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Table 2. The result of genome wide association analysis of age at menarche.

512200251 6 105489108 ‘LIN28B A G 071854 —0.0868 0.01775 1.00x1078

rs2095812 6 105490671 LIN28B G C 028544 : 0.08667 0.01777 1.08x107°

rs4946651 6 105476203 LIN28B A G 027974 0.08708 0.0179 1.15%1078

rs9391253 6 105474309 LIN28B A T 071867 =0.0865 0.01782 - : 1.22x1078

5314280 105507530 LIN28B ' ‘ 1.26x107°

rs314274 105519625 LIN28B 1.28x107°

rs314266 105528010

LIN28B [ 131x107°

1.34%x10°°

15314290 6 105533687 LIN28B A G

6 105537627 “LIN28B T C 139x107¢

6 105516741 LIN28B A C 07174 —~0.0851 0.01775 = 1.61x107°

153862645 1 126113656 KIRREL3 A G 006837 - 015019 0.03164 207x107°

rs314272 105568697 LIN28B A G -071716 —0.084 0.01777

11106419 11 126114297 KIRREL3 A G - 0.06846 0.14829 0.0318

rs310008 : .16 80031150 cmiP G C -0.1076 0.02322

rs4735738 8 77774180 ~ZFHX4 A G 049918 0.07283 0.01594

156995390 .8 ; 77773567 ZFHX4 A T 049503 0.07271 0.01597

rs9404590 6 105507706 LIN28B T G 077319 —0.0847 0.01879

rs7822914 8 77825593 ZFHX4 T C. . 048895 —0.0687 0.01529

152076751 14 36059170 NKX2-1 ‘A C 023377 —0.087 0.01941

rs369065 6 105550751 - LIN28B T C 065066 —0.0721 001615 . 7.92x107¢

17114467 11 15414043 INSC A G . 045957 —0.0713 0.01601 8.52x107°

Genotyping result of 15,495 Japanese subjects were anlayzed in this study. Imputed SNPs with R2 of less than 0.7 were excluded from this analysis. A1 frequency of JPT
was those from release 24 Hapmap JPT. :

*Effect size and SE of allele1 on age at menarche (year per allele) and P-values were obtained by inverse-variance method.

doi:10.137 1/journal.pone.0063821.t002
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Table 3. Association of rs364663 with age at menarche.

GWAS of Age at Menarche in Japanese

Groups Chr allele

Cohortl : AT 11454

Cohort3 : 1957

etaanaly

Number of samples

Beta* SE* P

Allele 1 Freq.

0.72 —0.069 0.021

0.72 —0.137 0.050

0.0064

doi:10.1371/journal.pone.0063821.t003

Through the analysis of ‘more than 15,000 Japanese female
subjects from the Biobank Japan Project, we here report the
association of LIN28B with AAM. In our analysis, SNP rs364663
within intron 2 of the LIN28B gene exhibited the strongest
association.  Previously reported SNPs 15314263, rs7759938,
rs314280, and rs314276 near or in the LIN28B gene also showed
equivalent - association with p-values of 1.03—1.57x10—6. Al-
though the directions of - associations were consistent between
women of European ancestry and those of Japanese, the effect
sizes among Japanese (0.085-0.087) were less than those among
European ancestry (0.09-0.14). Thus LIN28B is a common AAM

loci, but its effects are relatively small among the Japanese

population.

The 1in-28 gene was originally identified through C. elegans
mutants showing abnormality in developmental timing [43]:
Deleterious mutations in lin-28 produce an abnormal rapid tempo
of development through larval stages to adult cuticle formation
[43]. Two mammalian homologs, Lin28a and Lin28b, possess
similar biochemical activities [44,45]. Transgenic mice expressing
Lin28a exhibited increased body size, crown-rump length and
delayed onset of puberty due to increased glucose metabolism and
insulin sensitivity [46]. In humans, both LINZ28B and LIN284
control preprocessing of the let7 microRNA family [45]. Lin28B is
highly expressed in the majority of human hepatocellular
carcinomas -and embryonic stem cells [47], and regulate. cell
pluripotency [48] as well as'cancer growth [47]. However the role
of genetic variations in the LIN28B locus should be investigated in
the future study.

Among the seven suggestive loci indentified in our GWAS
KFHX4 and NVKX2.1 loci were previously shown to be associated
with height in the Caucasian population [49,50]. These loci also
exhibited association with height among the Japanese population
(p=0.053 and 0.023, respectively). The NEX2.1 gene encodes a
thyroid-specific transcription ~factor that was shown to be
associated "with - hypothyroidism [51]. ‘Since ~delayed ' pubertal
development ‘is a common manifestation of hypothyroidism,
variation at NKX2.1 locus might affect AAM through - the
regulation of serum thyroid hormone level. The ZFHX4 gene
encodes a homeodomain-zinc finger protein. JFHX4 mRNA is
highly expressed in brain, liver, and muscle, however the
molecular mechanism whereby variations within this genetic locus
affect AAM is not clear. In addition, KIRREL3 locus was shown to
be associated with breast size in women of European ancestry [52].
The KIRREL3 gene encode a member of the nephrin-like protein
family. KIRRELS3 was highly expressed in brain and kidney, and
shown to be associated with mental retardation autosomal
dominant type 4 [53] and neurocognitive delay associated with
Jacobsen Syndrome [54]. Taken together, these three loci seem to

PLOS ONE | www.plosone.org

- (p<5x10”

*Effect size and S.E. of allele1 on age at menarche (year per ailele) and P-values were obtained by inverse-variance method.

be common development traits in women of both European
ancestry and Japanese.

In our candidate analysis, the association of SNPs rs4452860
and rs7028916 on 9q31.2 with AAM was also validated. This locus
was repeatedly shown to be associated with AAM [25,55]as well as
serum ALT (alanine transaminase) level[56]. SNPs rs4452860 and
57028916 were located - more than 300 kb away from the
TMEM38B gene. In mice, TMEM38B is strongly expressed in
brain, and TMEM38B deficient mice is neonatal lethal[57]. In
humans, a homozygous mutation of TMEMS38B was associated
with autosomal recessive osteosgenesis imperfecta[58]. These
findings also’ suggest an  important “role of TMEMS38B in
developmental processes.

In this study, we observed early AAM among breast cancer
patients compared with overall samples (12.99 vs 13.44, Table
S1). On the other hand, patients with osteoporosis exhibited late
AAM (14.33 y.o.). These findings are concordant with previous
reports. Since we. do not have age-matched controls, the
association of these diseases and AAM should be examined using
more appropriate sample sets.

Although more than 15,000 samples were employed in this
study, no SNP cleared the genome wide significance threshold
8. This could be explained by some limitations in-our
study. Firstly, the information about AAM was self- reported and
might not be very accurate. Although this distinct event'is often
well recalled many years later [59], possible error due to age-
associated memory impairment would increase the risk of false
negative association. Secondly, we did not have a replication
sample set, and the total sample size may be inadequate to detect
variations with modest effects. At present, we unfortunately do not
have sufficient samples for ‘replication, since more -than 2,900
additional samples are “necessary to obtain a genome ‘wide
significant association for the top SNP rs364663. Previous studies
comprising up to 17,510 women detected only one or two

_ genome-wide significant signals [22-25]. However, 30 significant

loci were identified by using 87,802 subjects in the screering stage
[21]. Although no SNPs reached the genome wide significance in
our study, analyzing an increased number of subjects in a relatively
younger generation would improve statistical power as well as data
accuracy, and subsequently enable us to identify other genetic
factors with modest effects.

Methods

Samples

The subjects enrolled in the GWAS meta-analysis for age ‘at
menarche (AAM) (n=15,495) consisted of female patients that
were classified into 33 disease groups; cancer (lung, esophagus,
stomach, colon, liver, cholangiocarcinoma, pancreas, breast,
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Table 4. Association results in Japanese woman of previously identified SNPs with age at menarche in Caucasian woman.

Allele 1
SNP Chr . Position allele g Beta* P ref . concordance**

5466639 1 163,661,506 RXRG T C 0204 —0.0431 0.0196 0.028 1) yes

152947411 2 604,168 TMEM18 A G 0.0% 0.0519 0.0268 0.053 1) yes

1517188434 2 156,805,022 NR4A2 N.D. Rt 1)) N.D.

157617480 3 49,185,736 : KLHDC8B ND. ‘ 1) N.D.

