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Expression of activated mutants of c-Src in epithelial cells can
induce tumorigenicity. In addition to such oncogenic transfor-
mation, the cells undergo a dramatic morphological transfor-
mation: cell-cell contacts are disrupted, spreading on extracel-
lular matrix proteins is suppressed, actin stress fibers and focal
contacts are lost, and podosomes are formed. We have previ-
ously shown that integrin av3 strongly supports Src-medi-
ated oncogenic transformation through an interaction at the
B3 cytoplasmic tail. Our current findings demonstrate that
this interaction does not affect Src-mediated morphological
alterations, thus separating oncogenic from morphological
transformation. Moreover, 1 and 83 integrins differently
affect the various aspects of Src-induced morphological
transformation. High levels of 33, but not 31, integrins can
prevent Src-induced cell rounding although stress fiber dis-
assembly and podosome formation still occur. Studies using
chimeric integrin subunits demonstrate that this protection
requires the 33 extracellular domain. Finally, like tumor for-
mation, podosome assembly occurs independent of 33 phos-
phorylation. Instead, phosphorylation of 1 is required to
suppress Rho-mediated contractility in order to assemble
podosomes. Thus, integrins regulate Src-mediated oncogenic
transformation and various aspects of morphological trans-
formation through dissociable pathways.

The ubiquitously expressed Src family kinase c-Src is
involved in pro-survival and mitogenic signaling cascades (1).
Activated mutants of Src, including the oncogenic product of
Rous sarcoma virus (v-Src), can induce anchorage- and growth
factor-independent growth of cell lines in vitro and tumor for-
mation in vivo (2—4). c-Src has been found to play a critical role
in the development of cancer in mice (5, 6), and expression
and/or activity of c-Src is frequently increased in human mela-
noma and carcinomas of the breast, colon, and other epithelia
(4, 7, 8). Activation of Ras, phosphatidylinositol 3-kinase, and
Stat3 has been implicated in Src-mediated oncogenic transfor-
mation (3).
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In addition to its role in mitogenic signaling, c-Src is a critical
regulator of both cadherin- and integrin-mediated adhesion
structures (9, 10). While low levels of c-Src kinase activity or
kinase-independent functions of c-Src can support the forma-
tion of cell-cell or cell-matrix adhesions (11-13), c-Src kinase
activation typically stimulates the disassembly of these struc-
tures (14, 15). Indeed, expression of activated mutants of Src in
epithelial cells induces scattering, loss of cytoskeletal contrac-
tility, weak adhesion, cell rounding, and the formation of highly
dynamic cell-matrix adhesions termed podosomes that are
considered to be hotspots for invasion and matrix remodeling
(9, 16-18).

It is not clear to what extent the signaling pathways activated
by Src that are involved in oncogenic transformation overlap
with those involved in the morphological transformation.
Moreover, the different aspects of Src-induced morphological
transformation may be connected (eg they may all be
explained to some extent by loss of actomyosin contractility) or
may involve activation of distinct signaling processes (e.g. sep-
arable alterations at cell-cell junctions, within the cytoskeletal
contractility machinery, and at cell-matrix adhesions). In cell-
matrix adhesions, integrins can serve as direct phosphorylation
substrates of v-Src, which suppresses integrin function and
weakens cell-matrix adhesion. Phosphorylation of the cyto-
plasmic domain of B1 integrins was shown to be critical for
v-Src-mediated morphological transformation (19). Others
have found that v-Src phosphorylates and reduces the affin-
ity of B3, but not of B1, integrins, and instead an indirect
mechanism that disrupts 1 integrin-mediated cell adhesion
was proposed (20, 21).

To clarify how different integrins regulate the various aspects
of Src-mediated morphological transformation and how this
relates to oncogenic transformation, we have expressed a c-Src
mutant that is constitutively in an open, primed conformation
(c-Src[Y530F], here referred to as Src*F) in the context of wild
type, chimeric, and mutant 1 and B3 integrin subunits in two
independent B1-deficient cell lines. While overexpression of
avB3 augments Src*F-mediated tumor growth through an
interaction at the 83 cytoplasmic tail (22), the av33 extracellu-
lar domain protects against Src**-induced cell rounding. More-
over, like tumor formation Src**-induced podosome assembly
occurs independent of 33 phosphorylation. Instead, phospho-
rylation of B1 is required to suppress Rho-mediated contractil-
ity in order to assemble podosomes. Thus, integrins uncouple
Src*F-mediated oncogenic transformation and various aspects
of morphological transformation.
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Dissecting Src Transformation

