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Drug Discovery in Oncology

Carlos García-Echeverría*

Abstract: A deeper understanding of the molecular events leading to tumour formation, invasion, angiogenesis, and
metastasis has provided a new mechanistic basis for oncology drug discovery: targeted anticancer therapy. By
specifically blocking the molecular pathways implicated in the pathogenesis of cancer, targeted anticancer agents
are expected to alter the natural course of the disease and, at the same time, to offer an enhanced therapeutic in-
dex over traditional cytotoxic agents. Following this new paradigm, extracellular matrix remodelling enzymes,
growth-factor receptors, signal transduction proteins, and regulators of cell-cycle and gene expression have been
the subject of intense drug discovery activities. Three representative areas of research in which targeted cancer
therapy has advanced with some success have been selected to briefly illustrate the current status and some of
the challenges of drug discovery in oncology.
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1. Introduction

Cancer is a general term that covers over
100 different malignancies. These patho-
genic conditions are characterized by
uncontrolled cellular proliferation and
growth, and, under special conditions, tu-
mour cell migration and spread to other or-
gans and tissues. Different factors (e.g. ge-
netic predisposition, environmental agents,
radiation, age or viruses) can transform nor-
mal cells into cancerous ones by altering
the normal function of a wide spectrum of
regulatory, apoptotic and signal transduc-
tion pathways. The complexity of these bio-
chemical processes and networks repre-
sents a major challenge in the development
of effective and specific cancer therapies,
but recent progress in molecular biology
has allowed some of the principles underly-
ing tumour cell transformation and growth
to be unravelled. This knowledge has im-
pelled a new paradigm in oncology drug
discovery: the identification and develop-
ment of mechanism-based inhibitors of
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specific biochemical processes that are
essential for the malignant phenotype of
cancer cells. The rationale behind this
approach is relatively simple: specific in-
hibitors of proteins involved in aberrant sig-
nalling mechanisms would interfere with
cancer progression, altering the natural
course of the disease. Following this para-
digm, many different approaches have been
attempted and many disappointments have
been harvested [1�3]. Due to space con-
strains, the current status and challenges of
three representative areas of research in
which targeted cancer therapy has ad-
vanced with some success, are briefly re-
viewed herein.

2. Inhibitors of Tyrosine and
Threonine/Serine Kinases

Protein kinases are enzymes that catal-
yse the phosphorylation of hydroxyl groups
on tyrosine, serine or threonine residues.
The biological consequences of this seem-
ingly simple enzymatic activity are stagger-
ing in tumour cells. Neoplastic transforma-
tion, tumour cell growth, survival, angio-
genesis, and metastasis are involved, one
way or another, in the action of members of
this class of enzymes.

Over the years, a set of protein kinases
has been selected as therapeutic targets 
in oncology based on their over-expres-
sion/dysfunction in tumour cells or through
their association in signal transduction/cell
cycle pathways relevant for the malignant
phenotype of the cell [4][5]. The critical
role of these kinases in the pathophysiology

of these certain types of tumours offers a
unique opportunity for therapeutic interven-
tion. Thus, specific inhibition of the critical
kinase should lead to a modification of the
functional response and, in turn, an alteration
of the malignant process in question.

Much of the medicinal chemistry effort
to inhibit kinases has been directed to inter-
fere with ATP binding. Initially, this ap-
proach was considered unlikely to result in
useful anticancer drugs due to two main as-
sumptions: i) the ATP-binding site is high-
ly conserved among protein kinases; and ii)
the observed Michaelis Km values of kinas-
es for ATP are often in the 1 to 10 µM range
and the compounds would have to compete
with intracellular ATP concentrations
around 1 to 5 mM. The potent and selective
kinase inhibitors available today have con-
firmed that, at least for some kinases, these
initial concerns were not well founded. 

