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GD25 cells lacking B1 integrins or expressing B1A with mutations
of conserved cytoplasmic tyrosines (Y783, Y795) to phenylalanine
have poor directed migration to platelet-derived growth factor or
lysophosphatidic acid when compared with GD25 cells expressing
wild-type B1A. We studied the effects of v-src on these cells.
Transformation with v-src caused tyrosine and serine phosphory-
lation of wild-type B1A but not of Y783/795F doubly mutated B1A.
v-src-transformed cells had rounded and/or fusiform morphology
and poor assembly of fibronectin matrix. Adhesion to fibronectin
or laminin and coupling of focal contacts to actin-containing
cytoskeleton were preserved in transformed Y783/795F cells but
lost on transformation when B1A was wild type. Transformed
Y783/795F cells also retained ability, albeit limited, to migrate
across filters, whereas transformed cells with wild-type B1A were
unable to transverse filters. Studies of single tyrosine mutants
showed that the more important tyrosine for retaining ability to
adhere, assemble focal contacts, and migrate is Y783. These results
suggest that overactive phosphorylation of cytoplasmic residues of
B1A, particularly Y783, accounts in part for the phenotype of
v-src-transformed cells.

Rous sarcoma virus (RSV) is the first known tumor virus,
recognized for its ability to cause sarcomas in chickens (1).
The transforming protein of RSV, v-src, is a cytoplasmic tyrosine
kinase with constitutive activity (2, 3). v-src-transformed fibro-
blasts exhibit several properties related to cell adhesion, includ-
ing morphological changes, increased growth rate, loss of an-
chorage dependence of growth, loss of focal contacts, and
decreased synthesis and deposition of extracellular matrix (3-7).
v-src causes extensive protein tyrosine phosphorylation of cel-
lular proteins (3, 8), including tyrosines in the NPXY motifs of
the cytoplasmic domain of the B1A integrin subunit (9-11). The
role of phosphorylation of B1 integrins in transformation by v-src
is not known. We have studied the effects of v-src on mouse
GD25 cells lacking B1A (12) or expressing the B1A splice variant
of B1 (13) or B1A with Tyr-to-Phe mutations in the NPXY motifs
[Y783F, Y795F, and Y783/795F cells (14)]. The results suggest
that overactive phosphorylation of cytoplasmic residues of B1A,
particularly Y783, contributes to the transformed phenotype of
v-src-transformed cells.

Materials and Methods

Cells. Wild-type B1A (13) or B1As with mutations of the cyto-
plasmic domain (14) were expressed in the Bl-null GD25
fibroblastic cell line as described. It should be noted that, after
differentiation from B1-null stem cells, the GD25 clone had been
immortalized with simian virus 40 large T antigen (12). v-src was
expressed in cells by cotransfecting with pZeoSV2 (Invitrogen)
and pMv-src (15), in which expression of v-src is driven by the
long terminal repeats of Moloney mouse leukemia virus. The
cotransfection was accomplished with Lipofectamine (GIBCO/
BRL). Selection was performed with 300 ug/ml Zeocin (In-
vitrogen). After 2-3 weeks, surviving clones were isolated and
expanded. Clones were monitored for morphology by phase
microscopy and for protein tyrosine phosphorylation and ex-
pression of Src by Western blotting. Two separate clones of each
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v-src-transformed cell type were analyzed. The experiments and
photomicrographs shown were chosen as representative of dif-
ferences constantly observed among the different cells. 3T3 cells
transformed with v-src were prepared as described (15).

Assays. Cell adhesion assays, flow cytometry, and fluorescence
microscopic studies were performed as previously described
(14). For assembly of exogenous fibronectin, cells were incu-
bated with FITC-labeled fibronectin in the presence of 1-oleoyl-
lysophosphatidic acid (LPA) (Avanti Polar Lipids) for 1 h at
37°C, beginning 4 h after culturing on defined substrate in
medium with 0.2% fatty acid free albumin. For phosphotyrosine
localization with the PY20 monoclonal antibody (Transduction
Laboratories, Lexington, KY), 1 mM sodium orthovanadate was
present throughout the fixation, permeabilization, and immu-
nofluorescence staining steps. Western blotting was performed
as previously described (16). Monoclonal antibodies against Src
(clone 327) and phosphotyrosine (clone 4G10) were from On-
cogene Science and Upstate Biotechnology (Lake Placid, NY),
respectively. Antibody MB1.2 to mouse Bl was generously
provided by B. Chan (University of Western Ontario, London,
ON, Canada) or purchased from Chemicon. Rabbit polyclonal
antibodies against cytoplasmic domain of human B1A were
generously provided by E. Ruoslahti (Burnham Institute, La
Jolla, CA).

