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3Y1 rat fibroblasts overexpressing the epidermal growth factor (EGF) receptor (EGFR cells) become
transformed when treated with EGF. A common response to oncogenic and mitogenic stimuli is elevated
phospholipase D (PLD) activity. RalA, a small GTPase that functions as a downstream effector molecule of
Ras, exists in a complex with PLD1. In the EGFR cells, EGF induced a Ras-dependent activation of RalA. The
activation of PLD by EGF in these cells was dependent upon both Ras and RalA. In contrast, EGF-induced
activation of Erk1, Erk2, and Jun kinase was dependent on Ras but independent of RalA, indicating divergent
pathways activated by EGF and mediated by Ras. The transformed phenotype induced by EGF in the EGFR
cells was dependent upon both Ras and RalA. Importantly, overexpression of wild-type RalA or an activated
RalA mutant increased PLD activity in the absence of EGF and transformed the EGFR cells. Although
overexpression of PLD1 is generally toxic to cells, the EGFR cells not only tolerated PLD1 overexpression but
also became transformed in the absence of EGF. These data demonstrate that either RalA or PLD1 can
cooperate with EGF receptor to transform cells.

Overexpression of a tyrosine kinase is a common genetic
defect in a variety of human tumors (21). The epidermal
growth factor (EGF) receptor, which has an intrinsic tyrosine
kinase that is activated in response to EGF, is frequently over-
expressed in human breast and ovarian cancer (35). However,
overexpression of a tyrosine kinase such as the EGF receptor
is not sufficient for a fully transformed or cancerous phenotype.
We recently demonstrated that downregulation of protein ki-
nase C d (PKC d) transforms 3Y1 rat fibroblasts overexpress-
ing either c-Src (28) or the EGF receptor (19). The EGF
receptor-overexpressing cells (EGFR cells) could also be
transformed when treated with EGF (19), suggesting that EGF
could accomplish what PKC d downregulation accomplished.
Interestingly, downregulation of PKC d also caused an increase
in phospholipase D (PLD) activity (19, 38), which is commonly
elevated in response to oncogenic and mitogenic stimuli (11,
41). Both EGF-induced increases in PLD activity and EGF-
induced transformation were dependent upon the a isoform of
PKC (19), suggesting that PLD may be an important compo-
nent of the mitogenic and oncogenic properties of the EGF
receptor.

We demonstrated previously (30) that PLD1 associates di-
rectly with the small GTPase RalA, a downstream target of
Ras (13). RalA is required for PLD activation in response to
v-Src and v-Ras (22). RalA has also been implicated in cell
transformation (1, 39), indicating a possible role for PLD in
mitogenic signaling. In this paper, we report that both RalA
and PLD1 can cooperate with an overexpressed EGF receptor
to transform cells.

MATERIALS AND METHODS

Cells and cell culture conditions. Rat 3Y1 cells or rat 3Y1 cells expressing the
EGF receptor were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% bovine calf serum (HyClone) as described previously (28, 29).
The EGFR cells were constructed by transfecting into rat 3Y1 cells pPEGFr (6),
which expresses the EGF receptor from the simian virus 40 promoter, as de-
scribed previously (19). Cell cultures were made quiescent by being grown to
confluence and then having the medium replaced with fresh medium containing
0.5% bovine calf serum for 1 day. For growth of cells in soft agar, 103 cells were
suspended in top agar (Dulbecco’s modified Eagle’s medium, 20% calf serum,
0.38% agar) and overlaid onto hardened bottom agar (Dulbecco’s modified
Eagle’s medium, 20% calf serum, 0.7% agar) as described previously (19, 28).

Transfection. Cells were plated at a density of 105 cells/100-mm dish 18 h
before transfection. Transfections were performed by using Lipofectamine re-
agent (GIBCO) as specified by the vendor. Transfected cultures were selected
with either G418 (400 mg/ml), puromycin (5 mg/ml), or hygromycin (200 mg/ml)
for 10 to 14 days at 37°C. At that time, antibiotic-resistant colonies were picked
and expanded for further analysis under selective conditions.

Materials. Monoclonal antibodies to the EGF receptor, Ras, Jun, and RalA
were obtained from Transduction Laboratories; polyclonal PLD1 and anti-phos-
pho–c-Jun antibodies were from Upstate Biotechnology; Erk1 and Erk2 poly-
clonal and anti-phospho–Erk1 and Erk2 antibodies were from Santa Cruz Bio-
technology. pCEP4, which contains the hygromycin resistance gene, was
obtained from Invitrogen.

