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Activation of ERK1/2 Leading to G1 Cell Cycle Arrest*
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We have recently shown that the expression levels of both
cannabinoid receptors CB1 and CB2 are higher in human prostate cancer cells than in normal prostate epithelial cells, and
treatment of LNCaP cells with WIN-55,212-2 (a mixed CB1/CB2
agonist) resulted in inhibition of cell growth and induction of
apoptosis (Sarfaraz, S., Afaq, F., Adhami, V. M., and Mukhtar, H.
(2005) Cancer Res. 65, 1635–1641). This study was conducted to
understand the mechanistic basis of these effects. Treatment of
LNCaP cells with WIN-55,212-2 (1–10 M; 24 h) resulted in: (i)
an arrest of the cells in the G0/G1 phase of the cell cycle; (ii) an
induction of p53 and p27/KIP1; (iii) down-regulation of cyclins
D1, D2, E; (iii) decrease in the expression of cdk-2, -4, and -6; (iv)
decrease in protein expression of pRb; (v) down-regulation of
E2F (1– 4); and (vi) decrease in the protein expression of DP1
and DP2. Similar effects were also observed when androgenindependent PC3 cells were treated with WIN-55,212-2 (5–30
M). We further observed sustained up-regulation of ERK1/2
and inhibition of PI3k/Akt pathways in WIN-55,212-2-treated
cells. Inhibition of ERK1/2 abrogated WIN-55,212-2-indued
cell death suggesting that sustained activation of ERK1/2 leads
to cell cycle dysregulation and arrest of cells in G0/G1 phase
subsequently leading to an induction of apoptosis. Further,
WIN-55,212-2 treatment of cells resulted in a dose-dependent
increase in Bax/Bcl-2 ratio in such a way that favors apoptosis.
The induction of apoptosis proceeded through down-regulation of caspases 3, 6, 7, and 9 and cleavage of poly (ADPribose) polymerases. Based on these data we suggest that cannabinoid receptor agonists should be considered as novel
agents for the management of prostate cancer.

Prostate cancer (CaP)2 ranks as the most common noncutaneous malignancy and the second leading cause of cancer-related deaths in American males, with similar trends in many
Western countries. According to an estimate of the American
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Cancer Society, a total of 234,460 men will be diagnosed with
CaP in the United States in the year 2006 and 27,350 CaPrelated deaths are predicted (1). The major cause of mortality
from this disease is metastasis of hormone refractory cancer
cells that fail to respond to hormone ablation therapy (2, 3).
Because surgery and current treatment options have proven to
be inadequate in treating and controlling CaP, the search for
novel targets and mechanism-based agents for prevention and
treatment of this disease has become a priority.
In recent years, cannabinoids the active components of Cannabis sativa linnaeus (marijuana) and their derivatives are
drawing renewed attention because of their diverse pharmacological activities such as cell growth inhibition, anti-inflammatory effects, and tumor regression (4 –9). Further interest in
cannabinoid research came from the discovery of the cannabinoid system and the cloning of specific cannabinoid receptors
(10). Two cannabinoid receptors have been identified: the “central” CB1 and the “peripheral” CB2 receptor. In a recent study,
we have shown that WIN 55,212-2 (Fig. 1) a mixed CB1/CB2
receptor agonist imparts cell growth inhibitory effects in
LNCaP cells via an induction of apoptosis. An important observation of this study was that WIN 55,212-2 treatment did not
result in apoptosis of the normal prostate epithelial cell at similar doses (11).
Here, we show that treatment of human prostate cancer
LNCaP cells with cannabinoid receptor agonist WIN-55,212-2
resulted in an arrest of the cells in the G0/G1 phase of the cell
cycle, and this arrest was associated with a sustained activation
of ERK1/2, induction of p27/KIP1, and inhibition of cyclin D1.
Blocking of both cannabinoid receptors CB1 and CB2 by their
specific antagonist resulted in inhibition of ERK1/2 activation.
Inhibition of ERK1/2 signaling by the ERK1/2 inhibitor
PD98059 and its specific siRNA abrogated these effects.

EXPERIMENTAL PROCEDURES
Materials—R-(⫹)-WIN 55,212-2 (2,3 dihydro-5-methyl-3([morpholinyl]methyl) pyrollo (1,2,3 de)-1,4-benzoxazinyl]-[1napthaleny]methanone, C27H26N2O3.CH3SO3H was purchased from Sigma. CB1 receptor antagonist SR141716 (SR1)
and CB2 receptor antagonist SR144528 (SR2) were procured
from Dr. Herbert H. Seltzman (NIDA, National Institutes of
Health, Division of Neuroscience and Behavioral Research,
through RTI International, Research Triangle Park, NC).
ERK1/2 inhibitor PD98059 was purchased from Tocris Biosciences (Ellisville, MO). Dulbecco’s modified Eagle’s medium
and fetal bovine serum were procured from Invitrogen. AntibiVOLUME 281 • NUMBER 51 • DECEMBER 22, 2006
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FIGURE 1. Chemical structure of WIN-55,212-2 (2,3 dihydro-5-methyl-3
([morpholinyl]methyl) pyrollo (1,2,3 de)-1,4-benzoxazinyl]-[1-napthaleny] methanone.

