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Somatic variation and cancer: therapies lost in the mix
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Abstract Cancer arises as a consequence of mutations in
genomes of cancer cells, which over time allow them to
proliferate and spread to distant sites. Large-scale
sequencing of cancer genomes is revealing an increasing
number of potential driver mutations that may allow spe-
cific targeting of cancer genes, proteins, and pathways.
Comprehensive views of cancer genomes are also reveal-
ing enormous heterogeneity of mutation profiles, even
among tumours derived from the same organs and having
similar pathological characteristics. There are now many
examples where mutation profiles observed in tumours
have been shown to correlate with clinical features of
disease, drug response, and patient outcomes. When
ignored, molecular heterogeneity can lead to failures in
drug development, as drugs that may have efficacy in
subgroups of patients with specific molecular phenotypes
may show marginal response when tested in large groups
of unselected patients. This article explores issues relevant
to the clinical translation of sequence-based mutation
profiles in the clinical development of targeted therapies
and in the future management of cancer patients.
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Introduction

The development of therapies that target specific molecules
or pathways involved in tumour growth and progression
has improved outcomes in several cancer types and ushered
in a new era in cancer therapy (Majewski and Bernards
2011). Benefits from these therapies usually correlate to the
presence of a biomarker of drug responsiveness and/or
resistance in the tumour of the patient (Wistuba et al.
2011). Historically, the most effective and successful bio-
marker of drug responsiveness is the oestrogen receptor
(ER), which predicts response to the anti-cancer agent
Tamoxifen which targets oestrogen signalling and
improves survival of breast cancer patients. The most
recent overview of randomised trials of early breast cancer
conclude that 5 years of adjuvant tamoxifen therapy in
ER+ disease reduces annual risk of death from breast
cancer by 31% (EBCTCG 2005). This, and more recent
examples of biologically targeted therapies, e.g., Hercep-
tin® in c-erbB2/HER-2-amplified breast cancer (Harries
and Smith 2002) and Erlotinib® and EGFR mutations in
lung cancer (Chin et al. 2011), have led to a growing
consensus that the effective management of cancer requires
a stratified, and ultimately individualised approach based
on the use of therapies guided by biomarkers that can be
measured in the patient or the tumour prior to therapy.
One can imagine a day where an individual’s germline
and cancer genomes will be deeply characterised to guide
the clinician to the right therapeutic strategy for that per-
son. This article explores the opportunities and challenges
created through advances in genomic sequencing technol-
ogies in advancing such “personalised medicine” strategies
for cancer treatment. Given several recent reviews
describing the exponential growth in knowledge regarding
cancer genomes (Chin et al. 2011; Farrell 2011; Green and
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Guyer 2011; Macconaill and Garraway 2010; McDermott
et al. 2011; Stratton et al. 2009), this article will only
briefly describe the emerging concepts in cancer genomics,
before expanding into issues relevant to clinical translation.

The cancer genome

Cancer arises as a consequence of acquired changes in the
structure and DNA sequence of the genomes of cancer
cells. Progressive accumulations of aberrations that provide
cells with specific advantages allow them to survive and
proliferate in their microenvironment, and subsequently
spread beyond the confines of their tissue and organ to
invade other structures and metastasise to distant sites.
There are several types of distinct somatic mutations
that occur in the DNA sequence of a cancer cell genome.
These may include single nucleotide substitutions where a
single base is exchanged for another; insertions or deletions
where one or more nucleotides of DNA fragments are
added or deleted; inversions, where the orientation of a
chromosomal segment is reversed; translocations, where
DNA segments from non-homologous chromosomes
recombine; and gains/amplifications, where the copy
number of a gene or DNA segment increases from the
usual two copies (to greater than a thousand copies in some
cases). In addition, a cancer cell may acquire DNA from an
external source such as a virus (e.g., HPV). These somatic,
as distinct from inherited (germline), alterations in DNA
sequence are acquired by a cancer cell during its lifetime,
both before and after neoplastic transformation (Stratton
et al. 2009). It is probable that only a minority of aberra-
tions seen in the DNA sequence of a cancer cell result in an
alteration in phenotype (driver mutations). Differentiating
“driver” mutations from “passenger” mutations to identify
therapeutic targets is a current challenge in cancer
genomics (Chin et al. 2011; Chin and Gray 2008). In
addition, epigenetic modifications also play an important
role (Rodriguez-Paredes and Esteller 2011). To further add
to this complexity, alterations that did play a significant
role in early neoplastic transformation and cancer pro-
gression may cease to be important later in the disease
process (Stratton et al. 2009). Moreover, the microenvi-
ronment and treatment may also alter the phenotype of
cancer cells by changing selection pressures such that
metastases from a single primary may have significantly
different genetic aberrations, with potentially differential
sensitivities to therapy. Whilst experimental models have
demonstrated that cells can be transformed by as few as 4
or 5 key driver mutations, more recent high throughput,
large-scale genome analyses have demonstrated that the
mutational landscape of cancer is complex (Beerenwinkel
et al. 2007). These studies have suggested that cancers

