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An increase in the level of active, GTP-bound Ras is not necessary for transformation of
chicken embryo fibroblasts (CEF) by v-Src. This suggests that other Ras-independent
pathways contribute to transformation by v-Src. To address the possibility that activation
of phosphatidylinositol-3-kinase (PI3K) and the mammalian target of rapamycin
(mTOR/FRAP), represents one of these pathways, we have examined the effect of
simultaneous inhibition of the Ras-MAPK and PI3K-mTOR pathways on transformation
of CEF by v-Src. Transformation was assessed by the standard parameters of morpho-
logical alteration, increased hexose uptake, loss of density inhibition, and anchorage-
independent growth. Inhibition of the Ras-MAPK pathway by expression of the domi-
nant-negative Ras mutant HRasN17 or by addition of the MAPK kinase (MEK) inhibitor
PD98059 reduced several of these parameters but failed to block transformation. Simi-
larly, inhibition of the PI3K-mTOR pathway by addition of the PI3K inhibitor 2-[4-
morpholinyl]-8-phenyl-4H-1-benzopyran-4-one (LY294002) or the mTOR inhibitor rapa-
mycin, although reducing several parameters of transformation, also failed to block
transformation. However, simultaneous inhibition of signaling by the Ras-MAPK path-
way and the PI3K-mTOR pathway essentially blocked transformation. These data indi-
cate that transformation of CEF by v-Src is mediated by two parallel pathways, the
Ras-MAPK pathway and the PI-3K-mTOR pathway, which both contribute to transfor-
mation. The possibility that simultaneous activation of other pathways is also required is
not excluded.

INTRODUCTION

Expression of the transforming nonreceptor tyrosine
kinase v-Src (pp60v-src) results in tyrosine phosphory-
lation of numerous substrates and activation of mul-
tiple signaling pathways. One of these pathways is the
Ras-Raf-MAPK-MAPK kinase (MEK) pathway. Acti-
vation of Ras is critical for transformation of NIH-3T3
mouse fibroblasts by v-Src (Smith et al., 1986; DeClue

et al., 1991; Nori et al., 1991; Stacey et al., 1991). How-
ever chicken embryo fibroblasts (CEF) expressing a
dominant-negative mutant of Ras, N17Ras, which
suppresses the activation of MAPK, can be trans-
formed by v-Src (Aftab et al., 1997). Similar observa-
tions have been made on Rat-2 cells and rat intestinal
epithelial cells (Aftab et al., 1997; Oldham et al., 1998).
These observations have suggested the existence of
Ras-independent pathways that are activated by v-Src
and that can lead to transformation.

Phosphatidylinositol-3-kinase (PI3K) is critical for
transformation by Ras (Rodriguez-Viciana et al., 1997),
and a retrovirus encoding a gag fusion to the catalytic
subunit of PI3K is transforming (Chang et al., 1997).
The form of PI3K that is activated by Src and Ras is a
heterodimeric kinase that is composed of an 85-kDa
regulatory subunit (p85) and a 110-kDa catalytic sub-
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unit (p110). PI3K activation by v-Src can be mediated
by Ras, which interacts directly with the p110 catalytic
subunit (Rodriguez-Viciana et al., 1994). PI3K can also
be activated by v-Src independently of Ras (Liu et al.,
1993; Rodriguez-Viciana et al., 1994). This enzyme is
therefore a possible mediator of Ras-independent
transformation by v-Src. Activation of PI3K can result
from binding of the Src homology 3 domain of Src
with a proline-rich region within p85 (Pleiman et al.,
1994) or by interaction of p85 with tyrosine-phospho-
rylated docking proteins such as Cbl (Dombrosky-
Ferlan and Corey, 1997; Jain et al., 1997). Thus direct or
indirect interactions of p85 with Src could be respon-
sible for Ras-independent activation of PI3K.

PI3K phosphorylates inositol lipids at the D-3 posi-
tion of the inositol ring (Liscovitch and Cantley, 1994).
The heterodimeric (p85–p110) form of PI3K phosphor-
ylates phosphatidylinositol-4-monophosphate (PI-4-P)
and phosphatidylinositol-4,5-bisphosphate (PI-4,5-P2)
to form phosphatidylinositol-3,4-bisphosphate (PI-3,4-
P2) and phosphatidylinositol-3,4,5-trisphosphate (PI-
3,4,5-P3), respectively. PI-3,4-P2 and PI-3,4,5-P3 are
present at low concentrations in quiescent cells but are
rapidly generated upon stimulation with mitogens
(Auger et al., 1989). These PI3K products are elevated
in v-Src–transformed cells (Whitman et al., 1988), and
the interaction between v-Src and PI3K correlates with
transformation by v-Src (Wages et al., 1992). One of the
functions of the PI3K-dependent phospholipid prod-
ucts is to recruit to the membrane proteins that contain
pleckstrin homology domains (August et al., 1997). In
particular, PI-3,4-P2 and PI-3,4,5-P3 recruit the serine-
threonine kinase Akt to the membrane (Klippel et al.,
1997), where it is activated by PI3K-dependent kinase
1 (PDK1) and PDK2 (Anderson et al., 1998). Akt in turn
activates another kinase, the mammalian target of
rapamycin (mTOR) (Vonmanteuffel et al., 1996; Gin-
gras et al., 1998). Activation of mTOR results in the
phosphorylation of ribosomal protein S6 kinase,
which is also regulated by phosphorylation by PDK1
(Pullen et al., 1998). Activation of mTor also results in
phosphorylation and inactivation of eukaryotic initia-
tion factor 4E-binding protein 1 (eIF4E-BP1), an inhib-
itor of the translation initiation factor eIF4E (Beretta et
al., 1996; Brunn et al., 1997). Some of the downstream
targets of PI3K, such as Akt and eIF4E, are transform-
ing when overexpressed (Lazariskaratzas et al., 1990).
Furthermore, overexpression of eIF4E-BP1 can block
transformation by Src (Rousseau et al., 1996a). These
observations suggest that the PI3K-Akt-mTOR-eIF4E-
BP1 pathway may be one of the signaling pathways
involved in transformation by v-Src.

