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Arecoline-Induced Phosphorylated p53 and p21WAF1

Protein Expression is Dependent on ATM/ATR and
Phosphatidylinositol-3-Kinase in Clone-9 Cells
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ABSTRACT
Betel-quid use is associated with liver cancer whereas its constituent arecoline is cytotoxic, genotoxic, and induces p53-dependent p21WAF1

protein expression in Clone-9 cells (rat hepatocytes). The ataxia telangiectasia mutated (ATM)/rad3-related (ATR)-p53-p21WAF1 and the

phosphatidylinositol-3-kinase (PI3K)-mammalian target of rapamycin (mTOR) pathways are involved in the DNA damage response and the

pathogenesis of cancers. Thus, we studied the role of ATM/ATR and PI3K in arecoline-induced p53 and p21WAF1 protein expression in Clone-9

cells. We found that arecoline (0.5 mM) activated the ATM/ATR kinase at 30 min. The arecoline-activated ATM/ATR substrate contained p-

p53Ser15. Moreover, arecoline only increased the levels of the p-p53Ser6, p-p53Ser15, and p-p53Ser392 phosphorylated p53 isoforms among

the known isoforms. ATM shRNA attenuated arecoline-induced p-p53Ser15 and p21WAF1 at 24 h. Arecoline (0.5 mM) increased

phosphorylation levels of p-AktSer473 and p-mTORSer2448 at 30–60 min. Dominant-negative PI3K plasmids attenuated arecoline-induced

p21WAF1, but not p-p53Ser15, at 24 h. Rapamycin attenuated arecoline-induced phosphrylated p-p53Ser15, but not p21WAF1, at 24 h. ATM

shRNA, but not dominant-negative PI3K plasmids, attenuated arecoline-induced p21WAF1 gene transcription. We conclude that arecoline

activates the ATM/ATR-p53-p21WAF1 and the PI3K/Akt-mTOR-p53 pathways in Clone-9 cells. Arecoline-induced phosphorylated

p-p53Ser15 expression is dependent on ATM whereas arecoline-induced p21WAF1 protein expression is dependent on ATM and PI3K.

Moreover, p21WAF1 gene is transcriptionally induced by arecoline-activated ATM. J. Cell. Biochem.107: 408–417, 2009. � 2009 Wiley-Liss, Inc.
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B etel-quid (Areca catechu) is used by approximately 10% of

the world population [Boucher and Mannan, 2002; Guh et al.,

2006]. Betel-quid use is associated with oral cancer, obesity,

diabetes mellitus, hypertension, hyperlipidemia, and metabolic

syndrome [Anonymous, 2004; Guh et al., 2006]. Moreover, we were

the first to show that betel-quid is associated with liver cirrhosis and

hepatocellular carcinoma [Tsai et al., 2001, 2003, 2004].

Arecoline, the major alkaloid of betel-quid [Guh et al., 2006],

induces profound metabolic effects in the liver [Shivapurkar et al.,
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1978] and is hepatotoxic in mice [Dasgupta et al., 2006]. Arecoline

also has cytotoxic and genotoxic effects in various non-liver cells

[Trivedi et al., 1993; Jeng et al., 1999; Kumpawat et al., 2003] and

hepatocytes [Kevekordes et al., 2001; Chou et al., 2008].

Genotoxic hepatocarcinogens induce deoxyribonucleic acid

(DNA) damage and apoptosis while activating p53 and the

downstream p21WAF1 in the liver [Ellinger-Ziegelbauer et al.,

2004]. We have also shown that arecoline induces DNA damage and

arrests hepatocytes in the G0/G1 phase of the cell cycle [Chou et al.,
408
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2008]. Moreover, arecoline-induced p21WAF1 is dependent on p53

while arecoline-inhibited growth is dependent on both TGF-b and

p53.

DNA damage activates the genes ataxia telangiectasia mutated

(ATM)/rad3-related (ATR) to phosphorylate (activate) p53, which

induces p21WAF1 to arrest cells in the G0/G1 phase of the cell cycle

[Lavin and Kozlov, 2007]. ATM phosphorylates (activates) Akt

[Dann et al., 2007; Marone et al., 2008], a downstream effector of

phosphoinositide-3-kinase (PI3K) [Marone et al., 2008]. Akt in turn

phosphorylates (activates) mammalian target of rapamycin (mTOR)

[Nave et al., 1999; Bhaskar and Hay, 2007], which also interacts with

p53 [Feng et al., 2005; Lee et al., 2007a]. Interestingly, both Akt and

mTOR are involved in DNA damage response [Reiling and Sabatini,

2006; Boehme et al., 2008].

