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Grifolin, a secondary metabolite isolated from the fresh fruiting bodies of the mushroom Albatrellus confluens,
has been shown to induce G1 phase cell-cycle arrest in tumor cells in previous studies of our group. However,
the mechanisms of action are not completely understood. Our group further demonstrated that grifolin upre-
gulates death-associated protein kinase 1 (DAPK1) in nasopharyngeal carcinoma cells (NPCs). Here, we
found that grifolin induced dephosphorylation of DAPK1 (Ser308) to activate DAPK1 and subsequent phos-
phorylation of its potential downstream effector p21 (Thr145) in nasopharyngeal carcinoma cell CNE1. Inhi-
bition of DAPK1 by introducing siRNA targeting DAPK1 reversed the grifolin- induced phosphorylation of
p21. Furthermore, we confirmed that grifolin increased the half-life of p21 and promoted its stability. Flow
cytometry analysis demonstrated that DAPK1 was involved in grifolin-induced G1 phase arrest in CNE1
cells. The similar effects induced by grifolin and mechanism beneath were identified in another nasopharyn-
geal carcinoma cell HONE1. In addition, we observed that grifolin promoted the protein–protein interaction
of DAPK1 and ERK1/2 to prevent ERK1/2 nucleolus translocation. Our findings indicate that DAPK1 plays a
crucial role in the induction of cell-cycle arrest at G1 phase by grifolin. Grifolin might represent a promising
candidate in the prevention and intervention of cancer by targeting DAPK1 signaling to induce cell cycle G1
phase arrest.
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hina. Tel.: +86 731 84805448.

rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Medicinal mushrooms such as Ganoderma lucidum, Phellinus linteus,
and Coriolus versicolor, have an established history of use in traditional
oriental therapies. Recently, the pool of secondary metabolites
produced by a variety of mushrooms has attracted extensive therapeutic
interest (Zaidman et al., 2005). These substances originate as derivatives
of many intermediates in primary metabolism. New discoveries in
molecular oncology along with the rapid expansion of our knowledge
concerning the processes that govern control of cell cycle, apoptosis,
differentiation, angiogenesis, metastasis, and signal transduction have
unveiled an abundance of specific molecular targets for cancer therapy,
including a variety of small-molecule compounds that inhibit or stimulate
these molecular targets (Bode and Dong, 2009). Genistein and its glyco-
sides, which originated from the mushroom Flammulina velutipes, have
been shown to upregulate the vitamin D receptor protein by increasing
its stability and the upregulation of p21 induced by genistein is essential
for growth inhibition of LNCaP prostate cancer cells (Rao et al., 2004). In
human hepatocellular carcinoma (HepG2) cells, genistein modulates
Cdc2 kinase activity and leads to G2/M arrest (Chang et al., 2004). An
alcohol extract of the mushroom Ganoderma lucidum, inhibited cell
proliferation in a dose- and time-dependent manner, which might be
mediated through the upregulation of p21 and downregulation of cyclin
D1. Grifolin, a secondarymetabolite isolated from the fresh fruiting bodies
of the mushroom Albatrellus confluens, has exhibited various pharmaco-
logical andmicrobiological effects (Hara et al., 2009;Hirata andNakanishi,
1950; Liu et al., 2010; Luo et al., 2005; Quang et al., 2006). The anticancer
activities of grifolin were first reported by our group (Ye et al., 2005). In
our previous study, we found that grifolin induces G1 phase cell-cycle
arrest in tumor cells (Ye et al., 2007). Our group further demonstrated
that grifolin upregulates death-associated protein kinase 1 (DAPK1) in
nasopharyngeal carcinoma cells (Luo et al., 2011).

Death-associated protein kinase 1(DAPK1) is a Ca2+/calmodulin
(CaM)-regulated Ser/Thr kinase thatmediates cell death and its activity
is necessary for the induction of cell death by multiple death signals
(Jang et al., 2002; Pelled et al., 2002; Wang et al., 2002; Yamamoto et
al., 2002). DAPK1 belongs to a family of related death kinases, which
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includes ZIPK [ZIP kinase, also known as Dlk (DAP-like kinase) or
DAPK3] .The human ZIPk gene shares 83% identity at the amino acid
level with DAPK1's catalytic domain (Kawai et al., 1998; Kogel et al.,
1998). Interestingly, the p21 protein is reported to be a substrate of
ZIP kinase (Bialik and Kimchi, 2006). The p21 protein has awide variety
of physiological roles, including its Cdk inhibitor (CKI) function leading
to cell cycle arrest in response to DNA damage, promotion of differenti-
ation, and the imposition of cellular senescence. In terms of cell cycle
regulation, p21 acts as a general inhibitor and binds to the Cyclin D/
Cdk4/6 complex and inhibits its activity, thereby blocking progression
through the G1/S transition of the cell cycle (Coqueret, 2003; Schwartz,
2002).

