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Inhibiting Intracellular Signalling as a Strategy for
Cancer Chemoprevention

G. Powis and D.S. Alberts

The intracellular signalling pathways that mediate the effects of growth factors and oncogenes on cell growth and
transformation offer potential targets for the development of chemopreventive agents that prevent the progression
of premalignant cells to invasive cancer. Agents acting on signalling targets would be expected to be cytostatic
rather than cytotoxic agents. A number of existing chemopreventive agents exhibit, among their properties,
inhibition of intracellular signalling enzymes. It is possible that this activity accounts, at least in part, for their

chemopreventive properties.
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INTRODUCTION

A CHEMOPREVENTIVE AGENT is a specific natural or synthetic
chemical entity used to suppress or reverse the progression of
premalignancy to invasive cancer. The concept of chemopreven-
tion is founded in the belief that carcinogenesis is a multistep
process that can be halted or even reversed during its preinvasive
stages by the use of such agents. There is considerable evidence
to support the multistep nature of human carcinogenesis. Epide-
miological studies strongly suggest the existence in the diet of
inhibitors of human carcinogenesis, and animal studies have
shown that certain chemicals can halt or delay the occurrence of
chemically- or spontaneously-induced cancers. There is increas-
ing evidence that human carcinogenesis can also be prevented
by the use of chemopreventive agents.

Over 500 agents from 20 chemical classes have so far been
identified, through epidemiological studies of human popu-
lations or studies employing animals, as having some form of
chemopreventive activity [1]. Because their use is amenable to
hypothesis testing, most interest has focussed on agents that act
by mechanistically defined pathways. Chemopreventive agents
have been classified into three major mechanistic groups: agents
that block metabolic conversion of precarcinogens to carcino-
gens, agents that prevent carcinogens from reaching or reacting
with sensitive tissue sites and agents whose inhibitory action
follows exposure to carcinogenic agents [2]. A class of agents in
the last group that holds considerable promise as chemopreven-
tive agents for human cancer are the inhibitors of growth factor
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and oncogene intracellular signalling. This class of compounds
form the subject of this review.

Development of chemopreventive drugs

The testing of chemopreventive drugs in human populations
is extraordinarily complex, with many ethical issues relating to
activity and side-effects that are not seen with cancer chemother-
apeutic drugs. The testing is expensive and involves a large
number of subjects. The absence of reliable intermediate bio-
marker endpoints means that the testing often has to be conduc-
ted over several years. There is also a requirement for minimal
toxicity even with long-term drug use. It is notoriously difficult
to predict long-term toxicity of chemicals to humans from animal
toxicity studies [3]. Given the competition between agents for
selection for human chemoprevention trials, agents that will
most likely be chosen are those with a rational mechanism,
compelling evidence in appropriate animal models for chemop-
reventive activity, agents that can be given orally or in depot
form, and most importantly, evidence of probable low human
toxicity. These are very different requirements than those for
potential chemotherapeutic drugs. Since the use of chemicals as
drugs in humans is always associated with some side-effects, the
benefits of the compound must outweigh its side-effects. This
benefit ratio is easier to achieve in populations at high risk of
developing cancer due to acquired or genetic risk factors, or
subjects at high risk due to previously cured cancers. It is, thus,
likely that new chemopreventive agents will be tested in specific
populations of relatively high cancer risk. For example, chemo-
prevention studies for lung and head and neck cancer often limit
study subjects to those with a chronic history of cigarette
smoking, asbestos exposure and/or prior resection of an early
stage cancer. The use of high-risk populations reduces the
number of subjects required to observe a significant reduction
in tumour incidence. In addition, patients who perceive them-
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selves to be at an increased risk of cancer may be more compliant
and less likely to become early study drop-outs. Finally, since
most chemopreventive agents have documented toxicities, the
potential risk/benefit ratio is more favourable for individuals
with a higher cancer risk.

Study design

Like traditional clinical chemotherapy studies, chemopreven-
tion trials are conducted in phases. However, the objectives of
chemoprevention studies differ from their counterparts in cancer
therapy.

