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Abstract
In cancer cells, the epithelial–mesenchymal transition (EMT) confers the ability to invade basement

membranes and metastasize to distant sites, establishing it as an appealing target for therapeutic
intervention. Here, we report a novel function of the master metabolic kinase AMPK in suppressing EMT
by modulating the Akt–MDM2–Foxo3 signaling axis. This mechanistic link was supported by the effects of
siRNA-mediated knockdown and pharmacologic activation of AMPK on epithelial and mesenchymal markers
in established breast and prostate cancer cells. Exposure of cells to OSU-53, a novel allosteric AMPK activator,
as well as metformin and AICAR, was sufficient to reverse their mesenchymal phenotype. These effects were
abrogated by AMPK silencing. Phenotypic changes were mediated by Foxo3a activation, insofar as silencing
or overexpressing Foxo3a mimicked the effects of AMPK silencing or OSU-53 treatment on EMT, respectively.
Mechanistically, Foxo3a activation led to the transactivation of the E-cadherin gene and repression of genes
encoding EMT-inducing transcription factors. OSU-53 activated Foxo3a through two Akt-dependent path-
ways, one at the level of nuclear localization by blocking Akt- and IKKb-mediated phosphorylation, and a
second at the level of protein stabilization via cytoplasmic sequestration of MDM2, an E3 ligase responsible
for Foxo3a degradation. The suppressive effects of OSU-53 on EMT had therapeutic implications illustrated
by its ability to block invasive phenotypes in vitro and metastatic properties in vivo. Overall, our work
illuminates a mechanism of EMT regulation in cancer cells mediated by AMPK, along with preclinical
evidence supporting a tractable therapeutic strategy to reverse mesenchymal phenotypes associated with
invasion and metastasis. Cancer Res; 74(17); 4783–95. �2014 AACR.

Introduction
Epithelial–mesenchymal transition (EMT) is a critical pro-

cess in malignant progression that confers to epithelial cancer
cells the ability to breach basement membranes and metas-
tasize to distant sites (1–3). Recent studies have also implicated
EMT in the development of chemoresistance (4, 5) and acqui-
sition of cancer stem cell–like properties (6, 7). In light of such
findings, EMT regulators have been proposed as predictive

markers of metastatic propensity and response to cancer
treatment. At the molecular level, EMT is characterized by
loss of the epithelial cell adhesion molecule E-cadherin, which
enables cells to increase motility and invasiveness through the
disruption of intercellular contacts (8). This loss of E-cadherin
is accompanied by concomitant increases in the expression
of mesenchymal-associated genes, including those encoding
vimentin, N-cadherin, fibronectin, integrins, and a-smooth
muscle actin, which bestow a motile phenotype on cancer
cells through changes in cellular architecture and cell–matrix
interactions (9, 10). From a mechanistic perspective, many
signaling pathways, such as those mediated by TGFb (11), Ras
(12), IGFIR (13), and GSK3b (14), have been linked to EMT
induction under different cellular contexts through increased
expression of Snail and/or other transcriptional repressors of
E-cadherin, includingZeb-1, Twist, and Slug.More recently, the
oncogenic transcription/translation factor Y-box–binding pro-
tein-1 (YB-1; ref. 15) and the tumor suppressor Foxo3a (16, 17)
have also been identified as players in the regulation of EMT.
Although YB-1 promotes EMT by activating translation of
mRNA encoding Snail and other EMT-inducing transcription
factors in noninvasive breast epithelial cells (15), Foxo3a
was shown to suppress cell motility by regulating YB-1 and
E-cadherin expression through negative Twist regulation in
urothelial cancer cells (17).
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In the past decade, the role of adenosine monophosphate–
activated protein kinase (AMPK) as a metabolic tumor sup-
pressor has received much attention, in part, due to the
reported effect of metformin, a pharmacologic activator of
AMPK, in reducing risk and/or mortality in certain types of
cancers, especially those of the breast (18), pancreas (19), and
prostate (20), among patients with type II diabetes (18, 21–23).
These chemopreventive effects are consistent with the ability
of metformin to suppress tumorigenesis and xenograft tumor
growth in various animalmodels of cancer (reviewed in ref. 24).
Together, these findings have led to multiple clinical trials of
metformin in the treatment of different cancer types (www.
clinicaltrials.gov).

From a mechanistic perspective, AMPK inhibits tumorigen-
esis by targeting tumor metabolism and mTOR-associated
oncogenic signaling pathways (25–29). However, it warrants
attention that the role of AMPK as a metabolic sensor might
vary in a cell type–or context-specific manner as emerging
evidence suggests that tumor cells might also use AMPK
activation as a survival strategy to undergo metabolic adap-
tation in the face of environmental stresses (30, 31), such as
hypoxia (21), acidosis (22), and nutrient deprivation (21, 23).
These dichotomous effects underscore differences in signaling
networks downstream of AMPK in response to different stress
signals. Nonetheless, metabolic stress, such as serum starva-
tion, can also activate AMPK-independent signaling pathways,
including those mediated by Akt and ERKs, in aggressive
cancer cell lines as part of the metabolic adaptation to hostile
environments (32).

