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Abstract

Purpose—Several studies have reported aberrant expression of MUC4 in pancreatic cancer (PC)
which is associated with tumorigenecity and metastasis. Mechanisms through which MUC4
promote metastasis of PC cells to distant organs are poorly defined.

Experimental design—Identification of MUC4-galectin-3 interaction and its effect on the
adhesion of cancer cells to endothelial cells were done by immunoprecipitation and cell-cell
adhesion assays, respectively. Serum galectin-3 level for normal and PC patients were evaluated
through enzyme-linked immunosorbent assay (ELISA).

Results—In the present study, we have provided clinical evidence that the level of galectin-3 is
significantly elevated in the sera of PC patients with metastatic disease compared to patients
without metastasis (p=0.04) and healthy controls (p= 0.00001). Importantly, for the first time, we
demonstrate that MUC4 present on the surface of circulating PC cells plays a significant role in
the transient and reversible attachment (docking) of circulating tumor cells to the surface of
endothelial cells. Further, exogenous galectin-3 at concentrations similar to that found in the sera
of PC patients interacts with MUC4 via surface glycans like T antigens, which results in the
clustering of MUC4 on the cell surface and a stronger attachment (locking) of circulating tumor
cells to the endothelium.

Conclusions—Altogether, these findings suggest that PC cell-associated MUC4 helps in the
docking of tumor cells on the endothelial surface. During cancer progression, galectin-3-MUC4
interaction mediated clustering of MUC4 may expose the surface adhesion molecules, which in
turn promotes a stronger attachment (locking) of tumor cells to the endothelial surface.
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Introduction

Pancreatic cancer (PC) is the fifth leading cause of adult cancer death in the United States,
with a five-year survival rate of only 1-4% [1]. PC is an extremely aggressive tumor, with
early metastases to both lymph nodes and distant organs [2]. The invasive properties PC
cells lead to the growth of the tumor in major abdominal vessels, the neighboring organs,
and the retroperitoneal bed, which makes curative resection often impossible [2,3]. During
the processes of invasion and metastasis, tumor cells leave their primary site, invade the
surrounding extracellular matrix and the endothelium, penetrate the blood and lymph
vessels, and finally attach and proliferate at a secondary site [2]. However, little is known of
the molecular and cellular mechanisms that contribute to this cascade of events that leads to
local tumor invasion and the formation of distant metastases. A better understanding of the
molecular mechanisms behind PC metastasis will help to develop newer, more efficacious
anti-cancer therapies. The normal cell expresses a variety of cell adhesion molecules on its
surface. These receptor molecules are involved in cell-to-cell communication and
characterize the cell's position and function in the community with other cells and the
extracellular matrix [2,4]. During malignant cell transformation, the pattern of surface
molecules and their activity can be dynamically changed. Thus, the cancer cells develop the
ability to disrupt and invade normal tissue structures and finally form metastases in distant
organs [5,6].

Haematogenous metastasis is a multi-step process and includes the detachment and release
of tumor cells into the circulation, their adhesion to the endothelial wall of target tissues and
either local growth or invasion through the microvascular wall and proliferation in the target
organ parenchyma [7]. It is a well established phenomenon that the arrest of circulating
cancer cells is a key rate-limiting step in their emigration from the circulation to the
metastatic sites. In this regard, accumulating evidence suggests that within the systemic
circulation, circulating tumor cells interact with both humoral and cellular constituents of
blood and that this interaction promotes attachment of tumor cells with the endothelial cells
for further metastasis. Several studies have shown that blood-borne tumor cells mediate their
adhesion to the endothelium by using mechanisms similar to those adopted by leukocytes.
Initial weak or transient contacts between cancer cells and the endothelium (docking) are
likely to be mediated by carbohydrate-carbohydrate reorganization [8,9]. This transient
attachment further induces molecular changes in both the attached tumor cells and the
endothelium by altering the expression and/or the localization of various permanent
adhesion receptors (e.g. integrins and cadherins) and their corresponding ligands, leading to
subsequent strong attachment (locking) of tumor cells to the endothelial surface [10].

