Materials and Methods

Cell culture and reagents

Human lung cancer cells LNM35 [16] and A549 were
maintained in RPMI 1640 (Invitrogen, Paisley, UK). All media
were supplemented with antibiotics (penicillin 50 U/ml; strepto-
mycin 50 ug/ml) (Invitrogen, Cergy Pontoise; France) and with
10% fetal bovine serum (FBS, Biowest, Nouaille; France).
Salinomycin was purchased from Sigma-Aldrich (Sigma-Aldrich,
Saint-Quentin Fallavier; France).

Cell viability

Cells were seeded at a density of 5,000 cells/well into 96-well
plates. After 24 h, cells were treated for another 24 and 48 h with
different concentrations of salinomycin (0.1-50 uM) in triplicate.
Control cultures were treated with 0.1% DMSO (the drug
vehicle). The effect of salinomycin on cell viability was determined
using the CellTiter-Glo Luminescent Cell Viability assay (Promega
Corporation, Madison; US), based on quantification of ATP,
which signals the presence of metabolically active cells. The
luminescent signal was measured using the GLOMAX Luminom-
eter system. Data were presented as proportional viability (%) by
comparing the salinomycin-treated cells with the DMSO-treated
cells, the viability of which is assumed to be 100%.

Caspase 3/7 activity

Cells were seeded at the density of 5,000 cells/well into 96-well
plate and treated-with salinomycin (10 and 50 uM) for 24 h, in
triplicate. Control cells were exposed to DMSO at a concentration
equivalent to that.of the salinomycin-treated cells (0.1% DMSO).
Caspase-3/7 activity was measured using a luminescent Caspase-
Glo 3/7 assay kit following the manufacturer’s instructions
(Promega Corporation, Madison, USA). Caspase reagent was
added and the plate was mixed and incubated for 2.5 h at room
temperature. Luminescence was measured using a GLOMAX
Luminometer system.

Soft-agar colony growth assay

A layer of agar containing 1 ml of 2.4% low melting
temperature Noble agar dissolved in distilled water was poured
into wells of a 6-well cell culture dish and allowed to set at 4°C for
5 minutes then incubated at 37°C for 30 min. A second layer
(2.9 ml) containing 0.3% of low melting Noble agar dissolved in
growth media containing cells (5% 10% cells/ml) was placed on top
of the first layer and allowed to set at 4°C for 5 minutes then
transfer them to the humidified incubator at 37°C for 30 minutes
to 1 hour. Growth medium (2 ml) was added on top of the second
layer and the cells were incubated in a humidified incubator at
37°C for 14 days and then treated for another 7 days with
salinomycin (2.5 and 5 uM). Control cells were exposed to 0.1%
DMSO. Medium was changed twice a week. At the end of the
experiment, colonies were stained for 1 hour with 2% Giemsa
stain, and incubated with PBS overnight to remove excess Giemsa
stain. The colonies were photographed and scored. Data were
presented as proportional colonies (%) by comparing the
salinomycin-treated colonies with the DMSO-treated colonies,
the colonies of which is assumed to be 100%.

Wound healing motility assay

LNMS35 and A549 cells were grown in six-well tissue culture
dishes until confluent. Cultures were incubated for 10 min with
Moscona buffer. A scrape was made through the confluent
monolayer with a plastic pipette tip of 1 mm diameter. Afterwards,
the dishes were washed twice and incubated at 37°C in fresh
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RPMI containing 10% fetal calf serum in the presence or absence
of the non-toxic concentrations of salinomycin (0.1-0.5 pMj for
A549 and salinomycin (0.05-0.1 pM) for LNM35 cells. Control
cells were exposed to 0.1% DMSO. At the bottom side of each
dish, two arbitrary places were marked where the width of the
wound was measured with an inverted microscope (objective x4).
Motility was expressed as the mean * SEM of the difference
between the measurements at 0, 6, 24 and 30 h after wound.

Matrigel invasion assay

The invasiveness of the lung cancer cells LNM33 treated with
salinomycin (0.05-0.1 pM) and A549 cells treated with salinomy-
cin (0.1-0.5 pM) were tested using BD Matrigel Invasion
Chambers (8-um pore size; BD Biosciences, Le Pont de Claix,
France) according to manufacturer’s protocol. Briefly, cells (1 x10°
cells in 0.5 ml of media and the indicated concentration of
salinomycin) were seeded into the upper chambers of the system,
the bottom wells in the system were filled with RPMI
supplemented with 10% fetal bovine serum as a chemo-attractant
and then incubated at 37°C for 24 h. Control cells were exposed
to 0.1% DMSO. Non-penetrating cells were removed from the
upper surface of the filter with a cotton swabh. Cells that have
migrated through the Matrigel were fixed with 4% formaldehyde,
stained with DAPI and counted in 25 random fields under a
microscope. The assay was carried out in duplicate and repeated
three times for quantitative analysis. Data were presented as
proportional invasiveness (%) by comparing the salinomycin-
treated cells with the DMSO-treated cells, the invasion of which is
assumed to be 100%.

PCR amplification for NAG-1 mRNA

Isolation of total RNA from cells was performed using a
Maxwell 16 Research System (Promega) with a total RNA
purification kit (Promega) according to the manufacturer’s
instructions. The concentration and purity of the RNA samples
were determined by measuring the absorbance at 260 nm (A260)
and the ratio of the absorbance at 260 nm and 280 nm (ND-1000,
NanoDrop Technologies Inc, Wilmington, DE, USA).

Gene Expression analysis was performed using two steps RT-
PCR reaction. Firstly Total RNA was converted into cDNA using
a High Capacity cDNA Reverse Transcription Kit (Life Tech-
nologies, Integrated Gulf Biosystems, Dubai, UAE #4374966) at a
final concentration of 50 ng RNA in a 20 ul PCR reaction with
10x RT Buffer 2.0 pl, 25 x dNTP Mix (100 mM) 0.8 ul, 10x RT
Random Primers 2.0 pl, MultiScribe™ Reverse Transcriptase
1.0 ul, RNase inhibitor 1.0 pl, Nuclease-free water 3.2 pl. Reverse
transcription was carried out on a Veriti thermocycler (Life
Technologies), using the following parameters: 25°C for 10 min,
37°C for 120 min, and 85°C for 5 min. Quantitative real-time
PCR assay for the gene of interest was performed in triplicate on a
Fast ABI Prism 7900HT sequence detection system (Life
Technologies) using a predesigned Taqman gene expression assay
for NAG-1 (GDF15 Life Technologies #Hs00171132_m1l) and
the Human Hypoxanthine phosphoribosyl transferase (Hprtl
rRNA) as the endogenous control (Life Technologies
#4326321E). From the diluted ¢cDNA, 4 pl (20 ng) was used as
a template in a 10 pl singleplex PCR reaction containing 2X
TagMan ® Fast Universal PCR Master Mix, No AmpErase ®
UNG (5 pl) (Life Technologies #4352042), 20x TagMan® Gene
Expression Assay (0.5 pl), RNase free water 0.5 ul. The PCR
thermal cycling parameters were run in Fast mode as follows 50°C
for 2 min, 95°C for 20 s followed by 40 cycles of 95°C for 1 s and
60°C for 20 s. Results were initially analyzed with the ABI Prism
7900HT SDS program v2, 4, all remaining calculations and
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Figure 1. Inhibition of cell viability by salinomycin. Exponentially growing LNM35 (A, C) and A549 (B, D) cells were treated with vehicle (0.1%
DMSO) or the indicated concentrations of salinomycin. The left panel represents 24 h exposure, while the right panel represents 48 h exposure.
Viable cells were assayed as described in Materials and Methods. Induction of caspase-3/7 activity was analyzed in LNM35 (E) and A549 (F) cells
treated for 24 h with salinomycin (10 and 50 puM), normalized to the number of viable cells per well and expressed as fold induction compared with
the control group. All experiments were repeated at least three times. *Significantly different at P<<0.05, **Significantly different at P<0.01,

