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secretion [3, 6]. In contrast with the regulation systems 
mediated by ligand binding to a specific cell surface 
receptor, galectins globally contribute to modulate these 
regulation systems through their simultaneous interac-
tion with different signaling receptors [1, 3–6]. As the 
structures conformed by glycans entail enormous ver-
satility and are considered to constitute a “sugar code” 
susceptible to changes under physiological or pathologi-
cal conditions [1, 2], galectin functions also display varia-
tions accordingly with the glycan modifications [4, 7–9]. 
Physiological processes such as cell proliferation, differ-
entiation, phenotypic plasticity, apoptosis, angiogenesis 
and immune responses, as well as pathogenic conditions 
such as cancer, tissue fibrosis, chronic inflammation and 
autoimmune disorders, usually engage distinct members 
of the galectin family with complementary or redundant 
roles, acting across various tissues and cell types, such as 
endothelium, epithelium and immune cells [3–6, 10, 11].

Background
Galectins are carbohydrate-binding proteins that regu-
late a variety of cellular processes by interacting with 
β-galactoside moieties present in glycoproteins and 
glycolipids [1–6]. Galectins are found in the cytosolic 
compartment and extracellularly after unconventional 
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Abstract
Galectins are soluble glycan-binding proteins that interact with a wide range of glycoproteins and glycolipids and 
modulate a broad spectrum of physiological and pathological processes. The expression and subcellular localization 
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and cancer where epithelial cells loss differentiation while acquiring migratory mesenchymal phenotypes. The 
epithelial-mesenchymal transition (EMT) that occurs in the context of these processes can include modifications 
of glycosylation patterns of glycolipids and glycoproteins affecting their interactions with galectins. Moreover, 
overexpression of certain galectins has been involved in the development and different outcomes of EMT. This 
review focuses on the roles and mechanisms of Galectin-1 (Gal-1), Gal-3, Gal-4, Gal-7 and Gal-8, which have been 
involved in physiologic and pathogenic EMT contexts.
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This review is not only complementary but also extends 
the analysis of previous reviews to cover concepts related 
to mechanisms, regulation systems and cell biology pro-
cesses known to be involved in the EMT, which have 
not usually been addressed at the same time or with this 
conceptual framework [12]. We also call the attention on 
works where the effect of galectins can be attributed to 
intracellular or extracellular actions, which is not explic-
itly addressed by other reviews. Also, we covered a more 
widely spectra of galectins compared with other reviews 
that focused on particular sets of galectins. After a gen-
eral description of glycosylation, galectin secretion, and 
EMT processes, we organized the literature in sepa-
rate sections devoted to tissue repair, fibrosis or cancer, 
emphasizing the role attributed to EMT and the pos-
sible contribution of different galectins. This systematic 
approach illustrates most of the examples where galectins 
directly or indirectly regulate EMT, including the pheno-
typic changes and the signaling pathways involved. We 
hope this approach will provide a more comprehensive 
understanding of how galectins impact the cell biology of 
epithelial cells.

Galectins: structural features as carbohydrate-binding 
proteins
The members of the galectin family have one or two car-
bohydrate-binding domains (CRDs) of approximately 130 
amino acids conforming a β-sandwich binding groove 
for β-galactosides [4, 13, 14]. β-galactosides are formed 
by Galβ (1–4)GlcNAc moieties, also known as N-Acetyl-
lactosamine (LacNac), found with variable configurations 
in glycoconjugates of N- and O-glycosylated proteins 
and glycolipids as part of the glycome or glycan code [2, 
4, 15]. Sixteen galectins have been described in animals 
and are classified into three groups based on the num-
ber and organization of their CDRs and other structural 
features [16]. The prototypical galectins (Gal-1, -2, -5, -7, 
-10, -11, -13, -14, -15, and -16) contain a single CRD and 
a short N-terminal sequence that allows for dimerization. 
The tandem-repeat galectins (Gal-4, -6, -8, -9 and -12) 

contain two different CRDs separated by a linker peptide 
within a single polypeptide molecule. The chimeric galec-
tin type is only represented by Gal-3 that has a single 
CRD and a large amino-terminal non-lectin domain that 
contributes to self-aggregation [3, 16] (Fig. 1).

Although all galectins have affinity for LacNac they 
show different preferences for LacNac variants displayed 
by N- and O-glycans or glycolipids [2, 4, 10, 15, 17–20]. 
Variations of LacNac of N-glycosylated proteins affect-
ing the affinity and function of galectins include differ-
ences in N-glycan tree ramifications, LacNac extensions, 
sialylations or fucosylations, depending on the expression 
levels and activities of specific Golgi-resident glycosyl-
transferases [4, 7, 21, 22]. Another source of LacNac 
variations that switch the preferential binding of particu-
lar galectins is the removal of sialic acid from cell surface 
glycans mediated by secreted neuraminidases [23–25] 
(Fig. 2). All these changes have an impact on glycome and 
are sensitive to a variety of physiological and pathogenic 
conditions, including inflammation and cancer [4, 7, 21, 
22, 25].

Galectins lack a signal peptide and therefore are syn-
thesized in the cytosol and reach the extracellular space 
after non-conventional secretion [3, 26–31]. In the cyto-
sol, galectins recognize host glycans in damaged endoly-
sosomes and promote their reparation or removal and 
replacement in response to diverse stimuli [24, 32–36]. 
Galectins can establish direct protein-protein interac-
tions through their CRD [37], thus also playing carbohy-
drate-independent functions in diverse cellular processes, 
including mRNA splicing and stabilization, cell prolifera-
tion, apoptosis, and cell cycle progression [38–41]. Once 
secreted, galectins interact with glycosylated proteins 
and lipids at the cell surface, thus modulating the activ-
ity of signaling elements or modifying membrane proper-
ties with consequences over cell proliferation, migration, 
differentiation, cell-cell or cell-matrix interactions and 
endocytosis [3, 7, 42].

Numerous proteins, including galectins [43], which 
lack a signal peptide for the classical exocytic pathway, 

Fig. 1 Structure of galectins involved in EMT. Gal-1, Gal-2, and Gal-7 are prototypic galectins that contain a single CRD and a short N-terminal sequence 
that enables dimerization. Gal-4 and Gal-8 are tandem repeat galectins bearing N- and C-terminal CRDs separated by a linker peptide. These galectins 
also form dimers. Gal-3 belongs to the chimeric galectin type and contains a single CRD and a large amino-terminal non-lectin domain that contributes 
to self-aggregation
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are nevertheless found in the extracellular media reflect-
ing their sorting towards one or several unconventional 
secretion pathways [44–47]. In general, unconventional 
secretion of proteins proceeds through direct translo-
cation across the plasma membrane or through their 
loading into diverse vesicular vehicles [44]. One of the 
most studied direct pathways involves a transloca-
tion pore conformed by the protein gasdermin after 
its inflammasome-depending processing [48]. On the 
other hand, vesicles involved in unconventional secre-
tion either bud from the cell surface or are intracellu-
larly generated at different compartments, including the 
endoplasmic reticulum-Golgi intermediate compart-
ment (ERGIC), autophagosomes and multivesicular 
bodies, which then fuse with the plasma membrane and 

release their contents to the media [44, 45, 47, 49]. The 
ERGIC pathway includes a heat-shock protein 90-medi-
ated unfolding step occurring at the cytosol followed by 
a TMED10 translocation system into the ERGIC lumen 
and the generation of transporting vesicles that then may 
eventually fuse directly with the plasma membrane or 
use the autophagosome or the multivesicular body secre-
tion pathways [45, 47]. The evidence suggests that galec-
tins can follow any of these pathways depending on the 
cell type and particular conditions. For instance, Gal-3 
has been found secreted in exosomes corresponding to 
the intraluminal vesicles of multivesicular bodies from 
cancer cells, dendritic cells and macrophages [46], as 
well as from apical-basolateral polarized epithelial cells, 
being mainly secreted in apical exosomes from MDCK 

