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Abstract.Cancer metastasis and therapy resistance are the foremost hurdles in oncology at the moment. This review aims
to pinpoint the functional aspects of a unique multifaceted glycosylated molecule in both intracellular and extracellular
compartments of a cell namely galectin-3 along with its metastatic potential in different types of cancer. All materials reviewed
here were collected through the search engines PubMed, Scopus, and Google scholar. Among the 15 galectins identified, the
chimeric gal-3 plays an indispensable role in the differentiation, transformation, and multi-step process of tumor metastasis.
It has been implicated in the molecular mechanisms that allow the cancer cells to survive in the intravascular milieu and
promote tumor cell extravasation, ultimately leading to metastasis. Gal-3 has also been found to have a pivotal role in immune
surveillance and pro-angiogenesis and several studies have pointed out the importance of gal-3 in establishing a resistant
phenotype, particularly through the epithelial-mesenchymal transition process. Additionally, some recent findings suggest the
use of gal-3 inhibitors in overcoming therapeutic resistance. All these reports suggest that the deregulation of these specific
lectins at the cellular level could inhibit cancer progression and metastasis. A more systematic study of glycosylation in
clinical samples along with the development of selective gal-3 antagonists inhibiting the activity of these molecules at the
cellular level offers an innovative strategy for primary cancer prevention.
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Introduction

Cancer reigns the foremost firing-line in modern medicine. Early detection and prompt treatment
linger as the basic objective of biomedical research. Currently, keen interest is being devoted to the
deterrence of this disease either by primary or secondary approaches. Recent studies emphasize the role
of epigenetic alteration in addition to gene mutations in tumor development and progression. Epithelial-
mesenchymal transition (EMT) has been identified as a key event during invasion and metastasis of
malignant tumors, particularly epithelial-derived ones and epigenetic control has been considered to
be pivotal for EMT. Post-translational glycosylation is a classic example of epigenetic alteration [1].
Several fundamental alterations occur in the glycosylation pattern of cell surface and secreted glycopro-
teins during the development and progression of cancers. The Association of abnormal glycosylation
with cancer was first demonstrated 50 years back. Thereafter, several studies have provided evidence
to establish the vital role of glycosylation during the multistep process of tumorigenesis involving
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proliferation, invasion, metastasis, and angiogenesis [2]. A variety of glycan-binding proteins termed
lectins were sanctified for decoding the information in these sugar-codes for harmonizing different
biological and physiological processes accordingly. This review focuses on the functional aspects of a
unique multifaceted lectin namely galectin-3 in tumor development as well as progression and suggests
the potential of this lectin for the primary prevention of cancer.

Methodology

The review has been stockpiled from the literature search using the databases such as PubMed,
Scopus, and Google Scholar with glycoproteins, glycans, glycosylation, lectins, Galectins, Galectin-3
as keywords. The search was based on some inclusion criteria such as the literature found in peer-
reviewed journals in the English language with our keywords in the aspects of human physiology,
disease biology, carcinogenesis, chemotherapy, and major hallmarks of cancer. The case studies and
clinical reports were also included if they cued on our theme of interest.

Glycoproteins as Oncomarkers

Glycosylation, the addition of carbohydrate/glycan to a non-carbohydrate structure, usually proteins
or lipids in a predetermined pattern is carried out by the combined effort of a group of enzymes,
organelles, and other factors. This post-translational modification has been a critical determinant of
protein function [3]. Nine of the twenty amino acids are reported to be modified by carbohydrates like
glucose (Glc), Galactose (Gal), N-acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc),
fucose (Fuc), mannose (Man), xylose (Xyl), glucuronic acid (GlcA), iduronic acid (IdoA), and 5-N-
acetylneuraminic acid (Neu5Ac/sialic acid) [4]. The worldwide acceptance of glycoproteins and glycan
antigens as tumor markers as well as the expression of cancer-associated glycans like sialyl-LewisX
(SLeX), Thomsen-nouvelle antigen (Tn), and sialyl-Tn (sTn) antigen by most of the tumor types
further emphasize the significance of glycoproteins in cancer. By the introduction of new analytical
techniques, the exact mechanism of how glycans regulate tumor cell proliferation, invasion, metastasis,
and angiogenesis has been extensively evaluated [2].

Glycans and glycoconjugates have been recognized to perform major roles in diverse biological
processes. Subsequently, a slight alteration in the structure or expression of glycoconjugates and
glycosylation regulating factors may significantly affect the molecular physiology of the cell, which in
turn alter a wide variety of biological processes mainly regulating cell-cell and cell - ECM adhesion,
cell proliferation, and immune response [5] leading to chronic diseases like cancer. Cell surface glycans
that are glycosylated through specific mechanisms in the ER-Golgi complex comprise a majority of
the cell membrane and secreted molecules [6]. Glycosylation often occurs via the amino-group of
an Asparagine residue (for N-glycans) or the hydroxyl-group of a Serine or Threonine residue on
the peptide (O-glycans) [7]. Truncated O-glycans are commonly observed in neoplastic disorders
[8]. More-over neoplastic cells have the potential to secrete their glycan-binding proteins which may
have an impact on cell proliferation and survival [2]. Among the > 80 human glycan-binding proteins,
galectins have gained an increasing interest owing to their clinical implications.

