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p130Cas (Cas) is an adaptor molecule which becomes
yrosine phosphorylated by v-Src- or v-Crk-triggered
ransformation and several physiological stimuli, such
s cell attachment to fibronectin. We previously gen-
rated mice lacking Cas and demonstrated that Cas
unctions as an assembling molecule of actin fila-

ents. To further explore Cas role in cellular function,
e established Cas-deficient and Cas-re-expressing fi-
roblasts and compared their behaviors in response to
everal biological stimuli. We found that Cas-deficient
broblasts showed significant defects in cell move-
ent after mechanical wounding and in cell migra-

ion toward fibronectin as compared with Cas-re-
xpressing cells. In addition, when plated on
bronectin-coated dishes, Cas-deficient cells exhib-

ted a significant delay in cell spreading as compared
ith Cas-re-expressing cells albeit that protein-

yrosine phosphorylation was similarly induced.
hese results demonstrated that Cas functions as a
olecule promoting cell movement, cell migration,

nd cell spreading and suggest that Cas would be im-
licated in various physiological and pathological pro-
esses, such as would healing, chemotaxis, and tumor
nvasion. © 1999 Academic Press

Cells attach to the extracellular matrix (ECM)
hrough cell surface receptors, integrins [1]. The at-
achment sites of the cells are composed of multipro-
ein complexes, called focal adhesions [2], where actin
tress fibers terminate and many cytoskeletal and sig-
aling molecules cluster. Cell-ECM interaction trans-
its extracellular signals into cell interior through

ntegrins [1, 3] and the intracellular signaling has been
hown to involve tyrosine phosphorylation of intracel-
ular proteins, such as Fak [1, 4], paxillin [5], tensin

1 Corresponding author. Fax: 181-3-5689-7286. E-mail: hhirai-tky@
min.ac.jp.
25
ases [8], and p130Cas [7, 9].
p130Cas (Cas, Crk-associated substrate) was origi-

ally identified as a highly tyrosine phosphorylated
30 Kd protein in cells transformed by v-Crk and v-Src
ncoproteins [10–12]. We purified rat Cas by two-step
mmunopurification procedures and cloned cas cDNA
sing partial peptide sequences [13, 14]. The predicted
mino acid sequences of Cas revealed that it is an
daptor molecule with a unique structure that is com-
osed of an SH3 region at the N-terminus, 15 repeats of
XXP motifs in the trunk, and several tyrosine resi-
ues and a proline-rich region near the C terminus
13]. Studies have shown that Cas becomes tyrosine
hosphorylated following various physiological stim-
li, such as cell adhesion [7, 9], cytokine receptor en-
agement [15, 16], and growth factor stimulation [17,
8]. In addition, Cas has been proven to interact with a
umber of cellular proteins, such as Fak [19], Src [20],
rk [21], CrkL [22], Nck [23], PTP1B [24], and PTP-
EST [25]. These results indicate that Cas contributes
o cellular signaling through forming complexes with
pecific target proteins. To clarify the in vivo roles of
as, we generated mice lacking Cas by homologous
ecombination [26]. We found that Cas functions as an
ssembling molecule of actin filaments and plays es-
ential roles in myofibril and Z-disk formation in the
eart, actin stress fiber formation in primary fibro-
lasts, and Src-induced morphological transformation
nd anchorage-independent cell growth in soft agar
26]. Although these results demonstrate that Cas is
equired for embryonic development, cytoskeletal orga-
ization, and oncogene-induced transformation, the
oles of Cas in cellular function have not fully been
nderstood. To address this issue, we established Cas-
eficient and Cas-re-expressing primary fibroblasts
nd examined their behaviors in response to several
iological stimuli.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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DNA transfection and cell cloning. Rat cas cDNA [13] was sub-
loned into an expression vector, bsr/pSSRa, which contains a
lasticidin-resistance gene. The resultant plasmid was transfected
nto Cas-deficient cells and the transfected cells were subjected to
lasticidin selection as described earlier [26]. Colonies resistant to
lasticidin were picked up, expanded, and subjected to Western blot
nalysis for the re-expression of Cas.

