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Abstract

Ovarian clear cell carcinoma (CCC) is arises from ovarian endometriosis. Intra-cystic
fluid contains abundant amounts of free iron, which causes persistent oxidative stress, a
factor that has been suggested to induce malignant transformation. However, the
mechanisms linking oxidative stress and carcinogenesis in CCC currently remain
unclear. Lipocalin 2 (LCN2), a multi-functional secretory protein, functions as an iron
transporter as well as an antioxidant. Therefore, we herein examined the roles of LCN2
in the regulation of intracellular iron concentrations, oxidative stress, DNA damage, and
anti-oxidative functions using LCN2-overexpressing (ES2), and LCN2-silenced
(RMG-1) CCC cell lines. The results of calcein staining indicated that the up-regulated
expression of LCN2 correlated with increases intracellular iron concentrations.
However, a DCFH-DA assay and 8OHAG staining revealed that LCN2 reduced
intracellular levels of reactive oxygen species (ROS) and DNA damage. Furthermore,
the expression of LCN2 suppressed hydrogen peroxide-induced apoptosis and
prolonged cell survival, suggesting an anti-oxidative role for LCN2. The expression of
mRNA and protein for various oxidative stress-catalyzing enzymes, such as heme
oxygenase (HO), super oxide dismutase (SOD), and glutathione peroxidase, was not
affected by LCN2, whereas the intracellular concentration of the potent antioxidant,
glutathione (GSH), was increased by LCN2. Furthermore, the expression of xCT, a
cystine transporter protein, and CD44 variant 8-10 (CD44v), a stem cell marker, was
up-regulated by LCN2. Although LCN2 increased intracellular iron concentrations,
LCN2-induced GSH may catalyze and override oxidative stress via CD44v and xCT,
and subsequently enhance the survival of CCC cells in oxidative stress-rich

endometriosis.
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Introduction
Lipocalin 2 (LCN2), also known as neutrophil gelatinase-associated lipocalin (NGAL)
or 24p3, is a 25-kDa secretory protein that functions as an iron transporter. LCN2 was
initially identified in the granules of neutrophils and as a biostatic agent through its
ability to chelate iron around bacteria [1]. LCN2 is known to require siderophores, low
molecular weight ferric iron chelators, which bind to iron [1]. LCN2 has been shown to
import iron into the cytoplasm after interacting with its specific receptor (SLC22A17,
megalin) and increases intracellular iron concentrations [2, 3]. LCN2 also exports
intracellular iron, thereby depleting its concentrations [2], and recent studies also
revealed that it functioned as an antioxidant [4-7]. LCN2 was found to be up-regulated
in sterile inflammation, such as that associated with renal and cardiovascular diseases,
and is utilized as a novel diagnostic and prognostic biomarker of these diseases [8-10].
Previous studies demonstrated that LCN2 was up-regulated in several cancers, such as
breast, colorectal, gastric, and pancreatic carcinoma, and, thus, has been implicated in
the poor prognoses of patients with these cancers [11-15]. We have shown that LCN2
was up-regulated in endometrial carcinoma, and the overexpression of LCN2 and
SLC22A17 was associated with the poor prognoses of these patients [16, 17].
Intracellular iron is responsible for the generation of reactive oxygen species
(ROS) via the Fenton reaction, and persistent oxidative stress has been shown to induce
carcinogenesis [18]. For example, hemochromatosis has been associated with
hepatocellular carcinoma [19], and endometriotic cysts have been identified as an origin
of CCC [20]. Endometriotic fluid includes high concentrations of free iron, which
causes persistent oxidative stress [21]. One of important factors for the development of

ovarian carcinoma in endometriotic cyst is DNA damage induced by persistent
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oxidative stress [21]. Therefore, we hypothesized that LCN2 was involved in the
development of ovarian carcinoma arising from endometriosis by regulating
intracellular iron concentrations and oxidative stress. In the present study, we

investigated the functions of LCN2 and its mechanisms in CCC cells.

Materials and methods

Cell lines and culture conditions

The CCC cell lines RMG1 and OVISE were purchased from Japanese Collection of
Research Bioresources Cell Bank (Osaka, Japan), and ES2, TOV21G were purchased
from the ATCC (Manassas, VA). RMGI cells were cultured in F12 medium (Life
Technologies, Carlsbad, CA) supplemented with 10% inactivated fetal bovine serum
(FBS) (Life Technologies). OVISE cells were cultured in RPMI 1640 medium
(Sigma-Aldrich) with 10% FBS. ES2 cells were cultured in McCoy’s 5A (Life
Technologies) with 10% FBS. TOV21G cells were cultured in Dulbecco’s modified
Eagle’s medium (Sigma-Aldrich, St. Louis, MO) with 10% FBS. Cells were incubated
at 37°C under 5% CO; in air. Recombinant LCN2 (rLCN2) was purchased form Gene
Tex (San Antonio, TX). The mean plasma concentration of LCN2 was previously
reported to be 72 ng/ml (40-109 ng/ml) in healthy adults [22], and increased 10-fold
with acute inflammation [22]. Accordingly, we used rLCN2 concentrations of

200~1000 ng/ml in our experiments.

