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Abstract

Farnesylation of Ras is required for its transforming activity in human cancer and the reaction is catalysed by the enzyme farnesyl-
transferase. Recently, we discovered a novel chemical series of potent farnesyl pyrophosphate (FPP) analogues which selectively
inhibited farnesyltransferase. Our most potent compound to date in this series, A-176120, selectively inhibited farnesyltransferase
activity (ICso 1.2+0.3 nM) over the closely related enzymes geranylgeranyltransferase I (GGTasel) (ICso 423+1.8 nM), ger-
anylgeranyltransferase II (GGTasell) (ICsy 3000 nM) and squalene synthase (SSase) (ICso> 10000 nM). A-176120 inhibited ras
processing in H-ras-transformed NIH3T3 cells and HCT116 K-ras-mutated cells (EDsy 1.6 and 0.5 pM, respectively). The anti-
angiogenic potential of A-176120 was demonstrated by a decrease in Ras processing, cell proliferation and capillary structure for-
mation of human umbilical vein endothelial cells (HUVEC), and a decrease in the secretion of vascular endothelial growth factor
(VEGF) from HCT116 cells. In vivo, A-176120 reduced H-ras NIH3T3 tumour growth and extended the lifespan of nude mice
inoculated with H- or K-ras-transformed NIH3T3 cells. A-176120 also had an additive effect in combination with cyclophos-
phamide in nude mice inoculated with K-ras NIH3T3 transformed cells. Overall, our results demonstrate that A-176120 is a potent
FPP mimetic with both antitumour and anti-angiogenic properties. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

As part of our efforts to discover and develop a new
hypocholesterolaemic agent based on the inhibition of
the enzyme squalene synthase (SSase), we discovered
that the 1,3-isomers of our cyclobutane series were
potent inhibitors of farnesyltransferase (FTase), but not
potent inhibitors of SSase. FTase is a cystolic enzyme
which is known to catalyse the transfer of a farnesyl
group from farnesyl pyrophosphate (FPP) to Ras [1,2],
a GTP binding protein involved in the regulation of cell
growth [3,4]. Mutations of Ras, especially K-Ras, occur
in approximately 20-30% of all human cancers, parti-
cularly in pancreatic (90%), colon (50%) and lung
(30%) carcinomas [5,6]. Ras cycles between an “on”
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and “off” state by binding to and hydrolysing GTP to
GDP, respectively [7,8]. The cycling of Ras bound to
GTP and GDP leads to the regulation of normal cell
division. When ras mutates, oncogenic Ras mutant
proteins lose their intrinsic GTPase activity and they
become constitutively bound to GTP. As a con-
sequence, oncogenic Ras proteins are in a perpetual “on
state” leading to uncontrolled cell division in the
absence of growth signals. Since the first and obligatory
step for ras activity is the addition of a farnesyl group to
its carboxy-terminal CAAX motif [1,2], we examined
the potential of our FPP farnesyltransferase inhibitors
(FTIs) as anticancer therapeutic agents.

There have been several approaches taken to develop
FTIs including CAAX carboxyl terminal tetrapeptide
analogues, FPP analogues, bisubstrate transition state
analogues and natural products found through random
screening efforts [9—-14]. In this report, we describe the
biological characteristics of A-176120, the most potent
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tricarboxylic acid benzene FPP mimetic inhibitor of
FTase developed thus far in this series.

2. Materials and methods
2.1. Chemistry of A-176120

The structures of A-87049 ((1a,2p3,3pB,40)-3,4-bis[[[(4-
phenoxyphenyl)methyl]propylamino]carbonyl]-1,2-cyclo-
butanedicarboxylic acid), A-87050 (2,4-bis[[[(4-phenoxy-
phenyl)methyl]propylamino]carbonyl]-1,3-cyclobutane-
dicarboxylic acid), A-88681 (2,4-bis[[[(4-phenoxyphenyl)-
methyl] (phenylmethyl)amino]carbonyl]-1,3-cyclobutane-
dicarboxylic acid), A-122330 (5-[[[(4-phenoxyphenyl)-
methyl](phenylmethyl)amino]carbonyl] - 1,2,4 - benzene-
tricarboxylic acid), A-181792 (4-[[[[(2-ethoxyphenyl)-
methyl] [3-(4-methylphenoxy)phenyl]methyl]amino]-
carbonyl]-1,2-benzenedicarboxylic acid) and A-176120
(5-[N-(2-ethoxybenzyl)-N-(4-tolyloxy-3-benzyl)amino-
carbonyl]benzene-1,2,4-tricarboxylic acid) are shown in
Fig. 1.

