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Abstract. Platelet endothelial cell adhesion molecule-1 
(PECAM-1) is expressed on the vascular endothelium and has 
been implicated in the late progression of metastatic tumors. 
The activity of PECAM-1 appears to be mediated by modula-
tion of the tumor microenvironment (TME) and promotion of 
tumor cell proliferation, rather than through the stimulation of 
tumor angiogenesis. The present study aimed to extend those 
initial findings by indicating that the presence of functional 
PECAM-1 on the endothelium promotes a proliferative tumor 
cell phenotype in vivo, as well as in tumor cell (B16-F10 
melanoma and 4T1 breast cancer cell lines) co-culture 
assays with mouse endothelial cells (ECs) or a surrogate EC 
line (REN-MP). The pro-proliferative effects were mediated 
by soluble endothelial-derived factors that were dependent 
on PECAM-1 homophilic ligand interactions, but which 
were independent of PECAM-1-dependent signaling. Further 
analysis of the conditioned media obtained from tumor/EC 
and tumor/REN‑MP co‑cultures identified TIMP metallopep-
tidase inhibitor-1 (TIMP-1) as a PECAM-1-regulated factor, 
the targeting of which in the tumor cell/REN-MP system 
inhibited tumor cell proliferation. In addition, TIMP-1 
expression was decreased in metastatic tumors from the 
lungs of PECAM-1-null mice, thus providing evidence of 
the in vivo significance of co‑culture studies. Taken together, 
these studies indicated that endothelial PECAM-1, through 
PECAM-1-dependent homophilic binding interactions, may 
induce release of TIMP-1 from the endothelium into the TME, 
thus leading to increased tumor cell proliferation.

Introduction

Tumors consist of not only malignant cells, but also of a number 
of non-malignant cells, including endothelial cells (ECs), 
pericytes, cancer-associated fibroblasts, and immune and 
inflammatory cells, which are recruited and/or activated 
by tumor cells (1‑6). Crosstalk exists between malignant 
and non-malignant cells, and is mediated by direct cell-cell 
interactions and/or by soluble mediators. Stromal cells are 
a critical element of the tumor microenvironment (TME), 
releasing various factors that directly stimulate tumor growth 
and spread, and/or remodel the extracellular matrix (ECM) to 
ensure it is permissive of tumor growth. In addition, leakiness 
of the tumor vasculature provides additional serum-derived 
factors that contribute to further remodeling of the ECM (6,7). 
However, the presence of interstitial hypertension, as well 
as tissue hypoxia and acidosis, means there are physical and 
biochemical barriers in the TME that must be overcome if the 
tumor is to grow and spread (7). Furthermore, it is now recog-
nized that the TME for core primary tumors, invasive tumors 
and metastatic tumors are distinct from each other (7,8). 
Although the role of the TME in the growth and spread of 
primary tumors has been the subject of intense investigation, 
comparatively less attention has been given to the role that the 
TME, particularly its stromal cell constituents, might serve in 
regulating the progression of metastatic tumor foci (4,5).

Platelet endothelial cell adhesion molecule-1 (PECAM-1) 
is a vascular-associated molecule of the immunoglobulin (Ig) 
superfamily, which is expressed on platelets, leukocytes and 
ECs, where it is enriched at intercellular junctions (9-11). With 
respect to its structure, the extracellular domain is composed 
of six Ig‑like domains (12), with distinct residues in Ig‑like 
domain 1 (12‑14) and Ig‑like domains 2 and 3 (15) mediating 
homophilic and heparin/glycosaminoglycan (GAG)-dependent 
heterophilic binding, respectively. Factors that promote homo-
philic over GAG-dependent heterophilic adhesion include a 
high surface density, antibody-mediated engagement of the 
membrane proximal Ig‑like domain 6, and the absence of 
sequences from the cytoplasmic domain coded by exon 14 of 
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the PECAM-1 gene (16,17). Additionally, homophilic adhesion 
is dependent on the glycosylation state of PECAM-1 (18,19). 
In terms of intracellular signaling, phosphorylation of tyro-
sines 663 and 686 in the cytoplasmic domain of PECAM-1 
creates docking sites for the binding and activation of several 
cytosolic signaling molecules containing Src homology 2 
domains (20-24).

The involvement of PECAM-1 in numerous physiological 
processes, including leukocyte emigration (14,25‑27), T‑cell 
activation (28,29), platelet aggregation (30,31), angiogen-
esis (32-35) and protection of the endothelium from endotoxic 
stress (36,37), has previously been reported. PECAM-1 
has also been implicated in advanced metastatic tumor 
progression (38). In this previous study regarding tumor metas-
tasis (38), anti-PECAM-1 antibody was reported to inhibit the 
late stage metastatic progression of various tumors, but did 
not block tumor‑platelet and tumor‑endothelial interactions, 
which are events associated with the initial establishment 
of metastatic tumor foci. Notably, the antibody employed 
binds ECs, but does not bind to tumors or affect tumor cell 
proliferation. Consistent with these data, it was revealed that 
in PECAM-1-null mice, while the initial establishment of 
B16-F10 tumor metastases is not suppressed, the progression 
of sub-clinical tumor foci to larger, clinically evident lesions 
is inhibited. Reciprocal (wild-type vs. PECAM-1-null mice) 
bone marrow chimeric mice confirmed that the pro‑metastatic 
effects of the molecule are mediated by endothelial, and 
not leukocyte or platelet PECAM‑1. Furthermore, while 
tumor angiogenic and apoptotic rates are comparable in 
antibody-treated and control animals, tumor mitotic rates are 
significantly reduced by treatment with the anti‑PECAM‑1 
antibody. There are also no alterations in the pattern or number 
of leukocytes within the tumors. Since the anti‑PECAM‑1 
antibody used in these studies does not bind to tumor cells 
or inhibit their proliferation, these data indicate that in vivo, 
the presence of functionally active PECAM-1 on the vascular 
endothelium promotes a proliferative tumor phenotype that 
promotes advanced metastatic tumor progression (38).

TIMP metallopeptidase inhibitor-1 (TIMP-1) is a member 
of a family of broad-spectrum endogenous inhibitors of matrix 
metallopeptidases (MMPs), which act to block MMP proteo-
lytic activity by forming 1:1 non-covalent complexes with 
the metallopeptidase (39,40). Due to the activity of MMPs in 
ECM remodeling, growth factor availability and in cell surface 
receptor expression, TIMPs, through their modulation of 
MMPs, are involved in numerous physiological (wound healing) 
and pathological (tumor growth and invasion) processes (40). 
There is, however, increasing evidence to suggest that TIMP-1 
is also able to promote cell proliferation and survival, including 
that of tumor cells, independent of MMP inhibition (41-43) via 
receptor-mediated signaling (44,45). Furthermore, previous 
studies have demonstrated that elevated TIMP-1 expression in 
serum or tissue is associated with poorer outcomes in patients 
with various types of cancer, including lung cancer (46-50). 
However, the mechanistic basis for the MMP-independent 
activity of TIMP1 has yet to be elucidated.