Establishment of LCN2-overexpressing ES2 and TOV21G cells

The pLenti-L6H plasmid overexpressing NGAL and pLenti-L6H were kindly provided

by Dr. Sushovan Guha (The University of Texas MD Anderson Cancer Center, Houston,

4
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Texas, USA). These were transfected into Lenti-293T cells using the Lenti-X HTX
Packaging System (Clontech Laboratories, Inc., CA), and lentiviral particles were
obtained. ES2 and TOV21G cells were infected with lentiviral particles, and blasticidin
was used to select cells. The LCN2-overexpressing cells obtained were named
ES2-LCN2 and TOV21G-LCN2, and ES2-mock and TOV21G-mock cells were used as

control cells.

Establishment of LCN2-silenced RMG1 and OVISE cells

According to a previous study, LCN2-silenced RMGI cells (RMG1-shRNA) were
established by the transfection of a pGFP-V-RS vector (OriGene Technologies,
Rockville, MD) stably producing LCN2-specific short hairpin RNA (shRNA) [23]. The
expression of LCN2 in OVISE cells were down-regulated by the transfection of a LCN2
small interfering RNA (siRNA) (OVISE-siRNA) (Life Technologies). Control-RMG1
(RMG1-cont) and OVISE (OVISE-cont) cells were also established by transfection of
the same vector producing non-effective scrambled shRNA and siRNA. Real-time
RT-PCR revealed that the expression of LCN2 in RMG1-shRNA cells was 97.7% less
than that in RMG1-cont cells, and the expression of LCN2 in OVISE—siRNA cells was
70.3% less than that in OVISE-cont cells. Since these vectors included green
fluorescent protein (GFP), these cells could not be used in calcein,

2’,7’-dichlorofluorescin diacetate (DCFH-DA), or Annexin-V staining.

Reverse transcriptase polymerase chain reaction (RT-PCR) and real-time quantitative

PCR
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Based on a previous study [23], total RNA was extracted using a TRIzol reagent (Life
Technologies) according to the manufacturer’s instructions, and reverse-transcribed to
¢DNA for PCR using the PrimeScript” RT-PCR Kit (Takara Bio, Shiga, Japan).
Real-time quantitative PCR was performed using LightCycler® 480 DNA SYBR Green
I Master (Roche Diagnostics GmbH, Mannheim, Germany) in LightCycler® 480 system
II (Roche Diagnostics GmbH) according to the manufacturer’s instructions. The
expression of mRNA was quantified using -actin as an internal control gene. Primer
sets are summarized in Suppl. Table 1 [16, 24, 25]. Many of primers were designed
using "PrimerBank" (http://pga.mgh.harvard.edu/primerbank/). Each real-time

quantitative PCR experiment was independently repeated 3 times with 5 replicates.

ELISA

LCN2 levels of cell culture supernatants were quantified with a solid phase sandwich
ELISA using the Human Lipocalin-2/NGAL Immunoassay kit (R&D Systems,
Minneapolis, MN) according to the manufacturer’s instructions and a previous study
[26]. A total of 150000 cells/well were plated onto 24-well plates. After 24 hours, the
supernatants were collected and particulates removed by centrifugation. LCN2 levels
were then measured. A450 nm was measured by a microplate reader, SYNERGY HT
(BioTek, Winooski, VT), and A540 nm was subtracted from readings at A450nm. Each

result was obtained from 3 independent experiments with 8 replicates.

Calcein staining
As described previously [2], ES2 cells were stained with 0.75uM calcein-AM (Life

Technologies) for 3 minutes at room temperature and observed using a FLoid Cell
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Imaging Station fluorescence microscope (Life Technologies). ES2 cells were stained
with 0.75uM calcein-AM for 5 minutes, and quantification of the mean intensity of

calcein fluorescence in 1x10°cells was measured by SYNERGY HT.

Western blotting

Proteins extracted from cultured cells were subjected to a Western blot analysis, as
described previously [16], using antibodies against CD44 v9 (rat monoclonal;, COSMO
BIO CO., LTD., Tokyo, Japan), xCT (rabbit monoclonal; Abcam, Cambridge, UK) and
B-actin (mouse monoclonal; BioMakor, Rehovot, Israel) as the primary antibody. The
membranes were blotted with the primary antibody at 4°C overnight, and then incubated
with a peroxidase-conjugated secondary antibody. Bound antibodies were visualized

using the ECL Western blot detection reagent (Amersham, Piscataway, NJ).

Immunofluorescence staining

Immunofluorescent staining was performed as described previously [27]. We used
mouse monoclonal anti 8-hydroxyguanosine (working concentration 0.65ug/ml,
Abcam) and Alexa Fluor® 488 rabbit anti-mouse IgG antibodies (Life Technologies), or
rat-monoclonal anti CD44 v9 (working concentration; 3pg/ml) and Alexa Fluor®™ 594
goat anti-rat [gG antibodies (Life Technologies). Nuclear counterstaining was
performed using DAPI-Fluoromount-G (COSMO BIO CO., LTD.). All specimens were

observed using a FLoid Cell Imaging Station fluorescence microscope.