Conventional AMPK activators, such as metformin and
2-deoxyglucose, facilitate AMPK activation by generating
an intracellular energy deficit, as manifested by increased
AMP:ATP ratios (24). This energy deficit also represents a
form of metabolic stress, which might induce AMPK-inde-
pendent cellular responses. To circumvent this problem, we
developed an allosteric AMPK activator, OSU-53 (structure,
Fig. 1D), via the pharmacologic exploitation of the off-target
effect of the peroxisome proliferator-activated receptor
(PPAR)g agonist ciglitazone on AMPK activation (33, 34).
OSU-53 directly activates the kinase activity of recombinant
AMPK a1b1g2 (IC50, 0.3 mmol/L vis-�a-vis 8 mmol/L for AMP)
by binding to the autoinhibitory domain (33, 34), and this
mode of action is supported by the ability of OSU-53 to
activate AMPK in MDA-MB-231 cells that are deficient in its
upstream regulator liver kinase B1 (LKB1; ref. 34). By using
OSU-53 as a pharmacologic probe, we report a novel func-
tion of AMPK in inhibiting EMT by targeting the Akt–
MDM2–Foxo3a signaling axis. Exposure of a panel of breast
and prostate cancer cells to OSU-53 reversed their mesen-
chymal phenotype, as evidenced by gain of epithelial mar-
kers and loss of mesenchymal markers. This phenotypic
change, also noted with metformin and AICAR (5-aminoi-
midazole-4-carboxamide ribonucleotide), was attributable
to OSU-53–mediated activation of Foxo3a signaling, leading
to the transactivation of the CDH1 (E-cadherin) gene and
repression of genes encoding EMT-inducing transcription
factors. Mechanistically, OSU-53 increased the nuclear accu-
mulation and protein stability of Foxo3a by inhibiting Akt–

MDM2 signaling. This unique mode of activation contrasts
with a previous report that AMPK increased the transcrip-
tional activity of Foxo3a through direct phosphorylation
without affecting its subcellular localization in nutrient-
deprived HEK 293T cells (35).

Pursuant to our previous finding that AMPK inhibits
cancer cell proliferation by perturbing both metabolic and
oncogenic signaling pathways (33, 34), the present study
identifies a novel mechanism by which AMPK activation
suppresses the metastatic potential of cancer cells, which
might foster new therapeutic strategies for metastatic
cancer.

Materials and Methods
Cell lines and antibodies

Cancer cell lines were purchased from the American Type
Culture Collection, and nonmalignant human epithelial cells of
themammary gland (MEC) and prostate (PrEC) were obtained
from Lonza Biologics, Inc. All cells were used in fewer than 6
months of continuous passage. Media used for the mainte-
nance of these cells are as follows: MCF-7, DMEM/F-12 (Life
Technologies), MDA-MB-468 and MDA-MB-231, DMEM (Life
Technologies), MECs, mammary epithelial growth medium
(Lonza Biologics), 4T1, RPMI-1640 (Life Technologies); LNCaP
and PC-3, RPMI-1640 (Life Technologies), DU-145, MEM (Life
Technologies), PrECs, prostate epithelial growth medium
(Lonza Biologics), all of which were supplemented with 10%
FBS. Cells were incubated at 37�C in a humidified incubator
containing 5% CO2. Antibodies against various proteins were
obtained from the following sources: mouse monoclonal anti-
bodies: Snail, and ubiquitin, Cell Signaling Technology; E-
cadherin, BD Biosciences; GFP, Santa Cruz Biotechnology;
b-TrCP, Invitrogen; b-actin, MP Biomedicals. Rabbit antibo-
dies: Thr(P)172-AMPK, AMPK, Ser(P)253-Foxo3a, Foxo3a,
vimentin, YB-1, Ser(P)2448-mTOR, mTOR, Thr(P)389-p70S6K,
p70S6K, Ser(P)473-Akt, Thr(P)308-Akt, Akt, Ser(P)180/181-IKKa/
IKKb, Cell Signaling Technology; Twist, Santa Cruz Biotech-
nology. Alexa Fluor dye–conjugated phalloidin (Alexa Fluor
488) was purchased from Invitrogen. Goat antibody against
Histone H3 was from Santa Cruz Biotechnology.

Cell viability assays
Cell viability was assessed by using the 3-(4,5-dimethylthia-

zol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay in
six replicates. Cellswere seeded and incubated in 96-well plates
in the respective medium with 10% FBS for 24 hours, and then
exposed to various concentrations of test agents dissolved in
DMSO in 5% FBS-supplemented medium. The medium was
removed and replaced by 200 mL of 0.5 mg/mL MTT in 10%
FBS-containing medium, and cells were incubated at 37�C
for 2 hours. Supernatants were removed, and theMTT dye was
solubilized in 120 mL/well of DMSO. Absorbance at 570 nm
was determined on a plate reader.

