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Abstract: Carbohydrate-binding galectins are expressed in various tissues of multicellular organisms.
They are involved in autophagy, cell migration, immune response, inflammation, intracellular
transport, and signaling. In recent years, novel roles of galectin-interaction with membrane
components have been characterized, which lead to the formation of vesicles with diverse functions.
These vesicles are part of intracellular transport pathways, belong to the cellular degradation
machinery, or can be released for cell-to-cell communication. Several characteristics of galectins in
the lumen or at the membrane of newly formed vesicular structures are discussed in this review and
illustrate the need to fully elucidate their contributions at the molecular and structural level.
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1. Introduction

Vesicle-mediated traffic and communication is crucial for all tissue and organ function.
These membrane-covered transport containers can passage cargo between intracellular compartments
and between cells or tissues if released into the extracellular milieu. They are composed of various
biomolecules including carbohydrates, lipids, nucleic acids, and proteins, a composition that is
ultimately linked to their function. Synaptic vesicles, for example, are dominated by proteins
essential for membrane traffic and neurotransmitter uptake [1]. They are replenished by high-fidelity
sorting machinery following fusion with the presynaptic membrane [2]. Specific protein sorting into
such clearly defined vesicle populations depends on short amino acid motifs, which are bound by
corresponding receptors, or might involve co- or posttranslational modifications of individual cargo
polypeptides. Glycans are prominent examples for protein modifications that direct glycoproteins
into lysosomal organelles [3], to the apical membrane domain of polarized epithelial cells [4–6]
or that target unsalvageable glycoproteins for endoplasmic reticulum-associated degradation [7].
These glycan-dependent sorting steps are mediated by sugar-binding lectins, which bind, tag or cluster
glycosylated target molecules for further processing.

2. The Galectin Family

A family of soluble, non-glycosylated lectins of small molecular weight between 14 to 39 kDa is
the galectin family. These lectins have affinities for β-galactoside structures, in combination with a
consensus core sequence, located in the carbohydrate recognition domain (CRD) [8]. The galectinic
CRD consists of ~130 amino acids, which build a concave groove that defines the galectin-carbohydrate
recognition site [9]. Based on the number and organization of their CRDs, galectins have been
classified into the “prototypic” galectins with only one CRD, the “chimeric” type with one CRD
and an N-terminal domain and the “tandem-repeat” type with two homologous but not identical
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CRDs [10]. Galectins have been highly conserved during evolution. However, no known homolog has
yet been described for unicellular organisms, suggesting that these lectins appeared concomitantly
with the development of multicellular organisms [11]. Their involvement has been described for
sugar-dependent and -independent modulations of multiple cellular functions such as the cell cycle,
apoptosis, RNA transcription, cell differentiation, and also in the organism development or the
progression of pathological conditions, such as cancerogenesis, immune response, or even pathogen
entry [12,13]. Galectins do not contain an N-terminal signaling sequence to be exported by the cell.
Their place of synthesis is the cytoplasm, from where they are directed to various cell regions. Some of
these regions, which are linked to vesicular trafficking pathways, are discussed within this review.

3. Galectins in Intracellular Vesicular Compartments

Distinct members of the galectin family can monitor membrane rupture of endosomes or
lysosomes through binding of host β-galactose-containing glycoconjugates exposed in the cytoplasm
after membrane damage. Galectin-3 has been found in the vicinity of invading bacteria after lysis of
their phagocytic vacuole [14,15]. The idea is that host cells employ a common mechanism that targets
invading pathogens for selective autophagy (Figure 1). Galectin-3 then plays the role of spotting
intracellular locations of vacuole lysis. Once lysosomal rupture has been marked, autophagosomes
selectively sequester the damaged lysosomes. In this process, a membrane engulfs the lysosomes and
closure of this membrane results in the formation of a double-membrane autophagosome. It has also
been demonstrated that lysosomal damage caused by certain lysosomotropic agents was characterized
by galectin-3 recruitment [16]. In line with these observations, galectin-3 was recruited to damaged
endosomes containing internalized calcium phosphate precipitates [17]. These endosomes were found
to then colocalize with LC3-positive autophagosomes. The lectin thus marks damaged endosomes
for autophagy in a manner dependent on the autophagy adapter protein p62, which has been shown
to recruit autophagosomal components [18]. Data from this study also indicated that other galectins
may be found on endocytosed damaged vesicles. Indeed, Thurston et al. have found that galectin-8
is recruited to damaged phagosomes containing Salmonella in a similar fashion [19]. Galectin-8
activates antibacterial autophagy through association with the autophagy machinery. Dependent on
the autophagy adapter protein, NDP52, this results in autophagy of the damaged bacteria-containing
vesicles to eliminate bacterial invasion. Galectin-mediated labelling of damaged endosomes moreover
seems to rely on the composition of carbohydrates recognized by the lectins. Structured illumination
microscopy revealed that galectin-3 and galectin-8 localize in distinct microdomains of damaged
endosomes; galectin-3 mainly distributes in the outer region, while galectin-8 primarily accumulates
in the inner region around damaged endosomes [20]. This study also suggests that alterations in
the composition of surface glycans determine the role each lectin plays in autophagic activation.
On the other hand, galectin-8 but not galectin-3 is involved in secretory autophagy of the cytosolic
cargo IL-1β [21]. The process is mediated by complex formation of galectin-8 with the tripartite
motif-containing cargo receptor TRIM16 and other protein complexes. These act in a sequential
manner to respond to triggers, and to initiate and execute unconventional secretion of cargo. TRIM16
also interacts with galectin-3 and key autophagy regulators to ensure autophagic protection against
lysosomal damage and Mycobacterium tuberculosis invasion [22].
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Figure 1. Galectins sort glycoproteins destined for the apical membrane domain of epithelial
cells (A) and recruit the autophagy machinery for autophagosome formation (B). (A) Clustering
of lipid raft-associated glycoproteins by galectin-4 or non-raft-glycoproteins by galectin-3 in the
lumen of post-Golgi sorting endosomes directs apical cargo molecules into apical transport vesicles.
(B) Galectin-mediated glycan detection on damaged endosomes or lysed phagocytic vacuoles recruits
the autophagy receptors NDP52, TRIM16, or p62 to initiate nucleation of the phagophore in the
cytosol. A phagophore then expands by lipid-acquisition to generate the sealed autophagosome.
ER, endoplasmic reticulum; LC3, microtubule-associated protein 1A/1B-light chain 3; N, nucleus;
NDP52, nuclear dot protein 52 kDa; P, phagophore; SE; p62, receptor of autophagy; sorting endosome;
TGN, trans Golgi network; TRIM16, tripartite motif containing 16.

Further work has demonstrated that apart from galectin-3 and galectin-8, other galectins,
including galectin-1, galectin-4, and galectin-9, are targeted towards impaired endocytic vesicles [23,24].
Remarkably, the timing of galectin-recruitment seems to differ between distinct galectin variants.
Galectin-3, galectin-9, and galectin-8 are present at the damaged C. burnetii replicative vacuole
membrane from early times of infection. In contrast, galectin-1 is targeted at later times of infection,
which again indicates that differences in the composition of the carbohydrates exposed at the inner
surface of the C. burnetii vacuole lead to specific recognition of distinct galectins. It is thus tempting to
conclude that galectins can serve as intracellular sensors that decrypt complex information compiled
on membrane surface sugar codes to direct damaged vesicles for autophagy and protect the cell against
lysosomal damage [20,25].

