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Abstract

This article presents in brief the development of farnesyltransferase inhibitors (FTIs) and their preclinical and clinical status.
In this review the mechanism of action of FTTs is discussed and their selectivity issue towards tumor cells is also addressed.
The significant efficacy of FTTs as single or combined agents in preclinical studies stands in contrast with only moderate effects
in Clinical Phase II-III studies. This suggests that there is a need to further explore and understand the complex mechanism
of action of FTTs and their interaction with cytotoxic agents.
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Introduction

Though there have been major breakthroughs in
many areas of medicine over the past decades, the
successful treatment of cancer still remains a
significant challenge at the start of the twenty-first
century. The need for new chemotherapeutics in
cancer is evident as there are very few drugs able
to cure or significantly prolong the survival of
patients with disseminated tumors. The explosion of
the biological complexities of cancer and the
molecular genetic defects underlying tumorogenesis
has offered new opportunities for drug discovery and
development for the treatment of cancer [1,2]. The
goal is to produce novel agents that can selectively kill
tumor cells or inhibit their proliferation without the
general toxicity that limits traditional cancer therapy.

The most frequently occurring mutations in cancer
are alterations of the Ras genes [Harvey (Ha), Kirtsen

(Ki) and N-Ras] [3,4]. The Ras genes encode 21-kDa
proteins, called p21 or Ras, which are localized to the
inner face of the plasma membrane. Ras binds GTP
and GDP and serves as a molecular switch, interfacing
between receptors and intracellular effector proteins.
When Ras is stimulated by receptor activation to bind
GTP, it promotes cell proliferation. The GTPase
activity of Ras then turns off the biological event. The
mutations in Ras genes most often found in cancer
inhibit Ras GTPase activity, so Ras remains bound to
GTP and constitutively stimulates cell growth.
Alteration in the function of Ras gene products,
particularly Ki4B-Ras and N-Ras, are found in many
different tumors, including carcinomas of the colon,
pancreas and lung, neurofibrosarcomas, and various
leukemias, including both adult and juvenile chronic
myelogenous leukemia [3,5,6].

Many efforts have been made to inhibit the
function of oncogenic Ras and subsequent cellular
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transformation induced by mutant Ras [7,8].
Emphasis has been towards developing novel
chemotherapeutics against Ras-induced cell trans-
formation and has centered on inhibiting the enzyme
farnesyl transferase (FTase) [9]. The discovery that
Ras required prenylation for activity led to the
targeting of the enzyme FTase [10,11]. In this
regard, posttranslational modifications have attracted
much attention because they are required for
appropriate sub-cellular localization of Ras proteins
in the plasma membrane [10]. Thus FTIs were
conceived as a rational way to treat cancer by
inhibiting the function of the oncogene Ras.

Structure and function of farnesyltransferase

Protein FTase is a metalloenzyme that catalyzes the
reaction between FPP and the cysteine residue of a
polypeptide’s C-terminal CaaX motif where C is Cys;
a is usually an aliphatic amino acid; X is the
C-terminal residue, (typically Met) to give a farnesyl
thioether (Figure 1) [12]. The enzyme is a heterodimer
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Figure 1. Post translational modification of Ras.

consisting of 48 kDa a- and 46 kDa B subunits. The
former subunit is also a component of the closely
related enzyme geranylgeranyltransferase type I
(GGTase-I), which utilizes geranylgeranyl diphosphate
(GGPP) as a prenyl donor and has different CaaX
specificity (X is typically Leu) [12]. Farnesylation is
usually followed by additional modification of the
prenylated protein, including proteolytic removal of
the last three residues of the ‘CaaX box’ and
carboxymethylation of the new C-terminal farnesyl-
ated cysteine [13]. The initial prenylation step is
crucial and required for the correct membrane
localization and function of Ras.

Crystallographic studies and enzymology has
helped us to understand the mechanistic details of
catalysis by FTase [14]. Some of the enzymes
deposited in the protein data bank with their PDB
codes and active site residues are mentioned in Table I.
Figure 2 well displays the secondary structure of
FTase bound to farnesyldiphosphate. Long and co-
workers afforded an excellent overview of this enzyme-
catalyzed process [15]. The reaction proceeds via an
ordered mechanism, with farnesyl diphosphate (FPP)
binding first, followed by the CaaX substrate. The
structures of ternary complexes using non-reactive
FPP or peptide analogs provide an explanation for this
ordering. The isoprenoid moiety forms a substantial
part of the binding surface for the CaaX peptide. The
peptide binds in an extended conformation with the
cysteine sulfur coordinated to the active site zinc ion,
which apparently lowers the pKa of the thiol,
significantly increasing the local concentration of the
reactive thiolate [16,17]. It is proposed that a rotation
of the FPP backbone brings its C; carbon into
proximity with the thiolate, leading to a transition
state that is consistent with previous mechanistic

Table I. Various FTase structures deposited in databank with their
PDB codes, resolution and active site amino acid residues.