@ Springer

evolve by accumulating driver mutations in their genomes,
of as many as 20, and perhaps hundreds, of cancer-asso-
ciated genes. Defining key driver mutations, the resulting
aberrations in molecular mechanisms and the subsequent
phenotype underpins the contemporary development of
novel therapeutic strategies (Croce 2008). Advances in
sequencing technology have initiated several coordinated
national and international efforts including The Cancer
Genome Atlas (TCGA 2008) and the International Cancer
Genome Consortium (ICGC 2010), to generate compre-
hensive catalogues of genomic, transcriptomic, and epige-
nomic changes in multiple different tumour types and will
pave the way for sequencing to become an integral com-
ponent of clinical trials and clinical practice.

Large-scale studies of cancer genomes from many
cancer types suggest that distinct molecular phenotypes are
numerous and in many cases each phenotype accounts for
10% or less of a particular cancer type. This growing
evidence regarding the high molecular heterogeneity of
cancer leads many to postulate that the clinical heteroge-
neity observed in patients, particularly for phenotypes
which vary in outcome and therapeutic responsiveness, is a
consequence of the molecular heterogeneity observed
in cancer genomes (2011a). This has implications in
regards to current clinical practices and the development of
novel therapeutic strategies (Chin et al. 2011; Hall et al.
2010).

Cancer heterogeneity and therapeutic development

Difficulties in developing cancer therapeutics over the last
50 years (Ocana and Tannock 2011; Seruga et al. 2010)
may potentially be due to a failure in addressing issues of
cancer heterogeneity (Arrowsmith 2011; Bates 2010). It is
even possible that potentially useful drugs for subsets of
patients were deemed failures because clinical trials were
searching for a “wonder drug” to capture all cancers of a
specific organ, e.g., lung or pancreatic cancer. Drugs that
would have been useful in subgroups of patients with
specific molecular subtypes of cancer tested would not
have shown efficacy in larger groups of patients with dis-
parate molecular phenotypes. Such candidate therapeutics
that were “lost in the mix” could potentially be reassessed,
revived and used effectively if responsive subgroups could
be identified prior to, or early in therapy.

As we better appreciate the biological heterogeneity of
cancer, and that of each individual’s germline, research is
focusing on defining responders and either targeting them
directly, or enriching for them using biomarkers. This
approach significantly impacts on therapeutic development.
Clinical trials in the development of Trastuzumab
(Herceptin®), the therapeutic monoclonal antibody against
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HER2/neu recruited only those patients with over-
expression/amplification of the target molecule, which
substantially decreased the number of patients required to
demonstrate efficacy, accelerating its implementation and
subsequent extension to gastric cancer (Bang et al. 2010).
Despite these experiences and others such as resistance to
Cetuximab® therapy in KRAS mutant colon cancer and
EGFR mutation and Erlotinib sensitivity in lung cancer,
significant investment in large scale clinical trials in
unselected patients persists (LoRusso et al. 2010; Tursz
et al. 2011). Although some regulatory authorities have
released guidelines concerning approvals for targeted
therapies with companion diagnostics (2011b), there
remains no consensus, and regulatory approval is still
heavily dependent on traditional definitive large scale non-
selective clinical trials (Hutchinson 2011; McClellan et al.
2011; Tursz et al. 2011).

Developing biomarkers

Key to implementing personalised medicine is the devel-
opment of reliable biomarkers that inform the physician of
the underlying risk or disease characteristic. Biomarkers
that predict responsiveness and/or resistance to existing
therapies are obviously of high importance to clinicians.
Biomarkers have also become instrumental in the devel-
opment of novel therapeutics, and in many cases are
developed as companion tests to new targeted therapies
(Harris 2010; Schilsky 2010).

Although the term biomarker can be defined to
encompass indicators of physiological and pathogenic
processes such as blood pressure or heart rate, biomarker
is more commonly used to define molecular assays such
as prostate-specific antigen and liver function tests.
Oncology biomarkers used to guide therapies analyse a
range of DNA mutations including copy number altera-
tions, gene expression, DNA methylation, and protein
expression. A companion article in this issue of Human
Genetics by Pajic et al. (2011) provides a more detailed
background on biomarker development strategies. It is
worth noting that in general, biomarkers for genetic
lesions are more predictive than overexpression [e.g.,
FISH for amplified HER2 vs. immunohistochemistry
(IHC) for ERBB2 as biomarkers of response to Herceptin]
(Kovacs and Stenman 2010).

