
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/00/$04.0010

Nov. 2000, p. 8480–8488 Vol. 20, No. 22

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Ras-Dependent Regulation of c-Jun Phosphorylation Is Mediated
by the Ral Guanine Nucleotide Exchange Factor-Ral Pathway

NANCY D. DE RUITER,1 ROB M. F. WOLTHUIS,1† HANS VAN DAM,2

BOUDEWIJN M. T. BURGERING,1 AND JOHANNES L. BOS1*

Department of Physiological Chemistry and Centre for Biomedical Genetics, University Medical
Center Utrecht, 3584 CG Utrecht,1 and Department of Molecular Carcinogenesis,

Leiden University Medical Center, 2300 RA Leiden,2 The Netherlands

Received 27 June 2000/Returned for modification 31 July 2000/Accepted 7 August 2000

The transcription factor c-Jun is critically involved in the regulation of proliferation and differentiation as
well as cellular transformation induced by oncogenic Ras. The signal transduction pathways that couple Ras
activation to c-Jun phosphorylation are still partially elusive. Here we show that an activated version of the Ras
effector Rlf, a guanine nucleotide exchange factor (GEF) of the small GTPase Ral, can induce the phosphor-
ylation of serines 63 and 73 of c-Jun. In addition, we show that growth factor-induced, Ras-mediated phos-
phorylation of c-Jun is abolished by inhibitory mutants of the RalGEF-Ral pathway. These results suggest that
the RalGEF-Ral pathway plays a major role in Ras-dependent c-Jun phosphorylation. Ral-dependent regula-
tion of c-Jun phosphorylation includes JNK, a still elusive JNKK, and possibly Src.

The Ral guanine nucleotide exchange factors (RalGEFs)
activate the Ras-like small GTPases RalA and RalB by the
exchange of GDP for GTP (12). Three of the known RalGEFs,
RalGDS, Rgl, and Rlf, interact with and can be activated by
oncogenic Ras (2). Epidermal growth factor (EGF) and insu-
lin-induced Ral activation is dependent on Ras activation in
mouse fibroblasts, implying that RalGEFs also function as Ras
effector molecules in growth factor signaling (43). The function
of the Ral signaling pathway is still unclear, but it has been
implicated in cellular transformation induced by oncogenic
Ras (24, 41) as well as in the regulation of Ras-mediated cell
growth and differentiation (14, 33, 39).

Recent results show that signal transduction from Ras to Ral
plays a role in the transcriptional regulation of insulin-respon-
sive genes by activating a pathway that controls phosphoryla-
tion of the fork head transcription factor AFX (22). This Ras-
and Ral-dependent regulation of AFX may be involved in
progression through the G1 phase of the cell cycle (26), pro-
viding at least one mechanism for the effects of the Ras-Ral
signaling pathway on cellular behavior. In addition, activation
of RalGEFs results in promoter activation of the growth-reg-
ulatory c-fos, collagenase, and ANF genes (13, 28, 30, 42). To-
gether, these studies suggest that RalGEFs are important me-
diators of Ras-dependent regulation of genes involved in cell
growth and differentiation. They also point to an important
role of RalGEFs in mediating the cellular responses to insulin.

The use of mutants of active Ras that specifically activate
either RalGEFs, phosphatidylinositol 3-kinase (PI-3K), or Raf1
kinase has demonstrated that, at least in fibroblasts, signaling
through the Ras-Ral pathway is distinct from the pathways
emerging from the Ras effectors PI-3K and Raf1, respectively
(32, 40). Although a number of Ral binding proteins have been
identified (12), the signal transduction pathways downstream

of RalGTP and the role of Ral binding proteins in mediating
transcriptional regulation have not been resolved. However,
the studies mentioned above suggest that RalGEFs may acti-
vate a pathway that specifically leads to the activation of one or
more protein kinases. In addition, it was recently shown that
c-Src is involved in signaling events downstream from Ral (15).

Previously we found that differentiation of F9 embryonic
carcinoma cells toward primitive endoderm cells can be com-
parably induced by ectopic expression of either the transcrip-
tion factor c-Jun, active Rlf, or oncogenic Ras (39). The dif-
ferentiation induced by oncogenic Ras, but not by c-Jun, was
dependent on Ral signaling (39). This observation suggested to
us that Ras and Ral acted upstream in a signaling cascade,
which activates c-Jun. In addition, we had observed that an
active mutant of Rlf induces the activation of a reporter con-
struct regulated by AP1, a c-Jun-containing transcription fac-
tor. Together, these observations prompted us to investigate
the role of Ral signaling in the regulation of c-Jun.