Phase I study. Phase 1 studies should only be performed if
there are convincing in vitro and/or epidemiological data to
suggest that an agent has significant chemopreventive activity
and there are insufficient clinical data to select an appropriate
dose for long-term use. The primary objective of a phase I
chemoprevention study is to identify the highest dose of an agent
which may be administered with minimal or no toxicity (if in
vitro data do not show evidence of a dose/efficacy relationship, a
dose with no associated toxicity should be selected). As a
secondary objective, the study may gather data on the dose/
toxicity relationship. Approximately 20 to 25 patients should be
treated at each dose level and drug administration should last for
several months. Pharmacokinetics studies are often performed
in tandem with phase I studies. Additionally, pilot studies of
intermediate tumour markers may be performed.

Selection of a dose for further clinical testing is somewhat
problematic. Subjects who believe themselves to be at high risk
of developing cancer may be more tolerant of side-effects than
the general population. In addition, dose selection for chronic
administration will be largely based on data from short-term
studies. It is important to choose a dose level with no or extremely
minimal side-effects since subjects who are asymptomatic from
their premalignancy will be reluctant to experience toxicities
from treatment of a disease which they may never develop. Since
the potential benefit must outweigh the associated risk, severe
to moderate toxicities are unacceptable in chemoprevention
studies.

Phase II study. Phase II chemopreventive studies may be
performed if toxicities associated with an agent proved minimal
during initial clinical studies, and epidemiological and laboratory
studies continue to provide significant evidence of chemopreven-
tive activity. Phase II chemoprevention studies are randomised,
double-blind and generally placebo-controlled studies. The pla-
cebo study arm is used to better quantify toxicities which often
occur in the general, untreated population (e.g. headaches,
gastrointestinal disturbances, dermatological disorders), as well
as determine the variability of surrogate endpoint biomarkers
over a prolonged time period. Total accrual is generally limited
to 100~1000 subjects. Multiple dose levels and drug combi-
nations of chemopreventive agents may be tested. In addition to
careful toxicity evaluation, phase II chemoprevention trials may
study strategies for improving patient recruitment, retention
and compliance, and further evaluate chemopreventive agent
pharmacokinetics and the relevance of specific surrogate end-
point biomarkers.

Phase III study. Phase III chemoprevention trials are large,
randomised, placebo controlled studies, generally lasting several
years. The primary endpoint of these studies is a reduction in
cancer incidence and/or regression of premalignant lesions.
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Multiple agents and dose levels may be studied using factorial
designs. Secondary study endpoints include long-term toxicity
evaluations and often, the modulation of surrogate endpoint
biomarkers. The sample size of individual studies varies on the
basis of statistical concerns (including targeted decrease in pre-
cancer recurrence of cancer incidence and estimated subject
drop-out rates) and the demographics of the study population
being evaluated.

Cancer chemoprevention and signalling pathways

The only known function of oncogenes is to code for protein
components of intracellular signalling pathways that mediate the
effects of growth factors on cell proliferation, The presence of
mutated or overexpressed oncogenes in the cancer cell leads to
the constitutive activation of signalling pathways that generate,
within the cancer cell, an unrestrained signal to grow. If agents
can be developed that block the signalling pathways activated by
an oncogene, it might be possible to suppress cancer cell
proliferation and invasion. The degeneracy of growth factor
intracellular signalling, where alternate pathways can take over
the function of an inhibited pathway, suggests that agents that
selectively inhibit oncogene function but leave normal cell
function unaffected can be developed [4]. This review will
describe a number of chemopreventive agents already in clinical
trial that may act by inhibiting intracellular signalling.

Signalling pathways

A detailed description of the signalling pathways involved in
growth factor and oncogene signalling is beyond the scope of
this review, and the reader is referred to more comprehensive
treatments of the topic [4, 5]. A major pathway involves the
guanine nucleotide binding (G) protein-mediated activation of
phosphatidylinositol specific phospholipase C (PtdInsPLC). A
mitogenic peptide acts on a membrane-spanning receptor
coupled to a specific G protein to activate membrane-bound
PidInsPLC-B [6, 8]. PtdInsPLCs hydrolyse a minor membrane
phospholipid, phosphatidylinositol(4,5)bisphosphate, to give
the water soluble inositol(1,4,5)trisphosphate and a lipophilic
diacylglycerol (DAG) [9]. Inositol(1,4,5)trisphosphate releases
Ca’* from non-mitochondrial stores, producing a transient
increase in the cytoplasmic free Ca?* concentration ([CaZ*];),
while DAG is an activator of a Ca®* and phospholipid-dependent
protein serine/threonine kinase, protein kinase C (PKC) [10].
PKC phosphorylates and activates the BZip superfamily of
signal-regulated transcription factors [11]. DAG can also be
formed by the hydrolysis of phospholipids in addition to PtdiIns,
most notably phosphatidylcholine [12]. The enzyme primarily
responsible for phosphatidylcholine hydrolysis is phospholipase
D which gives as products phosphatidic acid and choline [13].
Phosphatidic acid is dephosphorylated by phosphatidate phos-
phohydrolase to give DAG [14].

