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Resumo

Santos SN. O papel de galectina-3 na via de sinalizagdo Notch, angiogénese
tumoral e resisténcia a quimioterapicos [tese]. Sdo Paulo: Universidade de Sao
Paulo, Faculdade de Medicina; 2015.

A galectina-3, um membro da familia das proteinas de ligagdo a glicanas,
tem sido objeto de intensa pesquisa nos ultimos anos devido ao seu importante
papel na biologia tumoral, como a proliferagdo, transformagao, apoptose,
angiogénese, adesdo, invasdo e metastase tumoral. As diferentes fungbes de
galectina-3 nas células tumorais resultam das suas diversas localiza¢des inter- e
subcelulares que Ihe permite interagir com diferentes proteinas. Esta tese teve como
objetivo identificar um papel especifico de galectina-3 na regulagdo da via de
sinalizagdo Notch, que cada vez mais tem sido associada com a progresséo tumoral
e angiogénese. Inicialmente, demonstramos que galectina-3 interage com o receptor
Notch-1 e modula diferencialmente a ativagdo da via pelos ligantes DLL4 e Jagged1.
A galectin-3 regulou a expressédo dos ligantes de Notch assim como o receptor
Notch-1 e extracelularmente recuperou a ativagdo de Notch na auséncia de
galectina-3 endogena. Em céncer gastrico humano, a galectina-3 encontrou-se
positivamente correlacionada com a expressdo de Jagged1, enquanto que a
galectina-1, um outro membro da familia das galectinas, foi positivamente
correlacionado com DLL4. De seguida estudou-se o papel bioldgico da regulacédo da
via Notch pela galectina-3 na angiogénese. Demonstramos que nas células
endoteliais, galectina-3 liga e aumenta a meia vida de Jagged1 promovendo a
ativacdo preferencial da Jagged1/Notch em vez de DLL4/Notch de uma forma
independente de VEGF. Verificamos que condigdes de hipdxia alteraram a
expressdo de galectina-3 assim como o status de glicosilagdo das células
endoteliais de forma a promover a ativagdo de Jagged1/Notch e o aumento de
angiogénese. A superexpressdo de Jagged1 num modelo de carcinoma de pulmao
de Lewis, acelerou o crescimento tumoral in vivo que foi inibido em camundongos
LgalsS"‘. Por fim, avaliou-se o papel de galectina-3 na resisténcia das células
tumorais a quimioterapicos. Observamos que a expressao de sialil-Tn, um produto
biossintético da ST6GalNAc-I, diminuiu in vitro como in vivo a presenga e os sitios
de ligacdo de galectina-3 na superficie da células levando a sua acumulagéo no
meio intracelular. Extracelularmente, galectina-3 n&o levou a inducdo de morte
celular, no entanto contribuiu para a morte induzida por quimioterapicos. As células

expressando sialil-Tn encontraram-se protegidas. Em amostras de tumor gastrico,

XV



os sitios de ligacdo de galectina-3 encontraram-se negativamente correlacionados
com a expressdo de sialil-Tn. Este conhecimento possui implicacbes diretas no
desenvolvimento de estratégias visando o controle do crescimento tumoral e

angiogénese e abre novas perspectivas no combate a resisténcia tumoral a terapia.
Descritores: Galectina-3; Receptores Notch; Neoplasias da mama; Neoplasias

gastricas; Resisténcia a medicamentos antineoplasicos; Neovascularizagdo

patoldgica
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Abstract

Santos SN. The role of galectin-3 in Notch signaling activation, tumor angiogenesis
and chemotherapy resistance. [tese]. Sdo Paulo: Universidade de S&o Paulo,
Faculdade de Medicina; 2015.

Galectin-3, a member of a family of glycan binding proteins has been the
subject of an intense research over the past few years due to its important role in
cancer biology, such as cancer cell growth, transformation, apoptosis, angiogenesis,
adhesion, invasion and metastasis. The different roles of galectin-3 on cancer cells
behavior appears to have originated from its diverse inter- and subcellular
localizations where it interacts with several different binding partners. The aim of this
thesis was to pinpoint a specific role for galectin-3 in regulating Notch signaling
pathway in cancer. Notch signaling has emerged as an important pathway in
carcinogenesis, and activated Notch-1 signaling has being associated with cancer
progression and angiogenesis. Initially, we found that galectin-3 was able to interact
with Notch-1 receptor and to differentially modulate Notch signaling activation by
DLL4 and Jagged1 ligands. Galectin-3 was found to regulate the expression of the
Notch ligands and Notch-1 receptor and its extracellular form was able to rescue
Notch activation in the absence of endogenous galectin-3. In human gastric cancer,
galectin-3 was positively correlated with the expression of Jagged1 whereas galectin-
1, another member of the galectin family, was positively correlated with DLL4.
Furthermore, we studied the biological role of Notch regulation by galectin-3 in
angiogenesis. We showed that, in endothelial cells, galectin-3 binds to and increases
Jagged1 protein half-life promoting Jagged1/Notch over DLL4/Notch signaling in a
VEGF independent way. Hypoxic conditions changed galectin-3 expression and the
glycosylation status of endothelial cells, acting in concert to promote Jagged1/Notch
activation and sprouting angiogenesis. Jagged1 overexpression in Lewis lung
carcinoma accelerated tumor growth in vivo that was prevented in Lgals3™" mice.
Finally, we evaluated the role of galectin-3 in cancer cell resistance to therapy. We
found that the expression of sialyl-Tn, a biosynthetic product of ST6GalNAc-I, was
able to decrease cell surface galectin-3 and galectin-3-binding sites both in vitro and
in vivo leading to an intracellular accumulation of this protein. Exogenously added
galectin-3 was found to have no effect on cancer cell death but contributed to
chemotherapy-induced apoptosis. Sialyl-Tn expressing cells were protected. In
human gastric cancer samples, galectin-3 binding sites were negatively correlated

with the expression of sialyl-Tn. This knowledge has direct implications for the
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development of strategies aimed at controlling tumor growth and angiogenesis and

open novel perspectives to overcome tumor resistance to therapy.

Descriptors: Galetin-3; Receptors, Notch; Breast neoplasms; Stomach neoplasms;

Drug resistance, neoplasm; Neovascularization, pathologic.
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Chapter 1

The presence of post-translational modifications such as phosphorylation,
ubiquitination or glycosylation, have proven that proteins activity is not specified only
by DNA sequences. A layer of glycans linked to proteins or lipids covers the surfaces
of all eucaryotic cells and, at the cell surface, glycans are the first point of contact
between cells, cells-extracellular matrix and host cells-pathogens [1, 2]. As a
consequence, glycans frequently modulate/regulate various cellular functions in
response to changes in the internal and external environment. Therefore, achieving a
deeper understanding of the structure-function of glycans in cell biology has been
extraordinarily challenging.

Glycan-binding proteins known as “lectins” mediate the major role of glycans
in health and diseases. Lectins are a unique group of proteins important for the
interpretation of the “sugar code” through their recognition of glycans as ligands [4].
Therefore, the key to understand the functions of glycans is the elucidation of the
functions of lectins that recognize them. Several studies have focused in
understanding the nature of lectin-carbohydrate interaction and in transferring this
biological information to the microbiology, virology, immunology and oncology field.
Even though, glycan’s role is still underappreciated, altered glycosylation patterns,
including under- and overexpression, as well as neoexpression of glycans, are a
hallmark of cancer development and progression. Consequently, aberrant
glycosylation occurring in cancer cells influences lectin-carbohydrate interactions.
Indeed, lectin-carbohydrate interactions play multiple roles in several hallmarks of
cancer as defined by Hanahan and Weinberg [3], since they regulate many different
aspects of tumor progression, including proliferation, invasion, angiogenesis and
metastasis. In the present thesis we studied the interplay between galectin-3, a
member of the galectin family of animal lectins, and Notch signaling pathway and its

consequences for regulation of tumor angiogenesis. Moreover, we investigated
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whether the overexpression of sialylated O-linked glycans would affect the cellular

localization of galectin-3 and its potential impact on cancer drug resistance.

Galectins

Galectins are defined as an evolutionary conserved family of lectins regarding
the structure of their carbohydrate recognition domain (CRD) and their affinity for -
galactoside-containing glycans [5]. So far, 15 members of the galectin family were
found and are divided into three groups according to the number and organization of
theirs CRD [6]. The prototype group (galectin-1, -2, -5, -7, -10, -11, -13, -14 and -15)
contains one carbohydrate-recognition domain and can be found as a monomer as
well as a non-covalent homodimer, each containing an identical CRD. The tandem
repeat group (Galectin-4, -6, -8, -9 and -12) has two distinct CRDs separated by an
unconserved linker sequence of up to 70 amino acids. Galectin-3, the only chimera-
type galectin, contains one CRD of ~130 amino acids connected to an unusual long

N-terminal proline- and glycine-rich domain [5, 6].

Galectin-3

Galectin-3 (Figure 1), initially identified as Mac-2, a cell surface antigen
expressed on murine macrophages [7], is one the most studied members of the
galectin family. Galectin-3 has ~30 kDa and can be found both in solution as a
monomer or can form oligomers upon binding to multivalent glycoproteins. Besides

carbohydrate structures,
<= short end (30 aa)

N-terminal domain . .
Proline-glycine-alanine-tyrosine | Multimerization galectin-3 can bind to non-
- repeat motif (100 aa)

glycosylated molecules via

C-terminal domain protein-protein  interactions.

Carbohydrate recognition

and binding (130 aa) The N-terminal domain of

Figure 1. Galectin-3 structure.
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galectin-3, responsible for protein-protein interactions, is a flexible structure
composed of ~130 amino acids and contains multiple homologues repeats of Pro—
Gly—Ala—-Tyr—Pro—Gly [8]. Although the N-terminal domain was shown to lack
carbohydrate-binding activity, it is fundamental for galectin-3 biological functions [9].
The N-terminal domain is also responsible for the ability of galectin-3 to oligomerize
allowing it to form lattices upon binding to multivalent oligossacharides [10]. This
ability can be biologically regulated by matrix metalloproteinases, such as MMP-2
and MMP-9 that are able to cleave the N-terminal domain, thus reducing galectin-3
auto association and preventing the biological properties that depend on

multimerization [11].

Galectin-3 cellular localization

Galectin-3 has a ubiquitous expression and plays multiple biological
functions, depending on its subcellular localization. It can be found both in the
intracellular milieu of cells (nucleus and cytoplasm) as well as bound to the cell
surface and in extracellular spaces [12].

Intracellular functions

Galectin-3 intracellular localization depends on numerous factors such as the
cell type, proliferation status, culture conditions, transformation and tumor growth.
Several molecules have been identified as galectin-3 binding partners in the
cytoplasm. Among them, Bcl-2 recognition by galectin-3 was found to prevent
apoptosis by blocking the release of cytochrome c from mitochondria [13]. Moreover,
galectin-3 was shown to regulate apoptotic events by interacting with CD95, nucling
and Alix/AIP1 cytosoilc proteins [12-14] and to regulate cell proliferation,
differentiation and survival by modulating K-Ras, Akt, cyclins E, A and D1, p21 and

p27 proteins [15-18]. In the nucleus, galectin-3 is considered as a splicing factor
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because of its interaction with Gemin4 and SMN complexes [19], and was also found
to regulate the transcription of cyclin D1 gene [17].
Extracellular functions

Although galectin-3 lacks a recognizable secretion signal sequence and does
not pass across the standard ER/Golgi pathway, this protein can be found on the cell
surface and in the extracellular matrix [20]. Extracellular galectin-3 can mediate cell
adhesion and cell activation, affecting several biological processes such as
maintenance of cellular homeostasis, immune regulation, angiogenesis, tumor
development and metastasis. Galectin-3 effect on cell adhesion is mainly based on
its ability to cross-link cell surface glycoproteins and components of extracellular
matrix. It was reported that galecin-3 could promote cell adhesion of different cell
types by interacting with laminin [21], fibronectin [22], elastin [23], collagen IV [24]
and the main molecule involved in cell adhesion, a1B1 integrin [24]. Moreover, by
cross-linking cell surface proteins, galectin-3 can trigger signal transduction cascades
in the cells, resulting in their activation. For example, galectin-3 was show to
potentiate lipopolysaccharide (LPS)-induced production of interleukin-1 in human
monocytes [25]. Treatment of Jurkat cells with recombinant galectin-3 led to cellular
activation and IL-2 production whereas in B-lymphocytes, exogenously added
galectin-3 acted as a mediator of IgE production [26, 27]. Galectin-3 was also shown
to induce endothelial cells morphogenesis and angiogenesis both in vitro and in vivo
[28] and, to delay EGF and TGF-B endocytosis, thus prolonging cell activation [29].
Therefore, considerable observations demonstrated that galectin-3 modulates cell-

cell and cell-extracellular matrix interactions.

Galectin-3 in cancer biology

Changes in expression pattern and subcellular localization of galectin-3 have

frequently been associated with cancer [30]. Increased galectin-3 expression is
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usually found in gastric [31], colon [32], bladder [33] and thyroid [34] cancers. On the
other hand, in ovarian [35], prostate [36] and cervical [37] tumors galectin-3
expression appears to be predominantly decreased. In brain [38] and skin [39]
cancers, galectin-3 has been reported to be either increased or decreased depending
on the tumor subtype. Galectin-3 intracellular distribution was also altered in some
types of cancer. While nuclear galectin-3 has been correlated with an anti-tumor
function, cytoplasmic galectin-3 expression has been shown to have a pro-tumoral
role protecting cells against apoptosis [40, 41]. Although altered glycosylation is not
yet considered an hallmark of cancer, galectin-3-glycans interactions play a key role
in orchestrating distinct cell events in tumor cells, which lead to the hallmark

characteristics of cancer (Figure 2).

Galectin-3 and “cell death resistance”

Programmed cell death by apoptosis is a natural barrier to the development of
cancer. Intracellular galectin-3 has an important role in protecting cells against
apoptosis and was reported to render BT549 human breast carcinoma cells more
resistant to cisplatin, anthracycline, adriamycin and 5-FU-induced apoptosis [42]. The

interaction of galectin-3 with Bcl-2 seems to be critical for the anti-apoptotic function
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of the Bcl-2 protein against chemotherapeutic drugs [43]. Moreover, the mitogen-
activated protein kinase (MAPK) pathway was reported to be increased by
phosphorylated galectin-3 and to regulate mitochondrial stability, protecting cells from
apoptosis [42]. Galectin-3-MUC1 interaction was shown to participate in the
protection of cells against apoptosis induced by loss of anchorage (anoikis) [44]. The
present thesis demonstrates that galectin-3-glycans interaction is able to modulate

the response of tumor cells to chemotherapeutic drugs-induced apoptosis.

Galectin-3 role in “sustained proliferative signaling”

Growth-promoting signals are normally carried by growth factors binding to
cell surface receptors, which typically contain intracellular tyrosine kinase domains
that transmit signals via downstream signaling pathways and control cell cycle,
growth and survival. Galectin-3 has been shown to regulate the intracellular
trafficking of epidermal growth factor receptor (EGFR) and to modulate the EGFR-
stimulated cell growth of pancreatic cancer cells [45, 46]. On the other hand, Akt
activation by galectin-3, a signal transduction pathway that promotes survival and
growth in response to extracellular signals, was shown to promote in vitro
proliferation of leukemic cells [47]. Galectin-3 binding to K-Ras was found to increase

cell growth, differentiation and survival of cancer cells [18, 48, 49].

Galectin-3 role in “evading growth suppressors”

Cancer cells must overcome programs that negatively regulate cell
proliferation. These programs depend on the action of tumor suppressor genes that
normally govern the decision of cells to proliferate or to undergo programmed cell
death [3]. For example, when in a hypophosphorylated state, pRb blocks proliferation
by sequestering and altering the function of E2F transcription factors that control the

expression of genes essential for progression from G1 into S phase of the cell cycle.
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Galectin-3 was shown to prevent premature senescence by directly interacting with
the cyclin D1/CDK4 complex, promoting hyperphosphorylation of Rb, thus allowing
cell proliferation and rendering them unresponsive to antigrowth factors [50]. P53,
another sensor of intracellular stress and DNA damage, was also repressed by

galectin-3 [51].

Galectin-3 and “evasion of immune surveillance”

The immune system is known to recognize and eliminate the vast majority of
emerging cancer cells. However, tumors cells have developed a tactic to avoid
immune detection and limit immunologic killing [52]. Extracellular galectin-3 has been
shown to induce monocytes and T cell apoptosis [53, 54] and was described to
contribute to immunosuppression during tumorigenesis. Indeed, galectin-3 was able
to suppress IL-5, inhibiting B lymphocyte differentiation [55], and to increase
phagocytosis of neutrophils and oxidative response of immune cells [56, 57].
Moreover, galectin-3 was reported to strongly antagonize human NK cells functions
against tumors in vivo [58], avoiding cancer cells destruction. Additionally, it was
found that galectin-3 drives alternative macrophage activation (M2) that may restrict
host immunity against cancers [59]. In fact, galectin-3-targeting compounds, such as
GM-CT-01 or GCS-100, were reported to boost human CD8" tumor-infiltrating T

lymphocytes cytotoxicity in various cancers [60, 61].

Galectin-3 and “angiogenesis”

Angiogenesis, the formation of new blood vessels from pre-existing ones,
fuels tumors with nutrients and oxygen and provides a pathway for tumor growth.
During tumor growth, the “angiogenic switch” is activated, and several molecules
such as vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF)

are released to support the formation of new blood vessels. Galectin-3 has been
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reported to induce endothelial capillary tube formation in vitro and angiogenesis in
vivo [28] by interacting with the VEGF and bFGF, enhancing consequently VEGFR2
signaling activation [28, 62, 63]. Accordingly, disruption of galectin-3 in the tumor
stroma was found to reduce macrophage induced-angiogenesis dependent on VEGF
and TGF-B signaling [64]. This angiogenesis-promoting effect of galectin-3 also
comprises the interaction of galectin-3 with the endothelial cell surface enzyme
aminopeptidase N/CD13, which regulates early steps of angiogenesis [65]. In the
present thesis we disclose a novel mechanism by which galectin-3 modulates tumor

angiogenesis.

Galectin-3 and “enabling replicative immortality”

Normal cells undergo a limited number of cell (division) cycles before
becoming senescent (alive but non-proliferative). Some cancer cells exhibit unlimited
replicative potential and are therefore considered “immortalized”. Telomeres are
central to limiting the number of division cycles that a normal cell can undergo and,
consequently, to the unlimited proliferation capacity of malignant cells [66]. However,
an absence of information is available in the literature concerning the correlation
between galectin-3 and telomeres functions. Still, inactivation of p53, p16INK4a or
pRb is required for telomere maintenance and for the immortalization process [67].
Since galectin-3 is able to modulate both p53 and pRb functions, it may contribute

indirectly to the immortalization process of tumor cells.

Galectin-3 and the “activation of the metastatic potential”

Tumor metastasis involves the invasion of the tumor cells in the surrounding
tissues, dissemination through blood or lymph vessels and growth at distant sites. It
has been reported that galectin-3 plays an important role in the metastatic process

[68]. In fact, it was described that the levels of circulating galectin-3 in the
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bloodstream of patients with metastasis is significantly higher than those of healthy
people [69]. Galectin-3 binding to the oncofoetal Thomsen-Friedenreich antigen
present on the mucin MUC1 resulted in increased cancer cell heterotypic adhesion to
the blood vascular endothelium, and an increased cancer homotypic aggregation to
form a tumor micro-emboli [70, 71]. MUC1-galectin-3 interaction induced a cell
surface polarization, exposing smaller adhesion molecules on the cell surface such
as E-cadherin, CD44, and E-selectin ligands. Therefore, it has been hypothesized
that galectin-3 is able to enhance the survival of disseminating tumor cells in the

circulation by preventing initiation of anoikis.

Galectin-3 and the “deregulation of cellular energetics”

Normal cells are known to generate ATP through glycolysis under anaerobic
conditions, and through oxidative phosphorylation under aerobic conditions. Cancer
cell however can reprogram glucose metabolism to favor glycolysis even under
aerobic conditions. Otto Warburg postulated that these metabolic changes are a
fundamental cause of cancer (Warburg hypothesis) [72]. Activated oncogenes, such
as Ras and Myc, as well as mutated-p53 are increased during hypoxia and have
been found to stimulate the glycolytic flux to lactate [73-75]. Galectin-3 was recently
found to increase tumor intracellular metabolites production, such as lactate, free
choline, phosphocholine and glycerophosphocholine under hypoxic conditions,
suggesting a role in mitochondrial homeostasis [76]. Moreover, galectin-3 was found
to interact with K-Ras increasing its activation [49] and could, therefore, indirectly

modulate tumor associated-glycolysis.
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Galectin-3 and “Enabling characteristics of cancer”

It is widely appreciated that the acquisition of hallmarks depends on a
succession of alterations in the genomes of neoplastic cells that offer a selective
advantage and lead to the outgrowth of the dominant clone.

Genome instability and mutation

The chance to acquire an enabling mutation can increased due to: (1)
increased sensitivity to mutagenic agents or, (2) failure of the surveillance systems
that monitor genomic integrity and force damaged cells into senescence or apoptosis
[3]. Centrossomal aberrations are a potential source of genetic instability and are
frequently observed in early steps of carcinogenesis [77-79]. Galectin-3 was found to
be associated with basal bodies and centrosomes, where it closely interacted with
core proteins, such as centrin-2. Moreover, galectin-3 directly interfered with the
regulation in number, size, and shape of the centrosomes suggesting a direct role for
galectin-3 in centrosomal biology [80].

Tumor promoting inflammation

Cells of the immune system typically infiltrate tumor cells in order to eradicate
the tumor. However, tumor-associated inflammation may instead promote tumor
growth by supplying growth factors, pro-angiogenic factors, matrix-modifying
enzymes that facilitate angiogenesis, invasion and metastasis. Moreover,
inflammatory cells can release chemicals, particularly reactive oxygen species (ROS)
that are mutagenic, accelerating malignant progression [3]. Since galectin-3 is
expressed by several inflammatory cells and can regulate their functions [81], it is
conceivable that it can affect the inflammatory responses developed against tumors.
Galectin-3 was reported to have proinflammatory activity both in vitro and in vivo. It
was shown to stimulate superoxide production from peripheral blood leukocytes and
to activate NAPDH-oxidase in neutrophils that experienced extravasation [82, 83].
Additionally, peritoneal macrophages from Lgals3”" mice were more prone to

undergo apoptosis than those from wild-type mice upon treatment with apoptotic
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stimuli, suggesting that expression of galectin-3 in peritoneal cavity inflammatory
cells may lead to longer cell survival, thus prolonging inflammation [84]. Indeed,
several reports showed that the inflammatory response is diminished in galectin-3-

deficient mice [85, 86].

Galectin-3 concluding remarks

Therefore, galectin-3 is undoubtedly involved in tumorigenesis, tumor growth
and metastasis. Consequently, several efforts are being made to develop galectin-3-
targeting-compouds and have proved to be effective in pre-clinical models of multiple
myeloma, lymphoma, leukemia and solid tumors [61, 87-89]. However, galectin-3
inhibitors are not expected to be a miracle drug to cure cancer. In several types of
cancer (ovarian and cervical), the inhibition of galectin-3 does not seem to be
favorable for patients since galectin-3 induces apoptosis of these tumor cells [35, 37].
Thus, a continuous investigation on how galectin-3-glycans interaction support
cancer cells growth in the tumor microenvironment is still required. In this thesis, we
study the interplay between galectin-3 Notch signaling pathway and how it affects
angiogenesis and tumor growth. Then, we describe a novel mechanism by which O-
glycosylation modulates both tumor drug-resistance and intracellular galectin-3

content.
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Notch signaling pathway

Notch signaling is a highly evolutionally conserved molecular pathway that
plays an important role in cell fate determination, proliferation, differentiation and
survival during development, neurogenesis and homeostasis [90]. Several evidences
have pointed out that Notch signaling is deregulated in human hematological
malignancies and solid tumors [91]. Mutations of the components of Notch signaling
pathway have been show to be responsible for congenital disorders such as Alagille
syndrome and Spondylocostal dysostosis, and adult onset diseases such as
CADASIL [92]. Moreover, activating and inactivating mutations in Notch can lead to a
variety of hematopoietic and solid tumors, showing that Notch can function either as
a tumor suppressor or as a tumor promoter depending on the cell type [92]. As a
result, Notch signaling has emerged as a potential molecular target for treating a
variety of cancers [93].