c-Jun is essential for normal mouse development, fibroblast
proliferation (18, 20), and cellular transformation induced
by oncogenic Ras (19). In response to different extracellular
stimuli, including growth factors, cytokines, and cellular stress
inducers, Jun NH2-terminal kinase (JNK) is activated and
phosphorylates c-Jun at two regulatory sites within its tran-
scriptional activation domain, serine 63 and serine 73 (10).
Phosphorylation of these sites increases the transactivating
potential of c-Jun and is required for proper regulation of
apoptosis and proliferation in fibroblasts (1, 21, 35). A number
of studies indicate that the small GTPase Rac and other Rho
family members play a role in transmitting signals from onco-
genic Ras to c-Jun through a pathway involving a Jun kinase
kinase (JNKK-1, also known as SEK1 and MKK4) and JNK
(16). Here we identified a pathway induced by activation of
the small GTPase Ral that regulates the phosphorylation of
the transcription factor c-Jun. We show that insulin-induced
NH2-terminal phosphorylation of c-Jun requires activation of
Ras and Ral. The signal transduction pathway involves JNK
activation and probably c-Src. This pathway is likely to play a
role in RalGEF-dependent regulation of proliferation, differ-
entiation, and oncogenesis.
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MATERIALS AND METHODS

Plasmids. The Arg-328-to-Glu mutation in pMT2-HA-Rlf-CAAX (42) was
generated by using oligonucleotides carrying the desired point mutation, PCR
amplification using Pfu heat-stable polymerase, and digestion of nonmutated
plasmid DNA with DpnI. Escherichia coli DH5 bacteria were transformed with
the reaction mixture, plasmid DNA positive for the mutation was isolated, and
the Rlf-CAAX open reading frame was entirely controlled by bidirectional
DNA sequencing. pSVE-RasV12, pMT2HA-Ral, pMT2HA-RalA-N28 (42), and
pMT2-HA-RalGDS-RBD (31) have been described previously. Mammalian ex-
pression vectors encoding HA-p54-JNK and Myc-Cdc42 have been described
previously (9, 36). pRK5-Myc-RalBP-DGAP, which encodes RalBP with its N-
terminal GAP domain deleted, and pSG5-RalB-N28 were a kind gift of Jacques
H. Camonis, Institut Curie, INSERM, Paris, France. pCD20 is an expression
vector for the extracellular region of CD20.

Antibodies and Western blotting. To detect phosphorylation of endogenous
c-Jun and glutathione S-transferase (GST)–c-Jun1–79, we used polyclonal anti-
phosphoserine-73 c-Jun antibody and polyclonal anti-phosphoserine-63 c-Jun
antibody (New England Biolabs). The anti-phosphoserine-63 c-Jun antibody is
specific for phosphorylated c-Jun, and the anti-phosphoserine-73 might addition-
ally recognize phosphorylation of serine 73 of JunD. However, in JunD immu-
noprecipitates we found hardly any increases in JunD phosphorylation at time
points when c-Jun was phosphorylated. In addition, JunD runs at a slightly
different position from c-Jun on our gels (data not shown). The c-Jun antibody
used was rabbit polyclonal H79 (Santa Cruz) or rabbit polyclonal anti-c-Jun Ab1
(Oncogene Science). ATF2 phosphorylation and total ATF2 were detected using
an anti-ATF2 phosphothreonine-71 polyclonal antibody or polyclonal anti-ATF2
(New England Biolabs). Polyclonal anti-phospho-JNK was from Promega. This
antibody recognizes various phosphorylated proteins including phosphorylated
extracellular signal-related kinase (ERK). Therefore, increases in JNK phos-
phorylation were measured in JNK1 immunoprecipitates using mouse monoclo-
nal anti-JNK1 F3 (Santa Cruz), which is specific for JNK1 and recognizes no
other mitogen-activated protein kinases. Anti-phospho-ERK and anti-phospho-
SEK were from New England Biolabs. Goat anti-Ral-B was from Santa Cruz.
The anti-Ras antibody was from Transduction Laboratories. Western blots were
blocked for 3 h at room temperature in phosphate-buffered saline (PBS) con-
taining 0.5% Tween 20, 5% nonfat dry milk, 2% bovine serum albumin and 200
mM sodium vanadate. The Western blots were incubated overnight with the
indicated antibodies in PBS containing 0.5% Tween 20, 2% bovine serum albu-
min, 200 mM sodium vanadate, using the dilutions recommended by the manu-
facturers.

Isolation of transfected cells by MACS. A14 cells (NIH 3T3 cells expressing
human insulin receptors) and HEK-293 cells were cultured in 100-mm-diameter
dishes containing Dulbecco’s modified Eagle’s medium–10% fetal calf serum–
0.05% glutamine. When necessary, cells were transfected by the calcium phos-
phate method and isolated 40 h after transfection. For growth factor studies, cells
were washed once with serum-free medium and serum starved for at least 16 h.
Stimulation with insulin (1 mM) or EGF (20 ng/ml) was carried out for the times
indicated. For isolation of transfected cells, the cells were cotransfected with
pCD20 and isolated on magnetic cell sorting (MACS) separation columns type
MS1 as specified by the manufacturer (Miltenyi Biotec, Bergisch Gladbach,
Germany). In brief, the cells were washed with ice-cold 5 mM EDTA in PBS
after stimulation and left on ice for 5 min. Then they were scraped in ice-cold 5
mM EDTA in PBS, isolated by centrifugation, washed with ice-cold wash buffer
(1% fetal calf serum in PBS), and incubated with a monoclonal anti-CD20
antibody (DAKO). After being washed with 10 ml of wash buffer, the cells were
incubated with the anti-mouse antibody coupled to iron beads. Finally, the cells
were isolated by magnetic force on a separating column after being washed with
wash buffer. The isolated transfected cells were lysed (in 0.5% Triton X-100–50
mM HEPES–100 mM NaCl–2 mM sodium vanadate–10 mM NaF), protein
levels were equalized, and total cellular proteins were solubilized in Laemmli
sample buffer. The samples were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), immunoblotted onto polyvinylidene
difluoride, and probed with the antibodies indicated in the figure legends. In
some experiments the fold induction was determined from the scanned images by
using the NIH Image 1.62 program.

