Cell surtace-localized matrix
metalloproteinase-9 proteolytically
activates TGF-B and promotes tumor
invasion and angiogenesis
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We have uncovered a novel functional relationship between the hyaluronan receptor CD44, the matrix
metalloproteinase-9 (MMP-9) and the multifunctional cytokine TGF-$ in the control of tumor-associated
tissue remodeling. CD44 provides a cell surface docking receptor for proteolytically active MMP-9 and we
show here that localization of MMP-9 to cell surface is required for its ability to promote tumor invasion and
angiogenesis. Our observations also indicate that MMP-9, as well as MMP-2, proteolytically cleaves latent
TGF-B, providing a novel and potentially important mechanism for TGF-$ activation. In addition, we show
that MMP-9 localization to the surface of normal keratinocytes is CD44 dependent and can activate latent
TGF-B. These observations suggest that coordinated CD44, MMP-9, and TGF-$ function may provide a
physiological mechanism of tissue remodeling that can be adopted by malignant cells to promote tumor

growth and invasion.
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The ability of tumor cells to establish a functional rela-
tionship with their host tissue microenvironment and to
utilize the local resources to their advantage are key fac-
tors in determining tumor cell survival, local tumor de-
velopment, and subsequent tumor invasion. Interaction
between tumor cells and the host tissue stroma results
in local tissue remodeling that, on the one hand, reflects
a reaction of the tissue to the invading tumor cells and,
on the other hand, serves to facilitate and promote tumor
development. Similar to inflammation and repair, tu-
mor-associated tissue remodeling relies on a complex in-
terplay of at least three classes of molecules, that is,
adhesion receptors that mediate physical interactions
between tumor cells and host tissue stromal cells and
extracellular matrix (ECM), matrix metalloproteinases
(MMPs) that degrade ECM proteins, and cytokines/
growth factors that promote tumor cell survival and
growth.

Experimental evidence indicates that integrin (for re-
view, see Varner and Cheresh 1996) and hyaluronan re-
ceptor CD44 (Bartolazzi et al. 1994; Gunthert et al. 1991;
Sy et al. 1991)-mediated adhesion are required for tumor
cell migration as well as for growth and dissemination of
a variety of tumor types. Recent work suggests that sig-
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nals transduced by integrins following engagement by
ligands may provide tumor cells with critical survival
signals within the host tissue microenvironment (Frisch
and Ruoslahti 1997). Ligand engagement of CD44 can
also promote survival of some types of tumor cells in
vivo (Yu et al. 1997), and numerous studies have pro-
vided evidence that CD44 may play an important role in
promoting tumor invasion and metastasis (Gunthert et
al. 1991; Sy et al. 1991; Seiter et al. 1993; Bartolazzi et al.
1994; Lamb et al. 1997; Yu et al. 1997). Although the
ability of CD44 to bind and internalize hyaluronan has
been shown to correlate with tumor cell invasiveness
(Bartolazzi et al. 1994; Culty et al. 1994; Yu et al. 1997),
the mechanisms underlying CD44-mediated enchance-
ment of tumor growth have remained largely obscure.
We have shown recently that CD44 can localize proteo-
lytically active matrix metalloproteinase-9 (MMP-9) to
the surface of TA3 mammary carcinoma and MC mela-
noma cells (Yu and Stamenkovic 1999). Hyaluronan-me-
diated cross-linking of CD44 induces coclustering of
CD44 and MMP-9 and promotes MMP-9 proteolytic ac-
tivity, which correlates with TA3 cell invasiveness in
vivo and in vitro and enhances tumor growth in vivo (Yu
and Stamenkovic 1999). Compromising CD44 function
by overexpression of a dominant-negative soluble CD44
disrupts cell surface CD44-MMP-9 cluster formation, re-
duces cell surface MMP-9 activity, and inhibits invasion
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and growth of the tumor cells (Yu and Stamenkovic
1999). Thus, one mechanism by which CD44 may pro-
mote tumor growth and invasion is by regulating MMP-9
function on the cell surface.

Matrix metalloproteinases are thought to play a key
role in promoting tumor invasion and tissue remodeling
by inducing proteolysis of several ECM components
(Stetler-Stevenson et al. 1993; Werb 1997). Recent evi-
dence indicates that MMPs may promote angiogenesis
(Brooks et al. 1996; 1998; Vu et al. 1998), and augment
genetic instability in tumor cells (Sternlicht et al. 1999).
MMP expression is induced in stromal cells at sites of
injury and repair as well as at sites of tumor invasion,
and many tumors produce their own MMPs as a part of
their invasive machinery. However, the mechanisms by
which MMPs promote tumor invasion and angiogenesis
are still poorly understood. For example, the role that
MMP activity may play in the release and activation of
ECM-sequestered growth and angiogenic factors, which
may be essential for tumor development, is largely un-
known. Furthermore, the majority of MMPs whose pro-
teolytic activity is associated with tissue remodeling are
soluble and are efficiently inhibited by tissue inhibitors
of metalloproteinases (TIMPs), which are abundant in
the ECM. Despite significant steps toward understand-
ing the complexities of MMP activation (for review, see
Nagase 1997), it remains unclear how MMPs might es-
cape or overcome TIMP inhibition to promote ECM
breakdown and tumor invasion.

In the present study, we show that cell surface local-
ization of MMP-9 is an important factor in its ability to
promote not only tumor invasion, but angiogenesis and

growth as well. We also demonstrate that MMP-9, as
well as its relative, MMP-2, cleave latent transforming
growth factor-g (TGF-B), which constitutes a novel
mechanism of TGF-B activation. Finally, we provide evi-
dence that CD44-dependent cell surface localization of
proteolytically active MMP-9, and the corresponding la-
tent TGEF-B activation, occur in normal as well as in
malignant cells.

