Available online at www.sciencedirect.com
SCIENCE (dDIRECT“

Biochemical Pharmacology 68 (2004) 1739-1747
www.elsevier.com/locate/biochempharm

Geraniol and 3-ionone inhibit proliferation, cell cycle

progression, and cyclin-dependent kinase 2 activity in

MCEF-7 breast cancer cells independent of effects on
HMG-CoA reductase activity

Robin E. Duncan®, Dominic Lau®, Ahmed El-Sohemy®,
Michael C. Archer™"*
“Department of Nutritional Sciences, Faculty of Medicine, University of Toronto, Fitzgerald Building,

150 College Street, Toronto, Ont., Canada M5S 3E2
®Department of Medical Biophysics, Faculty of Medicine, University of Toronto, Toronto, Ont., Canada M5S 3E2

Received 26 March 2004; accepted 7 June 2004

Abstract

3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase catalyzes the formation of mevalonate, a precursor of cholesterol that
is also required for cell proliferation. Mevalonate depletion results in a G1 phase cell cycle arrest that is mediated in part by impaired
activity of cyclin-dependent kinase (CDK) 2, and decreased expression of positive regulators of G1 to S phase progression. Inhibition of
mevalonate synthesis may, therefore, be a useful strategy to impair the growth of malignant cells. Plant isoprenoids, including [3-ionone
and geraniol, have previously been shown to inhibit rodent mammary tumor development, and rodent and avian hepatic HMG-CoA
reductase activity. We hypothesized that the putative anti-proliferative and cell cycle inhibitory effects of -ionone and geraniol on MCF-7
human breast cancer cells in culture are mediated by mevalonate depletion resulting from inhibition of HMG-CoA reductase activity. Flow
cytometric analysis showed a G1 arrest in isoprenoid-treated MCF-7 cells, and also a G2/M arrest at higher concentrations of isoprenoids.
These compounds minimally affected the growth of MCF-10F normal breast epithelial cells. Both 3-ionone and geraniol inhibited CDK 2
activity and dose-dependently decreased the expression of cyclins D1, E, and A, and CDK 2 and 4, without changing the expression of
p21P" or p27"P!. Although both B-ionone and geraniol also inhibited MCF-7 proliferation, only geraniol inhibited HMG-CoA reductase
activity. While these effects were significantly correlated (+* = 0.89, P < 0.01), they were not causally related, since exogenous mevalonate
did not restore growth in geraniol-inhibited cells. These findings indicate that mechanisms other than impaired mevalonate synthesis
mediate the anti-proliferative and cell cycle regulatory effects of B-ionone and geraniol in human breast cancer cells.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase [EC 1.1.1.34], the rate-limiting enzyme in the
biosynthesis of cholesterol and other sterols, catalyzes the

Abbreviations: HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A;
FBS, fetal bovine serum; CDK, cyclin-dependent kinase; CDKI, cyclin-
dependent kinase inhibitor; ELISA, enzyme-linked immunosorbent assay;
PBS, phosphate buffered saline; SDS, sodium dodecyl sulphate
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formation of mevalonate [1]. Mevalonate is also required
for other cellular processes including DNA synthesis and
proliferation [1], and is the precursor of non-sterol iso-
prenoids that have a variety of functions such as the
isoprenylation of growth-regulatory proteins and oncopro-
teins [2]. Mevalonate depletion by statins that are compe-
titive inhibitors of HMG-CoA reductase, results in a
characteristic G1 phase cell cycle arrest [3]. Conversely,
increased levels of mevalonate promote cell growth [4,5].
Indeed, increased HMG-CoA reductase activity is char-
acteristic of a number of tumor types [6—10] and inhibition
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Fig. 1. Chemical structure of 3-ionone and geraniol.

of mevalonate synthesis is an important focus for the
development of new agents for cancer therapy as well
as chemoprevention [11].

The plant isoprenoids are a group of compounds that
have been suggested to inhibit cancer growth and devel-
opment through inhibition of HMG-CoA reductase activ-
ity [12-16]. This group includes over 20,000 different
compounds derived from plant mevalonate metabolism
[14]. A number of these compounds are known to inhibit
hepatic HMG-CoA reductase activity in rodent and avian
models [14]. Although their effects on mammary HMG-
CoA reductase activity have not been characterized,
several isoprenoids have been shown to inhibit experi-
mental mammary carcinogenesis [14,17-19]. Elson and
colleagues have reported that the potency with which a
plant isoprenoid suppresses hepatic reductase is predic-
tive of its ability to inhibit the development of mammary
tumors in rats [14]. These compounds also inhibit the
growth of breast and other cancer cells in culture [16,20-
24]. y-Tocotrienol, a molecule with an isoprenoid side-
chain, has been shown to inhibit HMG-CoA reductase
activity in cultured human hepatoma cells [25]. However,
the effect of plant isoprenoids on HMG-CoA reductase
activity in normal or malignant extra-hepatic cells,
including cells of the breast, is unknown. We hypothe-
sized that these compounds inhibit the growth of breast
cancer cells by down-regulating HMG-CoA reductase
activity, resulting in mevalonate depletion that subse-
quently impairs G1 phase progression. In support of this
notion, cancer cells treated with isoprenoids in culture
have been shown to undergo a G1 arrest with associated
changes in cell cycle regulatory proteins [20,21,26] that is
similar to effects observed in statin-treated cells [27-32].
Additionally, mevalonate has been shown to reverse the
inhibitory effects of some plant isoprenoids on cell pro-
liferation [24,33], although not all studies have found this
effect [34,35].

