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Introduction 

Recent years have seen great increases in our understanding of the mechanisms of cancer. This 
improved understanding is beginning to be translated into therapies that are directed specifically at the 
molecular drivers of the disease. Such molecular-targeted therapies are often more effective and less 
toxic than the non-specific therapies that were developed when our knowledge of cancer biology was 
limited. Recent advances in technology are facilitating very large-scale study of cancer genome 
structure and function. It seems very likely that such study will suggest new cancer mechanisms that 
can be targeted by novel treatment strategies, and that, in the not-too-distant future, it will be 
commonplace to determine the unique characteristics of an individual's cancer and choose specific 
mechanism-based treatment based on this information. One anticipates that such therapy will be more 
effective than most current approaches. 

Chronic Myelogenous Leukemia (CML) as the exemplar of molecular-targeted cancer therapy 

CML is a malignancy of hematopoietic stem cells that results in excessive production of mature myeloid 
cells.1

·
3 With time the disease inevitably transforms from a relatively indolent phase into a highly 

aggressive blast phase which results in marrow failure and death within a few weeks. Previous 
treatment for CML was limited to non-specific anti-proliferative chemotherapy, which did not prolong 
survival, or to allogeneic stem cell transplantation, which, although potentially curative, was 
complicated by a high rate of treatment-related morbidity and mortality. 

It was known since 1960 that CML is a genetic disease, characterized by an abnormal chromosome 
called the Philadelphia chromosome.4 In 1973 it was reported that the Philadelphia chromosome 
resulted from a reciprocal translocation of genetic material between chromosomes 9 and 22-t(9;22).5 

In 1985 the molecular genetics of t(9;22) were described: the abl oncogene, which normally resides on 
chromosome 9, is translocated to the BCR gene on chromosome 22, creating a fusion gene, BCR-ABL, 
that combines elements from both the BCR and ABL gene.6

• 
7 The fusion gene gives rise to a fusion 

protein, BCR-ABL, that displays excessive tyrosine kinase activity. Additional studies showed that BCR
ABL transformed cells and induced leukemia in transgenic animals by phosphorylating various 
substrates, leading to excessive proliferation and impaired apoptosis.8

-
10 

Thus genetic and functional studies had shown that BCR-ABL, a tyrosine kinase, is the key driver of the 
disease, and investigators, in particular Brian Druker, worked to develop inhibitors of BCR-ABL. One 
drug was found to selectively and potently inhibit ABL kinase activity by competitively inhibiting ATP 
binding in the ATP binding pocket. 11 This drug inhibited growth of CML cell lines, primary CML cells and 
CML in animals. The drug was formulated for oral use (eventually called imatinb-trade name Gleevec) 
and entered clinical trials. 12 

In the first phase I clinical trials nearly all the patients responded rapidly to the drug, normalizing their 
blood counts within 4 weeks. 13

'
14 lmatinib soon entered definitive comparative trials and was shown to 

be markedly superior to the previous standard treatment.15 98% of CML patients treated in chronic 
phase have a complete hematologic response, 87% have complete normalization of their cytogenetics 
(with suppression of CML cells normal hematopoiesis is established). Remissions are durable with 93% 
of patients being free of disease progression at 5 years. 16 Side effects typically are relatively mild, 
limited to mild fluid retention, skin rash, arthralgias and myalgias. lmatinib was FDA-approved in 2001 
and is the standard of care for newly-diagnosed CML patients. (See Figure 1.) 
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Figure 1. From genetics to biology to rational therapy: CML as the examplar of molecular targeted 
therapy. A. The t(9;22) of CML translocates ABL from chromosome 9 to BCR of chromosome 22, to create 
a fusion gene, BCR-ABL. B. BCR-ABL encodes a fusion protein that acts as an overactive tyrosine kinase, 
leading to activation of pathways that cause excessive proliferation and impaired apoptosis. C. lmatinib 
binds in the ATP binding pocket of BCR-ABL, inhibiting the enzyme's kinase activity and thus shutting 
down CML pathways. From Druker1

. 

