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Cancer drug development is leading the way in exploiting molecular biological and genetic information to develop ‘personalized’ 
medicine. The new paradigm is to develop agents that target the precise molecular pathology driving the progression of individual 
cancers. Drug developers have benefited from decades of academic cancer research and from investment in genomics, genetics 
and automation; their success is exemplified by high-profile drugs such as Herceptin (trastuzumab), Gleevec (imatinib), Tarceva 
(erlotinib) and Avastin (bevacizumab). However, only 5% of cancer drugs entering clinical trials reach marketing approval. 
Cancer remains a high unmet medical need, and many potential cancer targets remain undrugged. In this review we assess the 
status of the discovery and development of small-molecule cancer therapeutics. We show how chemical biology approaches offer 
techniques for interconnecting elements of the traditional linear progression from gene to drug, thereby providing a basis for 
increasing speed and success in cancer drug discovery.

As in other therapeutic areas, success in innovative small-molecule can-
cer drug discovery depends on the creative interaction between chem-
istry and biology. At the heart of the classical drug discovery process 
are iterative cycles linking chemical synthesis and biological evaluation. 
Hypotheses generated about therapeutic targets lead to the production 
of new chemical matter, which is then evaluated in appropriate biologi-
cal assays. The results generate new hypotheses and stimulate further 
rounds of synthetic refinement and testing until a compound with the 
required, predefined properties can be selected for clinical development. 
Notwithstanding the enormous technical advances made across many 
fronts, drug discovery remains a rationally driven but essentially empiric 
process. An important way to improve productivity is to decrease the 
timescale between hypothesis and feedback. These timescales can be 
relatively short, as in lead optimization (which may now be completed 
in as little as 12 to18 months), to very long, as in clinical trials (which can 
take many years). In this Review, we show how powerful new technolo-
gies can be combined to reduce the cycle times at all stages, so that suc-
cess or failure is reached faster. It is a concern that despite the increasing 
number of targeted molecular therapeutics, attrition rates for oncology 
drugs in the clinic are worse than those for other disease areas1 (Box 1). 
It is therefore important that drugs and molecular targets that will not 
make it are identified earlier in the drug discovery process, thereby sav-
ing enormous late-stage development costs and allowing resources to 
be focused on the drugs most likely to succeed. Most critical in this 
regard is improving the suitability and robustness of the agents that 
enter the clinic.

Introduction of new technologies has been extremely important—
particularly various high-throughput genomic approaches for target 
and biomarker discovery2, high-throughput screening (HTS) for hit 
identification3,4 and structure-based design5, which we will discuss in 
detail. Although many individual developments are enhancing speed 
and quality, it is important to emphasize that most of the clinical 
successes so far have resulted from close integration of different tech-
nologies and disciplines (chemistry, biology and experimental medi-
cine), and from the application of ‘joined-up thinking’, in particular 
to address the issues that lead to failure of drugs in the clinic1.

Chemical biology offers experimental techniques for linking together 
elements from all stages of what was previously viewed as a linear pro-
gression from gene to drug (Fig. 1). These techniques allow us to look 
ahead on the path to the clinic using probe compounds to refine the 
target pharmacological profile and select the best models to guide drug 
development6. They also allow us to define the appropriate subject 
population for clinical trial by identifying biomarkers for drug action7. 
Chemical biology facilitates evaluation of compounds on a genome- or 
proteome-wide scale through interaction screens that examine many 
biological systems simultaneously in a well-defined manner, as in the 
elucidation of kinase inhibitor selectivity profiles8,9 and the identifica-
tion of desirable polypharmacies and combination therapies through 
detection of synthetic lethality10,11.

Against this background, our review will focus on the discovery 
of new small-molecule anticancer drugs for relevant protein targets, 
highlighting particularly but not exclusively those acting on kinases 
and the molecular chaperone heat shock protein 90 (HSP90). These 
are areas of drug discovery in which chemical biology techniques 
are clearly making a significant impact. We assess the progress and 
current challenges of cancer drug discovery, and finally we indicate 
ways forward to enhance the discovery and development of cancer 
therapeutics.
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The molecular basis of cancer: drugging the cancer genome
Efforts to elucidate the molecular basis of cancer are not new. They 
date back to the characterization of animal cancer viruses in the 1960s 
and 1970s, the identification of the first cancer-causing oncogenes and 
tumor suppressor genes in the 1970s and 1980s and the discovery of the 
ways cancer genes subvert signal transduction pathways in the 1990s12. 
What has been radically different in the last five to ten years is a profound 
cultural change, in which cancer drug discovery has embraced molecular 
oncology as a source of disease-causing targets for hypothesis-driven, 
mechanism-based drug discovery13,14.

The first generation of effective cancer drugs were the cytotoxics that 
still form the basis of most treatment regimens14. Many were discovered 
by screening for compounds that kill tumor cells. The concept underly-
ing the development of these agents was that cancer cells replicate their 
DNA and divide more frequently than healthy cells. This somewhat 
naive notion underpinned the development of DNA-damaging agents, 
antimetabolites that inhibit DNA synthesis, and microtubule inhibi-
tors such as Taxol (paclitaxel) that block the mechanics of cell division. 
Though this first era of cancer drug development did not deliberately 
exploit the genetic basis of cancer, many of the agents were neverthe-
less ‘molecularly targeted’. For example, antifolate thymidylate synthase 

inhibitors were rationally designed according to principles of modern 
medicinal chemistry, which involved structure-activity relationships 
(SARs) and structural biology15. The term “targeted molecular thera-
peutics” and similar tags are now used to describe small-molecule agents 
that are not only rationally designed but also act on disease-causing 
oncogenic targets. The increasing number of approved agents, together 
with the therapeutic antibodies that act on similar targets (Table 1 and 
Box 1), demonstrates that we are in a second golden era of cancer drug 
development14.

The development of molecular cancer therapeutics is founded on 
an understanding of the types of genes involved (Fig. 2a). The process 
of exploiting cancer genes to develop both molecular therapeutics and 
molecular biomarkers is now well established (Fig. 2b). The integration 
of these forms the basis for the development of personalized cancer 
medicine13,14. Activation of oncogenes and inactivation of tumor sup-
pressor genes—often facilitated by inactivation of DNA repair genes, 
which causes genetic instability—leads to hijacking of signal trans-
duction pathways and hence to the various well-defined phenotypic 
hallmark traits of cancer16,17. These traits include not only loss of cell 
cycle control and the unrestricted proliferation referred to above, but 
also independence from positive and negative homeostatic regulatory 

BOX 1  THE NEED FOR IMPROVED CANCER THERAPIES AND IMPROVED DRUG DISCOVERY

Table 1  Examples of targeted molecular cancer therapeutics receiving marketing approval by the US FDA 2001–2006

Year Examples of targeted molecular therapeutics Drug type Disease indication Primary molecular target