Results
CD44 is implicated in tumor angiogenesis

Using TA3 murine mammary carcinoma cells, which
constitutively express several CD44 isoforms and ex-
hibit CD44-dependent HA binding, up-take and degrada-
tion, we have shown previously that expression of domi-
nant-negative soluble CD44 inhibits tumor invasion and
growth in syngeneic mice (Yu and Stamenkovic 1999;
Fig. 1 A-C). We now show that in addition to impaired
invasiveness and reduced size, solid tumors derived from
the soluble CD44-transfected TA3 cells (TA3sCD44) are
less vascularized than tumors derived from TA3 cells
transfected with expression vector only (TA3wt, Fig.
1A,B). To compare angiogenesis in the solid TA3wt and
TA3sCD44 tumors, we performed immunohistochemis-
try on sections of tumors derived from subcutaneously
injected TA3wt and TA3sCD44 cells using anti-von Wil-
lebrand factor antibody (anti-vWF), which stains vascu-
lar endothelial cells. Solid TA3sCD44 tumors were ob-
served to display less vascular endothelial cell staining
than their TA3wt counterparts (Fig. 1D,E). Blood vessel
quantification by averaging the number of capillary
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Figure 1. CD44 promotes tumor growth and angiogenesis. (A, B) Gross appearance of solid tumors derived from TA3wt (A) and
TA3sCD44 cells (B). Bar, 7.5mm. (C) A total of 2 x 10° viable cells were injected subcutaneously into syngeneic A/Jax mice. The tumor
specimens were collected 3 weeks after injection, and tumor weight was assessed. In each experiment, six mice were injected with
each transfectant. Weight of tumors derived from TA3 transfectants is expressed relative to that of TA3wt 1 +s.D. (D, E) Immuno-
histochemistry with anti-vWF antibody (Dako) on tissue sections of solid tumors derived from subcutaneously injected TA3wt (D) or
TA3sCD44 cells (E). The average number of the capillary blood vessels, as indicated by anti-vWF antibody staining, per 10x power
microscopic field from 10 randomly chosen fields is shown (F). Bar, 160 um.
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blood vessels positively stained by anti-vWF antibody in
10 randomly picked microscopic fields revealed an ap-
proximately threefold reduction in the number of blood
vessels in the solid tumors derived from TA3sCD44 cells
compared with tumors derived from TA3wt cells (Fig.
1F). Thus, reduced angiogenesis in solid tumors derived
from TA3sCD44 cells appeared to correlate with im-
paired CD44 function.

Localization of MMP-9 to the cell surface augments its
ability to promote tumor invasion and angiogenesis

In previous studies we showed that CD44 localizes the
proteolytic form of MMP-9 on the surface of TA3wt
cells, and that expression of the CD44-MMP-9 complex
correlates with TA3 cell invasiveness in vitro and in vivo

A MMP-9

MMP-9 activates TGF-B and promotes tumor invasion

(Yu and Stamenkovic 1999). To investigate whether the
observed invasiveness is dependent on cell surface local-
ization of the proteolytic activity of MMP-9, TA3sCD44
cells were stably transfected with a chimeric construct
composed of sequences encoding MMP-9 and the trans-
membrane and intracellular domains of CD44 (MMP-9/
CD44fp, Fig. 2A). On expression in mammalian cells,
the resulting fusion protein was tethered to the cell sur-
face. As a control, TA3sCD44 cells were transfected
with carboxy-terminal v5-epitope-tagged soluble MMP-9
(MMP-9v5, Fig. 2A). Expression of endogenous, and
soluble, transfected, CD44 were not affected by the in-
troduction of MMP-9/CD44fp and MMP-9v5 cDNAs
into TA3sCD44 cells, as assessed by Western blot analy-
sis (Fig. 2Ba and b). Expression of soluble MMP-9v5 and
the MMP-9/CD44 fusion protein were determined by
gelatin zymography of the serum-free cell culture super-
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Figure 2. Characterization of the TA3 transfectants and G8 myoblast invasion assays. (A) Schematic representation of v5-tagged
MMP-9 and the CD44-MMP-9 fusion protein. Amino acid sequences that form the fusion are indicated. (L) Leader peptide; (pro)
prodomain; (Zn) zinc-binding domain (active site); (hemopex) hemopexin domain; (tm) transmembrane domain; (ic) intracellular
domain; (v5) v5 peptide tag. (B) (a) Western blot of TA3 transfectant cell lysates and corresponding concentrated serum-free conditioned
media (b), with anti-CD44 mAb IM7.8. Endogenous CD44 expression is comparable in all transfectants (a). Soluble CD44 expression
is comparable in TA3sCD44, TA3sCD44mmp-9/CD44f{p, TA3sCD44mmp-9v5 cells (b, lanes 3-8), whereas TA3wt cells do not express
soluble CD44 (lanes 1,2). (c,d) Gelatin zymograms of (c) serum-free media and (d) crude membrane preparations of the transfected TA3
cells. Cell lysates (a), conditioned media (b,c), and crude membrane preparations (d) were from the following: (lanes 1, 2) TA3wt cells;
(lanes 3,4) TA3sCD44 cells; (lanes 5,6) TA3sCD44mmp-9/CD44fp cells; (lanes 7,8) TA3sCD44MMP-9v5 cells. Molecular mass mark-
ers are indicated. (C) G8 myoblast monolayer invasion assay: Expression of the MMP-9-CD44 fusion protein by TA3sCD44mmp-9/
CD44fp cells (a, arrowhead) rescues the ability of TA3sCD44 (b, arrow) to invade the G8 monolayer to an extent that is comparable
with that of TA3wt cells (c, arrowhead), whereas overexpression of soluble MMP-9v5 has little effect (d, arrow). Bar, 80 um.
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natants (Fig. 2B,c) and cell membrane lysates (Fig. 2B,d),
respectively. The MMP-9/CD44 fusion protein dis-
played a molecular mass of (1120 kD (Fig. 2B,d, lanes 5,6),
compared with the [P0 kD of MMP-9v5 (Fig. 2B,c, lanes
7-8). All of the transfectants expressed similar levels of
endogenous MMP-9 of 83 kD. To compare the function
of cell surface-tethered MMP-9-CD44fp with that of
overexpressed soluble MMP-9v5, the transfectants were
assessed for G8 myoblast monolayer invasion. Expres-
sion of the MMP-9-CD44 fusion protein was observed to
restore the ability of TA3sCD44 cells to invade the G8
monolayer, whereas expression of soluble MMP-9v5
failed to do so (Fig. 2C).

