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Abstract

Fibroblast growth factor 9 (FGF9) is a member of FGF family, and abnormal expression of FGF9 can promote
tumorigenesis. Cordycepin, a major bioactive component in fungus Cordyceps sinensis, could suppress various tumors.
We have shown that cordycepin could inhibit FGF9-induced testicular tumor growth in vitro and in vivo with MA-10
mouse Leydig tumor cells. In the present study, the mechanisms related to apoptosis and autophagy were determined.
Results show that cordycepin significantly suppressed cell viability and colony formation with correlatedly morpho-
logical change related to cell death in FGF9-treated MA-10 cells. Flow cytometry and western blotting results further
demonstrate that cordycepin induced apoptosis through the cleavage of caspase-8, -9, -3 and PARP in FGF9-treated MA-
10 cells. However, the expressions of LC3-II, beclin-1 and p62 were not stimulated by cordycepin with the presence of
FGF9, suggesting cordycepin would activate apoptosis, but not autophagy, in FGF9-treated MA-10 cells. Moreover, in-
hibition of ERK signal pathway and autophagy would enhance cordycepin-induced cell death effects in FGF9-treated
MA-10 cells, referring that ERK signaling was regulated under cordycepin and FGF9 treatments. In NOD-SCID mouse
allograft model inoculated with MA-10 cells, cordycepin significantly suppressed tumor growth with the presence of
FGF9, and the cleavage of caspase-3 could be observed in tumor tissue, implying cordycepin induced caspase cascade to
suppress tumor growth. Moreover, cordycepin plus U0126, ERK inhibitor, further significantly suppressed tumor growth
with the presence of FGF9 as compared to the FGF9 only group, confirming the involvement of ERK signaling in this
event. In conclusion, cordycepin induced caspase and ERK pathways to promote MA-10 cell apoptosis, but not auto-
phagy, with the presence of FGF9.
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1. Introduction

F ibroblast growth factor 9 (FGF9), a member of
human FGF family, plays important roles

including embryonic development [1], tissue repair
[2], sex determination [3,4] and tumorigenesis [5].
Although FGF9 is indispensable to the human
development, abnormal secretion of FGF9 has been
reported to associate with several cancers, such as
colorectal, endometrial and ovarian cancer [4]. In
fact, irregular expression of FGF9 is closely associ-
ated with poor prognosis in patients with gastric
cancer [6] and non-small cell lung cancer [7].

Cordycepin (30-deoxyadenosine), an extract from
the fungus Cordyceps sinensis of the traditional Chi-
nese medicine, has been demonstrated with multi-
ple physiological functions, such as anti-oxidative
activity, immune system activation, anti-metastatic
effects and anticancer action [8,9]. Studies have
shown that cordycepin can induce anti-proliferation
and apoptosis in liver cancer [10], lung cancer [11],
and prostate cancer [12].
Mitogen-activated protein kinase (MAPK) cas-

cades relate to many cellular regulations, including
cell proliferation, differentiation, apoptosis, angio-
genesis and tumor metastasis [13]. These cascades
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transmit signals through sequential activation of
three to five layers of protein kinases, including
extracellular signal-regulated kinase 1 and 2 (ERK1/
2), c-Jun N-terminal kinase (JNK), and p38 mitogen-
activated protein kinases (p38). Among them, ERK1/
2 is one of the most dysregulated signaling pathway
in human cancers [14]. Study has also shown that
FGF/FGFR signaling pathway could induce MAPK
pathway [15]. Because of this important role of
MAPK pathway involved in cancer development,
combination therapies with MAPK inhibitors
become a biologically viable model for targeting
cancer therapeutics [14].
Apoptosis, also called programmed cell death, is a

process that is common to all multicellular organ-
isms for eliminating cells via a complex but highly
defined programmer [16]. Apoptotic cells are char-
acterized by nuclear fragmentation, cell shrinkage
and the formation of apoptotic bodies [17].
Apoptosis can be divided into two signaling path-
ways; the intrinsic pathway (mitochondrial
pathway) and the extrinsic pathways (death receptor
pathway). The extrinsic pathway is regulated by
membrane death receptors, which are activated by
binding between a ligand and its receptor [18]. The
extrinsic pathway initiates through the ligation of
cell-membrane death receptors to their corre-
sponding natural ligands, which in turn stimulates
the recruitment of the initiator caspase 8 [19,20]. The
intrinsic pathway (mitochondrial pathway) is regu-
lated by Bcl-2 protein family comprising of anti-
apoptotic (like Bcl-2 and Bcl-XL) and pro-apoptotic
(like Bax and Bak) factors, and its equilibrium de-
termines outer mitochondrial membrane per-
meabilization [21], which leads to cytochrome-c
release from mitochondrion inter-membrane space
to the cytosol, stimulating caspase-9 activation and
apoptosome formation [21e23]. Caspase-8 and cas-
pase-9 can then directly cleave the downstream
effector caspases-3/6/7 [24], resulting in poly ADP-
ribose polymerase (PARP) cleavage to induce DNA
fragmentation and apoptosis [20,23].
Autophagy is a catabolic process whereby cellular

material is enclosed in the double-membrane
autophagosomes and delivered to lysosomes for
degradation [25]. Cells would replace old compo-
nents with better-quality ones, and it requires syn-
thesis of new components with the degradation of
pre-existing materials, which can serve as building
blocks [26]. When cells are under stress conditions,
such as starvation, autophagy is initiated to protect
cells. During periods of starvation, autophagy de-
grades cytoplasmic materials to produce amino
acids and fatty acids that can be used to synthesize

new proteins or are oxidized by mitochondria to
produce ATP for cell survival [27].
Studies have identified autophagy-related (ATG)

