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Abstract The products of the Ha-, Ki-, and N-ras pro-
to-oncogenes comprise a family of 21 kDa guanine nu-
cleotide-binding proteins which play a crucial role in
growth factor signal transduction and in the control of
cellular proliferation and di�erentiation. Activating
mutations in the ras oncogenes occur in a wide variety of
human tumors. Ras proteins undergo a series of post-
translational processing events. The ®rst modi®cation is
addition of the 15-carbon isoprene, farnesyl, to a Cys
residue near the carboxy-terminus of Ras. Prenylation
allows the Ras oncoprotein to localize to the plasma
membrane where it can initiate downstream signalling
events leading to cellular transformation. Inhibitors of
the enzyme which catalyzes this step, farnesyl protein
transferase (FPT), are a potential class of novel anti-
cancer drugs which interfere with Ras function. SCH
59228 is a tricyclic FPT inhibitor which inhibits the
farnesylation of puri®ed Ha-Ras with an IC50 of 95 nM
and blocks the processing of Ha-Ras in Cos cells with an
IC50 of 0.6 lM. SCH 59228 has favorable pharmacoki-
netic properties upon oral dosing in nude mice. The in

vivo e�cacy of SCH 59228 was evaluated using a panel
of tumor models grown in nude mice. These included
several rodent ®broblast lines expressing mutationally-
activated (val12) forms of the Ha-Ras oncogene. In some
cases, these proteins contain their native C-terminal se-
quence (CVLS) which directs farnesylation. In one
model, the C-terminal sequence was altered to CVLL,
making the expressed protein a substrate for a distinct
prenyl transferase, geranylgeranyl protein transferase-1.
When dosed orally at 10 and 50 mg/kg (four times a
day, 7 days a week) SCH 59228 signi®cantly inhibited
tumor growth of cells expressing farnesylated Ha-Ras in
a dose-dependent manner; over 90% growth inhibition
was observed at the 50 mg/kg dose. Tumor growth of
cells expressing the geranylgeranylated form of Ha-Ras
was less potently inhibited. Growth of tumors derived
from a rodent ®broblast line expressing activated Ki-Ras
containing its native C-terminal sequence (CVIM),
which preferentially directs farnesylation, was also in-
hibited by SCH 59228. Inhibition in the Ki-Ras model
was less than that observed in the Ha-Ras model. In
contrast, tumors derived from cells transformed with the
mos oncogene were not signi®cantly inhibited even at the
highest dose level. SCH 59228 also signi®cantly and
dose-dependently inhibited the growth of human colon
adenocarcinoma DLD-1 xenografts (which express ac-
tivated Ki-ras). These results indicate that SCH 59228
possesses in vivo antitumor activity upon oral dosing in
tumor models expressing activated ras oncogenes. This
is the ®rst report of oral antitumor activity with an FPT
inhibitor. These results are discussed in light of recent
observations on alternative prenylation of some Ras
isoforms.
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Introduction

Poised at the inner surface of the plasma membrane, Ras
proteins normally respond to a variety of extracellular
signals by undergoing exchange of bound guanosine
diphosphate (GDP) for guanosine triphosphate (GTP)
[1]. In normal cells, Ras switches between these inactive
GDP-bound and active GTP-bound states. GTP-Ras
triggers several intracellular signalling pathways [2]. The
best characterized pathway is a phosphorylation cascade
involving Raf, mitogen-activated protein kinase kinase
and mitogen-activated protein kinase [3]. Ras signalling
is terminated by hydrolysis of GTP to GDP in a reaction
that is stimulated by guanosine triphosphatase-activat-
ing proteins. Oncogenic Ras proteins have greatly re-
duced capacity to hydrolyze GTP as a consequence of
speci®c mutational events in the Ras sequence. This
leads to constitutive activation of downstream signalling
pathways resulting in unregulated cellular proliferation
[1, 4]. Oncogenic forms of the ras gene have been de-
tected in around 30% of all types of human cancers,
including up to 50% of colon cancers and more than
90% of pancreatic carcinomas [1].

Four isoforms of the Ras protein exist: H-ras, N-ras,
K-ras 4A and K-ras 4B [4]. They are products of three
genes, with K-ras4A and K-ras4B being splice variants
of the same gene. Expression of the four Ras isoforms is
tissue-speci®c in the mouse [5]. Moreover, oncogenic
mutations of the di�erent isoforms predominate in dif-
ferent tumors [6]. For example, H-ras mutations are
found in carcinomas of the bladder, kidney and thyroid;
N-ras mutations are found in myeloid and lymphoid
disorders, liver carcinoma and melanoma; whereas K-
ras mutations predominate in colon and pancreatic
carcinoma. The functional di�erences of the four iso-
forms are unknown.

