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There is enormous potential for the discovery of innovative cancer drugs with improved eYcacy and

selectivity for the third millennium. In this review we show how novel mechanism-based agents are

being discovered by focusing on the molecular targets and pathways that are causally involved in

cancer formation, maintenance and progression. We also show how new technologies, from genomics

through high throughput bioscience, combinatorial chemistry, rational drug design and molecular

pharmacodynamic and imaging techniques, are accelerating the pace of cancer drug discovery. The

process of contemporary small molecule drug discovery is described and progress and current issues

are reviewed. New and potential targets and pathways for therapeutic intervention are illustrated. The

®rst examples of a new generation of molecular therapeutics are now entering hypothesis-testing
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clinical trials and showing activity. The early years of the new millennium will see a range of exciting

new agents moving from bench to bedside and beginning to impact on the management and cure of

cancer. # 1999 Published by Elsevier Science Ltd. All rights reserved.
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In its own microscopic way, becoming cancerous is about the

most glamorous and successful thing a cell can do.

(John Diamond, `C: Because cowards get cancer too', Vermil-

lion, London, 1998.)

INTRODUCTION

Decades of modern treatment have taught us that cancer is a

smart disease. Patients with many types of cancer may

experience little or no signi®cant response to even the best

available combination of surgery, radiation and drug therapy.

When responses are obtained, cancer cells most commonly

develop resistance mechanisms that lead to the failure of

subsequent treatments. Though glamorous may be an over-

statement, our appreciation of the smartness of cancer cells

has increased enormously with the progressive elucidation of

the genetic basis for the initiation of malignant transforma-

tion and the stepwise progression to an increasingly malig-

nant, locally invasive and metastatic phenotype. Our respect

is further enhanced by our growing knowledge of the bio-

chemical networks that cancer genes exploit during their

natural history. To beat `smart' cancer cells we will need even

smarter therapies. This is a considerable challenge. The

challenge is matched, however, by the real sense of excite-

ment that has developed in the ®eld of new anticancer drug

discovery over the last couple of years [1]. That excitement is

based on the premise that we can design much smarter and

more eVective therapies by aiming to counteract or exploit

the very genetic and biochemical abnormalities that drive the

disease itself [2].

A vast array of opportunities are now opening up for such

mechanism-based cancer therapies. They include the use of

small molecule drugs, antisense oligonucleotides, peptide and

protein therapeutics including monoclonal antibodies

(MAbs), gene therapy, vaccines and cell therapy. The list is

too long to cover in the space constraints of this review.

Given that other topics (such as gene therapyÐsee article by

Ilyas and colleagues, pp. 1986±2002) are covered by other

reviews in this series, we have chosen to focus on innovative

small molecule approaches targeted to aspects of the malig-

nant cell phenotype that are not dealt with elsewhere. Small

molecules, generally de®ned by a molecular weight cut-oV of

< 500 Da, have pros and cons. On the one hand, small mole-

cules are favoured by the pharmaceutical industry because of

their attractive pharmacokinetic properties, especially tumour

penetration, and their relative ease in terms of development

and pharmaceutical production [3±5]. On the other hand,

while small molecules have a tremendous track record in

delivering eVective drugs directed at targets such as enzymes

(e.g. from dihydrofolate reductase to novel kinases), it is a

formidable challenge to design small molecules that disrupt

large domain protein±protein interactions (such as those

involving SH2 domains) or that interfere with transcription

factor-DNA complexes.

We will approach this review by ®rst considering what

exactly it is that we seek to attain from our new drugs for the

Third Millennium. We will then review the two principal

means by which our objectives can be met, namely by focus-

ing on the novel molecular targets that are causally involved

in the formation, maintenance and progression of the smart

cancer cell and by the optimal utilisation of the most modern

technologies. Progress and issues will be illustrated by selec-

ted examples. Finally we will address the prospects and chal-

lenges ahead as our new millennium drugs enter clinical

practice.

THE `FROM±TO ANALYSIS'

Cancer drug discovery is re-inventing itself, in order to

exploit the latest intellectual technological developments.

This re-engineering process is consuming large amounts of

the considerable but inevitably ®nite resources that are avail-

able from industry, government and charitable sources.

Before embarking on such re-engineering projects in indus-

try, it is standard practice to start by hiring a team of man-

agement consultants who then carry out what is known as a

`From±To Analysis'. This can be an extremely valuable

exercise, as it seeks to identify answers to two key questions:

`Where are we now?' and `Where do we need to get to?' By

de®ning the `Gap' between the `From' and the `To' positions,

it enables a rational strategy to be developed in order to

achieve the desired goal and provides a clear basis for the

prioritisation and allocation of the resources that are needed

to deliver the strategy. Of course science is a high-risk enter-

prise in which outcomes are diYcult to predict, and this is

particularly so in new drug discovery and development. But

this uncertainty, coupled to the dissatisfaction with the cur-

rent situation that is shared by scientists, clinicians and

patients alike, makes it all the more important to move for-

ward with a radical but rational strategy for improvement. Let

us conduct our own `From±To Analysis'.

First the `From'. The current state of play in which

roughly 1 in 4 people in the developed world will die from

cancer is clearly unacceptable. The World Health Organisa-

tion [6] predicts a rise in worldwide incidence from 10 to 20

million per annum and an increase in deaths from 6 to 10

million by the year 2020. For society this represents a huge

unmet medical need and immense personal and social cost;

for the pharmaceutical and biotechnology industry it repre-

sents a major market opportunity; and for science and medi-

cine it represents an enormous and daunting challenge. What

about the current role of drug treatment [6±8]? Excellent

results can be obtained with chemotherapy in a small range of

cancers. For example, cures are now achievable in several
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childhood cancers and certain adult malignancies such as

lymphoma and leukaemia. Improved survival can also result

from adjuvant drug treatment of breast and colorectal cancer.

Useful palliation should be the norm in all patients. But we

have a long way to go to achieve the necessary jump in the

long-term survival and curability of the major solid cancers.

This is particularly so for cancers that are in their advanced

metastatic forms. In fact most patients who die from cancer

have sub-clinical metastatic disease present at the time of

diagnosis, so it is essential that therapies are developed that

can be given systemically to treat cancer cells located

throughout the body.

The latest data available from the US Food and Drug

Administration (FDA) [9], shows that 92 anticancer agents

have received marketing approval in the U.S.A. Yet a recent

WHO consultation exercise [8] categorised only 17 drugs

(plus two antiemetics) as having a high priority for wide-

spread use, and a further 12 as having some advantages in

particular clinical situations. 13 were viewed as not essential

for eVective delivery of cancer care. Why are our current

drugs, though useful, so limited in their eVectiveness? The

majority of these agents are cytotoxics that act by inhibiting

DNA synthesis or the mechanics of cell replication. They are

`antiproliferative' rather than `anticancer', so biochemical

selectivity for tumour versus normal cells is modest, side-

eVects are frequently severe and drug resistance is common.

It seems unlikely that more than minor incremental bene®t

will be gained by producing analogues of existing cytotoxics,

or by developing novel cytotoxics of natural origin, irrespec-

tive of their complexity of structure and obscurity of prove-

nance. Instead, we should direct our energies towards

developing truly innovative therapies that will have a major

impact on survival and quality of life. This means developing

drugs that are much more selectively eVective on cancer cells

and considerably less harmful to normal cells.

We have now de®ned the `To' situation: we need innova-

tive agents which can sustain major survival bene®t and have

a much better therapeutic index, perhaps more like but even

better than our current hormonal agents or drugs used in

other chronic disorders, such as cardiovascular disease. The

cost eVectiveness of new therapies is an issue that govern-

ments and society must face but we will not discuss it here,

since we take the view that means should be found to pay for

genuinely eVective cancer treatments. Having de®ned the

`From' and the `To' we can now understand the size of the

`Gap' and develop a strategy to overcome it. Although tac-

Figure 1. Scheme showing the phases of contemporary small molecule drug discovery, the technical advances that are impact-
ing these phases and the consequences arising from their implementation, particularly in terms of removing bottlenecks.
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tical details vary, a clear 2-fold strategy has been emerging for

innovative, contemporary drug discovery.

2-FOLD STRATEGY FOR INNOVATION

The 2-fold strategy involves on the one hand, a focus on

novel genes and pathways to improve therapeutic index and

on the other, the implementation of innovative technologies

to enhance the eYciency of the drug discovery and develop-

ment process (Figure 1). The ®rst component of the strategy

commits us to focus on novel targets that are responsible for

driving cancer progression. Such agents will block or exploit

various aspects of the malignant phenotype. These include

genetic instability, proliferative signal transduction, aberrant

cell cycle control, deregulated survival, invasion, angiogenesis

and metastasis (Figure 2). By attacking or exploiting such

targets, we have the best chance to develop drugs that are

truly anticancer in nature. This represents a paradigm shift

that can be summarised as:

New genes ! Novel targets ! Innovative medicines

The second component of the strategy addresses the issue

that as well being more innovative, we also need to be more

eYcient in drug discovery and development. Data as recent

as the 1990s show that it typically takes 15 years to move a

drug from initial discovery to marketing approval and hence

widespread patient availability [9]. This is made up of 6.5

years in preclinical research, 1.5 years in phase 1, 2 years in

phase 2, 3.5 years in phase 3 and 1.5 years awaiting FDA

approval. Take the example of the taxane antitubulin agent

Taxol1 (paclitaxel). This was discovered as a crude extract

activity as early as 1963 but did not gain regulatory approval

until 1992 [10]. Similarly the discovery of the Ras oncogene

was published in 1982 [11], but drugs designed to act at this

locus (e.g. antisense and possibly farnesyl transferase inhibi-

tors) are only now entering the clinic. Such long timescales

are not acceptable. We must reduce discovery and develop-

ment down to a minimum of 5±7 years or less, while at the

same time increasing the therapeutic value of the drugs

involved. Also important, the attrition rates in discovery and

development must be reduced. Available ®gures show that

out of 5 to 10 000 compounds tested preclinically, only 5

enter clinical trials and of these only one will gain regulatory

approval [12] at an overall cost of around $500 million. Most

industry sources will cite current clinical attrition rates closer

to 1 success in 10. So drug development needs to be more

innovative, faster paced, eYcient and less expensive. For-

tunately we are now bene®ting enormously from the imple-

mentation of a range of impressive new technologies that

have the potential to overcome the critical hurdles in con-

temporary drug discovery and development.

