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Phospholipase D2 stimulates cell protrusion in v-Src-transformed cells™
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Abstract

Phospholipase D (PLD) activity has been implicated in several aspects of cell physiology including vesicle transport, signal
transduction, cell proliferation, cytoskeletal structure, and oncogenic transformation. Two PLD isoforms (PLD1 and PLD2) have
been identified and characterized. We have expressed both wild-type and catalytically inactive forms of PLD1 and PLD2 in 3Y1 rat
fibroblasts and in 3Y1 cells transformed by v-Src, a tyrosine kinase that elevates PLD activity. The v-Src-transformed 3Y1 cells have
small, but distinct cell protrusions, implicated in cell migration and metastasis. We report here that elevated expression of PLD2
substantially increased the length of the cell protrusions and that a catalytically inactive PLD2 mutant abolished the cell protrusions.
The extended protrusions in the PLD2-overexpressing cells were dependent upon microtubule assembly. These data suggest a role
for PLD?2 in the v-Src-mediated formation of cell protrusions that may be critical for the invasive properties of v-Src-transformed

cells. © 2002 Elsevier Science (USA). All rights reserved.

Phospholipase D (PLD) has been reported to be
overexpressed and hyperactivated in human cancers
[1,2]. Consistent with these findings, it has been shown
that PLD can facilitate oncogenic transformation [3,4]
and cell survival [5]. PLD activity has also been impli-
cated in tumor invasion [6—8]. Tumor invasion is a
compulsory step in metastasis and has been proposed to
be of dysregulated cell motility [9]. Cell motility or mi-
gration is essential for many physiological processes
such as embryogenesis, neurite outgrowth, and wound
healing; however; inappropriate cell motility can cause
calamities such as the spreading of cancers.

Cytoskeleton networks, which include actin micro-
filaments, microtubules, and intermediate filaments,
play a central role in cell motility. To achieve well-
organized locomotion, it requires a precise coordina-
tion among these distinct networks [10-16]. Actin fil-
aments are pivotal in cell polarity, contractile, and
migration processes, and have been subject to intense
scrutiny in studies on tumor invasion [9,12,17]. Mi-
crotubules are vital for intracellular trafficking of ves-
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icles, organelles, and proteins; function in the dynamics
of chromosome alignment and segregation during mi-
tosis; and have also been found critical for cell polarity
and the direction of cell migration [13,16]. It is thought
that the actin cytoskeleton provides the driving force
for the motile cells, while microtubules steer the cells
and guide their movement in a directed manner [10—
16]. There have been numerous reports of microtubule
disrupting drugs arresting tumor invasion both in tis-
sue culture and in tumor-transplanted animal studies
[18-22].

Extracellular signals such as growth factors, cyto-
kines, cell-cell, and cell-matrix interactions regulate cell
motility through modulations on cytoskeleton compo-
nents and their associated proteins and motors. Many of
these signals are mediated by the non-receptor tyrosine
kinase Src [23]. Src was found to localize along actin
filaments and microtubules, as well as at focal adhesions
and adherens junctions where both of these cytoskeletal
networks interface [24]. At these sites, Src interacts with
a broad range of downstream effectors that in turn
control the processes of adhesion, migration, and inva-
sion [23,25]. Src kinase activity and sometimes Src
protein levels were found elevated in many types of
cancer, with a correlation often observed between the
increase in Src kinase activity and the degree of malig-
nancy/invasiveness [24].
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v-Src, a constitutively activated form of Src, effi-
ciently transforms cells [24], and this is usually accom-
panied by an induction of cellular PLD activity [26,27].
Thus it is rational to speculate that PLD may mediate
some of the Src effects in developing malignant pheno-
types. PLD activity has been shown to provoke the re-
organization of actin cytoskeleton [28-33]. However, it
has not yet been determined whether microtubule dy-
namics is influenced by PLD. Data presented here
demonstrate in cells transformed by v-Src, PLD2 stim-
ulated microtubule extension, and cell protrusion.

Materials and methods

Materials. 1-Butanol (1-BtOH), 7-BtOH, cytochalisins B and D,
and colchicine were obtained from Sigma. [*H]Myristate was from
New England Nuclear. The secondary antibodies to rabbit or mouse
immunoglobulin conjugated with horseradish peroxidase were from
Bio-Rad. The anti-mouse immunoglobin conjugated with Rhodamine
Red-X and the anti-rabbit immunoglobin conjugated with cyanine
were from Jackson ImmunoResearch.