The results of the present study implicated endothelial 
PECAM-1 in the release of TIMP-1 from the endothelium 
into the TME, thus resulting in tumor cell proliferation. This 
effect appeared to involve processes that are dependent on 

PECAM-1 homophilic interactions, but are independent of 
PECAM-1-mediated intracellular signaling.

Materials and methods

Antibodies. The following antibodies were used in the present 
study: Anti-mouse TIMP-1 (cat. no. AF980) and anti-human 
TIMP-1 (cat. no. AF970) (both from R&D Systems, Inc., 
Minneapolis, MN, USA); anti-GAPDH (cat. no. sc-25778; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA); anti-PECAM-1 
antibodies: 390, isolated from hybridoma (32) and Mec 13.3 (cat. 
no. NB600-1475; Novus Biologicals, LLC, Littleton, CO, USA); 
anti-mouse cluster of differentiation (CD)16/32 (cat. no. 101319) 
and rat IgG2a, κ isotype control (cat. no. 400511) (both from 
BioLegend, Inc., San Diego, CA, USA); rabbit polyclonal 
anti-proliferating cell nuclear antigen (PCNA) (cat. no. ab18197; 
Abcam, Cambridge, MA, USA); and biotinylated donkey anti‑goat 
antibody (cat. no. 705-065-147) and biotinylated goat anti-rabbit 
antibody (cat. no. 111‑065‑144) (from Jackson ImmunoResearch 
Laboratories, Inc., West Grove, PA, USA).

Cell lines. Murine EC (MEC) lines, H5V (32), provided by 
Dr Cecilia Garlanda (Humanitas University, Rozzano, Milan, 
Italy) through Dr Steven Albelda (University of Pennsylvania, 
Philadelphia, PA, USA) and CD3 (38), provided by Dr Clement 
Diglio, (Wayne State University, Detroit, MI, USA), as well as 
the B16-F10 murine melanoma [CRL-6475, American Type 
Culture Collection (ATCC), Manassas, VA, USA] and 4T1 
murine breast cancer (CRL-2539, ATCC) cell lines were main-
tained at 37˚C in an atmosphere containing 5% CO2. Cells 
were grown in Dulbecco's modified Eagle's medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
containing 1.0 g/l glucose, 2 mM L-glutamine, 100 U/ml 
penicillin, 0.1 µg/ml streptomycin and 10% fetal bovine serum 
(FBS; Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany). 
REN cells (51), a human mesothelioma cell line that has been 
used as a surrogate for studying ECs (14,34,52,53) were provided 
by Dr Steven Albelda (University of Pennsylvania), and were 
grown in RPMI‑1640, (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 
0.1 µg/ml streptomycin and 10% FBS. Previously gener-
ated stably transduced REN cell lines expressing wild-type 
and mutant mouse PECAM-1 were employed (53) and were 
cultured in RPMI-1640 complete media containing 1 µg/ml 
puromycin. Primary MECs were isolated from C57BL/6 mouse 
lungs using fluorescent‑activated cell sorting (FACS) as previ-
ously described (54) and were cultured in M199 medium 
(Gibco; Thermo Fisher Scientific, Inc.) containing 15% FBS, 
50 µg/ml endothelial growth factor (BD Biosciences, Franklin 
Lakes, NJ, USA), 100 µg/ml heparin and 1 mM glutamine. 
Cells were regularly passaged two times per week in order to 
maintain them under exponential growth conditions, and cells 
at passages 2-5 were used for subsequent experiments.

Animals. The present study was approved by the Institutional 
Animal Care and Utilization Committee at the University of 
Pennsylvania School of Medicine (Philadelphia, PA, USA). 
PECAM‑1‑null mice that had been backcrossed for >10 
generations onto a C57BL/6 background (55) were provided 
by Dr Joseph Madri (Yale University, New Haven, CT, USA) 
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through Dr Steven Albelda (University of Pennsylvania, 
Philadelphia, PA, USA). Wild-type mice, also on a C57BL/6 
background, were obtained from Taconic Biosciences 
(Germantown, NY, USA). A total of 12 mice (three male and 
three female C57BL/6 mice, and three male and three female 
PECAM‑1‑null mice; age, 8‑10 weeks; weight, 20‑30 g) 
were used in the present study. All mice were maintained 
under animal protocols approved by the Institutional Animal 
Care and Use Committee of the University of Pennsylvania 
(Philadelphia, PA, USA). Animals were housed under stan-
dardized conditions with controlled temperature (23˚C) and 
humidity, under a 12‑h light/dark cycle. Animals had free 
access to water and laboratory diet 5010.

In vivo model of lung metastasis. An in vivo model of lung 
metastasis was employed as previously described (38). Briefly, 
100,000 B16-F10 melanoma cells in 200 µl DMEM were 
injected into the tail vein of 8‑10 week old, male or female, 
wild-type or PECAM-null mice (n=6 mice/strain). After 
21 days, mice were euthanized by CO2 inhalation and the 
lungs were harvested. The left lung was fixed in 10% formalin 
solution for 24 h at room temperature for histological analysis, 
whereas the right lung was frozen immediately for protein 
extraction.

Tumor co‑culture assay. For these experiments, 12-well 
Transwell 0.4 µm pore polyester membrane inserts were 
coated with 125 µl Matrigel (both from Corning Incorporated, 
Corning, NY, USA). After 1 h, 1x105 cells (primary MECs 
or a REN cell line) in a total volume of 400 µl were seeded 
on the Transwell inserts with the appropriate media. After 
12 h growth at 37˚C in an atmosphere containing 5% CO2, 
and once capillary‑like structures had formed, the tumor 
cells were labeled with CellTrace™ Violet Proliferation dye 
(Thermo Fisher Scientific, Inc.), according to the manufac-
turer's protocol. The medium in the Transwell inserts was then 
replaced with 2% serum‑containing DMEM with 50 µg/ml 
anti-PECAM-1 antibody or IgG, and 1x105 labeled tumor cells 
in 1 ml 2% serum‑containing DMEM were added to the wells 
of the 12-well plates containing Transwell inserts. The tumor 
cells and the cells in the inserts were then cultured together 
for 48 h, after which the proliferative capacity of the tumor 
cells was assessed by flow cytometry and the co-culture 
conditioned media (CM) collected. For the antibody array 
studies, 6-well polystyrene plates (Corning Incorporated) 
were coated with 300 µl Matrigel (BD Biosciences). After 1 h, 
2x105 CD3 MECs were plated, and after 8 h, 2x105 B16-F10 
cells together with either 200 µg/ml anti-PECAM-1 390 anti-
body or rat IgG2a, κ isotype control were added and co-cultured 
at 37˚C; co‑culture CM were collected at 72 h. CM from the 
co-cultures were then centrifuged at 12,000 x g for 10 min 
at 4˚C to remove cell debris. The CM were stored at ‑80˚C 
for further study. To analyze the effects of the anti-TIMP-1 
antibody on the proliferation of co-culture tumor cells, the 
cells were incubated with anti-TIMP-1 (5 µg/ml) antibody for 
48 h at 37˚C. This antibody concentration was used based on 
dose response studies and published literature (56).

