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Abstract: Leydig cell tumor is the most frequent non-germ cell tumors of testis. The biggest challenge of using ra-
diotherapy to treat testicular cancer is in effectively killing cancer cells and maintaining reproductive function after
treatment. Our recently published article showed that cordycepin could enhance radiosensitivity to induce mouse
Leydig tumor cell apoptosis by inducing cell cycle arrest, caspase pathway and endoplasmic reticulum (ER) stress.
In the present study, the potency and mechanism of a previous combination treatment protocol on reactive oxygen
species (ROS) induction and DNA damage were further investigated. Our results reveal that 25 uM cordycepin plus
4 Gy radiation leads to ROS accumulation accompanied by a decrease in heme oxygenase (HO)-1 protein expres-
sion in MA-10 mouse Leydig tumor cells. Subsequently, pronounced DNA damage with phosphorylated H2A histone
family member X (y-H2AX) increase and activation of DNA damage-related signaling pathways including double and
single stranded break-induced ataxia telangiectasia mutated (ATM)/checkpoint kinase (Chk)2 and ataxia telangi-
ectasia mutated and Rad3 related (ATR)/Chk1 signaling axes were identified. p53-dependent pathway was then
initiated ultimately leading to cell death. Preincubated with free radical scavenger, N-acetylcysteine (NAC), down-
regulated y-H2AX expression in treated cells and partially reduced cell death, indicating that ROS overproduction
is involved in combination treatment-induced DNA damage. Furthermore, the combination treatment effectively
inhibited tumor growth as reflected in the reduction of tumor volume, size and weight, and high expression level
of y-H2AX in tumor tissue in vivo, suggesting that the combination treatment inhibited tumor growth via causing
DNA damage in MA-10 cells. In summary, these results expound that the combination treatment of cordycepin and
radiation induces MA-10 mouse Leydig tumor cell death through ROS accumulation and DNA damage. This finding
can serve as a reference guideline for future clinical therapy of testicular cancer and provide potential targets for
anti-cancer drug design.
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Introduction the predominant ages for Leydig cell tumor [3].
At present, the gold standard for clinical treat-
ment of malignant Leydig cell tumor is radical
orchiectomy, but patients will completely lose

their fertility after receiving the treatment [4].

Primary testicular neoplasms include two pre-
dominant groups, germ cell tumors and sex
cord stromal tumors [1]. Leydig cell tumor is a
sex cord stromal tumor that arise from Leydig

cells which comprise 1% to 3% of all testicular
neoplasms [2]. Although it can occur at any
age, prepubertal boys between 6 and 10 years
old and men between 20 and 60 years old are

Radiotherapy is a localized cancer treatment
method that uses high-energy particles such as
x-rays, gamma rays or electron beams to Kill
cancer cells. It can cause cancer cell death via
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direct and indirect effects [5]. In direct effect,
radiation can induce single stranded breaks
and double stranded breaks in DNA and lead to
cancer cell apoptosis [6]. In the case of indirect
effect, radiation can activate radiolysis of water
to generate reactive oxygen species (ROS). The
ROS accumulation then induces cellular stress
and ultimately alter cellular signaling pathways
[7]. However, testis is one of the radiation sen-
sitive tissues, and dose of radiation above 4 Gy
could lead to azoospermia in most men [8].
Moreover, Leydig cells are significantly more
radiation resistant than other germ cells, so
higher radiation dose is required to kill Leydig
cell tumors [9]. Although effective cancer treat-
ment is crucial, the side effects of gonadal
damage can cause considerable distress to
patients, especially in those of reproductive
age. Therefore, looking for a substance that
can increase the radiosensitivity of Leydig cell
tumors, unravel its molecular mechanism, and
applying it in combination therapy to reduce
the radiation dose used in the treatment are
important.

Cordycepin is the main functional component
of Cordyceps sinensis which has been used
extensively as an herbal complementary and
alternative medicine drug to treat different ill-
nesses based on its multiple pharmacological
activities such as immune modulation, hor-
mone regulation, apoptosis induction, and tu-
mor growth inhibition [10-12]. It has been
reported that cordycepin could elevate intracel-
lular ROS levels to eliminate human tongue
cancer cells and mouse Leydig tumor cells [13,
14]. In addition, cordycepin treatment could
sensitize breast carcinoma cells toward irradia-
tion through modulation of the nuclear factor
erythroid 2-related factor 2 (Nrf2)/heme oxy-
genase (HO)-1/ROS signaling axis to increase
ROS accumulation [15]. The production of
ROS might induce endoplasmic reticulum (ER)
stress, which eventually leads to apoptosis
[16]. HO-1 protein is recognized as a critical oxi-
dative stress sensor and regulatory molecule
[17]. Previous studies demonstrated that HO-1
protein is increased in several cancers and
plays a vital role in defending cancer cells from
excessive ROS [18]. Down-regulation of HO-1
protein expression might cause ROS accumula-
tion in cancer cells.

The significant endogenous DNA damage is ini-
tial from chemical activation, for instance, ROS
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activation [19]. Exogenous DNA damage usual-
ly occurs when physical agents such as ionizing
radiation damage the DNA. lonizing radiation
can directly cause DNA double stranded breaks
or damage the DNA by radiolysis of the sur-
rounding water to generate reactive hydroxyl
radicals [20]. Phosphorylated H2A histone fam-
ily member X (y-H2AX), a hallmark of DNA dam-
age, play an important role in regulating repair
activities and targeting to DNA double strand-
ed break sites. Ataxia-telangiectasia mutated
(ATM) and ataxia-telangiectasia mutated and
Rad3 related (ATR) are two DNA-damage-
sensing proteins belong to the phosphoinosit-
ide 3-kinase (PI3K) family [21]. These two pro-
teins are similar in structure and function,
which can be activated by double stranded and
single stranded DNA break, respectively. A rel-
evant substrate of ATM and ATR are checkpoint
kinase (Chk)2 and Chk1 kinases which can be
phosphorylated and activated following by ATM
and ATR activation, respectively [22]. The tumor
suppressor p53 is a central player in a network
that protects eukaryotic cells from damage,
which might act as a node for organizing wheth-
er the cell responds to different types and lev-
els of damage with DNA repair, cell cycle arrest,
apoptosis, or autophagy [23, 24]. p53 could be
phosphorylated and activated by several kinas-
es in response to DNA damage, including ATR
and Chk1 as well as ATM and Chk2, resulting in
a cross-talking between two pathways [24, 25].
Activation of p53 also leads to the transcri-
ption of pro-apoptotic genes, including Bcl-2-
associated X protein gene (BAX), p53 upregu-
lated modulator of apoptosis gene (Puma), and
apoptotic protease activating factor 1 gene
(Apafl), leading to apoptosis if the damage per-
sists [26].