OVERCOMING HURDLES WITH NEW

TECHNOLOGIES

Figure 1 shows the sequential phases of contemporary

small molecule drug discovery, from the identi®cation and

validation of a novel drug target, followed by identi®cation

and optimisation of a small molecule lead acting on that tar-

get, through to selection and development of a clinical drug

candidate. Alongside each phase are shown the technological

advances that are enhancing the eYciency and success of that

phase, together with the strategic impact that arises from

implementing them.

TARGET IDENTIFICATION AND VALIDATION

A variety of approaches, which collectively are termed

molecular oncology, have led over the last few years to the

elucidation of a large number of genes involved in malignant

progression (Figure 2). These approaches have involved

genetic and biochemical analysis of tumour cell lines and

clinical tumour material from familial and sporadic cancers.

The genetic causation of colorectal cancer is particularly well

understood [13, 14] with adenomatous polyposis coli (APC)

gene mutations occurring relatively early, Kirsten Ras muta-

tions being seen at an intermediate stage and TP53 mutations

a relatively late event. Accumulation of these genetic defects,

rather than their precise order, is the key. In addition, muta-

tions in mismatch repair genes in colorectal cancer can lead

to error-prone DNA repair and the accumulation of muta-

tions in other genes which may contribute to tumour pro-

gression. Indeed, genetic instability is now seen as a hallmark

and driving force of the cancer cell. Ultimately we will

understand the genetics of the initiation and progression of all

tumours in greater detail than we currently do, even than for

colorectal cancer.

The elucidation of the function of cancer genes is generally

seen as an essential component of target validation. There has

been a remarkably eVective interplay between human genet-

Figure 2. Genes and potential drug targets in multistep oncogenesis.
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ics and studies in basic cell and molecular biology, particu-

larly the use of model organisms such as bacteria, yeast, fruit

¯y, nematode worm and mouse [15]. For example, the elu-

cidation of cell cycle control, which is deregulated in most

cancers, has been heavily dependent on yeast genetics; the

Ras pathway was elucidated with considerable help from stud-

ies in Drosophila melanogaster ; key regulators of programmed

cell death such as bcl2 were identi®ed in the nematode; and

human mismatch repair genes were discovered by homology

with the bacterial system. Target discovery and validation in

cancer is now undergoing a second wave of success due to the

ability to study structural and functional genomics at an

accelerated rate and on a genome-wide scale. Recent esti-

mates suggest that there may be as many as 142 000 genes in

the genome of Homo sapiens [16]. It is predicted that the

Human Genome Project will release a rough draft of the

sequence of all 3 billion base pairs in March 2000 and a

completely accurate version in 2003 [16, 17]. Based on a

more conservative estimate of 100 000 human genes, it has

been calculated that we may discover as many as 3000 to

10 000 drug targets across all non-microbial diseases, as

compared with 400±500 genes that are targets of therapy

today [18]. Given the number of oncogenes, tumour sup-

pressor genes, and genetic instability genes that are already

known to be involved in cancer (at least 50 or more), and

taking into account the number of proteins that they interact

with in biochemical networks, it seems not unreasonable to

speculate that there may be several hundred new oncology

drug targets and at least an order of magnitude more than we

have today.

As high throughput sequencing, mutation detection and

general genomic and bioinformatic advances accelerate the

rate of delivery of potential drug targets, the assignment of

biological function to a gene and its validation as a drug tar-

get becomes a rate limiting step. Assignment of precise func-

tion can be a long process, as we can see by the time taken to

®gure out even a fraction of the biochemical roles that genes

such as Ras and TP53 play in normal and tumour cells. What

is required for pharmacological intervention is not a complete

understanding, but suYcient information to provide some

degree of con®dence that hitting a given target will generate a

selective therapeutic eVect for tumour versus normal tissue.

There is a diVerence between such experimental target vali-

dation, i.e. suYcient to mount a drug discovery programme

and clinical validation, which can only be achieved when

patients are treated with a drug.

Although there is no substitute for the painstaking unra-

velling of biological function, there are even high throughput

methodologies that can help accelerate this phase. In addition

to gene array technologies for pro®ling gene expression in

tumour and all normal tissues [19], protein technology (pro-

teomics) is emerging as a complementary technique [20],

along with more sophisticated gene knock-outs in mice [21]

which can now be generated in high throughput.

Various additional types of information can be used to aid

target selection in cancer. There are no absolute guidelines

but a number of rules of thumb have been developed with

experience. The frequency of pathological deregulation, e.g.

mutation or aberrant expression, is very important and this is

discussed in more detail below. Moreover, any linkage of the

genetic or biochemical deregulation to disease progression

and clinical outcome is taken to represent especially strong

evidence. Knowledge of the expression and function of the

target locus in normal tissues can be helpful. New technolo-

gies are accelerating and expanding our capability to study

gene expression. To illustrate the power of such technologies,

in one of the ®rst papers reporting diVerences in global gene

expression patterns between tumour and normal tissues, in

excess of 300 000 transcripts derived from a minimum of

45 000 genes were studied using serial analysis of gene

expression (SAGE) [22]. There was in fact a surprising

degree of commonality between gastrointestinal tumours and

their normal non-malignant counterparts. Nevertheless, 548

transcripts (1.5%) showed diVerential expression. Again,

perhaps surprisingly, the principal disparities were not in

oncogenes but in genes associated with protein synthesis,

ribosomal proteins, elongation factors, glycolysis and also

diVerentiation markers. Extensive data on gene expression

patterns in cancer are now beginning to emerge from the use

of microarrays (Nature Genetics Microarray Meeting, Phoe-

nix, Arizona, U.S.A. 22±25 September 1999). Massive ben-

e®t in the oncology drug discovery ®eld should be gained

from the US NCI's Cancer Genome Anatomy Project

(CGAP) and related initiatives elsewhere that seek to cata-

logue all cancers at the level of gene structure expression

pattern and function (http://www.ncbi.nlm.nih.gov/ncicgap/).

All of the data generated in these projects will be placed

rapidly into the public domain.

Creation of some aspect of the malignant phenotype by

mutation or abnormal expression is usually considered

essential for target validation. This is generally supported by

the opposite experiment in which the normal phenotype is

restored by `correction' of the abnormality. This can be done

using gene knockout, antisense or dominant negative (inter-

fering mutant) constructs, antisense oligonucleotides, intra-

bodies or microinjected antibodies, inhibitory peptides

including penetratin type conjugates, and ®nally any reason-

ably selective small molecule chemical inhibitors that may be

available.

An important parameter in target selection that is often

neglected, particularly outside the pharmaceutical industry, is

the technical feasibility or pharmacological tractability of

developing a drug that acts on the target, as distinct from a

proof of principle peptide for example. As mentioned earlier,

enzyme inhibitors are readily attainable where protein

domain blockers or shape modi®ers are extremely challeng-

ing. Hence we have a number of molecular therapeutics that

target enzymes entering clinical trials, but as yet no drugs that

block intracellular protein±protein interactions. This does not

mean that such targets should not be selected. But it does

mean that they are extremely challenging and suggests that

new strategies are necessary to tackle such targets. In some

cases, the decision may be taken to undertake a screening

campaign against a target even in the absence of a typical

validation `package'. One reason for this is that it may be

more straightforward to identify leads that act on the target

and use these for validation, rather than conduct several years

of biological experimentation.

LEAD IDENTIFICATION AND OPTIMISATION

Having selected a suYciently well validated target, or

accepted the increased risk that accompanies a poorly vali-

dated target in order to move quickly, the complementary

options available are screening and rational design (Figure 1).

The two are often used together. Screening requires the con-

struction of an assay that is reproducible, robust, rapid and
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informative. It is common to screen using a biochemical assay

with recombinant proteins. Alternatively, one can screen

against mammalian or yeast cells that have been engineered,

for example, to have a reporter gene readout. The likelihood

of ®nding a hit is increased in relation to the chemical diver-

sity of the compounds screened. This has led to high

throughput screening becoming almost mandatory [23±25].

High throughput screening has undergone a series of

technical improvements including ¯uorescence technology,

automation and miniaturisation. There is a live debate in the

®eld regarding the pros and cons of moving to ultra high

throughputs of around 100 000 assays per day to allow

screening chemical collections of half a million or more

compounds against multiple targets in a factory-like environ-

ment. The alternative is to employ more modest throughputs

against smaller libraries containing around 20 000 com-

pounds that are carefully selected to cover chemical diversity

space. Large companies favour the former. Biotech compa-

nies and our own centre favour the latter, and consensus at

recent screening meetings seems to be shifting away from the

need for extremely high numbers. Computational chemistry

methods can be employed to maximise the occupation of

chemical diversity space in an eYcient manner [26]. In addi-

tion, the availability of large numbers of chemicals is mas-

sively increased with the advent of the revolutionary

technology of combinatorial chemistry [27, 28]. This allows

thousands or even millions of compounds to be prepared very

rapidly using robotic methods. It is advantageous to exclude

from screening libraries chemicals that represent poor starting

points for a lead optimisation programme, e.g. highly charged

compounds, heavy metals, alkylating agents, Michael accep-

tors and compounds that have proven to be highly toxic.

