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Abstract

The monoterpene perillyl alcohol (POH) is a naturally occurring anti-cancer compound which is effective against a variety of

rodent organ-specific tumor models. To establish the molecular mechanisms of POH and its major metabolite perillic acid (PA)

as anti-proliferative agents, their effects on cell proliferation, cell cycle and cell cycle regulatory proteins were studied in HCT

116 human colon cancer cells. POH, and to a lesser extent, PA, exerted a dose-dependent inhibitory effect on cell growth

correlated with a G1 arrest. Analysis of G1 cell cycle regulators expression revealed that monoterpenes increased expression of

cdk inhibitor p21Waf1/Cip1 and cyclin E, and decreased expression of cyclin D1, cyclin-dependent kinase (cdk) 4 and cdk2. Our

results suggest that monoterpenes induce growth arrest of colon cancer cells through the up-regulation of p21Waf1/Cip1 and the

down-expression of cyclin D1 and its partner cdk4. q 2002 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Perillyl alcohol (POH) is a naturally occurring

monoterpene found in the essential oils of numerous

species of plants including mints, cherries, and celery

seeds. This monocyclic monoterpene has shown

chemopreventive and therapeutic activity in rodent

mammary [1], skin [2], lung [3], liver [4], pancreatic

[5], and colon tumor models [6]. Phase I clinical

studies have shown that POH is well tolerated in

cancer patients at doses which may have clinical

activity [7–9]. Several patients with refractory colon

cancer had stable disease for at least 2 months [9] and

evidence of anti-tumour activity has been seen in a

patient with metastatic colorectal cancer who had an

ongoing near-complete response of .2 years duration

[8]. Pharmacokinetic studies have indicated that POH

is subject to rapid absorption from the gastrointestinal

tract followed by efficient metabolism to perillic acid

(PA), the predominant circulating metabolite, and

dihydroperillic acid detected in lesser amounts [1,7–

9]. Several cellular and molecular activities of POH

have been reported. Monoterpenes can inhibit the

posttranslational isoprenylation of small G proteins

such as growth-controlling ras oncoproteins [10].

However, it has been reported that monoterpenes are

unlikely to inhibit cell growth by inhibiting ras func-

tion [11–13]. The chemopreventive activity of POH is
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associated with a marked increase in tumor cell loss

by apoptosis in mammary, liver and colon tumors

[4,6,14], and activation of the transforming growth

factor b signaling pathway has been shown in

mammary carcinomas treated with POH [14]. Yet,

the mechanisms by which POH inhibit tumor growth

have not been firmly established.

We focused on the effects of POH and its major

metabolite PA on colon cancer cells, since colon

cancer is one of the most common cause of cancer

deaths in Western countries. It has been reported

that dietary administration of POH results in an inhi-

bition of the incidence of adenocarcinomas and an

increase in apoptosis in azoxymethane-induced rat

colon tumors [6]. In vitro studies have indicated that

the growth of HT29 and SW480 colon carcinoma cell

lines is inhibited by POH [15,16].

In order to improve our understanding of the

mechanisms of action of POH, we analysed the effects

of POH and PA on HCT 116 colonic carcinoma cells.

We showed that growth inhibition induced by these

monoterpenes is associated with cell cycle changes,

and modulation of the expression of cell cycle-related

proteins p21Waf1/Cip1, cyclin D1, cyclin E, and cyclin-

dependent kinases cdk4 and cdk2.

2. Materials and methods

2.1. Cell culture and reagents

The HCT 116 human colon carcinoma cell line was

obtained from American Type Culture Collection

(ATCC, Rockville, MD) and was maintained in

Dulbecco’s modified Eagle medium (DMEM)/F12

medium 1:1 supplemented with 10% fetal calf

serum (FCS), 50 U/ml penicillin and 50 mg/ml strep-

tomycin, at 378C in a 5% CO2 incubator. All cell

culture reagents were from GibcoBRL (Life Technol-

ogies, Cergy-Pontoise, France). POH and PA were

from Sigma–Aldrich Chemical (St. Quentin Fallavier,

France) and were stored as a 1000-fold concentration

in ethanol at 48C. 3,5-Diamino-benzoic acid dihy-

drochloride (DABA) was from Sigma–Aldrich.