Galectins at a glance: in cell physiology and disease

Based on the carbohydrate recognition domain (CRD), the animal lectins are classified into different
families, imparted in diverse cellular events and activities [9]. Galectins are a family of animal lectins
that are now reported to mediate a superfluity of cellular activities such as cell survival, adhesion,
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migration, differentiation, and death. Protein–glycan interactions are indispensable for biomolecular
communication within and between cells. Decoding of the biological information on this inter and
intracellular communication is performed, partially by galectins and C-type lectins. Galectins, a lineage
of endogenous lectins distributed considerably in the kingdom Animalia, specifically make out the N-
acetyl lactosamine in the glycans linked to membrane proteins and lipids. Galectins often existing both
intra- and extracellularly were proposed to follow a non-classical non-Golgi/ER secretion pathway due
to the lack of signal sequence [10]. Fifteen different galectins have been identified so far and all of them
contain a homologous carbohydrate recognition domain (CRD) comprising of a conserved sequence of
about 130 amino-acids, conferring carbohydrate specificity, especially towards �-galactose containing
glycoconjugates [11].

Galectins are classified into three groups, prototype, tandem repeats, and chimeras based on their
structure [12]. Proto-type galectins (human Gal-1, –2, –7, –10, –13, and –14) are homodimers con-
taining one CRD per subunit, the chimera-type galectins (galectin-3) possesses a C-terminal CRD and
an N-terminal domain-containing proline and glycine-rich repeating units, and the tandem repeat (TR)
galectins containing two CRDs at their N- and C-termini within one polypeptide. Galectins are solu-
ble factors having representative characteristics of cytoplasmic molecules. They are localized in the
cell membrane, cytoplasm, nucleus, and even in extra-cellular space. Galectins, after the non-classical
secretion in the cytosol, are rapidly translocated into the extracellular space, where they recognize
and bind to specific ligands such as galactose containing glycoproteins and glycolipids destined for
several cellular activities. Over and above the typical extracellular sugar binding-dependent pathways,
galectins are now widely discussed to exhibit quite a few intracellular functions executed in carbo-
hydrate binding-independent modes. Through the well-established endocytic pathway, galectins can
rapidly be recycled into the cells where the glycan-binding proteins occupy the endocytic and recycling
compartments [13–15]. Some of the intracellular activities could be inhibited by molecules interacting
with the galectin carbohydrate-binding site also, such as lactose [16–18].

Galectin-3 is disclosed to engage as an endocytic adaptor performing a major role in the clathrin-
independent endocytic uptake of several glycosylated membrane proteins involved in cell adhesion,
spreading, and migration. As per the glycolipid-lectin hypothesis, the binding of galectin to glycosy-
lated cargo proteins such as CD44 and �5�1 integrin, activate its oligomerization, facilitating their
interaction with glycosphingolipids resulting in membrane curvature, which will lead to the generation
of tubular endocytic pits from which clathrin-independent endocytic carriers are formed [19, 20]. On
the other hand, it has also been observed that galectins counteract the endocytic intake by forming
lattices at the plasma membrane, influencing cell signaling, migration, adhesion, etc. Balancing of
these two properties has been reported to occur based on the specificity, structure, and concentration
of each of the galectins themselves and their glycoprotein and glycolipid ligands [21]. Furthermore,
galectins have been reported to play some role in monitoring the integrity of vesicular membranes at
the interface between the cytosolic and intravesicular compartments and some of the galectins have
been found to accumulate around disrupted vesicles by binding to exposed glycan structures and induce
clearance of damaged organelles by selective autophagy [22–28].

Galectins are hashed out to regulate several physiological activities of cells even from the very
beginning of life. During embryogenesis, Gal-1, 9, and 15 are reported to be expressed in a coordinated
manner influencing several developmental activities mainly through the JNK mediated integrin-binding
activity [29–32]. Gal-3 and 12 are found to play an imperative role in fetal and adult bone and cartilage
development by distinct mechanisms [33–35]. Gal-3 has been declared to play a significant role in
endothelial cell motility, neovascularization and neuronal differentiation also [36, 37]. Gal-1 and -7
have been impacting skin, muscle, nerve, and endothelium development [38–41].

Galectin signaling impacts hematopoiesis of all lineages. Gal-1, 3, 9, and 10 are reported to regulate
proliferation, differentiation, and functional maturation of hematopoietic stem cells [42, 43]. Neutrophil
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life-span is also regulated by gal-1 and -3 through facilitating neutrophil phagocytosis by macrophages
[44]. Gal-1, 3, 8, and 9 are reported to promote the activation and chemotaxis of neutrophils, eosinophils,
monocytes, and macrophages [41, 45–47] favoring MHC II-dependent antigen presentation [48, 49].
Gal-3 fine-tunes the immunostimulatory capacity of dendritic cells, [50] while gal-9 promotes dendritic
cell maturation [51], and gal-1 controls dendritic cell generation, activation, and migration [52, 53].
Various galectins were found to control the development and rearrangement of T cells [54–56]. Gal-1
modulates the lymphoid and myeloid cell compartments as well as regulates platelet activation [57].

