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The cell surface hyaluronan receptor CD44 promotes tumor growth and metastasis by mechanisms that
remain poorly understood. We show here that CD44 associates with a proteolytic form of the matrix
metalloproteinase-9 (MMP-9) on the surface of mouse mammary carcinoma and human melanoma cells.
CD44-associated cell surface MMP-9 promotes cell-mediated collagen IV degradation in vitro and mediates
tumor cell invasion of G8 myoblast monolayers. Several distinct CD44 isoforms coprecipitate with MMP-9
and CD44/MMP-9 coclustering is observed to be dependent on the ability of CD44 to form
hyaluronan-induced aggregates. Disruption of CD44/MMP-9 cluster formation, by overexpression of soluble or
truncated cell surface CD44, is shown to inhibit tumor invasiveness in vivo. Our observations indicate that
CD44 serves to anchor MMP-9 on the cell surface and define a mechanism for CD44-mediated tumor
invasion.
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The cell surface hyaluronan (HA) receptor CD44 is ex-
pressed in most cell types as one or several of a series of
isoforms generated by variable usage of at least 10 exons
encoding a portion of the extracellular domain (Stamen-
kovic et al. 1991; Screaton et al. 1992, 1993; Lesley et al.
1993). The amino-terminal 142 residues of the extracel-
lular domain form a B-loop that contains the hyaluro-
nan-binding sequences (Aruffo et al. 1990; Peach et al.
1993) and is common to all CD44 isoforms. The poly-
peptide between the B-loop and the transmembrane do-
main, which is of variable length and composition de-
pending on the number and combination of variant exon
products it contains (Screaton et al. 1992), as well as cell
type-specific glycosylation, has at least two functions.
One function is to regulate the ability of the B-loop to
bind hyaluronan, at least in part through O–glycosyla-
tion, which may modulate the conformation of the re-
ceptor (Bennett et al. 1995a). The other function is to
provide binding sites for ligands unrelated to hyaluro-
nan. Some of the variant exons, in particular exon v3,
contain sequences that support covalent attachment of
glycosaminoglycan side chains. Heparan sulfate associ-
ated with exon v3 can bind basic FGF (bFGF) and hepa-
rin-binding EGF (HBEGF, Bennett et al. 1995b; Sherman

et al. 1998), chondroitin sulfate side chains of CD44 can
mediate cell attachment to fibronectin (Jalkanen and Jal-
kanen 1992) and variant isoforms of CD44 have been
proposed to bind osteopontin (Weber et al. 1996) and pos-
sibly additional cytokines (Tanaka et al. 1993).

Several lines of evidence indicate that CD44 expres-
sion may have a major implication in tumor growth and
dissemination. Clinical studies have shown that a vari-
ety of tumor types expressing high levels of cell surface
CD44 have a poorer prognosis than similar tumors in
which CD44 expression is low or absent (Pals et al. 1989;
Jalkanen et al. 1991). In experimental models, expression
of CD44H, the common CD44 isoform that contains
none of the variant exons, has been observed to augment
the tumorigenic and metastatic proclivity of selected hu-
man lymphoma (Sy et al. 1991) and melanoma (Bar-
tolazzi et al. 1994) cells in immunocompromised mice.
Similarly, expression of a CD44 isoform containing vari-
ant exons v4–v7 has been shown to confer metastatic
properties to a nonmetastasizing rat pancreatic carci-
noma (Gunthert et al. 1991; Seiter et al. 1993).

In normal tissues, CD44 appears to play a prominent
role in the regulation of hyaluronan metabolism. We
have recently observed that targeted loss of CD44 ex-
pression in mouse skin results in disruption of local hy-
aluronan metabolism and impaired wound healing, hair
regrowth, and keratinocyte proliferation in response to a
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variety of external stimuli (Kaya et al. 1997). In at least
some tumors, CD44-associated increase in tumorigenic-
ity and/or metastatic proclivity correlates with the abil-
ity of CD44 to mediate cell attachment to (Sy et al. 1991;
Bartolazzi et al. 1994; Yu et al. 1997) and uptake and
degradation of HA (Culty et al. 1994; Yu et al. 1997).
Reduction of CD44-mediated HA internalization by ex-
pression of soluble CD44 isoforms in a mouse mammary
carcinoma resulted in the inability of these cells to in-
vade hyaluronan-rich myoblast monolayers and to sur-
vive in lung tissue of syngeneic mice following tail vein
injection (Yu et al. 1997). However, the relationship be-
tween CD44-mediated HA binding and internalization
and enhancement of tumor invasiveness remains to be
elucidated. To gain insight into the mechanisms that
underlie CD44-associated tumor invasion, we addressed
the possibility that CD44 may promote tumor cell-me-
diated ECM degradation by regulating the activity of pro-
teases capable of digesting ECM components.

Matrix metalloproteinases (MMPs) are the principal
ECM-degrading enzymes whose function is required in
tissue remodeling during development (Birkedal-Han-
sen, 1995; Alexander et al. 1996), bone resorption (Okada
et al. 1995; Vu et al. 1998), wound healing (Sudbeck et al.
1997), and angiogenesis (Schnaper et al. 1993; Brooks et
al. 1998). MMP activity is regulated at least in part by
tissue inhibitors of matrix metalloproteinases (TIMPs,
Ogata et al. 1995; Gomis-Ruth et al. 1997) and it is well
established that MMPs are produced and used by leuko-
cytes to infiltrate tissues (Wilhelm et al. 1989; Kitson et
al. 1998), and by tumor cells (Liotta et al. 1991; Stetler-
Stevenson et al. 1993; Mignatti and Rifkin 1994) to fa-
cilitate metastatic growth. However, several MMPs, in-
cluding gelatinase B/MMP-9 (Vu and Werb 1998), which
degrades collagen IV in basement membranes, are se-
creted and mechanisms that enable their association
with the cell membrane are largely unknown. Using
TA3 mouse mammary carcinoma cells, which constitu-
tively express several CD44 isoforms, and human MC
melanoma cells transfected with CD44 cDNA, we show
that CD44 serves as an MMP-9 docking molecule to re-
tain MMP-9 proteolytic activity on the cell surface. We
provide evidence that the ability of TA3 and MC cells to
degrade collagen IV and invade cell monolayers is related
to CD44-associated MMP-9 activity on the cell surface,
and that CD44/MMP-9 complex formation is associated
with tumor invasiveness in vivo.

Results

Expression of soluble CD44 or overexpression
of wild-type or tail-less cell surface CD44H decreases
TA3 mammary carcinoma growth and invasiveness
in vivo

Mammary carcinoma TA3 cells express multiple iso-
forms of CD44 on the cell surface, display CD44-medi-
ated HA binding, and form lung tumors following tail
vein injection into syngeneic mice (Yu et al. 1997). Ex-
pression of soluble CD44 in TA3 cells reduces their abil-

ity to bind, internalize, and degrade HA and inhibits HA-
mediated CD44 capping (Yu et al. 1997). Following in-
travenous injection, these transfectants infiltrate lung
tissue but undergo apoptosis shortly thereafter and fail to
form lung tumors (Yu et al. 1997). These observations
suggest that tumor formation by TA3 cells depends at
least in part on cell surface CD44 function.