2.2. Cell culture

Human HCT116 colon carcinoma and MiaPaCa-2
pancreatic carcinoma cells (American Type Culture
Collection, ATCC, Rockville, MD, USA) were cultured
with Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with 10% fetal bovine serum (FBS) (and
2.5% horse serum for MiaPaCa-2) and 1% antibiotic—
antimycotic (Gibco, Grand Island, NY, USA). H- and
K-ras-transformed NIH3T3 cells, graciously provided
by Dr Channing Der (U. North Carolina, NC, USA),
were cultured in DMEM, supplemented with 10% calf
serum. Normal human umbilical vascular endothelial
cells (HUVEC, Clonetics, San Diego, CA, USA) were
cultured on Matrigel® (Collaborative Research, Bed-
ford, MA, USA) with endothelial growth medium
(EGM Bulletkit) supplemented with 3% FBS, bovine
brain extract (12 pg/ml), human epidermal growth fac-
tor (10 ng/ml), hydrocortisone acetate (1 pg/ml) and
gentamycin-1000 (50 pg/ml). HCT116, MiaPaCa-2 and
HUVEC cell lines were cultured at 37°C in a humidified
chamber containing 95% air and 5% CO,. H- and K-
ras-transformed NIH3T3 cells were cultured at 37°C in
a humidified chamber containing 90% air and 10%
CO..

2.3. In vitro enzyme assays

The ICs, values of the FTIs to inhibit bovine brain
FTase activity in vitro with a substrate fragment were
performed using scintillation proximity assay (SPA)
technology in a 96-well format. Stock solutions for each
compound were prepared in ethanol (1 mM). In each

well, assay buffer (50 mM Hepes, 30 mM MgCl,, 20
mM KCI, 5 mM DTT, 0.01% Triton X-100, pH 7.0),
purified bovine brain FTase, [’H]JFPP (NEN, Boston,
MA, USA) and a biotin conjugated K-Ras(B) decapep-
tide (KKSKTKCVIM) were added with varying con-
centrations of each inhibitor. The samples were
incubated at 37°C with gentle shaking for 30 min. After
the 30 min incubation, the plates were placed on ice,
stop/bead reagent was added and the counts associated
with the beads were determined using a Packard Top-
Count™ Microplate Scintillation Counter (Packard
Instrument Company, Meriden, CT, USA).

The ICsy values of the FTIs to inhibit bovine brain
FTase, GGTase I and GGTase Il activity in vitro using
an intact protein substrate were performed using a filter
binding assay as previously described [15]. Measure-
ment of SSase activity was performed as previously
described using SSase purified from rat liver micro-
somes [16].

2.4. Competitive inhibition assay

A-176120 was tested at various concentrations to
determine if it competed either with the Ras peptide or
FPP as a substrate for FTase using the [*H]-SPA
enzyme assay according to the manufacturer’s instruc-
tions (Amersham, Arlington Heights, IL, USA).

2.5. Ras processing assay

Approximately 1x103 cells were plated in 25 c¢cm?
flasks and allowed to attach overnight. The culture
medium was replaced with medium containing
A-176120 or vehicle (1% DMSO) and treated for 48 h.
Cells were lysed with lysis buffer (Gibco). Proteins from
cell lysates were fractionated by 15% sodium dodecyl
sulphate polyacrylamide gel -electrophoresis (SDS-
PAGE) and transferred to nitrocellulose. The blots were
incubated in blocking buffer (2% non-fat dry milk, 3%
bovine serum albumin) overnight and probed with a
pan anti-Ras antibody diluted 1:2000 (Transduction
Labs, Lexington, KY, USA). Ras was detected using a
horseradish conjugated anti-mouse IgG diluted 1:2000
(Amersham) and visualised by enhanced chemilumines-
cence (ECL kit, Amersham). The bands were quantified
by densitometry using Image-Pro Plus™ (Media
Cybernetics, Silver Spring, MD, USA).