Despite the above-mentioned circadian physiological activities, galectins also influence additional
cellular pathways. By recognizing the glycoconjugates on the cell surface, extracellular matrices and
intracellular vesicles, galectins play a role in apoptosis [58], cell growth and proliferation [59], inflam-
mation, immune response, [60–62] cell adhesion [63, 64] and migration [65–67]. These functions
having significant roles in various diseases, particularly cancer, emphasize the prominence of this
astounding molecule in biomedical research.

Galectin – 3 and Carcinogenesis

Galectins (S-type lectin), the evolutionarily conserved family of pleiotropic molecules are discussed
to be relevant in a wide range of diseases amongst which; cancer has been assigned a superior grade.
The discovery of galectins and their influence on tumor initiation, progression, and metastasis are
now considered to be a foremost milestone in biomedical research, especially in medical oncology.
Among the different galectins described so far, galectin-3 is found to be the critical one involved
in tumorigenesis of most of the carcinomas of modern concern. Our data reinforces the knowledge
that galectin-3 is overexpressed in thyroid, breast, and cervical carcinomas [68–71]. Galectin-3 has
been shown to have a profound influence on each of the hallmarks of cancer by disrupting the intra
and extracellular circuits. It is the only chimeric galectin constituting 3 functional domains such as
the N terminal domain, proline-rich collagen-�-like domain, and C-terminal carbohydrate recognition
domain (CRD) [41, 72]. Galectin-3 is a∼31 kDa protein encoded by a single gene in humans named
LGALS3 located in the long arm of chromosome 14 (q21-q22) [73, 74]. LGALS3 gene comprises five
introns and six exons with a cache of CpG islands in the promoter and first exonic region, enabling
epigenetic modulation of protein expression [75].

Galectin-3 preferentially binds to type-1 or type-2 Gal � 1 −→ 3 (4) GlcNAc (N-acetyl lactosamine)
chain [76]. Shreds of evidence suggest that the functioning of galectin-3 is also affected by its post-
translational modification such as phosphorylation and partial proteolysis [77]. Galectins are attributed
to be key players in several cellular functions such as cell signaling, cell adhesion, and migration, etc.
However, the execution of these functions depends on the balancing of the conflicting properties
exhibited by galectins that are reported to be based on specificity, structure, and concentration of
each of the galectins themselves and their glycoprotein and glycolipid ligands [21]. Reports hind that
galectin functioning are not solely reliant on the molecule itself, rather the cellular partners associated
with galectin-specific ligands are equally important. The topological exposition of glycans and the
range of ligands in addition to the architecture and dynamics of carbohydrate-binding domain impinge
on the sugar-binding characters of the molecules. The complexity and side-chain functional groups in
polysaccharides encroach on the glycan-binding affinity of galectins [78]. It is reported that the binding
affinity is higher towards complex glycans such as polylactosamines and branched sugars [76].

In general, galectins act by forming homodimers or multimers, either in an N-terminal dependent or
C-terminal dependent fashion [79]. Ligand binding attributes along with the ability to form oligomeric
lattices with different ligands resolves the biological function that relied on each galectin such as
endocytosis and transduction of signals [80].
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Galectin-3 displaying ubiquitous expression among different species is observed both in the intra-
cellular and extracellular purlieu at the cellular level. It is considered a versatile molecule due to
its pliability in functioning. Galectin-3 interacts with a wide collection of molecules based on their
subcellular localization and brings forth a diverse set of biological activities [81–83]. Galectin-3 has
been universally regarded as an intracellular protein residing in the nucleus and cytoplasm, may be
secreted to the extracellular side under stressful conditions for promoting cell survival and prolifera-
tion. Under such circumstances of hypoxia or nutrient deprivation, the cell marks an up-regulation in
the expression levels of galectin-3 by way of transcription factors such as HIF-1� and NF-KB [77].
Upon secretion, galectin-3 interacts with an array of cell surface glycoproteins and extracellular matrix
proteins thereby oligomerizing to form lectin lattices that act as a scaffold for different cell signaling
such as of K-Ras. Galectin-3 has been reported to activate and regulate both intensity and duration of
K-Ras signaling, in turn organizing cellular processes such as cell proliferation and survival in differ-
ent carcinomas like breast and thyroid [84–86]. Galectin-3 is considered to regulate Notch signaling
involved in cell proliferation and differentiation in a manner dependent on its cellular localization.
When endogenous galectins are found up-regulating the expression of Notch and its dependent targets,
the secreted galectins bind with the Notch receptor, enabling its activation and nuclear translocation
[87, 88].

Galectin-3 residing in the nucleus interacts with the spliceosome complex, modulating pre-mRNA
splicing through protein-protein interaction [89–91]. The electrostatic potential in the intracellular
compartments, also, bestows three positively charged arginine residues in the carbohydrate-binding
cleft of galectin-3, enabling it to interact with negatively charged DNA and RNA molecules, modulating
post-transcriptional modification and damage response for cell survival [92, 93].

