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XR 3054, Structurally Related to Limonene, is a Novel Inhibitor
of Farnesyl Protein Transferase
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In this report, a novel inhibitor of farnesyl protein transferase (FPTase) is described. The compound,

XR 3054, is structurally similar to farnesol, a component of the reaction in which FPTase catalyses

transfer of farnesol pyrophosphate to the CAAX recognition motif on proteins. The compound was

selected initially because of its ability to inhibit in vitro farnesylation of CAAX recognition peptides

with an IC50 of 50 �M. The farnesylation of p21 ras was reduced in a dose-dependent manner in the

presence of XR 3054. Similarly XR 3054 was able to reduce the anchorage-independent growth of V12

H-ras transformed NIH 3T3 cells in a focus formation assay in soft agar, with an IC50 value of 30�M,

whilst not aVecting the anchorage-independent growth of v-raf transformed cells. XR 3054 reduced the

phosphorylation of p42 mitogen activated protein (MAP) kinase in parental NIH 3T3 cells and V12 H-

ras transformed NIH 3T3 cells, but constitutively active v-raf transformed cells showed no reduction

in phosphorylation of ERK2 in the presence of XR 3054. XR 3054 inhibited the proliferation of the

prostatic cancer cell lines LnCAP and PC3 and the colon carcinoma SW480 and HT1080 (IC50 values of

12.4, 12.2, 21.4 and 8.8�M, respectively) but was relatively inactive when tested against a panel of

breast carcinoma cell lines. The activity did not relate to the presence of mutant or wild-type ras in

the cell lines tested. In conclusion XR 3054 inhibits ras farnesylation, MAP kinase activation and

anchorage-independent growth in NIH 3T3 transformed with v12 H-ras. Since the antiproliferative

eVect of the compound is not related to the ras phenotype, XR 3054 may also have eVects on other cell

signalling mechanisms. # 1999 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Ras is a small guanine nucleotide binding protein that trans-

duces biological information from the cell surface to cyto-

plasmic components within cells. Mutant ras oncogenes are

frequently found in human tumours [1±7]. Point mutations

in the H-, N- and K-ras genes are associated with 20% of all

human tumours and in pancreatic and colon cancers this

percentage rises to 90% and 50%, respectively. Studies of the

role of ras signal transduction have shown that p21 ras is an

important membrane-associated protein with GTPase activ-

ity. The GTPase activity of the oncogenic forms of p21 ras is

lower than the normal forms of the protein and is not aVected

by GTPase activating proteins [8]. Ras normally acts as a

relay for signals between cell surface receptor tyrosine kinases

and the cytoplasm, and eventually the nucleus. Several recent

reports have indicated that following ligand stimulation and

phosphorylation of receptor tyrosine kinases, grb2 and Sos

bind the activated receptor bringing the exchange factor into

close proximity with p21 ras. In turn, p21 ras recruits raf to

the membrane which phosphorylates mitogen activated pro-

tein kinase kinase (MAPKK), that in turn phosphorylates

European Journal of Cancer, Vol. 35, No. 6, pp. 1014±1019, 1999
# 1999 Elsevier Science Ltd. All rights reserved

Pergamon Printed in Great Britain

PII: S0959-8049(99)00036-2

0959-8049/99/$ - see front matter

1014

Correspondence to R. C. Coombes, e-mail: c.coombes@ic.ac.uk
Received 6 Aug. 1998; revised 7 Jan. 1999; accepted 22 Jan. 1999.
*Present address: Almirall, Centro de Investigacion, Cardener, 68±
74, E-08024 Barcelona, Spain.



MAP kinase [9±11]. MAP kinase when activated is rapidly

translocated to the nucleus and phosphorylates and activates

transcription factors. By this process, ligand stimulation of

cells is able to eVect cell division and diVerentiation. This

seemingly straight-forward signal pathway is complicated by

the fact that ras and ras-related proteins have now been

implicated in a variety of signalling pathways which result in a

variety of cellular eVects. Oncogenic forms of p21 ras have a

lower GTPase activity than normal p21 ras and will therefore

remain in the activated GTP-bound form for longer, leading

to unregulated, sustained signalling through downstream

eVectors.