MUC4 mucin is a high-molecular-weight glycoprotein which is aberrantly expressed by PC
cells but not by the non-neoplastic ducts. Structurally, MUC4 consists of two subunits: the
large extra-cellular subunit, MUC4q, and the transmembrane subunit, MUC4. Specifically,
the mucin-like MUC4a, subunit is heavily O-glycosylated [11]. Previous studies from our
laboratory have shown that MUC4 potentiates PC cell proliferation, survival, invasion, and
distant organ metastasis [11-14]. Due to the presence of many carbohydrate moieties on its
surface, MUCA4 is a potential binding partner for different carbohydrate binding proteins
including galectin-3. galectin-3, a member of the p-galactoside-binding family of lectins has
emerged as a major player in cancer metastasis in general and PC in particular [15,16].
Lurisci et al. had earlier reported that serum galectin-3 levels were elevated in patients with
metastatic cancer (particularly gastrointestinal malignancies) compared to that in patients
with localized disease. This suggested that galectin-3 levels may play a role in the
progression of malignant gastrointestinal tumors including PC [17]. Galectin-3 binds to
several extracellular and membrane bound ligands including laminin, fibronectin, tenascin
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and various integrins. This interaction, which is dependent on the glycosylation status of
these ligands, has been demonstrated to either promote or inhibit cell adhesion depending
upon the concentration of galectin-3 and upon the concentration and level of glycosylation
of its ligands. Further, due to its oligomer forming nature, extracellular galectin-3 may
facilitate cell-cell interactions by acting as a cross linker [18,8]. Secreted galectin-3 (present
in serum) has previously been demonstrated to interact with another membrane bound mucin
MUC1, and this interaction promoted cancer cell adhesion to the endothelium by revealing
epithelial adhesion molecules that were otherwise concealed by MUC1 overexpression on
the cell surface [19]. Given the extensive O-glycosylation present in the extracellular portion
of MUC4 and its association with metastasis in PC, we hypothesized that galectin-3 (either
cell surface bound or secreted) could be a potential binding partner for MUC4 present on the
surface of the circulating PC tumor cells and that this interaction modulates the adhesion of
MUC4 expressing PC cells with the endothelium.

The results of our experiments reveal, for the first time, a novel interaction of MUC4
(present on PC cells) with secreted galectin-3. We also demonstrate that this interaction is
mediated by the carbohydrate structures (T-antigens) present on MUC4. We also observed
that serum galectin-3 levels were significantly higher in patients with metastatic PC than in
those with localized PC or healthy controls. We also observe that MUC4 is important for the
transient adhesion of circulating tumor cells to the endothelial cells in vitro. Finally, we
report that extra-cellular galectin-3 binding to cancer-associated MUC4 alters its cell-surface
localization, which could expose other cell-surface adhesion molecules and thus, helps with
the strong adhesion of tumor cells to the endothelial cells. The identification of the MUCA4-
galectin-3 interaction as a modulator of PC cell adhesion to the endothelium indicates that
this interaction could serve as an important target to develop novel anti-adhesive therapies
for advanced PC.

Material and Methods

Galectin-3 recombinant protein (rGal-3) and anti-galectin-3 antibody

Cell culture

Human Galectin-3 cDNA was obtained from the American Type Culture Collection
(ATCC). A double-digested with EcoRI and Pst | fragment was sub-cloned into pUC19 and
transformed into E.coli mrf' cells. The insertion was confirmed by analysis by the UNMC
DNA sequence core facility. Log-phase cultures in LB broth at 37°C were incubated with
0.1mM Isopropyl thio-galactopyranoside (Stratagene, La Jolla, CA) for five hr. Cells were
isolated by centrifugation and suspended in PBS containing 1mg/ml lysozyme (Sigma, St.
Louis, MO). Following cell lysis by sonication (4x90sec. at 4°C), cell membranes were
precipitated by centrifugation at 10,000xg for 20 min and the supernatant fraction applied to
a lactose-sepharose (Vector Labs, Burlingame, CA) column. After extensive washing with
PBS, galectin-3 was eluted with 300mM lactose in PBS.

The M3/38 hybridoma secreting rat anti-galectin-3 1gG,a antibody was obtained from the
ATCC, and grown in RPMI11640, 37°C. Culture supernatant was used as a source of
antibody.