Metabolic Labeling and Immunoprecipitation. Cells were metabol-
ically labeled with [3?PJorthophosphate (1.5 mCi/ml medium)
(Amersham) for 5 h in the presence of 100 uM sodium or-
thovanadate in phosphate-free medium. Immunoprecipitation
of Bl from labeled cells was performed as described (9) with
slight modifications. Briefly, cells were incubated on ice in lysis
buffer containing 100 mM sodium chloride, 2 mM EDTA, 1 mM
sodium orthovanadate, 0.5 mM sodium molybdate, protease
inhibitor mixture (Boehringer Mannheim), 10 mM Tris-HCI (pH
7.6), and 0.5% (wt/vol) 3-[(3-cholamidopropyl)dimethylammo-
nio]-1-peopanesulfonate. After centrifugation, the supernatants
were precleared with agarose beads coupled with antibodies to
rat IgG and IgM (American Qualex, La Mirada, CA) and
subsequently incubated with rat MB1.2 antibody against mouse
B1. Immune complexes were collected with the anti-rat Ig beads.
For deglycosylation with peptide/N-glycosidase F (PNGaseF)
(New England Biolabs), the samples were treated with the
manufacturer’s denaturing buffer at 100°C for 10 min, and
one-tenth volume each of 10% Nonidet P-40 and 10X reaction
buffer were added. Samples were incubated for 1 h at 37°C after
addition of 1,000 units PNGaseF. Proteins were analyzed by
SDS/PAGE. The gel was fixed and dried or bands were trans-
ferred onto poly(vinylidene difluoride) (PVDF) membranes
(Amersham Pharmacia). Gel or membrane was subjected to
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autoradiography to detect phosphorylated proteins. Phos-
phoamino acid analysis of acid-hydrolyzed phosphorylated pro-
teins excised from the PVDF membranes was performed as
described previously (17, 18).

Cell Migration. Cell migration assays were performed in modified
Boyden chambers containing Nucleopore polycarbonate mem-
branes (5- or 8-um pore size; Costar) (14, 16). The filters were
soaked overnight in 10 wg/ml fibronectin rinsed with PBS
containing 0.2% (wt/vol) fatty acid free albumin, air dried, and
then placed in the chamber. Platelet-derived growth factor or
LPA in medium containing 0.2% fatty-acid free albumin was
added to the lower compartment of the chambers. Cells sus-
pended in DMEM containing 0.2% fatty-acid free albumin were
introduced into the upper compartment. The chambers were
then incubated for 6 or 16 h at 37°C. The filters were fixed and
stained, and the cells that had migrated to the lower surface were
counted at X400. In each experiment, two areas from each of two
wells were counted. Values are the mean *= SD of cells per
0.16-mm? field.