#*#Significantly different at P<<0.001.
doi:10.1371/journal.pone.0066931.g001
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statistical analysis were performed by the SDS RQ Manager 1.1,4
software using the 2—AACt method with a relative quantification
ROmin/RQmax confidence set at 95%

Expression of the pro-apoptotic protein NAG-1

LNM35 and A3549 cells were seeded in 100 mm dishes at
3x10° cells/dish for 24 h and with increasing concentrations of
salinomycin (1-50 uM) for another 24 h. Control cells were
exposed to 0.1% DMSO. Total cellular proteins were isolated
using RIPA buffer (25 mM Tris.HCI pH 7.6, 1% nonidet P-40,
1% sodium deoxycholate, 0.1% SDS, 0.5% protease inhibitors
cocktail, 1% PMSF, 1% phosphatase inhibitor cocktail) from
control and treated cells. The whole cell lysate was recovered by
centrifugation at 14,000 rpm for 20 minutes at 4°C to remove
insoluble material and 30 ug of proteins were separated by SDS-
PAGE gel for NAG-1 expression (Cellular Signaling Technology,
MA,; USA). After electrophoresis, the proteins were transferred on
a nitrocellulose membrane, blocked with 5% non-fat milk and
probed with NAG-1 (1:200) and B-actin (1:1000) antibodies
overnight at 4°C. The blot was washed, exposed to secondary
antibodies and visualized using the ECL system (Pierce).

Establishment of stable NAG-1 silencing in lung cancer
cells and its impact on the inhibition of cell viability and
invasion induced by salinomycin

A549 cells were seeded at a density of 20,000 cells/well into 96-
well plates, in the presence of the serum and allowed to attach for
24 h. Cells were transfected with three different designs of
SMARTvector 2:0 Lentiviral shRNA particles targeting NAG-1
or SMARTvector 2.0 Non-Targeting control particles (Dharma-
con Thermo Scientific, US) that contained a puromycin resistance
gene for selection and GFP for identification of positive clones and
pools of clones. Sclection of cells stably expressing NAG-1 shRNA
and the Control shRNA started 72 h post-transfection following
the manufacturer’s instructions (Dharmacon Thermo Scientific,
US). Briefly, growth medium was aspirated from the cells and
replaced with fresh selection medium containing 10 pg/mL of
puromycin. Puromycin-containing medium was replaced every 2—-
3days with freshly prepared selection medium, and selection of
stable cells expressing NAG1-shRNA or Control shRNA was
completed in approximately 4 wecks from commencement of
selection. Multiple clones and pools of clones were expanded, and
the GFP positive pools of clones were analyzed using western-blot
to investigate the expression of NAG-1 following treatment with
salinomycin 5 uM. Next, we investigate the invasiveness and the
viability of A549 cells expressing NAGI-shRNA or Control
shRNA in response to salinomycin.

Statistics

Results were expressed as mean = S.E.M. of the number of
experiments. The difference between experimental and control
values were assessed by ANOVA followed by Dunnett’s post-hoc
multiple comparison test. P<0.05 indicate a significant difference.

Results

Salinomycin inhibits lung cancer cell viability

Exposure of LNM35 (Figure. 1A) and A549 (Figure. 1B)
cells to salinomycin concentrations (0.1-50 uM) for 24 or 48 h
decreased cell viability in concentration- and time-dependent
manner. The ICsq concentrations at 24 h were in the range of 5 to
10 uM salinomycin for both cell lines. After 48 h treatment, the
1Cs, concentrations decreased to the range of 1.5 to 2.5 uM
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salinomycin with 90% mhibition of cell viability in both cells at the
concentration of 50 uM.

Activation of caspase-3/7 1Is essential in apoptotic cell death
pathways and was analyzed in LNM35 and A549 cells treated for
24 h with salinomycin (10-50 uM), and normalized to the number
of cells per well. Caspase 3/7 activity increased by more than 17-
fold in LNM35 cells (Figure. 1C) and 12-fold in A349 cells
(Figure. 1D), following exposure to salinomycin 50 uM. This
indicates that salinomycin induce cell death through a caspase 3/
7-associated pathway.

Salinomycin impairs colony growth in soft agar

Salinomycin strongly inhibited LNM35 (Figure. 2A, 2C) and
A549 (Figure. 2B, 2D) colony growth in soft-agar in a
concentration-dependent manner.

Salinomycin impairs lung cancer cell migration and
invasion

Lung cancer patients are at high risk of development of
metastasis, starting with cell migration in the primary tumor,
leading to local tissue invasion and entry into lymph or blood
vessels and finally colonization of distant organs. The ability of
salinomycin to reduce cellular migration was investigated using
wound-healing model. Salinomycin reduced cellular migration of
LNM35 (Figure. 3A) and A549 (Figure. 3B) cells in a
concentration- and time-dependent manner. Similarly, salinomy-
cin impaired the invasion of LNM35 (Figure. 3C) and A549
(Figure. 3D) cells in the matrigel invasion assay. Salinomycin
inhibition of cellular migration and matrigel invasion occurred
without significant reduction of cell viability (Figure. 1).

Salinomycin induces NAG-1 mRNA and protein
expression

First, A549 cells were exposed to different concentrations of
salinomycin (0.5-10 uM) for 2 and 24 h total RNA was extracted
and evaluated for NAG-1 mRNA expression. As shown in
figure 4A, salinomycin induces a marked time- and concentra-
tion-dependent induction of NAG-1 mRNA expression with a ten
fold increase reached at 24 h after exposure to 10 uM salinomycin
(Figure. 4A). Next, LNM35 and A549 cells were exposed to
different concentrations of salinomycin (1-50 pM) for 24 h and
total proteins were evaluated for NAG-1 expression. In both
LNM35 and A549 cells, salinomycin induces a marked concen-
tration-dependent induction of NAG-1 protein expression

(Figure. 4B).

