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SYNOPSIS

Introduction

Cancer is a group of diseases which leads to abnormal growth of cells. The high death rate in
cancer patients is due to metastasis, which is still poorly understood because of its complexity and
multistep nature. Dissemination of cells from primary tumor to secondary non-contagious sites is
called metastasis. To successfully colonize at secondary sites, a cancer cell must complete a series
of sequential steps. These steps typically include detachment from the primary tumor, invasion
through surrounding tissues and basement membranes, entry and survival in the circulation and

arrest & establishment in a distant target organ [1].
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Tumor cells show several cell surface modifications associated with metastatic phenotype,
including changes in cell surface glycosylation. One of the frequently observed modifications is
altered expression of 31, 6 branched N-oligosaccharides on cell surface glycoproteins [2,3]. These
oligosaccharides have been strongly associated with invasive and metastatic phenotype of tumor
cells. Another interesting feature of these oligosaccharides is that majority of the cell lines
expressing them metastasize to either lungs or to liver [4].

Previous work in this lab has shown that poly-N-acetyllactosamine (polyLacNAc) substituted 1,
6 branched N-oligosaccharides, expressed on B16F10 (a murine lung metastatic cell line) cells,
promote lung specific metastasis via galectin-3, which is expressed in highest amounts on the
lungs. Galectin-3/polyLacNAc interaction promotes adhesion to vascular endothelium, spreading,
degradation of vascular basement membrane and movement into organ parenchyma. Inhibition of
these oligosaccharides by down regulating enzymes responsible for polyLacNAc substitutions
inhibited all these processes and metastasis [5,6,7].

In order to investigate the role of galectin-3, it is also important to know galectin-3 binding
proteins. Mass spectrometric screen was performed to find out galectin-3 binding proteins. It was
found that along with many other cell surface glycoproteins, CD147 is a major carrier of 1, 6
branched N-oligosaccharides. It is reported that glycol-deficient CD147 fails to induce matrix
metalloproteases by tumor cells [8,9]. It is interesting to study the role of CD147 and its
glycosylation in galectin-3 mediated metastatic processes of B16F10 cells.

Galectin-3 is a nucleo-cytoplasmic protein which is secreted out in a non-classical manner and
often gets incorporated into the extracellular matrix (ECM) and basement membrane (BM). It is a
member of large family of galactose binding lectins and polyLacNAc on N-glycans and Thomson

Freudenreich (TF) antigens present in large number on mucinous proteins have been shown to
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serve as ligands. As a result galectin-3 influences functions of myriad classes of cell surface
receptors/glycoproteins. The functions of galectin-3 are largely dependent on its sub-cellular
localization. Galectin-3 has been shown to regulate cellular motility in many different ways. The
secreted extracellular galectin-3 exerts its cellular effects on motility related processes both in
soluble form and as immobilized component on cells, ECM and BM [10,11]. However, it is not
clear how immobilized galectin-3 promotes such complex cellular processes. The present study
aims to investigate the following;

Key Questions

U How crucial is the galectin-3/polyLacNAc interaction for lung metastasis?
U What is the precise role of carriers of 1, 6 branched N-glycoproteins during metastatic
progression?
U Which of the signaling pathways regulate galectin-3 induced cell adhesion, spreading and
motility?
Objectives
The following objectives were proposed to answer these questions:
1. To confirm the role of galectin-3 on the lungs in organ specific metastasis
2. Role of CD147, a carrier of 1,6 branched N-oligosaccharides, in metastasis
3. To investigate the role of galectin-3 in processes like adhesion, spreading and movement
critical for metastasis
Methodology
Cell culture
B16F1 and B16F10 murine melanoma cells were routinely cultured in DMEM containing 10%

serum at 37°C with 5% CO..
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Preparation of modified citrus pectin (MCP) from citrus pectin (CP)

MCP powder was prepared from CP as exactly described in Ref. [12]

Expression and purification of recombinant human (rh) galectin-3

Purification of galectin-3 was carried out using E. coli BL star 21 containing pET3c plasmid coding
for rh galectin-3 [7]. The expression of galectin-3 was induced by IPTG and purified by using
Lactose-Sepharose column.

Cloning, expression and purification of human and mouse truncated galectin-3 (htGal-3 and
mtGal-3)

Coding DNA sequence (CDS) of C-terminal carbohydrate recognition domain (CRD) of galectin-
3 (human and mouse origin) was cloned into pET3a bacterial expression vector. These constructs
were transformed into E. coli BL21 (DE3) and expression of ht and mtGal-3 was induced by IPTG.
The tGal-3 protein was purified using Lactose-Sepharose column.

Experimental metastasis assay

B16F10 cells (0.1x10°) treated with tGal-3 were pre-incubated with 0.1 ml of 500 pg/ml of tGal-
3 for 1 h on ice. Mice that received these pre-treated cells also received injections of tGal-3 (250
Mg in 0.1 ml, via intra muscular injection) on day 1 (2 h before and after injection of cells) and
once on day 2. This experiment was done with ht and mtGal-3. In another set, B16F10 cells treated
with MCP, B16F10 cells (0.1x10°) were resuspended in medium with and without MCP (0.05%)).
Mice which received cells with MCP were kept on drinking water containing 1.5% MCP that was
started 5 days prior to injection till the day of sacrifice. On day 17" mice were sacrificed, lungs
were collected and colonies were counted.

Generation of bone marrow chimeric mice
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The bone marrow of irradiated gal-37- (null) mice was replaced with that from gal-37- mice which
served as control (Group 1). Bone marrow of irradiated galectin-37- mice was replaced with that
from gal-3*"* (wild-type) mice (Group 2). Chimerism was confirmed by genotyping of these mice
using tail and blood genomic DNA by PCR. Experimental metastasis assay was performed using
B16F10 cells in these chimeric mice.

Cloning and expression of wild type and glyco-deficient CD147 in B16F10 cells

CDS of CD147 was successfully cloned into the pmGFPN1 vector. Five glycosylation sites in
CD147 were independently (N44Q, N154Q, N159Q, N190Q and N193Q) and in combinations
(N44,154,159,190,193Q-Glyco-deficient (GM); N44,154,190Q-Typical glycomutant (TGM)
present on consensus sequence N-X-S/T, X= any amino acid except proline; N159,193Q Atypical
glycomutant (ATGM) present on non-consensus sequence) was mutated from aspargine (N) to
glutamine (Q) by site directed mutagenesis. Wild type (Wt) and all CD147 glycomutants were
transfected in B16F10 cells and expressed as a fusion protein with green fluorescent protein (GFP)
and its localization were analysed using confocal microscopy.

Cell spreading assay

B16F10 cells (0.5x10°) were seeded on galectin-3 and fibronectin coated coverslips in serum free
medium and incubated for 15, 30, 45 and 60 minutes. Adhered cells were fixed with
paraformaldehyde and permeabilized with Triton X-100. Phalloidin-TRITC was used for F-actin
(Filamentous actin) staining and DAPI for staining nuclei. The images of stained cells were
acquired by confocal microscopy.

Treatment with pharmacological inhibitor

For studying cell spreading and activation of Akt and Erk, B16F10 cells were pre-incubated with

pharmacological inhibitor wortmannin (Wm) and PD98059 (PD) for 1 hour. In case of wound
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healing assay, treatment was for 2 hour. The concentrations were 500 nM Wm or 25 um PD in
0.1% DMSO. Cells incubated in 0.1% DMSO served as a vehicle control (VC). Later cells were
harvested to perform cell spreading assay and activation of Akt and Erk. In wound healing assays
after treatment wound was made and cell migration was monitored.

Live cell imaging and Fluorescence recovery after photobleaching (FRAP)

B16F10 cell line expressing green fluorescent actin (GFP-Actin) was successfully generated.
These cells were seeded on glass bottom culture dishes either coated with galectin-3 and
fibronectin in serum free DMEM devoid of phenol red. Live cell imaging was performed for 1
hour using spinning disc microscope at 60x magnification. To measure actin turnover in the
lamellipodial region of these cells FRAP experiments were performed. Cells were seeded on glass
bottom tissue culture dishes either coated with galectin-3 or fibronectin in serum free DMEM
devoid of phenol red. After incubating for 4 hours lamellipodial region was bleached and recovery
was traced using confocal microscopy.

Preparation of cell lysates and Immunoblotting

The 24 hour serum starved cells were harvested and seeded on galectin-3 or fibronectin coated
plates for 15, 30 and 60 min time interval. At respective time points, non-adherent cells in each
plate were removed and lysis buffer was added to prepare cell lysate. Cells lysed at 0 min time
point served as control. Equal amount of protein in each cell lysate was loaded on SDS-PAGE,
transferred on PVDF and immunoblotted using anti- Akt, pAkt, Erk and pErk antibodies.

Racl activation assay

Glutathione-Sepharose beads conjugated with GST-PAK1 were used for pull-down of activated
GTP coupled Racl. For Racl activation assay, cell lysate was prepared as exactly described in

above section. Equal amount of Sepharose-PAK1 beads were incubated with 2 mg protein cell
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lysates at each time point on rocker for 1 h at 4°C. Beads were washed and bound protein was
eluted using 4x Lamelli buffer at 100°C for 10 min. Western blotted total cell lysates and respective
PAK1 bound proteins were analysed using anti-Racl antibody.
Wound healing assay
Wound healing assays were performed on galectin-3 or fibronectin coated plates. Non-specific
sites on the plates were blocked with 2% BSA. Uncoated culture dishes, blocked only with BSA
served as control. Melanoma cells were seeded on coated plates incubated at 37°C for 24 hours in
a COqincubator. The cells were washed free of serum and grown under serum free conditions for
24 hours for cell synchronization. A straight, uniform wound was made and wound closure of cells
was measured for 16 hours by time lapse video imaging.
Results
Obijective 1: To confirm the role of galectin-3 on the lungs in organ specific metastasis

a) Effect of competitive inhibitor modified citrus pectin (MCP) on metastatic processes
MCP powder was in the form of shorter, non-branched, galactose-rich, carbohydrate chains. These
shorter chains dissolve more readily in water and are better absorbed and utilized by the body than
ordinary, long-chain pectin. It is believed that shorter polysaccharide units afford MCP its ability
to access and bind tightly to galectin-3. Inhibitory effect of MCP was observed in vitro on cell
spreading of B16F10 cells on galectin-3. In presence of MCP, metastatic lung colonies of B16F10
cells were decreased in experimental mice.

b) Cloning, expression and purification of htGal-3 and mtGal-3 and its effect on metastatic

processes

CRD of human galectin-3 was successfully cloned, expressed and purified by using Lactose-

Sepharose column. The purity and identity was confirmed by coomassiae brilliant blue (CBB)
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staining and mass spectroscopy (MS) respectively. As truncated galectin-3 (only CRD) is devoid
of N-terminal oligomerization domain, it is not able to form galectin-3 lattice on cell membrane.
B16F10 cells incubated with htgal-3 showed reduced spreading on galectin-3 and even
significantly reduced metastatic colonies on the lungs of mice.

Human galectin-3 CRD shares 87% identity with mouse galectin-3 CRD. In order to rule out
possibility that htGal-3 may generate antibody response in mice which may block its function,
CRD of mouse galectin-3 to be used in these experiments. It was cloned, expressed and purified
using Lactose-Sepharose column. Purity and identity was confirmed by SDS-PAGE CBB staining
and MS respectively. Results obtained with mtGal-3 were comparable to htGal-3.

c) Experimental metastasis assay in galectin-3 transgenic and bone marrow chimeric mice
Galectin-3 knockout mice were used to prove that polyLacNAc on tumor cells indeed brings about
these effects via galectin-3. It was shown using galectin-3 transgenic mice that decreased
metastasis of B16F10 cells correlates with galectin-3 expression on the lungs in galectin-3*'* and
galectin-3*~ (hemizygous) mice. However, galectin-37" mice showed comparable number of
colonies to galectin-3*"* mice. Even after inhibition of sugars on B16F10 cells, metastasis was
observed in galectin-37" mice. It could be because of compromised immune status in these mice,
as galectin-3 regulates several immune functions. However, generation of chimeric mice by
replacing the bone marrow in galectin-37- mice with that from galectin-3** mice did not have any
effect on B16F10 melanoma metastasis. This points towards the possibility that galectin-3 is
involved even during immune cell maturation.

Obijective 2: Role of CD147, a carrier of g1, 6 branched N-oligosaccharides, in metastasis

a) CD147 Glycomutant failed to express on the cell surface
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Wt CD147 and GM CD147 were transfected in the B16F10 cells using lipofectamine. It was
observed that Wt CD147 localizes on the cell membrane while GM CD147 was localized in the
cytoplasm. It suggests that glycosylation plays important role in the localization and targeting of
CD147 to the cell membrane.

b) N154, N190 and N193 are the critical glycosylation sites on CD147 for its targeting to the

cell surface

TGM and ATGM CD147 were generated and expressed in B16F10 cells using lipofectamine. It
was found that both CD147 mutants show cytoplasmic localization. Finally all the five
glycosylation sites in CD147 were independently mutated and expressed in B16F10 cells. N154Q,
N190Q and N193Q CD147 mutants accumulated inside the cell cytoplasm while N44Q, N159Q
CD147 glycomutant showed cell surface localization. Wild type CD147 was expressed on the cell
surface while CD147 deficient with all glycosylation sites accumulated in the cytoplasm. Under
these conditions it was not possible to investigate the functions of glyco-deficient CD147 as these
were not seen on the membrane.
Objective 3: To investigate the role of galectin-3 in processes like adhesion, spreading, and
movement critical for metastasis

a) B16F10 cells show distinct cytoskeletal organization, spreading kinetics and actin

dynamics when allowed to spread on galectin-3 as compared to fibronectin

The cell spreading on fibronectin showed stellate morphology with abundant stress fibers
traversing across the cell body. Galectin-3 induced cell spreading showed rounded morphology
and intensity of actin bundles are more along the periphery of the cells. These differences are also

reflected during motility of cells on galectin-3 and fibronectin.
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Cell spreading kinetics using fixed cell imaging showed that B16F10 cells on immobilized
galectin-3 show frill-like lamellipodial morphology even at initial (15 min) time point.
Lamellipodial structures at 15 min time point in cells plated on fibronectin were very different in
appearance to those seen on galectin-3, which progressively increases with time up to 60 min. Live
cell imaging with stable B16F10 cells expressing GFP-Actin showed that lamellipodial dynamics
in cells plated on galectin-3 is very high as compared to cells plated on fibronectin. Actin dynamics
in the lamellipodial region was assessed using FRAP in B16F10 cells expressing GFP-Actin spread
on immobilized galectin-3 was significantly higher (68% recovery) as compared to cells spread on
fibronectin (55% recovery).

b) Akt phosphorylation is inversely regulated while Erk is positively regulated in cells spread

on galectin-3 and fibronectin

In order to investigate the signalling pathways induced by galectin-3 and fibronectin, time
dependent activation of Akt and Erk was studied. Increase in Akt phosphorylation was observed
in cells plated on galectin-3 while inverse correlation was observed in case of cells plated on
fibronectin in a time dependent manner. Phosphoryation of Akt could be completely abrogated by
wortmannin in cells spread on both galectin-3 and fibronectin, however, PD98059 had no effect
on Akt phosphorylation. Comparison of Erk phosphorylation in cells spread on galectin-3 and
fibronectin showed that there is a time dependent decrease in phosphorylation of Erk in both.
Treatment with wortmannin only partially affected Erk phosphorylation in cells spread on galectin-
3 as well as fibronectin while PD98059 completely inhibited phosphorylation of Erk in these cells.
These differences in regulation of signalling pathways in cells plated on substrates like galectin-3
and fibronectin could be because of activation through different cell surface receptors, which in

turn ultimately modulate RhoGTPases, especially Racl.
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c) Racl activation is inversely regulated in cells spread on galectin-3 and fibronectin
The levels of activated Racl assessed in cells plated on galectin-3 was highest at 15 min time point,
which gradually decreased with time up to 60 min. However, in case of cells spread on fibronectin
it was reversed. Activated Racl levels were lowest at 15 min and kept increasing with time, highest
being at 60 min. Activation pattern of Racl appears to correlate with their time dependent
spreading and lamellipodial organization on these substrates. Activation of Racl inversely
correlated with activation of Akt on both substrates.

d) Inhibitors of Akt and Erk pathway inhibit cellular spreading and migration on galectin-3

but have no effect on fibronectin

Cell spreading and wound healing assays results showed that as compared to untreated cells, the
cells treated with wortmanin and PD98059 significantly inhibit spreading and migration of cells
on galectin-3 coated plates, whereas, treatment of cells with these inhibitors marginally affect the
spreading and movement of cells on fibronectin. The results suggest that distinct signalling
mechanisms dictate the microfilament organization, formation of lamellipodial structures,
spreading and movement of cells on galectin-3 and fibronectin.

Summary and Conclusion

The role of galectin-3/polyLacNAc interaction in lung specific metastasis was strengthened or
proved by using competitive and dominant negative inhibitors, MCP and truncated galectin-3
respectively. It was established that this interaction is indeed important for lung specific metastasis
by using galectin-3 transgenic mice (galectin-3* mice). Surprisingly the reversal of metastasis in
galectin-37- mice possibly suggests compromised status of host anti-tumor immunity in these mice.
The glycosylation sites on galectin-3 binding protein CD147, required for its targeting to the cell

membrane, were identified. The present study successfully dissected the molecular mechanisms
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involved in galectin-3 mediated cellular spreading and motility. It demonstrates that the dynamics
and organization of lamellipodial structures and signalling events on galectin-3 are very distinct
as compared to those observed on very well studied extracellular matrix component such as
fibronectin.
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Chapter 1

Introduction



The high death rate in cancer patients is due to metastasis. However, it is poorly understood
because of its complexity and multistep nature. Dissemination of cells from primary tumor to
secondary non-contagious site is called metastasis. Metastasis is essential phenomenon in
pathogenesis of cancer. To successfully colonize at secondary site a cancer cell must complete a
sequential series of steps. Cell surface molecules and its associated post-translational modification
play a crucial role in all the steps of metastatic cascade. One of the frequently observed
modifications is the altered expression of B1, 6 branched N-oligosaccharides on cell surface
glycoproteins. These oligosaccharides have been strongly associated with the invasive and
metastatic phenotype of tumor cells. Another interesting feature of these oligosaccharides is that
majority of the cell lines expressing them metastasize either to lungs or liver.

Previous work from our laboratory has shown that poly-N-acetyllactosamine (polyLacNACc)
substituted B1, 6 branched N-oligosaccharides expressed on B16F10 cells promote lung specific
metastasis via galectin-3, which is expressed in highest amounts on the lungs [6]. Galectin-3 is a
nucleo-cytoplasmic protein that is secreted out in a non-classical manner and often gets
incorporated onto the cell surface, extracellular matrix (ECM) and basement membrane (BM) [10].
It was shown to be expressed on almost all the compartments of the lungs and constitutively on
the surface of vascular endothelium. Galectin-3/polyLacNAc interaction forms first adhesive
anchor in the lung vasculature and subsequently it promotes spreading of cells, degradation of
vascular basement membrane and movement into organ parenchyma [5]. The polyLacNAc, on N-
and not on O-linked glycoproteins, facilitates the lung specific metastasis [7]. Inhibition of these
oligosaccharides by down regulating the enzymes responsible for polyLacNAc substitutions or
specific N-glycosylation inhibitors like swainsonine inhibited all these processes and metastasis

[5,6,7].
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In addition, it has been shown that the lysosome-associated membrane glycoprotein 1 (LAMP1)
and B1 integrins are the major carriers of polyLacNAc substituted 1, 6 branched N-linked
oligosaccharides. The inhibition of LAMP1 by down regulating it or by using antibody against
LAMPL1 inhibits the lung specific metastasis of B16F10 cells [6,13,14]. The B1, 6 branched N-
linked oligosaccharides carrying glycoproteins were identified by mass spectrometric method from
B16F10 murine melanoma cells, in which LAMP1 and B1 integrins, and other 28 glycoproteins
were identified. However, one of them, the CD147, is found to be a potential major player in
mediating the lung specific metastasis of B16F10 cells

Galectin-3 is a nucleo-cytoplasmic protein which is secreted out in a non-classical manner and
often gets incorporated into the ECM and BM. It is a member of a large family of galactose binding
lectins and polyLacNAc on N-glycans and Thomson Freudenreich antigens (T/Tn) present in large
number on mucinous proteins have been shown to serve as the ligands [10]. As a result, galectin-
3 influences the functions of myriad classes of cell surface receptors/glycoproteins, which include
growth factor receptors, receptor tyrosine kinases, integrin family receptors, immunoglobulin
superfamily proteins, LAMPs and several others. The functions of galectin-3 are largely dependent
on its sub-cellular localization. Galectin-3 has been shown to regulate cellular motility in many
different ways and is dependent on the sub-cellular localization of galectin-3. Silencing the
endogenous galectin-3 in pancreatic, gastric, osteosarcoma, human tongue and murine melanoma
cancer cells decreases migration and invasion or the overexpression of galectin-3 increases the
migration of colon cancer cells [11,15]. The secreted extracellular galectin-3 exerts its cellular
effects on motility related processes both in the soluble form and as immobilized component on
cells, ECM and BM. Galectin-3 on the ECM, BM and even on the cell surface may participate in

cellular processes important from metastasis point of view [10,11,15,16]. However, it is not clear
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how immobilized galectin-3 as a component of ECM/BM promote such complex cellular
processes like spreading and movement critical for cancer cell metastasis. The downstream
signaling events that regulate spreading and movement on galectin-3 and how they are different to
those seen on classical substrates like fibronectin is still not known.
Based on the these previous findings, the key questions raised are,
1) How crucial is the galectin-3/polyLacNAc interaction for lung metastasis?
2) What is the precise role of carriers of B1, 6 branched N-glycoproteins during metastatic
progression?
3) Which of the signaling pathways regulate galectin-3 induced cell adhesion, spreading and
motility?
1.1 Objectives
The following objectives were proposed to address these questions.
1) To confirm the role of galectin-3 on the lungs in organ specific metastasis
2) Role of CD147, a carrier of g1, 6 branched N-oligosaccharides, in metastasis
3) To investigate the role of galectin-3 in processes like adhesion, spreading and
movement critical for metastasis
1.2 Plan of work
1) To confirm the role of galectin-3 on the lungs in organ specific metastasis
To confirm the role galectin-3/polyLacNAc interaction in lung specific metastasis, the competitive
inhibitor to galectin-3 (Modified citrus pectin (MCP)) which competes with polyLacNAc to bind
to the endogenous galectin-3 and dominant negative inhibitor of galectin-3 (Truncated galectin-3
(tGal-3)) which competes with endogenous galectin-3 to bind to the polyLacNAc on the cell

surface were used. Galectin-3 transgenic mice were used to prove the importance of galectin-
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3/polyLacNAc interaction in lung specific metastasis. To prove the importance of galectin-3 in
regulation of anti-tumor immune response, it was planned to generate bone marrow chimeric mice
to perform experimental metastasis assay using B16F10 murine melanoma cells.