2006 Sprycel (dasatinib) Small molecule Gleevec-resistant CML BCR-ABL, SRC

Sutent (sunitinib) Small molecule Renal cancer and GIST PDGFR, VEGFR, c-KIT

Herceptin (trastuzumab) Antibody Breast cancera ERBB2

Zolinza (vorinostat) Small molecule Percutaneous T-cell lymphoma HDAC

2005 Nexavar (sorafenib) Small molecule Renal cell carcinoma VEGFR, CRAF, PDGFR

2004 Avastin (bevacizumab) Antibody Metastatic colorectal carcinoma VEGF

Erbitux (cetuximab) Antibody EGFR-expressing metastatic colorectal cancer EGFR

Tarceva (erlotinib) Small molecule Metastatic non-small-cell lung cancer EGFR

2003 Iressa (gefitinib) Small molecule Metastatic non–small-cell lung cancerb EGFR

Velcade (bortezomib) Small molecule Multiple myelomac 26S proteasome

2002 Gleevec (imatinib) Small molecule GIST c-KIT, PDGFR 

Zevalin (90Y-ibritumomab tiuxetan) Radiolabeled antibody Non-Hodgkin lymphoma CD20

2001 Campath (alemtuzumab) Antibody B-cell chronic lymphocytic leukemia CD52

Gleevec (imatinib) Small molecule CML BCR-ABL
aFirst approved 1998, use extended 2006. bSecond-line therapy. cFor people who have received at least two prior therapies. Also see CenterWatch (http://www.centerwatch.com/patient/drugs/
druglist.html).

Despite many therapeutic successes, cancer is the second-most-
frequent cause of death in the United States and is set to become 
the most common in the relatively near future12. Cancer comes in 
many different forms—both anatomically and molecularly—and 
whereas in several of these (for example, some leukemias, lympho-
mas, testicular and pediatric cancer) drug therapy can markedly 
increase survival, in many of the common adult epithelial tumors 
the impact is modest at best.

The overall success with oncology drug development in recent years 
has been mixed, even though over 30 new cancer treatments have 
been approved by the US FDA since 2001 (http://www.centerwatch.
com/patient/drugs/druglist.html; Table 1). Many of these approved 
drugs are antibodies, and others are not novel, first-in-class agents. 
Furthermore, attrition rates for oncology drugs in the clinic are worse 
than for other disease areas: figures for 1990–2000 show a 5% suc-
cess rate in the clinic, compared with 11% overall1. Moreover, failure 

often occurs very late in the clinical development process.
Reasons for the failure of candidate drugs for cancer and other 

diseases have been identified1. In 1991, poor pharmacokinetics 
and bioavailability predominated. Technical solutions (involving 
predictive assays to triage compounds with permeability and meta-
bolic liabilities131) were implemented to address this, and by 2000 
failure from this cause had fallen from 40% to 10%. The main 
causes of attrition are now insufficient therapeutic activity (30%) 
and toxicity (30%). These risks can be reduced by identifying 
better predictive and molecularly defined animal models of can-
cer99,100 and in vitro models of mechanism-based and off-
target toxicity101. However, drugs acting on new molecular targets 
are inherently risky. Risk can be minimized by selecting only the 
best targets22, and by using biomarkers to identify the most ap-
propriate subjects110 and to demonstrate proof of concept for the 
intended mechanism of action7.
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factors, inappropriate survival, decreased 
apoptosis, immortalization, and stimulation 
of invasion, angiogenesis and metastasis. All 
these processes present targets for therapeutic 
intervention. Oncogene products themselves 
may be good targets, but other proteins down-
stream in a key pathway may also be suitable; 
for example, MAP-kinase kinase 1 (MEK1) and 
MEK2 in the RAS-RAF-MEK-ERK signaling 
pathway and mammalian target of rapamycin 
(mTOR) in the phosphatidylinositol-3-OH 
kinase (PI(3)K) pathway. In addition, the use 
of chemical probes has shown that oncogenic 
support processes such as protein chaperoning 
(for example, HSP90) and chromatin regula-
tion (for example, histone deacetylase (HDAC)) 
can provide valuable drug targets18,19.

A major expectation for targeted molecu-
lar cancer therapeutics is that they show good 
efficacy and low toxicity, and this is certainly 
true of the poster child Gleevec20. An impor-
tant theory underpinning this selectivity is that 
of “oncogene dependence” or “addiction”21. 
Although it requires further experimental vali-
dation, this concept proposes that cancer cells 
undergo selection to become driven by, but also 
dependent on, key oncogenic pathways.

A key driver in selecting cancer drug targets 
is the identification of distinguishing features 
of cancer cells, which may arise by mutations 
or gene rearrangements, inherited epigenetic 
changes or cell lineage legacies. While contrib-
uting to cancer development, these genetic, 
epigenetic or metabolic features can create 
“dependencies”—weaknesses that can be 
exploited according to four types or “tracks,” as classified by Benson et 
al.22: (i) the genetics track, based on oncogene addiction and exempli-
fied by Gleevec in BCR-ABL–positive leukemia and MEK1 and MEK2 
inhibitors in BRAF-driven melanoma models23; (ii) the synergy track, 
founded on the concept of synthetic lethality and illustrated by the 
selective killing by poly(ADP-ribose) polymerase (PARP) inhibitors of 
cells with BRCA gene defects10; (iii) the lineage track, another form of 
addiction, based on gene expression profiles showing that cancers from 
a given tissue or cell of origin share many common molecular features 
of that origin, and exemplified by antihormonal therapies in breast and 
prostate cancer, and potentially by the amplified oncogene microphthal-
mia-associated transcription factor (MITF) in aggressive melanomas24; 
and (iv) the host track, arising from recognition that tumor-host cell 
interactions and microenvironmental and physiological factors related 
to tumor hypoxia are critical for cancers, and exemplified by the vascular 
endothelial growth factor (VEGF)-targeted antibody Avastin and small-
molecule inhibitors of VEGF receptor tyrosine kinases such as Nexavar 
(sorafenib) and Sutent (sunitinib). Together with the view of molecu-
lar cancer therapeutics discussed above (Fig. 2), the concept of cancer 
dependencies provides a valuable framework for thinking about oncol-
ogy drug targets, selecting an individual target to work on, or building 
a portfolio of targets to tackle the disease in different ways.

There is certainly no shortage of potential drug targets. More than 
350 cancer genes have been catalogued (www.sanger.ac.uk/genetics/
CGP/Census/)25. New cancer genes continue to be found, particularly 
by high-throughput systematic methods such as genome resequencing26 

(as used to discover BRAF27) and array-based DNA copy number and 
expression-profiling analysis (as used to discover MITF24). A short hair-
pin RNA (shRNA) barcode screen has been used to identify genes that 
affect sensitivity to the nutlin inhibitors of p53-binding MDM2 (ref. 28), 
and a small interfering RNA (siRNA)-based screen has identified kinases 
that cooperate with AKT (protein kinase B)11. High-throughput RNA 
interference (RNAi) technology is a powerful tool for gene discovery29. 
Validation and prioritization of the best targets is now a critical activity. 
This can be done using a combination of human genetics and genom-
ics; functional validation, especially by overexpression or knockdown 
by RNAi; and transgenic animals and model organisms22. Extremely 
important in triaging targets is their druggability. For example, with 
current technology, enzymes such as kinases and small-domain-size 
protein-protein interactions are druggable, but many potential targets 
are not, as with the mutant oncoprotein RAS and mutant tumor sup-
pressor p53.