Biomarkers for existing therapies

The methods to evaluate any biomarker diagnostic test
have long been underdeveloped compared with methods to
evaluate therapeutics (Andre et al. 2011). This is a problem
that is increasing in complexity as biomarkers move from

single-entity to higher throughput and multiplex assays. It
is clear that the use of biomarkers has been compromised
by both insufficient validation and lack of evidence to
support clinical value over conventional clinico-pathological
indicators. Even for commercialised FDA-approved cancer
biomarker assays (e.g: OncotypeDX and MammaPrint),
there remain unanswered questions as to the real clinical
utility of these in vitro diagnostics. These concerns
regarding classifiers already in clinical use, serve to high-
light that translation of candidate biomarkers to imple-
mentation in the clinic is complex (Hood and Friend 2011;
Mendelsohn et al. 2011). This is exemplified by the fact
that even though myriad candidate biomarkers of prognosis
and therapeutic responsiveness have been assessed, very
few have made it through to routine clinical use that
improves patient management and outcome (Andre et al.
2011). Knowledge of the target and the underlying
molecular mechanisms of action of a therapeutic signifi-
cantly enhance the development of biomarkers, and has led
to the development of several biomarkers for established
therapies (e.g., KRAS mutation and Cetuximab® respon-
siveness in colon cancer; Karapetis et al. 2008). For more
traditional cytotoxic therapies that target more generic
mechanisms and constitute over 80% of current therapies,
there have been very few successes. Furthermore, there is
little commercial incentive to develop such strategies, even
though the impact on the community may be substantial.
This lack of significant investment in co-ordinated efforts
to develop such tools has resulted in insufficient or inap-
propriate infrastructure to successfully identify, validate,
test and implement clinically useful biomarkers. Currently,
the majority of such efforts have relied on disparate patient
cohorts of convenience which are accessed individually
without broad-based co-ordination of appropriate test
populations.

Novel therapeutic/companion biomarker development

Increasingly, the development of a novel targeted therapy
involves defining drug-diagnostic combinations where the
presence of a molecular marker identifies patients who are
most likely to respond to the new treatment. This model
of developing treatment and diagnostic/companion bio-
marker combinations in order to target patient populations
with a greater chance of benefiting from treatment as
exemplified by the earliest targeted therapies, i.e: ER/
Tamoxifen and HER2/Trastuzumab. This strategy is
facilitating significant advances in some cancer types,
with recent examples being the successful use of the
BRAF inhibitor PLX4032, which targets a specific
mutation (V600E) in melanoma (Nathanson 2010), and
the targeting of the EML4-ALK fusion in NSCLC
(Gerber and Minna 2010) (Fig. 1).
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Fig. 1 Emerging molecular taxonomy of several solid organ cancers
that inform clinical decisions with respect to prognosis, treatment and
the design of clinical trials. Defining efficacy in less prevalent
phenotypes is below the level of sensitivity of conventional clinical
trial approaches, and may contribute to the lack of current effective
therapies for cancer phenotypes that occur at low frequency such as
subtypes of basal breast cancer and potentially pancreatic cancer. The

The road to implementation

The National Cancer Institute (NCI) has defined a strategy
for the development of biomarkers through to clinical
application, which is represented by four phases (Cordon-
Cardo 2004; Freidlin et al. 2010; Khleif et al. 2010)
(Fig. 2):

Phase 1 Assay development and pilot studies. In the initial
phase, appropriate robust and reproducible assays
are developed. These are assessed in relatively
small cohorts of patients, often referred to as
training sets, to define biomarkers with potential
clinical utility.

Retrospective clinical analysis. Those biomarkers
that are informative in phase I are tested in larger
independent, well-characterised cohorts of
patients. These include retrospective analysis of
material from prospective clinical trials.
Prospective confirmatory analysis. Candidate
biomarkers with supportive data from phases I
and II are assessed prospectively, but not as a
definitive trial. Approaches used include:
(a) prospective sample acquisition in a trial
where there is a therapeutic hypothesis and
biomarker assessment is a secondary objective,
and (b) prospective biomarker assessment that is

Phase 11

Phase 1II
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degree of fractionation (stratification) is likely to increase over time as
knowledge concerning molecular phenotypes and the development of
appropriate therapies grows. Note the phenotypic “tails” of multiple
variants are long, and that even those cancers where dominant
phenotypes are known to exist, the residual subtypes may be very
heterogeneous, and as a consequence, difficult to treat, e.g., basal
breast cancer

underpowered to definitively address biomarker
utility, but provides additional supportive data to
justify the significant investment of further
testing.

