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Abstract

The alternative reading frame (ARF) tumor suppressor exerts
both p53-dependent and p53-independent activities critical to
the prevention of cancer in mice and humans. Recent evidence
from mouse models suggests that when p53 is absent, further
loss of ARF can widen the tumor spectrum, and potentiate
invasion and metastasis. A major target of the p53-indepen-
dent activity of ARF is the COOH-terminal binding protein
(CtBP) family of metabolically regulated transcriptional
corepressors, which are degraded upon acute exposure to
the ARF protein. CtBPs are activated under conditions of
metabolic stress, such as hypoxia, to repress epithelial and
proapoptotic genes, and can mediate hypoxia-induced migra-
tion of cancer cells. The possibility that ARF could suppress
tumor cell migration as part of its p53-independent activities
was thus explored. Small-interfering RNA (siRNA)–mediated
knockdown of ARF in human lung carcinoma cells led to
increased cell migration, especially during hypoxia, and this
effect was blocked by concomitant treatment with CtBP2
siRNA. Introduction of ARF into p53 and ARF-null human
colon cancer cells inhibited hypoxia-induced migration.
Furthermore, overexpression of CtBP2 in ARF-expressing cells
enhanced cell migration, and an ARF mutant defective in
CtBP-family binding was impaired in its ability to inhibit cell
migration induced by CtBP2. ARF depletion or CtBP2 over-
expression was associated with decreased PTEN expression
and activation of the phosphatidylinositol 3-kinase pathway,
and a phosphatidylinositol 3-kinase inhibitor blocked CtBP2-
mediated cell migration. Thus, ARF can suppress cell
migration by antagonizing CtBP2 and the phosphatidylino-
sitol 3-kinase pathway, and these data may explain the
increased aggressiveness of ARF-null tumors in mouse models.
[Cancer Res 2007;67(19):9322–9]

Introduction

Of the many physiologic barriers that must be overcome in the
process of tumor invasion and metastasis (1), an obvious pre-
requisite is the need for cell movement (2, 3). In many settings,
tumor hypoxia is a critical stimulus for cancer cell migration (4).

The mechanism by which hypoxia activates cell migration is
complex, and depending on context, activation of either or both the
hypoxia-inducible factor transcription factor (4) and the COOH-
terminal binding protein 1 (CtBP1) transcription corepressor (5)
may be involved.

Like hypoxia-inducible factor, the CtBP corepressors (CtBP1 and
CtBP2) directly sense and respond to the intracellular metabolic
changes that accompany hypoxia. They encode a regulatory
dehydrogenase domain that recognizes NADH, which can accu-
mulate during hypoxia (6). NADH binding, in turn, activates the
corepressor activity of CtBP at target promoters (7, 8). Notably,
CtBP1-mediated stimulation of hypoxia-induced cancer cell
migration may be due, in part, to repression of epithelial adhesion
genes such as E-cadherin (5).

CtBP2 is a target for inhibition by the alternative reading frame
(ARF) tumor suppressor, where via direct interaction, ARF
relocalizes it to the nucleolus promoting its proteasome degrada-
tion (9). Although ARF was first described as an activator of the
p53 pathway via inactivation of MDM2 (10, 11), recent evidence has
also suggested that it exerts p53-independent effects (reviewed in
ref. 12). These p53-independent effects of ARF are seen in mouse
p53/Arf double-knockout models as a broadened tumor spectrum
that includes epithelial tumors (13–15), and in transgenic oncogene
models for skin and brain cancer, as a potentiation of invasion and
metastasis (16, 17).