2.2. DABA assay

The effects of monoterpenes on cell proliferation

was evaluated by measuring in situ the amount of

cellular DNA, using the DABA fluorometric assay

[17]. Gillery et al. [18] described this technique as

an efficient tool for evaluating the number of cells.

They showed that the intensity of fluorescence

measured after the DABA assay increases linearly

with the increasing number of cells. HCT 116 cells

were seeded in 24-well plates at 1.5 £ 104 cells/well.

One day after plating, monoterpenes were added to

cells and the medium was changed every 2 days. At

the end of the treatment, cells were rinsed with phos-

phate-buffered saline (PBS) and fixed with methanol.

Then, 100 ml of DABA solution (300 mg/ml double

distilled water) were added in each well. The reaction

was carried out at 608C for 1 h and stabilised by

adding 1.5 ml of 1 N HCl. The fluorescence intensity

of the DABA–DNA complexes was determined using

a fluorescence spectrophotometer (Hitachi F-2000,

excitation wavelength 405 nm, emission wavelength

495 nm). Standards containing 1–20 mg of calf

thymus DNA were assayed at the same time as cell

culture samples.

2.3. Cell cycle analysis

HCT 116 cells were treated with or without mono-

terpenes for 48 h in 10% FCS-supplemented medium

while in the exponential growth phase. Cells were

harvested by trypsinization, washed with PBS, resus-

pended in a citrate buffer and stained with a propidium

iodide solution according to Vindelov et al. [19]. Flow

cytometric analysis of stained cells was performed on

a FACScan flow cytometer (Becton Dickinson).

2.4. Western blot analysis

Subconfluent cells on 80 cm2 plates were incubated

for 1 h at 48C in 500 ml lysis buffer consisting of

10 mM Tris–HCl, 20 mM NaCl, 5 mM MgCl2, 0.5%

Nonidet P40, 0, 50 mM NaF, 0.1 mM Na3VO4, and

the protease inhibitors pepstatin A (1 mg/ml), anti-

pain (2 mg/ml), leupeptin (10 mg/ml) and phenyl-

methylsulfonyl fluoride (0.1 mM) (Sigma–Aldrich).

Cell debris was removed by centrifugation at

10,000 £ g for 10 min at 48C, and the supernatants

stored at 2808C. Total-cell protein extracts were

normalised for concentration by the Bradford assay

(Bio-Rad, Ivry sur Seine, France) and 40 mg of protein

was separated by sodium dodecyl sulfate-polyacryla-

mide gel electrophoresis (SDS-PAGE). Gels were
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then blotted onto polyvinylidene difluoride (PVDF)

membranes (Amersham Pharmacia Biotech) using a

trans-blot apparatus (Bio-Rad). The membranes were

blocked in 5% non-fat dry milk in TBS–Tween

(10 mM Tris–HCl pH 7.5, 100 mM NaCl, 0.1%

Tween 20) for 1 h at room temperature, and were

incubated with primary antibodies in 5% non-fat

milk in TBS–Tween. Rabbit polyclonal antibodies

directed against cyclin D1, cdk4 and cdk2 as well as

mouse monoclonal antibody directed against cyclin E

were obtained from Santa Cruz Biotechnology (Tebu

SA, Le Perray en Yvelynes, France), and mouse

monoclonal antibody directed against p21Waf1/Cip1

was from BD Transduction Laboratories (Franklin

Lakes, NJ). The blots were washed for 1 h in TBS–

Tween with three changes and then incubated with

anti-rabbit IgG (Sigma–Aldrich) diluted 1/10,000 in

5% milk/TBS–Tween or with anti-mouse IgG

(Sigma–Aldrich) diluted 1/5000, for 1 h at room

temperature. The membranes were then washed in

TBS–Tween for 1 h. Immunodetection was performed

with a chemiluminescence system (ECL, Amersham

Pharmacia Biotech) and was followed by autoradio-

graphy.