EXPERIMENTAL PROCEDURES

Cell Lines, Plasmids, Antibodies, and Other Materials—The
B1-deficient GE11 and GD25 cells were previously described
(23). Cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum and antibiot-
ics. To ensure identical expression of Src¥F in all cell lines, we
first generated GESrc*" and GDSrc** single cell clones and sub-
sequently expressed the wild type, mutant, and chimeric inte-
grin subunits using retroviral transduction and bulk sorting
(22). Retroviral expression constructs for 1, g3, B1°*3™,
B3°¥1™™, B3Y747A and B3Y7°°* were described (22, 24) and the
LZRS-zeo-B1Y783FY795F cDNA was provided by Dr. Ed Roos,
Netherlands Cancer Institute, Amsterdam, The Netherlands.
To compare wild type 83 and B3¥™'F, pcDNA3-83 (25) and
pRC/RSV-B3Y7*"EY759F (provided by Dr. Scott Blystone, SUNY
Upstate Medical University, Syracuse, NY), plasmids were tran-
siently transfected in parallel using Effectene (Qiagen) and ana-
lyzed by immunofluorescence. The following integrin-specific
antibodies have been used: anti-human 1 clones TS2/16, 18
(BD Transduction Laboratories) and K20 (Biomeda), anti-hu-
man 33 SSA6 (provided by Dr. Sanford Shattil, University of
California, San Diego, CA), 23C6 (provided by Dr. Michael
Horton, University College London, UK), C20 and N20 (Santa
Cruz Biotechnology), anti-murine 81 and o5 (clones MB1.2
and BMAD5, respectively; provided by Dr. Bosco Chan, Robarts
Research Institute, London, Canada). Other antibodies were
anti-paxillin clone 349 (BD Transduction Laboratories), anti-
RhoA clone 26C4 (Santa Cruz Biotechnology), anti-vimentin
clone K36 (provided by Dr. Frans Ramaekers, University of
Maastricht, The Netherlands), polyclonal anti-Myc (A-14;
Santa Cruz Biotechnology), anti-phospho tyrosine (pY99; Santa
Cruz Biotechnology), and anti-tubulin clone B-5-1-2 (Sigma).
Src-selective inhibitor PP2 and the inactive PP3 analogue were
purchased from Calbiochem. Human plasma fibronectin (FN)>
was prepared as described previously (24). Fluorescein isothio-
cyanate (FITC; Sigma) was conjugated to human plasma FN
using borate buffer (Na,B,0O., pH 9.3, 40 mm NaCl) to generate
FITC-EN.

Short Term Adhesion Assays—Adhesion assays were per-
formed in 96-well tissue culture plates that were coated with 5
pg/ml EN in PBS overnight at 4 °C, blocked with 2% heat-de-
natured bovine serum albumin for 2 h at 37 °C, and washed
once with PBS. Cells were trypsinized, collected in culture
medium, washed once with PBS, resuspended in Dulbecco’s
modified Eagle’s medium/0.5% bovine serum albumin, and
added to the plate at 2 X 10* cells/well. After 15 min of incuba-
tion at 37 °C, unattached cells were removed by rinsing the
wells with PBS; the remaining attached cells were lysed and
stained overnight at 37 °C in 3.75 mM p-nitrophenyl N-acetyl-
B-p-glucosamide/0.05 M sodium citrate/0.25% Triton X-100.
Stopbuffer (50 mm glycine, pH 10.4, 5 mm EDTA) was added,
and the A ,,; was determined in triplicate wells and related to
the A,,; measured in wells in which all 2 X 10* cells were
stained to calculate the percentage of adhered cells.

2The abbreviations used are: FN, fibronectin; FITC, fluorescein isothiocya-
nate; PBS, phosphate-buffered saline.
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Immunofluorescence and Flow Cytometry—For immunoflu-
orescence, cells were fixed in 4% formaldehyde, permeabilized
in 0.4% Triton X-100, blocked with 2% bovine serum albumin,
and incubated with anti-paxillin antibody or anti-human (3
(23C6), followed by Alexa-488-conjugated secondary antibody,
rhodamine-phalloidin or TOPRO-3 staining (Molecular
Probes). Preparations were mounted in Poly Aquamount (Poly-
sciences, Inc.) and analyzed using a Bio-Rad Radiance 2100
confocal system. Images were obtained using a X40 or X60 oil
objective and imported in Adobe Photoshop. For flow cytom-
etry and cell sorting, cells were trypsinized, collected in culture
medium, washed with PBS, and incubated with primary anti-
bodies in PBS containing 2% serum for 1 h at 4 °C. Cells were
then washed in PBS, incubated with phycoerythrin- or allophy-
cocyanin-conjugated secondary antibodies for 1 h at 4°C,
washed in PBS, and analyzed on a FACSCalibur or sorted on a
FACStar plus® (BD Biosciences).

Rho Activity Assays—Cells were plated overnight to subcon-
fluency before lysis in Nonidet P-40 lysis buffer (0.5% Nonidet
P-40, 50 mm Tris-HCI, pH 7.4, 150 mMm NaCl, 5 mm MgCl,, 10%
glycerol, supplemented with a protease inhibitor mix (Sigma-
Aldrich)), and lysates were clarified by centrifugation at 14,000
rpm for 20 min at 4 °C. A 1% aliquot was removed for determi-
nation of total quantities of RhoA. Clarified lysates were then
incubated for 45 min at 4 °C with a glutathione S-transferase
fusion protein of the Rho-binding domain of the Rho effector
protein Rhotekin. Complexes were bound to glutathione-con-
jugated beads and washed three times in Nonidet P-40 lysis
buffer. The samples were analyzed by SDS-PAGE and Western
blotting.