157642134 86,999,572

156439371 3 134,093,442 TMEM108, NPHP3 A G 0705 —0.0080 0.0178 0.655 n yes

rs13187289 5 133,877,076 . - PHF15 _ G C 0078 0.0440 0.0295 0.137 )] yes

151859345 5 7136475319 SPOCK T C 0838 —0.0213 0.0221 0.336 3 yes

151361108 6 126,809,293 C6orf173, TRMT11

157821178 8 78,256,392 PXMP3 : A C —0.0150 0.0170

157028916 9 TMEM38B A C

0.0013 2) yes

TMEM388

1

52090409 9

#

ZNF483

110980926 9

rs900145 n

ARNTL T C

BSX

156589964 n

11659127 16 14,295,806 MKL2 S A

0.595 1

51364063 16 68,146,073 NFATS T C 0864 —0.0236 0.0231 0.307 1

rs1398217 18 43,006,236 FUSSEL18 G C0599 -0.0225 0.0161 0.161 #1) yes

852069 20 17,070,593 PCSK2 A G 0776 —0.0340 0.0187 0.069 1) yes

Genotyping result of 15,495 Japanese subjects were anlayzed in this study. Imputed SNPs with R2 of less than 0.7 were excluded from this analysis. A1 frequency of JPT
were those from release 24 Hapmap JPT. N.D.; no data. References: 1 Elks et al Nat Genet 2010, 2 He et al Nature Genet 2009, 3 Liu et al Plos Genet 2009. P-value of
0.0015 (0.05/33) was set at the significant threshold for this candidate analysis.

*Effect size and S.E. of allele1 on-age at menarche (year per allele) and P-values were obtained by inverse-variance method.

**Concordance of association direction between this study and the previous report.

doi:10.1371/journal.pone.0063821.t004

uterine cervix, uterine body, ovary, hematopoietic organ), collected under the support of the BioBank Japan Project [26], in
diabetes, myocardial infarction, brain infarction, arteriosclerosis, which the individuals with any one of the 47 common diseases
arrhythmia, drug eruption, liver cirrhosis, amyotrophic lateral were enrolled between 2003 and 2008. Subjects under 17 years of
sclerosis, osteoporosis, fibroid, and drug response, rheumatoid age were not included in this study. Various life style information
arthritis. chronic hepatitis B, pulmonary tuberculosis, keloid, heat such as AAM was obtained through a face-to-face interview by
cramp, brain aneurysm, chronic obstractive lung disease, glauco- trained medical coordinators using questionnaire sheets at each
ma, and endometriosis (Tables 1 and 2). All subjects were hospital. All participants provided written informed consent as’
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approved by the ethical committees of each institute. For
participants between the age of 17 and 20 years old, we obtained
written informed consent from both the participant and her
parents. AAM was collected by self-report on the questionnaire.
The subjects with AAM between the ages of 10 and 17 were
enrolled for the study. This project was approved by the ethical
committees of the BioBank Japan Project [26] and the University
of Tokyo.

Genotyping and quality control

In the four GWAS enrolled in the meta-analysis of AAM, all
samples were genotyped at more than 500,000 loci using one of
the following platforms: Ilumina HumanHap550v3 Genotyping
BeadChip, Mlumina HumanHap610-Quad Genotyping Bead-
Chip, or Ilumina Omni express Genotyping BeadChip
(Table 1). Then we applied the following quality control for
each GWAS separately: exclusion criteria; subjects with call
rates<<0.98, SNPs with call rates<<0.99 or with ambiguous
clustering of the intensity plots, or non-autosomal SNPs. We then
excluded subjects whose ancestries were estimated to be distinct
from East-Asian populations using principle component analysis
performed by EIGENSTRAT version 2.0 [27]. Subsequently, the
SNPs with MAF<0.01 or P-value of the Hardy-Weinberg
equilibrium test<<1.0x10~7 were excluded.

After the quality contro] criteria mentioned above were applied,
genotype imputation was performed by MACH 1.0.16 [29] using
the genotype data of Phase Il HapMap JPT and CHB individuals
(release 24)[28] as references, in a two-step procedure as described
elsewhere [60]. In the first step of the imputation, recombination
and error rate maps were estimated using 500 subjects randomly
selected from the GWAS data. In the second step, imputation of
the genotypes of all subjects was performed using the rate maps
estimated in the first step. Quality control filters of MAF=0.01
and Rsq values=0.7 were applied for the imputed SNPs.

Statistical analysis .

Associations of the SNPs with AAM were assessed by linear
regression assuming the additive effects of the allele dosages on
AAM, using mach2qtl software [29]. Years of birth and affection
statuses of the diseases were used as covariates. Meta-analysis of all
four GWAS was performed using an inverse-variance method
from the summary statistics of beta and standard error (SE), using
the Java source code implemented by the authors [61]. Genomic
control correction was applied for each GWAS separately, and
applied again for the results of GWAS meta-analysis. We set the P-
values of 5.0x107% and 0.0015 (=0.05/33, Bonferroni’s correc-
tion based on the numbers of the evaluated loci) as significance
thresholds in GWAS and candidate gene analysis, respectively.
Heterogeneity of the effect sizes among the studies was evaluated
using Cochran’s Q) statistics.
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Body mass index and Height QTL analysis

The associations of 42 SNPs with BMI and height were
evaluated using previously published results, in which a total of
26,620 subjects with 32 diseases from Biobank Japan were enrolled
[31]. Of the 26,620 subjects, 12,350 were also included in this
AAM study. Genotyping was performed using the Ilumina
HumanHap610-Quad Genotyping BeadChip. Genotype imputa-
tion was performed using MACH 1.0. BMI was calculated based
on self-reported body weight and height data. A rank-based
inverse-normal transformation was applied to the BMI values of
the subjects. Associations of the SNPs with transformed values of
BMI were assessed by linear regression assuming additive effects of
allele dosages (bound between 0.0 and 2.0) using mach2qtl
software using gender, age, smoking history, the affection statuses
of the diseases and the demographic classifications of the medical
institutes in Japan where the subjects were enrolled were used as
covariates.

Web resources

The URLs for data presented herein are as follows. BioBank
Japan Project, http://biobankjp.org v

MACH and mach2qtl software, http://www.sph.umich.edu/
csg/abecasis/ MACH/index.html International HapMap Project,
http://www . hapmap.org PLINK software, http://pngu.mgh.
harvard.edu/ ~purcell/plink/index.shtml EIGENSTRAT soft-
ware, http://genepath.med.harvard.edu/ ~reich/Software.htm R
statistical software, http://cran.r-project.org.
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Introduction include four isoforms of the catalytic subunit (pl10a, pl10B,
pl10y, and p1103). Among these four isoforms, p110a is broadly
mutated and predominantly activated in various types of human
cancers, although pl110P and p1103 might be selectively activated
in certain tumors such as those with loss of PTEN function {2,3].

The phosphatidylinositol 3-kinase (PI3K)-AKT signaling path-
way is frequently activated in various types of cancers, and several
inhibitors that target this pathway have been developed as
potential cancer therapeutics. The constitutive activation of the Mammalian target of rapamycin (mTOR) is the catalytic subunit
PIBK-AKT pathway results from various types of alterations, found in two distinct complexes: the raptor-containing complex
including the overexpression of receptor tyrosine kinases (RTKs), mTORC! and the rictor-containing complex mTORC2 [4].

as well as mutations of Ras, the catalytic subunit pl10a of  AKT activates MTORCI signaling and also phosphorylates other
phosphoinositide-3-kinase (PIK3CA), and PTEN [1]. Class I PI3Ks downstream proteins, including GSK3p, forkhead box-O tran-
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scription factors (FOXOs), and mouse double minute 2 homolog
(MDM2) [5]. mTORCI controls protein synthesis and cell
proliferation via the phosphorylation of its downstream targets,
4E-BP1 and S6 kinase 1 (S6KI) [6]. Rapamycin and its analogs
(rapalogs) block mTORC] activity, but not mMTORC2 activity [7].
One of the AKT downstream targets, MDM2, is a negative
regulator of TP53 that induces its ubiquitination and subsequent
degradation [8]. Although the cytostatic effects of PISK pathway
inhibitors have been reported in various types of cancers [9-12],
targeting the PI3K pathway might induce cytotoxic effects by
suppressing anti-apoptotic signals through the dephosphorylation
of FOXOs and stabilization of TP53. It seems reasonable to
suspect that targeting the PI3K-mTOR axis might be a promising
therapeutic strategy to selectively induce apoptosis of cancer cells,
especially those without mutations in TP53.

