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Endogenous c-Jun N-terminal kinase (JNK)
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Gamze Bildik1, Nazli Akin1, Filiz Senbabaoglu1, Yashar Esmalian1, Gizem Nur Sahin1, Defne Urman1,
Sercin Karahuseyinoglu2, Umit Ince3, Erhan Palaoglu4, Cagatay Taskiran5, Macit Arvas6, Yilmaz Guzel6,
Kayhan Yakin7 and Ozgur Oktem7

Abstract
Granulosa cell tumor of the ovary (GCT) is a very rare tumor, accounting for only 2% of all ovarian tumors. It originates
from sex cords in the ovary and can be divided into adult (95%) and juvenile (5%) types based on histologic findings.
To date, no clear etiologic process has been identified other than a missense point mutation in the FOXL2 gene. Our
previous works showed that c-Jun N-terminal kinase (JNK) pathway plays critical role in cell cycle progression and
mitosis of normal and immortalized granulosa cells and follicle growth in rodent ovaries. These findings led us to
investigate the role of JNK pathway in the granulosa cell tumor of the ovary. We used two different GCT cell lines
(COV434 and KGN) and fresh GCT samples of adult and juvenile types obtained from the patients during surgery. We
have discovered that endogenous kinase activity of JNK is markedly enhanced in the GCT samples and cell lines,
whereas it was almost undetectable in mitotic non-malignant human granulosa cells. The inhibition of JNK pathway in
GCT cell lines with two different pharmacologic inhibitors (SP600125 and AS601245) or siRNA resulted in a dose-
dependent reduction in in vitro cell growth, increased apoptosis and diminished estradiol and AMH productions. JNK
inhibition was also associated with a decrease in the number of cells positive for mitosis marker phospho-histone H3Ser
10 in the asynchronous cells; and diminished EdU uptake during S phase and cell cycle arrest at G2/M-phase transition
in the synchronized cells. Ex vivo treatment of patient-derived GCT samples with JNK inhibitors for 24 h significantly
decreased their in vitro growth and estradiol and AMH productions. Furthermore, in human GCT xenograft model,
in vivo tumor growth was significantly reduced and plasma AMH levels were significantly decreased in SCID mice after
administration of JNK inhibitors and siRNA. These findings suggest that targeting JNK pathway may provide
therapeutic benefit in the treatment of granulosa cell tumors for which currently no curative therapy exists beyond
surgery.

Introduction
Granulosa cell tumor of the ovary (GCT) is a very rare

tumor characterized by its tendency to recur years after

the initial diagnosis. It accounts for approximately 2% of
all ovarian tumors and can be divided into adult (95%) and
juvenile (5%) types based on histologic findings1,2. To
date, no clear etiologic process has been identified other
than a somatic missense point mutation (C402→G;
C134W) in the FOXL2 gene that is positive in 97% of
adult-type granulosa cell tumor and absent in its juvenile
form3. Indeed, recent studies have revealed many genes
and signaling pathways that are merged to FOXL2 and
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work as critical regulators of granulosa cell proliferation
and function such transforming growth factor-β (TGF-β)
signaling (GDF-9, follistatin, Smad3), GATA4 and aro-
matase4–6. Unlike the adult type, juvenile-type GCT
(JGCT) is much rarer, does not harbor FOXL2 mutations
and affects pre-pubertal girls and young women with a
mean age of onset of around 8 years7,8. Its molecular
mechanism is less known compared to adult type. One
study detected in-frame tandem duplications within
AKT1 as well as an array of point mutations altering
highly conserved residues in a cohort of 16 JGCTs9.
JGCTs exhibit reduced expression of FOXL2 compared to
normal ovary10. Pre-ovulatory growth of the somatic cells
of the ovary is induced by the follicle-stimulating hor-
mone (FSH), and alterations in its signaling pathway have
been suggested to play a role in tumorigenesis. Con-
sistently, two activating mutations of the stimulatory
α-subunit of a trimeric G protein (Gαs), located at posi-
tion 201, have been identified in 30% of a JGCT cohort11.
The majority of patients diagnosed with adult or juvenile
GCT present with an early-stage disease, with a tumor
limited to the ovary and have a good prognosis with a
survival rate of >90% with surgery alone. However,
patients with advanced-stage disease and widely spread
tumors or recurrent cases have a very poor prognosis and
are more difficult to treat. Anti-mullerian hormone
(AMH) and estrogen are produced by hormonally active
tumors and used as adjuvant hormone markers in the
diagnosis and post-treatment follow-up of the patients.
Because JGCTs are hormonally active, patients can be
diagnosed with precocious pseudopuberty owing to
increased estrogen secretion. Indeed, there are no other
curative treatment forms other than surgery9,12,13.
Mitogen-activated protein kinases (MAPKs) are the