Mouse ARF can regulate cell migration via a presumed p53-
dependent mechanism in mouse embryo fibroblasts (MEF; ref. 18).
Based on its physical and functional interaction with CtBP1/2,
and the ability of CtBP1 to promote hypoxic cell migration, we
investigated whether human ARF could regulate tumor cell
migration, in hypoxia or normoxia, independent of p53. Knock-
down of endogenous ARF in lung cancer cells lacking p53 function
caused increased migratory behavior, especially under hypoxic
conditions. Restoration of ARF expression in ARF-null/p53-null
colon cancer cells blocked migration induced by hypoxia.
Consistent with a direct role for CtBP1 in stimulating migration,
simultaneous CtBP2 knockdown reversed the induction of
migration seen with ARF knockdown, whereas CtBP2 overexpres-
sion induced migratory behavior in cells expressing ARF. ARF
inhibition of CtBP2-induced migration required an intact CtBP
interaction domain on ARF, demonstrating that ARF/CtBP2
interaction is required to attenuate tumor cell migration. ARF
depletion or CtBP2 overexpression was associated with decreased
PTEN levels and activation of phosphatidylinositol 3-kinase and the
motility-associated rac1 GTPase. ARF/CtBP2 interaction thus
affects cell migration via the phosphatidylinositol 3-kinase
pathway, suggesting a novel mechanism for p53-independent
tumor suppression by ARF.
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Materials and Methods

Cell culture and transfections. Human H1299 (lung carcinoma; p53

null) cells were cultured in complete DMEM. HCT116 human colon cancer
cells (ARF silenced) with targeted deletion of p53 (19) were grown in

McCoy’s medium. Medium was supplemented with 10% fetal bovine serum

and 100 units/mL penicillin and incubated in humidified 5% CO2 at 37jC.

Expression plasmids were transfected using Fugene (Roche), and small
interfering RNA (siRNA) duplexes were transfected with Oligofectamine

(Invitrogen). The siRNA concentration used for transfection was 40 nmol/L,

except where noted. The siRNA sequence for human CtBP2 (hCtBP2) was
AAGCGCCUUGGUCAGUAAUAG and for human ARF was AAAUCAG-

GUAGCGCUUCGAUU. Nontargeting control siRNA (IX) was from Dharma-

con. CtBP2- or CtBP2 mutant–expressing stable H1299 cells were generated

using geneticin selection.
Plasmids. V5-tagged CtBP2 expression plasmid Pc-V5CtBP2 has been

described (9). Pc-T7ARF was generated by insertion of a PCR-amplified ARF

coding sequence with a T7 tag sequence embedded in the 5¶ primer into

pCDNA3. The expression plasmid containing the NADH-binding defective
allele (G189A) of CtBP2 was generated from Pc-V5CtBP2 using PCR as per

the QuikChange protocol (Stratagene).

Antibodies and Western blotting. Antibodies used were as follows:

CtBP2 (BD Transduction Laboratories), hARF (AbCam), V5 tag (Invitrogen),
T7 tag (Novagen), glyceraldehyde-3-phosphate dehydrogenase (GAPDH;

Advanced Immunochemical), phosphorylated Akt (p-Akt), total Akt, and

PTEN (Cell Signaling). Anti-rabbit IgG–horseradish peroxidase and anti-
mouse IgG-horseradish peroxidase conjugates (Amersham) were used with

enhanced chemiluminescence detection (Amersham) for Western blotting.

Cell motility and migration assays. For wound assays, equal numbers

of cells were plated at 50% confluency in six-well plates, and 24 h after
plating, the cells were transfected with either siRNA or expression plasmids.

Twenty-four hours after transfection, the confluent monolayer of cells was

scraped to introduce a wound, and the cells were incubated under either

normoxic or hypoxic (0.1% O2) conditions for another 24 h. Captured
images were used to compare and quantify the mean relative migration

distances by measuring the migration distance of cells found in the cleared

area from the point the cells were scraped to the migration front in inches
in five independent �100 fields per experiment as described (18) and

normalizing the values to the negative control set at 1 for each experiment.
Each experiment was conducted in triplicate, and SD from the mean

migration distance among the three experiments was calculated. P values to

establish 95% confidence intervals were calculated by Student’s t test. For

transwell migration assays, H1299 cells were transfected with either control
or ARF siRNA, and 24 h later, 2.5 � 104 cells were plated in 0.5 mL of serum-

free DMEM into inserts (BD) and the inserts were placed in wells with

0.75 mL of DMEM with serum. Cells were then incubated under hypoxic or

normoxic conditions for 24 h, fixed with methanol for 10 min at room
temperature, and stained with Giemsa stain for 50 min. The membranes