2.5. RT-PCR

Cells were seeded in 20 cm2 dishes at 400,000 cells

per dish. One day later, cells were incubated either with

ethanol or with POH and PA for 18 h. Total RNA was

isolated from cells by direct lysis, using the specifica-

tions provided by the manufacturer (Talent, Rome,

Italy) and quantified spectrophotometrically. After

quantification, reverse transcription (RT) reaction

was performed with 5 mg of each sample and oligo

dT primer, using the first-strand cDNA synthesis kit

(Sigma–Aldrich). PCR reactions were carried out in a

final volume of 100 ml consisting of 20 mM Tris–HCl,

pH 9.0, 0.2 mM MgSO4, 200 mM amounts of each

deoxyribonucleoside triphosphate, 5 ml of the RT

first-strand cDNA product, 20 mM of each forward

and reverse primer, and 5 units of Taq DNA polymer-

ase. The reactions were heated to 948C for 45 s and then

immediately cycled through a 1.5 min annealing step

at 728C. Aliquots were taken off and analysed after 20–

30 cycles in order to ensure that they remained in the

exponential amplification phase. The p21Waf1/Cip1

primer was sense 5 0-GGCGGCAGACCAGCATGA-

CAGATT-3 0, and anti-sense 5 0-CAGCGGACAAGT-

GGGGAGGAGGAA-3 0. The cyclin E primer was

sense 5 0-GACCGGTATATGGCGACACAAGAA-

3 0, and anti-sense 5 0-GTCGCACCACTGATACCCT-

GAAAC-3 0 (Genset Oligos, Paris, France). PCR

amplified products were fractionated on a 2% agarose

gel containing ethidium bromide (0.1 mg/ml) and

visualised by UV transillumination.

2.6. Statistical analysis

Statistical analysis was performed using StatView

Statistical Analysis software (SAS Institute, San Fran-

cisco, CA). Differences between group mean values

were determined by one-way analysis of variance

(ANOVA) followed by a two-tailed Student’s t-test

for unpaired samples, assuming equal variances.

3. Results

3.1. Anti-proliferative effect of PA and POH

Proliferation of exponentially growing HCT 116

cells was dose-dependently inhibited by both PA
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Fig. 1. Inhibitory effect of monocyclic monoterpenes on HCT 116

cell growth. Cells were exposed to increasing concentrations of PA

(triangles) or POH (circles) for 6 days. At the end of the treatment,

cells were fixed and the amount of DNA was evaluated using the

DABA fluorometric assay. Data are the means ^ SD of three deter-

minations.



and POH as shown in Fig. 1. POH was found to be the

most potent inhibitor of cell proliferation with a

significant inhibition ðP , 0:01Þ at a concentration

of 0.25 mM. PA was less effective with a significant

reduction of growth rate at a concentration of

0.75 mM. POH produced a 50% inhibition of cell

proliferation at 0.5 mM whereas 1 mM PA was neces-

sary to attain the same reduction of growth rate. Both

monoterpenes had a cytotoxic effect at 2.5 mM. To

further understand the nature of the growth arrest,

colon cancer cells were cultured for 48 h in the

presence of various concentrations of PA or POH

and subjected to cell cycle analysis (Fig. 2). Both

monoterpenes induced an accumulation of HCT 116

cells in the G1 phase. This increase was associated

with a marked decrease in the percentage of S phase

cells. Twelve percent and 14% of the HCT 116 cells,

respectively, treated with 1 mM POH and 1.5 mM PA

were in S phase compared with 32% of control cells.

The proportion of cells in the G2M phase was slightly

increased.

3.2. Effects of monoterpenes on the expression of G1–

S cell cycle regulators

We examined the effects of monoterpenes on the

expression of cell cycle-regulatory proteins operative

in the G1–S phase transition including p21Waf1/Cip1,

cyclin D1, cyclin E, cdk4 and cdk2. Immunoblot

analysis revealed that POH (0.25–1 mM) and, to a

lesser extent, PA treatment (0.75–2 mM) resulted in

a dose-dependent induction of p21Waf1/Cip1 (Fig. 3). A

3.5-fold increase was obtained for a 1 mM POH

concentration as measured after densitometric analy-

sis of the blots. Cyclin D1 expression was found to be

markedly decreased in a dose-dependent manner after

treatment with monoterpenes. At 1 mM POH, cyclin

D1 protein level was reduced by 89%. In contrast, a

dose-dependent increase of cyclin E was observed. A

10-fold up-regulation of cyclin E protein was found

when cells were incubated with 1 mM POH. The

expression of cyclin-dependent kinases cdk4 and

cdk2 was dose-dependently decreased after treatment
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Fig. 2. Effect of monocyclic monoterpenes on cell cycle progres-

sion. Cells were exposed for 48 h to PA or POH at indicated concen-

trations. At the end of the treatment, cells were harvested and

processed for flow-cytometric DNA analysis.