Over 30 kinase inhibitors are known at
this moment to be undergoing clinical trials
for blood neoplasias and solid tumours [4],
and two of them, imatinib mesylate (1, Fig.
1) [6] and gefitinib (2, Fig. 1) [7], have re-
ceived marketing approval for the treatment
of cancers in which the importance of the
targeted kinase is well established. In this
respect, imatinib mesylate can still be con-
sidered the most representative example of
a molecular targeted therapy [8]. This
phenylamino-pyrimidine, which blocks the
kinase activity of v-Abl, c-Kit and PDGFR
[9][10], has had a major impact on the treat-
ment of chronic myelogenous leukaemia as
well as other tumours (e.g. gastro-intestinal
stromal tumour) with etiologies based on
the activation of its protein targets [11].
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The complexity of the kinases being
targeted in oncology drug discovery has
greatly increased over the past few years,
and the major challenges for medicinal
chemistry in this area of research will con-
tinue to be to identify new chemotypes and
to obtain the desired activity and specifici-
ty profile, but probably in a different way.
If in the past the emphasis was to achieve
high selectivity, new directions point to the
potential benefit of combining activity
against different targets in a single mole-
cule. This approach may improve antitu-
mour activity, reduce total drug load and
minimize undesired drug�drug interac-
tions. A representative example of this
strategy is NVP-AEE788 (3, Fig. 1) [12],
an EGFR/erbB2/VEGFR inhibitor that can
target simultaneously tumour cell prolifer-
ation and vascularisation. In the same di-
rection, the potential issue of resistance
due to mutations in the targeted kinase or
the presence of compensatory signal trans-
duction pathways may also require the
identification of single-agents with spec-
trum selective inhibitory activity.

The use of structural information by X-
ray crystallography or computer-assisted
molecular modelling based on kinase do-
main homology has played a major role in
the identification by structure-based design
approaches of the compounds currently un-
dergoing clinical trials [13]. The growing
body of structural data for kinases [14] and
the implementation of a new set of struc-

ture-based screening technologies [15]
seem to offer attractive prospects in this
area of research. Representative examples
of the new ways that structural biology can
contribute to the identification and develop-
ment of the next generation of antikinase
cancer agents are targeting the inactive
form of the kinase [16], understanding the
mechanism of resistance mutations [17] or
short-cutting the process of hit identifica-
tion and hit-to-lead optimisation [15]. 

As an alternative to ATP site-directed
inhibitors, antibody-based approaches and
growth factor antagonists have been ex-
plored to inhibit receptor tyrosine kinases
[18]. In this case, members of this subclass
of transmembrane-spanning proteins have
been inhibited by blocking the physical in-
teraction of the extracellular domain of the
receptor with its cognate ligand. Contrary
to the successful development of human-
ized monoclonal antibodies against EGFR,
erbB2 or VEGFR [19][20], the identifica-
tion of low-molecular mass antagonists of
growth factors has been mainly restricted to
peptide-like molecules [21�23]. Although
these peptides have displayed a diverse
range of biological activities both in vitro
and in vivo, their use as drugs can be com-
promised by proteolytic degradation, rapid
elimination from plasma, high first-pass
metabolism, and low oral bioavailability.
Structure-based design approaches that
build upon three-dimensional models of the
growth factor/receptor complex interac-

tions [25], and new methods to increase
compound diversity [26][27] may eventual-
ly identify and optimise non-peptidic an-
tagonists for this relatively unexplored, but
attractive, drug discovery strategy for onco-
genic receptor tyrosine kinases.

3. ATPases: Heat-Shock Protein 90
and Kinesin Spindle Protein 

ATPases are enzymes that use the ener-
gy originating from the hydrolysis of ATP
to drive thermodynamically unfavourable
biological processes such as protein fold-
ing, intracellular transport, protein degrada-
tion or ion transport. Several members of
this class of enzymes have recently
emerged as attractive targets in oncology
and major drug discovery advances have
been accomplished for two of them: heat-
shock protein 90 (Hsp90) and kinesin spin-
dle protein [28][29].

Hsp90 is a molecular chaperone in-
volved in the folding and stability of a se-
lected range of client proteins. This chaper-
one, which is over-expressed in certain
types of tumours, is believed to be involved
in dealing with the cellular stress associat-
ed with the hostile cancer environment, as
well as being essential for the proper func-
tion of key oncogenic proteins (e.g. erbB2,
c-Raf, mutated p53, PKB/Akt). The associ-
ation with Hsp90 allows these proteins to be
operational in signal transduction pathways
that are essential to mediate and sustain tu-
mour cell growth and survival. Hence, in-
hibitors of Hsp90 may block a wide range
of �cancer hallmark traits� exhibiting a
broad-spectrum antitumour activity across
multiple cancer types [30][31].

