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Introduction

Summary

Cordycepin (3'-deoxyadenosine) is one of the major bioactive substances
produced by Cordyceps militaris, a traditional medicinal mushroom.
Cordycepin possesses several biological activities, including both pro-
apoptotic and anti-apoptotic properties. In the present report, we investigated
an effect of cordycepin on the survival of cells exposed to tumour necrosis
factor (TNF)-o.. We found that subtoxic doses of cordycepin increased suscep-
tibility of cells to TNF-a-induced apoptosis. It was associated with suppression
of nuclear factor-kB (NF-kB), a major prosurvival component involved in
TNF-o signalling. The adenosine transporter and As adenosine receptor, but
not A; and A, adenosine receptors, mediated both anti-NF-xB and pro-
apoptotic effects. We found that cordycepin had the potential to phosphorylate
eukaryotic translation initiation factor 2c (eIF2at) and that activation of eIF2c
mimicked the suppressive effect of cordycepin on the NF-kB pathway. Further-
more, activation of eIF2q sensitized cells to TNF-a-induced apoptosis. To
identify molecular events downstream of eIF2q., the role of mammalian target
of rapamycin complex 1 (mMTORC1) was examined. Selective activation of
selF20., as well as treatment with cordycepin, caused phosphorylation of
mTORCI1. Rapamycin, an inhibitor of mTORCI, significantly reversed the
suppressive effects of eIF200 on NF-kB. These results suggest that cordycepin
sensitizes cells to TNF-o-induced apoptosis, at least in part, viainduction of the
elF20-mTORC1 pathway and consequent suppression of NF-kB.
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TNFR1-associated death domain (TRADD) recruits TRAF2
and receptor-interacting protein 1 (RIP1) into the TNFR1

Tumour necrosis factor (TNF)-o. is a potent proinflamma-
tory cytokine that plays an important role in the regula-
tion of inflammation, cell proliferation, differentiation and
apoptosis. TNF-o induces apoptosis via formation of
the death-inducing signalling complex consisting of TNF-
receptor (TNFR), Fas-associated death domain protein
(FADD) and caspase-8. Activation of caspase-8 leads to
cleavage of downstream caspases, including caspase-3,
resulting in apoptotic cell death [1]. In addition to this pro-
apoptotic signalling, TNF-o. also induces prosurvival signal-
ling mediated by nuclear factor-xB (NF-kB). Activation of
the NF-xB pathway counteracts TNF-o-induced apoptosis
via induction of anti-apoptotic genes, including TNFR-
associated factors (TRAF1 and TRAF2), inhibitor of apop-
tosis proteins (cIAP-1 and cIAP-2) and caspase-8 homologue
FLICE-inhibitory protein (cFLIP) [2]. In this process,
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signalling complex. TRAF2 then recruits IkB kinase (IKK)
into the TNFR1 complex, leading to the activation of IKK
and consequent phosphorylation of IkBo. Phosphorylated
IxBo. is then degraded via the ubiquitin—proteasome
pathway, allowing NF-kB to translocate to the nucleus and to
initiate transcription of pro-apoptotic genes [3].
Cordycepin (3’-deoxyadenosine) is one of the major bio-
active substances produced by Cordyceps militaris, a parasitic
fungus used for traditional Chinese medicine. It possesses a
wide range of biological effects, including anti-thrombotic,
anti-cancer, anti-viral, anti-fungal and anti-inflammatory
activities [4-9]. Previous reports have suggested pro-
apoptotic effects of cordycepin on several types of cancer
cells [10-12]. However, we have reported recently that, under
some particular stress conditions, cordycepin facilitated cell
survival. For example, cordycepin selectively attenuated
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endoplasmic reticulum (ER) stress-induced apoptosis in
renal tubular cells [13]. Currently, it is unclear whether
cordycepin regulates cellular fate under other stress
conditions. In particular, it is undetermined whether and
how cordycepin affects cytokine-triggered apoptosis. In the
present investigation, we aimed to examine an effect of
cordycepin on the survival of cells exposed to TNF-o. Our
results suggest that cordycepin sensitizes cells to TNF-o-
induced apoptosis via induction of particular stress signal-
ling and consequent suppression of NF-«kB.

Materials and methods

Reagents

Cordycepin, rapamycin, 1,3-dipropyl-8-sulphophenylxan-
thine (DPSPX), propyl 6-ethyl-5-ethylsulphanylcarbonyl-2-
phenyl-4-propyl-pyridine-3-carboxylate (MRS1523) and
nitrobenzylthioinosine (NBTI) were purchased from Sigma-
Aldrich Japan (Tokyo, Japan). Human recombinant TNF-o
was obtained from R&D Systems (Minneapolis, MN, USA),
and salubrinal was obtained from Calbiochem (San Diego,
CA, USA). Dehydroxymethylepoxyquinomicin (DHMEQ)
[14] was kindly provided by Dr Kazuo Umezawa (Keio Uni-
versity, Tokyo, Japan).