Several lines of evidence suggest that antitumor ac-
tivity may be achieved by interfering with the function of
oncogenic Ras proteins [7, 8]. Among these proof-of-
principle studies, the most compelling study to validate
Ras as a therapeutic target is that of Shirasawa et al. [9].
Using homologous recombination, they knocked out the
activated ras allele in human colorectal carcinoma DLD-
1 cells. The resulting cell line was no longer able to grow in
soft agar and was not tumorigenic in nude mice. Despite
the fact that these cells harbor multiple genetic changes
(including ampli®cation of the myc gene and mutational
loss of the p53 tumor suppressor gene) deletion of the
activated ras allele alone suppressed the malignant phe-
notype. A second similar study, found a signi®cant de-
crease in the tumorigenic properties of these cells,
although some residual tumor growth was observed [10].

Signal transduction by Ras is dependent on its plas-
ma membrane localization. This localization is sup-
ported by a series of posttranslational modi®cations.
The ®rst step in this pathway is farnesylation of a Cys
residue near the C-terminus of Ras proteins catalyzed by
farnesyl protein transferase (FPT). Prenylation is

thought to be the critical modi®cation for membrane
location and function of Ras [11±13]. Therefore, FPT
inhibition is a potential mechanism for interfering with
Ras-driven tumor growth.

Recent studies by us and others suggest that pre-
nylation of Ras proteins is complex. In vitro, both Ki-
and N-Ras proteins can serve as substrates for a related
protein prenyl transferase, geranylgeranyl protein
transferase-1 (GGPT-1) [14, 15]. Although this reaction
occurs with a lower catalytic e�ciency than the far-
nesylation of these proteins, geranylgeranylation of Ki-
and N-Ras proteins has been observed in cells treated
with FPT inhibitors [16, 17]. In contrast, the Ha-Ras
protein is not a substrate for GGPT-1 in vitro or in cells.
Since geranylgeranylated forms of Ras can support cel-
lular transformation when overexpressed (for example,
see reference 12), this reaction represents a potential
resistance mechanism for Ras-transformed cells to the
e�ects of FPT inhibitors.

We have been working on the development of a series
of non-peptidic, small molecule FPT inhibitors [18].
These compounds share a common tricyclic nucleus and
compete with peptide/protein substrates for binding to
FPT. Here, we report on in vivo studies with SCH
59228, an improved compound in this structural class.
The results demonstrate that, despite the complexity of
Ras prenylation, these compounds possess antitumor
activity following oral administration in nude mice. This
is the ®rst detailed report of compounds possessing oral
antitumor activity with this mechanism of action.

Materials and methods

Compound

The structure of SCH 59228 [1-(3-bromo-8-chloro-6,11-dihydro-
5H-benzo[5,6]cyclohepta[1,2b]pyridin-11-yl)-4-(4-pyridinylacetyl)-
piperazine N4-oxide] is shown in Fig. 1. Its synthesis is reported
elsewhere [19].

In vitro enzyme assays

FPT activity was determined by measuring transfer of [3H]farnesyl
from [3H]farnesyl pyrophosphate to trichloroacetic acid-precipitable

Fig. 1 Structure of SCH 59228. SCH 59228 is a representative
compound in the tricyclic series of FPT inhibitors. This compound
is orally bioavailable and possesses in vivo antitumor e�cacy
following oral administration
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Ha-Ras-CVLS as previously described [18]. GGPT-1 activity was
similarly determined using [3H]geranylgeranyl diphosphate and
Ha-Ras-CVLL as substrates [18].

Cellular assays for inhibition of Ha-Ras processing
and transforming function

Inhibition of intracellular processing of H-Ras by SCH 59228 was
measured in transfected Cos cells as described previously [18]. To
determine the inhibition of anchorage-independent growth of
transformed cells, soft agar growth assays were employed
(Kirschmeier et al., in preparation). In brief, logarithmically
growing oncogene-transformed ®broblasts or human tumor cells
were trypsinized and plated in top LMP agarose (0.35%) at 104

cells/well of a six-well cluster dish in DMEM containing 10% FBS
and various amounts of SCH 59228. The bottom layer (0.6% LMP
agarose) contained the same concentration of SCH 59228. After 14
days, colonies were stained with MTT and quantitated.