Another option how galectins can enter intracellular endocytic and recycling compartments is by
endocytosis from the cell surface [26–28]. The efficiency of galectin-3 internalization is pH-dependent
and can be competitively inhibited by lactose [29]. Moreover, galectin-lattice formation modulates
the uptake efficiency of galectins [30]. Interaction between galectin-3, glycosphingolipids, and the
cargo proteins β1-integrin or CD44 drive clathrin-independent endocytosis by creating protein-lipid
clusters that bend the plasma membrane to form endocytic vesicular carriers [31]. In a similar
fashion, internalized galectin-3 interacts in sorting endosomes with newly synthesized glycosylated
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cargo molecules to form high molecular weight clusters for apical protein sorting in polarized
epithelial cells [32,33] (Figure 1). Polypeptides like the carcinoembryonic antigen-related cell
adhesion molecule 1, dipeptidylpeptidase IV, lactase-phlorizin hydrolase, the neurotrophin receptor,
sodium-proton exchanger 2, and even beta1-integrin are apically sorted by galectin-3 [34–36].

Polarized sorting in these cells involves recycling of apically internalized galectin-3 and the
passage through Rab11-positive recycling endosomes [37,38]. Disruption of Rab11- and galectin-3
positive compartments by Vps34 deletion resulted in mis-localization to lysosomes of apical recycling
endocytic receptors and apical non-recycling solute carriers [39]. A distinct set of lipid raft-associated
apical cargo molecules is sorted by galectin-4 into apical transport carriers [27,40]. Apart from
glycoprotein binding, the two galectin-4 CRDs interact specifically and with high affinity to a defined
pool of glycosphingolipids, i.e., sulfatides with long fatty acid chains, hydroxylated in position-2.
This binding to raft constituents cross-links them to form raft clusters, postulated to build up the
membrane microdomains that bud off to generate apical transport carriers. Interestingly, this galectin-4
dependent glycolipid/ glycoprotein recruitment and sorting mechanism also seems to play a role
in transcytosis of the transferrin receptor from the basolateral to the apical membrane of epithelial
cells [41]. Thus, the current idea is that galectin-dependent glycoprotein-clustering segregates these
proteins into defined carrier vesicles.

4. Galectins in Extracellular Vesicles

Vesicles secreted by a healthy cell into the outer milieu, which are named extracellular vesicles,
provide excellent communication platforms between cells or even organs circulating in a living
organism. Two vesicle populations differing in size and origin have been described [42]. Intraluminal
vesicles of 40–100 nm diameter are formed by inward budding of multivesicular body membranes
and released as exosomes at the plasma membrane. Microvesicles on the other hand are shed directly
from the plasma membrane and are in the size range of 200 to 1000 nm. Both of these vesicle
populations can be specifically isolated, e.g., by differential centrifugation. Early studies on plasma
membrane evaginations, which pinch off to form extracellular vesicles suggested that galectin-1 [43]
and galectin-3 [44] are released by microvesicle blebbing. Microvesicle loading with these lectins
was also supported by microscopic observations showing patches of galectin-3 [45] or galectin-1 [46]
in close proximity to the plasma membrane. In contrast, proteomic analysis of exosomes derived
from diverse tissues has provided evidence for intracellular galectin-recruitment into intraluminal
vesicles. Galectin-3 was found in exosomes from bladder cancer [47], colon cancer [48,49], dendritic [50],
macrophages [51], melanoma [52], ovarian cancer [53], stromal [54], and syncytiotrophoblast cells [55].
Moreover, it was detected in exosomes isolated from urine [56,57], the parotic gland [58], and saliva [59].

Apart from the observation that the composition of exosomes displays tissue-associated protein
signatures, alterations in exosomal galectin-3 concentrations can serve as biomarker for distinct disease
states. This may be the case for the increased exosomal recruitment of galectin-3 observed for distinct
cancer cells. Amongst others, an up-regulation of the expression of galectin-3 was demonstrated for
carcinomas of the stomach, liver, pancreas, thryroid gland, ovary, and bladder [60]. As a consequence,
elevated cytoplasmic galectin-3 levels are then available for intracellular recruitment of the lectin
into intraluminal vesicles, which are then released as exosomes. Evidence for a functional role
of exosomal cell-to-cell transfer of galectin-3 comes from a study on the communication between
B-cell precursor acute lymphoblastic leukemia cells and stromal cells [54]. Fei et al. found that
galectin-3 released from stromal cells is internalized by the target cells and transported into the
cell nucleus for auto-induction of galectin-3-expression, which protects target cells against drug
treatment. In addition, activation of pathological disease mechanisms like macrophage activation and
oxidative stress seems to be caused by elevated galectin-3 levels in exosomes isolated from plasma of
patients with atherosclerosis [51]. Galectin-3 by itself can also modulate the exosome composition.
This was demonstrated by stimulation of HepG2 cells with the carbohydrate recognition domain of
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galectin-3, which resulted in the upregulation of certain exosomal proteins [61]. The underlying cellular
mechanisms of these observations have not been resolved yet and await clarification in future studies.

Galectin-1 attached to the surface of exosomes from placenta mesenchymal stromal cells is
involved in exosome-adhesion, thus aiding in their neuroprotective function [62]. This lectin was
further identified on exosomes from tumor and syncytiotrophoblast cells [55,63]. The presence of
galectin-5 on the surface of reticulocyte exosomes negatively affects their uptake by macrophages in
a lactose-dependent process [64]. This suggests that galectin-5 inhibits exosome uptake by masking
β-galactosides on the surface of exosomes. Finally, galectin-9 in the lumen of exosomes released
by nasopharyngeal carcinoma cells can induce inhibitory immunomodulatory effects on restricted
populations of T-cells [65,66]. Although all of these galectins have been found in purified exosomal
fractions, the question is where they are exactly localized. Some of them were described to be in
the exosome lumen and some on their surface. This spatial information is critical to assess the
biological function of the individual galectin in exosomal cell-to-cell communication. Certainly, the
exact positioning of an exosome component depends on the cellular recruitment machinery.

5. Non-Classical Secretion of Galectins

Galectins are synthesized on free ribosomes in the cytosol [67]. They exhibit no signal sequence
and they have to traverse the membrane by non-classical secretion mechanisms.

A possible mechanism for galectin export from the cytosol to the extracellular matrix has been
described for fusion proteins of galectin-3 in COS cells [44]. The galectin-3 chimera, which was used
in these experiments, is directed to the cytoplasmic sheet of the plasma membrane via an attached
Lck-segment. These studies could also demonstrate that the N-terminal domain of galectin-3 is
sufficient to direct membrane translocation. Both of these aspects are noteworthy since recruitment to
the membrane and an at that time unknown essential secretion signal in the N-terminus of galectin-3
(see below) are reminiscent of the secretion mechanism of ARRDC1, which pinches off from the plasma
membrane using the endosomal sorting complex required for transport (ESCRT) [68]. Strikingly, this
process resembles the release of enveloped viruses on the plasma membrane, which use a so-called
late domain PS/TAP motif to recruit the cellular ESCRT-machinery and thus bud off the plasma
membrane [69,70]. Viral proteins have such a PS/TAP amino acid sequence in order to directly bind the
Ubiquitin E2 variant domain of the ESCRT subunit tsg101 and thereby start the Vps4-mediated secretion.

