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Membrane-type 1 matrix metalloproteinase (MT1-
MMP) localizes at the front of migrating cells and
degrades the extracellular matrix barrier during can-
cer invasion. However, it is poorly understood how the
polarized distribution of MT1-MMP at the migration
front is regulated. Here, we demonstrate that
MT1-MMP forms a complex with CD44H via the
hemopexin-like (PEX) domain. A mutant MT1-MMP
lacking the PEX domain failed to bind CD44H and
did not localize at the lamellipodia. The cytoplasmic
tail of CD44H, which comprises interfaces that associ-
ate with the actin cytoskeleton, was important for its
localization at lamellipodia. Overexpression of a
CD44H mutant lacking the cytoplasmic tail also pre-
vented MT1-MMP from localizing at the lamellipodia.
Modulation of F-actin with cytochalasin D revealed
that both CD44H and MT1-MMP co-localize closely
with the actin cytoskeleton, dependent on the cytoplas-
mic tail of CD44H. Thus, CD44H appears to act as a
linker that connects MT1-MMP to the actin cytoskele-
ton and to play a role in directing MT1-MMP to the
migration front. The PEX domain of MT1-MMP was
indispensable in promoting cell migration and CD44H
shedding.

Keywords: actin/CD44/invasion/lamellipodium/
MT1-MMP

Introduction

Cell migration requires a continuous reorganization of the
actin-based cytoskeleton within the cell and concerted
action of adhesion molecules and proteases outside. Cell
adhesion molecules play a particular role in gaining a
foothold at the migration front and releasing it at the rear
(Lauffenburger and Horwitz, 1996; Mitchison and Cramer,
1996). At the same time, cells need to remove the
extracellular matrix (ECM) to open the migration path-
way. Matrix metalloproteinases (MMPs), also referred to
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as matrixins, are responsible for the degradation of ECM
components, and have therefore been implicated in this
process (Stetler-Stevenson et al., 1993; Murphy and
Gavrilovic, 1999; Nagase and Woessner, 1999;
McCawley and Matrisian, 2000). To eliminate the ECM
barrier efficiently, MMP activity is required to work at the
cell migration front, although the specific mechanism to
regulate this polarized action is poorly understood. While
the majority of MMPs are in a soluble form, six are
membrane-type proteins (MT-MMPs) having devices that
enable integration into the plasma membrane (Egeblad and
Werb, 2002), such as transmembrane domains (Cao et al.,
1995) or glycosyl-phosphatidyl inositol (GPI) moieties
(Itoh et al., 1999; Kojima et al., 2000). By having a potent
pericellular proteolytic activity, MT-MMPs have strong
invasion-promoting activity compared with soluble MMPs
(Hotary et al., 2000). In particular, MT1-MMP is
frequently expressed in invasive cancer cells (Sato ef al.,
1994; Seiki, 1999) and in endothelial cells during
angiogenesis (Hiraoka er al., 1998; Galvez et al., 2001).
The substrates of MT1-MMP include type I collagen,
laminin and fibronectin (Egeblad and Werb, 2002). The
enzyme also activates other proMMPs, including
proMMP-2 and proMMP-13 (Sato et al., 1994; Knauper
et al., 1996). Thus, MT1-MMP triggers MMP activation
cascades on the cell surface.

Upon stimulation of cells to migrate, MT1-MMP
relocates to the lamellipodium (Sato et al., 1997; Galvez
et al., 2001; Itoh et al., 2001) and such a polarized
localization seems particularly useful for the cells to
invade tissue. The increased concentration of MT1-MMP
at the lamellipodia also promotes the formation of
homodimers via the hemopexin-like (PEX) domain. This
dimer formation in turn facilitates proMMP-2 activation
(Itoh er al., 2001), since this process requires at least two
adjacent MT1-MMP molecules (Kinoshita ef al., 1998);
one MTI-MMP molecule acts as a receptor for the
proMMP-2-TIMP-2 complex while the other acts as an
activator. In addition to its role as a protease in ECM
degradation, MT1-MMP is also a critical part of the
mechanism of cellular locomotion. For example, cleavage
of laminin 5 at the y2 chain (Koshikawa et al., 2000) or
CD44H (Kajita et al., 2001) by MT1-MMP is linked to its
migration-stimulating activity. Thus, it is particularly import-
ant to understand the mechanism by which the localiza-
tion of MT1-MMP is regulated during cell migration.

Cell adhesion molecules should cooperate closely with
ECM-degrading proteases during cell migration and recent
findings support this idea. For example, MMP-1 associates
with o, integrin during epithelial cell movement on
type I collagen in the wound-healing process (Dumin et al.,
2001). MMP-2 binds o5 integrin and promotes endo-
thelial cell migration (Brooks et al., 1996). We have also
observed that MT1-MMP shed CD44H from the cell
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Fig. 1. MT1-MMP and CD44H form a complex. (A) Schematic illustration of expressed MT1-MMP proteins. FLAG, FLAG epitope; CAT, catalytic
domain; PEX, hemopexin-like domain; TM, transmembrane domain. (B-E) Complex formation between MT1-MMP and CD44H was examined by im-
munoprecipitating one component, followed by an analysis of the existence of the other in the precipitate by western blotting. (B) COS-1 cells were
transiently transfected with expression plasmids for MT1-F and CD44H, as indicated. Immunoprecipitation was performed using anti-FLAG M2
mouse monoclonal antibody. Precipitates were then analyzed by western blotting using mouse monoclonal antibody (222-1D8) for MT1-MMP or
mouse monoclonal antibody (2C5) for CD44. (C) Cells were transfected with plasmids for MT1-MMP and CD44H-F as indicated, and analyzed simi-
larly. CD44H-F was immunoprecipitated with anti-FLAG M2 antibody. (D) Similar experiments to (B) were performed, using the (E/A) mutant of
MTI1-MMP or in the presence of BB94 (10 uM). (E) The role of the PEX and catalytic domains in complex formation was examined. To compete
with MT1-F in the formation of a complex with CD44H, either MT1/dPEX or MT1/dCAT was co-expressed at increasingly higher doses (+, 8 ug;
++, 16 ug of plasmid per 100 mm dish). (F) Similar experiments to (B) were performed using HT1080, A431 and MDA-MB-231 cells.
Immunoprecipitation was carried out using either rabbit IgG or rabbit polyclonal antibodies against the catalytic domain of MT1-MMP. These
immunoprecipitates and cell lysate were then analyzed by western blotting using the antibodies indicated.