2.6. Soft agar colony formation assay

The effect of A-176120 on anchorage-independent
growth was tested by plating 3x10* cells in 6-well cul-
ture plates in a 0.35% agar layer overlaid on top of a
0.7% agar layer containing DMEM, 10% FBS and the
appropriate dilution of A-176120 or vehicle. After 6 h,
DMEM supplemented with 10% FBS plus or minus
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drug was added to each well and replaced twice a week.
After treatment, the colonies were stained with p-iodo-
nitrotetrazolium (Sigma, St Louis, MO, USA), photo-
graphed using a Sony CCD camera and quantified using
Image-Pro Plus.

2.7. HUVEC tube formation assay and proliferation

HUVEC tube formation was assessed as previously
described [17]. Briefly, approximately 5x10° HUVEC
(passages 2-8) in 1 ml of medium were plated onto
Matrigel. After 1 h of incubation, another 1 ml of med-
ium with A-176120 or vehicle (1% DMSO) was added
to each well. After 12 h, the cell cultures were fixed and
stained with Diff-Quik (Baxter, Waukegan, 1L, USA),
photographed with a Sony CCD camera mounted on a
Nikon Diaphot 300 microscope. Tube formation was
quantified using Image-Pro Plus by segmenting the cell
meshwork based on contrast differences and determin-
ing the total pixels (area). The area of tube formation
from drug-treated animals was expressed as a per cent
of untreated controls.

To assess the effect of A-176120 on HUVEC pro-
liferation and viability, approximately 2.5x 10* HUVEC
were plated on 8-chamber glass slides. After the cells
attached, the medium was replaced with fresh medium
containing A-176120 or vehicle (1% DMSO). After 12
h, the total number of cells/well was determined using
Image-Pro Plus. We assessed toxicity by adding an
equal volume of prewarmed propidium iodide (50 pg/ml
propidium iodide in phosphate buffered saline (PBS)) to
each well and counting the number of dead cells/well
using Image-Pro Plus.

2.8. VEGF secretion

The culture medium collected from HCT116 cells
treated with A-176120 was used to evaluate vascular
endothelial growth factor (VEGF) secretion. VEGF was
measured by quantitative sandwich enzyme immu-
noassay technique using a quantikine kit (R&D, Min-
neapolis, MN, USA) according to the manufacturer’s
instructions and normalised to cell number using the
alamarBlue assay. The release of lactate dehydrogenase
(LDH) into the culture medium was used to assess the
non-specific toxicity of A-176120 on HCT116 cells
according to the manufacturer’s instructions (Promega,
Madison, WI, USA).

2.9. Human tumour xenograft in nude mice

2.9.1. NIH3T3 H-ras tumour model

Male BR nu/nu mice aged 8 weeks (Charles River,
ME, USA) were inoculated subcutaneously (s.c.) in the
right flank with 0.5 ml of a 1:10 brei of H-ras trans-
formed NIH3T3 cells. Mice were randomly divided into

control (n=20) or treatment groups (n=10). Alza
osmotic minipumps (model 2002, Alzet, Palo Alto, CA,
USA) containing A-176120 or vehicle (propylene glycol)
were implanted intraperitoneally (i.p.) in each mouse on
study day 3. Cyclophosphamide, a positive control, was
given by i.p. injection on days 1, 5 and 9. Tumour
volume was estimated by measuring the length and
width of the tumour mass with digital calipers and by
applying the formula (L xW?)/2. The % increase in life-
span (ILS) was calculated by subtracting the delay in
mean time of vehicle control tumours to reach 1 g from
the mean time of drug-treated tumours to reach 1 g,
divided by the mean time of vehicle-treated tumours to
reach 1 gx100% [18]. For humane reasons, all mice
were euthanised once the tumours reached at least 1 g.
Statistical significance was determined using Student’s -
test.

2.9.2. NIH3T3 K-ras tumour model

Male BR nu/nu mice were inoculated i.p. with 0.5 ml
of a 1:10 brei of K-ras-transformed NIH3T3 cells on
day 0. Mice were randomly divided into control
(n=20) or treatment groups (n=10). Alza osmotic
minipumps (model 2002, Alzet) containing A-176120
or vehicle (propylene glycol) were implanted i.p. in
each mouse on study day 1. Cyclophosphamide, a
positive control, was given by i.p. injection on day 1.
For combination therapy, mice were treated with
cyclophosphamide at 25 mg/kg on study day 1 plus 100
mg/kg/day A-176120 via minipump. The % increase in
lifespan (ILS) was calculated by subtracting the delay
in mean survival time of vehicle control animals from
the mean survival time of drug-treated animals, divided
by the mean survival time of vehicle-treated ani-
malsx 100%. Statistical significance was determined
using Student’s 7-test.