To be functional, p21 ras must undergo a post-transla-

tional prenylation at its carboxy terminal end. This occurs by

attachment of a 15 carbon isoprene unit farnesyl to the

cysteine residue in a CAAX motif (C-cysteine, A-aliphatic,

X-any amino acid (typically: X = met, ser, gln (FPT); X = leu

(GGPT-1)) [12]. This is followed by proteolysis, carboxy-

methylation and, in the case of N-and H-ras, palmitoylation.

Farnesylation occurs in order that p21 ras can be localised at

the cell membrane and the process is catalysed by farnesyl

protein transferase (FPTase). FPTase transfers farnesyl from

farnesyl pyrophosphate to the cysteine of proteins containing

the CAAX motif, and it has been the target for a number of

groups examining ways of interrupting ras function and signal

transduction. A variety of strategies have been developed

either using natural products, e.g. manumycin [13] or con-

centrating on the CAAX motif either by the synthesis of bio-

mimetic compounds such as the benzodiazepines (for review

see [14]), tetrapeptide peptidomimetric analogues incorpor-

ating novel amino acids. Other approaches include the use of

bisubstrate analogues of the farnesyl pyrophosphate group

[11±15].

Several compounds have been produced which are capable

of inhibiting FPTase at low nanomolar concentrations, but,

the lipid solubility of all these inhibitors has been a problem.

This problem is now being addressed with modi®cations to

improve the solubility of inhibitor compounds. Limonene

and particularly its metabolites has FPTase inhibitory activity

and limonene has been shown to cause tumour regression in

an animal model of human breast cancer [16, 17]. With the

initial observation that limonene causes the regression of

methylnitrosourea (MNU)-induced tumours in rats, we have

synthesised and screened analogues and closely related com-

pounds of limonene. We report here the cellular and bio-

chemical properties of one of these compounds, XR 3054, in

relation to p21 ras function.

MATERIALS AND METHODS

Preparation of XR 3054

Screening of natural and synthetic analogues of limonene

was undertaken with a farnesyl transferase [3H]-scintillation

proximity assay (SPA) enzyme assay incorporating the scin-

tillation proximity principle (Amersham International, Bucks,

U.K.) and validated with brain-derived FTPase. Brie¯y, a

human lamin-B carboxy-terminus sequence peptide (Biotin-

YRASNRSCAIM) was [3H]-farnesylated at the cysteine

residue when processed by FTPase. The resultant [3H]-far-

nesyl-(CYS)-biotin lamin-B was captured by a streptavidin-

linked SPA bead. Tetrapeptide CVLS was included as a

positive control. A further screen based upon the ability of

compounds to inhibit the piling morphology of p21 ras

transformed NIH 3T3 cells, was undertaken. From these

screens, XR 3054 was selected and analysed for the inhibition

of post-translational farnesylation in cell lines.

The compound was synthesised in distinct stages as shown

in Figure 1.

Preparation of 1S,2S,4S-(4-Isopropenyl-7-oxa-bicyclo[4.1.0]hept-

1-yl)-methanol. To a suspension of powdered molecular

sieves (4�C, 10 g) in dichloromethane (230 ml) at ÿ 20�C was

slowly added, to maintain temperature control, diethyl l-tar-

trate (810 mg, 39.4 mmol), titanium (IV) isopropoxide

(0.94 ml, 3.28 mmol) and 70% tertbutyl hydroperoxide solu-

tion (70% in toluene, 28.5 ml, 98.5 mmol). The mixture was

allowed to stir at ÿ 20�C for 30 min, before the addition of a

precooled solution of S-(-)-perillyl alcohol (10 g, 65.6 mmol)

in dichloromethane (60 ml). Stirring was continued for a fur-

ther 3 h before the mixture was poured into a freshly prepared

solution of iron(II) sulphate (14 g) and tartaric acid (4.4 g) in

water (44 ml). Rapid stirring was maintained for a further 1 h.

The organics were separated and stirred with sodium

hydroxide solution (2 N, 100 ml), separated and washed with

brine solution (50 ml) and dried over magnesium sulphate.

The organics were then filtered and concentrated in vacuo.