Pdb Code Resolution (A®) Active site residues

1LD7 2.00 His 862, Tyr 800, Asp 797, Asp 794,
Arg 791, His 748, Lys 164

1L.D8 1.80 His 862, Tyr 800, Cys 799, Asp 797,
Lys 794, Arg 791, His 748,
His 201, Lys 164, Gln 167

1MZC 2.00 His 862, Tyr 800, Asp 797, Lys 794,
Arg 791, His 748, Tyr 166, Lys 164

IN9A 3.20 Asp 359, Arg 291, His 248, Lys 164

INI1 2.30 Tyr 300, Arg 291, His 248, Lys 164,
Tyr 93

1S63 1.90 His 362, Tyr 300, Asp 297, Lys 294,
Arg 291, His 248, Lys 164

1SA4 2.10 Tyr 300, Arg 291, His 248, Lys 164

105M 2.30 Try 300, Arg 291, His 248, Lys 164

1INL4 2.70 His 362, Tyr 300, Asp 297, His 248,
Lys 164, Tyr 166

1X81 3.50 No ligand

1FT1 2.25 No ligand

Residues marked bold form hydrogen bond with the ligand.
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Figure 2. Farnesyltransferase enzyme complexed with
farnesyldiphosphate (PDB code: 1FPP).

studies [15]. Release of the farnesylated peptide
product is slow and requires the addition of FPP
[18]. The FPP displaces the product isoprenoid
group to a new binding site, the ‘exit groove’, with
concomitant change in the CaaX backbone from an
extended to a B-turn conformation. Product release
thus regenerates the FTase/FPP complex. The
published structures have revealed that FTIs may
inhibit the enzyme by blocking the peptide substrate
site or by occupying part of the peptide site and the
exit groove in a manner similar to the farnesylated
peptide product [15].

Farnesyltransferase inhibitors: Mechanism of
action

Due to the functional role of Ras farnesylation,
FTase inhibition was thought to be a strategy for
interfering with Ras-dependent transformation
[19-23]. Farnesylation is catalyzed by FTase,
which is responsible for catalyzing farnesylation of
several cellular proteins characterized by a CaaX
box, transferring a C-15 farnesyl moiety from FPP
to Cysteine. The three main Ras proteins share high
homology in the first 165 amino acids, but show
difference in 25 amino acids of the carboxy-terminal
region that constitutes the hypervariable region.
The post-translational modifications, beginning
from amino acid 186 (always cysteine), increase
the hydrophobicity of the carboxy-terminal region
of the protein. The post-translational modifications
are the farnesylation of C-186 by the cleavage of
the three downstream amino acids (aaX), followed
by methylation of C-186 and finally a palmitoyl-
ation of cysteine residues in the region 165-186.

Farnesyltransferase inhibitors as anti-cancer agents 129

Cysteine mutation in the CaaX box prevents
farnesylation and Ras function. Mammalian N-
and H-Ras proteins contain additional cysteine near
their carboxy-termini (181 for N-Ras; 181 and 184
for H-Ras), and these serve as palmitoylation sites.
The functional consequences of these palmitoyl-
ations are beginning to be understood. K-Ras4B
lacks this upstream cysteines and is prenylated,
proteolyzed and methylated but not palmitoylated.
Instead, K-Ras4B has a cluster of 8 lysine residues
near its carboxyl terminus that are thought to
function by forming electrostatic contacts with
negatively charged phospholipids [24—27].

Studies have shown that farnesylation of Ras is the
obligatory, first step in a series of post-translational
modifications that leads to membrane association that
determines the switch from an inactive to an active
Ras-GTP bound form. Upon receiving a signal
output, Ras-GTP acts as a molecular switch that
turns on downstream effectors [24—27].

Ras has guanine nucleotide-binding activity and
GTPase activities. Thus, Ras has GDP-bound
inactive and GTP-bound active forms, which are
intercompatible by the GDP/GTP exchange and
GTPase reactions. The GTPase reaction is regulated
by GTPase-activating proteins (GAPs), such as
pl120, NF1, and GAP1. The GDP/GTP exchange
is regulated by guanine exchange factors (GEFs).
Ras is known to be the downstream molecule of
receptor tyrosine kinases, such as EGF and PDGF
receptors, and protein kinase C. The activation of
these proteins results in the stimulation of GEFs and
the conversion from the GDP-bound form to GTP-
bound form of Ras. Other Ras effectors belonging to
the GEFs family are RalGDS, RGL and RIf/RGL2
that serve as activators of the Ral small monomeric
GTPases [27]. Ral-GTP activates the phospholipase-
D (PLD) that, by hydrolyzing phosphatidylcholines,
generates saturated and monounsaturated phospha-
tidates which are putative activator molecules of
Rho. RAL also seems to interact with a Cdc42 and
RAC GTpase activating proteins [27]. Rho, RAC
and Cdc42 constitute another family of monomeric
G proteins that play an important role in cytoske-
leton remodeling and activate the kinases regulating
the activity of various transcriptional factors. It has
been shown that Rho represses expression of a
cyclins inhibitor p21 VA [27].