proteins could regulate autophagosome formation.
However, it can result in autophagic cell death as
autophagy is excessively induced [28,29]. There is
cross-talk between autophagy and apoptosis, and
the inhibition of autophagy may enhance apoptosis
or autophagy could occur upstream of apoptosis
[30]. It is illustrated when cells are under depriva-
tion conditions of nutrients or growth factors, acti-
vation of 50 adenosine monophosphate-activated
protein kinase (AMPK) and/or inhibition of
mammalian target of rapamycin (mTOR) could lead
to activation of Unc-51 like kinase (ULK), which
could phosphorylate beclin-1 to activate VPS34 with
phagophore formation [31]. Multiple ATG proteins,
such as ATG5 and ATG7, constitute two “ubiq-
uitinelike conjugation systems” that catalyze the
formation of phosphatidylethanolamine (PE)-con-
jugated LC3 (LC3-II) and direct its proper incorpo-
ration into the phagophore membrane [32]. The
closure of an elongated phagophore marks the for-
mation of a mature autophagosome, which eventu-
ally fuses with a lysosome, leading to cargo
degradation and recycling of nutrients and metab-
olites [25]. In this process, p62/SQSTM1 and NIX
help cells to identify and deliver misfolded or
aggregated proteins and damaged organelles to the
autophagosome for degradation [33].
Leydig cells residue in the interstitial region be-

tween seminiferous tubules in testis, and testos-
terone released from Leydig cells is regulated
mainly by luteinizing hormone [34]. Testicular
Leydig cell tumors are the most common non-germ
cell gonadal tumors, although these tumors overall
account for 1e3% of testicular tumors and usually
occur in prepubertal boys (between 5 and 10 years)
and men between 30 and 60 years [35].
Previously, we have shown that FGF9 could

induce cell proliferation in MA-10 cells in vitro and
in vivo, associated with testicular cancer de-
velopments [35]. We have also revealed the anti-
cancer effect of cordycepin on FGF9-treated MA-
10 cell tumor growth in vitro and in vivo through the
regulation of p-ERK1/2, p-Rb, E2F1, cell cycle
related proteins, and FGFR1-4 proteins [36]. How-
ever, whether cordycepin can induce apoptosis and/
or autophagy in FGF9-induced testicular tumor re-
mains elusive. Thus, in the present study, MA-10
mouse Leydig tumor cells were treated with cordy-
cepin plus FGF9 in vitro and in vivo, and the mech-
anisms related to apoptosis and/or autophagy were
investigated.

486 JOURNAL OF FOOD AND DRUG ANALYSIS 2023;31:485e501

O
R
IG

IN
A
L
A
R
T
IC

L
E



2. Materials and methods

2.1. Chemicals

Human Fibroblast Growth Factor 9 (FGF9) was
purchased from PeproTech (Rocky Hill, NJ, USA).
Ethanol was purchased from PerkinElmer (Boston,
MA, USA). Bovine serum albumin (BSA), 30%
acrylamide/Bis-acrylamide solution, methyl tetrazo-
lium (MTT), dimethyl sulfoxide (DMSO), sodium
chloride (NaCl), potassium chloride (KCI), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), D-glucose and proteinase inhibitor, cor-
dycepin, Waymouth MB 752/1 medium and sodium
hydroxide (NaOH) were purchased from
SigmaeAldrich (St. Louis, MO, USA). Fetal bovine
serum (FBS), Dulbecco's modified eagle medium
nutrient mixture F-12 (D-MEM/F12) and
trypsineEDTA were purchased from Gibco (Grand
Island, NY, USA). Sodium chloride (NaCl), Tris base
and potassium chloride (KCI) were purchased from
JT Baker (Phillipsburg, NJ, USA). Hydrochloric acid
(HCl), acetic acid and sodium dodecyl sulfate (SDS)
were purchased from Merck (Darmstadt, Germany).
Tween-20 was purchased from AppliChem (Darm-
stadt Germany). Peroxidase AffiniPure goat anti-
rabbit IgG (H þ L) was purchased Jackson Immu-
noResearch Inc. (West Grove, PA, USA) and donkey
anti-mouse IgG conjugated with horseradish perox-
idase was purchased from PerkinElmer (Boston, MA,
USA). Monoclonal antibodies against phosphor-
ERK1/2 (1:4000; #9101), ERK1/2 (1:4000; #9102),
cleaved caspase-3 (1:2000; #9661) and Atg12 (1:2000;
#4180); and polyclonal antibodies against cleaved
caspase-8 (1:1000; # 9429), cleaved caspase-9 (1:1000;
#9509), PARP (1:1000; #9542), LC3A/B (1:1000; #4108),
and Beclin-1 (1:1000; #3738) were purchased from
Cell Signaling (Beverly, MA, USA). Polyclonal anti-
body against SQSTM1/P62 (1:3000; #GTX100685) was
purchased from GeneTex (Irvine, CA, USA). Poly-
clonal antibodies against Bcl-2 (1:1000; #12789-1-AP)
and b-actin (1:8000; #20536-1-AP) were purchased
from Proteintech (Rosemont, CA, USA). Enhanced
chemiluminescence (ECL) detection kit was pur-
chased from Millipore (Billerica, MA, USA). Annexin
V-FITC apoptosis detection kit was purchased from
Strong Biotech (Taipei, TAIWAN).

2.2. Cell culture

MA-10 cell line was a gift from Dr. Mario Ascoli
(University of Iowa, Iowa City, IA, USA) and
cultured in the Waymouth MB 752/1 medium with
10% FBS. All the cells were maintained in a hu-
midified incubator at 37 �C with 5% CO2.

2.3. MTT viability test

MA-10 cells were seeded 8 � 103 cells in 96-well
plates per well with 200 mL culture medium. After
incubation for 20e24 h for seeding, cells were
changed to serum free medium for 18 h. After
starvation, cells treated with BSA (vehicle control),
50 ng/mL FGF9, DMSO (vehicle control) and/or
different concentrations of cordycepin (20, 5, 50 or
100 mM) in medium containing 1% FBS for 12 and
24 h, respectively. Then, MTT was added to each
well (0.5 mg/mL final concentration) and incubated
in humidified incubator at 37 �C with 5% CO2 for
3 h. After discarding the medium, 50 mL DMSO was
added into each well and placed on the shaker to
dissolve the crystals for 30 min in dark. The cell
viability was then detected at l ¼ 570 nm by Ver-
saMax ELISA reader (Molecular Devices, Sunny-
vale, CA, USA).