As a first step toward elucidating the implication of
CD44 in TA3 tumor formation, we compared the tu-
morigenicity and invasiveness of TA3 cells transfected
with vector only (TA3c), or with one of several soluble or
cell surface wild-type or mutant CD44 isoforms (Table
1). TA3sCD44v6-10 and TA3sCD44v6-10R43A transfec-
tants have been described previously (Yu et al. 1997).
The R43A mutation abrogates CD44-mediated HA bind-
ing, and expression of soluble CD44 bearing this muta-
tion fails to block TA3 cell tumor development in the
lungs of syngeneic mice following intravenous injection
(Yu et al. 1997). To gain further insight into the aspects
of CD44 function that are implicated in promoting tu-
mor invasion and dissemination, we included TA3 cells
transfected with cDNAs encoding a CD44H cytoplasmic
deletion mutant (truncated, tr, or tail-less) and wild-type
CD44H (Table 1). Equal numbers of viable cells from
several independent isolates of each transfectant (se-
lected for comparable levels of recombinant CD44 ex-
pression and comparable proliferation rate in culture,
data not shown) were injected subcutaneously into syn-
geneic mice and the resulting tumors were monitored for
growth and histologic appearance. All of the transfec-
tants were able to support tumor development as as-
sessed by histologic analysis 72 hr following injection.
However, whereas tumors derived from TA3c and
TA3sCD44R43A cells continued to grow rapidly, form-
ing large masses within 14–21 days, TA3sCD44v6-10,
TA3CD44tr, and TA3CD44H tumors displayed slow
growth (Fig. 1A). Histologic analysis revealed that TA3c/
TA3sCD44R43A tumors were poorly circumscribed and
invaded adjacent adipose and muscle tissue, whereas
TA3sCD44/TA3CD44tr/TA3CD44H tumors were char-
acterized by a smooth, well circumscribed surface and
absence of invasion (Fig. 1B, a–c; data not shown).

In an effort to understand how overexpression of
soluble or cell surface CD44H might inhibit TA3 tumor
invasion, transfectants used in this study were compared
for fluorescein-labeled HA (Fl–HA) binding by FACS
analysis. Expression of soluble CD44v6-10 and truncated
tail-less CD44H reduced the HA binding ability of TA3
cells while overexpression of wild-type CD44H in-
creased Fl–HA binding (Yu et al. 1997; Table 1). In con-
trast, expression of CD44v6-10R43A did not signifi-
cantly alter Fl–HA binding (Table 1). The observed loss
of invasiveness by tumors overexpressing wild-type
soluble or cell surface CD44 therefore appeared not to be
directly related to the HA binding ability of the corre-
sponding transfectants.

We had shown previously that TA3sCD44v6-10 cells
display reduced HA uptake and degradation compared
with TA3c cells (Yu et al. 1997). To determine whether
TA3 cells overexpressing CD44H may have a defect in
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HA uptake and degradation, TA3c and TA3CD44H cells
were incubated with Fl–HA (20 µg/ml) and Fl–HA bind-
ing and uptake were assessed by fluorescence micros-
copy at several time points. Twenty-four hours after Fl–
HA addition, capping was observed in a significant frac-
tion of TA3c cells (Fig. 2a). In contrast, Fl–HA was
distributed evenly on the surface of TA3CD44H cells,
indicating that overexpression of CD44H inhibits ligand-
induced CD44 capping in TA3 cells (Fig. 2c). Endocytotic
vesicles were formed in TA3c cells 48 hr after incubation
with Fl–HA (Fig. 2b), whereas only few such vesicles
could be observed in TA3CD44H cells (Fig. 2d). Reduc-
tion of HA uptake and degradation by CD44H over-
expression in TA3 cells was confirmed by measuring
3H-labeled HA degradation (Table 1). HA-induced CD44
aggregates colocalized with F-actin, as revealed by anti-
CD44 mAb and phalloidin double staining (data not
shown), indicating that cytoskeletal components partici-
pate in CD44 aggregation through direct or indirect as-
sociation with the CD44 cytoplasmic domain. This
notion is further supported by the observation that cy-
tochalasin D treatment of TA3c cells abolished HA-me-
diated CD44 capping (data not shown). Binding and in-
ternalization of Fl–HA was completely inhibited by

the blocking anti-CD44 KM201 mAb, but not by the
anti-ICAM-1 mAb HB233 (data not shown).

Expression of soluble or truncated cell surface CD44
decreases TA3 cell surface-associated MMP9 activity

Tissue invasion by tumor cells is dependent in part on
endogenously produced or stromal cell-derived soluble
MMPs (Stetler-Stevenson et al. 1993). To determine
whether TA3 cells express MMPs, we tested TA3 cell-
derived RNA for the presence of MMP-2, MMP-3, MMP-
7, and MMP-9 transcripts by RT–PCR, using appropriate
oligonucleotide primers. All four proteinases were found
to be expressed in TA3 cells (Fig. 3A). To assess MMP
production, TA3 cell lysates and corresponding serum-
free supernatants were tested for gelatinase (MMP-2 and
MMP-9) and stromelysin (MMP-3) activity with gelatin
and b-casein substrates, respectively. All of the TA3
transfectants were found to contain MMP2, MMP-3, and
MMP-9 activity as determined by zymogram analysis of
their supernatants (Fig. 3Ba,b; data not shown). Cell-as-
sociated metalloproteinase activity was addressed by
comparing zymograms of water-soluble whole cell lysate
fractions and detergent-soluble fractions of crude plasma

Table 1. Characteristics of TA3 CD44 transfectants

cDNA Transfectant
Tumor

invasiveness
CD44

capping

HA
binding

(%)

HA
uptake

(%)

Vector only TA3c + + 100 100

TA3sCD44v6–10 − − 33 ± 7 29 ± 5

R43A

TA3sCD44v6-10R43A + + 105 ± 10 95 ± 6

TA3sCD44tr − − 55 ± 7 38 ± 4

TA3sCD44H − − 140 ± 11 22 ± 6

CD44 cDNAs used to transfect TA3 cells and the nomenclature of the corresponding transfectants are indicated.
CD44 cDNA sequences shown are leader peptide ( ); HA-binding domain (M); non-HA binding domain common to all CD44 isoforms
( ); transmembrane domain (m); intracellular domain ( ); exons v6–10 ( ). The R43A mutation is indicated.
Tumor invasiveness was assessed by histology. HA-dependent CD44 capping was assessed by immunofluorescence microscopy. HA
binding was assessed by FACS analysis of F1–HA binding to TA3 transfectants and quantified by the mean fluorescence intensity (MFI)
as described (Yu et al. 1997). HA uptake was quantified using 3H-labeled HA as described previously (Yu et al. 1997). Binding and
uptake values are expressed as a percentage of values obtained using TA3c cells. Values shown are the mean of three independent
experiments ± S.D..
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membrane preparations. MMP-2 activity was detected
primarily in the water soluble fraction of all TA3 trans-
fectants (Fig. 3B,c). In contrast, TA3c cell detergent-
soluble plasma membrane fractions were found to con-

tain MMP-9 activity only (Fig. 3B,d). However,
TA3sCD44v6-10-, TA3CD44tr-, and TA3CD44H-de-
rived detergent-soluble membrane fractions displayed
weak or undetectable MMP-9 activity (Fig. 3B,d; data not

Figure 2. Binding and internalization of Fl–HA by
TA3c and TA3CD44H cells. Twenty-four hours (a,c)
and 48 hr (b,d) after incubation with Fl–HA (20 µg/
ml), capping and endocytotic vesicles were observed
in TA3c cells, respectively (a,b, arrows); although
TA3CD44H cells bind FL–HA, they fail to display
capping or endocytotic vesicles at corresponding time
points (c,d, respectively). Bar, 40 µm.

