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Tumour cell thrombospondin-1 regulates tumour cell
adhesion and invasion through the urokinase
plasminogen activator receptor
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Summary We have previously shown that platelet-produced thrombospondin-1 up-regulates the urokinase plasminogen activator and its
receptor and promotes tumour cell invasion. Although tumour cells produce thrombospondin-1 in vivo, they produce only minimal amounts of
thrombospondin-1 in vitro. To determine the effect of tumour cell-produced thrombospondin-1 in the regulation of the plasminogen/plasmin
system and tumour cell invasion, we studied THBS-1-transfected MDA-MB-435 breast cancer cells that overexpress thrombospondin-1. The
role of urokinase plasminogen receptor in thrombospondin-1-mediated adhesion and invasion was studied by antisense inhibition, enzymatic
cleavage and antibody neutralization. Tumour cell adhesion to collagen and laminin was evaluated. Tumour cell invasion was studied in a
modified Boyden chamber collagen invasion assay. Tumour cell thrombospondin-1 induced a 2—7 fold increase in urokinase plasminogen
activator receptor and cell-associated urokinase plasminogen activator expression and a 50-65% increase in cell-associated urokinase
plasminogen activator and plasmin activities. Furthermore, tumour cell thrombospondin-1 promoted tumour cell invasion and decreased
tumour cell adhesion through up-regulation of urokinase plasminogen activator receptor-controlled urokinase plasminogen activator and
plasmin activities. We conclude that tumour cell-produced thrombospondin-1 may play a critical role in the regulation of tumour cell adhesion
and tumour cell invasion. © 2000 Cancer Research Campaign
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Tumour cell invasion is a complex, multistep process that involveglycosylphosphatidylinositol (GPI) linkage that is synthesized
the controlled degradation of the extracellular matrix by tumourconcurrently to the postranslational removal of the carboxy-
cell-associated proteases (Mignatti, 1993). Generation of plasmiterminal signal sequence (Ploug et al, 1993). Experimental data
on the tumour cell surface is believed to play a crucial role in thbas demonstrated that uPAR plays a critical role in tumour inva-
process of invasion. Tumour cell-bound plasmin directly degradesion and metastasis (Blasi, 1993993). In a series of elegant
the tumour-associated stroma, activates precursors of proteasegeriments, inhibition of UPAR resulted in prevention of metas-
(i.e. matrix metalloproteinases), and activates latent growth factottssis, tumour growth and angiogenesis in different in vitro and in
stored in the extracellular matrix (i.e., transforming growth factorvivo models (Ossowski et al, 1991; Ossowski, 1992; Kariko et al,
B1). These growth factors then act in a paracrine fashion, further993; Mohanam et al, 1993; Kook et al, 1994; Mohanam et al,
promoting tumour cell growth and invasion (Testa and Quigley]1994; Yu et al, 1997). Furthermore, it has been shown that high
1990; Vassalli, 1991). While pericellular proteolysis is crucial forlevels of uPAR in primary tumours correlate with their malignant
tumour cell invasion to occur, excessive proteolysis inhibits invapotential, therefore serving as a prognostic indicator (Graeff,
sion, presumably by destroying the matrix scaffold that tumoud992; Costantini et al, 1996). uPAR binds urokinase plasminogen
cells need in order to adhere and migrate (Krishnamurti, 19923ctivator (uPA) in a saturable, reversible, and specific manner,
Hosokawa et al,, 1993). Thus, a controlled proteolysis, with amith a Kd of 0.1-1 nM and maximal binding ox110*~2.2x 10
adequate temporal and spatial expression of proteases, has to takes per cell (high affinity and low capacity) (Barnathan, 1990).
place for the process of tumour cell invasion to occur. uPA is the main cell-associated activator of plasmin and it has
One of the main components of the plasminogen/plasmitbeen shown to play a key role in tumour invasion and metastasis
system is the urokinase plasminogen activator receptor (UPARYesta and Quigley, 1990; Ellis, 1991; Ossowski et al, 1991; Blasi,
(Vassalli, 1985; Plow, 1986; Blasi, 1990; Roldan, 1990). uPAR, d993; 199%; Mignatti, 1993). uPA levels in primary tumours
member of a family of cysteine-rich cell surface proteins, lacks &ave been shown to function as a prognostic indicator (Foekens,
transmembrane domain. It is anchored to the cell surface by ¥992).
While degradation of the extracellular matrix is necessary for
tumour cell invasion, excessive matrix degradation has been

Received 16 September 1999 shown to inhibit tumour cell migration and prevent invasion
Revised 8 March 2000 (Krishnamurti, 1992; Hosokawa et al, 1993; Albo et al, 1994,
Accepted 10 April 2000 1997). PAI-1, the main inhibitor of uPA, has been shown to
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association with matrix proteins such as vitronectin (SeiffertyyaTERIALS AND METHODS

1994; Bianchi, 1995). PAI-1 has been shown to promote breast

tumour cell invasion by preventing excessive matrix degradatiofaierials

by tumour-associated plasmin-mediated proteolytic activity (Albo

et al, 1997). Considerable evidence indicates that increased levé reagents, unless otherwise specified, were purchased from
of tumour-associated PAI-1 are a strong, independent prognostigma Chemical Company (St. Louis, MO, USA). The human
indicator of poor clinical outcome in cancer patients (CostantinPreast adenocarcinoma cell line MDA-MB-435 was purchased
et al, 1996; Grondahl-Hansen et al, 1997). from the American Type Culture Collection (HTB 26, Rockuville,