The term Notch signaling refers to a specific molecular mechanism conserved
in many organisms. This mechanism is also referred as the "canonical" Notch
signaling in order to distinguish it from the atypical (ligand-independent) signaling
pathways that have been described [94, 95]. The canonical Notch signaling pathway
involves the activation of Notch receptors on cell surface by a direct interaction with
ligands present in a neighboring cell. Notch receptors (N1-N4) are synthesized in the
endoplasmic reticulum as an inactive single peptide precursor, which is subsequently
proteolytically cleaved (S1) by a furin-like convertase in the trans-Golgi network
producing a non-covalently bound heterodimer that subsequently reaches the plasma
membrane (Figure 3). There are four Notch receptors (Notch1-4) and five ligands
including delta-like ligand (DLL) 1, 3, and 4, and Jagged (JAG) 1 and 2 in mammals.
All Notch receptors and their ligands are transmembrane glycoproteins containing
multiple epidermal growth factor (EGF)-like repeats in the extracellular region. The O-

fucosyltransferase (POFUT1) enzyme is responsible to add a fucose to the EGF-like
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repeats on Notch receptor. O-linked fucose can be further elongated by members of
the Fringe family (Lunatic Fringe, Radical Fringe and Manic Fringe), which
determines the affinity strength between the receptors and their ligands [96]. The
activation of Notch signaling is initiated by the binding of Notch receptor to a Notch
ligand expressed on an adjacent cell. Upon binding, Notch receptor undertakes a
conformational change that allows a second cleavage (S2) on its extracellular
domain, which is catalyzed by a member of the disintegrin and metalloproteases
(ADAM) family (ADAM17 or ADAM10). This cleavage dissociates the extracellular
domain, which is internalized with the ligand in the adjacent cell. The third cleavage
(S3) is mediated by a presenilin-dependent y-secretase protease complex [97] and
results in the release of a soluble fragment, NICD (Notch intracellular domain), which
translocates to the nucleus where it binds to the transcription factor CSL

(CBF1/Suppressor of Hairless), and activates the transcription of Notch target genes

(including genes encoding Hairy Enhancer of Split (HES) family proteins and HES-
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Figure 3. Notch signaling pathway.
The intracellular and extracellular
domains of the Notch receptor are
synthesized as a single protein (pre-
Notch). A Furin-like convertase cleaves
pre-Notch into the extracellular and
intracellular domain (S1 cleavage). This
results in a heterodimeric receptor with
non-covalently associated domains that
is transported to the plasma
membrane. Ligand binding initiates two
successive proteolytic cleavages (S2
and S3). The first, mediated by an
ADAM (a disintegrin and
metalloproteinase domain) proteinase,
occurs in the extracellular domain. S2
cleavage allows access of the-
secretase complex, which is responsible
for the second proteolytic cleavage (S3),
which occurs within the transmembrane
domain and liberates the intracellular
domain (NICD). NICD then translocates
to the nucleus, where it interacts with
the CSL transcription factor converting it
from a transcriptional repressor to an
activator. A few transcriptional targets of
Notch have been identified and
include Hes, Hey, p21, Myc or cyclin D.
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related proteins (HEY), as well as p21cip1/waf1, c-myc, HER2, members of NF-kB

family and PPAR family and DLL4 and Notch-1 itself [98].

Notch signaling in cancer

The role of Notch signaling in the regulation of tumor behavior depends on its
function in a given tissue. Notch signaling is primarily oncogenic in many cellular
contexts by maintaining cells in an undifferentiated state or inducing them to retain a
stem cell-like characteristic. However, Notch can also be tumor-suppressive by
inducing keratinocyte growth arrest in the skin [99]. The role of Notch signaling in
human malignancy was first identified in T-cell acute Iymphoblastic
leukemia/lymphoma (T-ALL/T-LL) and Notch-1 gain-of-function mutations were
subsequently found in approximately 50% of T-ALL [100]. However, in solid tumors,
mutations of the Notch family members are infrequent and the mutation rates are
only 4.7% for Notch-1, 1.5% for Notch-2 and 1.3% for Notch-3. Notch-4 and Notch
ligand genes are rarely mutated [101]. Yet, an overexpression of Notch receptors and
ligands is frequently found, independently of mutation, in human solid tumors
including gastric, pancreatic, prostate, breast, lung, glioblastoma, sarcomas, cervical,
melanoma or head and neck tumors [101-108], suggesting a role for upstream
signals in controlling Notch signaling activation. Deregulation of the Notch pathway
may result in increased intracellular levels of NICD, which in turn modulate several
cellular functions associated with tumorigenesis such as cell cycle progression, cell
metabolism, apoptosis, adhesion, transition epithelial-mesenchyme and
angiogenesis [92, 109]. In the second and third chapters of this thesis, the specific

role of galectin-3 in Notch signaling and angiogenesis will be addressed.
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Notch signaling in angiogenesis

Angiogenesis is a fundamental process by which new blood vessels are
formed from pre- existing ones and is a requisite not only for continued tumor growth,
but also for metastasis [110]. The sprouting of new blood vessels initiates after
degradation of the extracellular matrix allowing endothelial cells (ECs) migration,
invasion, proliferation and tube formation. The balance of angiogenesis-promoting
factors and angiogenesis inhibitors tightly regulates the angiogenic switch, the
transition from a nonangiogenic to an angiogenic phenotype in tumors [111].
Therefore, in tumors, the angiogenic switch may occur when tumors expand, causing
some cells to become hypoxic. The response of tumor cells to hypoxia activates the
hypoxia-inducible factor (HIF-1) that directly transactivates genes involved in the
process of angiogenesis, such as vascular endothelial growth factor (VEGF) [112].
VEGEF is probably the best characterized and among the first identified proangiogenic
proteins involved in all stages of angiogenesis. The current model of angiogenesis
centers on the interplay between tips and stalk cells (Figure 4). Accordingly, when
extracellular VEGF-A binds VEGF receptor 2 (VEGFR-2) on an endothelial cell it
causes an up-regulation of DLL4 ligand (tip cell). DLL4 is then able to interact with
Notch receptors on adjacent endothelial cells (stalk cell), leading to the
downregulation of VEGFR-2 in those cells. As a consequence, the tip cells express
high levels of VEGFR-2 and DLL4, are nonproliferative and undergo chemotaxis
toward angiogenic factors. Stalk cells neighbors are rendered less sensitive to
VEGF-A signaling, are proliferative and contribute to the elongation of the nascent
sprout. These stalk cells ultimately lumenize to form functional blood vessels [113].
Recent work has suggested that DLL4 and Jagged1 signaling may have opposing
effect in angiogenesis [114, 115]. Indeed Notch ligand Jagged1 was described to be
a potent proangiogenic regulator and to antagonize DIl4-Notch signaling in

endothelial cells, allowing the integration of different pro- and antiangiogenic stimuli
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into a single coordinated biological process of tip cell formation. Moreover Jagged1
expression in tumor cells promotes the growth of tumor vessels, suggesting a pro-
angiogenic role of Jagged1 in tumors [116]. Since DLL4 and Jagged1 have opposing
roles in angiogenesis, the identification of upstream signals controlling the expression
of one or the other ligand might modulate angiogenesis positively or negatively and
have a direct impact in the development of strategies aimed at controlling tumor

angiogenesis.

o]

Tumor
hypoxia

| VEGFR
VEGFR2\ oy _D% J
-

Notch 1 ¥——/

Tip cell

Figure 4. Mechanism of sprouting angiogenesis. A) Vascular endothelial
growth factor (VEGF) from hypoxic tumor cells and surrounding tissue activates
quiescent endothelial cells (ECs). Responsive ECs should take the lead to
prevent ECs moving as a sheet instead of forming a branch. B) The tip cell
gains a competitive advantage and is induced to migrate acquiring its tip
position in the growing sprout. Tip cells activate Notch signaling in neighboring
stalk cells preventing them from becoming a new tip cell. C) This endothelial
fate specification is achieved by distinct molecular mechanisms: after VEGF-
induced selection of the tip cell, VEGFR2 activation leads to upregulation of the
Notch ligand DIl4 by the tip cell. DIl4 activates Notch in the neighboring cell,
which results in VEGFR2 and down-modulation on the neighboring cell. The
latter cell will adapt a stalk phenotype, because the VEGF-induced migratory
response is minimized.

Agents targeting Notch signaling

The use of antiangiogenics agents still holds promise for future cancer
treatment. However, after over two decades of antiangiogenic therapy, only modest

benefits in increasing overall survival of cancer patients have been reached.
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Numerous mechanisms of resistance to antiangiogenic therapy have been proposed
so far [117] [118]. Among them, prolonged VEGF inhibition increases the secretion of
hypoxia-induced factors with proangiogenic properties, which can bypass the initial
requirement of VEGF for inducing angiogenesis. Therefore, such redundancy of
angiogenic molecules may limit the efficacy of anti-VEGF-based therapy.

Targeting the Notch pathway with either small molecule inhibitors of y-
secretase (GSIs) or large molecule monoclonal antibodies (mAbs) to Notch ligands
and Notch receptors are currently in clinical development [93]. However, several
challenges have been encountered due to the dose limiting intestinal adverse events.
Indeed, disruption of Notch in the intestinal crypt stem cells (that rely on Notch
signaling for daughter cell fate determination) leads to overpopulation of mucus-
secreting globet cells, leading to malnutrition and diarrhea [119, 120]. Recently, a
competitive Notch-1 decoy inhibitor protein was developed. This protein, consisting of
the 36 EGF-like repeats of the Notch-1 extracellular domain was able to competitively
inhibit Notch signaling in mouse model of tumor angiogenesis [121, 122]. However,
further work will be necessary to characterize the behavior of this construct.
Therefore, the search for novel angiogenic mechanisms may lead to a rational design
of more effective antiangiogenic combination therapies.

Galectin-3 interaction with the Notch signaling pathway has recently been
identified to inhibit osteoblast differentiation [123]. Furthermore, Deleted in Malignant
Brain Tumors 1 protein was shown to interact with galectin-3 and modulate Notch
signaling pathway [124]. Galectin-1 on the other hand, was reported to promote AKT
activation by potentiating integrin a6pf4 and Notch1/Jagged2 in lung cancer [125].
However, the precise role by which galectins affects Notch signal transduction
remains elusive. The present thesis demonstrates that galectin-3 regulates
Jagged1/Notch signaling activation making it an attractive target for antiangiogenic

therapy.
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Tumor glycosylation

The characterization of the biological functions of glycan-binding proteins,
such as galectins, has led to important contributions to the oncology field. As an
example, the aberrant glycosylation of VEGFR-2 has been shown to modulate its
interaction with galectins and to increase tumor angiogenesis [126]. Indeed, tumor
cells display a wide range of glycosylation alterations compared with their non-
transformed counterparts. Several evidences support the notion that aberrant
glycosylation presented on the cell-surface correlates with cancer progression and
affects tumor cell growth, invasion and metastasis [127]. Malignant transformation
was shown to lead to the expression of cancer specific antigens, such as oncofetal
antigens (epitopes that are present on embryonic tissues and tumor cells but are
absent in healthy adult cells), via neo-synthesis or incomplete synthesis [128].
Interestingly though, some of the most-common clinically utilized serological
biomarkers for cancer diagnosis as well as prognostic biomarkers, are glycoproteins
[129, 130]. For example, biomarkers that are widely used in patients include prostate
cancer (prostate-specific antigen (PSA)) [131], ovarian cancer (carcinoma antigen
125 (CA125) [132], colon cancer (SLea, CA19-9 and carcinoembryonic antigen
(CEA)) [130, 133], breast cancer (aberrantly glycosylated MUC1) [134] and gastric
cancer (SLea, CA19-9) [130, 135].

The glycans found in human cells, typically undergo glycosylation in the
endoplasmic reticulum-Golgi pathway, and are mainly attached to the protein via an
Asn residue within a consensus peptide sequence of Asn-X-Ser/Thr (where X can be
any amino acid except proline) for N-glycans; or they can be attached by a GalNAc
residue in the hydroxyl group of a Ser or Thr residue on the peptide sequence for O-
glycans [136]. Altered glycosylation of N-linked glycans in cancer is typically
associated with enhanced B1,6-branching by the B1,6-N-

acetylglucosaminyltransferase-5 (GnT5) enzyme, which was shown to favor tumor
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growth and metastasis [137, 138]. Regarding O-glycans, shortened or truncated
glycans, such as antigens T, Tn and their sialylated forms (sT/Tn) seem to be a
consistent feature commonly increased in O-glycans attached to mucins. These
truncated glycans have been reported to be present at elevated levels in breast,

colorectal, ovarian and gastric cancer [139-142].

Glycosylation and tumor resistance to therapy

Despite the significant clinical success of platinum-based therapies, drug
resistance is still the principal cause of treatment failure. Several studies have
reported that alterations in the glycosylation status of tumor cells are associated with
chemoresistance. In ovarian cancer, increased levels of multidrug resistance-
associated protein (MRP) 1 and MRP4 in resistant cells were associated with a
glycosylation defect involving N-linked oligosaccharides [143]. Moreover, altered
glycosylation of MRP1 was found in epidermoid carcinoma cells selected for
resistance to platinum drugs [144]. N-glycan alterations were also associated with
epirubucin and mitoxantrone drugs resistance in human hepatocellular carcinoma
[145]. On the other hand, inhibition of N-linked glycosylation of P-glycoprotein by
tunicamycin, which inhibits the biosynthesis of glycan precursors, resulted in a
reduced multidrug resistance phenotype in a human colorectal carcinoma model
[146]. In a different study, alterations in the N-glycan profile of human breast cancer
cells correlated with tumor sensitivity to chemotherapeutic drugs such as paclitaxel,
vincristine and Adriamycin [147]. All the above studies have proved the importance of
altered-N-linked glycans in inducing resistance to chemotherapy. However, the role
of O-linked glycans in drug-resistant cells has not been elucidated so far. The
present thesis explores for the first time the role of O-glycans in cancer drug

resistance.
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Alteration of O-glycans in cancer

O-linked glycosylation is one of the most abundant forms of protein
glycosylation at the cell surface. The O-glycan synthesis is initiated by the addition of
a GalNAc to the Ser or Thr residue of a protein. The simplest O-glycan Tn antigen
can be further converted to a core 1 structure (T antigen) by the addition of a 31,3
galactose extension or to a core 3 structure by the addition of f1,3-GIcNAc. Core 1
structure can be further branched by C2GnT1 to form core 2 that can be further

modified to poly-N-acetyllactosamine structures carrying sialyl-Lewisx/a (Figure 5).
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Figure 5. Biosynthesis of O-glycans.

A) N-acetylgalactosamine (GalNAc; Tn antigen) can be converted to core 1 (T antigen) by core 1 33-
Gal-transferase (core 1 GalT) or to core 3 structures by core 3 B3-N-acetylglucosamine (GIcNAc)-
transferase (core 3 GIcNAcT), which can be branched by C2GnT2 to form core 4. Core 1 can be
converted to sialyl-T antigens by a3-sialyltransferases (ST3Gal) or by a6-sialyltransferases
(ST6GalNAc). Alternatively, core 1 can be elongated by a B3-GlcNAc-transferase (elong. GIcNACT) or
can be branched by C2GnT to form core 2. All core structures can be further extended to form complex
O-glycans.

B) In the biosynthetic pathway that forms the sialyl-Tn (STn) antigen, a family of polypeptide N-
acetylgalactosamine (GalNAc)-transferases (ppGalNAcT) initially adds a GalNAc residue to Ser or Thr
of the peptide. This is followed by the addition of sialic acid in a2-6 linkage to GalNAc, catalysed by a
family of a6-sialyltransferases (ST6GalNAc), and produces the STn antigen. Bars across the arrows
indicate a block in the biosynthetic pathway [148].

During tumor progression, mucins of intestine, colon, liver, stomach or
pancreas can present a reduced expression of core 1 GalT and core 3 GIcNAcCT
correlated with an increased formation of sialyl-Tn and sialyl-T antigens [148].
Moreover, an enhanced expression of sLEx on O-glycans in colorectal and lung
carcinomas was found to be associated with strong binding to E-selectin and

metastasis compared to normal tissues [149, 150]. Additionally, reduced expression
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of C2GnT1 in mammary cancer was associated with enhanced presence of Tn and
STn [151, 152].

Sialyl-Tn overexpression has been reported to be a consequence of
ST6GalNAc-I upregulation or re-localization from the Golgi to the endoplasmic
reticulum [126, 153]. Since STn is not a normal biosynthetic precursor, its expression
is necessarily pathologic. No other oligossacharides are known to be further added to
STn antigen. STn expression has been shown to reduce tumor cell-cell aggregation
and increase extracellular matrix adhesion, migration and invasion in breast and
gastric cancer [154, 155]. Moreover, STn antigen was found in circulating CD44
protein in serum from patients with gastric cancer and has also been found in
plasminogen in the serum from patients with intestinal metaplasia and gastric
carcinoma [156, 157]. STn-expressing tumor cells were reported to impair dendritic
cells (DC) maturation, rendering DCs with a tolerogenic function and limiting their
capacity to trigger protective anti-tumour T cell responses [158]. Therefore, targeting
tumor-associated changes in glycosylation represents an attractive opportunity for
novel therapeutic interventions. In the present thesis, we explore the role of O-
glycans sialylation in modulating the galectin-3 binding sites on the cell surface and

its consequences for chemotherapy resistance.
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Thesis outline

Galectin-3 has been the subject of an intense research over the past few
years due to its important role in cancer biology. In Chapter 1 we provide an
overview on the state of the art with regard to the role of galectin-3 in tumor biology.
Moreover, we discuss about the role of Notch signaling pathway in cancer and its
particular role in tumor angiogenesis. Finally, we present an overview of the impact of
tumor  altered-glycosylation in cancer progression and resistance to

chemotherapeutic drugs.

In Chapter 2 we address how galectin-3 and galectin-1 differentially modulate

Notch activation by Jagged1 or DLL4 ligands in tumor cells.

The Chapter 3 describes how galectin-3 acts as angiogenic switch to

promote tumor angiogenesis via Jagged1-Notch signaling activation.

The Chapter 4 describes how sialylated O-linked glycans influence galectin-3
subcellular localization, which in turn confers tumor cells resistance to

chemotherapeutics.

In Chapter 5, we discuss how the knowledge obtained from the present
thesis may contribute to our understanding of the role of galectin-3 in Notch signaling
regulation, tumor angiogenesis and chemotherapeutic resistance. Moreover, we
discuss about the potential use of galectin-3 inhibitors and its combination with
conventional drugs as a strategy to overcome both platinum and antiangiogenic

therapy resistance.
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Introduction

Notch receptors are cell surface glycoproteins whose interaction with ligands
(Jagged/Delta-like) present on an adjacent cell initiates the proteolytic cleavage of
the receptor and the subsequent release of its intracellular domain (NICD) that
initiates the transcription of Notch target genes [1]. Notch signaling has emerged as
an attractive pathway for cancer therapy because of its central role in regulating
differentiation, proliferation, apoptosis and angiogenesis in a broad types of cancer
[2]. Although strategies targeting Notch pathway are currently being tested in clinical
trials [3], several challenges have been encountered due to the dose limiting
intestinal adverse event [3]. Therefore, the identification of novel molecules, which
can interfere with Notch signaling activation, will be of great importance for Notch-
targeted therapy.

Galectins, a family of glycan binding proteins, have emerged as promising
molecular targets for cancer therapy since they are overexpressed in a wide range of
tumor and can contribute to neoplastic transformation, growth, angiogenesis and
metastasis [4]. Recently, Nakajima et al [5], reported that galectin-3 was able to
binds and activate Notch-1 receptor in a ligand-independent way, thus inhibiting
osteoblast differentiation. Moreover, Deleted in Malignant Brain Tumors 1 protein
was shown to interact with galectin-3 and indirectly modulate Notch signaling
pathway [6]. In addition, galectin-1 was reported to promote AKT activation which
potentiating integrin a6B4 and Notch1/Jagged2 in lung cancer [7]. Therefore,
changes in galectin-1 and -3 expression levels during cancer progression suggest
that galectins may modulate Notch signaling during malignant transformation. Here
we found that galectin-1 and -3 differentially modulate Notch activation by Delta-4

and Jagged-1 ligands, respectively, in gastric carcinoma cells.
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Results

Galectin-1 and galectin-3 have a positive correlation with Jagged-1

and DLL4 protein expression in gastric cancer tissues

To study the correlation between galectin-1 and -3 protein expressions with
Notch-1 receptor and Jagged1, DLL4 ligands, we analyzed by immunohistochemistry
58 gastric tumor samples (Table S1) and quantified the intensity and proportion
staining of the different proteins with the Allred score (Table S2). Galectin-1
expression was mostly expressed in tumor-associated stroma cells with a
negative/weak reaction in tumor cells (Figure 1A-E) whereas gal-3 was mainly found
in tumor cells (Figure 1F-J). Jagged1 and Notch-1 were typically present in tumor
cells whereas DLL4 was found both in tumor as well as in cancer-associated stroma

Intestinal Intestinal type Diffuse type
metaplasia gastric carcinoma gastric carcinoma

Jagged-1 Galectin-3 Galectin-1

Delta-like-4

Figure 1. Galectin-1 and galectin-3 are positively correlated with Notch ligands.

Representative immunostaining of galectin-1 (A-E), galectin-3 (F-J), Jagged-1 (K-O), Delta-like-4 (P-T)
and Notch-1 (U-Y) in intestinal metaplasia, intestinal type gastric carcinoma and diffuse type gastric
carcinoma. Scale bars, 50 pm.
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cells (Figure 1K-Y). Spearman’s p-test gave a positive correlation between the
expression levels of gal-1 and DLL4 and, between the levels of gal-3 with Jagged1
and DLL4 ligands (Table S3). No correlation was found between both galectins and

Notch-1 receptor.

Galectin-1 and galectin-3 bind to Notch-1 receptor

We next used AGS and MKN45 gastric carcinoma cells as a model to study
galectins interaction with Notch-1 receptor. Both cell lines presented similar levels of
cell surface expression of galectin-1 (Figure 2A) as evaluated by flow cytometry
analysis, though, gal-3 cell surface expression (Figure 2B), as well as gal-1 and gal-3
cell surface-binding sites (Figure 2C and 2D) were significantly higher in AGS cell in
comparison with MKN45. The total levels of gal-1 and gal-3 (Figure 2E-G) were
increased in AGS cells in comparison to MKN45. Using AGS and MKN45 cells
lysates we observed that both gal-1 (Figure 2H) and gal-3 (Figure 2l) were co-

immunoprecipitated with Notch-1 receptor.

Galectin-1 and galectin-3 activate ligand-dependent Notch
signaling

We further investigated the effect of gal-1 and gal-3 in Notch signaling
activation by culturing AGS cells, which presented the highest levels of gal-1 and gal-
3, with immobilized BSA (control), Jagged1 or DLL4. We found, as expected, that
DLL4 is a more potent activator of the Notch signaling than Jagged1 in scrambled-
AGS cells (Figure 3A). Upon galectin-1 dsRNA inhibition, Jagged1 was found to
upregulate NICD1 protein levels while DLL4 induced a downregulation of NICD1
levels (Figure 3A and 3B) and, Hes-1 (Figure 3C) and Hey-1 (Figure 3D) Notch
target genes in comparison to scrambled cells. On the other hand, galectin-3 dsRNA

inhibition led to NICD1 (Figure 3E and 3F), Hes-1, (Figure 3G) and Hey-1 (Figure
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Figure 2. Galectin-1 and galectin-3 from AGS and MKN45 gastric cancer cells bind to Notch-1
receptor.