2) Role of CD147, a carrier of B1, 6 branched N-oligosaccharides, in metastasis
The mass spectrometric screen identified CD147 as a galectin-3 binding protein. Wild type and
glycodeficient CD147 were cloned and expressed as a fusion protein with green fluorescent
protein. The effect of glycosylation on CD147 in the metastatic processes was investigated using
these cell lines.

3) To investigate the role of galectin-3 in processes like adhesion, spreading and

movement critical for metastasis

It has been shown that immobilized galectin-3 is able to promote melanoma cell adhesion,
spreading, matrix degradation by secreting matrix metalloproteinase-9 (MMP-9) and movement.
Galectin-3 supported cell spreading is found to be unique. The organization of microfilament and
lamellipodial morphology was seen to be very different from that seen on cells spread on
fibronectin, a very well-studied ECM component. Underlying mechanism and cellular signaling
behind cell spreading and movement induced by galectin-3 was planned to investigate using

various approaches.
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Review of Literature



2.1 Cancer

Cancer is one of the leading cause of deaths in the world, which surpasses the deaths caused due
to all types of coronary heart diseases and strokes, according to 2011 World Health Organization
(WHO) estimation [17]. It is observed that approximately 14 million new cases and 8.2 million
cancer related deaths occurred worldwide in 2012. Among the men, lung cancer while in women,
breast cancer cases were highly diagnosed worldwide in 2012. In India, oral cancer is the leading
cause of death in men while in woman major cause of death is due to cervical cancer. According
to WHO 2014 report, one third cancer deaths are due to behavioral and dietary risks while
infections from some types of viruses, bacteria or parasites are among the other risk factors of
cancers. Genetic and environmental risk factors contribute to 5-10% of cause of cancer related
deaths [18,19,20,21,22].

Cancer is a group of disease caused due to sequential accumulation of mutations in the genome
and results in abnormal cell growth homeostasis. The uncontrolled growth of cells beyond the
limited divisions result in the mass of benign tumor. In some cases, it start to detach and spread
from primary site to another site, this phenomenon is called metastasis and these are the malignant
type of tumors. The acquisition of cancerous phenotype or transformation in the normal cells is
the result of dominant gain-of-function mutations in proto-oncogenes and the recessive loss-of-
function mutations in tumor suppressor genes [23]. The products of oncogenes are transcription
factors, chromatic remodelers, growth factors, growth factor receptors, signal transducers and
apoptosis regulators. Gain of functions in these proteins which regulate the key cellular processes
including cell cycle regulation, cell proliferation and regulators of apoptosis result in
transformation [24]. Tumor suppressor genes regulate the cellular functions such as cell cycle

checkpoint responses, detection and repair of DNA damage, protein ubiquitination and
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degradation, mitogenic signaling, cell specification, differentiation and migration, angiogenesis.
The loss-of-functions in genes involved in these cellular processes result in the cellular
transformation [23,25,26].

The sequential accumulation of mutations in these key cellular driver genes such as proto-
oncogenes and tumor suppressor genes results in acquisition of cancerous phenotype. These
transformed cells acquired the capabilities of sustaining proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis,
deregulating cellular energetics, avoiding immune destructions, activating invasion and metastasis.
These are especially called as hallmarks of cancers [27,28].

2.1.1 Self-sufficiency in growth signals

The growth signals are required for proliferation of cells to break the quiescent state. Cancer cells
become self-sufficient to these growth signals for proliferation by adapting the various strategies.
They themselves produce growth factors to drive the proliferative signals by autocrine manner.
They can also stimulate the normal neighboring cells in tumor-associated stroma to produce
growth factors which act in paracrine manner [29,30]. Over expression of receptors in some types
of cancer is observed. In these cases cancer cells become hyper responsive to even limited growth
factors. Sustained proliferation in cancer cells are also because of structural alterations in receptors
results in ligand independent activation. Constitutive activation of downstream pathways of
receptors is also one of the way adapted by cancer cell. Somatic mutations in proteins like B-Raf
in human melanoma and phosphoinositide 3-kinase (PI3K) in many tumor types results in gain-
of-function in turn constitutively active the downstream pathways [31,32]. Disruption of negative
feedback loop mechanism by loss-of-function mutations in PTEN, RAS and mTOR results in

unchecked proliferative signals [32,33]. Cancer cells also adapted to hyper proliferative signals
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which cause senescence state by deactivating senescence circuitry or by maintaining relative
mitogenic signaling [34].

2.1.2 Insensitivity to antigrowth signals

Cancer cells achieve limitless proliferation and growth signals by counteracting the antigrowth
signals. The tumor suppressor genes are mainly involved in counteracting the proliferative signals.
These genes are activated and arrest the cell growth until the repair. If damage to the cell is
unrepairable, these gatekeeper genes send the cell to the senescence and apoptosis [26]. The RB
and TP53 tumor suppressor genes are the classical examples which regulate the anti-proliferative
signals in the cells. RB is a central regulator of extracellular and intracellular signals which
integrate and regulate cell proliferation. P53 is a stress and abnormality sensor inside the cell. The
loss-of-function mutations in these tumor suppressor genes results in unchecked antigrowth signals
which leads to proliferation [23,25,26].

2.1.3 Evading apoptosis

Programmed cell death is a natural way of barrier to cancer. Apoptotic signals are originated from
physiological stresses in hyper proliferative cells, DNA damaged cells. Apoptosis is highly
regulated by pro- and anti-apoptotic Bcl-2 family proteins. Bcl-X, Bcl-W, Mcl-1, Al are the
antiapoptotic proteins which inhibit apoptosis while Bax and Bak are the proapoptotic proteins
which promote apoptosis [35]. Tumor cells counteract this process by upregulating the levels of
antiapoptotic proteins survival signal or by deregulating the signals generated from TP53 or
alternatively by limiting the expressions of proapoptotic proteins [23,25,26].

2.1.4 Limitless replicative potential

The cells normally divide up to certain limit, there after enter into the viable non proliferative state,

senescence followed by cell death. Limitless replicative potential is required for cancer cells to
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proliferate and form macroscopic tumor. Shortening of ends of chromosomes with each division
is the principal factor of control of cell proliferation and immortalization and this shortening is
protected by telomeres [36]. With each division telomeres are degraded and lose their protective
capabilities. Cancer cells expresses telomerase which has capability to add the telomeric
deoxyribonucleic acid (DNA) sequences to the ends of the chromosomes. Cancer cells achieve
limitless replicative potential by protecting the ends of chromosomes which avoids chromosome
fusion and subsequent damage to the DNA [37].

2.1.5 Sustained angiogenesis

The growing tumor demands more nutrients and oxygen and simultaneously want to dispose
metabolic waste and carbon dioxide. Tumor cells cause the sprouting of existing vasculature and
form network of blood vessels is angiogenesis. Angiogenic switch remains on during tumor growth
[38]. Angiogenesis is regulated by signaling molecules which either inhibit or promote the
angiogenesis. Vascular endothelial growth factor-A (VEGF-A) is promoter of angiogenesis while
Thrombospondin-1(TSP-1) is an inhibitor of angiogenesis. These signaling molecules bind to the
cell surface receptors of vascular endothelial cells and exerts their effects [39,40].

2.1.6 Tissue invasion and metastasis

During cancer progression local tissue invasion and distant metastasis is feature of advancement
of the disease. The primary tumor sheds the cells in local tissue and in circulation after reaching
its maximum size. The breakdown of cell to cell and cell to ECM interaction results in local
invasion of cancer cells [1,41,42,43,44]. The deregulated expression of cell adhesion molecules is
the prime reason for cell detachment. These cells steadily undergo epithelial to mesenchymal
transition (EMT). Tumor cells after acquiring mesenchymal phenotype successfully metastasize

at distant organ site and give rise to a secondary tumor [45,46].
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2.1.7 Deregulation of cellular energetics

Reprogramming the energy metabolism is one of the enabling hallmark of cancer [28]. During
limitless proliferation cancer cells adjust the energy need by deregulating the metabolic pathways.
During aerobic conditions pyruvate generated from glycolysis was dispatched to mitochondria for
generation of energy while in anaerobic conditions glycolysis is favored and very few pyruvate is
utilized by mitochondria. Cancer cells favor glycolysis even in aerobic conditions ‘aerobic
glycolysis’, despite lower yield of energy as compared to aerobic oxidation in the mitochondria
[47]. Increased glycolysis in cancer cells allows glycolytic intermediate utilized for biosynthetic
processes of macromolecules and organelles [48].

2.1.8 Avoidance of immune destruction

Second most enabling hallmark of cancer cells is evading the immune destruction [28]. Immune
surveillance mechanism operating in the body constantly keep check on cancer cells and growing
tumors. Both adaptive and innate immunity play a role of immune surveillance in eradicating the
cancer. Functional deficiency in CD8" cytotoxic T lymphocytes (CTLs), CD4" Tul helper T cells
or natural killer (NK) cells leads to tumor formation in mice [49]. To counter host anti-tumor
immune response, cancer cells adapt various strategies. Cancer cells show less immune response
because of absence of strong antigen or loss of major histocompatibility class (MHC) | or class |
like, or co-stimulatory molecules. Development of immune suppressive tumor microenvironment
also results in tumor growth. Recruitment of inflammatory cells such as regulatory T cells (Tregs)
and myeloid-derived suppressor cells (MDSCs) which can suppress the cytotoxic lymphocytes in
order to promote the tumor growth [50,51].

2.2 Metastasis
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Metastasis is the major cause of deaths in cancer patients, yet underlying molecular mechanisms
are poorly understood, possibly, because of complexity and multistep nature of the disease [52].
To successfully metastasize, cancer cells must complete a sequential series of events which include
separation from the primary tumor, invasion through surrounding tissues and basement
membranes, entry and survival in the circulation and arrest in a distant target organ vasculature,
extravasation and adaptation to the new organ growth environment [1,41,53].

Tumors often metastasize regionally to the organs in anatomic vicinity like those receiving afferent
blood vessel from the primary or the draining lymph nodes. As these organs receive maximum
number of cells, some of these cells may get mechanically trapped in fine vasculature and get
adapted to new organ environment and give rise to metastatic colonies [54]. Colon cancers
metastasizing to liver and several tumors colonizing lymph nodes are classical examples of this
pattern of metastasis proposed by Ewing in 1927 [43]. However, many tumor cells bypass several
organs in their blood flow path and metastasize to very specific distant organ sites. The ‘Seed and
Soil’ hypothesis was proposed by Dr. Stephen Paget in 1889 to explain the phenomenon of organ
specificity of metastasis based on the autopsy studies of >900 breast cancer patients. He compared
organ microenvironment with soil and tumor cells with seeds and explained that like seeds cancer
cells although get dispersed to all the organs but survive and give rise to metastatic colonies only
in the organs that can support their growth [43,55]. Apart from the organ microenvironment,
adhesive interactions, chemokines and their receptors have also been shown to be the key
participants in organ specific metastasis [43,56,57].

2.2.1 Mechanisms of organ specific metastasis

The organ specific metastasis is mainly governed by 3 major contributing factors which includes

organ microenvironment, adhesive interaction and chemokines and their receptors.
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2.2.1.1 Organ microenvironment

Once the tumor cells reaches the target organ, it grows as secondary tumor only when target organ
microenvironment is suitable for its growth. The organ specific pattern of some cancers is
indication of survival advantage at the secondary sites. Prostate cancer frequently metastasize to
the bone marrow while breast cancer metastasize to the brain, lung and bone marrow [44]. The
factors present in the organ microenvironment contribute in the regulation of metastasis related
genes. For instance the TGF-a produced by liver for its regeneration through EGFR also activate
the genes of metastatic human colon cancer cells and support its growth and proliferation in the
liver [58,59,60].

2.2.1.2 Adhesive interactions

The tumor cell expresses cell surface molecules act as a ligand for endogenous receptors expressed
by the target organ endothelium. These receptor-ligand interaction acts as a first adhesive anchor
in organ specific metastasis. These interaction between tumor cells and target organ endothelium
is the first crucial step in organ specific metastasis. These adhesive interactions further
strengthened by facilitating cell spreading which avoid cancer cells flown away with the blood
flow [44]. Lung colonizing cancer cells have been shown to get redirected to liver upon forced
expression of ligands for E-selectin on liver [61]. Constitutive expression of E-selectin on vessels
of the bones or on inflamed organ endothelium has been shown to facilitate organ homing of cells
expressing specific E-selectin ligands [62,63]. In breast cancer metastasis to the lung, metadhrin
expressed by breast cancer cells has specific affinity to the lung vasculature [64]. Also interaction
between a3B1 integrin on breast cancer cells and laminin 5 on lung capillary basement membranes
favours lung specific metastasis [65].

2.2.1.3 Chemokines and their receptors
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Involvement of chemokines and their receptors in organ specific metastasis is an emerging
phenomenon. Certain organs secrete chemokines and tumor cells express receptors for those
chemokines and lodge organ specifically. C-X-C motif chemokine ligand 12 (CXCL12) (also
known as stromal cell derived factor 1; SDF1) expressed by residential mesenchymal cells of bone
marrow attract the breast cancer cells expressing its receptors C-X-C motif chemokine receptor 4
(CXCR4). Expression of CXCR4 in the breast cancer cells is the marker of bone metastasis
[66,67]. C-C motif chemokine ligand 5 (CCLS5) released by bone marrow cells cause the metastasis
of breast cancers to the lung [68].

2.2.2 Basic steps involved in organ specific metastasis

2.2.2.1 Detachment of the cells from the primary site

Due to the limitless proliferation in genetically unstable cell forms a mass of tumor. It grows up to
1-2 mm?® with intense vascularization around it. At this stage the cancer cells start to detach from
their primary sites. Alterations in expression of cell adhesion molecules leads to disruption of cell
to cell desmosomal and cell-ECM hemidesmosomal contacts [41,43,53,57,69].

2.2.2.2 Invasion into the surrounding tissue and tumor cell motility

The cells that have broken free from primary tumors need to be motile and are able to create space
for movement. The surrounding matrix is used as traction for movement of cells. Integrin receptors
together cover all the major collagen and noncollagenous glycoproteins and thus serve as a major
class of molecules involved in movement of cells. Modulation of integrin receptor expression, post
translational modifications (PTMs) on them or their association with membrane microdomains all
regulate cellular movement. The tumor cells utilize all these mechanisms to achieve a motile state.
Most of the enzymes secreted by tumor cells are in zymogenic form and their activation occurs in

a cascade in space and time dependent manner. The urokinase plasminogen activator / urokinase
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plasminogen activator receptor (UPA/UPAR) system and membrane tethered forms of MMPs
(MT1-MMP) that get activated during transport to cell surface and associated with motility
receptors together with uPAR are the major regulators that couple matrix degradation and cellular
movement. The other components that participate in tumor cell invasion include the lysosomal
enzymes cathepsins, ADAM (A Disintegrin and Matrix metalloproteinase) family of proteins,
glycosaminoglycanases like heparanases and several others [70].

During invasive processes various factors affects the tumor cell motility. Almost all the ECM and
BM component are shown to regulate motility processes. ECM (interstitial matrix) is present in
between the cells which gives tissue architecture and integrity. It is made up of fibrillar collagen,
proteoglycans and various glycoproteins such as fibronectin and tenascin C etc [71,72]. While the
BM separate the epithelium or endothelium from stroma. BM contains laminin, type IV collagen,
fibronectin, linker proteins nidogen and entactin. It is more compact and less porous than ECM
[73]. These matrix component either positively or negatively regulate the cellular adhesion,
spreading and motility [72,74].

Fibronectin is major component of ECM but is also present in the basement membrane, although,
proportions in the two may vary. Fibronectin appears to play a major role in stabilizing cellular
interaction with matrix via integrin receptors on the cells. Although, a5B1 integrin is the major
integrin receptor, several other receptor like aMB2, av3 and allbB3 have also been shown to serve
as receptors for fibronectin [75,76,77]. While a5B1 and avB3 have been shown to serve as the
major fibronectin receptors on invading tumor cells others show cell type specific expression like
aMP2 on leukocytes and allbB3 on platelets. These receptors promote adhesion, spreading and
movement of cells in response to external cues [78]. The fibronectin mediated cellular effects and

downstream molecular events have been thoroughly researched over last three decades, and serve
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as a model to explore and understand the possible mechanisms utilized for similar cellular
processes on other substrates [76].

Fibronectin activates integrin receptors on cells which come in its contact. The activated integrin
receptor(s) recruits focal adhesion kinase (FAK). FAK itself gets activated on integrin binding by
auto-phosphorylation at Tyr327 site which acts as docking site for Src and PI3K. Docking of these
proteins on FAK leads to its phosphorylation at multiple sites. Both Src and PI3K also get activated
on binding to FAK. Activation of FAK-Src complex results in further activation and
phosphorylation of scaffolding proteins, p130Cas and paxillin. These proteins further activate
guanine nucleotide exchange factors (GEFs) for Racl and CDC42 which are the key regulators of
lamellipodia and filopodia, respectively.

Activation of Racl is also brought about by PI3K. Activation of PI3K results in activation of Akt
which in turn activates several Rac-GEFs and phosphorylates numerous other proteins which
regulate actin cytoskeletal or microfilament organization [79,80]. Microfilaments are also
organized via integrin through an alternate mechanism. The Ser925 site on activated FAK recruits
Grb2-SOS which in turn activates extracellular signal regulated kinase-mitogen-activated protein
kinase (Erk-MAPK) cascade. This leads to phosphorylation of myosin light chain kinase
(MLCK1). This pathway is believed to be used to release the rear end of the motile cell for efficient
movement [79,80,81,82,83,84,85].

In addition to integrin receptors, growth factor receptors (GFRs) also participate in cellular
motility. The matrix which acts as a sink provides a rich source of growth factors (GFs) [72]. GFRs
independently or in combination with integrins, activate downstream signaling required for cell
migration. GFRs regulate motility by influencing microfilament organization by activating GEFs

via PI3K and ERK-MAPK pathways [86,87].
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2.2.2.3 Intravasation and survival in the circulation

The process of entry of tumor cells into the lumen of lymphatic or blood vessels is termed as
intravasation. Intact vascular BM lining the blood vessels acts as obstacle for entry of tumor cells
in the circulation. For intravasation metastatic cells either produces degradative enzymes that
disrupt the vascular BM or induces the process of angiogenesis. Tumors do not grow beyond a
certain size unless well vascularized. Metastatic tumors are generally highly angiogenic. The
newly formed blood vessels around tumors however, are poorly formed. They lack BM and even
the endothelial lining is often discontinuous. This offers an easy escape route for tumor cells to get
into circulation. The process of intravasation can also be facilitated by molecular alteration that
supports ability of tumor cell to cross the endothelial barrier and pericyte [88].

