CD44 is required tor two consecutive
steps in HGF/c-Met signaling
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The tyrosine kinase receptor c-Met and its ligand HGF/SF, ezrin, and splice variants of CD44 have
independently been identified as tumor metastasis-associated proteins. We now show that these proteins
cooperate. A CD44 isoform containing variant exon v6 sequences is strictly required for c-Met activation by
HGF/SF in rat and human carcinoma cells, in established cell lines as well as in primary keratinocytes.
CD44vo6-deficient tumor cells were unable to activate c-Met unless they were transfected with a
CD44v6-bearing isoform. Antibodies to two v6-encoded epitopes inhibited autophosphorylation of c-Met by
interfering with the formation of a complex formed by c¢-Met, CD44v6, and HGF/SF. In addition, signal
transduction from activated c-Met to MEK and Erk required the presence of the cytoplasmic tail of CD44
including a binding motif for ERM proteins. This suggests a role for ERM proteins and possibly their link to

the cortical actin cytoskeleton in signal transfer.
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The receptor tyrosine kinase c-Met (here designated Met)
and its ligand hepatocyte growth factor/scatter factor
HGEF/SF (here designated HGF) control several cellular
processes essential for life. Disruption of their genes in
the mouse causes embryonic death in midgestation, due
to placental failure, and reduced development of several
epithelial organs (for review, see Birchmeier and Gher-
ardi 1998). Analyses of these mice and studies of organ
and cell cultures revealed roles for HGF/Met in invasive
growth and cellular migration, in proliferation and dif-
ferentiation, and in mesenchymal-epithelial communi-
cation, as well as in tubular epithelial organization and
morphogenesis (for review, see Bardelli and Comoglio
1997; Birchmeier and Gherardi 1998). Met is predomi-
nantly expressed in epithelial cells, whereas HGF is se-
creted by mesenchymal cells. HGF can bind to heparan
sulfate proteoglycans (HSPGs; Mizuno et al. 1994), but it
is controversial as to whether the function of HSPG
binding is needed for the signaling process. In CD44-
transfected Namalwa cells, HGF binding to a
CD44HSPG enhanced Met activation (van der Voort et
al. 1999), whereas in MDCK and mink lung cells,
an HGF mutant which cannot bind to heparan sulfate
(HS) activated Met just like the wild type (Hartmann
et al. 1998).
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Cancer cells subvert the HGF/Met system. In onco-
genic Tpr-Met, for instance, the “negatively acting mem-
brane-proximal domain” of Met is replaced by the dimer-
ization helix of Tpr, thus causing ligand-independent
Met activation and oncogenesis (Rodrigues and Park
1993; Vigna et al. 1999). Met promotes the invasive and
metastatic properties of tumor cells in several animal
systems (Giordano et al. 1993; Rong et al. 1994). In vari-
ous human tumors, gene amplification of met, up-regu-
lation of Met expression, and mutations in met have
been detected (for review, see Bardelli et al. 1997).

Invasive and metastatic growth is not only influenced
by HGF/Met. Other growth factors, the extracellular ma-
trix, the functional state of adhesion molecules and that
of their intracellular complexes are also important deter-
minants (Habets et al. 1994; Camenisch et al. 2000; Hob-
son et al. 2001). Genome-wide unbiased screens, for ex-
ample by suppressive subtractive hybridization, identi-
fied numerous metastasis-associated genes (Nestl et al.
2001). Interestingly, Met, ezrin, metalloproteases (MMPs),
and urokinase plasminogen activator (uPA) receptor
were found overexpressed in several types of metastatic
cancer cells.

One of the earliest screens for metastasis-associated
genes identified variant isoforms of CD44 (Giinthert et
al. 1991). The designation CD44 describes a family of
class I transmembrane proteins produced by extensive
alternative splicing. The variation is predominantly in
the extracellular membrane-proximal portion of the pro-
teins encoded by variant exons v1 to v10. An additional
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degree of variability of CD44 is introduced by posttrans-
lational modifications (for review, see Naor et al. 1997;
Ponta and Herrlich 1998).

A causal role for CD44 isoforms in the formation of
metastases has been documented by ectopic expression
in certain nonmetastatic cell lines. Isoforms bearing se-
quences encoded by exons v4 through v7 or v6 plus v7
(CD44v4-7 and CD44v6,7 respectively) sufficed to con-
fer metastatic potential to these cells (Gunthert et al.
1991; Rudy et al. 1993). Antibodies directed against a
v6-encoded epitope or CD44v6 antisense abrogated tu-
mor growth and metastatic outgrowth in vivo and inva-
siveness of fibrosarcoma cells in vitro (for review, see
Naor et al. 1997; Ponta and Herrlich 1998).

CD44 null mice are viable and show very circum-
scribed deficiencies, for example of the immune system
and of cell migration in the embryo (Schmits et al. 1997;
Protin et al. 1999; see also the discussion section in Ca-
menisch et al. 2000). Our current hypothesis, and that of
others, is that efficient substitute molecules take over
CD44 functions in early embryonic development but
that substitution cannot be established after differentia-
tion. This notion is supported by the observations that
perinatal antisense CD44 expression in keratinocytes or
antibody interference with CD44 function in the differ-
entiated cells of the apical ectodermal ridge during limb
development caused severe defects related to inhibited
growth factor function (Kaya et al. 1997; Sherman et al.
1998). As a possible mechanism for the action of CD44,
the sequestering and “presentation” of growth factors by
CD44 was suggested (Tanaka et al. 1993; Bennett et al.
1995). Several growth factors, FGFs as prime examples,
bind to HS, and their receptors require HS association for
signaling (Schlessinger et al. 1995; Plotnikov et al. 1999).
HS can indeed be covalently linked to CD44, predomi-
nantly or exclusively to a sequence motif encoded by
exon v3. CD44v3 could thus function in FGF “presenta-
tion” (Sherman et al. 1998).