were removed from the inserts and mounted on glass slides. Cells found

within a total of 10 �400 microscopic fields per insert were counted and

the experiment was done in triplicate.
Phosphatidylinositol 3-kinase inhibitor assay. H1299 cells stably

expressing CtBP2 and exposed to 24 h of hypoxia were treated with

20 Amol/L LY294002 (Sigma) or vehicle (DMSO) alone for 10 h before
migration distance was measured by wound assay.

Endogenous Rac GTPase activity assay. Endogenous Rac1-GTP activity

in control and ARF-siRNA treated H1299 cell lysates exposed to hypoxia for

24 h was determined by glutathione S-transferase (GST)-PAK1 interaction
analysis as described (18). The amount of total input and GST-PAK1–bound

Rac1 was determined by Western blotting with anti-Rac1 antibody

(UBI/Millipore).

Results

Loss of ARF results in increased cell migration in normoxia
and hypoxia. Based on the promotion of cell migration by the ARF
target CtBP1 (5, 9), the effect of ARF on cell migration was
investigated by siRNA-mediated inhibition of endogenous ARF
expression in human lung carcinoma cells (H1299) followed by
migration assay. As hypoxia was previously reported to be a potent
stimulus of CtBP1-mediated cell migration (5), migration assays
were done under both normoxic and hypoxic (0.1% O2) conditions.
H1299 cells were transfected with either control or human ARF
siRNA, the confluent cell monolayer was scraped to mimic a

Figure 1. Loss of ARF results in
increased cell migration. H1299 cells
were transfected with control (Con ) or ARF
siRNA and cultured to confluency. Cells
were scraped to create a wound and
incubated in either normoxic or hypoxic
(0.1% O2) conditions for 24 h. A, levels of
CtBP2, ARF, and GAPDH (loading control)
were determined by Western blot analysis.
N, normoxia; H, hypoxia; Con, control.
B, a phase-contrast photomicrograph of a
representative low-power field (�100) is
shown for each experimental condition.
C, migration distances were determined as
described in Materials and Methods. Each
experiment was conducted in triplicate.
Bars, F1 SD. D, ARF inhibits cell
migration in H1299 cells. The migration
activity of H1299 cells transfected
with control or ARF siRNA and cultured
under hypoxic or normoxic conditions for
24 h was measured using a transwell
migration assay. Each experiment was
done in triplicate and the data represent
an average from three independent
experiments. Bars, F1 SD. The
cell number is the average number of
migrated cells per field from 10 �400
microscopic fields per insert. *, P < 0.05;
**, P < 0.01 for the comparison of values
within the normoxic or hypoxic groups.

ARF Antagonizes Hypoxia-Induced Migration

www.aacrjournals.org 9323 Cancer Res 2007; 67: (19). October 1, 2007

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/19/9322/2575820/9322.pdf by guest on 19 M

ay 2023



wound, and the average migration distance of cells into the cleared
area created by the wound was determined 24 h after scraping.

As expected (9), CtBP2 protein levels were increased in cells with
ARF knockdown under hypoxic or normoxic conditions (Fig. 1A).
ARF siRNA–treated normoxic cells migrated 4-fold more compared
with the control siRNA–treated cells (P = 0.03; Fig. 1B and C). Thus,
ARF negatively regulates cell migration. Whereas hypoxia alone
only marginally enhanced the migration of control siRNA-treated
H1299 cells (f2-fold, but P = 0.12), ARF knockdown under hypoxic
conditions caused an almost 6-fold increase in migration compared
with the migration observed in hypoxic control siRNA–treated cells
(P = 0.02; Fig. 1B and C). Qualitatively similar results were obtained
when the assay was done with the same cells and conditions using
migration through a porous filter as the assay for migration instead
of a wounding assay (Fig. 1D). In this case, the marginal induction
of migration by hypoxia in control siRNA–treated cells did achieve
significance (P = 0.01). As a result of the higher baseline migration
of hypoxic control cells in this assay, the induction of migration by
ARF was quantitatively smaller than observed by wound assay
(2-fold) but remained significant (P = 0.002). Thus, ARF inhibition
and hypoxia synergistically enhance cell migration in H1299 cells.