Therefore, we studied the effects of arecoline on ATM, PI3K/Akt,

mTOR, p53 and p21WAF1 protein expression in Clone-9 (rat

hepatocyte) cells, which has been extensively used for the study

of hepatotoxicity in vitro [Sahu et al., 2008]. Moreover, the role of

ATM, PI3K, and mTOR in arecoline-induced p53 and p21WAF1

protein expression was also studied.
MATERIALS AND METHODS

CELL CULTURE AND REAGENTS

Clone-9 (CRL-1439, rat liver epithelial cell, American Type Culture

Collection, Manassas, VA) cells were cultured in Ham’s F12K

medium (Sigma Chemical Co., St. Louis, MO) containing 10% fetal

bovine serum (Gibco-BRL, Rockville, MD) at 378C in a humidified

atmosphere of 95% air/5%CO2. Culture materials were obtained

from Gibco-BRL. Reagents for LipofectAMINE were purchased from

Life Technology (Gaithersburg, MD) while Luciferase substrate was

purchased from Promega Corp. (Madison, WI). Arecoline hydro-

bromide (referred to as arecoline thereafter), caffeine, LY294002,

SB203580, PD98059, and all other reagents were obtained from

Sigma Chemical Co. unless stated otherwise. Note that rapamycin

was thought to inhibit only mTORC1, but not mTORC2, of the mTOR
Fig. 1. Time-dependent effects of arecoline on ATM/ATR kinase activity in Clone-9 c

0.5 mM arecoline (gray bars) for 15–60 min. ATM/ATR kinase activity was measured by

followed by immunoblotting (IB) with p-Chk1Ser345 and p-Chk2Thr68 antibodies and w

independent experiments. �P< 0.05 versus lane 1.

JOURNAL OF CELLULAR BIOCHEMISTRY
complex [Jacinto et al., 2006; Soulard and Hall, 2007; Lee et al.,

2007b]. However, recent studies found that prolonged rapamycin

treatment inhibit mTORC2 activity and Akt phosphorylation at

serine 473 [Sarbassov et al., 2006].
PLASMIDS

The p21WAF1 promoter reporter construct WWP-luc was kindly

provided by Dr. Wang [Datto et al., 1995]. pSRa–Dp85 (dominant-

negative p85) was a gift from Dr. Wataru Ogawa [Hara et al., 1994].

ATM shRNA, luciferase and GFP shRNA in pLKO.1 plasmids were

purchased from the RNAi Consortium at the National RNAi Core

Facility (Academia Sinica, Taipei, Taiwan). Luciferase shRNA and

GFP shRNA plasmids were used as negative controls.
TRANSIENT TRANSFECTION AND LUCIFERASE ASSAY

This was performed as described in our previous study [Guh et al.,

2003]. Briefly, cells (105 cells/well) were plated onto 6-well plates

and grown overnight. Cells were transfected with 0.2 mg of plasmids

with the LipofectAMINE method. After treatment with arecoline

0.5 mM for 24 h, luciferase activities were assayed as described in

our previous study [Lee et al., 2000]. Luciferase activities were

normalized for the amount of protein in cell lysates and were

calculated as an average of three independent experiments of

duplicate samples.

IMMUNOPRECIPITATION

The cell lysates were centrifuged and protein concentrations of the

lysates were determined by using a BCA protein assay (Bio-Red

Laboratories, Hercules, CA). The supernatant (which contained

200 mg total protein/200 ml) was incubated with a specific phospho-

(Ser/Thr) ATM/ATR substrate antibody (p-[S/T]Q, Cell Signaling

Technology, Danvers, MA) with gentle shocking overnight at 48C.

