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Abstract

Glycosylation and glycan-binding proteins such as galectins play an important role in the control of cell death signaling.
Strikingly, very little attention has been given so far to the understanding of the molecular details behind this key regulatory
network. Glycans attached to the death receptors such as CD95 and TRAIL-Rs, either alone or in a complex with galectins,
might promote or inhibit apoptotic signals. However, we have just started to decode the functions of galectins in the
modulation of extrinsic and intrinsic apoptosis. In this work, we have discussed the current understanding of the
glycosylation—galectin regulatory network in CD95- as well as TRAIL-R-induced apoptosis and therapeutic strategies based

on targeting galectins in cancer.

Facts

e (D95 and TRAIL-R are glycosylated, which modulates
their sensitivity toward apoptosis induction.

e Galectins can regulate apoptosis by interacting with
death receptors (DRs) and cell surface glycoproteins.

o Intracellular galectins modulate apoptosis via binding to
glycoproteins as well as non-glycosylated proteins.

e O-glycosylation plays a key role for TRAIL-R2 system,
while for TRAIL-R1 and CD95, N-glycosylation seems
to be of major importance.

e Galectins can be used as potential targets for cancer
therapy.

Open questions

o Identification of putative interactions between different
types of galectins and DRs.
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e Structural analysis of glycosylated DR complexes.

e Molecular mechanisms of galectin action in apoptosis
and other types of cell death.

¢ Influence of proapoptotic and antiapoptotic galectins on
DR-mediated cell death.

e Development of new combinatorial therapies based on
targeting galectins and DR pathways.

Introduction

Apoptosis is a genetically encoded process and common to
all multicellular organisms. There are two key ways of
apoptosis induction: the death receptor (DR)-mediated or
extrinsic pathway and the mitochondrial or intrinsic path-
way [1, 2]. The extrinsic cell death pathway can function
independently of mitochondria and is triggered by stimu-
lation of the DR family.

DRs belong to the tumor necrosis factor receptor
(TNF-R) superfamily and are characterized by the
presence of an intracellular death domain (DD) that is
involved in the transduction of the death signal [3]. Six
members of the DR family have been characterized to
date: TNF-R1, CD95 (APO-1/FAS), DR3, TNF-related
apoptosis-inducing ligand receptor 1 (TRAIL-R1)/DR4,
TRAIL-R2/DR5, and DR6 [4]. The activation of CD95 or
TRAIL-R1/2 with the cognate ligands or agonistic anti-
bodies results in the formation of the death-inducing
signaling complex (DISC) at the cellular membrane [5].
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Fig. 1 Classification of galectins.According to the number and
arrangement of the carbohydrate recognition domains (CRDs), galectin
family members are classified into three main types: proto, chimera,
and tandem-repeat. Some galectins can self-associate into dimers or
oligomers. The consensus sequence, which corresponds to the CRD,
consists of ~130 amino acids. Via their CRDs, galectins can interact
with poly-N-acetyllactosamine (Gal-p(1-4)-GlcNAc, LacNAc)-based

DISC consists of oligomerized receptors, the adaptor
protein Fas-associated protein with DD (FADD), initiator
zymogens procaspase-8 and -10, and the cellular FLICE
inhibitory protein (c-FLIP) [6, 7]. The protein—protein
interactions in this complex are mediated via homotypic
interactions, namely, the DD of the receptor interacts with
the DD of FADD, the death effector domain (DED) of
FADD interacts with DEDs of procaspase-8 and -10
and c-FLIPy k. Furthermore, via DED interactions,
DED filaments are formed that serve as a platform
for procaspase-8 activation [8—10]. Activated caspase-8
induces the activation of downstream effector caspases-3
and -7 resulting in cleavage of several cellular substrates,
such as poly ADP ribose polymerase [5].

Biological information coded in carbohydrate structures
is translated by sugar-binding proteins called lectins.
Animal lectins have been attracting attention for their roles
in the extrinsic and intrinsic apoptotic pathways in several
diseases [11]. Galectins, a family of galactose-binding
lectins known as Ca”"-independent S-type animal lectins,
are widely distributed in many types of mammalian
cells [11].