Two proteins have been shown to independently interact with
DAPK1's death domain, which include ERK protein (Chen et al.,
2005). Studies of the localization of ERK and ERK-activating kinases
during the cell cycle suggest that ERK may be acting at several sites
to regulate cell-cycle machinery (MacCorkle and Tan, 2005). In inter-
phase cells, ERK is primarily localized in the cytoplasm. However,
mitogenic stimulation of cells causes phosphorylation of ERK and
translocation of active ERK to the nucleus. This translocation is neces-
sary for ERK-dependent activation of DNA synthesis and progression
from G1 into S phase (Brunet et al., 1999).

Thus, we hypothesize that DAPK1 is involved in the G1 phase
arrest induced by grifolin in nasopharyngeal carcinoma.

2. Materials and methods

2.1. Cell line and culture

The human nasopharyngeal carcinoma cell lines CNE1 and HONE1
were grown in RPMI 1640 supplementedwith 10% v/v heat-inactivated
fetal bovine serum, 1%w/v glutamine, 1%w/v antibiotics and cultured at
37 °C in a humidified incubator containing 5% CO2.

2.2. Reagents and plasmids

The following antibodies were used for Western blotting: β-actin
(sc-8432, Santa Cruz), anti-DAPK1 (D1319, Sigma-Aldrich), anti-p-
DAPK(Ser308) (D4941, Sigma-Aldrich), anti-p21 (sc-756, Santa
Cruz), anti-p-p21(Thr145) (sc-20220-R, Santa Cruz), anti-Ub (sc-
6085, Santa Cruz), anti-His (sc-804, Santa Cruz),anti-ERK1(sc-93,
Santa Cruz),anti-nucleolin (sc-8031,Santa Cruz), anti-goat IgG
(FITC)(11904-28H, USBiological), anti-mouse IgG-Cy3(C2181,
Sigma) and horseradish peroxidase-conjugated goat anti-mouse
(sc-2005, Santa Cruz), goat anti-rabbit (sc-2004, Santa Cruz) or
donkey anti-goat (sc-2020) secondary antibodies.

Grifolin (2-trans, trans-farnesyl-5-methylresorcinol) was provid-
ed by Kunming Institute of Botany, the Chinese Academy of Sciences
(purityN99%, HPLC analysis). Dimethyl sulphoxide (DMSO, Sigma)
was used to dissolve grifolin. The final concentration of DMSO in the
culture media was kept less than 0.1% v/v which had no significant
effect on the cell growth. pSIREN-dapk1 siRNA vector was generated
by targeting the coding region of dapk1 gene. His-ubiquitin, His-
UbK48 and His-UbK63 vectors were kindly provided by Dr. Li Lili
(Hong Kong Cancer Institute, Hong Kong). His-Ub K48 or His-Ub K63

vector was constructed based on His-ubiquitin vector by mutating
all lysines of ubiquitin to alanines except K48 or K63.

2.3. Western blotting and immunoprecipitations

Cells were harvested and washed twice with ice-cold phosphate-
buffered saline (PBS), and then lysed with IP lysis buffer (1%w/v)
Nonidet P-40, 25 mM Tris/HCl, 0.4 M KCl, 1 mM dithiothreitol, and
1×protease inhibitor). Clarified supernatants were incubated with
antibodies for IP and 40 μl protein A/G sepharose beads for 2 h at
4 °C. The precipitates were washed three times with ice-cold PBS,
resolved by SDS-PAGE and transferred to nitrocellulose membranes
for Western blotting using ECL detection reagents (Pierce).