In terms of development of Hsp90 in-
hibitors as anticancer agents, initial atten-
tion was focused on two natural products,
geldanamycin (4a, Fig. 2) and radicicol (5,
Fig. 2) [26]. X-ray crystallographic studies
revealed that these compounds bind into the
ATP-binding cleft of the N-terminal do-
main of Hsp90. Occupancy of this pocket
results in inhibition of the essential ATPase
activity that drives the molecular engine of
this chaperone. In preclinical studies, these
initial Hsp90 inhibitors showed potent an-
tiproliferative activity in cellular settings
and in vivo antitumour activity in a variety
of human tumour xenografts [32]. One 
of these derivatives, 17-allylamino-17-
demethoxygeldanamycin (17-AAG; 4b,
Fig. 2), is currently in Phase II clinical tri-
als. Although 17-AAG has shown some en-
couraging clinical responses, it presents im-
portant drawbacks (e.g. formulability, he-
patotoxicity) that may hamper its full
development. To address these shortcom-
ings, geldanamycin derivatives with im-
proved pharmaceutical properties have
been prepared and one derivative 17-

Fig. 1. Representative examples of kinase inhibitors.
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desmethoxy-17-N,N-dimethylaminoethy-
lamino-geldanamycin (17-DMAG; 4c,
Fig. 2) has recently entered Phase I clini-
cal trials.

The preclinical data and the tumour se-
lectivity [33] observed with the initial
Hsp90 inhibitors have spurred a wide-
spread interest in the identification of new
chemotypes that interfere with ATP bind-
ing [34]. Structure-based design and high-
throughput screening approaches have
been taken to meet this objective, but so
far the results have been daunting. The
most relevant low-molecular-mass Hsp90
inhibitors described to date are purine-
based compounds [35]. Although some of
these compounds are equipotent to 17-
AAG in biochemical assays (e.g. 6, Fig.
2), the specificity and in vivo antitumour
activity of these purines have not yet been
reported.

In addition to the ATP-binding pocket
at the N-terminus of Hsp90, a recent study
has suggested a potential ATP binding
cleft at the C-terminus of this chaperone
[36]. Occupancy of this pocket by novo-
biocin (7, Fig. 2), which is an antibiotic
produced by the actinomycete Strepto-
myces nivens and used to treat infections
by gram-positive bacteria, impairs the cel-
lular function of Hsp90. This finding may
offer a new avenue to modulate Hsp90 ac-
tivity by targeting an alternative nu-
cleotide-binding site with different struc-
tural features [29].

The other emerging therapeutic target
from this nucleotide-binding family is the
kinesin spindle protein (KSP) [37]. This
ATPase, which is a member of the kinesin
subfamily of microtubule molecular mo-
tors, converts the energy released from the
hydrolysis of ATP molecules into me-
chanical force that drives the transport of
cellular cargoes along microtubules [38].
A functional KSP is required for the es-
tablishment and maintenance of bipolar
spindle formation during mitosis, and the
proper segregation of replicated DNA in-
to the two daughter cells [39]. According
to its critical role in dividing cells, pertur-
bation of KSP activity in proliferating tu-
mour cells could cause malformation or
dysfunction of the mitotic spindle and in-
duction of cell cycle arrest and apoptosis. 

KSP consists of an N-terminal motor
head, a central coiled coil, and a C-termi-
nal tail. Inhibition of KSP activity has
been accomplished by targeting the ATP
binding cleft in the motor domain. Quina-
zolines, isoquinolinones, dihydroindolyl-
carboxylates, pyrido-pyrimidines, pyrim-
idinones, pyrazoles, thienopyrimidines,
phenothiazines, and triphenylmethanes
have been claimed in different patents as
KSP inhibitors. Although we can assume
that some of these compounds exert their
inhibitory activity by interfering with
ATP-binding [28][40], a recent article has
reported a potential alternative mecha-
nism for blocking KSP. The X-ray struc-

ture of KSP complexed with (S)-monas-
trol (8, Fig. 2) and Mg2+·ADP revealed
that this inhibitor binds to an induced-fit
pocket 12 Å away from the nucleotide-
binding cleft of the protein [42]. The
interaction of monastrol with the protein
induced conformational rearrangements
throughout the motor domain that may
eventually affect the in vivo movement of
KSP on the microtubule.

The paucity of published data on the in
vitro and in vivo antitumour activities of
KSP inhibitors make it difficult to assess
at this moment the potential benefit and
therapeutic window of this new type of
antimitotic agent. An important preclini-
cal observation is that unlike taxanes, SB
715992 (CK 0238273; structure not dis-
closed), which is a KSP inhibitor in Phase
II clinical trials, did not cause peripheral
neuropathy in a mouse model [43]. This is
in alignment with the hypothesis that KSP
is essential for assembly and function of
the mitotic spindle in proliferating cells,
but it is not involved in the microtubule
dynamics associated with some nerve
processes.