3. Results
3.1. Design of A-176120

In an effort to determine the selectivity of squalene
synthase inhibitors (SSIs) we discovered that certain
1,3-isomers of our cyclobutane series were modest
FTIs and weak SSIs (A-87050) (Fig. 1). Conversely,
certain 1,2-isomers were potent SSIs and weak FTIs (A-
87049). When the n-alkyl groups on the nitrogens
of A-87050 were replaced by benzyl groups (A-88681),
the FTI activity increased and virtually all SSI activity
decreased. Incorporating as a core unit benzene-
1,2,4,5-tetracarboxylic acid, the tricarboxylic derivative
A-122330 was a significantly more potent FTI. Fur-
ther modifications led to A-176120 which was a sig-
nificantly more potent FTI than either A-88681 or
A-122330.
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3.2. A-176120 is a potent and selective FTase inhibitor
(FTI) in vitro

A-176120 was further tested in vitro and in vivo since
it had the best potency in the in vitro FTase assay for
this series of compounds. The potency of A-176120
against bovine FTase activity was evaluated using an in
vitro enzyme assay with the substrates K-Ras(B) dec-
apeptide (KKSKTKCVIM) or intact H-Ras. The con-
centration of A-176120 to inhibit Ras farnesylation by
50% (ICsg) was 1.2 and 2 nM for each FTase substrate,
respectively. The activity of A-176120 was 352-(423 nM)
and 2500-(3000 nM) fold more selective for FTase over
the closely related enzymes GGTase I and GGTase 11,
respectively. Since FPP is a substrate for SSase, the
effect of A-176120 on the activity of this enzyme was
assessed to further demonstrate its selectivity. The 1Cs
of A-176120 to inhibit SSase activity was greater than
10000 nM, suggesting that it does not interfere with the
activity of SSase, an enzyme important for the bio-
synthesis of cholesterol.

3.3. Competitive inhibition of FPP with A-176120

Kinetic analysis using variable amounts of either FPP
or Ras peptide substrates were performed in order to
assess the FPP mimetic or peptidomimetic effect of A-
176120, respectively. The ability of A-176120 to com-
pete with the Ras peptide or FPP as a substrate for
FTase is shown in Fig. 2(a) and (b), respectively. To
investigate the peptidomimetic effect of A-176120, the
final peptide concentration was varied, whereas the final
concentration of FPP remained constant (0.12 uM). To
investigate the FPP mimetic effect of A-176120, the final
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Fig. 1. Structure of A-87049, A-87050, A-88681, A-181792, A-122330
and A-176120 and comparison of their farnesyl transferase (FTase)
and squalene synthase (SSase) inhibition activity in vitro.

FPP concentration was varied whereas the final con-
centration of peptide remained constant (0.1 pM).
A-176120 competed with FPP as a substrate for FTase but
not with the Ras peptide. The inhibition constant (Kj) of
A-176120 to compete with FPP binding was 1.5 nM.

3.4. A-176120 inhibits Ras processing in whole tumour
cells

The ability of A-176120 to penetrate and inhibit Ras
processing in intact cells was assessed using NIH3T3
H-ras and HCT116 K-ras cells. The cells were treated
with varying concentrations of A-176120 for 48 h, lysed
and the proteins fractionated by SDS-PAGE. Processed
and unprocessed Ras were detected by Western blot
analysis using a pan-Ras antibody (Fig. 3). A-176120
inhibited post-translational Ras processing in a dose-
dependent manner. The concentration to inhibit Ras
processing by 50% (EDs) in NIH3T3 and HCT116
cells was 1.6 and 0.5 pM, respectively.
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Fig. 2. Competitive inhibition of farnesyl transferase (FTase). Assays
were performed using a [*H]-scintillation proximity (SPA) enzyme
assay kit with bovine FTase. (a) Varying Ras peptide and constant far-
nesyl pyrophosphate (FPP) concentration in the presence of 0 (H), 10
(A), 20 (W) or 30 (&) nM A-176120. (b) Varying FPP and constant
Ras peptide concentration in the presence of 0, 10, 20 or 30 nM A-
176120. V =velocity.
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NIH3T3 H-ras transformed cells

