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SYNOPSIS
Introduction
Cancer is a group of diseases which leads to abnormal growth of cells. The high death rate in
BRCTs domain”
cancer patients is due to metastasis, which is still poorly understood because of its complexity and
5. Board of Studies:
Life sciences
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 β1, 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 β1,
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 β1, 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
 How crucial is the galectin-3/polyLacNAc interaction for lung metastasis?
 What is the precise role of carriers of β1, 6 branched N-glycoproteins during metastatic
progression?
 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 β1,6 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 37oC with 5% CO2.
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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 galectin3 (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 (0.1x106) treated with tGal-3 were pre-incubated with 0.1 ml of 500 µg/ml of tGal3 for 1 h on ice. Mice that received these pre-treated cells also received injections of tGal-3 (250
µg 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 (0.1x106) 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 17th mice were sacrificed, lungs
were collected and colonies were counted.
Generation of bone marrow chimeric mice

Synopsis

4

The bone marrow of irradiated gal-3-/- (null) mice was replaced with that from gal-3-/- mice which
served as control (Group 1). Bone marrow of irradiated galectin-3-/- 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 (0.5x106) 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 µm 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.
Rac1 activation assay
Glutathione-Sepharose beads conjugated with GST-PAK1 were used for pull-down of activated
GTP coupled Rac1. For Rac1 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 4oC. Beads were washed and bound protein was
eluted using 4x Lamelli buffer at 100oC for 10 min. Western blotted total cell lysates and respective
PAK1 bound proteins were analysed using anti-Rac1 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 37oC for 24 hours in
a CO2 incubator. 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
Objective 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 LactoseSepharose 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-3-/- mice showed comparable number of
colonies to galectin-3+/+ mice. Even after inhibition of sugars on B16F10 cells, metastasis was
observed in galectin-3-/- 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-3-/- 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.
Objective 2: Role of CD147, a carrier of β1, 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 galectin3 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 Rac1.
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c) Rac1 activation is inversely regulated in cells spread on galectin-3 and fibronectin
The levels of activated Rac1 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 Rac1 levels were lowest at 15 min and kept increasing with time, highest
being at 60 min. Activation pattern of Rac1 appears to correlate with their time dependent
spreading and lamellipodial organization on these substrates. Activation of Rac1 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-3-/- 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 β1, 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 (polyLacNAc)
substituted β1, 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 Nand 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 β1 integrins are the major carriers of polyLacNAc substituted β1, 6 branched N-linked
oligosaccharides. The inhibition of LAMP1 by down regulating it or by using antibody against
LAMP1 inhibits the lung specific metastasis of B16F10 cells [6,13,14]. The β1, 6 branched Nlinked oligosaccharides carrying glycoproteins were identified by mass spectrometric method from
B16F10 murine melanoma cells, in which LAMP1 and β1 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, galectin3 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 β1, 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 β1, 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 β1, 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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Chapter 2
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-offunction 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 protooncogenes 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 gainof-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-XL, Bcl-W, Mcl-1, A1 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+ TH1 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) I or class I
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-α 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 α3β1 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 (CCL5) 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 mm3 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, α5β1 integrin is the major
integrin receptor, several other receptor like αMβ2, αvβ3 and αIIbβ3 have also been shown to serve
as receptors for fibronectin [75,76,77]. While α5β1 and αvβ3 have been shown to serve as the
major fibronectin receptors on invading tumor cells others show cell type specific expression like
αMβ2 on leukocytes and αIIbβ3 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 Rac1 and CDC42 which are the key regulators of
lamellipodia and filopodia, respectively.
Activation of Rac1 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.

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. α 2,6 sialic acid linkage on either N- or Oglycans 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
Lewisx and Lewisa 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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(GPI) 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 β1, 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) Dolichol phosphate (Dol-P) a polyisoprenol lipid is located on cytoplasmic face of ER
receives first sugar GlcNAc further it extends and forms Dol-P-P-GlcNAc2Man5.
2) It is then flipped on the luminal side of the ER and grows into mature glycan precursor and
results in formation of Glc3Man9GlcNAc2-P-P-Dol.
3) 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 Glc3Man9GlcNAc2Asn.
4) Trimming of this precursor takes place in the ER and cis-golgi by various glycosidases and
results in formation of Man5GlcNAc2Asn
5) Actions of N-acetylglucosaminyltransferase (GnTs) biosynthesis of hybrid and complex
sugars begins in the medial golgi.
6) 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 β1, 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
[97,98].

n

LPHA
binding

β1,6 branch
Pentasaccharide core

N-Acetyl Glucosamine
Acid

Mannose

Galactose

Sialic

Illustration 2: Types of N-glycans

2.4.2 β1, 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 MGAT5 gene code for GnT-V enzyme
responsible for addition of β1, 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 β1, 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. α 2,6 and α 2,3 linked sialic acids forms the binding sites for SIGLECS. One of the
frequently observed modifications is the altered expression of β1, 6 branched N-oligosaccharides
on cell surface glycoproteins [101,102].
The increased β1, 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 β1, 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 β1, 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 β1, 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-III enzyme by adding bisecting GlcNAc N-glycans in
β1, 4 linkage and suppresses the additional maturation of N-glycan branching which results in
suppression of the cancer cell metastasis [108,115].

Sialyl Lewis X

PolyLacNAc

(2-3)

(2-3)

GnT-V

n
(1-2)

Asparagine

Sialic Acids
PolyLacNAc-Galectins
Sialyl Lewis X-Selectins
Sialic acids-Siglecs

(1-4)
GlcNAc
Mannose
Galactose
Sialic acid
Fucose
n PolyLacNAc

Illustration 3: β1, 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: Ca2+ dependent

v.

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

vi.

Galectins: sulfhydryl-dependent (S-type) β-galactoside binding lectin

vii.

Microbial lectins: present in viruses, bacteria, protozoa, fungi etc

2.5.1 Galectins
Galectins are the β-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, εbp (ε 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 [-3Galβ1-4GlcNAcβ1]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 kinases, integrin family receptors,
immunoglobulin superfamily proteins, LAMPs and several others [118]. The affinity of galectin3 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: ProGly-Ala-Tyr-Pro-Gly-X-X-X. This sequence is also called as collagen-like ND due to its
homology with collagen α1 (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. Tyr102 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 β-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-MB435 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 chemoattractant 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 galectin3 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 Ca2+
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 galectin3 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 II. Isoform I is a long, 389 amino acid protein comprising three immunoglobulin like
domains, specifically expressed in retina. Isoform II 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 I 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 44th, 154th
and 190th 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 159th and 193rd 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
β1, 6 branched N-oligosachharides on CD147 was confirmed [156].

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 β1 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 Asg152 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.

Review of literature

49

Chapter 3
Materials and Methods

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, LGlutamine, 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),

β-mercaptoethanol,

Glycine,

Paraformaldehyde, Coomassie Brilliant Blue, Ponceau-S, Lactose, Divinyl Sulphone (DVS),
Dialysis tubing, Lysolecithin, Phalloidin-TRITC (Tetramethylrhodamine), DAPI (4’,6Diamidino-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, NP40, Sodium Deoxycholate, Sodium Dodecyl Sulphate (SDS), Bisacrylamide, Isopropyl β-D-1thiogalactopyranoside (IPTG), Neomycin (G418) and Triton X-100 were obtained from USB,
USA. Taq 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
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and ECL plus kit were acquired from Amersham-Pharmacia Biotech Ltd., England. WesternBright
ECL Western blotting detection kit was from Advansta, USA. Glutathione SepharoseTM 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 Antiphospho-p44/42 MAPK (Thr202/Tyr204) (Phospho-Erk1/2) XPTM monoclonal antibody (Clone
D13.14.4E) was obtained from Cell Signaling Technology, Inc., USA. Monoclonal Anti-β-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-Rac1 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
37oC 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 37oC, 5% CO2 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 µm 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 37oC, 5% CO2 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 2.5x106/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 4oC for 10
minutes. Approximately for the 15x106 cells, 1 ml of lysis buffer (20 mM Tris pH 7.5, 150 mM
Nacl, 1% NP40, 0.5% Sodium deoxycholate, 1 mM CaCl2, 1 mM MgCl2 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, 4oC 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 µm PD98059 (PD) or 0.1% DMSO (vehicle
control (VC)) before harvesting them. The harvested cells were washed and 4x106 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 NaCl, 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 4oC. 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 µg 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’-methylenebisacrylamide) 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 β-mercaptoethanol in sample buffer
(0.0625 M Tris pH 6.8, 2% SDS, 10% glycerol (w/v), 750 mM β-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 (PVDF) 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, superimposed 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 NaCl).
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

Antibody (1 hour at room

(1 hour at room

temperature)
Akt

phospho-

5% BSA

phospho-

1 µg/ml Anti-Rabbit HRP in

overnight at 4oC

1% BSA

1:1000 in 5% BSA for

1 µg/ml Anti-Rabbit HRP in

overnight at 4oC

1% BSA

1:5000 in 5% BSA for

1 µg/ml Anti-Rabbit HRP in

overnight at 4oC

1% BSA

1:1000 in 5% BSA for

1 µg/ml Anti-Rabbit HRP in

overnight at 4oC

1% BSA

5% Skimmed

1:2000 in 3% Skimmed milk

0.5 µg/ml Anti-mouse HRP

milk

for overnight at 4oC

in 3% Skimmed milk

3% BSA

1:3000 in 1% BSA for 1 hour

1 µg/ml Anti-Rabbit HRP in

at room temperature

1% BSA

0.1 µg/ml in 1% BSA for 1

0.5 µg/ml Anti-mouse HRP

hour at room temperature

in 1% BSA

5% Skimmed

0.5 µg/ml in 2.5% Skimmed

1 µg/ml Anti-Rabbit HRP in

milk

milk for 1 hour at room

1.5% Skimmed milk

5% BSA

5% BSA

5% BSA

Erk
Rac1

CD147

β-Actin

GFP

temperature)
1:8000 in 5% BSA for

Akt
Erk

Secondary Antibody

3% BSA

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 μg/ml
Ampicillin by streak plate method. Isolated colonies growing on this plate after incubation at 37ºC
for 24 h were used as starter culture for galectin-3 production. 100 ml of LB broth containing 100
μg/ml ampicillin was inoculated with a single isolated colony from the culture grown on LB-amp
agar. The broth was incubated at 37ºC 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 37ºC for 4
hours on shaker incubator to circumvent the lag phase. After 4 hours, Isopropyl Thio DGalactopyranoside (IPTG) was added to the flasks at a concentration of 50 mg/litre to induce the
production of galectin-3 and incubated at 37ºC for 3 hours under shaking conditions. 10 ml of

Materials and methods

57

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 37ºC 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 4ºC 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 β-mercaptoethanol) with 50 μl of protease inhibitor mix (1
µg/ml of each of pepstatin, leupeptin, aprotinin) and 0.3 mM PMSF made in DMSO. 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 4ºC 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 ml/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

Materials and methods

58

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 4ºC 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 DH5α cells
Reagents required: SOB (300 ml) (Composition: Tryptone 6 g, Yeast extract 1.5 g, NaCl 0.15 g,
KCl 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 MgCl2, just prior to inoculation of bacteria.
Transformation Buffer (200 ml) (Composition: PIPES 0.6 g, CaCl2 0.4 g, KCl 3.7 g). The pH was
adjusted to pH 6.7 with 10 N KOH and 2.18 g MnCl2 and sterilized by filtering it through 0.22 μm
filter.
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Ultra competent E. coli DH5α cells were prepared as described in. A single colony of DH5α 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 μl 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
ºC (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 37ºC for 30 minutes in a shaker
incubator. The cells were spun at 5000 rpm for 5 minutes, pellet was resuspended in 200 μl of LB
broth and spread on to LB agar plate with or without containing either 100 μg/ml ampicillin or 50
μg/ml kanamycin and incubated for 24 hours at 37ºC.
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 μl 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 μl of alkaline lysis solution II (0.2 N NaOH and 1% SDS) was added, mixed gently by
inverting and kept for 2 min 150 μl of ice-cold alkaline lysis solution III (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 μl of autoclaved
distilled water. 0.3 μl of RNase (1 μg/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 SalI and NdeI 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 NdeI and BamHI at
37oC 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 22oC, overnight. The ligated product was transformed
in ultra-competent E. coli DH5α 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:

Cloning site

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

Temperature (oC)

Time (min)

Components

Volume (µl)

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 MgCl2

1.5
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4. Extension

72

0.5

Forward primer

1

(10 ϸmol/µl)
5. No. of cycles

Go to step 2 for 34 times

Reverse primer

1

(10 ϸmol/µl)
6. Final extension

72

10

Taq polymerase

0.25

(5 U/µl)
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

5’ATAGTCATCATATCATCATAGTCGATCATATGGTGCCC3’

using
and

forward
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 130th - 264th 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 NH4HCO3 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 NH4HCO3 and incubated for 45 min at 56oC. The excess of liquid was
removed and replaced with freshly prepared 55 mM iodoacetamide (light sensitive) in 50 mM
NH4HCO3 and incubated for 30 min at room temperature. After incubation iodoacetamide solution
removed and gel pieces were washed with 50 mM NH4HCO3 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 NH4HCO3)
was added to gel pieces and incubated at 37oC for 30 minutes. After incubation, excess trypsin was
removed and then incubated at 37oC overnight approximately 2-3 l of 25 mM NH4HCO3 solution
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 HCl 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-3-/- female mice by flushing the femur and tibia with DMEM. The bone marrow
in irradiated galectin-3-/- mice was replaced, in group 1 with that from galectin-3-/- mice which
served as control, while in group 2 with that from galectin-3+/+ mice by injecting 1x106 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 μg genomic DNA
and

primers:

PRIMER

1

(a

primer

annealing

to

the

neo

cassette

region)

5’GGCTGACCGCTTCCTCGTGCTTTACGG3’, PRIMER 2 (a primer annealing to the nondisrupted 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. galectin3+/+ 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-3-/- 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 17th or 19th 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 μg/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 preincubated with 0.1 ml of 500 µg/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 µg 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 106 /ml in serum free DMEM were seeded on uncoated or precoated coverslips either with
75 μg/ml galectin-3 or 10 µg/ml fibronectin incubated overnight at 4ºC. (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 37ºC
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 nonadherent cells were removed by gentle washing 3-4 times with 1 ml PBS (pre-warmed to 37ºC).
The adherent cells were fixed in 1 ml of 4% paraformaldehyde solution (pre-warmed to 37ºC) for
5 minutes in a CO2 incubator. The 4% paraformaldehyde fixative solution was prepared as follows4 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 37oC. 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 l solution) and kept at 37oC in dark. Lysolecithin (10 g/l) 1 l, Methanol (AR
Grade) 10 l, BSA (Stock 4% in PBS) 1.25 l, Phalloidin-TRITC (2 mg/ml stock, in methanol) 1
l, PBS (pH 7.4) 86.75 l.
The coverslips was placed in a moist chamber on a parafilm and the Phalloidin staining solution
was added either on the coverslips (15 l staining solution). Alternatively, the coverslips were
inverted on 10 l of staining solution and incubated at 37oC for 15 min. The coverslips were then
overlaid with 4 % BSA without removing staining solution (final BSA conc. 2 %) or were inverted
on 10 l 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 μls of 5 μg/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 μls 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 µg/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 µm 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 22oC, overnight. The ligated product was transformed
in ultra-competent E. coli DH5α 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 NotI
site. The amplified 2.487 kb product was digested with NotI while pTRIPz lentiviral vector was
sequentially digested with XbaI, blunting enzyme DNA polymerase I (large klenow fragment) and
Not1. 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 Inhouse 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’AATAATAGCGGCCGCCTAGAAGCACTTGCGGTGCA3’
This pTRIPz lentiviral vector constitutively expressing GFP-Actin under CMV promoter was cotransfected with helper plasmids (pMD2.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 µg/ml). The mixed population of stable B16F10 cells expressing GFP-Actin
maintained in DMEM containing 0.5 µg/ml puromycin.
Vector maps used for cloning of Actin:
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Strategy for cloning of actin into the lentiviral vector:
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Table 3. PCR conditions for amplification of Actin and CMV-GFP-Actin
Step

Temperature (oC)
Actin

CMV-

Time (sec)
Actin

CMV-

GFP-Actin

1. Initial

94

94

Components

45

Actin

GFP-

Actin

Actin

180

5x phusion

4

4

0.4

0.4

11.4

12.6

1

1

1

1

0.2

0.2

PCR buffer
94

94

15

30

10 mM

Denaturation
3. Annealing

CMV-

GFP-

denaturation
2.

Volume (µl)

dNTPs
56

56

15

20

Distilled
water

4. Extension

72

72

60

45

Forward
primer
(10 ϸmol/µl)

5. No. of

Go to step 2 for 34 times

Reverse

cycles

primer
(10 ϸmol/µl)

6. Final

72

72

900

600

extension

DNA
polymerase

(phusion
)

7. End
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cDNA

0.8

template

from

(Actin

75

B16F1

pmGFP

0

C1)

3.2.18 Live cell imaging
Live cell imaging was performed to study the kinetics of cell spreading on immobilized galectin3 and fibronectin. The 35 mm glass bottom tissue culture dishes were coated either with 75 μg
galectin-3 or 10 µg of fibronectin in 1 ml PBS and incubated overnight at 4ºC. B16F10 cells stably
expressing GFP-Actin were harvested and washed thrice with serum free DMEM devoid of phenol
red and density was adjusted to 5x104 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 37ºC in a 5% CO2 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 37oc 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 37ºC in a 5% CO2 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 37ºC. Melanoma cells were harvested
and seeded on coated plates at a density of 0.6 X 106 cells in 2 ml of complete DMEM and
incubated at 37oC for 24 hours in a CO2 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 µl 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 µm 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 Rac1 (GTP-Rac1). 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 37oC, 180 rpm. This starter culture was
further inoculated in 1 litre LB broth containing ampicillin and incubated for 4 hour at 37oC, 180
rpm (OD at 600 nm reached up to 0.7 to 0.8). After this 100 µM IPTG was added to induce the
expression of GST-PAK1 and culture was grown overnight at 18oC, 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, 4oC 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 4oC. Later the beads were pelleted by centrifuging at 1000 rpm, 4oC 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 MgCl2, 1 mM DTT and 1x protease inhibitor cocktail) by
centrifuging at 1000 rpm, 4oC 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 -80oC. 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 Pak1 domain has ability to bind the activated Rac1 and/or CDC42 that is GTP-Rac1 and/or
GTP-CDC42. To study the activation status of Rac1 in cells plated on galectin-3 and fibronectin,
Sepharose-PAK1 beads were used. For Rac1 activation assay, 24 hour serum starved cells were
harvested, washed and 4x106 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 MgCl2, and protease inhibitor cocktail) was added to the plate. The cells were collected,
sonicated and centrifuged at 15000 rpm, for 30 min at 4oC. The protein content in these cell lysates
was estimated. The cell lysed at 0 min time point served as control. Equal amount of SepharosePAK1 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 4oC. The beads were washed 3 times with Tris wash buffer
and the bound protein was eluted using 4x Lamelli buffer at 100 oC for 10 min. Western blotted
total cell lysates and respective PAK1 bound proteins were analyzed using anti-Rac1 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 37oC 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 22oC, overnight. The
ligated product was transformed in ultra-competent E. coli DH5α 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:

Table 4. PCR conditions for amplification of CD147 from cDNA
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Step

Temperature (OC)

Time (min)

Components

Volume (µl)

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

(10 ϸmol/µl)
5. No. of cycles

Go to step 2 for 34 times

Reverse primer

1

(10 ϸmol/µl)
6. Final extension

72

10

Phusion polymerase

0.25

(2 U/µl)
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/Gln) CAA / CAG
1) N44Q
F 5’GCTTACCTGCTCTTTGAACAGCAGTGGCGTTGAC3’
R 5’GTCAACGCCACTGCTGTTCAAAGAGCAGGTAAGC3’
2) N154, 159Q
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F 5’GGCAATCACCCAGAGCACTGAAGCCCAGGGCAAGTATGTGGTGGTATCC3’
R 5’CATACTTGCCCTGGGCTTCAGTGCTCTGGGTGATTGCCTCTTCTTCCCC3’
3) N190, 193Q
F 5’CCTACGTGTGTCAAGCCACCCAAGCCCAGGGCACTACTCGGG3’
R 5’AGTGCCCTGGGCTTGGGTGGCTTGACACACGTAGGTGCCAGGGTC3’
4) N154Q
F 5’GAAGAGGCAATCACCCAGAGCACTGAAGCCAATG3’
R 5’CATTGGCTTCAGTGCTCTGGGTGATTGCCTCTTC3’
5) N159Q
F 5’CAATAGCACTGAAGCCCAAGGCAAGTATGTGGTGG3’
R 5’CAATAGCACTGAAGCCCAAGGCAAGTATGTGGTGG3’
6) N190Q
F 5’CTGGCACCTACGTGTGTCAAGCCACCAACGCCCAG3’
R 5’CTGGGCGTTGGTGGCTTGACACACGTAGGTGCCAG3’
7) N193Q
F 5’GTGTGTAATGCCACCCAAGCCCAGGGCACTACTC3’
R 5’GAGTAGTGCCCTGGGCTTGGGTGGCATTACACAC3’
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 (44th 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 μM concentrations. Equal volumes (10 μl of 10 μM) 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 DpnI digested and the digested plasmid was used for
transformation of ultra-competent E. coli DH5α 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

(oC)

(min)

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 ϸmol/µl)

1

(µl)
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5. No. of cycles

Go to step 2 for 16 times
6. End

Reverse primer (10 ϸmol/µl)

1

Phusion polymerase (2 U/ µl)

0.5

Distilled water

10.75

DNA template (2 ng/µl)

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 μg of plasmid DNA and 6
μl 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 37oC 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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Chapter 4
Results

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.
 Availability of cell lines with varying metastatic potentials


B16F1 is low metastatic, while



B16F10 is high metastatic

 Shows lung specific metastasis irrespective of route of administration (Tail vein-lung is the
last organ, subcutaneous, intra-aortic-lung is the first organ)
 Expresses β1, 6 branched N-oligosaccharides
 Melanin produced by melanoma cells helps in quantitation/visualization

B16F10

B16F1

Illustration 5: B16 murine melanoma model (right panel) and lungs showing metastatic colonies
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, longchain 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 (Gal3) coated coverslips in absence and presence of 0.1% MCP. The cells were stained with phalloidinTRITC for filamentous actin (Red) and DAPI for nucleus (Blue); 63x magnification; scale bar = 5
µm. (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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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 Nterminal 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 NdeI 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 NdeI and
BamHI. (C) Coomassie blue stained SDS-PAGE showing purified fractions of truncated galectin3 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 µg 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).