Western blot analysis. Proteins were extracted by lysing cells in
he RIPA lysis buffer as described [13]. Protein aliquots were sepa-
ated by SDS-PAGE and probed with 1:2000 diluted anti-Cas anti-
ody [13] or anti-phosphotyrosine antibody, 4G10 [27]. Positive sig-
als were visualized using the ProtoBlot Western AP system
Promega).

Wound healing assay. Wound healing motility assay was per-
ormed essentially as described previously [28]. In brief, confluent
ells were scraped with a 27-gauge needle to create a ‘wound’, de-
ached cells were removed by washing with PBS, and the remaining
ells were allowed to migrate to close the wound in a fresh medium.

Cell migration assay. Cell migration assay was performed using
odified Boyden chambers [29], in which the top wells were sepa-

ated from bottom wells by a polycarbonate membrane (tissue
ulture-treated, 6.5 mm-diameter, 10 mm-thickness, and 8 mm-pore,
ranswell). Growing cells were trypsinized, washed, suspended in
.1% BSA in DMEM, and added to the upper side of the membrane
n the top wells. Cells were then allowed to migrate through the

embrane and to reach the lower side of the membrane in the
bsence or presence of fibronectin (FN, 10 mg/ml), which had been
dded to the bottom well. After 6 hours’ incubation, non-migratory
ells on the upper side of the membrane were wiped and migrated
ells on the lower side of the membrane were fixed, stained, and
ounted.

Cell spreading assay. Cell spreading assay was performed as
escribed previously [30]. In brief, cells were overnight serum-
tarved, trypsinized, and re-plated on FN-coated dishes (10 mg/ml).
he spreading ratio of the cells were counted as described [30].

ESULTS

Establishment of Cas-re-expressing fibroblasts. To
stablish fibroblasts that re-express Cas, Cas-deficient
broblasts were transfected with bsr/Cas and trans-
ected cells were subjected to selection with bsr. Re-
xpression of Cas in blasticidin-resistant clones was
xamined by Western blot with anti-Cas antibody [13]
Fig. 1A). Three independent clones that re-express
as at a comparable level to wild-type cells were cho-
en and used for further analyses.

Re-expression of Cas restored morphological and
ytoskeletal abnormalities. We investigated whether
as-re-expressing cells showed restoration of abnor-
alities observed in Cas-deficient fibroblasts [26]. Fig.

B shows representative morphological appearances
f Cas-deficient and Cas-re-expressing cells. Cas-
eficient fibroblasts were flat and round in shape (left),
hile Cas-re-expressing cells exhibited an elongated
nd spindle-shaped appearance (right), which closely
esembles to that of wild-type cells [26]. Thus, re-
xpression of Cas rescued the morphological abnormal-
ty observed in Cas-deficient cells. In addition, immu-
26
ofluorescent staining with phalloidin showed that
as-re-expressing cells restored impaired actin bun-
ling in Cas-deficient cells and exhibited long actin
tress fiber formation as observed in wild-type cells
data not shown). These results demonstrated that re-
xpression of Cas corrected the morphological and cy-
oskeletal abnormalities observed in Cas-deficient cells
nd exhibited normal phenotypes similar to wild-type
ells.

Cas promoted cell movement. To investigate func-
ional defect(s) caused by Cas-deficiency, Cas-deficient
nd Cas-re-expressing cells were subjected to the
ound healing motility assay [28], which detects non-

hemotaxic and horizontally migrating ability of the
ells. The healing processes at various periods of time
0, 3, 6, and 12 hrs) after wounding are shown in Fig.
A and the mean percentages of the filled area at each
ime period are shown in Fig. 2B. As shown in these
gures, Cas-re-expressing cells moved much faster and
overed the wounded area more efficiently as compared
ith Cas-deficient cells. At 12 hours after wounding,
as-re-expressing cells had moved to fill ;70% of the
ap and the cells migrating from both ends of the
ound had begun cell-cell contact, while only ;30% of

he area was filled by Cas-deficient cells. These find-
ngs indicated that re-expression of Cas significantly
romoted cell movement.

