation” and “6-O-
sulfation” pathways. In the initial step, the non-sulfated O unit [GlcA-GalNAc]
serves as a common acceptor substrate for two types of sulfotransferases, chondroi-
tin 4-O-sulfotransferases (C4ST-1 and C4ST-2) (Nadanaka et al. 2008, 2016, 2011)
and chondroitin 6-O-sulfotransferase-1 (C6ST-1), forming monosulfated A (GIcA-
GalNAc(4-O-sulfate)) and C (GlcA-GalNAc(6-O-sulfate)) units, respectively
(Fig. 1). Subsequent sulfation of the A and C units can also occur via GalNAc
4-sulfate 6-O-sulfotransferase (GalNAc4S-6ST) or CS-specific uronyl 2-O-
sulfotransferase (UST) action, resulting in the formation of disulfated disaccharide
E (GlcA-GalNAc(4,6-O-disulfate)) and D (GIcA(2-O-sulfate)-GalNAc(6-O-sul-
fate)) units, respectively (Fig. 1) (Mikami and Kitagawa 2013). Arylsulfatase B
(ARSB), which removes 4-O-sulfate groups from the non-reducing ends of CS
chains, is not only a lysosomal enzyme but is also present on the membranes of
human cerebrovascular and epithelial cells (Feferman et al. 2013; Prabhu et al.
2011). A decline in ARSB expression increases the levels of 4-O-sulfated
chondroitin.

Of these CS biosynthetic enzymes, the expression of ChGn-1, C4ST-1, and
GalNAc4S-6ST is upregulated in breast cancer cells (Ilida et al. 2015; Ito et al.
2017; Liu et al. 2019). In addition, high expression levels of C4ST-1 (CHST11) have
been shown to significantly correlate with poor relapse-free survival in three inde-
pendent lung cancer cohorts (Salanti et al. 2015). ChGn-1 (CSGALNACT]I) is
associated with clinical outcome of multiple myeloma (Agnelli et al. 2011) and
involved in biosynthesis of a therapeutic cancer target CS (Agnelli et al. 2011;
Clausen et al. 2016). Both ChGn-1 (CSGALNACTI1) and GalNAc4S-6ST
(CHST15) genes have the highest incidence rates (5—-6%) of deletion, mutation,
and amplification in colorectal cancer (Wu et al. 2021). Moreover, the expression of
C4S8T-1 (CHST11) is positively correlated with breast cancer progression (Herman
et al. 2015), and the CSs produced by C4ST-1 function as ligands of P-selectin in
aggressive breast cancer cells (Cooney et al. 2011). In addition, deregulation of
C4ST-1 probably leads to an affected CS-dependent pathway specific to the hema-
topoietic lineage and causes B-cell chronic leukemia (Schmidt et al. 2004). Costello
syndrome, a pediatric genetic disorder linked to oncogenic germline mutations in the
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Fig. 1 Scheme for CS biosynthetic pathway. (a) A number of glycosyltransferases participate in
the synthesis of the linkage regions and disaccharide repeating regions, which are characteristic of
the CS chains. The chondroitin backbone is further modified by specific sulfotransferases and
epimerases— GalNACcT-I, GalNAc transferase I; GIcAT-II, GlcA transferase-1I; GalNAcT-II,
GalNAc transferase-II; ChSy, chondroitin synthase; ChPF, chondroitin polymerizing factor;
ChGn, chondroitin GalNAc transferase; C4ST, chondroitin 4-O-sulfotransferase; C6ST, chondroi-
tin 6-O-sulfotransferase; D4ST, dermatan 4-O-sulfotransferase; UST, uronyl 2-O-sulfotransferase;
GalNAc4S-6ST, GalNAc 4-sulfate 6-O-sulfotransferase; DSE, GIcA C-5 epimerase
(DS epimerase). (b) The disaccharide units found in CS chains include GlcA and GalNAc residues.
These sugar residues can be esterified by sulfate groups at various positions, as indicated by an “S”
in the diagram. Based on the substrate specificities of sulfotransferases, the biosynthetic pathways
for CS-type disaccharide units can be classified into the initial “4-O-sulfation” or “6-O-sulfation”
pathways. The disaccharide units that form the CS chains are denoted as O, A, C, D, or E units
based on the individual sulfation patterns; 2S, 4S, and 6S represent 2-O-, 4-O-, and 6-O-sulfate
groups, respectively
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Fig. 2 Binding of malarial protein VAR2CSA to placenta-specific and cancer-associated CSs.
Infected erythrocytes attach to the placenta through binding of VAR2CSA to the placental CS
chains. Placental CS chains recognized by VAR2CSA are unique, as they comprise low-sulfated CS
containing A units. Interestingly, CS chains expressed in various cancers are recognized by
VAR2CSA. In contrast, VAR2CSA cannot bind to the CS chains expressed in noncancerous
tissues, except for the placental tissue. Human cancer cells and placenta express a common and
distinct form of CS, which can be specifically recognized by malarial VAR2CSA

HRAS gene, is characterized by multiple developmental abnormalities and tumor
development. Activation of HRAS signaling reduces C4ST-1 expression and causes
sulfation, thereby leading to CS imbalance, which is associated with the pathogen-
esis of Costello syndrome (Kluppel et al. 2012). Furthermore, the expression level of
GalNAc4S-6ST (CHST15) is negatively correlated with overall survival and disease-
free survival of patients with ductal adenocarcinoma (Ito et al. 2017). These findings
suggest that the expression of some glycosylation-associated genes correlates with
cancer progression.

How does alteration of the expression of CS biosynthesis-associated genes
contribute to the production of cancer-related CS structures? In this regard, the
biosynthetic mechanism of oncofetal CS recognized by malarial VAR2CSA proteins
has been extensively examined. VAR2CSA-recognizing oncofetal CS was origi-
nally discovered in placental malaria. Pregnant women are particularly susceptible to
malarial infection because Plasmodium falciparum malaria-infected erythrocytes are
sequestered in the placenta. The accumulation of infected erythrocytes in the pla-
centa is caused by a parasite protein of the PFEMPI1 (P. falciparum erythrocyte
membrane protein 1) family, known as VAR2CSA (Fig. 2). The VAR2CSA protein
is implicated as an adhesion receptor for CS expressed only in the placenta, while CS
chains expressed elsewhere in the body are not recognized by VAR2CSA (Fig. 2).
Placental CS is a uniquely low-sulfated CS containing approximately 2—14% 4-O-
sulfated CS disaccharides (A units) and 86-98% of non-sulfated CS disaccharides
(O units) (Achur et al. 2000). Inconsistent with this result, a recent study showed that
placental and tumor CS chains purified via affinity chromatography using recombi-
nant VAR2 proteins contain a high content of A units (Spliid et al. 2021). This
discrepancy may be due to the differences in CS preparation or the methods used for
purifying the materials (Spliid et al. 2021). In a previous study on placental CS
(Achur et al. 2000), membrane-bound CS-PGs were not analyzed. In addition, the



Insights into the Role of Chondroitin Sulfate in Cancer 83

full-length VAR2CSA protein and the ID1-ID2a protein (CS-binding region of
VAR2CSA) were used in previous studies (Achur et al. 2000) and recent studies
(Spliid et al. 2021), respectively. Both proteins specifically bind to the CS present on
placental syncytiotrophoblasts, although they might have slightly different
specificities.

The function of low-sulfated placental CS chains is associated with the ability of
trophoblasts to invade the uterine tissues and promote rapid cell proliferation during
normal placental implantation. Proliferation and invasion are characteristics of
cancer cells. In addition, GO and KEGG enrichment analyses have revealed that
coexpression prognosis associated with genes in the placenta and colorectal cancer
cells is mostly involved in “extracellular matrix organization,” “epithelial-mesen-
chymal transition,” and “cell adhesion,” suggesting the connection between tumor-
igenesis and embryonic development in the placenta (Wu et al. 2021). Consistent
with these findings, it has been shown that a similar type of placental CS is broadly
expressed in malignant human cancer cells (Salanti et al. 2015). Thus, the CS
recognized by VAR2CSA proteins can be used as a pan-cancer cell surface marker.
Notably, VAR2CSA proteins show very limited binding to the CSs expressed in
noncancerous cells or normal tissues, except for placental tissues (Salanti et al.
2015). A previous report demonstrated that the tumor CS chains recognized by
VAR2CSA proteins upregulate tumor-associated integrin signaling through interac-
tions with integrin (Clausen et al. 2016). In addition, targeting oncofetal CS with
VAR2CSA could interfere with metastasis by inhibiting downstream integrin sig-
naling (Clausen et al. 2016).

Biosynthesis of VAR2CSA-binding CS chains involves several enzymes. RNAi-
mediated knockdown experiments have shown that CSGALNACT1 (ChGn-1) and
CHST11 (C4ST-1) are important for VAR2CSA-binding CS chain synthesis
(Salanti et al. 2015). In addition, the 4-O-sulfation level of CS chains is balanced
by ARSB, which removes 4-O-sulfates from CS chains. A decreased ARSB activity
increases the binding of VAR2CSA to CS chains (Salanti et al. 2015). This indicates
that the A units in the CS chains constitute a critical component for VAR2CSA-
binding. A recent study indicated that in addition to the low 4-O-sulfate levels,
longer CS chains are important for VAR2CSA binding (Spliid et al. 2021). Recom-
binant VAR2 (ID1-ID2a) proteins predominantly bind to high-molecular weight
CSs. In addition, CHPF and CHPF2 contribute to the synthesis of placental and
oncofetal CS, which is recognized by recombinant VAR2. Inactivation of CHPF
and, to a lesser extent, CHPF2 results in a reduction in CS chain length and loss of
recombinant VAR2 binding. These enzymes, involved in the biosynthesis of
VAR2CSA-recognizing CS, are upregulated in most types of tumors.
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2 Binding Partners of CS: Soluble Factors
2.1 WNT Family Members

WNT signaling is one of the key cascades regulating development and stemness and
is also tightly associated with cancer. The WNT/B-catenin pathway is activated when
a WNT ligand binds to a seven-pass transmembrane Frizzled (Fz) receptor and its
co-receptor, low-density lipoprotein receptor-related protein 6 (LRP6) or its close
relative LRPS (Fig. 3). The formation of a likely Wnt-Fz-LRP6 complex, together
with the recruitment of the scaffolding protein Disheveled (Dvl), results in LRP6
phosphorylation and activation as well as recruitment of the Axin complex to the
receptors (MacDonald et al. 2009). These events lead to the inhibition of Axin-
mediated f-catenin phosphorylation and thereby to the stabilization of p-catenin,
which accumulates and travels to the nucleus to form complexes with T cell factor/
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Fig. 3 Overview of WNT/B-catenin signaling. (a) In the absence of Wnt, cytoplasmic p-catenin
forms a complex with Axin, APC, and GSK3 and is phosphorylated by GSK3. Phosphorylated
p-catenin is recognized by the ubiquitin ligase complex, which targets p-catenin for proteasomal
degradation. WNT target genes are repressed by TCF-TLE/Groucho and histone deacetylases
(HDAC). (b) In the presence of WNT ligand, a receptor complex forms between Fz and LRP5/6.
Dvl recruitment by Fz leads to LRP5/6 phosphorylation and Axin recruitment. This disrupts the
Axin-mediated phosphorylation/degradation of $-catenin, allowing p-catenin to accumulate in the
nucleus where it serves as a co-activator for TCF to activate the WNT responsive genes. CS chains
of CS-PGs expressed on the cell surface might serve as binding sites for WNT3A molecules
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lymphoid enhancer factor (TCF/LEF) and activate WNT target gene expression.
WNTs are conserved in all metazoans. In mammals, the complexity and specificity
of WNT signaling are in part achieved through 19 Wnt ligands. Among these WNT
proteins, WNT3A can bind to CS chains. WNT3A promotes or suppresses tumor
progression via the canonical WNT signaling pathway depending on the cancer type.
Interestingly, WNT3A binds strongly to CS chains rich in the E unit (CS-E)
(Nadanaka et al. 2008). In contrast, CS chains rich in the A unit (CS-A) or C unit
(CS-C) show little binding to WNT3A. As shown in Fig. 2, the E unit is synthesized
by C4ST-1 and GalNAc4S-6ST. A previous report showed that the expression levels
of C4ST-1 correlate with the activation levels of WNT3A signaling, and increased
expression levels are accompanied by an increase in expression of the E unit of CS
chains (Nadanaka et al. 2008). CS chains containing E units of CS-PGs expressed on
the cell surface may serve as binding sites for WNT3A. Thus, CS chains containing
E units of CS-PGs are expected to retain WNT3A near the cell surface so that
WNT3A can interact with its receptor, thereby facilitating WNT3A signaling. Thus,
CS chains containing the E units of CS-PGs expressed on the cell surface act as
positive cofactors to increase WNT3A activity and have pro-tumorigenic functions.
In contrast, exogenously added CS-E potently inhibits WNT3A signaling (Nadanaka
et al. 2008). Consistent with this finding, it has been reported that the exogenously
added CS-E is a negative regulator of pro-tumorigenic WNT/B-catenin signaling in
two murine breast cancer cell lines, EMT6 and 4 T1 (Willis and Kluppel 2014). The
exogenously added CS-E chains can suppress WNT/f-catenin signaling, most likely
owing to competition with endogenous CS-PGs expressed in the cells for binding
WNT3A. The effect of CS-E-mediated suppression of WNT/B-catenin signaling on
EMT6 gene expression profiles has been investigated using microarray analysis.
Microarray analysis revealed that the gene expression of type I collagen alpha
1 chains (Collal) is repressed by CS-E treatment. Because collagen is a positive
regulator of cancer cell migration, it has been suggested that inhibition of
WNT/B-catenin signaling by exogenously added CS-E causes anti-migratory effects
(Willis and Kluppel 2014).

CS regulates WNT/B-catenin signaling by controlling the expression of Dickkopf
WNT signaling pathway inhibitor 3 (DKK3) in prostate cancer (Bhattacharyya et al.
2017). The expression of ARSB, involved in the removal of the 4-O-sulfate group at
the non-reducing end of CS chains, is reduced in malignant colon cancer, breast
cancer, and prostate cancer (Feferman et al. 2013). ARSB silencing significantly
increases 4-O-sulfated chondroitin levels in human prostate stem cells, whereas
overexpression of ARSB reduces 4-O-sulfated chondroitin levels. The changes in
the sulfation pattern of CS chains after alteration of the expression of ARSB control
WNT/B-catenin signaling and the expression of the WNT target genes c-MYC and
GATA-3. Suppression of WNT/B-catenin signaling and downregulation of WNT
target genes by ARSB silencing are due to a reduction in DKK3 expression through
promoter methylation. Promoter methylation of DKK3 is mediated by inhibition of
the ubiquitous non-receptor tyrosine phosphatase SHP2 (PTPN11) through its
binding to 4-O-sulfated chondroitin. The 4-O-sulfate group of the GalNAc residue
at the non-reducing end of the CS chains is thought to provide a binding site for
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Fig. 4 Schematic of CS-E enhancement of invasive activity of the triple-negative breast cancer
MDA-MB-231 cell line. (a) DKK proteins bind to LRP5/6 to prevent Fz-LRP5/6 complex
formation and inhibit WNT/B-catenin signaling. (b) CS-E has an inherent ability to enhance the
invasive activity of the human triple-negative breast cancer cell line MDA-MB-231. MDA-MB-231
cells express elevated levels of receptor tyrosine kinase-like orphan receptor 1 (ROR1), WNTS5A,
and DKKI1 but LRP5/6 at very low levels. CS chains bind to WNTS5A and ROR1 through E units,
thereby signaling cancer cells to activate JNK1. Reducing the number of E units via knockdown of
C4ST-1 and GalNAc4S-6ST inhibits WNT5A-ROR1-JNK signaling. In addition, DKK1 binds to
CS-E in a sulfation-dependent manner, and knockdown of DKKI increases invasive activity.
RORI1-dependent invasion signaling is blocked by binding of the DKK1/CS-E complex to ROR1
in MDA-MB-231 cells. DKKI1 exerts anti-tumorigenic effects by blocking the tumor invasion
activity of CS-E as well as by inhibiting the p-catenin-dependent WNT signaling

SHP?2. Incidentally, SHP2 is localized exclusively in the cytoplasm, where SHP2 has
no chance of encountering CS chains on the cell surface. Thus, it remains unclear
whether 4-O-sulfated chondroitin interacts with cytoplasmic SHP2. It is known,
however, that a decline in SHP2 activity leads to sustained phosphorylation and
activation of ERK1/2 and phospho-ERK1/2 increases the DNA methyltransferase
activity (Bhattacharyya et al. 2017).

DKKI1 was originally characterized as a secreted inhibitor of canonical WNT
signaling. DKK1 binds to LRP5/6 co-receptors with high affinity and blocks
B-catenin-dependent WNT signaling (Bafico et al. 2001). DKKI1 disruption of the
Wht-induced Fz-LRP6 complex remains a likely mechanism for DKKI1 action
(Semenov et al. 2005). Recent studies have shown that elevated DKK1 expression
contributes to tumor growth and poor prognosis in a range of cancers, suggesting its
role in tumor aggressiveness independent of WNT signaling (Kagey and He 2017).
The basal-like subtype breast cancer cell line MDA-MB-231 expresses elevated
levels of DKK1 but low levels of LRP5/6 (Nadanaka et al. 2018). It has been shown
that DKK1 binds to CS-E in a sulfation-dependent manner (Nadanaka et al. 2018). In
addition, the invasive activity of MDA-MB-231 cells is enhanced by CS-E treat-
ment. These findings suggest that DKK1 binds to an unidentified receptor in the
presence of CS-E to enhance the invasive potential of MDA-MB-231 cells. Surpris-
ingly, however, knockdown of DKKI increases the invasive activity (Fig. 4)
(Nadanaka et al. 2022), and the invasiveness enhanced by the exogenously added
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CS-E is further increased by knockdown of DKK . These results suggest that DKK1
suppresses the tumor-promoting activity of CS-E by binding to CS-E.

2.2 Hedgehog

Mutations in the hedgehog (HH) pathway drive the formation of tumors in various
organs. The HH pathway has several main components—(1) three HH homologs
(sonic hedgehog (SHH), Indian hedgehog (IHH), and desert hedgehog (DHH));
(2) Patched1 (PTCH1); (3) a G protein-coupled receptor-like receptor Smoothened
(SMO); and (4) three transcription factors (GLI1, GLI2, and GLI3) (Wu et al. 2017).

In contrast to the functional role of heparan sulfate proteoglycans (HS-PGs) as
co-receptors for HH signaling, CS-PGs play an important role in modulating sig-
naling pathways involving HH proteins (Cortes et al. 2009). Cortes et al. examined
the role of CS-PGs in HH signaling using the brachymorphic (bm) mouse model
(Sugahara and Schwartz 1979, 1982a,b) with a mutation in the gene Papss2, which
encodes PAPS synthase 2 (PASS2), one of the two isoforms in mammals that
catalyze synthesis of the universal sulfate donor PAPS (Kurima et al. 1998), thus
resulting in severe undersulfation of CS-PGs. Although preferential reduction of CS
sulfation occurs in the growth plate of bm mice, HS sulfation remains normal. The
bm mouse model demonstrated that undersulfation of CS-PGs results in restricted
IHH diffusion, which leads to reduced proliferation that significantly affects carti-
lage development and postnatal skeletal growth (Cortes et al. 2009). In contrast, a
deficiency of HS enhances chondrocyte proliferation by increasing the range of HH
signaling in the Ext/ gene trap mutant (Koziel et al. 2004). HS-PGs expressed on the
surface of target cells function as co-receptors for HH signaling and capture IHH
molecules close to the plasma membrane for suitable interaction with its receptor. In
contrast, soluble CS-PGs, such as aggrecan, transport IHH molecules from the
IHH-producing cells to IHH target cells and are involved in the diffusion of IHH.
CS is known to be a binding partner of HH morphogens in vitro and in vivo. A direct
interaction of CS with IHH or SHH proteins has been observed, albeit with lower
binding affinities than those for heparin or HS (Cortes et al. 2009; Whalen et al.
2013). IHH can directly bind to 4-O-sulfated chondroitin with a higher affinity than
non-sulfated chondroitin (Cortes et al. 2009). In hepatocellular carcinoma, the CS
chains synthesized by CHSY1 enhance HH signaling by enhancing SHH binding,
and the SHH-induced PTCH1 and GLI2 expression is upregulated (Liu et al. 2017).
In addition, cell migration and invasion, which are elevated by CHSY1, are signif-
icantly inhibited by vismodegib treatment of hepatocellular carcinoma cells to block
the SHH pathway. Furthermore, the effect of CHSY1 on tumor metastasis in vivo
has been analyzed using an animal model. CHSY 1-overexpressing Hepal-6 cells
were injected into the tail veins of the mice. Overexpression of CHSY 1 significantly
enhanced the number of lung metastatic tumors, whereas blockage of HH signaling
using vismodegib inhibited the CHSY 1-mediated metastasis. These results suggest
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that the CS synthesized by CHSY1 promotes malignancy via activation of the HH
signaling pathway.

2.3 Midkine and Pleiotrophin

Midkine (MK) is a cytokine or heparin-binding growth factor that is part of a small
protein family consisting of two members, with the second member being
pleiotrophin (PTN) (Muramatsu 2010, 2014). MK is involved in various physiolog-
ical processes, such as development, reproduction, and repair, and plays an impor-
tant role in the pathogenesis of inflammatory and malignant diseases. Although
several membrane proteins have been identified as MK receptors, the most well-
established one is the receptor protein tyrosine phosphatase Z1 (PTPC). PTPC is a
transmembrane tyrosine phosphatase with CS chains that are essential for high-
affinity binding with MK (Maeda et al. 1999). The interaction between MK and
PTPC activates phosphoinositide 3-kinase (PI3-kinase) and extracellular signal-
regulated kinase (ERK) for osteoblast cell migration and neural survival (Owada
et al. 1999; Sakaguchi et al. 2003). Syndecan-3 is modified with CS chains
(Chernousov and Carey 1993), and syndecan-3 is involved in the signal transduction
through binding of MK to CS chains, thereby promoting cancer infiltration or
migration and rapid development of peripheral invasion (Nakanishi et al. 1997).
PTN is a multifunctional growth factor important for neural development, tissue
regeneration, and cancer angiogenesis. NMR structural analysis showed that the
C-terminal domain and hinge segment of PTN constitute the major CS-binding site
in PTN (Ryan et al. 2016). The C-terminal tail of PTN is essential for maintaining
stable interactions with CS rich in A units (CS-A), a type of CS commonly found on
PTPC. Although PTN can bind to both CS-A and oversulfated CS-E, the C-terminal
tail of PTN is not necessary for CS-E binding. Downregulation of PTPC abrogates
the stimulatory effects of PTN on glioma cell proliferation and migration (Ulbricht
et al. 2006). In addition, a reduction in the expression of GalNAc4S-6ST, which is
the sulfotransferase responsible for the biosynthesis of E units, abrogates the stim-
ulatory effects of PTN on glioma cell migration in U251MG cells, suggesting that
binding of PTN to CS-E is required to enhance glioma cell mobility (Kobayashi et al.
2013).

2.4 Other Growth Factors

Malignant cancer cells produce a variety of soluble factors such as fibroblast growth
factor (FGF), vascular endothelial growth factor (VEGF), hepatocyte growth factor
(HGF), and tumor necrosis factor-a, which play major roles in tumor progression
(Jayne et al. 2000). Among the variant forms of CS chains, CS-E strongly binds to a
large variety of tumor-associated growth factors, including MK, PTN, FGF2,
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FGF10, FGF16, FGF18, HGF, and HB-EGF (Deepa et al. 2002). Various commer-
cial CS preparations, such as CS-A, CS-C, and CS-E, were individually pre-injected
into mice 30 min before the intravenous injection of the murine osteosarcoma cell
line LM8G7. CS-E treatment inhibited liver colonization by LM8G?7 cells, whereas
CS-A or CS-C treatment did not. Immunostaining analysis using a phage display
antibody, GD3G7, specific to CS-E (Purushothaman et al. 2007), showed that the E
units were expressed on the surface of LM8G?7 cells at higher expression levels. The
antibody GD3G7 strongly inhibited liver tumor focal formation, which suggested
that the E units play a key role in the liver colonization of LM8G?7 cells through the
binding of CS-E with effector molecules such as tumor-associated growth factors.

As a member of the FGF family, FGF2 plays a significant role in proliferation,
migration, invasion, and angiogenesis, thereby contributing to tumor pathogenesis.
CS-PGs have been shown to modulate the binding of FGF2 to FGF receptors either
autonomously, in the role of low-affinity binding sites (Smith et al. 2007), or in
cooperation with HS chains (Deepa et al. 2004). In addition to heparin, CS controls
FGF2-mediated proliferation of the human metastatic melanoma cell lines WM9 and
M5 (Nikitovic et al. 2008).

There is a partial functional overlap between CS and HS during VEGF-induced
sprouting angiogenesis (Le Jan et al. 2012). The key factors identified to regulate
sprouting angiogenesis include VEGFA, FGF2, and platelet-derived growth factor B
(PDGEFB). Le Jan et al. reported that vascular sprouts induced by VEGF are normally
formed in the absence of HS biosynthesis. An angiogenic sprouting model
established using embryoid bodies (EBs) indicated that the reduced production of
both HS and CS in Ext/ '~Ndstl ™'~ EBs results in severely delayed angiogenesis.
In contrast, the complete loss of HS production, as opposed to elevated CS produc-
tion, is compatible with angiogenic sprouting in Ext '~ EBs. These results suggest
that CS can functionally compensate for the lack of HS, probably because increased
CS levels can help in maintaining the normal levels of VEGF signaling. However,
Ext]™'~ EBs exhibit reduced adhesion of pericytes to nascent sprouts, which is
associated with reduced stabilization of immature vessels. It is likely that the CS
synthesis upregulated by a lack of HS production causes aberrant transforming
growth factor f (TGFB) and PDGFB signal transduction in Ext/ '~ EBs. As proper
TGFp- and PDGF-signaling allows for pericyte differentiation and attachment, it is
believed that the pericytes derived from Ext/ /= EBs detach from angiogenic
sprouts. These results suggest that a balance between HS and CS production is
required for proper TGF-p and PDGFB signaling.

HGF, produced by tumor and stromal cells, acts as a multifunctional cytokine and
activates the c-MET receptor, which is expressed in different tumor cell types. The
HGF/c-MET signaling pathway is associated with several cellular processes such as
proliferation, survival, motility, angiogenesis, invasion, and metastasis (Noriega-
Guerra and Freitas 2018). Dermatan sulfate (DS) can also stimulate the migration of
cancer cells via the promotion of HGF activity. A unique feature that distinguishes
DS from CS is the presence of iduronic acid (IdoA) in DS. As shown in Fig. 1, DSEs
convert GIcA into its epimer, IdoA, to a variable degree. Increased DSE activity and
proteins have also been found in biopsy samples from patients with esophageal
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adenocarcinoma and gastric adenocarcinoma (Thelin et al. 2012). Downregulation
of DSE suppresses cancer cell migration and invasion, probably through inhibition
of the HGF-mediated ERK1/2 activation. These results suggest that IdoA in DS
chains plays a significant role in cancer cell behavior. Endocan, previously known as
endothelial cell-specific molecule-1 (ESM-1), is expressed in the capillaries of tumor
tissues and secreted into the blood as soluble DS-PGs. Endocan can activate HGF
signaling to promote tumor cell movement and proliferation (Delehedde et al. 2013).
Endocan expression is elevated in lung, uterus, kidney, liver, brain, and breast
cancers, among others. In addition, tumor prognosis, metastasis, and angiogenesis
are positively associated with endocan expression. Thus, endocan could be used as a
novel cancer marker and target for cancer therapy.

3 Binding Partners of CS: Membrane-Bound Type Proteins
3.1 Cadherin Family

The cadherin family is a transmembrane glycoprotein that mediates calcium-
dependent cell-cell adhesion. A disturbance in cadherin-mediated cell—cell and
cell-extracellular matrix adhesion and subsequent changes in adhesion-mediated
signaling pathways induce tumor formation and progression. Based on ongoing
research on the role of cadherin signaling in malignant tumors, cadherins are now
being considered as potential targets for cancer therapies (Yu et al. 2019). Koike
et al. reported that CS-E binds to N-cadherin and cadherin-11 (Koike et al. 2012).
Interactions between CS-E and cadherins promote osteoblast differentiation by
controlling ERK1/2 and SMAD signaling. In pre-osteoblastic MC3T3-El cells,
ERK1/2 phosphorylation decreases in response to the N-cadherin-mediated adhesion
(Hay et al. 2009). Moreover, reduction in ERK1/2 phosphorylation increases
SMAD?3 activity (Sowa et al. 2002). Furthermore, phosphorylated SMAD1/5/8 pro-
motes the expression of osteoblastic differentiation markers such as alkaline phos-
phatase. This intracellular signaling is triggered by the direct binding of CS to
cadherins, independent of homophilic interactions between cadherin molecules.

In the basal-like breast cancer cell line BT-549, the interaction between CS-E and
N-cadherin enhances invasion activity through B-catenin-mediated intracellular sig-
naling (Fig. 5) (Nadanaka et al. 2018). CSs interact with and induce the proteolytic
cleavage of N-cadherin in BT-549 cells, yielding a C-terminal intracellular N-
cadherin fragment that forms a complex with fB-catenin. Classical cadherins are
proteolytically cleaved by multiple proteases in a context-dependent manner
(McCusker and Alfandari 2009). It is generally accepted that proteolysis of
cadherins proceeds in two steps to liberate the cytoplasmic C-terminal fragment
(CTF). CTFs of classical cadherins can also influence intracellular signaling events
by interacting with molecules involved in multiple pathways. For example, the N-
cadherin CTF interacts with p-catenin; this complex enters the nucleus, leading to
B-catenin-dependent transcriptional activation, which can promote cell migration
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Fig. 5 Illustrated summary of how CS chains accelerate the invasive activity and proliferation of a
basal-like breast cancer cell line BT-549. First, the CS chains expressed in BT-549 cells themselves
bind to N-cadherin. The binding of CSs to N-cadherin triggers endocytosis, followed by cleavage of
N-cadherin. As a result, the C-terminal domain of N-cadherin, which is associated with p-catenin, is
released, translocated into the nucleus, and transcriptional induction of MMP9 by f-catenin is
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might take advantage of CS chains expressed in a CS-E-rich N-cadherin target organ for metastasis.
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and invasion (Reiss et al. 2005). In BT-549 cells, the matrix metalloproteinase
9 (MMP9) gene is induced by B-catenin. Thus, the proteolysis of N-cadherin is
thought to be a regulatory step in N-cadherin/p-catenin nuclear signaling. However,
it remains unclear as to how the proteolysis of N-cadherin itself is regulated. A recent
study showed that the binding of CSs to N-cadherin triggers endocytosis-associated
proteolysis of N-cadherin to activate -catenin nuclear signaling. Of note, a partic-
ular sulfation pattern of CS is important for regulation of the invasion potential of
BT-549 cells through the N-cadherin/B-catenin pathway, because N-cadherin spe-
cifically recognizes the E unit, a specific sulfate epitope synthesized by C4ST-1 and
GalNAc4S-6ST.

Furthermore, induction of the expression of MMP9 through activation of the N-
cadherin/B-catenin pathway enhances not only the invasion activity but also the
proliferation of BT-549 cells. Syndecan-1 (SDC1), a cell-surface proteoglycan, is
thought to serve as a promising substrate for MMPs (Manon-Jensen et al. 2013). In
addition, the cleavage of SDC1 by MMPs is involved in tumor invasion and
proliferation (Jang et al. 2020; Su et al. 2008; Szatmari et al. 2015; Wang et al.
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2014), has been implicated in promoting breast cancer progression, and is highly
expressed in basal-like breast cancers (Nguyen et al. 2013; Rousseau et al. 2011;
Sayyad et al. 2019). A recent study showed that the CTF of SDC1 generated by
MMPs enhances cell proliferation through SUMOylation of AKTI, although it
remains unclear how the CTF of SDCI1 controls the SUMOylation of AKT1
(Fig. 5) (Nadanaka et al. 2021).

3.2 Receptor Tyrosine Kinase-Like Orphan Receptor
1 (RORI)

Particular attention has been focused on the functional and clinical significance of
ROR1 in many types of malignant tumors, including breast cancer. ROR1 is positive
in breast cancer specimens but not in normal breast tissues (Zhang et al. 2012), and
high expression of RORI1 in breast cancer is associated with an aggressive phenotype
(Fukuda et al. 2008). Several therapeutic strategies against ROR1 have been devel-
oped and evaluated in clinical trials (Zhao et al. 2021).

