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Ral GTPases have been implicated as mediators of Ras-induced signal transduction from observations that
Ral-specific guanine nucleotide exchange factors associate with Ras and are activated by Ras. The cellular role
of Ral family proteins is unclear, as is the contribution that Ral may make to Ras-dependent signaling. Here
we show that expression of activated Ral in quiescent rodent fibroblasts is sufficient to induce activation of
NF-kB-dependent gene expression and cyclin D1 transcription, two key convergence points for mitogenic and
survival signaling. The regulation of cyclin D1 transcription by Ral is dependent on NF-kB activation and is
mediated through an NF-kB binding site in the cyclin D1 promoter. Ral activation of these responses is likely
through an as yet uncharacterized effector pathway, as we find activation of NF-kB and the cyclin D1 promoter
by Ral is independent of association of Ral with active phospholipase D1 or Ral-binding protein 1, two proteins
proposed to mediate Ral function in cells.

Ral proteins are small GTPases that have been implicated in
the control of cell proliferation and Ras-mediated oncogenic
transformation (14, 48). The two known Ral isoforms, RalA
and RalB, are 85% identical and comprise a distinct family
within the Ras superfamily of GTPases (10). Ral proteins are
more than 50% identical to Ras, have overall structural fea-
tures similar to those of Ras, but do not share any known
effector or regulatory proteins with Ras (6, 14).

Like Ras GTPases, Ral proteins become biologically active
upon exchange of bound GDP for GTP. This exchange is
catalyzed in vivo by Ral-specific guanine nucleotide exchange
factors (RalGEFs) (14). Several RalGEFs which contain car-
boxy-terminal Ras binding domains have been identified (14,
42). The observations that activated Ras can associate directly
with RalGEFs (14) and activate the enzymatic activity of Ral-
GEFs in vitro and in transfected cells (14, 55, 62) and that
mitogen-dependent activation of Ral proteins requires Ras
activation (63) have lead to the hypothesis that RalGEFs are
Ras effector proteins. Consistent with this hypothesis is the
observation that activation of Ral proteins appears to be re-
quired for Ras-induced oncogenic growth and morphological
transformation (50, 55, 60) and induction of DNA synthesis
(38). In addition, expression of RalGEFs or activated Ral
proteins can cooperate with activation of other Ras effector
cascades to transform cells (50, 55, 60). These observations
suggest that Ral proteins may be important mediators of Ras-
induced proliferative signals. However, the mechanism by
which Ral may contribute to Ras signaling is unknown.

In addition to effects on proliferation, Ral has been directly
implicated in receptor-mediated endocytosis (40), Src kinase
activation (20), phospholipase D1 (PLD1) activation (16, 23),
and regulation of the actin cytoskeleton (42). Active PLD1 (23,
36), Ral-binding protein 1 (RalBP1) (9, 25, 44), and filamin
(42) have been identified as Ral-interacting proteins and may

function as Ral effectors. PLD1 is constitutively associated with
Ral protein in cells (23). However, activation of Ral cooperates
with ADP ribosylation factor GTPases to activate PLD1, per-
haps by contributing to the formation of a PLD1 activation
complex (28, 35). There is some evidence that active PLD1 can
contribute to proliferation (13). For example, transfected PLD1
can contribute to oncogenic transformation of fibroblasts over-
expressing epidermal growth factor (EGF) receptors (34). Un-
like PLD1, RalBP1 associates with Ral in a GTP-dependent
manner (9, 25, 44). The functional significance of a Ral-
RalBP1 interaction is unknown; however, RalBP1 contains a
GTPase-activating protein (GAP) domain that has activity to-
ward Cdc42 and Rac GTPases (9, 25, 44). This observation has
led to the hypothesis that Ral may negatively regulate the
activity of these GTPases. In support of this, studies using
PC12 cells suggest that RalGEFs can interfere with neurite
differentiation in a Rac-dependent fashion (19). However, a
direct effect of Ral on Rac or Cdc42 regulation has not yet
been demonstrated. Finally, the Ral-filamin interaction may
influence regulation of the actin cytoskeleton. Filamin binds
Ral-GTP, and Ral-GTP will induce filopodia in human mela-
noma cells in a filamin-dependent fashion. In contrast to a
potential role of Ral upstream of Rac/Cdc42 via RalBP1, Ral-
mediated generation of filopodia is likely downstream of
Cdc42 activation (42).

