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Fibroblasts transformed by Fos oncogenes display increased expression of a number of genes implicated in
tumor cell invasion and metastasis. In contrast to normal 208F rat fibroblasts, Fos-transformed 208F fibro-
blasts are growth factor independent for invasion. We demonstrate that invasion of v-Fos- or epidermal growth
factor (EGF)-transformed cells requires AP-1 activity. v-Fos-transformed cell invasion is inhibited by c-jun
antisense oligonucleotides and by expression of a c-jun dominant negative mutant, TAM-67. EGF-induced
invasion is inhibited by both c-fos and c-jurn antisense oligonucleotides. CD44s, the standard form of a
transmembrane receptor for hyaluronan, is implicated in tumor cell invasion and metastasis. We demonstrate
that increased expression of CD44 in Fos- and EGF-transformed cells is dependent upon AP-1. CD44 antisense
oligonucleotides reduce expression of CD44 in v-Fos- or EGF-transformed cells and inhibit invasion but not
migration. Expression of a fusion protein between human CD44s and Aequorea victoria green fluorescent
protein (GFP) in 208F cells complements the inhibition of invasion by the rat-specific CD44 antisense
oligonucleotide. We further show that both v-Fos and EGF transformations result in a concentration of
endogenous CD44 or exogenous CD44-GFP at the ends of pseudopodial cell extensions. These results support

the hypothesis that one role of AP-1 in transformation is to activate a multigenic invasion program.

The proto-oncogene c-fos is the cellular homolog of the v-fos
oncogenes carried by Finkel-Biskis-Jinkins (FBJ) and Finkel-
Biskis-Reilly (FBR) murine sarcoma viruses. It belongs to a
family of genes encoding nuclear transcription factors impli-
cated in orchestrating cell growth and differentiation that in-
clude fra-1 (16), fra-2 (62), and fosB (86). These proteins are
thought to mediate their cellular functions by forming het-
erodimers with members of the Jun family of nuclear onco-
proteins that include c-jun (61), junB (67), and junD (31, 68) to
form the transcription factor activator protein 1 (AP-1). Tran-
sient induction of c-fos and AP-1 DNA-binding activity results
from activation of signal transduction pathways which trans-
duce signals from the cell membrane to the nucleus (18). Mu-
tational activation of proto-oncogenes such as sis, ras, and raf
that participate in such pathways results in deregulated expres-
sion of c-fos (38, 46, 74) and an increase in AP-1 activity that
is necessary for transformation by these oncogenes (76). Al-
though the induction of AP-1 activity in fibroblasts by a variety
of stimuli, including serum (22, 27), cytokines (11), tumor
promoters (3), and growth factors (15), implicates AP-1 acti-
vation in the regulation of proliferation, this may not be its only
contribution to transformation. Inhibition of AP-1 activity also
blocks morphological transformation by oncogenes that lie up-
stream of c-fos (47). Similarly, v-fos-transformed cells express
the transformed morphology while remaining dependent upon
serum mitogens for proliferation (27, 30, 55). Moreover, fibro-
blast cell lines from c-fos-null mice display a normal depen-
dence on serum mitogens for proliferation and normal expres-
sion of several genes containing functional AP-1 sites in their
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promoters (13, 34). In such cells, however, expression of two
genes, those for stromelysin 1 and type 1 collagenase, normally
upregulated in transformed cells or by growth factors, is se-
verely attenuated (34). Thus, although AP-1 regulates the ex-
pression of a diverse group of genes, including cjun (4),
MCP-1 (66), those for metalloproteases stromelysin 1 and type
1 collagenase (42, 72), those for metallothionines (44), and that
for CD44 (32), c-fos expression may be required only for a
subset of these. Two examples of c-fos-requiring genes, those
for type 1 collagenase and stromelysin 1, encode proteases
involved in degradation of extracellular matrix (ECM). Expres-
sion of these genes is induced both in Fos-transformed cells
that can invade ECM in vitro (30) and in normal stromal
fibroblasts invading in response to epidermal wounding (21),
consistent with the idea that fos may play a pivotal role in
regulating genes involved in invasion (30).

The cell surface hyaluronan receptor CD44s is expressed in
a variety of normal tissues and tumors. CD44s belongs to a
family of structurally related transmembrane proteins with a
common cytoplasmic tail domain (35). Variants of CD44 differ
from CD44s as a result of alternative splicing and posttransla-
tional modification in the extracellular domain of the molecule
(28). An association between overexpression of CD44s or al-
ternatively spliced variants with aggressiveness or metastasis of
a variety of human tumors (51, 58) suggests that these proteins
play a role in tumor progression. This is supported by the
findings that CD44 has a role in tumor cell motility in vitro (8,
19, 79) and enhances tumor growth and metastasis in in vivo
models (25, 26). Interaction of CD44s with the ECM proteo-
glycan hyaluronan appears to be one key aspect of its function
(5, 17, 57) and is critical for CD44s to promote melanoma
tumor development (6). However, CD44 has also been shown
to interact with other ECM components (7, 36, 85) and to
promote cell-cell adhesion (75). In fibroblasts the CD44 pro-
moter is AP-1 responsive (32) and CD44 expression is upregu-
lated in cells transformed by either v-src or activated H-ras (32,
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FIG. 1. Antisense oligonucleotide to AP-1 components inhibits v-fos- or EGF-induced 208F ECM invasion. (a) 208F invasion in response to EGF. Shown are
confocal images of propidium iodide-stained cell nuclei at 20 pm in Matrigel of 208F in the absence (C) or presence (EGF) of EGF alone or in the presence of control
(EGF+jun-C) or antisense (EGF+jun-AS) c-jun or sense (EGF+FOS) or antisense (EGF+SOF) c-fos phosphorothioate oligonucleotide. (b) Quantitative analysis of
invasion. Invasion assay results were quantitated as described elsewhere (30) with a Bio-Rad program (Comos) and represent the average from at least four separate
assays in two experiments. (c) FBR v-fos invasion. Shown are confocal images of propidium iodide-stained cell nuclei at 20 pm in Matrigel of FBR v-fos in the absence
(FBR) or presence of control and sense (jun-C/FOS) or anti-c-jun (jun-AS) or -c-fos (SOF) phosphorothioate oligonucleotides. (d) Quantitative analysis of invasion.

Invasion assay results were quantitated as in panel b.