with increasing concentrations of monoterpenes. The

most effective monoterpene was POH in all cases and

the maximal effect was observed after the addition of

1 mM POH. The time-course study showed that

changes in the expression of cell cycle-related

proteins was observed within 6 h of treatment by

1 mM POH (Fig. 4). The maximal effect was observed

after 24 h of treatment. Analysis of the expression of

p21Waf1/Cip1 and cyclin E genes by RT-PCR revealed

that both mRNA were up-regulated after treatment

with POH (Fig. 5).

4. Discussion

The present study was undertaken with the objec-

tive of determining cellular and molecular effects of

POH and its major metabolite PA in colon cancer

cells, with regard to cell proliferation. In our experi-

ments, we used HCT 116 human colon carcinoma

cells which have been reported to express cell cycle

components including p21Waf1/Cip1, cyclin D1, cdk4,

cyclin E and cdk2 [20,21]. In addition, HCT 116

cell line has been shown to be highly responsive to

cell cycle anti-cancer agents [21]. Our data showed

that monoterpene treatment of HCT 116 cells resulted

in a significant dose-dependent cell growth inhibition

with a greater effect for POH. Similar effect of POH

and PA has been previously reported on HT29 colon

cancer cells [15], and on human breast cancer cell

lines [22]. The concentrations of monoterpenes

required to inhibit cell proliferation were similar to

the serum levels of terpene metabolites in patients

treated with POH [8,9].

To elucidate the effect of monoterpenes on the

growth of colon cancer cells, we assessed the effect

of POH and PA on cell cycle progression. Both

compounds induced an increase in the G0/G1 fraction

of the cell cycle and a concomitant decrease in cell

population in the S phase, suggesting a G1/S arrest.

Many studies have shown an association between cell

cycle and cancer, and in recent years, inhibition of the

cell cycle has been considered as a target for the

management of cancer. Passage through the cell

cycle is governed by the function of a family of

protein kinase complexes. Each complex is composed
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Fig. 3. Western blot analysis of G1–S cell cycle regulatory protein expression in HCT 116 cells incubated for 24 h with POH or PA. Cells were

treated with POH or PA at indicated concentrations. Control cells received ethanol alone. Equal volumes of whole cell extracts containing 30 mg

of proteins were resolved by SDS-PAGE, transferred to PVDF membranes and probed with antibodies to p21Waf1/Cip1, cyclin D1, cdk4, cyclin E,

and cdk2 as indicated. Proteins were detected by enhanced chemiluminescence.



minimally of a catalytic subunit, the cdk, and its

essential activating partner, the cyclin [23,24]. During

the progression of the cell cycle, the cdk–cyclin

complexes are inhibited via binding to cdk-inhibitors

(ckis) such as the Cip/Kip and INK4 families of

proteins. The INK4 family (p16, p15, p18 and p19)

can inhibit Cdk4 and Cdk6 activity, while the Cip/Kip

family members (p21Waf1/Cip1, p27Kip1 and p57Kip2) act

as broad specific inhibitors of cyclin D, E, and A

complex [25]. G1-phase progression is mediated by

the combined activity of the cyclin D1/Cdk4,6 and

cyclin E/Cdk2 complexes [23]. Cyclin D1-associated

kinase activity increases in mid-G1, while cyclin E/

Cdk2 activity increases in late G1 and peaks in early S

phase. Any defect in this machinery causes an altered

cell cycle regulation. Because our studies have

demonstrated that monoterpene treatment resulted in

a G1/S arrest of the cell cycle, we examined the effects

of monoterpenes on cell cycle-regulators operative in

the G1 phase of the cell cycle.

We showed a significant dose- and time-dependent

up-regulation of the cki p21Waf1/Cip1 which is known to

play a critical role in regulating entry of cells at the

G1–S phase transition [26]. In addition, monoterpene

treatment of HCT 116 cells resulted in a marked dose-

dependent decrease in the expression of cyclin D1 and

its partner cdk4. The down-modulation of both regu-

latory molecules was observed within 6 h of exposure

to POH and was maximal at 24 h. Inhibition of cyclin

D1 and cdk4 expression has previously been reported

in colon cancer cells in response to several anti-

tumour agents including NA22598 [27], FR901228

[28], and resveratrol [29] which all induced cell

cycle arrest. As a positive regulator of cdk4 and

cdk6, cyclin D1 has been implicated in controlling

the G1 phase of the cell cycle and is frequently over-

expressed in human colon adenocarcinomas [30,31].