Exogenous ARF suppresses hypoxia-induced cell migration.
To determine if the effect of ARF knockdown was a specific and
direct effect of a change in ARF expression alone, normoxic or
hypoxic ARF-null HCT116;p53�/� colon cancer cells (19) were
transduced with ARF-expressing or control retroviruses, and a
migration assay was done. Of note, significant apoptosis, as
determined by direct observation for morphologic changes of
apoptosis and loss of cell viability, was not observed in cells
expressing ARF (Fig. 2B and data not shown). ARF expression in
the transduced cells was confirmed by immunoblot (Fig. 2A).
Of note, cells expressing ARF exhibited lower levels of CtBP2, as
expected (ref. 9; Fig. 2A).

As opposed to H1299 cells, HCT116;p53�/� cells transduced
with control retrovirus exhibited a significant induction of mig-
ration (2.5-fold) in response to hypoxia (P = 0.02; Fig. 2B and C),
suggesting that the ability of cells to exhibit hypoxia-induced
migration may be correlated with their ARF expression status. With
exogenous ARF expression, migration of these cells was reduced
2-fold compared with control virus-transduced cells under
normoxic conditions (P = 0.04), and 10-fold under hypoxic
conditions (P = 0.01; Fig. 2B and C). Because the HCT116 cells
used in these experiments were p53-null, the ARF effect on cell
migration was p53-independent, as was seen in the p53-defective
H1299 cells. Moreover, the effect of ARF expression on cell
migration was exactly as predicted by the results of ARF
knockdown in H1299 cells, suggesting that ARF, itself, is a potent
inhibitor of cell migration, especially under hypoxic conditions.

CtBP2 is required for the induction of migration by ARF
silencing. To support the hypothesis that ARF suppresses cell
migration by negative regulation of CtBP proteins, H1299 cells
were assayed for migration after CtBP2 and ARF were depleted
separately or together, under both normoxic and hypoxic
conditions (Fig. 3). ARF and CtBP2 knockdown by their respective
siRNAs was confirmed by immunoblot, although the knockdown
of ARF achieved in this set of experiments was not as robust as
observed in the experiment detailed in Fig. 1 (Fig. 3A). Under
normoxic conditions, ARF depletion caused a near significant
(P = 0.06) but only 2-fold increase in migration, likely reflecting the
effect of only partial knockdown as noted above (Fig. 3B and C).
Notably, CtBP2 or combined ARF/CtBP2 knockdown also caused

minor increases in migration as well (P = 0.01 for both; Fig. 3B
and C), suggesting that the effects of ARF depletion on cell
migration in normoxia cannot necessarily be accounted for by a
mechanism involving modulation of CtBP2 function.

Under hypoxic conditions, however, ARF knockdown dramati-
cally increased cell migration (12-fold; P = 0.003; Fig. 3B and C) as

Figure 2. ARF expression blocks migration. HCT116;p53�/� (ARF-null) cells
were infected with a retrovirus expressing ARF or an empty vector control
retrovirus as indicated. Twenty-four hours after infection, a monolayer wound
was introduced and cells were incubated a further 24 h in either hypoxic or
normoxic conditions. A, levels of CtBP2, ARF, and GAPDH (loading control)
were determined by Western blot analysis. B, phase-contrast photomicrographs
of representative �100 fields are shown from each experimental condition.
C, average migration distances were calculated and displayed as noted in
Fig. 1. Each experiment was done in triplicate. Bars, F1 SD. *, P < 0.05
for comparisons within normoxic and hypoxic groups; c, P < 0.05 for the
comparison between control (vector-expressing) hypoxic and normoxic cells.
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expected. When ARF and CtBP2 were simultaneously silenced, cell
migration was reduced almost back to baseline levels (Fig. 3B
and C). Migration of hypoxic cells with CtBP2 knockdown alone
was also similar to that seen with control siRNA treatment (Fig. 3B
and C). Thus, the increase in hypoxic cell migration seen as a result
of ARF depletion was reversed by simultaneous CtBP2 depletion,
consistent with the idea that the two proteins lie in a linear
regulatory pathway, with ARF placed upstream of CtBP2 in the
control of cell migration.