WST-1 assay

Cell proliferation/viability was assessed using the WST-1 reagent (Roche Diagnostics
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167  GmbH) according to the manufacturer’s instructions and a previous study [23]. Briefly,
168  cells were seeded on 96-well plates. After culturing the cells under various conditions,
169  the WST-1 reagent was added to the medium. After 2.5 h, A450 wavelength light was
170  measured using SYNERGY HT. Each result was obtained from 3 independent

171 experiments with 8 replicates. The absorbance of WST-1 reagent was reported to

172  correlate with the number of viable cells [28].

173

174  Cytotoxicity assay

175 A total of 2000 cells/well were plated on 96-well plates. After 24 hours, the cells were
176  exposed to cytotoxic agents at various concentrations. Hydrogen peroxide (H,O,)

177  (Wako, Osaka, Japan) was added to the culture medium for 10 minutes. The medium
178  was then replaced with fresh medium, and cell viability was measured after 48 hours.
179  Iron (III) chloride (WAKO) was added to the culture medium, and cell viability was
180  measured after 48 hours. The anticancer drugs, cisplatin (CDDP) (Sigma-Aldrich) and
181  paclitaxel (PTX) (Wako) were diluted with dimethylformamide (DMFA) and added to
182  the culture medium, and cell viability was measured after 72 hours. Each result was
183  obtained from 3 independent experiments with 8 replicates.

184

185  Measurement of ROS

186  DCFH-DA (non-fluorescent) is rapidly converted to dichlorofluorescin (DCF) (green
187  fluorescent) by ROS in the cytosol. ES2 cells were exposed to 500uM H,0,, and

188  incubated with 10uM DCFH-DA (Sigma-Aldrich) for 15 min at 37°C.They were

189  subjected to FLoid Cell Imaging Station fluorescence microscope, and SYNERGY HT

190  in order to quantify of the mean intensity of DCF fluorescence in 5000 cells [25].
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191  Nuclei were stained with Hoechst 33342 (WAKO) for observation by fluorescence
192  microscopy.

193

194  GSH Assay

195  Intracellular levels of GSH (y-L-glutamyl-L-cysteinyl-glycine) were determined with
196  the GSH-Glo Glutathione Assay kit (Promega). Cell suspensions (8000 cells) were
197  transfered to 1.5 ml microtubes for this assay, which was based on the conversion of a
198 luciferin derivative to luciferin by glutathione S-transferase in the presence of GSH [25].
199  The signals generated in a coupled reaction with firefly luciferase were proportional to
200  the amount of GSH in the samples. The results obtained were normalized using the
201  GSH standard solution provided with this kit. Each result was obtained from 3

202  independent experiments with 10 replicates.

203

204  Apoptosis assay

205  Flow cytometry was performed to detect apoptotic cells using the Annexin-V-FLUOS
206  Staining Kit (Roche Applied Science) 24 hours after being treated with 20uM H,0,.
207  They were subjected to BD FACScanto II Flow cytometer (BD Biosciences, Tokyo,
208  Japan).

209

210  Statistical analysis

211  Statistical analyses were conducted with Scheffe’s test or the Mann-Whitney U test
212 using the SPSS Statistics system (SPSS Inc., Chicago, IL).

213

214  Results
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The expression of LCN2 in ovarian carcinoma cell lines

The expression of LCN2 was observed in four ovarian carcinoma cell lines, RMG1,
OVISE, ES2, and TOV21G, and the elevated expression of LCN2 at the mRNA and
protein levels was confirmed in RMG1 and OVISE cells by RT-PCR (Fig. 1A) and
ELISA (Data not shown). The expression of LCN2 in ES2-mock, ES2-LCN2,
TOV21G-mock, TOV21G-LCN2, RMGI1-cont, RMGI1-shRNA, OVISE-cont, and
OVISE-siRNA cells was confirmed by RT-PCR (Fig. 1B). LCN2 concentrations in cell
culture supernatants were examined by ELISA in ES2-mock (< 0.156 ng/ml,
undetectable level), ES2-LCN2 (13.383 ng/ml), TOV21G-mock (< 0.156 ng/ml,
undetectable level), TOV21G-LCN2 (0.248ng/ml), RMG1-cont (10.485 ng/ml),
RMG1-shRNA (0.216 ng/ml), OVISE-cont (3.92 ng/ml), and OVISE-siRNA (2.21
ng/ml) (Figs. 1C). No significant differences were observed in proliferation between
ES2-mock and ES2-LCN2, TOV21G-mock and TOV21G-LCN2, RMG1-cont and

RMG1-shRNA, and OVISE-cont and OVISE-siRNA cells (Fig. 1D).