A-176120 (uM)
0.1 0.5 1.0 5.0
U
P
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A-176120 (uM)

Control 0.1 0.5 1.0 5.0
8]
P s mE )

Fig. 3. Post-translational processing of Ras following A-176120
treatment. NIH3T3 H-ras-transformed cells and HCT116 cells were
treated with varying concentrations of A-176120 for 48 h, lysed and
the protein was fractionated on a 15% sodium dodecyl sulphate
(SDS)-polyacrylamide gel. Ras was detected by Western blot using a
pan-Ras specific antibody. U, unprocessed ras; P, processed ras.

3.5. A-176120 inhibits anchorage-independent human
tumour cell growth

Anchorage-independent growth of HCTI116 and
MiaPaCa-2 cell lines was inhibited by A-176120 (Table

1). We observed that colony formation was inhibited in
a dose-dependent manner following treatment with
A-176120 in both cell lines. The EDsy was 3 and 0.87
uM for HCT116 and MiaPaCa-2 cells, respectively. We
also observed that a reduction in soft agar colony num-
ber was accompanied by a reduction in colony size.

3.6. A-176120 inhibits HUVEC tube formation in vitro

It has been previously reported that ras oncogenes
can contribute to tumour development directly by
promoting tumour cell proliferation and indirectly by
stimulating VEGF-dependent angiogenesis [19]. There-
fore, we assessed the anti-angiogenic effects of A-176120
by its ability to inhibit HUVEC tube formation as well
as tumour cell VEGF secretion in vitro. Tubulogenesis
was induced in vascular endothelial cells by plating
them onto the surface of Matrigel for several hours.
Tube formation of untreated and treated HUVEC when
cultured on Matrigel for 12 h are shown in Fig. 4(a). A
decrease in both the number and thickness of vessel
formation was observed following A-176120 treatment
compared with the untreated controls with an effective
dose (ED)sq of approximately 3 uM (Fig. 4b). To test if
any FTI would have a similar effect on HUVEC tube
formation, we tested A-181792, a structurally similar
but weaker FTI (Table 1). We did not observe any effect

HUVEC tube formation
(% control)

0.00 0.05

010 050 1.00 5.00
A-176120 concentration (uM)

Fig. 4. Effect of A-176120 on human umbilical vein endothelial cells (HUVEC) tube formation. HUVEC were plated onto Matrigel and treated with
A-176120 for 12 h and tube formation was quantified using Image-Pro Plus. (a) Representative images of HUVEC following 0, 0.5 and 5 uM
treatment. (b) Quantitative analysis of HUVEC tube formation following drug treatment. Bar =400 pm.
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Table 1

A-176120 effect on anchorage-independent growth. A soft agar colony
formation assay was carried out as in Materials and Methods. After
10-14 days of incubation, colonies from duplicate wells were stained,
photographed and quantified

Cell line Tissue ras Mutation ECso (uM)
HCTI116 colon K-ras 3.0 (2
MiaPaCa-2 pancreatic K-ras 0.87 (2)

4 Number in parentheses represents number of trials.

of A-181792 on HUVEC tube formation at concentra-
tions as high as 25 pM (data not shown).

3.7. A-176120 inhibits HUVEC Ras processing and
proliferation in vitro

To test whether A-176120 directly affected HUVEC
proliferation and/or Ras processing, we treated the cells
with varying concentrations for 12 h. We observed a
dose-dependent decrease in Ras processing in HUVEC
cells with an EDsq of approximately 5 uM (Fig. Sa).
Similarly, we observed a decrease in HUVEC prolifera-
tion by approximately 20-30% as assessed by a decrease
in total cell number/well (Fig. 5b). The decrease in cell

(a) A-176120 (uM)
Control 0.01 0.1 1.0 5.0

75

HUVEC number
(% control)
o)
o
1

254

°- 0.00 001 010 1.00 5.00 10.00

A-176120 concentration (uM)

Fig. 5. A-176120 reduced human umbilical vein endothelial cells
(HUVEC) Ras processing and proliferation in vitro. (a) ras Processing
in HUVEC. Cells were treated with varying concentrations of
A-176120 for 12 h, lysed and the protein was fractionated on a 15%
sodium dodecyl sulphate (SDS)-polyacrylamide gel. Ras was detected
by Western blot using a pan-Ras specific antibody. U, unprocessed ras;
P, processed ras. (b) Per cent change in HUVEC number. HUVEC
were treated for 12 h and the total cell number was determined using
Image-Pro Plus. Data represent the mean+tstandard error, n=3.

number was not due to an increase in cell death since we
did not see any difference in the number of propidium
1odide-stained cells in the treated and control cells.