In spite of extensive investigations focused on CD95 and
other DR signaling pathways, very few studies, however,
have investigated the effects of posttranslational modifica-
tions such as glycosylation on DR function. Glycosylation
of DRs in mammalian systems is likely to play a more
prominent role than initially anticipated and will be con-
sidered below.
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carbohydrates present in proteins, lipids, or other molecules.
“One-CRD” galectins usually exist as dimers, whereas Gal-3 forms
upon binding to Gal-f(1-4)-GlcNAc structures on cell surface and
extracellular matrix. Tandem-repeat-type galectins comprise two
homologous CRDs, separated by a short linker of up to 70 amino
acids. Figure is modified from [100]

Cell membrane

Galectins as receptors of glycosylated
proteins

Galectins are highly conserved family of lectin molecules.
Sixteen mammalian galectins have been identified to date
[12]. According to the number and arrangement of the car-
bohydrate recognition domains (CRDs), galectins are clas-
sified into three main types: prototype (galectin-1, -2, -5, -7,
-10, -11, -13, -14, -15, -16), chimera (galectin-3 (Gal-3)), and
tandem-repeat (galectin-4, -6, -8, -9, -12) [13-15] (Fig. 1).
All three types of galectins have a well-defined CRD with a
highly conserved amino acid sequence and a P-sandwich
structure. The consensus sequence that corresponds to the
CRD consists of ~130 amino acids. Galectins can interact via
their CRDs with LacNAc-based N-and O-linked glycans
present in proteins, lipids, or other molecules [16—19]. Pro-
totypical galectins possess one CRD, while the tandem-
repeat-type galectins comprise two homologous CRDs,
separated by a short linker of up to 70 amino acids [20, 21].
Gal-3 contains a collagen-like sequence linking the short 12
amino acid N-terminal domain to the CRD [21]. Galectins
exist either in bivalent or multivalent form depending on their
carbohydrate-binding activities [22]. They mostly form
homodimers through hydrophobic or electrostatic interac-
tions [22]. Tandem-repeat-type galectins are reported to be
monomeric; however, some galectins of this class, like Gal-9,
self-associate and form homodimers [23] (Fig. 1). Gal-3 is
the only known chimera-type galectin that might assemble
into multimers [24].
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Galectins play different roles in various biological pro-
cesses, such as cell cycle regulation, cell growth, and
apoptosis [25-29]. There is an accumulated evidence that
galectins modulate signal transduction by binding to intra-
cellular ligands and participating in intracellular signaling
pathways [30, 31]. However, the localization of galectins is
not restricted to the intracellular compartments [22]. Several
secreted galectins such as Gal-1, Gal-3, Gal-4, Gal-8, and
Gal-9 are localized on the cell membrane and in the extra-
cellular matrix (ECM) [21, 32]. Despite the lack of the
signal sequence for a classical secretion, galectins are sug-
gested to be secreted by a non-classical pathway. The latter
is likely mediated via an exosome-mediated secretory route
[33, 34]. Extracellular galectins can interact with cell sur-
face glycoproteins, harboring the LacNAc disaccharide
structure. Through the binding to poly-LacNAc structures,
galectins can generate a galectin—glycan lattice, which is
able to regulate cellular signal transduction [33-35].

In the extracellular space, galectin homodimers can link
several membrane receptors facilitating cell signaling and
cell—cell interactions [21, 22]. For example, interactions of
Gal-1 with N-and/or O-glycans on activated T cells lead to
clustering and aggregation of CD45 with CD3 and CD7
with CD43 on T cells, which are crucial for signaling in
T cells [22, 31, 36].

Modulation of CD95-induced apoptosis by
glycosylation

The extrinsic apoptotic pathway is initiated by stimulation
of DRs such as CD95 and TRAIL-R1/2 and the subsequent
formation of the DISC and DED filaments [1, 8-10, 37, 38]
(Fig. 2). Upon recruitment to the DISC, procaspase-8 is
activated at the DED filaments (Fig. 2), which results in the
formation of the active caspase-8 heterotetramer p10,—p18,
and the propagation of the apoptotic signal [38, 39]. Two
pathways of DR signaling have been described. Type I cells
show a high level of DISC formation and caspase-8 acti-
vation upon CD95 stimulation. In Type I cells, activated
caspase-8 directly leads to the activation of downstream
effector caspase-3 and -7 [6]. In Type II cells, a low level of
the DISC formation is observed and the apoptotic signal is
amplified by the release of cytochrome C from the mito-
chondria through the cleavage of BH3 interacting-domain
death agonist (Bid) to generate truncated Bid (tBid) and
subsequent tBid-mediated release of cytochrome C from
mitochondria. The release of cytochrome C from mito-
chondria results in apoptosome formation, followed by
activation of procaspase-9, which in turn cleaves down-
stream, effector caspase-3 and -7 [40].

CD95 is one of the best studied DRs that harbors gly-
cosylation sites both in the extracellular and intracellular

domains [41-43]. N-glycosylation sites in the extracellular
domain are located at the positions N118 and N136 (Fig. 2),
whereas a potential site of N-glycosylation resides at the
position N223 of the intracellular domain [42]. Further-
more, an O-glycosylation site in the intracellular domain of
CD95 has been predicted [42]. The glycosylation site at
N118, but not at N136, is well conserved. Interestingly, the
structural modeling has predicted that, due to its close
proximity to CD95 ligand (CD95L)-binding site, N136
forms hydrogen bonds with residues 200-204 of CD95L.
Thus glycosylation at N136 might contribute to the CD95L
binding more than glycosylation at N118, which is located
more distal from the CD95—-CDO95L interface [42].