(A-D) Flow cytometry histogram and mean fluorescence intensity quantification of cell surface (A)
galectin-1, (B) galectin-3, (C) galectin-1-FITC and (D) galectin-3-FITC in AGS and MKN45 cells.

(E) Galectin-1 and (F) galectin-3 mRNA levels of AGS and MKN45 cells. The relative levels of
expression were normalized to the level of B-actin mRNA expression.

(G) Immunoblot of galectin-1, galectin-3 and Notch-1 in (G) total AGS and MKN45 lysates or in the
immunoprecipitation of (H) galectin-1 and (l) galectin-3. B-actin was used as a loading control.

Data are representative of three independent experiments (A-D and G-I), or are the mean + SEM, n=3
(E and F). **p<0.01; ***p<0,001.

3H) downregulation in the presence of Jagged-1 but to NICD1 upregulation in the
presence of DLL4 compared to scramble cells (Figure 3C and 3D). Altogether, these
results show that gal-1 preferentially activates Notch-1 signaling by the DLL4 ligand
whereas gal-3 enhances Jagged1-mediated Notch-1 activation.
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Figure 3. Galectin-1 and galectin-3 modulate ligand-dependent Notch-1 signaling activation.
AGS-scramble or AGS-dsRNA-Gal-1 cells seeded for 6 hours in a BSA-, DLL4- or Jagged1-coated plate
were (A) immunoblotted against NICD1 and galectin-1 or, evaluated for (B) galectin-1, (C) Hes-1 and
(D) Hey-1 mRNA levels. B-actin was used as loading control and (B-D) were normalized to B-actin
mRNA expression.

AGS-scramble or AGS-dsRNA-Gal-3 cells seeded for 6 hours in a BSA-, DLL4- or Jagged1-coated plate
were (E) immunoblotted against NICD1 and galectin-3 or, evaluated for (F) galectin-3, (G) Hes-1 and
(H) Hey-1 mRNA levels. B-actin was used as loading control and (F-H) were normalized to B-actin
mRNA expression.

Data are representative of three independent experiments (A and E), or are the mean + SEM, n=3.
**p<0.01; ***p<0,001.

Galectin-3 regulates Notch ligands and Notch-1 receptor

expression

Unlike galectin-1, galectin-3 was predominantly found in tumor cells of gastric

cancer. Therefore, we additionally observed that gal-3-silenced AGS cells showed
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decreased levels of cell surface galectin-3 (Figure 4A) and total galectin-3 (Figure
4B), that led to a downregulation of cell surface DLL1, DLL4 and Jagged1 ligands
and Notch-1 receptor in comparison to scrambled AGS cells (Figure 4C-4F,
respectively). Moreover, human glioblastoma cells overexpressing the Notch ligands
Jagged1 (U87-JG1) or DLL4 (U87-DLL4) presented increased cell surface levels of
galectin-3 (Figure S1A) and galectin-3 binding sites (Figure S1B) in comparison with
the control empty vector U87-EV. These data suggest that galectin-3 regulates the
expression levels of the Notch ligands and Notch-1 receptor through direct binding to

Notch components.

Extracellular galectin-3 can rescue Jagged1-Notch signaling

activation

We subsequently incubated AGS-scramble cells with 2uM of recombinant
human galectin-3 and observed an upregulation of NICD1 and Jagged-1 protein
levels in the presence of immobilized Jagged-1 compared to control BSA (Figure
4G). Exogenously added gal-3 was able to further upregulate NICD1 and Jagged1
protein levels. In gal-3-silenced cells, NICD1 and Jagged1 levels were decreased in
comparison to scrambled cells and immobilized Jagged1 was not able to activate
Notch signaling nor Jagged1 protein. Surprisingly, exogenously added gal-3 was
able to rescue NICD1 and Jagged1 expression in gal-3-silenced AGS cells (Figure
4G). No differences were found in DLL4 protein expression in all tested conditions.
Exogenously added gal-3 also increased NICD1 levels in U87-EV, -JG1 and -DLL4
scrambled cells, though this increase was higher in Jagged1-overexpressing cells
(Figure S1C). In gal-3-silenced cells, exogenously added gal-3 rescued Notch-1
activation to the basal scrambled levels in U87-JG1 cells, but no effect was found in
U87-EV or U87-DLL4. Our results demonstrate that extracellular galectin-3 has an

important role in modulating Jagged1/Notch-1 activation in cancer cells.
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Figure 4. Galectin-3 regulates the cell surface expression of Notch components and extracellular
gal-3 increases Jagged1/Notch signaling activation.

(A-F) Flow cytometry histogram and the mean fluorescence intensity (MFI) of cell surface (A), total
galectin-3 (B), Delta-like-1 (C), Delta-like-4 (D), Jagged1 (E) and Notch-1 (F) in AGS-scramble or AGS-
dsRNA-Gal3.

(G) Immunoblot of NICD1, Jagged1, Delta-like-4 and galectin-3 in AGS-scramble or AGS-dsRNA-Gal-3
cultured for 6 hours with immobilized Jagged1 and/or gal-3. B-actin was used as a loading control.

Data are representative of three independent experiments or are the mean + SEM, n=3. *p<0.05;
**p<0.01; ***p<0,001.
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Discussion

Galectin-1 and galectin-3 have been the subject of an intense research due to
their increased expression in cancer tissue comparing to normal tissues and their
role in tumor biology. Here we demonstrate that (1) galectin-1 has a positive
correlation with DLL4 protein whereas galectin-3 preferentially positively correlates
with Jagged1 expression in gastric cancer tissues; (2) galectin-1 and -3 bind and
activate Notch-1 signaling in a ligand-dependent manner; (3) Particularly, galectin-3
was found to regulate Notch ligands and Notch-1 receptor expression; (4)
Extracellular gal-3 was able to rescue Notch signaling activation in a Jagged1-
dependent manner in cells gal-3 depleted.

Galectin-1 expression in tumor tissues has been mainly associated to the
stroma surrounding tumor cells and endothelial cells [8]. Likewise DLL4 is
preferentially overexpressed in tumor and stromal/endothelilal-associated tumor cells
[9]. Galectin-3 and Jagged1 on the other hand have been mainly found
overexpressed in the tumor cells [10, 11]. Therefore, gal-1-DLL4 and gal-3-Jagged1
related localizations may explain the preferential Notch-dependent ligand signaling
activation by galectins. Moreover, both Notch receptor and ligands are glycoproteins
bearing B1-4-galactose glycans that are potentially recognized by galectins.
Therefore, the ability of galectins to crosslink glycosylated proteins could promote
Notch receptor and ligand interaction between different cells, thus initiating the Notch
signaling activation cascade. Furthermore, galectin-1 was reported to form
homogenous and organized lattices whereas galectin-3 forms heterogeneous and
disorganized structures when cross-linking multivalent carbohydrates [12]. The
differences in the lattice formation could also explain why galectin-1 preferentially
activates Notch via DLL4, whereas galectin-3 preferentially activates Notch via
Jagged1. Additionally, it has been demonstrated that galectins have the ability to

control cell surface receptors half-life [4]. Since endocytosis is a fundamental feature
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of the Notch signaling pathway [2], we can also hypothesize that extracellular
galectins may regulate Notch receptor or ligands endocytosis, thus modulating Notch
activation.

In addition to binding extracellular glycoproteins, galectin-1 and galectin-3 are
also engaged in protein-protein interactions and can be found intracellularly [4].
Therefore, we cannot discard a direct interaction between galectins and NICD in
Notch signaling modulation. Interestingly, gal-1 has been reported to inhibit glycogen
synthase kinase (GSK)-3a/B phosphorylation, increasing its activity [13] whereas gal-
3 was shown to increase GSK-3B phosphorylation by Akt, inactivating GSK-3§ [14].
Since conflicting results about GSK-38 have shown that this protein can increase
NICD phosphorylation protecting it from proteasome degradation, or, on the other
hand, downregulate Notch activity [15, 16], one can hypothesize that intracellular
galectins may also modulate intracellularly Notch signaling activation indirectly via
GSK-3.

We then propose a new mechanism by which galectin-1 and galectin-3 may
modulate Notch signaling activation in cancer cells (Figure S2). Since the status of
Notch signaling activation can be altered by galectin-1 and -3 expression during
malignant transformation, the interference with galectin-1 or galectin-3 in the tumor
microenvironment may represent a novel therapeutic intervention strategy against

Notch signaling in cancer.
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Experimental Procedures

Cell culture

MKN45 cells (American Type Culture Collection, Manassas, VALLC [17]) and
AGS cells (ATCC CRL-1739) were cultured in RPMI (Gibco, Life technologies, MD,
USA) Both cell lines were supplemented with 10% of fetal bovine serum (Gibco, Life
technologies, MD, USA) and 50ug/mL of gentamicin (Gibco, Life technologies, MD,
USA). Mycoplasma contamination in cultured cells was excluded using Lonza

Mycoplasma Detection Kit.

Flow cytometry

For flow cytometry, cells were incubated with anti-galectin-3, -galectin-1, -
DLL4, -Jagged1, -DLL1 or —Notch-1 antibodies and detected with Alexa488
conjugated secondary antibodies (Invitrogen). Alternatively, cells were incubated with
2uM of gal-1-FITC or gal-3-FITC in the presence or absence of lactose (50mM). For

detailed protocol see supplemental experimental procedures.

Gene expression analysis

Total RNA from cell cultures was isolated with Tri-Reagent (Sigma) according
to the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized
using the High capacity cDNA RT kit (Applied Biosystems), according to the
manufacturer’s protocols. Quantitative PCR analysis of galectin-1, galectin-3, Hes-1
and Hey-1 were performed in triplicate using the SensiMix SYBR No-ROX kit
(Bioline). Relative quantification was done using the AACt method normalizing to B-

actin gene expression.
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Immunostaining

Sections from cancer specimens were fixed in 10% formaldehyde and
embedded in paraffin. Serial sections of 3 ym were cut and used for immunostaining
with anti-galectin-1, anti-galectin-3, anti-Notch-1, anti-DLL4 or anti-Jagged1 followed
by secondary biotinylated antibodies (DAKO). For detailed protocol see supplemental

experimental procedures.

Statistical Analysis

All data are expressed as the mean + SEM of at least three independent
experiments. Statistical analysis including spearman correlation, t-test and one-way
ANOVA were done using GraphPad Prism 6.0 software. p<0.05 was considered

statistically significant.
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Supplemental Information

Supplemental Figures and Legends
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Figure S1. Galectin-3 regulates Notch signaling in U87 cells.

(A and B) Flow cytometry histogram of cell surface galectin-3 (G) and galectin-3 binding sites,
Gal-3-FITC (H) in U87-EV, U87-DLL4 and U87-JG1.

(C) Immunoblot of NICD1 and galectin-3 in U87-EV, U87-DLL4 or U87-JG1cultured for 6
hours in the presence or absence of Gal-3 (2uM).

Data are representative of three independent experiments.
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Figure S2. Hypothesis model on Notch signaling modulation by galectin-1 and
galectin-3.

(1) Extracellular galectin-1 and galectin-3 may interact with glycans present on Notch-1 and
DLL4/Jagged-1 ligands, thus promoting their crosslink and facilitating cleavage and Notch
activation; (2) Galectin-1 and galectin-3 may induce DLL4/Jagged-1 endocytosis important for
the production of active ligands; (3) Alternatively, intracellular galectin-1 and galectin-3 may
also directly interact with Notch intracellular domain (NICD) by protein-protein interaction and
facilitate its migration to the nucleus; (4) Indirectly, both galectins can increase NICD
phosphorylation thus increasing NICD stability; (5) In the nucleus, galectin-1 and galectin-3

can modulate NICD binding to DNA.
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Supplemental Table

Table S1. Clinicopathological characteristics of the patients

Number of patients N (%)

Gender
Male 37 (63.8)
Female 21 (36.2)

Age (years)

<50 11 (18.9)

>50 47 (81.1)
Lauren

Intestinal 32 (57.2)

Diffuse 26 (44.8)
TMN stage

I 7(12.1)

Il 7(12.1)

1 43 (74.1)

\Y 1(1.7)
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Table S2. Allred score for galectin-1, galectin-3, Jagged1, DLL4 and Notch-1

status in human gastric samples (0-8)*.

Galectin-1 | Galectin-3 | Jagged1 DLL4 Notch-1
Categories | Allred
scoring N % N % N % N % N %
0 7 0 0 0 8
Negative 30 1.7 0 14.6 25
2 5 1 0 6 0
3 9 0 0 1 5
4 5 4 0 3 6
5 2 1 0 13 4
Positive 70 98.3 100 854 75
6 8 3 3 10 7
7 2 12 19 7 2
8 2 37 19 1 0
Total 40 100 | 58 100 | 41 100 | 41 100 | 32 100

*Allred score= % staining score + intensity score

Table S3. Spearman’s p-test correlation between galectin-1, galectin-3,

Jagged1, DLL4 and Notch-1.

Galectin-1 Galectin-3
r P-value r P-value
Jagged1 0.1947 0.2225 0.4459 0.0035
DLL4 0.404 0.0088 0.3415 0.0289
Notch-1 -0.4359 0.0624 -0.1378 0.4520
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Supplemental Experimental Procedures

Cell culture

U87 cells (ATCC, HTB-14) and AGS cells (ATCC CRL-1739) were cultured in
DMEM (Gibco, Life technologies, MD, USA) and were supplemented with 10% of
fetal bovine serum (Gibco, Life technologies, MD, USA) and 50ug/mL of gentamicin
(Gibco, Life technologies, MD, USA). Mycoplasma contamination in cultured cells

was excluded using Lonza Mycoplasma Detection Kit.

Recombinant human galectin-3 and galectin-1 preparation

Galectin-3 and galectin-1 were produced in Escherichia coli BI21/DE3
containing the pET11a plasmid with the human galectin-3 coding DNA or the human
galectin-1 coding DNA and purified by affinity chromatography on lactosyl-Sepharose
(Sigma) as previously described [18, 19]. Lactose was removed by gel-filtration
chromatography on desalting columns and contaminating LPS was eliminated by
affinity chromatography on detoxi-gel beads (Pierce). The endotoxin levels were less
than 0,1 EU per ug of protein as determined by the LAL method (Lonza). Conjugation
of galectin-1 and galectin-3 with FITC was performed accordingly to manufacturer’s

instructions (Thermo Fischer Scientific).

Immunoprecipitation and Western Blotting

Cells were lysed in RIPA buffer (Sigma). For immunoprecipiattion studies,
100pg of total protein was incubated O.N. with anti-galectin-1 or anti-galectin-3
antibodies and then incubated with Protein G-coupled beads (Sigma) for 2 hours.
Beads were washed and bound proteins were applied in Novex NuPAGE SDS-
PAGE gel system (Invitrogen). Alternatively 50ug of protein extract was separated by
NuPAGE SDS-PAGE gel and then transferred overnight to a PVDF membrane

(Invitrogen). The membrane was incubated with anti-galectin-1 (Abcam, ab25138),
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anti-galectin-3 (M3/38, ATCC TIB166), anti-Notch-1 (Santa Cruz, sc-6014), NICD1
(Cell signaling, D3B8), anti-DLL4 (Santa Cruz, sc-18640) or anti-Jagged1 (Santa
Cruz, sc-6011). Anti-B-actin-peroxidase (Sigma) was used as a loading control.
Horseradish peroxidase (HRP)-conjugated secondary antibodies (Dako) were
detected using the enhanced chemiluminescence (ECL) reagent (GE Healthcare)

and images were acquired using ImageQuant (GE HealthCare).

Flow cytometry

For flow cytometry, 1x10° cells were harvested, blocked with 1% BSA/PBS
and then incubated with anti-galectin-3 (M3/38, ATCC TIB166), anti-galectin-1
(Abcam, ab25138), anti-DLL4 (Santa Cruz, sc-18640), anti-Jagged1 (Santa Cruz, sc-
6011), anti-DLL1 (Santa Cruz, sc-8155) or anti-Notch-1 (Santa Cruz, sc-6014) for 1
hour. Primary antibodies were detected with Alexa488 conjugated secondary
antibodies (Invitrogen). For intracellular staining of galectin-3 cells were treated as
described above and permeabilized with saponin 0.5%/PBS in the presence of anti-
galectin-3 antibody. Alternatively, cells were incubated with 2uM of gal-1-FITC or gal-
3-FITC in the presence or absence of lactose (50mM). Analyses were made using
the flow cytometer CyAn™ ADP Analyzer from Beckman Coulter. Data were

subsequently evaluated with FlowJo vX 0.7 software.

Galectin-1 and galectin-3 dsRNA transfection

AGS cells were transfected at 60% of confluency with galectin-1 or galectin-3
specific siRNAs and negative control (scramble) IDT (TriFECTa Kit) at a final
concentration of 20nM using RNAIMAX reagent (Invitrogen) in Opti-MEM | reduced
serum medium (Invitrogen). After 6h, transfection medium was replaced by complete
RPMI medium. 48h post-transfection, cells were cultured for additional 6 hours in a
plate previously coated with 1 pug/ml rhJagged1 (R&D system) or 1 ug/ml rhDLL4
(R&D system) or 1 ug/ml BSA (Sigma).
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Generation of DLL4 and Jagged1 overexpressing U87 cells

Stable U87 control (EV) or overexpressing the full length Delta-like-4 (DLL4)
or Jagged1 (JG1), were generated after co-transfection of 30ug of empty vector-
containing pLenti6.2-V5 plasmid or full length DLL4 cDNA or Jagged1 cDNA-
containing pLenti6.2-V5 plasmid with 15ug pPAX2 and 5ug of pMDG.2 (Addgene)
into HEK293t packaging cell line utilizing CaCl, method. The viral supernatant was
recovered and the transduced cells were generated by infection with 6 MOI
(multiplicity of infectious units) of lentiviral particles. On the next day, cells were
replaced with fresh medium, and a day later, cells were selected with 5ug/mL of
Blasticidin for 1 week. DLL4 and Jagged1 expression were confirmed by Western

blot.

Immunostaining

Sections from cancer specimens were obtained from patients with muci- nous
adenocarcinomas undergoing surgery at Hospital S. Jo&do, Medical Faculty (Porto,
Portugal) between 1991 and 2009. Tissue fragments were fixed in 10%
formaldehyde and embedded in paraffin. Serial sections of 3 ym were cut and used
for immunostaining with anti-galectin-1 (Abcam, ab25138), anti-galectin-3 (M3/38,
ATCC TIB166), anti-Notch-1 (Santa Cruz, sc-6014), anti-DLL4 (Santa Cruz, sc-
18640) or anti-Jagged1 (Santa Cruz, sc-6011) followed by a secondary biotinylated
antibodies (DAKO). Next, streptavidin-peroxidase (DAKO) was added and color
development was done with DAB (DAKO). Nuclei were counterstained with
hematoxylin and mounted in Vectashield (Vector Laboratories, Inc). Representative
areas of gastric adenocarcinomas were digitalized by digital camera (axioskop Plus,
Zeiss, germany) and the immunohistochemical expression of the proteins was semi-
quantitatively measured by estimating the proportion and intensity of positively
stained tumor cells [20]. The proportion score (PS) was given using a 0-to-4 scale: 0
for 0-5% positive tumor cells, 1 for 6-25% positive tumor cells, 2 for 26-50% positive
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tumor cells, 3 for 51-75% positive tumor cells and 4 for >75% positive tumor cells.
The intensity score (IS) was based on a 4-point system: 0, 1, 2 and 3 (for no, light,
medium or dark staining, respectively). The proportion and intensity scores were
added to obtain the total score (Allred scoring system). The Spearman correlation
was used to analyze the significance of the correlation between galectin-1 or

galectin-3 proteins expression and Jagged1, DLL4 or Notch-1 expressions.

Statistical Analysis

All data are expressed as the mean + SEM of at least three independent
experiments. Statistical analysis including spearman correlation, t-test, one-way
ANOVA and two-way ANOVA were done using GraphPad Prism 6.0 software.

p<0.05 was considered statistically significant.
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Introduction

In tumors, the angiogenic switch occurs when a tumor expands, causing
some cells to become hypoxic. An insufficient supply of nutrients and oxygen trigger
tumor cells to release hypoxia-dependent, and tissue-derived proangiogenic signals,
such as vascular endothelial growth factor (VEGF) [1], which stimulate quiescent
endothelial cells (ECs) to become migratory and invasive. The current widely
accepted angiogenic model describes that VEGF/VEGFR2 up regulates the Notch
ligand DLL4 in responsive endothelial tip cells [2, 3]. This tip cell is rapidly selected
and can signal Notch1 receptor in an adjacent endothelial cell to acquire a stalk cell
characteristics inducing HES and HEY transcription factor families [4]. HES and HEY
proteins in stalk cells, are able to repress VEGFR2 expression, preventing the
excess of sprout formation [5]. Still, this crosstalk between Notch and VEGFR2 is
complex. VEGFR2 has been reported not to be essential for DLL4 expression in tip
cells [6, 7] and, Notch inhibition also had no significant impact on VEGFR2
expression inducing deregulated endothelial sprouting and proliferation even in the
absence of VEGFR2 [8]. Adding further complexity, a growing body of evidence has
demonstrated that remodeling of cell-surface glycans through the action of
glycosyltransferases, regulates the angiogenic process and determines the selective
activation of Notch signaling by DLL4 or Jagged1 in endothelial tip cells [9]. Here, we
investigated how a secreted glycan-binding protein affects the balance of Jagged1
and DLL4 expression in ECs and, consequently tumor angiogenesis.

Recently, much attention has been given to galectins and their role in tumor
angiogenesis [10-12]. Galectin-3 (Gal-3), a glycan-binding protein, is one of the most
studied galectins and unique for having an N-terminal nonlectin domain of about 100
aminoacids, in addition to the usual C-terminal carbohydrate recognition domain
(CRD). Once Gal-3 binds to cell surface glycans by its CRD, Gal-3 molecules can

form oligomers (in a concentration dependent manner) through the N-terminal
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domain and promote crosslinks of its ligands, thus modulating several cellular
signaling pathways [13]. Galectin-3 has been reported as a proangiogenic molecule
that is induced during hypoxia [14, 15] and increases the chemotaxis and
differentiation of human umbilical vein endothelial cells (HUVECs) by enhancing
VEGFR2 signaling activation [16-18]. Accordingly, disruption of galectin-3 in the
tumor stroma reduces macrophage induced-angiogenesis dependent on VEGF and
TGF-f signaling [19].

Taking into account both the role of galectin-3 in inducing VEGFR2 activation
and the interplay between VEGFR2 and DLL4/Notch in regulating angiogenesis, we
investigated the role of galectin-3 in integrating the VEGF-A-VEGFR2-DLL4—-Notch
signaling axis. We identified galectin-3 as a novel interaction partner of DLL4 and
Jagged1 ligands, capable of inducing angiogenesis through enhancing
Jagged1/Notch-1 activation in endothelial cells. This novel mechanism of regulation

should allow the development of new approaches to inhibit angiogenesis.
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Results

Galectin-3 binds to Jagged1 and DLL4 ligands and promotes

Notch-1 activation in a dose-dependent manner in endothelial cells

Since both Notch receptors and Notch ligands are cell surface glycoproteins
that display terminal B-galactose [20], we first investigated the interaction between
galectin-3, the Notch-1 receptor and Jagged1 and DLL4 ligands. For this assay, the
recombinant human Notch-1, Jagged1 and DLL4 proteins were immobilized in a 96
well plate and subsequently incubated with the human recombinant galectin-3 (Gal-
3) or its truncated form, galectin-3C (Gal-3C, retains its carbohydrate binding ability
but lacks the N-terminal domain). The bound Gal-3 and Gal-3C were detected by
ELISA. Gal-3 was able to bind Notch-1 (Figure 1A), Jagged1 (Figure 1B) and DLL4
(Figure 1C). In the presence of [-lactose (a competitive inhibitor of the galectin-3
CRD), galectin-3 binding to Notch ligands was only partially inhibited, suggesting a
role for Gal-3 N-terminal protein binding domain in such interaction. Gal-3C
interaction with Notch components was completely blocked by -lactose. Sucrose, a
non-competitive saccharide, was used as a control and had no effect on Gal-3 and
Gal-3C binding.

