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Abstract: Radiotherapy is a localized treatment commonly used in various types of cancer. However, major limita-
tion of radiotherapy is the development of resistance of tumor cells to radiosensitivity. Cordycepin, a predominant 
functional component of the Cordyceps sinensis, is considered to use in treating tumor cells. In the present study, 
we investigated the anticancer effect of the combination of radiation and cordycepin in the treatment of Leydig 
tumor cells. Results showed that the combination treatment has a synergistic effect significantly suppress cell vi-
ability and enhance the radiosensitivity in MA-10 mouse Leydig tumor cells. The combination treatment induced 
MA-10 cell apoptosis through increasing levels of cleaved caspase-3/-8/-9, poly ADP-ribose polymerase (PARP), and 
cytochrome c and decreasing levels of B-cell lymphoma 2 (Bcl-2). In addition, prolonged sub-G1 and G2/M arrest 
accompany with cell cycle-related protein regulation was observed in cells that received the combination treatment. 
The endoplasmic reticulum (ER) stress-related protein expressions were regulated after MA-10 cells treating with 
a combination of 100 μM cordycepin and 4 Gy radiation. Furthermore, the combination treatment also decreased 
the Leydig tumor mass by increasing cell apoptosis in tumor-bearing mice. In conclusion, cordycepin enhances 
radiosensitivity to induce mouse Leydig tumor cells toward apoptosis in vitro and in vivo. This study will provide a 
scientific basis for the development of therapeutic regimen of testicular cancer.
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Introduction

Testicular cancer is one of the most common 
cancers in men between the ages of 15 and 
35, with approximately 8,000 cases annually in 
the United States [1]. Testicular cancer is cur-
able with current medical technology, with a 
5-year relative survival rate more than 90% [2]. 
Most testicular cancers originate in germ cells 
and are divided into 2 histological groups: se- 
minoma and nonseminoma [3]. Approximately 
95% of testicular tumors are germ cell origin, 
and the other 5% are Sertoli or Leydig cell origin 
[4]. Tumors on the testis can lead to deteriora-

tion of spermatogenesis [5]. In addition, 10% of 
tumors in adults are malignant and metastatic 
[6]. Since this type of cancer is more common 
in young men, the effects on fertility should be 
considered when treating.

The focus of testicular cancer treatment strate-
gies is to avoid long-term toxicity. Radiation 
therapy is a localized treatment in the clinical 
routine that uses high-energy radiation to kill 
cancer cells and induce single- and double-
strand DNA breaks of genome [7]. Previous 
report has also shown that X-rays and gamma 
rays can cause indirect damage to biological 
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macromolecules through the production of 
reactive oxygen species (ROS) [8]. The molecu-
lar mechanism of radiation-induced cellular 
damage depends on many factors, including 
radiation dose, cell type, and the transformed 
status of the cells [9]. Exposure of mammalian 
cells to X-rays results in prolongation of the cell 
cycle, including delay or arrest in G1, S, and G2 
phases. In addition, radiation can cause cells 
permanent arrest in G2/M phase and lead to 
apoptosis [10]. Numerous studies have found 
that radiation-induced DNA damage could acti-
vate multiple signaling pathways that lead to 
cell death and accelerated aging [11]. Expo- 
sure of cells to radiation may induce multiple 
cell death mechanisms including necrosis, 
apoptosis and autophagy [12]. Many cancer 
cells including lung, prostate and colon cancer 
cells lead to apoptosis when exposed to radia-
tion doses of 20 Gy [13]. However, radiation 
doses more than 4 Gy can affect male fertility, 
resulting in azoospermia in most men [14]. 
Therefore, the treatment of testicular cancer 
still needs to consider other more ideal 
strategies.

Cordycepin, a 3-deoxyadenosine, is the main 
functional component of Cordyceps sinensis 
[15]. Previous studies have shown that cor- 
dycepin has anticancer activity without signifi-
cant toxicity to non-cancer cells [16]. The anti-
cancer effects of cordycepin have been studi- 
ed intensively in a variety of cancers including 
glioma, oral cancer, breast cancer, lung can- 
cer, hepatocellular carcinoma, bladder cancer, 
colorectal cancer, testicular cancer, prostate 
cancer, melanoma and blood cell cancer [15]. 
Furthermore, cordycepin can inhibit the growth 
of cancer cells through cell cycle arrest and 
apoptosis induction [17]. Since cordycepin and 
adenosine have similar chemical structures, 
some findings suggest that cordycepin may 
have anticancer effects through stimulation of 
adenosine A3 receptors, subsequent activa- 
tion of glycogen synthase kinase (GSK)-3β, and 
inhibition of cyclin D1 [18]. We have previously 
found that cordycepin could induce MA-10 
mouse Leydig tumor cell apoptosis by regulat-
ing p38 A mitogen-activated protein kinases 
(MAPKs), phosphoinositide 3-kinases (PI3K)/
protein kinase B (PKB or AKT) and unfolded 
protein response (UPR) signaling pathways [4, 
19, 20]. Recent studies have shown that cordy-
cepin can increase the radiosensitivity of cervi-
cal cancer cells and promote apoptosis [21]. 

Moreover, cordycepin has also been reported 
to increase radiosensitivity by inhibiting the 
repair of potentially lethal DNA damage [22] 
and by inducing cell cycle arrest in G2/M  
phase [23]. However, whether cordycepin can 
enhance the sensitivity of testicular Leydig 
tumor cells to radiotherapy and the mecha-
nisms behind it have not been investigated.

The cell cycle is a series of events that take 
place in a cell for DNA replication and division 
to produce two daughter cells. The link bet- 
ween the cell cycle and cancer is obvious 
because the cell cycle machinery controls cell 
proliferation. Cancer, on the other hand, is a 
disease of inappropriate cellular proliferation 
[24]. However, the development of cancer is 
uncontrolled cell division, often associated  
with a series of changes in the activity of cell 
cycle regulators. As cells progress from G1 to 
mitosis, a series of cyclin-dependent kinase 
(CDK) subunits (CDK4, CDK2, and CDK1) are 
expressed along with a series of cyclins (D, E,  
A, and B) [25]. CDK4 (in complex with cyclin D) 
may respond to growth factors early in G1 
phase. CDK2 (maybe in complex with cyclin  
E or cyclin A or both) is essential for DNA  
replication in S phase. CDK1 (in complex with 
cyclins A and B) is required for G2/M mitosis. 
Efforts to alter the regulation of the cell cycle 
have the potential to be a strategy for cancer 
treatment.

There are two major signaling pathways in- 
volved in apoptosis, including the death recep-
tor (extrinsic) pathway and the mitochondrial 
(intrinsic) pathway [26]. The extrinsic pathway 
is initiated by the binding of death receptors to 
death ligands. Activation of death receptors 
results in the formation of Fas-associated 
death domain (FADD) and receptor-associated 
complexes of caspase-8 and -10, triggering 
activation of caspase-8/-10 followed by cleav-
age of caspase-3 and -7 for apoptosis start 
[27]. Intrinsic pathway signaling cascades can 
be triggered by a combination of DNA damage, 
hypoxia, growth factor deprivation, and endo-
plasmic reticulum (ER) stress [28]. The death 
signal can activate downstream mediators and 
cause mitochondria to release the apoptotic 
compound, cytochrome c. Released cytoch- 
rome c binds to apoptotic protease activating 
factor 1 (APAF-1) to form apoptotic bodies that 
activate the caspase 9 precursor [29]. Cas- 
pase 9 activates effector caspases 3, 6 or 7 
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and ultimately leads to apoptosis [30]. Both 
extrinsic and intrinsic pathways can induce  
caspase 3 cleavage, which in turn cleave poly 
ADP-ribose polymerase (PARP), rendering it 
incapable of repairing DNA [31].