Genes hijacked in cancer have important homeostatic roles in devel-
opment and normal physiology. Despite cancer dependencies, toxicity to 
healthy cells is possible. For example, epidermal growth factor receptor 
(EGFR)-targeted agents cause mechanism-based skin rash. In retrospect, 
skin toxicity might have been predicted from the phenotype of EGFR 
knockout mice, was seen in the preclinical toxicology of Iressa (gefitinib) 
and Tarceva (http://www.accessdata.fda.gov/scripts/cder/drugsatfda/), 
and can now be understood in terms of the receptor tyrosine kinase 
ERRB family biology30. However, therapeutic index remains difficult 
to predict accurately purely from knowledge of the molecular action of 
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Figure 1  The process of developing new molecular-targeted therapeutics, ‘from gene to drug’. 
Chemical biology and structural biology using small molecules generated during drug discovery not only 
accelerate progression along the path to the clinic, but also serve to knit together the various stages. 
Thus small-molecule probes can be used to ‘look ahead’ and anticipate the best models for guiding 
drug development while also allowing the underlying biological hypotheses of the targeted approach to 
be interrogated pharmacologically.
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drugs and is probably still best estimated from animal models of toxicity 
and efficacy during preclinical development.

Lead generation: finding the diamond in the rough
The next major step after target selection is lead generation (Fig. 1). 
Chemical starting points for drug discovery may come from the structures 
of endogenous ligands, existing drugs, biologically active natural products, 
high-throughput or focused screening of synthetic-compound libraries 
and, increasingly, design and screening using structural biology informa-
tion. Biochemical HTS against isolated cancer targets has been effective 
for several protein classes, including kinases3 and HSP9018. For kinases, 
such screens can be biased toward identifying competitive inhibitors of 
phosphate transfer from ATP by the active enzyme. In contrast, in vitro 
biochemical recapitulation of signal transduction cascades (for example, 
the RAF-MEK-ERK pathway31) may identify compounds having a wider 
range of well-defined mechanisms of action.

Phenotypic screening in intact cells or organisms, such as 
Caenorhabditis elegans or zebrafish embryos, is applicable to target iden-
tification and lead generation4. This extends the reach of small-mol-
ecule screening to targets that are incompatible with in vitro biochemical 
assays and allows many molecular targets to be probed simultaneously in 
the cellular environment, as in the discovery of an inhibitor of oncogenic 
WNT/β-catenin signaling32. Postscreening mechanistic deconvolution 
of active compounds is needed to define their precise molecular tar-
gets33. For noncovalent inhibitors this may involve gene expression and 
protein array profiling, affinity chromatography of cell lysates, or yeast 
chemical genetic screens, as used to find the targets of antiprolifera-
tive phenylaminopyrimidines related to Gleevec34. Chemically reactive 
inhibitors can be used directly as labels to isolate their targets, as shown 
for inhibitors of breast cancer cell proliferation35. Alternatively, imag-
ing-based high-content screens interrogate the phenotype directly at the 
molecular level. Imaging of protein recruitment to the cell membrane 

has identified inhibitors of AKT kinase activity36 and has determined 
the effects of selective PI(3)K inhibitors on the response to growth fac-
tors37. Observation of subcellular localization of the transcription fac-
tor FOXO1A has identified small molecules targeting the PI(3)K-AKT 
pathway and nuclear transport machinery38.

Sensitive biophysical techniques such as NMR and X-ray diffraction 
can detect the weak binding of much smaller compounds (fragments) 
than those comprising typical HTS libraries. Analysis of fragment bind-
ing modes may suggest how to link the fragments to generate more 
traditional lead structures39, as shown for p38 MAP-kinase inhibitors40. 
Combining biochemical HTS for low-affinity compounds and medium-
throughput biophysical methods, especially protein-ligand cocrystal-
lography, is a powerful and efficient lead-generation strategy41.

Computational chemistry increasingly contributes to screening strat-
egies. Empirical parameters describing appropriate physicochemical 
properties of fragments, leads and drugs should be routinely incorpo-
rated into new compound library design42–47 (Box 2). Some structural 
motifs confer promiscuous nonspecific activity, or are associated with 
toxicities, and hence can also be eliminated from screening sets48,49. 
Virtual screening50 of library structures for their fit with specific three-
dimensional pharmacophores can enrich HTS hit rates, as shown for 
inhibitors of checkpoint kinase 1 (ref. 51). Pharmacophores may come 
from protein-inhibitor cocrystal structures, or they may be derived 
from SARs.

The most efficient screening strategy depends on the molecular target 
and what is known when the drug discovery program starts. The various 
approaches may require compound libraries of quite different designs. 
At one extreme, large collections of highly diverse structures are useful 
for biochemical HTS against targets for which there is little chemical 
biology information. Libraries biased with compounds having a rel-
evant biological pedigree increase the hit rates in phenotypic screens, 
as with RAS signaling pathway inhibitors52. When structural biology or 
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         Phenotypic hallmarks of cancer
• Increased proliferation
• Inappropriate survival/decreased apoptosis
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Figure 2  Understanding the genetic and biological causation of cancer generates new targets for therapy. (a) Schematic illustration of the classes of genes 
involved in oncogenic transformation and malignant progression. Deregulation of these genes leads to the hijacking of oncogenic signaling pathways, which 
results in the phenotypic hallmark traits of cancer. Mutated or overexpressed oncogenes, particularly kinases, are often excellent targets for drugs that act 
as enzyme inhibitors. Downstream signal transduction proteins can also be inhibited (for example, MEK1 and MEK2 inhibitors acting downstream of RAS 
and RAF). Replacing the loss of tumor suppressor genes (for example, p53) is very challenging, and restoring a loss of function with a small molecule is also 
extremely difficult. However, loss of tumor suppressor activity can lead to a gain of function elsewhere (for example, activation of the PI(3)K pathway when 
the function of the tumor suppressor PTEN is lost), and this function can be inhibited. Loss of DNA repair genes can be exploited by using inhibitors of other 
DNA repair enzymes (for example, PARP) to achieve a synthetic lethal effect (for example, in the presence of BRCA gene defects). The concerted involvement 
of several genes in the progression of most cancers suggests that a combinatorial approach may prove to be the most effective. This could be achieved with 
cocktails of highly selective drugs, with multitargeted or polypharmacy agents, or by inhibiting targets such as HSP90 and HDAC that in turn affect many 
cancer gene products. (b) Translating knowledge about the molecular basis of cancer into individualized cancer treatment, which requires both drugs and 
biomarkers. Modified from ref. 13 with permission. 
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known ligands define a pharmacophore, smaller, focused libraries based 
on a few structural motifs may be useful. The close structural similarity 
of the ATP cofactor binding site across the kinome enables the devel-
opment of privileged structures or molecular master keys (molecular 
scaffolds with a good fit and therefore high probability of binding), 
which provide starting points for new inhibitor discovery and allow 
target hopping within a chemical class53,54. One potential weakness is the 
increased probability of finding kinase cross-reactive ‘frequent hitters’ 
and the consequent need to engineer selectivity into compounds during 
drug development.