2.4. Immunofluorescence

Cells were seeded on the 4-well chamber slides for 24 h, followed
by treating with the indicated concentration of grifolin for a further
12 h. Then the slides were washed in 1×PBS and fixed in 4% parafor-
maldehyde for 30 min at 4 °C and washed three times in 1×PBS after-
ward. Nonspecific sites were blocked for 10 min with 3%w/v bovine
serum albumin/PBS at room temperature. Then cells were incubated
overnight with the primary antibody diluted in 0.25% (w/v) Triton
X-100/PBS at 4 °C. After three washes in 0.1%v/v PBS-Tween, the
slides were incubated with the secondary antibody conjugated with
fluorescein isothiocyanate (FITC) or Cy3 for 2 h at 37 °C. Nuclei were
counterstained using Hoechst 33258 or propidium iodide (PI). Cover-
slips were mounted with DABCO (Sigma). Microscopy analysis was
performed on Leica SP5 microscope.

2.5. Flow cytometry

Cells were harvested by trypsinization and collected by centrifuga-
tion, then washed twice with PBS and fixed in 70% ethanol overnight
at 4 °C. Cells were washed once with PBS/1% BSA and incubated with
1 ml of PBS/1% BSA containing 30 mg/ml PI and 0.25 mg/ml RNase A
for 1 h at room temperature. Cells were analyzed for DNA content by
flow cytometry using a FACS Calibur (BD Biosciences). The data were
analyzed using CellQuest Analysis software (BD Biosciences).

2.6. Statistical analysis

Data are expressed as the mean±S.E.M. Statistical significance
was determined using t test and accepted at Pb0.05. All assays were
performed in two independent samples, and each experiment was
repeated at least twice.

3. Results

3.1. Grifolin activates DAPK1 in CNE1 cells

DAPK1 can be activated by several mechanisms, including binding
of Ca2+ activated CaM and dephosphorylation of Ser308 by an un-
known phosphatase, which can be activated by several death signals
(Llambi et al., 2005; Shang et al., 2005; Shani et al., 2001). In our pre-
vious study, we found that grifolin upregulated DAPK1 expression in
CNE1 cells (Luo et al.). Furthermore, we investigated the phosphory-
lation level of DAPK1 (Ser308) in response to different concentrations
of grifolin. Results indicated that grifolin substantially decreased
phosphorylation of DAPK1 in a dose-dependent manner (Fig. 1A). In
addition, as shown in Fig. 1B, the phosphorylation level was main-
tained at a high level from 0 to 4 h, and then decreased markedly at
6 h. Collectively, these observations demonstrate that grifolin is asso-
ciated with a dephosphorylation of DAPK1 (Ser308), which promotes
the activation of DAPK1 in CNE1 cells .

3.2. Grifolin upregulates the phosphorylation of p21 in CNE1 cells

Phosphorylation is a key regulatorymechanismemployed by cells to
modulate a variety of intracellular processes by altering important pro-
tein properties such as stability, subcellular localization, binding partner
affinities, and catalytic activities. ZIPK is reported to phosphorylate p21
at Thr145 (Bialik and Kimchi, 2006). Considering that grifolin substan-
tially activated DAPK1, which possesses a catalytic domain analogous
with ZIPK, we examined the effect of grifolin on the potential down-
stream effector, p21. CNE1 cells were treated with different concentra-
tions of grifolin and phosphorylation of p21 (Thr145) was detected by



Fig. 1. Grifolin activates DAPK1/p21 signaling. (A) The dephosphorylation of DAPK1 (Ser308) in a dose-dependent manner induced by grifolin. CNE1 cells were cultured and treated
with various concentrations of grifolin for 6 h and phosphorylated DAPK (Ser308) was detected by Western blotting. β-actin served here as a normalization control to verify equal
protein loading (upper panel). Phosphorylation levels of DAPK1 protein from triplicate experiments were quantified by densitometry (lower panel). (B) CNE1 cells were cultured
and treated with 30 μM of grifolin for various times (0–24 h) as indicated. At each time point, total cell lysates were prepared and subjected to SDS-PAGE followed byWestern blot-
ting. Membranes were probed with an antibody against p-DAPK (Ser308) (upper panel). The phosphorylation levels of the DAPK1 protein from triplicate experiments were quan-
tified by densitometry (lower panel). Data are shown as means±S.E.M. of triplicate experiments. (C) Effect of grifolin on phosphorylation of p21. CNE1 cells were cultured and
treated with various concentrations of grifolin for 6 h. Cell lysates were prepared and examined by Western blotting with antibodies against p-p21 (Thr145). The total p21 protein
was taken as a normalization control to verify equal protein loading (upper panel). Phosphorylation levels of p21 protein from triplicate experiments were quantified by densitom-
etry and data are shown as means±S.E.M. (lower panel) (D) Phosphorylation of p21 (Thr 145) induced by grifolin is mediated by DAPK1 activation. CNE1 cells were transfected
with DAPK1 siRNA (si-DAPK1) or control siRNA (si-Ctrl) for 48 h, then treated with grifolin for an additional 6 h followed byWestern blotting with antibodies against DAPK1 and p-p21
(Thr145), respectively. Ctrl, control; gri, grifolin.
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Western blotting. Results indicate that grifolin induced phosphorylation
of p21 (Thr145) dose-dependently, while there was no detectable
change on the total levels of p21 protein (Fig. 1C).