The up-regulation of CD44 variant proteins and of Met
in cancer as well as possible roles for both types of mol-
ecules in metastatic growth and invasion prompted us to
examine a possible molecular interplay between them.
We show here that in several types of cells including
primary keratinocytes, HGF-induced Met activation and
signaling depends absolutely on the presence of CD44
isoforms bearing the v6 sequence. HS modification of
CD44 is not required for this synergy. Mature HGF, Met,
and v6-containing CD44 proteins form a complex. Met
activation as well as complex formation is prevented by
antibodies recognizing the v6 epitope or other epitopes
in the membrane-proximal stem structure of CD44. In-
terestingly, CD44v6-containing isoforms catalyze two
distinct and separable steps during HGF-dependent Met
signaling. For Met autophosphorylation, the extracellu-
lar domain of CD44 is required and sufficient. Transfer
of the signal from activated Met to MEK and Erk de-
pends, however, on the presence of the cytoplasmic tail
of CD44 and most likely its associated actin-binding pro-
tein ezrin, suggesting a role of the cytoskeletal organiza-
tion in signal transduction.

CD44 is an obligatory coreceptor for c-Met

Results

Met activation and HGF-dependent scattering and
chemotaxis require the function of a CD44
variant isoform

To explore a possible synergy between CD44 and Met,
we chose two metastatic cell lines, BSp73ASML (here
designated ASML) and HT29, which both express several
CD44 variant proteins and Met. For both cell lines, a
tumor-promoting role of CD44 variant isoforms has al-
ready been demonstrated (Giinthert et al. 1991; Reeder et
al. 1998). Antibodies to a v6-encoded epitope interfered
with tumor growth and metastasis (Seiter et al. 1993;
Sleeman et al. 1996a). If CD44 and Met cooperate, these
antibodies might interfere with Met signaling.

To test this assumption, we starved ASML and HT29
cells, then treated them with HGF in the presence or
absence of v6-specific antibodies (note that the epitopes
recognized by the antibodies to rat and human v6 differ;
Khaldoyanidi et al. 2002). Phosphorylation of Met was
identified by Western blot analysis (Fig. 1A). Whereas
HGF treatment led to an increase in Met tyrosine phos-
phorylation, v6-specific antibodies completely abolished
this activation. Similar data were obtained with other
immortalized cell lines such as 293 cells (data not
shown). Thus, a CD44 protein is absolutely required for
Met autophosphorylation in several cell lines.

To explore whether a CD44 variant isoform is also
required for the activation of Met in nontransformed
cells, we examined primary human keratinocytes. In
these cells the activation of Met upon treatment with
HGF (three- to sevenfold in three different experiments)
could be blocked consistently with CD44v6-specific an-
tibodies to a level of 50% (Fig. 1A).

The absence of any phosphotyrosine on Met after
treatment with antibodies against the v6 epitope sug-
gests that all downstream targets are affected by the an-
tibody treatment. This is indeed the case, as shown here
for signal transduction to Erk (Fig. 1A) and for HGF-de-
pendent scattering and invasiveness (Fig. 1B,C). The
specificity of the v6 inhibition is demonstrated by the
fact that isotype-matched antibodies recognizing an N-
terminal CD44 domain (IM7 and J173) and the 5G8 an-
tibody recognizing only the smallest CD44 isoform
(CD44s) but not the variant forms expressed in ASML
cells were inactive. All CD44v transcripts in ASML cells
lack exon 15 (Giinthert et al. 1991), which encodes the
epitope recognized by antibody 5G8.

This result stresses that it is a CD44 variant isoform
comprising the v6 epitope which cooperates with Met.
Interestingly, the anti-v3 antibody BBA11 had no effect
on scattering (data not shown), suggesting that exon
v3 was not involved in cellular processes induced by
active HGF.

CD44 isoforms bearing exon v6 are necessary and
sufficient for the cooperation with Met

To explore which variant isoforms cooperate with Met,
we first limited the study to the two tumor cell lines,
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Figure 1. A CD44 variant isoform is required for Met activa-
tion. (A) HT29, ASML cells, and primary keratinocytes were
each induced with HGF for 5 min in the presence or absence of
antibodies (for HT29 cells and keratinocytes, av6 was BIWA,; for
ASML cells av6 was 1.1ASML). Subsequently, Met or Erk phos-
phorylations were determined (see Materials and Methods). (B)
HT29 cells grown in the absence (control) or presence of HGF
with or without antibodies directed against CD44v6 (BIWA)
were visualized by phase contrast microscopy. Magnification,
40x. (C) Invasion of ASML cells into Matrigel was measured in
the absence (control) or presence of HGF with or
without antibodies directed against CD44v6 (1.1ASML). Each
point represents the average of three independent determina-
tions +S.D.
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and we analyzed which CD44 molecules they express
and thus could be potential candidates for the coopera-
tion. Exon-specific RT-PCR (van Weering et al. 1993)
permits the determination of both the structure and the
approximate abundance of the isoforms (Fig. 2). The
“ladder” obtained with the variant exon-specific primers
(van Weering et al. 1993; Konig et al. 1996) in combina-
tion with the size of each product demonstrates the
structure of the CD44 isoforms. The approximate abun-
dance of isoform transcripts can be estimated from the
intensity and size of bands obtained with the constant
region primers (Fig. 2, lane labeled C).

HT?29 cells mainly express the four isoforms CD44v4-
10, CD44v2,3,8-10, CD44v2,9,10, and CD44s (Fig. 2).
The predominant CD44 isoforms in ASML cells are
CD44v4-7, CD44v6,7, and CD44s. Minor species are
CD44v8-10 and possibly CD44v2-7.