members of a well-studied family of serine–threonine
kinases that phosphorylate target proteins and play
important regulatory roles in the cell.14 The c-Jun NH2-
terminal kinases (JNKs), a member of MAPKs, are the
master protein kinases that regulate many physiological
processes, including inflammatory responses, cell pro-
liferation, differentiation, survival and death15,16. Our
previous work showed that FSH activates JNK pathway in
rat granulosa cells, and when this pathway was blocked by
pharmacological inhibitors, in vitro follicle growth is
halted as a result of mitotic arrest in the granulosa cells
surrounding the oocyte in the mouse model. We also
found that JNK inhibition in spontaneously immortalized
rat granulosa cells (SIGC) resulted in cell cycle arrest at
G2/M transition17,18. This cell line represents an inter-
mediate step in carcinogenesis because they grow indefi-
nitely in culture but do not form clones in soft agar or
tumors in nude mice19. Based on these findings we
hypothesized that JNK pathway might have a role in GCT.
For this purpose, we utilized fresh tumor samples of adult

and juvenile types as well as two different GCT cell lines
(COV434 and KGN) in comparison to immortalized
mitotic non-luteinizing FSH-responsive human (HGrC1)
and rat (SIGC) granulosa cell lines and primary human
luteinized granulosa cells (HLGCs) obtained from In vitro
fertilization (IVF) patients in this translational research
study. Two different pharmacological JNK inhibitors
(SP600125 and AS601245) and small interfering RNA
(siRNA) technology were used to explore the role of JNK
pathway in human GCT.

Results
Validation experiments
First, we conducted a series of validation experiments to

test if our experimental model is suitable to study the role
of JNK pathway in GCT cell lines and tumor samples. We
previously determined in vitro growth characteristics of
GCT cell lines COV434 and KGN, and mitotic non-
malignant human (HGrC1) and rat (SIGC) granulosa
cells20. In GCT cell line COV434, FSH stimulation at
different concentrations increased the expression of
phospho-c-JunSer63 in a dose-dependent fashion. Treat-
ment with JNK inhibitors at 12.5, 25, 50 and 100 μmol/L
concentrations 30min before FSH abolished the expres-
sion of phospho-c-JunSer63 in a dose-dependent manner
on western blotting (Fig. 1a) and immunofluorescence
staining at low- and high-magnification images (Fig. 1b).
Similarly, knockdown of JNK by siRNA at 25, 50 and 100
nM concentrations caused a dose-dependent decrease in
the expression of protein level of total JNK (Fig. 1c).
Inhibition of JNK pathway after treatment with pharma-
cological inhibitors and siRNA at the indicated con-
centrations was confirmed by measuring JNK activity with
phosphorylation of c-Jun at Ser63 and 73 residues in GCT
cell lines COV434 and KGN (Fig. 1d and supplementary
figure-1).

Inhibition of JNK pathway blocks proliferation and cell
cycle progression of GCT cell lines
The interruption of JNK pathway via either pharmaco-

logic inhibitors (SP600125 and AS601245) or siRNA at
the indicated concentrations resulted in a dose-dependent
decrease or arrest in the proliferation of both COV434
and KGN cells as evidenced by real-time and quantitative
assessment of growth curves of the cells and their mean
cell indices in the xCELLigence system (Fig. 2 and sup-
plementary figure-2). In line with these results, in vitro
estradiol and AMH production of the cells were sig-
nificantly decreased when JNK pathway was inhibited
either pharmacologically or via siRNA (Fig. 3).
In asynchronous COV434 cells, reduced growth was

also associated with a significant decrease in the number
of cells stained positive for mitosis marker phospho-
histone H3Ser10 after JNK inhibition with pharmacological
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inhibitors (2%) and siRNA (3%) compared to control cells
(17%, p < 0.01) on immunofluorescence staining (Fig. 4a,
b). A similar reduction in the percentage of the cells
positive for phospho-histone H3Ser10 was also observed in
asynchronous KGN cell line after JNK inhibition with
pharmacological inhibitors and siRNA (Supplementary
Figure-3B and 3B).
We further explored the role of JNK pathway in GCT by

analyzing cell cycle progression at G1/S and G2/M tran-
sitions after JNK inhibition in GCT cell lines. The 5-
ethynyl-2'-deoxyuridine (EdU) uptake of the COV434
cells synchronized at G1/S was significantly decreased
after JNK inhibition with pharmacological inhibitors (6%)
or siRNA (9%) in comparison to controls (47%, p < 0.01,
Fig. 5a, b). Similar results were obtained in KGN cell line
(Supplementary Figure-4). JNK inhibition at G2/M tran-
sition resulted in failure of the cells to exit mitosis and
caused their accumulation at G2/M as evidenced by flow
cytometric analysis and absence of de-phosphorylation of
p-cdc-2Tyr15 and degradation of cyclins A and B1 on
western blotting (Fig. 5c, d). High-magnification images
for the immunofluorescence staining experiments for

phospho-c-Jun and phospho-histone-H3 can be found in
the supplementary figure. 5.