We next investigated whether galectin-3 modulated Notch-1 signaling
activation in HUVECSs. Initially, we demonstrated that both DylLight488-labeled
galectin-3 (Figure 1D) and galectin-3C (Figure 1E) were able to bind to HUVECs in a
dose dependent manner and the binding did not reach saturation at the highest dose
used. Subsequently, HUVECs in suspension were incubated with recombinant
human galectin-3 (37 nM, 370 nM, 0,925 yM and 1,85 uM) for 15 min and then
plated on BSA-, Jagged1- or DLL4-coated plates for an additional 6 hours. We found
that low doses of galectin-3 in the bovine serum albumin control (BSA), up-regulated
the expression of DLL4 and increased Notch-1 cleavage (NICD1), with 10ug being

the concentration that led to the highest level of Notch-1 activation (Figure 1F).
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Figure 1. Galectin-3 binds to Notch-1 receptor and Jagged1 and DLL4 ligands, and activates
Notch signaling.

(A-C) ELISA detection of galectin-3 or galectin-3C in a 96 well plate previously coated with human
Notch-1, Jagged1 or DLL4 proteins in the presence or absence of lactose or sucrose.

(D and E) Binding of DyLigth488 labeled-Gal-3 (D) or Gal-3C (E) to HUVECs in the presence or
absence of lactose followed by flow cytometry analyses.

(F) Immunoblot of galectin-3, NICD1, Notch-1 and DLL4 following treatment of HUVECs with 1, 10, 25
and 50 pg of Gal-3 or 50 pg pg of Gal-3C prior to seeding on BSA-, Jagged1- or Dll4-coated plates for
additional 6 hours. B-actin was used as a loading control.

(G-1) HUVECs were incubated with 1 ug of Gal-3 or 50 pg of Gal-3C in the presence or absence of
lactose (50mM) prior to seeding on BSA, DIl4 or Jagged1 coated plate for 6h. RT-PCR was carried out
for the Notch target genes (G) Hes1, (H) Hey2 and (I) DLL4 and normalized to GAPDH.

Data are the mean £ SEM (A-E, G-I) or are representative (F) of three experiments. *p < 0.05, **p <
0.01, ***p < 0.001, ****p<0.0001.
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In the presence of immobilized Jagged1, the lowest dose of galectin-3 (37nM)
was more effective at increasing NICD1 levels than higher doses. In the presence of
immobilized DLL4, galectin-3 was more efficient at increasing Notch signaling at a
dose of 370nM.

Treatment with higher doses of galectin-3 (0.925uM and 1.85uM) resulted in
significant inhibition of Notch-1 signaling. In face of these results, all the subsequent
experiments were performed using the dose of 37nM of galectin-3. The influence of
Gal-3C on Notch activation was also assessed and we observed that even at the
highest dose (1.85uM), Gal-3C was able to increase NICD1 and DLL4 protein levels.
We also measured the expression of downstream Notch targets. As expected, DLL4
is a more potent activator of the Notch signaling pathway than Jagged1, as observed
from the basal expression levels. Yet, HUVECs treated with galectin-3 (37 nM) and
cultured on Jagged1-coated plates displayed a significantly increased transcription of
the Notch target genes HEY-1 (by ~3 fold) (Figure 1G), HEY-2 (~8 fold) (Figure 1H)
and DLL4 (~5 fold) in comparison to galectin-3 untreated cells on Jagged1 plates
(Figure 11). On DLL4-coated plates, galectin-3 led to a significant up-regulation of
HEY-1 (~2 fold), HEY-2 (~1,4 fold) and DLL4 (~2,7 fold) although to a lower extent in
comparison with Jagged1-coated plates. The effect of galectin-3 in Notch signaling
was lactose inhibitable and thus, dependent on its carbohydrate-binding domain.
Overall our results demonstrate that galectin-3 binds to Jagged1 and Delta-like-4
ligands by both carbohydrate-dependent and independent mechanisms and galectin-
3 preferentially increases the Notch signaling activation in endothelial cells by

Jagged1 more than DLL4.
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Galectin-3 induced-Notch signaling activation is independent of

VEGF/VEGFR2 signaling

It is well known that VEGFR2 signaling induces the expression of the Notch
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ligand DLL4 in endothelial cells

and consequently increases
Notch signaling [2, 3]. Since
galectin-3 binds to VEGFR2

receptor and modulates VEGF-

and bFGF-mediated
angiogenesis [17, 18], we
evaluated whether galectin-3
induces Notch signaling

activation directly, or indirectly via
VEGFR2. HUVECs were then
cultured in the presence of 100

nM of Vatalanib, (an inhibitor of

VEGF receptor kinase) and
plated on BSA-, Jagged1- or
DLL4-coated plates in the

presence or absence of Gal-3.

Galectin-3 treatment alone was

Figure 2. Galectin-3-induced Notch
activation is independent of
VEGF/VEGFR2 signaling.

(A-C) Immunoblot of galectin-3, NICD1,
DLL4, Jagged1, VEGFR2 and VEGFR2-p
in HUVECs treated for 15 min with
galectin-3 (37nM) in the presence or
absence of Vatalanib (100nM) or DBZ
(10nM) and seeded for 6h in a (A) BSA,
(B) Jagged1 or (C) DLL4 coated plate. f3-
actin was used as a loading control.
Representative of three experiments. See
also Figure S1.
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able to induce VEGFR2 phosphorylation, as described previously [17], and increased
the level of cleaved-Notch-1 intracellular domain (NICD1) in all the three assay
conditions (Figure 2A-2C). As expected, in the presence of Vatalanib alone, we
observed a reduction of VEGFR2 phosphorylation and Notch activation. Remarkably,
in the presence of exogenously added Gal-3, Vatalanib was not able to inhibit Notch-
1 activation, suggesting that Notch-1 activation by galectin-3 is independent of
VEGFR2 signaling. Surprisingly, disruption of Notch signaling pathway using DBZ
prevented galectin-3-induced Notch-1 cleavage and its target DLL4 expression, but
not Jagged1 up-regulation of signaling in all the three assay conditions (Figure 2A-
2C).

Besides VEGFR2 signaling, DLL4-Notch signaling also stimulates HUVECs
to produce more DLL4 [21]. In the presence of Vatalanib, Gal-3 enhanced DLL4
expression level in HUVECS cultured on DLL4-coated plates i.e. independently from
VEGF (Figure 2B). Finally, with Vatalanib and DBZ, the addition of Gal-3 increased
Jagged1 protein levels in all the assay conditions (Figure 2A-2C). Surprinsingly,
Jagged1 upregulation induced by Gal-3 was not associated with an increase in
Jagged1 mRNA levels (Figure S1). All together, our results suggest that galectin-3-
induced Notch signaling activation does not depend on VEGFR2 signaling and

modulates the level of Jagged1 protein expression.

Galectin-3 proangiogenic functions are mediated through Jagged1

It is well known that galectin-3 affects the cellular distribution and turnover
rate of cell surface glycoproteins [17, 22]. Therefore, HUVECs were treated with
cyclohexamide in order to inhibit protein synthesis and the expression levels of
Jagged1 and DLL4 were monitored over time by western blot analysis.

Cycloheximide treatment revealed that galectin-3 increased the half-life of Jagged1
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protein from ~240min to ~400 min (Figure 3A and 3B). On the other hand, galectin-3

decreased DLL4 protein half-life from ~150min to ~60min (Figure 3A and 3C).
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Figure 3. Galectin-3 proangiogenic functions are mediated by Jagged1-Notch signaling.

(A) Immunoblot of Jagged1 and DLLL4 in HUVECSs treated with 37 nM of Gal-3 and cultured in the
presence of 0.1 mM cycloheximide (time point 0-8h).

(B and C) Quantification of western blot bands showed a prolonged half-life of (B) Jagged1 protein
(240min to 400min) and an increased degradation rate of (C) DLL4 (150min to 60min) (mean + SEM,
n=3; **p<0.01). See also Figure S2.

(D-F) HUVECSs previously transfected with Jagged1 or DLL4 siRNA were grown into spheroids and
treated + Gal-3 or Gal-3C for 24hrs (D) representative images are shown. (E and G) Mean number of
sprouts and (F and H) sprouts length of HUVECs spheroids were measured (mean + SEM, n=3;
**p<0.01, ****p<0.0001). See also Figure S2.

Additionally, HUVECs were treated with 37 nM of DyLigth488 labeled-hrGal-3

for 1 hour and Jagged1 or DLL4 protein were analyzed by immunofluorescence. We
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observed that DyLight 488-labeled-galectin-3 co-localized with Jagged1 in the
cytoplasm, while DLL4 staining revealed virtually no co-localization with galectin-3
(Figure S2A).

These results indicate that galectin-3 prolong Jagged1 half-life in HUVECs,

which may favor Notch activation induced by this Notch ligand.
Therefore, we next investigated whether the proangiogenic functions of galectin-3
are Jagged1- or DLL4-dependent. We used siRNA-mediated silencing of Jagged1 or
DLL4 in HUVECs with three different siRNAs for each ligand and monitored the
endothelial sprouting capacity, using a fibrin gel-embedded spheroid-based in vitro
angiogenesis assay. We firstly observed that all three individual siRNAs targeting
Jagged1 or DLL4 led to significant downregulation of Jagged1 and DLL4 proteins
levels respectively (Figure S2B). As predicted from notch activation, when
endothelial sprouting was analyzed, galectin-3 induced a significant increase both in
sprout number (Figure 3D and 3E) and length (Figure 3D and 3F). However, the
galectin-3-induced effect was completely abrogated in Jagged1-silenced HUVECs in
comparison with the scramble control (Figure 3D-3F). Galectin-3 treatment was still
able to increase the number and the extension of sprout in DLL4-silenced HUVECs,
although at a reduced level (Figure 3D, 3G and 3H, respectively). In contrast to Gal-
3, Gal-3C did not increase the sprout length and the number of sprouts in all assay
conditions (Figure 3D-3H), which demonstrates the importance of oligomerization for
galectin-3 proangiogenic functions.

Since Jagged1/Notch signaling acts in a proangiogenic manner, we examined
whether galectin-3-induced angiogenesis could be a consequence of increased
Jagged1/Notch signaling. To test the transmission of Notch signaling by Jagged1
expressing cells as opposed to tethered proteins, we co-cultured (1:1) Jagged1-
overexpressing HUVECs with murine endothelial cells (sEnd) in the presence or
absence of Gal-3. Extracellularly added galectin-3 increased the murine Hes-1, Hey-
1, Hey-2 and Hey-L mRNA levels in response to Jagged1 overexpressing HUVECS
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(Figure S2C-S2F). All together, our findings demonstrate that galectin-3 requires

Jagged1-induced Notch activation to mediate its proangiogenic function.

Galectin-3 promotes the endothelial tip-cell phenotype

Some of the Jagged1/Notch signaling features positively control ECs
proliferation, sprouting [9] and induce an EC tip cell phenotype [16]. Likewise,
galectin-3 plays an important role in HUVECs proliferation (Figure 4A) and in
sprouting angiogenesis (Figure 4B). These effects were lactose inhibitable and thus

dependent on galectin-3 carbohydrate binding domain.
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Figure 4. Galectin-3 promotes the tip cell phenotype.

(A) Fluorescent intensity of HUVECs treated for 5 days with 37 nM of Gal-3 + lactose, measured by
CyQuant assay (mean + SEM, n=3; *p<0.05).

(B) Top panel, representative figures of HUVECs spheroids in the presence of Gal-3 + lactose. (bottom
left) The average number and (bottom right) sprouts length were quantified (mean * SEM, n=3;
****p<0.0001).

(C) HUVECs spheroids composed of a 1:1 ratio between prelabeled control (green) and galectin-3-
treated cells (red). Arrowheads indicate the tip cells position (mean + SEM, n=3).

Next we studied the role of galectin-3 in tip cell selection. HUVECs were

labeled with a green or a red fluorescent probe. Red and green-labeled HUVECs
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were mixed in a 1:1 ratio for spheroid formation and subsequently embedded in
fibrinogen gel. As expected, we found that approximately 50% of endothelial cell at
the growing tip position was red or green in the control group. However, when red-
labeled HUVECs were treated with Gal-3 prior to embedding, the probability of
detecting a red-labeled cell at the tip growing position increased significantly, from
50+ 13.75% to 79+14.76% (P<0,0001) (Figure 4C). Therefore, the proangiogenic
functions of galectin-3 fit well with the described role of Jagged1/Notch signaling as a

positive regulator of tip cell formation and endothelial cell proliferation.

Tumor-released galectin-3 induces Notch signaling activation and
sprouting angiogenesis

It has been well described that hypoxia is the primary physiological trigger of
the angiogenic switch in tumors [23] and elicit the production of several
proangiogenic factors [24], including galectin-3 [14]. We initially evaluated the protein
(Figure S3A), mRNA (Figure S3B) expression levels, and the secretion (Figure 5A) of
galectin-3 by MCF7, MDA-MB-231 and HUVECs in response to hypoxia. We found
that hypoxia increased galectin-3 protein and mRNA levels as well as its secretion in
the MCF7 and MDA-MB-231 breast cancer cells but did not significantly change its
expression or secretion by endothelial cells. Using a panel of lectins that recognize
specific glycans that are important for galectin-3 binding (Figure S3C), we found that
under normoxic conditions MCF7, MDA-MB-231 and HUVECs showed a substantial
reactivity to Erythrina cristagalli lectin (ECA) and Phaseolus vulgaris lectin (L-PHA),
thus showing galectin-3-binding sites at the cell surface (Figure 5B and 5C).
However, under hypoxic conditions, we observed a reduction in galectin-3-binding
sites (decreased ECA and L-PHA reactivity) in MCF7 and MDA-MB-231 cells,
whereas an increase in HUVECs (Figure 5B and 5C). Accordingly, we observed

higher binding of DyLight-labeled-Gal-3 to HUVECs cultured under hypoxic
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conditions than to the breast cancer cells MCF7 and MDA-MB-231 under the same

conditions (Figure 5D).
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Figure 5. Hypoxia increases galectin-3 binding to endothelial cells.

(A) ELISA of galectin-3 secretion by MCF7, MDA-MB-231 and HUVECs after culture under normoxic or
hypoxic conditions.

(B-D) Flow cytometry of (B) ECA, (C) L-PHA and (D) DyLigth488 labeled-Gal-3 in MCF7, MDA-MB-231
and HUVEC cultured under normoxic or hypoxic conditions for 48h. See also Figure S3.

Data are the mean + SEM, n=3; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. See also Figure S3.

We next tested whether galectin-3 secreted by cancer cells would induce
Notch signaling activation and angiogenic sprouting. Thus, MCF7 breast cancer cells
and HUVECs were used in a co-culture experiment. HUVEC spheroids were
embedded in fibrin gel and were co-cultured with galectin-3-shRNA silenced MCF7
cells, which showed reduced levels of galectin-3 protein and mRNA levels (Figure 6A

and 6B), or scramble shRNA control. In the presence of galectin-3-silenced MCF7
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cells, both the number of sprouts and sprout length were significantly lower in
comparison with spheroids growing with MCF7-scramble cells (Figure 6C).

We evaluated whether galectin-3 released by cancer cells was able to induce Notch
signaling in HUVEC cells. We treated HUVECs with the conditioned medium
obtained from scrambled or galectin-3-silenced MCF7 cells cultured under normoxic
or hypoxic conditions (Figure 6D). The effect was compared to control HUVECs *

tethered DLL4, but without MCF7 conditioned medium.
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Figure 6. Galectin-3 released by cancer cells activates Notch signaling and enhances sprouting
angiogenesis.

(A) Immunoblot and mRNA levels (B) of galectin-3 in MCF7 cells transduced with scramble or shRNA-
Gal-3 lentiviral particles.

(C) ELISA of galectin-3 secretion by MCF7-scramble or shRNA-Gal-3.

(D-F) Representative figures of HUVECs spheroids cultured on the presence of MCF7-scramble or
shRNA-Gal-3 cells for 24hrs. (E) The average number and (F) sprouts length was quantified.

(G and H) Hey-1 and (H) Hey-2 mRNA levels of HUVECs cultured on DLL4-coated plated, or in the
presence of conditioned medium from MCF7-scramble and shRNA-Gal-3 cells previously grown in
normoxic or hypoxic conditions.

(I) Hey-2 mRNA levels of HUVECs cultured in the presence of conditioned medium from MCF7 cells
previously grown in normoxic or hypoxic conditions + Lactose (50mM).

Data are the mean + SEM (B-C, E-l), or are representative of n=3; *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.
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Up regulation of Notch target genes Hey-1 and Hey-2 in HUVECs were
induced by the culture supernatant from hypoxic and normoxic cells control MCF7
cells. However Notch signaling activation remained at control levels, without MCF7
conditioned medium, when HUVECs were treated with conditioned medium from
normoxic or hypoxic galectin-3-silenced MCF7 cells (Figure 6E and 6F). This
suggests that even the basal level of conditioned medium contains a soluble
activator of Notch signaling, which is lost by galectin-3 knockdown. Hey-2 followed a
similar pattern, although it was more strongly induced then Hey-71 and did not
increase further with hypoxic conditioned medium. We further studied whether Notch
activation by the conditioned medium from normoxic or hypoxic MCF7 cells was
dependent on galectin-3 carbohydrate-binding domain. We found that tumor-
released galectin-3 activates the Notch target Hey-2 in a lactose inhibitable manner
(Figure 6G). Altogether, these findings suggest that galectin-3 released by tumor
cells has an important role in modulating angiogenic sprouting via Notch signaling

activation.

The growth rate of Jagged1 overexpressing tumor cells is

prevented in galectin-3 knock out mice

Both Jagged1 [25, 26] and DIl4 [27, 28] are up regulated in several cancer
cells and can control neovascularization and stimulate tumor growth in mice.
Therefore we tested the ability of galectin-3 to interfere with Jagged1 and DLL4-
induced tumor growth. LLC cells were transduced with empty vector retrovirus (LLC-
EV), Jagged1-encoded retrovirus (LLC-JG1) or DLL4-encoded retrovirus (LLC-DLL4)

+/+

(Figure 7A) and implanted subcutaneously into C57black/6 Lgals3** or Lgals3™"

mice. LLC-JG1 and LLC-DLL4 tumor growth were increased in Lgals3** mice in
comparison with LLC-EV tumors while LLC-JG1 tumor growth was higher than LLC-

DLL4 (Figure 7B and 7D). Surprisingly, we found a significant reduction in the tumor
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growth of LLC-JG1 but not LLC-DLL4 and LLC-EV when grown in Lgals3™ mice
(Figure 7C and 7D). At the end of the experiment, tumors were collected for
immunohistochemical and mRNA analysis. Although there was no correlation
between tumor size and Ki67 antigen expression (Figure S4A and S4B), we found
that Jagged1 overexpressing tumors (LLC-JG1) presented a significantly higher
necrotic area than overexpressing DLL4 (LLC-DLL4) or empty vector (LLC-EV)
tumors regardless of the mouse background (Figure S5A and S5B). We also
observed that LLC-DLL4 and LLC-JG1 derived tumors grown in Lgals3** mice had

higher levels of CD31
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comparison to LLC-JG1 tumors in Lgals3™ mice. No significant changes were found
in LLC-DLL4 and LLC-EV tumors. These data suggest that galectin-3 is responsible
not only for the increased growth rate of Jagged1 expressing tumors but also for

blood vessel maturation in Jagged1 overexpressing tumors.

Discussion

Galectin-3 binds to many cell surface glycoproteins and thus, it has been a
challenge to determine which glycoproteins recognized by galectin-3 are responsible
for the pro-angiogenic functions exerted on endothelial cells, and the conditions
under which galectin-3 can affect this function. The molecular mechanisms for
galectin-3-induced angiogenesis described so far include the binding and activation
of VEGFR2 in endothelial cells, ayB3; integrin clustering and activation of signaling
pathways that influence bFGF, VEGF and neuron-glial antigen 2 (NG2) angiogenic
activities [16-19].

The current study describes a novel mechanism by which galectin-3
promotes angiogenesis that is independent of the VEGFR2 pathway. Galectin-3
induced angiogenic sprouting by increasing the proangiogenic activity of
Jagged1/Notch-1 signaling and by changing the ratio of Jagged1 and DLL4
expression in endothelial cells. In addition, our findings suggest that Jagged1/Notch-
1 signaling might be triggered by galectin-3 released from hypoxic tumor assisted
with changes in the glycosylation status of tumor and endothelial cells under hypoxic
conditions.

Most of the galectin-3 functions can be explained by its capacity to form
oligomers in a concentration-dependent equilibrium, which accounts for its ability to
crosslink cell surface proteins. Since Notch activation requires that the
Jagged1/DLL4 ligands expressed on a signal-sending cell to interact with Notch

receptor on a neighboring signal-receiving cell (frans-interaction) [29], we can
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hypothesize that galectin-3 may help bring receptor and ligand together. Indeed,
galectin-3 is known to behave as a monomer in concentration < 50nM [30], however,
we cannot disregard that HUVECs already display galectin-3 on the cell surface
(data not shown). Therefore, the addition of 37 nM of exogenous galectin-3 may
have led to oligomer formation through self-association with endogenous galectin-3
present on the cell surface, thus increasing Notch/ligand interaction and further
signaling. The concentration of galectin-3 used is also in agreement with the galectin-
3 levels found in the serum of cancer patients (that are increased in comparison with
healthy individuals), with values ranging from 20-620 ng/mL (0.74-22 nM) in breast
cancer; 20-950 ng/mL (0.74-35nM) in gastrointestinal tumors; 20-807 ng/mL (0.74-29
nM) in lung cancer; and 35-366 ng/mL (1.3-12.4 nM) in ovarian cancer [31].

At higher concentrations (>25 pg/mL (>925 nM) galectin-3 is described to
multimerize, creating a rigid structure called a lattice, which restrains the lateral
movement of membrane glycoproteins [30] and can result in cell adhesion inhibition
[32, 33]. Thus, a high concentration of galectin-3 might restrain Notch receptor
interaction with the ligands present on an opposite cell inhibiting Notch signaling. In
agreement with this, we observed that Gal-3C, which lacks the N-terminal domain
responsible for oligomerization, was able to induce NICD1 cleavage and DLL4 up
regulation, even at the highest concentration (1,85uM). In a very recent study,
Nakajima K e cols. 2014 [34] reported that galectin-3 induces Notch signaling
activation in a dose-dependent manner at concentrations ranging from 0.4 pM to 1.6
MM in human fetal osteoblasts. Although we found in our model that higher
concentration of galectin-3 (> 925 nM) have an inhibitory effect on Notch signaling,
galectin-3 effect on Notch activation may depend on the cellular type, on the
endogenous level of galectin-3 present on the cell surface and on the expression
level of Notch ligands (Jagged1/DLL4) in a particular cell.