Several extracellular matrix proteins have been shown to modd4D, USA). MDA-MB-435 cell line was established from pleural
late tumour growth and invasion in a paracrine fashion (Laiho€ffusions of a patient with metastatic breast cancer. These cells
1989; Keski-Oja, 1991; Tuszynski et al, 1997). TSP-1 (encoded bf}prm invasive tumours in nude mice consistent with a breast
the THBS-1gene), a large glycoprotein that localizes to the extraPrimary. Tissue culture supplies were purchased from Fisher
cellular matrix in several different tumours, has been shown t&cientific Company (Pittsburgh, PA, USA).
play a critical role in tumour progression and invasion (Tuszynski,

1993). TSP-1 has been shown to promote tumour cell adhesiofgs_1 transfection

migration, invasion and angiogenesis, crucial steps in the process

of metastasis (Tuszynski et all 19819870] Clezardin et a|’ Transfection Of MDA-MB-435 Ce||S with th@HBS-leXpl’ession
1991; Yabkowitz et al, 1993). Our laboratory has shown thaPlasmid or unaltered pPCMVBamNeo vector using a calcium phos-
platelet-produced TSP-1 up-regulates UPA and UPAR, increas@§ate-based kit (GIBCO-BRL, Gaithersburg, MD, USA) was
plasmin-mediated proteolytic activity in different tumour cells andPreviously described (Weinstat-Saslow et al, 1994).

promotes tumour cell invasion. Furthermore, we have recently

shown that neutralization of uPA binding to UPAR at the tumouricey clones

cell surface with antibodies against either uPA or uPAR results in

inhibition of platelet TSP-1-mediated tumour cell invasion in vitro Three clones were selected for this study: TH5 cells (vector alone,
(Albo et al, 1994; 1997; Arnoletti, 1995; Wang et al, 1896 control); TH26 cells (7.5< higher TSP-1 expression than TH5
1996b). cells); TH29 cells (4 higher TSP-1 expression than TH5 cells).

Our previous findings supporting a role for TSP-1 in tumourAll three clones were previously characterized (Weinstat-Saslow
cell invasion were generated using human platelet-producegt al, 1994). TSP-1 production by the different clones used was
TSP-1 (Wang et al, 1995; 1996\lbo et al, 1997; Albo, 1998). A  assessed by Western blot and TSP-1 ELISA.
potential pitfall of these findings is that TSP-1 is a very large
glycoprotein, and, therefore, although platelet produced-TSP-1 igq|| culture
likely to play a role in the haematogenous phase of tumour spread,
it is not likely to achieve significant concentrations at the tissuel H5, TH26 and TH29 cells were cultured in Dulbecco’s Modified
level. Although no significant changes in the structure of plateletEagle’s Medium (DMEM) supplemented with 10% fetal calf
produced and tumour-produced TSP-1 have been reportegerum, 100 units miiof penicillin, 100ug mi* of streptomycin,
tumour-produced TSP-1 could have different properties tha@nd 750ug mi* G418 (GIBCO-BRL). The cultures were main-
platelet-produced TSP-1 in terms of the regulation of the plastained on plastic and incubated in 5% £@5% air at 37C in a
minogen/plasmin system and tumour cell invasion. In additionhumidified incubator. Cell cultures were noted to be pathogen-
tumour cells produce TSP-1 in vivo through a paracrine interacirée. Tumour cells were harvested from subconfluent cultures
tion with activated stromal cells, and, therefore, produce smal{80-90% confluence) by short exposure to 0.02% ethylenediamine
amounts of TSP-1 when cultured in vitro. In this study we usedetraacetic acid (EDTA) solution and re-suspended in serum-free
breast tumour cells transfected with full-lengthiBS-1cDNA ~ DMEM before use.
that overexpress TSP-1.

Addltlon.ally, our prewpusly pubI|§hed data supportlng arole l‘orAntisense UPAR transfection
the plasminogen/plasmin system in TSP-1-mediated tumour cell
invasion was primarily based on antibody neutralization studie¥he uPAR antisense construct (LKAS) was previously described
(Albo et al, 1997; Albo, 1998). The potential problems associate@Yu et al, 1997). Briefly, it consists of a 296-bp uPAR antisense
with the use of antibodies are related to their specificity and theDNA fragment subcloned into a BamHI- and Hindlll-digested
fact that most of the uPA is bound to uPAR on the cell surface andlK444 vector under §-actin promoter. Sequence analysis of the
therefore, either uPA and/or uPAR may be protected from inactivéfragment showed 100% homology with the published uPAR
tion by their respective antibodies. Additionally, the antibodiessequence. After three in vitro passages, TH26 cellsx higher
may induce clustering of the receptors and therefore induc&SP-1 expression than control TH5 cells) were plated>al @
spurious activation of the receptors and their signalling pathwaysells per well of a six-well plate, and when 80% confluent, they
Therefore, we developed three other strategies to study the role were transiently transfected for 6-8 h with i of LK444
the plasminogen/plasmin system in TSP-1-mediated tumour ceftlesignated LK444-TH26) or LKAS (designated LKAS-TH26)
invasion in addition to the use of neutralizing antibodies: ajusing 0, 6, 9, 12, or 20l of Lipofectin (Gibco Laboratories,
removal of uPAR from the cell surface by cleaving its GPI anchoRockville, MD, USA) in serum-free DMEM according to manu-
with GPI-specific phospholipase C; b) inhibition of uPAR produc-facturer’s protocol. After transfection, the cells were incubated for
tion at the mRNA level by using uPAR antisense technology; cp4 h in DMEM supplemented with 10% FCS. The cells were then
inhibition of plasminogen binding witls-aminocaproic acid, a incubated for 24 h in serum-free media. At the end of the incuba-
plasminogen receptor antagonist. tion period, tumour cell media were obtained. The cells were