The effect of the MMP-9-CD44 fusion protein and
that of soluble MMP-9v5 expression on tumor growth,
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Figure 3. Expression of MMP-9-CD44 fusion c
proteins restores the invasiveness, growth, and

angiogenesis of the TA3sCD44 cells in vivo. (A) 30
Hematoxylin-stained sections of the representa-
tive tumors derived from the subcutaneously in-
jected TA3wt (a], TA3sCD44 (b), TA3sCD44MMP-
9/CD44fp (c), and TA3sCD44MMP-9v5 (d) cells.
A total of 2 x 10° viable cells were injected, and
the tumor specimens were collected 1 week af-
ter the injection. (B), In a separate set of animals,
tumor weight was assessed 3 weeks after the
injection. In each experiment, six mice were in-
jected with each transfectant. Mean weight +5.D.
of tumors derived from the TA3 transfectants
are shown. (C) Tumor angiogenesis was assessed
and expressed as the average number of capillary
blood vessels, as revealed by anti-vWF anti-
body, per 10x power microscopic field in the
solid tumor sections derived from TA3 transfec-
tants. The number +5.D. represents the average
blood vessel count per microscopic field from
total counts in 10 randomly selected fields. Bar,
300 pm. o
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invasiveness, and angiogenesis in vivo were compared by
injecting the respective TA3sCD44 cell transfectants
subcutaneously into syngeneic A/Jax mice. Expression
of the cell surface MMP-9/CD44 fusion protein in
TA3sCD44 cells was found to restore both the invasive-
ness and growth of the resulting tumors in vivo, whereas
overexpression of soluble MMP-9v5 had virtually no ef-
fect (Fig. 3 A,B). Similarly, expression of the MMP-9/
CD44 fusion protein, but not soluble MMP-9v5, restored
TA3sCD44 tumor angiogenesis, as assessed by the aver-
age number of anti-vWF-stained blood vessels per 10x
microscopic field (Fig. 3C). Thus, localization of MMP-9
proteolytic activity to the cell surface, and not merely its
secretion, is required to promote TA3 tumor invasion
and angiogenesis in vivo.
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Vascular endothelial cell tubulogenesis is induced by
TA3wt/G8 myoblast coculture-conditioned medium

To address the molecular mechanisms that underlie
MMP-9-mediated tumor angiogenesis and to identify the
putative substrate(s) of cell surface-localized MMP-9
that is(are) involved in promoting angiogenesis, we es-
tablished a coculture system composed of wild-type or
transfectant TA3 cells and fixed G8 myoblast monolay-
ers, which approximates tumor and stromal cell interac-
tion and up-regulates the expression of MMP-9 in TA3
cells (Yu et al. 1997; data not shown). The serum-free
conditioned media derived from the cocultures were
tested for their ability to stimulate formation of capillary
tubes by bovine microvascular endothelial cells (BME)
grown on collagen I gels. TA3 wild-type/G8 and
TA3sCD44/MMP-9-CD44fp/G8 coculture conditioned
media induced BME tubule formation (Fig. 4A,C),
whereas TA3sCD44/G8 and TA3sCD44/MMP-9v5/G8
coculture conditioned media did not (Fig. 4B,D). Serum-
free conditioned media derived from fixed G8 myoblasts
or viable TA3wt cells alone had no tubulogenic effect on
BME cells (data not shown). TA3 cell surface MMP-9
activity therefore appears to be required for the induc-
tion of BME tubulogenesis by the coculture conditioned
medium.

Activation of latent TGF-B underlies
MMP-9-dependent tubulogenesis

Following a series of preliminary biochemical assays
aimed at determining some of the properties of the BME
tubulogenesis promoting factor(s), we found that the tu-
bulogenic activity present in the TA3wt-G8 serum free

MMP-9 activates TGF-B and promotes tumor invasion

coculture conditioned medium was not only resistant to
heat (80°C, 5 min), but was activated by heat (data not
shown). This observation led us to test the possibility
that the putative vascular tubule-inducing factor might
be TGF-B, which is highly heat resistant, can be acti-
vated from its latent form by heat and acid treatment
(Roberts and Sporn 1993; Taipale et al. 1998) and can
induce tubule formation by vascular endothelial cells
grown in collagen gels (Sankar et al. 1996).

A neutralizing pan-specific anti-TGF-B antibody,
added to the TA3/G8 coculture medium, blocked its
ability to induce BME tubule formation, whereas immu-
nodepletion of the conditioned medium of two major
angiogenic factors, VEGF and b-FGF with anti-VEGF and
anti-bFGF antibody, respectively, and verified by West-
ern blot analysis, had no effect, similar to control rabbit
IgG (Fig. 4E,F; data not shown).

Cell surface MMP-9 activates latent TGF-2
and TGF-B3

To provide further evidence that the vascular tubule-
inducing factor in the coculture media is TGF-B, we per-
formed luciferase reporter assays using mink lung epi-
thelial reporter cells (TMLC) stably transfected with lu-
ciferase ¢cDNA downstream of a TGF-B-responsive
portion of the plasminogen activator inhibitor 1 pro-
moter (PAI-1, kindly provided by Dan Rifkin, New York
University). Conditioned media from cocultures of sev-
eral TA3 cell transfectants and G8 cells were applied to
TMLCs and the corresponding luciferase activity was
measured (Fig. 5). The results of these assays confirmed
that cell surface proteolytic activity of MMP-9 is re-
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Figure 4. Endothelial cell tubule formation assay. BME cells (3 x 10°/ml) were seeded onto type I collagen gels in medium supple-
mented with 10% calf serum. On the following day, the medium was aspirated and replaced with conditioned serum-free medium
derived from cocultures of G8 myoblast monolayers and TA3wt (A) TA3sCD44 (B), TA3sCD44/MMP-9-CD44fp (C), or TA3sCD44/
MMP-9v5 (D) cells. A total of 30 pg/ml of pan specific anti-TGF-g (E) or anti-bFGF (F) antibody were added to the TA3wt/G8-
conditioned coculture medium prior to use in the assay. Tubules are indicated by arrows. Bar, 140 um.
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Figure 5. CD44-anchored MMP-9 acti-
vates TGF-B. (A) The ability of TA3 trans-
fectant-G8 myoblast coculture media to
stimulate TMLC luciferase activity is
shown. Conditioned coculture media
tested are indicated. (B) Pan-specific
TGF-B antibody (30 pug/ml) or specific an-
tibodies against TGF-B1 (100 ng/ml), TGF-
B2(100ng/ml), or TGF-B3(100 ng/ml) were
used to determine the activity of TGF-B
isoforms in the coculture media. One unit
of luciferase activity corresponds to the ac-
tivity produced by 5 pg of purified human
TGF-81 (R & D).

