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Cordycepin, an adenosine analog derived from Cordyceps militaris has been shown to exert anti-tumor activity in
many ways. However, the mechanisms by which cordycepin contributes to the anti-tumor still obscure. Here our
present work showed that cordycepin inhibits cell growth in NB-4 and U937 cells by inducing apoptosis. Further study
showed that cordycepin increases the expression of p53 which promotes the release of cytochrome ¢ from
mitochondria to the cytosol. The released cytochrome ¢ can then activate caspase-9 and trigger intrinsic apoptosis.
Cordycepin also blocks MAPK pathway by inhibiting the phosphorylation of ERK1/2, and thus sensitizes the apoptosis.
In addition, our results showed that cordycepin inhibits the expression of cyclin A2, cyclin E, and CDK2, which leads to
the accumulation of cells in S-phase. Moreover, our study showed that cordycepin induces DNA damage and causes
degradation of Cdc25A, suggesting that cordycepin-induced S-phase arrest involves activation of Chk2-Cdc25A
pathway. In conclusion, cordycepin-induced DNA damage initiates cell cycle arrest and apoptosis which leads to the

growth inhibition of NB-4 and U937 cells.

Introduction

Cordyceps is a caterpillar-shaped mushroom that has been
used in lung and kidney tonics in traditional Chinese medicine.
This mushroom possesses numerous biological activities, includ-
ing anti-oxidant," anti-hyperglycemic,” anti-fatigue,” anti-
inflammatory,* anti-bacterial,” anti-viral,® and anti-tumor’ activ-
ities. It has also been shown to enhance sexual function.® It has
been used in the treatment of chronic bronchitis, asthma, and
chronic renal failure. Cordycepin (3'-deoxyadenosine) is the
main functional component of Cordyceps militaris.” As a deriva-
tive of the nucleoside adenosine it can inhibit mRNA polyadeny-
lation by incorporating into RNA.'® Numerous studies have
shown that cordycepin has many anti-tumor activities, such as
inhibition of cell proliferation,'"'* inhibition of cell migra-
tion,">'* and induction of apoptosis.lsf17 In 1996, researchers
from the Boston Medical Center showed that cordycepin could
induce apoptosis in adenosine deaminase (ADA)-inhibited termi-
nal deoxynucleotidyl transferase-positive (TdT") leukemia
cells.” A clinical trial was also carried out to study the

effectiveness of cordycepin combined with pentostatin in the
treatment of patients with refractory acute lymphocytic or
chronic myelogenous leukemia together with National Cancer
Institute in 1999. In 2008, Oncovista Inc. organized a phase I/1I
study of cordycepin combined with pentostatin treatment in
patients with refractory TdT-positive leukemia. And it was
reported that patient with acute lymphocytic leukemia demon-
strated a clinical response to the combination therapy of cordyce-
pin and pentostatin while no significant toxicity was observed.'®
So the cordycepin may have synergistic action with pentostatin
for the treatment of leukemia patients. However, the molecular
mechanisms of its anti-cancer activities are not well understood,
so more studies are still needed.

In this study, we tested the cytotoxicity of cordycepin on a
series of leukemia cell lines and found that cordycepin can inhibit
the growth of these leukemia cells. The study showed that cordy-
cepin induces apoptosis in NB-4 and U937 cells through activa-
tion of caspase-8, - 9, and -3. Further study showed that
cordycepin-induced apoptosis involves upregulation of p53 and
the release of cytochrome ¢ from mitochondria to the cytosol.
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Moreover, cordycepin blocks MAPK pathway which results in
sensitization of drug-induced apoptosis. Cordycepin also induces
DNA damage which causes the accumulation of phosphorylated
Chk2 and degradation of Cdc25A, and then leads to the S-phase
delay. Our findings support the mechanism that cordycepin
inhibits the growth of NB-4 and U937 cells through cell cycle
arrest and cell apoptosis.

Results

Cordycepin induces apoptosis in NB-4 and U937 cells

Cordycepin was extracted from cultured Cordyceps kyushuensis.
The HPLC analysis and UV spectrum of purified cordycepin and
its chemical structure is shown in Fig. 1A. To investigate the
cytotoxicity of cordycepin on leukemia cell lines, cells were
exposed to increasing concentrations of cordycepin. CCK-8 assay
data showed that leukemia cells can be inhibits by cordycepin
(Fig. S1). And cordycepin inhibits the growth of NB-4 and
U937 cells in a dose-dependent manner (Fig. 1B), and the IC50
value were 18.4 pg/mL (73.2 uM) and 22.7 pg/mL (90.4 puM)
respectively. To confirm the effects of cordycepin on cell survival,
both cell morphology and Annexin V-PE/7-AAD double staining
were analyzed. Results showed that NB-4 and U937 cells pre-
sented morphological changes characteristic of apoptosis, such as
cell shrinkage, chromatin condensation, and cytoplasmic bleb-
bing (Fig. 1C). After the treatment of cordycepin, the percentage
of Annexin V" cells were increased from 5.41% to 45.15% in
NB-4 cells and were increased from 5.21% to 28.78% in U937
cells in a time-dependent manner (Fig. 1D). Taken together,
these data suggested that cordycepin induces apoptosis in both
cell lines.