2.4. PrestoBlue™ cell viability assay

MA-10 cells were seeded 8 � 103 cells in 96-well
plates per well with 200 mL culture medium. After
treatments, medium was removed and 10 mL Pres-
toBlue Reagent was added with 90 mL 1% FBS me-
dium directly to cells, and then incubation for 1.5 h
at 37 �C in dark. The cell viability was detected at
l ¼ 570 nm and, using 600 nm as a reference
wavelength (normalized to the 600-nm value) by
VersaMax ELISA reader (Molecular Devices, Sun-
nyvale, CA, USA). Cell viabilities were calculated
according to PrestoBlue™ Cell Viability Reagent
protocol (Thermo Fisher, Waltham, MA, USA).

2.5. Morphology observation

MA-10 cells were seeded at a concentration of
5.5 � 105/mL for 12 h and 4 � 105/mL for 24 h in 6-
cm culture dishes with 2 mL culture medium. After
incubating for 20e24 h for seeding, cells were
changed to serum free medium for 18 h. After
starvation, cells were treated with BSA (vehicle
control), 50 ng/mL FGF9, DMSO (vehicle control)
and/or different concentrations of cordycepin (0, 25,
50 or 100 mM) in MA-10 cells for 12 and 24 h,
respectively. Cell morphology was then observed
under Olympus CK40 light microscopy, and the
images were recorded by Olympus DP20 digital
camera (Olympus, Tokyo, Japan).

2.6. Clonogenic assay

Cells were treated with BSA (vehicle control) or
50 ng/mL FGF9, and cordycepin was then added to
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the cells at different concentrations (0, 25, 50 or
100 mM) or DMSO (vehicle control). Then, cells were
trypsinized and subsequently replated with
1000e1500 cells in 6-cm culture dishes and returned
to the incubator to allow for colony development.
After 8e14 days, colonies (containing �50 cells in
each colony) were stained with 0.5% crystal violet
solution. Results in line graphs are mean ± standard
error with at least 3 independent experiments. The
plating efficiency (PE) is the ratio of the number of
colonies to the number of cells seeded in culture
dishes. The surviving fraction (SF) was calculated as
follows: SF ¼ plating efficiency (PE) of treated cells/
PE of control cells. PE (%) was obtained from (col-
onies counted/cell plated) � 100. Survival curves
were then plotted using the mean surviving fraction
values [37].

2.7. Protein collection and western blotting

MA-10 cells were seeded at a concentration of
5.5 � 105 cells for 12 h and 4 � 105 cells for 24 h,
respectively, in 6-cm culture dishes with 2 mL culture
medium. After treatment, cells were washed with
cold PBS twice and cell suspensions were centrifuged
at 1000 rpm for 3 min at 25 �C. Attached cells were
lysed with 50e70 mL lysis buffer (20 mM Tris pH 7.5,
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton
X-100, 2.5 mM sodium pyrophosphate, 1 mM b-
Glycerolphosphate and 1 mM Na3VO3) with pro-
teinase inhibitor and centrifuged at 12000�g for
12 min at 4 �C. Cell suspensions were collected and
stored at �80 �C. Protein concentrations of cell ly-
sates were determined by Bio-Rad protein assay dye
reagent concentrate (Bio-Rad Laboratories, Hercules,
CA, USA). For Western blotting, cell lysates con-
taining 25e35 mg protein were resolved in 12% SDS-
PAGE gel with standard running buffer (24 mM Tis-
HCl, 0.19 M glycine, and 0.5% sodium dodecyl sul-
fate, pH 8.3) at room temperature, and electropho-
retically transferred onto polyvinylidene difluoride
(PVDF) membrane on ice. Electrophoresis was per-
formed at 90 V and transferred onto PVDF mem-
brane was performed at 375 mA for 90 min. PVDF
membrane with transferred protein was incubated in
blocking buffer (5% non-fat milk in 0.1% TBST
washing buffer) for 1 h and incubated with primary
antibodies for 16e18 h at 4 �C. Membranes were
washed 3 times with TBST and incubated with the
appropriate dilution of HRP-conjugated secondary
antibodies for 1 h. Signaling was visualized through
UVP EC3 BioImaging Systems (UVP, Upland, CA,
USA) by ECL detection kit [38]. The quantificational
analysis was analyzed with ImageJ program version
1.5 (NIH, Bethesda, MD, USA).

2.8. Annexin V/PI double staining assay

After harvesting by trypsin and washing by 2 mL
culture medium, cell suspensions were centrifuged at
1000 rpm for 3 min at 4 �C. The pellets were washed
twice with cold PBS and centrifuged again. Cellular
apoptosis was detected by FITC Annexin V Apoptosis
Detection Kit according to manufacturer's standard
protocol (BD Pharmingen™, Franklin Lakes, NJ,
USA). Cells were resuspended in 100 mL 1X binding
buffer at a concentration of 1 � 106 cells/mL to 1.5 mL
eppendorf. Then, 5 mL of FITC Annexin V and 5 mL PI
were added to the cells in eppendorf solution and
vortexed. After incubated at room temperature in the
dark for 15min, 400 mLof 1Xbinding bufferwas added
to each tube, and then analyzed by CytoFLEX flow
cytometer (Beckman Coulter, Brea, CA, USA).

2.9. Signal pathway confirmation with inhibitors

MA-10 cells were pre-treated with MAPK inhibi-
tor (U0126), caspase pan inhibitor (Z-VAD-FMK) or
autophagy inhibitor chloroquine (CQ) for 1 h, and
then treated with/without FGF9 and different con-
centrations of cordycepin (0 and 50 mM). Prestoblue
assay and annexin V/PI double staining assay were
further exploited to confirm what pathway(s) was/
were activated by cordycepin in FGF9-treated MA-
10 cells, respectively.