Recently, we have reported that cordycepin
could enhance radiosensitivity to induce MA-10
mouse Leydig tumor cell apoptosis through cell
cycle arrest, caspase pathway and ER stress
[27]. However, whether the combination treat-
ment with cordycepin and radiation-induced
Leydig tumor cell death is related to the accu-
mulation of intracellular ROS and the induction
of DNA damage is still a mystery. In this study,
the potency and mechanism of a previous com-
bination treatment protocol on ROS induction
and DNA damage were further examined. We
found that 25 uM cordycepin plus 4 Gy radia-
tion treatment induced ROS accumulation and
accompanied by an inhibition of HO-1 protein
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expression in MA-10 cells. DNA damage with
y-H2AX increase and activation of related
signaling pathways including ATM/Chk2/p53
and ATR/Chk1/p53 were evident. In addition,
MA-10 tumor-bearing mice receiving combina-
tion treatment with cordycepin plus radiation
exhibited superior tumor growth inhibition and
upregulated y-H2AX protein expression in tu-
mor tissue suggesting that the MA-10 Leydig
tumor cells die from DNA damage. Taken
together, these results reveal an important role
for combination treatment of cordycepin and
radiation in inducing Leydig cell death through
ROS accumulation and DNA damage.

Materials and methods
Cell culture

MA-10 mouse Leydig tumor cell line was
obtained from Dr. Mario Ascoli (University of
lowa, lowa City, IA, USA). Cells were cultured in
Waymouth’'s MB 752/1 medium containing
10% fetal bovine serum (FBS) with 1% penicillin
and streptomycin, and 20 mM HEPES at 37°C
in a humidified environment containing 5%
CO,. In experiments for testing the effect and
mechanism of the treatments, the FBS content
of the culture medium was reduced to 2% to
prevent the complex protein composition in
FBS from affecting the pharmacological effects.

Chemicals

Cordycepin and dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich. DMSO
was used to dissolve the cordycepin in final
concentration (80 mM) of cordycepin solution
for stock. The stock solution is then further
diluted with cell culture medium to working con-
centrations for experimental use.

Irradiation treatment

Irradiation treatment was conducted by a linear
accelerator with 6 MV X-rays at a dose rate of 5
Gy/min. An additional 2 cm of a tissue-equiva-
lent bolus was placed on the top of the flask or
mouse to ensure electronic equilibrium, and 10
cm of tissue-equivalent material was placed
under the tissue culture flask or mouse to get
full backscatter.

Determination of ROS production

At the desired time points, cells from different
treatment groups were harvested by trypsin,

1331

washed, and then stained with 2 uM dichlorodi-
hydrofluorescein diacetate (DCF-DA) in Way-
mouth’s MB 752/1 medium at 37°C for 30 min.
The stained cells were washed, resuspended in
ice-cold PBS, and immediately analyzed using
CytoFLEX flow cytometry with CytExpert soft-
ware. In some experiments, the test cells were
pre-incubated in the absence or presence of
2.5 mM N-acetylcysteine (NAC) for 1 hr before
treatment. Cellular ROS levels were estimated
by the methods described above.

Protein extraction and western blotting

Cells from different treatment groups were
lysed by 100 pl lysis buffer with proteinase
inhibitor for 30 min at room temperature. Cell
lysates were centrifuged at 12,000 rpm for 12
min at 4°C. The supernatants were collected
and stored at -20°C until future analysis. Be-
fore running western blotting, protein concen-
trations of cell lysates were measured by Bio-
Rad protein assay dye reagent concentrate
according to the manufacturer’s instructions.
For western Blotting, protein samples (25 ug/
lane) were separated by 12% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE) with
standard running buffer at room temperature,
and then electrophoretically transferred to
polyvinyldifluoride (PVDF) membrane at 4°C.
The membrane was blocked with 5% nonfat
milk, washed by tris-buffered saline with 0.1%
Tween 20 detergent (TBST), and subsequently
incubated with various primary antibodies
(Abs), HO-1 Abs (GeneTex, Cat#GTX101147,
1:1000 dilution), B-actin Abs (Sigma-Aldrich,
Cat#Ab5441, 1:8000 dilution), y-H2AX Abs
(Abcam, Cat#ab124781, 1:1000 dilution), ATM
Abs (Cell Signaling, Cat#2873, 1:1000 dilu-
tion), phosphorylated (p)-ATM (Ser1981) Abs
(GeneTex, Cat#GTX30636, 1:1000 dilution),
Chk2 Abs (Cell Signaling, Cat#2662, 1:1000
dilution), p-Chk2 (phosphor T68) Abs (Abcam,
Cat#ab278548, 1:1000 dilution), ATR Abs
(GeneTex, Cat#GTX128146, 1:1000 dilution),
p-ATR (Serd428) Abs (Cell Signaling, Cat#2853,
1:1000 dilution), Chkl Abs (Cell Signaling,
Cat#2360, 1:1000 dilution), p-Chk1 (Ser317)
Abs (Cell Signaling, Cat#12302, 1:1000 dilu-
tion), p53 Abs (Cell Signaling, Cat#25245,
1:1000 dilution) or p-p53 Abs (Cell Signaling,
Cat#92845, 1:1000 dilution), overnight at 4°C.
After washing, the membrane was incubated
with horseradish peroxidase (HRP)-conjugated
anti-mouse I1gG (PerkinElmer, Cat#NEF82200-
1EA, 1:2000 dilution) or HRP-conjugated anti-
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rabbit 1gG (PerkinElmer, Cat#NEF81200-1EA,
1:2000 dilution) Abs for 1 hr at room tempera-
ture. Bands were detected by enhanced chemi-
luminescence kit through UVP EC3 Biolmaging
System. The optical density of each protein
band was quantitated by using Imagel) soft-
ware. The amount of B-actin in each lane was
detected as a control to correct the expression
of various proteins.

