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Thrombomodulin (TM) is an integral membrane gly-
coprotein that is a potent anticoagulant factor. TM may
also possess functions distinct from its anticoagulant
activity. Here the influence of TM on cell adhesion was
studied in TM-negative melanoma A2058 cells trans-
fected with green fluorescent protein-tagged TM (TMG)
or lectin domain-deleted TM (TMG(AL)). Confocal mi-
croscopy demonstrated that both TMG and TMG(AL)
were distributed in the plasma membrane. TMG-ex-
pressed cells grew as closely clustered colonies, with TM
localized prominently in the intercellular boundaries.
TMG(AL)-expressed cells grew singly. Overexpression of
TMG, but not TMG(AL), decreased monolayer perme-
ability in vitro and tumor growth in vivo. The cell-to-cell
adhesion in TMG-expressed cells was Ca”*-dependent
and was inhibited by monoclonal antibody against the
lectin-like domain of TM. The effects of TM-mediated
cell adhesion were abolished by the addition of man-
nose, chondroitin sulfate A, or chondroitin sulfate C. In
addition, anti-lectin-like domain antibody disrupted the
close clustering of the endogenous TM-expressed kera-
tinocyte HaCaT cell line derived from normal human
epidermis. Double-labeling immunofluorescence stain-
ing revealed similar distributions of TM and actin fila-
ment in the cortex region of the TMG-expressed cells.
Thus, TM can function as a Ca®*-dependent cell-to-cell
adhesion molecule. Binding of specific carbohydrates to
the lectin-like domain is essential for this specific
function.

Thrombomodulin (TM)! is a membrane-intercalated glyco-
protein, which functions in anticoagulation by virtue of compl-
exation with thrombin. The complex can effectively activate
protein C, which in turn catalyzes the proteolytic inactivation
of blood coagulation factors Va and VIIla, leading to down-
regulation of the blood coagulation cascade (1, 2). TM is con-
stitutively expressed on endothelial cells (1). As such, it might
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be one of the factors that localizes the coagulation cascade to
sites of vascular injury (2).

The observations from a number of studies support the con-
tention that TM may also play a role in other extravascular
activities (3). Ablation of the TM gene causes early postimplan-
tation embryonic lethality that precedes the establishment of a
functional cardiovascular system (4). TM may also have anti-
scarring properties, by virtue of the modulation of early colla-
gen deposition of normal epidermis (5). Complete or nearly
complete TM deficiency has not been reported in humans (6),
which is consistent with the view that a severe reduction of TM
function may have more dire consequences than the defects in
coagulant or anticoagulant factors. An inverse correlation be-
tween TM expression and tumor progression is evident clini-
cally (7-9). It was demonstrated that TM exerted a growth-
suppressing effect independent of its anticoagulant activity but
dependent on the lectin-like domain (10).

The myriad and diverse possible functions of TM may reflect
the glycoprotein structure. TM consists of 557 amino acid res-
idues arranged in five distinct domains: an NH,-terminal lec-
tin-like domain, a domain with six epidermal growth factor
(EGF)-like structures that contain thrombin binding sites, an
O-glycosylation site-rich domain, a transmembrane domain,
and a cytoplasmic tail (11). The NH,-terminal lectin-like do-
main has two modules. The first 155-amino acid module, is
homologous to Ca®"-dependent lectin (12). The second module,
adjacent to the EGF-like domain, is a hydrophobic region of 70
amino acid residues. These lectin-like domains exist in other
proteins, where they participate in a wide variety of cell bio-
logic processes, including inflammation and cell-to-cell recog-
nition processes (13-15). The TM lectin-like domain is not
required for cofactor activity for activating protein C, and its
biological function remains mostly unclear.

It has been reported that many null mutations in adhesion
genes are lethal during embryonic development (16-18) and
that TM is necessary for embryonic development (4). The
lectin-like activity may be influential in a cell-to-cell adhe-
sive interaction (19). It is conceivable that TM may function
as an additional cellular adhesive molecule. Immunocyto-
chemical studies have localized the TM antigen principally to
the intercellular bridges between keratinocytes in stratified
squamous epithelium of skin and in various benign or malig-
nant squamous cell carcinomas (7, 20-22). Indeed, the levels
of both E-cadherin and TM are decreased in metastases of
squamouscellcarcinoma(7,23).ItiswellknownthatE-cadherin-
dependent cell-to-cell adhesion is important for the mainte-
nance of epithelial structural integrity and that the loss of
E-cadherin expression is correlated with increased invasive
potential of both carcinoma cell lines and tumor samples (24).

This paper is available on line at http://www.jbc.org
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The parallel relationship of the expression levels of E-cad-
herin and TM in tumor progression prompted us to test the
adhesion and morphoregulatory activities of TM in compari-
son with E-cadherin.