FACS analysis. B16-F10 or 4T1 cells (labeled with 
CellTrace™ Violet proliferation dye) were detached from 

tissue culture plates using enzyme-free cell dissociation buffer 
(Thermo Fisher Scientific, Inc.), washed with PBS and resu-
pended in PBS containing 2% bovine serum albumin (BSA; 
Sigma‑Aldrich; Merck KGaA). Sytox AADvanced Dead 
Cell dye (Thermo Fisher Scientific, Inc.) was used to exclude 
non-viable cells. FACS was performed using the LSR 11 Flow 
Cytometer (BD Biosciences), with data analysis performed 
using FlowJo software (version 7.6.5; FlowJo, LLC, Ashland, 
OR, USA). Cell proliferation was determined by the extent of 
CellTrace™ Violet proliferation dye dilution, as determined 
by FACS analysis. The use of FACS enabled a reliable and 
efficient, high‑throughput analysis of tumor cell proliferation 
in the tumor co-culture assays, To assess the expression of 
PECAM-1 on B16-F10 cells and MECs, cells were initially 
incubated with 1 µg/106 cells anti-mouse CD16/32 for 10 min 
at 4˚C to block non‑specific binding to Fc receptors, and were 
then stained with 10 µg/ml 390 or Mec 13.3 antibodies for 
30 min at 4˚C and subjected to FACS analysis.

CM proliferation assay. To assess the effects of co-culture CM on 
tumor cell proliferation, tumor cells were seeded at 7,500 cells/
well (96‑well plate) in 50 µl 2% FBS‑containing RPMI media, 
after which 50 µl CM was added, and cells were cultured for 
48 h, at which time the number of viable cells was determined 
by trypan blue exclusion (57). This method was adopted because 
CM, depleted of serum‑derived factors, evoked a weaker prolif-
erative response compared with fresh media. Therefore, FACS 
was found to be a less sensitive/reliable method for assessing 
the proliferative effects of CM on tumor cells. To determine the 
effects of an anti-TIMP-1 antibody on the proliferation of tumor 
cells cultured in the presence of CM, cells were incubated with 
2 µg/ml anti‑TIMP‑1 (58) for 48 h at 37˚C.

Antibody array. Levels of 308 mouse secreted proteins 
(MouseL308 Array; cat. no. AAM-BLM-1A-2; RayBiotech, 
Inc., Norcross, GA, USA,) were measured in triplicate in CM 
harvested from co-cultures of B16-F10 and CD3 MECs on 
Matrigel exposed to control IgG or anti-PECAM-1 antibody 
as aforementioned, according to the manufacturer's protocol. 
Microsoft Excel (version 14.0; Microsoft Corporation, 
Redmond, WA, USA) was used for calculation of means and for 
statistical comparisons, with two-sided Student's t-tests used 
for group comparisons. Factors whose concentrations were 
increased >1.5‑fold or were decreased <0.65‑fold compared 
with the control IgG values, in the presence of anti-PECAM-1 
antibody, were deemed significantly different from the control, 
according to the manufacturer's specifications.

Measurement of soluble factors in the co‑culture CM. The 
levels of mouse TIMP-1 (cat. no. DY980), human TIMP-1 (cat. 
no. DY970), mouse TIMP-2 (cat. no. DY6304), human TIMP-2 
(cat. no. DY971), mouse interleukin (IL)‑11 (cat. no. DY418), 
human IL-11 (cat. no. DY218), mouse soluble CD40 (sCD40) 
(cat no. MCCD40), human sCD40 (cat. no. DY632), mouse 
Sonic hedgehog (Shh) (cat. no. MSHH00), human Shh (cat. 
no. DSHH00), mouse chemokine (C‑C motif) ligand 4 (CCL4) 
(cat. no. MMB00) and human CCL4 (cat. no. DY271) in the 
CM from tumor cell co-cultures with primary MECs or REN 
cell lines were determined by ELISA (all from R&D Systems, 
Inc.), according to the manufacturer's protocols.
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Western blotting. Frozen lung tissues from each animal were 
homogenized in radioimmunoprecipitation assay lysis buffer 
(cat. no. 9806S; Cell Signaling Technology, Inc., Danvers, 
MA, UA) containing protease inhibitor cocktail, and protein 
concentration was determined by bicinchoninic acid protein 
assay (Thermo Fisher Scientific, Inc.). Proteins (50 µg/lane) 
were then separated by 10% SDS‑PAGE and transferred to 
nitrocellulose membranes (EMD Millipore, Billerica, MA, 
USA), which were blocked for 1 h at room temperature 
in 5% non‑fat dry milk in TBST buffer (137 mM sodium 
chloride, 20 mM Tris, 0.1% Tween‑20). Membranes were 
incubated overnight at 4˚C with 0.1 µg/ml goat anti‑mouse 
TIMP-1 antibody (cat. no. AF980; R&D Systems, Inc.), 
washed for 20 min and then incubated in horseradish peroxi-
dase (HRP)‑conjugated donkey anti‑goat secondary antibody 
(1:10,000; cat. no. sc-2020; Santa Cruz Biotechnology, Inc.). 
Rabbit anti-GAPDH antibody (1:200; cat. no. sc-25778; 
Santa Cruz Biotechnology, Inc.), followed by HRP-conjugated 
goat anti-rabbit secondary antibody (1:10,000; cat. no. 
HAF008; R&D Systems, Inc.), was used as a loading control. 
After washing, the blots were then developed with enhanced 
chemiluminescence (Amersham: GE Healthcare, Chicago, 
IL, USA), according to the manufacturer's protocol. Protein 
expression was normalized to GAPDH. Protein bands were 
semi‑quantified using ImageJ (1.51S) analysis tool (National 
Institutes of Health, Bethesda, MD, USA).