LCN2 increased intracellular iron levels

Calcein staining was performed to determine whether LCN2 increased intracellular iron
concentrations. Theoretically, nonfluorescent calcein-AM quickly reaches the
cytoplasm and is immediately converted to fluorescent calcein. However, iron-bound
calcein loses its fluorescence. Therefore, if intracellular iron concentrations are high,
calcein fluorescence will be decreased. The results obtained indicated that calcein
fluorescence was weaker in ES2-LCN2 cells (Fig. 2A) than in control cells.
Furthermore, the same results were obtained when rLCN2 was added to ES2-mock cells

(Fig. 2A). The mean intensity of calcein fluorescence was decreased by 82% and 69%,



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

Yamada Y et al. Role of LCN2 in ovarian carcinoma, revised 2, Page 11

respectively (Fig. 2B), indicating that LCN2 increased intracellular iron concentrations.
Intracellular iron concentration is known to affect the expression of iron-responsive
genes, such as ferritin (up-regulated) and transferrin receptor 1 (TfR1) (down-regulated)
[29]. Therefore, the mRNA levels of these genes were confirmed by real-time RT-PCR.
As expected, the expression of ferritin were increased and that of TfR1 were decreased
in ES2-LCN2 and ES2-mock treated with rLCN2 compared with that in ES2-mock cells

(Fig. 2C).

LCN?2 reduced iron-mediated ROS and oxidative stress
Since intracellular iron concentrations were augmented by LCN2, the role of LCN2 in
the production of ROS was examined. DCFH-DA is a ROS-sensitive fluorescent probe;
when ROS levels are elevated, its green fluorescence is increased. In these experiments,
hydrogen peroxide (H,0,) was added as a source of oxidative stress, and the subsequent
production of intracellular ROS was measured by DCFH-DA staining. We expected
LCN2 to induce ROS and oxidative stress by increasing intracellular iron concentrations.
However, green fluorescence was decreased in ES2-LCN2 cells and rLCN2-added
ES2-mock (ES2-mock with rLCN2) cells (Fig. 3A). The addition of H,O, to ES2-mock
cells increased the mean fluorescence by 3.33-fold that of the untreated control cells.
However, its intensity only increased by 1.33-fold and 1.06-fold in ES2-LCN2 and
ES2-mock with rLCN2 cells, respectively (Fig. 3B). These results indicated that LCN2
reduced ROS.

8-hydroxy-2’-deoxyguanosine (80OHdG) is an oxidative DNA damage marker.
80OHdG immunofluorescence was examined in ES2 cells after the treatment with H,O,

in order to investigate the relationship between LCN2 and oxidative DNA damage in
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vitro. SOHdG fluorescence was weaker in ES2-LCN2 cells and ES2-mock with TLCN2
cells than in control cells (Fig. 3C). The cell viability of ES2-LCN2 cells was higher
than that of control cells after the treatment with H,O, and ferric iron (Fig. 3D). The
immunohistochemical expression of 80OHdG in ovarian carcinoma tissues and
endometriotic cysts was then examined. The expression of 8OHdG was low in cases of
ovarian carcinoma and endometriosis that strongly expressed LCN2 (Suppl. Figs 1A, C,
E). In contrast, the expression of SOHdAG was high in cases of ovarian carcinoma and
endometriosis that weakly expressed LCN2 (Suppl. Figs. 1B, D, F). In addition, an
inverse correlation between LCN2 expression and SOHdG expression was observed in
20 cases of CCC (R2 =0.494, P=0.001) (Suppl. Fig. 1C). These results suggested that

LCN2 reduced DNA damage caused by oxidative stress.

LCN?2 inhibited apoptosis induced by oxidative stress and enhanced cell survival.

A flow cytometric analysis was performed using immunofluorescence for annexin-V
and propidium iodide (PI) in order to determine whether LCN2 inhibited oxidative
stress-induced apoptosis. The results obtained indicated that the forced expression of
LCN2 decreased apoptosis after the H,O, treatment in ES2 cells (Fig. 4). Moreover, cell
viability was examined using the WST-1 assay in cells treated with cisplatin and
paclitaxel to examine whether LCN2 enhanced chemoresistance. The cell viability of
ES2-LCN2 and TOV21G-LCN2 cells was higher than that of control cells after the
treatment with cisplatin and paclitaxel (Figs. SA, B). These results indicated that LCN2

inhibited apoptosis and enhanced chemoresistance.

LCN2 increased intracellular GSH levels and enhanced the expression of the CD44



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

Yamada Y et al. Role of LCN2 in ovarian carcinoma, revised 2, Page 13

variant and xCT.

Since LCN2 was expected to enhance antioxidant functions, the mRNA levels of toxic
ROS-catalyzing enzymes, including heme oxygenase (HO), superoxide dismutase
(SOD), catalase, glutathione peroxidase (GPx), and peroxiredoxin (PRDX) were
examined using real-time quantitative PCR in ES2-mock and ES2-LCN2 cells.
However, the forced expression of LCN2 did not increase the expression of these
antioxidant enzymes (Suppl. Fig. 2A). Furthermore, no significant difference was
observed in the protein expression of HO-1, HO-2, SOD1, and SOD2 (data not shown).
However, the concentration of another important antioxidant, glutathione (GSH), was
significantly higher in ES2-LCN2 and TOV21G-LCN2 cells than that in control cells
(Fig. 5C), suggesting that LCN2 increased intracellular GSH concentrations.