Transient transfection
Cells were transfected using an Amaxa Nucleofection

system (Amaxa Biosystems) according to the manufacturer's
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instructions. The plasmids encoding constitutively active
(CA)-Akt, pcDNA-MDM2, and HA-ubiquitin were obtained
from Addgene, and Foxo3a shRNA from Origene. Foxo3a-
GFP plasmid was kindly provided by Dr. Mickey C-T. Hu
(Stanford University School of Medicine, Stanford, CA).
Treatments were initiated 24 hours after completion of
48-hour transfection. Expression of various plasmids was
confirmed by immunoblotting analysis.

RT-PCR analysis
Total RNA was isolated using TRIzol (Invitrogen) and then

reverse-transcribed to cDNA using the Omniscript RT Kit
(Qiagen). The PCR products were resolved by electrophoresis
on 1% agarose gels and visualized by ethidium bromide stain-
ing. The sequences of the PCR primers used are listed in
Supplementary Table S1. The cycle numbers for the RT-PCR
of each target gene were as follows for the human and mouse
cell lines, respectively: Foxo3a, 31 and 35; E-cadherin, 32 and 26;

vimentin, 28 and 28; YB-1, 30 and 30; Snail, 32 and 35; claudin-1,
30 and 38; b-actin, 26 and 26.

In vitro Foxo3a ubiquitination analysis
Cells were transfected with the expression vector for HA-

tagged ubiquitin (HA-Ub) in combination with either the
plasmid for MDM2 or the empty vector (pcDNA3). Cells then
were cultured in 6-well plates for 24 hours and then treated
with 5 mmol/L OSU-53 for 12 hours, followed by cotreatment
with the proteasome inhibitor MG132 (10 mmol/L) for an
additional 12 hours. Cells were harvested into M-PER buffer
containing 1% protease inhibitor cocktail and centrifuged at
13,000�g for 20minutes. The supernatants were collected, and
one-tenth volumeof each supernatantwas stored at 4�C for use
as the input sample for immunoblotting. The remainder was
incubated with anti-Foxo3a antibody overnight at 4�C and
incubated with protein A/G-agarose for 30 minutes. The
immunoprecipitates were centrifuged, collected, washed,
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Figure 1. Evidence that AMPK
regulates EMT. A, Western blot
analysis of the activation status of
AMPK versus the expression
profiles of Foxo3a, and various
EMT markers in a panel of breast
(MCF-7, MDA-MB-468, MDA-MB-
231, and 4T1) and prostate
(LNCaP, DU-145, and PC-3)
cancer cells in 10% FBS-
containing versus serum-free
medium after 48 hours of
exposure. B and C, effects of
siRNA-mediated knockdown of
AMPK on the expression of
Foxo3a and various EMT effectors
in MCF-7, LNCaP, 4T1, and PC-3
cells (B) and on F-actin
cytoskeletal structure in MCF-7
and LNCaP cells (C). Immunoblots
are representative of three
independent experiments. D,
structure of OSU-53 and
concentration-dependent effects
of OSU-53 on the viability of
various breast and prostate cancer
cell lines, including MCF-7, MDA-
MB-468 (468), MDA-MB-231
(231), 4T1, LNCaP, DU-145, and
PC-3, versus that of MECs and
PrECs after 72 hours of treatment
in 5% FBS-supplemented
medium; points, mean; bar,
SD (N ¼ 6).
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suspended in 2� SDS sample buffer, and subjected toWestern
blot analysis with antibodies against HA-tag, ubiquitin, or
Foxo3a.

Immunoblotting
Growing cells were harvested by scraping and lysed in the

presence of SDS lysis buffer/protease inhibitor cocktail. An
equal amount of protein fromeach samplewas loaded per lane,
separated by SDS–PAGE, transferred onto a polyvinylidene
difluoride (PVDF) membrane, and then probed with specific
antibodies. Secondary antibodies conjugated to horseradish
peroxidase andWestern Lighting Chemiluminescence Reagent
Plus (PerkinElmer) were used to develop images.