Once the tumor cells have successfully intravasated into the lumen of blood vessels, they can easily
disseminate through venous and arterial circulation. During circulation tumor cells must survive
variety of stresses in order to reach distant sites. For example anoikis, a form of apoptosis induced
in absence of adhesion to substratum, they also seem to be deprived of integrin-ECM interaction
dependent survival signals, to overcome that tumor cells show increased expression of tyrosine
receptor kinase expression that prevents anoikis and promotes their survival [89]. Tumor cells also
must overcome the damage sustained by shear forces of blood flow, predation by natural killer
cells, a component of innate immune system, and also the toxicity induced by high level of oxygen.
In order to overcome these, tumor cells form large emboli by their interaction with platelets. This
not only aids in evading immune surveillance but also acts as shock absorber [90].

2.2.2.4 Organ colonization

Once in circulation tumor cells are able to reach almost all organ sites. However, some tumors

metastasize only regionally either to the lymph nodes or to the organs in the anatomic vicinity,
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while several others metastasize to very specific distant organ sites [43,44,56,57]. At the target site

these tumor cells colonize and establish as secondary metastatic colonies.
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Illustration 1: Metastatic cascade (Source: Christine L. et al., Science 331 (2011) 1559)

2.3 Glycosylation and Cancer

Altered or aberrant cell surface glycosylation is an emerging concept of abnormalities in the cell
physiology and homeostasis in cancer. Changes in glycosylation include loss or excess of
expression of certain structures, incomplete or truncated structures, accumulation of precursors or
presence of novel structures. These modifications in the normal glycosylation patterns are
correlated with cancer progression [91]. Altered expressions of various types of glycosylations are
observed in the transformed cells such as,

2.3.1 Mucin glycosylation
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Mucins are the MUC family proteins overexpressed in various cancers. The Muc proteins carry
various O-glycosylation sites in tandem repeat regions. In carcinoma incomplete mucin
glycosylation is observed. The incomplete glycosylation results in more frequent T/Tn and
sialylated Tn antigens on mucins during cancers. These antigens acts as anti-adhesion molecules
because of heavy negative charge and also provoke immune response in the patient [92].

2.3.2 Sialic acids

The net increase in content of sialic acid is a feature of transformed cells. Heavy negative charge
due to sialic acids on the cancer cell surface results in weaker adhesions to the cell and/or ECM
and also protects from alternate complement system. a 2,6 sialic acid linkage on either N- or O-
glycans and sialyl Tn antigen on O-glycans is a form of aberrant expression of sialic acid on the
cancer cells. Also the modifications on gangliosides and changes in N-Acetylneuraminic acid
(NANA) observed in cancers. Moreover, changes in the sialic acids results in changes in binding
of sialic acid binding lectin (SIGLECS) which gives advantage to the cancer cells [93,94].

2.3.3 Sialylated lewis structures and selectin ligands

Lewis® and Lewis? structures on N-, O-glycans, and glycospingolipids are found to be
overexpressed in carcinomas. These sialylated and fucosylated structures forms ligand for
endogenous selectins [94]. These receptor ligand interactions promote the organ specific
metastasis of certain cancer types. Constitutive expression of E-selectin on vessels of the bones or
on inflammed organ endothelium has been shown to facilitate organ homing of cells expressing
specific E-selectin ligands lewis antigens.

2.3.4 Glycosphingolipids and Blood group related structures

Glycosphingolipids such as gangliosides are shown to be highly expressed in neuroectodermal

cancers like neuroblastoma and melanoma [95]. Complete loss of glycosylphosphatidylinositol
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(GP1) anchored glycophospholipids are observed in cancers of hematopoietic systems. Altered or
loss of blood group related antigens are also observed in some forms of cancers. For example Sda
(Cad) antigen expressed in colon completely lost in colon carcinoma [2].

2.3.5 Hyaluronan

Hyaluronic acid (HA) is a polysachharide made up of repeating units of disachharides. It is
nonsulfated and exist in free form. It is the only glycosaminoglycan (GAG) which does not bind
to any core protein. It is synthesised in the cytoplasm and plasma membrane and secreted outside.
Many cancer types express high levels of hyaluronan. CD44 is the known receptor for hyaluronan.
Hyaluronan-CD44 interactions are implicated in various cancers. Hyaluronan-CD44 signalling is
hyperactivated in cancer state which regulates the cell proliferation, survival, migration and
invasion.

2.3.6 Sulphated glycosaminoglycans

Proteoglycans are composed of a core protein which is covalently attached to the GAG chain.
Choindroitin sulphate, dermatan sulphate, keratan sulphate and heparan sulphate (HS) are the
GAG chains. The content and distribution of the proteoglycans varies in pathogenesis of cancer.
The role of heparin sulphate proteoglycan is demonstrated in various cancers. It modulates cancer
either in a positive or negative manner. For example HS side chain of perlecan promotes
angiogenesis while core C-terminal domain of the core protein endorepellin has anti-angiogenic
activity [96].

2.3.7 N-glycans and poly-N-acetyllactosamine (polyLacNAc)

During cancer progression changes in the N-glycan structures are more often observed and are
most studied phenomenon. One of the frequently observed cell surface modifications on

glycoproteins is 1, 6 branched N-glycans [97]. This aspect is further discussed in section 1.4.
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2.4 N-glycans

2.4.1 Biosynthesis of N-glycans

Synthesis of N-glycans on proteins is the co-translation modifications occurred in the endoplasmic

reticulum (ER) and processed and matured in the golgi complex (GC). The amide group of

asparagine (Asp) is the modification site from a consensus sequence Asp-X-Ser/Thr, X is any

amino acid except proline. The basic steps of N-glycans biosynthesis are,

1)

2)

3)

4)

5)

6)

Dolichol phosphate (Dol-P) a polyisoprenol lipid is located on cytoplasmic face of ER
receives first sugar GICNAc further it extends and forms Dol-P-P-GIcNAc2Mans,

It is then flipped on the luminal side of the ER and grows into mature glycan precursor and
results in formation of GlcsMangGIcNAc2-P-P-Dol.

This glycan precursor is next transferred from (Dol-P) to Asp of nascent protein in lumen
of the rough ER and results in formation of GlcsMangGIcNAC2AsN.

Trimming of this precursor takes place in the ER and cis-golgi by various glycosidases and
results in formation of MansGICNAc2Asn

Actions of N-acetylglucosaminyltransferase (GnTs) biosynthesis of hybrid and complex
sugars begins in the medial golgi.

Maturation of these sugars are completed in the trans-golgi.

N-glycans are matured into 3 major common forms viz. Oligomannose, Hybrid or Complex. In

the oligomannose structures mannose (man) is attached to the core. In complex structures antennae

is initiated by the actions of GnTs. In hybrid structures mannose is attached to the core and one or

two antennae structures are attached to this core.

During maturation of these structures various modifications take place due to the action of GnTs.

Usually the complex structures are of bi-antennary nature. Most of the time these branches are
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elongated and substituted with sialic acid, fucose, galactose, N-acetylgalactosamine (GlucNAc)
residues. The complex structures may further mature into the tri-, and tetra- antennary structures
due to the actions of GnTs. These tri- and tetra- antennary structures are further elongated and
form polyLacNAc structures. These substitutions on the antennary structures serve as the binding
sites for endogenous lectins. Action of GnT-V enzymes coded by mannoside
acetyl- glucosaminyltransferase 5 (MGAT5) gene results in the formation of 1, 6 branch which is
a favoured site for further elongation. The bi-antennary structures are seen in the normal cells

while tri- and tetra- antennary structures are observed in the cell involved in invasive functions

n} LPHA
binding

B1,6 branch

[97,98].

Pentasaccharide core

B N-Acetyl Glucosamine @ Mannose O Galactose @ Sialic

Illustration 2: Types of N-glycans

2.4.2 p1, 6 branched N-glycans and metastasis
Tumor cells show several cell surface modifications associated with the metastatic phenotype,
including changes in cell surface glycosylation [2,3]. The MGATS5 gene code for GnT-V enzyme

responsible for addition of B1, 6 branched N-linked glycans. This site is act as site for further
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substitution for lactosamine, sialic acid and fucose. Leuco-phytohaemagglutinin (LPHA) lectin
has binding affinity to f1, 6 branch while galectins have affinity to bind elongated polyLacNAc
structures [99,100]. Terminal sugars like sialic acid and fucose form lewis antigens detected by
selectins. a 2,6 and a 2,3 linked sialic acids forms the binding sites for SIGLECS. One of the
frequently observed modifications is the altered expression of 1, 6 branched N-oligosaccharides
on cell surface glycoproteins [101,102].

The increased B1, 6 branched N-oligosaccharides on proteins may affect the structure and function
of the proteins which carry them and also they may provide several novel ligands for endogenous
lectins. These oligosaccharides have been strongly associated with invasive and metastatic
phenotype of tumor cells [99,100]. Its expression has been shown to correlate with disease
progression in several human tumors such as breast, colon, oesophagus, endometrium and gliomas
and with metastatic potential of several human and murine cancer cell lines [4,103,104,105].
Induction or inhibition of the B1, 6 branch in various cell lines using different strategies has been
found to result in a corresponding induction or abrogation of metastatic potential
[101,106,107,108]. They are expressed on invasive cancers and invasive normal cells like
trophoblast cells during embryo implantation , activated endothelial cells, granulocytes and
macrophages which indicates their role in invasion, although the mechanism is poorly understood
[105,109,110]. Recently, the role of B1, 6 branched N-glycans has also been implicated in
providing resistance against anoikis in hepatoma cells. Another unique feature is that majority of
the cell lines expressing these oligosaccharides metastasize either to the lungs or to the liver
[101,111,112]. It is known that the B1, 6 branched N-glycans carrying sialyl lewis antigen
metastasize to the liver [61,113,114]. However, the mechanisms of lung specific metastasis is not

known.
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The action of GnT-V is countered by GnT-Ill enzyme by adding bisecting GIcNAc N-glycans in
B1, 4 linkage and suppresses the additional maturation of N-glycan branching which results in

suppression of the cancer cell metastasis [108,115].
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Illustration 3: g1, 6 branched N-oligosaccharides acts as preferred site for substitution of
various sugars

2.5 Lectins

Lectins are the group of family proteins which have carbohydrate recognition domain (CRD).
Lectin term is derived from Latin word ‘legere’ meaning ‘To select’. Lectins recognize and bind
to the sugars with diverse affinity and avidity. Initially, lectins were discovered in the plants but
they are also found to be present in the microbes and animals [10,116,117].

Lectin family members include,

I.  R-type lectins: CRD structurally similar to ricin’s CRD
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ii.  L-type lectins: discovered firstly in leguminous plants

iii.  P-type lectins: Recognizes mannose-6-phosphate (M6P)

iv.  C-type lectins: Ca?* dependent

v.  I-type lectins: belongs to immunoglobulin superfamily proteins (IgSF)

vi.  Galectins: sulfhydryl-dependent (S-type) p-galactoside binding lectin
vii.  Microbial lectins: present in viruses, bacteria, protozoa, fungi etc
2.5.1 Galectins
Galectins are the B-galactoside binding lectins. They were previously known as S-type lectins.
CRD of the galectin family proteins are highly evolutionary conserved region. They are the most
studied and widely present in variety of organisms. In the vertebrate, galectin-1 is the first lectin
discovered in 1976 from extracts of calf heart and lung. CRD of the galectin is made up of
approximately 130 amino acids [116].
2.5.2 Classification of the galectins
A) Based on sequence homology

i.  Galectin-1 subgroup: includes galectin-1 and -2

ii.  Galectin-3 subgroup: includes all remaining galectins

B) Based on structure
I.  Prototypical: includes galectin-1, -2, -7, -10, -13, -14; Single CRD that may associate and
form homodimer
ii.  Chimeric: includes galectin-3; Contain single CRD, N-terminal oligomerization domain
iii.  Tandem-repeat: includes galectin-4, -8, -9, -12; Two CRD in a single polypeptide linked
by small peptide domain

2.6 Galectin-3
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Galectin-3 (Gal-3) is 29 to 35 kDa protein. It was firstly identified as Mac-2 32 kDa protein in
murine macrophages. Afterwards it was discovered as CBP-35 (carbohydrate binding protein) 35
kDa in mouse fibroblasts, ebp (¢ binding protein) in rat basophilic leukemia cells, RL-29 29 kDa
in rat lung tissue, HL-29 in human lung tissue, L-34 34 kDa in rat fibroblasts, non-integrin laminin
binding protein (LBP) in macrophages [10].

Among galectins, galectin-3 is the most studied only member of chimera type galectin. It is a
nucleo-cytoplasmic protein which is secreted out in a non-classical manner often gets incorporated
onto the cell surface, ECM and BM [10,11,15,16]. It is widely expressed in various tissue types.
It is a member of a large family of galactose binding lectins and recognise [-3Galp1-4GIcNAcP1-
]n or polyLacNAc on N-glycans and Thomson Freudenreich antigens are the major carbohydrate
ligands present on glycoproteins present on the cell surface, ECM and BM [116]. As a result
galectin-3 influences the functions of myriad classes of cell surface receptors/glycoproteins, which
include growth factor receptors, receptor tyrosine Kkinases, integrin family receptors,
immunoglobulin superfamily proteins, LAMPs and several others [118]. The affinity of galectin-
3 increases with LacNAc units.

2.6.1 Galectin-3 structure

Galectin-3 consists of N-terminal domain (ND) for multimerization and approximately 130 amino
acids C-terminal CRD domain. The ND consists of 7-14 repeats of a 9-amino acid sequence: Pro-
Gly-Ala-Tyr-Pro-Gly-X-X-X. This sequence is also called as collagen-like ND due to its
homology with collagen al (II) chain. ND is sensitive to proteolytic cleavage by MMP-2 and
MMP-9. The first 12 amino acids of ND are required for secretion and nuclear localization. Highly
conserved ser6 residue is required for anti-apoptotic activity. Tyrl02 residue of the ND may also

participate in the carbohydrate binding activity. CRD consists of NWGR (Asp-Trp-Gly-Arg) motif
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essential for binding to f-galactoside. This motif is also seen in Bcl-2 family proteins and involved
in anti-apoptotic related properties of galectin-3.

Galectin-3 exists in monomeric form in solution while in the absence of its ligand it is in
homodimeric form by self-association with CRD. In presence of ligand, galectin-3 can multimerize
through ND up to pentameric form and able to form lattice with cell surface glycoproteins [10,16].
2.6.2 Galectin-3 functions

The functions of galectin-3 are largely dependent on its sub-cellular localization. Depending on
its localization the intracellular and extracellular functions of galectin-3 varies. The intracellular
functions depends on endogenously expressed galectin-3 in the cytoplasm and/or nucleus while
extracellular galectin-3 may be a secreted soluble or exogenously added in the form of soluble or
immobilized form. However, galectin-3 on the ECM, BM and even on the cell surface may
participate in cellular processes important from metastasis point of view. Galectin-3 regulates the
wide variety of cellular functions including cell growth, differentiation, transformation and
immune responses etc. The galectin-3 knock-out mice are viable, there is no embryonic lethality
suggesting the functional redundancy [10,11,15].

The key functions of galectin-3 related to involvement in cancer metastasis and immune response
are discussed below.

2.6.2.1 Galectin-3 and cancer

Galectin-3 is found to be involved in the various cancer associated processes including
transformation, tumor growth, anoikis resistance, apoptosis, angiogenesis, cell adhesion, cell
motility and cell invasion.

Over expressed galectin-3 induces cellular transformation in normal human fetal thyroid follicular

cell line TAD-2. Galectin-3 controls the activity of Ras required for transformation. Galectin-3
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expression is necessary for maintenance of transformed and tumorigenic phenotype of MDA-MB-
435 breast carcinoma cells. It is also an a critical determinant in adhesion independent cell survival
in human breast cancer cells as well as being an antiapoptotic protein, exerts its effect by
influencing mitochondrial homeostasis. Ser6 phosphorylation regulates galectin-3 translocation
from nucleus to cytoplasm and its antiapoptotic activity. Galectin-3 induces endothelial cell
morphogenesis and angiogenesis, while its cleavage at ND by MMPs induces angiogenesis in
breast cancer. The homo and heterotypic adhesion of MDA-MB-435 breast cells is mediated by
galectin-3 and T/Tn-antigen interactions under flow conditions [10,16].

Galctin-3 has been shown to regulate cellular motility in many different ways and is dependent on
the sub-cellular localization of galectin-3. Silencing the endogenous galectin-3 in pancreatic,
gastric, osteosarcoma, human tongue, esophageal and murine melanoma cancer cells decreases
migration and invasion [119,120,121,122,123,124] or the overexpression of galectin-3 increases

the migration of colon cancer cells [125].

The secreted extracellular galectin-3 exerts its cellular effects on motility related processes both in
the soluble form and as immobilized component on cells, ECM and BM. The soluble galectin-3
promotes fibronectin dependent cell spreading and motility of mammary carcinoma cells by
interacting with MGAT5-modified N-linked oligosaccharides [126]. Interaction of integrin
receptors on the cell surface, with their ligand fibronectin in presence of galectin-3, leads to
phosphorylation of caveolin-1. This stabilizes FAK in the focal adhesions (FAs) which induces its
disassembly and turnover required for cell migration [127]. Galectin-3 also regulates motogenic
response of epidermal growth factor (EGF) in mammary cell lines [128]. Exogenously added
soluble galectin-3 has also been shown to induce lamellipodial formation in corneal epithelial cells

by interacting with integrins [129]. Moreover, extracellular galectin-3 facilitates PI3K dependent
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migration of sarcoma derived cell line on laminin 111 [130]. Down regulation of galectin-3 in
intestinal epithelial cells affects the stability of desmosomal cadherins and intercellular adhesion
[131]. Binding of galectin-3 to N-cadherins has been shown to destabilize cell-cell junctions in
murine mammary cancer cells which might favor cell migration [132]. From the other members
of galectin family, galectin-8 has very similar oligosaccharide specificity [133]. It has been shown
to act as a matricellular protein and modulator of cell adhesion by interacting with integrins
[134,135].

2.6.2.2 Galcetin-3 and immune response

Accumulating evidence suggests the importance of galectin-3 in functionally regulating the host
immune response. The galectin-3 null mice have distinct phenotypes, including inflammatory
responses. Galectin-3 is important in development and activation of cells involved in innate and
adaptive immune responses [136,137,138,139]. It is also expressed by activated monocytes and
macrophages, professional antigen presenting cells (APCs) like dendritic cells (DCs), neutrophils,
several mast cell lines, eosinophiles and activated B- and T-cells [136].

Galectin-3 influences innate immunity by mediating macrophage migration and acts as a chemo-
attractant for monocytes, and modulates adhesion and migration of DCs in parasitic infection
[140,141]. It promotes adhesion of human neutrophils to laminin in a dose dependent manner and
regulates traversing of neutrophils through BM at sites of inflammation [142,143] and plays an
important role in controlling APC function [144]. Galectin-3 has also been shown to be expressed
in medulla and in lesser extent in cortex of the thymus [145], intra-thymically produced galectin-
3 acts as de-adhesion molecule to modulate thymocytes/ micro-environmental interaction
[145,146]. In the thymic region it induces apoptosis of double-negative (CD4 CD8") or double

positive (CD4"CD8") thymocytes [147].
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Galectin-3 helps in developing memory B-cells. Inhibition of endogenous galectin-3 expression
blocked T-cell proliferation suggesting role of galectin-3 in proliferation of activated T-cells [148].
It regulates T-cell signaling, activation, apoptosis, cytokine secretion, regulatory T-cell expansion
[149]. Galectin-3 released by accessory cells such as macrophages may also participate in Ca?*
signaling during T-cell activation and its deficiency results in increased frequency of
CD4"CD25"FOXP3*Treg cells [131,143,150,151]. In contrast, galectin-3 induces apoptosis in
tumor reactive CD8" T cells in a mouse model of colorectal cancer [152]. Expression of galectin-
3 correlates with apoptosis of tumor associated lymphocytes in human melanoma biopsies [153].
In summary, galectin-3 regulate the host anti-tumor immune response either in a positive or
negative way.

2.7 CD147 highly glycosylated galectin-3 binding protein

Cluster of differentiation 147 (CD147) or basigin (BSG), encoded by basigin gene, is a
glycosylated transmembrane protein. It is also known as HAb18G in human, gp42 in mice, 5A11,
HT7 or neurothelin in chickens. Initially, it was referred as tumor cell-mediated collagen enzyme
activation factor (tumor cell collagenase stimulatory factor, TCSF) and then renamed EMMPRIN
(Extracellular MMP inducer). In mice (Mus musculus) there are two isoforms of CD147, isoform
I and isoform I1. Isoform 1 is a long, 389 amino acid protein comprising three immunoglobulin like
domains, specifically expressed in retina. Isoform Il is widely expressed and is also known as
basigin-2 or 5A11. It is a shorter isoform made up of 273 amino acids contains two
immunoglobulin like domains [8,9,154,155].