Cordycepin triggers caspase-dependent apoptosis

Because activation of caspases play a critical role in apoptosis,
the activation of caspases in cells treated with cordycepin was
investigated. Caspase-3 activity was found to increase signifi-
cantly in a time-dependent manner in both NB-4 and U937 cells
(Fig. 2A). Results also showed that cordycepin induced the cleav-
age of PARP, caspase-8, and caspase-9 (Fig. 2B). The levels of
anti-apoptotic protein XIAP were decreased in cordycepin treated
NB-4 cells, but were not changed in cordycepin treated U937
cells (Fig. 2B). Further study showed that exposure to cordycepin
led to the release of cytochrome ¢ into the cytosol (Fig. 2C). In
contrast, the levels of Bax were decreased in the cytosolic fractions
and increased in the mitochondrial fractions after the treatment
of cordycepin (Fig. 2C). These results indicated that cordycepin
activates initiator and executioner caspases involved in both the
extrinsic and the intrinsic pathways.

To further demonstrate that the apoptosis induced by cordy-
cepin is caspase-dependent, the caspase-3 inhibitor Z-DEVD-
fmk was used to block the activation of caspase-3. Results showed
that 80 pM Z-DEVD-fmk could significantly inhibit cordyce-
pin-induced caspase-3 activation (Fig. 2D) and PARP cleavage
(Fig. 2E). Similarly, cordycepin-induced apoptosis was blocked
in the presence of this caspase-3 inhibitor (Fig. 2F). Altogether,
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these findings demonstrated that cordycepin induces caspase-
dependent apoptosis.

Cordycepin-induced apoptosis involves p53

Cordycepin treatment also upregulated expression of p53
(Fig. 3A). To investigate the role of p53 in cordycepin-mediated
apoptosis, caspase-3 and caspase-9 activity levels were assessed in
the presence and absence of the p53-specific inhibitor PFT-a.
Results showed that pretreatment of NB-4 and U937 cells with
PFT-a led to a decrease in the activities of caspase-3 and -9
(Fig. 3B). PFT-a was also found to restore XIAP levels decreased
by cordycepin in NB-4 cells (Fig. 3C), and reduce cordycepin-
induced cytochrome ¢ release in both cell lines (Fig. 3D). These
results suggested that cordycepin-induced apoptosis is both p53-
dependent and -independent.

Effect of cordycepin on MAPK pathway

The mitogen-activated protein kinase (MAPK) pathway plays
a critical role in regulation of cell survival, and interruption of
this pathway results in sensitization to spontaneous and drug-
induced apoptosis."” In the present work, the contributions of
ERK and p38 to cordycepin-induced cell growth inhibition were
evaluated. Results showed that ERK1/2 phosphorylation was
markedly reduced after cordycepin treatment, but p38 phosphor-
ylation was not affected (Fig. 3E).

Cordycepin induces cell cycle arrest in NB-4 and U937 cells

In addition to cell viability, effect on cell cycle progression is
an important parameter of anti-tumor drug action. Thus, we ana-
lyzed the effects of cordycepin on cell cycle, and the results
showed that treatment with cordycepin led to accumulation of
NB-4 and U937 cells in S-phase (Fig. 4A). Consistent with pre-
vious studies, the percentage of cells in the sub G1-phase popula-
tion was found to increase after treatment with cordycepin.

To further explore the mechanism of cordycepin-induced cell
cycle arrest, the expression of cell cycle proteins was evaluated.
Real-time PCR analysis showed a strong downregulation of
cyclin A2, cyclin E, and CDK2 in cordycepin treated groups in
NB-4 and U937 cells, although the mRNA levels of cyclin A and
cyclin E were restored after 24 h of cordycepin treatment in
U937 cells (Fig. 4B). Western blots showed a dramatic reduction
in the levels of CDK2, cyclin A2, and cyclinE proteins (Fig. 4C).
These results suggested that cordycepin induces S-phase arrest
through downregulation of the expression of cell cycle proteins.

As cordycepin treatment upregulated expression of p53, we
supposed that the activation of p53 pathway is necessary for cor-
dycepin-mediated cell cycle arrest. To verify our hypothesis, NB-
4 and U937 cells were incubated with cordycepin in the presence
or absence of the p53-specific inhibitor PFT-a. As shown in
Fig. 4D, PFT-a reversed the cordycepin-induced reduction in
the levels of cyclin A2, cyclin E, and CDK2 proteins. These
results indicated that cordycepin-induced cell cycle arrest in NB-

4 and U937 cells involves p53.
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Figure 1. For figure legend, see page 764.
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Cordycepin induces DNA damage

To determine whether cordycepin induces DNA damage, we
measured the accumulation of YH2AX, a sensitive marker of
DNA double strand breaks (DSBs).?® Results showed a dramati-
cally increase of YH2AX in cordycepin treated cells (Fig. 5A).
However, ATM and ATR which involved in the response of
mammalian cells to DSBs were not activated (Fig. 5A). As
Cdc25A-degradation pathway is involved in the intra-S-phase
checkpoint,”' we analyzed the effects of cordycepin on Chk2 and
Cdc25A. Our data showed that cordycepin induced the phos-
phorylation of Chk2 and Cdc25A, and decreased the levels of
Cdc25A (Fig. 5B). We conclude that cordycepin-induced S-
phase arrest involves the activation of Chk2-Cdc25A pathway.

Discussion

In the present study, we showed that the growth of NB-4 and
U937 cells can be inhibited by cordycepin. Further study showed
that this inhibition was caused by apoptosis and cell cycle arrest.
Cordycepin was found to activate both the extrinsic and intrinsic
apoptotic pathways through caspase-8 and caspase-9 activation.
Our results also showed a release of cytochrome ¢ from the mito-
chondria to the cytosol in cordycepin treated NB-4 cells. Oddly,
the levels of cytochrome ¢ were found to be increased in both
cytosolic and membrane fractions in U937 cells (Fig.2C), this
maybe because the expression of cytochrome ¢ was increased in
cordycepin treated U937 cells. The released cytochrome ¢ can
then activate caspase-9 and trigger intrinsic apoptosis.”> XIAP is
a member of the inhibitor of apoptosis family of proteins (IAP).
These proteins can inhibit the activity of caspase-9 and caspase-3
by binding directly to them.”> Cordycepin treatment decreased
the levels of XIAP in NB-4 cells, and thus sensitized cells to cas-
pase-dependent apoptosis.