Chromatography on silica gel, eluting with 50% diethyl ether/

hexane gave (4-isopropenyl-7-oxa-bicyclo[4.1.0]hept-1-yl)-

methanol (7.64g, 68%, 64%de) as a colourless oil.

Preparation of cis-1-hydroxymethyl-4-isopropenyl-cyclohex-

anol. To a suspension of lithium aluminium hydride

(864 mg, 22.7 mmol) in tetrahydrofuran (100 ml) at 0�C,

under nitrogen atmosphere, was slowly added a solution of

(4-isopropenyl-7-oxa-bicyclo[4.1.0]hept-1-yl)-methanol (7.64 g,

45 mmol) in tetrahydrofuran (20 ml) and the mixture stirred

at 0�C for 2 h. The reaction was quenched by the sequential

dropwise addition of water (0.9 ml), sodium hydroxide (2 N,

0.9 ml) and water (0.9 ml) and allowed to stir for 1 h. The

suspension was ®ltered and concentrated in vacuo. Chroma-

tography on silica gel, eluting with 80% diethyl ether/hexane

gave 1-hydroxymethyl-4-isopropenyl-cyclohexanol (6.3 g,

82%) as a white waxy solid.

Preparation of cis-8-isopropenyl-1-2,2-dimethyl-1,3-dioxa-

spiro [4.5] decane (XR 3054). To a solution of 1-hydro-

xymethyl-4-isopropenyl-cyclohexanol (6.29 g, 37.0 mmol) in

ethylene glycol dimethylether (50 ml) was added para-toluene

sulphonic acid (10 mg) and 2,2-dimethoxypropane (5.0 ml,

Figure 1. S-(-)-perillyl alcohol (a) was used to prepare
1S,2S,4S-(4-isopropenyl-7-oxa-bicyclo[4.1.0]hept-l-yl) metha-
nol (b). This was converted to (c):cis-l-hydroxy methyl-4-iso-
propenyl-cyclohexanol and subsequently to (d): cis-8-iso-
propenyl-2-2-dimethyl-1-3-dioxaspiro[4,5]decane (XR 3054).
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40.7 mmol) and the solution stirred at room temperature for

4 h. Sodium carbonate (solid, 200 mg) was added to the

mixture and concentrated in vacuo. Chromatography on silica

gel 1% diethyl ether/hexane gave 8-isopropenyl-2,2-dimethyl-

1,3-dioxa-spiro[4.5]decane (4.7 g, 60%) as a colourless oil.

Cell culture and sulphorhodamine red (SRB) cytotoxicity assays

Constitutively active stably transformed NIH 3T3 cells

containing oncogenic ras and raf (V12p21-H-ras and V raf,

respectively) were both gifts from C. Marshall, I.C.R., Lon-

don, U.K. Two cell lines, HT1080 (®brosarcoma), contain-

ing constitutively active N-ras and SW480 (colon carcinoma)

(ECACC, Porton Down, U.K.) with a mutated form of K-ras

were used to monitor ras function and the eVect of the com-

pounds. Breast cancer cell lines MDA MB 231 (V12 mutation)

(Mason Res. Inst., Rockville, Maryland, U.S.A.) and the fol-

lowing cell lines with wild-type ras were also used in experi-

ments. HBr SV161 (M. O'Hare, ICR, U.K.), MDA MB 453,

HBL 100, PC3, LnCAP, A431 (all from American Tissue

Culture CollectionÐATCC, Rockville, Maryland, U.S.A.)

were grown in either Dulbecco's modi®ed Eagle's medium

(DMEM) or RPMI (Sigma Chemical Co., Poole, Dorset,

U.K.) with 10% fetal calf serum and micro-nutrients as pre-

viously described [18] were used to evaluate compound

XR 3054.

The eVects of XR 3054 on various cell lines were tested by

a method previously described [19]. Brie¯y, the assays were

carried out using 96-well microtitre plates cells seeded at

2500 cells per well and allowed to establish for 3 days. Com-

pounds were then introduced and incubated for the times

indicated in the results. Compounds were replenished daily.