We show here that transformation of CEF by v-Src is
not blocked by inhibition of the Ras-MAPK pathway
at the level of Ras or MEK or by inhibition of the
PI3K-mTor pathway at the level of PI3K or mTOR.
However, when both pathways are simultaneously

inhibited, the phenotype of nontransformed cells is
largely restored. We conclude that both the Ras-
MAPK pathway and the PI3K-mTor pathway contrib-
ute to transformation by v-Src.

MATERIALS AND METHODS

Cells, Viruses, and Expression Vectors
Primary cultures of CEF were prepared from 10-d-old embryos and
cultured as described (DeClue and Martin, 1989; Liebl et al., 1992).
Cells were grown in a 2:1 mixture of F-10 and Dulbecco’s modified
Eagle’s medium supplemented with 2% tryptose phosphate broth,
1% bovine calf serum, and 1% chicken serum (abbreviated 2.1.1).
The RCAN-BH and RCAS-BH expression vectors are replication-
competent, helper-independent retroviral vectors modified by sub-
stitution of the Bryan high-titer virus (BH) polymerase gene (Petro-
poulos and Hughes, 1991; Federspiel and Hughes, 1994). To express
dominant-negative Ras in CEF, a cDNA encoding the N17 mutant of
H-Ras (provided by C. Der, University of North Carolina, Chapel
Hill, NC) was subcloned into the helper-independent retroviral
vector RCAS(B)-BH (Petropoulos and Hughes, 1991; Federspiel and
Hughes, 1994), which encodes an envelope subgroup B virus. Wild-
type Schmidt–Ruppin A v-src and the temperature-sensitive (ts)
mutant tsUP1-src (Maroney et al., 1992) were subcloned into the
vector RCAN(A)-BH, which encodes an envelope subgroup A virus.
CEF were transfected with these plasmids by polybrene-DMSO
shock, and virus stocks were harvested 5–6 d after transfection as
described by Liebl et al. (1992). To coexpress v-Src and H-RasN17,
cells were infected with the N17Ras virus (in the presence of 2
mg/ml polybrene) 2 d before infection with the Src virus. For
infection with retrovirus encoding tsUP1Src, CEF were infected at a
multiplicity of infection of .10, maintained at the nonpermissive
temperature, 41°C, for an additional 12 h, and then transferred to
the permissive temperature, 37°C.

Pharmacological Inhibitors
2-[4-Morpholinyl]-8-phenyl-4H-1-benzopyran-4-one (LY294002;
Calbiochem, La Jolla, CA) was added to 10 mM final concentration.
PD98059 (New England Biolabs, Beverly, MA; Dudley et al., 1995)
was added to 50 mM final concentration. Wortmannin (Calbiochem)
was added to 50 nM final concentration. Rapamycin (Calbiochem)
was added to 50 nM concentration.

MAPK Assays
The immune complex kinase activity of the MAP kinase Erk-2 was
measured as described (Aftab et al., 1997).

Immunoblotting
Infected CEF were lysed in 0.5 ml modified radioimmunoprecipita-
tion assay buffer (150 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, 1%
Nonidet P-40, 1% sodium deoxycholate, 0.05% SDS, 1 mM sodium
orthovanadate, 0.5 mg/ml chymostatin, 0.5 mg/ml leupeptin, 0.5
mg pepstatin, pH 7.4). Lysates were clarified at 14,000 3 g for 10
min. Equal quantities of protein (50 mg) were resolved by SDS-
PAGE on 10% polyacrylamide gels. Proteins were transferred to
Immobilon membranes (Millipore, Bedford, MA), and the mem-
branes were blocked for 1 h at room temperature in blocking buffer
containing 3% BSA, fraction V (ICN Biochemicals, Costa Mesa, CA).
Membranes were then incubated for 1 h at room temperature with
1 mg/ml mAb 2–17 (ascites fluid from a hybridoma supplied by
Microbiological Associates, Bethesda, MD) to detect Src, with mAb
4G10 (Upstate Biotechnology, Lake Placid, NY) to detect cellular
phosphotyrosyl-proteins, with polyclonal antibody ERK 2 (C-14;
Santa Cruz Biotechnology, Santa Cruz, CA) to detect phosphory-
lated (activated) Erk2, or with polyclonal anti-phospho-Akt
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(pSer473) antibody (New England Biolabs) to detect phosphorylated
(activated) Akt. Membranes were washed three times in blocking
solution and then incubated for an additional 1 h either in HRP-
conjugated rabbit anti-mouse secondary antibody to detect mAbs or
in goat anti-rabbit secondary antibody to detect rabbit polyclonal
antibodies. Finally membranes were washed three times in the
blocking solution, and antibody was detected by enhanced chemi-
luminescence (ECL kit; Amersham, Arlington Heights, IL).