RORI1 is a transmembrane receptor that contains an extracellular region, trans-
membrane segment, and cytoplasmic region. The extracellular region includes an
immunoglobulin-like domain, a cysteine-rich domain (CRD), and the Kringle
domain. Although ligands for ROR1 have not been identified for many years, it is
now known that RORI is a receptor for the WNT family signaling molecules
WNT5A/B and WNT16, with WNT5A as the primary ligand (Karvonen et al.
2019; Sheikh et al. 2021; Zhao et al. 2021). The CRD of ROR1 is thought to interact
with WNTSA (Masiakowski and Yancopoulos 1998; Saldanha et al. 1998).
Although Fukuda et al. showed in vitro binding of ROR1 to WNTS5A using
immunoprecipitated WNTSA expressed in CHO cells (Fukuda et al. 2008), the
direct binding between ROR1 and WNTS5A has not been examined. A recent
study showed that CS-E pre-mixed with WNT5A bound to RORI1, although neither
WNTS5A nor CS-E alone bound to ROR1. These results suggest that CS-E directly
interacts with RORI1 in the presence of WNTSA (Fig. 4) (Nadanaka et al. 2022).
Basal-like breast cancer MDA-MB-231 cells express elevated levels of ROR1, and
their invasive activity predominantly depends on ROR1. In addition, the invasive
potential of MDA-MB-231 cells is upregulated in response to exogenously added
CS-E, whereas MDA-MB-231 cells become less responsive to CS-E after RORI
knockdown. As WNTS5A signals are transduced through RORs to activate the c-Jun
N-terminal kinase (JNK) pathway (Klemm et al. 2011; Oishi et al. 2003; Pukrop
et al. 2006), an inhibitor of JNK, SP600125, suppresses invasiveness in MDA-MB-
231 cells. The exogenously added CS-E polymers activates JNK and chemically
synthesize hexasaccharide sequences, including the E-E-E-containing sequence
GalNAc(4-O-sulfate,6-O-sulfate)-GlcA-GalN Ac(4-O-sulfate,6-O-sulfate)-GIcA-
GalNAc(4-O-sulfate,6-O-sulfate)-GlcA-O-p-methoxyphenyl (E-E-E  6-mer) in
MDA-MB-231 cells. This suggests that the invasion-promoting activity of CS-E is
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mediated by WNT5A/ROR1/INK signaling. To downregulate the expression of the
A and E units, C4ST-1 was knocked down, which strongly reduced the invasiveness
of MDA-MB-231 cells. When only E units were reduced by GalNAc4S-6ST knock-
down, the invasiveness is suppressed. These results suggest that a specific sulfation
pattern, as observed on the E unit, is associated with the high invasive potential of
MDA-MB-231 cells. However, it remains unclear whether the action mechanism of
CS-E in ROR1-positive triple-negative cancers is universal.

3.3 Toll-Like Receptors

Certain proteoglycans, consisting of a core protein and glycosaminoglycan (GAG)
chains, are among the many types of biomolecules that can function as damage-
associated molecular pattern molecules (DAMPs) and directly input inflammatory
signals into the cells through toll-like receptors (TLRs). The TLR-induced transcrip-
tional activation of inflammatory and tumor-promoting cytokines by NF-kB con-
tributes to injury- and inflammation-driven tumor promotion.

Biglycan (BGN) is one of the PGs that are reported to function as a DAMP. The
release of BGNs, members of the family of small leucine-rich PGs, from extracel-
lular matrices or macrophages can boost inflammation by enhancing the synthesis of
tumor necrosis factor (TNF)-a and MIP-2 through TLR2 and TLR4 signaling
(Schaefer et al. 2005). In addition, it has been reported that BGNs directly bind to
either TLR2 or TLR4 and input inflammatory signals into cells (Babelova et al.
2009; Schaefer et al. 2005). However, it has been shown that the core protein itself
cannot transduce signals and thus cannot increase the expression of TNF-a, MIP-2,
or interleukin-1f (IL-1p) (Babelova et al. 2009; Schaefer et al. 2005). These findings
suggest that the GAGs of BGNs are potential innate antigen analogs. BGN is a PG
modified with CS/DS chains; surface plasmon resonance (SPR) analysis has indi-
cated that DS can bind to the TLR4/myeloid differentiation factor 2 (MD2) complex
with high affinity (Nadanaka et al. 2020). In addition, out of various commercial
GAGs, only DS chains stimulate the TLR4-mediated NF-kB activation of gene
expression in a dose-dependent manner. DS is thought to act as an endogenous
inducer of inflammation and is thus closely associated with pathological conditions,
as it activates TLR4 signaling. Reportedly, DS expression is increased in the
esophageal squamous cell carcinoma cells obtained from human biopsy samples
(Thelin et al. 2012). Increase in DS serves as an endogenous danger signal; thus, DS
structures may be characteristic of inflammatory disease-related sugars.

We propose that exostosin (EXT)-like 2 (EXTL2) controls the biosynthesis of
pro-inflammatory DS chains attached to a BGN core protein. Nadanaka et al.
previously proposed the function of EXTL2 in GAG biosynthesis, demonstrating
that EXTL2 can control in vivo GAG biosynthesis via an unconventional mecha-
nism wherein EXTL2 transfers a GIcNAc residue to a phosphorylated
tetrasaccharide linker, thereby blocking chain elongation (Nadanaka et al. 2013)
(Fig. 6). The GAG chains purified from PGs secreted by wild-type (Exti2*'*)
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Fig. 6 Schematic representation of the biosynthesis of CS/DS in the presence or absence of
EXTL2. After formation of the phosphorylated trisaccharide linkage Gal-Gal-Xyl(2P), GIcAT-I-
mediated addition of GlcA can be accompanied by rapid dephosphorylation of xylose. Formation of
the tetrasaccharide linkage region GlcA-Gal-Gal-Xyl is completed, followed by elongation of
CS/DS chains by the CS/DS polymerase complex (conventional CS/DS biosynthesis). When a
GIcA is transferred to the linkage region before dephosphorylation of xylose, EXTL2 adds a
GlcNAc to the phosphorylated tetrasaccharide linkage to stop the elongation of CS/DS chains.
Biosynthesis of CS/DS chains on a BGN core protein is regulated by EXTL2 in the liver. In the
absence of EXTL2, the phosphorylated tetrasaccharide linkage can be used as an acceptor for
polymerization, and CS/DS chains are elongated on a BGN core protein. BGN carrying CS/DS
chains acts as a stronger DAMP than BGN synthesized in the presence of EXTL2 and, thus, highly
activates TLR4/NF-«B signaling. Thus, loss of EXTL2 may be associated with chronic low-grade
inflammation through the production of pro-inflammatory CSs

macrophages do not activate the TLR4 signaling pathway (Nadanaka et al. 2020). In
contrast, the GAG chains obtained from Extl2~'~ macrophages exhibit strong
activity as TLR4 agonists. DS content is higher in the GAGs produced by
Extl2~'"macrophages than in the Exf[2*"* macrophages. These results suggest that
the loss of EXTL2 causes the production of DSs, which act as agonists for TLR4.
Furthermore, the pathophysiological significance of EXTL?2 has been revealed, as
mice deficient in EXTL2 (EXTL2 ') overproduce GAGs, which affects the
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regeneration proceeding after liver injury, in addition to vascular calcification
processes (Purnomo et al. 2013). Furthermore, the roles of EXTL2 in
non-alcoholic steatohepatitis and hepatocarcinoma induced by dietary obesity and
insulin resistance have been investigated (Nadanaka et al. 2020). Although Exr[2*"*
and Extl2~'~ mice had a similar diabetic phenotype and suffered similar hepatocel-
lular damage upon treatment with STZ and HFD, glutamine synthase (GS)-positive
nodules, which are characteristic of hepatocarcinoma (Fujii et al. 2013), were
detected in Ext[2~'~ mice (seven out of the nice mice) as early as 8 weeks of age.
These findings suggest that pro-inflammatory DSs produced in the absence of
EXTL2 promote tumorigenesis through the chronic low-grade inflammation induced
by TLR4/NF-kB signaling (Fig. 6).

4 Future Perspectives

In this review, we describe the critical role of CS in malignant processes. Cancer
cells utilize CS biosynthesis to enable malignant cancer features. Thus, the precise
interference of aberrant CS biosynthetic pathways through small molecules or the
elimination of cancer-associated CSs with specific CS sulfatases opens new avenues
for therapy. In addition, the existence of CS receptors on cancer cell surfaces
provides the new perspective that CS chains may serve as agonistic and/or antago-
nistic functional ligands for their respective receptor molecules. Therefore, the
application of specific antibodies against cancer-associated CSs or their receptors
holds promise in increasing cancer specificity. A deeper understanding of the
molecular mechanisms underlying CS-associated malignant processes, with a
focus on molecular partners, including CS-binding humoral factors and distinct CS
receptors, will offer promising new therapeutic approaches for the treatment of
CS-associated cancer progression.
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Abstract Abnormal changes in glycosylation have been positively correlated with
tumorigenesis and progression in cancer. In particular, an elevation in the level of
core fucosylation has been observed. Core fucosylation is driven by
fucosyltransferase 8 (FUTS), which catalyzes transfer of the fucosyl moiety from
GDP-fucose to the innermost GIcNAc residue of N-glycans via an al,6-linkage.
Core fucosylation is known to be critical for various biological processes including
inflammation and immune response, tumor initiation, and metastasis as well as in
central nervous system diseases. FUTS8 and/or core-fucosylated glycoproteins serve
as important diagnosis biomarkers that provide a set of specific targets for therapeu-
tic intervention. In this review, we summarize the existing evidence for the influence
of core fucosylation in regulating cell surface protein stability and functional expres-
sion, as well as cancer cell signal transduction pathways in pancreatic cancer
(PC) and in other cancers. In addition, we also discuss the relevance between
FUTS and cancer stemness, which is another aspect of FUTS that could be applied
to tumor therapy.

1 Introduction

Glycosylation is a commonly occurring posttranslational modification that occurs
under the catalysis of a variety of glycosyltransferases to attach glycans to proteins
or other organic molecules (Fuster and Esko 2005; Ohtsubo and Marth 2006). In
eukaryotic cells, according to sugar-amino acid linkages, glycosylation is classified
into one of two major forms: N-glycosylation (sequon: Asn-X-Ser/Thr, X can be any
amino acid except proline) and O-glycosylation (sequon: Ser/Thr) (Eichler 2019;
Christiansen et al. 2014). Protein glycosylation is involved in various pathophysio-
logical processes of tumor development and progression such as regulating tumor
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Fig. 1 GDP-fucose is synthesized through de novo and salvage pathways and is an essential
component of core fucosylation. Core fucosylation of N-glycans is catalyzed by FUTS8, which
catalyzes the transfer of a fucose from GDP-L-fucose to the innermost GIcNAc residue via a-1,6
linkage

cell proliferation, invasion, metastasis, and angiogenesis (Ohtsubo and Marth 2006;
Hakomori 2002; Chandler et al. 2019). Aberrant cancer-associated changes in
protein glycosylation have been observed in cancers, including truncated
O-glycans (Moreira et al. 2020), altered N-glycan branching (Kizuka and Taniguchi
2016), increased fucosylation (Miyoshi et al. 2008), and terminal sialylation (Vajaria
et al. 2016), which serve as important tumor diagnostic biomarkers and/or provide a
range of possible targets for therapeutic intervention.

Fucosylation is one of the most common modifications that take place when
deoxyhexose fucose is transferred from GDP-fucose to glycoproteins or glycolipids
under the catalysis of fucosyltransferases (FUTs) (Becker and Lowe 2003; Miyoshi
et al. 2008). GDP-fucose is manufactured via de novo synthesis and salvage
pathways (Fig. 1). In de novo synthesis, GDP-mannose is converted to
GDP-fucose through enzymatic reactions catalyzed by GDP-mannose
4,6-dehydratase (GMD) and GDP-4-keto-6-deoxymannaose 3,5-epimerase-4-reduc-
tase (FX) (Tonetti et al. 1996; Niittymiki et al. 2006). In the salvage pathway,
GDP-fucose is generated by the catalysis of fucose kinase and GDP-fucose
pyrophosphorylase (Becker and Lowe 2003; Niittymaiki et al. 2004). Subsequently,
the GDP-fucose is transported into the Golgi complex via the membrane-anchored
GDP-L-fucose transporter (Puglielli and Hirschberg 1999) where GDP-fucose
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serves as a donor substrate for 11 fucosyltransferases (FUT1-11) to transfer the
fucose to proper N-glycan substrates (Hirschberg 2001) (Fig. 1). Alterations in the
expression of FUTs are closely related to malignant transformations of cancer such
as invasion and metastasis (Lu et al. 2020; Park et al. 2020; Tu et al. 2013). In
particular, FUT8 is considered to be directly related to tumors; it is upregulated in
various cancers and has shown involvement in tumor characteristics (Liu et al. 2011;
Zhao et al. 2008; Hutchinson et al. 1991).

2 Biological Functions and Implications of FUT8

Fucosyltransferase 8 (FUTS) is the only enzyme responsible for catalyzing core
fucosylation, which is responsible for the transfer of fucose from GDP-L-fucose to
the innermost GIcNAc residue of N-glycans via o-1,6 linkage (Norton and Mehta
2019; Bastian et al. 2021). Many pivotal glycoproteins in mammalian tissues are
core fucosylated, and core fucosylation is essential to the functions of these proteins:
E-cadherin, integrin, epidermal growth factor (EGF) receptor, transforming growth
factor (TGF)-p receptor, c-mesenchymal-epithelial transition factor (c-Met), and
Fms-like tyrosine kinase 3 (FLT3) (Zhao et al. 2006; Liu et al. 2019; Wang et al.
2005, 2015b; Duan et al. 2020). A deficiency in FUTS8 can lead to disorders in
normal organisms, causing cancers and a series of other diseases. Disruption of the
FUT8 gene in mice (FUT8 '~ mice) is known to cause severe growth retardation,
death during postnatal development, emphysema-like changes (Wang et al. 2005),
and neuronal disorders (Fukuda et al. 2011).

Core fucosylation is widely observed in mammalian tissues and is particularly
abundant in brain tissue (Uozumi et al. 1996; Shimizu et al. 1993; Miyoshi et al.
1997). FUT8 '~ mice exhibit increased locomotion that is particularly obvious as
strenuous hopping behavior in a novel environment, which is consistent with a
schizophrenia-like phenotype that is significantly reduced by treatment with halo-
peridol, an antipsychotic drug (Fukuda et al. 2011). Research has shown that
FUT8 ™ mice exhibit decreased performance in working memory and impaired
prepulse inhibition through dysregulation of AMPA receptor, which is an ionotropic
glutamate receptor (Gu et al. 2015). In addition, a deficiency of FUT8 promotes
neuroinflammation by increasing the sensitivity of glial cells to inflammatory medi-
ators, suggesting that the disorders of FUT8 ~~ mice are caused not only by neurons
but also by glial cell dysfunction (Lu et al. 2019).

FUTS also participates in immune response. Systemic lupus erythematosus (SLE)
is an autoimmune multisystem disease characterized by loss of tolerance towards
nuclear antigens, and the activation of CD4" T cells promotes the pathogenic process
of SLE (Suérez-Fueyo et al. 2016; Abdirama et al. 2021). The recognition by T cell
receptors (TCRs) of peptide-loaded major histocompatibility complex II (pMHC-II)
on the B cell surface is important for the determination of CD4" T cell activation
(Krogsgaard et al. 2005). Recent research has shown that SLE patients exhibit hyper
core fucosylation in CD4" T cells, which is crucial for regulating TCR-pMHC-II
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interaction in CD4™ T cell activation (Liang et al. 2018; Sun et al. 2020). In addition,
a lack of core fucosylation attenuates T-B cell communication via TCR-pMHC and
suppresses IgG class switching by impairing CD4" T cell activation (Liang et al.
2018).

The importance of core fucosylation has also been established in individuals with
FUT8-congenital disorder of glycosylation (FUT8-CDG), because these individuals
carry pathogenic variants of FUTS. Individuals with FUT8-CDG typically experi-
ence intrauterine growth retardation, severe delays in growth and development,
significantly shortened limbs, neurological impairments, and respiratory complica-
tions (Ng et al. 2020, 2018). These characteristics are consistent with some aspects
observed in FUT8 '~ mice. Taken together, these data clearly show that FUTS is
significantly involved in many important biological functions.

3 High Expression of FUTS8 in Cancer

Altered FUTS expression has been linked to clinical features of tumors and to the
outcomes in extensive studies. Increased expression and enzymatic activity of FUTS8
has been observed in cancers such as breast, lung, liver, colorectal, prostate, mela-
noma, and pancreatic (Table 1). Core fucosylation affects receptor activation, mod-
ulates cancer cell signal transduction pathways, and promotes tumor cell growth and
metastasis (Liao et al. 2021; Bastian et al. 2021).

3.1 Core-Fucosylated Proteins as Tumor Diagnostic
Biomarkers

Pancreatic cancer (PC) is one of the worlds’ deadliest malignant diseases, and the
overall 5-year survival rate among patients with PC is <5% (Jemal et al. 2008; Li
et al. 2004). The poor survival rate is mainly due to the lack of validated, specific
screening tests that reliably detect early-stage PC in people who have no symptoms.
In most cases, patients with PC come to the hospital in an advanced stage when the
cancer can no longer be removed with surgery or has spread from the pancreas to
other parts of the body (Kamisawa et al. 2016). Therefore, there is an urgent clinical
need to develop novel diagnostic methods for PC.

The detection of serum tumor markers is an effective diagnostic tool for pancre-
atic cancer, as well as for other cancers. FUTS participates in a-fetoprotein (AFP)
core fucosylation and can be used as a clinical marker for the early detection of
hepatocellular carcinoma (HCC) (Nakagawa et al. 2006). Core-fucosylated prostate-
specific antigen (PSA) is a diagnostic biomarker for prostate cancer (Lang et al.
2018). Chronic pancreatitis (CP) is a chronic inflammatory and fibrotic disease of the
pancreas and a strong risk factor for the occurrence of pancreatic ductal
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Table 1 Roles of FUTS in various malignant tumors

Cancer
type Results in cancer Reference
Breast FUT8-mediated TGF-f receptor core fucosylation promotes TGF-§ | Tu et al.
cancer signaling and EMT (2017)
Elevation of core-fucosylated N-glycans has been associated with | Herrera
lymph node metastasis and recurrent disease, as well as reduced et al. (2019)
rates of survival
Lung FUTS is upregulated during EMT via the transactivation of Chen et al.
cancer f-catenin /LEF-1. Suppression of FUTS inhibits tumor growth and | (2013)
metastasis
FUTS regulates the cancer-promoting capacity of CAFs via the Li et al.
modification of EGFR fucosylation (2020)
Liver Deficiency of FUTS attenuates the responses to EGF and HGF Wang et al.
cancer stimulation, downregulates intracellular signaling, and inhibits cell | (2015b)
proliferation
HCV-induced FUTS8 promotes cell proliferation and causes 5-FU | Li et al.
drug resistance (2019)
Colorectal | FUTS8 regulates E-cadherin expression and enhances E-cadherin- Osumi et al.
cancer dependent cell-cell adhesion (2009)
Prostate FUTS8 overexpression reduces the production of extracellular vesi- | Hoti et al.
cancer cles and increases the abundance of proteins associated with cell (2020)
motility and metastasis resistance
Castration-induced FUT8 overexpression has resulted in the Clark et al.
upregulation of EGFR and has led to an increase in drug resistance | (2020)
Melanoma | FUTS8 overexpression facilitates invasion and tumor dissemination, | Agrawal
due to an inhibition of the plasmin-mediated cleavage of LICAM |et al. (2017)
Pancreatic | High levels of FUT8 expression have been associated with lymph | Tada et al.
cancer node metastases and a worsening of relapse-free survival, while (2020)
FUTS knockdown has reduced tumor cell invasion
The silencing of FUTS inhibits cell migration and proliferation and | Liang et al.
suppresses the features of cancer stemness (2021)

adenocarcinoma (PDAC) (Malka et al. 2002; Talamini et al. 1999). In at least one
study, serum core-fucosylated haptoglobin levels were significantly increased in CP
patients compared with healthy volunteers, and these levels have since been used as
an independent determinant for CP diagnosis (Ueda et al. 2016). Intraductal papil-
lary mucinous neoplasm (IPMN) is a type of tumor that grows within the pancreatic
ducts and has a high risk for the development of PDAC, which accounts for 90% of
all pancreatic cancers (Muraki et al. 2021; Kleeff et al. 2016). FUTS8 expression is
upregulated in IPMN and correlates with the size of tumors. FUT8 levels in serum
should be considered for evaluation in a future prospective study of IPMN
(Watanabe et al. 2016). A report of remarkable increases (40%) in core-fucosylated
biantennary glycans on ribonuclease 1 (RNase 1) in PC serum compared with
healthy controls suggests that RNase 1 could be of clinical value for the detection
of PC (Barrabés et al. 2007). In addition, aberrantly expressed mucin glycoproteins
(MUC) are known to play important roles in PC. FUT8 could regulate the expression
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of MUC4 and MUCI at protein levels. Thus, core-fucosylated MUC1/4 could also
serve as a diagnosis marker for PC (Kumar et al. 2015).

3.2 Roles of Core Fucosylation in Cell Adhesion and Cell
Migration

Dysregulation of glycosylation is not only a consequence of cancer, it also is
involved in fundamental molecular and cell biology processes, such as regulating
cell signaling and cell adhesion, and eventually controlling tumor cell growth and
metastatic and invasive behaviors (Pinho and Reis 2015). Several studies have
shown that core fucosylation plays a critical role in cellular events through a variety
of mechanisms. Abnormal expression of core fucosylation has been identified as a
feature of metastatic cancer (Magalhaes et al. 2017; Taniguchi et al. 2021; Shao et al.
2016). For example, core fucosylation of the L1 cell adhesion molecule (L1CAM)
hinders its cleavage by protease plasmin, which facilitates L1CAM-mediated cell
invasion and tumor dissemination in melanoma (Agrawal et al. 2017). FUTS defi-
ciency suppresses cell migration by interfering with the integrin/FAK pathway in
breast cancer (Liu et al. 2019). In fact, FUT8-KO has been used to block a3p1
integrin-mediated cell migration and cell signaling, which was reinstated via
reintroduction of the FUT8 gene (Zhao et al. 2006). FUTS is upregulated in
pancreatic cancer patients and correlates with cancer invasiveness, lymph node
metastases, and a worsened state of relapse-free survival, whereas inhibition of
FUT8 expression reduces tumor cell invasion and peritoneal metastasis (Tada
et al. 2020). These results suggest that FUT8 plays an important role in both cell
adhesion and cell migration.

3.3 Roles of FUTS in Cellular Signaling

Altering the expression of core-fucosylated proteins interferes with cell signaling
molecules that regulate the activation of tyrosine kinase protein receptors such as
epidermal growth factor receptor (EGFR), IGF-1R, and FLT3 (Fig. 2). The EGFR
signaling cascade is a key regulator in essential cellular functions that include
proliferation, differentiation, survival, and migration (Sabbah et al. 2020). Core
fucosylation plays an important role in the EGFR mediation of signaling pathways.
A lack of core fucosylation in EGFR could change its conformation, which would
block EGF binding, and subsequently reduce the phosphorylation levels of EGFR
and EGFR-mediated ERK activation for cell proliferation, which may partially
explain the growth retardation in FUT8-KO mice (Wang et al. 2006). In a similar
manner, the functions of c-Met and HGF receptor were also downregulated by a lack
of core fucosylation. In a recent study, FUT8-KO blocked DEN/PB-induced
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Fig. 2 Membrane receptors and intracellular signaling pathways regulated by core fucosylation

hepatocellular carcinoma formation (Wang et al. 2015b) and liver regeneration
(Wang et al. 2015a). This particular inhibitory function was also confirmed using
2-fluoro-L-fucose (2FF), an analog of L-fucose, which inhibits core fucosylation by
interfering with the normal synthesis of GDP-fucose (Fig. 1) in hepatoma cell lines
(Zhou et al. 2017) and in pancreatic cancer cell lines (Liang et al. 2021). Interest-
ingly, increasing the sialylation and fucosylation (catalyzed by FUT4 or FUT6) of
EGFR suppresses its activation and function, but FUT8 is known to promote EGFR
dimerization and phosphorylation in lung cancer cells (Liu et al. 2011). Further
studies have indicated that the overexpression of FUT8 on EGFR can enhance
EGF-mediated cell growth and increase the sensitivity to gefitinib (Matsumoto
et al. 2008). Thus, the impact of FUT8-mediated core glycosylation on EGFR
signaling may provide a therapeutic target for cancer.

Insulin-like growth factor receptor (IGF-1R) is a heterotetrameric receptor that
consists of two a subunits located extracellularly and two [ subunits that span the
membrane. The o subunit is responsible for binding to the ligand IGF-1, and the p
subunits exhibit tyrosine kinase activity and activate a variety of intracellular
signaling pathways (MAPK, PI3K/AKT), which promotes cell survival and motility
(Diez 1999; Vincent and Feldman 2002). IGF-1R requires core fucosylation for its
cellular signaling, and the knockdown of FUT8 reduces IGF-1 signaling (Vanhooren
et al. 2011). This phenomenon has also been observed in human trophoblast and
choriocarcinoma cells (Yu et al. 2019). Recent studies have shown that impairment
of the self-repair function of alveolar epithelial cells (AECs) is an important cause of
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idiopathic pulmonary fibrosis (IPF). IGF-1 is a primary factor of increases in cell
senescence (Kritschil et al. 2020). Suppressing core fucosylation in IGF-1R prevents
its binding to IGF-1 and inhibits IGF-1/PI3K/AKT signaling, thus blocking the IPF
process induced by AEC senescence (Sun et al. 2021).

Core fucosylation may also negatively regulate receptor functions. Fms-like
tyrosine kinase 3 (FLT3) is a member of the tyrosine kinase receptor type III family,
which is known to exert a significant effect on the expansion of hematopoietic
progenitors in the pathogenesis of acute myeloid leukemia (AML) (Spiekermann
et al. 2003). Oddly enough, in one study we found that a lack of core fucosylation in
FLT3 induced ligand-independent dimerization on the cell surface, which then led to
the aberrant activation of downstream signaling pathways such as p-STATS, p-ERK,
and p-AKT. This activation is known to induce IL-3-independent cell proliferation
in Ba/F3 cells (Duan et al. 2020). Activation by deficient FUT8 was also observed in
the signaling pathway for activin/P-Smad2, which is a member of the transforming
growth factor (TGF)-f superfamily (Gu et al. 2013). Decreased core fucosylation of
activin receptors, ACVR2A and ACVRIB, via knockdown of the FUTS gene,
enhanced activin binding and activin receptor-mediated signaling, which were
cancelled by the restoration of FUT8 expression.

3.4 Roles of FUTS in TGF-p-Induced EMT

Epithelial-mesenchymal transition (EMT) is a biological process that allows polar-
ized epithelial cells to undergo multiple biochemical changes that enable them to
acquire a mesenchymal phenotype and migrate to secondary sites (Thiery and
Sleeman 2006). EMT is characterized by a loss of cell-cell adhesion and by the
acquisition of cell motility. This process features a decreased expression of cell-cell
adhesion molecules and epithelial markers such as E-cadherin and an increased
expression of intermediate filament proteins and mesenchymal cell markers such
as N-cadherin and integrins (Bhowmick et al. 2001; Maeda et al. 2005).

FUTS is upregulated during TGF-p-induced EMT in breast cancer cells (Tu et al.
2017). The increase in FUT8 modifies TGF-p receptors I and II on a cell surface,
which facilitates TGF-f binding and enhances downstream signaling. These devel-
opments stimulate breast cancer cell invasion and metastasis (Tu et al. 2017). The
molecular mechanism for the induction of FUT8 during TGF-B-induced EMT has
been explored in lung cancer cells (Chen et al. 2013). In that study, the expression of
E-cadherin was suppressed during EMT, leading to the nuclear accumulation of
[-catenin, which then formed a complex with lymphoid enhancer-binding factor-1
(LEF-1) to activate FUTS expression (Chen et al. 2013). In addition, activation of the
Whnt/p-catenin signaling pathway is also known to induce the expression of FUTS,
which improves both cell invasion in hepatocellular carcinoma (HCC) (Zhang et al.
2020a) and EMT in breast cancer cells (Yang et al. 2017). Lin et al. found that
blocking core fucosylation of TGF-f1 receptors by siRNA inhibits the phosphory-
lation of Smad2/3, which leads to the interruption of TGF-f/Smad2/3 signaling
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activation and subsequently suppresses EMT development (Lin et al. 2011). These
results strongly suggest that TGF-f signaling partially regulates EMT via FUTS.

4 Core Fucosylation Regulates the Stability
of Glycoproteins Expressed on the Cell Surface

Many pivotal glycoproteins of tumors are highly core-fucosylated, and their func-
tions are known to be regulated by core fucosylation (Okada et al. 2017; Matsumoto
et al. 2008; Zhao et al. 2006; Geng et al. 2004). The latest research reports indicate
that core fucosylation plays an important role in regulating the stability of cell
surface glycoproteins. Programmed cell death protein-1 (PD-1) is an immune check-
point, and binding with its ligand (PD-L1) plays a crucial role in T lymphocyte
activation and tumor immune escape (Keir et al. 2008; Han et al. 2020). Blocking
core fucosylation has reduced the PD-1 expression on the cell surface (Zhang et al.
2020b), which downregulated PD-1/PD-L1 interaction and enhanced T cell activa-
tion and led to more efficient tumor eradication (Okada et al. 2017). The underlying
mechanism showed that suppression of core fucosylation in PD-1 promoted PD-1
ubiquitination and then increased the degradation of PD-1 by proteasomes (Zhang
et al. 2020b; Okada et al. 2017). A similar result has been observed in the molecules
of triple negative breast cancer (TNBC) patients who are not responsive to anti-PD1/
PDL1 immunotherapy. B7 homolog 3 protein (B7H3) is also known as CD276 and
is regarded as an immune checkpoint molecule for immunosuppressive activity.
B7H3 is a highly N-glycosylated protein with core fucosylation, which makes it less
prone to ubiquitin-proteasome degradation and allows it to be stably expressed on a
cell surface, which inhibits the occurrence of a tumor immune response (Huang et al.
2021).

The lack of FUTS is also known to reduce the expressions of E-cadherin and
impaired E-cadherin-dependent cell-cell adhesion in colon carcinoma cells (Osumi
et al. 2009). Our recent research has shown that FUT8-KO significantly suppresses
the expression of EGFR on the surface of PC cells. Furthermore, treatment with
cycloheximide, a protein synthesis inhibitor, showed that defective core fucosylation
accelerates EGFR degradation, which suggests that core fucosylation plays an
important role in maintaining the stability of the protein (Liang et al. 2021).
However, the precise molecular mechanisms for how core fucosylation affects
protein structure to regulate its stability remains to be elucidated in future study.



114 C. Liang et al.
5 Glycosylation in Cancer Stem Cells

Cancer is a major cause of death worldwide. Despite significant progress in the
diagnosis and treatment of cancer, the survival rate of progressive cancers remains
insufficient. One of the most important reasons has been attributed to a distinct
subpopulation of tumor cells that are referred to as cancer stem cells (CSCs). These
cells have the capacity to self-renew and a facility for differentiation that drives
tumor initiation, metastasis, relapse, and chemoresistance (Jordan et al. 2006; Clarke
and Fuller 2006). Many well-known CSC markers such as CD133, CD44, EpCAM,
and CD24 are heavily glycosylated, and alterations in glycosylation are associated
with tumor development and tumor cell stemness (Barkeer et al. 2018). Bellis et al.
revealed a significant upregulation of ST6Gal-I in human colon tumors, and high
ST6Gal-1I expression has been associated with the expression of the cancer stem cell
markers CD133 and ALDHI, while the shRNA-mediated downregulation of
ST6Gal-I reduces the percentage of CSCs in cancer cell populations (Swindall
et al. 2013). Orospheres are CSC-rich oral squamous cell populations that are
obtained via a spheroid culture technique. The expression levels of FUT3 and
FUTG6 (involved in SLex epitope synthesis) were more highly upregulated in
orospheres compared with their adherent counterparts; also, orospheres expressed
higher CSC markers and were more resistant to cisplatin/radiation in oral squamous
cell carcinoma (Desiderio et al. 2015). FUT9 expression boosts the acquisition of
stemness both in murine and human colon cancer cells towards a cancer stem-like
transcriptional profile, phenotype, and function; other functional implications of
CSCs also are promoted such as tumor growth and resistance to chemotherapy
(Blanas et al. 2020). Breast cancer cells expressing high levels of CD44 and low
levels of CD24 are resistant to chemotherapy and often lead to cancer relapse. In
some studies FUT8 knockdown has reduced the CD44*/CD24~ population and
increased the susceptibility to chemotherapy, indicating that FUTS is essential for
maintaining the stemness phenotype (Ma et al. 2021).

5.1 FUTS8 Regulates Cancer Stemness

Pancreatic cancer has a high mortality rate, and one of the reasons could be the
presence of pancreatic cancer stem cells, which were first identified by Simeone et al.
in 2007 (Li et al. 2007). Terao et al. reported that increased cellular fucosylation is a
common glycan change in pancreatic cancer stem cells (Terao et al. 2015), which is
consistent with our recent study using PANC-1 and MIA PaCa-2 cell lines. Com-
pared with MIA PaCa-2 cells, PANC-1 cells exhibit a greater degree of staining with
Aleuria aurantia lectin (AAL), which specifically recognizes fucosylation. RT-PCR
has shown that much higher expression levels of CSC biomarkers such as EpCAM,
CD24, CD44, and CDI133 are present in PANC-1 cells, which indicates that
fucosylation modification could be related to cell stemness. Interestingly, a
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deficiency of FUT8 (FUT8-KO) greatly decreases the expression levels of these
CSC biomarkers as well as sphere formation (Fig. 3). Furthermore, re-expression of
FUT8 in FUT8-KO cells rescues the cell stemness features of these PC cells (Liang
et al. 2021). In fact, this phenomenon is not restricted to PC; decreased or blocked
core fucosylation has reduced stemness and EMT, which has also been observed in
breast cancer cells (Yang et al. 2017). In addition, upregulated FUTS has also been
found in esophageal cancer stem-like cells, which were enriched using the sphere-
formation method (Sadeghzadeh et al. 2020). These results strongly suggest that
FUT8 could regulate cancer stemness.

