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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 galec-
tin-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 ·  
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Introduction

Metastasis, the major cause of mortality seen in cancer 
patients, is a complex multistep process involving detach-
ment from the primary, invasion and intravasation, sur-
vival in circulation, extravasation and organ homing (Val-
astyan and Weinberg 2011). Most of the regional spread 
of tumors can be explained by anatomical/mechanical 
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surface of low metastatic (B16F1) cells augment their met-
astatic ability, and if so, how?
Methods  B16F1 cells were transduced with lentiviral 
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mode of metastasis (Weiss 1992). However, the dis-
tant 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, adhe-
sive interactions between the molecules on the surface 
of tumor cells and the target organ, organ growth micro-
environment and, more recently, chemokines and their 
receptors that have been shown to play a critical role in 
organ-specific metastasis (Fidler 2003; Irmisch and Huel-
sken 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 lyso-
somal protein LAMP1 gets increasingly translocated to 
the surface of several metastatic tumor cells. LAMP-1 is 
a highly glycosylated protein which decorates the lumi-
nal side of lysosomes. Owing to the presence of highly 
substituted oligosaccharides, it is thought to protect itself 
and the lysosomal membranes from intracellular prote-
olysis (Fukuda 1991; Kundra and Kornfeld 1999). It has 
been shown to be expressed on surface of human mela-
noma, 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 mela-
noma cell lines (Krishnan et al. 2005; Saitoh et al. 1992). 
In addition to metastatic tumor cells, increased expres-
sion of LAMP1 (also known as CD107a) on the sur-
face 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 func-
tions is largely unknown.

Purified LAMP1 has been shown to bind to RGD 
peptides, ECM components such as fibronectin and col-
lagen 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-acetyllactosa-
mine (polyLacNAc)-substituted β1,6 branched N-gly-
cans (Dennis et  al. 1987; Fukuda 1991; Krishnan et  al. 
2005). A transformation-related increase in β1,6 branch-
ing observed in fibroblasts, metastatic cell line SP1 and 
macrophage–melanoma fusion hybrids appeared to be 

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; Tom-
linson 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 accumula-
tion at the edges and extensions of A2058 human metasta-
sizing melanoma cells (Sarafian et al. 1998) hints toward 
its potential role in tumor cell spreading and motility pos-
sibly by serving as additional receptors for molecules on 
ECM, BM and endothelium.

Using low (B16F1) and high (B16F10) metastatic vari-
ants 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 oligosac-
charides in B16 melanoma cells. It was also shown that 
surface translocation of LAMP1, but not LAMP2, corre-
lated 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 contain-
ing a full-length human galectin-3 was a kind gift from Dr. 
Hakon Leffler, Lund University, Sweden. Purified rhgalec-
tin-3 was biotinylated as described in (Bayer and Wilchek 
1990). Inbred strains of C57BL/6 mice used for the meta-
static assays and other experiments were maintained in 
the Institute Animal House, and all the animal experi-
ments 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 sul-
fate and 25  μg/ml of amphotericin B. For treatment of 
cells with LAMP1 antibody, melanoma cells were har-
vested 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 ani-
mals 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 synthe-
sis 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-ter-
minal sequence (represented in italics): 5′-TATCTCGAG 
ATGGATTACAAGGATGACGATGACAAGGAATTCAT 
GGCGGCCCCCGGCGCC-3′ and reverse primer: 5′-GGAT 
CCCTAGATGGTCTGATAGCCGGCGTGACTCC-3′. 
The lentiviral vector generated previously, pLV-K18-YFP-
IRES-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 site-
directed mutagenesis included: 5′-AGGAGTCACGCCGGC 
GCTCAGACCATCTAGGG-3′ and 5′-CCCTAGATGGTCT 
GAGCGCCGGCGTGACTCCT-3′. The vector control plas-
mid, 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 iso-
lated colonies were selected. The selected clones were main-
tained 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 Bio-
sciences, 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 rhgalec-
tin-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 % paraform-
aldehyde 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-specif-
ically 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 incu-
bated 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 micro-
scope 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 over-
night 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 incuba-
tor. Coverslips treated with serum-free DMEM only served 
as control. Bound cells were fixed in 4  % paraformalde-
hyde, 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, uni-
form 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 imag-
ing of at least three different positions across the length of 

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, SDS-
PAGE 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 incu-
bated at RT for 2 h with 20 μg of anti-LAMP1 antibody. 
This was followed by addition of 200  μl of protein G 

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 antibod-
ies 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)



1567J Cancer Res Clin Oncol (2015) 141:1563–1574	

1 3

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× Lae-
mmli 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).