Expanding molecular-targeted therapy to other cancers 

In addition to inhibiting ABL kinase activity, imatinib also inhibits the tyrosine kinases KIT and PDGFR 
alpha and beta. Diseases characterized by activating mutations of these kinases have responded 
extremely well to imatinib. Chronic leukemias with PDGFR alpha or beta rearrangements have shown 
complete, durable remission.17

' 
18 Advanced and inoperable gastrointestinal stromal tumors (GIST) have 

responded remarkably well to imatinib; 19
' 

20 since the introduction of this drug to GIST therapy median 
survival has increased from about 18 months to 5 years. Marked responses in other solid tumors have 
been seen as well including mucosal melanomas (c-kit mutations)21

' 
22 and dermatofibrosarcoma 

protuberans (PDGF~ mutations).23 

Based on the clinical success (and financial success-imatinib is a $3.9 billion/year drug for Novartis), 
many additional agents targeting kinases and other cancer proteins in many cancer types have been 
developed.24

-
29 With few exceptions, when it can be demonstrated that a malignancy is driven by a 

mutant or overexpressed kinase, then pharmacologic inhibition of that kinase has been successful in the 
clinic. (See Table 1.) 

Resistance to molecular-targeted agents 

Resistance to molecular-targeted therapy was first observed in imatinib-treated patients soon after the 
drug entered clinical testing. Conceptually, imatinib resistance could occur either because the drug is no 
longer binding to and inhibiting the target, or because the disease has evolved and is now being driven 
by mechanisms which do not depend on BCR-ABL.30 Early studies of imatinib-resistance showed that 
BCR-ABL targets were being phosphorylated in imatinib-resistant cells, suggesting that the disease 
process was still BCR-ABL-dependent; additional study showed that BCR-ABL was either amplified or 
mutated in the kinase region so that imatinib could no longer bind in the ATP-binding pocket. 31

'
32 

These studies led to rational design of second-generation inhibitors that could bind to most of the 
mutant forms of ABL kinase; in addition these drugs were more potent against the non-mutant form of 
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Table 1. Selected molecular targeted therapies. 

Disease Gene Drug 

Chronic myelogenous leukemia BCR-ABL lmatinib 

Acute lymphoblastic leukemia BCR-ABL lmatinib 

Gastrointestinal stromal tumor KIT lmatinib 

Cchronic eosinophilic leukemia PDGFRA lmatinib 

Chronic myelomonocytic leukemia with t(S;_) PDGFRB lmatinib 

Myeloproliferative Disorder JAK-2 JAK-2 inhibitors 

Dermatofibrosarcoma 
PDGFRB lmatinib 

Protuberans 

Mucosal Melanoma KIT lmatinib 

Non-small cell lung cancer EGFR 
Erlotinib 
Gefitinib 

ALK PF-02341066 

Breast Cancer HER-2 Herceptin 

VEGFR2, PDGFRB Sorafinib, Sunitinib 

Kidney Cancer 
mTOR Temsirolimus 

Medulloblastoma Hedgehog GOC-0449 

Melanoma BRAF PLX4032 

Colon Cancer (and others) VEGF Bevacizumab 

the ABL kinase.33
' 

34 These second-generation drugs, dasatinib and nilotinib, have shown high rates of 
durable responses in patients with clinical imatinib resistance and are FDA-approved for use in this 
setting.35

' 
36 Recent studies of the second generation drugs compared to imatinib as initial treatment of 

CML have demonstrated modest superiority of the new drugs.37
' 

38 However, the second generation 
drugs do not have significant activity against a particular, common ABL kinase mutation, T3151;31 this so
called gatekeeper mutation creates steric hindrance which inhibits the second generation drugs as well 
as imatinib from binding, and patients with this mutation are clinically resistant to all three drugs. 
However, third-generation drugs appear to be effective against the T3151 mutation39 and clinical trials 
are showing promise in patients with this mutation. One imagines that in the future patients with newly 
diagnosed CML will be treated with a combination of a second-generation drug and a drug which 
inhibits the T3151 mutation. 