Cell culture

The rat renal tubular epithelial cell line NRK-52E was pur-
chased from American Type Culture Collection (Manassas,
VA, USA). Cells were maintained in Dulbecco’s modified
Eagle’s medium/Ham’s F-12 (GiBco-BRL, Gaithersburg,
MD, USA) supplemented with 5% fetal bovine serum (FBS).

Stable transfection

Using electroporation, NRK-52E cells were stably transfected
with pNF-xB-Luc (Panomics, Fremont, CA, USA), which
introduces a luciferase gene under the control of the kB sites,
and NRK/NF-kB-Luc cells were established.

Transient transfection

Using electroporation, NRK-52E cells were transfected tran-
siently with pIxBa-Fluc or pPCMV-Fluc (gifts from Dr David
Piwnica-Worms, Washington University) [15], treated with
TNF-o in the absence or presence of cordycepin and sub-
jected to luciferase assay. pCMV-Fluc and pIkBa-Fluc intro-
duce firefly luciferase (Fluc) or IkBa fused to Fluc under the
control of the cytomegalovirus promoter (CMV). The
luciferase activity in pIkBo-Fluc-transfected cells was
normalized by the levels of luciferase in pCMV-Fluc-
transfected cells. In some experiments, NRK-52E cells were
co-transfected with pNF-kB-Luc together with pCMV4 or
pCMV4-p65 (Addgene, Cambridge, MA, USA) encoding the
p65 NF-xB subunit.
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Assessment of cell death

Cells were seeded into 24-well plates and treated with test
agents. Both attached and floating cells were harvested and
subjected to trypan blue analysis. The percentages of dead
cells against total cells were evaluated in individual wells.

Luciferase assay

Luciferase activity was evaluated by the luciferase assay
system (Promega, Madison, WI, USA), according to the
manufacturer’s protocol.

Northern blot analysis

Total RNA was extracted by a single-step method, and
Northern blot analysis was performed as described previ-
ously [16]. A cDNA for monocyte chemoattractant protein 1
(MCP-1) [17] was used to prepare a radio-labelled probe.
Expression of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as a loading control.

Western blot analysis

Western blot analysis was performed using the enhanced
chemiluminescence system (Amersham Biosciences, Buck-
inghamshire, UK). Anti-caspase-3 antibody, anti-phospho
eukaryotic translation initiation factor 2o (eIF20.) antibody
(Ser51), anti-phospho p70S6 kinase (p70S6K) antibody
(Thr389) and anti-p70S6K antibody were purchased from
Cell Signaling Technology (Danvers, MA, USA), and anti-
elF20 antibody was obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). As a loading control, levels of
B-actin were evaluated using anti-B-actin antibody (Sigma-
Aldrich Japan). Levels of phosphorylated Akt and total Akt
protein were evaluated using PhosphoPlus Akt (Ser473)
Antibody Kit (Cell Signaling Technology).

Statistical analysis

In apoptosis assays and reporter assays, experiments were
performed in quadruplicate, and data were expressed as
means * standard error (s.e.). Statistical analysis was per-
formed using the non-parametric Mann—Whitney U-test to
compare data in different groups. A P-value < 0-05 was con-
sidered to indicate a statistically significant difference.

Results

Sensitization of cells to TNF-a-induced apoptosis
by cordycepin

We reported recently that cordycepin selectively inhibits
endoplasmic reticulum (ER) stress-induced apoptosis in
NRK-52E cells [13]. To examine whether and how cordycepin
regulates cellular fate under other stress conditions, especially
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(a)

Control

Fig. 1. Sensitization of cells to tumour

necrosis factor (TNF)-a-induced apoptosis by
cordycepin. (a) Normal rat kidney epithelial
(NRK-52E) cells were treated with 5 pug/ml
cordycepin in the absence or presence of

10 ng/ml TNF-o. for 48 h and subjected to
phase-contrast microscopy. (b) The percentages