ER is the site of protein synthesis and modifica-
tion and plays an important role in the correct 
regulation of protein folding in cells. Any distur-
bance that affects the normal biological func-
tion of the ER may lead to the accumulation of 
misfiled proteins and cause ER stress. When 
the ER stress exceeds the threshold, the sig- 
naling network of the UPR will be activated 
within the ER to relieve this stress and promote 
cell survival [32]. Conversely, some studies 
suggest that UPR may promote apoptosis [33]. 
The UPR is initiated by the action of three sig-
naling proteins including inositol-1α (IRE1α), 
protein kinase RNA (PKR)-like ER kinase  
(PERK) and activating transcription factor-6 
(ATF6) [34]. Normally, PERK, ATF6 and IRE1 
associate with the chaperone glucose-regulat-
ed protein-78 (GRP78)/immunoglobulin heavy 
chain binding protein (BiP), but as unfolded  
proteins accumulate and GRP78/BiP dissoci-
ates, thereby activating PERK, ATF6 and IRE1 
[35]. Activation of PERK may lead to phos- 
phorylation of eukaryotic translation initiation 
factor 2 (eIF2), which reduces translation and 
inhibits protein synthesis [36]. P90ATF6 will be 
transported to the Golgi and cleaved by site 1 
and 2 proteases to generate the active tran-
scription factor, P50ATF6 [37]. However, activa-
tion of the PERK-eIF2 pathway also induces the 
transcription factor ATF4 [38]. ATF4 then induc-
es the expression of pro-apoptotic CCAAT/
enhancer-binding protein-homologous protein 
(CHOP) by activating the amino acid response 
element (AARE) and ATF6 pathways [39], while 
the IRE1 pathway may also induce the expres-
sion of CHOP leading to apoptosis [40]. In addi-
tion, IRE1α stimulates downstream apoptosis-
signaling kinase 1 (ASK1) and then promotes 
activation of the kinase Jun-N-terminal kinase 
(JNK), which can also promote apoptosis [41].

In the present study, we investigated the anti-
cancer effect of the combination treatment of 
radiation and cordycepin on mouse Leydig tu- 
mor cells in vitro and in vivo. We hypothesized 
that the combination treatment of cordycepin 
and radiation could cause synergistic cytotoxic 
effects, that cordycepin could increase the 
radiosensitivity to promote cell death in mouse 

Leydig tumor cells. The type of cell death and 
the underlying mechanisms were examined.

Materials and methods

Cell culture

The MA-10 mouse Leydig tumor cell line was a 
gift from Dr. Mario Ascoli (University of Iowa, 
Iowa City, IA, USA). The cells were cultured in 
the Waymouth’s MB 752/1 medium supple-
mented with 20 mM HEPES, 1.12 g/L NaHCO3 
and 10% fetal bovine serum (FBS) at 37°C in a 
humidified environment containing 5% CO2 for 
all the following experiments.

Chemicals

Cordycepin was purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Dimethyl sulfoxide (DM- 
SO) was purchased from Merck (Darmstadt, 
Germany). To make a cordycepin solution, 
DMSO was used to dissolve the cordycepin in 
final concentration (80 mM) for stock. The 
stock solution is then further diluted with cell 
culture medium to working concentrations for 
experimental use.

Irradiation treatment

Irradiation was performed with 6 MV X-rays 
using a linear accelerator, Digital M Mevatron 
Accelerator (Siemens Medical Systems, Mal- 
vern, PA, USA), at a dose rate of 5 Gy/min. An 
additional 2 cm of a tissue-equivalent bolus 
was placed on the top of the plastic tissue-cul-
ture flask or experimental mouse to ensure 
electronic equilibrium, and 10 cm of tissue-
equivalent material was placed under the flask 
or mouse to obtain full backscatter.

Cell viability test

Cell viability was assessed with Methylthiazo- 
letetrazolium (MTT) assay. MA-10 cells were 
seeded in 96-well plates containing 1 × 104 
cells per well. After 70-80% confluence, cells 
were treated without or with different concen-
trations of cordycepin (10, 25, 50 and 100  
µM) for 24 and 48 hr, respectively. MTT were 
following added at different time points with 
the final concentration of 0.5 mg/ml, and then 
incubated at 37°C for 4 hr. The medium was 
removed and DMSO (50 μl) was added into 
each well to dissolve the crystals by shaking 
the plate weakly for 20 min in dark. The optical 
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density (O.D.) values in each treatment were 
then be determined at λ = 570 nm by Ver- 
saMax enzyme-linked immunosorbent assay 
(ELISA) reader (Molecular Devices, LLC, Sunny- 
vale, CA, USA).

Morphology observation

MA-10 cells were seed at a concentration of  
5 × 105 cells/ml and 3 × 105 cells/ml in 25T 
flask with 4 ml culture medium, and treated 
without or with different concentrations of 
cordycepin (10, 25, 50 and 100 µM) and  
radiation (2, 4, 6 and 8 Gy) for 24 hr. The mor-
phology of cells was examined using Olympus 
CK40 light microscope (Olympus Corporation, 
Tokyo, Japan) and images were captured by 
Olympus DP20 digital camera (Olympus Cor- 
poration, Tokyo, Japan).

Trypan blue exclusion test

MA-10 cells were seeded in 25T flask at a den-
sity of 5 × 105 cells/flask. The cells were treat-
ed without or with different concentrations of 
cordycepin (0, 10, 25, 50, 100 and 200 μM), 
different strength of radiation (0, 2, 4, 6 and 8 
Gy) and the combination treatments for 24 hr. 
The treated cells were then suspended by tryp-
sin and mixed with an equal volume of 0.4% 
trypan blue solution. The stained (dead) and 
unstained (live) cells were counted on a hemo-
cytometer, and the cell viability was calculated 
as the percentage of live cells in the sample.

Synergistic interaction analysis

The effect of the combination treatment of 
cordycepin and radiation was assessed by the 
combination index (CI) method using CalcuSyn 
software, which is based on the median effect 
model as described previously [42]. The experi-
mental data were applied into the CalcuSyn 
interface and CI values were computed. CI<1, 
CI = 1, and CI>1 indicate synergism, additive 
effect, and antagonism, respectively.