Multi-institutional validation trials. These are
high-powered prospective randomised
controlled trials designed specifically to test the
clinical utility of the candidate biomarker and
provide level 1 evidence for implementation.

Phase IV

Clinical trials of biomarkers (phases III and IV)

Optimal design of clinical trials assessing biomarker utility
will vary according to the potential clinical use. Factors
influencing the design of the trial will include the existing
level of evidence, statistical considerations, ethical impli-
cations and feasibility. In general, randomised controlled
trials for the evaluation of biomarkers broadly fit into four
designs (Lee et al. 2009; Mandrekar and Sargent 2009;
Sargent et al. 2005) (Fig. 3).

1. Biomarker analysis within existing clinical trials
(Fig. 3a). A relatively cost-effective method of adding
to the body of evidence to support a significant
investment in prospectively testing a promising bio-
marker is assessment in a previously conducted or
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Fig. 2 The NCI strategy for biomarker discovery and development

currently active clinical trial designed to address a
therapeutic question. An example of this is the current
validation of the Oncotype DX® Colon Cancer Assay
in QUASAR, which examined the benefit of adjuvant
5-Fluorouracil in stage II colon cancer. Although these
studies can be informative, they were designed to test a
therapeutic, not a biomarker, so that patient selection
and statistical power to adequately assess the bio-
marker is unlikely to be optimal. In addition, the
variable availability of usable samples further influ-
ences the statistics and may introduce further bias.

2. Non-targeted randomised controlled trial (Fig. 3b).
Amongst several reasons for utilising non-targeted trial
designs, the most common is insufficient evidence to
support altering current practice even in a clinical trial
setting. In this trial design, treatment decisions are not
based on results of biomarker analysis, but sample
collection and assessment is performed prospectively
within a trial that is statistically appropriate to address
the biomarker hypothesis.

3. Targeted (enrichment design) randomised controlled
trial (Fig. 3c). This is the most efficient design since
only patients where the signature result is likely to

alter outcomes with alternative treatment are recruited,
thus minimising the overall number of patients
required. This trial design is most appropriate when
there is sufficient evidence either from previous
studies, such as from 1 and 2 above, or biological
evidence to justify significant alterations in clinical
practice in the setting of a trial. An example is the
testing of trastuzumab only in HER2 amplified breast,
and subsequently gastric cancers.

4. Classical randomised controlled trial (Fig. 3d). In this
trial design, a novel therapeutic strategy is assessed
against current standard practice. Biomarker-guided
therapy in addition to conventional tests is compared to
conventional tests only. This design is not efficient,
since the subgroup of patients where the signature may
actually influence outcomes usually constitutes the
minority of recruited individuals

Emerging clinical trial strategies

There are recent examples of dramatic successes where
therapeutics that target specific mechanisms have pro-
gressed rapidly to implementation, most notably that of the
EML4-ALK translocation in NSCLC and response to the
ALK inhibitor crizotinib (Gerber and Minna 2010). In this
example, alignment of several key factors resulted in dra-
matic efficacy, which was rapidly identified in a clinical
trial. The degree of alignment of these factors ultimately
determines not only the applicability of the drug but also
the speed and ease it is translated to the clinic. These
factors include: (1) correct clinical indication, (2) drug
efficacy in the appropriate phenotype, (3) correlation of
target (biomarker) and response, (4) accuracy and repro-
ducibility of the assay in detecting the target. Figure 4
presents the various challenges within the spectrum of
clinical trial designs in defining efficacious therapeutic
strategies. Although unselected patients in phase III clinical
trials reduce the risk of missing potential responders, the
higher proportion of non-responders would result in a
reduced ability to detect efficacy. The incorrect indication
and indirect enrichment for potential responders such as
performance status may occur inadvertently in phase II
clinical trials, or be part of inclusion/exclusion criteria in
phase III trials, but may also miss the true responders.
Even when the drug is developed to a specific target, the
presence of the target does not necessarily directly reflect
response due to off-target effects, as well as a number of
mechanisms of resistance that are inherent to the tumour
(such as decreased cellular drug uptake or mutation of
target genes) or extrinsic (variability in angiogenic,
inflammatory or stromal response) (Mellinghoff and
Sawyers 2002; Shekhar 2011). Recent studies of acquired
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Fig. 3 Schema for randomised
controlled trials used to assess
biomarkers. From Lee et al.
(2009) © Copyright 2009. The
Medical Journal of Australia—
reproduced with permission.
RCT randomised controlled
trial, ® randomisation

resistance to the RAF inhibitor PLX4032 suggest three new
possible mechanisms of resistance (Johannessen et al.
2010; Nazarian et al. 2010), although the relative impor-
tance of each needs to be further explored (Solit and Rosen
2011).