Cells were then ®xed with 50% ice-cold trichloroacetic acid

(TCA) for 1 h, rinsed with water ®ve times and stained with

0.5% sulphorhodamine B for 1 h. Cells were then rinsed in

1% acetic acid and left to dry overnight. Finally plates were

read by dissolving the dye in 100 ml of unbuVered 10 mM

Tris in a spectrophotometer measuring at 570 nm.

The soft agar assays for the determination of oncogenicity

were carried out by inoculating 3�103 cells per ml into 0.7%

noble agar DMEM 5% fetal calf serum (FCS) (Sigma) with

the appropriate concentration of drugs. After 9 and 21 days

of incubation colonies were counted.

We also compared the eVects of XR 3054 [20] with a pre-

viously published inhibitor of farnesyl transferase, SCH

44342, kindly given to us by W.R. Bishop (Schering-Plough,

New Jersey, U.S.A.).

MAP kinase assay

NIH 3T3 cells, either parental or transformed with either

V12 H-ras or v-raf, were grown in 9 cm2 tissue culture plates

starved for 24 h in serum-free media, then stimulated with

10 ng/ml epidermal growth factor (EGF) for 5 min. Cell

lysates were analysed by SDS-PAGE 12% acrylamide, trans-

ferred to nitrocellulose membranes and probed with a poly-

clonal antibody against ERK2 (E122 B 5-1) (a gift of C.

Marshall, ICR, U.K.). Isoprenylation of p21 ras was mea-

sured in NIH 3T3 cells transformed V12 H-ras as described

previously [21]. Brie¯y, cultures of cells were incubated with

30 uM lovastatin for 24 h and with diVering concentrations of

the test compounds in serum-deprived media. At the end of

this period, the cultures were transferred to media containing

15 uCi/ml of radiolabelled (R,S) -[2-14C]- mevalactone

(Amersham). After incubation, the cells were lysed in SDS-

PAGE buVer and analysed on 15% PAGE gels. The gels

were incubated for 15 min in Amplify (Amersham) ¯uoro-

graphic reagent, dried and analysed with a Bio-Rad GS 250

Molecular Imager.

Analysis of p21 ras mobility shift in the presence of XR 3054

Western blotting for p21 ras was carried out by analysing

cell lysates by SDS-PAGE transferred to nitrocellulose

membrane and probed with monoclonal antibody Y13-259

(gift from ICR, Sutton, U.K.) and detected with enhanced

chemiluminescence (ECL) (Amersham) on X-ray ®lm.

RESULTS

EVect of XR 3054 on ras farnesylation

Positive control tetrapeptide CVLS and the non-peptidyl

farnesyl mimetic XR 3054 were found to inhibit farnesylation

of the CAAX peptide by FTPase in the SPA assay with IC50s

of �3 mM and �50 mM, respectively (Figure 2). To con®rm

that XR 3054 was indeed inhibiting the addition of farnesol

to p21 ras, the eVect of XR 3054 on the incorporation of 14C-

mevalactone into p21 ras was examined. Figure 3a shows

there was decreased migration of p21 ras at a concentration

of 1�10ÿ5 M XR 3054, indicating a reduction of farnesylated

ras. The results indicate that XR 3054 inhibits incorporation

of 14C-mevalactone into proteins of approximately 21 and 60

and, to a lesser extent, 200 kDa in V12 p21-H-ras NIH 3T3

cells (results not shown). Inhibition of ras farnesylation was

con®rmed using an antibody against the farnesyl motif. The

eVect of XR 3054 on the MAP kinase ERK2, a downstream

eVector of p21 ras, was then investigated, analysing the

phosphorylation of ERK2 on stimulation with EGF. Figure

3b shows that, at concentrations of XR 3054 known to inhibit

the farnesylation of p21 ras in cell culture, there was reduced

phosphorylation of ERK2 MAP kinase after 5 min stimula-

tion with EGF (no MAP kinase activation was seen in the

absence of EGF). The parental cell line NIH 3T3 and the

V12 H-ras transformed cell line were both refractile to ligand

stimulation, whereas v-raf transformed NIH 3T3 cells still

showed hyperphosphorylation of MAP kinase on ligand sti-

mulation.