Deoxyglucose Uptake
Cells were rinsed twice in warm PBS and incubated for 10 min at
41°C in 1 ml PBS containing 40 pM deoxy-d-2-[1,2-3H] glucose
(specific activity, 26 Ci/mmol). They were then washed three times
with cold PBS and lysed in 250 ml 1% SDS/60-mm dish. Lysates
were sonicated for 5 s to shear cellular DNA. One hundred-micro-
liter samples were counted by liquid scintillation spectrometry,
whereas the remaining lysates were used to quantitate the protein
concentration by the bicinchoninic acid method (Pierce, Rockford,
IL).

Colony Assays
CEF were infected with RCAN(A)-BH-v-Src at a multiplicity of
infection of 0.1, trypsinized, and resuspended at 1.5 3 106 cells/ml
in F-10/Dulbecco’s modified Eagle’s medium (2:1) containing 10%
tryptose phosphate broth, 4% bovine calf serum, 1% chicken serum.
Cell suspension (0.5 ml) was added to 1 ml of the same medium
containing 0.66% agar at 44°C, with or without pharmacological
inhibitors. Agar-suspended cells were poured over a base agar
layer, with or without pharmacological inhibitors, and the top layer
was allowed to set. Suspension cultures were incubated for 10–12 d
at 41°C. Assays were fed every 4 d with agar overlay, with or
without pharmacological inhibitors, for up to 10–12 d.

RESULTS

Effects of N17Ras and LY294002 on Src Expression
and Kinase Activity and on MAPK and Akt
Activation
To examine the possibility that PI3K mediates Ras-
independent transformation by v-Src, we used coex-
pression of N17Ras to inhibit Ras signaling and
LY294002 or, in some experiments, wortmannin to
inhibit PI3K signaling. Initial experiments were car-
ried out to determine whether these inhibitors affected
v-Src expression or kinase activity. CEF were infected
at 41°C with retroviruses expressing a temperature-
sensitive mutant of v-Src, tsUP1 [RCAN(A)-BH-
tsUP1Src], and a dominant-negative mutant of Ras,
HRasN17 [RCAS(B)-BH-N17Ras]. The coinfected CEF,
or CEF infected with tsUP1 alone, were shifted to the
permissive temperature, 37°C, and treated with the
PI3K-specific inhibitor LY294002. Lysates were pre-
pared after 48 h and resolved by SDS-PAGE. v-Src
expression and the total level of phosphotyrosyl-pro-
tein were monitored by immunoblotting using anti-
bodies directed against v-Src or phosphotyrosine. As
shown in Figure 1, A and B, neither the level of ex-
pression of v-Src nor the overall level or pattern of
tyrosine phosphorylation was significantly altered
when Ras activation was inhibited by coexpression of
N17Ras, when PI3K activity was inhibited by addition

of LY294002, or when both Ras activation and PI3K
activity were simultaneously inhibited. In some exper-
iments LY294002 increased the tyrosine phosphoryla-
tion of some but not all bands (Figure 1B, lane 5), but

Figure 1. Effects of LY294002 and N17Ras expression on v-Src
expression and activity and on the activation of Erk2 and Akt. (A
and B) CEF were infected with RCAS(B)-BH (lanes 1, 3, and 5) or
RCAS(B)-BH-N17Ras (lanes 2, 4, and 6) 2 d before superinfection
with RCAN(A)-BH (lanes 1 and 2) or RCAN(A)-BH-tsUP1Src (lanes
3–6) at the nonpermissive temperature, 41°C. After 12 h coinfected
CEF were shifted to the permissive temperature, 37°C, and
LY294002 was added (lanes 5 and 6). Cell lysates were prepared 48 h
after the temperature shift, resolved by SDS-PAGE, and analyzed by
immunoblotting with anti-Src (A) and anti-phosphotyrosine (B)
mAbs. (C–E) CEF were coinfected and treated with LY294002 as
described above. 24 h after the temperature shift, the CEF were
transferred to serum-free medium, incubated for an additional 24 h,
and then lysed. Erk2 activity was analyzed by immunoblotting with
an antibody to Erk2 to detect the lower-mobility phosphorylated
form (C) or by an immune complex myelin basic protein kinase
assay (D). Akt activation was analyzed by immunoblotting with an
antibody specific for phosphorylated Akt (E). Scanning densitome-
try indicated that LY294002 reduced the level of phospho-Akt to
47% (lane 5) or 60% (lane 6) of the level in untreated cells expressing
empty vector (lane 1) (mean of two determinations).

