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ABSTRACT

Thrombospondin l (TSP1) is an angiogenesis inhibitor that decreases
tumor growth. We now report that TSP1 directly inhibits the proliferation
of human melanoma cells. TSP1, peptides, and a recombinant fragment
from the type I repeats, but not peptides that bind CD36 or CD47, inhibit
the proliferation of A2058 melanoma cells. In contrast, chemotaxis is
mediated by peptides or recombinant fragments from the procollagen,
type I, type III, and cell-binding domains. The antiproliferative activity of

TSP1 is mediated by a different signal transduction pathway than those
mediating motility responses to the same protein. Activators of protein
kinase A and protein kinase C inhibit chemotaxis but not the antiprolif
erative activity of TSP1, whereas the antiproliferative activity is reversed
by inhibiting the lyrosine kinase or phosphatase activities. TSPl-mediated
chemotaxis is partially dependent on a pertussis toxin (PT)-sensitive G-

binding protein, whereas haptotaxis is not. Chemotaxis stimulated by the
procollagen domain and the CD47-binding sequences from the COOH-

tcrminal domain arc also sensitive to IT. but responses to the type I and
type III domains are not sensitive to IT. Residual chemotaxis to TSP1 in
the presence of IT may therefore be mediated by the activities of the type
I or type III repeats. Thus, TSP1 elicits several intracellular signals in
melanoma cells that result from interactions with several domains of this
protein and differentially affect growth and motility.

INTRODUCTION

Thrombospondins are a family of multifunctional glycoproteins
that are secreted by various cell types and are developmentally reg
ulated components of the extracellular matrix (reviewed in Refs. 1 and
2). The major form of thrombospondin secreted by platelets and
endothelial cells is TSPI.2 TSP1 is composed of three identical

subunits of approximately Mr 145,000 that have multiple functional
domains. The NH2-terminal heparin-binding domain interacts with

cell surface heparan sulfate proteoglycans and sulfatide (3). The
central portion of TSPI contains three types of repeat sequences. The
three type 1 repeats contain sequences that bind to CD36 (4, 5),
fibronectin (6), TGF-ÃŸ (7), and heparin (8) and a sequence that
activates latent TGF-ÃŸ(7). The three type II repeats share homology

with epidermal growth factor. The seven type III repeats contain
calcium-binding and protease-inhibitory domains (9) and an Arg-Gly-
Asp sequence recognized by ÃŸ3integrins (10). The COOH-terminal

domain contains additional cell recognition sequences that interact
with CD47 (an integrin-associated protein) and stimulate avÃŸ3-
mediated melanoma cell spreading on vitronectin (11). Heparan sul-
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fate proteoglycans. sulfatides, CD36, CD47, and integrin avÃŸ3are all
expressed on melanoma cells, and each may therefore play a role in
the interactions of melanoma cells and TSPI.

Responses of melanoma cells to TSPI include adhesion, spreading,
chemotaxis, and haptotaxis. TSPI can promote cell attachment
through interactions with melanoma proteoglycans, integrins. CD36,
or CD47 (12-16). Although each of these interactions can be suffi

cient for cell attachment, melanoma cell spreading on intact TSPI
required cooperative interactions with multiple domains (17). Inter
actions of TSPI with CD47 can also cooperate with the avÃŸ3integrin
to promote melanoma cell spreading on substrates coated with low
concentrations of vitronectin (11). Although TSPI and several pep
tides from TSPI stimulate melanoma cell motility in chemotaxis or
haptotaxis assays (14, 18), chemotactic activity of the intact protein
also requires cooperation between more than one domain (18).

Decreased expression of TSPI in highly metastatic K1735 mela
noma cell lines suggested that TSPI may have additional effects on
melanoma cell behavior (19. 20). Based on the observed suppression
of tumor growth and neovascularization after overexpression of TSP1
in a breast carcinoma cell line (21) and the well-documented antian-

giogenic activities of TSPI (reviewed in Ref. 20), endothelial cell
responses to TSPI may account for its apparent tumor suppressor
activity. However, we recently found that antiangiogenic peptides
from the type I repeats of TSPI also inhibited the proliferation of
several melanoma cell lines from the National Cancer Institute panel
(22). This prompted us to examine the effects of TSPI on melanoma
cell proliferation. We report here that TSPI and synthetic peptides
derived from this protein inhibit melanoma cell proliferation. We have
further examined the role of several recombinant domains and syn
thetic peptides derived from TSPI in the motility and proliferative
responses of melanoma cells and report that a PT-sensitive G protein

and PKC regulate some motility responses to TSPI and TSPI peptides
but are not required for the antiproliferative activity of TSPI or its
peptides.

MATERIALS AND METHODS

Materials. A/vo-['H)inositol and the Rainen cAMP I25I and cGMP I25I

RIA kits were purchased from DuPont New England Nuclear. Dowex AG
1-X8 resin (formate form) was obtained from Bio-Rad. OkadaÃ¬cacid. 4a-

phorbol. PMA. theophylline. dibutyryl cAMP. herbimycin A. PT. and sodium
vanadate were purchased from Sigma. KT5720 and calphostin C were from
Kamiya Biomedicai (Thousand Oaks. CA). Forskolin was obtained from
Calbiochem. Recombinant human TGF-ÃŸ1 was obtained from R&D Systems.