Figure 1. Comparison of growth and invasiveness of tumors derived from TA3 CD44 transfectants. (A) Tumor weight 21 days
following subcutaneous injection of 2 × 106 viable cells into syngeneic A/jax mice. At least six animals were injected with each
transfectant. Mean weight ± S.D. of tumors derived from the different TA3 transfectants are shown. (B) Histology of a representative
TA3c (a), TA3sCD44v6-10 (b), and TA3sCD44v6-10R43A (c) tumor. The TA3c and TA3sCD44v6-10R43A tumors (a,c) show irregular
borders and invasion of adjacent adipose and muscle tissue. In contrast, the TA3sCD44v6-10 tumor (b) is characterized by smooth
borders and absence of invasion. Bars, 400 µm.
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shown), whereas TA3sCD44R43A detergent-soluble
membrane fractions showed MMP-9 activity comparable
to that of TA3c counterparts (Fig. 3B,d). The membrane-
associated, proteolytically active, MMP-9 displayed an
apparent molecular mass of 83 kD, similar to that of the
secreted form. No detectable cell-associated stomelysin
activity was observed (data not shown).

CD44 and MMP-9 colocalize on the TA3 cell surface

To determine whether MMP-9 on the TA3 cell surface is
associated with CD44, we incubated TA3 cells with
anti-CD44 mAb IM7.8 and polyclonal goat anti-MMP-9
antibody, followed by noncross-reactive fluorescein-con-
jugated rabbit anti-rat and rhodamine (TRITC)-conju-
gated donkey anti-goat secondary antibodies. In a frac-
tion of TA3 cells, CD44 spontaneously forms caps on the
cell surface as a result of binding endogenously produced
HA, and CD44 capping in these cells is abolished by
hyaluronidase treatment. Heterogeneity with respect to
spontaneous capping is probably related, at least in part,
to differences in HA production and/or turnover among
individual cells. Interestingly, CD44 and MMP-9 were
observed to colocalize in the caps (Fig. 4A,B). However,
cell surface CD44 expression in TA3 cells was not lim-
ited to the capping structures, whereas MMP-9 was pri-
marily detected in the caps, with only barely perceptible
staining throughout the rest of the cell membrane. Dis-
ruption of the CD44 clusters by hyaluronidase treatment
resulted in loss of the corresponding MMP-9 aggregates
(Fig. 4C,D) but CD44/MMP-9 cocapping was not inhib-
ited by excess exogenous HA (data not shown), suggest-
ing that MMP-9 does not directly bind HA. In
TA3sCD44v6-10, TA3CD44tr, and TA3CD44H cells,
little if any CD44 clustering was observed on the cell

surface. Consistent with the above observations, MMP-9
capping on the surface of these transfectants was scarce
or absent (Fig. 4E–H; data not shown). In contrast,
TA3sCD44R43A cells displayed CD44/MMP-9 clusters
similar to those observed in TA3c cells (Fig. 4I,J).

Most CD44/MMP-9 clusters on fixed TA3 cells failed
to stain with anti-CD44 mAb KM201 (Fig. 4K,L), which
recognizes an epitope within or close to the HA-binding
site (Zheng et al. 1995). Stabilization of the HA–CD44–
MMP-9 complex by fixation probably reduced the ability
of KM201 to displace the complex-associated HA, be-
cause KM201 can displace CD44-bound HA from live
cells (Zheng et al. 1995). Moreover, CD44-MMP-9 cocap-
ping could be induced by cross-linking CD44 with
KM201 mAb and a secondary antibody on the surface of
live TA3 cells (Fig. 5). These observations suggest that
different regions of CD44 may be responsible for HA
binding and MMP-9 association.

MMP activity is regulated by specific inhibitors
known as TIMPs. Because MMP-9 is known to have
high affinity for and to be inhibited by TIMP-1 (Ogata
et al. 1995), we tested TA3 cells and the correspond-
ing CD44 transfectants for cell surface association be-
tween TIMP-1 and the CD44–MMP-9 complex. Al-
though TIMP-1 was found to be expressed in TA3 cells,
as assessed by RT–PCR (data not shown), anti-TIMP-1
mAb failed to stain CD44–MMP-9 clusters on the TA3
cell surface (Fig. 4M,N).

Incubation of TA3 cells with IM7.8 mAb followed by
TRIC-conjugated donkey anti-goat secondary antibody
failed to stain the capping sites, as did incubation with
anti-MMP-9 mAb followed by FITC-conjugated goat-
anti-rat antibody, confirming the absence of secondary
antibody cross-reactivity with the inappropriate primary
antibody (data not shown). Staining with secondary an-

Figure 3. Expression of MMPs at the
RNA and protein levels. (A) RT–PCR
analysis of MMP transcripts in mRNA de-
rived from TA3c cells. (Lane 1) Ladder of
100-bp DNA, ranging from 200–1500 bp;
the top band corresponds to 2 kb; (lane 2)
negative control PCR; (lane 3) MMP-2;
(lane 4) MMP-3; (lane 5) MMP-7; (lane 6)
MMP-9. (B) Zymograms of TA3c and
TA3sCD44v6-10, TA3CD44tr, and
TA3CD44H transfectant-derived superna-
tants, lysates, and crude membrane prepa-
rations. Gelatin (a,c,d) and b-casein (b)
gels were used to test, respectively gelati-
nase A/MMP-2 (open arrow) and
B/MMP-9 (solid arrow) and stromelysin
(MMP-3, small arrows) activity in
serum-free supernatants (a,b), water-
soluble whole cell lysates (c) and 1% Tri-
ton-soluble crude membrane extracts of
TA3 transfectants (d). Two independent

isolates of each transfectant were tested. TA3 cells were transfected with the following: (Lanes 1,2) CD44tr; (lanes 3,4) CD44H; (lanes
5,6) sCD44v6-10; (lanes 7,8) sICAM-1; (lanes 9,10) sCD44v6-10R43A; (lanes 11,12), vector only. Molecular markers corresponding to
83 and 49 kD are indicated by arrowheads at left in a, c, and d; a molecular marker corresponding to 49 kD is indicated by an arrowhead
at left in b. Bands corresponding to specific MMPs are shown.
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tibodies alone (Fig. 4O,P) and staining with anti-MMP-2
polyclonal antibody, used as a control (data not shown),
was negative.

CD44 and MMP-9 physically interact on the TA3
cell surface

To address the possible interaction between CD44 and
MMP-9, TA3 cells were transfected with constructs en-
coding CD44 immunoglobulin fusion proteins (CD44Rg,
for receptor globulin, Aruffo et al. 1990). Because TA3

cells express multiple CD44 isoforms with potentially
different biologic properties, several individual CD44
isoforms were tested for their ability to bind MMP-9.
Sequences encoding the extracellular domain of CD44H,
CD44v7, CD44v8-10, and CD44v7-10 were ligated to hu-
man IgG1 Fc sequences, to generate four CD44Rg iso-
forms. Each receptor globulin was protein A purified
from serum-free supernatants of the corresponding trans-
fectants (Fig. 6A) and tested for its ability to immuno-
precipitate MMP-9 from TA3 cell lysates as assessed by
zymogram analysis. Gelatin zymogram analysis of
CD44Rg precipitates indicated the presence of proteo-
lytically active 83-kD MMP-9 but absence of MMP-2
(Fig. 6B). All of the CD44Rgs immunoprecipitated MMP-
9, suggesting that common CD44 structures may be re-
quired for the interaction.