The human PC cell lines CD18/HPAF and Colo357 were cultured as before [16]. Human
umbilical vein endothelial cells (HUVEC) were obtained from ATCC and were cultured as
described previously [17].
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Immunoprecipitation and immunoblot analysis

Immunoprecipitation, SDS-PAGE, and immunablotting analysis were done as previously
described [11,18]. Lysates from CD18/HPAF and Colo357 cells were utilized for
immunoprecipitation. The immunoprecipitants were electrophoretically resolved on 2%
agarose (for MUC4) or 15% polyacrylamide gel (for galectin-3). Antibodies, mouse anti-
MUC4 monoclonal antibody at a concentration of 1.87ug/ml [18] and rat anti-galectin-3
(described previously) were used for the analysis. For immunoprecipitation, isotype-
matched mouse and rat 1gG were used as negative controls.

Galectin binding assay

Cells were harvested and resuspended at a density of 2.5 x 10° cells/ml. A total of 100ul of
the prepared cells were seeded in triplicate to galectin-1 and -3 protein-coated 96-well plates
(Calbiochem, La Jolla, CA) and incubated for 1 h at 37°C in the presence and absence of
50mM lactose and sucrose. After incubation, the cell suspension was discarded and the wells
were gently washed twice with PBS. The cells that adhered to the wells were incubated with
100ul of Calcein-AM dye for 1 h at 37°C. The fluorescence of the samples was measured
using the fluorescence plate reader at an excitation wavelength of 485nm and the emission
wavelength of 520 nm. The significance of each binding assay was evaluated using the t test
assuming unequal variances. P-values lower than 0.05 were considered statistically
significant. To determine statistical significance between more than two groups, ANOVA
was used (n=3).

Determination of serum galectin-3 levels by sandwich ELISA

Galectin-3 levels in serum were measured quantitatively by sandwich ELISA using the
DuoSet ELISA kit for human Galectin-3 (R&D Systems, Minneapolis, MN) according to
the manufacturer's instructions. ELISA plates were read at 450 nm, and data collected was
analyzed using the SOFTMAX PRO software (Molecular Devices Corp., Sunnyvale, CA).
Data were analyzed by using the MedCalc for Windows version 9.6.4.0 software (MedCalc
Software, Mariakerke, Belgium). Variables were compared by using the two-tailed Student's
t-test. P value < 0.05 was considered as statistically significant.

Cell adhesion to HUVECs

CD18/HPAF-Scr and CD18/HPAF-siMUC4 cells were labeled with DIO fluorescent cell
labeling solution for 30 min. The cells were washed with PBS and treated with non-
enzymatic cell dissociation solution and cells were incubated with or without rGal-3 (1ug/
ml) for 30 min at 37°C and followed by incubation of these cells (5x10%) on HUVEC
monolayer cultured on chamber slides. To remove the unbound cells, the chamber slides
were then gently washed with PBS and inverted for 10 min at room temperature. The slides
were mounted, and fluorescent cells were counted in ten randomly chosen fields using a
fluorescent microscope with a 20x objective. Statistical analysis was carried out as described
previously for the galectin binding assay.

Immunofluorescence microscopy

With a few modifications, this experiment was carried out in a manner similar to that
described previously [11]. After the blocking step, the anti-MUC4 antibody was replaced
with PNA-Alexa Fluor 488 conjugates (Molecular Probe, Eugene, Oregon, final
concentration 20ug/ml). Then, without any further secondary antibody treatment, cells were
washed and processed for confocal laser microscopy.
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Cell surface localization of MUC4

CD18/HPAF cells were released from the culture plates using the non-enzymatic cell
dissociation solution. After washing, 10* cells were incubated with or without rGal-3 (1-2
ug/ml) for 1 h at 4°C. The cell suspensions were then seeded on polylysine-coated slides for
1 h at 37°C. After gentle washing, the cells were fixed with 2% paraformaldehyde, blocked
with 5% normal goat serum, and probed with anti-MUC4 antibody (18.7 ug/ml), followed
by fluorescent-labeled secondary antibody. MUC4 localization was visualized using
confocal microscopy.

Statistical Analysis

Results

The statistical analyses were performed using the unpaired t test for single comparison, and
the one-way analysis of variance (ANOVA) test for multiple comparisons, where
appropriate. Differences were considered significant when p<0.05.