Synthetic peptides from human TSPI were prepared and characterized as
described previously (8, 13, 14, 23, 24). Analogues of TSPI peptide 246
(KRFKQDGGWSHWSPWSS) were prepared with the appropriate Ala sub
stitutions to eliminate the essential Phe residue for TGF-ÃŸactivation or the Trp
residues required for heparin binding and contain a COOH-terminal Cys

residue to allow conjugation to polysucrose. The structures of the peptides used
are summarized in Table I. Conjugation of the peptides to polysucrose was
performed as described previously to inhibit the adhesive activity of the free
peptides and retain their ability to regulate cell proliferation (22).
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Table 1 Structures of TSPI peptides anil mimetic*

Peptide TSPI domain (residues) Sequence"

246
407
436
388
450
416
475
476
500
Mai II
Hep I
4N1K
7N3

Type I repeal (430-446)
Type I repeal (430-447)
Type I repeal (430-443)
Peptide 246 (Trp, -Â»Ala3)
Peptide 407 (Phe. GlnAsp -Â»Ala3)
Retro-inverso peptide 407
Retro-inverso peptide 388
Retro-inverso peptide 450
Procollagen (321-327-Cys)
Type I repeat (442-460)
Heparin-hinding domain (35^43)
Cell-binding domain (Lys-1034-1041-Lys-Cys)
Cell-binding domain (1120-1130)

KRFKQDGGWSHWSPWSS
KRFKQDGGWSHWSPWSSC
KRFKQDGGWSHWSP
KRFKQDGGASHASPASS
acKRAKAAGGWSHWSPWSSCam
all D-acCSSWPSWHSWGGDQKFRKam
all D-acCSSAPSAHSAGGDQKFRKam
all D-acCSSWPSWHSWGGAQKARKam
NGVQYRNC
SPWSSCSVTCGDGVITRIR
ELTGAARKGSGRRLVKGPD
KRFYVVMWKKC-am
FIRVVMYEGKK

" Sequences are depicted using single-letter codes and are L-amino acids except where indicated, am, amide; ac. acetyl. Underlined residues indicate residues altered from the native

TSPI sequence. Amino acid residues were numbered from the initiating Met.

Purification of TSPI. Calcium-replete TSPI was purified from human
platelets as described previously (25) and stored at -70Â°C in 20% sucrose.
TSPI was dialyzed for 5-6 h at 4Â°Cagainst 20 irtM HEPES buffer (pH 7.6)

containing 100 /IM CaCU and 150 mM NaCl immediately before each exper
iment.

Preparation of a recombinant M, 18,000 NH-,-terminal heparin-binding

domain of TSPI was described previously (26). GST fusion proteins express
ing the procollagen, type I, type II, or type III repeats or the cell-binding

domain of TSPI were prepared as described previously (27). T7 gene fusions
expressing ROD and cell-binding fragments of TSPI were prepared using the
pScreen-1 T vector (Novagen). The pScreen vector was ligated to sequences
amplified from the THBS1 plasmid 6STXE. The T7-RGD fusion expressed
amino acid residues 879-947. and the T7-CBD fusion expressed amino acid
residues 958-1170. The fusion proteins were expressed using isopropyl thio-

galactoside induction and purified by affinity chromatography on a Novagen
His-Bind column.

Cell Motility and Proliferation Assays. Chemotaxis and huptotaxis assays
were performed using modified Boyden chambers and 8-/nm-pore polycarbon

ate Nucleopore filters as described previously (14). A2058 human melanoma
cells (28) were harvested while still subconfluent (no more than 3 days after
passage) and reequilibrated before motility assays in DMEM supplemented
with 10% PCS for 2 h after trypsinization. Cells at 2.5 X IO6 cells/ml were

added to the upper chambers after resuspension in DMEM supplemented with
0.1% BSA. Migration was determined after incubation for 4.5 h at 37Â°Cin a

5% CO, humidified atmosphere. For calphostin C experiments, cells were
illuminated by a fluorescent light source. The number of migrated cells was
determined microscopically as the sum of three fields/well under a X10
objective. Each replicate consisted of three to six wells in one experiment, and
each experiment was repeated three times.

Cell proliferation was measured using the Cell-Tiler colorimetrie assay

(Promega) as described previously (26). Inhibitors were added into the wells of
a 96-well plate (Costar. Cambridge, MA) in 50 jÃ¼lof medium without PCS

followed by 50 /xl of the melanoma cell suspension. The final volume of 100
Â¡uin each well contained 2.5% PCS and 5000-7500 cells. The plates were
incubated at 37Â°Cin a 5% CO2 atmosphere for 72 h. To determine the effect

of okadaic acid, phorbol. herbimycin, or PMA on proliferation, the reagents
were prepared in medium and added into wells together with the protein or
peptide inhibitors.

Cell Labeling. Adherent A2058 melanoma cells were harvested after mild
trypsinization and plated at subconfluence on Falcon 3003 dishes for second
messenger determinations. Only early-passage cells (<20) that showed con

sistent second messenger responses and that migrated to autotaxin (tested by
Dr. Mary Stracke, National Cancer Institute, Bethesda. MD) were used for
these studies.

Cells used for cAMP and cGMP determinations were plated and incubated
for 2 days to be consistent with cells used for IP3 studies. cAMP and cGMP

assays were always performed using extracts from the same cells. Cells used
for inositol phosphate determinations were incubated for 2 days with 2 juCi/ml
mvo-[3H]inositol (13 Ci/mmol) and used at subconfluence.