37), which suggests that CD44 expression is normally regulated

by signalling pathways in which these oncogenes participate.
A search designed to isolate AP-1 target genes upregulated

in FBR v-fos-transformed cells identified a number of genes

that have been implicated in invasion or metastasis (30). These
included proteases involved in ECM degradation which are
upregulated by fos or v-ras (52, 81) and induced in stromal
fibroblasts during tissue remodeling (2, 21). Other genes iso-
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FIG. 2. Expression of dominant negative c-jun (TAM-67) inhibits invasion of FBR v-fos. (a) Immunoblot analysis of v-fos and c-jun TAM-67 in FBR cells or two
G418" FBR transfectants, transfected with Neo* plasmid alone (FBR TAM-C) or cotransfected with TAM-67 expression plasmid (FBR TAM-67). v-fos and c-jun were
detected with anti-pan-fos (Upstate Biotechnology) and AB-1 (Oncogene Science) antisera, respectively. (b) Morphological characteristics of TAM-67-expressing FBR.
CD44 immunostaining (top) and phalloidin staining (bottom) in FBR TAM-C and FBR TAM-67 are shown. Anti-CD44 MAb OX49 was used to detect CD44.
Concentrations of CD44 immunostaining are indicated by arrowheads. Bars, 25 pm. (c) Invasion of TAM-67-expressing FBR cells. Confocal images of propidium
iodide-stained cell nuclei at 20 wm in Matrigel of FBR v-fos (C) or vector-transfected (TAM67-C) or TAM-67-expressing (TAMG67) transfectants are shown. (d)
Quantitative analysis of invasion of FBR, FBR TAM-C, or TAM-67-expressing transfectants. Invasion assay results were quantitated as in Fig. 1b. Invasion of FBR

TAM-C or TAM-67 is expressed as a percentage of FBR invasion (100%).

lated have similarly been implicated in adhesion, motility, and
metastasis (30, 40). Previously, we demonstrated that Fos-
transformed cells are constitutively invasive, while normal cells
require growth factors to stimulate invasion (30).

On the basis of the functions of the genes found to be
upregulated as a consequence of v-fos transformation, we pro-
posed that one role of AP-1 in transformation is to activate a
multigenic invasion program. Herein we test two predictions
which flow from this proposal. First, we show that invasion is
dependent upon the expression of functional AP-1 in FBR
v-fos-transformed 208F fibroblasts (FBR cells) or epidermal
growth factor (EGF)-induced invasion of 208F fibroblasts. Sec-
ond, we demonstrate that invasion of FBR or EGF-trans-
formed 208F fibroblasts (41, 63) is dependent upon the in-
creased expression of a known AP-1 target gene, CD44 (32).

The results presented indicate a functional link between AP-1,
CD44 induction, and in vitro ECM invasion.

MATERIALS AND METHODS

Human recombinant EGF was obtained from Life Technologies, Paisley,
United Kingdom. Texas red (TRIC)-labelled phalloidin, fluorescein isothiocya-
nate (FITC)- and TRIC-labelled anti-mouse and FITC-labelled anti-rabbit im-
munoglobulin G (IgG), and propidium iodide were purchased from Sigma
Chemical Co., Poole, United Kingdom. Antibodies used were anti-CD44 mono-
clonal antibodies (MAbs) 5G8 (used for Western blotting) (a generous gift from
J. Sleeman, Institut fiir Genetik, Karlsruhe, Germany), OX49 (used for indirect
immunofluoresence) (Serotech, Kidlington, United Kingdom), and Hermes-3
(used to detect human CD44) (a gift from E. Butcher, Department of Pathology,
Stanford University Medical Center, Stanford, Calif.). Antivinculin and antitalin
MADs used as a loading controls in Western blotting were purchased from Sigma
Chemical Co. Anti-green fluorescent protein (GFP) polyclonal serum was pur-
chased from Clontech Laboratories, Palo Alto, Calif. Antibodies used to detect
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FIG. 3. CD44 upregulation in fos transformants and by EGF. (a) Northern analysis of CD44 mRNAs in c-fos transformant MMV, v-fos transformants FBJ and FBR,
and normal 208F fibroblasts in growing (10% FCS) or growth-arrested (0.5% FCS) cultures. An ethidium bromide-stained gel prior to transfer is also shown to verify
equal RNA loading. CD44 mRNA sizes (given in kilobases) were estimated relative to an RNA marker ladder (Life Technologies). (b) Western analysis of CD44 levels
in fos transformants and 208F. Blots were probed with antibodies to talin and CD44 as described in Materials and Methods. CD44 is detected as an 85-kDa band with
anti-CD44 MAD 5G8 in both v- and c-fos transformants. The two molecular weight size markers shown were from Life Technologies. (c) Semiquantitative RT-PCR
of CD44 mRNAs. CD44 is upregulated in v-fos transformant FBR cells and in EGF-transformed 208F cells compared to untreated 208F. This 365-bp species lacking
alternatively spliced exons is 5- to 10-fold more adundant in FBR cells or after EGF treatment. (d) Western analysis showing the relative adundance of p85 CD44s in
208F, 208F morphologically transformed by EGF treatment for 48 h, and v-fos FBR. Blots were probed as described above with 5G8 and antivinculin MAb to control
for loading variations and transfer. Positions of molecular weight markers (Life Technologies) are also shown.

c-jun/TAM-67 (anti-c-jun AB-1) and v-fos (anti-pan fos K-25) were obtained
from Oncogene Science, Cambridge, United Kingdom, and Santa Cruz Biotech-
nology, Santa Cruz, Calif., respectively. In vitro invasion chambers (Transwell;
8-um-pore-size filter) were purchased from Costar. Reduced-growth-factor Ma-
trigel was from Collaborative Research.