Followed by adding 20ml protein A/G agarose (Calbiochem Inc., San

Diego, CA) at 48C for 2 h, the lysates were centrifuged at 12,000 rpm

for 5 min at 48C. The beads were washed two times with 500 ml of

lysis buffer (150 mM NaCl, 10 mM Tris–HCl, pH 7.4, 1 mM EDTA,
ells. Serum-starved cells were treated with distilled water (empty bar) for 30 min or

immunoprecipitating (IP) the cell lysate with p-[S/T]Q (ATM/ATR substrate) antibody

as normalized to the expression of GAPDH. The results are shown as the mean of three
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1 mM EGTA, 1% Triton X-100, 0.5% NP-40, 1 mM Na3VO4, 1 mM

PMSF, 2 mg/ml aprotinin, 2 mg/ml leupeptin). Prior to electrophor-

esis, an appropriate volume of 60 ml SDS sample buffer (62.5 mM

Tris–HCl, pH 6.8, 5%-mercaptoethanol, 10% glycerol, 3% SDS, 0.2%

bromphenol blue) were boiled for 5 min, then it was subjected to

SDS–PAGE on 10% polyacrylamide gels and electro-transferred

onto PVDF membranes.

IMMUNOBLOTTING

This was performed as described in our previous study [Guh et al.,

2003]. Briefly, total cell lysates were resolved by 10% sodium

dodecyl sulfate–polyacrylamide gel electrophoresis, transferred to

membranes and blocked, and then probed with antibodies: p21WAF1,

b-actin, GAPDH (Santa Cruz Biotechnologies, Santa Cruz, CA),

p-p53Ser15, p-AktSer473, Akt, p-mTORSer2448, mTOR, p-

Chk1Ser345, and p-Chk2Thr68 (Cell Signaling Technology) and

a-tublin (Neomarker, Fremont, CA). The membranes were washed

and reprobed with b-actin or a-tubulin antibody to control for

protein loading. The bands were detected using the enhanced

chemiluminescence system (Perkin-Elmer, Inc., Boston, MA) and

quantified by using a scanning densitometer. Relative densities were

shown as the ratio between the specific proteins and either b-actin

or a-tubulin.
Fig. 2. Dose-dependent effects of arecoline on phosphorylation levels of p-

p53Ser15 in Clone-9 cells. Serum-starved cells were treated with distilled

water (empty bar) or 0.1–1 mM arecoline (gray bars) for 24 h. The cell lysate

was immunoprecipitated (IP) with p-[S/T]Q antibody followed by immuno-

blotting (IB) with p-[S/T]Q antibody (upper panel). Afterwards, the identity of

this band was determined by IP with p-[S/T]Q antibody followed by IB with

p-p53Ser15 antibody (lower panel). The results are shown as the mean of three

independent experiments. �P< 0.05 versus lane 1.

410 ARECOLINE INDUCES P53-P21WAF1 VIA ATM/PI3K
STATISTICAL ANALYSIS

The results were expressed as the mean� standard errors of the

mean. Unpaired t-tests were used to compare between two groups. A

P-value of less than 0.05 was considered to be statistically

significant.
Fig. 3. Dose-dependent effects of arecoline on phosphorylation levels of

various forms of p-p53 in Clone-9 cells. Serum-starved cells were treated with

distilled water (empty bar) or 0.1–1 mM arecoline (gray bars) for 24 h.

Phosphorylation levels of p-p53Ser6, p-p53Ser15, p-p53Ser20, p-

p53Ser46, and p-p53Ser392 were performed by immunoblotting and normal-

ized to those of a-tubulin. The results are shown as the mean of three

independent experiments. �P< 0.05 versus lane 1.
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RESULTS