5.2 FUTS Increases Multidrug Resistance

Drug resistance is also a characteristic of cancer stemness and remains a major
challenge to the efficiency of curative treatments (Gottesman 2002). Recent studies
have revealed that changes in glycosylation regulate cancer stemness and interfere
with tumor response to anticancer drugs, leading to the emergence of cancer cells
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resistant to chemotherapy treatment (Mallard and Tiralongo 2017; Zhang et al. 2012;
Ferreira et al. 2016). Aberrant glycosylation has proven to be related to chemother-
apy resistance in malignant cells (Very et al. 2018). Fucosylated glycans are
common modifications on the cell surface, and these participate in various biological
processes such as differentiation, development, and tumor multidrug resistance
(MDR). For example, compared with wild-type RMG-1 cells, the transfection of
FUT1 and FUT2 genes into human ovarian carcinoma-derived RMG-I cells greatly
promotes cell viability in the presence of 5-fluorouracil (5-FU) (Iwamori et al. 2005).
The expression levels of FUT4 and its product, Lewis X antigen, are dramatically
increased in patients with metastatic colorectal cancer (Blanas et al. 2019).
Overexpression of FUT4 induces the RAF-MEK-ERK signaling pathway and
exhibits significant resistance to anti-EGFR (cetuximab) and anti-VEGF
(bevacizumab) chemotherapeutical agents (Giordano et al. 2015).

A growing body of evidence indicates that FUTS is one of the main causes of
cancer drug resistance (Cheng et al. 2013; Lv et al. 2019). Altered levels of FUTS are
responsible for resistance to 5-FU in human hepatocellular carcinoma via modula-
tion of the PI3K/AKT signaling pathway with the involvement of MDR-related
protein 1 (MRP1) expression (Cheng et al. 2013). HCV infection induces FUTS8
expression in human hepatoma cells, which promotes expression of the drug-
resistant proteins P-glycoprotein and MRP1 via activation of the PI3K/AKT/NF-«
B signaling pathways; HCV also enhances 5-FU drug resistance (Li et al. 2019). On
the other hand, FUT8-KO in a pro-B cell line has induced autodimerization of FLT3
and activated intracellular signaling such as the phosphorylations of STAT5, AKT,
and ERK. An important development is that FUT8-KO increases the sensitivities for
PKC412, a tyrosine kinase inhibitor, which suppresses cell proliferation (Duan et al.
2020). In a similar manner, an increase in core fucosylation in ovarian cancer cells
has led to cisplatin resistance by suppressing copper transporter 1 (CTR1)-cisplatin
interactions, while FUT8-KO weakens cisplatin resistance by promoting cellular
cisplatin uptake (Lv et al. 2019). The effect of FUTS8 on drug resistance has also been
observed in pancreatic cancer cells. FUT8-KO has significantly increased the
chemosensitivity for gemcitabine, which is a first-line therapy for advanced pancre-
atic cancer (Liang et al. 2021).

6 Conclusion and Perspectives

The prevalence of aberrant FUT8 and core-fucosylated glycoproteins, EGFR,
TGFPR, PD-1, E-cadherin, and a3pl integrin, have been reported in different
types of cancers, as described above. The upregulation of core fucosylation is
involved in regulating tumor malignance that results in promoting cell proliferation,
metastasis, cancer stemness, and multidrug resistance (Fig. 3). Thus, targeting core
fucosylation could be a feasible approach for the treatment of cancers.

Blocking core fucosylation via the use of an analog of L-fucose could be a useful
method for the downregulation of cancer stemness and drug resistance. A lack of
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specificity, however, could mean that other forms of fucosylation could be affected,
as well as other forms of glycosylation via sugar metabolism. Therefore, an increase
in specificity for inhibiting core fucosylation or directly targeting FUTS genes or
proteins could open new opportunities to develop novel therapeutic strategies to
eradicate CSCs, which will help lower the rates of cancer recurrence and enhance the
survival rates for cancer patients.
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Effects of Bullfrog Sialic Acid—Binding )
Lectin in Cancer Cells s

Takeo Tatsuta and Masahiro Hosono

Abstract A cancer cell agglutinin isolated from bullfrog (Rana catesbeiana) eggs
was named R. catesbeiana sialic acid-binding lectin (cSBL), because its agglutina-
tive activity was inhibited by sialic acid—containing glycoconjugates. The lectin was
subsequently found to belong to the vertebrate-secreted ribonuclease family, and
c¢SBL exhibits ribonuclease activity as well as remarkable antitumor effects. Recent
studies have shown that cSBL exerts antitumor effects in vitro and in vivo under
conditions where cSBL cancer-selective apoptosis-inducing effects and no undesired
side effects are observed. Furthermore, cSBL exhibited a preferred synergistic effect
with other drugs. Here, we describe the unique antitumor signal revealed in the latest
c¢SBL studies and the possibility of developing a cancer treatment strategy
using cSBL.

1 Introduction

Advances in modern medicine have reduced the mortality rate of infectious diseases
such as HIV and tuberculosis, as well as improving general health worldwide. As of
2021, the development of newly approved RNA vaccines has shown remarkable
efficacy in the prevention of new infectious diseases, and modern medical care is still
evolving day by day. However, global health is still threatened by diseases such as
cancer, heart disease, and cerebrovascular disease (WHO 2020). Despite the remark-
able advances in cancer chemotherapy in recent years, for example, immune check-
point inhibitors (Robert 2020), cancer is still the leading cause of death in many
countries. It is estimated that as many as ten million cancer-related deaths occurred
in 2020 (Sung et al. 2021). Thus, therapeutic advances in cancer prevention, early
detection, and treatment will improve survival and quality of life for many people
worldwide.
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Sugar chains (glycans) are termed third life chains, coming after nucleic acids and
proteins to play essential roles in living bodies via their various biochemical
interactions. Such as binding with functional molecules (Reily et al. 2019). The
surfaces of cells are covered with innumerable glycans, and the activities of such
glycoproteins or glycolipids can be controlled via glycosylation. Cell-surface gly-
cans can significantly alter their sequence structure during cell differentiation,
maturation, and activation, and function as discriminating molecules (Marth and
Grewal 2008). For example, differentiated cells recognize glycan structures on other
cells and cooperate with each other (Varki 2017). Microorganisms such as bacteria
and viruses use differences in surface glycans to bind to and infect specific cells (Van
Breedam et al. 2014). Furthermore, surface glycan structure also changes signifi-
cantly in cancer cells (Costa et al. 2020). Changes in glycan structure have been
shown to alter the location of cell surface receptors and their susceptibility to ligands,
affecting cell proliferation and invasion (Rodrigues et al. 2018). It also affects the
cancer-surveillance activity of immune cells (Mereiter et al. 2019). Therefore,
glycans are very useful for identifying cells and are thus expected to be utilizable
biomarkers for identifying cancer cells. In fact, many biomarkers currently in clinical
use recognize glycans (Tikhonov et al. 2020). Hence, glycans are currently attracting
much attention, but research on them is somewhat difficult. The structures of sugar
chains are complicated and liable to change due to their sensitivity to environmental
factors, and can even be decomposed. Furthermore, the structure cannot be directly
amplified unlike nucleic acids. Therefore, it is difficult to recognize, analyze, and
quantify certain disease-related glycans, and development of tools for recognizing
glycans is required for their use in diagnosis and treatment.

Lectins are useful tools for targeting difficult-to-handle glycans. Our laboratory
has focused on the identification and analysis of naturally derived lectins for many
years, and has purified and reported some lectins from fish and amphibians. Specif-
ically, sialic acid—binding lectin purified from bullfrog (Rana catesbeiana) eggs
(cSBL) has potential as a cancer treatment due to its antitumor activity via a unique
RNA-degradation mechanism. In this section, we describe in detail the functions of
c¢SBL that have been clarified thus far, including background of the discovery of this
lectin and the possibility of its application in cancer treatment.

2 Discovery of ¢SBL as a Lectin

2.1 Lectins

Lectins are proteins that bind to specific glycan structures and are universally present
in species from animals and plants to microorganisms, and have greatly contributed
to glycan analysis research. Historically, the first lectin identified is considered to be
ricin from castor tree (Ricinus communis) seeds by Stillmark in 1888. Ricin is a
plant-derived protein capable of agglutinating red blood cells, and the name hem-
agglutinins or phytoagglutinins was used at the time (Sharon and Lis 2004). Sumner
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and Howell reported that concanavalin A, a lectin isolated from jack bean
(Canavalia ensiformis), agglutinates cells such as erythrocytes, and this agglutina-
tion was inhibited by sucrose, the first demonstration of the sugar specificity of
lectins (Sumner and Howell 1936). It was predicted that agglutination was caused by
the reaction of concanavalin A with carbohydrates on the cell surface. Since the
1940s, there have been many discoveries of blood type-specific hemagglutinins
(Mikeld 1957; Sharon and Lis 2004). These findings demonstrated the ability of
plant agglutinins to distinguish between erythrocytes of different blood types, and
thus, Boyd and Shapleigh proposed the name “lectins,” from the Latin legere,
meaning to pick out or choose (Boyd and Shapleigh 1954). Subsequently, the term
“lectin” was generalized by Sharon et al. to all sugar-specific agglutinins of
nonimmune origin, regardless of source and blood group specificity (Sharon and
Lis 1972). Goldstein et al. (Goldstein et al. 1980) further defined lectins in detail: “A
lectin is a sugar-binding protein or glycoprotein of non-immune origin which
agglutinates cells and/or precipitates glycoconjugates. Lectins bear at least two
sugar-binding sites, and agglutinate animal and/or plant cells. The specificity of a
lectin is usually defined in terms of the monosaccharide(s) or oligosaccharides that
inhibit lectin-induced agglutination reactions.” Generally, lectin is used as a general
term for substances that have specific binding activity for sugars among proteins or
glycoproteins present in living organisms. With the subsequent research into numer-
ous lectins, numerous pivotal biological functions of lectins have been revealed,
such as immunomodulating effects (Clement et al. 2010), modulation of the intes-
tinal transport system (Yamamoto et al. 2013), and antimicrobial and insecticidal
activities (Dias et al. 2015), among others. Furthermore, many lectins are currently
used as important biological and diagnostic tools. Recently, a lectin array technology
that acquires sugar chain profiles of various biological samples via their reactivity
with multiple lectins has been developed (Hirabayashi et al. 2013), and a new
therapeutic approach that uses lectins to target specific cells using lectin-drug
conjugates (LDC) has also been reported (Shimomura et al. 2018). Thus, novel
research and development using lectins has drawn attention in a wide range of fields,
from technological development to diagnosis and medical treatment.

2.2 Sialic Acid—Binding Lectin from Rana Catesbeiana
Oocytes

In our laboratory, research on frog egg agglutinin was started by Kawauchi et al. in
the mid-1970s (Kawauchi et al. 1975). Initially, crude egg fractions were used, and
samples derived from Japanese brown frog (Rana japonica) and dark-spotted frog
(Rana nigromaculata) eggs showed agglutinative activity with rat ascites cancer
cells (AHI09A) (Yokota et al. 1975). Later, it was found that bullfrog
(R. catesbeiana) egg extract, which belongs to the same genus Rana, contains two
lectins that show different agglutinative activities, one with human blood group A
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erythrocytes, and the other with mouse Ehrlich ascites carcinoma cells and AH109A.
These two lectins were separated by column chromatography, and their binding
specificity, agglutinative activity, and physical and chemical properties were studied.
One of the lectins showed preferential agglutination of cancer cells and displayed
specific binding to sialyl glycoproteins (Sakakibara et al. 1977), and was conse-
quently designated sialic acid—binding lectin, cSBL. In 1987, Nitta et al. isolated
c¢SBL and characterized its lectin activity (Nitta et al. 1987). cSBL preferentially
agglutinates a large variety of tumor cells, but not normal red blood cells, lympho-
cytes, or fibroblasts. This phenomenon correlates with a higher binding activity of
¢SBL with tumor cells. The binding reactivity of cSBL was tested in 20 human and
animal cancer cells and 10 normal cells, and it was observed that the majority of
cancer cells showed high reactivity to ¢SBL, while normal cells (fibroblasts, lym-
phocytes, and erythrocytes) exhibited low reactivity (10-50% reactivity compared to
S-180 mouse ascites cells used as a standard). Tumor cell agglutination induced by
c¢SBL was inhibited by mucin, fetuin, and keratan sulfate, but not by less-sialylated
glycoproteins, such as transferrin. Inhibition by mucin or fetuin was greatly reduced
by the desialylation of the glycoproteins with sialidase. Treatment of tumor cells
with sialidase reduced cSBL-induced agglutination, and sialidase-dependent reduc-
tion of tumor cell agglutination was inhibited by the sialidase inhibitor. However,
tumor cell agglutination was not inhibited by chondroitin sulfate or hyaluronic acid.
Thus, lectin-dependent tumor cell agglutination was considered to be due to the high
density of sialic acid on the cell surface. When the effects of glycosaminoglycans on
the agglutinative activity of cSBL were tested, heparin showed strong inhibitory
effects, and it was speculated that heparin interfered with the binding of ¢SBL to
cells. Polyamines also inhibit cell agglutination, and it has been proposed that they
interact with negatively charged cell surface components, including sialosyl residues
(i.e., the lectin-binding region), resulting in inhibition of agglutination. These results
suggest that tumor cell agglutination occurs because of the recognition of sialic acid—
containing molecules on the cell surface by ¢SBL. The position of the sialic acid—
binding site of cSBL remains unknown, but Irie et al. reported two putative sialic
acid-binding sites on the cSBL structure. One is a site near the N-terminus, where
sialic acid binds mainly via hydrogen bonds, and the other is a loop consisting of
amino acid residues 57-75, where sialic acid binds via hydrophobic interactions.
The binding of sialic acid to the loop was thought to be very weak, and the weakly
bound sialic acid was considered to be easily washed out by soaking in buffer
without sialic acid (Irie et al. 1998). Due to this weak binding to the loop site, and
no reports of cSBL-homologous lectins so far, the lectin activity of cSBL remains
unclear, especially regarding the structure of the binding target. Nevertheless, the
complete amino acid sequence of cSBL was presented by Titani et al. in 1987 (Titani
et al. 1987). The 111-residue sequence was determined by peptide sequencing.
Initially, this protein was considered to be a new type of lectin, as its sequence
was unique and no homology to known protein sequences was found in the database
at the time. However, 3 years later, the sequence of a homolog, Rana japonica egg
lectin (jSBL), was determined, and a homology search with the updated protein
sequence data bank revealed that these amino acid sequences were homologous to
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those of the pancreatic ribonuclease family (vertebrate-secreted RNase family)
(Kamiya et al. 1990). The sequence identities with human angiogenin and pancreatic
RNase, members of the vertebrate-secreted RNase family, were 35% and 37%,
respectively. Similarities were especially apparent in the four proteins (cSBL,
JSBL, human angiogenin, and pancreatic ribonuclease) around His-12, Lys-41,
and His-119, the major active site residues conserved in the ribonucleases, and
around three of the four disulfide bonds. Thus, research created new insights into
cSBL as a ribonuclease.

3 ¢SBL as an RNase

RNase is a ribonucleic-acid-degrading enzyme that is ubiquitous in all cells, and is a
pioneer of enzyme research due to its discovery over 100 years ago and its subse-
quent thorough study. Enzymatically, it is roughly divided into endo- and exo-types,
but there are numerous types present in all species from animals and plants to
microorganisms. Since the number of reports on RNases is still increasing, their
classification method, including naming, has changed frequently. RNase A, which is
reportedly the most studied enzyme in the history of science, is purified from the
bovine pancreas. Although a structural family consisting of RNase A and its
homologs (more than 100 species) has commonly been called the RNase A super-
family (Beintema et al. 1986, 1997), in recent years, the renaming of this superfamily
as the vertebrate-secreted RNase superfamily has been proposed by D’Alessio,
because most are secretory proteins produced by vertebrates (D’Alessio 2011).
RNases can be classified into the vertebrate-secreted (RNase A), T1, T2, H, L, and
P families, among others (Deshpande and Shankar 2002; Fang and Ng 2011).
Vertebrate-secreted RNases are relatively small, containing approximately
130 amino acids. They preferentially cleaved pyrimidines at an optimal pH of 7-8.
This group of RNases has a characteristic peptide motif (CKXXNTF) in the middle
of the sequence and is encoded by a single exon (D’Alessio 2011). They contain two
His and one Lys as catalytic active centers and 6—8 cysteines, forming 3—4 disulfide
bonds (Cho et al. 2005). Sequence identity varies from 20% to nearly 100%, and
their three-dimensional structures are very similar, consisting mainly of three
a-helices and four antiparallel p-sheet structures. This structure is also termed
kidney-shape, as it is reminiscent of a kidney (Raines 1998).

Immediately after cSBL was found to be a vertebrate-secreted RNase, its RNase
activity was investigated (Okabe et al. 1991). The base specificity of cSBL was
studied using eight dinucleotide phosphates as substrates and eight nucleotides as
inhibitors. The base specificities of the B1 and B2 sites of cSBL were U > C and
G > U > A, C, respectively. cSBL was more resistant than RNase A to heat
treatment, guanidine-HCI, and pH-induced denaturation; retaining its native confor-
mation up to at least 70 °C at pH 7.5. Agglutination of AH109A cells by cSBL was
inhibited by nucleotides, indicating that the agglutination sites are related to the
catalytic sites for RNase activity of c¢SBL. In 1992, Liao et al. purified a
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pyrimidine-guanine  sequence-specific RNase (termed RC-RNase) from
R. catesbeiana oocytes, which was found to be identical to cSBL (Liao 1992).
Further study clarified that although c¢SBL lacked a Cys-65—Cys-72 disulfide
bond, the locations of the other three disulfide bonds were similar to those of the
RNase A family. cSBL was found to exhibit RNase activity and catalytic properties
resembling those of bovine RNase A. For example, cSBL hydrolyzed poly-uridylic
acid and poly-cytidylic acid and preferred the former (Nitta et al. 1993). Nitta et al.
thus proposed the name catalytic lectin (leczyme) as a multifunctional molecule with
lectin and enzymatic activity (Nitta et al. 1996). It is also noteworthy that even
though members of human vertebrate-secreted RNase were strongly inhibited by the
human placental RNase inhibitor, the RNase and tumor cell agglutinative activity of
c¢SBL were not affected by the inhibitor (Nitta et al. 1993). This RNase inhibitor-
refractory property has a decisive effect on the antitumor activity of cSBL, described
in detail in Sect. 5.

4 ¢SBL as an Antitumor RNase

4.1 Cytotoxic RNases: Evasion of RNase Inhibitors

To date, many antitumor RNases have been identified in a variety of species,
including plants, bacteria, fungi, and animals, across RNase family types. Well-
known and representative antitumor RNases mainly belong to the vertebrate-
secreted RNase family (D’Alessio 2011). Bovine pancreatic RNase A has been
thoroughly studied from all aspects, including physicochemical, enzymatic, bio-
chemical, and molecular biology. Since RNase A exhibits RNA-degrading activity,
its antitumor activity was investigated more than half a century ago. Although
cytotoxicity was observed at high doses (on the order of mg) (Section et al. 1955;
LeDoux 1955), subsequent studies revealed that no significant activity is observed at
practically low concentrations (de Lamirande 1961; Roth 1963). The major reason
for the restricted antitumor effect of RNase A is the neutralization of its
ribonucleolytic activity by the endogenous cytosolic RNase inhibitor.

Human RNase inhibitor is a 450 residues, 49 kDa protein with an isoelectric point
of 4.7. It contains leucine-rich repeats, forms strong complexes with mammalian
ribonucleases, and plays an important role in controlling the life span of RNA
(Vicentini et al. 1990; Kobe and Deisenhofer 1995). It is the major intracellular
protein making up approximately 0.1% of the total cytosolic protein and is highly
conserved across various mammalian species (Lee and Vallee 1993; D’Alessio and
Riordan 1997). RNase inhibitors form a 1:1 noncovalent complex with mammalian
vertebrate-secreted RNase family members, and the dissociation constant is of the
order of fM, indicating strong affinity (Vicentini et al. 1990; Kobe and Deisenhofer
1996). Therefore, the presence of this inhibitor is inevitably a barrier for RNase-
mediated cytotoxicity. Consequently, cytotoxic RNases must satisfy one of the
following three conditions: (1) insensitive to the RNase inhibitor (Dickson et al.
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2005), (2) present at sufficient levels to saturate the RNase inhibitor thus access
RNA (Leich et al. 2007), or (3) binds to other molecules or localizes in organelles
where RNase inhibitor is not present, such as the nucleus, so binding to RNase
inhibitor is reduced (Gaur et al. 2001; Bosch et al. 2004). Indeed, when RNase
inhibitor-sensitive noncytotoxic RNases such as RNase A are injected directly into
Xenopus oocytes, which lack strong inhibitors of mammalian RNases, they display
cytotoxic activity (Saxena et al. 1991). Currently, onconase, BS-RNase, and PES are
representatives of known cytotoxic RNases that show antitumor activity while
avoiding inhibition by RNase inhibitors.

4.2 Antitumor RNases
Onconase

Onconase (ONC) is a polypeptide containing104 amino acid residues, isolated from
leopard frog (Rana pipiens) eggs by Ardelt et al. (1991) belonging to the vertebrate-
secreted RNase family (Ardelt et al. 1991). The enzyme activity of ONC is only
1/10% to 1/10° of that of RNase A (Boix et al. 1996). However, the cytotoxicity of
ONC is stronger than RNase A, despite its low enzyme activity, due to its mecha-
nism of RNase inhibitor avoidance (Rutkoski and Raines 2008). The antitumor
effect of ONC has been verified in many cancer cells, such as hepatoma, colon
cancer, and leukemia (Wu et al. 1993; Iordanov et al. 2000). ONC has been studied
in clinical trials including patients with malignant mesothelioma, nonsmall cell lung
cancer, renal cell cancer, and others (Mikulski et al. 1995; Vogelzang and Stadler
1999; Costanzi et al. 2005). Unfortunately, due to the establishment of other drugs as
first-line treatment for malignant mesothelioma (combination of pemetrexed and
cisplatin) and the rise of cancer immunotherapy, interest in ONC has diminished,
and it has not been approved as a therapeutic drug until now. However, in the
previously mentioned clinical trials, ONC was confirmed to prolong the survival
period while showing favorable safety, and even now, attempts are being made to
use it in combination with other drugs or to utilize an ONC fusion drug (Smolewski
et al. 2020).

BS-RNase

BS-RNase, a bovine seminal ribonuclease discovered by Hosokawa and Irie, and
Dostal and Matousek in 1972 (Hosokawa and Irie 1971; Dostal and MatousSek 1972;
D’Alessio et al. 1972a), is the sole native dimeric member of the vertebrate-secreted
RNase family (D’Alessio et al. 1972b; Sorrentino and Libonati 1994). RNase
inhibitor binds tightly to monomeric BS-RNase but not to dimeric BS-RNase;
thus, it shows remarkable antitumor activity (Murthy and Sirdeshmukh 1992). The
cancer-selective antitumor effect of BS-RNase has been confirmed in vitro as well as



132 T. Tatsuta and M. Hosono

in vivo in several cancers, including thyroid cancer, melanoma, and seminoma
(Pouckova et al. 1998; Kotchetkov et al. 2001). Furthermore, Fiorini et al. demon-
strated that BS-RNase exhibits strong antiproliferative and proapoptotic effects in
pancreatic adenocarcinoma cell lines, and that it triggers Beclinl-mediated
autophagy in cancer cells that is ineffective in normal cells (Fiorini et al. 2014).
Although it is not completely understood how BS-RNase binds to cancer cells,
adsorption to negative charges present on the cell surface has been proposed
(Bracale et al. 2002), and BS-RNase has been found to bind to the extracellular
matrix, suggesting that the interaction with the extracellular matrix is important for
cytotoxicity (Mastronicola et al. 1995; Bracale et al. 2002).

PES

In humans, the vertebrate-secreted RNase family contains eight members involved
in RNA clearance and maturation, and immune defense, while some members have
unique physiological effects such as angiogenesis (Koczera et al. 2016). One of the
control mechanisms for these functional RNases is RNase inhibitor interference
(Dickson et al. 2005). Modification of human RNases has also been attempted to
overcome RNase inhibitor obstruction, resulting in cytotoxicity. PE5 is a cytotoxic
artificial RNase 1 (human pancreatic RNase, HP-RNase) variant with five mutated
residues in the N-terminal domain (Arg4Ala, Lys6Ala, GIn9Glu, Aspl16Gly, and
Ser17Asn). These mutations result in the RNase having a discontinuous, unconven-
tional nuclear localization signal (NLS) (Rodriguez et al. 2006). The NLS of PES is
recognized by o-importin, which imports the protein to the nucleus (Bosch et al.
2004). Once inside the nucleus, it degrades nuclear RNA and displays cytotoxicity,
although cytoplasmic RNA is unaffected (Tubert et al. 2011). Despite being sensi-
tive to the RNase inhibitor, PES demonstrates cytotoxicity against several cancer cell
lines (Castro et al. 2011, 2012). PES exhibits cytotoxicity via apoptosis associated
with p21WAFI1/CIP1 pathway induction and the inactivation of JNK in the
doxorubicin-resistant ovarian cancer cell line, NCI/ADR-RES. Furthermore, it has
cytostatic effects, as evidenced by the increase in the number of cells in S and G2/M
cell cycle phases in PES-treated cells (Castro et al. 2011), and the synergistic effects
with doxorubicin were also revealed (Castro et al. 2012). The mechanism observed
in the NCI/ADR-RES cells was found to be different from that observed for ONC.
The effect of PE5 on NCI/ADR-RES cells has also been studied via transcriptome
analysis using microarray technology, revealing that PES induces changes in pleio-
tropic gene expression, especially reducing the expression of genes involved in
cancer cell metabolism (Vert et al. 2016). Moreover, studies have been conducted
to further modify PES5 to improve its therapeutic potential (Vert et al. 2012) and very
recently, one of these variants (NLSPES) demonstrated cancer-selective cytotoxic-
ity. NLSPES reduced migration and invasion of highly invasive breast cancer cells,
accompanied by downregulation of N-cadherin expression, and inhibition of cancer
stem cell (CSC) development, as well as diminishing the self-renewal capacity of
CSCs, suggesting their possible targeting by cytotoxic RNase (Castro et al. 2021).
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4.3 c¢SBL

Since the agglutination activity of cSBL is considered cancer cell-selective and does
not interact with human RNase inhibitors, research on cSBL as an anticancer drug
candidate has been conducted since its discovery. The substantial antitumor effect of
c¢SBL was first reported by Nitta et al. in 1994 (Nitta et al. 1994a). cSBL significantly
inhibited the proliferation of mouse leukemia P388 and L1210 cells in vitro as well
as sarcoma 180 and Mep II ascites cells in vivo, while 50 mg/kg injection of cSBL,
one-third of the lethal dose for normal mice, did not show any undesired side effects
in the in vivo experiment. Meanwhile, the cSBL-resistant P388 cell variant, RC-150,
was established (Nitta et al. 1994b). The doubling time, tumorigenicity, and lethality
of RC-150 cells were similar to those of parental P388 cells. cSBL agglutinated both
P388 and RC-150 cells, and no difference was observed between the sialidase-labile
sialic acid levels in RC-150 and P388 cells. The 50% inhibitory concentration of
c¢SBL for growth of P388 cells was approximately 3.1-6.2 pM, whereas concentra-
tions as high as 100 pM were ineffective on the growth of RC-150 cells. Analysis
using dansylcadaverine-labeled cSBL showed that the internalization of cSBL was
observed in parent P388 cells, but not in resistant RC-150 cells, indicating the
importance of not only cell-surface binding but also cell internalization. The addition
of benzyl-a-N-acetylgalactosamine (GalNAc) to the culture medium diminished the
effect of cSBL, suggesting that the internalization of ¢cSBL may be mediated by
O-linked carbohydrate chain(s) of the glycoconjugates (Irie et al. 1998). Thus, the
antitumor activity of cSBL is thought to be a result of the coordination between
lectin and RNase activity, i.e., recognition of glycoconjugates containing sialic acids
on tumor cell surfaces and decomposition of RNA required for cell survival,
respectively (Nitta 2001). A few years after the first report of the antitumor effect
of cSBL, Liao et al. reported the cancer-selective cytotoxic effect of cSBL: ¢cSBL
inhibited the growth of several carcinoma cell lines but did not affect healthy human
and mouse fibroblasts (Liao et al. 1996). Subsequently, Hu et al. reported that cSBL
was cytotoxic to human hepatoma cell lines at different degrees of differentiation.
Interestingly, the cytotoxicity of cSBL in different hepatoma cells correlated with the
extent of differentiation, but not the proliferation rate of the cells (Hu et al. 2001a).
Wei et al. reported a similar phenomenon in which retinoic acid (RA) or dimethyl
sulfoxide (DMSO)-induced differentiation resulted in HL-60 cells becoming resis-
tant to cSBL (Wei et al. 2002). These results indicate that differentiation is a
significant factor in the selective cytotoxicity of cSBL. Only a few studies have
compared the effects of ONC and cSBL; however, Tang et al. reported that com-
pared with ONC, cSBL harbors more cancer-selective antitumor activity, as ONC
was toxic to healthy human HS-68 foreskin fibroblasts, whereas cSBL was not (Tang
et al. 2005). Furthermore, Lee et al. showed that cSBL internalization into baby
hamster kidney BHK-21 cells was enhanced by Japanese encephalitis virus (JEV)
infection, which causes enhanced apoptosis in JEV-infected BHK-21 cells, indicat-
ing that cSBL also possesses antiviral activity (Lee et al. 2011). Although there are
some unclear or controversial reported mechanisms of cSBL antitumor activity even
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today, we summarize the signal transduction pathways and related mechanisms of
antitumor activity in Sect. 5.

4.4 Benefits of Antitumor RNase in Cancer Treatment

Vertebrate-secreted RNases are expected to be minimally immunogenic because of
their compact structure and homology with human pancreatic RNase (Costanzi et al.
2005). They also exhibit high thermal stability and strong resistance to protein
denaturants and proteases (Okabe et al. 1991; Notomista et al. 2000; Rosenberg
et al. 2001). These features are considered to be one reason for their potent antitumor
activity in vivo and provide benefits for commercialization. Furthermore, in current
cancer therapies, undesired side effects due to the low cancer cell selectivity of
conventional drugs and the emergence of resistance to these drugs have become
major issues. Recently, attempts have been made to overcome these issues using
molecular-targeted and antibody drugs, but both are still developing fields, and
currently, many conventional drugs are used that target DNA. Antitumor RNases
as anticancer agents is a new cancer treatment strategy that targets RNA. There are
several advantages to this: (1) Cell toxicity of antitumor RNAase has already been
demonstrated for many types of cancer. (2) Many cytotoxic RNases have been
reported to have high cancer cell selectivity, although the mechanisms have not
yet been completely elucidated. (3) They may show synergistic antitumor effects
with other drugs in combination treatment. (4) They have no genetic toxicity, unlike
conventional DNA-damaging drugs or radiotherapy. (5) There are no reports
showing cross-resistance with small molecule compounds, but rather strong cell-
death-inducing effects on multidrug-resistant cells. (6) Antitumor RNases can exert
pleiotropic effects, because they affect multiple RNA substrates, whereas drugs that
target a specific protein have the advantage of being highly specific, but are often
inadequate to adapt to the multifactorial complexity of the cancer phenotype, and are
often accompanied by the emergence of resistance. There is little information about
resistance acquisition in cancer cells against antitumor RNases; thus, it is unclear
whether resistance will appear frequently. However, since RNA is targeted, it may
be possible to overcome resistance through abnormal gene expression. The advan-
tages of using antitumor RNases for cancer therapy are summarized based on the
central dogma in Fig. 1.