Immunohistochemical staining and analysis. Mouse lung 
tissues were fixed in 10% formalin for 24 h at room tempera-
ture, embedded in paraffin and were cut into 6‑µm sections 
for staining. Immunohistochemistry was performed using the 
ABC Vectastain kit (Vector Laboratories, Inc., Burlingame, 
CA, USA). Briefly, tissue sections were deparaffinized with 
xylene and a graded series of ethanol. Antigen retrieval was 
performed in 10 mM citrate buffer (pH 6.0) for 20 min at 
90‑94˚C (Dako; Agilent Technologies, Inc., Santa Clara, CA, 
USA). Endogenous peroxidase activity was blocked in tissue 
sections with endogenous avidin biotin. Dako wash buffer 
(Dako; Agilent Technologies, Inc.) was used for all washing 
steps. To detect mouse TIMP‑1, sections were blocked with 
5% donkey serum (cat. no. 0030‑01; Southern Biotech, 
Birmingham, AL, USA) for 1 h at room temperature, in order 
to block non‑specific protein binding, and were immunola-
beled overnight at 4˚C with goat anti‑mouse TIMP‑1 antibody 
(1:50 dilution), followed by 1 h incubation at room tempera-
ture with a 1:250 dilution of biotinylated donkey anti‑goat 
antibody, which was visualized using the Vectastain ABC 
reagent (30 min at room temperature; reagent was diluted by 
mixing 100 µl of each reagent A and B in 5 ml PBS) and VIP 
peroxidase substrate kit (Vector Laboratories, Inc.). For detec-
tion of PCNA, sections were immunolabeled overnight at 4˚C 
with PCNA antibody (1:200) in 2% BSA‑PBS, followed by 
biotinylated goat anti rabbit antibody (1:500) for 1 h at room 
temperature and ABC reagent for 30 min at room temperature. 
Following detection with Vectastain Elite ABC kit and DAB 
HRP substrates (Vector Laboratories, Inc.), the sections were 
counterstained with methyl green. The slides were then mounted 
with Vectastain permanent mounting media and photomicro-
graphs were captured under a Nikon E600 photomicroscope 
(Nikon Corporation, Tokyo, Japan) at x20 magnification. For 

the analysis of PCNA staining, tissue sections from the lungs 
of five wild-type or PECAM-1-null mice were searched to 
identify pre-angiogenic tumor nodules of comparable size to 
control for the effects of tumor size on cell proliferation and the 
anti-angiogenic effects of the loss of PECAM-1. To determine 
the intensity of staining, procedures were followed as previ-
ously described (59). Briefly, the ImageJ (1.51S) analysis tool 
(National Institutes of Health) was used, which allows the user 
to set the threshold for color saturation, as well as the upper 
and lower limits for the intensities of weak‑ and strong‑positive 
pixels. These thresholds were set using positive and negative 
control tissues. Raw data were obtained in terms of the number 
of positive pixels and intensity of positive pixels, which were 
normalized to the number of total pixels counted. Hematoxylin 
and eosin staining was performed on paraffin‑embedded tissue 
sections at the Pathology Core Lab, Children's Hospital of 
Philadelphia (Philadelphia, PA, USA).

Statistical analysis. Statistical analyses were conducted using 
GraphPad Prism 5 software (version 5.01; GraphPad Software, 
Inc., CA, USA). The differences between two groups were 
analyzed using two-tailed Student's t-test, and differences 
between more than two groups were analyzed using one-way 
analysis of variance with Tukey's post hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Reduced tumor cell proliferation in non‑vascularized, 
pre‑angiogenic lesions in PECAM‑1‑null mice. Since 
anti-PECAM-1 antibody inhibits in vivo tumor cell prolifera-
tion (38), PCNA staining was performed on the lungs of wild-type 
and PECAM-1-null mice bearing B16-F10 tumors, in order to 
assess tumor cell proliferation (Fig. 1). For this analysis, small, 
non-vascularized, pre-angiogenic nodules of comparable size 
were selected from the wild-type and PECAM-1-null mice, in 
order to control for the effects of tumor size on cell prolifera-
tion, as well as to assess the effects of the loss of PECAM-1 on 
tumor cell proliferation, independent of effects on the tumor 
resulting from the suppression of PECAM-1-dependent angio-
genesis. In nodules of comparable size, it was revealed that 
the nuclei of the tumor cells in the wild-type animals were 
stained more frequently for PCNA compared with the tumor 
cells in the PECAM‑1‑null mice (Fig. 1). These findings indi-
cated that loss of PECAM-1 may be associated with inhibition 
of tumor cell proliferation. Additionally, although identically 
cultured and prepared B16-F10 cells were injected, differ-
ences were noted in tumor cell histology in the wild-type and 
PECAM‑1‑null mice (Fig. 2). Specifically, it was consistently 
observed that the B16-F10 cells in the wild-type animals were 
larger, possessing larger nuclei, with a vacuolated, irregular, 
chromatin pattern and prominent eosinophilic nucleoli. 
Conversely, the tumor cells in the PECAM-1-null mice were 
more compact, with smaller nuclei that demonstrated a more 
dispersed, evenly-stained chromatin pattern (Fig. 2). These 
differences between the wild-type and PECAM-1-null mice 
were detected in small non-vascularized lesions, as well as 
in larger vascularized tumor nodules of comparable sizes 
from the two strains. Together with our previous study (38), 
these data provide further evidence to suggest that endothelial 
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PECAM-1 modulates the TME to promote a proliferative 
phenotype for metastatic tumor cells.

PECAM‑1 mediates the release of soluble mediators that 
stimulate in vitro tumor cell proliferation. To understand the 

Figure 1. B16-F10 melanoma cell proliferation in wild-type and PECAM-1-null mice. Small, pre-angiogenic, sub-clinical, metastatic B16-F10 tumor nodules 
in the lungs of (A) wild‑type and (B) PECAM‑1‑null mice were stained for PCNA, as a marker of cell proliferation. Scale bar, 20 µm. Tissue sections from the 
lungs of five wild‑type or PECAM‑1‑null mice were searched to identify pre‑angiogenic tumor nodules of comparable size, in order to control for the effects 
of tumor size on cell proliferation and the anti-angiogenic effects of PECAM-1 loss. The nuclei of tumor cells in the wild-type mice were more frequently and 
intensely stained for PCNA (brown staining, red arrows) compared with in the nuclei of tumor cells in the PECAM‑1‑null mice (black arrows); (C) ~75% of the 
wild‑type tumor nuclei vs. ~22% of the PECAM‑1‑null tumor nuclei were positive for PCNA. Data are presented as the means ± standard error, n=3. *P<0.0001 
compared with the wild-type mice. PCNA, proliferating cell nuclear antigen; PECAM-1, platelet endothelial cell adhesion molecule-1.

Figure 2. Histological analysis of B16-F10 melanoma cells in the wild-type and PECAM-1-null mice. Hematoxylin and eosin staining of metastatic B16-F10 
melanoma tumor nodules in (A-C) wild-type and (D-F) PECAM-1-null mice. B16-F10 tumor cells in the wild-type mice were larger and possessed larger 
nuclei, with a vacuolated, irregular, chromatin pattern and prominent eosinophilic nucleoli (white arrows). Tumor cells in the PECAM-1-null mice, were 
more compact, with smaller nuclei that demonstrated a more dispersed, evenly-stained chromatin pattern (green arrows). Melanin pigmentation is present in 
panels A‑C. Magnification, x40; scale bar, 5 µm. PECAM‑1, platelet endothelial cell adhesion molecule‑1.
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mechanisms by which PECAM-1 might modify the TME to 
promote tumor cell proliferation, an in vitro co-culture assay 
was initially developed in which tumor cells and transformed 
MECs were cultured together on Matrigel (38). In this 
initial study (38), the 390 anti-PECAM-1 antibody inhibited 
B16-F10 melanoma cell proliferation in the co-cultures, and 
the proliferation of B16-F10 melanoma cells cultured in CM 
from antibody treated co-cultures was reduced. It has previ-
ously been reported that antibody 390 does not bind to tumor 
cells and/or inhibit tumor cell proliferation in the absence of a 
co-culture system (38). Since the publication of this previous 
paper, there have been reports that a small subpopulation 
(~0.2%) of B16‑F10 melanoma cells express PECAM‑1 (60). 
However, the present study did not detect PECAM-1 expres-
sion on the B16-F10 cells (Fig. 3), as assessed by FACS analysis 
using the anti-PECAM-1 antibodies, 390 and Mec 13.3, which 
map to different epitopes (61).