The role of LCN2 in the cystine transport system was examined because GSH is
synthesized from cysteine, a precursor of GSH. CD44 variant 8-10 (CD44v) has been
shown to interact with and stabilize xCT, a cystine-glutamate exchange transporter, and
promotes the uptake of cystine for intracellular GSH synthesis [21]. The expression of
CD44v mRNA was not significantly different, irrespective of the LCN2 status (Suppl.
Fig 2B); however, CD44v protein expression was increased by the addition of TLCN2
(500 ng/ml) and forced expression of LCN2 as observed by CD44v
immunofluorescence (Fig. 5D) and western blotting (Fig. SE). Likewise, xCT protein
expression was increased by the addition of rLCN2 (500 ng/ml) and forced expression
of LCN2 (Fig. 5F). However, the expression of xCT mRNA was not affected by LCN2
(Suppl. Fig 2C). In contrast, the cell viability of RMG1-shRNA cells was lower than
that of control cells after the treatment with cisplatin and paclitaxel (Fig. 6A). The cell

viability of OVISE-siRNA cells was also lower than that of control cells after the
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treatment with paclitaxel (Suppl. Fig. 3A). The intracellular GSH concentration was
significantly lower in RMG1-shRNA (Fig. 6B) and OVISE-siRNA cells (Suppl. Fig.
3B) than that in control cells. Although the CD44v and xCT mRNA expression was not
significantly difference between RMG1-cont and RMG1-siRNA (Suppl. Figs 2 B, C),
the CD44v and xCT protein expression was decreased by the reduced expression of
LCN2, as observed by immunofluorescence (Fig. 6C) and western blotting (Fig. 6D).
To investigate whether LCN2 affect the stabilization of CD44v and xCT, we measured
these protein levels treated with CHX to inhibit protein synthesis. Western blotting
revealed that the degradation of CD44v and xCT was delayed in ES2-LCN2 cells
compared with that in ES2-mock cells (Supplementary figs. 4). The delayed degradation
of xCT was observed also in TOV21G-LCN2 cells. These results suggested that LCN2
enhanced the expression of the CD44v and xCT protein through the stabilizing CD44v
and xCT, and increased intracellular GSH levels, resulting in a decrease in oxidative

stress and prolonged cell survival.

Discussion

Ovarian endometriosis (OEM) has been identified as an origin of CCC and
endometrioid carcinoma [20]. Since its fluid includes high concentrations of free iron,
which generates persistent oxidative stress, DNA damage induced by persistent
oxidative stress is considered to be involved in the development of ovarian carcinoma
arising from OEM [21]. Therefore, we herein focused on LCN2, an iron transporter,
because it is known to bind to iron, import it into the cytoplasm, and increase its
intracellular concentrations [2]. The results obtained by calcein staining demonstrated

that LCN2 increased intracellular iron concentrations in ES2 cells. Mandai et al.
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reported that free iron and hypoxia in OEM induced ROS, oxidative stress, and
disordered gene repair, which led to the accumulation of DNA mutations and cancer
development [30]. We hypothesized that LCN2 was involved in the development of
CCC by increasing intracellular iron concentrations, ROS, and oxidative stress.

The intake of iron, a source of oxidative stress, is essential for maintaining the
normal functions of human cells [31]. However, excess iron uptake is not advantageous
because toxic iron-mediated oxidative stress is detrimental to cells [32]. For example,
the epithelial lining of endometriotic cysts from which CCC arises, often degenerated
and exfoliated, possibly due to iron-induced oxidative stress in the intra-cystic fluid. In
this context, we first presumed that the LCN2-mediated augmentation of iron resulted in
increases in ROS and oxidative stress in CCC cells. However, the results obtained by
DCFH-DA staining and 80OHdG immunofluorescence revealed that LCN2 decreased
ROS and oxidative stress. LCN2 was previously shown to be induced by oxidative
stress [33], and protects cells from oxidative stress [4-7]. It is also induced under several
harmful conditions, such as endoplasmic reticulum (ER) stress and thermal stress, and
protects cells against these stresses [34-36]. These findings indicate that LCN2 is a
stress-responsive molecule that protects against various stresses. Collectively,
stress-induced LCN2 overrides the negative effects of uptaking iron, and scavenges

ROS in order to ameliorate oxidative stress.

Regarding the LCN2-mediated, anti-oxidant function of ES2 cells, we first
focused on the involvement of antioxidative enzymes. Bahmani et al. previously
reported that LCN2 induced the expression of HO-1, SOD-1 and SOD-2 [5]. Halabian

et al. showed that LCN2 induced the expression of HO-1, SOD-1, and metallothionein 1,



359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

Yamada Y et al. Role of LCN2 in ovarian carcinoma, revised 2, Page 16

and also increased the activities of HO-1 and SOD [7]. However, no significant
difference was observed in these antioxidative enzymes between ES2-mock and
ES2-LCN2 cells. The present study demonstrated that LCN2 induced the up-regulation
of another important antioxidant, GSH. GSH maintains enzyme and protein thiols in
their reduced state, and scavenges free radicals and other reactive oxygen species [37].
Tanner et al. reported that GSH levels in ovarian carcinoma tissue specimens obtained
from surgery were higher in the advanced stage, and the survival of patients with high
GSH levels in ovarian carcinoma tissue specimens was significantly shorter [38]. We
considered LCN2-induced GSH to have reduced ROS and oxidative stress and played
an important role in tolerance against oxidative stress and chemoresistance enhanced by
LCN2.

