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(Background: The mechanism by which Ral GTPases mediate malignant transformation is not well understood.
Results: Depletion of Ral leads to increases in ATM kinase p53, Ser-15 phosphorylation, p53 half-life, and p53-dependent

Conclusion: Ral expression is required for maintaining low levels of p53.
Significance: Down-regulation of Ral reactivates p53 by enhancing its stability, and this contributes to suppression of malignant
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Ral GTPases are critical effectors of Ras, yet the molecular
mechanism by which they induce malignant transformation is
not well understood. In this study, we found the expression of
K-Ras, RalB, and sometimes RalA, but not AKT1/2 and c-Raf;, to
be required for maintaining low levels of p53 in human cancer
cells that harbor mutant K-Ras and wild-type p53. Down-regu-
lation of K-Ras, RalB, and sometimes RalA increases p53 protein
levels and results in a p53-dependent up-regulation of the
expression of p21%4F, K-Ras, RalA, and RalB depletion
increases p53 stability as demonstrated by ataxia telangiectasia-
mutated kinase activation, increased Ser-15 phosphorylation,
and a significant (up to 6-fold) increase in p53 half-life. Further-
more, depletion of K-Ras and RalB inhibits anchorage-inde-
pendent growth and invasion and interferes with cell cycle pro-
gression in a p53-dependent manner. Depletion of RalA inhibits
invasion in a p53-dependent manner. Thus, expression of K-Ras
and RalB and possibly RalA proteins is critical for maintaining
low levels of p53, and down-regulation of these GTPases reacti-
vates p53 by significantly enhancing its stability, and this con-
tributes to suppression of malignant transformation.

Malignant transformation is a complex process that involves
constitutive activation of proto-oncogenes and inactivation of
tumor suppressor genes (1). The Ras family members K-, N-,
and H-Ras are proto-oncogenes that are mutated and constitu-
tively activated in one-third of all human cancers, with K-Ras
mutations being the most prevalent (2). Mutant Ras proteins
induce malignant transformation by persistently activating sev-
eral downstream pathways (3). Among the most thoroughly
studied downstream effectors of Ras proteins are those medi-
ated by the Raf/MEK/ERK, the PI3K/Akt, and the RalGDS/Ral
pathways. These three pathways have been shown to be
required for Ras proteins to induce certain hallmarks of cancer
such as uncontrolled proliferation, apoptosis evasion, angio-
genesis, migration, and invasion (3). In addition to activating
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pathways that promote oncogenesis, mutant Ras proteins also
antagonize tumor-suppressive pathways to transform cells.

The tumor suppressor p53 is the genome guardian that pre-
vents malignant transformation by inducing cell cycle arrest,
senescence, and apoptosis in response to stress signals such as
oncogene activation (4, 5) and DNA damage (6, 7). p53 is a
transcription factor that induces or represses the expression of
many genes, including those involved in cell cycle progression
and cell survival (8). Most human tumors contain nonfunc-
tional p53, either because of p53 mutations or inactivation of
p53-dependent pathways (4, 9). One mechanism by which
tumors with wild-type p53 inactivate it is by overexpressing its
negative regulator MDM2, an E3 ligase that induces p53 degra-
dation (10). Another mechanism by which wild-type p53 is
inactivated is by loss of the MDM2 antagonist ARF (11-13).
Therefore, for oncogenes to transform cells with wild-type p53,
they must trigger pathways that lead to the inactivation of p53.
In the case of the Ras proteins, this is isoform-dependent (14—
17). For example, expressing oncogenic H-Ras in primary
human and rodent cells induces senescence and apoptosis
through activation of p53 (17). Similarly, expressing mutant
N-RasG12D in lymphoid tissue of transgenic mice leads to lym-
phocytes that are highly susceptible to senescence (14). Con-
sistent with this, cells challenged with mutant H-Ras or mutant
N-Ras protect themselves by inducing the expression of ARF
(18-20), which antagonizes MDM2 function either by seques-
tering MDM?2 in the nucleoli (13) or by directly inhibiting its
ubiquitin ligase activity (11). This leads to increased p53 levels,
which in turn leads to senescence and apoptosis (5). In contrast,
primary mouse embryo fibroblasts that express oncogenic
K-Ras fail to undergo senescence; instead, they proliferate as
immortal cells (21). Consistent with these findings, recent stud-
ies have shown that overexpressing mutant K-Ras but not H- or
N-Ras reduces p53 levels (16). One proposed mechanism by
which mutant K-Ras reduces p53 levels may involve the activa-
tion of the E3 ligase SNAIL, which leads to ubiquitination of
p53 and its proteasomal degradation (16).

Although not thoroughly investigated, some studies reported
on the regulation of p53 by Raf and Akt, kinases known to medi-
ate Ras malignant transformation in some cells. For example, in
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Ras-transformed cells, Raf promotes the degradation of p53 by
inducing MDM2, and this leads to resistance to p53-dependent
apoptosis following DNA damage (22). Furthermore, AKT
phosphorylates MDM2 on Ser-186, which leads to ubiquitina-
tion and degradation of p53 (23). Whether Ral proteins, which
are also known to mediate Ras malignant transformation, reg-
ulate p53 and whether this contributes to malignancy have not
been investigated.

RalA and RalB GTPases are molecular switches that are on
(active) when bound to GTP and off (inactive) when bound to
GDP (24). RalGEFs such as RalGDS displace GDP for GTP to
activate Ral proteins (25). Ral proteins can be activated by Ras as
well as by other pathways that are independent of Ras (26, 27).
The interest in Ral proteins has recently increased following the
demonstration that in some cancers Ral pathways are more
critical than Raf and AKT pathways in mediating Ras-driven
malignant transformation (28). RalA and RalB share ~82%
sequence identity, yet they have been shown to have different
contributions to malignant transformation processes, and this
is cancer cell type-specific (29 -33). For example, in pancreatic
cancer cells, RalA promotes anchorage-independent growth in
soft agar and tumor growth in vivo, whereas RalB promotes cell
survival, invasion, and migration (30). In colon cancer cells,
RalA has similar functions as in pancreatic cancer cells, but
RalB antagonizes RalA-driven anchorage-independent growth
(31). The reasons for these divergent effects are not known, but
differences in localization (33) and post-translational modifica-
tions (28, 31, 32) could be contributing factors.