Results

General Characterization of v-src-Transformed Cells. All v-src-
transfectants had comparably increased expression of Src when
compared with nontransfected parental cells and increased
phosphorylation of many cellular proteins as assessed by immu-
noblotting of cell extracts with anti-Src and antiphosphotyrosine,
respectively (not shown). All transfectants proliferated more
rapidly than the parental cells, lacked contact inhibition, and
grew past confluence as aggregates of cells that were loosely
associated with the culture dish or floated free in the medium
(not shown). Flow cytometry demonstrated that expression of
cell-surface B1A did not change significantly after v-src trans-
formation (not shown). Multiple attempts to demonstrate reac-
tivity of wild-type B1 with antiphosphotyrosine in extracts of
v-src-transformed B1A-GD25 failed, by using either immuno-
precipitation with anti-B1 followed by immunoblotting with
antiphosphotyrosine or vice versa. However, immunoprecipita-
tion with anti-B1 after metabolic labeling with [3?PJorthophos-
phate yielded phosphorylated proteins in B1A-GD25 and v-src-
transformed B1A-GD25 and 3T3 cells but not in B1A-deficient
GD2S5 cells or v-src-transformed Y783 /795F cells (Fig. 14). The
phosphorylated protein in nontransformed B1A-GD25 cells was
123 kDa, 5 kDa smaller than the phosphorylated protein with an
apparent mass of 128 kDa in v-src-transformed B1A-GD25 and
3T3 cells. The phosphorylated protein in nontransformed B1A-
GD25 cells was also smaller than the band in the same lane
immunoblotted with anti-B1, whereas the phosphorylated pro-
tein in v-src-transformed Y7831795F and 3T3 cells comigrated
with immunoblotted B1 (not shown). To test further whether the
phosphorylated band in nontransformed B1A-GD25 cells was
BlA, we compared the immunoprecipitated phosphorylated
proteins after removal of carbohydrate with PNGaseF (19).
Phosphorylated proteins in v-src-transformed B1A-GD25 cells
and 3T3 cells were degraded to apparent masses of 96 kDa after
deglycosylation and were identical to deglycosylated 81 detected
by immunoblotting (Fig. 1B). In contrast, a phosphorylated
protein of 96 kDa was not found in the PNGaseF-treated
immunoprecipitate of B1A-GD25 cells, although the 96-kDa
band was detected with anti-B1. Thus, we conclude that the
phosphorylated 123-kDa protein in B1A-GD2S5 cells is not B1A
but a protein that associates with B1A in nontransformed cells.
The identity of this protein is at present not known. Phos-
phoamino acid analysis revealed that phosphorylated B1A in
v-src-transformed B1A-GD25 cells and 3T3 cells contained an
approximately equivalent amount of phosphotyrosine and phos-
phoserine and a lesser amount of phosphothreonine (Fig. 1C).
The 123-kDa phosphorylated protein that coimmunoprecipi-
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Fig. 1. Phosphorylation of g1 integrin. (A) Autoradiogram of SDS/PAGE

gel of [32P]orthophosphate-labeled proteins immunoprecipitated with
monoclonal antibody MB1.2 to 81 from lysates of metabolically labeled
nontransformed GD25 cells lacking B1A, nontransformed B1A-GD25 cells,
v-src-transformed B1A-GD25 cells, v-src-transformed Y783/795F cells,
and v-src-transformed 3T3 cells. Samples were reduced. The positions of
the molecular mass markers are indicated (Left). (B) (Upper) Autoradio-
gram of poly(vinylidene difluoride) membrane of immunoprecipitates
from lysates of nontransformed B1A-GD25 cells and v-src-transformed
B1A-GD25 cells and 3T3 cells after PNGaseF treatment. (Lower) The same
membrane immunoblotted with rabbit antibody against cytoplasmic do-
main of B1A. The positions of the molecular mass markers are indicated
(Left). (C) Phosphoamino acid analysis of the bands of 123-128 kDa immu-
noprecipitated from nontransformed B1A-GD25 and v-src-transformed
B1A-GD25 and 3T3 cells shown in A. Shown are phosphorimages of two-
dimensional TLC plates. Positions of unlabeled phosphotyrosine, phospho-
serine, and phosphothreonine, detected with ninhydrin, are indicated.

tated with B1A from nontransformed B1A-GD?25 cells also was
phosphorylated on tyrosine and serine (Fig. 1C).

Cell Adhesion. Nontransformed GD25 and B1A-GD?2S5 cells (Fig.
2) and Y783F, Y795F, and Y783/795F cells (not shown; see ref.
14) all adhered to vitronectin or fibronectin after 1 h, probably
through the «VB3 integrin for GD25 cells and a combination of
aVB3 and a5B1A for the other cells (13, 14). GD25 cells, which
lack a6B1 (13, 14), did not adhere to laminin-1, whereas cells
expressing wild-type or mutant B1A did (Fig. 2; not shown).
After transformation with v-src, GD25, B1A-GD25, Y783F,
Y795F, and Y783/795F cells all adhered to vitronectin (Fig. 2).
Transformation with v-src caused GD25 and B1A-GD?25 cells to
lose the ability to adhere to fibronectin, nearly completely in the
case of GD25 cells (Fig. 2). B1A-GD25 cells also adhered less
well to laminin-1 after transformation (Fig. 2). Adhesion of
v-src-transformed Y795F cells to fibronectin or laminin-1 was
also less compared with nontransformed Y795F cells (Fig. 2 and
data not shown). v-src-transformed Y783 /795F and Y783F cells,
in contrast, adhered as well to fibronectin or laminin-1 as
nontransformed counterparts (Fig. 2 and data not shown).