Given the numerous studies that have equally demonstrated the localization of galectin-3 in
exosomes by proteomic, biochemical, and microscopic detection, an export mechanism for this lectin
using exosomal secretion appears very likely. In line with this, we were able to show recently that
galectin-3 is packaged and secreted in exosomes, both topologically and mechanistically very similar
to ARRDC1 and the secretion of enveloped viruses, through a PSAP-mediated, direct interaction
with Tsg101 [71] (Figure 2). Interestingly, the galectin-3 tetrapeptide, which acts practically as a
late-domain-like motif, is located in the N-terminus and is highly conserved. Incidentally, this raises
the question of whether galectin-3 was an intrinsic template for the molecular process of viral release
patterns [72,73]. Importantly, the application of specific inhibitors, the knockdown of tsg101 and the
expression of the dominant-negative Vps4aE228Q mutant not only prevented exosomal secretion
of galectin-3, but also the release of extracellular galectin-3 into the cell culture medium in general.
This leads to the cautious conclusion that the transport route via multivesicular bodies (MVBs),
intraluminal vesicles (ILVs), and finally exosomes could represent the exclusive secretion pathway
for extracellular galectin-3, at least in epithelial Madin-Darby canine kidney cells. In other words,
does the entire pool of extracellular galectin-3 result from the exosomal fraction? This question should
be clarified in future work. Interestingly, the galectin-3 content of cell culture medium [71] or blood [51]
correlate with the exosomal galectin-3 fraction, which indicates that nascent galectin-3 originated from
the exosomal pool. This also raises the question of how galectin-3 can be released from the lumen of
the membrane enclosed exosomes. Unfortunately, there is very little work in this area so far, so future
studies will be needed to answer these questions.
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Figure 2. Exosomal secretion of galectin-3. A conserved P(S/T) AP motif in the amino-terminal
region of galectin-3 directly interacts with the endosomal sorting complex required for transport
(ESCRT)–component Tsg101. This interaction recruits galectin-3 into newly formed intraluminal
vesicles (ILVs) of the multivesicular body (MVB). ILVs are sorted to lysosomes for degradation or
released as exosomes into the outer milieu.

In particular, the precise mechanism of galectin translocation across the membrane bilayer remains
poorly understood. According to data published by Lukyanov et al., galectin-3 can spontaneously
penetrate the lipid bilayer of liposomes by direct interaction with membrane lipids [74]. A possibly
similar mechanism has also been described for microvesicular galectin-3, which could also cross
the membrane in situ [44]. Direct translocation of galectin-1 on the other hand requires molecular
machinery composed of integral and peripheral membrane proteins [75]. In fact, in the baker’s yeast
S. cerevisiae exogenously expressed galectin-1 was secreted by non-classical secretion in dependence of
the multidrug resistance homologue ABC transporter Ste6p [76]. Further mechanisms for galectin-3
release from secreted exosomes are conceivable, which are based on exosome-internalization and their
subsequent degradation. Lysosomes, secretory lysosomes or even lysosomal exocytosis could play
a role here [77]. By interacting with different lysosome-associated membrane glycoproteins [78,79],
galectin-3 could be effectively protected against proteases. In fact, galectin-3 was detected by proteomic
analyses in secretory lysosomes and melanosomes [80,81]. Another possible release mechanism could
be based on secreted lipases, e.g., in an inflammatory microenvironment. This would ensure that
certain exosomal proteins are released at their site of action. Interestingly, such a process has already
been discussed for IL-1β [82]. In summary, fundamental studies are still required to evaluate the
mechanism and the physiological relevance of the release of galectin-3 from exosomes.

That also applies to other still unknown aspects of the sorting process on the multivesicular bodies.
In this context, future studies should clarify all components that interact in galectin-3-recruitment to
the MVB. In our work there is evidence that galectin-3 is not only exclusively recruited to the MVB
membrane via PSAP-UEV interaction with tsg101, but by further interaction partners including Alix
(see also [83,84]). This coincides with the observation by Nabhan et al., in which an ARRDC1 mutant
with a modified late-domain-like motif was still directed to the plasma membrane but no longer
secreted [68].

There are other aspects of this interaction between galectin-3 and tsg101 in multivesicular bodies
that are of great scientific interest. This includes, for example, the SNP (dbSNP:rs4652; PSAP→PSAT)
in the human PSAP sequence. A PSAT sequence is very often found in the Eurasian part of the human
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population. How does this SNP affect exosomal secretion and interaction with tsg101, and what
does this mean for the serum level of galectin-3 [85]? Are there certain diseases associated with
the SNP? [86]. Previous scientific work in this area unfortunately does not clarify this point [87,88].
Thus, future work should definitely shed more light on this aspect. In this context, it would be very
desirable to be able to receive crystallographic data of the galectin-3/tsg101 interaction in order to
assess the influence of amino acid exchanges due to this SNP. Elucidation of the structure would also,
incidentally, enable completely novel crystallographic insights into the 3-dimensional arrangement
of the N-terminus of galectin-3, which has yet not been described. The same applies to the ASAA
mutation of the binding motif, which has often been used in the viral context to prevent recruitment of
the ESCRT complex [89,90]. It would be very interesting to see how this mutation alters the structure
of the N-terminus of galectin-3.

But how do the other members of the galectin family, for which exosomal secretion has been
described, get into exosomes? The highly conserved PSAP domain seems to be reserved exclusively for
galectin-3. However, it would be very conceivable that galectin-3, by interacting with other galectins,
could serve as an adapter for their packaging into exosomes. Such a mechanism would thus be a
direct analogy to the exosomal secretion of syndecan and the lysyl-tRNA synthetase [91,92]. From a
mechanistic point of view, the sorting process by syntenin exhibits several parallels to PSAP-mediated
galectin-3 secretion. Syntenin interacts directly with Alix via three (L)YPXnL-motifs and thus imitates
the second class of late domains that have been described in viral budding [93] in order to get secreted by
exosomes. With the help of the PDZ-domains, Syntenin acts as a link between membrane and syndecan,
as well as with Alix [91,94]. This leads to complexes that induce the pinching off and accumulation of
ILVs. What can be derived from this for the other galectin representatives? Interestingly, galectin-9
(LYPsksiLL) and galectin-5 (YPnL) also contain amino acid sequences that could possibly act as an
interaction motif for Alix. In addition, galectin-16 has a PPsY motif, which is also known from the viral
context as a third type of late domain and which couples to NEDD4 family E3 ubiquitin ligases. In the
future it will be extremely interesting to examine these putative late domains of other galectins and
determine their importance for their incorporation into exosomes.

6. Conclusions

The inherent ability of galectins to leave the cytosol as their place of synthesis and enter the lumen
of vesicular organelles is vital to ensure cell protection against lysosomal damage, subcellular cargo
sorting and galectin-release for cell-to-cell communication at the organismal level. Currently, spatial
and temporal aspects of galectin tasks on vesicular membranes have to be clarified in detail. Which are
the interaction partners and how are these interactions dynamically controlled? Structural details will
also aid to fully understand the sequence of events that lead to galectin functions. Expression and
intracellular localization of galectins as well as their release into extracellular vesicles can provide a
diagnostic and prognostic biomarker for several disease states. These lectins serve fundamental roles
in the pathogenesis of human diseases, especially in the progression of cancer, fibrosis, and chronic
inflammation [95]. The task for future therapeutic strategies will thus be to develop ingredients that
specifically manipulate the function of individual galectins as cell sensors or sorting receptors and to
control their incorporation into vesicles released by the cell.

Author Contributions: S.B. and R.J. jointly composed and wrote this manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Deutsche Forschungsgemeinschaft (DFG), Bonn, Germany (Graduiertenkolleg
2213).

Conflicts of Interest: The authors declare no conflict of interest.