Cell Lines for in vivo studies

The PT24 cell line is derived from BALB c/3T3 cells transfected
with activated Ha-Ras-CVLS. NIH3T3 cells transfected with acti-
vated Ha-Ras containing its native C-terminal sequence (CVLS) or
an altered C-terminal sequence (CVLL) were constructed by re-
moving H-ras coding sequences from the pSV Sport expression
vectors by restriction digestion [18]. These fragments were incu-
bated with the Klenow fragment of DNA polymerase I and sub-
cloned into pOPRSVI (Stratagene) by standard methods [20]. The
resulting pOPRSVI-H-ras CVLS and pOPRSVI-H-ras CVLL
plasmids were transfected into NIH-3T3 cells using Lipofectamine
(GIBCO-BRL) under the conditions suggested by the manufac-
turer. G-418-resistent clones were isolated and screened for mor-
phological transformation and their ability to grow in soft agar.
NIH3T3 cells transfected with activated Ki-Ras containing its na-
tive C-terminal sequence of CVIM were similarly constructed.
MSV-3T3 cells are NIH3T3 cells transfected with the mos onco-
gene. The human colon carcinoma DLD-1 cell line was obtained
from the American Type Culture Collection (Rockville, Md.).

In vivo e�cacy studies

All animal studies were carried out in the animal facility of Sche-
ring-Plough Research Institute in accordance with institutional
guidelines. Animals were maintained in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Labo-
ratory Animals. Experimental protocols were reviewed by and the
experimental progress was supervised by the Schering Plough An-
imal Care and Use Committee. After a week of acclimation, 5±7-
week-old female nude mice (Crl:Nu/Nu-nu Br, Charles River
Laboratories, Wilmington, Mass.), were subcutaneously inoculated
with various cell lines on day 0. The number of cells inoculated
were: 3.0 ´ 105 for NIH3T3 Ki-Ras-CVIM; 2 ´ 106 for NIH3T3
Ha-Ras-CVLL and CVLS; 3 ´ 106 for MSV-3T3; 5 ´ 106 for
DLD-1 and PT-24. All the models have 100% take rate and grew
consistently in every animal. Animals were randomly assigned to
control and treatment groups (ten animals per group) before the
®rst treatment.

Drug treatment at either 10 mg/kg body weight or 50 mg/kg
was initiated on day 1. SCH 59228 was dissolved in 20% (w/v)
hydroxypropyl-b-cyclodextrin (HPbCD). Vehicle controls received
20% HPbCD. Vehicle or drug solution (0.1 ml) was administered
by oral gavage every 6 h (four times daily) for 20 or 21 days. A no-
treatment control was always included along with the vehicle
control to evaluate the in¯uence of vehicle and of the gavage
treatment. In some experiments, vehicle-treated animals experi-
enced 5±10% weight loss, while no additional weight loss was ob-
served in SCH 59228 treated animals. Once palpable, tumors were
measured in three dimensions twice weekly and volumes calculated

with the formula V� 1/6 ´ p ´ L ´ W ´ T, where L, W, and T
represent length, width, and thickness respectively [18]. The T/C
value in percent was calculated where T and C were the mean
tumor volume of the treated and control groups, respectively, at the
end of each experiment. Average Inhibition was used to compare
e�cacy of various treatments and was derived by subtracting the T/
C values of each treatment from 100. The single-tailed Student's
t-test was used for statistical analysis.

Pharmacokinetic studies

Nude mice were also used to study the pharmacokinetic properties
of SCH 59228. Blood samples were collected at nine time-points
(2 min, 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 7 h, and 24 h) after a
single oral or intravenous dose of 25 mg/kg SCH 59228 in 20%
HPbCD. Oral dosing was administered by gavage and intravenous
doses were administered by a single bolus injection into the tail
vein. Two mice were used for each time-point and samples were
collected by cardiac puncture after euthanasia with carbon dioxide.
After clotting on ice, serum was isolated by centrifugation. Quan-
titation of SCH 59228 serum levels was achieved using acetonitrile
precipitation, followed by high-performance liquid chromatogra-
phy-atmospheric pressure chemical ionization (APCI) tandem mass
spectrometry. Our pharmacokinetic calculations utilized a simple
noncompartmental model. Half-lives were estimated graphically
using a plot of log (plasma concentration) versus time. AUC cal-
culations utilized the linear trapezoidal rule. Mean serum concen-
trations were utilized to calculate a single AUC or half-life value. A
detailed description of the analytical methodology has been pre-
sented for an earlier analog in this series [21].