Chemical reactivity causes particular problems and should be

generally avoided in mechanism-based drug discovery [29],

although it can sometimes prove hard to move away from

such compounds in cancer because of past success with

reactive DNA-damaging agents.

Whereas the general trend is ®rmly towards screening

compound libraries against a particular molecular target, the

National Cancer Institute (NCI) in vitro 60 human tumour

cell panel provides an interesting and complementary

screening tool that is available to the scienti®c community

[30, 31]. The main objective is to identify compounds with a

unique pattern of cellular activity, in the hope that this would

indicate activity on a distinct, potentially novel cell target.

The issue here is that deconvolution of an unknown mol-

ecular target can be a major challenge, as seen with two

recent chemical series that display unique cellular pro®les

[32, 33]. However, this can now be assisted by the molecular

characterisation of the panel [34], which has latterly been

extended to include gene expression pro®ling by tissue

microarrays. At least ten mechanistically interesting agents

arising from testing 70 000 compounds in the 60-cell panel

screen are currently being progressed through preclinical and

clinical development [30].

Another approach is to screen compounds for activity in

yeast cells containing de®ned genetic abnormalities that para-

llel those in human tumour cells [35]. By this means it may

be possible to identify chemicals that exert a selective thera-

peutic advantage in cancer cells. This would occur when a

compound hits a target that results in selective action against

a yeast or tumour cell because it already harbours a de®ciency

at another locus, e.g. a cell cycle checkpoint defect (see later).

Rational design approaches are very complementary to

screening (Figure 1). They may be based on a known lead

such as a natural metabolite, substrate or inhibitor. Strategies

based on peptide mimics can be useful, although removal of

peptidic character to create more drug-like structures can be

challenging and peptide size is often limiting (e.g. smaller

than 8 or 9 mers is generally required). Design based on the

structural biology techniques of X-ray crystallography and

nuclear magnetic resonance (NMR) can be a very powerful

tool [36, 37]. There are new strategic initiatives to greatly

accelerate the solving of protein structures in high throughput

in order to keep pace with the output from the Human Gen-

ome Project [38]. This has the potential to enhance our abil-

ity to predict structure from genomic sequence, and thereby

impact on rational drug design. The technique of SAR

(structure-activity relationships) by NMR can be a valuable

way to assemble separate weakly active chemicals into a more

active combined structure.

A fascinating new approach involves a combination of

screening of libraries of natural product-like compounds,

organic synthesis, site-directed mutagenesis and X-ray crys-

tallography in a creative meld known as `chemical genetics'

[39]. Chemical compounds are used to probe protein func-

tion in a fashion that is analogous to genetic mutation.

Another useful tactic is to make mutants of drug target pro-

teins that remain biologically active but are insensitive to the

inhibitors [40].

The output from the lead identi®cation phase is a small

molecule with some activity on the target and the potential to

be converted into a more potent and selective agent with

drug-like character in the intact animal. In the subsequent

lead optimisation phase (Figure 1) compounds discovered by

screening or design are optimised by iterative cycles of syn-

thetic chemistry re®nement, based on rapid feedback from

biological testing in both target protein and cell-based assays.

This facilitates the building up of SAR for the desirable and

undesirable features of the lead molecule [41].

Combinatorial chemistry can again play a role in this

phase, particularly at an early stage where the production of

libraries of a few hundred compounds focused around the

lead molecule using multi-parallel synthesis can be especially

valuable, an activity referred to as lead explosion. Ideally,

guided by information on the structure of emerging leads

complexed with the target, optimisation through sequential

rounds of medicinal chemistry re®nement will usually gen-

erate compounds with nanomolar potency on the selected

target, 10-fold selectivity for that target versus a target to be

avoided (or some appropriate counterscreen) and micromolar

to submicromolar activity in intact cells by the desired

mechanism. At this point the leads become suitable for opti-

mising behaviour in the intact animal.

Translation from activity in the cell to that in the intact

animal is currently the most important rate-limiting step in

preclinical drug development. Poor pharmacokinetics prop-

erties are usually responsible for this [42]. Many discovery

projects are stalled or stopped as a result. Problems occur in

every aspect of pharmacokinetic behaviour, i.e. absorption,

distribution, metabolism and excretion (ADME), and con-

cerns often centre around poor oral bioavailability or exces-

sively rapid clearance. This can result in failure to achieve

biologically active blood and tumour concentrations. It

should be noted that in contrast to the `hit and run' proper-

ties that could be tolerated with many cytotoxics, prolonged
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exposure, often necessitating chronic oral administration, will

be required for many of the new molecular therapeutics. It is

now common that some degree of molecular target potency

and selectivity must be sacri®ced in order to achieve the

necessary gain in ADME properties.

Rules of thumb concerning physicochemical properties,

such as the so-called Lipinski `rule of ®ve', can be used to

improve bioavailability [43]. Maintaining molecular mass to

< 500 Da, restricting hydrogen bond donors to � 5, the

number of nitrogen plus oxygen atoms to � 10 and C log P (a

measure of lipophilicity) to � 5 is one means. However, apart

from guidelines based on experience within a particular lead

series [44, 45], the development of predictive structure-phar-

macokinetic relationships is very primitive [46±49]. Because

of this, the bottleneck at the cell to animal transition is cur-

rently addressed using so-called cassette or cocktail dosing to

increase the throughput of pharmacokinetic analysis. This

involves administering compounds together in a cassette or

mixture at low doses, followed by detection using the very

sensitive and selective techniques of HPLC-MS-MS [50, 51].

Higher throughput in vitro methods are also under develop-

ment for prediction of ADME properties [24]. Subject to

such information being released from pharmaceutical com-

panies into the public domain, which should be encouraged,

the future must lie in the construction of chemoinformatic

algorithms to predict structures having robust, drug-like

character and pharmacokinetic behaviour.

Having overcome the pharmacokinetic/ADME hurdle, the

next objective is to demonstrate a mechanism-related bio-

logical eVect in the intact animal. For this phase of lead

optimisation, when several hundred compounds may need to

be evaluated with quick feedback to the chemists, we urgently

require good model systems that can provide a simple, rapid

and robust readout of pharmacodynamic activity. More bio-

logically sophisticated and pharmacologically challenging

models can be introduced later as lead optimisation approa-

ches completion. The hollow ®bre assay is essentially an `in

vitro±in vivo' hybrid or transition model that can be run in

relatively high throughput [52]. However, it should be noted

that while the hollow ®bre assay has been validated for cyto-

toxic agents such as cisplatin and taxol, it has yet to prove its

utility with the newer molecular therapeutics, for example,

those acting on signal transduction targets. Moreover it only

is useful for targets where the drug will exert a direct anti-

tumour eVect (e.g. antiproliferative, cell cycle arrest, apopto-

sis induction) and not if the expected biological eVect

involves, for example, angiogenesis, host-stromal interac-

tions, metastasis, etc. It is not essential that the in vivo phar-

macodynamic model involve tumour cells. A normal tissue

endpoint that demonstrates activity on the desired target or

pathway in the intact animal is acceptable. Genetically engi-

neered models, possibly involving simple reporter gene read-

outs, may have utility.

The more demanding models are needed to prioritise

compounds as the project approaches the ®nal stages and in

particular nomination of a candidate and backups for clinical

development. Activity in at least a couple of human tumour

xenograft models [53] is generally considered necessary to

progress to the clinic. However, no model is ideal [54] and

none have been validated by clinical experience with the new

molecular therapies. Our own view is that demonstration of

activity by the desired mechanism in vivo is more important

than a slavish adherence to standard practice. Transgenic

models have been used with success with signal transduction

inhibitors but it is too early to assess their predictive value

[55]. It seems likely that orthotopic and metastatic models

[56] will be used increasingly as discovery projects target

invasion, angiogenesis and metastasis. Although human

tumour models have the obvious advantages of being driven

by human genes, there may well be instances in which syn-

geneic rodent tumour models could have value [53, 57]. Par-

ticular attention should be paid to the nature of the tumour

vasculature or the host±tumour interaction, especially where

these processes are involved in the target mechanism. Above

all else, the linkage of the target mechanism to the tumour

response must be secure.

Many groups ®nd that it is valuable to de®ne a target drug

pro®le for the new therapeutic entity that is being sought in

the project. This describes the essential and desirable features

of the drug, including mechanism, potency, selectivity, ther-

apeutic index, schedule and route of administration and

pharmacokinetic criteria. This target drug pro®le allows the

research team to measure progress towards the overall objec-

tive and to be clear about when a clinical development can-

didate can be nominated. The target drug pro®le also allows

the test cascade, i.e. the series of hierarchical tests discussed

above, to be constructed so as to direct the project speci®cally

towards the correct goal.

The importance of having in place one or more assays that

can be used to repeatedly check that activity is being main-

tained by the desired mechanism throughout all phases of the

project, from cells to animal models, cannot be over-

estimated. Without this there is a danger that activity can

deviate into unwanted mechanisms, e.g. DNA damage.

Appropriate mode of action assays will ideally be translated

from the preclinical to clinical development and examples will

be discussed in the following section.