3.8. A-176120 reduces HCT116 proliferation and VEGF
secretion in vitro

A-176120 reduced anchorage-dependent growth of
HCT116 cells in a dose-dependent manner at non-toxic
levels (as determined by LDH release) by 0, 5, 23 and
46% following 0.5, 5, 25 and 50 uM treatment for 48 h.
VEGF levels released by HCT116 cells (normalised to
cell number) declined following A-176120 treatment in a
dose-dependent manner. Normalised VEGF levels were
reduced by 0, 19, 21 and 52% relative to untreated
controls following treatment with 0.5, 5, 25 and 50 uM
A-176120 for 48 h, respectively (Fig. 6).
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0.1 0.5 5.0 25.0 50.0
A-176120 concentration (uM)

Fig. 6. A-176120 reduced HCT116 anchorage-dependent growth and
vascular endothelial growth factor (VEGF) secretion. HCT116 cells
treated with varying concentrations of A-176120 for 48 h. (a) Cell
proliferation determined using alamarBlue. (b) Normalised VEGF
levels/cell secreted into the culture medium by HCT116 cells.
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3.9. A-176120 reduces tumour growth in vivo

We examined the in vivo efficacy of A-176120 admi-
nistered i.p. via minipump against mouse H-ras-trans-
formed NIH3T3 cells in male nude mice. All nude mice
inoculated s.c. with H-ras NIH3T3 cells developed
palpable tumours within 2 days. Animals were mon-
itored until their tumours reached 1000 mm? (~1 g) and
were sacrificed at that time for humane reasons. The
% increase in survival (ILS) was calculated as the %
difference in the mean time for drug-treated animal
tumours to reach 1 g from the mean time for control
animal tumours to reach 1 g [18]. No side-effects (i.e.
decrease in body weight or other clinical signs) were
observed over the course of the study. The mean control
tumour volume on day 17 was 693+190 mm? and the
mean time for the control tumours to reach 1 g was
approximately 21 days (Fig. 7a and b, respectively).
A-176120 treatment at 50 or 100 mg/kg/day suppressed
H-ras tumour growth by 57% (P=0.09) and 64%
(P=0.07), respectively, compared with controls on
study day 17 (Fig. 7a). The mean delay of H-ras
NIH3T3 tumours to reach 1 g was increased sig-
nificantly (P <0.05) by 4.2 and 8.5 days following 50
and 100 mg/kg/day A-176120 treatment, which repre-
sented an ILS of 20 and 41%, respectively (Fig. 7b).
Similarly, cyclophosphamide treatment at 25 or 50 mg/
kg/day suppressed H-ras tumour growth by 85%
(P<0.05) and 88% (P <0.05) on study day 17, respec-
tively, compared with controls (Fig 7a). The mean delay
in growth of H-ras NIH3T3 tumours to reach 1 g fol-
lowing 25 and 50 mg/kg/day of cyclophosphamide
treatment was increased significantly by 6.6 and 4.5
days (P <0.05, ILS 32 and 22%), respectively (Fig. 7b).

We next examined the in vivo antitumour effect of
A-176120 on K-ras NIH3T3 cells implanted i.p. and
treated continuously i.p. by minipump in male nude
mice. The mean survival time increased significantly
(P<0.05) by 3.2 and 3.7 days which represented an ILS
of 28 and 33% following 100 and 200 mg/kg/day A-
176120 treatment, respectively, and 2 days (P=0.0551,
ILS of 18%) following 25 mg/kg/day cyclophosphamide
1.p. treatment (Fig. 8). The combination treatment of A-
176120 and cyclophosphamide was additive in that the
mean survival time following 100 mg/kg/day A-176120
with 25 mg/kg cyclophosphamide increased significantly
(P <0.05) by 5.5 days which represented an ILS of 49%.