© 2000 Cancer Research Campaign British Journal of Cancer (2000) 83(3), 298-306



300 D Albo etal

washed with phosphate buffered saline (PBS) and tumour cellPA and plasmin activities

extracts were harvested by adding cold 1% Triton X-100 in . . S .
. UPA and plasmin enzymatic activities were determined spectro-

TBS, pH 8.5. The extracts were centrifuged at 10 000 rpm to . . . o -
hotometrically using uPA or plasmin-specific chromogenic

remove cell debris. Quantitation of uPAR and uPA and measurd ; ) .
Q ubstrate assays (Spectrozyme UK, American Diagnostica Inc).

ment of uPA and plasmin activity were performed as describeé i ] . LS
nzymatic levels were measured directly in microtitre plates at

below. 405 nm.

Quantitation of uPAR, uPA, PAI-1, TGF- p1 and TSP-1 Tumour cell invasion assay

Trs‘ LHZG’ or ThH29 dcells were g(l)atgg(yln snx-f\lNeII pla_tesF%ngTumour cell invasion was investigated in a modified Boyden
allowed to atta<_: and grow to 80-90% confluency In ‘chamber assay. This assay was employed since it has been demon-
containing medium. The cells were weaned from the FCS

- - . strated that invasiveness in this assay correlates well with the
containing media to a serum-free media over 24 h. The cells wer

hen incubated f 8h at 7 | | d with fietastatic potential of a given cell line in vivo (Albini, 1987
then Incut ated for 4 a@ in DMEM supp eme”“? . ‘,N't Wang et al, 1998 1996). Polycarbonate filters, g pore size
0.1% bovine serum albumin (BSA), 100 units’nalf penicillin,

1 H of . q 7 H G4l ith and (Millicell, Millipore Corporation, Bedford, MA, USA), were
(_)Oug mr= o s_t_reptomycm, an 5.ng mi* G418 with an . coated with 10Qug type | collagen (1 mg nilin 60% ethanol) and
without the addition of 10Qg mi* of either polyclonal goat anti-

o . dried overnight at Z%. Blind-well Boyden chambers were filled
human TSP-l nel_Jtrallzm_g antibody or contrql goat IgG. At thewith 600ul of DMEM containing 0.1% BSA in the lower
end of the incubation period, tumour cell media and extracts Wer@ompartment, and the coated filters were mounted in the chamber.
obtained as described above. uPAR levels in cell extracts Wef&pproximately 50000 TH5. TH26. TH29. LK444-TH26. or
measured using the IMUBIND total uPAR enzyme-linked LKAS-TH26 tumour cells (tested to be greater than 95% viable)

immunosorbent assay kit (American Diagnostica Inc, GreenW|ch$uspended in 400 serum-free medium were placed in the upper

CT, QSA)' uPA concentration in the cell media a_nd extracts frorT?:hamber of the apparatus and allowed to settle onto the collagen-
the different treatment groups was measured using the IMUBINI%oated membrane. After an incubation period of 6h &C37

total uPA enzyme-linked Immunosorbent assay kit (Amer'carkpreviously established in our laboratory), the cells on the upper

Diagnostica Inc). PAI-1 concentration in the cell media from thesurface of the filter were removed with a cotton swab. The filters

dlffelrirgl tlreatment gla_rolfpds was measgred using Lhe LMUBINQNere then fixed in 3% glutaraldehyde solution and stained with
gn_ta ) e?zyme_l:ér;el immunosor ent assay kit ( msr'ganO.S% crystal violet solution. Invasive cells adhering to the under-
lagnostica_Inc). -1 concentrations were measured by &,tace of the filter were counted using a phase contrast micro-

competitive T_SP-l immunosorbent assay developed in our Iaborgbope & 400). The data were expressed as the summation of the
tory apd pfe‘{'ous'y described (Tuszynski et al, £38Fhe lower number of invasive tumour cells in five representative fields. All
detection limits of the assays are 0.1-2.0 ng total uPAR/uPA/PAI-Xperiments were performed in triplicate

1/TSP-1 per ml of sample. Samples of equal amounts of totaﬁ '

protein (as determined by BCA protein analysis) were evaluated.

Assay procedures were performed according to the vendor vitro tumour cell invasion inhibition assays

Instructions. Total UP'.A‘R’ UPA.’ PAI-1, and .TSP'l levels WErer 26 tumour cell invasion was also determined with the addition
quantitated by measuring solution absorbencies and comparing tpc?the upper chamber of either: a) anti-uPA antibodyug ent);

values with those of a standard curve. Results shown are tq) anti-uPAR antibody (10g mt); ¢) GPI-specific phospholipase
average of three separate determinations. Total and activat (PLC, 11U mt), an enzyme that cleaves the GPI anchor that