FN Matrix Assembly Assays—To visualize FN matrix assem-
bly, cells were plated on FN-coated coverslips for 4 h and sub-
sequently incubated for an additional 20 h in medium contain-
ing 10% FN-depleted serum supplemented with 10 ug/ml
biotinylated FN. Cells were fixed in 4% formaldehyde, blocked
with 2% bovine serum albumin, and stained with streptavidin-
Texas Red. Subsequently, coverslips were permeabilized in
0.4% Triton X-100 and stained with TOPRO-3. For biochemi-
cal analysis of FN matrix assembly cells were labeled with bio-
tinylated FN as described above and lysed in DOC buffer (1%
sodium deoxycholate, 20 mm Tris-HCI, pH 8.5, 2 mm N-ethyl-
maleimide, 2 mMm iodoacetic acid, 2 mm EDTA, and 2 mMm phen-
ylmethylsulfonyl fluoride). Lysates were passed through a
23-gauge needle, and deoxycholate-insoluble material was
collected by centrifugation at 14,000 rpm for 20 min at 4 °C.
The pellet was washed once with DOC buffer, resolved in
reduced sample buffer, and analyzed by SDS-PAGE and
Western blotting.

Integrin Immunoprecipitations—Prior to immunoprecipita-
tion some cells were stimulated with 3 mm H,O, and 1 mm
sodium orthovanadate for 20 min to maximize phosphoryla-
tion. Cells were lysed for 15 min at 4 °C in lysis buffer (1% Non-
idet P-40, 50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1 mM sodium
vanadate, 0.5 mm sodium fluoride, and protease inhibitor mix-
ture (Sigma-Aldrich)). Lysates were clarified by centrifugation
at 14,000 rpm for 15 min at 4 °C and precleared with protein
A-Sepharose (Amersham Biosciences) for 2 h at 4 °C. Proteins
were immunoprecipitated overnight at 4 °C with antibodies to
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FIGURE 1. Morphological transformation by Src'F does not require 81
integrins. A, phase-contrast images of integrin B1-deficient GE11 and GD25
cells with or without stable expression of Src'". Cells were cultured on an
FN-coated coverslip for 2 days to allow cell-cell contact formation. B, immun-
ofluorescentimages of GE11 and GD25 cells that were plated overnight on an
FN-coated coverslip and subsequently stained with phalloidin to visualize the
F-actin cytoskeleton. Podosomes indicated by white arrows are shown
enlarged in the insets. Scale bar, 25 or 5 um (inset).

B1 (K20) or B3 (SSA6) coupled to protein A-Sepharose. The
beads were resolved in reduced sample buffer and analyzed by
SDS-PAGE and Western blotting.

RESULTS

Morphological Transformation by Src** Does Not Require 31
Integrins—Src activation causes a dramatic change in cellular mor-
phology by interfering with adhesion and cytoskeletal organiza-
tion, processes in which integrin signaling plays a critical role. To
investigate the role of B1 integrins in Src-mediated morphological
transformation, we expressed Src** in two independent 31-defi-
cient cell lines. As described for Src activation in other cell types
(9, 16), expression of Src*F in GE11 and GD25 cells caused
disruption of cell-cell contacts and cell scattering (Fig. 14).

MAY 9, 2008 +VOLUME 283 +NUMBER 19

Dissecting Src Transformation

A 15 min adhesion
R '@ O GD25
§ 2 B GE11
C
E 60
[
£ a0
=]
il o
2
TN @ £ . &
Q O 4R R
& O}O fé\o
B Spreading at 1 h

Src"”

FIGURE 2. B3 integrin protects against Src'"-induced loss of adhesion and
spreading. A, graphs indicate the average percentage * S.D. of adherent
cells 15 min after plating from two independent FN adhesion assays per-
formed in triplicate wells. Asterisks indicate significant difference between
average values (t-test, p < 0.01). Expression of various constructs is shown at
the bottom of the graph. B, phase contrast images of GE11 and GD25 cells
expressing indicated constructs that were plated on an FN-coated surface for
1h.

Expression of Src** also caused a dramatic reorganization of
the actin cytoskeleton: F-actin bundles and ruffles disap-
peared and, instead, actin clusters were formed that resem-
ble podosomes (Fig. 1B). Initial adhesion (e.g. 15 min) of
GE11 and GD25 cells to FN is weak (Fig. 2A), but at later time
points (1 h) they do fully adhere and spread (Fig. 2B). Expres-
sion of Src*' interfered with this spreading, causing a
rounded or fusiform phenotype, which was maintained after
overnight culture (Figs. 1B and 2B). These experiments show
that all aspects of Src**-induced morphological transforma-
tion can occur in 81 null cells, arguing against a requirement
for B1 integrins per se.