The accuracy of the assay in detecting the target, or
responders adds another layer of complexity. As a conse-
quence, inadequacy in any of these criteria is likely to lead
to failure to accurately detect true responders in a targeted
clinical trial, and may not be a reflection of inadequate
functional biology that underpins the therapeutic strategy.
When there is a good alignment of all these factors, as with
EML4-ALK translocations and treatment with crizotinib,
or BCR-ABL and treatment with Imatinib, then the effect
is clearer, such that clinical trial results are more inter-
pretable. Less direct correlation between the presence of
the target and response and the accuracy of the assay are
evident in the implementation of Herceptin for HER2-
amplified cancer (breast and gastric), where assays may
lack sensitivity, and a significant proportion of tumours
with the target are intrinsically resistant (Esteva et al.
2010). This is also a factor with the use of cetuximab in
colon cancer and the role of mutant KRAS (Allegra et al.
2009), and EGFR mutations and lung cancer (Wheeler
et al. 2010). Fortunately, initial studies for these indications
were able to be modified or redesigned to identify and
adjust target populations and assays. Although these drugs
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display efficacy in these subgroups, there is also potential
to refine them further over time. The central challenge is to
define principles and strategies where responders, the target
and assays do not align perfectly, so that they can be
modified as the trial progresses to better define responders
(Nelson 2010).

Whilst comparative efficacy testing for all-comers is
well established, biomarker-driven trials still need to be
developed to their full potential in order to fulfill the
demands of contemporary cancer care (Fig. 5). Pre-clinical
models may prove to be beneficial in resolving some of
these issues more efficiently (Caponigro and Sellers 2011),
and an article addresses this strategy later in this issue
(Pajic et al. 2011). One of the challenges in clinical trials of
novel targeted agents is that no single, or suite of trial
designs suits all; however, the principle is primarily con-
cerned with the ability to adjust the target population
(Rosenberger and Lachin 1993). Novel clinical trial strat-
egies are evolving that build in designs that are adaptable
and respond to findings as the trial is running. An example
of this is the BATTLE trial for lung cancer (Kim et al.
2011) (Biomarkers-integrated approaches of targeted ther-
apy for lung cancer elimination), where initial experience
with the strategy enabled the refinement of the target
population for each drug. This adaptive phase II trial of 255
patients with advanced NSCLC assessed if specific drugs
were effective in molecular phenotypes defined using
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indirect enrichment using traditional criteria (performance status,
tumour burden, etc.) may enhance the likelihood of detecting efficacy
if it captures proportionally more true responders than non-responders
(A), but may be detrimental (B). Inherent and acquired resistance, and
off-target efficacy means that the presence of the target does not
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€ >

Unselecte@
population

Mutation-Drug

Entichment 1:1 matching

Can assess
lower prevalence phenotypes

Detects dominant, but not
low prevalence phenotypes
Needs large numbers Numbers in rare subgroups a problem

Well established and
accepted statistical paradigm

Statistical Considerations
not fully reconciled

Higher risk: incorrect
biomarker for drug

Financial and toxicity costs
not sustainable

Fig. 5 The heterogeneity of cancer leads to complex challenges in
therapeutic development as clinical trials of unselected patients move
across a spectrum through enrichment to target—drug matching
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based on the assays used to detect the target. Surrogate biomarkers, or
less stringent target detection assays can improve the sensitivity to
detect true responders, but at the cost of specificity and is a more
direct form of enrichment. Those individuals that are susceptible to
toxicity and adverse reaction are also captured differently with each
strategy, and may have associations with true responders. With this
level of complexity, it is little wonder that it is challenging to translate
discoveries into the clinic. In addition, it suggests how many drugs,
although promising in phase II, fail in phase III, even in enriched
phase III studies if the incorrect population is selected. Targeted trials
using biomarkers are dependent on using the correct indication, the
correct marker, the best assay, and the inherent efficacy of the drug.
Lack of accuracy in any of these, or slight inaccuracies which
compound in each can lead to a false result

specific biomarkers informed through an understanding of
the molecular mechanism of action of the therapeutic.
Fresh core biopsies were analysed for four biomarkers:
epidermal growth factor receptor (EGFR), KRAS/BRAF,
vascular endothelial growth factor (VEGF), and cyclin D1/
RXR.