In both cell lines, several isoforms thus carry the epi-
topes encoded by exon v6, to which the inhibitory anti-
bodies bind. To now specifically define which CD44
variant isoforms synergize with Met, we transfected ex-
pression constructs encoding individual CD44 isoforms
(Fig. 3A) into noninvasive, nonscattering, and nonmeta-
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Figure 2. Exon-specific RT-PCR analysis of CD44 isoforms
in various cell lines. RT-PCR analyses with mRNA derived
from the cells indicated were performed with CD44 exon-spe-
cific primers as described (van Weering et al. 1993; Konig et al.
1996). The marker lane (M) shows a 100-bp DNA ladder (Life
Technologies).
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Figure 3. CD44 isoforms containing the exon v6 sequence are required for Met activation. (A) Schematic representation of CD44
isoform structures. Constant region exons are numbered 1-5 and 15-19, variant exons v1-v10. LP, leader peptide; TM, transmembrane
region. (B) Activation of Met in AS cells stably transfected with various CD44 isoforms was measured using phosphorylation of Erk
as readout. The loading controls were performed by stripping the phospho-Erk blot and reprobing with an anti-Erk antibody. ASs
indicates transfectants with CD44s, ASv4-7A15 cells stands for transfectants with CD44v4-7 with an exon 15 deletion, and ASv4-
7HA™ indicates cells transfected with a CD44 isoform containing a point mutation in the major hyaluronate (HA) binding site
(Sleeman et al. 1997). Other transfectants are designated according to the CD44 variants used for transfection. (C) CREF or AS cells
were stably transfected with CD44 constructs (Giinthert et al. 1991 and as indicated) together with a plasmid harboring the puromycin
resistance gene, and were grown as mass cultures. AS cells were transiently transfected with CD44v4—v7 (or vector) together with a
hemagglutinin-tagged Erk (see Materials and Methods). Determination of Erk activation in response to HGF treatment is described in
Materials and Methods. (D) ASv4-7A15 cells were transfected with the indicated constructs, and puromycin resistant clones were

selected as mass cultures.

static BSp73AS cells (abbreviated AS; Giinthert et al.
1991). These cells express levels of Met comparable to
those in ASML cells (data not shown), but exclusively
express CD44s (Fig. 2). An example of RT-PCR analysis
of a CD44v4-7 transfectant is shown in Figure 2. In the
parental cells, Met signaling is barely activated by HGF,
as determined by phosphorylation of Erk (Fig. 3B, panel
1). Additional overexpression of CD44s did not enhance
the response (Fig. 3B, panel 2). However, HGF-dependent
Met phosphorylation (see Fig. 7, below; data not shown)
and Erk activation (Fig. 3B) were fully supported by all
CD44 variants bearing the exon v6 sequence, including a
CD44 protein containing v6 alone (CD44v6; Fig. 3B,
panel 10). Furthermore, a CD44 isoform containing all

variant exons except v6 did not support Met activation
(Fig. 3C). These results were obtained with stably trans-
fected cell lines (independent clones revealed the same
result, data not shown). They were confirmed by tran-
sient transfection experiments using cotransfection of
CD44 isoform expression constructs and hemagglutinin-
tagged Erk (an example is shown in Fig. 3C) and stably
transfected mass cultures (an example is shown in Fig.
3C) to rule out clonal variation. Furthermore, in two
other tumor cell lines, BDX2 (Sleeman et al. 1996a) and
CREEF (Fisher et al. 1982), both fibroblast cell lines that
express Met, activation of Met was also strictly depen-
dent on transfection of CD44v6-containing isoforms
(shown for CREF in Fig. 3C).
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The cell lines analyzed also included transfectants ex-
pressing v6-containing CD44 containing or lacking exon
15 (epitope for 5G8). Lack or presence of exon 15 had no
influence on the cooperation of v6-containing CD44 pro-
teins with Met. However, HGF-dependent Erk phos-
phorylation could be inhibited by 5G8 antibodies in
cases where the exon 15 sequence was present (Fig. 3B).
Both v6 and exon 15 sequences make up the membrane-
proximal stem structure of these variant isoforms. Anti-
bodies to the membrane-distal N terminus of CD44,
however, did not affect the CD44-Met cooperation (Fig.
1A; data not shown). Consistent with this result, muta-
tion of the major hyaluronate binding site in the N ter-
minus (hyaluronate is the main ligand of CD44) did not
disturb the cooperation with Met (Fig. 3B, panel 4). We
conclude from the analysis of the different transfectants
that the presence of the v6 sequence is necessary and
sufficient for Met signaling.

A putative interaction of the v6 sequence with a ligand
could possibly be blocked by offering an excess of the
extracellular domain as a soluble protein. We and others
have shown that such treatment can interfere with sev-
eral CD44 functions (for review, see Naor et al. 1997;
Morrison et al. 2001). Overexpression of a secreted CD44
isoform bearing v6 sequences in ASv4-7A15 cells (HGF-
responsive, Fig. 3B) inhibited HGF/SF-dependent Erk ac-
tivation, whereas that of an isoform lacking v6 did not
(Fig. 3D). These results confirm the specificity of v6-
bearing CD44 in c-Met activation and, in addition, sug-
gest that the protein must be membrane-bound to sup-
port c-Met function.

Heparan sulfate modification of CD44 is not required
for Met activation by HGF

Since HGF can bind to HSPGs (Mizuno et al. 1994), we
considered whether modification of CD44 could be a pre-
requisite for HGF-mediated activation of Met. This is,
however, made unlikely by our finding that CD44 mol-
ecules bearing only exon v6 sufficed to confer signaling
competence. Exon v6 (in contrast to exon v3; Bennett et
al. 1995) does not encode an HS addition site. To ascer-
tain that no HS modification elsewhere in the molecule
(or even on other surface molecules) was responsible for
HGF-mediated Met activation, we examined Erk phos-
phorylation upon HGF treatment in cells in which HS
had been removed by heparinase treatment. Heparinase
II treatment of cells had no influence on HGF-induced
Erk activation (shown for HT29 cells and for AS cells
transfected with CD44 variant expression constructs,
Fig. 4A), even though the enzyme removed more than
95% of HS side chains from the cell surface, as judged
by FACS analysis using an HS-specific antibody (data
not shown).

