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Autophagy has recently been implicated in both the preven-
tion andprogression of cancer.However, themolecular basis for
the relationship between autophagy induction and the initial
acquisition of malignancy is currently unknown. Here, we pro-
vide the first evidence that autophagy is essential for oncogenic
K-Ras (K-RasV12)-induced malignant cell transformation. Ret-
roviral expression of K-RasV12 induced autophagic vacuole for-
mation and malignant transformation in human breast epithe-
lial cells. Interestingly, pharmacological inhibition of autophagy
completely blocked K-RasV12-induced, anchorage-independent
cell growth on soft agar. BothmRNAandprotein levels of ATG5
andATG7 (autophagy-specific genes 5 and 7, respectively) were
increased in cells overexpressing K-RasV12. Targeted suppres-
sion of ATG5 or ATG7 expression by short hairpin (sh) RNA
inhibited cell growth on soft agar and tumor formation in nude
mice. Moreover, inhibition of reactive oxygen species (ROS)
with antioxidants clearly attenuated K-RasV12-induced ATG5
and ATG7 induction, autophagy, and malignant cell transfor-
mation. MAPK pathway components were activated in cells
overexpressing K-RasV12, and inhibition of JNK blunted induc-
tion ofATG5andATG7and subsequent autophagy. In addition,
pretreatment with antioxidants completely inhibited K-RasV12-
induced JNK activation. Our results provide novel evidence that
autophagy is critically involved in malignant transformation by
oncogenic K-Ras and show that reactive oxygen species-medi-
ated JNK activation plays a causal role in autophagy induction
through up-regulation of ATG5 and ATG7.

RasGTPases act asmolecular switches to transduce extracel-
lular signals to the nucleus, where they regulate an overlapping
set of cellular responses. Uncontrolled Ras activation is one of
the most common genetic alterations associated with human
cancers. Point mutations of Ras genes abolish the GTPase-ac-

tivating protein-dependent GTP hydrolysis activity of Ras,
leading to a constitutively activated Ras protein. These muta-
tions occur at high frequency in mammalian cells, resulting in
malignant transformation and further progression to cancer.
Such point mutations have been found in a broad spectrum of
tumors; in fact, oncogenic Ras mutations are found in more
than 30% of all human malignancies, suggesting that Ras plays
an important role in tumor development (1–6).
Cellular homeostasis depends on a balance between the

rates of synthesis and degradation of intracellular compo-
nents. Eukaryotic cells primarily use two distinct mecha-
nisms, the proteasome pathway and autophagy, for large
scale degradation; however, only autophagy has the capacity
to degrade entire organelles (7, 8). Autophagy is a dynamic
process that prolongs survival for a short time under starva-
tion conditions and is evolutionarily conserved among all
eukaryotic cells, from yeast to mammals. It is a highly regu-
lated cellular mechanism in which intracellular double
membrane-bound structures, known as autophagosomes,
sequester proteins and intracellular organelles, such as mito-
chondria, and fuse with a lysosome or vacuole. Organelle
contents are subsequently degraded and recycled as part of a
process that serves to maintain cell viability (9, 10).
A number of recent studies have focused on the importance

of autophagy in cancer, but it is still not clear whether
autophagy suppresses tumorigenesis or is a mechanism to res-
cue cancer cells under unfavorable conditions. Autophagy may
be involved in regulating both the promotion and prevention of
cancer, and its role may be altered during tumor progression.
Inhibition of autophagy allows the continuous growth of pre-
cancerous cells (11–13), and defects in autophagy are associ-
ated with increased tumorigenesis (14, 15), suggesting that
autophagy can act as a cancer suppressor. However, autophagy
may have another role, as reflected in the correlation between
autophagy and promotion of cell survival under stress. As a
tumor grows, resident cancer cellsmay depend on autophagy to
survive nutrient-limiting and low oxygen conditions, especially
in the internal, poorly vascularized region of the tumor (16). As
a corollary, autophagy may favor tumor development, indicat-
ing that inhibition of autophagy might be required to block
tumorigenesis. Thus, autophagy may be involved not only in
the prevention of cancer but also in the initiation and/or pro-
motion of cancer (17–21). However, themolecular basis for the
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regulatory relationship between autophagy and the initial
acquisition of human malignancy has not yet been defined.
In the present study, we investigated whether autophagy is

involved in oncogenic K-Ras-induced malignant transforma-
tion and, if so, how the Ras signaling pathway is involved in
the control of autophagy. We provide novel evidence that
autophagy is an essential element in the induction of malignant
transformation by oncogenicK-Ras and show that reactive oxy-
gen species (ROS)2-mediated c-Jun N-terminal kinase (JNK)
activation plays a causal role in autophagy induction through
up-regulation of ATG5 and ATG7 (autophagy-related genes 5
and 7).