The third Ras effector is the phosphatidylinositol
3-kinase (PI3-K). Ras-GTP can bind and activate the
catalytic subunit of this enzyme that generates PI [3—5]
P3 by phosphorylation the PI [4,5] P2 in 3-position.
The PI [3—5] P3 acts directly like a second messenger,
binding several cytoskeleton kinase proteins and
modulating the activity by conformational changes
and/or their membrane translocation. PKB/AKT is an
enzyme indirectly activated by PI3-K, which inactivates
BAD, pro-apoptotic factor, by phosphorylation [27].
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These observations guide us in understanding the
complex relationship between Ras activation, cellular
proliferation and apoptosis. Thus, Ras can induce
simultaneously anti/pro apoptotic pathways as a
function of quality and intensity of activating signals,
as a function of cell type and metabolic conditions, and
by activation of other Ras-independent or dependent
pathways. Further understanding of these processes
would help us identify the factors directly responsible
for cell cycle de-regulation in several tumors and would
help in the design of specific strategies for the control
on the proliferation of neoplastic cells.

Mutations in Ras genes have all been found in
human tumors and the frequency of Ras mutations
were found to be highest among genes in human
cancers [28]. Activating mutations of Ras are found in
humans in nearly all pancreatic cancers, one half of
colon and thyroid tumors and one-third of lung
tumors [28]. A divergent association of Ras mutations
with distinct neoplasm is also seen when comparing
humans and rodents. For example, Ras mutations are
strongly associated with the carcinogen-induced
mammary carcinomas in mice and rats [29], while
such mutations are rare in human breast cancers [28].
Activating point mutations of Ras genes occur in
approximately 30% of human cancers, with certain
malignancies having a particular high incidence [28].
The incidence of K-Ras mutations in pancreatic
cancers approaches 90%, while mutations in K-Ras
are detected in 50% colorectal carcinomas and 30%
Non Small Cell Lung Cancers (NSCLC). Hemato-
logic malignancies harbor N-Ras mutations [28].
H-Ras transformed cells appeared to be more sensitive
to FTIs than those transformed either by K-Ras or
N-Ras [19-23,30,31].

Effect of FTIs on cell cycle progression

FTIs have been shown to interfere with cell cycle
progression in human cancer cells [32]. In most cells,
FTIs induce accumulation of human cancer cells in
the G,/M phase of the cell cycle, but in some cells
FTIs could rather induce a G,/G; block or have no
effect on the cell cycle progression. Furthermore, it
has been shown that the G,/M accumulation is due to
the inhibition of the prophase/metaphase transition
during mitosis [33—-36]. For example, after a 24-hour
exposure to FTI-2153 (18), cancer cells attempted to
cycle from prophase to metaphase in preparation
for chromosomal alignment for mitosis, but were
unable to form bipolar spindles and their chromo-
somes failed to align to form a metaphase plate [33].
This inhibition of bipolar spindle formation correlated
with an accumulation of cells in the prometaphase
[33,34].

Further investigation into the mechanism of action,
therefore involved the analysis of farnesylated

proteins required for prophase/metaphase transition
and bipolar spindle formation. Centromere associated
proteins (CENP-E and CENP-F) were the first
targets to be investigated, as they are critical to the
processes of chromosome alignment and spindle
formation [34-36]. However, localization of farnesy-
lated CENP-E and CENP-F to the kinetochore was
unaffected by FTI-2153 (18) [33] suggesting that
these centromeric proteins may not be molecular
targets for the inhibition of bipolar spindle formation
by FTTIs [34]. Further investigations are still needed
in order to elucidate the mechanism by which FTIs
induce cell cycle arrest in human cancer cells.

Development of farnesyltransferase inhibitors

Various structurally diverse classes of FTIs have been
reviewed [13,37-40]. Here emphasis is given only to
the efforts that lead to development of various clinical
candidates.

The general approaches used for the development
of FTIs are:

(1) Design and synthesis of FDP analogs that
compete with the substrate FDP for FTase.

(2) Design and synthesis of peptide and non-peptide
CaaX peptidomimetics that compete with the
CaaX portion of Ras for FTase.

(3) Design and synthesis of bisubstrate analogs that
combine features of both FDP analogs and
peptidomimetics.

Even though potent FDP analogs have been
discovered, much attention has been given to the
analogs of the CaaX peptide [13,37]. Two of the most
notable CaaX derived inhibitors are 1.-739,750
(1, Merck; FTase IC5o = 1.8nM) [41] and FTI-276
(3, Hamilton and Sebti group; FTase IC5¢, = 0.6 nM)
[42], and their ester prodrugs 1.-744,832 (2) and
FTI-277 (4) respectively. 1.-744,832 was found to
exhibit impressive efficacy in a transgenic mouse
model of cancer [41]. In this transgenic model 2
induced complete tumor regression in the absence of
any obvious toxicity. In contrast, the cytotoxic agent
doxorubicin failed to shrink tumors in this model at
its maximum tolerated dose. Such observations
suggested that FTIs might indeed fulfill the promise
of effective cancer chemotherapy without toxicity.
Despite encouraging iz wvivo data, skepticism pre-
vailed about the clinical utility of 2 because of its
potential for thiol-based toxicity. Nonetheless, the
AstraZeneca compound AZD3409 (5), which has
both the key thiol and carboxylate groups blocked
in a double prodrug strategy advanced to clinical
stage [43].