Inhibition of cell proliferation and focus formation using XR 3054

The ability of XR 3054 to inhibit tumour cell proliferation

in vitro was examined. In these experiments, XR 3054 was

®rst compared with equimolar concentrations of a known

Figure 2. Relative IC50 values for the positive control tetra-
peptide CVLS and the non-peptidyl synthetic limonene analo-

gue, XR 3054, in the SPA assay.
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tricyclic inhibitor of farnesyl protein transferase SCH 44342

[21] and with carvone, which, like limonene, is a terpene

(Table 1). The results indicate that both XR 3054 and SCH

44342 are active against cells with dominant H-, N- and K-

ras phenotypes and these compounds are broadly equipotent

(Table 1, Figure 4). Carvone is less active against NIH 3T3

cells. Table 2 shows that XR 3054 is cytotoxic against a vari-

ety of cell lines in which p21 ras is the dominant oncogene but

is also eVective in cell lines in which ras is present in its wild-

type form, such as the prostatic carcinoma cell lines (IC50 of

12.4 and 12.2mM) (Figure 4).

To determine whether the reduction in farnesylation of

p21 ras had an eVect on the transforming capability of V12

H-ras the ability of cells to form foci in soft agar in the pre-

sence of XR 3054 was tested. Treatment with XR 3054

resulted in an inhibition of the number of colonies in soft agar

with an IC50 value of 3�10ÿ 5 M. Transformed NIH 3T3

cells with constitutively active v-raf were unaVected by the

presence of XR 3054 (Figure 5). These data indicate that

XR 3054 aVects the growth of NIH 3T3 at the level of p21 ras

or above in the signal cascade.

DISCUSSION

In this study a limonene analogue XR 3054 was investi-

gated and shown to inhibit p21 ras farnesylation in vitro. The

screening of limonene analogues in an in vitro FPTase assay

Figure 3. (a) Incorporation of farnesol group into H-ras as
monitored by SDS-polyacrylamide gel electrophoresis (15%
acrylamide). (U) indicates unprocessed (unfarnesylated) H-
ras; (L) indicates lipidated H-ras. Cell lysates, carefully loa-
ded with equivalent amounts of protein, were transferred to
nitrocellulose then probed with anti-ras antibody Y13-259 and
developed with anti-rat antibody conjugated to horseradish
peroxidase (HRPO) and developed with ECL reagents. Lane 1,
control V12 H-ras transformed NIH 3T3 cells incubated in
DMEM media 5% donor calf serum, lanes 2, 3, 4, 5 and 6, the
same cell preparation incubated for 36 h with diVering con-
centrations of XR 3054: (2) 5�10ÿ4 M; (3) 1�10ÿ5 M; (4)
1�10ÿ6 M; (5) 1�10ÿ7 M; (6) 5�10ÿ7 M. (b) The eVect of XR 3054
(lanes 1±3) or vehicle (lanes 4±6) on ERK2 phosphorylation in
NIH 3T3 parental cells (lanes 1 and 4), H-ras transformed cells
(lanes 2, 5) and v-raf transformed cells (lanes 3, 6). Cells were
grown for 3 days and incubated for 36 h in the presence of
XR 3054 (5�10ÿ5 M), serum deprived for 24 h then stimulated
with 10 ng/ml EGF for 5 min. ERK2 phosphorylation was
assessed by SDS-PAGE (12% acrylamide) and probed with
anti-ERK2 antibody E-122(B5-1) and developed with ECL

reagents.

Table 1. EVect of farnesyl transferase inhibitors on proliferation of

cell lines (IC50 shown)

Cell line NIH 3T3 HT1080 MCF7 SW480

Ras phenotype H-ras N-ras wt K-ras

Compound

SP44342 (mM) 36.4 2.24 11 39.6

XR 3054 18 8.8 58 21.4

Carvone (mM) 87.2 ± ± ±

Figure 4. EVect of farnesylation inhibition on the growth of
NIH 3T3 cells transformed with H-(!), K-(&) and N-(*) ras
(a±b) and on the growth of prostatic cancer cells lines PC3 (*)

and LN CAP (~) (c±d).