TNF-ou

of dead cells against total cells were evaluated
by trypan blue analysis. Assays were performed (©
in quadruplicate, and data are presented as TNF-o.
means * standard error. *Statistically significant
difference (P < 0-05); NS, not statistically signifi-

cant. (c) Cells were treated with indicated agents

Procaspase-3

for 48 h and subjected to Western blot analysis Cleaved caspase-3

of caspase-3. The level of B-actin is shown at the

bottom as a loading control. B-actin

under inflammatory stimuli, NRK-52E cells were exposed
to TNF-a. in the absence or presence of a non-toxic dose
(5 ug/ml) of cordycepin. Microscopic analysis showed that
TNF-o alone did not induce significant cell injury. However,
co-treatment with cordycepin sensitized cells to TNF-o-
induced cellular damage (Fig. la). Quantitative analysis
showed that the percentage of dead cells increased signifi-
cantly by the treatment with cordycepin only in TNF-o.-
exposed cells (Fig. 1b). Western blot analysis also showed that
exposure to cordycepin caused cleavage of procaspase-3 in
TNF-o-treated cells, but not in TNF-o-untreated cells
(Fig. 1c).

Sensitization to apoptosis by cordycepin through
blockade of NF-xB

TNF-a triggers both pro-apoptotic and prosurvival signal-
ling, and NF-xB plays a crucial role in its prosurvival effect
[2]. We speculated that cordycepin may suppress activation
of NF-xB, leading to sensitization to TNF-o-induced
apoptosis. Indeed, a reporter assay showed that cordycepin
inhibited TNF-o.-triggered activation of NF-kB in a dose-
dependent manner (Fig. 2a). This effect was not ascribed to
its non-specific effects on transcription or translation,
because it did not suppress the activity of luciferase driven by
viral promoters and housekeeping gene promoters (data not
shown). Consistent with this result, cordycepin also blunted
induction of a NF-xB-dependent gene MCP-1 (Fig. 2b). To
confirm that the pro-apoptotic effect of cordycepin is indeed
ascribed to suppression of NF-kB, the effects of DHMEQ, an
inhibitor of NF-kB [14], were tested. As shown in Fig. 2¢,d,
treatment with DHMEQ mimicked the pro-apoptotic effect
of cordycepin in TNF-o-exposed cells. Furthermore, con-
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comitant treatment with TNF-ot and DHMEQ caused sub-
stantial cleavage of procaspase-3 (Fig. 2e).

Roles of adenosine receptors and adenosine transporter

A previous report suggested that cordycepin inhibited
tumour cell growth through binding to the A; adenosine
receptor [18]. We also showed that cordycepin suppressed
ER stress-induced apoptosis through the A; adenosine recep-
tor and adenosine transporter [13]. We tested the effects of
adenosine receptor antagonists and an adenosine transport
inhibitor on the pro-apoptotic action of cordycepin. Micro-
scopic analysis showed that the cellular damage caused by
cordycepin in TNF-o-treated cells was attenuated by the
adenosine transport inhibitor NBTL. The A; receptor antago-
nist MRS1523 also modestly inhibited the pro-apoptotic
effect (Fig. 3a,b). In contrast, the A;/A; receptor antagonist
DPSPX did not reverse the effect of cordycepin.

We further tested whether and how adenosine receptors
and adenosine transporter are involved in the regulation of
NE-xB by cordycepin. Reporter assay showed that, in the
presence of NBTI or MRS1523, the suppressive effect of
cordycepin on NF-kB was reversed significantly (Fig. 3c).
Consistent with the results on apoptosis, the effect of NBTI
was stronger than that of MRS1523. In contrast, treatment
with DPSPX did not affect the suppressive effect of
cordycepin.

Inhibition of NF-kB by cordycepin through activation
of elF2a

We reported recently that cordycepin has the potential to
induce activation of elF2a [13], a putative regulator of
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NF-kB [19,20]. We examined whether or not elF2a is
involved in the regulation of NF-xB by cordycepin. As shown
in Fig. 4a, cordycepin rapidly induced phosphorylation of
elF20, and it was sustained for at least 24 h. To examine the
role of eIF20 in the suppression of NF-kB by cordycepin, the
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Fig. 4. Inhibition of nuclear factor (NF)-«B by
cordycepin through activation of eukaryotic
translation initiation factor 2o (eIF2at). (a) Cells
were treated with cordycepin for the indicated
time-periods and subjected to Western blot
analysis of phosphorylated eIF2a. (p-elF2a).
Total protein level of elF2a. is shown at the
bottom as a loading control. (b) NRK/NF-kB-
Luc cells were stimulated with tumour necrosis
factor (TNF)-o in the absence or presence of