Cyclic Nucleotide Determinations. The medium of subconfluent A2058
cells grown for 2 days on Falcon 3003 plates was replaced with DPBS
supplemented with 5 mM glucose and 0.1% BSA. The cells were exposed to

TSPI or control buffer for the indicated times. The reaction was stopped with
4 ml of cold 6% trichloroacetic acid. The trichloroacetic acid extracts were
divided for analysis of each cyclic nucleotide. The extracts were centrifuged at
2500 X g at 4Â°Cfor 15 min. The acid in the supernatants was extracted by

partitioning four times with 5 volumes of water-saturated ether. The samples
were dried at 70Â°Cunder a stream of air and stored at 4Â°Cfor cyclic nucleotide

determinations using RIAs for cAMP and cGMP.
Extraction and Separation of | 'lI llnosilol Metabolites. After incubation

with | 'Hjinositol, cells were rinsed with 2 ml of DPBS with 5 mM glucose and

0.1% BSA. The cells were incubated at room temperature in 10 niM LiCl in
DPBS with glucose and BSA for 45-60 min. Cells were then exposed to TSPI

or dialysis buffer (control) for the indicated times. The reaction was terminated
by aspirating the media and adding 4 ml of cold 5% HCIO4. The dishes were
left on ice for 5 min before scraping and centrifugation. The pellet was saved
for lipid analysis, and 10 IHMEDTA (pH 7.0) were added to the supernatant.
The acid was extracted using tri-yV-octylamine/1.1.2 trichloro-tritluoroethane

(1:1; Ref. 29). The neutralized upper phase (4 ml) was mixed with 6 ml of
water and stored at -20Â°C. Inositol phosphates were separated using 0.5-ml

columns of Dowex AG 1-X8 resin (formate form, 100-200 mesh). The
['H]inositol phosphates were eluted according to the method of Berridge et al.

(30). Inositol. glycerophosphoinositol. IP,, inositol 1,4-bisphosphate. and IP,

were sequentially eluted with H2O (20 ml), 5 mM disodium tetraborate and 60
mM sodium formate (20 ml), 100 mM formic acid and 200 mM ammonium
formate (30 ml), and 100 mM formic acid and 4(X) HIMammonium formate (40
ml). Each eluate was collected in l()-ml tractions, and 1 ml of each fraction
was counted in 10 ml of Aquasol. A/vo-[3H]inositol and |'H]IP, added to

extracts of unlabeled cells were recovered with 98% efficiency.

RESULTS

Inhibition of Melanoma Proliferation by TSPI. Based on the
observation that a TSPI peptide inhibited the proliferation of several
melanoma cell lines (22), we examined the effect of intact TSPI and
several TSPI peptides on the proliferation of human A2058 mela
noma cells (Fig. \A). Platelet TSPI strongly inhibited the proliferation
of A2058 melanoma cells, with IC5(, values ranging from 10-50 nM

for three independent preparations of TSPI. This inhibition was not
due to TGF-ÃŸcontamination of TSPI, because TGF-ÃŸonly weakly

inhibited proliferation and was inactive at concentrations equal to
those measured in TSPI by a TGF-ÃŸELISA (22). Mixing 0.4 nM
TGF-ÃŸwith TSPI did not significantly increase the inhibition over

that produced using TSPI alone (Fig. IÃŸ).
Similar antiproliferative activity was observed using TSPI with two

additional human melanoma cell lines (Fig. 15). CD36-negative G361
melanoma (31) was more sensitive to TSPI than was CD36-positive

C32 melanoma. These results demonstrate that CD36 expression is
not required in melanoma cells for the inhibition of proliferation by
TSPI. This contrasts with endothelial cells, in which CD36 was
required for inhibition by TSPI (32).

TSPI peptides from the type I repeats containing the sequence
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Fig. I. TSPI and TSPI peptides inhibit the proliferation of melanoma cells. A, A2058
melanoma cells (5000 cells/well) were plated in medium with 2.5% PCS and the indicated
concentrations of inhibitors [TGF-ÃŸ(â€¢).TSPI (*). peptide 407-polysucrose conjugate
(V), peptide 476 (A), peptide 416 (O). peptide 500-polysucrose conjugale (D), peptide
475 (â€¢).Mal II (A), or 4M IK ( + )|. Proliferation was measured after 72 h and is presented
as a percentage of the positive control without inhibitors (mean Â±SD; n = 3). B.

inhibition of A2058. C32. or G36I melanoma cell proliferation was determined after 72 h
in the presence of the indicated proteins. C, proliferation was determined in the presence
of 25 /Ag/ml TSPI or GST fusion proteins expressing the indicated domains of TSPI
[Procoll, residues 278-355; Type I, residues 385-522; Type II. residues 559-669; Type
III. residues 784-932; Full Type III, residues 674-925; C-lerm M3, residues 877-1152
(includes the RGD sequence); C-lerm, residues 933-1152; and CST. control].

WSXW also inhibited proliferation, both as free peptides and poly-

sucrose conjugates (Fig. \A). This activity did not require the latent
TGF-ÃŸ-activating sequence RFK (7), because changing the essential

Phe residue in this peptide increased activity, and the peptide con
taining this activating sequence but lacking the Trp residues (peptide
475) was inactive. The Mai II peptide, which is derived from a
sequence in the second type I repeat flanking the above-mentioned

peptide and promotes melanoma cell adhesion (13), was inactive, as

was CD47-binding peptide 4N1K from the COOH terminus of TSP-1,

which binds CD47 (11).
Polysucrose conjugates of the type I repeat peptides were more

active than the free peptides in inhibiting A2058 cell proliferation.
Conjugates of peptides with (peptide 407-polysucrose) or lacking the
TGF-ÃŸ-activating sequence (peptide 450-polysucrose) had similar

IC50 values (0.8 and 1.0 /J.M,respectively). The corresponding free
peptides had IC50 values of 8 and 60 JJLM.A control conjugate
containing the antiangiogenic TSPI procollagen domain sequence
NGVQYRNC (peptide 500) was inactive.