surface and stimulated cell migration in conjunction CD44 has multiple isoforms containing inserts derived
with the CD44 shedding (Kajita et al., 2001). It also from alternatively spliced exons at the variable region
binds MMP-9 and promotes tumor invasion (Yu and (Naot et al., 1997). Within the cytoplasm, CD44 interacts

Stamenkovic, 1999). CD44 is primarily a hyaluronan with ezrin/radixin/moesin (ERM) (Yonemura et al., 1998)
(hyaluronic acid, HA) receptor and binds collagen I, fibrin and/or ankyrin (Bourguignon et al., 1992), both of which
and chondroitin sulfate proteoglycans (Naot et al., 1997). bind F-actin (Kalomiris and Bourguignon, 1988; Tsukita
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et al., 1994). CD44 is expressed in many types of
migratory and metastatic tumor cells (Gunthert et al.,
1991; Naot et al., 1997; Sneath and Mangham, 1998) and
promotes the migratory potential of these cells (Thomas
etal., 1992, 1993; Henke et al., 1996; Ladeda et al., 1998).

CD44 is spontaneously released from the cell surface by
proteolytic processing (Goebeler et al., 1996; Okamoto
et al., 1999; Kajita et al., 2001). Interestingly, only CD44
shedding by metalloproteinases seems to play a role in cell
migration because MMP inhibitors suppress the cell
migration and shedding while serine proteinase inhibitors
do not (Okamoto et al., 1999; Kajita et al., 2001; Shi et al.,
2001). Multiple metalloproteinases appear to have CD44
shedding activity (Okamoto et al., 1999; Kajita et al.,
2001), but only MT1-MMP has been clearly characterized
as a shedding enzyme with migration-promoting activity
(Kajita et al., 2001). Both MT1-MMP and CD44H localize
at the migration front and we speculate that the events
occurring here are critical for cell migration. Thus, it is of
particular interest how CD44H and MT1-MMP co-localize
at the lamellipodia when the cells migrate.

This study aims to elucidate how both MT1-MMP and
CD44H are regulated to co-localize at the migration front.
We found that MT1-MMP and CD44H form a complex
mediated by the interaction between the PEX domain and
the stem region of CD44H. Deletion of the PEX domain
abolished the ability of the mutant MT1-MMP to localize
at lamellipodia. Conversely, overexpression of the cyto-
plasmic-deletion mutant of CD44H, which shows no
association with the actin cytoskeleton, prevented the
localization of MT1-MMP to the lamellipodia. Thus,
CD44H appears to link MT1-MMP to the actin cytoskel-
eton and regulate its localization. This interaction through
the PEX domain is also critical for the shedding of CD44H
and the cell migration-promoting activity of MT1-MMP.
Our findings shed light on the close interrelationship
between CD44 and MTI1-MMP, both of which are
implicated in cell migration and invasion.

Results

MT1-MMP forms a complex with CD44H
MT1-MMP co-localizes with CD44H at the cell migration
front and releases CD44H via processing in the stem
region (Kajita et al., 2001). Since the physical distance
between the two molecules must be sufficiently close for
such a cleavage reaction to occur, we examined the
possibility that both MT1-MMP and CD44H are in the
same complex. FLAG-tagged MT1-MMP (MT1-F) and
CD44H were expressed in COS-1 cells to investigate
whether the immunoprecipitation of either molecule led to
co-precipitation of the other. As shown in Figure 1B,
CD44H was precipitated by anti-FLAG antibody when it
was co-expressed with MT1-F (lane 4) but not by itself
(lane 2). Next, we tested whether MT1-MMP can be
accompanied by precipitation of FLAG-tagged CD44H
(CD44H-F). As shown in Figure 1C, MTI-MMP was
precipitated by anti-FLAG antibody when it was co-
expressed with CD44H-F (lane 4), but not by itself (lane 2).
These results indicate that MT1-MMP and CD44H form a
complex, either directly or indirectly.

CD44H expressed in COS-1 cells appeared as a major
50 kDa band with an additional weak smear scattering
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between 60 and 95 kDa (Figure 1D, bottom column). This
scattered molecular weight presumably represents vari-
ation in the glycosylation state of the protein. Upon co-
precipitation with MT1-F, the 50 kDa band corresponding
to the major product was observed (Figure 1B, lane 4 and
D, lane 4). Since MT1-MMP can cleave CD44H, we
examined whether the CD44H associating with
MT1-MMP remains as an intact product or is processed.
To do this, we used a mutant MT1-MMP that is deficient in
proteolytic activity due to a Glu to Ala substitution at the
catalytic site (E/A) (Atkinson et al., 1995). The CD44H
that was co-immunoprecipitated with MT1-F(E/A) was
the same size as that which co-immunoprecipitated with
MTI-F (Figure 1D, lanes 4 and 5). The same result was
obtained using the MMP inhibitor, BB94 (lane 6). Thus,
we concluded that the CD44H in the complex is in an
uncleaved form.