An extensive effort to address the concern about
the peptidomimetic mercaptan and carboxylate
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groups was undertaken by scientists at Merck.
Truncation of the CaaX tetrapeptide and sub-
sequent re-engineering gave rise to the piperazine
based non-peptide thiol 6 (FTase ICs5y= 1nM)
[44]. Another early success was the identification of
a general thiol replacement in 4-cyanobenzyl
imidazole. This was designed to simultaneously
ligate the active site zinc ion and occupy a nearby
hydrophobic binding site, which resulted in a potent
peptidomimetic FTT like 7 (FTase IC55 = 0.15nM)
[45]. Fusion of the non-peptide 8 with the thiol
replacement in 7 and further optimization of the
piperazine template led to piperazinone FTIs, which
displayed significantly improved cell based activity
compared with the earlier peptidomimetic FTIs
[46]. For example the Merck clinical candidate L-
778,123 (8, FTase ICs5)=2nM) inhibited the
growth of H-Ras transformed cells with an ICs,
value of 15nM. Studies directed at optimization of
such non-peptide cyanobenzylimidazoles utilized
transferred Nuclear Overhauser Effect (NOE) data
to design macrocyclic FTIs such as compound 9
(FTase IC59 = 0.2nM) [47]. Members of this class
of FTIs exhibited the highest cell potency yet
described for inhibitors of FTase. Compound 10,
for example inhibited the processing of HDJ2 in
PSN-1 cells with an ECsq value of 180 pM [48].

Researchers at Bristol-Myers Squibb sought
analogues of thiol 6, in which the mercaptan was
replaced by imidazole [49] and evolved their initial
micromolar leads into a tetrahydrobenzodiazepine-
based series of compounds represented by 11
(FTase 1C5¢9 = 24nM) [50]. It was discovered that
the potency of analogues such as 11 was enhanced
by addition of a phenylmethyl moiety at the 3-
position and replacement of the 4-position amide
with a sulfonamide. Incorporation of a 7-cyano
substituent simultaneously improved the potency
and aqueous solubility and these modifications led
to the clinical candidate BMS-214662 (12, FTase
IC50 = 1.4nM) [21]. It seems likely that this moiety
takes advantage of similar binding interactions to
the cyanobenzyl in many Merck compounds.
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In contrast to the gradual evolution from CaaX
peptides to small molecules such as 8 and 12, other
researchers obtained attractive leads for the develop-
ment of FTIs from screening of compound libraries.
For example, screening at Schering-Plough identified
micromolar FTIs such as SCH-37370 (13, FTase
IC59 = 27000 nM) a close analog of loratidine [40].
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Exploration of structure-activity relationships led to
SCH-44342 (14), which exhibited significantly
enhanced potency (FTase IC5¢ = 250 nM). Alterna-
tives to the pyridine side chain were explored to
improve the pharmacokinetic profiles, leading to a
clinical candidate SCH-66336 (15, Lonafarnib,
Sarasar; FTase ICsy = 1.9nM) [51]. This tricyclic
inhibitor was distinguished from those tested in
humans by its lack of a ligand for the active site zinc
ion in FTase.

At the Janssen Research Foundation, screening for
FTIs afforded lead quinolinone compounds such as
16 (FTase ICs5o = 180nM). It was found that
attachment of the imidazole moiety via the 5-position,
combined with N-methylation of the imidazole,
increased potency against FTase and selectivity
against cytochrome P450-dependent enzymes. Incor-
poration of a benzylic amino group was shown to
improve cell potency, and additional optimization
produced R115777 (17, tipifarnib, ZARNESTRA;
FTase IC5, = 0.86nM), the first FTI to advance to
human clinical trials [51]. Compound 17 inhibited the
growth of H-Ras-transformed NIH 3T3 cells with an
impressive ICso value of 1.7nM [52]. Docked
tipifarnib is well depicted in Figure 3.

Monica et al. at Karolinska Institute, Stockholm in
collaboration with Phillips University, Leibnz Institute
and Ludwig-Maximilians University in Germany
recently reported benzophenone-based FTase inhibi-
tors as highly active against Trypanosoma Cruzi. These
inhibitors can be helpful in the treatment of Chaga’s
disease [53]. Researchers at the University of
Washington also identified Tipifarnib as a potent
inhibitor of Trypanosoma Cruzi with EDsy of 4nM.

Figure 3. Farnesyltransferase enzyme complexed with tipifarnib
(PDB code: 1SA4).