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 µm. (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.
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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 galectin3. (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 NdeI 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 LactoseSepharose 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 mtGal3 (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 B16F10 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 PstI. (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 (0.1x106) were injected through tail vein in galectin-3+/+, galectin-3+/- and galectin3-/- 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-3-/- mice even absence of galectin-3, warrants
further confirmation of involvement of galectin-3/polyLacNAc interaction in lung specific
metastasis.

Fig. 8. Lung metastatic potential of B16F10 cells were comparable in galectin-3+/+ galectin-3-/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-/- 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-3-/- mice, bone marrow chimeric mice were generated.
Replacement of bone marrow of galectin-3-/- 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-3-/- 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 II: Role of CD147, a carrier of β1, 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 β1, 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

Results

99

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).

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 glycodeficient 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 µm.

Objective III: 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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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 µm. 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 phalloidinTRITC for filamentous actin and DAPI for nucleus; 40x magnification; Scale bar: 20 µm.
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4.11 Generation of stable B16F10 cell line expressing GFP-Actin
To study the microfilament organization in live B16F10 cells in response to immobilized gaelctin3 and fibronectin, GFP-Actin was stably expressed in these cells. To express GFP-Actin in B16F10
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 NotI restriction site (Fig. 13C). The pTRIPz lentiviral plasmid vector was digested with
XbaI, purified, and blunted. After blunting it was digested with NotI 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 NotI, 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. 13I).
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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
pmGFPc1 after restriction digestion with EcoRI and BamHI. (C) PCR amplification of CMV-GFPActin cassette from pmGFPc1. (D) Amplified CMV-GFP-Actin cassette and empty pTRIPz
independently digested with NotI. (E) The 1470 bp and 679 bp band release after digestion with
KpnI 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 µM. (I)
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 B16F10 cells on immobilized galectin-3 start spreading early showing frilllike 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 µm.
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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 photobleaching 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 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 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 B16F10 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 Rac1 activation in cells spread on galectin-3 and fibronectin
Cyclic activation and deactivation of Rac1 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 Rac1 in cells spread on galectin-3 and fibronectin for different time points was assessed
using Sepharose-PAK1 beads which bind to Rac1-GTP. The levels of activated Rac1 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 Rac1 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 Rac1 on immobilized galectin-3 and fibronectin. Western blotted
purified activated Rac1 (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-Rac1 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 Erk pathway on cellular spreading and migration on galectin3 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 37oC and 5% CO2. 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 µm. 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 β1, 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 β1, 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 β1, 6 branched Noligosaccharides 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. Galectin3/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]. Preincubation 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 galectin3+/- 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-3-/- mice
which lacked galectin-3 on the lungs showed almost similar extent of metastasis as the galectin3+/+ mice (Fig. 8A and B).
Galectins are a family of β-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

Discussion

118

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-3-/- 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-3-/- 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+Treg cells [143,150,151,190]. In contrast, galectin-3 induces apoptosis in
CD8+T cells in mouse model of colorectal cancer [152]. Although, galectin-3-/- 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-3-/- 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-3-/- 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-/- mice has
suggested that the galectin-3-/- 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 galectin3+/+ 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-/- 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-3-/- 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-γ levels and
attenuation of splenic STAT1 mediated IFN-γ 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
β1, 6 branched N-oligosaccharides. It is reported that glyco-deficient CD147 fails to induce matrix
metalloproteases by tumor cells [156,167]. Hence we studied the role of CD147 and its
glycosylation in galectin-3 mediated metastatic processes of B16F10 cells.
CD147 is a highly glycosylated galectin-3 binding protein that has two isoforms [8,9]. B16F10
cells abundantly expresses isoform 2 but no isoform 1. 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. 10).
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.
To investigate the crucial site required for targeting of CD147 to the membrane combinations of
CD147, mutants were generated. TGM and ATGM CD147 were expressed in B16F10 cells show
cytoplasmic localization. N154Q, N190Q and N193Q CD147 mutants accumulated inside the cell
cytoplasm while N44Q, N159Q CD147 glycomutants 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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Motility of cancer cells is critical for their invasiveness and metastasis. Cellular adhesion followed
by spreading are crucial events that determine the pattern of cellular movement
[87,193,194,195,196,197]. The effect of galectin-3 on metastatic processes and downstream
signaling induced by it was poorly understood. The present investigation explores the molecular
mechanisms involved in galectin-3 mediated processes, especially cellular spreading and motility
by comparing it with that on ECM component fibronectin which is very well studied.
The lamellipodial organization in the cells spread on galectin-3 is very different from that seen in
cells spread on fibronectin. The cells on fibronectin show features of mesenchymal-like cells with
classical stress fibers traversing throughout the cell body, whereas those on galectin-3 display
broad and rounded lamellipodia with parallel actin bundles along the cell periphery. The cells
appear to maintain their distinct morphology even during migration on these substrates (Fig. 12).
Further, the kinetics of cell spreading and lamellipodial organization on each of these substrates
was markedly different. The cells on galectin-3 attain the morphology and lamellipodial
organization at an early time point. However, the mesenchymal morphology, the lamellipodial
structures and the stress fibers keep growing steadily and get stabilized at a later time point in cells
on fibronectin (Fig. 14).
Organization of microfilaments is the major determinant of the type of lamellipodial structures,
which in turn depends on the actin dynamics [178,198,199,200]. The actin dynamics in the
lamellipodial region of cells on galectin-3 was significantly higher as compared to that on
fibronectin as analyzed using FRAP (Fig. 15). This suggests that very distinct signaling
mechanisms operate in the cells spread on galectin-3 and on fibronectin which regulate
microfilaments, lamellipodia formation and spreading morphology.
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The two major pathways which are known to regulate cellular spreading and motility are PI3K/Akt
and Erk-MAPK. Both Akt and Erk are activated in response to extracellular cues [80,82,201]. Here
we compared the activation status of these two regulators in cells spread on galectin-3 and
fibronectin. Fibronectin being one of the best studied ECM component acts as a substrate for
various normal as well as cancer cell lines and support their adhesion dependent motility.
Fibronectin induces out-side in signaling through integrin receptors while galectin-3 has myriad
of cell surface receptors. Most studies have investigated the activation of signaling pathways in
cells plated on fibronectin coated plates. Chinese Hamster Ovary (CHO-P) cells [135] and
transformed cell lines like murine hepatocellular carcinoma cells CBO140C12 [202], Cos7 cells
[203] and human non-small cell lung carcinoma H1792 cells [204] plated on fibronectin show
activation of both Akt and Erk.
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 β1, 6 branched N-linked oligosaccharides [126]. Interaction of integrin receptors
with fibronectin in presence of galectin-3 leads to phosphorylation of caveolin-1 which stabilizes
FAK in the focal adhesions (FAs) and induces its disassembly, required for cell migration [127].
Galectin-3 also regulates motogenic response of epidermal growth factor 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 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
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to destabilize cell-cell junctions in murine mammary cancer cells which might favor cell migration
[132]. Galectin-8 which has oligosaccharide specificity very similar to galectin-3 [133] has been
shown to act as a matricellular protein and modulator of cell adhesion by interacting with integrins
[134,135]. The Erk phosphorylation in response to EGF was activated only in galectin-3
expressing and not galectin-3 null keratinocytes [205]. However, there is no study that investigates
the signaling mechanisms in cells that use galectin-3 as the substratum for their adhesion,
spreading, movement and possibly their growth. Further, although there are a few studies that have
explored the time dependent signaling mechanisms during spreading of cells on fibronectin [84],
there are no reports about the signals induced during cellular spreading mediated by immobilized
galectin-3.
Comparison of the signaling pathways activated during spreading of B16F10 cells that express
high levels of polyLacNAc, on fibronectin and galectin-3 showed distinct pattern. The cells
showed sustained time dependent activation of Akt when spread on galectin-3, however, it was
only transient in cells on fibronectin (Fig. 16A). The receptors for fibronectin are well defined
integrin receptors. However, all the surface proteins that carry polyLacNAc substituted β1, 6
branched N-oligosaccharides can be receptors for galectin-3, which include integrins, cell adhesion
molecules (CAMs), receptor tyrosine kinases (RTKs), growth factor receptors (GFRs) and
lysosome-associated membrane proteins (LAMPs) [118] (Unpublished data). The differential
activation of Akt in cells on galectin-3 and fibronectin is possibly due to the different set of
receptors for each substrate which follow different pathway(s) for activation of Akt. The activation
of Erk is generally transient in a migrating cell, and sustained activation leads to cellular
differentiation [206]. The activation of Erk in B16F10 cells was indeed transient during spreading
irrespective of the substrate used, galectin-3 or fibronectin (Fig. 17A).
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Pharmacological inhibition of PI3K/Akt and Erk-MAPK signaling pathways using wortmannin
and PD98059 respectively, showed that wortmannin significantly inhibits phosphorylation of Akt
while Erk phosphorylation was affected only partially, on both the substrates. However, PD98059,
inhibitor of MEK1/2 inhibits phosphorylation of Erk but not Akt on both the substrates (Figs. 16
and 17). These results suggest that the Akt is activated independently of Erk-MAPK pathway while
Erk activation depends on both PI3K/Akt and Erk-MAPK pathways.
Akt activation results in the regulation of the activity of RhoGTPases which play an important role
in microfilament organization. RhoGTPases, Rac1, CDC42 and RhoA are the major players that
control cellular migration by regulating formation of cellular structures like lamellipodia, filopodia
and stress fibers, respectively. Formation of lamellipodia is an important step in cellular spreading
and substrate dependent motility (haptotaxis). Rac1 is the major regulator of the lamellipodial
organization and activation of Rac1 is required for its formation [79,179,200,207,208]. The time
dependent increase in the levels of activated Rac1 correlated with the lamellipodial organization
in cells plated on fibronectin (Fig. 18B). Both Rac1 activation and formation of lamellipodia keep
increasing with time (Figs. 18B and 14B & E). The time dependent increase in Rac1 activation
was accompanied with a corresponding decrease in Akt activation (Figs. 18B and 16A).
However, in cells plated on galectin-3 where well-formed lamellipodial structures get organized
even at an early time point (15 min) the levels of activated Rac1 is highest, and keeps decreasing
with time (Figs. 18A and 14A & C). Although, Akt activation in cells on galectin-3 follow the
same inverse trend in comparison to Rac1 activation (Figs. 16A and 18A) as seen in fibronectin,
it keeps increasing with time. GTP binding activity of Rac1 is critical for the formation of
lamellipodial structures and activated Akt has been shown to inhibit this activity by
phosphorylating Rac1 at Ser 71 [209,210]. This explains the changes in the lamellipodial structures
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and inverse correlation of Akt and Rac1 activation in cells on galectin-3 and fibronectin which was
opposite to each other on these substrates.
Although, activated Rac1 is the major regulator of lamellipodia formation and cellular spreading,
it can be activated by multiple mechanisms. Spreading and motility in presence of inhibitors of
PI3K/Akt (wortmannin) and Erk-MAPK (PD98059) showed that both these pathways operate for
spreading and movement on galectin-3. However, none of these inhibitors had any significant
effect on these processes on fibronectin (Fig. 19), suggesting that Rac1 activation in these cells
occurs via some other mechanism. FAK on activated integrin receptor for fibronectin often gets
auto-phosphorylated at Tyr397 which serves as docking site for Src and PI3K resulting in their
activation. Activated FAK-Src complex activates scaffolding proteins like p130Cas and paxillin
which in turn activate GEFs for Rac1 and CDC42, the key regulators of lamellipodia and filopodia,
respectively [83,211]. The Rac1 activation and lamellipodia formation in B16F10 cells plated on
fibronectin possibly act via FAK-Src/p130Cas pathway, explaining the absence of any effect of
wortmannin or PD98059 on cellular spreading and motility on this substrate.
These studies clearly demonstrate that immobilized galectin-3 like other components of ECM and
BM also supports spreading and movement of cells. By way of multiple receptors on the cell
surface expressing high affinity ligands like polyLacNAc, galectin-3 signals distinct pathways that
modulate microfilament dynamics and promote lamellipodial organization that supports spreading
and movement. We demonstrate that each of these characteristics including, lamellipodial
organization, actin dynamics, signaling pathways, spreading and movement on galectin-3 are very
distinct from that seen on the classical ECM component, fibronectin.
While fibronectin supports directional motility of cells with mesenchymal phenotype which is
required for almost all the stages of metastatic cascade. However, the cells do not need directional
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long distance motility once they reach the target organ. The cells adopt themselves to random
movement required to explore the microenvironment of the target organ. The spreading and
motility pattern of cells seen on immobilized galectin-3 are typical features of random movement
[212,213]. Lungs which express highest levels of galectin-3 on almost all the tissue compartment
[5,6] is utilized by B16F10 melanoma cells for random movement and in their establishment in
the target organ. These observations together with earlier reports about the participation of
galectin-3 in the initial arrest and processes involved in extravasation, clearly demonstrate its
critical role in organ (lung) specific metastasis.
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Chapter 6
Summary and Conclusion

Summary
 Modified citrus pectin and truncated galectin-3 affects the metastatic potential of B16F10 cells
 Lung metastatic potential of B16F10 cells were comparable in galectin-3+/+ and galectin-3-/mice
 B16F10 murine melanoma metastasis was unaffected in bone marrow chimeric mice
 Expression levels of CD147 correlates with the metastatic potential of the cell lines
 CD147 glycomutant failed to express on the cell surface
 N154, N190 and N193 are the critical glycosylation sites on CD147 for its targeting to the cell
surface
 B16F10 cells show distinct cytoskeletal organization when allowed to spread on galectin-3 as
opposed to fibronectin
 Spreading kinetics of B16F10 cells on galectin-3 is more dynamic
 Turnover of filamentous actin at the lamellipodial region is high in cells spread on galectin-3
as compared to those on fibronectin
 Akt phosphorylation is inversely regulated in cells spread on galectin-3 and fibronectin while
Erk is regulated similarly in both
 Rac1 activation is inversely regulated in cells spread on galectin-3 and fibronectin
 Inhibitors of Akt and Erk pathway inhibit cellular spreading and migration on galectin-3 but
have no effect on fibronectin
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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-3-/- 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
involved in galectin-3 mediated cellular spreading and motility. It demonstrates that the dynamics
and organization of lamellipodial structures and signaling 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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Abstract Secreted galectin-3 often gets incorporated into
extracellular matrix and is utilized by cancer cells for
spreading, movement, and metastatic dissemination. Here
we investigate molecular mechanisms by which galectin-3
brings about these effects and compare it with fibronectin.
Imaging of cells spread on fibronectin showed stress fibers
throughout cell body, however, galectin-3-induced formation of parallel actin bundles in the lamellipodial region
resulting in unique morphological features. FRAP analysis
showed that the actin turnover in the lamellipodial region
was much higher in cells spread on galectin-3 as compared
to that on fibronectin. Rac1 activation is correlated with
lamellipodial organization on both the substrates. Activation of Akt and Rac1, the regulators of actin dynamics,
show inverse correlation with each other on both galectin-3
and fibronectin. Activation of Erk however, remained
similar. Further, inhibition of activation of Akt and Erk
inhibited spreading and motility of cells on galectin-3 but
not on fibronectin. The results very comprehensively
demonstrate distinct signaling pathways that regulate
microfilament organization, lamellipodial structures,
spreading, and movement of cells plated on galectin-3 as
opposed to fibronectin.
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Introduction
Metastasis is the major cause of deaths in cancer patients
however, is still poorly understood because of its complexity and multistep nature. To disseminate, tumor cells
modulate cell–cell and cell–extracellular matrix (ECM)
interactions, degrade the surrounding matrix in a regulated
manner and move away using the same matrix as traction,
survive in circulation, and ultimately get arrested in the
target organ vasculature. For arrest and extravasation the
cells have to interact with and retract endothelium, degrade
vascular basement membrane (BM), move into organ
parenchyma, and give rise to secondary colonies if they are
able to adapt to organ growth environment. The interaction
of tumor cells with host microenvironment plays a key role
in successful metastatic dissemination, especially interactions with the components of the ECM and BM [1, 2].
Galectin-3 a nucleocytoplasmic protein which is secreted out in a non-classical manner often gets incorporated
onto the cell surface, ECM, and BM [3]. It is a member of a
large family of galactose-binding lectins. Glycoproteins of
cell surface, ECM, and BM that carry poly-N-acetyllactosamine (polyLacNAc) on N-glycans or Thomson
Freudenreich antigens serve as the major ligands for
galectin-3 and may all play a significant role in different
metastatic processes [4]. Galectin-3 has been shown to be
expressed in highest amounts in lungs, on almost all the
tissue compartments including the surface of its vascular
endothelium. Previously we showed that polyLacNAcsubstituted N-glycans expressed on B16F10 murine melanoma cells act as high affinity ligand for galectin-3. This
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galectin-3/polyLacNAc interaction not only facilitates initial adhesion to vascular endothelium, but participates in all
the subsequent processes required for extravasation like
cell spreading, degradation of matrix, motility, and organ
colonization [5–8]. Further, the extent of organ-specific
metastasis appears to be dictated by the levels expression
of galectin-3 on the lungs [9].
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 [3, 10]. The soluble galectin-3 promotes fibronectindependent cell spreading and motility of mammary carcinoma cells by interacting with b1, 6-branched N-linked
oligosaccharides [11]. Interaction of integrin receptors with
fibronectin in presence of soluble galectin-3 leads to
phosphorylation of caveolin-1 which stabilizes focal
adhesion kinase (FAK) in the focal adhesions (FAs) and
induces its disassembly, required for cell migration [12].
Galectin-3 also regulates motogenic response of epidermal
growth factor in mammary cell lines [13]. Exogenously
added soluble galectin-3 has also been shown to induce
lamellipodial formation in corneal epithelial cells by
interacting with integrins [14]. Moreover, extracellular
galectin-3 facilitates phosphatidylinositol 3-kinase (PI3K)dependent migration of sarcoma-derived cell line on
laminin 111 [15]. Down-regulation of galectin-3 in
intestinal epithelial cells affects the stability of desmosomal cadherins and intercellular adhesion [16]. 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 [17]. 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.
The various ECM and BM components either positively
or negatively regulate the cellular adhesion, spreading, and
motility [18, 19]. Fibronectin is the major component of
ECM but is also present in the basement membrane,
although, the proportions in the two may vary. Fibronectin
plays a major role in stabilizing the cellular interaction
with the matrix via integrin receptors on the cells [20–22].
These receptors promote adhesion, spreading, and movement of cells in response to external cues. The fibronectin
mediated cellular effects and downstream molecular events
have been thoroughly researched over last three decades,
and serve as a good model to explore and understand the
possible mechanisms utilized for similar cellular processes
on other substrates like galectin-3 [21, 23].
The organization of microfilaments dictates the lamellipodial/filopodial structures which are important determinants of patterns of cellular spreading and movement. The
guanine nucleotide exchange factors (GEFs) activate
RhoGTPases like Rac1 and CDC42 which regulate the
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formation of lamellipodia and filopodia, respectively. The
GEFs are activated via activated FAK which is recruited
and activated by integrin receptors upon binding to their
respective ligands like fibronectin. FAK serves as the
docking site for PI3K and Src. PI3K phosphorylates AKT
resulting in sequential activation of GEFs and Rac1 [24,
25]. Activated FAK–Src complex also regulates spreading
and movement by activating scaffolding proteins like
paxillin and p130Cas, which activate GEFs for Rac1 and
CDC42 [26–28]. Microfilaments are also organized via
integrin through Ser925 site on activated FAK via Erk–
MAPK cascade which leads to phosphorylation of myosin
light-chain kinase 1 (MLCK1). This pathway is believed to
be used to release the rear end of motile cell for efficient
movement [26, 27, 29–31]. Apart from 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) [19]. 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 [32,
33].
In spite of enormous literature on the association of
galectin-3 with ECM and BM and its role in different steps
of metastasis, there is no evidence about the mechanism by
which galectin-3 exerts its effects to promote processes like
spreading and motility critical for metastasis. The present
manuscript for the first time demonstrates the molecular
mechanisms involved in cellular spreading and movement
on galectin-3 as the immobilized substrate in detail. It
demonstrates that the dynamics and organization of the
lamellipodial structures formed and the signaling events for
their formation on galectin-3 are very distinct as compared
to those observed on fibronectin, the well-established ECM
component involved in these processes. These studies
should have a significant bearing on our understanding of
organ (lung)-specific metastasis.