To identify the domain responsible for complex forma-
tion, a MT1-MMP mutant deleted of either the catalytic or
PEX domain (MT1/dCAT and MT1/dPEX, respectively,
see Figure 1A) was co-expressed with MT1-F and CD44H,
and tested for its ability to compete with the formation of
a complex between MT1-F and CD44H. As shown in
Figure 1E, CD44H co-precipitated with MTI1-F was
dramatically reduced when increasing amounts of MT1/
dCAT were co-expressed (lanes 4 and 5), but this was not
the case for MT1/dPEX expression (lanes 6 and 7). Thus,
the PEX domain of MT1-MMP is important for the
formation of a complex with CD44H.

To confirm the complex formation of endogenous
molecules, we used three human cell lines that express
both MT1-MMP and CD44 (fibrosarcoma HT 1080, breast
carcinoma MDA-MB-231 and epidermoid carcinoma
A431). Endogenous CD44 was detected in the
MT1-MMP precipitates from cell lysate of the three cell
lines (Figure 1F). However, MT1-MMP in the CD44
precipitates was difficult to detect presumably because
CD44 is an abundant molecule and only a minor portion of
CD44 forms a complex with MT1-MMP (data not shown).

The PEX domain of MT1-MMP binds directly to
the stem region of CD44H

To further examine interactions between CD44H and
MTI1-MMP, a soluble fragment of CD44H (sCD44H)
lacking the transmembrane and the cytoplasmic domains
was constructed and expressed in COS-1 cells. The culture
medium of the cells expressing sCD44H or that of mock-
transfected cells was collected and immobilized on a
membrane filter. The amount of sCD44 immobilized
on the filter was detected using anti-CD44 antibody
(Figure 2B, column 1). The small amount of CD44
observed in the control slot represents the endogenous
shedded CD44 fragment derived from the mock-trans-
fected cells. The filter was then blotted with either '231-
labeled PEX or CAT fragments. ['2I]JPEX bound the filter
and the level was proportional to the amount of sCD44
immobilized there (column 2). On the other hand, '%I-
labeled CAT did not bind the filter (column 3). To confirm
the binding specificity of the PEX fragment for sCD44H, a
competition experiment was performed using a purified
CD44 fragment (CD44stem) that comprises the region
between the ligand-binding and membrane-spanning
domains (Figure 2A). Addition of the CD44stem fragment
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Fig. 2. MT1-MMP binds directly to CD44H. (A) Schematic illustration
of recombinant proteins used in the experiments. The proteins were ex-
pressed in E.coli and purified as described in Materials and methods.
(B) Binding of recombinant MT1-MMP fragments to the ectodomain of
CD44H (sCD44H) was examined by the ligand blot method. sCD44H
was expressed in COS-1 cells and conditioned medium was collected
and immobilized on a PVDF membrane filter. Anti-CD44 antibody
(2C5), ['®I]PEX or ['?’]]JCAT was blotted onto the filter and bound
ligands were visualized, either using secondary antibody conjugated
to alkaline phosphatase or by radioautography. As a competitor, a
100-fold molar amount of purified CD44stem against ['ZIJPEX was
used. (C) Kinetic analyses of the interactions between CD44stem and
MTI1-MMP. Interactions between CD44stem and either MTI1PEX,
MTICAT, or MT4PEX were measured by SPR, as described in
Materials and methods. CD44stem was immobilized on a sensor chip
and interactions with the indicated analyte were examined at three
different concentrations (2.5, 4.0 and 6.0 uM). Kinetic constants were
calculated using the BIA evaluation program. NB, no binding was
detected.

dramatically reduced the binding of ['>I]PEX to the filter
(Figure 2A, column 3), indicating that the PEX fragment
binds directly to CD44stem.

To verify the direct interaction between the two regions
further, we analyzed the interactions between purified
PEX and CD44stem fragments using surface plasmon
resonance (SPR). CD44stem was immobilized on the
sensor chip and MT-MMP fragments were used as
analytes. Binding curves were obtained by flowing each
analyte over the sensor chip at a flow rate of 5 pl/min with
three different concentrations (2.5, 4 and 6 uM). The
binding constant was obtained by analysis of the initial
dissociation phase to obtain the Ky, which was then used
for a global analysis of the association region of the
curves, where a 1:1 interaction model was operative.
MTI1PEX but not MT1CAT or MT4PEX generated signals
to bind CD44stem and the dissociation constant (Kj)
between MTIPEX and CD44stem was calculated as
64 nM (Figure 2C). These results clearly indicate that
MTI1-MMP binds directly to the polypeptide core of
CD44H at its stem region through the PEX domain.

Essential role of CD44H in directing MT1-MMP

to lamellipodia

The actin cytoskeleton plays a pivotal role in controlling
cell locomotion and affects the localization of cell surface
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molecules during cell migration. CD44 links the actin
cytoskeleton within cells and localizes at the lamellipodia
upon stimulation to induce cell migration. It is therefore
possible that CD44 modulates the localization of
MT1-MMP on the cell surface by forming a complex.

Human fibrosarcoma HT1080 is an invasive tumor cell
line expressing both endogenous CD44H and MT1-MMP.
Immunostaining of cell surface CD44 revealed that the
pattern of distribution overlaps in part with that for F-actin,
particularly at the cell periphery but not among the stress
fibers (Figure 3A, —TPA). Upon stimulation of cells with
12-O-tetradecanoylphorbol-13-acetate (TPA), a ruffled
membrane structure with dense cortical actin (lamelli-
podia) was detected at the edge and localization of CD44H
to this area was also observed (+TPA). When MT1-F was
expressed, it also localized to the ruffled area produced by
TPA (Figure 3B, MT1-F) and this is consistent with the
previous result reported for endogenous MTI1-MMP
(Itoh et al., 2001). If the localization of MT1-MMP at
lamellipodia is regulated through binding to CD44H, it
should be dependent on the PEX domain. As expected,
MTI1-F/dPEX did not localize at the lamellipodia
(Figure 3B, MTI1-F/dPEX). We have confirmed that
deletion of other domains (catalytic, transmembrane and
cytoplasmic domains) did not affect the localization (data
not shown). Thus, we conclude that the PEX domain of
MTI1-MMP is critical in directing the protein to lamelli-
podia.