Here, we describe the effects of the acyclic isoprenoid
geraniol, and the cyclic isoprenoid (-ionone (Fig. 1), on
HMG-CoA reductase activity in MCF-7 human breast
cancer cells. Geraniol and (3-ionone have both been shown
to inhibit hepatic HMG-CoA reductase activity [14] and
rodent mammary tumor development [14,22]. We also
determined the effects of 3-ionone and geraniol on pro-
liferation, cell cycle distribution, and levels and activity of
protein regulators of the G1 to S phase transition. To test

whether decreased HMG-CoA reductase activity mediated
the growth-inhibitory effects of the isoprenoids we
assessed the ability of exogenous mevalonate to restore
proliferation.

2. Materials and methods
2.1. Materials

Plant isoprenoids, protein agarose A, antibiotics for cell
culture, and all chemicals used in staining, flow cytometry,
buffers, and thin-layer chromatography were purchased
from Sigma. Fetal bovine serum (FBS) was from Gibco
BRL. Culture medium was prepared by the University of
Toronto tissue culture facility. Histone H1, and antibodies
against cyclins D1/D2, E, and A, cyclin-dependent kinase
(CDK) 2 and 4, and the CDK inhibitor (CDKI) p27*P!
were from Upstate Biotechnology Inc., and horseradish
peroxidase-conjugated secondary antibodies and the anti-
body to B-actin were from Santa Cruz Biotechnology Inc.
The enhanced chemiluminescence kit was from Amersham
Life Sciences. ["*CJHMG-CoA reductase and [y-32P]ATP
were from Perkin-Elmer Life Sciences Inc. Silica gel G
plates for chromatography were obtained from Analtech
Inc. and were autoradiographed in an Instant Imager™
(Packard, Canberra, Canada). Roche Molecular Biochem-
icals supplied the cell proliferation enzyme-linked immu-
nosorbent assay (ELISA) kit. Flow cytometric analysis was
performed using the FACStation Software package from
Beckton Dickinson FACS Systems.

2.2. Cell culture

Cells were purchased from the American Type Cell
Culture collection and routinely cultured in 150 dL flasks
at 37 °C and 5% CO, in 1:1 DME/F12 with 1% penicillin/
streptomycin. MCF-7 cells were supplemented with 10%
FBS. MCF-10F cells were supplemented with 5% horse
serum, 0.1 wg/mL cholera toxin, 10 wg/mL insulin,
0.5 pg/mL hydrocortisone, and 20 ng/mL epidermal
growth factor. Geraniol and (-ionone were dissolved in
absolute ethanol and stored at —20 °C in the dark before
use. Final ethanol concentration in the tissue culture media
was 0.1%.

2.3. Crystal violet staining

In order to assess relative cell numbers, cells grown in
12-well plates in triplicate and treated with increasing
concentrations of test isoprenoid for 2, 4, 7, and 10
days were washed with phosphate buffered saline
(PBS), fixed with methanol for 20 min, stained with
crystal violet [36] for an additional 20 min, washed with
water, and air dried. Dye was eluted from cells at room
temperature by the addition of 1 mL of 1% sodium
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dodecyl sulphate (SDS), and absorbances were measured
at 595 nm. In experiments with mevalonate, cells were
grown in six-well plates and treated with geraniol or
mevastatin and mevalonate concurrently for 1 week prior
to staining.

2.4. Flow cytometry

Cells grown in 150 dL flasks were harvested by trypsi-
nization, washed repeatedly with ice cold PBS (minus Ca/
Mg) and then treated with 70% ethanol for 30 min to
permeabilize membranes. Nuclei were stained with pro-
pidium iodide in a 0.38 mM sodium citrate buffer contain-
ing 100 wL RNAse. DNA content was determined using a
FACStar Plus flow cytometer and the proportion of cells in
each cell cycle phase was calculated from DNA histograms
using the FACStation Software package.

2.5. Immunoblotting

Cells harvested by trypsinization were washed repeat-
edly with ice cold PBS (minus Ca/Mg), and lysed using a
glass mini-homogenizer in buffer A (5 mM Tris—HCI (pH
7.5) containing 5 mM EDTA, 10 mM EGTA, 50 mM NaF,
150 mM NaCl, 0.1% Nonidet P-40, 50 pg/mL PMSF,
1 wg/mL aprotinin, 2 pg/mL leupeptin). Homogenates
were then centrifuged for 10 min at 12,000 x g, and
aliquots of supernatant containing 2—40 g protein were
mixed with 2x Laemmli buffer, heated for 5 min at 95 °C,
electrophoresed in 10 or 12% SDS-polyacrylamide gels
and transferred to polyvinylidene difluoride membranes.
After blocking overnight, membranes were probed first
with antibodies to cyclins D1/D2, E and A, CDK 2 and 4,
and p27°"P! or p21°"P! then with horseradish peroxidase-
conjugated anti-mouse or anti-rabbit antibodies, and sig-
nals were detected by enhanced chemiluminescence. Band
densities were quantified in arbitrary units, then expressed
as relative density compared with the untreated controls
that were taken as 100%. B-Actin was used as a loading
control.