2.7.1 Structure of CD147

CD147 is a single-pass type | membrane protein. Widely expressed mouse CD147 consists of 21

amino acids signal peptide, 40 amino acids cytoplasmic tail, 24 amino acid transmembrane
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domain, 188 amino acid extracellular domain. The cytoplasmic tail contains two phosphorylation
sites. There are three N-glycosylation sites reported on CD147 extracellular domain at 44™, 154t
and 190" asparagine which follow the consensus sequence rule (Asg-X-Ser/Thr; X = any amino
acid except proline) [156]. Recently, two more N-glycosylation sites were discovered on CD147
at 159" and 193" asparagine. These two glycosylation sites are referred as atypical glycosylation
sites because it does not follow consensus sequence rule [157,158]. Molecular weight of CD147
is 29.674 kDa while on SDS-PAGE it occurs at ~32 kDa as low glycosylated form (LG, Core
glycosylated) and ~40-60 kDa region as high glycosylated (HG) form depending on the level of
glycosylation. Mutations in three conserved Asg confirms the glycosylation on CD147. Up till
now the type of sugars on atypical sites and its functional importance is not reported. HG-CD147
consists of complex carbohydrate structures while LG-CD147 consists of high mannose
carbohydrate structures [159]. Addition of sugars occurs in ER on LG-CD147, which acts as a
precursor for HG-CD147, and further processing takes place in GC. It has been reported that
CD147 contains high mannose type bi-antennary complex-type oligosachharides, also presence of

B1, 6 branched N-oligosachharides on CD147 was confirmed [156].
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Illustration 4: CD147 architecture
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(Source: Weidle UH et al., Cancer Genomics & Proteomics, 7 (2010) 157-170)

2.7.2 Functions of CD147

CD147 plays an important role in both healthy tissues and disease conditions involving regulation
of the immune response, cancer chemoresistance, cellular proliferation, anoikis, tumor cell
migration, metastasis and differentiation. It is found to be expressed in various tumors and its
expression is correlated with tumor histological type and clinical stage of the disease. CD147
induces MMP secretion from adjacent fibroblast to promote the invasion of the cancer cells.
CD147 always associate with other proteins in pathogenesis of cancer such as monocarboxylate
transporter 1 (MCT1), CD44, insulin like growth factor I, cyclophilin, ubiquitin C, annexin A2 etc
[8,9,154,155,160]. The association of CD147 and B1 integrin in retinal pigment epithelial (RPE)
cell surface is induced by galectin-3 clustering [161]. CD147 along with CD44 and EGF receptor
(EGFR) promotes invadopodia activity and invasiveness in breast epithelial cells. It directly
regulate the invadopodia formation and activity along with MT1-MMP complexes in lipid rafts
[162,163]. The down regulation of Let-7b miRNA to the CD147 inhibits metastasis in mouse
melanoma cells [164]. Overexpression of CD147 promotes tumor growth in Chinese hamster
ovary cells [165]. CD147 may be a potential therapeutic target for treating various cancers and
other diseases. Using monoclonal antibody against CD147 clinical trials are on the way in
hepatocellular carcinoma [9,166].

Glycosylation on CD147 is essential for functioning of CD147. The glycosylated form of CD147
induces strong MMP secretion than deglycosylated form [167]. The glycosylation of CD147 is
essential for interacting with other proteins. Huang et al. has shown that deglycosylated human

CD147 fails to target on the cell surface it was degraded by ERAD pathway. The Asgl52 site was
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found to be crucial for targeting human CD147 to the cell surface [156]. However, atypical
glycosylation sites discovered in mice CD147 were until now not reported in human CD147. Also
the role of typical versus atypical glycosylation sites remains unexplored in invasive and metastatic

processes.
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3.1 Materials

3.1.1 Cell lines and reagents

High metastatic B16F10 and low metastatic B16F1 murine melanoma cell lines were obtained
from National Centre for Cell Science (NCCS), Pune, India. It is an adherent cell line routinely
cultured in DMEM containing 10% fetal bovine serum (FBS).

FBS, DMEM (Dulbecco’s Modified Eagle Medium) powder, Antibiotic-Antimycotic solution, L-
Glutamine, Trizol, Calcein-AM were obtained from GIBCO, Invitrogen Corporation, USA.
Aprotinin, Leupeptin, Pepstatin, PMSF, Trypsin, Dextrose, Tween-20, Bovine Serum Albumin
(BSA), TEMED (N,N,N’,N’-Tetramethyl-ethylenediamine), B-mercaptoethanol, Glycine,
Paraformaldehyde, Coomassie Brilliant Blue, Ponceau-S, Lactose, Divinyl Sulphone (DVS),
Dialysis tubing, Lysolecithin, Phalloidin-TRITC (Tetramethylrhodamine), DAPI (4’,6-
Diamidino-2-Phenylindole, Dihydrochloride), Trypan Blue, PIPES, Lysozyme, RNase A,
Ethidium Bromide, Agarose, Diethyl Pyrocarbonate (DEPC), Polybrene, Puromycin,
Doxycycline, Lipofectamine 2000 Transfection reagent, Pectin from citrus peel and Primers for
PCR were obtained from Sigma Chemical Co, USA. Ampicillin, Kanamycin, Yeast Extract,
Tryptone, Luria-Bertani broth and Agar powder were obtained from HIMEDIA, India. Tris, NP-
40, Sodium Deoxycholate, Sodium Dodecyl Sulphate (SDS), Bisacrylamide, Isopropyl p-D-1-
thiogalactopyranoside (IPTG), Neomycin (G418) and Triton X-100 were obtained from USB,
USA. Taqg DNA polymerase, Phusion high-fidelity DNA polymerase, T4 DNA ligase buffer, ATP,
dNTP mixture, T4 DNA ligase enzyme, Klenow Fragment enzyme and restriction enzymes were
obtained from either New England Biolabs (NEB), USA or Fermentas, USA. Protoscript first
strand cDNA synthesis kit was obtained from NEB, USA. Plasmid DNA extraction and DNA gel

extraction kits were obtained from either Sigma or Qiagen, USA. Acrylamide, PVDF membrane

Materials and methods 50



and ECL plus kit were acquired from Amersham-Pharmacia Biotech Ltd., England. WesternBright
ECL Western blotting detection kit was from Advansta, USA. Glutathione Sepharose ™ 4B beads
were obtained from Amersham Biosciences. Folin & Ciocalteu’s phenol (FCP) Reagent and
Ammonium persulphate (APS) was obtained from SRL Pvt. Ltd. India. Fibronectin was purchased
from BD Pharmingen, USA. Vectashield with or without DAPI mounting medium were from
Vector Labs, USA. Proteinase K, Protease Inhibitor cocktail, Phosphatase Inhibitor cocktail,
Wortmannin and PD98059 were procured from Calbiochem, USA. Sepharose 4B beads and
Cyanogen bromide activated Sepharose 4B beads were procured from Pharmacia Fine Chemicals,
Sweden AB. Inbred strains of C57BL/6 mice were used for the metastatic assays and for other
experiments. All other fine chemicals were obtained locally and were of Analytical (AR) or better
grade. Water used to prepare all the reagents was of Milli-Q grade.

3.1.2 Antibodies

Rabbit Anti-Akt antibody, Rabbit Anti-Phospho-Akt (Ser473) monoclonal antibody (Clone
193H12), Rabbit Anti-p44/42 MAPK (Erk1/2) monoclonal antibody (Clone 137F5), Rabbit Anti-
phospho-p44/42 MAPK (Thr202/Tyr204) (Phospho-Erk1/2) XP™ monoclonal antibody (Clone
D13.14.4E) was obtained from Cell Signaling Technology, Inc., USA. Monoclonal Anti-p-Actin
antibody produced in mouse (Clone AC-74), Rabbit Anti-GFP (N-terminal) antibody, Anti-Mouse
HRP antibody was acquired from Sigma Chemical Co., USA. Rabbit Anti-CD147 monoclonal
antibody (Clone EPR4052) from Abcam Inc., USA. Mouse Anti-Racl monoclonal antibody
(Clone 23A8) from Merck Millipore Corporation, Germany. Anti-Rabbit HRP from Santacruz
Biotechnology Inc., USA, while Rabbit Anti-galectin-3 polyclonal antibody was raised in in-house
animal facility, ACTREC, India.

3.2 Methods
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3.2.1 Cell revival, passaging and preservation

Cell lines preserved in FBS containing 10% DMSO in liquid nitrogen revived by snap thawing at
37°C followed by adding 10 ml complete DMEM (contains 10% FBS). Further the cell pellet was
obtained by centrifuging at 1200 rpm at room temperature (RT) for 10 minutes. The supernatant
was discarded and cell pellet was gently resuspended in complete DMEM. This suspension was
dispensed in tissue culture dishes or flasks and cultured at 37°C, 5% CO; in the humidified
incubator.

For sub-culturing or passaging the adherent cells were washed 2 times with autoclaved sterile PBS,
pH 7.4 to remove the serum. Adherent cells were incubated with TPEG solution (contains 0.25%
Trypsin, 0.02% EDTA, 0.05% Glucose prepared in autoclaved sterile PBS, pH 7.4 and filtered
using 0.1 pum filter) for 60 seconds to break the contacts of these cells with surfaces of culture
plates. After this double the volume of complete DMEM was added to inhibit trypsin action. The
cells were flushed, collected and centrifuged at 1200 rpm at RT for 10 minutes. The supernatant
was discarded and cell pellet was gently resuspended in complete DMEM. This suspension was
dispensed in tissue culture dishes or flasks and cultured at 37°C, 5% CO; in the humidified
incubator. Alternatively, these cells were used for experimental purpose or the cell pellet was
resuspended in FBS containing 10% DMSO (cell density was adjusted approximately 2.5x10%/ml)
and subjected for serial cooling and finally stored or preserved in liquid nitrogen.

3.2.2 Preparation of total cell lysate

The total cell lysate was prepared by harvesting the cells. The harvested cells were washed with
PBS, pH 7.4 for three times by resuspending the pellet and centrifuging at 1200 rpm at 4°C for 10
minutes. Approximately for the 15x10° cells, 1 ml of lysis buffer (20 mM Tris pH 7.5, 150 mM

Nacl, 1% NP40, 0.5% Sodium deoxycholate, 1 mM CaClz, 1 mM MgCl; and 1x protease inhibitor
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cocktail) was added. The lysed cells were sonicated using sonicator at 50% output for 3 cycles at
5 minutes time interval between each cycle in cold conditions. Cell lysate was centrifuged at 16000
rpm, 4°C for 30 minutes. The supernatant was collected and the amount of the protein was
estimated.

3.2.3 Preparation of cell lysate for probing phosphorylated proteins (pAkt and pErk)
B16F10 cells were grown for 24 hour in serum free conditions and harvested using 0.01% EDTA
and 0.05% glucose. To study the effect of pharmacological inhibitors the cells were incubated for
1 hour either with 500 nM wortmannin (Wm), 25 um PD98059 (PD) or 0.1% DMSO (vehicle
control (VC)) before harvesting them. The harvested cells were washed and 4x10° cells were
seeded on galectin-3 or fibronectin coated 90 mm plates for 15, 30 and 60 min time interval. At
respective time points, non-adherent cells in each plate were removed and 1 ml lysis buffer (50
mM Tris-Cl pH 7.4, 150 mM NacCl, 1% NP40, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA,
1 mM EGTA, 1x phosphatase and protease inhibitor cocktail) was added to the plate. The cells
were collected, sonicated and centrifuged at 15000 rpm, for 30 min at 4°C. The protein content in
these cell lysates was estimated. The cell lysed at 0 min time point served as control. An equal
amount of protein in each cell lysate was loaded on SDS-PAGE, transferred on PVDF membrane
and immunoblotted for Akt, pAkt, Erk and pErk.

3.2.4 Protein estimation using modified Peterson Lowry method

Modified Peterson’s Lowry method was used to estimate the protein content [168]. 1 mg/ml BSA
stock solution was used to prepare the standards of range 5-30 g to obtain the standard curve. In
1 ml of distilled water, mix the appropriate volume protein samples. Then add the CTC regent
[equal volumes of Solution A (0.1% Copper Sulphate, 0.2% Sodium Potassium Tartarate and 10%

Sodium Carbonate), 10% SDS, 0.8 N NaOH, and distilled water] and incubate for 10 minutes. 0.5
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ml of six times diluted Folin and Ciocalteau’s reagent was then added to each tube and mixed by
vortexing. The samples were incubated for 30 minutes at room temperature in dark and the
absorbance was measured at 750 nm using a UV Spectrophotometer.

3.2.5 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
SDS-PAGE was performed to resolve the proteins based on the molecular size. It was performed
exactly as described in Ref. [169]. 30% Acrylamide (29.2% acrylamide and 0.8% N,N’-methylene-
bisacrylamide) was mixed with 1 M Tris base (pH 8.8) and 20% SDS, in order to obtain the desired
resolving gel concentration containing 0.37 M Tris-Base and 0.1% SDS. Fifty micro litres each of
ammonium persulphate (20% w/v) and TEMED (Tetraethylmethyl ethylene diamine) 10% (v/v)
were added and the gel was poured between sealed glass plates with spacers. A stacking gel (4.5%
Acrylamide, 0.0625 M Tris pH 6.8, 0.2% SDS), was overlaid on the polymerized resolving gel.
The protein samples were boiled for 5 minutes with or without -mercaptoethanol in sample buffer
(0.0625 M Tris pH 6.8, 2% SDS, 10% glycerol (w/v), 750 mM B-mercaptoethanol and 0.05%
Bromo Phenol blue) and loaded into wells. Electrophoresis was done using electrode buffer (0.025
M Tris.chloride, 0.2% SDS (w/v) and 0.192 M glycine) at 100 Volts (constant voltage). Finally,
protein bands on the gels were detected by staining with either 0.2% Coomassie Brilliant Blue
(CBB, in 50% methanol, 10% acetic acid and 40% distilled water), or by silver staining or proteins
were transferred to polyvinylidene diflouride (P\VVDF) membrane for blotting.

3.2.6 Western Blotting

The transfer of proteins from the gel to a PVDF membrane was done as per Towbin H. et al. [169]
The resolving gel was equilibrated in chilled transfer buffer (0.025 M Tris, 0.192 M Glycine, and
20% Methanol) for 15 minutes. The membrane was pretreated with methanol for activation, super-

imposed on the gel and the transfer apparatus was set as per manufacturer’s instructions. Transfer
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of proteins to the membrane was carried out with chilled transfer buffer using a constant voltage
of 70 Volts for 3 hours. Extent of protein transferred to the membrane was checked by soaking in
0.2% (v/v) Ponceau-S stain in 3% trichloroacetic and 3% sulphosalicylic acid, for 2 minutes. The
stain was later washed off with Tris Buffered Solution (TBS-20 mM Tris and 500 mM NacCl).
3.2.7 Probing of PVDF membrane/western blots with specific antibodies

The PVDF membranes blotted with protein were blocked with either 3% BSA or 5% milk and
probed with their specific primary antibodies and secondary HRP conjugated antibody.
Concentration of primary antibodies and their respective secondary HRP conjugated antibody is

listed in Table 1. The blots were developed using Enhanced Chemiluminiscent (ECL plus) reagent.
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Table 1: Lists of specific antibodies used for the study, their concentration and incubation

time
Name of Blocking Primary Antibody Secondary Antibody
Antibody | (1 hour at room (1 hour at room
temperature) temperature)
Akt 5% BSA 1:8000 in 5% BSA for 1 pg/ml Anti-Rabbit HRP in
overnight at 4°C 1% BSA
phospho- 5% BSA 1:1000 in 5% BSA for 1 pg/ml Anti-Rabbit HRP in
Akt overnight at 4°C 1% BSA
Erk 5% BSA 1:5000 in 5% BSA for 1 pg/ml Anti-Rabbit HRP in
overnight at 4°C 1% BSA
phospho- 5% BSA 1:1000 in 5% BSA for 1 pg/ml Anti-Rabbit HRP in
Erk overnight at 4°C 1% BSA
Racl 5% Skimmed 1:2000 in 3% Skimmed milk | 0.5 pg/ml Anti-mouse HRP
milk for overnight at 4°C in 3% Skimmed milk
CD147 3% BSA 1:3000 in 1% BSA for 1 hour | 1 pug/ml Anti-Rabbit HRP in
at room temperature 1% BSA
B-Actin 3% BSA 0.1 pg/mlin 1% BSA for 1 0.5 pg/ml Anti-mouse HRP
hour at room temperature in 1% BSA
GFP 5% Skimmed 0.5 pg/ml in 2.5% Skimmed | 1 pg/ml Anti-Rabbit HRP in
milk milk for 1 hour at room 1.5% Skimmed milk

temperature
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3.2.8 Extraction, purification and characterization of recombinant human galectin-3
Purification of galectin-3 was carried out using E. coli BL star 21 (containing pET3c plasmid
coding for recombinant human (rh) Galectin-3). E. coli BL star 21 expressing full length human
recombinant galectin-3 has a kind gift from Dr. Hakon Leffler. The steps involved in purification
of galectin-3 are as follows;

3.2.8.1 Cultivation of E. coli BL star 21 and induction of galectin-3

E.coli BL star 21 which has preserved as 30% glycerol stock culture at -80°C was thawed and a
loopful inoculated on Luria-Bertanii (LB) Ampicillin (amp) agar plate containing 100 pg/ml
Ampicillin by streak plate method. Isolated colonies growing on this plate after incubation at 37°C
for 24 h were used as starter culture for galectin-3 production. 100 ml of LB broth containing 100
pg/ml ampicillin was inoculated with a single isolated colony from the culture grown on LB-amp
agar. The broth was incubated at 37°C overnight in shaker incubator. A firm cell pellet was
obtained by centrifuging the entire volume of the overnight grown culture at 5000 rpm for 10
minutes. The pellet was then washed twice using sterile physiological saline (0.85% NaCl),
following which a saline suspension of the culture (~50 ml) was prepared its optical density (OD)
at 600 nm was determined spectrophotometrically. This was used as the inoculum for the next
step. An appropriate volume of washed saline culture was calculated and inoculated in 1 litre of
LB broth containing ampicillin and its OD at 600 nm adjusted between 0.05-0.1.This ensured that
cells remain in the exponential phase during protein production. The 1 litre broth culture was
distributed into five (2 litre) flasks each containing 200 ml culture and incubated at 37°C for 4
hours on shaker incubator to circumvent the lag phase. After 4 hours, Isopropyl Thio D-
Galactopyranoside (IPTG) was added to the flasks at a concentration of 50 mg/litre to induce the

production of galectin-3 and incubated at 37°C for 3 hours under shaking conditions. 10 ml of
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broth (5 ml from each flask) was removed in a sterile 100 ml flask before addition of IPTG. This
un-induced sample was grown separately at 37°C for 3 hours and further analyzed according to the
protocol.

3.2.8.2 Preparation of bacterial cell lysate

The bacterial cell pellet was obtained by centrifuging the cells at 5000 rpm at 4°C for 20 minutes.
The pellet obtained from the total 1 litre broth was resuspended in 50 ml MEPBS lysis buffer (PBS
containing 0.2 M EDTA and 4 mM B-mercaptoethanol) with 50 pl of protease inhibitor mix (1
pg/ml of each of pepstatin, leupeptin, aprotinin) and 0.3 mM PMSF made in DMSQO. Bacterial cell
lysate was prepared by sonication of 5 ml cell suspension by giving three cycles of 30 pulses using
a 0.95 cm sonicator probe with a power output between 25-30 watts. Cell debris was removed by
ultracentrifugation at 15000 rpm at 4°C for 20 minutes. The supernatant cell lysate were collected
for both the induced and un-induced samples.

3.2.8.3 Purification of galectin-3 using Lactose-Sepharose column

Lactose was coupled to Sepharose 4B beads by employing the bivalent reagent; Divinylsulfone
(DVS) as per Ref. (Page 88-90, Immobilized Affinity Ligand Techniques, Academic Press). The
Sepharose was cross-linked and activated with excess divinyl sulfone whose free reactive end
binds to the hydroxyl group of lactose. The lactose Sepharose beads were de-gassed and
resuspended in MEPBS buffer, following which it was packed into a column with glass wool
packing at the bottom. Care was taken to avoid trapping of air bubbles between the beads. The
column was washed with 2-3 column volumes of MEPBS containing 1 mM NaCl and 150 mM
lactose and equilibrated with MEPBS buffer before use. The cell lysate was then loaded onto the
column at a constant flow rate of 10-12 mil/hour and unbound fractions were collected. The column

was washed extensively with MEPBS till the OD at 280 nm of the unbound fractions stabilized at
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a value close to that of MEPBS buffer. Bound galectin-3 was then eluted as 1 ml fractions using
MEPBS buffer containing 150 mM lactose at a flow rate of 15 ml/hour. Absorbance of the eluted
fractions was then measured at 280 nm. The eluted fractions showing peak OD values were loaded
on a 15% polyacrylamide gel and stained with Coomassie Brilliant blue.