Chromatin immunoprecipitation assay
After crosslinking with 1% formaldehyde for 10 minutes at

room temperature, cells were washed with ice-cold PBS
three times and whole-cell extracts were prepared with lysis
buffer. Cellular DNA fragments of approximately 500 bp
were generated by sonication. For immunoprecipitation,
cell lysates were incubated with 2 mg of anti-Foxo3a antibody
at 4�C for 16 hours with rotation. After incubation with 30 mL
of protein A/G agarose beads at 4�C for additional 2 hours,
beads were washed three times with high-salt buffer (20
mmol/L Tris-HCl, 500 mmol/L NaCl, 2 mmol/L EDTA, and
0.5% NP-40), followed by another three washes with low-salt
buffer (10 mmol/L Tris–HCl, 100 mmol/L NaCl, 1 mmol/L
EDTA, 0.5% Nonidet P-40, and 0.01% SDS). Proteins were
eluted from the beads with 500 mL of Tris–EDTA buffer
containing 1% SDS, and crosslinking was reversed by expo-
sure to 65�C for 16 hours. After digestion by 0.5 mg/mL
proteinase K at 50�C for 2 hours, DNA was extracted by
phenol/chloroform and precipitated by absolute alcohol.
The purified DNA was analyzed by PCR using primers for
different Foxo3-binding elements (FBE) in the E-cadherin
promoter. Primer sequences are listed in Supplementary
Table S1.

Immunofluorescent imaging of F-actin cytoskeletal
structure

Immunofluorescent imaging was performed according
to a reported procedure (34). In brief, treated cells were
washed with cold PBS, fixed with 4% formaldehyde for 10
minutes at 37�C, permeabilized with 0.5% Triton X-100 for 5
minutes at room temperature, and then blocked with 3% BSA
overnight at 4�C. After washing with PBS, the cells were
incubated with Alexa Fluor 488–conjugated phalloidin in the
presence of 1% BSA for 1 hour at room temperature (for
F-actin). Nuclei were stained with 40,6-diamidino-2-pheny-
lindole (DAPI) contained in the VECTASHIELD mounting
medium (Vector Laboratories). Confocal images were obtain-
ed with an Olympus FV1000 confocal microscope (Olympus
Corp.) using the 40� oil immersion lens.

In vitro migration and invasion assays
Assays were performed using Falcon Cell Culture Inserts (8-

mu;mpore size) in a 24-well format (BDBiosciences) according
to the vendor's instructions. In the migration assay, cells

(104 cells/well) in 0.5 mL of serum-free medium containing
OSU-53 at the indicated concentration were seeded onto the
membranes of the upper chambers, which had been inserted
into the wells of 24-well plates containing 10% FBS-supple-
mentedmedium. After 18 hours, the cells were fixed with 100%
methanol and stained with 5% Giemsa (Merck). Unmigrated
cells remaining in the upper chamberswere removed bywiping
with a damp cotton swab leaving those that had migrated to
the underside of the membranes. The membranes were
mounted on glass slides, and the numbers of cells in three
randomly chosen high-power fields were counted. For the
invasion assay, cells (105 cells/well) in 0.5 mL of serum-free
medium containing OSU-53 at the indicated concentration
were seeded onto Matrigel-coated membranes of the upper
chambers. The lower chambers contained the same amount of
OSU-53 in 10% FBS-supplemented medium. After 24 hours,
noninvasive cells remaining on the upper surface of the
membranes were removed with a cotton swab. Cells on the
lower surface of the membrane were fixed in 100% methanol
and stained with 0.1% crystal violet for 10 minutes. The
membranes were mounted on glass slides, and the numbers
of cells in three randomly chosen high-power fields were
counted. All experiments were performed three times.

Three-dimensional colony formation assay
Cells were cultured in growth factor–depleted three-

dimensional Cultrex Basement Membrane Extract (BME;
Trevigen), as previously reported (36). In brief, cell culture
dishes (24-well plates) were precoated with undiluted phe-
nol red–free BME. Cells (104 cells per well) were suspended
in 200 mL of serum-free medium, and then mixed with 100 mL
of cold BME. The cell suspension was added drop-wise onto
the BME layer in the precoated wells. After the cell-contain-
ing layer was set, serum-free medium containing OSU-53 at
the indicated concentrations was added over the top. Medi-
um was changed every 3 days. After culture for 9 and 16 days
for PC-3 and MDA-MB-231 cells, respectively, cells were
fixed with 4% paraformaldehyde for 20 minutes, quenched
with 0.75% glycine three times, 10 minutes each, and then
examined microscopically for stellate morphology of colo-
nies indicative of invasiveness and migratory capacity.

In vivo metastasis study
Orthotopic xenograft tumors were established in female

BALB/c mice (BALB/cAnNCr; 5–7 weeks of age; NCI, Fre-
derick, MD) by injecting 4T1 cells (2.5 � 104 cells/mouse)
into the right inguinal mammary fat pad in a total volume
of 0.1 mL of PBS. Mice were randomized to three groups
(n ¼ 6), which received the following treatments 24 hours
after implantation: (i) OSU-53 at 50 mg/kg; (ii) OSU-53 at
100 mg/kg; and (iii) vehicle (0.5% methylcellulose/0.1%
Tween 80 in water). Treatments were administered once
daily by oral gavage. Primary tumor volumes were calculated
from weekly caliper measurements (volume ¼ width2 �
length � 0.52). Body weights were measured weekly. At
terminal sacrifice, tumors were harvested, snap-frozen in
liquid nitrogen, and stored at �80�C until used for biomark-
er assessment by Western blotting. Lungs were collected and
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fixed in 10% neutral buffered formalin for assessment of
metastatic burden. Using a dissection microscope, the num-
bers of tumors visible on the surfaces of all lung lobes from
each mouse were counted and their diameters were mea-
sured. All experimental procedures using live animals were
conducted in accordance with protocols approved by The
Ohio State University Institutional Animal Care and Use
Committee.