The role of CDO95 glycosylation in regulation of
CD?95 signaling is still controversially discussed. One line
of suggestions is that N-glycosylation of CD95 is crucially
required for the binding of CD95L [42, 44]. Indeed, con-
sidering the above-mentioned close proximity of N136 and
N118 to CD95L-binding site, the glycosylation of these
residues might either be directly involved in interactions
with CD95L or drastically change the conformation of this
region. This would modulate the binding of CD95L and
thereby directly influence CD95-mediated response. How-
ever, in contrast to this line of evidence, it was also reported
that N-deglycosylation of CD95, does not fully block the
recruitment of FADD to the DISC and results only in a
slight decrease of procaspase-8 activation at the DISC [42].
The latter findings might indicate that N-glycosylation of
CD95 is required only for fine-tuning of CD95/CD95L
interactions and is not absolutely necessary for CD95L
binding to CD95. Supporting this suggestion is the evidence
that Type I and Type II cells apparently have a different
glycosylation pattern of CD95 [42]. Deglycosylation
experiments performed on these two cell types indicate
differential glycosylation pattern of CD95 between Type I
and Type II cells [42], which precludes the universal role of
N-glycosylation of CD95 in maintaining CD95L binding.
Hence, the influence of the extracellular N-glycosylation on
CD95/CDO5L interaction is one of the key questions that
has to be addressed in future research. The important role in
these studies should belong to the state-of-the-art structural
approaches like nuclear magnetic resonance and X-ray
analysis.

Yet another line of evidence for the role of CD95 gly-
cosylation is based on the reports that CD95-associated
N-glycans contribute to the crosslinking of the adjacent
DISCs and thereby facilitate procaspase-8 oligomerization
between adjacent receptor complexes [45]. In line with
these data is the study by Charlier et al. which has reported
that, in the case of aberrant glycosylation of CD95 in Jurkat
cells, oligomerization of CD95 fails in response to CD95L
[45]. These reports strongly suggest that an extracellular
N-glycosylation of CD95 has a major influence on the
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Fig. 2 Glycosylation network of CD95 and CD95-mediated apoptosis.
Triggering CD95 by CD95L or agonistic antibodies induces its oli-
gomerization and the subsequent formation of the death-inducing
signaling complex (DISC). At the DISC, procaspase-8 undergoes
dimerization in the death effector domain filaments that is followed by

CD95 oligomerization, and the latter has been several
times highlighted as a key event in the initiation of
CD95-mediated signal [46].

The other important factor, which has to be considered
with respect to the role of N-glycosylation in CD95 sig-
naling is the role of sialylation. CD95 was reported to
be sialylated on the N-linked oligosaccharide residues
(Fig. 2) [41, 47]. In many cell types, sialic acid residues
on CD95 can account for up to 8kDa increase of its
molecular weight [41]. Mentioned above differences
between CDO95 glycosylation pattern in Type I vs. Type II
cells might be also directly associated with the differences
in the sialylation of the receptor between distinct cell types.
Several studies have suggested that CD95 apoptotic activity
might be inhibited by sialylation. Swindall et al. reported
that o2-6 sialylation of CD95 does not interfere with
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the activation of caspase-8. The mature caspase-8, consisting of two
p18 and two p10 subunits, cleaves and activates downstream effector
caspases, including caspase-3. CD95 is N-glycosylated in the extra-
cellular domain, which can modulate the function of CD95 by several
mechanisms discussed in the text

binding of the agonist but rather inhibits formation of the
DISC and also restrains CD95 internalization [43]. In line
with these reports, other studies have shown that in various
human B and T cell lines desialylation of CD95 using
Vibrio cholera neuraminidase increases the sensitivity of
these cells toward CD95-induced apoptosis [41, 42, 47].
Hence, the degree of sialylation of CD95 provides yet
another checkpoint in the regulation of CD95-mediated
apoptosis. Nevertheless, the detailed mechanisms of sialy-
lation control at CD95 still have to be uncovered. In par-
ticular important will be to get the structural information
on the structure of sialylated CD95 in a complex with
CDOSL as well as to obtain a quantitative information upon
the degree of sialylation that serve as “a sensitivity
threshold” toward CD95-induced apoptosis. The latter can
be achieved through the cutting edge technologies of
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quantitative proteomics in combination with the glycopro-
teome analysis [48].