2.6. CDK 2 activity assay

Cells were trypsinized, washed repeatedly with PBS and
then lysed using a glass mini-homogenizer in buffer A.
After centrifugation of homogenates for 10 min at 12,000
% g, 200 pL of the supernantants were diluted in buffer A
to 1 mg/mL. Samples were pre-cleared by gentle rocking
for 1 h at 4 °C with 30 pL of protein agarose A beads
followed by immunoprecipitation with antibody to CDK 2
(2 wg) overnight. Immunocomplexes were captured by
rocking with 100 pL of protein agarose A beads at 4 °C
for 2 h, washed three times with buffer A, then four times
with kinase reaction buffer (50 mM Tris—HCI] (pH 7.5)
containing 10 mM MgCl,, 2 mM EGTA, 1 mM DTT,
1 mM NaF, 0.1 mM NaVOy,, 10 mM B-glycerophosphate).

Immunoprecipitates were incubated for 30 min at 37 °C
with 30 pL of kinase reaction buffer containing 25 pM
cold ATP, 5 pg histone H1, and 10 pCi of [y->?P]ATP.
Reactions were stopped by the addition of 30 ul of
Laemmli buffer with 2-mercaptoethanol followed imme-
diately by boiling for 5 min. The products of the reaction
were then electrophoresed on a 13% SDS-polyacrylamide
gel. Radioactive bands corresponding to histone H1 were
visualized and quantified using a Packard Instant Imager®.
Coomassie blue staining of protein bands was used to
ensure equal loading in gels.

2.7. Cell proliferation

Cells seeded in 96-well plates at an average density of
2 x 10% cells per well were treated with geraniol or
B-ionone for 7 days. Proliferation rates on day 7 were
measured according to manufacturer’s instructions by
quantifying bromodeoxyuridine incorporation into
DNA of actively proliferating cells using a cell prolifera-
tion ELISA Kkit.

2.8. HMG-CoA reductase assay

Cells were harvested by trypsinization, washed repeat-
edly with PBS, and then homogenized in 20 mM Tris—HCI
(pH 7.2) containing 0.25 M sucrose, 70 mM KCl, 5 mM
EDTA, 5 mM EGTA, 50 uM leupeptin, and 1 mM DTT.
HMG-CoA reductase activity in samples of supernatant
prepared by centrifugation of homogenates at 5000 x g for
1 min was determined as described previously [37].
Briefly, 100 ng samples of total protein were pre-incubated
at 37 °C for 5 min in 100 mM phosphate (pH 7.4) contain-
ing 70 mM KCIl, 10 mM dithiothreitol, 5 mM EDTA,
5mM EGTA, and 50 uM leupeptin. After a further
5 min incubation with an NADPH regenerating system
(1 U glucose-6-phosphate dehydrogenase, 20 mM glu-
cose-6-phosphate, 2 mM NADP), HMG-CoA containing
8.12 nCi/nmol ['*CIJHMG-CoA was added to yield a final
concentration of 55.4 wM and assay mixtures (75 pL final
volume) were incubated at 37 °C for 30 min. The assay
was terminated by addition of 5 pLL of 10N HCL contain-
ing 16 mM mevalonolactone as a carrier for thin-layer
chromatography. Samples were incubated for 1 h to allow
complete lactonization of product, and then centrifuged for
1 min at 3000 x g to remove denatured protein. Forty
microliters of supernatant was applied to a silica gel G
plate and chromatographed in toluene/acetone (1:1). Plates
were then autoradiographed in a Packard Instant Imager™
for 24-48 h, after which bands corresponding to mevalo-
nolactone (Ry, 0.7) were visualized and quantified in counts
per minute. Enzyme activity in samples treated with plant
isoprenoids was normalized to the mean activity of the
control samples in each individual experimental set. Rela-
tive enzyme activity was then expressed as a percentage of
control values.
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2.9. Statistical analysis

All values shown are means + S.E.M. Differences
between treated groups and controls were analyzed by
one-way ANOVA followed by Dunnett’s multiple compar-
ison test. Differences between cells grown with or without
mevalonate were analyzed by Student’s r-test. Linear
regression analysis was used to determine correlations
between HMG-CoA reductase activity and cell prolifera-
tion rates. Significance was accepted at P < 0.05.

3. Results

3.1. Time- and concentration-dependent effects of
B-ionone and geraniol on cell growth

B-Ionone and geraniol inhibited the growth of MCF-7
human breast cancer cells in a concentration- and time-
dependent manner (Fig. 2A and B) resulting in significant
effects by day 7. For all other experiments, therefore, cells
were treated for 7 days prior to harvesting or assay. MCF-
10F normal human breast epithelial cells were not sig-
nificantly inhibited by treatment with geraniol for 10 days
at any concentration tested (data not shown). MCF-10F cell
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Fig. 2. Plant isoprenoids inhibit the growth of human breast adenocarci-
noma cells in a concentration- and time-dependent manner, and with a
greater potency than normal breast epithelial cells. MCF-7 cells were grown
in 12-well plates in the presence of increasing concentrations of -ionone
(A) or geraniol (B) for the times indicated. Medium was replaced every
48 h, and growth was assessed by crystal violet staining of fixed cells. Data
points are means + S.E.M.