Endogenous kinase activity of JNK is higher in neoplastic
granulosa cells compared to primary and immortalized
non-neoplastic granulosa cells
Robust anti-proliferative effect of JNK inhibition on the

GCT cell lines COV434 and KGN led us to measure JNK
activity in GCT cell line and fresh tumor samples in
comparison to normal granulosa cells. We found that
endogenous kinase activity of JNK is significantly increased
in the tumor samples of both adult- and juvenile-type GCT
as well as GCT cell lines COV434 and KGN in comparison
to other types of non-neoplastic granulosa cells (HGrC1,
HLGC and SIGCs) (Fig. 6a, b and Supplementary Figure-6).
Ex vivo treatment of fresh GCT samples of both adult and
juvenile types with JNK inhibitors in culture resulted in a
significant decrease in their in vitro growth and estradiol
and AMH productions compared to control samples
(Fig. 6c, d and Supplementary Figure-7). Histological
examination and cell death assay with intra-vital fluor-
escein carbocyanine uptake confirmed decreased viability

Fig. 1 The results of validation experiments. FSH stimulation for 1 h activated JNK pathway in the GCT cell line COV434 as evidenced by a robust
increase in phospho-c-JunSer63 level. Treatment with pharmacological JNK inhibitors SP600125 and AS601245 for 30 min at the indicated
concentrations inhibited the phosphorylation of c-Jun in a dose-dependent manner in both western blot (a) and immunofluorescence staining (b).
Knockdown efficiency of JNK siRNA was confirmed by decreased expression of total protein levels of JNK on western blot (c). Kinase assay confirmed
that JNK activity was substantially inhibited with pharmacological inhibitors (50 μM) and siRNA (50 nM) (d). Scale bar: 50 µm
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and increased cell death in the samples treated with JNK
inhibitors (Fig. 6e, f).

JNK inhibition halts in vivo growth of GCT in mice
So far, our results showed that the inhibition of JNK

pathway via either pharmacologically or RNA interference
technology significantly blocked in vitro proliferation of
tumor cells, caused cell cycle arrest and decreased in vitro
growth of tumor explants. To further substantiate the
significance of our findings, we have generated a human
GCT xenograft model to analyze the effects of JNK
inhibition on in vivo growth of GCT. As shown in the
Fig. 7a–d, in vivo growth of the GCT (COV434) was
significantly halted and serum AMH levels were sig-
nificantly decreased after systemic and intra-tumoral
administration of pharmacological JNK inhibitors and
JNK siRNA, respectively, in these animals. While control
and scrambled siRNA-injected tumors continue to grow
in vivo on day 28 post xenografting, such a growth was
not observed in those treated with JNK inhibitors or JNK
siRNA.

Discussion
We have obtained several important findings in this

study. First, endogenous kinase activity of JNK in GCT
samples of adult and juvenile types and cell lines is higher
than non-neoplastic granulosa cells. Second, interruption
of JNK signaling in GCT cell lines via pharmacologic
inhibitors and siRNA inhibited their mitotic proliferation,
reduced EdU uptake during S phase and blocked cell cycle
progression at G2/M transition. Third, ex vivo treatment of
fresh GCT of tumor samples of both adult and juvenile
types with JNK inhibitors was associated with a marked
reduction in in vitro growth, hormone productions and
viability of these tumors. Fourth, in vivo growth of the GCT
cell line (COV434) when xenografted into SCID (severe
combined immune deficient) mice was significantly halted
and serum AMH levels were significantly decreased after
systemic and intra-tumoral administration of pharmaco-
logical JNK inhibitors and JNK siRNA, respectively, in
these animals. Taken together, these findings suggest that
JNK signaling pathway may have a role in the underlying
pathogenesis of this rare type of ovarian tumor in humans.