Our data also demonstrated that Notch signaling activation by galectin-3 was
independent of VEGFR2. This is of particular importance since most antiangiogenic
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therapies are designed to disrupt VEGF-VEGFR interactions [35]. Our result
suggests the induction of a compensatory angiogenic pathway by galectin-3,
particularly via Jagged1/Notch pathway, that may contribute to limit the efficacy of
anti-VEGF treatment. Jagged1 has been identified as a critical component in the
process of tip cell selection, and, unlike DLL4 it has been considered as
proangiogenic [36, 37]. Loss of Jagged1 has been seen to significantly decrease the
number of tips and filopodia as well as ECs proliferation. On the other hand, Jagged1
overexpression increased vessel branching, ECs density and downregulated DLL4-
Notch signaling decreasing Hes-1 and Hey-1 levels [9]. Here we reported that
extracellular galectin-3 phenocopied the role of Jagged1 in angiogenesis by
increasing HUVECs proliferation and the tip cell number. Moreover, in the presence
of galectin-3, Jagged1 ligand present on HUVECs was able to induce Notch
signaling activation in murine endothelial receiving cells (sEnd). Therefore, we
suggest that the proangiogenic functions of extracellular galectin-3 might be
mediated by the activation of Jagged1/Notch-1 signaling in endothelial cells.
Although not yet explored, galectin-3 and Jagged1/Notch signaling play
similar biological roles in multiple cellular processes. It was previously published that
T regulatory cells from Lgals3™ mice displayed higher expression of Jagged1
associated with an increase in immunosuppressive capacity [38]. Jagged1/Notch-3
has been shown to be essential for TREG expansion and immunosuppressive
phenotype [39]. Another example is the role of galectin-3 in epithelial to
mesenchymal transition, which leads to an increase in phosphorylation and nuclear
translocation of B-catenin [40]. Similarly, Jagged1/Notch signaling induces epithelial-
to-mesenchymal transition through Slug-induced repression of E-cadherin, resulting
in B-catenin activation [41]. Additionally, galectin-3 has been associated with several
aspects of allergic inflammation such as the development of a Th2 phenotype [42];
likewise, Jagged1/Notch signaling is implicated in Th2 differentiation [43] . Thus, our
results have a wider significance that extends to other cell types and biological
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processes that are regulated by the Notch signaling pathway.

Our findings also showed that under hypoxic conditions, galectin-3 is be more
prone to bind to endothelial cells rather than tumor cells, reinforcing the role of
extracellular galectin-3 in the integration of signals from the tumor microenvironment.
Indeed, it is well know that both galectin-3 and Jagged1 are overexpressed in several
malignancies such as prostate cancer, breast cancer, glioma and head and neck
cancers and are largely appreciated as potential targets for cancer therapy, including
antiangiogenic therapy [44, 45]. Jagged1-induced Notch signaling plays an important
role in tumor biology affecting both proliferation and metastasis of tumor cells and
also activating neighboring endothelial cells to promote neovascularization and
growth of experimental tumors in mice [46, 47]. Similarly, galectin-3 has been
associated with tumor growth and cells invasion [48, 49]. Therefore, circumstances
that lead to the up-regulation of galectin-3 in the tumor microenvironment may
influence Jagged1 activity both in cancer and endothelial cells. For instance tumor
necrosis factor-a (TNF-a), a proinflammatory cytokine, as be seen to induce the
expression of galectin-3 [50] together with Jagged1 [37]. Moreover, in response to
hypoxia, HIF-1a activates several genes, including galectin-3 [14, 51, 52].

Besides regulating Jagged1/Notch proangiogenic functions in vitro, this study
also showed that galectin-3 has an essential role in regulating the tumor growth of
Jagged1 expressing tumors. We observed that in Lgals3™ mice, LLC-JG1 cells had

+/+

a significant reduced growth rate comparing to LLC-JG1 grown Lgals3™" mice while
DLL4 and EV-derived tumors were not affected. Since Jagged1 can increase cancer
progression because of its pro-proliferative functions [46, 53], our findings suggest
that Jagged1 role in cancer progression can be regulated by microenvironmental
galectin-3 possibly via modulation of Jagged1/Notch signaling. Additionally, we
identified that Jagged1-expressing tumors were associated with increased necrosis
in comparison with LLC-DLL4 and LLC-EV. This may be due to the increased growth

rate observed in LLC-JG1 tumors in comparison to DLL4 and EV expressing tumors.
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This finding is of particular importance since increased hypoxia is often
associated with resistance to radiotherapy and chemotherapy [54]. Therefore, the
development of strategies aimed to target Jagged1 (such as galectin-3 inhibition) is
also important to overcome resistance to therapy. The present study furthermore
demonstrates that galectin-3 is able to increase the proangiogenic role of Jagged1 in
vivo. Indeed, we observed that in the absence of galectin-3, Jagged1 expressing
tumors presented a decreased vascular lumen area and CD31 mRNA levels than in
the presence of microenvironmental galectin-3. Taking into account our overall
results, we can suggest that galectin-3 positively regulates Jagged1 biological role in
inducing endothelial sprouts, blood vessel maturation and the formation of luminal
structures [55, 56]. Thus, and in agreement with our in vitro findings,
microenvironmental galectin-3 seems to regulate vessels formation in tumors via
modulation of Jagged1/Notch signaling.

We then propose a new mechanism by which tumor released-galectin-3
increases angiogenesis by influencing Jagged1/Notch-1 signaling in endothelial cells
(Figure S6). In this context, the coordinated expression of Jagged1 and DLL4
modulated by gal-3 seems to be a key determinant to proper and functional
neovascularization. Therefore, targeting galectin-3 may open novel perspectives to
interfere with angiogenesis, and potentiating radiotherapy, and may provide novel

experimental strategies to overcome anti-VEGF resistance.
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Experimental Procedures

Jagged1, DIl4 and Notch1 binding assay

1ug of the recombinant human Jagged1 or DIl4 or Notch1 were diluted in
PBS, and incubated overnight in a 96-well plate. The next day, the plate was washed
and blocked with 1% BSA/PBS and 1ug of recombinant human galectin-3 or galectin-
3C in the presence or absence of lactose (50mM) and sucrose (50mM) was added to
the plate. Galectin-3 binding was detected after addition of a detection antibody
according to the manufacturer's procedure (ELISA galectin-3 Duo Set, R&D
Systems). Detection assay without galectin-3 or galectin-3C (1), without the primary

antibody (2) or blank (3) were used as a negative control.

Gene expression analysis

Total RNA from cell cultures was isolated with Tri-Reagent (Sigma) according
to the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized
using the High capacity cDNA RT kit (Applied Biosystems), according to the
manufacturer’s protocols. Quantitative PCR analysis was performed in ftriplicate
using the SensiMix SYBR No-ROX kit (Bioline). Relative quantification was done
using the AACt method normalizing to GAPDH gene expression (See Supplemental

Data for primer detail, Table S1).

CyQuant proliferation assay
HUVEC proliferation in response to galectin-3 and galectin-3C were
performed by plating cells in quadruplicate (2000 cells/well) in 96-well plates,

followed by incubation with CyQUANT (Invitrogen) as described by manufacturer.
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Sprouting angiogenesis assay

HUVEC spheroids were generated by the hanging-drop method [57]. In a set
of experiments, HUVEC were previously transfected with 3 different siRNA against
Jagged1 or DLL4 or scrambled prior to spheroid generation. In another set of
experiments, after spheroids formation, MCF7 scramble or shRNA-Gal-3 silenced
was cultured on the top of the gel. Alternatively, HUVECs were pre-labeled with
viable fluorescent dyes (cell tracker green and red, Invitrogen) prior to spheroid
generation. Angiogenesis was quantified by counting the number and the length of

sprouts for each spheroid. (See Supplemental Experimental Procedures).

Determination of Jagged1 and DLL4 half-life

To assess protein stability, HUVECs were incubated with 37nM of galectin-3
for 15 min. After that period, the growth medium was replaced with medium
containing 0.1 mM of cycloheximide to stop protein biosynthesis. Cells were treated
for 0 to 8 hours and then collected for Western blotting. Imaged software was used to

quantify western blot bands.

Treatment of HUVECs with MCF7 cells conditioned medium

Scrambled or shRNA-Gal-3 MCF7 cells were cultured under normoxic or
hypoxic conditions for 48h. After this period, the conditioned medium was incubated
with HUVECs (10°) for 6hrs and mRNA levels were analyzes. Galectin-3 from the
conditioned medium was quantified by ELISA (ELISA galectin-3 Duo Set, R&D

Systems).

In vivo studies

Six- to 8-week-old male wild type (WT) or Lgals3”~ C57BL/6 mice were
implanted subcutaneously with 10° LLC-EV or LLC-JG1 or LLC-DLL4 cells. Each
group consisted of five mice. When tumors reached the size 1-1.5 cm?® volume, mice
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were sacrificed and tumors were excised. Each animal experiment was repeated at

least 3 times.

Statistical Analysis

All data are expressed as the mean + SEM of at least three independent
experiments. Statistical analysis including t-test, one-way ANOVA and two-way
ANOVA were done using GraphPad Prism 6.0 software. p < 0.05 was considered

statistically significant.
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Supplemental Information

Supplemental Figures and Legends
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Figure S1. Galectin-3 does not up-regulate Jagged1 mRNA levels, related to Figure 2.

HUVECs were treated for 15 min with galectin-3 and then seeded onto BSA, Jagged1 or
DLL4 coated plates for 6h. Total RNA was extracted and the mRNA level of Jagged? were
evaluated. The relative level of expression was normalized to the level of GAPDH mRNA

expression (mean £ SEM, n=3).
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Figure S2. Galectin-3 increases Jagged1-mediated Notch signaling, related to Figure 3.
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(A) HUVECs were treated with DyLigth-488 labeled-hrGal-3 for 1h and stained for Jagged1
and DLL4 proteins. Representative immunofluorescence images showing Jagged1 (red),
DLL4 (red), hrGal3-DyLigth (green) and nucleus (blue) staining. Scale bar, 50 um.

(B) Immunoblot of Jagged1 and DLL4 after 48h of Jagged1 or DLL4 siRNA inhibition in
HUVECs. B-actin was used as a loading control. Representative of three experiments.

(C-F) Relative quantification of murine (C) Hes-1, (D) Hey-1, (E) Hey-2, (F) Hey-L mRNA
levels after co-culture (1:1) of sEnd-1 cells with HUVEC-CTL or HUVEC-JG1 in the presence
or absence of galectin-3 (37 nM). Relative mRNA expression was normalized to GAPDH.

(mean + SEM, n=3; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure S3. Galectin-3 expression decreases under hypoxic conditions in endothelial
cells, related to Figure 5.

(A) Immunoblot of HIF-1a and galectin-3 following culture of HUVECs, MDA-MB-231 and
MCF7 cells under normoxic (21% O2) or hypoxic (1% O2) conditions for 48h. Representative
of three experiments.

(B) mRNA relative expression of galectin-3 from MCF7, MDA-MB-231 and HUVECs cultured
under normoxic (21% O;) or hypoxic (1% O,) conditions for 24h and 48h (mean + SEM, n=3;

**p<0.01, ***p<0.001, ****p<0.0001).
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(C) Flow cytometry of MCF7, MDA-MB-231 and HUVECs detected with the biotinylated
lectins MAL-II, PNA, ECA, SNA and L-PHA or with Cy5-conjugated streptavidin alone after

culture under normoxic or hypoxic concidtions. Representative of four experiments.
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Figure S4. Immunohistochemical staining of Ki67, related to Figure 7.
(A) Immunohistochemical staining and (B) quantification of Ki67 in LLC-EV, LLC-JG1 or LLC-

DLL4 tumors inoculated in C57black/6 Lgals3** or Lgals3™ mice.
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Figure S5. Galectin-3 knockout mice reduce vessel maturation of LLC-JG1 derived

tumors, related to Figure 7.

(A and B) Hematoxylin and eosin staining and (B) quantification of the necrotic area in LLC-

EV, LLC-JG1 or LLC-DLL4 derived tumors from C57black/6 Lgals3"* or Lgals3™" mice.

(C) CD31 mRNA levels in tumors of LLC-EV, LLC-JG1 or LLC-DLL4 derived tumors.

(D-F) Hematoxylin and eosin staining of LLC-EV, LLC-JG1 or LLC-DLL4 derived tumors and

quantification of (E) blood vessels number and (F) vascular lumen area.

Data are the mean + SEM (B and C, E and F), or are representative of n=4; *p < 0.05, **p <

0.01.

92



Chapter 3

Tip Cells

VEGFR2 /;'f Migration
=y

Hypoxia A Sprouting

|
=

Tumor cells

...
» A

Notch-1{-
O agged1
= .
VEGFRIY™ * . Recycling

=
I 28
Stalk cells‘ o & 4 Proliferation

Tip cells

Stalk Cells

Figure S6. Proposed model for galectin-3-mediated angiogenesis by modulating
Jagged1/Notch signaling.

Tumor environmental signals such as hypoxia stimulates cancer cells to release the
proangiogenic galectin-3, in order to increase the formation of new blood vessels. Due to
changes in the glycosylation status triggered by hypoxia, galectin-3 secreted by cancer cells
binds to endothelial cells and activates glycan-dependent circuits, including activation of
VEFGR2 and the stabilization of Jagged1 over DLL4. Once sprouting begins, while VEGFR2
induces the expression of DLL4 in endothelial tip cells, galectin-3 limits DLL4-Notch signaling
by decreasing DLL4 protein and increasing Jagged1-Notch1 interaction. Jagged1/Notch
signaling then induces (1) migration of tip cells and (2) proliferation of stalk cells. This
mechanism is in contrast to another mechanism of regulating the ratio of DLL4 over Jagged1
signaling via fringe, but both processes may be involved [1]. Mechanistically, galectin-3 can
modulate this highly dynamic process: (1) by interfering with DLL4 and Jagged1 ratio; (2)
enhancing Notch-ligand interaction and consequently Notch signaling activation; (3) inducing
Jagged-1 endocytosis in order to make it a more effective ligand; or (4) stabilizing Jagged1 on

the cell surface making it more available to interact with Notch receptor.
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Supplemental Table

Table S1. Primer sequences

Primer Forward 5’ — 3’ Reverse 5" - 3’
hGAPDH AGCCACATCGCTCAGACAC GCCCAATACGACGAAATCC
hJagged-1 GGAACCTAGAGCCGAACTCA AGCCTTGTCGGCAAATAGC
hHEY-1 CGAGCTGGACGAGCCCAT GGAACCTAGAGCCGAACTCA
hHEY-2 GTACCATCCAGCAGTGCATC AGAGAATTCAGGGCATTT
hDELTA-4 CCCTGGCAATGTACTTGTGAT TGGTGGGTGCAGTAGTTGAG
hHES-1 AGTGAAGCACCTCCGGAAC CGTTCATGCACTCGCTGA
hGAL-3 TGTTTGCAATACAAAGCTGGA GCAACCTTGAAGTGGTCAGG
mACTIN CTAAGGCCAACCGTGAAAAG ACCAGAGGCATACAGGGACA
mHEY-1 CATGAAGAGAGCTCACCCAGA CGCCGAACTCAAGTTTCC
mHES-1 ACACCGGACAAACCAAAGAC CGCCTCTTCTCCATGATAGG
mHEY-L CTGAATTGCGACGATTGGT GCAAGACCTCAGCTTTCTCC
mHEY-2 GTGGGGAGCGAGAACAATTA GTTGTCGGTGAATTGGACCT
mCD31 CGGTGTTCAGCGAGATCC ACTCGACAGCATGGAAATCAC

94




Chapter 3

Supplemental Experimental Procedures

Reagents

Recombinant human Jagged1-His tagged protein (rhJagged1) was
purchased from Sino Biological and recombinant human DIl4-His tagged (rhDLL4)
and recombinant human Notch1-Fc tagged were obtained from R&D Systems. To
activate Notch signaling by rhJagged1, rhDLL4 or BSA (Sigma) 6 well plate were
coated with 1 pg/ml rhdagged1 or 1 ug/ml rhDLL4 or 1 pg/ml BSA in PBS for 16 h at
4 °C. The VEGFR inhibitor Vatalanib (Selleckchem) was dissolved in water and used
at a concentration of 100nM. The y-secretase inhibitor dibenzazepine (Calbiochem)
was dissolved in dimethyl sulfoxide and used at a concentration of 10nM.
Cycloheximide (Sigma) was dissolved in water and used at a concentration of
100nM. Biotinylated lectins Erythrina cristagalli (ECA), Phaseolus vulgaris (L-PHA),
Sambucus nigra (SNA) and Maackia amurensis (MAL) were purchased from Vector
Laboratories. Arachis hypogaea (PNA) was purchased from Sigma. Anti-cleaved
Val1744 (NICD1), anti-Jagged1, anti-DLL4, anti-Notch1, anti-VEGFR2, anti-VEGFR-
p and anti-HIF1-a were from Cell Signaling; anti-B-actin-peroxidase from Sigma-
Aldrich. Horseradish peroxidase (HRP)-conjugated secondary antibodies were
purchased from DAKO. Anti-rabbit-Alexa-488 and streptavidin-Cy5 were from
Invitrogen. DyLight-488 mAb labelling kit (catalogue no. 53025) was purchased from

Thermo Fisher Scientific.

Cell culture

HUVECs (Lonza) were cultured in EGM-2 media supplemented with growth
factors and 5% of fetal bovine serum (FBS) as provided in the EGM-2 Bullet Kit
(Lonza). The cells between passages 2 and 6 were used. LLC (ATCC CRL-1642),
MCF7 (ATCC HTB-22), MDA-MB-231 (ATCC HTB-26) tumor cells and sEnd-1 cell

line, murine endothelial cells transformed by middle T antigen of polyoma virus [2],
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were cultured in Dulbecco modified Eagle medium (DMEM, Gibco) supplemented
with 10% of fetal bovine serum (FBS). For virus production, HEK293t cells (ATCC
CRL-3216) and Phoenix amphotropic cells (ATCC CRL-3213TM) were used and
cultured in DMEM and supplemented with 10% FBS. Mycoplasma contamination in

cultured cells was excluded by using Lonza Mycoplasma Detection Kit.

Recombinant human galectin-3 and galectin-3C preparation

Galectin-3 and galectin-3C were produced in Escherichia coli BI21/DE3
containing the pET11a plasmid with the human galectin-3 (hrGal-3) coding DNA or
the C-terminal domain fragment of galectin-3 (hrGal-3C) (gift from Dr. Nozomu Nishi,
Kagawa University, Japan) and purified by affinity chromatography on lactosyl-
Sepharose (Sigma) as previously described [3]. Lactose was removed by gel-
filtration chromatography on desalting columns and contaminating LPS was
eliminated by affinity chromatography on detoxi-gel beads (Pierce). The endotoxin
levels were less than 0,1 EU per pg of protein as determined by the LAL method
(Lonza). Conjugation of hrGal-3 and hrGal-3C with DyLight488 was performed

accordingly to manufacturer’s instructions.

Western Blotting

Cells were lysed in RIPA buffer and 50ug of proteins were separated by
Novex NuUPAGE SDS-PAGE gel system (Invitrogen) and then transferred overnight
to a PVDF membrane (Invitrogen). The membrane was incubated with Anti-cleaved
Val1744 (NICD1) (1:1000), anti-Jagged1 (1:1000), anti-DLL4 (1:1000), anti-Notch1
(1:1000), anti-VEGFR2 (1:1000), anti-VEGFR-p (1:1000) and HIF1-a (1:1000). Anti-
B-actin-peroxidase (1:20,000) was used as a loading control. Horseradish peroxidase
(HRP)-conjugated secondary antibodies were detected using the enhanced

chemiluminescence (ECL) reagent (GE Healthcare).
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Flow cytometry

For flow cytometry, MCF7, MDA-MB-231 and HUVEC cells were harvested
and 1x10° cells were incubated with 1% BSA/PBS for 1 hour in at 4°C. Next, cells
were incubated with 1ug of the biotinylated lectins MAL-II, PNA, ECA, SNA or L-PHA
for 1 hour. Subsequently cells were washed with PBS, and biotinylated lectins were
detected with streptavidin-Cy5 for 45 min. After final washing, cells were fixed with
4% paraformaldehyde. Alternatively, cells were incubated with different doses (37nM,
370nM, 925nM, 1.85uM) of DyLigth 488 labelled-hrGal-3 or DyLigth 488 labeled-
hrGal-3C in the presence or absence of lactose (50mM) for 1 hour and fixed in 4%
paraformaldeyde. Analysis was made using the flow cytometer CyAn™ ADP
Analyzer from Beckman Coulter. Data were subsequently evaluated with FlowJo vX

0.7 software.

Generation of Jagged1 overexpressing HUVECs

Stable HUVEC control or overexpressing the full length Jagged1, were
generated after co-transfection of 30ug of empty vector-containing plLenti6.2-V5
plasmid or full length Jagged1 cDNA-containing pLenti6.2-V5 plasmid with 15ug
pPAX2 and 5ug of pMDG.2 (Addgene) into HEK293t packaging cell line utilizing
CaCl; method. The viral supernatant was recovered and the transduced cells were
generated by infection with 6 MOI (multiplicity of infectious units) of lentiviral
particles. On the next day, cells were replaced with fresh medium, and a day later,
cells were selected with 5pg/mL of Blasticidin for 1 week. Jagged1 expression was

confirmed by Western blot and Real-time PCR.

Sprouting angiogenesis assay
HUVEC spheroids (500 cells) were generated by the hanging-drop method
[4]. Alternatively, 24h after transfection of 3 different siRNA against Jagged1 or DLL4
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or scrambled, HUVEC spheroids were generated. Briefly, cells were harvested and
resuspended in culture medium containing 0.20% (wt/vol) methylcellulose and
seeded on the inside face of the lid of a 150mm culture dish (Corning). 16h-24h later,
spheroids were collected and embedded into 500uL of 2,5mg/mL fibrinogen solution
(Sigma) containing 0,15 Units/mL of aprotinin (Sigma). After polymerization,
spheroids were cultured for 24h in the presence of EGM2 medium and growth
supplements. In a set of experiments, after polymerization, MCF7 scramble and
galectin-3 silenced were cultured on the top of the gel. Afterward, angiogenesis was
quantified by counting the number of sprouts and the length of sprouts for each
spheroid (~30-50 spheroids). Additionally, cells were pre-labeled with viable
fluorescent dyes according to manufacturer’s protocol (cell tracker green and red,
Invitrogen). Spheroids were generated after mixing control and galectin-3 (370nM)
treated cells in a 1:1 ratio and both color combinations were analyzed. Spheroids
were then embedded into 200pl of fibrinogen solution and plated on a glass-bottom
dishes (MatTek). After 24h, spheroids were fixed over night at 4°C in 4%
formaldehyde/PBS and pictures of the sprouts were taken using an inverted
microscope (Zeiss Axiovert 200M). The number of tip cells of each color was

counted.

Generation of MCF7 galectin-3 knockdown cells

Stable shRNA MCF7 cell line targeting galectin-3 (TRCN0000029305, Sigma)
and negative control (SHC016, Sigma) were generated after co-transfection of 30ug
of shRNA-containing plasmids with 15ug pPAX2 and 5ug of pMDG.2 (Addgene) into
HEK293t packaging cell line utilizing CaCl, method. The viral supernatant was
recovered and the transduced cells were generated by infection with 2 MOI
(multiplicity of infectious units) of shRNA lentiviral particles. On the next day, cells
were replaced with fresh medium, and a day later, cells were selected with 2ug/mL of
puromycin for 1 week. Galectin-3 knockdown (shRNA-Gal-3) and negative control
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(scramble) cells were generated and subjected to Western blot and mRNA

quantification to investigate galectin-3 expression.