Modulation of TRAIL-induced signaling
by glycosylation

In the regulation of TRAIL signaling, glycosylation of
TRAIL receptors also plays an important role [49]. In par-
ticular, O-glycosylation of human TRAIL-R2, has been
reported to be crucially required for receptor clustering, DISC
formation, caspase-8 recruitment, and downstream signaling
in the TRAIL/TRAIL-R2-mediated apoptosis [49, 50]
TRAIL-R2 is O-glycosylated on two stretches of serines and
threonines within and around the cysteine-rich domains 2 and
3. Interestingly, it has been suggested that O-glycosylation
does not alter TRAIL-binding affinity; rather, it promotes
ligand-induced receptor clustering [50]. The latter is in line
with the above-mentioned reports on the role of CD95 gly-
cosylation in receptor oligomerization, which allows to
suggest that the extracellular glycosylation might be essential
for DR oligomerization and subsequent signal transduction.
Interestingly, no extracellular N-linked glycosylation
sites were reported for TRAIL-R2. However, TRAIL-R1
has an N-glycosylation site at N156, which is located within
the first cysteine-rich domain of the receptor. Moreover,
recently it has been shown that N-glycosylation at N156 of
human TRAIL-R1 enhances its ability to trigger apoptosis
[49]. Similar to the role of O-glycosylation in TRAIL-R2
signaling, N-glycosylation of TRAIL-R1 is suggested to
be required for the DISC formation and procaspase-8 acti-
vation [49]. An interesting question remains why
O-glycosylation plays a key role for the TRAIL-R2
system, while for signaling of TRAIL-R1 and CD?95,
N-glycosylation seems to play a crucial role and whether
there are some structural differences in extracellular
domains of these three receptors that dictate these proper-
ties. This question should be addressed in future studies.
Contrary to the above-mentioned investigations, Estornes
et al. reported in a comprehensive study that, in mouse
embryonic fibroblasts (MEFs), which were completely
resistant to TRAIL, the removal of N-linked glycans of
TRAIL-R by tunicamycin treatment sensitizes the cells to
TRAIL-induced apoptosis [51]. Deglycosylation-dependent
sensitization to TRAIL-induced apoptosis was not only
limited to MEFs but was also reported in the same study for
mouse HT-22 hippocampal neuronal cells and 3T3 fibro-
blasts [51]. Moreover, a non-N-glycosylated form of mouse
TRAIL-R has been shown to present at the plasma mem-
brane and possess a higher binding capacity for TRAIL
in vitro assays [51]. One possible explanation of this dis-
crepancy could be the different cell types used in this study
that asks for the cell-type-specific analysis of DR

glycosylation in the future investigations. Furthermore, the
above-mentioned study from Shatnyeva et al. [42] also did
not report drastic changes in the DISC formation and a
transmission of CD95 signal upon deglycosylation of
CD?95, which would support the hypothesis that in some cell
types DR glycosylation is not crucially important for ligand
binding and apoptosis induction and is only required for the
fine-tuning of the apoptosis signal.

Finally, it has to be noted that the analysis of glycosy-
lation is rather complicated because many of the glycosy-
lation inhibitors possess a cytotoxicity, while introduction
of DR glycosylation mutants switches the cellular systems
towards overexpression of DRs, which also might cause
side effects. In this regard, future studies using cutting edge
structural and glycoproteomics approaches are of high
relevance as they would allow to delineate the proapoptotic
or antiapoptotic roles of DR extracellular glycosylation and
solve the contradictions in the literature.

Yet another important question to address is whether
glycosylation of the DRs has an influence on the induction
of the antiapoptotic pathways such as nuclear factor-kB
or mitogen-activated protein kinase (MAPK) activation
as well as induction of other cell death programs, including
necroptosis. Indeed, there is a growing interest to the
induction of these pathways via DRs, accordingly, the
role of glycosylation in this signal transduction has to
be undoubtedly addressed in future studies [5, 52].

The role of galectin-3 and other galectins
in CD95/TRAIL-R-mediated cell death

Gal-3 binds to both CD95 and TRAIL-Rs at their extra-
cellular domains through LacNAc interactions. Strikingly,
this binding seems to have completely different effects on
TRAIL-R vs. CD95 signaling. Gal-3 has been reported to
crosslink TRAIL-Rs on human colon cancer cells by trap-
ping them in a so-called nano-cluster lattice, which in turn
results in blocking the DISC formation [53]. In particular, a
cell surface Gal-3 on metastatic colon cancer cells has been
shown to form heterodimeric complexes with glycosylated
TRAIL-R1 and TRAIL-R2, thus blocking efficient DISC
formation and preventing the apoptotic signal [53]. Deple-
tion of Gal-3 using Gal-3 short hairpinRNAs did
not influence the amount of cell surface TRAIL-R1 or
TRAIL-R2 but restored the sensitivity of TRAIL-resistant
colon cancer cells. Furthermore, glycosylation inhibitors
such as swainsonine, tunicamycin, or benzyl-alpha-N-
Acetyl-galactosamine re-sensitized TRAIL-resistant cells,
which likely was due to the inhibition of the interaction
between Gal-3 and TRAIL-Rs [53]. In line with anti-
apoptotic effects of Gal-3 on colon cancer cells, there were
reports that in human bladder carcinoma cancer cells
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knockdown of Gal-3 can promote TRAIL-induced apopto-
sis [54, 55].