otics (penicillin and streptomycin) used were obtained from
Cellgro Mediatech, Inc. (Herndon, VA). The mono- and polyclonal antibodies (p53, cdk2, -4, and -6, KIP1/p27, E2F-3, and
DP-2) were obtained from Santa Cruz Biotechnology Inc. The
human reactive monoclonal and polyclonal antibodies (cyclins
D1, D2, E, pRb, E2F-1, E2F-2, E2F-4, and DP-1) were obtained
from Labvision (Fremont, CA). Monoclonal and polyclonal
antibodies for anti-PARP, Bcl-2 Bax were purchased from
Upstate Biotechnology (Lake Placid, NY). Anti-PARP (116
kDa) and anti-PI3K (p85) was purchased from Upstate Biotechnology and anti-PARP (p85) was purchased from Promega
(Madison, WI). Anti-phospho-ERK1/2 p42/44 was purchased
from Cell Signaling Technology (Beverly, MA). Anti-mouse
and anti-rabbit secondary horseradish peroxidase conjugate
was obtained from Amersham Biosciences. Protein was estimated using the BCA protein assay kit obtained from Pierce
(Rockford, IL).
Cell Culture—LNCaP and PC3 cells obtained from ATCC
(Manassas, VA) were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 5% heat-inactivated fetal bovine
serum and 1% antibiotic penicillin and streptomycin. PC3 cells
were grown in RPMI 1640 (Invitrogen) supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin. The cells
were maintained under standard cell culture conditions at
37 °C and 5% CO2 in a humid environment.
Treatment of Cells—WIN-55,212-2, (dissolved in Me2SO)
was used for the treatment of cells. The final concentration of
Me2SO used was 0.1% (v/v) for each treatment. For dose-dependent studies, LNCaP cells were treated with WIN-55,212-2
at 1.0, 2.5, 5.0, 7.5, 10.0 M final concentrations for 24 h in
complete cell medium. PC3 cells were treated with WIN55,212-2 at 5.0, 10, 20, 25, and 30 M final concentration for
24 h in complete cell medium. Control cells were treated with
vehicle alone. To establish the role of CB1 and CB2 receptor in
WIN-55,212-2 induced ERK1/2 activation cells were pretreated with 3 M SR141716 and SR144528 alone, and in the
second set, cells were pretreated with both the antagonists (3
M each) for 3 h followed by incubation with 7.5 M WIN55,212-2 for 24 h. To study the role of ERK1/2 in cannabinoid
receptor induced cell growth inhibition, cells were pretreated
with 30 M ERK1/2 inhibitor PD98059 for 1 h followed by incubation with 7.5 M WIN-55,212-2 for 24 h.
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Cell Viability—The cells were grown at density of 1 ⫻ 106
cells in 100-mm culture dishes and treated with WIN-55,212-2
(1–10 M) for 24 h. The cells were trypsinized and collected in
the microfuge tube. The cells were pelleted by centrifugation,
and the cell pellet was resuspended in phosphate-buffered
saline (PBS) (300 l). Trypan blue (0.4% in PBS; 10 l) was
added to a smaller aliquot (10 l) of cell suspension, and the
number of cells (viable-unstained and nonviable-blue) were
counted using a hemocytometer.
Quantification of Apoptosis and Cell Cycle Analysis by Flow
Cytometry—The cells were grown at a density of 1 ⫻ 106 cells in
100-mm culture dishes and were treated with WIN-55,212-2
(1.0, 2.5, 5.0, 7.5, 10.0 M doses) for 24 h. The cells were
trypsinized, washed with PBS, and processed for labeling with
fluorescein-tagged deoxyuridine triphosphate nucleotide and
propidium iodide by use of an Apo-direct apoptosis kit
obtained from Phoenix Flow Systems (San Diego, CA) as per
the manufacturer’s protocol. The labeled cells were analyzed
using a FACScan benchtop cytometer (BD Biosciences, San
Jose, CA) at the UWCCC Flow Cytometry Facility in the
University of Wisconsin. Results were analyzed using ModFit LT software (Verity Software House, Topsham, ME) for
cell cycle and WinMD1 version 2.8 software for quantification of apoptosis.
Detection of Cleaved Caspase-3 by Confocal Microscopy—
The cells were grown in two chambered cell culture slides (BD
Biosciences), treated with WIN-55,212-2 (5.0, 7.5, 10.0 M
doses) for 24 h, washed with 1⫻ PBS at room temperature, and
were immediately fixed in cold 100% methanol at ⫺20 °C for 10
min. Cells were blocked with blocking buffer (5.5% normal goat
serum in TBST, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1%
Triton X-100) for 60 min, and were washed with TBS (50 mM
Tris-HCl, pH 7.4, 150 mM NaCl). Cells were then incubated
with primary antibody Alexa Fluor 488 conjugate, (Cell Signaling Technology) overnight using the vendor’s protocol. After
incubation, cells were washed twice for 5 min with TBST and
once with TBS. Coverslips were mounted using the Prolong
Antifade kit obtained from Molecular Probes, (Eugene, OR).
Cells were visualized with a Bio-Rad MRC1000 scan head
mounted transversely to an inverted Nikon Diaphot 200 microscope at the Keck Neural Imaging Laboratory in the University
of Wisconsin, Madison.
Silencing of ERK 44/42 by Small Interfering RNA—For suppressing ERK1/2 expressions, ERK1, ERK2, and control scrambled siRNA were purchased from Cell Signaling Technology
(Danvers, MA). LNCaP cells were transfected with siRNAs
(ERK1, 150 nmol/liter and ERK2, 80 nmol/liter, scrambled
siRNA 150 nmol/liter) using the nucleofection kit R specific for
LNCaP transfection from Amaxa Biosystems (Gaithersburg,
MD). Cells were resuspended in a solution from nucleofector
kit R following the manufacturer’s guidelines. 100 l of
nucleofector solution R was mixed with 2 ⫻ 106 cells and
siRNA. They were then transferred to the cuvette provided
with the kit and was nucleofected with an Amaxa Nucleofector apparatus. Cells were transfected using the T-001 pulsing
parameter and were transferred into 100-mm plates containing 37 °C prewarmed culture medium. After transfection,
cells were cultured for 48 h, after which the medium was
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FIGURE 2. Effect of WIN-55,212-2 treatment on cell cycle in LNCaP cells. Cell cycle analysis was performed by flow cytometry as detailed under “Experimental Procedures.” The labeled cells were analyzed using a FACScan benchtop cytometer, and the percentage of cells in the G0–G1, S, and G2-M phases were
calculated using ModFit LT software. The data shown here are from a typical experiment repeated three times.