Although Ral proteins have been shown to induce many hall-
marks of cancer, such as anchorage-dependent and -indepen-
dent growth, migration, and invasion (34, 35), the molecular
mechanism by which they accomplish this is not well under-
stood. In addition, whether Ral proteins antagonize tumor sup-
pressive pathways to transform cell is not known. For example,
whether Ral proteins regulate the levels of the tumor suppres-
sor p53 and whether this contributes to their ability to induce
malignant transformation are not known. In this manuscript,
we demonstrated that depletion of RalB and sometimes RalA
proteins activates the ATM? kinase, increases p53 Ser-15 phos-
phorylation, and leads to a significant increase in p53 half-life
and stability. In addition, depletion of RalB and some times
RalA proteins inhibits malignant transformation in a p53-de-
pendent manner. Taken together, these results suggest that
down-regulation of RalB and sometimes RalA leads to stabili-
zation and reactivation of p53 to inhibit malignant transforma-
tion of cancer cells that harbor wild-type p53 and mutant
K-Ras.

EXPERIMENTAL PROCEDURES

Cell Culture—The human tumor cell lines used for our study
were grown in their respective media: H460, MCF7, OVCAR-5,
and BxPC-3 in RPMI (Invitrogen); A549 in Kaighn’s modifica-
tion medium (F12K) (Sigma); Calu-1 in modified McCoy’s 5a
medium (Sigma); and Panc-1, HCT116, and HKH2 in Dulbec-
co’s modified minimal essential medium (DMEM) (Invitrogen).

2The abbreviations used are: ATM, ataxia telangiectasia-mutated; mt,
mutant.
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These cell lines have not been authenticated. All cells were
grown in their respective media containing 10% FBS and 1%
penicillin/streptomycin at 37 °C in a humidified incubator at
5% CO.,,.

SiRNAs and Antibodies—Nontargeting, K-Ras, RalA, RalB,
p53, and p21, and c-Raf siRNAs were purchased from Dharma-
con (Lafayette, CO), and AKTI, AKT2, and Atk3 siRNAs were
purchased from Cell Signaling Technology (Danvers, MA). A
second distinct set of siRNAs for K-Ras, RalA, and RalB was
also purchased (Santa Cruz Biotechnology, Dallas, TX) and
used only for Fig. 2. The following are the siRNA sequences
used: from Dharmacon siRNA (All Smart Pools): nontargeting
siRNA, UAAGGCUAUGAAGAGAUAC, AUGUAUUGGCC-
UGUAUUAG, AUGAACGUGAAUUGCUCAA, and UGGU-
UUACAUGUCGACUAA; Kras siRNA, GCUCAGGACUUA-
GCAAGAA, GACAAAGUGUGUAAUUAUG, UAAGGACU-
CUGAAGAUGUA, and CGAAUAUGAUCCAACAAUA;
RalA siRNA, GAGCUAAUGUUGACAAGGU, GAAAUUCG-
AGCGAGAAAGA, GCAGACAGCUAUCGGAAGA, and
GGACUACGCUGCAAUUAGA; RalB siRNA, AGACAAGA-
AUGGCAAGAAA, UACCAAAGCUGACAGUUAU, GAAA-
UCAGAACAAAGAAGA, and GAAAGAUGUUGCUUAC-
UAU; and from Santa Cruz Biotechnology: siRNA, nontarget-
ing siRNA, UUCUCCGAACGUGUCACGU; Kras siRNA, GGA-
AGCAAGUAGUAAUUGALtt, CUAGAACAGUAGACACAA-
Att, and GAACCUUUGAGCUUUCAUALt; RalA siRNA,
GACAGGUUUCUGUAGAAGALt; RalB siRNA, GGUGAU-
CAUGGUUGGCAGCtt.

p21, c-Raf, p53 (DO-1), and AKT1/2 antibodies were also
purchased from Santa Cruz Biotechnology. Cleaved poly(ADP-
ribose) polymerase and phospho-p53 (Ser-15) antibodies were
purchased from Cell Signaling. RalB and MDM2 antibodies
were purchased from Millipore (Billerica, MA). B-Actin, vincu-
lin, a-tubulin, and GAPDH antibodies were purchased from
Sigma. K-Ras (OP-24) antibody was purchased from Calbio-
chem. RalA antibody was purchased from BD Biosciences. Per-
oxidase-conjugated rabbit anti-goat IgG, goat anti-mouse IgG,
and mouse anti-rabbit IgG antibodies were purchased from
Jackson ImmunoResearch (West Grove, PA).

siRNA Transfection—All cells used in this study were trans-
fected with a similar siRNA transfection protocol using Lipo-
fectamine RNAIMAX transfection reagent (Invitrogen). The
cells were plated overnight to reach ~40-50% confluence at
the time of transfection. Opti-MEM-reduced serum medium
(Invitrogen) and Lipofectamine RNAiMAX were mixed in one
tube, and a mixture of Opti-MEM and siRNA was prepared in a
separate tube, with the content of the two tubes mixed after 5
min of incubation at room temperature. Following this, the
mixture was incubated for 20 min at room temperature and
then added to the cells dropwise. After 24 h of transfection,
appropriate media with 10% serum only were added until the
desired time of transfection.