Cell lines. 208F is a subclone of the Rat-1 fibroblast line originally obtained
from K. Quade. MMV is a constitutive c-fos-expressing cell line generated by
transfection of 208F with murine c-fos lacking 5’ untranslated sequences and
under the control of Rous sarcoma virus long-terminal repeat (56). v-fos trans-
formants FBR and FBJ were originally obtained from Tom Curran and are
nonproducer 208F fibroblasts transformed by infection with the FBR and FBJ
murine sarcoma retroviruses, respectively. All cell lines were routinely passaged
before confluence and maintained in Dulbecco modified Eagle medium
(DMEM) (Life Technologies) supplemented with 10% fetal calf serum (FCS)
(Advanced Protein Products Ltd.) at 37°C in 5% CO.,.

c¢DNA expression vectors and transfections. pSRaneo and pSRaneoCD44s, a
construct expressing human CD44s, were kind gifts from C. M. Isacke, Imperial
College, London, United Kingdom (59). A TAM-67 expression construct ex-
pressing a c-jun deletion mutant under the control of a cytomegalovirus pro-
moter was a kind gift from Michael Birrer (12) and cotransfected in a 10:1
mixture with pSRaneo. 208F and FBR cells were transfected by lipofection
(N-[1-(2,3-dioleoyloxylpropyl]-N,N,N-trimethylammonium methylsulfate [DOTAP;
Life Technologies]) with 10 g of cesium chloride-purified plasmid according to
a protocol suggested by the manufacturer. After 10 to 14 days individual clones
resistant to 300 pg of G418 per ml were obtained and subcloned by limiting
dilution to generate single-cell subclones. At least 10 to 15 subclones were
obtained for each transfection and examined by epifluorescence of live cells (for
GFP and CD44-GFP fluoresence) or Western blotting (for TAM-67 expression)
and by both Western blotting and indirect immunofluoresence with anti-human
CD44-specific antiserum (Hermes-3) for human CD44 and CD44-GFP fusion
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FIG. 4. CD44 immunolocalization in 208F, EGF-transformed 208F, and v-
fos transformants. (a) Morphological transformation of 208F by EGF. CD44
immunostaining (with OX49 MAb) of 208F in the absence (C) or presence
(+EGF) of 40 ng of EGF per ml for 48 h is shown. Note the elongated mor-
phology after treatment with EGF. CD44 immunolocalizes at microvilli and
membrane ruffles in untreated 208F (arrowheads) and is concentrated at pseu-
dopodial tips (arrowheads) in EGF-treated cells. (b) CD44 immunolocalization
(with anti-rat CD44 MAb OX49) in v-fos transformants. Note the concentration
of CD44 immunostaining at pseudopodial tips (arrowheads) in both FBR and
FBJ v-fos transformants. Bars, 25 pm.

and anti-GFP antiserum for CD44-GFP fusion and GFP. For transient transfec-
tion of GFP or CD44-GFP, cells grown on chamber slides (Costar) or 9-cm-
diameter dishes were lipofected as described above with 30 ug of plasmid DNA,
allowed to express the transfected DNA for 2 days, and either maintained in
growth medium or transformed by treatment with EGF as described below.

Construction and expression of CD44-GFP fusion. A C-terminal fusion of
human CD44s with the S65T mutant (29) of the 4. victoria GFP was generated
as follows: a plasmid encoding full-length human CD44 (pSRaneoCD44) was
subjected to PCR with oligonucleotides C3 and C-FUS, where C-FUS lacks the
termination codon of human CD44, instead creating a C-terminal Notl site
(underlined): C3, GGA TCC TCC AGC TCC TTT CG; C-FUS, ACGT GCG
GCCGC CAC CCC AAT CTT CAT GTC CAC ATT C.

PCR was performed with a Perkin-Elmer DNA Thermal Cycler 480 under the
following cycle conditions: 1 min at 93°C, 1 min at 55°C, and 2 min at 73°C for
25 cycles with 100 ng of each oligonucleotide and 5 ng of denatured
pSRaneoCD44. The 1.1-kb fragment was purified and blunt end ligated into
BamHI-digested and blunted pSRaneo as described elsewhere (59), generating
the intermediate construct pSRaneoCD44C-FUS. The correct 5'-3' orientation
of the CD44 fragment with respect to the pSRa promoter was confirmed by
restriction endonuclease digestion. An in-frame fusion of CD44 with GFP was
generated with a plasmid encoding the S65T mutant of GFP (29) in the eukary-
otic expression vector pCMX (a kind gift from Jonathon Pines). GFP lacking the
initiation codon was generated by PCR using the following oligonucleotides:
N-FUS, ACG TGC GGC CGC T AGT AAA GGA GAA GAA CTT TTC ACT;
3'GFP, ACG TGC GGC CGC GAT CCT CTA GCT ACC TAG CTA GCT.

PCR was performed as described above with Pfu-Tag and the 750-bp GFP
fragment purified from PCR on a commercial spun-column chromatography
column (Microspin S-300; Pharmacia), precipitated, and digested overnight with
Notl (Boehringer Corp., London, Ltd., Lewes, United Kingdom). The Notl-
digested GFP fragment was gel purified and ligated into the pSRaneoCD44C-
FUS vector which had previously been digested with NotI and dephosphorylated

AP-1, CD44, AND INVASION 967

by treatment with CIP (BCL). The construct containing the correct orientation
of GFP was sequenced by dideoxy chain termination sequencing to confirm that
an in-frame fusion of human CD44 (first set of boldfaced codons) with GFP
(second set of boldfaced codons) had been generated: GGG GTG GCG GCC
GCT AGT AAA GGA (Gly Val Ala Ala Ala Ser Lys Gly).

To generate a similar construct expressing only GFPS65T, the coding se-
quences of GFP in plasmid pCMX (above) were amplified by PCR with Pfu-Taq
as described above with primers spanning the GFP coding sequences (data not
shown). GFP was ligated into BamHI-digested and blunted pSRaneo as de-
scribed above, and correctly oriented clones were verified by restriction endo-
nuclease digestion. Transfection of 208F with this expression construct verified
GFP fluoresence in G418" transfectants after visualization of live cells under UV
illumination with a conventional FITC filter setting.

RT-PCR, Northern, and Western analyses. Semiquantitative reverse transcrip-
tion (RT)-PCR was performed using 1 pg of total cellular RNA. Total RNA was
prepared by RNAzol B extraction using a protocol supplied by the manufacturer
(Biogenesis). cDNA syntheses using random hexamers and PCR were performed
using a commercial RT-PCR kit (Perkin-Elmer) on a Perkin-Elmer DNA Ther-
mal Cycler 480 under the following cycle conditions: one cycle of 5 min at 92°C,
5 min at 55°C, and 15 min at 73°C followed by 30 cycles of 1 min at 93°C, 1 min
at 55°C, and 5 min at 73°C. A final elongation step of 15 min at 73°C was
performed to complete synthesis. To standardize cDNA, primers from human
glyceraldehyde-3-phosphate dehydrogenase (1) were used under the above-de-
scribed cycle conditions. cDNA was then amplified with these primers and
primers spanning the region of CD44 alternative splicing and corresponding to
the following sequences in the common exons of rat CD44, with numbering
corresponding to the published rat CD44 sequence (25): 5’ primer (bases 516 to
544), 5'-CAG TCA CAG ACC TAC CCA ATT CCT TCG AT-3'; 3’ primer
(bases 1342 to 1370), 5'-CCA GGA GGG ATG CCA AGA TGA TAA GCC
AC-3'. The 365-bp fragment amplified was confirmed to be derived from CD44
mRNA by Southern blot hybridization with CD44 oligonucleotides internal to
the primers used for RT-PCR and by direct sequencing (data not shown).