To further evaluate whether DAPK1 mediates grifolin-induced
phosphorylation of p21, we introduced DAPK1 siRNA (siDAPK1)
into CNE1 cells and at 48 h, treated cells with grifolin (30 μM) for an-
other 6 h. Western blotting analysis showed successful DAPK1 deple-
tion following transfection with siDAPK1. siDAPK1 transfection
reversed the grifolin-induced upregulation of DAPK1 as well as phos-
phorylation of p21 (Fig. 1D). In contrast, cells transfected with scram-
bled siRNA did not affect DAPK1 or phosphorylation of p21 induced
by grifolin. Taken together, these findings clearly suggest that
DAPK1 mediates the grifolin-induced upregulation of phosphoryla-
tion of p21 in CNE1 cells.
3.3. Grifolin enhances the stability of p21

At present, both increased and decreased stability have been
reported for phosphorylated p21 (Thr145) (Bloom et al., 2003; Chen
et al., 2004; Child and Mann, 2006; Jin et al., 2003). We demonstrated
that grifolin increased the phosphorylation of p21 (Thr145). There-
fore, we next examined the half-life of the p21 protein in the absence
or presence of grifolin in a time course with cycloheximide, which in-
hibits the general translation machinery. CNE1 cells were treated
with cyclohexamide(20 μg/ml),and then harvested at different time
points for immunoblotting to determine p21 protein levels. Results
(Fig. 2A) indicated that the half-life of p21 was increased from 15 to
20 min in the absence of grifolin to more than 1 h in the presence of
grifolin.



Fig. 2. Grifolin treatment stabilizes p21 in CNE1 cells. (A) CNE1 cells were treated with 30 μM of grifolin for 24 h, then cycloheximide (CHX) was added at a final concentration of
20 μg/ml. Cell lysates were prepared at the times indicated after addition of CHX and examined by Western blotting to detect p21. β-actin was used as a loading control to verify
equal protein loading. The p21 protein levels from triplicate experiments were quantified by densitometry and are presented as means±S.E.M. (lower panel). (B) Effect of grifolin
on the ubiquitination of p21. CNE1 cells were first transfected with a plasmid encoding His-ubiquitin, at 24 h after transfection cells were incubated with grifolin for another 24 h. At
6 h before harvesting, MG132 (5 μΜ)was added. The cell lysates were then prepared in RIPA buffer and the p21 protein was immunoprecipitated from 200 μg of extract by using a
p21-specific antibody. Immunoprecipitates were resolved by 10% polyacrylamide gels and transferred to a nitrocellulose filter membrane. The upper portion of the membrane was
examined byWestern blotting with anti-His antibody. The blot was then stripped and reprobed with the p21-specific antibody. Data from triplicate experiments were quantified by
densitometry and are presented as means±S.E.M. (lower panel). gri, grifolin. (C)The ubiquitination of p21 is mediated through K63-linked pathway. UbK48(left panel) or UbK63

(right panel) plasmid was introduced into CNE1 cells for 24 h, then cells were incubated with grifolin for another 24 h. At 6 h before harvesting, MG132 (5 μΜ)was added. The detection
of p21 ubiquitination was described as (B).
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To determine whether the grifolin-induced increase in the half-life
of p21 could be controlled post-translationally through the
proteasome-dependent pathway by an E3 ubiquitin ligase, we exam-
ined the effect of the proteasome inhibitor MG132 on the steady-state
levels of p21 with and without grifolin. CNE1 cells were first trans-
fected with a plasmid encoding His-ubiquitin and at 24 h, cells were
treated with grifolin for another 24 h and at 6 h before harvest,
MG132 was added. Cell lysates were analyzed by Western blotting.
As shown in Fig. 2B, MG132 treatment rendered higher molecular
mass adducts of the p21 protein, which might be ubiquitinated p21.
And grifolin exhibited the effect similar to that of MG132 treatment,
that is, treatment with grifolin increased the level of the ubiquitinated
p21 protein. In conclusion, the results suggest that grifolin promotes
the ubiquitination of p21. These data are somewhat contradictory in
that grifolin enhances the stability of p21, while ubiquitination is usu-
ally related to degradation of the ubiquitin-linked protein.