Although the direct participation of TM in cell-to-cell ad-
hesion is suspected, no supportive experimental evidence has
been provided. The present study sought such evidence,
through the testing of the hypothesis that TM functions as a
cell-to-cell adhesion molecule, and, if so, elucidation of the
roles of the participating TM domains. Clones of A2058 mel-
anoma cells that stably expressed green fluorescent protein
(GFP)-tagged full-length or lectin-like domain-truncated TM
were generated. We report here on our observations that the
lectin-like domain of TM prompted the clustering of cells in
close proximity with one another by enhancing cell-to-cell
adhesiveness through a Ca%*-dependent interaction of TM
molecules. This interaction could be involved in limiting cell
growth.

EXPERIMENTAL PROCEDURES

Materials—Tissue culture dishes and plastic ware were purchased
from Corning Life Sciences (Corning, Inc.). Lipofectin and cell culture
reagents were from Gibco-BRL (Gaithersburg, MD). Restriction en-
zymes used in DNA manipulation were purchased from New England
Biolabs (Beverly, MA) or Promega Corp. (Madison, WI). The pEGFPN,
vector was from BD Biosciences Clontech (Palo Alto, CA). Monoclonal
mouse antibody to the EGF,-EGFy domain of TM IgG, antibody and
Chromozym PCa were purchased from American Diagnostica Inc.
(Greenwich, CT). Human protein C, antithrombin IIT, G418 (neomycin),
and anti-human E-cadherin antibody (clone HECD-1) were from Cal-
biochem-Novabiochem. Monoclonal anti-lectin-like domain antibody
(clone D-3), isotype control IgG antibody, tetramethylrhodamine-conju-
gated phalloidin, and goat anti-human keratin antibody were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Tetramethyl-
rhodamine goat anti-mouse IgG and tetramethylrhodamine rabbit anti-
goat antibody were purchased from Molecular Probes, Inc. (Eugene,
OR). Supersignal enhanced chemiluminescence reagent was obtained
from Pierce. D-Mannose, D-galactose, D-lactose, D-glucose, D-xylose, hep-
arin, low molecular weight heparin, chondroitin sulfate A, chondroitin
sulfate B, and chondroitin sulfate C were from Sigma. All other chem-
icals were of the highest grade commercially available.

Construction of Green Fluorescent Protein-tagged Thrombomodu-
lin—Human TM gene in chromosomal DNA was amplified by PCR
using a BamHI forward primer, TM719 (5'-CGGGATCCCGGAATGC-
TTGGGGTCCTGGTCCTTG-3’) and an EcoRI reverse primer (5'-GGA-
ATTCGGAGTCTCTGCGGCGTCCGCT-3'). The 1.7-kb PCR product en-
coding amino acid residues 1-575 was digested with BamHI and EcoRI.
The resulting fragment was ligated to the expression vector pEGFPN,,
which had been digested with BglII and EcoRI. This construct was
named TMG.

The lectin-like module within the NH,-terminal domain of TM was
removed by recombinant PCR using the following method. Four primers
were designed such that they overlapped and skipped the lectin-like
module. Two oligonucleotide primers, TM719 and TM1480 (5'-CATTG-
CACGCGTGCTCGCAGCCGC-3'), flanked the region from nucleotide
719 to 1480. The other primers were 5'-CACGCTGCAGTCCCAAGCG-
CCACCCGGCTGCGGCTC-3' and its reverse complement 5'-GAGCC-
GCAGCCGGGTGGCGCTTGGGACTGCAGCGTG-3'. Each of the latter
two primers was utilized with primer TM719 and TM1480 for PCR
amplifications, respectively. The 92- and 66-bp PCR products were
purified, denatured, annealed, and amplified using primers TM719 and
TM1480. The recombinant 140-bp product was digested with BamHI
and Mlul and subcloned to replace the wild type NH,-terminal domain
of human TM in the expression vector pPEGFPN1. The final product was
designated TMG(AL). Both constructs were confirmed by DNA
sequencing.

Cell Culture and Transfection of Human Melanoma (A2058) Cells—
A2058 cells (ATCC CRL-11147) or HaCaT cells (25) were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 0.292 g/liter
L-glutamine and 10% fetal bovine serum. A2058 cells grown until 40—
60% confluence were transfected with TMG or TMG(AL) using Lipofec-
tin reagent. To generate cell lines stably expressing the various con-
structs, cells were diluted and seeded 2 days after transfection and
maintained in Dulbecco’s modified Eagle’s medium supplemented with
400 pg/ml G418 (neomycin). Clonal expression was examined initially
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Fic. 1. A, schematic diagram illustrating TMG and TMG(AL) con-
structed in pEGFPN1. Nascent human TM consists of 575 amino acid
residues beginning with a putative 18-residue signal peptide (SP) at the
N-terminal end. The signal peptide is followed by five structural do-
mains: the NH,-terminal lectin-like domain (including the hydrophobic
region), six EGF-like repeats, the serine/threonine (Ser/Thr)-rich re-
gion, the transmembrane (¢/m) domain, and the cytoplasmic tail (cyt).
cDNA constructs of the full-length or lectin-like domain-deleted TM
were transfected into A2058 cells for expression of TMG or TMG(AL). B,
TM activity assay of A2058 cells stably expressing TMG and TMG(AL).
Confluent monolayers of A2058 cells (A), GFP control (X), TMG (O) and
TMG(AL) (#) were assayed for TM-dependent protein C activation
activity as described under “Experimental Procedures.” The change in
absorbance at 405 nm was monitored. C, characterization of TM pro-
teins by mouse anti-human TM antiserum. 10 ug of cell lysates were
subjected to SDS-polyacrylamide gel electrophoresis followed by elec-
trotransfer onto filters and blotting with mouse anti-human TM anti-
serum. Positions and apparent molecular mass standards (in kDa) are
shown as indicated. Western blot results from A2058 cells transfected
with GFP (lane 1), TMG (lane 2), and TMG(AL) (lane 3) are shown.

by fluorescence microscopy, and clones for further study were selected
and expanded.