For Northern analysis, 10 pg of total cellular RNA purified as for RT-PCR was
separated on a 1% agarose—formaldehyde-MOPS (morpholinepropanesulfonic
acid) gel (70). The RNA gel was stained with ethidium bromide, photographed,
and blotted onto a Hybond-N nylon membrane (Amersham) with an LKB
vacuum blotter. Membranes were UV cross-linked with a Stratalinker 1800
(Stratagene). The 365-bp rat CD44 cDNA fragment generated by RT-PCR from
FBR cells was gel purified and labelled by randomly primed synthesis with
Klenow polymerase using a commercial kit (BCL). Hybridization and stringency
washes were performed as previously described (70).

For Western blotting, cells were washed thrice in cold phosphate-buffered
saline (PBS) and lysed in sodium dodecyl sulfate (SDS) sample buffer (20%
glycerol, 2% SDS, 100 mM Tris [pH 6.8], 5% B-mercaptoethanol) containing
protease inhibitors, and protein concentrations were measured with a commer-
cial reagent (Bio-Rad). Aliquots of 20 pg of protein were electrophoresed on an
SDS-7.5% polyacrylamide gel as described elsewhere (70) and blotted onto
polyvinylidene difluoride membranes (Immobilon P; Millipore) with a Transblot
wet blotting apparatus (Bio-Rad). Immunoblots were blocked in PBS containing
0.1% Tween 20 and 5% skim milk (Marvel) and probed simultaneously or
separately with anti-CD44 MAb 5G8 and antivinculin or antitalin MAbs accord-
ing to a protocol supplied with the Enhanced Chemiluminescence Western
Blotting System (Amersham). Blots were then visualized by exposure to Kodak
X-Omat film for various times. Quantitation of autoradiographs by densitometry
was performed using a Quantity One one-dimensional analysis program (PDI
Inc.) on an image analysis workstation (Molecular Dynamics). For Western
blotting of c-jun, v-fos, and TAM-67, a whole-cell extract was prepared as de-
scribed previously (50), with samples mixed with an equal volume of 2X SDS
sample buffer and processed as described above. Protocols for enhanced chemi-
luminescence detection using anti-c-jun AB-1 and anti-pan-fos were as suggested
by the manufacturers (respectively, Oncogene Science and Santa Cruz Biotech-
nology).

Immunofluorescence. For immunofluorescence cells were seeded on four- or
eight-well chamber slides (Costar) at approximately 50% confluence and grown
for 24 to 48 h prior to treatment or processing. Cells were washed twice with cold
PBS and fixed in acetone at —20°C for 10 min. Fixation under the same condi-
tions with methanol or ethanol gave essentially identical results. Blocking of
nonspecific antibody binding was performed with blocking buffer (PBS contain-
ing 0.1% Tween 20 and 5% skim milk [Marvel]) for 30 min at room temperature.
For actin labelling with TRIC-phalloidin, slides were incubated again at room
temperature in the above-described buffer containing 0.5 pg of TRIC-phalloidin
(Sigma) per ml for 30 min and washed three times at room temperature in
blocking buffer alone before coverslip mounting (Vectashield; Vector Labora-
tories). For indirect immunofluorescence of CD44 alone or in combination with
TRIC-phalloidin staining, blocked slides were incubated for 1 h at room tem-
perature in blocking buffer containing a 1/100 dilution of anti-CD44 MAb OX49
or Hermes-3 (for human CD44-GFP fusion) and washed thrice in blocking buffer
before incubation for 45 min at room temperature in fresh blocking buffer
containing a 1/50 dilution of FITC- or TRIC-labelled anti-mouse IgG (Sigma)
alone (for single labelling) or in combination with 0.5 pg of TRIC-labelled
phalloidin or FITC-labelled anti-rabbit IgG (Sigma) per ml for double labelling,
before washing in blocking buffer and mounting as before. All slides were viewed
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FIG. 5. CD44s-GFP expression and localization in 208F transformed by EGF. (a) Western analysis of GFP, human CD44s-GFP, and human CD44 in 208F stably
transfected with GFP (208F GFP), human CD44-GFP fusion (208F CD44GFP), or human CD44 (208F wtCD44). Duplicate immunoblots were probed with
GFP-specific antiserum (a-GFP) or human CD44-specific antiserum (a-huCD44). The two molecular size markers shown were from Life Technologies. (b)
Coimmunolocalization of human CD44 and GFP in 208F stably transfected with CD44-GFP fusion. Double labelling of 208F stably transfected with GFP or human
CD44-GFP fusion (i) with rabbit polyclonal antisera to GFP followed by FITC-labelled anti-rabbit secondary antibody or (ii) with an anti-human CD44-specific mouse
MADb (Hermes-3) followed by TRIC-labelled anti-mouse secondary antibody (a-huCD44 TRIC) is shown. Confocal images of red and green channels and a merged
image of both channels are shown. Note that colocalization of red and green signals occurs only in CD44-GFP-transfected 208F. Unfused GFP localization is
predominantly cytosolic and nuclear, while CD44s-GFP covers the cell membrane. Note also that under these conditions there is overlap between intrinsic GFP
fluorescence and fluorescence of the FITC-labelled secondary antibody. (c) Localization of transfected CD44-GFP at pseudopodic extensions after transformation of
208F with EGF. Images of 208F transiently transfected with GFP (208F GFP) or CD44s-GFP (208F CD44GFP) expression constructs in growing cultures (C) or after
treatment for 48 h with 40 ng of EGF per ml (+EGF) are shown. Cells were imaged either directly on 9-cm-diameter dishes plastic dishes or on glass chamber slides
after fixation with methanol (bottom). Note that GFP under both conditions remains primarily cytosolic after treatment with EGF, with no preferential localization
at pseudopodial tips, while significant amounts of CD44s-GFP are associated with these structures (arrowheads). Bars, 25 wm.