Materials and methods
Cell culture and reagents
B16F10 murine melanoma cell line was obtained from
National Centre for Cell Science (NCCS), Pune, India.
10 % FBS in DMEM was used for culturing the cells.
Fibronectin was obtained from BD Biosciences, USA.
Escherichia coli BL 21 with pET3c plasmid containing
full-length coding DNA sequence of human galectin-3 was
a kind gift from Dr. Hakon Leffler, Lund’s University,
Sweden. Glutathione–Sepharose beads and PVDF from
Amersham Hybond GE Healthcare, UK. Developing
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reagent Advansta from USA. Primary antibodies for Akt,
pAkt, Erk, and pErk were from Cell Signaling Technology,
USA while for Rac1 from Millipore, USA. Anti-Rabbit
HRPO was from Santacruz, USA. Primers for amplification
of actin, puromycin, polybrene, paraformaldehyde, BSA,
Phalloidin-TRITC, DAPI, and primary antibody for bActin, GFP, and secondary Anti-Mouse HRPO antibody
were purchased from Sigma Chemical Company, USA.
Vectashield mounting medium was from Vector Labs,
USA. Pharmacological inhibitors wortmannin (Wm),
PD98059 and phosphatase, and protease inhibitor cocktail
were purchased from Calbiochem, USA. Molecular cloning-related reagents were from New England Biolabs,
USA. Reagents for bacterial culture were purchased from
HiMedia, India, while all other chemicals were purchased
locally and were of analytical grade.
Cell spreading assay
Cell spreading assay was done exactly as described in Ref.
[34]. Briefly, melanoma cells were harvested and washed
thrice with serum-free DMEM. 1 ml of melanoma cell
suspension containing 0.5 9 106/ml in serum-free DMEM
were seeded on precoated coverslips either with 75 lg/ml
galectin-3 (for standardization 25, 50, 75, and 100 lg/ml) or
10 lg/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 and 4 ml for 90 mm plates). The cells were
then incubated at 37 °C for 15, 30, 45, and 60 min time
points in a CO2 incubator. Cells were seeded on uncoated
coverslip incubated for 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. The adherent cells were
fixed, permeabilized, and stained with Phalloidin-TRITC
for filamentous actin (F-actin) and mounted on glass slides
in Vectashield containing DAPI which stains nuclei. The
images were acquired using a Carl Zeiss Laser confocal
microscope at 963 magnification. To assess the effect of
pharmacological inhibitors on cell spreading, adherent
murine melanoma cells were pre-incubated for 1 h either
with 500 nM wortmannin or 25 lm PD98059 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.
Generation of stable cell line expressing fluorescent
actin
B16F10 cell lines expressing green fluorescent actin (GFPActin) was successfully generated. The details for generation of this cell line is discussed in supplementary materials (Supplementary method 1).

Live cell imaging and fluorescence recovery
after photobleaching (FRAP)
Live cell imaging was performed to study the kinetics of
cell spreading on galectin-3 and fibronectin. The 35 mm
glass bottom tissue culture dishes were coated either with
75 lg galectin-3 or 10 lg 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 5 9 104 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 h and the
images were acquired in a single plane at 1 min time
interval on these cells maintained at 37 °C in a 5 % CO2
incubator, using Olympus 3i spinning disk microscope at
960 magnification.
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, galectin-3 or fibronectin-coated petri dishes in
serum and phenol red-free DMEM and incubated for 4 h at
37 °C in a 5 % CO2 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 80 % bleaching. The 4 pre-bleached images were
acquired and after bleaching images were acquired at 1 s
time interval for up to 4 min in the bleached region using
LSM780 Carl Zeiss confocal microscope at 963 magnification. Three independent FRAP experiments were performed. In each experiment at least 10 cells were bleached.
The percent recovery was calculated and plotted using
Graphpad.
Rac1 activation assay
Glutathione–Sepharose beads conjugated with GST-PAK1
were used for pull-down of activated GTP-coupled Rac1.
Purification of GST-PAK1 and its conjugation with Glutathione–Sepharose beads was done exactly as described in
Ref. [35] and is discussed in detail in the supplementary
materials (Supplementary method 2). For Rac1 activation
assay, 24 h serum-starved cells were harvested, washed,
and 4 9 106 cells were seeded on galectin-3/fibronectincoated 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 (containing 50 mM
TrisCl, pH 7.2, 1 % (w/v) Triton X-100, 500 mM NaCl,
10 mM MgCl2, and protease inhibitor cocktail) was added
to the plate. The cells were collected, sonicated, and centrifuged at 15,000 rpm, for 30 min at 4 °C. The protein
content in these cell lysates was estimated. The cell lysed at
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0 min time point served as control. Equal amount of
Sepharose–PAK1 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 49 Laemelli buffer at 100 °C for
10 min. Western blotted total cell lysates and respective
PAK1-bound proteins were analyzed using anti-Rac1
antibody.
Preparation of cell lysates and immunoblotting
B16F10 cells were grown for 24 h in serum-free condition
and harvested using EDTA and glucose. To study the
effect of pharmacological inhibitors the cells were incubated for 1 h with 500 nM wortmannin, 25 lm PD98059,
0.1 % DMSO (vehicle control (VC)) before harvesting
them. The harvested cells were washed and 4 9 106 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 (containing 50 mM TrisCl, pH 7.4,
150 mM NaCl, 1 % NP40, 1 % sodium deoxycholate,
0.1 % SDS, 1 mM EDTA, 1 mM EGTA, Phosphatase, and
protease inhibitor cocktail) was added to the plate. The
cells were collected, sonicated, and centrifuged at
15,000 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. The 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.
Wound healing assay
Wound healing assays were performed in 6-well plates
coated with galectin-3 or fibronectin. Non-specific sites on
the plates were blocked with 2 % BSA in PBS for 1 h at
37 °C. Uncoated culture dishes, blocked only with BSA
served as control. Melanoma cells were harvested and
seeded on the plates at a density of 0.6 9 106 cells in 2 ml
of complete DMEM and incubated at 37 °C for 24 h in a
CO2 incubator. The cells were washed free of serum and
grown under serum-free conditions for 24 h for cell synchronization and to reach 95 % confluency. A straight,
uniform wound was made using a 2 ll micropipette tip.
The dislodged cells were washed off and cells were
maintained in serum-free DMEM. Wound closure of cells
was measured for 16 h 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
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using Image J software. To assess the effect of pharmacological inhibitors on cell motility, adherent murine
melanoma cells were pre-incubated for 2 h before making
the wound, either with 500 nM wortmannin or 25 lm
PD98059 in 0.1 % DMSO. Cells incubated in 0.1 %
DMSO served as a vehicle control (VC).
Statistics
All the statistical analysis was done using Graphpad prism
6 software. For comparison of two groups, student 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.

Results
B16F10 melanoma cells show distinct cytoskeletal
organization when allowed to spread on galectin-3
as opposed to 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. Secreted
galectin-3 is known to get incorporated as a component of
ECM and BM [3, 36]. The spreading of B16F10 cells was
shown to be highest at 75 lg/ml galectin-3 (Supplementary
Figure S1). The same concentration of galectin-3 was used
for all the experiments. Comparison of the cell spreading
pattern and cytoskeletal organization on galectin-3 of
B16F10 melanoma cells with that of well-studied ECM
component fibronectin, showed that it was very different
(Fig. 1). On immobilized fibronectin cells show arborate or
stellate (mesenchymal type) morphology with abundant
stress fibers traversing through cell body (Fig. 1d, e, i)
while on galectin-3 cells show rounded morphology with
peripheral actin filament distribution (Fig. 1a, b, i). The cell
spreading on uncoated coverslips served as a control
(Fig. 1g, h). These morphological differences were also
reflected during motility of the cells on galectin-3 (Fig. 1c)
and fibronectin (Fig. 1f). 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.
Spreading kinetics of B16F10 melanoma cells
on galectin-3 is more dynamic
Cell spreading is a post-adhesive event required for cell
movement. Actin assembly and disassembly regulates the
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Fig. 1 Spreading pattern and actin cytoskeletal organization of cells
on immobilized galectin-3 (Gal-3) and fibronectin (FN). Images
represent the spreading pattern of cells on galectin-3 (a) and (b), and
fibronectin (FN) (d) and (e) coated coverslips and on uncoated (Un)
coverslips (g) and (h) which served as a control. a, d, and g are the
colored confocal images while the b, e, and h are the threshold images
of the same, respectively. The cells were fixed and stained with
phalloidin-TRITC (red) for filamentous actin and DAPI for nucleus
and images were acquired using laser confocal microscope at 963
magnification, Scan zoom 91.5. Scale bar 10 lm. The differences in

lamellipodial structures in cells migrating on coverslips coated with
galectin-3 (c) and fibronectin (f) to close the wound created 16 h
prior. The cells were fixed and stained with phalloidin-TRITC for
filamentous actin and DAPI for nucleus and images were acquired
using Leica STED confocal microscope at 940 magnification. Scale
bar 20 lm. i Percent cells showing rounded or stellate morphology
after spreading on galectin-3 and fibronectin. The cells were counted
from three independent experiments in which minimum 50 cells were
from each experiment and plotted using Graphpad

cell spreading and movement. The initiation of actin
organization in various forms at initial time points of cell
spreading on ECM components, is a critical event required
for successful cell spreading and movement [37–40]. The
cell spreading kinetics was studied on immobilized galectin-3 and fibronectin. Fixed cell imaging showed that
B16F10 cells on immobilized galectin-3 start spreading
early and show rounded lamellipodial morphology even at
initial (15 min) time point which keeps increasing up to
30 min which was similar to that seen at 60 min (Fig. 2a).
Lamellipodial structures at 15 min time point in cells
plated on fibronectin were very different in appearance
(stellate/arborate) to those seen on galectin-3 which progressively increase with time up to 60 min (Fig. 2b). The

cell spreading on uncoated coverslips served as a control
(Fig. 2c). The area of spreading of cells at each time points
15, 30, and 60 min on fibronectin was more as compared to
galectin-3 (Fig. 2d).
To study the microfilament organization stable B16F10
cells expressing GFP-Actin was successfully generated
(Supplementary Figure S2). Live cell imaging with these
cells showed that 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 (Supplementary material Movie 1). However, in case of cells
plated on fibronectin the lamellipodial dynamics is low and
keeps increasing at a constant rate with time up to 60 min
(Supplementary material Movie 2).
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Fig. 2 Spreading kinetics of cells on galectin-3 and fibronectin
assessed using fixed 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 time points, and c image of cell spreading
on uncoated coverslips for 60 min served as a control. The cells were

stained with phalloidin-TRITC for filamentous actin and DAPI for
nucleus and images were acquired using laser confocal microscope at
963 magnification. d Each bar represents the mean ratio of
cytoplasmic/nuclear area of at least 50 cells in (a), (b), and (c) of
three independent experiments calculated using Image J software

The Rac1 is a regulator of lamellipodia formation, its
activation was assessed on these substrates.

galectin-3 and fibronectin could be due to differential actin
turnover in the lamellipodial region.

Rac1 activation is inversely regulated in cells spread
on galectin-3 and fibronectin

Turnover of filamentous actin in the lamellipodial
region is high in cells spread on galectin-3
as compared to those on fibronectin

Spatiotemporal activation of Rac1 plays an important role in
the organization of actin in the lamellipodial region which in
turn dictates the cell motility [41]. The levels of activated
GTP-coupled Rac1 in cells spread on galectin-3 and fibronectin for different time points was assessed using Sepharose–PAK1 beads which only binds to activated Rac1 (Rac1GTP). The levels of activated Rac1 in cells plated on
galectin-3 was highest at 15 min time point which kept
going down with time up to 60 min (Fig. 3a, c). However, in
case of cells spread on fibronectin it was reverse. Activated
Rac1 levels were lowest at 15 min and kept increasing with
time, highest being at 60 min (Fig. 3b, d). The pattern of
time-dependent Rac1 activation in cells spread on both the
substrates (Fig. 3) is opposite to each other. However, it
appears to correlate with their time-dependent spreading and
lamellipodial organization (Fig. 2 and Supplementary
material Movies 1 and 2) on these substrates.
The difference in cell spreading kinetics, microfilament
architecture, lamellipodial organization on immobilized
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The continuous trade milling of actin at the lamellipodial
region is required for cell spreading and movement. The
actin organization in this region determines stability and
dynamic nature of lamellipodia [37–40]. Actin dynamics in
the lamellipodial region was assessed using fluorescence
recovery after photobleaching in B16F10 cells spread on
uncoated and 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. 4). 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.

Mol Cell Biochem
Fig. 3 Differential activation of
Rac1 on immobilized galectin-3
and fibronectin. Western blotted
purified activated Rac1 (as
described in ‘‘Materials and
methods’’ section) from lysates
of cells allowed to spread for 0,
15, 30, and 60 min on
a immobilized galectin-3 and
b fibronectin, probed with antiRac1 antibody. Levels of total
Rac1 in the cell lysates served
as loading control. c and
d represent the graphical
quantitation using Image J of
(a) and (b), respectively. Each
experiment was done in
duplicate. *p \ 0.05; All error
bars represent mean ± s.e.m

Fig. 4 Actin turnover in the lamellipodial region of cells spread on
galectin-3 and fibronectin. a, b, and c represent the fluorescence
recovery after photobleaching (FRAP) analysis of GFP-actin in the
lamellipodial region of B16F10 melanoma cells on uncoated,
galectin-3 and fibronectin-coated surfaces, respectively. d Graphical

representation of percent fluorescence recovery over time of GFPactin 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. *p \ 0.05, All error bars
represent mean ± s.e.m
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Akt phosphorylation is inversely regulated in cells
spread on galectin-3 and fibronectin while Erk is
regulated similarly in both
Different patterns of migration of cells is predominantly
regulated by PI3K/Akt and/or Erk–MAPK pathways. These
pathways are activated depending on the extracellular cues
[25, 26, 42]. In order to investigate the signaling pathways
induced by galectin-3 and fibronectin, the time-dependent
activation of Akt and Erk was studied. Akt phosphorylation
increases with time in cells plated on galectin-3 while it
decreases when cells plated on fibronectin in a time-dependent manner. Maximum phosphorylation of Akt is
observed at 60 min time point on galectin-3-plated cells
while fibronectin-plated cells show maximum phosphorylation at 15 min time point (Fig. 5a, d). Phosphoryation of
Akt could be completely abrogated by PI3K inhibitor
wortmannin (Wm) in cells spread on both galectin-3 and
fibronectin. However, PD98059, a inhibitor of MEK1/2 had
no effect on Akt phosphorylation (Fig. 5b, e, c, f) suggesting that Erk–MAPK pathway has no role in the activation of Akt on both the substrates. Comparison of Erk
phosphorylation in cells spread on galectin-3 and fibronectin showed that there is a time-dependent decrease in
Fig. 5 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 represent
immunoblots of lysates of
B16F10 cells grown in presence
of vehicle control (VC),
wortmannin (Wm) and
PD98059, on b immobilized
galectin-3 and c fibronectin.
Each bar in the graphs d, e, and
f represent the mean ratio of
staining intensities with pAkt
and Akt antibodies, in (a), (b),
and (c) respectively, done in
triplicate, quantitated using
Image J software.*p \ 0.05,
**p \ 0.01, and ***p \ 0.001;
All error bars represent
mean ± s.e.m
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the phosphorylation of Erk in cells spread on both the
substrates (Fig. 6a, d). Treatment with wortmannin only
partially affected Erk phosphorylation while PD98059
completely inhibited phosphorylation of Erk in cells spread
on both the substrates (Fig. 6b, c, e, f).
These differences in the regulation of signaling pathways in cells plated on substrates like galectin-3 and
fibronectin could be because of activation through different
cell surface receptors. The effect of upstream inhibitors
wortmannin and PD98059 on spreading and motility of
cells on both these substrates was assessed.
Inhibitors of Akt and Erk pathway inhibit cellular
spreading and migration on galectin-3
but not on fibronectin
Standard spreading assay of B16F10 cells treated only with
the vehicle (0.1 % DMSO) (VC), wortmannin (PI3K
inhibitor), and PD98059 (MEK1/2 inhibitor) was performed on uncoated (Un) and galectin-3 or fibronectincoated coverslips for 45 min at 37 °C and 5 % CO2.
Results showed that in comparison to cells plated on
uncoated coverslips (Fig. 7a), those on galectin-3 (Fig. 7b)
and fibronectin (Fig. 7c) spread well and show very well-
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Fig. 6 Spreading of cells on
galectin-3 and fibronectin
decreases Erk phosphorylation
with time. 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
B16F10 cells grown in the
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,
done in triplicate, quantitated
using Image J
software.*p \ 0.05,
**p \ 0.01, and ***p \ 0.001;
All error bars represent
mean ± s.e.m

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 Un (Fig. 7d). However, treatment of
cells with wortmannin 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. This was
also evident in the bar graph depicting ratios of cytoplasmic to nuclear area of cells (Fig. 7b–d).
Spreading is an initial event that influences cellular
motility. Wound healing assays were performed on cells
plated on uncoated, galectin-3-, and fibronectin-coated
plates in the absence or presence of vehicle, wortmannin,
and PD98059. Results showed that as compared to vehicle
control, wortmannin and PD98059 significantly inhibit
migration of cells on galectin-3-coated plates (Fig. 7e, h),
whereas, these inhibitors very marginally affect movement
of cells on fibronectin (Fig. 7f, h). The lowest wound
closure was observed on uncoated surfaces blocked with
BSA (Fig. 7g, h). The results suggest that distinct signaling
mechanisms dictate the microfilament organization,

formation of lamellipodial structures, spreading, and
movement of cells on galectin-3 and fibronectin.