They used homology models of 7. Cruz: CYP51 (E.C
1.14.13.70) for the prediction of the binding modes of
substrates, tipifarnib and lanosterol [54]. Scientists at
Princeton and Scheringh-Plough institute, New Jersey
reported novel FTTs by screening ECLiPS library and
also inferred that enhancement in potency can be
afforded through interaction with the active site zinc
[55]. Qun Li and co-workers explored the tipifarnib
scaffold and synthesized new FTIs by substituting the
benzimidazolones and indoles for 2-quinoline of
tipifarnib retaining considerable FTase inhibitory
activity [56]. Katja et al. were successful in synthesiz-
ing and screening FTase inhibitors for antimalarial
activity, they also carried out docking studies in order
to explore the binding interactions with the active site
of Ftase [57]. Guida and co-workers carried out
flexible docking studies of various peptide, peptido-
mimetic and non-peptidomimetic inhibitors of the
zinc metalloenzyme FTase and inferred from the study
that various conformations for the methionine
side chain can be accommodated by the enzyme
suggesting that the methionine pocket can tolerate
groups larger than methionine at the C-terminus of
tetrapeptide [58].

8; L-788,123; FTase IC5y = 2 nM

9; FTase ICg5 = 0.2 nM

L0

CN
10; FTase IC5g <1 nM
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11; FTase ICgy = 24 nM

12; BMS-214662; FTase IC, = 1.4 nM

/\ cl

13; SCH-37370; FTase IC,, = 27,000 nM

Efficacy of farnesyltransferase inhibitors

Inhibitors that are competitive with respect to CaaX
protein substrate are more efficacious than com-
pounds that are competitive with respect to FPP [59—
63]. In addition to inhibiting H-Ras protein, FTase
inhibitors block farnesylation of a number of proteins
including lamin A, lamin B, Pxf and perhaps as many
as 15 as yet uncharacterized polypeptides [64,65].
Thus, it is incorrect to refer to FTase inhibitors as Ras
inhibitors. However the biochemical specificity of
FTase inhibitors is unquestioned, since these agents
do not block geranylgeranylation of proteins
[61,62,66,67].

Biological activity of FTase inhibitors against H-Ras
transformed rodent fibroblast cells has been demon-
strated in cell culture assays that monitor key
phenotypes of cellular transformation: anchorage-
independent growth [44,68], the rapidity of growth in
monolayer, morphological transformation [62,69,70],
and alterations in the cytoskeleton [70]. The
concentrations of compounds necessary to illicit
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these effects are similar to those necessary to block
intracellular farnesylation, suggesting that the
observed efficacy is mechanism based.

In addition to inhibiting the growth of transformed
fibroblasts, FTase inhibitors also block the anchorage-
independent growth of human tumor-derived cells
[68,71-73]. Human tumor cells with and without
mutant ras alleles are sensitive to B581:1C50 (23) and
1.-744,832 (2), although the doses of these agents
necessary to achieve this effect varied depending on
the particular cell line tested [68,74]. Thus the action
of FTase inhibitors may target a broader set of tumors
than earlier anticipated.

Initially, the principle aim of these cell-based assays
was not only to demonstrate efficacy against Ras-
transfomed cells but also to distinguish the actions of
FTase inhibitors from more traditional cytotoxic
agents. To do this, activity of FTase inhibitors against
Ras-transformed cells was compared with that in cells
transformed by other oncogenes. If FTase inhibitors
were truly inhibiting the function of transforming Ras
proteins, the cells transformed by an activated
oncogene such as Raf, which does not require
prenylation to achieve full biological activity, should
be less sensitive to these inhibitors. The experimental
basis for this hypothesis was based on work carried out
by Stacey and coworkers, who showed that cells
transformed by Raf were insensitive to the actions of a
neutralizing Ras antibody or dormant negative forms
of Ras [75,76]. In all reported biological assays, cells
transformed by Raf have been resistant to the actions
of FTase inhibitors at doses used to inhibit cells
transformed by H-Ras, suggesting that the action of
FTase inhibitors and their growth inhibitory profile is
very different from the profiles observed with standard
cytotoxic chemotherapeutic agents [62,69,70].

FTase inhibitors have also demonstrated antitumor
efficacy in mice [60,44,68,77]. Initial studies utilized
nude mice so that xenograft tumors could be produced
using transformed rodent fibroblasts that were charac-
terized for their sensitivity to FTase inhibitors in cell
culture. The metabolic liability of the ester prodrug of
FTTs became evident in this assay. In some cases, the
free carboxylate forms of the FTIs were just as
efficacious as the prodrug forms, FTI-276 (3) / FTI-
277 (4) and B956 (20) /B1086 (21) [68,71]. This result
may vary among compounds because the acid of
1-739,749 had poorer activity than the prodrug.
Nevertheless, given the high plasma esterase activity in
rodents, this result is perhaps not so surprising and is
probably a major reason why the doses required to
achieve an antitumor effect (40—250 mg/Kg of body
weight) were so high. However a clear dose-response
relationship was observed between antitumor activity
and exposure to active drug [68,71].

Human tumor cells have also shown sensitivity to
FTIs in the nude mice xenograft model [68,71,77].
However, not all tumor cells were equally sensitive.
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Researchers have suggested that the sensitivity of human
tumor cells in this assay correlates with the Ras-
mutational status [68]. One of the more unexpected
actions of FTIs in animals was seen in a transgenic
mouse model of mammary cancer [41]. In this model,
viral Ha-Ras is expressed under the control of MMTV
promoter, and mice develop mammary and salivary
carcinomas [78]. Thus it appears that a second genetic
alteration must occur in these animals before they
develop tumors.