2.10. Animals and allograft tumor analysis

Five weeks old male NOD-SCID mice were pur-
chased from National Cheng Kung University Ani-
mal Center (Tainan, Taiwan). Experimental
procedures were consistent with ethical principles
for animal research which were approved by the
Institutional Animal Care and Use Committee of
National Cheng Kung University. Environmental
conditions for mouse were kept at temperature of
22�Ce24 �C and a constant 12-h light/dark cycle.
Mice were subcutaneously injected in the back

region with 1 � 106 MA-10 cells suspended in 0.1 mL
Waymouth medium. Tumors were allowed to grow
for 7e12 days and mice were randomly assigned to 5
groups: (A) intratumor injection of 0.1% BSA
together with intraperitoneal of DMSO; (B) intra-
tumor injection of 50 ng/mL FGF9 together with
intraperitoneal of DMSO; (C) intratumor injection of
50 ng/mL FGF9 together with intraperitoneal of
cordycepin (20 mg/kg) and U0126 (10.5 mg/kg); (D)
intratumor injection of 0.1% BSA together with
intraperitoneal of cordycepin (20 mg/kg); and (E)
intratumor injection of 50 ng/mL FGF9 together with
intraperitoneal of cordycepin (20 mg/kg). Injection of
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FGF9, cordycepin and/or U0126 was given daily for
first week and then injected every other day for 6
more days. The size of tumor was measured with a
clipper every other day, and the tumor volume was
calculated using formula V¼ (L � W � W � 0.52)
[39]. Mice were sacrificed on the 13th day after drug
administration, and tumors were collected for spe-
cific protein detections by immunohistochemistry
staining.

2.11. Immunohistochemistry staining

MA-10 tumor tissues were soaked in a 10%
neutral buffered formalin (BIOTnA Biotech, Kaoh-
siung, TAIWAN) over 3 days. The paraffin sections
were dewaxed in xylene, dehydrated in ethanol, and
washed in PBS. Sodium citrate buffer (pH 6.0) was
used to retrieve the antigen for 50 min at 120 �C
autoclave. Endogenous peroxidase activity was

Fig. 1. Cordycepin suppresses FGF9-treated MA-10 cell proliferation. After 18 h serum starvation, MA-10 cells were co-treated without or with
50 ng/mL FGF9 and 0, 25, 50 and 100 mM cordycepin for 12 (A) and 24 h (B) with 1% bovine serum albumin (BSA), respectively. Microscopic
examination of morphological changes was observed under light microscopy in 6 cm dish, and cells were co-treated without or with 50 ng/mL FGF9
and 0, 25, 50 and 100 mM cordycepin for 12 (C) and 24 h (D), respectively. Results are mean ± standard error with at least 3 independent experiments.
One-way ANOVA with Tukey's multiple comparisons post-tests in (A) and (B) were used to determine the statistical difference. Different alphabetical
letters above bars represent statistical differences among different treatments; p < 0.05. Yellow arrowhead indicates cell membrane blebbing in (C) and
(D) (red scale bar, 50 mm), and the inset is x4 enlarged image of cell membrane blebbing from each corresponding figure (DMSO ¼ Dimethyl
sulfoxide; Cord. ¼ cordycepin).
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blocked by incubation with 0.3% H2O2 followed
with PBS. The paraffin sections were blocked with
2% milk and 2 mL/mL goat IgG in blocking buffer for
1 h. The primary antibody cleaved caspase-3 (1:200),
CD-31 (1:200) and phosphor-ERK (1:100) incubated
in 4 �C refrigerator overnight. Next day, sections
were washed with PBS, Diaminobenzidine (DAB)
buffer was used to reveal the desired signals and
hematoxylin was used to stain cell nuclear. After
washing, all sections were dehydrated by graded
ethanol series, cleared in xylene, and covered with a
coverslip in mounting gel (Merck, Darmstadt, Ger-
many). Immunohistological sections were examined
with a light microscope (Zeiss, AX10, Thornwood,
NY). DAB positive area was analyzed with the “area
detection” measurement method with ImageJ pro-
gram version 1.5 (NIH, Bethesda, MD, USA).

2.12. Statistical analysis

The data are expressed as mean ± SEM of at least
three separate experiments. Statistical significance
of differences between control and treatment groups

was determined by two-way ANOVA followed by
Tukey multiple comparisons test, using GraphPad
Prism 8 (GraphPad Software, San Diego, CA, USA),
and statistical significance was set at p < 0.05.

3. Results

3.1. Cordycepin decreased FGF9-induced MA-
10 cell viability

We have shown cordycepin could suppress FGF9-
induced MA-10 cell tumorigenesis in vitro and in vivo
[35]. To confirm the phenomena in the present study,
MA-10 cells were treated without or with FGF9 plus
cordycepin (0, 25, 50 and 100 mM) for 12 and 24 h,
respectively, and cell viabilities were determined by
MTT assay. Results showed again that cordycepin
alone (25, 50 and 100 mM) significantly suppressed
MA-10 cell viability at 12 (Fig. 1A) and 24 h (Fig. 1B)
in dose-dependent manners, respectively. The 50 ng/
mL FGF9 alone did increase cell viability at 12
(Fig. 1A) and 24 h (Fig. 1B). However, cordycepin
(25, 50 and 100 mM) could also still significantly

Fig. 2. Cordycepin decreases FGF9-treated MA-10 cell colony formation. The 1500 MA-10 cells were co-treated without or with 50 ng/mL FGF9 and
0, 25, 50 and 100 mM cordycepin in 6-cm culture dishes for 12 (A) and 24 (B) h, respectively. Number of colony formation between different treatments
were then counted, which were further analyzed by two-way ANOVA with Tukey's multiple comparisons post-tests. The *p < 0.05 and ***p < 0.001
represent significant difference between control and cordycepin only (25, 50 and 100 mM) treatments. The #p < 0.05, ##p < 0.01 and ###p < 0.001 represent
significant difference between FGF9 alone and FGF9 plus cordycepin (25, 50 and 100 mM) treatments. The $p < 0.05 and $$$p < 0.001 represent sig-
nificant difference between cordycepin only (50 and 100 mM) and FGF9 plus cordycepin (50 and 100 mM) treatments (DMSO ¼ Dimethyl sulfoxide;
Cord. ¼ cordycepin).
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suppress MA-10 cell viability at 12 (Fig. 1A) and 24 h
(Fig. 1B), respectively, with the presence of 50 ng/mL
FGF9 in dose-dependent manners.
Upon cell morphological changes, most MA-

10 cells illustrated spindle shapes in control group,
but cell number with rounded-up, or even shrunk/
condensed, phenomena increased under 50 and
100 mM cordycepin alone at 12 and 24 h treatments,
respectively (Fig. 1C and D). Remarkably, number of
the rounded-up MA-10 cells decreased in 50 and
100 mM cordycepin with the presence of 50 ng/mL
FGF9 treatment as compared to cordycepin alone
treatment, especially at 24 h (Fig. 1C and D).