The role of the type I repeats in inhibiting melanoma cell prolifer
ation was verified using recombinant fragments and fusion proteins
expressing fragments of TSPI (Fig. 1C). Proliferation was strongly
inhibited by a GST-type I repeat fusion. A GST-procollagen domain

fusion partially inhibited proliferation at 25 /Â¿g/ml.The other frag
ments and unfused GST weakly inhibited proliferation, but this non
specific inhibition was due to residual glutathione in the purified
fragments (data not shown).

The antiproliferative activity of TSPI was not affected in the
presence of forskolin, PT, PMA, or okadaic acid, but it was reversed
by the phosphatase inhibitor vanadate and partially reversed by low
concentrations of herbimycin that did not directly block proliferation
(Fig. 2/4). Reversal of the inhibition of proliferation by vanadate was

Vanadate (uM)

Fig. 2. The phosphatase inhibitor vanadate reverses the antiproliferative activities of
TSPI and a type I repeat TSPI peptide. A, the effect of 55 nM TSPI (â€¢)or 4 /IM
conjugated TSPI peptide 407 (W) on the proliferation of A2058 melanoma cells was
measured alone or in the presence of the indicated inhibitors or activators (100 ftM
forskolin. 1 /Â¿g/tnlPT, 20 (Â¿Mvanadate. 5 nM okadaic acid, 50 nM PMA, or 1.5 \IM
herbimycin |. Proliferation was measured after 72 h and is presented as the percentage of
control without TSPI (mean Â±SD; n = 3). B, dose dependence for the reversal of TSPI
(55 nM; O) or peptide 407-polysucrose (4 /IM: â€¢¿�)antiproliferative activities by sodium
vanadate. Data are presented as the percentage of positive control without TSPI.
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dose dependent and complete at 20 JU.M(Fig. W). Inhibition by the
type I repeat sequence (conjugated peptide 407) was also partially
reversed by vanadate and herbimycin but was not altered by forskolin,
FT, PMA, or okadaic acid (Fig. 2A). Reversal of inhibition by the
TSP1 peptide was incomplete at 20 Â¡JLMvanadate (Fig. 2B), but higher
concentrations of vanadate could not be tested because of direct
inhibition of melanoma cell proliferation.

TSP1-stimulated Motility. TSP1 stimulates migration of A2058

cells in chemotaxis and haptotaxis assays (18). This response was also
independent of TGF-ÃŸ,because TGF-ÃŸdid not stimulate chemotaxis

of the A2058 cells (migration index, 0.95 Â±0.25 at 10 ng/ml), and the
addition of TGF-ÃŸto TSP1 (migration index, 4.3 Â±0.4 at 100 fig/ml)

did not alter motility relative to that of TSP1 alone (migration index,
3.9 Â±0.1). Therefore, chemotaxis to TSP1 is not induced or modu
lated by any TGF-ÃŸcontamination in the platelet TSP1.

PT inhibits chemotaxis of A2058 cells to autotaxin (33), type IV
collagen, and vitronectin, but it does not inhibit haptotaxis to vitronec-

tin (34), suggesting that G proteins participate in some motility
responses of these cells. To determine the role of G-binding proteins
in TSP1-stimulated motility, A2058 cells were preincubated and then

exposed to PT during chemotaxis and haptotaxis (Fig. 3, A and B).
TSP1-induced chemotaxis was inhibited by PT at all concentrations of
TSP1 tested. TSP1-stimulated motility was reduced to 21% of control

400
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Thrombospondin-1 (jjg/ml)

100

100
Thrombospondin-1 (pg/ml)

Fig. 3. PT inhibits chemotaxis but not haptotaxis of A2058 melanoma cells to TSP1.
Subconfluent A2058 human melanoma cells were trypsinized and suspended in medium
with 10% PCS and the indicated concentrations of PT for 2 h at 24Â°C.The cells were
resuspended in DMEM with 0.1 "k BSA and the indicated concentrations of PT. Filters

were coated with gelatin for chemotaxis or were coated on one side with the indicated
concentrations of TSPI for haptotaxis. The celts were allowed to migrate at 37Â°Cfor 4.5 h

in 5% CO2. A shows the chemotactic response lo increasing concentrations of TSP I at 0
(â€¢).0.1 (Ã‰),0.5 (O). or 1.0 (D) iig/m\ PT. The data are the average of two separate
experiments, whereas each point is the average of six determinations. B is a represenlative
experiment showing the haptotactic response to TSP1, mean Â±SD. at 0 (â€¢).0.5 /xg/ml
(D). and 1.0 (D) /Â¿g/mlPT.

at the highest PT concentration (Fig. 3.4). Because basal motility was
also inhibited by the toxin, the low motility to TSP1 in the presence
of PT still represented a significant stimulation over background
motility. The migration index for TSP 1 was not significantly inhibited
by PT (3.5-fold stimulation over background motility without PT
versus 2.9-fold stimulation over background motility with PT), al

though the absolute motility was strongly decreased. In contrast to the
effects of PT on chemotaxis, the basal and TSP 1-induced haptotactic

responses were not significantly affected by the toxin (Fig. 35). Thus,
migration to TSP1 as a soluble chemoattractant is mediated at least in
part by a receptor coupled to a PT-sensitive G-binding protein,

whereas migration to immobilized TSP1 is not.
Several Domains of TSP1 Induce Melanoma Chemotaxis. Re-

combinant fragments and peptides were used to examine the basis for
the PT-sensitive and -insensitive motility of A2058 melanoma cells.