To examine the importance of CD44H in the localiza-
tion of MT1-MMP to the lamellipodia, a mutant CD44H
lacking the cytoplasmic domain, which is necessary for
actin binding, was constructed (Figure 3C, CD44H/dCP).
First, we confirmed the ability of the mutant to form a
complex with MTI-F. MTI1-F was co-expressed with
either wild-type CD44H or CD44H/dCP, and immunopre-
cipitated using the anti-FLAG antibody. As shown in
Figure 3C, CD44H was co-precipitated with MT1-F again
(lane 3) and excess amounts of FLAG peptide inhibited the
precipitation of both MT1-F and CD44H (lane 4). CD44H/
dCP was also detected in the MT1-F precipitate (lane 6)
and blocked by FLAG peptide (lane 7). Thus, CD44H/dCP
retains the ability to form a complex with MT1-MMP just
like wild-type CD44H.

Localization of FLAG-tagged CD44H/dCP (CD44H-F/
dCP) in HT1080 cells was no longer observed at the
ruffled area of TPA-treated cells (Figure 3D, CD44H-F/
dCP + MTI1-MMP). Thus, the cytoplasmic domain of
CD44H is essential for its localization to the lamellipodia.
Cells expressing CD44H/dCP formed a somewhat irregu-
lar ruffled edge compared with the parental cells, although
dense cortical actin was still observed at the edge. When
the localization of MT1-F co-expressed with CD44H/dCP
was examined (Figure 3D, MT1-F + CD44H/dCP), MT1-F
was no longer observed at the lamellipodia. At the same
time, dissociation of the distribution patterns of MT1-F
and CD44H/dCP from that of actin became clear. These
results strongly suggest that CD44H plays a critical role in
directing MT1-MMP to the lamellipodia.

CD44H mediates the linkage between MT1-MMP
and the actin cytoskeleton

The localization of CD44H is regulated through its
cytoplasmic tail, presumably by its association with the
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Fig. 3. Localization of CD44H and MT1-MMP to the lamellipodium. (A) HT-1080 cells were cultured on glass coverslips for 12 h. Cells were reacted
with rabbit anti-CD44 antibody for 30 min. After a wash with PBS, cells were treated with TPA for 30 min. Following fixation, bound anti-CD44 anti-
body was visualized with Alexa488-conjugated anti-rabbit IgG. Actin cytoskeleton was identified with Alexa594-conjugated phalloidin. (B) HT-1080
cells expressing either MT1-F or MT1-F/dPEX were treated with anti-FLAG antibody for 30 min, followed by TPA. After fixation, antibodies reacting
with MT1-F were visualized with Alexa488-conjugated anti-mouse IgG. The expression level of MT1-F and MT1-F/dPEX was confirmed by western
blotting. (C) A mutant CD44H (CD44H/dCP) that lacks the cytoplasmic domain (as illustrated) was constructed. CHO-K1 cells were transiently trans-
fected with the plasmids indicated and subjected to immunoprecipitation using anti-FLAG M2 antibody in the presence or absence of FLAG peptide
(200 pg/ml). Precipitates were analyzed by western blotting using anti-CD44 antibody (2CS5). (D) MT1-MMP + CD44H-F/dCP or MTIF + CD44H/
dCP were expressed in HT-1080 cells. CD44H-F/dCP and MTI1-F on the cell surface were visualized using anti-FLAG M2 antibody and Cy3-
conjugated anti-mouse IgG. Cells were treated with TPA similarly to (A) before fixation. F-actin was stained with Alexa-594-conjugated phalloidin.

Scale bar, 10 um.

actin cytoskeleton. Accordingly, CD44H appears to regu-
late the localization of MT1-MMP that forms a complex
with CD44H. To further verify the relationship between
CD44H, MTI1-MMP and the actin cytoskeleton, we
modified the actin cytoskeleton using cytochalasin D
(CyD), which disrupts polymerized F-actin (Morris and
Tannenbaum, 1980).

CHO-K1 cells were used for the assay because they
were adherent even after CyD treatment. Treatment of the
cells with CyD disrupted the actin structure and caused
aggregates to form within each cell (Figure 4). When
CD44H-F was expressed in the cells, it co-localized in part
with the actin structure before the CyD treatment
(Figure 4A, —CyD). Upon treatment of the cells with
CyD, CD44H-F moved to the site of actin aggregates
(+CyD). The distribution of MT1-F was similar to that of
CD44H-F before and after CyD treatment (Figure 4B).
Interestingly, MT1-F/dPEX, which cannot form a complex
with CD44H, failed to co-localize with actin cytoskeleton,

both before and after CyD treatment (Figure 4C), while
MTI1-F mutants lacking domains other than the PEX
behaved like wild-type MT1-F (data not shown).

To confirm that the cytoplasmic tail of CD44H mediates
the co-localization of MT1-MMP and CD44H with
F-actin, CD44H/dCP and MTI-F were co-expressed in
the cells and examined in a similar fashion. As shown in
Figure 4D and E, neither CD44H/dCP nor MT1-F co-
localized with F-actin before or after CyD treatment. From
these results, it is apparent that the localization of CD44H
is regulated by the actin cytoskeleton through its
cytoplasmic tail. Eventually, the actin cytoskeleton regu-
lates the localization of MT1-MMP through CD44H.