Western analysis. Proteins were extracted from cultured cells as previously
described (28, 29). Equal amounts of protein were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis with an 8% acrylamide separating gel,
transferred to nitrocellulose, and blocked overnight at 4°C with 5% nonfat dry
milk isotonic phosphate-buffered saline (136 mM NaCl, 2.6 mM KCl, 1.4 mM
KH2PO4, 4.2 mM Na2HPO4). The nitrocellulose filters were washed three times
for 5 min each in phosphate-buffered saline and then incubated with antibodies
as described below. Depending upon the origin of the primary antibodies, either
anti-mouse or anti-rabbit immunoglobulin G was used for detection by the
enhanced chemiluminescence system (Amersham).

PLD assays. Confluent 35-mm culture dishes were prelabeled for 4 h with
[3H]myristate (3 mCi [40 Ci/mmol]) in 3 ml of medium containing 0.5% newborn
calf serum. PLD-catalyzed transphosphatidylation in the presence of 1% butanol
was performed as described previously (37, 38). Extraction and characterization
of lipids by thin-layer chromatography were performed as previously described
(38).

RalA activation assay. Activated RalA was detected as described by Wolthuis
et al. (45, 46). The cells were first lysed with 15% glycerol–50 mM Tris-HCl (pH
7.4)–1% Nonidet P-40–200 nM NaCl–5 mM MgCl2–1 mM phenylmethylsulfonyl
fluoride–1 mM leupeptin–0.1 mM aprotinin–10 mg of soybean trypsin inhibitor
per ml. The lysates were then treated with glutathione S-transferase (GST)–
Ral-BD fusion protein immobilized with glutathione-agarose beads prepared as
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described previously (31). Ral-BD is the Ral binding domain of Ral-BP that
binds to activated GTP-bound Ral proteins (45). The activated Ral proteins were
then recovered by centrifugation and subjected to Western blot analysis with an
antibody raised against RalA (Transduction Laboratories).

hPLD1 expression. A vector expressing Flu-tagged hPLD1 (pCGN-hPLD1)
was generated by inserting the entire coding region of hPLD1 into pCGN as
described previously (16). This gene was introduced into cells by cotransfection
with pCEF4 (Invitrogen), which expresses a hygromycin resistance marker gene.
PLD1 expression was detected by Western blot analysis with a monoclonal
antibody raised against the Flu epitope (Santa Cruz Biotechnology).

RESULTS

Ras-dependent activation of RalA by EGF in 3Y1 cells over-
expressing the EGF receptor. Upon activation, RalA binds
GTP and associates with the downstream effector molecule
Ral-BP1 (4). We took advantage of this by using the Ral
binding domain (Ral-BD) of this protein fused to GST (GST–
Ral-BD) to detect activated GTP-bound RalA as described by
Wolthuis et al. (45, 46). 3Y1 rat fibroblasts overexpressing the
EGF receptor (EGFR cells) (19) were treated with EGF, and
cell lysates were prepared 10 min later and treated with GST–
Ral-BD immobilized on glutathione-agarose beads. The GST–
Ral-BD was recovered by centrifugation, and the pellets were
subjected to Western blot analysis with an antibody raised
against RalA. As shown in Fig. 1a, EGF treatment resulted in
a substantial increase in the amount of RalA detected in the
GST–Ral-BP1 precipitates. These data indicate that RalA is
activated in response to EGF treatment in the EGFR cells.
Ral-GDS, the GDP-GTP exchange factor for RalA, is a down-
stream effector molecule of Ras (17, 23, 40). However, RalA
can be activated by Ras-independent mechanisms as well (18).
We therefore wished to determine whether the activation of
RalA by EGF was dependent upon Ras. To do this, we stably
transfected a dominant negative Ras mutant (S17N) (12) into
the EGFR cells and verified expression of the Ras mutant by
Western blot analysis (Fig. 1b). We then investigated whether
EGF was able to activate RalA in the cells expressing the
dominant negative Ras; as shown in Fig. 1a, expression of the
dominant negative Ras prevented the EGF-induced activation
of RalA. Thus, EGF activates RalA in a Ras-dependent man-
ner. These data are consistent with those reported previously
by Wolthuis et al. (46), who demonstrated a Ras-dependent

activation of Ral in rat fibroblasts expressing endogenous EGF
receptor.