There are also few studies concerning the direct interac-
tions between Gal-3 and CD95; however, in contrast to
TRAIL pathways, Gal-3 seems to play a proapoptotic role in
CD95 signaling. Fukumori et al. revealed that Gal-3 is a key
factor defining the difference between CD95-induced apop-
totic pathway in Type I and Type II cells [56]. In particular,
Gal-3 has been reported to induce DISC formation via a
direct binding to CD95 only in Type I and not in Type II
cells. These findings may explain the differences between
Type I and Type II cells. Accordingly, the different roles of
Gal-3 on TRAIL-Rs vs. CD95 signaling might be linked to
the differential pattern of glycosylation of the extracellular
regions of CD95 vs. TRAIL-Rs. This would result in the
distinct architecture of receptor complexes upon Gal-3
binding and accordingly lead to the different signaling out-
come. Understanding this question might be also obtained
via a detailed structural analysis of the DR structure.

Gal-1 has been also reported to interact with extracellular
domain of CD95 in Jurkat, CEM, and resting T cells.
Interactions of Gal-1 with CD95 have been reported to
induce CD95 clustering, caspase-8 recruitment, and acti-
vation of initiator caspases leading to CD95L-mediated
apoptosis [44, 57, 58]. Thus it seems that Gal-1 similar to
Gal-3 promotes CD95-induced apoptosis, thus demonstrat-
ing its proapoptotic role in CD95 signaling.

Similar to proapoptotic effects of Gal-3 and Gal-1 on
CD95 signaling, Gal-9 binds to the extracellular domains of
DRs through LacNAc units and induces apoptosis in several
cell types [59-62]. For example, in human T leukemia cells
Gal-9 administration increases caspase-8 activation [63].
Abrogation of this process by lactose, an effective inhibitor
of Gal-9, indicates that Gal-9 implements apoptosis through
DR-mediated signaling [63, 64].

Taken together, both proapoptotic and antiapoptotic
effects of galectins on DR signaling pathway have been
reported so far. The further insight into this question should
be provided by the detailed analysis of glycostructure of the
extracellular domains of CD95 vs. TRAIL-Rs as well as the
structure of these regions upon binding of galectins. Unra-
veling these differences should uncover new important
insights into the mechanisms of galectins action. The other
important highlight will be to address the role of galectins in
the non-apoptotic DR-mediated signaling pathways, which
has attracted a lot of attention recently.

Further functions of galectins in apoptosis
and other signaling pathways

Signaling pathways modulated by galectins are not restric-
ted to DR signaling pathways and their extracellular roles as
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described in the previous chapter. For example, intracellular
Gal-1 has been reported to block the cell cycle in the late S
phase by altering the expression of transcription factor E2F1
[65]. Gal-1-mediated blockage of cell cycle in S phase
increases transcription factor E2F1 levels leading to the
activation of apoptosis in tumor cells, whereas in normal
cells Gal-1 has been reported only to block growth arrest
[65, 66]. Furthermore, it has been shown that intracellular
Gal-1 induces apoptosis in human T cells in a caspase-
independent manner by inducing the translocation of
endonuclease G from mitochondria to nuclei [67]. Through
a prenyl-binding pocket, Gal-1 is able to selectively bind
GTP-bound HRAS. This coupling alters the orientation of
the HRAS globular domain on the cell membrane, leading
to the lateral segregation of HRAS and promotion of the
MAPK signaling [68-70].

Upregulation of Gal-2 in activated T cells has been
reported to be linked to the increase of Bax and down-
regulation of Bcl-2 levels [71], favoring proapoptotic
functionality in the course of the downmodulation of
immune response. Interestingly, Gal-2 interacts pre-
ferentially with CD29. Accordingly, co-stimulation of
CD29 may provide an additional signal required for apop-
tosis of activated T cells.