5 Antitumor Mechanism of ¢cSBL

5.1 c¢SBL-Induced Apoptosis

The initial antitumor mechanism of ¢cSBL was thought to be inhibition of protein
synthesis via RNA degradation. In fact, reduced incorporation of [*H] leucine was
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Fig. 1 Features of therapeutic strategies. Traditional DNA-targeting therapies, including chemo-
therapy and radiotherapy, are mainly selective for quickly proliferating cells, but are therefore often
also toxic to healthy cells. In addition, since they have genotoxicity, it is necessary to pay attention
to the development of secondary cancers. In many cases, tolerance is induced through abnormal
expression of proteins such as drug efflux pumps. Therapies that target specific molecules, such as
antibody therapy and molecular targeted therapy, have the advantage of being nongenotoxic and
highly selective. However, the nature of cancer is highly diverse, and targeting only a single protein
may be ineffective in some patients. Furthermore, resistance appears due to the acquisition of
mutations in target genes and overexpression of abnormal proteins. RNA-targeting therapy is a new
approach with several advantages, including nongenotoxicity and pleiotropy. It induces cell death
signals by degrading RNA. Although there is little information on resistance and selectivity, it
inhibits gene expression, so it may prevent resistance acquisition by abnormal genetic expression,
including those for concomitant drugs

demonstrated in cSBL-treated cells (Nitta et al. 1994a), and treatment with cSBL
leads to alterations in signal transduction and intracellular protein kinase cascades,
such as decreased intracellular Ca** concentration, decreased protein kinase A
activity, and increased protein kinase G activity (Nitta et al. 1996). However,
subsequent analysis of the antitumor effects revealed that cSBL induced apoptosis.
In early experiments with mouse leukemia p388 cells, it was found that cSBL
induces apoptotic morphological changes, such as nuclear condensation, the disap-
pearance of microvilli, and biochemical changes, such as caspase-8/—3 activation,
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phosphatidylserine externalization, and DNA fragmentation. In addition, increased
expression of the Fas antigen and tumor necrosis factor (TNF) receptor was observed
in cSBL-treated cells (Nitta 2001). Subsequently, cSBL was reported to cause
caspase-7 activation in human breast cancer MCF-7 cells that lack caspase-3, and
apoptosis is prevented by the overexpression of Bcl-XL in the cells (Hu et al. 2001b).

After 2013, our group reported the validity of cSBL in human leukemia cell lines
and the detailed mechanism of cSBL-induced cell death (Tatsuta et al. 2013b). cSBL
degrades cellular RNA and manifests significant cytotoxic effects in several types of
human leukemia cell lines, including MDR cells, when conventional
DNA-damaging clinical agents, such as etoposide and doxorubicin, are not cytotoxic
to these cells. cSBL-induced DNA fragmentation was completely blocked by the
pan-caspase inhibitor carbobenzoxy-valyl-alanyl-aspartyl- [O-methyl]-
fluoromethylketone (z-VAD), suggesting that apoptosis is induced in a caspase-
dependent manner. Analysis to identify the cSBL-induced signaling pathway was
performed using a combination of specific caspase inhibitors and mitochondrial
membrane depolarization—detecting reagents. cSBL-induced mitochondrial depolar-
ization was not diminished by z-VAD, whereas TNF-related apoptosis-inducing
ligand (TRAIL)-induced mitochondrial depolarization was completely inhibited by
z-VAD. This indicated that the cytotoxicity of cSBL was induced through caspase-
dependent apoptosis, whereby mitochondrial perturbation occurs as an upstream
event.

Endoplasmic reticulum (ER) stress is also reportedly involved in cSBL-induced
apoptosis (Tatsuta et al. 2013a). cSBL induces the endoplasmic unfolded pro-
tein response (UPR). Additionally, inhibition of caspase-4, the initiator caspase in
ER stress-mediated apoptosis, reduces cSBL-induced apoptosis. In further experi-
ments with specific caspase inhibitors, caspase-9 activation was found to be involved
in caspase-4 activation, at least to some extent; however, because cSBL-induced
mitochondrial membrane depolarization or UPR is unaffected by caspase-9 or
caspase-4 inhibition, respectively, we concluded that mitochondrial perturbations
and ER stress occurred independently in cSBL-treated cells. These results suggest
that cSBL may induce apoptosis via multiple apoptotic pathways, including ER
stress and the mitochondrial pathway. A comparative study using thapsigargin, an
inducer of endoplasmic reticulum stress apoptosis, revealed that the mitochondrial
pathway contributes significantly to cSBL-induced apoptosis (Tatsuta et al. 2013a).

RNase activity has also been shown to be required for ¢SBL cytotoxicity;
however, it remains unclear how cSBL-induced RNA degradation leads to apopto-
sis. In our study conducted on human leukemia (Tatsuta et al. 2013b), malignant
mesothelioma (Tatsuta et al. 2014b), and breast cancer cell lines (Kariya et al. 2016;
Tatsuta et al. 2018a), JNK and p38 mitogen-activated protein kinases (MAPK) were
strongly activated by cSBL treatment, suggesting that these proteins may be
involved in cSBL-induced apoptosis. p38 inhibitors and knockdown of p38 attenu-
ates cSBL-induced cell death (Kariya et al. 2016), indicating that RNA degradation
by cSBL activates these stress kinases, which leads to apoptosis. However, similarly
to inhibition of caspase activation by z-VAD, the inhibition of p38 MAPK did not
completely rescue cSBL-induced cell death. Thus, it is possible that cSBL might be
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involved in a p38- and caspase-independent cell death-inducing pathway, or when
the action of stress kinases and caspases is prevented, RNA breakdown by cSBL
may lead to cell death via a different signal.

5.2 In Vivo Antitumor Activity of cSBL

The in vivo antitumor effect of cSBL was initially investigated using mouse cell
lines. The survival of mice inoculated with cSBL-treated sarcoma-180 cells was
prolonged compared to untreated controls (Nitta et al. 1994a). After inoculation with
sarcoma-180 cells (1 x 10° cells/200 L), the control group had 0% survival at
16 days, whereas the group treated with cSBL (1 mg) had 100% survival at 45 days.
Intraperitoneal administration of cSBL to mice with sarcoma-180 and Mep II ascites
cancer was also performed, and again, continuous administration of ¢SBL for
10 days achieved 100% survival within the experimental period (45 days) without
any undesired side effects. Although there are only a few in vivo studies that evaluate
human cells, Chen et al. investigated the inhibitory ability of cSBL on the growth of
glioblastoma DBTRG cells in a mouse model (Chen et al. 2015). Single subcutane-
ous administration of cSBL on the opposite side of the lower abdominal region to the
tumor significantly inhibited DBTRG cell growth compared to the control under
conditions where no changes in body weight were observed. Furthermore, we
recently established malignant mesothelioma xenografts with H2452 and MSTO
cells (Tatsuta et al. 2018b). In in vivo studies with these grafts on the effect of cSBL,
no obvious toxicities or body weight changes were observed during the experimental
period; however, in both types of xenografts, significant tumor growth suppression
was observed after twice-weekly ¢cSBL (2.5 mg/kg) intratumoral injection for
4 weeks. The effect of cSBL was also superior to that of the current therapeutic
agent, pemetrexed, administered by a previously reported method based on the
maximum tolerated dose (Tonkinson et al. 1999; Kawabata et al. 2014). In H2452
xenografted groups, cSBL showed a tumor-suppressive effect earlier than in the
pemetrexed-treated group, and antitumor effects of pemetrexed were not observed in
the MSTO xenografts.

5.3 Cancer Selectivity

The antitumor effect of cSBL has been examined in several different cancer cell lines
and primary or immortalized nonmalignant cells derived from normal tissues
(Tatsuta et al. 2014c). In general, cSBL suppresses the growth of various types of
cancer cells (carcinoma [cervical, hepatocellular, oral, and breast], sarcoma, glioma,
mesothelioma, leukemia [T-cell, promyelotic, and erythro], and lymphoma), but not
healthy cells (fibroblasts, melanocytes, keratinocytes, mesothelial cells, and mam-
mary epithelial cells). The sensitivities of some cancer cell lines are contradictory
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between reports, but such contradictions may be caused by different experimental
conditions. There is still no clear evidence for why cSBL is selective for cancer cells,
but some hypotheses have been proposed. The binding of cSBL is selective to cancer
cells and abolished by sialic acid—containing molecules, but not by monosialic acids
(Nitta et al. 1987). Since changes in the glycans on cancer cell surfaces can occur
during tumorigenesis (Dennis et al. 1999; Hakomori 2002), and the anion content
(such as sialic acid) on cancer cells may increase (Wang et al. 2009), the particular
sialic acid—containing structure recognized by cSBL may only exist on cancer cell
membranes. It has also been shown that cSBL accumulates in the peripheral region
of the nucleus after being taken up by cancer cells, although the detailed mechanism
is not clear (Kariya et al. 2016). There may be differences in incorporation into cells,
intracellular transportation, and/or localization between cancer cells and healthy
cells. Furthermore, there are various factors that affect the selective cytotoxicity.
As mentioned in Sect. 4.3, it has been suggested that differentiation status (Hu et al.
2001a; Wei et al. 2002) or JEV infection (Lee et al. 2011) are significant factors in
the selective cytotoxicity. These may influence the effect of cSBL through changes
such as the binding and uptake of cSBL. Tseng et al. suggested that the estrogen
receptor is also an essential factor that enables cSBL cytotoxicity, since ¢cSBL
selectively induced cell death in estrogen-receptor-positive breast cancer cell lines
(MCF7 and ZR-75-1), but not in estrogen-receptor-negative breast cancer cell lines
(MDA-MB-231 and ZR-75-30) in their experiment. However, our recent compre-
hensive investigation focusing on breast cancer cell lines with different phenotypes,
such as estrogen receptor-positive, progesterone receptor (PgR)-positive, human
epidermal growth factor receptor type 2 (HER2)-positive, and triple-negative,
revealed that ¢cSBL induces apoptosis in all cancer cell lines tested, including
estrogen-receptor-negative cells, even though it was less effective to healthy cells
(Kariya et al. 2016; Tatsuta et al. 2018a). Therefore, we concluded that the estrogen
receptor is not a significant factor in cSBL selectivity. Investigation of breast cancer
revealed other aspects of the effect of cSBL on the expression of cancer-related
proteins such as epidermal growth factor receptor (EGFR), which we discuss in
Sect. 5.4.

5.4 Effect of cSBL in Cancer-Related Molecules

By investigating breast cancers, we found that cSBL decreases the expression levels
of estrogen receptor, progesterone receptor (PgR), and human EGFR type 2 (HER2)
(Tatsuta et al. 2018a). Furthermore, treatment with ¢cSBL resulted in decreased
protein levels of all ErbB proteins in each breast cancer cell line tested in the
experiment (six cell lines), including EGFR in triple-negative MDA-MB231 and
MDA-MB-468 cells. These results are interesting, because therapies targeting the
hormone receptor or ErbB family could be novel efficient breast cancer treatments
(Masoud and Pages 2017). The cause of estrogen receptor, PgR, and ErbB family
downregulation is currently under investigation. Degradation by proteasomes and/or
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stabilization by heat shock proteins (HSPs) is implicated in the turnover of these
molecules. cSBL causes strong activation of p38, and it has also been reported to
change the localization of HSP70 and HSC70 (Ogawa et al. 2014; Tatsuta et al.
2014a). We speculate that the reduced expression levels of estrogen receptor, PgR,
and Erb B family in cSBL-treated cells may be associated with p38 activation
and/or HSPs.

Most recently, we aimed to identify the key molecules whose expression was
affected by cSBL to further understand the mechanism of action of cSBL using
microarrays. Since cSBL degrades intracellular RNA, it is difficult to analyze gene
expression in cSBL-treated cells. We exposed malignant mesothelioma H28 cells to
low concentrations of cSBL for extended periods of time to obtain cloned cell lines
with altered cell properties. Two clones were selected, and the RNA obtained from
them was used for transcriptome analysis by microarray (Tatsuta et al. 2021).
Microarray analysis detected 927 differentially expressed genes (DEGs). Bioinfor-
matic analysis of these DEGs indicated that there were significant pleiotropic
changes in the expression profiles of several genes, including multiple genes
involved in metabolic pathways in cSBL-resistant cells. Interestingly, all DEGs
involved in metabolic pathways were related to lipid and carbohydrate metabolism.
At present, the significance of this change in carbohydrate and lipid metabolism is
unknown, but these findings are novel insights into cSBL, and it may inform new
methodologies of anticancer strategies using cSBL. In particular, glucose metabo-
lism and the importance of the Warburg effect in cancer has been refocused on
(Liberti and Locasale 2016). Regarding the DEGs, the expressions of some members
of the aldo-keto reductase (AKR) family and the ATP-binding cassette (ABC)
transporter superfamily were markedly downregulated. Among these, it was partic-
ularly interesting that cSBL action reduced the level of AKR1B10, which has been
reported as a candidate biomarker for malignant pleural mesothelioma prognosis.
These findings reveal novel aspects of the effect of cSBL, which may contribute to
the development of new therapeutic strategies for malignant mesothelioma.

5.5 Synergistic Effects with Other Drugs

It has been reported that cSBL has a highly synergistic antitumor effect with other
reagents. Combination treatment of cSBL with interferon y (IFN-y) enhances apo-
ptosis in MCF-7 and SK-Hep-1 cells (Hue et al. 2001a; Tang et al. 2005). Hu et al.
proposed that binding and entry of cSBL may be facilitated by IFN-y, resulting in
severe cell death. Tang et al. found that synergistic cytotoxicity with IFN-y was not
observed in HL-60 cells, and suggested that this is because of the differentiation
status of HL-60. As c¢SBL is thought to be ineffective to the differentiated cells,
differentiation by IFN-y could make HL-60 cells insusceptible in that case.
Combination treatment of cSBL with TRAIL induced synergistic apoptosis. The
synergistic effects were caused by the amplification of an apoptotic signal, which
enhanced the truncation of Bid, a proapoptotic member of the Bcl-2 family, and
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caspase activation, resulting in drastic mitochondrial perturbations (Tatsuta et al.
2014b). Furthermore, the combined effect of cSBL was evaluated with conventional
drugs for malignant mesothelioma, pemetrexed and cisplatin. The combination of
¢SBL and pemetrexed exhibited a strong synergistic effect that was comparable or
even superior to the standard regimen of pemetrexed and cisplatin. The cytostatic
effect of pemetrexed and the cytotoxic effect of cSBL cooperated without any
repulsion, while the effects of pemetrexed and cisplatin on p21 expression were
counteractive when used in combination (Satoh et al. 2017a). We further analyzed
the combined effect of cSBL using a larger number of drugs, including EGFR-
tyrosine kinase inhibitors. In a multiple drug combination study, pemetrexed + cSBL
and pemetrexed+cisplatin+cSBL were more effective than the other regimens in
terms of antiproliferative and synergistic effects. The pemetrexed + cSBL+TRAIL
combination also showed strong synergy by playing additive roles without interfer-
ence; thus, these combinations may serve as a rational regimen with antiproliferative
mechanisms (Satoh et al. 2017b).

Additionally, as cSBL reduces the expression of EGFR, PgR, and estrogen
receptors, combining cSBL with drugs that target the signaling of these receptors
may provide favorable synergistic effects. Furthermore, since cSBL suppresses the
expression of AKR1B10 and some ABC transporters, which are related to malig-
nancy and resistance of cancers, multidrug combinations including ¢cSBL may
enhance the effects of other drugs and prevent drug resistance.

6 Conclusions and Future Problems

c¢SBL is a multifunctional protein with both lectin and ribonuclease activities,
showing cancer cell-selective antitumor effects via a unique mechanism on various
cancer cells, including multidrug-resistant cells. Furthermore, it has favorable prop-
erties as an anticancer drug, such as minimal immunogenicity and high stability in
blood flow because of its compact structure, homology to human analogs, and
resistance to heat, denaturants, and proteases. cSBL also has synergistic effects in
combination with other drugs and has the potential to suppress the expression of
molecules involved in cancer cell malignancy. A schematic illustration describing
the antitumor effect of cSBL, including the signal induced by cSBL, and its valuable
features for developing new therapeutic strategies are summarized in Fig. 2. The use
of cSBL opens up new possibilities for treatment strategies in addition to currently
limited chemotherapies. It is necessary in future research to further elucidate the
mechanism of antitumor action, especially the factors of cancer cell selectivity of
cSBL, as well as in vivo safety and pharmacokinetic studies for clinical application.
Furthermore, as with other protein-based drugs, the development of stronger cSBL
variants and cSBL fusion drugs using genetic modification techniques may lead to
new therapies. We hope that a more detailed understanding of the antitumor mech-
anism of cSBL will contribute to the development of cancer therapeutics in the
future.
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Fig. 2 Schematic illustration of antitumor effects of cSBL. ¢SBL somehow binds (or adsorbs) to
the cell membrane. Once cSBL internalizes into cells, it localizes near the nucleus and degrades
RNA. The RNA cleavage induces pleiotropic signals including apoptosis signaling. There are some
favorable features of its antitumor activity, such as synergistic effect with other drugs and
downregulation of cancer-related molecules
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Abstract Since cDNAs of glycosyltransferase genes were isolated, and become
applicable for genetic engineering of glycosylation patterns, biological functions of
glycolsphingolipids have been largely elucidated via glyco-remodeling cells and
animals. The progress in these glycobiology techniques has enabled us to understand
the roles of “tumor-specific” carbohydrates during these 3 decades. Tumor antigens
recognized by host immune systems of cancer patients were classified into three
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classes based on “autologous typing”, that is, class 1: individual antigens present
only in the patient’s tumors, class 2: shared antigens among some group of cancers,
but not in normal cells, class 3: universal antigens that are present in not only some
cancers but also in normal cells. Many of class 2 antigens have been elucidated to be
carbohydrate antigens, and are considered to be differentiation antigens. Many
of them have been used for cancer diagnosis and treatment. Functional analyses of
those cancer-associated glycosphingolipids based on the genetic engineering of
glyco-genes have revealed that disialylated glycolipids generally enhance malignant
properties such as cell growth, invasion, and motility. On the other hand,
monosialylated glycolipids rather suppress those phenotypes. As a regulatory plat-
form for cell signaling, cell surface microdomains, glycolipid-enriched microdomain
(GEM)/rafts  have  been  proposed. Interestingly,  cancer-associated
glycosphingolipids play critical roles in the composition of GEM/rafts, and in the
regulation of signal transduction. Molecular complex formation of glycolipids with
membrane molecules that are defined by enzyme-mediated activation of radical
sources/mass spectrometry should be a key factor to regulate cell signals and to
determine the cell fates. They are also expected to be targets of the cancer treatment.

1 Biological Functions of Glycosphingolipids Have Been
Further Understood Due to Glycoengineering

Since cDNAs of glycosyltransferases responsible for the synthesis of
glycosphingolipids were isolated (Nagata et al. 1992; Haraguchi et al. 1994; Nara
et al. 1994; Sasaki et al. 1994; Miyazaki et al. 1997) and became available for the
genetic engineering of cultured cells and experimental animals, a number of exper-
iments using those glyco-remodeling materials have been done, leading to the big
progress in the understanding of their function and significance in the cells and mice
(Furukawa et al. 2004). Main glycolipid synthetic pathways are shown in Fig. 1.
Actually, many trials of genetic engineering of glycosyltransferase genes have been
performed, and brought about various novel findings in the phenotypes of cultured
cells and animals (Stanley 2016). Many other degradation enzymes and modifying
enzymes of carbohydrates have been genetically engineered, and intriguing results
have been reported (Miyagi et al. 2018; Cavdarli et al. 2020). Although the modified
genes and resulting outputs are clear, mechanisms for observed abnormal pheno-
types are frequently ambiguous. This is because changes of some
glycosyltransferase gene generally affect all structures present at the downstream
of the synthetic pathways in which the modified gene exists. Therefore, we have to
clarify which glycosphingolipids in the pathway are responsible for the resulting
phenotypes. In particular, remaining structures in the knockout mice/cells often
compensate for the function of deleted structures, suggesting importance to carefully
interpret the results (Furukawa et al. 2020).
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Fig. 1 Synthetic pathway of glycosphingolipids. Starting from lactosylceramide (LacCer), major-
ity of glycosphingolipids are synthesized by the actions of the individual key enzymes

2 Cancer-Associated Glycolipids Often Increase Malignant
Properties

During a long-term search of cancer specific antigens, Old’s group proposed 3 clas-
ses of tumor antigens based on “autologous typing” (Old 1981). They are as follows:
class 1: individual antigens present only in the patient’s tumor sample, class 2:
shared antigens among some group of cancers in some patients, but not in normal
cells, class 3: universal antigens that are present in some cancers but also in normal
cells. There were many reports on carbohydrate antigens, which could be found only
in cancer cells, but not in normal cells and tissues (Hakomori 1986; Lloyd 1991).
Thus, these antigens have been considered as cancer-associated carbohydrates, and
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Table 1 Three class of tumor antigens based on the distribution and derivation

Classification Distribution Derivation

1. Neoantigen (indi- Only tumor of the patient Genomic mutation

vidual antigen)

2. Group-shared Some cancer groups and patients not Differentiation developmen-
antigen normal cells (exception®) tal overexpression

3. Universal antigen Some cancers of some patients and nor- | Broadly expressed with var-
mal cells ious density

“Exception: expressed at fetal stage, testis, very restricted sites, etc.

to be class 2 tumor antigens, being used in the diagnosis and therapy of cancers
(Lloyd and Old 1989; Indellicato et al. 2020). Those carbohydrate antigens can be
detected on proteins (mucine) or lipids (ceramide). Some of them are found in both
proteins and lipids. Among them, sialic-acid-containing glycosphingolipids are
named as gangliosides, and have been utilized as tumor markers of
neuroectoderm-derived cancers. For example, ganglioside GD3 in malignant mela-
nomas (Furukawa and Lloyd 1990; Dippold et al. 1980; Pukel et al. 1982;
Portoukalian et al. 1979; Carubia et al. 1984), GD2 in neuroblastomas (Saito and
Yu 1985; Schultz et al. 1984), and GD3/GD2 in gliomas (Fredman et al. 1986;
Wikstrand et al. 1994; Kawai et al. 1999; Vukeli¢ et al. 2007; Iwasawa et al. 2018).
In addition to neuroectoderm-derived tumors, some other cancers also express these
gangliosides. For example, T-cell leukemias (Siddiqui et al. 1984; Merritt et al.
1987; Furukawa et al. 1993; Okada et al. 1996), osteosarcomas (Shibuya et al. 2012;
Azuma et al. 2005), small cell lung carcinomas (Cheresh et al. 1986; Yoshida et al.
2001), and breast cancers (Cazet et al. 2012; De Giorgi et al. 2011). Recently, many
other cancers have also been reported to express these gangliosides (Sato et al. 2020;
Ravindranath et al. 2004; Vantaku et al. 2017). Thus, these ganglioside antigens
belong to “class 2” tumor antigens, and have been investigated on their roles in
tumor cells, showing differential significances for various carbohydrate structures
(Ohmi et al. 2018). On the other hand, some neutral glycolipids have also been
considered to be cancer-associated antigens (Yu et al. 2020; Ragupathi 1996). Brief
classification of cancer-associated antigens is shown in Table 1.

3 Membrane Microdomains GEM/Rafts as Platforms
of Signal Transduction

Simons proposed a membrane microdomains, lipid rafts containing cholesterol,
sphingolipids, and GPI-anchored proteins (Simons and Ikonen 1997). Majority of
glycosphingolipids are enriched in this microdomain. These microdomains are
resistant to nonionic detergent, being called detergent-resistant microdomain
(DRM). Hakomori proposed to call this microdomain as glycolipid-enriched
microdomain (GEM), and showed that GEM/rafts play crucial roles as a platform
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of cell signal transduction (Hakomori 2003). In particular, ganglioside GM3 is
localized in GEM/rafts, and forms complexes with membrane molecules such as
tetraspanins (Hakomori 2010). Although molecular basis for molecular clustering in
GEM/rafts is not clear at this moment, dynamic processes of raft formation from
nanoscale to microscale were proposed by Simons et al. (Simons and Toomre 2000;
Simons and Gerl 2010). Kohmura et al. demonstrated that dimer formation of same
ganglioside species might be an initial step for the formation of GEM/rafts using
ultrahigh-resolution imaging technique (Komura et al. 2016).

Biochemical and imaging analyses of intracellular distribution of glycolipid-
associated molecules demonstrated that sugar moiety of glycosphingolipids on the
cell surface and cellular conditions (resting or activated) regulates their localization
inside/outside of GEM/rafts. It is of great interest that fine structures of carbohydrate
portion in glycolipids might control the intracellular localization of membrane
molecules inside/outside of GEM/rafts as if they are regulators of the composition
of GEM/rafts (Ohkawa et al. 2010; Yesmin et al. 2021), and resultant cell signals
(Furukawa et al. 2014) as reported by Sonnino (Sonnino and Prinetti 2010).

4 Disialyl Glycosphingolipids Generally Enhance
Malignant Phenotypes and Signals in Cancer

During analyses of phenotypic changes in cancer cells expressing cancer-associated
glycosphingolipids, it has been shown that disialylated gangliosides with a tandem
mode linkage 2 sialic acids often enhance malignant properties (Furukawa et al.
2012a, b) in various kinds of tumors. Namely, gangliosides GD3 and GD2 enhance
malignant properties such as increased proliferation, invasion, and cell adhesion to
extracellular matrices. However, these effects of gangliosides on the tumor pheno-
types are not identical. The modes of action were diverse among cancer lineages
(Furukawa et al. 2012a, b). This is deeply related to the expression of membrane
molecules in the vicinity of cancer-associated gangliosides at membrane
microdomains, GEM/rafts (Hakomori 1998; Hakomori et al. 1998). The profiles of
intracytoplasmic proteins primarily expressed in the individual cells are also critical
for how those gangliosides regulate the feature of cells, signals, and cell fates
(Furukawa et al. 2012a).

In the study of melanomas, we clarified that various adaptor molecules such as
p130Cas, paxillin, and focal adhesion kinase (FAK) were activated due to tyrosine
phosphorylation, leading to the enhanced cell proliferation and invasion under GD3
expression (Hamamura et al. 2005, 2008). Then, we also revealed that integrin was
involved in the regulation of cell signaling via FAK and Src family kinase Yes
during cell adhesion (Ohkawa et al. 2008). Strong physical and functional associa-
tion of integrins and FAK was previously shown in small cell lung cancer (SCLC)
cells. Anti-GD2 monoclonal antibody induced apoptosis of SCLC cells via anoikis
(Yoshida et al. 2001). During the cell detachment from culture dishes, SCLC cells
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showed reduced phosphorylation levels of FAK (Aixinjueluo et al. 2005). Interest-
ingly, osteosarcoma cells showed increased cell invasion and motility under expres-
sion of GD3 and GD2 (Shibuya et al. 2012). Here, cell adhesion to extracellular
matrix such as collagen 1 was markedly reduced in GD3/GD2-expressing cells
compared to GD3/GD2-negative control cells. GD3/GD2-positive cells showed
much lower adhesion than the controls. These findings were quite opposite com-
pared with results observed in melanoma transfectant cells with high GD3 expres-
sion (Furukawa et al. 2012a; Hamamura et al. 2005). These differences between
melanomas and osteosarcomas seemed to be due to different signaling pathways
basically working in the individual cell lineages (Shibuya et al. 2012). Activated Lyn
(p-Lyn) was detected in osteosarcoma cells instead of p-Yes in the case of melanoma
cells (Hamamura et al. 2011).

5 Monosialyl Glycosphingolipids Often Suppress Cancer
Phenotypes and Signals in Animal Cancer Cells

In contrast with disialylated gangliosides, monosialylated glycosphingolipids
(or a-series gangliosides) often showed suppressive effects on the cell phenotypes.
Accordingly, they also suppress cell signals in various tumor cells (Furukawa et al.
2012b). For example, a rat pheochromocytoma line PC12 showed distinct effects
between GM1 and GD3 on the signaling via nerve growth factor (NGF) and Trk A
receptor (Nishio et al. 2004; Fukumoto et al. 2000). NGF-TrkA signaling between
GM1-expressing and GD3-expressing PC12 was quite contrastive, that is, poor
phosphorylation of TrkA and subsequent lowered activation of Erk1/2 upon NGF
stimulation in the former and enhanced TrkA phosphorylation and highly activated
Erk1/2 in the latter. In a mouse fibroblast cell line, SWISS-3 T3, overexpression of
GM1/GD1b synthase induced suppressed cell growth and lowered activation levels
of PDGF receptor based on its altered localization in GEM/rafts (Mitsuda et al.
2002).

In a mouse Lewis lung cancer (LLC) cells, transfectants of GM2/GD2 synthase
cDNA with high expression of GM2 showed lowered malignant properties and
reduced activation levels of focal adhesion kinase (FAK) (Chen et al. 2003). On
the other hand, Zhang et al. established high-metastatic and low-metastatic LLC
sublines by repeated injection into mice, and compared their surface molecules.
Consequently, high-metastatic sublines expressed lower levels of GM1/GD1a than
the low-metastatic parent line (Zhang et al. 2006). Roles of GM1 in the suppression
of metastasis were directly shown using GM1 synthase-suppressed transfectants of
an RNAi-expression vector. Suppression of GM1 synthase resulted in the increased
malignant phenotypes including metastatic property due to the shift of MMP-9 and
integrins to GEM/rafts. The secretion and activation levels of MMP-9 were conse-
quently elevated.
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In a B16 mouse melanoma subline B78, transfectant cells of GM2/GD2 synthase
cDNA showed high GM2 expression and reduced cell proliferation (Tsurifune et al.
2000).

6 GM1/GD1b Synthase and Caveolin-1 Suppressed
Malignant Phenotypes of Human Cancers

In human melanoma cells, SK-MEL-73 melanoma cell line expressing GD3 and
GD2 was transfected with GM1/GD1b synthase cDNA (Dong et al. 2012).
GM1-high transfectant cells showed reduction of cell growth and invasion. They
also showed dispersed ganglioside distribution compared with the control line.
Consequently, tyrosine-phosphorylation levels of pl130Cas and paxillin were
reduced in the transfectant cells. Furthermore, gangliosides shifted to the
non-GEM/raft fraction dominantly contained unsaturated fatty acids compared
with the control cells, suggesting that glyco-remodeling affected ceramide compo-
sition of gangliosides. Interestingly, similar reduced malignant phenotypes were
observed in the melanoma transfectant cells with Caveolin-1 cDNA in
SK-MEL-28 (Nakashima et al. 2007). Accordingly, reduced phosphorylation of
p130Cas and paxillin was also observed. Furthermore, GD3 was dispersed from
GEM/rafts, losing the leading edges that could be found in the control cells with
immunocytochemistry. Thus, Caveolin-1 should have regulatory functions of sig-
naling, although it has been used as a GEM/rafts marker as well as GM1.

All these results commonly observed among various cancers indicated that the
expression of monosialylated (or a-series) gangliosides results in the attenuation of
malignant phenotypes and malignant signals (Furukawa et al. 2012a, b) in contrast
with disialylated gangliosides as summarized in Fig. 2. These results were recently
confirmed with genetically engineered mice of GD3 synthase gene (Ohkawa et al.
2021; Zhang et al. 2021).

7 A Novel Approach to Elucidate Mechanisms
for Functioning of Cancer-Associated Gangliosides

To investigate molecular mechanisms for biological functions of glycosphingo-
lipids on the cell surface, it seems critical to identify membrane molecules that
physically associate with glycosphingolipids in the vicinity of cell membrane of
living cells. This is because glycosphingolipids are embedded on the outer layer of
lipid bilayer membrane, and don’t contain intracytoplasmic domains (Groux-
Degroote et al. 2017).

Cluster formation of cancer-associated glycosphingolipids with various mem-
brane molecules on the cell surface in a horizontal manner, and also in vertical
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Fig. 2 Contrastive functions between monosialyl and disialyl gangliosides. Disialylated ganglio-
sides with tandem linked 2 sialic acids often enhance malignant properties in various kind of
tumors, while monosialylated (or a-series) gangliosides reduce malignant phenotypes and malig-
nant signals

connection with intracellular molecules, has been demonstrated to date. But,
enzyme-mediated activation of radical sources (EMARS) combined with mass
spectrometry (MS) developed by Honke and Kotani (Kotani et al. 2008), might be
a markedly useful technique to identify membrane molecules that are present around
cancer-associated glycosphingolipids within 100-300 nm on the cell surface without
any special apparatus (Furukawa et al. 2019). From the candidate molecules detected
in EMAR/MS results, we can identify physically associated molecules with cancer-
associated glycolipids on the living cell membrane (Hashimoto et al. 2012). Thus,
this approach enables us to identify molecular profiles of clustering molecules with
particular targets (Kotani et al. 2008).

Using anti-GD3 monoclonal antibody, EMARS/MS was utilized to identify
GD3-associated molecules in melanoma cells. Among molecules found both in
GEM/rafts fraction and GD3-targeted EMARS-labeled molecules, Neogenin was
exclusively detected only in GD3-positive cells (Hashimoto et al. 2012). This
molecule was found in GEM/raft fraction of only GD3-positive melanoma cells,
but not of GD3-negative cells. GD3 expression induced recruitment of Neogenin and
y-secretase to GEM/rafts, leading to the increased levels of intracytoplasmic domain
(ICD) of Neogenin based on the action of y-secretase (Kaneko et al. 2016). Conse-
quently, Neogenin ICD promotes expression of various genes as a transcription
factor (Kaneko et al. 2016), resulting in the enhanced expression of various mole-
cules. ChIP-seq analysis revealed many target genes such as GPR126, STXBPS5,
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MMP16, SPATA31A1, and S6K should be targets of Ne-ICD. These genes were
actually upregulated by the expression of Ne-ICD. These results demonstrated, for
the first time, how cancer-associated GD3 enhances malignant properties of
melanomas.