Discussion
PolyLacNAc on cancer cells and galectin-3 on the target
organ have previously been shown to promote organspecific metastasis to the lungs by not only facilitating
initial arrest on the endothelium but all the steps of
extravasation [6–9]. Galectin-3, although a nucleocytoplasmic protein, gets secreted out in a non-classical
manner. The secreted galectin-3 is known to get incorporated on the cell surface, ECM, and BM [3]. We
showed that such immobilized galectin-3 promotes
metastasis by facilitating initial arrest on the target organ
vasculature and in different steps of extravasation. Like
other ECM and BM components galectin-3 participates in
adhesion, spreading, movement, and degradation of matrix
[6]. The present investigation explores the molecular
mechanisms involved in galectin-3-mediated processes,
especially cellular spreading and motility by comparing it
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Fig. 7 Inhibitors of PI3K (Wm) and MEK1/2 (PD98059) affect cell
spreading and migration on immobilized galectin-3 but not on
fibronectin. a, b, and c represent images of the cell spreading of
B16F10 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 and images were acquired using laser
confocal microscope at 963 magnification. Scale bar 10 lm. 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

using Image J software. e, f, and g are representative images of wound
healing assay at 0 and 16 h time points, 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 h interval up to 16 h.
Area of wound closure was measured at three different positions by
Image J software 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

with that on ECM component fibronectin which is very
well studied.
Motility of cancer cells is critical for their invasiveness
and metastasis. Cellular adhesion followed by spreading
are crucial events that determine the pattern of cellular
movement [33, 36, 43–45]. The lamellipodial organization
in the cells spread on galectin-3 is typical of cells that show
random motility with broad and rounded lamellipodia with
parallel actin bundles along the cell periphery (Fig. 1a, b).
However, cells on fibronectin expectedly show features of
cells showing directional motility with classical stress
fibers traversing throughout the cell body (Fig. 1d, e). The
cells appear to maintain their distinct morphology even
during migration on these substrates (Fig. 1c, f). Further,
the kinetics of cell spreading, lamellipodial organization,
and cell spreading area on each of these substrates was
markedly different. The cells on galectin-3 attain the
morphology and lamellipodial organization at an early time
point. However, the stellate morphology, the lamellipodial
structures, and the stress fibers keep growing steadily and

get stabilized at a later time point in cells on fibronectin
(Fig. 2, supplementary material Movies 1 and 2).
Rac1 is the major regulator of the lamellipodial organization and activation of Rac1 is required for its formation. The time-dependent increase in the levels of activated
Rac1 correlated with the lamellipodial organization in cells
plated on fibronectin (Fig. 3b, d). Both Rac1 activation and
formation of lamellipodia keep increasing with time.
However, in cells plated on galectin-3 (Fig. 3a, c) where
well-formed lamellipodial structures get organized even at
an early time point (15 min) the levels of activated Rac1 is
highest, and keeps decreasing with time (Figs. 2, 3 and
supplementary material Movie 1, 2). Organization of
microfilaments is the major determinant of the type of
lamellipodial structures, which in turn depends on the actin
dynamics [37–40]. Actin dynamics in the lamellipodial
region of cells on galectin-3 was significantly higher as
compared to that on fibronectin as analyzed using FRAP
(Fig. 4). This suggests that very distinct signaling mechanisms operate in the cells spread on galectin-3 and on
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fibronectin which regulate microfilaments, lamellipodia
formation, and spreading morphology.
The two major pathways which are known to regulate
cellular spreading and motility are PI3K/Akt and Erk–
MAPK. Both Akt and Erk are activated in response to
extracellular cues [25, 26, 42]. Here we compared the
activation status of these two regulators in cells spread on
galectin-3 and fibronectin. Fibronectin being one of the
best-studied ECM component acts as a substrate for various
normal as well as cancer cell lines and support their
adhesion-dependent motility. Fibronectin induces outside
in signaling through integrin receptors while galectin-3 has
myriad of cell surface receptors. Most studies have investigated the activation of signaling pathways in cells plated
on fibronectin-coated plates [46–48].
The secreted extracellular galectin-3 exerts its cellular
effects on motility-related processes both in the soluble and
immobilized form [3, 10]. The soluble galectin-3 has been
shown to modulate fibronectin, laminin 111, and EGF-dependent motogenic response by binding to their respective
receptors [11–13, 15]. Soluble galectin-3 has been shown
to promote movement by destabilizing cell–cell adhesion
by its interaction with desmosomal- or N-cadherin [16, 17].
Exogenously added soluble galectin-3 has also been shown
to induce formation of lamellipodia in corneal epithelial
cells by interacting with integrins [14]. Galectin-8 which
has oligosaccharide specificity very similar to galectin-3
[49] has been shown to act as a matricellular protein and
modulator of cell adhesion by interacting with integrins
[48, 50]. However, there is no study that investigates the
signaling mechanisms in cells that use galectin-3 as the
substratum for their adhesion, spreading, movement, and
possibly their growth. Further, although there are a few
studies that have explored the time-dependent signaling
mechanisms during spreading of cells on fibronectin [30],
there are no reports about the signals induced during cellular spreading mediated by immobilized galectin-3.
Comparison of the signaling pathways activated during
spreading of B16F10 cells that express high levels of
polyLacNAc, on fibronectin, and galectin-3 showed distinct pattern. The cells showed sustained time-dependent
activation of Akt when spread on galectin-3, however, it
was only transient in cells on fibronectin (Fig. 5a, d). The
receptors for fibronectin are well-defined integrin receptors
[20–23]. However, all the surface proteins that carry
polyLacNAc-substituted b1, 6-branched N-oligosaccharides can be receptors for galectin-3, which include integrins, cell adhesion molecules (CAMs), receptor tyrosine
kinases (RTKs), growth factor receptors (GFRs), and
lysosomal associated membrane proteins (LAMPs) [51].
The differential activation of Akt in cells on galectin-3 and
fibronectin is possibly due to the different set of receptors
for each substrate which follow different pathway(s) for

activation of Akt. The activation of Erk is generally transient in a migrating cell, and sustained activation leads to
cellular differentiation [52]. The activation of Erk in
B16F10 cells was indeed transient during spreading irrespective of the substrate used, galectin-3 or fibronectin
(Fig. 6a, d). Pharmacological inhibition studies showed
that Akt is activated independently of Erk–MAPK pathway
while Erk activation depends on both PI3K/Akt and Erk–
MAPK pathways on both galectin-3 and fibronectin
(Figs. 5, 6).
Akt activation results in the regulation of the activity of
RhoGTPases which play an important role in microfilament organization. Formation of lamellipodia is an
important step in cellular spreading and substrate-dependent motility (haptotaxis). Rac1 is the major regulator of
the lamellipodial organization and activation of Rac1 is
required for its formation [24, 40, 53]. The Akt and Rac1
activation are inversely correlated with each other on both
the substrates galectin-3 and fibronectin. GTP-binding
activity of Rac1 is critical for the formation of lamellipodial structures and activated Akt has been shown to inhibit
this activity by phosphorylating Rac1 at Ser71 [54, 55].
This explains the inverse correlation of Akt and Rac1
activation in cells on galectin-3 and fibronectin.
Although, activated Rac1 is the major regulator of
lamellipodia formation and cellular spreading, it can be
activated by multiple mechanisms. Spreading and motility
in the presence of inhibitors of PI3K/Akt (wortmannin) and
Erk–MAPK (PD98059) showed that both these pathways
operate for spreading and movement on galectin-3. However, none of these inhibitors had any significant effect on
these processes on fibronectin (Fig. 7), suggesting that
Rac1 activation in these cells occurs via some other
mechanism. FAK on activated integrin receptor for fibronectin often gets autophosphorylated at Tyr397 which
serves as docking site for Src and PI3K resulting in their
activation. Activated FAK–Src complex activates scaffolding proteins like p130Cas and paxillin which in turn
activate GEFs for Rac1 and CDC42, the key regulators of
lamellipodia and filopodia, respectively [27, 56]. The Rac1
activation and lamellipodia formation in B16F10 cells
plated on fibronectin possibly act via FAK–Src/p130Cas
pathway, explaining the absence of any effect of wortmannin or PD98059 on cellular spreading and motility on
this substrate.
These studies clearly demonstrate that immobilized
galectin-3 like other components of ECM and BM also
supports spreading and movement of cells. By way of
multiple receptors on the cell surface expressing high
affinity ligands like polyLacNAc, galectin-3 signals distinct pathways that modulate microfilament dynamics and
promote lamellipodial organization that supports spreading
and movement. We demonstrate that each of these
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characteristics including, lamellipodial organization, actin
dynamics, signaling pathways, spreading, and movement
on galectin-3 are very distinct from that seen on the classical ECM component, fibronectin.
Fibronectin supports directional motility of cells with
mesenchymal phenotype which is required for almost all the
stages of metastatic cascade, however, the cells do not need
directional long-distance motility once they reach the target
organ. The cells adopt themselves to random movement
required to explore the microenvironment of the target organ.
The spreading and motility pattern of cells seen on immobilized galectin-3 are typical features of random movement [57,
58]. Lungs which express highest levels of galectin-3 on
almost all the tissue compartment [6–9] is apparently utilized
by melanoma cells for random movement and for their
establishment in the target organ as the metastatic foci. These
observations together with earlier reports about the participation of galectin-3 in the initial arrest and processes involved
in extravasation, clearly demonstrate its critical role in organ
(lung)-specific metastasis.
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Poly-N-acetyl-lactosamine (polyLacNAc) on N-glycans facilitate lung speciﬁc metastasis of melanoma
cells by serving as high afﬁnity ligands for galectin-3, expressed in highest amounts in the lungs, on
almost all its tissue compartments including on the surface of vascular endothelium. PolyLacNAc not only
aids in initial arrest on the organ endothelium but in all the events of extravasation. Inhibition of polyLacNAc synthesis, or competitive inhibition of its interaction with galectin-3 all inhibited these processes and experimental metastasis. Transgenic galectin-3 mice, viz., gal-3þ/þ (wild type), gal-3þ/
(hemizygous) and gal-3/ (null) have been used to prove that galectin-3/polyLacNAc interactions are
indeed critical for lung speciﬁc metastasis.
Gal-3þ/ mice which showed <50% expression of galectin-3 on the lungs also showed proportionate
decrease in the number of B16F10 melanoma metastatic colonies afﬁrming that galectin-3 and polyLacNAc interactions are indeed key determinants of lung metastasis. However, surprisingly, the number
and size of metastatic colonies in gal-3/ mice was very similar as that seen in gal-3þ/þ mice. The levels
of lactose binding lectins on the lungs and the transcripts of other galectins (galectin-1, -8 and -9) which
are expressed on lungs and have similar sugar binding speciﬁcities as galectins-3, remain unchanged in
gal-3þ/þ and gal-3/ mice. Further, inhibition of N-glycosylation with Swainsonine (SW) which drastically reduces metastasis of B16F10 cells in gal-3þ/þ mice, did not affect lung metastasis when assessed
in gal-3/ mice. Together, these results rule out the possibility of some other galectin taking over the
function of galectin-3 in gal-3/ mice. Chimeric mice generated to assess if absence of any effect on
metastasis is due to compromised tumor immunity by replacing bone marrow of gal-3/ mice with that
from gal-3þ/þ mice, also failed to impact melanoma metastasis. As galectin-3 regulates several immune
functions including maturation of different immune cells, compromised tumor immunity could be the
major determinant of melanoma metastasis in gal-3/ mice and warrants thorough investigation.
© 2015 Elsevier Inc. All rights reserved.
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1. Introduction
Metastasis is the major cause of deaths in cancer patients, yet
the underlying molecular mechanisms are poorly understood,
possibly, because of complexity and multistep nature of the disease
[1]. To successfully metastasize the cancer cells must complete a
sequential series of events which include separation from the primary tumor, invasion through surrounding tissues and basement
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membranes, entry and survival in the circulation and arrest in a
distant target organ vasculature, extravasation and adaptation to
the new organ growth environment [1e3].
Tumors often metastasize regionally to organs in the anatomic
vicinity like those receiving the 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 the ﬁne vasculature and get adapted to the new
organ environment and give rise to metastatic colonies. Colon
cancers metastasizing to liver and several tumors colonizing
lymph nodes are classical examples of this pattern of metastasis
proposed by Ewing Ref. [2]. However, many cancers bypass several
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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 >700
breast cancer patients. He compared the 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 [2,4]. Apart from the organ microenvironment, adhesive interactions, chemokines and their receptors have
also been shown to be the key participants in organ speciﬁc
metastasis [2,5,6].
Tumor cells show several cell surface modiﬁcations associated
with the metastatic phenotype. 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 [7,8]. The expression of these types of
oligosaccharides on human tumors correlated with the disease
progression [9e12]. Majority of the cancer cell lines expressing
these oligosaccharides metastasize either to lungs or to liver. The ESelectin expressed on the liver acts as a receptor for b1,6 branched
N-oligosaccharides terminally substituted with Lewis antigen on
tumor cell surface and facilitate liver metastasis [13e15]. Previously
we showed that poly-N-acetyl lactosamine (polyLacNAc)
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 [16,17]. Galectin-3/
PolyLacNAc pair not only facilitates initial arrest but also participates in all the subsequent steps of extravasation and organ colonization. Inhibition of polyLacNAc synthesis or competitive
inhibition of their interaction has been shown to inhibit all these
processes and metastasis. Galectin-3 transgenic mice used to
conﬁrm their participation in the metastatic process has thrown
some very intriguing but interesting results, further pointing towards the complexity of the entire process.
2. Materials and methods
2.1. All the reagents used in this study are described in
supplementary method 1
2.1.1. Cell culture and experimental metastasis assay
B16F10 murine melanoma cell line was obtained from National
Centre for Cell Sciences, Pune, India. Melanoma cells were routinely
cultured in Dulbecco's Modiﬁed Eagle's medium (DMEM), with or
without glycosylation inhibitor SW (2 mg/ml) and metastasis assays
were performed as described in Ref. [17].
2.1.2. Genotyping of galectin-3 transgenic mice by PCR
Propagation of transgenic mice is described in supplementary
method 2. Galectin-3 status of the littermates was determined by
PCR using genomic DNA obtained from the tails of the 3e4 week
mice. PCR was performed using 1 mg genomic DNA and primers:
PRIMER 1 (a primer annealing to the neo cassette region)
50 GGCTGACCGCTTCCTCGTGCTTTACGG30 , PRIMER 2 (a primer
annealing to the non -disrupted region of intron 4 of intact galectin3 gene) 50 GTAGGTGAGAGTCACAAGCTG GAGGCC30 and PRIMER 3 (a
common downstream primer annealing to EXON 5)
50 CACTCTCAAAGGGGAAGGCTGACTGTC3’. PCR was carried out and
the product was analyzed on 2% agarose gel by electrophoresis
followed by ethidium bromide staining. Gal-3þ/þ mice give an
amplicon of 450 bp, gal-3þ/ mice give 2 amplicons of 450 bp and
300 bp while gal-3/ mice give an amplicon of 300 bp [18].
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2.1.3. Preparation of total cell lysates and Western blotting
Preparation of total cell lysates and analysis of Western blotted
proteins was done exactly as described in Ref. [16].
2.1.4. Detection of galectin-3 expression in mouse lungs by western
blotting
Lungs of 6e8 week old mice of gal-3þ/þ, gal-3þ/ and gal-3/
group were excised and subsequently homogenized in 1
Laemmli's Sample buffer, Western blotted and probed with rat anti
mouse galectin-3 antibody as a probe.
2.1.5. Flow cytometric analysis
For ﬂow cytometry, melanoma cells were ﬁrst ﬁxed by overnight
incubation with 1.5% gluteraldehyde in PBS (pH 7.4). Analysis of
surface expression of polyLacNAc on melanoma cells was performed using biotinylated L-PHA exactly as described in Ref. [17].
2.1.6. Real time PCR
Total RNA from the lungs of gal-3þ/þ, gal-3þ/ and gal-3/
transgenic mice was extracted using TRIzol reagent and the cDNA
synthesized and used as a template for real time PCR. The primer
pair sequences of galectin-1, galectin-8, galectin-9 and RPL4 were
obtained from Ref. [19]. Real time PCR was performed as described
in Ref. [20].
2.1.7. Generation of chimeric mice
Chimeric mice were generated exactly as described by Mace
et al. [21]. Brieﬂy, the bone marrow in irradiated gal-3/ mice was
replaced, in group 1 with that from gal-3/ mice which served as
control, while in group 2 with that from gal-3þ/þ mice. Chimerism
was conﬁrmed by genotyping of these mice using tail and blood
genomic DNA by PCR as described by Hsu et al. [18].
2.1.8. Statistical analysis
All data are represented as mean ± SE unless stated. Student's ttest was employed for calculating signiﬁcance across different
groups. (p value < 0.05 was considered signiﬁcant).
3. Results
3.1. Characterization of gal-3þ/þ, gal-3þ/ and gal-3/ transgenic
mice
Galectin-3 transgenic mice were characterized using tail
genomic DNA as the template for PCR. The amplicon size for gal-3þ/
þ
and gal-3/ mice was 450 bp and 300 bp, respectively. However,
the two amplicons 450 bp and 300 bp were obtained for gal-3þ/
mice (Fig. 1A). These results indicate that the mice were successfully propagated and maintained.
3.2. Comparison of the levels of expression of galectin-3 in galectin3 transgenic mice
Tissue extracts of lungs of transgenic mice was analyzed by
Western blotting for the presence of galectin-3. As expected, the
gal-3þ/þ mice show the expression of galectin-3 while there is
absence of galectin-3 in gal-3/ mice. Since the gal-3þ/ mice have
one mutated allele, show >50% reduction in the expression of
galectin-3 as compared to that of gal-3þ/þ mice (Fig. 1B).
3.3. Expression of galectin-3 in lungs dictates the extent of
metastasis of melanoma cells
Experimental metastasis assay using B16F10 cells in gal-3þ/þ
and gal-3þ/ mice showed that the levels of galectin-3 expression
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Fig. 1. Expression of galectin-3 in the lungs dictates the metastatic potential of B16F10 cells. (A) Assessment of galectin-3 status of mouse using PCR and utilizing genomic DNA as
template and primers speciﬁc for galectin-3. Lane 1 represents 50 bp DNA ladder. Lane 2e4 represent PCR products using DNA from gal-3þ/þ, gal-3/ and gal-3þ/ mice
respectively. (B) Western blotting of 100 mg of lung lysates from gal-3þ/þ, gal-3þ/ and gal-3/ mice using anti-galectin-3 antibody. Beta actin served as loading control. (C and D)
Comparison of melanoma colonies in lungs of gal-3þ/þ (lane1), gal-3þ/ (lane 2) and gal-3/ (lane 3) mice, after injection with 0.18 million (C) and 0.075 million (D) B16F10 cells
under experimental metastasis assay conditions. (E) Graphical representation of mean values of number of lung colonies of the three groups of mice under experimental metastasis
assay conditions. Signiﬁcance obtained by performing student's T-test is denoted by *, p value <0.05.