Different Aspects of Src**-mediated Morphological Trans-
formation Can Be Separated; Distinct Roles for B1 and B3
Integrins—Expression of B1 in GE11 and GD25 cells led to a
strong increase in cell adhesion to FN (~70% of the cells
attached at 15 min after plating) that was suppressed by Src™*
(Fig. 2A). At later times (e.g. 1 h after plating), GEB1 and GDB1
cells had all adhered regardless of the absence or presence of
Src™F, but in the presence of Src™" cells remained rounded (Fig.
2B). In complete contrast, overexpression of 33 in the 81 null
cells led to a similar increase in adhesion and spreading to FN as
expression of B1 but this was only minimally affected by Src**
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FIGURE 3. Src'F suppresses RhoA activation and FN matrix assembly.
A, Western blot analysis of RhoA activity assay on lysates of GE11 cells express-
ing indicated constructs. B, Western blot analysis of assembled FN biotin and
vimentin (loading control) in deoxycholate-insoluble lysates of GE11 cells
expressing the indicated constructs. C, images of assembled FN biotin on
GE11 cells expressing the indicated constructs. TOPRO staining was used to
visualize nuclei; scale bar, 25 pm.

(Fig. 2, A and B). Notably, after overnight culture Src**B1-ex-
pressing cells retained a fusiform or even rounded shape
whereas Src*fB3-expressing cells remained well spread (Fig.
4A). This indicates that Src** did not simply delay B1-integrin-
mediated spreading but caused a permanent morphological
alteration that was not seen in the context of av3. Finally,
expression of 81 in GESrc*F 83 cells did not alter the well spread
morphology of these cells, indicating that av33-mediated pro-
tection against Src*f-induced cell rounding was dominant
(supplemental Fig. S1, A and B).

We have reported that expression of 81 integrins in GE11
and GD25 cells stimulates Rho-mediated cytoskeletal contrac-
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FIGURE 4. Src*F-induced podosome formation in cells expressing
either 1 or B3 integrins. A, immunofluorescent images of GE11 and
GD25 cells expressing the indicated constructs, plated overnight on FN-
coated coverslips and stained with phalloidin. Scale bar, 25 um. Insets
show enlargements of the regions, indicated by dotted squares. Scale bars,
25 or 5 um (insets). B, immunofluorescent images of GE11 and GD25 cells
expressing indicated constructs stained with phalloidin. Before fixation,
adherent cells were treated with 10 um PP2 or PP3 (control) for 6 h in com-
plete culture medium. Scale bar, 25 um. C, graph shows a quantification of the
percentage *+ S.D. of podosome-containing cells in at least five different
fields of two independent experiments as in B. Asterisks indicate significant
difference between average values (t-test, p < 0.01).

tility and FN matrix assembly, whereas overexpression of 33 in
B1 null cells is unable to do so (24). We wondered whether
higher levels of Rho-mediated cytoskeletal contractility could
also explain the inhibition of cell spreading in the Src**-trans-
formed cells expressing 1 integrins. However, in the presence
of Src¥F, RhoA-GTP levels in B1-expressing cells were dramat-
ically suppressed to levels that were comparable with those in
cells lacking B1 (Fig. 34). Moreover, FN matrix assembly, a
process that requires Rho-mediated contractility, was strongly
reduced upon introduction of Src** (Fig. 3, Band C).
Subsequently, we investigated whether 81 and 3 integrins
affected Src*F-mediated podosome assembly. Despite the
markedly different sensitivities of 81- and 33-mediated adhe-
sion and spreading to suppression by Src™" (Fig. 2), loss of F-ac-
tin stress fibers and conversion of focal adhesions into podo-
somes was seen in each case (Fig. 44). Podosomes of Src¥* 1
cells often consisted of F-actin dots that were tightly sealed
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FIGURE 5. Src*F-induced podosomes are proteolytically active irrespective of the integrin type.
A, immunofluorescent images of indicated GE11 cells that were plated overnight on coverslips coated
with FITC-labeled FN and stained for paxillin (red). Arrows indicate spots where degradation of FITC-FN
occurred. Dotted squares indicate regions that are zoomed in and depicted in the right panel. Scale bars, 25

or 10 um (Zoom).

together, whereas more dispersed, individual, small F-actin
dots were present in Src** 33 cells, which may be explained by
increased cell spreading (see Fig. 44, insets). The podosomes
that were formed in each of the Src**-transformed cell types
were dependent on Src*F kinase activity, because treatment
with the Src-selective kinase inhibitor PP2 led to their disas-
sembly (Fig. 4, B and C).

Taken together, these results demonstrate that (i) high levels
of 83, but not B1, integrins protect Src**-transformed cells
from rounding up and (ii) two typical aspects of Src*F-induced
morphological transformation, cell rounding and podosome
formation, are distinct processes and are differently affected by
the integrin expression profile.

Src¥*-induced Podosomes Are Proteolytically Active Irrespec-
tive of the Integrin Type—Formation of podosomes is a mor-
phological hallmark of Src transformation, and these adhesions
are thought to be hotspots for invasion and proteolytic remod-
eling of the extracellular matrix (17, 18). We next tested
whether the integrin expression profile affected the proteolytic
activity of these podosomes. No matrix degradation was
observed to be associated with focal contacts in GEB1 and
GEpS3 cells in the absence of Src** when plated on immobilized
FITC-labeled FN (Fig. 5). By contrast, podosomes formed in
GESrc**B81 and GESrc*™B3 cells were both able to degrade
FITC-EN. Proteolytic activity was often evident at sites outside
cell borders, indicating that cells had moved along these sites
(Fig. 5, arrowheads). Thus, podosomes in Src**-transformed
cells are proteolytically active, irrespective of the integrin
composition.