Epithelial ovarian cancer is a leading cause of death resulting
from gynecological malignancies. Ovarian clear cell adenocarci-
noma (OCCA) is the second most common cause of death from
ovarian cancer, with a higher incidence in Asia, especially in Japan
(>25%), than in other continents [13]. OCCA is derived primarily
from ovarian endometriosis, and the clinical outcome is generally
poor, owing to low response rates to conventional platinum-based
chemotherapy [14]. Thus, novel therapeutic strategies are
warranted to improve the clinical outcome of OCCA. In
histological terms, ovarian serous adenocarcinoma (OSA) is the
most common variant of ovarian carcinoma [15]. It is highly
sensitive to platinum-based chemotherapy, with a primary clinical
response rate of >70%. The mutational spectrum differs between
OCCA and OSA, with 7P53 mutations observed in almost all
(96%) OSA tumors, but in only 10% of OCCA tumors [15,16]. In
particular, mutations of RB/ and BRCAI/2 are much more
common in OSA than in OCCA. However, PIK3CA mutations are
more frequent in OCCA (>40%) than in OSA (<10%) [17].
Although mutations of KRAS and PTEN are rare (<10%), the
overexpression of several RTKs has been reported in OCCA,
including human epidermal growth factor receptor 2 (HER2) with
a frequency of approximately 40% and cMET with a frequency of
approximately 30% [18-21]. Taken together, these observations
suggest that the RTK-PISK/mTOR signaling axis might be
broadly activated in OCCA.

DS-7423 is a novel, small-molecule compound that inhibits both
PI3K and mTOR (mTORCI1/2). It inhibits all class I PI3SK
isoforms with greater potency against pl10a than against the other
pl10 isoforms. Relevant activity (IC59 <200 nM) was not
observed in any of the 227 kinases tested, except for Mixed
Lineage Kinase 1 (MLK1) and Never-In-Mitosis Gene A (NIMA)-
related kinase 2 (NEK2). The compound is currently in phase I
clinical trials for solid tumors. In this study, we evaluated its anti-
tumor efficacy in a panel of OCCA cell lines. We focused in
particular on the ability of DS-7423 to induce apoptosis, and on
whether the apoptosis might be mediated by TP53.

Materials and Methods

Small-molecule compounds

The small molecule compound DS-7423 was provided by the
Daiichi-Sankyo Company, Ltd (Tokyo, Japan). The drug infor-
mation about DS-7423 is available on the ClinicalTrials.gov
website (INCT01364844). The mTOR inhibitor rapamycin was
purchased from Cayman Chemical (Michigan, USA).

Cell lines

The OVTOKO, OVISE, OVMANA, RMG-I, OVSAHO,
OVKATE, and OV1063 lines were purchased from the Japanese
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Collection of Research Bioresources (JCRB) Cell Bank (Osaka,
Japan). The JHOC-7, JHOC-9, HTOA, JHOS-2, JHOS-3, and
JHOS-4 cell lines were purchased from the RIKEN Cell Bank
(Ibaraki, Japan). The TOV-21, ES-2, and SKOV3 cell lines were
from the American Type Culture Collection (Manassas, VA).
OVISE, OVTOKO, TOV-21G and ES2 were cultured in
RPMI1640 medium containing 10% fetal bovine serum (FBS).
OVMANA was cultured in RPMI medium containing 20% FBS,
JHOC-7 in DMEM/F12 medium containing 10% FBS, JHOC-9
and RMG-I in DMEM/F12 medium containing 20% FBS, and
SKOV3 in DMEM containing 10% FBS. The OVSAHO,
OVKATE, OV1063, HTOA, JHOS-2, JHOS-3, and JHOS-4
lines were cultured in DMEM medium containing 10% FBS. The
histological subtype of the SKOV3 cells was not unambiguously
defined even after extensive analysis, although it was confidently
identified as clear cell adenocarcinoma [22]. The immortalized
epithelial cell line from an ovarian endometrial cyst was a
generous gift from Dr. Satoru Kyo [23].

Polymerase chain reaction (PCR) and sequencing

The mutational status of all nine OCCA cell lines was analyzed
by PCR and direct sequencing. The PCR conditions and primers
for the analysis of PTEN. (exons 1-9) and K-Ras (exon 1 and 2)
sequences were described previously [24-26]. The entire coding
region of PIK3CA was analyzed by reverse transcription (RT)-PCR
with LA-Taq according to the manufacturer’s protocol (Takara
BIO, Madison, WI) [27]. The PCR primers for analysis of 7P553
(exons 4-8) were described previously [28].

Proliferation assays

Assays of the suppression of cell proliferation were performed
with the Cell Counting Kit-8 using the tetrazolium salt WST-8 [2-
(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium, monosodium salt] (Dojindo, Tokyo, Japan) for
the methyl thiazolyl tetrazolium (MTT) assay. Using 96-well
plates, 2,000 cells were seeded on the appropriate medium and
treated with increasing doses (0-2,500 nM) of DS-7423 or
rapamycin for 72 h, starting from 24 h after seeding. Proliferation
was quantified by monitoring the changes in the absorbance at
450 nm, which were normalized relative to the absorbance of cell
cultures treated with DMSO alone.

Immunoblotting

Cells were treated with DS-7423 or rapamycin for the indicated
time and at the indicated concentration, and were then lysed in the
cell lysis buffer (Cell Signaling Technology, Beverly, MA).
Antibodies to total Akt, phosphorylation of Akt (p-Akt) (Ser473,
Thr308), p-GSK3beta (Ser9), total S6, p-S6 (Ser235/236, Ser
240/244), p-4EBP1 (Thr37/46), p-FOXOI! (Thr24), p-FOXO3a
(Thr32), p-MDM?2 (Ser 166), p-TP53 (Serl5), cleaved-PARP, and
PARP (Cell Signaling Technology, Beverly, MA), beta-actin
(Sigma-Aldrich, St. Louis, MO), TP53 (Santa Cruz, CA, USA)
and p-TP53 (Ser46) (Calbiochem, Billerica, MA) were used for
immunoblotting, as recommended by the manufacturers. Signals
were detected using BioRAD western blotting systems (BioRAD,
Hercules, CA) with the detection reagents ECL advance and ECL
select (GE Healthcare, Piscataway, NJ).

Cell cycle analysis

Cells (5x10% were seeded in 60-mm dishes and treated with
DS-7423 for 48 h. Floating and adherent cells were collected by
trypsinization and washed twice with phosphate buffer saline
(PBS). Cells were resuspended in cold 70% ethanol and
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maintained at 4°C overnight. After being washed twice with PBS,
cells were incubated in RNase A (0.25 mg/mlL) (Sigma) for 30 min
at 37°C, followed by staining with propidium iodide (PI; 50 pg/
mlL) (Sigma) at 4°C for 30 min in the dark. Cells were then
analyzed using flow cytometry (BD FACS Calibur HG, Franklin
Lakes, NJ). Cell cycle distribution was analyzed using CELL Quest
pro ver. 3.1. (Beckman Coulter Epics XL, Brea, CA). All
experiments were repeated three times.

Detection of apoptosis by staining with annexin-V FITC
Cells (5x10%) were cultured in 60-mm plates for 24 h before
treatment with either DMSO (control), and 156 nM DS-7423, or
2,500 nM DS-7423 for 48 h. Cells were trypsinized, washed twice
with PBS, and then analyzed after double staining with annexin-V
fluorescein isothiocyanate (FITC) (Abcam, Cambridge, MA) and
PL. The apoptotic cell population was analyzed using flow
cytometry. All experiments were performed three times.

Ethics statement for animal experiments

This study was approved by Animal Care and Use Committee,
Daiichi-Sankyo Pharmaceutical Co. Ltd. Athymic mice were
maintained in an SPF (Specific Pathogen Free) facility according
to our institutional guidelines, and experiments were conducted
under an approved animal protocol.