Although the biological results seen with FTIs are
widely accepted, the question still to be convincingly
addressed is “Why is there selectivity for tumor cells
versus normal cells?” An accurate explanation for this
phenomenon has not been established, but several
observations that address to this issue are noted. First,
not all farnesylated proteins have the same sensitivity to
FTase inhibition in cells. Ha-Ras appears to be one of
the more sensitive polypeptides to the action of FTase
inhibitors. Second, in the absence of functional FTase,
some proteins may serve as substrates for GGPTase-I1.
The functional impact of geranylgeranylation on these
proteins cannot be clearly anticipated, but in the case of
Ki4B-Ras, which serves as a good substrate for
GGPTase-1, the oncogenic forms of Ki4B-Ras that
are geranylgeranylated can effectively transform cells
[79]. Geranylgeranylated wild type Ki4B-Ras may also
provide critical biological functions to normal cells,
although geranylgeranylated wild-type Ha-Ras has
been reported to exhibit dominant negative properties
[80]. Third, it is possible that redundant pathways in
normal cells compensate for the functional loss of
proteins such as Ha-Ras. For example, MAPK
activation by growth factors such as EFG is not
sensitive to BZA-5B (22) [81]. Fourth, it is unclear
what degree of inhibition of farnesylation is required to
block biological functions for any given protein.

SN
>N

14; SCH-44342; FTase IC5, = 250 nM

Br
7 | cl
Br o)
MN”Z

15; SCH-66336; Lonafarnib,Sarasar; FTase ICg, = 1.9 nM

H
H,N
O
19; L 739,749
SH
=
H,N
20; B956
SH
=
H,oN
21; B1086

o

16; FTase ICgy = 180 nM

18; FTI-2153

OMe

0O,CH3

S/

CO,H

S/

CO,CH,

RIGHTS LI MN Kiy



Journa of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by Mamo Hogskola on 12/25/11

For personal use only.

S/
O\
O
22, BZA5B
HS
1on J
N COOH
H,N

N
LN
H,C” “CH,

0 \(/scm

23, B581:1C50 = 21 nM

Preclinical studies combining FTIs and
chemotherapeutic agents

FTIs combined with other chemotherapeutic agents is
an attractive approach for several reasons: FTIs have
distinct spectra of activity compared with classical
chemotherapeutic agents [82]. Furthermore, the
growth inhibition by FTIs can supplement cytotoxic
effects of other drugs in an additive way under certain
conditions. However, the cell cycle blocks induced by
FTIs could inhibit the activity of certain cytotoxic
agents. This is the reason why careful pre-clinical
studies of FTT/drug interactions are essential. Several
groups have reported the combination of FTIs with
other drugs [83-85].

Several human cancer cell lines with K-Ras
mutations were tested for sensitivity to FTI-2148
combined with 5-FU, melphalan and cisplatin i vitro
[86]. Combining FTI with 5-FU did not give a
satisfactory result, whereas combinations with mel-
phalan as well as gemcitabine were found to be
synergistic. In A549 lung adenocarcinoma and T98G
glioblastoma cells, SCH66336 (15) combined with
cisplatin had an additive effect; while in the other cell
lines, the combination did not have an effect [84].

In contrast to the additive effects seen with most
chemotherapeutic agents, the combination of FTI
and taxol or desoxyepothilone was synergistic. Similar
synergistic effects were reported for breast cancer
and prostrate cancer cell lines T47D and DU-145. The
fact that epothilones do not share structural similarity
with taxol but also stabilize microtubules and
exhibit synergistic effects in combination with FTI
was interpreted as a mechanistic relationship between
FTIs and microtubule-stabilizing agents. The effects of
some FTTs on anchorage-independent growth of MIA-
PaCa-2 cells in combination with taxol were supra-
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additive as determined using the Pearson correlation
coefficient [83]. Another FTI, SCH66336 (15), was
also able to synergize with paclitaxel and to a somewhat
lesser degree with docetaxel when 11 cell lines of
different tumor entities were tested i virro [85]. In a
study combining SCH66336 (15) with cyclopho-
sphamide, 5-FU, and vincristine in a HTB177
human lung carcinoma xenographt (K-Ras mutant),
an additive effect of combining FTT with these agents
was reported [87].

Clinical development of FTase inhibitors

Ambiguous results obtained in preclinical studies have
complicated the selection of relevant end points in
clinical trials [88]. The traditional strategy for evaluation
of cytotoxics in terms of their ability to shrink tumors
may be sub-optimal if the primary effect of FTIs is
growth inhibition cytostatis rather than cytotoxicity.
Since the Ras hypothesis has fallen out of favor,
the clinical studies have targeted a variety of cancers
irrespective of their historical frequency of Ras
mutations. There appears to be no relationship between
clinical response and Ras status [89,90]. Pharmacody-
namic effects of FTTs in patients have been monitored by
quantitation of FTase substrates such as HDJ2 and
prelamin A [91,92]. Summaries of only a few significant
clinical findings are discussed here.