DRUG CANDIDATE

Following the nomination of a potential clinical trial can-

didate (plus back-up compounds) based on meeting the tar-

get pro®le, preclinical toxicological studies must be carried

out to ensure acceptable safety in humans. Excessive toxicol-

ogy studies can cause delay and in the cancer ®eld these are

often poorly predictive of the qualitative nature of particular

organ toxicities. Two not-for-pro®t organisations in Europe,

the Cancer Research Campaign (CRC) and European Orga-

nisation for Research and Treatment of Cancer (EORTC)

utilise a system involving a fairly simple programme of

rodent-only (mouse and rat) toxicology [58]. The rodent only

toxicology is carried out using the clinical formulation and as

close as is feasible to the intended clinical schedule. For-

mulation itself can be a rate-limiting step and is something of

a black art. Improved formulation technology is needed to aid

all aspects of in vivo drug evaluation but is especially critical

in the clinical candidate selection and toxicology phase.

Because of this CRC and EORTC have established formula-

tion facilities. CRC has taken around 50 new drugs into

phase 1 clinical trials in cancer patients since 1980. The

rodent only toxicology approach has proved remarkably safe

and eVective, while also avoiding the use of larger animals

[59, 60]. CRC aims to progress ®ve drugs annually into phase

1 trials and to progress any given agent through formulation

and toxicology in 12±18 months. A novel approach to inves-

tigate whether the therapeutic and toxicological eVects of

drugs are related to `on-target' versus `oV-target' eVects is to

2016 M.D. Garrett and P. Workman



create transgenic mice containing drug resistant mutants of

target proteins [40].

In the past, phase 1 studies of anticancer agents have

nearly always been carried out in patients with advanced

cancer rather than normal volunteers, an exception being the

hormonal agents. The intention was generally to de®ne the

nature of the toxicity of the agent, the maximum tolerated

dose, the recommended starting dose for phase 2, and usually

the pharmacokinetic pro®le. This is now changing rapidly,

particularly with the introduction of the new molecular

therapeutics.

A number of approaches are being used to improve the

speed and quality of phase 1 clinical trials [61, 62]. There is

insuYcient space to discuss this in detail, but the reader is

referred to the recent commentary by Gelman and colleagues

[63]. Phase 1 strategies include pharmacokinetically/pharma-

cologically-guided dose escalation [64, 65] continual reas-

sessment [66] and accelerated titration designs [62]. Of

major importance is the need to introduce pharmacodynamic

endpoints which will allow us to decide whether a particular

molecular target or pathway is being aVected in the treated

patient, as it was earlier in the animal model and tissue cul-

ture cell. It is essential that early clinical trials of today's

molecular therapeutics contain a strong component of

hypothesis testing. We need to answer such questions as the

following: is the desired molecular target being modulated

(e.g. kinase or farnesyl transferase inhibition)? Is the bio-

chemical pathway undergoing modulation (e.g. the ERK/

MAP kinase or PI3 kinase pathway)? And ®nally is the

intended biological aVect being achieved (e.g. inhibition of

proliferation, cell cycle arrest, apoptosis induction or angio-

genesis inhibition)? If some or all of these eVects are seen, it

provides con®dence to move forward to the increasingly

expensive later phases of clinical development. Such a struc-

tured, rational and mechanism-based approach can greatly

improve decision making. If problems arise these can be

addressed or resources can be allocated to other more prom-

ising agents. If a kinase assay, for example, suggests that the

molecular target is not being inhibited despite good pharma-

cokinetics, this might suggest a pharmacological limitation

with the current agent which could be overcome with an

alternative drug candidate. If modulation of the molecular

target to the required degree is seen, but the intended biologi-

cal eVect is not obtained, this might indicate that the partic-

ular target is not valid in the human, but modulation of

alternative targets in the same pathway might be worth pur-

suing to achieve the biological eVect. Suppose, however, that

the molecular target is hit, the biological eVect is achieved but

there is no eVect on the disease process, then it would be hard

to avoid the conclusion that the pathway and biological eVect

are not linked to the disease in humans and hence further

approaches in that area would not be worthwhile. Given the

plethora of new target opportunities available, such early go/

no go decisions will be essential.

Pharmacodynamic assays include the full range of modern

molecular techniques, including Northern and Western blot-

ting, proteomics, RNase protection and quantitative poly-

merase chain reaction (PCR). Gene microarray technology is

now beginning to be used and we recommend that this be

introduced into all early clinical trials so that an interro-

gatable database can be constructed for future use. Access to

appropriate clinical material, especially tumour tissue, can be

a challenge in phase 1 and 2 clinical trials. For this reason

non-invasive technologies such as positron emission tomo-

graphy (PET) or magnetic resonance imaging (MRI) will

play an increasingly important role as their hypothesis testing

power increases [67±71].

It should be noted that for certain molecular therapeutics,

e.g. some kinase inhibitors, the decision is being made to

initiate human studies in normal volunteers rather than

patients. These studies, which require a good safety pro®le,

are carried out at low doses to obtain early pharmacokinetic

and possibly pharmacodynamic information.

Following satisfactory completion of phase 1 and sub-

sequent eYcacy studies, regulatory review has often been

slow. This now appears to be speeding up. FDA approval for

Herceptin (trastuzumab), a humanised MAb targeted to the

erbB2 receptor [72], was achieved in a record 4.5 months

[73].

In conclusion, there are an enormous number of opportu-

nities for new drug discovery projects. The ®rst wave of

molecular therapeutics are now entering clinical trial and

even showing early indications of activity. It is impossible to

cover all of these opportunities here, but the following sec-

tions give a ¯avour of current activity and future potential.

We have found it convenient to focus on molecular pathways

rather than biological eVects. Some topics are reviewed in

some detail, while others are highlighted more brie¯y.

THE RECEPTOR TYROSINE KINASE!RAS!ERK

PATHWAY

The Receptor Tyrosine Kinase (RTK)!Ras!Raf-1!
MEK!ERK signal transduction pathway (Figure 3) has been

the most highly favoured for the initial wave of molecular

therapeutics. This is because it was one of the earliest path-

ways to be understood in some detail and because of the fre-

quency with which it is deregulated in human cancer. For

example, the erbB2/HER-2 receptor is commonly over-

expressed in human breast and ovarian cancer [74]. There

are now a number of inhibitors of RTKs already in clinical

trials and preclinical development. These include agents tar-

geted to epidermal growth factor receptor (EGFR), erbB2,

platelet derived growth factor receptor (PDGFR), vascular

endothelial growth factor receptor (VEGFR) and also RTK-

associated tyrosine kinases such as Src (for review see [75]).

Early work focused especially on inhibitors of EGFR

because of its frequent overexpression in various cancers and

its involvement in autocrine loops. Proof of the principle that

ATP competitive inhibitors could achieve molecular and cel-

lular selectivity versus other kinases was demonstrated by the

tyrphostin class of agents [76]. However the activity of these

agents in animals was restricted by insuYcient drug-like

robustness and poor pharmacokinetics [77]. A combination

of high throughput screening with a structure-based model-

ling approach led to the discovery of the anilinoquinazolines

and related agents [78, 79]. These leads could be optimised

into derivatives that showed excellent pharmacokinetics and

good activity in animal models with little or no toxicity at

active doses. Inhibitors of EGFR would be expected to pro-

duce a cytostatic eVect, i.e. growth arrest, and will require

chronic, probably oral administration. Clinical trials are in

progress with agents such as ZD1839 and CP358774 and

these agents appear to be well tolerated with signs of clinical

activity emerging. Also encouraging is that the Herceptin

antibody targeted to the erbB2 receptor is now approved for

the treatment of breast cancer [73].
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Moving further down the pathway, the products of the Ras

genes are arguably the most well validated of new cancer tar-

gets [80]. Clinical trials of agents designed to block Ras sig-

nalling by preventing the essential membrane docking and

hence the signalling function of Ras [81] are now underway.

In terms of genetic validation, Ras genes are frequently

mutated in human cancers [82, 83] and Kirsten Ras mutation

is linked with clinical outcome in colorectal cancer [84]. X-

ray crystallography studies demonstrate at the molecular level

how mutation leads to knockout of the self-inactivating

GTPase function of the Ras G-protein, leading to a con-

stitutive `on' signalling and the transformed state [85]. Mul-

tiple experimental studies have shown that transfection of

mutant Ras genes into normal cells (usually mouse ®bro-

blasts) can result in malignant transformation [80]. More-

over, very recent data have shown that cancer cells can be

created from normal human epithelial cells by introduction of

an oncogenic Harvey Ras allele, in collaboration with another

oncogene (simian virus 40 large-T which inactivates the reti-

noblastoma protein Rb as well as p53) and the catalytic sub-

unit of telomerase [86]. Harvey Ras was also shown to be

required for the genesis and maintenance of melanomas in a

transgenic mouse model [87]. Further validation was pro-

vided by the classic studies of Stacey and colleagues and the

use of interfering mutants [88, 89].

Other attempts to inhibit Ras function, such as the use of

GTP mimetics, did not prove successful [90], however inhib-

itors of farnesyl transferase, designed to block ras farnesyla-

tion and hence membrane localisation, showed considerable

promise in cells and animal models [91, 92]. Discovered by

rational peptidominetic design and also by screening, these

agents act as so-called CAAX box mimetics. Achieving good

bioavailability proved challenging but that problem was

overcome during chemical lead optimisation. This had led to

at least three farnesyl transferase inhibitors entering clinical

trial and there is anecdotal evidence of activity.