Table 1
Cell cycle distribution of MCF-7 cells following treatment with 3-ionone or
geraniol®

Treatment (WM) Percentage of cells in

G0/G1 S G2/M Apoptosis
Control 537+18 304+25 160+27 35+13
3-Ionone .
100 645 +1.77 191 £20° 164+09 82+46
300 585403 1494387 266+35 04+0.1
500 587+26 172+08 241+19 49+06
Geraniol
100 630+£07 232+42 138435 35+15
300 642 +22" 219+26 139+04 15+07
500 626 +£32" 183425 191+11 21+15
700 564 +07 178 +02" 258+09° 05+02

# MCF-7 cells were grown in the absence (control) or presence of test
compounds at the concentrations indicated. After 1 week, cells were
harvested by trypsinization, stained with propidium iodide, and analyzed
for DNA content by flow cytometry. Values are means £ S.E.M. (N = 3).

* P < 0.05 vs. control value for same cell cycle phase.

" P < 0.01 vs. control value for same cell cycle phase.

growth, however, was significantly inhibited after 10 days
by ~24% by 300 uM B-ionone, ~33% by 400 puM [3-
ionone, and by a maximum of 38% after treatment with
500 wM B-ionone (data not shown). These effects were
considerably less than the inhibition seen in MCF-7 cells
treated under the same conditions, in which 500 uM (-
ionone inhibited cell growth by ~80%.

3.2. Effects of B-ionone and geraniol on cell cycle
regulation

Flow cytometric analysis showed that growth inhibition
of MCF-7 cells treated with 100 wM B-ionone, or 100, 300,
or 500 uM geraniol, was mediated primarily by a GO/G1
arrest as evidenced by an increased proportion of cells in
GO/G1 (Table 1). At higher concentrations, however, inhi-
bition of cell growth was also mediated by a slowing of G2/
M progression. The net result was a significant decrease in
the percentage of cells actively synthesizing DNA at all
concentrations of 3-ionone tested, and at 500 and 700 pM
geraniol. There were no significant differences in the
percentage of apoptotic cells detected by flow cytometry
in any of the groups compared to the control cells.

3.3. Effects of B-ionone and geraniol on expression
of G1 and S phase protein regulators

The changes in cell cycle control were associated with
alterations in the activity and expression of protein reg-
ulators of G1 and S phase progression (Fig. 3). A sig-
nificant, concentration-dependent decrease in expression
of the early G1 phase cyclin D1 was observed in MCF-7
cells treated with either B-ionone or geraniol. Cyclin D2
expression was less sensitive to treatment, decreasing only
in cells treated with 700 wM geraniol. Expression of CDK
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Fig. 3. Plant isoprenoids inhibit the expression of G1 and S phase regulatory proteins. Extracts from MCF-7 cells grown in the presence of either 3-ionone or
geraniol for 7 days were subjected to Western immunoblot analysis. Results from a representative experiment are shown. Protein expression levels in treated
cells were measured in arbitrary densitometric units and then expressed as a percentage of the untreated control group. Numbers in parentheses are means +
S.E.M. calculated from relative protein expression levels determined in three separate experiments. P < 0.05, ~*P < 0.01 vs. protein expression level in

untreated control cells.

4, the catalytic binding partner of the D-type cyclins,
also decreased significantly in cells treated with either
isoprenoid. Expression levels of late G1 regulators were
similarly reduced. Protein levels of cyclin E, the G1 phase
activator of CDK 2, decreased significantly in cells treated
with geraniol at all concentrations, and in cells treated with
400 or 500 uM B-ionone. Expression of cyclin A, the S
phase CDK 2 activator, decreased significantly following
treatment of cells with either geraniol or with B-ionone.
CDK 2 also decreased in cells treated with either com-
pound. Expression of the CDKI p27kipl appeared to
increase in cells treated either with geraniol or (3-ionone.
However, this change was not statistically significant when
analyzed by ANOVA or for linear trend. Expression of
p21¢P! also did not change significantly with increasing
concentrations of either geraniol or B-ionone. There was,
however, a significant linear trend towards decreased
expression levels of p21°P! (P < 0.05) in cells treated
with either isoprenoid.

3.4. Effect of B-ionone and geraniol on CDK 2 activity

Since inhibition of CDK 2 activity is an important
mediator of the cellular growth arrest that follows
mevalonate depletion in cells treated with competitive
inhibitors of HMG-CoA reductase [27,31,32], we deter-
mined the effect of (3-ionone and geraniol on its activity.
Treatment of cells with either of the isoprenoids caused a
concentration-dependent reduction in the catalytic activity
of CDK 2, as measured by its ability to phosphorylate
histone H1 (Fig. 4).

3.5. Effects of B-ionone and geraniol on proliferation and
HMG-CoA reductase activity

Treatment of MCF-7 cells with 100-500 uM B-ionone
for 7 days significantly inhibited cell proliferation but, at
this time point, had no significant effect on HMG-CoA
reductase activity at any of the concentrations (Fig. 5A).
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Fig. 4. CDK 2 activity is inhibited by both B-ionone and geraniol. Immu-
noprecipitates of CDK 2 from MCEF-7 cells treated for 7 days with increasing
concentrations of either -ionone (A) or geraniol (B) were assayed for ability
to phosphorylate histone H1. Graphs show the mean activity of CDK 2 in
isoprenoid-treated cells grown and assayed in two separate experiments.
Results from a representative autoradiograph are shown.