Serum galectin-3 levels are elevated in pancreatic cancer patients with metastatic lesions

Elevated serum galectin-3 level has been shown to be associated with metastasis of different
cancer. Therefore, we were interested to investigate the status of serum galectin-3 level in
pancreatic cancer patients. For this purpose, in a larger cohort of patients, we did a
quantitative analysis of serum galectin-3 levels in PC patients (with or without metastasis)
and healthy controls. A total of 89 samples were analyzed, of which 22 were from healthy
controls, 43 of PC patients with distant metastasis and 24 of PC patients with localized
disease. The mean galectin-3 levels were significantly higher in PC patients compared to
that in healthy controls (p<0.05, Table 1). Further, among PC patients, serum galectin-3
levels were significantly (p<0.05) higher in those with metastatic PC than in those with
localized disease.

MUC4 interacts with galectin-3 in PC cells

MUCA4 is overexpressed in PC cells and has an extensively O-glycosylated extracellular
portion that harbors many carbohydrate structures, which might interact with carbohydrate
binding proteins like galectin-3. To investigate whether an interaction exists between MUC4
and galectin-3, we analyzed two MUC4* galectin-3 cell lines (CD18/HPAF and Colo357)
by reciprocal co-immunoprecipitation. Our results clearly demonstrate that MUC4 and
galectin-3 form a stable complex in both the PC cell lines (Figure 1).

Specific binding of MUC4-expressing cells to galectin-3

In order to determine the specificity of MUC4-galectin-3 interaction, a binding assay was
performed. Recently, we have generated a MUC4-knockdown model in CD18/HPAF,
MUC4 overexpressing PC cells [20]. This model is comprised of a scrambled ShRNA-
expressing pooled population (CD18/HPAF-Scr) and MUC4-target shRNA-expressing
pooled population (CD18/HPAF-siMUC4), exhibiting a >80% decrease in the expression of
MUC4 as compared to CD18/HPAF-Scr cells [10]. The binding assay was performed on
galectin-3 coated plates. The CD18/HPAF-siMUC4 cells showed a significant decrease in
binding to galectin-3 coated plates in comparison to CD18/HPAF-Scr cells (p <0.05).
However, binding to galectin-1 was not significantly altered (Figure 2A).

MUC4 carries T antigen structures on its surface, and lactose competitively inhibits MUC4-
galectin-3 binding

For a direct interaction between MUC4 and galectin-3, MUC4 should carry galectin-3
binding sites on its surface. T antigen, a core 1 mucin glycan (Galp1-3GalNAcaSer/Thr), is
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expressed on the outer surface of many cancer cells, including PC [8,19]. Importantly,
studies have shown that galectin-3 interaction with cancer-associated T antigen promotes
cancer metastasis by enhancing the adhesion of circulating tumor cells to endothelial cells
[17]. Among the proteins that are used to detect T antigen, peanut (Arachis hypogaea)
agglutinin (PNA) is most widely used. Therefore, to check whether MUC4 has any T
antigen structures on its surface or not, using PNA-Alexa Fluor 488 conjugates, an
immunofluorescence experiment was carried out. In this experiment, CD18/HPAF-SCR
cells showed more intense staining than CD18/HPAF-siMUC4 cells (Figure 2B). Further, to
check the specificity of galectin-3 and MUC4 interaction, a binding experiment was carried
out (Figure 2C). We found that in contrast to MUC4 knock-down cells, the binding of
scrambled RNA transfected CD18/HPAF cells was significantly inhibited in the presence of
50mM lactose (specific competitive inhibitor of galectin-3; p= 8.66E-11). However, the
binding was not affected in the presence of 50mM sucrose (as a negative control; p = 0.2).

MUC4 itself promotes adhesion of PC cells to HUVECs and the adhesion is enhanced in
the presence of r-galectin-3

Glycans present on the cell surface glycoproteins, extend away from the cell membrane and
put forth a first line of contact with nearby cells and substrates. To determine whether
MUCA4 itself plays any role in the adhesion of tumor cells to the endothelial cells (un-
stimulated) , we performed cell-cell binding assays in the absence of exogenous galectin-3.
We observed that the number of CD18/HPAF-SCR cells bound to HUVECs was
significantly higher than the number bound to the CD18/HPAF-siMUC4 cells (p=5.89E-05,
Figure 3). The addition of exogenous galectin-3 significantly enhanced the binding of CD18/
HPAF-SCR cells (but not CD18/HPAF SiMUCA4 cells) to the endothelial (p=5.88E-05).