The conserved protein ubiquitin (Ub) regulates a host of intracel-
lular processes through its enzymatic conjugation to other cellular
proteins, which mainly includes K48-, and K63-linked modification
pathways. Outcomes of ubiquitin modification include destabilization
of the target protein, altered protein trafficking and functional modu-
lation (Pickart and Fushman, 2004). ‘Canonical’ K48-linked chains
usually signal proteasome proteolysis. In contrast, K63-linked chains
act as non-proteolytic signals in several intracellular pathways, in-
cluding DNA damage tolerance, inflammatory response, the endocytic
pathway and ribosomal protein synthesis, etc. To identify whether
K48- or K63- linked modification pathway was involved in the effect
of p21 stability induced by grifolin, His-UbK48 or His-UbK63 plasmid
was introduced into CNE1 cells, respectively, followed by grifolin
treatment for 24 h. Then, 6 h before the harvest, MG132 was added.
As shown in Fig. 2C (left panel, lane 1 vs 3), we found that grifolin
treatment enhanced the ubiquitinations of K63-linked pathway com-
pared with the control while the ubiquitination of K48-linked path-
way was markedly suppressed by grifolin treatment in Fig. 2C (right
panel, lane 5 vs 7). Accordingly, based on our results, we indicated
that the increased p21 ubiquitination is mediated through K63-, not
K48-linked pathway. Therefore, the outcome was not enhancement
of p21 degradation, but the promotion of p21 stabilization.

image of Fig.�2
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3.4. DAPK1 mediates grifolin-induced G1 arrest in nasopharyngeal carci-
noma cells

Our previous study showed that grifolin induced cell-cycle arrest at
the G1 phase in tumor cells (Ye et al., 2007). Herein, we found that gri-
folin activated DAPK1 and subsequently the downstream effector p21
in CNE1 cells. To determine whether DAPK1mediated the ability of gri-
folin to induce G1 arrest, we transfected DAPK1 siRNA into CNE1 cells
followed by grifolin (40 μM) treatment and observed that the percent-
age of cells in G1 decreased from 78% (solely with grifolin treatment)
to 48%, compared with the siRNA control (72.2% in G1) (Fig. 3). These
findings allow us to conclude that DAPK1 is involved in grifolin-
induced G1 phase arrest in CNE1 cells (Bode and Dong, 2009).

Additional studies were also performed to assess whether ob-
served effects of grifolin are specific to CNE1. Treatment of nasopha-
ryngeal carcinoma HONE1 cells for 6 h with grifolin at 30 μM dose
resulted in marked decrease in Ser308 phosphorylation level of
DAPK1, while increasing the Thr145 phosphorylation of p21, with
no detectable change in the total level of p21 protein (Fig. 4A). 24 h
of grifolin treatment, followed by addition of cyclohexamide (20 μg/
ml) for another 6 h, cells were harvested at different time points.
The results showed that the half-life of p21 was increased from
15 min in the absence of grifolin to 30 min in the presence of grifolin
(Fig. 4B). Grifolin also caused G1 phase arrest at 30 μM doses in
HONE1 cells. Furthermore, we transfected DAPK1 siRNA into HONE1
cells followed by grifolin (30 μM) treatment and observed that the
percentage of cells in G1 decreased from 73.06% with solely grifolin
treatment to 45.43%, compared with the siRNA control (62.44% in
G1) (Fig. 4C). Accordingly, these data indicated that, similar to CNE1
cells, DAPK1/p21 signaling mediates grifolin-induced G1 arrest in
HONE1.