EXPERIMENTAL PROCEDURES

Chemical Reagents and Antibodies—3-Methyladenine
(3-MA), N-acetyl-L-cysteine (NAC), actinomycin D, and
DMSOwere purchased from Sigma. Bafilomycin A1, cyclohex-
imide, PD98059, SB203580, and SP600125 were purchased
from Calbiochem. LysoTracker Green DND-26 was purchased
fromMolecular Probes, Inc. (Eugene, OR) (L-7526). Polyclonal
antibodies to anti-K-Ras, ATG6 (Beclin 1), ATG7, caspase 8,
caspase 9, phospho-ERK, and p38MAPKwere purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Polyclonal
anti-ATG5, LC3, and LAMP-1 were obtained from Abgent
(San Diego, CA). Polyclonal antibodies to cleaved caspase 3,
poly(ADP-ribose) polymerase, ERK, JNK, phospho-JNK, and
phospho-p38 MAPK were obtained from Cell Signaling Tech-
nology (Beverly, MA). Monoclonal anti-�-actin was obtained
from Sigma.
Cell Culture and Transfection—The normal human breast

epithelial cell line MCF10A was obtained from the American
Type Culture Collection (Manassas, VA) and maintained in
DMEM/F-12 medium supplemented with 5% heat-inactivated
horse serum (Invitrogen), 10 �g/ml insulin, 20 ng/ml EGF, 0.1
�g/ml cholera toxin, 0.5 �g/ml hydrocortisone, 100 units/ml
penicillin, and 100�g/ml streptomycin in a humidified 5%CO2
atmosphere.
MCF10A cells were transfected with green fluorescent

protein (GFP)-LC3, pcDNA-ATG5, pcDNA-ATG7, or
pcDNA-catalase using Lipofectamine PLUS reagent (Invit-
rogen) by following the procedure recommended by the
manufacturer.
Production of Retroviral Vector Containing the K-Ras

Gene—To generate MFG-K-RasV12, PCR fragments produced
against pSPORT-K-RasV12 as templates were cloned into MFG
retroviral vector derived frommurineMoloney leukemia virus.
For retrovirus production, a modified 293T cell line was cul-
tured in DMEM (Invitrogen) supplemented with 10% fetal
bovine serum, 2 mmol/liter GlutaMAX (Invitrogen), 50
units/ml penicillin/streptomycin, 1 �g/ml tetracyclin, 2 �g/ml
puromycin, and 0.6 mg/ml G418 sulfate (Calbiochem) and
transfected with MFG-K-RasV12 using the Lipofectamine 2000
reagent (Invitrogen). 48 h after the transfection, virus superna-
tant was harvested every day by replenishing with fresh

medium for 5 days and passed through a 0.45-�m filter, and the
viral supernatant was frozen at �80 °C. The supernatant was
used for infection after adding 4 �g/ml Polybrene (Sigma).
Lentiviral Short Hairpin RNA (shRNA) Experiments—

MISSION shRNA plasmids (Sigma) encoding small interfering
RNAs (siRNAs) targeting ATG5, ATG7, or control were pur-
chased from Sigma. Plasmids (ATG5, TRCN0000150645;
ATG7,TRCN0000000281; control, SHC202V)were effective in
knocking down ATG5 or ATG7 expression. To standardize
lentiviral transduction assays, viral titers were measured in an
MCF10A cell line. For growth assays, titers corresponding to
multiplicities of infection of 5 and 1 in MCF10A cells were
employed. For ATG5 or ATG7 knockdown, cells were plated
onday zero at 1� 105 cells in a 60-mmdish. Cells were infected,
and after 24 h, cells were treated with 1 mg/ml puromycin for 3
days to eliminate uninfected cells. Medium was replaced, and
after 2more days, cells were harvested forWestern blot analysis
(22–24).
Anchorage-independent Growth Assay—Cells (1 � 105) were

mixed with medium containing 0.4% agar and were spread on
top of a bottom agar layer (0.8% agar in growthmedium). Fresh
layer of medium containing 0.4% agar was added weekly on top
of the previous layer. Colonies greater than 50 mm in diameter
were counted and were photographed after 2 weeks.
Quantification of Cell Death—Flowcytometric analysis using

PI (2.5 �g/ml) staining detects cell death by means of the dye
entering the cells along with changes in the target cell mem-
brane andDNAdamage. For the cell death assessment, the cells
were plated in a 60-mm dish with a cell density of 1 � 105
cells/dish. At the indicated time points, cells were harvested by
trypsinization, washed in phosphate-buffered saline, and then
incubated in PI for 5 min at room temperature. Then cells
(10,000 cells/sample) were analyzed on a flow cytometric scan
flow cytometer, using Cell Quest software.
Cell Growth Curve—Briefly, cells were seeded individually

onto plates at 20,000 cells. Cell counts were determined by
counting the viable cells in a hemocytometer using the trypan
blue dye exclusion assay. Every 24 h for 6 days, three dishes of
each group were counted.
TumorXenografts onNudeMice—All animal procedures and