To substantiate these results, direct analysis of HS-
modifications on CD44 proteins was performed using an
antibody which recognizes heparan stubs (AHS) follow-
ing digestion with heparinase. The antibody precipitated
CD44 proteins only if they had been modified by HS
addition prior to heparinase treatment. Heparan stub im-
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Figure 4. Heparan sulfation of CD44 is not required for Met
signaling. (A) HGF-induced Erk phosphorylation was measured
in HT29, ASv4-7A15, and ASv1-10 cells. Where indicated, cells
were pretreated with heparinase II (H**¢) at 37°C for 3 h prior to
HGF addition. (B) Western blot analyses using a AHS antibody
are shown in the right panels. Where indicated, cells had been
pretreated with heparinase II (6U/mL) at 37°C for 3 h. The ly-
sates were probed by Western blotting using Hermes 3 (for
HT?29 cells) or 5G8 (for AS transfectants) antibodies.

munoprecipitates were resolved by PAGE and subjected
to Western blot analysis using CD44-specific antibodies.
From lysates of AS cells expressing isoforms lacking
exon v3, for example, CD44v4-7, no CD44 could be pre-
cipitated by the stub antibody (Fig. 4B), indicating that
these isoforms had not been modified by heparan sulfate.
As a positive control, a v3-containing isoform was
readily precipitated from lysates of CD44v1-10-trans-
fected AS cells (Fig. 4B). From lysates of HT29 cells, the
major CD44 protein species could not be precipitated,
but a minor large isoform was (Fig. 4B). HT29 cells thus
carry HS-modified and nonmodified CD44 proteins.
Taken together, the results support the notion that
CD44 proteins lacking HS side chains cooperate with
HGEF in the activation of Met.



CD44 does not mediate cleavage of pro-HGF to active
HGFa and B

How do CD44 isoforms bearing the v6 sequence support
Met signaling? A plausible hypothesis was suggested by
experiments showing that the proform of TGFB1 can be
activated through recruitment of the protease MMP-9 by
CD44 (Yu and Stamenkovic 1999). Like TGFg1, HGF is
secreted as a single-chain precursor (proform) which is
processed to the biologically active (S-S-linked) « and
subunits by serum proteinases (Naka et al. 1992) or by
uPA (Naldini et al. 1992). To explore a possible activa-
tion of HGF by CD44, we attempted to activate Met
using 90%-enriched precursor HGF either as a commer-
cially available preparation or as our own HGF proform
produced in Drosophila Schneider cells (Fig. 5A). In the
absence of serum (all activation experiments were done
with serum-starved cells), the proform was unable to ac-
tivate Met signaling to Erk despite the presence of com-
petent CD44 isoforms (Fig. 5B,C). Even after prolonged
incubation, no cleavage of HGF proform was detected
(data not shown). As expected, pro-HGF was readily pro-
cessed by incubation with serum (Fig. 5A). In contrast to
the data with pro-HGF, Met signaling by processed HGF
was supported by competent CD44 isoforms (Fig. 5B,C).
We conclude that cleavage of the HGF proform is not
the mechanism of CD44-Met cooperation in our cell
systems.

CD44v6 isoforms, Met, and HGF associate into
multimeric complexes

The finding that the stimulation of Met by CD44 is sup-
ported only by mature HGF suggests close proximity of
all three partners. In coculture experiments with Met-
expressing AS cells (expressing no v6-containing iso-
form) and Met-negative CD44v3-10-expressing Namal-
wa cells (van der Voort et al. 1995), we observed that the
cooperating molecules need to be located on the same
cell (data not shown). To document close association of
Met, CD44, and HGF in the same cellular membrane,
coimmunoprecipitations were performed using HT29
and AS cells transfected with CD44v6 (ASv6). Cells were
incubated with biotinylated HGF, treated with the cross-
linker dithiobis-sulfosuccinimidylpropionate (DTSSP),
then lysed and immunoprecipitated. The precipitates
were resolved by SDS-PAGE under reducing conditions.
With HT29 cells, the major CD44 isoform (140 kD) co-
precipitated with anti-HGF and anti-Met antibodies (Fig.
6A). If cells had not been treated with HGF, CD44 could
not be precipitated with Met (Fig. 6A). HGF (as detected
using avidin) coprecipitated with Met and CD44 (Fig. 6A,
lower panel). With ASv6 cells, anti-Met antibodies pre-
cipitated only the v6-containing isoform, not CD44s
(Fig. 6B). Biotinylated HGF coprecipitated with CD44v6
(data not shown). To show that complex formation was
not a peculiarity of tumor cells, we examined also im-
mortalized MDCK cells. CD44 antibodies that cross-re-
act with canine CD44 (Trowbridge et al. 1982) precipi-
tated biotinylated HGF from MDCK cells (Fig. 6B).
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Figure 5. HGF proform is activated by neither HT29 cells nor
transfected AS cells. (A) HGF proform produced by Drosophila
Schneider cells (S2 cells) as well as commercial pro-HGF were
activated by incubation with 5% serum at 37°C overnight. HGF
pro- and activated forms are visualized by Western blotting with
anti-HGFa antibody. (B) Increasing amounts of conditioned me-
dium from mock-transfected S2 cells (CM) or S2 cells trans-
fected with an HGF expression vector and grown in the absence
of serum (S2 HGFpro) or in the presence of 5% FCS (S2 HGFact)
were used to treat HT29 cells or ASv4-7A15 cells. (C) Commer-
cially available pro-HGF prior to and after activation (see A) was
used to stimulate HT29 and ASv4-7A15 cells. We explain the
slight induction of Erk phosphorylation at higher concentra-
tions of HGF proform in the case of the very sensitive CD44v4—
7-transfected AS cells by the presence of traces of activated HGF
in the proform preparations.