MAPK signaling is related to cell survival, and constitutive
activation of this pathway was found in acute leukemia cells.**
The blockage of MAPK pathway impairs survival of acute mye-
loid leukemia (AML) cell lines by promoting cell apoptosis.19
The results of the present work showed that cordycepin inhibits
the phosphorylation of ERK1/2, and blocks the activation of
MAPK pathway. The blockage of MAPK signaling therefore sen-
sitizes cordycepin-induced cell apoptosis.

P53 tumor suppressor plays a critical role in regulation of cell
cycle and apoptosis, when cells were under cellular stress, p53
could be triggered, and thus induces cell cycle arrest or apopto-
sis.2>2% In the present work, it was observed that treatment of
NB-4 and U937 cells with cordycepin leads to upregulation of
p53 expression. As the p53-specific inhibitor PFT-o can partially
inhibit cordycepin-induced caspase-3 and caspase-9 activation,

we proposed that cordycepin-induced apoptosis in NB-4 and
U937 cells is both p53-dependent and -independent. The
increased levels of p53 can also act as a repressor to reduce the
transcription of genes relevant to the cell cycle.”” Results showed
that cordycepin-induced decreases in cyclin A2, cyclin E, and
CDK2 levels could be reversed by the p53-specific inhibitor
PFT-o. This indicated that cordycepin-induced S-phase arrest is
p53-dependent.

Cyclin-dependent kinases (CDKs) are a family of proteins
that reactivated at specific points during the cell cycle to control
the progression of cells through the cycle. We demonstrated that
cordycepin downregulates the expression of CDK2, an essential
kinase for the G1/S transition®® and S phase progression.”” Cor-
dycepin also induced a remarkable decrease in cyclin E and cyclin
A2 protein levels, and thus reduced the rate of formation of
cyclin E-CDK2 and cyclin A2-CDK2, facilitating cell cycle
arrest.

DNA damage was indicated by the accumulation of YH2AX
(Fig. 5A). Previous study showed that YH2AX is modulated
through a complex signaling pathway which involves activation
of ATM and ATR. However, neither ATM nor ATR was acti-
vated by cordycepin (Fig. 5A), suggesting that cordycepin-
induced DNA damage is ATM/ATR independent. Although
ATM was not affected, Chk2 was phosphorylated after the treat-
ment of cordycepin (Fig. 5B). The activated Chk2 in turn phos-
phorylates Cdc25A and leads to the degradation of Cdc25A
(Fig.5B). Lack of Cdc25A prevents dephosphorylation of CDK2
and locks CDK2 in its inactive form.?" As a result, DNA synthe-
sis is inhibited and S-phase delay occurs.

In conclusion, the present study showed that cordycepin
induced apoptosis in NB-4 and U937 cells involves upregulation
of p53, release of cytochrome ¢ from the mitochondria to the
cytosol and blockage of MAPK pathway. Results also showed
that cordycepin caused S-phase arrest by activation of Chk2-
Cdc25A pathway, and by inhibiting expression of cyclinA2,
cyclinE, and CDK2. These results suggested a specific model for
the mechanism of cordycepin in leukemia cells (Fig. 6). Taken
together, cordycepin inhibits the growth of leukemia cells by
inducing apoptosis and cell cycle arrest, and may be a potential
chemotherapeutic agent for the treatment of leukemia patients.

Materials and Methods

Reagents

Cordycepin was extracted from cultured Cordyceps kyushuensis
by supercritical fluid extraction (SFE), and purified using high-
speed counter-current chromatography (HSCCC). HSCCC
extracts were analyzed using the Agilent 1100 HPLC system

Figure 1 (See previous page). Cordycepin induces cell apoptosis in NB-4 and U937 cells. (A) HPLC analysis and UV spectrum of cordycepin purified by
HSCCC (left panel). Chemical structure of cordycepin (right panel). (B) Cell viability of NB-4 and U937 cells treated with cordycepin for 24h and 48h at the
indicated concentrations. Each data point represents the mean =+ SD of triplicate experiments. (C) Morphology characteristic of NB-4 and U937 cells
treated with cordycepin. NB-4 cells were treated with 18 wg/mL (71.6 uM) cordycepin for 6 h, 9 h, and 12 h, and U937 cells were treated with 34.5 g/
mL (137.3 wM) cordycepin for 24 h, 36 h, and 48 h. (D) Annexin V analysis of NB-4 and U937 cells treated with cordycepin. NB-4 cells were treated with
18 wg/mL (71.6 pM) cordycepin for 6 h, 9 h, and 12 h, and U937 cells were treated with 34.5 wg/mL (137.3 wM) cordycepin for 24 h, 36 h, and 48 h.