Assembly of Fibronectin Matrix. v-src transformation is known to
cause a marked loss of fibronectin matrix by a variety of cell types
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Fig. 2.

Attachment of v-src-transformed GD25 cells expressing no B1A, wild-type B1A, or mutant B1A on vitronectin, fibronectin, or laminin-1. Bars represent

the mean of attachment activity quantified by spectrophotometric analysis at 595 nm after staining of adherent cells with bromophenol blue. Error bars
represent = SD of quadruplicate experiments. Absorbance because of nonspecific cell adhesion as measured on albumin-coated wells was less than 0.1 and has
been subtracted. Two different clones in each v-src-transformed mutant (clones 1 and 2) were analyzed. GD25, B1-deficient cells; 31GD25, GD25 cells expressing
wild-type B1A; other cells are designated by mutation(s). *, B1A-deficient GD25 cells had no detectable adherence to laminin-1.

(20). After 3 days in 10% FBS, no deposited fibrils of fibronectin
could be detected by immunofluorescence staining of v-src-
transformed B1A-GD25 or Y783/795F cells, whereas nontrans-
formed cells had widespread deposition of fibronectin in a
fibrillar network (Fig. 34).

We sought to relate loss of a fibronectin matrix to shape of
cells, localization of B1A, and binding of FITC-fibronectin in a
short-term assay (Fig. 3 B-E). v-src-transformed cells adherent
to fibronectin were refractile and usually bipolar, in contrast to
their untransformed counterparts, which were flatter, less re-
fractile, and often polygonal in shape (Fig. 3B). Compared with
the numerous punctate focal contacts staining for g1 in non-
transformed B1A-GD25 and Y783/795F cells, there was less
frequent punctate staining of B1 in v-src-transformed Y783/
795F cells, usually in association with long polar extensions, and
no punctate staining of B1A in transformed B1A-GD25 cells
(Fig. 3C; also see Fig. 4). Similar results were obtained with cells
cultured on laminin-1 or vitronectin (not shown). Nontrans-
formed B1A-GD25 and Y783/795F cells grown on coverslips
coated with fibronectin (Fig. 3E) or laminin-1 (not shown)
assembled numerous short fluorescent fibrils of FITC-labeled
plasma fibronectin over a 1-hour period, often colocalizing with
B1A (14). v-src-transformed B1A-GD25 cells did not assemble
fibronectin when cultured on fibronectin (Fig. 3D) or laminin-1
(not shown). Short thin fibrils of FITC-fibronectin were assem-
bled at cell edges of v-src-transformed Y783/795F cells on
fibronectin-coated (Fig. 3D) or laminin-1-coated (not shown)
substrates, although assembly was decreased when compared
with nontransfected parental cells. In the transient assay, v-src-
transformed Y795F cells, like v-src-transformed B1A-GD25
cells, did not assemble fibronectin, whereas transformed Y783F
cells assembled short, thin fibrils of fibronectin like transformed
Y783/795F cells (not shown). B1A in punctate focal contacts of
transformed Y783/795F cells was associated, in part, with
fibronectin fibrils (Fig. 3E). We previously found that expression
of wild-type or tyrosine-mutated B1A overcomes the suppres-
sion of fibronectin matrix assembly when GD25 cells are cultured
on vitronectin (21). However, none of the v-src-transformed
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cells, including Y783/795F cells, assembled FITC-fibronectin
when cultured on vitronectin (not shown).