RELATIVE LUCIFERASE ACTIVITY

quired for at least part of the observed activation of
TGF-B in TA3 and G8 myoblast cocultures, because ex-
pression of soluble CD44 reduced TGF-@ activation, pre-
sumably by disrupting endogenous CD44 aggregation
and cell surface localization of proteolytically active
MMP-9 (Fig. 5A). As expected, expression of the mem-
brane-tethered MMP-9/CD44 fusion protein restored the
ability of TA3sCD44 cells to induce activation of TGF-8
when cocultured with G8 myoblast monolayers,
whereas overexpression of soluble MMP-9v5 had only a
minor effect (Fig. 5A). When a range of protease inhibi-
tors were added to the TA3/G8 cocultures, and TGF-8
activity of the corresponding conditioned media was de-
termined in TMLC luciferase assays, activation of
TGEF-B was found to be blocked by the broad spectrum
inhibitors of matrix metalloproteinases, 1, 10 phenanth-
roline, and MMPI, but not by a specific MMP-3 inhibitor
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peptide, the plasmin inhibitor aprotinin, or the cysteine
protease inhibitors E64, leupeptin, and pepstain A (data
not shown).

The pan anti-TGF-B-specific antibody used in the tu-
bulogenesis experiments has a neutralizing effect on
TGF-B1, TGF-B2, and TGF-B3. TA3 cells were found to
express all three TGF-B isoforms, and TGE-B receptors
type I, II, and III, as assessed by RT-PCR and Western
blot analysis (data not shown). To determine whether
cell surface MMP-9 activity preferentially activates any
single TGF-B isoform, luciferase assays were performed
with serum-free conditioned medium derived from co-
cultures of TA3wt cells and G8 monolayers in the pres-
ence of the individual anti-TGF-p1, TGF-p2, and TGF-
B3-specific neutralizing antibodies. Anti-TGF-B2 anti-
body was observed to block most of the luciferase
activity, whereas anti-TGF-B3 antibody partially



blocked the luciferase activity. Anti-TGF-B1 and anti-
bFGF antibodies had no blocking effect (Fig. 5B; data not
shown).

Purified MMP-9 activates latent TGF-B isoforms

To determine whether MMP-9 can directly activate
TGF-B, v5/histidine-tagged MMP-2, MMP-3, MMP-9,
and TGF-B1, TGF-B2, and TGF-B3 cDNAs were overpro-
duced by transient expression in COS cells and affinity
purified with either protein A Sepharose-bound anti-v5
antibody or probond nickel-chelating resins for histidine
epitope tags. Expression and purity of MMPs and TGF-
isoforms were determined by zymogram, Western blot,
and Coumassie blue-stained SDS-PAGE analysis (data
not shown). Concentrated serum-free supernatants from
COS cells transiently transfected with cDNAs encoding
TGF-g1, TGF-B2, or TGF-B3 were incubated with pro-
tein A Sepharose-bound, p-aminophenylmercuric ac-
etate (AMPA; Nagase 1997)-activated MMP-2, MMP-3,
and MMP-9 and applied to the TMLC luciferase assay.
MMP-9 and MMP-2 activated latent TGF-B, whereas
MMP-3 had only a marginal effect (Fig. 6A). Interest-
ingly, TGF-B2 appeared to be the most sensitive of the
three isoforms to MMP-9-mediated activation. These ex-
periments were repeated with affinity-purified v5/his-
tagged latent TGF-B2 and protein-A-Sepharose-bound
AMPA-activated MMPs, and the results confirmed that
latent TGF-B2 can be activated by purified active MMP-9
and MMP-2 (Fig. 6B). To obtain some indication as to the
fraction of the latent TGF-$ pool that is activated by
MMP-9, we compared the TMLC luciferase activity in-
duced by equal aliquots of heat and purified MMP-9-
treated concentrated supernatants of TGF-81, TGF-B2,
and TGF-B3-transfected COS cells. Maximal luciferase
induction was obtained when the supernatants were
heated to 80°C for 5 min. Purified MMP-9 activated
2%, 11%, and 4% of the TGF-B2, TGF-B3, and TGF-B1
heat-activatable pool, as assessed by TMLC luciferase
induction (data not shown).

To determine whether TGF-B2 is cleaved by MMP-9
and MMP-2, concentrated supernatants from carboxy-
terminal v5/histidine-tagged TGF-B2 cDNA-transfected
COS cells were incubated with Protein A Sepharose-
bound, AMPA-activated, MMP-9, MMP-2, or MMP-3 for
90 min at 37°C, and TGF-B cleavage was assessed by
Western blot analysis with the anti-v5 antibody (Fig. 6C).
Two TGEF-B2 species, of [50 and 25 kD were detected in
the conditioned medium of transfected COS cells, corre-
sponding to proTGF-B2, containing the prodomain, or
latency-associated protein (B-LAP) and mature TGF-B2,
respectively (Fig. 6C, lane 1). MMP-9 and MMP-2 gener-
ated latent TGF-B cleavage products of (8 and 35/37
kD, respectively, whereas MMP-3, used as a control, did
not induce detectable TGF-B cleavage. These observa-
tions suggest that MMP-9 and MMP-2 cleave latent
TGF-B2 at different sites, which, because of the size of
the cleavage products, are most likely located within the
TGEF-B latency-associated protein.

The observation that purified MMP-2 can proteolyti-

MMP-9 activates TGF-B and promotes tumor invasion

cally cleave and activate latent TGF-B in vitro, and the
notion that MMP-2 is localized to the cell surface by
avp3 integrin (Brooks et al. 1996), led us to test the pos-
sibility that cell surface-tethered MMP-2 might provide
a cellular mechanism for latent TGF-@ activation similar
to that of MMP-9. TMLC luciferase-inducing ability
could be restored in TA3sCD44 cells by expression of an
MMP-2-CD44 fusion protein (Fig. 6D), providing evi-
dence that MMP-2 localized to the cell surface can sub-
stitute for MMP-9 as an activator of latent TGF-B.

Expression of the CD44-MMP-9 complex on the
surface of TA3 cells contributes to latent TGF-f3
activation by solid TA3 tumors

To determine whether the observations made with the
cell culture systems reflect the in vivo situation in TA3
tumors, we measured TGF-B activity in solid tumor ex-
tracts derived from TA3wt, TA3sCD44, TA3sCD44/
MMP-9-CD44fp, and TA3sCD44/MMP-9v5 cells using
the TMLC luciferase assay. Subcutaneous tumors were
removed 7 and 10 days following injection of tumor cells
and equal protein amounts from the corresponding ex-
tracts were tested for their ability to induce TMLC lu-
ciferase activity. Lysates from TA3wt and TA3sCD44/
MMP-9-CD44fp tumors were observed to induce sig-
nificantly higher luciferase activity than those for
TA3sCD44 and TA3sCD44/MMP-9 tumors (Fig. 7A).