Expression of RasN17 by recombinant vaccinia virus. Subconfluent serum-
starved A14 cells were infected with 20 PFU of recombinant vaccinia virus
(His6-RasN17 in pEAGPT vector) or the vector viral growth factor-minus strain
of vaccinia virus (11). After 60 min, the medium was replaced and the cells were
maintained in the absence of serum for 8 h. The cells were stimulated with insulin
(1 mM) for the indicated times and lysed in sample buffer prior to Western
analysis.

Analysis of endogenous Ral activation. Ral activation was determined using
GST-RalBD essentially as described previously (43). In brief, bacterially pro-
duced GST-RalBD (15 mg per sample) was precoupled to glutathione-agarose
beads (10 ml/sample) and washed in Ral buffer (15% glycerol, 50 mM Tris [pH
7.4], 1% NP-40, 200 mM NaCl, 5 mM MgCl2, 1 mM phenylmethylsulfonyl
fluoride, 1 mM leupeptin, 0.1 mM aprotinin, 10 mg of soybean trypsin inhibitor
per ml). The cells were lysed in Ral buffer, and cleared lysates were split and used
for the determination of Ral activity or for the analysis of protein expression.
Samples were separated by SDS-PAGE (12.5% polyacrylamide), immunoblot-

ted, and probed with either monoclonal anti-Ral (Transduction Laboratories), or
monoclonal anti-HA (12CA5) antibody.

Immunoprecipitation and in vitro kinase assays. A14 cells were lysed in kinase
lysis buffer (10% glycerol, 50 mM HEPES [pH 7.4], 0.5% Triton X-100, 200 mM
NaCl, 2.5 mM EDTA, 2.5 mM EGTA, 10 mM NaF, 1 mM sodium vanadate, 1
mM phenylmethylsulfonyl fluoride, 1 mM leupeptin, 0.1 mM aprotinin, 10 mg of
soybean trypsin inhibitor per ml), and endogenous JNK was immunoprecipitated
using either 10 mg of GST–Jun1–79 per ml precoupled to glutathionine beads or
monoclonal anti-JNK1 p46 antibody F3 (Santa Cruz) precoupled to protein
G-Sepharose beads. The beads were washed twice with kinase lysis buffer and
twice with kinase reaction buffer (50 mM HEPES [pH 7.4], 15 mM MgCl2, 200
mM sodium vanadate). For kinase reactions, the beads were incubated in kinase
buffer (containing 100 mM ATP or 5 mM ATP and 10 mCi of [g-32P]ATP per
reaction) at 25°C for 30 min, taken up in sample buffer, and analyzed by SDS-
PAGE followed by either Western blotting with phosphospecific anti-c-Jun or
autoradiography.

RESULTS

Ras-dependent c-Jun phosphorylation by insulin. To ana-
lyze the phosphorylation of c-Jun in response to endogenous
Ras activation, A14 cells were treated for various times with
insulin, which induces a strong and sustained increase in Ras-
GTP levels (5). c-Jun NH2-terminal phosphorylation, as mon-
itored by Western blotting using an anti-c-Jun phosphoserine-
73 polyclonal antibody, was strongly increased after 30 min of
insulin treatment (Fig. 1A) and remained elevated for at least
1 h (data not shown). We also measured NH2-terminal phos-
phorylation by tryptic peptide mapping of c-Jun immunopre-
cipitated from A14 cells that were labeled with [32P]orthophos-
phate. Figure 1B shows that both the c-Jun peptides X and Y,
which contain serine 73 and serine 63, respectively (3), were
strongly phosphorylated in response to insulin.

To determine the role of Ras in the observed increment in
c-Jun phosphorylation, A14 cells were infected with either a
wild-type vaccinia virus or vaccinia virus expressing dominant
negative Ras, RasN17. Previously, we have shown that RasN17
inhibits insulin-induced Ras activation completely (4, 11).
Ectopic expression of RasN17 completely blocked insulin-in-
duced c-Jun phosphorylation of serine 73 (Fig. 1C) and serine
63 (data not shown). This demonstrated that the pathway lead-
ing to c-Jun NH2-terminal phosphorylation in response to in-
sulin required activation of Ras. In addition, transfection
of an active mutant of Ras (RasV12) resulted in a substantial
induction of c-Jun phosphorylation compared to that in vector-
transfected cells (Fig. 1C), supporting the data on an insulin-
induced Ras-mediated pathway leading to c-Jun phosphoryla-
tion.