Fig. 2 Interruption of JNK pathway via pharmacological inhibitors or siRNA blocks the proliferation of COV434 cells. Analysis of real-time
growth curves of COV434 cells in the xCELLigence platform treated with JNK inhibitors SP600125 and AS601245, or transfected with JNK siRNA at the
indicated concentrations revealed that there is dose-dependent reduction or arrest in in vitro proliferation of the cells after JNK inhibition (to the left
of the panel). JNK inhibitors were administered when the cells reached log phase. For siRNA assay, transfection was done 48 h before re-plating the
cells. Mean cell index calculated by the system as a measure of viable cell mass at the end of experiment period confirmed reduced proliferation of
the cells after JNK inhibition either pharmacologically or via siRNA (shown as graph bars in the middle of the panel). Light microscopy images taken
at time 0 and 24 h later for each group show arrested growth of the cells when JNK pathway was inhibited with SP60015-, AS601245- and JNK-
specific siRNA in comparison to untreated control, vehicle (DMSO) and scrambled siRNA (to the right of the panel). Note that the cells were still at
their seeding confluency 24 h after JNK inhibition (scale bar: 50 µm)
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It is well documented that JNK pathway and its down-
stream effector c-Jun plays crucial role in cell cycle reg-
ulation and mitosis of many neoplastic and non-
neoplastic cells15. Therefore, higher endogenous kinase
activity of JNK detected in GCT tumor samples and cell
lines might not be surprising. However, absence of such
an increase in JNK activity in immortalized mitotically
active and rapidly proliferating normal granulosa cells of
human (HGrC1) and rat (SIGC) origin suggests that
enhanced kinase activity of JNK cannot be solely
explained by the presence of mitotic activity in GCT
samples and cell lines.
Our study is not the first one that documents the

important role of JNK signaling pathway in proliferation

and cell cycle progression of malignant tumors as this
issue was previously extensively studied in malignant
tumors such as the ones showing inhibition of JNK
reduces G2/M transit independent of p53, leading to
endoreduplication, decreased proliferation and apoptosis
in the cell lines of breast, lung, thyroid and cervical can-
cer21–24. However, our findings could be still important
given that very limited data are available regarding sig-
naling pathways that act as gate-keeper of the prolifera-
tion and apoptosis of granulosa cell tumor. To date, no
clear etiologic process has been identified other than a
somatic missense point mutation (C402→G; C134W) in
the FOXL2 gene that is positive in 97% of adult-type
granulosa cell tumor and absent in its juvenile form3.

Fig. 3 In vitro estradiol and anti-mullerian hormone (AMH) production of the COV434 cells before and after JNK inhibition with
pharmacological inhibitors and siRNA. Measurement of estradiol and AMH productions in the spent culture media of the COV434 cells treated
with JNK inhibitors or transfected with siRNA for 24 h showed that JNK inhibition with either pharmacological inhibitors or siRNA was associated with
reduced in vitro hormone production of the cells in a dose-dependent fashion
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Indeed, recent studies have revealed many genes and
signaling pathways that are merged to FOXL2 and work
as critical regulators of granulosa cell proliferation and
function such as TGF-β signaling (GDF-9, follistatin,
Smad3), GATA4 and aromatase4–6. Unlike the adult type,
JGCT is much rarer, does not harbor FOXL2 mutations
and affects pre-pubertal girls and young women with a
mean age of onset of around 8 years7,8. Its molecular
mechanism is less known compared to adult type.
Quiescent primordial follicles are composed of a single

layer of flattened granulosa cells surrounding the oocyte.
Activation of primordial follicles and their transformation
into primary stage and beyond is termed initiation of
follicle growth and is characterized by squamous to
cuboidal transformation of granulosa cells and their fur-
ther mitotic proliferation. Current evidence suggests that
there is a delicate balance of activating and suppressing
signaling pathways and the genes that tightly control the
process of follicle activation25. It is noteworthy that the
genes that prevent premature activation of primordial
follicles may also cause the formation of granulosa cell
tumors when they are mutated. FOXL2 is the first, and

probably the most striking, example of how a single gene
is a critical regulator of ovarian function, morphology and
neoplasia formation in humans. FOXL2 is a winged-helix/
forkhead domain transcription factor. Germ-line knock-
out of Foxl2 is associated with a failure to assemble pri-
mordial follicles26, while mutations to Foxl2 cause
blepharophimosis/ptosis/epicanthus inversus syndrome
(BPES) type I, an autosomal-dominant disorder associated
with premature ovarian failure27. The relationship
between FOXL2 mutations and premature ovarian failure
in women with BPES had not been known until 2004,
when a transgenic mouse study provided the molecular
link28. Five years later, a group of investigators identified a
missense point mutation (402C>G [C134W]) causing a
reduction in FOXL2 gene expression in a granulosa cell
tumor of the ovary3. In the same year, Kobel et al.29

identified the same mutation in nearly 90% of the cases of
adult-type granulosa cell tumors. Subsequent studies
revealed that the FOXL2 gene is involved in many vital
processes of granulosa cells including homeostasis,
modulation of the expression of key genes in the differ-
entiation and steroidogenesis, regulation of cell survival