To further elaborate the mechanism by which Ral GTPases
may contribute to proliferation and transformation, we have
examined the consequences of Ral activation on gene induc-
tion events that have been defined as critical convergence
points for multiple mitogenic signaling cascades. We show here
that activated Ral is sufficient to induce NF-kB transcription
factor activity and accumulation of cyclin D1 protein. Ral ac-
tivation of cyclin D1 expression is NF-kB dependent and is
mediated by NF-kB binding sites in the cyclin D1 promoter.
Activation of NF-kB and cyclin D1 expression by Ral is inde-
pendent of Ral association with either PLD1 or RalBP1 and
likely proceeds through a novel effector pathway. Ral-depen-
dent regulation of NF-kB and cyclin D1 provides a mechanistic

* Corresponding author. Mailing address: Department of Cell Biol-
ogy, UT Southwestern Medical Center, Dallas, TX 75235. Phone:
(214) 648-2861. Fax: (214) 648-8694. E-mail: white08@utsw.swmed
.edu.

8084



explanation for the positive role of Ral proteins in the regula-
tion of proliferation and oncogenic transformation.

MATERIALS AND METHODS

Plasmids. All Ral expression constructs encode variants of the simian RalB
protein. pRK5-ralB23V, pRK5-ralB28N, pRK5-ralB23V,49N, pRK5-ralB23V

(DCAAX), and DN11ralB23V were derived by site-directed mutagenesis as de-
scribed elsewhere (6). All alleles were entirely sequenced after transfer to pRK5.
The coding sequence for ralB23V was inserted as a BamHI fragment into
pBabePuro to create pBabePuro-ralB23V. Luciferase reporter plasmids 2X NF-
kB-Luc, -1745 CD1-Luc, -66 CD1-Luc, -66 CD1-kBmut-Luc, and -66 ATFmut1-
Luc are described elsewhere (17, 21). To create -66 ATFmut2-Luc, the region of
-66 CD1-Luc containing the activating transcription factor (ATF) binding site
consensus sequence was mutated from 59-TAACGTCACACGGACT-39 to 59-T
cgCGTCAccCGGACT-39 (mutated bases are in lowercase) by PCR using human
cyclin D1-specific primers. To create 3X SRE-Luc, three tandem repeats of the
murine c-Fos serum response element (SRE) were removed from 5X SRE-CAT
(30) and inserted upstream of the firefly luciferase gene in pGL2-basic (Pro-
mega). pCMV-GFP expresses enhanced green fluorescent protein (GFP) under
control of the constitutive cytomegalovirus (CMV) promoter in pCMV5 (gift
from S. W. Lacey, UT Southwestern Medical Center). pCH110 constitutively
expresses the lacZ gene from a simian virus 40 promoter (Pharmacia Biotech,
Inc.). pDCR-ras12V, pDCR-ras12V,37G, pRSV-p65, pCMV-IKKbKM, pCEP4-
IkBa SS/AA, pcDNA3-HA-NIK, pcDNA3myc-NIK (EE429/430AA), and
pEGFP-p65 are described elsewhere (2, 17, 52, 54, 59).

Luciferase reporter assays. NIH 3T3 cells were maintained in Dulbecco mod-
ified Eagle medium (DMEM) supplemented with 10% calf serum. The day prior
to transfection, cells were seeded at a density of 200,000 cells per 35-mm-
diameter dish. Calcium phosphate precipitates were prepared by standard meth-
ods with 0.75 mg of luciferase reporter construct, 1.0 mg of pCH110, 0.2 mg of
pCMV-GFP, and 6 mg of Ral expression constructs as indicated in the figures;
18 h following transfection, precipitates were replaced with DMEM–0.5% calf
serum. After 24 h of incubation in low serum, lysates were prepared in luciferase
lysis buffer (200 ml/plate; Promega). Firefly luciferase assays were performed as
instructed by the manufacturer (Promega). b-Galactosidase activity from ali-
quots of the same lysates was assayed as described previously (51). Levels of
reporter gene induction in transiently transfected cells were calculated by nor-
malizing luciferase activity to b-galactosidase activity. RalB variant expression
was monitored by Western analysis with ant-RalB polyclonal antibodies (Trans-
duction Laboratories).