Stimulation of cell migration by CtBP requires an intact
NADH binding domain. If hypoxic cell migration is abrogated by
ARF via its interaction with CtBPs, then raising the level of cellular
CtBP should override any inhibitory effects of ARF and induce
migration. To test the effect of CtBP2 overexpression on cell
migration, control or wild-type V5-tagged CtBP2 cDNA expression
vectors incorporating a G418-selectable marker were transfected
into (endogenous) ARF-expressing H1299 cells, and pooled G418-
resistant cells were isolated. A V5 immunoblot of cell lysates
confirmed the expression of V5-CtBP2 in the relevant pool of cells
(Fig. 4C). Under normoxic conditions, CtBP2-expressing H1299
cells showed an f10-fold induction in migration over control cells
(P = 0.01), and under hypoxic conditions CtBP2 overexpression
caused a similar 7-fold induction in migration (P = 0.003; Fig. 4A
and B). Although the fold induction of migration by CtBP2 was
lower in hypoxia due to a higher baseline, the absolute level of
migration induced by CtBP2 was 2-fold higher in hypoxia than
normoxia (P = 0.01). These results show that CtBP2 potently
promotes cell migration even in the setting of endogenous ARF
expression, and that hypoxic conditions are not necessary for, but
strongly promote, CtBP2-dependent migration.

Given the ability of CtBPs to sense the cellular metabolic
state via NADH interaction, a CtBP2 mutant unable to recognize
NADH (CtBP2-G189A) was tested for its ability to induce migration
(6, 8, 20). A pool of V5-CtBP2-G189A stably expressing H1299
cells was established, and the expression of V5-CtBP2-G189A was
comparable with that of wild-type V5-CtBP2 (Fig. 4C). Compared
with control cells, V5-CtBP2-G189A–expressing cells were signifi-
cantly defective for migration under normoxic conditions, and
only marginally migratory under hypoxic conditions (2-fold over
control, P = 0.03; Fig. 4A and B). Moreover, they migrated 3-fold less
than V5-CtBP2–expressing cells under both normoxic and hypoxic
conditions (Fig. 4A and B). Thus, NADH interaction with CtBP2,
and presumably activation of repressor function (8), significantly
contributes to CtBP2-dependent cell migration.

ARF negates CtBP-driven cell migration in a manner
dependent on CtBP interaction. Given that (human) ARF
inhibits CtBP family function via targeting it for degradation (9),
a CtBP-binding defective ARF mutant with a mutation of conserved
leucine-50 to aspartate (ARF-L50D; ref. 9) was tested for its ability
to suppress CtBP2-induced cell migration in H1299 cells. Pooled
G418-resistant H1299 cells stably expressing V5-CtBP2 were
transfected with vector, T7-ARF, or T7-ARFL50D expression
vectors, followed by cell migration analysis under normoxic or
hypoxic conditions (Fig. 4D). Morphologic analysis of T7-ARF– or
T7-ARFL50D–transfected cells at the time point used for migration
analysis revealed no changes consistent with apoptosis or loss of
cell viability (data not shown). Equivalent expression of T7-tagged
ARF and ARFL50D was confirmed by T7 immunoblot (Fig. 4D).

When ARF was expressed in CtBP2-expressing H1299 cells,
suppression of migration under normoxic (2-fold; P = 0.05), and