indeed dictates the metastatic outcome. Gal-3þ/ mice which express signiﬁcantly lower levels of galectin-3 in the lungs as
compared to gal-3þ/þ mice, also showed corresponding decrease in
lung metastasis. However, the gal-3/ mice which show no
galectin-3 on the lungs surprisingly showed same level of lung
metastatic colonies as gal-3þ/þ mice. This pattern was always
consistent even when tested by injecting different cell numbers
(Fig. 1C and D).
Galectin-3 being a member of a large family of lectins the possibility of some other galectins taking over the role of galectin-3
was investigated.
3.4. Comparison of the expression of transcripts of galectin-1, -8
and -9 and lactose binding lectins in the lungs of transgenic mice
Galectin-1, -8 and -9 have similar carbohydrate binding speciﬁcities as galectin-3 and have also been shown to be expressed on
the lungs [22]. In the absence of galectin-3 it is possible that one of
these members takes over its function and thus may be overexpressed on the lungs. However, analysis of the transcript levels of
these galectins showed insigniﬁcant difference between gal-3þ/þ,
gal-3þ/ and gal-3/ mice as assessed by real time PCR (Table 1).
Further, comparison of the total lactose binding lectins from the
lungs of gal-3þ/þ and gal-3/ mice were very similar except for the

Table 1
Transcript levels of different galectin members in lungs of galectin-3 transgenic mice
as compared to that in gal-3þ/þ mice.
Galectin-3
status in mice

Galectin-1

Galectin-8

Galectin-9

Gal-3þ/ mice
Gal-3/ mice

1.5 fold increase
1.244 fold increase

1.16 fold increase
1.18 fold increase

1.05 fold increase
1.04 fold increase

presence of galectin-3 in the fraction from lungs of gal-3þ/þ mice
(Data not shown). These results appear to indicate that no other
member of galectin family takes over the function of galectin-3 in
facilitating metastasis. This raised the possibility that the metastasis in these mice may be due to some other mechanism and may
not involve lectin-carbohydrate interaction. In such a scenario inhibition of N-oligosaccharides may not inhibit metastasis.
3.5. Inhibition of N-oligosaccharides on B16F10 melanoma cells
does not impact metastasis when assayed in gal-3/ mice
Inhibition of addition of polyLacNAc either by inhibiting synthesis of N-oligosaccharides using SW or using shRNA for enzymes
that synthesize polyLacNAc, results in the loss of metastasis of
B16F10 cells in gal-3þ/þ type C57BL/6 mice. However, inhibition of
N-oligosaccharides using SW had no effect on experimental
metastasis when assessed in gal-3/ mice (Fig. 2A). The inhibition
of expression of b1,6 branched N-oligosaccharides in SW treated
B16F10 cells was conﬁrmed using lectin blotting and ﬂow cytometry using L-PHA as the probe (Fig. 2B and C). These results suggest
that in absence of galectin-3 in mice, even carbohydrates on cancer
cells become redundant for cancer cell metastasis. Galectin-3 is an
important protein that is present in majority of the cells of immune
system and performs a variety of regulatory functions. Complete
absence of galecetin-3 possibly compromises the anti-tumor immunity and thus increased lung metastasis in gal-3/ mice.
3.6. Generation of chimeric mice by replacing bone marrow of gal3/ mice with that of gal-3þ/þ mice does not impact metastasis of
B16F10 cells
To test if absence of galectin-3 in some way alters the tumor
immunity and thus metastatic outcome of cells in gal-3/ mice,
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Fig. 2. Inhibition of N-oligosaccharides has no effect on the metastatic potential of melanoma cells in gal-3/ mice. (A) Comparison of melanoma colonies in lungs of gal-3/ mice
after injecting 0.15 million (1) untreated and (2) Swainsonine treated B16F10 cells, under experimental metastasis assay conditions. The inhibition of N-oligosaccharides by SW was
conﬁrmed by (B) Western blotting and (C) ﬂow cytometry using biotin labeled L-PHA. B16F10 cells treated only with avidin FITC served as control (B16F10 CON).

chimeric mice were generated. Replacement of bone marrow of gal3/ mice with that from gal-3þ/þ mice was conﬁrmed by analyzing
the tail and blood genomic DNA as a template for PCR. The bands at
300 bp in both the groups obtained with the tail genomic DNA
conﬁrmed their gal-3/ phenotype (Fig. 3A). 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 gal3/ phenotype in group 1 and successful chimerism in group 2
(Fig. 3B). However, generation of chimeric mice had no effect on the
metastatic outcome of B16F10 cells in the lungs (Fig. 3C).
4. Discussion
Previous work in the lab very clearly demonstrated the role of
high afﬁnity ligands in the form of polyLacNAc on N-glycans on
melanoma cells in mediating lung metastasis. By demonstrating
the presence of galectin-3 in highest amounts on lungs and its
constitutive expression on vascular endothelium and by using
dominant negative and competitive inhibitors, galectin-3 was
shown to be the potential polyLacNAc receptor that mediates
metastasis on the lungs [16,20]. To prove that the galectin-3/
polyLacNAc interaction is indeed indispensable for lung metastasis galectin-3 transgenic mice were used.
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 (Fig. 1A and
B). The gal-3þ/ mice in which the expression of galectin-3 was
<50% as compared to gal-3þ/þ, also showed correspondingly
reduced lung metastasis, indicating that galectin-3 on the lungs is
indeed an important determinant of metastatic outcome. Surprisingly, however, the gal-3/ mice which lacked galectin-3 on the

lungs showed almost similar extent of metastasis as the gal-3þ/þ
mice (Fig. 1C and D).
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 [22]. However, analysis of the transcripts of these
galectins (Table 1), or comparison of the lactose binding proteins
(data not shown) in the lungs from gal-3þ/þ and gal-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. An
alternative approach was devised to test this. While inhibition of Noligosaccharides signiﬁcantly inhibits metastasis of B16F10 cells in
gal-3þ/þ mice, their inhibition should also inhibit metastasis in the
gal-3/ mice, in case other galectins take over galectin-3 function.
However, SW treatment failed to have any effect on the metastatic
properties of these cells in gal-3/ mice (Fig. 2), pointing towards
an alternate mechanism.
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 min of injection, majority of them are
cleared by 24 h. Only about 2% of the injected cells remain in the
lungs by 24 h [23]. 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

Fig. 3. Experimental metastasis assay using chimeric mice. (A) Agarose gel image showing PCR ampliﬁcation band at 300 bp using tail genomic DNA. (B) Agarose gel image showing
the PCR ampliﬁcation band at 300 bp and 450 bp using blood genomic DNA as a template. (C) Represents the lung images taken after experimental metastasis assay.
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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 [23]. Are gal-3/ mice not competent enough
immunologically?
Galectin-3 plays an important role in regulating different functions of innate and adaptive immune systems [24e27]. Almost all
types of immune cells express galectin-3 [24]. As galectin-3 is
present in the nucleus, cytoplasm and on the cells surface and as
part of Extracellular matrix ((ECM), its function varies depending
on its subcellular localization. Galectin-3 in the cytoplasm is antiapoptotic while nuclear galectin-3 is pro-apoptotic whereas that
on the cell surface or on ECM/Basement membrane (BM) performs
very different functions [28e30]. As a result galectin-3 inﬂuences
immune response in a variety of ways which are often conﬂicting.
Galectin-3 inﬂuences innate immunity by modulating adhesion
and migration of monocytes, macrophages and dendritic cells. It
promotes adhesion of neutrophils to laminin and regulates
neutrophil traversing through BM at sites of inﬂammation.
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 CD4þCD25þFOXP3þTreg cells [24,25,27]. In contrast,
galectin-3 induces apoptosis in CD8þT cells in mouse model of
colorectal cancer [27]. Although, gal-3/ 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. However, a uniﬁed picture of galectin-3 mediated
effects on host immunity and thus metastasis is yet to emerge
clearly. It is very likely that the gal-3/ 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 gal-3/ 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 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
gal-3þ/þ and gal-3/ mice has suggested that the gal-3/ mice
may be more competent in terms of their anti-tumor immunity as
compared to gal-3þ/þ mice via their enhanced NK-cell activity [31].
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 gal3/ mice with that of gal-3þ/þ 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. 3). 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 CD4þT and CD8þT cells in the thymus [32]. These results
suggest that in the absence of galectin-3, even after replacing the
bone marrow, the gal-3/ mice may not achieve an effective antitumor immunity.
In conclusion, by employing gal-3þ/þ and gal-3þ/ 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 gal-3/ 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.
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Abstract Interactions between molecules on the surface
of tumor cells and those on the target organ endothelium
play an important role in their arrest in an organ. Galectin-3
on the lung endothelium and high affinity ligands poly-Nacetyllactosamine (polyLacNAc) on N-oligosaccharides on
melanoma cells facilitate such interactions. However, to
extravasate and colonize an organ the cells must stabilize
these interactions by spreading to retract endothelium,
degrade exposed basement membrane (BM) and move into
parenchyma and proliferate. Here, we show that galectin-3
is expressed on all the major compartments of the lungs
and participates in not just promoting adhesion but also in
spreading. We for the first time demonstrate that both
soluble and immobilized galectin-3 induce secretion of
MMP-9 required to breach vascular BM. Further, we show
that immobilized galectin-3 is used as traction for the
movement of cells. Downregulation of galactosyltransferases-I and -V resulted in significant loss in expression of
polyLacNAc and thus reduced binding of galectin-3. This
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was accompanied with a loss in adhesion, spreading,
MMP-9 secretion and motility of the cells on galectin-3
and thus their metastasis to lungs. Metastasis could also be
inhibited by blocking surface polyLacNAc by pre-incubating cells with truncated galectin-3 (which lacked oligomerization domain) or by feeding mice with modified
citrus pectin in drinking water. Overall, these results
unequivocally show that polyLacNAc on melanoma cells
and galectin-3 on the lungs play a critical role in arrest and
extravasation of cells in the lungs and strategies that target
these interactions inhibit lung metastasis.
Keywords Organ specific metastasis  Lungs 
Galectin-3  Extravasation  Poly-N-acetyllactosamine 
b1,6 branched N-oligosaccharides

Introduction
In spite of being the major cause of mortality in cancer
patients; the underlying molecular mechanisms of metastasis are still poorly understood possibly due to the complexity of this multistep process [1]. To metastasize, tumor
cells must break free from the primary site, create space for
their movement, get into and survive in circulation [2].
Once in circulation, they are able to reach almost all organ
sites. However, some metastasize in the anatomic vicinity,
while others bypass several organs and colonize very
specific organ sites [3]. The patterns of circulation and
mechanical factors appear to dictate the regional spread
[4]. However, organ specific metastasis is believed to be
facilitated by specific interactions between the molecules
on the tumor cells and the target organ, growth environment and chemotactic factors released from the target
organ [3, 5–7].
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Vascular endothelium is the first barrier that a tumor cell
must overcome to colonize an organ. Organ endothelium
also provides specific receptors/ligands for organ specific
homing of cancer cells [8, 9]. Extravasation of leucocytes
at the inflamed site has provided useful clues to the overall
process of extravasation which involves rolling, adhesion
and extravasation [10]. Selectins and their ligands promote
rolling and retard the movement of leucocytes. Firm
endothelial adhesion is facilitated by activated integrins
and their counter receptors. This is followed by diapedesis
which involves endothelial retraction, degradation of vascular basement membrane (BM) and movement into organ
parenchyma [10, 11].
Tumor cells are also believed to utilize similar mechanisms for extravasation and each of these steps could be rate
limiting [12, 13]. The vascular endothelium has been shown
to express specific set of surface molecules on different
organs [14]. Tumors reportedly adhere preferentially to the
endothelial cells or the ‘outside out’ endothelial cell membrane vesicles, derived from their metastatic site [15]. VEcadherin, integrins, Ig class of cell adhesion molecules,
selectins, carbohydrates and their lectin receptors are among
the major class of molecules on the endothelial cells and on
the cancer cells, which are believed to aid adhesion of cancer
cells to the target organ [7, 16–19]. 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 [10, 20].
However, the participation of E-selectins and its ligand
in promoting metastasis in the lungs appears remote.
Extravasation occurs predominantly in the micro-vascular
capillaries in pulmonary circulation, which are too small to
allow rolling [21, 22]. Lung colonizing cancer cells have
been shown to get redirected to liver upon forced expression of ligands for E-selectin on hepatic cells [23]. Other
receptors/ligands implicated in lung specific interactions
include dipeptidyl peptidase IV (DPP-IV), Lu-ECAM1,
VCAM-1, CLCA2 on the lung endothelium and their
counter receptors like fibronectin; CXCR4, b4 integrin on
tumor cells [24–26]. Galectin-3 on the organ endothelium
has also been implicated in promoting organ homing [27,
28]. It is a nucleo-cytoplasmic b-galactoside specific lectin
that gets secreted out in a non classical manner and gets
incorporated onto the cell surface and as part of the matrix
and BM [29]. In mice, lungs were shown to express highest
amounts of galectin-3 and express it constitutively on its
vascular endothelium [27]. Several reports implicate T/Tn
antigens on tumor cells in mediating both homophilic
interactions and heterophilic interactions with endothelial
cells via galectin-3 [19, 30, 31]. Apart from these interactions, galectin-3 in the host may also facilitate melanoma
metastasis by modulating immune response, in particular
innate antitumor immunity [32, 33].
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Using low and high metastatic variants of B16 melanoma cells, previous work by our group has shown that
polyLacNAc substituted b1,6 branched N-oligosaccharides
on cancer cells may serve as very high affinity, easily
accessible form of ligands for galectin-3 [27, 28]. Galectin3 shows [200-fold higher affinity towards polyLacNAc as
compared to T/Tn antigens [34]. Galectin-3 on the lung
microvascular endothelium appeared to promote lung
metastasis by serving as an anchor to arrest circulating
tumor cells carrying polyLacNAc substituted b1,6 branched N-oligosaccharides [27, 28]. Under flow conditions
galectin-3 has been shown to bind to the glycoproteins
carrying its ligands with high affinity as compared to the
selectins to their ligands (Kd of 1 vs. 100–300 lM for
selectins and is comparable to the interactions mediated by
integrins) [35, 36]. However, just adhesion to vascular
endothelium is not enough to establish metastatic foci.
The tumor cells need to displace endothelium, interact
with and degrade the exposed vascular BM, move into
organ parenchyma and proliferate within for effective
metastasis [5, 7]. This was elegantly demonstrated by
monitoring adhesive interactions with organ microvasculature and invasion by intra-vital microscopy of colon
cancer cell lines differing in their metastatic potential.
Although, adhesion occurred in micro-vasculatures of
metastatic target organ only, their migration into organ
parenchyma correlated with metastatic potential [12].
In the present communication, we demonstrate that
galectin-3 present on all the major compartment of the
lungs participates not just in promoting adhesion to vascular endothelium but also in all the subsequent events of
extravasation. Further, we show that polyLacNAc substituted N- and not O-oligosaccharides participate in all these
processes. Inhibition of expression of polyLacNAc or
competitive inhibition of their interaction with the host
galectin-3 both inhibited all these processes and thus
metastasis.

Materials and methods
Reagents
TRIzol and Superscript TM amplification system for RTPCR and Calcein AM were from Invitrogen, USA. Antimouse galectin-3 rat antibody was from R&D Biosystems,
USA, and anti-Rat HRPO, anti-Goat HRPO from Santa
Cruz Biotechnology, USA. E. coli BL 21 with pET3C
plasmid containing a full-length human galectin-3 was a
kind gift from Prof. Hakon Leffler, Lund University,
Sweden. Biotinylated lectin Lycopersicon esculentum lectin (LEA), avidin–peroxidase, and streptavidin–FITC, were
either from Sigma Chemical Company, USA or Vector
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Labs, USA. Power SYBR Green PCR Master Mix was
from Applied Biosystems. Anti-MMP-9 antibody, Primers
for RT-PCR, Primers for real time PCR and for shRNA
amplification, Phalloidin TRITC, Phalloidin FITC, DAPI,
Pectin from citrus peel, Polybrene were purchased from
Sigma Chemical Company. Dulbecco modified essential
medium (DMEM) and fetal bovine serum (FBS) was purchased from Gibco, Invitrogen. All other chemicals were
purchased locally and were of analytical grade. For
experimental metastasis assay, inbred strain of C57BL/6
mice was used.
Cell lines
B16F1(F1) and B16F10 (F10) murine melanoma cell lines
[37] were obtained from National Centre for Cell Sciences,
Pune, India. The cell lines were expanded and frozen aliquots were stored in liquid nitrogen. Each aliquot was used
only up to five passages in vitro. The metastatic potential of
F10 cells is maintained by culturing melanoma colonies on
the lungs obtained by performing experimental metastasis
assay in C57BL/6 mice. Cell lines were routinely characterized for (C57BL/6) mouse specific origin and mycoplasma free status as described in supplementary methods.
Immunohistochemical detection of galectin-3 in mouse
lungs
Immunohistochemical staining for galectin-3 was performed on 3-lm paraffin embedded sections as described
in [27]. Sections were stained with rat anti-mouse galectin3 monoclonal antibody followed by anti-rat horse radish
peroxidase (HRPO) conjugate and developed with diaminobenzidine containing H2O2 as the substrate. Instead of
the primary antibody, the control lung sections were treated
with rat IgG in the concentration similar to the primary
antibody. The slides were later counter stained with
hematoxylin.
Purification of recombinant human galectin-3
Galectin-3 was purified as described in [38].

filter-535 nm). The percentage adhesion was calculated by
considering F10 cells bound to galectin-3 as 100 %.
Cell spreading assay
Melanoma cells were harvested, washed free of serum and
0.5 million cells were seeded in serum free DMEM on the
coverslips coated overnight with 50 lg/ml galectin-3 in
serum free DMEM at 4 °C. The cells were incubated for
45 min in a CO2 incubator. Coverslips treated with serum
free DMEM only, served as control. Bound cells were fixed
in 4 % paraformaldehyde, permeabilized with 0.5 % Triton
X 100 for 15 min and stained with 2 lg/ml Phalloidin
TRITC or Phalloidin FITC staining solution made in PBS
for 15 min at 37 °C. Nuclei were stained with 5 lg/ml of
40 ,60 -diamidino-2-phenylindole dihydrochloride (DAPI) in
PBS for one minute. The stained cells were mounted and
images were acquired using LSM510 software on a Carl
Zeiss Laser confocal Microscope at 639 magnification.
The ratio of cytoplasmic/nuclear (C/N) area of approximately 100 cells was measured using Image J software to
quantitate cell spreading.
Detection of MMPs by zymography and Western
blotting
Melanoma cells seeded at a density of 15,000 cells in
100 ll of complete DMEM were grown in 96 well plates
for 24 h at 37 °C. Cells were subjected to serum starvation
for additional 24 h in absence or presence of different
concentrations (0.25 lg–0.75 lg/ml) of soluble galectin-3.
To see the effect of immobilized galectin-3, wells were
coated overnight with 100 ll of different concentrations of
galectin-3 (10–75 lg/ml) at 4 °C in serum free DMEM.
The cells were grown on immobilized galectin-3 in complete medium at 37 °C for 24 h in a CO2 incubator followed by serum starvation for 24 h. Cells seeded on
uncoated wells served as control. The serum free conditioned medium was collected from each well and analyzed
by gelatin zymography on 10 % SDS-PAGE containing
0.1 % gelatin as per [40]. MMP-9 levels in culture supernatant were also detected by Western blotting with anti
MMP-9 antibody.