Signaling Pathways in Transformation by v-Src

Vol. 10, June 1999 1695



this effect was not always observed (see Figure 4B,
lane 4).

To determine the effects of N17Ras and LY294002 on
Ras and PI3K signaling in CEF expressing v-Src, we
examined the effects of these inhibitors on the activa-
tion of downstream targets of Ras and PI3K, namely
the MAPK Erk2 and Akt. Lysates were prepared as
described above from CEF expressing tsUP1, in the
presence or absence of coexpressed N17Ras or
LY294002. Activated Erk2, which has a slightly lower
electrophoretic mobility than the nonphosphorylated
form was detected by immunoblotting. Activated Akt
was detected by immunoblotting with an antibody
specific for phosphorylated Akt. In addition, Erk2 was
immunoprecipitated from the lysates, and immune
complex kinase assays were performed using myelin
basic protein as substrate.

MAPK activity was elevated in CEF expressing
v-Src, in the presence or absence of LY294002, as
judged by both gel shift and kinase assays (Figure 1, C
and D, lanes 3 and 5). Coinfection with a retrovirus
expressing N17Ras inhibited MAPK activation (Figure
1, C and D, lanes 4 and 6), confirming that N17Ras
inhibits Ras activation in these cells; in some instances
MAPK activity was reduced to basal or subbasal lev-
els, whereas in others a low level of residual activation
was detected (see Figure 1C). Akt is phosphorylated in
CEF expressing v-Src (Figure 1E, lane 3) and in CEF
coinfected with retroviruses expressing v-Src and
N17Ras (Figure 1E, lane 4), confirming that v-Src ac-
tivates the PI3K-Akt pathway and that this activation
can occur when activation of Ras signaling is blocked
by N17Ras. In the presence of LY294002 the level of
active Akt is reduced to the level present in CEF
infected with the empty retroviral vector (Figure 1E,
lanes 5 and 6), whereas Erk2 activation is unaffected,
confirming that Akt activation is specifically inhibited
by addition of LY294002.

In summary, these assays indicated that in CEF
expressing v-Src, N17Ras and LY294002 can be used to
specifically inhibit the Ras-MAPK and PI3K pathways,
respectively, without any major effects on v-Src ex-
pression or activity. These assays also indicate that
v-Src can activate the PI3K-Akt pathway in the ab-
sence of an increase in Ras activation.

Effect of PI3K Inhibition on Morphological
Transformation by v-Src
To examine the effects of PI3K inhibition on Ras-inde-
pendent transformation by v-Src, CEF were again in-
fected at 41°C with vectors expressing tsUP1Src and
N17Ras. The coinfected CEF or CEF infected with
tsUP1 alone were shifted to the permissive tempera-
ture, 37°C, and treated with a PI3K-specific inhibitor,
either LY294002 or wortmannin. Morphology was ex-
amined after 2 d (Figure 2). CEF infected with a ret-

rovirus encoding tsUP1 and shifted to the permissive
temperature were transformed to the rounded, refrac-
tile morphology characteristic of Src transformation
(Figure 2B). Consistent with our previous results (Af-
tab et al., 1997), CEF coinfected with retroviruses ex-
pressing v-Src and N17Ras also appeared morpholog-
ically transformed, although slightly flatter than CEF
expressing v-Src alone (Figure 2E). Similarly, CEF ex-
pressing v-Src and treated with LY294002 appeared
morphologically transformed (Figure 2C). In contrast,
CEF coinfected with retroviruses expressing v-Src and
N17Ras and treated with LY294002 were morpholog-
ically normal (Figure 2F). Comparable results were

Figure 2. Effects of LY294002 and N17Ras expression on the mor-
phology of CEF expressing v-Src. CEF were infected and grown as
described in the legend to Figure 1. (A–C) Morphology of CEF
infected with RCAS(B)-BH and coinfected with RCAN(A)-BH (A),
coinfected with RCAN(A)-BH-tsUP1Src (B), or coinfected with
RCAN(A)-BH-tsUP1Src and incubated with LY294002 (C). (D–F)
Morphology of CEF infected with RCAS(B)-BH-N17Ras and coin-
fected with RCAN(A)-BH (D), coinfected with RCAN(A)-BH-
tsUP1Src (E), or coinfected with RCAN(A)-BH-tsUP1Src and incu-
bated with LY294002 (F). Images were acquired using a Zeiss
(Thornwood, NY) Axiovert microscope.
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obtained with CEF transformed by wild-type v-Src
when the inhibitors were added after transformation
had become established (our unpublished results).
Similar results were also obtained when the PI3K in-
hibitor wortmannin was used in place of LY294002
(our unpublished results). These results indicated that
morphological transformation by v-Src is not blocked
by inhibition of either PI3K or Ras activity but is
blocked by simultaneous inhibition of both PI3K and
Ras activation.