MT1-MMP can be moved via CD44H on the

cell surface

The above experiments suggest that CD44H functions as a
molecular linker that connects MT1-MMP to the actin
cytoskeleton, and eventually determines the localization of
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the metalloproteinase on the cell surface. To examine
whether the complex is stable enough to move MT1-MMP
via CD44H on the cell surface, CD44H was forced to
move using antibody-conjugated microbeads. To avoid the
effects of ligands in the culture, we constructed a CD44H
mutant in which the ligand-binding domain was substi-
tuted with a Myc-tag sequence (CD44H/dL). Anti-Myc
antibody-conjugated microbeads were used to bind the
mutant protein around the beads. CD44H/dL was ex-
pressed in COS-1 cells, together with either MT1-F or
MTI1-F/dPEX. The ability of CD44H/dL to form a
complex with MT1-F was confirmed by immunoprecipita-
tion assay and the localization was similar to that of wild-
type CD44H before and after CyD treatment (data not
shown). The antibody-conjugated beads bound tightly to
cells expressing CD44H/dL (Figure 5A), but not to mock-
transfected cells (data not shown). Immunostaining of the
cells with anti-CD44 antibody (Figure 5) revealed clus-
tering of CD44H/dL surrounding the beads. As a control,
IgG-conjugated beads were overlaid on the cells, which
did not bind tightly to the cells or induce clustering of
CD44 around the beads (data not shown). A similar
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Fig. 4. Actin cytoskeleton regulates localization of CD44H and
MTI1-MMP. CHO-KI1 cells were transiently transfected with expression
plasmids for CD44H-F (A), MT1-F (B), MT1-F/dPEX (C) and CD44H/
dCP + MTI1-F (D and E). Transfected cells were seeded on fibronectin-
coated glass coverslips for 1 h and treated with anti-FLAG antibody
(A-C and E) or anti-CD44 antibody (D) for 30 min at 37°C. After
excess antibody had been washed off with PBS, the cells were treated
with CyD (1 pg/ml) for 30 min at 37°C. They were then fixed, and the
localization of the bound antibody and actin cytoskeleton was visual-
ized with Cy3-conjugated anti-mouse IgG (red) and Alexa488-con-
jugated phalloidin (A—C and E) or Alexa488-conjugated anti-rabbit IgG
and Alexa594-conjugated phalloidin (D), respectively. Scale bar,
10 um.

localization of MT1-F to CD44/dL was observed around
the antibody-conjugated beads (Figure 5SA and B). Thus,
the complex containing MT1-MMP and CD44H is stable
enough to determine the localization of MT1-MMP by
regulating CD44H expression on the cell surface. A
similar co-localization with CD44HdL was observed for
MT1-F/dCAT (Figure 5C) but not MT1-F/dPEX, which
cannot bind to CD44H (Figure 5D). In Figure 5D, the
amount of MT1-F/dPEX looks somewhat greater under the
beads, but it is clear that the localization pattern of
CD44HdL is different from that of MTI-F/dPEX
(Figure 5D, Merge).

Role of the complex in CD44H processing and
promotion of cell migration

Since the PEX domain of MT1-MMP has the ability to
form a complex with CD44H, we examined the role of
this domain in CD44H processing and cell migration-
promoting activity. A human osteosarcoma cell line
(MG63) expressing low levels of endogenous CD44 and
MTI1-MMP was employed in this study. Exogenously
expressed CD44H generated a 95 kDa band repre-
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Fig. 5. MT1-MMP movement by pulling CD44H on the cell surface. A Myc-tagged mutant CD44H lacking the ligand-binding domain (CD44H/dL)
was expressed together with either MT1-F (A and B), MT1F/dCAT (C) or MT1-F/dPEX (D) in COS-1 cells. After 48 h transfection, cells on glass
coverslips were treated with anti-Myc-conjugated microbeads for 30 min. CD44 was then visualized with anti-CD44 rabbit polyclonal antibody and
Alexa488-conjugated anti-rabbit IgG antibody. MT1-F, MT1-F/dCAT and MT1-F/dPEX were visualized with anti-FLAG M2 antibody and Alexa568-
conjugated anti-mouse IgG antibody. The boxed areas in the MT1-F column (A) are magnified in the lower column (B). Only magnified pictures are

presented for MT1-F/dCAT (C) and MT1-F/dPEX (D). Scale bar, 10 um.

senting the highly glycosylated form, and the cells shed
CD44 fragments of 90 and 70 kDa spontaneously
(Figure 6A). Enforced expression of MTI1-MMP with
CD44H generated an additional 50 kDa fragment in the
medium (lane 5). Expression of an inactive MT1-MMP (E/
A) mutant failed to shed the 50 kDa fragment (lane 7),
indicating that the shedding of this fragment depends on
the catalytic activity of MT1-MMP. The MMP inhibitor,
BB94, inhibited the shedding of both 70 and 50 kDa
fragments (lane 6).

In addition to the shedding of the 50 kDa CD44H
fragment, the expression of MT1-MMP- and CD44H-
stimulated cell migration was analyzed by a phagokinetic
track assay (Figure 6B, lane 6). Although the expression of
CD44H alone generated both 90 and 70 kDa fragments in
the medium, this shedding was not sufficient to stimulate
cell migration (lane 2). As reported previously (Itoh et al.,
2001), MT1/dPEX is expressed as a catalytically active
enzyme on the cell surface, but it alone was not enough to
shed the 50 kDa CD44H fragment (lane 7) and to stimulate
cell migration. MT1-MMP or CD44H alone could not
promote cell migration (lanes 2 and 3). Thus, the PEX
domain, which is necessary for formation of a complex
with CD44H, is also critical for the processing of CD44H
and stimulation of cell migration.