To investigate the role of the Raf-MEK-ERK pathway in the
observed c-Jun phosphorylation, we pretreated A14 cells with
the MEK inhibitor PD98059 prior to insulin stimulation. How-
ever, insulin-induced ERK phosphorylation, but not insulin-
induced c-Jun phosphorylation, was inhibited (Fig. 1D).

Previously we showed that RasN17 does not inhibit PI-3K or
protein kinase B (PKB) activation induced by insulin, demon-
strating that PI-3K is not a Ras effector in insulin signaling in
A14 cells (6). Indeed, the PI-3K inhibitor LY294002 did not
block insulin-induced NH2-terminal phosphorylation of c-Jun
whereas PKB phosphorylation was abolished (Fig. 1D). These
results show that the pathway downstream from Ras leading to
c-Jun phosphorylation does not involve the MEK-ERK path-
way or the PI-3K–PKB pathway.

RalGEF-induced c-Jun phosphorylation. Next, we tested
whether insulin-induced c-Jun NH2-terminal phosphorylation
could be downstream of a RalGEF. Therefore we used a HA-
Rlf-CAAX construct, in which the Ras binding domain of Rlf
has been replaced by a CAAX membrane localization motif,
resulting in a constitutively active RalGEF (42). As a control,
we used the same construct carrying an inactivating arginine-
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FIG. 1. Insulin treatment induces phosphorylation of c-Jun in a Ras-dependent manner. (A) Insulin treatment induces NH2-terminal phosphorylation of c-Jun. Cell
extracts from subconfluent, serum-starved A14 cells were treated with insulin (1 mM) for the indicated times and analyzed by Western blotting using anti-c-Jun phospho-
serine-73 (upper panel) or anti-c-Jun (lower panel). (B) Insulin induces phosphorylation of both serine 63 and serine 73. c-Jun was immunoprecipitated from orthophosphate-
labelled serum-starved A14 cells left untreated (middle panel, control) or treated with insulin (1 mM) for 60 min (right panel, ins). Phosphorylated c-Jun was processed
for tryptic peptide mapping as described previously (22). The left panel shows the relative position of the tryptic c-Jun phosphopeptides. Phosphopeptides X and Y,
indicated by the arrows, contain the phosphorylation sites serine 73 and serine 63, respectively (3). (C) RasN17 blocks insulin-induced c-Jun serine 73 phosphorylation.
In the left panel, A14 cells were infected with 20 PFU of vector or His6-RasN17 vaccinia virus. After insulin treatment for the indicated times, the cells were lysed in
sample buffer and analyzed as in panel A. The lower panel shows expression of the His6-RasN17 protein together with endogenous Ras. In the right panel, cells were transfected
with either empty vector (2) or RasV12, lysed in sample buffer, and analyzed as in panel A. Expression of RasV12 was detected by using the anti-Ras antibody. wt, wild type.
(D) Pretreatment of A14 cells for 15 min with the MEK inhibitor PD98059 (40 mM) or the PI-3K inhibitor LY294002 (10 mM) blocks insulin-induced ERK
phosphorylation and PKB phosphorylation but not c-Jun phosphorylation. Phosphorylation was monitored using phosphospecific antibodies as indicated.
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to-glutamate mutation in the catalytic domain, Rlf-R328E-
CAAX. Figure 2A shows that the HA-Rlf-R328E-CAAX con-
struct indeed does not activate coexpressed HA-Ral.

To analyze increases in NH2-terminal phosphorylation of
endogenous c-Jun, we isolated transfected A14 cells by MACS.
Phosphorylation of c-Jun was subsequently monitored by West-
ern blotting of the extracts of the transfected cells by using
anti-c-Jun phosphoserine-73 or anti-c-Jun phosphoserine-63
antibodies. Figure 2B shows that c-Jun is strongly phosphory-
lated on both serine 73 and serine 63 in HA-Rlf-CAAX-ex-
pressing but not in HA-Rlf-R328E-CAAX-expressing cells. No
increase in the c-Jun protein level was observed 40 h after
transfection (Fig. 2B). These results demonstrate that activa-
tion of Ral exchange activity can induce increased c-Jun NH2-
terminal phosphorylation.

We asked whether the observed increase in c-Jun phosphor-
ylation resulted from increased JNK activity. Therefore, JNK
was pulled down from the lysates of transfected cells by using
GST–Jun1–79 and the kinase activity was assayed in vitro.
Figure 3A shows that insulin and Rlf-CAAX induced JNK
activity to a similar extent. As a control, Fig. 3B shows that
endogenous ERK phosphorylation was elevated in A14 cells
transiently expressing oncogenic Ras but not in cells that ex-
pressed HA-Rlf-CAAX or HA-Rlf-R328E-CAAX (Fig. 3B).