Effect of PI3K Inhibition on v-Src–induced Hexose
Uptake
Transformation by v-Src is also characterized by an
increase in hexose uptake, which is due to an increase
in the number of glucose transporters at the mem-
brane; in CEF this results from both a decrease in the
rate of degradation of glucose transporters (Shawver
et al., 1987) and an increase in the transcription of the
mRNA encoding the GLUT3 transporter (Wagstaff et
al., 1995). We therefore determined whether inhibition

of PI3K, alone or in conjunction with N17Ras expres-
sion, affects hexose uptake by CEF expressing v-Src.
CEF infected with retroviral vectors alone exhibited a
basal level of hexose uptake that was not significantly
altered by the addition of LY294002 (Figure 3). CEF
infected with a retroviral vector encoding wild-type
v-Src [RCAN(A)-BH-Src] exhibited an ;4.5-fold in-
crease in the rate of hexose uptake. CEF coexpressing
v-Src and N17Ras exhibited a 2-fold increase in hexose
uptake. CEF expressing v-Src and incubated with
LY294002 exhibited a 3-fold increase in hexose uptake.
Thus coexpression of N17Ras or incubation with
LY294002 partially inhibits but does not eliminate the
increase in hexose uptake induced by v-Src. In con-
trast, CEF coexpressing both v-Src and N17Ras and
then treated with LY294002 exhibited a hexose uptake
rate comparable with that of nontransformed CEF in-
fected with the empty retroviral vector, indicating that
blockade of both Ras and PI3K signaling completely
suppresses this parameter of transformation.

MEK and mTOR as Downstream Mediators of Ras
and PI3K
The preceding experiments suggested that Ras and
PI3K might activate two distinct signaling pathways
that could each mediate transformation by v-Src. MEK
can mediate Ras transformation in other systems,
whereas mTOR appears to mediate some of the effects
of PI3K, suggesting that MEK and mTOR could also
mediate transformation by v-Src. To examine this pos-
sibility, CEF were infected as before with RCAN(A)-
BH-tsUP1 and shifted to 37°C in the presence of the
MEK inhibitor PD98059, the mTor inhibitor rapamy-
cin, the PI3K inhibitor LY294002, or PD98059 plus
either rapamycin or LY294002.

To determine whether these inhibitors affected v-Src
expression or kinase activity, cell lysates were exam-
ined as before by immunoblotting with anti-Src or
anti-pTyr monoclonal antibodies (Figure 4, A and B).
The overall level of v-Src expression was not altered in
CEF expressing tsUP1Src and treated with PD98059,
LY294002, rapamycin, PD98059 plus LY294002, or
PD98059 plus rapamycin (Figure 4A, lanes 2–7). The
overall level of tyrosine phosphorylation was not al-
tered by addition of PD98059, LY294002, or both
PD98059 and LY294002 (Figure 4B, lanes 2–4 and 6).
The level of tyrosine phosphorylation was reduced by
the addition of rapamycin (Figure 4B, lanes 5 and 7),
suggesting that rapamycin may have nonspecific ef-
fects on Src kinase activity; however, despite the
change in the level of tyrosine phosphorylation, CEF
infected with a retrovirus expressing v-Src and treated
with rapamycin appeared morphologically trans-
formed (see below), indicating that the level of Src
kinase activity in the presence of rapamycin is suffi-
cient to allow transformation.

Figure 3. Effects of LY294002 and N17Ras expression on hexose
uptake by CEF expressing v-Src. CEF infected with RCAS(B)-BH or
RCAS(B)-BH-N17Ras were superinfected after 48 h with RCAN(A)-
BH-v-Src. After 12 h, LY294002 was added to half of the cultures,
which were then incubated for a further 24 h. The cells were then
washed and incubated for 10 min in the presence of [3H]2-deoxy-
glucose. The rate of deoxyglucose transport was quantitated as
incorporated tritium (counts per minute) per milligram of protein
lysate. Results are the mean of three independent experiments each
performed in triplicate.
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To further address the specificity of the pharmaco-
logical inhibitors, their effects on Erk2 and Akt activa-
tion were examined by immunoblot analysis (Figure 4,
C and D). Erk2 was activated in CEF expressing
tsUP1Src. Addition of LY294002 or rapamycin did not
inhibit Erk2 activation, but, as expected, addition of
PD98059 significantly reduced activation (Figure 4C,
lanes 2–5). (The inhibition of Erk2 by PD98059 was
incomplete when rapamycin was also added [Figure
4C, lane 7]; the reason for this is unclear, although it
may reflect an effect of rapamycin on some pathway
that down-regulates Erk2 activity.) Akt was activated
in CEF infected with a retrovirus expressing tsUP1Src,
and Akt activation was not blocked by addition of
either PD98059 or rapamycin (Figure 4D, lanes 2, 3,

and 5); addition of PD98059 slightly reduced Akt
phosphorylation, but the level of activation remained
elevated relative to that observed in CEF infected with
the empty retroviral vector. Addition of LY294002 to
CEF expressing v-Src blocked Akt activation (Figure
4D, lane 4). These results confirm that PD98059 spe-
cifically inhibits MEK signaling to Erk2 and LY294002
inhibits PI3K signaling to Akt.