Adhesion assays
Wound healing assay
For Adhesion assays, either calcein AM labeled or tritiated
thymidine labeled melanoma cells were used and were
performed in 96 well plates coated overnight with galectin3 (50 lg/ml) as described previously [39]. For labeling
with calcein, melanoma cells were incubated with DMEM
medium containing 3 lg/ml calcein. Fluorescence was
measured in 96 well plate reader from Berthold Mithras
LB-940 machine (Excitation filter-485 nm and Emission

35 mm culture dishes were coated overnight with galectin3 (50 lg/ml) in serum free DMEM at 4 °C, followed by
blocking of non-specific sites with 2 % BSA for 1 h. 0.75
million melanoma cells were seeded in coated plates and
incubated at 37 °C for 24 h in a CO2 incubator. The cells
were serum starved for 24 h for cell synchronization. A
straight, uniform wound (approx. 400 lm in width) was
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made using a micropipette tip on the monolayer and the
cells were maintained in serum free DMEM. Wound closure was measured for 20 h by time lapse video imaging of
at least three different positions across the length of the
wound using a Carl Zeiss Inverted Microscope at 109
magnification. Uncoated culture dishes, blocked only with
BSA served as control.

The real time PCR reaction was carried out in 7900HT
system (ABI Prism) and for detecting amplicons Power
SYBR green was used. The data represents mean of three
different experiments carried out in duplicates with different batches of cDNA. The Ct values obtained were
normalized to RPL4 values. Analysis was performed using
2DDCt method [43].

Cloning of shRNA for targeting b1,4
galactosyltransferases-I and -V genes (GalTs)

Flow cytometric analysis

Downregulation of polyLacNAc in F10 cells was performed by using short hairpin RNA (shRNA) against GalTI and -V the genes involved in polyLacNAc synthesis, as
per the guidelines outlined [41]. A 21 nucleotide sequence
(50 -TGGGGCGGAGAAGATGACGAC-30 ) from the open
reading frame of GalT genes was chosen which is common
and unique only to these two genes. The strategy for
cloning shRNA into pSuperneo H1 vector is described in
supplementary data.
For cloning shRNA into pTRIPz lentiviral vector,
primers were designed according to pTRIPz manual (Open
biosystems). Forward primer contained XhoI site followed
by mir sequence (represented in italics), sense sequence
(represented in italics bold) and loop sequence.
Forward GalT shRNA primer
50 GAACTCGAGAAGGTATATTGCTGTTGACAGTGAG
CGTGGGGCGGAGAAGATGACGACTAGTGAAGCC
ACAGA30
Reverse primer contained EcoRI site followed by mir
sequence (represented in italics), sense sequence (represented in italics bold) and loop sequence.
Reverse GalT shRNA primer
50 GTTGAATTCCGAGGCAGTAGGCATGGGGCGGA
GAAGATGACGACTACATCTGTGGCTTC30
Using these primers shRNA sequence was amplified.
The shRNA was cloned in pTRIPz lentiviral vector digested
with EcoRI and XhoI sites. The ligated plasmid was purified
and subsequently co-transfected with helper plasmids
(pMD2.G and psPAX2) in HEK293FT cells for generating
virus particles which were used for transduction of F10
cells. The clones were selected using puromycin (1 lg/ml)
and subsequently maintained as separate stocks. For
inducing shRNA expression cells were cultured in complete
DMEM containing doxycycline (4 lg/ml) for 96 h.
Real time PCR
For detecting transcript levels of GalT-I and GalT-V genes
specific primers were designed. RPL4 was used as housekeeping gene for relative quantification of transcript levels
[42].
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For flow cytometry, cells were either fixed overnight in
1.5 % glutaraldehyde or 1 % paraformaldehyde in PBS (pH
7.4) and were analyzed for surface expression of polyLacNAc using biotinylated galectin-3 (0.75 lg/ml) and biotinylated LEA (2 lg/ml) as described previously [28].
Cloning, expression and purification of mouse truncated
galectin-3 (mtGal-3)
The coding DNA sequence of C-terminal carbohydrate
binding domain of galectin-3 was cloned into the pET3a
bacterial expression vector using forward 50 ATAGTCATCA
TATCATCATAGTCGATCATATGGTGCCC30 and reverse
50 GGTGGATCCTTAGATCATGGCGTGGTTAGC30 primers. The total cDNA obtained from F10 cells served as a
template. The NdeI and BamHI restriction sites were incorporated in forward and reverse primers respectively to clone
the amplified product into pET3a plasmid vector. The
sequence of the positive clones was confirmed. This construct
was transformed into E. coli BL21 (DE3) strain and expression
of mtGal-3 was induced by IPTG (1 mM). The expressed
protein was of 15.4 kDa (amino acid sequence 130–264 of full
length galectin-3). The mtGal-3 protein was purified using
lactose sepharose column as described in [38].
Preparation of modified citrus pectin (MCP)
MCP was prepared from citrus pectin exactly as described in [44].
Experimental metastasis assay
Melanoma cells were routinely cultured in DMEM as
described in [28], with or without glycosylation inhibitors
Swainsonine (SW, 2 lg/ml) and benzyl-a-N-acetylgalactosamine (BG, 2 mM). For injecting GalT clones, mice were
fed with doxycycline (1 mg/ml) in 5 % sucrose solution 24 h
prior to injection and continued until sacrificed.
For injecting F10 cells treated with murine truncated
galectin-3 (mtGal-3, carrying only CRD), 0.1 million F10
cells were pre-incubated with 0.1 ml of 500 lg/ml of
mtGal-3 for 1 h on ice. The mice that received pre-treated
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Fig. 1 Galectin-3 is expressed in all the major compartments of lungs
and it facilitates spreading of melanoma cells. a–f Immuno-histochemical staining of mouse lung sections treated with rat anti-mouse
galectin-3 antibody at 910, 920 and 940 magnifications, respectively. The control sections were treated with pre-immune rat IgG.
g Cell spreading of F1 and F10 cells on uncoated (UN) and galectin-3
(Gal-3) coated coverslips as assessed by Phalloidin-TRITC staining.

DAPI was used to stain the nuclei (blue). Spreading of F10 cells was
also seen on galectin-3 coated coverslips in presence of lactose (Gal-3
Lac) and sucrose (Gal-3 Suc), and after treatment with either SW
(Gal-3 SW) or BG (Gal-3 BG). Scale bar 10 lm. h Each bar
represents ratio of cytoplasmic to nuclear (C/N) area for around 100
cells from two different experiments. (Color figure online)

cells also received injections of mtGal-3 (250 lg 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 F10 cells treated with MCP, 0.1 million
F10 cells were resuspended in medium with and without
MCP (0.05 %) and mice which received cells with MCP
were on drinking water containing 1.5 % MCP from 5 days
prior to injection till the day of sacrifice.

methods. Total cell lysate, Protein estimation, SDS-PAGE
and Western blotting were performed as described in [27].

Statistical analysis
All the data is represented as mean ± SE unless stated. For
comparison of two groups in case of cell spreading, cell
adhesion, experimental metastasis assay student’s t test was
employed and multiple groups were compared by one way
ANOVA. For wound-healing assays, 2-way ANOVA with
the Bonferroni posttest was conducted. All the statistical
analysis was performed using GraphPad Prism 5. P \ 0.05
was considered significant.
The details of cloning of shRNA in pSupeneo H1,
sequences of primers used for real time and semi quantitative RT-PCR have been described in supplementary

Results
Galectin-3 is localized in all the major compartments
of mouse lungs
In mice, lungs have previously been shown to express highest
levels of galectin-3 and express it constitutively on the surface
of its vascular endothelium. Immunohistochemistry results
showed that not just endothelium, galectin-3 is localized in all
the major tissue compartments of the lungs, including epithelia of bronchioles, alveoli and on the surface of vascular
endothelium (Fig. 1a–f) and possibly thus may participate in
different processes of organ colonization.
Galectin-3 facilitates spreading of melanoma cells
in a metastasis and N-glycosylation dependent manner
Ability of cells to spread on immobilized galectin-3 was
analyzed to see if it stabilizes the interactions of the cells
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adhered on the vascular endothelium. F1 cells spread
poorly with diffused organization of actin, on both
uncoated and galectin-3 coated cover slips (Fig. 1g). In
contrast, F10 cells showed significant spreading on galectin-3 as compared to uncoated cover slips, as characterized
by organization of F-actin in lamellipodial projections and
significantly increased C/N ratio (Fig. 1g, h). Like adhesion [28], the extent of spreading was also dependent on the
metastatic potential of the cells which was inhibited by
specific disaccharide lactose and not sucrose, and by
inhibitor of N- but not O-glycosylation (Fig. 1g, h, Gal-3
Lac/Suc and Gal-3 SW/BG).

Galectin-3 induces secretion of proteases and motility
in melanoma cells, thereby aiding invasion
Degradation of Basement membrane/Extracellular matrix
(BM/ECM) and movement are the next major event
required during extravasation. Assays were performed to
see if soluble and immobilized galectin-3 promotes any of
these processes. Zymography of the conditioned media
collected from cells grown in the absence or presence of
either soluble or immobilized galectin-3, showed that
galectin-3 induces secretion of matrix degrading enzyme,
MMP-9 in a dose and metastatic potential dependent
manner (Fig. 2a–c).
For F10 cells, the highest induction with soluble
galectin-3 was seen at 0.5 lg/ml (data not shown),
whereas with immobilized galectin-3, it was 2.5 lg/well
of a 96 well plate (Fig. 2a). The concentrations higher
than these appeared to inhibit the induction of MMP-9
secretion. Comparison of the melanoma variants clearly
showed that induction is dependent on the metastatic
potential (Fig. 2b, c). No gelatin clear bands (as a result
of MMP-9 activity) could be visualized in F1 lanes on
24 h incubation of the gel in renaturation buffer (Fig. 2b)
whereas prolonged incubation resulted in saturation in
F10 lanes due to substrate limitation (Fig. 2c). Since
expression of polyLacNAc on N-glycans is also dependent on the metastatic potential of melanoma cells, the
galectin-3 mediated induction of MMP-9 could be via
polyLacNAc.
Movement of extravasated cells towards organ parenchyma is also a key event for metastatic establishment.
Wound healing assays showed that galectin-3 is indeed
used as traction by these cells for their movement. This
again, was dependent on the metastatic potential and the
N-glycosylation status of cells (Fig. 2d–f). O-glycosylation
inhibitor BG had no effect on any of these cellular properties or on metastasis [28]. This reaffirmed our earlier
observation that galectin-3 ligands only on N-oligosaccharides participate in these processes.
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Downregulation of GalT-I and -V enzymes in F10 cells
leads to significant reduction in the expression
of polyLacNAc
Although, using Swainsonine, a broad range N-glycosylation inhibitor, we confirmed that N-glycans play an
important role in metastasis of F10 cells; we needed to
confirm that it is via polyLacNAc on them. PolyLacNAc is
synthesized by the concerted action of the enzymes that
sequentially add N-acetylglucosamine (b1,3 N-acetylglucosaminyltransferases or b3GnTs) and galactose (b1,4
galactosyltransferases—GalTs) [45]. Among the seven
members of the GalT family GalT-VII adds galactose only
onto proteins with proteoglycan core [46]. Comparison of
transcripts of the remaining six members by semi-quantitative PCR showed up regulation of GalT-I and -V in the
higher metastatic variant (Supplementary Fig. S1A). Both
b4GalT-I and b4GalT-V reportedly promote addition of
polyLacNAc preferentially on N-oligosaccharides [47, 48].
Both these genes were down-regulated using shRNA
targeting a sequence common to both of them, using
plasmid (pSuperneo H1) as well as inducible lentiviral
(pTRIPz) vectors for cloning shRNA in F10 cells. The
functional effects of downregulation were confirmed by
in vitro as well as in vivo assays. The two F10 cell clones,
sh3 and sh6, generated in pSuperneo H1 vector which
constitutively expresses shRNA showed downregulation of
transcripts and polyLacNAc on the cell surface. (Supplementary Fig. S1b, c).
The inducible lentiviral vector system (pTRIPz) allowed
tight temporal control of target gene knock down with
minimal off-target and deleterious effects on cells. The two
F10 clonal cell lines (clone I and II) expressing the
inducible GalT-I and -V shRNA were established. Simultaneously, clones of F10 cells expressing the inducible nontargeting shRNA (NT) were also established. Upon doxycycline induction, clone I and II showed significant
reduction in the transcript levels of GalT-I and -V as
compared to clone expressing non targeting sequence of
shRNA (Fig. 3a, b). In contrast to NT clone, both the
clones expressing specific shRNA showed significant
reduction in the surface levels of polyLacNAc as assessed
by flow cytometry, using biotinylated LEA and galectin-3,
after doxycycline induction (Fig. 3c, d).

Downregulation of polyLacNAc results in decreased
adhesion, spreading, MMP-9 secretion and motility
of F10 cells on galectin-3 together with reduced
experimental metastasis
Reduced expression of polyLacNAc in the induced clone
I and II was associated with significantly decreased
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Fig. 2 Galectin-3 in both soluble (Sol Gal-3) as well as immobilized
(IM Gal-3) form induces secretion of MMP-9 and IM Gal-3 promotes
motility of melanoma cells. a Conditioned media of F10 cells grown
on uncoated wells was compared with those grown in presence of
0.5 lg/ml sol gal-3 or on different amounts of IM gal-3 (0.1 ml/well
of 10, 25, 50 and 75 lg/ml in 96 well plate). b, c Represent data
comparing levels of MMPs in conditioned media of F1 and F10 cells
grown on uncoated (UN, lanes 1, 4) or in presence of soluble (Sol
Gal-3, 0.5 lg/ml) (lanes 2, 5) and immobilized (IM Gal-3, 0.1 ml/
well of 50 lg/ml) (lanes 3, 6) galectin-3. b The data from gels

incubated for 24 h, and c from gels incubated for 48 h in renaturation
buffer. For quantification, densitometry analysis was performed and is
represented in bar graphs below a, b, and c, respectively. d–
f Represent time lapse video microscopy images at 0 and 20 h of
wound closure on 2 % BSA and on IM Gal-3. Right panel depicts
graphical representation of percent wound closure of d–f at 5 h
interval. Mean values of triplicate for each position of the wound
width of each image frame from two different experiments, was
analysed using Metamorph software. * indicates P \ 0.05 which was
considered significant

adhesion on galectin-3 (Fig. 3e). Downregulation of
polyLacNAc also appeared to reduce their spreading on
galectin-3 as compared to that of NT cells, as seen by

microscopy images and C/N ratio (Fig. 3f, g). Similarly,
induction of shRNA expression affected MMP-9 secretion
by these clones on galectin-3 coated plates as compared
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Fig. 3 Validation of down regulation of GalT-I and -V genes in
clones and its effect on polyLacNAc expression, cell adhesion and
spreading. a, b Represents transcript levels of beta 1,4 GalT-I and
GalT-V in clones I and II respectively, after doxycycline induction by
real time PCR. NT non targeting was used as the vector control. c,
d Expression of polyLacNAc on the cell surface of clones I and II
under doxycycline treated and untreated conditions by flow cytometry
using biotinylated LEA and galectin-3 respectively. Cells treated with
ExtraAvidin FITC only served as control, -doxycycline (dotted line),

?doxycycline (dashed line). Test samples treated with doxycycline
are represented as (thick line) and untreated samples as (thin line).
e Adhesion of clones I, II and NT in presence or absence of
doxycycline on galectin-3 coated plates. Values are mean ± SE of
two independent experiments. f Spreading of NT, clone I and II on
galectin-3 coated coverslips in presence or absence of doxycycline.
Scale bar 10 lm. g Each bar represents ratio of cytoplasmic to
nuclear (C/N) area for around 100 cells from two different
experiments

to NT clone (Fig. 4a, b). The motility of clones I and II
on galectin-3 was also significantly reduced on induction
of shRNA expression (Fig. 4c–h).

These altered cellular properties as a result of loss of
polyLacNAc had a major impact on the experimental
metastasis of these clones as compared to non transduced
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Fig. 4 Effect of polyLacNAc downregulation on secretion of MMP-9
and migration. a Levels of MMP-9 in culture supernatants of NT, clone I
and II grown in presence and absence of doxycycline on immobilized
galectin-3 as detected by zymography and b Western blotting. The
adjacent right panel of a, b represent densitometry analysis. c–
e Represent time lapse video microscopy images at 0 and 20 h of wound

closure on immobilized galectin-3 of NT, clone I and II under
doxycycline treated and untreated conditions, respectively. The data in
f–h represents mean percent wound closure at 5 h interval. Area of
wound closure was measured by Image J software and each image from
two different experiments, was analyzed at three different positions. *
indicates P \ 0.05 which was considered significant

F10 cells or NT clones induced with doxycycline (Fig. 5a).
This was also observed in the sh3 and sh6 clones generated
by plasmid mediated constitutive shRNA expression.
Reduced polyLacNAc levels affected galectin-3 mediated
cell adhesion (Supplementary Fig. S1d), spreading and
MMP-9 secretion (data not shown) resulting in significantly reduced metastatic potential of both sh3 and sh6
clones (Supplementary Fig. S1e, f).
These results collectively highlight that polyLacNAc on
N-glycans on melanoma cells regulate key cellular processes that are critical for lung metastasis.

were blocked using truncated galectin-3 which lacks oligomerization domain [49] and in second approach, we tried
to block all the endogenous galectin-3 in mice by feeding
them with MCP [44]. Both MCP and recombinant murine
truncated galectin-3 (mtGal-3) were found to inhibit
galectin-3 mediated spreading of F10 cells (Supplementary
Fig. S2a, b). Blocking galectin-3 binding sites with excess
mtGal-3 significantly reduced the metastatic potential of
F10 cells (Fig. 5b). Similarly, injection of F10 cells into
mice fed continuously with MCP resulted in profound
decrease in their lung metastasis. MCP apparently competes with polyLacNAc on melanoma cells for binding to
galectin-3 on the lungs thereby impacting metastasis
(Fig. 5c).