We conclude from these experiments that activation of a path-
way involving an elevation of RalGTP levels is sufficient to
induce increased JNK activity.

Ral-dependent c-Jun phosphorylation. To investigate if the
activation of Ral is also involved in transmitting signals from
growth factor receptors to c-Jun phosphorylation, we trans-
fected A14 cells with a construct encoding a dominant negative
form of Ral, RalB-N28. RalB-N28 strongly inhibited Rlf activ-
ity in vitro (unpublished data). Figure 4A shows that c-Jun
serine 73 phosphorylation is induced after 15 min of insulin
treatment in A14 cells transiently transfected with the control
vector. However, expression of RalB-N28 completely blocked
c-Jun phosphorylation by insulin. The same inhibition was ob-
served when HA-RalA-N28 was used as a dominant negative
construct (data not shown). ATF2 is a transcriptional factor
which is regulated by overlapping pathways as the Jun kinases
(38). However, as shown in Fig. 4B, insulin-induced threonine
71 phosphorylation of ATF2 is not blocked by RalB-N28. Also,
insulin-induced phosphorylation of ERK1 and ERK2 was not
inhibited by RalB-N28 (Fig. 4B, lower panel). These results
show the specificity of the observed inhibition of c-Jun phos-
phorylation.

To investigate whether Ral is involved in the phosphoryla-
tion of c-Jun in other cell types and induced by other growth
factors, we analyzed the involvement of Ral in EGF-induced
c-Jun phosphorylation in HEK-293 cells. We observed that in
these cells the moderate but consistent EGF-induced c-Jun
phosphorylation was completely abolished by HA-RalB-N28
(Fig. 4C), showing that the involvement of Ral in c-Jun phos-
phorylation is not cell type or growth factor specific.

FIG. 2. Ral guanine nucleotide exchange activity induces phosphorylation of
endogenous c-Jun. (A) Ral activation by Rlf-CAAX is abolished by the R328E
mutation in Rlf-CAAX. A14 cells were cotransfected with HA-Ral and HA-Rlf-
CAAX or HA-Rlf-R328E-CAAX. The cells were lysed in Ral buffer, and HA-
RalGTP levels were monitored after anti-HA (12CA5) Western blotting of
affinity-isolated RalGTP as described in Materials and Methods (middle panel).
The bottom panel shows the expression of HA-Ral in total lysates. The top panel
shows equal expression of the Rlf-CAAX proteins. wt, wild type. (B) RalGEF-
induced NH2-terminal phosphorylation of endogenous c-Jun. A14 cells were co-
transfected with pCD20 and either pMT2HA, pMT2HA-Rlf-CAAX, or pMT2HA-
Rlf-R328E-CAAX as indicated. At 40 h after transfection, transfected cells were
isolated by MACS as described in Materials and Methods. Isolated cells were
lysed, protein levels were equalized, and samples were taken up in sample buffer
and analyzed for c-Jun phosphorylation on serine 73 (second panel), serine 63
(third panel) or c-Jun protein expression (bottom panel). The top panel is a blot
of the same samples using anti-HA (12CA5) to show equal expression of HA-
Rlf-CAAX and HA-Rlf-R328E-CAAX. wt, wild type.

FIG. 3. Insulin and Ral guanine nucleotide exchange activity induce activa-
tion of JNK. (A) Activation of JNK activity by insulin and Rlf-CAAX. A14 cells
were either transfected with pCD20 and treated with insulin (1 mM) for 30 min
(left two lanes) or cotransfected with pCD20 and either pMT2HA (v), pMT2HA-
RlfCAAX (wt), or pMT2HA-Rlf-R328E-CAAX (R328E) as indicated (right
three lanes). Transfected cells were isolated by MACS. Endogenous JNK was
isolated by using GST–c-Jun1–79 precoupled to glutathione beads. JNK activity
using GST–c-Jun1–79 as a substrate was assayed directly by adding ATP. Phos-
phorylation of GST–c-Jun1–79 was monitored by Western blotting using anti-c-
Jun phosphoserine 73. (B) Rlf-CAAX does not induce ERK phosphorylation.
A14 cells were cotransfected with pCD20 and either pMT2HA (v), pMT2HA-
Rlf-CAAX (wt), pMT2HA-Rlf-R328E-CAAX (R328E), or pMT2HA-RasV12
(Ras) as indicated and transfected cells were isolated by magnetic cell sorting.
Phosphorylation of ERK was detected by Western blotting using anti-ERK
phosphothreonine-202 phosphotyrosine-204 polyclonal antibody. The positions
of phosphorylated ERK1 and ERK2 are indicated.
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To further support the involvement of Ral in insulin-medi-
ated c-Jun phosphorylation, we have blocked the Ras-Ral sig-
naling pathway at the level of Ral. To that end, RalBP-DGAP,
which is RalBP with its N-terminal GAP domain deleted, was
expressed. RalBP binds tightly to Ral-GTP and thus is pre-
dicted to interfere in the Ral-effector interaction. As shown in
Fig. 4D, expression of RalBP-DGAP completely abrogates
the insulin-induced phosphorylation of c-Jun. Furthermore,
expression of the Ras binding domain of RalGDS, which
specifically blocks signaling downstream of Ras via its effector
region, blocks insulin-induced phosphorylation of c-Jun to the
same extent as RalBP-DGAP does (Fig. 4D). Together, these

results demonstrate that activation of the Ral pathway is re-
quired for c-Jun NH2-terminal phosphorylation in response to
insulin.