Fig. 2 Complex N-linked oligosaccharides with variations in length, branching and sialylation of their LacNAc moieties. The scheme shows some steps 
of the biosynthesis of complex N-linked oligosaccharides highlighting the role of enzymes that generate variations of N-acetyllactosamine (LacNac) 
glycoconjugates, the preferred ligand of galectins. N-acetylglucosaminyltransferases (Mgat4 and 5) act sequentially in ramifications; galactosyltransfer-
ases (GalTs) catalyze the transfer of galactose to glycoprotein-bound N-acetylglucosamine forming LacNac of variable lengths; α2,6 sialyltransferase 1 
(ST6Gal1) adds sialic acid in α2,6 linkages to terminal LacNac, preventing the binding of several galectins, except Gal-3 that also bind to internal LacNac; 
N-acetylglucosamine α2,3 sialyltransferase 1 (ST3Gal1) adds sialic acid to N-glycans in position α2,3, favoring the binding of Gal-8; fucosyltransferase-3 
(Fut3) adds fucose to N-acetylglucosamine; Neuroaminidases (Neus) remove sialic acid affecting the binding of galectins
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cells [46]. An exosomal independent pathway involving 
direct gasdermin-mediated plasma membrane transloca-
tion has been described in the Gal-3 secretion pathway 
of primary bone marrow–derived macrophages and den-
dritic cells [50]. Other galectins found in secreted exo-
somes include Gal-1 and Gal-9 [31, 46, 51]. Gal-1 can be 
also secreted through an autophagic secretion pathway 
[52] and together with Gal-3 have been found secreted 
through ERGIC-derived vesicles [47]. Furthermore, 
O-GlcNAcylation (O-linked-betaN-Acetylglucosamine), 
a post-translational modification, affects the secretion 
levels of several galectins relating this process to metabo-
lism [53, 54]. All this suggests variations in the mecha-
nisms of galectin unconventional secretion, which may 
be sensitive to different cellular conditions, with physi-
ologic and pathogenic consequences remaining to be 
elucidated.

The expression and subcellular localization of galec-
tins depend on individual cell types and are modified in 
response to physiological conditions, such as tissue repair 
[55], or pathological conditions such as fibrosis and can-
cer [1, 4], in which EMT plays an important role [15, 56, 
57]. Galectins involved in EMT so far include Gal-1, -2, 
-3, -4, -7, and Gal-8 (Fig. 1). The roles of these galectins 
complement or overlap each other depending on the 
preferences for β-galactoside contexts and their capacity 
to oligomerize or multimerize [4, 58] (Figs. 1 and 2).

Epithelial-mesenchymal transition (EMT)
EMT is a dynamic and reversible process whereby epi-
thelial cells acquire variable grades of a mesenchymal 
phenotype [59]. The diversity of epithelial changes is 
illustrated by a consensus list of core events as indicators 
of EMT [59]. This includes cytoskeleton remodeling, loss 
of apico-basal polarity, acquisition of a front-back polar-
ity, weakening of cell-cell adhesion, remodeling of cell-
matrix interactions, cell individualization and acquisition 
of cell motility [59–61]. EMT involves gene expression 
changes mainly controlled by Snail, Slug, ZEB and Twist 
as typical EMT transcription factors [62]. The EMT pro-
gram most frequently leads to intermediate phenotypes 
known as “partial EMT” and rarely progresses to a fully 
mesenchymal state [59, 61, 63]. Partial EMT is character-
ized by epithelial markers such as E-cadherin, claudin, 
occludin, and ZO-1, commonly coexisting with mesen-
chymal markers such as vimentin, α-SMA, N-cadherin 
and fibronectin [59, 61, 63]. EMT can occur in physio-
logical and pathological processes and has been classified 
into type 1, type 2 and type 3 EMT.

Type 1 EMT occurs during embryonic development 
and is important for organ formation, reverting through 
a mesenchymal-epithelial transition (MET) process to 
generate secondary epithelia. Type 2 EMT is observed 
in tissue repair, wound healing, tissue regeneration, 

fibrosis, and inflammation, where transition back to the 
original epithelial state normally occurs once the tissue 
repair is completed or the associated inflammation is 
reduced [60]. Tissue repair is a multistage dynamic pro-
cess that includes an inflammatory response, increased 
cell proliferation, migration, and remodeling of extracel-
lular matrix (ECM) components, with variations in dif-
ferent tissues and pathogenic conditions. For instance, 
in the skin, epidermal keratinocytes undergo partial 
EMT, detach, proliferate and move across a provisional 
matrix in the wound [64–67], which is then replaced 
by a novel matrix of collagen fibers, proteoglycans, and 
fibronectin, while keratinocytes re-epithelialize the dam-
aged tissue [68]. EMT-transformed keratinocytes also 
differentiate to contractile myofibroblasts that physically 
contract the wound by bringing the injured edges closer 
[66]. In the kidney, after an acute injury, the remaining 
tubular epithelial cells participate in the repair process 
undergoing partial EMT, losing their polarized pheno-
type and acquiring mesenchymal traits associated with 
cell proliferation and migration into the damaged zone 
[69, 70]. A reverse process of MET completes the repair 
process restoring the original epithelial phenotype [71]. 
An intriguing aspect is that after damage, renal epithe-
lial cells undergo epithelial dedifferentiation without 
engaging in the processes of delamination or invasion, 
but instead remaining attached within the tubules. This 
distinct behavior of the epithelial cells in the injured kid-
ney highlights the complexity and specificity that repair 
mechanisms acquire in different organs [69, 70].

Prolonged or uncontrolled type 2 EMT is associated 
with the activation of fibroblasts towards the production 
of ECM proteins and the consequential progression to 
tissue fibrosis [66, 72, 73]. During normal tissue repair, 
myofibroblasts appear transiently and are then lost by 
apoptosis, whereas in pathological wound healing myo-
fibroblast activity persists driving tissue alterations and 
promoting fibrosis [66, 73–75]. The origin of myofibro-
blasts is still unclear. In different organs, myofibroblasts 
have been proposed to originate from the activation of 
resident fibroblasts, differentiation from bone marrow 
precursors or transformation of epithelial cells through 
EMT [60]. In the kidney, recent studies in the context of 
fibrosis reveal that EMT does not directly generate myo-
fibroblasts but rather promotes an arrest of the tubular 
epithelial cell cycle at the G2/M phase, which triggers a 
pro-inflammatory secretome, thereby activating neigh-
bor cells and enhancing an immune infiltration that con-
tributes to fibrosis progression [72, 76, 77]. The specific 
molecular mechanisms and signaling pathways that asso-
ciate EMT to normal tissue repair or pathogenic fibrosis 
remain unknown and indeed are important to elucidate 
to find therapeutic targets for the prevention or treat-
ment of fibrotic diseases [78].
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Type 3 EMT occurs in cancer, where transformed epi-
thelial cells lose their epithelial attachments and invade 
the basement membrane and the surrounding tissue, 
thus promoting cancer dissemination and metastasis [60, 
66]. Metastasis is the leading cause of cancer-associated 
deaths and includes cell dissemination from the primary 
tumor and formation of a distal secondary tumor [79]. 
Loss of E-cadherin and cytokeratin, as well as acquisition 
of vimentin, N-cadherin and α-SMA, have been found in 
different types of cancer associated with metastasis [80, 
81].