FIG. 1. (A) Western blot for detecting the re-expression of Cas.
ixty mg of cell lysates extracted from Cas-deficient (Cas2/2) and
as-re-expressing (Cas2/2 and Cas) fibroblasts were separated by
.5% SDS-PAGE, blotted to nitrocellulose membrane, and probed
ith anti-Cas antibody [13]. The position of Cas is indicated by an
rrow and the positions of protein markers are shown on the left. (B)
orphological appearances of Cas-deficient (Cas2/2) and Cas-re-

xpressing (Cas2/2 and Cas) fibroblasts. While Cas-deficient cells
howed a morphologically abnormal appearance (flat and round-
haped), Cas-re-expressing cells restored a normal phenotype (elon-
ated and spindle-shaped).
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Cas promoted cell migration toward fibronectin.
e next examined whether the re-expression of Cas

ffected chemotaxic and invasive ability of the cells.
as-deficient and Cas-re-expressing cells were sub-

ected to the cell migration assay using modified Boy-
en chambers [29] with or without FN. The represen-
ative photographs of cells that have migrated through
he membrane are shown in Fig. 3A and the mean
ounts of the migrated cells are shown in Fig. 3B. As
hown in these figures, in the absence of FN (2FN), the
umber of Cas-re-expressing cells that had migrated
hrough the membrane was ;1.5-fold higher that of
as-deficient cells (Fig. 3A upper panels and Fig. 3B

eft), which is consistent with the results obtained by
he would healing motility assay (Fig. 2A and 2B). In

FIG. 2. Wound healing motility assay. (A) Photographs of Cas-
eficient (Cas2/2) and Cas-re-expressing (Cas2/2 and Cas) cells at 0, 3,
, and 12 hours after wounding. The Cas-re-expressing cells show
aster moving rate than Cas-deficient cells and heal the wound more
fficiently. (B) Percentages of the filled area at each time period. The
ean percentage of three experiments using independent clones are

hown. White and black circles indicate Cas-deficient (Cas2/2) and
as-re-expressing (Cas2/2 and Cas) cells, respectively, and error bars
how standard deviation.
27
xpressing cells gained a significant increase in the
igratory ability as compared with Cas-deficient cells

Fig. 3A lower panels and Fig. 3B, right). Although FN
romoted the migrating rate in both types of cells, the
umber of migrated Cas-re-expressing cells increased
p to ;4-fold, whereas Cas-deficient cells showed only
1.4-fold increase (Fig. 3B). These findings demon-

trated that the presence of Cas significantly promoted
he FN-mediated cell migratory ability.

Cas promoted cell spreading without affecting
rotein-tyrosine phosphorylation. We finally exam-
ned the roles of Cas in cell attachment and cell adhe-
ion to FN. Both types of cells attached to the dishes
oon after plating and no difference was observed in
heir attachment capacities (data not shown). How-
ver, after attachment, Cas-deficient cells exhibited a
ignificant delay in cell spreading as compared with

FIG. 3. Cell migration assay. (A) Photographs of Cas-deficient
Cas2/2) and Cas-re-expressing (Cas2/2 and Cas) cells that have mi-
rated through the membrane of the chamber. 2FN and 1FN indi-
ate the absence and presence of FN, respectively. (B) The numbers
f the cells that have migrated through the membrane. The mean cell
ounts (per 1 mm2) in several selective fields in three experiments
sing independent clones are shown. In the absence of FN (2FN),
as-re-expressing cells showed ;1.5-fold faster migratory rate as
ompared with Cas-deficient cells (left). In contrast, in the presence
f (1FN), Cas-re-expressing cells gained significant increase in the
igratory ability and migrated ;4-fold faster than Cas-deficient