Fig. 4 JNK inhibition is associated with reduced expression of mitosis marker phospho-histone H3Ser10 in COV434 cells. JNK inhibition in
asynchronous COV434 cells is associated with decreased mitotic activity as evidenced by reduced expression of mitosis marker phospho-histone
H3Ser10 on immunofluorescence analysis (a). While 17% of the control cells were stained positive for pHH3Ser10, this rate was significantly reduced
when JNK was inhibited either pharmacologically (2%) or via siRNA (3%) (b). Scale bar: 100 µm
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and proliferation and inhibition of cell cycle progression.
Furthermore, whereas wild-type FOXL2 can induce
apoptotic death of granulosa cells and halt cell cycle
progression, the C134W mutant cannot, thus providing a
survival advantage to malignant granulosa cells6,30–33. By
the same token, if the FOXL2 gene functions to contribute
to follicle dormancy and its mutations can cause pre-
mature activation of primordial follicles and/or favor the
formation of granulosa cell tumors, can other similar
factors or the genes do the same in the granulosa cells?
Emerging data from animal studies suggest that Forkhead
box O3 (FOXO3), phosphatase and tensin homolog
(PTEN) and mammalian target of rapamycin (mTOR)
pathways converge on the same follicle dormancy and
granulosa cell tumor formation phenotypes. For instance,
when Foxo1 and Foxo3 genes were selectively inactivated

follicle development is impaired and granulosa cell tumor
formation is increased in a mouse model34. Moreover,
deletion of Pten in this mouse strain enhances the pene-
trance and accelerates the onset of granulosa cell tumor
formation34. Other studies showed as well that targeted
deletion of Pten alone or in combination with an acti-
vating phosphatidylinositol-3-kinase (PI3K) mutation can
give rise to granulosa cell tumors in mice35,36. However,
there is little evidence in humans that links these genes to
premature activation of primordial follicles and the for-
mation of granulosa cell tumors. Only two studies in the
literature addressed this question at all. The first study by
Bittinger et al.37 found that the granulosa cell tumor lines,
COV434 and KGN, had no mutations within the PTEN
gene nor increased expression PIK3CA and PIK3R1,
which encode the catalytic and regulatory subunits,

Fig. 5 The effect of JNK inhibition on cell cycle progression of COV434 cells. Cell cycle progression at G1/S and G2/M before and after JNK
inhibition was analyzed by EdU uptake and flow cytometry with the expression of the cyclins on western blot, respectively. JNK inhibition at G1/S was
associated with reduced EdU uptake (a, b). The cells accumulated and failed to exit mitosis when JNK was inhibited at G2/M transition as
quantitatively shown by the fraction of the cells by flow cytometric analysis (c) and the absence of de-phosphorylation of p-cdc2Thy15 and
degradation of cyclins A and B on western blot analysis (d). Scale bar: 100 µm
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respectively, of PI3K. However, the relevance of these
findings to primary human granulosa cell tumor is not
clear as the authors could not confirm their results in the
surgical GCT samples removed from patients. The second
study by Rico et al.38 found an increase in the protein

abundance of mTOR and its downstream effectors—
RPS6KB1 (ribosomal protein S6 kinase B1), RPS6 (ribo-
somal protein S6), eIF4B (eukaryotic translation initiation
factor 4B) and PPARG (peroxisome proliferator-activated
receptor gamma)—in three human granulosa cell tumors

Fig. 6 Comparison of JNK activity among normal and neoplastic granulosa cells. There is a marked increase in the endogenous kinase activity
of JNK in patient-derived GCT samples and COV434 and KGN cell lines in comparison to other types of normal non-neoplastic granulosa cells of
human and rat origin. HLGC human luteal granulosa cells, HGrC1 human mitotic non-luteinized granulosa cells, SIGC spontaneously immortalized rat
granulosa cells (a, b). Ex vivo treatment of the GCT samples with JNK inhibitors caused a dose-dependent decrease in their estradiol and AMH
productions in vitro (c) and in tumor growth (d). JNK inhibition was also associated with decreased viability of the samples on histological
examination and immunofluorescence analysis (e, f). Scale bar: 100 µm for (d, f), and 50 µm for (e)
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samples relative to normal granulosa cells. In the latter
study, the investigators also generated a transgenic mouse
model in which mTOR, RPS6KB1, eIF4B and PPARG are
up-regulated in a manner similar to that found in human
granulosa cell tumors. Daily treatment of these animals
with the mTOR-specific inhibitor Everolimus for 3 weeks
significantly decreased the volume and growth rate of the
tumors, and increased the survival of the animals38.

Conclusion
Our findings warrant further investigations since tar-

geting JNK pathway may provide therapeutic benefit in
the treatment of granulosa cell tumors for which currently
no curative therapy exists beyond surgery.