There are, however, a number of issues surrounding the

use of farnesyl transferase inhibitors as a means to block

tumours driven by mutant Ras. The mechanism for any

potential selective eVect in tumour versus normal cells is not

clear, although one hypothesis is based on observations with

dominant negative interfering Ras mutants [93]. Tumour cell

line sensitivity to farnesyl transferase inhibitors does not

however seem to relate to mutation status. At the in vivo

level, angiogenesis inhibition may contribute to the anti-

tumour eVect, in addition to any direct eVect on tumour

cells. Moreover the precise mechanism of action of the far-

nesyl transferase inhibitors is now under challenge. A range of

proteins undergo farnesylation in the cell. Moreover, Ras

undergoes an alternative prenylation reaction known as ger-

anylgeranylation when its farnesylation is blocked and recent

evidence suggests a role for RhoB as a more likely target for

farnesyl transferase inhibitors. This remains an open question.

Downstream of Ras in the RTK!Ras!Raf-1!MEK!
ERK pathway, inhibitors of Raf-1 have been identi®ed.

However, those that have been disclosed have the drawback

of causing a paradoxical and undesirable activation of Raf-1,

which becomes apparent when the inhibitors are removed

[94, 95]. Inhibitors of the dual-speci®city kinase MEK were

discovered in a screening cascade assay [96]. These appear to

have greater therapeutic potential than Raf-1 inhibitors, par-

ticularly since one such compound, PD184352, shows good

activity in xenograft models [97]. Both potency and selectiv-

ity of this compound for MEK versus other kinases are very

high. The agent is not competitive with ATP or the MAP

Kinase site on MEK, consistent with an allosteric mechanism

of inhibition. Both growth and invasiveness of colon tumour

cells are blocked, and these eVects were shown to be asso-

ciated with a reduction in ERK (MAP Kinase) phosphoryla-

tion, consistent with the intended mechanism. Inhibition of

the MAP kinases is also feasible, as exempli®ed by the phar-

macological eVects of inhibitors of the stress-activated kinase,

Figure 3. Antiproliferative signal transduction targets.
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p38 [40] which have therapeutic potential in in¯ammation

and other diseases. There is also considerable interest in JNK

MAP kinase inhibitors as potential therapeutic agents.

THE PI3 KINASE PATHWAY

Important signals for proliferation, survival and cell fate

are catalysed by the PI3 kinase pathway. Although positioned

as a pathway parallel to the Ras!Raf-1!MEK!ERK path-

way in Figure 3, these and other pathways operate in complex

networks with extensive crosstalk and there is evidence that

PI3 kinase is both upstream and downstream of Ras [98].

Biochemically, PI3 kinase phosphorylates the hydroxyl

group at the three position on the inositol ring of phospho-

inositides, generating lipid signals that regulate fate. Of the

three main classes of PI3 kinase catalytic subunits, the most

well known in relation to cancer is the Class 1A form of

p110a which is activated by RTKs via its p85 associated

adapter protein [98]. Recent evidence shows that activation

of PI3 kinases leads to activation of PDK1 and AKT/PKB

(see Figure 3) with further downstream substrates including

GSK3b, p70S6K, PKC, BAD and IkB [98, 99].

PI3 kinase is deregulated in various tumours. For example,

the PIK3CA gene that encodes the p110a is ampli®ed and

overexpressed in ovarian cancer [100]. This led to the sug-

gestion that PIK3CA may be an oncogene. In addition, the

product of the PTEN tumour suppressor gene acts as a lipid

phosphatase that reverses the PI3 kinase reaction [101].

These results support the search for the discovery of PI3

kinase inhibitors as anticancer agents. Among various agents

that have already been identi®ed as PI3 kinase inhibitors, the

most well known and useful (as investigative probe agents)

have been LY294002 and wortmanin and related agents such

as demethoxyviridin [102, 103]. Although the wortmanin/vir-

idin type of natural products exhibit potent PI3 kinase inhi-

bitory activity and antitumour activity [104], these agents are

reactive, unstable and rather promiscuous in their actions,

hence there is a need for improved PI3 kinase inhibitors.

Inhibitors of downstream targets such as AKT/PKB could

also have therapeutic utility.

THE Wnt SIGNALLING PATHWAY

The Wnt signalling pathway is a key regulator of develop-

mental processes in a number of organisms that include Dro-

sophila and man [105, 106]. As proteins that regulate this

pathway have been identi®ed, it has become clear that Wnt

signalling is also involved in tumorigenesis [107, 108]. At the

cellular level, the Wnt proteins are a family of secreted gly-

cosylated ligands that bind to the extracellular domain of the

frizzled receptors [109]. This complex then activates the

dishevelled protein, an event that causes inhibition of glyco-

gen synthase kinase 3b (GSK3b), a cytoplasmic serine threo-

nine kinase that was originally identi®ed through its role in

glycogen metabolism. At the moment it is not clear how

many regulatory steps there are between dishevelled and

GSK3b (if any) in mammalian cells, although studies in X.

laevis and C. elegans, suggest that the serine kinase CK1

(casein kinase 1) is downstream of dishevelled and upstream

of GSK3b [110]. Nevertheless, it is clear that when the Wnt

signal is absent, GSK3b is active, and can phosphorylate the

N-terminus of b-catenin, an eVector of Wnt signalling which

targets it for degradation [108, 111]. Other proteins are also

implicated in regulation of b-catenin levels. These include the

adenomatous polyposis coli tumour suppressor protein

(APC) and axin which can be found in a cytoplasmic com-

plex with b-catenin and GSK3b [108, 111]. Although the

actual role of APC in this process remains elusive, recent

reports suggest that axin is dephosphorylated in the presence

of Wnt signalling [112]. In this dephosphorylated state axin

binds b-catenin less eYciently so that b-catenin is no longer

recruited to the complex, cannot be phosphorylated by

GSK3b and thus is not targeted for proteolysis. As a result,

Wnt signalling leads to accumulation of b-catenin which can

bind to the Lef/Tcf family of transcription factors and this

complex translocates to the nucleus, where Lef/Tcf depen-

dent transcription can take place [113].

The connection between the Wnt pathway and cancer goes

back to the actual discovery of the ®rst mammalian Wnt

ligand, which was identi®ed in the mouse as the protein prod-

uct of the cellular oncogene int-1 (later renamed Wnt-1) that

is activated by proviral insertion in murine mammary carci-

nomas [114]. In addition, overexpression of Wnt genes can

cause transformation in mammary epithelial cell lines [115].

Downstream of Wnt, it has been shown that up to 80% of

colon cancers have defects in the APC tumour suppressor

gene [116]. Many of these mutations appear to block the

ability of APC to downregulate the levels of b-catenin in the

cell and lead to constitutive Lef/Tcf dependent transcription

[108]. In some colon cancers that lack defects in APC,

mutations have been identi®ed that knock out the putative

GSK3b phosphorylation sites of the b-catenin gene and also

cause constitutive activation of Lef/Tcf transcription [108].

These types of mutations have also been identi®ed in other

forms of cancer including melanoma [117] and hepatocel-

lular carcinoma [118]. Finally, it has recently been shown

that mutated forms of b-catenin will induce neoplastic trans-

formation of an immortalised neonatal rat epithelial line and

that the ability of b-catenin to bind Lef/Tcf factors is required

for this process [119].

Thus, with the large amount of genetic evidence that is

available showing links between the Wnt pathway and cancer,

what types of questions need to be answered in order to

increase our con®dence that blocking Wnt signalling is an

appropriate therapeutic strategy for the treatment of colon

cancer? Recent reports have described the use of antisense

technology to show that downregulation of the Wnt-1 gene in

mouse mammary tumour cells reverses the malignant phe-

notype and that antisense b-catenin can block invasion of

collagen by human melanoma cells [120]. The genetics of the

pathway suggest that since both APC and b-catenin are major

points of mis-regulation in cancer, an optimal therapeutic

strategy would be one designed to block the pathway either

at, or downstream of, b-catenin. One possibility, would be to

de®ne the site of interaction between b-catenin and the Tcf/

Lef factors and then identify molecules that could block this

interaction. Alternatively, if an as yet unknown target of Lef/

Tcf is identi®ed which is required for b-catenin dependent

transformation, then this gene could be a speci®c locus for

therapeutic intervention. At the present time there are a

number of avenues that could be taken, and this number will

probably become larger as our understanding of the Wnt

pathway continues to increase.

CYCLIN-DEPENDENT KINASES AND THE CELL

CYCLE

The mammalian cell division cycle is a tightly regulated

cellular process [121]. At the heart of this regulation is the
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cyclin dependent kinase (CDK) family of proteins [122]. For

full activity, each CDK protein must associate with a reg-

ulatory subunit from the cyclin family of proteins [123]. This

complex can then phosphorylate a number of substrate pro-

teins, including the retinoblastoma tumour suppressor pro-

tein (pRb) and through this mechanism regulate cell cycle

progression (see Figure 4). Since the CDKs have such a key

regulatory role in the cell, it is not surprising that, along with

their substrates and a number of proteins that inhibit their

activity, CDKs and cyclins are frequently either direct or

indirect targets of genetic lesions that promote neoplastic

transformation [124±127]. With this in mind, many groups

have sought ways of interfering with the cell cycle for cancer

treatment.