3.2. Cordycepin decreased FGF9-induced MA-
10 cell colony-forming ability

Colony formation assay is a method to define the
ability of a single cell to grow into a colony, illus-
trating cell viability [37]. After treatments without or
with 50 ng/mL FGF9 plus different concentration of
cordycepin (0, 25, 50 and 100 mM) for 12 and 24 h,

respectively, MA-10 cells were incubated for extra
8e14 days to allow the formation of cell colonies.
Results showed that cordycepin alone at 25, 50 and
100 mM did significantly suppress MA-10 cell col-
ony-forming at 12 and 24 h treatments in a dose-
dependent manner. With the presence of 50 ng/mL
FGF9, colony formation was still significantly
inhibited by 50 and 100 mM cordycepin at 12 h
(Fig. 2A) and by 25, 50 and 100 mM cordycepin at
24 h (Fig. 2B), respectively. However, with the
presence of 50 ng/mL FGF9, the suppressive effect
of cordycepin at 50 and 100 mM was less at 12 h
treatment as compared to 24 h treatment (Fig. 2A
and B). It should be noted that colony numbers
between FGF9 alone and BSA control groups didn't
show statistical difference. However, FGF9 alone
group approximately have darker staining upon cell
colonies, illustrating cell number seemed to be
higher in FGF9 alone group as compared to control
group. These results illustrate that cordycepin could
significantly decrease colony-forming in FGF9-
treated MA-10 cells.

Fig. 3. Cordycepin-induced MA-10 cell apoptosis in the presence or absence of FGF9. After cotreatment without or with 50 ng/mL FGF9 and 0,
25, 50, and 100 mM cordycepin for 12 (A) and 24 h (B), respectively, MA-10 cells were stained with annexin V and propidium iodide (PI), and then
analyzed by flow cytometry to determine cell apoptotic status. Percentages of double-positive (late apoptotic), annexin V single-positive (early
apoptotic), PI single-positive (necrotic) and double-negative (viable) cells are illustrated. Results in bar graphs are mean ± standard error with at least
3 independent experiments. Percentages of double-positive (late apoptotic) plus annexin V single-positive (early apoptotic) cells between treatments
were then analyzed by two-way ANOVA with Tukey's multiple comparisons post-tests. Different alphabetical letters above bars represent statistical
differences among different treatments; p < 0.05 (DMSO ¼ Dimethyl sulfoxide; Cord. ¼ cordycepin).
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Fig. 4. Cordycepin induces apoptosis related protein expressions in FGF9-treated MA-10 cells. MA-10 cells were co-treated without or with
50 ng/mL FGF9 and 0, 25, 50 and 100 mM cordycepin for 12 and 24 h, respectively. Western blot analysis for the expressions of cleaved caspase-8
(43 kDa) (A and B), cleaved caspase-9 (37 kDa) (A and C), cleaved caspase-3 (19/17 kDa) (A and D), and cleaved PARP (89 kDa) (A and E) in MA-
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3.3. Cordycepin induced FGF9-treated MA-10 cell
apoptosis

To investigate the cell death mechanism, MA-
10 cells were treated without or with 50 ng/mL FGF9
plus different concentration of cordycepin (0, 25, 50
and 100 mM) for 12 and 24 h, respectively, and cell
apoptotic phenomena were detected by annexin V/
PI double staining assay using flow cytometry. Re-
sults show that cordycepin alone at 25, 50 and
100 mM significantly induced MA-10 cell apoptosis
at 12 and 24 h treatments, respectively (Fig. 3A and
B). However, 50 ng/mL FGF9 did significantly
reduce MA-10 cell apoptotic phenomena induced
by 50 and 100 mM cordycepin, especially at 24 h
treatment (Fig. 3B). These results demonstrate that
cordycepin could significantly induce MA-10 cell
apoptosis in FGF9-treated MA-10 cells.

3.4. Cordycepin induced cell death through caspase
cascade in FGF9-treated MA-10 cells

The caspase cascade plays vital role in the in-
duction, transduction and amplification of intracel-
lular apoptotic signals [40]. Our laboratory
previously showed that cordycepin could induce
MA-10 cell apoptosis [35,41]. We have also observed
that cordycepin inhibited FGF9-induced testicular
tumor growth by affecting the expressions of p-
ERK1/2, p-Rb, E2F1, and cell cycle related proteins
[35]. In this study, how cordycepin interacted with
FGF9 inducing caspase cascade in MA-10 cells were
examined by western blotting assay.
Results show that cleaved caspase-8 was not

induced by cordycepin without or with the presence
of FGF9 in MA-10 cells at 12 and 24 h treatments
(Fig. 4A and B). However, cordycepin at 25, 50 and
100 mM did significantly increase cleaved caspase-9
expression in a dose-dependent relationship at 12 h
treatment, while cordycepin only at 100 mM signifi-
cantly increased cleaved caspase-9 expression at
24 h treatment (Fig. 4A and C). With the presence of
50 ng/mL FGF9, only 100 mM cordycepin signifi-
cantly increased cleaved caspase-9 expression at 12
and 24 h treatment (Fig. 4A and C).
Cordycepin at 25, 50 and 100 mM also significantly

increased cleaved caspase-3 expression in a dose-
dependent relationship at 12 and 24 h treatments,
respectively (Fig. 4A and D). With the presence of
FGF9, cordycepin at 100 mM also significantly
increased cleaved caspase-3 expression at 12 h

treatment. Although there was no significant dif-
ference of cleaved caspase-3 expression at 24 h
treatment of cordycepin with the presence of FGF9,
there was an increasing trend of cleaved caspase-3
expression (Fig. 4A and D).
Interestingly, FGF9 would significantly reduce the

stimulatory effects of 50 mM cordycepin on cleaved
caspase-3 expression at 12 and 24 h treatments,
respectively, as compared with the same dose of
cordycepin only group, illustrating FGF9 on cell
proliferative effect could counteract the apoptotic
effect of cordycepin in MA-10 cells. But, cordycepin
could still significantly induce MA-10 cell apoptosis
with the presence of FGF9 (Fig. 4A and D).
Cleaved PARP expression could be significantly

induced by cordycepin at 25, 50 and 100 mM) at 12 h
treatment, but not at 24 h (Fig. 4A and E). With the
presence of FGF9, cordycepin at 25, 50 and 100 mM
also significantly increased cleaved PARP expression
at 12 h treatment, but not at 24 h (Fig. 4A and E).
These results show that cordycepin could signifi-
cantly activate caspase pathway to induce MA-10 cell
apoptosis without or with the presence of FGF9.