4. Histone Deacetylase Inhibitors

Aberrant regulation of gene expres-
sion is a hallmark of cancer cells and re-
versal of this effect has been considered a
sound strategy for cancer therapy. Among
the proteins involved in these epigenetic
events, histone deacetylases (HDACs)
have been the subject of intense drug
discovery efforts. Together with histone
acetyltransferases, HDACs play an impor-
tant role in modulating the topology of
chromatin and regulating gene expres-
sion. Inappropriate HDAC-mediated tran-
scriptional repression in tumour cells pro-
duces alterations in chromatin structure
and blockage of cell differentiation [44].
Consistent with this biological process,
inhibition of HDACs and activation/re-
pression of specific genes may result in
cell cycle arrest, stimulation of differenti-
ation, and induction of apoptosis [45]. 

Current HDAC inhibitors can be divid-
ed into five broad structural classes: hy-
droxamic acids (e.g. 9, Fig. 3), aliphatic
acids or pro-drugs thereof (e.g. 10, Fig. 3),
benzamides (e.g. 11, Fig. 3), electrophilic
ketones (e.g. 12, Fig. 3), and cyclic pep-
tides (e.g. 13 and 14, Fig. 3) [46][48][49].
Overall and with a few exceptions, these
chemotypes conform to a general pharma-
cophore that is composed of three main
structural elements: i) a zinc interacting
group; ii) a linear or conformationally
constrained spacer; and iii) a surface
recognition motif that interacts with
amino acids on the rim of the active site.
Together with homology models and ex-

Fig. 2. Representative examples of inhibitors of Hsp90 and KSP.

(S)-Monastrol
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tensive SAR studies, the structural details
of HDAC inhibitor-enzyme interactions
obtained by X-ray crystallography have
been instrumental in the identification and
development of therapeutic agents in this
area of research. Representative examples
of HDAC inhibitors in clinical trials are
shown in Fig. 3 (9�11, 14).

In preclinical models, HDAC in-
hibitors have shown potent antiprolifera-
tive activities against a broad spectrum of
transformed cells, and in vivo antitumour
activities in xenograft models without
apparent toxicity [49]. These inhibitory
effects are believed to be caused in part by
accumulation of acetylated proteins,
such as nucleosomal histones, and activa-
tion/repression of a small number of
genes (e.g. activation of p21). However,
the greater inhibitory activity on trans-
formed cells compared with normal cells
upon incubation with HDAC inhibitors in
culture are not completely understood. 

Phase I/II clinical trials with HDAC in-
hibitors either as single agent or in combi-
nation studies are ongoing. The compounds
seem to be well tolerated, and stable dis-
eases or mild improvements in cancer pa-
tients have been reported for some of them
[47], but additional results will be required
to ultimately determine the clinical utility
of these agents.

The ability to selectivity inhibit specific
HDACs is currently a major focus in this
area of research. Constituents of the hy-

droxamic acid class and some of the cyclic
peptides are among the most potent HDAC
inhibitors reported to date, but the intrinsic
features of these inhibitors (e.g. strong
interaction with zinc or tight contacts in the
active site) make them non-selective
against the different members of the class
I/II HDACs. It is reasonable to predict that
the use of structure-based design approach-
es will have the greatest opportunity to
modulate the selectivity profile of the
current scaffolds or identify new lead
structures. In this context, exploiting the
structural diversity on the periphery of the
N-acetyl lysine binding channel and fine-
tuning the interactions mediated by the sur-
face recognition domain have provided ini-
tial hints on how to achieve some differen-
tial selectivity [51�53].

5. Conclusions

As illustrated with the three target fami-
ly briefly reviewed in the preceding sec-
tions, the current challenge in oncology
drug discovery is to identify molecules able
to block specific biochemical processes that
are considered essential for the malignant
phenotype of cancer cells. Meeting this
challenge is likely to produce therapies with
a level of efficacy and therapeutic index not
possible with existing anticancer agents.
Looking at the results obtained in the past
few years, it is remarkable to see how mul-

tidisciplinary teams have been able to block
oncogenic targets in ways not previously
possible. As these targeted therapies move
forward in the development path, we can
only hope that some of the promising find-
ings observed in preclinical models with
these new anticancer agents may eventually
come to be realized in clinical settings.
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