care were approved by the Institutional Animal Care andUsage
Committee of Hanyang University. Tumors were formed by
subcutaneous inoculation of 5 � 106 cells or into athymic
BALB/c female nude mice (5 weeks of age; Charles River Labo-
ratories). Tumor size was measured with a caliper (calculated
volume � shortest diameter2 � longest diameter/2) at 3-day
intervals.Micewere sacrificed on day 27, and tumorswere pho-
tographed and harvested immediately.
Transmission Electron Microscopy—Cells incubated as

described abovewere pelleted and fixedwith 3% glutaraldehyde
in 0.1 M cacodylate buffer, pH 7.4, for 120 min, washed three
times, and postfixed in 1% osmium tetroxide for 60 min. The
cells were dehydrated in an ascending ethanol battery ranging
from 20 to 100% and were later placed in 3:1, 2:1, 1:1, 1:2, and
1:3 ratios of propylene oxide or epon-812 resin for 1 h at room
temperature, respectively. Ultrathin sections of 70 nm were
made and impregnated with 2% uranyl acetate and Reynolds
lead citrate. The sections were visualized in a Zeiss EM-900

2 The abbreviations used are: ROS, reactive oxygen species; 3-MA, 3-methyl-
adenine; NAC, N-acetyl-L-cysteine; DCFH-DA, 2,7-dichlorodihydrofluores-
cein diacetate; ATG, autophagy-specific gene.
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transmission electron microscope at 50 kV and photographed.
The negatives were scanned at 600 � 600 dpi resolution, and
the images obtained were analyzed later with a PC-compatible
computer using customized software.
FluorescenceMicroscopy—To visualize acidic vacuole in cells

overexpressing K-RasV12, cells were stained with 50 nM Lyso-
Tracker Green DND-26 fluorescence dye for 10 min and
washedwith PBS and then changed to culturemedia. Cells were
imaged by fluorescence microscopy. MCF10A cells were trans-
fected with GFP-LC3 to identify autophagosome and then
infected with oncogenic K-RasV12. Punctate GFP-LC3 fluores-
cence were imaged by fluorescence microscopy (Leica Micro-
systems, Bannockburn, IL).
Western Blot Analysis—Cell lysates were prepared by

extracting proteins with lysis buffer (40 mM Tris-HCl (pH 8.0),
120mMNaCl, 0.1%Nonidet P-40) supplemented with protease
inhibitors. Proteins were separated by SDS-PAGE and trans-
ferred to a nitrocellulose membrane (Amersham Biosciences).
The membrane was blocked with 5% nonfat dry milk in Tris-
buffered saline and incubated with primary antibodies over-
night at 4 °C. Blots were developed with a peroxidase-conju-
gated secondary antibody, and proteins were visualized by
enhanced chemiluminescence (ECL) procedures (Amersham
Biosciences), using the manufacturer’s protocol.
RNA Isolation andRT-PCR—TotalmRNAwas isolated using

the RNeasy kit (Qiagen, Valencia, CA). RT-PCRs were per-
formedwith SuperScript III (Invitrogen) according to theman-
ufacturer’s instructions. The expression of autophagy genes
was determined by RT-PCR using the following primers:
ATG5, 5�-AGCAACTCTGGATGGGATTG-3� and 5�-CACT-
GCAGAGGTGTTTCCAA�; ATG6 (Beclin-1), 5�-GGCCAAT-
AAGATGGGTCTGA-3� and 5�-GCTTTTGTCCACTGCTC-
CTC-3�; ATG7, 5�-ACCCAGAAGAAGCTGAACGA-3� and
5�-AGACAGAGGGCAGGATAGCA-3�; GAPDH, 5�-AAGG-
TCGGAGTCAACGGATT-3� and 5�-CCATGGGTGGA-
ATCATATTGG-3�.
Measurement of ROS Generation—Briefly, cells were incu-

bated in 10 �M 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA) (Molecular Probes, Inc.) at 37 °C for 15 min and
washed with PBS three times. DCFH-DA were analyzed
by a flow cytometer with BD CellQuest Pro software (BD
Biosciences).
Statistical Analysis—All experimental data are reported as

means � S.E. (error bars). Statistical analysis was performed by
non-parametric Student’s t test.

RESULTS

Oncogenic K-Ras Induces Cellular Transformation and
Autophagy in Human Normal Breast Epithelial Cells—
MCF10A, a spontaneously immortalized, normal human
breast epithelial cell line, infected with the constitutively
active, oncogenic K-Ras mutant G12V (K-RasV12), exhibited
anchorage-independent growth in soft agar, forming foci in a
monolayer (Fig. 1A), and induced tumor formation in nude
mice (Fig. 1B). Transient overexpression of K-RasV12 also
inducedmassive vacuole formation (Fig. 1C), stimulating the
time-dependent accumulation of vacuolated cells. At 72 h

after infection, at least one vacuole was present in more than
70% of K-RasV12-overexpressed cells.
Oncogenic K-Ras Induces Autophagic Vacuole Formation in