Materials and methods
Patients
GCT samples of adult (n= 2) and juvenile types (n= 2)

were obtained from 4 patients. Adult and juvenile types of
GCT samples were diagnosed and confirmed by two
expert pathologists in gynecologic tumors. Non-mitotic
HLGCs were isolated from follicular fluid of 10 IVF
patients after oocyte retrieval procedure. Informed

consents were obtained from all patients and the study
was approved by the institutional review board of Koc
University.

Chemicals and reagents
All cell culture materials were obtained from Gibco Inc.

SP600125 and AS601245, pharmacological inhibitors of
JNK, were purchased from Calbiochem. Control (#6568)
and SAPK/JNK (#6232) siRNA, SAPK/JNK Kinase Assay
Kit (#8794, nonradioactive), Hoechst 33342 (#4082), Anti-
c-Jun (#9165), Anti-Phospho-c-JunSer63 (#12598), Anti-
Phospho-c-JunSer73 (#3270 S), Anti SAPK/JNK (#9252),
Anti-Phospho-SAPK/JNKThr183/Tyr185 (#9251), Anti-
Cyclin A (4656), Anti-Cyclin B1 (#12231) and Anti-
Phospho-cdc-2Tyr15 (#4539) antibodies were obtained
from Cell Signaling. All western blotting buffers and
reagents were purchased from Bio-Rad. Anti-phospho-
Histone H3Ser10 (06-570) antibody was obtained from
Upstate. Anti-Vinculin Antibody (V9264) was purchased
from Sigma-Aldrich. TransIT-X2® Dynamic Delivery
System (MIR 6000) was purchased from Mirus Bio LLC.
YO-PRO®-1 Iodide (491/509) was obtained from Life
Technologies. Texas Red™-X Phalloidin and Click-iT™

Fig. 7 Human GCT xenograft experiment. Inhibition of JNK pathway either pharmacologically with its specific inhibitors (SP600125 and AS601245)
or via siRNA resulted in a significant decrease in in vivo growth of GCT cell line (COV434) when xenografted subcutaneously into SCID mice (a, b). In
line with these results, histopathological examination showed that there was a marked decrease in cellularity in the tumors with a concomitant
decrease in the serum AMH level in the animals after JNK inhibitor treatment was given (c, d)
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EdU Alexa Fluor™ 488 Imaging Kit (C10337) were
obtained from Thermo Fisher Scientific. Matrigel Base-
ment Membrane Matrix (356230) was from BD Bios-
ciences. Super Block reagent (#AAA125) was purchased
from ScyTek Laboratories.

Cell lines
COV434 is a commercially available cell line derived

from a granulosa cell tumor. The biological characteristics
of this cell line include the production of 17β-estradiol in
response to FSH, the absence of LH receptor, no luteni-
zation capability and the presence of specific molecular
markers of apoptosis enabling the induction of follicular
atresia39.
KGN is also a steroidogenic human ovarian granulosa-

like tumor cell line derived from a patient with invasive
ovarian granulosa cell carcinoma. KGN cells are able to
secrete pregnenolone and progesterone with little or no
secretion of 17-α-hydroxylated steroids, androstene-
dione or estradiol. Fas-mediated apoptosis was also
demonstrated in this cell line, which mimics the phy-
siological regulation of apoptosis in human granulosa
cells40.
HGrC1 is a human non-luteinized granulosa cell line

expressing enzymes related to steroidogenesis, such as
steroidogenic acute regulatory protein, aromatase and
gonadotropin receptors. These cells are not capable of
undergoing luteinization, resembling the characteristics of
granulosa cells belonging to follicles in the early stage.
HGrC1 might also be capable of displaying the growth
transition from a gonadotropin-independent status to
gonadotropin-dependent one41.
Non-mitotic luteinized human granulosa cells (HLGCs)

were recovered from follicular fluid during oocyte
retrieval procedure in 10 IVF patients. These cells are
highly specialized primary luteinized granulosa cells, and
they do not proliferate either spontaneously;or after sti-
mulation with a mitogenic agent. They produce large
amounts of progesterone and estradiol hormones
in vitro20. The aspirates of follicular fluids were spun
down at 500 × g for 10 min and then the cells were
recovered and plated.
Spontaneously immortalized rat granulosa cells (SIGC)

have an epithelial morphology, express gonadotropin
receptors and grow in culture indefinitely. It is a sponta-
neously immortalized clonal granulosa cell line derived
from primary rat ovarian granulosa cells and represents
an intermediate step in carcinogenesis because they grow
indefinitely in culture but do not form clones in soft agar
or tumors in nude mice.19 They respond to FSH stimu-
lation with enhanced growth but without undergoing
luteinization19, resembling the growth characteristics of
the proliferating granulosa cells of preantral and early
antral follicles as well42,43.