In another pathway, the binding of a growth factor, such as
platelet-derived growth factor (PDGF) or epidermal growth
factor (EGF), to its plasma membrane receptor causes the
receptor monomers to dimerise and then to phosphorylate each
other on tyrosine residues [15]. This permits a conformational
change in the receptor that enhances its protein tyrosine kinase
activity toward other substrates [16}. It also provides phospho-
tyrosine binding sites on the receptor for the recruitment of
specific cytoplasmic enzymes that contain a src-homology-2
(SH2) domain that binds with high affinity to certain phospho-
tyrosine-containing sequences [17]. One such enzyme is
PtdInsPLC-vy, which becomes phosphorylated on tyrosine and
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activated by the ligand-activated receptor {18]. Another enzyme
that undergoes SH2 domain binding and is tyrosine phosphoryl-
ated is phosphatidylinositol-3-kinase [19]. The mechanism by
which phosphatidylinositol-3-kinase activation stimulates cell
proliferation is not known.

The adaptor protein, Grb2 (growth factor receptor binding
protein 2), undergoes SH2 domain binding to the tyrosine-
phosphorylated EGF receptor {20]. Grb2 also binds to the
ubiquitously-expressed cytoplasmic protein Sos (son of
sevenless) [21]. Sos facilities the exchange of GDP by GTP,
thus, activating the small G protein Ras. The movement of Sos
from the cytoplasm to the plasma membrane, where Ras is
located, results in Ras activation [22]. MAP kinases are a
group of protein serine/threonine kinases that are activated by
phosphorylation on both a tyrosine and a threonine residues by
MAP kinase-kinase or MEK [23, 24]. MEK is itself activated
by phosphorylation on a threonine residue by c-Raf protein
kinase [25]. c-Raf binds directly to activated Ras in association
with MEK [26] and the activity of both c-Raf and MAP kinase
is stimulated by Ras [27].

Oncogenes and intracellular signalling

Oncogene protein products relevant to human cancer activate
signalling pathways by a number of mechanisms. The first is by
acting as a growth factor, thus, setting up an autocrine loop,
for example c-fins (granulocyte-macrophage colony stimulating
factor, GM-CSF). The second is by acting as a receptor protein
tyrosine kinase, for example c-erbB1 (EGF receptor), c-erbB2
(Her2/neu), ret and trk (NGF receptor), or a non-receptor protein
tyrosine kinase, for example src, abl and met. The third involves
transmission of signals by GTPases such as ras. Finally, onco-
genes that act as transcription regulators include myc, c-myb, c-
ets-1, hox-11 and lyl.

CHEMOPREVENTIVE DRUGS THAT INHIBIT
SIGNALLING PATHWAYS
Inhibistors of protein kinase C

PKCs present a particularly interesting target for chemoprev-
entive drugs because they are a primary receptor for the tumour-
promoting phorbol esters, such as 12-O-tetradecanoylphorbol-
13-acetate (TPA) [10, 28]. ¢cDNAs coding for nine different
PKC isoenzymes have been isolated (PKC-a, BI, BII, v, 8, €, {,
M,08). PKCs have a catalytic C-terminal domain and an N-
terminal regulatory domain. The regulatory domain contains
binding sites for Ca2* (PKC-a, BI, BII and 3 isoenzymes only),
phospholipid and DAG, as well as the autoinhibitory pseudo-
substrate amino acid sequence that closely resembles the PKC
recognition sequence of its protein substrates [29]. Most acti-
vated PKCs are translocated from the cytoplasm to the cell
membrane, possibly binding to a membrane receptor [30].
Translocation of PKC to the cell membrane results in its eventual
proteolytic degradation and downregulation of the enzyme.
However, not all the forms of PKC are membrane associated or
activated by Ca2*. Selective localisation of the isoforms PKCB
and PKCn to the nucleus has been reported [31, 32]. PKClevels
are altered in many tumour cells [33], and cells that overproduce
PKC are susceptible to transformation by v-H-ras {34]. Over-
expression of PKCRI, PKCy and PKCe in NIH 3T3 cells causes
a transformed phenotype [35-37].