NAG-1 silencing abrogate the anti-invasive effect of
salinomycin

As shown in Figure 54, silencing of NAG-1 (NAG-1-shRNA1)
reversed the induction of NAG-1 protein expression after
treatment with 5 pM of salinomycin. Similar results were obtained
with the two other designs of shRNA (NAG-1-shRNA2 and NAG-
1-shRINA3) (data not shown). The selectivity of this silencing was
confirmed by the fact that no impact on NAG-1 protein expression
was observed in the cells transfected with shRNA control particles
(control-shRNA) in comparison with the non-transfected cells.
Silencing of NAG-1 induction using three different designs of
NAG-1-shRNA (1, 2 and 3) failed to decrease the ability of
salinomycin to induced A549 cell death (Figure 5B), but
completely reversed the anti-invasive effect of salinomycin
(Figure 5C). All together, these results strongly suggest that
NAG-1 mediates the anti-invasive, but not the cell death effect of
salinomycin.
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Figure 2. Salinomycin impairs colony growth in soft agar. LNM35 (A) and A549 (B) cells were grown at a density of 5,000 cells/well in soft
agar medium into 6-well plates. After 14 days, formed colonies were treated for 7 days with different concentrations of salinomycin (2.5 and 5 uM). At
the end colonies were stained with Giemsa and scored. Representative pictures of the colonies formed in soft agar from LNM35 (C) and A549 (D)

were photographed.
doi:10.1371/journal.pone.0066931.g002

Discussion

Lung cancer is the most common type of cancer worldwide and
also has the highest mortality rate. There were 1.61 million cases
of lung cancer (12.7% of total cancer burden) in 2008 with 1.38
million deaths (18.2% of all cancer deaths) in the same year [17].
Unfortunately, despite advances in molecular biology of lung
cancer, improved diagnosis and even the optimal targeted
therapies, the current protocols for the treatment of lung cancer
are still insufficient to produce clear and sustained clinical benefits
and the cure of lung cancer patients remains unsuccessful. Patients
frequently develop resistance to the current targeted therapy drugs
and these drugs are also very expensive and not available to the
majority of lung cancer patients in the world [18].

In the present study, we investigated the impact of salinomycin
on two differentiated human non-small lung cancer cells (LNM35
and A549) survival, colony growth, migration and invasion and
the potential role of NAG-1 in the potential anti-cancer effects of
salinomycin.

Salinomycin (0.1-50 pM) decreased the viability of LNM35 and
A549 differentiated cells in a concentration-, time-dependent and
caspase-associated manner. These results are in-line with previ-
ously published results showing that low concentrations of
salinomycin inhibit the viability of breast cancer stem cells,
leukemia stem cells, osteosarcoma stem cells, as well as pancreatic
cancer stem cells [8]; [9]; [10]; [11]. During the preparation of this
study, another group demonstrated the anticancer activities of
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salinomycin i w0 against the stem cell sub-population in the
A549 cells [19]. To confirm this anticancer effect of salinomycin,
we investigated its effect on the growth of established colonies. We
demonstrated that seven days treatment with low concentration of
salinomycin strongly inhibited LNM35 and A549 colony growth
in soft agar. These results  witro are in line with other studies
demonstrating that salinomycin inhibits breast cancer, osteosar-
coma, pancreatic cancer, as well as hepatocellular carcinoma
growth in mice [8]; [10]; [11]; [20]. The doses of salinomycin used
in these i vivo studies were between 4 and 8 mg/kg/1.P which are
lower than the LDsy dose of salinomycin which was 18 mg/kg
intra-peritoneally and 50 mg/kg orally [4]. All together suggest
that salinomycin may be a valid and safe anti-cancer agent and
further studies will determine the impact of low dose of
salinomycin on LNM35 and A549 tumor growth m viwo in nude
mice.

In the current study, only the highest concentration of
salinomycin (50 pM) was able to induce an activation of caspase
3/7 leading to cell death in both lung cancer cells LNM35 and
A549. These results are consistent with our recently published
work showing that high concentration of salinomycin (50 uM)
induced an activation caspase 3/7 and PARP cleavage leading to
apoptosis of the breast cancer cells MDA-MB-231 [21]. However,
both studies on lung cancer cells and the previously published
study on breast cancer cells shows that low concentrations of
salinomycin (=10 pM) resulted more in inhibition of cell
proliferation rather than cell death [21]. Similarly, it has been
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Figure 3. Salinomycin impairs lung cancer cell migration and invasion. Wounds were introduced in LNM35 (A) and A549 (B) confluent
mono-layers cultured in the presence or absence (control) of salinomycin (0.05-0.5 pM). The mean distance that cells travelled from the edge of the
scraped area for 6, 24, and 30 h at 37°C was measured in a blinded fashion, using an inverted microscope. C) LNM35 cells were incubated for 24 h in
the presence or absence of salinomycin (0.05-0.1 uM). D) A549 cells were incubated for 24 h in the presence or absence of salinomycin (0.1-0.5 uM).
Cells that invaded into Matrigel were scored as described in Materials and Methods.

doi:10.1371/journal.pone.0066931.g003

demonstrated that salinomvycin inhibits proliferation and incudes
apoptosis of human hepatocellular carcinoma [20].

Cancer progression is associated with abrogation of the normal
controls that limits cell migration and invasion, eventually leading
to metastasis. Since metastases are the major cause of death in
cancer patients, the development of new treatment regimens that
reduce invasion and metastasis is highly important for cancer
therapy. In this context, we demonstrated that salinomycin
induced a highly significant time- and concentration-dependent
inhibition of cell migration and invasion @ w0 of the two
differentiated lung cancer cell lines LNM35 and A3549. These
results are in agreement with previous studies showing that
salinomycin selectively inhibits breast cancer stem cells metastases
mn vivo [8] and prostate cancer cell migration i vitro [22].
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The anti-cancer molecular mechanism of action of salinomycin
has been investigated in several studies. In this context, it has been
demonstrated that salinomycin is an effective anticancer agent that
induced apoptosis in human cancer cells independent of turmor
suppressor protein p53 and caspases activation [9]. These results
are in agreement with our recent study showing that salinomycin
significantly decreased viability of the wild-type p53 MCF-7 and
T47D as well as mutant p53 MDA-MB-231 and T47D human
breast cancer cell lines in time- and concentration-dependent
manners [21]. It was also shown that salinomycin triggers
apoptosis of PC3 prostate cancer cells by elevating the intracellular
ROS level, leading to the translocation of Bax protein to
mitochondria, cytochrome c release, activation of the caspase-3,
and cleavage of PARP [23]. Salinomycin also induces caspase
dependent cell-death in RKO, SW480 and SW620 colon cancer
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Figure 4. Induction of NAG-1 expression by salinomycin. Cells were exposed to different concentrations of salinomycin, and total RNA was
extracted after 2 and 24 hours and analyzed for NAG-1 mRNA expression in A549 cells (A) and after 24 h for protein expression in both A549 and