In mouse glioma cells, PDGF-Ra was identified as a GD3-associated membrane
molecule using EMARS-MS technique (Ohkawa et al. 2015). Physical association
and clustering of GD3 and PDGF-Ra resulted in the activation of a Src family
kinase, Yes and also activation of downstream paxillin (Ohkawa et al. 2015).
Immunoprecipitation/immunoblotting revealed ternary complex formation among
GD3, PDGFRa, and Yes, being colocalized in lamellipodia. Furthermore, in SCLC
cells, ASCT2, a glutamine transporter, was identified as a GD2-associated molecule
and shown to be localized in GEM/rafts. Co-operation of GD2 and ASCT?2 resulted
in the enhancement of cell proliferation and migration via increased phosphorylation
of the mTOR complex 1 signaling axis (Esaki et al. 2018).

These results indicated that EMARS/MS technique is highly effective to elucidate
the molecular complex formation around cancer-associated glycolipids on the living
cell surface. It can also give us clues to reveal vertical molecular sequences origi-
nating from cancer-associated glycolipids. Thus, heterogeneity in GEM/rafts
according to each “core” glycolipid might be clarified using this technique for the
foresighted finding with morphological studies (Fujita et al. 2007).

8 trans-Interaction of Glycosphingolipids with Their
Ligand Molecules Also Affects the Nature of Cells
on Both Sides

Considering the meaning of GEM/rafts in the regulation of cell phenotypes and cell
signals, their significance as a platform for the signal transduction might be the most
critical and intriguing. The results elucidated by EMARS/MS approaches also
support its importance in the generation of malignant signals and cancer phenotypes.
Majority of molecules identified by this approach using glycolipids as the target
molecules belong to cis-acting membrane molecules present around the cancer-
associated glycolipids as shown in Fig. 3.

On the other hand, molecular clustering on the cell membrane consisting of
glycosphingolipids and associated molecules is also involved in the recognition
and binding of the carbohydrate structures by carbohydrate-recognizing molecules
from outside of cells (trans-acting). Binding of many bacterial toxins occurs in this
manner (Fig. 3). Recently, we reported that recognition of ganglioside GD3 on the
cell membrane by a sialic acid-recognizing lectin, Siglec-7, is dependent on by the
clustering mode of GD3 in lipid rafts (Hashimoto et al. 2019). Here, recruitment of
GD3 to lipid rafts was determined by the presence/absence of hydroxyl group in
ceramide moiety. Thus, the cluster formation of GD3 in lipid rafts confers its binding
with Siglec-7, and finally sensitivity to the killing with NK cells (Hashimoto et al.
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2019). How Siglec-7 recognizes only clustered GD3 in GEM/rafts remains to be
investigated. Consequently, trans-interaction of cancer-associated
glycosphingolipids and carbohydrate-recognizing molecules (lectins) should deter-
mine the survival intensity of the cancer cells in our bodies based on the modulation
of the escape of cancer cells from immune surveillance of host immune systems.

Not only Siglecs, but other glycolipid-recognizing molecules such as soluble
lectins and monoclonal antibodies also interact with cancer-associated
glycosphingolipids on the cell surface in a trans-binding manner. In particular, an
anti-GM3 monoclonal antibody, M2590, reacted only with GM3 with “high density”
or “topographical distribution” (Sakiyama et al. 1987). This binding mode might
indicate that mAb M2590 can recognize only GM3 concentrated in lipid rafts, while
precise mechanisms remain to be clarified.

9 Application of Signal Studies for Novel Cancer Treatment

A number of trials have been performed to apply mouse and/or human monoclonal
antibodies reactive with cancer-associated gangliosides for cancer treatment
(Houghton et al. 1985; Irie and Morton 1986; Yamaguchi et al. 1987). Anti-
ganglioside mAbs have been rigorously studied for their effects in the suppression
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of mouse melanomas, human neuroblastomas, and human melanomas (Harel et al.
1990). Vaccine therapy with gangliosides or neutral glycolipids and various adju-
vants have also been challenged (Yu et al. 2020; Ragupathi 1996; Livingston 1995;
Sigal et al. 2022). They showed markedly nice results in some cases, but not so good
in some cases. Anti-GD2 mAbs showed significant effects in extending remission
intervals of neuroblastoma patients when used during remission phase (Kushner
et al. 2015).

Generally, immune therapy of cancers toward cancer-associated
glycosphingolipids can be successful by the definitely specific expression patterns,
for example, “class 2” group in Old’s proposal (Old 1981) (Table 1). Thus, the
specificity in the expression of carbohydrate structures on malignant cells has strictly
been required, while those with relatively high levels in malignant cells compared to
normal cells and tissues have been also accepted as Rituximab (anti-CD20) used in
B-cell lymphomas (McLaughlin et al. 1998).

Various novel strategies have been constructed to eradicate malignant tumors
based on the expression/function analyses of cancer-associated glycosphingolipids,
and been applied in clinical. GD3 and GD2 are synthesized via the action of GD3
synthase, and specifically activate several signals that are essential for the malignant
phenotypes of cancers. Therefore, in addition to these gangliosides and ganglioside
synthases, signaling molecules, which are located at the downstream of signaling
pathway activated by those cancer-associated gangliosides and play a crucial role in
the promotion of malignant phenotypes, can be targets for cancer therapy (Furukawa
et al. 2006) (Fig. 4). As fundamental studies for the substantial basis for cancer
treatment toward glycosylation machinery, sh-RNA- expressing plasmids of GD3
synthase were tried (Ko et al. 2006), showing excellent effects on the gene expres-
sion and cell phenotypes. Repeated transfection of anti-GD3 synthase siRNA into
lung cancer cells resulted in the suppression of GD2 expression and also reduction in
the cell growth and invasion activity. Moreover, cell apoptosis could be induced by
the repeated siRNA transfection. Stable introduction of RNAi expression vector
(sh-RNA) in human SCLC cell lines showed slower cell growth than the control
cells in severe combined immunodeficiency mice (Ko et al. 2006).

Small interfering RNA(s) (siRNA(s)) mixed with atello-collagen was tried to
suppress human malignant melanomas grafted on nu/nu mice (Makino et al. 2016).
Combined siRNAs against two adaptor molecules, that is, p130Cas and paxillin,
showed most efficient suppression activity of the tumor growth in mice compared
with that of either siRNA (Makino et al. 2016). In agreement with the tumor
suppression effects, reduction in Ki-67-positive cell number was demonstrated,
suggesting that blockade of GD3-mediated growth signaling pathway by siRNAs
might be a novel and promising therapeutic strategy against malignant melanomas.

As one of important signaling molecules located at the downstream of membrane
gangliosides, FAK has been also considered as a promising target of cancer treat-
ment (van Nimwegen and van de Water 2007; Sulzmaier et al. 2014; Zimmer and
Steeg 2015; Chauhan and Khan 2021; Dawson et al. 2021). FAK plays an important
role in signaling pathways, which are triggered by integrin-mediated cell adhesions
and by growth factor receptors (Fig. 4) (van Nimwegen and van de Water 2007).
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downstream of the signaling pathway can be targets of therapeutics for cancers (Furukawa et al.
2006)

FAK is highly expressed in some solid tumors and also in stromal cells of the tumor
microenvironments (Sulzmaier et al. 2014), and considered to promote tumor
progression and metastasis. Therefore, small molecular weight FAK inhibitors
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have been developed, and been used in preclinical trials (Chauhan and Khan 2021).
In particular, FAK is considered to be promising target of metastasis prevention trials
(Zimmer and Steeg 2015), and targeting FAK in anticancer combination therapies is
now being expected (Dawson et al. 2021). These studies well correspond with our
past reports on GD3- or GD2-mediated signal activation in melanomas (Hamamura
et al. 2008; Yesmin et al. 2021) or small cell lung cancers (Aixinjueluo et al. 2005).

10 Conclusion

Among 3 classes of tumor antigens listed in Table 1 (Old 1981), cancer-associated
carbohydrate antigens should be included in “class 2” (shared) tumor antigens.
Compared with “neoantigens” originating from gene mutations occurred in cancer
cells, “class 2” antigens are much better targets for cancer immunotherapy. First of
all, it is easy to construct therapeutic strategy because of common presence among
similar cancers compared with class 1 (unique) antigens or neo-antigens. Secondly,
it is possible to depend on relative abundance of antigens on cancers and to consider
as targets of therapy, while they are expressed in some sites, some developmental
stages of life with much lower levels. Finally, many successful examples have been
reported so far and many trials are ongoing. Consequently, we are now challenging
novel cancer treatment targeting molecules forming molecular complexes with
cancer-associated glycosphingolipids on the membrane and/or in the cytoplasm
(Kotani et al. 2008; Furukawa et al. 2008).
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Tumor Progression through Interaction M)
of Mucins with Lectins and Subsequent ekl
Signal Transduction

Shungo Iwamoto, Naoki Itano, and Hiroshi Nakada

Abstract Glycans bearing on cell surface glycoproteins are often altered in tumor
cells. A variety of aberrant glycans, tumor-associated carbohydrate antigens, are
typically expressed on mucins. Some lectins recognizing these antigens have been
identified mainly on immune cells and play a role as inhibitory receptors.

Binding of soluble lectins and/or membrane-bound lectins (lectin receptors) to
membrane-bound mucins such as MUCI triggers signaling in tumor cells. On the
other hand, membrane-bound and/or soluble mucins play a role as ligands for lectin
receptors, initiating signal transduction in immune cells. These mucin-lectin net-
works contribute to both tumor progression and immune suppression. In this chapter,
first, we mainly describe our current data on MUC1-mediated signaling through
interactions with galectin-3 and Siglec-9, and then review lectin receptor-mediated
signaling triggered by binding of mucins and its biological significance.

1 Introduction

1.1 General

Aberration of the cell surface carbohydrate moieties has been established as a
universal characteristic of malignant cells. However, the functional implications of
the changes in cell surface glycoconjugates in malignancy are not completely
understood yet. Mucins are heavily O-glycosylated glycoproteins and are present
on luminal epithelial surfaces. They are involved in protection and lubrication of the
cell surface. Several lines of evidence have demonstrated that membrane-bound
mucins are also involved in more complex biological events such as cell signaling,
cell adhesion, and cell differentiation. Of the membrane-bound mucins, MUC1 has
been extensively studied and is viewed as a tumor-associated molecule because of its
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frequent overexpression and aberrant glycosylation in various cancers (Gendler and
Spicer 1995; Kudelka et al. 2015). Generally, mucins carry a variety of tumor-
associated carbohydrate antigens, some of which are referred to as tumor glyco-
codes. Mucins readily come into contact with not only soluble lectins but also lectin
receptors expressed on infiltrating cells in a tumor microenvironment and lectins
could play a role as plausible, physiological ligands for membrane-bound mucins
such as MUCI. Necessarily, lectin receptors initiate signal transduction through
interaction with soluble and/or membrane-bound mucins. It has been demonstrated
that lectins also play critical roles in cell trafficking, signaling, and inflammation.

1.2  Mucin Family

Mucins, a large family of extremely O-glycosylated glycoproteins, are produced by
the epithelia of the respiratory, gastrointestinal, and reproductive tracts
(Hollingsworth and Swanson 2004). Deregulation of mucin expression has been
demonstrated to be one of the most prominent characteristics of numerous types of
cancers (Gendler and Spicer 1995; Hollingsworth and Swanson 2004). Based on
their structural characteristics and physiological fates, mucins have been classified
into two groups: membrane-bound mucins (MUC1, MUC3A, MUC3B, MUC4,
MUCI12-18, MUC20, MUC21) and secreted mucins (MUC2, MUC5AC, MUC5B,
MUC6-8, MUC19). Membrane-bound mucins are localized to the apical surface of
normal epithelial cells, but in malignant cells, they are distributed on the entire cell
surface due to a loss of apical-basal polarity. Secretory mucins cover the epithelial
surface and play a role as a protective barrier. The protein backbone of mucins is
characterized by tandemly repeated motifs (tandem repeats). Due to a variable
number of tandem repeats, mucins frequently exhibit polymorphism both within
and between individuals (Gendler and Spicer 1995; Moniaux et al. 2001). The
tandem repeat regions are especially rich in serine and threonine, which are possible
O-glycosylation sites (Strous and Dekker 1992).

1.3 Expression of Tumor-Associated Carbohydrate Antigens
Due to Aberrant Glycosylation

Among tumor-associated carbohydrate antigens, the most common alterations occur
in the mucin-type O-glycans. Typical alterations are under-glycosylation and addi-
tion of aberrant terminal sugars. They are synthesized in tumor cells, generating
novel oligosaccharides that are highly expressed in various cancers, whereas they are
weakly expressed in normal tissues. Figure 1 shows the biosynthesis of four major
core structures and tumor-associated carbohydrate antigens including tumor glyco-
codes. A large family of polypeptide GalNAc-transferases (ppGalNAc-T) initiates



Tumor Progression through Interaction of Mucins with Lectins. . . 173

GalNAc SLe? antigen

Gal O a2-3

SLex antigen

®) a2-3 Qﬁ._

|<x1-3

1-3

|u1-4

Sialyl T antigen ~ \ I

L O a2-3 or a2-6 <> B1-3 . % Ser/Thr \ IEIongation of Core2 structure

J

Ia2-3 ora2-6 ST \ I
Ve

T antigen (TF antigen) ————————~

~

Core2

<> B13 B = ser/thr D\m-e

Coref Core2 GnT <> £1° = serThr

4 - J
Core1 GalT
Tn antigen STn antigen
2-6

SernThr mssss) | [l = SerThr | Eo—) () = = serthr

ppGalNACT ST6 GalNAcT  {_ )

1 Core3 GnT
O E =5 | com—) D\m_e

Core4 GnT p1-3 a
Core3 D . — Ser/Thr

Core4

Fig. 1 Biosynthesis of O-glycan and cancer-associated carbohydrate antigens. Every sugar of O-
linked mucin-type oligosaccharides is transferred enzymatically from a specific nucleotide sugar.
The biosynthesis of mucin-type O-glycans is initiated by the addition of N-acetylgalactosamine
(GalNAc) to Ser or Thr residues, and then extended into Core 1, Core 2, Core 3, and Core
4 structures through the transfer of the indicated sugar. The arrows indicate the enzyme involved
in each reaction, and linkage lines indicate the attachment for each sugar. ppGalNAcT polypeptide
N-acetylgalactosamine transferase; Core I GalT Core 1 galactose transferase; Core 2 GnT Core
2 N-acetylglucosamine transferase; Core 3 GnT Core 3 N-acetylglucosamine transferase; Core
4 GnT Core 4 N-acetylglucosamine transferase; GalNAcT N-acetylgalactosamine transferase; ST
sialyltransferase; SLe” sialylLewis®; SLe" sialylLewis™

mucin-type O-glycosylation and synthesizes GalNAco—Ser/Thr (Bennett et al.
2012). It appears that each member of the multiple ppGalNAc-T has a slightly
different but overlapping substrate specificity, and the repertoire of ppGalNAc-T
expressed in a cell controls the O-glycosylation pattern. Specific
glycosyltransferases then add sugar residues to yield four main O-glycan core
structures containing GIcNAc, Gal, or GalNAc substitutions of GaINAca—Ser/Thr.
This elongation often does not occur in cancer cells, generating GaINAco—Ser/Thr,
which is referred to as Tn antigen (Dahr et al. 1974). Core 1 is synthesized by core
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1 1,3 Gal transferase (Core 1 3 Gal-T) (Ju et al. 2002). Corel, as a terminal
structure often referred to as the T antigen (TF antigen), is prevalent in cancer cells
(Thomas and Winzler 1969). Core 153 Gal-T requires a specific chaperon, Core 1 3
Gal-T-specific molecular chaperon (Cosmic), for proper folding and functional
activity (Ju and Cummings 2002; Ju et al. 2008; Sun et al. 2011). Eventually, a
lack of Cosmic expression increases the levels of Tn and sialylTn antigens (Ju et al.
2008; Hofmann et al. 2015). It has also been demonstrated that ppGalNAc-T1,
which is one of the glycosyltransferases involved in the initiation of the mucin-
type O-glycosylation and normally restricted to the Golgi apparatus, can be
relocalized to the endoplasmic reticulum, leading to an increase of truncated O-
glycans (Gill et al. 2010, 2011). Core 2 p1,6 GlcNAc transferase (GlcNAc-T)
converts the T antigen to the core 2 structure. A number of related 1,6 GlcNAc-
Ts appear to exist with distinct substrate specificities. Core 2 1,6 GIcNAc-T2
(mucin-type) activity is highly detected in normal colon tissues. Core 2 P1,6
GIcNAc-T1 (leukocyte-type) seems to be elevated in colon cancer tissues. Core
3 is synthesized by core 3 p1,3 GlcNAc-T (Iwai et al. 2002). This enzyme activity is
found only in mucin-secreting tissues and is low in colon cancer tissues. Core 4 1,6
GIcNAc-T activity is found in colonic tissues and cancer cell lines. Because synthe-
sis of core 3 precedes that of core 4, synthesis of core 4 is limited by low activity and
the tissue distribution of core 3 f1,3 GlcNAc-T. Some truncated O-glycans are
sialylated mainly due to the overexpression of 2,6 and 2,3 sialyltransferases
(SA-T) (Lu and Gu 2015). Thus, sialyTn and sialyT antigens are commonly found
in tumor tissues. Tn antigen is found in more than 90% of breast cancers, and
expression of sialyTn antigen is also detected in more than 80% of epithelial cancers
and associated with a poor prognosis (Munkley 2016). Tn and T antigens are
coexpressed on approximately 85% of adenocarcinomas (Karanikas et al. 1997).
Tn and sialylTn antigens are also coexpressed in various malignant tissues including
colon, breast, prostate, respiratory, pancreas, ovarian, and gastric cancers (Julien
et al. 2012; Freitas et al. 2019). T antigen is found in 90% of various cancers, and is
prevalent in gastric, colon, pancreas, ovary, and prostate cancers (Cazet et al. 2010).
The four main O-glycan core structures can be extended, branched, and terminated
by many different families of glycosyltransferases. The Core 2 structure is extended
by the addition of 1,4 Gal to GlcNAc (type 2 chain) by pl1,4 Gal-T or by the
addition of p1,3 Gal to GIcNAc (type 1 chain) by f1,3 Gal-T. SialylLewis™ (SLe*)
antigen is synthesized by further elongation of the type 2 chain by the addition of o
2,3 SA to Gal by 2,3 SA-T and of a1,3 Fuc to GlcNAc by a1,3 Fuc-T. SialylLewis®
(SLe®) antigen is synthesized by elongation of the type 1 chain by the addition of
a2,3 SA to Gal by a2,3 SA-T and of «l,4 Fuc to GlcNAc by al,4 Fuc-T. SLe?
antigen is detected in more than 50% of lung, liver, breast, pancreas, stomach, and
colon cancers. SLe* antigen is found in more than 90% of colon, esophagus, ovary,
breast, pancreas, and stomach cancers.
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1.4 Lectins

Three major lectin families, namely, S-type, C-type and I-type lectins, are expressed
in our body. Galectins belong to S-type lectins and share conserved carbohydrate
recognition domains (CRD) of ~130 amino acids with affinity for p-galactoside
(Sindrewicz et al. 2016). So far, 15 galectins have been identified in mammalian and
classified into three groups; The proto-type group with one CRD (Galectin-1,-2,-5,-
7,-10,-13,-14, and -15), the tandem-repeat type with two CRDs connected by a
nonconserved linker (Galectin-4, -6, —8, -9, and -12), and the chimeric type with one
CRD and a nonlectin N-terminal domain (Galectin-3) (Cooper and Barondes 1999;
Ruvolo 2016; Sciacchitano et al. 2018). Galectins are synthesized on free ribosomes
in the cytosol. In spite of lacking a signal peptide, they are secreted outside the cell
via a nonclassical pathway and thus are found on the cell surface and/or in the
extracellular space (Sato and Hughes 1994). Galectins possess a variety of functions
depending on their intra- or extracellular distributions. Intracellular galectins may
have an effect on cell signaling by interacting with signaling proteins in the cytosol
such as RAS proteins and p-catenin, and RNA splicing through binding of compo-
nents of the spliceosome complex in the nuclei (Liu et al. 2002; Elad-Sfadia et al.
2004; Shimura et al. 2004; Fritsch et al. 2016). Extracellular galectins are exposed to
a variety of glycoconjugates. Some galectins are capable of forming lattices through
their cross-linking. The formation of a cell surface glycoprotein lattice has been
demonstrated to influence cell signaling, cell migration, and cell adherence (Honig
et al. 2018). Galectin-3 was originally identified in murine peritoneal macrophages
and named Mac-2 (Ho and Springer 1982). Later, it was detected in a variety of
tumor tissues. The expression level and distribution of galectin-3 are different in
various human tumors and are correlated with tumor progression (Liu and
Rabinovich 2005). The concentration of circulating galectin-3 in the serum of cancer
patients is higher than that in healthy individuals (Turisci et al. 2000; Saussez et al.
2008). Because galectin-3 can act as a bivalent or multivalent ligand (Yang et al.
1998; Ahmad et al. 2004), it can cross-link cell surface glycoconjugates, which, like
many other receptor-ligand systems, can trigger a cascade of transmembrane signal-
ing (Nieminen et al. 2007; Gao et al. 2014). C-type lectin receptors such as dendritic
cell (DC)-specific intercellular adhesion molecule-3-grabbing nonintegrin
(DC-SIGN) (Geijtenbeek et al. 2000; Kwon et al. 2002) and macrophage galactose
lectin (MGL) (Higashi et al. 2002; van Vliet et al. 2013) play critical roles in immune
regulation. Although C-type lectin receptors were initially considered to function as
scavenger receptors that bind and take up pathogens upon recognition of particular
carbohydrate structures, it has been revealed that some C-type lectin receptors may
play arole in cell adhesion, signaling, or uptake of antigen. Thus, they are considered
to be involved in the recognition and uptake of aberrantly glycosylated tumor
antigens. Some lectin receptors could also play a role as signaling molecules, the
signaling being initiated through ligation of the glyco-code expressing mucins
and/or mucin-type O-glycan-carrying glycoproteins. The uptake of the glyco-code
carrying antigens through these lectin receptors primarily results in exhibiting an
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immunosuppressive or tolerogenic phenotype. Although many lectin-receptor-medi-
ated signaling pathways have not fully resolved, it is notable that glycan-lectin
interactions downmodulate immune responses, contributing to tumor progression
through immune evasion.

Siglecs (sialic acid binding Ig-like lectins) belong to I-type lectins and are mostly
expressed on immune cells (Macauley et al. 2014; van de Wall et al. 2020). In
human, 14 different functional Siglecs have been identified. The conserved Siglecs,
that is, Siglec-1 (sialoadhesin), Siglec-2 (CD22), Siglec-4 (MAG), and Siglec-15,
have orthologs in different mammalian species. On the other hand, CD33 (Siglec-3)-
related Siglecs have undergone rapid evolutionary adaptation. This family includes
Siglec-3, Siglec-5, Siglec-6, Siglec-7, Siglec-8, Siglec-9, Siglec-10, and Siglec-11
(Angata 2018). In mice, no orthologs of human CD33-related Siglecs have been
found, but functional paralogues have been defined (Laubli et al. 2014). Although
Siglecs recognize sialoglycans commonly, the range of binding specificity varies
with different Siglecs. For instance, Siglec-9 exhibits a broad binding specificity
(Padler-Karavani et al. 2014), whereas Siglec-8 recognizes rather limited number of
structures of sialoglycans including sulfate groups (Propster et al. 2016). An
increased density of sialoglycans facilitates interaction with inhibitory Siglec recep-
tors on immune cells and modulates the immune response to cancer. Because mucins
possess a variety of oligosaccharides including sialoglycans, they are expected to act
as a scaffold for the binding of lectins.

2 Mucin-Mediated Tumor Progression

2.1 Expression of MUC1

MUCI is a membrane-bound and high molecular weight (>400 kDa) glycoprotein
that is expressed at the basal level in most epithelial cells. Epithelial cells lose their
polarity associated with transformation, and thereby, MUC1 is expressed throughout
the entire cell membrane of tumor cells, allowing it to interact with receptors or
ligands that are restricted to the lateral and basal borders in normal cells (Nath and
Mukherjee 2014; Chugh et al. 2015). In malignant tumors, MUCI is overexpressed
(Chugh et al. 2015), and its expression level is correlated with a poor prognosis
(Kufe et al. 1984; Kufe 2009). Actually, more than 90% of breast carcinomas
overexpress MUC1 (Gendler 2001). Using pancreas, breast and myeloma cell
lines, rat fibroblasts, and a MUCI transgenic model of human breast cancer,
overexpression of MUCI has shown to induce transformation and increase tumor-
igenicity (Li et al. 2003; Schroeder et al. 2004; Singh et al. 2007).
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2.2 Structure of MUCI

A schematic structure of MUCI is shown in Fig. 2. After synthesis as a single
polypeptide, it is autocleaved in the endoplasmic reticulum into two subunits (N-and
C-terminal subunits) that form a stable heterodimeric complex held together through
a noncovalent interaction on the cell surface (Levitin et al. 2005; Macao et al. 2006).
The N-terminal domain (MUCI-ND), which is a large extracellular domain, contains
variable numbers of 20 amino acid tandem repeats including five serine/threonine
residues (Gendler et al. 1988; Siddiqui et al. 1988). MUCI is an extremely huge
membrane-bound molecule and is easily accessible to lectins because of its rod-like
structure, which is longer (200-500 nm) than typical cell surface molecules
(~30 nm) (Becker et al. 1989). Thus, cell-cell and cell-extracellular matrix interac-
tions are sterically hindered by masking of adhesion molecules such as E-cadherin
(Wesseling et al. 1996). The C-terminal domain (MUC1-CD) is comprised of a short
extracellular domain, a transmembrane domain, and a cytoplasmic tail. MUC1-CD is
involved in not only anchoring of the MUC1-ND to the membrane but also various
signaling events. MUC1-CD has several serine, threonine, and tyrosine phosphory-
lation sites that can interact with some key signaling molecules such as f-catenin,
pS53, and NF-xB (Singh and Hollingsworth 2006). These signaling molecules are
translocated with MUC1-CD to the nucleus. The Cys-GIn-Cys (CQC) motif in
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Fig. 2 Schematic structure of MUC1. MUCI is a high molecular weight membrane glycoprotein.
The N-terminal ectodomain (MUCI-ND) consists of variable numbers (25—100) of 20-amino acid
(AA) tandem repeats that are extremely O-glycosylated. The C-terminal domain (MUCI1-CD) is
composed of a 58-AA extracellular domain, a 28-AA transmembrane domain, and a 72-AA
cytoplasmic domain. MUC1-CD interacts with cytoplasmic proteins related to signal transduction
such as f-catenin. Several signalings also occur in a MUCI-CD phosphorylation—dependent
manner
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MUCI1-CD is required for its homodimerization and interaction with nuclear
translocation—related proteins such as importin and nucleoporin (Raina et al. 2012;
Leng et al. 2007).

2.3 Growth Factor Receptor-Mediated Phosphorylation
of MUC1 and Subsequent Signaling

It has been extensively demonstrated that phosphorylation occurs through the
interaction of MUC1 with specific receptor tyrosine kinases such as epidermal
growth factor receptor (EGFR), hepatocyte growth factor receptor (MET), and
platelet-derived growth factor receptor f (PDGFR ) (Schroeder et al. 2001; Singh
and Hollingsworth 2006; Singh et al. 2007, 2008; Kufe 2009, 2013; Bafna et al.
2010; Roy et al. 2011; Apostolopoulos et al. 2015; Hanson and Hollingsworth
2016). The cooperation of MUC1 with growth factor receptors is shown schemat-
ically in Fig. 3a. The ErbB family consists of four transmembrane receptors: ErbB1
(EGFR), ErbB2 (Her2), ErbB3 (Her3), and ErbB4 (Her4). MUCI interacts with all
four members of the ErbB family of growth factor receptor tyrosine kinases through
MUCI1-CD and potentiates ErbB-dependent signal transduction (Li et al. 2001;
Schroeder et al. 2001). Ramasamy et al. reported that galectin-3 is responsible for
the interaction between MUC1 and EGFR (Ramasamy et al. 2007). Binding of a
ligand to ErbB1 triggers phosphorylation of MUC1-CD at tyrosine in the YEKV
motif (Li et al. 2001). Phosphorylation of MUC1-CD enhances its affinity for the
c-Src SH2 domain and f-catenin, and facilitates nuclear translocation. Interaction of
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Fig. 3 MUCI-mediated signaling. (a) MUC1-CD is phosphorylated through the interaction with a
receptor tyrosine kinase such as epidermal growth factor receptor, leading to various signaling
pathways. (b) MUC1-mediated signaling also occurs through the binding of galectin-3 to MUCI
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the c-Src-SH2 domain with the YEKV motif inhibits the binding of glycogen
synthase kinase 3p (GSK3p), which can also phosphorylate MUC1-CD and reduce
its interaction with pB-catenin. The tyrosine in the YEKV motif is also phosphorylated
by c-Src, which can facilitate binding with B-catenin directly and prevent interaction
with GSK3p. Thus, MUC1-CD functions by integrating signals from the EGFR and
Whnt pathways. ErbB2-ErbB3 heterodimerization, which is stimulated by the ErbB3
ligand, heregulin, enhances the interaction of MUCI-CD with y-catenin and
targeting of the MUCI1-CD/y-catenin complex to the nucleus (Li et al. 2003).
MUCT also interacts with fibroblast growth factor receptor 3 (FGFR3). On stimula-
tion with FGF in breast cancer cells, tyrosine of MUCI-CD is phosphorylated,
followed by an increase in the binding of MUCI to p-catenin and targeting of the
MUC1/B-catenin complex to the nucleus (Ren et al. 2006). MUC1-CD binds directly
to estrogen receptor a (ERa) DNA-binding domain, and thereby stabilizes ERa by
blocking its ubiquitination and degradation. Thus, MUCI also controls cell prolif-
eration through interaction with ERa (Wei et al. 2006). MUC1-CD contains
22 potential phosphorylation sites, giving rise to a wide array of potential phosphor-
ylation patterns. The specific pattern of phosphorylated sites may designate associ-
ation of MUC1-CD with different downstream effectors, such as growth factor
receptor-bound protein-2 (GRB2)/son of sevenless (SOS), to initiate downstream
signaling cascades (Pandey et al. 1995; Bitler et al. 2010). Studies on MUC1-related
events that promote tumor progression are still accumulating. Shukla et al. reported
that MUCI stabilizes and activates hypoxia-inducible factor-1a to regulate metab-
olism in pancreatic cancer (Shukla et al. 2017).

2.4 MUCI-Mediated Signaling Through the Binding
of Galectin-3 to MUC1

As described above, it has been reported that MUCI associates with several growth
factor receptors and potentiates growth factor—dependent signaling through
MUCI1-CD. However, in these studies, MUC1-CD but not MUCI1-ND has been
focused. A few studies have demonstrated endogenous ligands for MUC1. Binding
of intracellular adhesion molecule can initiate calcium signaling (Rahn et al. 2004).
Another study showed that MUCI signaling could be triggered by binding of
Pseudomonas aeruginosa or its flagellin protein, leading to activation of MAP
kinase (Lillehoj et al. 2004). As described above, MUCI1-ND has an extended
structure and truncated short oligosaccharides such as T antigen. Thus, MUCI is
expected to act as a particularly effective scaffold for the presentation of oligosac-
charide chains to lectins.
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Binding of Galectin-3 to MUC1

It has been reported that MUCI is a natural ligand of endogenous galectin-3 and T
antigen carried on MUCI interacts with galectin-3 (Yu et al. 2007). These studies
have focused on the effect of galectin-3 on cell behavior such as cell adhesion. The
interaction of MUC1 with galectin-3 induces the polarization of MUCI on the cell
surface, leading to the exposure of cell adhesion molecules. The exposed adhesion
molecules facilitate hemolytic aggregation of tumor cells and adhesion of tumor cells
to endothelial cells (Yu et al. 2007; Zhao et al. 2009, 2010). Overexpression of
MUCI in A375 melanoma cells inhibits adhesion to endothelial cells, but addition of
galectin-3 increases adhesion (Zhao et al. 2009). Adhesion molecules such as CD44,
which are normally masked by MUCI, are exposed on treatment with galectin-3
(Zhao et al. 2009, 2010). Piyush et al. reported that binding of galectin-3 to MUC1
increases MUC1-EGFR association, leading to enhanced and prolonged EGFR
activation (Piyush et al. 2017). As described above, MUC1-mediated out-side-in
signaling has been limited. We tried to elucidate the effect of galectin-3 on MUCI-
mediated signaling mainly using human MUCI1 gene transfectants (Mori et al.
2015). With respect to the binding site for galectin-3, different results have been
reported. Galectin-3 can interact with either O-glycans branches on MUCI-ND
(Yu et al. 2007) or N-glycans on MUC1-ND (Ramasamy et al. 2007). 3 T3/MUC1
cells were established by introducing human MUC1 cDNA into mouse 3 T3 cells.
MUCI1 was prepared from 3 T3/MUCI cells and denatured with 4 M guanidine-HCl,
followed by separation of MUCI1-ND and -CD by CsCI centrifugation. It was
revealed that galectin-3 could bind to MUC1-ND but not to MUC1-CD, this being
consistent with the finding that MUCI binds to to galectin-3 even after N-glycanase
treatment (Tanida et al. 2014). Because HCT116 cells (a human colorectal cancer
cell line) express negligible levels of mucins including MUC1, MUC1 cDNA-
transfected HCT116 cells (HCT116/MUCT cell) were also prepared (Mori et al.
2015). Among the galectin family, galectin-1 and -3 were endogenously expressed
in HCT116 cells and their expression levels were not affected by MUC1 cDNA
transfection. Binding of galectin-3 to MUCI was confirmed by a
coimmunoprecipitation assay using antigalectin-3 antibodies and anti-MUC1-ND
antibodies. Expression of T antigen on MUCI1 was also demonstrated by a pull-
down assay using peanut agglutinin-conjugated agarose. Extracellular galectins
bound to the cell surface glycoconjugates were labeled with biotin, and biotin-
labeled galectin-1 and -3 were detected by immunoblotting. About twofold of
biotin-labeled galectin-3 was detected in HCT116/MUCI1 cells compared with in
HCT116/Mock cells, whereas the level of biotin-labeled galectin-1 on the surface of
HCT116/MUCI cells was similar to that on HCT116/Mock cells. These results
suggest that galectin-3 but not galectin-1 is retained on the cell surface through its
binding to MUCI. In this context, it has been demonstrated that although the galectin
family exhibits high affinity for p-galactoside-containing carbohydrate chains such
as T antigen, its affinity for each -galactoside-containing carbohydrate chain differs
among galectins (Hirabayashi et al. 2002). In the case of T antigen, galectin-3
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exhibits higher affinity than galectin-1 does (Bian et al. 2011). Therefore, although
both galectin-1 and -3 in HCT116 cells may be secreted extracellularly, galectin-3 is
likely to preferentially bind to T antigen carried on MUC1-ND. Immunochemical
observation of MUCI1 and galectin-3 on the cell surface demonstrated that the
uneven distribution of galectin-3 on the cell surface seems to parallel that of
MUCI, suggesting the association of galectin-3 with MUCI1 on the cell surface.
The distribution of MUCT in tumor tissues also almost completely coincided with
that of galectin-3. In contrast, in nonmalignant tissues, MUC1 was detected slightly,
and its distribution seemed to be different from that of galectin-3, probably due to
limited distribution of MUCI1 on the apical surface and/or nonexpression of T
antigen carried on MUCI1 in nonmalignant tissues.