The non-steroidal anti-oestrogen, tamoxifen, is currently
used in the adjuvant treatment of breast cancer and for the
chemoprevention of breast cancer [38]. Tamoxifen has effects in
addition to inhibition of oestrogen receptors, and inhibits DNA
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synthesis and the proliferation of cells that do not express
oestrogen receptors [39-41]. Tamoxifen and its metabolites are
weak inhibitors of PKC (1cs¢ 40-100 p.m), possibly through a
specific binding site on the enzyme [42, 43]. Tamoxifen inhibits
TPA stimulation of hydrogen peroxide formation by human
neutrophils [44], TPA and DAG-induced histamine release
from mast cells [45], and TPA inhibition of bombesin-induced
phosphoinositide breakdown in MCF-7 breast cancer cells [46].

Retinoids, such as all-trans-retinoic acid, have cell differen-
tiating and chemopreventive properties [47]. Their action has
been linked to binding to high affinity nuclear receptors that
regulate gene expression. However, retinoids also have effects
on intracellular signalling. During cell differentiation induced
by retinoids, PKC activity is increased [48-51]. With purified
PKC, the retinoids act as partial agonists, activating the enzyme
in the absence of DAG [51-53], and blocking the DAG- and
TPA-dependant activation of PKC with ICss around 100 nM
[51, 54, 55]. Based on this evidence, it will be interesting to see
if another PKC partial agonist, bryostatin 1, that is currently
undergoing clinical trials as a chemotherapeutic drug [56],
exhibits chemopreventive activity.

a-Tocopherol is a chemopreventive agent for oral leukoplakia
in humans [57]. The biological effects of a-tocopherol are
usually ascribed to its radical scavenging properties. However,
a-tocopherol has been shown to inhibit PKC activity in smooth
muscle cells that parallels its antiproliferative effects [58, 59].
B-Tocopherol, which is almost effective as a radical scavenging
agent as a-tocopherol, is only a weak inhibitor of PKC and of
cell proliferation, which suggests that radical scavenging may not
be responsible for the antiproliferative effects of a-tocopherol. a-
Tocopherol succinate, although not a-tocopherol acetate or a-
tocopherol, inhibits the DNA binding activity of the transcrip-
tion factor NF-«B [60].

Ether lipid analogues, such as 1-0-octadecyl-2-0-methyl-rac-
glycero-3-phosphocholine (ET-18-OCH;, edelfosine), have
undergone clinical trials as cancer chemotherapeutic drugs
{61, 62]. They are inhibitors of PKC (ics, 10nM) [63] and
inhibit PKC in intact cells which has been suggested to be related
to their antitumour activity [64—66]. However, the inhibition of
PKCin intact cells does not always correlate with the cytotoxicity
of ether lipid analogues [67, 68]. As discussed later, ether
lipid analogues inhibit other aspects of intracellular signalling
including Ca®" release [69], PtdInsPLC[70] and phosphatidylin-
ositol-3-kinase [71]. Clinical studies in cancer patients suggest
that ET-18-OCH} is a cytostatic rather than a cytotoxic agent,
and can be administered orally to patients for extended periods
of time with relatively low toxicity [72, 73]. This, together with
the observations that ET-18-OCH; and other ether lipids have
chemopreventive activity against some chemically-induced
tumours in animals [74, 75], suggests that the ether lipids should
be evaluated as potential chemopreventive agents.

c-AMP-dependant protein kinase A (PKA)

Another protein serine/threonine kinase important for growth
factor intracellular signalling that offers a potential target for
chemopreventive drugs is c-AMP-dependent protein kinase A
(PKA) [76]. PKA is composed of two distinct catalytic and
regulatory subunits. Three different catalytic subunits and four
regulatory subunits have been identified. Type I and type II
PKAs show a common catalytic subunit, but have regulatory
subunits of their own distinct class. Increased type I PKA leads
to increased cell growth while decreased type I PKA or increased
type II PKA leads to cell growth inhibition and differentation.



Chemoprevention and Intracellular Signalling

During retinoid-induced cell differentiation, there is a rapid
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type 11 PKA, compared to type I PKA [51, 78, 79].

