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A Met-hepatocyte growth factor receptor oncoprotein, Tpr-Met, generated by chromosomal rearrangement,
fuses a protein dimerization motif with the cytoplasmic domain of the Met receptor, producing a cytosolic,
constitutively activated tyrosine kinase. Although both the Met receptor and the Tpr-Met oncoprotein associate
with the same substrates, activating mutations of the Met receptor in hereditary papillary renal carcinomas
have different signaling requirements for transformation than Tpr-Met. This suggests differential activation of
membrane-localized pathways by oncogenic forms of the membrane-bound Met receptor but not by the cyto-
plasmic Tpr-Met oncoprotein. To establish which pathways might be differentially regulated, we have localized
the constitutively activated Tpr-Met oncoprotein to the membrane using the c-src myristoylation signal. Mem-
brane localization enhances cellular transformation, focus formation, and anchorage-independent growth and
induces tumors with a distinct myxoid phenotype. This correlates with the induction of hyaluronic acid (HA)
and the presence of a distinct form of its receptor, CD44. A pharmacological inhibitor of phosphoinositide 3*
kinase (PI3*K), inhibits the production of HA, and conversely, an activated, plasma membrane-targeted form
of PI3*K is sufficient to enhance HA production. Furthermore, the multisubstrate adapter protein Gab-1, which
couples the Met receptor with PI3*K, enhances Met receptor-dependent HA synthesis in a PI3*K-dependent
manner. These results provide a positive link to a role for HA and CD44 in Met receptor-mediated oncogenesis
and implicate PI3*K in these events.

The Met receptor tyrosine kinase is the receptor for hepa-
tocyte growth factor (HGF)-scatter factor and is primarily ex-
pressed in epithelial and endothelial cells both in vitro and in
vivo (8, 64, 78). HGF is a multifunctional cytokine which is a
mitogen for primary hepatocytes; stimulates scatter, invasion,
and branching tubulogenesis of epithelial cells (reviewed in
reference 31); and acts as a neuronal chemoattractant for spi-
nal motor neurons in vitro (18). In addition, targeted disrup-
tion and in situ hybridization studies in murine systems have
implicated both the Met receptor and HGF in the migration of
muscle precursor cells (7, 79), as well as in liver development
and placenta formation in vivo (61, 73). The Met receptor was
originally identified as an oncogenic variant, Tpr-Met, which
was isolated from an N-methyl-N9-mitro-N-nitrosoguanidine-
treated HOS cell line (49). tpr-met was generated following a
chromosomal rearrangement which translocated sequences
from the tpr gene on chromosome 1 within the met gene on
chromosome 7, producing a chimeric protein containing se-
quences from Tpr fused amino-terminally to the juxtamem-
brane and kinase domains of the Met receptor. The resultant
Tpr-Met protein is a cytosolic tyrosine kinase that is constitu-
tively active in the absence of ligand.

The Met receptor is overexpressed and deregulated in a
variety of human tumors, including gastric (71), thyroid (17),
and colorectal (42) carcinomas, as well as sarcomas from var-
ious tissues (58). In addition, point mutations have been iden-
tified in the Met receptor in both hereditary and sporadic
papillary renal carcinomas, implicating the Met receptor in
human tumorigenesis (34, 58, 62). Receptor tyrosine kinase-
derived oncogenes activated following chromosomal translo-
cations have no mutations within their receptor-derived por-
tions, suggesting that they are capable of activating the same
signal transduction pathways as their full-length receptor coun-
terparts, albeit in a constitutive fashion. However, this has not
been formally addressed. The sites of tyrosine phosphorylation
in the Met receptor and Tpr-Met are identical (35, 55, 80), and
where tested, both proteins have the ability to associate with
the same substrates in vitro or in vivo. Tyrosine residue 489
(1356) in the carboxy terminus of Tpr-Met (Met receptor),
which is highly conserved between the Met receptor family
members Sea and Ron, is the major site of tyrosine phosphor-
ylation in Tpr-Met (Met) outside the catalytic domain (35, 80).
From structure-function analyses, carboxy-terminal Y489, and
to a lesser extent Y482, are critical for efficient cell transfor-
mation by Tpr-Met and for full biological activity of the Met
receptor (21, 53, 75, 80). Y489 acts as a multisubstrate binding
site, coupling Tpr-Met or Met with the adapter proteins Grb2
and Shc (19, 21, 53), the multisubstrate docking proteins c-Cbl
(20; T. M. Fournier and M. Park, unpublished data) and Gab-1
(20, 47, 74), and phosphoinositide 39 kinase (PI39K) (21, 44, 52,
59).

It is generally accepted that activation of receptor tyrosine
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kinases acts to recruit intracellular signaling proteins to the
plasma membrane, where these proteins may then carry out
their catalytic or adaptive functions (reviewed in reference 50).
However, it was unclear if cytoplasmic receptor tyrosine ki-
nase-derived oncoproteins, such as Tpr-Met, activate mem-
brane-dependent signaling pathways in a manner similar to
that of their full-length receptor counterparts or if cytoplasmic
localization is important for cell transformation. Recent stud-
ies of the oncogenic Met receptor variants identified in hered-
itary papillary renal carcinomas have suggested that there are
different signaling requirements for transformation by acti-
vated membrane-bound Met receptors than for transformation
by the cytoplasmic Tpr-Met oncoprotein (33). To investigate
such differences, we have targeted Tpr-Met to the plasma
membrane using the myristoylation sequence from c-src (SMS
Tpr-Met). Here, we show that plasma membrane targeting of
Tpr-Met enhances cellular transformation in assays for both
focus formation and anchorage-independent growth. In addi-
tion, cells expressing a membrane-targeted Tpr-Met, but not
cytosolic Tpr-Met, induce a distinct myxoid tumor type in nude
mice and secrete the glycosaminoglycan hyaluronic acid (HA)
into the extracellular matrix. The targeting of Tpr-Met to the
plasma membrane activates an autocrine signaling network
involving both HA and the HA receptor, CD44, and is associ-
ated with cell invasion and aggressive tumor growth. We show
that PI39K, but not p70S6K, c-Src, or mitogen or extracellular
signal-regulated kinase–MEK is critical for HA production,
providing for the first time a mechanism to dissect the signaling
pathways that regulate HA production.

MATERIALS AND METHODS

Plasmids. The isolation of the Tpr-Met cDNA and the cloning of pTpr-Met-1,
K241A, Y482F, Y489F, and Y482-89F have been previously described (56). To
accommodate the addition of the myristoylation sequence from c-src into the
Tpr-Met cDNA, Tpr-Met was PCR amplified using the following primers: 59-
TCAGCTCGAGACCATGGTCGACGCGGCGGTGTTGCAGG-39 and 59-TC
AGCCCGGGTCTGATGCTCTGTCAG-39, where boldface type indicates the
translation start site, Tpr-Met-homologous sequences are underlined, and the
restriction sites used are italicized. The PCR-amplified Tpr-Met product was
cloned into the mammalian expression vector pXM as described previously (54).
The myristoylation signal sequence from chicken c-src, including the c-src trans-
lation initiation codon and polybasic region, was amplified by PCR using the
following primers: 59-AGTCAGCTCGAGAAGCTTGGCATGGGGACG-39
and 59-CTGAGTCGACTCGGCGCCGGCGCTGGCT-39. The PCR product
was then substituted in the Tpr-Met cDNA using XhoI and SalI restriction sites.
This Tpr-Met, which contains the myristoylation sequence from c-src, is identi-
fied as SMS Tpr-Met. All cDNAs were sequenced by the dideoxy chain termi-
nation method using the Sequenase system (United States Biochemical Corp.).
All point mutations within Tpr-Met were substituted in SMS Tpr-Met following
digestion with SpeI as previously described (35).