DNA Transfection—Cells were plated overnight to reach
70-80% confluence and transfected with DNA using Lipo-
fectamine 2000 transfection reagent (Invitrogen) according to
the manufacturer’s instructions. Briefly, Lipofectamine 2000
reagent (1.5 ul/ug of DNA) was diluted in Opti-MEM and
allowed to equilibrate for 5 min at room temperature. DNA was
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diluted in Opti-MEM in a separate tube. The contents of the
two tubes were mixed and incubated for 20 min to complex at
room temperature and then added dropwise to cells that con-
tained only 10% FBS-containing regular growth media. The
cells were transfected for 6 h before the medium was changed to
10% FBS-only regular growth media.

Western Blotting—Cells were rinsed twice with ice-cold PBS
and lysed on the plate in lysis buffer containing 20 mm Tris, pH
7.5,150 mm NaCl, 1 mM EDTA, 1 mMm EGTA, 1% Triton X-100,
2.5 mM sodium pyrophosphate, 1 mm B-glycerophosphate, 1
mM sodium orthovanadate, 1 ug/ml leupeptin, and 1 mm
PMSE. The lysate was collected by scraping and centrifuging at
13,000 X gfor 13 min to remove the debris. The protein content
was measured using the Bradford protein assay. Samples were
resolved using SDS-PAGE and transferred to PVDF mem-
branes (Millipore). The membranes were blocked with 5% milk
in Tris-buffered saline and Tween 20 (TBST) and then probed
with the desired antibodies. Western Lightning ECL (Perkin-
Elmer Life Sciences) was used for antibody detection.

Caspase Activation Assay—Caspase-3 activity was measured
in cell lysates using a fluorogenic substrate. The assay measures
the cleavage of amido-4-methylcoumarin groups from a
caspase-3-specific substrate (Ac-DEVD-amido-4-methylcou-
marin) (Biomol Research Labs, Inc., Plymouth Meeting, PA).
Briefly, cells were lysed in a protease inhibitor-free lysis buffer
(50 mm Tris, pH 8,5 mm EDTA, 150 mm NaCl, and 0.5% IgePal).
The lysate was collected by scraping. After clearing the lysate by
centrifugation, protein was measured; 20 ug of protein and 20
1M caspase-3 substrate were added into 50 mm Tris, pH 7.5,
reaction buffer in triplicate in a 96-well plate. The reactions
were incubated for 1 h at 37 °C, and liberated amido-4-methyl-
coumarin groups were quantified by a fluorometer (WALLAC
Victor 1420 Multilabel counter, PerkinElmer Life Sciences)
with 355-nm excitation and 460-nm emission filters.

Soft Agar Colony Formation Assay—HCT116 and H460 cells
were transfected with siRNA for 48 h; cells were trypsinized and
counted, and then 2,000 cells/well were seeded in triplicate in
12-well culture plates in 0.3% top agar over a 0.6% bottom agar
layer. Cultures were incubated for 2 weeks (H460) or 3 weeks
(HCT116). Plates were scanned after overnight incubation with
2 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (Calbiochem), in PBS. The colony numbers were visu-
ally determined and quantified.

Cell Invasion Assay—Analysis of cell invasion was performed
using 24-well Matrigel invasion chambers (8 um pore size; BD
Biosciences) according to the manufacturer’s instructions.
Briefly, the inserts were rehydrated by adding warm serum-free
medium for 2 hat 37 °C, 5% CO,, atmosphere. The medium was
then removed from the inserts, and 750 ul of medium contain-
ing 20% FBS was added to each well of the plate, with inserts
placed on top of the medium. Transfected A549, Panc-1, H460
(40,000 cells in 500 ul of serum-free media), and HPNE cells
(20,000 cells) were added to the inserts. The cells were incu-
bated for 48 hat 37 °C. Cell invasion was determined by staining
the bottom of the insert with crystal violet (0.5% crystal violet in
25% methanol). The porous membrane was removed and
placed on the slide. The number of cells that invaded were
counted in three high power microscope (X40) fields and aver-
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aged as the mean number of invaded cells per field for each
membrane.

Promoter-Reporter Transcriptional Assay—To determine
the effects of K-Ras, RalA, or RalB depletion on p21 promoter
activity, H460 or A549 cells (300,000 per well) were plated in
6-well plates overnight and then transfected with 3 pg of p21
and B-galactosidase promoter-reporter constructs using Lipo-
fectamine 2000 as described above under “DNA Transfection.”
Twelve hours after transfection, the cells were then transfected
with different siRNAs using Lipofectamine RNAiMax or using
Lipofectamine 2000 as described above. After 48 h of siRNA or
DNA transfection, cells were rinsed with PBS and then lysed on
plates using Reporter Lysis Buffer as described by the manufac-
turer (Promega BioScience, San Luis Obispo, CA). Cells were
then freeze-thawed for efficient lysis. The lysate was centri-
fuged at 12,000 X g for 2 min to remove debris. The p21 pro-
moter activity was detected by incubating the lysate with the
assay substrate. Luciferase activity was detected using a
TD-20/20 luminometer (Turner Designs, Sunnyvale, CA), and
B-galactosidase was read at 420-nm wavelength using a Bio-
Tek plate reader. The p21 promoter activity was normalized to
the respective 3-galactosidase reading.

Determination of p53 Half-life—H460 or A549 cells were
transfected with siRNA. Following 48 h of transfection, cells
were treated with 50 pug/ml cycloheximide for 0, 0.5,1, 2, or 4 h
and then harvested and processed for Western blot analysis as
indicated above.

Cell Cycle Analysis—A549 cells were transfected with differ-
ent siRNAs for 48 h. After siRNA transfection was completed,
cells were trypsinized and then centrifuged at 200 X g for 5 min
to harvest the cells. The cells were rinsed with PBS twice and
then resuspended in ethanol overnight. Following overnight
fixation, cells were centrifuged. The supernatant was removed
and rinsed with PBS. The cells were stained with propidium
iodide stain containing 20 ug/ml propidium iodide, 0.1% (v/v)
Triton in PBS, and 0.2 mg/ml DNase-free RNase A for 2 h at
room temperature. Cell distribution on different cell cycle
phase was determined using a flow cytometer.