A similar outcome of all three EMT types is that epi-
thelial cells lose differentiation markers, such as the 
apical-basolateral polarity typical of transporting and 
secreting epithelia, and in general adopt a mesenchymal 
phenotype with migratory properties [60]. However, the 
discovery of new features in a continuous range of hybrid 
EMT phenotypes, rather than a simple binary epithelial-
mesenchymal model, has broadened the definition of 
EMT by introducing the term epithelial-to-mesenchymal 
plasticity (EMP) [59]. Cells can migrate individually or 
collectively depending on the degree of cell-cell adhesion 
loosening. During collective migration, as in partial EMT, 
cells retain cell-cell interactions and move coordinately in 
the same direction with higher efficiency compared with 
individual migration [82, 83]. Collective cell migration 
occurs in all types of EMT and therefore can be observed 
during processes of wound healing, fibrosis and cancer 
metastasis [82, 84, 85]. In cancer-associated collective 
migration, cells remain attached due to weakened junc-
tions and achieve a coordinated movement that enhances 
the efficiency of dissemination and metastasis formation 
[83, 86–88].

Inducers and modulators of the EMT program are 
intensively studied in non-tumoral and carcinoma cells in 
different contexts. Secreted factors within the cell micro-
environment, such as hepatocyte growth factor (HGF), 
fibroblast growth factor (FGF), epidermal growth factor 
(EGF), transforming growth factor β (TGF-β) and Wnt 
play important roles in EMT acting as paracrine or auto-
crine stimuli of specific cell surface receptors and signal-
ing pathways [89, 90]. ECM elements can also induce 
EMT by triggering integrin-mediated signaling [91, 92]. 
Activation of signaling pathways converges upon the acti-
vation of EMT-transcription factors, which downregulate 
epithelial and upregulate mesenchymal markers [90, 93]. 
The extent of EMT depends on the cooperation between 
signaling pathways emerging from different receptors 
[90, 93].

EMT and glycosylation changes that affect galectin binding 
and function
EMT includes changes in the glycosylation patterns char-
acterized by hyper- or hypo-glycosylation of proteins 

and lipids, or N-glycan remodeling of glycoproteins 
along the exocytic pathway [12]. As the affinity of dif-
ferent galectins varies depending on glycan modifica-
tions, the glycosylation patterns associated with EMT 
are expected to improve or reduce the binding and 
function of galectins. Galectins studied in EMT include 
Gal-1, -2, -3, -4, -7, and  -8 (Fig. 1), playing complement-
ing or overlapping roles based on their preferences for 
β-galactoside-containing structures [4, 58] (Fig.  2). For 
instance, cell surface sialylation mediated by ST3Gal 
α2,3-sialyltransferases, a modification that can improve 
the binding of certain galectins such as Gal-8 [19], while 
decreasing the binding of other galectins, such as Gal-2, 
Gal-3, Gal-4 N, and Gal-7 [94], increases cellular migra-
tion and metastasis formation in pancreatic adenocar-
cinoma cell lines [95]. The enzyme ST6Gal-I mediates 
LacNac terminal α2,6-sialylation, which decreases the 
binding of several galectins with less effect on Gal-3, 
presumably because this galectin also recognizes inter-
nal LacNac [96, 97]. Overexpression of ST6Gal has been 
found promoting tumor cell survival in many human can-
cers [96, 97], and has been described to promote EMT in 
pancreatic cancer cells [98]. Human retinal pigment epi-
thelial cells respond to damage undergoing EMT associ-
ated with an increase of acetylglucosaminyltransferase V 
(Mgat5) activity, which promotes N-glycan ramifications 
and facilitates the attachment of certain galectins, includ-
ing Gal-3, to the cell surface [99] (Fig. 2).

Galectins in tissue repair
Several studies indicate that galectins promote tissue 
repair suggesting their involvement in the EMT pro-
cess required for effective repair mechanisms. The role 
of galectins in tissue repair has been reviewed by Čoma 
et al. (2023) [100]. However, the direct participation 
of galectins in EMT-induced tissue repair has not been 
assessed. Therefore, the specific contribution of galectins 
to EMT during tissue repair needs to be clarified by dedi-
cated studies. In general, evidence suggests their role may 
be related to cell migration and re-epithelization facili-
tating the effects of well-known EMT inducers such as 
TGF-β or EGF (Table 1).

Galectin-2 and Galectin-4 in tissue repair
Gal-2 and Gal-4 are specifically expressed in the gastro-
intestinal tract and both ameliorate experimental colitis 
when exogenously added [101, 102]. In vitro, Gal-2 and 
Gal-4 promote wound healing of Caco-2 cell line increas-
ing cell migration. This involves cell surface carbohy-
drate binding and TGF-β signaling, as their effects are 
counteracted by lactose-mediated blockage and TGF-β 
neutralizing antibodies (Fig.  3a) [103]. Even though not 
directly assessed, these observations suggest that Gal-2 
and Gal-4 very likely induce an EMT process in Caco-2 
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cells. Inflammatory bowel disease and other intestinal 
disorders that weaken the integrity of the epithelial bar-
rier in conditions such as peptic ulcers, intestinal infec-
tions, bowel perforation and many other diseases [104] 
may involve the function of these galectins.

Galectin-3 in tissue repair
Gal-3 has been shown to promote re-epithelialization of 
corneal wounds in mice by interacting with N-glycans 
present on α3β1 integrin and activating the downstream 
Focal adhesion Kinase (FAK)/Rac1 pathway (Fig.  3b) 
[105, 106]. In the absence of Gal-3, corneal re-epithe-
lialization is less efficient due to a reduced secretion of 
Matrix Metalloproteinase-9 (MMP-9) and impaired cell 
migration [105, 107]. As re-epithelialization of corneal 
wounds is not restored by recombinant Gal-3 treatment 
in Gal-3-KO mice, it is possible that an intracellular func-
tion of Gal-3 promotes the healing of corneal wounds 
[105].

Keratinocytes derived from Gal-3-KO mice (Lgals3−/−) 
show reduced cell migration together with lower surface 
levels of epidermal growth factor receptor (EGFR) most 
probably due to intracellular trafficking defects, consider-
ing that cytosolic Gal-3 mediates the association of EGFR 
with Alix, a component of the Endosomal Sorting Com-
plex Required for Transport Machinery (ESCRT) [108]. 
Alix has been involved in a recycling pathway of EGFR 
[109, 110]. Additionally, extracellular Gal-3 interaction 
with EGFR contributes to the formation of a cluster with 
β4 integrin/laminin332 resulting in Extra Cellular Signal 

Kinase (ERK) activation (Fig.  3c), decreased cell adhe-
sion, enhanced cell migration and wound healing in vitro 
[111]. These observations suggest that Gal-3 may influ-
ence the role of keratinocytes in wound healing modulat-
ing the role of EGFR in this process.

In retinal pigment cells, cell migration is promoted 
by Gal-3 through a glycan-dependent interaction with 
CD147 (Fig.  3d), a type I transmembrane protein [112]. 
This interaction with CD147 triggers the secretion of 
MMP-9, disrupts occludin localization in intercellular 
junctions and leads to the reorganization of the actin 
cytoskeleton, resulting in destabilization of cell-cell inter-
actions and detachment of retinal pigment epithelial cells 
[112]. This effect very likely reflects the role of Gal-3 in 
the EMT of these cells.