MAY 9, 2008+ VOLUME 283+-NUMBER 19
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Oncogenic and Morphological
Transformations Are Separated by
Distinct Integrin Domains—We
have previously shown that avfB3
strongly supports Src*F-mediated
tumorigenesis through an interac-
tion between the B3 cytoplasmic
domain and the Src homology 3
domain (22). We examined whether
this was related to the capacity of
av33 to protect cells against Src**-
induced rounding (Figs. 2 and 4).
Therefore, we expressed a chimeric
B1°*3™ subunit, consisting of a 81
extracellular and transmembrane
region fused to the cytoplasmic tail
of B3, or an inverse $3°*1™ integrin
in GESrc* cells (supplemental Fig.
S1C). Using these chimeric inte-
grins we demonstrated that the 33
cytoplasmic domain was required
and sulfficient for the stimulation of
Src¥F-mediated tumor growth (Fig.
6C, left graph, and Ref. 22). In com-
plete contrast, avf33-mediated pro-
tection against Src”-induced cell
rounding required the 83 extracel-
lular domain: B3°*1™ failed to sup-
port tumor growth but effectively rescued short term cell adhe-
sion and subsequent spreading, whereas the opposite was the
case for a $1°3™" chimera (Fig. 6, A and C). Like adhesion and
spreading, the appearance of podosomes was unaffected by the
integrin cytoplasmic tail swap: podosomes in the presence of
B1°*3™ resembled those of B1-expressing cells and were often
sealed together, whereas podosomes of 33°*1™-expressing cells
were comparable with those expressing 83, consisting mainly
of dispersed small F-actin dots (Fig. 6B). These results demon-
strate that (i) high levels of av3 support Src**-mediated tumor
formation and protect against Src**-induced loss of adhesion
and spreading through distinct mechanisms and (ii) Src**-me-
diated oncogenic and morphological transformation can be
separated.

Podosome Formation Requires Src**-mediated Phosphoryla-
tion of the Bl Cytoplasmic Tail to Suppress Cytoskeletal
Contractility—Integrin cytoplasmic tails serve as direct phos-
phorylation substrates of v-Src, which impairs their adhesive
function (19, 21). Analysis of immunoprecipitated integrin 3
subunits demonstrated that 81 and 83 can both be tyrosine-
phosphorylated by Src** (Fig. 7A), although phosphorylation
was very low compared with maximal levels reached with per-
vanadate (Fig. 7B). Using single tyrosine point mutants we have
found that phosphorylation of either of the two tyrosines in the
B3 cytoplasmic tail is not required for avB3-mediated support
of tumor growth (22). We observed that these mutations also
did not affect morphological transformation by Src*" (data not
shown). Moreover, expression of a non-phosphorylatable
B3Y747EXTS9F (B3YYFF) qubunit did not change Src¥F-mediated
morphological transformation when compared with wild type

Zoom
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FIGURE 6. Oncogenic and morphological transformations are separated
by distinct integrin domains. A, phase contrast images of GE11 cells
expressing indicated constructs that were plated on an FN-coated surface for
1 h to visualize spreading. B, immunofluorescent images of GE11 cells
expressing indicated constructs that were plated overnight on FN-coated
coverslips and stained with phalloidin. Scale bar, 25 or 5 um (inset). C, left
graph illustrates average tumor volume = S.D. from the indicated number of
tumors of at least two independent experiments at 20 days post-subcutane-
ous injection of cells expressing the indicated constructs. Right graph shows
average percentage * S.D. of adherent cells 15 min after plating from three
independent FN adhesion assays performed in triplicate wells. Please note
that the percentage of adhesion of GESrc*"81 and GESrc'FB3 cells was
already presented in Fig. 2A and is shown here for direct comparison with
cells expressing chimeric integrins. Asterisks indicate significant difference
between average values (t-test, p < 0.01).

B3: actin stress fibers were absent and podosomes were formed
in the presence of Src™* and B3Y**F (Fig. 7C). By contrast, in
cells expressing 31, integrin phosphorylation was crucial for
Src¥F-mediated morphological transformation. When a non-
phosphorylatable g1Y7835Y795F (31Y¥FF) subunit was expressed
in GESrc** and GDSrc** cells (supplemental Fig. S1, D and E),
Src¥F-induced podosome formation was completely abolished
(Fig. 7, D-F). Instead of podosomes that were formed in
Src¥FB1 cells, F-actin stress fibers and focal contacts were
restored in Src”*B1YYFF cells and eventually these cells became
considerably more spread. These results indicate that phos-
phorylation of 81, but not 83, cytoplasmic tails is important
for Src*F-mediated morphological transformation. Most
likely, phosphorylation is required to suppress Rho-medi-
ated cytoskeletal contractility that is promoted by 1, but
not by B3, integrins and would interfere with podosome for-
mation (Fig. 3).