MTT cell viability test

MA-10 cells were seeded in 96-well plate con-
taining 6 x 10° cells with 100 pl cell culture
medium in each well. After 70-80% confluence,
cells were preincubated without or with 2.5 mM
NAC for 1 hr and then treated without or with
different concentrations of cordycepin and/or
radiation for different durations, respectively.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) were added at different
time points with the final concentration of 0.5
mg/ml, and then incubated at 37°C for 4 hr.
After incubation, the medium was removed and
100 pl DMSO was added into each well to dis-
solve the crystals by shaking the plate weakly
in dark. The O.D. values in each treatment were
determined at A = 570 nm by ELISA reader.

Comet assay

DNA damage was determined by CometAssay™
kit (4250-050-K, TREVIZEN, Gaithersburg, MD,
USA) according to the manufacturer’s instruc-
tions. Briefly, 1 x 10° cells were collected in 50
ml ice-cold PBS. The suspended cells were
then mixed with completely melted low-mel-
ting agarose (LMA). Cell/agarose mixture was
spread on the comet slide and incubated at
4°C for 30 min to solidify the agarose. After
congelation, the slides were incubated in lysis
solution at 4°C for 60 min. Then, the slides
were moved carefully into alkaline solution
(pH>13) and incubated at room temperature
for 30 min. For neutralization, the slides were
washed once in 1 x Tris-borate-EDTA (TBE) buf-
fer and electrophoresis was performed at 31V
for 40 min. The slides were then washed with
70% ethanol and air dried after removing
excess liquid. Cell events were than stained
with SYBR® Green dye and visualized under a
fluorescence microscope. The signals of the
head and tail DNA from 100 x magnification
fields were analyzed to estimate DNA damage
in each group. Percentage of tail DNA content
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and tail moment (tail length x % of DNA in the
tail) values were measured by the “OpenComet”
program of the ImageJ software.

Animal experiments

Male 4 to 5-week-old C57BL/6 mice were pur-
chased from the National Laboratory Animal
Breeding and Research Center (Taipei, Taiwan).
Experimental procedures were consistent with
ethical principles for animal research which
were approved by the Institutional Animal Care
and Use Committee (IACUC) of National Cheng
Kung University (IACUC Approval No. 110095).
Mice were subcutaneously inoculated with 1 x
108 MA-10 cells suspended in 0.1 ml Way-
mouth medium into the back. 7 days post inoc-
ulation, mice were randomly assigned to 4
groups including (A) Control group: mice were
injected intraperitoneally (i.p.) with vehicle; (B)
Cordycepin group: mice were i.p. injected with
20 mg cordycepin/kg thrice a week for 2 weeks;
(C) Radiation group: mice were treated with a
single dose of 4 Gy radiation; (D) Combination
group: mice received the combination treat-
ment of 20 mg cordycepin/kg thrice a week
and a single dose of 4 Gy IR at the beginning of
the first week. The size of tumor was measured
with a clipper twice a day. Tumor volume was
calculated by the formula: 0.52 x length x
width x width. When mice were sacrificed,
MA-10 tumor tissues were collected, weighted,
and photographed. Tissue samples were then
fixed by 4% paraformaldehyde solution and
embedded by paraffin for immunohistoche-
mistry.

Immunohistochemistry staining

MA-10 tumor tissue sections were dewaxed by
xylene, dehydrated by ethanol, and blocked
endogenous peroxidase activity by incubating
with 0.3% H,0,. 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. Samples
were then blocked with 2% nonfat milk for 1 hr
and incubated with primary Ab for y-H2AX
(Abcam, Cat#ab124781, 1:500 dilution) detec-
tion at 4°C overnight. Signals were visualized
using HRP-conjugated goat anti-rabbit 1gG sec-
ondary Ab (PerkinElmer, Cat#NEF81200-1EA,
1:2000 dilution) and the chromogenic sub-
strate 3,3-diaminobenzidine (DAB). The sec-
tions were then counterstained with hematoxy-
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lin and mounted under coverslips. Sample
slides were examined with a light microscope.
DAB positive area was analyzed by the “area
detection” program of the Image) software
and the percentage of positive area was
calculated.

Statistical analysis

The data are expressed as mean = SEM of
three separate experiments. Statistical signifi-
cance of difference was determined by One-
way or Two-way ANOVA with Tukey’s test for
multiple comparison. The statistical signifi-
cance was considered as P<0.05 in all ex-
periments.

Results

Combination treatment led to ROS accumula-
tion and accompanied by suppression of HO-1
protein expression in MA-10 cells