ells (right). White and black bars indicate Cas-deficient (Cas2/2) and
as-re-expressing (Cas2/2 and Cas) cells, respectively, and error bars
how standard deviation.
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28
as-deficient and Cas-re-expressing cells at various
eriods of time (15, 30, 60, and 120 min) after plating
re shown in Fig. 4A and the mean percentages of
attened cells at each time period are shown in Fig. 4B.
uring the observation periods, the disparity in cell

preading was most apparent at 15 min after plating,
hen more than 70% of the Cas-re-expressing cells had
attened, while only ;20% of the Cas-deficient cells
howed a flattened phenotype. The spreading defect in
as-deficient cells was still observed at 30 min. At 60
in, although some Cas-deficient cells still remained

ound and refractile, the morphological appearances of
as-deficient and Cas-re-expressing cells were almost
imilar. At 120 min, ;100% of both types of cells have
attened and no obvious differences were observed.
hese results demonstrated that Cas accelerates cell
preading and enhances cell flattening on FN.
To investigate whether the delayed spreading in Cas-

eficient cells might reflect alterations in protein-
yrosine phosphorylation, the cell lysates at 0, 15, 30, 60,
nd 120 min after plating were subjected to Western blot
ith anti-phosphotyrosine antibody, 4G10 [27]. As shown

n Fig. 4C, FN stimulation rapidly induced tyrosine phos-
horylation of similar sets of cellular proteins in both
as-deficient and Cas-re-expressing cells (Fig. 4C). The
ajor tyrosine phosphorylated proteins were pp125,

p80, pp70, and pp42 (indicated by arrows in Fig. 4C),
hich are consistent with the results of previous studies

7–9]. Thus, Cas-deficiency did not greatly affect FN-
nduced protein-tyrosine phosphorylation and it does not
eem to be likely that the delayed cell spreading in Cas-
eficient cells was due to impaired protein-tyrosine phos-
horylation.

ISCUSSION

In this report, we investigated roles of Cas in cellular
unction. To confirm any possible defects in Cas-deficient
ells were due to Cas-deficiency, we first introduced Cas
nto Cas-deficient fibroblasts and established Cas-re-
xpressing fibroblasts. Three independent clones re-
xpressing Cas at a comparable level to wild-type cells
ere chosen, which exhibited essentially the same re-

ults.

ndependent clones are shown. White and black circles indicate Cas-
eficient (Cas2/2) and Cas-re-expressing (Cas2/2 and Cas) cells, re-
pectively, and error bars show standard deviation. (C) Tyrosine
hosphorylation of cellular protein induced by FN attachment. Fifty
g of cell lysates extracted from Cas-deficient (Cas2/2) and Cas-re-
xpressing (Cas2/2 and Cas) at 0, 15, 30, 60, and 120 min after
lating were separated by 7.5% SDS-PAGE, blotted to nitrocellulose
embrane, and probed with anti-phosphotyrosine antibody, 4G10

27]. The representative result is shown. The positions of major
yrosine phosphorylated proteins (pp125, pp80, pp70, and pp42) are
ndicated by arrows and the positions of protein markers are shown
n the left.
FIG. 4. Cell attachment and adhesion to FN. (A) Photographs of
as-deficient (Cas2/2) and Cas-re-expressing (Cas2/2 and Cas) cells at
5, 30, 60, and 120 min after plating on FN-coated dishes (10 mg/ml).
as-deficient cells show a significant delay in cell spreading as com-
ared with Ca-re-expressing cells. (B) Cell spreading was quanti-
ated by calculating the percentages of flattened cells. The mean
ercentages in several selective fields in two experiments using
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e-expression of Cas restored defects observed in Cas-
eficient cells. Cas re-expressing fibroblasts showed
ormal morphological appearances (Fig. 1B) and also
xhibited long actin stress fiber formation (data not
hown) that are similar to those observed in wild-type
ells. Therefore, re-expression of Cas restored morpho-
ogical and cytoskeletal abnormalities observed in Cas-
eficient cells.
Wound healing and cell migration assays demon-