In addition, both serum and tumor samples were collected from
two mice at various times (1, 3, 6 h) following the ®nal dosing in
one of the e�cacy studies. SCH 59228 was quanti®ed in serum as
described above. Quantitation of SCH 59228 in tumor samples
required additional processing steps including pulverizing the fro-
zen tissue, homogenization and then protein precipitation [22].

The pharmacokinetics of SCH 59228 were also studied in male
cynomologus monkeys. SCH 59228 in 20% HPbCD was given by
oral or intravenous administration at doses of 5 or 10 mg/kg.
Di�erent monkeys (two per dose and route) were utilized for each
study and given the compound in restraining chairs according to
institutional guidelines. Intravenous administration was by a single
bolus injection into a cephalic vein and the sampling was from a
saphenous vein. Blood samples were collected up to 48 h after
dosing. Plasma was isolated and SCH 59228 was quanti®ed using
previously described methods [21].

Results

SCH 59228 is a potent and selective FPT inhibitor

We have previously reported on a series of novel farnesyl
transferase inhibitors which possess a substituted tricy-
clic ring system [18, 23]. SCH 44342, an early compound
in this series, possessed modest FPT inhibitory potency
(IC50 250 nM; Table 1).

This compound was found to be orally bioavailable,
but rapidly metabolized in vivo (Table 1). Identi®cation
of the principal metabolites of SCH 44342 led to the
synthesis of a variety of new compounds possessing 3-
bromo- and 4-pyridylacetyl-N-oxide modi®cations [19].
Among them, SCH 59228 was found to possess im-
proved e�cacy, bioavailability and pharmacokinetic
stability (Table 1). SCH 59228 was approximately ®ve-
fold more potent than SCH 44342, inhibiting human
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FPT with an IC50 of 59 nM, while retaining selectivity
against GGPT-1. To examine the e�ect of SCH 59228
on Ras processing in whole cells, Cos-7 monkey kidney
cells transiently expressing Ha-Ras-[Val12]CVLS were
treated with various concentrations of drug. Processed
and unprocessed Ras proteins were resolved on SDS-
polyacrylamide gels and detected by immunoblotting
[18]. SCH 59228 resulted in a dose-dependent inhibition
of Ha-Ras processing. At 2 lM, greater than 95% of the
overexpressed Ha-Ras was present as unprenylated
precusor. The IC50 for SCH 59228 in this assay was
0.6 lM, compared to 3.0 lM for SCH 44342. SCH
59228 also suppressed the soft agar growth and trans-
formed morphology of cells overexpressing activated
Ha-Ras-CVLS.

SCH 59228 is bioavailable upon oral dosing

When tested in nude mice, SCH 44342 was found to be
rapidly metabolized (Table 1). Following intravenous
administration at 25 mg/kg, SCH 44342 demonstrated a
half-life of less than 10 min and an AUC of 1.75 lg á h/
ml. When orally administered, SCH 44342 was 20%
bioavailable and did not achieve serum levels necessary
for 50% inhibition of Ha-Ras processing in cell culture
[23].

Mass spectral identi®cation of the major metabolites
of SCH 44342 and extensive structure-activity e�orts led
to the identi®cation of analogs in which the susceptible
metabolic sites were blocked. One compound which re-

sulted from these e�orts, SCH 59228, displayed a sig-
ni®cantly better pharmacokinetic pro®le than SCH
44342 in the nude mouse. After intravenous adminis-
tration at 25 mg/kg, SCH 59228 had a serum half-life of
1.2 h and AUC of 23.4 lg á h/ml. Bioavailability of
SCH 59228 was 84% and serum levels after oral ad-
ministration were nearly 20-fold higher than those
achieved with SCH 44342. Serum concentrations of
SCH 59228 were maintained above the IC50 for inhibi-
tion of Ha-Ras processing for more than 6 h after a
single oral dose of 25 mg/kg (Fig. 2A).