Focal Contacts and Actin Cytoskeleton. As described in ref. 14,
nontransformed B1A-GD25, Y783/795F, Y783F, and Y795F
cells all have a well-developed F-actin-containing cables that
terminate in B1A- and vinculin-containing focal contacts. In
v-src-transformed GD?25 cells expressing wild-type or Y795F
mutant B1A, B1A was present in circular podosomes, as reported
previously for a variety of src-transformed cells (4, 11, 22, 23)
(Fig. 44). Actin-containing stress fibers and vinculin-containing
focal contacts were largely absent from v-src transformed B1A-
GD25 and Y795F cells cultured on fibronectin (Fig. 4B) or
laminin-1 (not shown). In v-src-transformed Y783/795F or
Y783F cells adherent on fibronectin (Fig. 4) or laminin-1 (not
shown), some B1A- and vinculin-containing focal contacts were
retained, especially at the ends of the long cellular extensions;
fine F-actin networks were also present although much less
developed than in nontransformed parental cells. Phosphoty-
rosine-containing proteins also could be demonstrated in focal
contacts of v-src-transformed Y783/795F or Y783F cells (not
shown). Phosphotyrosine-containing proteins in v-src-
transformed B1A-GD25 cells localized to podosomes (not
shown). On a vitronectin-coated substratum, anti-vinculin local-
ized to podosomes in all v-src-transformed cells, including
Y783/795F and Y783F cells, and no focal 81 could be detected
(not shown).

Cell Migration. v-src transformation causes increased ruffling of
the plasma membrane in vitro and increased metastatic capacity
in vivo (5, 6) but also results in loss of directed cell migration in
a concentration gradient (chemotaxis) (24). Chemotaxis re-
quires the fine control of cellular association with and release
from the extracellular matrix; integrins play a central role in such
associative and dissociative events (25-27). Chemotaxis was
assayed as number of cells passing through filters with 5-um
pores coated with fibronectin (Fig. 5). As reported (14, 16),
nontransformed B1A-GD25 cells migrated more efficiently
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Deposition of fibronectin in 3-day culture and colocalization of exogenous fibronectin and B1A in short-term assay in nontransformed and

v-src-transformed B1A-GD25 or Y783/795F cells. (A) Immunofluorescence of fibronectin matrix after 3 days of culture in serum-containing medium. (B-E)
Assembly of FITC-fibronectin during a 1-h period beginning 4 h after seeding of cells on surfaces coated with fibronectin. After fixation, staining for 81 integrin
was performed by using antibody MB1.2 and lissamine rhodamine-labeled anti-rat IgG. The same field was photographed for cellular morphology by phase (B),

B1A (Q), FITC-fibronectin (D), and double fluorescence of B1A (red) and FITC-fibronectin (green) (E). (Bar = 35 um.)

across filters in response to platelet-derived growth factor or
LPA than Y783/795F cells, whereas Y783F and Y795F cells had
intermediate migration (Fig. 5). v-src-transformation caused loss
of the migratory ability of B1A-GD25 and Y795F cells (Fig. 5).
In contrast, v-src-transformed Y783/795F retained fully the
limited ability to migrate, and migration of transformed Y783F,
although diminished, was not lost completely (Fig. 5). Similar
differences between v-src-transformed B1A-GD25 or Y795F
cells, and v-src-transformed Y783/795F or Y783F cells were
found when filters with 8-um diameter pores (rather than 5-um
diameter pores) were tested (not shown).

Discussion

Src-type kinases are known to participate in integrin-mediated
signaling (28), suggesting that tyrosine phosphorylation of B1A
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may be important for function and dysregulated on transforma-
tion with v-src. Our findings demonstrate that the Y783F mutant
of B1A, which changes the phenol side chain in the first
cytoplasmic NPXY motif to a benzyl side chain that cannot be
phosphorylated, allows v-src-transformed GD25 cells to pre-
serve some phenotypic features of nontransformed cells. GD25
cells expressing B1A with the Y783F mutation without or with
the Y795F mutation on transformation with v-src retained
B1-dependent cell adhesion and a semblance of focal contact
formation and actin cytoskeletal organization that were other-
wise lost in cells expressing wild-type B1A or B1A with the
Y795F mutation. Transformed cells with the Y783F mutation
also retained the ability to bind fibronectin in short-term assays,
although this fibronectin could not be retained in a fibrillar
network. In the chemotaxis assay, transformed cells with Y783F
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Fig.4. Visualization of focal contacts and associated structures in v-src-transformed B1A-GD25 or mutant 1A cells on fibronectin-coated substrata. (A) Single
immunofluorescent detection of B1A. (B) Double immunofluorescent detection of vinculin (green) and rhodamine-phalloidin (red). B1A-GD25, GD25 cells
expressing wild-type B1A; other cells are designated by mutation(s). Microscopic analysis of multiple cells in multiple fields indicated the 81- and vinculin-
containing focal contacts were present in >40% of transformed Y783F and Y783/795F cells but in <5% of B1A cells and <20% of Y795F cells. (Bar = 30 um.)