50 UM salubrinal and subjected to luciferase
assay. (c) Cells were treated with the indicated
agents and subjected to Northern blot analysis.
(d) Cells were transfected with pIxBo-Fluc or
pCMV-Flug, treated with TNF-o. in the absence
or presence of salubrinal and subjected to
luciferase assay. The luciferase activity in pIxBo-
Fluc-transfected cells was normalized by the
levels of luciferase in pCMV-Fluc-transfected
cells. (e) Cells were transfected with NF-kB-Luc
together with empty vector or p65, treated with
or without salubrinal and subjected to luciferase
assay. (f,g) Cells were treated with TNF-a. in the
absence or presence salubrinal and subjected to
phase-contrast microscopy (f) and assessment of
cell death (g). (h) Cells were exposed to the indi-
cated agents and subjected to Western blot
analysis of caspase-3.
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NF-xB by TNF-o (Fig. 4b). Northern blot analysis also
showed that activation of eIF2c. blunted NF-kB-dependent
induction of MCP-1 in TNF-a-stimulated cells (Fig. 4c).
Reporter assay showed that salubrinal significantly reversed
degradation of IxBa in response to TNF-ov (Fig. 4d). Fur-
thermore, activation of NF-kB by over-expression of p65 was
also inhibited by blockade of eIF2c (Fig. 4e).

© 2012 The Authors

To investigate whether activation of eIF2q. sensitizes cells
to TNF-o-induced apoptosis, NRK-52E cells were exposed
to TNF-a in the absence or presence of salubrinal. Micro-
scopic analysis showed that salubrinal mimicked the pro-
apoptotic effect of cordycepin. That is, salubrinal rendered
the cells susceptible to TNF-o-induced apoptosis (Fig. 4f,g).
Consistent with this result, Western blot analysis also showed
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that TNF-a caused cleavage of procaspase-3 only in the pres-
ence of salubrinal (Fig. 4h).

Inhibition of NF-kB through the eIF20—-mammalian
target of rapamycin complex 1 (mTORC1) pathway

mTORCI is one of the key regulators for a wide range of
cell functions. We reported recently that mTORCI has the
potential to suppress activation of NF-xB by TNF-a. [22].
To investigate the mechanisms underlying the suppressive
effect of elF2a0. on NF-xB, a link between elF20. and
mTORC1 was examined. For this purpose, cells were
treated with salubrinal, and the activity of mTORCI was
evaluated by Western blot analysis. Phosphorylation
of p70S6K was used as an indicator of mTORCI activation.
As shown in Fig. 5a, activation of mTORC1 was induced
following treatment with salubrinal. Activation of
mTORC1 was also observed in the cells treated with
cordycepin (Fig. 5b). To examine whether activation of
mTORCI contributes to the suppressive effect of elF2o on
NEF-xB, an effect of rapamycin (inhibitor of mTORC1) was
tested. Reporter assay showed that activation of NF-kB by
TNF-o was inhibited in the presence of salubrinal and was
reversed partially, but significantly, by treatment with rapa-
mycin (Fig. 5¢). A similar effect was also observed by treat-
ment with cordycepin (Fig. 5d). Of note, phosphorylation
of elF20. by cordycepin was not affected by treatment with
rapamycin (Fig. 5e), suggesting that activation of elF2c. was

(a)

Salubrinal
0 3 6 12 24 (h)

an event upstream of mTORCI activation in cordycepin-
treated cells.

Discussion

In the present report, we demonstrate the pro-apoptotic
potential of cordycepin to sensitize cells to TNF-o-induced
apoptosis. This effect was ascribed to the suppression of
NF-kB, a major prosurvival component involved in TNF-a
signalling. We also found that the suppressive effect of
cordycepin was mediated, at least in part, by the induction of
the elF20-mTORCI1 pathway. Cordycepin is known to
inhibit ER stress-induced apoptosis in NRK-52E cells [13].
Our current results, together with the previous report, dis-
closed bidirectional regulation of apoptosis by cordycepin
under distinct stress conditions.

In this report, we show that cordycepin induced phospho-
rylation of elF2o. Currently, it is unclear how cordycepin
activates elF2o. One possibility is its suppressive effect on
growth arrest and DNA damage gene 34 (GADD34) involved
in dephosphorylation of elF2a. [23]. As we showed previ-
ously, GADD34 was expressed constitutively in unstimulated
NRK-52E cells, and was suppressed by cordycepin treatment
[13]. The down-regulation of basal GADD34 may be a pos-
sible mechanism underlying phosphorylation of eIF2a by
cordycepin.