Effect of dominant negative inhibitor
and the competitive sugar to galectin-3 on metastasis
of F10 melanoma cells to the lungs
To confirm the role of galectin-3 as the major polyLacNAc
binding lectin responsible for mediating lung specific colonization, two approaches were adopted. In the first case,
all the available galectin-3 binding sites on melanoma cells

Discussion
Interaction of specific molecules on organ endothelium and
on the tumor cells is a major determinant of organ specific
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Fig. 5 Galectin-3/polyLacNAc
pair plays an important role in
lung metastasis. Experimental
metastasis assay for a NT, clone
I and II cells, b, c F10 cells
treated with mtGal-3 and with
MCP respectively (as described
in ‘‘Materials and methods’’
section). Untreated F10 cells
served as control. The left panel
shows the lungs images while
right panel is the graphical
representation of the number of
metastatic lung colonies

metastasis [3, 50]. The strength of these interactions, ability
to invade the vascular BM, entry into organ parenchyma
and survival in response to organ growth environment are
the other key factors that determine the organ specificity of
tumor cells [3, 7]. Constitutive expression of galectin-3 on
the lung endothelium apparently aids arrest of tumor cells
expressing high affinity easily accessible ligands in the
form of polyLacNAc on N-oligosaccharides [27]. Lungs in
mice have previously been shown to express highest levels
of galectin-3 [27]. Here, we demonstrate that galectin-3 is
expressed not just on the endothelial cells but on all the
tissue compartments of the lungs including alveolar epithelium, bronchioles and on most pulmonary tissue spaces
(Fig. 1a–f).
Galectin-3 is a multifunctional nucleo-cytoplasmic
protein which is involved in different cellular functions. It
can interact with transcription factors in the nucleus to
regulate gene expression and also can perform anti or proapoptotic functions depending on its cytoplasmic or
extracellular localization [29]. The secreted galectin-3
often gets incorporated on the cell surface, ECM or the BM
by virtue of its ability to bind to the glycoprotein ligands
and oligomerise/form lattices on cell surface [51, 52].
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These studies investigated if galectin-3, present in abundance in all the major compartments of the lungs, has any
role in establishing metastatic foci of cells expressing high
levels of polyLacNAc on N-glycans on their surface. The
interactions mediated by galectin-3 are much stronger than
those via selectins and are comparable to those mediated by
integrins [35, 36, 53]. However, the cells adhered to the
organ endothelium via galectin-3 would need to stabilize
these interactions to prevent them from being flown off
under hemodynamic flow conditions and to initiate processes like vascular retraction, required to extravasate. This
can be achieved by initiating the spreading of adhered cells
[7].
Members like galectin-8 of the galectin family in their
immobilized form have earlier been shown to regulate
spreading of cells [54, 55]. We for the first time demonstrate that galectin-3 in the immobilized form induces the
formation of membrane protrusions in melanoma cells
which can be inhibited specifically via inhibitors of N- and
not O-oligosaccharides (Fig. 1e, f).
The next barrier for effective organ colonization is the
exposed vascular BM. MMPs play a major role in degradation of underlying BM and facilitate tumor cell entry into
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organ parenchyma [56]. Overexpression of galectin-3 in
the cytoplasmic/nuclear compartments of cells has been
shown to regulate expression/secretion of MMPs, especially MMP-1, MMP-2 and MMP-9 and promote invasion.
Nuclear galectin-3 in gastric cancer cells was shown to
interact with AP-1 transcription factor and regulate the
expression of MMP-1 [57]. Further, silencing the expression of galectin-3 in human tongue carcinoma and pancreatic cell lines affected b-catenin levels which in turn
correlated with reduced levels of MMP-2 and MMP-9 [58,
59]. Galectin-3 has collagenase like repeats adjacent to its
N-terminal domain which can act as a cleavage site for
MMPs and cleaved form appears to serve as a marker for
cancer progression [60]. Lungs express galectin-3 in
highest amounts [27] which may be present in both soluble
and immobilized form in different tissue compartments
including vascular BM. We show that both immobilised as
well as soluble forms of galectin-3 induce secretion of
MMP-9 in a dose dependent manner (Fig. 2a–c). Secretion
of MMP-9 by melanoma cells correlated with their metastatic potential (Fig. 2b, c). Ours is the first study which
reports that extracellular galectin-3 induces the secretion of
MMP-9 in melanoma cells, most likely via the polyLacNAc on N-glycans. MMP-9 mediates degradation of ECM
but it has to be coupled with movement for effective
extravasation of tumor cells.
Galectin-3 expressed in various compartments has been
associated with motility of wide range of cell types. In the
soluble form, it has been shown to induce reorganization of
cytoskeleton which in turn facilitates motility of corneal
epithelial cells [61]. Cell surface galectin-3 localises in
lipid raft and its absence affects the formation of membrane
ruffles and lamellipodia [62]. Overexpression of galectin-3
in cytoplasm of oral tongue squamous carcinoma cells
(OTSCC) enhanced motility via wnt/beta-catenin signalling pathway [63]. Also, at low concentrations galectin-3
can act as chemoattractant, for monocytes and macrophages [64].
Using wound healing assays, we demonstrate that immobilised galectin-3 which often gets incorporated as part
of ECM and BM can itself be used as traction for forward
motility of melanoma cells. The dependence of cellular
motility on the metastatic potential of the cells and their Nand not O-glycosylation status confirmed that it is indeed
mediated by N-oligosaccharides on surface glycoproteins
(Fig. 2d–f). Although, other members like galectin-8 have
been shown to facilitate movement of cells in a similar
manner [65], here we demonstrate that even immobilized
galectin-3 can facilitate haptotactic motility. Galectin-3
mediated motility would be important for cells to move
into lung parenchyma.
Beta 1,6 branched expressed on N-oligosaccharides of
cell surface proteins is the preferred site for further

substitution of polyLacNAc. Several proteins that carry
b1,6 branched N-oligosaccharides may also carry polyLacNAc. Some of the possible carrier proteins include
integrin subunits (a3, a5, av and b1), growth factor
receptors like EGFR and others like CD-44 (hyaluronate
receptors) and lysosome associated membrane proteins
(LAMPs) [66, 67]. The cancer cells most possibly use
surface receptors expressing polyLacNAc on N-oligosaccharides for motility. Galectin-3 may also promote proliferation by sustained signalling via growth factor receptors
by restricting them in the lattices and preventing their
internalization [68, 69].
PolyLacNAc is synthesized by the sequential addition of
N-acetylglucosamine and galactose by the enzymes b1,3 Nacetylglucosaminyltransferases or b3GnTs and b1,4 galactosyltransferases—GalTs [45]. Among the six possible
enzymes that add galactose, the expression of GalT-I and V correlated with metastatic potential of B16 melanoma
cells (Supplementary Fig. 1a). Downregulation of these
two genes by shRNA mediated plasmid and inducible
lentiviral vectors, showed marked reduction in polyLacNAc expression (Fig. 3a, b, Supplementary Fig. 1b, c).
This was accompanied with inhibition of all the galectin-3
mediated processes like adhesion, spreading, movement
and induction of MMP-9 secretion (Fig. 3e–g, Supplementary Fig. 1d, 4a–h). Inhibition of experimental metastasis as a result of inhibition of all the galectin-3 mediated
processes highlighted the importance of polyLacNAc and
galectin-3 pair in facilitating lung colonization (Fig. 5a)
(Supplementary Fig. 1e, f).
Galectin-3 is a monomeric lectin that forms oligomers
on binding to its ligand via its N-terminal domain. Truncated galectin-3 devoid of the N-terminal domain has been
shown to act as a dominant negative inhibitor of galectin-3.
Truncated galectin-3 affected growth and lymph node
metastasis of breast cancer cell line on sustained treatment
[49]. Pre-incubation of B16F10 cells with truncated
galectin-3 inhibited lung metastasis apparently by blocking
polyLacNAc on melanoma cells making it unavailable for
binding to galectin-3 on the lung vascular endothelial cells
(Fig. 5b). MCP has been shown to affect several galectin-3
mediated processes including metastasis [70]. 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
(Fig. 5c). However, the contribution of galectin-3 as an
immunomodulating agent also, cannot be ruled out in
facilitating melanoma metastasis [32].
Our studies very clearly demonstrate the importance of
galectin-3 and polyLacNAc in not just mediating adhesion
to lung endothelium but also in several downstream processes critical for lung homing. It would be interesting to
study the molecular pathways activated downstream of
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galectin-3/polyLacNAc interactions which regulate the
successive events involved in metastasis. We expect that
confirmation of existence of similar mechanisms in lung
metastasis of human tumors would open up several interesting avenues to explore and would also be crucial in
developing effective strategies to prevent metastasis.
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Abstract
Purpose Expression of lysosome-associated membrane
protein-1 (LAMP1) on the surface correlates with metastatic potential of B16 melanoma cells. Downregulation of
their expression in high metastatic (B16F10) cells reduced
their surface expression and metastatic potential. Present
investigations explore if overexpression of LAMP1 on the
surface of low metastatic (B16F1) cells augment their metastatic ability, and if so, how?
Methods B16F1 cells were transduced with lentiviral
vector carrying mutant-LAMP1 (Y386A) (mutLAMP1).
Surface expression of LAMP1 and carbohydrates was
analyzed by flow cytometry, immunofluorescence and/or
immunoprecipitation and Western blotting. Cell spreading and motility were assessed on components of extracellular matrix (ECM) (fibronectin) and basement membrane
(BM) (matrigel), and galectin-3-coated coverslips/plates.
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Metastatic potential was assessed using experimental
metastasis assay.
Results Pre-incubation with anti-LAMP1 antibodies
significantly reduced lung metastasis of B16F10 cells.
Overexpression of mutLAMP1 significantly increased its
surface expression on B16F1 cells, resulting in increased
cellular spreading and motility on fibronectin and matrigel.
LAMP1 is the major carrier of poly-N-acetyllactosamine
(polyLacNAc) on B16F10 cells. However, significantly
higher expression of mutLAMP1 had no effect on galectin-3 binding on cell surface or on spreading or motility
of cells on galectin-3-coated coverslips/plates. These cells
also failed to show any gain in metastatic ability. This could
be because LAMP1 from these cells carried significantly
lower levels of polyLacNAc in comparison with B16F10
cells.
Conclusions PolyLacNAc on B16F10 cells and galectin-3
on lungs are the major participants in melanoma metastasis.
Although surface LAMP1 promotes interactions with organ
ECM and BM, carbohydrates on LAMP1 play a decisive
role in dictating lung metastasis.
Keywords Cell surface LAMP1 · Organ-specific
metastasis · β1,6 branched N-oligosaccharides ·
Poly-N-acetyllactosamine · Galectin-3 · Motility

Introduction
Metastasis, the major cause of mortality seen in cancer
patients, is a complex multistep process involving detachment from the primary, invasion and intravasation, survival in circulation, extravasation and organ homing (Valastyan and Weinberg 2011). Most of the regional spread
of tumors can be explained by anatomical/mechanical
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mode of metastasis (Weiss 1992). However, the distant metastasis is generally organ-specific (Fidler 2003;
Gupta and Massagué 2006; Nguyen et al. 2009). This
involves one or all of the following factors, viz, adhesive interactions between the molecules on the surface
of tumor cells and the target organ, organ growth microenvironment and, more recently, chemokines and their
receptors that have been shown to play a critical role in
organ-specific metastasis (Fidler 2003; Irmisch and Huelsken 2013; Poste and Nicolson 1980). Tumors often show
several metastasis-associated cell surface modifications
(Brooks et al. 2010; McGary et al. 2002). Expression of
lysosome-associated membrane protein-1 (LAMP1) on
the cell surface is one such modification where a lysosomal protein LAMP1 gets increasingly translocated to
the surface of several metastatic tumor cells. LAMP-1 is
a highly glycosylated protein which decorates the luminal side of lysosomes. Owing to the presence of highly
substituted oligosaccharides, it is thought to protect itself
and the lysosomal membranes from intracellular proteolysis (Fukuda 1991; Kundra and Kornfeld 1999). It has
been shown to be expressed on surface of human melanoma, human colon carcinoma, human fibrosarcoma,
human myelomonocytic leukemia and macrophage–
melanoma fusion hybrid cells (Chakraborty et al. 2001;
Mane et al. 1989; Sarafian et al. 1998). Its cell surface
expression has been shown to correlate with metastatic
potential of human colon carcinoma and murine melanoma cell lines (Krishnan et al. 2005; Saitoh et al. 1992).
In addition to metastatic tumor cells, increased expression of LAMP1 (also known as CD107a) on the surface has also been observed on cells that are involved
in migratory and/or invasive functions such as activated
cytotoxic T lymphocytes, natural killer cells, platelets
and macrophages as well as embryonic cells (Alter et al.
2004; Betts et al. 2003; Chakraborty et al. 2001; Cohnen
et al. 2013; Febbraio and Silverstein 1990; Kannan et al.
1996; McCormick et al. 1998). However, the mechanism
by which cell surface LAMP1 may mediate these functions is largely unknown.
Purified LAMP1 has been shown to bind to RGD
peptides, ECM components such as fibronectin and collagen type I and BM components such as laminin and
collagen type IV (Laferté and Dennis 1988), suggesting
that surface LAMP1 might as well interact with organ
ECM and BM components. Besides, LAMP1 has also
been found to be a major carrier of poly-N-acetyllactosamine (polyLacNAc)-substituted β1,6 branched N-glycans (Dennis et al. 1987; Fukuda 1991; Krishnan et al.
2005). A transformation-related increase in β1,6 branching observed in fibroblasts, metastatic cell line SP1 and
macrophage–melanoma fusion hybrids appeared to be
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associated with increased LAMP1 surface expression
(Chakraborty et al. 2001; Heffernan et al. 1989). LAMP1
on cell surface has been shown to provide ligands in the
form of sialyl-Lex to E-selectin (Sawada et al. 1993; Tomlinson et al. 2000) and in the form of polyLacNAc to
galectin-3 (Inohara and Raz 1994; Krishnan et al. 2005;
Sarafian et al. 1998). LAMP1 has also been shown to be
present on unique cell surface domains involved in cell
locomotion such as membrane ruffles and microspikes
(filopodia) (Garrigues et al. 1994). Further, its accumulation at the edges and extensions of A2058 human metastasizing melanoma cells (Sarafian et al. 1998) hints toward
its potential role in tumor cell spreading and motility possibly by serving as additional receptors for molecules on
ECM, BM and endothelium.
Using low (B16F1) and high (B16F10) metastatic variants of lung colonizing B16 murine melanoma cells (Hart
and Fidler 1980), polyLacNAc-substituted β1,6 branched
N-oligosaccharides were shown to promote metastasis
of B16F10 cells to the lungs via galectin-3. In addition,
LAMP1 was found to be a major carrier of these oligosaccharides in B16 melanoma cells. It was also shown that
surface translocation of LAMP1, but not LAMP2, correlated with their metastatic potential (Krishnan et al. 2005).
Recently, it was further shown that downregulation of
LAMP1 significantly reduced expression of LAMP1 on the
surface of B16F10 cells resulting in significant loss of their
metastatic potential (Agarwal et al. 2014). LAMP1 has
been shown to be a ligand for galectin-3 which is present in
highest amounts in mice lungs and expressed constitutively
on the surface of lung vascular endothelium (Krishnan
et al. 2005).
However, it remains to be elucidated whether expression
of LAMP1 protein alone on the cell surface is necessary
and sufficient or it also requires glycosylation on LAMP1
especially in the form of polyLacNAc-substituted β1,6
branched N-oligosaccharides for efficient metastasis. The
present paper, therefore, aims to investigate the effect of
overexpression of LAMP1 on the surface of low metastatic
B16F1 cells (deficient in glycosylation machinery) on their
spreading and movement on components of ECM and BM
together with that on galectin-3, and its bearing on their
lung metastasis.

Materials and methods
Cell lines and reagents
B16F1 and B16F10 murine melanoma cell lines were
obtained from National Centre for Cell Science, Pune,
India. Cell culture reagents were obtained from Invitrogen,
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USA. Escherichia coli BL 21 with pET3C plasmid containing a full-length human galectin-3 was a kind gift from Dr.
Hakon Leffler, Lund University, Sweden. Purified rhgalectin-3 was biotinylated as described in (Bayer and Wilchek
1990). Inbred strains of C57BL/6 mice used for the metastatic assays and other experiments were maintained in
the Institute Animal House, and all the animal experiments were approved by the Institutional Animal Ethics
Committee.
Cell culture and experimental metastasis assay
Melanoma cells were routinely cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 10 %
fetal bovine serum (FBS), 0.03 % glutamine, 10 units/
ml of Penicillin G-sodium, 10 μg/ml of streptomycin sulfate and 25 μg/ml of amphotericin B. For treatment of
cells with LAMP1 antibody, melanoma cells were harvested with 0.25 % trypsin, washed in serum-free DMEM
and incubated with 10 μg/ml of LAMP1 antibody for
1 h at 4 °C. For metastasis assays, it was ensured that the
cells existed as single cell suspension and had greater
than 95 % viability and the assay was performed exactly
as described in (Reddy and Kalraiya 2006). Briefly, cells
(0.1 million for F10 + anti-LAMP1 experiment and 0.15
million for F1 + mutLAMP1 experiment, contained in
100 μl) were injected intravenously (i.v.) in inbred strains
of female C57BL/6 mice via the lateral tail vein. The animals were sacrificed after 21 days, and melanoma colonies
on the surface of the lungs were counted using a dissecting
microscope.
Generation of mutLAMP1 (Y386A) clones and their
transduction in B16F1 cells
Total RNA was prepared from B16F10 cells using TRIzol
reagent, and cDNA was synthesized using cDNA synthesis kit (New England Biolabs, USA) as per manufacturer’s
protocol. LAMP1 was amplified from cDNA using forward
primer having XhoI site (represented in bold italics) followed
by Flag tag (represented in bold) and mouse LAMP1 N-terminal sequence (represented in italics): 5′-TATCTCGAG
ATGGATTACAAGGATGACGATGACAAGGAATTCAT
GGCGGCCCCCGGCGCC-3′ and reverse primer: 5′-GGAT
CCCTAGATGGTCTGATAGCCGGCGTGACTCC-3′.
The lentiviral vector generated previously, pLV-K18-YFPIRES-Puro (Sehgal et al. 2012), was digested with XhoI
and NotI restriction enzymes to remove K18-YFP and was
either self-ligated to obtain empty vector control or ligated
to the amplified mouse LAMP1 to generate wild-type
LAMP1 (wtLAMP1) vector. The wtLAMP1 vector was
further used for site-directed mutagenesis of tyrosine386 of

wtLAMP1 to alanine to get mutant-LAMP1 (mutLAMP1)
vector using site-directed mutagenesis kit (Stratagene, USA)
as per manufacturer’s protocol. The primers used for sitedirected mutagenesis included: 5′-AGGAGTCACGCCGGC
GCTCAGACCATCTAGGG-3′ and 5′-CCCTAGATGGTCT
GAGCGCCGGCGTGACTCCT-3′. The vector control plasmid, the wtLAMP1 plasmid and the mutLAMP1 plasmid
were purified and subsequently co-transfected with helper
plasmids (pMD2.G and psPAX2) in HEK293FT cells,
and infectious viruses containing empty vector control,
wtLAMP1 and mutLAMP1 were generated as described
previously (Ranjan and Kalraiya 2013) which were used for
transduction of B16F1 cells using 8 μg/ml polybrene. The
clones were stably selected using puromycin (1 µg/ml). One
vector control clone (VC), one wtLAMP1 clone and two
mutLAMP1 clones (C1 and C11) growing in the form of isolated colonies were selected. The selected clones were maintained at a concentration of 0.5 μg/ml puromycin.
Flow cytometric analysis of galectin‑3 binding and surface
expression of LAMP1
For flow cytometry of LAMP1, melanoma cells were
stained with LAMP1 antibody (clone 1D4B, BD Biosciences, USA) as described previously (Krishnan et al.
2005). For determination of galectin-3 binding, melanoma
cells were first fixed by overnight incubation with 1 %
paraformaldehyde in PBS (pH 7.4) followed by galectin-3
staining as described previously for biotinylated LPHA
(Krishnan et al. 2005). Briefly, 0.5 million melanoma
cells were incubated with 30 μg of biotinylated rhgalectin-3 in 40 μl of FACS buffer (PBS pH 7.4, containing
1 % FBS) followed by extra-avidin-FITC (Sigma) diluted
1:25 in FACS buffer. Cells treated with extra-avidin-FITC
alone served as control. Fluorescent cells were acquired
at 488 nm and analyzed on FACSCalibur using CellQuest
software (BD Biosciences).
Detection of expression of LAMP1 on the cell surface
by immunofluorescence staining
Immunofluorescence staining was done as described
in (Ranjan et al. 2014). Briefly, melanoma cells were
seeded on coverslips and grown overnight in complete
medium up to 70–80 % confluency. Cells were washed
thrice with PBS (pH 7.4) and fixed with 2 % paraformaldehyde at RT for 5 min. They were washed again with
PBS, blocked with 3 % BSA in PBS for 1 h at RT in
humidified chamber and incubated with primary antibody
(LAMP1) for 1 h in humidified chamber, followed by
three washes with PBS to remove excess or non-specifically bound antibody. Cells were further incubated with
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fluorescence-tagged secondary antibody (anti-rat FITC)
for 1 h followed by three washes with PBS. Those incubated only with fluorescence-tagged secondary antibody
served as isotype control. Nuclei were stained with 5 μg/
ml of 4′,6′-diamidino-2-phenylindole dihydrochloride
(DAPI) in PBS for 1 min, and coverslips were mounted
on slides using vectashield mounting medium. Images
were acquired using a Carl Zeiss laser confocal microscope at 63× magnification.
Purification of recombinant human galectin‑3
Expression and purification of recombinant human (rh)
galectin-3 was carried out exactly as described previously
(Krishnan et al. 2005).
Cell spreading assays
Cell spreading assays were done as per (Lagana et al.
2006). Briefly, melanoma cells were harvested, washed
free of serum and seeded at a cell density of 0.5 million/
ml in serum-free DMEM on the coverslips coated overnight with 75 μg/ml galectin-3, 10 μg/ml fibronectin and
matrigel (BD Biosciences, USA) in serum-free DMEM at
4 °C. The cells were incubated for 45 min in a CO2 incubator. Coverslips treated with serum-free DMEM only served
as control. Bound cells were fixed in 4 % paraformaldehyde, permeabilized with 0.5 % Triton X-100 for 15 min
and stained with 2 μg/ml Phalloidin-FITC staining solution
made in PBS (containing 1 μg/ml of lysolecithin, 10 %
methanol, 0.5 % BSA) (Lagana et al. 2006) for 15 min at
37 °C. Nuclei were stained with 5 μg/ml of DAPI in PBS
for 1 min. The stained cells were mounted, and images
were acquired using a Carl Zeiss laser confocal microscope
at 63× magnification.
Wound‑healing assays
For wound-healing assays, six well culture dishes were
coated overnight with 75 μg/ml of galectin-3, 10 μg/
ml of fibronectin and matrigel in serum-free DMEM at
4 °C, followed by blocking of non-specific sites with 2 %
BSA for 1 h. Melanoma cells were harvested, seeded at a
density of 0.5 million cells per ml of complete medium
and incubated at 37 °C for 24 h in a CO2 incubator. The
cells were treated with 40 μg/ml mitomycin C (Sigma)
for 3 h for inhibiting cell proliferation. A straight, uniform wound (approx. 400 μm in width) was made using
a micropipette tip on the monolayer, and the cells were
maintained in serum-free DMEM. Wound closure of cells
in response to the immobilized galectin-3, fibronectin and
matrigel was measured for 16 h by time lapse video imaging of at least three different positions across the length of
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Fig. 1  Cell surface LAMP1 plays an important role in lung-specific
metastasis. a Melanoma colonies on lungs of C57BL/6 mice injected
with untreated B16F10 cells (F10), and those treated with 10 μg/ml
of either control rat IgG (F10 + control IgG) or blocking antibodies to LAMP1 (F10 + anti-LAMP1). Four mice were taken in each
group. b Graphical representation of mean number of lung colonies.
One-way analysis of variance followed by Bonferroni’s multiple
comparison test was performed to compare significance (denoted by
***p value <0.001)