The lessons learned from study of imatinib-resistance have proved instructive for other molecular
targeted therapies. The same principles have applied, with observation of kinase mutations that impair 

5 



drug-binding, gatekeeper mutations, development of second generation drugs, and recognition of non
kinase dependent resistance mechanisms.24

' 
40

-
42 

Lessons from molecular-targeted therapy with kinase inhibitors 

The success of imatinib in CML demonstrated the promise of molecular targeted therapy. The clear 
lesson was that definition of a cancer in terms of its genetic alterations and oncogenic mechanisms 
could lead to highly effective, rational treatment. Moreover, although resistance could be anticipated it 
could also be carefully studied and strategies for its management could be developed, again, rationally. 

Perhaps an even more important lesson was the observation of responses to kinase inhibition in other, 
more genetically complex cancers. The concern about CML had been that it was seemingly a fairly 
simple disease genetically, marked only by the BCR-ABL fusion gene. However, other cancers were 
known to be far more complicated, with numerous mutations and likely several interlocking 
mechanisms cooperating to result in the cancer cells' characteristics. It was initially somewhat of a 
surprise to see these genetically complicated cancers respond so reliably to inhibition of just one mutant 
kinase. These observations, along with studies in model systems, led to the appreciation of the 
phenomenon of "oncogene addiction" wherein a single oncogene mutation-particularly if in a kinase
could drive the cancer's growth and survival, such that inhibition of this single abnormality could be 
expected to be lethal to the cancer.43

-
45 

Appreciation of the significance of oncogene addiction and mutated kinases leads to the suggestion that 
any new kinase mutation discovered in a subset of cancers should lead to drug discovery programs 
aimed at inhibiting the new target; a high likelihood of success can be expected.46 For example, the ALK 
gene (which codes for a tyrosine kinase) was discovered to be mutated in some cases of non-small cell 
lung cancer in 2007. Functional studies demonstrated its oncogenic role.47 A drug already in 
development for another kinase was found to inhibit ALK and thus rapidly entered clinical trials in lung 
cancer patients with ALK mutations. Extremely promising clinical results had been observed in clinical 
testing by 2009-2010 and the drug is now already in comparative phase Ill testing. 26

'
48 Although only 3-

5% of non-small cell lung cancer patients have the mutation, lung cancer is a common disease and 3% 
equates to 5,000 new cases in the United States per year. 

Broadening molecular targeted therapy 

Despite these successes relatively few cancer patients are treated with molecular targeted therapy and 
the big question is whether molecular targeted therapy will be broadly applied or will remain confined 
to small niches. 

Again, CML showed that a new paradigm could work: understanding of cancer biology was relatively 
limited when CML was becoming understood but enough was known to appreciate the potential 
importance of mutated kinases in driving some cancers; this knowledge of basic biology served as a 
foundation while the disease was defined genetically and functionally; these investigations of CML 
biology led to the definition of a rational target and effective targeted therapy. 

One can suggest that the stage is set for building on the framework of the paradigm, on a very large 
scale. Certainly our fundamental understanding of biology has increased greatly, and recent, quite 
remarkable, advances in technology are sure to amplify our understanding of cancer at the genetic and 
functional levels. This will lead to new therapeutic strategies, and, one reasonably hopes, an expansion 
of successes in rational cancer therapy beyond those seen thus far. (See Figure 2.) 
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Figure 2. The CML success story broadened to other cancers. Understanding the key role of tyrosine 
kinases in some cancers served as the background for the successful CML treatment paradigm: genetics 
-7function-7molecular target and rational therapy. Understanding of basic cancer biology has advanced 
greatly since then and serves as the backdrop for current efforts in expanding the paradigm, using 
advanced technology for genetic and functional analysis. 