ATM Kinase Assay—H460 cells were transfected with siRNA
for nontargeting, K-Ras, RalA, and RalB for 48 h as described
above, with cells then lysed in AKT lysis buffer (Cell Signaling
Technology), and cell lysates were subjected to immunopre-
cipitation. Briefly, 50 ng of ATM antibody (Santa Cruz Bio-
technology) was added to 500 ug of lysate that was previ-
ously pre-cleared with a protein A/G bead mix (EMD
Millipore, Billerica, MA) and immunoprecipitated overnight
at 4 °C. The immunocomplex was then captured with 100 ul
of protein A/G bead slurry for 1 h at 4 °C. The ATM kinase
assay was performed as described previously (36). Briefly, 50
wl of kinase buffer (25 mm Tris-HCI, pH 7.5, 5 mMm B-glycer-
ophosphate, 2 mm dithiothreitol, 0.1 mm Na;VO,, and 10
mM MgCl,) (Cell Signaling) was mixed with 0.1 mm ATP and
1 pg of GST-p53 (Cell Signaling) at 30 °C for 30 min. Reac-
tions were stopped by the addition of SDS sample buffer
followed by boiling. Reaction products were subjected to
immunoblotting as described above.
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FIGURE 1. Depletion of RalA and/or RalB increases p53 protein levels in cancer cells with wild-type p53 and mutant (mt) K-Ras. A, depletion of RalA
and/or RalB but not AKT1/2 or c-Raf affects p53 protein levels in cells with mt K-Ras and WT p53. H460 and A549 cells were transfected with indicated siRNAs
for 48 h and processed for Western blot analysis as described under “Experimental Procedures.” B, cancer cells that harbor mt K-Ras and WT p53 (HCT116 colon
cancer cellsand OVCAR-5 ovarian cancer cells), WT K-Ras and WT p53 (HKH2 and MCF7 breast cancer cells), WT K-Ras and mt p53 (BXPC3 pancreatic cancer cells),
and mt K-Ras and mt p53 (Panc-1 pancreatic cancer cells) were transfected with the indicated siRNAs for 48 h and processed for Western blot analysis as
described under “Experimental Procedures.” Data are representative of three (A549, H460, and HCT116) or two (OVCAR-5, Panc-1, HKH2, MCF7, and BXPC3)
independent experiments. In H460 cells, densitometry quantification shows that depletion of K-Ras, RalA, and RalB increased p53 levels by 2.16 = 0.33-,2.23 +
0.18-,and 3.36 = 0.11-fold, respectively. These increases were statistically significant with p values of less than 0.05, 0.01, and 0.01, respectively. In A549 cells,
densitometry quantification shows that depletion of K-Ras and RalB increased p53 levels by 1.89 = 0.26- and 2.40 *+ 0.55-fold, respectively. These increases
were statistically significant, with p values of less than 0.05 and 0.05, respectively. Depletion of RalA did not affect the levels of p53 (1.02 = 0.07-fold) in A549
cells. NT, nontargeting.

RESULTS

Expression of K-Ras, RalA, or RalB, but Not AKT1/2 or c-Raf,
Is Required for the Maintenance of Low Levels of p53 in Human
Cancer Cells That Harbor Mutant K-Ras and Wild-type p53—
About half of the human cancers lack the tumor-suppressive
activity of p53 due to gene deletions or mutations (9, 37—40).
The other half that expresses wild-type p53 harbors aberrant

we also investigated the effects of their depletion on the levels of
p53. To this end, A549 and H460 cells were transfected with
either nontargeting siRNA or siRNAs to K-Ras, RalA, RalB,
AKT1/2, or c-Raf, and the cells were processed for Western
blotting as described under “Experimental Procedures.” Fig. 14
shows that in both A549 and H460 cells, depletion of K-Ras, but
not AKT1/2 and c-Raf, resulted in increased p53 levels. Deple-

pathways that either inactivate p53 or suppress its expression
levels (9, 37-40). Mutant K-Ras is known to down-regulate
wild-type p53 levels, but little is known about the contributions
of its downstream effectors. For example, Ral GTPases are crit-
ical mediators of K-Ras-driven malignant transformation, but
whether they regulate wild-type p53 is not known. To address
this important question, we first determined whether depletion
of Ral GTPases affects the levels of p53 in A549 and H460 cell
lines that harbor mutant K-Ras and wild-type p53. Because
AKT and Raf are also critical to Ras malignant transformation,
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tion of RalB in both cell lines also increased p53, and this
increase was more pronounced (3.5-fold for both A549 and
H460) than with K-Ras depletion (1.6- and 2.4-fold for H460
and A549, respectively). Furthermore, depletion of RalA
increased the levels of p53 in H460 but had little effect in A549
(Fig. 1A). The increased p53 levels following depletion were
confirmed by using two distinct pools of siRNA for each of
K-Ras, RalA, and RalB genes (Fig. 2). To determine whether the
increase in p53 levels is dependent on the mutation status of
K-Ras and p53, we used other cell lines with mutant K-Ras and
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wild-type p53 (HCT116 colon cancer cells and OVCAR-5 ovar-
ian cancer cells), wild-type K-Ras and wild-type p53 (MCF7
breast cancer cells and HCT116 cells), where the mutant K-Ras
was deleted by homologous recombination (HKH2 cells), wild-
type K-Ras, mutant p53 (BXPC3 pancreatic cancer cells), and
mutant K-Ras and mutant p53 (Panc-1 pancreatic cancer cells).
Fig. 1B shows that depletion of K-Ras, RalA, and RalB increased