To determine whether endogeous CD44 and MMP-9
interact in TA3 cells, lysates from TA3 cells were im-
munoprecipitated with anti-CD44 mAb KM201 or
KM81 and agarose bead-conjugated goat anti-rat anti-
body, and the immunoprecipitates tested for the pres-
ence of MMP-9 by zymogram and Western blot analysis.
Proteolytic MMP-9 was found to be present in the anti-
CD44 mAb immunoprecipitates of TA3 cell lysates, as
demonstrated by both zymogram (Fig. 6C) and Western
blot (Fig. 6D) analysis, but not in anti-ICAM-1 mAb im-
munoprecipitates used as controls (Fig. 6C,D).

Demonstration that CD44 coimmunoprecipitates
with MMP-9 was obtained with a simian virus V protein
peptide-tagged (v5, Southern et al. 1991) MMP-9 con-
struct transiently expressed in TA3 cells. Expression and
production of MMP-9-v5tag and a control soluble CD40-
v5tag construct were verified by Western blot analysis of
supernatants of the transfected TA3 cells (Fig. 6E).
Transfectant lysates were immunoprecipitated with
anti-v5 tag mAb and the resulting immunoprecipitates

Figure 5. Anti-CD44 antibody-induced CD44-MMP-9 cocap-
ping. TA3 cells were detached with EDTA, replated, and incu-
bated with KM201 mAb, and FITC-labeled rabbit-anti-rat sec-
ondary antibody. The cells were then fixed and incubated with
anti-MMP-9 antibody and TRITC-labeled donkey anti-goat an-
tibodies. Staining shown is with anti-MMP-9 antibody (A); anti-
CD44 mAb (B); secondary TRITC labeled antibody (C); second-
ary FITC-labeled antibody (D). Bar, 22 µm.

Figure 4. Colocalization of CD44 and
MMP-9 in TA3 cells. TA3 transfectants
were incubated with rat anti-mouse CD44
mAb IM7.8 and polyclonal goat anti-
mouse MMP-9 antibody followed by
FITC-labeled anti-rat antibody (green fluo-
rescence) and TRITC-labeled donkey anti-
goat antibody (red fluorescence). (A,B)
TA3c cells; (C,D) hyaluronidase-treated
TA3c cells; (E,F) TA3sCD44v6-10 trans-
fectants; (G,H) TA3CD44tr transfectants;
(I,J) TA3sCD44v6-10R43A transfectants;
(K,L) TA3c cells stained with anti-CD44
mAb KM201, which fails to recognize
CD44/MMP-9 containing clusters; (M,N)
TA3c cells stained with anti-TIMP-1 mAb
(M), which fails to recognize CD44/
MMP-9 clusters (N). (O,P) TA3c cells in-
cubated with secondary antibodies only.
(Arrows) Corresponding and noncorre-
sponding capping. Bar, 43 µm.
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were tested for the presence of CD44 by Western blot
analysis by use of mAb IM7.8. Anti-v5 tag mAb immu-
noprecipitates from lysates of TA3 cells transiently ex-
pressing the MMP-9-v5 fusion protein contained mul-
tiple CD44 isoforms (Fig. 6F), consistent with the notion
that several CD44 isoforms can associate with MMP-9
on the cell surface. The specificity of the interaction was
supported by the failure of CD44 to coimmunoprecipi-
tate with v5-tagged soluble CD40 (Fig. 6F).

The ability of MMP-9 to bind HA was tested in a
ligand-binding assay, in which gelatin bead-purified
MMP-9 immobilized on membrane filters was blotted
with biotinylated HA (bHA). Whereas membrane filter-
immobilized CD44Rg bound bHA, MMP-9 failed to do
so (data not shown). Furthermore, CD44Rg containing
the R43A mutation, which abolishes HA binding, pro-
duced in transiently transfected TA3 cells, was able to
immunoprecipitate MMP-9 from TA3 cell lysates, as as-
sessed by zymogram analysis (Fig. 6G). These observa-
tions suggest that HA does not serve as a molecular
bridge for the interaction between CD44 and MMP-9.

CD44 expression can augment collagen IV degradation
by tumor cells

To demonstrate that the ability of CD44 to localize
MMP-9 to the cell surface is not a cell type-specific phe-
nomenon, we tested human MC melanoma cells trans-

fected with different CD44 isoforms for cell surface ex-
pression of MMP-9. We had shown previously that MC
cells, which do not constitutively express CD44 and are
poorly tumorigenic in immunocompromised mice, be-
come highly tumorigenic when transfected with CD44
isoforms that bind HA (Bartolazzi et al. 1994). FACS
analysis of cell surface MMP-9 expression by use of anti-
MMP-9 mAb in MC transfectants expressing vector
only, CD44H and CD44v3 revealed that both CD44
transfectants tested positive for anti-MMP-9 reactivity,
whereas vector only transfected cells did not (data not
shown).

To address the functional significance of CD44–
MMP-9 association on the cell surface, we tested the
ability of CD44-transfected MC melanoma cells to de-
grade radiolabeled collagen IV. After 16 hr of incubation
on radiolabeled collagen IV-coated dishes, released radio-
label was measured in the supernatant of each transfec-
tant. MC44H and MC44v3 transfectants were observed
to release a three-to-five fold greater amount of radiola-
bel into the supernatant than MC cells transfected with
vector only (Fig. 7A; data not shown). Collagen IV release
could be be blocked by 1-10 phenanthroline, which in-
hibits most MMPs (Brooks et al. 1998), the broad spec-
trum MMP inhibitor peptide I (Odake et al. 1994) as well
as a functional blocking anti-human MMP-9 antibody
(Fig. 7A; Schnaper et al. 1993). Aprotinin, MMP-3 inhibi-
tor peptide (Fotouhi et al. 1994) and anti-MMP-2 anti-
body (Fig. 7A) used as controls had no inhibitory effect.

Figure 6. Interaction between CD44 and MMP-9.
(A) Western blot analysis of CD44Rgs derived from
supernatants of TA3 cells transfected with corre-
sponding CD44–Igs. Receptor globulins were im-
munoprecipitated with protein A beads and blotted
with anti-CD44 mAb IM7.8. Supernatants were
from TA3c cells (lane 1), and from TA3 cells trans-
fected with immunoglobulin fusions of CD44H
(lane 2), CD44v7 (lane 3), CD44v8-10 (lane 4), and
CD44 v7-10 (lane 5). (B) Gelatin zymogram of TA3
cell lysates immunoprecipitated with protein
A-purified human IgG (lane 1), CD44HRg (lane
2), CD44v7Rg (lane 3), CD44v8-10Rg (lane 4),
CD44v7-10Rg (lane 5). (C,D) Gelatin zymogram (C),
and Western blot analysis (D) of immunoprecipi-
tates from TA3 cell lysates by use of anti-ICAM-1
mAb HB233 (lanes 1,2), anti-CD44 mAb KM81
(lanes 3,4), and anti-CD44 mAb KM201 (lanes 5,6).
Immunoprecipitates in D were blotted with anti-
MMP-9 antibody. (E) Supernatants of TA3 cells
transiently transfected with constructs encoding
soluble CD40-v5 (lane 1) and MMP-9-v5 (lanes 2,3)
fusion proteins blotted with anti-v5 mAb. (F) West-
ern blot analysis with anti-CD44 mAb IM7.8 of
anti-v5 mAb immunoprecipitates from lysates of
TA3 cells transiently transfected with v5-tagged
soluble CD40 (lane 1) and MMP-9 (lanes 2,3, corre-
sponding to two independent transfectants) con-