As galectin-3 is a secreted protein, we also checked whether galectin-3 might is secreted into
the culture media by the CD18/HPAF cells. However, the enriched culture media collected
from these cells did not have a detectable amount of galectin-3 (Figure 4A). However, the
total cell from both CD18/HPAF SCR and SiMUC4 cells had an equal amount of galectin-3
expression. Further, the confocal analysis also showed a similar intensity and type of
cytoplasmic localization of galectin-3 in both the CD18/HPAF derived cells (Figure 4B).
From these results, we concluded that the contribution of endogenous galectin-3 to the
rGal-3-mediated cell adhesion was negligible. Further, pretreatment of CD18/HPAF cells
with TF antigen-expressing asialofetuin glycoprotein abolished the galectin-3 mediated
adhesion of cancer cells to the endothelial cells (Figure 4C).

Galectin-3 alters MUC4 cell surface localization

To further understand the mechanisms by which serum-galectin-3-MUC4 interaction
promotes tumor cell adhesion to the endothelium, we determined the effect of rGal-3 on cell
surface localization of MUC4 (Figure 5A). After incubation of CD18/HPAF cells with
rGal-3, the immunofluorescence experiment clearly showed clustering of MUC4 molecules
on the surface of cancer cells (Figure 5A).

Discussion

Previous studies in our laboratory have established the role of MUC4 in the metastasis of PC
cells [11,12]. As discussed previously, a possible interaction between galectin-3 and MUC4
may be a promising mechanism behind MUC4-medated PC metastasis. Galectin-3 has been
reported to interact with other membrane-bound mucins, MUC1 and MUC16 [21,22]. Our
present study shows that MUC4, a membrane bound mucin specifically interacts with
galectin-3 and that MUC4-galectin-3 interaction modulates the adhesion of PC cells to the
endothelium in vitro.
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Interaction of galectin-3 with MUC4 provides evidence to support the hypothesis that
glycans present on the surface of MUC4 may act as binding sites for carbohydrate binding
proteins. In order to directly interact with galectin-3, MUC4 should carry galectin-3 binding
sites on its surface. Studies have shown that galectin-3 interacts with cancer-associated T
antigens to promote cancer cell metastasis (by enhancing the adhesion of circulating tumor
cells to endothelial cells) [22]. In the present study, higher binding of Lectin PNA-Alexa
Fluor 488 conjugates to CD18/HPAF-SCR cells than to CD18/HPAF-siMUC4 cells
suggests the presence of T antigens on the surface of the MUCA4 protein (Figure 2B).
Further, the inhibition of the MUC4-galectin 3 binding in the presence of lactose (a specific
competitive inhibitor of galectin-3) suggests that carbohydrate residues (potentially T
antigens) on MUC4 act as ligands for galectin-3 (Figure 2C). Inhibition of galectin-3-
mediated adhesion of CD18/HPAF cells to HUVECs by asialofetuin (Figure 4C) further
suggests that T antigens are the major galectin-3 binding sites present on these cells, which
significantly contributes to the galectin-3-mediated cell-cell adhesion.

The current study suggests that the presence of MUC4 on the tumor cell surface enhances
the binding of PC cells to the endothelial cells. This carbohydrate-mediated interaction
might be transient and reversible, which is essential for docking of tumor cells on the
surface of the endothelial cells. Previous studies have shown that the inflammatory
cytokines stimulated HUVECS to express E-selectin as the major carbohydrate binding
protein on the cell surface [23]. Indeed, studies have also demonstrated that breast and
prostate cancer cell adhesion to the microvascular endothelium (un-stimulated) is mediated
by interactions between cancer-associated T antigen and galectin-3 present on the
endothelial cell surface [24-26]. Similar to selectins, endothelial galectin-3 is often localized
intracellular; however, it translocates to the cell surface in a short period of time (~ 25min)
in the presence of cancer cells bearing the T antigen epitopes. Thus, galectin-3 on the
surface of endothelial cells modifies the adhesive properties of the endothelial cells and
primes them for binding of metastatic cancer cells [27]. In the cell-cell adhesion experiment,
the CD18/HPAF-SCR and CD18/HPAF-siMUCA4 cells were incubated for 1 hr on the
surface of HUVECs. Based on the existing information, activation of HUVECs and
translocation of selectins to the cell surface cannot occur within 1 hr [28,29]. Therefore, we
hypothesize that the MUC4 present on the surface of CD18/HPAF-SCR cells might have
induced translocation of endothelial galectin-3 to the cell surface and therefore promoted
tumor cell to endothelial cell adhesion.