Biomolecules 2020, 10, 1232 8 of 12

References

1. Takamori, S.; Holt, M.; Stenius, K.; Lemke, E.A.; Gronborg, M.; Riedel, D.; Urlaub, H.; Schenck, S.; Brugger, B.;
Ringler, P.; et al. Molecular anatomy of a trafficking organelle. Cell 2006, 127, 831–846. [CrossRef]

2. Kaempf, N.; Maritzen, T. Safeguards of Neurotransmission: Endocytic Adaptors as Regulators of Synaptic
Vesicle Composition and Function. Front. Cell. Neurosci. 2017, 11, 320. [CrossRef]

3. Griffiths, G.; Hoflack, B.; Simons, K.; Mellman, I.; Kornfeld, S. The mannose 6-phosphate receptor and the
biogenesis of lysosomes. Cell 1988, 52, 329–341. [CrossRef]

4. Alfalah, M.; Jacob, R.; Preuss, U.; Zimmer, K.P.; Naim, H.; Naim, H.Y. O-linked glycans mediate apical sorting
of human intestinal sucrase- isomaltase through association with lipid rafts. Curr. Biol. 1999, 9, 593–596.
[CrossRef]

5. Scheiffele, P.; Peranen, J.; Simons, K. N-glycans as apical sorting signals in epithelial cells. Nature 1995,
378, 96–98. [CrossRef]

6. Yeaman, C.; Le Gall, A.H.; Baldwin, A.N.; Monlauzeur, L.; Le Bivic, A.; Rodriguez-Boulan, E.
The O-glycosylated stalk domain is required for apical sorting of neurotrophin receptors in polarized
MDCK cells. J.Cell Biol. 1997, 139, 929–940. [CrossRef] [PubMed]

7. Helenius, A.; Aebi, M. Roles of N-linked glycans in the endoplasmic reticulum. Annu. Rev. Biochem. 2004,
73, 1019–1049. [CrossRef] [PubMed]

8. Barondes, S.H.; Cooper, D.N.; Gitt, M.A.; Leffler, H. Galectins. Structure and function of a large family of
animal lectins. J. Biol. Chem. 1994, 269, 20807–20810. [PubMed]

9. Leffler, H.; Carlsson, S.; Hedlund, M.; Qian, Y.; Poirier, F. Introduction to galectins. Glycoconj. J. 2004,
19, 433–440. [CrossRef]

10. Hirabayashi, J.; Kasai, K.-I. The family of metazoan metal-independent β-galactoside-binding lectins:
Structure, function and molecular evolution. Glycobiology 1993, 3, 297–304. [CrossRef]

11. Cooper, D.N. Galectinomics: Finding themes in complexity. Biochim. Biophys. Acta 2002, 1572, 209–231.
[CrossRef]

12. Johannes, L.; Jacob, R.; Leffler, H. Galectins at a glance. J. Cell. Sci. 2018, 131. [CrossRef] [PubMed]
13. Liu, F.T.; Rabinovich, G.A. Galectins as modulators of tumour progression. Nat. Rev. Cancer 2005, 5, 29–41.

[CrossRef] [PubMed]
14. Paz, I.; Sachse, M.; Dupont, N.; Mounier, J.; Cederfur, C.; Enninga, J.; Leffler, H.; Poirier, F.; Prevost, M.C.;

Lafont, F.; et al. Galectin-3, a marker for vacuole lysis by invasive pathogens. Cell. Microbiol. 2010, 12, 530–544.
[CrossRef] [PubMed]

15. Fujita, N.; Morita, E.; Itoh, T.; Tanaka, A.; Nakaoka, M.; Osada, Y.; Umemoto, T.; Saitoh, T.; Nakatogawa, H.;
Kobayashi, S.; et al. Recruitment of the autophagic machinery to endosomes during infection is mediated by
ubiquitin. J. Cell Biol. 2013, 203, 115–128. [CrossRef] [PubMed]

16. Maejima, I.; Takahashi, A.; Omori, H.; Kimura, T.; Takabatake, Y.; Saitoh, T.; Yamamoto, A.; Hamasaki, M.;
Noda, T.; Isaka, Y.; et al. Autophagy sequesters damaged lysosomes to control lysosomal biogenesis and
kidney injury. EMBO J. 2013, 32, 2336–2347. [CrossRef]

17. Chen, X.; Khambu, B.; Zhang, H.; Gao, W.; Li, M.; Chen, X.; Yoshimori, T.; Yin, X.M. Autophagy induced
by calcium phosphate precipitates targets damaged endosomes. J. Biol. Chem. 2014, 289, 11162–11174.
[CrossRef]

18. Rogov, V.; Dotsch, V.; Johansen, T.; Kirkin, V. Interactions between autophagy receptors and ubiquitin-like
proteins form the molecular basis for selective autophagy. Mol. Cell. 2014, 53, 167–178. [CrossRef]

19. Thurston, T.L.; Wandel, M.P.; von Muhlinen, N.; Foeglein, A.; Randow, F. Galectin 8 targets damaged vesicles
for autophagy to defend cells against bacterial invasion. Nature 2012, 482, 414–418. [CrossRef]

20. Hong, M.H.; Lin, W.H.; Weng, I.C.; Hung, Y.H.; Chen, H.L.; Chen, H.Y.; Chen, P.; Lin, C.H.; Yang, W.Y.;
Liu, F.T. Intracellular galectins control cellular responses commensurate with cell surface carbohydrate
composition. Glycobiology 2019, 30, 49–57. [CrossRef]

21. Kimura, T.; Jia, J.; Kumar, S.; Choi, S.W.; Gu, Y.; Mudd, M.; Dupont, N.; Jiang, S.; Peters, R.; Farzam, F.;
et al. Dedicated SNAREs and specialized TRIM cargo receptors mediate secretory autophagy. EMBO J. 2017,
36, 42–60. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2006.10.030
http://dx.doi.org/10.3389/fncel.2017.00320
http://dx.doi.org/10.1016/S0092-8674(88)80026-6
http://dx.doi.org/10.1016/S0960-9822(99)80263-2
http://dx.doi.org/10.1038/378096a0
http://dx.doi.org/10.1083/jcb.139.4.929
http://www.ncbi.nlm.nih.gov/pubmed/9362511
http://dx.doi.org/10.1146/annurev.biochem.73.011303.073752
http://www.ncbi.nlm.nih.gov/pubmed/15189166
http://www.ncbi.nlm.nih.gov/pubmed/8063692
http://dx.doi.org/10.1023/B:GLYC.0000014072.34840.04
http://dx.doi.org/10.1093/glycob/3.4.297
http://dx.doi.org/10.1016/S0304-4165(02)00310-0
http://dx.doi.org/10.1242/jcs.208884
http://www.ncbi.nlm.nih.gov/pubmed/29717004
http://dx.doi.org/10.1038/nrc1527
http://www.ncbi.nlm.nih.gov/pubmed/15630413
http://dx.doi.org/10.1111/j.1462-5822.2009.01415.x
http://www.ncbi.nlm.nih.gov/pubmed/19951367
http://dx.doi.org/10.1083/jcb.201304188
http://www.ncbi.nlm.nih.gov/pubmed/24100292
http://dx.doi.org/10.1038/emboj.2013.171
http://dx.doi.org/10.1074/jbc.M113.531855
http://dx.doi.org/10.1016/j.molcel.2013.12.014
http://dx.doi.org/10.1038/nature10744
http://dx.doi.org/10.1093/glycob/cwz075
http://dx.doi.org/10.15252/embj.201695081
http://www.ncbi.nlm.nih.gov/pubmed/27932448