Clonogenic assay

MA-10 cells were irradiated under the dosages 
of 2, 4, 6 or 8 Gy and cordycepin were added  
to the cells at concentrations of 25 or 50 μM. 
The cells were then trypsinized and counted. 
Known numbers of cells were subsequently re-
plated in 6-cm culture dishes and returned to 

the incubator to allow for colony development. 
After 8 days, colonies (containing ≥50 cells) 
were stained with 0.5% crystal violet solution. 
The plating efficiency (PE) is the ratio of the 
number of colonies to the number of cells  
seeded in the non-irradiated group. The sur- 
viving fraction (SF) was calculated as follows: 
SF = plating efficiency (PE) of treated cells/PE 
of control cells. PE (%) was obtained from  
(colonies counted/cell plated) × 100. Survival 
curves were then be plotted using the mean 
surviving fraction values.

Cell cycle analysis

The distribution of cell cycle was determined by 
propidium iodine (PI) staining through flow cyto-
metric analysis. Briefly, MA-10 cells were treat-
ed without or with 25 µM cordycepin for 3, 6, 9, 
12 and 24 hr, and 4 Gy radiation for 3, 6, 9, 12 
and 24 hr. Cells were then detached by using 
1% trypsin and fixed with 70% ethanol at 4°C 
for 1 day. Fixed cells were mixed with 100 μg/
ml RNase and then stained with 40 μg/ml PI 
solution for 30 min and finally analyzed using 
FACScan flow cytometer (Becton-Dickinson, 
Mountain View, CA, USA) with an excitation 
wavelength of 488 nm and band pass filters of 
600 nm. Cells in subG1 phase have less DNA 
contents on cell cycle distribution, which  
is considered to be DNA fragmentation and as 
an outcome of cell apoptosis.

Annexin V/PI double staining assay

MA-10 cells were treated without or with 25  
μM cordycepin and/or 4 Gy radiation for 24,  
48 and 72 hr, respectively. Cellular apoptosis 
was detected by Fluorescein Isothiocyanate 
(FITC) Annexin V Apoptosis Detection Kit (BD 
Pharmingen™, San Diego, CA, USA) according 
to manufacturer’s instruction. Samples were 
analyzed by FACScan flow cytometer (Becton-
Dickinson, Mountain View, CA, USA) with an 
excitation wavelength of 488 nm and band 
pass filters of 515 and 600 nm for FITC and PI 
detection, respectively. Data were represented 
by histogram plots gated into four quadrants 
containing double-negative (Annexin V-/PI-), PI 
single positive (Annexin V-/PI+), Annexin V sin-
gle positive (Annexin V+/PI-) and double posi-
tive (Annexin V+/PI+) stained cells, which cor-
responded to viable, necrotic, early apoptotic 
and late apoptotic cells, respectively.
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Protein extraction and western blotting

Treated cells were lysed with 100 μl lysis buffer 
(containing 20 mM Tris at pH 7.5, 150 mM 
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 
2.5 mM sodium pyrophosphate and 1 mM  
sodium orthovanadate) with proteinase inhibi-
tor for 30 min at room temperature. Lysates 
were centrifuged at 12,000 rpm for 12 min at 
4°C, and supernatants were collected and 
stored at -20°C until future analysis. Protein 
concentrations of cell lysates were determined 
by Bio-Rad protein assay dye reagent concen-
trate (Hercules, CA, USA). For western blotting, 
protein samples (25 μg/lane) were separated 
by 12% sodium dodecyl sulfate-polyacrylamide 
gel (SDS-PAGE) that performed at 100 V for  
2.5 hr with standard running buffer (24 mM 
Tris-HCl, 0.19 M glycine, 0.5% SDS, pH 8.3) at 
room temperature and transferred onto polyvi-
nylidene difluoride (PVDF) membrane at 400 
mA for 4 hr in transfer buffer (20 mM Tris-HCl, 
150 mM glycine, 10% methanol, 0.01% SDS). 
The membrane was blocked with 5% nonfat 

milk, washed by tris-buffered saline with 0.1% 
Tween 20 detergent (TBST) (20 mM Tris base, 
137 Mm NaCl, 0.1% Tween 20, pH 7.6), and 
subsequently incubated with various primary 
antibodies overnight at 4°C. After washing, the 
membrane was incubated with the appropriate 
horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies for 1 hr at room tempera-
ture. After washing, bands were detected using 
enhanced chemiluminescence (ECL) substrate 
and the UVP EC3 BioImaging system (Phoenix, 
AZ, USA). The optical density of each protein 
band was quantitated by using ImageJ version 
1.50 software (National Institutes of Health, 
Bethesda, MD, USA). The amount of β-actin in 
each lane was detected as a control to correct 
the expression of various proteins. All anti- 
bodies used in western blotting were listed in 
Table 1.

Animal experiments

Male 5- to 7-week-old C57BL/6 mice were pur-
chased from the National Laboratory Animal 

Table 1. Antibodies used in this study
Antibody Manufacturer Catalogue No. Species Applicationa

ATF-6β ThermoFisher PA5-83845 Rabbit WB
β-actin Sigma-Aldrich A5441 Mouse WB
Bax Cell Signaling #2772 Rabbit WB
Bcl-2 Proteintech 12789-1-AP Rabbit WB
CD31 Spring M3382 Rabbit IHC
CDK1 AbCam ab18 Mouse WB
CDK2 Abcam ab32147 Rabbit WB
CDK4 AbCam ab137675 Rabbit WB
CHOP Santa Cruz AP11955b Rabbit WB
Cleaved caspase-3 Cell Signaling #9661 Rabbit WB/IHC
Cleaved caspase-8 Cell Signaling #9429 Mouse WB
Cleaved caspase-9 Cell Signaling #9509 Rabbit WB
Cyclin A Santa Cruz sc-271682 Mouse WB
Cyclin B1 Abcam ab181593 Rabbit WB
Cyclin D1 Abcam ab16663 Rabbit WB
Cyclin E1 Cell Signaling #20808 Rabbit WB
Cytochrome c Cell Signaling #4272 Rabbit WB
GRP78 Santa Cruz sc-166490 Mouse WB
PARP Cell Signaling #9532 Rabbit WB
Phosphor-EIF-2α Cell Signaling #3398 Rabbit WB
PERK Cell Signaling #3192 Rabbit WB
Phosphor-IRE1α Abcam ab48187 Rabbit WB
Anti-mouse IgG HRP-conjugated PerkinElmer NEF82200-1EA Goat WB
Anti-rabbit IgG HRP-conjugated PerkinElmer NEF81200-1EA Goat WB
aWB: Western blotting; IHC: Immunohistochemistry.
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Breeding and Research Center (Taipei, Taiwan). 
All animals were housed at the laboratory ani-
mal facility (National Cheng-Kung University, 
Tainan, Taiwan). All mouse experiment proto-
cols were reviewed and approved by the 
Institutional Animal Care and Use Committee 
(IACUC) of National Cheng Kung University 
(IACUC Approval No. 110095). Mice were sub-
cutaneously inoculated with MA-10 cells (7.5 × 
105 cells in 0.1 ml of phosphate buffered  
saline (PBS)) into the right back. 7 days post 
inoculation, all mice were randomized into 5 
groups (n = 5 for each group) as below. In the 
control group, mice were intraperitoneally (i.p.) 
inoculated with PBS. In the cordycepin group, 
mice were administrated with 20 mg/kg cordy-
cepin through i.p. route thrice a week for 2 
weeks. In the irradiation (IR) group, mice re- 
ceived a single dose of 4 Gy irradiation. In the 
Cordycepin + IR group, mice received a single 
dose of 4 Gy irradiation combined with 20 mg/
kg cordycepin through i.p. route thrice a week 
for 2 weeks. Tumor size and body weight were 
measured 2-3 days per week. Tumor volume 
was calculated by the formula: 0.52 × length × 
width × width. When mice were sacrificed, 
MA-10 tumor tissues were collected, weighted, 
and photographed. Tissue samples were then 
fixed by a 4% paraformaldehyde solution and 
embedded by paraffin for immunohistoche- 
mistry.