Dharmacon siRNA Santa Cruz siRNA
NT KRa RalA RaIB NT KRas RalA RalB

Kras
RalA 3
RalB [§
P53

B-actin

= 5 S s -

FIGURE 2. Depletion of RalA, RalB, or K-Ras increases p53 protein levels,
confirmation with two distinct siRNA pools. H460 cells were transfected
with the indicated siRNA for 48 h and processed for Western blotting analysis
asdescribed under “Experimental Procedures.” siRNAs were from Dharmacon
(a smart pool of four distinct siRNAs for each gene), and siRNAs were from
Santa Cruz Biotechnology (a smart pool of 3-5 distinct siRNAs for each gene).
NT, nontargeting.

p53 levels in cells with mutant K-Ras and wild-type p53
(HCT116 and OVCAR-5) but not in cells with either wild-type
K-Ras and/or mutant p53 (MCF7, BXPC3, and Panc-1). Fur-
thermore, depletion of K-Ras, RalA, and RalB in the isogenic
cell line HCT116 (HKH2), where the mutant K-Ras allele was
deleted, had little effect on the levels of p53 (Fig. 1B). (In Fig. 1B,
the effects of RalA and RalB siRNAs on the RalA and RalB levels
varied; however, the percent deceases in the levels of the Ral
proteins were similar between cell lines where there was an
increase in p53 levels and those where there was no increase.)
Our results suggest that, in human cancer cells that harbor
mutant K-Ras and wild-type p53, the expression of K-Ras and
RalB is required for the maintenance of low levels of p53. This
was also the case for RalA except in A549 cells.

Depletion of RalA and RalB Leads to Up-regulation of p21
Expression in a p53-dependent Manner—p53 controls cell cycle
progression by regulating at the transcriptional levels the
expression of several genes that are involved in cell cycle pro-
gression such as p21 (41-44). Therefore, we next determined
whether Ral GTPases are involved in the regulation of p21 and
whether this is dependent on p53. Fig. 34 shows that, in A549
cells, depletion of K-Ras and RalB increased the protein levels of
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A C H460
P53 siRNA -
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FIGURE 3. Depletion of K-Ras, RalA, and RalB regulates p21 expression levels in a p53-dependent manner. A549 (A) and H460 (C) cells were transfected
with nontargeting (NT), K-Ras, RalA, or RalB siRNAs alone or in combination with p53 siRNA for 48 h. Cells were harvested for Western blot analysis as described
under “Experimental Procedures.” A549 (B) and H460 (D) cells were transfected with p21 promoter-reporter constructs followed by transfection with the
indicated siRNAs. Cells were harvested and analyzed for p21 promoter activity as described under “Experimental Procedures.” E, Calu-1 cells were transfected
with the indicated siRNAs and processed for Western blot analysis as described under “Experimental Procedures.” Extra lanes on p53 and p21 blots were from
a control lysate (Panc-1 cells) used as a control for the Western blot analysis. Data are representative of three independent experiments except for Calu-1 cell

experiments, which were done twice.
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p53 and p21. Consistent with this, depletion of K-Ras and RalB
also increased the p21 promoter transcriptional activity (Fig.
3B).In H460 cells, depletion of K-Ras, RalA, and RalB increased
p21 expression at the protein (Fig. 3C) as well as the transcrip-
tional (Fig. 3D) levels. We next determined whether this
increase in p21 levels is dependent on the expression of p53. To
this end, we took two approaches. In the first approach, because
depleting K-Ras, RalA, and RalB increased p53 levels, we rea-
soned that co-depleting p53 should rescue the increase in p21 if
the effects are p53-dependent. Therefore, we transfected A549
and H460 cells with K-Ras, RalA, or RalB siRNAs alone or in
combination with p53 siRNA and evaluated the levels of p53
and p21 as described under “Experimental Procedures.” Fig. 3A
shows that, in A549 cells, K-Ras and RalB siRNAs were unable
to increase p21 protein levels in the absence of p53. In H460
cells, K-Ras, RalA, and RalB siRNAs were unable to increase
p21 protein levels in the absence of p53 (Fig. 3C). Similar results
were obtained with p21 promoter transcriptional activity for
RalA and RalB but not for KRas (Fig. 3, Band D). Indeed, deple-
tion of KRas resulted in an increase in the levels of p21 pro-
moter transcriptional activity in a p53-independent manner,
although the overall levels were lower in the absence of p53
(Figs. 3B and 2D). In the second approach, we used a cell line
where K-Ras is mutated and both p53 alleles are deleted
(human lung cancer Calu-1 cells), and we determined the
effects of depleting K-Ras, RalA, and RalB. Fig. 3E shows that
depletion of K-Ras, RalA, and RalB failed to increase p21 levels.