Thrombomodulin Activity Assay—Cells at a density of 2 X 10%well
were split into wells of a 96-well plate and allowed to reattach over-
night. The cells were washed in a buffer containing 20 mm Tris (pH 7.4),
0.15 M NaCl, 2.5 mm CaCl,, and 5 mg/ml bovine serum albumin and
incubated with 40 ul of reaction mixture (37.5 nM thrombin and 5 pg/ml
protein C in the washing buffer) at 37 °C for 30 min. Protein C activa-
tion was terminated by adding 40 ul of antithrombin III (6 IU/ml) and
heparin (12 IU/ml). The enzymatic activity of activated protein C was
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Fic. 2. Confocal microscopy examination of the subcellular distribution of TM proteins in A2058 cells and the cell morphology.
Confocal microscopy was utilized to observe A2058 cells stably expressing GFP (A), TMG (B), and TMG(AL) (C). The cells were fixed and

photographed to observe the localization of TM protein. Bar, 40 pum.

Fic. 3. Effects of anti-TM antibodies
on the organization of cell-cell adhe-
sion junctions in TMG-expressed
A2058 cells. Anti-lectin-like domain an-
tibody (10 pg/ml) or isotype-matched con-
trol IgG (10 ug/ml) was added to cultured
monolayers for 24 h (A), and the cell mor-
phology was examined using a Leica in-
verted microscope. A comparative mor-
phology of the TMG-expressed cells
treated with anti-EGF-like domain anti-
body (10 pg/ml) was photographed (B).

measured with the peptide substrate H-D-Lys-Z-Pro-Arg-4-nitroanilide-
diacetate (Chromozym PCa; 0.5 mMm in 20 mm Tris, pH 7.4, 0.15 M NaCl,
and 5 mg/ml bovine serum albumin) at 37 °C. The absorbance change at
405 nm was measured with a Thermomax Microplate Reader (Molecu-
lar Devices Corp., Sunnyvale, CA). Controls containing thrombin and
protein C in the absence of cells were treated similarly.
Electrophoresis and Immunoblot Analyses—TM-expressing cells
were washed twice with cold phosphate-buffered saline (PBS), lysed in
PBS containing 1% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate,
0.1% (w/v) SDS, 5 ug/ml aprotinin, 100 ug/ml phenylmethylsulfonyl
fluoride, 1 pg/ml pepstatin A, and 1 mMm EDTA at 4 °C for 20 min and
then disrupted with a needle. Total lysates were quantified using a
micro-BCA kit (Pierce). Proteins (10 ug) were resolved by SDS-poly-

Isotype control IgG  Anti-lectin-like domain Ab

TMG(AL)Z

acrylamide gel electrophoresis and transferred electrophoretically to a
nylon filter. The nylon filter was blocked for 1 h in 5% (v/v) fat-free milk
in PBST buffer (PBS with 0.05% Tween 20). After a brief wash in the
buffer, the nylon filter was incubated overnight at 4 °C with mouse
anti-human TM antiserum diluted in PBST buffer. The antiserum was
prepared in our laboratory from BALB/c mice immunized with recom-
binant TM protein purified from the Pichia pastoris expression system.
The primary antibody was removed, and the filter was washed four
times in PBST buffer. Subsequent incubation with horseradish perox-
idase-labeled goat anti-mouse antibody proceeded at room temperature
for 2 h. The filter was washed four times in PBST buffer to remove the
secondary antibody, and the blot was visualized with enhanced chemi-
luminescence reagent.
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FiG. 4. Overexpression of TMG decreases the A2058 cell mono-
layer permeability. Monolayer cell permeability was decreased in
A2058 cells overexpressing TMG as determined by horseradish perox-
idase flux across confluent monolayer. Statistical evaluation of quad-
ruplicate determinations showed a statistically significant between
TMG (black bars) and TMG(AL) (gray bars) or GFP-expressed control
(open bars). *, p < 0.05 versus GFP-expressed cells. An unpaired Stu-
dent’s ¢ test was used. The experiment was repeated three times.

Confocal Microscopy—To examine the distribution of TM, trans-
fected cells were grown on polylysine-coated coverslips overnight. The
coverslips were washed three times with cold PBS, and the cells were
fixed with a 3.7% (v/v) formaldehyde solution in PBS and mounted
with Vectashield mounting medium (Vector Laboratories Inc., Burl-
ingame, CA). Cells were observed using a laser-scanning confocal
microscope (Leica model TCS2) with a Leica Mellis-Griot X63 numer-
ical aperture oil immersion objective, pinhole of 1.5, and electronic
zoom 1.5 or 2. GFP was excited using a 488-nm argon/krypton laser
and detected with a 515-540-nm band pass filter. Tetramethylrho-
damine was excited using a 543-nm argon/krypton laser and detected
with a 550—-620-nm band pass filter. The images were manipulated
with a Leica TCS NT scanner.