The mechanism of compartmentalization and secretion of galectin-3 is less explored. It is substan-
tiated that due to the lack of secretion signal sequence, the molecules are secreted by a non-classical
pathway, independent of ER/Golgi network. Many alternative approaches for galectin-3 secretion have
been proposed by recent studies such as exosome-mediated secretion [94], vesicular release [95, 96],
mechanotransduction-dependent mode [97], and also a passive release of the molecules in perishing
cells [77]. The nuclear translocation of galectin-3 molecules that lack the nuclear localization signal
(NLS) is also an area of critical concern [98–102]. It is differently expressed in different areas of
the tumor. The highly unique glycosylation signatures portrayed by different cancer cells sponsor the
importance of sugars and sugar-binding lectins in disease physiology that makes the expression levels
and localization of these molecules, an area of keen interest for cancer researchers [103]. Galectin-3
plays a substantial role in the orchestration of stress signals in the tumor microenvironment facilitating
tumor development and progression [77].

The expression of galectin-3 is said to be regulated at different levels. Galectin-3 is overexpressed in
conditions of hypoxia and nutrient deprivation mediated by HIF-1� and NF-K� to safeguard the cells
from death. HIF-1� is also reported to be the transcriptional activator for galectin-1 favoring migration
in colorectal cells under hypoxic conditions [104, 105]. HIF-1� has been reported to be important for
angiogenesis and metastasis in many carcinomas such as NSCLC, breast carcinoma, etc [106]. This
can be attributed to a galectin-3 mediated mechanism.

Galectin-3 in modulating tumor development and sustaining the proliferative potential

Tumorigenesis is often associated with aberrant expression of oncogenes and tumor suppressor
genes. Oncoproteins like Ras, dock into the cell membrane for their activities [107]. Gal-3 binds with
these proteins particularly, K–Ras activating RAF1 and phosphatidylinositol 3-kinase (PI3K) thereby
regulating gene expression [84]. Gal-3 modulates cell proliferation in breast cancer by gate-keeping
the conversion of N-Ras to K-Ras [85]. The role of Gal-3 in the neoplastic transformation of thyroid
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cells and its potential as a reliable differential diagnostic marker of follicular adenoma from follicular
carcinoma and follicular variant of papillary carcinoma in fine-needle aspiration cytology was also
acknowledged [108].

Gal-3 prevents the endocytosis of EGF and TGF- receptors found on tumor cells via cross-linking
poly-N-acetyl lactosamine residues [109]. It regulates the kinase inhibitors p21 (WAF-1) and p27
(KIP1) leading to the up-regulation and down-regulation of G1 phase and S/G2/M phase cyclins
respectively [110]. Moreover, galectin-3 can also manage gene expression in the nucleus by regulating
transcription factors in association with Sp1 and CRE modules in the promoter sequences of cyclin-D
[111]. Gal-3 in the nucleus interacts with the thyroid transcription factor (TTF-1) of papillary carcinoma
cells thereby stimulating its transcriptional activity contributing to the proliferative potential of thyroid
cells [112]. Previous reports even though confirm the authenticated action of gal-3 in cell cycling and
proliferation, the paradoxical role discussed above uplifts the need for further experimental validation
in this aspect.

Several types of research have pointed out the role played by galectin-3 in cell cycle and cell death,
whose interplay is of great importance both in carcinogenesis and chemotherapy. The tumor suppressor
proteins playing a key role in cell cycle regulation such as p16 [113] are reported to be networking
with galectin expression and signaling pathway. p16 has been reported to decrease mRNA stability and
thereby down-regulating its galectin-3 expression level in the cell [114]. Lin et al (2000) have uplifted
the impact of galectin-3 intervened p27 signaling in the chemotherapeutic intervention. Genistein has
been reported to be inducing G2/M phase arrest by up-regulating p21 alone and abolishing galectin-3
mediated p27 induction, resulting in cell cycle arrest without apoptosis [115]. On the contrary, secreted
galectin-3 has been declared to provoke apoptosis by binding to cell surface receptors such as CD7
and CD29 (�1 integrin) [116].

Galectin-3 in governing immune evasion by tumor cells

Recent evidence from preclinical tumor models and clinical human trials confirm the significance of T
cells in the control and destruction of neoplastic cells. The discoveries of several tumor-specific antigens
detected by T cells have fired the evolution of an array of vaccines and T cell-based therapy, accentuating
the imperative role of the immune system in inhibiting tumor development. The extraordinary proteins
expressed in the tumor cell surface will be recognized by the immune effector cells triggering the
destruction of the tumor cell and thereby inhibiting tumor progression. But the highly malignant tumor
cells possess the ability to escape this rigorous immune surveillance by secreting several cytokines
and chemokines [117]. Quite a lot of galectins are expressed in different immune and inflammatory
cells as well as secreted from normal and tumor cells. Most of these galectins were found to modulate
a range of inflammatory responses and thereby help immune evasion of neoplastic cells. Extracellular
gal-3 induces T- cell apoptosis with the participation of CD7 and or CD29 [116]. It has also been found
that some of the surface glycoprotein receptors in T cells, such as T cell receptor (TCR), bind to gal-3
producing clustering and downregulation of receptor activity [116]. Gal-3 binding proteins present
in the T cell surface also regulate cell adhesion, growth, and apoptosis. At a glance, several previous
research reports the irrefutable role of galectin-3 in conferring immune dodging mechanism to tumor
cells.