Therapy using single agent

In a Phase I clinical trial, 17 was administered orally
twice daily to 28 patients with advanced solid tumors
in a dose-escalating protocol [89]. The dose limiting
toxicities (DLTs) were myelosuppression and neuro-
toxicity and the maximum tolerated dose (MTD) was
determined to be 300 mg twice daily. One patient with
NSCLC showed a partial response (PR). In a Phase II
breast cancer trial examining continuous and inter-
mittent dosing schedules of 17 (300 mg twice daily),
eight patients out of 76 (11%) showed a PR [93].
However, 17 did not improve the survival time of
patients with advanced colorectal cancer in a phase III
trial [92]. Perhaps the most impressive clinical efficacy
reported for 17 as monotherapy has been in hematologic
malignancies. A phase I dose-escalating trial in patients
with refractory and relapsed acute leukemia’s encoun-
tered DLT of central neurotoxicity at 1200 mg twice
daily. Out of 34 patients, clinical responses occurred in
10 (29%), including 2 complete remissions (CRs) [94].
Other clinical trials with 17 have shown objective
responses in chronic myeloid leukemia (CML) [95].

In a phase I trial, 15 was dosed orally twice a day in a
dose escalating fashion to 20 patients with solid
tumors. The DLTs were fatigue and gastrointestinal
toxicity and the MTD was 350 mg twice daily. One PR
was observed in a patient with NSCLC. In a phase II
study of patients with pancreatic cancer, 15 was
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compared with standard gemcitabine therapy and two
PRs were seen with 15 (200 mg twice daily) [96].

A phase I study examined the administration of 8 as
a continuous infusion to patients with advanced solid
malignancies [97]. The observed DLTs were myelo-
suppression, prolongation of the QT. interval and
fatigue, and the MTD was 560 mg/m? per day. No
objective responses were seen, and the clinical
development of this dual inhibitor has been discon-
tinued. Compound 12 has been investigated clinically
using both oral and intravenous delivery routes with
later trials favoring infusion, in part to minimize
gastrointestinal toxicity [98]. In a phase I study,
treatment with 12 led to objective responses in 24% of
patients with advanced hematologic malignancies [90]
but the current development status of 12 is unclear.

Combination theraphy

Preclinical studies have revealed that FTTs can exhibit
synergy when employed with other anticancer therapies
[99,100]. FTIs have exhibited synergy with taxanes in
particular and have been found to act as radiosensitizers
[98]. Recently 15 was shown to enhance the activity of
imatinib against BCR-ABL-expressing cell lines
[101,102], and evaluation of this combination in clinical
trials was initiated. Other clinical studies have evaluated
combinations of FTTs with a variety of current therapies
including taxanes, gemcitabine, cisplatin, the antibody
trastuzumab (Herceptin), and radiotherapy. Objective
responses have been reported for 17, 15 and 12 in
combination with paclitaxel and docetaxel [98].
Compound 8 was evaluated in conjunction with
standard radiotherapy in patients with either head and
neck cancer or NSCLC suggesting that FTIs may be
clinically useful as radiosensitizers [103]. A phase I
clinical trial examined the combination of 17 with
gemcitabine and cisplatin in patients with advanced
solid tumors and objective responses were seen in 33%
of patients [104].

Recently, the pediatric oncology branch at the
National Institute of Health, USA carried out a Phase
I trial and pharmacokinetic study of the FTT tipifarnib
in children with refractory solid tumors or neurofi-
bromatosis type I and plexiform neurofibromas. They
concluded that oral tipifarnib is well tolerated in
children receiving the drug twice daily for 21 days and
a continuous dosing schedule at 200 mg/m?*/dose,
which is equivalent to the MTD in adults. The
pharmacokinetic profile of tipifarnib in children is
similar to that in adults [105].

Clinicians at the Albert Einstein Cancer Center
targeted inhibition of farnesyltransferase in locally
advanced breast cancer by undertaking phase I and II
trial of tipifarnib plus dose-dense doxorubicin and
cyclophosphamide. They concluded that Tipifarnib
may be safely combined with dose-dense cyclophos-
phamide using a dose and schedule that significantly

inhibits FTase enzyme activity in human breast cancer
m vivo and may enhance the pathologic complete
response rate after four cycles of pre-operative dose-
dense cyclophosphamide [106].

Molecular modeling studies

Very few in silico attempts have been made to explore
the structural requirements responsible for farnesyl-
transferase inhibition. Corey and co-workers had
earlier reported the crystal structure of a farnesyl
protein transferase complexed with a CaaX peptide and
FPP analog [107]. They reported that in the ternary
complex, the bound substrates are within van der Waals
contact of each other and the FTase enzyme. «-
Hydroxyfarnesylphosphonic acid (a«-HFP) binds in an
extended conformation in the active site cavity where
positively charged side chains and solvent molecules
interact with the phosphate moiety and aromatic side
chains pack adjacent to the isoprenoid chain. The
backbone of the bound CaaX peptide adopts an
extended conformation, and the side chains interact
with both FTase and a-HFP. The cysteine sulfur of the
bound peptide coordinates the active-site zinc. Pete and
co-workers proposed a model for substrate binding
[108]. They concluded that both farnesyl diphosphate
and peptide substrates can be accommodated in the
hydrophobic active-site barrel, with the sole charged
residue inside the barrel, Arg202 of the B-subunit,
forming a salt bridge with the negatively charged
carboxy terminus of the peptide substrates.