Biomolecules 2020, 10, 1232 9 of 12

22. Chauhan, S.; Kumar, S.; Jain, A.; Ponpuak, M.; Mudd, M.H.; Kimura, T.; Choi, S.W.; Peters, R.; Mandell, M.;
Bruun, J.A.; et al. TRIMs and Galectins Globally Cooperate and TRIM16 and Galectin-3 Co-direct Autophagy
in Endomembrane Damage Homeostasis. Dev. Cell 2016, 39, 13–27. [CrossRef]

23. Klose, M.; Salloum, J.E.; Gonschior, H.; Linder, S. SNX3 drives maturation of Borrelia phagosomes by forming
a hub for PI(3)P, Rab5a, and galectin-9. J. Cell. Biol. 2019, 218, 3039–3059. [CrossRef] [PubMed]

24. Mansilla Pareja, M.E.; Bongiovanni, A.; Lafont, F.; Colombo, M.I. Alterations of the Coxiella burnetii Replicative
Vacuole Membrane Integrity and Interplay with the Autophagy Pathway. Front. Cell. Infect. Microbiol. 2017, 7,
112. [CrossRef] [PubMed]

25. Radulovic, M.; Schink, K.O.; Wenzel, E.M.; Nahse, V.; Bongiovanni, A.; Lafont, F.; Stenmark, H.
ESCRT-mediated lysosome repair precedes lysophagy and promotes cell survival. EMBO J. 2018, 37.
[CrossRef] [PubMed]

26. Furtak, V.; Hatcher, F.; Ochieng, J. Galectin-3 mediates the endocytosis of beta-1 integrins by breast carcinoma
cells. Biochem. Biophys. Res. Commun. 2001, 289, 845–850. [CrossRef]

27. Stechly, L.; Morelle, W.; Dessein, A.F.; Andre, S.; Grard, G.; Trinel, D.; Dejonghe, M.J.; Leteurtre, E.;
Drobecq, H.; Trugnan, G.; et al. Galectin-4-regulated delivery of glycoproteins to the brush border membrane
of enterocyte-like cells. Traffic 2009, 10, 438–450. [CrossRef]

28. Straube, T.; Von Mach, T.; Hönig, E.; Greb, C.; Schneider, M.; Jacob, R. pH-Dependent Recycling of Galectin-3
at the Apical Membrane of Epithelial Cells. Traffic 2013, 14, 1014–1027. [CrossRef]

29. Schneider, D.; Greb, C.; Koch, A.; Straube, T.; Elli, A.; Delacour, D.; Jacob, R. Trafficking of galectin-3 through
endosomal organelles of polarized and non-polarized cells. Eur. J. Cell Biol. 2010, 89, 788–798. [CrossRef]

30. Nabi, I.R.; Shankar, J.; Dennis, J.W. The galectin lattice at a glance. J. Cell. Sci. 2015, 128, 2213–2219. [CrossRef]
31. Lakshminarayan, R.; Wunder, C.; Becken, U.; Howes, M.T.; Benzing, C.; Arumugam, S.; Sales, S.;

Ariotti, N.; Chambon, V.; Lamaze, C.; et al. Galectin-3 drives glycosphingolipid-dependent biogenesis of
clathrin-independent carriers. Nat. Cell Biol. 2014, 16, 595–606. [CrossRef] [PubMed]

32. Delacour, D.; Cramm-Behrens, C.I.; Drobecq, H.; Le Bivic, A.; Naim, H.Y.; Jacob, R. Requirement for galectin-3
in apical protein sorting. Curr. Biol. 2006, 16, 408–414. [CrossRef] [PubMed]

33. Delacour, D.; Greb, C.; Koch, A.; Salomonsson, E.; Leffler, H.; Le Bivic, A.; Jacob, R. Apical Sorting by
Galectin-3-Dependent Glycoprotein Clustering. Traffic 2007, 8, 379–388. [CrossRef] [PubMed]

34. Laiko, M.; Murtazina, R.; Malyukova, I.; Zhu, C.; Boedeker, E.C.; Gutsal, O.; O’Malley, R.; Cole, R.N.; Tarr, P.I.;
Murray, K.F.; et al. Shiga toxin 1 interaction with enterocytes causes apical protein mistargeting through the
depletion of intracellular galectin-3. Exp. Cell Res. 2010, 316, 657–666. [CrossRef]

35. Delacour, D.; Koch, A.; Ackermann, W.; Eude-Le Parco, I.; Elsasser, H.P.; Poirier, F.; Jacob, R. Loss of galectin-3
impairs membrane polarisation of mouse enterocytes in vivo. J. Cell Sci. 2008, 121, 458–465. [CrossRef]
[PubMed]

36. Honig, E.; Ringer, K.; Dewes, J.; von Mach, T.; Kamm, N.; Kreitzer, G.; Jacob, R. Galectin-3 modulates the
polarized surface delivery of beta1-integrin in epithelial cells. J. Cell. Sci. 2018, 131. [CrossRef]

37. Cramm-Behrens, C.I.; Dienst, M.; Jacob, R. Apical Cargo Traverses Endosomal Compartments on the Passage
to the Cell Surface. Traffic 2008, 9, 2206–2220. [CrossRef]

38. Perez Bay, A.E.; Schreiner, R.; Benedicto, I.; Paz Marzolo, M.; Banfelder, J.; Weinstein, A.M.; Rodriguez-Boulan, E.J.
The fast-recycling receptor Megalin defines the apical recycling pathway of epithelial cells. Nat. Commun. 2016,
7, 11550. [CrossRef]

39. Grieco, G.; Janssens, V.; Chevronnay, H.P.G.; N’Kuli, F.; Van Der Smissen, P.; Wang, T.; Shan, J.; Vainio, S.;
Bilanges, B.; Jouret, F.; et al. Vps34/PI3KC3 deletion in kidney proximal tubules impairs apical trafficking
and blocks autophagic flux, causing a Fanconi-like syndrome and renal insufficiency. Sci. Rep. 2018, 8, 14133.
[CrossRef]

40. Delacour, D.; Gouyer, V.; Zanetta, J.P.; Drobecq, H.; Leteurtre, E.; Grard, G.; Moreau-Hannedouche, O.;
Maes, E.; Pons, A.; Andre, S.; et al. Galectin-4 and sulfatides in apical membrane trafficking in enterocyte-like
cells. J. Cell Biol. 2005, 169, 491–501. [CrossRef]

41. Perez Bay, A.E.; Schreiner, R.; Benedicto, I.; Rodriguez-Boulan, E.J. Galectin-4-mediated transcytosis of
transferrin receptor. J. Cell Sci. 2014, 127, 4457–4469. [CrossRef] [PubMed]

42. Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013,
200, 373–383. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.devcel.2016.08.003
http://dx.doi.org/10.1083/jcb.201812106
http://www.ncbi.nlm.nih.gov/pubmed/31337623
http://dx.doi.org/10.3389/fcimb.2017.00112
http://www.ncbi.nlm.nih.gov/pubmed/28484683
http://dx.doi.org/10.15252/embj.201899753
http://www.ncbi.nlm.nih.gov/pubmed/30314966
http://dx.doi.org/10.1006/bbrc.2001.6064
http://dx.doi.org/10.1111/j.1600-0854.2009.00882.x
http://dx.doi.org/10.1111/tra.12086
http://dx.doi.org/10.1016/j.ejcb.2010.07.001
http://dx.doi.org/10.1242/jcs.151159
http://dx.doi.org/10.1038/ncb2970
http://www.ncbi.nlm.nih.gov/pubmed/24837829
http://dx.doi.org/10.1016/j.cub.2005.12.046
http://www.ncbi.nlm.nih.gov/pubmed/16488876
http://dx.doi.org/10.1111/j.1600-0854.2007.00539.x
http://www.ncbi.nlm.nih.gov/pubmed/17319896
http://dx.doi.org/10.1016/j.yexcr.2009.09.002
http://dx.doi.org/10.1242/jcs.020800
http://www.ncbi.nlm.nih.gov/pubmed/18211959
http://dx.doi.org/10.1242/jcs.213199
http://dx.doi.org/10.1111/j.1600-0854.2008.00829.x
http://dx.doi.org/10.1038/ncomms11550
http://dx.doi.org/10.1038/s41598-018-32389-z
http://dx.doi.org/10.1083/jcb.200407073
http://dx.doi.org/10.1242/jcs.153437
http://www.ncbi.nlm.nih.gov/pubmed/25179596
http://dx.doi.org/10.1083/jcb.201211138
http://www.ncbi.nlm.nih.gov/pubmed/23420871