replaced with fresh medium, cells were treated with 7.5 M
WIN-55,212-2 for 24 h, and protein lysates were prepared.
Using 2 g of GFP we observed 70 – 80% transfection efficiency with this protocol.
Preparation of Cell Lysates and Western Blot Analysis—Following treatment of cells with WIN-55,212-2, the medium
was aspirated, and the cells were washed with cold PBS (10
mmol/liter, pH 7.45). The cells were then incubated in icecold lysis buffer (50 mmol/liter Tris-HCl, 150 mmol/liter
NaCl, 1 mmol/liter EGTA, 1 mmol/liter EDTA, 20 mmol/liter
NaF, 100 mmol/liter Na3VO4, 0.5% Nonidet P-40, 1% Triton
X-100, 1 mmol/liter phenylmethylsulfonyl fluoride (pH 7.4),
with freshly added protease inhibitor mixture (Protease
Inhibitor Mixture Set III, Calbiochem, La Jolla, CA) over ice
for 20 min. The cells were scraped, and the lysate was collected in a microcentrifuge tube and passed through a 21.5gauge needle to break up the cell aggregates. The lysate was
cleared by centrifugation at 14,000 ⫻ g for 15 min at 4 °C, and
the supernatant (total cell lysate) collected, aliquoted, and
was used on the day of preparation or immediately stored at
⫺80 °C for use at a later time. For Western blotting, 25–50
g protein was resolved over 12% polyacrylamide gels and
transferred onto a nitrocellulose membrane. The nonspecific sites on blots were blocked by incubating in blocking
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buffer (5% nonfat dry milk/1% Tween 20 in 20 mmol/liter
TBS, pH 7.6) for 1 h at room temperature, incubated with
appropriate monoclonal primary antibody in blocking buffer
for 90 min to overnight at 4 °C, followed by incubation with
anti-mouse or anti-rabbit secondary antibody horseradish peroxidase conjugate and detected by chemiluminescence and
autoradiography using hyperfilm obtained from Amersham
Biosciences (UK Ltd.). Densitometric measurements of the
bands in Western blot analysis were performed using digitalized scientific software program UN-SCAN-IT (Silk Scientific Corporation, Orem, UT).
Statistical Analysis—Results were analyzed using a twotailed Student’s t test to assess statistical significance. Values of
p ⬍ 0.05 were considered statistically significant.

RESULTS
WIN-55,212-2 Causes G1 Phase Cell Cycle Arrest—We
have earlier shown that treatment of LNCaP cells with WIN55,212-2 (1–10 M) for 24 h significantly decreased the cell
viability and led to induction of apoptosis (11). Several studies have shown that the induction of apoptosis may be cell
cycle-dependent (12–16). Therefore, in the next series of
experiments, we tested the hypothesis that WIN-55,212-2caused apoptosis of LNCaP cells is mediated via cell cycle
VOLUME 281 • NUMBER 51 • DECEMBER 22, 2006
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FIGURE 3. A, effect of WIN-55,212-2 treatment on the protein expression of KIP1/p27, cyclin D1, D2, and E and cdk 2, 4, and 6 in LNCaP cells. B, effect of
WIN-55,212-2 treatment on the protein expression of KIP1/p27, cyclin D1, D2, and E and cdk 2, 4, and 6 in PC3 cells. As detailed under “Experimental
Procedures,” the cells were treated with Me2SO alone or specified concentrations of WIN-55,212-2, and total cell lysates were prepared for immunoblot
analysis. The values above the figures represent relative density of the bands normalized to ␤-actin. The data shown here are from a representative experiment
repeated three times with similar results.

blockade. We performed DNA cell cycle analysis to assess
the effect of WIN-55,212-2 treatment on the distribution of
cells in the cell cycle. As shown in Fig. 2, compared with
vehicletreatment,WIN-55,212-2treatmentresultedinadosedependent accumulation of cells in G1 phase of the cell cycle
(59, 62, 69, 81, and 83% cells in G1 phase at 1.0, 2.5, 5.0, 7.5,
and 10 M concentrations, respectively). This observation is
important because the molecular analyses of human cancers
have revealed that cell cycle regulators are frequently
mutated in most common malignancies (17, 18). Consistent
with this observation, in recent years, inhibition of the cell
cycle has been appreciated as a target for the management of
cancer (19, 20).
WIN-55,212-2-induced Cell Cycle Arrest Is Mediated via
an Induction of KIP1/p27 and Concomitant Inhibition in
Cyclins D1, D2, E, and Cdk2, Cdk4, and Cdk6—Because our
studies demonstrated that WIN-55,212-2 treatment of cells
resulted in a G1-phase cell cycle arrest and apoptosis, we
examined the effect of WIN-55,212-2 on cell cycle regulatory
molecules operative in G1 phase of the cell cycle. Studies
have shown a critical role of p27/KIP1 in apoptosis and cell
cycle progression through G0–G1 phase (21–23). We
observed a significant induction of p27/KIP1 by WINDECEMBER 22, 2006 • VOLUME 281 • NUMBER 51