Blood and tumor samples were also collected at 1, 3
and 6 h following the ®nal dosing of SCH 59228 in a
nude mouse e�cacy study (employing xenografts de-
rived from the DLD-1 colon carcinoma line). Steady-
state levels of SCH 59228 were quanti®ed in both com-
partments. Concentrations of SCH 59228 achieved in
the tumor tissue were similar to those observed in serum.
After 21 days of dosing with SCH 59228 at 10 mg/kg
and 50 mg/kg (four times daily), serum AUCs were 4.63

Table 1 Biochemical and pharmacologic evaluations of SCH
59228 and SCH 44342. IC50 values are shown for SCH 59228 and
SCH 44342 for inhibition of the enzymatic activity of farnesyl
protein transferase (FPT) and geranylgeranyl protein transferase-1
(GGPT-1). IC50 values are also shown for inhibition of Ha-Ras
processing following transient expression in Cos cells and for the
anchorage-independent growth of Ha-Ras-CVLS transformed ®-
broblasts and DLD-1 colon carcinoma cells. Farnesyl transferase
inhibitors were dosed either orally (PO) or intravenously (IV) into
nude mice using hydroxypropyl-b-cyclodextran as vehicle. All as-
says were carried out as described in Materials and methods

Parameter SCH
59228

SCH
44342

FPT enzyme
IC50 (lM )

0.059 0.25

GGPT-1 enzyme
IC50 (lM )

� 38 � 46

Ha-Ras-CVLS
processing in Cos cells IC50 (lM )

0.6 3.0

Ha-Ras-CVLS soft agar
growth IC50 (lM )

1.2 10.0

DLD-1 soft agar growth
IC50 (lM )

2.0 n.d.

Serum AUC, oral
dosing (lg h/ml)

19.6 0.37

Serum AUC, intravenous
dosing (lg h/ml)

23.4 1.75

Serum half-life, intravenous
dosing

1.2 h <10 min

Oral bioavailability (%) 84 20

Fig. 2A,B Pharmacokinetic pro®les of SCH 59228 in nude mice
(A) and cynomologus monkeys (B) after single-dose administra-
tion. A Serum concentration of SCH 59228 after oral and
intravenous administration to nude mice at a dose of 25 mg/kg.
B Plasma concentration of SCH 59228 after oral administration to
cynomologus monkeys at doses of 5 or 10 mg/kg and intravenous
administration at a dose of 5 mg/kg
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and 70.2 lg á h/ml, respectively, and tumor AUCs were
5.24 and 70.0 lg á h/ml, respectively. This indicates that
SCH 59228 readily reaches the target tissue after oral
administration.

The pharmacokinetics of SCH 59228 were also eval-
uated in the cynomologus monkey. SCH 59228 dis-
played an excellent pharmacokinetic pro®le in this
species (Fig. 2B and Table 2). The half-life after intra-
venous administration approached 2.6 h and the oral
bioavailability was 39%.

SCH 59228 preferentially inhibits tumor formation
by rodent ®broblasts transfected with farnesylated vs
geranylgeranylated H-Ras

Three transformed cell lines were initially used to ex-
amine the antitumor selectivity of SCH 59228: NIH 3T3
cells transformed with activated Ha-Ras containing its
native C-terminal sequence of CVLS (farnesylated); NIH
3T3 cells transformed with activated Ha-Ras in which its
C-terminal sequence was modi®ed to CVLL (ge-
ranylgeranylated); and PT-24 cells, BALB c/3T3 ®bro-
blasts transfected with activated Ha-Ras-CVLS
(farnesylated). Cells were inoculated subcutaneously into
nude mice. Interestingly, NIH 3T3 cells transformed with
Ha-Ras-CVLS were the most aggressive model, forming
tumors of greater than 1000 mm3 in volume by the end of
the study. In contrast, tumors formed by NIH 3T3 cells
expressing Ha-Ras-CVLL only grew to about 250 mm3

in volume. Whether this re¯ects clonal variation or a
diminished tumorigenic potential of cells transformed by
geranylgeranylated Ha-Ras is not known.

Oral gavage treatment with SCH 59228 (every 6 h at
10 or 50 mg/kg) was initiated the day after tumor in-
oculation and continued for 20 days. SCH 59228 dose-
dependently inhibited the growth of tumors derived
from cells expressing farnesylated forms of Ha-Ras. In
the NIH 3T3 model, 58 and 95% tumor growth inhibi-
tion was observed at the end of the study at the 10 and
50 mg/kg dose levels, respectively (P � 0:0005 for both
doses). In the PT-24 model, 48% and 91% inhibition
was observed at 10 and 50 mg/kg, respectively
(P � 0:0005 for both doses; Fig. 3). In contrast, SCH
59228 had a reduced e�ect on the growth of tumors
derived from cells expressing geranylgeranylated forms

of Ha-Ras (20% and 45% tumor growth inhibition at 10
and 50 mg/kg; 0.1 < P < 0.25 and P < 0.005, re-
spectively). The greater e�cacy observed in models ex-
pressing farnesylated Ha-Ras re¯ects the in vitro
speci®city of SCH 59228 for inhibition of FPT over
GGPT-1. However, antitumor activity was also ob-
served against cells transformed by the ge-
ranylgeranylated form of this protein (see below).