CD44-dependent cell surface retention of proteolytic
MMP-9 occurs in normal keratinocytes, and
keratinocyte-derived MMP-9 activates latent TGF-8

To determine whether CD44-dependent MMP-9 local-
ization to the cell surface and the corresponding latent
TGF-B activation observed in TA3 cells reflect a physi-
ological functional coordination among the three mol-
ecules, we compared cell surface MMP-9 activity in pri-
mary keratinocyte cultures of normal and CD44~/~ mice.
Keratinocytes from both wild-type and CD44-null mice
were observed to secrete comparable amounts of MMP-9
and MMP-2, but only wild-type keratinocytes displayed
cell surface MMP-9 activity (Fig. 7B). Consistent with
the observations in TA3 cells, loss of CD44 expression
resulted in reduction of keratinocyte ability to produce
activated TGF-B, as assessed by the TMLC luciferase as-
say (Fig. 7C). Transient expression of the MMP-9/CD44
fusion protein restored production of activated TGF-B by
CD44 null keratinocytes to the level produced by wild-
type keratinocytes (Fig. 7D). Such reconstitution of acti-
vated TGF-B production could not be achieved by expres-
sion of soluble MMP-9v5 (Fig. 7D). Expression of soluble
CD44 in CD44 null keratinocytes had no effect on
TGF-B activation.

Discussion

In this work, we have uncovered an unexpected and po-
tentially important functional relationship between the
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Figure 6. TGF-B is activated by purified
MMP-9. (A) TMLC luciferase activity induced
by concentrated COS cell supernatants con-
taining the indicated latent TGF-B isoforms
following incubation with the indicated puri-
fied AMPA-activated MMPs. Comparable
amounts of latent TGF-B1, TGF-B2, and TGF-
B3 were present in the supernatants as as-
sessed by both Western blot analysis and
TMLC-luciferase induction following heat
treatment (80°C for 5min) (B) TMLC lucifer-
ase activity induced by affinity-purified TGF-
B2 following incubation with the indicated
purified activated MMPs. Activity is ex-
pressed in relative light units (RLU), in which
800 RLU corresponds to the luciferase activ-
ity generated by 1 pg of purified human TGF-
Bl (R & D). (C) TGF-B is proteolytically
cleaved by MMP-9 and MMP-2.. Purified v5-
tagged TGF-B2 (lane 1) was incubated with
protein-A Sepharose-bound, AMPA-activated
MMP-9 (lane 2), MMP-2 (lane 3), and MMP-3
(lane 4) for 90 min at 37°C. Following incuba-
tion, the supernatants were separated from
the beads, subjected to SDS/12% PAGE,
transferred to Hybond-C membranes, and
blotted with anti-v5 antibody. (D) MMP-2/
CD44 fusion protein expression promotes
TGF-B activation in TA3sCD44 cells. TMLC
luciferase assays were performed with serum-
free coculture media from TA3sCD44 cells
transiently transfected with the indicated cD-
NAs.
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cell surface hyaluronan receptor CD44, the metallopro-
teinase MMP-9, and the cytokine TGF-B in the control of
tumor invasion, growth, and angiogenesis. By docking
proteolytically active MMP-9 on the surface of tumor
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Figure 7. TGF-B activation by CD44-an-
chored MMP-9 is detected in tumor ex-
tracts and keratinocyte cultures. (A) Seven
and 10-day solid tumors derived from
TA3wt, TA3sCD44, TA3sCD44/MMP-9-
CD44{p, and TA3sCD44/MMP-9v5 cells
were extracted in 50 mm Tris-HCI,
(pH7.5), 75 mm NaCl, 10 mm EDTA, con-
taining AEBSF (1 pg/ml), aprotinin (0.05
units), leupeptin (1 pg/ml), pepstatin A (2
pg/ml) and E64 (1 pg/ml), and 100 pg of
the extracted proteins were added to
TMLCs, and resulting luciferase activity
was determined. (B) Gelatin zymogram
analysis of serum-free conditioned media
(a) and crude cell membrane extracts (b) of
wild-type (lane 1 in a and b) and CD44-null
(lane 2 in a and b) keratinocytes. (C) TMLC
luciferase assay with serum-free condi-
tioned media from wild-type and CD44-
null keratinocytes. (D) TMLC luciferase
assay with serum-free conditioned media
from CD44 null keratinocyte cultures
transiently transfected with MMP-9/
CD44fp, MMP-9v5, and sCD44 cDNAs.
Luciferase activity is expressed in relative
light units (RLU) in which 800 RLU corre-
spond to the activity generated by 1 pg of
purified human TGF-g1 (R & D).

cells, CD44 helps enhance tumor invasion and angiogen-
esis as well as activation of latent TGF-$, which we have
shown to be a substrate of both MMP-9 and MMP-2. Our
discovery that MMP-9 induces TGF-$ activation on the
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surface of normal keratinocytes as well as that of malig-
nant cells, suggests that MMP-mediated TGF-B activa-
tion may play an important role in the control of tissue
remodeling in both physiological and pathological situ-
ations.