Enhanced Phosphorylation of ERK1/2 and Akt and Tumeor Progression

It has been extensively demonstrated that MUC1 potentiates growth factor-triggered
signal transduction and multiple signal transduction pathways are initiated by
phosphorylation of tyrosine residues. First, phosphorylation of MUC1-CD on treat-
ment with galectin-3 was investigated (Mori et al. 2015). To exclude the possible
effects of endogenous galectin-3 and growth factors included in serum and/or
produced by the cells, cells were preincubated in serum-free lactose-containing
medium and extensively washed with the same medium before an experiment.
Treatment of HCT116/MUCI cells with galectin-3 for 4 min enhanced the phos-
phorylation of MUC1-CD about 2.3 fold. Furthermore, because A549 cells (a human
lung cancer cell line) and SKOV3 cells (a human ovary cancer cell line) expressed
negligible and considerable levels of MUCI, respectively, a human MUCI gene
transfectant (A549/MUC1) and control cell (A549/Mock), and human MUCI gene
knockdown cells (SKOV3/Si) and control cells (SKOV3/Scr) have also been
established. These cells were treated with or without galectin-3 for 10 min, followed
by detection of phosphorylated ERK1/2 and Ark by immunoblotting. Except for
phosphorylated ERK1, which was under a detectable level, phosphorylation of
ERK?2 and Akt was enhanced more prominently in MUCI-expressing cells as
compared with the respective control cells. Phosphorylation of Akt was enhanced
more prominently on treatment with galectin-3 in HCT116/MUCI1 cells (~fourfold)
than in HCT116/Mock (~twofold), suggesting that although galectin-3 triggered
MUC1-mediated signaling mainly contributes to enhanced phosphorylation of Akt,
other unknown cell surface glycoproteins may also be involved in Akt phosphory-
lation. Although HCT116/MUCI cells express EGFR, this galectin-3-dependent
phosphorylation of ERK1/2 and Akt was detected even in the presence of an
EGFR inhibitor, indicating that enhancement of ERK1/2 and Akt phosphorylation
is involved in the galectin-3-triggered signaling pathway but not in EGFR-related
events.

On treatment with monovalent galectin-3, which was prepared by digestion with
collagenase type VII (Morris et al. 2004; Dam et al. 2005), phosphorylation of
ERK1/2 and Akt was markedly reduced, indicating that the multivalency of
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galectin-3 is critical for initiation of MUCI-mediated signaling. This finding is
consistent with the reports that galectin-3 can cross-link cell surface
glycoconjugates, initiating a cascade of transmembrane signaling events (Yang
et al. 1998; Ahmad et al. 2004; Nieminen et al. 2007). When galectin-3 is present
freely or bound to a monovalent binding site, the major form of galectin-3 is
monomeric (Morris et al. 2004). In contrast, when galectin-3 binds to multivalent
binding sites, galectin-3 forms oligomers through association with the galectin-3
N-terminal domain and behaves as a multivalent lectin (Yang et al. 1998; Ahmad
et al. 2004). Because O-glycans expressed on MUCI, which are the binding sites for
galectin-3, may be carried repeatedly on the tandem repeats of the MUCI core
protein, MUC1 may be one of the most preferable ligands for oligomerization of
galectin-3. It is generally agreed that the binding affinity of galectin-3 for oligosac-
charides carried on proteins including MUCI increases dramatically by clustering of
its protein (Dam et al. 2005). The significance of the MUCI extracellular domain has
been also demonstrated that MUC1-mediated signaling is dependent on the number
of tandem repeats (Cascio et al. 2011). In addition, homooligomerization of MUC1-
CD through interaction of a juxtamembrane region, the CQC motif, in MUC1-CD is
required for MUC1-mediated signal transduction (Kufe 2009; Raina et al. 2012;
Kharband et al. 2014). Clustering of MUC1 through binding of galectin-3 to MUCI
may facilitate oligomerization of MUCI1-CD. It is well known that activation of the
MAPK and PI3K/Akt signaling pathways leads to a variety of cellular functions such
as proliferation and motility (Engelman 2009). Analyses using MTT assays demon-
strated that proliferation of HCT116/MUCI and A549/MUCI cells was enhanced by
forced expression of MUCT1 as compared with that of the respective control cells,
whereas proliferation of SKOV3/Si cells was downmodulated by silencing of MUC1
expression as compared with that of SKOV3/Scr cells. Similar results were also
obtained using anchorage-dependent clonogenic assays. Wound healing assays
revealed that cell motility was also facilitated by forced expression of MUCI in
HCT116 cells and decreased by silencing of MUC1 in SKOV3 cells. These results
indicate that cell motility is also correlated with the expression level of MUCI. To
further examine whether or not endogenous galectin-3 contributes to promotion of
malignancy in MUCI-expressing cells, HCT116/MUCI cells expressing a lower
level of galectin-3 by treatment of HCT116/MUCI cells with galectin-3 shRNA
(HCT116/MUC1-Gal-3/Si) were established. Expectedly, silencing of galectin-3 in
HCT116/MUCI cells also downregulated the proliferation and motility. Further-
more, downregulation of the cell motility of HCT116/MUC1-Gal-3/Si cells recov-
ered to the level in control cells on treatment with exogenous galectin-3. These
results suggest that cooperation of MUCI and galectin-3 may be necessary for
promotion of the tumor malignancy, this being consistent with the fact that tumor
malignant phenotypes such as cell growth and motility change with the levels of
MUCI and galectin-3 expression. With these data as a background, galectin-3
antagonists have been searched for. It has been reported that galectin-3 antagonists,
GCS-100 and lactulose-L-leucin, which are oligosaccharides prepared from citrus
pectin and modified, and synthetic glucosamine, respectively, inhibit several malig-
nant progression in multiple myeloma and prostate cancer cells (Chauhan et al. 2005;
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Streetly et al. 2010). Thus, we synthesized glycopolymers carrying several repeats of
N-acetyllactosamine (LacNAc), which exhibited high affinity for galectin-3.
Because the binding affinity of LacNAc for galectin-3 was dependent on the number
of repetitive LacNAcs (Hirabayashi et al. 2002), artificial glycopolymers carrying
single, tandem, and triplet LacNAc repeats were prepared. HCT116/MUCI1 and
HCT116/Mock cells were cultured for 72 h in the presence or absence of these
glycopolymers, and then the effects of the glycopolymers were examined. The
glycopolymers carrying triplet LacNAc repeats inhibited cell proliferation most
significantly. Proliferation of HCT116/MUCI cells was more markedly inhibited
than that of HCT116/Mock cells. These results suggest that galectin-3 bound to
MUC1 was excluded by glycopolymers, and thereby, cell proliferation was
inhibited.

Enhanced Recruitment of $-Catenin to MUC1 on Treatment
with Galectin-3

As described in Sect. 2.3, growth factor receptor—mediated phosphorylation of
MUCI enhances the recruitment and subsequent translocation of f-catenin to the
nucleus. The effect of galectin-3-engagement on the recruitment of f-catenin to
MUCI was also examined (Tanida et al. 2014). After complete exclusion of growth
factors and galectin-3 contained in the serum and produced by 3 T3/MUCI cells, the
cells were treated with galectin-3 and then coimmunoprecipitation assay was
performed. p-Catenin and MUC1-CD were detected in the immunoprecipitates
with anti-MUC1-CD and anti-p-catenin antibodies, respectively.

The level of recruited p-catenin peaked at 30—40 min after treatment with
galectin-3 and then decreased to the control level by 50 min. Thus, it is considered
that the constitutive activation of MUC1-mediated signaling in an autocrine/para-
crine manner caused by ligation of galectin-3 promotes uncontrolled tumor cell
malignancy in a tumor microenvironment. As shown schematically in Fig. 3b, we
consider that this may be an alternative pathway that promotes tumor cell malig-
nancy even though growth factors such as EGF and FGF and/or their receptors are
absent and/or nonfunctional.

With respect to the biological roles of the two pathways, we speculate that
whether or not each pathway works depends on the distribution of related proteins
on the cell surface as shown schematically in Fig. 4. In polarized epithelial tissues at
the initial stage of carcinogenesis, growth factors are still secreted to the apical side,
but their receptors are localized basolaterally, which prevents ligation of the growth
factors (Vermeer et al. 2003; Tanos and Rodriguez-Boulan 2008). From this special-
temporal view, derangement of the epithelial sheet structure due to loss of organized
cell-cell adhesion may be a prerequisite for growth-factor-triggered tumor progres-
sion. In contrast, MUCI is localized apically in the premalignant phase before
dissemination of epithelial cells, which also prevents the association of growth
factor receptors with MUCI. In addition, galectin-3 is expressed in a variety of
epithelial cells and secreted predominantly to the apical side. Moreover, this lectin is
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Premalignant phase ‘ Loss of polarity ‘ Formation of tumor microenvironment

Fig. 4 Special-temporal change of signaling pathways with tumor progression. In polarized
epithelia, MUC1 and EGF are transported to the apical side, while EGFR is transported
basolaterally. Thus, neither ligation of EGF with EGFR nor association of MUC1 with EGFR
could be performed. Loss of cell polarity due to derangement of cell-cell interaction is prerequisite
for EGFR/MUCI cooperation and ligation of EGF with EGFR

recycled by the cells and plays a role in apical protein trafficking (Delacour et al.
2006; Honig et al. 2015). Thus, cooperation of galectin-3 with MUC1 may be
functional temporally and specially even in the early phase of tumor progression.
In a tumor-microenvironment formed after dissemination of epithelial cells, MUC1
may be able to cooperate with growth factor receptors in addition to the cooperation
of MUC1 with galectin-3.

2.5 MUCI-Mediated Induction of Urokinase Type
Plasminogen Activator (uPA)

It has been reported that high levels of MUCI are detected in invasive and metastatic
carcinomas among various types of tumors (Kufe et al. 1984; Qu et al. 2004),
suggesting that MUCT1 contributes to cell invasion and metastasis as well as cell
proliferation. In addition to the function of MUCI as a physical barrier for cell-cell
and cell-extracellular matrix (ECM) interactions, which enhance cell invasion,
MUC! may be involved in cell invasion more directly through the signaling
associated with MUCI1. Degradation of the ECM by proteolytic enzymes is a
prerequisite for cancer cell invasion and metastasis. Among proteolytic enzymes,
uPA and matrix metalloproteinases (MMPs) play critical roles in degradation of the
ECM, leading to tumor cell invasion and metastasis (Dang et al. 2005). The level of
uPA expression is correlated with the invasive potential and a poor prognosis in
various tumor cells including breast, stomach, and colon cancer (Sidenius and Blasi
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2003). uPA is produced by cancer cells and/or stromal cells as a proenzyme uPA
(pro-uPA). uPA secreted into the tumor microenvironment is converted to an active
form after its binding to the uPA receptor (uPAR). uPA is involved in activation of
plasminogen and MMPs. Plasminogen is cleaved by uPA to form plasmin. The
plasmin can degrade ECM components directly and/or indirectly through MMP-2
and -9, thereby facilitating cell invasiveness (Dang et al. 2005). NF-xB is one of the
transcription factors associated with MUCI1-CD, and uPA is included among the
NF-kB target genes (Ahmad et al. 2007). The promoter of uPA is highly conserved
and contains multiple functional elements including the NF-kB element (Irigoyen
et al. 1999; Cicek et al. 2009). Thus, it was speculated that the underlying molecular
mechanism of MUC1-induced invasiveness could be explained by uPA, the expres-
sion of which may be promoted by association of MUC1-CD with NF-xB. NF-xB is
composed of two subunits (RelA/p65 and p50), and a complex with an inhibitor of
IkB is formed in the cytoplasm. Degradation of IkB by the IkB kinase (IKK)
complex induces NF-kB activation, followed by translocation of the activated
NF-xB p65 subunit to the nucleus (Hayden and Ghosh 2008).

Correlated Expression of uPA with MUC1

Based on the background described above, we investigated MUC1-promoted cancer
cell invasion (Mori et al. 2014). To detect some mRNAs induced by forced expres-
sion of MUCI in HCT116 cells, we performed microarray analysis of mRNA using
HCT116/MUCI1 and HCT116/Mock cells. Among some genes that were differen-
tially expressed in the two types of cells, it was revealed that uPA was elevated 2.4
fold in HCT116/MUCI cells as compared with in HCT116/Mock cells. Elevated
expression of uPA protein in HCT116/MUCI1 cells was also demonstrated by
immunoblotting and observed immunochemically. Furthermore, in MUCI-
overexpressing A549 cells (A549/MUC1) and MUCI1 knockdown SKOV3 cells
(SKOV3/Si), and the respective control cells, the level of uPA changed in parallel
with the level of MUCI1. Furthermore, immunostaining of uPA and MUC1 in human
stomach, colon, pancreas, and breast tumor tissues revealed that the distribution of
uPA coincided with that of MUCT in tumor tissues, but not in nonmalignant tissues.

Formation of the MUC1-CD/NF-xB p65 Complex and Translocation
of the Complex to the Nucleus

It has been reported that the promoter of uPA contains multiple functional elements
including NF-kB ones (Irigoyen et al. 1999; Cicek et al. 2009), and that MUC1-CD
interacts with the NF-xB p65 subunit and modulates the activity of the NF-xB
pathway in breast cancers (Ahmad et al. 2007). Formation of the MUC1-CD/NF-«
B p65 complex in HCT116/MUCI cells was confirmed by a coimmunoprecipitation
assay. As described in the previous section, we considered that binding of endoge-
nous galectin-3 to MUCI induces the recruitment of NF-kB p65 to MUC1-CD. After
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exclusion of cell surface galectin-3 as described above, HCT116/MUCI cells were
treated with recombinant galectin-3. The level of NF-xB p65 immunoprecipitated
with anti-MUCI1-CD antibodies increased clearly, peaking at 20 min after the
incubation with galectin-3. Cytoplasmic and nuclear fractions were prepared from
HCT116 and SKOV3, and the respective MUC1-overexpressing (HCT116/MUC1)
and MUC-knockdown (SKOV3/Si) cells, and MUC1-CD and NF-xB p65 were
detected by immunoblotting. In addition to the cytoplasmic fraction, MUC1-CD
was also detected in the nuclear fractions of HCT116/MUC1 and SKOV3/Scr cells.
Although similar levels of NF-xB p65 were detected in the cytoplasmic fractions of
these cells, irrespective of the different levels of MUCI, the levels of NF-kB p65
were increased and decreased in the nuclear fractions of HCT116/MUC1 and
SKOV3/Si cells, respectively, suggesting that NF-kB p65 transported to the nucleus
increased in parallel with the level of MUCI. Furthermore, colocalization of MUC1-
CD with NF-xB p65 in the nucleus was observed on confocal imaging.

Recruitment of the MUC1-CD/NF-kB p65 Complex to the uPA Promoter

In order to determine whether or not the MUC1-CD/NF-kB p65 complex is respon-
sible for transcriptional regulation of uPA, a ChIP assay was performed. The uPA
promoter contains two potential NF-xB p65 binding sites. Chromatin was
immunoprecipitated from cells expressing different levels of MUCI1 with anti-NF-
kB p65 antibodies. The uPA promoter region containing two consensus NF-kB p65
binding sites and a control other region were amplified by PCR, and the intensities of
the bands were determined. Occupancy of NF-xB p65 at the NF-xB p65 binding
sites was enhanced ~fourfold in HCT116/MUCI cells as compared with in HCT116/
Mock cells. Similarly, silencing of MUCI in SKOV3 cells markedly decreased the
occupancy of NF-kB p65 in SKOV3/Si cells. Furthermore, re-ChIP assays revealed
that the uPA promoter was co-occupied by NF-xB p65 and MUC1-CD in HCT116/
MUCI and SKOV3/Scr cells, suggesting that MUC1-CD promotes recruitment of
NF-xB p65 to the uPA promoter.

Enhancement of uPA Transcriptional Activity Through Binding
of the MUC1-CD/NF-xB p65 Complex to the uPA Promoter

Regulation of uPA transcriptional activity by the MUC1-CD/NF-kB p65 complex
was analyzed by means of luciferase assays. The uPA transcriptional activity was
increased (~1.8 fold) in HCT116/MUCI cells and decreased by about 50% in
SKOV3/Si cells, as compared with in the respective control cells. To further confirm
that this transcriptional activation was induced through the formation of the MUC1-
CD/NF-kB p65 complex on the uPA promoter, plasmids in which mutations were
introduced into the two NF-kB binding consensus sequences were constructed, and
then the plasmids were transfected into cells. Expectedly, the uPA transcriptional
activity was reduced to the level in control cells by the mutations of the NF-xB



Tumor Progression through Interaction of Mucins with Lectins. . . 187

binding sites in the uPA promoter region in HCT116/MUC1 and SKOV3/Scr cells,
indicating that binding of the MUC1-CD/NF-kB p65 complex to the uPA promoter
actually induces transcription of uPA. In this context, it has been reported that
expression of uPA is regulated by multiple elements, among which p-catenin is
also included. As described above, MUC1-CD also forms a complex with -catenin,
[-catenin thereby being stabilized (Yamamoto et al. 1997; Li et al. 2001; Huang et al.
2005; Ren et al. 2006; Tanida et al. 2013). Thus, there is a possibility that the MUC1-
CD/p-catenin complex regulates the uPA expression. It is also well known that the
TCF/LEF (T cell factor/lymphoid enhancer factor) transcription factor is necessary
for the MUC1-CD/f-catenin complex to bind to the promoters of p-catenin/TCF
signaling target genes. Thus, mutation of the TCF-binding sites on the promoter may
alter uPA transcriptional activity. To examine this possibility, a plasmid in which
mutations were introduced into the TCF4-binding consensus sequence was
constructed, and then the plasmid was transfected into MUCI-expressing cells
(HCT116/MUC1 and SKOV3/Scr). Using this system, it was demonstrated that
uPA transcriptional activity was not altered by mutation of TCF4-binding sites in
the uPA promoter region. Thus, it was revealed that transcription of uPA was
regulated by the MUCI-CD/NF-kB p65 complex but not by the MUCI-
CD/p-catenin complex.

MUCI1-Dependent Cell Invasion Through Elevation of uPA Expression

uPA is secreted into the extracellular space and plays a crucial role directly and/or
indirectly in cancer cell invasion. The amount of secreted uPA in the conditioned
medium and the activity of uPA and MMPs were determined by means of ELISA
and zymography assays, respectively. The level of uPA increased ~tenfold in
HCT116/MUCI cells as compared with in HCT116/Mock cells and decreased
partially in SKOV3 cells on the knockdown of MUCI. Expectedly, higher levels
of uPA and MMP-2/9 activities were detected in MUC1-expressing cells (HCT116/
MUC1 and SKOV3/Scr) as compared with in the respective control cells. Next,
invasion and migration assays were performed using Matrigel- and fibronectin-
coated chambers, respectively, and the ratio of invading cells versus migrating
cells was calculated to exclude the effect of other cell properties such as prolifera-
tion. The ratio increased (~twofold) in HCT116/MUCI cells and decreased by about
70% in SKOV3/Si cells as compared with in the respective control cells. Further-
more, invasion assays using cells treated with GM6001, amiloride and JSH-23,
which are inhibitors of MMPs, uPA and NF-kB, were performed, respectively.
Treatment with all three inhibitors decreased the invasion of HCT116/MUCI cells
by about 40%. It was noted that NF-xB inhibitor JSH-23 effectively inhibited the cell
invasion. To examine the effect of JSH-23 on the NF-xB/MUCI-CD complex
formation, a coimmunoprecipitation assay was performed using JSH-23-treated
HCT116/MUC1  cells.  Expectedly, NF-«xB p65 and MUCI-CD
co-immunoprecipitated with anti-MUC1-CD antibodies and anti-NF-kB p65 anti-
bodies, respectively were clearly decreased. Eventually, the level of NF-xB p65/
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Fig. 5 MUCI1-mediated induction of uPA. Binding of galectin-3 to MUCT triggers formation of
the MUCI-CD/NF-kB p65 complex and subsequent activation of NF-kB signaling pathways,
leading to enhancement of the uPA production

MUCI1-CD complex in the nucleus decreased on the treatment with JSH-23. Taken
together, these results are summarized schematically in Fig. 5. Galectin-3-triggered
formation of the MUCI-CD/NF-kB p65 complex activates the NF-kB signaling
pathway, and subsequently promotes the production of uPA and activation of
MMP2/9, leading to enhanced invasiveness of cancer cells. This cascade is a
novel mechanism by which MUCI1 promotes cell invasion, and inhibition of this
cascade may be one of the useful targets for treating cancer.

2.6 MUCI-Mediated Induction of Trophoblast Cell Surface
Antigen 2 (Trop-2)

As described in Sect. 2.5.1, we tried to detect some genes induced in HCT116 cells
by forced expression of MUCI. The level of Trop-2 mRNA was enhanced as well as
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that of uPA mRNA in HCT116/MUCI cells as compared with HCT116/Mock cells.
Trop-2 is a 36-kDa transmembrane glycoprotein and is highly expressed in a variety
of epithelial cancer cells (Cubas et al. 2009; Trerotola et al. 2013a; Xie et al. 2016).
Enhanced expression of Trop-2 in tumor tissues is correlated with tumor malignancy
and poor survival of patients with various cancers (Cubas et al. 2009; Trerotola et al.
2013b; Zeng et al. 2016). Thus, Trop-2 has been identified as an oncogene leading to
tumorigenesis and invasiveness (Wang et al. 2008).

MUC1-Dependent Expression of Trop-2

As described above, we searched for differentially expressed mRNAs in HCT116/
MUCI1 and HCT116/Mock cells. In addition to that of uPA mRNA, the level of
Trop-2 mRNA was enhanced markedly about 47-fold in HCT116/MUCI cells as
compared with in HCT116/Mock cells (Yamashita et al. 2019). Trop-2 promoter
activity was elevated ~twofold in HCT116/MUCI cells in comparison with in
HCT116/Mock cells. Immunochemical staining also demonstrated the induction of
Trop-2 in HCT116/MUCI cells. Furthermore, immunostaining of tumor tissues
showed that MUC1 and Trop-2 exhibited similar distributions. MCF7 cells, a
human breast cancer cell line, expressed detectable levels of MUCI and Trop-2.
Expression of Trop-2 was down-modulated on treatment of MCF7 cells with MUC1
siRNA, suggesting the MUC1-dependent induction of Trop-2 expression.

Involvement of Transcriptional Factor Sp1 in Trop-2 Expression

Among various transcriptional inhibitors such as JSH-23 (NF-xB inhibitor) and
PNU-74654 (B-catenin inhibitor), the level of Trop-2 mRNA was down-modulated
only by mithramycin A (Sp1 inhibitor). It has been demonstrated that Sp1 plays a
critical role by upregulating genes that induce tumor progression, and that the
binding of Sp1 to a GC-rich region of DNA is inhibited by mithramycin A, resulting
in down-regulation of multiple genes that promote tumor progression (Blume et al.
1991; Rao et al. 2016). Downmodulation of Trop-2 mRNA on treatment with
mithramycin A is consistent with the fact that Trop-2 promoter contains the
GC-rich region (Lin et al. 2012). The effect of mithramycin A on Trop-2 promoter
activity was also determined by means of a luciferase assay. About 60% of Trop-2
transcriptional activity decreased on the treatment with mithramycin A in HCT116/
MUCI cells, but no effect was detected in that of HCT116/Mock cells. In addition to
mithramycin A, expression of Trop-2 was also decreased in MCF-7 cells through the
knockdown of Spl on treatment with Spl siRNA. With respect to the correlation
between MUCI and Spl, a coimmunoprecipitation assay demonstrated the forma-
tion of a MUCI and Sp1 complex, suggesting that the MUC1/Sp1 complex may be
involved in the induction of Trop-2.
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Induction of Trop-2 Through the Binding of Galectin-3 to MUC1

As described above, binding of galectin-3 to MUCI initiated multiple signaling
pathways. After excluding cell surface galectin-3 as described above, MCF-7 cells
were incubated with recombinant galectin-3, and then Spl coimmunoprecipitated
with MUC1 was detected by immunoblotting. The level of coimmunoprecipitated
Spl increased by about 50%, peaking at 30 min after the ligation of galectin-3 to
MUCI, suggesting that engagement of galectin-3 induces the recruitment of Sp1 to
MUCI1-CD, initiating MUCI-mediated signaling. Galectin-3-knockdown cell
(HCT116/MUC1-Gal-3/Si) was also generated by introducing human galectin-3
shRNA into HCT116/MUCI cells. Reduction of Trop-2 mRNA and protein in
HCT116/MUC1-Gal-3/Si cells was confirmed by means of microarray analyses
and immunoblotting, respectively, suggesting that endogenous galectin-3
up-regulates the expression of Trop-2. Furthermore, the expression of Trop-2 was
increased by ~twofold on the treatment of HCT116/MUCI1-Gal-3/Si cells with
exogenous galectin-3, suggesting that galectin-3 upregulates Trop-2 expression
through its binding to MUC1. Because MUCI and galectin-3 are transported to
the apical side of epithelial cells, this Trop-2 induction may occur even in the early
phase before the dissemination of epithelial cells.

Enhancement of Cell Motility Through Trop-2 Phosphorylation

At the initial stage of epithelial tumors, dysfunction of tight junction is one of the
critical steps of tumor progression. Trop-2 and its closest homolog, epithelial cell
adhesion molecule (EpCAM), belong to the tumor-associated calcium signal
transducer (TACSTD) gene family (Cubas et al. 2009), and directly interact with
claudin-1 and claudin-7 (Nakatsukasa et al. 2010; Lei et al. 2012), suggesting the
involvement of these molecules in the function of tight junctions. In order to
investigate the tumor-promoting activity of Trop-2, human FLAG-tagged wild-
type Trop-2 cDNA was introduced into HCT116 cells (HCT116/WT cells). The
cytoplasmic region of Trop-2 has three possible phosphorylation sites (Ser-303,
Tyr-306, Ser-322). Phosphorylation of Tyr-306 was not detected by immunoblotting
using anti-phosphotyrosine antibodies. In addition to HCT116/WT cells, HCT116
cells expressing Trop-2 mutated with Ala substituted at Ser-303 (HCT116/S303A
cells) or at Ser-322 (HCT116/S322A cells) were established (Mori et al. 2019).
Trop-2 in HCT116/WT cells and HCT116/S-303A cells exhibited two bands on
SDS-PAGE using Phos-tag-containing acrylamide gel, but Trop-2 in HCT116/
S322A cells gave a single band, indicating that the Ser-322 residue was phosphor-
ylated. Furthermore, to investigate the biological significance of Trop-2 phosphor-
ylation, HCT116 cells expressing phosphomimetic Trop-2 mutated with Glu instead
of Ser-322 were also established (HCT116/S322E cells). With respect to the func-
tion of Trop-2, it has been reported that Trop-2 directly interacts with claudin-7 and
that the interaction is required for claudin-7 to be stabilized or to prevent its
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degradation (Nakatsukasa et al. 2010). The levels of Trop-2 coimmunoprecipitated
with anticlaudin-7 antibodies from lysates of wild-type Trop-2 (HCT116/WT),
phosphorylation-blocked Trop-2 (HCT116/S322A), and phophomimetic Trop-2
(HCT116/S322E)-expressing cells were compared by immunoblotting. It was
noted that phosphorylation-blocked Trop-2 (S322A) interacted with claudin-7 the
strongest and a phosphomimetic variant (S322E) the weakest, suggesting that
phosphorylation of Trop-2 leads to a decrease in the interaction with claudin-7.
Furthermore, expression of claudin-7 in wild-type and mutated Trop-2-expressing
HCT116 cells was compared. Although the level of claudin-7 mRNA was not
different substantially among these cells, the level of claudin-7 protein in
HCT116/S322E cells was markedly decreased compared with that in the other
cells, indicating that the reduction in the amount of claudin-7 protein seems to
occur posttranscriptionally. Immunochemical observation revealed that claudin-7
in HCT116/Mock cells was clearly localized to cell-cell borders in the same manner
as that in the normal epithelial cells, whereas diffuse membrane staining of claudin-7
was observed in HCT116/WT cells. Its diffuse distribution was observed more
prominently in phophomimetic HCT116/S322E cells. It has also been noted that
cell surface claudin-7 decreased, and a part of claudin-7 was dispersed in the
cytoplasm. In contrast, claudin-7 was closely concentrated at the cell membrane in
phosphorylation-blocked HCT116/S322A cells. These results suggest that the cell-
cell interaction may be regulated by downstream events after phosphorylation of the
Ser322 residue of Trop-2. Migration assays using Transwells also demonstrated that
HCT116/S322A cells were significantly less motile than other Trop-2-expressing
cells, which to a greater or lesser extent possess negative charges at amino acid
322, suggesting that phosphorylation of Trop-2 may be critical for acquisition of
motility potential. During oncogenic transformation, epithelial tumor cells typically
lose tight junctions, leading to derangement of the tissue architecture and loss of cell
polarity. In fact, it has been shown that expression of some claudins is either
deregulated or lost in cancers, and that the level of claudin-7 is reduced as an early
event in colorectal carcinogenesis (Moustafa et al. 2002; Kominsky et al. 2003;
Usami et al. 2006; Lu et al. 2011). In contrast, it is known that Trop-2 is
overexpressed in various cancer cells. Trop-2 is also widely expressed in normal
tissues (Lipinski et al. 1981), suggesting that it may play a certain biological role in
epithelial tissues. One possibility is that Trop-2 is responsible for the maintenance of
tight junction, which is demonstrated by analysis of corneal epithelial cell disorder,
GDLD (Takaoka et al. 2007; Nakatsukasa et al. 2010). Thus, these results suggest
that Trop-2 phosphorylation may be responsible for the decrease or mislocalization
of claudin-7, leading to dysfunction of claudin-7. Taken together, we speculate that
ligation of galectin-3 with MUCI on the apical side of premalignant epithelial cells
induces the expression of Trop-2 and that phosphorylation of Trop-2 leads to a
decrease in the stability of claudin-7, favoring the derangement of tight junction, as
shown in Fig. 6 schematically.
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Fig. 6 MUCI1-mediated induction of Trop-2. Binding of galectin-3 to MUCI triggers formation
and subsequent transportation of MUC1-CD/SP-1 complex, leading to enhancement of Trop-2
transcription. Phosphorylation of Trop-2 leads to decrease and mislocalization of claudin-7,
suggesting the derangement of tight junction. Because MUCI and galectin-3 are transported to
the apical side of epithelial cells, Trop-2 induction may occur even in the premalignant phase before
the dissemination of epithelial cells

2.7 MUCI-Mediated Signaling Triggered by Ligation
of Siglec-9

Because mucins carry a variety of sialoglycans including tumor glyco-codes, they
are expected to bind to Siglec family. Previously we demonstrated that tumor-
produced soluble mucins bind to Siglec-2 (Toda et al. 2009) and Siglec-9 (Ohta
et al. 2010), which are expressed on B cells and dendritic cells, respectively, leading
to negative immunomodulation in these cells. Similarly, many reports demonstrated
that lectin receptors mediate immune suppression by responding to the tumor glyco-
codes (Rodriguez et al. 2018). Although it is generally agreed that most Siglecs are
masked by endogenous cis ligands, they are able to interact with trans ligands that
are structurally accessible and carry a high level of appropriately linked sialic acids.
Mucins such as MUCI seem to be some of the most preferential trans ligands for
Siglecs, because MUCI is an extremely high molecular glycoprotein with a large
number of glyco-codes due to its tandem repeat and is easily accessible to Siglecs on
the cell surface due to its protruding rod-like structure. When lectin receptors play a
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role as ligands for signaling molecules carrying glyco-codes such as MUCI, it is
expected that the interaction between lectin receptors and glyco-code-carrying
molecules triggers mutual signal transduction in both types of cells (Tanida et al.
2013; Beatson et al. 2016).