13248 JOURNAL OF BIOLOGICAL CHEMISTRY

DISCUSSION

In summary (see Fig. 8), we show that (i) Src-mediated onco-
genic and morphological transformations are distinct process-
es; (i) podosome formation and cell rounding are independent
aspects of Src-mediated morphological transformation (e.g. all
cells expressing high levels of integrin subunits containing 83
extracellular domain contain podosomes but remain well
spread); (iii) av33 supports Src*F-mediated tumor formation
and protects against Src”’-induced loss of adhesion and
spreading through distinct mechanisms (e.g. experiments using
B1°*3™ and B3°*1™ chimeras indicate that the 83 cytoplasmic
domain supports Src-mediated tumor growth whereas the 83
extracellular domain protects against Src-induced cell round-
ing); and (iv) Src-induced podosome assembly in the presence
of B1 requires phosphorylation of the integrin cytoplasmic
domain to reduce cytoskeletal contractility (e.g. B1¥F). In the
absence of B1 integrins, 33 does not promote Rho-mediated
cytoskeletal contractility (24) and podosomes can be formed
without Src-mediated phosphorylation of integrin tails (e.g.
[B3YYFF),

Disruption of cytoskeletal contractility is one of the key
events during Src-induced morphological transformation
that enables reorganization of the actin cytoskeleton in order
to assemble podosomes. Relaxation of the actin cytoskeleton
requires inactivation of RhoA, and indeed expression of con-
stitutively activated RhoA suppresses loss of stress fibers and
podosome formation induced by v-Src (26). On the other
hand, complete inhibition of RhoA also perturbs podosomes,
indicating that local RhoA activity might still be required
(27). We find that Src™" inhibits the ability of B1 integrins to
support RhoA-mediated contractility. The kinase activity of
Src™F is required for podosome formation in Src*¥B1- and
Src¥¥B3-expressing cells, and Src*® phosphorylates 81 and
B3 cytoplasmic domains. However, phosphorylation of 1,
but not 83, is important for Src**-mediated morphological
transformation. In line with a previous report (28), mutation
of the tyrosines in the B1 cytoplasmic tail restored focal
adhesions and cell spreading. Our findings suggest that this
is due to restored cytoskeletal contractility that prevents the
transformation from focal contacts to podosomes in the
presence of Src*'. Indeed, overexpression of avpB3 fails to
promote Rho-mediated cytoskeletal contractility in S1-null
cells (24), explaining why corresponding mutations in the 83
subunit do not affect Src-mediated morphological transfor-
mation. Notably, in osteosarcoma cells phosphorylation of
B3 by v-Src reduces the binding strength of av33 to FN (21).
In our studies, avB3-mediated adhesion to FN was not
affected by the expression of Src*¥, which may be related to
differences between v-Src (which contains multiple addi-
tional mutations) and Src** (which may closely resemble
c-Src in human cancer cells where its interaction with over-
expressed receptor tyrosine kinases or mutations in the C
terminus can lead to enhanced priming) or to the moderate
Src*F expression and integrin phosphorylation levels that we
reach in GE11 and GD25 cells. Nevertheless, these levels are
sufficient to cause all the aspects of morphological transfor-
mation and lead to rounding of B1-expressing cells.
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FIGURE 7. Effect of phosphorylation of 81 and 83 integrins by Src*F. A, Western blot analysis of tyrosine-phosphorylated or total amounts of immunopre-
cipitated B1 (left) or B3 (right) integrins from GE11 cells expressing the indicated constructs. B, Western blot analysis of tyrosine-phosphorylated or total
amounts of immunoprecipitated B1 (left) or B3 (right) integrins from GE11 cells expressing the indicated constructs. Prior to lysis, cells were left untreated or
stimulated with pervanadate for 15 min. C, immunofluorescent images of GESrc'" cells transiently transfected with human B3 or 83"YFF cDNAs. Cells were
stained for human 3 integrin (green) and phalloidin (red). Arrows indicate transfected cells. D, immunofluorescent images of GE11 and GD25 cells stably
expressing the indicated 1 constructs stained with phalloidin (red) and paxillin (green) at different time points of spreading on FN. E, higher magnifications of
the 1-h and overnight time points of D are depicted. Scale bar, 25 um. F, graph shows a quantification of the percentage = S.D. of podosome-containing cells
after overnight spreading in at least five different fields of two independent experiments as in D. Asterisks indicate significant difference between average
values (t-test, p < 0.01).

% podosome Tl
positive

Paxillin/F-actin ?