3.5. Cordycepin didn't induce apoptosis through
autophagy regulation in FGF9-treated MA-10 cells

To know whether cordycepin could also induce
MA-10 cell autophagy for apoptosis, the expression
of autophagy-related proteins, such as LC3 II, Atg5-
12, beclin-1 and p62, in MA-10 cells with FGF9 (0
and 50 ng/mL) and/or cordycepin (0, 25, 50 and
100 mM) for 12 and 24 h treatments were investi-
gated, respectively, by western blotting assay. Re-
sults show that FGF9 and/or cordycepin didn't have
any effect on LC3 II/I ratio at 12 and 24 h treatments
(Fig. 5A and B).
Crodycepin alone didn't have any effect on Atg5-

12 expression at 12 h treatment, but did suppress it
at 24 h treatment (Fig. 5A and C). With the presence
of FGF9, cordycepin at 100 mM significantly sup-
pressed Atg5-12 expression at 12 and 24 h treat-
ments (Fig. 5A and C).
FGF9 and/or cordycepin didn't have any effect on

beclin-1 ratio at 12 and 24 h treatments (Fig. 5A and
D).
Crodycepin alone didn't have any effect on p62

expression at 12 and 24 h treatment (Fig. 5A and E).
With the presence of FGF9, cordycepin at 100 mM
significantly suppressed p62 expression at 12 h
treatment, but not at 24 h treatment (Fig. 5A and E).

10 cells were examined. Results in bar graphs are mean ± standard error with at least 3 independent experiments. Two-way ANOVA with Tukey's
multiple comparisons post-tests were used to determine differences among different treatments. Different alphabetical letters above bars represent
statistical differences among different treatments; p < 0.05.
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Fig. 5. Cordycepin induces expression of autophagy-related proteins in FGF9-treated MA-10 cells. MA-10 cells were co-treated without or with
50 ng/mL FGF9 and 0, 25, 50 and 100 mM cordycepin for 12 and 24 h, respectively. Western blot analysis for the expressions of LC3 I/II (A and B),
Atg5-12 (A and C), beclin-1 (A and D) and p62 (A and E) in MA-10 cells were examined. Results in bar graphs are mean ± standard error with at
least 3 independent experiments. Two-way ANOVA with Tukey's multiple comparisons post-tests were used to determine differences among different
treatments. Different alphabetical letters above bars represent statistical differences among different treatments; p < 0.05.
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These data suggest that cordycepin didn't regulate
autophagy upon FGF9-induced MA-10 cell
apoptosis.

3.6. Autophagy inhibition enhanced cordycepin-
induced cell death effect in FGF9-treated MA-
10 cells

There aremany cross-talks between autophagy and
apoptosis, in which the inhibition of autophagy may
enhance apoptosis as autophagy occurs upstream of
apoptosis [30]. In the present experiment, chloroquine
(CQ), a classic inhibitor of autophagy that blocks the
binding of autophagosomes to lysosomes [42], was
used to treat MA-10 cell for blocking autophagy, and
the cell viability under cordycepin and/or FGF9
treatments was detected by PrestoBlue assay.
MA-10 cells were pre-treated with CQ (50 uM) for

1 h, and then FGF9 (50 ng/mL) and/or cordycepin (0
and 50 mM) for 24 h. Data show that FGF9 could
stimulate MA-10 cell viability, and cordycepin could
reduce it without or with the presence of FGF9.
Interestingly, CQ plus cordycepin could suppress
more FGF9-induced MA-10 cell viability (Fig. 6A).
These results indicate that inhibition of autophagy
would enhance cordycepin-induced cell death ef-
fects in FGF9-treated MA-10 cells.

3.7. MEK inhibition enhanced cordycepin-induced
cell death effect in FGF9-treated MA-10 cells

We have shown that FGF9 would induce ERK
signal pathway to increase cell proliferation in MA-
10 cells, and cordycepin could inhibit ERK signal
pathway to reduce MA-10 cell growth [35,41]. To
confirm that FGF9 and/or cordycepin could regulate
ERK signaling pathway, MA-10 cell viability with
the treatment of U0126 (ERK specific inhibitor) was
detected by PrestoBlue assay. Results show that
FGF9 could significantly induce the cell viability,
and cordycepin inhibited FGF9-induced MA-10 cell
viability (Fig. 6B). Interestingly, U0126 could
augment cordycepin to decrease more FGF9-
induced MA-10 cell viability (Fig. 6B), indicating
that inhibition of ERK signal pathway would
enhance cordycepin-induced cell death effects in
FGF9-treated MA-10 cells.
Then, annexin V/PI double staining assay and

flow cytometry were used to confirm whether FGF9
and/or cordycepin could regulate ERK and/or cas-
pase pathways to induce MA-10 cell apoptosis. Re-
sults show that FGF9 at 50 ng/mL didn't induce any
MA-10 cell apoptosis as compared to control
(Fig. 6C). Cordycepin (50 mM) for 24 h significantly
induced MA-10 cell apoptosis (Fig. 6C). Cordycepin

(50 mM) for 24 h also significantly induced MA-
10 cell apoptosis with the presence of FGF9 (50 ng/
mL) (Fig. 6C). Interestingly, U0126 could induce
further more apoptotic cells with the presence of
cordycepin plus FGF9 as compared to cordycepin
only or cordycepin plus FGF9 groups (Fig. 6C).
Indeed, U0126 alone or U0126 plus FGF9 would also
induce MA-10 cell apoptosis as compared to control
or FGF9 alone groups (Fig. 6C). Fascinatingly, U0126
plus cordycepin could induce much more MA-
10 cell apoptosis as compared to cordycepin alone,
cordycepin plus FGF9, cordycepin plus FGF9 and
U0126 groups (Fig. 6C).
In apoptotic event, Z-VAD-FMK alone (pan-cas-

pase inhibitor) and Z-VAD-FMK plus FGF9 didn't
have any effect on MA-10 cell apoptosis (Fig. 6C).
However, Z-VAD-FMK did significantly decrease
MA-10 apoptotic cell numbers in cordycepin only
and cordycepin plus FGF9 groups, respectively
(Fig. 6C).
These data suggest that cordycepin induced

FGF9-treated MA-10 cell apoptosis through caspase
and ERK pathways, and the suppression of ERK
signaling pathway could enhance the apoptotic ef-
fect in MA-10 cells.