To confirm these findings with primary MECs, and to 
determine the role of direct tumor cell/EC contact compared 
with tumor cell/EC crosstalk mediated by soluble mediators, 
the assay was adapted to one in which Transwell inserts with 
primary MECs plated on Matrigel were placed in the wells of 
12-well plates containing tumor cells (Fig. 4). The presence of 
primary MECs in the co-culture system resulted in a 2-3-fold 
increase in B16-F10 tumor cell proliferation, as determined 
by FACS analysis, an effect that was significantly inhibited by 
anti-PECAM-1 antibody (50 µg/ml) (Fig. 4A), which did not 
affect the viability of ECs (data not shown). To confirm the 

involvement of soluble factors, B16-F10 cells were grown in 
CM from either control IgG or anti-PECAM-1 antibody-treated 
co-cultures. For B16-F10 cells cultured in CM from 
anti-PECAM-1 antibody-treated co-cultures, cell proliferation 
was reduced by 30% compared with control CM (Fig. 4C). 
Similar results were observed with primary MECs co-cultured 
with 4T1 breast cancer cells (Fig. 4B and D).

PECAM‑1, through homophilic ligand interactions, induces 
the release of soluble mediators that stimulate in vitro tumor 
cell proliferation. The present study next aimed to confirm the 
co‑culture findings obtained with primary MECs, and to deter-
mine the molecular basis of PECAM-1 activity in promoting 
tumor cell proliferation. Specifically, tumor co-culture 
studies were performed with REN cells, a non-PECAM-1 
expressing human mesothelioma cell line, which has been 
used as an endothelial surrogate for studying the function 
of PECAM-1 (14,34,52,53). REN cells were transduced to 
express wild-type mouse PECAM-1 (REN-MP), or mouse 
PECAM-1 in which homophilic binding (REN-MPΔHom), 
GAG/heterophilic binding (REN-MPΔHet) or intracellular 
signaling (REN-MPY→F) had been disabled (53) (Fig. 5). An 
advantage of this system is that the REN cells are of human 
origin, whereas the tumor cells are murine. This therefore 
allows for targeting of the ‘vascular’ (REN cells) or tumor 
components of the system with human versus murine specific 
reagents, and can be used to determine the cellular source 
of soluble factors. In co-culture studies (Fig. 5A), it was 

Figure 3. FACS analysis of MECs and B16-F10 melanoma cells stained with anti-PECAM-1 antibodies. Tracings for the FACS analyses of (A) the MEC line, H5V 
and (B) B16-F10 melanoma cells stained with 390 and Mec 13.3 anti-PECAM-1 antibodies. Antibody tracings are in blue, whereas the dotted red tracing represents 
isotype IgG control. Although both antibodies bound to the MECs, there was no detectable binding to the B16-F10 cells compared with the IgG control. FACS, 
fluorescence‑activated cell sorting; IgG, immunoglobulin G; MECs, murine endothelial cells; PECAM‑1, platelet endothelial cell adhesion molecule‑1.
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Figure 4. Tumor cell proliferation in co-culture with MECs. The proliferation of (A) B16-F10 melanoma cells and (B) 4T1 breast cancer cells co-cultured 
with MECs was increased, indicating that the presence of MECs stimulates tumor cell proliferation. Proliferation was inhibited by anti-PECAM-1 antibody 
(50 µg/ml). Data are presented as the means ± standard error; n=3‑6. #P<0.0001 compared with the no MEC/no antibody condition; *P<0.0001 compared with 
the MEC/IgG condition. (C) B16-F10 melanoma cells and (D) 4T1 breast cancer cells were cultured in CM from tumor/MEC co-cultures that had been treated 
with IgG or anti-PECAM-1, after which proliferation was detected. B16-F10 and 4T1 tumor cell proliferation was reduced when cultured in CM derived from 
anti‑PECAM‑1‑treated co‑cultures compared with the IgG controls. Data are presented as the means ± standard error; n=3 or 4. *P<0.0005 compared with the 
IgG condition. CM, conditioned media; IgG, immunoglobulin G; MECs, murine endothelial cells; PECAM-1, platelet endothelial cell adhesion molecule-1.

Figure 5. B16-F10 melanoma cell proliferation in co-culture with REN cells expressing wild-type or mutant PECAM-1. The proliferation of (A) B16-F10 
melanoma cells and (B) 4T1 breast cancer cells co-cultured with control REN cells or REN cells expressing wild-type or mutant PECAM-1. Tumor cell 
proliferation was stimulated by REN-MP cell; conversely, proliferation was reduced in cells co-cultured with REN-MPΔHom, but not in cells co-cultured with 
REN-MPΔHet or REN-MPY→F. Data are presented as the means ± standard error; n=4 or 5. *P<0.0001 compared with the REN group; **P<0.0001 compared with 
the REN-MP group. (C) B16-F10 melanoma cells and (D) 4T1 breast cancer cells were cultured in CM derived from co-cultures of tumor cells with various 
REN cell lines. Tumor cell proliferation was increased when cultured in CM derived from REN-MP co-cultures compared with REN co-cultures, an effect that 
was not seen in CM obtained from co-cultures with the REN-MPΔHom cell line. Data are presented as the means ± standard error; n=4. *P<0.0001 compared with 
the REN group; **P<0.0001 compared with the REN‑MP group. CM, conditioned media; h, human; IgG, immunoglobulin G; PECAM‑1, platelet endothelial 
cell adhesion molecule-1; REN-MP, REN cells expressing PECAM-1; REN-MPΔHet, REN cells in which glycosaminoglycan/heterophilic binding was disabled; 
REN-MPΔHom, REN cells in which homophilic ligand binding was disabled; REN-MPY→F, REN cells in which intracellular signaling was disabled.
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demonstrated that REN-MP stimulated the proliferation of 
B16-F10 melanoma cells by 2-3-fold, with CM from these 
co-cultures stimulating the proliferation of cultured B16-F10 
cells by ~30% (Fig. 5C). The stimulatory effects of PECAM‑1 
on tumor cell proliferation were lost if PECAM-1-dependent 
homophilic binding was disrupted, but remained preserved 
despite disruption of PECAM-1-dependent GAG/heterophilic 
ligand binding or intracellular signaling (Fig. 5A). Consistent 
with this finding, CM derived from the REN‑MPΔHom failed 
to stimulate B16-F10 proliferation, whereas proliferation 
was preserved in response to CM from the REN-MPΔHet and 
REN-MPY→F co-cultures (Fig. 5C). Furthermore, similar 
results were observed with the 4T1 murine breast cancer 
line (Fig. 5B and D). These data suggested that the pres-
ence of PECAM-1 promotes tumor cell proliferation by 
modulating the release of soluble factors through processes 
that involve PECAM-1-dependent homophilic ligand 

interactions, but which are independent of signaling mediated 
by PECAM-1-tyrosine phosphorylation.