Immunofluorescence. To detect effects of RalB expression on localization of
p65/RelA, NIH 3T3 cells were transfected with 3 mg of pRSV-p65 together with
0.2 mg of pCMV-GFP and 3 mg of pRK5 or pRK5-ralB23V. At 24 h posttrans-
fection, cells were fixed in 3.7% formaldehyde and then permeabilized in 0.25%
Triton X-100 and 1% calf serum in phosphate-buffered saline for 1 h at room
temperature. Expressed p65 was detected by incubation with anti-p65 rabbit
polyclonal antibodies (Santa Cruz Biotechnology) followed by rhodamine-con-
jugated goat anti-rabbit immunoglobulin G (IgG). Transfected cells were de-
tected by GFP fluorescence. Alternatively, cells were transfected with 3 mg
pEGFP-p65, which can be visualized by direct fluorescence. To detect effects of
RalB expression on cyclin D1 accumulation, NIH 3T3 cells were transfected with
0.2 mg of pCMV-GFP together with 6 mg of pRK5 or pRK5-ral23V; 18 h

FIG. 1. Activated Ral induces expression from NF-kB and cyclin D1 promoter elements. NIH 3T3 cells were transfected with the indicated expression vectors
together with luciferase reporter constructs driven by three tandem copies of the c-Fos SRE (A), two tandem copies of the NF-kB binding site from the kB promoter
(B), or the 1745 59 flanking residues of the human cyclin D1 gene (C). Relative luciferase activity is shown normalized to activities obtained with empty vector. Bars
represent the standard error from the mean of average values from three independent experiments performed in duplicate.

FIG. 2. ralB28N inhibits ras12V,37G activation of 2X NFkB-Luc. Luciferase
activity derived from the indicated reporter constructs was monitored upon
expression of ras12V,37G alone or together with ralB28N. Experiments were
performed as described for Fig. 1 except that relative luciferase activities were
normalized to the values obtained upon expression of ras12V,37G alone.
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posttransfection, growth medium was replaced with serum-free DMEM, and the
cells were incubated for an additional 24 h. The serum-starved cells were then
fixed and permeabilized as described above. Expression of endogenous cyclin D1
was detected by incubation with anti-cyclin D1 monoclonal antibody (Upstate
Biotechnology, Inc.) followed by rhodamine-conjugated goat anti-mouse IgG. To
detect effects of dominant inhibitory RalB on oncogenic ras-induced cyclin D1
accumulation, NIH 3T3 cells stably expressing ras12V were transfected with 7 mg
of pRK5-ralB28N. Following serum starvation as described above, cells were
fixed in 3.7% formaldehyde and permeabilized in chilled acetone for 5 min at
220°C. Cyclin D1 expression was detected as described above. ralBN28 expres-
sion was detected using rabbit anti-RalB polyclonal antibodies (Transduction
Laboratories) followed by fluorescein-conjugated goat anti-rabbit IgG. All im-
ages were acquired with a Zeiss fluorescence microscope at a magnification of
340 using a chilled Argus charge-coupled device camera (Hamamatsu).

Reverse transcription (RT)-PCR analysis. NIH 3T3 cells were transfected
with 6 mg of pRK5, pRK5-ralB23V, or pDCR-ras12V; 16 h posttransfection, cells
were incubated for an additional 24 h in DMEM–0.5% calf serum. Cells were
then lysed, and total RNA was prepared using TRIZOL reagent (Life Technol-
ogies). Following DNase treatment, oligo(dT)-primed cDNA was prepared using
a RAP-PCR kit (Stratagene). PCR amplification was carried out using primer
pairs specific to mouse cyclin D1 (59-CCATTCCCTTGACTGCCCGAG-39 and
59-GACCAGCCTCTTCCTCCAC-39) and mouse b-actin (Stratagene).