Tumor xenografts in nude mice

Specific pathogen-free female nude mice (BALB/cAJcl-nu/nu),
6 weeks old, were purchased from CLEA Japan, Inc (Tokyo,
Japan). Subcutaneous xenograft tumors in the mice were
established by the injection of a 100-pL suspension containing
5x10° cells of the TOV-21, RMG-1, or ES-2 lines in PBS. Tumors
were removed after exponential growth, cut into 3-mm pieces, and
transplanted subcutaneously into other mice for RMG-I cells. DS-
7423 was suspended in 0.5 w/v% Methyl Cellulose 400 solution
(Wako Pure Chemical Industries, Ltd.) Oral daily administration
of DS-7423 started 8-22 days later, following the injection of the
cells (5-6x10° cells/0.1 mL). One week after tumor transplanta-
tion, mice were assigned randomly to one of the three treatment
regimens: (1) non-treated control, (2) DS-7423 (1.5 mg/kg), (3)
DS-7423 (3 mg/kg), and (4) DS-7423 (6 mg/kg). Each treatment
group consisted of five mice. DS-7423 was injected orally (p.o.)
once a day. Tumor volumes (in mm® were calculated by the
formula: ([major axis] x [minor axis]?/2). After the treatment, the
tumors were removed and analyzed by western blotting. Tumor
weight (wet weight) was measured, and the average weight was
calculated for each group.

Semi-quantitative RT-PCR analysis

OCCA cells were treated with either DMSO or the indicated
concentration of either DS-7423 or rapamycin for 24 h. Total
RNAs of these cells were extracted with the RNeasy Mini Kit
according to the manufacturer’s instructions (QIAGEN, Valencia,
CA). cDNAs were synthesized from total RNAs by using the Super
Script 1II First-strand Synthesis SuperMix (Invitrogen, Carlsbad,
CA). The exponential phase of the RT-PCR occurred between
15-30 cycles, and these cycles were monitored to allow semi-
quantitative comparisons among the cDNAs developed from
identical reactions. The primers and conditions for the amplifica-
tion of p534IPI, p21, and GAPDH sequences were described
previously [29]. The PCR primers for PUMA were 5'-TGAGA-
CAAGAGGAGCAGCAG-3’ (forward) and 5'-AC-
CTAATTGGGCTCCAT CTC-3' (reverse). The primers for
p53R2, TIGAR, GLS2, GADD45, 14-3-3 sigma and PAI-1 were

PLOS ONE | www.plosone.org

PI3K/mTOR Inhibitor in Ovarian Clear Cell Cancer

described previously [30-35]. Each PCR regimen involved a 2-
min initial denaturation step (94°C), which was followed by 15-30
cycles at 94°C for 30 s, then at 55°C for 30 s, and finally, at 72°C
for 30 s using a Thermal Cycler Gene Atlas instrument (ASTEC,
Fukuoka, Japan).

Gene silencing

Cells were plated at approximately 30% confluence in 100-mm
plates and incubated for 24 h before transfection with small
interfering RINA (siRNA) duplexes at the concentrations indicated,
using Lipofectamine 2000 RNAIMAX (Invitrogen, Carlsbad, CA)
and Opti-MEM medium (Life Technologies, Grand Island, NY).
The siRNAs specific for TP53 were purchased from Invitrogen. A
negative control kit was used as a control (Invitrogen, Carlshad, CA).

Luciferase assay

Transfection was performed using Effectene reagent (QIAGEN,
Valencia, CA) according to the manufacturer’s recommendation.
The TP53 expression plasmid (0.1 pg/uL) was cotransfected with
pp53 TA Luc (0.25 pg/mL). The phRL CMV-Renilla plasmid
(Promega, Madison, WI) was also transfected in all experiments as
the internal control to normalize the transfection efficiency. The
assays, each involving triplicate wells, were repeated three times.

Statistical analysis

The data were expressed as means * standard deviations of
three independent determinations. The significance of the
difference between two samples was analyzed using the Student’s
t-test, and a p-value of <0.05 was considered to denote a
statistically significant difference.

Results

Genetic alterations and activation of the PI3K-AKT
signaling pathway in OCCA cell lines

We evaluated the phosphorylation (p-) levels of the proteins in
the PISK-AKT pathway by using an immortalized epithelial cell
line from an ovarian endometrial cyst as a control. AKT was
phosphorylated at Thr308 in seven of the nine OCCA cell lines
tested (Figure 1). The cell lines OVMANA and ES-2 had low levels
of p-AKT (Thr308) (Figure 1). The phosphorylation levels of S6,
4E-BP1 and/or FOXO1/3a, the downstream targets of AKT,
were upregulated in the OCCA cells, including OVMANA and
ES-2.

Four of the nine cell lines possessed PIK3CA mutations (44 %)
(Figure 1 and Table S1), and one of these four, TOV-21G, also
possessed mutations in PTEN and K-Ras (11%). TP53 mutations
were detected in three cell lines (33%) (Table S1). The mutational
status of PIK3CA was not associated with the phosphorylation of
AKT or proteins that act downstream of AKT. Next, the
expression and phosphorylation levels of three RTKs (HER2,
HERS3, and MET), which have been reported to be overexpressed
i OCCA, were evaluated. The levels of phosphorylation of both
HER2 (Tyr1221/1222) and HER3 (Tyr1289) were correlated
with the abundances of these two proteins (Figure 1). p-HER2 and
p-HERS3 levels were elevated in four (44%: OVISE,  SKOV3,
JHOC7 and RMG-I) and six (67%: TOV-21G, OVISE,
OVMANA, OVTOKO, JHOC-7 and RMG-I) cell lines, respec-
tively (Figure 1). The expression of MET was higher in all nine
OCCA cell lines than in the control, although the level of p-MET
was increased in only two cell lines (22%: JHOC-7 and RMG-I).
Taken together, all the OCCA cell lines, except for ES-2 and
JHOC-9, possessed one or more activating alterations in the
RTK-PI3K genes examined (Figure 1 and Table S1). Each of the
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Figure 1. Phosphorylation and mutational status of genes that encode components of the RTK/Ras/PI3K pathway. Nine ovarian clear
cell adenocarcinoma (OCCA) and a control (Cntl) cell line (immortalized epithelial cells from ovarian endometrioma) were lysed in cell lysis buffer and
analyzed by western blotting. In general, most of the OCCA cell lines displayed higher levels of phosphorylation of Akt (Thr308) and its downstream
targets (GSK3B, FOXO 1/3a, 4EBP1 and S6) than the respective levels of phosphorylation in the control line. The abundances and levels of
phosphorylation of ¢-MET (Tyr1234/1235), HER2 (Tyr1221/1222), and HER3 (Tyr1289) were also evaluated. The mutational status of PIK3CA, PTEN, and

K-Ras is shown for each cell line.
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four cell lines with PIK3CA mutations showed concomitant
activation of RTKs, defined as high levels of phosphorylation of
HER?2 and/or HER3.

Anti-proliferative effect of DS-7423 in OCCA cell lines
We tested the anti-proliferative effects of the dual PISK/
mTOR inhibitor, DS-7423, and the mTOR (mTORCI)
inhibitor, rapamycin, in each of the nine OCCA cell lines.
Exposure to 156 nM DS-7423 inhibited cell growth by 70%-
97%, and the IC5q values for cell proliferation were 20-75 nM
(Figure 2A). Dose-dependent growth suppression was more
clearly induced by DS-7423 than by rapamycin in each of the
nine cell lines (Figure 2A). The IC;5o value was not reached with
rapamycin at any of the concentrations tested (2.45-2,560 nM)
in five (OVMANA, SKOV3, OVTOKO, JHOC-7 and RMG-I)

PLOS ONE | www.plosone.org

of the nine OCCA cell lines. We also examined the effect of DS-
7423 in seven OSA lines. The IC5q values with DS-7423 were
>100 nM in four of these seven OSAs (Figure 2B). The ratio of
resistant cell lnes (IC5o >100 nM) was significantly higher in
OSA cell lines (57%) than in OCCA cell lines (0%) (p=0.019 by
Fisher’s exact test).