208F CD44GFP

MERGED

EGF transformation of 208F. The morphological transformation by EGF was
performed essentially as described previously (63). The concentration of growth
factor (40 ng/ml) has been shown previously to be required for efficient anchor-

on a Bio-Rad MRC 600 confocal illumination unit attached to a Nikon Diaphot
inverted microscope with various magnifications. For GFP fluorescence, images
either of live cells in 9-cm-diameter dishes or of cells cultured on glass chamber

slides after brief washing in cold PBS and fixation for 5 min in ice-cold methanol
and coverslip mounting were taken as described above. Fluoresence images were
obtained with a conventional FITC exitation setting on the laser confocal mi-
croscope as described above and processed as tagged-image file format (TIFF)
images.

age-independent growth (41). After 24 to 48 h cells were washed twice in cold
PBS and processed for immunofluoresence or Western blotting.

Antisense oligonucleotide inhibition. The phosphorothioate antisense c-jun
and c-fos oligonucleotides used have been described before and specifically
downregulate c-jun and c-fos: jun-AS, 5'-TGC AGT CAT AGA AC-3'; jun-C,
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5'-GTC CCT ATA CGA AC-3' (71); SOF (anti-c-fos), 5'-GAA GCC CGA GAA
CAT CAT-3'; and FOS (sense control), 5'-ATG AGT TTC TCG GGC TTG-3’
(52).

To demonstrate which anti-CD44 oligonucleotides significantly downregulated
CD44 expression, underivatized standard oligonucleotides were synthesized
complementary to various sequences at the 5’ end of CD44 mRNA (25) and
tested for their ability to downregulate CD44 expressed in the FBR v-fos trans-
formant. The effect of two of these oligonucleotides is shown in Fig. 4a. (AS2
corresponds to an oligonucleotide complementary to nucleotides 104 to 127 of
the rat CD44 sequence of Gunthert et al. [25].) One oligonucleotide (AS1) in
particular was effective and reproducible in significantly reducing the level of
CD44 detectable by Western blotting after a 24- to 48-h incubation. Phospho-
rothioate oligonucleotides were synthesized on an ABI 392 DNA synthesizer,
deprotected overnight in ammonia at 55°C, and purified by ethanol precipitation.
The size and purity of oligonucleotides were demonstrated by denaturing elec-
trophoresis on a 20% polyacrylamide gel (70). Sense or antisense CD44 oligo-
nucleotides used correspond to nucleotides 58 to 74 of the rat CD44 sequence of
(25): AS, 5'-GAA AAG GGT CGC GGG GG-3'; S, 5'-CCC CCG CGA CCC
TTT TC-3'.

Two methods of oligonucleotide pretreatment were performed. For Western
analysis, subconfluent cultures maintained in DMEM containing 10% FCS were
washed twice in serum-free DMEM before the addition of DMEM containing
0.5% FCS and 1 uM oligonucleotide. Cells were incubated in this medium for
8 h, washed once with serum-free DMEM before the addition of DMEM con-
taining 0.5% FCS and 40 ng of EGF per ml, and incubated for a further 24 h. For
double immunofluoresence the same protocol was followed, except with four
modifications designed to more potently suppress CD44 expression. First, 10 pM
oligonucleotide was used. Second, pretreatment with oligonucleotide was for 24
rather than 8 h. Third, the medium containing EGF also contained 10 wM fresh
oligonucleotide. Fourth, incubation in this medium was extended to 48 h.

In vitro invasion assay. An inverse invasion assay in serum-free conditions was
performed and quantitated as previously described (30), using growth factor-
depleted Matrigel (Collaborative Research)-coated polycarbonate chambers
(Transwell 8-pm-pore-size filters; Costar). In this assay cells are first chemoat-
tracted across a 8-um-pore-size membrane, those which then migrate into Ma-
trigel are visualized, and cell numbers are quantitated in 10-pm confocal optical
sections. By phalloidin staining and three-dimensional confocal reconstruction
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(29a) cells at 20 wm and above in the Matrigel layer have no cellular contact with
the filter and are thus considered to be invasive. For addition of EGF to the
assay, human recombinant EGF (Life Technologies) at a concentration of 40
ng/ml was added above the Matrigel layer in serum-free DMEM as previously
described for addition of platelet-derived growth factor (30). For oligonucleotide
inhibition, 20 uM sense or antisense phosphorothioate CD44 or c-fos or 10 pM
control or antisense c-jun oligonucleotide was added above the Matrigel layer in
serum-free DMEM in the presence or absence of 40 ng of EGF per ml. For
assays of invasion, 208F cells expressing GFP or CD44s-GFPs were fixed in
ice-cold methanol and washed twice in PBS and 10-pm confocal sections were
taken with an FITC filter setting on the confocal microscope. Control assays of
208F cells not expressing GFP and processed in this manner were also performed
to confirm that GFP fluoresence was being viewed. Results were quantitated by
counting GFP- expressing cells in each optical section, expressing those at 20 um
and above as a percentage of GFP-expressing cells in all optical sections. Assays
were performed twice in triplicate.

RESULTS

AP-1 components c-jun and c-fos are required for in vitro
invasion. To measure invasion, we used a quantitative in vitro
invasion assay which determines the ability of cells to migrate
across a membrane and then into a thick layer of the recon-
stituted ECM, reduced-growth-factor Matrigel (30). In this
assay, v-fos transformants are constitutively invasive (growth
factor independent) while parental 208F fibroblasts are condi-
tionally invasive, dependent upon growth factors. Both cell
types are equivalent in their ability to chemotactically migrate
across the 8-pm-pore-size membrane (30).

To demonstrate that AP-1 is necessary for in vitro invasion,
we used antisense oligonucleotides known to inhibit the syn-
thesis of c-fos and c-jun. 208F invasion is dependent upon EGF
and inhibited by addition of either antisense c-jun or c-fos
oligonucleotide but not by sense c-jun or c-fos oligonucleotide
(Fig. 1a and b). Growth factor-independent invasion of FBR
cells is significantly inhibited by antisense c-jun but not anti-
sense c-fos oligonucleotide (Fig. 1c and d). The c-fos antisense
oligonucleotide does not inhibit FBR cell invasion, since c-fos
is not expressed in FBR cells (26a) and the c-fos antisense
sequence is not present in the viral genome (84).