Galectin-3 in guiding cell-matrix interaction

Most of the cells get anchored to the extracellular matrix (ECM) through transmembrane adhesion
molecules like integrins, in which galectins play a significant role. Unlike galectins that are found
in cell surface and extracellular space, integrins have extracellular, intracellular, and transmembrane
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domains. When added exogenously, recombinant gal-3 inhibited the extracellular matrix interaction
of tumor cells in experimental models [119]. Gal-3 was also found to inhibit the adhesion of cancer
cells to laminin in breast cancer, prostate, and melanoma [120]. Gal-3 expressing breast cancer cells
have shown adhesion to collagen IV whereas it was not showing adhesion to fibronectin in ECM
[104]. Galectin-3 also regulates cell-matrix interaction by controlling the endocytosis of integrins
and CD44 in turn monitoring cell invasion and migration [20]. Cancer cell glycans are reported to
be an active target for a wide array of lectins. The lectin binding affinity and signaling depend on
the side-chain modifications of sugars thereby imparting an undeniable role for glycosyltransferases
in tumorigenesis. The O-glycosylation has been reported to impart a role in cancer progression and
metastasis on a galectin-3 mediated mechanism [103]. Altogether these reports confirm the convincing
role of gal-3 in the cell to matrix interface.

Galectin-3 in bringing about tumor metastasis

During tumor progression, some of the tumor cells develop the potential to invade the surrounding
tissue, intravasate into the circulating blood and lymphatic vessels through the endothelial linings,
extravasate into the parenchyma further pervading in outlying organs. This invasion-metastasis cascade
is associated with the modification of a series of proteins linked with cell-cell and cell-matrix adhesion
and signaling pathways that regulate the cytoskeletal dynamics. As gal-3 was reported to play an
undeniable role in cell-matrix interaction it is quite logical to predict its importance in tumor metastasis.

Tumor development is greatly regulated by its microenvironment. The tumor microenvironment
is the collective term for host cells along with the extracellular matrix (ECM) components in the
vicinity of the tumor mass. ECM forms the non-cellular part that is crucial for tumor initiation and
progression. Galectin-3 that can be secreted from the cell, either actively or passively, into the tumor
microenvironment, signals in tumor cell migration and angiogenesis by forming oligomeric lattices
with its ligand molecules. It has been reported that the secreted galectin-3 activates ERK1/2 in a
calcium-sensitive PKC-dependent mode promoting cell migration in HeLa cells. It has also been
proved that this interaction involved both the CRD and N-terminal domain of galectin-3 [120]. Shetty
and group (2015) have also reported a CRD domain-dependent interaction with annexin A2 residing
on the plasma membrane, favoring cell migration in breast cancer [121]. Galectin-3 silencing has been
found to display inhibition of invasion and metastasis in a variety of cancers such as breast carcinoma,
osteosarcoma, etc via different intracellular interacting partners. In osteosarcoma and tongue cancer,
galectin-3 modulates cell migration through �-catenin, Akt, Src, Lyn, and MMP activation [122, 123].
The up-regulation of metalloproteinase by galectin-3 has been reported to be executed by its interaction
with the transcriptional factor AP-1 [124].

Gal-3 has been shown to enhance tumor cell migration and invasion by interacting with extracellular
matrix proteins like fibronectin, elastin, collagen IV, and laminin. Gal-3 dependent integrin cluster-
ing promotes both direct and ligand-motivated activation. Exogenous enhancement of gal-3 supply to
breast cancer cells stimulated fibronectin-dependent cell spreading and migration by �5�1-integrin
activation [125]. The extracellular galectins produce lattices in the plasma membrane in a caveolin-
dependent mechanism activating FAK and RhoA enabling cellular metastasis [126–128]. Furthermore,
the phosphorylation of caveolin-1 (Cav1) in an Src kinase-dependent manner enhances RhoA activa-
tion, focal adhesion turnover, and cell migration in a gal-3 reliant synergistic way [129]. The actin
reorganization evident in cell migration and fibronectin remodeling under the integrin-mediated stim-
ulation of EGF has also been shown to be dependent on gal-3 and phosphorylated Cav1. Boscher
has stated the binding of N-cadherin to extracellular gal-3 in murine breast cancer cells favoring cell
migration besides the loss of intercellular adhesion, which may allow the tumor cell to escape the pri-
mary tumor site [130]. Tumor-derived gal-3 has been reported to favor tumor micro-emboli formation
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by increasing homotypic and heterotypic adhesion by interacting with Thomson- Friedenreich car-
bohydrate on cancer-associated transmembrane MUC1, besides induction of cell surface polarization
exposing E-cadherin, CD44, and E-selectin ligands [128].