Gal-3 also enhances wound closure in colon cancer 
epithelial cells involving cell surface carbohydrate inter-
actions (Fig. 3e) [113]. This effect is impaired by recom-
binant MMP-7 that cleaves endogenously secreted Gal-3 
[113], suggesting a relationship with the observation that 
patients with chronic intestinal diseases have increased 
levels of MMP-7 [114], and decreased expression of 
Gal-3 [115]. Cleavage of endogenous Gal-3 by MMP-7 
might hinder the process of tissue repair in colon epithe-
lial cells.

Galectin-7 in tissue repair
Gal-7 overexpression or deficiency has been shown to 
delay wound healing in mice [116, 117]. Gal-7 overex-
pression in skin is associated with increased apoptosis 

Table 1 Summary of the promotion of EMT by Gal-2, Gal-3, Gal-4, and Gal-7 in tissue repair
Galectin Model Strategy EMT phenotype Signaling pathway Ref
Gal-2 
and 
Gal- 4

Intestinal epithelium 
cells

Exogenously added, blockade 
with lactose

Increased wound closure and 
proliferation

TGF-β  
[103]

Gal-3 Cornea cells from mice Deletion in mice, exogenously 
added, blockade with lactose

Increased wound closure N.D  
[105]

Colon epithelium cells Exogenously added, blockade 
with lactose

Increased wound closure N.D  
[113]

Mice epidermis and 
cells

Deletion in mice Increased cell migration EGFR/ERK  
[108]

Immortalized keratino-
cytes and keratinocytes 
isolated from patients

Exogenously added, blockade 
with lactose

Weakening of cell-cell adhesion and 
increased cell migration

β4 integrin/laminin332/EGFR  
[111]

Human corneal kerati-
nocytes and mice

Deletion in mice, exogenously 
added, blockade with lactose

Occludin mislocalization, weakening 
of cell-cell adhesion, reorganization of 
the actin cytoskeleton, MMP-9 secre-
tion, and cell detachment

CD147  
[112]

Gal-7 Mice Deletion in mice E-cadherin/ β -catenin mislocalization, 
increased proliferation, decreased cell 
migration

N.D  
[116]

Mice and keratinocyte 
cell lines

Overexpression in mice 
epidermis

Decreased E-cadherin, weakening of 
cell-cell adhesion

N.D  
[117]

Epidermal cells Knockdown, exogenously 
added, blockade with lactose

Cell polarity, wound closure, E-
cadherin on cell surface

N.D  
[118]
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and decreased levels of E-cadherin, which also mislocal-
izes together with β-catenin, resulting in disrupted cohe-
sion of keratinocytes after damage [117]. Gal-7 interacts 
with the extracellular domain of E-cadherin in kera-
tinocyte cell lines, thus stabilizing its location on the 
plasma membrane in a carbohydrate-independent man-
ner (Fig.  3f ) [117, 118]. Mice lacking Gal-7 expression 
have an impaired regenerative response due to enhanced 
apoptosis and decreased migration of keratinocytes 
[116]. Gal-7-depleted cells show defective collective cell 
migration [118]. Therefore, Gal-7 role in tissue repair 
may be exerted through a mechanism involving E-cad-
herin retention at the plasma membrane and collective 
cell migration in keratinocytes.

Galectins and EMT in fibrosis
Fibrosis is characterized by an excess of proteins of the 
ECM leading to scar tissue development, organ dys-
function and failure [15]. Studies regarding the role of 
galectins in fibrosis by promoting EMT have mainly 
been focused on Gal-1 [119–121] and Gal-3 [122–125] 
(Table 2).

Galectin-1 in EMT of fibrosis
In idiopathic pulmonary fibrosis, a progressive and 
chronic disease, lung tissues overexpress Gal-1 [126]. 
Mouse models and cell line experiments also support a 
pro-fibrotic role of Gal-1 in lung fibrosis [119]. When 
mice are exposed to hypoxia, Gal-1 and α-SMA lev-
els increase associated with lung damage and collagen 
deposition, effects that are reduced by the Gal-1 inhibi-
tor OTX008 [119]. Hypoxic lung epithelial cell lines show 

Fig. 3 Galectin pathways to tissue repair involving EMT. (a) Gal-2 and Gal-4 promote wound healing very likely involving glycan-mediated cell surface 
interactions and TGF-β-mediated signaling, as their effects are blocked by lactose and antibodies against TGF-β; (b) Gal-3 activates the α3β1 integrin/
FAK/Rac1 pathway in a carbohydrate-dependent manner to promote re-epithelialization; (c) Gal-3 promotes the formation of β4-integrin/laminin332/
EGFR clusters leading to ERK signaling activation, enhancing cell migration in a carbohydrate dependent manner. It also links EGFR to ALIX function that 
may be involved in EGFR pathway to endocytic recycling; (d) Extracellular Gal-3 binds to CD147 promoting detachment of retinal pigment epithelial cells 
from the epithelia in a carbohydrate-dependent manner through an unknown signaling pathway; (e) Matrix metalloproteinase MMP-7 can control Gal-3 
function through degradation, as shown in wound closure experiments with colon cancer epithelial cells; (f) Gal-7 interacts with E-cadherin stabilizing 
its location on the plasma membrane and favoring collective cell migration in a carbohydrate-independent manner, as shown by the lack of lactose 
blocking effect
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increased cell proliferation and migration, together with 
expression of pro-fibrotic genes and extracellular matrix 
proteins. In addition, Gal-1 expression increases under 
the influence of a FAK/TGF-β/Smad signaling pathway 
and recombinant Gal-1 treatment promotes FAK acti-
vation, which can be blocked with OTX008 to attenuate 
fibrosis progression (Fig.  4a) [119]. Intracellular Gal-1 
binds to and activates FAK1 in these cells, indicating that 
Gal-1 can activate FAK1 both intracellularly and extracel-
lularly [127].

In subretinal fibrosis induced by choroidal neovascu-
larization through EMT, studies using Gal-1 knockout 
mice (Lgals1−/−) demonstrate that Gal-1 participates 
in this pathogenic condition by reducing the activation 
of ERK1/2 pathway, possibly decreasing vascular endo-
thelial growth factor receptor 2 (VEGFR2) signaling 
(Fig. 4b). In human retinal pigment epithelial (RPE) cells, 
Gal-1 does not induce EMT but enhances the upregula-
tion of EMT markers induced by TGF-β1/Smad/Snail 
signaling [120] (Fig.  4c). Although in this model Gal-1 
alone may not be sufficient to induce EMT, its silencing 
prevents the EMT induced by TGF-β1 [120].

Gal-1 has also been implicated in the pathogenesis of 
diabetic retinopathy, a common complication of diabetes 
that affects blood vessels in the retina [128]. Exposure of 
RPE cells to high glucose, emulating the intraocular con-
ditions of patients with diabetic retinopathy, increases the 
expression of Gal-1 together with mesenchymal markers 
[121]. In these cells, Gal-1 inhibitor OTX008 not only 
enhances cell viability but also reduces Gal-1, α-SMA 
and fibronectin protein levels, ROS production, TGF-β1 
mRNA, and the expression of its receptors, TGF-βR1 
and TGF-βR2 (Fig. 4d). The evidence suggests that Gal-1 
inhibition impairs EMT, preventing its pro-fibrotic 

effects [121]. Given that Gal-1 is highly expressed in the 
microenvironment within the eyes of patients suffering 
from retinopathies [129, 130], its inhibition may offer a 
therapeutic approach for preventing the visual impair-
ment caused by retinopathies [129–132].