Activation of the JNKK pathway by Ral signaling. Since the
insulin-induced c-Jun phosphorylation was completely inhib-
ited by dominant negative Ral, we investigated the effects of
insulin on well-known upstream regulators of c-Jun phosphor-
ylation to find targets of Ral signaling. To investigate whether
the RalGEF-induced activation of JNK activity was the result
of activation of any JNKK activity, we tested whether insulin
could induce phosphorylation of JNK1. JNK1 was immunopre-
cipitated using the monoclonal F3 antibody, and phosphoryla-

FIG. 4. Growth factor-induced phosphorylation of endogenous c-Jun requires Ral signaling. A14 or HEK-293 cells were transiently transfected with either empty
vector or a construct expressing either RalB-N28, RalBP-DGAP, or RalGDS-RBD as indicated. After 24 h, the cells were serum starved for 16 h and then stimulated
with insulin (1 mM) or EGF (20 ng/ml) as indicated, and transfected cells were isolated by MACS. (A) RalB-N28 blocks insulin-induced c-Jun phosphorylation. A14
cells transiently expressing empty pSG5 or pSG5-RalB-N28 as indicated were treated with insulin for the times indicated, and transfected cells were isolated. Samples
were analyzed for c-Jun phosphorylation on serine 73 (top panel), c-Jun protein expression (middle panel) or RalB-protein expression (bottom panel). The numbers
below the panels indicate fold induction compared to the unstimulated cells. (B) RalB-N28 does not block insulin-induced ATF2 or ERK phosphorylation. Equal
amounts of whole-cell extracts isolated in panel A were analyzed for increases in ATF2 phosphorylation and for phosphorylation of ERK. ATF2 phosphorylation was
detected by Western blotting using an anti-ATF2 phosphothreonine-71 polyclonal antibody (upper panel). Phosphorylation of ERK was monitored by Western blotting
using anti-ERK phosphothreonine-202 phosphotyrosine-204 polyclonal antibody (lower panel). Fold induction is indicated below the panels. (C) RalB-N28 blocks
EGF-induced c-Jun phosphorylation in HEK-293 cells. HEK-293 cells transiently expressing empty pSG5 or pSG5-RalB-N28 as indicated were treated with EGF for
the times indicated, and transfected cells were isolated. Samples were analyzed for c-Jun phosphorylation on serine 73 (top panel), c-Jun protein expression (middle
panel), or RalB-protein expression (bottom panel). (D) RalBP-DGAP and RalGDS-RBD block insulin-induced phosphorylation of c-Jun. A14 cells transiently
expressing empty pMT2HA, pRK5-MYC-RalBP-DGAP, or pMT2HA-RalGDS-RBD as indicated were treated with insulin for the times indicated, and transfected cells
were isolated. Isolated samples were analyzed for c-Jun phosphorylation on serine 73 (top panel), c-Jun protein expression (second panel), Myc-RalBP-DGAP
expression (third panel), or HA-RalGDS-RBD expression (bottom panel).
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tion was detected on Western blots using an anti-JNK phos-
phothreonine-183 and phosphotyrosine-185 antibody. Figure
5A shows that insulin induced a clear increase in JNK1 phos-
phorylation on these JNKK sites.

The pathway leading to activation of JNK has been de-
scribed to involve JNKK-1 (also known as SEK1 or MKK4)
(21). We found that insulin only very weakly induced phos-
phorylation of JNKK-1 at threonine 223, an activating phos-
phorylation site. This phosphorylation is at least 10-fold lower
than after anisomycin (10 mM) treatment or osmotic shock (0.5
M NaCl) (data not shown). We also could hardly detect insu-
lin-induced increases in overall HA–JNKK-1 phosphorylation
in immunoprecipitates from 32P-labeled A14 cells after trans-
fection of an HA–JNKK-1 construct (data not shown). This
suggested either that JNKK-1 is not involved in Ral-induced
c-Jun phosphorylation or that Ral regulates JNKK-1 activity
independently of phosphorylation. Therefore, the JNKK re-
sponsible for JNK phosphorylation remains elusive.

The small GTPases Rac and Cdc42 have previously been
implicated in transmitting signals from oncogenic Ras to JNK
and may also play a role in the regulation of c-Jun phosphor-
ylation in response to growth factors (7, 8, 27). However, we

did not observe a clear inhibition of insulin-induced c-Jun
serine 73 phosphorylation by overexpression of the dominant
negative RacN17 (data not shown). In addition, although ex-
pression of the constitutively active RacV12 induced lamelli-
podia in A14 cells (36), we never observed JNK activation in
A14 cells (data not shown). In contrast, ectopic expression of
an activated mutant of Cdc42, Myc-Cdc42-V12, which activates
JNKK-1 (8), resulted in an increase in JNK activity (Fig. 5B).
Importantly, this Cdc42-V12-mediated increase in activity of
JNK was not inhibited by cotransfection of Ral-N28 (Fig. 5B).
In addition, Cdc42-V12 was incapable of activating Ral, as
shown in Fig. 5C. Both these experiments show that Cdc42 and
Ral induce JNK activation through different pathways.