Immunofluorescence Staining—For immunofluorescence staining,
cells were grown on glass coverslips at 37 °C. After being fixed in 3.7%
(v/v) formaldehyde in PBS, cells were permeabilized with 0.2% (v/v)
Triton X-100 and blocked with 10% fetal bovine serum in PBS.

Tetramethylrhodamine-phalloidin, anti-keratin antibody, anti-lec-
tin-like domain antibody, or anti-human TM EGF-like domain antibody
was applied to the samples. After three PBS washes, cells were incu-
bated for 1 h at room temperature with tetramethylrhodamine-labeled
secondary antibodies. Glass coverslips were washed three times with
PBS, mounted, and examined using a confocal microscope.

Calcium Switch Methods—Cells were grown overnight on glass
coverslips at a constant density (5 X 10* cells/well) in 24-well culture
plates. The cells were serum-starved for 8 h, and Ca®* was removed
by incubation with Dulbecco’s modified Eagle’s medium containing 4
mM EGTA and 1 mm MgCl, at 37 °C. After 1 h, Dulbecco’s modified
Eagle’s medium containing 1.8 mm Ca®* was added to replace the
Ca?*-free medium. In control experiments, cells received fresh me-
dium in the absence of EGTA. In selected experiments, 10 ug/ml of
anti-TM lectin-like antibody, 10 ug/ml isotype-specific control anti-
body or anti-E-cadherin antibody (20 ug/ml) was added to the Ca®*-
containing medium.

Determination of Carbohydrate Specificity for TM-mediated Cell Ad-
hesion—A variety of simple carbohydrates (D-mannose, D-galactose,
D-lactose, D-glucose, D-xylose), heparin, low molecular weight heparin,
chondroitin sulfate A, chondroitin sulfate B, and chondroitin sulfate C
were tested to determine their ability to block cell-cell adhesion of the
TMG cells. In these experiments, the carbohydrate to be tested was
added to the cell monolayer to compare its ability to compete with the
TMG. The plates were then incubated at 37 °C overnight and examined
by light microscopy (Leica model DM IL).

Monolayer Permeability Assay—Horseradish peroxidase flux across
A2058 cell monolayers was measured using Transwell cell culture
chambers (0.4-um pore polycarbonate filters; Corning) as previously
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described (26). Briefly, A2058 cells (7.5 X 10*) were cultured for 2-3
days in Transwell units (Corning). After reaching confluence, cells were
washed, and the medium was replaced with serum-free medium (1.5-ml
upper chamber and 2.6-ml lower chamber). Type IV-A horseradish
peroxidase (0.1 uM) was added to the upper chamber and incubated at
37 °C. At the indicated time, medium in the lower chambers was as-
sayed for horseradish peroxidase activity using a 2,2’'-azino-bis(3-eth-
ylbenzthiazoline-6-sulfonic acid) liquid substrate system according to
the manufacturer’s instructions (Sigma).

Tumor Growth in Vivo—To study the in vivo growth of A2058 cells,
BALB/c SCID male mice were used. Cells (10°) in 100 ul of PBS were
injected subcutaneously into 6-—8-week-old male mice. Tumor sizes
were recorded every 7 days by measuring the two largest diameters.

RESULTS

Expression of TMG and TMG(AL) Proteins in A2058 Cells—
The ¢cDNA encoding either the full-length human TM or the
lectin-like domain truncated TM was cloned from human DNA
and ligated to the GFP gene in the mammalian expression
vector pEGFPN1 (Fig. 1A). Each recombinant gene was trans-
fected into A2058 cells. Several stable clones expressing TM-
GFP fusion proteins were initially screened by the presence of
GFP autofluorescence on the cell membrane. These clones
(TMG and TMG(AL)) were maintained for the experiments
described subsequently.

The thrombin-interacting domain of TM extended to the
outer surface of the cells (as expected in native TM) because the
cells expressing TMG or TMG(AL) proteins activated protein C
in conjunction with thrombin, whereas clones that expressed
GFP alone showed no thrombin-dependent protein C activation
(Fig. 1B). The TMG and TMG(AL) proteins had molecular
masses of 110 and 94 kDa, respectively, which were close to the
calculated values (Fig. 10C).

TM Localization and Cell Morphology—The cell morphology
and subcellular localization of GFP-tagged TM protein in
A2058 cells were monitored by confocal microscopy. The green
fluorescence of the GFP-expressed cells was evident in the
cytoplasm, with a higher concentration in the nuclear region
(Fig. 2A). Conversely, the green fluorescence of TMG proteins
was distributed near the cell surface, particularly at regions of
cell-to-cell contact (Fig. 2B). The fluorescence of TMG(AL) was
evenly distributed on the cell membrane (Fig. 2C).