Galectin-3 in EMT of fibrosis
Gal-3 has emerged as an important player in the patho-
genesis of lung fibrosis [122, 133]. Human biopsies and 
serum from patients with idiopathic pulmonary fibrosis 
have elevated Gal-3 levels [122, 133]. Mackinnon et al. 
studies [122] show that inhibition of Gal-3 with TD139 
or its deletion in mice reduces lung fibrosis induced by 
TGF-β1 (Fig. 4e). Primary cultures of WT epithelial alve-
olar cells (AECs) incubated with TGF-β1 acquire classical 
mesenchymal traits concomitant with an increased Gal-3 
secretion. In contrast, AECs derived from Gal-3−/− mice 
do not respond to TGF-β1 and maintain their epithelial 
phenotype. In the same study, Gal-3 silencing in A549 
lung cancer epithelial cells reduced the TGFR-β levels at 
the cell surface and the TGF-β1-mediated activation of 
β-catenin is restored by Gal-3 treatment (Fig.  4e) [122]. 
Therefore, Gal-3 is crucial for TGF-β1-triggered EMT 
involving β-catenin activation [122]. In addition, recent 
clinical trials show that suppressing Gal-3 expression 
with TD139 decreases the plasma levels of biomarkers 
associated with idiopathic pulmonary fibrosis progres-
sion [134, 135], suggesting Gal-3 as a promising thera-
peutic target.

Silica fibrosis, also known as silicosis, is a lung dis-
ease caused by inhaling crystalline silica particles, a 
common mineral found in rocks, sand, and soil [136]. 
Mice exposed to silica show increased Gal-3 expres-
sion, EMT, and the development of lung fibrosis through 

Table 2 Summary of Gal-1- and Gal-3-promoted EMT in fibrosis
Galectin Model Strategy EMT Marker Signaling Pathway Ref
Gal-1 Pulmonary fibrosis induced 

by hypoxia in mice and cells
Inhibition with OTX008 Collagen, Fibronectin, Me-

talloproteinases, TGF-β
FAK1/TGF-β/Smad [119]

Subretinal fibrosis in cells 
and mice

Deletion in mice and cells, 
overexpression in mice and 
cells

TGF-β1, α-SMA, Type I col-
lagen, fibronectin, Snail

VEGFR2/ERK; TGF-β1/Smad2/Snail  
[120]

Diabetic retinopathy in cells Inhibition with OTX008 TGF-β, α-SMA, fibronectin TGF-β  
[121]

Gal-3 Pulmonary fibrosis in mice 
and cells

Knockout mice, knockdown 
and exogenously added in 
cells, blockade with TD139

E-cadherin, α-SMA, mor-
phologic shape

TGF-β-mediated β-catenin activation  
[122]

Silica-induced pulmonary 
fibrosis in mice and lung 
carcinoma epithelial cells

Blockade in mice and cells with 
TD139, knockdown in cells

E-cadherin, vimentin, 
α-SMA

β-Catenin  
[123]

Renal fibrosis in cells and 
spontaneously hypertensive 
rats

Blockade in mice, exogenously 
added in cells, blockade with 
MCP

E-cadherin, Type I collagen, 
Type IV collagen, fibronec-
tin, vimentin, α-SMA, TGF-β, 
CTGF

β-Catenin  
[124]

Renal fibrosis in cells Knockdown, overexpression E-cadherin, α-SMA, vimen-
tin, fibronectin, MMP-9

AKT/GSK3β/Snail  
[125]



Page 9 of 18Perez-Moreno et al. Biological Research           (2024) 57:14 

the activation of the GSK-3β/β-catenin signaling path-
way. Knocking down Gal-3 in lung epithelial cell lines 
or blocking Gal-3 with the inhibitor TD139 (Fig.  4e) in 
mice prevents EMT and reduces GSK-3β activation and 
β-catenin translocation to the nucleus, indicating that 
Gal-3 plays a crucial role in silica-induced EMT [123].

Gal-3 expression is also increased in a rat model of 
renal damage by spontaneous hypertension [124]. Treat-
ment with modified citrus pectin (MCP) (Fig. 4f ), a Gal-3 
CRD selective inhibitor that also hinders the expression 
of Gal-3, reduces renal injury markers such as NGAL and 
Kim-1, as well as fibrotic markers [124]. Gal-3 treatment 
reduces E-cadherin and β-catenin levels in renal proximal 
tubular epithelial cells associated with increased mesen-
chymal markers [124]. Moreover, Gal-3 overexpression 
enhances the induction of EMT by TGF-β1, suggesting 
that extracellular Gal-3 contributes to TGF-β1-induced 
renal fibrosis through EMT [125].

Galectins in cancer and EMT
EMT has been associated with cancer progression pro-
moting malignant traits such as stemness [137], chemo-
resistance [138, 139], mortality [140] and metastasis 
[60]. Metastasis is the leading cause of cancer-associated 
deaths and includes cell dissemination from the primary 
tumor and formation of a distal secondary tumor [79]. 
Numerous studies describe the function of certain galec-
tins in cancer [15, 141–143], acting upon cell prolifera-
tion, attachment to extracellular-matrix and angiogenesis 
[11, 15, 42]. Beyond their role in angiogenesis, which has 
been recently reviewed [11, 15, 42], it is possible that 
galectins also enhances the permeability of the endothe-
lium, a crucial phenomenon in tumor microenvironment, 
as suggested by studies on Gal-8 [144]. However, the role 
of galectins in EMT promotion is less understood and 
has largely been restricted to Gal-1 [145–148], Gal-3 
[149–151], Gal-4 [152], and Gal-8 [153] (Tables 3 and 4).

Fig. 4 Gal-1- and Gal-3 pathways promoting EMT in fibrosis. (a) Gal-1 promotes lung and sub-retinal fibrosis involving activation of a FAK/TGFR-β/Smad 
pathway, which in turn induces Gal-1 expression as positive feedback and is counteracted by Gal-1 inhibitor OTX008. This pathway most likely includes 
activation of  β1-integrins upstream FAK. Intracellular Gal-1 interacts with FAK1 suggesting an additional intracellular unknown role. Indeed, TGFR-β/
Smad can be directly stimulated by TGF-β with similar effects. In retinal epithelial cells Gal-1 activates VEGFR2-ERK to promote subretinal fibrosis (b) or 
can enhance the EMT phenotype induced by TGF-β/Smad signaling (c). (d) Gal-1 expression is enhanced in a cellular model of diabetic retinopathy 
promoting EMT-associated fibrosis through an unknown mechanism, which can be blocked by OTX008. Gal-3 interacts with TGF-βR contributing to the 
TGF-β1-induced EMT involved in lung and renal fibrosis. The pathway includes β-catenin and can be blocked by Gal-3 inhibitors TD139 (e) and MCP (f)
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Galectin-1 in EMT associated with cancer
In gastric cancer, increased levels of Gal-1 have been 
associated with lower overall and disease-free survival, as 
well as with an increased incidence of lymph node metas-
tasis in patients [154–156]. Gastric cancer tumors have 
been described to express high levels of Gal-1 associated 
with low E-cadherin/high vimentin expression [155], 
indicators of EMT. Gastric cancer cell lines produce 
Gal-1, which promotes EMT and increases proliferation, 
invasion and metastatic potential of these cells [155, 157]. 
Gal-1 overexpression in gastric cancer cells activates the 
EMT-related TGF-β/Smad signaling pathway (Fig.  5a). 
This effect is counteracted with the TGF-β inhibitor 
ITD1, while in turn Gal-1 suppression inhibits TGF-β1-
stimulated EMT. These results involve the TGF-β path-
way as mediator of Gal-1-induced EMT and indicate 
that Gal-1 is required for TGF-β1-mediated induction 
of EMT [155]. Additionally, treatment with recombinant 
Gal-1 induces Gli-1 expression through a non-canonical 
hedgehog pathway, which compromises β1-integrin and 
contributes to EMT independently of the Smoothened 
receptor (Fig.  5b) [157, 158]. A similar Gli-1-dependent 
pathway towards EMT is induced by overexpression of 