trated that Cas significantly promoted cell movement
nd cell migration toward FN (Fig. 2 and Fig. 3). Sim-
lar findings have been reported using chinese hamster
vary (CHO) cells [31] or using human pancreas carci-
oma (FG) cells [29]. Cary et al. reported that CHO
ells overexpressing FAK exhibited an increased
igration ability as compared with the vector-

ransformed control cells. They showed that the in-
reased level of migration was correlated with the in-
rease in tyrosine phosphorylation of Cas and that
xpression of a mutant form of Fak, which lacks the
inding site of Cas, failed to exhibit the enhanced mi-
ratory ability [31]. Subsequently, Klemke et al. re-
orted that FG-M cells, which were separated from FG
ells as a migration competent subpopulation, exhib-
ted increased tyrosine phosphorylation of Cas as com-
ared with the parent FG cells and that transient
xpression of Cas in Cos cells increased the cell migra-
ory ability [29]. These reports suggested that expres-
ion and tyrosine phosphorylation of Cas are involved
n the migratory ability of the cells. However, since
hese studies were carried out using CHO cells overex-
ressing Fak, pancreatic carcinoma cells and its sub-
opulation, or Cos cells transiently expressing Cas, it
as remained unclear to what extent these results

ndeed reflect the physiological roles of Cas. In this
espect, we used Cas-deficient and Cas-re-expressing
rimary fibroblasts and compared their biological prop-
rties. Therefore, our findings provide more direct and
hysiological evidence that Cas promotes cell move-
ent and cell migration.
In cell spreading assay, although Cas-deficient cells

nd Cas-re-expressing cells similarly attached to the
N-coated dishes, Cas-deficient cells exhibited a signif-

cant delay in cell spreading. In addition, protein-
yrosine phosphorylation was almost equally induced
n Cas-deficient and Cas-re-expressing cells. Although
here remains a possibility that slight but significant
yrosine-phosphorylation of protein(s) could not be de-
ected in our Western blot, it could be strongly sug-
ested that the delayed cell spreading of Cas-deficient
ells was, for the most part, due to the impaired actin
ssembly caused by Cas-deficiency.
It is to be noted that Src-deficient fibroblasts also

howed a reduced rate of cell spreading when plated on
N [30]. The phenotypical coincidence between Src-
eficient and Cas-deficient fibroblasts strongly sug-
29
ritical step for fibroblasts to spread on FN. Interest-
ngly, the impaired spreading of Src-deficient cells was
estored by the introduction of only the SH2 and SH3
egions of Src and the kinase domain of Src was dis-
ensable [30]. In addition, studies using mutant cell
ines lacking a protein-tyrosine kinase, such as Src,
ak, Fyn, or Abl, revealed that the localization of Cas
o focal adhesion and its tyrosine phosphorylation fol-
owing FN-stimulation were abolished only in Src-
eficient cells [32, 33] and expression of a kinase-
egative form of Src could rescue these abnormalities
23, 33]. Considering that Cas binds to the SH3 and
H2 regions of Src through its proline-rich region and
yr762, respectively [20], Src can be regarded as a re-
ruiting molecule that accompanies Cas to focal adhe-
ions in a kinase activity-independent mechanism.
herefore, it can be supposed that the defect in spread-

ng on FN in Src-deficient cells seems to be, at least in
art, owing to the failure in localization of Cas to focal
dhesions.
In summary, we have demonstrated that Cas func-

ions as a molecule promoting cell motility, cell migra-
ion, and cell spreading. These findings have clarified
pecific roles of Cas in cellular function and suggest
hat Cas would be implicated in various physiological
nd pathological processes, such as would healing, che-
otaxis, and tumor metastasis.
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