Depletion of RalA and RalB Activates ATM and Increases p53
Ser-15 Phosphorylation, p53 Stability and Half-life—Figs. 1 and
3 demonstrated that depletion of Ral GTPases increased the
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amount of functional p53 protein in human cancer cells with
mutant K-Ras and wild-type p53. We next determined whether
the increase in p53 levels was due to increased stability of the
p53 protein. To this end, H460 cells were transfected with
either nontargeting siRNA or siRNA to K-Ras, RalA, or RalB for
48 h followed by treatment with cycloheximide for 0, 0.5, 1, 2, or
4 h, with the cells then processed for Western blotting as
described under “Experimental Procedures.” Figs. 4 and 5 show
that, in H460 cells transfected with nontargeting siRNA, the
protein levels of p53 decreased steadily after treatment with
cycloheximide with a half-life between 30 and 60 min. In cells
transfected with RalA, RalB, or K-Ras siRNA, p53 protein levels
decreased after cycloheximide treatment but at a much slower
rate, with half-lives greater than 4 h (RalA and RalB siRNAs)
and greater than 2 h (K-Ras siRNA) (Fig. 44 and Fig. 5). Thus, in
the absence of RalA and RalB, the p53 half-life was increased by
greater than 6-fold, and in the absence of K-Ras it was increased
by greater than 2-fold. Similar results were obtained in A549
cells where RalB depletion also increased the half-life of p53
from 30 min to 4 h (Fig. 6). Depletion of K-Ras, RalA, and RalB
in H460 cells also increased the levels of MDM2, but in contrast
to p53, it had little effect on its half-life (about 30 min with and
without K-Ras, RalA, and RalB siRNAs). This suggests that
depletion of K-Ras, RalA, or RalB stabilizes p53, which in turn
induces the expression of MDM2, a known target for p53. Con-
sistent with this, the ability of Ra/B siRNA to increase MDM?2
levels was partially rescued by p53 siRNA, suggesting that RalB
depletion up-regulates MDM2 levels in a p53-dependent
manner.
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Phosphorylation of p53 at Ser-15 has been extensively used
as a marker for stability of p53 (45, 46). Therefore, we next
determined the effects of RalA, RalB, and K-Ras depletion on
p53 Ser-15 phosphorylation. Fig. 44 shows that deletion of
RalA and RalB in H460 cells resulted in increased p53 Ser-15
phosphorylation. Similar results were seen with A549 cells
where depletion of RalB also increased p53 Ser-15 phosphory-
lation. ATM kinase phosphorylates p53 on Ser-15; therefore,
we reasoned that depletion of these GTPases might activate
ATM to phosphorylate p53. To this end, we transfected H460
cells with either nontargeting siRNA or siRNA to K-Ras, RalA,
or RalB for 48 h, lysed the cells, immunoprecipitated ATM,
performed in vitro ATM kinase assays using GST-p53 as a sub-
strate, and processed the samples for Western blotting as
described under “Experimental Procedures.” Fig. 4B shows that
depletion of K-Ras, RalA, and RalB activated ATM as docu-
mented by increased phosphorylation of GST-p53 on Ser-15.
Quantitation by densitometry shows that the amounts of Ser-
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15-phosphorylated p53 per amount of GST-p53 per amount of
ATM immunoprecipitated were 1, 2.94, 3.91, and 2.85 for non-
targeted, K-Ras, RalA, and RalB siRNAs, respectively (Fig. 4B).
Therefore, depletion of K-Ras, RalA, and RalB enhances the
ability of ATM to phosphorylate p53 by 2.94-, 3.91-, and 2.85-
fold, respectively.

Depletion of RalB Inhibits Cell Cycle Progression in a p53-
and p21-dependent Manner by Decreasing the Proportion of
Cells in S Phase—Cells exposed to DNA-damaging agents
induce p53, which in turn induces, depending on the extent of
the damage, either cell cycle arrest or apoptosis by regulating
the transcription of specific genes (41-44). Because p53 was
induced and up-regulated p21 expression following depletion
of RalA, RalB, or K-Ras, we next determined whether this
increase in p53 has functional consequences on cell cycle pro-
gression. To this end, we transfected A549 cells with siRNA to
K-Ras, RalA, or RalB and processed the cells for cell cycle anal-
ysis as described under “Experimental Procedures.” Figs. 4B
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and 7A show that depletion of RalA had little effect on cell cycle
progression. In contrast, depletion of RalB decreased the per-
centage of cells in S phase from 57% (Fig. 7A and Table 1) to 70%
(Fig. 7B and Table 2), whereas K-Ras increased the percentage
of cells in G,M phase from 4 to 6.7-fold (Fig. 7A and Tables 1
and 2). To determine whether these effects were p53-depen-
dent, we co-transfected the cells with siRNA to p53 along with
siRNAs to K-Ras, RalA, or RalB and determined the effects on
cell cycle progression as described under “Experimental Proce-
dures.” Fig. 7A and Table 1 show that depletion of p53 inhibited
RalB and K-Ras siRNAs from affecting cell cycle progression.
Unlike A549 cells, in H460 cells, depletion of RalA and RalB had
little effect on cell cycle progression (Fig. 8). Interestingly, in
these cells, depletion of K-Ras decreased the percentage of cells
in S phase (Fig. 8).

Because p21 is known to be up-regulated by p53 and to be
involved in G,/S transition, we next determined whether the
p21 induction by p53 following depletion of RalB is required for
RalB siRNA to decrease the percentage of cells in S phase. To
this end, we co-transfected the cells with siRNA to p21 along
with siRNAs to either K-Ras, RalA, or RalB and determined the
effects on cell cycle progression as described under “Experi-
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mental Procedures.” Fig. 7B and Table 2 show that co-depletion
of p21 was completely rescued from the effects of RalB siRNA
on cell cycle progression, suggesting that the ability of RalB
siRNA to decrease the proportion of cells in S phase depends on
p53-induced p21.

Effects of Depleting RalA and RalB on Apoptosis—As men-
tioned above, another important function of p53 is to promote
apoptosis. Furthermore, depletion of RalB but not RalA has
been shown to induce apoptosis (34), but the molecular mech-
anism by which this occurs is not known. Therefore, we next
determined whether depletion of RalB induces apoptosis and
whether this is p53-dependent. To this end, we transfected
A549 and H460 cells with siRNA to K-Ras, RalA, or RalB in the
presence or absence of siRNA to p53 and processed the cells for
Western blotting and for caspase-3 activation by a fluorescence
assay as described under “Experimental Procedures.” Fig. 9
shows that, in A549 cells, depletion of K-Ras and RalB but not
RalA induced apoptosis, with K-Ras depletion having signifi-
cantly higher effects (7-fold from 200 to 1400) than RalB deple-
tion (3-fold from 200 to 600). Fig. 9 also shows that siRNA to
p53 inhibited K-Ras and RalB siRNA from inducing apoptosis.
These results suggest that depletion of K-Ras and RalB induced
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FIGURE 7. Effects of depletion of K-Ras, RalA, and RalB on cell cycle progression. A549 cells were treated with indicated siRNAs for 48 h and processed for
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depletion of p53 rescue. B, depletion of p21 rescue.