Human Breast Epithelial Cells—To determine whether vacuo-
lation in cells overexpressing K-RasV12 was associated with
autophagy, we first stained cells with the lysosomal marker
LysoTracker Green. Staining of cells with LysoTracker fol-
lowed by analysis by fluorescence microscopy revealed that
oncogenic K-Ras induced extensive formation of LysoTracker-
positive acidic vacuoles in normal human breast epithelial cell
at 48 h after infection (Fig. 2A). Moreover, in cells transfected
with a GFP-tagged version of the autophagosomemarker, LC3,
oncogenic K-Ras promoted an increase in the punctuate distri-
bution of GFP-LC3 (Fig. 2B). Oncogenic K-Ras also induced an
increase in LC3-II, a processed formof LC3 (Fig. 2B), indicating
that oncogenic K-Ras-induced the accumulation of autophagic
vesicles. To further detect lysosomal localization of LC3 pro-
tein, we examined co-localization of LC3 and the lysosome
marker LAMP-1. As shown in Fig. 2C, infection of cells with
oncogenic K-Ras induced co-localization of LC3 and LAMP-1,
indicating lysosomal localization of LC3 protein. Electron
microscopy of MCF-10A cells overexpressing K-RasV12 also
clearly revealed the appearance of large membranous vacuoles
in the cytoplasm (Fig. 2D). The formation of thesemembranous
vacuoles increased progressively with increasing duration of
exposure to oncogenic K-Ras. Some of the vacuoles resembled
autophagosomes and contained remnants of degraded organ-
elles, including mitochondria. In addition, oncogenic K-Ras
promoted an increase in the punctuate distribution of GFP-
LC3 (supplemental Fig. S1A) and LC3-II, a processed form of
LC3 (supplemental Fig. S1B) and induced malignant cell trans-
formation (supplemental Fig. S1C) in normal Rat2 andNIH3T3
fibroblasts.

FIGURE 1. Oncogenic K-Ras induces cellular transformation in human
normal breast epithelial cells. MCF10A cells were infected with retroviral
MFG-K-RasV12 (1 � 106 cfu/ml). A (top), after 24, 48, and 72 h, cell lysates were
subjected to immunoblot analysis with anti-K-Ras antibody. �-Actin was used
as the loading control. The data represent a typical experiment conducted
three times with similar results. Bottom, cells (1 � 105) were allowed to grow
on soft agar, and colonies were monitored after 2 weeks. Results from three
independent experiments are presented as means � S.E. B, cells (5 � 106

cells) were injected subcutaneously in the right flank of athymic nude mice.
Tumor volumes were measured at 3-day intervals as described under “Exper-
imental Procedures.” C, after 24, 48, and 72 h, cells were photographed under
a light microscope (magnification, �400).
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Autophagy Is Required for K-RasV12-induced Cell Transfor-
mation in Human Breast Epithelial Cells—To demonstrate the
involvement of the autophagic process in K-RasV12-induced
cellular transformation, we pretreated cells that overexpressed
oncogenic K-Ras with bafilomycin A1, a selective vacuolar
H�-ATPase inhibitor, or with 3-methyladenine, an inhibitor of
class III phosphatidylinositol 3-kinases (PI3Ks), both of which
are known to be involved in sequestration (i.e. the first step of
autophagy). Pretreatment with bafilomycin A1 or 3-MA com-
pletely blocked both K-RasV12-induced anchorage-indepen-
dent cell growth on soft agar (Fig. 3B) and formation of
autophagy (Fig. 3A) in theMCF-10A normal human breast epi-
thelial cell line. However, treatment of MCF-10A cells with
either inhibitor did not cause significant changes in cell viability
(supplemental Fig. S2A) and cell growth (supplemental Fig.
S2B). In addition, bafilomycin A1 or 3-MA inhibited K-RasV12-
induced autophagy (supplemental Fig. S3A) and cell transfor-
mation in Rat2 and NIH3T3 fibroblasts (supplemental Fig.
S3B). These results indicate that autophagic vacuole formation
may be critical for the induction of cellular transformation by
oncogenic K-Ras.
Up-regulation of ATG5 and ATG7 Is Involved in K-RasV12-

induced Autophagic Vacuole Formation and Malignant Cell
Transformation—We further found that the transcriptional
inhibitor actinomycin D and the protein synthesis inhibitor
cycloheximide significantly attenuated K-RasV12-induced
autophagic vacuole formation (supplemental Fig. S4A), indicat-
ing a requirement for transcriptional induction and de novo
protein synthesis. Autophagosome formation is mediated by a
set of evolutionarily conserved ATG proteins, and studying the
expression patterns ofATGgenes under specific conditions has
provided key information about the autophagic process (25–
28). Using RT-PCR and Western blot analyses to examine

changes in the level of ATG mRNA and protein expression,
respectively, we found that ATG5 and ATG7 were induced at
both the transcriptional and translational level inMCF10Acells
overexpressing K-RasV12 (Fig. 4A). In contrast, there were no
changes in the levels of ATG6. Up-regulation of ATG5 and
ATG7 was also found in tumors from nude mice (Fig. 4B).
Moreover, shRNA-mediated knockdown of ATG5 or ATG7
effectively attenuated K-RasV12-induced anchorage-indepen-