Discussion

MT1-MMP forms a complex with CD44H on the
cell surface

Our results demonstrate that MT1-MMP and CD44H form
a complex and co-precipitate in an immunoprecipitation
assay. This interaction is not due to the overexpression of
the proteins, because complex formed from endogenous
CD44 and MT1-MMP was detected in three different cell
lines (Figure 1F). The PEX domain of MT1-MMP binds
directly to the stem region of CD44H and the binding does
not require the glycosylation of this region. The core
polypeptide of CD44H is 40 kDa, but its molecular weight
varies between 50 and 95 kDa, depending on the
glycosylation state of the protein. Glycosylation patterns
of CD44H vary from cell to cell. In COS-1 cells, the major
form of CD44H was a 50 kDa fragment that co-precipi-
tated with MT1-MMP. However, in CHO-K1 cells, a
95 kDa band was detected in MT1-MMP precipitates. The
difference in molecular weight is probably due to the
glycosylation state of the ligand-binding domain, since
mutations at possible glycosylation sites of the stem region
do not substantially affect the molecular weight
(Bartolazzi et al., 1996).
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Fig. 6. Role of the PEX domain in CD44H processing and cell migra-
tion. CD44H was co-expressed with various MT1-MMP constructs in
MG-63 cells and CD44H shedding into the medium and cell migration
were analyzed. After transfection, cells were cultured for 24 h in the
presence of 10% serum and then used for each assay. For the analysis
of shedding (A and B), the cells were cultured for an additional 24 h in
serum-free medium. The conditioned media were subjected to western
blot analysis after TCA precipitation. For the phagokinetic assay (B),
the cells were seeded onto colloidal gold-coated coverslips and allowed
to migrate for 16 h in the serum plus culture condition. (A) CD44H
shedding by MTI-MMP was examined. CD44H, MT1-MMP and
MTI1-MMP(E/A) were expressed as indicated. BB94 (10 uM) was also
used to inhibit MT1-MMP activity. The CD44H fragment shed by
MTI1-MMP is indicated by an arrowhead. (B) Effects of MT1-MMP
mutants on CD44H shedding and cell migration. A phagokinetic track
assay on colloidal gold-coated coveslips was performed using the trans-
fected cells. The cells were detected using green fluorescent protein
(GFP) co-expressed with the effector proteins. The migration area is
indicated by square pixels. An average of 30 cells = SEM is shown in
the upper panel. The lower panel displays proteins detected by western
blotting and CD44H shed in the medium. The arrowhead signifies the
CD44H fragment released by MT1-MMP.
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Role of complex formation in cell migration

and invasion

When cells are stimulated to migrate, the first step involves
the formation of microspikes and lamellipodia in the
direction of migration (Lauffenburger and Horwitz, 1996;
Mitchison and Cramer, 1996). The formation of these
structures is regulated by the Rho family of GTPases,
in particular, Cdc42 and Racl (Ridley et al., 1992).
Overexpression of constitutively active Racl (RaclV12)
induces membrane ruffling, while the expression of
constitutively active Rho A (RhoAV14) stimulates the
formation of actin stress fibers and inhibits the formation
of lamellipodia (Ridley et al., 1992). Okamoto et al.
(1999) demonstrated that the treatment of U251MG cells
with TPA leads to the redistribution of cell surface CD44
in the ruffled area. This redistribution process was
inhibited when RhoAV14 was overexpressed. Thus, the
localization of CD44 at the lamellipodia is regulated by the
Rho family GTPases, presumably through reorganization
of the actin cytoskeleton. The cytoplasmic tail of CD44
contains binding sites for ERM proteins (Tsukita et al.,
1994) and ankyrin (Bourguignon et al., 1999), both of
which mediate the association with F-actin. In our
experiments, the co-localization of CD44H with the
actin cytoskeleton was dependent on the cytoplasmic tail
of the protein, which was also indispensable in directing
CD44H to the lamellipodia in TPA-treated cells. Thus, by
forming a complex with MT1-MMP, CD44H links
MTI-MMP to the actin cytoskeleton and places it
downstream of the signaling by the Rho family GTPases.
In support of this, the localization of MT1-MMP to the
lamellipodia was dependent on the PEX domain of
MT1-MMP and the cytoplasmic domain of CD44H. The
regulation of MTI-MMP by CD44 and the actin
cytoskeleton is presumably an important part of cellular
invasiveness. Disruption of the MTI1-MMP/CD44/actin
axis by overexpression of either MT1/dCAT (Itoh et al.,
2001) or CD44H/dCP (data not shown) in HT1080 cells
resulted in the inhibition of matrigel invasion. Although
these results support the idea mentioned above, it is also
difficult to exclude the possibility that MT1/dCAT or
CD44H/dCP affected other machinery required for inva-
sion because of their multifunctional properties. In relation
to this, an interesting paper appeared recently in which the
importance of CD44 in tumor invasion and metastasis was
demonstrated using CD44 knockout mice (Weber er al.,
2002). Tumors developed in the CD44 null mice when
they also had a mutation in either the APC gene or the p53
gene. The absence of CD44 did not affect tumor incidence,
but virtually abolished metastasis (Weber et al., 2002).
Part of the effect of a CD44 deficiency on metastasis might
be explained by a defect in the regulation of MT1-MMP by
CD44. In addition, MT1-MMP is not the only metallo-
proteinase that binds CD44. Recently, MMP-9 and
MMP-7 were both reported to bind to CD44 on the cell
surface (Yu and Stamenkovic, 1999; Yu et al., 2002).
Thus, CD44 seems to be a platform on which to assemble
multiple MMPs on the cell surface, especially at the
migration front. Additionally, MT1-MMP is reported to
activate proMMP-9 indirectly through the activation of
MMP-2 and MMP-13 (Cowell et al., 1998). Therefore, it
is also possible that CD44 facilitates activation of
proMMP-9.