The cancer stem cell hypothesis suggests that tumor progression and metastasis are driven by a small
population of cells that show stem cell properties, which are closely linked to epithelial-mesenchymal
and mesenchymal-epithelial transition. At the time of EMT, epithelial cells go through cytoskeletal
remodeling and lose their polarity, cell-cell contacts, and acquire a mesenchymal morphology [131]
enabling the tumor cells to migrate and invade the basement membrane, blood vessels, and lymphatics.
Several pathways that are known to regulate cancer stem cells, including canonical and non-canonical
Wnt signaling or transforming growth factor beta (TGF�) pathways are also competent for inducing
EMT [132]. Many studies have demonstrated that overexpression of Gal-3 increases the migration and
invasion potential of tumor cells whereas, silencing of gal-3 has been shown to reduce migration and
invasion of tumor cells both in vitro and in vivo [133–135]. Extracellular gal-3 secreted by tumor cells
was found to involve in the migration of endothelial cells in a dose-dependent way [135]. Wesley et al.
have also reported that Galectin-3 increased the in vitro migration of BV2 microglia associated with
integrin-linked-kinase signaling and induced EMT like morphology in a murine epithelial cell line
GE11 via �-1 integrin that triggers galectin-3 expression through demethylation of its promoter [136].
Earlier we have observed that knockdown of galectin-3 gene increases the sensitivity of MDA-MB-
231 cells to drug-induced apoptosis as well as expression of epithelial-mesenchymal transition-related
genes [137]. Ilmer and the group have also reported that Gal-3 interacts with and mediates the expression
of many proteins, which contribute to EMT during tumor cell migration, and invasion and depletion of
galectin-3 initiate EMT in breast cancer [138]. All these observations support the key role of galectin-3
in the process of EMT.

Galectin-3 in setting off tumor embolization

Intravasation of tumor cells into micro capillaries resulting in circulating tumor emboli which in
turn extravasates at distinct sites ending up in secondary tumor formation. Tumor cells injected as
aggregates were reported to colonize in the lungs of mouse models more efficiently than those given
as single cell suspension [139]. Likewise, cells with high aggregation potential in vitro were found to
possess high metastatic potential in vivo [140]. Though cadherins are responsible for this homotypic
or heterotypic cell adhesion, soluble galectins were also revealed to be inducing the same by bridging
with soluble complementary glycoconjugates. This was evident from the homotypic cell aggregation
mediated by gal-3 and its strong binding partner, asialofetuin [141]. The N-glycosylated Mac-2 binding
protein has been identified as a ligand for gal-3 tempted homotypic aggregation of melanoma cells in
a carbohydrate-dependent way [142]. Furthermore, clustered gal-3 could be demonstrated in cell-cell
contact sites in aggregated neoplastic cells [143]. All these reports reveal the significance of gal-3 in
the homotypic aggregation of tumor cells churning out tumor emboli. In support of these reports, our
immunohistochemical analysis of breast carcinoma samples divulge the expression of gal-3 in vascular
and lymphatic tumor emboli in infiltrating duct cell carcinoma tissues (Fig. 1).

Galectin-3 in fostering angiogenesis

The avascular to vascular transition during the malignant transformation, executed through the
balancing of pro-to anti-angiogenic signals is inevitable for the oncogenic feat. Both the tumor and
host stromal cells are engaged in this balancing by secretion of pro-angiogenic factor [144]. In this
aspect, galectin-3 plays the role of a platform for these signaling molecules on the endothelial cells
and as a cofactor and amplifier of the signals triggered [135]. Neo-angiogenesis is essential for the
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Fig. 1. Expression of Gal-3 in tumour emboli. Representative microscopic images of breast carcinoma samples at A.
20 × and B. 40 × showing the expression of Gal-3 in lymphatic tumour emboli. Gal-3 expression was studied in samples by
immunohistochemical method and counter-staining with haematoxylin following standard protocol.

successful growth of both primary and metastatic tumors. It is brought into action by the pro-angiogenic
factors jointly secreted by the tumor as well as the stromal cells within the tumor microenvironment.
A sequence of endothelial cell responses to the angiogenic poise, such as ECM wearing along with
budding, and tube formation of endothelial cells is required for angiogenesis which in turn are under
the strict orchestration of VEGFR, FGFR, and Notch-dependent signaling pathways [145–147]. Post-
translational modification such as proteolysis in a stringent manner enables galectin-3 in soothing the
epithelial-endothelial interaction web underpinning angiogenesis [148, 149].