In conclusion, our data indicate that insulin-induced c-Jun
phosphorylation is dependent on activation of Ras and Ral but
independent of Rac and Cdc42 and at least involves the acti-
vation of a still elusive JNKK and subsequent JNK phosphor-
ylation and activation.

A PP1-sensitive Ral effector involved in JNK activation.
Recently, a role for the Src tyrosine kinase as a target of Ral
signaling has been suggested (15). Therefore, we tested wheth-
er c-Src was involved in the insulin-mediated c-Jun phosphor-

FIG. 5. Regulation of the JNK pathway by Ral signaling. (A) Insulin-induced JNK1 phosphorylation at the JNKK-1 sites. Serum-starved, subconfluent A14 cells
were treated with insulin for the indicated times and lysed. JNK was immunoprecipitated (IP) using 10 mg of monoclonal anti-JNK1, precoupled to protein
G-Sepharose, for 3 h at 4°C. After extensive washing with lysis buffer, 90% of the protein samples were analyzed by Western blotting using anti-JNK phosphothreonine-
183 phosphotyrosine-185 (upper panel). Total JNK1 was detected using the remaining 10% of the samples (lower panel). Ig, immunoglobulin G. (B) Cdc42-V12 induces
JNK activity independently of Ral. A14 cells were transfected with either empty vector (lane 1), Myc-Cdc42-V12 (lane 2), both empty vector and pSG5-RalB-N28 (lane
3), or Myc-Cdc42-V12 and pSG5-RalB-N28 (lane 4), together with HA-p54-JNK. HA-JNK was immunoprecipitated from cellular lysates, and kinase activity was
assayed in vitro using GST–c-Jun1–79 as a substrate. GST-Jun phosphorylation was monitored by autoradiography after SDS-PAGE of kinase assays (top panel).
Myc-Cdc42-V12, RalB-N28, and HA-JNK expression, identified by Western blotting, are shown in the lower panels. (C) Cdc42-V12 does not activate Ral. A14 cells
were cotransfected with HA-Ral and HA-Rlf-CAAX or Myc-Cdc42-V12. Cells were lysed in Ral buffer, and HA-RalGTP levels were monitored after anti-HA (12CA5)
Western blotting of affinity-isolated RalGTP as described in Materials and Methods (top panel). The other panels show the expression of HA-Rlf-CAAX, Myc-Cdc42-
V12, and HA-Ral in total lysates.
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ylation. Interestingly, the Src-specific kinase inhibitor PP1 (17)
could significantly inhibit the insulin-induced increases in c-Jun
NH2-terminal phosphorylation. This inhibition could already
be seen at a very low concentration of PP1 and was even more
dramatic when cells were pretreated with the concentration
normally used for this inhibitor (Fig. 6A). This c-Src kinase
dependency of c-Jun phosphorylation was not restricted to
insulin stimulation since EGF-mediated phosphorylation of
c-Jun was also found to be sensitive to PP1 (Fig. 6B). Longer
exposure of Fig. 6B shows that the basal level of c-Jun phos-
phorylation was not affected by PP1 (data not shown). Fur-
thermore, PP1 did not influence insulin- or EGF-induced
phosphorylation of ERK1 and ERK2 (Fig. 6) or Ral activation
(Fig. 6A and data not shown). This suggest that the PP1 target,
presumably c-Src (15), functions downstream from Ras and
Ral but upstream from JNK.

DISCUSSION

The function of the ubiquitously expressed small GTPases
RalA and RalB, which are more than 90% identical, has just
recently begun to emerge. Activation of Ral can contribute to
the specific biological effects induced by active Ras, such as
proliferation and differentiation, depending on the cell type.
For example, we recently found that Ral signaling was essential
for differentiation of F9 embryonic carcinoma cells induced by
Ras but not for differentiation induced by c-Jun (39). This is
epistatic evidence that Ral may have a function in a pathway
that leads to c-Jun activation. Additionally, Ral and c-Jun are
both targets for oncogenic Ras in cellular transformation.
Therefore, we investigated whether Ras-induced c-Jun activa-
tion is mediated by Ral in A14 fibroblasts. In these cells, Ral
activation is completely dependent on the activation of Ras
(43). We observed that insulin-induced phosphorylation of
both serine 63 and serine 73 of c-Jun is also dependent on Ras
activation. We show that an active RalGEF, but not a catalyt-
ically inactive RalGEF, induced c-Jun NH2-terminal phos-
phorylation similarly to the induction by insulin treatment.
Importantly, c-Jun NH2-terminal phosphorylation in response
to insulin was completely dependent on Ral activation. This
pathway involves activation and phosphorylation of JNK-1 and
the activation of a JNKK.