The clinical anticancer activity of complex natural products—for 
example, camptothecins, vinca alkaloids and epothilones—suggests 
that such structures occupy a pharmaceutically valid chemical space55. 
Natural-product core scaffolds may be a source of diverse new chemical 
materials that serve as starting points for developing targeted therapeu-
tics. Biology-oriented56 and diversity-oriented synthesis57 are emerging 
paradigms for guiding the generation of compound libraries that mimic 
the structural complexity of natural products, outside the arguably 
restricted chemical space occupied by synthetic drugs58. However, the 
extent to which highly complex structures are compatible with drug-
like physicochemical properties is not fully determined59. It will also be 
important to distinguish molecularly targeted biological activities from 
general cytotoxic activity when natural products serve as inspiration for 
anticancer drug discovery.

Structure-based approaches: designer drugs
As mentioned before, the engine of medicinal chemistry continues to be 
the iterative cycles of design, chemical synthesis and biological evalua-
tion that establish SARs. Observation of the interaction of ligands and 
proteins through cocrystallography informs and accelerates the process 
and has been very successful in kinase, HSP90 and HDAC inhibitor 
design. Crystallographic identification of potential small-molecule bind-
ing sites embedded in the larger surfaces that usually mediate protein-
protein interactions has been important in discovering proapoptotic 
agents that inhibit interactions of MDM2-p53 and BCL260.

Structural biology has revealed several binding modes for protein 
kinase inhibitors5,61 (Fig. 3a–d). Behind these is the conserved bilobal 
tertiary structure defining a binding cleft for the cofactor ATP. Although 
the sequence and structural similarity of kinases was originally viewed 

as a potential liability, they are now recognized as classic druggable tar-
gets62. The binding site contains conserved features that enable hydrogen 
bonding to the adenosine, ribose and phosphate components of ATP. 
These areas are flanked by subsites that are not occupied by cofactor and 
that vary considerably between kinases. Inhibitors exploit conserved and 
nonconserved features to achieve potency and selectivity. Additionally, 
conformational changes (usually triggered by phosphorylation) associ-
ated with activation of kinases indicate that each kinase target may exist 
in more than one form. Drugs such as Iressa and Tarceva compete for 
occupation of the ATP binding site in the activated enzyme, whereas 
Gleevec, Nexavar and Tykerb (lapatinib) bind and stabilize an inactive 
form, thereby preventing activation5,61. Other compounds, such as the 
MEK1 and MEK2 inhibitor PD318088 (ref. 63), bind remotely and allo-
sterically inhibit enzyme activity. Inhibition may also involve binding 
to sites that mediate protein-protein interactions, as seen for ligands 
of the AKT pleckstrin-homology domain64 and the mTOR inhibitor 
rapamycin65.

The structural biology of kinases has important consequences for 
inhibitor selectivity and development of resistance. Three-dimensional 
structure is more obviously conserved between activated kinases than 
between inactive forms. Thus inhibitors targeting stabilization of inac-
tive enzymes can be more selective5,61. Greater use of interactions within 
the nonconserved regions of the ATP binding site should confer greater 
selectivity for inhibitors targeting active forms. However, the poten-
tial for drug resistance should also be considered. Mutation of residues 
essential for binding of drugs to the inactive form may be better toler-
ated in terms of retaining catalytic function in the active conformation. 
Likewise, regions of the ATP binding site that are not involved in catalysis 
or cofactor binding are likely to be hot spots in which mutations do 
not affect kinase function but may ablate drug binding. The gatekeeper 
residue, which delineates the size of a buried pocket adjacent to the 
ATP binding site and is mutationally silent in terms of ATP binding, is 
one such residue. Gatekeeper and other mutational hot spots have been 
identified in variants of Gleevec-resistant BCR-ABL66 and Iressa-resis-
tant EGFR kinase67. Deliberate mutation of kinase residues is a valuable 
tool for target validation and investigation of drug action. Construction 
of a gatekeeper mutant of EGFR that is insensitive to Iressa paralled the 
identification of the EGFR T790M Iressa-resistant mutant in clinical 
trials68. The effect of conditional kinase inhibition on signaling pathways 

a b c d

gfe

Figure 3  Protein-ligand cocrystal structures 
showing the canonical protein folds and inhibitor 
binding modes for protein kinases, HSP90 and 
HDAC. Ribbon representations of the proteins are 
colored with respect to their secondary structure: 
red, α-helix; blue, β-sheet; green, turn structures. 
Space-filling representations of the inhibitors are 
colored by electrostatic potential: red, negative 
charge; blue, positive charge; gray, neutral. 
(a) ATP (space filling) bound to PKA (Protein 
Data Bank (PDB) entry 1ATP). (b) Tarceva (space 
filling) bound to EGFR in an active conformation 
(PDB entry 1M17). (c) Gleevec (space filling) 
bound to BCR-ABL in an inactive conformation 
(PDB entry 1IEP). (d) PD318088 (space filling) 
bound to MEK1 (PDB entry 1S9J); ADP (orange 
ball and stick) is also bound. (e) Geldanamycin 
(space filling) bound to yeast Hsp90 (PDB entry 
1A4H). (f) CCT018159 (space filling) bound to 
yeast Hsp90 (PDB entry 2BRC). (g) SAHA (space 
filling) bound to HDAC8 (PDB entry 1T69). The 
active site forms a deep tubular pocket that is 
filled by the inhibitor.
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can be probed by kinase mutants that are sensitive to chemically orthog-
onal inhibitors not affecting the wild type69.

Some kinases contain a cysteine residue in the active site. Starting from 
the chemical scaffolds of reversible inhibitors such as Iressa, structure-
based design has enabled development of irreversible inhibitors, such 
as the anilinoquinazoline CI-1033, that have low nonspecific chemical 
reactivity and that covalently attach to the thiol group70. A chemical 
genetics approach has led to highly selective, irreversible inhibitors 
through targeting the limited number of kinases in which the gatekeeper 
residue and a reactive cysteine are close in the ATP site71.