The importance of cell surface localization of MMP-9
in invasion and angiogenesis

Similar to the majority of known MMPs, MMP-9 is se-
creted, yet recent evidence suggests that MMP-9 may
play a major role in promoting tumor invasion (Kim et al.
1998). Our present observations indicate that localiza-
tion of MMP-9 to the cell surface may be a key event in
providing its proteolytic activity with the ability to pro-
mote tumor invasion and angiogenesis. TA3 cells in
which cell surface MMP-9 activity had been abrogated
by expression of soluble CD44 lost the ability to invade
subcutaneous tissues in vivo and myoblast monolayers
in vitro, and the corresponding tumors in syngeneic mice
showed markedly reduced angiogenesis. Neither angio-
genesis nor invasiveness could be adequately reconsti-
tuted by overexpression of soluble, v5-tagged, MMP-9 in
these cells, whereas both properties could be restored by
expression of an MMP-9-CD44 fusion protein designed
to force MMP-9 localization to the cell surface. Consis-
tent with these observations, integrin av@3-mediated
cell surface localization of proteolytically active MMP-2
has been shown to promote angiogenesis and invasion in
some tumor types (Brooks et al. 1996, 1998). Retention of
MMPs on the cell surface by ECM adhesion receptors
may therefore provide a general mechanism for cellular
regulation of MMP activity with several important con-
sequences. First, it may help concentrate the proteolytic
activity at points of contact between the cell and the
ECM, providing the cell with a measure of control over
the manner in which substrate degradation occurs. Sec-
ond, the local concentration of MMPs, resulting from
their coclustering with the docking ECM receptor, may
induce MMP autoactivation, consistent with the notion
that at least some MMPs can initiate or maintain their
own activation (Nagase 1997). Third, cell surface dock-
ing may provide a mechanism to protect MMP activity
from inhibition by TIMPs. TIMPs are the major known
MMP inhibitors and most of the soluble MMP activity is
believed to be quenched as a result of TIMP binding to
MMPs. However, TIMPs do not appear to be associated
with the CD44-MMP-9 complex in TA3 cells, despite
abundant intrinsic TIMP production, supporting the no-
tion that the cell surface may provide a privileged site for
MMP-9 activity (Q. Yu and I. Stamenkovic 1999, un-
publ.). Whether CD44 blocks TIMP binding or whether
other membrane-associated factors protect MMP-9 from
TIMP-mediated inhibition remains to be determined.

MMP-9 and MMP-2 activate TGF-3

TGF-g1, TGF-2, and TGF-B3 are closely related iso-
forms of a multifunctional cytokine involved in regulat-
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ing embryonal development as well as repair and regen-
eration following tissue injury (Massague 1990; Roberts
and Sporn 1993). All three isoforms are secreted in a
latent, inactive complex composed of mature TGF-f
and its prodomain, TGF-B latency-associated protein
(B-LAP). Mature TGF-B is cleaved from its propeptide in
the secretory pathway by a furin-like processing endo-
proteinase (Munger et al. 1997), but the propeptide re-
mains associated with TGF-$ by noncovalent interac-
tions that confer latency on the complex (Munger et al.
1997). LAP is often linked to latent TGF-B-binding pro-
tein (LTBP) via a disulfide bond, which provides a
mechanism for the deposition of TGF-$ into the ECM, in
which the bulk of TGF-B is sequestered. In physiological
conditions, free active TGF-B is negligible compared
with the LAP-bound latent form, and cannot initiate sig-
nal transduction by its specific receptors. Thus, release
from the ECM and activation of the latent form are
thought to be key events in the regulation of TGF-8
function. Although the precise mechanism of TGF-§ ac-
tivation in vivo remains unknown, several candidate
molecules, including plasmin, thrombospondin 1, and
avp6 integrin have been found to activate latent TGF-$
(Lyons et al. 1990; Sato et al. 1990; Schultz-Cherry et al.
1994; Crawford et al. 1998; Munger et al. 1999), either by
proteolysis of the latent complex, in the case of plasmin,
or by induction of conformational changes as a result of
direct physical interaction. Our present observations in-
dicate that MMP-9 and MMP-2 may provide alternative
pathways for proteolytic activation of latent TGF-B in
vivo. The potential physiological relevance of these
pathways is supported by the notion that activation of
latent TGF-B occurs at the cell surface, in the vicinity of
betaglycan, which presents the ligand to its cell surface
receptors (Taipale et al. 1998). Interestingly, MMP-9 and
MMP-2 produce different TGF-B proteolytic cleavage
products, as assessed by Western blot analysis, suggest-
ing different recognition/cleavage sites. Whether the ob-
served cleavage products themselves display activity or
constitute inactive intermediates that are subsequently
cleaved to yield active TGE-, remains to be determined.

The basis for the difference in sensitivity to MMP-9-
mediated activation among the three latent TGF-$ iso-
forms is unclear at present, and its elucidation will re-
quire further work. One possible explanation may be
that structural variations among the isoforms influence
the accessibility of the cleavage site.

How might TGF-B activation by cell surface-localized
MMPs be implicated in tumor-associated tissue
remodeling and angiogenesis?

MMP-mediated activation of latent TGF-8 may have dif-
ferent consequences in tissue remodeling by normal and
malignant cells. In normal tissues, TGF-f promotes che-
moattraction of leukocytes, stimulates synthesis and de-
position of individual ECM components, decreases pro-
teolytic activity of cells, inhibits epithelial cell prolifera-
tion and migration, and induces cell surface integrin
expression that confers an adhesive phenotype on cells.



(Border and Ruoslahti 1992; Pepper 1997; Taipale et al.
1998). Activation of TGF-B by the CD44-MMP-9 com-
plex expressed on normal keratinocytes may therefore
provide a potentially important mechanism for appropri-
ate initiation of tissue repair.

Numerous tumor types and cultured tumor cells ex-
press TGF-B and its receptors, but are resistant to its
antiproliferative effects. Current opinion holds that once
tumor cells have escaped its proliferation inhibitory ef-
fects, TGF-B may enhance tumor growth by stimulating
angiogenesis and desmoplasia, and suppressing immune
surveillance. In several instances, TGF-$ signals have
been observed to induce an invasive and metastatic phe-
notype in tumor cells (Welch et al. 1990; Oft et al. 1996,
1998). It is conceivable, therefore, that CD44-MMP-9
complex-mediated TGF-B activation reflects a physi-
ological event that may be adopted by tumor cells to
enhance their ability to invade tissues and survive in a
new microenvironment. Although it is unclear what pro-
portion of malignant tumors rely on this mechanism,
CD44-mediated cell surface localization of MMP-9 has
been observed in mammary carcinomas unrelated to the
one used in our study (Bourguignon et al. 1998).

Although there is strong evidence to support an active
role for TGF-B in several aspects of vascular develop-
ment (for review, see Pepper 1997), its role in angiogen-
esis is disputed. Nevertheless there are several argu-
ments to suggest that TGF-B is implicated in angiogen-
esis. Targeted disruption of the TGF-B receptor endoglin
results in perturbation of angiogenesis (Li et al. 1999).
Exogenous TGF-B promotes angiogenesis in vivo (Rob-
erts et al. 1986; Moses et al. 1990; Pepper 1997), and local
administration of neutralizing anti-TGF-B antibodies
has been observed to reduce capillary density in tumors
derived from CHO cells stably transfected with TGF-B1
(Ueki et al. 1992). In light of these observations, it is
tempting to speculate that latent TGF-B activation may
constitute a part of the mechanism whereby MMP-9 and
MMP-2 activity induce or promote angiogenesis.