Figure 3. CtBP2 requirement for cell
migration induced by acute silencing of
ARF. H1299 cells transfected with control,
ARF, CtBP2, or ARF and CtBP2 siRNA
(20 nmol/L each siRNA per transfection)
were assayed for cell migration using a
wound-healing assay as in Fig. 1. A, levels
of CtBP2, ARF, and GAPDH (loading
control) were determined by Western
blot analysis. B, phase-contrast
photomicrographs of representative �100
fields from each experimental condition.
C, average migration distances were
calculated and displayed as noted in Fig. 1.
Each experiment was done in triplicate.
Bars, F1 SD. *, P < 0.05; **, P < 0.01
for comparisons of the indicated values
with the control siRNA treatment within
normoxic and hypoxic groups.
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especially, hypoxic (5-fold; P = 0.007) conditions, was observed
(Fig. 4D). In contrast, ARFL50D was defective for suppressing cell
migration in normoxic CtBP2-expressing cells, and exhibited only
marginal (1.6-fold; P = 0.02) inhibition of migration in hypoxic cells
(Fig. 4D). Thus, a potential for CtBP-family interaction is required
for ARF-mediated suppression of CtBP2-induced migration.

ARF and CtBP effects on cell migration are mediated via
the phosphatidylinositol 3-kinase pathway. To determine the
molecular mechanism by which ARF and CtBP2 were modulating
cell migration, the potential effect of ARF depletion or CtBP2
overexpression on the activity of the phosphatidylinositol 3-kinase
pathway, a major regulator of cell migration (21), was studied.
Notably, microarray analysis of CtBP1/2 knockout MEFs revealed
that expression of the phosphatidylinositol 3-kinase–negative
regulator PTEN (21) was increased relative to its expression in

matched wild-type MEFs (22), suggesting that CtBPs may normally
repress PTEN transcription. Vector, V5-CtBP2, or V5-CtBP2-G189A
stably expressing H1299 cells exposed to normoxia or hypoxia were
assayed for expression and activity of phosphatidylinositol 3-kinase
pathway components (Fig. 5A). As a measure of activity of the
pathway, levels of phosphatidylinositol 3-kinase activated p-Akt
were dramatically higher in CtBP2-expressing cells under hypoxic
conditions (Fig. 5A). Otherwise, p-Akt was undetectable in
normoxic cells under all conditions, and in hypoxic control cells
or hypoxic cells expressing mutant CtBP2 lacking NADH binding
activity (Fig. 5A).

To understand the potential mechanism for p-Akt activation in
these cells, PTEN protein levels were analyzed. PTEN was decreased
(f2-fold by densitometric analysis) in cells expressing CtBP2
under hypoxic conditions, with no change noted in normoxic cells

Figure 4. NADH binding and ARF
interaction modulate CtBP2-induced cell
migration. A to C, monolayers of H1299
cells stably expressing empty vector (Pc ),
V5-CtBP2, or the NADH-binding defective
allele V5-CtBP2-G189A were wounded
and incubated in hypoxic or normoxic
conditions for 24 h. A, phase-contrast
photomicrographs of representative �100
fields from each experimental condition.
B, average migration distances were
calculated and displayed as noted in Fig. 1.
Bars, F1 SD. c, P < 0.05 for the
comparison between CtBP2-expressing
hypoxic and normoxic cells. C, V5, ARF,
and GAPDH immunoblots. D, top, H1299
cells stably expressing V5-CtBP2 were
transfected with vector, T7-ARF, or
T7-ARF-L50D (CtBP-binding defective)
expression vectors, and cell migration
distance was determined, as noted in
Fig. 1, 24 h after monolayer wounding with
incubation under normoxic or hypoxic
conditions; bottom, T7 immunoblot of
cell lysates from each transfection
demonstrating T7-ARF and T7-ARFL50D
expression. Migration distances were
normalized to the migration of cells in the
negative control, which was vector
transfected (stably in A and B or transient
in D normoxic cells). Each experiment was
done in triplicate. Bars, F1 SD. *, P < 0.05;
**, P < 0.01 for comparisons of the
indicated values with the control treatment
within the normoxic or hypoxic groups.
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or hypoxic cells expressing mutant CtBP2 (Fig. 5A). Thus,
consistent with microarray data obtained from MEFs (22),
overactive CtBP2 caused decreased PTEN levels, which is correlated
in these cells with activation of phosphatidylinositol 3-kinase
activity.