the wound using a Carl Zeiss inverted microscope at 10x
magnification. Uncoated wells, blocked only with BSA,
served as control.
Preparation of total cell lysates, protein estimation,
SDS‑PAGE and Western blotting
Preparation of total cell lysates, protein estimation, SDSPAGE and Western blotting was done exactly as described
previously (Krishnan et al. 2005).
Immunoprecipitation of LAMP1
Total cell lysate (2 mg) was precleared and later incubated at RT for 2 h with 20 μg of anti-LAMP1 antibody.
This was followed by addition of 200 μl of protein G
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Fig. 2  Analysis of LAMP1 expression on the surface of melanoma
cells. Comparison of surface expression of LAMP1 by flow cytometry, in a B16F1 cells (gray shade F1), B16F1 cells infected with
viruses having empty vector control (pink dotted lines VC) and
B16F10 cells (green solid lines F10) and b comparison of the same
between vector control (pink dotted lines VC) and B16F1 clones
expressing mutLAMP1 (gray shade C1) and (orange solid lines C11).

Cells treated with only anti-rat FITC served as control (__). The flow
cytometry overlays have been split into two for better understanding of the data. c Graphical representation of the mean fluorescence
intensities of surface LAMP1 of the cells shown in a and b. d Immunofluorescence images of the cells stained with anti-LAMP1 antibody
and FITC-labelled secondary antibody (green). Nuclei were stained
with DAPI (blue). Scale bar 5 μm

Sepharose beads (50 % suspension) (GE Healthcare,
Amersham, UK) and incubation overnight at 4 °C. The
beads were pelleted at 2,000 rpm for 10 min and later
washed five times with 1 ml of lysis buffer. The bound
proteins were eluted by boiling the beads in 1× Laemmli sample buffer for 5 min, separated on SDS-PAGE,
Western blotted and probed with LAMP1 antibody and
with biotinylated LPHA or LEA (Vector Labs, USA) as
described previously (Krishnan et al. 2005).

Results

Statistical analysis
All the data are represented as mean ± SD unless stated.
All the statistical analysis was performed using GraphPad
Prism 5. For spreading and experimental metastasis assays,
comparison within the group was done by performing oneway ANOVA followed by Bonferroni’s multiple comparison test. For wound-healing assays, two-way ANOVA with
the Bonferroni posttest was conducted. (p value <0.05 was
considered significant).

Blocking cell surface LAMP1 with specific antibodies
inhibits lung metastasis of B16F10 cells
Expression of LAMP1 on the cell surface correlates with
metastatic potential of B16 melanoma cells, and downregulation of their expression in high metastatic B16F10
cells inhibited their metastasis. To understand how surface
LAMP1 possibly participates in metastasis, B16F10 cells
were pre-treated with LAMP1-specific antibodies to make it
unavailable for interaction, and its effect on metastasis was
assessed. Untreated cells or those treated with pre-immune
IgG served as controls. Pre-treatment with anti-LAMP1
antibody significantly reduced the metastatic ability of cells
as compared to controls (Fig. 1a, b) confirming that surface
LAMP1 indeed plays a key role in imparting metastatic
phenotype. To explore the possible mechanism by which
LAMP1 facilitates interactions with molecules on lungs,
B16F1 cells were transduced with mutLAMP1 (Y386A).
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Fig. 3  Effect of increased surface expression of LAMP1 on spreading of melanoma cells on fibronectin and matrigel. Spreading of
B16F1 cells infected with viruses having empty vector (VC) or those
having mutLAMP1 (C1 and C11) and F10 cells on a fibronectin (FN)
and b matrigel (Mat)-coated coverslips as assessed by staining with
Phalloidin-FITC (green). DAPI was used to stain the nuclei (blue).

Scale bar 5 μm. c Each bar represents ratio of cytoplasmic to nuclear
(C/N) area for around 100 cells from two different experiments for
spreading on fibronectin (FN) and d for spreading on matrigel (Mat).
One-way analysis of variance followed by Bonferroni’s multiple
comparison test was performed to compare significance (denoted by
***p value <0.001)

Expression of mutLAMP1 (Y386A) in B16F1 cells results
in elevated expression of LAMP1 on the cell surface

and C11) as compared to either uninfected (F1) or those
infected with virus with vector alone (vector control—
VC). The surface expression of LAMP1 in the clones C1
and C11 was several folds higher even when compared to
B16F10 (F10) cells as observed by both flow cytometry
(Fig. 2a–c) and immunofluorescence (Fig. 2d). The impact
of increased surface expression of LAMP1 on the cellular
properties, important from the point of view of metastasis,
was explored.

Mutation in a specific region (Tyr386) of the cytoplasmic
tail of LAMP1 has been shown to direct them to cell surface instead of lysosomes (Williams and Fukuda 1990).
Stable expression of this mutLAMP1 (Tyr386 to Ala386) by
lentiviral infection of B16F1 cells resulted in significantly
higher surface expression of LAMP1 in both the clones (C1
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Fig. 4  Effect of increased surface expression of LAMP1 on motility of melanoma cells on fibronectin and matrigel. Motility of B16F1
cells infected with viruses having empty vector (VC) or those having mutLAMP1 (C1 and C11) and F10 cells on a fibronectin and b
matrigel-coated plates as represented by time lapse video microscopy
images at 0 and 16 h of wound closure. c, d Represent mean percent

wound closure at 4-h interval on fibronectin and matrigel, respectively. Area of wound closure was measured by Image J software and
each image from two different experiments was analyzed at three different positions. Two-way analysis of variance followed by Bonferroni’s multiple comparison test was performed to compare significance
from VC (denoted by ****p value <0.0001, ***p value <0.001)

Increased surface expression of LAMP1 on B16F1 cells
results in significantly increased spreading and motility
on fibronectin and matrigel

for metastasis. Wild-type LAMP1 (WT) was also overexpressed in B16F1 cells (Supplementary Fig. S1). But since
its expression did neither affect the surface expression of
LAMP1 (Supp Fig. S1a and b) nor affect the spreading of
melanoma cells on fibronectin (Supp Fig. S1c) to a significant extent as compared to VC, it was not used for further
studies.

Purified LAMP1 has been shown to have an affinity for
ECM and BM components (Laferté and Dennis 1988). It
is possible that the LAMP1 overexpressed on the surface
is used as an alternate receptor for these components. The
clones overexpressing LAMP1 on the cell surface indeed
showed significantly higher spreading on both fibronectin (ECM component) and matrigel (reconstituted BM) as
compared to vector control (VC), as seen by laser confocal microscopic images (Fig. 3a, b) and by analyzing ratios
of the cytoplasmic to nuclear areas (Fig. 3c, d). The clones
also showed much higher motility on these substrates as
measured by wound-healing assay (Fig. 4a, c for fibronectin, Fig. 4b, d for matrigel). The results strongly indicate
that the increased surface LAMP1 may alter the cellular
properties of cells which might eventually be important

Increased expression of LAMP1 on the surface of B16F1
cells had no effect on their spreading and motility
on galectin‑3
LAMP1 is a major carrier of polyLacNAc and is a known
ligand for galectin-3. Secreted galectin-3 often becomes
part of the ECM, BM and even the cell surface (Liu and
Rabinovich 2005) and is used as a substratum for cellular adhesion, spreading and movement. Surprisingly, the
increased surface expression of LAMP1 had no effect on
spreading of these cells (C1 and C11) on galectin-3 as
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Fig. 5  Effect of increased surface expression of LAMP1 on spreading of melanoma cells on galectin-3. Spreading of B16F1 cells
infected with viruses having empty vector (VC) or those having
mutLAMP1 (C1 and C11) and F10 cells on a uncoated (Un) and b
galectin-3 (Gal3)-coated coverslips as assessed by staining with Phalloidin-FITC (green). DAPI was used to stain the nuclei (blue). Scale

bar 5 μm. c, d Each bar represents ratio of cytoplasmic to nuclear
(C/N) area for around 100 cells from two different experiments for
spreading on uncoated c and galectin-3-coated coverslips d. One-way
analysis of variance followed by Bonferroni’s multiple comparison
test was performed to compare significance

compared to the vector control cells (VC), and the spreading was very similar to that seen on uncoated coverslips,
as seen by laser confocal microscopic images (Fig. 5a, b)
and quantitated by ratios of cytoplasmic to nuclear areas
(Fig. 5c, d). Besides, motility of these cells (C1 and C11)
was also almost similar to vector control cells (VC) in the
presence of either BSA (Fig. 6a, c) or immobilized galectin-3 (Fig. 6b, d). The lack of any effect is possibly because
of low levels of polyLacNAc substitutions as they have
been shown to be the major participants in galectin-3-mediated processes.

Increased surface expression of LAMP1 neither increases
galectin‑3 binding to B16F1 cells nor increases their
metastatic potential
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LAMP1 is a highly glycosylated molecule and is a major
carrier of polyLacNAc. In spite of >20-fold increase in
expression of LAMP1 on the surface of clones C1 and
C11 as compared to even B16F10 cells (Fig. 2c), it did not
result in any gain of their metastatic potential as compared
to the parent B16F1 cells (Fig. 7a). Moreover, the binding
of galectin-3 to these cells also remained largely unaltered
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Fig. 6  Effect of increased surface expression of LAMP1 on motility of melanoma cells on galectin-3. Motility of B16F1 cells infected
with viruses having empty vector (VC) or those having mutLAMP1
(C1 and C11) and F10 cells on a BSA and b galectin-3-coated plates
as represented by time lapse video microscopy images at 0 and 16 h
of wound closure. c, d Represent mean percent wound closure at 4-h

interval on BSA and galectin-3, respectively. Area of wound closure
was measured by Image J software and each image from two different experiments was analyzed at three different positions. Two-way
analysis of variance followed by Bonferroni’s multiple comparison
test was performed to compare significance from VC (denoted by
***p value <0.001)

(Fig. 7b, c). Immunoprecipitation experiment revealed
that β1,6 branched N-oligosaccharides and polyLacNAc
(probed with LPHA and LEA, respectively) on LAMP1
from VC and C1 cells were comparable and were much
lower as compared to that present on LAMP1 from F10
cells (Fig. 7d). This clearly suggests that carbohydrates on
LAMP1 may play a crucial role in lung metastasis.

BM molecules on the lungs. Its importance in the metastatic process was further confirmed when B16F10 cells
pre-incubated with LAMP1-specific antibodies showed significantly reduced metastatic potential (Fig. 1). Binding of
these antibodies possibly prevented LAMP1 from interacting with such molecules on the lungs.
Although our previous results point toward the role of
polyLacNAc-substituted N-oligosaccharides on LAMP1
in the metastatic process (Agarwal et al. 2014), purified
LAMP1 has also been shown to have an affinity for several
ECM and BM components such as fibronectin, laminin,
collagen-I and IV and even RGD peptides (Laferté and
Dennis 1988). On the cytoplasmic end, LAMP1 has been
shown to interact with ezrin (Federici et al. 2009) which
functions as a linker between the actin cortical cytoskeleton
and various membrane-bound molecules (Bretscher et al.
2002; Neisch and Fehon 2011). This may influence cellular properties important for motility. It is thus possible that
both LAMP1 protein and the carbohydrates on it contribute
in influencing the metastatic process.

Discussion
Expression of LAMP1 on the cell surface correlates with
metastatic potential of B16 melanoma cells, and downregulation of its expression results in its decreased surface
expression and concomitantly decreased metastasis (Agarwal et al. 2014; Krishnan et al. 2005). LAMP1 on the cell
surface possibly facilitates metastasis by providing high
density of high affinity ligands for galectin-3 expressed
in highest amounts on the lungs and constitutively on its
vascular endothelium, or by interacting with specific ECM/
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Fig. 7  Increased surface expression of LAMP1 on B16F1 cells
has no effect on lung metastasis. a Melanoma colonies on lungs of
C57BL/6 mice injected with F1, VC, C1, C11 and F10 cells. Five
mice were taken in each group. b Comparison of galectin-3 binding
by flow cytometry using biotinylated galectin-3 in uninfected B16F1
cells (red dotted lines F1) or those infected with viruses having empty
vector as control (pink dotted lines VC) with B16F1 clones expressing mutLAMP1 (blue dotted lines C1) and (orange dotted lines C11)

and with B16F10 cells (green solid line F10). Cells treated with only
extra-avidin FITC (__) served as control. c Graphical representation
of the mean fluorescence intensities of galectin-3 binding of all the
cells. d Comparison of β1,6 branched N-oligosaccharides (LPHA)
and polyLacNAc (LEA) on normalized amounts of immunoprecipitated LAMP1 from B16F10 (F10) cells and B16F1 cells having either
empty vector (VC) or mutLAMP1 (C1), by Western blotting

The low metastatic B16F1 cells that express much lower
levels of both surface LAMP1 and polyLacNAc-substituted
β1,6 branched N-oligosaccharides provide a perfect system
to investigate the role of LAMP1 and its associated oligosaccharides, in the metastatic process. Transduction of mutLAMP1 in B16F1 cells provided an ideal model to explore
the mechanism by which LAMP1 may influence metastasis, as it resulted in significantly higher expression on the
cell surface. These cells expressed >20-fold higher expression of LAMP1 on the cell surface as compared to even
B16F10 cells (Fig. 2). Considerably increased expression
of LAMP1 on cell surface resulted in significant increase
in their spreading and motility on both fibronectin (ECM)
and matrigel (BM) (Figs. 3, 4). Although integrins are the
known receptors for such components, this is the first report
which shows that LAMP1 expressed in such higher amounts
on the surface could influence these cellular properties and
the underlying mechanism would be worth investigating.

Alternatively, LAMP1 may also promote interactions
with molecules on the target organ via high levels of glycosylated structures on it. LAMP1 is a highly glycosylated
protein. More than 60 % of its weight is contributed by carbohydrates. Each LAMP1 molecule carries 17–20 N-glycosylation sites that are often substituted further with structures such as Lewis antigens and polyLacNAc (Fukuda
1991). As major portion of LAMP1 is extracellular, it may
provide ligands for endogenous lectins such as selectins
and galectin-3 expressed on the organ vascular endothelium, in an easily accessible manner (Häuselmann and Borsig 2014).
Lungs express highest amounts of galectin-3 and express
it on all the major compartments of the lungs including constitutive expression on the surface of its vascular endothelium (Dange et al. 2014; Krishnan et al. 2005). Previously,
polyLacNAc-substituted β1,6 branched N-oligosaccharides
have been shown to facilitate lung metastasis by anchoring

13

J Cancer Res Clin Oncol

on to galectin-3 on organ endothelium (Krishnan et al.
2005). More recently, we showed that this lectin carbohydrate pair may participate in not just anchoring, but in all
the subsequent steps of extravasation such as spreading to
stabilize adhesion, degradation of ECM/BM and movement
into organ parenchyma (Dange et al. 2014). It has also been
shown that polyLacNAc-substituted N- and not O-oligosaccharides participate in all these processes and shRNAmediated inhibition of polyLacNAc synthesis inhibits these
processes including lung metastasis (Dange et al. 2014;
Srinivasan et al. 2009).
PolyLacNAc is the most preferred ligand for galectin-3,
and LAMP1 was shown to be one of the major carriers
of polyLacNAc on high metastatic B16F10 cells. Moreover, the levels of polyLacNAc-substituted β1,6 branched
N-oligosaccharides on LAMP1 per se have been shown to
correlate with the metastatic potential of melanoma cells
(Krishnan et al. 2005). Further, glycosylation in these cells
has also been shown to modulate the surface expression
of LAMP1 (Agarwal and Kalraiya 2014). Downregulation
of LAMP1 in B16F10 cells has been shown to affect the
galectin-3-mediated cellular processes and their metastatic
potential (Agarwal et al. 2014). Overexpression of surface
LAMP1 on B16F1 cells thus may also influence galectin3-mediated metastatic processes.
However, B16F1 clones overexpressing LAMP1 on
the cell surface showed neither enhanced spreading nor
motility on galectin-3-coated surfaces (Figs. 5, 6). Even
the ability to metastasize to lungs remained unaltered
(Fig. 7a). In spite of >20-fold higher surface expression of
LAMP1, binding of galectin-3 to the clones overexpressing surface LAMP1 remained unaltered and was much
lower as compared to B16F10 cells (Fig. 7b, c). Since
galectin-3-mediated effects are dependent on galectin3-polyLacNAc interactions, it was plausible to think that
each LAMP1 molecule expressed on cell surface might
not have adequate polyLacNAc units. Immunoprecipitation
experiments indeed confirmed that there was no increase
in β1,6 branched N-glycans and polyLacNAc (Fig. 7d) on
LAMP1 molecules from these cells which was significantly
lower as compared to that on LAMP1 from B16F10 cells.
The low levels of polyLacNAc-substituted β1,6 branched
N-oligosaccharides on LAMP1 in these cells could be
due to limitation in availability of enzymes that add β1,6
branch and polyLacNAc in B16F1 cells (Dange et al. 2014;
Srinivasan et al. 2009). Although increasing expression
of such enzymes in B16F1 cells may increase their metastatic potential, it would be difficult to attribute it solely to
the carbohydrates on LAMP1, as they would glycosylate
several other surface proteins as well. The present study
thus clearly demonstrates that although increased surface
expression of LAMP1 may aid in mediating interactions
with the ECM and BM components, it has no influence

on melanoma metastasis to the lungs unless it carries high
density of ligands (polyLacNAc) for galectin-3.

Conclusions
Metastasis being a multistep process, only cells proficient
in all the steps of metastasis are able to metastasize. Cells
deficient in mediating even one of these critical events are
unable to metastasize, which is often referred to as metastatic inefficiency (Fidler 2003; Weiss 1990). These studies demonstrate that interaction of polyLacNAc on surface
LAMP1 with galectin-3 on organ endothelium may be
a critical rate-limiting step in the arrest and metastasis of
melanoma cells to the lungs. In spite of gaining additional
characteristics of interacting with organ ECM and BM,
unless proficient in getting arrested in target organ endothelium, the cells fail to metastasize.
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