High serum galectin-3 concentrations have been reported in patients with metastatic
colorectal, breast and pancreatic cancer [17]. In a large sample cohort, our present study also
showed a similar observation of high serum galectin-3 levels in PC patients having
metastasis compared to PC patients with localized disease and healthy controls. Taken
together, these data suggest the possible importance of galectin-3 as a prognostic marker in
PC patients. An earlier study through immunohistochemical analysis has shown that
decrease in galectin-3 level in primary pancreatic tissue correlates with advanced stage of
pancreatic cancer [30]. However, in the present study, the higher levels of serum galectin-3
that was detected in metastatic PC patients might be due to secretion of high amount of
galectin-3 by tumor associated inflammatory and/or stromal cells [31,17]. Thus, different
levels of galecin-3 depending on various tumor microenvironments (primary tumor/ blood)
might facilitate cancer metastasis trough different mechanisms.

The rGal-3, which mimics the serum galectin-3 present in PC patients, played an important
role in promoting heterotypic interaction between PC tumor cells and endothelial cells
(Figure 3). From this, we can hypothesize that high levels of serum galectin-3 could directly
facilitate the metastatic process by promoting the interaction of metastatic cancer cells with
vascular endothelium.
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Observations from the binding experiments indicate that MUC4 promotes the adhesion of
PC cells to the endothelial cells, and exogenous galectin-3 positively modulates this process.
Interestingly, MUC4 could modulate the attachment of PC cells to the endothelial cells even
in the absence of exogenous galectin-3 (rGal-3). The presence of rGal-3 however
significantly enhanced binding of MUCA4-expressing PC cells to the endothelial cells
compared to in the absence of it.

As galectin-3 forms oligomers through its N-terminal domain, it may bind to carbohydrate
epitopes present on the surface of MUC4 through the Carbohydrate Recognition Domain
(CRD domain). By doing so, galectin-3 would crosslink MUC4 molecules and causes them
to cluster on the cell surface. This clustering of MUC4 on the cell surface may expose other
adhesion molecules like integrins, which are responsible for a strong attachment (locking) of
the tumor cells with the endothelial cells (Figure 5B).

In summary, we have identified a novel interaction of MUC4 mucin with galectin-3 in PC
cells. galectin-3 specifically recognizes carbohydrate motifs on MUC4. Also, the T antigens
present on the surface of MUC4 are probably the binding sites for galectin-3. To the best of
our knowledge, this is the first report describing the role of MUC4-mediated adhesion of
tumor cells. Although MUC4 and galectin-3 may also interact with other associated ligands,
MUC4-galectin-3 interactions are likely to play a major role in the overall tumor cells
adhesion to endothelial cells. Additionally, we showed exogenous galectin-3 mediated re-
localization of MUCA4 on the tumor cell surface, indicating a possible mechanism through
which MUCY4 itself and MUC4-galectin-3 together can promote both transient (docking) and
later permanent (locking) adhesion of tumor cells to the endothelial cells. Interference of
such a binding of galectin-3 to the MUC4 mucin may be a target for novel therapeutic
strategies for metastatic PC.