One of the major drug targets has been inhibition of the

CDKs themselves. At the present time, only one compound

with inhibitory activity towards CDKs is in clinical trial

[128]. This compound is ¯avopiridol, a synthetic ¯avone

which can inhibit a broad range of CDKs [129, 130]. How-

ever, it is not yet clear whether CDK inhibition is the

mechanism by which ¯avopiridol has antitumour activity, and

recent reports indicate that ¯avopiridol can bind to proteins

other than CDKs [131, 132]. Conversely, indirubin, the

active ingredient of a Chinese anti-leukaemia medicine, has

recently been revealed as a potent and speci®c inhibitor of

cyclin-dependent kinases [133]. Over the last few years high

throughput screening has lead to the identi®cation of a num-

ber of CDK inhibitors. One structural class with a very high

pro®le, is the tri-substituted purines, as exempli®ed by the

related compounds olomoucine, roscovitine and the purvala-

nols. These compounds inhibit cdk2, cdc2 and cdk5 (but not

the cyclin D-dependent kinases, cdk4 and cdk6) and can

block the growth of tumour cell lines in vitro [134±137].

Likewise, the unrelated compound, butyrolactone, and a

class of compounds known as paullones, also identi®ed as an

inhibitors of cdk2, cdc2 and cdk5, can inhibit the growth of

cultured tumour cells [138±141]. Notably, none of the above

compounds can speci®cally inhibit the cyclin D-dependent

kinases. This has been a goal of many groups, since it became

clear that mutation or aberrant expression of cyclin D1,

cyclin D2, cdk4 and deletion or mutation of the cyclin D-

dependent kinase inhibitor p16INK4A can be found in many

human cancers [126]. However, only one group has so far

reported the identi®cation of compounds with potential as

leads for a cdk4/cyclin D1 inhibitor programme [142].

It is interesting to note that all the compounds discussed

above are competitive with ATP. However, several other

approaches to CDK inhibition have recently come to light.

One of these is the identi®cation of peptides that can mimic

the CDK-inhibitory activity of the CDK inhibitors

p16INK4A and p21CIP1/WAF1 [143±147]. A second is the

discovery of peptides from a combinatorial library that can

bind to cdk2 and act as a substrate competitor [148, 149].

This type of strategy is particularly interesting, as it raises the

possibility of increased selectivity for a particular CDK and

its substrates, as compared to an ATP competitor that binds

into the catalytic pocket of a CDK. The use of peptides in a

therapeutic manner brings us to one last topic in this section,

the E2F family of transcription factors [150]. E2F activity is

actually the result of a heterodimeric association between one

member from each of the E2F and DP families of proteins

(this dimer is subsequently referred to as simply E2F). Dur-

ing early G1, the retinoblastoma gene product, pRb, is

hypophosphorylated and tightly binds E2F, masking the

transactivation domain of the factor and thus inhibiting its

transcriptional activity [151]. As G1 progresses and pRb

Figure 4. The role of cyclin-dependent kinases in progression through G1 into S phase of the cell cycle (see text for detailed
explanation).
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becomes increasingly phosphorylated, it loosens its hold on

E2F, allowing transcription to occur [152]. Since the hetero-

dimer of E2F and DP is required for E2F activity there is a

possibility that blocking the association of E2F and DP, as a

downstream target of the CDK/pRb pathway, will have thera-

peutic value as a cancer treatment. Such a strategy has been

tested with a report that a peptide identi®ed again from a

combinatorial library, this time for aptamers that bind to

E2F, blocks the association of DP with E2F and induces a

G1 block in mammalian cells [153]. Finally, it has recently

come to light that the cdk2/cyclinA complex can directly bind

to E2F1 and that the role of this association is to phosphor-

ylate E2F1/DP1 during S phase, inducing dissociation of the

complex from DNA [154, 155] (see Figure 4). This event

probably marks the end of a requirement for E2F dependent

transcription during the normal cell cycle. Interestingly,

expression of a mutant of E2F1 that can no longer bind cdk2/

cyclin A will induce apoptosis during S phase [156]. Even

wild type E2F1 when strongly overexpressed will induce

apoptosis in S phase, suggesting that continued activity of

E2F1 during S phase is inappropriate for progression through

the cell cycle and so triggers apoptosis [157, 158]. This model

has been put to the test by the development of peptide

aptamers that block the interaction of cdk2/cyclin A with

E2F, so that the CDK can no longer switch oV E2F during S

phase by phosphorylation [159, 160]. Curiously, these pep-

tides appear to selectively kill normal cells versus tumour

cells, which oVers an exciting prospect in terms of targeting a

tumour for drug treatment. One explanation of such an eVect

could be that many tumour cells have higher levels of E2F than

normal cells and are thus harder pushed to inactivate all their

E2F at the start of S phase. Addition of peptides that block

cdk2/cyclin A mediated E2F shutdown may lead to suYcient

residual E2F activity during S phase to induce apoptosis.

Finally, it must be said that the topics discussed in this

section may be just the tip of the iceberg with regard to cell

cycle targets. Other potential targets with links to cancer

include the Aurora and Polo families of kinases which both

appear to play a role in mitosis [161, 162]. In summary, the

cell cycle ®eld has already produced a ®rst generation of

rationally designed compounds (based on CDK inhibition),

which could in the near future become therapeutic drugs.

Perhaps exploitation of E2F function may generate the next

wave.

THE p53 PATHWAY

The TP53 tumour suppressor gene is mutated in over half

of all sporadic cancers, making TP53 mutations the most

common genetic change in human cancer [163, 164]. The

reason for this inevitably lies in its critical function in normal

cells, as `Guardian of the Genome' [165]. The p53 protein

carries out this function by acting as a sensor of signals that

arise from cellular stress such as DNA damage, hypoxia, and

nucleotide deprivation [166]. One of the major responses to

these types of signals is that the normally low amount of p53

in the cell is elevated and in some cases p53 becomes mod-

i®ed, to generate a protein that can now take action [167±

169]. Two of the major biological responses by p53 are to

induce a cell cycle arrest at the G1/S transition along with

DNA repair, or if DNA repair is impossible, to activate

apoptosis [167±169]. The p53 protein executes many of its

functions through transcriptional activation of promoters

containing p53 speci®c binding sites. In this way, p53 can,

when required, induce the CDK inhibitor p21 CIP1/WAF

which mediates the G1/S speci®c cell cycle arrest and in other

cases upregulate the pro-apoptotic gene bax, which may be

involved in the p53 dependent apoptotic response. Thus,

mutations that inactivate p53 may contribute to tumorigen-

esis, by allowing a cell to grow and divide under inappropriate

conditions.

This model has led to several initiatives based on the con-

cept that reintroduction of p53 or regain of p53 function in a

p53 mutant tumour could be of therapeutic value. This type

of strategy is already being tested in the clinic, where retro-

viral and adenoviral vectors containing wild-type p53 are

being introduced into patients in phase 1 and 2 clinical trials

[170±173]. However, we will have to wait and see whether

this type of treatment makes it out of the experimental stage.

Still working along these lines, there is building evidence that

reactivation of mutant p53 can be induced by interaction of

synthetic peptides derived from the C-terminal domain of

p53 with the mutated protein [174±176]. One such peptide

has also been shown to induce growth inhibition and apop-

tosis in cell lines where mutant p53 is present, but not when it

is absent, suggesting perhaps a therapy that will target cells

with mutant p53 [177].

Research on the regulation of p53 accumulation, has led to

a novel strategy for activating p53, involving MDM2, a

negative regulator of p53. MDM2 seems to accomplish this

regulatory activity in two ways: by repression of the tran-

scriptional activity of p53 and by induction of ubiquitin

mediated proteolysis of p53 [178]. Peptide phage display

libraries have been used to identify the sites of interaction

between MDM2 and p53 and subsequently to identify pep-

tides that can block this interaction [179, 180]. This has led

to the development of an MDM2 mini protein that can also

block the interaction of p53 with MDM2 [181]. Finally it has

recently been shown that the antifungal antibiotic leptomycin

B can block the nuclear export of p53, leading to its accu-

mulation in the nucleus and activation of the p53 response

[182]. This suggests the possibility of speci®cally inhibiting

p53 nuclear export as a way to activate p53 function. To

summarise, these types of reagents can cause elevation of p53

levels in the cell in the absence of any form of genotoxic

stress, a result that may be of therapeutic bene®t in those

tumours that still have normal p53 but in which the pathway

has been inactivated by some other mechanism upstream of

p53.

All the approaches described above attempt to reintroduce

or elevate normal p53 function into a cell, in order to inhibit

growth or induce death. However, another tactic taken by

researchers has been to exploit the fact that many cancers

harbour p53 mutations. The most well recognised of these, is

the adenovirus known as ONYX-015 [183, 184]. This virus is

disabled so that it can only replicate in mutant p53 cells (and

thus should leave normal cells untouched), and is soon to

start phase 3 clinical trials. The observation that cancers with

p53 mutations are often resistant to many of the genotoxic

chemotherapeutic drugs that are available for cancer treat-

ment has also produced a novel combined drug strategy

[185, 186]. This is based on the fact that response to DNA

damage involves arrest of the cell cycle at both the G1/S and

G2/M transition, allowing cells time to undergo DNA repair.