Table 2. Inhibitory activity of XR 3054 against a variety of cell

lines

Cell line (mM) type Ras IC50

LnCAP prostate wt 12.4

PC3 prostate wt 12.2

A431 vulval wt > 500

SW480 colon (K V12) 21.4

NIH 3T3 ®broblast (H V12) 18.0

HR1080 colon wt(N) 8.8

MDA MB 231 breast V12 198

MDA MB 157 breast wt > 500

MDA MB 453 breast wt 213

HBL100 breast wt 154

Hbr breast wt > 97

Cells were seeded and, at day 3 of incubation, were treated with

XR 3054 at a variety of concentrations for 5 days and assayed as

described in the text.
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showed that XR 3054 was eVective in inhibiting FPTase in

the micromolar range. Data from a cell-based screen in which

candidate compounds were screened for their ability to

reverse the cell-piling phenotype of p21 ras transformed cells

in cell culture indicated that XR 3054 was eVective at rever-

sing this phenotype. The in vitro cytotoxicity experiments

showed that XR 3054 was able to inhibit the growth of cell

lines in the micromolar range and the compound is of com-

parable activity to SCH 44342 [18], although this compound

has a much more potent activity in blocking ras processing

(IC50 = 1 mM). The cytotoxic eVect of XR 3054 occurs at

lower concentrations than the in vitro screen of FPTase

would suggest. From this it could be concluded that XR 3054

might not be acting against the FPTase alone. Initial studies

carried out by our group failed to disclose any potent inhibi-

tion of GGTase (D. Vigushin, Imperial College, London,

U.K.) but further studies are required to determine whether

XR 3054 inhibits Type 1 or Type 2 GGTases. Perillyl alcohol

has been reported to inhibit GGTase in NIH 3T3 cells [22].

It was also found that EGF-stimulated MAP kinase acti-

vation in quiescent NIH 3T3 cells was reduced in the pre-

sence of XR 3054 at concentrations known to reduce ras

farnesylation, and this appears similar to the eVects observed

using a peptidomimetic inhibitor of FPTase [23].

XR 3054 also inhibited anchorage-independent growth of

a H-ras transformed cell line at 30 mM while not aVecting the

anchorage-independent growth of v-raf transformed cells. In

this respect XR 3054 is slightly more potent when compared

with other reported FPTase inhibitors where the IC50 values

range from 50 to 100mM [15, 24, 25]. The inhibition of

anchorage-independent growth and inhibition of monolayer

growth is thought to be appropriate for examining ras trans-

forming ability in p21 ras transformed cells. However, evi-

dence from a wider range of cell types in which p21 ras is not

implicated as the main oncogene suggests that the XR 3054 is

not acting solely as an inhibitor of ras farnesylation. The data

presented here indicate that XR 3054 is capable of inhibiting

cell proliferation in cell lines bearing activating p21 ras muta-

tions, but there are striking examples of cell lines which do

not bear p21 ras mutations which are sensitive to XR 3054,

e.g. LnCAP, PC3.

Limonene-like compounds may have multiple mechanisms

of action in mammalian cells. This is suggested not only by

this study but also by the results of our phase 1 study of

limonene in patients with cancer in which patients tolerated

up to 8 g/m2 oral limonene [26]. We have previously found

that regression of breast carcinoma could occur with limo-

nene at dose levels less than would be expected to inhibit ras

farnesylation, and postulated that this could be due to the

metabolism of limonene to several active metabolites includ-

ing perillic acid and dihydroperillic acid [27]. In vivo meta-

bolism of XR 3054 has not yet been studied but, like

limonene, it is possible that active metabolites may be formed

which could contribute to its antitumour activity.

Limonene and other monoterpenes may also possess other

mechanisms of action such as an enhancement of both the

production and activation of the potent growth inhibitor

TGFb [28]. In addition, mammary tumours regressing after

d-limonene showed an upregulation of mRNA for the M6P/

IGF II receptor which binds the TGFb latent complex, which

can result in plasmin-induced extracellular TGFb activation

[29, 30]. It is not yet known which of these mechanisms is

responsible for XR 3054 action, nor whether XR 3054 treat-

ment results in apoptosis, such as is seen after perillyl alcohol

treatment in animals bearing liver tumours [31].

Whatever the mechanism of action, limonene and its

derivatives and metabolites remain attractive candidates as

antitumour compounds which may be potential chemopre-

ventative agents in view of their tolerability at high doses.
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