Recently, we have published that cordycepin
could enhance radiosensitivity to induce mouse
Leydig tumor cells toward apoptosis via cell
cycle arrest, caspase pathway and ER stress
[27]. In the present study, the effective dose of
the combination treatment used in previous
study, 25 uM cordycepin plus 4 Gy radiation,
was utilized to further explore the molecular
mechanism by which the combination treat-
ment acts on Leydig tumor cells. The effect of
the combination treatment on intracellular ROS
accumulation in MA-10 mouse Leydig tumor
cell was first analyzed with DCF-DA-based
method. Upregulation of ROS generation could
be detected with an increase of DCF-DA inten-
sity. The results showed that an approximately
2-fold increase of DCF-DA mean fluorescence
intensity (MFI) at 6 hr post MA-10 cells treating
with 4 Gy radiation alone or the combination of
25 uM cordycepin plus 4 Gy radiation but not
25 uM cordycepin alone were detected (Figure
1A and 1B). Obviously, the ROS level signifi-
cantly increased 3.7-fold in MA-10 cells treated
with the combination of 25 uM cordycepin plus
4 Gy radiation at 24 hr comparted to the
untreated control group (P<0.05) (Figure 1A
and 1B). At the same time point, the DCF-DA
MFI of MA-10 cells treated with cordycepin
alone and radiation alone represented 3-fold
and 1.6-fold increases, respectively (Figure 1A
and 1B). These data indicated that the combi-
nation treatment was able to induce ROS gen-
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eration and displayed a better ROS-inducing
ability than the treatment with cordycepin alone
or radiation alone in MA-10 cells. Next, we fur-
ther analyzed the expression profile of HO-1
protein, a critical oxidative stress sensor and
regulator, by western blotting. The results dem-
onstrated that the HO-1 protein expression lev-
els were reduced in MA-10 cells treated with
cordycepin alone and the combination of cordy-
cepin plus radiation at 6 hr and 24 hr (Figure
1C and 1D). The combination treatment show-
ed the strongest negative regulatory effect on
the expression of HO-1 protein in MA-10 cells.
Visibly, the expression of HO-1 protein was sig-
nificantly reduced by approximately 50% at 24
hr post treatment (P<0.05) (Figure 1C and 1D).
These evidences suggest that the combination
treatment effectively induced ROS accumula-
tion and accompanied by HO-1 protein down-
regulation in MA-10 mouse Leydig tumor cells.

Combination treatment induced DNA damage
in MA-10 cells

Since ROS can drive DNA damage and affect
the DNA damage response [28], we next need
to clarify whether the combination treatment of
cordycepin and radiation can induce DNA dam-
age in MA-10 cells. To address this issue, we
used Comet assay to analyze the extent of DNA
damage in MA-10 cells treated with 25 uM
cordycepin alone, 4 Gy radiation alone or in
combination. Data demonstrated that most of
cell events in both single and combination
treatment groups containing damaged DNA
respecting by the appearance of a comet with
a bright head and tail (Figure 2A). In contrast,
undamaged DNA displayed in the most cell
events of control group as an intact nucleus
with no tail (Figure 2A). Interestingly, the repre-
sentative cellular event of combination treat-
ment group displayed longer and larger comets
compared to the cordycepin alone and radia-
tion alone groups, indicating that larger amount
of DNA breaks happened in MA-10 cell treated
with cordycepin plus radiation (Bottom left cor-
ner of each image in Figure 2A). In the results
of quantitative analysis, the percentage of tail
DNA in all treatment groups (cordycepin alone:
15.1%; radiation alone: 15.6%; combination:
17.2%) were significantly higher than that in the
control group (6.5%), indicating that both single
and combination treatments can effectively
cause DNA damage in MA-10 cells (Figure 2B).
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Figure 1. Combination treatment of cordycepin and radiation induced ROS accumulation and down-regulated HO-1
protein expression in MA-10 cells. MA-10 cells were treated with vehicle, 25 uM cordycepin, 4 Gy radiation, or the
combination of 25 uM cordycepin plus 4 Gy radiation for 6 and 24 hr, respectively. Cells were stained with DCF-DA
for 30 min and the fluorescence intensity was detected by flow cytometry (A). Mean fluorescence intensities (MFI)
were quantitated and data were presented as mean + SEM of three independent experiments (B). The protein ex-
pression levels of HO-1 and B-actin were detected by western blotting (C). The integrated optical densities of HO-1
protein were normalized with corresponding B-actin protein and data were presented as mean + SEM of three in-
dependent experiments in fold change relative to the control group (D). "P<0.05 represents significantly statistical
difference compared to the control group.
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Figure 2. Combination treatment of cordycepin and radiation induced DNA damage and up-regulated y-H2AX protein
expression in MA-10 cells. MA-10 cells were treated with vehicle, 25 uM cordycepin, 4 Gy radiation, or the combina-
tion of 25 uM cordycepin plus 4 Gy radiation for 6, 24, 48 and 72 hr, respectively. Comet assay was performed to
measure the DNA comet tail at 24 hr post treatment. Images of cells analyzed by comet assay were photographed
under a fluorescence microscope at 100 x magnification and 250 x digital magnification (A). Percentage of tail
DNA content and tail moment (tail length x % of DNA in the tail) were analyzed by OpenComet program of Image)
software and data were presented as mean + SEM of independent cell events in the image field (B). The protein
expression levels of y-H2AX and B-actin were detected by western blotting (C). The integrated optical densities of
y-H2AX protein were normalized with corresponding B-actin protein and data were presented as mean + SEM of
three independent experiments in fold change relative to the control group (D). "P<0.05 represents significantly
statistical difference compared to every other group (B) or the control group (D).

In addition, the tail DNA moment value of com- points post treatment. The western blotting
bination treatment group (26.8) was significant- results showed that both the cordycepin alone
ly higher than that of the cordycepin alone and the combination treatment group could be
(15.2), radiation alone (15.0) and the control detected an increase in the expression of
(11.6) groups, reflecting that the combination y-H2AX at 6 hr, 24 hr, and 48 hr (Figure 2C and
treatment has the best DNA damage induction 2D). The y-H2AX expression in the combination
ability (Figure 2B). When DNA damage happen, treatment group was significantly higher than
y-H2AX is the first step in recruiting and local- that in the control group at 48 hr (P<0.05)
izing DNA repair proteins [29]. We next ana- (Figure 2C and 2D). However, the expression of
lyzed the expression of y-H2AX at different time y-H2AX could not be significantly elevated until
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72 hours after MA-10 cells treating with radia-
tion alone (Figure 2C and 2D). Taken together,
the combination treatment has the best
ability to induce DNA damage in MA-10 cells,
and the addition of cordycepin may help radia-
tion induce an early expression of y-H2AX in
advance to facilitate the occurrence of DNA
damage.