The cells expressing TMG clustered closely together, with
strong cell-to-cell adhesion that was distinctly different from
parental A2058 cells and cells expressing GFP or TMG(AL)
(Fig. 2). Phase-contrast images also showed that cells express-
ing TMG produced compact cell colonies, and cells at the edges
of colonies rarely extended membrane protrusions onto the
surrounding cell-free surface (Fig. 3A). In contrast, both the
clones of the GFP- or TMG(AL)-expressed cells were poorly
compacted and had a more fibroblastic morphology than TMG-
expressed cells (Fig. 3A). Similar results were observed in five
stable clones of TMG and seven clones of TMG(AL).

Lectin-like Domain-mediated Cell-to-cell Adhesion—Because
accumulation of TM proteins in the cell-to-cell adhesion sites
led to the establishment of the compact clustering morphology,
we further explored whether the lectin-like domain of TM
played a critical role in cell-to-cell contacts. A monoclonal an-
tibody (clone D-3) directed against the lectin-like domain was
used to block the function of lectin-like domain and to test its
effect on cell morphology.

The antibody bound specifically to TM protein in the TMG
cell lysates rather than any proteins in the control or TMG(AL)
cell lysates, as shown by Western blotting results. When the
TMG-expressed cells were incubated with a monoclonal anti-
body directed against the lectin-like domain, the cell-to-cell
contacts were completely inhibited (Fig. 3A). On the other
hand, the antibody specific for the EGF-like domain of TM did
not cause the TMG-expressed cells to assume the dispersed
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Fic. 5. Localization of TM protein
and effects of anti-TM antibodies on
the cell-cell adhesion of HaCaT cells.
HaCaT cells were incubated with the an-
ti-lectin-like domain of the TM antibody
and detected with tetramethylrhoda-
mine-conjugated anti-mouse antibody.
Cells were photographed by confocal mi-
croscopy. A, bar, 40 um. HaCaT cells were
treated with 10 pg/ml of isotype-control
IgG (B), 10 pg/ml anti-EGF-like domain
antibody (C), or 10 pg/ml anti-lectin-like
domain antibody (D) for 24 h. Cells were
photographed by a Leica inverted micro-
scope. The results shown are representa-
tive of three independent experiments.

type colony (Fig. 3B). These results were consistent with a more
critical role of the lectin-like domain versus the EGF-like do-
main in promoting the formation of close cell-to-cell contacts in
the cultures of TMG-expressed cells.

To further investigate the effect of TM expression on the
permeability of the cell-to-cell junction, the infiltration ability
of horseradish peroxidase through a monolayer of the cell cul-
tures on the polycarbonate membrane was measured using a
Transwell assay system. The permeability of the monolayer of
TMG cell cultures was significantly lower compared with the
TMG(AL) and control cells (Fig. 4).

Previous reports have demonstrated that human keratino-
cytes express TM, which appears to be predominantly localized
to the cell membrane and the intercellular bridges (20). To
further verify the potential physiologic importance of TM in the
cell-to-cell adhesion junction, a keratinocyte cell line derived
from normal human epidermis (HaCaT) (25), which expressed
TM endogenously, was used to observe the morphologic
changes in the presence of a monoclonal antibody directed
against the lectin-like domain of TM. Immunofluorescence mi-
croscopy using an anti-TM lectin-like domain antibody showed
that a high concentration of TM protein was localized at the
intercellular boundary of HaCaT cells (Fig. 5A). The cultured
HaCaT cells showed typical compacted sheet-forming colonies.
However, HaCaT cells were almost completely dissociated
when cultured in the medium containing the anti-lectin-like
domain antibody for 24 h. The anti-EGF domain antibody or
the isotype control IgG failed to dissociate the compact colonies
(Fig. 5, B-D).

Ca®* Involvement in TM-mediated Cell-to-cell Adhesion—
The NH,, terminus of the TM molecule contains a C-type lectin
domain, to which the binding of potential ligand is Ca®*-de-
pendent. The Ca%" switch method was utilized to investigate
whether TM-mediated adhesion junction assembly is CaZ®"-de-
pendent. The cell-to-cell contacts of the A2058TMG (Fig. 6A) or
HaCaT (Fig. 6F) cells were disrupted when the culture medium
was changed to the EGTA-containing medium for 40 min (Fig.
6, B and G). The cell-to-cell adhesion junction was restored in
the Ca?"-containing medium for 1 h with the presence of 10
png/ml control IgG (Fig. 6, C and H).

To further verify the TM domain that was directly involved

Thrombomodulin-mediated Cell Adhesion

in the Ca®'-modulated adhesion, the functional antibody
against the lectin-like domain of TM was added to the CaZ*-
containing medium, following the EGTA dissociation of cell-to-
cell adhesion. No restoration of cell-to-cell adhesion occurred in
the presence of a 10 ug/ml concentration of the antibody (Fig. 6,
D and I). Furthermore, TM localization became more uniformly
distributed rather than concentrated at the intercellular region
(Fig. 6I). Anti-E-cadherin antibody (20 pg/ml) was able to in-
hibit Ca%*-dependent cell-cell adhesion in HaCaT cells (Fig.
6¢/) but not in TMG cells (Fig. 6E).