To determine the functional significance of phosphatidylinositol
3-kinase activation for CtBP2-mediated migration, hypoxic CtBP2-
expressing H1299 cells were treated with vehicle or the specific
phosphatidylinositol 3-kinase inhibitor LY294002, followed by
migration assay (Fig. 5B). Phosphatidylinositol 3-kinase inhibition
resulted in an f60% inhibition of migration (P = 0.009) of these
cells, indicating that phosphatidylinositol 3-kinase activity plays a
key role in their migratory behavior.

As ARF regulates the migration of hypoxic cells in a manner
dependent on physiologic levels of CtBP2 (Fig. 3) and an intact
CtBP interaction domain (Fig. 4), the effect of ARF silencing on
phosphatidylinositol 3-kinase activity and PTEN levels in hypoxic
H1299 cells was investigated (Fig. 5C). As seen with CtBP2
overexpression, silencing of endogenous ARF in H1299 cells with
siRNA resulted in a profound reduction in PTEN levels, and
increased p-Akt (f2-fold by densitometric analysis). Thus, relief of
ARF suppression of CtBPs with ARF siRNA results in a reduction in
PTEN expression and activation of phosphatidylinositol 3-kinase.

As phosphatidylinositol 3-kinase regulates numerous cellular
functions, including growth, movement, and survival, the specific
effect of ARF depletion on a downstream effector of phosphatidy-
linositol 3-kinase regulation of cell movement, the rac1 small
GTPase (23), was determined (Fig. 5D). H1299 cells treated with

control or ARF siRNA were exposed to hypoxic conditions and cell
lysates were analyzed for evidence of rac GTPase activation via the
ability of GST-fused Pak1 kinase to capture active rac1 (rac1-GTP)
molecules in a pulldown assay (18). As compared with control
siRNA-treated cells, ARF depletion resulted in the robust induction
of activated rac1-GTP (Fig. 5D), consistent with the activation of
phosphatidylinositol 3-kinase (Fig. 5C) and the induction of
migration seen in H1299 cells after ARF silencing (Fig. 1).

Discussion

The physiologic mechanism(s) of p53-independent ARF tumor
suppression remain obscure. Prior in vitro work in various cell
systems has shown that ARF can induce either growth arrest or
apoptosis, depending on context, in cells lacking p53 (9, 24, 25).
More recently, ARF has been associated with tumor aggressiveness
and tumor progression in various model systems (16, 17). In this
report, we show that in a variety of epithelial cancer cell lines
defective for p53 activity, ARF can block cell migration, a necessary
property, among others, for neoplastic invasion and metastasis
(2, 3). The effect of ARF was most robustly observed under hypoxic
conditions, in which cells are induced to migrate through
activation of (at least) the CtBP1 corepressor (5). As ARF is an
inhibitor and direct binding partner of CtBPs, we showed that its
inhibition of migration depended on its ability to interact with
CtBPs. Mechanistically, CtBP2 could repress PTEN, correlating with
activation of phosphatidylinositol 3-kinase, a major mediator of
cell motility in transformed cells (21). ARF silencing also caused
phosphatidylinositol 3-kinase activation and increased activity of

Figure 5. Role of the phosphatidylinositol
3-kinase pathway in regulation of cell
migration by ARF and CtBP2. A, effect of
CtBP2 overexpression on PTEN
expression and phosphatidylinositol
3-kinase activity. H1299 cells stably
expressing vector alone, V5-CtBP2, or
V5-CtBP2-G189A were grown under
normoxic or hypoxic conditions and 24 h
later the relative amounts of total Akt
and p-Akt (S473), PTEN, V5-CtBP2,
and GAPDH in the cell lysates were
determined by Western blotting. B, effect
of phosphatidylinositol 3-kinase inhibitor
on CTBP2-mediated cell migration in a
wound assay. H1299 cells stably
expressing V5-CtBP2 were treated with
20 mmol/L LY294002 or DMSO for
10 h before the migration distances were
measured. Each experiment was done in
triplicate. Bars, F1 SD. **, P < 0.01.
C, effect of ARF silencing on PTEN
expression and phosphatidylinositol
3-kinase pathway activity. H1299 cells
transfected with either control or ARF
siRNA were grown under hypoxic
conditions, and 24 h later, the levels
of total and p-Akt (S473), PTEN,
ARF, and GAPDH in the cell lysates
were determined by Western blotting.
D, analysis of Rac activation after ARF
silencing. Endogenous Rac1 activity in
siARF-treated H1299 cells was assayed
by incubating the cells under normoxic
or hypoxic conditions for 24 h followed
by capture of active Rac1-GTP complexes
in cell lysates by GST-PAK1 pulldown.
Levels of total Rac1 (10% of the amount
used for pulldowns) and Rac1 bound in the
GST-PAK1 pulldowns were then analyzed
by anti-Rac1 immunoblot.
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the rac1 GTPase, a major effector of phosphatidylinositol 3-kinase
effects on cell motility (23).