Statistical analysis
Differences among group means in the viability, migration,

and invasion assays for each cell line and in the in vivo
experiment were analyzed using one-way ANOVA followed by
the Dunnett multiple comparisons test. The analyses were
performed using SPSS software (SPSS Inc.). Differences in the
rates of concentration-dependent changes in viability, migra-
tion, and invasion in the MDA-MB-231 cell line were analyzed
by trend analysis using SAS 9.3 software (SAS, Inc.). Differences
were considered significant at P < 0.05.

Results
Evidence that AMPK regulates EMT in breast and
prostate cancer cells
Consistent with the premise that the role of AMPK as a

metabolic sensor varies in a cell type/context–specificmanner,
we observed a differential cellular response among a series of
breast and prostate cancer cell lines to metabolic stress in
eliciting AMPK activation. Although cell lines with a nonag-
gressive, epithelial phenotype (MCF-7 and LNCaP) were highly
sensitive to serum deprivation–induced AMPK activation, as
manifested by phosphorylation/expression levels of AMPKand
its downstream target acetyl-CoA carboxylase (ACC; Fig. 1A),
cell lines with mesenchymal characteristics were resistant to
this metabolic stress as no significant change (MDA-MB-468,
MDA-MB-231, and 4T1) or even reduction (DU-145 and PC-3)
in AMPK phosphorylation was noted. It is noteworthy that this
metabolic stress–induced AMPK activation in MCF-7 and
LNCaP cells was accompanied by parallel increases in the
expression of the EMT regulator Foxo3a and the epithelial
marker E-cadherin. In contrast, with the exception of the
epithelial marker claudin-1 in MDA-MB-231 cells, the other
five cell lines examined showed no significant changes in the
expression of any of the above EMT-associated markers in
serum-depleted medium.
To verify the putative link between AMPK and EMT, we

assessed the effect of siRNA-mediated knockdown of AMPK on
EMT-associatedmarkers inMCF-7, 4T1, LNCaP, andPC-3 cells.
As shown, silencing of AMPK promoted EMT in these cells, as
indicated by reduced expression of Foxo3a and E-cadherin in
conjunction with increased expression of vimentin, YB-1, and
Snail (Fig. 1B). This phenotypic change was visualized by the
immunostaining of F-actin in MCF-7 and LNCaP cells, which
showed F-actin stress fiber formation and increased cell
spreading in response to the AMPK silencing (Fig. 1C).
The role of AMPK in regulating EMT was further dem-

onstrated by the ability of the allosteric AMPK activator
OSU-53 to reverse the mesenchymal phenotype of aggressive
cancer cells. The aforementioned breast and prostate cancer

cell lines exhibited a differential susceptibility to the sup-
pressive effect of OSU-53 on cell viability with IC50 in
the range of 5 to 10 mmol/L after 72 hours of treatment
(MCF-7, 5 mmol/L; MDA-MB-231, 7.5 mmol/L; MDA-MB-468,
5 mmol/L; 4T1, 6 mmol/L; LNCaP, 9 mmol/L; DU-145, 8
mmol/L; and PC-3, 5 mmol/L; Fig. 1D). In contrast, MECs
and PrECs were resistant to OSU-53, indicating a discrim-
inative antiproliferative effect between malignant and
nonmalignant cells. In addition, OSU-53 dose-dependently
increased the phosphorylation of AMPK and ACC, accom-
panied by parallel changes in the expression of various EMT
effectors, including Foxo3a, E-cadherin, claudin-1, vimentin,
YB-1, and Snail, in four cell lines displaying mesenchymal
traits, MDA-MB-231, 4T1, PC-3, and MDA-MB-468, in a
manner consistent with the reversal from a mesenchymal
to an epithelial phenotype (Fig. 2A). As MDA-MB-231 cells
lack endogenous E-cadherin expression due to promoter
hypermethylation (37), decreased Snail, a transcriptional
repressor of E-cadherin, was not accompanied by E-cadherin
upregulation. Therefore, we used claudin-1 as an additional
epithelial marker to demonstrate the gain of epithelial
character in response to OSU-53. It is noteworthy that
OSU-53 had no appreciable effect on any of the aforemen-
tioned biomarkers in MECs and PrECs, reflective of the lack
of response of these normal epithelial cells to the drug's
antiproliferative activity. This drug effect on EMT was also
noted with AICAR and metformin in 4T1 and PC-3 cells
(Fig. 2B), indicating that this was not an OSU-53–specific
response. RT-PCR analysis indicates that, with the exception
of Foxo3a, these changes in the expression of EMT effectors
were mediated at both mRNA and protein levels (Fig. 2C).
Moreover, siRNA-mediated knockdown of AMPK diminished
the effects of OSU-53 on the expression of these EMT
effectors in both cell lines, supporting the central role of
AMPK in mediating this phenotypic change (Fig. 2D). On the
basis of these findings, we hypothesized that the effect of
OSU-53 on EMT was associated with its ability to increase
Foxo3a expression at the posttranslational level, which, in
turn, modulated the gene transcription of various EMT-
associated effectors.