55,212-2 at 5–10 M doses. (Fig. 3A). Relative density data
revealed 1.5-, 2.3-, and 2.6-fold increases in the protein
expression of Kip/p27 at 5.0, 7.5, and 10 M concentrations
of WIN-55,212-2, respectively. Using immunoblot analysis,
we also assessed the effect of WIN-55,212-2 treatment on
the protein expression of the cyclins and cdks, which are
known to be regulated by KIP1/p27. WIN-55,212-2 treatment of the cells resulted in a dose-dependent decrease in
protein expression of cyclin D1, cyclin D2, and cyclin E (Fig.
3A) as well as cdk2, cdk4, and cdk6 (Fig. 3A). Densitometric
analysis data of cyclins revealed a significant decrease in the
expression of cyclin D1 (84%, 97%), cyclin D2 (60%, 86%),
and cyclin E (40%, 50%) at 7.5 and 10.0 M concentrations of
WIN-55,212-2, respectively (Fig. 3B). Relative density data
of cdks also revealed a significant decrease in the expression
of cdk2 (43%, 65%), cdk4 (54%, 89%), and cdk6 (46%, 60%) at
similar doses of WIN-55,212-2. In the next series of experiments we assessed the effect of WIN-55,212-2 on p27/KIP1,
cyclin and cdk in androgen-insensitive cell PC3. Cells were
treated with different doses of WIN-55,212-2 (5, 10, 20, 25,
30 M), and we found an induction in p27/KIP1 and downregulation in the protein expression of cyclin and cdk particularly at doses of 20 –30 M (Fig. 3B).
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 4. A, effect of WIN-55,212-2 treatment on protein expression of pRb, E2F (1– 4), DP1, and DP2 in LNCaP cells. B, effect of WIN-55,212-2 treatment on
protein expression of pRb, E2F (1– 4), DP1 and DP2 in PC3 cells. As detailed under “Experimental Procedures,” the cells were treated with Me2SO alone or
specified concentrations of WIN-55,212-2, and total cell lysates were prepared for immunoblot analysis. The values above the figures represent relative density
of the bands normalized to ␤-actin. The data shown here are from a representative experiment repeated three times with similar results.

WIN-55,212-2 Inhibits Protein Expression of pRB, E2F, and
DP—Down-regulation of cdk4/6 has been shown to be associated with a decrease in the expression of retinoblastoma (pRb)
tumor suppressor protein a key regulator of the G1 3 S phase
transition in the cell cycle (24, 25). Therefore, we next examined
the effect of WIN-55,212-2 on protein expression of pRb.
Immunoblot data revealed that WIN-55,212-2 treatment of
cells resulted in a significant decrease in the protein expression
of pRb. Densitometric analysis of immunoblots showed 27, 82,
and 89% inhibition at 5.0, 7.5, and 10 M concentrations of
WIN-55,212-2 (Fig. 4A). Because pRb controls cell cycle by
binding to and inhibiting the E2F transcription factors, we
determined the protein expression of E2F (1– 4) transcription
factors. As shown in Fig. 4A, WIN-55,212-2 treatment of cells
resulted in a dose-dependent decrease in E2F transcription factors. Relative density data revealed an inhibition in E2F-1 (81
and 86%), E2F-2 (12 and 30%), E2F-3 (30 and 41%), and E2F-4
(10 and 38%) at a concentration of 7.5 and 10 M WIN55,212-2. Because the activity of E2F is known to be dependent
on its heterodimeric association with members of DP family of
proteins, we also evaluated the effect of WIN-55,212-2 treatment on both members of DP family viz. DP-1 and DP-2.
Immunoblot and densitometric analysis data revealed a
decrease in the protein expression of DP-1 (37 and 48%) and
DP-2 (30 and 56%) at 7.5 and 10 M concentration of WIN55,212-2 (Fig. 4A). In the next series of experiments we assessed
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the effect of WIN-55,212-2 on pRB, E2F family of proteins
(1– 4) and its heterodimeric partners DP-1 and DP-2 in androgen-insensitive cell PC3. Cells were treated with different doses
of WIN-55,212-2 (5, 10, 20, 25, 30 M), and we found a decrease
in the protein expression of pRB, E2F (1– 4), DP-1, and DP-2 at
20 –30 M doses (Fig. 3B).
WIN-55,212-2-induced Sustained Activation of ERK and
Inhibition of PI3K/AKT Leads to Apoptosis through Cannabinoid Receptors—It has been reported that challenging gliomas
with cannabinoids leads to the activation of ERK1/2 signaling
and AKT inhibition (26, 4). This sustained ERK1/2 activation
can mediate cell cycle arrest (8). We observed a significant and
sustained activation of ERK1/2 and significant inhibition of
PI3K (p85) and AKT (Thr308) when LNCaP cell were treated
with WIN-55,212-2 at a dose of 1–10 M (Fig. 5A). To confirm
that ERK1/2 activation is cannabinoid receptor-mediated, cells
were pretreated with 3 M SR141716 (CB1 antagonist) and
SR144528 (CB2 antagonist) for 3 h followed by treatment with
WIN-55,212-2. Data in Fig. 5B show that there was no activation of ERK1/2 when treated with the antagonists alone. WIN55,212-2 (7.5 M) treatment resulted in significant activation of
ERK1/2. When antagonist were coadministered with WIN55,212-2, there was a decrease in the protein expression of
ERK1/2 and a significant increase in the protein expression of
PARP (116) as compared with the treatment 7.5 M WIN55,212-2 alone (Fig. 5B). These data suggest that sustained
VOLUME 281 • NUMBER 51 • DECEMBER 22, 2006
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FIGURE 5. Effect of WIN-55,212-2 treatment on protein expression.
A, ERK1/2 (phospho-p44/42, Thr202/Tyr204), anti-PI3K kinase (p85), and AKT
(Thr308) in LNCaP cells. B, effect of CB1 (SR141716) and CB2 (SR144528) antagonist on protein expression of ERK1/2 and PARP cleavage (116 kDa) in LNCaP
cells. As detailed under “Experimental Procedures,” the cells were treated
with 7.5 M concentrations of WIN-55,212-2 and 3 M CB1 (SR141716) and CB2
(SR144528). Total cell lysates were prepared for immunoblot analysis. The
values above the figures represent relative density of the bands normalized
to ␤-actin using UN-SCAN-IT software (Silk Scientific, Inc.). The data shown
here are from a representative experiment repeated three times with similar
results.