Structure-based design has been valuable in identifying and opti-
mizing HSP90 inhibitors. The structure of the natural products gel-
danamycin and radicicol bound to the N-terminal ATPase domain of 
HSP90 revealed the presence of a unique folding pattern in the ATP 
binding site that includes a network of tightly bound water molecules72 
(Fig. 3e). Cocrystallization of the arylpyrazole HTS hit CCT018159 
has shown that the resorcinol motif of this small molecule exploits the 
water network in a manner similar to that of radicicol73 (Fig. 3f). The 
first synthetic inhibitors of HSP90 ATPase, a series of purines, were 
developed from modeling based on HSP90-ATP74, though subsequent 
cocrystallography of the inhibitor PU3 revealed an unexpected change 
in conformation that creates a new binding pocket75. Iterative reinves-

tigation of ligand-protein structures during lead optimization is highly 
valuable for understanding the conformational variability of the target 
and its consequence for drug design.

Structure determination of a bacterial homolog of HDAC has 
defined the interaction of the inhibitor suberoylanilide hydroxamic acid 
(SAHA); it shows the hydroxamate group chelating an enzyme-bound 
zinc atom at the base of a deep tubular pocket76 (Fig. 3g). Elucidation 
of human HDAC8 structures has shown that the surface adjacent to the 
conserved active site pocket is conformationally malleable77, thereby 
presenting opportunities and challenges for design of HDAC subtype-
selective inhibitors78. Chemical genetic screening has unraveled the 
mechanism and possible polypharmacy of HDAC inhibitors, with dif-
ferent isoforms catalyzing acetylation of histones versus tubulin79.

Multiparameter lead optimization: polishing the diamond
With the widespread use of HTS in many therapeutic areas from the 
late1980s onwards came the realization that not all small-molecule leads 
are suitable for optimization to drug candidates (Box 2). Profiling of 
potential leads against multiple chemical, physicochemical and bio-
logical criteria was adopted to select the best chemical starting point 
and biological test cascade to maximize the probability of clinical suc-
cess80. Multiparameter profiling continues iteratively throughout lead 

BOX 2  DIFFERENCES IN THE PROPERTIES OF FRAGMENTS, LEADS AND DRUGS
Not all chemical structures are equal in terms of their likely progres-
sion to a drug candidate. The chemical outputs of screening pro-
grams (hits) are evaluated for synthetic and physicochemical tracta-
bility and for the presence of useful SARs through the synthesis of a 
limited number of analogs (hit to lead). In addition to target potency 
and selectivity, cellular efficacy and preliminary ADMET properties 
are evaluated for promising compounds (lead profiling) to select the 
best chemical starting point (lead)80. Lead optimization typically 
involves addition of chemical functionality to improve the potency, 
selectivity and in vivo activity of compounds44. To accommodate 

this increase in molecular weight, good-quality leads are generally 
smaller and less lipophilic and contain less functionality than typi-
cal drugs. This ensures that the larger, optimized compound will still 
be drug-like (defined as the balance of physicochemical properties 
needed to achieve adequate bioavailability through aqueous solubil-
ity and transit through lipid membranes)42. Fragments are smaller 
and simpler than traditional leads, as they occupy only a fraction of 
the druggable binding site on the target39. Table 2 summarizes the 
typical properties of fragments, lead-like and drug-like molecules 
suggested in the medicinal chemistry literature.

Table 2  The properties defining fragments, leads and drugs

Fragment39 Lead43,44,80 Drug42,43,45–47

Physicochemical

Molecular weight (Da) <300 <400–450 <500

Lipophilicity (LogP) <3 <4 <5

H-bond donors (OH, NH) ≤3 ≤4–5 ≤5

H-bond acceptors (N,O) ≤3 ≤8–9 ≤10

Polar surface area45–47 NA NA ≤140–150 Å2

Rotatable bonds45–47 NA ≤8 ≤10

Chemically reactive groups49 NA None present None present

Biological

Target activity (IC50 or Ki)84 >>10−5 M 10−6–10−7 M 10−8–10−9 M

Ligand efficiency85 (kcal atom–1) >0.3 >0.3 >0.3

SAR NMR or X-ray data Useful SAR established Full SAR understood

ADMET42,80

Absorption NA Membrane permeable Bioavailable (i.v., p.o.)

Distribution NA Distributes to tissue Sufficient tumor levels

Metabolism/excretion NA Low intrinsic clearance; Low inhibition 
of CYP450 enzymes

Sufficient half-life; Low drug-drug 
interactions

Toxicology No common toxophores present No problem off-target pharmacology, 
for example HERG

Therapeutic window

NA, not analyzed / not applicable; IC50, half-maximal inhibitory concentration; CYP450, cytochrome P450; i.v., intravenous; p.o., oral.
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optimization to identify compounds having an acceptable profile across 
the whole range of properties needed for an effective drug.

In addition to considerations of physicochemical properties, synthetic 
tractability of leads is also important, as many structurally diverse ana-
logs are needed during optimization. Fortunately, combinatorial and 
parallel syntheses used for contemporary screening libraries are usually 
adaptable for lead optimization81, as exemplified in the development of 
Nexavar82. Advances in synthetic and medicinal chemistry contribute to 
the discovery of new biologically active scaffolds, as in the incorporation 
of boronic acid functionality into the US Food and Drug Administration 
(FDA)-approved proteasome inhibitor Velcade (bortezomib)83.

Potency against the molecular target is an obvious consideration, 
with respect to both biochemical and cellular readouts84. It is useful to 
compare leads by ligand efficiency, a measure of the effectiveness of the 
interaction of the chemical structure with the target85. A key goal is to 
establish productive SARs, in which changes to the lead structure elicit 
corresponding improvements in biological activity.

Determining selectivity for the molecular target is very important 
and requires a combination of biochemical and cellular approaches. 
One issue is the extent to which comparison of in vitro measurements 
of compound activity at various isolated targets accurately reflects 
selectivity in cells, even with proteins from the same family, such as 
kinases86. Inherent differences in kinase expression levels, enzyme 
kinetics and responsiveness of downstream effectors along individual 
pathways may lead to selective phenotypic outcomes from apparently 
unselective inhibitors. For example, despite a 20-fold in vitro selectivity 
for inhibition of cyclin-dependent kinase 1 (Cdk1), GW297361 elic-
its a response in yeast cells indicative of selective inhibition of pho85 
over Cdk187. Nevertheless, in vitro selectivity profiling using panels of 
isolated kinases88, or other enzymes and receptors, remains a valuable 
tool for comparing overall specificity. Other 
methods of kinase selectivity profiling paral-
lel proteomic and chemical genetic techniques 
for identifying targets of phenotypic screens. 

Affinity chromatography has revealed the cellular targets of Iressa89 and 
hymenialdisine90, and a yeast chemical genetic screen has identified the 
targets of CDK inhibitors8. Maps of the interactions of clinical kinase 
inhibitors with 113 kinases have been assembled based on competitive 
binding of free inhibitors and immobilized, unselective probe inhibitors 
to bacteriophage-expressed kinases9 (Fig. 4).