EMSA. NIH 3T3 cells were infected with replication-defective retrovirus de-
rived from pBabePuro and pBabePuro-ralB23V packaged in Phoenix-ECO (45).
Stable populations of infected cells were obtained by selection in medium-
containing puromycin. Nuclear extracts for electrophoretic mobility gel shift
assays (EMSA) were prepared by the method of Li et al. (32). The NF-kB site at
bp 239 to 230 in the cyclin D1 promoter (CD1 NF-kB wt, 59-TAC AGG GGA

FIG. 3. Activated Ral induces nuclear accumulation of p65 RelA. (A) NIH 3T3 cells were transiently transfected with pCMV-GFP and pRSV-p65 together with
pRK5 (vector) or pRK5-ralB23V (ralB23V); 24 h posttransfection, the cells were fixed and stained with anti-p65 polyclonal antibodies and rhodamine-conjugated
anti-rabbit IgG. GFP fluorescence (left) is shown to indicate transfected cells; corresponding signal from ectopically expressed p65 is shown on the right. (B) NIH 3T3
cells were transiently transfected with pEGFP-p65 together with pRK5 (vector) or pRK5-ralB28N (ralB28N). Following overnight incubation in serum-free medium,
the indicated cells were stimulated for 50 min with EGF (50 ng/ml). p65 was visualized by autofluorescence of fused GFP, and ralB28N was visualized with anti-RalB
polyclonal antibodies and rhodamine-conjugated anti-rabbit IgG.
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GTT TTG TTG AAG-39) was synthesized as complementary oligodeoxyribo-
nucleotide strands for EMSA (21, 58).

RESULTS

Ral regulation of Ras-responsive promoter elements. Acti-
vation of Ral family GTPases has been implicated as an im-
portant step mediating oncogenic Ras-induced cellular trans-
formation (7, 14). The mechanism by which Ral proteins may
contribute to a growth-transformed phenotype has not been
determined. To begin to define the role of Ral activation in
growth control, we examined the consequences of Ral expres-
sion on gene regulatory responses that are downstream of Ras
activation and required for oncogenic Ras-induced transfor-
mation. The activation of SRE-dependent gene expression,
induction of cyclin D1 protein expression, and activation of
NF-kB transcription factors have all been defined as critical
events mediating Ras transformation (15, 29, 49) and are con-
vergence points for multiple Ras-dependent signals (18, 41, 43,
64).

We first tested the effects of activated Ral on the regulation
of luciferase reporter genes with promoter elements consisting
of ternary complex factor-serum response factor binding sites,
NF-kB binding sites, or the 59 flanking sequences of the cyclin
D1 gene. Consistent with previous reports (62), we found that
transient expression of a GTPase-defective RalB variant
(ralB23V) was not sufficient to induce expression of a lucif-
erase gene with an upstream fusion to three tandem repeats of

the c-Fos SRE (3X SRE-Luc) (Fig. 1A). In contrast, expres-
sion of ralB23V was sufficient to induce expression of lucif-
erase reporters driven by two tandem repeats of an NF-kB
binding site (2X NFkB-Luc) or the human cyclin D1 promoter
(-1745 CD1-Luc). The levels of activation of these reporters by
ralB23V were comparable to those observed upon expression
of oncogenic Ras (ras12V) and a Ras variant (ras12V,37G)
that can activate RalGEFs but not Raf1 (Fig. 1B and C).
Expression of a GTPase-defective RalA variant (ralA23V)
yielded results similar to those observed with ralB23V (data
not shown).

As oncogenic Ras can lead to activation of Ral proteins
through regulation of RalGEFs, it is possible that Ral contrib-
utes to oncogenic Ras regulation of 2X NFkB-Luc and -1745
CD1-Luc. To test this, we expressed ras12V,37G together with
a dominant interfering variant of RalB (ralBN28). This variant
inhibits activation of endogenous Ral proteins by forming un-
productive complexes with RalGEFs. Inhibition of Ral activa-
tion resulted in a significant inhibition in the activation of both
2X NFkB-Luc and -1745 CD1-Luc by ras12V,37G (Fig. 2).