In order to clarify how FTase discriminates between
FPP and larger prenyl diphosphates, Tammy and his
co-workers have examined the interactions between
the enzyme and several isoprenoid analogs, GGPP, and
the farnesylated peptide product using a combination
of biochemical and structural methods. Comparison
of the GGPP binding mode with the binding mode of
the farnesylated peptide product suggests that the
bulkier isoprenoid cannot rearrange to convert to
product without unfavorable steric interactions with
the acceptor protein. They proposed a ‘second site
exclusion model’ in which FTase binds larger
isoprenoids in a fashion that prevents the subsequent
productive binding of the acceptor protein [109].

Markus and co-workers using benzophenone based
FTIs reported two novel aryl binding sites. One is
located in close proximity to the zinc ion and is defined
by the aromatic side chains Try 30083, Trp 30383, Tyr
361B3 and Tyr 365B. The second aryl binding site is
defined by the side chains of Try 3003, Leu 2953, Lys
2943, Lys 3538 and Lys 356B. This second aryl
binding site has been used for the design of non-thiol
FTIs [110].

Modeling of binding modes and inhibition mechan-
ism of some natural ligands of FTase using molecular
docking was carried out by Alessandro and co-workers.
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Their aim was to show how molecular docking analysis
can be successfully used to underline the inhibition
mechanism of the natural ligands. They have shown how
the binding modes of the compounds can be related to
lipophilicity values, which are appreciably less for
peptidomimetics than for FPP mimetics and reveal a
straightforward method to predict and understand the
FTase inhibition mechanism [111].

In an effort to develop isoprenoid diphosphate-based
FTIs, striking variations have been observed in the
ability of modified analogs to bind to the enzyme. For
example 2Z-GGPP is an alternative substrate with high
binding affinity, while GGPP is not an alternative
substrate. In this view Brian and co-workers have used
pharmacophore and docking studies to elucidate a new
binding pocket for isoprenoid analogs. The unique
conformations between the first two isoprene units of
27-GGPP, but not GGPP, allows 2Z-GGPP to exploit
this new binding pocket. These studies suggest that
ligand conformational flexibility may be an important
design consideration for the development of both
inhibitors and alternative substrates of FTase [112].
Emanuele and co-workers have successfully applied
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virtual screening methodology for developing new
leads as FTase inhibitors [113].

We, in our molecular modeling laboratory have
applied an analog-based drug design approach
applying the Comparative Molecular Field Analysis
(CoMFA) technique to a series of benzonitrile
derivatives as FTIs in order to correlate the inhibitory
activity with the structural features of the molecule.
This study highlighted the importance of steric and
electrostatic functional groups responsible for FTase
inhibitory activity [114]. Further, we were also
successful in building predictive 3D-QSAR models
for a tricyclic piperazinyl class of FTIs which guided
our synthetic efforts [115].

3D-QSAR analysis of antimalarial farnesyltransfer-
ase inhibitors based on a 2,5-diaminobenzophenone
scaffold was performed by Doerkson and group in
order to optimize FTase inhibitors potentially active
against malaria [116]. In continuation with our efforts
to identify the pharmacophoric requirements of
optimum FTase inhibitory activity we also carried out
molecular modeling studies of 3-aminopyridones,
imidazolymethyl ethers and 2-amino nicotinonitriles.

Figure 4. STDDEV*COEFF contour plots for 3-aminopyrrolidinones. (A) CoMFA steric (B) CoMFA electrostatic (C) CoMSIA

hydrophobic maps superimposed on FTase active site.
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The superimposition of contour maps on the FTase
active site are depicted in Figure 4. These results are yet
to be published. Researchers from Cuba carried out
modeling of FTase inhibition by some thiol and non-
thiol peptidomimetic inhibitors using genetic neural
networks and RDF approaches. Descriptors in the
developed model suggested the occurrence of a strong
dependence of FTase inhibition on the molecular
shape and size rather than on electronegativity or
polarizability characteristics of the studied compounds
[117]. Baldwin and co-workers illustrated how a large
ECLIiPS library of 26,908 compounds, based on a
tricyclic core structure, was used to define a multitude
of SARs for the oncogenic target, FTase [118]. Further
in silico studies will not only help us to address the
selectivity issue of structurally diverse FTIs but also
assist in the identification of lead compounds that can
be used in cancer therapy.

Conclusion and future directions

In this review, we have tried to summarize the current
knowledge concerning the development of FTTs, their
status in pre-clinical and clinical trials and some  silico
attempts made to develop FTTs. Despite encouraging
preclinical observations, FTIs have not succeeded as
single-agent anticancer drugs for most solid cancers.
Identifying the tumor molecular signatures that
predict response to FTIs and GGTIs is a critical
issue to be addressed in future hypothesis-driven
mechanistic studies. Proteomics and the elucidation of
oncogenic and survival pathways are potential avenues
by which these questions could be answered.
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