g(u;grﬁi}(i:leeveﬁulrzé;:e _fgg?t'ogfliregi;ver&ggasgri?e:é th%ttaches UPAR to the tumour cell surfaces o-djninocaproic
Minneapolis, MN, USA) following the manu¥acturer’s r)(/)tocol '’ acid (ACA, 0.25 M), a lysine analogue that prevents formation of
POLS, ' 9 P " plasmin at the cell surface by blocking plasminogen binding
(Hajjar, 1995). The number of invasive cells was counted as
described above for the cell invasion assay. Cleavage of uPAR
from the tumour cells by PLC was confirmed by measuring uPAR
Tumour cell extract protein concentration was determined by BC/An tumour cell extracts and media by ELISA as previously
protein analysis (Bio-Rad Laboratories, Richmond, CA, USA).described.
Samples of equal amount (approximately80of total protein per
lane) were fractionated on 8-25% gradient SDS-PAGE and theFu
transferred to nitrocellulose membranes (Micron Separations Inc,
Westborough, MA, USA) using the Pharmacia phast-gel electrofumour cell adhesion to different substrates was studied as previ-
phoresis system. Nonspecific binding was blocked with 5% milkously described (Tuszynski and Murphy, 1990). Brieflypb0f
in PBS containing 0.05% Tween 20 (PBS-T) overnight. Theeither a 4Qug mt? solution of collagen type |, collagen type IV,
immunoblots were then incubated with eithgegomt? of poly- laminin, or bovine serum albumin (BSA, negative control)
clonal rabbit anti-human uPAR or 8@ mi* polyclonal goat anti-  dissolved in DMEM, pH 7.3, were placed in 96-well microtitre
human TSP-1 IgG for 1 h at room temperature in PBS-T. Aftewells and dried overnight at 25. The wells were washed with
washing, the immunoblots were incubated with horseradisti"PBS and then treated with 20DPBS containing BSA for 1 h to
peroxidase-conjugated anti-rabbit or anti-goat IgG for 45 min. Thdlock non-specific binding and then washed three more times with
bound antibodies were detected using an enhanced chemiluming®BS. Cells were harvested, washed and suspended in serum-free
cence (ECL) system (Amersham, Arlington Heights, IL, USA). DMEM. 20 000 TH5, TH26, or LKAS-TH26 tumour cells were

Western immunoblotting

mour cell adhesion assay
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37°C in a CQincubator. Additionally, 20 000 TH26 tumour cells

treated with 0.25 Me-aminocaproic acid were also plated and

incubated for 1 h. Non-adherent cells were removed by aspiratic

and the wells washed three times with PBS. The total cell-assoc

ated protein was determined by dissolving the attached cel TH26 TH29 TH5 TSP-1

directly in the microtiter wells with 200l of the Pierce BCA (Control)

working solution (Pierce Chemical Co, RO.Ckford' IL, USA) a.ndFigure 1 Thrombospondin-1 expression in transfected cell lines. TH5

the absorbance of each well was determined at 562 nm with (transfected with the vector alone), TH26 (THBS-1-transfected; high TSP-1
microtitre reader plate. producer), or TH29 (THBS-1-transfected; low TSP-1 producer) breast cancer
cells were grown to 80-90% confluency in serum-containing media and then
weaned to serum-free media over a 24 h period. After a 24-h incubation in
serum-free media, tumour cell media from the different cell types were

obtained. Samples of equal amount were fractionated on 8-25% gradient

. . - SDS-PAGE and then transferred to a nitrocellulose membrane. Nonspecific
All experiments were done in triplicate and performed at leaspinding was blocked with 5% milk in PBS-T overnight. The immunoblot was

twice. Values are expressed as the meastandard deviation. thenincubated with 80 ug mi™* polyclonal goat anti-human TSP-1 1gG for 1 h

- . . . at room temperature in PBS-T. After washing, the immunoblots were
Statistical analy_S|S was performed using Sigmastat SOftWalincubated with horseradish peroxidase-conjugated anti-goat IgG for 45 min.
(Jandel Corporation, San Rafael, CA, USA). Where several grou[The bound antibodies were detected using an enhanced chemiluminescence
were compared to a control group, analysis of variance (ANQVASYstem. The 180 Kd band represents non-cleaved TSP-1.

and Student—-Newman—Keuls method were utili®dalues less

than 0.05 were considered significant. Dose-dependent response

added to each well and incubated in serum-free DMEM for 1 h ¢ X ” 4= 130 Kd
- ¥

Statistical analysis

was evaluated by linear regression analysis. 40~ EEE uPAR 1 uPA o4
354 _:' F2.1
RESULTS 304 l1g
E -
; S 254 L1.5 E
TSP-1 expression 2 22 15 E)
= 20 ; F1.2 S
THS5, TH29, and TH26 cells have been previously characterize % 154 Log &
(Weinstat-Saslow et al, 1994). TSP-1 expression by THS, TH2¢ 5 _ | s =
and TH26 cells used in this study was confirmed by Wester '
immunoblot analysis (Figure 1). When media conditioned by thes 5'.’_“ : ’_T_‘ o3
cells for 48 h were analysed for TSP-1 by ELISA, we found tha 0- THS TH29 TH'26 LKAS-
TH26 (4.9ug mFY) and TH29 (2.6ag mi?) cells showed a TH26

7.5- and 4-fold increase respectively, in TSP-1 expressio'r; 5 UPAR and uPA on in transfected cell lines. THS. TH26
igure u and uPA expression in transfected cell lines. , ,

Compared to control TH5 cells (Oﬁ@ mH)' TH29, or LKAS-TH26 cells were grown to 80—-90% confluency on
FCS-containing medium. The cells were weaned off the FCS-containing
media to a serum-free media over 24 h. After a 48-h incubation period,

TGF-B1 expression tumour cell extracts were obtained by addition of cold 1% Triton X-100. uPAR
and uPA expression were measured by ELISA.