We performed immunoblotting on the lysates prepared from the
cells treated with DS-7423 or rapamycin. DS-7423 suppressed the
phosphorylation of AKT (Thr308 and Ser473) and S6 (Ser235/
236 and Ser240/244) at doses of 39-156 nM and higher
(Figure 3A and Figure S1). DS-7423 suppressed the phosphory-
lation levels of the targeted proteins at comparable doses in the
AKT pathway (AKT, FOXO1/3a, and MDM2) and mTORC1
pathway (S6). Rapamycin did not suppress p-Akt at any dose, and
suppressed p-S6 at 2.45 nM or higher doses (Figure 3B). On the
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Figure 2. Inhibition of cell proliferation by DS-7423 and rapamycin. (A) Cell viability for each cell line was analyzed using the methyl thiazolyl
tetrazolium (MTT) assay 72 h after treatment with DS-7423 or rapamycin at the doses indicated. The data were normalized relative to the value of the
control cells. In all nine cell lines, DS-7423 suppressed cell proliferation more robustly than rapamycin when both were used at higher doses. (B) ICsq
values for DS-7423 in seven ovarian serous adenocarcinoma (OSA) cell lines (left) were compared with those of nine OCCA cells (right). Four of seven
OSA cells had ICso values >100 nM, which is higher than that of any OCCA cells.

doi:10.1371/journal.pone.0087220.9g002

contrary, rapamycin increased the levels of p-FOXO3a and p- We conducted fluorescence-activated cell sorting (FACS)-
FOXOI at 2,500 nM (Figure 3B). based cell cycle analyses in OCCA cells treated with DS-7423.
DS-7423 decreased the size of the S-phase population in the

PLOS ONE | www.plosone.org 5 February 2014 | Volume 9 | Issue 2 | 87220
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Figure 3. Inhibition of PI3K/mTOR signaling by DS-7423 and rapamycin in ovarian clear cell adenocarcinoma cell lines. (A)
Immunoblotting of total protein extracts from OCCA cells (OVISE and OVMANA) treated with DS-7423 at concentrations ranging from 0 to 2,500 nM.
(B) Immunoblotting of total protein extracts from OVISE cells treated with rapamycin at concentrations ranging from 0 to 2,500 nM.

doi:10.1371/journal.pone.0087220.9003

OCCA cells, although the change was weak in ES-2 cells.
(Figure 4A). G1 arrest was predominantly observed in six of the
nine cell lines. The sizes of sub-G1 populations increased in a
dose-dependent manner in six of the nine cell lines, especially in
OVISE and OVMANA cells.
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In vivo antitumor effect of DS-7423 in a mouse xenograft
model

In vivo antitumor activity of DS-7423 in mice implanted with
either TOV-21G cells or RMG-1 tumor pieces was examined.
Oral daily administration of DS-7423 significantly suppressed the
tumor growth of the xenografts of TOV-21G and RMG-I in a
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Figure 4. Flow cytometric analysis of the cell cycle in cancer cells treated with DS-7423, and /in vivo demonstration of the anti-tumor
effect of DS-7423 in nude mice. (A) Cells (5x10°) were seeded in the presence of 10% serum and treated with DS-7423 for 48 h at doses of
9.8 nM, 256 nM, or 2,500 nM. DS-7423 blocked OCCA cell cycle progression into the S phase in a dose-dependent manner. The relative size of the
sub-G1 population was increased in six of the cell lines (left) but was not affected in the remaining three cell lines (right). (B) Subcutaneous xenograft
tumors in athymic BALB/c mice were established following the injection of OCCA cells of either the TOV-21G (left) or RMG-! (right) cell lines. Mice were
treated daily (5-7 days per week) at the indicated doses of DS-7423 (1.5, 3, or 6 mg/kg, 8-10 days). Each treatment group contained five mice.
Estimated tumor volumes (upper graphs) and body weight losses (BWL) (lower graphs) were shown in the two OCCA cells. Tumor volumes were
calculated by the formula {(major axis)*(minor axis)?/2} mm?>. Groups were compared at the end of treatment. Points, mean; bars, standard deviation

(SD); *p<<0.05.
doi:10.1371/journal.pone.0087220.g004

dose-dependent manner (Figure 4B). No significant adverse effects,
including body weight loss of more than 10%, were observed in
the mice examined (Figure 4B). Treatment with IDS-7423
suppressed the levels of p-AKT (Thr308) and p-S6 (Ser240/244)
in the TOV-21G and RMG-I xenografts (Figure S2A). Compared
with TOV-21G and RMG-I xenografts, the anti-tumor effect of
DS-7423 was weaker in xenografts with ES-2, for which the basal
level of p-Akt (Thr-308) was low (Figure S2B).

Induction of apoptosis by DS-7423 in TP53 wild-type cell
lines

The data collected from FACS analysis suggested that DS-7423
has a cytotoxic and cytostatic effect in certain OCCA cell lines. We
combined the DS-7423 treatment (156 nM or 2,500 nM) with
double staining with annexin-V FITC and PI to evaluate the
proportion of cells that underwent apoptosis. DS-7423 at 156 nM
induced apoptosis at 4-12% in five of the six cell lines that lacked
mutations in 7P53 (Figure 5A and 5B). In these five cell lines,
2,500 nM DS-7423 induced apoptosis in 10-16% of the cells. In
three cell lines with 7P53 mutations, DS-7423 did not induce
apoptosis in >5% of the cells at any of the doses tested (Figure 5A).
The size of the population of apoptotic cells was significantly
higher in cells that lacked mutations in T7P3 when compared with
cells with mutated TP3 at either 156 nM (p =0.0352) or 2,500 nM
(p=0.0368) DS-7423 according to the Student #test (Figure 5C).
Rapamycin did not induce apoptotic cell death in >5% of the
OCCA cells, even at 2,500 nM. The percentage of apoptotic cells
was significantly higher in OVISE cells treated with DS-7423 than
that in those treated with rapamycin (Figure S3). This result
indicates that mTORCI inhibition alone is insufficient to induce
apoptosis in OCCA cell lines. Immunoblotting analysis revealed
that DS-7423 induced the cleavage of PARP within 2h in
OVMANA cells without mutations in 7P55 (Figure 5D). The
induction of cleaved-PARP was observed at 39 nM, and the effect
increased in a dose-dependent manner up to a concentration of
2,500 nM (Figure 5D).

Induction of p-TP53 at Ser46 and expression of p53AIP1
by DS-7423

The phosphorylation of MDM2 is associated with the activation
of MDM2 and degradation of TP53, with the phosphorylation of
TP53 at Ser46 playing a key event in the TP533-dependent
apoptosis (28). Treatment with DS-7423 reduced the level of p-
MDM?2 in a dose-dependent manner (Figure 3A and 6A).
Inversely, DS-7423 increased TP53 level even at lower doses,
resulting in increased expression of p-TP533 (Serl5 and Ser46)
(Figure 6A). However, only p-TP53 (Ser46), not p-TP53 (Serl5),
was clearly induced by high doses of DS-7423 (156-2,500 nM).
We then wused semi-quantitative RT-PCR to evaluate the
regulation of genes that are directly regulated by TP53 in
OVMANA and OVISE cells. DS-7423 induced the expression
of the pro-apoptotic genes p5341P1 and PUMA at 39 nM or higher
doses, but did not induce the expression of p21 at any of the three

PLOS ONE | www.plosone.org

doses tested (39, 156, and 2,500 nM) (Figure. 6B and 6C). We also
performed semi-quantitative RT-PCR of other TP53 target genes
involved in DNA repair (p53R2), metabolism (TIGAR and GLS2),
G2/M arrest (GADD45), and cell cycle arrest/senescence (14-3-3
sigma and PAI-I) to test whether other TP53 target genes are
induced by DS-7423. GADD45 was significantly induced by DS-
7423 in OVISE cells (Figure 6B and 6C), in which G2/M arrest
was enhanced by DS-7423 according to the MTT assay
(Figure 4A). The other TP53-downstream genes tested were not
induced by DS-7423 in both OVISE and OVMANA cells, and
expression of TIGAR was rather decreased in OVMANA cells
(Figure S4).

TP53 activation is responsible for DS-7423-mediated
apoptosis

We used siRNAs specific to TP53 to knockdown TP53
expression in OVISE cells, and treated the cells with DS-7423
at either 156 or 2,500 nM. The size of the population of apoptotic
cells was calculated by annexin-V FITC-PI double staining 48 h
after treatment of DS-7423. Knockdown of TP53 levels rescued
cells from apoptotic cell death induced by treatment with both DS-
7423 doses (Figure 6D). Immunoblotting indicated that two
independent siRNAs (siRNA1 and siRNA2) specific to TP53
suppressed the expression of TP53 by >80% (Figure 6E). Next, we
performed the MTT assay by applying both DS-7423 and siRNA
to TP53 in OVISE cells (wild-type TP53). The anti-proliferative
effect of DS-7423 was significantly reduced when combined with
the knockdown of TP53 (Figure 6F). The effect of DS-7423 on the
transcriptional activity of TP53 was also examined by luciferase
assays in ES-2 cells with mutations in TP53. The cells were treated
with DS-7423 for 24 h at the indicated doses, and then
cotransfected with both pp53-TA-luc plasmid (containing TP53
binding sites) and a plasmid that encodes TP53. The relative
luciferase activity of TP53 was significantly enhanced by DS-7423
in a dose-dependent manner (Figure 6G).