Geraniol, however, inhibited both HMG-CoA reductase
activity and cell proliferation in a similar, concentration-
dependent manner, and these effects were significantly
correlated (Fig. 5B). To determine whether effects of the
isoprenoids on cell proliferation and HMG-CoA reductase
were causally related, we assessed the ability of exogenous
mevalonate to restore cell growth. The addition of meva-
lonate to the culture medium did not affect cell growth at
any concentration of geraniol tested up to 600 uM (Fig. 6).
As a positive control, we observed that exogenous meva-
lonate significantly restored cell growth in mevastatin-
treated cells.

4. Discussion

B-Ionone and geraniol caused a cell cycle arrest at GO/
G1 and at higher concentrations, a slowing of passage
through G2/M that resulted in significant growth inhibition
of MCF-7 human breast cancer cells. Concentrations uti-
lized were comparable to those reported in blood for
similar isoprenoids in human pharmacokinetic studies
[38,39]. Geraniol had no effect on the growth of MCF-
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Fig. 5. HMG-CoA reductase activity and cell proliferation are coordinately
inhibited in MCF-7 cells treated with geraniol but not 3-ionone. Cells were
grown for 7 days in B-ionone (A) or geraniol (B) at the concentrations
indicated. HMG-CoA reductase activity was determined by radiochemical
assay of whole cell extracts. Data points are means + S.E.M. calculated
from values obtained in at least three independent experiments. Cell
proliferation was assessed by ELISA of bromodeoxyuridine incorporation
into DNA of replicating cells. Data points are means + S.E.M. (N = 8). P <
0.01, P < 0.001 vs. control values. Linear regression analysis was used to
generate correlation coefficients for the relationship between HMG-CoA
reductase activity and cell proliferation.

10F normal breast epithelial cells, and 3-ionone was only
weakly inhibitory at high concentrations. No significant
effect of isoprenoid treatment on apoptosis in MCF-7 cells
was detected. Analysis of immunoblots indicated that

mmmm 0 mM mevalonate

2mM mevalonate
100
§ 754
c
o
O 504
S)
*
254
0_
Control Geraniol Mevistatin
600 uM 50 uM

Fig. 6. Mevalonate does not restore cell proliferation in human mammary
adenocarcinoma cells inhibited by geraniol. MCF-7 cells were seeded in
six-well plates and grown for 1 week in medium containing the treatments
indicated, either with or without the addition of 2 mM mevalonate. Cell
growth was assessed by crystal violet staining. Mevastatin-treated cells were
included as positive controls. Values are means + S.EM. “"P < 0.0001 vs.
cells grown without mevalonate.
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inhibition of early G1 phase progression by the isoprenoids
may have been mediated by decreased expression of CDK
4 and its activating subunits cyclins D1 and D2. Decreased
passage of cells from late G1 into and through S phase was
likely mediated by reduced activity of CDK 2. This
resulted, in part, from reduced expression of the kinase,
as well as reduced expression of its activating subunits
cyclins E and A, at least in cells treated with higher
concentrations of isoprenoids. At concentrations as low
as 100 uM, however, impaired G1 phase progression and
decreased CDK 2 activity cannot be explained by
decreased kinase or cyclin expression. It is possible that
at lower concentrations, these effects are mediated primar-
ily by changes in binding of the kinase with CDKIs.
Indeed, Rao et al. have shown that mevalonate depletion
in MCF-7 cells by lovastatin significantly inhibited CDK 2
activity without affecting its expression, or the expression
of p21°P! or p27"P! [10]. Instead, mevalonate depletion
caused an increase in the binding of these CDKIs to CDK
2. A similar mechanism may explain our observation of a
significant decrease in CDK 2 activity at concentrations of
isoprenoids that produced no change in CDK 2, p21Cipl or
p275P! expression. CDK 2 activity is also regulated by an
activating phosphorylation on threonine 160/161, and by a
deactivating phosphorylation on tyrosine 15 [40]. Changes
in the activity of kinase and phosphatase regulators of
these phosphorylations may, therefore, also have contrib-
uted to the decrease in CDK 2 activity evident at all levels
of isoprenoid treatment, without altering expression of
CDK 2.

Similar to results from the present study, mevalonate
depletion by statins has been shown previously to inhibit
proliferation by imposing a cell cycle block at GO/G1 [3]
that is mediated by reduced activity of CDK 2 [27,31,32],
decreased expression of CDK 2 and 4, and cyclins D, E,
and A [28-30], and by an impaired ability of cells to down-
regulate expression of p27“"P' [28]. Therefore, we inves-
tigated whether depletion of mevalonate by inhibition of
HMG-CoA reductase activity mediated the anti-prolifera-
tive effects of (B-ionone and geraniol in MCF-7 breast
cancer cells.