Immunofluorescence analysis

HUVEC cells were plated in a 24 well glass bottom plate at a density of 2x10*
overnight. The next day, control cells were fixed with methanol. The remaining cells
were incubated with hrGal-3-DyLight488-label for 1 hour. Unbound galectin-3 was
washed away with PBS and cells were fixed with methanol. Fixed cells were
hydrated with PBS and blocked with 1% of bovine serum albumin (BSA, Sigma) for 1
hour and incubated with the indicated primary antibody (1:100) in BSA for 1 hour.
After washing, primary antibodies were detected with anti-rabbit-Alexa-488 (1:200) in
BSA for 1 hour and pictures of the cells were taken using an inverted microscope

(Zeiss Axiovert 200M).

Determination of Jagged1 and DLL4 half-life

To assess protein stability, HUVECs were incubated with 37nM of hrGal-3 for
15min. After that period, the growth medium was replaced with medium containing
0.1 mM of cycloheximide to stop protein biosynthesis. Cells were treated for 0 to 8
hours and then collected for western blotting. ImageJ software was used to quantify

western blot bands.

Jagged1 and DLL4 siRNA transfection

HUVECs were transfected at 60% of confluency with Jagged1 or DLL4
specific siRNAs and negative control (scramble) (Ambion, Life Technologies) at a
final concentration of 20nM using RNAIMAX reagent (Invitrogen) in Opti-MEM |
reduced serum medium (Invitrogen). After 6h, transfection medium was replaced by
complete EGM-2 medium. Cells were collected for western blot and Real-time
analysis after 48h of inhibition.
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Treatment of HUVECs with MCF7 cells conditioned medium

MCF7 cells previously transduced with lentiviral particles containing shRNA
against galectin-3 or scrambled, were cultured under normoxic or hypoxic conditions
for 48h. After this period, the conditioned medium was incubated with HUVECs (10°)
for 6hrs. Total RNA was extracted for real time PCR analysis. Galectin-3 from the

conditioned medium was quantified by ELISA.

In vivo studies

+/+

Lgals3** and Lgals3™~ mice were bred at the animal facility of FMUSP and all
experiments complied with the relevant laws and were approved by local animal
ethics committees. Empty vector (LLC-EV), murine Jagged-1 overexpressing (LLC-
JG1) or murine DLL4 overexpressing (LLC-DLL4) Lewis Lung carcinoma cells (LLC)
were kindly provided by Dr Ji-Liang Li (University of Oxford, UK). Briefly, the murine
Lewis Lung carcinoma cells (LLC) were transduced with retrovirus containing full-
length mouse Jagged-1 or DIl4 or empty vector as previously described [5].
Retroviral supernatants were prepared using the bicistronic pLZRS-IRES-GFP
plasmid with the Phoenix amphotropic packaging cell line.

Six- to 8-week-old male wild type (WT) or Lgals3”~ C57BL/6 mice were implanted
subcutaneously with 10° LLC-EV or LLC-JG1 or LLC-DLL4 cells. Each group
consisted of five mice. When tumors reached the size 1-1.5 cm® volume, mice were

sacrificed and tumors were excised for immunohistochemical analysis and for RNA

extraction. Each animal experiment was repeated at least 3 times.

Immunostaining

Tissue sections were deparaffinized in xylene and rehydrated in serial alcohol
dilutions. Tissue sections were stained with hematoxylin and eosin or with Ki67 rabbit
anti-Ki67 antibody (Vector Laboratories) followed by a secondary anti-rabbit
biotinylated antibody (Vector Laboratories). Next, streptavidin-peroxidase (Sigma)
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was added and color development was done with DAB (DAKO). Nuclei were
counterstained with hematoxylin. Percentage of Ki-67 expressing cells was

determined by counting using TMARKER software at a magnification of 200-fold [6].

Statistical Analysis

All data are expressed as the mean + SEM of at least three independent
experiments. Statistical analysis including t-test, one-way ANOVA and two-way
ANOVA were done using GraphPad Prism 6.0 software. p < 0.05 was considered

statistically significant.
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Introduction

Modification of cell surface glycosylation is a common feature of cancer cells,
including gastric cancer [1] and comprises one of the first steps in progression,
invasion and the metastatic processes [2, 3]. The overexpression of tumor-
associated carbohydrate antigens and the expression of new carbohydrate antigens
(oncofetal antigens) are commonly used in the clinic as tumor markers [4, 5]. The
synthesis of highly sialylated glycans is the most frequent alteration associated with
tumor development and originates premature termination of the biosynthesis and
expression of incomplete glycans forms (truncated) [6]. These modifications are
frequently associated with changes in sialyltransferase expression. ST6GalNAc-I is
the sialyltransferase responsible for the synthesis of sialyl-Tn (STn) [7], a glycan
structure that cannot be further processed, and blocks the posterior elongation of the
O-glycan chains [8].

The STn antigen is highly expressed in most gastric[9], colorectal [10],
ovarian [11], breast [12] and pancreatic carcinomas [13] whereas no expression is
observed in the respective normal tissues. The positive correlation of STn with
carcinoma aggressiveness and poor prognosis has motivated the research on sialyl-
Tn role in cancer cell biology. Indeed, it was found that STn antigen is able to induce
a more aggressive cell behavior, such as decreased cell-cell aggregation and
increased ECM adhesion, migration and invasion [9]. Sialyl-Tn was also found to be
responsible for morphological changes, impaired proliferation, and decreased
migration on fibronectin and hyaluronic acid strata in a mouse mammary carcinoma
cell line [14]. Furthermore, in a murine model, the overexpression of STn in gastric cancer
cells increased their intraperitoneal metastatic ability resulting in shortened survival time
of the mice [15]. Although the exact mechanism is not known, the aberrant
expression of STn may favor tumor progression by modulating the interaction of

glycan receptors with glycan-binding proteins.
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Galectin-3 (gal-3) belongs to a family of glycan-binding proteins that binds a
wide array of glycan-containing glycoproteins expressed on the cell surface, thus
regulating the activation status of the cell [16]. Similar to ST6GalNAc-I, gal-3 plays an
important role in cancer biology. It has been reported that gal-3 expression is
upregulated in tumor cells including breast [17], colon [18], pancreatic [19], thyroid
[20] and gastric [21] when compared to normal cells. The alteration of gal-3
expression is correlated with tumor aggressiveness and acquisition of a metastatic
phenotype, indicating that gal-3 is able to modulate tumor development and influence
the progression of the disease.

Galectin-3 functions through both intracellular and extracellular mechanisms.
Intracellularly, gal-3 protects cells against apoptosis through carbohydrate-
independent mechanisms. On the other hand, upon binding to cell surface glycans
gal-3 has a pro-apoptotic role and modulates cell signaling and cell-matrix
interactions [22]. It has been described that gal-3 binds preferentially to unsialylated
proteins in comparison with a2-6-sialylated present on N-glycans, which provides a
mechanism for blocking the pro-apoptotic effects of secreted gal-3 [23]. However, no
studies addressing the role of O-glycans sialylation on gal-3 binding and function
have been described so far. In the present study we demonstrated that the
overexpression of STn led to a decrease in gal-3 binding sites in cancer cells and an
increase in the intracellular levels of gal-3, which can account for the
chemotherapeutic resistance observed in STn-expressing tumor cells. Although
exogenously add gal-3 did not induce tumor cell death, it shows a potentiating effect
on drug-induced cell death. These findings were further validated in human gastric
cancer samples, showing that gal-3 binding sites expression correlated negatively
with sialyl-Tn levels. Our results suggest that STn aberrant expression in O-glycans

increases gastric carcinoma cells drug resistance by shifting gal-3 localization.
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Results

Overexpression of ST6GalNAc-I leads to Sialyl-Tn expression and
confers resistance to chemotherapeutic drugs in MKN45 gastric

cancer cells

In order to evaluate the susceptibility of STn-expressing tumor cells to
chemotherapeutic drugs, we used a human gastric carcinoma cell line (MKN45),
transfected with the full length of ST6GalNAc-I or empty vector (Mock) [8]. First, we
confirmed that only ST6GalNAc-I-transfected cells and not Mock displayed STn
antigen as observed by western blot analysis (Figure 1A). Mock and STn-
overexpressing cells were then treated with 12.5 uyM of cisplatin and flow cytometry
analysis showed that Mock cells exhibited increased activation of caspase-3/7 in
response to cisplatin in comparison with STn-expressing cells (Figure 1B). Mock or
STn-expressing cells were treated with increasing doses of cisplatin or 5-fluorouracil
(5-FU) and we found that STn-expressing cells were more resistant to the cytotoxic
effect of cisplatin and 5-FU than Mock cells, with IC50 values of 5.8 uM (cisplatin)
and 152 yM (5-FU) for STn-expressing cells and 3.5 pM (cisplatin) and 25 yM (5-FU)
for Mock cells (Figures 1C-1F). Additionally, Mock or STn-expressing cells were
grown into spheroids, which replicate important features of tumors in vivo, and
treated with cisplatin once spheroids reached approximately a volume of 0.5 mm?.
Although Mock cells formed significantly bigger spheroids than STn-expressing cells,
Mock spheroids presented a significant volume reduction in the presence of cisplatin
compared to STn-expressing spheroids (Figures 1G and 1H). These results suggest
that STn-expressing cells are more resistant to chemotherapeutic drugs (Cisplatin

and 5-FU) than Mock cells.
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Figure 1. Sialyl-Tn confers chemotherapeutic resistance.

(A) Immunobilot of sialyl-Tn and galectin-3 in Mock and STn-expressing cells. B-actin was used as a
loading control.

(B) Flow cytometry analysis of caspase 3/7 activation in Mock and STn-expressing cells undergoing
apoptosis by treatment with cisplatin (12.5 yM).

(C-F) SRB assay showing the cells viability under the treatment of cisplatin (C) or 5-FU (E) and
determined as a percentage of viable cells relative to control (cells with no drug treatment). (D and F)
Average of IC50 values.

(G and H) (G) Growth curve of Mock (circule) or STn-expressing (triangule) cells spheroids. Cisplatin
(50 yM) was added to spheroid culture and day 4 and the spheroid volume was measured until day 9.
(H) Representative images of MKN45 spheroids at day 1, 4 and 9, Bar=400 pum).

Data are representative (A, B and H) or are the mean + SEM (C-G) of three experiments, **p < 0.01,
***p < 0.001.

109



Chapter 4

Sialyl-Tn expression reduces the availability of galectin-3 binding

sites on the cell surface

Interestingly, Mock cells treated with cisplatin displayed increased cell surface
and supernatants levels of galectin-3 (FigureS 2A-2D and FigureS S1A an S1B) in
comparison with STn-expressing cells. Moreover, by immunofluorescence
microscopy we observed that Mock cells presented gal-3 mainly on the cell surface
and cytoplasm whereas in STn-expressing cells, gal-3 was localized preferentially in
the cytoplasm (Figure 2E). Since cell surface gal-3 has been reported to have a pro-
apoptotic role [23], we next evaluated the mechanism by which the expression of
STn could reduce gal-3 binding sites on the cell surface. After incubating Mock or
STn-expressing cells with Gal-3-Dy488 in the presence or absence of lactose (a
competitive gal-3 CRD inhibitor), we found that STn-expressing cells displayed a
substantial reduction in gal-3-binding sites compared to Mock cells as observed by
flow cytometry analysis (Figure 2F) and immunofluorescence microscopy (Figure
2G). Surprisingly, no changes in the total level of endogenous gal-3 were observed
between Mock and STn-expressing cells by flow cytometry analysis (Figure S1C) or
RT-PCR (Figure S1D). Taken together, these data indicate that the overexpression
of STn reduces the availability of gal-3 binding sites in vitro and results in a cell

surface to intracellular shift of gal-3 expression.
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Figure 2. Sialyl-Tn inhibits galectin-3 binding to cellular surface.

(A and B) (A) Flow cytometry analysis of Mock and STn-expressing cells stained with anti-galectin-3
antibody after cultured in the presence of cisplatin (12.5 yM and 25uM) and (B) mean fluorescence
intensity (MFI) due to galectin-3 staining.

(C) Quantification by ELISA of galectin-3 in culture supernatants of Mock and STn-expressing cells
treated with cisplatin (12.5 yM and 25 yM, as indicated) for 48h.

(D) Mean fluorescence intensity (MFI) of cell surface galectin-3 in Mock and STn-expressing cells.

(E) Representative immunofluorescence images of Mock and STn-expressing cells stained with anti-
galectin-3 and anti-sialyl-Tn antibodies (Bar=5 pm).

(F) Mean fluorescence intensity (MFI) of galectin-3 binding sites by using Gal-3Dy488 staining in Mock
and STn-expressing cells.

(G) Representative immunofluorescence images of Mock and STn-expressing cells stained with Gal-3-
Dy488 and anti-sialyl-Tn antibody (Bar=5 um).

Data are representative of three independent experiments (A, D-G), or are the mean + SEM (B and C),
*p<0.05; **p<0.01; ****p<0.0001. See also Figure S1.
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Sialyl-Tn-expressing tumor xenografts have an increased growth

rate and reduced galectin-3 binding sites

We subsequently explored whether the inverse correlation between STn and
galectin-3 binding sites was maintained when tumor cells are subjected to
microenvironment variations. We thus inoculated Mock or STn-expressing cells
subcutaneously in Balb/c nude mice and observed that STn-expressing tumors had a
significantly higher growth rate than Mock-derived tumors (Figure 3A). At the end of
the experiment (day 20) tumors were collected and no differences were found
between Mock and STn-derived tumors with regard to gal-3 mRNA levels (Figure 3B)

or protein expression assessed by immunohistochemical staining (Figure 3C).
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Figure 3. Sialyl-Tn increases tumor growth and decreases galectin-3 binding sites in vivo.

(A) Tumor growth of Mock and ST6GalNAc-I overexpressing cells in Balb/c nude mice.

(B) mRNA levels of galectin-3 in Mock and ST6GalNAc-I derived tumors. Values are normalized to -
actin mRNA expression.

(C) Immunohistochemical staining of galectin-3, galectin-3 binding sites (hrGal-3/AP) and sialyl-Tn in
Mock and ST6GalNAc-I-derived tumors. Black arrows show no co-localization of galectin-3 binding sites
with sialyl-Tn. Representative images are shown, bar=20 ym.

Data are the mean + SEM (A and B), n=3, or are representative of three independent experiments, five
animals per group (C). ****p<0.0001.

112



Chapter 4

Furthermore, using a human recombinant gal-3 protein fusioned with bacterial
alkaline phosphatase (hrGal3/AP) we found that gal-3-binding sites were lower in
STn-derived tumors in comparison to Mock (Figure 3C). Interestingly, we observed
that cells expressing STn were unable to bind hrGal-3/AP and the opposite was also
true (shown by arrows in Figure 3C). Thus, STn expression confers a selective
growth advantage to the tumors, which was associated to a reduced availability of

gal-3 binding sites in vivo.

Cell surface galectin-3 increases the anticancer activity of

chemotherapeutic drugs

Subsequently, we treated Mock and STn-expressing cells with recombinant
human gal-3 (2 pyM) and found that gal-3 treatment alone had no effect on cell
viability (Figure 4A), the ability to form colonies (Figure 4B) or on the cleavage of
PARP and phosphorylation of H2AX (y-H2AX) (Figure 4C) in Mock and STn-
expressing cells. However, the combination of both gal-3 and cisplatin led to a
significant increase in the percentage of cell death (Figure 4A), reduction in the
number colonies (Figure 4B) and increased PARP cleavage and y-H2AX
phosphorylation (Figure 4C), in Mock cells in comparison to cisplatin alone, whereas
no changes were observed in STn-expressing cells. The potentiating effect of
galectin-3 on cellular death was inhibited by lactose and therefore, dependent on gal-
3 carbohydrate binding domain. We next evaluated the survival of Mock or STn-
expressing cells treated with cisplatin or 5-FU in the presence of gal-3 or its N-
terminally truncated form (gal-3C). Mock cells incubated with gal-3 displayed a higher
susceptibility to the cytotoxic effect of cisplatin (Figure 4D and Figures S2A and S2B)
or 5-FU (Figure 4E and Figures S2C and S2D) as compared to cisplatin treatment
alone. Contrastingly, gal-3C did not affect cisplatin or 5-FU cytotoxic effect in Mock

cells. Neither gal-3 nor gal-3C had any influence on the cytotoxic effect of cisplatin
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and 5-FU in STn-expressing cells (Figure 4D and 4E). Our results demonstrate that
although extracellular gal-3 does not directly induce cells death, it increases

chemotherapeutic treatment induced effects in cells bearing gal-3 binding sites.
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Figure 4. Galectin-3 increases Mock cells susceptibility to cisplatin.

(A) Quantification of % of cell death by measuring propidium iodide incorporation, assessed by flow
cytomety, in Mock and STn-expressing cells cultured for 48h with cisplatin and galectin-3 in the
presence or absence of lactose.

(B) Clonogenic assay of Mock and STn-expressing cells after cultured for 48h with cisplatin and
galectin-3.

(C) Immunoblot of PARP, cleaved PARP and y-H2AX, as indicated, in Mock and STn-expressing cells
cultured with cisplatin and galectin-3 in the presence or absence of lactose for 16h and 24h. B-actin was
used as a loading control.

(D and E) IC50 values for Mock and STn-expressing cells cultured 48h with (D) cisplatin or (E) 5-FU in
the presence or absence of gal-3 or gal-3C.

Data are the mean + SEM, n=3 (A, B, D and E) or are representative of three independent experiments
(C). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S2.
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Intracellular galectin-3 protects cells from cisplatin induced cell

death

Since cytoplasmic galectin-3 has an important role in protecting cells against
apoptosis [22], we subsequently downregulated gal-3 in Mock and STn-expressing
cells using shRNA for gal-3 (Figure 5A). Downregulation of gal-3 had no effect on
cisplatin-induced cell death in Mock cells (Figure 5B). On the other hand,

A B Il Mock ST6GalNAc-I-shRNA-

B ST6GalNAC-|
Mock ST6GalNAc-l < 40

S ok — _
sorshRNA  + -+ - < 30 Gal-3 cells presented an
Gal-3 shRNA - + - + § 20 _ g . .
Galectin-3 - = increased percentage o
8 10
B-actin e - o— — 0 cell death, similar to
Cisplatin - + - +
Scr-shRNA  Gal-3-shRNA
c D Mock levels, when
[l shRNA - scramble B shRNA - scramble
hRNA - Gal-3 hRNA-Gal-3 . . .
_ 20, W @ _20, W @ treated with cisplatin.
£ £ kk || 2%
& 3 15 —
73 3 We further evaluated
O O 10
o o . .
0 5 -
5 5 cisplatin and 5-FU
0
Ctl  Gal-3 Gal-3C Ctl Gal-3 Gal-3C cytotoxicity in the
Mock ST6GalNAc-I
E F resence of gal-3 or gal-
B shRNA - scramble B shRNA - scramble P 9 9
B shRNA-Gal-3 B shRNA-Gal-3
50 o . 200 — 3C and showed that gal-
S 40 *kkk ****** E 1 50 &** *kkk
b 30 L © 100 3 inhibition significantly
B
Qo 0 increased cisplatin
0
Cil Gal-3 Gal-3C Ctl Gal-3 Gal-3C (Figures 5C-5D and 33)
Mock ST6GalNAc-I

Figure 5. Intracellular galectin-3 protects cells from and 5-FU (Figures S5E-
chemotherapeutic-induced cytotoxicity.

(A) Immunoblot of galectin-3 in Mock and STn-expressing cells i
transduced with viral particles containing scrambled or shRNA-Gal-3. SF and S3) cytotoxicity
B-actin was used as a loading control. .

(B) Quantification of % of cell death after culturing Mock and both in Mock and STn-
ST6GalNAc-I with cisplatin (12.5uM) for 48h. Cells were assayed by

propidium iodide and flow cytometry. expressing cells in
(C-F) IC50 values for Mock and STn-expressing cells transduced with

viral particles containing scrambled or shRNA-Gal-3 after culture with .

cisplatin (C and D) or 5-FU (E and F) and galectin-3 or galectin-3C. comparison to
Data are representative of three independent experiments (A), or are

the mean + SEM, n=3 (B-F). *p < 0.05, ***p < 0.001, ****p < 0.0001. scrambled cells. The
See also Figure S3.

combination of gal-3 with cisplatin or 5-FU led to an IC50 reduction in Mock-
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scrambled cells in comparison to chemotherapeutic treatment alone, whereas no
effect was observed in gal-3-silenced cells. Galectin-3C had no effect on both
scrambled-or gal-3-silenced Mock cells. Gal-3 or gal-3C did not alter the IC50 dose
of cisplatin or 5-FU in STn-expressing cells (Figures 5D-5F). Collectively, our results
suggest that overexpression of STn leads to an increase in cytoplasmic galectin-3

expression, which results in resistance to drug-induced apoptosis.

Expression of sialyl-Tn is associated with a reduction in galectin-3

binding sites in human gastric tumors

We further evaluated whether the negative correlation between STn
expression and galectin-3 binding sites could be found in the normal adjacent
mucosa, intestinal metaplasia (IM), tumor and associated metastasis in human
gastric samples. Gastric samples were classified according to the histological
types [24] and the percentage of positive galectin-3, STn and galectin-3-binding
sites stained tumor cells were quantified (Table S1). Galectin-3 expression was
found to be strongly expressed in IM and moderately expressed in normal adjacent
mucosa (Figure 6A). In the tumor, gal-3 was found to be expressed in 39/40 (97.5%)
of the samples and to be present in all 6 gastric cancer-derived metastasis
samples. Galectin-3-binding sites were detected in normal adjacent mucosa but not
in IM (Figure 6A) and were inhibited by lactose, a gal-3 inhibitor (Figure S4). On the
contratry, STn was completely absent in normal adjacent mucosa and expressed
in IM. In the tumor, gal-3-binding sites were detected in 40/40 (100%) of samples
and STn was expressed in 31/40 (77.5%) of gastric cancer cases, however, gal-3-
binding sites and STn were never co-localized with each other. Also, a negative
correlation between gal-3-binding sites and STn expression was also observed
in gastric cancer-derived metastasis, (Figure 6A) that was further confirmed ina

double immunofluorescence assay using anti-STn antibody and human recombinant
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gal-3 previously labeled with -Dy488 (Gal-3-Dy488) (Figure 6B). These results
strongly suggest an important role for sialyl-Tn in reducing galectin-3-binding sites in
gastric tumor samples.

A hrGal-3/AP Sialyl-Tn

Normal/
Tumor metaplasia

Metastasis

20um 20um

20um

Figure 6. Expression of sialyl-Tn and galectin-3 binding sites in human gastric tumors

(A) Immunohistochemical staining of galectin-3, galectin-3 binding sites (hrGal-3/AP) and sialyl-Tn in
human gastric tissue samples.

(B) Immunofluorescence of gastric tumor samples with galectin-3-FITC, sialyl-Tn and DAPI staining.

(A and B) Representative images are shown, bar=20 um. See also Fig. S4.
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In vivo biodistribution of galectin-3

Taking into account our previous results showing that non-sialylated cells
could benefit from chemotherapy in combination with galectin-3 we tested whether
exogenously added gal-3 could reach the tumor microenvironment in a murine model
of gastric cancer. Gal-3 was labeled with a near-infrared fluorofore (VivoTag 680XL)
and then injected intravenously into Balb/c nude mice bearing tumors of Mock cells.
Despite the fact that Mock cell display gal3-binding sites in vitro, we were not able to
detect any uptake of gal-3-680XL by the tumor microenvironment in all time points
assessed (Figure 7A and 7B). Surprisingly, gal-3-680XL was mostly found in the
kidneys of the nude mice (Figure 7B and Figure 7C). To exclude a non-specific
binding of gal-3 to kidneys, we next mixed lactose with gal-3-680XL prior to
intravenous injection and observed a reduction in the total fluorescent signal (Figure
7D) and in the kidneys (Figure 7E and 7F) in comparison to mice injected with Gal-3-
680XL alone. These results showed that intravenously administered fluorescent gal-3

did not reach the tumor mass in a murine model of gastric cancer.
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Figure 7. Galectin-3 in vivo biodistribution.