ERK1/2 activation and subsequent apoptosis is mediated
through cannabinoid receptors.
WIN-55,212-2-induced Sustained Activation of ERK1/2
Leads to Cell Growth Inhibition with the Induction of Apoptosis
and Cell Cycle Arrest—To define the role of ERK1/2 in cannabinoid receptor-induced cell growth inhibition and apoptosis,
LNCaP cells were pretreated with ERK1/2 inhibitor PD98059
(30 M) for 1 h. This treatment alone resulted in no change in
the morphology of the cells. However, 7.5 M WIN-55,212-2
treatment resulted in distinct morphological changes in LNCaP
cells, as cells became round and detached from the surface of
the plate, whereas pretreatment of LNCaP cells with PD98059
(30 M) prevented these morphological changes (Fig. 6A).
WIN-55,212-2 treatment of LNCap cells results in G1 cell cycle
arrest. To assess whether cell cycle arrest is mediated via activation of ERK1/2, we next performed DNA cell cycle analysis.
As shown in Fig. 6B, blocking of ERK1/2 activation by its inhibitor PD98059 resulted in a decrease in the number of cells in the
G1 phase of cell cycle (72%) when compared with WIN55,212-2 treatment alone (81%). To assess whether cell cycle
dysregulation leads to induction of apoptosis, we next quantified the extent of apoptosis by flow cytometric analysis. As
shown in Fig. 6C, WIN-55,212-2 treatment of LNCaP cells at a
dose of 7.5 M resulted in 23% of apoptotic cells. Apoptosis was
only 9% when WIN-55,212-2 (7.5 M) was coadministered with
DECEMBER 22, 2006 • VOLUME 281 • NUMBER 51

PD98059 (30 M). We next determined whether PD98059
reversed the activation of ERK1/2 by WIN-55,212-2 treatment
alone, and we found that ERK1/2 protein expression was significantly decreased when WIN-55,212-2 was given in combination with PD98059 (Fig. 6D). We next determined the effect of
PD98059 on p27/KIP1 (Fig. 6D), a cell cycle regulatory molecule operative in G1 phase of the cell cycle, and cyclin D1
because of its function in influencing cell proliferation. WIN55,212-2 treatment increased the protein expression of p27/
KIP1 whereas this increase in expression was down-regulated
when WIN-55,212-2 was given in combination with PD98059.
WIN-55,212-2 treatment significantly inhibited the expression
of cyclin D1, and this effect was significantly reversed (⬎55%)
when WIN-55,212-2 was coadministered with PD98059 (Fig.
6D). We also observed a decrease (62%) in the protein expression of BCl-2, a pro-apoptotic protein when the cells were
treated with WIN-55,212-2 at 7.5 M; this effect was significantly reversed to 50% when WIN-55,212-2 was coadministered with ERK1/2 inhibitor (Fig. 6D).
To further validate the role of ERK1/2 in WIN-55,212-2induced cell cycle arrest leading to apoptosis, we silenced
ERK1/2 by using small interfering RNA against ERK1/2. We
observed that WIN-55,212-2 did not induce ERK1/2 activation
and p27 when ERK1/2 was silenced (Fig. 6E). Similarly, protein
expression of cyclin D1 and Bcl-2 which down-regulated by
WIN-55,212-2 was found to be reversed when ERK1/2 was
silenced.
WIN-55,212-2 Induces Apoptosis via the Classical Apoptotic
Pathway—The above data suggest that WIN-55,212-2 induces
growth inhibition via cell cycle arrest in G1 phase of the cell
cycle followed by apoptosis. Because p53 is one of the major
regulators of apoptosis, expression of this tumor suppressor
sensitizes cells to apoptosis in response to stress. We observed a
significant up-regulation in the protein expression of p53 when
cells were treated with WIN-55,212-2 (Fig. 7A). p53-induced
apoptosis results from overlapping downstream pathways that
suppress mitogenic and survival signaling and promote proapoptotic signaling. In this context, p53 can up-regulate the
pro-apoptotic Bcl-2 family member Bax and possibly transcriptionally repress the anti-apoptotic protein Bcl-2. Because Bax
and Bcl-2 plays a crucial role in apoptosis, we next determined
the effect of WIN-55,212-2 treatment of LNCaP cells on protein levels of Bax and Bcl-2. The Western blot analysis exhibited
a significant increase in the protein expression of Bax at 7.5 and
10 M concentrations of WIN-55,212-2 (Fig. 7A). In sharp contrast, the protein expression of Bcl-2 was significantly
decreased by WIN-55,212-2 treatment in a dose-dependent
fashion (Fig. 7A). A significant dose-dependent shift in the ratio
of Bax to Bcl-2 was observed after WIN-55,212-2 treatment
indicating the induction of apoptotic process (Fig. 7B). Relative
density data revealed an increase in protein expression of Bax
by 2.1- and 2.9-fold with concomitant decrease in Bcl-2 protein
expression by 71 and 79% at a dose of 7.5 and 10 M, respectively. A decrease in Bcl-2 expression was associated with an
increase in AIF to 2.0- and 2.1-fold at the above mentioned
doses of WIN-55,212-2 (Fig. 7A).
Alteration in Bax/Bcl-2 is known to initiate caspase signaling;
therefore, we evaluated the involvement of various caspases
JOURNAL OF BIOLOGICAL CHEMISTRY
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during WIN-55,212-2-mediated apoptotic death of LNCaP
cells. As shown by the immunoblot analysis, WIN-55,212-2
treatment was found to result in a significant decrease in the
pro form of caspase-3 (Fig. 7C), caspase-6, caspase-7, and
caspase-9 (Fig. 7D) at a concentration of 7.5 and 10 M. To
assess possible involvement of caspase-3 activation in apoptosis, we next measured cleaved caspase-3 by immunoblot analysis and immunostaining (Fig. 7C). Cells were stained with Alexa
Fluor 488 conjugate antibody and were viewed under confocal
microscope. Intensity of the active caspase-3 staining was
higher in cells treated with 7.5 and 10 M concentrations of
WIN-55,212-2 compared with that at lower concentrations of
WIN-55,212-2 and control (Fig. 7C). The downstream signals
during apoptosis are transmitted via caspases, which upon conversion from pro to active forms mediate the cleavage of PARP.