Basic biology of cancer 

The basic biology of cancer has come to be extremely well-understood.45
' 

49
' 

50 What was once a 
complete black box is now understood to involve perturbation of a certain set of highly-regulated 
normal biological processes whose role is to control the growth and survival of normal cells. 

Perturbation of these processes leads to: 1) self-sufficiency in growth signals; 2) insensitivity to anti
growth signals; 3) evasion of apoptosis; 4) limitless replicative potential; 5) sustained angiogenesis; 6) 
tissue invasion and metastasis.49 These processes are well understood, both in broad terms at a 
conceptual level, and in detail at the level of individual pathways and pathway components. Although 
much remains to be learned, for example about how different pathways normally interact and overlap 
and about how these pathways are re-wired in cancer cells, we do have solid enough understanding to 
describe very coherently how a normal cell comes to behave like a cancer cell. (See Figure 3.) 

Cancer cells contain several (typically 7-8 or so) mutations (or genes otherwise misexpressed, e.g. 
through amplification or deletion, epigenetic modification, or RNA interference) in different genes 
involved in the processes governing normal cells listed above. These mutations accumulate over several 
years, with each new mutation giving the cell a growth advantage over its neighbors until the cell finally 
displays frankly cancerous behavior. A mutated gene can promote cell growth either directly (e.g. an 
activating mutation in a growth pathway protein-an oncogene) or indirectly (e.g. an inactivating 
mutation in a protein that normally opposes growth-a tumor suppressor gene). 
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Figure 3. Hallmarks of Cancer. Cancer cells display perturbations in the six hallmark categories shown in 
the top half of the figure. In addition, certain stress phenotypes (bottom half) characterize cancer cells; 
effective stress relief pathways must be utilized by the cancer cells in order to remain viable. From Luo et 
al50 and Hanahan and Weinberg49

. 

Thus, a given cancer might have come to be cancerous by acquiring a specific set of activating and 
inactivating mutations in specific components of the key processes listed above while a different cancer 
might have come to be cancerous by acquiring a different set of activating and inactivating mutations in 
different components of the same processes. Thus, although the same basic processes are perturbed 
across different cancers, precisely how these processes are perturbed will differ from cancer to cancer. 

An important concept that has come to be appreciated more recently has been called "non-oncogene 
addiction". 50 This concept notes that a cancer driven to great excesses of growth and proliferation-to 
the edge of its physiologic limits-is under great stress. To deal with the stress, the cancer cell activates 
numerous "stress-relief pathways". These stress-relief pathways typically are not activated directly by 
mutations; rather, the pathways are activated as a stress response to the more conventional oncogenic 
pathways. Nevertheless, to remain viable the cells becomes dependent on-"addicted to" -these non
oncogene stress relief pathways. Cancer-related can be grouped into the following categories: 1) DNA 
damage stress; 2) oxidative stress; 3) mitotic stress; 4) proteotoxic stress, and 5) metabolic stress. 50 (See 
Figure 3.) 

Thus, our current understanding of cancer biology suggests many strategies to interfere with cancer 
mechanisms, from inhibiting various components of the more classical oncogenic pathways, to inhibiting 
the more recently appreciated stress-relief pathways, and indeed, many novel mechanism-based 
therapeutic strategies are under investigation . However, there is a strong sense that we are only at the 
tip of the iceberg, that we have a great deal more to learn, both about basic cancer biology mechanisms 
and about ways to subvert them. The challenge is being taken on from many different directions-in 
the next two sections I will discuss broadly some large-scale efforts in cancer genomics and functional 
genomics that are being facilitated by recent technologic advances. 
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Cancer genome sequencing 