Foxo3a as a master regulator of OSU-53–mediated
suppression of EMT

To interrogate the role of Foxo3a as a downstream effec-
tor of AMPK in regulating EMT, we investigated the effect
of shRNA-mediated knockdown of Foxo3a on the expres-
sion of EMT markers in MCF-7 and LNCaP cells. Foxo3a
knockdown promoted EMT in these two epithelial cell lines,
which was evidenced by reduced E-cadherin expression in
conjunction with concomitant increases in the expression
of the mesenchymal markers YB-1 and Snail (Fig. 3A).
Conversely, ectopic expression of Foxo3a mimicked the
ability of OSU-53 to reverse the mesenchymal characters
of MDA-MB-231, 4T1, and PC-3 cells (Fig. 3B). Moreover,
RT-PCR analysis indicated that, reminiscent of the effect of
OSU-53 (Fig. 2C), Foxo3a-induced changes in the expression
of these EMT effectors were mediated at the mRNA level
(Fig. 3B).

Role of AMPK in Regulating EMT

www.aacrjournals.org Cancer Res; 74(17) September 1, 2014 4787

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/17/4783/2704285/4783.pdf by guest on 19 M

ay 2023



Pursuant to these findings, we used the shRNA-mediated
knockdown of Foxo3a to verify its role in regulating the OSU-
53–mediated suppression of EMT in MDA-MB-231 and PC-3
cells. Reminiscent of its effects in MCF-7 and LNCaP cells,
silencing of Foxo3a accentuated the mesenchymal character
of these cells, as manifested by changes in pertinent EMT-
associated markers (Fig. 3C). Although OSU-53 (5 mmol/mL)
was able to induce AMPK activation in these Foxo3a-silenced
MDA-MB-231 and PC-3 cells, its ability to alter the EMT status
of these cells was lost as no substantial effect on various EMT
markers was observed (Fig. 3C).

Previously, Foxo3a was reported to regulate E-cadherin
expression through the negative regulation of Twist in urothe-
lial cancer cells (17). In this study, we obtained evidence
that Foxo3a directly activated E-cadherin transcription in
OSU-53–treated MDA-MB-468, PC-3, and MDA-MB-231 cells.

Analysis of the E-cadherin gene promoter identified five poten-
tial Foxo-binding elements (AAACA) in different regions of
the promoter (FBE1–5; Fig. 3D, top). Chromatin immunopre-
cipitation (ChIP) analysis demonstrated that OSU-53 at 5
mmol/L promoted the selective binding of Foxo3a to FBE3
and FBE4 in all three cell lines (bottom). Together with the
ability of ectopic Foxo3a to increase E-cadherin gene expres-
sion, the data suggest that Foxo3a directly binds to the
E-cadherin promoter to activate its transcription following
OSU-53 treatment.

OSU-53 stimulates Foxo3a nuclear localization and
protein stabilization by suppressing Akt signaling

In light of the ability of OSU-53 to increase Foxo3a
expression at the posttranscriptional level (Fig. 2A and C),
we investigated the drug effect on its cellular distribution by
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Figure 2. OSU-53 facilitates the reversal of the mesenchymal phenotype of MDA-MB-231, 4T1, PC-3, and MDA-MB-468 cells via an AMPK-
dependent mechanism. A and B, Western blot analysis of the concentration-dependent effects of the AMPK activators OSU-53 (A) and AICAR
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immunocytochemistry. As shown, exposure to OSU-53
(5 mmol/L) led to complete nuclear translocation in all three
cell lines examined (MDA-MB-231, 4T1, and PC-3 cells; Fig.
4A). Together, these findings suggest that OSU-53 induces
the activation of Foxo3a through increased protein stability
and nuclear localization. We rationalized that these drug
effects might be associated with the previously reported
activity of OSU-53 in facilitating protein phosphatase (PP)
2A–mediated Akt inactivation (34), which is supported by
the following findings.
First, Akt promotes nuclear exclusion of Foxo3a through

direct phosphorylation at three consensus sites (32Thr, 253Ser,
and 315Ser; ref. 38), or via phosphorylation by its downstream
effector IKKb (39, 40). Accordingly, our data show the concur-
rent downregulation of phosphorylated Akt and IKKb, which
we conclude gave rise to reduced 253Ser-Foxo3a phosphoryla-

tion (exemplified in PC-3 cells; Fig. 4B), leading to the cyto-
plasmic-to-nuclear translocation of Foxo3a in OSU-53–treated
cells (in all three cell lines; Fig. 4C).