TIME-DEPENDENT EFFECTS OF ARECOLINE ON ATM/ATR KINASE

ACTIVITY IN CLONE-9 CELLS

We have found that arecoline induces DNA damage while activating

p53 in Clone-9 cells in a previous study [Chou et al., 2008]. Because

DNA damage activates ATM/ATR [Lavin and Kozlov, 2007], we

measured ATM/ATR kinase activity by immunoprecipitation of the

cell lysate with p-[S/T]Q (ATM/ATR substrate) antibody followed

by immunoblotting with p-Chk1Ser345 and p-Chk2Thr68 anti-

body. As shown in Figure 1, arecoline (0.5 mM) activated ATM/ATR

(i.e., increased p-Chk1Ser345 and p-Chk2Thr68 expression) at

30 min.
DOSE-DEPENDENT EFFECTS OF ARECOLINE ON PHOSPHORYLATION

LEVELS OF p-p53SER15 IN CLONE-9 CELLS

Figure 1 showed that arecoline activated two of the ATM/ATR

substrates: Chk1 and Chk2. Among the other ATM/ATR substrates,

p53 is known to be phosphorylated by ATM/ATR at serine 15 [Lavin

and Kozlov, 2007]. Thus, phosphorylation levels of p53 protein were

determined by immunoprecipitation of the cell lysate with p-[S/T]Q

antibody followed by immunoblotting with p-p53Ser15 antibody.

As shown in Figure 2, arecoline dose-dependently (0.5–1 mM)

increased the ATM/ATR substrate at the authentic p-p53 site at 24 h.

Additionally, arecoline (0.1–1 mM) evenly increased phosphoryla-

tion levels of p-p53Ser15 at 24 h.
Fig. 4. Role of ATM in arecoline-induced phosphorylation levels of p-p53Ser15 and le

(empty bar) or 0.5 mM arecoline (gray bars) for 24 h. Phosphorylation levels of p-p53Ser1

b-actin. A: Caffeine (5–10 mM) was added in lanes 3 and 4. B: Transient transfection of

Materials and Methods Section. The results are shown as the mean of three independ
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DOSE-DEPENDENT EFFECTS OF ARECOLINE ON PHOSPHORYLATION

LEVELS OF VARIOUS FORMS OF p-p53 IN CLONE-9 CELLS

The protein p53 can be serine phosphorylated at multiple locations

by serine–threonine kinases, such as: serine 15 (and serine 6) by

ATM/ATR [Lavin and Gueven, 2006; Toledo and Wahl, 2006], serine

20 by checkpoint kinase 2 (Chk2) [Lavin and Gueven, 2006; Toledo

and Wahl, 2006], serine 46 by homeodomain-interacting protein

kinase-2 [Lavin and Gueven, 2006; Toledo and Wahl, 2006], serine

392 by casein kinase-2 and double-stranded RNA-dependent

protein kinase [Lavin and Gueven, 2006; Toledo and Wahl,

2006]. Thus, phosphorylation levels of p-p53Ser6, p-p53Ser15, p-

p53Ser20, p-p53Ser46, and p-p53Ser392 were measured by

immunoblotting. Among these phosphorylated p53, only phosphor-

ylation levels of p-p53Ser6, p-p53Ser15, and p-p53Ser392 were

dose-dependently increased by arecoline (0.5–1 mM) at 24 h (Fig. 3).

ROLE OF ATM/ATR IN ARECOLINE-INDUCED PHOSPHORYLATION

LEVELS OF p-p53SER15 AND PROTEIN LEVELS OF p21WAF1 IN

CLONE-9 CELLS

DNA damage-induced ATM/ATR activates p53 and induces p21WAF1

[Lavin and Kozlov, 2007]. Thus, phosphorylation levels of p-

p53Ser15 and protein levels of p21WAF1 were measured by

immunoblotting. As shown in Figure 4, caffeine, an ATM/ATR

inhibitor [Bohm et al., 2003] used at a dose (5–10 mM) similar to a

previous study [Chang et al., 2004], attenuated arecoline (0.5 mM)-

induced phosphorylation levels of p-p53Ser15 and protein levels of

p21WAF1 at 24 h. Similarly, ATM (but not luciferase) shRNA also
vels of p21WAF1 in Clone-9 cells. Serum-starved cells were treated with distilled water

5 and levels of p21WAF1 were measured by immunoblotting and normalized to those of

ATM shRNA and the negative control (luciferase shRNA) was performed as described in

ent experiments. �P< 0.05 versus lane 1. #P< 0.05 versus lane 2.
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Fig. 5. Time-dependent effects of arecoline on phosphorylation levels of

p-AktSer473 and p-mTORSer2448 in Clone-9 cells. Serum-starved cells

were treated with distilled water (empty bar) or 0.5 mM arecoline (gray bars)

for 15–60 min. Phosphorylation levels of p-AktSer473 (first panel) and

p-mTORSer2448 (third panel) were measured by immunoblotting and normal-

ized to those of Akt or mTOR. The results are shown as the mean of three

independent experiments. �P< 0.05 versus lane 1.