3.2.8.4 Dialysis and lyophilization

The specific fractions which showed presence of galectin-3 were pooled and dialyzed overnight
against 25 mM ammonium bicarbonate buffer at 4°C to remove the excess lactose bound to
galectin-3. The dialyzed protein was aliquoted, dried by lyophilization and stored at -80°C.
3.2.8.5 Characterization of purified galectin-3

The extent of induction and yield of galectin-3 in un-induced, induced, unbound and affinity
purified fractions was estimated by Peterson and Lowry method. The concentration of purified
galectin-3 was compared and normalized with the previous batch of pure galectin-3 by Coomassie
staining of various concentrations of the two batches. The purity of galectin-3 was also confirmed
by Western blotting using anti-galectin-3 antibody.

3.2.9 Methods used during all types of molecular cloning

3.2.9.1 Preparation of ultra-competent E. coli DH5a cells

Reagents required: SOB (300 ml) (Composition: Tryptone 6 g, Yeast extract 1.5 g, NaCl 0.15 g,
KCI 5.6 g). The pH of the SOB medium was adjusted to pH 7 with 1 N NaOH, followed by the
addition of 4 ml of 1 M glucose and 1 ml of 2 mM MgCly, just prior to inoculation of bacteria.
Transformation Buffer (200 ml) (Composition: PIPES 0.6 g, CaCl, 0.4 g, KCI 3.7 g). The pH was
adjusted to pH 6.7 with 10 N KOH and 2.18 g MnCl; and sterilized by filtering it through 0.22 um

filter.
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Ultra competent E. coli DH5a cells were prepared as described in. A single colony of DH5a strain
of E. coli, from an overnight grown LB agar plate was inoculated into 250 ml of SOB medium and
incubated at 18°C with mild shaking till the OD at 600 nm reached about 0.3 to 0.5. The culture
was incubated on ice for 10 min followed by centrifugation at 2500 g for 10 min at 4°C to pellet
the bacterial culture. The culture supernatant was discarded and the bacterial cell pellet was gently
resuspended in 80 ml of ice cold transformation buffer. The cell suspension was incubated on ice
for 10 min followed by centrifugation at 2500 g for 10 min at 4°C. The supernatant was discarded
and the bacterial cell pellet was resuspended in 20 ml of ice cold transformation buffer containing
7% DMSO. This suspension of cells was incubated on ice for 10 min and subsequently aliquoted
into nearly 200 pl aliquots in 1.5 ml micro centrifuge tubes, snap freezed into liquid nitrogen and
immediately stored at -80°C until further use.

3.2.9.2 Transformation

Ultra-competent cells were transformed with different plasmid vectors. Competent cells
transformed with linearized vector alone, served as negative control. Briefly, competent cells were
thawed, added to the ligation mixture and kept on ice for 30 minutes. The cells were placed at 42
°C (water bath) for exactly 90 seconds and subjected to cold shock on ice for 2-5 min. The cells
were then mixed with 1 ml of sterile LB broth and incubated at 37°C for 30 minutes in a shaker
incubator. The cells were spun at 5000 rpm for 5 minutes, pellet was resuspended in 200 ul of LB
broth and spread on to LB agar plate with or without containing either 100 pg/ml ampicillin or 50
pug/ml kanamycin and incubated for 24 hours at 37°C.

3.2.9.3 Plasmid extraction using alkaline lysis method (Mini-Prep)

Individual colony has picked up and inoculated in 1 ml LB broth for plasmid extraction and was

allowed to grow overnight at 37°C. Plasmid isolation from the overnight grown culture was carried
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out by the alkaline lysis method. The overnight grown 1.5 ml bacterial cultures were centrifuged
at 5000 rpm at 4°C for 5 min, the medium was removed and the pellets were dried. To the dried
bacterial pellets, 100 pl of alkaline lysis solution I (GTE buffer: 50 mM Glucose, 25 mM Tris pH
8.0 and 10 mM EDTA) was added and vortexed till the pellets were completely dissolved. Then,
200 pl of alkaline lysis solution II (0.2 N NaOH and 1% SDS) was added, mixed gently by
inverting and kept for 2 min 150 pl of ice-cold alkaline lysis solution Il (3 M potassium acetate
pH 4.8 in glacial acetic acid) was then added to each tube and kept on ice for 10 min. The tubes
were then centrifuged at 13000 rpm, 4°C for 15 min and the supernatants containing the renatured
plasmids were transferred to fresh tubes. Equal volume of phenol: chloroform: isoamylalcohol
(25:24:1) was added to supernatant for removal of proteins and saccharides, mixed by vortexing
and centrifuged as above for 5 min. The aqueous phase was transferred to a fresh microcentrifuge
tube and double the volume of absolute alcohol was added and mixed well for precipitation of
plasmid DNA. Tubes were kept on ice for 15 min and centrifuged at the above conditions for 20
min. The ethanol was removed and the pellets were washed with 70% chilled ethanol to remove
salts, centrifuged as above for 5 min and all the traces of ethanol were removed. The pellets were
completely dried at 37°C for 30 min. The dried pellets were reconstituted in 20 pl of autoclaved
distilled water. 0.3 ul of RNase (1 pg/ml) was added to each tube and incubated at 37°C for 45
min to degrade RNA molecules.

3.2.9.4 Maxiprep for large scale plasmid DNA extraction

Maxiprep is different from that of Miniprep as the starting E. coli culture volume is 100-200 ml
LB broth. Maxiprep was performed using kit based method from Sigma Aldrich. 200 ml of
overnight grown culture was pelleted by centrifugation at 5000 g for 10 min. The pellet was

resuspended in 12 ml resuspension solution and vortexed until the pellets were completely
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dissolved. Cells were lysed by adding 12 ml of lysis solution and mixed thoroughly by gently
inverting the tubes for 6-8 times and the tubes were kept at room temperature for 3 min. 12 ml of
chilled neutralization solution was added to neutralize the lysed cells resulting in the formation of
a white aggregate (cell debris, proteins, lipids, SDS and chromosomal DNA). Then 9 ml of binding
solution was added to the pellet and poured into the barrel of the filter syringe and were incubated
for 5 min at room temperature so that the white aggregate floated to the top. During incubation,
the binding column was prepared by adding 12 ml of column preparation solution and was
centrifuged at 5000 g for 5 min. By holding the filter syringe barrel over binding column, the
plunger was gently inserted to expel the clear lysate into the column. The binding column was then
spun in a swinging bucket rotor at 3000 g for 2 min and the eluent was discarded. The column was
then washed with wash solution 1 and 2 and centrifuged at 5000 g for 2 min and 5 min respectively.
The column was then transferred to a fresh 50 ml collection tube and 3 ml of elution solution was
added and was kept at room temperature for 20 min and was then centrifuged at 5000 g for 5 min
for the elution of DNA.

3.2.9.5 Screening of recombinant clones

Individual colonies that were grown on LB agar plates after transformation were picked up and
inoculated into 1 ml LB broth and allowed to grow overnight at 37°C. Plasmids were extracted
from them by alkaline lysis method and recombinant clones were screened by restriction digestion.
3.2.10 Cloning, expression and purification of human and mouse origin truncated galectin-3
3.2.10.1 Human truncated galectin-3 (htGal-3)

E. coli BL star 21 expressing full length human recombinant galectin-3 is a kind gift from Dr.
Hakon Leffler. The full length coding DNA sequence (CDS) of galectin-3 is in pET3c bacterial

expression plasmid vector. This plasmid was isolated using Miniprep and acts as template for
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amplifying CDS of truncated galectin-3. The CDS of galectin-3 is 753 bp. Galectin-3 consists of
250 amino acids in which N-terminal oligomerization domain, middle collagen like repeating
sequence and C-terminal carbohydrate recognition domain (CRD). Towards the C-terminal region
135 amino acids compromise the CRD of galectin-3 [170]. This region was amplified and cloned
in pET3a bacterial expression vector using following primers.

Forward primer with Sall and Ndel restriction site

5> ATAGTCGACCATATGGTGCCTTATAACCTGCCT 3’

Reverse primer with BamHI site

5> GGCGGATCCTTATATCATGGTATATGAAGC 3°

Initially, using PCR the CRD region (408 bp) was amplified using above mentioned primers and
template. The amplified product was resolved on agarose gel electrophoresis and cut purified using
Gel Extraction kit according to manufacturer’s protocol. The purified amplified 408 bp product
(Insert) and pET3c plasmid (Vector) was independently double digested with Ndel and BamHI at
37°C overnight. After digestion insert was again purified using PCR Cleanup kit according to
manufacturer’s protocol while vector was resolved on agarose gel electrophoresis and cut purified
using Gel Extraction kit according to manufacturer’s protocol. The ligation was carried out using
double digested, purified insert and vector at 22°C, overnight. The ligated product was transformed
in ultra-competent E. coli DH5a strain and screen was performed for positive plasmid clone.

The positive clone was sequenced and its DNA sequence confirmed using In-house sequencing
facility. This positive clone was then transformed in E. coli BL21 (DE3) bacterial expression strain.
The recombinant human truncated galectin-3 (containing CRD region only) was purified using
freshly prepared Lactose-Sepharose column. The methodology is same as for the purification of

full length human recombinant galectin-3 expect the IPTG concentration. IPTG concentration used
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in this case was 1 mM. Finally, the identity and sequence of the protein was confirmed by mass

spectrometry and purity and quality was confirmed by coomassie staining and Western blot.
The pET3a vector map used for cloning of tgal-3:

Aatll(4567)
EcoRI(4638)

BamHI(510)
Ndel(350) s
m::ésss; Cloning site
Belll(646)

PstI(3890)

Sall(928)

* T7 leader(519, 551)
Xpress_fwd_pri(3 )
T7_transl_en_RBS(3
pET3a T7 1
pBRrevBam_pri(
4.6kb ORF 3(76

15.739)| Eagl(1216)
3, 1553) ]

Mscl(1723)

Prull(2343)

Table 2. PCR conditions used for amplification of htGal-3 from pET3c plasmid

Step Temperature (°C) | Time (min) Components Volume (ul)
1. Initial denaturation 95 5 10x PCR buffer 2.5
2. Denaturation 95 0.5 10 mM dNTPs 0.5
3. Annealing 56 0.5 25 mM MgCl; 15
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4. Extension 72 0.5 Forward primer 1
(10 pmol/ul)
5. No. of cycles Go to step 2 for 34 times Reverse primer 1
(10 pmol/ul)
6. Final extension 72 10 Taq polymerase 0.25
(5 U/ul)
7. End Distilled water 15.25
DNA template 2

3.2.10.2 Mouse truncated galectin-3 (mtGal-3)

The coding DNA sequence of C-terminal CRD of mouse origin of galectin-3 was cloned into the
pET3a bacterial expression vector using forward
S’ATAGTCATCATATCATCATAGTCGATCATATGGTGCCC3? and reverse
5’"GGTGGATCCTTAGATCATGGCGTGGTTAGC3’ primers. The total RNA was extracted
from B16F10 murine melanoma cells and converted it into cDNA using first strand cDNA
synthesis kit according to manufacturer’s protocol. This cDNA served as a template for PCR
reaction to amplify CRD.

The strategy of cloning including PCR conditions, expression, purification and characterization
was same as for human truncated galectin-3. The expressed protein was of 15.4 kDa (Mouse origin
galectin-3 comprised with 264 amino acids, in which CRD is 130" - 264™ amino acid of full length
galectin-3 (408 bp)). The mtGal-3 protein was purified using lactose sepharose column.

3.2.11 Mass spectrometry for identification of galectin-3
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The molecular weight and identity of purified truncated galectin-3 was confirmed by mass
spectrometry (MS) and MS/MS respectively. The purified truncated galectin-3 protein was loaded
on SDS-PAGE. After coomassie staining of the gel, band at the region of ~17 kDa was cut into 1
mm cube pieces and transferred to a 1.5 ml eppendorf tube. Washing of gel pieces was done with
50 mM NH4HCOs3 and acetonitrile to destain the gel pieces. After the gel pieces had shrunken and
destained it was dried in a speedvac centrifuge.

In next step of reduction and alkylation, gel pieces were swelled in freshly prepared 10 mM
dithiotreitol/50 mM NH4HCO3z and incubated for 45 min at 56°C. The excess of liquid was
removed and replaced with freshly prepared 55 mM iodoacetamide (light sensitive) in 50 mM
NH4HCO3zand incubated for 30 min at room temperature. After incubation iodoacetamide solution
removed and gel pieces were washed with 50 mM NH4HCOs3 and acetonitrile (1+1, v/v) twice for
15 minutes each time. After gel pieces have shrunk, acetonitrile was removed and gel pieces were
dried in speedvac.

In gel digestion was performed using trypsin. Trypsin enzyme (prepared in 25 mM NHsHCO3)
was added to gel pieces and incubated at 37°C for 30 minutes. After incubation, excess trypsin was
removed and then incubated at 37°C overnight approximately 2-3 pl of 25 mM NHsHCO3zsolution
was added to keep gel wet overnight. The overnight trypsin digested protein peptides were
extracted from gel pieces using extraction buffer (equal volumes of acetonitrile (ACN) and
trifluroacetate (TFA)) and ultrasonicated for 30 minutes and then vacuum dried.

After the sample was vaccume dried, 10% ACN and 0.1 % TFA solution was added and
centrifuged for 2 minutes and then kept on ice. This sample was mixed with matrix and subjected
to mass spectrometry. Sample was ready for mass spectrometric peptide analysis and was analyzed

by mass spectrometry using MASCOT software. To identify the molecular weight the whole
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protein spectra (undigested protein) was obtained by directly mixing the purified protein with the
matrix and subjected for mass spectrometry

3.2.12 Preparation of modified citrus pectin (MCP) from citrus pectin (CP)

MCP was prepared exactly as described in Ref. [12]. Briefly, CP was solubilized as a 1.5% solution
in distilled water, and its pH was increased to 10.0 with NaOH (3 N) for 1 hour at 50—60°C. The
solution was then cooled to room temperature while its pH was adjusted to 3.0 with 3 N HCI and
stored overnight. Samples were precipitated the next day with 95% ethanol and incubated at —20
°C for 2 hours, filtered, washed with acetone, and dried on Whatmann filters. For oral feeding of
the mice, 1-1.5% solution of MCP was prepared in autoclaved water, its pH was adjusted to
approximately 7.0.

3.2.13 Generation of bone marrow chimeric mice

Bone marrow chimeric mice were generated exactly as described by Mace K.A. et al. [171].
Briefly, the 8-10 week old galectin-3"- (galectin-3 null) female mice were lethally irradiated (10
Gy). The bone marrow cells were harvested from 8-10 week old galectin-3*'* (galectin-3 wild type)
mice and galectin-37- female mice by flushing the femur and tibia with DMEM. The bone marrow
in irradiated galectin-37 mice was replaced, in group 1 with that from galectin-37- mice which
served as control, while in group 2 with that from galectin-3** mice by injecting 1x10° cells
through retro-orbital plexus after 6 h of irradiation. Mice were treated with antibiotics for 2 week
to establish the bone marrow. The lethally irradiated 2 mice were kept as a control, died in 10 days
due to lack of bone marrow cells. Chimerism was confirmed by genotyping of these mice using
tail and blood genomic DNA by PCR as described by Hsu D.K. et al. [172]. These bone marrow
chimeric mice were used to perform experimental metastasis assay using B16F10 cells.

3.2.14 Genotyping
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Genomic DNA for genotyping was prepared from either tail or blood of adult mice as per. Hsu
D.K. et al. [171,172]. Galectin-3 status of the littermates was determined by PCR using genomic
DNA obtained from the tails of the 3-4 week mice. PCR was performed using 1 ug genomic DNA
and primers: PRIMER 1 (a primer annealing to the neo cassette region)
5’GGCTGACCGCTTCCTCGTGCTTTACGG3’, PRIMER 2 (a primer annealing to the non-
disrupted region of intron 4 of intact galectin-3 gene) 5’GTAGGTGAGAGTCACAAGCTG
GAGGCC3’ and PRIMER 3 (a common downstream primer annealing to EXON 5) 5°CAC
TCTCAAAGGGGAAGGCTGACTGTC3’. The PCR was carried out and the PCR product was
analyzed on 2% agarose gel by electrophoresis followed by ethidium bromide staining. galectin-
3*"* mice give an amplicon of 450 bp, galectin-3*"- (galectin-3 hemizygous/heterozygous) mice
give 2 amplicons of 450 bp and 300 bp while galectin-37- mice give an amplicon of 300 bp.
3.2.15 Experimental metastasis assay using B16F10 cells

Experimental metastasis assay was performed as described in Ref. [173]. Briefly, experimental
metastasis assay was performed by injecting serum free 0.1 million B16F10 in plain DMEM
through tail vein. The lungs were harvested after scarifying mice on either 17" or 19" day after
injection of the cells. The lung metastatic colonies were counted using dissecting microscope.
For treatment of cells with glycosylation inhibitors, melanoma cells were allowed to grow to 50%
confluency before adding swainsonine (2 ug/ml) [111]. The cells were harvested after 24 h, washed
once in DMEM containing 10% FBS, and twice in DMEM. These cells were further used for
experimental metastasis assay.

For injecting B16F10 cells treated with htGal-3 or mtGal-3, 0.1 million B16F10 cells were pre-

incubated with 0.1 ml of 500 pg/ml of htGal-3 or mtGal-3 for 1 h on ice. The mice that received
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pre-treated cells also received injections of htGal-3 or mtGal-3 (250 pg in 0.1 ml, via intra
muscular injection) on day 1 (2 h before and after injection of cells) and once on day 2.

For injecting B16F10 cells treated with MCP, 0.1 million B16F10 cells were resuspended in
medium with and without MCP (0.05%) and mice which received cells with MCP were on drinking
water containing 1% or 1.5% MCP from 5 days prior to injection till the day of sacrifice.

In bone marrow chimeric mice B16F10 cells were injected in both group 1 and group 2 through
tail vein.

3.2.16 Cell spreading assay

Cell spreading assay was done exactly as described in Ref [174]. Briefly, Melanoma cells were
harvested and washed thrice with serum free DMEM. 1 ml of melanoma cell suspension containing
0.5 X 10°% /ml in serum free DMEM were seeded on uncoated or precoated coverslips either with
75 ug/ml galectin-3 or 10 pg/ml fibronectin incubated overnight at 4°C. (For all the experiments
same concentration of galectin-3 and fibronectin was used. The volumes used for coating was 1
ml for 35 mm, 2 ml for 60 mm and 4 ml for 90 mm plates). The cells were then incubated at 37°C
for 15, 30, 45 and 60 minutes time points in a CO2 incubator. Cells were seeded on uncoated
coverslip incubated for either 45 min or 60 min served as control. After each time points, the non-
adherent cells were removed by gentle washing 3-4 times with 1 ml PBS (pre-warmed to 37°C).
The adherent cells were fixed in 1 ml of 4% paraformaldehyde solution (pre-warmed to 37°C) for
5 minutes in a CO2 incubator. The 4% paraformaldehyde fixative solution was prepared as follows-
4 g of paraformaldehyde was dissolved in 80 ml PBS and kept for boiling. A drop of 1 N NaOH
was added to aid in dissolution. After cooling, the pH of the solution was checked, adjusted to 7
and the volume was made up to 100 ml with PBS. The solution was filtered and kept at 37°C. The

fixative was removed by giving 4 gentle washes with pre-warmed PBS for 5 minutes following
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which the cells were permeabilized with 1 ml of 0.5% Triton-X 100 in PBS at room temperature
for 15 minutes. The cells were gently washed to remove Triton-X 100 using PBS (4-5 washes) for
5 minutes. Further staining was performed in dark to avoid quenching of fluorescent dyes. The
Phalloidin staining solution was prepared just before use.

Preparation of Phalloidin staining solution: The following solutions were added in the order given
below (For 100 ul solution) and kept at 37°C in dark. Lysolecithin (10 pg/ul) 1 ul, Methanol (AR
Grade) 10 ul, BSA (Stock 4% in PBS) 1.25 ul, Phalloidin-TRITC (2 mg/ml stock, in methanol) 1
ul, PBS (pH 7.4) 86.75 pl.

The coverslips was placed in a moist chamber on a parafilm and the Phalloidin staining solution
was added either on the coverslips (15 ul staining solution). Alternatively, the coverslips were
inverted on 10 ul of staining solution and incubated at 37°C for 15 min. The coverslips were then
overlaid with 4 % BSA without removing staining solution (final BSA conc. 2 %) or were inverted
on 10 ul 2% BSA solution, and incubated at room temperature for 10 min. The cells were washed
with PBS at room temperature for four times for 5 min. The nuclei of the cells were stained by
inverting the coverslips on 10 pls of 5 pg/ml of DAPI in PBS (4°, 6’- Diamidino-2-Phenylindole
Dihydrochloride) for 1-2 minutes followed by 3-4 washes with PBS. The stained cells were
mounted on glass slides by inverting the coverslips on 10 uls of Anti-fading agent such as
Vectashield. The excess mountant was removed by pressing the inverted glass slide on tissue paper
and the edges of the coverslips were sealed with nail paint to prevent drying. The images were
acquired using a Carl Ziess Laser confocal Microscope at 63x magnification.