Variable levels of total (active + inactive) TGH-were observed

in our different cell lines. Total TGB1 expression was
210 £ 12 pg 16! tumour cells by TH26 cells, 54 3 pg 10°
tumour cells by TH29 cells and 845 pg 108 tumour cells by  (9.99 £ 0.37 ng mt}, P < 0.01 vs TH26 cells alone). Control
TH5 cells. However, active TGB1 levels were higher in the low- 1gG showed no effect on TH26 cell uPAR expression (40.3
TSP-1 producing TH5 cells (768 pg 10° tumour cells) than in  1.83 ng mtY).

intermediate TSP-1 producing TH29 cells ¢8 pg 10° tumour
cells) or in the high TSP-1-producing TH26 cells 58 pg 10°

The effect of tumour cell-produced TSP-1 on uPA
tumour cells).

expression

While total uPA production (tumour cell extract + tumour cell
media) was not significantly changed in the TH5, TH26, and
TH29 cells (data not shown), uPA expression on the tumour cell
TH26 cells and TH29 cells expressed higher uPAR concentratiorextracts was 7-fold higher in the TH26 cells and 4-fold higher in
in a manner that was directly proportional to the amount of TSP-the TH29 cells compared to the control TH5 cells (Figure 2). TH5
produced by these cells, as demonstrated by ELISA and Westeerlls (control), expressed 0.300.12 ng mi* of uPA. TH26 cells
immunoblotting (Figures 2 and 3). TH5 cells (control), expresseexpressed 2.140.18 ng mit* of uPA. TH29 cells expressed 1.20
6.74 + 0.12ng mt' of UPAR. TH26 cells expressed 34.80 0.33 ng mt!* of uPA. The differences in uPA expression between
0.12 ng mi* of uPAR (5-fold increase). TH29 cells expressedthe TH26 or TH29 cells and the TH5 cells were statistically signif-
12.75+ 0.19 ng mi* of uUPAR (2-fold increase). The differences icant P < 0.04). Addition of neutralizing anti-TSP-1 antibody to
in UPAR expression between the TH26 or TH29 cells and théhe high TSP-1-producing TH26 cells significantly decreased uPA
TH5 cells were statistically significanP (< 0.01). Addition of  expression by these cells (0.4®.10 ng mt}, P < 0.01 vs TH26
neutralizing anti-TSP-1 antibody to the high TSP-1-producingcells alone). Control IgG showed no effect on TH26 cell uPAR
TH26 cells significantly decreased uPAR expression by these celexpression (1.9%& 0.08 ng mitY).

The effect of tumour cell-produced TSP-1 on uPAR
expression

© 2000 Cancer Research Campaign British Journal of Cancer (2000) 83(3), 298-306
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35 Kd mmp = — —— ——
TH5 TH29 TH26 LKAS- uPAR

TH26 (Control)

Figure 3 uPAR expression in transfected cell lines. Tumour cell extracts

were obtained as outlined in Figure 2. Additionally, TH26 cells were
transiently co-transfected with the LKAS uPAR antisense construct (cells
named LKAS-TH26) for 6-8 h. After a 36-h incubation in serum-containing
media, tumour cells were placed in serum-free media for 24 h. At that time,
tumour cell extracts were obtained by addition of cold 1% Triton X-100. uPAR
expression in tumour cell extracts was determined by Western immunoblot
analysis by using a polyclonal rabbit anti-human uPAR primary antibody and
the corresponding peroxidase-conjugated anti-rabbit IgG secondary antibody.
The bound antibodies were detected using an enhanced chemiluminescence
system.

3.0

2.5+

2.0+

1.5+

[PAI-1], ng/ml

1.0+

0.5

0.0
TH5 TH29 TH26

Figure 4  PAI-1 levels in transfected cells. TH5, TH26, or TH29 cells were
grown to 80-90% confluency on FCS-containing medium. The cells were
weaned off the FCS-containing media to a serum-free media over 24 h. After
a 48-h incubation period, tumour cell conditioned media was harvested.
PAI-1 levels were measured by ELISA.

The effect of tumour cell-produced TSP-1 on PAI-1
expression

- uPA activity

100 —
90
80
70
60|
50
40
30
20
10-

O_

] Plasmin activity

% Activity

TH5 TH26 LKAS- LK444-

TH26 TH26

Figure 5 uPA and plasmin activities in transfected cell lines. Tumour cell
extracts were obtained as outlined in Figure 3. uPA and plasmin activities
were measured by using uPA or plasmin-specific chromogenic substrate
assays. Antisense UPAR transfection (LKAS-TH26 cells) resulted in a 70%
inhibition of plasmin and uPA activities on TH26 cells. Vector control
transfection (LK444-TH26) showed no reduction in activity compared to
TH26 controls.

expression in the tumour cell extracts was proportional to the dose
of lipofectin used as demonstrated by linear regression and®ysis (
= 0.874). Maximum inhibition of uPAR expression was achieved
with 6 pl of lipofectin per 1.51g of DNA. Concentrations greater
than 12ul of lipofectin per 1.5ug of DNA compromised cell
viability without significantly reducing uPAR expression on the
tumour cells (data not shown). LK444-TH26 (vector control trans-
fected cells) cell extracts expressed similar amounts of uPAR than
the non-transfected tumour cells (3390.69 vs 35.5& 1.70 ng

ml-* of uPAR, respectively? = 0.67).