The activation of 2X NFkB-Luc by ralB23V was completely
blocked upon coexpression of a dominant inhibitory IkB
(IkBaSS/AA) (data not shown), suggesting that ral23V can
induce nuclear accumulation of active NF-kB complexes. To
test this directly, the kB transcription factor p65/RelA was
expressed together with empty vector or ral23V and visualized
by immunostaining with anti-p65 antibodies following serum

FIG. 4. Activated Ral induces accumulation of endogenous cyclin D1. (A) NIH 3T3 cells were transiently transfected with the indicated expression vectors. After
24 h of incubation in low serum, cells were lysed and total RNA was isolated. RT-PCR was performed with primers specific to the mouse cyclin D1 and b-actin genes.
Following PCR amplification, the products were separated by gel electrophoresis and visualized by ethidium bromide staining. No signal was observed in the absence
of reverse transcriptase (not shown). (B) NIH 3T3 cells were transiently transfected with pCMV-GFP together with pRK5 (vector) or pRK5-ralB23V (ralB23V).
Confluent, serum-starved cells were fixed and stained with anti-cyclin D1 monoclonal antibody. More than 80% of the GFP-expressing cells cotransfected with ralB23V
also expressed detectable levels of cyclin D1. Less than 10% of the GFP-expressing cells cotransfected with empty vector expressed detectable levels of cyclin D1.
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starvation of the transfected cells. As shown in Fig. 3A, ectopi-
cally expressed p65 is predominantly cytoplasmic in serum-
starved NIH 3T3 cells 24 h posttransfection, presumably due to
association with endogenous IkB. In contrast, ralB23V expres-
sion is sufficient to drive accumulation of p65 in the nucleus.

Cellular Ral proteins are activated by EGF in a Ras-depen-
dent manner (63). EGF stimulation of quiescent cells can in-
duce detectable nuclear accumulation of GFP-p65 fusion pro-
teins (Fig. 3B). These fusion proteins have been previously
documented as being responsive to signals that activate NF-kB
(52). To determine if Ral activation may contribute to EGF-
stimulated nuclear accumulation of p65, we transiently ex-
pressed GFP-p65 together with ralB28N. The majority of cells
expressing ralB28N failed to accumulate GFP-p65 in the nu-
cleus in response to EGF stimulation, suggesting that Ral
activation is required for this response (Fig. 3B).

Elevation of native cyclin D1 mRNA levels and cyclin D1
protein can be detected in oncogenic ras-expressing NIH 3T3
cells (33). As ralB23V, like ras12V, was sufficient to induce
-1745 CD1-Luc, we examined the consequences of ralB23V
expression on induction of cellular cyclin D1. Total RNA pre-
pared from NIH 3T3 cells transiently transfected with vector,
ras12V, or ral23V was subjected to RT-PCR using primers for
mouse cyclin D1 and b-actin. The levels of cyclin D1 product
were significantly higher in ras12V- and ral23V-expressing cells
than in the vector control in repeated experiments (Fig. 4A). In
addition, expression of ral23V was sufficient to induce accu-
mulation of native cyclin D1 protein as detected by immuno-
fluorescence (Fig. 4B). NIH 3T3 cells stably expressing ras12V
(NIH 3T3:ras12V cells) are growth transformed and exhibit
constitutive serum-independent accumulation of cyclin D1

protein (33). To determine if Ral activation may contribute to
this phenotype, we transiently expressed ralB28N in NIH 3T3:
ras12V cells. The majority of cells expressing detectable levels
of ralB28N (Fig. 5A) had reduced levels of cyclin D1 protein
(Fig. 5B) compared to neighboring untransfected cells. These
results suggest that Ral activation results in elevated cyclin D1
production in cells and that active Ral or RalGEF is required
for chronic ras12V activation of cyclin D1 expression.