EGF-induced PLD activity is dependent upon the Ras/RalA
GTPase cascade. EGF induces an increase in PLD activity (19,
39, 47). PLD1 (16) associates directly with RalA (30). To
investigate whether the Ras/RalA GTPase cascade played a
role in the EGF-induced increase in PLD activity, we estab-
lished several EGFR cell lines that stably expressed either
wild-type or mutant RalA. The mutants of RalA used included
an activated RalA (Q72L) and three inactivating RalA mu-
tants: S28N, which is homologous to the mutant with the S17N
mutation in Ras; D49N, which is an effector domain mutant
and is defective in associating with Ral-BP1 (4); and DN11,
which has an amino-terminal deletion of 11 amino-terminal
amino acids unique to Ral GTPases. The DN11 mutant is
defective in recruiting the PLD activator Arf into an active
PLD complex (31). Expression of these RalA genes in the
EGFR cells was verified by Western blot analysis, as shown in
Fig. 2a. We then examined the effect of these RalA gene
products upon PLD activity in the presence and absence of
EGF. Overexpression of wild-type RalA and the activated
Q72L RalA mutant induced a small but reproducible increase
in the basal PLD activity of the unstimulated cells (Fig. 2b).
Overexpression of all three defective RalA mutants inhibited
EGF-induced PLD activity (Fig. 2c). The S28N mutant inhib-
ited EGF-induced PLD activity the most efficiently and to the
same extent as the S17N dominant negative Ras mutant (Fig.
2c). The reduced ability of the DN11 and D49N mutants to
inhibit the EGF-induced PLD activity is probably due to the
higher efficiency of the GDP-GTP mutants to act as dominant
negative mutants (14). The defective RalA mutants had little
or no effect upon the basal PLD activity (Fig. 2b). These data
indicate that EGF-induced PLD activity is dependent upon
RalA and that in cells overexpressing the EGF receptor, acti-
vated RalA can elevate PLD activity.

EGF-induced Erk1, Erk2, and Jun kinase activation is de-
pendent upon Ras but independent of Ral. EGF treatment also
activates Erk1, Erk2, and Jun kinases in a Ras-dependent
manor (27). In addition to Ral-GDS, there are several other
downstream effector molecules of Ras (32). EGF-induced ac-
tivation of Erk1 and Erk2 is dependent on Raf (20, 36), and
EGF-induced activation of Jun kinase is dependent on another
Ras effector, phosphatidylinositol-3-kinase (27). To establish
that the effect of the dominant negative RalA mutants was
specific for the Ras/RalA pathway, we examined the ability of
EGF to activate these kinases in the EGFR cells expressing the
dominant negative RalA mutants. The activation of Erk1 and
Erk2 (Fig. 3a) and Jun kinase (Fig. 3b) was inhibited by the
dominant negative Ras but not by the dominant negative RalA
mutants. These data indicate that the RalA mutants are affect-
ing only the Ras/RalA pathway and not other signaling path-
ways mediated by the Ras downstream effector molecules Raf
and phosphatidylinositol-3-kinase.

EGF-induced transformation is dependent upon Ral. We
reported previously that in response to EGF, the EGFR cells
form colonies in soft agar (19). Moreover, the EGFR cells
become transformed upon downregulation of PKC d (19). In-
terestingly, the downregulation of PKC d results in the eleva-
tion of PLD activity (19). We therefore examined the role of
the Ras/RalA pathway on transformation in the EGFR cells.
We investigated the ability of the EGFR cells expressing the
S17N dominant negative Ras and the various RalA genes (Fig.
2) to form colonies in soft agar in the absence and presence of
EGF. As shown in Fig. 4a, overexpression of wild-type RalA or
the activated Q72L RalA mutant resulted in a substantial in-
crease in colony-forming efficiency in the absence of EGF.