Materials and methods

Cells and antibodies

G8 mouse fetal myoblasts and KM201 and IM7.8 hybridomas,
which produce rat-anti-mouse CD44 mAb, were obtained from
the American Type Culture Collection (ATCC, Rockville, MD),
and cultured in DMEM with 10% FBS (Irvine Scientific, Santa
Ana, CA). All TA3 transfectants were cultured in DMEM
supplemented with 10% FBS and 0.5mg/ml G418 (GIBCO-
BRL). Anti-MMP-9 antibody was from Oncogene (Cambridge,
MA and Santa Cruz, CA) and anti-TGF-g1, TGF-B2, and TGF-3
as well as pan-specific anti-TGF-g antibodies were from R & D
Systems (Minneapolis, MN).

To obtain primary skin keratinocyte cultures, the skin of the
newborn wild-type or CD44~/~ mice was digested with 0.25%
trypsin (GIBCO) overnight at 4°C. Epidermal layers of the di-
gested skins were separated from dermal layers and cut into
1-2-mm slices and further digested in a trypsin solution. Dis-
sociated cells were washed and 5 x 10° viable cells were seeded
onto collagen-coated 60-mm dishes. The cells were allowed to
grow to 80% confluence in keratinocyte serum-free medium
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(GIBCO). The serum-free conditioned media were collected and
crude cell membrane extracts were prepared as described previ-
ously (Yu and Stamenkovic 1999) to assess gelatinase activity in
both the media and the cell membranes and to measure their
TGF-B activity with TMLCs.

Expression constructs and RT-PCR

Total RNA was isolated from mouse placenta and TA3 cells
with Trizol reagent (GIBCO-BRL) according to the manufactur-
er’s instructions. cDNA was synthesized from 5 pg total RNA
with Superscript I RNase H reverse transcriptase (GIBCO-BRL).
PCR was performed as described (Yu and Stamenkovic 1999). To
generate the chimeric construct composed of mouse MMP-9
and the transmembrane and cytoplasmic domains of CD44, the
corresponding cDNAs were amplified by PCR with appropriate
synthetic oligonucleotide primer pairs. For MMP-9, the forward
primer, 5'-CACGATAAGCTTATGAGTCCCTGGCAGCCC-
CTGCTC-3' and the reverse primer, 5-CACGATAGATC-
TAGGGCACTGCAGGAGGTCGTAGGT-3" were used. For
CD44, the primers were as follows: forward, 5'-CACGATAG-
ATCTCCAGAATGGCTCATCATCTTGGCA-3'; reverse, 5'-
CACGATCTCGAGCTACACCCCAATCTTCATGTCCAC-3".
The two PCR-generated segments were digested with appropri-
ate restriction enzymes, ligated together in frame, and inserted
into pcDNAG6/V5-His vector, which contains a blasticidine re-
sistance gene (Invitrogene, Carlsbad, CA), allowing subsequent
generation of double transfectants by use of cells into which
plasmids containing the neomycin resistance gene had already
been stably introduced. Soluble MMP-9 was generated by RT-
PCR with the forward primer 5'-CACGACGATATCATGAG-
TCCCTGGCAGCCCCTGCTCCTG-3' and the reverese prim-
er, 5'-CACGATGATGGCGGCCGCAGGGCACTGCAGGAG-
GTCGTAGGT-3’, and was cloned into the pcDNAG6/V5-His
vector, engineered to generate carboxy-terminal v5 epitope tag
fusions (Invitrogen). MMP-2, MMP-3, and TGF-g1, TGF-2, and
TGF-B3 ¢cDNAs were generated by PCR with the appropriate
oligonucleotide primers and inserted into pcDNAG6/V5-His vec-
tors. The primer pairs used in the PCR reactions correspond to
the 30 nucleotides at the 5’ and 3’ extremities of the appropriate
coding sequence in forward and reverse orientations respec-
tively, the stop codon being omitted to allow fusion to the tag-
encoding sequences. The cDNA sequences were derived from
the GenBank under the accession numbers M84324 and X66402
for MMP-2 and MMP-3, respectively, and M13177, X57413, and
M32745 for TGF-B1, TGF-B2, and TGF-B3, respectively. The
MMP-2-CD44 fusion construct was generated in the same way
as the MMP-9-CD44 chimera. Authenticity and correct orien-
tation of the inserts were confirmed by DNA sequencing by the
dideoxy chain termination method.

Transient and stable transfection

TA3 cells were transfected with Lipofectamine (GIBCO-BRL)
with expression vectors containing cDNAs encoding soluble
CD44, MMP-9-CD44 and MMP-2-CD44 chimeras, soluble
MMP-9, and with expression vectors alone. Stable transfectants
were selected for G418 (1.5 mg/ml) and blasticidine (10 pg/ml)
resistance, and resistant colonies were picked after 2-3 weeks of
growth in selection medium. The culture supernatants and ly-
sates of transfectants were tested by ELISA, zymogram, and/or
Western blot analyses for expression of the approrpriate gene
products. To produce v5- and His-tagged TGF-B1, TGF-B2, and
TGF-B3, and MMP-2, MMP-3, and MMP-9, COS cells were tran-
siently transfected with the respective cDNAs with DEAE/
Dextran as decribed (Aruffo et al. 1990). Primary keratinocytes
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from wild-type and CD44 null mice were transiensiently trans-
fected with superfect (Qiagen) according to the manufacturer’s
recommendations. Assays using transient transfectants were
performed 72 hr following tansfection.

Tumor growth and angiogenesis

Transfected TA3 cells (2 x 10° in 0.2 ml of Hank’s balanced
solution, HBSS, per mouse) were injected subcutaneously into
male syngeneic A/Jax mice (Jackson Laboratory, Bar harbor,
ME). At least two independent isolates of each transfectant were
used. The animals were observed daily. Two mice injected with
each transfectant were sacrificed 1 week after injection, and the
tumors were fixed and sectioned to assess their invasiveness.
Three weeks after injection, six mice injected with each trans-
fectant were sacrificed , and the tumors were isolated, weighed,
and sectioned to assess angiogenesis.