TMG Colocalized with Actin Filaments at the Submembrane
Cortex—The intracellular domains of adhesion molecules, in-
cluding cadherins and integrins, interact with the cytoskeleton
actin filaments or intermediate filaments through adaptor pro-
teins inside the cell. These interactions provide mechanical
continuity from cell to cell (27). We examined the colocalization
of the TMG proteins and these cytoskeletal elements in TMG-
expressed cells by confocal microscopy. The actin and interme-
diate filaments in the cultured cells were immunohistochemi-
cally stained with tetramethylrhodamine-labeled phalloidin or
anti-human keratin antibody, respectively. The surface TM
molecules and actin filaments were colocalized at the cortex
region in cell-cell adhesion sites (Fig. 7A). In contrast, the
keratin filaments localized in the cytoplasmic region, and there
was little overlap in distribution between the TM and interme-
diate filaments (Fig. 7B).

Influence of Mannose, Chondroitin Sulfate A, or Chondroitin
Sulfate C on the Cell-cell Adhesion in TMG Cells—Based on the
observation that TMG-expressed A2058 cells formed close clus-
tering colonies, we proposed that the lectin-like domain of TM
might mediate the cell-cell adhesion by binding to specific
carbohydrate moieties of the neighboring cells. To test the
hypothesis, different carbohydrates, including p-mannose, D-
galactose, D-glucose, D-xylose, D-lactose, chondroitin sulfate A,
B, and C, heparin, and low molecular weight heparin, were
tested for their ability to disperse the close clustering morphol-
ogy of the TMG culture cells. Among these monosaccharides,
only mannose was found to be effective in inducing of cell
dispersion. Among the sulfate-containing polysaccharides,

chondroitin sulfate A (chondroitin 4-sulfate) and chondroitin
sulfate C (chondroitin 6-sulfate) also could induce cell disper-
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FiG. 6. TM participates in Ca®?*-dependent cell-cell adhesion. A2058TMG (A-E) and HaCaT cells (F-J) were left untreated (A and F) or
treated with 4 mm EGTA for 40 min (B-E and G-J). The EGTA-containing medium was then replaced with Ca**-containing medium in the
presence of 10 ug/ml control IgG (C and H) for 1 h. After treatment with EGTA, cells were incubated for 1 h in medium containing 1.8 mm Ca?*
and 10 pg/ml function-blocking anti-lectin-like antibody (D and I) or anti-E-cadherin antibody (E and «/). Green fluorescence shown in A-E is the
GFP-tagged TM proteins, whereas F-J indicate the TM distribution by anti-EGF-like domain antibody detected with tetramethylrhodamine-

conjugated anti-mouse antibody. Bar, 40 um.

sion. Heparin showed a minor inhibitory effect on the cell
adhesion. On the other hand, chondroitin sulfate B (dermatan
sulfate) showed no effect (Fig. 8). A similar inhibition of the
cell-cell adhesion by mannose or chondroitin sulfate C was
observed in HaCaT cells, whereas the other sugars had no
effects.

Influence of the Overexpression of TM on Tumor Cell Growth
in Vivo—To assess the functional consequences of TM-medi-
ated adhesion, we next investigated whether the observed ef-
fects of TM-mediated adhesion could also affect the growth of
A2058 tumor cell lines. TMG-, TMG(AL)-, or GFP-expressed
cells were used to initiate tumors in SCID mice. The tumors
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Fic. 7. Colocalization of TM (green) and the actin (red) in TMG-expressed cells. TMG-expressed cells were fixed, permeabilized, and
immunolocalized using tetramethylrhodamine-conjugated phalloidin (A) or a monoclonal antibody recognizing human keratin (B). The Merge panel
shows the superimposed images from TMG and tetramethylrhodamine fluorophore. Three separate experiments produced similar results. The

arrows denote the colocalization of TM and actin filaments. Bar, 20 um.

induced by inoculation with TMG(AL)-expressed cells had an
about 1.4-fold increased size, relative to the tumors induced by
the GFP-expressed cells (Fig. 9). The tumors induced by the
TMG-expressed cells have the smallest size in comparison with
other transfected cells.

DISCUSSION

TM, which is a well known anticoagulation factor, may func-
tion as a cell adhesion molecule, given that the glycoprotein is
present in the junction of different epithelial cells (7, 8, 19).
This role for TM was investigated in the present study. We
utilized the A2058 cell line, which has no endogenous expres-
sion of TM or E-cadherin. A2058 cells were transfected with
different constructs of TM genes to investigate the functions of
TM and its domains in cell-cell adhesion and cell morphology.
A2058 cells without TM assumed a fibroblastic-like cell mor-
phology and were dispersed as single cells in cultures of non-
confluent cell densities. In the clones of TMG, the green fluo-
rescence-tagged TM was located at the cell surface, especially
near the cell-cell junctions. Interestingly, the transfected cells
assumed an epithelial-like morphology and formed sheet-like
colonies with obvious cell-to-cell adhesion in the culture (Fig.
2). In contrast, the clones of TMG(AL)-expressed cells displayed
fibroblastic-like morphology with less adhesion observed. The
results indicate that TM acts as a cell-cell adhesion molecule.
Adhesion molecules, in particular E-cadherin, have also been
reported to cause morphological transition, for example, from
the fibroblastic cell type to the epithelial cell type of several cell
lines (23, 28, 29). In the TMG-transfected A2058 cells, E-cad-
herin could not be detected by immunohistochemical staining
(data not shown). In this study, TM appears to assume the
function typically attributed to E-cadherin.