CD44 is expressed in a wide variety of cell types and
therefore, the above-mentioned mechanism possibly
works in cells that additionally express MT1-MMP.
Although it is difficult to find cell lines that do not express
CD44, an osteosarcoma cell line, MG63, expresses this
molecule at very low levels. In this particular cell line,
exogenously expressed MT1-MMP did not co-localize
with actin as long as CD44H was not expressed (data not
shown). However, these experiments do not exclude the
possibility that other cell adhesion molecules have a
similar function to CD44H and regulate the localization of
MT1-MMP. It is also possible that additional cell surface
molecules participate in the formation and stabilization of
the complex in cooperation with CD44H. The binding
affinity between PEX and CD44stem expressed as the
dissociation constant is 64 nM, which is not particularly
high. However, the complex is stable enough to move
MT1-MMP by pulling CD44 as indicated in Figure 5.

Complex formation, CD44 processing and
stimulation of cell migration

In a previous study, we found that the catalytic fragment of
MT1-MMP can cleave CD44H, at least in vitro (Kajita
et al., 2001). However, MT1/dPEX expressed on the cell
surface failed to shed CD44H, as shown in Figure 6. Thus,
the PEX domain, which is needed to form a complex with
CD44H, is clearly indispensable to the shedding event. On
the other hand, processed CD44H fragments were not
detected in the CD44H-MT1-MMP complex. One pos-
sible explanation for this apparent discrepancy is that
MTI-MMP initially binds CD44H at the PEX domain,
cleaves the CD44H and releases the cleaved fragment
rapidly. If this is the case, the cleavage reaction in the
complex may not be very efficient as significant amounts
of intact CD44H are still present in the complex. This slow
cleavage reaction may make it possible to maintain
MTI1-MMP at the sites where CD44H is localized.
Another scenario is that heterogeneous glycosylation of
CD44H at the stem region may lead to two types of
molecule, one that binds MT1-MMP but is either not
cleavable or cleaved very slowly, and one that binds
MTI1-MMP and is very sensitive to cleavage.

In this study, we showed that the PEX domain of
MT1-MMP is important for the shedding of CD44H,
stimulation of cell migration and localization to the
migration front. However, many proteinases, including
serine proteinases and metalloproteinases, can also shed
CD44 (Okamoto et al., 1999; Alpaugh et al., 2000; Kajita
et al., 2001). Although it is evident from a previous study
(Kajita et al., 2001) that the shedding by MTI1-MMP
promoted cell migration, the roles of the shedding of CD44
by other proteinases are not fully understood yet. The role
of the shedding in cellular function may differ depending
on the responsive proteinases and cell types as in the
following examples. Although serine proteinase inhibitors
do not suppress cellular locomotion (Okamoto et al., 1999;
Kajita et al., 2001), a chymotrypsin-like enzyme shed
CD44 in myoepithelial cells and may modulate the
adhesion and migration properties of the cells (Alpaugh
et al.,2000). In U251MG cells, the main enzyme for CD44
shedding is a membrane-bound MMP that is sensitive to
TIMP-1 but not TIMP-2 and appears to be responsible for
the cell migration as well (Okamoto er al., 1999).

CD44 directs MT1-MMP localization

Although these proteinases have not yet been identified,
they may also associate with CD44 and localize at the cell
migration front. MG63 cells, one of the cell lines used in
this study, expresses proteinases that shed exogenously
expressed CD44H into the medium as 90 and 70 kDa
fragments (Figure 6). Shedding of the 70 kDa fragment
was sensitive to BB94, but it was not sufficient to promote
cell migration upon CD44H expression. Expression of
MTI1-MMP together with CD44H generated an additional
50 kDa fragment, and stimulated cell migration. However,
it is currently unclear why the shedding of CD44 by the
endogenous metalloproteinases in MG63 does not affect
cell migration while MT1-MMP does. The identification
of each proteinase responsible for shedding may provide
an answer to this question. Shedding enzymes other than
MT1-MMP may localize at particular compartments on
the cell surface that are different from the migration front
and regulate different CD44 functions there.

For cell migration and invasion, cell surface molecules
must be regulated precisely in cooperation with multiple
partners in order to function at the right site and time. The
net amount of proteolytic activity by ECM-degrading
enzymes is not enough to support efficient cell migration
and invasion in tissue. In this study, we shed light on the
mechanisms regulating the localization of MT1-MMP, one
of the key enzymes responsible for cellular invasiveness.
Since MT1-MMP is an important component of the
invasion machinery of tumor cells, details of its regulatory
mechanism will facilitate the development of advanced
therapeutics for malignant cancer.

Materials and methods

Cell culture and transfection

Chinese hamster ovary cells, CHO-K1, were obtained from the Japanese
Collection of Research Bioresources (Tokyo, Japan). Human fibro-
sarcoma (HT-1080), human osteosarcoma (MG-63), human epidermoid
carcinoma (A431), human breast carcinoma (MDA-MB-231) and green
monkey kidney (COS-1) cells were obtained from the American Type
Culture Collection (Manassas, VA). CHO-K1 were maintained in Ham’s
F12 medium (Sigma, St Louis, MO) supplemented with 10% fetal bovine
serum (FBS) and non-essential amino acids (Life Technologies, MD) and
other cell lines in Dulbecco’s modified Eagle’s medium (Sigma) with
10% FBS. For transfection, cells were seeded in six-well plates (at
1.0 X 10° cells/well) and transfected with expression plasmid using
FuGENES6 (Roche Molecular Biochemicals, Basel, Switzerland), accord-
ing to the manufacturer’s instructions.

Antibodies

Rabbit polyclonal antibody against human CD44 was purchased from
Santa Cruz (Santa Cruz, CA); mouse anti-FLAG M2 antibody and
alkaline phosphatase-conjugated antibodies (goat anti-mouse IgG and
goat anti-rabbit IgG) from Sigma; mouse anti-c-Myc antibody from
Roche Molecular Biochemicals; goat Cy3-conjugated anti-mouse IgG
from Jackson ImmunoResearch Laboratories (USA); goat Alexa488-
conjugated anti-rabbit IgG from Molecular Probes (USA); and mouse
anti-MT1-MMPPEX monoclonal antibody (222-1D8) and anti-
MT1-MMPCAT monoclonal antibody (113-5B7) from Daiichi Fine
Chemical Co. (Takaoka, Japan). Anti-c-Myc antibody-conjugated beads
were prepared using a carbodiimide kit for carboxylated microparticles
(Polysciences, Inc.), according to the manufacturer’s instructions.