4. Discussion

From our results we concluded that A-176120 inhib-
ited Ras farnesylation in a potent and selective manner
in vitro and it competed with FPP, but not Ras, as a
substrate for FTase. The use of FPP mimetics represents
one promising strategy to block FTase activity since

FPP is one of the substrates used by FTase to farnesy-
late Ras. Several groups have reported FPP mimetic
inhibitors of FTase, however, A-176120 is the most
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Fig. 7. A-176120 suppressed H-ras-transformed NIH3T3 tumour
growth in nude mice. Mice were inoculated subcutaneously (s.c.) with
tumour cells on day 0 and treated continuously with A-176120 intra-
peritoneally (i.p.) by minipump from day 3 to 17. Cyclophosphamide
was administered by injection i.p. on days 1, 5 and 9. (a) Mean tumour
volumezstandard error. (b) Time for tumours to reach 1000 mm? (~1
g). Tumour volumes were measured for up to 33 days following
A-176120 treatment. Animals with tumours that reached or exceeded
1 g were euthanised. Statistical significance was determined using
Student’s 7-test. Arrows, administration of cyclophosphamide on days
1, 5 and 9.
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Fig. 8. A-176120 increased the lifespan of nude mice with K-ras-
transformed NIH3T3 tumours. Mice were inoculated intraperitoneally
(i.p.) with tumour cells on day 0 and treated continuously with
A-176120 by minipump from day 1 to the end of the experiment.
Cyclophosphamide was administered by injection i.p. on day 1. The
mean survival time for each curve was used to determine the increase
in lifespan. Statistical significance was determined using Student’s
t-test. Arrow, administration of 25 mg/kg cyclophosphamide on day 1.

potent in our series and the most potent FTI FPP
mimetic reported to date. A-176120 inhibited FTase
activity with ICsq values of 1.2 and 2 nM using K-Ras(B)
decapeptide (KKSKTKCVIM) or H-Ras protein as
substrates, respectively. The cellular ras processing ICs,
values of A-176120 in H-ras-transformed NIH3T3 cells
and K-ras-mutated HCT116 cells was 1.6 and 0.5 uM,
respectively. Moreover, the activity of A-176120 was
352- and 2500-fold more selective for FTase over the
closely related enzymes GGTase I and GGTase II,
respectively. One inherent disadvantage of using FPP
mimetics is it serves as a substrate for FTase as well as
other enzymes involved in the synthesis of squalene,
dolichols, heme A and ubiquinones [20]. A potential
side-effect to consider, therefore, was the non-selective
inhibition of enzymes that use FPP as a substrate (i.e.
SSase) in the biosynthesis of cholesterol. However,
unlike some other FPP mimetics previously described
[21] we demonstrated A-176120 did not inhibit SSase
activity at concentrations in excess of 10000 nM. In
contrast to A-176120, a-hydroxyfarnesylphosphonic
acid, another FPP mimetic, was reported previously to
inhibit both FTase (ICsy value of 30 nM) and SSase
activity (ICs at 630 nM).

We demonstrated the in vivo efficacy of A-176120
against H- and K-ras-transformed cells and the additive
effect of A-176120 in combination with cyclophos-

phamide. This is the first demonstration to our knowl-
edge that a FPP mimetic FTI reduced the growth of
K-ras-transformed tumours and had an additive effect
with another anticancer therapeutic agent in vivo.
Recently, Yonemoto and colleagues [22] demonstrated
the in vivo efficacy of a FPP mimetic, J-104,871, which
suppressed the growth of NIH3T3 H-ras-transformed
tumours by 28 and 52% following 40 and 80 mg/kg/day
treatment i.p. for 6 days. However, activity against the
K-ras-transformed tumour or an additive effect with
cytotoxic agents was not reported for J-104,871.

Since the potency of an FTT in cell culture and animal
models does not always correlate with their ras muta-
tional status (see review in Ref. [23]), the exact
mechanism(s) of action of FTIs as antitumour agents
remains open to debate. It is clear that FTI can inhibit
farnesyltransferase activity, however, it is becoming less
clear what contribution the effect of inhibiting Ras far-
nesylation contributes towards the antitumour efficacy
of FTIs. Recent reports have suggested that the
mechanism of action of FTIs may be multifactorial [17]
involving other cellular targets such as Rho [23,24] or
more than 50 other proteins that are now known to be
farnesylated [25]. In addition, K-Ras can be geranyl-
geranylated in the presence of FTI, however, the biolo-
gical significance of geranylgeranylated K-Ras is
unclear [23,25]. Whether FTIs inhibit tumour growth
through the inhibition of Ras function alone is not
known. However, it has been shown repeatedly that FTIs
can reduce tumour growth in vivo with little or no systemic
toxicity [23] despite the fact that Ras plays an essential
role for normal cell growth and differentiation [26,27].