Combination treatment activated DNA dam-
age-related signaling pathways

Studies have shown that double stranded and
single stranded DNA break can activate ATM/
Chk2 and ATR/Chk1 signaling axes, respective-
ly, and finally initiate the p53-dependent path-
way to induce apoptosis if the DNA damage
persists [24]. To determine whether the DNA
damage caused by combination treatment of
cordycepin and radiation could further activate
DNA damage-related signaling pathways, the
total and phosphorylated ATM, Chk2, ATR,
Chk1 and p53 were analyzed by western blot-
ting. The results showed that the expression of
the phosphorylated ATM protein in MA-10 cells
under the untreated control was very low, and
slightly increased by treating with cordycepin
alone, radiation alone, or in combination be-
tween 24 hr to 48 hr (Figure 3A and 3B).
Markedly, the combination treatment signifi-
cantly increased the ratio of phosphorylated
Chk2 protein per total Chk2 protein expression
levels with 2.1-fold and 4.5-fold at 24 hr and
48 hr, respectively, compared to the control
group (P<0.05) (Figure 3C and 3D), reflecting
that the ATM/Chk2 signaling axis was activat-
ed by DNA double-stranded break in cordyce-
pin plus radiation-treated MA-10 cells. On the
other hand, the expression levers of phosphor-
ylated ATR protein were slightly enhanced in
MA-10 cells treated with cordycepin alone, radi-
ation alone, or in combination at 24 hr and 48
hr (Figure 3E and 3F). Obviously, the ratios of
phosphorylated Chk1 protein per total Chkl
protein expression levels were significantly ele-
vated by cordycepin alone and the combination
treatment with 3.1-fold and 2.9-fold in 24 hr,
respectively (P<0.05), and the combination
treatment group sustained this level of res-
ponse up to 48 hr (Figure 3G and 3H). The
results indicated that the ATR/Chk1 signaling
axis was activated by DNA single-stranded
break in cordycepin plus radiation-treated
MA-10 cells. Furthermore, the ratios of phos-
phorylated p53 protein per total p53 protein
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expression levels were significantly increased
in MA-10 cells treated with the cordycepin plus
radiation in 24 hr (5.0-fold) and 48 hr (2.5-fold)
compared to the control group (P<0.05), indi-
cating that combination treatment can effec-
tively activate the p53-dependent signaling
pathways (Figure 31 and 3J). These data sug-
gest that the combination treatment-induced
DNA damage further activated DNA damage-
related signaling pathways in MA-10 cells.

DNA damage and viability reduction of MA-10
cells induced by combination treatment are
partially due to the accumulation of ROS

To verify whether the DNA damage induced by
combination treatment is due to the overpro-
duction of ROS, MA-10 cells were preincubated
with a ROS scavenger, NAC, for 1 hr and then
treated with vehicle or 25 uM cordycepin plus 4
Gy radiation for additional 24 hr. Intracellular
ROS levels were determined by DCF-DA-based
method using flow cytometry. The results dem-
onstrated that the combination treatment sig-
nificantly increased ROS levels, but preincu-
bation with NAC fully reversed this effect as
showing by the DCF-DA intensity peaks on the
flow cytometry histogram (Figure 4A). Quantita-
tive analysis further indicated that combina-
tion treatment induced 1.7-fold increase on
relative DCF-DA MFI compared to the control
group, but ROS level was totally restored in the
presence of NAC (P<0.05) (Figure 4B). Inte-
restingly, the expression levels of y-H2AX of
cordycepin alone, radiation alone, or combina-
tion treatment group were partially restored in
the presence of NAC reflecting the phenome-
non of DNA damage in MA-10 cells partially
contributed by ROS accumulation (P<0.05)
(Figure 4C and 4D). Moreover, the cell viability
was significantly reduced after MA-10 cells
treating with cordycepin plus radiation (Control
v.s. Combination: 100% v.s. 18%; P<0.05), but
the level was partially restored in the presence
of NAC (Combination v.s. Combination + NAC:
18% v.s. 40%; P<0.05) (Figure 4E). These re-
sults suggest that DNA damage and viability
reduction of MA-10 cells induced by the combi-
nation treatment are partially due to the accu-
mulation of ROS.

Combination treatment inhibit MA-10 tumor
growth in mice

Based on the superior ROS-inducing and DNA-
damage-causing capabilities of the combina-
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Figure 3. Combination treatment of cordycepin and radiation activated DNA damage-related signaling pathways in
MA-10 cells. MA-10 cells were treated with vehicle, 25 uM cordycepin, 4 Gy radiation, or the combination of 25 uyM
cordycepin plus 4 Gy radiation for 24 and 48 hr, respectively. The protein expression levels of total and phosphory-
lated ATM (ATM and p-ATM), Chk2 (Chk2 and p-Chk2), ATR (ATR and p-ATR), Chk1 (Chk1 and p-Chk1), and p53 (p53
and p-p53) and B-actin were detected by western blotting (A, C, E, G, I). The integrated optical densities of p-ATM (B),
p-Chk2 (D), p-ATR (F), p-Chk2 (H), and p-p53 (J) proteins were determined after total ATM, Chk2, ATR, Chk1, and p53
proteins normalization, respectively. Results in (B, D, F, H and J) were presented as mean + SEM of three indepen-
dent experiments. “P<0.05 represents significantly statistical difference compared to the control group.

tion treatment in vitro, we further used a
C57BL/6 mouse model to examine the treated
mice for an in vivo protective effect against
challenge by MA-10 mouse Leydig tumor cells.
C57BL/6 mice were treated with cordycepin
alone, radiation alone, or in combination star-
ing from 8" days after inoculation with MA-10
cells. The results showed that the transplanted
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MA-10 tumor volumes of the mice receiving the
intraperitoneal injection of 20 mg/kg cordyce-
pin three times a week for two weeks were
slightly reduced with statistical difference com-
pared to the control group and other treatment
groups (Figure 5A). Moreover, the transplanted
MA-10 tumor volumes of mice received a single
dose of 4 Gy radiation treatment were moder-