3.5. Grifolin promoted the interaction of DAPK1 and ERK1/2 to prevent
ERK1/2 translocation to nucleolus

In our previous study, we also found that inhibition of the extracel-
lular signal-regulated kinase 1/2 (ERK1/2) pathway has been associated
Fig. 3. Grifolin-induced G1 arrest in CNE1 cells is DAPK1 dependent. CNE1 cells were trans
with grifolin (40 μM)for another 24 h. At 48 h, cells were harvested and analyzed for cell cyc
*, Pb0.05 as compared with gri. Ctrl, control; gri, grifolin.
with the induction of cell-cycle arrest in G1 phase and growth inhibition
by grifolin. ERK protein can bind a docking site within DAPK1's death
domain. Therefore, we examined the co-localization of DAPK1 and
ERK1/2 in response to grifolin stimulation using confocal microscopy.

As shown in Fig. 5A, the co-localization of DAPK1 and ERK1/2 in
cytoplasm increased induced by grifolin compared to the control.
Then we set out to determine whether they directly bind to each
other using co-immunoprecipitation assays. Fig. 5B shows that
ERK1/2 could be detected by Western blotting of DAPK1 immunopre-
cipitates. In the reverse immunoprecipitation, DAPK1 was detectable
by Western blotting of ERK1/2 immunoprecipitates from CNE1 cells.
Compared to the control, the interaction of DAPK1 and ERK1/2
increased markedly with grifolin treatment at 30 μM. Moreover, we
observed cytoplasm retention of ERK1/2 protein induced by grifolin
using confocal microscopy(Fig. 5C). Then by Western blotting we
found the nuclear accumulation of ERK1/2 protein decreased as the
dose of grifolin was increased (Fig. 5E), while the total levels of
ERK1/2 protein did not change (Fig. 5D). So we can conclude from
the data that grifolin enhanced the interaction of DAPK1 and
ERK1/2 and retention of ERK1/2 in cytoplasm.

4. Discussion

Many naturally occurring phytochemicals that are present in the
human diet have been recommended as potential chemoprevention
agents, but the search for novel natural agents and the determination
of novel targets for chemoprevention is challenging. Grifolin, a farnesyl
phenolic compound, was also reported to originate from the edible
mushroom Boletus pseudocalopus (Song et al., 2009).

Our present study shows that DAPK1 mediates grifolin-induced
G1 phase arrest effects in nasopharyngeal carcinoma cells. We
found that grifolin induced dephosphorylation of DAPK1 (Ser308)
and subsequent phosphorylation of p21 (Thr145). Inhibition of
DAPK1 by introducing siDAPK1 reversed the grifolin-induced phos-
phorylation of p21. Further, we confirmed that grifolin increased the
half-life of p21 and promoted its stability with increased ubiquitina-
tion of p21. Normal p21 turnover is suppressed by inhibitors of the
fected with scrambled (si-Ctrl) or DAPK1 siRNA (si-DAPK1) for 24 h, and then treated
le distribution. Cell cycle distribution data are presented as means±S.E.M. of triplicates.

image of Fig.�3


Fig. 4. Grifolin activates DAPK1/p21 signaling and stabilizes p21 to induce G1 arrest in HONE1 cells.(A) HONE1 cells were cultured and treated in the absence or presence of 30 μM
grifolin for 6 h, phosphorylated DAPK (Ser308), p21 (Thr145) or p21 protein was detected by Western blotting. β-actin served here as a normalization control to verify equal pro-
tein loading. (B) HONE1 cells were treated in the absence (upper panel) or presence of 30 μM grifolin (middle panel) for 24 h, then cycloheximide (CHX) was added at a final con-
centration of 20 μg/ml. Cell lysates were prepared at the times indicated after addition of CHX and examined byWestern blotting to detect p21. β-actin was used as a loading control
to verify equal protein loading. The p21 protein levels from triplicate experiments were quantified by densitometry and are presented as means±S.E.M. (lower panel). (C) Grifolin-
induced G1 arrest in HONE1 cells is DAPK1 dependent. HONE1 cells were transfected with scrambled (si-Ctrl) or DAPK1 siRNA (si-DAPK1) for 24 h, and then treated with grifolin
(40 μM)for another 24 h. At 48 h, cells were harvested and analyzed for cell cycle distribution. Cell cycle distribution data are presented as means±S.E.M. of triplicates. *, Pb0.05 as
compared with gri. gri, grifolin.
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proteasome pathway, but degradation is independent of p21 ubiqui-
tination of lysine residues although amino terminal addition of ubi-
quitin has been reported (Bloom et al., 2003; Chen et al., 2004).
Therefore, a different mechanism-driven ubiquitin-linkage might
lead to a different fate for the p21 protein. The ubiquitination of p21
might enhance its stability and promote its function as a cell-cycle in-
hibitor. During G1-phase progression, cyclin D1/CDK4/6 complexes
are activated in mid-G1and are essential for G1/S transition. The en-
hanced stability of p21 induced by grifolin will effectively inhibit
the activity of the cyclin D1/CDK4/6 complex leading to G1 phase
arrest in nasopharyngeal carcinoma.
In addition, grifolin can promote the interaction of DAPK1 and
ERK1/2 leading to cytoplasmic retention of ERK1/2. ERK has a well-
established role in regulating G1 to S phase progression in response
to mitogenic stimulation. ERK mediates activation of multiple tran-
scription factors including Elk1, c-Jun, c-Myc, and c-Fos. These tran-
scription factors control the expression of genes important for cell-
cycle progression, including cyclin D1 and p21WAF1/CIP1 (MacCorkle
and Tan, 2005). It coincides with our previous observation that
grifolin also inhibits the expression of cyclin D1, CDK4 and cyclin E,
which were associated with cell-cycle arrest at G1 phase. Patrick
Frost et al. reported that the ERK inhibitor sensitized myeloma cells