The first human genome was sequenced over ten years by an international multicenter collaboration at 
a cost of about $3 billion. Next generation sequencing using high-throughput, massively parallel 
techniques has allowed sequencing to be done much more quickly and much less expensively. 51 A 
whole genome now can be sequenced in a few days at a cost of about $50,000; focusing solely on exons 
(exome sequencing) comes at a cost of about $5,000. The technology is rapidly evolving and the cost is 
plummeting; the $1,000 genome is expected to be here in about 3 years. This increase in speed and 
decline in cost is leading to large-scale sequencing of human cancer genomes.52

'
55 

Cancer genomes derived from next generation sequencing are compared to normal genomes from the 
patient (e.g. from a biopsy of normal skin) and to reference genomes, and the single nucleotide variants 
(SNVs) that are specific to the cancer cells are focused on-there are thousands of these per genome. 
Of these, the ones from coding regions are focused on (although it is appreciated that non-coding 
regions could be important too and so are set aside for later study). The coding SNVs are further 
winnowed down (silent mutations or mutations that would not be expected to change protein structure 
are set to the side) until SNVs are arrived at that are judged likely to be relevant. Annotated databases 
are consulted to identify the mutated genes of interest and their likely function. Genes of interest can 
be specifically sequenced in additional cases to determine if the mutation is recurrent, and thus 
especially likely to be important. Several dozen exomes, mostly from solid tumors, have been reported, 
and more recently about ten whole cancer genomes have been reported. 56

-
67 (See Figure 4.) 
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Figure 4. Circos diagram of a cancer genome. "Individual chromosomes are depicted on the outer circle 
followed by concentric tracks for point mutation, copy number and rearrangement data relative to 
mapping position in the genome. Arrows indicate examples of the various types of somatic mutation 
present in this cancer genome." From Stratton et al

52
. 

From studies thus far it appears that cancers-solid and hematologic-contain about 8-10 mutations 
that are driving the cancer-the so-called "driver mutations". Many more mutations are observed that 
are judged to be "passenger mutations" -random, inconsequential mutations that may have been 
present in the original pre-cancerous clone or may have been acquired by chance along the way as the 
cancer evolved. 52 Driver mutations mostly occur in well-defined cancer pathways but may occur in 
different components of a given pathway between different cases. 58 For example, two different cases of 
pancreatic cancer will have mutations in the TGF beta growth inhibitory pathway but one case will have 
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a mutation in a particular member of the pathway (e.g. SMAD4) while the other case may have a 
mutation in a different member of the pathway (e.g. BMPR2). 

Certain well-known oncogenes and tumor suppressor genes have been observed to be mutated 
frequently whereas others have been observed less frequently, but often enough to deduce that they 
are important.57 Some entirely new and clearly important cancer genes have been discovered by large
scale sequencing. For example, sequencing of glioblastomas revealed that more than 70% of cases had 
mutations of isocitrate dehydrogenase (IDH), a Krebs' cycle enzyme. 68 Subsequent studies in acute 
myelogenous leukemia likewise suggested that a high frequency of patients had mutated IDH-1 or 2 (the 
cytoplasmic or mitochondrial variants}.68 Mutated IDH converts isocitrate to 2-hydroxyglutarate instead 
of the normal metabolite, alpha-ketoglutarate. 69 2-hydroxyglutarate appears to be an "oncometabolite" 
and the mechanism by which it contributes to cancer (again, apparently quite frequently) is under 
intense investigation.70 Importantly, as mutant IDH is an enzyme it might be druggable, perhaps leading 
to a novel therapy for a great many patients. 