Cells and DNA transfection. Fischer rat 3T3 (Fr3T3), COS-1, BALB/c3T3,
and HeLa cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Flow Laboratories). Retro-
viral infections of Fr3T3 cells to generate stable cell lines were carried out as
described previously (35). Transfections into Fr3T3 cells of different forms of
PI39K p110 were performed in triplicate using calcium phosphate coprecipitation
with 3.6 mg of plasmid DNA (p110caax or p110*) along with 0.18 mg of pSV2neo
(selection) and 3.4 mg of pBSKS (carrier). Following selection in G418 (400 mg/
ml), the clones were pooled and seeded into 100-mm-diameter dishes for PI39K
assays or 24-well dishes for HA assays (see below). Transfections of BALB/c3T3
cells were carried out by calcium phosphate coprecipitation as described above,
using 3.6 mg of human Met receptor cDNA. Following selection, the clones were
isolated and screened for similar levels of Met expression. Transient transfections of
HeLa cells were carried out with GenePorter (Gene Therapy Systems) according to
the manufacturer’s instructions with a total of 4 mg of DNA per 100-mm-diameter
dish. Wild-type (WT) and myristoylated forms of Akt and WT and activated (L61)
Rac-1 were transfected at 0.5 mg/100-mm-diameter dish, and Tpr-Met or SMS
Tpr-Met were transfected at 3.5 mg/100-mm-diameter dish. For vector-substituted
control transfections, pSV2neo was used in place of Rac-1 or Akt and pXM was used
in place of Tpr-Met and SMS Tpr-Met. MDCK-derived cell lines expressing WT
Gab-1 and D3-PI39K Gab-1 (44), and HGF stimulations on all cells and cell lines,
were performed with 100 U of HGF/ml as described previously (44).

Antibodies. Antibodies which recognize Tpr-Met were generated against a
carboxy-terminal peptide of the Tpr-Met protein (Ab144 [54]). Antiphosphoty-

rosine antibody, 4G10, was purchased from Upstate Biotechnology Inc. Ras
(R02120), antiphosphotyrosine (RC20H and PY20), and Rac-1 (R56220) were
purchased from Transduction Labs. Anti-phospho-Akt (Ser473; 9271) was pur-
chased from New England Biolabs. Anti-Akt (sc-1618) was purchased from
Santa Cruz Biotechnology, Inc. Anti-Src (LA074) was purchased from Quality
Biotech (Camden, N.J.), and anti-HA (HA.11) was purchased from BAbCo (Rich-
mond, Calif.). Fluorescein isothiocyanate, phalloidin, and DAPI (49,69-diami-
dino-2-phenylindole) were purchased from Sigma. Anti-rat CD44 (5G8) anti-
bodies, pan-mitogen-activated protein kinase (pan-MAPK-antibodies, anti-p110
antibodies, and anti-Gab-1 antibodies were generous gifts from J. Sleeman, J.
Blenis, A. Klippel, and M. Holgado-Madruga and A. J. Wong, respectively.

Cell lysates, immunoprecipitation, and Western blotting. Confluent monolay-
ers of cells starved in DMEM–0.1% FBS and harvested in RIPA buffer (50 mM
Tris-Cl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium desoxycholate,
0.1% sodium dodecyl sulfate [SDS]) containing 10 mg of aprotinin/ml, 10 mg of
leupeptin/ml, 1 mM phenylmethylsulfonyl fluoride, and 1 mM sodium orthovana-
date as previously described (21). Protein concentrations were determined by the
method of Bradford, and equal amounts of protein were immunoprecipitated
and Western blotted with appropriate antibodies as previously described (21).
Glutathione-S-transferase (GST) pull-down assays using the Ras binding domain
of Raf-1 were performed essentially as described previously (19); cells were
scraped into lysis buffer (50 mM HEPES, pH 8.0, 0.5% Triton X-100, 150 mM
NaCl, 10% glycerol, and the inhibitors specified above), and equal amounts of
protein were precipitated as described above, with GST fusion proteins in place
of primary antibody. GST pull-down assays using the CRIB domain from PAK
were performed essentially as described previously, using 1 mg of cell lysate and
;15 mg of purified GST-CRIB (6). For phospho-Akt assays, cells were scraped
into lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton X-100) contain-
ing 10 mg of aprotinin/ml, 10 mg of leupeptin/ml, 1 mM phenylmethylsulfonyl
fluoride, and 1 mM sodium orthovanadate. After visualization by enhanced
chemiluminescence, the developed films were digitized by scanning, using Adobe
Photoshop, and figures were assembled with ClarisDraw.

Subcellular fractionation and PI3*K assays. Subcellular fractionation was
performed essentially as described previously (12). For PI39K assays, membrane
and cytoplasmic fractions were resuspended in 1% Triton X-100 lysis buffer,
tyrosine-phosphorylated proteins were immunoprecipitated from cell lysates
with antiphosphotyrosine antibodies (PY20), and the assays were performed
essentially as described previously (76). The phosphorylated products were sep-
arated by thin-layer chromatography in solvent containing CHCl3–MeOH–4 M
NH4OH–double-distilled H2O (9:7:2:2.8) for 1 h, at which time they were sub-
jected to autoradiography.

Preparation of Triton X-100-insoluble complexes. Triton X-100-insoluble com-
plexes were prepared essentially as described previously (13). Briefly, cells lysed
in 1 ml of Triton X-100 lysis buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1%
Triton X-100, and the inhibitors specified above) were centrifuged at 14,000 rpm
at 4°C for 10 min, and the supernatants represented the Triton X-100-soluble
fraction. The pellets were then solubilized by agitation for 10 min at 25°C in
Triton X-100 lysis buffer plus 60 mM octylthioglucoside (Sigma) and cleared by
centrifugation, and the supernatants represented the Triton X-100-soluble frac-
tion. Proteins were quantitated by the method of Bradford, and 1 mg of protein
from each fraction was subjected to immunoprecipitation as described above.

Growth in soft agar. To evaluate a cell line’s ability to grow in semisolid
medium, cells were plated in soft agar (Noble agar; Difco) onto 60-mm-diameter
dishes (Nunc) as described previously (57). The final concentration of the bottom
layer was 0.6% agar, and the concentration of the top layer was 0.3% agar. After
approximately 21 days, colonies were counted and photographed. When speci-
fied, either human umbilical cord HA (0.5 mg/ml final concentration; Calbio-
chem) or bovine testicular hyaluronidase (100 U/ml final concentration; Calbio-
chem) was added the top layer only. In this case, 10,000 cells were plated in
6-well dishes with a 2-ml bottom layer and a 1-ml top layer, and the cells were
counted after 11 days. Colonies were counted by selecting three random fields on
a Zeiss 1M microscope with a 6.33 objective.

Indirect immunofluorescence. Cells (5 3 104/well) were seeded on glass cov-
erslips (Bellco Glass Inc.) coated with 0.15% gelatin in 24-well culture dishes
(Nunc). The following day, the cells were rinsed twice in ice-cold phosphate-
buffered saline (PBS), fixed in 3.7% paraformaldehyde for 20 min, and perme-
abilized in 0.1% Triton X-100 for 4 min at 25°C. Antibodies, DAPI, or fluores-
cein isothiocyanate-labeled phalloidin was appropriately diluted in PBS, and the
cells were incubated for 30 min at 25°C. The coverslips were washed twice in
ice-cold PBS prior to the addition of the appropriate secondary antibodies.
Photographs were taken with a Princeton RTE/CCD-1317-K/2 charge-coupled
device camera and a Zeiss Axiovert 135 microscope. For CD44 fluorescence, the
coverslips were treated with 35 U of bovine testicular hyaluronidase for 30 min
at 37°C and rinsed twice in cold PBS prior to incubation with primary antibodies.

Determination of HA production. Fr3T3 cells or cells transformed by either
WT or SMS Tpr-Met were seeded (104/well) into 24-well dishes (Nunc) in
DMEM plus 10% FBS. The following day, the cells were rinsed twice in DMEM
and starved in DMEM plus 0.5% FBS for 48 to 72 h in a volume of 0.5 ml. The
medium was harvested and subjected to screening for HA using a radiometric
HA assay kit (Pharmacia and Upjohn) according to the manufacturer’s instruc-
tions. When specified, inhibitors to PI39K (LY294002; 50 mM), Src (PP2; 50 nM),
MEK (PD98059; 100 mM), and p70S6K (rapamycin; 20 ng/ml) were added to cells
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that had been starved overnight (0.5% FBS), and the cells were maintained for
48 h before the medium was harvested and HA production was quantitated. The
cells were checked for viability by staining with DAPI as described for indirect
immunofluorescence.

Invasion assays. Invasion assays were performed using 6-well Biocoat Matrigel
invasion chambers (Becton Dickinson) according to the manufacturer’s instruc-
tions. Briefly, Matrigel inserts were rehydrated with DMEM for 2 h (37°C; 5%
CO2), and then the medium was removed by aspiration. Cells were trypsinized
and resuspended in DMEM supplemented with 0.1% FBS at a final concentra-
tion of 3.5 3 105/ml. Two milliliters of cell suspension was plated on top of the
Matrigel, and the chambers below were filled with 2.5 ml of Fr3T3 conditioned
medium. Following 12 h of incubation (37°C; 5% CO2), the Matrigel and non-
invading cells were removed with a cotton swab and filters were fixed for 20 min
in 10% buffered formalin phosphate, stained with Giemsa stain, and then pho-
tographed.