A recent study has shown that elevated cyclin D1 and

cdk4 correlated with enhanced dysplasia in human

colon [32]. On the other hand, up-regulation of

p21Waf1/Cip1 has been shown to exert a G1 cell cycle

arrest in a variety of cell types and particularly in

colon cancer cells in response to stimuli such as buty-

rate, a product of colonic fermentation [33].

Decreased expression of p21Waf1/Cip1 occurs frequently

in cancers including colorectal cancers [34]. A recent

study showed that subcellular localisation of cyclin

D1 protein in colorectal tumour is associated with

p21Waf1/Cip1 expression and correlates with patient

survival, suggesting the importance of these proteins

in colorectal tumorigenesis [35]. In contrast, mono-
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Fig. 5. PCR amplifications. HCT 116 cells were incubated with or

without POH and PA at the indicated concentrations for 18 h. Total

RNA was then purified and first strand cDNA performed. After PCR

amplification from 5 mg cDNA with primers specific for p21Waf1/Cip1

and cyclin E, PCR products were analysed on agarose gel electro-

phoresis and visualised by UV transillumination. The results of the

amplification with p21Waf1/Cip1 were obtained after 27 cycles of

amplification, and the results of the amplification with cyclin E

were obtained after 29 cycles of amplification.

Fig. 4. Kinetic analysis of the effect of POH on G1–S cell cycle

regulatory protein expression. HCT 116 cells were exposed to etha-

nol alone or with 1 mM POH, and proteins were extracted at the

indicated time after incubation. Equal volumes of whole cell

extracts containing 30 mg of proteins were resolved by SDS-

PAGE, transferred to PVDF membranes and probed with antibodies

to p21Waf1/Cip1, cyclin D1, cdk4, cyclin E, and cdk2 as indicated.

Proteins were detected by enhanced chemiluminescence.



terpene treatment of colon cancer cells resulted in a

dose-dependent increase in cyclin E whereas its part-

ner cdk2 was inhibited. Thus, there was an apparent

contradictory down-regulation of cyclin D1 and up-

regulation of cyclin E. Previous studies have shown

that other agents, which are histone deacetylase inhi-

bitors, may also cause G1 arrest by increasing cdk

inhibitor p21Waf1/Cip1, decreasing cyclin D1 expres-

sion, and increasing cyclin E expression [28,36].

Induction of cyclin E, despite cyclin D down regula-

tion, could move cells into S phase. However, we

reported that p21Waf1/Cip1 was also induced at the

time of cyclin E induction, and it has been shown

that p21Waf1/Cip1 can inhibit cyclin E-driven initiation

of S phase [37]. Therefore, our results suggest that

increased p21Waf1/Cip1 counterbalanced increased

cyclin E. Additional studies will be needed to eluci-

date the mechanism of action through which mono-

terpenes up-regulate p21Waf1/Cip1 expression.

It has been mentioned in a recent paper that mole-

cular and cellular effects of monoterpenes were speci-

fic to carcinoma tissues and were not found in normal

mammary gland or in intestinal tissues chronically

treated with POH [14]. Similarly, the POH-mediated

induction of TGF b receptors and apoptosis in a liver

tumor model were absent in its tissue of origin [38].

Additionally, the apoptotic effects of POH in malig-

nant pancreatic cells were more pronounced than in

non-malignant pancreatic cells [39]. These tumor-

specific events induced by monoterpenes suggest the

interest of these compounds as potential chemothera-

peutic agents.

In conclusion, treatment of HCT 116 colon carci-

noma cells with POH and its metabolite PA, caused a

down-regulation of cyclin D1 and its partner cdk4 and

an induction of the cdk inhibitor p21Waf1/Cip1, resulting

in growth arrest in the G1 phase of the cell cycle. Our

data suggest that the anti-proliferative effect of mono-

terpenes is linked to their ability to regulate the

expression of cell cycle-related proteins.
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