structs. (G) Gelatin zymogram of TA3 cell lysates immunoprecipitated with CD40Rg (lanes 1,2), CD44HRg (lanes 3,4), CD44HR43ARg
(lanes 5,6). In each case, Rg fusion proteins from two independent transfectants were used. (Arrowheads) Molecular mass markers of
203, 116, and 83 kD (A), 116, 83, and 49 kD (B–F) and 116 and 83 kD (G). Bands corresponding to CD44Rgs, MMP-9, sCD40v5, and
CD44 are indicated.
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Comparison of the ability of TA3c and TA3sCD44v6-
10 cells to degrade radiolabeled collagen IV bound to
plastic dishes revealed similar results to those provided
by MC transfectants. The amount of radiolabel released
into the supernatants of TA3c cells was two-to-three fold
higher than that released into the supernatants of
TA3sCD44v6-10, TA3CD44tr, or TA3CD44H cells (Fig.
7B; data not shown). The observed release of radiolabel
could be blocked by MMP inhibitor peptide I and by 1-10

phenanthroline but niether by MMP-3 inhibitor peptide
nor by aprotinin (Fig. 7B; data not shown). In addition,
preincubation of TA3c cells with the blocking anti-
CD44 mAb KM201 had an inhibitory effect on collagen
IV degradation, whereas preincubation with mAb IM7.8,
which is non- or weakly blocking depending on the cell
type (Zheng et al. 1995), had only a minimal inhibitory
effect (Fig. 7B). The notion that MMP-9 is required for
the observed collagen IV degradation is supported by the

Figure 7. CD44-dependent cell-mediated
degradation of collagen IV. Twenty-four-
well plates were coated with 3H-labeled col-
lagen type IV (5000 cpm/well), and TA3 and
MC transfectants were seeded onto the
plates at 2 × 105 cell/well. Following a 16 hr
incubation at 37°C, cell culture superna-
tants were recovered, centrifuged, and the
radiolabel quantified from one-fifth of each
supernatant in a b-counter. Cells were ei-
ther untreated or preincubated with anti-
body, MMP-inhibitor peptides, or phenan-
troline as described in Materials and Meth-
ods. (A) Collagen IV degradation by MCwt
and MCCD44 transfectants pretreated or
not with MMP-3 inhibitor peptide, MMP-
inhibitor peptide I, anti-MMP-2, and anti-
MMP-9 mAb; (B) TA3c and TA3sCD44v6-
10 cells pretreated or not with 1-10 phe-
nanthroline, aprotinin, anti-ICAM mAb
HB233, blocking anti-CD44 mAb KM201,
and weakly blocking anti-CD44 mAb
IM7.8. (C) Collagen degradation by two in-
dependent TA3c and TA3sCD44v6-10 iso-
lates transfected with scrambled (vector) or
antisense MMP-9 cDNA. The results are
expressed as the mean ± S.D. of triplicate
values.
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observation that TA3 cells expressing an MMP-9 con-
struct in antisense orientation showed markedly reduced
collagen IV degradation (Fig. 7C).

MC cell invasion of G8 myoblast monolayers is
associated with CD44 expression and MMP-9 activity

To assess the role of CD44–MMP–9 association in regu-
lating tumor cell invasiveness, we compared the ability
of wild-type and CD44-transfected MC cells to invade
G8 myoblast monolayers. G8 monolayer invasion pro-
vides a simple and highly reproducible assay to test the
ability of tumor cells to invade a monolayer that is en-
riched in a variety of ECM components including HA.
We had shown previously that TA3c cells invade G8
monolayers, whereas TA3sCD44 cells do not (Yu et al.
1997). MC cells transfected with vector only failed to
invade the G8 monolayers (Fig. 8a), whereas expression
of CD44H or CD44v3,7-10, promoted invasion (Fig. 8b;
data not shown). The observed invasion could be blocked
by MMP inhibitor peptide I, 1-10 phenanthroline and
anti-MMP-9 antibody (Fig. 8c,e; data not shown) but not
by MMP-3 inhibitor peptide or an isotype matched anti-
body (Fig. 8d,f).

Discussion

Adhesion and regulated proteolysis are critical functions
in tumor development, angiogenesis, invasion, and me-

tastasis. Although several adhesion receptors and matrix
metalloproteinases have been shown to play a role in
tumor invasion and dissemination, relatively little is
known about mutual regulation and coordinated func-
tion of tumor cell-associated adhesive and proteolytic
processes. Various isoforms of the hyaluronan receptor
CD44 have been implicated in the regulation of both
primary and metastatic tumor growth (Gunthert et al.
1991; Sy et al. 1991; Seiter et al. 1993; Yu et al. 1997), but
their mode of action has been poorly understood despite
a good correlation between the ability of several isoforms
to bind HA and promote tumor invasion (Bartolazzi et al.
1994; Yu et al. 1997). Similarly, expression of various
metalloproteinases correlates with enhanced tumor in-
vasion, but with the exception of membrane-type MMPs
(MT-MMPs), which are integral membrane proteins (Bas-
baum and Werb 1996), MMPs implicated in tumor inva-
sion lack a membrane anchoring domain and are se-
creted (Kleiner and Stetler-Stevenson 1993). Recent work
has shown that the avb3 integrin can localize proteolyti-
cally active MMP-2 to the cell membrane (Brooks et al.
1996), raising the possibility that adhesion receptors may
provide a means to retain soluble MMPs on the cell
membrane, where their proteolytic activity is most
likely to promote cell invasion.

In the present paper, we provide evidence that CD44
associates with MMP-9 in mouse and human tumor cells
and helps localize MMP-9 activity to the cell surface.

Figure 8. G8 myoblast monolayer inva-
sion by MC cell transfectants. G8 myoblast
monolayers were prepared and fixed as de-
scribed in Materials and Methods. MC cell
transfectants were seeded onto the mono-
layers in six-well plates at 5 × 103 cells/well
with or without preincubation with anti-
body, phenanthroline, and MMP-inhibitor
peptides. After 7–10 days of incubation in
the presence or absence of these reagents,
cell invasiveness was documented under an
inverted microscope. G8 monolayer inva-
sion was as follows: MC cells transfected
with vector only (a); (b) MC44H cells; (c–f)
MC44H cells pretreated with MMP inhibi-
tor peptide I (c), MMP-3 inhibitor peptide
(d), anti-MMP-9 mAb (e), and isotype
matched mouse IgG (f). Bar, 128 µm.
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Evidence supporting this notion is based on the observa-
tions that (1) overexpression of soluble or truncated or
wild-type cell surface CD44, which disrupts ligand-in-
duced aggregation of endogenous CD44, reduces cell sur-
face MMP-9 activity in TA3 cells; (2) cell surface CD44
and MMP-9 colocalize in hyaluronan-induced aggre-
gates; (3) CD44 and MMP-9 coimmunoprecipitate
whether anti-CD44 or anti-MMP-9-associated tag mAb
are used. The functional relevance of the CD44–MMP-9
association on the cell surface is demonstrated by the
observations that (1) the ability of TA3 cells to degrade
collagen IV and to invade G8 monolayers is abrogated by
soluble CD44 overexpression and that similar inhibition
is provided by MMP inhibitors, including 1-10 phenan-
throline and MMP inhibitor peptide I, and by antisense
MMP-9 cDNA expression; (2) expression of different
CD44 isoforms in MC cells, which are constitutively
CD44-negative, promotes MC cell-mediated degradation
of collagen IV and invasion of G8 myoblast monolayers,
both of which are inhibited by 1-10 phenanthroline,
MMP inhibitor peptide I, and, more specifically, by
MMP-9 blocking antibody.