LNM35 cells (B).
doi:10.1371/journal.pone.0066931.g004

cells [24]. It has also been demonstrated that salinomycin is an
effective inhibitor of osteosarcoma stem cells as well as lympho-
cytic leukemia cells partially through down-regulation of the Wnt/
p-catenin sclf-renewal pathway [10]; [20]; [25]. Another study
showed that salinomycin inhibited prostate cancer cell growth by
reducing aldehyde dehydrogenase and nuclear factor-uB activities
[22]. Similarly, it has been demonstrated that salinomycin inhibits
Akt/NF-xB pathway leading to apoptosis in cisplatin resistant
ovarian cancer cells [26]. It has also been demonstrated that
salinomycin induces autophagy in colon and breast cancer cells
[24]. Increased phosphorylation of the DNA damage-related
proteins (e.g. pH2AX, p53BP1, pBRCAI, pChkl) proteins
indicates greater DNA breakage and damage [27]. Salinomycin

PLOS ONE | www.plosone.org

increases DNA strand breaks and induces phosphorylation of the
DNA damage-related protein, H2AX [28].

The NSAID-activated gene (NAG-1, GDF-15, and MIC-1) is
induced by several apoptosis-inducing agents in colon, prostate,
and lung cancer cells [15}; [29]. NAG-1 was involved in the
synergistic induction of apoptosis by combined treatment of
sodium salicylate and PISK/MEKI1/2 inhibitors in A549 human
lung adenocarcinoma cells [30]. The NAG-1 expression levels
substantially increase in cancer cells, serum, and/or cerebrospinal
fluid during the progression of diverse human aggressive cancers,
such as intracranial brain tumors, melanoma, gastrointestinal,
pancreatic, colorectal, prostate, breast, and lung epithelial cancers.
Of clinical interest, an enhanced NAG-1 expression has been
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positively correlated with poor prognosis and patient survival [29];
(30]; [31]; [32].

We hypothesized that NAG-1 is involved in the anti-cancer
effects of salinomycin and we demonstrated for the first time that
salinomycin induced a clear time- and concentration-dependent
induction of NAG-1 expression. We also clearly demonstrated that
NAG-1 contributes to the inhibition of lung cancer cell invasion
but not to the induction of cell death, mediated by salinomycin. In
contrast, it has been reported that NAG-1 expression was
associated with a more invasive gastric cancer cell line phenotype
and could induce increased gastric cancer cell invasion i vitro [33].

It has been demonstrated that salinomycin improve the efficacy
of gemcitabine to eradicate pancreatic cancer [11]. Salinomycin
also sensitizes breast cancer cells to the effects of doxorubicin and
etoposide treatment by increasing DNA damage [28]. In the same
context, the combination therapy of octreotide modified paclitaxel
active targeting micelles and salinomycin passive targeting micelles
improve the treatment of breast cancers through the eradication of
breast cancer cells together with breast cancer stem cells [34].
Similarly, the combination therapy of trastuzumab and salinomy-
cin was superior to single treatment with each drug in the
treatment of HER2-positive breast cancer cells as well as breast
cancer stem cells [35]. We recently reported in witro, that
salinomycin was also able to potentiate the anticancer effects of
the 4-Hydroxytamoxifen and the frondoside A on breast cancer
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cells MCF-7 and MDA-MB-231 respectively [21]. Building on
these aforementioned results, and knowing from clinical trials that
single agent treatments rarely result in clinical benefits to cancer
patients, and that combination therapies are in usual necessary for
effective treatment of tumors, we investigated the therapeutic
advantage of combination of cisplatin, (a first line therapeutic for
lung cancer), with salinomycin in both LNM35 and A549 cells.
Unfortunately, we found that cisplatin was not able to enhance the
inhibition of lung tumor cell viability induced by salinomycin
(Attoub et al, Unpublished data).

The current finding identifies salinomycin as a promising novel
therapeutic agent not only for the depletion of cancer stem cells
but also for the differentiated lung tumors.
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Abstract

Clear cell adenocarcinoma of the ovary (OCC) is a chemo-resistant tumor with a relatively poor prognosis and is frequently
associated with endometriosis. Although it is assumed that oxidative stress plays some role in the malignant transformation
of this tumor, the characteristic molecular events leading to carcinogenesis remain unknown. In this study, an array-based
comparative genomic hybridization (CGH) analysis revealed Met gene amplification in 4/13 OCC primary tumors and 2/
8 OCC cell lines. Amplification of the AKT2 gene, which is a downstream component of the Met/PI3K signaling pathway, was
also observed in 5/21 samples by array-based CGH analysis. In one patient, both the Met and AKT2 genes were amplified.
These findings were confirmed using fluorescence in situ hybridization, real-time quantitative PCR, immunoblotting, and
immunohistochemistry. In total, 73 OCC cases were evaluated using real-time quantitative PCR; 37.0% demonstrated Met
gene amplification (>4 copies), and 8.2% had AKT2 amplification. Furthermore, stage 1 and 2 patients with Met gene
ampilification had significantly worse survival than patients without Met gene amplification (p<0.05). Met knockdown by
shRNA resulted in reduced viability of OCC cells with Met amplification due to increased apoptosis and cellular senescence,
suggesting that the Met signaling pathway plays an important role in OCC carcinogenesis. Thus, we believe that targeted
inhibition of the Met pathway may be a promising treatment for OCC.
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Introduction