or Y783/795F mutant B1A migrated, whereas transformed cells
with wild-type or Y795F mutant 1A did not.

v-src phosphorylates Y783 in vitro in the context of both a
synthetic B1l-peptide containing Y783 and intact B1 (10).
These findings indicate that tyrosines of B1A cytoplasmic
domain are potentially direct substrates for v-src in v-src-
transformed cells. Phosphorylated B1 integrins interact less
well with fibronectin via integrin extracellular domains or with
talin via intracellular domains (10). Tyrosine phosphorylation
of B1 also increases affinity for the SH2 domain of PI-3-kinase
(11), which is a substrate of v-src and may regulate actin
filament rearrangement on activation (29). Thus, presence or
absence of overactive phosphorylation of Y783 may explain
findings of loss of adhesivity, formation of focal contacts and
F-actin bundles, and directed migration in v-src-transformed
cells expressing wild-type B1A and preservation of such func-
tions in v-src-transformed cells expressing 1A with the Y783F
mutation.

In the absence of v-src, cells expressing 1A with the Y783F
mutation have more focal contacts and a tendency to assemble
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Fig.5. Cell migration through fibronectin-coated 5-um filters in response to
LPA or platelet-derived growth factor (PDGF). LPA (500 nM) or PDGF (10
ng/ml) wasinthe lower chamber. Each represents the mean of cell number per
0.16-mm? field. Error bars indicate = SD of quadruplicate determinations.
B1A-GD25, GD25 cells expressing wild-type B1A; other cells are designated by
mutation(s).
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more fibronectin than cells expressing wild-type B1A (14). These
results and the finding that B1A-integrins with the dual Y783/
795F mutation are defective in activation of focal adhesion
kinase (30) indicate that phosphorylation of Y783 is functionally
important in untransformed cells. Similar double Tyr-to-Phe
mutations in the mouse gene for B3 result in attenuated
outside-in signaling by alIbB3 and platelet function (31).

Bl in v-src-transformed and vanadate-treated B1A-GD2S5 or
3T3 cells was phosphorylated on serine as well as on tyrosine. A
similar phosphoamino acid pattern was reported previously for
integrins immunoprecipitated from src-transformed chick em-
bryonic fibroblasts with the CSAT monoclonal antibody (9).
S785, two residues downstream from Y783, has been demon-
strated to be phosphorylated in F9 stem cells (32). Sequences
homologous to the Y783KS785 in B1A are YKE in 83 and FKS
in B2. The tyrosine homologous to Y783 of B1A can be dem-
onstrated to be phosphorylated in 83 with antiphosphotyrosine
(31, 33). The serine in 32 homologous to S785 of B1A has also
been shown to be phosphorylated (34). Thus, we hypothesize
that there is diphosphorylation of Y783 and S785 in B1A, and
such diphosphorylation accounts for the enigma that we could
not detect tyrosine phosphorylation of 1 of v-src-transformed
cells with antiphosphotyrosine.

It has been suggested that phosphorylation—dephosphoryla-
tion cycles for Y783 (14) and S785 (32) are required for
movement of BlA-integrins in and out of focal contacts. Our
results raise the possibility that phosphorylations of the two
residues are coupled. The parsimonious explanation for the
observation that phosphorylations of both tyrosine and serine
are up-regulated in v-src-transformed cells is a Src-activated dual
specificity kinase. Coordinately regulated phosphorylation to
form diphosphorylated B1A would distinguish B1A from f3,
in which the serine is glutamic acid, a phosphoserine mimic, and
B2, in which the tyrosine is phenylalanine and cannot be
phosphorylated.
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