Gal-1, which is partially inhibited by lactose treatment 
indicating dependency of Gal-1 interactions with glycans 
at the cell surface [157]. Other studies involve the sphin-
gosine-1 phosphate receptor-1 (S1PR1) in EMT associ-
ated with cell invasion and metastasis induced by Gal-1 
in gastric cancer cells [159]. Overexpression of Gal-1 
increases the expression of S1PR1 and enhances cell 
invasion and metastasis through EMT, while in contrast 
Gal-1 silencing leads to decreased invasion [159]. The 
simultaneous knockdown of Gal-1 and overexpression of 
S1PR1 rescues the invasive ability of cells, demonstrat-
ing that Gal-1 promotes EMT via an S1PR1-dependent 
mechanism (Fig.  5c). Furthermore, overexpression of 
Gal-1 and S1PR1 is correlated in gastric cancer tumors 
[159]. All this suggests that both Gal-1 and S1PR1 may 
contribute to the invasive properties of gastric cancer 
cells.

In ovarian cancer, serum samples show that Gal-1 lev-
els are increased and correlate with a higher histological 
grade and lymph node metastasis [146, 160]. The expres-
sion of Gal-1 is inversely correlated with E-cadherin 
levels in ovarian cancer tissues, suggesting an associa-
tion between Gal-1 and EMT in this cancer. In ovarian 

Table 3 Summary of the role of Gal-1 in the promotion of EMT in cancer
Galectin Model Strategy EMT Marker Signaling 

Pathway
Ref

Gal-1 CAFs derived from gastric cancer patients, 
gastric cancer cell lines (MGC-803)

CAF secreted, overexpression and 
knockdown in CAFs

E-cadherin
Vimentin

β1-integrin 
activation

 [158]

Gastric cancer cell line (MGC-803) Overexpression, knockdown N. D  [147]
Gastric cancer cell lines (MGC-803 and 
SGC-7901)

Overexpression, knockdown, CAF 
secreted

TGF-β/ Smad  [155]

Overexpression S1PR1  [159]
Gastric cancer cell lines
(MGC-803 and MKN-74)

Overexpression, knockdown, 
exogenously added, blockade 
with lactose

Gli-1  [157]

Ovarian cancer cell lines
(SK-OV-3 and SK-OV-3-ip)

Overexpression, knockdown E-cadherin
N-cadherin, vimentin, MMP-
7, fibronectin, Snail, Slug

MAPK JNK/p38  [146]

Ovarian cancer cell line
(SK-OV-3)

Secretion stimulation with LPS, 
knockdown

E-cadherin
MMP-2, MMP-9, N-cadherin, 
vimentin, α-SMA, Snail, Slug

TLR4 activation/ 
PI3K/AKT

 [166]

Colorectal cancer cell lines
(HCT116, HCT8 and HT29)

Secretion stimulation with LPS, 
exogenously added, knockdown

E-cadherin
Snail, vimentin, α-SMA, ZEB1, 
N-cadherin, MMP-2, MMP-9

TLR4/ERK  [167]

Colorectal cancer cell line (KM12C), fibro-
blasts cell lines (MRC-5 and WS1)

Knockdown, CAFs secreted, exog-
enously added

E-cadherin,
Twist1, Slug

𝛽-catenin  [171]

HCC cell lines
(Huh7, Hep3B, HCCLM3 and MHCC97H)

Overexpression, knockdown E-cadherin
N-cadherin, vimentin

α5β3-integrin FAK/ 
PI3K/AKT

 [127]

HCC cell line (HepG2) Overexpression, knockdown E-cadherin, ZO-1
Vimentin, Snail

PI3K/AKT/ 
𝛽-catenin

 [148]

Upper urothelial carcinoma cell lines
(BFTC-909, T24 and J 82)

Exogenously added, knockdown E-cadherin, ZO-1
Snail, vimentin, N-cadherin, 
β-catenin, MMP-2, MMP-9

FAK/PI3K/AKT  [168]

Pancreatic ductal adenocarcinoma cell 
lines
(PanC-1)

Overexpression, knockdown, 
secreted from stromal pancreatic 
stellate cells

E-cadherin
Vimentin, Twist, MMP-9

NF-κB  [170]
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cancer cell lines, Gal-1 overexpression promotes EMT 
and increases cell migration and invasion through the 
activation of the MAPK-JNK/p38 signaling pathway, 
while silencing of Gal-1 has opposite effects (Fig.  5d). 
Gal-1 overexpression also promotes tumor growth and 
liver metastasis in mice, favoring the development of 
tumors with a mesenchymal phenotype [146].

Another receptor that plays a role in EMT is the Toll-
like Receptor-4 (TLR-4), which has been associated 
with metastasis [161–165]. In ovarian and colorectal 
cancer cell lines, the activation of TLR-4 by lipopolysac-
charides (LPS) upregulates Gal-1 expression through 
the PI3K/AKT pathway, consequently promoting EMT 
(Fig. 5e) [166, 167]. On the other hand, Gal-1 treatment 
induces EMT and increases cell invasion involving PI3K 
and TLR-4 [166], while Gal-1 silencing decreases EMT-
related cytokines and suppresses mesenchymal char-
acteristics of LPS-activated colorectal cancer cell lines 
[167]. Inhibition of ERK phosphorylation downstream 
TLR4 also reduces Gal-1 expression and prevents EMT 
[167] (Fig. 5e). All this highlights a critical role of Gal-1 in 
TLR4-mediated EMT [167].

Gal-1 also promotes the progression of hepatocellular 
carcinoma (HCC) and upper urinary urothelial carci-
noma [127, 168]. Poor recurrence-free and overall sur-
vival correlates with Gal-1 expression in HCC patients 
[127, 168]. Gal-1 overexpression induces EMT in HCC 

cell lines through the integrin/FAK/PI3K/AKT pathway 
(Fig. 5f ) [127, 148], whereas Gal-1 inhibition suppresses 
EMT [127]. In urothelial cancer cell lines, Gal-1 enhances 
invasion by increasing the expression of MMP-9 via the 
Ras/Rac1/MEKK4/JNK/AP1 pathway (Fig.  5g) [169]. 
Gal-1 also stimulates the FAK/PI3K/AKT/mTOR path-
way (Fig. 5h), which additionally enhances the metastatic 
behavior of these carcinoma cells [168].

In squamous cell carcinoma (SCC) cells, where EMT 
has been induced by Snail overexpression, the levels 
of Gal-1 have been found increased by transcriptional 
mechanisms involving NF-κB [145]. Gal-1 activates 
c-Jun and increases the expression of α2 and β5 integrin, 
enhancing collective cell migration in an autocrine man-
ner [145]. Exogenously added Gal-1 enhances cell inva-
sion together with higher expression of EMT markers 
only in SNAIL-expressing SCC cells. SNAIL seems to be 
required for Gal-1 overexpression to potentiate the incre-
ment of EMT markers.