In the absence of excess thiols, a large DTSSP-cross-
linked protein complex with an estimated mass of more
than 600 kD was resolved by SDS-PAGE (under nonre-
ducing conditions) from lysates of ASv6 cells (Fig. 6C).
To examine its contents, the complex was cut out of the
gel and applied to a second SDS gel under reducing con-
ditions to disrupt the cross-links. After Western blotting
of the gel, the three components of biotinylated HGF,
CD44v6, and Met were detected using avidin or specific
antibodies (Fig. 6C). This multimeric complex was not
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biotinylated HGF.

found in cells expressing only CD44s (Fig. 6C), even
though the cells carried at least the same amount of Met
(Fig. 6D).

The above data indicate the existence of an inducible
multimeric complex comprising at least CD44, HGF,
and Met. The induced formation of the immunoprecipi-
table complex (here precipitated by IM7 recognizing the
N terminus of CD44) was prevented by prior addition of
antibodies directed against the exon v6 epitope, but not
by antibodies specific for the N-terminal domain of
CD44 (IM7; Fig. 6E). Thus, irrespective of the putative
presence of other components in the complex, CD44v6
is essential for its formation. Thus, four independent ex-
perimental approaches indicate CD44v6 specificity in
Met activation: inhibition by anti-v6 antibodies, lack of
Met activation in v6-negative cells and restoration by
transfection with CD44 bearing v6, interference by vé6-
containing peptides, and identification of a multimeric
complex composed of Met, HGF, and CD44v6.

A two-step mechanism of CD44-Met cooperation

Formation of the complex appeared to result from prop-
erties of the extracellular domains. To test whether the
extracellular part of CD44 bearing the v6 sequence suf-
fices to promote Met activation, we analyzed AS cells
transfected with a mutant lacking the cytoplasmic tail of
CD44v4-7. The tailless mutant protein indeed permitted
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HGF-induced phosphorylation of Met, just like the full-
length molecule (Fig. 7A) and this was again inhibitable
by v6 antibodies (data not shown). The tailless mutant
also permitted HGF-induced phosphorylation of Gabl
(Fig. 7A) and PLCy (data not shown). These data indicate
proper activation of Met. To our great surprise, however,
the tailless CD44 mutant did not support MEK and Erk
phosphorylation (Fig. 7A). Thus we conclude that com-
petent CD44 isoforms promote Met signaling in two
consecutive steps: formation of the multimeric complex
needed to cause autophosphorylation of Met, followed
by a second step in which the signal from the receptor
and its adaptor proteins is transferred to MEK and down-
stream signaling components.

The second step in Met signaling that is dependent on
the cytoplasmic tail of CD44 must obviously be linked
to the cooperating CD44 variant isoform, because the
presence of excess amounts of CD44s did not compen-
sate for the lack of the tail on the variant isoform (the
CD44v4-7Acyt transfectants carry more CD44s than the
CD44v4-7Acyt isoform). How could the tail promote sig-
nal transfer? We speculated that proteins assembled at
the tail might be responsible. To this end, we transiently
overexpressed the cytoplasmic tail of CD44 fused to GST
in order to sequester putative binding partners away
from the endogenous CD44 molecules. For these experi-
ments we chose the human embryonal kidney cell line
293 for its high transient transfection efficiency (>80%).
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Figure 7. The CD44 cytoplasmic tail is required for Met sig-
naling, but not for Met activation. (A) In ASv4-7 cells or cells
transfected with a cytoplasmic tail deletion (ASv4-7Acyt), Met,
Gabl, MEK, and Erk activation were determined. (B) Here, 293
cells were transiently cotransfected at a ratio of 1:15 with a
hemagglutinin-tagged Erk construct and plasmids expressing
GST fused to the cytoplasmic tail of CD44 or a mutant thereof,
respectively (Morrison et al. 2001). Twenty-four hours after
transfection, cells were starved for 10 h and then induced with
HGF as indicated. Tagged Erk was immunoprecipitated, and
phosphorylation of Erk was determined. (C) The ASv4-7Acyt
construct (or vector alone) was transiently transfected into 293
cells, and Erk activation upon HGF treatment was determined.

We first made certain that the CD44/Met system existed
and functioned in these cells. Indeed, 293 cells express
several CD44 variants (see Konig et al. 1996), and HGF
induces Met signaling (Fig. 7B) that can be inhibited by
v6 antibodies (data not shown). Upon overexpression of
the cytoplasmic tails of CD44, the signaling to Erk was,
however, inhibited (Fig. 7B). Furthermore, a CD44v6-
containing mutant lacking the cytoplasmic tail acted as
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dominant negative in these 293 cells (Fig. 7C). We con-
clude that proteins essential for signal transfer were se-
questered away from their location of normal function,
from the transmembrane protein CD44.

The cytoplasmic tail of CD44 carries a binding site for
ERM proteins (Legg and Isacke 1998) which link the ac-
tin cytoskeleton to transmembrane proteins (for review,
see Tsukita and Yonemura 1999). To investigate
whether an ERM protein participated in the signal trans-
fer, we overexpressed in 293 cells at similar abundance
the wild-type cytoplasmic CD44 tail or the tail mutated
in the ERM binding site. The mutated tails could not
interfere with Met-dependent signaling (Fig. 7B). The
second step of CD44-Met cooperation thus involves
most likely a reaction promoted by an ERM protein,
and this cytoplasmic assembly must be part of the mul-
timeric complex for successful downstream signaling
by Met.