image of Fig.�4


Fig. 5. Grifolin promotes the interaction of DAPK1 and ERK1/2 protein to inhibit the nuclear accumulation of ERK1/2. (A) Co-localization of DAPK1 and ERK1/2 protein in cytoplasm
induced by grifolin. Cells were treated with grifolin at various concentrations for 12 h. DAPK1 was stained with anti-DAPK1 antibody, followed by Cy3-conjugated antibody, and
ERK1/2 was stained with anti-ERK antibody, followed by fluorescein isothiocyanate(FITC)-conjugated antibody. And the nuclei were stained with Hoechst. (B) Western blotting
(WB) to detect co-immunoprecipitation (IP) of DAPK1 and ERK1/2. DAPK1 (upper panel) and ERK1/2 (lower panel) were immunoprecipitated using either anti-DAPK1 or anti-
ERK1/2 antibody from CNE1 cell extracts treated with grifolin for 24 h or not. The immunoprecipitates were fractionated by SDS-PAGE, and Western blotting was performed
with the indicated anti-sera to detect ERK1/2 or DAPK1. The left lane (lysate) represents the immunoreactive protein present in 30 μg of total cell extract. Immunoprecipitations
using non-immune IgG were used in parallel as a control. (C) The nuclear translocation of ERK1/2 was inhibited upon grifolin treatment. CNE1 cells were treated with indicated
concentration of grifolin for 12 h, then immunostained with anti-ERK1/2 followed by FITC-conjugated antibody. The nucleus was stained with PI. ERK1/2 protein was visualized
under a confocal microscope. (D) Whole cell lysates of CNE1 cells were prepared and Western-blotting analysis was performed with anti-ERK1/2 antibody. β-actin was used as
a loading control. (E) Cytoplasmic and nuclear fractions of CNE1 cells were prepared and examined by Western blotting with anti-ERK1/2 antibody. Cytosolic protein α-tubulin
and nuclear protein nucleolin were detected as protein loading controls. (F) Schematic illustration of the DAPK1 signaling to induce G1 phase arrest induced by grifolin in nasopha-
ryngeal carcinoma cells. DAPK1 is activated through dephosphorylation of Ser308 induced by grifolin, and further activates the potential downstream effector p21 through Thr145
phosphorylation to prolong the half-life of p21. In the meanwhile, the interaction of DAPK1 and ERK1/2 is enhanced induced by grifolin to arrest ERK1/2 in cytoplasm. Both cooperate to
leading the G1 phase arrest induced by grifolin.
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to rapamycin in terms of down-regulated D-cyclin protein expression
and G1 arrest. It indicated that ERK activity was required for activa-
tion of the internal ribosome entry site (IRES) activity of D-cyclin
transcripts (Frost et al., 2009). Altogether, our data support a scenario
that the cytoplasmic retention of ERK1/2 synergistically enhances the
G1 phase arrest induced by grifolin.

In summary, the study suggests that the activation of DAPK1 signal-
ing is important for the induction of cell-cycle arrest at G1 phase by gri-
folin. Grifolin might represent a promising candidate in the prevention
and intervention of cancer by activating DAPK1 signaling to induce cell
cycle G1 phase arrest.
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