We found that WIN-55,212-2 treatment caused cleavage of 116
kDa PARP to 85 kDa (Fig. 7E). Relative density data revealed a
decrease in the protein expression of PARP (116 kDa) (49 and
81%) with a concomitant increase in its cleaved product (85
kDa) by 3.1- and 4.4-fold at concentrations of 7.5 and 10 M,
respectively.

DISCUSSION
Cannabinoids and their derivatives are drawing considerable attention in the treatment of cancer because of their
diverse activities such as cell growth inhibition, anti-inflammatory effects, and tumor regression (6, 7). Accumulated
evidence indicates that cannabinoid receptor(s) could be an
important target for the treatment of cancer (27, 28, 29). We
have earlier shown that WIN-55,212-2 induced apoptosis of

FIGURE 6. Effect of simultaneous treatment of WIN-55,212-2 and ERK1/2 inhibitor. A, morphology of LNCaP cells; B, cell cycle in LNCaP cells. Cell cycle
analysis was performed by flow cytometry as detailed under “Experimental Procedures.” The labeled cells were analyzed using a FACScan benchtop cytometer
and the percentage of cells in G0–G1, S, and G2-M phases were calculated using ModFit LT software. The data shown here are from a typical experiment
repeated three times. C, quantification of apoptosis by flow cytometry. Cells showing fluorescence (R) are considered as apoptotic, and their percentage
population is indicated. Data from representative experiments repeated thrice with similar results. D, protein expression of p27/KIP1, cyclin D1, and Bcl-2 in
LNCaP cells. As detailed under “Experimental Procedures,” the cells were treated with 7.5 M concentrations of WIN-55,212-2 and 30 M ERK1/2 inhibitor
PD98059. Total cell lysates were prepared for immunoblot analysis. The bar diagram represent relative density of the bands normalized to ␤-actin. The data
shown here are from a representative experiment repeated three times with similar results. *, p ⬍ 0.01 compared with WIN; **, p ⬍ 0.001 compared with
control. E, silencing of ERK1/2 prevents activation of ERK1/2 and p27 and reverses down-regulation of cyclin D1 and Bcl-2. LNCaP cells transfected with 150 nM
ERK1, 80 nM ERK2 or scrambled siRNA (150 nM) for 48 h and were then treated with 7.5 M WIN-55,212-2 for 24 h. Cell lysates were analyzed by immunoblotting
using antibodies against ERK1/2 (phospho-p44/42, Thr202/Tyr204), p27, cyclin D1, Bcl-2, and ␤-actin. The bar diagram represents relative density of the bands
normalized to ␤-actin. The data shown here are from a representative experiment repeated three times with similar results. *, p ⬍ 0.01; #, p ⬍ 0.001
compared with WIN; **, p ⬍ 0.001 compared with control.
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FIGURE 6 —continued

prostate cancer LNCaP cells is mediated through CB1 and
CB2 receptors and suggested that these receptors could be an
important targets for the treatment of prostate cancer (11).
The present study was designed to define the mechanism(s)
of the antiproliferative and proapoptotic effects of cannabinoid receptor agonist WIN-55,212-2 against prostate cancer. We provide evidence that WIN-55,212-2 treatment of
LNCaP cells activates ERK1/2 leading to cell cycle dysregulation and G1 arrest, which in turn up-regulates the Bax/
BCl-2 ratio and activates caspases resulting in an induction
of apoptosis (Fig. 8).
It is well established that uncontrolled cellular growth as a
consequence of defects in cell cycle and apoptotic machinery, is
responsible for the development of most of the cancers including prostate cancer. Therefore those agents that can modulate
apoptosis in cancer cells may be able to affect the steady state
cell population and be useful in the management and therapy of
cancer. This notion assumes importance because in cancer a
time balance between proliferation and apoptosis is lost which
has been implicated in cellular mass and tumor progression.
Consistent with this notion, there is a need to develop novel
targets and mechanism-based apoptosis inducing agents for the
DECEMBER 22, 2006 • VOLUME 281 • NUMBER 51