Fig. 6. Role of PI3K in arecoline-induced phosphorylation levels of p-

p53Ser15 and levels of p21WAF1 in Clone-9 cells. Serum-starved cells were

treated with 0.2% dimethylsulfoxide (DMSO, empty bar) or arecoline (0.5 mM

in 0.2% DMSO, gray bars) for 24 h. LY294002 (20 mM in 0.2% DMSO)

was added in lane 3. Phosphorylation levels of p-AktSer473 (First panel),

p-p53Ser15 (third panel) and levels of p21WAF1 (fourth panel) were measured

by immunoblotting and normalized to those of a-tubulin. The results are

shown as the mean of three independent experiments. �P< 0.05 versus lane 1.
#P< 0.05 versus lane 2.
attenuated arecoline (0.5 mM)-induced phosphorylation levels of p-

p53Ser15 and protein levels of p21WAF1 at 24 h.

TIME-DEPENDENT EFFECTS OF ARECOLINE ON

PHOSPHORYLATION LEVELS OF p-AktSer473 AND

p-mTORSER2448 IN CLONE-9 CELLS

Phosphorylation levels of p-AktSer473 and p-mTORSer2448 were

measured by immunoblotting. As shown in Figure 5, arecoline

(0.5 mM)-induced phosphorylation levels of p-AktSer473 at 30–60

min. In contrast, arecoline (0.5 mM)-induced phosphorylation levels

of p-mTORSer2448 only at 30 min.

ROLE OF PI3K IN ARECOLINE-INDUCED PHOSPHORYLATION LEVELS

OF p-p53SER15 AND p21WAF1 PROTEIN EXPRESSION IN

CLONE-9 CELLS

The role of PI3K was studied by LY294002. Phosphorylation levels

of p-p53Ser15 and protein levels of p21WAF1 were measured by

immunoblotting. As shown in Figure 6, LY294002, used at a dose (20

mM) similar to a previous study [Banerjee et al., 2008], attenuated

arecoline (0.5 mM)-induced phosphorylation levels of p-pAkt473,

p-p53Ser15, and protein levels of p21WAF1 at 24 h. Because

LY294002 is a non-specific PI3K inhibitor, which also inhibits the
412 ARECOLINE INDUCES P53-P21WAF1 VIA ATM/PI3K
PI3K-related kinases such as ATM [Marone et al., 2008], we also used

the specific PI3K inhibitor dominant-negative p85 (Dp85) plasmid.

Thus, we found that the Dp85 plasmid attenuated arecoline

(0.5 mM)-induced phosphorylation levels of p-pAkt473 and protein

levels of p21WAF1 at 24 h (Fig. 7). Conversely, Dp85 plasmid did not

attenuate arecoline (0.5 mM)-induced phosphorylation levels of

p-p53Ser15 at 24 h (Fig. 7).

ROLE OF mTOR IN ARECOLINE-INDUCED PHOSPHORYLATION

LEVELS OF p-p53Ser15 AND p21WAF1 PROTEIN EXPRESSION

IN CLONE-9 CELLS

Figures 6 and 7 showed that PI3K was required for arecoline-

induced phosphorylation levels of p-p53Ser15 and protein expres-
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 7. Role of PI3K in arecoline-induced phosphorylation levels of p-

p53Ser15 and levels of p21WAF1 in Clone-9 cells. Serum-starved cells were

treated with 0.2% dimethylsulfoxide (DMSO, empty bar) or arecoline (0.5 mM

in 0.2% DMSO, gray bars) for 24 h. Transient transfection of the dominant-

negative PI3K (Dp85) plasmid, the negative control (pSRa empty vector), and

the irrelevant plasmid (pCMV) was performed as described in Materials and

Methods Section. Phosphorylation levels of p-AktSer473 (first panel), p-

p53Ser15 (second panel) and protein levels of p21WAF1 (third panel) were

measured by immunoblotting and normalized to those of GAPDH. The results

are shown as the mean of three independent experiments. �P< 0.05 versus

lane 1. #P< 0.05 versus lane 4.