As mentioned earlier, adopting strategies to evaluate pharmacokinetic 
properties as early as possible in drug discovery has substantially reduced 
clinical failure due to inadequate bioavailability1. In contrast to cyto-
toxic compounds, molecular cancer therapeutics may generally require 
chronic, and therefore oral, dosing. Lead profiling and optimization 
therefore need to concentrate on the absorption, distribution, metabo-
lism, excretion and toxicity (ADMET) of compounds. This is facili-
tated by medium- and high-throughput in vitro models, although these 
require validation for each structural class to ensure that they accurately 
reflect in vivo behavior. Compound bioavailability depends on two con-
tradictory physicochemical requirements—aqueous solubility and lipid 
membrane permeability—which must be balanced in an effective phar-
maceutical. High-throughput assays for passive diffusion across artifi-
cial lipid membranes and turbidity assays for solubility are valuable91. 
Measurement of transport across Caco-2 cell monolayers92 informs on 
permeability, active transport and, importantly, susceptibility to drug 
efflux pumps, which can compromise bioavailability and are a key fac-
tor in tumor resistance to chemotherapies93. Compound metabolism 
in microsomal preparations or hepatocytes identifies structures likely 
to be rapidly metabolized in vivo, whereas metabolite identification by 
mass spectrometry may suggest modifications to block this94. Avoiding 
the potential for compounds to interfere with therapeutic concentra-
tions of other drugs by inhibition or induction of the drug-metabolizing 
cytochrome P450 enzymes is also important95. In vivo cassette dosing, 
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Figure 4  Kinase binding selectivity for 
representative inhibitors shown on the human 
kinome dendrogram. Selectivity was determined 
by competitive binding to 113 kinase enzymes 
expressed in bacteriophage9. Inhibitors may range 
from highly selective, such as Tykerb and Gleevec, 
through a targeted polypharmacology as shown 
for Nexavar, to the pan-kinase inhibition shown 
by staurosporine. Importantly, the structural 
homology of the kinase domain across the kinome 
means that inhibitors may show cross-reactivity 
not only for closely related enzymes, but also for 
unrelated kinases. Designing polypharmacology 
of kinase inhibitors in a controlled manner is 
a significant research challenge in this area. 
Modified from ref. 9 with permission. The kinase 
dendrogram was adapted and reproduced with 
permission from Science and Cell Signaling 
Technology, Inc. (http://www.cellsignal.com). With 
sponsorship by Cell Signaling Technology and 
Sugen, the figure was originally presented as a 
poster in Science to accompany the first analysis 
of the complete human kinome. TK, nonreceptor 
tyrosine kinases; RTK, receptor tyrosine kinases; 
TKL, tyrosine kinase-like kinases; CK, casein 
kinase family; PKA, protein kinase A family; 
CAMK, calcium/calmodulin-dependent kinases; 
CDK, cyclin-dependent kinases; MAPK, mitogen-
activated protein kinases; CLK, CDK-like kinases.
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in which small sets of compounds are dosed simultaneously, reduces 
animal usage and provides faster feedback of pharmacokinetic informa-
tion, as illustrated by recent experience with purine CDK2 inhibitors and 
arylpyrazole HSP90 inhibitors96,97.

The goal of lead optimization is a drug candidate for clinical evalu-
ation. Demonstrating efficacy and a therapeutic window in relevant 
in vivo models is therefore very important. Compounds with potent 
biochemical and cellular activity, and adequate pharmacokinetic prop-
erties, are progressed to in vivo models. Initial studies should focus  
on recapitulating a cellular pharmacodynamic response in the intact 
tumor and correlating this with tumor concentrations of compounds to 
establish pharmacokinetic-pharmacodynamic relationships98. In some 
cases, poor pharmacokinetics and low exposure to compound may be 
compensated for by long duration of action (slow off-rate) at the spe-
cific target84, thereby leading to a viable pharmacodynamic response. 
However, inherent poor pharmacokinetic properties leave no room 
for maneuver during clinical development and therefore represent a 
considerable risk to the eventual success of the compound1. Prioritized 
compounds that pass through a pharmacokinetic-pharmacodynamic 
filter are generally evaluated for efficacy in tumor growth inhibition in 
molecularly characterized models (for example, human tumor xeno-
grafts in rodents)99. Transgenic models are also valuable for proof of 
concept but are generally less convenient and reproducible for lead opti-
mization100. In addition to tolerability and toxicity in animals, many 
specific off-target activities causing toxicological issues in humans can 

now be investigated by in vitro screening101. Some of these are general 
problems, such as inhibition of the HERG cardiac ion channel, whereas 
others may be associated with particular chemical scaffolds, for example 
the rich pharmacology of purine-based ligands102.

Selected case histories: chemical biology in action
Development of molecular-targeted agents for kinases, HSP90 and 
HDACs illustrates both lead optimization and the importance of feed-
back from clinical studies to the early drug discovery process. Formation 
of the BCR-ABL fusion protein is a specific oncogenic event for chronic 
myeloid leukemia (CML). Highly selective BCR-ABL inhibitors were 
generated from a series of anilinopyrimidine protein kinase C (PKC) 
inhibitors, an example of target hopping. Lead optimization to yield 
Gleevec focused on improving pharmacokinetic properties20 (Scheme 
1a). The success of Gleevec in clinical trials for CML provided an impor-
tant proof of concept for the development of molecular-targeted small-
molecule drugs in oncology. The observation that Gleevec inhibits a 
limited number of other kinases, notably the oncoprotein c-KIT, has led 
to successful clinical trials of the drug for the treatment of gastrointesti-
nal stromal tumor (GIST), which is often driven by a mutant kinase103. 
The emergence of Gleevec-resistant kinase mutants in people with CML 
has prompted the development of second-generation inhibitors such 
as Sprycel (dasatinib), which targets the more conserved active form of 
the kinase and inhibits many of the Gleevec-resistant mutants as well as 
other targets such as the nonreceptor tyrosine kinase SRC104.
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Scheme 1  Selected case histories of lead generation and lead optimization for small-molecule-targeted molecular cancer therapeutics. (a) The 
phenylaminopyrimidine core of Gleevec emerged from screening of PKC inhibitors and was rendered selective for BCR-ABL by addition of a single methyl 
substituent (red). Lead optimization focused on improving pharmacokinetic properties (blue). The second-generation BCR-ABL inhibitor Sprycel has activity 
against Gleevec-resistant BCR-ABL mutant kinases. DMPK, drug metabolism and pharmacokinetics. (b) The starting point for the discovery of Nexavar 
came from HTS of a large compound collection against CRAF. Combinatorial variation of the two substituents on the central urea generated a potent lead 
(red). Lead optimization focused on improving potency and in vivo activity (blue). (c) HTS against the HSP90 ATPase identified the novel pyrazole inhibitor 
CCT018159, which was cocrystallized with the enzyme. Structure-based design guided the positioning of extra lipophilic and hydrogen-bonding functional 
groups to generate the potent, cell-active inhibitor VER49009 (red). (d) The HDAC inhibitor NVP-LAK974 was identified by HTS of a large compound 
collection. It contains the hydroxamate zinc-binding functionality typical of many HDAC inhibitors (red). Lead optimization to the clinical candidate NVP-
LAQ824 concentrated on improvements to in vivo activity and tolerability (blue).
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Nexavar exemplifies the use of combinatorial chemistry for lead gen-
eration and optimization from a privileged structure, the diarylurea82 
(Scheme 1b). Although developed as a targeted CRAF inhibitor, Nexavar 
was subsequently recognized as having useful receptor tyrosine kinase 
polypharmacology (particularly in inhibiting VEGFR, platelet-derived 
growth factor receptor (PDGFR), c-KIT and FMS-related tyrosine 
kinase 3 (FLT3)), which led to its approval for the treatment of renal cell 
cancers105. Single-agent activity was not, however, seen in melanoma, 
despite the fact that Nexavar does have activity on BRAF. Selectively 
targeting oncogenic BRAF is one focus for research on second-genera-
tion RAF inhibitors31.