Cell culture conditions. Parental and 3Y1 rat fibroblasts trans-
formed by v-Src (3Y1¥5™ cells) have been described previously [34].
These cells and the stable or transient transfectants derived from them
were maintained at 37 °C in a humidified 5% CO, atmosphere, in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 50
units/ml penicillin, 50 pg/ml streptomycin, and 10% (v/v) bovine calf
serum. Cells were grown to 50% confluency and then made quiescent
by replacing fresh DMEM containing 0.5% serum one day before the
experiment.

Transfection and cell line establishment. 3Y1 and 3Y 15" cells that
overexpress recombinant PLD proteins were obtained by transfection
of plasmids encoding human PLD1, mouse PLD?2 or the catalytically
inactive mutants human PLD1-K898R or mouse PLD2-K758R, using
LipofectAMINE Plus reagent (Life Technologies) according to ven-
dor’s instructions. Transient transfectants were made quiescent 24 h
after transfection and used for experiments 48 h after transfection.
Stable transfectants were obtained by cotransfection with the hygro-
mycin B selection vector pCEP4 (Invitrogen). Transfected cultures
were selected with hygromycin B (200 mg/ml) 24 h after transfection
for 10-14 days. At that time antibiotic-resistant colonies were picked,
amplified under selective conditions, and used for experiments. All of
the PLD proteins expressed were Flu-tagged and could be detected
using anti-HA antibody raised against the Flu epitope. Immunofluo-
rescence assay of Flu-tagged PLD2 was performed as described pre-
viously [35].

PLD assays. Cells were grown in 60 mm culture dishes to conflu-
ency and made quiescent as described above. These quiescent cells were
labeled for 4 h with [*H]myristate (40 Ci/mmol) at a final concentration
of 1 pCi/ml, followed by 15 min of incubation with 1% (v/v) 1-BtOH.
Afterwards, cells were put on ice, washed twice with cold phosphate
buffered saline, and collected in 0.5 ml of methanol/6 M HCI (50:1, v/
v). Lipids were extracted by adding 0.5 ml of chloroform. Phase sep-
aration was achieved by the addition of 155 pl of 1 M NaCl and the
organic phase was recovered after centrifugation. This was followed by
reextraction through the addition of 350 ul H,O, 115 ul 1 M NaCl,
and 115 pl methanol. An aliquot of thus obtained organic phase was
then counted in a liquid scintillation counter for normalization. Lipids
of equal amount of radioactivity were dried under a stream of nitrogen
and redissolved in 50 pl of chloroform/methanol (9:1, v/v). Samples
were then spotted on a precoated silica (60 A) plates and separated by
thin layer chromatography with a solvent system of ethylacetate/
trimethylpentane/acetic acid/H,O (9:5:2:10). The product of metabol-

ically labeled PBt was visualized by autoradiography of the thin layer
chromatography plates and the films were scanned on a densitometer
for quantification.

Results

PLD2 mediates v-Src-induced cell protrusions in 3Y1 rat
fibroblasts

Cultured 3Y1 rat fibroblasts have a well-spread and
flat morphology, whereas 3Y 1" cells take on a more
refractile rounded morphology with moderate filopodia-
like protrusions or pseudopods (Fig. 1A). 3Y1 and
3Y175 cell lines overexpressing either PLD2 (3Y1%57-
P2) or a catalytically inactive mutant of PLD2 (3Y15-
P2-K758R) were established as described in Materials
and methods. As shown in Fig. 1A, overexpression of
PLD2 strongly potentiated the protrusions in the v-Src-
transformed cells. In contrast, catalytically inactive
PLD2 abolished the protrusions in 3Y 15 cells (Fig.
1A). Neither wild-type nor catalytically inactive PLD2
had any observable effect upon cell protrusion in the
non-transformed parental 3Y1 cells. Expression levels of
the flu-tagged PLD2 proteins are shown in Fig. 1B,
where it can be observed that very different levels of
expression of PLD2 were tolerated in the different cell
lines. The same differential expression level of PLD
proteins was obtained in two additional sets of inde-
pendently derived clones. Although there were differ-
ential levels of PLD2 expression in the 3Y1 and 3Y 1"
cells, the highest levels of PLD2 expression were ob-
served in the parental 3Y1 cells where no cell protrusion
was observed. Thus, the effect of PLD2 expression upon
cell protrusion was dependent upon the presence of
v-Src.