Fig. 8. Role of mTOR in arecoline-induced phosphorylation levels of p-

p53Ser15 and levels of p21WAF1 in Clone-9 cells. Serum-starved cells were

treated with 0.2% DMSO (empty bar) or arecoline (0.5 mM in 0.2% DMSO,

gray bars) for 24 h. Rapamycin (250 nM in 0.2% DMSO) was added in lane 3.

Phosphorylation levels of p-p53Ser15 (upper panel) and levels of p21WAF1

(lower panel) were measured by immunoblotting and normalized to those of b-

actin. The results are shown as the mean of three independent experiments.
�P< 0.05 versus lane 1. #P< 0.05 versus lane 2.
sion of p21WAF1 protein expression. Because mTOR is a downstream

effector of PI3K/Akt, the role of mTOR was studied by rapamycin, an

mTOR inhibitor. Phosphorylation levels of p-p53Ser15 and protein

levels of p21WAF1 were measured by immunoblotting. As shown in

Figure 8, rapamycin, used at a dose (250 nM) similar to a previous

study [Moller et al., 2004], attenuated arecoline (0.5 mM)-induced

phosphorylation levels of p-p53Ser15, but not protein levels of

p21WAF1 at 24 h.

ROLE OF PI3K, ERK1/2, p38 KINASE, AND p53 IN ARECOLINE-

INDUCED p21WAF1 PROTEIN EXPRESSION IN CLONE-9 CELLS

Mitogen-activated protein kinase induces p21WAF1 in some

circumstances [Pruitt and Der, 2001]. Thus, the role of extracellular
JOURNAL OF CELLULAR BIOCHEMISTRY
signal regulated kinase 1/2 and p38 kinase was studied by PD98059

(a MEK inhibitor) and SB203580 (a p38 kinase inhibitor). As shown

in Figure 9, neither PD98059 (20 mM) nor SB203580 (20 mM)

attenuated arecoline (0.5 mM)-induced p21WAF1 protein expression

at 24 h. In contrast, LY294002 (20 mM) and pifithrin-a (a p53

inhibitor, 20 mM) attenuated arecoline (0.5 mM)-induced p21WAF1

protein expression at 24 h.
ROLE OF ATM/ATR AND PI3K IN ARECOLINE-INDUCED p21WAF1

GENE TRANSCRIPTION IN CLONE-9 CELLS

The role of ATM/ATR was studied by using caffeine, an ATM/ATR

inhibitor [Bohm et al., 2003]. Gene transcriptional activity of

p21WAF1 was measured by the promoter activity of the transiently

transfected full-length p21WAF1 gene promoter construct p21P. As

shown in Figure 10A,C, caffeine (5–10 mM) and ATM (but not GFP)

shRNA attenuated arecoline (0.5 mM)-induced p21WAF1 gene

transcription at 24 h. LY294002 (20–40 mM) also attenuated

arecoline (0.5 mM)-induced p21WAF1 gene transcription at 24 h

(Fig. 10B). However, dominant-negative p85 (Dp85) plasmid

increased arecoline (0.5 mM)-induced p21WAF1 gene transcription

at 24 h (Fig. 10D).
ARECOLINE INDUCES P53-P21WAF1 VIA ATM/PI3K 413



Fig. 9. Role of PI3K, ERK1/2, p38 kinase, and p53 in arecoline-induced

protein expression of p21WAF1 in Clone-9 cells. Serum-starved cells were

treated with 0.2% DMSO (empty bar) or arecoline (0.5 mM in 0.2% DMSO,

gray bars) for 24 h. LY294002 (20 mM in 0.2% DMSO, lane 3), PD98059

(20 mM in 0.2% DMSO, lane 4), SB203580 (20 mM in 0.2% DMSO, lane 5) or

pifithrin-a (20 mM in 0.2% DMSO, lane 6) was added. Protein expression

of p21WAF1 was measured by imunooblotting and was normalized to that of

b-actin. The results are shown as the mean of three independent experiments.

Note that lane 2 was only compared to lane 1 whereas lanes 3–6 were only

compared to lane 2. �P< 0.05 versus lane 1, #P< 0.05 versus lane 2.
DISCUSSION

We found that arecoline activates ATM/ATR while increasing

phosphorylation levels of p-p53Ser15, p-AktSer473, p-mTOR-

Ser2448, and protein levels of p21WAF1 in Clone-9 cells. Moreover,

ATM/ATR, PI3K, and mTOR played differential roles in arecoline-

induced phosphorylation levels of p-p53Ser15 and protein levels of

p21WAF1.