Several recombinant fragments of TSP1 stimulated chemotaxis of
A2058 cells (Fig. 4). The recombinant GST-type I repeat fusion

protein showed the strongest chemotactic response, but this motility
was not sensitive to inhibition by PT (Fig. 4A). Recombinant NH2-
terminal heparin-binding domain, the GST-procollagen domain, and
the GST-type III repeat constructs also stimulated chemotaxis at 20
p.g/ml. The responses to the procollagen and heparin-binding domain

were inhibited by PT, whereas the response to the type III fusion was
also resistant to PT. The GST-type II fusion, a T7 protein fusion

containing part of the type III repeats with the RGD sequence, a T7
fusion expressing the cell-binding domain, and GST control were

inactive.
We have previously shown that peptide KRFKQDGGWSHWSP-

WSS from the second type I repeat was chemotactic for A2058 cells
(14). At low concentrations, chemotaxis to this peptide was not
inhibited by PT, but further stimulation of motility at 20-50 /XM

peptide showed partial sensitivity to PT (Fig. 4ÃŸ).A related peptide
without the Trp residues was chemotactic only at high concentrations,
and its motility response was completely sensitive to PT, as was
chemotaxis to the CD47-binding peptide 7N3 (Fig. 4B). This result
indicates that the WSXW motifs induce G protein-independent che
motaxis, but the basic amino acid motif induces a weaker G protein-

dependent motility response. A flanking peptide from the second type
I repeat, Mai II, was also chemotactic, and its motility response was
also resistant to PT (Fig. 4C). Peptide Hepl from the NH2-terminal

domain of TSP1 (23) elicited a weak chemotactic responses that was
at least partially PT sensitive. A TSP1 procollagen domain peptide
(peptide 500) that binds to CD36 (32) was inactive. Thus, several
regions of TSP1 contain sequences with chemotactic activities, and
the involvement of G proteins in chemotactic response is not limited
to responses mediated by CD47.

PKC Activation Inhibits Chemotaxis to TSP1. Although the
activation of PKC by PMA had no effect on the antiproliferative
activity of TSP 1 or the type I repeat peptide, PMA strongly inhibited
chemotaxis to TSP1 and this peptide (Fig. 5A). Inhibition by PMA
was specific, because the inactive analogue 4a-phorbol was inactive.

Conversely, inhibition of PKC by calphostin C at 0.5 JU.Mincreased
motility to TSP1 (Fig. 50). At this concentration, calphostin C is a
specific inhibitor of PKC. The response to calphostin C was biphasic,
and at higher doses, motility was inhibited, probably due to the
inhibition of other kinases necessary for melanoma cell motility by
these doses of calphostin C. Reversal of the calphostin C stimulation
by treatment of the cells with PMA further demonstrated that the
inhibition of chemotaxis was mediated by PKC (Fig. 5ÃŸ).

PKA may also play a role in the melanoma chemotactic response to
TSP1. Theophylline can increase intracellular cAMP by inhibiting
cAMP-dependent phosphodiesterase. At 100 jug/ml TSP1, the che
motactic response of A2058 cells was partially inhibited by theophyl-
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Fig. 4. Differential sensitivity to PT of chemotactic responses to TSPI fusion proteins and
synthetic peptides. A. chemolaxis of A2058 melanoma cells was measured using recombinant
fragments or fusion proteins encoding individual domains of TSPI as attractants at 20 /ig/ml.
Motility (mean Â±SD) was measured using untreated cells (â€¢)or cells treated with 1 /xg/ml
PT (M). Corami, no attractant: HBD. M, 18.000 NHrterminal heparin-binding domain;
Pnii-oll. GST-pnicollagen fusion: Type 1. GST-type I repeats fusion: Type 11. GST-type 11
repeats fusion; Type III. GST-type 111repeats fusion; GST. unfused control; Rol). T7-RGD
fusion: CHI). T7-cell-binding domain fusion. H. dose dependence for chemotaxis of untreated
(eluseti .vvm/xi/.Ã¯)or PT-lreated A2058 cells (upen symbols) to TSPI peptides 388
(KRFKQDGGASHASPASS). 246 (KRFKQDGGWSHWSPWSS). or 7N3 (FIRVVMY-

EGKK). C, chemotaxis of untreated A2058 cells (â€¢)or of cells treated with 1 fig/ml PT (^)
was determined using 5 /AMTSPI peptides (mean Â±SD: n = 3).

line in a dose-dependent manner to 40% of control (Fig. 6). However,

haptotaxis of A2058 cells to 25 or 50 /j-g/ml TSPI was not signifi
cantly inhibited by theophylline (Fig. 6). As seen for the inhibition of
PKC, the inhibition of PKA with specific inhibitor KT5720 (KÂ¡= 56

nM) increased chemotaxis to TSPI to 202% of control at 60 nM.

TSPI Modulates Cyclic Nucleotide Metabolism. These data sug
gested that PKA and PKC modulate chemotactic motility to TSPI,
and that a PT-sensitive G-binding protein mediates the chemotactic

response. During chemotaxis, cells must adhere to a porous filter
before migration toward a gradient of TSPI in solution. We measured
the responses of adherent A2058 cells to the acute addition of soluble
TSPI. which creates a temporal gradient of the attractant similar to
that sensed by the cells during chemotaxis to TSPI in a Boyden
chamber (35, 36). To examine the potential role of cAMP as a second
messenger in TSPI-stimulated motility, the levels of cAMP and

cGMP were measured. The addition of soluble TSPI to adherent
A2058 cells produced a concentration-dependent elevation of intra-

cellular cAMP. In the same concentration range. TSPI inhibited
cGMP levels. Maximal stimulation of cAMP levels was attained at
2.5-5.0 ju,g/ml TSPI, and maximal inhibition of cGMP levels was

attained at 5 /J.g/ml TSPI. The enhancement of cAMP levels at 5
/xg/ml TSPI was maximal at 10 min and was sustained for 30 min
(Fig. 7). cGMP levels were inhibited at the early time points but
returned to control levels at 10 min. The cyclic nucleotide responses
were not sensitive to the presence of sucrose in the TSPI buffer (data
not shown). The cyclic nucleotide responses induced by TSPI were
consistently observed in subconfluent cells but were absent in con-