Ral activation of NF-kB and cyclin D1 through a PLD1- and
RLIP/RalBP1-independent effector pathway. Ral potentially
regulates Rac/Cdc42 family GTPases through a GTP-depen-
dent association with RalBP1, a Cdc42/Rac GAP (9, 25, 44). In
addition, Ral may contribute to regulation of PLD1 through
direct association (23). Either of these activities conceivably
couples to regulation of NF-kB and cyclin D1. For example,
Rac can regulate NF-kB and cyclin D1 induction through ac-
tivation of p21-activated protein kinase and other downstream
effectors (17, 24, 46). In contrast to negative regulation of Rac,
sequestration of RalBP1 by Ral-GTP possibly elevates basal
levels of active Rac. PLD1 may couple to NF-kB and cyclin D1
through production of second messenger phosphatidic acid,
lysophosphatidic acid, or diacylglycerol (13). To examine the
effector dependency of Ral activation of NF-kB and cyclin D1,
we tested the activity of Ral variants that uncouple association
of Ral with RalBP1 versus PLD1. The Ral effector mutant
ralB23V,49N has severely impaired RalBP1 binding activity
but can still associate with active PLD1 (6, 23, 25, 35). Trun-
cation of 11 amino acids from the amino terminus of Ral, a
region unique to this GTPase (DN11ralB23V), eliminates as-
sociation of Ral with PLD activity but not with RalBP1 (36).
As shown in Fig. 6, neither of these mutations affects Ral-

FIG. 5. ralBN28 inhibits oncogenic ras-dependent cyclin D1 expression. Growth and morphologically transformed NIH 3T3 cells stably expressing H-ras12V were
transiently transfected with pRK5-ralB28N. Following a 24-h incubation in the absence of serum, cells were fixed and stained with monoclonal anti-cyclin D1 and
polyclonal anti-RalB antibodies. Arrowheads indicate the nuclei of ralB28N-expressing cells with reduced levels of cyclin D1 expression. Two fields of view are shown
to display multiple representative cells. RalB staining is predominantly in the plasma membrane; however, the anti-RalB antibody cross-reacts with the nucleoli of
untransfected cells.
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dependent induction of NF-kB-dependent gene expression. In
contrast, impairing guanyl nucleotide association (ralB28N) or
blocking lipid modification by a truncation of the four carboxy-
terminal amino acids (ralB23VDCAAX) blocks Ral activation
of NF-kB. Similar results were observed in experiments with
-1745 CD1-Luc (data not shown). Taken together, these ob-
servations suggest that Ral activation of NF-kB and cyclin D1
is independent of association with either RalBP1 or PLD1.

Ral activation of cyclin D1 expression is NF-kB dependent.
It has recently been reported that NF-kB can directly activate
the cyclin D1 promoter through NF-kB binding sites (21, 22).
This introduces the possibility that Ral activation of cyclin D1
is mediated by Ral activation of NF-kB transcription factors.
To test this, we examined the consequences of inhibition of
NF-kB on Ral induction of cyclin D1. Expression of either a
kinase-dead dominant inhibitory IkB kinase b (IKKbKM) or
the NF-kB superepressor (IkBa SS/AA) (8) blocked ralB23V
activation of -1745 CD1-Luc (Fig. 7A). Therefore, nuclear
accumulation of NF-kB is required for activation of cyclin D1
promoter activity either downstream or in parallel to Ral ac-
tivation.

A minimal domain of the cyclin D1 promoter that is respon-
sive to NF-kB is contained within 66 bp of the 59 flanking
sequence of the human cyclin D1 gene. This region contains an
NF-kB consensus binding site at -36 (21). As shown in Fig. 7B,
ralB23V induced expression of a luciferase reporter gene cou-
pled to this region of the cyclin D1 promoter (-66 CD1-Luc).
Mutation of the NF-kB binding site, but not of an adjacent
putative ATF binding site, blocked the responsiveness of this
region to ral23V (Fig. 7B). In addition, nuclear extracts pre-

pared from ral23V-expressing cells induced an electrophoretic
mobility shift of the cyclin D1 promoter NF-kB binding site
(Fig. 7C). Coexpression of a dominant inhibitory variant of the
IKK kinase NIK (NIKDN) inhibited the mobility shift, sug-
gesting that the observed activity is dependent on IKK activa-
tion. These observations suggest that Ral-dependent activation
of cyclin D1 expression is mediated by activation of NF-kB.