Whole cancer genome sequencing is proceeding on a massive scale. Several large groups and consortia, 
in particular the International Cancer Genome Sequencing Project, aim to sequence at least 2S,OOO 
cancers-sao cancers from each of SO different cancer types-over the next few years. 54 Each cancer 
will be fully analyzed in terms of DNA sequence, copy number alterations, and translocations; analyses 
of epigenetic modifications and RNA expression will be added soon.71

• 
72 

Without question, large-scale sequencing of a large number of cancers will lead to important new 
insights into cancer, but a great deal of additional work will remain to be done. Most important will be 
analysis of the functional consequences of genomic alterations, in particular verifying the importance 
and mechanisms of presumed driver mutations. 52 

Functional cancer genomics 

Functional analyses of genomic findings are ramping up at many centers and include high-throughput, 
massively-parallel gain-of-function assays and loss-of-function assays, compound library sensitivity 
assays, and systematic mouse modeling.73

-
81 One particularly promising avenue of functional analysis 

involves screening for synthetic lethality.82
-
84 

Synthetic lethal screens. Synthetic lethality is a concept originally described in yeast genetics: two genes 
are synthetic lethal to each other if mutation of one or the other is not lethal to the cell but mutation of 
both causes lethality. This principle has been adapted for study of cancer biology and therapeutics. 83 If 
a given gene is mutated in a cancer cell (but not a normal cell), then inhibition of a gene that is synthetic 
lethal to the mutated gene will, by definition, kill the cancer cell but not the normal cell. An example of 
successful application of the concept of synthetic lethality in clinical oncology involves the inhibition of 
the DNA repair enzyme, poly-adenosine diphosphate ribose polymerase {PARP) in patients with 
homozygous mutations of BRCA, which is also involved in DNA repair. 84

-
86 Cancer cells which lack BRCA 

can still repair DNA using PARP; such cells cannot repair DNA if PARP is inhibited and thus PARP 
inhibition is lethal to these cells. However, normal cells with intact BRCA can still repair DNA if PARP is 
inhibited. Thus PARP and BRCA are synthetic lethal to each other and PARP inhibition selectively kills 
cells with BRCA mutation. Clinically, PARP inhibitors have shown significant activity with minimal 
toxicity in breast and ovarian cancer patients with BRCA mutation.87 
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The concept of synthetic lethality holds great promise in cancer medicine and numerous groups have 
developed methods to screen for synthetic lethal interactions.46

' 
88

-
9° For example, the oncogene RAS is 

mutated in a large percentage of cancer patients. Mutated RAS is locked in the on position and 
relentlessly signals the cell through the RAS-MAP kinase pathway to proliferate. It has been very 

difficult to develop a drug to inhibit RAS and investigators have begun to explore other ways to kill cells 
that are driven by RAS. One approach might be to take advantage of the concept of "non-oncogene" 
addiction discussed above.5° Cells driven by RAS will be stressed and non-oncogenic pathways will be 
activated to relieve the stress. If these pathways or components of these pathways can be identified 
then their inhibition might kill RAS-driven cancer cells. Large-scale synthetic lethal screens using RNA 
interference (including genome-wide screens using high-throughput techniques) have been used to find 
genes in synthetic lethal relationship with mutant RAS. 88

' 
89 By inhibiting expression of up to all 20,000 

genes, essentially one gene at a time, it is possible to identify genes which, when inhibited, cause death 
of mutant-RAS -driven cells but not normal cells. A variety of non-oncogenic stress relief pathways have 
been found to be in synthetic lethal relationship with mutant RAS, including pathways that brake 
apoptosis, limit mitotic stress, and limit proteotoxic stress. In particular two kinases from these stress
relief pathways were identified that are potentially druggable.88

• 
89 

Summary: Large scale cancer genomics and functional genomics 

It is clear that these very large studies of cancer genomics and functional genomics will lead to a deeper 
understanding of cancer biology and will suggest new mechanism-based cancer therapies. For example, 
one can imagine that genomic studies will identify mutant kinases-both previously identified and new 
ones-that are driving cancers in "oncogene addiction" mechanisms and can thus serve as very effective 
targets for kinase inhibitors. In addition, one can imagine that many additional examples of non
oncogene addiction will be uncovered by synthetic lethal screens, suggesting novel treatments directed 
to stress relief pathways. In the end, one imagines thousands of different cancers distilled by combined 
genomic and functional genomic analysis into dozens (?) of cancer subtypes, each with its own 
molecular pathogenesis and potential Achilles' heels. 