250 -

so

I

Ãˆ

PMA (nM): -

4a-phorbol(nM): -

TSP1 (50 M9/ml): â€¢¿�

Peptide 246 (20 uM):

1 10 - -

- - 1 10

++++

1 10 -

1 10

60

Calphostin C (iiM):

PMA (0.5 nM):

Fig. 5. Modulation of TSPI stimulated melanoma cell chemotaxis by PKC activation
or inhibition. A. chemotaxis of A2058 melanoma cells to 50 ng/ml TSPI or 20 (Â¿MTSPI
peptidc KRFKQDGGWSHWSPWSS was measured after 4.5 h in the presence of the
indicated concentrations of PMA or 4or-phorbol. Migration is presented as the mean
number of cells/x200 field Â±SD (n = 6 for positive and negative controls; n = 3 for

other conditions), fl. chemotaxis to 25 (â€¢)or 50 (0) (ig/ml TSPI was measured in cells
treated with the indicated concentrations of Calphostin C alone or after desensitizing with
0.5 nM PMA.
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20 40

Theophylline (pM)

60

Fig. 6. Theophylline inhibits the chemotactic response hut not the haptotactic response
of melanoma cells to TSPI. Preincubated A2058 cells were suspended in DMEM
containing 0.1% BSA with the indicated concentrations of theophylline and placed in
modified Boyden chambers containing 100 /ig/ml soluble TSPI in the lower chamber for
chemotaxis (â€¢)or in haptotaxis chambers containing filters coated on one side with 50
/Ag/ml TSPI (^). Cell migration data are from representative experiments, and each point
is the mean Â±SD of triplicate determinations.

fluent cells or cells that were past passage 20 (data not shown). These
cells also lost their ability to respond to TSPI or autotaxin in chemo
taxis assays.

TSPI Transiently Inhibits Inositol Phosphates Levels. The hy
drolysis of phosphatidylinositol 4,5-bisphosphate by phospholipase C
leads to the formation of two second messengers, 1,2-diacylglycerol
and IP,. Subconfluent ['Hjinositol-labeled A2058 cells were incu

bated for various times with soluble TSPI. Dialyzed TSPI at 5 /J.g/ml
caused a time-dependent decrease in the levels of IP3 (Fig. 7) and IP,

(data not shown). The maximal decrease occurred at 30 s. When
adherent A2058 melanoma cells were incubated with TSPI for 2 min,
the inhibition in IP, and IP, levels was concentration dependent, with
maximal inhibition at 5 fig/ml TSPI (data not shown). The decrease
in IP3 levels in adherent melanoma cells exposed to soluble TSPI
seems to be cell specific, because soluble TSPI increased IP, levels in
adherent rat smooth muscle vascular cells, with concomitant activa
tion of S6 kinase (37). Although the effects of TSPI on IP, levels in
smooth muscle cells are opposite to those observed in these studies,
the time dependence is comparable in both cell types.

Elevation of cAMP Inhibits the Generation of Inositol Phos
phates. To examine whether the decrease in IP, levels could be
related to the increase in cAMP levels induced by TSPI, the effects of
increasing cAMP using theophylline on IP, levels of A2058 cells
were tested. cAMP levels were increased to 174 Â±12% or 200% of
control levels by theophylline. Theophylline treatment decreased IP,
levels (59.5 Â±4% of control) to the same extent as that produced by
TSPI. Additions of 5-20 /j,g/ml TSPI to theophylline-treated cells did

not further inhibit IP3 levels. Because increasing cAMP by theophyl
line causes a similar decrease in IP,, the TSPI-induced decrease in IP,
may be a secondary effect of the increase in cAMP. Increased intra-
cellular cAMP can inhibit agonist-dependent formation of inositol

phosphates in other normal and transformed cells (38, 39).

DISCUSSION

Mechanical and biochemical signals arising from interactions of
cells with extracellular matrix components are important for many cell
functions (40-43). Recent work on signaling through integrin recep

tors has identified signal transduction pathways mediating positive
effects of extracellular matrix proteins on cell spreading, cell survival,
proliferation to growth factors, and motility (44, 45). TSPI is a

member of a group of matricellular proteins that can show negative as
well as positive effects on these cell functions (2, 20). The mecha
nisms by which extracellular matrix proteins elicit inhibitory re
sponses in cells are less well understood. Our present data demon
strate that several independent signals can arise from interactions of
melanoma cells with TSPI. These signals result from distinct biolog
ical activities of each domain of TSPI and result in overlapping and
distinct intracellular responses, leading to changes in cell motility or
proliferation. The effects of TSPI on these various signal transduction
pathways during chemotaxis may be cooperative rather than mutually
exclusive, as was proposed for cellular responses to other matrix
proteins (45).

We have examined three responses to TSPI: (a) chemotaxis; (b)
haptotaxis; and (c) inhibition of proliferation. These activities are
stimulated by different TSPI domains and are mediated by different
cell signaling pathways. Antiproliferative activity is localized primar
ily to the type I repeats of TSPI, whereas several recombinant
fragments and peptides from different domains of TSPI show che
motactic activity. Chemotaxis is sensitive to PT or the activation of
PKC and PKA, whereas the antiprolif'erative activity of TSPI does not

require these pathways but probably does require signaling through
tyrosine kinase/phosphatase pathways. The differences in these cell
responses may reflect different modes of exposure of the melanoma
cells to TSPI. For chemotaxis or haptotaxis, the cells must acutely
recognize a temporal or spatial gradient of TSPI, whereas prolifera
tion is inhibited by a steady-state exposure to TSPI.