To assess the effect of tgal-3 and MCP cell spreading assay was performed by treating the B16F10
cells in presence of tGal-3 (75 pg/ml, 1 h incubated on ice) or MCP (0.5%) on galectin-3 coated

coverslips.
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To assess the effect of pharmacological inhibitors on cell spreading, adherent murine melanoma
cells were pre-incubated for 1 hour either with 500 nM Wm or 25 pum PD98059 (PD) in 0.1%
DMSO. Cells incubated in 0.1% DMSO served as a vehicle control (VC). Later the cells were
harvested and cell spreading assay as described above was performed.

3.2.17 Generation of stable B16F10 cell line expressing green fluorescent actin (GFP-Actin)
The total RNA was extracted from B16F10 murine melanoma cells using TriZol reagent. The total
RNA was converted into the total cDNA using first strand cDNA synthesis kit according to the
manufacturer’s protocol. The coding DNA sequence (CDS) of actin (375 aa acid protein) was
specifically PCR amplified from total cDNA using forward primer with EcoRI and reverse primer
with BamHI site. This amplified 1.128 kb actin CDS (Insert) was resolved on agarose gel and cut
purified using Gel extraction kit. The insert and pmGFPC1 vector was independently double
digested with EcoRI and BamHI restriction enzymes. After digestion insert was again purified
using PCR Cleanup kit while vector was resolved on agarose gel electrophoresis and cut purified
using Gel Extraction kit according to manufacturer’s protocol. The ligation was carried out using
double digested, purified insert and vector at 22°C, overnight. The ligated product was transformed
in ultra-competent E. coli DH5a strain and screen was performed for positive plasmid clone. The
positive clone was sequenced and its DNA sequence confirmed using In-house sequencing facility.
In order to clone florescent actin into the lentiviral vector, the CMV-GFP-Actin was amplified
from pmGFPC1 vector using forward primer (with no restriction site) and reverse primer with Notl
site. The amplified 2.487 kb product was digested with Notl while pTRIPz lentiviral vector was
sequentially digested with Xbal, blunting enzyme DNA polymerase | (large klenow fragment) and

Notl. This digested insert and vector was ligated and obtained colonies after transformation were
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screened. The positive plasmid clone was sequenced and its DNA sequence confirmed using In-
house sequencing facility.

Primers used for amplifying and cloning CDS of actin into pmGFPC1:

Forward primer 5’GCGGAATTCTATGGATGACGATATCGCTGCG3’

Reverse primer 5>’TATGGATCCCTAGAAGCACTTGCGGTGCAC3’

Primers used for amplification and cloning of CMV-GFP-Actin from pmGFPC1 vector into
pTRIPZ:

Forward primer 5’CGGGACGCGTTAGTTATTAATAGTAATCAATTACGGGG3’

Reverse primer 5>’ AATAATAGCGGCCGCCTAGAAGCACTTGCGGTGCA3Z’

This pTRIPz lentiviral vector constitutively expressing GFP-Actin under CMV promoter was co-
transfected with helper plasmids (poMD2.G and psPAX2) in HEK293FT cells for generating virus
particles which were used for transduction of B16F10 cells. The transduced B16F10 cells selected
using puromycin (1 pg/ml). The mixed population of stable B16F10 cells expressing GFP-Actin
maintained in DMEM containing 0.5 pg/ml puromycin.

Vector maps used for cloning of Actin:
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Strategy for cloning of actin into the lentiviral vector:

Cloning of Actin CDS into pTRIPz lentiviral vector
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Table 3. PCR conditions for amplification of Actin and CMV-GFP-Actin

Step Temperature (°C) Time (sec) Components Volume (pl)
Actin CMV- Actin | CMV- Actin | CMV-
GFP-Actin GFP- GFP-
Actin Actin
1. Initial 94 94 45 180 5x phusion 4 4
denaturation PCR buffer
2. 94 94 15 30 10 mM 0.4 0.4
Denaturation dNTPs
3. Annealing 56 56 15 20 Distilled 114 12.6
water
4. Extension 72 72 60 45 Forward 1 1
primer
(20 pmol/ul)
5. No. of Go to step 2 for 34 times Reverse 1 1
cycles primer
(20 pmol/ul)
6. Final 72 72 900 600 DNA 0.2 0.2
extension polymerase (phusion
)
7. End DNA cDNA 0.8
template from (Actin
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3.2.18 Live cell imaging

Live cell imaging was performed to study the kinetics of cell spreading on immobilized galectin-
3 and fibronectin. The 35 mm glass bottom tissue culture dishes were coated either with 75 pg
galectin-3 or 10 pg of fibronectin in 1 ml PBS and incubated overnight at 4°C. B16F10 cells stably
expressing GFP-Actin were harvested and washed thrice with serum free DMEM devoid of phenol
red and density was adjusted to 5x10* cells /ml in serum and phenol red free DMEM. The coating
solution was removed and 1 ml of melanoma cell suspension was seeded on these coated plates.
Live cell imaging was performed for 1 hour and the images were acquired in a single plane at 1
min time interval on these cells maintained at 37°C in a 5% CO; incubator, using Olympus 3i
spinning disc microscope at 60x magnification.

The live cell imaging of B16F10 cells during wound closure (as per wound healing assay) grown
on galectin-3 and fibronectin coated coverslips was performed for 16 h at 37°c in CO2 incubator
and the cells were fixed and stained with phalloidin-TRITC for F-actin and DAPI to stain the
nucleus. Images were acquired using Leica STED confocal microscope at 40x magnification.
3.2.19 Fluorescence Recovery After Photo-bleaching (FRAP)

Actin turnover in the lamellipodial region was assessed using FRAP. As mentioned above for live
cell imaging, the melanoma cells stably expressing GFP-Actin were seeded on uncoated and
galectin-3 or fibronectin coated petri dishes in serum and phenol red free DMEM and incubated
for 4 hours at 37°C in a 5% CO:z incubator. The bleaching is performed at the lamellipodial region
using 488 nm laser at 100% laser power and 100% iterations in order to achieve at least 85%

bleaching. The 4 pre-bleached images were acquired and after bleaching images were acquired at
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1 second time interval for up to 4 minute in the bleached region using LSM780 Carl Zeiss confocal
microscope at 63x magnification. Three independent FRAP experiments were performed for each
substrate. In each experiment at least 10 cells were bleached. The percent recovery was calculated
as described in Ref. [175] and plotted using Graphpad software.

3.2.20 Wound healing assay

Wound healing assays were performed in 6 well plates either on BSA or coated with galectin-3 or
fibronectin. Uncoated culture dishes, coated only with BSA served as control. Non-specific sites
on the plates were blocked with 2% BSA in PBS for 1 hour at 37°C. Melanoma cells were harvested
and seeded on coated plates at a density of 0.6 X 10° cells in 2 ml of complete DMEM and
incubated at 37°C for 24 hours in a COz incubator. The cells were washed free of serum and grown
under serum free conditions for 24 hours for cell synchronization and to reach 95% confluency. A
straight, uniform wound was made using a 2 pl micropipette tip. The dislodged cells were washed
off and cells were maintained in serum free DMEM. Uncoated culture dishes, blocked only with
BSA served as control. Wound closure of cells was measured for 16 hours by time lapse video
imaging of at least three different positions across the length of the wound using a Carl Zeiss
Inverted Microscope. Mean values of triplicate wound for each data set were analyzed using Image
J software. To assess the effect of pharmacological inhibitors on cell motility, adherent murine
melanoma cells were pre-incubated for 2 hour before making the wound, either with 500 nM Wm
or 25 um PD98059 in 0.1% DMSO. Cells incubated in 0.1% DMSO served as a vehicle control
(VC).

3.2.21 RhoGTPase assay

GST-PAK1 protein was purified using E. coli containing pGEX plasmid having coding DNA

sequence (CDS) for GST-PAK1. The purified GST-PAK1 was coupled to Glutathione-Sepharose
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beads. These coupled beads (Glutathione-Sepharose-GST-PAK1 that is Sepharose-PAK1) were
further used for the detection of activated Racl (GTP-Racl). The method for the expression,
purification, coupling of GST-PAK1 to Glutathione Sepharose beads and RhoGTPase assay for
Rac was exactly done as described in Ref. [176].

Briefly, the overnight grown culture of E. coli streaked on LB agar plate containing ampicillin was
inoculated in 10 ml LB broth and incubated for 6 hour at 37°C, 180 rpm. This starter culture was
further inoculated in 1 litre LB broth containing ampicillin and incubated for 4 hour at 37°C, 180
rpm (OD at 600 nm reached up to 0.7 to 0.8). After this 100 uM IPTG was added to induce the
expression of GST-PAKZ1 and culture was grown overnight at 18°C, 180 rpm. The overnight grown
culture was pelleted and resuspended in 30 ml lysis buffer A (50 mM Tris pH 7.5, 150 mM Nacl,
5 mM Mgcl2,10 mM DTT, 0.1% Triton-X-100 and 1x protease inhibitor cocktail) and sonicated
for 3 cycles of 30 pulse for 30 sec, output set at 30% . The supernatant was collected after
centrifuging at 15000 rpm, 4°C for 30 min. The purification of GST-PAK1 was carried out using
Glutathione-Sepharose beads. The 1 ml beads (v/v) (washed with lysis buffer to remove the
preservatives) were suspended in 15 ml supernatant in 15 ml falcon tube and kept for 1 hour on
rotor shaker at 4°C. Later the beads were pelleted by centrifuging at 12000 rpm, 4°C for 4 minutes.
The beads were washed four times with 15 ml Tris wash buffer (50 mM Tris.Cl pH 7.5 ,0.5% (w/v)
Triton X-100, 150 mM NaCl, 5 mM MgCI2, 1 mM DTT and 1x protease inhibitor cocktail) by
centrifuging at 1000 rpm, 4°C for 4 minutes to remove the unbound protein. The washed pelleted
beads were resuspended in storage buffer (Tris wash buffer A + 10% glycerol), aliquoted and
stored at -80°C. Before use of these Sepharose-Glutathione the-GST-PAK1 (Sepharose-PAK1)

beads, storage buffer was removed by washing beads with lysis buffer A,
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The Pakl domain has ability to bind the activated Racl and/or CDC42 that is GTP-Racl and/or
GTP-CDC42. To study the activation status of Racl in cells plated on galectin-3 and fibronectin,
Sepharose-PAK1 beads were used. For Racl activation assay, 24 hour serum starved cells were
harvested, washed and 4x10° cells were seeded on galectin-3/fibronectin coated 90 mm plates for
15, 30 and 60 min time interval. At respective time points, non-adherent cells in each plate were
removed and 1 ml lysis buffer (50 mM Tris-Cl, pH 7.2, 1% (w/v) Triton X-100, 500 mM NaCl,
10 mM MgCly, and protease inhibitor cocktail) was added to the plate. The cells were collected,
sonicated and centrifuged at 15000 rpm, for 30 min at 4°C. The protein content in these cell lysates
was estimated. The cell lysed at 0 min time point served as control. Equal amount of Sepharose-
PAKZ1 beads were incubated with 2 mg (in 1 ml of lysis buffer) protein in lysates of cells harvested
at each time point on rocker for 1 h at 4°C. The beads were washed 3 times with Tris wash buffer
and the bound protein was eluted using 4x Lamelli buffer at 100°C for 10 min. Western blotted
total cell lysates and respective PAK1 bound proteins were analyzed using anti-Racl antibody.
3.2.22 Cloning of wild type CD147 in pmGFP-N1 mammalian expression plasmid vector
The total RNA was extracted from B16F10 murine melanoma cells and converted it into cDNA
using first strand cDNA synthesis kit according to manufacturer’s protocol. This cDNA served as
a template for PCR reaction to amplify 822 bp CDS of CD147 (273 amino acid protein). The
forward and reverse primers consist of ECORI and BamHI sites.

Forward primer 5’ATACTTAGAATTCGCCACCATGGCGGCGGCGCTGCTGCTG3?
Reverse primer 5’ ACTAGTTGGATCCGCGGTGGCGTTCCTCTGGCGTAC3’

Using these primers the CDS of CD147 was amplified. The amplified product was resolved on
agarose gel electrophoresis and cut purified using Gel Extraction kit according to manufacturer’s

protocol. The purified amplified 822 bp product (Insert) and pmGFP-N1 plasmid (Vector) was
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independently double digested with EcoRI and BamHI at 37°C overnight. After digestion insert
was again purified using PCR Cleanup kit according while vector was resolved on agarose gel
electrophoresis and cut purified using Gel Extraction kit according to manufacturer’s protocol. The
ligation was carried out using double digested, purified insert and vector at 22°C, overnight. The
ligated product was transformed in ultra-competent E. coli DH5a strain and screen was performed
for positive plasmid clone. The positive clone was sequenced and its DNA sequence confirmed
using In-house sequencing facility. From this positive clone, plasmid was extracted and used for
further studies.

pmGFP-N1 vector map used for cloning of CD147:
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Table 4. PCR conditions for amplification of CD147 from cDNA
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Step Temperature (°C) | Time (min) Components Volume (ul)
1. Initial denaturation 95 5 5x PCR buffer 5
2. Denaturation 95 0.5 10 mM dNTPs 0.5
3. Annealing 56 0.5 Distilled water 10.75
4. Extension 72 0.5 Forward primer 1
(20 pmol/ul)
5. No. of cycles Go to step 2 for 34 times Reverse primer 1
(20 pmol/ul)
6. Final extension 72 10 Phusion polymerase 0.25
(2 U/
7. End DNA template 2 (100
ng)

3.2.23 Generation of CD147 glycomutant by site directed mutagenesis (SDM)
To obtain glycomutant CD147, site-directed mutagenesis was performed in the wild type CD147
cloned in pmGFP-N1. There are 5 N-glycosylation sites on CD147 viz. N44, N154, N159, N190
and N193. To generate the various glycomutant of all these sites were sequentially mutated using
following primers.
The Aspargine (N/Asp) AAC / AAT was replaced with Glutamine (Q/GIn) CAA / CAG

1) N44Q
F S’GCTTACCTGCTCTTTGAACAGCAGTGGCGTTGAC3’
R 5’"GTCAACGCCACTGCTGTTCAAAGAGCAGGTAAGC3’

2) N154,159Q
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F 5> GGCAATCACCCAGAGCACTGAAGCCCAGGGCAAGTATGTGGTGGTATCC3’
RS’ CATACTTGCCCTGGGCTTCAGTGCTCTGGGTGATTGCCTCTTCTTCCCC3?
3) N190, 193Q
F 5S’CCTACGTGTGTCAAGCCACCCAAGCCCAGGGCACTACTCGGG?’
R 5’AGTGCCCTGGGCTTGGGTGGCTTGACACACGTAGGTGCCAGGGTC3’
4) N154Q
F S GAAGAGGCAATCACCCAGAGCACTGAAGCCAATGY’
R 5’CATTGGCTTCAGTGCTCTGGGTGATTGCCTCTTC3’
5) N159Q
F 5’CAATAGCACTGAAGCCCAAGGCAAGTATGTGGTGG3’
R 5’>CAATAGCACTGAAGCCCAAGGCAAGTATGTGGTGG3’
6) N190Q
F 5’CTGGCACCTACGTGTGTCAAGCCACCAACGCCCAG?’
R 5’CTGGGCGTTGGTGGCTTGACACACGTAGGTGCCAG3’
7) N193Q
F 5’GTGTGTAATGCCACCCAAGCCCAGGGCACTACTC3’
R 5> GAGTAGTGCCCTGGGCTTGGGTGGCATTACACACY’
The various CD147 glycomutants were generated by site directed mutagenesis using above

mentioned primers.

Individual site specific CD147 glycomutants: N44Q, N154Q, N159Q, N190Q and N193Q

Typical CD147 glycomutant (TGM): N44,154,190Q

Atypical CD147 glycomutant (ATGM): N159,193Q

CD147 glycomutant (GM): N44,154,159,190,193Q
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The glycosylation sites in wild type CD147 were sequentially mutated. At first N44, then
combinely N154, 159 and lastly N190, 193 were mutated to glutamine to get the glycomutant
N44Q (44" N mutated to Q) and GM (All 5 N mutated to Q). Individual site specific glycomutants
(N154Q, N159Q, N190Q and N193Q) were prepared using respective primers. The 3 typical
glycosylation sites (N44, N154 and N190) were mutated using primer set number 1, 4 and 6 while
atypical glycomutant was generated using primer set number 5 and 7 sequentially.

The forward and reverse oligonucleotides were procured, reconstituted in sterile distilled water to
obtain 100 uM concentrations. Equal volumes (10 pl of 10 uM) of both the oligonucleotides were
mixed with PCR master mix containing wild type pmGFP-N1 CD147 plasmid clone as a template
and PCR amplified. The PCR product was Dpnl digested and the digested plasmid was used for
transformation of ultra-competent E. coli DH5a cells and spread plated on LB agar plates. Colonies
growing on ligation test plate were counted and subjected to Mini prep based plasmid extraction
by alkaline lysis method. The screening of colonies containing the mutant CD147 cDNA was done
in purified plasmids by checking release of an insert of 822 base pairs on double digestion with
restriction enzymes EcoRI and BamHI. The positive colony showing the presence of mutant
CD147 after the sequencing, was used for transfection.

Table 5. PCR conditions for SDM in wild type CD147 cloned in pmGFP-N1

Step Temperature |  Time Components Volume
°C) (min) (ul)
1. Initial denaturation 95 2 5x PCR buffer 5
2. Denaturation 95 0.5 10 mM dNTPs 1
3. Annealing 62 0.5 DMSO 0.75
4. Extension 72 10 Forward primer (10 pmol/ul) 1
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5. No. of cycles Go to step 2 for 16 times |  Reverse primer (10 pmol/ul) 1

6. End Phusion polymerase (2 U/ pl) 0.5
Distilled water 10.75
DNA template (2 ng/ul) 5

3.2.24 Transfection and Confocal microscopy to observe the expression of CD147
Exponentially growing culture of B16F10 cells were harvested and seeded on 35 mm culture
dishes and grown up to approximately 80% confluency. Typically 1.5 ug of plasmid DNA and 6
ul of lipofectamine™ 2000 solution, each was diluted in 0.1 ml plain DMEM in sterile
microcentrifuge tube and incubated for 5 min at room temperature. The DNA and lipofectamine
solution was gently mixed with pipette and after 30 min incubation at room temperature added to
the 35 mm culture dishes drop wise. The final volume in this plate was adjusted to 1 ml by adding
plain DMEM. The plate was gently swirled and incubated overnight at 37°C. The medium was
removed and culture was rinsed twice with PBS or plain DMEM. The cells were then grown for
24 h in complete medium.

After 48 h of transfections the cells were fixed with 4% paraformaldehyde at 37°C for 5 minutes
and stained with DAPI for nucleus and observed under confocal microscope to study the
localization of wild type and glycomutant CD147. Images were taken at 63x magnification using
Leica STED confocal microscope.

3.2.25 Statistics

All the statistical analysis was done by using Graphpad prism 5 or 6 software. For comparison of
two groups, student’s t test was performed and for multiple comparison either one way ANOVA

or two way ANOVA was performed. All the error bars represent mean + s.e.m.
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Objective I: To confirm the role of galectin-3 on the lungs in organ specific metastasis
Model system used for the study of phenomenon of organ specific metastasis is the B16 murine
melanoma cells. This model was developed by I. J. Fidler in 1973 from spontaneous tumor in the
mice [177].
Key features of this model are as follows.
U Auvailability of cell lines with varying metastatic potentials
e BI16F1 is low metastatic, while
e B16F10 is high metastatic
U Shows lung specific metastasis irrespective of route of administration (Tail vein-lung is the
last organ, subcutaneous, intra-aortic-lung is the first organ)
O Expresses B1, 6 branched N-oligosaccharides

O Melanin produced by melanoma cells helps in quantitation/visualization

Subculonenus lumor
InCB7BL /S mouse

o
Growlh |n '"%lo - h
. w n viv

8i1er0 "\ -
mli'clod 0’“ ’ v ’
B16F10
9 o @

el
.w.arhct d
— ‘,';

llustration 5: B16 murine melanoma model (right panel) and lungs showing metastatic colonies

B16F1

after experimental metastasis assay by injecting 0.1 million cells (Left panel)
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Galectin-3/polyLacNAc interaction aids in lung specific metastasis of B16F10 cells. It is possible
to block this interaction by using galactose rich sugars or by decreasing the availability of
polyLacNAc to bind to the galectin-3. To fulfill these two goals, modified citrus pectin (MCP) and
truncated galectin-3 (tGal-3) may be helpful.

4.1 Effect of MCP on metastatic potential of B16F10 cells

MCP powder is shorter, non-branched, galactose-rich, carbohydrate chains. These shorter chains
dissolve more readily in water and are better absorbed and utilized by the body than ordinary, long-
chain pectin. It is supposed that the shorter polysaccharide units afford MCP its ability to access
and bind tightly to galactose-binding lectins like galectin-3.