The search for small-molecule inhibitors of HSP90 was given impetus 
by successful proof-of-concept clinical trials with 17-AAG, a deriva-
tive of the natural product geldanamycin18, which showed both the 
molecular signature of target inhibition in tumor tissue and evidence 
of activity in individuals with melanoma, but which has solubility, for-
mulation and metabolic liabilities106. The optimization of the 3-(2,4-
dihydroxyphenyl)pyrazole HTS hit CCT018159 (ref. 72) exemplifies 
the way in which protein structure information guides the choice and 
positioning of extra functionality to improve inhibitor affinity. The ami-
dopyrazole VER49009 is one of the first small-molecule HSP90 inhibi-
tors to be described that demonstrates the required potency to become 
a clinical candidate107 (Scheme 1c).

Another area in which early clinical trials of a natural-product 
inhibitor, Zolinza (vorinostat, SAHA), have informed subsequent 
small-molecule drug discovery is the development of HDAC inhibi-
tors108. Zolinza has been approved for use in percutaneous T-cell 
lymphoma but has suboptimal pharmacokinetics. The HTS hit NVP-
LAK974 contains a novel cinnamyl hydroxamate as the essential zinc-
chelating group common to the inhibitor class (Scheme 1d). In this 
example, lead optimization concentrated on improving in vivo effi-
cacy and tolerability, thereby leading to the clinical candidate NVP-
LAQ824 (ref. 109).

Biomarkers: the pharmacologic audit trail
Molecular diagnostics are required to identify individuals most likely to 
benefit from molecularly targeted therapy110. Molecular biomarkers are 
also needed for proof of concept of target inhibition and for optimizing 
dosing schedules7. Biomarkers are used to make clinical trials more intel-
ligent and informative, and to make decision making more rational and 
effective110,111. We have developed the concept of the ‘pharmacologic 
audit trail’, which offers a logical and practical framework for tracking 
the performance of a drug during both preclinical and clinical devel-
opment7,13,112,113. It also provides a rational basis for assessing the risk 
of failure and for making important decisions on project progression. 
The pharmacologic audit trail consists of a series of hierarchically or 
sequentially arranged questions (Fig. 5).

Ideally data should be collected at each level. If the answer is “no” at 
any point then immediate action should be taken, with one possibil-
ity being termination of the project. As a drug progresses through the 
hierarchy of questions the risk of failure decreases. It is essential to have 
a series of robust, validated assays available for molecular biomarkers 
and pharmacokinetic behavior. Advances in genomic technologies have 
enhanced biomarker discovery114. The development of minimally inva-
sive methods based on positron emission tomography and NMR spec-
troscopy or imaging is particularly important115. An important point 
in biomarker-driven decision making is that quantitative information 
is frequently lacking concerning exactly how hard a target or pathway 
needs to be hit to obtain a relevant degree of therapeutic benefit. This 
needs to be better defined in preclinical models using quantitative tech-
nologies, such as ELISA116.

Future prospects: toward bespoke cancer medicine
So how far have we come—and where are we going—with small-mol-
ecule cancer therapeutics? We argue here that the glass is half full. There 
have been spectacular successes, led by Gleevec and Herceptin, that dem-
onstrate proof of concept that major clinical benefit can be gained from 
targeting the driving oncogenic abnormalities responsible for particular 
types of cancer in particular subject populations. Will these drugs be 
a model to follow? In a way, yes, because the principle of the rational, 
targeted approach is now proven. But cancer is a formidably complex 
disease, and significant challenges have already been identified.

Many important cancer targets (for example, mutant p53, RAS and 
MYC) and oncogenic pathways (such as WNT) remain undrugged. 
Although drugging the cancer kinome is clearly achievable, many other 
target classes, notably phosphatases and most protein-protein inter-
actions, have proved technically intractable so far. Nevertheless, suc-
cess with MDM2 binding agents such as the nutlins117 and with BCL2 
antagonists such as ABT-737 (ref. 118) shows that at least some protein-
protein interactions can be drugged.

What is the status of molecular target?
   • Mutation, overexpression, etc.

Are sufficient drug concentrations achieved?
   • Blood and tissue, concentration, exposure time, etc.

Activity achieved on the intended
molecular target?
   • For example, inhibition of kinase substrate

phosphorylation 

Modulation of the corresponding
biochemical pathway?
   • Downstream readout of pathway activity

Production of the desired biological effect?
   • For example, changes on apoptosis, invasion, 

angiogenesis, etc.

Clinical response?
   • For example, tumor regression, 

time to progression, survival

Figure 5  The pharmacologic audit trail. Rational drug discovery and 
development benefits from a clear understanding and measurement of a 
series of key parameters linking the status of the molecular target to the 
ultimate clinical activity. The measurement of these parameters can indicate 
proof of concept for target, pathway and biological effect modulation and 
provides the basis for selecting the optimal drug dose and schedule, and for 
go–no go decision making. Modified from refs. 7 and 112 with permission. 
Image for “Production of the desired biological effect?” provided courtesy of 
P. Hergenrother from Nat. Chem. Biol. 2, 543–550 (2006).
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What else? The 95% attrition rate for oncology drugs in the clinic is 
unacceptably high. We must prevent the expensive, late-stage casualties 
such as the matrix metalloprotease (MMP) inhibitors, the farnesyltrans-
ferase inhibitors and some receptor tyrosine kinase inhibitors. In the 
case of MMP inhibitors, there was a good rationale to develop these as 
anti-invasive agents and they did show activity in preclinical models. 
It is likely that they are casualties of being among the first of the new 
generation of molecularly targeted agents to enter the clinic, particularly 
in terms of their evaluation in late-stage disease rather than in earlier-
stage cancer, in which their activity may have been revealed more readily. 
However, it could be argued that the hurdle for therapeutic activity may 
be generally set too low and that we should be more rigorous in the level 
of preclinical activity required for entry into the clinic. On the other 
hand, given the uncertain predictiveness of our animal models99,100, it 
would be difficult at this time to set quantitative criteria for regression 
or cytostasis, particularly for first-in-class agents. But this is an area that 
requires close attention and highlights the need to integrate early clinical 
experience with ongoing preclinical drug discovery to reevaluate the 
optimum path into and through clinical development.