Clear cell adenocarcinoma of the ovary (OCC) is frequently
associated with endometriosis [1], and the existence of abundant
free iron in endometriotic cysts due to hemorrhage is proposed
as a cause of persistent oxidative stress and subsequent
carcinogenesis [2]. Oxidative stress due to iron overload causes
genomic amplification in ferric nitrilotriacetate  (Fe-NTA)-
induced rat carcinoma cells [3], and the genomic changes
observed in these animals are specific, showing close similarity
to human tumors [4]. OCC is a chemo-resistant tumor with a
relatively poor prognosis [5], and recent reports suggest that
specific molecular events such as an activating mutation of the
alpha-catalytic domain of PI3 kinase (PISK) [6] or an
inactivating mutation of AT-rich interactive domain 1A
(ARIDIA) [7,8] may play roles in the tumorigenesis of OCC.
However, focusing on genomic copy number change analyses,
multiple studies performed by different groups using either
comparative genomic hybridization (CGH) or array-based CGH
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analysis in OCC cases have failed to demonstrate specific gene
amplification [9-11]. Recenty, a study from the United
Kingdom reported Her2 amplification at chromosome 17¢12
in 14% of the investigated OCC cases using array-based CGH
analysis [12], emphasizing the molecular heterogeneity of the
tumor. Using double in situ hybridization (DISH) and
mmmunohistochemistry, Yamamoto etal also reported Met
amplification in 28% of Japanese OCC cases [13]. Most
recently, another report from Japan demonstrated that ZNF217
at chromosome 20q13.2 was amplified in 20% of OCC patients
[14]. In this study, we performed an array-based CGH analysis
using Japanese OCC samples and detected genomic amplifica-
tion of the Met gene in 6/21 samples. Additionally, we
determined that the Met gene was the most frequently amplified
gene in these samples. We also detected amplification of the
AKT?2 gene, which is one of the three isoforms of AKT kinase,
a downstream component of the Met/PISK signaling pathway.
This is the first study to report the frequent amplification of a
specific gene in OCC detected by array-based CGH analysis
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Figure 1. Representative array-based CGH analysis data of chromosomes 1-22 and X. The data of 4 ovarian clear cell adenocarcinoma
samples (cc1, cc8, cc11, cc13), 1 endometrioid adenocarcinoma sample (em1), and 3 cell lines (RMG-II, JHOC-5, and JHOC-8) are shown. Met
amplification is observed in cc1, cc8, and cc13 and JHOC-5 and JHOC-8 cells. AKT2 amplification is observed in cc11 and cc13 and JHOC-8 and RMG-il
cells.

doi:10.1371/journal.pone.0057724.g001

and the first to report AKT2 amplification in OCC. We further Materials and Methods

analyzed a larger number of OCC samples in knockdown )

experiments to investigate the role of the Met/PISK/AKT Patients and Samples

pathway in OCC tumorigenesis. Formalin-fixed, paraffin-embedded tissues from 73 ovarian
clear cell carcinoma patients and 3 ovarian endometrial adeno-
carcinoma patients at Nagoya University Hospital were obtained
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with written informed consent. Microscopically negative lymph
node samples without metastasis were also obtained from the
patients for use as controls. The experimental designs of the
genomic and expression studies were reviewed and approved by
the Committee for Biocthics of Nagoya University Graduate
School of Medicine (#671).

Cell Lines

ES-2, KOC-7C, RMG-II, and TOV21G were cultured with
RPMI-1640 (Sigma) with 10% FBS. JHOC-5, JHOC-7, JHOC-8,
and JHOG-9 cells were provided from Riken BRC, Tsukuba,
Japan, and were cultured with DMEM/F12 (Sigma)-based
medium, according to the distributor’s instructions.

Array-based Comparative Genomic Hybridization

Genomic DNA was isolated and labeled using the Oligonucle-
otide Array-Based CGH for Genomic DNA Analysis (ULS
labeling) Kit (Agilent Technologies, Santa Clara, CA, USA),
according to the manufacturer’s instructions. Briefly, 4 continuous
5 um paraffin-sections were placed in an Eppendorf tube, and
after paraffin removal and proteinase K treatment, genomic DNA
was extracted using the DNeasy Blood & Tissue Kit (Qjagen,
Valencia, CA, USA) with modifications. After 5 minutes of heat
fragmentation at 95°C, reference DNA from the lymph node
samples was labeled with Cy3, and tumor DNA was labeled with
Cy5. The two samples were then mixed together after the removal
of residual unlabeled fluorescent dye and then hybridized to a
Human Genome CGH 244A Oligo Microarray (G4411B, Agilent
Technologies). After washing, stabilization, and drying, the
microarrays were scanned with an Agilent Scanner (Agilent) and
analyzed with DNA Analytics Software (ver. 4.0) (Agilent).
Genomic DNA was obtained from cell lines and control early
passage immortalized human female B cells [15] for copy number
reference and then applied to the array-based CGH analysis as
previously described [16].

Fluorescence In Situ Hybridization

Bacterial artificial chromosome clones (RP11-95120 and RP11-
163C9 for the Met genc) were selected from http://genome.ucsc.
edu/and purchased from http://bacpac.chori.org/. DNA was
then extracted by the NucleoBond PC 20 Plasmid DNA
Purification Kit (Macherey-Nagel, Diren, Germany) with modi-
fications.

Fluorescent probes were labeled by incorporating Green-dUTP
(Vysis; Abbott Laboratories; Abbott Park, IL, USA) into the DNA
using the Nick Translation Kit (Vysis). CEP 7 (D7Z1) Spectrum
Orange Probe (Vysis) was purchased as a control probe.
Fluorescence in situ hybridization (FISH) was performed using
the probes, Paraffin Pretreatment Kit, and LSI/WCP Hybridiza-
tion Buffer (Vysis) according to the manufacturer’s protocol.
Briefly, paraffin sections were treated with protease, and after
denaturation, the probes were hybridized to nuclear DNA,
counterstained with DAPI, and visualized using a fluorescence
MiCroscope.

Real-time Quantitative PCR

A total of 50 ng of isolated genomic DNA was applied per
reaction for real-time quantitative PCR (qPCR). Sample DNA was
amplified for 40 cycles with an annealing temperature of 55°C
using the TagMan Universal PCR Kit (ABI) and 7300 Real-time
PCR System (ABI) following the manufacturer’s instructions. The
sequences of the primers and internal probes were as follows: Met
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(sense), 5'-TCCTGGGCACCGAAAGG-3'; Met (antisense), 5'-
GAGGCGGAGGGATTGGGTACT-3'; Met reporter probe,
5"-FAM-CAGCCCCTTTCAGATC-MGB-3'. For the AKT2
gene, a TagMan Copy Number Assay Kit for AKT?2
(Hs00113634; ABI) including the FAM/MGB-labeled AKT?2
probe was used. VIC-TAMRA-labeled TagMan Copy Number
Reference (TERT) primers and probes (ABI) were used as controls
for both assays. PCR products were quantified in triplicate and
normalized to the human TERT gene using the Delta-delta Ct
method according to the manufacturer. To compare the relative
amount of AKT isoform expression, a quantitative reverse
transcription PCR (qQRT-PCR) analysis was performed using
plasmids encoding the PCR products of AKT1 or AKT? using the
following primers: AKT1 (sense) 5'-CCCAAGCACGCGTGAC-
CAT-3; AKT1 (antisense) 5'-GCGTAG-
TAGCGGCCTGTGGEC-3"; AKT? (sense) 5'-GAGGTCATG-
GAGCACAGGTT-3; AK'T?2 (antisense) 5'-
CTGGTCCAGCTCCAGTAAGC-3'.

PCR products (100-200 bp) were subcloned into the pGEM-
TEasy vector (Promega, Madison, WI) by TA-cloning according
to the manufacturer’s instructions, and the plasmids were then
used as control templates to establish standard curves. Then, qRT-
PCR analyses were performed to detect AKT1 or AKT? as
previously described [17].