Second, we hypothesized that decreased 166Ser-MDM2
phosphorylation consequent to Akt inactivation might
underlie the ability of OSU-53 to upregulate Foxo3a, as
MDM2 is the E3 ligase responsible for Foxo3a ubiquitination
and degradation (41, 42), and its nuclear entry is regulated by
Akt-mediated phosphorylation (43). As shown, OSU-53 treat-
ment led to a dose-dependent decrease in Foxo3a and
MDM2 phosphorylation (Fig. 4B) and the parallel exit of
MDM2 from the nucleus into the cytoplasm in MDA-MB-231,
4T1, and PC-3 cells (Fig. 4C). This drug-induced trafficking of
Foxo3a and MDM2 into different cellular compartments was
verified by coimmunoprecipitation, which revealed reduced
physical interactions between Foxo3a and MDM2 in the
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Figure 3. Foxo3a plays a role in regulating EMT in breast and prostate cancer cells. A, shRNA-mediated knockdown of Foxo3a facilitated EMT
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nuclear extracts of all three cell lines examined after expo-
sure to OSU-53 (Fig. 5A).

Furthermore, the role of MDM2 in OSU-53–induced Foxo3a
accumulation was demonstrated by the following experi-
ments. Ectopic expression of MDM2 abrogated the effect of
OSU-53 on Foxo3a expression (Fig. 5B). Furthermore, coim-
munoprecipitation analysis showed that the ability of ectopic
MDM2 to abolish OSU-53–mediated Foxo3a upregulation was
attributable to increased Foxo3a ubiquitination relative to
the pcDNAcontrol (Fig. 5C). Equally important, ectopic expres-
sion of a constitutively active form of Akt, AktT308D/S473D, as

manifested by increased 253Ser-Foxo3a phosphorylation, abro-
gated the OSU-53–induced increase in Foxo3a expression
(Fig. 5D). Together, these findings confirmed that OSU-53
facilitated Foxo3a activation by targeting the Akt–MDM2
axis (Fig. 6A).

OSU-53 inhibits invasive phenotype
The in vitro efficacy of OSU-53 in suppressing cancer cell

invasiveness was illustrated by its dose-dependent inhibition
of the migration and invasion of MDA-MB-231 and PC-3
cells after 24 hours of treatment in Boyden chamber assays
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(all P values < 0.001; Fig. 6B, center two panels). Although
exposure of either cell line to OSU-53 within the same dose
range caused a dose-dependent reduction in cell viability
within 24 hours of treatment (all P values < 0.005; left), this
drug-mediated inhibition of cell motility and invasion was not
attributable to cell death as the rates of the concentration-
dependent decreases in invasion and migration were signifi-
cantly greater than that in viability (all P values < 0.001; right).
In addition, the effect of OSU-53 on the metastatic potential of
these two cell lines was interrogated by the three-dimensional
colony formation assay, which is frequently used to assess
cancer cells' metastatic capacity (44). As shown, OSU-53 dose-
dependently inhibited the ability of MDA-MB-231 and PC-3
cells to form invasive colonies, as indicated by reduced colony
size and loss of stellate morphology (Fig. 6C). In addition,
staining of MDA-MB-231 cells with FITC-conjugated phalloi-
din revealed significant decreases in F-actin stress fibers in
response to OSU-53 treatment (Fig. 6D). Together, these find-
ings suggest the ability of OSU-53 to inhibit the metastatic
phenotype of mesenchymal-type cancer cells.

In vivo suppressive effect of OSU-53 on tumor metastasis
Pursuant to the above in vitro findings, we assessed the

efficacy of OSU-53 in blocking tumor metastasis in vivo in
the 4T1 syngeneic tumor model. 4T1 cells (2.5 � 104) were
injected into the mammary fad pads of female Balb/c mice,
and OSU-53, at 50 or 100 mg/kg per day, was given by oral
gavage once daily, beginning at 24 hours after tumor cell
implantation for 3 weeks. OSU-53 was well tolerated by
tumor-bearing mice as no change in body weight was noted
in either drug-treated group throughout the course of the
treatment (Fig. 7A, inset). However, in contrast with the
tumor-suppressive effect of OSU-53 noted in the MDA-MD-
231 xenograft tumor model (34), 4T1 tumors were resistant
to OSU-53 as tumor growth was only modestly inhibited
relative to the control (P > 0.05; Fig. 7A), indicative of the
aggressive nature of these murine breast cancer cells. None-
theless, Western blot analysis of tumor lysates indicated that
OSU-53 dose-dependently increased AMPK and ACC phos-
phorylation (Fig. 7B). Reminiscent of our in vitro findings,
this AMPK activation was associated with reduced Akt
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phosphorylation and increased Foxo3a expression, accom-
panied by the gain of the epithelial marker E-cadherin and
loss of mesenchymal markers vimentin, YB-1, Snail, and
Twist (Fig. 7B). Equally important, this phenotypic switch
in OSU-53–treated mice was associated with reductions in
the number and size of metastatic nodules on the surface of
the lung as compared with the controls (Fig. 7C).