FIG. 1. EGF activates RalA in a Ras-dependent manner. (a) EGFR cells and
EGFR cells expressing the S17N dominant negative Ras mutant (Ras S17N)
were treated with EGF (100 ng/ml) for 10 min. The cells were then lysed and
treated with immobilized GST–Ral-BD as described in Materials and Methods.
The GST–Ral-BD was recovered by centrifugation, and the precipitate was
subjected to Western blot analysis with an antibody raised against RalA. (b) The
parental EGFR cells and the EGFR cells stably transfected with the S17N
dominant negative Ras mutant were examined for expression of Ras proteins by
Western blot analysis.
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Overexpression of wild-type RalA or the activated Q72L RalA
mutant did not significantly increase colony-forming efficiency
in the presence of EGF (Fig. 4b), and, as expected, the ability
of EGFR cells to form colonies in soft agar was inhibited by
expression of the dominant negative S17N Ras gene (Fig. 4b).
Thus, RalA overexpression or activation can apparently result
in at least partial transformation of cells overexpressing the
EGF receptor. As observed for EGF-induced PLD activity, the
corresponding S28N RalA mutant reduced the colony-forming
efficiency to that observed with the S17N Ras mutant. The
effector domain RalA mutant (S49N) and the amino-terminal
deletion mutant (DN11) also reduced the colony-forming effi-
ciency of the EGF-treated cells (Fig. 4b). The RalA mutants
also reduced the basal colony number of the untreated EGFR

cells (Fig. 4a). These data indicate that RalA is required for
the EGF-induced transformation of the EGFR cells and that
activated RalA is able to compensate, at least partially, for the
effect of EGF.

Expression of PLD1 in EGFR cells increases colony-forming
efficiency. As discussed in the introduction, cells are very in-
tolerant of PLD expression. We nevertheless attempted to
express PLD1 in the EGFR cells and in the parental 3Y1 cells.
A plasmid vector that expresses Flu-tagged hPLD1 (16) was
cotransfected into the EGFR cells along with pCEF4 (Invitro-
gen), which expresses a hygromycin resistance marker gene.
Transfection was attempted in both the EGFR and parental
3Y1 cells. Interestingly, hygromycin-resistant colonies were de-
tected after 10 days only in the EGFR cells (58 hygromycin-
resistant colonies were found); no hygromycin-resistant colo-
nies were detected in the parental 3Y1 cells. This was not due
to differences in transfection efficiency between the two cell
lines, because transfection with pCEF4 alone gave very similar
numbers of hygromycin-resistant colonies in both the EGFR
and parental 3Y1 cells (97 and 110 hygromycin-resistant colo-
nies, respectively). Thus, expression of PLD1 in the parental
3Y1 cells is apparently toxic to the parental 3Y1 cells, which is
consistent with previous reports suggesting that a high level of
PLD expression is difficult to obtain (19). The EGFR cells,
however, are tolerant of higher levels of PLD1 expression.
Several hygromycin colonies were expanded, and the level of
PLD1 expression and their ability to form colonies in soft agar
in the absence of EGF were examined. As shown in Fig. 5,
several of the clones displayed an increased colony-forming
efficiency, and, importantly, the ability to form colonies corre-
lated with the level of hPLD1 expression (Fig. 5). Basal PLD
activity in PLD1-transfected cells also correlated with PLD1

FIG. 2. EGF-induced PLD activity is dependent upon the Ras/RalA GTPase
cascade. EGFR cells were stably transfected with plasmid vectors expressing
wild-type (wt) RalA; Q72L, an activated RalA mutant; S28N, an inactivating
mutant that is homologous to the Ras S17N mutant; D49N, a RalA effector
domain mutant; and DN11, which has an amino-terminal deletion of 11 amino
acids. (a) Expression of these RalA genes was verified by Western blot analysis.
(b and c) The PLD activity was then determined in untreated (b) and EGF-
treated (100 ng/ml for 10 min) (c) EGFR cells and the EGFR cells expressing the
RalA mutants and the S17N Ras dominant negative mutant described in Fig. 1.
PLD activity was measured by the PLD-catalyzed transphosphatidylation of
phosphatidylcholine to phosphatidylbutanol in the presence of 1% butanol as
described in Materials and Methods. The relative PLD activity in the untreated
cells was normalized to the PLD activity in the control EGFR cells, which was
given a value of 1. The relative PLD activity in the EGF-treated cells was
normalized to the PLD activity in the control EGFR cells, which was given a
value of 100%. The PLD activity in the EGF-treated cells was approximately
sixfold greater than that in the untreated cells (19). Error bars represent the
standard deviation for three independent experiments performed in duplicate.