Cycle times in preclinical and clinical discovery and development gen-
erally need to be compressed. Also, it is clear that the age-old problem 
of drug resistance will still apply to the new molecular cancer therapeu-
tics. Because of this and the multiple abnormalities contributing to very 
many cancers, a combinatorial therapeutic approach will be essential, as 
with cytotoxic cancer therapy and HIV-AIDS treatment.

The application and integration of new and existing techniques will 
shorten cycle times. High-throughput genomic, molecular and bio-
chemical technologies will help to elucidate the complete range of muta-
tional repertoires and hierarchies driving different cancers. This will 
help us in the molecular detection, classification, monitoring, treatment 
and, potentially, prevention of cancer. Both genetic and (increasingly) 
epigenetic changes will be important to understand. Better methods are 
needed to validate, select and prioritize new drug targets, including the 
use of high-throughput RNAi platforms. Understanding and exploit-
ing oncogene addiction and other cancer dependencies will remain 
important. Greater emphasis on achieving synthetic lethal therapies 
(for example by exploiting DNA repair abnormalities, as with BRCA 
mutants) is justified10.

Emphasis so far has been on targets involved in cell cycle control and 
proliferation, and more recently in angiogenesis. The other hallmark 
traits of cancer need to be addressed more fully. Mechanism-based 
inducers of apoptosis are now entering the clinic. Telomerase inhibi-
tors may be used to block immortalization. We need to revisit mecha-
nism-based inhibition of invasion and evaluate this in more appropriate 
and careful trials than was the case for MMP inhibitors, particularly 
with regard to selection of subjects and stage of disease. Though it is 
an important goal, clinical evaluation of specifically targeted metasta-
sis inhibitors is challenging because of the long timescales that may be 
required to obtain a meaningful end point.

In the broad sense, as stressed in this article, chemical biology methods 
will help to enhance the traditional linear process of drug development 
by providing means to interconnect the disparate stages. Lead genera-
tion will benefit from extracting more information from screening119 
and from refined compound-selection criteria that take account of all 
the potential hurdles a drug must clear. Evaluation of efficacy, selec-
tivity, ADMET, appropriate combinations and resistance liability for 
compounds at the earliest stages will provide a multidimensional SAR 
that will focus and speed up lead optimization, thereby providing rapid 
routes to the clinic. This may require further development of expert 
systems to correlate the very large amount of cheminformatic data gen-
erated as multiple properties are determined for increasing numbers of 

compounds120,121. Prototype small molecules and clinical agents will 
serve as tools to reinvestigate the underlying biological hypotheses, to 
discover modified or new strategies for targeted therapy, and to inter-
rogate cancer models. Ongoing improvement of animal models122 and 
critical review of their clinical predictiveness is essential. Prospective 
analysis of the predictiveness of animal models may allow us to raise 
the preclinical hurdle for entry into the clinic.

Clinical feedback needs to be obtained more quickly, but also more 
intelligently. This can be done using better and more quantitative end 
points, and particularly by using molecular and imaging biomarkers. 
Clinical trial design needs to reflect the genetics and molecular cell biology 
of the target and the pharmacology of the drug; it should also reflect the 
expected outcome, which is often disease stabilization rather than rapid 
regression123. Biomarkers will be used increasingly to select people most 
likely to respond to a molecular cancer therapeutic, and to show proof of 
concept, monitor therapy and design optimal schedules. The pharmaco-
logic audit trail can be used to aid decision making and manage risk.

Mechanisms of drug resistance can now be predicted and overcome by 
molecular and chemical biology techniques. Combinatorial multitarget 
inhibition will be essential in most cases. This can be achieved by using 
rationally selected combinations of highly targeted agents, according to the 
precise genetic and epigenetic makeup of the particular cancer, or by using 
intrinsic polypharmacy agents such as multitargeted kinase inhibitors or 
drugs affecting multiple downstream targets (for example, molecular 
chaperones or chromatin-modifying enzymes). Identifying the best drug 
combinations is difficult. There may be value in modulating the same tar-
get with different agents, hitting the same biological pathway at different 
levels, or inhibiting distinct pathways or hallmark traits simultaneously. 
Rational choice of effective combinations may be based on molecular 
knowledge. Use of chemical inhibitors alongside high-throughput RNAi 
technology can identify effective combinatorial targets11,28. Systematic 
HTS of drug pairs124 and systems-biology approaches are underway125. 
High-throughput inhibitor-selectivity profiling methods will be impor-
tant for developing both highly selective and multitargeted agents9.

Much greater emphasis should be placed on understanding the com-
plex signal transduction networks that are hijacked by malignant cells, 
rather than erroneously considering these as simple linear, textbook path-
ways. Better understanding of feedback and feedforward loops and of 
network robustness and sensitivity is needed. Mathematical models must 
be developed to predict signaling-network behavior and optimal points 
for intervention, and these must then be evaluated experimentally126.

An excellent example of the importance of feedback control was pro-
vided recently with the use of rapamycin-based mTOR inhibitors. mTOR 
is an important target for cancer therapy, but clinical results have been 
disappointing, except in renal cell cancer, in which the activity may be due 
to an antiangiogenic effect. Activity may be limited by a feedback loop 
involving the downstream ribosomal protein S6 kinase and the upstream 
adaptor insulin receptor substrate 1 (IRS1)127, thereby leading to activa-
tion of AKT. In a recent chemical biology approach in which a library 
of PI(3)K inhibitors was used to identify biological functions of various 
isoforms, it was shown that this problem can be overcome by the pyrido-
furopyrimidine inhibitor PI103, which simultaneously inhibits mTOR 
and the PI(3)K p110α, thereby causing a more complete blockade of the 
pathway and in particular preventing feedback activation6,128.

A concept of cancer biology that is likely to be important for targeted 
molecular therapeutics is that of tumor heterogeneity, and in particular 
the presence of tumor stem cells129. Such cells are by definition capable 
of repopulating the whole tumor, and therapies that are able to eradicate 
them will be critical.

We are in an exciting era in which there is great potential to develop 
rational, hypothesis-driven, mechanism-based molecular therapeutics 
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for cancer. There are many challenges, but they can be addressed by the 
powerful techniques of genomics, molecular biology and chemical biol-
ogy. The concept of a chemical probe for every protein encoded by the 
genome130 can now be extended to the vision of achieving a molecularly 
targeted drug for all oncogenic proteins encoded by the cancer genome, 
or at least for every oncogenic pathway involved in the disease. There are 
excellent prospects for prolonging life and even curing people with can-
cer. A progressive advance toward the development of truly personalized 
cancer medicine can be predicted over the next five to ten years.
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