Cell culture
All granulosa cell lines and HLGCs were maintained at

37 °C with 5% CO2, in Dulbecco's modified Eagle's med-
ium (DMEM)/F12 supplemented with 10% (v/v) fetal
bovine serum and 1% (v/v) penicillin–streptomycin
Amphotericin B Solution, hereafter referred as complete
media. The cells were routinely harvested by trypsiniza-
tion with 0.25% trypsin–EDTA, counted using a hemo-
cytometer and 0.4% Trypan blue.

Human GCT tissue culture
Surgical GCT samples of adult and juvenile types were

either freshly lysed for measurement of JNK activity or
prepared for in vitro culture. Tumor samples were finely
minced and dispersed to cells by treatment with 0.25%
collagenase at 37 °C for 1 h, plated into 6-well plates and
incubated overnight. The next day, experiment groups
were treated with fresh complete media containing JNK
inhibitors for 72 h, while the media of control group
contained dimethyl sulfoxide (DMSO). Cultured groups
were then used for hematoxylin and eosin staining and
YO-PRO-1 assay to compare cell viability. Estradiol and
AMH levels were measured in culture medium.

Human GCT xenograft model in SCID mice
GCT cell line COV434 was re-suspended in growth

factor reduced Matrigel® diluted with DMEM/F12 and
xenografted subcutaneously to the right flank region of
the SCID mice (n= 4 per group) as 1 million cells/300 µl
suspension with an insulin syringe. Tumor volume was
monitored every week. Once palpable tumor growth was
achieved at approximately 3 weeks post transplantation,
JNK inhibitors SP600125 (10 mg/kg) and AS601245 (10
mg/kg) were administered systemically in 100 μL of
DMSO via intraperitoneal route as a single injection (day
21). Control animals received DMSO only. For siRNA
experiments, in vitro siRNA transfection experiments
were carried out first and then transfected cells were
xenografted in the same manner 48 h later as 1 million
cells/300 µl suspension with an insulin syringe. JNK or
scrambled siRNA were given as a single intra-tumoral
injection on day 21. Tumor growth was followed for
another week post injection on day 28, and the animals
were killed, tumors were removed and intra-cardiac blood
samples were obtained immediately post-mortem for
AMH measurement.

SAPK/JNK kinase assay
Intracellular JNK activity was measured by non-

radioactive assay kit as instructed by the manufacturer.
Briefly, the cells and tissues were harvested under non-
denaturating conditions, lysed on ice and centrifuged at
14,000 × g for 10 min at 4 °C. Then, 200 µl of cell/tissue
lysates was incubated with 20 µl phospho-JNK rabbit
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monoclonal antibody linked to agarose beads to pre-
cipitate JNK enzyme. After addition of necessary buffers,
c-Jun substrate and adenosine triphosphate, reaction
mixture was incubated for 30min at 30 °C, optimal
reaction condition that allows c-Jun substrate to be
phosphorylated by precipitated JNK. The reaction was
stopped by adding 4× SDS sample buffer and the samples
were loaded onto 10% polyacrylamide gel. Then, proteins
were transferred to polyvinylidene difluoride (PVDF)
membrane by electroblotting and monoclonal antibodies
were used to measure JNK-induced phosphorylation of c-
Jun substrate at Ser63 and Ser73 residues.

Western blotting
For western blot analysis, the cells were harvested,

washed with ice-cold phosphate-buffered saline (PBS) and
then lysed on ice RIPA buffer with protease and phos-
phatase inhibitors. Equal amount of protein per lane was
separated by electrophoresis using 10% Tris-Glycine
polyacrylamide gels. Proteins were transferred to PVDF
membranes and blocked for 1 h with 5% non-fat dry milk
at room temperature. Overnight incubation at 4 °C with
primary antibody was performed in recommended dilu-
tions. Anti-Vinculin antibody at a dilution of 1:10,000 is
used as a loading control.

Transfection with siRNA
COV434 and KGN cells were seeded in 6-well plates

and cultured until 70% confluency was obtained. TransIT-
X2 Dynamic Delivery System was used to perform siRNA
transfection at concentrations of 12.5, 25, 50 and 100 nM.
The cells were incubated for 48 h post transfection, then
harvested to determine the transfection efficiency by JNK
expression on western blot.