To further establish that the effect of PLD2 overex-
pression upon the cell protrusions in the 3Y 15 cells
was due to PLD activity, we examined the level of PLD
activity in the 3Y1V°, 3Y1'S-P2, and 3YI1'S°-P2-
K758R cells. As shown in Fig. 2A, the level of PLD
activity in the cells was consistent with the extent of cell
protrusion observed in Fig. 1A. The inhibitory effect of
the catalytically inactive PLD2 on cell protrusion sug-
gested that PLD2 was required for the protrusions in the
3Y 15 cells. We next employed the “alcohol trap as-
say” where primary alcohols are used to generate a
phosphatidyl-alcohol rather than phosphatidic acid
[35,36]. Secondary and tertiary alcohols with their bulky
side groups do not insert into membrane properly and
are therefore poor substrates in this assay and serve as
negative controls. This assay has become to be increas-
ingly used to establish a PLD requirement. As shown in
Fig. 2B, the primary alcohol 1-BtOH abolished the
protrusions in both the 3Y1'° and 3Y1¥5°-P2 cells,
whereas the tertiary alcohol -BtOH had no effect on cell
protrusions in these cells. These data indicate that the
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Fig. 1. PLD2 regulates v-Src-induced cell protrusion in 3Y1 cells. (A) Parental and v-Src-transformed 3Y1 cells, stably transfected with a flu-tagged
PLD2 and catalytically inactive PLD2 expression vectors were analyzed for PLD2 expression by Western blot analysis using an antibody raised
against the flu epitope. (B) The morphology of the cells characterized in (A) was examined microscopically. The data shown are representative of the
morphology observed for two other independently derived clones. (C) PLD activity in the cells used in (A) and (B) was determined using the
transphosphatidylation reaction and normalized to either the PLD activity in the 3Y1 cells or the 3Y1"S* cells. Cells were prelabeled with
[P*H]myristate for 4 h and then incubated with 1-BtOH (1% v/v) for 15 min. Generated PBt was resolved by thin layer chromatography and visualized
by autoradiography. The PBt was quantified by densitometry as described in Materials and methods. Error bars represent the standard deviation of

three independent experiments performed in duplicate.

effects of PLD2 and the catalytically inactive PLD2 seen
in Fig. 1 were due to the PLD activity and further in-
dicate a requirement for PLD activity for the cell pro-
trusions observed in the 3Y 1" cells.

v-Src-induced cell protrusions are dependent upon mi-
crotubule assembly

To characterize cytoskeletal components responsible
for the cell protrusions, we employed compounds that
interfere with the polymerization of actin filaments or
microtubules. Cytochalasin B, which blocks actin poly-
merization, rounded up the cell bodies but did not re-
tract the cell protrusions in the 3Y1' cells
overexpressing PLD2 (Fig. 3A). In contrast, colchicine,
an inhibitor of microtubule polymerization, caused
complete retraction of the protrusions without rounding
up cell bodies (Fig. 3B). These data indicate that mi-
crotubule formation is required for maintaining the
protrusions. The data do not rule out a role for actin in

the formation of the protrusions, but do suggest that
actin polymerization is not required for maintenance of
the structure.

Discussion

In this report, we have provided evidence that cell
protrusions observed in v-Src-transformed rat fibro-
blasts are microtubule-based structures and are depen-
dent upon PLD2. Overexpressed PLD2 enhanced these
structures and a dominant-negative PLD2 abolished
them. These cell protrusions were dependent upon both
v-Src and PLD2. PLD2 did not stimulate protrusions in
non-transformed cells. Thus, while PLD2 is necessary
for the cell protrusions, it is not sufficient and therefore
Src is not stimulating these protrusions simply by acti-
vating PLD2.