TABLE 1

Effects of depletion of K-Ras, RalA, and RalB on cell cycle progression
A549 cells were treated with the indicated siRNAs for 48 h and processed for cell
cycle analysis as described under “Experimental Procedures” and in the legend to
Fig. 7. The percentage of cells in each cell cycle phase is shown. This table shows p53
rescue.

TABLE 2

Effects of depletion of K-Ras, RalA, and RalB on cell cycle progression
A549 cells were treated with the indicated siRNA for 48 h and processed for cell
cycle analysis as described under “Experimental Procedures” and in the legend to
Fig. 7. The percentage of cells in each cell cycle phase is shown.. This table shows p21
rescue. NT means nontargeting.

G, G,M S G1 G,M S
Nontargeting 71 5 23 Nontargeting 77 3 20
K-Ras 63 20 17 K-Ras 65 20 15
RalA 72 7 21 RalA 74 6 20
RalB 84 6 10 RalB 88 7 6
NT + p53 61 15 24 p21 69 5 26
K-Ras + p53 68 13 19 NT + NT 81 2 18
RalA + p53 59 13 27 K-Ras + p21 60 12 28
RalB + p53 69 6 25 RalA + p21 69 5 26
RalB + p21 63 8 29
NT + p21 68 3 29

apoptosis by a p53-dependent mechanism in A549 cells. In
H460 cells, however, depletion of K-Ras but not that of RalA
and RalB significantly induced apoptosis, and depletion of p53
rescued apoptosis (Fig. 9).

Depletion of RalB and to a Lesser Extent RalA Inhibits
Anchorage-independent Growth and Invasion in a p53-depen-
dent Manner—The involvement of RalA and RalB in malignant
transformation has been well documented (47). Although RalA
is believed to be involved in promoting anchorage-independent
growth in soft agar, RalB is believed to promote invasion and
migration, although this is cell type-dependent (29-33).
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Because p53 is a potent tumor suppressor, we reasoned that Ral
proteins may affect some of these hallmarks of transformation
in a p53-dependent manner. To this end, we depleted K-Ras,
RalA, or RalB in the presence or absence of p53 siRNA and
processed the cells for soft agar and invasion assays as described
under “Experimental Procedures.” Fig. 10 shows that depleting
K-Ras or RalB but not RalA inhibited soft agar growth of
H460 and HCT116 cells. The inhibition of soft agar growth
following RalB depletion was rescued fully by siRNA to p53
(Fig. 10). In contrast, siRNA to p53 only partially rescued
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from the inhibition of soft agar growth following K-Ras
depletion (Fig. 10). Another critical hallmark of cancer is
invasion; we therefore investigated the effects of depleting
these three proteins on invasion. Fig. 11 shows that depletion
of K-Ras, RalB, and to a lesser extent RalA inhibited invasion
of all three cell lines (A549, HCT116, and H460). Co-deple-
tion of these proteins along with p53 rescued from this inhi-
bition of invasion. These results suggest that depletion of
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K-Ras, RalA, and RalB requires p53 to inhibit invasion of
A549, H460, and HCT116 cells.

DISCUSSION

Among the three most studied downstream effector path-
ways of Ras, Raf/MEK/ERK, PI3K/AKT, and RalGDS/Ral, the
latter has gained more attention as it has been shown to be more
critical in mediating Ras-driven malignant transformation in
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several cancers (28, 48). Specifically, RalA has been implicated
in anchorage-independent growth, whereas RalB has been
implicated in apoptosis evasion, migration, and invasion,
although this is cell type-dependent (2933, 41). The mecha-
nism by which RalA and RalB mediate these effects is not well
understood. Furthermore, mutant K-Ras suppresses p53 levels,
but it is not known which of its downstream effectors mediate
this effect. In this study, we have demonstrated that the expres-
sion of K-Ras and RalB but not c-Rafand AKT1/2 is required for
maintaining low levels of p53 in human cancer cells that harbor
mutant K-Ras and wild-type p53. Depletion of RalA also
increases p53 levels except in A549 cells. The observation that
depletion of K-Ras increased p53 levels is novel and consistent
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with the observation that K-Ras can suppress p53 levels (16).
Indeed, although mutant H-Ras and mutant N-Ras were shown
to induce p53 levels and senescence, mutant K-Ras was shown
to suppress p53 levels (11, 14, 16 -20). Therefore, it is not sur-
prising that, unlike cells that harbor mutant H-Ras and
mutant N-Ras, many human cancer cells that harbor mutant
K-Ras also express wild-type p53, suggesting that mutant
K-Ras triggers pathways capable of overcoming the tumor-
suppressive activity of p53. Our studies suggest that RalA
and RalB could be among those pathways that may be used
by mutant K-Ras to suppress p53 levels. In contrast, path-
ways mediated by c-Raf and AKT1/2 do not appear to be
required because their depletion did not increase p53 levels.
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FIGURE 11. Effects of depletion of K-Ras, RalA, and RalB on invasion. A549, H460, or HCT116 cells were transfected with the indicated siRNAs for 48 h, and
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to determine the mean number of invading cells. Top panel shows representative image of invading cells of H460, and bottom panels show average number of
invading cells. p values for H460 are K-Ras = 0.02, RalA = 0.02, and RalB = 0.03. p values for HCT116 are K-Ras = 0.006 and RalB = 0.007. p values for A549 are

K-Ras = 0.004 and RalB = 0.0006. NT, nontargeting.

Although our studies demonstrated that depletion of Raf or
AKT does not increase p53 levels, others have shown that
forced expression of Raf or AKT induces p53 degradation
(22, 23). This suggests that, although Raf and AKT can
induce degradation of p53, their expression is not required
to maintain low levels of p53 in some human cancer cells. It
is important to note that depletion of RalA (except in A459
cells) and RalB increased p53 levels only in human cancers
cells that harbor mutant K-Ras and wild-type p53, suggesting
that RalA and RalB may mediate the ability of mutant K-Ras to
suppress p53. However, the fact that depletion of RalB was more
potent at increasing the levels of p53 than depletion of K-Ras (Fig.
1) coupled with the fact that depletion of RalB and K-Ras affected
cell cycle progression differently (Fig. 7) suggest that RalB may also
regulate p53 in a K-Ras-independent manner.