CD44 is a stem cell marker that has various variant isoforms [39]. The full-length
CD44 gene has 20 exons and 19 introns, and genomic exon numbers 6-15 are variable
exons that are numbered v1-10 [39]. CD44 variant 8-10 (CD44v), which has v8, v9, and
v10 and is a specific marker for gastric cancer stem cells [24], was shown to increase
intracellular GSH levels in cancer stem cells by stabilizing XCT and play a central role
in resistance to cancer therapy [25]. System xc” is a cystine-glutamate transporter
composed of xCT, a light-chain subunit, and CD98hc, a heavy-chain subunit [40]. The
expression of xCT on the cell surface is essential for the uptake of cystine [40]. Cystine
is important for the intracellular synthesis of GSH because it is rapidly converted to
cysteine, and which is utilized for GSH synthesis [37] and has been identified as a rate
limiting factor in GSH synthesis [41]. Our results suggested that LCN2 induced the
expression of the CD44v and xCT proteins. Since no significant difference was

observed in the expression of CD44v and xCT mRNA, these proteins may be involved
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in post translational regulation. We speculated that LCN2 interacted with CD44v and
xCT on the cell surface and enhanced their stabilities. Since the direct interaction
between LCN2 and xCT/CD44v had not been demonstrated (data not shown), we
consider that LCN2 might interact to xCT/CD44v through other protein, such as
MMP-9. MMP-9 is known to interact to both LCN2 and CD44 [42, 43]. Recently,
Sakakura reported that xCT protected neutrophils from apoptosis induced by ROS
which was produced to kill microorganism [44]. LCN2 may contribute to enhance the
expression of xCT in neutrophils, because neutrophils are known to have much LCN2
and release them by infection. To the best of our knowledge, this is the first study to
show that LCN2 mediated GSH via CD44v and xCT.

On the other hand, Bao et al. reported that LCN2 formed a complex with
epigallocatechin-3-gallate and iron, and inhibited the chemical reactivity of iron, such as
the Fenton reaction [45]. This finding suggested that extracellular LCN2 secreted by
cells chelated iron, inhibited the Fenton reaction, and reduced the production of ROS.
Although a previous study implicated high concentrations of free iron in endometriotic
fluid in persistent oxidative stress and the subsequent development of cancer [21],
excess oxidative stress is known to be lethal for cells [32]. In the early stage of OME
formation, the oxidative stress-rich environment is likely to kill the lining cells of OME
because most inner lining cells of surgically obtained OEM are exfoliated and lost. On
the other hand, the accumulation of oxidative stress-induced DNA damage may cause
the malignant transformation of OEM lining cells, if the OEM lining cell survives under
such toxic conditions. We hypothesized that OEM lining cells may express LCN2 in
order to reduce oxidative stress by chelating iron and increasing intracellular GSH

levels as well as the expressions of CD44v and xCT, leading to cell survival under such
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severe oxidative circumstances. Therefore, we considered CCC to arise from surviving
OEM lining cells, and LCN2 to promote the malignant potential of CCC. Further
studies are needed to confirm this hypothesis.

Lee et al. recently reported that an injection of an LCN2 antibody into nude mice
markedly reduced the growth of RL95-2, an endometrial cancer cell line that expresses
abundant amount of LCN2 [46]. This finding indicates that LCN2 has the potential to be
a valuable therapeutic target.

In conclusion, the present study demonstrated that LCN2 increased intracellular
iron, but decreased ROS and oxidative stress, suggesting its function as an antioxidant.
Its effects were promoted by an increase in the expression of GSH mediated by the
CD44 variant and xCT proteins. LCN2 eventually inhibits apoptosis and prolongs cell
survival under various stress conditions, including oxidative stress and chemotherapy,
thereby providing advantageous characteristics to cancer cells for the development of
stress-rich endometriotic cysts. This function indicates that LCN2 is a good therapeutic

target, and further studies are needed for clinical applications.
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586  Figure legends

587  Fig.1

588  A: LCN2 mRNA expression in ovarian carcinoma cell lines by RT-PCR. RMG1 and
589  OVISE cells expressed LCN2 mRNA, whereas the others did not. B: LCN2 mRNA
590  expression in ES2-mock, ES2-LCN2, TOV21-mock, TOV21G-LCN2, RMG1-cont,
591 RMGI1-shRNA, OVISE-cont, and OVISE-siRNA cells by RT-PCR. LCN2 mRNA
592  expression was up-regulated in ES2-LCN2 and TOV21G-LCN2, and suppressed in
593  RMGI1-shRNA and OVISE-siRNA. C: LCN2 protein levels in supernatants by ELISA
594  in ES2-mock (U: undetectable), ES2-LCN2 (13.383 ng/ml), TOV21G-mock (U),