764

Cell Cycle

Volume 14 Issue 5



>

Caspase-3 activity (fold)
S == kb W o WU O =) GO

Oh 6h 8h 12h Oh 24h 36h 48h

Time

= NB-4
@ usar

Caspase-3 activity (fold)
L P e )

Cleaved PARP

NB-4

ue37

Cordycepin 18 pg/mL

Cordycepin (ug/mL} 12 h  Cordycepin 34.5 pg/mL  Cordycepin (pug/mL) 48 h

Oh &h

9h 12h 0 45 a

PARP

18

Oh 24h 36h 48h 0

115 23 345

T-AAD

0 45 9 18
Concentration (pug/mL)
C NE-4 ug37 D
Cordycepin 18 pg/mL  Cordycepin (pgimL) 12h  Cordycepin 34.5 pg/mL  Cordycepin (pg/mL) 48 h 9 4 B NB4
Ch 6h 8h 12h 0 45 8 18 0Oh 24h 36h 48h 0 115 23 345 -~ 8 4
=] 1 @ U937
g 71
Z 6
=
8 5 4
£ ]
e
g 21
B 24
o 4] * %
&3 W) w0
Cordycepin - + + -
Z-DEVD-fmk - - + +
(80 M)
E NE-4 usaT
Cordycepin (18 pgimL) - + + - Cordycepin (34.5 pa/mL) - + + i
Z-DEVD-fmk (80 pM) - - + + Z-DEVD-fmk (80 uM) - 4 + +
PARP PARP
-———— —
F Control| [0.68% Cordycepin] [0.01% Cordycepin+ | [1.95% Z-DEVD-mk
1.43% 517% Z-DEVD-fmk 127%
NB-4
5.51% 7.05%
0.05% Control Cordycepint | |0.00% Z-DEVD-fmk
1.71% 1.81%
U937

Figure 2. For figure legend, see page 766.
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(Agilent) with a Kromasil 100-C;g column (250 mmx4.6 mm
I.D., 5 pm) at 260 nm and at a column temperature of 30°C.
Anti-caspase-8  (http://www.cellsignal.com/products/primary-
antibodies/97462hit=productld &Ntt=9746 , caspase-9 (http://
www.cellsignal.com/products/primary-antibodies/9502?hit=pro
ductld &Ntt=9502), CDK2 (http://www.cellsignal.com/prod
ucts/primary-antibodies/25462hit=productld &Ntt=2540),
cyclin A2 (htep://www.cellsignal.com/products/primary-antibod
ies/46562hit=productld &Ntt=4656), cyclin E (http://www.cell
signal.com/products/primary-antibodies/41292hit=productld
&Ntt=4129), ERK1/2 (http://www.cellsignal.com/products/pri
mary-antibodies/9102?hit=productld &Ntt=9102), phospho-
ERK1/2 (T202/Y204) (http://www.cellsignal.com/products/pri
mary-antibodies/9101%hit=productld &Ntt=9101), y-H2A.X.
(http://www.cellsignal.com/products/primary-antibodies/9718?
hit=productld &Ntt=9718), GAPDH (http://www.cellsignal.
com/products/primary-antibodies/2118?hit=productld
&Ntt=2118), p53 (htep://www.cellsignal.com/products/primary-
antibodies/9282?hit=productld ~ &Ntt=9282), phospho-ATR
(8428) (http://www.cellsignal.com/products/primary-antibodies/
2853?hit=productld &Ntt=2853), poly (ADP-ribose) polymer-
ase (PARP, http://www.cellsignal.com/products/primary-antibod
ies/95422hit=productld &Ntt=9542) and XIAP (http://www.cell
signal.com/products/primary-antibodies/2045?hit=productld
&Nitt=2045) antibodies were purchased from Cell Signaling
Technology. Anti-Bax (http://www.abcam.com/Bax-antibody-
E63-ab32503.html), cytochrome ¢ (http://www.abcam.com/
Cytochrome-C-antibody-EP1326Y-ab76107.html), ~ phospho-
ATM (S1981) (http://www.abcam.com/ATM-phospho-S1981-
antibody-EP1890Y-ab81292.html), phospho-Cdc25A (S124)
(http://www.abcam.com/Cdc25A-phospho-S124-antibody-
EPR8888-ab156574.html), phosphor-Chk2 (T68) (http://www.
abcam.com/Chk2-phospho-T68-antibody-Y171-ab32148.html),
p38 (http://www.abcam.com/p38-antibody-Y122-ab32142.
html) and phospho-p38 (T180/Y182) (#1229-1) antibodies
were purchased from Epitomics. Anti-Tim23 (http://www.bdbio
sciences.com/ptProduct.jsp?prodld=36427 andkey=611222 and-
param=search andmterms=true andfrom=dTable) antibody was
purchased from BD Biosciences. Anti-Cdc25A (hetp://www.

abclonal.com/index.php?a=show andm=Product andid=3958)
and Chk2 (http://www.abclonal.com/index.php?a=show andm=-
Product andid=1379) antibodies were purchased from Abclonal.
Alexa Fluor 680 goat anti-mouse (http://www lifetechnologies.
com/order/catalog/product/A21057?1CID=search - a21057) and
-rabbit  (https://www.lifetechnologies.com/order/catalog/prod
uct/A2107621CID=search -a21076) secondary antibodies were
obtained from Invitrogen. Z-DEVD-fmk (http://www.bdbio
sciences.com/ptProduct.jsp?prodld=61127 andkey=550378 and-
param=search andmterms=true andfrom=dTable ) was purchased
from BD Bioscience. Propidium iodide (PtdIns, hetp://www.sig
maaldrich.com/catalog/product/sigma/p41702lang=zh ~ andre-
gion=CN) and Pifithrin-o (http://www.sigmaaldrich.com/cata
log/product/sigma/p43592lang=zh andregion=CN) were pur-
chased from Sigma-Aldrich.

Cell culture

Cells were cultured in RPMI-1640 medium (Invitrogen) sup-
plemented with 10% fetal bovine serum (Invitrogen). The cells
were grown in a humidified incubator at 37°C under an atmo-
sphere of 5% CO, and used for assays during the exponential
phase of growth.