Binding of Soluble Siglec-9 (sSiglec-9) to MUC1

Human MUC1 cDNA transfectants (mouse 3 T3/MUC1 and HCT116/MUCI1 cells)
were used in this experiment (Tanida et al. 2013). Soluble tagged Siglec-1, -3, -5,
and -9 were added to cell lysates, and proteins associated with these Siglecs were
pulled down, followed by analyses by immunoblotting. Although all sSiglecs
associated with MUCI, sSiglec-9 preferentially bound to MUCI. This may be
consistent with the fact that Siglec-9 exhibits a relatively wide sugar specificity
range including a2-3 and a2—6 sialic acid-linked O-glycans (Angata and Varki
2000; Varki and Angata 2006). Immunostaining of human tumor tissues demon-
strated that Sigalec-9-positive cells were frequently present in MUC1-positive colon,
breast, and pancreatic tissues.

MUC1-Mediated Signaling Triggered by Binding of sSiglec-9

As described in Sect. 2.4.3, recruitment of f-catenin to MUC1-CD was enhanced on
engagement of galectin-3. Similarly, B-catenin coimmunoprecipitating with anti-
MUCI1-CD antibodies was detected by immunoblotting only when the cells were
treated with sSiglec-9. Recruitment of B-catenin to MUC1-CD was time-dependent,
peaking at 20 min after treatment with sSiglec-9. It has been reported that c-Src, Lyn,
and Lck can bind and phosphorylate MUC1-CD, facilitating the recruitment of
fB-catenin (Masri and Gendler 2005; Mukherjee et al. 2005). Coimmunoprecipitation
assay also revealed that cSrc was recruited to MUCI-CD and the level of
coimmunoprecipitated cSrc increased through ligation with sSiglec-9, maybe lead-
ing to enhance recruitment of f-catenin to MUC1-CD. These results indicate that
recruitment of B-catenin was triggered by the binding of Siglec-9 to MUCI.

MUC1-Mediated Signaling Triggered by Membrane- Bound Siglec-9

In order to mimic the interaction between MUC1-expressing tumor cells and Siglec-
9-expressing immune cells, Siglec-9-expressing cells (HEK293/Siglec-9 cells) were
established by introducing human Siglec-9 cDNA into HEK293 cells. In addition, to
demonstrate that MUC1-mediated signaling is sialic acid dependent, 3 T3/MUCI1
and HCT116/MUCI cells were treated with neuraminidase. Removal of sialic acid
residues from the cell surface was confirmed by the binding of Maackia amurensis
mitogen and sSiglec-9 to the cells. HEK293/Siglec-9 cells or HEK293/Mock cells
were mixed with MUC 1 -expressing cells, followed by gentle rotation at 37 °C for
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20 min. p-Catenin coimmunoprecipitating with anti-MUCI1-CD antibodies was
detected by immunoblotting. Recruitment of p-catenin to MUC1-CD significantly
increased in 3 T3/MUCI1 (~sevenfold) and HCT116/MUCI1 cells (~sixfold) on
coincubation with HEK293/Siglec-9 cells compared with coincubation with
HEK293/Mock cells, indicating that membrane-bound Siglec-9 could also interact
with MUCI and initiate MUCI1-mediated signaling. When neuraminidase-treated
MUCT-expressing cells were used, recruitment of f-catenin to MUC1-CD was
substantially reduced to the basal level, indicating that binding of Siglec-9 to
sialoglycans expressed on MUCI is responsible for the signaling.

Downmodulation of B-Catenin Phosphorylation and Enhanced Nuclear
Transport of -Catenin

With respect to the stability of f-catenin, GSK-3 phosphorylates p-catenin and
thereby targets it for proteosomal degradation (Orford et al. 1997). After treatment
of cells with or without sSiglec-9 for 40 min, phosphorylated p-catenin was detected
by immunoblotting with antiphosphorylated p-catenin antibodies. The level of
phosphorylated p-catenin decreased by about 40% on treatment with sSiglec-9,
suggesting that ligation of sSiglec-9 with MUCI1 elevated the recruitment of
fB-catenin and thereby inhibited the phosphorylation of -catenin by GSK-3, leading
to stabilization of pB-catenin. Immunochemical observation revealed that -catenin
was accumulated in the nucleus on treatment with sSiglec-9 for 1 h. The number of
cells containing p-catenin in the nucleus increased about threefold on the treatment
with sSiglec-9. Colocalization of MUC1-CD and B-catenin in the nucleus was also
observed in sSiglec-9-treated cells but not in nontreated cells. These results suggest
that ligation of MUC1 with sSiglec-9 decreased phosphorylated p-catenin, maybe
resulting in an increased nuclear level of B-catenin. f-Catenin functions as a tran-
scriptional coactivator that increases the expression of cell cycle progression genes
cyclin-D1 and c-myc, thus leading to the progression of diverse tumor malignancies.
In fact, the level of c-myc was also elevated on treatment with sSiglec-9, and
consistently, the proliferation of Siglec-9-traeted cells increased about 1.5 fold at
72 h after the treatment with sSiglec-9 compared with that of sSigelc-9-nontreated
cells. In this experiment, using a coculture model of MUC1-expressing cells and
Siglec-9-expressing cells mimicking the interaction between MUCI-expressing
tumor cells and Siglec-9-expressing immune cells in a tumor microenvironment,
the recruitment of p-catenin to MUC1-CD was clearly enhanced. This effect was
almost completely abolished by pretreatment of MUC1-expressing cells with neur-
aminidase. The recruited pB-catenin was thereafter transported to the nucleus, leading
to the enhancement of cell growth. These findings suggest that Siglec-9 expressed on
immune cells may play a role as a potential counterreceptor for MUCI. Eventually, it
is expected that MUCI also plays a role as a ligand for Siglec-9. Beatson et al.
reported that MUC1 modulates the tumor immunological environment through the
engagement of Siglec-9 (Beatson et al. 2016), as discussed later.
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2.8 MUC4-Mediated Tumor Progression (Bafna et al. 2010;
Kozloski et al. 2010; Hanson and Hollingsworth 2016)

MUCH4 is widely expressed on the epithelial surface of the eyes, oral cavity, middle
ears, respiratory tract, female reproductive tract, gastrointestinal tract, and mammary
glands. Aberrant expression of MUC4 has been demonstrated in a variety of
carcinomas where MUC4 is implicated in affecting various cellular phenotypes
that promote tumor progression, including cell adhesion (Komatsu et al. 1997),
promotion of oncogenesis (Ponnusamy et al. 2008), and cell signaling through
modulation of the ErbB2 receptor activity (Funes et al. 2006). MUC4 is synthesized
as a single polypeptide chain and cleaved early after synthesis, yielding MUC4« and
MUCA4p, which reassociate to form a noncovalently associated heterodimer. MUC4a
contains a tandem repeat domain of 145-395 repeats of 16 amino acids, a cysteine-
rich domain, a nitrogen homology domain, an adhesion-associated domain, and a
von Willebrand factor type D domain (Duraisamy et al. 2006). MUC4 has three
EGF-like domains and a short cytoplasmic region of 22 amino acids (Duraisamy
et al. 2006). Similar to MUCI1, MUC4 has been demonstrated to play a role in the
regulation of cell growth signaling through interaction with the ErbB family of
growth factor receptors (Chaturvedi et al. 2008; Lakshmanan et al. 2015). The
interaction of MUC4 with receptor tyrosine-protein kinase erbB-2 (ErbB2/HER?2)
stabilizes its expression and activity (Chaturvedi et al. 2008). HER2 can regulate cell
proliferation and metastasis by activating downstream MAPK, Akt, FAK, and c-Src
family kinase pathways (Holbro and Hynes 2004). Stabilization of the MUC4/HER2
complex also enhanced the activation of the ERK1/2 and MAPK signaling pathway,
leading to mediating of cancer cell proliferation (Chaturvedi et al. 2008). In addition,
the stabilized MUC4/HER2 complex can protect cancer cells from trastuzumab, a
target therapy against HER2 (Nagy et al. 2005; Chaturvedi et al. 2008). Only the
EGF-like domains, that is, not the tandem repeat domain or cytoplasmic domain, are
necessary for the interaction of MUC4 with HER2 (Workman et al. 2009). Thus, the
O-glycosylated extracellular domain has no relation to signaling; however, exposure
of the EGF-like domain due to decreased O-glycosylation associated with tumors
may enhance the signaling.

2.9 MUCI6-Mediated Tumor Progression (Haridas et al.
2014; Hanson and Hollingsworth 2016)

MUCI16 is the largest membrane-bound mucin with a huge molecular weight of
about 20 MDa (Yin and Lloyd 2001; Haridas et al. 2014), and is normally expressed
on the ocular surface, and in the upper respiratory tract, mesothelium lining body
cavities, internal organs, and reproductive organs. The extracellular portion of
MUC16, which is produced through cleavage from the cell surface of ovarian cancer
cell, is known as CA125, and is used as a biomarker for ovarian cancer (Bast Jr et al.
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1998). The N-terminal region of MUCI16 is a heavily O-glycosylated nontandem
repeat domain that consists of approximately 12,000 amino acids. The following
tandem repeat region is composed of 60 repeats of 156 amino acids (Maeda et al.
2004). MUC16 contains 56 sea urchin sperm protein, enterokinase, and agrin (SEA)
domains, many of which are interspersed among tandem repeats. A large number of
cysteine residues are present in the SEA domains and are able to form disulfide
bonds in inter- and intramolecular manners (O’Brien et al. 2001). MUC16 has a
short cytoplasmic region of 32 amino acids with several potential phosphorylation
sites (Hattrup and Gendler 2008). It has been reported that MUC16 interacts with Src
and tyrosine protein kinase Yes of the Src family of kinases, and with p-catenin and
E-cadherin (Akita et al. 2013). MUCI16 is phosphorylated at tyrosine 22142 in the
cytoplasmic region, leading to promotion of shedding of the extracellular domain of
MUC16 and to degradation of p-catenin and E-cadherin (Thériault et al. 2011). Rao
et al. reported that forced expression of the 114 amino acid C-terminal portion of
MUCI16 could induce transformation and tumor invasion (Rao et al. 2015),
suggesting a critical role of the C-terminal portion in the signaling. The cytoplasmic
region of MUCI16 also interacts with Janus kinase 2 (JAK?2), leading to promotion of
proliferation and enhancement of STAT3 activity (Lakshmanan et al. 2012). Con-
sistently, expression of the 114 amino acid polypeptide in pancreatic cancer cells
elevates the nuclear localization of JAK2, promoting metastatic and stem-like
properties (Das et al. 2015). The poly-basic sequence (RRRKK) in the cytoplasmic
region of MUCI16 is known to interact with the ezrin/radixin/moesin family of
proteins (ERM). The ERM domain present in JAK?2 is considered to be responsible
for the interaction with MUC16. The MUC16 ectodomain carrying carbohydrate
moieties seems to have no relation to the signaling. However, hypoglycosylation
associated with tumors may enhance proteolytic cleavage of the extracellular
domain, leading to potential signaling of the cytoplasmic region (Bruney et al.
2014). From another point of view, various tumor-associated carbohydrate antigens
including tumor glyco-codes, which are mainly expressed in mucins, can play a role
as ligands for lectin receptor expressed mainly in immune cells. MUC16 produced
by an ovarian cancer cell line, OVCAR-3 cells, carries various carbohydrate antigens
such as Tn, sialylTn, and sialylLewis® antigens (Akita et al. 2012). In fact, Siglec-9
was identified as the receptor for MUC16 (Belisle et al. 2010), and MUC16 has been
shown to bind both E- and L-selectin (Chen et al. 2012). This is described in next
section.

3 Lectin-Receptor-Mediated Immune Regulation

As we described above, MUC1-mediated signaling occurs through the binding of
lectins such as galectin-3 and Siglec-9, leading to tumor progression. The glyco-
code-expressing mucins are the main binding partners or counterreceptors for lectin
receptors (Rodriguez et al. 2018). In this case, lectin and mucins carrying the glyco-
codes play roles as a receptor and a ligand, respectively. DC-SIGN, MGL, and
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Siglecs are involved in the recognition and uptake of aberrantly glycosylated tumor
antigens. It has been considered that DC-SIGN and MGL facilitate uptake of
antigens for antigen presentation and modulate subsequent immune responses
(Sancho and e Sousa 2012). It has been reported that both circulating and tumor-
infiltrating DCs are functionally impaired in tumor-bearing animals (Chaux et al.
1997) and in cancer patients (Gabrilovich et al. 1997). As described above, mucins
produced by cancer cells are found in the sera of cancer patients and easily come into
contact with various circulating cells in the bloodstream of cancer patients or with
infiltrating cells in cancer tissues. Some lectin receptors could also play a role as
signaling molecules, which are initiated through ligation of glyco-code-expressing
mucins and/or mucin-type glycoproteins. Although many lectin-receptor-mediated
signaling pathways have not fully resolved, glycan-lectin interaction
downmodulates immune responses, contributing to immune evasion.

3.1 DC-SIGN-Mediated Immune Regulation (RodrIguez
etal 2018)

DC-SIGN, a type II transmembrane protein, is a C-type lectin-receptor (CLR) and is
expressed by macrophages and immature DCs (van Gisbergen et al. 2005).
DC-SIGN is composed of a carbohydrate recognition domain (CRD), a neck region
composed of 7.5 repeats containing 23 amino acid residue repeats, and a transmem-
brane region, followed by a cytoplasmic region containing recycling and internali-
zation motifs (Kwon et al. 2002). Formation of the DC-SIGN tetramer occurs
through the neck-repeat domain (Mitchell et al. 2001) and increases the binding
affinity of ligands containing repetitive sugar moieties. In addition to adhesive and
antigen-recognition properties, engagement of DC-SIGN on DCs initiates signal
transduction, leading to extensive modulation of immune responses, especially when
coactivated with Toll-like receptor (TLR)-mediated signaling (Gringhuis et al.
2007). During TLR-mediated signaling on engagement of pathogens, simultaneous
DC-SIGN-mediated signaling results in tolerance by default (Hawiger et al. 2001).
Thus, DC-SIGN may play a crucial role in induction of tolerance for homeostatic
control (Geijtenbeek et al. 2004). Although DC-SIGN is known to recognize
N-linked high mannose oligosaccharides, whose interaction plays a role in internal-
ization of pathogens (Ding et al. 2017), it also binds to fucose-containing structures
such as Lewis antigens (Unger et al. 2012).

Mannose- and fucose-carrying pathogens induce a distinct DC-SIGN signaling
pathway. The proximal DC-SIGN signaling complex (signalosome) consisting of
LSP1, KSR1, and CNK plays a critical role in the constitutive recruitment of Raf1 to
DC-SIGN. On engagement of mannose-carrying pathogens, Raf-1 is activated
through recruitment of upstream effectors LARG and RhoA to the DC-SIGN
signalosome. This Raf-1-mediated signaling leads to enhanced production of
proinflammatory cytokines and T helper 1 (Thl) responses (Gringhuis et al. 2009).
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In contrast, DC-SIGN-mediated signaling triggered by fucose-carrying pathogens
depends on crosstalk with TLR signaling and leads to activation of kinase IKKe in a
LSP1-dependent but CNK-KSR1-Raf-1-independent manner. IKKe-mediated phos-
phorylation inactivates deubiquitinase CYLD, and thereby results in accumulation
of ubiquitinated Bcl3 in the nucleus. This pathway modulates production of cyto-
kines and chemokines to drive T helper 2 (Th2) polarization (Gringhuis et al. 2014a).
Because tumor-produced mucins frequently carry fucose-containing O-glycans such
as Lewis antigens, DC-SIGN is expected to bind to mucins such as MUCI. In fact, it
has been reported that tumor-derived MUC1 mucins interact with differentiating
monocytes and induce IL-10 high, IL-12 low regulatory DCs (Monti et al. 2004).
Similarly, Lewis antigens carried on CEA bind to DC-SIGN, which leads to
upregulation of the anti-inflammatory cytokines IL-10 and IL-27, and induction of
Th2, T follicular helper (Tgy), or regulatory T (T.e,) cells (Garcia-Vallejo et al. 2014,
Gringhuis et al. 2014b). These reports indicate that tumor-derived MUCI induces
DCs to interact with IL-10-producing, IL-12-deficient antigen-presenting cells
(APCs), which have a limited capacity to trigger protective Thl responses, and the
ability to promote T cell anergy and regulatory activity.

3.2 MGL-Mediated Immune Regulation (van Vliet et al. 2005,
2008)

MGL is a type II transmembrane protein and is exclusively expressed on macro-
phages and DCs (Jégouzo et al. 2013; van Kooyk et al. 2015). Because MGL
recognizes LacdiNAc (GalNAc p1,4 GlcNAc P1-), and terminal a and 3 GalNAc
residues with exposed C3- and C4-hydroxy groups (Ozaki et al. 1995), it could bind
to the tumor glyco-codes, Tn antigen (Beatson et al. 2015) and sialylTn antigen
(Mantovani et al. 2017), which are frequently carried on MUCI1. Thus, it has been
reported that MGL bound specifically to MUCI1 carrying Tn antigen in primary
colon carcinoma, but not to MUC1 from normal epithelial cells (Saeland et al. 2007).
This binding specificity is shared by the mouse MGL?2, whereas the mouse MGL1
orthologue exhibits exclusive specificity for the Lewis”™ antigen (Singh et al. 2009).
MGL signaling also synergizes with TLR-mediated pathways, leading to modulation
of the signaling of TLR2, TLR4, and TLR7/8 in DCs (van Kooyk et al. 2015). The
binding of Tn antigens to MGL expressed on DCs through conjunction with
simultaneous TLR2-mediated signaling leads to a tolerogenic phenotype with
increased production of IL-10 and TNF-a (Higashi et al. 2002). Ligation of human
MGL with mucins carrying Tn antigen induces phosphorylation of ERKI1/2,
followed by activation of p90RSK and CREB, leading to elevation of IL-10 and
TNF-a production (Higashi et al. 2002; Li et al. 2012). MGL engagement also
activates pS0 NF-xB subunits, leading to elevation of IL-10 production (Higashi
et al. 2002; Napoletano et al. 2012). Costa et al. also reported that expression of Tn
antigen in tumor cells and its interaction with MGL2-expressing CD11cF4/
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80-positive cells promote immunosuppression (da Costa et al. 2021). Related with
this glyco-code-MGL interaction, CD45, mucin-type cell surface glycoprotein
expressed on effector T cells, has been identified as a counterreceptor for MGL.
CD45 is a prototypic tyrosine phosphatase expressed on T cells. Glycosylation-
dependent interactions of MGL with CD45 on effector T cells downmodulate T cell
receptor—mediated signaling and subsequent cytokine responses, leading to decrease
of T cell proliferation and increase of T cell death (van Vliet et al. 2006). Because
MGL is expressed on M2-like tumor-associated macrophages (TAMs), which are
able to promote tumor growth and metastasis (Saeland et al. 2007), it is speculated
that interaction of MGL with Tn and/or sialyTn antigens carried on MUC1 may
modulate the TAM activity. Furthermore, it has been reported that MGLs are
preferentially expressed on tolerogenic APCs located at tumor sites (Zizzari et al.
2015). Truncated O-glycans produced by glioblastomas and colon cancers also
contribute to immune suppression (Cornelissen et al. 2020; Dusoswa et al. 2020).
Taken together, MGLs may play a role as an immunomodulator in a tumor micro-
environment, leading to tumor-induced immune tolerance. In fact, a glycopeptide
comprising MUC1-three tandem repeats carrying Tn antigens could modulate DC
maturation and initiation of a strong CD8 T cell immune response (Zizzari et al.
2015). In this context, this MUC1 glycopeptide is expected to be used for antitumor
vaccines targeting DCs via MGL (Artigas et al. 2017).

3.3 Siglec-Mediated Immune Regulation (Adams et al. 2018;
van de Wall et al. 2020)

Many cell surface glycans of mammalian cells are commonly terminated by a sialic
acid. These sialoglycans can engage various endogenous lectin-receptors including
Siglecs. The extracellular part of Siglecs is composed of an N-terminal carbohydrate
recognition domain (CRD) and a variable number of C2 domains. Activating Siglecs
contain a positively charged amino acid in the transmembrane domain that mediates
interaction with DAP12 upon Siglec engagement. The intracellular part of inhibitory
Siglecs is characterized by immunoreceptor tyrosine—based inhibition-motif (ITIM)
or ITIM-like structures mediating immune inhibition through the recruitment of
SHP1 and SHP2 phosphatase on binding to sialoglycans. Consistently,
hypersialylation in tumor cells often correlates with tumor invasion and a poor
prognosis (Swindall et al. 2013). Furthermore, it has been reported that although
healthy peripheral blood T cells express no CD33-related Siglecs, tumor-infiltrating
lymphocytes upregulate inhibitory CD33-related Siglecs, predominantly Siglec-9 in
patients with non-small cell lung cancer, colorectal cancer, epithelial ovarian cancer,
and melanomas (Stanczak et al. 2018; Haas et al. 2019). Because mucins commonly
carry a large number of sialoglycans, there is a possibility that Siglecs could bind to
various mucins. It has been reported that MUCT is a natural ligand of endogenous
Siglec-1 (Nath et al. 1999) and Siglec-4 (Swanson et al. 2007).
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Siglec-9-Mediated Immune Regulation

Siglec-9 is expressed on human NK cells, B cells, and monocytes (Belisle et al.
2010). The effects of artificial glycopolymers carrying o2,3 and «2,6 linked sialic
acids, bovine submaxillary mucin (BSM), and MUC2 mucin produced by a human
colon cancer cell line, LS180 cells, on immature DCs were investigated. Because
BSM and MUC2 mucin express a sialylTn antigen, these mucins and artificial
glycopolymers bound to recombinant Siglec-9. Immature DCs were prepared from
monocytes of human peripheral blood. Using labeled BSM and MUC2 mucin, their
binding to the surface of immature DCs was confirmed with a flow cytometer. When
immature DCs were treated with LPS in the presence of these mucins or artificial
glycopolymers, the production of IL-12 was significantly reduced, but that of IL-10
was not. Desialylated mucins failed to induce these effects. A similar level of IL-12
was decreased on treatment with anti-Siglec-9 antibodies (Ohta et al. 2010). It is
generally agreed that IL-12 is responsible for driving the development of the Thl
immune response, suggesting that mucins could promote the induction of immune
regulation in synergy with other immunosuppressive factors. As described in Sect.
2.7, we demonstrated that MUC1-mediated signaling occurred through the engage-
ment of Siglec-9. Beastson et al. reported that sialylT antigen carried on MUCI1
(MUC1-ST) played a role as a ligand for Siglec-9 expressed in myeloid cells, and
that on treatment with MUC1-ST, macrophages phenotypically changed to TAM
with increased expression of PD-L1. With respect to Siglec-mediated signaling, it is
generally agreed that inhibitory Siglecs downmodulate the signaling through the
phosphorylation of ITIMs and subsequent recruitment of SHP-1 and/or SHP-2, as
described above. In this experiment, unexpectedly, binding of MUC1-ST to Siglec-9
did not activate SHP-1/2 but induced calcium flux, leading to MEK-ERK activation.
Eventually, MUC1-ST induced monocytes to secrete several factors associated with
inflammation and tumor progression such as IL-6, M-CSF, and plasminogen acti-
vator inhibitor (Beatson et al. 2016). In addition, ligation of Siglec-9 with
sialoglycans carried on MUCI led to polarization to M2 macrophages in vitro,
leading to modulation of the tumor immunological environment (Beatson et al.
2016). Jandus et al. reported that interaction of Siglec-7/9 with sialoglycans directly
reduced NK cell activity (Jandus et al. 2014). Sialylated antigens imposed a regu-
latory program on DCs via Siglec E. DCs loaded with sialylated antigens induced de
novo Treg cells and inhibited the generation of new effector T cells (Perdicchio et al.
2016a). Sialoglycans expressed on melanoma cells were correlated with increased
tumor growth in vivo and associated with increased accumulation of Treg cells, a
low influx of effector T cells, and reduced NK cell activity (Perdicchio et al. 2016b).
Because endogenous ligands such as mucins usually carry a variety of glyco-codes,
there is a possibility that multiple lectin receptors may be involved. On the other
hand, because the same glyco-codes are expressed on various mucins, not only
MUCT but also other mucins may be ligands for the lectin receptor. As described
above, MUC16 has also been identified as a ligand for Siglec-9 (Belisle et al. 2010).
Thus, analyses of signaling may be complicated. Actually, Siglec-mediated
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Fig. 7 Promotion of tumor malignancy and immune evasion by mucin-lectin network. MUCI-
mediated signaling through binding of soluble and membrane-bound lectins promotes tumor
progression in cancer cells. Inhibitory lectin receptor—mediated signaling through binding of
mucins downmodulates immune responses in immune cells

downstream events after ligation with sialoglycans have not been fully understood;
however, these Siglec-mediated phenotypic changes seem to have established that
interaction of inhibitory Siglecs with sialylated glyco-codes on MUCI likely inhibits
the immune response. Based on these data, some practical experiments have been
performed. A sialic acid mimetic, which inhibits intratumoral biosynthesis of
sialoglycan, enhanced T-cell-mediated antitumor activity (Biill et al. 2018). An
anti-HER-2 antibody conjugated with a bacterial sialidase was demonstrated to
increase tumor cell killing (Xiao et al. 2016). Figure 7 shows the interactions of
mucins with lectins in a tumor environment schematically. It should be noted that the
interaction of membrane-bound mucins with lectin receptors may be able to initiate
mutual signaling, leading to tumor progression and immune evasion in tumor cells
and infiltrated immune cells, respectively. Soluble mucins include soluble MUC1
and CA125, which are produced through shedding from membrane-bound MUCI
and MUCI6, respectively. Because mucins generally express multiple tumor glyco-
codes such as Tn, T, and sialylTn antigens, we consider that mucins may ligate to
multiple lectin receptors, initiating multiple signaling pathways.
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Abstract Neuroblastoma is the most common extracranial solid tumor in children.
Although low-risk neuroblastoma is mostly curable, the outcome of high-risk
neuroblastoma, which comprises ~50% of neuroblastoma, is dismal. Abundant
expression of disialoganglioside GD2 antigens is a feature of neuroblastoma. The
success of immunotherapy targeting the GD2 antigen with dinutuximab has fueled
the interest in developing improved immunotherapeutics including humanized anti-
GD2 antibodies, GD2 mimotopes, cytokine-fused GD2-specific antibodies,
GD2-specific chimeric antigen receptor T/NKT cells, GD2 vaccine, anti-GD2 idio-
type monoclonal antibody, and anti-O-acetyl GD2 antibody. Advance in these active
or passive cancer immunotherapies hold promises to further improve the outcome of
neuroblastoma.

1 Introduction

Neuroblastoma is the most common malignancy in children aged under 1 year. Itis a
neuroendocrine tumor that originates from embryonal neural crest tissue. The
common lesions of primary tumors are the adrenal medulla, neck, chest, and pelvis.
About 8-10% of all childhood cancer cases are neuroblastoma. The incidence of
neuroblastoma is 10.54 cases per million young children (<15 years old) per year.
According to the International Neuroblastoma Risk Group classification system
based on clinical and molecular features, the high-risk group, which represents
about 50% of neuroblastoma, has a poor prognosis (Cohn et al. 2009). Genetic
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alterations are frequent in neuroblastoma. MYCN amplification, ranging from 100 kb
to >1 Mb (Amler and Schwab 1989), is associated with the rapid progression of
neuroblastoma (Seeger et al. 1985). ALK with gain-of-function mutations (Mosse
et al. 2008) and paired mesoderm homeobox protein 2B (PHOX2B) with loss-of-
function mutations (Trochet et al. 2004) are two predisposing factors for familial
neuroblastoma. Lin-28 homologue B (LIN28B), which can suppress let-7 to increase
MYCN expression, is an independent risk factor for high-risk neuroblastoma
(Molenaar et al. 2012). On the other hand, altered glycosylation is a hallmark during
tumorigenesis (Reis et al. 2010). GD2 is a tumor-associated carbohydrate antigen
abundantly expressed on the surface of neuroblastoma cells with ~10’ GD2 mole-
cules per neuroblastoma cell (Wu et al. 1986), but limited expression in normal
tissues, making it an attractive target for the development of immunotherapies
against neuroblastoma.

Disialoganglioside GD2 is a b-series ganglioside consisting of GalNAcf1-4
(NeuAca2-8NeuAca2-3)Galp1-4Glcpl-1ceramide. Several enzymes are involved
in the synthesis of GD2, including galactosyltransferase I, GM3 synthase, GD3
synthase, and GM2/GD2 synthase (Furukawa et al. 2002; Kolter et al. 2002). The
biological functions of GD2 have not been fully explored. GD2 ceramide inhibited
proliferation and induced apoptosis of T cells (Ladisch et al. 1992; Biswas et al.
2009). Recently, Siglect-7 has been identified to be a ligand for GD2 (Theruvath
et al. 2022). Upon binding to GD2, Siglect-7 might suppress immune cell activity
through its cytoplasmic immunoreceptor-tyrosine-based inhibitory motif domain. In
normal tissues, GD2 expression is weak and restricted to the central nervous system,
peripheral pain fibers, and skin melanocytes (Svennerholm et al. 1994; Yuki et al.
1997). In contrast, GD2 is overexpressed in a variety of cancers that include
neuroblastoma, small cell lung cancer, melanoma, glioma, osteosarcoma, rhabdo-
myosarcoma, and Ewing sarcoma (Schulz et al. 1984; Heiner et al. 1987; Tsuchida
et al. 1987; Kailayangiri et al. 2012). In addition, expression of GD2 has been
reported on cancer stem cells of breast cancer (Battula et al. 2012; Liang et al.
2013) and malignant phyllodes tumors of the breast (Lin et al. 2014). Thus, GD2 is
an ideal target for cancer immunotherapy.

Prior to 2015, the standard therapy for high-risk neuroblastoma is chemotherapy,
surgical resection, myeloablative therapy, autologous hematopoietic stem cell trans-
plantation, and isotretinoin. Addition of immunotherapy with anti-GD2
(dinutuximab), granulocyte-macrophage colony-stimulating factor (GM-CSF), and
interleukin-2 (IL-2) to maintenance phase of treatment significantly improved the
2-year event-free survival from 46% to 66% (Yu et al. 2010), leading to the
regulatory approval of dinutuximab in 2015. Thus, immunotherapy with
dinutuximab has since been considered as the standard of care for high-risk neuro-
blastoma. In this chapter, we will focus on the immunotherapeutic strategies includ-
ing immune checkpoint blockade, adoptive cellular therapies, antibody therapies,
and cancer vaccines for further improvement of the outcome of neuroblastoma.
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2 Antibody Therapies

Several GD2-specific antibodies have been investigated for the treatment of neuro-
blastoma, such as murine monoclonal antibody, monoclonal antibody fused with
cytokine, chimeric monoclonal antibody, humanized monoclonal antibody, and
bispecific antibody.

2.1 Murine Anti-GD2 Antibodies

Monoclonal antibody (mAb) 14G2a (Fig. 1a) is an IgG isotype switch variant of a
GD2-specific murine IgG3 14.18 (Mujoo et al. 1989). The mAb 14G2a could change
morphology and increase apoptosis of GD2-positive mouse lymphoma EL4 cells
(Doronin et al. 2014). Similarly, mAb 14G2a activated caspase 3 to induce apoptosis
of human neuroblastoma IMR-32 cells (Kowalczyk et al. 2009). Moreover, mAb
14G2a decreased metalloproteinase-2 to inhibit invasion of SJSA-1, MG-62, and
Saos-2 cells (Liu et al. 2014). Besides, many studies showed that mAb 14G2a could
inhibit p70S6, Akt, 4E-BP1, mTOR, MYCN, Aurora kinases, an inhibitor of DNA
binding 1, and T cell leukemia homeobox 2, and increase p53, PHLDAI, JUN, Ras
association RalGDS/AF-6 domain family member 6, and supervillain (Wierzbicki
et al. 2008; Horwacik et al. 2013, 2015; Durbas et al. 2015).

Another murine anti-GD2 IgG3 mAb 3F8 (Fig. 1a) has been extensively inves-
tigated by Cheng’s group. It altered morphology of SH-SYSY-TrkB cells by
Src-dependent activation of N-methyl-D-aspartate receptor signaling (Tong et al.
2015). The mAb 3F8 also activated caspases 3, 7, and 8 and inhibited survivin and
AKT, leading to apoptosis of human melanoma HTB63 cells (Tsao et al. 2015).