FIGURE 2. Oncogenic K-Ras induces autophagic vacuole formation in human normal breast epithelial cells. A, MCF10A cells were infected with MFG-
control or MFG-K-RasV12. At the indicated times, cells were stained with LysoTracker Green and imaged by fluorescence microscopy. The percentage of
vacuolated cells was calculated under fluorescence microscopy. Results from three independent experiments are presented as means � S.E. (error bars). B, cells
were transfected with GFP-LC3 to identify autophagosome and then infected with MFG-control or MFG-K-RasV12. Top, at the indicated times, punctate GFP-LC3
fluorescence was imaged by fluorescence microscopy. Bottom left, the percentage of autophagic cells with punctate GFP-LC3 fluorescence was calculated
relative to all GFP-positive cells. Results from three independent experiments are presented as means � S.E. Bottom right, cell lysates were subjected to
immunoblot analysis with anti-LC3 antibody. �-Actin was used as a loading control. C, at 72 h after infection, cells were stained with GFP-LC3 (green) and
LAMP-1 (red) to identify the autophagosome. D, representative transmission electron micrographs depicting ultrastructures of MFG-control or MFG-K-RasV12

cells at 72 h. The arrows depict autophagosomes in cells containing recognizable cellular materials.

FIGURE 3. Autophagy is required for K-RasV12-induced cell transforma-
tion. A, MCF10A cells were transfected with GFP-LC3 and treated with bafilo-
mycin A1 (1 nM) or 3-MA (10 mM). Then cells were infected with MFG-control
or MFG-K-RasV12. After 72 h, punctate GFP-LC3 fluorescence was imaged by
fluorescence microscopy. The percentage of autophagic cells with punctate
GFP-LC3 fluorescence was calculated relative to all GFP-positive cells. Results
from three independent experiments are presented as means � S.E. (error
bars). *, p � 0.01, significantly different from control. B, cells were treated with
DMSO, bafilomycin A1 (1 nM), or 3-MA (10 mM) in the presence of MFG-control
or MFG-K-RasV12. Cells (1 � 105) were grown on soft agar, and colonies were
monitored after 2 weeks. Results from three independent experiments are
presented as means � S.E. *, p � 0.01, significantly different from control.
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dent growth in soft agar as well as autophagic vacuole formation
(Fig. 4C). To confirm the direct association between the malig-
nant cell transformation and autophagic vacuole formation
induced by oncogenic K-Ras, WT ATG5 or WT ATG7 was
reintroduced into ATG5 or ATG7 knockdown cells, respec-
tively, using a pcDNA vector carrying the ATG5 or ATG7 gene.
As shown in Fig. 4D, the malignant cell transformation and
autophagic vacuole formationwere restored to a level similar to
that of cells overexpressing K-RasV12.Moreover, shRNA-medi-
ated knockdown of ATG5 or ATG7 effectively attenuated
K-RasV12-induced tumor formation in nude mice (Fig. 4E).
In addition, treatment with actinomycin D or cycloheximide

significantly inhibited K-RasV12-induced ATG5 and ATG7
expression (supplemental Fig. S4B). These data strongly indi-
cate that up-regulation of ATG5 and ATG7 is involved in both
the malignant cell transformation and autophagic vacuole for-
mation induced by oncogenic K-Ras.

ROS Are Critical Regulators of K-RasV12-induced Autophagy
and Malignant Cell Transformation—It has been shown that
Ras plays a role in regulating the redox state of the cell and that
constitutive production of ROS correlates with Ras-induced
cell transformation (29, 30). To investigate whether MCF10A
cells overexpressing K-RasV12 induced ROS production, we
measured intracellular ROS levels using the fluorescent probe
DCFH-DA. As shown in Fig. 5A, cells overexpressing onco-
genic K-Ras exhibited a marked increase in fluorescence over
time relative to control cells, indicating production of intracel-
lular ROS. To determine whether this increase in ROS is essen-
tial for autophagy, we tested the effects of catalase, which spe-
cifically decomposes H2O2, and NAC, a chemical antioxidant,
on the formation of autophagosomes using LC3 as a marker.
Cells treatedwith these antioxidants did not generate ROS (Fig.
5B) and failed to form autophagosomes (Fig. 5C). Moreover,
ectopic expression of catalase clearly attenuated K-RasV12-in-