3.8. Cordycepin suppressed FGF9-inducedMA-10 cell
tumorigenesis in NOD-SCID allograph mouse model

Above results demonstrate that cordycepin could
decrease FGF9-promoted MA-10 cell proliferation in
vitro through caspase and/or ERK signaling path-
ways. Thus, NOD-SCID allograph mouse model was
used to further determine whether cordycepin could
have an inhibitory effect on FGF9-induced MA-
10 cell tumorigenesis in vivo. In addition, ERK in-
hibitor (U0126) was also applied in this in vivo study
to again confirm the role of ERK signaling pathway
in FGF9-induced MA-10 cell tumorigenesis.
Results show that 50 ng/mL FGF9 significantly

increased tumor volume from 9th to 13th day as
compared to BSA control group, illustrating FGF9
only could significantly promote MA-10 cell
tumorigenesis in vivo (Fig. 7A). Cordycepin only did
significantly suppress tumor volume growth
without FGF9 presence from 3rd to 13th day
(Fig. 7A). Most importantly, cordycepin could
significantly suppress tumor growth with the pres-
ence of FGF9 from 3rd to 13th day (Fig. 7A).
Furthermore, cotreatment of cordycepin and U0126
also significantly suppressed tumor growth with the
presence of FGF9 from 3rd to 13th day as compared
to the FGF9 only group (Fig. 7A).
Regarding tumor size, mice in cordycepin only

group had smallest size and mice in FGF9 only
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Fig. 6. Cordycepin induced antiproliferative effects through autophagy, ERK and caspase pathways in FGF9-treated MA-10 cells. MA-
10 cells were pretreated with 50 mM CQ (autophagy inhibitor) (A) and 50 mM U0126 (B) for 1 h, and then co-treated without or with 50 ng/mL FGF9
and 50 mM cordycepin for 24 h, respectively. PrestoBlue assay was then used to assess cell proliferation. MA-10 cells were pretreated with 50 mM
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group had largest size (Fig. 7B). Tumor size in FGF9
plus cordycepin and FGF9 plus cordycepin with
U0126 are between cordycepin only group and FGF9
only group (Fig. 7B). Correlated to tumor size, tumor
weight in cordycepin only group had lowest weight
and mice in FGF9 only group had highest weight
(Fig. 7C). Tumor weight in FGF9 plus cordycepin

and FGF9 plus cordycepin with U0126 are between
cordycepin only group and FGF9 only group
(Fig. 7C). The body weights among different groups
showed no difference (data not shown).
We further used immunohistochemistry (IHC)

assay to examine the expression of cleaved caspase-
3 (Fig. 8A), CD31 (Fig. 8B) and p-ERK (Fig. 8C) in

U0126 or Z-VAD-FMK for 1 h, and then co-treated without or with 50 ng/mL FGF9 and 50 mM cordycepin and for 24 h, respectively. Flow cytometry
was used to analyze and determine cell apoptotic status. Percentages of double-positive (late apoptotic), annexin V single-positive (early apoptotic), PI
single-positive (necrotic) and double-negative (viable) cells are illustrated, and results in bar graphs are mean ± standard error with at least 3 in-
dependent experiments (C). Percentages of double-positive (late apoptotic) plus annexin V single-positive (early apoptotic) cells between treatments
were then analyzed by two-way ANOVA with Tukey's multiple comparisons post-tests. Different alphabetical letters above bars represent statistical
differences among different treatments; p < 0.05.

Fig. 7. Cordycepin suppressed FGF9-induced MA-10 cell tumorigenesis via ERK pathway in NOD-SCID allograph mouse model.MA-10 cells
were subcutaneously injected to the back of NOD-SCID mice. After a palpable tumor formed around 7 days, mice were randomly divided into 5
groups (n ¼ 5 in each group); (1) cordycepin (20 mg/kg); (2) FGF9 (5 ng/per mouse) with cordycepin (20 mg/kg) plus U0126 (10.5 mg/kg); (3) FGF9 (5
ng/per mouse) with cordycepin (20 mg/kg); (4) BSA; and (5) FGF9 (5 ng/per mouse) in Day 0, respectively. Mice were sacrificed on the 13th day after
drug administration. (A) Illustrates the tumor growth curves among different groups. (B) Illustrates the representative image showing comparative size
of tumors among different groups (red scale bar, 10 mm). (C) Illustrates the difference of tumor weights among different groups. Results in (A) tumor
growth curves and (C) tumor weights are mean ± standard error from 5 mice among different groups, which were analyzed by two-way ANOVA with
Tukey's multiple comparisons post-tests for difference. In (A) tumor growth curves, #p < 0.05 and ##p < 0.01 in dark yellow color indicate
significantly statistical difference between FGF9 only and cordycepin only groups; #p < 0.05 and ##p < 0.01 in green color indicate significantly
statistical difference between FGF9 only and cordycepin þ FGF9 þ UO126 groups; and #p < 0.05 and ##p < 0.01 in red color indicate significantly
statistical difference between FGF9 only and cordycepin þ FGF9 groups, respectively. Different alphabetical letters above histogram in (C) represent
statistical differences among different groups; p < 0.05.
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Fig. 8. Immunohistochemistry analysis in NOD-SCID mouse model inoculated with MA-10 cells with FGF9 and cordycepin plus U0126
treatments. Tumor samples are from Fig. 7, and the expression patterns of (A) cleaved caspase-3 (brown), (B) CD31 (brown), and (C) p-ERK (brown) in
tumor tissue inoculated with MA-10 cells were examined by immunohistochemistry assay (100 � and 200 � in inset; scale bar, 100 mm), which the
positive areas were analyzed by ImageJ software. The cell nucleus was stained with hematoxylin. Rabbit IgG was used as a control of the primary
antibody. Results in bar graphs are mean ± standard error from 5 mice among different groups, which were analyzed by one-way ANOVA with Tukey's
multiple comparisons post-tests for difference. Different alphabetical letters in bar graphs represent statistical differences among different treatments;
p < 0.05.
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these tumors among different groups. Results show
that FGF9 did not induce any cleaved caspase-3
expression, but cordycepin did significantly increase
cleaved caspase-3 expression. The expression of
cleaved caspase-3 reduced as FGF9 was presented
with cordycepin. However, U0126 induced higher
expression of cleaved caspase-3 in the treatment of
cordycepin plus FGF9 (Fig. 8A).
The expression of CD31 was not significantly