In malignant cells, the level and catalytic efficiency of
HMG-CoA reductase is increased compared to normal
cells [6-10], and is resistant to transcriptional feedback
regulation by sterols [41]. Post-transcriptional regulation
of reductase synthesis is, however, intact [6,15]. Plant
isoprenoids have been shown to inhibit HMG-CoA
reductase activity through post-transcriptional events
including increased proteolytic degradation and
decreased efficiency of translation of reductase mRNA
[25,42]. HMG-CoA reductase in malignant cells, there-
fore, appears to retain sensitivity to regulation by these
compounds [25]. It has been suggested that plant isopre-
noids may inhibit tumor cell proliferation by inhibiting
HMG-CoA reductase activity, thereby depleting cellular
mevalonate required for growth [12-16]. Our initial

results showed a close correlation between effects of
geraniol on MCF-7 cell proliferation and HMG-CoA
reductase activity, suggesting that this relationship
may, indeed, be causal. Exogenous mevalonate, however,
was unable to reverse the growth inhibition. This result
indicates that depletion of mevalonate by inhibition
of HMG-CoA reductase activity is unlikely to play any
role in the inhibition of MCF-7 cell proliferation by
geraniol. B-Ionone had no significant effect on HMG-
CoA reductase activity in MCF-7 cells, and clearly does
not inhibit growth via this pathway. Based on these
findings we can also conclude that a mechanism other
than impaired HMG-CoA reductase activity is responsible
for the cell cycle regulatory effects of (-ionone and
geraniol.

Inhibition of protein prenylation may be an alternative
mechanism to explain the growth and cell cycle inhibitory
effects of 3-ionone and geraniol on MCF-7 cells. A GO/G1
arrest with impaired CDK 2 activity, as was observed in the
present study, is known to occur when geranylgeranyl
protein transferase (GGPTase) I activity is blocked
[28,43]. Likewise, inhibition of farnesyl protein transferase
(FPTase) causes a G2/M arrest [43] such as we observed
when MCF-7 cells were treated with higher concentrations
of B-ionone or geraniol. The plant isoprenoids perillic acid
and perillyl alcohol have previously been shown to com-
petitively inhibit GGPTase I and II, and FPTase in several
different cell lines [34,44—46]. Whether inhibition of pro-
tein prenylation by 3-ionone and/or geraniol mediated the
growth- and cell cycle-inhibitory effects that we observed
in the present study merits further investigation. It is also
possible that growth inhibition by (3-ionone and geraniol is
independent of any effects on the mevalonate pathway. The
plant isoprenoids limonene and perillyl alcohol have been
shown to inhibit expression of the growth-regulatory pro-
tein Ras without affecting its activation by farnesylation
[47]. Plant isoprenoids have also been shown to inhibit
cancer cell growth by inducing apoptosis [23] and differ-
entiation [48].

In summary, we have shown that the plant isoprenoid
geraniol inhibits HMG-CoA reductase activity in
MCF-7 cells, and that this effect is closely correlated
with inhibition of cell proliferation. Exogenous mevalo-
nate, however, does not restore proliferation in geraniol-
inhibited cells, indicating that this relationship is not
causal. Unexpectedly, B-ionone does not inhibit HMG-
CoA reductase activity, although it does inhibit cell pro-
liferation in a dose-dependent manner. Although meva-
lonate depletion is not responsible for cellular growth
inhibition by B-ionone and geraniol, both compounds
produce cell cycle regulatory effects that are, nonetheless,
similar to those previously reported in mevalonate-
depleted cells. These findings indicate that understanding
the growth and cell cycle inhibitory effects of plant
isoprenoids will require investigation of mevalonate-
independent mechanisms.



1746

R.E. Duncan et al./Biochemical Pharmacology 68 (2004) 1739-1747

Acknowledgements

This research was supported by the US Army Medical
Research Acquisition Activity, 820 Chandler Street, Fort
Detrick, MD 21702-5014, Grant No. DAMD17-99-1-9409.
The content of the information does not necessarily reflect
the position or the policy of the US Government, and no
official endorsement should be inferred. M.C.A. is the
recipient of a Natural Sciences and Engineering Research

Council of Canada Industrial Research Chair,

and

acknowledges support from the member companies of
the program in Food Safety, Nutrition and Regulatory
Affairs of the University of Toronto. The authors thank
Chris Lange for assistance.

References

[1].

[2].

[3].

[4].

[5].

[6].

[71.

[8].

[9].

[10].

[11].

[12].

[13].

[14].

Goldstein JL, Brown MS. Regulation of the mevalonate pathway.
Nature 1990;343:425-30.

Gelb MH. Protein prenylation, et cetera: signal transduction in two
dimensions. Science 1997;275:1750-1.

Quesney-Huneeus VR, Wiley MH, Siperstein MD. Essential role for
mevalonate synthesis in DNA replication. Proc Natl Acad Sci USA
1979;76:5056-60.

Wejde J, Blegen H, Larsson O. Requirement for mevalonate in the
control of proliferation of human breast cancer cells. Anticancer Res
1992;12:317-24.

Yachnin S. Mevalonic acid as an initiator of cell growth. Studies using
human lymphocytes and inhibitors of endogenous mevalonate bio-
synthesis. Oncodev Biol Med 1982;3:111-23.

Bennis F, Favre G, Le Gaillard F, Soula G. Importance of mevalonate-
derived products in the control of HMG-CoA reductase activity and
growth of human lung adenocarcinoma cell line A549. Int J Cancer
1993;55:640-5.