Phosphoryrosine signalling

Protein tyrosine phosphorylation is a major event regulating
cell growth and transformation {80]. The flavonoid, quercetin,
inhibits a number of protein tyrosine kinases [81] and is a
chemopreventive agent that prevents the development of chemi-
cally-induced colonic and mammary tumours in animals [82].
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ASCPAC VL UL Lhaiaaa JidiRiaCh Uy L0 CACIHVPICVLALVE aplisss

a- d1ﬂuoromethylom1thme is associated with a decrease in cellu-
lar phosphotyrosine levels, apparently due to activation of
protein tyrosine phosphatases [83].

Ca** signalling

Cell membrane Ca?* influx channels are either voltage-depen-
dent or receptor-operated [84]. Inhibitors of voltage-dependent
Ca?* channels exhibit growth inhibitory activity against some
human tumour cell lines. For example, the growth of HT-39
human breast cancer cells in athymic mice is inhibited by the
Ca?* channel antagonists diltiazem, amlodipine and verapamil
[85). CAl, a carboxyamido-triazole, whose lead compound was
originally developed as a coccidiostat, has been shown to possess
in vitro and n vivoe antitumour and chemopreventive activity

{86-88]. CAI inhibits intracellular signalling by blocking volt-
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modified on other carboxy terminus cysteine residues by palmitic
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cid [105)

The monoterpene, d-limonene, a major constituent of oil of
orange that is widely used as a flavour and fragrance, has been
shown to selectively inhibit the isoprenylation of small GTP-
binding proteins including Ras, at a point in the mevalonic acid
pathway distal to HMG-CoA reductase and to inhibit farnesyl-
protein transferase [106, 107]. d-Limonene has shown chemo-
preventive and chemotherapeutic activity against chemically-
induced mammary carcinoma in rat {106, 108}, and is currently
in phase I clinical trials in patients with advanced breast and

gastromtestmal cancer [109].

Phospholipases

PidInsPLC represents another interesting target for chemo-
preventive drugs. A number of growth factors, including PDGF
and EGF, increase PtdInsPLC activity in cells [110, 111] Cells
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coupled to PtdInsPLC-B, have elevated PtdInsPLC activity and
a transformed phenotype [112]. Transfection of cells with the
muscarinic receptors ml, m3 and m5, which potently stimulate
PtdInsPLC-B through a G protein-coupled mechanism, causes
agonist-dependent cell transformation [113}. Cancer cells
expressing the transforming new/HER2 oncogene show consti-
tutive tyrosine phosphorylation of PtdinsPL.C-y, whiie a non-
transforming, kinase-defective mutant of new/HER2 does not
the
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arachidonic acid formation and the generation of inositol phos-
phates [87, 89, 90]. CAI also inhibits nucleotide biosynthesis at
the level of phosphoribosyl phosphate synthetase [91]. CAI is
currently in phase I clinical trial [92].

Tamoxifen can directly inhibit Ca?* influx channels [93-95],
which has been suggested to be responsible for its cell growth
inhibitory propertxes 196]. However, in some cells, tamoxifen
prolongs the opening of Ca?* channels that have already been
opened by agonists, such as carbachol or K* -induced membrane
depolarisation, resulting in prolonged increases and oscillations
in agonist-induced [Ca?" J; responses [97]. Tamoxifen also binds
to the Ca?* -sepsitive regulatory protein, calmodulin, in a Ca®*-
dependant manner causing its inhibition [98, 99]. This is prob-
ably how tamoxifen increases cyclic-AMP in ceiis by inhibiting

cyclic-AMP hydrolysis by Ca?*-dependant cyclic nuclectide
r\hncnhn{hnernraep fQQ lm |ﬂ'|]
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PtdInsPLC-y [l 14]. Studies of specific mutation-restoration of
PtdInsPLC-y binding to a tyrosine-mutated PDGF receptor
have shown that binding of PtdInsPLC~y is sufficient to confer
a mitogenic response to PDGF [115]. PtdInsPLC-y immuno-
reactive protein is high in human breast cancer compared to
benign breast tissue, and is localised to EGF-receptor or Her2/
neu-cxpressing cells [116]. PidinsPLC activity is also elevaied in
human non-small cell lung cancer, renal cell cancer and glial
tumours compared to normal tissue, and is correlated with
increased EGF receptor levels in the tumour {117, 118]. The
association between increased PtdInsPLC and EGF-receptor or
Her2/neu expression suggests. that PtdInsPLC might be a good
surrogate chemopreventive drug target to inhibit the increased
activity of these signailing pathways.