different among BSA control, FGF9 only and cor-
dycepin only groups, but FGF9 had tendency to
promote blood vessel growth. Indeed, cordycepin
did decrease the expression of CD31 under FGF9
treatment. Interestingly, U0126 could not inhibit
much more expression of CD31 as compared to
cordycepin plus FGF9 groups. These data indicate
that cordycepin could reduce blood vessel growth
with the presence of FGF9 in mice with MA-10 cell
inoculation (Fig. 8B).
The expression of p-ERK significantly increased in

FGF9 group, and cordycepin could decrease the
expression of p-ERK under FGF9 treatment.
Furthermore, U0126 plus could suppress much
more expression of p-ERK as compared to cordy-
cepin plus FGF9 group (Fig. 8C).

4. Discussion

Fibroblast growth factors regulate many cell/tis-
sue growth and development processes [43]. In
testis, FGFs show different roles involving in
development, cell proliferation, differentiation, and
apoptosis [1]. However, abnormal expression of
FGFs is involved in many cancer developments,
such as breast cancer [44], stomach cancer [45], lung
cancer [46], prostate cancer [47], and testicular can-
cer [1,35]. We have shown that FGF9 did induce
MA-10 cell proliferation associated with testicular
cancer developments in vitro and in vivo [35]. We
have also revealed the anti-cancer effect of cordy-
cepin on FGF9-treated MA-10 cell tumor growth in
vitro and in vivo [36]. In fact, studies have demon-
strated that cordycepin has anti-cancer effects in
liver cancer [48], colon cancer [49], and breast cancer
[50] through the activations of caspase signaling
pathways and/or MAPK pathways. However, how
did cordycepin inhibit tumor growth in FGF9-
induced testicular cancer is still unclear.
In the present study, we reconfirmed that cordy-

cepin did decrease FGF9-treated MA-10 cell
viability (Fig. 1). In addition, colony formation assay
was applied to ensure that cordycepin could sup-
press FGF9-treated MA-10 cell survival, and our
observation revealed that cordycepin did suppress
MA-10 cell proliferation with anti-cancer effects

with the presence of FGF9. In fact, study has shown
that cordycepin could decrease the count of colony
formation in esophageal cancer cells [51]. Thus, our
observation is parallel to other findings.
Apoptosis is a process of programmed cell death,

accompanied by DNA fragmentation, plasma
membrane blebbing and other morphological
changes, which usually depends on caspase cascade
to make cells death [16]. Previous study shows that
cordycepin could induce tumor cell apoptosis
through the caspase cascade [48]. In this study,
cordycepin could induce the expression of cleaved
caspase-3 and PARP proteins in FGF9-induced MA-
10 tumor cells. In addition, the expression of cleaved
caspase-9, but not caspase-8, could also be stimu-
lated by cordycepin in FGF9-induced MA-10 cells,
illustrating intrinsic apoptotic pathway was acti-
vated. These observations are not unprecedented
with other studies [21e23].
In MA-10 cells, cordycepin didn't induce auto-

phagy, but inhibition of autophagy would enhance
cordycepin-induced cell death in FGF9-treated MA-
10 cells. These results highly indicate that MA-
10 cells might trigger autophagy to protect itself
without or with the presence of FGF9. However,
longer time and higher dosage cordycepin treat-
ment could possibly overwhelm activate autophagy
and then, in turn, induce MA-10 cell apoptosis,
ending up with cell death.
In previous study, cordycepin could decrease

FGF9-induced MA-10 cell viability through ERK
pathway [36]. Studies have shown inhibiting ERK
pathway could decrease apoptosis and autophagy
[52,53]. However, in other studies, inhibiting ERK
pathway could increase apoptosis and autophagy
[54,55]. In this study, ERK inhibitor, U0126, was
used, and results showed that ERK inhibitor could
enhance cell death upon cordycepin in FGF9-
treated MA-10 cells, which further confirm cordy-
cepin could inhibit FGF9-induced MA-10 cell
growth through the ERK pathway to induce cell
death. This observation is consistent with our earlier
studies [35,36,41].
Our previous data showed that cordycepin could

suppress tumor growth in NOD-SCID mice inocu-
lated with MA-10 cells [35]. In this study, compared
with the FGF9 only treatment group, the co-treat-
ment of cordycepin and U0126 also significantly
further inhibited tumor size and weight, indicating
the combination of cordycepin and U0126 treatment
could suppress ERK signaling pathway and then
inhibit FGF9-induced tumor growth with MA-10 cell
inoculation. In addition, U0126 could enhance the
expression of cleaved caspase-3 in MA-10 cell
inoculated tumor under cordycepin treatment in
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FGF9-treated in vivo, suggesting cordycepin did
stimulate caspase cascade to suppress MA-10 cell
inoculated tumor growth. Therefore, cordycepin
combined with ERK inhibitors might be a good
potential therapeutic strategy for testicular cancers.
A recent study has shown that cordycepin can
inhibit pancreatic cancer cell growth in vitro and in
vivo via targeting FGFR2 and blocking ERK
signaling, and caspase cascade was stimulated for
apoptosis [56]. Accordingly, our data are compara-
ble to other studies.
In conclusion, we demonstrated the anti-cancer

effect of cordycepin on FGF9-induced testicular
tumor growth in vitro and in vivo. These data indi-
cate that cordycepin could significantly induce cell
death effects in FGF9-treated MA-10 cells through
apoptosis, which imply that combination of cordy-
cepin with ERK inhibitor might become a new
chemotherapy agent targeting testicular tumor and/
or other cancers related to carcinogenic effect of
FGF9.
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