Measurement of cell death

Cytotoxicity was measured using a Cell Counting Assay Kit-8
(Dojindo Molecular Technologies, http://www.dojindo.cn/prod
ucts/C/cck-8.htm) according to the manufacturer’s instructions.
Cells were plated on 96-well plates and treated with various con-
centrations of cordycepin for 24 and 48 hours. Cell Counting
Assay Kit-8 solution was added to each well, the cells were incu-
bated for another 2-3 hours, and the absorbance at 450 nm was
measured using a microplate reader (Synergy 2 Multi-Mode
Microplate Reader, BioTek).

Cell morphology

Cells treated with cordycepin were washed twice with PBS
and spun onto slides by using cytospin centrifugation (700 rpm,
5 min; Thermo Shandon). The slides were dipped in Wright's
stain for 5 min, and phosphate buffer (0.03% KH,POy, 0.02%

Figure 2 (See previous page). Cordycepin triggers caspase-dependent apoptosis. (A) NB-4 cells were treated with 18 wg/mL (71.6 pM) cordycepin for
6 h, 9 h and 12 h (upper panel), or treated with 4.5 png/mL (17.9 pM), 9 pwg/mL (35.8 wM), 18 wg/mL (71.6 wM) cordycepin for 12 h (bottom panel).
U937 cells were treated with 34.5 pwg/mL (137.3 M) cordycepin for 24 h, 36 h, and 48 h (upper panel), or treated with 11.5 pg/mL (45.8 uM), 23 g/
mL (91.5 wM), 34.5 ng/mL (137.3 M) cordycepin for 48 h (bottom panel). The extracts from cells were assayed for caspase-3 activity by using colorimet-
ric assay. #, P <0.05 versus 0 h group. *, P<0.01 vs. 0 h group. Each data point represents the mean =+ SD of 3 independent experiments. (B) NB-4 cells
were treated with 18 pg/mL (71.6 wM) cordycepin for 6 h, 9 h and 12 h, or treated with 4.5 pg/mL (17.9 pM), 9 wg/mL (35.8 pM), 18 pg/mL (71.6 wM)
cordycepin for 12 h. U937 cells were treated with 34.5 ng/mL (137.3 wM) cordycepin for 24 h, 36 h, and 48 h, or treated with 11.5 png/mL (45.8 wM),
23 pg/mL (91.5 pM), 34.5 pwg/mL (137.3 wM) cordycepin for 48 h. Whole cell lysates were analyzed by Western blot with the indicated antibodies. , no
specific bands. (C) NB-4 cells were treated with 18 pg/mL (71.6 pM) cordycepin for 6 h, 9 h and 12 h, or treated with 4.5 wg/mL (17.9 M), 9 pg/mL
(35.8 wM), 18 pg/mL (71.6 M) cordycepin for 12 h. U937 cells were treated with 34.5 pwg/mL (137.3 M) cordycepin for 24 h, 36 h, and 48 h, or treated
with or treated with 11.5 pg/mL (45.8 wM), 23 pg/mL (91.5 pM), 34.5 wg/mL (137.3 M) cordycepin for 48 h. Cytosolic and membrane fractions were
generated as described in Materials and Methods. Bax and cytochrome ¢ were detected by Western blot analysis. (D and E) NB-4 cells were preincubated
with 80 wM Z-DEVD-fmk for 2 h before treatment with 18 wg/mL (71.6 uM) cordycepin for another 12 h. U937 cells were preincubated with 80 pM Z-
DEVD-fmk for 1 h before treatment with 34.5 pg/mL (137.3 wM) cordycepin for another 36 h. Extracts from cells were assayed for caspase-3 activity
using a colorimetric assay. *, P<0.01 versus cordycepin treated group. Each data point represents the mean =+ SD of 3 independent experiments. Cleav-
age of PARP was evaluated by Western blot analysis. (F) Annexin V analysis of NB-4 and U937 cells treated with Z-DEVD-fmk and cordycepin. NB-4 cells
were preincubated with 80 wM Z-DEVD-fmk for 2 h before treated with 18 pg/mL (71.6 wM) cordycepin for another 12 h. U937 cells were preincubated
with 80 wM Z-DEVD-fmk for 1 h before treatment with 34.5 pg/mL (137.3 wM) cordycepin for another 36 h.