SCH 59228 preferentially inhibits tumor growth
of rodent ®broblasts transformed with Ki-Ras vs
the mos oncogene

We also evaluated the e�ect of SCH 59228 on tumors
derived from ®broblastic cell lines transformed by acti-
vated Ki-Ras-CVIM or by the mos oncogene (MSV-
3T3). Both of these cell lines were highly tumorigenic in
nude mice, resulting in tumors of >1000 mm3 for the
mos-transformed cells and >2500 mm3 for the Ki-Ras-
transformed cells.

Beginning on the day following tumor cell inocula-
tion, mice were treated with vehicle or increasing doses
(5, 20 or 50 mg/kg) of SCH 59228 every 6 h for 20 days.
SCH 59228 treatment did not a�ect the growth of tu-
mors derived from mos oncogene-transformed cells
(Fig. 4) except for minimal inhibition at the highest
dosage group (19% tumor growth inhibition at 50 mg/
kg, 0.05 < P <0.1). In contrast, SCH 59228 dose-de-
pendently inhibited the growth of tumors derived from
Ki-Ras-CVIM-transformed cells (21%, 0.025 < P <
0.05; 47%, P � 0:0005; and 63%, P � 0:0005; at 5, 20
and 50 mg/kg).

SCH 59228 inhibits the growth
of a human tumor xenograft

To evaluate the e�cacy of SCH 59228 against a human
tumor model, nude mice bearing xenografts of DLD-1
cells were used. This cell line is a clinically isolated, well-
characterized human colonic adenocarcinoma [24]. The
day after inoculation of 5 ´ 106 DLD-1 cells per mouse,
oral treatment with SCH 59228 (four times a day) was
initiated and continued for 22 days. In vehicle-treated
animals, tumors reached a volume of 300 mm3. Growth
curves for various treatment groups are shown in Fig. 5.
Average tumor inhibition of 15% (0.05 < P < 0.1) and
43% (P < 0.005) was observed at 10 and 50 mg/kg,
respectively.

Discussion

The studies reported here demonstrate that the tricyclic
FPT inhibitor, SCH 59228, has in vivo antitumor ac-
tivity when administered orally to nude mice. The tri-
cyclic class of FPT inhibitors are structurally distinct
from other classes of FPT inhibitors reported to date,

Table 2 Pharmacokinetic pro®le of SCH 59228 in the cynomolgus
monkey. Farnesyl transferase inhibitors were dosed either orally
(PO) or intravenously (IV) into cynomolgus monkeys using hy-
droxypropyl-b-cyclodextran as vehicle. Serum samples were ana-
lyzed for the presence of the parent compound as described in
Materials and methods.

SCH 59228
dose

Plasma
AUC (lg á h/ml)

5 mg/kg, oral 9.4
10 mg/kg, oral 35.6
5 mg/kg, intravenous 24.4
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Fig. 3A,B SCH 59228 selec-
tively inhibits the growth of
tumors expressing farnesylated
(Ha-Ras-CVLS) vs ge-
ranylgeranylated (Ha-Ras-
CVLL) forms of Ras. A Ha-
Ras-CVLS or Ha-Ras-CVLL
tumors were initiated in nude
mice and animals were dosed
orally with SCH 59228 as de-
scribed in Materials and meth-
ods. Tumor volumes measured
at the end of the treatment
period (day 20) are shown.
Average inhibitions, calculated
as described in Materials and
methods, section, are shown at
the right side of the graph. B
PT-24 tumors were initiated in
nude mice and animals were
dosed orally with SCH 59228 as
described in Materials and
methods. Tumor volumes mea-
sured at the end of the treat-
ment period (day 20) are
shown. Average inhibitions,
calculated as described in Ma-
terials and methods section, are
presented at the right side of the
graph