595 TOV21G-LCN2 (0.248 ng/ml), RMG-cont (10.485 ng/ml), RMG-shRNA (0.216 ng/ml),
596  OVISE-cont (3.92 ng/ml), and OVISE-siRNA (2.21 ng/ml) cells. D: Relative cell

597  viability between ES2-mock and ES2-LCN2, TOV21G-mock and TOV21G-LCN2,
598  RMGI-cont and RMG1-shRNA, or OVISE-cont and OVISE-siRNA as determined by
599  the WST-1 assay. No significant difference was noted among these cells.

600  ***: P<0.001. Error bars show the standard deviation.

601

602  Fig.2

603  A: Calcein staining (calcein-AM 0.75uM, 3 minutes) in ES2-mock, ES2-mock with
604  rLCN2 (1000 ng/ml), and ES2-LCN2 cells. Iron concentrations were increased in the
605 latter two cells. B: The intensity of calcein fluorescence was measured for 24000 cells
606 by a microplate reader (calcein-AM 0.75uM, 5 minutes) in ES2-mock, ES2-mock with
607  rLCN2 (1000 ng/ml), and ES2-LCN2 cells. The latter two cells showed significantly
608  weaker calcein fluorescence. C: The mRNA expression of ferritin and transferrin

609  receptor 1 (TfR1) in ES2-mock and ES2-LCN2 by real-time RT-PCR. The mRNA
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levels of ferritin were increased and those of TfR1 were decreased in ES2-LCN2 and
ES2-mock treated with rLCN2.

*:P<0.05, ***: P<0.0001. Error bars show the standard deviation.

Fig.3

A: DCFH-DA and Hoechst 33342 (blue, nuclei) staining in ES2 cells. DCFH-DA
(non-fluorescent) was converted to DCF (green fluorescent) by intracellular ROS. The
green fluorescence reflecting the intracellular ROS level was negligible in the cells
untreated with H,O, (upper panels). ES2 cells treated with 500uM H,O; for 20 minutes
(lower panels). The green fluorescence was detected in ES2-mock cells (lower left), but
was negligible in ES2-mock with rLCN2 (500 ng/ml) and ES2-LCN2 cells (lower
center and right). B: The intensity of DCF fluorescence was measured by a microplate
reader. The fluorescence of ES2 cells treated with S00uM H,0O, was relative to the
fluorescence of untreated ES2 cells. ES2-mock with rLCN2 (500 ng/ml) and ES2-LCN2
cells had significantly lower ROS levels than ES2-mock cells. C: Immunofluorescence
staining for SOHAG in ES2 cells treated with 0.8uM H,0, for 24 hours. The green
fluorescence of SOHAG was only observed in ES2-mock cells.

D: Relative cell viability treated with H,O, and with FeCl; by the WST1 assay. Cell
viability was higher in ES2-LCN2 cells than in ES2-mock cells.

*: P<0.05, **: P<0.01. Error bars show the standard deviation.

Fig. 4
Flow cytometry for Annexin-V and PI in ES2 cells. Early and late apoptotic cells

increased from 3.3% to 13.3% and from 8.4% to 16.6% in ES2-mock cells by the
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treatment with H,O,, respectively. However, no increase was observed in ES2-LCN2

cells.

Fig. 5

A: Ratio of absorbance in ES2 cells treated with cisplatin and paclitaxel by the WST1
assay. The cell viability of ES2-LCN2 cells was higher than that of ES2-mock cells. B:
Ratio of absorbance in TOV21G cells treated with cisplatin and paclitaxel by the WST1
assay. The cell viability of TOV21G-LCN2 cells was higher than that of
TOV21G-mock cells. C: Intracellular GSH levels in ES2 (left) and TOV21G cells
(right). Intracellular GSH levels were higher in ES2-LCN2 and TOV21G-LCN2 cells
than in those of control cells. D: Immunofluorescence for CD44v (red) in ES2 cells.
The blue color indicated nuclear counterstaining by DAPI. Strong staining for CD44v
was detected under LCN2-positive conditions. E: CD44v protein expression in ES2 by
Western blotting. The numeric values under each graph were the ratios of band densities
calculated by a densitometer. The expression of the CD44v protein was significantly
increased under LCN2-positive conditions. F: xCT protein expression in ES2 by
Western blotting. The numeric values under each graph were the ratios of band densities
calculated by a densitometer. The expression of the xCT protein was significantly
increased under LCN2-positive conditions.The concentration of rLCN2 was 500

ng/ml.*: P<0.05, **: P<0.01. Error bars show the standard deviation.