Lectins represent a diverse category of carbohydrate binding
proteins (including C, P, and I types). Among these distinct
types of lectins, the C-type lectins are distinguished by their
requirement for Ca%* for sugar binding (15). Biological func-
tions of the lectin-like domain unrelated to the anticoagulant
activity of TM that have been proposed include internalization
of the TM-thrombin complex (30), regulation of cell prolifera-
tion (10), and interference with the adhesion of polymorphonu-
clear leukocytes to activated endothelial cells (31).

Presently, we provide several lines of evidence to demon-
strate that the TMG lectin-like domain may be directly in-
volved in cell-to-cell interaction. First, only the culture of TMG-
transfected A2058 cells formed close cell-cell contacts, not the
culture of parental or TMG(AL) cells (Figs. 2 and 3). Second,
the cell-cell adhesion in TMG-expressed cells is Ca2"-depend-
ent, since cell association could be blocked by EGTA and was
restored by Ca%* (Fig. 6). The observation reveals that the
lectin-like domain of TM is a C-type lectin. Furthermore, this
restoration of cell-cell adhesion can be blocked by anti-lectin-
like domain antibody, consistent with the proposed function of
TM. Third, anti-lectin-like domain antibody, not the anti-EGF-
like domain antibody, is able to block cell-to-cell contacts and
inhibit the close clustering morphology in TMG cells (Fig. 3). In
the A2058 cell line, no E-cadherin was expressed, and anti-E-
cadherin antibody could not block the cell-cell adhesion (Fig.
6E). Fourth, it is noteworthy that the infiltration rate of protein
molecules has been decreased to 40-50% in the TMG cell
monolayer (Fig. 4). Such a shift in protein permeability sug-
gests that TM might be either a mediator of cell-cell contacts or
a molecule directing the establishment and the maintenance of
the cell-cell adhesion. Finally, analysis of possible carbohydrate
ligands showed that mannose, or chondroitin sulfate (including A
and C), blocked the cell-to-cell adhesion in TMG cells. The results
provided more detailed evidence concerning the function of lec-
tin-like domain in the TM-mediated cell-cell adhesion. Taken
together, these observations prompt us to propose that the lectin-
like domain in TMG-transfected A2058 cells mainly mediates
cell-cell adhesion by Ca®?*-dependent binding to its specific
carbohydrate ligands on the neighboring cells.

Adherens junction is a specialized form of cadherin-based
adhesive contacts required for epidermal sheet organization.
E-cadherin is expressed throughout the epidermis and has
been identified as one of the major adherens junction molecules
mediating keratinocyte-keratinocyte interaction. Specific anti-
bodies inhibiting its function cause severe perturbations in
normal skin structure (32). Similarly, TM antigen was reported
to be lost in blistering dermatoses, implying that TM may also
participate in cell-cell adhesion in epidermis (33).

To verify the participation of TM in cell adhesion, we inves-
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Glucose

Fic. 8. Effect of different carbohy-
drates on the cell adhesion of TMG
cells. TMG-expressed A2058 cells were
challenged with 20 mg/ml monosaccha-
rides (including D-glucose, D-galactose, D-
lactose, D-xylose, and D-mannose), 20
mg/ml chondroitin sulfate A, B, C, or 15
mg/ml heparin or low molecular weight
(LMW) heparin. Following incubation at
37 °C overnight, images were obtained.
Each image is representative of the obser-
vations from three separate experiments.

Lactose

tigated the perturbing effect on the cell-cell adhesion of HaCaT
by incubating the cells with anti-TM and anti-E-cadherin an-
tibodies. In this spontaneously transformed keratinocyte cell
culture, both TM and E-cadherin are detected on the cell mem-
brane, especially with a high concentration at cell-cell junc-
tions. As shown in Fig. 6, either the anti-lectin-like domain
antibody or anti-E-cadherin antibody could inhibit Ca®*-in-
duced cell-cell readhesion of EGTA-treated HaCaT cells. It
appears that both E-cadherin and TM are necessary for the
formation of cell junctions in HaCaT cell lines. We were able to
further evidence this hypothesis through the characterization
of TM distribution during cell-cell adhesion disruption. When
HaCaT cells were treated with EGTA, TM became clearly dis-
organized and intracellularly localized (Fig. 61), consistent with
the involvement of TM in the scaffolding of adhesion molecules
at the lateral membrane during events of cell-cell adhesion
formation or disruption. Furthermore, we have noted similar
staining patterns between TM and E-cadherin on HaCaT cells
(data not shown). Blockage of the function of either one of these
two potential adhesive molecules will cause the cells incapable
to form cell-cell attachment at least in the time period. A

46757

Heparin

LMW
Heparin

Chondroitin
sulfate A

Chondroitin
sulfate C

Chondroitin
sulfate B

functional hierarchy in the assembling of cell-cell adhesion by
these two adhesion molecules is being investigated.