Identification of TIMP‑1 as a potential mediator of the 
pro‑proliferative ef fects of PECAM‑1. The levels of 
308 mouse-secreted proteins were measured in CM harvested 
from B16-F10 and CD3 MEC co-cultures after exposure to 
either anti-mouse PECAM-1 or isotype control antibody. 
Using an antibody affinity array, it was revealed that the 
concentrations of 21 factors were significantly downregu-
lated by anti-PECAM-1 antibody, compared with the IgG 
control (Table I). In addition, 24 upregulated factors were 
identified (data not shown), analyses of which are the focus 
of separate, ongoing studies. The list of downregulated 
factors included six potential endothelial-derived factors with 
reported involvement in cell proliferation and/or tumor metas-
tasis: TIMP-1 (41-43,46-50,62), TIMP-2 (62,63), IL-11 (64,65), 

Figure 6. Expression levels of soluble factors in the CM from co-cultures of B16-10 melanoma cells with MEC or REN cell lines. (A-D) From MEC/B16-F10 
melanoma co-cultures, the CM concentrations of mTIMP-1, mTIMP-2, soluble mCD40 and mCCL4 were detected. (A) mTIMP-1 levels were decreased in 
CM derived from B16-F10/MEC co-cultures treated with anti-PECAM-1 compared with the IgG control; (B) mTIMP-2, (C) soluble mCD40 and (D) mCCL4 
levels were not altered. (E-H) From B16-F10/REN or REN-MP co-cultures, the CM concentrations of hTIMP-1, hTIMP-2, soluble hCD40 and hIL-11 were 
determined. (E) hTIMP-1 levels were increased in CM obtained from B16-F10/REN-MP co-cultures compared with the REN control; levels of (F) hTIMP-2, 
(G) soluble hCD40 and (H) IL11 in the CM were not significantly altered by the presence of REN‑MP in the co‑cultures. (I) hTIMP‑1 levels were also increased 
in the CM obtained from co‑cultures of 4T1 cells and REN‑MP compared with the REN control. Data are presented as the means ± standard error of the 
mean; n=4. *P<0.0005 compared with IgG or REN cells. CCL4, chemokine (C‑C motif) ligand 4; CD40, cluster of differentiation; CM, conditioned media; 
IL‑11, interleukin‑11; m, murine; MECs, murine endothelial cells; PECAM‑1, platelet endothelial cell adhesion molecule‑1; REN‑MP, REN cells expressing 
PECAM-1; TIMP-1, TIMP metallopeptidase inhibitor-1.
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soluble CD40 (sCD40) (66,67), Shh (68,69) and CCL4 (70,71), 
whose expression levels were specifically decreased in the 
presence of anti-PECAM-1, and may therefore be poten-
tially regulated by PECAM-1. Subsequently, the mouse or 
human concentrations of these six proteins in CM from 
antibody-treated tumor/MEC co-cultures or tumor/REN-MP 
cell co-cultures were determined by ELISA (Fig. 6). It was 
revealed that levels of mouse (m)TIMP-1, but not those of 
mTIMP-2, soluble mCD40 or mCCL4, were reduced in the 
CM from anti-PECAM-1 antibody-treated B16-F10/MEC 
co-cultures compared with IgG (Fig. 6A-D). mIL-11 and 
mShh were not detected in these CM (data not shown). These 
data were supported by the finding that human (h)TIMP‑1 
levels were increased in the B16-F10/REN-MP co-cultures 
compared to the control REN cells (Fig. 6E). In addition, 
REN‑MP cells mediated a significant increase in the release 
of hTIMP-1 compared to REN cells in co-culture with 4T1 
cells (Fig. 6I). Conversely, no statistically significant differ-
ences between REN and REN-MP cells were detected with 
regards to the levels of TIMP-2, soluble CD40 and IL-11 
proteins (Figs. 6F-H), and CCL4 and Shh were not detected 
(data not shown). Taken together, these data indicated that 

TIMP-1 may be a soluble mediator of the pro-proliferative 
effects of endothelial PECAM-1.

Targeting TIMP‑1 inhibits PECAM‑1‑mediated tumor cell 
proliferation. To directly confirm the involvement of TIMP‑1 
in mediating the tumor proliferative effects of PECAM-1, 
B16-F10/REN-MP co-cultures were treated with control 
IgG or anti‑hTIMP‑1, in order to specifically target hTIMP‑1 
expressed by REN cells in the co-culture assay (Fig. 7). The 
results demonstrated that anti-hTIMP-1 antibody inhib-
ited stimulation of B16-F10 cell proliferation mediated by 
REN-MP (Fig. 7A). Furthermore, anti-hTIMP-1 antibody, but 
not IgG, blocked the stimulation of B16‑F10 cell proliferation 
by CM derived from B16-F10/REN-MP co-cultures (Fig. 7C). 
Comparable inhibitory effects of the anti-hTIMP-1 antibody 
were detected in 4T1/REN-MP co-cultures (Fig. 7B and D).

Decreased metastatic tumor TIMP‑1 expression in 
PECAM‑1‑null mice. To explore the potential in vivo signifi-
cance of the findings of the in vitro experiments, TIMP-1 
expression was detected in the lungs of wild-type and 
PECAM-1-null mice, which were injected via the tail vein with 
B16-F10 melanoma cells to model lung metastases. Western 
blot analysis of cell lysates of the right lung demonstrated 
negligible TIMP-1 protein in the absence of tumors (Fig. 8A). 
Conversely, TIMP‑1 protein expression was markedly increased 
in the presence of B16-F10 tumors in the lungs; however, 
TIMP-1 protein expression was significantly decreased in 
the lungs of tumor-bearing PECAM-1-null mice compared 
with the wild-type mice (Fig. 8). TIMP-1 expression was 
further analyzed by immunohistochemical staining (Fig. 9). 
Outside of tumors, TIMP-1 staining in the lungs was minimal 
(Figs. 9A and D, arrows). However, tumor foci in the wild-type 
mice were intensely stained for TIMP-1 (Figs. 9A-C), whereas 
TIMP‑1 staining was significantly reduced in the tumors of 
PECAM-1-null mice (Figs. 9D-G). Notably, there were no 
differences in the distribution (peri-arteriolar vs. sub-pleural) 
of tumors in the lungs. Since immunostaining of cultured 
B16-F10 demonstrated negligible TIMP-1 expression (data 
not shown), the TIMP-1 staining of tumor foci may repre-
sent TIMP-1 derived from the microenvironment that is 
peri-cellular, membrane-associated and/or internalized rather 
than endogenously produced by the tumor. Taken together 
with the co-culture studies, these data implicated PECAM-1 
in the regulation of TIMP-1 in the TME of metastatic tumors.