Studies conducted with stromal cells, regarding the 
relevance of the tumor microenvironment in cancer pro-
gression and metastasis, reveal an additional Gal-1-me-
diated EMT [155, 158, 170, 171]. High levels of Gal-1 are 
detected in stromal cells from gastric cancer and pancre-
atic ductal adenocarcinoma tumors in correlation with 
an EMT phenotype of carcinoma cells [155, 158, 170]. 
Conditioned media from cancer-associated fibroblasts 

Table 4 Summary of Gal-3 and Gal-8 in EMT associated with cancer
Galectin Model Strategy EMT Marker Signaling Pathway Ref

Loss Increase
Gal-3 Colon cancer cell line

(SW480)
Exogenously added E-cadherin N-cadherin, 

vimentin, Twist
N. D  [150]

HCC cell lines (SMMC 7721, HepG2) Overexpression, 
knockdown

E-cadherin Vimentin N. D  [182]

HCC cell lines (Huh7, Hep3Bm, 
HepG2, SK-Hep1)

Overexpression, 
knockdown

N-cadherin, 
vimentin, 
MMP-1

PI3K/AKT/GSK-3β/β-catenin  [175]

Gastrointestinal cancer (AGS and 
SW-480)

Blockade with LCP E-cadherin Vimentin, Snail, 
Twist, ZEB-1

N. D  [181]

Lung adenocarcinoma cell line (A549) Exogenous added, 
blockade with GB117

E-cadherin N-cadherin, 
vimentin

N. D  [185]

Oran tongue squamous cell carci-
noma cell line (Tca8113)

Overexpression, 
knockdown

E-cadherin Vimentin Wnt/ β -catenin  [149]

Breast cancer cell line (MDA-MB-231) Knockdown Vimentin, Slug E-cadherin N. D  [187]
Breast cancer (MCF7), colon cancer 
(HCT116) and prostate cancer 
(DU145) cell lines

Exogenous added, 
blockade with lactose

E-cadherin ZEB1 Trop2/β –catenin  [186]

Breast cancer cell line (GI-LM2) Knockdown E-cadherin Vimentin Inhibition of Wnt and AKT 
pathways

 [151]

Gal-4 Prostate cancer cell lines (PC-3, 22Rv1, 
LNCaP and DU-145) and mice

Knockdown, blockade 
with lactose

E-cadherin Fibronectin, 
vimentin, Twist

ERK, AKT  [152]

Gal-8 MDCK cell line Overexpression,
blockade with lactose

E-cadherin Vimentin, Snail, 
fibronectin, 
α5 Integrin, 
MMP-13

FAK/EGFR/ERK  [153]

Primary prostate cancer cell line Knockdown E-cadherin N. D N. D  [189]
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(CAFs) promotes EMT via Gli-1 in gastric cancer cell 
lines, involving a Gal-1-mediated β1-integrin activation 
(Fig.  5b) [157, 158]. Gal-1-overexpression in pancreatic 
stellate cells (PSC) induces EMT in co-cultured pan-
creatic carcinoma cells, enhancing their proliferation 
and invasion through the NF-κB pathway (Fig. 5i) [170]. 
Orthotopic implantation of PANC-1 cells mixed with 
Gal-1-expressing PSCs promotes tumor growth and liver 
metastasis in mice [170]. In mouse models of colorectal 
cancer, both CAF-secreted Gal-1 and recombinant Gal-1 
have been shown to activate SOX9 and β-catenin leading 
to the expression of the EMT inducers Twist and Slug, 
promoting metastasis (Fig.  5j) [171]. All these studies 
reveal a crucial role of Gal-1 produced by tumor stromal 
cells in cancer progression. Indeed, Gal-1 has been con-
sidered an interesting therapeutic target in cancer [172].

Galectin-3 in EMT associated with cancer
Gal-3 overexpression has been associated with poor 
prognosis and lower patient survival rates in different 
types of cancer [150, 173–178].

In colon cancer, increased levels of Gal-3 coincide 
with decreased E-cadherin expression [150] and treat-
ment of colon cancer cell lines with recombinant Gal-3 
promotes EMT characterized by increased cell migration 

and invasion [150, 179]. The metastatic behavior of colon 
cancer cell lines is enhanced by Gal-3 in a carbohydrate-
dependent manner through the EGFR/K-Ras–Raf–ERK 
pathway and is blocked by the EGFR inhibitor cetuximab 
(Fig. 6a) [179, 180]. Downregulation of Gal-3 expression 
reduces tumor growth in xenograft colon cancer mod-
els whereas its overexpression enhances the metastatic 
potential of cancer cells [180].

In gastrointestinal cancer, inhibition of Gal-3 with low-
molecular-weight citrus pectin (LCP), a complex poly-
saccharide with abundant galactosyl residues, suppresses 
in vitro cell growth and EMT and inhibits tumor growth 
through apoptosis and EMT reversion in nude mice 
xenografts [181].

HCC cell lines, Gal-3 overexpression induces EMT 
through the PI3K/AKT/GSK-3β/β-catenin signaling 
pathway and promotes metastatic potential in (Fig.  6b), 
whereas Gal-3 knockdown suppresses metastasis in mice 
models [175]. Gal-3 silencing also increases the sensitivity 
of HCC cells to sorafenib, suggesting a therapeutic poten-
tial in patients who develop resistance to this drug [175]. 
Other studies suggest that Gal-3 mediates the effects of 
the transcription factor Runx2 [182], which enhances 
migration and invasion inducing EMT in HCC cell lines 
[183, 184]. Upregulation of Runx2 increases whereas its 

Fig. 5 Gal-1 pathways promoting EMT in cancer. (a) Gal-1 promotes EMT in gastric cancer cells through a TGFR-β/Smad pathway and can be blocked 
with the Gal-1 inhibitor ITD1. (b) Gal-1 secreted from gastric cancer cells or CAFs induces EMT through a mechanism involving β1-integrin and Gli-1. 
(c) Overexpression of Gal-1 in gastric cancer cells increases the levels of S1PR1 at the cell surface, which is required for Gal-1-induced EMT through an 
unknown pathway. (d) Overexpression of Gal-1 in ovarian cancer cells activates MAPK JNK/p38 signaling through an unknown mechanism promoting 
EMT. (e) Activation of TLR-4 induces Gal-1 via PI3K/AKT or ERK-AKT pathways leading to EMT. (f) Gal-1 overexpression in HCC cells induces EMT through 
a Integrin/FAK/PI3K/AKT pathway. (g-j) Examples of extracellular Gal-1 contribution to EMT, involving Ras/Rac1/MEKK4/JNK/AP (g) and FAK/PI3K/AKT/
mTOR (h) in urothelial cancer cells, activation of NFkB signaling in pancreatic cancer cells (i) and activation of β -catenin pathway in colorectal cancer (j)
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knock-down decreases Gal-3 expression [182]. Silencing 
of Runx2 or inhibition of its DNA binding domain with 
CADD522 prevents the expression of Gal-3 and EMT, 
suggesting that Runx2 activation regulates EMT through 
Gal-3 (Fig. 6c) [185]. Human lung epithelial cancer cells 
exposed to cigarette smoke extracts, a condition that pro-
motes EMT leading to an enhanced cell invasive migra-
tion, also have increased levels of Runx2 and Gal-3 [185]. 
Epithelial lung cancer cells treated with recombinant 
Gal-3 shows increased cell invasion, migration, and col-
ony formation reflecting EMT [185].