Biomolecules 2020, 10, 1232 10 of 12

43. Cooper, D.N.; Barondes, S.H. Evidence for export of a muscle lectin from cytosol to extracellular matrix and
for a novel secretory mechanism. J. Cell Biol. 1990, 110, 1681–1691. [CrossRef] [PubMed]

44. Mehul, B.; Hughes, R.C. Plasma membrane targetting, vesicular budding and release of galectin 3 from the
cytoplasm of mammalian cells during secretion. J. Cell Sci. 1997, 110, 1169–1178.

45. Sato, S.; Burdett, I.; Hughes, R.C. Secretion of the baby hamster kidney 30-kDa galactose-binding lectin from
polarized and nonpolarized cells: A pathway independent of the endoplasmic reticulum-Golgi complex.
Exp. Cell Res. 1993, 207, 8–18. [CrossRef] [PubMed]

46. Harrison, F.L.; Wilson, T.J. The 14 kDa beta-galactoside binding lectin in myoblast and myotube cultures:
Localization by confocal microscopy. J. Cell Sci. 1992, 101, 635–646.

47. Welton, J.L.; Khanna, S.; Giles, P.J.; Brennan, P.; Brewis, I.A.; Staffurth, J.; Mason, M.D.; Clayton, A. Proteomics
analysis of bladder cancer exosomes. Mol. Cell. Proteom. 2010, 9, 1324–1338. [CrossRef]

48. Xu, R.; Greening, D.W.; Rai, A.; Ji, H.; Simpson, R.J. Highly-purified exosomes and shed microvesicles isolated
from the human colon cancer cell line LIM1863 by sequential centrifugal ultrafiltration are biochemically
and functionally distinct. Methods 2015, 87, 11–25. [CrossRef]

49. Mathivanan, S.; Lim, J.W.; Tauro, B.J.; Ji, H.; Moritz, R.L.; Simpson, R.J. Proteomics analysis of A33
immunoaffinity-purified exosomes released from the human colon tumor cell line LIM1215 reveals a
tissue-specific protein signature. Mol. Cell. Proteom. 2010, 9, 197–208. [CrossRef]

50. Thery, C.; Boussac, M.; Veron, P.; Ricciardi-Castagnoli, P.; Raposo, G.; Garin, J.; Amigorena, S. Proteomic
analysis of dendritic cell-derived exosomes: A secreted subcellular compartment distinct from apoptotic
vesicles. J. Immunol. 2001, 166, 7309–7318. [CrossRef]

51. Madrigal-Matute, J.; Lindholt, J.S.; Fernandez-Garcia, C.E.; Benito-Martin, A.; Burillo, E.; Zalba, G.; Beloqui, O.;
Llamas-Granda, P.; Ortiz, A.; Egido, J.; et al. Galectin-3, a biomarker linking oxidative stress and inflammation
with the clinical outcomes of patients with atherothrombosis. J. Am. Heart Assoc. 2014, 3. [CrossRef] [PubMed]

52. Lazar, I.; Clement, E.; Ducoux-Petit, M.; Denat, L.; Soldan, V.; Dauvillier, S.; Balor, S.; Burlet-Schiltz, O.;
Larue, L.; Muller, C. Proteome characterization of melanoma exosomes reveals a specific signature for
metastatic cell lines. Pigment Cell Melanoma Res. 2015, 28, 464–475. [CrossRef] [PubMed]

53. Liang, B.; Peng, P.; Chen, S.; Li, L.; Zhang, M.; Cao, D.; Yang, J.; Li, H.; Gui, T.; Li, X.; et al. Characterization
and proteomic analysis of ovarian cancer-derived exosomes. J. Proteom. 2013, 80, 171–182. [CrossRef]
[PubMed]

54. Fei, F.; Joo, E.J.; Tarighat, S.S.; Schiffer, I.; Paz, H.; Fabbri, M.; Abdel-Azim, H.; Groffen, J.; Heisterkamp, N.
B-cell precursor acute lymphoblastic leukemia and stromal cells communicate through Galectin-3. Oncotarget
2015, 6, 11378–11394. [CrossRef]

55. Sargent, I. Microvesicles and pre-eclampsia. Pregnancy Hypertens. 2013, 3, 58. [CrossRef]
56. Gonzales, P.A.; Pisitkun, T.; Hoffert, J.D.; Tchapyjnikov, D.; Star, R.A.; Kleta, R.; Wang, N.S.; Knepper, M.A.

Large-scale proteomics and phosphoproteomics of urinary exosomes. J. Am. Soc. Nephrol. 2009, 20, 363–379.
[CrossRef]

57. Raj, D.A.; Fiume, I.; Capasso, G.; Pocsfalvi, G. A multiplex quantitative proteomics strategy for protein
biomarker studies in urinary exosomes. Kidney Int. 2012, 81, 1263–1272. [CrossRef]

58. Gonzalez-Begne, M.; Lu, B.; Han, X.; Hagen, F.K.; Hand, A.R.; Melvin, J.E.; Yates, J.R. Proteomic analysis of
human parotid gland exosomes by multidimensional protein identification technology (MudPIT). J. Proteom.
Res. 2009, 8, 1304–1314. [CrossRef]

59. Ogawa, Y.; Kanai-Azuma, M.; Akimoto, Y.; Kawakami, H.; Yanoshita, R. Exosome-like vesicles with dipeptidyl
peptidase IV in human saliva. Biol. Pharm. Bull. 2008, 31, 1059–1062. [CrossRef]

60. Califice, S.; Castronovo, V.; van den, B.F. Galectin-3 and cancer (Review). Int. J. Oncol. 2004, 25, 983–992.
61. Wang, M.; Tian, F.; Ying, W.; Qian, X. Quantitative proteomics reveal the anti-tumour mechanism of the

carbohydrate recognition domain of Galectin-3 in Hepatocellular carcinoma. Sci. Rep. 2017, 7, 5189. [CrossRef]
[PubMed]

62. Kumar, P.; Becker, J.C.; Gao, K.; Carney, R.P.; Lankford, L.; Keller, B.A.; Herout, K.; Lam, K.S.; Farmer, D.L.;
Wang, A. Neuroprotective effect of placenta-derived mesenchymal stromal cells: Role of exosomes. FASEB J.
2019, 33, 5836–5849. [CrossRef] [PubMed]