CEF expressing tsUP1Src that were treated with
PD98059, rapamycin, or LY294002 individually dis-
played transformation morphologies indistinguish-
able from those of CEF expressing v-Src in the absence
of any inhibitors (Figure 5, A–D). However, when
either rapamycin or LY294002 was added in conjunc-

Figure 4. Effects of PD98059, LY294002, and rapamycin on
tsUP1Src expression and kinase activity and on the activation of
Erk2 and Akt. (A and B) CEF were infected for 12 h at the nonper-
missive temperature, 41°C, with RCAN(A)-BH (lane 1) or
RCAN(A)-BH-tsUP1Src (lanes 2–6), shifted to the permissive tem-
perature, 37°C, and incubated with or without inhibitors as indi-
cated. Cell lysates were prepared after 48 h and examined by
immunoblotting with anti-Src mAb (A) or anti-phosphotyrosine
mAb (B). (C and D) CEF were coinfected and treated with inhibitors
as described above. Twenty-four hours after the temperature shift,
the CEF were transferred to serum-free medium, incubated for an
additional 24 h in the continued presence or absence of inhibitors,
and then lysed. Lysates were examined by immunoblotting with
anti-Erk2 antibody (C), or anti-phospho-Akt (D).

Figure 5. Effects of PD98059, LY294002, and rapamycin on mor-
phological transformation by tsUP1Src. CEF were infected with
RCAN(A)-BH-tsUP1Src as described in the legend to Figure 4
and incubated with no inhibitor (A), PD98059 (B), LY294002 (C),
rapamycin (D), LY294002 and PD98059 (E), or rapamycin and
PD98059 (F). Images were acquired using a Zeiss Axiovert mi-
croscope.
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tion with PD98059, morphological transformation by
v-Src was suppressed (Figure 5, E and F). These results
indicate that inhibition of MEK, mTor, or PI3K is not
sufficient to block transformation by v-Src, but that
inhibition of both MEK and mTor or both MEK and
PI3K blocks morphological transformation.

Effect of MEK and mTor Inhibition on Hexose
Uptake
The effects of inhibition of MEK and mTor on v-Src–
induced hexose uptake were also examined. As shown
in Figure 6, addition of PD98059, LY294002, or rapa-
mycin to CEF expressing tsUP1Src reduced the level of
induction of hexose uptake, but in each case the cells
displayed hexose uptake rates that were still elevated
relative to the rate displayed by CEF infected with the
empty retroviral vector. However, addition of
PD98059 plus either LY294002 or rapamycin to CEF
expressing tsUP1Src reduced the hexose uptake rate to
a level comparable with that of nontransformed cells.
These results indicate that inhibition of MEK and ei-
ther PI3K or mTor suppresses the v-Src–induced in-
crease in hexose uptake.

Effects of Pharmacological Inhibitors on Density-
independent Growth
Another characteristic of CEF transformed by v-Src is
the ability to grow in a density-independent manner.
Under the culture conditions used here (2% serum),
the growth of normal CEF is slowed at confluency
(;1–2 3 106 cells/60-mm dish) but does not cease; in
contrast, CEF transformed by v-Src continue to prolif-
erate at high cell densities. To examine the role of
MEK, PI3K, and mTOR in v-Src–induced density-in-
dependent growth, we followed the growth of CEF
infected with RCAN(A)-BH-tsUP1 and treated with
PD98059, LY294002, rapamycin, PD98059 plus
LY294002, or PD98059 plus rapamycin. In dense cul-
tures CEF expressing tsUP1Src and treated with either
PD98059 or LY294002 exhibited growth rates compa-
rable to that of transformed CEF growing in the ab-
sence of any inhibitor (Figure 7A). However, CEF
expressing tsUP1Src and treated with rapamycin,
PD98059 plus LY294002, or PD98059 plus rapamycin
exhibited growth rates comparable with that of CEF
infected with the empty retroviral vector (Figure 7, A
and B). Under certain conditions, inhibition of PI3K
and Akt can lead to apoptosis, because Akt has an
antiapoptotic function (Kulik et al., 1997). However,
the decrease in growth rate in cultures exposed to the
LY294002 did not appear to be due to apoptosis, be-
cause we were unable to detect the DNA fragmenta-
tion characteristic of apoptosis in cultures exposed to
LY294002, either alone or in combination with other
inhibitors (our unpublished results).

These data indicate that inhibition of either MEK or
PI3K is not sufficient to block v-Src–induced density-
independent growth, but inhibition of both MEK and
PI3K restores the growth properties of normal, non-
transformed cells. Addition of rapamycin alone re-
duces the growth of CEF expressing Src to a rate
characteristic of normal CEF, indicating that, although
inhibition of mTor fails to block morphological trans-
formation, it has a more dramatic effect on cell growth,
presumably because cell growth is particularly sensi-
tive to inhibition of protein synthesis.