El-Sohemy A, Archer MC. Inhibition of N-methyl-N-nitrosourea- and
7,12-dimethylbenz[a]anthracene-induced rat mammary tumorigen-
esis by dietary cholesterol is independent of Ha-Ras mutations.
Carcinogenesis 2000;21:827-31.

Harwood Jr HJ, Alvarez IM, Noyes WD, Stacpoole PW. In vivo
regulation of human leukocyte 3-hydroxy-3-methylglutaryl coen-
zyme A reductase: increased enzyme protein concentration and
catalytic efficiency in human leukemia and lymphoma. J Lipid Res
1991;32:1237-52.

Kawata S, Takaishi K, Nagase T, Ito N, Matsuda Y, Tamura S. Increase
in the active form of 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase in human hepatocellular carcinoma: possible mechanism for
alteration of cholesterol biosynthesis. Cancer Res 1990;50:3270-3.
Rao KN, Melhem MF, Gabriel HF, Eskander ED, Kazanecki ME,
Amenta JS. Lipid composition and de novo cholesterogenesis in
normal and neoplastic rat mammary tissues. J Natl Cancer Inst
1988;80:1248-53.

Jakobisiak M, Golab J. Potential antitumor effects of statins. Int J
Oncol 2003;23:1055-69.

Crowell PL. Prevention and therapy of cancer by dietary monoter-
penes. J Nutr 1999;129:775S-8S.

Elson CE, Yu SG. The chemoprevention of cancer by mevalonate-
derived constituents of fruits and vegetables. J Nutr 1994;124:607-14.
Elson C. Suppression of mevalonate pathway activities by dietary
isoprenoids: protective roles in cancer and cardiovascular disease. J
Nutr 1995;125:1666S—-72S.

[15]

(16]

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

Elson CE, Peffley DM, Hentosh P, Mo H. Isoprenoid-mediated
inhibition of mevalonate synthesis: potential application to cancer.
Proc Soc Exp Biol Med 1999;221:294-311.

McAnally JA, Jung M, Mo H. Farnesyl-o-acetylhydroquinone and
geranyl-o-acetylhydroquinone suppress the proliferation of murine
B16 melanoma cells, human prostate and colon adenocarcinoma
cells, human lung carcinoma cells, and human leukemia cells. Cancer
Lett 2003;202:181-912.

Crowell PL, Kennan WS, Haag JD, Ahmad S, Vedejs E, Gould MN.
Chemoprevention of mammary carcinogenesis by hydroxylated deri-
vatives of p-limonene. Carcinogenesis 1992;13:1261-4.

Russin WA, Hoesly JD, Elson CE, Tanner MA, Gould MN. Inhibition
of rat mammary carcinogenesis by monoterpenoids. Carcinogenesis
1989;10:2161-4.

Elson CE, Maltzman TH, Boston JL, Tanner MA, Gould MN. Anti-
carcinogenic activity of p-limonene during the initiation and promo-
tion/progression stages of DMBA-induced rat mammary carcinogen-
esis. Carcinogenesis 1988;9:331-2.

Bardon S, Foussard V, Fournel S, Loubat A. Monoterpenes inhibit
proliferation of human colon cancer cells by modulating cell cycle-
related protein expression. Cancer Lett 2002;181:187-94.

Bardon S, Picard. Martel P. Monoterpenes inhibit cell growth, cell
cycle progression, and cyclin D1 gene expression in human breast
cancer cell lines. Nutr Cancer 1998;32:1-7.

Elegbede JA, Elson CE, Qureshi A, Tanner MA, Gould MN. Inhibi-
tion of DMBA-induced mammary cancer by the monoterpene D-
limonene. Carcinogenesis 1984;5:661—4.

Mo H, Elson CE. Apoptosis and cell-cycle arrest in human and murine
tumor cells are initiated by isoprenoids. J Nutr 1999;129:804—-13.
Shoff SM, Grummer M, Yatvin MB, Elson CE. Concentration-
dependent increase of murine P388 and B16 population doubling
time by the acyclic monoterpene geraniol. Cancer Res 1991;51:37—
42.

Parker RA, Pearce BC, Clark RW, Gordon DA, Wright JJ. Tocotrie-
nols regulate cholesterol production in mammalian cells by post-
transcriptional suppression of 3-hydroxy-3-methylglutaryl-coenzyme
A reductase. J Biol Chem 1993;268:11230-8.

Shi W, Gould MN. Induction of cytostasis in mammary carcinoma
cells treated with the anticancer agent perillyl alcohol. Carcinogenesis
2002;23:131-42.

Ghosh PM, Moyer ML, Mott GE, Kreisberg JI. Effect of cyclin E
overexpression on lovastatin-induced G1 arrest and RhoA inactiva-
tion in NIH 3T3 cells. J Cell Biochem 1999;74:532—43.

Laufs U, Marra D, Node K, Liao JK. 3-Hydroxy-3-methylglutaryl-
CoA reductase inhibitors attenuate vascular smooth muscle prolifera-
tion by preventing Rho GTPase-induced down-regulation of
p27(kipl). J Biol Chem 1999;274:21926-31.

Oda H, Kasiske BL, O’Donnell MP, Keane WF. Effects of lovastatin
on expression of cell cycle regulatory proteins in vascular smooth
muscle cells. Kidney Int 1999;56:202-5.