(A) Mock-tumor bearing Balb/c nude mice were injected intravenously with 150ug of Gal-3-680XL and
imaged with VIS Spectrum at 2 hrs, 48 hrs and 96hrs post injection. Ideal filter set for imaging was 640
nm excitation and 680 nm emission. Mice were imaged dorsally at all time points.

(B) Hearth and lungs (h&e), liver (1), spleen (s), kidneys (k), intestine (i) and Mock-derived tumor (t) were
harvested for ex vivo imaging 48 and 96 hrs post Gal-3-680XL injection.

(C) Radiant efficiency quantification in kidneys harvested 48h and 96hrs post Gal-3-680XL injection.

(D) Balb/c mice were injected intravenously with 150pg of Gal-3-680XL in the presence or absence of
lactose 50mM and imaged with VIS Spectrum after 2 hrs post injection. Ideal filter set for imaging is 640
nm excitation and 680 nm emission. Mice were imaged dorsally.

(E) Intestine (l) and kidneys (K) were harvested for ex vivo imaging 2 hrs post Gal-3-680XL injection in
the presence or absence of lactose 50mM.

(F) Radiant efficiency quantification in kidneys harvested 2 hrs post Gal-3-680XL injection in the
presence or absence of lactose 50mM.

Data are representative of two experiments (A-B and D-E), or are the mean + SEM, n=2 (C and F). *p <
0.05, ***p < 0.001.
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Discussion

Resistance to chemotherapy is the major obstacle to the clinical treatment of
cancer. Platinum-based drugs have been widely used in the treatment of solid
cancers, however, tumor resistance to these drugs has compromised their long-term
efficacy and besides the attempts to describe the multifactorial mechanisms
responsible for this resistance, they are still incompletely understood.

In this study we demonstrated that: (1) ST6GalNAc-I overexpression confers
chemotherapy resistance in gastric cancer cells; (2) STn expression, a biosynthetic
product of ST6GalNAc-I, leads to decreased expression of gal-3 binding sites on the
cell surface and modulates gal-3 subcellular localization both in vitro and in vivo; (3)
Although exogenously added gal-3 does not induce gastric cancer cells death, it
increases the chemotherapy-induced apoptosis in Mock cells, while STn-expressing
cells are protected due to a reduction in gal-3-binding sites; (4) Intracellular gal-3
protects cells from chemotherapy-induced apoptosis.

These data illustrate a new mechanism of chemoresistance and demonstrate
the importance of cellular glycosylation machinery in response to drugs. Platinum
chemotherapy resistant cells are known to possess an abnormal glycosylation, and
treatment with cisplatin can increase the sialic acid content of N-linked glycans on
tumor cells [24]. However, too little attention has been given to the role of O-linked
glycans in chemotherapy resistance. Taking into account the biological role of STn in
tumors, ST6GalNAc-I enzyme seems to be an effective therapeutic target for cancer
treatment. In fact, it was recently demonstrated that transfection of human gastric
cancer cells with ST6GalNAc-I siRNA inhibited the expression of STn and resulted in
several antitumor activities such as inhibition of cell growth, migration, and invasion
both in vitro and in vivo [25]. Still, a link between ST6GalNAc-I overexpression and

chemotherapeutic resistance has not been demonstrated so far.
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Several cell surface receptors such as mucins glycoproteins [8, 9], integrins
[14], CD44 [26], among others, are O-linked sialylated. In fact it is known that mucin
MUC1 attenuates the apoptotic response to DNA damage conferring resistance to
chemotherapeutic drugs such as cisplatin [27]. Similarly, integrin 1 has been shown
to block apoptosis induced by cisplatin via ERK and MAP kinase [28, 29] and CD44
molecule has been show to promote PI-3 kinase-mediated oncogenic signaling and
cisplatin resistance in cancer cells [30]. Since gal-3 has been shown to favor MUC1
[31], integrin B1 [27] and CD44 [32] endocytosis, increased STn expression on these
proteins may impair gal-3-mediated endocytosis and consequently increase
chemotherapy resistance in tumor cells.

In this study we also showed that exogenously added gal-3 alone did not
induce tumor cell death. Several previous studies have supported the concept that
extracellular gal-3 alone promote cell apoptosis. Extracellular galectin-3 has been
reported to stimulate apoptosis in human leukemia T cell lines [33], human B cell
lymphoma [34] and neutrophils [35]. However the majority of studies are focused on
cells from the immune system and only one study reported that gal-3 treatment alone
was a pro-apoptotic molecule in epithelial tumor cells [23]. Therefore, the exact role
of cell surface gal-3 on apoptosis depends not only on the cell type, but also on
which receptors are present and its glycosylation status in a given cell.

Moreover, the N-terminally truncated form of galectin-3 (gal-3C) was
previously reported to inhibit human tumor growth, motility, invasion and
angiogenesis [36]. Additionally, gal-3C in combination with bortezomib significantly
reduced tumor development in human multiple myeloma [36]. In our model however,
gal-3C alone or in combination with cisplatin or 5-FU had no effect on gastric cancer
cells viability. Since most of gal-3 functions are mediated by its ability to oligomerize
and crosslink cell surface proteins one can assume that the sensitizing effect of gal-3
to chemotherapy may be dependent on gal-3-induced crosslink of cell surface
receptors.
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Our data also demonstrated that intracellular gal-3 increased cell resistance
to chemotherapy-induced cell death. Indeed, intracellular gal-3 has been previously
described to protect cells against apoptotic stimuli in response to chemotherapeutic
drugs. Intracellular gal-3 is thought to mediate anti-apoptotic activity by interacting
with Bcl-2 family members, synexin, modulating the expression of survivin, cyclin D1,
and XIAP and activating Ras signaling [37]. Our data showed that STn expression,
which decreases gal-3 binding sites at the cell surface, might be responsible for the
intracellular accumulation of gal-3 in ST6GalNAc-l-overexpressing cells, thus
providing a resistance mechanism to chemotherapy. Therefore, we propose a new
mechanism by which sialyl-Tn influences tumor cell resistance to chemotherapeutic
drugs (Figure 8).

A few studies have demonstrated that injection of truncated gal-3 is able to
inhibit tumor cell proliferation in vivo possibly by its direct binding to the tumor [36].
Despite the importance of these reports and to the best of our knowledge, the
present study is the first addressing whether gal-3 could reach the tumor site upon in
vivo administration. Although gal-3 was not able to reach the tumor site, we cannot
discard that: (1) gal-3 binding to other organs and cells could indirectly benefit tumor
growth inhibition. Indeed, gal-3 has been shown to have an important role in the
modulation of immune responses to tumors affecting for instance, maturation of
cytotoxic NK cells and their cytotoxic activity [38], enhancing the number of Treg cells
[39] and suppressing CD8" T cells [40]; (2) MKN45 gastric cancer cells were
implanted in an anatomical site different from the original tumor in this study that
could influence galectin-3 tropism for tumor; (3) only one model of gastric carcinoma
was tested and others types of tumors could be recognized by galectin-3.

Thus, the knowledge obtained from this study may open news perspectives in
the way we diagnose and treat cancer. Indeed, a careful evaluation o STn
expression and galectin-3 binding sites in tumors may be important to predict
patient’'s response to a specific therapy. Tumor expressing galectin-3 binding sites
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will probably benefit from a cisplatin or 5-FU therapy in comparison with tumors
expressing STn. Even though a combination of chemotherapeutic drug with galectin-
3 do not seem to be promising (taking into account our biodistribution studies of gal-
3) to treat gastric cancer, we cannot rule out that not only tumor cells, but also other
cells within the tumor microenvironment such as macrophages [41] or dendritic cells
[42], are able to locally produce and release gal-3 to the tumor. Consequently, in the
presence of extracellular gal-3, tumors bearing galectin-3-binding sites could benefit
from chemotherapeutic drug treatment.
0
A 5.FU H/f]/F CI:P<NH3 B 6rU Fﬂ\fjﬁ c|:P<NH3

cl NH, 07> N Cl NH,
. . H
Cisplatin

Cisplatin

* ®

Cell death Cell death resistance

Figure 8. Proposed model for sialyl-Tn mediated resistance to cisplatin.

(A) Tumor cells expressing galectin-3 binding sites also express galectin-3 at their cells surface. These
cells are more susceptible to extracellular receptors clustering, caused by the action of extracellular
galectin-3, thus increasing the sensitivity of tumor cells to cisplatin. (B) Given that the apoptotic function
of gal-3 is related to its subcellular location, tumor cells expressing STn preferentially accumulate
galectin-3 in the cytoplasm. As a consequence, STn expressing cells are more resistant to
chemotherapy and can activate the intracellular anti-apoptotic machinery.

Our results suggest that galectin-3 inhibition could be a strategy to overcome
STn-expressing cells resistance to chemotherapeutic drugs. Numerous studies have
reported that galectin-3 inhibitors, such as Lac-I-Leu or modified citrus pectin (MCP),
presented potential antimetastatic abilities [43, 44]. Since galectin-3 has been shown

to directly regulate the sensitivity of cancer cells to numerous chemotherapeutic

123



Chapter 4

agents [45-47], we could assume that galectin-3 inhibitors may hold the potential to
enhance STn-expressing cancer cells sensitivity to cytotoxic drugs. However, these
carbohydrate-based inhibitors only prevent extracellular B-galactoside-mediated
interactions of galectin-3 and are not able to inhibit intracellular galectin-3. Therefore,
future therapies targeting galectin-3 and/or ST6GalNAc-I enzyme may include the
design of RNA interference and/or explore sialyl-Tn for a selective drug-delivery

approach.
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Experimental Procedures

Cell culture

MKN45-Mock and ST6GalNAc-I cells (American Type Culture Collection,
Manassas, VALLC [48]) were cultured in RPMI (Gibco, Life technologies, MD, USA)
supplemented with 10% of fetal bovine serum (Gibco, Life technologies, MD, USA),
50ug/mL of gentamicin (Gibco, Life technologies, MD, USA) and in the presence of
geneticin (300pg/mL) (Sigma). Mycoplasma contamination in cultured cells was

excluded by using Lonza Mycoplasma Detection Kit.

Flow cytometry

For flow cytometry, cells were harvested and incubated with anti-sialyl-Tn
(TKH2 antibody[49]) or anti-galectin-3 (M3/38, ATCC TIB166) followed by anti-
mouse-Alexa488 or anti-rat-Alexa488 antibodies. Alternatively, cells were incubated
with DyLigth488 labelled-hrGal-3. Analysis was made using the flow cytometer
CyAn™ ADP Analyzer from Beckman Coulter. For detailed protocol see

supplemental experimental procedures.

Gene expression analysis

Total RNA from cell cultures or tumor tissue was isolated with Tri-Reagent
(Sigma) according to the manufacturer’s instructions. Complementary DNA (cDNA)
was synthesized using the High capacity cDNA RT kit (Applied Biosystems),
according to the manufacturer’s protocols. Quantitative PCR analysis was performed
in triplicate using the SensiMix SYBR No-ROX kit (Bioline). Relative quantification
was done using the AACt method normalizing to GAPDH gene expression (See

Table S2 for primer detail).
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Evaluation of cell death by propidium iodide

Cells previously incubated with cisplatin (12.5uM or 25uM) and hrGal-3 (2uM)
in the presence or absence of lactose (50mM) were harvested and stained with
propidium iodide 20ug/mL (Invitrogen). Analysis was made with flow cytometer
CyAn™ ADP Analyzer from Beckman Coulter. For detailed protocol see

supplemental experimental procedures.

ELISA

MKN45-Mock or —ST6GalNAc-I cells were cultured in the presence of
cisplatin (12.5uM or 25uM) for 48h. After this period, the cellular medium was
collected and galectin-3 was quantified by ELISA according to the manufacturer’s

procedure (ELISA galectin-3 Duo Set, R&D Systems).

Immunofluorescence

Cells or gastric cancer tissues were incubated with anti-sialyl-Tn (TKH2
antibody[49]), anti-galectin-3 (M3/38, ATCC TIB166) or hrGal-3-DyLight488 and
detected with anti-mouse-Alexa-546 (Invitrogen) or anti-rat-Alexa488 (Invitrogen),
respectively. Nuclei were stained with DAPI (4',6-diamidino-2-phenylindole). Pictures
were taken using a fluorescent inverted microscope (Zeiss Axiovert 200M). For

detailed protocol see supplemental experimental procedures.

Immunostaining

Sections from cancer specimens were obtained from patients with muci- nous
adenocarcinomas undergoing surgery at Hospital S. Jodo, Medical Faculty (Porto,
Portugal) between 1991 and 2009. Tissue fragments were fixed in 10%
formaldehyde and embedded in paraffin. Serial sections of 3 ym were cut and used
for immunostaining with anti-sialyl-Tn antibody ((TKH2 antibody [49]), anti-galectin-3
(M3/38, ATCC TIB166) or incubated with hrGal-3/AP[50]. The tissue were classified
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using a 0-to-3 scale: 0 for 0-5% positive tumor cells, 1 for 6-50% positive tumor
cells, 2 for >50% positive tumor cells. For detailed protocol see supplemental

experimental procedures.

In vivo distribution of galectin-3

Five Balb/c nude mice were implanted subcutaneously with 2x10° MKN45-
Mock cells. When tumors reached the size of 0.5-1cm?, 100ug of galectin-3-VivoTag
680XL were injected intravenously. After a period of 2h, 48h and 96h, mice were
anesthetized with isoflurane gas and then imaged with a Xenogen IVIS Spectrum

instrument with filter set of 640 nm excitation and 680 nm emission.

Statistical Analysis

All data are expressed as the mean + SEM of at least three independent
experiments. Statistical analysis including t-test, one-way ANOVA and two-way
ANOVA were done using GraphPad Prism 6.0 software. p < 0.05 was considered

statistically significant.
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Supplemental figures and legends
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Figure S1. Total levels of galectin-3 are not altered in Mock and ST6GalNAc-I|
cells.

(A-C) Flow cytometry histogram of (A) cells surface galectin-3, (B) galectin-3 binding
site and (C) total galectin-3 in Mock and ST6GalNAc-| overexpressing cells.

(D) mRNA levels of galectin-3 in Mock and ST6GalNAc-I cells. Values are
normalized to B-actin.

Data are representative images (A) or are the mean + SEM, n=3 (B).
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Figure S2. Galectin-3 increases cisplatin and 5-FU cytotoxicity in Mock cells.

(A-D) SRB assay showing Mock or STn-expressing cells viability under the
treatment of cisplatin (A and B) or 5-FU (C and D) and determined as a percentage
of viable cells relative to control (cells with no drug treatment). Data are the mean *

SEM, n=3.
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Figure S3. Intracellular galectin-3 protects cell from 5-FU induced cytotoxicity.

(A-H) SRB assay showing Mock-scramble, Mock-shRNA-Gal-3, ST6GalNAc-I-
scramble or ST6GalNAc-I-shRNA-Gal-3 cells viability under the treatment of cisplatin
(A-D) or 5-FU (E-H) and in the presence of galectin-3 or galectin-3C. The indicated
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concentrations are presented in logarithmic scale and results determined as a
percentage of viable cells relative to control (cells with no drug treatment). Data are

the mean + SEM, n=3.

hrGal-3/AP hrGal-3/AP + Lactose

Figure S4. Lactose inhibits hrGal-3/AP binding.
Immunostaining of human gastric tumor with hrGal-3/AP in the presence or absence

of lactose. Bar= 10um. Representative images are shown
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Supplemental Tables

Table S1. Immunohistochemical data.

Histological type (n=40) Number of cases (%)

Intestinal 21 (52.5%)
Diffuse 11 (27.5)
Atypical 8 (20%)

Galectin-3 expression

Negative 1(2.5%)
<50% of +ve cells 3 (7.5%)
>50% of +ve cells 36 (90%)

Galectin-3 binding sites (hrGal-3/AP)

Negative 0 (0%)
<50% of +ve cells 3 (7.5%)
>50% of +ve cells 37 (92.5%)

Sialyl-Tn expression

Negative 9 (22.5%)
<50% of +ve cells 20 (50%)
>50% of +ve cells 11 (27.5%)

Table S2. Primers sequences.

Primer Forward 5’ - 3’ Reverse 5’ - 3’

Galectin-3 TGTTTGCAATACAAAGCTGGA GCAACCTTGAAGTGGTCAGG

B-actin GCCAGGTCATCACCATTGG GGTAGTTTCGTGGATGCCACA
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Supplemental experimental procedures

Cell culture

MKN45 cells (American Type Culture Collection, Manassas, VALLC [1]) were
cultured in RPMI (Gibco, Life technologies, MD, USA) supplemented with 10% of
fetal bovine serum (Gibco, Life technologies, MD, USA) and 50ug/mL of gentamicin
(Gibco, Life technologies, MD, USA). Mock and ST6GalNAc-I transfected cells [2]
were cultured on the same conditions but in the presence of the selective antibiotic
geneticin (300pg/mL) from Sigma. Mycoplasma contamination in cultured cells was

excluded by using Lonza Mycoplasma Detection Kit.

Recombinant human galectin-3 and galectin-3C preparation

Galectin-3 and galectin-3C were produced in Escherichia coli BI21/DE3
containing the pET11a plasmid with the human galectin-3 (hrGal-3) coding DNA or
the C-terminal domain fragment of galectin-3 (hrGal-3C) (gift from Dr. Nozomu Nishi,
Kagawa University, Japan) and purified by affinity chromatography on lactosyl-
Sepharose (Sigma) as previously described [3]. Lactose was removed by gel-
filtration chromatography on desalting columns and contaminating LPS was
eliminated by affinity chromatography on detoxi-gel beads (Pierce). The endotoxin
levels were less than 0,1 EU per pg of protein as determined by the LAL method
(Lonza). Conjugation of hrGal-3 with DyLight488 was performed accordingly to
manufacturer’s instructions (Thermo Fischer Scientific). Conjugation of hrGal-3 with
VivoTag 680XL was performed according to manufacturer’'s instructions (Perkin

Elmer, Boston, USA).

Flow cytometry
For flow cytometry, MKN45-Mock or MKN45-ST6GalNAc-lI cells were

harvested and 1x10° cells were incubated with 1% BSA/PBS for 1 hour in at 4°C.
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Next, cells were incubated with 1ug of anti-sialyl-Tn (TKH2 antibody [4]) or anti-
galectin-3 (M3/38, ATCC TIB166) for 1 hour. Subsequently cells were washed with
PBS, and primary antibodies were detected with anti-mouse-Alexa488 or anti-rat-
Alexa488 antibodies for 45 min. After final washing, cells were fixed with 4%
paraformaldehyde. For intracellular staining of galectin-3 after the steps described
above, cells were permeabilized with saponin 0.5%/PBS and incubated with anti-
galectin-3 and, subsequently, with anti-rat-Alexa488 antibodies. Alternatively, cells
were incubated with different doses 10ug of DylLigth 488 labelled-hrGal-3 in the
presence or absence of lactose (50mM) for 1 hour and fixed in 4% paraformaldeyde.
Cleaved caspase3/7 assay was performed accordingly to manufacturer’s instructions
(Vybrant FAM Caspase-3 and -7 Assay kit, Life Technologies). Analysis was made
using the flow cytometer CyAn™ ADP Analyzer from Beckman Coulter. Data were

subsequently evaluated with FlowJo vX 0.7 software.

Evaluation of cell death by propidium iodide

2x10° MKN45-Mock or MKN45-ST6GalNAc-I cells were seeded overnight in a
6 well plate and then incubated with cisplatin (12.5uM or 25uM) and hrGal-3 (2uM) in
the presence or absence of lactose (50mM) for additional 48h. At the end of the
experiment, cells were harvested and fixed in ethanol 70%. Cells were then washed
2 times with PBS and incubated with 100uL of PBS containing 0.1% Triton X-100
(Sigma), 200ug/mL RNAse (Sigma), propidium iodide 20ug/mL (Invitrogen) for 30
min in the dark. The propidium iodide fluorescence was analyzed with the flow
cytometer CyAn™ ADP Analyzer from Beckman Coulter. Data were subsequently

evaluated with FlowJo vX 0.7 software.

Gene expression analysis
Total RNA from cell cultures or tumor tissue was isolated with Tri-Reagent
(Sigma) according to the manufacturer’s instructions. Complementary DNA (cDNA)
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was synthesized using the High capacity cDNA RT kit (Applied Biosystems),
according to the manufacturer’s protocols. Quantitative PCR analysis was performed
in triplicate using the SensiMix SYBR No-ROX kit (Bioline). Relative quantification

was done using the AACt method normalizing to GAPDH gene expression.

Generation of MKN45 galectin-3 knockdown cells

Stable shRNA Mock or ST6GalNAc-I cell line targeting galectin-3
(TRCNO0000029305, Sigma) or the negative control (SHC016, Sigma) were
generated after co-transfection of 30ug of shRNA-containing plasmids with 15ug
pPAX2 and 5ug of pMDG.2 (Addgene) into HEK293t packaging cell line utilizing
CaCl; method. The viral supernatant was recovered and the transduced cells were
generated by infection with 2 MOI (multiplicity of infectious units) of shRNA lentiviral
particles. On the next day, cells were replaced with fresh medium, and a day later,
cells were selected with 1ug/mL of puromycin for 1 week. Galectin-3 knockdown
(shRNA-Gal-3) and negative control (scramble) cells were generated and subjected

to Western blot to investigate galectin-3 expression.

Western Blotting

Cells were lysed in RIPA buffer (Sigma) and 50ug of proteins were separated
by Novex NuPAGE SDS-PAGE gel system (Invitrogen) and then transferred
overnight to a PVDF membrane (Invitrogen). The membrane was incubated with anti-
sialyl-Tn (TKH2 antibody [4]), anti-galectin-3 (M3/38, ATCC TIB166), anti-PARP (cell
signaling), anti-p-AKT-ser139 (cell signaling) or anti-y-H2AX (cell signaling). Anti-p-
actin-peroxidase (Sigma) was used as a loading control. Horseradish peroxidase
(HRP)-conjugated secondary antibodies (Dako) were detected using the enhanced
chemiluminescence (ECL) reagent (GE Healthcare) and images were acquired using

ImageQuant (GE HealthCare).
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Cell viability assay

2000 cells were seeded in a 96-well plate for 24h. Next, cells were incubated
with or without cisplatin (range from 0.09 uyM to 50 uM) or 5-FU (range from 0.9 uyM
to 1 mM) for a period of 72h. Cell mass was determined based on the SRB cell
protein stain [5]. After this period, cells were fixed with 10% trichloroacetic acid at
4°C for 1 h. The plates were then washed with distilled water and dried. SRB solution
(150pL) at 0.4% (w/v) in 1% acetic acid was added and incubated for 30 min at room
temperature. The well plates were then washed with 1% acetic acid and dried. 100uL
10 mM Tris base was added to the wells to solubilize the bound SRB, and
absorbance was then read at 515nm on an automated microplate reader
(VERSAmax, Molecular Devices, Sunnyvale, CA, USA). Data were analyzed with
GraphPad Prism 6.0 software. The experiments were performed at least three times,

with each condition plated in triplicate.

Colony Formation Assay

Cells were plated 500 per well in complete media in six-well plates (Corning,
Acton, MA, USA) and allowed to adhere for 24h. The next day cells were treated with
cisplatin (12.5uM) in the presence or absence of galectin-3 (2uM). After 24h,
cisplatin-containing media was removed, and cells were allowed to form colonies in
complete media for 14 days. The colonies were then fixed and stained with methanol

containing 1% crystal violet for 1 hour and counted manually.