Immunohistochemistry

Tumor tissue sections were dewaxed by xylene, 
dehydrated by ethanol, and blocked endoge-
nous peroxidase activity by incubating with 
0.3% H2O2. The sections were infiltrated in  
sodium citrate buffer (10 mM sodium citrate 
and 0.05% tween 20, pH 6.0) for 50 min at 
120°C autoclave for antigen retrieval. Sam- 
ples were then blocked with 2% nonfat milk for 
1 hr and incubated with primary antibodies at 
4°C overnight. Signals were visualized using 
HRP-conjugated secondary antibody and the 
chromogenic substrate 3,3-diaminobenzidine 
(DAB). The sections were then counterstained 
with hematoxylin and mounted under cover-
slips. Some tissue sections were stained with 
hematoxylin and eosin for determining the his-
topathological changes. All antibodies used in 
immunohistochemistry were listed in Table 1.

Statistical analysis

Data were expressed as mean ± standard  
error of the mean (SEM) from three indepen-

dent experiments. One-way or Two-way ANOVA 
analysis of variance with the least significant 
difference test was used to assess the differ-
ence among groups or between control and 
treatments. Statistical analysis was performed 
using GraphPad Prism version 9 (GraphPad 
Software, Inc., La Jolla, CA, USA). The signifi-
cant difference was considered as P<0.05 in  
all experiments.

Results

Cordycepin reduced MA-10 cell growth ability 
in time- and dose-dependent manners

The effect of cordycepin on Leydig tumor cell 
growth was first analyzed with the MTT assay. 
MA-10 cells were treated with 0, 10, 25, 50, 
100 and 200 μM cordycepin for 24 hr (Figure 
1A) and 48 hr (Figure 1B). Compared with the 
untreated control group, the cell viability of 
MA-10 cells decreased sequentially as the  
drug concentration increased. At 24 hr post 
cordycepin treatment, cell viability decreased 
sequentially from approximately 90% (10 μM 
cordycepin treatment group) to approximately 
50% (≥100 μM cordycepin treatment groups) 
(Figure 1A). At 48 hr post cordycepin treat-
ment, the cell growth inhibitory effect was  
more violent than that at 24 hours, and the  
cell viability decreased sequentially from 
approximately 70% (10 μM cordycepin treat-
ment group) to approximately 30% (≥50 μM, 
cordycepin treatment groups) (Figure 1B). 
These results indicated that the cell growth 
ability significantly reduced by cordycepin in 
time- and dose-dependent manners in MA-10 
cells.

Cordycepin, radiation, and the combination 
treatment caused morphological changes 
related to cell death upon MA-10 cells

To determine the cell toxicity of cordycepin, 
radiation, and the combination effect of cordy-
cepin and radiation, MA-10 cells were treated 
without or with cordycepin alone (10-200 μM), 
radiation alone (2-8 Gy), and in combination 
settings for 24 hr, respectively. The morpho- 
logy of cells was examined using light micro-
scope and images were captured by digital 
camera (Figure 2A-C). Untreated MA-10 cells 
were firmly attached and exhibited the com-
monly anticipated polygonal-shaped morpholo-
gy on the cell culture flask. Conversely, cells 
treated with cordycepin alone (Figure 2A) or 
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radiation alone (Figure 2B) became gradually 
rounded and more detached as the dose 
increased. Furthermore, in the combination 
treatment groups, viable cell density reduc- 
tion, and cell membrane blebbing and shrink-
age were more obvious than in the single treat-
ment groups (Figure 2C). Thus, both single 
treatments and combination treatments can 
cause cytotoxicity to MA-10 cells, and the  
effect of combination treatment is stronger 
than that of single treatment suggesting that 
combining two treatments may have an addi-
tive or synergistic effect.

The combination treatment of cordycepin and 
radiation induced synergistic effect on reduc-
ing cell viability

To further confirm the cell death inducing  
ability of cordycepin alone, radiation alone and 
the combination treatment in mouse Leydig 
tumor cells, the Trypan blue exclusion assay 
was used to analyze cell viability. The results 
showed that increasing doses of cordycepin 
(10-200 μM) and radiation (2-8 Gy) for 24 hr 
significantly decreased MA-10 cell viability in a 
dose-dependent manner (Figure 2D, 2E) (P< 
0.01). Moreover, the combination treatment of 
cordycepin and radiation at 10 μM + 2 Gy, 25 
μM + 4 Gy, and 50 μM + 6 Gy conditions sig- 
nificantly reduced cell viability to 67%, 45%, 
and 36% at 24 hr, respectively (Figure 2F) 
(P<0.001). The cytotoxicity effect of the combi-
nation treatments was more intense compared 
to each single treatment. To further determine 
whether the combination treatment of cordyce-
pin and radiation has a synergistic effect, the 

CaluSyn2.0 program was used. The results 
demonstrated that the combination index (CI) 
values at 10 μM + 2 Gy, 25 μM + 4 Gy, and 50 
μM + 6 Gy conditions were 0.898 (point a), 
0.985 (point b) and 1.174 (point c), respectively 
(Figure 2G). The CI values at point a and b were 
less than 1 indicating that the combination 
treatments at 10 μM + 2 Gy and 25 μM + 4 Gy 
conditions have a synergistic effect on reduc-
ing cell viability. Thus, 25 μM cordycepin plus 4 
Gy radiation treatment condition was selected 
for further mechanism investigation in this 
study.

Cordycepin enhanced radiosensitivity in MA-10 
cells

To verify whether cordycepin could enhance 
radiosensitivity in MA-10 cells, radiation dose-
response survival curves were examined using 
clonogenic assay (Figure 3). The survival cur- 
ves of MA-10 cells treated with cordycepin plus 
radiation were compared with those of cells 
treated with radiation alone. Data showed that 
the combination treatment of cordycepin and 
radiation resulted in significantly decreased 
survival fractions compared to cells treated 
with radiation alone (P<0.05) (Figure 3B). Thus, 
these results suggested that cordycepin could 
enhance radiosensitivity in MA-10 mouse 
Leydig tumor cells.