FIG. 3. EGF-induced Erk1, Erk2, and Jun kinase activation is dependent
upon Ras but independent of Ral. The EGFR cells and the EGFR cells express-
ing the dominant negative S17N Ras (RasS17N) and the various RalA genes
described in the legend to Fig. 2 were treated with EGF (100 ng/ml for 10 min)
as shown, and the activation of Erk1 and Erk2 (a) and Jun kinase (b) was
determined. The activation of Erk1 and Erk2 was examined by subjecting cell
lysates to Western blot analysis with an antibody that recognizes Erk1 and Erk2
and detects an electrophoretic mobility shift in Erk1 that occurs upon activation
(a, top panel). We also performed Western blot analysis with an antibody that
recognizes phosphorylated (activated) Erk1 and Erk2 (a, bottom panel). The top
panel also indicates that the levels of Erk1 and Erk2 were not affected by the
EGF treatment. The activation of Jun kinase was determined by subjecting cell
lysates to Western blot analysis with an antibody specific for phosphorylated
(activated) Jun (b, top panel) and an antibody to Jun that establishes that the
levels of Jun were not altered by EGF treatment (b, bottom panel). Wt, wild type.
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expression, with about a 2.5- to 3-fold increase in the number
of cells with the highest levels of PLD1 expression (data not
shown). In addition, the colonies formed in the PLD1-overex-
pressing cells were much larger than the background colonies
formed by the EGFR cells. These data are consistent with the
ability of overexpressed RalA to increase colony-forming effi-
ciency in the EGFR cells, and they suggest that the effect of
RalA is mediated by PLD. These data are also consistent with
our previous data where we demonstrated that downregulation
or inhibition of PKC d elevates PLD activity in the EGFR cells
and transforms them (19).

DISCUSSION

Rat fibroblasts overexpressing the EGF receptor become
transformed when treated with EGF. In the absence of EGF,
they become transformed if PKC d is downregulated (19). PKC
d downregulation leads to an elevation of PLD activity. Previ-
ous reports have indicated that the elevation of PLD activity in
response to mitogenic signals is mediated by RalA (22), which
interacts directly with PLD1 (30). In this report, we have dem-

onstrated that RalA is required for the EGF-induced activa-
tion of PLD. The transformed phenotype induced by EGF on
the EGFR cells was also dependent upon RalA, suggesting the
possibility that an important component of EGF-induced cell
division signals is the activation of PLD. Consistent with this
hypothesis, overexpression of either RalA or PLD1 in EGFR
cells led to the formation of colonies in soft agar in the absence
of EGF.

The mitogenic effects of EGF probably involve multiple
downstream effector molecules. Simply overexpressing the
EGF receptor in some way is able to provide a partial mito-
genic signal. It was previously reported that a kinase-defective
EGF receptor could activate the Ras/Erk1/Erk2 pathway and
allow cell survival but not proliferation in murine hematopoi-
etic cells (44), indicating that the EGF receptor activates mul-
tiple downstream pathways to generate a complete mitogenic
response. This is similar to the findings in the present study,
where the overexpressed EGF receptor induces only a partially
transformed phenotype, which can be complemented by over-
expression of either RalA or PLD1. The dependence of EGF-
induced transformation upon RalA also indicates that RalA is
essential for mitogenic signaling mediated by an activated EGF
receptor.

Overexpression of a tyrosine kinase is frequently observed in
human cancers (21). However, tyrosine kinase overexpression
is not sufficient convert a normal cell to a transformed one.
Downregulation of PKC d by tumor-promoting phorbol esters
leads to the transformation of rat fibroblasts overexpressing
c-Src (28). Similarly, inhibition of PKC d transformed the
EGFR cells used in this study (19). Downregulation of PKC d
elevates PLD activity (19), suggesting that tumor promotion
may involve the activation of PLD. Interestingly, EGF leads to
the tyrosine phosphorylation of PKC d (9), which results in
reduced PKC d kinase activity (8, 48). Tumor promotion,
which is brought about by compounds that stimulate cell divi-
sion in partially cancerous cells, might therefore be achieved by
substances that either downregulate PKC d or elevate PLD
activity. Since many substances activate PLD, this could play a
significant role in the promotion phase of tumor progression
for cells that have an overexpressed tyrosine kinase such as the
EGF receptor.