Immunoblotting and Immunohistochemistry

The primary antibodies against human c-Met, AKT1, AKT?,
and phosphorylated-AKT (Ser473) were clones 3D4 (Invitrogen,
Carlsbad, CA, USA), D26, C7TH310, D6G4, and 736E11 (Cell
Signaling Technologies, Danvers, MA, USA), respectively. West-
ern blotting and immunohistochemical staining were performed as
previously described [15,17]. The established scoring criteria were
used for immunohistochemical staining as follows:

2+: more than 50% positive tumor cells with strong intensity in
the cell membrane.

1+: less than 50% positive tumor cells with strong intensity in
the cell membrane or more than 50% but weak staining in the
tumor cell membrane or any intensity staining without tumor cell
membrane staining.

- 1 no staining.

Retroviral and Lentiviral Transduction of Short-hairpin
RNA

The construction of short-hairpin. RNA (shRNA)-encoding
retroviral vectors were performed as previously described [15].
Briefly, the precursor form of shRNA was ligated into an entry
vector encoding the human H1 promoter and then transferred to
the destination vectors by the Gateway system (Invitrogen). The
lentiviral vectors pCS-RfA-CG, pCAG-HIVgp, and pCMV-VSV-
G-RSV-Rev were obtained from Dr. Miyoshi’s lab (Riken BRC,
Tsukuba, Japan). After transfer of the HI promoter and shRNA
precursor, shRNA-encoding lentiviruses were produced by the
transient transfection of 3 plasmids into 293T cells, and the
harvested viral particles were subsequently used for target cell
transduction in nearly the same manner as the retroviruses
described above. The sense-coding sequences of the ShlRNA were
as follows: shMet 2, GCAGTGAATTAGTTCGCTA; shMet5,
GGGAATCATCATGAAAGAT; shNC, ATCTGAAGACC-
TATTTTAT.

Cell Growth and Survival Assays
OCC cell lines (JHOC-5, JHOC-8, and ES-2) and control
HeLa cells were transiently transfected by Met-shRINA- or control
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Figure 2. Gene and chromosome views of the amplified regions in array-based CGH analysis. Genomic changes in the 21 ovarian clear
cell adenocarcinoma samples are shown. High, clear peaks within 2 Mb are observed in 6/21 samples at the genomic region encoding Met (upper
row). The amplified region including AKT2 is also shown (lower row).

doi:10.1371/journal.pone.0057724.g002
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shRNA-coding retroviral vectors described above. Cells were
transferred to chamber slides after 24 hours. At day 2 post-
transfection, cells were fixed with neutralized 4% formalin and
then subjected to a TdT-mediated dUTP-biotin nick end labeling
(TUNEL) assay and a senescence assay using the ApopTag Plus
Peroxidase In Situ Apoptosis Detection Kit (Chemicon Interna-
tonal, Temecula CA, USA) and Senescence Detection Kit
(BioVision Research Products, Mountain View, CA, USA),
respectively. To estimate the numbers of viable cells, cells were
transferred to 96-well plates 24 hours after transfection. At day 4
post-transfection, 250 pl of 0.4 mg/ml thiazolyl blue tetrazolium
bromide (MTT) was added to each well and incubated for 1 hour
at 37°C. After removal of the solution, 100 pl of dimethylsulfoxide
was added to each well and incubated for 10 minutes at room
temperature. Finally, the absorbance due to formazan formation
was determined at 570 nm.

Statistical Analyses

Student’s t-test was used to analyze the MTT assay results. A
Kaplan-Meier analysis was performed with the log-rank test using
SPSS (IBM) software version 17.0.

Results

Array-based Comparative Genomic Hybridization
Analysis

Of the 73 OCC cases, DNA extracted from 13 tumors and 3
endometrioid adenocarcinoma samples was subjected to array-
based CGH analysis. The genomic gains of the chromosome
7q31.31 region were frequently less than 2 Mb in length, showing
peaks at the area of the Met oncogene, and were detected in 4 of
the 13 OCC cases (ccl, cc2, cc8, ccl3) (Figs. 1 and 2). Frequent
amplification of the 19¢3.2 region including the AKT2 gene with
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Table 1. Summary of the histological features and genomic changes in samples applied to the array-based comparative genomic
hybridization.
Other aCGH
Histologic Features Met Immunostaining Met AKT2 Characteristics
Hemorrhage or Hemosiderin p16 copy

Sample  Cysts Deposits Endometriosis aCGH qPCR aCGH qPCR no. PTEN copy no.
ccl + + + ++ ++ 54 <2 nc nc
cc2 + + + ++ ++ 2.1 <2 nc nc
cc3 + + + + <15 <2 nc nc
ccd + + - + <15 <2 nc ne
cc5 + + + + <15 ++ 26 nc nc
ccb - - - + <15 <2 nc nc
cc7 + + + + <15 <2 nc nc
cc8 + + + ++ ++ 3.6 <2 nc nc
cc9 + + + + <15 <2 nc nc
cc10 + + + <15 2 nc nc
ccll + + + <15 ++ 3.2 nc nc
ccl2 + + + + <15 <2 nc ne
cc13 + + - ++ + 1.6 ++ 26 nc nc
em1 + + - - <1.5 <2 nec nc
em2 + - + + <15 <2 nc nc
em3 + - - o <15 <2 nc nc
aCGH: array-based comparative genomic hybridization, qPCR: real-time quantitative PCR, nc: no change.
doi:10.1371/journal.pone.0057724.t001

a smaller peak (less than 1 Mb) was also observed in 3 of the 13
cases (ccd, ccll, ccl3). One case (cc13) had amplification of both
genes (Le., Met and AKT2). We then performed an array-based
CGH analysis of 8 OCC cell lines and detected amplification of
the Met gene in 2: JHOC-5 and JHOC-8. The other 134 genomic
regions amplified in more than 20% of the 21 samples, including
13 primary tumors and 8 cell lines, are shown in Table S1. The
genes other than Met and AKT2 with previously known functions
positively affecting cell growth were Lyn, P-Rex2, Jag2,
Map3K10, and Bcl3 (shown in red in Table S1), but the
significance of the genes included in other amplified segments
remains unclear. No amplification or deletion was observed in the
CDKN2A region of chromosome 9 or the PTEN-encoding region
of chromosome 10. Met amplification was not observed in any of
the three endometrioid adenocarcinoma samples, and the genomic
changes were rather inconspicuous compared to the clear cell
carcinoma samples (Figs. 1 and 2). Summarizing the array-based
CGH results, the copy number aberration analysis revealed that
chromosomes 8q, 19q, 1q, and 20q had a relatively high frequency
of genome gain, and chromosome 8p, 19p, and 17p tended to
have genome loss (Fig. S1). The clinical, histological, and genetic
data of the 13 OCC cases and 3 endometrioid adenocarcinoma
cases used in the array-based CGH analyses are summarized in
Table 1.