The effect of LKAS transfection on TH26 uPA
expression

PAI-1 expression was significantly up-regulated by tumour cellAlthough no change in total uPA production (cell extract + media)

TSP-1 (Figure 4). While TH5 cells expressed only G&@02 ng
ml~* of PAI-1 in their cell media, TH29 cells expressed x3220
ng mitand TH26 cells expressed 1.69.60 ng mi'. The differ-

was observed, uPA expression was reduced by 50-70% in the
LKAS-TH26 cell extracts (Figure 2). Reduction of uPA expression
in the tumour cell extracts was proportional to the dose of lipo-

ence in PAI-1 expression between TH5 cells and TH29 or TH2@ectin used as demonstrated by linear regression analysis (

cells was statistically significanP(< 0.03). The difference in PAI-

0.870). Maximum inhibition of uPA expression was achieved with

1 expression between TH26 and TH29 cells was not statisticall§ pl of lipofectin per 1.51g of DNA. Concentrations greater than

significant @ = 0.25).

The effect of tumour cell-produced TSP-1 on uPA and
plasmin activities

12 pl of lipofection per 1.5ug of DNA compromised cell viability
without significantly reducing uPA expression on the tumour cells
(data not shown). LK444-TH26 (vector control transfected cells)
cell extracts expressed similar amounts of uPA than the non-trans-
fected tumour cells (2.18 0.10 vs 2.32t 0.05 ng mt* of uPA,

Tumour cell-associated uPA and plasmin activities were higher inespectivelyP = 0.33).
the TSP-1-producing tumour cells in a manner that was directly

proportional to the amount of TSP-1 produced (Figure 5). uPA anﬁihe effect of LKAS transfection on TH26 UPA and

plasmin activity were 50-65% higher in the high TSP-1-producin
tumour cells (TH26 cells) than in the control cells (TH5 cells). Th

lasmin activities

differences in uPA or plasmin activity between the TH26 and thé\ntisense uPAR transfection reduced uPA and plasmin activities

THS cells were statistically significar®® & 0.01).

The effect of LKAS transfection on TH26 uPAR
expression

on TH26 tumour cells (Figure 5). uPA activity was reduced by
70% on LKAS-TH26 tumour cells compared to control (LK444-
TH26 cells). Plasmin activity was reduced by 73% on LKAS-
TH26 tumour cells compared to control (LK444-TH26 cells). The
differences in uPA or plasmin activity between the LKAS-

Transient uUPAR antisense transfection reduced uPAR expressidiH26 and the LK444-TH5 cells were statistically significant
on TH26 cells by 50-70% (Figures 2 and 3). Reduction of uPARP < 0.001).
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300 ~ Bl TH5Cells [[IJ TH26 Cells [ TH26 Cells [EH LKAS-TH26
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THS TH29 TH26 TH26 + Figure 8  The role of uPAR on tumour cell adhesion. Approximately 20 000
a-TSP-1 THS5, TH26 (with and without treatment with e-aminocaproic acid) or
Figure 6 Tumour cell invasion by transfected cell lines. 50 000 tumour cells LKAS-MDA tumour cells were plated per well of a 96-well microtitre plate
were plated per well of a modified Boyden chamber collagen invasion assay. pre-coated with either laminin, type |, or type IV collagen. After a 1-h
After a 6-h incubation period the number of cells traversing the membrane incubation period the wells were washed with PBS. Total cell-associated
were counted and expressed as number of invasive cells per five high-power protein was determined by dissolving the attached cells directly in the
fields. microtitre wells with 200 pl of the Pierce BCA working solution (Pierce
Chemical Co) and the absorbance of each well was determined at 562 nm
with a microtitre reader plate. LKAS-TH26: antisense uPAR transfected
TH26 cells. ACA: e-aminocaproic acid.
350
© 280
§ The role of the plasminogen/plasmin system in tumour
2 2104 cell TSP-1-mediated tumour cell invasion
©
= . . .
S 1404 To determine the role of the plasminogen/plasmin system on
g tumour cell TSP-1-mediated tumour cell invasion, different antag-
= 704 onists were used (Figure 7). TH26 tumour cell invasion (380.0
27.0 invasive cells per five high-power fields) was inhibited by
0 blocking uPAR or uPA with neutralizing antibodies (183®.5 and
1 2 3 4 5 6 17.5+ 8.5 invasive cells per five high-power fields, respectively),
cleaving uPAR from the cell surface with GPI-specific phospho-
Figure 7 The role of uPAR on TSP-1-mediated tumour cell invasion. 50 000 lipase C (4.5t 0.5 invasive cells per five high-power fields), or
tumour cells were plated per well of a modified Boyden chamber collagen ; ; cadi : ;
invasion assay. Additionally, TH26 cells were incubated in the presense of blocking plaSmInOQEn _bmdlng to the Ce_” Sur_face with the !ysme
anti-TSP-antibody. After a 6-h incubation period the number of cells analogueg-aminocaproic acid (7.% 3.5 invasive cells per five

traversing the membrane were counted and expressed as number of invasive high-power fields). Furthermore, a comparable inhibition on TH26
cells per five high-power fields. (1) TH26 tumour cells alone. (2) TH26 +

neutralizing anti-uPAR antibody. (3) TH26 + neutralizing anti-uPA antibody; tumour cell '”Yas'on was aChleved_ by transiently transfecting the
(4) e-aminocaproic acid-treated TH26 cells. (5) TH26 + GPI-phospholipase C. TH26 cells with LKAS (UPAR antisense construct) (16.9.5

(6) LKAS-TH26 (UPAR antisense co-transfected TH26 cells) tumour cells invasive cells per five high-power fields). The differences in
alone.

tumour cell invasion between TH26 cells alone and TH26 cells
plus the addition ofi-uPAR,a-uPA, GPI-PLCg-ACA, or LKAS
were statistically significantP(< 0.005). Transfection of TH26
cells with LK444 (vector control) had no statistically significant
effect on TH26 tumour cell invasion (286:016.0 invasive cells
per five high-power fields? = 0.10).