Proapoptotic effect of Gal-3 is also not restricted to DRs.
Gal-3 has been reported to trigger apoptosis via binding to
several receptors other than DRs, such as CD7, CD29,
CD45, CD71, and CD98 [56, 72]. However, the underlying
molecular mechanisms still have to be unraveled. For
instance, the secreted Gal-3 has been reported to interact
with the CD29/CD7 complex and mediate the activation of
apoptosis in T cell lines [73] (Fig. 3). Interestingly, Gal-3-
mediated CD29-induced apoptosis requires recruitment of
caspase-8 to the membrane [74]. The latter might indicate
potential crosstalk with DR pathways that has to be
addressed in future studies. Moreover, extracellular Gal-3
mediates endocytosis of CD29 via a caveolae-like signaling
pathway [75]. Additionally, Gal-3 interacts with CD98 on
the cell membrane and induces apoptosis through Ca’**
influx pathway [75]. Similar to Gal-1, Gal-3 is involved in
RAS pathway by binding to the farnesyl group of GTP-
bound KRAS and acting as a scaffold for KRAS anchoring
to the plasma membrane [70]. Moreover, multivalent Gal-3
can generate galectin—glycan lattices not only via cross-
linking of TRAIL-Rs but also via binding to several cell
surface glycoproteins, such as growth factor receptors epi-
dermal growth factor receptor (EGFR), K-Ras, vascular
endothelial growth factor (VEGF) and basic fibroblast
growth factor, and T cell receptor and ECM proteins, like
fibronectin [54, 76].

One of the extraordinary features of Gal-3 is that Gal-3
displays a significant sequence similarity with antiapoptotic
protein Bcl-2. There is about 28% identity and 48% similarity
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Fig. 3 Apoptotic network of Gal-3 in extrinsic and intrinsic pathways.
Gal-3 comprises a serine phosphorylation site, which is involved in its
translocation into the cytosol. Following the phosphorylation of Gal-3
by Casein Kinase 1 (CK1), Gal-3 translocates from the nucleus to the
cytoplasm. The phosphorylated form of Gal-3(pGal-3) in the cyto-
plasm induces Bad phosphorylation via Erk pathway. pGal-3 promotes
Akt activation, which blocks cleavage of Bid into tBid preventing
mitochondrial outer membrane polarization. Gal-3 also attenuates

between these two protein sequences [40]. Moreover, both
Gal-3 and Bcl-2 have a tendency to self-associate and
form homodimers [77, 78], but cytosolic Gal-3 can also
form heterodimers with Bcl-2. The CRD of Gal-3 comprises
110-130 amino acids with a unique aspartate—tryptophan—
glycine—arginine (NWGR) motif, which is essential for Gal-3/
Bax heterodimerization [79]. Interestingly, the NWGR motif
in Bcl-2 is also essential for Bcl-2/Bax heterodimerization.
Accordingly, Gal-3 CRD binds to the BHI domain of Bax
instead of Bcl-2 BH3, which prevents Bax oligomerization
similar to the mechanisms that occur in the course of Bcl-2/
Bax heterodimerization. Hence, the similar mechanisms are
responsible for the antiapoptotic activity of both intracellular
Gal-3 and Bcl-2 [79]. Intracellular Gal-3 has the ability to
interact with Bax in breast, bladder, and prostate cancer cells
[80, 81]. Thus the reported role of Gal-3 in intrinsic pathway
regulation seems not to solely involve its glycan-binding
properties.

Moreover, Gal-3 overexpression in Jurkat cells endows
them more resistant to apoptosis induced by staurosporine
or anti-CD95 antibodies [31]. Furthermore, Gal-3 has been

cytochrome C release from the mitochondria by decreasing Bad
expression. Synexin is required for Gal-3 translocation from the
nucleus into the cytoplasm. In Type I cells, Gal-3 has been reported to
interact with CD95, which results in high amounts of death-inducing
signaling complex and active caspase-8. Extracellular Gal-3 binds to
the CD29/CD7 complex, which triggers the activation of an intracel-
lular apoptotic signaling cascade followed by cytochrome C release
from mitochondria. Figure is modified from [32]

reported to translocate to the perinuclear membrane upon
several apoptotic stimuli. Confocal microscopy and bio-
chemical analysis revealed that Gal-3 is accumulated in the
mitochondria and prevents cytochrome C release and sub-
sequent apoptosis [82-84]. Hence, future studies have to
identify the exact molecular mechanisms of the intracellular
Gal-3 action at the mitochondria and delineate how Gal-3
triggers multiple apoptosis pathways.

The activity of Gal-3 is strictly controlled by post-
translational modifications. Gal-3 is phosphorylated at Ser6.
Phosphorylation at Ser6 is mediated by Casein kinase I, and
interestingly, it was reported that only the phosphorylated
form of Gal-3 exhibits antiapoptotic activity [26, 55].
Strikingly, the translocation of Gal-3 from the nucleus to
perinuclear mitochondrial membranes requires phosphor-
ylation of this protein. However, a phosphorylated wild-
type Gal-3 translocates from the nucleus to the cytoplasm
and was reported to play an antiapoptotic role in DNA
damage-induced apoptosis [55, 83]. In addition, the phos-
phorylated form of Gal-3 has been reported to induce
MAPK pathway and promote Akt activation resulting in
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inhibition of apoptosis by blocking cleavage of Bid into
tBid [79] (Fig. 3). Thus phosphorylation of Gal-3 provides
yet another way of its activity regulation and has to be
investigated in future studies.