The combination treatment of cordycepin and 
radiation regulated cell cycle distribution in 
MA-10 cells

Since radiation combined with cordycepin can 
reduce MA-10 cell viability, we further deter-

Figure 1. Cordycepin reduced MA-10 growth ability in time- and dose-dependent manners. MA-10 cells were treated 
with 10, 25, 50, 100 and 200 μM cordycepin for 24 hr (A), and for 48 hr (B), respectively. Cell viabilities were ex-
amined by MTT viability test. Results were presented as percentages of cell growth of each group relative to control 
group. *P<0.05, and ***P<0.001 indicate significant statistical difference compared to the control group.
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Figure 2. Cordycepin, radiation, and the combination treatment decreased MA-10 cell viability in dose-dependent manners. MA-10 cells were treated with 0, 10, 25, 
50, 100 and 200 μM cordycepin for 24 hr (A, D), with 0, 2, 4, 6 and 8 Gy radiation for 24 hr (B, E), and with the combination treatments of cordycepin and radia-
tion for 24 hr (C, F), respectively. The morphology of cells was examined using light microscope and images were captured by digital camera (A-C). Cell viabilities 
were examined by Trypan blue exclusion test (D-F). Results were presented as percentages of cell growth relative to control groups. CalcuSyn software analysis was 
used to determine the synergistic effects of combination treatment of cordycepin and radiation on MA-10 cells (G). **P<0.01, and ***P<0.001 indicate significant 
statistical difference compared to the control group. The data points at “a” and “b” indicate the synergies.
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mined whether the combination treatments 
induce cell death through cell cycle arrest. 
MA-10 cells were treated with 4 Gy radiation 
alone, 50 μM cordycepin alone, or the com- 
bination of both, and the percentages of each 
cell cycle fraction were observed at different 
time points (0, 3, 6, 9, 12, and 24 hr) after 
treatment. The time kinetic curves of the cell 

cycle were shown in Figure 4A. The populations 
of MA-10 cells were increased in sub-G1 phase 
and S phase but decreased in G1 phase at 24 
hr post cordycepin alone treatment (Figure 4B). 
After treating with radiation alone, the popula-
tions of MA-10 cells were increased in sub-G1 
phase at 24 hr, and G2/M phase from 3 to 12 
hr, but decreased in G1 phase from 3 to 12 hr 

Figure 3. Cordycepin enhanced radiosensitivity in MA-10 cells. MA-10 cells were treated with radiation (0, 2, 4, 
6 and 8 Gy) combined with different concentrations of cordycepin (0, 25 and 50 μM). Cells were plated in 6 cm 
dishes for 8 days. Dishes were stained with crystal violet (A). Colonies containing >50 cells were scored as positive 
and then the radiation dose-response survival curves were determined (B). The data represent the mean ± S.D. 
*P<0.05, **P<0.01, and ***P<0.001 indicate significant statistical difference compared to the control group.
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Figure 4. Cordycepin, radiation, and the combination treatment regulated cell cycle distribution in MA-10 cells. MA-
10 cells were treated without or with 25 μM cordycepin and 4 Gy radiation for 3, 6, 9, 12 and 24 hr, respectively. 
Cells were fixed and then stained with propidium iodide (PI), and cell cycle was measured by flow cytometry. The 
distribution and percentage of cells in sub G1, G1, S and G2/M phase of the cell cycle are illustrated (A-G). MA-10 
cells were treated without or with different concentrations of cordycepin (25 and 100 µM) and radiation (4 Gy) for 
24 hr, respectively. Cyclin D1, Cyclin E1, Cyclin A, Cyclin B1, CDK4, CDK2 and CDK1 were detected by western blot-
ting (H-O). *P<0.05, **P<0.01, and ***P<0.001 indicate significant statistical difference compared to the control 
group. #P<0.05, ##P<0.01 and ###P<0.001 indicate significant statistical difference compared to the combination 
treatment group.

(Figure 4C). As shown in Figure 4D, there was  
a significant amount of cell accumulation at 
sub-G1 and G2/M phase in MA-10 cells treated 
with 4 Gy irradiation plus 50 μM cordycepin. 
Figure 4E-G shows the time kinetic curves of 
the G1, S, and G2/M phase of 4 Gy radiation 
alone, 50 μM cordycepin alone, and the combi-
nation treatment on MA-10 cells. The percent-
age of MA-10 cells in G1 phase significantly 
decreased after treating with cordycepin at 24 
hr, radiation from 3 to 24 hr and the combina-
tion treatment from 3 to 24 hr, respectively 
(Figure 4E). The percentage of MA-10 cells in S 
phase significantly decreased after treating 
with cordycepin at 9 hr, radiation at 24 hr and 
the combination treatment at 9 hr, but signifi-
cantly increased after treating with cordycepin 
at 24 hr, respectively (Figure 4F). In addition, 
G2/M phase arrest could be observed in radia-
tion alone and combination treatment groups 
which maximized at 12 hr and 9 hr, respective- 
ly (Figure 4G). Taken together, the combination 
treatment of radiation and cordycepin signifi-
cantly increased subG1 and G2/M phase cell 
numbers but decrease S and G1 phase cell 
numbers in MA-10 cells, and prolonged sub-G1 
arrest was observed in cells that received the 
combination treatment compared to those that 
received cordycepin alone or irradiation alone.

The combination treatment of cordycepin and 
radiation regulated cell cycle related protein 
expression to modulate cell cycle distribution 
in MA-10 cells

A succession of kinase subunits (CDK4, CDK2, 
and CDK1) is expressed along with a succes-

sion of cyclins (D, E, A, and B) as the cells prog-
ress from G1 to mitosis. To further determine 
whether cordycepin, radiation and the combi-
nation treatment could affect cell cycle by  
regulating cell cycle related proteins, western 
blotting was used to analyze the expression of 
Cyclin D1, Cyclin E1, Cyclin A, Cyclin B1, CDK4, 
CDK2 and CDK1 (Figure 4H). Cyclin B and 
CDK1 play an important role in G2/M phase 
transition. Although no significant changes on 
cyclin B1 expression in all groups, but the 
expression of CDK1 significantly decreased in 
100 μM cordycepin treatment group and com-
bination treatment groups suggesting the 
G2/M arrest phenomenon which could sup-
press tumor growth by preventing proper mito-
sis (Figure 4H, 4L, 4O). Cyclin A and CDK2 are 
two key regulators of S phase, the results dem-
onstrated that the expressions of cyclin A were 
significantly increased after treating with cordy-
cepin alone (25 μM and 50 μM), but CDK2 lev-
els showed no significantly changes in all gr- 
oups (Figure 4H, 4K, 4N). This regulation may 
cause S to G2 phase transition. Cyclin D, Cyclin 
E, CDK2, and CDK4 are crucial for maintaining 
G1 phase. Although no significant changes on 
cyclin B1 and CDK2 expression in all groups, 
but cyclin E1 and CDK4 expressions were sig-
nificantly decreased after combined treating 
with cordycepin and radiation (P<0.05) sug-
gesting the decrease of percentages of MA-10 
cell numbers in G1 phase (Figure 4H, 4J, 4M, 
4N). Therefore, cordycepin, radiation, and the 
combination treatment could affect cell cycle 
by regulating cell cycle related protein expres-
sions to induce MA-10 cell death.
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The combination treatment of cordycepin and 
radiation induced apoptosis in MA-10 cells

To determine whether the apoptotic pathway 
was involved in cordycepin-, radiation- and the 
combination treatment-induced cytotoxicity 
effects in MA-10 cells, annexin V/PI double 
staining assay was used and analyzed through 
flow cytometry assay. It is well established that 
percentages of double-negative cells (viable), 
annexin V single positive cells (early apoptotic), 
PI single positive cells (necrotic), and double 
positive cells (late apoptotic) could be illustrat-
ed in four quadrants by this double staining 
assay to investigate apoptosis [43]. MA-10  
cells were treated with 25 μM cordycepin, 4 Gy 
radiation or radiation plus cordycepin (4 Gy + 
25 μM) for 24, 48 and 72 hr, respectively, and 
the apoptosis effects were analyzed. The re- 
sults showed that both single treatments and 
combination treatment significantly induced 
apoptosis (early plus late apoptosis) of MA-10 
cells compared to the control untreated group 
(P<0.05) (Figure 5A, 5B). Furthermore, the 
combination treatment of 4 Gy radiation and 
25 μM cordycepin for 48 and 72 hr significantly 
induced more MA-10 cells undergoing apopto-
sis (70 and 75%, respectively) compared to 
radiation (47 and 63%, respectively) or cor- 
dycepin (37 and 41%, respectively) single treat-
ment (P<0.05) (Figure 5A, 5B). These results 
illustrate that cordycepin enhanced MA-10 
mouse Leydig tumor cell radiosensitivity finally 
causing apoptosis.