The JNKK activated by RalGTP may be JNKK-1/SEK1/
MKK4, which can function as a target of activated Rac and
Cdc42 in various cell lines (8). However, in A14 cells we could
not detect a clear Ral-dependent effect on JNKK-1 threonine
223 phosphorylation that is typical for this pathway. Since we
did observe an increase in JNK phosphorylation in response
to insulin, this may suggest that a protein kinase other than
JNKK-1 functions as a target of Ral signaling. Alternatively,
Ral may regulate JNKK-1 activity independent of phosphory-
lation. The latter model would be consistent with the observa-
tion that nonmuscle filamin (also known as ABP-280) is both a
Ral GTP effector molecule and a JNKK-1 binding module (25,
29) and therefore may serve as a Ral-dependent scaffold pro-
tein for JNKK-1.

A number of proteins that can form a complex with Ral have
been described which could be involved in the effects described
in this paper. For instance, RalBP (also known as RIP or
RLIP) contains GTPase activity for Rac and Cdc42 in vitro
(12). As such, RalBP may be involved in inhibiting Cdc42
signaling in a Ral-dependent manner. Perhaps RalBP allows a
negative feedback between Ral and Cdc42-induced signaling
toward c-Jun phosphorylation and may be important for the
downregulation of JNK activity by Ral that is necessary for
proper differentiation in Drosophila (33). PLD1, another pro-
tein that forms a complex with Ral, plays an important role in
EGF-induced cellular transformation but does not regulate
JNK activity (24). Recently, it was shown that the tyrosine
kinase c-Src functions downstream from Ral (15). Indeed, we
observed that the Src tyrosine kinase inhibitor PP1 blocks
insulin-induced c-Jun phosphorylation, suggesting that Src (or
a Src family member) might be involved in the signaling from
Ral to c-Jun. Although we cannot exclude the possibility that
the PP1-sensitive Ral target is distinct from Src or related
tyrosine kinases, PP1 has been described as a highly specific
inhibitor of this family of kinases (17, 34). The way Ral acti-
vates Src and the way Src activates JNK are currently unclear.
Interestingly, a physiological link between Src and JNK also
exists in Drosophila; i.e., activation of the JNK homolog Basket
(Bsk) functions downstream of Src in epidermal closure (37).

JNK activation has also been implicated in signaling in re-
sponse to cellular stresses and the subsequent onset of apo-

FIG. 6. Insulin-induced c-Jun phosphorylation is sensitive to the Src kinase
inhibitor PP1. (A) Serum-starved A14 cells were treated with 5 or 50 mM PP1
before being stimulated with 1 mM insulin for 15 min, as indicated. The cells were
lysed in Ral buffer in the presence of PP1. Half of the sample was taken up in
sample buffer and analyzed for c-Jun phosphorylation (top panel) or ERK
phosphorylation (second panel). The second half of the lysate was used to isolate
RalGTP, as described in the legend to Fig. 2A, using monoclonal anti-RalA
(third panel). The bottom panel shows equal protein levels by detection of the
RalA protein in whole extracts. (B) Serum-starved A14 cells were treated with 50
mM PP1 before being stimulated with 1 mM insulin or 20 ng of EGF per ml for
15 min, as indicated. The cells were lysed in sample buffer and analyzed for c-Jun
phosphorylation (top panel), c-Jun protein levels (middle panel), or ERK phos-
phorylation (bottom panel).
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ptosis (1). However, Ral is not activated in response to cellular
stresses (data not shown). In addition, we did not find any
effect of dominant negative Cdc42-N17 on insulin-mediated
c-Jun phosphorylation, excluding a prominent role for Cdc42
in the insulin-Ral pathway leading to phosphorylation of c-Jun.
It is clear that the effects of c-Jun on cellular responses will
depend strongly on the cell type and cellular environment (23).
Importantly, c-Jun is required for Ras-induced transformation
and proliferation of rodent fibroblasts and plays a determinant
role in the regulation of normal mammalian development (23).
Our results can provide an explanation for the overlapping
effects of Ral signaling and activation of c-Jun, indicating that
regulation of c-Jun can at least in part explain the biological
effects of Ral signaling. c-Jun is not the only transcription
factor that is under control of the Ras-Ral pathway. For ex-
ample, the fork head transcription factor AFX is regulated by
phosphorylation in response to Ral signaling and insulin treat-
ment (22). Phosphorylation of AFX plays an important role in
Ras-dependent cell cycle control and transformation (26).

In conclusion, in this paper we describe a signal transduction
pathway that couples growth factor signaling to the phosphor-
ylation of c-Jun. This pathway involves Ral, presumably Src,
and a still elusive JNKK. Ral-mediated phosphorylation of
c-Jun and AFX, transcription factors that critically determine
cellular growth responses, firmly establishes that the Ral path-
way plays an important role in transcriptional regulation down-
stream of Ras.
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