Initially, 40% of patients were randomised to one of four
treatments: (1) erlotinib (EGFR inhibitor), (2) vandetanib
(VEGEF inhibitor), (3) sorafenib (multikinase inhibitor) and
(4) erlotinib—bexarotene (RXR receptor activator). In the
adaptive phase, the remaining 60% of patients were given
therapies that were effective based on the molecular sub-
type in the initial phase. The trial demonstrated that
patients with both EGFR mutations and high expression of
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EGFR were 100% responsive to erlotinib and 100% non-
responsive to sorafenib. Conversely, patients with KRAS
mutations responded best to sorafenib. In addition, the
erlotinib—bexarotene combination showed benefit in
patients with tumours with increased cyclin D1 expression.
Overall, patients in the adaptive phase did better than those
in the initial phase (Editorial 2010; Kim et al. 2011).
Recently, Von Hoff and colleagues described an
approach where patients with cancer of any organ were
tested for multiple biomarkers and their treatment selected
based on those analyses (Doroshow 2010; Von Hoff et al.
2010). The study was in patients with metastatic end-stage
disease who had failed conventional therapy. They dem-
onstrated that such a strategy is feasible, and suggested that
it was associated with improved survival. Currently,
numerous direct to consumer testing companies offer tests
that claim to increase the chance of getting the most
effective treatment. Despite low-level evidence to support
efficacy of this approach, the industry is growing rapidly.

Next generation sequencing and therapeutic strategy
development

A significant hurdle in advancing biomarker-guided ther-
apeutic strategies is the requirement for robust reproducible
assays that can test the spectrum of mutation classes
observed in cancer (simple variants, gains, losses, translo-
cations, inversions, etc.). Next generation sequencing pro-
vides the ability to do this on a single instrument.
Furthermore, it is the technology that is fuelling the rapidly
increasing knowledge of somatic and germline mutations
by TCGA, ICGC, and other cancer genome projects.
Despite the rapidly increasing use of next generation
sequencing for targeted exome or whole genome
sequencing of tumours in research projects, there are only a
handful of reported cases to date where the technology has
been used in a clinical setting (Link et al. 2011). Clinical
laboratories that are using multiplex methods to screen for
many somatic mutations are focussing largely on “action-
able” cancer gene mutations that are known to correlate
with resistance or response to targeted therapies and can
reliably be tested in both frozen and FFPE tumour tissues.
Genotyping, as opposed to sequencing, is currently used for
this purpose. For example, multiple mutation profiling
using multiplex genotyping of ~400 mutations in 33
known cancer genes has been adapted for clinical decision
making (MacConaill et al. 2009). Sequencing the complete
genes (as opposed to specific exons known to harbour
recurrent mutations) will provide opportunities to detect
additional mutations in these genes, but the interpretation
of the clinical consequences of entirely new mutations will
be more problematic. As multiplex mutation profiling
expands to hundreds and thousands of genes, and
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ultimately whole genomes sequencing, there will be addi-
tional challenges in regards to implementing high
throughput technologies in clinical laboratories, data
management, costs, interpretation of results, reporting or
results to clinicians, and ultimately patients. Already, a
number of leading cancer research institutes are imple-
menting these approaches in the clinical trials setting, in
order to learn and develop “best practices”, and further
improve the ability to identify specific correlations between
genetic alterations, treatments, and outcomes.

A potential trial design for pancreatic cancer is pre-
sented below, where current systemic therapies are largely
ineffective and overall survival has not improved for
almost 50 years.

Genotype-guided therapeutic strategies for pancreatic
cancer using next generation sequencing

Pancreatic cancer (PC) is the fourth leading cause of cancer
death in Western societies with an overall 5-year survival
rate of less than 5% (Michalski et al. 2007). Although the
use of adjuvant therapy has improved the 5-year survival
rate from 10% with surgery alone, to 20-25% with 5-flu-
orouracil (5-FU) (Neoptolemos et al. 2001) or gemcitabine
(Oettle et al. 2007), little progress has been made in the
treatment of the advanced form of the disease. As a con-
sequence, there is a great need to develop novel therapeutic
strategies (Philip et al. 2009).