Carbohydrate interaction has been reported to play an important role in angiogenesis, as FGF and
VEGF primarily endure on the proteoglycans in the extracellular matrix, before interacting with their
original receptor and most of the adhesion molecules attach to glycoconjugates on the endothelial
cell surface [150]. Gal-3 was found to act as a carbohydrate-dependent chemotactic stimulus for
capillary tube formation of human umbilical endothelial cells [151]. Correspondingly, it has been
shown that gal-3 secreted by tumor cells increases the JAG1/Notch signaling in endothelial cells [152].
Besides its direct effect on endothelial cells, activation and migration of monocytes and macrophages
occur under the spur of gal-3. Tumor-associated macrophages expressing gal-3 play a significant
role in neo-angiogenesis and maturation of vessels. Overexpression of transforming growth factor-�1
(TGF�1) has been observed in gal-3 expressing cancers, which may augment the release of VEGF
by monocytes/macrophages and induce chemotaxis [152–154]. Gal-3 also targets the PKC-dependent
VEGF release from platelets [155]. Consequently, the putative role of gal-3 in tumor angiogenesis
is well proven and discussed from very early times. The aggressive tumor cells display functional
plasticity enabling them to act as endothelial cells in tumor vessels by a process termed vasculogenic
mimicry. The role of galectin-3 in this process has also been reported by many groups. However, the
mechanism remains unclear [156–158].

Galectin-3 in bestowing apoptosis resistance

Attaining resistance to apoptosis enables tumor cells the capacity to evade the cell death induced by
the natural killer or killer T cells, which is crucial for tumor progression. Gal-3 exhibits anti-apoptotic
activity on several types of cells. Gal-3 overexpression was reported to be endowing resistance to
apoptosis in lymphoma [159] and breast carcinoma [160]. Gal-3 is said to exhibit sequence homology
with the established anti-apoptotic protein Bcl2. Gal-3 and Bcl2 are analogous in both the N-terminal
domain, opulent in proline, glycine and alanine, [161] and C-terminal domain, possessing Asp-Trp-
Gly-Arg (NWGR) motif, and any difference in the amino acid sequence of this NWGR motif will alter



86 T. Jeethy Ram et al. / Galectin-3: A factotum in carcinogenesis bestowing an archery for prevention

the anti-apoptotic potential of gal-3 [160]. Additionally, gal-3 can interact with Bcl2 protein in vitro
and imitate its action by forming heterodimers [159]. Therefore, gal-3 can function as a regulator of
mitochondria related apoptosis through binding to Bcl2 in various types of tumor cells. Galectin-3 has
also been reported to play a key role in p53 mediated apoptosis due to the sequence similarity with
Bcl-2 [162].

The Ca2+ and phospholipid binding protein, Synexin (annexin A7) is a direct binding partner of
gal-3 and has been associated with its anti-apoptotic activity[163]. The interaction of gal-3 with K-
Ras protein has also been discussed for its anti-apoptotic activity [164]. Even though gal-3 is not an
inherent anti-apoptotic factor similar to the Bcl2 family of proteins, gal-3 gets this activity on binding
with different binding partners in different cell types.

Galectin-3: A promising target for therapy

As a whole, the reports reviewed in this article substantiate the key role of gal-3 in most of the
hallmarks of the tumor as well as various aspects of tumor initiation and progression. The different
oncogenic activities exhibited by gal-3 are strictly based on its cellular localization and interaction
with different signaling molecules. The intracellular Gal-3 once restricted to the cytoplasm of tumor
cells confers apoptosis escape mechanism to the respective cell while, when secreted to the tumor
microenvironment, triggers apoptosis of cancer infiltrating T cells; both of which endorse tumorige-
nesis. Similarly, intracellular gal-3 in tumor cells favor angiogenesis and neovascularization, while

Fig. 2. Galectin-3 in carcinogenesis. Schematic summary of the roles of galectin-3 in different “Hallmarks of cancer”.
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Table 1

Translation research on Galectin-3 in experimental oncology

Sl. Role investigated Study Approach Lesion Studied Reference
No.

1. Serum Gal-3 as a marker for predicting metastatic
probability

Case study Ovarian Cancer [175]

2. Galectin-3 over expression enhances cell
migration via Erk1/2 pathway

Case study, In vitro Colon Cancer [176]

3. Galectin-3 contributes tumor progression via Ras
signalling

In vivo (Orthotropic mouse
models)

Pancreatic Cancer [177]

4. Galectin-3 contributes to tumor growth and
metastasis via NFAT1 and autotaxin

In vitro, In vivo (Female
Athymic BALB/c nude
mice)

Melanoma [178]

5. Intracellular levels of galectin-3 contributes
carcinogenesis

Case study Renal cell
carcinoma

[179]

6. Gal-3 inhibition sensitizes cells to arsenic trioxide In vitro Renal cell
carcinoma

[180]

7. Serum galectin-3 in tumor diagnosis Case study Bladder Cancer [181]
8. Galectin-3 in prognosis of thyroid cancer Case study Thyroid Cancer [182]
9. Galectin-3 antagonists inhibits carcinogenesis Invitro, In vivo (Orthotropic,

subcutaneous LLC1 model,
LLC1 metastatic model,
Xenograft model)

Lung
Adenocarcinoma

[183]

10. Gal-3 downregulation during breast cancer
progression regulates cell-associated and tumor
microenvironment glycos-aminoglycans
(GAGs)/ proteoglycans (PG), thus enhancing
the metastatic potential of tumor cells.

In vitro, In vivo (Lgals3 + /+,
Lgals3 + /- BALB/c mice)

Breast Cancer [184]

11. Reduced Gal-3 expression results in the
up-regulation of �3 integrin expression and this
contribute to metastatic potential.