Am J Cancer Res 2023;13(4):1329-1346



Cordycepin plus radiation kills MA-10 through ROS and DNA damage

Multi-sample : All Events

A , B 254
8] — Control ] * 1 Control
- L #
1 Control = 2.0 = Control + NAC
o] , +NAC L N
£ " _,\"‘IP{LT. — Combination = 15- Hl Combination
83, ] 11| — Combination aQ Bl Combination + NAC
2 Y +NAC S 1.0
o ] o
] o
2]
f % 0.5
] ) [T}
B TR T © 0.0~
FITC-A . GI'OUPS
DCF-DA intensity
Cc 48 hr
Radiation (Gy) - - - - 4 4 4 4
Cordycepin
- 25 25 - - 25 25
(uM)
NAC (mM) - 25 - 25 - 25 - 25
KDa
J-H2AX R A . — 4
D 3.0q = E
120
T E 03 Control 3 Control
u-i Control + NAC i 3 Control + NAC
£ 2.0 [ Cordycepin 25 yM "é 80 Il Combination
7] q . = *
g_ Cordycepin 25 pM + NAC E 60 > [l Combination + NAC
= 104 % [ Radiation 4 Gy 2 40-
g Radiation 4 Gy + NAC 3 2 #
L Bl Combination
0.0- T 11 BN Combination + NAC ==
Groups Groups

Figure 4. N-acetyl-L-cysteine (NAC) administration reduced combination treatment-induced ROS generation and
y-H2AX expression, and reversed cell viability in MA-10 cells. MA-10 cells were pretreated without or with 2.5 mM
NAC for 1 hr and then cotreated without or with the combination of 25 uM cordycepin plus 4 Gy radiation for 24 hr
or 48 hr, respectively. Cells were stained with DCF-DA for 5 min before NAC treatment and the fluorescence intensity
was detected by flow cytometry (A). Mean fluorescence intensities (MFI) were quantitated and data were presented
as mean + SEM of three independent experiments (B). The protein expression levels of y-H2AX and B-actin at 48
hr post treatment were detected by western blotting (C). The integrated optical densities of y-H2AX protein were
normalized with corresponding B-actin protein and data were presented as mean + SEM of three independent
experiments in fold change relative to the control group (D). Cell viability was measured by MTT assay and results
are presented as mean + SEM of three independent experiments in percentages of cell viability relative to the con-
trol group (E). "P<0.05 represents significantly statistical difference between NAC-untreated and -treated groups.
#P<0.05 represents significantly statistical difference compared to the control group.

ately reduced with statistical difference com-
pared with the control group and other treat-
ment groups (Figure 5A). Strikingly, mice treat-
ed with cordycepin plus radiation displayed the
most potent inhibitory effect on tumor volume
in between all groups (P<0.05) reflecting that
the combination treatment synergistically inhib-
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ited tumorigenesis of MA-10 cells in C57BL/6
mice (Figure 5A). During evaluation of the anti-
tumor activity period, there was no significant
difference in body weight changes between
mice receiving different treatments and mice in
the control group, indicating that the treatment
intervention did not cause toxicity to the mice
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Figure 5. Combination treatment of cordycepin and radiation inhibit MA-10 tumor growth in mice. C57BL/6 mice (N
= 3) were subcutaneously inoculated with 1 x 10° MA-10 cells in the back region and then treated with radiation
alone (4 Gy, single dose) or cordycepin alone (20 mg/kg, intraperitoneally, every other day) or in combination. The
tumor volume (A) and body weight (B) were measured every other day. Mice were sacrificed on the 18" day post
treatment. The size (C) and weight (D) of transplanted tumors among different groups were examined. "P<0.05
represents significantly statistical difference between different groups.

(Figure 5B). Furthermore, similar patterns as
tumor volume data can be observed in the size
and weight of tumors removed after mice sacri-
fice. As expected, combination treatment dis-
played the most pronounced suppression of
MA-10 tumor size and weight (P<0.05) (Figure
5C and 5D). These results illustrate that the
combination treatment with cordycepin and
radiation can effectively inhibit the mouse
MA-10 tumor growth and its curative effect is
better than that of cordycepin or radiation
alone.

Combination treatment reduced y-H2AX ex-
pression in mouse transplanted MA-10 tumor

To further clarify that the inhibition of tumor
growth in mice is mediated via the DNA dam-
age caused by the combination treatment,
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immunohistochemistry (IHC) examination of
y-H2AX was carried out. The results demon-
strated that the expression levels of y-H2AX
were significantly increased in the tumor tis-
sues obtained from cordycepin alone-, radia-
tion alone-, and the combination treatment-
treated mice showing by the dark brown color
area and the deeply stained cell numbers
increased, when compared to the levels in the
tumor tissues obtained from control mice
(Figure 6A). The image quantitative analysis
also showed that the positive area percen-
tages of the cordycepin alone (17%), radiation
alone (19%), and combination (30%) treatment
groups were significantly increased compared
to the control (3%) group (P<0.05) (Figure 6B).
Furthermore, the expressive strength of y-H2AX
(Figure 6A), and the positive area percentage
(P<0.05) (Figure 6B) of the tumor sections iso-
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lated from the combination treatment-treated
mice were significantly enlarged when com-
pared to other treatment alone groups. These
results support that the inhibition of tumor
growth by the combination treatment with
cordycepin and radiation in mice is highly cor-
related with the induction of DNA damage in
MA-10 tumor cells.