Discussion

The vast majority of cases of cancer-associated mortality are 
caused by the effects of metastatic, rather than local, disease (8); 
therefore, developing a more complete understanding of the 
cascade of events involved in tumor metastasis is critical to the 
development of novel treatments for patients with advanced 
cancer. One area that remains incompletely understood is the 
progression of metastatic, sub-clinical, microscopic tumor foci 
to macroscopic, clinically apparent and debilitating tumors, 
and the role that the TME has in this process (1-8). There is, 
however, evidence that PECAM-1 expressed on the vascular 
endothelium acts as a mediator of the late progression of 
metastatic tumors (38). Notably, this activity is mediated by 

Table I. Antibody affinity array analysis of conditioned media 
from B16-F10/murine endothelial cell co-cultures, to identify 
PECAM-1-regulated soluble factors.

No. Protein Fold decrease P-value

  1 Soluble CD40 0.58 0.0420
  2 IL-11 0.55 0.0029
  3 Eotaxin-2 0.51 0.0493
  4 Cripto 0.46 0.0446
  5 CCR10 0.46 0.0126
  6 TSLPR 0.35 0.0380
  7 Shh-N 0.33 0.0269
  8 Decorin 0.32 0.0264
  9 VEGFR3 0.27 0.0347
10 BAFFR/TNFRSF13C 0.26 0.0279
11 IL-23 R 0.21 0.0360
12 Insulin 0.21 0.0027
13 CD30 L 0.21 0.0286
14 CCL4/MIP-1β 0.19 0.0476
15 TIMP-2 0.19 0.0221
16 TIMP-1 0.18 0.0187
17 TSLP 0.18 0.0333
18 VEGF-D 0.15 0.0098
19 TARC 0.15 0.0114
20 TRANCE/TNFSF11 0.07 0.0226
21 PDGFRα 0.01 0.0226

Listed are 21 downregulated factors whose expression levels were 
<0.65‑fold decreased in the presence of the anti‑PECAM‑1 antibody 
compared with the control values (IgG control). The level of inhibi-
tion resulting from the presence of anti-PECAM-1 increases from the 
top to the bottom of the table. PECAM-1, platelet endothelial cell 
adhesion molecule 1.
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Figure 8. TIMP-1 protein expression in the lungs of mice bearing B16-F10 tumors. (A) Cell lysates from the right lungs of wild-type and PECAM-1-null 
mice were immunoblotted with anti‑mouse TIMP‑1 antibody. In the absence of tumor, TIMP‑1 expression was negligible but was significantly increased 
in wild‑type animals when B16‑F10 tumors are present. (B) Protein expression levels of TIMP‑1 were significantly reduced in the PECAM‑1‑null mice, as 
confirmed by densitometric analysis; expression levels of TIMP‑1 were normalized to GAPDH. Data are presented as the means ± standard error; n=5 or 6. 
*P<0.02 compared with the wild‑type group. PECAM‑1, platelet endothelial cell adhesion molecule‑1; TIMP‑1, TIMP metallopeptidase inhibitor‑1.

Figure 7. Effects of anti-TIMP-1 on PECAM-1-mediated tumor cell proliferation. In co-cultures of (A) B16-F10 or (B) 4T1 and REN cell lines, anti-TIMP-1 
antibody inhibited stimulation of B16‑F10 and 4T1 cell proliferation mediated by REN‑MP. Data are presented as the means ± standard error; n=3. *P<0.01 
compared with the REN/IgG condition; **P<0.05 compared with the REN‑MP/IgG condition. Anti‑TIMP‑1 antibody treatment, but not IgG, inhibited 
the stimulation of (C) B16-F10 and (D) 4T1 cell proliferation by CM derived from B16-F10 or 4T1 and REN-MP co-cultures. Data are presented as the 
means ± standard error; n=4. *P<0.0001 compared with the REN/IgG condition; **P<0.0001 compared with the REN‑MP/IgG condition. CM, conditioned 
media; IgG, immunoglobulin G; PECAM-1, platelet endothelial cell adhesion molecule-1; REN-MP, REN cells expressing PECAM-1; TIMP-1, TIMP metal-
lopeptidase inhibitor-1.
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modulation of the TME, and not through stimulation of angio-
genesis (32-35), thus suggesting that PECAM-1 serves two 
distinct roles in the pathogenesis of cancer.

The present study extended those initial findings by 
confirming that the presence of functional PECAM‑1 on the 
endothelium promotes a proliferative tumor cell phenotype 
in vivo, and in tumor cell co-culture assays with ECs or EC 
surrogates. These pro-proliferative effects were mediated 
by soluble endothelial-derived factors that are dependent on 
PECAM-1 homophilic ligand interactions, but are indepen-
dent of PECAM-1-dependent signaling. These results contrast 
with previous findings, which indicated that PECAM-1 
promotes EC migration via both PECAM-1 homophilic 
and PECAM-1-dependent, GAG-mediated heterophilic 
ligand interactions, as well as tyrosine phosphorylation 
of the cytoplasmic domain and recruitment of the SHP-2 
tyrosine phosphatase (35,52,53). Further analyses of the 
CM from tumor cell/EC co‑cultures identified TIMP‑1 as a 
PECAM-1-regulated endothelial factor, the targeting of which 
in the tumor cell/REN-MP system inhibited tumor cell prolif-
eration. In addition, the finding that TIMP‑1 expression may be 
decreased in metastatic tumors in the lungs of PECAM-1-nulll 
mice provided evidence of the in vivo significance of the 
co‑culture studies. The potential wider significance of these 
findings is suggested by the observation that 4T1 murine breast 
cancer cells replicated the in vitro activity of B16-F10 cells. 
Notably, the pro-proliferative effects of PECAM-1 were asso-
ciated with discrete phenotypic alterations in B16-F10 tumors; 
however, the significance of these findings remains to be 
determined. Taken together, these studies implicated TIMP‑1 
as a mediator of the growth-promoting effects of PECAM-1 on 
metastatic tumors through PECAM-1 homophilic interactions. 
Studies are ongoing to provide in vivo validation of the findings 

with other models of lung metastasis (e.g. spontaneous lung 
metastases from 4T1 cancer cells injected into the mammary 
fat pads of BALB/c mice) (72), as well as with animal models 
of metastases to other organs, such as the liver (73).