Fig. 4 SCH 59228 selectively
inhibits growth of tumor cells
transformed with Ki-Ras-
CVIM vs the mos oncogene. Ki-
Ras-CVIM or mos-transformed
tumors were initiated in nude
mice and animals were dosed
orally with SCH 59228 as de-
scribed in Materials and meth-
ods. The in vivo e�cacy of SCH
59228 against tumor trans-
formed by activating K-Ras
was determined in comparison
with a mos-transformed tumor.
Tumor volumes measured at
the end of the treatment period
(day 20) are shown. Average
inhibitions, calculated as de-
scribed in Materials and meth-
ods, are presented at the right
side of the graph
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many of which were derived from peptidomimetic ap-
proaches (for example, see references 25±33). These
di�erences, including the absence of a sulfhydryl func-
tion, are likely to contribute to the potential for more
favorable oral pharmacokinetic properties of the tricy-
clic class of inhibitors.

Earlier compounds in this series, such as SCH 44342,
display less than optimum pharmacokinetic properties in
the mouse, including a very rapid oxidative metabolism.
Blocking the susceptible metabolic sites on SCH 44342
greatly improves the pharmacokinetic properties of
compounds in this series. SCH 59228, an 11-piperazinyl
analog, was one of the lead compounds that emerged
from these e�orts. In addition to improved metabolic
stability, its intrinsic potency (IC50 59 nM ) was also
greater than that of earlier compounds. As a result of
these improvements, SCH 59228 persisted in mouse se-
rum at a concentration greater than its IC50 for Ha-Ras
processing in Cos cells for over 6 h following a single
oral dose of 25 mg/kg. In addition, signi®cant steady-
state drug levels were also achieved in the tumor xeno-
grafts following 3 weeks of dosing.

The data in the Ha-Ras models suggest that SCH
59228 exerts its antitumor e�cacy in these models by
blocking farnesylation of the Ha-Ras protein. This hy-
pothesis is supported by the greater antitumor e�cacy
observed against cells expressing the farnesylated vs the
geranylgeranylated form of this protein. However, the
inhibition of tumors expressing geranylgeranyled Ha-
Ras was statistically signi®cant at the 50 mg/kg dose
level. The ®nding that e�cacy was also seen in this
model suggests that inhibition of farnesylation of pro-
teins in addition to Ras may contribute to the antitumor
e�ect (see below).

SCH 59228 also displayed antitumor activity against
cells transformed with activated Ki-Ras-CVIM. The
inhibition observed in the Ki-Ras model is less than that
seen in the Ha-Ras-CVLS models and more similar to
that observed using the geranylgeranylated forms of Ha-
Ras. In contrast, little antitumor activity was observed
against cells transformed by the mos oncogene, which is
thought to transform cells in a Ras-independent manner.
The results with the mos-transformed cells suggest that

SCH 59228 does, in fact, target the Ras signal trans-
duction pathway to exert its antitumor activity.

Recent studies have clearly demonstrated that the Ki-
and N- isoforms of the Ras protein are ge-
ranylgeranylated in cells treated with FPT inhibitors [16,
17]. This is presumably also the case in the in vivo, an-
imal setting, although this has not been directly dem-
onstrated. There are two possible (although not
mutually exclusive) explanations for the sensitivity of the
transformed phenotype of Ki-Ras-transformed cells to
the e�ects of FPT inhibitors despite alternative pre-
nylation. First, geranylgeranylated forms of activated
Ras proteins may not transform cells as e�ciently as the
farnesylated species. Clearly, the geranylgeranylated
proteins are transforming when overexpressed in ®bro-
blasts (for example, see references 12 and 34). However,
in our hands, cells transformed with the ge-
ranylgeranylated form of Ha-Ras are less tumorigenic in
nude mice and have a poorer plating e�ciency on plastic
(unpublished data). Similarly, Cox et al. [35] have shown
that expression of a geranylgeranylated form of Ha-Ras
is growth suppressive in normal ®broblasts.

The second possible explanation for the antitumor
activity in the Ki-Ras model is that the ge-
ranylgeranylated form of this protein can still drive
transformation but that there is a distinct farnesylated
protein lying downstream of Ras in the transformation
pathway. In this scenario, the observed antitumor ac-
tivity would be a result of blocking the farnesylation of
this alternative protein. The small GTPase RhoB has
been suggested to be a candidate for such a protein (for
example, see reference 36), although the prenylation of
RhoB is complex (Bishop et al. unpublished data; [37]).
A role for another farnesylated protein in the observed
antitumor activity may also explain the e�cacy of SCH
59228 in the Ha-Ras-CVLL model. Clearly, critical
mechanistic questions regarding FPT inhibitors remain
to be addressed. A recent review by Der and Cox [38]
further addresses these critical questions.