FIGURE 4. Up-regulation of ATG5 and ATG7 is involved in K-RasV12-induced autophagic vacuole formation and malignant cell transformation. A, left,
cellular mRNA was isolated 24, 48, and 72 h after infection with MFG or MFG-K-RasV12. RNA expression was examined by RT-PCR toward ATG5, ATG6 (Beclin-1),
or ATG7. GAPDH served as an internal standard. The data represent a typical experiment conducted three times with similar results. Right, total cell lysates were
isolated 24, 48, and 72 h after infection of MFG-control or MFG-K-RasV12 and were subjected to immunoblot analysis with anti-ATG5, -ATG6, or -ATG7
antibodies. �-Actin was used as a loading control. The data represent a typical experiment conducted three times with similar results. B, cells (5 � 106 cells) were
injected subcutaneously in the right flank of athymic nude mice. Tumors in subcutaneous mouse xenografts were subjected to immunoblot analysis with the
indicated antibodies. �-Actin was used as a loading control. C, MCF10A cells were transfected with shRNA of ATG5, ATG7, or control and then infected with
MFG-K-RasV12. After 72 h, punctate GFP-LC3 fluorescence was imaged by fluorescence microscopy. Cells (1 � 105) were allowed to grow on soft agar, and
colonies were monitored after 2 weeks. Bottom left, percentage of autophagic cells with punctate GFP-LC3 fluorescence was calculated relative to all GFP-
positive cells. Results from three independent experiments are presented as means � S.E. (error bars). *, p � 0.01, significantly different from control. Bottom
right, colonies greater than 50 mm in diameter were counted. Results from three independent experiments are presented as means � S.E. *, p � 0.01,
significantly different from control. D, as a rescue experiment, WT ATG5 or WT ATG7 was reintroduced into ATG5 or ATG7 knockdown cells, respectively, using
a pcDNA vector carrying the ATG5 or ATG7 gene. Total cell lysates were subjected to immunoblot analysis with anti-ATG5 or -ATG7 antibodies. �-Actin was
used as a loading control. Bottom left, After 72 h, the percentage of autophagic cells with punctate GFP-LC3 fluorescence was calculated relative to all
GFP-positive cells. Results from three independent experiments are presented as means � S.E. *, p � 0.01, significantly different from control. Bottom right, cells
(1 � 105) were allowed to grow on soft agar, and colonies were monitored after 2 weeks. Colonies greater than 50 mm in diameter were counted. Results from
three independent experiments are presented as means � S.E. *, p � 0.01, significantly different from control. E, MCF10A cells were transfected with shRNA of
ATG5 or ATG7 and then infected with MFG-K-RasV12. Cells (5 � 106 cells) were injected subcutaneous in the right flank of athymic nude mice. Tumor volumes
were measured at 3-day intervals as described under “Experimental Procedures.”
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duced anchorage-independent cell growth on soft agar (Fig.
5D) and expression of ATG5 andATG7 (Fig. 5C). These results
indicate that ROS are critical regulators of K-RasV12-induced
development of autophagy and malignant cell transformation.
Activation of JNK Plays a Role in K-RasV12-induced

Autophagy and Malignant Cell Transformation—Members of
the MAPK family of proteins can be phosphorylated and acti-
vated in response to various extracellular signals and are the
best characterized effectors of Ras. In some cells, certainMAPK
family members have been shown to possess ROS-sensitive
kinase activity. To examine the potential involvement of
MAPKs in K-RasV12-induced autophagy, we analyzed the acti-
vation status of ERK, JNK, and p38MAPKby immunoblot anal-
ysis using antibodies specific for the phosphorylated forms of
these kinases. As shown in Fig. 6A, the phosphorylated forms of
ERK, p38 MAPK, and JNK were up-regulated in cells overex-
pressing K-RasV12, indicating that these kinases are activated in
response to oncogenic K-Ras. To further determine whether
activation of MAPK might be required for K-RasV12-induced
ROS generation and autophagy, we inhibited MAPK with spe-
cific pharmacological inhibitors or siRNAs. As shown in Fig.
6B, pretreatment with a JNK inhibitor or siRNA-mediated JNK
knockdown suppressed K-RasV12-induced ATG5 and ATG7
expression. siRNA targeting of JNK also inhibited autophagy
and colony formation in soft agar (Fig. 6C) but did not block the

associated generation of ROS (Fig. 6C). Moreover, inhibition of
ROS by pretreatment with NAC, a general antioxidant, sup-
pressed K-RasV12-induced JNK activation (Fig. 6D) but did not
affect ERK or p38 MAPK activation. Interestingly, inhibition
of p38 MAPK with a specific chemical inhibitor or p38
MAPK-siRNA markedly suppressed the generation of ROS in
cells overexpressing oncogenic K-Ras (Fig. 6C). In addition,
inhibition of p38 MAPK clearly suppressed K-RasV12-induced
autophagic vacuole formation (Fig. 6C) and anchorage-inde-
pendent cell growth (Fig. 6C) as well as JNK activation (data not
shown). Taken together, these results indicate that p38 MAPK
signaling is involved in K-RasV12-induced ROS production and
that JNK lies downstream of p38 MAPK-dependent ROS gen-
eration and plays a role in ATG5 and ATG7 up-regulation,
autophagy, and malignant cell transformation.