At this point, it is not clear how v-Src and PLD are
cooperating to generate cell protrusion, however, Src
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Fig. 2. v-Src-induced cell protrusions are dependent upon PLD ac-
tivity. (A) 3Y1VS® 3Y1¥S P2, and 3Y1“S-P2-K758R cells were
prelabeled with [*H]myristate for 4 h and then incubated with 1-BtOH
(1% wviv) for 15 min. Membrane lipids were subjected to thin layer
chromatography and PBt levels were determined by densitometric
analysis of autoradiographs as described in Materials and methods.
PBt values (PLD activity) were normalized to the PLD activity in the
3Y 175 cells, which was given a value of 1. Error bars represent the
standard deviation for three independent experiments performed in
duplicate. (B) 3Y1¥™ and 3Y1"5*-P2 cells were either untreated or
treated with either 1-BtOH (primary alcohol) or ~-BtOH (tertiary al-
cohol) (1% v/v) for 15 min at which the morphology of the cells was
examined. Shown are fields revealing the morphology representing the
majority of the cells. The data presented are representative results of an
experiment that has been repeated many times.

has been shown to phosphorylate tubulin on tyrosine
residues and this posttranslational modification of tu-
bulin is thought to regulate microtubule dynamics [37].
Src deficiency can cause similar motility defects as those
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caused by microtubule depolymerization [11], indicating
a role for Src in the growth of microtubules. Thus, Src
could play a direct role in the formation of microtubule
through interaction with and phosphorylation of mi-
crotubules.

Cell protrusion has been implicated in cell motility
and metastasis [9,12,17]. We reported previously that
RalA, a Ras family GTPase, was critical for metastasis
of both Src- and Ras-transformed cells in a mouse
model system [38]. RalA has also been implicated in
signaling pathways that regulate invasion [39]. However,
RalA interacts with PLDI, rather than PLD2 [40,41].
This raises a question on the specificity of PLD1 and
PLD2. We did not see the extended protrusions in cells
overexpressing PLD1 that were observed with PLD?2.
However, overexpression of PLD1 is not tolerated well
by cells, and while we demonstrated previously that
overexpressed PLD1 could cooperate with the EGF re-
ceptor to transform 3Y1 cells [4], these transformed cells
frequently became highly vesiculated and stopped di-
viding [4]. Similar observations were seen in this study
with PLDI expression in the 3Y 1% cells. Most of the
v-Src-transformed cells that expressed high levels of
PLDI1 became heavily vesiculated. Thus, the accumula-
tion of vesicles in cells overexpressing PLD1 could have
masked any effect on cell protrusion. Therefore these
data do not exclude a role for PLDI1 in the generation of
the cell protrusions reported here.

The data presented here demonstrated that inhibiting
microtubule formation, retracted cell protrusions. Thus,
continued microtubule assembly is apparently required
for maintaining the cell protrusions in Src-transformed
cells. Since it widely believed that the role of microtu-
bules in cell migration is secondary to the driving force
provided by actin filament formation [10-16], there is
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Fig. 3. Inhibition of microtubule formation retracts the v-Src-induced cell protrusions. (A) 3Y 15 and 3Y1“S*-P2 cells were treated either with
DMSO (Control) or with cytochalasin B (15 uM in DMSO). After 30 min, the cells were visualized microscopically. Fields revealing the morphology
of the majority of the cells are shown. (B) 3Y 1'% and 3Y15"-P2 cells were treated either untreated (Control) or treated with colchicine (50 uM) for
30 min. Fields revealing the morphology of the majority of cells are shown. The data presented are representative results of experiments repeated

three times.
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likely a role for the actin cytoskeleton as well. Consistent
with this hypothesis, PLD activity has been implicated
in the reorganization of actin cytoskeleton [28-33,42].
Thus, it is possible that in v-Src-transformed cells, PLD2
may regulate both actin and microtubule cytoskeletal
networks to manipulate morphological and migratory
behaviors.

Tumor invasion is a multiple step process. First, tu-
mor cells must recognize and interact with the sur-
rounding extracellular matrix; second, they must
degrade or remodel the extracellular matrix; and finally,
tumor cells must migrate through the dissolved extra-
cellular matrix [9]. PLD has been implicated in each of
these steps. PLD activity was shown to correlate with
the production of CD44, a transmembrane hyaluronan
receptor that mediates cell-matrix interaction [43,44].
PLD was also reported to be required for the secretion
of matrix metalloproteinases and urokinase plasmino-
gen activator, proteases that dissolve the interstitial
matrix, and basement membranes to allow invasion
[38,45-47]. Data presented here provide evidence that
PLD?2 and v-Src, working together, lead to the genera-
tion of cell protrusions, which are implicated in cell
motility and invasion. We speculate that the metastatic
and invasive behaviors of v-Src-transformed cells may
involve PLD2 and the generation of cell protrusions.