Confirmation of Met Ampilification

We then confirmed amplification of the Met gene by FISH
(Fig. 3). A centromere probe of chromosome 7 (CEP7) was used
as a reference to count the amplification signals. All 4 samples that
showed Met amplification by array-based CGH analysis had an
increased Met/CEP 7 ratio, confirming the results of the array-
based CGH analysis. We further confirmed the Met gene copy
number increase by real-time quantitative PCR. Using the
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Figure 3. FISH analysis for confirmation of Met amplification. A
representative nucleus of a Met-amplified cell {cc1) is shown in the
upper figure (Green: Met probe, Orange: CEP 7; centromere 7 probe,
Blue; DAPI). The lower graph shows the FISH signal number (MET/CEP 7
ratio) of the 4 Met-amplified ovarian clear cell adenocarcinoma samples
(cct, cc2, cc8, cc13) and an endometrioid adenocarcinoma case (em1)
without Met ampilification. A total of 60 cells were counted for each
sample, average numbers (Met: CEP7) were as follows; cc1(18:2.0),
€C2(4.4:2.1),cc8(10:2.2), cc13(4.6/1.7), em1(1.7/1.9). All values were then
normalized with that of em1 as 1.0.
doi:10.1371/journal.pone.0057724.g003

hTERT copy number reference as a control, we successtully
demonstrated that all 4 Met-amplified samples and none of the 9
samples without Met amplification showed more than a 1.5-fold
increase in DNA quantity (Fig. 4A). We further confirmed Met
amplification in the cell lines by real-time quantitative PCR
(Fig. 4B), which also showed good correlation with the array-
based CGH analysis. To confirm that the protein level change
accompanied gene alteration, we performed Western blotting
using the 8 OCC cell lines (Fig. 5A). The total amount of Met
protein was clearly increased in JHOC-5 and JHOC-8 cells, both
of which demonstrated Met genome amplification. Immunostain-
ing of 13 OCC samples also revealed overexpression of the Met
protein in the gene-amplified samples (Fig. 5B and Table 1).
Thus, we found Met gene amplification in 6 of the 21 OCC
samples (28.5%) analyzed by array-based CGH analysis, all of
which were confirmed by gPCR and protein expression analyses.

Confirmation of AKT2 Amplification

We next confirmed the AKT2 gene copy number increase by
qPCR and demonstrated that all three AKT2-amplified samples
and none of the ten samples without Met amplification showed
more than a 1.5-fold increase in DNA quantity (Fig. 4C).
Amplification of the AKT2 gene was detected in two cell lines,
namely, RMG-II and JHOC-8, by array-based CGH analysis
(Figs. 1 and 2) and was also confirmed by real-time quantitative
PCR (Fig. 4D). Western blotting using the 8 OCC cell lines
revealed that both AKT1 and AKT2 were highly expressed in
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Figure 4. QPCR confirmation of Met and AKT2 amplification. A.
Copy number change analysis of Met in 13 ovarian clear cell
adenocarcinoma samples are shown. Four samples (ccl, cc2, cc8,
cc13) had a Met/hTERT ratio greater than 1.5. B. Copy number change
analysis of Met in 8 ovarian clear cell adenocarcinoma cell lines are
shown. Two cell lines (JHOC-5 and JHOC-8) had a Met/hTERT ratio
greater than 1.5. C. Copy number change analysis of AKT2 in 13 ovarian
clear cell adenocarcinoma samples are shown. Three samples (cc5, cc11,
cc13) had an AKT2/hTERT ratio greater than 1.5. D. The gPCR results for
the copy number change analysis of AKT2 in 8 ovarian clear cell
adenocarcinoma cell lines are shown. Two cell lines (RMG-Il and JHOC-
8) had a Met/hTERT ratio greater than 1.5.
doi:10.1371/journal.pone.0057724.g004
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Figure 5. Confirmation of Met amplification at the protein
level. A. The immunoblotting results for Met protein expression in
ovarian clear cell adenocarcinoma cell lines. Two cell lines (JHOC-5 and
JHOC-8) with Met gene amplification show stronger intensities. B. The
immunostaining results of representative cases (cc2, Met-amplified
ovarian clear cell adenocarcinoma (OCC) case; cc5, OCC case without
Met amplification; em2, endometrioid adenocarcinoma case without
Met amplification). Positive staining for c-Met antibody was further
divided to 2 groups: 2+ and 1+ (see text for details).
doi:10.1371/journal.pone.0057724.g005

most OCC cells compared with Hela cells, and immunoblotting
using a phosphorylated-AKT (Ser473) antibody that recognizes
the activated forms of all three isoforms of AKT was positive in all
OCC cell lines showing AKT activation (Fig. 6A). To compare
the relative amount of AKT isoform expression, we further
performed a qRT-PCR analysis based on standard curves using
plasmids encoding the PCR amplicons of AKT1 and AKT2,
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Figure 6. AKT1 and AKT2 expression in ovarian clear cell
adenocarcinoma. A. Western blot analyses of protein expression
using AKT antibodies in ovarian clear cell adenocarcinoma cell lines.
Various intensities are observed by immunoblotting with AKT1, AKT2,
and pan-AKT phosphorylated antibodies (serine 473 phosphorylated-
AKT). B. A gRT-PCR analysis revealed relatively higher expression of
AKT2 compared to AKT1 at the mRNA level.
doi:10.1371/journal.pone.0057724.g006

which were similar in length, as templates for the corresponding
PCR. Interestingly, higher expression of AKT2 was observed in
most OCC cell lines compared with AKT1 (Fig. 6B).

Met Amplification and Overall Survival

A gPCR analysis revealed that 27 of the 73 cases had a greater
than 2-fold increase in Met gene expression (37.0%). Similarly, 19
of the 53 (35.9%) stage 1 & 2 patients had Met amplification, and
these patients had significantly worse overall survival compared
with patients without Met amplification (p =0.037) (Fig. 7). We
then analyzed 73 OCC samples to calculate the exact rate of
AKT?2 amplification. However, in total, only 6 of the 73 cases had
a greater than 2-fold increase in AKT2 gene expression (8.2%) by
gPCR, and no significant difference in survival was detected. We
therefore focused on Met in further analyses.
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Figure 7. The Kaplan-Meier curve of stage 1 and 2 ovarian clear
cell adenocarcinoma patients with or without Met amplifica-
tion. Patients with Met amplification had a significantly worse
prognosis (p<<0.05).

doi:10.1371/journal.pone.0057724.g007

Met Knockdown Experiments in vitro

Met knockdown resulted in a large decline of cell proliferation
and survival in Met-amplified OCC cell lines (Fig. 8). We
confirmed Met knockdown at the protein level by Western blotting
(Fig. 8A). Met knockdown in JHOC-5 and JHOC-8 cells by two
independent shRINAs resulted in a significant decrease in the
number of viable cells in the MTT assay compared with control

shRNA (Fig. 8B). This was further confirmed to be the result of

significantly larger numbers of cells undergoing apoptosis in OCC
cell lines, and positive senescence marker staining only in Met-
amplified OCC cell lines; JHOC-5 and JHOC-8 (Fig. 8C),
suggesting that an active Met pathway was necessary for both cell
survival and proliferation. Met knockdown in ES-2 cells, an OCC
cell line without Met amplification, showed a partially significant
decrease in cell numbers by the cell viability assay using MTT
assay compared with control shRNA (Fig. 8B), and this was
mostly due to increased apoptosis in these cells (Fig. 8C). Met
knockdown in HeLa cells did not have a significant impact on the
results of the MTT, TUNEL, and senescence assays (Fig. 8).