Our study dissociates Src*"-mediated oncogenic from mor-  ity, morphological alterations, and the anchorage independ-
phological transformation and shows that different aspects of ence of cells expressing mutants of v-Src were compared. It was
morphological transformation (e.g. podosome formation and shown that the amino-terminal domain of v-Src is important
cell rounding) involve separable, independent pathways. These  for determining cell morphology, whereas the kinase domain is
findings are corroborated by studies in which mitogenic activ-  essential for all three parameters (29). Also, when expressed at
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FIGURE 8. Cross-talk between Src'F signaling and integrins. A, overview of
the different morphological and oncogenic properties of cells expressing
Src'F and the indicated integrin subunits used in this study and previous work
(22). B, model illustrating how integrins modulate three separable aspects of
Src transformation: tumor growth, podosome formation, and cell rounding.
There is cross-talk of integrins with Src signaling through different mecha-
nisms: a functional interaction of the 83 cytoplasmic domain with the Src
homology 3 domain supports tumor growth through activation of Src'F,
Stat3, focal adhesion kinase (FAK), and increased proliferation and survival
(22), whereas the extracellular domain of 33 protects against Src-induced cell
rounding. Src-induced podosome formation occurs independent of the
expression of either 1 or B3 integrins, but the B1 cytoplasmic tail must be
phosphorylated by Src™" to inhibit Rho-mediated cytoskeletal contractility
that is promoted by «5B1 (24), which is a prerequisite for podosome
assembly.

very low levels in Madin-Darby canine kidney cells, v-Src elic-
ited disruption of zonula adherences, which was dissociable
from oncogenic transformation, as determined by anchorage-
independent growth capacity and proliferation (30). Attempts
to transform c-Myc-deficient fibroblasts with v-Src resulted in
morphological transformation but failed to induce DNA syn-
thesis and proliferation (31). All together, these studies show
that signaling downstream of Src can occur through multiple
independent pathways. Our current work indicates that the

13250 JOURNAL OF BIOLOGICAL CHEMISTRY

integrin expression profile differentially modulates all these
aspects of Src transformation.

In human cancer increased expression and activity of c-Src
contributes to tumor development through stimulation of
mitogenic signaling pathways in which c¢-Src normally plays a
regulatory role (10, 32). In addition, reorganization of the actin
cytoskeleton, cell-cell, and cell-matrix adhesions upon Src acti-
vation may contribute to tumor invasion and metastasis (4, 9).
Interestingly, changes in the expression profile of integrins
often occur with tumor formation and during later steps of
tumor progression. Increased expression levels of av33 are
associated with growth and progression of various cancers (33).
For example, high levels of av33 promote the conversion from
radial to vertical growth phase in human melanoma (34, 35), a
cancer type in which c-Src activity is frequently increased (4).
Our findings suggest that such changes in integrin expression
can have a dramatic impact on Src-mediated effects on growth
and/or invasion of tumors. Cooperation between integrin av33
and c-Src may be important for tumor growth, whereas shifts in
the relative expression of 81 and 33 integrins might be impor-
tant to control tumor cell adhesion and spreading during can-
cer progression.

Acknowledgments—We thank Drs. Scott Blystone, Bosco Chan,
Michael Horton, Frans Ramaekers, Ed Roos, and Sanford Shattil for
their generous gifts of reagents.

REFERENCES

1. Bromann, P. A, Korkaya, H., and Courtneidge, S. A. (2004) Oncogene 23,
7957-7968
Jove, R., and Hanafusa, H. (1987) Annu. Rev. Cell Biol. 3, 31-56
. Martin, G. S. (2001) Nat. Rev. Mol. Cell. Biol. 2, 467-475
Irby, R. B., and Yeatman, T. J. (2000) Oncogene 19, 5636 —5642
. Guy, C. T., Muthuswamy, S. K, Cardiff, R. D., Soriano, P., and Muller, W.].
(1994) Genes Dev. 8, 23-32
6. Matsumoto, T., Jiang, J., Kiguchi, K., Ruffino, L., Carbajal, S., Beltran, L.,
Bol, D. K., Rosenberg, M. P., and DiGiovanni, J. (2003) Cancer Res. 63,
4819-4828
7. Niu, G., Bowman, T., Huang, M., Shivers, S., Reintgen, D., Daud, A,
Chang, A, Kraker, A., Jove, R, and Yu, H. (2002) Oncogene 21,7001-7010
8. Ishizawar, R, and Parsons, S. J. (2004) Cancer Cell 6, 209 —214
9. Frame, M. C,, Fincham, V.].,, Carragher, N. O., and Wyke, J. A. (2002) Nat.
Rev. Mol. Cell. Biol. 3, 233-245
10. Thomas, S. M., and Brugge, J. S. (1997) Annu. Rev. Cell Dev. Biol. 13,
513-609
11. McLachlan, R. W., Kraemer, A., Helwani, F. M., Kovacs, E. M., and Yap,
A. S. (2007) Mol. Biol. Cell 18, 3214-3223
12. Kaplan, K. B., Swedlow, J. R., Morgan, D. O., and Varmus, H. E. (1995)
Genes Dev. 9, 1505-1517
13. Calautti, E., Cabodi, S., Stein, P. L., Hatzfeld, M., Kedersha, N., and Paolo,
D. G. (1998) J. Cell Biol. 141, 1449 —1465
14. Avizienyte, E., Wyke, A. W, Jones, R. ., McLean, G. W., Westhoff, M. A,
Brunton, V. G., and Frame, M. C. (2002) Nat. Cell Biol. 4, 632— 638
15. Webb, D. J., Donais, K., Whitmore, L. A., Thomas, S. M., Turner, C. E.,
Parsons, J. T., and Horwitz, A. F. (2004) Nat. Cell Biol. 6, 154—-161
16. Yeatman, T.]. (2004) Nat. Rev. Cancer 4, 470 — 480
17. Linder, S., and Aepfelbacher, M. (2003) Trends Cell Biol. 13, 376 —385
18. Yamaguchi, H., Wyckoff, J., and Condeelis, J. (2005) Curr. Opin. Cell Biol.
17, 559 —564
19. Sakai, T., Jove, R,, Fassler, R., and Mosher, D. F. (2001) Proc. Natl. Acad.
Sci. U S. A. 98, 3808 —3813
20. Datta, A., Shi, Q., and Boettiger, D. E. (2001) Mol. Cell. Biol. 21,7295-7306