766 Cell Cycle Volume 14 Issue 5


http://www.cellsignal.com/products/primary-antibodies/9746?hit=productId
http://www.cellsignal.com/products/primary-antibodies/9502?hit=productId
http://www.cellsignal.com/products/primary-antibodies/9502?hit=productId
http://www.cellsignal.com/products/primary-antibodies/2546?hit=productId
http://www.cellsignal.com/products/primary-antibodies/2546?hit=productId
http://www.cellsignal.com/products/primary-antibodies/4656?hit=productId
http://www.cellsignal.com/products/primary-antibodies/4129?hit=productId
http://www.cellsignal.com/products/primary-antibodies/4129?hit=productId
http://www.cellsignal.com/products/primary-antibodies/9102?hit=productId
http://www.cellsignal.com/products/primary-antibodies/9102?hit=productId
http://www.cellsignal.com/products/primary-antibodies/9101?hit=productId
http://www.cellsignal.com/products/primary-antibodies/9101?hit=productId
http://www.cellsignal.com/products/primary-antibodies/9101?hit=productId
http://www.cellsignal.com/products/primary-antibodies/9718?hit=productId
http://www.cellsignal.com/products/primary-antibodies/2118?hit=productId
http://www.cellsignal.com/products/primary-antibodies/2118?hit=productId
http://www.cellsignal.com/products/primary-antibodies/9282?hit=productId
http://www.cellsignal.com/products/primary-antibodies/9282?hit=productId
http://www.cellsignal.com/products/primary-antibodies/2853?hit=productId
http://www.cellsignal.com/products/primary-antibodies/2853?hit=productId
http://www.cellsignal.com/products/primary-antibodies/9542?hit=productId
http://www.cellsignal.com/products/primary-antibodies/2045?hit=productId
http://www.cellsignal.com/products/primary-antibodies/2045?hit=productId
http://www.cellsignal.com/products/primary-antibodies/2045?hit=productId
http://www.abcam.com/Bax-antibody-E63-ab32503.html
http://www.abcam.com/Cytochrome-C-antibody-EP1326Y-ab76107.html
http://www.abcam.com/Cytochrome-C-antibody-EP1326Y-ab76107.html
http://www.abcam.com/ATM-phospho-S1981-antibody-EP1890Y-ab81292.html
http://www.abcam.com/ATM-phospho-S1981-antibody-EP1890Y-ab81292.html
http://www.abcam.com/Cdc25A-phospho-S124-antibody-EPR8888-ab156574.html
http://www.abcam.com/Chk2-phospho-T68-antibody-Y171-ab32148.html
http://www.abcam.com/Chk2-phospho-T68-antibody-Y171-ab32148.html
http://www.abcam.com/p38-antibody-Y122-ab32142.html
http://www.abcam.com/p38-antibody-Y122-ab32142.html
http://www.bdbiosciences.com/ptProduct.jsp?prodId=36427
http://www.bdbiosciences.com/ptProduct.jsp?prodId=36427
http://www.bdbiosciences.com/ptProduct.jsp?prodId=36427
http://www.abclonal.com/index.php?a=show
http://www.abclonal.com/index.php?a=show
http://www.abclonal.com/index.php?a=show
http://www.abclonal.com/index.php?a=show
http://www.lifetechnologies.com/order/catalog/product/A21057?ICID=search
http://www.lifetechnologies.com/order/catalog/product/A21057?ICID=search
https://www.lifetechnologies.com/order/catalog/product/A21076?ICID=search
https://www.lifetechnologies.com/order/catalog/product/A21076?ICID=search
http://www.bdbiosciences.com/ptProduct.jsp?prodId=61127
http://www.bdbiosciences.com/ptProduct.jsp?prodId=61127
http://www.bdbiosciences.com/ptProduct.jsp?prodId=61127
http://www.sigmaaldrich.com/catalog/product/sigma/p4170?lang=zh
http://www.sigmaaldrich.com/catalog/product/sigma/p4170?lang=zh
http://www.sigmaaldrich.com/catalog/product/sigma/p4170?lang=zh
http://www.sigmaaldrich.com/catalog/product/sigma/p4359?lang=zh
http://www.sigmaaldrich.com/catalog/product/sigma/p4359?lang=zh
http://www.sigmaaldrich.com/catalog/product/sigma/p4359?lang=zh
http://www.dojindo.cn/products/C/cck-8.htm
http://www.dojindo.cn/products/C/cck-8.htm
http://www.dojindo.cn/products/C/cck-8.htm
http://www.dojindo.cn/products/C/cck-8.htm
http://www.dojindo.cn/products/C/cck-8.htm
http://www.dojindo.cn/products/C/cck-8.htm
http://www.dojindo.cn/products/C/cck-8.htm
http://www.dojindo.cn/products/C/cck-8.htm
http://www.dojindo.cn/products/C/cck-8.htm
http://www.dojindo.cn/products/C/cck-8.htm
http://www.dojindo.cn/products/C/cck-8.htm
http://www.dojindo.cn/products/C/cck-8.htm

A B

NB-4
Cordycepin 18 pg/mL Cordycepin (pg/mL) 12 h
Oh 6h 9h 12h 0 4.5 8 18

el
~owW
]

-
-

p53 |—_- —_— —.—-|

GAPDH [—-—--‘Hd_- h‘

uea7
Cordycepin 34.5 pgimL.  Cordycepin (ug/mL) 48 h
Oh 24h 36h 4Bh 0 115 23 345

p53

GAPDH P-—q —_——— e —
. Cordycepin
C PFT-a (pM)

Caspase-3 activitv (fold)
O NWAEULO~ WY E

MNB-4
Cordycepin - + + + + o 4
PFT-a(uM) - - 20 40 B0 60 .
: z
me’—“_--- £ 3 -
2=
> 2
GATDH o e— o e— —— B 7
[=:]
)
ug3y g
Cordycepin - # # + + S 1

PFT-a (uM) =

B NE-4
o Uear

| NE-4
@ ua3y

Xiap (S - - 28 o - /.
g i = + + + =
GAPDH a— : Cordycepin +
PFT-a (M) - 20 40 60 60
NB-4 ug37 NE-4 ugay
Cordycepin - + + " - & & - Cordycepin 18 pg/mL Cordycepin (ugimL) 12 h  Cordycepin 34.5 pg/mL  Cordycepin (ug/mlL) 48 h
Oh 6h 9h 12h 0 4.5 9 18 Oh 24h 36h 48h 0 115 23 345
PFT-a (pM) - - - 60 60 l —,
ta - | e W = _ ==
‘—3 Cyte — _" - (T202W204}| g
= ERK=-==5|...___.____ o =
UGAPDH—_——_—-—-" ‘________ 4 i — . —"'--'W- .
G.‘\PDH_——-—--_|“——_---_
o L -
:C)‘TC-“-- ‘ = - _—
: - — e e o
£ & (TBoryigy) T == T © | = BT
g'ﬁml‘.lL----l--'-— ,;,33-.._-.-.-------—""-—-_,..-—.—'_,_...—_.._-__-.-__-,-__i
S — ' - ’