Discussion

The effects of the PI3K/mTOR inhibitor, DS-7423, on OCCA
cell lines were examined with a particular focus on (i) the anti-
proliferative effect of DS-7423, (ii) the induction of apoptosis by
DS-7423, and (i) the identification of predictive biomarkers for (i)
and (ii).

MTT assays revealed a clear dose-dependent effect of DS-7423
on cell proliferation, with all nine OCCA cell lines displaying
sensitivity to DS-7423 (IC50 at 75 nM or lower), regardless of
mutations on PIK3CA. The sensitivity to DS-7423 was significantly
higher in OCCA than in OSA cell lines. The prevalence in OCCA
cell lines of activating mutations in genes that encode components
of the RTK-PI3K-AKT signaling pathway might account, at least
in part, for their broad sensitivity to DS-7423. Differences in the
dose-dependence of the anti-proliferative effects of DS-7423 and
rapamycin suggest differences in the modes of action of these two
drugs. Whereas DS-7423 showed a more robust anti-proliferative
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Figure 5. DS-7423-mediated induction of apoptosis in ovarian clear cell adenocarcinoma cell lines. (A) All nine OCCA cells were treated
with DS-7423 at 156 or 2,560 nM for 48 h, and apoptotic cell proportion was evaluated using annexin-V fluorescein isothiocyanate (FITC) and
propidium iodide (PI) double staining, followed by analysis using flow cytometry. The experiments were repeated 3 times, and each value is shown as
the mean of 3 experiments =+ standard deviation (SD). (B) The apoptotic cells were calculated using flow cytometry by counting the cell population in
the right boxes. The example shown (OVISE cells) is representative of the results obtained for all the cell lines tested. (C) The proportion of cells
rendered apoptotic by exposure to DS-7423 at 156 nM and 2,560 nM was significantly higher in OCCA cells without mutations in TP53 than in OCCA
cells that carry mutations in TP53. (D) Cleaved poly(ADP-ribose) polymerase (PARP) induction was evaluated by immunoblotting in OVISE cells. OVISE
cells were treated with DS-7423 at 156 nM for the times indicated (left) or for 4 h at the doses indicated (right).
doi:10.1371/journal.pone.0087220.g005

effect at the higher concentrations tested (>40 nM), rapamycin ting data and several previous reports in other types of cancers
suppressed cell proliferation even at lower concentrations [10,12,36]. The cell cycle profile was distinct among each cell line.
(<10 nM), and concentrations >10 nM failed to suppress the For example, G1 arrest was not induced and G2/M ratio was high
proliferation any further. This dose dependency is compatible with in OVISE cells under DS-7423 exposure. This might be partly
the phosphorylation levels of the target proteins in immunoblot- explained by the fact that GADD45 was induced by DS-7423 in
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Phosphorylation levels of MDM2 were inversely associated with p-TP53 at Ser46, but not with p-TP53 at Ser15. (B) Semi-quantitative RT-PCR in
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RT-PCR in (B). Each experiment was repeated 3 times, and each value is shown as the mean of 3 experiments * SD. *p<0.05 (D) Effect of TP53
knockdown on apoptosis induction by DS-7423. TP53 was knocked down by two independent siRNAs specific to TP53 (siRNAT and 2) in OVISE cells,
which do not carry any mutation in TP53. The apoptotic cell population was evaluated using annexin-V staining, as described in Figure 5. The
experiments were repeated 3 times, and each value is shown as the mean of 3 experiments = SD. ¥p<0.05 (E) Suppression of TP53 expression by
siRNAs was confirmed by immunoblotting. (F) Effect of TP53 knockdown on cell proliferation by DS-7423 in MTT assay of OVISE cells. TP53 was
knocked down by a siRNA1 specific to TP53 and MTT assay was subsequently performed as in Figure 2. Knockdown of TP53 diminished the anti-
proliferative effect caused by DS-7423 on OVISE cells. The experiments were repeated 3 times, and each value is shown as the mean of 3 experiments
+ SD. *p<<0.05 (G) TP53 expression plasmid (0.1 pg/uL) was cotransfected with pp53 TA Luc (0.25 pg/mL) plasmid into ES-2 cells mutated in TP53.
The addition of DS-7423 increased the relative luciferase activity of TP53 in a dose-dependent manner. The experiments were repeated 3 times, and
each value is shown as the mean of 3 experiments = SD. *p<0.05.

doi:10.1371/journal.pone.0087220.g006

these cells. Thus, the action mechanism of DS-7423 might be inhibitors, clinical trials that involve a dual PISK/mTOR
distinct in each type of cells, regardless of the TP53 status. inhibitor, such as DS-7423, seem warranted for OCCA.
Resistance to mTOR (mTORC]) inhibitors might be induced by DS-7423 induced significantly higher levels of apoptotic cell
several mechanisms, including increased activity of another death in OCCA cells without mutations in 7P53 than in OCCA
mTOR complex, mnTORC2, or upregulation of receptor tyrosine cells with 7P53 mutations. This result suggests both that the
kinases such as insulin-like growth factor-1 receptor (IGF-R1) mutational status of 7P53 might be a good biomarker to predict
[37,38]. The use of mTORCI1 inhibitors to treat OCCAs is apoptosis induction by DS-7423, and that apoptosis depends on
currently being investigated in phase 2 clinical trials. The currently TP53 function. TP53 is degraded by MDM2, a ubiquitin ligase for
ongoing GOG  (Gynecologic ~ Oncology  Group)-0268 TP53, and the MDM2 function is augmented by the kinase
(NCTO01196429) trial recruits OCCA patients and treats the activity of Akt. Akt-mediated phosphorylation of MDM2 blocks its
subjects with carboplatin and paclitaxel, followed by temsirolimus binding to pl9ARF, increasing the degradation of TP53 [40,41].
(CCL-779). A report on six cases with weekly administration of DS-7423 increased the level of p-TP53 at Ser46, which results in
temsirolimus in recurrent OCCA patients showed partial response induction of p534IP1 and PUMA (genes involved in TP53-
in one patient and stable disease in another patient [39]. However, mediated apoptosis) [29,42-44]. This data suggests that the
given that our data suggest that dual PI3K/mTOR inhibitors, apoptotic effect of DS-7423 depends, at least in part, on TP53
such as DS-7423, might be more promising than single mTORC1 activity. The reasons for p-TP53 (Ser46), not p-TP53 (Serl5),
being clearly induced and for apoptosis being preferentially
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induced by high doses of DS-7423 should be further clarified. In
addition, other non-apoptotic genes were not significantly induced
by DS-7423, except for GADD45 in OVISE cells. Further
analyses are warranted whether TP53 function is more involved in
apoptosis rather than in cell cycle arrest and/or DNA repair
process by DS-7423. Another possibility is that other proteins
(such as FOXOs) which act downstream of Akt might also play a
role in the induction [45]. Dephosphorylation of FOXOs at their
Akt sites induces their nuclear translocation and triggers apoptosis
by induction of prosurvival genes of the BCL2 family [46,47]. The
observation that the phosphorylation of FOXO1/3a was sup-
pressed by DS-7423, regardless of TP53 status, suggests that the
pro-apoptotic effect of DS-7423 cannot be explained exclusively
by the phosphorylation of FOXOs. The use of siRNA to
knockdown TP53 rescued OCCA cells from apoptosis caused by
DS-7423. We also confirmed by MTT assay that the anti-
proliferative effect of DS-7423 was significantly diminished by
knocking down TP33, suggesting that intact TP53 function might
enhance the anti-tumor effect of DS-7423. Recently, it was
reported that cell death caused by a PISK inhibitor, BKM-120,
was associated with TP53 status in glioma cells [48], and that
PISK/AKT inhibition was suggested to induce TP53-dependent
apoptosis in HTLV-1-transformed cells [49]. These data also
support the importance of wild-type TP53 in the induction of the
cytotoxic effect of PISK pathway inhibitors.