ELISA confirmed that treatment with GPI-PLC stripped the
TH26 tumour cells of uPAR. uPAR expression on non-treated
Tumour cell invasion correlated with the amount of TSP-1TH26 tumour cell extracts and media was 3%9918 ng mittand
produced by the different cell lines (Figure 6). TH5 cells showed.20 + 0.50 ng mt, respectively. uPAR expression on GPI-
8.0 = 1.0 invasive cells per five high-power fields. TH26 cells PLC-treated TH26 tumour cell extracts and media was 8.27
showed 263.5t 46.5 invasive cells per five high-power fields 0.07 ng mt* and 3.5 ng mt, respectively.

(47.5-fold increase). TH29 cells showed 8421 .4 invasive cells
per five high-power fields (10.5-fold increase). The differences i
tumour cell invasion between the TH26 or TH29 cells and the TH
cells were statistically significanP(< 0.05). Addition of neutral-
izing antibody against TSP-1 significantly decreased the invasiv@umour cell adhesion was inhibited by tumour cell-produced TSP-
capacity of TH26 cells (32 2 invasive cells per five high-power 1 (Figure 8). A 2-fold decrease in TH26 tumour cell adhesion to
fields, P < 0.01 vs TH26 cells alone). Control IgG did not signifi- laminin, type | collagen, and type IV collagen was observed
cantly reduce the invasive capacity of TH26 cells (2527.5  compared to the TH5 tumour cells. The differences in tumour cell
invasive cells per five high-power field8,= 0.12 vs TH26 cells adhesion to the different substrates between the TH26 and the TH-
alone). cells were statistically significanP(< 0.01). Antisense uPAR