This is the first demonstration that arecoline activates ATM/ATR

in hepatocytes. Additionally, we found that the phosphorylated

ATM/ATR substrate contains p-p53Ser15. This finding corroborates

our previous study showing that arecoline (0.5 mM) induces DNA

damage while activating p53 in Clone-9 cells [Chou et al., 2008].

ATM phosphorylates p53 at serine 6 and serine 15 [Lavin and

Gueven, 2006; Lavin and Kozlov, 2007]. Thus, arecoline increased p-

p53Ser6 and p-p53Ser15 among the multiple phosphorylated p53 in

this study. Moreover, both caffeine and ATM shRNA attenuated

arecoline-induced phosphorylated levels of p-p53Ser15. This

finding is corroborated by a previous study showing that caffeine

attenuates diethylnitrosamine-induced p-p53Ser15 in hepatocytes

[Silins et al., 2001]. Arecoline, a muscarinic receptor agonist

[Langmead et al., 2008], also increased p-p53Ser392 in this study.

Interestingly, p-p53Ser392 is known to be increased by casein

kinase-2 [Lavin and Gueven, 2006], which in turn is increased by

muscarinic receptor agonists [Torrecilla et al., 2007].
414 ARECOLINE INDUCES P53-P21WAF1 VIA ATM/PI3K
We found that arecoline increased phosphorylation levels of

p-AktSer473. This finding has been corroborated by previous

studies showing that muscarinic receptor agonists activate the PI3K/

Akt pathway [Bommakanti et al., 2000; Oldenburg et al., 2002; Ma

et al., 2004; Gerthoffer, 2005] and that DNA damage activates the

insulin/insulin-like growth factor-1 (IGF-1)-PI3K/Akt pathway

[Matsuoka et al., 2007].

In contrast, our finding that arecoline activates mTOR (by

increasing p-mTORSer2448 protein expression) in hepatocytes is a

novel one. This finding is consistent with the view that Akt

phosphorylates (activates) mTOR at serine 2448 [Nave et al., 1999;

Bhaskar and Hay, 2007] whereas ATM phosphorylates (activates)

Akt at serine 473 [Viniegra et al., 2005; Bhaskar and Hay, 2007].

Interestingly, p-mTORSer2448 is increased in 40% of patients with

hepatocellular carcinoma [Sieghart et al., 2007].

A previous study found that PI3K is required for some of

arecoline-induced effects [Yang et al., 2008]. In view of the fact that

PI3K/Akt stabilizes and increases p21WAF1 protein expression [Li

et al., 2002], we found that that PI3K is required for arecoline-

induced p21WAF1 protein expression. This finding is compatible with

the notion that cell survival (e.g., PI3K and mTOR) and cell cycle

inhibitory (e.g., p53 and p21WAF1) pathways are interconnected

[Maddika et al., 2007].

Conversely, we found that the dominant-negative PI3K

plasmids did not attenuate arecoline-induced phosphorylation

levels of p-p53Ser15. This finding is compatible with the notion

that Akt destabilizes and decreases levels of p53 [Lavin and Gueven,

2006].

Our finding that rapamycin attenuated arecoline-induced

phosphorylation levels of p-p53Ser15 is similar to a previous study

showing that mTOR enhances DNA damage-induced p-p53Ser15,

which is attenuated by rapamycin [Lee et al., 2007b]. Conversely, we

found that rapamycin did not attenuate arecoline-induced p21WAF1

protein expression. This finding can be explained by the fact that

p21WAF1 gene expression is controlled by many factors other than

p53 [Gartel and Tyner, 1999].

It is known that ATM activates p53 [Lavin and Kozlov, 2007],

which transcriptionally induces the p21WAF1 gene [Maddika et al.,

2007; Chou et al., 2008]. Thus, we found that both caffeine and ATM

shRNA attenuated arecoline-induced p21WAF1 gene transcription.