Park WH, Lee YY, Kim ES, Seol JG, Jung CW, Lee CC,
Lovastatin-induced inhibition of HL-60 cell proliferation via cell
cycle arrest and apoptosis. Anticancer Res 1999;19:3133-40.

Rao S, Lowe M, Herliczek TW, Keyomarsi K. Lovastatin mediated
G1 arrest in normal and tumor breast cells is through inhibition of
CDK?2 activity and redistribution of p21 and p27, independent of p53.
Oncogene 1998;17:2393-402.

Ukomadu C, Dutta A. Inhibition of CDK2 activating phosphorylation
by mevastatin. J Biol Chem 2003;278:4840-6.

Hu X, White KM, Jacobsen NE, Mangelsdorf DJ, Canfield LM.
Inhibition of growth and cholesterol synthesis in breast cancer cells by
oxidation products of beta-carotene. J Nutr Biochem 1998;9:567-74.
Ferri N, Arnaboldi L, Orlandi A, Yokoyama K, Gree R, Granata A, et
al. Effect of S(—) perillic acid on protein prenylation and arterial
smooth muscle cell proliferation. Biochem Pharmacol 2001;62:1637—
45.

et al.



[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

R.E. Duncan et al./Biochemical Pharmacology 68 (2004) 1739-1747

RuchRJ, Sigler K. Growth inhibition of rat liver epithelial tumor cells
by monoterpenes does not involve ras plasma membrane association.
Carcinogenesis 1994;15:787-9.

Gillies RJ, Didier N, Denton M. Determination of cell number in
monolayer cultures. Anal Biochem 1986;159:109-13.

El-Sohemy A, Archer MC. Regulation of mevalonate synthesis in
LDL receptor knockout mice fed n-3 or n-6 polyunsaturated fatty
acids. Lipids 1999;34:1037-43.

Ripple GH, Gould MN, Stewart JA, Tutsch KD, Arzoomanian RZ,
Alberti D, et al. Phase I clinical trial of perillyl alcohol administered
daily. Clin Cancer Res 1998;4:1159-64.

Ripple GH, Gould MN, Arzoomanian RZ, Alberti D, Feierabend C,
Simon K, et al. Phase I clinical and pharmacokinetic study of perillyl
alcohol administered four times a day. Clin Cancer Res 2000;6:390—-6.
Morgan DO. Principles of CDK regulation. Nature 1995;374:131-4.
Siperstein MD, Fagan VM. Deletion of cholesterol-negative feedback
system in liver tumors. Cancer Res 1964;24:1108-15.

Peffley DM, Gayen AK. Plant-derived monoterpenes suppress ham-
ster kidney cell 3-hydroxy-3-methylglutaryl coenzyme A reductase
synthesis at the post-transcriptional level. J Nutr 2003;133:38-44.

[43].

[44].

[45].

[46].

[47].

[48].

1747

Vogt A, Sun J, Qian Y, Hamilton AD, Sebti SM. The geranylger-
anyltransferase-I inhibitor GGTI-298 arrests human tumor cells in
GO0-G1 and induces p21¥*/eiP1/sdil iy 5 p53_independent manner. J
Biol Chem 1997;272:27224-9.

Gelb MH, Tamanoi F, Yokoyama K, Ghomashchi F, Esson K, Gould
MN. The inhibition of protein prenyltransferases by oxygenated
metabolites of limonene and perillyl alcohol. Cancer Lett 1995;91:
169-75.

Ren Z, Elson CE, Gould MN. Inhibition of type I and type II
geranylgeranyl-protein transferases by the monoterpene perillyl alco-
hol in NIH 3T3 cells. Biochem Pharmacol 1997;54:113-20.

Ren Z, Gould MN. Modulation of small G protein isoprenylation by
anticancer monoterpenes in in situ mammary gland epithelial cells.
Carcinogenesis 1998;19:827-32.

Hohl RJ, Lewis K. Differential effects of monoterpenes and lovastatin
on ras processing. J Biol Chem 1995;270:17508-175012.

Jirtle RL, Haag JD, Ariazi EA, Gould MN. Increased mannose 6-
phosphate/insulin-like growth factor II receptor and transforming
growth factor beta 1 levels during monoterpene-induced regression
of mammary tumors. Cancer Res 1993;53:3849-52.



	Geraniol and &beta;-ionone inhibit proliferation, cell cycle �progression, and cyclin-dependent kinase 2 activity in �MCF-7 breast cancer cells independent of effects on �HMG-CoA reductase activity
	Introduction
	Materials and methods
	Materials
	Cell culture
	Crystal violet staining
	Flow cytometry
	Immunoblotting
	CDK 2 activity assay
	Cell proliferation
	HMG-CoA reductase assay
	Statistical analysis

	Results
	Time- and concentration-dependent effects of �&beta;-ionone and geraniol on cell growth
	Effects of &beta;-ionone and geraniol on cell cycle regulation
	Effects of &beta;-ionone and geraniol on expression �of G1 and S phase protein regulators
	Effect of &beta;-ionone and geraniol on CDK 2 activity
	Effects of &beta;-ionone and geraniol on proliferation and HMG-CoA reductase activity

	Discussion
	Acknowledgements
	References