Acknowledgments

We thank Michael Frohman (SUNY, Stony Brook) for the hPLD1
and mPLD2 expression plasmids used in this study. We also thank
Alex Toker and Julio Aguirre Ghiso for the help with the migration
and invasion assays. This investigation was supported by Grant
CA46677 from the National Cancer Institute, National Institutes of
Health (to D.A.F.), and a Research Centers in Minority Institutions
(RCMI) award RR-03037 from the Division of Research Resources,
National Institutes of Health (to Hunter College).

References

[1] D.Y. Noh, S.J. Ahn, R.A. Lee, LA. Park, J.H. Kim, P.G. Suh,
S.R. Ryu, K.H. Lee, J.S. Han, Overexpression of phospholipase
D1 in human breast cancer tissues, Cancer Lett. 161 (2000) 207—
214.

[2] Y. Zhao, H. Ehara, Y. Akao, M. Shamoto, Y. Nakagawa, Y.
Banno, T. Deguchi, N. Ohishi, K. Yagi, Y. Nozawa, Increased
activity and intranuclear expression of phospholipase D2 in
human renal cancer, Biochem. Biophys. Res. Commun. 278 (2000)
140-143.

[3] A. Hornia, Z. Lu, T. Sukezane, M. Zhong, T. Joseph, P. Frankel,
D.A. Foster, Antagonistic effects of protein kinase C o and 6 on
both transformation and phospholipase D activity mediated by
the epidermal growth factor receptor, Mol. Cell. Biol. 19 (1999)
7672-7680.

[4] Z. Lu, A. Hornia, T. Joseph, T. Sukezane, P. Frankel, M. Zhong,
S. Bychenok, L. Xu, L.A. Feig, D.A. Foster, Phospholipase D and
RalA cooperate with the epidermal growth factor receptor to
transform 3Y1 rat fibroblasts, Mol. Cell. Biol. 20 (2000)
462-467.

[5] S. Nakashima, Y. Nozawa, Possible role of phospholipase D in
cellular differentiation and apoptosis, Chem. Phys. Lipids 98
(1999) 153-164.

[6] F. Imamura, T. Horai, M. Mukai, K. Shinkai, M. Sawada, H.
Akedo, Induction of in vitro tumor cell invasion of cellular
monolayers by lysophosphatidic acid or phospholipase D, Bio-
chem. Biophys. Res. Commun. 193 (1993) 497-503.

[7] M. Mukai, K. Shinkai, K. Yoshioka, F. Imamura, H. Akedo,
Mechanism of tumor cell invasion studied by a culture model—
modification of invasiveness by host mediators, Hum. Cell 6
(1993) 194-198.

[8] J.K. Pai, E.A. Frank, C. Blood, M. Chu, Novel ketoepoxides
block phospholipase D activation and tumor cell invasion,
Anticancer Drug Des. 9 (1994) 363-372.

[9] J. Kassis, D.A. Lauffenburger, T. Turner, A. Wells, Tumor
invasion as dysregulated cell motility, Semin. Cancer Biol. 11
(2001) 105-117.

[10] M. Elbaum, A. Chausovsky, E.T. Levy, M. Shtutman, A.D.
Bershadsky, Microtubule involvement in regulating cell contrac-
tility and adhesion-dependent signalling: a possible mechanism for
polarization of cell motility, Biochem. Soc. Symp. 65 (1999) 147—
172.

[11] A.R. Horwitz, J.T. Parsons, Cell migration—movin’ on, Science
286 (1999) 1102-1103.

[12] L.R. Nabi, The polarization of the motile cell, J. Cell Sci. 112
(1999) 1803-1811.

[13] J.V. Small, I. Kaverina, O. Krylyshkina, K. Rottner, Cytoskeleton
cross-talk during cell motility, FEBS Lett. 452 (1999) 96-99.

[14] C.M. Waterman-Storer, E. Salmon, Positive feedback interactions
between microtubule and actin dynamics during cell motility,
Curr. Opin. Cell Biol. 11 (1999) 61-67.