Fig. 6
A: Ratio of absorbance in RMGI cells treated with cisplatin and paclitaxel by the

WST1 assay. The cell viability of RMG1-cont cells was higher than that of
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RMG1-shRNA cells. B: Intracellular GSH levels in RMG1 cells. Intracellular GSH
levels were lower in RMG1-shRNA than in that in control cells. C:

Immunofluorescence for CD44v (red) in RMGI1 cells. The blue color indicated nuclear
counterstaining by DAPI. Strong staining for CD44v was detected under LCN2-positive
conditions. D: CD44v and xCT protein expression in RMGI1 cells by Western blotting.
The numeric values under each graph were the ratios of band densities calculated by a
densitometer. The expression of the CD44v and xCT protein was significantly increased
under LCN2-positive conditions. The concentration of rLCN2 was 500 ng/ml. *: P<0.05,

**. P<0.01. ***: P<0.001. Error bars show the standard deviation.”
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Immunohistochemistry for LCN2 (left) and 80HdG (right) in ovarian endometriosis (A, B), ovarian clear
cell carcinoma (C, D, E), and endometrioid adenocarcinoma (F). 80HdG expression wasincreased in
lesions that were low expressers of LCN2, and decreased in lesions that were high expressers of LCN2.
An inverse correlation was observed between the expression of LCN2 and that of 80HdG in OCCC (R2

=0.494, P=0.001) (G).



Supplementary figure 2
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A: Evaluation of mRNA expression of antioxidative enzymes by real-time PCR. The ratio of antioxidative enzymes to B-actin expression was
evaluated in ES2-mock and ES2-LCN2 cells. The forced expression of LCN2 did not increase the mRNA expression of antioxidative enzymes.
B: Evaluation of CD44v mRNA expression by real-time PCR. The ratio of CD44v mRNA to B-actin expression was evaluated. No significant
differences were observed in the expression of CD44v mRNA between E52-mock and ES2-LCN2 or RMG1-cont and RMG1-shRNA cells. C:
Evaluation of xCT mRNA expression by real-time PCR. The ratio of xCT mRNA to B-actin expression was evaluated. No significant differences
were observed in the expression of xCT mRNA between ES2-mock and ES2-LCN2 cells or RMG1-cont and RMG1-shRNA cells. Error bars
show the standard deviation.



Supplementary figure 3
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A: Ratio of absorbance in OVISE cells treated with paclitaxel by the WST1 assay. The cell viability of OVISE-cont cells
was higher than that of OVISE-siRNA cells. B: Intracellular GSH levels in OVISE cells. Intracellular GSH levels were lower
in OVISE-siRNA than that in control cells.

*:< 0.05. ¥*: < 0.01. *¥*: < 0.001. Error bars show the standard deviation.



Supplementary figure 4
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A: CD44v and xCT protein expression in ES2 cells treated with CHX by Western blotting. The degradation of CD44v and
XCT was slower in ES2-LCN2 thanin ES2-mock cells. B: CD44v and xCT protein expression in TOV21G cells treated with
CHX by Western blotting. The degradation of xCT was slowerin TOV21G-LCN2 than in TOV21G-mock cells.



Supplementary table 1: Primers for RT-PCR

Gene name forword reverse reference
LCN2 tgtatgccaccatctatgage tcctttagttccgaagtcage 16
b—actin gacaggatgcagaaggagattact tgatccacatctgctggaaggt 16
CD44v agaatccctgctaccaatatggactc  aggtcactgggatgaaggtc 24
xCT caggagaaagtgcagctgaa ctccaatgatggtgccaatg 25
SOD1 agggcatcatcaatttcgage acattgcccaagtctccaac
SOD2 ggaagccatcaaacgtgact ccttgcagtggatccotgatt
SOD3 atgctggegetactgtgtte ctccgecgagtcagagttg
HO1 atgacaccaaggaccagagc gtgtaaggacccatcggaga
HO2 ggaaacctcagagggggtag gtggccagcttaaacagcte
catalase tgaccgagagagaattcctga cctttgccttggagtatttgg
GPx1 cagtcggtgtatgccttcteg gagggacgccacattctcg
GPx2 gaatgggcagaacgagcatc ccggccctatgaggaacttc
GPx3 gagcttgcaccattcggtct gggtaggaaggatctctgagttc
GPx4 gaggcaagaccgaagtaaactac ccgaactggttacacgggaa
GPx5 atgactacacagttaagggtcgt ggatattgcgctgtcagacca
GPx6 caaaggggtaacaggcaccat ggcggccacattgacaaac
GPx7 cccaccactttaacgtgctc ggcaaagctctcaatctectt
GPx8 tacttagggctgaaggaactge ggctccgattctccaaactga
PRDX1 cattcctttggtatcagacceg ccctgaacgagatgecttcat
PRDX2 gaagctgtcggactacaaagg tcggtgggecacacaaaag
PRDX4 agaggagtgccacttctacg ggaaatcttcgctttgettaggt
PRDX5 tctccatggtggtacaggat gcctcagagctgtgagatg
PRDX6 gttgccaccccagttgattg tgaagactcctttcgggaaaagt
ferritin cgccagaactaccaccagg cttcaaagccacatcatcg
TfR1

ggctacttgggctattgtaaagg

cagtttctccgacaactttctct