Discussion

Invasiveness and metastatic migration of cancer cells are
in part regulated by the receptor tyrosine kinase Met.
Met can be activated by mutation, but most frequently
depends on stimulation by its ligand HGF produced ei-
ther by the tumor cells or by stromal cells (for review,
see Bardelli et al. 1997). Here we have shown in several
different transformed and nontransformed cells that ac-
tivation of Met by its authentic ligand HGF depends
strictly on the function of CD44 isoforms that carry the
exon v6-encoded protein sequence. The contribution of
CD44 is twofold: The extracellular domain of CD44
with the v6 sequence is required to organize a ternary
complex between Met, HGF, and CD44 which is a pre-
requisite for Met activation. The cytoplasmic tail of the
v6-containing CD44 isoform assembles protein partners
necessary for signal transfer from Met to MEK and Erk.
Sequestration experiments using soluble cytoplasmic
tail peptides indicated that ERM proteins are necessary
as protein partners in the signaling process (ezrin is the
major ERM member in our tumor cells). Our data thus
identify a mechanistic link between four molecules that
have been implicated in tumor metastasis forma-
tion: HGF/Met (for review, see Bardelli et al. 1997),
CD44 (for review, see Naor et al. 1997), and ezrin (Fazioli
et al. 1993).

How can the extracellular domain of CD44 variant
proteins support Met activation? We and others have re-
ported previously that HS-binding growth factors such as
FGFs profit from the presence of large CD44 splice forms
which act as HSPGs (Bennett et al. 1995; Sherman et al.
1998). The v3 sequence carries the unique HS-addition
site of CD44 and was required for FGF action. HGF can
also bind to HS, and a supportive effect of CD44HSPG on
Met activation has been found on Namalwa cells (van
der Voort et al. 1999). An HGF mutant which cannot
bind to HS was, however, not defective in its Met-acti-
vating potential but rather exhibited enhanced activity
(Hartmann et al. 1998). In addition, in our cell lines,
neither the v3 exon-associated HS nor any other HSPG
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was needed for CD44-dependent Met activation in re-
sponse to added mature HGF.

As we excluded an activation of the HGF proform by
CD44, two interpretations remain to explain the role of
the v6-dependent clustering in the activation of Met. Ei-
ther HGF requires CD44 help to bind to Met, or v6-
bearing CD44 prevents access of a negatively acting
component to Met. Negative components acting on Met
could be specific transmembrane or cytosolic protein ty-
rosine phosphatases interacting with Met (Kulas et al.
1996; Villa-Moruzzi et al. 1998). Indeed, negative control
appears to be eliminated in constitutivly active onco-
genic Tpr-Met, where the extracellular domain of Met
and an intracellular “negative domain” are lost (Vigna et
al. 1999). We currently favor the interpretation that a
negative regulator is excluded. Apparently, for this func-
tion CD44 needs to be anchored in the plasma mem-
brane, because a soluble CD44v6-containing isoform
does not support Met activation but rather inhibits it
(Fig. 3C).

The close proximity of Met and CD44 mediated by v6
appears, in addition, to be important for a second step of
synergy absolutely required for HGF-induced signaling.
The cytoplasmic tail of CD44 potentiates signal trans-
duction from the multimeric complex. Our data suggest
that an essential partner protein is ezrin (or another
member of the ERM family), although other proteins
with similar binding preference are not strictly ruled out.
Ezrin can link the actin cytoskeleton to the plasma
membrane through binding of its C terminus to F-actin,
and of its N terminus to CD44 (for review, see Tsukita
and Yonemura 1999). For this function, ezrin needs to be
phosphorylated which, interestingly, can also occur in a
Met-dependent reaction (Crepaldi et al. 1997). Lack of
the cytoplasmic tail of CD44 or the sequestering of ezrin
away from its location by excess soluble CD44 tails in
the cytoplasm caused block of HGF-induced signal trans-
fer, as well as disruption of cortical actin (data not
shown). We interpret this finding to indicate a need for
structural organization of the cytoskeleton in the imme-
diate proximity of Met which is mediated by ezrin. The
CD44v6 isoform focusses the signaling components spe-
cifically to Met. Interestingly, replacement of ezrin by
the tumor suppressor protein merlin (Morrison et al.
2001) also caused disruption of cortical actin structure
and a block of signal transduction (H. Morrison, H.
Ponta, and P. Herrlich, unpubl.).

The idea that a strict structural organization at the
inner side of the plasma membrane controls signal trans-
duction is supported by several other observations. The
presence of a-catenin bound to E-cadherin appears to ex-
ert a negative control on signal transduction down-
stream of receptor tyrosine kinases, but upstream of Ras
(Vasioukhin et al. 2001). a-catenin links E-cadherin to
F-actin. Ankyrin, which also bridges CD44 to the cyto-
skeleton, was found to recruit Src into the complex
(Bourguignon et al. 2001). The view that signaling com-
ponents are strictly organized in a preformed order as
modules emerges from various data, for example, the ex-
istence of scaffolding proteins and the confined localiza-
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tion of c-AMP, PKA, and phosphodiesterase (Whitmarsh
et al. 1998; Yasuda et al. 1999).

Although our data show a requirement for CD44 in
HGF-induced Met signaling in a number of transformed
and nontransformed cell lines, several lines of evidence
suggest that CD44 is not globally required for this sig-
naling. For example, we have observed that HGF is able
to induce Met signaling in HepG2 cells, which do not
express CD44, and in fibroblasts derived from CD44 null
mice (L. Chen, V. Orian-Rousseau, P. Herrlich, and H.
Ponta, unpubl.). In these cells, Met activation cannot be
blocked by CD44v6-specific antibodies. Whether Met is
able to signal independently of accessory proteins in
these cells, or whether other molecules act as corecep-
tors in these circumstances, remains to be determined.
We have obtained preliminary data that revealed that
some proteins coimmunoprecipitate with Met from
CD44-negative cells but not from CD44-positive cells.
As pointed out earlier in this article, several observations
suggest that substitute molecules can compensate for
the absence of CD44 in CD44 null mice, probably ac-
counting for why CD44 null mice are viable, whereas the
targeted deletion of Met is embryonic lethal.