In vitro, In vivo (C57BL/6
mice)

Melanoma [185]

12. Galectin-3 inhibits tumor growth by reducing
tumor vasculature

In vitro, In vivo Many cancers [186]

13. Clinical efficacy of first-in-class galectin-3
antagonist studied

Clinical trial Lymphocytic
leukemia

[187]

14. Blocking galectin-3 expression in highly
malignant human breast carcinoma
MDA-MB-435 cells led to a significant
suppression of tumor growth in nude mice

In vitro, In vivo (Athymic
female nude mice)

Breast Cancer [188]

15. Therapy with NH2-terminally truncated form of
galectin-3 (galectin-3C) reduces metastases and
tumor volumes.

In vitro, In vivo (Female
athymic CD-1 nude mice)

Breast Cancer [189]

16. Hypoxia up-regulates the expression of
galectin-3, which may in turn increase tumor
aggressiveness.

In vivo (NIH(s)
II-nu/nu—mice)

Mammary
Carcinoma

[190]

17. Targeting galectin-3 may be valuable
for overcoming bone marrow microenvironment
mediated protection of CML cells which may
help in eliminating the problem of drug resistance

In vivo (Male NOD/SCID
mice)

Leukemia [191]

(Continued)
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Table 1

(Continued)

Sl. Role investigated Study Approach Lesion Studied Reference
No.

18. Lack of Galectin-3 affects tumor metastasis by
modulating binding of melanoma cells onto
target tissue and upregulating NK activity.

In vitro, In vivo (Gal-3 -/-
mice)

Melanoma [192]

19. Induction of in vivo angiogenesis by
galectin-3-expressing BT-549cells or soluble
galectin-3 further emphasizes the importance of
carbohydrate-protein interactions during
angiogenesis.

In vivo (Nude mice) Breast Cancer [135]

20. Loss of Gal-3 is associated with a mesenchymal
BCSC subtype and enhanced tumorigenicity.
Gal-3 levels predicts poor prognosis.

In vivo (Athymic, nu/nu,
BALB/c mice)

Breast Cancer [138]

21. Gal-3 regulates tumor angiogenesis via VEGF
signalling

In vivo (C57black/6 wild-type
(WT) or galectin-3 KO
mice)

Melanoma [153]

22. GCS-100 inhibit myeloma In vitro Myeloma [193]
23. Modified citrus pectin inhibits metastasis In vivo (Male Copenhagen

rats)
Prostate Cancer [194]

24. Down-regulation of galectin-3 enhances drug
susceptibility

In vitro, In vivo (Female
BALB/c nu/nu mice)

Pancreatic Cancer [195]

25. Glycopeptide affinity to galectin-3 inhibits
metastasis

In vitro, In vivo Prostate Cancer [196]

extracellular gal-3 promotes homotypic aggregation as well as tumor cell migration. Endothelium-
associated gal-3 arbitrates tumor-endothelial cell interaction for docking of tumor cells, putting on
metastasis. Evidence is still being added to further authenticate the multifarious regulations of gal-3
in cancer progression and metastasis (Fig. 2).

Most of the cancers, particularly epithelial-derived ones have a natural history of progression, evolv-
ing from precancerous lesions like abnormal hyperplasia to dysplasia to in situ carcinoma/intraepithelial
lesions and ultimately to an invasive tumor. The majority of the “Hallmarks of Cancer” is obvious in the
premalignant conditions also with the opportunity for chemoprevention attempts. Gal-3 antagonists
could therefore be valuable in regulating the functional role played by this molecule in tumorigenesis,
invasion, metastasis, and/ restoring sensitivity to apoptosis in neoplastic cells. Substantial progress
has been made in the past years to make out natural and synthetic peptides and monoclonal anti-
bodies that specifically bind to the carbohydrate recognition domain of gal-3 [21, 165, 166]. Several
small molecules have been recently found very effective in inhibiting gal-3 functional activation [167].
Furthermore, genetic modification of gal-3 resulted in inhibition of tumor growth and metastasis in
orthotopic models of breast cancer [168]. Several galectin-3 antagonists have been evaluated to show
potency in overcoming pathological neo-vascularisation and fibrosis and chemotherapy-associated
fibrosis [169–171]. Natural ligands such as mucin, fibronectin, laminin, and IgE have been flaunted as
an effective inhibitor of gal-3 [172]. Some carbohydrate analogs of natural ligands such as 1-Methyl-
�-D-galactoside, 1-Methyl-�-D-lactoside, 1-Methyl-N-Acetyl lactosamine were found to inhibit gal-3
in several experimental studies. Modified citrus pectin has been found to specifically bind to the car-
bohydrate recognition domain of gal-3 and by this means, reducing tumor metastasis in animal models
[173]. It was also found to reduce the progression of prostate cancer in phase II human trial [174]. A
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summary of the reports reviewed has been assembled in Table 1. Quite a few other synthetic molecules
are being testified with galectin inhibiting activity which gives hope for the evolution of a specific anti-
galectin-3 compound in the nearest future to prevent progression of a precancerous lesion to invasive
cancer.
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