management of prostate cancer. One of the most exciting and
promising areas of current cannabinoid research is the ability of
these compounds to control the cell survival/death decision (8).
Several studies have shown that the induction of apoptosis may
be cell cycle dependent (12–16). Therefore, we determined
whether WIN-55,212-2-induced apoptosis of LNCaP cells is
mediated via cell cycle blockade. We therefore analyzed the
effect of WIN-55,212-2 treatment on the distribution of cells in
different phases of the cell cycle. As shown in Fig. 2, WIN55,212-2 treatment was found to result in dose-dependent
accumulation of cells in G1 phase of the cell cycle. In recent
years, inhibition of the cell cycle has been appreciated as target
for the management of cancer (19, 20). We next studied the
involvement of CKI-cyclin-CDK machinery operative in
G1-phase of cell cycle arrest in LNCaP cells by WIN-55,212-2
treatment. The cell cycle in eukaryotes is regulated by members
of protein kinase complexes. Each complex is composed minimally of cyclins (regulatory subunit) that bind to cdks (catalytic
subunit) to form active cyclin-cdk complexes. These complexes
are activated at different checkpoints after certain intervals
during the cell cycle and can also be regulated by several exogenous factors (17). Cdk activity is additionally regulated by
JOURNAL OF BIOLOGICAL CHEMISTRY

39487

Cannabinoid Receptor Agonist and G1 Arrest in LNCaP Cells

FIGURE 7. Effect of WIN-55,212-2 treatment. A, protein expression of p53, Bax, Bcl-2, and AIF; B, Bax/BCl-2 ratio; C, protein expression of pro-caspase-3 and
cleaved caspase-3. D, protein expression of pro-caspase 6, 7, and 9. D and E, cleavage of PARP. As detailed under “Experimental Procedures,” the cells were
treated with Me2SO alone or specified concentrations of WIN-55,212-2, and total cell lysates were prepared for immunoblot analysis. The values above the
figures represent relative density of the bands normalized to ␤-actin. The data shown here are from a representative experiment repeated three times with
similar results. The data obtained from the immunoblot analyses of Bax and Bcl-2 were used to evaluate the effect of WIN-55,212-2 on the Bax/Bcl-2 ratio. The
densitometric analysis of Bax and Bcl-2 bands was performed using UN-SCAN-IT software, and the data (relative density normalized ␤-actin) were plotted as
Bax/Bcl-2 ratio. Detection of cleaved caspase-3 by confocal fluorescence microscopy; cells were treated with WIN-55,212-2 5.0, 7.5, and 10 M for 24 h and were
stained with antibody Alexa Fluor 488 conjugate.