GAPDH m———— ud“b_—_—'———-—

Figure 3. Effects of cordycepin on p53 and MAPK signaling pathways. (A) NB-4 cells were treated with 18 wg/mL (71.6 wM) cordycepin for 6 h, 9 h and
12 h, or treated with 4.5 png/mL (17.9 uM), 9 pg/mL (35.8 uM), 18 pg/mL (71.6 pM) cordycepin for 12 h. U937 cells were treated with 34.5 pwg/mL
(137.3 wM) cordycepin for 24 h, 36 h, and 48 h, or treated with 11.5 wg/mL (45.8 M), 23 pg/mL (91.5 wM), 34.5 pg/mL (137.3 wM) cordycepin for
48 h. Whole cell lysates were evaluated by Western blot analysis with anti-p53 antibody. (B) NB-4 cells were preincubated with PFT-a for 2 h before treat-
ment with 18 pg/mL (71.6 wM) cordycepin for another 12 h. U937 cells were preincubated with PFT-a for 1 h before treatment with 34.5 pg/mL
(137.3 M) cordycepin for another 48 h. Extracts from cells were assayed for caspase-3/9 activity by using colorimetric assay. #, P <0.05 vs. cordycepin
treated group. Each data point represents the mean =+ SD of 3 independent experiments. (C) NB-4 cells were preincubated with PFT-a for 2 h before
treatment with 18 pg/mL (71.6 wM) cordycepin for another 9 h. U937 cells were preincubated with PFT-a for 1 h before treatment with 34.5 pg/mL
(137.3 wM) cordycepin for another 48 h. Whole-cell lysates were analyzed by Western blot with anti-XIAP antibody. (D) NB-4 cells were preincubated
with PFT-a for 2 h before treatment with 18 wg/mL (71.6 M) cordycepin for another 12 h. U937 cells were preincubated with PFT-a for 1 h before treat-
ment with 34.5 pg/mL (137.3 wM) cordycepin for another 48 h. Cytosolic and membrane fractions were generated as described in Materials and Meth-
ods. Cytochrome ¢ was detected by Western blot analysis. (E) NB-4 cells were treated with 18 wg/mL (71.6 wM). cordycepin for 6 h, 9 h and 12 h, or
treated with 4.5 pg/mL (17.9 wM), 9 pwg/mL (35.8 wM), 18 pg/mL (71.6 wM) cordycepin for 12 h. U937 cells were treated with 34.5 pg/mL (137.3 uM)

cordycepin for 24 h, 36 h, and 48 h, or treated with 11.5 pg/mL (45.8 uM), 23 wg/mL (91.5 wM), 34.5 png/mL (137.3 M) cordycepin for 48 h. Whole cell
lysates were evaluated using Western blot analysis with the indicated antibodies.

Na,HPOy, pH 6.4) was added so that a metallic sheen would
appear on the surface. After 5 min, the slides were washed with
distilled water and tilted to drain. Then the slides were dipped in
Giemsa stain (Beijing Leagene Biotech.Co,Ltd, http://www.lea
gene.com/product/shiji/dbzl/2013-06-24/18628.html) for
5 min, washed with distilled water, and air-dried in a vertical
position. Once the slides were dry, morphology was evaluated by
conventional light field microscopy under magnification 400 x.

www.tandfonline.com Cell Cycle

Subcellular fractionation

The subcellular fractionation was performed as described pre-
viously.?® Briefly, cells were collected, washed with ice-cold PBS
and incubated on ice in buffer (250 mM sucrose, 20 mM
HEPES pH 7.4, 5 mM MgCl,, 10 mM KCI, 1 mM EDTA,
1 mM EGTA, 0.05% digitonin, and protease inhibitor cocktail)
for 20 min. Cytosolic (supernatant) and membrane (pellet) frac-
tions were separated by centrifugation at 13,000 x g for 10 min.
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Figure 4. For figure legend, see page 769.
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product) according to the

manufacturer’s instructions.
Briefly, cells were washed

twice with cold phosphate-

evaluated by Western blot analysis with the indicated antibodies.

Figure 5. Cordycepin induces DNA damage in NB-4 and U937 cells. (A and B) NB-4 cells were treated with 18 pg/
mL cordycepin for 6 h, 9 h and 12 h, or treated with 4.5 pg/mL (17.9 uM), 9 pg/mL (35.8 wM), 18 wg/mL (71.6 n.M)
cordycepin for 12 h. U937 cells were treated with 23 pug/mL (91.5 wM) cordycepin for 6 h, 9 h, and 12 h, or treated
with 5.8 wg/mL (23.1 wM), 11.5 pg/mL (45.8 uM), 23 pwg/mL (91.5 wM) cordycepin for 12 h. Whole cell lysates were

buffered saline (PBS) and
stained in 100 pL of bind-
ing  buffer  containing
Annexin V-PE and 7-AAD
for 15 min at room temper-

‘Western blot analysis

Proteins were separated by SDS-PAGE and transferred to
nitrocellulose membranes (Whatman). Membranes were probed
with the indicated primary antibodies overnight at 4°C. After
washing 3 times with TBST, Alexa Fluor 680 goat anti-mouse or
-rabbit was used to visualize the Western blotting using an infra-
red imaging system (Odyssey, LI-COR Biosciences). GAPDH

served as an internal control.