Translational relevance

In this study, we have provided the experimental evidence that MUC4, a transmembrane
oncogenic glycoprotein aberrantly expressed by pancreatic cancer (PC) cells, interacts
with galectin-3 present on endothelial cells. This interaction is specific for galectin-3 and
involves the T-antigen present on MUC4. We also demonstrate that the adhesion of PC
cells to endothelial HUVECS is dependent on MUC4 expression and presence of
exogenous galectin-3, but not the intracellular galectin-3. Quantitative analysis of serum
galectin-3 levels in samples from PC patients shows that galectin-3 levels are
significantly elevated in PC patients with metastatic disease compared to those with
localized disease and healthy controls. The interaction between serum galectin-3 and
MUC4 might provide the mechanistic basis underlying the metastasis of PC cells to
distant organs. Overall, these discoveries have important implications in further our
understanding of the molecular mechanisms that underlie cancer metastasis and
emphasize the importance of glycosylation in cancer progression.
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Figure 1. Binding of galectin-3 to MUC4
Reciprocal-coimmunoprecipitation studies showed galectin-3-MUC4 interaction in protein
lysates obtained from CD18/HPAF and Colo357 cells.
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Figure 2. MUC4-galectin-3 interaction is glycosylation dependent and MUCA4 possesses T antigen
structures on its surface

A, cell adhesion assay showed a significant difference between the binding of CD18/HPAF-
SCR and CD18/HPAF-siMUCA4 cells (a and b) to galectin-3 coated plates (*P<0.05). But,
there was no difference in the case of galectin-1-coated plates (c and d). B,
immunofluorescence analysis using T antigen specific Lectin PNA-Alexa Fluor 488
conjugates showed more intense T antigen staining on CD18/HPAF-Scr cells than MUC4
reduced CD18/HPAF-si-MUC4 cells. C, cell adhesion assay in the presence of lactose (a
competitive inhibitor) and sucrose (a non-competitive inhibitor) showed involvement of
carbohydrate structures in MUC4-gelectin-3 interaction. There is a significant decrease in
the number of cells adhered to galectin-3-coated plates (**P=8.66E-11) only in the case of
CD18/HPAF-Scr cells, in the presence of lactose (a and b). Micrographs shown are
representative of several independent experiments.
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Figure 3. MUC4 increases the adhesion of CD18/HPAF cells to the HUVEC endothelial cells and
this binding is enhanced in the presence of rGal-3

In the cell-cell adhesion assay, (a and c) showed a role of MUCA4 itself in the adhesion of PC
cells to HUVECs. CD18/HPAF-Scr cells showed that a significantly higher number of cells
(**p=1.04E-05) adhere to HUVECs than CD18/HPAF-siMUC4 cells. A similar experiment
in the presence of exogenous galectin-3 showed a significant increase in binding of CD18/
HPAF-Scr cells to HUVECSs than in the absence of gal-3 (a and b, *p=0.00056), but there
was no significant difference in the case of CD18/HPAF-siMUCA cells (c and d, p=0.147).
Combined statistical analysis showed that galectin-3 significantly increases the adhesion of
CD18/HPAF-Scr cells to HUVECs (b and d, ***p=5.89E-05). The data shown are
representative of several independent experiments.
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Figure 4. Cytoplasmic localization of galectin-3 in CD18/HPAF-derived cells, and the effect of
asialofetuin on galectin-3-mediated adhesion of CD18/HPAF cells to HUVECs

A, Immunoblot analysis detected galectin-3 expression in CD18/HPAF-derived cells lysates,
but not in the enriched cell culture media. Here B-actin and nidogen were taken as internal
controls. B, Immunofluorescence analysis showed the cytoplasmic localization of galectin-3
in CD18/HPAF-derived cells. C, Preincubation of CD18/HPAF cells with asialfetuin at a
concentration of 1mg/mL abolished the galectin-3 mediated enhanced adhesion of CD18/
HPAF cells to HUVECs.
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Figure 5. Mechanisms associated with galectin-3-MUC4 interaction mediated metastasis of PC
cells

A, the capping experiment showed that in the presence of exogenous galectin-3, MUC4 was
clustered on the cell surface. B, schematic representation for the proposed action of
galectin-3-MUC4 interaction. MUC4-expressing circulating tumor cells helps in priming the
endothelial cells by inducing the mobilization of the intracellular galectin-3 to the cell
surface of endothelial cells. Further, MUCA4 interacts with galectin-3 present on the
endothelial cell surface. This temporary reversible interaction aids in docking of tumor cells
on the endothelial cells. Binding of circulating galectin-3 causes redistribution of MUC4 on
the cell surface leading to exposure of adhesion molecules like integrins, which help for an
irreversible adhesion of tumor cells to the endothelial cells.
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