In in vitro assays, the inhibitory effect of MCP was tested on cell spreading. Cell spreading is a
post adhesive event required for cell migration during successful metastasis [178]. The cells
incubated with MCP at 0.1% concentration show immature actin organization, lamellopodial
formation and statistically significant decrease in cytoplasm to nucleus (C/N) ratio on galectin-3
as compared to that of cells untreated with MCP (Fig. 1). Cell spreading on uncoated coverslips
served as control (Fig. 1A) where cells are not able to spread and develop a mature lamellipodia

(Fig. 1B).
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Fig. 1. MCP treatment inhibit the cell spreading of B16F10 cells on immobilized (Im) galectin-3.
(A) Confocal microscopy images of spreading of cells on uncoated (Un) and on galectin-3 (Gal-
3) coated coverslips in absence and presence of 0.1% MCP. The cells were stained with phalloidin-
TRITC for filamentous actin (Red) and DAPI for nucleus (Blue); 63x magnification; scale bar =5
um. (B) Quantitation of cell spreading assay in which the images of at least 50 cells of each type
from three independent experiments were analyzed to calculate the area of cytoplasm and nucleus
(C/N ratio). Data is mean + SE of three independent experiments. ***p<0.001.

The effect of MCP was further tested on experimental metastasis assay using B16F10 cells. 1%
MCP was fed through drinking water to the mice, one week prior to the injection of cells. It was
necessary to build up the desired concentration of MCP in the circulation. Subsequently, B16F10
cells along with 0.05% MCP was injected through tail vein. Mice were sacrificed after 17 days of
injection and the lung metastatic colonies were observed (Fig. 2A). The lung metastatic colonies
were found to be decreased in the mice fed with MCP compared to that of mice fed only drinking

water (Fig. 2B & C).
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A 1% MCP was fed to mice 5 days prior to injection of cells and
continued till 17t day through drinking water
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B16F10 cells adhere to endothelium is not available
S Galectin-3
L s e 5 & a e
z /[n, 6 branched N-
= - N O . e oligosaccharide bearing
O‘\ -~ X l glycoprotein
6§ 6 66 b s —— Modified Citrus Pectin
B C
-:;:f 00, 22297 |l -MCP
‘ ‘ o 3 ] +1% MCP
B16F10 g ,, 150
£ .9 T
“ & 100-
e ® @ & & i
-+ 1% MCP 2 e 504
[
L
—_ 04
= R &
S &

Q> >

Fig. 2. MCP treatment affects the metastatic potential of B16F10 cells. (A) Schematic
representation of work flow of experimental metastasis assay using MCP. (B) Comparison of
melanoma colonies in lungs of C57BL/6 mice in absence and presence of 1% MCP, after injection
of 0.1 million B16F10 cells under experimental metastasis assay conditions. (C) Quantitation of
number of lung colonies of the two groups of mice in (B). Significance obtained by performing
student’s T-test is denoted by p value.

4.2 Cloning, expression and purification of human truncated galectin (htGal-3)

Galectin-3/polyLacNAc interaction can be interfered using truncated galectin-3, which lacks N-
terminal oligomerization domain and has only CRD. This tGal-3 has capacity to bind to its ligand
lactose. To block the polyLacNAc of B16F10 cells tGal-3 can be used. In the beginning, for

cloning the coding DNA sequence (CDS) of truncated galectin-3, it was amplified using forward
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and reverse primers containing Ndel and BamHI site (Fig. 3A). The amplified CDS was
successfully cloned, expressed, purified using freshly prepared Lactose-Sepharose column. The
coomassie stained SDS-PAGE showing the single band at 17 kDa region of htGal-3 confirms the
purity of the protein while western blot confirms the intactness (no degraded protein products)
(Fig. 3B-D). The identity of the purified protein was confirmed by whole protein spectra by MS
showing the major peak at 15 kDa region of monomer while minor peak at 30 kDa region of dimer
(Fig. 4A). In the solution galectin-3 exists in monomer as a major fraction while dimer as a minor
fraction in the absence of ligand lactose. Also the sequence coverage of amino acids of htGal-3
was matched with the C-terminal region of the human origin galectin-3 as confirmed by MS/MS
(Fig. 4B & C). The large scale batch purification of htGal-3 carried out and the expression and
purification was confirmed by loading different fractions on SDS-PAGE stained with coomassie

(Fig. 4D).
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Fig. 3. Human truncated galectin-3 was cloned, expressed and purified using Lactose-Sepharose
column. (A) Agarose gel image showing the PCR amplification product at 400 bp region of CDS
of human truncated galectin-3 containing CRD. (B) Agarose gel image showing the band release
at approximately 400 bp after screening of 7 colonies using restriction digestion with Ndel and
BamHI. (C) Coomassie blue stained SDS-PAGE showing purified fractions of truncated galectin-
3 and full length galectin-3. (D) Western blotting showing bands at 15 kDa region of human

truncated galectin-3 corresponding to full length galectin-3 after probing with anti-galectin-3
antibody.
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Fig. 4. Protein identity and sequence coverage was confirmed using mass spectroscopy and
MS/MS. (A) Whole protein mass spectra showing major peak at 15466.16 Da region while minor
peak at 30000 Da region. (B) MS/MS spectra of the truncated galectin-3 showing the
fragmentation pattern. (C) Sequence in red was the matched sequence with human truncated

galectin-3. (D) Coomassie stained SDS-PAGE showing various fractions of batch purification of
human truncated galectin-3.
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4.3 Effect of htGal-3 on metastatic potential of B16F10 cells

The effect of purified htGal-3 on viability of the cells was tested and concentration was selected
that was not toxic to the cells. The cells were allowed to spread on galectin-3 coated coverslips in
absence and presence of 75 pug htGal-3. The cells were spread and formed the well-organized actin
bundles and lamellipodia on immobilized galectin-3, while in presence of htGal-3, cells were not
able to spread and there was poor actin organization and lamellipodia formation. The cell spreading
on uncoated surfaces served as a control, which showed immature actin organization and
lamellipodia formation (Fig. 5A). These results were also reflected in C/N ratios where there is

statistically significant decrease in their area when they are treated with htGal-3 (Fig. 5B).

A B
Galectin-3 coated coverslips
Ullcoated r l . 8- i Hkok . ek ' Un
64 Im Gal-3

B16F10

C/N ratio

- htgal3 + htgal3

Fig. 5. Truncated galectin-3 treatment inhibit the cell spreading of B16F10 cells on immobilized
galectin-3. (A) Confocal microscopy images of spreading of cells on uncoated (Un) and on
galectin-3 coated coverslip in absence and presence of truncated galectin-3. The cells were stained
with phalloidin-TRITC for filamentous actin (Red) and DAPI for nucleus (Blue); 63x
magnification, Scale bar = 5 pm. (B) Quantitation of cell spreading assay in which the images of
at least 50 cells of each type from three independent experiments were analyzed to calculate the
area of cytoplasm and nucleus (C/N ratio). Data is mean + SE of three independent experiments.
***n<0.001.
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Under experimental metastasis assay conditions, B16F10 cells alone injected into the mice were
showing the lung metastatic colonies while decreased lung metastatic colonies were observed
when treated with htGal-3 (Fig. 6A & B). It was found that there was statistically significant
decrease in lung metastatic colonies in htGal-3 treated group compared to that of untreated group

(Fig. 6C).
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Fig. 6. Truncated galectin-3 treatment affects the metastatic potential of B16F10 cells. (A)
Schematic representation of work flow of experimental metastasis assay using truncated galectin-
3. (B) Comparison of melanoma colonies in lungs of C57BL/6 mice in absence and presence of
truncated galectin-3, after injection of 0.1 million B16F10 cells under experimental metastasis
assay conditions. (C) Quantitation of number of lung colonies of the two groups of mice in (B).
Significance is obtained denoted by *. **p<0.01.

4.4 Effect of mouse truncated galectin-3 (mtGal-3) on metastatic potential of B16F10 cells

Human galectin-3 CRD shares 87% identity with mouse galectin-3 CRD. In order to rule out
possibility that htGal-3 may generate antibody response in mice which may block its function,
CRD of mouse galectin-3 has used in these experiments. The CRD of mouse galectin-3 (mtgal-3)
was cloned, expressed and purified.

The total RNA extracted from B16F10 cells was converted into cDNA. This cDNA was used to
amplify CDS of CRD of galectin-3 using forward and reverse primers containing Ndel and BamHI
restriction sites (Fig. 7A). Amplified CDS successfully cloned and the positive clone was screened
using restriction digestion strategy (Fig. 7B). The mtGal-3 was expressed, purified using Lactose-
Sepharose column (Fig. 7C). The identity and sequence was validated using MS and MS/MS (Fig.
7D & E).

The experimental metastasis assay was performed by treating cells with mtGal-3 exactly as
described for htGal-3. Results obtained with mtGal-3 were comparable to htGal-3. The lung
metastatic colonies of B16F10 cells was found to be significantly decreased in presence of mtGal-

3 (Fig. 7F & G).
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Fig. 7. Mouse truncated galectin-3 was cloned, expressed, purified and its effect was assessed on
metastatic potential of BI6F10 cells. (A) PCR amplification product at 400 bp region of CDS of
mouse truncated galectin-3 containing CRD. (B) Agarose gel image showing the band release at
1.2 kb after screening of 7 colonies using restriction digestion with Pstl. (C) Coomassiae stained
SDS-PAGE showing the purified fractions of truncated galectin-3 and full length galectin-3. (D)
MS/MS spectra of the truncated galectin-3 showing the fragmentation pattern. (E) Sequence in red
was the matched sequence with mouse truncated galectin-3. (F) Comparison of melanoma colonies
in lungs of C57BL/6 mice in absence and presence of truncated galectin-3, after injection of 0.1
million B16F10 cells under experimental metastasis assay conditions. (G) Quantitation of number
of lung colonies of the two groups of mice in (F). Significance is obtained denoted by *.
***p<0.001.

4.5 Lung metastatic potential of B16F10 cells in galectin-3 transgenic mice

The role of galectin-3/polyLacNAc interaction in lung specific metastasis of B16F10 cells was
established. To prove that polyLacNAc on tumor cells indeed brings about these effects via
galectin-3 we used galectin- 3 transgenic mice.

Galectin-3 transgenic mice were characterized using tail genomic DNA as template for PCR. The
amplicon size for galectin-3** and galectin-3"- mice was 450 bp and 300 bp, respectively.
However, the two amplicons 450 bp and 300 bp were obtained for galectin-3* mice (Fig. 8A).
These results indicate that the mice were successfully propagated and maintained. The
experimental metastasis assay was performed using B16F10 cells in galectin-3 transgenic mice.
B16F10 cells (0.1x10°) were injected through tail vein in galectin-3**, galectin-3*" and galectin-
37 mice. The decreased lung metastatic colonies of B16F10 cells were observed in galectin-3*"
mice as compared to galectin-3*"* mice. However, surprisingly galectin-3" mice showed
comparable number of colonies to galectin-3** mice (Fig. 8B). The N-glycosylation inhibitor
swansonine treated B16F10 cells were injected in galectin-3"" mice to assess the importance of
sugars. The comparable number of lung metastatic colonies were obtained either in presence or

absence of swainsonine suggesting the irrelevance of sugars of B16F10 cells (Fig. 8C). The lung
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metastatic colonies of B16F10 cells in galectin-37- mice even absence of galectin-3, warrants
further confirmation of involvement of galectin-3/polyLacNAc interaction in lung specific

metastasis.
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Fig. 8. Lung metastatic potential of B16F10 cells were comparable in galectin-3*"* galectin-37
mice. (A) Assessment of galectin-3 status of mouse using PCR and utilizing genomic DNA as
template extracted from tail and primers specific for galectin-3 gene. (B) Quantitation of number
of lung colonies of the three groups of (galectin-3**, galectin-3*"- and galectin-3"") mice under
experimental metastasis assay conditions. Significance is obtained denoted by *, p<0.05. (C)
Comparison of melanoma colonies in lungs of galectin-3”7" mice after injecting 0.15 million
untreated and swainsonine treated B16F10 cells, under experimental metastasis assay conditions.
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4.6 Effect on metastatic potential of B16F10 cells in bone marrow chimeric mice

The involvement of galectin-3/polyLacNAc interaction in lung specific metastasis of B16F10 cells
was confirmed by using MCP, a competitive inhibitor to LacNAc which blocks endogenous
galectin-3 and truncated galectin-3, a dominant negative inhibitor that compete with endogenous
galectin-3. To test if absence of galectin-3 in some way alters the anti-tumor immunity and thus
metastatic outcome of cells in galectin-37- mice, bone marrow chimeric mice were generated.
Replacement of bone marrow of galectin-37-mice with that from galectin-3** mice was confirmed
by analyzing the tail and blood genomic DNA as a template for PCR. The bands at 300 bp in both
groups obtained with the tail genomic DNA confirmed their galectin-37- phenotype (Fig. 9A).
Further, the appearance of only 300 bp band in group 1 and bands of both 300 and 450 bp obtained
with blood genomic DNA in group 2 confirms galectin-3"- phenotype in group 1 and successful
chimerism in group 2 (Fig. 9B). Experimental metastasis assay was performed in these mice using
B16F10 cells. The comparable lung metastatic colonies were obtained in both the groups. The
generation of bone marrow chimeric mice had no effect on the metastatic outcome of B16F10 cells

in the lungs (Fig. 9C).
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Fig. 9. Experimental metastasis assay using bone marrow chimeric mice. (A) Agarose gel image
showing PCR amplification band at 300 bp using tail genomic DNA as a template. (B) Agarose
gel image showing the PCR amplification band at 300 bp and 450 bp using blood genomic DNA
as a template. (C) Lung images taken after experimental metastasis assay.

Objective I1: Role of CD147, a carrier of B1, 6 branched N-oligosaccharides, in metastasis

In order to investigate the role of galectin-3, it is also important to know galectin-3 binding
proteins. Mass spectrometric screen was performed to find out galectin-3 binding proteins. It was
found that along with many other cell surface glycoproteins, CD147 is a major carrier of 1, 6
branched N-oligosaccharides. It is reported that glyco-deficient CD147 fails to induce matrix
metalloproteases by tumor cells. Hence we studied the role of CD147 and its glycosylation in

galectin-3 mediated metastatic processes of B16F10 cells.

4.7 Analysis of expression levels of CD147 in B16F1 and B16F10 cell lines
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CD147 is a highly glycosylated galectin-3 binding protein that has two isoforms. B16F10 cell line
abundantly expresses isoform 2 but no Isoform 1 (Fig. 10A). The expression levels of CD147 was
found to be higher in B16F10 cells as compared to that of B16F1 cells. Also both the cell lines

express high and low glycosylated forms of the CD147 (Fig. 10B).
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Fig. 10. Expression levels of CD147 correlates with the metastatic potential. (A) Agarose gel
image showing the PCR amplification product of CD147. (B) Western blotting using lysates of
B16F10 and B16F1 cells with anti-CD147 antibody. Actin served as a loading control.

4.8 Expression of glycomutant CD147 in B16F10 cells

To study the role of CD147 in galectin-3 mediated metastatic progression, wild type (Wt) CD147
was successfully cloned into the pmGFPN1 plasmid vector. All the five glycosylation sites in

CD147 was successfully mutated using site directed mutagenesis (SDM) to generate the
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glycodeficient CD147 (N44,154,159,190,193Q-Glyco-deficient GM). The wild type and
glycomutant CD147 were expressed as a fusion proteins with green fluorescent protein (GFP).

Wt CD147 and GM CD147 were transfected in the B16F10 cells. The expression of Wt and GM
CD147 was analyzed by confocal microscopy. Wt CD147 was shown to be expressed on the cell
surface while CD147 deficient with all glycosylation sites was found to be accumulated in the cell
cytoplasm (Fig. 11A). It suggests that glycosylation plays important role in the localization and

targeting of CD147 to the cell membrane.

4.9 Screening of glycosylation site/s required for localization of CD147 to the membrane

To investigate the crucial site required for targeting of CD147 to the membrane, combinations of
CD147 mutants were generated. CD147 glycosylation sites were mutated independently (N44Q,
N154Q, N159Q, N190Q and N193Q) and in combinations (N44,154,190Q - typical glycomutant
TGM observed on consensus sequence; N159,193Q atypical glycomutant ATGM observed on
non-consensus sequence) and expressed in B16F10 cells by transfection.

TGM and ATGM CD147 were expressed in B16F10 cells showed cytoplasmic localization.
N154Q, N190Q and N193Q CD147 mutants accumulated inside the cell cytoplasm while N44Q),
N159Q CD147 glycomutant showed cell surface localization (Fig. 11). Wild type CD147 was
expressed on the cell surface while CD147 deficient with all glycosylation sites accumulated in
the cytoplasm. Under these conditions it was not possible to investigate the functions of glyco-

deficient CD147 as these were not seen on the membrane.
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Fig. 11. Localization of CD147 mutants after transfection in B16F10 cells. (A) Wild type, GM,
TGM and ATGM CD147 were expressed in B16F10 cells. (B) Independent glycomutants of
CD147 were expressed in B16F10 cells; 63x magnification; Scale bar= 20 pm.

Objective I11: To investigate the role of galectin-3 in processes like adhesion, spreading and
movement critical for metastasis

Galectin-3 is a nucleo-cytoplasmic protein which is secreted out in a non-classical manner and
often gets incorporated into the ECM and BM. Galectin-3 has been shown to regulate cellular
motility in many different ways and is dependent on the sub-cellular localization of galectin-3. The
secreted extracellular galectin-3 exerts its cellular effects on motility related processes both in the
soluble form and as immobilized component on cells, ECM and BM. However, it is not clear how
immobilized galectin-3 as a component of ECM/BM promotes such complex cellular processes

like spreading and movement critical for cancer cell metastasis.
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4.10 Cytoskeletal organization during spreading of cells on galectin-3 and fibronectin

Cells utilize extracellular matrix component (ECM) as the substrate for their spreading and
movement. Different ECM components determine the type of cytoskeletal organization during
spreading and movement of the cells. Here we compared the cell spreading pattern and cytoskeletal
organization on galectin-3 with that of very well studied ECM component fibronectin. It was
observed that the spreading of B16F10 melanoma cells on galectin-3 was very different from that
seen on fibronectin (Fig. 12). The cell spreading on fibronectin showed stretched and mesenchymal
cell-like morphology with abundant stress fibers traversing across the cell body (Fig. 12C & F).
Galectin-3 induced cell spreading showed rounded morphology and the intensity of the actin
bundles was more along the periphery of the cells (Fig. 12B & E). The arborate or stellate
morphology of cell spreading was more prominent on fibronectin while flat and rounded cell
spreading was seen on galectin-3. These morphological differences were also reflected during
motility of the cells on galectin-3 (Fig. 12G) and fibronectin (Fig. 12H). Fixed and live cell
imaging on immobilized galectin-3 and fibronectin was performed to see if differences in
spreading kinetics are evident even at early time points. Cell spreading on uncoated coverslips

served as a control (Fig. 12A & D).
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G Gal-3 H FN

Fig. 12. Spreading pattern and actin cytoskeletal organization of cells on immobilized galectin-3
and fibronectin (FN). Images represent the spreading pattern of cells on uncoated (Un) (A) and
(D), galectin-3 (Gal-3) (B) and (E), and fibronectin (FN) (C) and (F) coated coverslips. (A), (B)
and (C) are the colored confocal images while the (D), (E) and (F) are the threshold images of the
same, respectively. The cells were fixed and stained with phalloidin-TRITC for filamentous actin
and DAPI for nucleus; 63x magnification, Scan zoom 1.5x; Scale bar: 10 um. The differences in
lamellipodial structures in cells migrating on coverslips coated with galectin-3 (G) and fibronectin
(H) to close the wound created 16 hour prior. The cells were fixed and stained with phalloidin-
TRITC for filamentous actin and DAPI for nucleus; 40x magnification; Scale bar: 20 pm.
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4.11 Generation of stable B16F10 cell line expressing GFP-Actin

To study the microfilament organization in live BI6F10 cells in response to immobilized gaelctin-
3 and fibronectin, GFP-Actin was stably expressed in these cells. To express GFP-Actin in BI6F10
cells, total RNA was extracted from B16F10 cells and converted into cDNA. By using this cDNA
as a template, full length 1.1 kb CDS of actin was amplified by using forward and reverse primers
containing EcoRI and BamHI sites respectively (Fig. 13A). The amplified CDS and pmGFPC1
were independently double digested using EcoRI and BamHI restriction enzymes, purified, ligated
and transformed. The colonies were screened using EcoRI and BamHI (Fig. 13B) and the positive
clones were confirmed by sequencing. The whole cassette of CMV-GFP-Actin (Insert) from
pmGFPC1 was amplified using forward primer with no restriction site and the reverse primer
containing Notl restriction site (Fig. 13C). The pTRIPz lentiviral plasmid vector was digested with
Xbal, purified, and blunted. After blunting it was digested with Notl and resolved on agarose gel
where 3.3 kb release was seen with 9.9 kb backbone of pTRIPz (Fig. 13D). This 9.9 kb vector
backbone was purified and ligated with insert, already digested with Notl, and transformed. The
positive clone was screened by restriction digestion (Fig. 13E) and confirmed by DNA sequencing.
The lentiviral particles were generated and transduced in B16F10 cells. Cells were selected using
puromycin (Fig. 13F). The expression of GFP-actin was confirmed by observing green fluorescent
cells and actin filament network (Fig. 13G & H). The lysates prepared from this cell line were

probed with anti-GFP antibody showing the shift in molecular weight of GFP (Fig. 131).
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Fig. 13. Generation of B16F10 cell line stably expressing green fluorescent actin. (A) PCR
amplification of 1.1 kb CDS of actin. (B) 1.1 kb band release of actin CDS from recombinant
pmGFPcl after restriction digestion with EcoRI and BamHI. (C) PCR amplification of CMV-GFP-
Actin cassette from pmGFPcl. (D) Amplified CMV-GFP-Actin cassette and empty pTRIPz
independently digested with Notl. (E) The 1470 bp and 679 bp band release after digestion with
Kpnl for screening of positive clone. (F) Schematic representation of preparation of viral particles
and transduction of B16F10 cells. (G) Represent the images of B16F10 cells expressing green
fluorescent actin acquired at 10x magnification and (H) at 63x magnification. Scale: 10 uM. (1)
Immunoblots showing expression of GFP-actin and GFP.