63. Maybruck, B.T.; Pfannenstiel, L.W.; Diaz-Montero, M.; Gastman, B.R. Tumor-derived exosomes induce
CD8(+) T cell suppressors. J. Immunother. Cancer 2017, 5, 65. [CrossRef]

http://dx.doi.org/10.1083/jcb.110.5.1681
http://www.ncbi.nlm.nih.gov/pubmed/2335567
http://dx.doi.org/10.1006/excr.1993.1157
http://www.ncbi.nlm.nih.gov/pubmed/8319774
http://dx.doi.org/10.1074/mcp.M000063-MCP201
http://dx.doi.org/10.1016/j.ymeth.2015.04.008
http://dx.doi.org/10.1074/mcp.M900152-MCP200
http://dx.doi.org/10.4049/jimmunol.166.12.7309
http://dx.doi.org/10.1161/JAHA.114.000785
http://www.ncbi.nlm.nih.gov/pubmed/25095870
http://dx.doi.org/10.1111/pcmr.12380
http://www.ncbi.nlm.nih.gov/pubmed/25950383
http://dx.doi.org/10.1016/j.jprot.2012.12.029
http://www.ncbi.nlm.nih.gov/pubmed/23333927
http://dx.doi.org/10.18632/oncotarget.3409
http://dx.doi.org/10.1016/j.preghy.2013.04.004
http://dx.doi.org/10.1681/ASN.2008040406
http://dx.doi.org/10.1038/ki.2012.25
http://dx.doi.org/10.1021/pr800658c
http://dx.doi.org/10.1248/bpb.31.1059
http://dx.doi.org/10.1038/s41598-017-05419-5
http://www.ncbi.nlm.nih.gov/pubmed/28701735
http://dx.doi.org/10.1096/fj.201800972R
http://www.ncbi.nlm.nih.gov/pubmed/30753093
http://dx.doi.org/10.1186/s40425-017-0269-7


Biomolecules 2020, 10, 1232 11 of 12

64. Barres, C.; Blanc, L.; Bette-Bobillo, P.; Andre, S.; Mamoun, R.; Gabius, H.J.; Vidal, M. Galectin-5 is bound
onto the surface of rat reticulocyte exosomes and modulates vesicle uptake by macrophages. Blood 2010,
115, 696–705. [CrossRef] [PubMed]

65. Keryer-Bibens, C.; Pioche-Durieu, C.; Villemant, C.; Souquere, S.; Nishi, N.; Hirashima, M.; Middeldorp, J.;
Busson, P. Exosomes released by EBV-infected nasopharyngeal carcinoma cells convey the viral latent
membrane protein 1 and the immunomodulatory protein galectin 9. BMC Cancer 2006, 6, 283. [CrossRef]

66. Klibi, J.; Niki, T.; Riedel, A.; Pioche-Durieu, C.; Souquere, S.; Rubinstein, E.; Le Moulec, S.; Guigay, J.;
Hirashima, M.; Guemira, F.; et al. Blood diffusion and Th1-suppressive effects of galectin-9-containing
exosomes released by Epstein-Barr virus-infected nasopharyngeal carcinoma cells. Blood 2009, 113, 1957–1966.
[CrossRef] [PubMed]

67. Wilson, T.J.; Firth, M.N.; Powell, J.T.; Harrison, F.L. The sequence of the mouse 14 kDa beta-galactoside-binding
lectin and evidence for its synthesis on free cytoplasmic ribosomes. Biochem. J. 1989, 261, 847–852. [CrossRef]

68. Nabhan, J.F.; Hu, R.; Oh, R.S.; Cohen, S.N.; Lu, Q. Formation and release of arrestin domain-containing protein
1-mediated microvesicles (ARMMs) at plasma membrane by recruitment of TSG101 protein. Proc. Natl. Acad.
Sci. USA 2012, 109, 4146–4151. [CrossRef]

69. Chen, B.J.; Lamb, R.A. Mechanisms for enveloped virus budding: Can some viruses do without an ESCRT?
Virology 2008, 372, 221–232. [CrossRef]

70. Martin-Serrano, J.; Yarovoy, A.; Perez-Caballero, D.; Bieniasz, P.D. Divergent retroviral late-budding domains
recruit vacuolar protein sorting factors by using alternative adaptor proteins. Proc. Natl. Acad. Sci. USA
2003, 100, 12414–12419. [CrossRef]

71. Banfer, S.; Schneider, D.; Dewes, J.; Strauss, M.T.; Freibert, S.A.; Heimerl, T.; Maier, U.G.; Elsasser, H.P.;
Jungmann, R.; Jacob, R. Molecular mechanism to recruit galectin-3 into multivesicular bodies for polarized
exosomal secretion. Proc. Natl. Acad. Sci. USA 2018, 115, E4396–E4405. [CrossRef] [PubMed]

72. VerPlank, L.; Bouamr, F.; LaGrassa, T.J.; Agresta, B.; Kikonyogo, A.; Leis, J.; Carter, C.A. Tsg101, a homologue
of ubiquitin-conjugating (E2) enzymes, binds the L domain in HIV type 1 Pr55(Gag). Proc. Natl. Acad.
Sci. USA 2001, 98, 7724–7729. [CrossRef] [PubMed]

73. Garrus, J.E.; von Schwedler, U.K.; Pornillos, O.W.; Morham, S.G.; Zavitz, K.H.; Wang, H.E.; Wettstein, D.A.;
Stray, K.M.; Cote, M.; Rich, R.L.; et al. Tsg101 and the vacuolar protein sorting pathway are essential for
HIV-1 budding. Cell 2001, 107, 55–65. [CrossRef]

74. Lukyanov, P.; Furtak, V.; Ochieng, J. Galectin-3 interacts with membrane lipids and penetrates the lipid
bilayer. Biochem. Biophys. Res. Commun. 2005, 338, 1031–1036. [CrossRef]

75. Schäfer, T. Unconventional Secretion of Fibroblast Growth Factor 2 Is Mediated by Direct Translocation
across the Plasma Membrane of Mammalian Cells. J. Biol. Chem. 2003, 279, 6244–6251. [CrossRef]

76. Cleves, A.E.; Cooper, D.N.; Barondes, S.H.; Kelly, R.B. A new pathway for protein export in Saccharomyces
cerevisiae. J. Cell Biol. 1996, 133, 1017–1026. [CrossRef]

77. Reddy, A.; Caler, E.V.; Andrews, N.W. Plasma membrane repair is mediated by Ca(2+)-regulated exocytosis
of lysosomes. Cell 2001, 106, 157–169. [CrossRef]

78. Inohara, H.; Raz, A. Identification of human melanoma cellular and secreted ligands for galectin-3.
Biochem. Biophys. Res. Commun. 1994, 201, 1366–1375. [CrossRef]

79. Dong, S.; Hughes, R.C. Macrophage surface glycoproteins binding to galectin-3 (Mac-2-antigen). Glycoconj. J.
1997, 14, 267–274. [CrossRef]

80. Schmidt, H.; Gelhaus, C.; Nebendahl, M.; Lettau, M.; Lucius, R.; Leippe, M.; Kabelitz, D.; Janssen, O. Effector
granules in human T lymphocytes: The luminal proteome of secretory lysosomes from human T cells.
Cell Commun. Signal 2011, 9, 4. [CrossRef]

81. Basrur, V.; Yang, F.; Kushimoto, T.; Higashimoto, Y.; Yasumoto, K.; Valencia, J.; Muller, J.; Vieira, W.D.;
Watabe, H.; Shabanowitz, J.; et al. Proteomic analysis of early melanosomes: Identification of novel
melanosomal proteins. J. Proteome Res. 2003, 2, 69–79. [CrossRef] [PubMed]

82. Qu, Y.; Franchi, L.; Nunez, G.; Dubyak, G.R. Nonclassical IL-1 beta secretion stimulated by P2X7 receptors
is dependent on inflammasome activation and correlated with exosome release in murine macrophages.
J. Immunol. 2007, 179, 1913–1925. [CrossRef] [PubMed]