[15] B.L. Goode, D.G. Drubin, G. Barnes, Functional cooperation
between the microtubule and actin cytoskeletons, Curr. Opin. Cell
Biol. 12 (2000) 63-71.

[16] E. Fuchs, 1. Karakesisoglou, Bridging cytoskeletal intersections,
Genes Dev. 15 (2001) 1-14.

[17] D.A. Lauffenburger, A.F. Horwitz, Cell migration: a physically
integrated molecular process, Cell 84 (1996) 359-369.

[18] M.M. Mareel, M. De Mets, Effect of microtubule inhibitors on
invasion and on related activities of tumor cells, Int. Rev. Cytol.
90 (1984) 125-168.

[19] M.M. Mareel, G.A. Storme, C.H. Dragonetti, G.K. De Bruyne,
B. Hartley-Asp, J.L. Segers, M.L. Rabaey, Antiinvasive activity of
estramustine on malignant MO4 mouse cells and on DU-145
human prostate carcinoma cells in vitro, Cancer Res. 48 (1988)
1842-1849.

[20] G.M. Geuens, R.M. Nuydens, R.E. Willebrords, R.M. Van de
Veire, F. Goossens, C.H. Dragonetti, M.M. Mareel, M.J. De
Brabander, Effects of tubulozole on the microtubule system of
cells in culture and in vivo, Cancer Res. 45 (1985) 733-742.

[21] E. Prange, W. Schroyens, H. Pralle, The influence of the protease
inhibitor aprotinin on tumor invasion of three cell lines in vitro,
Clin. Exp. Metastasis. 6 (1988) 107-113.

[22] D. Yoshida, J.M. Piepmeier, T. Bergenheim, R. Henriksson, A.
Teramoto, Suppression of matrix metalloproteinase-2-mediated
cell invasion in U87MG, human glioma cells by anti-microtubule
agent: in vitro study, Br. J. Cancer 77 (1998) 21-25.

[23] R.B. Irby, T.J. Yeatman, Role of Src expression and activation in
human cancer, Oncogene 19 (2000) 5636-5642.

[24] J.D. Bjorge, A. Jakymiw, D.J. Fujita, Selected glimpses into the
activation and function of Src kinase, Oncogene 19 (2000) 5620—
5635.

[25] L. Nadav, B.Z. Katz, The molecular effects of oncogenesis on
cell-extracellular matrix adhesion, Int. J. Oncol. 19 (2001) 237-246.

[26] J. Song, L.M. Pfeffer, D.A. Foster, v-Src increases diacylglycerol
levels via a type D phospholipase-mediated hydrolysis of phos-
phatidylcholine, Mol. Cell. Biol. 11 (1991) 4903-4908.



206 Y. Shen et al. | Biochemical and Biophysical Research Communications 293 (2002) 201-206

[27] J. Song, D.A. Foster, v-Src activates a unique phospholipase D
activity that can be distinguished from the phospholipase D
activity activated by phorbol esters, Biochem. J. 294 (1993) 711-
717.

[28] K.S. Ha, E.J. Yeo, J.H. Exton, Lysophosphatidic acid activation
of phosphatidylcholine-hydrolysing phospholipase D and actin
polymerization by a pertussis toxin-sensitive mechanism, Bio-
chem. J. 303 (1994) 55-59.

[29] M.J. Cross, S. Roberts, A.J. Ridley, M.N. Hodgkin, A. Stewart,
L. Claesson-Welsh, M.J. Wakelam, Stimulation of actin stress
fibre formation mediated by activation of phospholipase D, Curr.
Biol. 6 (1996) 588-597.

[30] J.A. Aguirre Ghiso, E.F. Farias, D.F. Alonso, C. Arregui, E. Bal
de Kier Joffe, A phospholipase D and protein kinase C inhibitor
blocks the spreading of murine mammary adenocarcinoma cells
altering f-actin and Bl-integrin point contact distribution, Int. J.
Cancer 71 (1997) 881-890.

[31] W.C. Colley, T.C. Sung, R. Roll, J. Jenco, S.M. Hammond, Y.
Altshuller, D. Bar-Sagi, A.J. Morris, M.A. Frohman, Phospho-
lipase D2, a distinct phospholipase D isoform with novel
regulatory properties that provokes cytoskeletal reorganization,
Curr. Biol. 7 (1997) 191-201.