Gemcitabine has been considered the standard treatment
for patients with advanced PC since 1997 (Burris et al.
1997). A multitude of established systemic chemothera-
peutics that have been assessed in combination with gem-
citabine have failed to demonstrate improved efficacy in
phase III clinical trials (Tabernero and Macarulla 2009).
Apart from gemcitabine, the only other systemic chemo-
therapeutic to show any detectable efficacy in phase III
clinical trials is the tyrosine kinase inhibitor Erlotinib
(Tarceva®), which has marginal benefit overall, but is
effective in a subgroup of patients who develop a cutane-
ous rash with therapy (Moore et al. 2007). This subgroup is
not well defined genetically, and although no candidate
markers of response were identified when assessed retro-
spectively in the trial (da Cunha Santos et al. 2010), a
response signature has been proposed based on preclinical
studies using primary xenograft models (Jimeno et al.
2008). There are two further opportunities where genetic
aberrations are known to occur at low frequency, and can
potentially be targeted: Fanconi Anaemia/BRCA Homol-
ogous Recombination Pathway defects and HER2
amplification. These individual targetable phenotypes
(homologous recombination defects; HER2 amplified; anti-
EGFR responsive) occur at low frequency, but collectively
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they are present in about 15% of pancreatic cancer
(Showalter et al. 2010). Effectively detecting these aber-
rations to define responsive phenotypes and applying the
most appropriate treatment in each case may dramatically
alter the outcomes of patients with PC, who currently have
a less than 5% overall survival, and a 2-year survival of
10% or less for metastatic disease. A major hurdle has been
the ability to efficiently test for molecular aberrations,
particularly if a druggable phenotype is defined through
many potential aberrations that cannot be easily tested.

Homologous recombination defects

Perhaps the most striking cellular hallmark of tumours with
mutations in the Fanconi anaemia (FA)/BRCA homologous
recombination pathway is their hypersensitivity to DNA
damaging (cross-linking) agents, such as mitomycin C,
platinum or the novel targeted PARP inhibitors (Byrski et al.
2009; Xia et al. 2007). Platinum agents and PARP inhibitors
are currently in clinical trials for the treatment of hereditary
breast and ovarian cancers and initial results are encouraging
(Byrski et al. 2009; Clark-Knowles et al. 2010; Polyak and
Garber 2011). Around 7% of sporadic PC patients carry
mutations in the BRCA2 tumour suppressor gene (Liede
et al. 2004), and the prevalence increases to 12% if there is a
family history of pancreatic cancer, and to 17% in those with
a strong family history (van der Heijden et al. 2004).

Evidence for the potential use of DNA cross-linking
agents in PCs that harbour these defects is mounting
(Burch et al. 2000; Isacoff et al. 2007; Showalter et al.
2010; van der Heijden et al. 2005; van der Heijden et al.
2004). Case reports of pancreatic cancers responding well
to similar therapies in the presence of defects in other
components of the Fanconi Anaemia (FA) pathway
including defects in the Partner and Localiser of BRCA2
(PALB?2) are showing dramatic efficacy. In this case, the
patient responded dramatically to mitomycin C after pro-
gressing on gemcitabine, to still be alive almost 4 years
from the time the therapy was changed (Villarroel et al.
2011). Responders in phase 2 trials of platinum agents in
PC may be those that harbour homologous recombination
defects. Retrospective assessment of tissue from these trials
may address this question.

HER2 amplified

HER?2 amplification occurs in about 15% of breast cancers,
and Herceptin® treatment is currently approved and reim-
bursed for patients who have demonstrable HER2 amplifi-
cation in their cancer. More recently, a phase III randomised
controlled trial demonstrated efficacy of Herceptin® in
HER2-amplified Gastric Cancer (ToGA trial) suggesting
that targeting HER2 amplification may be effective in other

cancer types apart from breast cancer (Bang et al. 2010).
Although early studies identified HER2 overexpression
using IHC in up to 40% of PCs (Safran et al. 2004), more
recent studies show that true HER2 amplification using
FISH, a more accurate measure of Herceptin® responsive-
ness, only occurs in about 3% of pancreatic cancers.
Trastuzumab suppresses tumour growth in orthotopic
xenograft mouse models of HER2-amplified PC (Buchler
et al. 2005; Kimura et al. 2006); however, phase II studies of
trastuzumab have not been successful. This may not have
been due to drug activity, but the testing strategy, and the
appropriateness of assays which would have significantly
influenced patient selection in these trials.

Anti-EGFR therapy responsive

Pre-clinical studies using primary xenografts of pancreatic
cancer have identified and validated an anti-EGFR response
signature (Jimeno et al. 2008); however, no anti-EGFR
response signature assay has been developed for clinical use.
Whilst HER2 amplification has a well established assay,
there are also limitations in assays available for FA/BRCA
pathway members, and currently only exist for BRCA1 and
BRCAZ2 for germline testing. The influence of low epithelial
content of tumours, a feature of pancreatic cancer where on
average 75% of the tumour mass is desmoplastic stroma, is
likely to influence these standardised assays.

Next generation sequencing can assess all the relevant
genomic aberrations that are likely to characterise these
response markers. A potential adaptive clinical trial design
would screen patients for these strategies and any other
druggable mutations that have existing therapies in cancers
of other organs. Those with mutations would be random-
ised between standard therapy, and a personalised
approach. Figure 6 shows the suggested trial schema. In a
BATTLE-like strategy, at the completion of an initial
phase, initial less accurate criteria for phenotype selection
can be refined based on response data within each of the
phenotypes (adaptive phase). The trial can be iterative and
expanded to include other druggable targets.