Gal-4 has the ability to interact with CD3 and CD4 in
T cells. Gal-4 interaction with CD4 induces interleukin (IL)-
6 production, whereas binding to CD3 promotes T cell
apoptosis through calpain-mediated pathway [44].

In colon carcinoma cells, Gal-7 directly interacts with Bcl-
2 in a carbohydrate-independent manner and promotes cyto-
chrome C and second mitochondria activator of caspases
(Smac)/direct IAP binding protein with low pl release [85]. In
keratinocytes, increased levels of Gal-7 caused by ultraviolet
B irradiation stabilize pS3 and induce apoptosis. Proapoptotic
feature of Gal-7 is thought not to be due to the interactions
with cell surface glycoproteins. In fact, Gal-7 is present in the
nuclei and cytoplasm of certain cell types and intracellular
expression of Gal-7 enhances caspase-3 activity [86].

Gal-8 can promote apoptosis also by interacting with cell
surface glycoproteins other than DRs, such as CD44. It is
revealed that interaction of Gal-8 with CD44 induces apop-
tosis in joint inflammatory cells [87]. It has also been shown
that through specific integrins, such as integrin olfl, a3p1
and a5p1, Gal-8 induces apoptosis in Jurkat T cells as well as
in human peripheral blood mononuclear cells by promoting
extracellular signal-regulated kinase 1/2 (ERK1/2) activation.
This leads to CD95L and IL-2 expression and subsequently
caspase-mediated apoptosis in Jurkat T cells [88].

Gal-9-induced apoptosis is not restricted to DR-mediated
pathway, rather Gal-9 induces apoptosis, for example, in
MOLT#4 cells through the Ca?*—calpain—caspase-1 pathway
[89, 90]. Interaction of Gal-9 with cell surface molecule
Tim-3 on T helper type 1 cells causes apoptosis via intra-
cellular calcium flux and cell aggregation [60]. Further-
more, Gal-9 triggers apoptosis in chronic myelogenous
leukemia cells and myeloma cells through c-Jun N-terminal
kinase and p38 MAPK pathways [60, 61].

Gal-12 plays an important role in the regulation of cell
cycle and induces apoptosis in different cell types such
as adipocytes and COS-1 cells [12, 91]. A strong down-
regulation in Gal-12 expression was observed in acute mye-
loid leukemia. Moreover, these patients have lower survival
rate than the ones with the higher Gal-12 levels [12, 92].

Some signaling pathways in which galectins are involved
are revealed. Although the exact molecular mechanisms of
galectins action in the regulation of apoptosis remains elu-
sive, galectins have generated significant interest in the
modulation of apoptosis for cancer therapy. Furthermore,
several cells can express more than one galectin con-
comitantly, and therefore for a better galectin-based ther-
apeutic benefit, it is necessary to have a more thorough
understanding of galectin-mediated apoptotic signaling
pathway in different types of cancer cells. In this regard,
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several issues such as different functions exerted by the
same galectin within different environmental contexts,
transmission of death signals by galectins, and balance
between intracellular and extracellular localization of
galectins in apoptotic cells remain to be addressed.

Galectins as potential therapeutic targets
in cancer

Targeting galectins, as highlighted above, presents a very
attractive strategy in cancer therapy. There are several stu-
dies aiming to re-sensitize the tumor cells to apoptotic
signaling pathway by targeting galectins. In particular,
various galectin antagonists, such as O-galactosyl aldox-
imes [93], 3-(1,2,3-triazol-1-yl)-1-thio-galactosides [94],
and phenyl thio-p-p-galactopyranosides [95] have been
developed. The major principle of the rational design of
these inhibitors is to block interactions between galectins
and their binding partners.

Gal-1 is highly upregulated in tumor-activated endothe-
lial cells and was reported to support tumor growth [96]. In
particular, this lectin has been reported to induce apoptosis
of CD4+ and CD8+ lymphocytes, preventing, at least
partly, the tumor from the immune cell recognition, and
facilitate tumor cell-endothelial cell interaction, promoting
metastasis formation [97]. Gal-1 promotes angiogenesis
through interaction with the VEGF co-receptor neuropilin-1
and Gal-1 knockdown in cancer cells reduces tumor
angiogenesis by inhibiting endothelial cell migration and
proliferation [98, 99]. Subsequently, a Gal-1 antagonist
anginex binds specifically to Gal-1 and attenuates tumor
angiogenesis and tumor growth [96, 97].