Discussion

In this study, our data demonstrate that both
cordycepin and radiation treatment alone can
increase intracellular ROS production and
cause DNA damage in MA-10 mouse Leydig
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Cordycepin

Rabbit IgG

Figure 6. Combination treatment of cordycepin and
radiation reduced y-H2AX expression in mouse trans-
planted MA-10 tumor. C57BL/6 mice (N = 3) were
subcutaneously inoculated with 1 x 106 MA-10 cells in
the back region and then treated with radiation alone
(4 Gy, single dose) or cordycepin alone (20 mg/kg,
intraperitoneally, every other day) or in combination.
Mice were sacrificed on the 18" day post treatment
and the transplanted tumors were taken out for immu-
nohistochemistry analysis. The expression patterns of
y-H2AX protein were detected (A), and the percentages
of positive (brown) area were analyzed and presented
as mean + SEM of data from three mice (B). "P<0.05
represents significantly statistical difference between
treatment groups. #*P<0.05 represents significantly
statistical difference compared to the control group.

tumor cells. Combining cordycepin with radia-
tion treatment produces a synergistic effect, as
it enhances the accumulation of intracellular
ROS and the extent of DNA damage as well as
the inhibition of tumor growth in vivo, potential-
ly resulting in more tumor destruction. These
results echoed our previous study [27] and
agreed with those showing that the combina-
tion treatment is more effective in anti-tumor
effect than cordycepin or radiation treatment
alone.

It was recently established that cordycepin
could enhance radiosensitivity in cervical can-
cer cells, breast cancer cells, and oral cancer
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cells by prolonging radiation-induced cell cy-
cle G2/M arrest, elevating ROS production via
Nrf2 modulation, and inducing autophagy and
apoptosis through cell cycle arrest and modu-
lating DNA damage repair, respectively [15,
30-32]. Based on these reports, the synergistic
effect of cordycepin and radiation might be a
common phenomenon in different tumors.
Nonetheless, the finding of present study is
highly valuable because of following innovation
points. First, a common treatment for testicular
tumors including Leydig cell tumors is orchiec-
tomy, which profoundly affects reproductive
function. An alternative approach, using cordy-
cepin to enhance Leydig cell radiosensitivity
thereby reducing the radiation dose of treat-
ment protocol to kill Leydig tumor cells, but pre-
serving the testis for fully functional reproduc-
tion, would be highly appreciated. Second,
recent findings by our group showed that cordy-
cepin is able to stimulate normal Leydig cell
steroidogenesis [33, 34]. Combine cordycepin
into the radiotherapy of testicular cancer not
only enhances the radiosensitivity of Leydig
tumor cells, but also stimulates normal Leydig
cells to increase the synthesis of sex hormones,
thereby maintaining normal reproductive func-
tion. Therefore, study on antitumor effect and
mechanism of the combination treatment of
cordycepin and radiation in Leydig tumor have
more clinical application value than other can-
cers. Third, Leydig cell tumor is rare. Thus, there
are few related research literatures can be
found in this field. The finding of this study may
fulfill more valuable information.

Many studies have pointed out that ROS can
mediate the response to chemotherapy or
radiotherapy by affecting the signaling path-
ways of survival or death in cells [35-37]. A
recent report by our team revealed that cor-
dycepin can enhance the radiosensitivity to
induce apoptosis via modulating the cell cycle-,
caspase- and ER stress-related signaling path-
ways in MA-10 cells [27]. Here, we show that
the combination treatment can also mediate
MA-10 cell death by causing excessive ROS
accumulation and DNA damage. These two arti-
cles illustrate the detailed molecular mecha-
nism of how combination treatment of cordyce-
pin and radiation kills MA-10 cells. In fact, both
cordycepin and radiation can increase intracel-
lular ROS production, and combination treat-
ment will make the accumulation of ROS in
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MA-10 cells more serious. This may be the rea-
son of why the combination treatment caused
more severe DNA damage than that cordycepin
alone or radiation alone treatment. In the pres-
ent study, we analyzed the expression of a ROS
regulatory molecule, HO-1, in MA-10 cells after
receiving different treatments. In the combina-
tion treatment group, the expression of HO-1
was significantly inhibited at 24 hr, which was
negative correlated with the production of in-
tracellular ROS (Figure 1). However, such asso-
ciation was not clear in the single treatment
groups. The inhibition of HO-1 protein in the
group that treated with cordycepin alone was
more obvious than that treated with radiation
alone, but the generation of ROS was opposite
(Figure 1). This phenomenon suggests that
there may be some other regulatory mecha-
nisms that also play a role in the regulation of
ROS. Most of cells have their own complex ROS
scavenging system including superoxide dis-
mutase (SOD), glutathione peroxidase (GPX),
glutathione reductase, peroxiredoxin, thiore-
doxin and catalase, which can convert superox-
ide anions to water and recover the antioxi-
dants in the reduced state [38]. Whether these
ROS regulatory systems are also involved in the
ROS induction of MA-10 by the combination
treatment of cordycepin and radiation needs to
be further clarified.

The accumulation of ROS can further trigger
DNA damage and initiate DNA damage-related
signal transduction pathways, eventually lead-
ing to cell apoptosis [28]. DNA fragmentation is
a biochemical hallmark of apoptosis [39]. In the
quantitative analysis results of comet assay,
the percentages of tail DNA content in both
single and combination treatments were much
higher than that in the control group, indicating
that all treatments could cause DNA damage in
MA-10 cells (Figure 2B). Interestingly, the level
of tail DNA moment (tail length x % of DNA in
the tail) in combination treatment group was
much higher than those in the single treatment
groups and the control group, indicating that
the comet events in the combination treatment
group have longer tail length than other groups
(Figure 2B). This phenomenon reflects that the
combination treatment triggers an effective
cleavage mechanism to cut chromosomal DNA
into oligonucleosomal size fragments resulting
in DNA fragmentation showing in the comet
tails. Furthermore, the strategy of adding cordy-
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cepin to radiation treatment accelerated the
phosphorylation of H2AX, allowing the expres-
sion of y-H2AX in advance (Figure 2C and 2D).
y-H2AX is an adapter molecule in the ATM/
Chk2 signaling axis as well, which can lead to
the recruitment and accumulation of specific
DNA damage response proteins at DNA ends
[40]. Thus, phosphorylated Chk2 protein ex-
pression was significantly enhanced in MA-10
cells treated with the combination of cordyce-
pin plus radiation at 24 hr, and this superior
effect lasted up to 48 hr (Figure 3C and 3D).
This outcome may lead to earlier induction of
apoptosis in MA-10 cells. Moreover, activation
of ATM/Chk2 or ATR/Chk1 signaling axis has
been identified that can lead to cell cycle ar-
rest in G2/M phase [41]. Therefore, except the
activation of p53-dependent downstream path-
way, the activation of ATM/Chk2 or ATR/Chk1
signaling axis can also induce cell death by cell
cycle arrest. It has been shown that ROS gen-
eration is associated with ER stress activation
[16]. Enhanced ROS generation or oxidative
stress as we demonstrated in this study might
be linked to subsequent ER stress and ER
stress-dependent cancer cell apoptosis.