4.12 Spreading kinetics of B16F10 cells on galectin-3 and fibronectin

The cell spreading kinetics was studied on immobilized galectin-3 and fibronectin. Fixed cell
imaging showed that BI6F10 cells on immobilized galectin-3 start spreading early showing frill-
like lamellipodial morphology even at initial (15 min) time point, keeps increasing up to 30 min
which was similar to that seen at 60 min (Fig. 14A). Lamellipodial structures at 15 min in cells
plated on fibronectin were very different in appearance to those seen on galectin-3, which
progressively increase up to 60 min (Fig. 14B). Cell spreading on uncoated coverslips for 60 min
served as a control (Fig. 14C)

Live cell imaging was performed using B16F10 cells stably expressing GFP-Actin. The
lamellipodial dynamics in cells plated on galectin-3 is very high even at very initial time points
and the spreading of cells is stabilized by 30 min (Fig. 14D). However, in case of cells plated on
fibronectin the lamellipodial dynamics is low and keeps increasing at constant rate to 60 min (Fig.
14E). The differences in cell spreading kinetics, microfilament architecture and lamellipodial
organization on immobilized galectin-3 and fibronectin could be due to differential actin turn-over

in the lamellipodial region.
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Fig. 14. Spreading kinetics of cells on galectin-3 and fibronectin assessed using fixed and live cell
imaging. (A) and (B) represent the images of the cell spreading on immobilized galectin-3 and
fibronectin respectively fixed at 15, 30 and 60 min, and (C) images of cell spreading on uncoated
coverslips for 60 min. The cells were stained with phalloidin-TRITC for filamentous actin and
DAPI for nucleus; 63x magnification. (D) and (E) represent the images extracted at time points 5,
15, 30 and 60 min from live cell imaging experiment performed using B16F10 cells expressing
GFP-actin on immobilized galectin-3 and fibronectin respectively. Scale bar: 10 um.
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4.13 Turnover of filamentous actin in the lamellipodial region in cells spread on galectin-3 and

fibronectin

Actin dynamics in the lamellipodial region was assessed using fluorescence recovery after photo-

bleaching in B16F10 cells spread on immobilized galectin-3 and fibronectin. Percent recovery of

the bleached area was significantly higher (68%) in the cells spread on galectin-3 as compared to

those spread on fibronectin (54%). The cells spread on uncoated surfaces show lower recovery in

the bleached region (46%) (Fig. 15). These results suggest actin dynamics in the lamellipodial

region in the cells spread on galectin-3 is significantly higher as compared to that seen in cells

plated on fibronectin. Differences in the morphological changes and actin recovery in this region

could be due to the differential regulation of molecular signaling induced by galectin-3 and

fibronectin.
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Fig. 15. Actin turnover in the lamellipodial region of cells spread on galectin-3 and fibronectin.
(A), (B) and (C) represent the images of FRAP analysis of GFP-actin in the lamellipodial region
of B16F10 cells on uncoated, galectin-3 and fibronectin coated surfaces respectively. (D)
Graphical representation of percent fluorescence recovery over time of GFP-actin in the
lamellipodial region of cells on uncoated, galectin-3 and fibronectin coated surfaces. FRAP values
obtained from 30 cells were used to calculate the percent recovery. Data is mean + SE of three
independent experiments *p<0.05.

4.14 Profile of Akt and Erk phosphorylation in cells spread on galectin-3 and fibronectin

In order to investigate the signaling pathways induced by galectin-3 and fibronectin, the time
dependent activation of Akt and Erk was studied. Increase in Akt phosphorylation was observed
in cells plated on galectin-3 while inverse correlation was observed in case of cells plated on
fibronectin in a time dependent manner. Maximum phosphorylation of Akt is observed at 60 min
on galectin-3 plated cells while fibronectin plated cells show maximum phosphorylation at 15 min
(Fig. 16A & D). Phosphoryation of Akt could be completely abrogated by PI3K inhibitor
wortmannin (Wm) in cells spread on both galectin-3 and fibronectin. However, PD98059, an
inhibitor of MEK1/2 had no effect on Akt phosphorylation (Fig. 16B, E, C, F). Comparison of Erk
phosphorylation in cells spread on galectin-3 and fibronectin showed that there is a time dependent
decrease in phosphorylation of Erk in cells spread on both the substrates (Fig. 17A & D). Treatment
with Wm only partially affected Erk phosphorylation while PD98059 completely inhibited

phosphorylation of Erk in cells spread on both the substrates (Fig. 17B, E, C, F).
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Fig. 16. Spreading of cells increases Akt phosphorylation with time on galectin-3 while decreases
it on fibronectin. (A), (B) and (C) represent immunoblots of lysates of B16F10 cells spread on a
immobilized galectin-3 and fibronectin for 0, 15, 30 and 60 min time points, C=0 min control. (B)
and (C) represents immunoblots of lysates of BI6F10 cells grown in presence of vehicle control
(VC), Wm and PD98059, on (B) immobilized galectin-3 and (C) fibronectin. Each bar in the
graphs (D), (E) and (F) represents the mean ratio of staining intensities with pAkt and Akt
antibodies, in (A), (B) and (C) respectively. Data are mean + SE of three independent experiments.
*p<0.05, **p<0.01 and ***p<0.001.
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Fig. 17. Spreading of cells on galectin-3 and fibronectin decreases Erk phosphorylation with time.
(A), (B) and (C) represent immunoblots of lysates of BI6F10 cells spread on a immobilized
galectin-3 and fibronectin for 0, 15, 30 and 60 min time points, C=0 min control. (B) & (C)
represent immunoblots of lysates of B16F10 cells grown in presence of vehicle control (VC), Wm
and PD98059, on (B) immobilized galectin-3 and (C) fibronectin. Each bar in the graphs (D), (E)
and (F) represents the mean ratio of staining intensities with pErk and Erk antibodies, in (A), (B)
and (C) respectively. Data are mean + SE of three independent experiments. *p<0.05, **p<0.01
and ***p<0.001. (Erk1/p44 is 44 kDa, Erk2/p42 is 42 kDa protein)
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4.15 Profile of Racl activation in cells spread on galectin-3 and fibronectin

Cyclic activation and deactivation of Racl plays an important role in organization of actin in the
lamellipodial region which in turn dictates the cell motility [179]. The levels of activated GTP
coupled Racl in cells spread on galectin-3 and fibronectin for different time points was assessed
using Sepharose-PAK 1 beads which bind to Rac1-GTP. The levels of activated Racl in cells plated
on galectin-3 was highest at 15 min that kept on going down with time up to 60 min (Fig. 18A &
C). However, in case of cells spread on fibronectin it was reverse. Activated Racl levels were
lowest at 15 min and kept increasing with time, highest being at 60 min (Fig. 18B & D). The
pattern of time dependent Rac1 activation in cells spread on both the substrates (Fig. 18) is opposite
to each other however it appears to correlate with their time dependent spreading and lamellipodial

organization (Figs. 12 and 14) on these substrates.
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Fig. 18. Differential activation of Racl on immobilized galectin-3 and fibronectin. Western blotted
purified activated Racl (as described in Materials and Methods) from lysates of cells allowed to
spread for 0, 15, 30 and 60 min on (A) immobilized galectin-3 and (B) fibronectin, probed with
anti-Racl antibody. Levels of total Rac1 in the cell lysates served as loading control. (C) and (D)
represent the graphical quantitation of (A) and (B) respectively. Data are mean + SE of three
independent experiments. *p<0.05.

4.16 Effect of inhibitors of Akt and Evk pathway on cellular spreading and migration on galectin-

3 and fibronectin

Standard spreading assay of B16F10 cells treated only with the vehicle (0.1% DMSO) (VC), Wm
and PD98059 was performed on uncoated and galectin-3 or fibronectin coated coverslips for 45
min at 37°C and 5% CO. Results showed that in comparison to cells plated on uncoated coverslips
(Fig. 19A), those on galectin-3 (Fig. 19B) and fibronectin (Fig. 19C) spread well and show very
well organized microfilament architecture, although distinct for each substrate. This is also very
evident in significantly higher ratio of cytoplasmic to nuclear area in these cells as compared to
those on uncoated coverslips (Fig. 19D). However, treatment of cells with Wm and PD98059
significantly inhibited the spreading, lamellipodial structures and microfilament organization in
cells plated on galectin-3, however, those plated on fibronectin largely remain unaffected (Fig.
19D).

Spreading is an initial event that influences cellular motility. Wound healing assay was performed
on cells plated on BSA, galectin-3 and fibronectin coated plates in absence or presence of vehicle,
Wm and PD98059. Results showed that as compared to vehicle control, Wm and PD98059
significantly inhibit migration of cells on galectin-3 coated plates (Fig. 19E & H), whereas, these
inhibitors very marginally affect movement of cells on fibronectin (Fig. 19F & H). The lowest

wound closure was observed on uncoated surfaces blocked with BSA (Fig. 19G & H).
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Fig. 19. Effect of Wm and PD98059 on cell spreading and migration. (A), (B) and (C) represent
images of the cell spreading of B16F10 cells treated with vehicle control (VC), Wm and PD98059,
on uncoated (Un), immobilized galectin-3 and fibronectin respectively. The cells were fixed and
stained with phalloidin-TRITC for filamentous actin and DAPI for nucleus; 63x magnification.
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Scale bar: 10 pm. Each bar in (D) represents the mean ratio of cytoplasmic/nuclear area of at least
50 cells in (A), (B) and (C) of three independent experiments *p<0.05, **p<0.01 and ***p<0.001.
(E), (F) and (G) are representative images of wound healing assay at 0 and 16 hour, on galectin-3
coated, fibronectin coated and uncoated surfaces respectively, of B16F10 cells treated with VC,
Wm and PD98059. (H) Represents mean percent wound closure of cells in (E), (F) and (G), at 4
hour interval up to 16 hour. Area of wound closure was measured at three different positions from
three different experiments. Two-way analysis of variance followed by Bonferroni’s multiple
comparison test was performed to compare significance. *p<0.05, **p<0.01 and ***p<0.001; All
error bars represent mean + S.e.m.
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Chapter 5

Discussion



Dissemination of cells from primary tumor to secondary non-contiguous organ site is called
metastasis. Metastasis is an essential phenomenon in pathogenesis of cancer. It is a complex,
multistep process. To successfully colonize at secondary site a cancer cell must complete a
sequential series of steps. These steps typically include detachment from the primary tumor,
invasion through surrounding tissues and basement membranes, entry and survival in the
circulation and arrest & establishment in a distant target organ [1,41,53].

Cell surface molecules play a crucial role in all the steps of metastatic cascade. Tumor cells show
several cell surface modifications associated with the metastatic phenotype, including changes in
the cell surface glycosylation [180,181]. One of the frequently observed modifications is the
altered expression of 1, 6 branched N-oligosaccharides on cell surface glycoproteins. These
oligosaccharides have been strongly associated with the invasive and metastatic phenotype of
tumor cells [4,101,105,182]. The increased B1, 6 branched N-oligosaccharides on proteins may
affect the structure and function of the proteins which carry them and also they may provide several
novel ligands for endogenous lectins [4,111,183,184]. Another interesting feature of these
oligosaccharides is that majority of the cell lines expressing them metastasize either to the lungs
or liver [101,111,112].

Previous work in our lab has shown that polyLacNAc substituted p1, 6 branched N-
oligosaccharides expressed on B16F10 cells promote lung specific metastasis via galectin-3 which
is expressed in highest amounts on the lungs. It was shown to be expressed on almost all the
compartments of the lungs and constitutively on the surface of vascular endothelium. Galectin-
3/polyLacNAc interaction promotes adhesion to vascular endothelium, spreading, degradation of

vascular basement membrane and movement into organ parenchyma. Inhibition of these
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oligosaccharides by down regulating the enzymes, responsible for polyLacNAc substitutions,
inhibited all these processes and metastasis [5,6].

The importance of galectin-3/polyLacNAc interaction in lung specific metastasis of B16F10 cells
was further proved by alternative approaches. Galectin-3 is a monomeric lectin that forms
oligomers on binding to its ligand via its N-terminal domain [10]. Truncated galectin-3, devoid of
the N-terminal domain, has been shown to act as a dominant negative inhibitor of galectin-3, affect
growth and lymph node metastasis of breast cancer cell line on sustained treatment [185]. Pre-
incubation of B16F10 cells with purified truncated galectin-3 (Figs. 3 and 4) inhibited lung
metastasis apparently by blocking polyLacNAc on melanoma cells making it unavailable for
binding to galectin-3 on the lung vascular endothelial cells (Figs. 5-7). MCP has been shown to
affect several galectin-3 mediated processes including metastasis [12,186,187]. Inhibition of
experimental metastasis in mice fed with MCP indicated that MCP in circulation possibly
competes with polyLacNAc on melanoma cells for binding to endothelial cells (Figs. 1 and 2).
The three subpopulations of galectin-3 transgenic mice, successfully genotyped and characterized,
provide an important tool to investigate the role of galectin-3 in metastatic process. The galectin-
3*"- mice in which the expression of galectin-3 was <50% as compared to galectin-3** mice, also
showed correspondingly reduced lung metastasis, indicating that galectin-3 on the lungs is indeed
an important determinant of metastatic outcome. Surprisingly, however, the galectin-37- mice
which lacked galectin-3 on the lungs showed almost similar extent of metastasis as the galectin-
3*"* mice (Fig. 8A and B).

Galectins are a family of B-galactoside binding lectins which often exhibit functional redundancy.
Besides galectin-3, other members including galectin-1, -8 and -9 have been shown to be expressed

on the lungs and have very similar oligosaccharide specificity [10,133]. However, analysis of the
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transcripts of these galectins, or comparison of the lactose binding proteins in the lungs from
galectin-3*"* and galectin-3”- mice did not show any significant difference. Although, the results
do not completely rule out the possibility of some other galectin taking over the function of
galectin-3, it weakens this possibility [188]. An alternative approach was devised to test this. While
inhibition of N-oligosaccharides significantly inhibits metastasis of B16F10 cells in galectin-3**
mice [7], their inhibition should also inhibit metastasis in the galectin-37- mice, in case other
galectins take over galectin-3 function. However, swainsonine treatment failed to have any effect
on the metastatic properties of these cells in galectin-3"- mice (Fig. 8C), pointing towards possible
alternate mechanism(s).

Almost a million tumor cells are believed to be in circulation in a patient diagnosed with cancer,
however, only a few of them metastasize. Experimentally it has been shown that, although, > 95%
of the B16F10 cells injected via tail vein can be recovered from the lungs of mice within 2 minutes
of injection, majority of them are cleared by 24 hours. Only about 2% of the injected cells remain
in the lungs by 24 hours [189]. Even of these 2% arrested cells, only those that are able to interact
with the host organ environment are possibly able to survive and grow as 100-150 metastatic
colonies. Interactions between molecules like polyLacNAc on cancer cells and galectin-3 on the
organs like lungs would assume importance at this stage. However, host immune competence
would play a key role in clearing majority of the cells from the target organ. Agents which
augment NK cell activity in mice have indeed been shown to be very efficient in inhibiting
metastasis, which was ineffective in beige mice which lack NK cells or in mice where NK cells
were depleted [189]. With this information background the question arose - “are galectin-37- mice

not competent enough immunologically?”
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Galectin-3 plays an important role in regulating different functions of innate and adaptive immune
systems [136,137,138,139]. Almost all types of immune cells express galectin-3. As galectin-3 is
present in the nucleus, cytoplasm and on the cells surface and as part of ECM, its function varies
depending on its subcellular localization. Galectin-3 in the cytoplasm is anti-apoptotic while
nuclear galectin-3 is pro-apoptotic whereas that on the cell surface or on ECM/BM performs very
different functions. As a result galectin-3 influences immune response in a variety of ways which
are often conflicting [15,136,139].

Galectin-3 influences innate immunity by modulating adhesion and migration of monocytes [140],
macrophages and dendritic cells [141]. It promotes adhesion of neutrophils to laminin and
regulates neutrophil traversing through BM at sites of inflammation [142,143]. Galectin-3 also,
regulates T-cell signaling, activation, cytokine secretion, apoptosis and regulatory T-cell
proliferation. Galectin-3 deficiency results in increased frequency of immune suppressor cells such
as CD4"CD25"FOXP3"Treq cells [143,150,151,190]. In contrast, galectin-3 induces apoptosis in
CD8'T cells in mouse model of colorectal cancer [152]. Although, galectin-37- mice are viable,
they have a distinct phenotype in terms of their immune functions related to autoimmunity, and
responses to allergy, inflammation and infectious diseases [172]. However, unified picture of
galectin-3 mediated effects on host immunity and metastasis is yet to emerge clearly. It is very
likely that galectin-37- mice are defective in their critical immune function which may positively
or negatively influence metastatic outcome.

In such a scenario, analogous to the beige mice which lack NK cell activity, the galectin-37- mice
would also have much higher burden of mechanically arrested melanoma cells in the lungs. If they
are not cleared efficiently, some of these possibly give rise to metastatic colonies, especially

because the high metastatic B16F10 cells have been selected specifically for lung colonization by
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serial in vitro and in vivo passaging of B16F1 cells. Some of these would be able to adapt to the
growth environment of the lungs even in absence of polyLacNAc and galectin-3. This would be
very similar to what is proposed for anatomical/mechanical mode of metastatic spread. However,
a recent report on experiments with B16F1 cells using galectin-3*'* and galectin-3”7" mice has
suggested that the galectin-37- mice may be more competent in terms of their anti-tumor immunity
as compared to galectin-3*"* mice via their enhanced NK-cell activity [191]. In contrast to these,
our preliminary experiments with B16F1 cells in these mice did not give statistically significant
variation in the number of metastatic colonies, mainly because the total number of metastatic
colonies of B16F1 cells in the lungs as such, was very low.

Generating chimeric mice by replacing the bone marrow of galectin-3”- mice with that of galectin-
3*"* type mice may possibly restore immunity and thus should inhibit metastasis. Although,
chimeric mice could be successfully generated, metastasis of B16F10 cells in the lungs could not
be inhibited in these mice (Fig. 9). Galectin-3 also appears to be required for maturation of several
immune cells like the maturation of plasma cells into memory B cells and the selection of CD4*T
and CD8'T cells in the thymus [147]. These results suggest that in the absence of galectin-3, even
after replacing the bone marrow, the galectin-3”7- mice may not achieve an effective anti-tumor
immunity.

By employing galectin-3*"* and galectin-3*"- transgenic mice and lung homing high metastatic
B16F10 cells, the present investigation very clearly demonstrates that specific interactions
between molecules on the tumor cells and on the target organ indeed play an important role in
facilitating organ specific metastasis. By utilizing galectin-37 mice, it also demonstrates the
importance of host immunity in controlling metastasis and the complex manner in which it is

regulated. This warrants a thorough investigation. Recently, Choudary et al. showed that the
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galectin-3"" mice lack the active immune response. It is mainly because of decreased NK cell
cytotoxicity, disturbed serum Th1, Th2 and Th17 cytokine milieu, reduced serum IFN-y levels and
attenuation of splenic STAT1 mediated IFN-y signaling [192].

In order to investigate the role of galectin-3, it is also important to know about the galectin-3
binding proteins. Mass spectrometric screen was performed to find out galectin-3 binding proteins.
It was found that along with many other cell surface glycoproteins, CD147 is a major carrier of
B1, 6 branched N-oligosaccharides. It is repor