Discussion

In this study, we successfully detected Met amplification by
array-based CGH analysis in 6 of the 21 OCGC samples, and the
final amplification rate was 37.0% when 73 cases were evaluated.
Using similar methods, previous studies have not detected such
frequent amplification of a specific gene. The reason for the
discrepancy remains unclear. However, we used DNA extracted
from paraffin sections, in which estimation of the tumor
proportion by histological analyses is easier, and DNA was
extracted from regions with a tumor proportion greater than 70%.
Regional and ethnic differences of the patients may have also
played a role. Yamamoto et al reported Met amplification in 28%
of Japanese OCC cases [13], and Rhaman et al demonstrated that
ZNF217 at chromosome 20q13.2 was amplified in 20% of their
OCC patients [14]. Our array-based CGH data also showed
rather frequent amplification of various gencs (Table S1), but Met
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was the most frequently amplified, confirming Yamamoto’s
findings. We also demonstrated the frequent amplification of
AKT?2, which was identified in 5/21 samples using array-based
CGH analysis and 7.5% of the 73 OCC samples using qPCR.
Our array-based CGH data also revealed ZNF217 amplification
in 2 cell lines (RMG-II and JHOC-9) and Her2 amplification in
one cell line (RMG-1I) (Fig. 82), but neither gene was included in
Table 81 because of the lower frequency. Most recently,
Yamamoto et al also reported amplification of actinin 4 at
chromosome 19 13.2 [18]. Although several genes at this region
were included in our list (Table S1), actinin 4 was also not
significantly amplified in our cases. In addition, our OCC cases
were primarily associated with endometriosis, which is typically
prominent in Japanese cases [1,19] and was histologically
confirmed in the majority of our cases (Table 1). Thus, the
association with endometriosis may have been related to the
frequency of gene amplification. We further confirmed Met
amplification using various methods such as gPCR, immunoblot-
ting, and immunohistochemistry. All of these results showed good
correlation, and we therefore suggest that Met amplification may
be one of the key molecular events in OCC development,
particularly in Japanese cases. Most recently, we reported that Met
amplification was frequently observed in the tumor samples of an
Fe-NTA-induced rat renal carcinogenesis model [4]. We propose
that oxidative stress due to excess iron deposition is the primary
cause of carcinogenesis in endometriosis-associated ovarian clear
cell carcinomas [2,20]. It is then interesting that a key molecular
event, Met amplification, is commonly observed in both human
OCC and the Fe-NTA-induced animal model. This emphasizes
the importance of an underlying biological and molecular
mechanism of iron-induced carcinogenesis.

In this study, we also observed amplification of AKT2, one of
the three isoforms of the AKT kinase family [21]. Although
previously reported in ovarian serous neoplasms [22], our study is
the first to report AKT2 amplification in clear cell adenocarcino-
ma. PI3K is one of the downstream effectors recently shown to be
mutated in more than 30% of OCC cases [6]. AKT is a further
downstream component of the Met/PI3K signaling pathway [23].
Considered alongside our data, this suggests that activation of the
Met/PI3K/AKT?2 pathway may have an important role in OCC
carcinogenesis. mTOR, another component of the Met/PI3K/
AKT?2 pathway downstream of PI3K, inhibits p53 via increased
Mdm?2 translation [24], and p53 is known to induce both apoptosis
and senescence [25]. Because Met knockdown in OCC cell lines
with Met amplification showed both increased apoptosis and
senescence m vilro (Fig. 8), we belicve that Met-amplified OCC
cells primarily depend on activation of the Met/PI3K/AKT
pathway for cell proliferation and survival.

Met gene amplification was first reported in a gastric carcinoma
cell line [26], followed by a proportion of gastric and esophageal
adenocarcinomas [27-29], non-small cell carcinoma of the lung
[30,31], colorectal adenocarcinoma [32], and squamous cell
carcinoma of the head and neck [33]. Met amplification is usually
accompanied by overexpression of the Met protein [34], and
studies have been conducted to elucidate the biological signifi-
cance of Met overexpression with or without amplification, with
mostly similar conclusions: tumors with Met overexpression have a
worse prognosis [30,34-39]. Furthermore, recent reports have
proposed that the growth and survival of Met-amplified tumor
cells are fully dependent on Met and explained this as an example
of ‘oncogene addiction’ [40,41]. In our study, OCC cell lines with
Met amplification were significantly dependent on Met for cell
growth and survival. We therefore believe that OCC tumor cells
are also ‘addicted’ to Met. Previous studies have demonstrated
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Figure 8. Knockdown of Met in ovarian clear cell adenocarcinoma cell lines. A. Confirmation of knockdown by Western blotting. Signal
intensity ratio (Met/actin) are shown in numbers. B. Cell viability assay after transfection using retroviral vectors encoding short-hairpin RNAs
targeting Met (Metsh2 and Metsh5) or control, shNC, in ovarian clear cell adenocarcinoma (OCC) cell lines. A decrease in cell viability in OCC cell lines
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doi:10.1371/journal.pone.0057724.g008
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inactivation of the Met pathway by specific small inhibitors
[42,43], which are particularly effective in the treatment of ‘Met
oncogenc-addicted’ carcinomas [40], and we suggest that OCC is
another optimal target for Met-targeting therapies.

In conclusion, we demonstrated frequent genomic amplification
of the Met gene by comprehensively analyzing the total genome,
showing that Met was the most frequently amplified gene in
Japanese OCC samples. Furthermore, we also detected the
amplification of AKT2, which is a downstream component of
the Met/PI3K signaling pathway. Targeted therapy inhibiting the
Met/PI3K/AKT pathway may be promising for OCC treatment.

Supporting Information

Figure S1 Frequency distribution result of genomic
alterations in each chromosome of array-based com-
parative genome hybridization analysis. Relative frequen-
cies of genomic loss (green bar) and gain (red bar) for 13 primary

ovarian clear cell adenocarcinoma tissue samples are plotted at
each chromosomal position. Regions of genomic alteration in a
single profile were identified using the Z-score statistical algorithm.

(PDF)
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