CD44 was originally identified as an adhesion mol-
ecule that binds to ECM components (for review, see
Naor et al. 1997; Ponta et al. 1998). In addition to the
synergizing pair CD44/Met, other receptor tyrosine ki-
nases are associated with adhesion molecules. Interac-
tions have been described between ErbB2 and CD44s
(Bourguignon et al. 1997; Sherman et al. 2000), and be-
tween FGF receptor 4, N-cadherin, and N-CAM (Caval-
laro et al. 2001). Intriguingly, CD44 and integrins also
seem to be linked in that they coordinately affect the
binding to cells of another invasiveness-associated mol-
ecule, osteopontin, and in that cross-linking of CD44
up-regulates integrin activity (Fujisaki et al. 1999; Kata-
giri et al. 1999). In turn, the activation of Met up-regu-
lates expression of osteopontin (Medico et al. 2001), pre-
sumably increasing expression of CD44 and perhaps
even regulating alternative splicing through activation of
Ras (Hofmann et al. 1993; Konig et al. 1998). These ex-
amples suggest the existence of a network of protein
complexes in the plasma membrane and of several regu-
latory loops. Interestingly, in cells lacking the integrin
subunit B4, Met could not be activated (Trusolino et al.
2001). Met signaling could be re-established by the in-
troduction of B4, which was found to associate with Met.
The possibility thus exists that a6p4 integrin, CD44, and
Met are located in one and the same membrane domain.

Why should the activation of a growth factor receptor
depend on a cooperating transmembrane protein? A
plausible explanation was recently suggested by the find-
ing that CD44 monitors the cellular environment
through its N-terminal domain (Morrison et al. 2001).
Cell-cell contact and the presence of high-molecular-
weight hyaluronate affected the activity state of CD44,
which resulted in a change in intracellular partner pro-
teins and had a dramatic effect on signal transduction
and gene expression (H. Morrison, H. Ponta, and P. Her-
rlich, unpubl.). The formation of multicomponent com-



plexes at the cell surface could be the first decisive step
that determines the programs leading to proliferation,
migration, invasiveness, or cell cycle arrest.

Material and methods

Cells

The human colon adenocarcinoma cell line HT29, a generous
gift from A. Zweibaum (INSERM) and the CREF cells (Fisher et
al. 1982) were grown in Dulbecco’s modified Eagle’s medium
(DMEM, Life Technologies) with 10% fetal calf serum (FCS;
PAA). The rat pancreatic carcinoma cell lines BSp73ASML and
BSp73AS10 (here designated as ASML and AS, respectively;
(Matzku et al. 1983) and their transfectants were grown in RPMI
medium (PAA) with 10% FCS. Generation and properties of AS
cell clones that had been transfected with various CD44 expres-
sion constructs have been described (Rudy et al. 1993; Seiter
et al. 1993; Hudson et al. 1995; Sleeman et al. 1996b, 1997).

The human kidney cell line 293 (accession no. CRL-1573) and
the Drosophila Schneider S2 cells (accession no. CRL-1363)
were purchased from ATCC and cultured in the media recom-
mended. The MDCK cells were a generous gift from W. Birch-
meier (Max Delbriick Center, Berlin, Germany). They were
grown as described (Behrens et al. 1989). Human keratinocytes
were purchased from BioWhittaker and cultured according to
the instructions.

Transfection

Transfection of 293 cells was performed by electroporation.
Cells were seeded at 1x 107 cells/25cm plate. Twenty-four
hours later, cells were harvested and suspended in 400 pL PBS,
and 16 pg of DNA was added. Electroporation was performed in
a 2-mm electroporation cuvette using a Gene Pulser (Bio-Rad) at
250 mF, 0.45 kV. Cells were collected in 1 mL of medium and
plated on 10-cm plates. Transient transfection of AS cells was
performed using Tfx50 (Promega) according to the manufactur-
er’s instructions.

Constructs

To obtain an expression construct containing CD44v8-10, the
plasmid pCMV-Dlabc-V that encodes rat CD44v1-10 (Hudson
et al. 1995) was converted into a CMV-promoter-driven
CD44v8-10 construct. The construct CD44v1-10Av6 was ob-
tained from CD44v1-10 by PCR-based mutagenesis. The clon-
ing procedure can be obtained upon request. Stable trans-
fectants in AS cells were produced as described (Sleeman
et al. 1997).

The constructs secreting the soluble extracellular portion of
CD44 (either CD44s or CD44v4-7A15) have been described
(Morrison et al. 2001).

The soluble GST-CD44 wild-type and mutant cytoplasmic
tail expression constructs were obtained from Dr. C. Isacke
(London; Legg and Isacke 1998; also described in Morrison et al.
2001). The hemagglutinin-tagged Erkl plasmid was a gift from
Dr A. Ulrich (Martinsried, Germany).

Antibodies and other reagents

The anti-human CD44v6 antibody BIWA was from Bender. The
rat CD44v6-specific antibody 1.1ASML (Matzku et al. 1989) and
the 5G8 antibody recognizing the peptide DGDSSMDPRG en-
coded by exon 15 (Sleeman et al. 1996a) were prepared from
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hybridomas. The pan-CD44 antibodies IM7 and J173 were from
Pharmingen and Immunotech, respectively. Antibodies against
Met (sc-161 human) and (sc-8057 mouse), HGFa (sc-7949), and
Erk (K-23) antibody were from Santa Cruz. Antibodies against
phospho-Erk were from NEB; those against Gabl and phospho-
tyrosine (4G10) from BIOMOL; rabbit IgG from DIANOVA; rat
IgG2b' from Pharmingen, DHS (3G10) from Seigaku, and hem-
agglutinin (12CA5) from Roche Diagnostics. Hermes3 was a gift
from Sirpa Jalkanen (Turku, Finland).