Discussion
Beyond its role in regulating energy homeostasis (45), AMPK

is increasingly recognized as a metabolic tumor suppressor in
light of its ability to suppress lipogenesis and mTOR signaling
(27, 28). Our data suggest that AMPK is differentially regulated
in cancer cell lines expressing an epithelial versus mesenchy-
mal phenotype. Relative to epithelial-type cancer cell lines,
such asMCF-7 and LNCaP, cancer cell lines withmesenchymal
characteristics were resistant to AMPK activation in response
to serum deprivation (Fig. 1A). In light of the role of AMPK

in regulating EMT, this finding raises a possibility that these
aggressive cancer cell lines might relinquish metabolic stress-
induced AMPK activation as a strategy to maintain their
mesenchymal characteristics under nutrient-deprived condi-
tions. For example, MDA-MB-231 cells lack the expression of
LKB1 (46), thereby incapacitating the function of the LKB1–
AMPK pathway as a cellular energy-sensing checkpoint to
regulate cell proliferation. Nevertheless, these mesenchymal-
type cancer cells still responded to OSU-53 by undergoing
AMPK activation, leading to a switch to an epithelial-like
phenotype.

By using OSU-53, we demonstrated the role of AMPK in
blocking EMT in aggressive cancer cells in vitro and in vivo
by activating Foxo3a signaling. Although AMPK has been
reported as an upstream regulator of Foxo3a, the underlying
mechanism remains undefined (47). In this study, we obtain-
ed several lines of evidence that OSU-53 activates Foxo3a
through two distinct Akt-dependent pathways (Fig. 6A). First,
OSU-53 facilitated the nuclear localization of Foxo3a by
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downregulating Akt- and IKKb-mediated phosphorylation
(Fig. 4B). Second, OSU-53 increased the protein stability of
Foxo3a by blocking MDM2-mediated degradation (Fig. 5).
Mechanistically, OSU-53 had no effect on MDM2 expression,
but suppressed Akt-mediated MDM2 phosphorylation. This
dephosphorylation promoted MDM2 nuclear exit, thereby
leading to the physical separation of MDM2 from Foxo3a in
different cellular compartments (Fig. 4C).
This mode of regulation differs from that described in a

recent report in which AMPK activation in nutrient-deprived
HEK 293T cells led to increased transcriptional activity of
Foxo3a, however, without affecting its cytoplasmic localization
through direct phosphorylation at multiple sites distinct from
those targeted by Akt (35). This discrepancy might reflect
differences in cellular context, i.e., nutrient deprivation–
induced versus allosteric activation of AMPK, and in cell types,
i.e., nonmalignant 293T versus aggressive cancer cells, which
underscores the intricate relationship between AMPK and
Foxo3a (47).
Our data suggest that Foxo3a acted as a master regulator of

OSU-53–mediated inhibition of EMT by regulating the expres-
sion of E-cadherin, YB-1, Snail, and Twist (Fig. 6A). The ability
of Foxo3a to activate E-cadherin gene transcription is espe-

cially noteworthy, as other mechanisms have been implicated
in Foxo3a-mediated E-cadherin expression, including those
mediated by estrogen receptor (ER)a (16) and Twist (17),
which underlies the complexity of the role of Foxo3a in
regulating EMT in different cell systems. Considering the role
of YB-1 in promoting EMT through the upregulation of Snail
and other transcriptional repressors of E-cadherin (15), there
exists an intricate interplay between Foxo3a and YB-1 in
mediating the effect of OSU-53 on themesenchymal phenotype
of cancer cells. In addition, Foxo3a has also been reported to
play a key role in the abilities of epigallocatechin-3-gallate and
berberine to reverse the invasive phenotype of ERa-positive
breast cancer and melanoma cells through distinct mechan-
isms, i.e., induction of ERa expression (16) and suppression
of ERK activity and COX-2 expression (48), respectively.
Together, these findings suggest themultifaceted mechanisms
of Foxo3a signaling under different cellular contexts.

In summary, we obtained evidence that AMPKplays a role in
regulating EMT in cancer cells by upregulating Foxo3a signal-
ing through an Akt-dependent mechanism. Moreover, the
effectiveness of oral OSU-53 to suppress metastasis in vivo
provides a proof-of-concept that allosteric activation of AMPK
by small-molecule agents represents a therapeutically relevant
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strategy to reduce the invasiveness and metastatic capacity of
aggressive cancer cells. Lead optimization of OSU-53 to gen-
erate more potent derivatives for preclinical development is
currently under way.
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