Moving toward personalized cancer therapy 

Occasional patients are already being treated in a more or less ad-hoc way with personalized cancer 
therapy. For example we are currently managing a patient with a CML-Iike illness whose disease is 
characterized by a t(8;22) rather that the t(9;22) characteristic of CML. Further study of his leukemia 
has shown that his translocation involves the FGFR1 gene at chromosome 8p11 rather that the ABL gene 
of CML.91 FGFR1 is a tyrosine kinase and, like, ABL, is activated by its fusion with BCR. 92 Thus we 
surmised that his disease should respond to FGFR1 inhibition and treated him with a commercially
available kinase inhibitor which inhibits FGFR1 among other kinases; he has had rapid and complete 
normalization of his blood counts. This case further illustrates the proposition that cancer patients with 
kinase mutations have a reasonably good chance of responding to inhibition of the offending kinase. 

Thus one could suggest that it might be worthwhile systematically evaluating cancer patients for kinase 
mutations, especially if good therapeutic options are not otherwise available. Detecting a kinase 
mutation might lead to treatment with a relevant kinase inhibitor on a clinical trial, on a single-patient 
IND, or off label if the drug is commercially available. Several groups-academic, industrial, and venture 
start-ups-have set up molecular screening assays along these lines as beginning forays into 
personalized cancer medicine;93

' 
94 several dozen potential cancer genes are screened for mutations with 

these assays; genes include, in addition to kinases, other known cancer genes which are being targeted 
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with agents available commercially or in clinical trials. As new promising cancer gene targets are 
discovered, they can be quickly added to the assays. 

Functional assays are also being explored as a way of phenotyping individual cancers and suggesting 
potential therapies. For example, one group evaluates the tyrosine kinome in primary cells from 
leukemia patients not only by mutation analysis but also by RNA interference aimed at systematically 
inhibiting expression of each tyrosine kinase. 95 In this way, tyrosine kinases driving the disease can be 
identified as rational targets even if the kinase is not mutated; for example, mutation of an upstream 
molecule in a particular signaling pathway may activate a (non-mutated) tyrosine kinase which is more 
amenable to drug therapy than the (mutated) upstream molecule. 

Such individualized cancer phenotyping will evolve over the next few years. At $1,000 per genome it 
would be feasible to analyze comprehensively the genomic characteristics of an individual's cancer. At 
the same time, one hopes, the large-scale genomic and functional studies currently underway will have 
defined cancer genome-types that are associated with certain functional characteristics and responses 
to certain targeted therapies. Comparing the individual patient's cancer genome to such a databank of 
cancer-genome types might then allow a choice of therapy that is best suited to the individual's cancer. 
(See Figure 5.) 

Individual Patient's 
Cancer Genome 

. .J_----~~D~at-a-ba_n_k-de-ri1ve-d.fr~o~m~: ~--~ 
-25,000 cancer genomes 
-Genomic analysis 
-Functional analysis 
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Achilles' Heel A 

Suggests 
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Phenotype ... n 
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Treatment...n 

Figure 5. Future individualized cancer therapy? One can envision that current efforts in cancer 
investigation, especially large-scale efforts in cancer genomics and functional genomics, will lead to 
definition of many different molecular subtypes of cancer, each with its own particular Achilles' heel, 
suggesting its own particular targeted therapy. In-depth genetic analysis of an individual's tumor (made 
much less expensive as technology advances) will allow comparison of the patient's tumor with the data 
bank, allowing the patient's physician to choose the best therapy for the individual's cancer. In this 
example, a patient's cancer genome matches with a particular phenotype "B" suggesting particular 
therapy directed to that phenotype. 
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