Dominant negative c-jurn (TAM-67) inhibits v-fos-trans-
formed fibroblast invasion. To further test the role of AP-1 in
FBR invasion, we generated FBR transformants stably ex-
pressing a deletion mutant of c-jun (TAM-67) shown previ-
ously to act as a dominant negative inhibitor of AP-1-mediated
transformation (14, 64). G418" FBR subclones expressing
TAM-67 (FBR-TAM67) as well as G418" non-TAM-67-ex-
pressing controls (FBR-C) (Fig. 2a) were isolated. The major-
ity of FBR-TAMG67 clones have a flat revertant morphology
and increased actin stress fibers by TRIC-phalloidin staining
(Fig. 2b). The levels of pp75*7* are similar in both FBR-
TAMG67 and FBR-C, excluding deletion of v-fos as the reason
for the revertant phenotype (Fig. 2a). In the in vitro invasion
assay FBR-TAMG67 cells are noninvasive in comparison to pa-
rental FBR or FBR-C cells (Fig. 2c), indicating that functional
AP-1 activity is required for in vitro invasiveness of FBR cells.
Immunostaining of FBR-TAM67 for CD44 reveals that it is
primarily concentrated at peripheral membrane ruffles and cell
surface microvillus processes (Fig. 2b, FBR-TAMG67, arrow-
heads), a distribution similar to that observed in 208F fibro-
blasts (see Fig. 4a) but distinct from the polarized distribution
in FBR and FBR-C (Fig. 2b, FBR-C; see Fig. 4b).

CD44s is upregulated in cells transformed by fos or EGF.
CD44s has been implicated in both cell motility (79) and in-
vasive growth of tumors (26). The finding that increased ex-
pression of CD44 in ras-transformed cells is directed by AP-1
(32) suggested that its expression would be increased in Fos-
transformed cells. Northern and Western analyses of 208F; two
v-fos transformants, FBR and FBJ cells; and one c-fos trans-
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FIG. 6. Antisense-mediated downregulation. (a) Anti-c-jun and -c-fos oligonucleotides suppress induction of CD44 expression by EGF. Western analysis of CD44
levels in 208F (C) or 208F treated with EGF and control c-jun (EGF+C), sense c-fos (EGF+FOS), or antisense c-jun (EGF+AS) or c-fos (EGF+SOF) phospho-
rothioate oligonucleotide is shown. Immunolots were reprobed with antivinculin MAD to control for loading and transfer. (b) Anti-c-jun oligonucleotide downregulates
p39°7". Immunoblots of FBR cells (C) or FBR cells treated for 24 h with control (jun-C) or anti-c-jun (jun-AS) oligonucleotide are shown. Blots were probed with
anti-cjjun-specific antibody (AB-1) and then reprobed with anti-CD44 and antivinculin MAbs. Densitometric scanning of appropriate autoradiographic exposures
reveals an 80% reduction in p39°¥” and a 50 to 60% reduction in CD44 levels after treatment with anti-cjun oligonucleotide. (¢) Anti-CD44 oligonucleotide
downregulates p85 CD44. Immunoblots of FBR cells (C) or FBR cells treated for 48 h with two different anti-CD44 oligonucleotides (AS1 and AS2) are shown.
Treatment with anti-CD44 oligonucleotide AS1 results in a 70 to 80% reduction in p85 CD44 levels after densitometric scanning of appropriate autoradiographic
exposures. Duplicate immunoblots were simultaneously probed with anti-CD44 MAb 5G8 and antivinculin MAb or with anti-c-jun antibody to control for loading and
possible nonspecific effects of antisense oligonucleotides on protein synthesis, respectively. (d) Anti-CD44 oligonucleotide AS1 suppresses induction of CD44 by EGF.
Western analysis of CD44 levels in 208F (C) or 208F treated with EGF and sense (EGF+S) or antisense (EGF+AS) CD44 oligonucleotide is shown. Immunolots were
reprobed with antivinculin MAb to control for loading and transfer.

formant, MMV, reveal that CD44 is upregulated in all three

with primers spanning the region of differential splicing (25)
fos transformants compared to 208Fs. The increase in CD44

indicates that CD44s is the major species upregulated by v-fos

expression occurs in growing or growth-arrested FBR, FBJ,
and MMV transformants (Fig. 3a and b). This indicates that
CD44 upregulation is a consequence of fos transformation, not
of serum-dependent growth. ras transformation results in the
appearance of CD44 splice variants as well as increased ex-
pression of CD44s mRNAs (32). Three mRNA transcripts with
approximate sizes of 4.3, 2.9, and 2.0 kb are detected as pre-
viously described in rat cells expressing only CD44s (25, 37).
Semiquantitative RT-PCR of 208F and FBR total cell RNA

(Fig. 3c). No RT-PCR products consistent with alternative
splicing were detected in 208F or FBR cells in assays where
splice variants were detectable by RT-PCR of RNA isolated
from rat cells known to express CD44 splice variants (data not
shown).

208F can be reversibly induced to adopt the transformed cell
morphology and anchorage-independent growth characteris-
tics of v-fos transformants by treatment with growth factors
(41, 63). EGF-induced transformation of 208F also induces a
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four- to sixfold increase in the levels of CD44s mRNA and
protein (Fig. 3c and d). No splice variants were detected in
EGF-transformed cells at the level of RT-PCR followed by
Southern analysis of the PCR products (data not shown). How-
ever, it is formally possible that splice variants are expressed in
208F and the transformed cells at levels not detected by these
assays.

CD44s is localized at pseudopodial extensions after EGF
transformation of 208F and in v-fos transformants. To deter-
mine if morphological transformation altered the cellular lo-
cation of CD44s, we compared the distribution of CD44s in
FBR, FBJ, and 208F cells in the presence or absence of EGF.
208F cells have a flat morphology with abundant actin stress
fibers typical of many immortalized fibroblast lines (63). Im-
munoreactive CD44s is concentrated at plasma membrane mi-
crovilli and peripheral membrane ruffles (Fig. 4a, arrowheads),
similar to the localization in normal fibroblasts reported pre-
viously by others (82). Transformation of 208F by FBR virus,
FBJ virus (30, 56), or EGF (63) induces an elongated, bipolar
morphology with extended pseudopodia, structures thought to
be important for cell invasion (20, 24). Immunostaining reveals
a marked concentration of CD44s at the tips of these extended
processes in EGF-transformed (Fig. 4a, +EGF, arrowheads)
or v-fos-transformed (Fig. 4b) 208F fibroblasts. To exclude the
possibility that this apparent polarized concentration of CD44s
in the transformed cells was a result of immunofluoresence
artifacts, we constructed a fusion of human CD44 with the
cell-autonomous fluorescent tag A. victoria GFP at the cyto-
plasmic C terminus of CD44s (CD44s-GFP). Selective recog-
nition using antibodies to the transfected human CD44s (59)
or to GFP indicates that a correctly sized and membrane-
localized CD44s-GFP fusion protein is expressed in stably
transfected 208F cells (Fig. 5a and b). In 208F transiently
expressing either CD44s-GFP or GFP only, CD44s-GFP is
concentrated at the ends of pseudopodial cell extensions in
both live (Fig. 5c, top panel) and fixed (Fig. Sc, bottom panel)
EGF-transformed cells.