RESULTS

The c-src myristoylation sequence is sufficient to stably
membrane localize Tpr-Met. To establish if a membrane-lo-

calized Tpr-Met activated signaling pathways distinct from that
of a cytosolically localized Tpr-Met, the myristoylation signal
sequence and adjacent polybasic residues from c-src were add-
ed to the amino terminus of Tpr-Met. The c-src myristoylation
signal and the carboxy-terminal tyrosine residues (Y482 and
Y489) essential for full biological activity of Tpr-Met, as well as
a lysine residue critical for phosphotransferase activity, are
schematically indicated (Fig. 1A). The subcellular localization
of Tpr-Met or Tpr-Met proteins containing the c-src myristoy-
lation signal (SMS Tpr-Met) was determined in three indepen-
dent cell lines by subcellular fractionation. In stable cell lines,
all of the detectable SMS Tpr-Met protein purified with the
membrane fraction (Fig. 1B), whereas the majority of Tpr-Met
protein was localized to the cytosolic fraction. This demon-
strated that the addition of the myristoylation signal and poly-
basic regions from c-src to the amino terminus of Tpr-Met is

FIG. 1. The c-src myristoylation sequence stably localizes Tpr-Met with plasma membranes. (A) Schematically represented are both Tpr-Met and Tpr-Met with the
addition of an N-terminal myristoylation sequence from c-src (SMS Tpr-Met; white boxes), including relevant sites of tyrosine phosphorylation and a critical lysine,
essential for catalytic activity in Tpr-Met. (B) Equal amounts of protein from cytoplasmic (C; S100) and particulate (M; P100) fractions were immunoprecipitated (IP)
with anti-Met antibodies (aMet) (Ab144 [56]), resolved by SDS–9% PAGE, and transferred to nitrocellulose. Tpr-Met and SMS Tpr-Met proteins were detected by
Western blotting with anti-Met antibodies (Ab144). (C) Equal amounts of protein (1 mg) were immunoprecipitated from Triton X-100-soluble or Triton X-100-
insoluble compartments with anti-Met antibodies (Ab144; see Materials and Methods). Immune complexes were resolved by SDS–8% PAGE and the proteins were
transferred to nitrocellulose and subjected to Western blotting with antiphosphotyrosine antibodies (apY) (4G10; top), after which the membranes were stripped and
reprobed with anti-Met antibodies (Ab144; bottom). IgGh, immunoglobulin G heavy chain. (D) Antiphosphotyrosine (4G10) immune complexes from Triton
X-100-soluble (Sol) or Triton X-100-insoluble (Insol) compartments were resolved by SDS–8% PAGE and transferred to nitrocellulose, followed by Western blotting
with anti-Gab-1 antibodies (aGab-1). SMS Wt 13F, 16F, and 17F are independent cell lines expressing similar levels of myristoylated Tpr-Met (SMS Tpr-Met), while
Wt-3, -4, and -9 are independent cell lines expressing Tpr-Met (Wt Tpr-Met). Fr3T3 cells are the parental cell line.
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sufficient to promote the translocation of Tpr-Met from the
cytosol to a membrane compartment.

Src family kinases have been shown to be localized within
Triton X-100-insoluble membrane microdomains (reviewed in
reference 28). While the cytoplasmic WT Tpr-Met oncoprotein
remains to a large extent Triton X-100 soluble, the membrane-
localized SMS Tpr-Met localizes to a Triton X-100-insoluble
compartment (Fig. 1C, bottom). In addition to its alterations in
localization, SMS Tpr-Met also associates with a number of
tyrosine-phosphorylated proteins from within the Triton X-
100-insoluble compartment, including p110, p80, and p70 (Fig.
1C, top). While the identities of the p80 and p70 proteins
remain unknown and are currently under investigation, several
110-kDa proteins are phosphorylated in cells expressing Tpr-
Met or in response to HGF stimulation of the Met receptor,
including the Gab-1 multisubstrate adapter protein and c-Cbl
(20, 47) or SMS Tpr-Met (L. Lamorte, D. M. Kamikura, and
M. Park, unpublished data). While no alterations in c-Cbl
phosphorylation were detected, endogenous Gab-1 is localized
to a Triton X-100-insoluble compartment in cells expressing
SMS, but not cytosolic, Tpr-Met (Fig. 1D). Although our Gab-
1 antibodies fail to recognize tyrosine-phosphorylated Gab-1 in
immunoprecipitations, SMS Tpr-Met induces the translocation
of tyrosine-phosphorylated HA–Gab-1 to a Triton X-100-in-
soluble compartment while a cytoplasmic Tpr-Met does not
(Fig. 1D). This suggests that the membrane localization of
Tpr-Met promotes the relocalization of Gab-1, and potentially
other signaling proteins, from the cytoplasm to a Triton X-100-
insoluble, plasma membrane-associated compartment.

Membrane localization of Tpr-Met enhances focus-forming
activity and anchorage-independent growth. To examine if the
membrane localization of Tpr-Met altered its transforming
ability, Fr3T3 fibroblasts were infected with retrovirus express-
ing either Tpr-Met or SMS Tpr-Met and were tested in parallel
for resistance to G418 and the ability to overgrow a confluent
monolayer. The transforming activity of the cytoplasmic (WT)
Tpr-Met oncoprotein was normalized to 100% (foci were
counted as a percentage of G418-resistant colonies [Fig. 2A]).
In addition, based on conservation between the Met family
members Sea and Ron and their critical roles in the biological
functions of Met and Tpr-Met, a panel of mutant proteins
containing carboxy-terminal tyrosine (Y)-to-phenylalanine (F)
substitutions were also tested in this assay (Y482F, Y489F, and
Y482-89F [Fig. 2A]).

In a minimum of three independent experiments, SMS Tpr-
Met showed transforming ability increased to approximately
230% compared with its cytosolic counterpart, WT Tpr-Met
(normalized to 100% [Fig. 2A]). This was dependent upon
SMS Tpr-Met kinase activity, as a kinase-deficient SMS Tpr-
Met (K241A) failed to transform cells in culture. Moreover, as
shown previously for the cytoplasmic Tpr-Met (21, 35), re-
placement of Y482 by phenylalanine had little effect on trans-
formation efficiency (199 and 228% for SMS Y482F and SMS
WT), whereas replacement of Y489 dramatically reduced
transformation to ;20% of that of the WT (46 and 228% for
SMS 489F and SMS WT) (Fig. 2A). In addition, although
replacement of both Y482 and Y489 (Y482-89F) does not
impair the catalytic activity of the Tpr-Met oncoprotein (35;
D. M. Kamikura and M. Park, unpublished observations), it
can no longer interact with known signaling proteins, and both
cytoplasm and membrane-localized Y482-89F Tpr-Met are un-
able to transform cells in culture (Fig. 2A) (21, 35, 53). This
suggests that membrane localization of a constitutively acti-
vated Met kinase is not sufficient in itself to induce cellular
transformation. Importantly, foci formed by SMS Tpr-Met
were detected more rapidly than those induced by the cyto-

plasmic Tpr-Met (;6 days versus ;10 days following infec-
tion) and exhibited a distinct morphology, which was depen-
dent upon Y489 (Fig. 2B).