The combination treatment of cordycepin and 
radiation induced apoptosis through caspase 
cascade in MA-10 cells

Caspases, a family of aspartic acid-specific  
proteases, are the major effectors of apoptosis 
[44]. To examine whether cordycepin and/or 
radiation could induce cell apoptosis by ac- 
tivating caspase pathway, MA-10 cells were 
treated without or with 25 or 100 μM cordyce-
pin and/or 4 Gy radiation for 24 hr, repectively. 
The cleavages of caspase-8 (death receptor 
pathway), caspase-9 (mitochondrial pathway), 
caspase-3 and PARP were determined by west-
ern blotting. The results demonstrated that 
cleaved caspase-8 levels significantly incre- 
ased after treatment with 100 μM cordycepin 
and the combination treatments of 25 or 100 
μM cordycepin and 4 Gy radiation for 24 hr, 
respectively (P<0.05) (Figure 5C, 5D). The 

expression of cleaved caspase-9 (Figure 5C, 
5E) and cleaved caspase-3 (Figure 5C, 5F) 
were also increased significantly following the 
combination treatments of 25 or 100 μM cor- 
dycepin and 4 Gy radiation for 24 hr (P<0.05). 
In addition, cleaved PARP (89 kDa) significantly 
increased after treatment with 4 Gy radiation 
and the combination treatments of 25 or 100 
μM cordycepin and 4 Gy radiation for 24 hr, 
respectively (Figure 5C, 5G) (P<0.05). These 
results showed that combination treatments 
significantly increased cleaved caspase-3/-8/ 
-9 and PARP protein expressions in MA-10 cells 
indicating that the combination treatment-
induced cell death is through caspase-depen-
dent apoptosis pathway.

The combination treatment of cordycepin and 
radiation regulated apoptosis-related protein 
expressions to induce MA-10 cell apoptosis

The Bcl-2 family protein involved in the regula-
tion of apoptotic cell death consisting of anti-
apoptotic and pro-apoptotic members. The 
anti-apoptotic members of this family such as 
Bcl-2 could prevent cytochrome c releasing 
from mitochondria into the cytoplasm to acti-
vate caspases and cause apoptosis. In con-
trast, pro-apoptotic members of this family 
such as Bax could induce mitochondria to rele- 
ase cytochrome c into the cytoplasm, thereby 
leading to caspase activation [45]. Thus, apop-
tosis-related protein expressions including Bcl-
2, Bax, and total cytochrome c were also  
analyzed (Figure 5C-K) to further confirm the 
apoptosis phenomenon induced by the combi-
nation treatments. In MA-10 cells, Bcl-2 levels 
significantly decreased after treatment with 25 
and 100 μM cordycepin and the combination 
treatments of 25 or 100 μM cordycepin and 4 
Gy radiation for 24 hr, respectively (P<0.05) 
(Figure 5H, 5I).

The results also showed that the levels of  
total cytochrome c were increased in MA-10 
cells following the combination treatment of 
100 μM cordycepin and 4 Gy radiation com-
pared to each single treatment group (Figure 
5H, 5K). Unexpectedly, the combination treat-
ment of 100 μM cordycepin and 4 Gy radiation 
significantly decreased, but 4 Gy radiation sin-
gle treatment significantly increased the expre- 
ssion of Bax, respectively (Figure 5H, 5J) indi-
cating that Bax may not play a pro-apoptotic 
role in combination treatment to induce MA-10 



Cordycepin enhances radiosensitivity to induce apoptosis in MA-10 cells

3614 Am J Cancer Res 2022;12(8):3601-3624



Cordycepin enhances radiosensitivity to induce apoptosis in MA-10 cells

3615 Am J Cancer Res 2022;12(8):3601-3624

Figure 5. Cordycepin and radiation induced cell apoptosis in MA-10 cells. MA-10 cells were treated without or with 25 or 50 μM cordycepin and/or 4 Gy radiation 
for 24, 48 and 72 hr, respectively, and stained with annexin V and propidium iodide (PI). The original density plots of Flow Cytometry analysis were showed (A). Data 
were analyzed by two-way ANOVA with Tukey’s multiple comparisons test. Different superscripts above each column indicated significant difference among each 
treatment (P<0.05) (B). Apoptosis related protein were detected by western blotting and normalized with β-actin (43 kDa) in each lane (C-K). *P<0.05, **P<0.01, 
and ***P<0.001 indicate significant statistical difference compared to the control group.
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cell apoptosis. Therefore, the combination 
treatments of cordycepin and radiation could 
activate caspase via the decrease on Bcl-2  
and increase on total cytochrome c to induce 
apoptosis.

The combination treatment of cordycepin 
and radiation regulated ER stress pathway to 
induce MA-10 cell apoptosis

ER is highly sensitive to stresses that perturb 
cellular energy levels, the redox state or Ca2+ 
concentration could lead the reducing of the 
protein folding capacity of the ER, which re- 
sults in the accumulation and aggregation of 
unfolded proteins-a condition referred to as ER 
stress [46]. Studies have shown that a distinct 
program of pro-apoptotic signals activate the 
cell death machinery if ER stress cannot be 
remedied [47]. To further study whether the 
combination treatment of cordycepin and radi-
ation would regulate ER stress pathways to 
induce apoptosis in MA-10 cells, ER stress-
related proteins including GRP78, PERK, 
p-EIF2α, EIF2α, ATF6β, p-IRE1α, IRE1α and 
CHOP in MA-10 cells were analyzed by western 
blotting. The results demonstrated that the 
expressions of PERK were significantly de- 
creased by both single treatments and combi-
nation treatments compared to the control 
untreated group (P<0.05). Besides, the combi-
nation treatment reduced the expression of 
PERK compared to the radiation treatment 
alone (Figure 6A, 6G). However, the expression 
levels of ATF6β showed no significant change 
with both single treatments and combination 
treatments compared to the control untreated 
group (Figure 6A, 6F). Interestingly, the combi-
nation treatment of 100 μM cordycepin and 4 
Gy radiation for 24 hr significantly increased 
the expression of GRP78 (Figure 6A, 6B), 
p-EIF2α (Figure 6A, 6C), p-IRE1α (Figure 6A, 
6D) and CHOP (Figure 6A, 6E), respectively 
(P<0.05). The CHOP is well known with the 
function to promote apoptotic cell death as it is 
activated [46]. Thus, these results indicated 
that the combination treatment of cordycepin 
and radiation could regulate the expressions of 
ER stress-related proteins to induce apoptosis 
in MA-10 cells.