Ral activation of NF-kB does not require c-Src. Recently, it
has been reported that Ral can induce the tyrosine kinase
activity of c-Src through an unknown mechanism (20). Src can
mediate activation of NF-kB by tumor necrosis factor in some
cell types, possibly through direct phosphorylation of IkB (1).
In addition, oncogenic Src leads to activation of cyclin D1
expression (31). We therefore tested the role of Src in Ral
activation of NF-kB. Although weaker than activity observed
in wild-type NIH 3T3 cells, expression of ralB23V in NIH 3T3
Src2/2 Yes2/2 cells resulted in activation of 2X NFkB-Luc to
a similar extent as was observed upon expression of NIK (Fig.
8A). In addition, ral23V expression was sufficient to drive
nuclear accumulation of GFP-p65 in Src2/2 Yes2/2 cells (Fig.
8B). Although we have not ruled out a role for Src in Ral-
induced activation of NF-kB, these results suggest that Src-
independent pathways are involved. In support of this, it has
recently been demonstrated that Src regulates cyclin D1 ex-
pression through a cyclic AMP response element (CRE)/ATF
site in the cyclin D1 promoter that is not required for Ral to
regulate this promoter (reference 31 and Fig. 7B).

DISCUSSION

Ral GTPases were originally identified on the basis of se-
quence similarity to Ras proteins (11). The discovery that Ral-
GEF activity can be activated by oncogenic ras and that Ral
activation may mediate some cellular responses to activated
Ras (14, 61), has sparked considerable interest in understand-
ing the biological role of Ral proteins. Inhibition of Ral acti-
vation, through the use of dominant inhibitory Ral variants,
inhibits oncogenic ras-mediated growth transformation (38, 55,
60). Expression of active Ral and RalGEFs can contribute to
the generation of a growth-transformed phenotype (55, 60).
These observations suggest that at least one function of Ral is
to contribute to the regulation of proliferation. Here, we have
shown that expression of activated Ral (ral23V) in quiescent
cells is sufficient to activate NF-kB and induce accumulation of
cyclin D1 protein, two critical responses to mitogenic signals.

NF-kB and Rel family transcription factors were originally
characterized as regulators of inflammatory and immune re-
sponses (3). However, it has recently become clear that NF-kB
can also function to promote cell proliferation, both indirectly
through induction of survival factors (4) and directly by pro-
moting cell cycle progression through activation of cyclin D1
transcription (21, 22). NF-kB is positively regulated by a vari-
ety of mitogens in addition to stress-inducing agents and in-
flammatory cytokines (5). We find that expression of ral23V is
sufficient to induce nuclear translocation of p65/RelA and NF-
kB-dependent transcription in NIH 3T3 cells. The dominant
mechanism regulating NF-kB transcriptional activity is subcel-
lular localization. IkB association with NF-kB family members
prevents nuclear accumulation of the transcription factors
(56). As phosphorylation of IkB by IkB kinases causes the
ubiquitination and degradation of IkB (56), the observation
that Ral can induce nuclear translocation of p65/RelA suggests
that an IkB kinase is activated downstream of Ral.

The mechanism by which Ral can regulate NF-kB has not
been identified. However, the observation that Ral variants
that uncouple association of Ral with PLD1 or RalBP1 retain

FIG. 6. RalB variants uncouple Ral activation of NF-kB from association
with RalBP1 or active PLD1. NIH 3T3 cells were transiently transfected with the
indicated expression vectors together with 2X NF-kB-Luc. Luciferase assays
were performed as described for Fig. 1. Error bars are as described for Fig. 1. A
sample of each lysate was used to monitor expression of the RalB variants by
Western analysis. Expression of the RalB variants from a representative exper-
iment is shown below the graph.
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full NF-kB activation activity suggests that neither PLD1 nor
RalBP1 mediates this response. The cytoskeletal protein fil-
amin has been identified as a potential Ral effector molecule
that can mediate Ral-dependent reorganization of the actin
cytoskeleton in human melanoma cell lines (42). We were
unable to assess the role of filamin in Ral-dependent activation
of NF-kB, as human melanoma cells do not respond to ras12V

or ralB23V by further detectable activation of NF-kB, regard-
less of the presence of filamin 1 (data not shown). Ral proteins
have been implicated in the regulation of clathrin-dependent
endocytosis through observations that expression of either
ralV23 or ralN28 inhibits endocytosis in A431 cells (40). This
raises the possibility that cellular responses to Ral expression
may be an indirect response to inhibition of receptor down-