To establish if the SMS Tpr-Met-expressing cells, which
form foci with higher cell density, have the capacity to grow in
semisolid media, cell lines expressing SMS Tpr-Met and the
carboxy-terminal point mutants were generated and seeded
into soft agar (Fig. 3A and B). Consistent with increased focus-
forming ability, cell lines expressing SMS Tpr-Met formed
colonies in soft agar more efficiently than those expressing
cytosolic Tpr-Met (Fig. 3B). In addition to a 1.5- to 2-fold
increase in the total number of colonies formed, the morphol-
ogies of these colonies were also significantly altered. After 21
days in agar, cells expressing WT cytosolic Tpr-Met formed
colonies of tightly associated cells, whereas those expressing
SMS Tpr-Met formed colonies of loosely associated cells that
appeared to possess limited cell-cell contact (Fig. 3C). Cells

FIG. 2. Membrane targeting of Tpr-Met enhances focus formation. (A) Fo-
cus assays were performed by retroviral infection of Fr3T3 cells with virus
expressing various Tpr-Met or SMS Tpr-Met constructs and were performed
three to six times in triplicate. Foci were counted as a percentage of G418-
resistant colonies tested in parallel and normalized to WT Tpr-Met at 100% (see
Materials and Methods). SMS represents c-src-myristoylated Tpr-Met, and Cyto
represents the cytoplasmic, WT form of Tpr-Met. The error bars represent
standard deviations. (B) Photographs of Tpr-Met and SMS Tpr-Met foci were
taken 14 days after infection, while those of Y482F and Y489F substitutions were
taken 21 days after infection.
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expressing the Y489F SMS Tpr-Met formed colonies with re-
duced efficiency and compact morphology, suggesting that
membrane targeting of Tpr-Met allows activation of distinct
signals which impair cell-cell contact and that these are depen-
dent on Y489.

SMS Tpr-Met-expressing cells form myxoid tumors in nude
mice. The ability of SMS Tpr-Met cells to grow more aggres-
sively in soft agar suggested that they may also have altered
ability to form tumors in nude mice. To establish if these cells
also grow efficiently in nude mice, cell lines expressing WT
cytosolic and mutant SMS Tpr-Met proteins were injected
subcutaneously into nude mice. Cells (5 3 104) were injected
(day zero) and allowed to grow until the tumors reached ;1
cm3, at which time the mice were sacrificed and the tumors
were resected. Cells expressing WT cytosolic Tpr-Met formed
palpable tumors within 7 days of injection, and the mice were
commonly sacrificed after ;21 days due to tumor burden. In
contrast, mice injected with cells expressing WT or Y482F
SMS Tpr-Met formed palpable tumors within 3 days postin-
jection and were sacrificed within 10 to 14 days after injection
due to tumor burden (Fig. 4A and Table 1). Conversely, cells

expressing Y489F SMS Tpr-Met exhibited much longer laten-
cies, and the mice were sacrificed approximately 33 days post-
infection, further implicating tyrosine 489 as a critical residue
for transformation and tumor formation within the context of
either cytosolic or plasma membrane-localized Tpr-Met.

Consistent with the colony morphology observed when these
cells were seeded into soft agar (Fig. 3), histological examina-
tion of tumor tissue revealed that while cells expressing WT
Tpr-Met formed sarcomas of tightly associated cells, either
WT or Y482F SMS Tpr-Met-expressing cells formed predom-
inantly myxomas, composed of loosely associated cells embed-
ded in a soft mucoid matrix (Fig. 4B). The intracellular mucoid
matrix found in these tumors stained with Alcian blue, indi-
cating the presence of glycosaminoglycans, such as HA and/or
sialomucins (data not shown). Consistent with their growth in
soft agar, cells expressing Y489F SMS Tpr-Met formed tumors
of tightly associated cells, and as expected, cells expressing
Y482-89F SMS Tpr-Met failed to form tumors in nude mice
(Table 1).

SMS Tpr-Met-expressing cells secrete, and are responsive
to, HA. The unbranched polysaccharide hyaluronan HA is a

FIG. 3. Membrane targeting of Tpr-Met potentiates anchorage-independent growth. Independent cell lines expressing SMS Tpr-Met and various tyrosine-to-
phenylalanine substitutions were generated in Fr3T3 fibroblasts. (A) Stable cell lines were screened for relative expression levels of SMS Tpr-Met by lysing
serum-starved cells in RIPA buffer and immunoprecipitating (IP) 1 mg of total protein with anti-Met antibodies (aMet) (Ab144). Immune precipitates were resolved
by SDS–9% PAGE followed by Western blotting with antiphosphotyrosine antibodies (pY) (RC20H; top), after which the membranes were stripped and reprobed for
Met protein levels by blotting them with anti-Met antibodies (Ab144; bottom). (B) Dishes (60-mm diameter) were seeded with cells (104/dish) expressing WT or SMS
Tpr-Met in soft agar as described in Materials and Methods, and colonies were counted after ;21 days. (C) In addition to increased numbers of colonies able to grow
in soft agar, lack of self-adherence was also observed in SMS Tpr-Met-expressing cells. The photographs were taken ;21 days after seeding. The abbreviations for cell
lines used are identical to those in the legend to Fig. 1, with the addition of tyrosine-to-phenylalanine substitutions in SMS Tpr-Met, denoted SMS Y482F and SMS
Y489F, with a designation representing a given independent cell line (e.g., SMS Y482-9F). The error bars represent standard deviations.
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glycosaminoglycan that is ubiquitously present in extracellular
matrices in which cell migration and proliferation occur, both
in vitro and in vivo (reviewed in reference 67). Hyaluronan has
been directly implicated in invasion and in the metastatic be-
havior of multiple tumor types, as well as in embryonic devel-
opment, vasculogenesis, vascular remodeling, immune surveil-
lance, and tumor progression (reviewed in reference 67). To
determine whether, as suggested by the tumor phenotype, cells
expressing SMS Tpr-Met secrete HA, serum-starved cells were
subjected to a radiometric assay (see Materials and Methods).
While both the parental Fr3T3 cells and those transformed by
WT cytoplasmic Tpr-Met produce ;3.5 mg of HA/ml, those
expressing either WT or Y482F SMS Tpr-Met secrete greater
amounts (;12 and ;6.5 mg/ml, respectively [Fig. 5A]). In
contrast, cells expressing the weakly transforming Y489F or
nontransforming Y482-89F SMS Tpr-Met produced levels sim-
ilar to that produced by cells expressing WT cytosolic Tpr-Met.
Although absolute values of HA produced vary in different
experiments, in each case, a greater-than-threefold enhance-
ment in HA production was observed in cells expressing SMS
Tpr-Met compared with cells expressing cytosolic Tpr-Met,
and the mutants all behaved similarly. Together, this suggests
that the SMS Tpr-Met-induced myxoid tumor phenotype is a
result of enhanced HA production.

HA is a high-molecular-mass (;5 3 106 Da) unbranched
polysaccharide consisting of repeating units of b-1,4-glucuro-
nate-b-1,3-N-acetylglucosamine, and it is secreted by cells of
organisms ranging from bacteria to humans. Cells expressing
the cell surface HA receptor, CD44, have the ability to adhere
to HA-coated surfaces (4) and alter cell-cell adhesion in mac-
rophages and fibroblasts (25). To establish whether the in-
crease in HA production in cells expressing SMS Tpr-Met
correlates with the decrease in cell-cell adhesion observed in
three-dimensional matrices (Fig. 5C), two independent cell

lines expressing either WT or SMS Tpr-Met were seeded into
soft agar in the presence of 100 U of hyaluronidase/ml or agar
supplemented with 0.5 mg of HA/ml. Loose colonies were
defined as colonies in which individual cells were easily dis-
cernible after 11 days in agar. In a minimum of three experi-
ments in triplicate, in the presence of hyaluronidase, cells ex-
pressing SMS Tpr-Met formed colonies of highly compacted
cells (;20% loose) (Fig. 5B and C), supporting a role for HA
in limiting cell-cell contact. Moreover, while the presence of
supplemental HA had no effect on cells expressing WT Tpr-
Met, cells expressing SMS Tpr-Met showed an enhanced abil-
ity to spread through the agar (70% loose). Thus, SMS Tpr-
Met-expressing cells have the ability to respond to HA in the
surrounding environment and require HA for a “loose-cell

FIG. 4. Membrane targeting potentiates growth of myxoid tumors in nude mice. (A) WT or SMS Tpr-Met-expressing Fr3T3 cells were injected (2 3 105

cells/mouse) subcutaneously into athymic mice, and tumor volumes were measured 14 days postinjection. (B) Mice exhibiting tumors greater than 1 cm in diameter
were sacrificed, and the tumors were excised and histologically examined by staining them with hematoxylin and eosin. The arrowheads show areas of necrosis. The
abbreviations for cell lines are detailed in the legends to Fig. 1 and 3.