Anchorage-independent Growth Is Blocked by
Inhibition of Both the PI3K-mTor and Ras-MAPK
Pathways
CEF expressing v-Src can grow in an anchorage-inde-
pendent manner. Addition of PD98059, LY294002, or
rapamycin to CEF infected with a retrovirus encoding
v-Src did not prevent the formation of colonies in soft
agar. Addition of PD98059 reduced colony formation
by 40%; LY294002 reduced it by 5–10%; and rapamy-
cin reduced it by 20–25% (Figure 8). However, addi-
tion of both PD98059 and either LY294002 or rapamy-
cin reduced the number of colonies in soft agar by
60–70%; furthermore, the colonies growing in the

Figure 6. Effects of PD98059, LY294002, and rapamycin on hexose
uptake by CEF expressing tsUP1Src. CEF were infected as described
in the legend to Figure 4. Twenty-four hours after the shift to the
permissive temperature, deoxyglucose uptake was monitored as
described in the legend to Figure 3.
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presence of two inhibitors were significantly reduced
in size. We cannot exclude the possibility that long-
term exposure to the inhibitors results in nonspecific
toxicity. However, these results are consistent with the
hypothesis that both the Ras-MAPK pathway and the
PI3K-mTOR pathway contribute to anchorage-inde-
pendent growth by v-Src.

DISCUSSION

We have described here the effects of inhibitors of the
Ras-MAPK and PI3K-mTOR pathways on transforma-
tion of CEF by v-Src. Inhibition of the Ras-MAPK
pathway at the level of Ras or MEK was insufficient to
block transformation. Similarly, inhibition of the PI3K-
mTor pathway at the level of PI3K or mTor did not
block transformation by v-Src. However, when both
the Ras-MAPK and PI3K-mTor pathways were simul-
taneously inhibited, transformation by v-Src was
blocked. We conclude that both the Ras-MAPK path-
way and the PI3K-mTOR pathway contribute to trans-
formation by v-Src, as illustrated in Figure 9. The
inhibitors had the same effects when added to cells
already transformed by wild-type Src as when added
to tsSrc-expressing cells before a shift to the permis-
sive temperature, indicating that these pathways are

Figure 7. Effects of PD98059, LY294002, and rapamycin on
growth of CEF expressing tsUP1Src. (A) CEF were infected as
described in the legend to Figure 4 with either RCAN(A)-BH (F)
or RCAN(B)-BH-tsUP1Src. CEF infected with RCAN(A)-BH-
tsUP1Src were incubated with no inhibitor (f), PD98059 (Œ),
LY294002 (M), or PD98059 and LY294002 (E). (B) CEF were
infected with either RCAN(A)-BH (F) or RCAN(A)-BH-tsUP1Src.
CEF infected with RCAN(A)-BH-tsUP1Src were treated with no
inhibitor (f), PD98059 (Œ), rapamycin (M), or PD98059 and rapa-
mycin (E). Data points are means of triplicate determinations;
error bars are omitted for clarity.

Figure 8. Effects of PD98059, LY294002, and rapamycin on agar
colony formation by CEF expressing v-Src. CEF infected with
RCAN(A)-BH-v-Src at 0.1 multiplicity of infection were trypsinized
and resuspended in agar suspension containing no inhibitor,
PD98059, LY294002, rapamycin, PD98059 and LY294002, or
PD98059 and rapamycin. Suspension cultures, which were fed ev-
ery 3 d with agar overlay containing inhibitors, were incubated for
10–12 d at 41°C.
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involved in both initiation and maintenance of the
transformed state.

Although inhibition of the Ras-MAPK pathway did
not block transformation, there was some reduction in
several parameters of transformation. For example,
there was a significant reduction in the level of deoxy-
glucose uptake in cells expressing N17Ras, although
not in cells exposed to the MEK inhibitor PD98059. We
previously observed a smaller effect of N17Ras expres-
sion on deoxyglucose uptake (Aftab et al., 1997); this
difference may reflect differences in culture conditions.
Similar effects were observed on inhibition of the
PI3K-mTor pathway. Inhibition of PI3K by LY294002
or of mTor by rapamycin reduced the level of deoxy-
glucose uptake. Density-independent growth was
blocked by rapamycin, probably because this agent is
an effective inhibitor of protein synthesis. Thus, al-
though activation of either pathway is sufficient to
induce transformation detectable by a variety of as-
says, activation of both pathways leads to the more
extensive transformation characteristic of v-Src.

Because expression of N17Ras fails to block Ras-
mediated Raf activation by PKC (Marais et al., 1998), it

might be argued that N17Ras expression is not suffi-
cient to inhibit Ras signaling in cells expressing v-Src.
This possibility appears to be excluded by the finding
that N17Ras expression inhibits MAPK activation by
v-Src (see above and Aftab et al., 1997). However, this
finding does not exclude the possibility that some of
the processes occurring in cells expressing N17Ras are
dependent on the basal level of Ras function or a
residual level of activation. In our experiments,
N17Ras expression reduced MAPK activation to close
to basal levels and sometimes to basal or subbasal
levels (also see Aftab et al., 1997); the MEK inhibitor
PD98059 reproducibly reduced MAPK activity to
basal levels. This basal level of Ras-MAPK signaling
may be required for transformation by v-Src; indeed
some level of Ras function may be required for cell
viability.