The involvement of multiple molecules in the activation of the
PISK/mTOR pathway underscores the critical need to develop
predictive biomarkers that might also serve as therapeutic targets.
Mutations of PIK3CA and amplification of HER2 have been
proposed to be useful biomarkers in breast cancer [50,51], whereas
mutant Ras has been suggested to be a biomarker of resistance in
several solid tumor cells [52]. All these biomarkers (PIK3C4,
HER2 and Ras) are focused on the RTK/Ras/PI3K pathway
itself, and not on the cytotoxic effects associated with PI3K/
mTOR inhibitors. Our data suggest that the presence of PIR3CA
mutation and any other PI3K-activating alteration alone might
not predict the sensitivity of OCCA cells to DS-7423. ES-2 cells,
with no mutations in the RTK/Ras/PISK pathway genes
examined, showed low level of p-Akt, and the effect of DS-7423
in ES-2 xenografts was less robust, suggesting that the level of
PI3K pathway activation would still be important for the
sensitivity. However, the mutational status of TP53 might
represent a better biomarker for the selection of tumors that
could be killed by DS-7423 treatment. The frequency of mutations
m TP53 in OCCA was much less frequent than for ovarian
cancers with other histology types [15,53]. These results indicate
that OCCAs would be good candidates for clinical studies on the
dual PI3K/mTOR inhibitor, DS-7423.

- Our study has several limitations. First, cytostatic effect is still
essential to suppress cell proliferation, regardless of TP53 status.
Second, the ratio of apoptotic cells is low (less than 20%) even at
high concentrations of DS-7423. Third, the mechanism of
cytostatic effect by DS-7423 in OCCA is cell type dependent
(i.e. G1 arrest was not induced in OVISE and ES-2 cells). Thus,
careful consideration is required to evaluate the TP53-dependent
cytotoxic effect of DS-7423. Further studies are warranted to
elucidate the mechanism of action of DS-7423, and more efficient
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Supporting Information

Figure S1 Immunoblotting of OCCA cells (ES-2 and
JHOC-9), treated with DS-7423 at concentrations rang-
ing from 0 to 2,500 nmol/L. As shown in Figure 3,
phosphorylation of AKT and its target proteins were downregu-
lated by DS-7423. In ES-2 cells, basal level of p-AKT at Thr 308
was very low (as shown in Fig. 1), but p-AKT at Ser473 was clearly
suppressed by DS-7423.

(PPTX)

Figure 82 In vivo effect of DS-7423 in nude mice. (A)
Western blot of total lysates from the TOV-21G and RMG-1
xenografts. total lysates were harvested 2 and 6 h after the last
drug administration of DS-7423. The levels of p-Akt (Thr-308)
and p-S6 (Ser-240/244) were assessed. (B) Subcutaneous xenograft
tumors in athymic BALB/c mice were established after injection of
ES-2 cells. Mice were treated daily at the indicated doses (1.5, 3 or
6 mg/kg/day, totally 8 times) of DS-7423 or non-treated control.
Estimated tumor volumes were smaller in mice treated daily with
6 mg/kg of DS-7423, compared to the control. Western blot of
total lysates from the ES-2 xenografts (treated with 6 mg/kg of
DS-7423) was also shown below.

(PPTX)

Figure 83 The size of apoptotic cell population was
compared between DS-7423 and rapamycin in OVISE
cells, using annexin-V FITC and PI double staining (as
shown in Fig. 5A-5B). The percentage of apoptotic cells was
significantly higher in cells treated with DS-7423, compared with
those with rapamycin. :

(PPTX)

Figure 84 Semi-quantitative RT-PCR in OVMANA and
OVISE cells treated with DS-7423 at the indicated doses.
Each expression level of p53R2, TIGAR, GLS2, GADD45, 14-3-
3 sigma and PAI-1 was not enhanced by DS-7423. Each
experiment was repeated 3 times, and each value is shown as
the mean of 3 experiments & SD.
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Table 81 Phosphorylation and mutational status in 9
OCCA cell lines. Elevated phosphorylation of cMET, HER2
and HERS3, and mutations of PIK3CA, PTEN, KRAS and TP53
were listed in each cell line.

(XLSX)
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The AMPK-related kinase SNARK regulates hepatitis C
virus replication and pathogenesis through enhancement
of TGF-p signaling
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Background & Aims: Hepatitis C virus (HCV) is a major cause of
chronic liver disease worldwide. The biological and therapeutic
importance of host cellular cofactors for viral replication has been
recently appreciated. Here we examined the roles of SNF1/AMP
kinase-related kinase (SNARK) in HCV replication and pathogenesis.
Methods: The JFH1 infection system and the full-length HCV rep-
licon OR6 cell line were used. Gene expression was knocked
down by siRNAs. SNARK mutants were created by site-directed
mutagenesis. Intracellular mRNA levels were measured by gRT-
PCR. Endogenous and overexpressed proteins were detected by
Western blot analysis and immunofluorescence. Transforming
growth factor (TGF)-B signaling was monitored by a luciferase
reporter construct. Liver biopsy samples from HCV-infected
patients were analyzed for SNARK expression.

Results: Knockdown of SNARK impaired viral replication, which
was rescued by wild type SNARK but not by unphosphorylated
or kinase-deficient mutants. Knockdown and overexpression
studies demonstrated that SNARK promoted TGF-B signaling in
a manner dependent on both its phosphorylation and kinase
activity. In turn, chronic HCV replication upregulated the expres-
sion of SNARK in patients. Further, the SNARK kinase inhibitor
metformin suppressed both HCV replication and SNARK-medi-
ated enhancement of TGF-B signaling.

Conclusions: Thus reciprocal regulation between HCV and
SNARK promotes TGF-p signaling, a major driver of hepatic fibro-
genesis. These findings suggest that SNARK will be an attractive
target for the design of novel host-directed antiviral and antifib-
rotic drugs.
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Introduction

Chronic infection with hepatitis C virus (HCV) is a major cause of
chronic liver disease and hepatocellular carcinoma (HCC) and the
leading reason for liver transplantation worldwide. HCV infects
approximately 170 million individuals worldwide [1]. Current
therapy with pegylated interferon (IFN)-o in combination with
ribavirin produces sustained virological response (SVR} in fewer
than half of the patients infected with genotype 1 HCV, and does
so with high rates of often unacceptable side effects [2]. In recent
years, it has become increasingly evident that HCV propagation is
highly dependent on host cellular cofactors which in turn repre-
sent promising antiviral targets [3]. It is hoped that these strate-
gies will lead to rational host-targeting antivirals (HTAs) [4].
Moreover, HCV interferes with host cellular signaling pathways
causing pathogenic effects such as insulin resistance (IR), diabe-
tes, and alterations in host lipids. Indeed, mounting evidence sup-
ports hepatitis C as a metabolic disorder [5]. Hence, intervention
against key host cellular factors critical for both HCV replication
and viral pathogenesis may yield anti-hepatitis C therapies that
both halt replication and abrogate other pathogenic effects of
HCV, which might be further thought of as host-directed antiviral
and antipathogenic therapies. Based on this assumption, we have
previously conducted a functional genomic screen for host
cellular factors supporting HCV replication using an HCV replicon
system [6]. Among positive hits in our original screen was
sucrose-non-fermenting protein kinase 1 (SNF1)/AMP-activated
protein kinase (AMPK)-related protein kinase (SNARK), the fourth
member of 14 mammalian AMPK-related kinases [7], which has
been consistently found in other screens [8,9]. Although SNARK
function is not well understood, SNARK heterozygote knockout
mice displayed elevated serum triglyceride concentrations,
hyperinsulinemia, glucose intolerance [10], and impaired
contraction-stimulated glucose transport [11], implying that
SNARK operates to maintain glucose and lipid homeostasis in a
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manner analogous to AMPK, which was recently described to
inhibit HCV replication [12].

Transforming growth factor (TGF)-B is a pleiotropic cytokine
partaking in cell proliferation, differentiation, apoptosis, migra-
tion [13], and the major cytokine responsible for fibrosis in tis-
sues including the liver. In HCV-infected persons, levels of TGF-
B are elevated [14], and TGF-p was exhibited to promote the viral
replication in a replicon model and was correlated with acceler-
ated liver fibrosis in an in vivo model [15,16]. Intriguingly, a prior
high-throughput mapping study of protein-protein interaction
(PPI) identified an association of SNARK with SMADs [17], imply-
ing a direct link of SNARK to TGF-p signaling. Therefore, we
sought to examine the significance and potential of SNARK as a
therapeutic target in HCV replication and pathogenesis and its
contribution to TGF-p signaling. We report that the phosphoryla-
tion and phosphotransferase activities of SNARK are required for
HCV replication. Furthermore SNARK was demonstrated to
enhance TGF-p signaling, and finally chronic HCV infection
upregulated the expression of SNARK in patients. SNARK has
pleiotropic functions including pro-TGF-f signaling activities in
addition to the previously described AMPK-like properties. The
finding of a reciprocal regulation between HCV and SNARK sug-
gests that SNARK could be an effective host cellular target not
only for an antiviral but also antipathogenic strategy.