Our results also show that SCH 59228 dose-depen-
dently inhibits the in vivo growth of human colon car-
cinoma DLD-1 cells, a tumor cell line which expresses
an activated form of Ki-Ras [9]. Recently, using an

Fig. 5 SCH 59228 inhibits the
growth of human colon DLD-1
tumor xenografts. Xenograft
studies were performed as de-
scribed in Materials and meth-
ods. The growth curves of the
DLD-1 tumors following vari-
ous treatments are shown. The
data are plotted according to
the median tumor volume and
average inhibitions are present-
ed at the right side of the graph
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analog of SCH 59228 with enhanced potency, we
screened a panel of in vitro and in vivo models including
human tumor xenografts of lung, colon, pancreas, and
prostate origin, and observed a broad spectrum of anti-
tumor activity (unpublished data). Similar to the results
of others [39, 40], there is no apparent correlation be-
tween the sensitivity of the transformed phenotype of a
cell line to FPT inhibitors and its Ras mutational status.
Many of the sensitive cell lines which lack activating ras
mutations are, nevertheless, likely to be dependent on
enhanced Ras signalling for transformation (owing to
mutational activation of oncogenes or reliance on auto-
crine growth factors, either of which may activate the
Ras signal transduction pathways). It is possible that
alternative geranylgeranylation of Ki- and N-Ras pro-
teins may not support full activation of the Ras signalling
pathways, particularly when the misprenylated Ras
protein is not overexpressed. As described above, it is
also possible that a farnesylated protein downstream of
Ras serves as a target for FPT inhibitors in these cells.

There have been several other reports of in vivo ac-
tivity with various classes of FPT inhibitors. Kohl et al.
[41] have reported that L-739,749, when dosed via an
intraperitoneal route of administration, inhibits the
growth of tumors derived from Rat ®broblasts trans-
formed with activated Ha-, N- or Ki-Ras in nude mice.
Unlike our results, they report essentially equivalent
reduction in tumor volume using cells transformed with
any of the Ras isoforms. Similar to the data reported
here, they observed that the growth of tumors derived
from mos-transformed cells is una�ected. Another
compound in this series, when dosed subcutaneously,
has been reported to induce regressions of mammary
tumors in MMTV-v-Ha-ras transgenic mice [42].

A distinct class of peptidomimetic FPT inhibitor,
represented by FTI-276, has also been reported to in-
hibit growth of NIH 3T3 cells transformed by Ha-Ras-
CVLS in nude mice [43]. Growth of Raf-transformed
tumors was not inhibited. This compound has also been
reported to be active against xenografts of Calu-1 lung
carcinoma cells (containing a Ki-Ras mutation) but not
against NCI-H810 (lacking a Ras mutation). Similarly,
the peptidomimetic B956 suppresses the growth of Ha-
Ras-CVLS transformed NIH 3T3 cell-derived tumors in
nude mice [40]. This compound is also active against
activated Ha-Ras-expressing EJ bladder carcinoma
xenografts, although signi®cantly poorer activity is seen
in xenografts expressing activated N-ras (HT-1080 ®b-
rosarcoma) or Ki-Ras (HCT 116 colon carcinoma).
These studies all employed intraperitoneal dosing [40,
43].

This is the ®rst detailed report of oral antitumor ac-
tivity using an inhibitor of farnesyl protein transferase.
Compounds related to SCH 59228 have also demon-
strated oral activity in a wide battery of human tumor
xenograft models and in a Ha-Ras transgenic model
where signi®cant tumor regressions have been observed
(unpublished data). Compounds in this series are being
progressed into early phase clinical trials to establish

proof-of-principle in humans. The recent demonstration
of alternative processing of N- and Ki-Ras proteins in
the presence of these inhibitors indicates that their
mechanism of action is likely to be more complex than
originally anticipated. Further e�orts to delineate the
proteins whose prenylation status is either blocked or
altered by FPT inhibitors and the downstream conse-
quences of these changes are a major focus of current
research. Such studies should help shed light on the
consequences of long-term inhibition of FPT and the
mechanism(s) of sensitivity and resistance of human
cancers to these inhibitors.
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