Induction of CD44 expression by EGF requires AP-1 com-
ponents c-jun and c-fos but is not required for morphological
transformation. EGF has been shown to upregulate the ex-
pression of an AP-1-responsive gene, that for stromelysin,
through a requirement for c-jun and c-fos expression (52). We
tested whether induction of CD44 by EGF also depends upon
AP-1 components by using the antisense c-jun and c-fos oligo-
nucleotides, which inhibit invasion. Pretreatment of 208F with
antisense c-jun or c-fos oligonucleotide significantly inhibits the
EGF-induction of CD44 in comparison to control oligonucle-
otides (Fig. 6a). The effectiveness of these oligonucleotides in
downregulating expression of c-jun (71) and c-fos (52) has been
shown previously and is shown for c-jun in Fig. 6b. Quantita-
tion of autoradiographs of Western blots of extracts from an-
tisense c-jun oligonucleotide-treated FBR cells reveals an 80%
reduction in c-jun and a parallel 50 to 60% reduction of CD44s
in comparison to controls (Fig. 6b).

The intracellular C-terminal tail domain of CD44s has been
shown previously to interact with cytoskeletal protein ankyrin
(9, 10, 48) and with members of the ERM family (82), the
latter of which have also been shown to influence cell shape
(77). The prototype of this family, ezrin, has also been shown
to be upregulated by v-fos transformation (40). CD44s upregu-
lation, altered cellular localization, and purported interaction
with ezrin suggested that it is involved in morphological trans-
formation by EGF or v-fos. We designed several antisense
oligonucleotides directed against the 5’ end of CD44 mRNA,
and found one (AS1) particularly effective in decreasing the
expression of CD44 in FBR cells and in inhibiting induction of
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FIG. 7. Morphological change induced by EGF occurs in the absence of
CD44 immunostaining. Double labelling of EGF-transformed 208F pretreated
for 24 h with sense (EGF+S) or antisense (EGF+AS) CD44 oligonucleotide
followed by EGF treatment for 48 h with TRIC-phalloidin for actin (red) and
CD44 (green) is shown. Single images of CD44 and TRIC-phalloidin (actin)-
labelled cells and a merged image of the two are shown. Pretreatment of 208F
with either sense or antisense CD44 oligonucleotide has no effect on the mor-
phological transformation induced by EGF, as indicated by cortical actin staining
(red) and elongated pseudopodia. The majority of cells (>85% [data not shown])
undergo this shape change in response to EGF after pretreatment with either
sense or antisense oligonucleotide. Note the paucity of green (CD44) immuno-
staining after treatment with antisense but not sense CD44 oligonucleotide,
indicating that this EGF-induced shape change occurs in the absence of detect-
able CD44 expression. Bars, 25 pm.

merged

CD44 expression in 208F cells by EGF (Fig. 6¢c and d). How-
ever, AS1 did not suppress EGF-induced morphological trans-
formation of 208F even at a relatively high (10 uM) concen-
tration of oligonucleotides, which resulted in an almost
complete ablation of CD44s immunostaining (Fig. 7). Simi-
larly, downregulation of CD44s by AS1 has no effect on the
elongated bipolar morphology of FBR (data not shown).

CD44s is required for invasion. CD44s expression can be
inhibited by antisense oligonucleotide AS1. When added to the
inverse invasion assay, AS1 significantly inhibits invasion of
both 208F fibroblasts in response to EGF and FBR cells in
comparison to sense oligonucleotide (Fig. 8a to d) or a scram-
bled-sequence oligonucleotide (data not shown). Another an-
tisense CD44 oligonucleotide, AS2, which does not inhibit
CD44s expression significantly (Fig. 6¢), has no effect on inva-
sion either of 208F fibroblasts in response to EGF or of FBR
cells (data not shown).

To exclude the possibility that downregulation of CD44s by
AS1 primarily inhibits chemotaxis of cells across the 8-pm-
pore-size membrane prior to contact with Matrigel, we exam-
ined the migration of cells across the filter in response to EGF
in the presence of AS1. No inhibition of chemotaxis was ob-
served in the presence of AS1 compared to that with sense
oligonucleotides, indicating that increased CD44s expression is
required for migration of the cells into the Matrigel (Fig. 8e
and f). To determine whether increased CD44s expression
could stimulate the invasion of 208F fibroblasts in the absence
of EGF, we introduced CD44s-GFP and GFP cDNA expres-
sion vectors separately into 208F cells and tested their ability in
invade. Both CD44s-GFP-expressing 208F and GFP-express-
ing 208F cells require EGF for invasion (Fig. 9). The CD44s-
GFP expression vector lacks the AS1 sequence (59), and
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FIG. 8. Anti-CD44 oligonucleotide inhibits v-fos- or EGF-induced ECM invasion. (a) Confocal images of propidium iodide-stained cell nuclei at 20 pum in Matrigel
of 208F in the absence (C) or presence of EGF alone or in the presence of sense (EGF+S) or antisense (EGF+AS) CD44 phosphorothioate oligonucleotide. (b)
Quantitative analysis of invasion. Invasion assay results were quantitated as in Fig. 1b with a Bio-Rad program (Comos) and represent the average from at least four
separate assays in two experiments. (c) v-fos FBR invasion. Confocal images of propidium iodide-stained cell nuclei at 20 pwm in Matrigel of v-fos FBR cells in the
absence (C) or presence of sense (S) or antisense (AS) CD44 phosphorothioate oligonucleotide are shown. (d) Quantitative analysis of FBR cell invasion. Invasion assay
results were quantitated as in Fig. 1b. (¢) Chemotaxis of 208F in response to EGF in addition to sense or antisense CD44 oligonucleotides. Confocal images are of cells
on the bottom of the filter and those chemoattracted across the filter (Oum). (f) Quantitative analysis of chemotaxis. Quantitation of chemotaxis in this invasion assay
has been described previously (30) and represents the percentage of positive pixels in all of the confocal sections above the filter bottom, where 100% is the positive
pixels in all confocal sections. Quantitation represents the average from at least four separate assays in two experiments.
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FIG. 9. Invasion of 208F expressing GFP or CD44-GFP. (a) Representative confocal images of GFP fluorescence at 20 wm in Matrigel of 208F expressing GFP
(208F GFP) or CD44-GFP fusion (208F CD44GFP) in the absence (C) or presence of EGF with sense (EGF+S) or antisense (EGF+AS) CD44 phosphorothioate
oligonucleotide are shown. Note that GFP fluorescence at 20 wm is absent in invasion assays lacking EGF for both 208F GFP and 208F CD44s-GFP. Cell bodies with
GFP fluorescence are detected in the presence of EGF with anti-CD44 oligonucleotide only for CD44s-GFP chimera-expressing 208F. (b) Quantitation of invasion.
Invasion assay results of CD44s-GFP- and GFP-expressing cells were quantitated as described in Materials and Methods.