The mAb 14G2a not only induced apoptosis of cancer cells but also killed cancer
cells by complement-dependent cytotoxicity (CDC) and antibody-dependent cellular
cytotoxicity (ADCC) (Mujoo et al. 1989). Moreover, mAb 14G2a suppressed the
growth of M21 xenografts in athymic nude mice (Mueller et al. 1990). Phase I
clinical trials of mAb 14G2a was conducted in patients with neuroblastoma or
osteosarcoma. The dosage of mAb 14G2a was escalated up to 500 mg/m*/course.
Infusion of mAb 14G2a caused pain, hypotension, fever, urticarial, hypertension,
tachycardia, and hyponatremia (Saleh et al. 1992; Murray et al. 1994; Uttenreuther-
Fischer et al. 1995a). The pain was attributable to the binding of mAb 14G2a to
peripheral nerve fibers, which express GD2 (Svennerholm et al. 1994). Some
patients with partial or mixed responses were observed in these early phase trials
(Saleh et al. 1992; Murray et al. 1994).

In a phase I study, mAb 3F8 had similar side effects as mAb 14G2a (Cheung et al.
1987). A phase II clinical trial of mAb 3F8 showed long-term survival (79-130+
months) of three patients (3/16) with stage 4 neuroblastoma (Cheung et al. 1998).
Other phase II studies showed 62% 5-year EFS for stage 4 patients in the first
remission who received mAb 3F8 + subcutaneous GM-CSF + cis-retinoic acid
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Fig.1 Various GD2-specific antibodies and CAR constructs. (a) Various GD2-specific antibodies
are shown: 3F8, 14G2a, chimeric 14.18 (ch14.18), ch14.18-IL-2, hul4.18K322A, hul4.18-1L-2,
Surek (anti-GD2 x anti-mouse-CD3 trifunctional bispecific antibody), 5F11 BsAb (anti-GD2 x anti-
CD3 bispecific antibody), and SF11-HDD BsAb. (HDD: dimerization domain of human hepatocyte
nuclear factor la). (b) Various GD2-specific CAR constructs are shown: GD2 CAR, GD2-BBz
CAR, and 4SCAR-GD?2 for T cells and G28BBz CAR and GD2.28z.1L-15 CAR for NKT cells.
(BB: 4-1BB, z: CD3 zeta signaling domain, 28: CD28, TM: transmembrane domain, ED:
endodomain)

(Cheung et al. 2012a; Cheung et al. 2014). In these studies, patients with the
FCGR2A (R/R) genotype had a better outcome (Cheung et al. 2006). 311 labeled
mAb 3F8 showed anticancer efficacy in human neuroblastoma xenografts in mice
(Cheung et al. 1986). A phase I trial of '*'I-labeled mAb 3F8 given by intrathecal
injection was conducted in 3 patients with recurrent metastatic central nervous
system neuroblastoma. Extended survival (43, 41, and 33 months) of these patients
was observed (Kramer et al. 2010). However, *'I-labeled mAb 3F8 at dose levels of
4 mCi/kg/day x 5 days resulted in primary hypothyroidism (Bhandari et al. 2010).
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Thus, to avoid potential adverse effects, protection of the thyroid gland will be
needed for therapy of human neuroblastoma with '*'I-labeled mAb 3F8.

2.2 Chimeric Anti-GD2 Monoclonal Antibody

To reduce the induction of human antimouse antibodies, a chimeric mAb ch14.18
(Fig. 1a) was generated by fusing the variable regions of mAb 14G2a with constant
regions of human IgG1-k (Gillies et al. 1989). The mAb ch14.18 triggered CDC and
ADCC reactions to kill neuroblastoma cells in vitro and suppressed experimental
liver metastasis in an NXS2 neuroblastoma animal model in vivo (Barker et al. 1991;
Zeng et al. 2005). Moreover, the mAb ch14.18 displays 50—-100-fold greater ADCC
activity than mAb 14G2a (Mueller et al. 1990). In phase I studies, when compared to
mAb 14G2a, mAb ch14.18 has a longer half-life (66.6 + 27.4 h vs. 18.3 + 11.8 h)
(Handgretinger et al. 1995; Uttenreuther-Fischer et al. 1995a, b) but similar toxicity
profiles (Handgretinger et al. 1995; Yu et al. 1998). The German Collaborative
Neuroblastoma Study NB97 showed mydriasis and accommodation deficiency in
10/85 patients with high-risk neuroblastoma who received mAb ch14.18 treatment,
but these ocular symptoms were reversible with time (Kremens et al. 2002). Notably,
some patients with refractory/relapsed neuroblastoma in the phase I studies of mAb
ch14.18 showed complete response (CR) and partial response (PR) (Handgretinger
etal. 1995; Yu et al. 1998). To further enhance the anticancer efficacy, mAb ch14.18
was combined with granulocyte-macrophage colony-stimulating factor (GM-CSF)
and IL-2, both of which enhance ADCC (Hank et al. 1990; Tarr 1996). Of 17 refrac-
tory/recurrent neuroblastoma, 5 CRs and 3 stable diseases (SDs) were observed in a
pilot study of mAb ch14.18 + GM-CSF (Yu et al. 1995). Subsequently, a phase II
study of mAb ch14.18 + GM-CSF showed 2 CRs, 2 PRs, and 1 mixed response
(Yu et al. 1997). Subsequently, the MTD of mAb ch14.18 in combination with
GM-CSF and IL-2 was 25 mg/m*/d for 4 days when administered following
consolidation therapy and stem cell transplant (Gilman et al. 2009). The toxicity of
the regimen of mAb ch14.18 + GM-CSF + IL-2 was manageable and reversible
(Hank et al. 1990). Consequently, a randomized phase III trial (COG study
ANBLO0032) of mAb ch14.18 with GM-CSF, interleukin-2, and isotretinoin was
conducted in children with high-risk neuroblastoma after completing stem-cell
transplantation and radiotherapy. Two-year event-free survival and overall survival
rates were superior in patients treated with immunotherapy, that is, chl4.18
(dinutuximab) + GM-CSF + IL-2 + isotretinoin, than those treated with isotretinoin
only (66 + 5% vs. 46 + 5%, P = 0.01 and 86 + 4% vs. 75 + 5%, P = 0.02,
respectively) (Yu et al. 2010). Based on this data, US FDA and European medicines
agency approved dinutuximab for the treatment of high-risk neuroblastoma in 2015.
Since then, treatment with dinutuximab has become a standard of care for high-risk
neuroblastoma. This is the first successful immunotherapy targeting a tumor-
associated glycolipid antigen. Recently, a long-term follow-up (median 9.97 years)
of the COG ANBLO0032 study showed that mAb ch14.18 + GM-CSF + IL-
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2 + isotretinoin significantly improved the 5-year EFS (57% vs. 46%) and OS
(73% vs. 57%) of patients with high-risk neuroblastoma (Yu et al. 2021, 2022),
although the benefits have decreased due to late relapses. Notably, immune correl-
ative analyses revealed that patients with high affinity FCGR3A genotype, and
KIR2DL2/C1 or KIR3DL1/HLA-B-Bw4-T80 genotypes had better outcome with
anti-GD2 immunotherapy (Erbe et al. 2017, 2018; Desai et al. 2022).

To improve the efficacy of dinutuximab by combining with chemotherapy, COG
conducted a randomized phase II selection design trial in patients with relapsed/
refractory neuroblastoma. Eligible patients were randomly assigned to irinotecan
and temozolomide plus either temsirolimus or dinutuximab + GM-CSF. Irinotecan—
temozolomide—dinutuximab-GMCSF  (I/T/DIN/GM-CSF) showed superior
antitumor activity with 9/17 (53%) objective responses, versus 1/18 (6%) patients
treated with I/T/temsirolimus (Mody et al. 2017). The trial was expanded to recruit
additional 36 patients nonrandomly assigned to I/T/DIN/GM-CSF. In total, 22/53
patients showed objective responses (41-5%) (Mody et al. 2020). These findings
provided the rationales for the ongoing development of a COG phase III study of
combining dinutuximab with induction chemotherapy in high-risk neuroblastoma.

In view of the limited access of mAb ch14.18 produced by murine myeloma
SP2/0 cells in Europe, the International Society of Paediatric Oncology European
Neuroblastoma Group (SIOPEN) uses mAb ch14.18 generated by Chinese hamster
ovary cells, designated as mAb ch14.18/CHO (dinutuximab beta) for clinical inves-
tigations. As compared to mAb ch14.18/SP2/0, similar toxicology and comparable
pharmacokinetics were observed in phase I bridging study of mAb ch14.18/CHO in
patients with neuroblastoma (Ladenstein et al. 2013). Subsequently, a randomized
SIOPEN study of mAb ch14.18/CHO with or without IL2 showed similar efficacy
for high-risk neuroblastoma (Ladenstein et al. 2018), but the combination of IL-2
with mAb ch14.18/CHO resulted in more toxicities than mAb ch14.18/CHO alone.
In 2017, mAb ch14.18/CHO received regulatory approval by the European Medi-
cines Agency, and designated as Dinutuximab-beta.

2.3 Humanized Anti-GD2 Antibody

Humanization of murine antibodies can reduce immunogenicity, enhance effector
function, and increase half-life in the serum. A humanized mAb 14.18 (hul4.18)
antibody was generated by CDR grafting of mAb ch14.18 V regions onto variable
regions of human IgG1 heavy and kappa light chains (Metelitsa et al. 2002). In
addition, a point mutation K322A at the Fc region was introduced to reduce
complement activation, which causes neuropathic pain induced by fixation of C5a
complement on anti-GD2-binding neuron (Sorkin et al. 2010). Furthermore, YB2/0
rat myeloma cells, which have low fucosylation activity leading to increased ADCC
(Niwa et al. 2004), were used to produce the mAb hul4.18K322A (Fig. 1a). Indeed,
the mAb hul4.18K322A displayed ADCC activity but induced negligible CDC and
less allodynia than mAb ch14.18 in a rat model (Sorkin et al. 2010). A phase I
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clinical trial of mAb hul4.18K322A showed that the maximum tolerated dose was
60 mg/m?2/d for 4 days (Navid et al. 2014). Reversible ocular toxicities were seen in
patients treated with mAb hul4.18K322A (Tse et al. 2015). A phase II study of mAb
hul4.18K322A in combination with 6 courses of chemotherapy was conducted in
patients with newly diagnosed high-risk neuroblastoma. After the first two chemo-
immunotherapy cycles, an impressive 67% PR or better responses were noted in
42/63 patients (Furman et al. 2019). At the end-of-induction 60 of 62 patients (97%)
had a partial response or better. Updated results of the induction chemotherapy with
hul4.18K322A have demonstrated that 3-year EFS and OS were 73.7% and 86%,
respectively (Furman et al. 2022). In addition, treatment of children with recurrent/
refractory neuroblastoma with hul4.18K322A in combination with chemotherapeu-
tic agents and haploidentical NK cell therapy resulted in 3 CRs, 1 very good partial
response, 4 PRs, and 5 stable diseases (Federico et al. 2017).

In 2012, a humanized mAb 3F8 (hu3F8) was generated, and its binding activity to
GD2 was similar to murine mAb 3F8. When compared to murine mAb 3F8, mAb
hu3F8 had more potent ADCC but lower CDC activity (Cheung et al. 2012a, b).
Based on in silico assisted design, a D32H (located at the L-CDR1) mutation was
introduced in mAb hu3F8 to enhance the binding affinity to GD2. Although the
binding affinity and ADCC of mAb hu3F8D32H were increased in vitro, its
antitumor efficacy in IMR-32-bearing mice was not further improved (Zhao et al.
2015). A phase I trial of mAb hu3F8 in combination with GM-CSF for patients with
resistant neuroblastoma demonstrated reversible neuropathic pain, low immunoge-
nicity, and prolonged progression-free survival (Cheung et al. 2017; Kushner et al.
2018). Two single-arm, open-label trials (NCT03363373 and NCTO01757626) were
conducted to evaluate the antitumor efficacy of mAb hu3F8 in patients with
relapsed/refractory neuroblastoma in the bone or bone marrow. The overall response
rate for NCT03363373 and NCT01757626 was 45% and 34%, respectively (FDA
2020). These findings led to the FDA approval for mAb hu3F8 (naxitamab) for the
treatment of relapsed/refractory high-risk neuroblastoma in 2020.

2.4 Cytokine-Conjugated GD2-Specific Antibodies

Another strategy to enhance anticancer efficacy is to link an antibody with cytokine
to generate immunocytokine fusion protein, thereby inducing high concentration of
cytokine in the tumor microenvironment to stimulate cellular immune responses
against cancer cells. A fusion protein of hul4.18 and IL-2, hul4.18-1L2 (Fig. 1a),
prolonged survival of NXS2-bearing mice with the involvement of NK cells and T
cells (Neal et al. 2004a, b). Furthermore, upon binding to tumor cells, hul4.18-IL2
remained on the surface of tumor cells for a prolonged time, leading to the recruit-
ment of NK cells to kill tumor cells (Buhtoiarov et al. 2011). In a phase I trial of
patients with recurrent/refractory neuroblastoma, MTD of hul4.18-1IL2 (EMD
273063) was 12 mg/m?/day with expected toxicities similar to the combination of
anti-GD2 and IL-2, and antitumor activity was observed in three patients (Osenga
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et al. 2006). In a phase II study, hul4.18-IL2 resulted in 5 CR (5/23) for patients with
disease evaluable by '*’I-metaiodobenzylguanidine (MIBG) imaging and/or bone
marrow histology, while patients with measurable disease had no responses
(Shusterman et al. 2010). Moreover, the mismatch between KIR and KIR-ligand
was associated with better clinical response to hul4.18-IL2 therapy (Delgado et al.
2010).

2.5 Bispecific Antibody

It is an attractive therapeutic approach to combine fragments of two monoclonal
antibodies to make a bispecific antibody that binds to two different antigens. Many
bispecific antibody formats against GD2 have been generated and evaluated in vitro
and in vivo. Generated by electrofusion of hybridoma cells, a trifunctional bispecific
antibody TRBs07 was shown to redirect T cells to kill GD2-expressing melanoma
cell lines (Ruf et al. 2004). Surek (anti-GD2 17A2 x anti-mouse CD3 Me361 with an
intact Fc) (Fig. 1a), a trifunctional bispecific antibody generated by the TRION
antibody platform technology, could not only prolong the survival of mice but also
induce a long-term memory response to tumor cells (Eissler et al. 2012; Ruf et al.
2012). Interestingly, subcutaneous and intravenous injection of the Surek showed
similar antitumor efficacy in mice; however, only subcutaneously injected Surek
reduced CTLA-4 expression on CD4" and CD8" T cells (Deppisch et al. 2015).
Subsequently, the anti-mouse CD3 in Surek was replaced with an antihuman CD3 to
generate an Ektomun (anti-GD2 x anti-human CD3). Upon coculture of human
neuroblastoma cells with PBMCs, Ektomun could activate effector cells to release
proinflammatory cytokines and exert cytotoxic effects (Zirngibl et al. 2021). Another
bispecific antibody anti-CD3 x anti-GD2 (3F8BiAb) generated by chemical
heteroconjugation could redirect T cells to target neuroblastoma cells expressing
GD2 (Yankelevich et al. 2012). A humanized hu3F8-BsAb showed GD2-specific
cytotoxicity to neuroblastoma cells in vitro and anticancer efficacy in vivo (Xu et al.
2015). An MDX-260 BsAb prepared by crosslinking F(ab’) fragments of mAb 7A4
(anti-GD2) and mAb 22 (anti-FcyRI) using bis-maleimide could trigger neutrophils
to kill tumor in vitro (Michon et al. 1995).

A SF11-BsAb (Fig. 1a) has been generated by genetic engineering with a gene
construct comprised of VH-VL of anti-GD2 mAb 5F11, VHS44C and VLA100C
mutations to stabilize disulfide bond, (GGGGS); linker to link anti-huCD3 scFv, and
an affinity maturation mutation VHP104Y. In IMR-32-bearing BALB/cA-Rag2 "~
Ierg_/ ~ mice where human PBMCs were used as effector cells, the SF11-BsAb
effectively suppressed tumor growth (Cheng et al. 2015). However, renal clearance
of 5F11-BsAb was rapid due to its small size. Thus, to prevent the rapid renal
clearance and enhance the potency of 5F11-BsAb, a dimerization domain (residues
1-32) of human hepatocyte nuclear factor 1o (HNF1a) was added to the C-terminus
of the SF11-BsAb to generate SF11-HDD-BsAb (Fig. 1a). The HNF1a dimerization
domain could increase molecular size and the avidity of SF11-BsAb, without
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introducing immunogenicity. Surface plasmon resonance assay showed that SF11-
HDD-BsAb had a better affinity to GD2 than SF11-BsAb, while both had a similar
binding affinity to CD3. Moreover, the 5F11-HDD-BsAb significantly reduced
tumor growth and prolonged survival in the IMR-32-bearing animal model. Notably,
serum pharmacokinetic analysis revealed that SF11-HDD-BsAb displayed a signif-
icantly longer half-life than 5F11-BsAb (Ahmed et al. 2015).

3 Adoptive Cellular Therapies

Adoptive cellular therapy (ACT) is a rapidly emerging immunotherapy approach,
fueled by the FDA approval of two CAR T-cell therapies in 2017, one for the
treatment of children with acute lymphoblastic leukemia (ALL) and the other for
adults with advanced lymphomas (Mullard 2021). CAR is a synthetic receptor that
combines a tumor-antigen-specific single-chain variable fragment with a transmem-
brane domain and an intracellular signaling domain (Rafiq et al. 2020). Upon
binding to cancer cells by single-chain variable fragment, the intracellular signaling
domain of CAR can transduce a signal to activate CAR T cells. Thus, CAR T cells
can eliminate cancer cells in a major histocompatibility complex class I-independent
fashion. Several GD2-directed CAR-T therapeutics are under evaluation in clinical
trials. Epstein-Barr virus-specific T lymphocytes expressing a CAR specific for the
GD2 (Fig. 1b, GD2 CAR T) have been generated and used for the treatment of
patients with high-risk neuroblastoma. Tumor necrosis or complete remission was
observed in 2 and 1 patients, respectively, at 6 weeks after treatment (Pule et al.
2008). Moreover, a long-term follow-up showed that the patients with persistence of
GD2-CAR-T cells (>6 weeks) had a prolonged time to progression (Louis et al.
2011). Furthermore, tumor cells infected with oncolytic viruses to express RANTES
and IL-15 ectopically could enhance the antitumor function of the GD2-CAR-T cells
(Nishio and Dotti 2015). Another anti-GD2-BB-{ CAR T cells (Fig. 1b), which
comprised of scFv of mAb 126 (anti-GD2 IgM), the transmembrane domain of
human CD8a hinge, human 4-1BB, and signaling domain of human CD3-, killed
neuroblastoma cells in vitro and suppressed tumor growth SH-SY5Y -bearing NOD.
scid mice (Prapa et al. 2015). In a phase I clinical trial, six patients with refractory/
recurrent neuroblastoma showed stable disease 6 months after treatment with
4SCAR-GD2 T cells (Fig. 1b), which contained intracellular signaling domain of
CD28/4-1BB/CD3-iCasp9, with an inducible caspase 9 gene in the anti-GD2-CAR
construct (Yu et al. 2021, 2022). Adverse events associated with the 4SCARGD2
T-cell therapy, which included cytokine release syndrome and neuropathic pain, are
manageable (Yu et al. 2021, 2022). In addition, the frequency of MDSC in human
peripheral blood is a negative predictor of response to GD2-CAR-T (14G2a scFv-
CD28-4-1BB-CD3{) cell therapy (Tumino et al. 2021).

In addition to CAR-T cells, different forms of ACT are being actively pursued.
Natural killer T (NKT) cells, which are a sublineage of T cells with Va24 invariant T
cell receptors, play a role in neuroblastoma (Metelitsa et al. 2004; Song et al. 2007,
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Liao et al. 2021). A G28BBz-CAR construct, which consisted of mAb 14G2a scFv,
CD28 transmembrane domain, CD28 endodomain, 4-1BB endodomain, and ¢ chain
endodomain (Fig. 1b), was used to transfect primary human NKT cells to generate
CAR.GD2 NKT cells. The CAR.GD2 NKT cells could infiltrate into the tumor site
to exhibit potent cytotoxic activity (Heczey et al. 2014). Another CAR.GD2 NKT is
generated using CAR construct (GD2.28z.15), which consisted of mAb 14G2a scFv,
CDS8 hinge and transmembrane regions, CD28 endodomain, CD3( signaling
domain, 2A sequence of the equine rhinitis A virus, and IL-15 (Fig. 1b). It showed
superior antitumor activity in CHLA-255 neuroblastoma-bearing mice (Xu et al.
2019). Thus, a first-in-human phase I trial of GD2.28z.15 CAR NKTs for children
with relapsed/refractory neuroblastoma was conducted. An interim analysis of the
first 3 patients showed that the GD2.28z.15 CAR NKTs could expand in vivo and
migrate to tumor sites, and one patient had a partial response (Heczey et al. 2020).
Thus, GD2-CAR T/NKT cell therapy will likely bring hope for the treatment of
neuroblastoma in the near future. Nevertheless, it should be cautioned that it is still
early days for CAR T cells and other forms of ACT. Whether they will ever be as
effective against solid tumors as hematological malignancies remains to be
demonstrated.

4 Cancer Vaccine

4.1 Racotumomab Vaccine

The majority (85%) of neuroblastoma expressed N-glycolyl GM3 (NeuGcGM3),
regardless of NMYC amplification (Scursoni et al. 2011). NeuGecGM3 was
undetectable in healthy human tissues (Irie et al. 1998), making it a potential target
for neuroblastoma therapy. An anti-idiotype murine mAb racotumomab (also known
as 1E10) (Vazquez et al. 1998) against anti-NeuGcGM3 mAb P3 (Vazquez et al.
1995) has been generated. In B16 melanoma- and F3II mammary tumor-bearing
animal models, vaccination with racotumomab decreased tumor growth (Vazquez
et al. 2000). Treatment of neuroblastoma patients with racotumomab showed grade
1-2 toxicity at the injection site and induction of IgG and IgM against NeuGcGM3
in the phase I trial (Cacciavillano et al. 2015). A phase II of racotumomab for
children with high-risk neuroblastoma is ongoing (NCT02998983). Importantly,
progression-free and overall survival were significantly prolonged in patients with
non-small cell lung cancer who were vaccinated with racotumomab in a randomized
phase II/II trial (Alfonso et al. 2014). Racotumomab was approved for the treatment
of patients with recurrent/advanced non-small cell lung cancer in Cuba and Argen-
tina in 2013.
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4.2 GD2 Vaccines

In general, carbohydrate or glycolipid molecular including GD2 are poor antigens
for inducing immune responses. Several approaches have been applied to enhance
the immunogenicity of GD2. For example, conjugation of GD2 to keyhole limpet
hemocyanin (KLH) protein derived from the Megathura crenulato, which is a T-
cell-dependent antigen, can stimulate the immune system to produce antibodies
(Swaminathan et al. 2014). The use of a potent immunostimulatory adjuvant, such
as QS21 isolated from the Quillaja saponaria, can activate dendritic cells and
CD169" macrophages to elicit strong immune responses. Another adjuvant,
B-glycans, which are yeast cell wall carbohydrates, can activate immune cells and
enhance ADCC (Cheung and Modak 2002; Dambuza and Brown 2015). GD2-KLH
and GD3-KLH vaccines were produced by chemically crosslinking KLH to either
GD?2 or GD3. In a phase I trial, children with high-risk neuroblastoma in second or
later remission were treated with GD2-KLH, GD3-KLH, a QS-21 equivalent
OPT-821, and b-glucans. This regimen did not cause major toxicity and induced
antibody responses against GD2/GD3 in 12 of 15 patients (Kushner et al. 2014).
Subsequently, a phase II of the GD2-KLH/GD3-KLH/OPT-821/b-glucan in patients
with high-risk neuroblastoma in remission was conducted. Multivariable analyses
showed anti-GD2 IgGl titer > = 150 ng/mL by week 8 could contribute to favorable
PFS and OS (Cheung et al. 2021).

4.3 GD2 Mimotope

GD2 mimotopes are carbohydrate-mimetic peptides that stimulate immune response
to induce GD2-specific T cells and antibodies. Using a decamer phage display
library, Forster-Waldl et al. obtained GD2 peptide mimotopes that could compete
for binding to mAb ch14.18 (Forster-Waldl et al. 2005). To enhance immunogenic-
ity, the GD2 peptide mimotopes were linked to KLH. The GD2 mimotope-KLH
vaccine could elicit IgG antibodies to GD2 (Riemer et al. 2006). Another GD2
mimotope 47-LDA obtained from X(15) phage display library had increased mim-
icry to GD2 by molecular modeling. The 47-LDA-encoded plasmid DNA vaccine
could induce GD2 cross-reactive IgG antibody response in vivo (Bolesta et al. 2005).
Moreover, the 47-LDA DNA vaccine could induce cytotoxic T lymphocyte response
to prolong survival of syngeneic neuroblastoma NXS2-bearing mice (Wierzbicki
et al. 2008). In addition, computer modeling of mAb ch14.18 was used to design a
GD2 mimicry MD (C-DGGWLSKGSW-C). A pSA-MA vector encoding for T-cell
helper epitope and GD2-mimicking MD peptide was generated and transfected into
S. typhimurium SL7207. Induction of tumor protective immunity was observed in
NXS2-bearing mice, which were immunized by oral gavage of SL7207 carrying the
PSA-MA vectors. Notably, the vaccine could increase NK cell activity, IFN-y
secretion, CD4™ T cells, and CD8" T cells (Fest et al. 2006). In summary, GD2
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mimotopes can induce not only humoral response but also cellular response, pro-
viding strong evidence for further development.

4.4 Anti-GD2 Idiotype Monoclonal Antibody

Danish immunologist Niels Kaj Jerne conceived the idiotypic network theory that
antibodies (termed “Ab2” antibody) react to antigen-specific antibodies (termed
“Abl” antibody) (Jerne 1974). Anti-idiotypic (anti-Id) antibodies, which belong to
Ab2, can bind to the idiotope of another antibody. An idiotope is a unique region
within the Fv region of an antibody. Thus, the antigen-binding domain of anti-Id
antibodies can structurally resemble the antigen epitope. The mAb 14G2a was used
to generate an anti-idiotype antibody mAb 1A7 (also known as TriGem), which
mimics the GD2 antigen (Saleh et al. 1993). Besides, DNA vaccines encoding scFv
of mAb 1A7 could induce immune sera against GD2 in vivo (Zeytin et al. 2000).

A phase I clinical trial required 47 patients with advanced melanoma to study the
toxicity and immune response of TriGem. Minimal toxicity was observed, including
mild fever, chills, and local reaction at the injection site. Induction of anti-GD2 IgG
antibody (Ab3) was found in 40 patients (85.1%, 40/47). Notably, one complete
response and 12 stable diseases occurred in 47 patients with TriGem therapy (Foon
et al. 1998, 2000).

In addition, 31 patients with high-risk neuroblastoma in first or subsequent
complete remission or very good partial remission after frontline therapy were
enrolled in a clinical trial of mAb 1A7 vaccine mixed with QS21 (Yu et al. 2001).
Adverse reactions were transient fever, chills, serum sickness, and local reactions.
Anti-mAb 1A7 was detected in all patients. Immune sera from some patients lysed
human neuroblastoma cells in the ADCC and CDC reactions. At a median follow-up
of 6.8 years, 16/21 patients (76.1%) remained in first remission with no evidence of
disease (Yu et al. 2001).

Other idiotypic antibodies mimicking GD2 were generated. The mAb 4B5 was
generated by fusing murine myeloma cell line Ag8 with peripheral blood lympho-
cytes of a patient who received mAb 14G2a treatment (Saleh et al. 1993). A clinical
trial of human mAb 4B5 + GM-CSF was conducted in patients with stage III/IV
melanoma (NCTO00004184), but no results have been published. In addition, the
mAb 3F8 was used to generate rat anti-3F8-idiotypic antibodies C2D8, Idio-2,
AlG4, C2H7, C4E4, and A2A6. These anti-Id antibodies could inhibit the binding
of mAb 3F8 to GD2 and induce GD2-specific antibodies in mice (Cheung et al.
1993). So far, these anti-Id antibodies have not been tested in a clinical trial.

In summary, immunotherapy with anti-Id GD2 vaccines can induce humoral
responses to GD2-expressing tumor cells. Its therapeutic efficacy awaits verification
in randomized clinical trials.
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5 O-Acetyl GD2-Specific Antibody

A 9(7)-O-acetyl transferase can add an O-acetyl ester to the external sialic acid of
GD2 to form an O-acetyl GD2 (Sjoberg and Varki 1993). An O-acetyl GD2-specific
mAb 8B6 was generated by screening antibodies that bind to alkali-labile ganglio-
side O-acetyl GD2 after immunizing A/J mice with LAN-1 cells (Cerato et al. 1997).
The mAb 8B6 could bind to many human tumor tissues, including neuroblastoma,
melanoma, small cell line cancer, and renal tumors, but not pain nerve fibers
(Alvarez-Rueda et al. 2011). Moreover, a human-mouse chimeric mAb ¢.8B6 not
only exhibited ADCC and CDC activity in vitro but also reduced neuroblastoma
liver metastasis in vivo. Importantly, the mAb ch14.18-inducing allodynia in a rat
model was not observed in animals treated with the mAb ¢.8B6 (Terme et al. 2014).
In addition, the mAb 8B6 could induce apoptosis and cell cycle arrest to inhibit the
growth of GD2-expressing cancer cells (Cochonneau et al. 2013), as well as
targeting O-acetyl GD2+ breast cancer stem cells to suppress tumor growth
in vivo (Cheng et al. 2021). These promising preclinical findings provide a strong
rationale for developing the O-acetyl GD2-targeting immunotherapeutics.

6 Immune Checkpoint Inhibitors

Blockade of immune checkpoint molecules cytotoxic T-lymphocyte associated
protein 4 (CTLA-4) and programmed cell death 1 (PD-1) has shown remarkable
therapeutic efficacy in some cancer patients. A few clinical trials of immune check-
point inhibitors in neuroblastoma are now underway. Expression of programed
death-ligand 1 (PD-L1) in clinical specimens of neuroblastoma has been reported
to range from 18.9% to 35% in several studies (Zuo et al. 2020) (Saletta et al. 2017).
Another study showed 25% (5/20) and 65% (13/20) of neuroblastoma at diagnosis
and after 5-cycles of chemotherapy, respectively, expressed PD-L1 (Shirinbak et al.
2021). The clinical relevance of PD-L1 expression to the efficacy of anti-PD-1/PD-
L1 in neuroblastoma remains to be determined. In preclinical studies, mAb PD-1
alone and mAb PD-L1 alone had no effect on tumor progression in syngeneic mice
bearing with PD-L1-expressing Neuro2a and NXS2 neuroblastoma cells (Rigo et al.
2017). In a phase 1-2 trial of nivolumab (3 mg/kg) in children with measurable
neuroblastoma, five of ten patients had stable disease (Davis et al. 2020). In another
phase I clinical trial of ipilimumab, one neuroblastoma patient had stable disease for
2 months after single dose of ipilimumab at 10 mg/kg (Merchant et al. 2016). To
improve the efficacy of ICI inhibitor in neuroblastoma, anti-GD2 in combination
with PD-1 blockade was shown to significantly reduce tumor volume in A/J mice
bearing neuroblastoma NXS2-HGW cells (Siebert et al. 2017). Based on this
preclinical finding, two patients with refractory neuroblastoma were treated with
the combination of Nivolumab and dinutuximab beta. One patient attained complete
remission for 6 months, and the other showed complete disappearance of soft tissue
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lesions and regression of skeletal lesions (Ehlert et al. 2020). Another checkpoint
molecule CD47, which is a potent “don’t eat me” signal to prevent phagocytosis by
macrophages, is a potential therapeutic target for cancer immunotherapy. Combina-
tion of CD47 blockade and anti-GD2 showed significant antitumor efficacy in
TH-MYCN syngeneic neuroblastoma model (Theruvath et al. 2022). In another
study, inhibition of CSF-1R" myeloid cells with a tyrosine kinase inhibitor
BLZ945 was shown to improve the anticancer efficacy of blocking antibodies
against both PD-1 and PD-L1 in spontaneous neuroblastoma TH-MYCN mice
(Mao et al. 2016). These findings suggest that neuroblastoma patients may benefit
from ICI in combination with immunotherapy or other immune-modulating agents.

7 Conclusions

Improved outcomes in high-risk neuroblastoma patient after postconsolidation
immunotherapy with dinutuximab have fueled further interest in refining immuno-
therapy against neuroblastoma. Strategies that aim for ameliorating the toxicities of
the dinutuximab, improving efficacy by combination with chemotherapy or ICI, or
developing new immunotherapeutics targeting GD2, O-acetyl GD2, GD3,
NeuGcGM3 are flourishing. These endeavors will likely further improve the out-
come of neuroblastoma.
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