The ether lipid antitumour drugs are potent inhibitors of
PtdInsPLC. PtdInsPLC-v is inhibited by ET-18-OCH, with a

PRSP
agonist-induced increases in [Caz’“]l by inhibiting Ca®*-calmod-
ulin-dependent membrane ATPase Ca®* pumps, as well as the
calmodulin-independent uptake of Ca?>* by the endoplasmic
reticulum [94]. How these sometimes conflicting effects of
tamoxifen might affect cell proliferation is not known. It should
be noted that most of these effects of tamoxifen, as well
as inhibition of PKC discussed plcvmuuy 3 u:quuc tamoxifen
concentrations of 10 wM or more, whereas tamoxifen concen-
trations in the serum of patients being treated chronically with

the drug rarely exceed 1 uM [102, 103].

Ras as a target

Mutated Ras proteins play an important role in the develop-
ment of many human cancers [104]. The carboxy terminus of
nascent Ras includes the CAAX motif where the C is a cysteine
residue that becomes bound with a farnesyl group derived from
the mevalonic acid pathway of cholesterol biosynthesis. This is
followed by proteolytic removal of the tipeptide AAX and
carboxylation of the farnesylated cysteine residue. At this point,
Ras can associate with the plasma membrane and be further

1hibite 18-OCH; withan
ICso of 0.4 pM [70]. The formation of inositol phosphates in
PDGF-stimulated fibroblasts is inhibited by 10 uM ET-18-
OCH; which is similar to the cytotoxic concentration of ET-18-
OCHj; for this cell [119]. The ether lipid analogue hexadecyl-
phosphocholine inhibits inositol phosphate signalling in fibro-
blasts {120] and is an inhibitor of PidinsPLC-31 {121]. The
lipid analogue rac(3-hexadecyloxy-2-
ethoxypropyl)phosphono-myo-inositol, has been reported to
inhibit human melanoma PtdInsPL.C with an 1c.; 0f 61 u.M and
to inhibit human melanoma cell growth with an 1Cg, of 28 uM
[122].

Tamoxifen has been reported to bind to phosphatidylinositol
and, thus, prevent the feedback product inhibition of phosphati-

dylinositoi kinases {123]. It is pessibie that, by binding to

PtdIns, tamoxifen will inhibit PtdIns PLC in the same way that
neomycin, which also binds to Pidlns, inhibits Ptdlns PLC

neoInycin viillil aise A WRaalip X as

[124]. Tamox1fen also inhibits phosphohpase A, [125]. Retinoic
acid, at concentrations that cause HL-60 cell differentiation,
inhibits of PtdInsPLC activity by uncoupling its activation by G
protein [126].
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A newly discovered class of chemopreventive agents are
the non-steroidal anti-inflammatory agents (NSAIDs) such as
aspirin for the chemoprevention of colon cancer [127]. One of
the effects of aspirin and other NSAIDs is the inhibition
of phospholipase activity, measured by inhibition of DAG
formation, in cells in which they are incubated [128]. This is not
a direct effect on phospholipase activity, but appears to be
mediated through new protein synthesis. The phospholipases
are involved in many aspects of intracellular signalling, and it is
an intriguing possibility that they may be a target site for the
chemopreventive effects of NSAIDs.

CONCLUSIONS

It is apparent that a number of currently used chemopreven-
tive agents have effects on intracellular signalling pathways. This
may reflect the overall importance of the signalling pathways to
cell function, and it is not always clear whether the effects on
signalling are a primary or secondary effect of the agents.
Notwithstanding, in several cases the alterations in signalling are
early events that occur at concentrations of the chemopreventive
agent that are cytostatic or cause cell differentiation. This argues
for more than a casual relationship between the two effects.
There are also strong mechanistic reasons to expect signalling
inhibitors to show chemopreventive activity. The hypothesis
that inhibiting key intracellular signalling pathways involved in
oncogene action might provide a safe and effective approach to
the chemoprevention of cancer remains to be tested prospec-
tively. However, the evidence presented previously provides a
mechanistic basis for classifying some already identified chemop-
reventive agents as signalling inhibitors, and could aid in the
rational development and testing of new types of chemopreven-
tive agents.
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