Sphere formation assay

MKN45-Mock or —ST6GalNAc-I cells were harvested and 5x10* cells/mL
were ressuspended in ice-cold complete medium. Matrigel (reconstituted basement
membrane, BD Bioscience Bedford, MA) was then added at a final concentration of
2.5% with ice-cold pipette tips to the cell suspension. A volume of 200uL of this
suspension was added to each well of a Ultra Low Cluster 96-well plate (Costar
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7007) with a round bottom. The spheroid formation was initiated by centrifugation of
the plates at 1000g for 10min. The plates were then incubated under standard cell
culture conditions and at day 4, 50uM of cisplatin was added to the culture medium
and growth was monitored until day 9. Spheroid growth was photographed with an
inverted microscope. The spheroid volume was calculated using the ImageJ software

and applying the formula (volume (mm?®)=1rr’4/3).

Immunofluorescence analysis of cells

MKN45-Mock or MKN45-ST6GalNAc-I cells were plated in a 24 well glass
bottom plate at a density of 5x10* overnight. The next day, cells were fixed with
methanol. Fixed cells were hydrated with PBS and blocked with 1% of bovine serum
albumin (BSA, Sigma) for 1 hour and incubated with anti-sialyl-Tn (TKH2 antibody
[4]), anti-galectin-3 (M3/38, ATCC TIB166) or hrGal-3-DyLight488 for 1 hour. After
washing, primary antibodies were detected with anti-mouse-Alexa-546 (Invitrogen) or
anti-rat-Alexa488 (Invitrogen). Nucleus were stained with DAPI (4',6-diamidino-2-
phenylindole) and the coverslips were mounted with Aqua-Poly/Mount medium
(Polysciences Inc., Warrington, PA). Pictures were taken using a fluorescent inverted

microscope (Zeiss Axiovert 200M).

Immunofluorescence analysis of gastric cancer tissue

Tissue sections were deparaffinized in xylene and rehydrated in serial alcohol
dilutions. Tissue sections were then blocked with 1% of bovine serum albumin (BSA,
Sigma) for 1 hour and incubated with anti-sialyl-Tn (TKH2 antibody [4]), or hrGal-3-
DyLight488 for 1 hour. After washing, primary antibody were detected with anti-
mouse-Alexa-546 (Invitrogen). Nucleus were stained with DAPI (4',6-diamidino-2-
phenylindole) and the coverslips were mounted with Aqua-Poly/Mount medium
(Polysciences Inc., Warrington, PA). Pictures were taken using a fluorescent inverted
microscope (Zeiss Axiovert 200M).
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Immunostaining

Tissue sections were deparaffinized in xylene and rehydrated in serial alcohol
dilutions. Tissue sections were stained with anti-sialyl-Tn antibody ((TKH2 antibody
[4]), anti-galectin-3 (M3/38, ATCC TIB166) followed by a secondary anti-mouse or
anti-rat biotinylated antibodies (DAKO). Next, streptavidin-peroxidase (DAKO) was
added and color development was done with DAB (DAKO). Nuclei were
counterstained with hematoxylin. Tissue samples were washed in PBS and mounted
in Vectashield (Vector Laboratories, Inc). Alternatively, tissue samples were
incubated with hrGal-3/AP [6] for 2 hours and color development was done with Fast
Red TR/Naphthol AS-MX and TR phosphate (Sigma), according to the
manufacturer’s instructions. Sections were counterstained with hematoxylin. The
coverslips were mounted with Aqua-Poly/Mount medium (Polysciences Inc.,
Warrington, PA). As a negative control, an assay using lactose to inhibit the
carbohydrate recognition domain of galectin-3 was performed. Representative areas
of gastric adenocarcinomas were digitalized by digital camera (axioskop Plus, Zeiss,
germany). The tissue were classified using a 0-to-3 scale: 0 for 0-5% positive tumor

cells, 1 for 6-50% positive tumor cells, 2 for >50% positive tumor cells.

In vivo studies

Balb/c nude mice were bred at the animal facility of FMUSP and all
experiments complied with the relevant laws and were approved by local animal
ethics committees. Six- to 8-week-old male Balb/c nude mice were implanted
subcutaneously with 2x10° MKN45-Mock or MKN45-ST6GalNAc-I cells. Each group
consisted of five mice. When tumors reached the size of 1-1.5 cm® mice were
sacrificed, tumors were excised and fragmented for immunohistochemical staining
and mRNA expression analysis. Each animal experiment was repeated at least 3

times.
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Statistical Analysis

All data are expressed as the mean + SEM of at least three independent
experiments. Statistical analysis including t-test, one-way ANOVA and two-way
ANOVA were done using GraphPad Prism 6.0 software. p < 0.05 was considered

statistically significant.
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Chapter 5

Over the past few years several studies have focused on the role of galectin-
3 in tumor biology, however future research is still needed to precisely determine
which glycoproteins recognized by galectin-3 are responsible for its pro-tumoral
functions, and the conditions under which galectin-3 can affect tumor progression.
Several binding partners for galectin-3 have been identified so far, such as EGFR,
VEGFR, MUC1 and integrins [1-3], but various other glycoproteins that may bind
galectin-3 have not yet been discovered. In Chapter 2 of the present thesis, galectin-
3 was found to preferentially activate Jagged1/Notch signaling activation while
galectin-1, another member of galectins family, preferentially activated DLL4/Notch
signaling in tumor cells.

Notch receptors and ligands are frequently aberrantly expressed in a wide
range of cancers such as breast, colorectal, pancreatic and melanoma [4]. Jagged1
ligand, expressed in several types of tumor cells lines and tumor samples, has
proven to play roles in multiple aspects of cancer biology such as cell growth,
proliferation, cancer stem cells, epithelial-mesenchymal transition (EMT), metastatic
process, resistance to therapy and, more recently in angiogenesis [5]. Delta-like-4,
usually expressed in endothelial cells, has been associated with tumor angiogenesis,
metastasis and cancer stem cells [6, 7]. Several strategies have been used to inhibit
Notch signaling, such as small-molecule inhibitors of the y-secretase complex, which
prevent the release of NICD [8], antisense Notch [9], RNA interference [10] and
soluble receptor decoys that act by sequestering Notch ligands [11], though, they are
still far from actual therapeutic application. Therefore, the identification of novel
molecules that can control ligand-dependent Notch signaling activation may have a
direct impact for the development of strategies aimed at controlling tumor
progression.

In Chapter 3 we found that galectin-3 is a key protein in shifting normal
resting blood vessel to a growth phase via activation of Jagged1/Notch signaling. To

date, most antiangiogenic therapies are designed to disrupt VEGF-VEGFR
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interactions. Several angiogenesis inhibitors have already been approved by the U.S.
Food and Drug Administration (FDA), like Bevacizumab, Sorafenib and Sunitinib, and
are currently used to treat cancer treatment other diseases, such as macular
degeneration [12-15]. However, most tumors develop mechanisms of resistance to
antiangiogenic agents [16] probably because multiple signaling pathways are
involved in angiogenesis, and more than one pathway is often dysregulated in
human tumors. Therefore, blocking a specific pathway often induce tumor cells to
develop other angiogenesis mechanisms that lead to antiangiogenic therapy
resistance. In fact, the Notch signaling pathway has been associated with increased
tumor angiogenesis. DLL4 expression was reported to be strongly express in the
endothelium of tumor blood vessels with a decreased expression in normal blood
vessels [17, 18]. DLL4 expression seems to be regulated directly by VEGF in the
context of tumor angiogenesis, and acts as a negative modulator of angiogenesis by
downregulating excessive VEGF-induced sprouting [18]. Interestingly, although DLL4
inhibition leads to increase tumor vasculature density, this vascular network is
essentially non-functional [18]. Several studies have reported that DLL4 inhibition
decreases tumor growth in tumor models that are resistant to VEGF inhibitors [19,
20], suggesting that inhibition of this pathway is an attractive alternative for tumors
resistant to VEGF inhibitors.

On the other hand, Jagged1 seems to be elicited by tumor
microenvironmental stress and its overexpression both in tumor cells and endothelial
cells, has been associated with increased tumor angiogenesis [21-23]. Inhibition of
Jagged1 by siRNA or using a soluble Notch decoy that prevented Jagged1 binding to
Notch receptor, were found to inhibit angiogenesis both in vitro and in vivo in a
human model of head and neck squamous cell carcinoma and in breast and
neuroblastoma cancer models [24, 25]. Interestingly, activation of Jagged1/Notch1
signaling pathway was found to contribute to vessel stability when the

VEGF/VEGFR2 pathway is inhibited [26]. Although targeting DLL4 or Jagged1, as
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well as the use of broad inhibitors of Notch receptor activation seem to be promising
to inhibit angiogenesis in tumors, clinical development has encountered significant
challenges with dose limiting intestinal adverse events [27]. Consequently, additional
studies are still needed to understand the role that Notch individual components play
in tumor angiogenesis before moving forward in Notch-directed therapies for clinical
application.

Our results suggest that galectin-3 may limit the efficacy of anti-VEGF
treatment by dysregulating the Jagged1/Notch signaling pathway. Thus, targeting
galectin-3 may be an approach to indirectly inhibit Jagged1/Notch signaling and a
way to overcome anti-VEGF resistance. Indeed, galectins are promising targets for
antiangiogenic therapy. Galectin-1 binding to endothelial cells has already been
associated with resistance to anti-VEGF therapy, and inhibiting galectin-1 could
restore sensitivity to anti-VEGF therapy [27]. Since targeting Notch is still far from
clinical application, the use of a combination treatment targeting both VEGF and
galectin-3 may minimize side effects and provide a more efficient inhibition of tumor
angiogenesis and tumor growth.

Future research on the role of galectin-3 in angiogenesis should address
whether galectin-3 inhibitors, such as small molecules or antibodies can revert tumor
resistance to anti-VEGF therapies. Moreover, a deeper understanding on the role of
galectin-3 in Notch ligands regulation such as cell surface stabilization, endocytosis
or turnover might be of great value to develop targeted antiangiogenic therapies.

Altered expression and localization of galectin-3 in cancer possibly reflect
changes in the glycosylation machinery. Throughout this thesis (chapter 4), it was
uncovered that galectin-3 intracellular accumulation caused be ST6GalNAc-I
overexpression was responsible for platinum-drugs resistance in gastric cancer.
These data illustrate a new mechanism of chemoresistance and demonstrate the
importance of cellular glycosylation machinery in response to drugs. Since resistance

to chemotherapy is the major obstacle to the clinical treatment of cancer, the findings
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of the present thesis suggest that a careful evaluation of STn expression and
galectin-3 subcellular localization in tumors could help predict which patient will
benefit from a platinum-based therapy. Moreover, our results suggest that future
therapies targeting intracellular galectin-3 and/or ST6GalNAc-I enzyme could be a
strategy to overcome STn-expressing cells resistance to chemotherapeutic drugs.

Galectin-3-specific low molecular weight inhibitors have been used as a
strategy to block galectin-3 CRD. Indeed, lactulosyl-I-leucine (Lac-l-Leu), a synthetic
low-molecular weight carbohydrate-based galectin-3 inhibitor, was found to reduce
spontaneous human breast cancer metastasis in nude mice [28], and to increase
susceptibility of the human metastatic cancer cell MDA-MB-435 to apoptosis induced
by Taxol (paclitaxel) both in vitro and in vivo [29]. However, several galectin-3
intracellular functions do not involve lectin-carbohydrate interactions. Moreover, there
are still several issues concerning the bioavailability of these compounds in vivo,
mainly due to hydrolysis, metabolism and short half-lives. RNA interference strategy
is another way to inhibit both the intra- and the extracellular galectin-3. Still, several
obstacles need to be overcome before the design of preclinical and clinical studies
based on RNAI therapeutics, such as validation of the delivery systems, careful
evaluation of the target and safety of the delivery system [30].

Regarding sialyl-Tn, several anti-STn antibodies have been generated, such
as B72.3, TKH2, CC49 and HB-STn1, and have been mainly used for diagnosis,
imaging and radiotherapy [31-35]. More recently, LLU9B4 and 3P9 antibodies have
been generated by immunization of mice with STn glycoproteins extracted from the
human colon adenocarcinoma cell line LS174T and the human colorectal
adenocarcinoma SW1116 cells, respectively [36, 37]. 3P9 antibody showed
significant inhibitory effect on proliferation and migration of STn expressing cells and
tumor growth, suggesting a potential application of this antibody for tumor therapy.
While most of these antibodies are promising, their fine specificity is still unclear and

the potential therapeutic effect on cancer cells and patient tissues needs to be
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carefully assessed prior to their use in clinic as therapeutic agents. Still, STn antigen
is a good tumor marker and a few strategies have been developed to create an anti-
STn vaccine, such as the Theratope immunotherapy (from Biomira Inc), which
entered clinical trials and reached Phase Il (NCT00046371) [38]. However, so far no
vaccine has been approved for clinical use since vaccines failed to induce a
protective immune response and no survival benefit was found in patients.
ST6GalNAc-I inhibition is also an attractive strategy to overcome STn-
induced resistance to chemotherapeutic drugs. However, to date, no specific inhibitor
has been used to alter ST6GalNAc-I expression levels. Over the last few years,
several sialyltransferase inhibitors based on the enzyme donor analog or receptor
analog have been designed. For example, P-3F(ax)-Neu5Ac, a sialic acid analog,
was found to be a competitive inhibitor of all sialyltransferases, blocking the
synthesis of sialoglycans in murine melanoma cells and reducing cell adhesion,
migration, and tumor growth [39]. In addition, a natural product such as Lith-O-Asp
(a potential pan-sialyltransferase inhibitor), was found to reduce cell migration of
various cancer cells and to have antimetastatic activity in an in vivo model of breast
cancer [40]. However, all sialyltransferase inhibitors developed so far inhibit a broad
range of sialyltransferases and their effectiveness does not appear to be promising
for clinical applications. Further research should explore the inhibition of specific

sialyltransferases in order to avoid disrupting the physiologically important sialylation.

What future holds for galectin-3?

Galectin-3 expression is increased in the serum of patients under several
pathological conditions [41-43]. Therefore, a great challenge for the future will be to
use inhibitors of galectin-3 for the treatment of different pathological conditions.
Indeed, several larger glycans that are less subject to clearance and metabolism,
have been developed to inhibit galectin-3 extracellular functions. Modified citrus

pectins (MCP), a potential cancer therapeutic agent, act as competitive inhibitor of
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the carbohydrate-binding domain of galectin-3 and has been shown to inhibit
galectin-3-mediated survival function [44]. Similarly, GCS-100 (La Jolla
Pharmaceuticals; Prospect Therapeutics) is a large modified glycan (~1000kDa), and
has been shown to be effective in pre-clinical models of multiple myeloma,
lymphoma, leukemia, and solid tumors [45-47]. Galectin Therapeutics, Inc. already
has GM-CT-01, a carbohydrate complex that targets galectin-3 and galectin-1, in
phase 2 clinical trial for the treatment of metastatic colorectal cancer
(NCT00110721). Moreover, GR-MD-02, another carbohydrate-based complex
targeting galectin-3, has also shown significant therapeutic effects on fibrosis
regression and reversal of cirrhosis [48] and is currently in phase 2 clinical trial
(NCT02421094). TD139 [49] (Galecto Biotech) was recently approved by the Food
and Drugs Administration (FDA) for the treatment of patients with idiopathic
pulmonary fibrosis and is currently in phase Ib/lla trial (NCT02257177). However,
these promising therapeutics agents still need to be fully characterized regarding
their binding and mechanism of action, since they are not specific for galectin-3 and
can also recognize other galectins. Therefore, further research will still be needed to
specifically inhibit extracellular galectin-3.

Since galectin-3 N-terminal domain is essential for full biological activity of
galectin-3, an alternative approach to inhibit this protein could be the design of
compounds that target galectin-3 at a site different from the canonical beta-
galactoside binding site. Indeed, N-terminally truncated galectin-3 (Gal-3C) has
shown promising anticancer activity by inhibiting endogenous galectin-3. Gal-3C was
found to reduce tumor growth and metastasis in an orthotopic xenograft mouse
model of breast cancer [50]. Moreover, Gal-3C in combination with bortezomib
produced a significant reduction in the tumor volume of a murine model of human
multiple myeloma, compared to Gal-3C or bortezomib treatment alone [51]. However,

one of the challenges in the development of Gal-3C for treatment of cancer has been
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the elucidation of the molecular mechanism under which Gal-3C exerts its anticancer
activities.

For all the above-mentioned studies, one can imagine that the key to control
the biological functions of the galectins is to find out how their secretion is regulated
during physiological and pathological conditions. However, how galectins are
secreted or shuttle between the nucleus and cytoplasm are still unanswered
questions. Since the role of galectin-3 depends on its subcellular localization, an
approach to control galectin-3 cellular localization could be an alternative way to
inhibit a particular function of galectin-3. Indeed, using a new approach to manipulate
the genome of mammalian cells (CRISPR/Cas) [52], we targeted an intronic region of
the galectin-3 gene (Lgals3) and surprisingly found that gastric cancer cell MKN45
lost the extracellular expression of galectin-3 but kept their intracellular pool (total
galectin-3, Figure 1A). Interestingly, cells that accumulated intracellular galectin-3
also displayed an enhanced Notch activation (Appendix A, Figure 1), suggesting a
role for intracellular galectin-3 in modulating Notch activation. Therefore, future
research should focus on the development of inhibitors that will differentiate
intracellular from extracellular galectin-3. Moreover, understanding the mechanism
by which extracellular/intracellular galectin-3 modulates Notch signaling pathway
activation in endothelial and tumor cells, may help to develop better therapeutic
strategies to inhibit Gal-3-Notch axis. Therefore, using CRISPr/Cas9 approach,
future research should focus on understanding the biology of galectin-3 secretion.
Since microRNAs may control protein exocytosis [53], our working hypothesis is that
an intron-derided microRNA or intron-binding proteins may control galectin-3 cellular
localization. This knowledge may open new perspectives on how galectin-3
compartmentalization (nuclear, cytoplasmic and cell surface) is regulated, and also
how intracellular/extracellular galectin-3 affects Notch signaling pathway. Moreover,

CRISPr/Cas9 could be a valuable tool for galectin-3-editing therapy.
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Elevated concentrations of galectin-3 are found in the bloodstream of patients
with many types of cancers including breast, lung, gastrointestinal and ovarian.
These levels are further increased in patients with metastatic disease [54]. Several
studies have demonstrated that the increased circulation of galectin-3 may increase
cell adhesion to vascular endothelium, cancer cell homotypic aggregation for the
formation of tumor emboli and angiogenesis, facilitating the process of metastasis
[65, 56]. Therefore, targeting circulating galectin-3 in the bloodstream of cancer
patients seems to be a very promising strategy to prevent metastasis formation and
improve patient survival. However, several unanswered questions remain about what
happens following the administration of galectin-3 inhibitors. Where are galectin-3
inhibitors acting? Do they inhibit serum galectin-3? Do they reach the tumor mass?
Therefore, before galectin-3-based therapeutic agents can be fully recognized, a
more comprehensive understanding of the mechanisms involved in their different
cellular functions is required.

Indeed, galectin-3 inhibitors are not expected to be a miracle drug to cure
cancer. In several types of cancer, such as ovarian and cervical, galectin-3 have pro-
apoptotic effects in cancer cells and seems to be favorable for patients [57, 58].
Moreover, galectin-3 knockout mice have been shown to be perfectly healthy
suggesting a strong redundancy in the galectins family in which, in the absence of
one member, others are believed to restore its functions [59, 60]. In fact, galectin-9
was found to partially substitute the function of galectin-3 in galectin-3-null mice [60]
and, our preliminary results suggest that galectin-9 have similar functions to the ones
found for galectin-3. Indeed, galectin-9 was secreted during hypoxia by MDA-MB-231
and MCF7 breast cancer cells but not by endothelial cells (Appendix A, Figure 2A-C)
and its mRNA levels were decreased in HUVECs under hypoxic conditions
(Appendix A, Figure 2D). Galectin-9 consists of two carbohydrate-recognition
domains (CRD) joined by a linker peptide, which is highly susceptible to proteolysis.

To increase protease resistance, mutant proteins (Gal-9M, Gal-9S and Gal-9null)
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were prepared by serial truncation of the linker peptide and were found to be highly
stable against proteolysis [61, 62]. Mutants recombinant galectin-9, a kind gift from
Nishi Nozomu, Department of Endocrinology, Faculty of Medicine, Kagawa
University, Japan, were produced accordingly to a previously established protocol
[61, 62]. Galectin-9 purity and biological activity was confirmed by SDS-PAGE
(Appendix A, Figure 1E) and by galectin-9 ability to reduce prostate cancer cells
(PC3) viability (Appendix A, Figure 2F and 2G). Similar to galectin-3, exogenously
added galectin-9 was able to increase HUVECs sprout area and length in a
carbohydrate dependent-manner (Appendix A, Figure 2H-2J). Consequently, an
effective therapy against cancer may require the use of galectin inhibitors with a

more broad specificity.
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Conclusion

While the knowledge of galectin-3 function in the tumor microenvironment is
growing, there are still many unresolved questions. In recent years, it has become
clear that combined targeting of different pathways could improve the efficacy of
cancer therapies. Our results suggest that future therapeutic protocols using galectin-
3’s inhibitors with conventional drugs may provide novel experimental strategies to
overcome both platinum and antiangiogenic therapy resistance. However,
understanding of cancer complexity depends on an elucidation of the underlying
regulatory networks, both at the cellular and intercellular levels. Therefore, a better
understanding of the glycosylation changes during tumor progression can help link
altered galectin-3 expression to diagnosis and prognosis and may help to stay one-

step ahead of cancer.
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Figure 1. Intracellular galectin-3 modulate Notch activation.

(A) MKN45 cells were transfected with the plasmid pX330 (Addgene) containing 3 different
oligo sequences targeting galectin-3 gene or with pX330 empty vector (control). After 72h of
transfection, cells were incubated with anti-galectin-3 antibody and anti-rat-Alexa488 antibody
to assess galectin-3 extracellular expression. In addition, cells were permeabilized and
incubated with anti-galectin-3 antibody to evaluate total galectin-3 expression. After staining,
cells were analyzed by cytometry. Representative result for one oligo (CRISP-Cas9) is
shown.

(B) Alternatively, total protein extract from MKN45 control cells or cells transfected with 3
different oligos that target galectin-3 were isolated and NICD1 and galectin-3 were evaluated

by western blot. B-actin was used as a loading control.
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Figure 2. Galectin-9 modulates sprouting angiogenesis.

(A-C) Galectin-9 is secreted by cancer cells under hypoxic conditions, but not by endothelial
cells. The concentration of galectin-9 in supernatants was determined by ELISA following
culture of breast cancer cells (A and B) and endothelial cells (C) cells under normoxic (21%
02) or hypoxic (1% O2) conditions for 24h, 48h and 72h. The data are expressed at pg/mg
protein, with total protein concentration determined using the method of Lowry.

(D) Total RNA was isolated from HUVECs under normoxic (21% O2) or hypoxic (1% 0O2)
conditions for 24h and 48h, and the expressions of galectin-9 mRNA was determined by real-
time PCR. The relative level of expression was normalized to the level of B-actin.

(E) 10pg of recombinant galectin-9M, galectin-9S and galectin-9 null were run in an SDS-
PAGE and stained with commassie blue.

(F) Schematic overview of galectin-9 mutants form.

(G) Prostate cancer cell (PC3) were grown in a 96 well plate and incubated with a serial

dilution of galectin-9M, galectin-9S or galectin-9null for 48h. Cellular viability was measured
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with SRB (sulforhodamine B) and data are presented as percentage of viable cells in
comparison to the control.

(H-J) HUVEC were grown into spheroids and embed in growth factor reduced matrigel.
Galectin-9 (Gal-9null) (+/- lactose) was added to the spheroids for 15min prior to embedding.
(H) Pictures were taken 48hrs after embedding. Quantification of assay with average area of
spheroid (I) and average length of longest sprout (J).

*p<0,05; **p<0,01; ***p<0,001; ****p<0,0001 (bar=S.D, n=3).
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