The other Gal-1 antagonist, galactomannan GM-CT-01
(DAVANAT®), increases the antitumor activity of 5-
fluorouracil in mice with colon tumor as well as in the
other cancer types, such as lymphoma, breast cancer, and
melanoma [100]. It is still not known exactly how
DAVANAT acts as an anticancer agent. Inhibition of Gal-1
and Gal-3 by DAVANAT may prevent their binding to
proapoptotic proteins that in turn induces apoptosis of
cancer cells. The targets of Gal-1 and Gal-3 in cancer cells
still have to be unraveled.

Ras proteins regulate signal transduction pathways con-
trolling cell growth, differentiation, and survival. Ras genes,
frequently mutated in tumors, promote malignant transfor-
mation. Ras transformation requires membrane anchorage
and anchoring of HRAS to the plasma membrane is crucial
step of tumor transformation leading to the sustained acti-
vation of Raf-1/MEK-1/ERK signaling pathway, which
promotes tumor progression [100]. Gal-1 has membrane-
targeting signals and can selectively bind to GTP-bound
HRAS and thereby enable its localization to the cell
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Fig. 4 Mechanisms of action of galectin inhibitors.Inhibition of Gal-1
by OTX008 results in HRAS mistargeting to the cell membrane,
leading to the blockage of mitogen-activated protein kinase mitogenic
pathway, whereas rapamycin decreases mammalian target of rapa-
mycinsurvival signaling. Combination of OTX008 and rapamycin
yields more effective treatment against tumor progression. Blockage of
Gal-3 with MCP/GSC-100 activates caspase-8 and -9 pathways and
induces NOXA protein, leading to decrease in MCL-1 and BCL-XL.

membrane [101]. OTX008 is an allosteric inhibitor of Gal-1
as it binds at a different site than the canonical
carbohydrate-binding site. Inhibition of Gal-1 with OTX008
has been reported to result in HRAS mistargeting to the cell
membrane leading to the deregulation of MAPK mitogenic
pathway. Compared to monotherapy, a combination of
OTX008 with rapamycin reduces tumor growth more
effectively [101]. Thus inhibition of Gal-1 may have potent
effects on HRAS oncogenesis through interfering with
HRAS (Fig. 4).

Gal-3 also presents a prominent target in anticancer
therapy. It has been revealed that blocking of Gal-3 in
primary multiple myeloma cells via modified citrus pectin
(MCP/GCS-100), a small molecule inhibitor of Gal-3,
induces inhibition of proliferation and accumulation of cells
in sub-G; and G phases [102]. Moreover, a blockage of
Gal-3 with MCP/GCS-100 activates caspase-8 and -9
pathways and induces NOXA, leading to decrease in MCL-
1 and BCL-XL. In addition, it is a well-known fact that
KRAS activation is promoted by overexpression of Gal-3.
Docking of Gal-3 to the farnesyl group of GTP-bound
KRAS promotes KRAS activation by acting as a scaffold
for anchoring to the plasma membrane [101]. Gal-3-induced

Cell survival

/

Tumor progression

Inhibition of nuclear Gal-3 induces cell-cycle inhibitor p21°P!
expression and blocks the expression of cyclins, leading to cell death.
Inhibition of Gal-3 with MCP/GSC-100 reduces KRAS-activated
tumor progression. The combined treatment using MCP/GCS-100 and
rapamycin together, however, has revealed more promising results in
the KRAS mutant tumor progression experimental models. Figure is
modified from [101]

KRAS activation is associated with ERK but not
phosphoinositide-3 kinase (PI3K) signaling [71]. Tumor
cell activation based on Gal-3 activated KRAS can be
inhibited, at least in part, by blocking of Gal-3 using MCP/
GCS-100 [101]. Furthermore, dual MAPK/PI3K inhibition
using MCP/GCS-100 and rapamycin together, however, has
revealed more promising results in the KRAS tumors. In
Lewis lung carcinoma cells harboring one mutant Kra-
seallele encoding CA KrasGlzc, MCP/GSC-100 selectively
blocked the ERK pathway [101]. The co-treatment with
MCP/GCS-100 and rapamycin of Lewis lung carcinoma
cells also yielded stronger tumor-inhibitory effects [101].

Several studies suggest that galectins play an important
role in tumor progression and metastasis by interfering with
several mechanisms. Thus further development of galectin
inhibitors opens new ways for treatment of cancer and
thereby undoubtedly presents a very promising direction for
future cancer research. Furthermore, considering the emer-
ging role of galectins in the regulation of DR signaling, the
combinatorial treatment with galectin inhibitors and tar-
geting DR pathways might provide another important way
of the sensitization of cancer cells toward cell death and has
to be considered in future therapeutic approaches.
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