TA3 cell-mediated degradation of collagen IV could
also be blocked by preincubation of the cells with anti-
CD44 mAb KM201, which competes with HA for the
same or a closely related binding site (Zheng et al. 1995).
Although KM201 could not bind HA-induced CD44
clusters on fixed TA3 cells, preincubation of live TA3
cells with KM201 inhibited HA binding, HA-mediated
CD44 clustering, and cell surface MMP-9 association,
consistent with the notion that KM201 can displace
CD44-bound HA from live cells (Zheng et al. 1995). As
might be expected, cross-linking of KM201 on the sur-
face of TA3 cells with secondary antibody induced
CD44–MMP-9 cocapping, thus mimicking the effect
of HA.

The mechanism by which MMP-9 is recruited to sites
of CD44 aggregation remains to be elucidated. It is con-
ceivable, however, that HA- or antibody-mediated aggre-
gation may alter CD44 conformation in a manner that
promotes MMP-9 binding. It is also possible that some
CD44 isoforms may aggregate by mechanisms that do
not require ligand binding. For example, CD44 isoforms
containing exons v6 and v7, may aggregate on the basis
of their isoform-specific glycosylation (Sleeman 1996a).
Expression of such isoforms in appropriate cells may re-
sult in their ability to recruit MMP-9 without requiring
HA-mediated clustering, which may explain the ability
of certain CD44 isoforms to promote invasion and me-
tastasis of some tumor types without binding HA (Slee-
man et al. 1996b). Whatever the mechanism responsible
for CD44 clustering, cell surface-associated MMP-9 pro-
teolytic activity appears to be more closely associated
with CD44 aggregation than with HA binding per se.
This notion is supported by the observation that wild-
type cell surface CD44H overexpression in TA3 cells,
despite augmenting their adhesion to HA, inhibits HA-
mediated CD44 aggregation, cell surface MMP-9 associa-
tion, and the ability of the cells to form invasive or meta-
static tumors in syngeneic mice. Ligand-induced CD44

aggregation may provide a natural means to concentrate
the proteolytic activity of MMP-9 at foci of cell-matrix
contact and possibly render MMP-9 inaccessible to inac-
tivation by TIMPs. By degrading ECM proteins and
thereby disrupting ECM architecture, MMP-9 may help
liberate ECM protein-bound HA and facilitate tumor cell
HA uptake and degradation. The association between
CD44 and MMP-9 may therefore provide a link between
cell adhesion to ECM, ECM degradation and HA metabo-
lism.

Elucidation of the mechanism underlying the disrup-
tion of ligand-induced aggregation of endogenous CD44
by overexpression of soluble or cell surface CD44 will
require further investigation. It seems plausible, how-
ever, that soluble and truncated CD44 molecules may
play the role of decoy receptors that can compete for HA
binding and possibly even form partial aggregates with
endogenous CD44 on the cell surface while disrupting
physiologic CD44 clustering that requires appropriate
communication with the cytoskeleton. Similarly, over-
expression of wild-type CD44H may result in a dispro-
portionate number of receptors with respect to cytoskel-
etal-interacting protein availability. Reduction in the
fraction of HA-binding receptors that associate with the
cytoskeletal components required for ligand-mediated
capping may lead to suboptimal CD44 aggregation.
Analogous observations have been made using receptors
for inducers of apoptotic cell death. Naturally occuring
decoy receptors for the trigger of apoptosis TRAIL/
Apo2L have been described (Pan et al. 1997), and the
requirement for an optimal number of cell surface TNF
or Fas receptors for the generation of signals that initiate
apoptosis has been suggested (Clement and Stamenkovic
1994).

The increase in tumor growth associated with CD44
expression may be due to MMP-9-mediated release of
ECM-sequestered growth and/or angiogenic factors.
MMP-9 has been implicated in promoting angiogenesis
(Vu et al. 1998b) and our own preliminary data suggest
that CD44-associated cell surface MMP-9 activity may
stimulate angiogenesis (Q. Yu and I. Stamenkovic, un-
publ.). However, the precise mechanism by which
CD44/MMP-9 may enhance tumor growth, and the po-
tential role, if any, of HA internalization by tumor cells
remain to be resolved. The results of the present study
show that CD44 can promote tumor invasion by helping
localize proteolytically active MMP-9 to the tumor cell
surface. These observations help define a novel function
of CD44, propose a mechanism for retention of MMP-9
on the cell surface and provide new insight into the role
of CD44 in regulating tumor invasiveness and dissemi-
nation.

Materials and methods

Cells and antibodies

G8 mouse fetal myoblasts were obtained from American Type
Culture Collection (ATCC, Rockville, MD), and cultured in
DMEM with 10% FBS (both from Irvine Scientific, Santa Ana,
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CA) and 10% horse serum (GIBCO-BRL, Gaithburg, MD). MC
human melanoma cells (Thomas et al. 1992) were cultured in
10% FBS DMEM medium. TA3 murine mammary carcinoma
cells were maintained in DMEM supplemented with 10% FBS.
All TA3 transfectants were cultured in DMEM supplemented
with 10% FBS and 0.5 mg/ml G418 (GIBCO-BRL). The hybri-
domas KM201, KM81, IM7.8, and HB-233 (ATCC), which pro-
duce rat–anti-mouse CD44 and ICAM-1 mAb, respectively,
were cultured in DMEM supplemented with 10% FBS (Irvine
Scientific). Partially purified mAbs were obtained by 50%
(NH4)2SO4 precipitation of the culture medium of KM201,
KM81, IM7.8, and HB-233 hybridomas, and were used for im-
munohistochemistry and immunocytochemistry. Affinity-puri-
fied KM201, KM81, IM7.8, and HB-233 mAb were obtained by
purification of serum-free DMEM supernatants collected from
cultures of the corresponding hybridomas with goat anti-rat IgG
agarose beads (Sigma, St. Louis, MO).

RT–PCR and expression constructs

Total RNA was isolated from mouse placenta and TA3 cells
by use of TRIzol reagent (GIBCO-BRL) according to the
manufacturer’s instructions. cDNA was synthesized from 5
µg of total RNA with Superscript II RNase H− reverse transcrip-
tase (GIBCO-BRL). PCR was performed with Taq DNA poly-
merase (Perkin Elmer, Norwalk, CT) for 30 cycles at 94°C for 30
sec, 55°C for 30 sec, and 72°C for 90 sec, followed by a final 7
min at 72°C. To generate double-stranded cDNA of mouse
mmp-9 with cDNA generated from mouse placenta, PCR was
performed by use of the forward primer, 58-CACGACGATAT-
CATGAGTCCCTGGCAGCCCCTGCTCCTG-38 and the re-
verse primer, 58-CACGATGATGGCGGCCGCAGGGCACTG-
CAGGAGGTCGTAGGT-38. Soluble human CD40 was gen-
erated by PCR from a CD40 expression plasmid by use of
the forward primer, 58-CACGATGATATCATGGTTCGTCT-
GCCTCTGCAGTGC-38 and the reverse primer, 58-CACGG-
GATCCAGCCGATCCTGGGGACCACAGACAAC-38. MMP-9
and soluble CD40 were cloned into pcDNA3.1/v5/His-Topo
eukaryotic expression vectors engineered to generate carboxy
terminal v5 epitope tag fusions (Invitrogen Corp., Carlsbad,
CA). To generate soluble CD44-Rgs, four different soluble CD44
fragments were amplified by PCR using cDNA from TA3 cells,
a forward primer corresponding to sequences in the
first exon of CD44: 58-CACACAAAGCTTATGGACAAGGT-
TTTGGTGGCACACAGCT-38, and a reverse primer corre-
sponding to sequences in exon 17 located immediately 58