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 one-
way ANOVA followed by Bonferroni’s multiple compari-
son test. For wound-healing assays, two-way ANOVA with 
the Bonferroni posttest was conducted. (p value <0.05 was 
considered significant).

Results

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 down-
regulation 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).

Fig. 2   Analysis of LAMP1 expression on the surface of melanoma 
cells. Comparison of surface expression of LAMP1 by flow cytom-
etry, 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 understand-
ing of the data. c Graphical representation of the mean fluorescence 
intensities of surface LAMP1 of the cells shown in a and b. d Immu-
nofluorescence 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
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Expression of mutLAMP1 (Y386A) in B16F1 cells results 
in elevated expression of LAMP1 on the cell surface

Mutation in a specific region (Tyr386) of the cytoplasmic 
tail of LAMP1 has been shown to direct them to cell sur-
face 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 

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.

Fig. 3   Effect of increased surface expression of LAMP1 on spread-
ing 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)
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Increased surface expression of LAMP1 on B16F1 cells 
results in significantly increased spreading and motility 
on fibronectin and matrigel

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 fibronec-
tin (ECM component) and matrigel (reconstituted BM) as 
compared to vector control (VC), as seen by laser confo-
cal 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 fibronec-
tin, 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 

for metastasis. Wild-type LAMP1 (WT) was also overex-
pressed 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 signifi-
cant extent as compared to VC, it was not used for further 
studies.

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 cellu-
lar 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 

Fig. 4   Effect of increased surface expression of LAMP1 on motil-
ity of melanoma cells on fibronectin and matrigel. Motility of B16F1 
cells infected with viruses having empty vector (VC) or those hav-
ing 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, respec-
tively. Area of wound closure was measured by Image J software and 
each image from two different experiments was analyzed at three dif-
ferent positions. Two-way analysis of variance followed by Bonferro-
ni’s multiple comparison test was performed to compare significance 
from VC (denoted by ****p value <0.0001, ***p value <0.001)
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compared to the vector control cells (VC), and the spread-
ing 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 galec-
tin-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-me-
diated processes.

Increased surface expression of LAMP1 neither increases 
galectin‑3 binding to B16F1 cells nor increases their 
metastatic potential

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 

Fig. 5   Effect of increased surface expression of LAMP1 on spread-
ing 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 Phal-
loidin-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
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(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.

Discussion

Expression of LAMP1 on the cell surface correlates with 
metastatic potential of B16 melanoma cells, and down-
regulation of its expression results in its decreased surface 
expression and concomitantly decreased metastasis (Agar-
wal 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/

BM molecules on the lungs. Its importance in the meta-
static process was further confirmed when B16F10 cells 
pre-incubated with LAMP1-specific antibodies showed sig-
nificantly reduced metastatic potential (Fig. 1). Binding of 
these antibodies possibly prevented LAMP1 from interact-
ing 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 cellu-
lar properties important for motility. It is thus possible that 
both LAMP1 protein and the carbohydrates on it contribute 
in influencing the metastatic process.

Fig. 6   Effect of increased surface expression of LAMP1 on motil-
ity 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 differ-
ent 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)
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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 oligo-
saccharides, in the metastatic process. Transduction of mut-
LAMP1 in B16F1 cells provided an ideal model to explore 
the mechanism by which LAMP1 may influence metasta-
sis, as it resulted in significantly higher expression on the 
cell surface. These cells expressed >20-fold higher expres-
sion 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 gly-
cosylated structures on it. LAMP1 is a highly glycosylated 
protein. More than 60 % of its weight is contributed by car-
bohydrates. Each LAMP1 molecule carries 17–20 N-glyco-
sylation sites that are often substituted further with struc-
tures 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 endothe-
lium, in an easily accessible manner (Häuselmann and Bor-
sig 2014).

Lungs express highest amounts of galectin-3 and express 
it on all the major compartments of the lungs including con-
stitutive expression on the surface of its vascular endothe-
lium (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 

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 express-
ing 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 immunoprecipi-
tated LAMP1 from B16F10 (F10) cells and B16F1 cells having either 
empty vector (VC) or mutLAMP1 (C1), by Western blotting
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on to galectin-3 on organ endothelium (Krishnan et  al. 
2005). More recently, we showed that this lectin carbohy-
drate 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-oligo-
saccharides participate in all these processes and shRNA-
mediated 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. Moreo-
ver, 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 galectin-
3-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 overexpress-
ing surface LAMP1 remained unaltered and was much 
lower as compared to B16F10 cells (Fig.  7b, c). Since 
galectin-3-mediated effects are dependent on galectin-
3-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 meta-
static 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 meta-
static inefficiency (Fidler 2003; Weiss 1990). These stud-
ies 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 endothe-
lium, the cells fail to metastasize.
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