The combination treatment of cordycepin and 
radiation synergistically inhibited tumorigen-
esis of MA-10 cells in vivo

We next used a C57BL/6 mouse model to 
determine the anticancer effect of cordycepin 

alone, radiation alone, and the combination 
treatment on MA-10 tumorigenesis in vivo. 
MA-10 cells were injected subcutaneously into 
C57BL/6 mice and allowed to grow for 7 days, 
prior to randomization of the mice into each 
experimental group. During evaluation of the 
antitumor activity, no apparent changes in 
mouse body weight were observed in both the 
treatment and the control groups compared to 
the normal mouse group (Figure 7A). Mice 
treated with cordycepin alone, radiation alone, 
or in combination resulted in smaller tumor  
volume (Figure 7B) and lighter tumor weight 
(Figure 7C) compared to the control untreated 
group. Dramatically, the combination treat- 
ment of cordycepin and radiation shows the 
most superior anti-tumor effect than each sin-
gle treatment group. The same pattern can be 
observed in the size and weight of tumors re- 
moved after mice sacrifice (Figure 7D). These 
data suggested that the combination treat-
ment with radiation and cordycepin synergisti-
cally inhibited tumorigenesis of MA-10 cells in 
C57BL/6 mice. To further investigate the in- 
hibitory effect of cordycepin alone, radiation 
alone, and combination treatments in vivo, 
immunohistochemistry (IHC) examinations of 
cleaved caspase-3 and CD31 were carried out. 
Results showed that the tumor tissue expres-
sions of cleaved caspase-3 were increased in 
the combination treatment group, whereas the 
expressions of CD31, an angiogenic marker, 
were decreased in tumor tissues obtained  
from each single treatment and the combina-
tion treatment groups (Figure 7E). These data 
indicating that the combination treatment of 
radiation and cordycepin decreased the Leydig 
tumor mass by reducing angiogenesis and 
increasing cell apoptosis.

Discussion

Clinically, treatment of testicular cancer is 
mainly through surgical operation and com-
bined with chemotherapy or radiation therapy 
in some serious cases [48]. Although radiation 
therapy can effectively kill cancer cells, it also 
harms the viability of normal cells [49]. The clin-
ical drug used in testicular cancer chemothera-
py can lead to side effects in patients, may 
induce drug resistance, and even reduce male 
fertility [50]. Leydig tumors mainly effect on 
teenager, long-term toxicity should be avoided 
in treatment to reduce the impact on normal 
reproductive function. Therefore, the develop-
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Figure 6. The effect of cordycepin and radiation on ER stress pathway in MA-10 cells. MA-10 cells were treated without or with different concentrations of cordyce-
pin (25 and 100 µM) and/or radiation (4 Gy) for 24 hr, respectively. GRP78, p-EIF2α, p-IRE1α, CHOP, ATF6β and PERK were detected by western blotting (A). The 
integrated optical densities (IOD) of GRP78, p-EIF2α, p-IRE1α, CHOP, ATF6β and PERK were normalized with β-actin (43 kDa) in each lane. *P<0.05, **P<0.01, and 
***P<0.001 indicate significant statistical difference compared to the control group (B-G).
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ment of novel therapeutic strategies to reduce 
toxicity and side effects remains the focus of 
current medical research efforts. Cordyceps 
sinensis, also called the “winter-worm, sum-

mer-plant” in Chinese, has long been used as a 
tonic supplement for sexual and reproductive 
dysfunctions in oriental society. Cordycepin is  
a constituent isolated from the mycelia of 

Figure 7. Combination treatment synergistically inhibits tumorigenesis of MA-10 cells in tumor-bearing C57BL/6 
mice. C57BL/6 mice were treated with IR (4 Gy) or cordycepin (20 mg/kg) alone or in combination. A. Measurement 
of body weight in mice 2-3 days per week. B. MA-10 transplanted tumor growth curves in mice. Data are presented 
as the relative tumor volume normalized to the initial tumor volume measured on Day 7 as a function of time after 
start of treatment. C. Measurement of tumor weight of transplanted MA-10 in mice. D. Direct observation of mice 
with tumors from the control and cordycepin, IR alone or in combination groups. E. H&E staining and immunohisto-
chemical staining for analysis of Cleaved caspase 3-positive and CD31-positive cells (brown), Microscopic view with 
200X. *P<0.05 indicates significant statistical difference compared to the control group.
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Cordyceps sinensis [51]. It has been demon-
strated that cordycepin has anti-tumor effect 
on various tumors such as melanoma, neuro-
blastoma, lung carcinoma, and oral squamous 
cancer [52-55] and could increase radiosensi-
tivity in cervical cancer cells to promote apop-
totic cell death [21]. Moreover, cordycepin can 
also stimulate normal Leydig cell steroidogene-
sis [56, 57]. In the present study, we examined 
synergistic effect of the combination of radia-
tion and cordycepin in mouse Leydig tumor 
cells. Our data demonstrated that the com- 
bination treatment of cordycepin and radiation 
resulted in significantly decreased survival 
fractions compared to cells treated with radia-
tion alone suggesting that cordycepin could 
enhance radiosensitivity in MA-10 mouse 
Leydig tumor cells. Stunningly, the IC50 doses  
of MA-10 cells treated with cordycepin alone 
and radiation alone are 50 μM and 6 Gy, res- 
pectively, but only 25 μM cordycepin plus 4 Gy 
radiation are needed in the combination treat-
ment to achieve IC50 level (Figure 8). These 
results reveal that the future use of cordycepin 
combined with radiotherapy in testicular can-
cer treatment could through reducing the the- 
rapeutic dose achieve the same therapeutic 
effect to avoid long-term toxicity and reduce  
the impact on testicular function. Whether this 
combination therapy strategy can be applied to 
other types of cancer treatment needs to be 
further explored.

age caspase-8/-9/-3 and cleavage of PARP in 
cancer cells [59]. Moreover, the radiation treat-
ment could induce the expression of cleaved 
caspase-3 in MCF-7 breast cancer cells [60]. 
These results support our current observation 
in MA-10 cells as that cordycepin and/or radia-
tion induced cleavage caspase proteins to 
induce apoptosis through both intrinsic and 
extrinsic pathways in MA-10 cells. Bcl-2 family 
proteins play a pivotal role in deciding whether 
a cell will live or die, the intrinsic apoptotic  
pathway is regulated by these proteins [61]. 
Study has shown that cordycepin can reduce 
the expression level of the anti-apoptotic pro-
tein Bcl-2, while the expression level of the pro-
apoptotic protein Bax remains unchanged, 
eventually causing apoptosis in human lung 
cancer cells [62]. These results are similar to 
our current observations that both the single 
treatments and the combination treatment 
decreased Bcl-2 expression but not related to 
Bax expression in MA-10 cells. Furthermore, 
the reduction of Bcl-2 protein level can cause 
apoptosis by increasing the expression level  
of cytochrome c in non-small cell lung cancer 
cells as parallel our results in this study [63].