In Figure 4, cell viability of MA-10 cells treated
with the combination treatment was only par-
tially restored in the presence of NAC, suggest-
ing that MA-10 cell death has other causes
besides ROS. In addition to DNA damage
caused by ROS, radiation can also directly
cause single or double stranded DNA breaks
[42]. If itis not repaired in time, the cell will die.
Although the exact mechanism by which cordy-
cepin Kills cancer cells is still unclear, the pos-
sible reasons why it helps radiation therapy
achieve better anti-cancer effects can be
gleaned from past literature. The major anti-
cancer activity of cordycepin is likely to be
mediated by cell surface receptors such as
adenosine receptors (ADORAs), death recep-
tors (DRs), and the epidermal growth factor
receptor (EGFR). After engaging with the recep-
tors, it in turn to affect various types of cells,
tissues, and organ systems, via both intracel-
lular and extracellular signaling pathways such
as mitogen-activated protein kinase (MAPK),
extracellular signal-regulated kinase (ERK)/c-
Jun N-terminal kinase (JNK), caspases and gly-
cogen synthase kinase-3 beta (GSK-3p) signal-
ing pathways, ultimately causes cell cycle
arrest and ER stress to induce apoptosis [43,
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44]. Cordycepin can also enhance the effect of
radiation-induced cell cycle arrest by blocking it
in G2/M phase and down-regulate the anti-
apoptotic Bcl-2 protein expression to promote
apoptosis [27]. Furthermore, cordycepin might
reduce poly(A) tails as a polyadenylation inhibi-
tor of some apoptosis regulatory molecules,
finally magnify the radiation-induced apoptosis
[45].

The mechanism of inhibition of tumor growth by
combination treatment in vivo may be more
complex. Except directly causing DNA damage
to induce Leydig tumor cell death through the
overproduction of ROS, angiogenesis might
also be involved in the synergistic effect of the
combination treatment of cordycepin and radi-
ation. Our previous report indicated that an
angiogenic marker, CD31, were significantly
decreased in tumor tissues obtained from the
cordycepin plus radiation-treated mice [27]. In
fact, the ability of cordycepin to inhibit angio-
genesis has been explored in past studies. It
has been reported that cordycepin is able to
suppress angiogenetic capabilities via down-
regulation of focal adhesion kinase and induc-
tion of p53 and p21 in endothelial cells [46]. In
addition, cordycepin also has potential anti-
angiogenetic effect on hepatocellular carcino-
ma and cholangiocarcinoma both in vivo and in
vitro [47, 48]. The causal relationship and relat-
ed mechanisms of combination treatment of
cordycepin and radiation on angiogenesis in
the tumor microenvironment still need to be
further explored.

Cordycepin has been under some studies to
evaluate the potential benefits in cancer thera-
pies as a part of combinational treatments.
Apart from the combination with radiotherapy,
cordycepin could enhance the chemosensitivi-
ty of esophageal cancer cells, head and neck
tumor cells, oral cancer cells, osteosarcoma,
as well as MA-10 mouse Leydig tumor cells to
cisplatin by inducing the activation of AMP acti-
vated protein kinase (AMPK) and suppressing
the protein kinase B (PKB or AKT) signaling
pathway or promoting apoptotic effect through
caspase/MAPK pathways [49-53]. Cordycepin
could also reverse cisplatin resistance in
human bladder cancer cells and non-small cell
lung cancer by inactivating ETS proto-onco-
gene 1 (Ets-1) dependent multidrug resistance
1 gene (MDR1) transcription and activating
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Figure 7. Schematic representation of the combination treatment of cordy-
cepin and radiation inducing MA-10 cell death through ROS production and
DNA damage. Combination treatment of cordycepin and radiation leads to
ROS accumulation by suppressing the expression of HO-1 protein in MA-10
mouse Leydig tumor cells. It may act directly or indirectly through intracel-
lular ROS to cause DNA damage in MA-10 cells, resulting in an increase in
the expression of a DNA damage hallmark, y-H2AX. DNA double stranded
break, or single stranded break will further induce phosphorylation of ATM
and Chk2 proteins, or ATR and Chk1 proteins, respectively. The activation of
ATM, ATR, Chk1, and Chk2 can all initiate p53-dependent signal transduction
pathways and eventually induce cell death. In C57BL/6 mouse MA-10 tumor
model, the combination treatment of cordycepin and radiation effectively in-
hibits tumor growth as reflected in the reduction of tumor volume, size and
weight, and high expression level of y-H2AX in tumor tissue, suggesting that
the combination therapy inhibits tumor growth by causing DNA damage in
MA-10 Leydig tumor cells.

MA-10 mouse Leydig tumor
cells through the downregula-
tion of HO-1 protein expres-
sion. The accumulation of
ROS further triggers DNA da-
mage and activates DNA
damage-related signal trans-
duction pathways, ATM/Chk2
and ATR/Chkl, as well as
increases the expression of
DNA damage hallmark, v-
H2AX. The p53-dependent
signaling pathway is activated
eventually and leads to MA-10
cell death. In mouse model,
the combination treatment is
also able to effectively inhibit
the growth of MA-10 tumors
by inducing DNA damage in
MA-10 cells (Figure 7). Our
findings revealed the feasi-
bility and molecular mecha-
nism behind the combined of
cordycepin into radiotherapy
in the treatment of Leydig cell
tumor. This breakthrough is
very valuable for improving
the clinical treatment proto-
col of testicular cancer in the
future.
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