In addition to increasing p53 levels, depletion of RalA and
RalB also increased the levels of p21 and MDM?2, two genes
known to be transcriptionally regulated by p53. The p53 siRNA
rescue from these effects suggests that the ability of siRNA for
RalA and RalB to increase p21 and MDM2 levels is dependent
on their ability to increase the levels of p53. This also indicates
that the p53 induced following RalA or RalB depletion was
functional and able to regulate the transcription of its target
genes. Furthermore, the ability of Ral siRNAs to regulate the
levels of the p21 and MDAM?2 genes in a p53-dependent manner
has important consequences on the ability of Ral GTPases to
contribute to malignant transformation (see more below). In
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cells that lack both p53 alleles such as Calu-1 cells, depletion of
RalA or RalB failed to affect p21 levels, further confirming the
dependence of the Ral proteins on p53 to regulate the levels of
this gene. Our results also suggest that K-Ras regulates the
expression of p21 in a p53-dependent manner.

Depletion of RalA and RalB as well as K-Ras resulted in a
significant increase in p53 half-life in H-460 cells. This
increased p53 stability is specific in that depletion of K-Ras,
RalA, and RalB increased the MDM2 protein levels with little
effects on its half-life. Consistent with this, depletion of RalA
and RalB resulted in ATM kinase activation and increased p53
Ser-15 phosphorylation levels, which have been associated with
p53 stability (45, 46). The observation that depletion of Ral pro-
teins leads to activation of ATM suggests that Ral proteins may
maintain low levels of p53 by inactivating ATM. Several Ral
effectors such as RalBP1/CDC42, Sec5, ZONAB, and PLD have
been identified (47), and some of these may mediate these
effects of Ral on ATM and p53. For example, RalBP1 is known
to inactivate CDC42, which could in turn lead to suppression of
ATM. Clearly, investigating the mechanism by which the Ral
effectors may inactivate ATM is warranted. Taken together,
our observations suggest that depletion of RalA and RalB
results in increased p53 Ser-15 phosphorylation and a more
stable p53 that was able to induce p21 and MDM2 levels. Deple-
tion of these GTPases could also affect other phosphorylation
sites on p53 that affect its stability. Indeed, cellular stress and
DNA damage induce p53 phosphorylation at Ser-15 as well as
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Ser-20 and Ser-37, which affect p53 stability by preventing its
ubiquitination and degradation (45, 46). Therefore, investiga-
tions determining the effects of RalA and/or RalB depletion on
p53 post-translational modifications other than Ser-15 are also
warranted to further understand the mechanism by which
depletion of RalA and RalB stabilizes p53. Finally, mutant K-Ras
was shown to decrease p53 stability by activating the E3 ligase
SNAIL, which ubiquitinates p53 and targets it to proteasomal
degradation (16). It is therefore possible that depletion of RalA
and/or RalB inhibits SNAIL as well as MDM2 E3 ligases, leading
to less ubiquitination of p53.

The effects of depletion of the Ral GTPases on anchorage-de-
pendent and -independent growth, invasion, apoptosis, and
proliferation have previously been studied (30, 34). Further-
more, Ral proteins have also been implicated in regulating cell
cycle progression, possibly through increased cyclin D1 tran-
scription (49, 50) and FOXO4/AFX-dependent decreased p27
transcription (51). However, the contribution of p53 to the
effects of Ral proteins on cell cycle progression is not known.
Here, we show that depletion of RalB inhibited cell cycle pro-
gression by decreasing the proportion of cells reaching S phase
and by increasing the proportion of cells in both G, and G,/M
phases of the cell cycle. The ability of RalB depletion to decrease
the proportion of cells in S phase is rescued by p53 siRNA as
well as by p21 siRNA, suggesting that RalB depletion induces
p53 and p21, which contribute to inhibition of cell cycle pro-
gression. Furthermore, depletion of K-Ras induces G,/M cell
cycle arrest in a p53-independent manner. Therefore, the fact
that depletions of K-Ras or RalB resulted in increased p53 levels
with different effects on cell cycle progression suggests that, in
addition to affecting common genes such as p53, each specific
depletion also differentially affected other genes. This is not
surprising as it is known that Ral GTPases are regulated in a
Ras-dependent and -independent manner and that RalA and
RalB themselves mediate different cellular effects. It is interest-
ing to note that depletion of RalA does not lead to the same
effects in all cell lines. For example, depletion of RalA in A549
cells does not increase p53 levels. The reasons for this are not
known, but it is conceivable that RalA-specific effectors are not
expressed in A549 cells. However, as of yet, no Ral isoform-
specific effector proteins have been identified. In addition to
the cell cycle effects, depletion of RalB and to a lesser degree
RalA inhibits anchorage-independent tumor cell growth and
invasion, which were also rescued by p53 siRNA. This suggests
that, in the absence of RalB, the stabilized p53 not only inhibits
cell cycle progression and invasion but also contributes to inhi-
bition of anchorage-independent tumor cell growth. Unlike cell
cycle progression, depletion of K-Ras induces apoptosis and
inhibits anchorage-independent tumor cell growth and inva-
sion in a p53-dependent manner.

In summary, we have uncovered a novel molecular mecha-
nism by which Ral GTPases affect transformation. Further-
more, we have provided a biochemical link between Ral
GTPases and the tumor suppressor p53 by demonstrating that
the expression of Ral GTPases is required for maintaining low
levels of p53 and that down-regulation of the Ral proteins
results in the stabilization and reactivation of p53.
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