83. Chen, H.Y.; Fermin, A.; Vardhana, S.; Weng, I.C.; Lo, K.F.; Chang, E.Y.; Maverakis, E.; Yang, R.Y.; Hsu, D.K.;
Dustin, M.L.; et al. Galectin-3 negatively regulates TCR-mediated CD4+ T-cell activation at the immunological
synapse. Proc. Natl. Acad. Sci. USA 2009, 106, 14496–14501. [CrossRef] [PubMed]

http://dx.doi.org/10.1182/blood-2009-07-231449
http://www.ncbi.nlm.nih.gov/pubmed/19903899
http://dx.doi.org/10.1186/1471-2407-6-283
http://dx.doi.org/10.1182/blood-2008-02-142596
http://www.ncbi.nlm.nih.gov/pubmed/19005181
http://dx.doi.org/10.1042/bj2610847
http://dx.doi.org/10.1073/pnas.1200448109
http://dx.doi.org/10.1016/j.virol.2007.11.008
http://dx.doi.org/10.1073/pnas.2133846100
http://dx.doi.org/10.1073/pnas.1718921115
http://www.ncbi.nlm.nih.gov/pubmed/29686075
http://dx.doi.org/10.1073/pnas.131059198
http://www.ncbi.nlm.nih.gov/pubmed/11427703
http://dx.doi.org/10.1016/S0092-8674(01)00506-2
http://dx.doi.org/10.1016/j.bbrc.2005.10.033
http://dx.doi.org/10.1074/jbc.M310500200
http://dx.doi.org/10.1083/jcb.133.5.1017
http://dx.doi.org/10.1016/S0092-8674(01)00421-4
http://dx.doi.org/10.1006/bbrc.1994.1854
http://dx.doi.org/10.1023/A:1018554124545
http://dx.doi.org/10.1186/1478-811X-9-4
http://dx.doi.org/10.1021/pr025562r
http://www.ncbi.nlm.nih.gov/pubmed/12643545
http://dx.doi.org/10.4049/jimmunol.179.3.1913
http://www.ncbi.nlm.nih.gov/pubmed/17641058
http://dx.doi.org/10.1073/pnas.0903497106
http://www.ncbi.nlm.nih.gov/pubmed/19706535


Biomolecules 2020, 10, 1232 12 of 12

84. Liu, W.; Hsu, D.K.; Chen, H.Y.; Yang, R.Y.; Carraway, K.L.; Isseroff, R.R.; Liu, F.T. Galectin-3 regulates
intracellular trafficking of EGFR through Alix and promotes keratinocyte migration. J. Investig. Dermatol.
2012, 132, 2828–2837. [CrossRef]

85. de Boer, R.A.; van Veldhuisen, D.J.; Gansevoort, R.T.; Muller Kobold, A.C.; van Gilst, W.H.; Hillege, H.L.;
Bakker, S.J.; van der Harst, P. The fibrosis marker galectin-3 and outcome in the general population.
J. Intern. Med. 2012, 272, 55–64. [CrossRef]

86. Shi, Y.; Lin, X.; Chen, G.; Yan, J.; Ying, M.; Zheng, X. Galectin-3 rs4652 A>C polymorphism is associated with
the risk of gastric carcinoma and P-glycoprotein expression level. Oncol. Lett. 2017, 14, 8144–8149. [CrossRef]

87. Hu, C.Y.; Chang, S.K.; Wu, C.S.; Tsai, W.I.; Hsu, P.N. Galectin-3 gene (LGALS3) +292C allele is a genetic
predisposition factor for rheumatoid arthritis in Taiwan. Clin. Rheumatol. 2011, 30, 1227–1233. [CrossRef]

88. Shou, J.; Bull, C.M.; Li, L.; Qian, H.R.; Wei, T.; Luo, S.; Perkins, D.; Solenberg, P.J.; Tan, S.L.; Chen, X.Y.;
et al. Identification of blood biomarkers of rheumatoid arthritis by transcript profiling of peripheral blood
mononuclear cells from the rat collagen-induced arthritis model. Arthritis Res. Ther. 2006, 8, R28. [CrossRef]

89. Bouamr, F.; Melillo, J.A.; Wang, M.Q.; Nagashima, K.; de Los Santos, M.; Rein, A.; Goff, S.P. PPPYVEPTAP
motif is the late domain of human T-cell leukemia virus type 1 Gag and mediates its functional interaction
with cellular proteins Nedd4 and Tsg101 [corrected]. J. Virol. 2003, 77, 11882–11895. [CrossRef]

90. Dolnik, O.; Kolesnikova, L.; Stevermann, L.; Becker, S. Tsg101 is recruited by a late domain of the nucleocapsid
protein to support budding of Marburg virus-like particles. J. Virol. 2010, 84, 7847–7856. [CrossRef]

91. Baietti, M.F.; Zhang, Z.; Mortier, E.; Melchior, A.; Degeest, G.; Geeraerts, A.; Ivarsson, Y.; Depoortere, F.;
Coomans, C.; Vermeiren, E.; et al. Syndecan-syntenin-ALIX regulates the biogenesis of exosomes.
Nat. Cell Biol. 2012, 14, 677–685. [CrossRef] [PubMed]

92. Kim, S.B.; Kim, H.R.; Park, M.C.; Cho, S.; Goughnour, P.C.; Han, D.; Yoon, I.; Kim, Y.; Kang, T.; Song, E.;
et al. Caspase-8 controls the secretion of inflammatory lysyl-tRNA synthetase in exosomes from cancer cells.
J. Cell Biol. 2017, 216, 2201–2216. [CrossRef] [PubMed]

93. Strack, B.; Calistri, A.; Craig, S.; Popova, E.; Göttlinger, H.G. AIP1/ALIX Is a Binding Partner for HIV-1 p6
and EIAV p9 Functioning in Virus Budding. Cell 2003, 114, 689–699. [CrossRef]

94. Zimmermann, P.; Meerschaert, K.; Reekmans, G.; Leenaerts, I.; Small, J.V.; Vandekerckhove, J.; David, G.;
Gettemans, J. PIP(2)-PDZ domain binding controls the association of syntenin with the plasma membrane.
Mol. Cell. 2002, 9, 1215–1225. [CrossRef]

95. Sciacchitano, S.; Lavra, L.; Morgante, A.; Ulivieri, A.; Magi, F.; De Francesco, G.P.; Bellotti, C.; Salehi, L.B.;
Ricci, A. Galectin-3: One Molecule for an Alphabet of Diseases, from A to Z. Int. J. Mol. Sci. 2018, 19, 379.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/jid.2012.211
http://dx.doi.org/10.1111/j.1365-2796.2011.02476.x
http://dx.doi.org/10.3892/ol.2017.7258
http://dx.doi.org/10.1007/s10067-011-1741-2
http://dx.doi.org/10.1186/ar1883
http://dx.doi.org/10.1128/JVI.77.22.11882-11895.2003
http://dx.doi.org/10.1128/JVI.00476-10
http://dx.doi.org/10.1038/ncb2502
http://www.ncbi.nlm.nih.gov/pubmed/22660413
http://dx.doi.org/10.1083/jcb.201605118
http://www.ncbi.nlm.nih.gov/pubmed/28611052
http://dx.doi.org/10.1016/S0092-8674(03)00653-6
http://dx.doi.org/10.1016/S1097-2765(02)00549-X
http://dx.doi.org/10.3390/ijms19020379
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Galectin Family 
	Galectins in Intracellular Vesicular Compartments 
	Galectins in Extracellular Vesicles 
	Non-Classical Secretion of Galectins 
	Conclusions 
	References