Could a molecular classification of cancer facilitate
translation and implementation of therapeutic
strategies?

The number of pharmaceuticals that directly target
molecular abnormalities has been, and is continuing to
grow dramatically. In the USA alone, there are hundreds of
small molecule inhibitors in development. The number of
target—drug combinations with efficacy is growing, and
some are suggesting that the era of personal genomic
cancer therapy is already here (Harris 2010; Schilsky
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Fig. 6 Schema of a potential trial design to test genotype-guided (NGS) therapies for pancreatic cancer

2010). Notwithstanding, some clear instances where
molecular tests are used to select cancer therapies, most
patients are not yet deriving benefits because the hetero-
geneity and complexity at the molecular level does not
allow accurate predictions of therapeutic response. Large-
scale sequencing efforts in glioblastoma and pancreatic
cancer suggest that apart from a few dominant genetic
aberrations, many of which have been well known for
years, the majority of novel mutations occur at a frequency
of less than 10%, although there is strong evidence that
mutated genes are involved in common gene pathways and
processes (Jones et al. 2008; Parsons et al. 2008; TCGA
2008). There are several examples, where drugs effectively
target the same, similar, and even different genomic
aberrations in different cancer types. One of the first
tyrosine kinase inhibitors to be developed, Imatinib
(Gleevec®) targets the BCR-ABL fusion protein in CML,
but is also effective in other diseases such as gastrointes-
tinal stromal tumours (GIST) that express mutant kit. The
monoclonal antibody trastuzumab (Herceptin®), first
developed for HER2-amplified breast cancer is also
effective in HER2-amplified gastric cancer (Bang et al.
2010). Effective drugs may also be beneficial in cancers of
other organs. This would require a screening strategy that
identifies tumours with similar molecular phenotypes and
consideration of the mechanism of action of the drug, such
as trastuzumab and gastric cancer, as well as recruitment
criteria for individual clinical trials that are based on a
susceptible molecular phenotype rather than the organ from
which the cancer arose.

Classification of cancers is mainly based on organ and
morphology. This approach to classifying tumours is sub-
jective, only represents a surrogate of the underlying
molecular pathology, and may hamper the implementation
of therapies that target molecular mechanisms (Cagle et al.
2011; Gruver et al. 2011; Palanisamy et al. 2010). A
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“Biotype” classification of cancer (Fig. 7) may be more
appropriate in many circumstances, particularly since our
ability to better resolve molecular aberrations will generate
increasingly larger numbers of subtypes, reducing the
incidence and prevalence of each to near orphan diseases.
Trial designs based on this strategy would recruit based on
molecular phenotype, and then adapt to exclude non-
responsive subgroups, which may or may not co-segregate
with the organ where the cancer arises, or with other fac-
tors that may be identified based on extensive character-
isation of each tumour. In addition, this approach would
also potentially uncover mechanisms of resistance that
would form the basis for further investigation. Such a
strategy may be more effective in metastatic disease where
the primary site is unknown, or where there has been
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Fig. 7 A “Biotype” classification of cancer may facilitate clinical
trials assessing efficacy of a targeted therapeutic. Individual pheno-
types in a cancer from a particular organ may occur too infrequently
to perform clinical trials; however, including them using such a
classification will enlarge the potential indications for a specific
therapeutic strategy
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significant pretreatment, which is likely to have altered the
original molecular phenotype of the disease.

Conclusions

The rise in the cost of healthcare associated with an ageing
population in most Western countries is a major factor
driving the need for innovations is cancer diagnostics and
treatment. At the current rate, the cost of cancer treatment
will rapidly outstrip our ability to provide it. Avoiding
unnecessary ineffective therapies so that the right drug is
given to the right patient without delay will substantially
impact health costs and improve outcomes. However, in
addition to the many technological challenges of delivering
biomarker assays in the clinic, there are significant issues
surrounding the return on investment for stakeholders in
the delivery of complex diagnostics above and beyond
traditional approaches to clinical decision-making. Signif-
icant debate amongst the pharmaceutical industry, con-
sumers, healthcare insurers and providers is ongoing
regarding the implications of providing a personalised
approach to cancer treatment. In particular, the significant
cost of manufacturing and providing diagnostic multi-gene
tests and targeted therapies and the impact of these costs on
access for patients. Our ability to accurately and inexpen-
sively globally analyse genomic aberrations will facilitate
this process, but the requisite infrastructure and framework
will need to be in place to facilitate rapid translation into
the clinic.
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