The antiproliferative activities of TSPI for melanoma and endothe-

lial cells are similar in that both are reversed by the tyrosine kinase
inhibitor herbimycin and by the phosphatase inhibitor vanadate but
not the Ser/Thr-specific phosphatase inhibitor okadaic acid (46).

Common mechanisms may therefore mediate the antiproliferative
activities of TSPI in these two cell types. The mechanism for the
antiproliferative activities of other matrix proteins is generally un
known, but the cyclin-dependent kinase inhibitors p27 and p21 were

175

10 20 30

Time (min)

Fig. 7. TSPl-mediated changes in cyclic nucleotide and IP, levels. Adherent A2058
melanoma cells were incubated in DMEM for 48 h at 37Â°C.The cells were washed in PBS
containing 5 mM glucose and 0.1% BSA at 24Â°Cand equilibrated in the same buffer
containing 10 min LiCI for 45 min at 24Â°C.Dialy/.ed TSPI at 5 )j.g/ml was added to the

adherent cells, and the reactions were terminated at the indicated times by aspirating the
media and adding 6% trichloroacelic acid. cAMP (â€¢)and cGMP (O) were extracted and
quantified as described in "Materials and Methods." The data (mean Â±SD; n = 2) are

expressed as a percentage of cyclic nucleotide levels in untreated cells and are represent
ative of two experiments. To measure inositol phosphates, adherent A2058 cells were
labeled with ['HJinositol in DMEM for48 h at 37Â°C,washed, and equilibrated with 10 mM

LiCI as above. Dialyzed TSPI at 5 (Â¿g/mlwas added for the indicated times, and the
reactions were terminated by aspirating the media and adding 67c perchloric acid. The
[3H]inositol phosphates were extracted and quantified as described in "Materials and
Methods." The data are representative of three separate experiments, and each point is the

mean Â±SD of duplicate IP, determinations, expressed as a percentage the of IP, values
of control cells (A).
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recently implicated in the inhibition of smooth muscle cell prolifera
tion by fibrillar collagen (47).

Previous studies demonstrated that haptotaxis and chemotaxis of
melanoma cells to TSPI require distinct domains of the protein (18).
The present results identify different roles of G proteins for the two
motility responses. Chemotaxis to TSPI requires a signal mediated by
a PT-sensitive G protein that is not required for haptotaxis. Specific
involvement of a PT-sensitive G protein was also reported for che

motaxis but not for haptotaxis to type IV collagen or vitronectin,
whereas neither chemotaxis nor haptotaxis of A2058 cells to fibronec-
tin required a PT-sensitive G protein (34, 48).

Transient elevation in intracellular cAMP is observed in some
motility responses but is not always required (49). Based on our data,
both PKA activation and PKC activation negatively regulate chemo-

tactic responses to TSPI. Specific inhibition of chemotaxis to TSPI
by theophylline and activation by a PKA inhibitor suggest that cAMP,
by activating PKA, inhibits chemotaxis. However, exposure of the
cells to a temporal gradient of TSPI in solution causes an elevation in
cAMP levels in adherent melanoma cells. It is not clear at present
whether the cAMP response to TSPI is essential for the motility of
A2058 cells. If so, theophylline treatment could inhibit motility by
desensitizing the cells to this signal. Alternatively, both PKA activa
tion and PKC activation could inhibit motility by increasing cell-

substrate adhesion and phosphorylation of focal adhesion kinase (50,
51). Conversely, the PKC inhibitor calphostin C may increase che
motaxis to TSPI by inhibiting talin, a-actinin, and tensin assembly in

focal adhesion complexes (51). PKC also has a positive effect on
melanoma cell adhesion, because calphostin C decreased B16 mela
noma cell adhesion to endothelial cells (52) and the spreading of C32
melanoma cells on vitronectin (11).

The cAMP response to TSPI in A2058 cells is specific among the
attractants examined to date. Chemotaxis of A2058 cells to autotaxin,
laminin, fibronectin. and type IV collagen were cAMP independent
(33, 48) but required a PT-sensitive G protein. This PT-sensitive G

protein is probably not linked with adenylyl cyclase (48, 53). Mela
noma cells are abnormal in some signal transduction pathways com
pared with the melanocytes from which they are derived (reviewed in
Ref. 54). Malignant melanomas strongly up-regulate the calcium-

dependent PKCa isoform, lose PKCÃŸll, and lose the dependence
shown by melanocytes for external PKC stimulation to proliferate in
culture (54). Our A2058 melanoma cells display this phenotype in that
their proliferation is not stimulated by PMA (data not shown).

The motility of A2058 melanoma cells to intact TSPI is only
partially PT sensitive. Several domains of TSPI can induce PT-
sensitive motility, but other domains and peptides induce PT-resistant

chemotaxis. Based on peptide and recombinant TSP fragment data,
the type I or type III repeats may mediate the residual chemotactic
response of A2058 cells to TSPI in the presence of PT. The specificity
of PT contrasts with PMA, which inhibits responses to both a type I
repeat peptide (peptide 246) and intact TSPI, suggesting that activa
tion of PKC negatively regulates a common effector pathway down
stream of the G protein.