DISCUSSION

Recent evidence has indicated that autophagy is associated
with both suppression and progression of cancer. However,
what has not been clear is whether autophagy is involved in the
acquisition of human malignancies in response to activated
oncogenes. Here, we show that autophagy is associatedwith the
malignant transformation of mammalian cells induced by
oncogenic K-Ras and that cross-talk between ROS and MAPK

FIGURE 5. The ROS is a critical regulator of K-RasV12-induced autophagy and malignant cell transformation. A, MCF10A cells were infected with MFG-
control or MFG-K-RasV12. At the indicated times, cells were loaded with DCFH-DA for 15 min. The DCF fluorescence was visualized using fluorescence
microscopy, and the amount of retained DCF was measured using flow cytometry as described under “Experimental Procedures.” Results from three inde-
pendent experiments are presented as means � S.E. (error bars). B, MCF10A cells were pretreated with catalase or NAC and then infected with MFG-K-RasV12.
After 72 h, cells were loaded with DCFH-DA for 15 min. The amount of retained DCF was measured using flow cytometry as described under “Experimental
Procedures.” Results from three independent experiments are presented as means � S.E. *, p � 0.05, significantly different from control. C, MCF10A cells were
pretreated with catalase or NAC and then infected with MFG-K-RasV12. Left, after 72 h, punctate GFP-LC3 fluorescence was imaged by fluorescence microscopy.
The percentage of autophagic cells with punctate GFP-LC3 fluorescence was calculated relative to all GFP-positive cells. Results from three independent
experiments are presented as means � S.E. *, p � 0.01, significantly different from control. Right, total cell lysates were subjected to immunoblot analysis with
the indicated antibodies. �-Actin was used as a loading control. D, MCF10A cells were transfected with catalase and then infected with MFG-K-RasV12. Cells (1 �
105) were allowed to grow on soft agar, and colonies were monitored after 2 weeks. Results from three independent experiments are presented as means �
S.E. *, p � 0.01, significantly different from control.
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signaling is required for ATG expression and autophagy induc-
tion in cells overexpressing oncogenic K-Ras.
Autophagy has been shown to play important roles in sus-

taining cellular metabolism and nutrient homeostasis in both
normal and tumor cells (7–9). Several recent studies have
focused on the importance of autophagy in cancer, but it has
remained unclear whether autophagy suppresses tumorigene-
sis or provides cancer cells with amechanism for escaping unfa-
vorable conditions. It has been shown that as a tumor grows,
autophagy may provide the means for cancer cells to survive
nutrient-limiting and low oxygen conditions, especially in
internal, poorly vascularized regions of a tumor (16), suggesting
that autophagy may play a role in the promotion of cancer. In
this study, we further investigated whether autophagy is
involved in malignant cell transformation. We provided novel
evidence that autophagy is critically involved in K-RasV12-in-
duced malignant cell transformation. Autophagy was induced
in cells overexpressing oncogenic K-Ras, and inhibition of
autophagy with chemical inhibitors completely blocked
K-RasV12-induced anchorage-independent cell growth on soft
agar and development of autophagic vacuoles. The chemical
inhibitors did not cause significant changes in cell viability and
cell growth. These results indicate roles for autophagy inmalig-
nant cell transformation as well as cancer progression.
The formation of autophagosomes is a complex process reg-

ulated by multiple molecules and mediated by a set of evolu-

tionarily conserved proteins of the ATG family (25–28). An
example of this is a conjugation system involving ATG3 and
ATG7 that is responsible for the addition of a phospholipid
moiety to LC3-I that triggers LC3-I membrane localization. In
this study, we found that ATG5 and ATG7 mRNA and protein
levels were increased in cells overexpressing oncogenic K-Ras.
Importantly, inhibition of autophagy with siRNAs targeting
ATG5 or ATG7 attenuated K-RasV12-mediated cell growth on
soft agar and tumor formation in nude mice. siRNA against
ATG5 or ATG7 did not significantly alter the cell growth and
survival (data not shown). Overexpression of ATG alone did
not induce anchorage-independent cell growth (i.e. cell trans-
formation), indicating the collaborative involvement of other
effector pathways; however, down-regulation of ATG expres-
sion clearly reduced tumorigenic growth. These results indicate
that autophagy alone is not sufficient to induce malignant
transformation but is absolutely necessary for the tumorigenic
response to oncogenic K-Ras. However, we do not know how
autophagy is involved in the regulation of cellular signaling
associated with malignant transformation induced by onco-
genic K-Ras. The precise molecular mechanisms governing the
cross-talk between autophagy and cell transformation remain
to be elucidated.
Autophagy is a unique intracellular trafficking pathway acti-

vated in response to extracellular signals (31–34). Although
many of the proteins involved in this process have been identi-