Weinberg and colleagues characterized complementation
groups of oncogenes that transform primary cells (10, 15, 26).
In their model, a signaling oncogene such as Ras or Src will
cooperate with Myc or large T antigen to cause transformation
(15, 26). Interestingly, tumor-promoting phorbol esters also
were able to complement the signaling oncogenes but not Myc
(10). In this regard, RalA and PLD1 would appear to substi-
tute for either Myc or large T antigen in the model for coop-
erating oncogenes (15, 26). This would indicate that RalA and
PLD1 facilitate passage through the G1/S cell cycle checkpoint,
since this is where large T antigen exerts its effects (34). Since
constitutive PLD activity is not tolerated well by cells, it is not
likely that a PLD gene will be found to be an oncogene in any
tumors. However, substances that activate PLD activity could
very well contribute to the promotion phase of tumor progres-
sion by pushing cells overexpressing a tyrosine kinase past the
G1/S cell cycle checkpoint into S phase. Consistent with this
hypothesis, inhibition of PKC d results in an increase in DNA
synthesis that can be detected with 2 h (28).

Three different defective RalA mutants blocked the trans-
formed phenotype induced by EGF. The DN11 mutant is de-
fective in recruiting the PLD activator protein Arf into a RalA-
PLD complex (31). Thus, the ability of this mutant to block
transformation suggests that Arf is required for the activation
of PLD by EGF and further implicates Arf as a signaling

FIG. 4. EGF-induced transformation is dependent upon Ral. Anchorage-
independent growth of the EGFR cells and the EGFR cells expressing the
dominant negative S17N Ras (Ras S17N) and the various RalA genes described
in the legend to Fig. 2 was examined in the absence (a) and presence (b) of EGF
(100 ng/ml). EGF was replenished every 4 days. A total of 103 cells were sus-
pended in soft agar, and the percentage of cells that formed colonies was
determined 3 weeks later. The relative colony-forming efficiency in the untreated
cells was normalized to that in the control EGFR cells, which was given a value
of 1. The relative colony-forming efficiency in the EGF-treated cells was nor-
malized to that in the control EGFR cells, which was given a value of 100%. The
colony-forming efficiency was approximately 1% for the untreated EGFR cells
and 20% for the EGF-treated cells, as reported previously (19). Error bars
represent the standard deviation for three independent experiments performed
in duplicate. WT, wild type.
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molecule. The D49N effector domain RalA mutant also blocked
the transformed phenotype induced by EGF. We demon-
strated previously that an activated RalA was not sufficient to
induce either PLD activity (22) or transformation (42) in non-
transformed NIH 3T3 cells. Therefore, we were somewhat
surprised that the D49N was as effective as the DN11 mutant in
blocking the EGF-induced transformation. The D49N mutant
is defective in binding to the RalA effector molecule Ral-BP1,
a GTPase-activating protein for Rho family GTPases (4),
which have also been implicated in the regulation of PLD
activity (11). Thus, it is likely that the regulation of PLD ac-
tivity in response to mitogenic signaling is complex and in-
volves multiple small GTPases of the Ras, Ral, Arf, and Rho
families.

The role that PLD plays in mitogenic signaling is not clear.
PLD converts phosphatidylcholine to phosphatidic acid, which
results in a significant change in the charge and pH at the
membrane. PLD has been implicated in vesicle formation in
the Golgi apparatus (3, 5, 25). Many signaling molecules in-
cluding Ras, Src, and the EGF receptor localize to caveolin-
enriched light membrane fractions (2), and we have found that
there is an enrichment of RalA in these membrane microdo-
mains (unpublished data). Similarly, both PLD1 and PLD2 are
present in caveolae (7, 24). Thus, PLD may in some way reg-
ulate signaling molecules in this plasma membrane microdo-
main, where so many signaling molecules are localized. We
speculated previously that PLD activity may contribute to the
formation of “signaling vesicles” that are endocytosed from the
plasma membrane (31). In this regard, it is interesting that
RalA is required for EGF-induced receptor-mediated endocy-
tosis (33) and that endocytosis is required for many of the
signals generated in response to EGF (43). Thus, it is possible
that the role PLD plays in the transduction of intracellular
signals is similar to that proposed for protein trafficking in the
Golgi apparatus (3, 5, 25), i.e., the generation of endocytic
signaling vesicles. How such a vesicle might carry mitogenic
signals remains to be determined.
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