to sequences encoding the transmembrane domain: 58-CACA-
CAAGATCTTTCTGGAATCTGAGGTCTCCTCATAGG-38.
These fragments were cloned into pCR 3-Uni eukaryotic expres-
sion vectors (Invitrogen), and sequence analysis indicated that
they correspond to sequences encoding the extracellular do-
main of CD44H, CD44v7, CD44v8-10, and CD44v7-10. A hu-
man IgG1 Fc BamHI–XbaI fragment was then inserted into
BglII–XbaI-cut vector containing the CD44 fragment and ligated
in frame to the 38 end of each CD44 sequence. To generate
CD40Rg, the human IgG1 Fc BamHI–XbaI-cut fragment was
inserted into a BamHI–XbaI-cut vector containing sequences
encoding the extracellular domain of CD40. Generation of
soluble ICAM-1, CD44R43A, and CD44 isoforms containing
variant exons v6–v10 were described elsewhere (Yu et al. 1997).
CD44R43A–Ig was made by inserting the immunoglobulin Fc
fragment into the expression vector containing the extracellular
domain of CD44R43A. The CD44 cytoplasmic deletion mutant
(CD44tr) and CD44H were generated by PCR with cDNA from
TA3 cells and the forward primer, 58-CGCCATGGA-

CAAGTTTTGGT-38 and the reverse primer 58-CTACAC-
CCCAATCTTCATGTCCACACT-38. The v3 containing CD44
isoforms were obtained by screening successive CD44-positive
clones generated by PCR amplification of cDNA derived from
TA3 cells by use of the forward primer, 58-CGCCATGGA-
CAAGTTTTGGT-38 and reverse primers, 58-CAGGAGAGAT-
GCCAAGATGATGAG-38 and 58-CTACACCCCAATCTT-
CATGTCCACACT-38, respectively. These PCR-generated frag-
ments were all cloned into pCR 3-Uni eukaryotic expression
vectors (Invitrogen). The authenticity and orientation of the
above-cloned inserts were confirmed by DNA sequencing by the
dideoxy chain termination method with Sequenase (U.S. Bio-
chemical Corp., Cleveland, OH), according to the manufactur-
er’s recommendations. The antisense MMP-9 constructs con-
sisted of 513 nucleotides encoding the amino-terminal portion
of the enzyme. The fragment was amplified from TA3 cell RNA
by RT–PCR with the forward primer 58-ATGAGTCCCTG-
GCAGCCCCTGCTCCTG-38 and the reverse primer 58-
ACCAAACTGGATGACAATGTCCGC-38 and inserted into
the pCR3.1 Uni expression vector in reverse orientation.
To detect MMP and TIMP transcripts in TA3 cell RNA,
RT–PCR was performed with TA3 cell-derived cDNA
by use of the following pairs of primers: MMP-
2F, 58ATGGAGGCACGAGTGGCCTGGGGAGCG-38, MMP-
2R, 58-GCAGCCCAGCCAGTCTGATTTGAT-38; MMP-3F,
58-ATGAAGGGTCTTCCGGTCCTGCTGTGGCTG-38, MMP-
3R, 58-ACAATTAAACCAGCTATTGCTCTT-38; MMP-7F, 58-
ATGCAGCTCACCCTGTTCTGC-38, MMP-7R, 58-AGCGT-
GTTCCTCTTTCCATATAA-38; MMP-9F, 58-ATGAGTCCCTG-
GCAGCCCCTGCTCCTG-38, MMP-9R, 58-AGGGCACTG-
CAGGAGGTCGTAGGT-38. TIMP-1F, 58-ATGGCCCCCTTT-
GCATCTCTGGCATCT-38, TIMP-1R, 58-GGCCCCAAGGGAT-
CTCCAAGTGCA-38.The RT–PCR products were inserted into
the pCR3.1 Uni vector (Invitrogen) and their identity was con-
firmed by dideoxy sequencing.

Transient and stable transfection

TA3 cells were transfected by use of Lipofectamine (GIBCO-
BRL) with plasmids containing soluble CD40–Ig and CD44–Ig
fusions, CD44H, CD44tr, sense, and antisense MMP-9, and
sCD40 and expression vectors alone. MC melanoma cells were
transfected with CD44v3, CD44v3,v7-10 isoforms, and expres-
sion vectors only. TA3sCD44 and MC44H transfectants were
described previously (Bartolazzi et al. 1994; Yu et al. 1997). In
transient transfection assays, TA3 cells were used 72 hr follow-
ing transfection, whereas stable transfectants were selected for
G418 resistance (1.5 mg/ml G418), and resistant colonies were
picked after 2–3 weeks of growth in selection medium. Culture
supernatants and lysates of transfectants were tested by Elisa
and/or Western blot analysis for expression of the approrpriate
gene products.

FACS analysis of cell surface CD44 and MMP-9

TA3 cells were detached from plates with EDTA, washed, and
incubated with mAb IM7.8 (∼10 µg/ml) and polyclonal goat
antimouse MMP-9 antibody M-17 (5 µg/ml, Santa Cruz Bio-
technology, Santa Cruz, CA), on ice for 1 hr, washed extensively
with PBS, and incubated with fluorescein (FITC)-conjugated
rabbit anti-rat, and TRITC-conjugated donkey anti-goat second-
ary antibody (Sigma) for 30 min on ice. MC cells were incubated
with 5 µg/ml mouse anti-human MMP-9 (Neomarkers, Fre-
mont CA) and a secondary FITC-conjugated goat-anti-mouse
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antibody. Cells were washed extensively and analyzed on a
FACScan (Becton Dickson, Mountain View, CA).

Sample preparation, zymogram, and Western blot analysis,

and bHA-binding assay

Serum-free supernatants of cultured TA3 transfectants were
collected, and attached cells were extracted with 5 mM HEPES,
2 mM MgCl2, and 75 mM NaCl (pH 7.4) containing 5 mM EDTA,
2 mM PMSF, and 2 µg/ml leupeptin, 0.5 units/ml aprotinin, by
homogenizing the cells in a Dounce homogenizer. After cen-
trifugation at 6300g to remove nuclei and large cell debris, the
supernatants were centrifuged again at 14,000g to pellet the
membranes. The supernatant was then retained as the water-
soluble fraction of the cell lysates, whereas the crude membrane
preparations were lysed in RIPA buffer, 50 mM Tris-HCl (pH
7.4), containing 150 mM NaCl, 5 mM EDTA, 1% Triton, 0.1%
SDS, 2 mM PMSF, 2 µg/ml leupeptin, and 0.5 units/ml aproti-
nin. Following removal of RIPA buffer-insoluble materials, the
remaining supernatant was considered to represent the deter-
gent-soluble fraction of the extract. Gelatin and casein zymo-
grams were performed as described previously (Herron et al.
1986). Briefly, 50 µl of serum-free supernatant from the trans-
fected TA3 cells and 50 µg of proteins from water-soluble or
detergent-soluble TA3 cell extracts were separated by 10% SDS-
PAGE containing 1 mg/ml gelatin (Fisher, Columbia, MD) or
b-casein (Sigma). Following electrophoresis, gels were washed
with 2.5% Triton X-100 to remove SDS, and incubated with 50
mM Tris-HCl (pH 8.0), containing 5 mM CaCl2, and 0.02% so-
dium azide at 37°C for 24 hr. Gelatin and stromelysin 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 Corp., Arlington
Heights, IL). mAb IM7.8, polyclonal goat antimouse MMP-9
antibody, and anti-v5 epitope tag mAb (Invitrogen) were used to
detect CD44/CD44Rgs, MMP-9, and v5 epitope-tagged pro-
teins, respectively. bHA binding assays were performed as de-
scribed previously (Yu and Toole 1995).