TABLE 1. Membrane localization of Tpr-Met induces myxoid
tumor formation with shorter latency in athymic mice

Cell line Tumorsa Myxoidb Sacrifice (days)c

Fr3T3 0/6 NAd NA
Tpr-Met Wt-3 9/9 2 ;21
Wt-4 9/9 2 ;21
SMS Tpr-Met Wt-16F 9/9 1 ;12
Wt-17F 9/9 1 ;12
Y482F-8F 6/6 1 ;14
Y482F-9F 6/6 1 ;14
Y489F-3F 6/6 2 ;33
Y489F-6F 1/6 2 45
Y482F-89F-8G 0/6 NA NA
Y482F-89F-9G 0/6 NA NA

a Number of mice with tumors/total number of mice.
b 1, present; 2, absent.
c Mice were sacrificed when tumors were $1 cm in diameter.
d NA, not applicable.
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phenotype.” In contrast, even in the presence of supplemental
HA, cells expressing WT Tpr-Met are unable to respond.

HA secretion is implicated in both tumor progression and
invasion. To determine if the invasive capacity of cells express-
ing SMS Tpr-Met (which secrete HA) was enhanced, invasion
assays through Matrigel were performed. In three experiments
in duplicate, while WT cytosolic Tpr-Met-expressing cells
showed relatively few invading cells, SMS Tpr-Met-expressing
cells showed ;8-fold more invading cells, demonstrating that
these cells do indeed have enhanced invasive capacity (Fig.
5D). In contrast, even after 24 h, the Fr3T3 parental cells were
unable to invade. Thus, while cells expressing Tpr-Met have
the capacity to invade through Matrigel in vitro, this capacity is
greatly enhanced by plasma membrane targeting of Tpr-Met.

A major cell surface receptor for HA, CD44, is altered in
SMS Tpr-Met-expressing cells. The principal cell surface re-
ceptor for HA is CD44, a broadly distributed cell surface
glycoprotein which contains multiple alternatively spliced ex-
ons. The 85-kDa form of CD44 contains no alternatively
spliced exons and is termed CD44s (standard), while alterna-
tively spliced forms of CD44 are termed CD44v (variant).
CD44, whose expression is regulated downstream from several

tyrosine kinase growth factor receptors, including the Met re-
ceptor (reviewed in reference 27) and the transcriptional ele-
ment AP-1 (40), is believed to mediate many of the biological
functions of HA (reviewed in reference 67). Thus, CD44 ex-
pression was assessed in cells transformed by either cytosolic or
SMS Tpr-Met. Transformation by either cytosolic Tpr-Met,
WT SMS Tpr-Met, or SMS Tpr-Met mutants resulted in an
increase in expression of both CD44s and CD44v compared
with that of the parental Fr3T3 cells, with the exception of the
nontransforming Y482-89F SMS Tpr-Met (Fig. 6A). In addi-
tion to increased expression, cells expressing SMS Tpr-Met,
but not cytosolic Tpr-Met, show decreased mobility of CD44s
in SDS-polyacrylamide gel electrophoresis (PAGE), suggest-
ing a posttranslational modification.

In invading cells, CD44 has been shown to be localized at the
leading edges of invadopodia (40). While Fr3T3 cells are well
spread, those expressing cytosolic Tpr-Met adopt a spindle-
shaped morphology. Cells expressing SMS Tpr-Met, however,
possess a morphology dramatically different from that of either
Fr3T3 or Tpr-Met-transformed cells, and they exhibit multiple
plasma membrane projections that resemble invadopodia (Fig.
6C). By indirect immunofluorescence, CD44 is seen to be co-

FIG. 5. SMS Tpr-Met-expressing cells are more invasive in vitro and both secrete and are responsive to HA. (A) Cells expressing either WT cytoplasmic or WT
SMS Tpr-Met or SMS Tpr-Met mutants were seeded in 24-well dishes (104/well) and serum starved the following day. After 2 days of cell starvation, the medium was
collected and assayed for HA content. The data shown are representative of three experiments done in triplicate. (B) Cells expressing either cytoplasmic or SMS
Tpr-Met were seeded in soft agar which was supplemented with either HA (0.5 mg/ml; middle column) or hyaluronidase (100 U/ml; right column), and photographs
were taken after 11 days. (C) Colonies were counted after 11 days and scored for a “loose” or a “tight” morphology. Loose colonies were defined as those in which
individual cells were easily discernible, while all others were defined as tight. H’dase, hyaluronidase. (D) In vitro invasion assays through Matrigel-coated filters were
performed on cells expressing cytoplasmic or SMS Tpr-Met. The abbreviations for cell lines used are detailed in the legends to Fig. 1 and 3. The error bars represent
standard deviations.
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localized with polymerized actin at the ends of the plasma
membrane projections in SMS Tpr-Met-expressing cells and at
the actin-rich termini of cells expressing cytosolic Tpr-Met
(Fig. 6C). In contrast, in Fr3T3 cells, which do not contain
detectable invadopodia, CD44 localization is diffuse and ex-
pressed ubiquitously over the cell surface (Fig. 6C).

HA production by SMS Tpr-Met is dependent upon PI3*K
activity. Multiple signaling pathways, including those activated
by Ras, c-Src, and PI39K, are dependent upon Y489 within the
carboxy terminus of Tpr-Met (Y1356 in Met) (19, 21, 53).
Thus, we established whether these signaling pathways were
enhanced following targeting of Tpr-Met to the membrane and
if any of these signaling pathways were required for HA pro-
duction by the membrane-targeted Tpr-Met. Two of the pre-
dominant proteins recruited to Tpr-Met are the adapter pro-
teins Grb2 and SHC (19, 21, 53), which are involved in the
activation of Ras through the guanine nucleotide exchange
factor SOS. Since the ability of SOS to activate Ras has been
shown to be dependent on its ability to be translocated from
the cytosol to the plasma membrane, the membrane localiza-
tion of Tpr-Met might potentiate Ras activation through the
recruitment of Grb2-SOS or SHC-Grb2-SOS to the plasma
membrane. The steady-state activation of Ras was examined by
several methods, including a GST–Raf-1 fusion protein which
binds only GTP-bound Ras (69) and activation of MAPK as
measured in mobility shift assays. In either the GST–Raf-1

association assay (Fig. 7A) or a MAPK mobility shift assay
(Fig. 7B), Ras was not detectably activated. Moreover, mem-
brane localization of Tpr-Met did not alter cell proliferation
compared with cell lines expressing cytosolic Tpr-Met either
in the presence of 10% FBS or under serum-starved condi-
tions (data not shown). Our inability to detect elevated Ras
activity may reflect a downregulation of this pathway un-
der steady-state conditions. In addition, while an inhibitor of
MEK, PD98059 (100 mM), morphologically reverts Fr3T3 cells
transformed by V12 H-Ras, this inhibitor induced no morpho-
logical changes in cells transformed by either cytosolic Tpr-
Met or SMS Tpr-Met (Lamorte, et al., unpublished observa-
tions) and had only a minor effect on HA production by SMS
Tpr-Met, reducing HA to 81% of that of untreated SMS Tpr-
Met-expressing cells (Fig. 7C and D). Moreover, no alterations
in c-Src activity were observed in cells expressing cytoplasmic
or SMS Tpr-Met (data not shown), and treatment of these cells
with a pharmacological inhibitor of c-Src activity, (PP2; 50 nM
[Fig. 6C]), while inhibiting c-Src at this concentration (3), had
only minor effects on HA production. Although higher con-
centrations of PP2 (10 to 20 mM) will inhibit HA synthesis
(data not shown), autophosphorylation of Tpr-Met is also in-
hibited (L. Lamorte and M. Park, unpublished observations),
making interpretations of these results difficult.