It is important to identify the physiological ligands of the
C-type lectin-like domain of TM to fully understand the func-
tional significance and mechanism of TM in the cell-cell adhe-
sion. Adhesion molecules such as cadherins prefer to bind
themselves through homotypic interactions, whereas molecules
of the immunoglobulin-cell adhesion molecule family bind cell
surface proteins via heterotypic interactions (34). The ligands
of some endogenous lectins have been recognized, including
sialyl-Lewis*, sialyl-Lewis®, sulfated polysaccharides, and the
mannose 6-phosphate-containing polysaccharides (35-37).
However, the ligand of lectin-like domain of TM has never been
identified. The present study reveals that the lectin-like do-
main of TM can bind carbohydrates. The candidate carbohy-
drates contain mannose residue, chondroitin sulfate A, or chon-
droitin sulfate C moieties, although mannose showed the
highest dispersing effect. Although previous studies reported
that TM contained mainly chondroitin sulfate A (chondroitin
4-sulfate) (38), we found that the same concentration of chon-
droitin sulfate C (chondroitin 6-sulfate) also dispersed the clus-
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FiGc. 9. In vivo tumor growth assay of TM-expressed A2058
melanoma cells. A total of 1 X 10° TMG (black bars)-, TMG(AL) (gray
bars)-, or GFP (open bars)-expressed cells was injected subcutaneously
into SCID mice. Tumor size was recorded every 7 days by measuring the
two largest diameters. Data show mean + S.D. of five tumors in each
group, and the experiment was repeated three times independently. *,
p < 0.05 versus GFP-expressed cells. An unpaired Student’s ¢ test was
used.

tering colonies. Unlike chondroitin sulfate, mannose was
broadly existed in carbohydrate moiety of glycoproteins or gly-
colipids (39). This result suggests that mannose could be one of
the ligands of the lectin-like domain. However, we cannot rule
out the possibilities that the carbohydrate ligands of TM lectin-
like domain belong to the glycoconjugated molecules on cell
surfaces other than TM. The structure of the carbohydrate
ligands still remained to be identified.

The interaction of cytoplasmic domain of adhesion molecules
and cytoskeleton also has been demonstrated to be essential for
cell-cell adhesion. These interactions could provide adhesion
strength in endothelial or epithelial sheets, allowing them to
resist mechanical disruption (40). Presently, we observed that
the TMG protein and actin molecules were colocalized in the
cortex region of the cells (Fig. 7). The culture cells with cyto-
plasmic domain-truncated TM did not form close-clustering
colonies.? The results indicate that the cytoplasmic domain of
TM is necessary in forming stable cell-to-cell adhesion. One of
the possible functions of the cytoplasmic domain is that it may
associate with actin through uncharacterized linkage proteins
that regulate TM distribution on the cell surface as cadherin
(27). However, transgenic mice lacking of TM NH,-terminal
lectin-like domain (31) or cytoplasmic domain of TM (41) were
found to have normal fetal development. It is possible that in
animal tissues, other potential molecules such as cadherins
may compensate the loss of adhesive function of the truncated
TM domains (23). The physiological significance of TM-
mediated cell-cell adhesion remained to be further investigated
in vivo.

The down-regulation of E-cadherin expression has been doc-
umented in the cells of poorly differentiated tumors, indicating
that a decrease in cell-cell adhesion may be associated with
undifferentiated phenotype and aberrant growth of tumors
(24). Similarly, the inverse relationship of TM expression and
cell proliferation rate has been reported in hepatocellular car-
cinoma, ovarian carcinoma, and esophageal squamous carci-
noma (7, 8, 42). The parallel correlation between E-cadherin
and TM in tumor progress implies that less cell-cell adhesion
may be involved in tumor progression and the onset of an

2 H.-C. Huang, G.-Y. Shi, S.-J. Jiang, C.-S. Shi, C-M. Wu, H.-Y. Yang,
and H.-L. Wu, unpublished results.
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invasive phenotype of carcinomas.

In order to test the hypothesis that TM-induced cell-cell
adhesion may affect the tumor growth rate in vivo, the tumor
growth rates were measured in SCID mice following inocula-
tion of TMG- or TMG(AL)-expressed A2058 cells. Tumor size
was greatest in tumors arising from TMG(AL)-expressed cells,
intermediate in vector, and lowest in TMG-expressed cells (Fig.
9). The results show that TMG without the lectin-like domain
lack the restrain activity in cell proliferation. We therefore
suggested that the increase of cell-to-cell adhesion upon TM
expression may slow down tumor growth in vivo.

We conclude that TM might be present as a multifunctional
molecule. It not only can function as an anticoagulant regulator
in the vascular endothelial cells, it may also function as a
cell-cell adhesion molecule through a Ca®"-dependent interac-
tion of lectin-like domain.
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