Real-time monitoring of cell proliferation via xCELLigence
System
The xCELLigence system uses interdigitated gold

microelectrodes containing plates (E-plate) to non-
invasively monitor the viability of cells using electrical
impedance as the readout and generates real-time curves
of cell viability and proliferation. The electronic readout
of cell–sensor impedance is displayed in real-time as cell
index (CI), a value directly influenced by cell attachment,
spreading and/or cell proliferation. The cells were seeded
in 16-well E-plate at the density of 10,000 cells per well in
a final volume of 200 μL and incubated at 37 °C with 5%
CO2 and continuously monitored on the RTCA system at
30min time intervals. When the cells reached the log
growth phase, they were treated with 12.5, 25, 50 and 100
μM concentrations of both SP600125 and AS601245. The
effects of these inhibitors on viability and proliferation of
COV434 were monitored up to 120 h. The results were
expressed by normalized CI which are derived from the

ratio of CIs before and after the addition of the com-
pounds. The normalization of CI arbitrarily sets CI to 1 at
the indicated time points. Recording of CI and normal-
ization CI was performed using the RTCA Software 1.2.

Immunofluorescent staining
For immunofluorescence studies, cells grown on cov-

erslips were fixed with 4% paraformaldehyde for 20min at
room temperature, permeabilized with 0.1% Triton X-100
and then treated with superblock for 10min. After rinsing
with DPBS-T (0.1% Tween-20 in Dulbecco’s PBS), they
were incubated with pHH3 antibody in superblock at 1:50
dilution overnight at 4 °C. The cells were washed with
DPBS-T and incubated with fluorochrome-conjugated
secondary antibody diluted in PBS for 90min at 37 °C.
This step was followed by rinsing the coverslips and
adding Hoechst 33342 for DNA staining. The images were
taken under appropriate channels using Immuno-
fluorescence (IF) microscope. The percentage of the
pHH3-positive cells was calculated after counting 500
cells at four different high-magnification areas.

EdU assay
Cells plated on coverslips were synchronized with

serum starvation for 24 h, then treated with complete
media containing 2 μg/mL aphidicolin for 18 h. Then, the
cells synchronized at G1/S were treated with JNK inhi-
bitor SP600125 for 1 h while control group was incubated
in complete media. After treatments, to detect newly
synthesized DNA, the cells were incubated with of 10 μM
EdU in culture medium for 2 h and fixed for imaging.

Assessment of cell viability with YO-PRO®-1 staining
During apoptosis, the cytoplasmic membrane becomes

slightly permeant to certain dyes, such as the green
fluorescent YO-PRO®-1. After staining with YO-PRO®-1,
apoptotic cells show green fluorescence while live cells
show little or no fluorescence. The cells were treated with
SP600125 and AS601245 for 24 h, then stained with YO-
PRO®-1 (1 µM) and incubated for 20min at 37 °C. The
images were taken under appropriate channels using IF
microscope. In all, 500 cells were counted at four different
high-magnification areas and the percentage of the YO-
PRO®-1-positive cells was calculated.

Cell synchronization and flow cytometry analysis
For synchronization at G1/S, cells were serum starved

for 24 h and then treated with complete media containing
2 μg/mL aphidicolin for 18 h. Then, the cells synchronized
at G1/S by aphidicolin were incubated in complete media
for 12 h. At 12 h after aphidicolin removal, all of the cells
reached to G2/M transition (0 h) and at that time a set of
plates were treated with JNK inhibitor SP600125 at 25 and
50 μM concentrations and collected after 4, 8 and 12 h.
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For flow cytometer analysis, cells were trypsinized,
washed and fixed with 70% ethanol overnight at 4 °C at
indicated time points. Washed cells were treated with 50
μg/mL RNase-A and then stained with 50 μg/mL propi-
dium iodide. Flow cytometry analyses were performed
using FACS Calibur machine and the FlowJo program.
Western blot protocol described before was followed for
detection of cell cycle-specific proteins.

Hormone assays
After treatment with JNK inhibitors, supernatants were

collected and stored in −30 °C until hormone assays were
performed. Electrochemiluminescence immunoassay
(ECLIA) kits specific for estradiol (Elecsys® Estradiol II,
Cobas) and ACTIVE® Mullerian Inhibiting Substance/
Anti-Mullerian Hormone (MIS/AMH) enzyme-linked
immunosorbent (ELISA) (Diagnostic Systems Labora-
tories, Inc.) for AMH were used according to the manu-
facturer’s instructions to measure the corresponding
hormone levels in the culture media. The analytical sen-
sitivity of AMH and estradiol assays was 0.006 ng/mL and
5,0 pg/mL, respectively. All analyses were performed on
Cobas® 6000 analyzer series (Roche Diagnostics, USA).

Statistical analysis
Hormone levels and cell index readouts of xCELLigence

system are continuous data and expressed as the mean+
SD. Analysis of variance and multiple comparison post
hoc test were applied to compare the data among the
groups. Statistical analyses were done using SPSS for
windows 20.0 statistical package program. The percen-
tages of viable and apoptotic cells were compared between
the groups using Fisher’ exact test. A P-value of < 0.05 was
considered significant for all statistical tests.
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