In contrast to Ras and c-Src, in multiple independent cell
lines expressing SMS Tpr-Met, a specific inhibitor of PI39K,

FIG. 6. A distinct, reduced-mobility form of CD44 is expressed by SMS, but not cytoplasmic, Tpr-Met-expressing cells and is localized to invadopodia in both cell
types. (A) Cells starved overnight in DMEM plus 0.5% FBS were lysed in RIPA buffer, and 1 mg of total protein was immunoprecipitated (IP) with anti-CD44
antibodies (5G8). Immune complexes were resolved by SDS–8% PAGE and Western blotted with anti-CD44 antibodies (5G8). (B) Serum-starved cells were lysed in
RIPA buffer, and 10 mg of protein was resolved by SDS–8% PAGE and Western blotted with anti-CD44 antibodies (5G8). (C) Cells expressing either WT or SMS
Tpr-Met were analyzed for CD44 distribution by indirect immunofluorescence with anti-CD44 antibodies (5G8) as described in Materials and Methods. Photographs
of representative cell lines are shown in phase contrast (top row), CD44 fluorescence (middle row), and polymerized actin (bottom row). The arrows point to
CD44-containing invadopodia. The abbreviations for cell lines are detailed in the legends to Fig. 1 and 3.
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Ly294002 (50 mM), consistently (four of four experiments in
triplicate) reduced the amount of HA produced by SMS Tpr-
Met-expressing cells to 20 to 30% that of control untreated
cells, suggesting that pathways downstream of PI39K are nec-
essary for HA production (Fig. 7C and D). SMS Tpr-Met-
expressing cells remained viable even through treatment with
Ly294002 for 48 h, as the cells remained adherent and nuclei
remained intact, as indicated by DAPI staining (data not shown).
The inability of the PI39K inhibitor, Ly294002, to completely
block HA production may be due to incomplete inhibition of
PI39K at the concentration used or to the contribution of
alternate pathways to HA production. In this regard, a modest
inhibition, to 60 to 70% of control cells, was observed in the
presence of the MEK inhibitor PD98059, and it acted syner-
gistically with LY294002. However, neither inhibition of Src
nor inhibition of a downstream target of PI39K, p70S6K, with
the fungal metabolite rapamycin (20 ng/ml) had a significant
effect (Fig. 7D).

Membrane-associated PI3*K is necessary and sufficient for
HA production. PI39K has been shown to be activated down-

stream of the Met receptor in response to HGF and constitu-
tively by Tpr-Met (21, 44, 59). PI39K is composed of two sub-
units, a p85 regulatory subunit and a p110 catalytic subunit.
The p85 subunit contains two SH2 domains which, upon bind-
ing phosphorylated tyrosine residues in receptor tyrosine ki-
nases or multisubstrate adapter proteins, such as IRS-1 (5, 46)
and Gab-1 (29, 44), enhances PI39K activity of the p110 sub-
unit (reviewed in reference 24). Because of the requirement
for PI39K activity in HA production mediated by membrane
localization of Tpr-Met, it was unclear if 39 phosphoinositides
were efficiently generated from membrane-bound lipids down-
stream of a cytosolic Tpr-Met. To establish if the membrane
targeting of Tpr-Met enhanced membrane-associated PI39K
activity, subcellular fractionation was performed and anti-
phosphotyrosine immune complexes were assayed for PI39K
activity as described in Materials and Methods. Despite similar
levels of total cellular PI39K activity in multiple independent
cell lines transformed by either WT cytosolic Tpr-Met or WT
SMS Tpr-Met (data not shown), cell lines expressing WT SMS
Tpr-Met exhibited an ;6-fold increase in membrane-associ-

FIG. 7. PI39K-dependent, but not Ras-MAPK- or p70S6K-dependent, pathways are required for HA synthesis. (A) Independent cell lines expressing WT Tpr-Met
or SMS Tpr-Met were lysed in buffer containing 0.5% Triton X-100, and equal amounts of protein were subjected to GST pull-down assays as described in Materials
and Methods using a GST fusion to the Ras binding domain of Raf-1. Ras proteins associated with GST–Raf-1 were resolved by SDS-12% PAGE, transferred to
nitrocellulose, and subjected to Western blotting with anti-Ras antibodies (a Ras). The abbreviations for cell lines are as detailed in the legends to Fig. 1 and 3 with
the exception of WCL (Triton X-100 cell lysate). (B) MAPK mobility shift assays were performed by Western blotting 15 to 20 mg of lysates prepared as described above
by Western blotting them with pan-MAPK antibodies. (C and D) HA assays were performed on cells seeded in 24-well dishes in the presence or absence of
pharmacological and fungal enzyme inhibitors of PI39K (Ly294002; 50 mM), c-Src (PP2; 50 nM), MEK (PD98059; 100 mM), p70S6K (rapamycin; 20 ng/ml), and carrier
alone (dimethyl sulfoxide [DMSO]). The cells were serum starved and maintained with inhibitors in DMEM plus 0.1% FBS for 3 days before the medium was harvested
for quantitation of HA. The error bars represent standard deviations.
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ated PI39K activity compared with cells expressing a WT cyto-
solic Tpr-Met (Fig. 8A), further supporting a role for increased
membrane-associated PI39K activity in the enhanced produc-
tion of HA.

To determine if plasma membrane localization of activated
PI39K was sufficient to induce HA production, cells were co-
transfected with activated forms of either a cytosolic (p110*
[39]) or plasma membrane-targeted (p110caax [37]) PI39K cat-
alytic subunit, along with a G418 selectable marker (pSV2neo).
Cell populations expressing the membrane-targeted form of
PI39K (p110caax) showed an increase in HA production over
control cells (175%), whereas cells expressing the cytoplasmic
p110* showed a modest increase (125%) (Fig. 8C), although
similar levels of overall PI39K activity were observed in cell
populations transfected with the cytoplasmic p110* (Fig. 8B).

Together, this suggests that membrane-localized PI39K activity
is both necessary and sufficient for HA production.

To further characterize PI39K-dependent signaling pathways
downstream from a membrane-targeted Tpr-Met, the activa-
tion of known PI39K-dependent signaling pathways involving
the Akt protein kinase (2) and the GTPase Rac-1 (reviewed
in reference 26) were assessed. In transient assays, while both
cytoplasmic and membrane-targeted forms of Tpr-Met have
the ability to activate Rac-1 (Fig. 8F), only a membrane-local-
ized Tpr-Met results in elevated levels of activated Akt, as
measured by phosphorylation of Ser473, which is essential for
full Akt activation (1). Interestingly, as in the case of Ras-
MAPK activation (Fig. 7), under steady-state conditions, Akt
was not detectably phosphorylated at Ser473 (Fig. 8G). Taken
together, this suggests that PI39K-dependent pathways inde-

FIG. 8. Plasma membrane association of PI39K is necessary and sufficient to induce HA production. (A) Subcellular fractionations (S100 and P100) were performed
on cells expressing cytoplasmic or SMS Tpr-Met. Tyrosine-phosphorylated proteins were immunoprecipitated from 1 mg of total protein from each fraction with anti-
phosphotyrosine antibodies (PY20), and the immunoprecipitates were assayed for PI39K activity. Representative results from three independent experiments done in
duplicate are shown. (B) Fr3T3 cells were either transfected with a selectable marker alone (pSV2neo) or cotransfected with a membrane-localized, activated p110
subunit of PI39K (p110caax) or a cytoplasmic activated p110 (p110*). Following selection in G418, the populations were lysed in 1% Triton X-100 and equal amounts
of protein were immunoprecipitated with anti-p110 antibodies and assayed for PI39K activity. (C) The populations were also seeded into 24-well dishes, serum starved,
and tested for HA production. Panels B and C show representative results from two independent experiments done in triplicate. (D) HeLa cells transfected with c-Akt
and either the cytoplasmic (Tpr-Met) or membrane-localized (SMS) Tpr-Met were serum starved (0.1% FBS) overnight and lysed as described in Materials and Meth-
ods. Total protein (54 mg) was resolved by SDS–9% PAGE, transferred to nitrocellulose, and subjected to Western blotting with anti-phospho-Akt (Ser473) antibodies
(top) or anti-Akt-1 antibodies (bottom). Equal amounts of Tpr-Met and SMS Tpr-Met are expressed in transfected cells (data not shown). myr-Akt, myrystoylated
Akt. (E) Stable cell lines expressing Tpr-Met or SMS Tpr-Met were serum starved overnight (0.1% FBS) and lysed as described in Materials and Methods. The lysates
(33 mg) were resolved by SDS–9% PAGE and subjected to Western blotting as for panel D. The abbreviations for cell lines are detailed in the legends to Fig. 1 and
3. (F) HeLa cells transfected with c-Akt and either the cytoplasmic (Tpr-Met) or membrane-localized (SMS) Tpr-Met were serum starved (0.1% FBS) overnight and lysed,
and activated (Act.) Rac-1 proteins were precipitated with GST-CRIB from 1 mg of protein as described in Materials and Methods. Associated proteins were resolved by SDS–
12% PAGE, transferred to nitrocellulose, and subjected to Western blotting with anti-Rac-1 antibodies. The error bars represent standard deviations. 1, present; 2, absent.
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pendent of Rac-1 and pp70S6K, and potentially involving Akt,
may contribute to HA production.