The CtBP corepressors have been directly implicated in two
pro-oncogenic cell autonomous functions, namely survival and
hypoxia-induced migration (5, 22). Some reports have also
suggested that CtBPs can mediate an epithelial-mesenchymal
transition (22, 26). The structure of CtBPs make them well suited to
respond to environmental cues that alter cell metabolism, such as
hypoxia, as they encode a vestigial dehydrogenase that senses the
NADH/NAD+ ratio in cells, with increased NADH causing up-
regulation of corepressor function (27). In this report, NADH
binding was required for CtBP2-induced cell migration whether in
normoxia or hypoxia, likely reflecting the loss of NADH-dependent
corepressor activity induced by this mutation (28).

We have previously reported that acute expression of ARF can
induce apoptosis in ARF/p53-null HCT116 cells (9). Under the higher
cell density conditions used for the migration analysis, appreciable
apoptosis and loss of viability were not observed in the same cells
exposed to ARF via retroviral transduction (Fig. 2). Previous
experiments (9) were done with cell densities well below confluency
at all steps. However, for reasons that remain unclear, the
proapoptotic effect of ARF wanes considerably in HCT116;p53�/�
cells as they approach confluency,5 explaining the lack of apop-
tosis seen on ARF expression in the current experiments.

Although the antiapoptotic function of CtBPs rely on their ability
to repress the transcription of proapoptotic BH3-only proteins (e.g.,
noxa, puma; ref. 22), the transcriptional targets involved in its
regulation of cell migration are not well understood. E-cadherin
repression by CtBP1 (5, 22) could certainly foster a permissive
environment for cell migration, but further stimuli are needed that
will ultimately activate small GTPases, such as rac and rho, and
cause the necessary cytoskeletal reorganization associated with

migration (23, 29). Notably, PTEN was also found in the prior
microarray analysis of CtBP1/2-repressed genes (22), and could
mediate, in part, CtBP-family effects on migration via activation
of the phosphatidylinositol 3-kinase pathway (21, 30), as is now
supported by our data in a human lung cancer cell line. The PTEN
promoter contains a number of sites for the basic Kruppel-like
factor transcription factor,6 which in other promoters, can recruit
CtBPs to chromatin, and mediate CtBP-family transcriptional
repression (31). Our data are also consistent with previous reports
showing that Arf-null (p53 wild-type) MEFs showed increased
phosphatidylinositol 3-kinase and rac1 activity, along with actin
cytoskeletal reorganization and increased motility, compared with
their wild-type counterparts (18).

Given that hypoxia has been proposed as one stimulus that
drives the malignant progression of tumors (4), our data suggest
a mechanism by which ARF could act at an early hypoxia-
dependent step in tumor progression, in a p53-independent manner.
The promotion of hypoxic cell migration by ARF inactivation may
also serve as a potent selective force for the epigenetic silencing
of ARF expression early in tumorigenesis. Indeed, analysis of a
p53 and Arf doubly null mouse hepatocellular cancer model
suggests that Arf can block both migration and invasion in vitro
in a p53-independent and CtBP2-dependent manner, consistent
with a tumor-suppressive activity at an early step(s) in the
invasion/metastasis sequence.7 Further careful analysis and corre-
lation of ARF and CtBP1/2 expression in human tumors may
thus yield significant correlations with tumor aggressiveness and
prognosis.
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