Construction of expression plasmids

All the mutants were constructed using a polymerase chain reaction
(PCR)-based method. The cDNA sequences used as templates were as
follows: human MTI1-MMP (DDBJ/EMBL/GenBank accession No.
D26512), MT4-MMP (accession No. AB021225) and CD44H (accession
No. U40373). A mammalian expression vector, pSG5 (Stratagene, La
Jolla, CA), was used to express the gene products. MT1-F with a FLAG-
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tag at the N-terminus of the activated form of the enzyme was constructed
as reported previously (Itoh et al., 1999). Mutants were constructed as
described previously (Uekita et al., 2001) and had the following
structures: MT1-F/GPI mutant comprises the ectodomain of MTI1-F
(Met1-Cys508) and the GPI signal derived from MT4-MMP
(Gly526-Leu607); MT1-F/dCAT is a catalytic domain-deleted mutant
(Tyr112-Pro312) of MTI-F; MTI-F/dPEX lacks a PEX domain
(Ile318-Gly535); PEX-GPI is a chimera of MT1-F/dCAT and the GPI-
anchoring signal of MT4-MMP. CD44H/dL lacks a ligand-binding
domain (GIn21-Cys129) and contains a Myc-tag sequence downstream
of the signal peptide (Ala20). CD44 H/ACP contains Metl-Ser291
without a cytoplasmic tail. All cDNA constructs were confirmed by DNA
sequencing.

Immunostaining

Cells were cultured on a glass coverslip and reacted with antibodies
[rabbit anti-CD44 polyclonal antibody (1:500) or mouse anti-FLAG M2
monoclonal antibody (3 pg/ml)] in culture medium for 30 min at 37°C.
After three washes with phophate-buffered saline (PBS), cells were fixed
with 4% paraformaldehyde in PBS at room temperature for 10 min. Cy3-
conjugated anti-mouse IgG and Alexa488-conjugated anti-rabbit IgG
were employed as secondary antibodies. To disrupt the F-actin structure,
cells were treated with 10 pg/ml of CyD (Sigma) for 30 min, then
immunostained. F-actin was visualized with Alexa594-conjugated
phalloidin (Molecular Probes) or Alexa488-conjugated phalloidin
(Molecular Probes). Signals were subsequently analyzed using a Bio-
Rad MRC-1024 confocal laser microscope.

Immunoprecipitation and western blot analysis

Cells (8 X 103 cells) were seeded in 100 mm dishes and transfected with
expression plasmid (8 pg) using FuGENEG6 After 48 h, the cells were
solubilized in RIPA buffer (1% Triton X-100, 50 mM Tris—HCI pH 7.6,
150 mM NaCl, 1% deoxycholic acid and 0.1% SDS) in the presence of a
protease inhibitor cocktail (Roche). Cell lysates were clarified by
centrifugation at 16 000 g for 15 min, and the supernatant was incubated
with anti-FLAG M2 antibody-conjugated agarose beads (Sigma) for 2 h.
The beads were then washed three times with RIPA buffer, and the
immune complex was solubilized in SDS sample buffer and subjected to
western blot analysis.

Cell lysate or medium precipitated with trichloroacetic acid (TCA) was
separated by SDS-PAGE, and proteins were transferred to a PVDF
membrane. Following blockage with 10% fat-free dried milk in Tris-
buffered saline, the membrane was probed with primary antibodies
specific to each protein. The membrane was further probed with alkaline
phosphatase-conjugated goat anti-mouse IgG to visualize bands.

Expression of recombinant proteins in Escherichia coli

The cDNA fragments encoding the catalytic domain (Ser24-Gly284) of
MT1-MMP and PEX domain (Cys319-Gly535) of MT1-MMP or that of
mouse MT4-MMP (Cys336—Cys527) were expressed using the bacterial
expression plasmid, pET3a (Stratagene), in E.coli BL21(DE3) pLysS.
Protein expression was induced by the addition of 0.4 mM isopropyl-B-D-
thiogalactopyranoside (IPTG) to the culture medium. Expressed proteins
were isolated and folded according to the procedure of Huang er al.
(1996). CD44 stem (Thr130-Glu268) tagged with FLAG at the
N-terminus and His6 at the C-terminus was expressed in E.coli and
purified as described previously (Kajita et al., 2001).

Kinetic analyses of protein interactions by SPR

Interactions between CD44stem and either MTIPEX, MTICAT or
MT4PEX were analyzed using BIAcore 1000 (BIAcore, Sweden).
CD44stem was immobilized to the CM5 sensor chip using an amino
coupling kit (BIAcore). Binding reactions were performed in 10 mM
HEPES pH 7.4, 150 mM NaCl, 10 mM CaCl, and 0.05% Tween-20.
Surface plasmon resonance was measured at a flow-rate of 5 pl/min at
25°C. Parameters were calculated from the data at three different
concentrations of analyte (2.5, 4 and 6 uM), using the BIA evaluation
program (BIAcore).

Phagokinetic motility assay

Cell migration was evaluated using a phagokinetic track motility assay, as
described previously (Albrecht-Buehler, 1977; Kajita et al., 2001; Uekita
et al., 2001). Colloidal gold-coated coverslips were placed in a 12-well
plate and transfected cells (3 X 10° per well) were seeded. After a 12 h
incubation, phagokinetic tracks were observed under dark-field illumin-
ation in a confocal laser microscope (Bio-Rad). The area of each track
was measured with NIH Image software.
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