FIG. 7. NF-kB mediates a ralB23V activation of the cyclin D1 promoter. (A) NIH 3T3 cells were transfected with the -1745 CD1-Luc reporter and ralB23V alone
or together with IkBa SS/AA or IKKbKM as indicated. Luciferase assays were performed as described for previous figures. (B) Cells were transfected with ralB23V
together with luciferase reporter genes driven by the first 66 bp of 59 flanking residues from the human cyclin D1 gene (-66 CD1-Luc), the same region with point
mutations that disrupt the NF-kB binding site (-66 CD1-kBmut-Luc), or with point mutations that disrupt a neighboring CRE/ATF consensus binding site (-66
CD1-ATFmut1-Luc and -66 CD1-ATFmut2-Luc). (C) EMSAs using the NF-kB binding site at bp 239 to 230 of the human cyclin D1 promoter. The arrow indicates
shifted complexes. Nuclear extracts were prepared from stable populations of cells expressing ralB23V or from vector control cells. NIK and NIKDN were introduced
by high-efficiency transient transfection with Superfect transfection reagent (Qiagen, Valencia, Calif.) using pcDNA3-HA-NIK and pcDNA3myc-NIK (EE429/430AA).

FIG. 8. Ral23V can activate NF-kB in the absence of c-Src expression. (A) NIH 3T3 Src2/2 Yes2/2 cells were transfected with the indicated expression vectors
together with 2X NFkB-Luc. Relative luciferase activity is shown normalized to activities obtained with empty vector. Error bars represent the standard error of the
mean. (B) Src2/2 Yes2/2 cells were transfected with pEGFP-p65 together with pRK5 or pRK5-ralB23V as indicated. Ral expression and GFP-p65 were detected as
described for Fig. 3.
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regulation. This is particularly important to consider when
examining mitogenic signal transduction cascades. Inhibition
of clathrin-mediated receptor downregulation results in pro-
longed signaling from EGF receptors (39). In fact, EGF re-
ceptor mutants that can not be endocytosed are oncogenic
(39). Although inhibition of receptor downregulation may con-
tribute to Ral effects on transformation in some contexts, the
impact of Ral on NF-kB regulation is likely to be independent
of this phenomenon. First, both ral28N and ral23V inhibit
endocytosis (40), while only ral23V activates NF-kB. Second,
Ral regulation of endocytosis appears to occur through regu-
lation of RalBP1 and RalBP1-associated proteins (40). Ral
variants defective for RalBP1 interaction are still fully active
on the NF-kB pathway.

Cyclin D1 in complex with cyclin-dependent kinases 4 and 6
(CDK4 and -6) affects cell cycle progression directly at the
level of RB phosphorylation, as well as through the titration of
CDK inhibitors away from cyclin E-CDK2 complexes (53).
Multiple mitogenic and oncogenic signaling cascades converge
to elevate cyclin D1 protein at the level of transcription and
protein stabilization (12, 47). We observe that expression of
activated Ral can induce transcription of the cyclin D1 pro-
moter and accumulation of cyclin D1 protein, suggesting a
mechanism by which Ral can contribute to proliferative sig-
nals. Ral activation of the cyclin D1 promoter is blocked by
inhibition of NF-kB activation. In addition, the minimal NF-
kB-responsive cyclin D1 promoter element is activated by Ral.
Mutation of the NF-kB binding site in this element eliminates
Ral responsiveness. These observations suggest that Ral regu-
lation of cyclin D1 is at least in part a downstream consequence
of Ral activation of NF-kB.

Ras regulation of both NF-kB and cyclin D1 is complex and
likely occurs through multiple effector interactions. For exam-
ple, expression of activated Raf kinase is sufficient to upregu-
late both NF-kB activity and cyclin D1 expression (27). How-
ever, Ras variants uncoupled from Raf interaction can induce
both responses through Raf-independent pathways (18, 41,
64). These results are consistent with our observation that
activation of Ral appears to be required for oncogenic ras-
induced cyclin D1 expression. It is well established that multi-
ple Ras effector pathways relay signals from oncogenic ras that
induce growth and morphological transformation of cells (26,
37, 57). Cellular responses such as NF-kB activation and in-
duction of cyclin D1 expression likely represent critical con-
vergence points for growth-stimulatory signals regulated by
Ras.
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