HGF stimulates HA production through the multisubstrate
adapter protein Gab-1. HA production in cells expressing the
membrane-localized SMS Tpr-Met, but not the cytoplasmic
Tpr-Met, suggested that this may be a normal cellular response
downstream from the Met receptor. BALB/c3T3 fibroblasts
expressing the Met receptor showed a two- to fivefold en-
hancement in HA production following HGF treatment (Fig.
9A). Moreover, HGF stimulation of epithelial cells produced a
modest but consistent 25 to 50% increase in HA production
following HGF stimulation (Fig. 9B).

The Gab-1 multisubstrate adapter protein is tyrosine phos-
phorylated both in response to HGF and in cell lines express-
ing Tpr-Met and is responsible for ;50% of HGF-stimulated
PI39K activity in MDCK epithelial cells (44). In addition,

Gab-1 phosphorylation is dependent on Y489 and, to a lesser
extent, Y482 (20, 44, 47, 74), which correlates with the ability
of SMS Tpr-Met mutants to produce HA (Fig. 5). Thus, to
examine the roles of Gab-1 and Gab-1-associated PI39K activ-
ity in HGF-stimulated HA production, MDCK epithelial cell
lines expressing similar levels of Gab-1 or a mutant Gab-1 which
fails to bind PI39K (30) were stimulated with HGF and HA
levels were assessed. Cell lines overexpressing WT Gab-1 (Fig.
9C; WT Gab-1 1C3 and 1C9), showed 2.5- to 4-fold increases
in HA production following HGF treatment compared to con-
trol cells (vector 2B4 and 2A6). This effect was completely
abolished by removal of the PI39K binding sites within Gab-1
(D3-PI39K Gab-1 5A8, 5B9, and 5C3), despite similar or great-
er levels of expression and HGF-stimulated Gab-1 tyrosine
phosphorylation (Fig. 9D), demonstrating that HGF-stimu-
lated HA production can be, at least in part, mediated through

FIG. 9. HGF stimulates HA synthesis in fibroblasts and epithelial cells expressing the Met receptor and is enhanced by the Gab-1 multisubstrate adapter protein.
(A) BALB/c3T3 cell lines stably expressing the Met receptor were stimulated with 100 U of HGF/ml for 3 days. The medium was collected and assayed for HA. (B)
MDCK, HeLa, and SW1222 cells which express endogenous Met receptors were stimulated with 100 U of HGF/ml for 3 days, and the medium was assayed for HA.
(C) Stable transfectants with vector alone (pcDNA 1.1, 2B9, and 2A6) or with WT Gab-1 (1C3 and 1C9) or a Gab-1 deficient for PI39K binding (5A8, 5B9, and 5C3)
were seeded in 24-well dishes, serum starved, and stimulated with HGF (100 U/ml) for 3 days. The medium was collected and assayed for HA. (D) The same cell lines
were stimulated with HGF for 15 min and lysed in buffer containing 1% Triton X-100. Equal amounts (1.5 mg) of total protein were immunoprecipitated (IP) for Gab-1 with
antihemagglutin in antibodies (Haemophilus influenzae hemagglutinin; HA.11) and resolved by SDS–8% PAGE and Western blotted with antiphosphotyrosine antibodies
(apY) (4G10; top). Equal amounts of protein were resolved by SDS–8% PAGE and Western blotted with anti-HA antibodies (bottom). 1, present; 2, absent.
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Gab-1 and that this is dependent upon PI39K binding sites
within Gab-1.

DISCUSSION

The Met receptor is overexpressed and deregulated in mul-
tiple human tumors. Studies of Met receptor mutants in he-
reditary papillary renal carcinomas have identified a differen-
tial requirement for signaling proteins in transformation by
membrane-localized and cytoplasmic Met oncoproteins (33).
Thus, it was unclear if overexpression of the Met receptor
contributes to transformation in the same manner as the cyto-
plasmic oncogene variant, Tpr-Met. To address this, we have
directly compared transformation mediated by membrane-lo-
calized and cytoplasmic forms of Tpr-Met and have shown that
membrane targeting of the cytosolic Tpr-Met oncoprotein
through the addition of the c-src myristoylation sequence (SMS
Tpr-Met) alters the signaling capacity of the oncoprotein, lead-
ing to enhanced transformation of Fr3T3 cells in culture and
tumorigenicity in nude mice. Moreover, membrane-localized
PI39K activity is required for the production of HA down-
stream from both the membrane-localized SMS Tpr-Met and
the HGF-stimulated Met receptor, by a mechanism that is, at
least in part, mediated through the multisubstrate adapter pro-
tein Gab-1.

Membrane targeting enhances tumorigenicity of the Met
oncogene, Tpr-Met. Membrane targeting of the cytosolic Tpr-
Met oncoprotein enhances the ability of Tpr-Met to transform
Fr3T3 cells in culture in assays for both focus formation (Fig.
2) and anchorage-independent growth (Fig. 3). Moreover, cells
expressing a membrane-targeted Tpr-Met show enhanced in
vitro invasion (Fig. 5) and induced tumors with both a shorter
latency (12 days) and a distinct myxoid phenotype compared
with cells expressing a cytosolic Tpr-Met (21 days) (Fig. 4 and
Table 1). Myxoid tumors are characterized as tumors that
contain areas in which mucinous substances are secreted into
the surrounding matrix, including glycosaminoglycans, such as
HA and sialomucins (14). HA retains water at several orders of
magnitude greater than its own molecular weight, consistent
with SMS Tpr-Met-expressing cells forming both tumors with
large amounts of intracellular space (Fig. 4) and colonies of
loosely associated cells in soft agar (Fig. 3). The latter pheno-
type is reversed by the addition of hyaluronidase, demonstrat-
ing a requirement for HA production in the formation of
colonies of loosely associated cells (Fig. 5). We have shown
that both the HGF-stimulated Met receptor and membrane-
localized Tpr-Met, but not a cytoplasmic Tpr-Met, induce the
production of HA in epithelial cells and fibroblasts (Fig. 5 and
9), implying the requirement for a membrane-dependent sig-
naling pathway(s) for HA production.

HA production and a distinct species of CD44 are regulated
by a membrane-localized Tpr-Met oncoprotein. We have pre-
viously demonstrated that the full biological activities of both
Tpr-Met and the Met receptor are dependent upon Y489
(Y1356 in Met) within the carboxy terminus of Tpr-Met (Met).
In a similar manner, we show here that Y489 is essential for
efficient transformation by the membrane-localized SMS Tpr-
Met protein (Fig. 2, 3, and 4 and Table 1). Importantly, these
studies have revealed that Y489 in SMS Tpr-Met is required
for induction of myxoid tumors with short latency (Fig. 4 and
Table 1), HA production (Fig. 5), and the presence of a slower-
migrating form of CD44s in SDS-PAGE (Fig. 6).

In addition to alternative splicing, posttranslational modifi-
cations of CD44 include N- and O-linked glycosylation and
serine phosphorylation (reviewed in references 51 and 67). The
slower mobility of CD44s observed in cells expressing SMS

Tpr-Met does not correspond with those of known alterna-
tively spliced forms, nor do we observe any gross alterations in
phosphorylation through in vivo 32P cell labeling or in vitro
phosphatase treatment (data not shown), although at the pres-
ent time we cannot rule this out. However, where studied, post-
translational modifications of CD44 have been shown to cor-
relate with alterations in the ability of CD44 to either bind or
respond to HA (reviewed in references 51 and 67). Significant-
ly, this form of CD44 with the slowest mobility correlates not
only with the ability of SMS Tpr-Met to transform cells in
culture and exhibit enhanced invasive capacity in vitro and
myxoid tumor formation in vivo but also with the ability of cells
to be responsive to HA in the surrounding matrix (Fig. 5B).

Importantly, the clustering of CD44 proteins enhances their
ability to associate with the actin cytoskeleton, a linkage me-
diated by ezrin, radixin, and moesin family proteins (72). Sig-
nificantly, cells expressing SMS Tpr-Met, and the form of
CD44s with slower mobility, exhibit a fourfold increase in the
number of invadopodia in which CD44 colocalizes with actin
compared to WT Tpr-Met-expressing cells, and this is in con-
trast to the parental Fr3T3 cells, which do not have invadopo-
dia and have a diffuse CD44 distribution (Fig. 6). Although
there are slight discrepancies in CD44 mobility in different cell
lines, in each case replacement of Y489 eliminated the slowest-
migrating form of CD44, and Y489F SMS Tpr-Met-expressing
cell lines do not exhibit increased numbers of invadopodia
(Fig. 6B and data not shown). Thus, increased HA production
and the coordinate modification and localization of CD44 in
invadopodia (Fig. 6) correlate with Y489 and both increased
invasiveness in vitro and myxoid tumor formation in vivo (Fig.
4 and Table 1).