In oral tongue squamous cell carcinoma cell lines, 
Gal-3 overexpression promotes EMT whereas its silenc-
ing has the opposite effect [149]. Increased Gal-3 lev-
els enhance cell proliferation, migration and invasion 
through the activation of cannonical Wnt/β-catenin sig-
naling pathway, whereas the Wnt signaling antagonist 

DKK1 counteracts these Gal-3 effects, thus involving a 
Gal-3-Wnt-signaling pathway in the promotion of EMT 
[149].

The role of Gal-3 in breast cancer is controversial. 
While some publications demonstrate that Gal-3 partici-
pates in the promotion of EMT [186, 187], others suggest 
a protective role [151]. In triple negative breast cancer 
(TNBC) cells, elevated levels of endogenous Gal-3 corre-
late with a mesenchymal phenotype, while Gal-3 silenc-
ing promotes the reversal process MET together with 
decreased cell migration [187]. In breast, colon, and pros-
tate cancer cell lines exogenously added Gal-3 promotes 
EMT by its interaction with Trop-2, a highly-glycosyl-
ated membrane protein involved in cancer progression 
(Fig. 6d) [186]. The mechanism involves phosphorylation 
and cleavage of Trop-2, nuclear translocation of β-catenin 

Fig. 6 Gal-3, Gal-4 and Gal-8 pathways to EMT in cancer. (a) Extracellular Gal-3 promotes cell migration of colon cancer cells in a carbohydrate-depen-
dent manner through a EGFR/K-Ras-Raf-ERK pathway. (b) Gal-3 overexpression activates a PI3K/AKT/GSK-3β/β-catenin signaling pathway that induces 
EMT and promotes metastasis in mice,  and is uncertain whether this effect includes secreted Gal-3. (c) Runx2 overexpression enhances Gal-3 expres-
sion and promotes EMT in hepatocellular carcinoma and lung cancer cells. (d) In different cancer cell lines, extracellular Gal-3 interacts with Trop2 in a 
carbohydrate-dependent manner to promote the nuclear translocation of β-catenin, leading to EMT. (e) In prostate cancer, extracellular Gal-4 binds to 
and activates different tyrosine kinase receptors that trigger ERK and AKT pathways leading to EMT. (f) Gal-8 overexpression promotes partial EMT that 
stimulates cell proliferation, migration, invasion and tumor formation of MDCK cells involving an Integrin/FAK/EGFR pathway and proteasome activation 
through un unknown mechanism
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and activation of Zeb1 expression, in a carbohydrate-
dependent manner (Fig. 6d) [186].

In contrast with publications from Iwamoto (2023) 
[186]   and Jeethy Ram (2023) [187], Gal-3 seems to play 
a protective role against breast cancer malignancy [151]. 
Advanced locoregional invasion and decreased overall 
survival of patients with breast cancer correlates with 
lower expression levels of Gal-3, and Gal-3 silencing in 
breast cancer cell lines reduces Wnt and Akt signaling, 
decreases anoikis, promotes EMT, enhances drug resis-
tance and stimulates their tumor growth in mice [151]. 
The mechanisms of contrasting roles of Gal-3 in different 
breast cancer cell lines remain unknown.

Galectin-4 in EMT associated with cancer
Gal-4 has been reported in human prostate cancer tis-
sues with expression levels correlating with metastasis 
and poor patient survival [152]. In metastatic prostate 
cancer cell lines, Gal-4 has been shown to bind different 
receptor tyrosine kinases, such as EGFR, HER2, HER3 
and IGF1R, promoting their activation and downstream 
ERK and AKT signaling promoting EMT in a carbohy-
drate-dependent manner (Fig. 6e) [152]. Gal-4 seems to 
be required for cancer progression, as its downregula-
tion decreases tumor growth and lung metastasis in mice 
[152].

Galectin-8 in EMT associated with cancer
Gal-8 is a widely expressed galectin in human tissues and 
carcinomas [28] and has been associated with an unfa-
vorable prognosis in various types of cancer [188, 189]. 
Gal-8 contributes to cancer progression and metastasis 
by regulating the production of immunoregulatory cyto-
kines, thereby facilitating the recruitment of cancer cells 
to metastatic sites [190]. A role of Gal-8 in metastasis has 
been described in prostate cancer cells, in which Gal-8 
silencing decreases E-cadherin levels, migration capabili-
ties and lymph node invasion [189].

In the non-tumoral MDCK cell line, Gal-8 overexpres-
sion triggers EMT associated with enhanced cell migra-
tion and invasion (Fig. 6f ) [153]. The mechanism involves 
extracellular glycan-dependent interactions with α5β1 
integrin followed by FAK activation and EGFR transacti-
vation, as well as proteasomal overactivity characteristic 
of cancer cells [153]. Gal-8-overexpressing transfected 
MDCK cells show increased levels of α5β1 integrin, 
extracellular matrix-degrading MMP13 and urokinase 
plasminogen activator/urokinase plasminogen activator 
receptor (uPA/uPAR) protease systems, which very likely 
contribute to their tumorigenic properties in xenografts 
experiments in immunodeficient mice [153]. Therefore, 
Gal-8 has the potential to transform normal epithelial 
cells into tumoral cells involving EMT [153].

These observations suggest that Gal-8 expression 
may contribute to carcinoma malignancy [28, 188, 
189] by promoting a pro-invasive and metastatic EMT 
phenotype.

Concluding remarks
Galectins have the potential to promote EMT in differ-
ent contexts by modulating intracellular signaling path-
ways through their glycan-mediated interactions with 
plasma membrane receptors. In tissue repair, galectins 
can stimulate cell migration and re-epithelization with 
the consequential acceleration of wound healing after 
injury, as shown for Gal-2, Gal-3, Gal-4 and Gal-7 in dif-
ferent model systems. Evidence suggests that these galec-
tins may induce tissue repair-associated EMT. In fibrosis, 
the evidence mainly derived by studies on Gal-1 and 
Gal-3 strongly suggests a pathogenic influence of overex-
pression of these galectins in a type of EMT considered 
to perpetuate a chronic stimulation of ECM depositing 
cells. The mechanisms include a mutual cooperation with 
known EMT-promoting factors, such as TGF-β1. In can-
cer, galectin overexpression has been found in different 
carcinomas and many studies combining experiments 
in a variety of cell lines and xenografts models, together 
with the analysis of human tissues and survival data, sup-
port a role of galectins promoting an EMT that enhances 
cell proliferation, invasive migration and metastasis, thus 
contributing to worsen the prognostics. Most studies 
refer to Gal-1, Gal-3, Gal-4, and Gal-8 involving different 
cell surface receptors and signaling pathways depending 
on the cell types. An exception is the protecting role of 
Gal-3 in breast cancer. Gal-8 provides a unique example 
of how a galectin overexpression can lead to pro-tumori-
genic EMT in otherwise non-tumoral epithelial cells. The 
evidence involves Gal-8 in pro-invasive and metastatic 
EMT.

Many aspects regarding the mechanisms by which 
galectins promote EMT require further definition. Their 
interaction with extracellular components post-secretion 
is usually tested, but an intracellular role cannot be ruled 
out as this possibility is currently not experimentally 
evaluated. The signaling receptors and intracellular path-
ways and the EMT-TFs induced by galectins in different 
physiologic and pathogenic contexts, as well as the role of 
modifications of the sugar code, remain to be elucidated. 
Potential interrelations between different galectins, 
including whether one galectin influences the expres-
sion of other galectins and how they might synergistically 
contribute or counteract the induction of EMT needs to 
be clarified. A more comprehensive understanding of all 
these aspects is crucial for defining the potential thera-
peutic use of galectins or galectin inhibitors in processes 
of EMT associated with tissue repair, fibrosis and cancer.
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