Flow cytometric analysis of cell cycle

To measure cell cycle distribution, cells were harvested and
analyzed by flow cytometry. Briefly, cells treated with cordycepin
were harvested, washed with PBS, fixed with ice-cold 70% etha-
nol and finally stained with 20 pg/mL Propidium iodide (PI)
and RNase A (0.2 mg/mL, Takara, http://www.takara.com.cn/?

ature in the dark. Then
400 pL of binding buffer was added. The samples were analyzed
with FACSCalibur (BD Biosciences). Then 10,000 cells were
counted per sample. Data were collected using CellQuest™™ soft-
ware and analyzed using Flow]Jo 7.6.

Caspase-3/9 activity assay

Caspase-3/9 activity was assessed using caspase-3/9 colorimet-
ric assay kits (BioVision, http://www.biovision.com/caspase-3-
colorimetric-assay-kit-3478.html, http://www.biovision.com/cas
pase-9-colorimetric-assay-kit-3523.html) according to the man-
ufacturer’s instructions. Briefly, cells (5x 10°) were harvested and
lysed in 50 wL of chilled lysis buffer and then incubated for
10 min on ice. After centrifugation at 12,000 g for 1 min, the
supernatants were collected and approximately 100 g of protein
from the cell lysate was incubated with reaction buffer

Western blot analysis with the indicated antibodies.

Figure 4 (See previous page). Cordycepin induces cell cycle arrest in NB-4 and U937 cells. (A) Flow cytometric analysis of cell cycle distribution of NB-4
and U937 cells. Cells were treated with or without cordycepin for indicated time and stained with propidium iodide for DNA content. (B) Expression of
cyclin A2, cyclin E, and CDK2 mRNAs in NB-4 and U937 cells treated with cordycepin. NB-4 cells were treated with 18 pg/mL (71.6 M) cordycepin for
6 h, 9 h, and 12 h. U937 cells were treated with 23 pg/mL (91.5 wM) cordycepin for 6 h, 12 h, and 24 h. #, P <0.05 vs. 0 h group. *, P<0.01 versus 0 h
group. (C) NB-4 cells were treated with 18 pwg/mL (71.6 M) cordycepin for 6 h, 9 h and 12 h, or treated with 4.5 pwg/mL (17.9 pM), 9 pg/mL (35.8 wM),
18 pg/mL (71.6 M) cordycepin for 12 h. U937 cells were treated with 23 pg/mL (91.5 wM) cordycepin for 12 h, 24 h, and 36 h, or treated with 5.8 ng/
mL (23.1 wM), 11.5 pg/mL (45.8 wM), 23 pg/mL (91.5 wM) cordycepin for 36 h. Whole cell lysates were evaluated by Western blot analysis with the indi-
cated antibodies. (D) NB-4 cells were preincubated with PFT-a for 2 h before treatment with 18 wg/mL (71.6 wM) cordycepin for another 9 h. U937 cells
were preincubated with PFT-a for 1 h before treatment with 23 wg/mL (91.5 wM) cordycepin for another 36 h. Whole cell lysates were evaluated by
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Figure 6. Schematic representation of proposed mechanism of
cordycepin-induced apoptosis and cell cycle arrest in NB-4 and U937
cells. In response to cordycepin induced DNA damage, Chk2 is phos-
phorylated independent of ATM/ATR. The activated Chk2 can then
induce ubiquitin-mediated degradation of Cdc25A by phosphorylating
Cdc25A on S124. The degradation of Cdc25A leads to the accumulation
of CDK2 in its inactive form, and results in the inhibition of DNA synthe-
sis. Cordycepin increases the levels of p53 which repress the expression
of cyclin A2, cyclin E, and CDK2, which then cause S-phase arrest. Cordy-
cepin leads to activation of caspase-8 and caspase-9, which then cleave
executioner caspase-3. Once activated, caspase-3 cleaves its substrates,
such as PARP, and triggers cell apoptosis. The increased levels of p53
can also induce the release of cytochrome ¢ from mitochondria to cyto-
sol promoting the activation of caspase-9. In addition, the expression of
anti-apoptotic protein XIAP was inhibited by the upregulation of p53 in
NB-4 cells, while the levels of XIAP were not affected in U937 cells. Cordy-
cepin also inhibits the phosphorylation of ERK1/2, and blocks the activa-
tion of MAPK pathway. The blockage of MAPK signaling therefore
sensitizes cordycepin-induced cell apoptosis.

(containing 10 mM DTT) and conjugated substrates (DEVD-
pNA for caspase-3 and LEHD-pNA for caspase-9) at 37°C for
2—4 hours. Caspase activity was measured using a fluorometer at
an absorbance of 400 nm.

RNA extraction, reverse transcription, and quantitative real-
time PCR

RNA was isolated using Trizol reagent (Invitrogen, http://
www.lifetechnologies.com/order/catalog/zh/CN/adirect/It?
cmd=catDisplayStyle andcatKey=101 andfilterDispName=TRI-
zol %26reg%3B+ReagentandfilterType=1 &OP=filter andfil-
ter=ft _1201%2Ff 2056459*and_bcs_=H4sIAAAAAAAAAH-
2MwQgDMBBEvV2ZP0qARxKuXngU%2FIU6bQOKWzcb8-
frc%2FUBjegxmYx0TjugufL-Wgd%0AyC%2FDAbITQP3TR-
9UPzRv5p6X37n]6QRHixZnfCdUFLjalasBliFxgYjkhLmr]9k]-
%2B%2FmVcVRpMXxkG%0AQ8CLAAAA) according to the
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