In the present study, we found that the pro-apoptotic
effect of cordycepin was dependent on adenosine
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transporter and A; adenosine receptor. Similarly, we found
that both adenosine transporter and A; adenosine receptor
were involved in the suppression of NF-kB. These results are
similar to our previous finding that the suppressive effect of
cordycepin on ER stress-induced apoptosis was through
adenosine transporter-dependent and -independent mecha-
nisms, the latter of which required the A; adenosine receptor
[13]. Regarding the activation of elF2o. by cordycepin,
however, the intracellular action via the transporter and the
extracellular action via the receptor may play distinct roles.
We demonstrated recently that the adenosine transporter,
but not the A; receptor, contributed to early phosphorylation
of elF2a. by cordycepin. In contrast, the A; receptor was
involved in the maintenance of phosphorylated eIF2o. in the
later phase [13]. The contribution of adenosine transporter
and adenosine receptor may be different, depending on the
phase of NF-kB activation.

Currently, it is unclear how elF20t causes activation of
mTORCI. It is known that Akt up-regulates activity of
mTORC1 [24]. One possible explanation might be that
elF20l causes activation of mTORCI via Akt. However, our
preliminary results did not show any positive effects of salu-
brinal on Akt phosphorylation (our unpublished data),
excluding this possibility. Another possibility is that eIlF2a
may cause suppression of AMP-activated protein kinase
(AMPK), a negative regulator of mTORC1 [25]. However, we
found that (1) TNF-o did not induce activation of AMPK
(our unpublished data) and (2) phosphorylation of AMPKa.
rather suppressed activation of NF-xB in cytokine-treated
NRK-52E cells [26], also excluding this possibility. Further
investigation will be required to elucidate mechanisms
underlying the link between elF20. and mTORCI.

In this report, we show that e[F20.-mediated activation of
mTORCI contributed to the suppression of NF-kB. How
does mTORC1 down-regulate TNF-o-induced NF-kB acti-
vation? One possibility is its negative effect on Akt. In TNF-a.
signalling, Akt contributes to the activation of NF-xB [27].
Previous reports have suggested that phosphorylation of
mTORCI1 by Akt, in turn, regulates the Akt pathway nega-
tively [28,29]. Indeed, our preliminary results showed that
basal and inducible phosphorylation of Akt was depressed by
the treatment with salubrinal in TNF-o-exposed cells (our
unpublished data).

We identified that mMTORCI1 was involved in the suppres-
sion of NF-xB by cordycepin. However, inhibition of
mTORCI by rapamycin reversed only partially the suppres-
sive effects of cordycepin and salubrinal (Fig. 5¢,d), suggest-
ing that cordycepin may also suppress NF-kB signalling in
another way, i.e. independently of mTORCI. It is known that
cordycepin inhibits transcription via blockade of mRNA
polyadenylation, presumably by causing chain termination
following its incorporation as cordycepin triphosphate [30].
Although, in our experimental condition, cordycepin did
not suppress luciferase activity driven by viral promoters
and housekeeping gene promoters, we cannot exclude the

© 2012 The Authors
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possibility that inhibition of transcription is part of the sup-
pressive effect of cordycepin on NF-kB.

Recently, we reported that cordycepin attenuated ER
stress-triggered renal tubular injury in vitro and in vivo [13].
In the present report, we also show that cordycepin inhibited
activation of NF-kB by TNF-a. in renal tubular cells, suggest-
ing that cordycepin is useful for the treatment of inflam-
matory kidney diseases. However, therapeutic utility of
cordycepin on kidney diseases might have a ‘Janus face’
Although it is renoprotective in ER stress-related diseases, it
could be renotoxic in some pathologies where TNF-o. plays a
critical role. For example, some reports have suggested that
TNF-o was causative of renal tubular apoptosis in urinary
tract obstruction and ischaemia—reperfusion injury [31,32].
If so, in these pathological situations, treatment with
cordycepin might exacerbate renal diseases via enhancement
of apoptosis.

Several previous reports have suggested pro-apoptotic
effects of cordycepin on malignant cells, whereas molecular
mechanisms involved are largely unknown. Chen et al.
reported that transcriptional expression of MET, a survival
gene for multiple myeloma, was suppressed selectively in
cordycepin-treated myeloma cells without affecting levels of
other anti-apoptotic proteins including Bcl-2, XIAP, Mcl-1
and survivin. They also showed that stabilization of p53 was
not involved in the pro-apoptotic effect of cordycepin [11].
Our current results indicate a novel mechanism by which
cordycepin exerts its pro-apoptotic effect, especially under
pathological conditions where NF-kB plays a significant role.
For example, NF-xB has tumour-promoting effects in many
types of cancers [33]. The mechanism described here may
explain the anti-tumour effect of cordycepin in vivo, which
has been reported by some investigators [5,34].
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