Cell cycle progression is regulated through the 
four different cell cycle phases: G1, S, G2 and 
M. Failure of these steps can lead to abnormal 
growth or apoptosis [64]. G2/M arrest is a  
common phenomenon following DNA damage 

Figure 8. The effect of the combination treatment of cordycepin and radia-
tion in mouse Leydig tumor cells. The combination treatment of cordycepin 
and radiation has a synergistic effect could significantly suppress cell viabil-
ity and enhance the radiosensitivity in MA-10 cells. In addition, cordycepin 
and radiation could significantly induce sub-G1 and G2/M phase arrest in 
MA-10 cells. Moreover, the combination treatment of cordycepin and radia-
tion induces MA-10 cells to progress toward apoptosis in vitro and in vivo.

Radiotherapy and chemother-
apy induce cancer cell death 
mainly through three path-
ways including apoptosis, 
autophagy, and necrosis. In 
the present study, radiation 
and/or cordycepin treatment 
induced apoptosis in MA-10 
cells, while combination treat-
ment induced a higher per-
centage of cells towards  
apoptosis as well as more 
obvious morphological chang-
es related to apoptosis. Cas- 
pases, the major effectors of 
apoptosis, playing essential 
roles in programmed cell 
death, and the activity of cas-
pases is delicately regulated 
by a variety of proteins [58]. 
Previous reports demonstrat-
ed that cordycepin could in- 
duce the activation of cleav-
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after radiation treatment [65]. Studies have 
indicated that radiation induces G2/M arrest  
in A549 lung cancer cells and in meningioma 
cells [10, 66]. Rapidly dying and radiosensitive 
cells undergo apoptosis at different time  
points in the cell cycle, whereas slowly dying 
cells display a variety of cell cycle arrest pat-
terns, starting apoptosis only after accumula-
tion of cells in the G2/M fraction [67]. In this 
study, the 4 Gy radiation single treatment in- 
duced remarkable G2/M arrest and the combi-
nation treatment significantly prolonged G2/M 
fraction arrest which consequently induced cell 
undergoing apoptosis. In addition, prolonged 
sub-G1 arrest was observed in cells that re- 
ceived the combination treatment compared to 
those that received cordycepin alone or radia-
tion alone indicating that cordycepin enhances 
radiosensitivity to induce apoptosis through 
cell cycle arrest in MA-10 cells. The progres- 
sion of cell cycle is generally accomplished 
under the interaction of cyclins and CDKs [68]. 
Previous reports have illustrated that CDK 
inhibitors could activate apoptotic cell death by 
inducing cell cycle arrest at G1/S and G2/M 
phases in cancer cells [69]. In addition, these 
compounds are referred as strong apoptotic 
inducers in breast, colon and lung cancer cells 
by blocking specifically CDK1, 2, 4, 7 and 9 
[70]. Our results showed that the combination 
treatments could also decrease the expression 
of CDK1, CDK2 and CDK4 and then induce 
G2/M arrest in MA-10 cells. Cyclin D, Cyclin E, 
CDK2, and CDK4 are crucial for maintaining  
G1 phase. Cyclin E1 and CDK4 expressions 
were significantly decreased after combined 
treating with cordycepin and radiation suggest-
ing the decrease of percentages of MA-10 cell 
numbers in G1 phase caused by sub-G1 arrest. 
Our current observations are not exceptional to 
other studies.

ER stress could induce cancer cell apoptosis. 
CHOP, a member of the C/EBP transcription 
factor family, is induced by ER stress and thus 
causes apoptosis [71]. Recent studies have 
shown that cordycepin activated the PERK/
eIF2α/ATF3/CHOP and the IRE1/XBP1 UPR 
pathways and finally kill testicular cancer cells 
[48]. In addition, ER stress has been demon-
strated to sensitize cancer cells to radiation 
[72]. In our observations, the combination 
treatment of 100 μM cordycepin and 4 Gy radi-
ation for 24 hr did increase the expression of 

GRP78, p-eIF2α, p-IRE1α and CHOP illustrat- 
ing that the combination treatment could stim-
ulate ER stress to induce MA-10 cell toward 
apoptosis. Thus, our observations are not 
unprecedented. It has been shown that ROS 
generation is associated with ER stress activa-
tion. Enhanced ROS generation or oxidative 
stress might be linked to subsequent ER stress 
and ER stress-dependent cancer cell apoptosis 
[73]. Indeed, we have found that cordycepin 
alone, radiation alone, and the combination 
treatments did induce ROS production in MA- 
10 cells, and the effect of the combination 
treatment is stronger than that of single treat-
ment (unshown data). Therefore, the produc-
tion of ROS may be the reason that induces ER 
stress and eventually leads to apoptosis of 
MA-10 cells.

Our in vivo experimental data showed that 
cordycepin effectively enhanced the radiosen-
sitivity of MA-10 cells, resulting in a decrease  
in the weight and volume of the transplanted 
tumor and an increase in the expression of 
cleaved caspase-3 in the tumor tissue com-
pared to each single treatment and no treat-
ment control groups. This result confirms our in 
vitro experimental conclusion in the present 
study. However, it has been reported that  
cordycepin not only has the function of induc-
ing apoptosis of cancer cells, but also has bio-
logical effects on the inflammatory response, 
many signal transduction pathways and cell 
migration [74]. Furthermore, except directly kill-
ing cancer cells by damaging DNA, radiothera- 
py can also indirectly cause cancer cell death 
by inducing ROS [7, 8]. Whether cordycepin 
treatment and/or radiation treatment can 
affect the viability of MA-10 Leydig tumor cells 
through other mechanisms in vivo, such as 
interaction with the ROS pathway, is still a mys-
tery. Therefore, the detailed molecular mecha-
nism of the antitumor effect induced by cordy-
cepin and/or radiation treatment in vivo still 
needs to be further studied in the future.  
Tumor tissue must obtain sufficient supply of 
nutrients and gases through angiogenesis for 
survive in vivo. Interestingly, the expression of 
CD31, a marker of angiogenesis, was signifi-
cantly lower in tumor tissue from mice treated 
with cordycepin alone, radiation alone, and in 
combination than that in the untreated group. 
How cordycepin treatment and/or radiation 
treatment can affect angiogenesis, thereby 
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inducing antitumor activity, is also a direction 
that future research can explore.

In summary, cordycepin enhanced radiosensi-
tivity to induce apoptosis in MA-10 mouse 
Leydig tumor cells by activating both extrinsic 
and intrinsic caspase pathways, cell cycle 
arrest, and ER stress, which is involved  
in the regulation of caspases, cyclins/CDKs, 
pro-apoptotic/anti-apoptotic proteins, and ER 
stress-related proteins. The combination treat-
ment of cordycepin and radiation decreased 
the Leydig tumor mass by increasing cell apop-
tosis in vivo (Figure 8). These results illustrate 
helpful evidence for designing more effective 
chemotherapy agent using cordycepin with 
proper concentration and suitable radiation 
dosage to treat testicular cancers with less 
adverse effect after testicular cancer therapy.
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