The G1/S arrest is mediated via p53 dependent induction of

the p21Cip1/Waf1 CDK inhibitor, while the G2 arrest is

dependent on transient inactivation of the cdc2/cyclin B1
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kinase complex whose activity is required for entry into

mitosis. Cells with mutant p53 fail to arrest at the G1/S

transition and give a preferential G2/M arrest. The depen-

dence of p53 de®cient cells on the G2 checkpoint, when

exposed to genotoxic stress, raised the possibility that reacti-

vation of cdc2 kinase after DNA damage may be selectively

detrimental to these cells. A number of chemical agents have

been identi®ed that have this property. These include the

methylxanthines, caVeine and 7-hydroxystaurosporine or

UCN-01 [185±187]. The most interesting of these is UCN-

01, as it is currently in phase 1 clinical trials as a potential

cancer treatment and there is evidence that when combined

with a DNA damaging agent it causes G2 checkpoint abro-

gation through reactivation of cdc2 kinase [187±189]. Recent

data suggest that the locus of action of UCN-01 may be Chk1

[244], which is an interesting target for G2M checkpoint

modulation. Finally, one may say that the most novel exploi-

tation of the p53 pathway in terms of cancer treatment is the

recent discovery of pi®thrin-a, a chemical inhibitor that pro-

tects mice from the eVects of DNA-damaging cancer therapy

[190]. The identi®cation of pi®thrin-a was based on the

observation that radiation and chemotherapy for cancer often

have side-eVects that cause damage to normal tissue which is

mediated by p53. Temporary suppression of p53 function

therefore may prevent this type of normal tissue damage

during the treatment of a p53 de®cient tumour. Pi®thrin-a
was identi®ed in a screen of a chemical library for compounds

that could reversibly block p53 dependent transcription and

apoptosis. Its actual molecular mechanism of action though,

has yet to be elucidated. To conclude, it is clear that research

on p53 function and development of therapeutic strategies for

cancer treatment based on p53 are progressing hand in hand.

Therefore, we await the next round of discoveries in p53

research that may help the development of new strategies for

cancer treatment.

PROTEIN TRANSLATION

The translation of mRNA into protein is an intricate pro-

cess that is critical for the control of cell growth and pro-

liferation [191, 192]. For example, an increase in the rate of

translation is required for cells to enter and then transit

through the G1 phase of the cell cycle [193]. The importance

of translation in cellular growth control can be embodied by

the fact that it is a target of misregulation in certain forms of

cancer [194±197]. Furthermore, there is mounting evidence

that many growth regulatory proteins and oncogenes are

encoded by mRNAs that contain highly structured 50

untranslated regions that are ineYciently translated and rely

very much on the activity of eukaryotic translation initiation

factors (eIFs) for their expression [198]. In addition, such

initiation of translation appears to be regulated by mitogenic

stimulation. Thus, one form of growth control on a cell may

be the requirement of growth factor signalling for the trans-

lation of growth promoting proteins. So how do growth factor

signalling pathways feed into translation initiation? The start

of translation is characterised by the binding of the 40S ribo-

somal subunit to the mRNA [199] (see Figure 5). A key part

of this is recruitment of the initiator Met-tRNA to the ribo-

some. This is mediated by eukaryotic initiation factor 2

(eIF2) which, when bound to GTP, forms an eIF2.GTP.-

Met-tRNA complex that in turn binds to the 40S ribosomal

subunit along with other initiation factors (eIF1, eIF1A and

eIF3) to give the 43S pre-initiation complex. The GTP is

hydrolysed late in initiation and eIF2 is released from the

ribosome in the GDP form. Exchange of GDP for GTP on

eIF2 is promoted by eIF2B. The exchange factor activity of

Figure 5. Initiation of protein translation: all factors shown as numbers are eukaryotic initiation factors (eIFs). (See text for
other de®nitions and detailed explanation.)
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eIF2B can be inhibited either by direct phosphorylation using

GSKa and b or phosphorylation on serine 51 of the alpha

subunit of eIF2. The latter turns eIF2 into a competitive

inhibitor of eIF2B [204]. Four kinases have been identi®ed

that can phosphorylate eIF2 at this site. They are: haem

regulated inhibitor (HRI), RNA-dependent protein kinase

(PKR), PKR-like ER kinase (PERK) and a mammalian

homologue of the yeast GCN2 kinase [199] (see Figure 5).

Interestingly, the antimycotic drug clotrimazole (CLT),

which is known to have anti-proliferative properties, can also

induce phosphorylation at this site on eIF2, resulting in inhi-

bition of translation initiation and a G1 cell cycle arrest

[200]. In this instance, phosphorylation of eIF2 appears to be

due to the fact CLT induces a sustained depletion of intra-

cellular calcium stores, which leads to activation of PKR. The

elucidation of the anti-proliferative mechanism of CLT

action via protein translation has led to a strong interest in

CLT as an anticancer drug (especially since it can be safely

given to humans). It also provides further evidence that

initiation of translation is a valid anticancer target and that

potential cancer drug targets could be either activation of

PKR, or inhibition of the exchange factor activity of eIF2B.

In order for the 43S initiation complex to bind to the

mRNA near its 50 end, the RNA must be `prepared' for

ribosome binding [199]. This is accomplished by formation

of a protein complex known as eukaryotic translation initia-

tion factor 4F (eIF4F) on the 50 cap of the mRNA. EIF4F is

made up of three subunits: eIF4E, which directly interacts

with the cap, eIF4G which acts as a protein scaVold and

eIF4A, a DEAD-box RNA helicase for RNA unwinding

[201±204] (see Figure 5). EIF4F also interacts with the 43S

preinitiation complex and is thought to aid mRNA binding to

the ribosome. The formation of the eIF4F complex at the cap

appears to be exquisitely sensitive to extracellular stimuli. For

example, eIF4E function is tightly regulated by a family of

binding proteins called 4E-BPs (4E binding proteins) or

PHAS (for phosphorylated, heat and acid stable protein)

which compete with eIF4G for binding to eIF4E. This inter-

action is regulated by sequential phosphorylation of 4E-BP,

which blocks the interaction of 4E-BPs with eIF4E allowing

association of eIF4E with eIF4G and translation to occur.

When cells are exposed to growth factors, hormones or

mitogens, phosphorylation on the 4E-BPs is elevated leading

to increases in the rates of protein translation [203, 204]. The

PI3 kinase/AKT pathway appears to be involved, as the PI3

kinase inhibitors LY294002 and wortmanin can block 4E-

BP1 phosphorylation induced by growth factors and a kinase

dead form of AKT can block insulin induced 4E-BP1 phos-

phorylation [203, 204] (see Figure 5). One strong candidate

for a direct kinase of 4E-BPs in vivo is the rapamycin sensitive

kinase mTOR/FRAP/RAFT, which can phosphorylate 4E-

BP1 in vitro at sites that are found phosphorylated in cells

[205]. It appears that external stimuli such as growth factors

and hormones also induce phosphorylation of eIF4E itself,

which is reported to increase the aYnity of eIF4E for the cap

structure [206]. A candidate kinase for this event has been

identi®ed as Mnk1, a MAP kinase activated kinase, thus

linking the Ras/Raf/MEK/ERK pathway into translation

[207]. With regard to uncontrolled cellular proliferation and

tumour progression, eIF4E overexpression will induce trans-

formation and is found overexpressed in breast, head and

neck and prostate tumours [245]. In addition, the trans-

formed phenotype of tumour cells can be reversed by anti-

sense to eIF4E and by overexpression of 4E-BP which would

sequester eIF4E. So, inhibiting eIF4E function in certain

tumour types could be a target for a drug discovery programme.

Several approaches to this can be envisaged. One would be to

seek inhibitors of Mnk1 kinase, and another would be to

identify inhibitors of kinases that phosphorylate the 4E-BPs.

Interestingly rapamycin, an inhibitor of mTOR, is already in

clinical trial as an immunosuppressant in heart and kidney

transplantation [208]. Consequently, the connection between

rapamycin, mTOR and protein translation is now being inves-

tigated from the perspective of anticancer treatment [209].

UBIQUITIN-MEDIATED PROTEOLYSIS

Proteins in the cell usually end their life by being proteo-

lytically degraded. One of the major routes by which proteo-

lysis occurs is the ubiquitin-proteasome pathway [210, 211].

This is a process by which proteins are initially `tagged' for

degradation by the addition of multiple monomers of a 76

amino acid molecule known as ubiquitin. This makes them a

target for degradation by a multisubunit protease known as

the 26S proteasome. The addition of ubiquitin to a protein is

a multi-step reaction involving three classes of enzymes

known as E1, E2 and E3. Initially ubiquitin is activated by

the E1 enzyme, to which it becomes linked by a thiolester

bond. The activated ubiquitin is then transferred to a cysteine

residue on one of several known E2 enzymes (also referred to

as ubiquitin conjugating enzymes or UBCs). Next, the E2

enzyme transfers the ubiquitin onto a member of the E3

family of enzymes (also known as the ubiquitin protein ligase

family) to which a substrate is speci®cally bound. The E3

then catalyses the last step of the conjugation process, which

is formation of an isopeptide bond between the C-terminal

glycine of the ubiquitin and a lysine residue on the substrate.

Further molecules of ubiquitin are added via the lysine at

position 48 on the previously conjugated ubiquitin molecule

to generate a polyubiquitin chain. The protein is then ready

to be degraded by the 26S proteasome.

It is now becoming clear that ubiquitin-mediated proteo-

lysis is responsible for the rapid turnover of many regulatory

proteins. These include p53, cyclin E, cyclin D1, p27, c-FOS

and a number of growth factor receptors, all proteins that are

on pathways found to be misregulated in cancer [212].

Indeed, there is evidence that proteasome function may be

altered upon cellular transformation by oncogenic viruses

[213, 214]. A good example of this is the E6 protein of

human papilloma virus, which together with a cellular E6

binding protein called E6-AP (E6-associated protein) binds

to p53 and promotes its ubiquitin-mediated degradation

[215]. In the case of p27, low levels of this CDK inhibitor

have been found to correlate with poor prognosis in colon

and breast cancer, and in one study it was shown that

increased proteasome dependent degradation was responsible

for low p27 levels [216±219]. In these cases, restoration of

the function of these proteins by blocking their proteolysis

may be a possible therapeutic strategy. Another substrate for

the proteasome with therapeutic potential is the inhibitory

partner of NF-kB, IkB. Activation of NF-kB by degradation

of IkB is often a response to cytotoxic stress, which leads to

the transcription of anti-apoptotic genes [220, 221]. NF-kB

can also induce the transcription of a number of adhesion

molecules involved in angiogenesis and metastasis [222].