Materials and methods
Compounds, antibodies, cells, and viruses

Metformin, TGF-B, and CsA were purchased from EMD chemicals USA (Gibbs-
town, NJ), Fitzgerald (North Acton, MA), and Sigma-Aldrich (St. Louis, MO),
respectively. Antibodies to SNARK, FLAG, and B-actin were obtained from
Sigma-Aldrich, and antibodies to HCV NS5A and phosphothreonine were obtained
from BioFront Technologies (Tallahassee, FL) and Cell Signaling Technology (Dan-
vers, MA), respectively. HuH7.5.1 and OR6 replicon cells were cultured as
described previously [18], and Hela cells were cultured in DMEM with 10%
FBS. JFH1 virus infection was performed as described previously [19]. .

Further Materials and methods are described in the Supplementary Material
section.

Results
Functional SNARK enhances HCV replication

To assess the contribution of SNARK to HCV replication, we first
knocked down endogenous SNARK expression (Supplementary
Fig. 1) with siRNAs in the Japanese fulminant hepatitis 1 (JFH1) virus
infection system. HuH7.5.1 cells were transfected with SNARK-tar-
geted siRNAs, which was followed by JFH1 infection. Reduced levels
of SNARK mRNA were associated with impaired viral replication
(Fig. 1A). We then constructed plasmids encoding the siRNA-resis-
tant SNARK open reading frame (ORF) bearing synonymous muta-
tions that are not recognized by SNARK siRNAs. The over
expression of these siRNA-resistant SNARK proteins successfully
rescued SNARK RNAi-impaired HCV replication (Fig. 1A, rSN-1 and
rSN-7). We also tested the effects of SNARK knockdown and overex-
pression in the genotype 1 OR6 replicon system, and found that the
decreased level of HCV RNA replication was also rescued by overex-
pression of siRNA-resistant forms of SNARK (Fig. 1B). Thus, SNARK
was demonstrated to specifically support HCV replication in both
a bona fide infection system and replicon model.

Next we sought to identify the function(s) responsible for
SNARK's contribution to HCV replication. We introduced single
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Fig. 1. SNARK supports HCV replication. (A) HuH7.5.1 cells were transfected
with either non-targeting (siNT-3) or SNARK-targeted siRNAs (siSN-1 and siSN-7),
followed by transfection of either empty or siRNA-resistant SNARK expression
vectors (rSN-1 and rSN-7) 48 h later. The cells were infected with JFH1 on the
next day and total RNA was harvested 48 h later. Relative JFH1 RNA and SNARK
mRNA levels were quantified by real-time PCR analysis and normalized to
GAPDH; *p <0.05 or p <0.01 vs. siNT-3 empty control. (B) OR6 replicon cells were
transfected with siRNAs, followed by the transfection of empty or siRNA-resistant
SNARK expression vectors 48 h later. Then total RNA was harvested 72 h later.
Relative replicon RNA and SNARK mRNA levels were quantified by real-time PCR
analysis and normalized to GAPDH. *p <0.01 or ¥p <0.05 vs. siNT-3 empty control.
(C) The rescue assay was conducted as described in (A). Here expression vectors
of siRNA-resistant SNARK with either kinase-deficient mutation (rSN-7 K81M) or
phosphorylation-deficient mutation (rSN-7 T208A) were used. Relative JFH1 RNA
and SNARK mRNA levels were quantified by real-time PCR and normalized to
GAPDH. *p <0.01 or #p <0.05 vs. siNT-3 empty control.

mutations that abrogate either its phosphotransferase activity
in the enzymatic pocket (K81M) or its phosphorylation at the
phosphoacceptor site (T208A) in the siRNA-resistant SNARK ORF
and overexpressed them in the rescue assay system used above
with JFH1. In contrast to the rescue effects by wild type SNARK
on viral replication, both functionally deficient mutants failed
to recover impaired HCV replication by SNARK depletion
(Fig. 1C and Supplementary Fig. 2). This result suggested that
both the phosphorylation and kinase activities of SNARK are
essential for its support of HCV replication.

SNARK phosphotransferase activity can be targeted

In a human hepatocarcinoma cell line, the kinase activity of
SNARK was previously reported to be inhibited by metformin
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Fig. 2. Metformin suppressed HCV replication. HuH7.5.1 cells were infected with JFH1 and then treated with either metformin (A and B) or CsA (C and D) for 3 days.
Densitometric values of NS5A normalized to those of B-actin were given as NS5A/p-actin. No significant cytotoxicity was observed by the compounds at the indicated
concentrations. Relative HCV RNA level was quantified by real-time PCR and normalized to GAPDH; *p <0.05 or *p <0.01 vs. untreated control. (E) In HuH7.5.1 cells either
wild type or mutants (K81M or T208A) of FLAG-tagged SNARK were overexpressed and immunoprecipitated, followed by the detection with anti-FLAG or anti-
phosphothreonine antibodies. (F) Wild type FLAG-tagged SNARK was overexpressed in the presence of metformin at 0.2, 0.5, and 1 mM in HuH7.5.1 cells and the levels of
threonine phosphorylation were examined as indicated in (E). (G) HuH7.5.1 cells were transfected with either non-targeting (siNT-3) or SNARK-targeted (siSNARK-8)
siRNAs. 48 hours later, cells were infected with JFH1 and treated with the indicated concentrations of metformin for 72 h. Relative mRNA levels for JFH1 or SNARK were

quantified by real-time PCR and normalized to GAPDH.

[20], a well-known type 2 diabetes drug. In that setting, the
kinase activity of SNARK was measured by incorporation of phos-
phate into SAMS peptide substrate, which was demonstrated to
be significantly decreased by metformin treatment in the cell
line. Here, we treated JFH1-infected HuH7.5.1 cells with metfor-
min and observed moderate antiviral effects (Fig. 2A and B) with
no cytotoxicity within the indicated dose range (data not shown).
As a positive control, cyclosporin A (CsA) [21] strongly inhibited
viral replication (Fig. 2C and D). To assess the phosphorylation
level of SNARK subsequently, FLAG-tagged SNARK was overex-
pressed in HuH7.5.1 cells and immunoprecipitated for Western
blot to monitor phosphothreonine levels [22]. While wild type
SNARK was detected to be phosphorylated at threonine resi-
due(s), neither K81M nor T208A mutant was (Fig. 2E), implying
the autophosphorylation [23] and importance of threonine 208
as a phosphorylated site as reported [7]. Then we performed
the assay using the wild type SNARK in the presence of metfor-
min, which resulted in the reduced levels of phosphorylation
dose-dependently (Fig. 2F). Here the data indicated that metfor-
min suppressed SNARK phosphorylation, potentially interfering
the phosphotransferase activity. The dose response of JFH1 to
metformin was next examined when SNARK was knocked down
by siRNAs. Metformin exerted dose-dependent antiviral effects in
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the cells transfected with non-targeting siRNAs, which was
blunted by the siRNA-mediated reduction of SNARK expression
(Fig. 2G). These data indicate that metformin’s antiviral effect is
mediated by inhibition of activated SNARK, bringing its full
kinase activity, which may be a pharmacologic target for anti-
HCV activity, and that metformin by itself could be a plausible
component of a combination regimen targeting HCV.

SNARK is involved in TGF-p signaling

To investigate the possible roles of SNARK in viral pathogenesis
based upon the induction of mRNA expression over the viral rep-
lication in cell culture (Supplementary Fig. 3), we also explored
its involvement in downstream cellular signaling pathways.
Intriguingly, SNARK appeared as an interactor with SMAD pro-
teins in a high-throughput protein-protein interaction mapping
study [17], which raised the distinct possibility that SNARK is
involved in TGF-B signaling, the major profibrogenic pathway in
the liver. Therefore, we first knocked down SNARK in HuH7.5.1 "
cells and assessed alterations in TGF-8 signaling using an expres-
sion construct {PAI/L) encoding a luciferase reporter gene driven
by promoter sequences of plasminogen activator inhibitor 1 (PAI-
1), a transcriptional target of TGF-B [24]. siRNAs against SNARK
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