S

VOLUME 283 +NUMBER 19-MAY 9, 2008

LT0Z ‘2 RN U0 AYVHEITSNIVIVM I /610°0g ! mmmy/:dny wolj pspeojumoq


http://www.jbc.org/

21.
22.

23.

24.
25.
26.

27.

MAY 9, 2008 +VOLUME 283 +NUMBER 19

Datta, A., Huber, F., and Boettiger, D. (2002) J. Biol. Chem. 277,
3943-3949

Huveneers, S., van den Bout, I, Sonneveld, P., Sancho, A., Sonnenberg, A.,
and Danen, E. H. (2007) Cancer Res. 67, 2693—-2700

Gimond, C., Der Flier, A., van Delft, S., Brakebusch, C., Kuikman, L., Col-
lard, J. G., Fassler, R.,, and Sonnenberg, A. (1999) J. Cell Biol. 147,
1325-1340

Danen, E. H., Sonneveld, P., Brakebusch, C., Fassler, R., and Sonnenberg,
A. (2002) J. Cell Biol. 159, 1071-1086

Danen, E. H,, van Kraats, A. A., Cornelissen, I. M., Ruiter, D. J., and van
Muijen, G. N. (1996) Biochem. Biophys. Res. Commun. 226, 75— 81
Fincham, V.]., Chudleigh, A., and Frame, M. C. (1999) J. Cell Sci. 112, Pt.
6, 947-956

Berdeaux, R. L., Diaz, B., Kim, L., and Martin, G. S. (2004) /. Cell Biol. 166,

28.

29.

30.
31.

32.
33.
34.

35.

Dissecting Src Transformation

317-323

Sakai, T., Zhang, Q., Fassler, R., and Mosher, D. F. (1998) J. Cell Biol. 141,
527-538

Jove, R., Mayer, B. ., Iba, H., Laugier, D., Poirier, F., Calothy, G., Hanafusa,
T., and Hanafusa, H. (1986) /. Virol. 60, 840 — 848

Warren, S. L., and Nelson, W. J. (1987) Mol. Cell. Biol. 7, 1326 -1337
Prathapam, T., Tegen, S., Oskarsson, T., Trumpp, A., and Martin, G. S.
(2006) Proc. Natl. Acad. Sci. U. S. A. 103, 2695-2700

Brown, M. T, and Cooper, J. A. (1996) Biochim. Biophys. Acta 1287,121-149
Mizejewski, G. J. (1999) Proc. Soc. Exp. Biol. Med. 222, 124-138
Albelda, S. M., Mette, S. A., Elder, D. E., Stewart, R., Damjanovich, L.,
Herlyn, M., and Buck, C. A. (1990) Cancer Res. 50, 67576764

Hsu, M. Y., Shih, D. T., Meier, F. E., Van Belle, P., Hsu, J. Y., Elder, D. E,,
Buck, C. A, and Herlyn, M. (1998) Am. J. Pathol. 153, 1435-1442

JOURNAL OF BIOLOGICAL CHEMISTRY 13251

LT0Z ‘2 RN U0 AYVHEITSNIVIVM I /610°0g ! mmmy/:dny wolj pspeojumoq


http://www.jbc.org/

Integrins Uncouple Src-induced Mor phological and Oncogenic Transfor mation

Stephan Huveneers, Serdar Arslan, Bob van de Water, Arnoud Sonnenberg and Erik H.

J. Danen

J. Biol. Chem. 2008, 283:13243-13251.
doi: 10.1074/jbc.M800927200 originally published online March 7, 2008

Access the most updated version of this article at doi: 10.1074/jbc.M800927200

Alerts:
* When this article is cited
* When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 35 references, 18 of which can be accessed free at
http://www.jbc.org/content/283/19/13243.full.html#ref-list-1

LT02 ‘2 ReIN U0 AYVHEITSNIYTVYM R /61000 Mmaw/:diy LWo.y papeojumoq


http://www.jbc.org/lookup/doi/10.1074/jbc.M800927200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;283/19/13243&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/283/19/13243
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=283/19/13243&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/283/19/13243
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/283/19/13243.full.html#ref-list-1
http://www.jbc.org/