The effect of tumour cell-produced TSP-1 in tumour cell
invasion

he effect of tumour cell-produced TSP-1 in tumour cell
adhesion
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transfection restored the adhesive capacity of the TH26 cellsumour cells and stromal cells (i.e. tumour-associated fibroblasts).
showing that up-regulation of uPAR plays a central role in theThis paracrine interaction produces a very precise pattern of TSP-
decreased cell adhesion observed in the high TSP-1 producidgexpression in vivo, with TSP-1 being stored in the matrix, and its
cells (Figure 8). In order to determine whether this effect wasCSVTCG-specific receptor expressed by the tumour cells
related to some intrinsic anti-adhesive effects of the uPAR molgClezardin et al, 1993; Tuszynski and Nicosia, 1994).
cule or related to an enhanced generation of plasmin at the c&llonsequently, tumour cells produce very little amounts of TSP-1
surface, TH26 cells were treated withaminocaproic acid. in vitro, making it difficult to study the effect of tumour
Blocking binding of plasminogen to the TH26 tumour cell surfacecell-produced TSP-1 in tumour cell biology.
with €e-aminocaproic acid also restored the adhesive capacity of In order to overcome this problem, we u3étBS-ttransfected
the TH26 tumour cells to control levels (Figure 8). These datdreast cancer cells that overexpress TSP-1. We found that, similar
show that the TSP-1-mediated decrease in tumour cell adhesiom the effect of platelet-produced TSP-1, tumour cell-produced
involves not only up-regulation of uPAR expression but also th&SP-1 also up-regulates uPAR and uPA expression, uPA and
conversion of plasminogen to plasmin at the tumour cell surface.plasmin activities, and promotes tumour cell invasion proportion-
ally to the amount of TSP-1 produced by the tumour cells. The
uPA receptor seems to play a key role in this TSP-1-mediated
up-regulation in tumour-associated plasmin activity since down-
Pericellular proteolysis plays a crucial role in tumour cell invasionregulation of uPAR with antisense construct in our experiments
The controlled degradation of the extracellular matrix by tumoursignificantly reduced both uPA and plasmin activities in the TH26
associated proteases allows tumour cells to invade and metastasiamour cells. Although tumour cell TSP-1 also up-regulated
(Mignatti, 1993). Plasmin is believed to play a central role notPAl-1, the overall tumour cell-associated proteolytic activity was
only as a proteolytic enzyme capable of cleaving most of the extraignificantly up-regulated by tumour cell TSP-1. Moreover, the
cellular matrix components but also by activating inactive precurup-regulation of the plasminogen/plasmin system by tumour cell-
sors of other key proteases (i.e. matrix metalloproteinasegroduced TSP-1 was significantly higher than the one achieved
produced by tumour cells and/or tumour-associated stromal cellsthen we treated tumour cells with platelet-produced TSP-1 at
Additionally, during matrix degradation, plasmin can activateconcentrations that mimicked those seen in tumour patients
latent growth factors (i.e. TGB1) stored in the matrix that have (Arnoletti, 1995; Albo et al, 1997). This could explain the apparent
potent effects on tumour growth and can provide for an amplificadiscrepancy between the increase in tumour cell invasion seen in
tion loop by up-regulating plasmin generation as well (Testa anthis study and the smaller tumours and lower number of lung
Quigley, 1990; Vassalli, 1991). metastasis previously reported by Weinstat-Saslow et al in mice
We have previously established that platelet-produced TSP-ihjected with the high TSP-1-producing TH26 cells compared to
promotes tumour cell invasion through up-regulation of the keythose injected with low TSP-1-producing TH5 cells (Weinstat-
regulatory components of the plasminogen/plasmin system, uPARSaslow et al, 1994). The excessive amount of TSP-1 expressed by
uPA, and PAI-1 (Albo et al, 1997). Degradation of the extracellulathe TH26 cells may promote excessive tumour cell-associated
matrix in the pericellular environment, such as the one promotegroteolysis. It has been well established that while pericellular
by uPAR-bound uPA, allows tumour cells to detach from the mairproteolysis is fundamental for tumour cell invasion, excessive
colony and to invade surrounding tissues. By preventing excessiygoteolysis is detrimental for tumour cell invasion in vivo, since it
plasmin-mediated degradation of the extracellular matrix, PAl-ldecreases tumour cell proliferation and excessively destroys the
has been shown to play a crucial role in tumour cell invasion andhatrix scaffold surrounding tumour cells, inhibiting cell adhesion
metastasis (Bianchi, 1995; Costantinin et al, 1996; Albo et aland migration (Krishnamurti, 1992; Hosokawa et al, 1993). In our
1997; Grondahl-Hansen et al, 1997). Furthermore, although kaboratory, we have previously established that at doses that more
study in bladder cancer suggested that TSP-1 levels in the extralosely mimic those seen in cancer patients, platelet-produced
cellular matrix inversely correlated to tumour growth (GrossfeldTSP-1, through its CSVTCG-specific receptor, promotes tumour
et al, 1997), several studies in breast, head and neck cancers hae#l invasion in vitro and metastasis in a murine model (Wang
demonstrated a direct correlation between high TSP-1 and/or TSBt al, 1995; 1996 1996; Albo et al, 1997; Albo, 1998).
1 receptor expression and metastatic potential of the tumouwlternatively, TSP-1-transfected tumour cells may produce anti-
(Wong et al, 1992; Clezardin et al, 1993; Arnoletti et al, 1994;angiogenic factors in vivo which would affect tumour growth.
Tuszynski and Nicosia, 1994; Roth et al, 1997). The TSP-1-mediFhis could explain the lower tumour vascularization and growth
ated up-regulation of the plasminogen/plasmin system may in paseen in mice injected with TH26 cells as reported by Weinstat-
be responsible for the higher metastatic potential in patients witBaslow.
higher TSP-1 levels. Additionally, higher blood levels of TSP-1 Previously, it has been reported that TSP-1 can activatefIGF-
have been shown in patients with several malignancies, witfSchultz-Cherry and Murphy-Ullrich, 1993; Schultz-Cherry et al,
patients with higher circulating levels of TSP-1 showing poorerl994a; 1994). TGFf1 has been shown to up-regulate the plas-
outcomes (Tuszynski et al, 1992; Nathan et al, 1994; Yamashita etinogen/plasmin system in other models (Blasi, 299393).
al, 1998). Therefore, in the present study we measured the levels of active
Due to its large molecular weight, it is unlikely that the TSP-1TGF{31 in the conditioned media of the different cell lines. The
produced in the vascular compartment achieves significant tissudata showed that active TGH-levels were actually higher in our
concentration. Although platelet-produced TSP-1 may indeed plapw TSP-1 producing TH5 cells than in the high TSP-1-producing
a key role in the haematogenous spread of tumour cells, it is ndH26 cells. This data suggest that the up-regulation seen in the
likely to play a role in tissue invasion. Tumours produce TSP-1 irplasminogen/plasmin system in response to tumour TSP-1 seen in
vivo through a tightly controlled paracrine interaction betweenour study is not mediated by TGH-

DISCUSSION

British Journal of Cancer (2000) 83(3), 298-306 © 2000 Cancer Research Campaign



Tumour cell thrombospondin-1 promotes tumour cell invasion 305

In previous ex_perime_nts, _We established that_ neutraliz_ation OI\CKNOWLEDGEMENTS
uPAR or uPA with antibodies reduced the ability of different
tumour cells to invade in response to platelet-produced TSP-1he authors wish to thank Dr Liliana Ossowski, Department of
(Albo et al, 1997). Although these data were convincing, potentiaMedicine, Division of Neoplastic Diseases, Mount Sinai School
pitfalls associated with antibody specificity, availability, and the©f Medicine, New York, USA, for providing the uPAR constructs.
possibility of cross-linking and spurious activation of receptorsThis work was supported in part by grants CA65675, CA69722 to
and signaling pathways existed. For these reasons, in addition ®°T from the National Institutes of Health and a grant to GPT
the antibody experiments, we employed two additional strategiedom the InKine Pharmaceutical, Company, Inc.
First, we reduced uPAR expression on the cell surface by enzymat-
ically removing it with GPI-specific phospholipase C. Second and
more specifically, we blocked uPAR expression at the mMRNAREFERENCES
level by antisense inhibition. Additionally, in order to determine
whether generation of plasmin at the tumour cell surface wadlbini A, Iwamoto Y, Kleinman H, Martin G, Aaronson S and Kozlowski J (1987)

s . L A rapid in vitro assays for quantitating the invasive potential of tumour cells.
necessary, we inhibited tumour cell surface plasminogen binding "~ o 47 2550 2045
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Il adhesi | ial role i i breast cancemt J Cancer60: 597-603
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