The present study indicated that the stimulatory effects of 
PECAM-1 on metastatic tumor cell proliferation were depen-
dent on homophilic binding interactions, and were independent 
of PECAM‑1 signaling; these findings may have mechanistic 
implications for the involvement of PECAM-1 in tumor 
metastasis. Homophilic interactions enable the localization of 
PECAM-1 in endothelial intercellular junctions (53), whereas 
the lack of a requirement of PECAM‑1‑dependent signaling 
suggests that PECAM-1 partners with other molecules to 
trigger the synthesis and/or release of tumor promoting factors, 
such as TIMP-1. Therefore, these data suggested that junctional 
PECAM-1, clustered through homophilic interactions, may 
act as a scaffold or a co-receptor for one or more endothelial 
surface receptors for tumor-derived factors, which activate the 
endothelium to secrete TIMP-1 into the TME. The antibody 
used in the present study (mAb 390) has previously been 
reported to inhibit EC migration in the setting of angiogen-
esis through inhibition of PECAM-1-dependent heterophilic 
adhesion (53). However, the present data suggested that in the 
context of tumor-endothelial interactions at sites of metastasis, 
mAb 390 may also have effects on PECAM-1-homophilic 
binding.

There may also be potential prognostic significance to 
the finding that PECAM-1-dependent homophilic binding 
served a role in PECAM-1-mediated tumor cell proliferation. 
Single nucleotide polymorphisms (SNPs) have been described 
that code for substitutions in the PECAM-1 molecule at 
position 125 (leucine to valine) located in domain 1, posi-
tion 563 (serine to asparagine) in domain 6, and position 670 

Figure 9. Immunohistochemical staining of TIMP-1 in the lungs of mice bearing B16-F10 tumors. Tumor-bearing lungs of wild-type and PECAM-1-null mice 
were immunohistochemically stained for murine TIMP‑1. (A and D) Outside of tumors, TIMP‑1 staining was weak (arrows). Tumors in (A‑C) wild‑type mice 
were stained intensely for TIMP‑1, whereas tumors in (D‑F) PECAM‑1‑null mice (D‑F) were stained much less so. Scale bar, 50 µm. (G) Results were confirmed 
by analysis of staining intensity by image analysis. Data are presented as the means ± standard error; n=13. *P<0.0001 compared with the wild‑type mice.
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(arginine to glycine) in the cytoplasmic domain (74). These 
polymorphisms are held in tight genetic linkage, resulting in 
two major PECAM-1 isoforms within the human population: 
LSR and VNG, with frequencies of ~0.5 in the Caucasian 
population (74). Given the present in vitro findings, which 
indicated that stimulation of tumor cell proliferation by 
PECAM-1 may be mediated through PECAM-1-dependent 
homophilic binding, these SNPs are potentially significant in 
that they involve sequences of the molecule that either mediate 
homophilic binding (domain 1) or have regulatory functions 
on PECAM-1-dependent adhesion (domain 6 and cytoplasmic 
domain). PECAM-1 gene polymorphisms have been associ-
ated with numerous clinical conditions, including sepsis (75), 
and cardiovascular and cerebrovascular diseases (76-80). 
Therefore, one or more of the PECAM-1 gene polymorphisms 
may be associated with reduced TIMP-1 expression, decreased 
tumor cell proliferation and better clinical outcomes.

The present study implicated TIMP-1, released from the 
vasculature, as a mediator of the tumor-promoting effects 
of endothelial PECAM-1, thus suggesting its potential role 
in the progression of metastatic tumors. This finding is 
consistent with the results of a previous study, which demon-
strated that elevated TIMP-1 expression levels in serum or 
tissue are associated with poorer outcomes in patients with 
various malignancies including, lung, gastric and colon 
cancer (46). Furthermore, the present data are in line with 
emerging evidence that suggests TIMP-1 is able to promote 
cell proliferation and survival, including that of tumor cells, 
independent of MMP inhibition (41-43), via receptor-mediated 
signaling (44,45). One putative cell surface TIMP-1-binding 
receptor is CD63 (81), which is a cell surface protein that has 
been implicated in cancer progression (82-84). Given that 
the co-culture assay system used in the present study only 
modeled interactions between tumor cells and the vasculature, 
the possibility of TIMP-1-mediated effects on other cells in the 
TME, or on the in vivo activity of MMPs in the ECM or asso-
ciated with the membrane, cannot be excluded. Future in vivo 
studies are required to address these issues. Although several 
candidate PECAM‑1‑regulated factors were identified from 
the antibody array conducted in this study, only TIMP-1 was 
confirmed to be dependent on PECAM‑1 by ELISA analysis. 
The differences in the findings of the antibody array compared 
with the ELISA are consistent with the variable specificity and 
sensitivity of a large antibody array, such as the one used in 
this study; therefore, a confirmatory analysis, such as ELISA, 
is required (85).

The observation that CM from the tumor/REN-MP, but 
not tumor/REN co-cultures, stimulated tumor cell prolifera-
tion is important in two respects. Firstly, although TIMP-1 is 
present in the CM from the tumor/REN co-cultures, this CM 
failed to stimulate the proliferation of cultured tumor cells. 
This finding suggested that there may be a threshold to the 
stimulatory effects of TIMP-1 and/or TIMP-1 secreted through 
PECAM-1-dependent processes may be post-translationally 
modified to be functionally active in stimulating tumor cell 
proliferation. Secondly, these data indicated that there is 
crosstalk between tumor cells and the PECAM‑1‑expressing 
cells. While the present study implicated TIMP-1 in 
PECAM-1-dependent communication between the endothe-
lium and tumor cells, the signals from the tumor cell that are 

mediated by PECAM‑1 remain unknown. One factor being 
considered is vascular endothelial growth factor (VEGF), as it 
is highly expressed by melanoma cells (86), PECAM-1 inter-
acts with VEGF receptor on the endothelium (87), and it has 
been revealed that in B16-F10/REN-MP co-cultures targeting 
of murine VEGF (and thus VEGF derived from the melanoma 
cells and not the REN cells) with a murine-specific anti-
body inhibits PECAM-1-mediated stimulation of tumor cell 
proliferation (DeLisser, unpublished data). These initial obser-
vations suggested that REN cells may exhibit VEGF-binding 
activity, through which PECAM-1 acts to mediate the release 
of tumor-promoting soluble factors.

In conclusion, the present study suggested a model to guide 
future studies of the involvement of PECAM-1 in metastatic 
tumor progression. It may be hypothesized that PECAM-1, 
through homophilic interactions, mediates crosstalk between 
the tumor and the endothelium, participating in the recep-
tion/integration of signals from the tumor to the endothelium, 
which are translated into the release of mediators, such as 
TIMP-1, that act in a receptor-mediated manner to further 
stimulate tumor cell proliferation. The potential result is a 
dynamic, pro-proliferative TME that promotes late metastatic 
tumor growth and progression, leading to decreased patient 
survival.
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