Histology and immunocytochemistry

Tumors from the experimental animals were dissected and
fixed in 4% paraformaldehyde (Fisher) in PBS, washed with PBS,
dehydrated through 30%, 70%, 95%, and 100% ethanol and
xylene, and embedded in paraffin wax (Fisher). A total of 5-10
um sections were cut, mounted onto slides, and stained with
either Gill-2 Hematoxylin (Shandon) for histologic analysis,
anti-WF (Dako) antibody to assess tumor angiogenesis, mAb
IM7.8 to detect CD44 expression and localization, and anti-
MMP-9 (Oncogene) to detect MMP-9 expression.

Invasion assays

G8 myoblast monolayers were prepared as described (Yu et al.
1997). Transfected TA3 cells were seeded onto the fixed G8
monolayers at 5 x 10% cells/well in 6-well plates. After incuba-
tion for 7-10 days, the invasiveness of the cells was documented
by microscopy. All experiments were done in triplicate and at
least two independent isolates of each transfectant were used.

Endothelial tubule formation assay

Endothelial tubulogenesis was performed as described by Mon-
tesano and Pepper (1993) with BME cells (kindly provided by
Roberto Montesano). Briefly, BME cells were seeded onto type I
collagen gels and cultured overnight. On the following day, the
conditioned medium derived from cocultures of G8 myoblast
monolayers and TA3 transfectants treated or without antibod-
ies, protease inhibitors, heat, or acid, were added to the endo-
thelial cells (detailed in figure legends). The cells were observed
daily and endothelial tubule formation was documented by
light microscopy 72 hr after addition of the coculture-condi-
tioned media. The results shown are representative of at least
three independent experiments.

Luciferase assay for TGF-B activity

To measure activity of TGF-8 in serum-free cell culture media
and in tumor extracts, mink lung epithelial cells transfected
with TGF-B-responsive human PAI-1 promoter fused to the lu-
ciferase reporter gene (TMLC, kindly provided by Dr. Daniel
Rifkin, Department of Cell Biology, NYU Medical Center, New
York, NY), were used. TMLC were seeded onto wells of 24-well
plates (2 x 10° cells/well/ml of 10% FBS DMEM) and allowed to
attach for 3 hr. The cells were then washed and the different
coculture conditioned medium and tumor extracts to be tested
were added to the cells as detailed in the figure legends. The
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luciferase activities were measured 16 hr later by the Luciferase
Assay System (Promega, Madison, MI) according to the manu-
facturer’s instructions. All experiments were done in triplicate.

Sample preparation, zymogram, and Western blot analysis

Serum-free supernatants of cultured TA3 transfectants and ke-
ratinocytes derived from both wild-type and CD44 knock-out
mice were collected, and attached cells were extracted as de-
scribed (Yu and Stamenkovic 1999). The crude membrane
preparations were lysed in RIPA buffer, 50 mm Tris-HCI (pH?7.4)
containing 150 mm NaCl, 5 mm EDTA, 1% Triton, 0.1% SDS,
2 mm PMSF, 2ug/ml leupeptin, and 0.05 U/ml aprotinin. Fol-
lowing removal of RIPA buffer-insoluble materials, the remain-
ing supernatant was used in gelatin zymograms. A total of 50 pl
of serum-free supernatant from the transfected TA3 cells and
keratinocytes and 50 ng of proteins from crude membrane ly-
sates of TA3 cells and keratinocytes were separated by 10%
SDS-PAGE containing 1 mg/ml gelatin (Fisher, Columbia, MD).
Following electrophoresis, gels were washed with 2.5% Triton
X-100 to remove SDS, and incubated with 50 mm Tris-HCI (pH
8.0) containing 5 mm CaCl,, and 0.02% sodium azide at 37°C
for 24 hr. Gelatin activity was visualized by staining the gels
with 0.5% Coomassie blue. For Western blots, gels subjected to
electrophoresis were blotted onto Hybond-ECL membranes
(Amersham, Arlington Heights, IL). Monoclonal antibody IM7.8
(ATCC), anti-TGF-B1, TGF-B2, and TGF-3 antibodies (R & D
Systems), and anti-v5 epitope tag mAb (Invitrogen) were used to
detect CD44, TGF-B1, TGF-B2, and TGF-83, and v5 epitope-
tagged proteins respectively.

Fusion protein purification, immunoprecipitation,
and in vitro TGF-B activation and cleavage

Serum-free conditioned medium from COS cells transiently
transfected with mouse TGF-g1, TGF-2, or TGF-83 cDNA
containing plasmids, or expression vector alone, were concen-
trated with Centricon plus-80 (5000, NMWL, Amicon) and used
directly in in vitro MMP-activation assays, or purified on pro-
bond nickel resins (Invitrogen) prior to application to the assay.
The production and purity of the v5-tagged TGF-B were con-
firmed by Western blot analysis and SDS-PAGE staining with
Coomassie Blue (Fisher). V5-tagged and COS cell-produced
MMP-9, MMP-2, and MMP-3 were purified with mAb against
the v5 peptide (Invitrogen) and protein A Sepharose beads (Am-
ersham Pharmacia Biotech, Uppsala, Sweden). MMPs attached
to protein A-coated beads were activated by incubating the
beads with 1 mMm p-Aminophenylmercuric acetate (Sigma) at
37°C for 2 hr. After extensive washes with PBS, the beads con-
taining activated MMP-9, MMP-2, and MMP-3 were washed
twice with 10 mm HEPES (pH 7.2), 150 mm NaCl, and 5 mm
CaCl,. A total of 10 ul of the protein A beads containing [2 pg
of activated MMPs, as judged by the enzymatic intensity of the
purified MMPs on zymograms with commercially purified
MMP-9 (Chemicon, Temecula, CA) as a standard, or protein A
beads alone, were incubated with concentrated serum free me-
dia derived from COS cells transfected with TGF-81, TGF-B2,
TGF-B3 or expression vector alone at 37 °C for 2 hr. Purified
TGF-B2 was treated under the same conditions as above. After
incubation, the supernatants were collected after centrifugation
of the beads, and either used to assess TGF-B activity in TMLC
luciferase assays, or subjected to SDS/12% PAGE to address
TGF-B cleavage by Western blot analysis with anti-v5 antibody.
The beads were washed extensively, the bound proteins were
eluted with SDS sample buffer, and loaded onto a gelatin or a
B-casein gel to confirm the MMP activity.
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