Chemotactic and cell spreading responses often share common
signal transduction pathways. TSPI promotes endothelial cell chemo
taxis and induces focal adhesion disassembly in the same cells (23,
55). The activity of cGMP-dependent protein kinase but not PKA is

required for the disassembly of focal adhesions by the TSPI peptide
Hepl (56). Similar to the proposed role of PKA and PKC in mela
noma cells, protein kinase G may indirectly modulate TSPI signaling
in endothelial cells. Endothelial cells, however, do not share the PKA
dependence for TSPI responses that we observed in A2058 melanoma
cells. TSPI also enhanced cAMP levels in neutrophils, but unlike
melanoma cells, elevating cAMP did not inhibit motility to TSPI (57).

Chemotactic motility of HL60 cells to TSPI was also insensitive to
the elevation of cAMP but was inhibited by PT treatment (58).
Monocyte motility to intact TSPI was completely PT sensitive, but
the cells did not respond to TSPI peptide 246, which we show here to
stimulate PT-insensitive motility (59). Spreading of C32 melanoma

cells induced by binding of the TSPI peptide 4N1K to CD47 required
a PT-sensitive G protein and was indirectly inhibited by inhibitors of

PKC and other protein kinases (11). The different combinations of
TSPI signal transduction pathways in each of these cell types may
reflect which TSPI receptors they express.

Although the TSPI receptors that mediate the observed responses
in A2058 melanoma cells have not been defined, the activities of
TSPI recombinant domains and peptides provide some insight into
this question. TSPI interacts with several cell surface receptors that
are present in melanoma cells, including integrins, CD36, CD47, and
heparan sulfate proteoglycans. Each can mediate cell attachment to
TSPI (reviewed in Refs. 2 and 20). Sulfated glycolipids are important
in mediating the spreading of some melanoma cells on TSPI (3). The
Arg-Gly-Asp sequence in TSPI participates in j33 integrin-mediated

adhesion of C32 melanoma cells on TSPI (10, 16). Binding to the
av/33 integrin could regulate the activity of tyrosine kinases (41-43)

or alter cAMP levels (60). A2058 melanoma cells use av/33 to
mediate adhesion to TSPI.3 The present results show that the TSPI

type III repeats containing the RGD sequence stimulate chemotaxis
but do not affect proliferation. The integrin av/33 may therefore
mediate the PT-insensitive chemotaxis stimulated by this domain of

TSPI.
Chemotaxis of A2058 cells to TSPI is inhibited by heparin and

antibodies to the NH-,-terminal heparin-binding domain of TSPI (18).
The chemotactic activities of this domain and several heparin-binding

peptides from other regions of TSPI (246, Mai II. and Hepl) suggest
that the engagement of melanoma cell proteoglycans may stimulate
chemotaxis. The proteoglycan syndecan 4 regulates PKC activity and
cell spreading in fibroblasts (61). A syndecan also mediates spreading
of a lymphoblastoid cell line on TSPI (62). Because motility to TSPI
is modulated by PKC activation, proteoglycans deserve further inves
tigation as potential mediators of TSPI motility responses in mela
noma cells. Because peptides containing the WSXW motif are the
only heparin-binding peptides that inhibit proliferation, proteoglycan

binding is probably not sufficient for antiproliferative activity.
CD47-binding peptides from TSPI are chemotactic for endothelial

cells and induce PT-sensitive spreading responses in C32 melanoma

cells (11, 24), suggesting that a G protein mediates the CD47 re
sponses. Our data show that two TSPI peptides that bind to CD47
stimulate PT-sensitive chemotaxis of A2058 melanoma cells. How
ever, other parts of TSPI, including the heparin-binding domain, the

procollagen domain, and a basic sequence in the second type I repeat,
can also stimulate chemotaxis through a G protein-dependent path

way. Because these TSPI peptides and fusion proteins do not bind to
CD47, an additional receptor or receptors that signal thorough G
proteins must mediate these motility responses in A2058 cells. Based
on the lack of antiproliferative activity of the CD47-binding TSPI
peptides, neither CD47 nor this other PT-sensitive pathway is in

volved in the inhibition of proliferation by TSPI.
CD36 is also a TSPI receptor in some melanoma cells. The inter

action of extracellular matrix components with CD36 can modulate
src family tyrosine kinase activities (63), and CD36 mediates an
antiangiogenic activity of TSPI in endothelial cells (32). The peptide
Mai II binds to CD36 and could mediate the chemotaxis of A2058
cells through binding to this receptor. Peptides that bind to CD36 do

1J. M. Sipcs and D. D. Roberts, Cooperation between thrombospondin-1 type 1 repeat

peptides and integrin otvÃŸiligands. manuscript in preparation.

3160

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/14/3154/2466988/cr0580143154.pdf by guest on 19 M

ay 2023



MODULATION OF MELANOMA PROLIFERATION AND MOTILITY BY TSPI

not inhibit melanoma cell proliferation, however, and the proliferation
of a CD36-negative melanoma cell line is inhibited by TSPI.

The expression of TSPI by tumor cells or the surrounding stromal
cells may influence their metastatic potential (20, 64). TSPI potenti
ates the metastasis of melanoma cells when mixed with cells before
tail vein injection (65) and potentiates the interaction of melanoma
cells with platelets (66). In contrast, the expression of TSPI in
subclones of K1735 melanoma is inversely correlated with their
metastatic potential (19). In addition to inhibiting tumor growth
through its antiangiogenic activity (21, 64), TSPI and type I repeat
peptides may directly inhibit melanoma growth. TSPI and peptide
mimetics of TSPI may therefore be useful molecules for therapeutic
intervention in melanoma. Identification of the intracellular responses
elicited by specific TSPI domains that regulate tumor cell prolifera
tion may also lead to new therapeutic approaches for inhibiting
melanoma growth and angiogenesis.
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