With regard to the mechanism of action of A-176120,
the reduction of tumour cell growth in vivo following
treatment may be due to the direct suppression of
tumour cell proliferation as was observed in vitro.
However, others have previously shown that suppres-
sion of tumour cell proliferation alone may not ade-
quately account for the fact that the effect of some FTIs
in vivo is greater than that predicted in vitro [28]. One
possibility is that A-176120 may induce cellular apop-
tosis. However, an induction of apoptosis in vitro
was not observed following A-176120 treatment in
anchorage-dependent cell growth conditions (data not
shown). We tested the possibility that A-176120 may
have anti-angiogenic properties since mutant ras has
been shown to play a role in regulating the expression of
VEGF in murine and human ras-mutated cell lines
[19,29].

Our observation that A-176120 suppressed VEGF
release by HCT116 cells, reduced HUVEC proliferation
and ras processing and inhibited HUVEC tube forma-
tion in vitro suggested that A-176120 may exert its effect
on tumour growth in vivo, at least in part, by suppres-
sing tumour angiogenesis. We have previously shown
that A-170634, a potent CAAX peptidomimetic FTI,
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was able to affect angiogenesis in vivo [17] by reducing
blood vessels in and around tumour xenografts and
reducing blood vessel growth in a rat corneal angiogenesis
model. A-176120 may act in vivo as an anti-angiogenic
agent by directly interfering with the proliferation of
endothelial cells during the process of angiogenesis
through a Ras-mediated pathway. Alternatively, another
direct mechanism may involve prenylated proteins such as
RhoB that regulates the organisation of the cytoskeleton.
The expression and organisation of the cytoskeleton
plays an important role in endothelial cell migration
and control of capillary growth during angiogenesis
[30]. Previously, Prendergast and associates [31] have
shown that FTI treatment could affect the actin cytos-
keleton in normal and ras-transformed cells and sug-
gested the effect could be mediated in part by affecting
the function of farnesylated proteins, including RhoB.
More recent studies support the hypothesis that RhoB
plays an important role in FTI-mediated effects [24].

A-176120 may also act as an anti-angiogenic agent in
vivo, indirectly, by modulating VEGF release from
tumour cells. VEGF is important for stimulating endo-
thelial cell growth, survival in vivo and cell migration
[32,33]. Okada and colleagues [29] have shown that 3-
fold suppression of VEGF expression in DLD-1 and
HCT116 cells was sufficient to block tumour growth in
nude mice. More recently it was shown that immature
blood vessels in tumours may be sensitive to VEGF
withdrawal. Benjamin and coworkers [34] demonstrated
that loss of VEGF in vivo led to selective apoptosis of
endothelial cells in immature vessels of glioma xeno-
grafts that had not yet recruited periendothelial cells.

Overall, our results have important implications since
A-176120 may have pleiotropic inhibitory effects on
tumour growth by inhibiting Ras post-translational
processing in the tumour, as well as Ras-mediated
VEGF angiogenesis. A-176120 may have utility as an
effective therapeutic agent against tumours without ras
mutations via its effect on angiogenesis which is pre-
sumably not dependent on the ras mutational status of
the tumour. Prendergast and associates [35] have shown
that tumour cells can develop resistance to FTIs in vitro.
Presumably, such FTI-resistant cells in vivo should still
be sensitive to FTIs acting through an anti-angiogenic
mechanism. If A-176120 has a direct effect on geneti-
cally stable endothelial cells, then drug resistance should
be less than if the effect was only on genetically unstable
tumour cells [36].

In conclusion, the data presented here demonstrate
the biological effects of A-176120 in vitro and in vivo and
its potential as an anticancer therapeutic agent.
A-176120 was a potent and selective FPP mimetic FTI
in vitro. Of clinical significance we have shown A-
176120 was effective against H- and K-ras tumours in
vivo and that combination therapy of A-176120 with
cyclophosphamide was additive.
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