Membrane PI3*K activity is necessary and sufficient for HA
production. The plasma membrane targeting of Tpr-Met in-
duces an autocrine loop involving both the production of HA
and the modulation of the HA receptor, CD44. This is depen-
dent on carboxy-terminal tyrosine 489 in Tpr-Met, which is a
multisubstrate binding site that links both Tpr-Met and the
Met receptor with multiple signaling pathways through the
recruitment of the adapter proteins Grb2 and SHC and the
multisubstrate binding proteins Gab-1 and Cbl and through
association and activation of the lipid kinase PI39K (19–22, 44,
52, 59, 74; T. Fournier, L. Lamorte, and M. Park, unpublished
data). Notably the activities of Ras, MAPK, JNK, p38 HOGK,
and c-Src are unaffected by membrane localization of Tpr-Met
(Fig. 7 and data not shown), and inhibitors of Src (PP2) or the
MAPK pathway (MEK and PD98059) fail to significantly in-
hibit HA production (Fig. 7). This suggests that, from a cyto-
plasmic location, Tpr-Met is able to access these pathways and
activate them to an extent similar to that of the membrane-
targeted Tpr-Met. In contrast, while the membrane-associated
SMS Tpr-Met promotes the recruitment of substrates such as
Gab-1 to a Triton X-100-insoluble compartment, Gab-1 re-
mains Triton X-100 soluble in cells expressing the cytosolic
Tpr-Met (Fig. 1). Thus, changes in the subcellular localization
of these signal transducers may contribute greatly to their
efficacy.

Treatment of cells with a pharmacological inhibitor of PI39K
(Ly294002) resulted in a significant reduction in HA produc-
tion (to 30% of vehicle-only controls), although the cells re-
mained viable under the assay conditions (Fig. 7C and data not
shown). Importantly, membrane-associated PI39K activity is
enhanced more than sixfold in cells expressing SMS Tpr-Met
compared with those expressing cytosolic Tpr-Met (Fig. 8),
consistent with the requirement for PI39K and the membrane
localization of Tpr-Met in HA production. Moreover, we show
that the overexpression of a plasma membrane-targeted, but
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not cytosolically localized, activated p110 subunit of PI39K is
sufficient to induce the production of HA in fibroblasts (Fig. 8).

PI39K functions to generate intracellular second messengers
by phosphorylating the 39 OH position of inositol lipids. Mul-
tiple cellular responses are regulated by PI39K, including cell
growth, inhibition of apoptosis, actin cytoskeleton reorganiza-
tion, vesicle transport (reviewed in reference 24), and cellular
transformation (38). Moreover, PI39K activity is critical for the
breakdown of epithelial cell-cell junctions and cell motility (16,
59), as well as morphogenesis (37), downstream from the Met
receptor. Although PI39K can be recruited to Met directly
through Y489 (21, 53), the majority of activated PI39K down-
stream from the Met-HGF receptor is associated with the
multisubstrate adapter protein Gab-1 (44), whose recruitment
and phosphorylation requires Y489 and, to a lesser extent,
Y482 (20, 44, 47, 74). Consistent with this, the overexpression
of Gab-1 enhances HGF-stimulated HA production in MDCK
epithelial cells, and this effect is dependent upon the ability of
Gab-1 to associate with the p85 subunit of PI39K (Fig. 9).

In addition to the direct recruitment of signaling proteins to
plasma membranes via their interactions with receptor tyrosine
kinases, protein recruitment may also be mediated through the
interactions of PH (pleckstrin homology) domain-containing
proteins with membrane-bound phosphoinositides (reviewed
in reference 41). Multiple proteins contain PH domains which
bind phosphatidylinositol-(3,4,5)P3 a product of PI39K. These
include Akt-protein kinase B (PKB), a member of the serine
threonine kinase family (23); PDK1, a kinase required for
activation of Akt (2) exchange factors for Rac (11, 60), and
Gab-1, the major substrate and source of PI39K activity down-
stream from the Met receptor (32). Importantly, the localiza-
tion of Gab-1 to plasma membranes is dependent on PI39K
activity and the PH domain in Gab-1 (44). Therefore, the
membrane localization of SMS Tpr-Met and enhanced mem-
brane-associated PI39K activity may act to increase recruit-
ment and activation of PH domain-containing signaling pro-
teins, such as Gab-1, Akt, PDK1, and Rac exchange factors.

Neither Akt nor Rac was detectably phosphorylated or
activated under steady-state conditions in cells expressing a
membrane-targeted Tpr-Met (Fig. 8E). Moreover, although
Rac was activated following transient transfection of Tpr-Met,
this was not enhanced by the membrane-targeted Tpr-Met,
indicating that signaling pathways downstream from Rac are
unlikely to contribute to HA production. However, the ability
of a membrane-targeted Tpr-Met, but not a cytosolic Tpr-Met,
to activate Akt in transient transfections (Fig. 8D) is consistent
with an increase in membrane-localized PI39K activity, sug-
gesting a potential role for Akt-dependent signaling in HA
production. The lack of Akt activity observed in stably trans-
formed cell lines may reflect the activation of pathways in-
volved in the downregulation of Akt. Several potential targets
for Akt have been identified that may have a direct effect on
gene expression and protein synthesis. These include mTOR
and p70S6K (70), directly involved in the regulation of protein
synthesis; glycogen synthesis kinase 3 (GSK3) (15), a regulator
of glycogen synthase and b-catenin stability; the Forkhead
transcription factor (9, 68); and NF-kB (36). Interestingly, one
of the genes for hyaluronan synthase was shown to contain an
NF-kB binding site in its promoter region (48), implicating
NF-kB as a putative regulator of HA synthesis.

To date, three mammalian forms of hyaluronan synthase
have been identified (65). Although the mechanisms regulating
their expression or their activities remain unclear, the impli-
cation of membrane-localized PI39K activity in HA synthesis
provides a system with which to investigate the mechanisms by
which extracellular and intracellular signals regulate HA pro-

duction. Consistent with a physiological role for the Met re-
ceptor tyrosine kinase in the regulation of HA production and
response, the Met receptor is involved in many cellular pro-
cesses in which HA is also normally present, including migra-
tion of muscle precursor cells and spinal motor neurons during
embryonic development (10, 18, 61, 73). Interestingly, mice
expressing Met receptor mutants that are impaired in their
ability to recruit Gab-1 also show impaired migration of muscle
precursor cells and neurons (43). In addition, the Met receptor
is deregulated in many human cancers, and point mutations
have implicated the Met receptor in both sporadic and hered-
itary papillary renal carcinomas. Frequently, histological exam-
ination of higher-malignancy tumors and of papillary renal
carcinomas reveals sarcomatoid regions bearing a strong re-
semblance to the myxoid tumors formed by SMS Tpr-Met-
expressing cells (Fig. 4A) (45), suggesting that alterations in
the Met receptor or other signaling pathways that elevate
PI39K activity may contribute to both the onset and increased
malignancy of these tumors.

HA and CD44 overexpression are associated with enhanced
malignancy in multiple tumor types, including breast, bladder,
ovarian, and colorectal cancers and sarcomas (reviewed in ref-
erence 67). Moreover, increased levels of PI39K activity have
been found in colorectal tumors, and the p110a catalytic sub-
unit of PI39K is implicated as an oncogene in ovarian cancer
through overexpression and enhanced PI39K activity, resulting
in a decrease in apoptosis through the activation of Akt (63).
Loss of function of the tumor supressor PTEN gene, a negative
regulator of PtdIns(3,4,5)P3, occurs in many tumors and is be-
lieved to contribute to tumorigenesis through an increase in
PtdIns(3,4,5)P3 levels (66, 77). In this paper, we have identified
an additional mechanism by which PI39K activation down-
stream from receptor tyrosine kinases contributes to tumori-
genesis through the induction of an autocrine loop involving
HA and modulation of its receptor, CD44. Multiple proteins
are modulated downstream of PI39K, including PKB-Akt, Ras,
Src, mTOR, p70S6K, GSK3, Rac, and Forkhead. While Ras-
regulated MEK activity, Src, p70S6K, and Rac-1 do not appear
to be involved in HA production, the activation of PKB-Akt
may contribute to this process. The precise role of Akt in HA
production is under investigation.
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