Immunoprecipitation

Protein A beads were preincubated with serum-free medium
derived from CD44–Ig, CD44R43A–Ig, and CD40–Ig-transfected
cells, then incubated overnight at 4°C with RIPA lysates of TA3
cells, transiently or stably transfected with different CD44Rg
isoforms, CD44R43ARg, CD40Rg, or expression vector only.
After five washes with 0.05 M Tris-HCl (pH 8.0), 0.15 M NaCl,
(TBS) containing 0.1% Tween 20 and 0.1% Triton X-100, bound
proteins were eluted with 2× SDS sample buffer, and loaded
onto both 10% SDS-PAGE, and 10% SDS-PAGE containing 1
mg/ml gelatin for Western blot analysis of Rg protein expres-
sion and zymogram analysis of coprecipitated gelatinase activ-
ity. Alternatively, TA3 cells transfected with expression vector
alone (TA3 c1 and TA3 c8) were lysed as above. The lysates
were then precleared with agarose beads conjugated with goat
anti-rat IgG (Sigma), and incubated with affinity-purified mAb
KM201, KM81, or HB233 with fresh agarose beads conjugated
with goat anti-rat IgG at 4°C overnight. Following extensive
washing, immunoprecipitated proteins were subjected to zymo-
gram analysis as above and to Western blot analysis with goat
anti- MMP-9 antibody. TA3 cells transiently transfected with
v5 epitope-tagged MMP-9 and sCD40 were lysed in RIPA buffer,
and expression of the transfected cDNAs was assessed by West-
ern blot analysis by use of a mouse mAb against the carboxy-

terminal v5 peptide tag (Invitrogen). Lysates were precleared as
above and incubated with anti-v5 mAb and fresh protein A
beads at 4°C overnight. Following extensive washing, the im-
munoprecipitated proteins were eluted by 2× SDS sample buffer,
and Western blots were performed with anti-CD44 mAb IM7.8.

Tumor growth and invasion assays

Transfected TA3 cells (2 × 106 in 0.2 ml of Hank’s balance so-
lution, HBSS per mouse) were injected subcutaneously into
male syngeneic A/Jax mice (Jackson Laboratory, Bar Harbor,
ME). The animals were observed daily, sacrificed 3 weeks after
injection, and the tumors were removed, weighed, fixed, and
sectioned for further studies. At least six animals were injected
with each transfectant and at least two independent isolates of
each transfectant were used. G8 myoblast monolayers were pre-
pared as described (Yu et al. 1997). Transfected TA3 and MC
cells were seeded onto the fixed G8 monolayers at 5 × 103 cells/
well in six-well plates with or without preincubation with the
mAbs and the reagents described in type IV collagen degradation
assays. After 7–10 days incubation with or without the presence
of above reagents, 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.

FL–HA uptake

A total of 5 × 105 of the transfected cells (TA3c, and
TA3CD44H) was seeded onto 60-mm dishes in the presence of
DMEM/10%FBS. On the following day, the culture medium
was replaced by fresh DMEM/10%FBS containing 20 µg/ml Fl–
HA. Twenty-four and 48 hr later, the cells were washed exten-
sively with PBS, fixed in 4% paraformadehyde, and observed
under a fluorescence microscope.

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). 5- to 10-µm sec-
tions were cut, mounted onto slides, and stained with Gill-2
hematoxylin (Shandon) for histologic analysis. In immunocyto-
chemical analyses, cells were seeded on 35-mm dishes, cultured
overnight, and treated with or without 0.5 mg/ml HA (Anika
Research) or 10 U/dish of Streptomyces hyaluronidase (ICN,
Costa Mesa, CA) for 2 hr at 37°C. After three washes with PBS,
the cells were fixed with 4% paraformaldehyde (Fisher), washed
with PBS, blocked with 2% nonfat milk in PBS, and incubated
with either 5 µg/ml of goat anti-mouse MMP-9 or MMP-2 poly-
clonal antibody (Santa Cruz), in the case of TA3 cells, anti-
human MMP-2, and MMP-9 mAb (Neomarkers, Fremont, CA),
in the case of MC cells, or mouse anti-TIMP-1 mAb (Chemicon
International, Temecula, CA), which recognizes both mouse
and human TIMP-1 and 5 µg/ml IM7.8 or KM201 mAb at 4°C
overnight. After extensive washing with PBS, cells were incu-
bated with secondary antibodies for 30 min at 4°C, washed, and
examined by fluorescence microscopy. The secondary antibod-
ies were rhodamine (TRITC)-conjugated AffiniPure donkey
anti-goat IgG (Accurate Co., Westbury, NY) to detect goat anti-
MMP-2 and MMP-9 antibodies, rhodamine-conjugated Affini-
Pure donkey anti-mouse IgG (Accurate Co.) to detect mAbs
against human MMP-2, MMP-9, and TIMP1, and FITC-conju-
gated rabbit anti-rat IgG (Sigma) to detect IM7.8, and KM201
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mAb. As controls, the tumor cells were incubated with second-
ary antibodies alone, or with the primary and unmatched sec-
ondary antibody. To induce CD44 capping, 5 µg/ml KM201
mAb was added to TA3 cells that had been seeded onto 35-mm
plates, cultured overnight, and incubated for 2 hr at 37°C. FITC-
conjugated rabbit anti-rat antibody (1 µg/ml) was then added to
the cell culture medium for an additional hour at 37°C. Cells
were then washed extensively, fixed with 3.7% paraformalde-
hyde, and examined by fluorescence microscopy.

Type IV collagen degradation assay

Collagen type IV degradation assays were performed as de-
scribed previously (Garbisa et al. 1987). Briefly, 24-well plates
were coated with 3H-labeled type-IV collagen (5000 cpm/well,
Dupont NEN, Boston, MA), the transfected TA3 cells and MC
melanoma cells were seeded at 2 × 105 cells/well onto the
coated plates, and incubated at 37°C for 16 hr. Cell culture
supernatants were then removed and centrifuged; released ra-
diolabel, corresponding to degraded collagen IV, was measured
in 100 µl of each supernatant (one-fifth of the total volume) in
a b-counter (Beckman Instruments). Tumor cells were un-
treated or preincubated for 1 hr on ice with 20 µg/ml anti-
human MMP-2, or MMP-9 mAb (NeoMarkers Inc, Fremont,
CA), KM201, IM7.8, or HB-233 mAb; or 1 mM MMP inhibitor
1,10-phenanthroline (Sigma), 10 µg/ml serine proteinase inhibi-
tor, aprotinin (Sigma), or 10 µM MMP-3 inhibitor peptide (Cal-
biochem, San Diego, CA), or 60 µM MMP peptide inhibitor I
(Calbiochem). All experiments were done in triplicate.
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