FIGURE 6. Activation of JNK plays a role in K-RasV12-induced autophagy and malignant cell transformation. A, MCF10A cells were infected with MFG-
control or MFG-K-RasV12. At the indicated times, total cell lysates were subjected to immunoblot analysis with the indicated antibodies. �-actin was used as a
loading control. B, cells were transfected with siRNA of ERK2, p38 MAPK, or JNK1 or were pretreated with PD98059 (25 �mol/liter), SB203580 (10 �mol/liter), or
SP600125 (10 �mol/liter) and then infected with MFG-control or MFG-K-RasV12. After 72 h, total cell lysates were subjected to immunoblot analysis with
anti-ATG5 or -ATG7 antibodies. �-Actin was used as a loading control. C, MCF10A cells were transfected with siRNA of ERK2, p38 MAPK, or JNK1 and then
infected with MFG-K-RasV12. Left, after 72 h, punctate GFP-LC3 fluorescence was imaged by fluorescence microscopy. The percentage of autophagic cells with
punctate GFP-LC3 fluorescence was calculated relative to all GFP positive cells. Results from three independent experiments are presented as means � S.E. *,
p � 0.01, significantly different from control. Middle, cells (1 � 105) were allowed to grow on soft agar, and colonies were monitored after 2 weeks. Results from
three independent experiments are presented as means � S.E. (error bars). *, p � 0.01, significantly different from control. Right, after 72 h, cells were loaded
with DCFH-DA for 15 min. The amount of retained DCF was measured using flow cytometry as described under “Experimental Procedures.” Results from three
independent experiments are presented as means � S.E. D, MCF10A cells were pretreated with NAC and then infected with MFG-control or MFG-K-RasV12. After
72 h, total cell lysates were subjected to immunoblot analysis with the indicated antibodies. �-Actin was used as a loading control.
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fied, the signaling pathway leading to activation of autophagy
is not fully resolved. In this study, we demonstrated that ROS
are involved as signaling molecules in K-RasV12-induced
autophagy. Not only did overexpression of K-RasV12 in normal
human breast epithelial cells induce amarked increase in intra-
cellular ROS levels, but inhibition of ROSwith antioxidants also
clearly attenuated induction of autophagy and formation of
anchorage-independent colonies on soft agar, suggesting that
ROS are critical regulators of K-RasV12-induced autophagy and
malignant cell transformation. These findings are in agreement
with several recent reports implicating ROS in autophagosome
formation and autophagic cell death in response to various stimuli
(35–45). However, in the current study, we did not observe any
changes in cell viability in K-RasV12-overexpressing MCF-10A
human breast epithelial cells (supplemental Fig. S5).
Numerous studies using various experimental systems have

shown that MAPKs, particularly JNK and p38 MAPK, are
strongly activated by ROS and play important roles in various
ROS-related cellular events (46–49). In the present study, we
found that the increase in intracellular ROS induced by onco-
genic K-Ras was involved in the activation of JNK and that
inhibition of JNK attenuated ATG5 and ATG7 expression,
autophagy, and formation of colonies in soft agar. Interestingly,
we further found that K-RasV12-induced increases in intracel-
lular ROSwere attenuated by p38MAPK inhibition, which also
suppressed autophagy and subsequent cellular transformation.
Collectively, these results suggest that p38 MAPK signaling is
involved in ROS production in response to oncogenic K-Ras
and suggest that JNK acts downstream of ROS to play a func-
tional role in K-RasV12-induced autophagy.
In normal fibroblasts, Ras has shown to be involved in the

negative control of autophagy through class I PI3K activation
(50). In this study, we also found dramatic activation of PI3K in
cells overexpressing oncogenic K-Ras (data not shown). How-
ever, inhibition of PI3K did not significantly affect ATG expres-
sion and autophagy induction. A possible explanation for this
observation is that oncogenic K-Ras activates both positive
(ROS-JNK) and negative (class I PI3K) signaling pathways that
control autophagy, and that oncogenic Ras influences regula-
tion of autophagy through either of these pathways dependent
on the cell types. A recent study also provides evidence that
oncogenic Ras-induced down-regulation of autophagy media-
tor Beclin-1 and is required for malignant transformation of
intestinal epithelial cells (51). In this study, however, in breast
epithelial cells, the expression level of Beclin-1was not changed
by overexpression of oncogenicK-Ras.Moreover, in contrast to
the previous finding, we found that siRNA targeting of Beclin-1
effectively attenuated oncogenic K-Ras-induced cell transfor-
mation as well as autophagy (data not shown). The exact reason
for the different observation between two studies is currently
unknown. Cell type-specific activation of signaling pathways
could explain the variability of the effect of oncogenic Ras on
autophagy.
In summary, our results provide novel evidence that

autophagy is critically involved in malignant cell transforma-
tion by oncogenic K-Ras and show that ROS-mediated JNK
activation plays a causal role in autophagy induction through
up-regulation of ATG5 andATG7. Themolecularmechanisms

that link oncogenic K-Ras to induction of autophagy and sub-
sequent malignant transformation determined in this study
may provide new insights into the relationship between
autophagy and oncogenesis.
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