Thus, it is possible that blocking proteolysis of IkB may make

dividing cancer cells more susceptible to apoptosis and also
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block tumour metastasis. At the present time, all compounds

that block ubiquitin-mediated proteolysis do this by inhibit-

ing the activity of the 26S protease. The best known is the

fungal metabolite lactacystin, which acts by modifying a cri-

tical threonine residue on a subunit of the proteasome and is

a speci®c inhibitor of this complex [223]. Lactacystin will

cause cell cycle arrest in certain lines and even apoptosis,

however, there have been no reports on its value as an anti-

cancer agent in tumours. Alternatively the agent aclarubicin

which is used clinically in the treatment of cancer, has been

shown to inhibit the proteasome by blocking ubiquitin-ATP-

dependent proteolysis [224]. However, this is probably not

the only cellular target of this compound. Other reported

proteasome inhibitors are peptidyl aldehydes such as N-acetyl-

leucinyl-leucinyl-norleucinal (ALLN), benzyloxycarbonyl (Z)-

leucinyl-leucinyl nor-leucinal (ZLLL), and unfortunately

show less speci®city than lactacystin [212, 225]. To bring us

up to date, the most recently reported proteasome inhibitor is

PS-341, a dipeptide boronic acid that can selectively and

potently block the chymotryptic activity of the proteasome

[226]. This agent was tested in the NCI in vitro screen and

found to have strong cytotoxicity against a broad range of

tumour lines. In human prostate PC3 cells it was found to

induce a G2 arrest which was followed by apoptosis. This

compound also showed antitumour activity in mice and is

now undergoing phase 1 clinical evaluation in patients with

advanced cancer. With the available inhibitors of ubiquitin

mediated proteolysis, it would be fair to say that none have

been shown to attenuate the degradation of one speci®c pro-

tein. In order to attain this level of speci®city, and be able to

block the degradation of one protein, it may be that we have

to look at the other regulators of ubiquitin mediated proteo-

lysis, such as the E1, E2 and E3 enzymes. In this regard, it is

clear that there are multiple E2 enzymes and at least four

families of E3 ligases with mounting evidence that there is

some selectivity to the proteins that the latter associate with

[210, 227]. The most recent to be identi®ed implicates

pVHL, the product of the VHL tumour suppressor gene, as

part of a complex that displays E3 ubiquitin-protein ligase

activity, demonstrating another link between cancer and ubi-

quitin mediated proteolysis [228]. Finally, it appears that

phosphorylation may also have a role to play in selecting

proteins for degradation by this pathway. There have been a

number of reports indicating that phosphorylation of proteins

on speci®c residues can be a signal for ubiquitination. One

such protein that we have mentioned earlier is the cell cycle

regulator p27Kip1, which requires phosphorylation at the

threonine127 position in order to be a target for ubiquitina-

tion and hence proteolysis by the 26S proteasome [229].

Thus, identi®cation of the kinases and phosphatases that

regulate these events will also provide new avenues for drug

discovery in the area of ubiquitin mediated proteolysis.

OTHER NEW TARGETS

An emerging new area for potential therapeutic interven-

tion is the control of gene transcription via the acetylation

and deacetylation of chromatin and transcription factors such

as p53 and E2F1. These reactions are catalysed by families

of acetylases and deacetylases that act as transcriptional

co-activators and co-repressors [230, 231]. There is an

increasing link with cancer, since acetylases, for example, are

frequently found to be deregulated by mutation or transloca-

tion and are also targeted by viral proteins. Early natural

product inhibitors of histone deacetylases include trichostatin

A, trapoxin and depudecin. Recently a series of synthetic

benzamide derivatives were found to exhibit histone deacety-

lase activity and show potent inhibition of human tumour

xenografts [232]. Together with the related area of DNA

methylation, this appears to be an area with considerable

therapeutic potential.

Another area receiving considerable interest at the moment

is the inhibition of the Hsp90 molecular chaperone [233].

Hsp90 appears to function as a general chaperone in response

to cellular stress, assisting in the refolding of mis-folded pro-

teins. But it is also involved in specialised functions in

unstressed cells, including control of the folding, function

and location of particular sets of signalling molecules, espe-

cially hormone receptors, oncogenic kinases (e.g. erbB2 and

Raf-1) and mutant p53. Potent natural product inhibitors of

Hsp90 include radicicol and the geldanamycins such as

17AAG [234]. Inhibition results in the degradation of the

above mentioned client proteins and a resulting antitumour

eVect in vitro and in vivo [234]. Sensitivity to 17AAG, but not

geldanamycin or radicicol is greatly increased in cells con-

taining high levels of the NQO1 gene product, DT-diaphor-

ase, an enzyme that is overexpressed in a high proportion of

tumour cells [235].

Modulation of DNA repair following treatment of tumours

with DNA damaging agents and radiation continues to be of

interest. Target repair proteins include DNA alkyl guanine

alkyl transferase [236], poly (ADP-ribose) polymerase

(PARP) [237] and DNA-dependent protein kinase [238].

With regard to DNA itself, an area of great interest in terms

of both research and cancer treatment has been telomeres

and the enzyme telomerase. Recent results suggest that telo-

merase has potential as a speci®c cancer target for drug dis-

covery [239±241]. Inhibitors of telomerase, involving both

catalytic blockade and G-quadruplex binding, are now emer-

ging [242]. The bcr/abl oncoprotein results from a transloca-

tion seen in the majority of patients with chronic myeloid

leukaemia (CML). The constitutively active tyrosine kinase

function of bcr/abl is inhibited by the 2-phenylaminopyridine

agent CGP57148B and treatment with this agent resulted in

cures of leukaemic mice [247]. This drug has now entered

phase 1 clinical trials and there are anecdotal reports of

excellent cytogenetic and clinical responses in CML patients.

CONCLUSION

We would reiterate again that space has allowed us to

cover only a proportion of the exciting new small molecule

approaches designed to attack or exploit the molecular

pathology of tumours. The intention was to illustrate and

exemplify the enormous potential for a new generation of

innovative therapies based on novel targets, and at the same

time to stress the impact of the new technologies on the can-

cer drug discovery process. There is extraordinary potential

for a rapid and rational approach all the way from the in silico

genome sequence and laboratory bench through to the

hypothesis-testing clinical trial at the patient's bedside.

Discussion will continue regarding the advantages and

disadvantages of carrying out cancer drug discovery in rela-

tively small to medium sized, highly focused academic centres

and biotechnology companies as opposed to the increasingly

enormous capacity of large pharmaceutical companies.

Economies of scale and the very high screening throughputs

of large pharmaceutical companies can be important, but it
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has been argued that this can be counterbalanced by such

factors as short term market considerations, the distractions

of mergers and acquisitions and challenge of linking indus-

trial throughputs to the development of novel cutting edge

concepts [243]. The biotech industry has been extremely

innovative and academic institutes have an excellent track

record in cancer drug discovery and development. For

example, in our own centre we have taken eight new drugs,

derived from totally in-house or partnered discovery projects,

into phase 1 clinical trials over the past 6 years, with a further

agent scheduled for entry during 2000. The costs associated

with establishing on a reasonable scale the new technologies

described in this review are no longer prohibitive for small

biotech and academic centres. Again, in our own centre we

have established most of the technologies shown in Figure 1

and we can gain access to the remainder within our Institute

and a broader network of collaborators across CRC and the

extended academic community. From a personal perspective,

having experienced cancer drug discovery in academic, bio-

tech and large pharma settings, the present authors favour

strategic partnerships that play to the relative strengths of all

three sectors. The initial measure of success should be how

quickly we can bring to the cancer clinic hypothesis-testing

trials on the plethora of innovative agents targeted to the

molecular pathology of cancer. The ultimate test will be

whether the new molecular therapeutics deliver the goods in

terms of improved patient management and survival.

There are many unanswered questions. How active will the

new molecular-targeted drugs be when given as single agents,

and how well will they be tolerated? Will resistance arise

because of the emergence of redundant pathways? Will the

biological eVects seen involve cell cycle arrest, induction of

apoptosis, inhibition of angiogenesis, or modulation of inva-

sion and metastasis? How best should the new molecular

therapies be combined with existing cytotoxic therapies, sur-

gery and radiotherapy? To what extent will the prescribing of

the new therapies be linked to tumour genotypeÐfor exam-

ple, will we be able to dial up a combination of drugs that

speci®cally target an individual patient's tumour, e.g. one

that has a mutant Ras oncogene, together with mutated TP53

and p16 suppressor genes and deregulated Myc expression?

How will gene expression microarray and proteomics tech-

nologies be used in the clinic? These and many others are

important and fascinating questions that will be answered

during the next 5 to 10 years. As indicated in this review,

there is no shortage of stunning new ideas and targets. The

annual review of the Pharmaprojects database published in

May 1999 [246] shows that anticancers represent the single

most active therapeutic area for drugs in development

worldwide, with a total of 1422 projects currently underway.

The ®rst few years of the third millennium will be exciting for

all of us involved with cancer drug discovery as we strive to

realise the enormous therapeutic potential of our intellectual

and technological achievements.
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