The heparinase II preparation was from Sigma; HGF from
R&D Systems. If not otherwise specified, HGF was preactivated
with 5% serum at 37°C overnight. For expression of HGF in
Drosophila Schneider S2 cells, the plasmid pBATSFtag contain-
ing the HGF coding sequence (gift from Dr. W. Birchmeier,
MDCK) was cut with Xbal, and the coding sequence cloned into
the Drosophila expression vector pAcv5hisB (Invitrogen). The
PACHGEF vector was then transiently transfected into Dro-
sophila S2 Schneider cells using the calcium chloride transfec-
tion method. The growth medium of the transfectants was used
as a source of pro-HGF.

Biotinylation of carrier-free HGF was performed using the
Ez-link sulfo-NHS-LC-biotinylation kit (Pierce), following the
manufacturer’s instructions. The yield of the biotinylation re-
action was estimated by Western blot analysis with the HGFa
antibody and comparison to known amounts of nonbiotinylated
HGEF. For specific detection of biotinylated proteins, neutravi-
din (Pierce) was used (1/1000 dilution in Western blot).

Immunoprecipitation and Western blotting

Met phosphorylation was measured by immunoprecipitation of
Met followed by Western blotting with the phosphotyrosine-
specific antibody 4G10. Cells were seeded at a concentration of
3 x 10° cells per 10-cm plate, starved for 24 h, induced with
HGF (50ng/mL) at 37°C for 5 min, and lysed in lysis buffer (30
mM Tris-HCI at pH 7.4, 150 mM NaCl, 1| mM EDTA, 0.5%
Triton X100, 0.5% Na deoxycholate, 10 mM NaF, 1 mM PMSF,
1 mM Na-orthovanadate, ] mM aprotinin, and leupeptin) for 30
min. Immunoprecipitation was performed with the cleared ly-
sates (12,000 rpm for 15 min with Met antibodies and protein
A/G agarose (Oncogene) at 4°C overnight. The precipitates were
washed in lysis buffer (3x) and once with 20 mM Tris at pH 7.5,
1 mM EDTA at pH 8, and solubilized in boiling SDS-sample
buffer containing dithiothreitol (100 mM). Samples were sub-
jected to Western analysis using the anti-phosphotyrosine anti-
body 4G10. As loading control, the blots were stripped, reprobed
with the Met-specific antibody, and finally stained using the
enhanced chemiluminescence system (ECL; Amersham).
Where specified, the cells were incubated (prior to HGF activa-
tion) with anti-CD44 antibodies at 37°C either for 5 min (for
BIWA, IM7, J173) or on ice for 30 min (for 1.1ASML or 5G8).

Phosphorylation of tagged Erk or Gabl was detected upon
immunoprecipitation in 50 mM Hepes at pH 7.5, 150 mM
NaCl, 1% Triton together with the inhibitors used in the Met
immunoprecipitation buffer with the anti-hemagglutinin or the
anti-Gabl antibody, followed by Western blotting with the
phospho-Erk or the phosphotyrosine-specific antibody.

For direct Western blotting of phospho-Erk, the cells were
seeded in a 24-well plate of 10° cells per well induced with HGF
as described above, and directly dissolved in sample buffer.

Cross-linking and exon-specific RT-PCR analysis

Cross-linking of proteins on cells (10-cm plates) was performed
in 2 mL of PBS plus 3 mg of DTSSP at room temperature for 1
h. The reaction was stopped using 40 nL of 20 mM Tris-HCI at
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pH 7.4. The cells were then washed; lysed with 25 mM HEPES
at pH 7.4, 100 mM NaCl, 5 mM MgCL,, 1 mM EGTA, 10%
glycerol, 1.25% CHAPS (Sigma), proteinase-inhibitor-mix (5
pL/mL; Complete, Roche); and proteins were immunoprecipi-
tated under standard conditions with either Met-specific anti-
body and protein A/G beads (Oncogene), or CD44-specific anti-
body IM7 and protein G agarose beads (Oncogene), or HGFa-
specific antibody and protein A agarose beads (Oncogene).

Exon-specific RT-PCR was performed as described (van We-
ering et al. 1993). The primers were identical to those used by
Konig et al. (1996).

Chemotaxis and scattering assays

Chemotaxis assays were performed in 12-well transwell units
with 12-um pore filters (Costar). The filters were coated with
Matrigel (70 pg per filter incubated at 37°C for 1 h). The lower
well compartment of the transwell unit contained either 600 uL
RPMI medium (for control) or RPMI together with HGF (50
ng/mL). Then, 2 x 10° cells in 650 uL of RPMI were placed in
the upper compartment of the transwell unit. After 6 h of in-
cubation at 37°C, cells on the upper surface of the filter were
removed by wiping with a cotton swab. Remaining cells in the
Matrigel and at the filter surface facing the lower chamber were
fixed in ethanol (70%), stained with crystal violet 0.1%, and
lysed with acetic acid, and the OD was measured with an ELISA
reader. Where indicated, cells were incubated with anti-
CD44v6 antibodies on ice for 30 min prior to the assay.

Scattering of HT29 cells was determined in 24-well plates.
First, 4.5 x 10* cells were seeded at 37°C; the cells were either
left untreated (control) or 48 h later treated with HGF (50 ng/
mL) for 24 h or with CD44v6 antibodies (50 pg/mL) prior to
induction with HGF for 30 min.
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