CD44s-GFP-expressing 208F but not GFP-expressing 208F
cells invade in the presence of AS1 and EGF. This demon-
strates that CD44s-GFP expression complements AS1-medi-
ated inhibition of invasion (Fig. 9, EGF+AS), further substan-
tiating the idea that CD44s expression is required for invasion
and demonstrating that AS1 does not inhibit invasion by a
nonspecific mechanism.

DISCUSSION

Although AP-1 can function as a critical regulator of cell
cycle progression (33, 43, 60, 65), transformation by v- or c-fos
induces the expression of a number of genes encoding proteins
with no clear role in proliferation but with demonstrated in-
volvement in cytoskeletal rearrangement, cell motility, or pro-
teolysis of ECM (30, 40, 55). Using a quantitative in vitro
invasion assay, we have shown that v-fos transformants can be
distinguished from 208F cells by their ability to invade into
reduced-growth-factor Matrigel (30) in the absence of added

growth factors. In contrast, 208F invasion is dependent upon
the addition of EGF or platelet-derived growth factor (30).
Our data demonstrate that FBR v-fos- and EGF-induced in
vitro invasions require functional components of the AP-1
transcription factor and the expression of an AP-1-regulated
gene, the CD44 gene. On the basis of these results we propose
that prolonged activation of AP-1 by growth factors, oncogenes
which function upstream of AP-1, or v-fos results in increased
expression of AP-1-dependent genes which mediate in vitro
invasion.

fos-transformed cells phenotypically mimic cells transformed
by ras, raf, and sis in many in vitro assays of cell transformation
such as anchorage-independent growth, loss of contact inhibi-
tion, adoption of a spindle-like morphology, and ECM inva-
sion. In Fos and other oncogene transformants there is a gross
cytoskeletal reorganization which results in a diminution of
actin stress fibers and focal contacts (30, 56). However, unlike
the other oncogene-transformed fibroblasts, Fos transformants
require the presence of serum-derived mitogens for prolifera-
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tion and growth arrest in reduced serum (27, 30, 40). More-
over, c-fos- and c-jun-containing AP-1 complexes are crucially
required for the transforming ability of a variety of other on-
cogenes which function in signalling cascades upstream of c-fos
(39, 47, 64, 76). Recent data from an inducible system indicate
that c-fos is also capable of morphologically transforming fi-
broblasts independent of their cycling status (55). Both sets of
data are consistent with the idea that c-fos- and c-jun-contain-
ing AP-1 complexes may modulate the morphological changes
characteristic of oncogene transformation.

Consistent with the data presented here, recent studies of
mice rendered c-fos null through gene targeting further suggest
that c-fos functions in both ECM remodelling and malignant
conversion. Thus, c-fos-null mice develop bone abnormalities,
including osteopetrosis, suggesting that a c-fos-induced pro-
gram of gene expression is required for matrix remodelling
during bone development (23). Similarly, induction of skin
tumors in c-fos-null mice exposed to chemical carcinogens or
activated ras oncogenes has shown also that c-fos is necessary
for conversion of premalignant papillomas to malignant skin
carcinomas and for induction of AP-1-regulated matrix pro-
teases (69).

We have demonstrated that an AP-1-directed increase in
CD44s expression is required for in vitro invasion into Matri-
gel. CD44s is a cell surface transmembrane proteoglycan and
appears to mediate a diverse range of functions in different cell
types (28, 73). CD44s has been shown to function in both
cell-cell and cell-ECM interactions through binding to hyalu-
ronan, fibronectin, collagen, and osteopontin (5, 36, 75, 85).
Interestingly, CD44s expression in fibroblasts and the hyaluro-
nan content of ECM are elevated during normal fibroblast
invasiveness in wound repair (49, 54), consistent with a link
between CD44 induction and invasion.

As well as CD44s, a number of structural variants generated
through alternative splicing (28) which may increase the ag-
gressiveness of human tumors (51, 58) have been described
and have been claimed to increase metastatic tumor formation
in a rat model system (25). A widely expressed splice variant of
CD44 is involved in invasion in vitro of CD44-expressing glio-
blastoma cell lines (53). However, whether expression and
invasive function of CD44 in glioblastoma or other tumor-
derived cell lines are results of deregulation of AP-1 or of
deregulated signalling due to other genetic lesions has yet to be
established. Our results indicate that AP-1-directed increased
expression of CD44s, which is expressed in a greater variety of
tissues than splice variants of CD44 (28, 73), plays an impor-
tant role in fibroblast invasion.

Our results indicate a recruitment of CD44s to pseudopodial
extensions of EGF- or v-fos-transformed cells. Motile pseudo-
pods are thought to be involved in the movement of fibroblasts
through three-dimensional matrices (80) and may mediate tu-
mor cell migration on components of ECM (24). Clustering of
CD44 at such sites may therefore serve to enhance local ad-
hesion and degradation of hyaluronan or other ECM compo-
nents and hence promote cell migration. Clustering of CD44
has been shown to markedly increase its affinity for hyaluro-
nate (45, 83), while interaction of CD44s via its cytoplasmic
domain with components of the underlying cytoskeleton has
also been shown to modulate hyaluronan binding (48). Cy-
toskeletal linking proteins of the ERM family are potential
candidates for linking CD44s with the actin-based cytoskeleton
(82). Interestingly, a member of the ERM family, ezrin, has
also been shown to be upregulated in 208F transformed by
v-fos (40) or EGF and to colocalize with CD44s at the tips of
pseudopods (43a).

In conclusion, the results presented here demonstrate that
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AP-1 is required for fibroblast invasion and that increased
expression of at least one AP-1-regulated gene, CD44, is re-
quired for this process. These results support the proposal that
Fos transforms fibroblasts by constitutively activating an AP-
1-regulated multigenic invasion program. A similar analysis of
the role of other v-fos/AP-1 target genes in cells transformed
by oncogenes which function upstream of AP-1 will help to
determine the general validity of this proposal.
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