The results described here indicate that the PI3K-
Akt-mTOR pathway can be activated by v-Src inde-
pendently of Ras activation. Both Ras-dependent and
Ras-independent activation of PI3K have been de-
scribed previously (Rodriguez-Viciana et al., 1994).
Again, the basal level of Ras function may be required
for PI3K activation by v-Src. Consistent with this idea,
Chan and Tsichlis (personal communication) have re-
cently shown that Src and Ras can cooperate in the
activation of PI3K and have suggested that Src may act
not only upstream of Ras, by activating Ras GTP ex-
change factors, but in parallel with Ras, by regulating
Ras-associated PI3K activity. It appears likely that Ras
activates PI3K via interaction with the p110 catalytic
subunit, whereas Src activates PI3K by a direct or
indirect interaction with the p85 regulatory subunit.

The results described here suggest that the converse
is also true, namely that the Ras-MEK-MAPK pathway
can be activated by v-Src independent of PI3K activa-
tion. This contrasts with what has been observed in
COS7 cells stimulated by fibronectin attachment, in
which Raf activation is PI3K dependent (King et al.,
1997). The strong signal emanating from v-Src may be
sufficient to activate MEK and MAPK without any
input from PI3K. Alternatively it is possible that a
basal level of PI3K function may be required for Raf-
MEK-MAPK signaling in CEF. Activation of Erk2 by
mitogenic stimuli is repressed in cells transformed by
v-Src (or v-Crk), and the level of activation of Erk2 in
v-Src–transformed CEF is variable, depending on the
conditions of infection (Greulich et al., 1996; Stofega et
al., 1997; Penuel and Martin, unpublished observa-
tions). These observations are consistent with the hy-
pothesis that MAPK-independent pathways are im-
portant for mitogenic signaling and transformation.

We did not detect significant levels of apoptosis in
CEF expressing v-Src that were exposed to
LY294002 in the absence or presence of coexpressed
Ras or other inhibitors. This is perhaps surprising,
in view of the fact that Akt and Ras are antiapop-

Figure 9. Signaling pathways required for transformation by v-
Src. v-Src activates both the Ras-MAPK pathway, which can be
inhibited by coexpression of N17Ras or by PD98059, and, in parallel,
the PI3K-Akt-mTOR pathway, which can be inhibited by LY294002
or rapamycin. Inhibition of both pathways is required to block
transformation. Our data do not exclude the possibility that Src, Ras,
and PI3K activate other pathways that are also necessary for trans-
formation.
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totic (Kulik et al., 1997). Indeed we have observed
extensive apoptosis in mammalian cells trans-
formed by v-Src when Ras signaling and PI3K sig-
naling are both blocked (Webb and Martin, unpub-
lished results). We infer that the regulation of
apoptosis in mammalian cells must differ in some
way from the regulation of apoptosis in CEF.

One question raised by our findings is whether yet
other pathways are required for transformation by
v-Src. Although we have shown that either the Ras-
MAPK or the PI3K-mTOR pathway is necessary for
transformation, it is possible that either pathway in-
duces transformation only when other pathways are
also activated by v-Src. Recent evidence suggests that
this may be the case. Two groups have demonstrated
that dominant-negative Stat3 blocks transformation of
mammalian cells by v-Src, implicating transcriptional
regulation by STATs in transformation by v-Src
(Bromberg et al., 1998; Turkson et al., 1998). In addi-
tion, overexpression of Raf is not sufficient to trans-
form CEF (Li et al., 1996). It has recently been reported
that both v-Src and Bcr-Abl induce the Ras-indepen-
dent degradation of the Abi proteins, which are
known to antagonize transformation (Dai et al., 1998).
In platelet-derived growth factor–stimulated cells
c-Src apears to induce Myc expression by an unknown
Ras-independent pathway (Barone and Courtneidge,
1995), and this pathway might also be involved in
transformation. Our finding that simultaneous block-
ade of the Ras-MAPK and PI3K-mTOR pathways does
not completely block anchorage-independent growth
is consistent with the idea that additional signaling
pathways are involved in transformation by v-Src.

A long-standing question in this field is how the
same phenotype—that of the transformed cell—can
be induced by many distinct pathways, in this case the
Ras-MAPK and PI3K-mTOR pathways. These two
pathways may converge at a number of different sites
within the cellular signaling network. For example,
eIF4E may be regulated both by mTOR, via phosphor-
ylation of 4E-BP1, and by MAPK, via the Mnk kinase
(Waskiewicz et al., 1997). The expression of Myc,
which appears to be required for c-Src–dependent
DNA synthesis (Barone and Courtneidge, 1995) may
be regulated at the transcriptional level by Raf (Kerk-
hoff et al., 1998) and at the translational level by the
mTor pathway (West et al., 1998). Similarly, expression
of cyclin D1, a key regulator of progression through
G1, may be regulated at the transcriptional level by
MAPK (Lavoie et al., 1996) and at level of nucleocyto-
plasmic transport by eIF4E (Rousseau et al., 1996b). A
more complete understanding of the transformed phe-
notype will require identification of these regulatory
nodes on which the signaling pathways that induce
transformation converge.
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