Conversely, we found that the dominant-negative PI3K plasmids

increased arecoline-induced p21WAF1 gene transcription. This

finding can be explained by the fact that Akt decreases levels of

p53 [Lavin and Gueven, 2006], thereby inhibiting p21WAF1 gene

transcription (Fig. 11).

A hypothetical scheme for arecoline-induced p53-p21WAF1 via

the ATM/ATR and PI3K/Akt pathways is shown in Figure 11. Note

that the functional relationship between ATM/ATR and PI3K/Akt is

more complex than the modulation of p53. For example, all of the

downstream targets of Akt [Sale and Sale, 2008] (e.g., mTOR) are

potential common targets of both ATM/ATR and PI3K. Moreover,

signal transducers and activators of transcription-3 and NF-kB are

two of the common targets of both ATM/ATR and PI3K [Zhang et al.,

2003; Liu et al., 2006; Neumann and Naumann, 2007]. Interestingly,

both STAT3 and NF-kB can induce p21WAF1 in cancer cells

[Wuerzberger-Davis et al., 2005; Moran et al., 2008].
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Fig. 10. Role of PI3K and ATM in arecoline-induced p21WAF1 gene transcription in Clone-9 cells. Serum-starved cells (105 cells/well) were treated with 0.2% DMSO (empty

bar) or arecoline (0.5 mM in 0.2% DMSO, gray bars) for 24 h. Caffeine (A) or LY294002 (B) was added in lanes 3 and 4. Gene transcriptional activity of p21WAF1 was measured by

the promoter activity of the transiently transfected full-length p21WAF1 gene promoter construct p21P. A: Caffeine (5–10 mM in 0.2% DMSO) attenuated arecoline-induced

p21WAF1 gene transcription. B: LY294002 (20–40 mM in 0.2% DMSO) attenuated arecoline-induced p21WAF1 gene transcription. C: Transient transfection of pLKO.1 (empty

vector), GFP shRNA, and ATM shRNA. D: Transient transfection of the dominant-negative PI3K (Dp85) plasmid and the negative control (pSRa empty vector). The results are

shown as the mean of three independent experiments. �P< 0.05 versus lane 1, #P< 0.05 versus lane 2.

Fig. 11. A hypothetical scheme for arecoline-induced p53-p21WAF1 via the

ATM/ATR and PI3K/Akt pathways. Arecoline induces both DNA damage [Chou

et al., 2008] and insulin-like growth factor-1 (IGF-1) [Tsai et al., 2005]. DNA

damage activates ATM/ATR, which increases levels of phosphorylated p-

p53Ser15 and the insulin/IGF-1-downstream mediator p-AktSer473 [Mat-

suoka et al., 2007]. The activated p53 transcriptionally induces p21WAF1. PI3K

activates Akt, which activates PLD [Sun et al., 2008; Toschi et al., 2009]. PLD

activates both mTOCR1 and mTORC2 [Sun et al., 2008; Toschi et al., 2009],

which are inhibited by rapamycin [Sarbassov et al., 2006]. mTORC2 in turn

activates Akt [Jacinto et al., 2006]. Akt destabilizes and decreases levels of p53

[Lavin and Gueven, 2006]. Conversely, Akt stabilizes and increases p21WAF1

protein expression [Li et al., 2002]. Solid lines are stimulatory whereas dotted

lines are inhibitory pathways.
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Apart from oral cancer and hepatocellular carcinoma, betel-quid

has been associated with cancers of the lung, esophagus, stomach,

and uterine cervix [Anonymous, 2004]. The relevance of our study

to the betel-quid–associated cancers is in the relevance of DNA

damage, ATM/ATR, PI3K/Akt, mTOR, p53 and p21WAF1 to the

pathogenesis, and treatment of cancers [Maddika et al., 2007]. For

example, clinical trials of various inhibitors of PI3K or mTOR for

various cancers are in progress [Marone et al., 2008; Yap et al.,

2008].

In conclusion, arecoline activates the ATM/ATR-p53-p21WAF1

and the PI3K/Akt-mTOR-p53 pathways in Clone-9 cells. Arecoline-

induced phosphorylated p-p53Ser15 expression is dependent on

ATM whereas arecoline-induced p21WAF1 protein expression is

dependent on ATM and PI3K. Moreover, p21WAF1 gene is

transcriptionally induced by arecoline-activated ATM.
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