small proteins known as ckis. Ckis includes the p21/WAF1 and
p27/KIP1 protein members. Hence, we studied the modulation
in cell cycle regulatory events operational in the G0–G1 phase as
a mechanism of WIN-55,212-2-mediated cell cycle dysregulation and apoptosis in human prostate cancer cells. It is reported
that ckis inhibits the kinase activities associated with cdk-cyclin
complexes, thereby modulating the phosphorylation events
that play an important role in progression of the cell cycle (30 –
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34). Recent studies have shown that cell cycle progression
through G0–G1 phase and apoptosis is regulated by p27/KIP1
(23). We observed a significant induction of p27/KIP1 using
immunoblot analysis in WIN-55,212-2-treated cells (Fig. 3A).
These data suggest that cell cycle dysregulation in androgenresponsive LNCaP cells by WIN-55,212-2 treatment is regulated by ckis involved in G0–G1 phase. The progression of cell
cycle is modulated via irreversible transition induced by cdks
VOLUME 281 • NUMBER 51 • DECEMBER 22, 2006
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E2F target genes through the phosphorylation of pocket proteins by
cdks (37, 38, 34). Studies have established that members of retinoblastoma family are capable of exerting
growth suppressive activity because
of their interaction with E2F/DP
heterodimers, which function to
trigger the transcription of genes
required for cell cycle progression
(39, 37). In the present study we
investigated the protein levels and
the phosphorylation pattern of pRb
during
WIN-55,212-2-mediated
cell cycle arrest and apoptosis. The
immunoblot analysis demonstrated
a dose-dependent decrease in the
pRb and E2F (1– 4) family (Fig. 4A)
and its heterodimers DP-1 and
DP-2 (Fig. 4A). pRb is largely found
in hypophosphorylated form in the
early G1 phase. The hypophosphorylated pRb is able to bind to a
subset of E2F/DP heterodimers,
thereby inhibiting their transcriptional activation potential (40 – 43).
Taken together, our data demonstrate the involvement of the pRbE2F/DP pathway during WIN55,212-2-mediated cell cycle arrest
and apoptosis. We observed similar
trend when the androgen-insensitive PC3 cell was treated with WIN55,212-2 (Fig. 4B). Our findings
demonstrate that treatment of
human prostate cancer cell LNCaP
with WIN-55,212-2 increases the
protein expression of ERK1/2 and
inhibits PI3K/AKT at higher doses
of WIN-55,212-2 (Fig. 5A). The
FIGURE 8. Proposed schematic model for WIN-55,212-2-mediated cell cycle dysregulation and induction PI3K/AKT signaling pathway is a
of apoptosis.
common response of cells to growth
factor stimulation and is essential
and cyclins (35, 36). We next assessed the effect of WIN- for survival. ERK1/2 has a dual behavior and is involved in cell
55,212-2 treatment on the cyclins and cdks functional in the G1 proliferation as well as cell cycle arrest. ERK1/2 activation and
phase of the cell cycle, particularly, cyclins D1, D2, and E (Fig. cell death/proliferation is complex and depends on many fac3A) and cdk2, cdk4, and cdk6 (Fig. 3A). WIN-55,212-2 treat- tors, one of which is duration of stimulus. Interestingly we
ment of the cells was found to result in significant reductions of found that a sustained increase in ERK1/2 expression at higher
all of these regulatory molecules. Cdk4, Cdk6, and cyclin D1 are doses of WIN-55,212-2 leads to cell cycle arrest and apoptosis.
involved in early G1 phase and transition from G1 to S is regu- There was no change in the cell morphology when ERK1/2 was
lated by cdk2/cyclin E (36, 34). We observed similar results inhibited compared with 7.5 M WIN-55,212-2 (Fig. 6A); simwhen androgen-insensitive PC3 cells were treated with WIN- ilarly the ERK1/2 inhibitor significantly reversed the distribution of cells in G1 phase of the cell cycle (Fig. 6B) and also
55,212-2 (Fig. 3B).
It has been reported that down-regulation of cdk4/6 leads to decreased the percentage of apoptotic cells when compared
phosphorylation and inactivation of pRb which then down-reg- with WIN-55,212-2 treatment alone. The ERK1/2 inhibitor
ulates with E2F family allowing inhibition of transcription of also reversed effects of WIN-55,212-2 on p27/KIP1 and cyclin
genes required for S phase (25). The progression of S phase in D1 proteins operative in the G1 phase of the cell cycle and Bcl-2,
the cell cycle is accompanied by the transcriptional activation of an important pro-apoptotic protein (Fig. 6D). Similar results
DECEMBER 22, 2006 • VOLUME 281 • NUMBER 51
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were observed when ERK1/2 was silenced using small interfering RNA (Fig. 6E).
Members of the Bcl-2 family of proteins are critical regulators of the apoptotic pathway (44, 45) and they can be triggered
by up-regulation of p53 protein. Bcl-2 is an upstream effector
molecule in the apoptotic pathway and is identified as a potent
suppressor of apoptosis (46). Bcl-2 is found at high levels in
more than half of all human tumors and has shown to form a
heterodimer complex with the pro-apoptotic member Bax,
thereby neutralizing its proapoptotic effects. Therefore, alterations in the levels of Bax and Bcl-2 with shift in the ratio of
Bax/Bcl-2 is considered to be a decisive factor in determining
whether cells will undergo apoptosis under experimental conditions that promote cell death. In our study, a decrease in Bcl-2
protein expression was observed in LNCaP cells following
WIN-55,212-2 treatment (Fig. 7A). Importantly, the protein
expression of Bax was found to be up-regulated in these cells
after 24 h of treatment (Fig. 7A). Therefore, the ratio of Bax to
Bcl-2 observed in WIN-55,212-2-treated LNCaP cells favored
apoptosis (Fig. 7B). Our results thus suggest that up-regulation
of AIF and Bax and down-modulation of Bcl-2 may be another
molecular mechanism through which WIN-55,212-2 induces
apoptosis.
Caspases are cysteine proteases, which are formed constitutively in the cells and are normally present as inactive proenzymes. Caspases are activated during apoptosis in a self-amplifying cascade (47). Activation of upstream or initiator caspases,
such as caspases 8, 9, and 10, by proapoptotic signals leads to
the proteolytic activation of downstream or effector caspases 3,
6, and 7. The effector caspases cleave a set of vital proteins and,
thus, initiate and execute the apoptotic degradation of the cell
with the typical morphological and biochemical features. Two
major pathways of caspase cascade activation have been characterized. One is initiated by ligation of death receptors and the
activation of caspase 8. In the other pathway, cytochrome c is
released from mitochondria in response to a variety of apoptotic stimuli. In the cytosol cytochrome c can bind to apaf-1 and,
in the presence of dATP or ATP, activates caspase 9 (48, 47).
WIN-55,212-2 treatment of cells was found to promote the
activation of caspase 9 that activates caspases 3 and 6 in a dosedependent manner. Using confocal fluorescence microscopy,
cells were visualized to cleaved caspase-3 staining at varying
doses (Fig. 7C). We observed that WIN-55,212-2 treatment
caused activation of caspases 9 and 3 with concomitant cleavage of 116-kDa PARP to the 85-kDa product (Fig. 7E).
Based on the outcome of this study and the available literature, and as shown in the composite scheme in Fig. 8, we
suggest that cannabinoid receptor agonist WIN-55,212-2
induces sustained and prolong activation of ERK1/2, which
leads to induction of cyclin kinase inhibitor p27/KIP1, in
turn inhibiting cell cycle regulatory molecules resulting in
G1 arrest and apoptosis. Down-regulation of cdk4/6 inhibits
pRb, which inhibits protein expression of E2F family of proteins and its heterodimeric partners DP1 and DP2, leading to
gene transcription and apoptosis. Because Bax and Bcl-2 play
a critical role in induction of apoptosis, alteration of the
Bax/Bcl-2 ratio activates caspase signaling, resulting in apoptotic cell death. Hence, we conclude that cannabinoid
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receptor agonist should be considered as an effective agent
for the treatment of prostate cancer. If our hypothesis is
supported by in vivo experiments, the long term implications
of our study could be to develop nonhabit-forming cannabinoid agonist (s) for the management of prostate cancer.
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