[32] D.A. Schafer, C. D’Souza-Schorey, J.A. Cooper, Actin assembly
at membranes controlled by ARF6, Traffic 1 (2000) 892-903.

[33]1 Y. Kam, J.H. Exton, Phospholipase D activity is required for
actin stress fiber formation in fibroblasts, Mol. Cell. Biol. 21
(2001) 4055-4066.

[34] Q. Zang, Z. Lu, M. Curto, N. Barile, D. Shalloway, D.A. Foster,
Interaction between v-Src and protein kinase C & in v-Src-
transformed fibroblasts, J. Biol. Chem. 272 (1997) 13275-13280.

[35] A.Y. Shen, L. Xu, D.A. Foster, Phospholipase D requirement for
receptor-mediated endocytosis, Mol. Cell. Biol. 21 (2001)
595-602.

[36] A.J. Morris, M.A. Frohman, J. Engebrecht, Measurement of
phospholipase D activity, Anal. Biochem. 252 (1997) 1-9.

[37] M.E. Cox, P.F. Maness, Tyrosine phosphorylation of alpha-
tubulin is an early response to NGF and pp60v-Src in PC12 cells,
J. Mol. Neurosci. 4 (1993) 63-72.

[38] J.A. Aguirre-Ghiso, P. Frankel, E.F. Farias, Z. Lu, H. Jiang, A.
Olsen, L.A. Feig, E. Bal de Kier Joffe, D.A. Foster, RalA
requirement for v-Src- and v-Ras-induced tumorigenicity and
overproduction of urokinase-type plasminogen activator: involve-
ment of metalloproteases, Oncogene 18 (1999) 4718-4725.

[39] Y. Ward, W. Wang, E. Woodhouse, 1. Linnoila, L. Liotta, K.
Kelly, Signal pathways which promote invasion and metastasis:
critical and distinct contributions of extracellular signal-regulated
kinase and Ral-specific guanine exchange factor pathways, Mol.
Cell. Biol. 21 (2001) 5958-5969.

[40] H. Jiang, J.Q. Luo, T. Urano, P. Frankel, Z. Lu, D.A. Foster,
L.A. Feig, Involvement of Ral GTPase in v-Src-induced phos-
pholipase D activation, Nature 378 (1995) 409-412.

[41] J.Q. Luo, X. Liu, S.M. Hammond, W.C. Colley, L.A. Feig, M.A.
Frohman, A.J. Morris, D.A. Foster, RalA interacts directly with
the Arf-responsive, PIP2-dependent phospholipase D1, Biochem.
Biophys. Res. Commun. 235 (1997) 854-859.

[42] L.C. Santy, J.E. Casanova, Activation of ARF6 by ARNO
stimulates epithelial cell migration through downstream activation
of both Racl and phospholipase D, J. Cell Biol. 154 (2001) 599-610.

[43] V. Ladeda, J.A. Aguirre Ghiso, E. Bal de Kier Joffe, Function and
expression of CD44 during spreading, migration, and invasion of
murine carcinoma cells, Exp. Cell Res. 242 (1998) 515-527.

[44] V. Ladeda, P. Frankel, L.A. Feig, D.A. Foster, E. Bal de Kier
Joffe, J.A. Aguirre-Ghiso, RalA mediates v-Src, v-Ras, and v-Raf
regulation of CD44 and fibronectin expression in NIH3T3
fibroblasts, Biochem. Biophys. Res. Commun. 283 (2001) 854—
861.

[45] J.A. Aguirre Ghiso, E.F. Farias, D.F. Alonso, E. Bal de Kier
Joffe, Secretion of urokinase and metalloproteinase-9 induced by
staurosporine is dependent on a tyrosine kinase pathway in
mammary tumor cells, Int. J. Cancer. 76 (1998) 362-367.

[46] R. Reich, M. Blumenthal, M. Liscovitch, Role of phospholipase
D in laminin-induced production of gelatinase A (MMP-2) in
metastatic cells, Clin. Exp. Metastasis 13 (1995) 134-140.

[47] B.T. Williger, W.T. Ho, J.H. Exton, Phospholipase D mediates
matrix metalloproteinase-9 secretion in phorbol ester-stimulated
human fibrosarcoma cells, J. Biol. Chem. 274 (1999) 735-738.



