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Future of Personalized Medicine in Oncology: A Systems
Biology Approach

Ana Maria Gonzalez-Angulo, Bryan T.J. Hennessy, and Gordon B. Mills

A B S T R A C T

The development of cost-effective technologies able to comprehensively assess DNA, RNA,
protein, and metabolites in patient tumors has fueled efforts to tailor medical care. Indeed
validated molecular tests assessing tumor tissue or patient germline DNA already drive therapeu-
tic decision making. However, many theoretical and regulatory challenges must still be overcome
before fully realizing the promise of personalized molecular medicine. The masses of data generated
by high-throughput technologies are challenging to manage, visualize, and convert to the knowledge
required to improve patient outcomes. Systems biology integrates engineering, physics, and mathe-
matical approaches with biologic and medical insights in an iterative process to visualize the
interconnected events within a cell that determine how inputs from the environment and the network
rewiring that occurs due to the genomic aberrations acquired by patient tumors determines cellular
behavior and patient outcomes. A cross-disciplinary systems biology effort will be necessary to convert
the information contained in multidimensional data sets into useful biomarkers that can classify patient
tumors by prognosis and response to therapeutic modalities and to identify the drivers of tumor
behavior that are optimal targets for therapy. An understanding of the effects of targeted therapeutics
on signaling networks and homeostatic regulatory loops will be necessary to prevent inadvertent
effects as well as to develop rational combinatorial therapies. Systems biology approaches identifying
molecular drivers and biomarkers will lead to the implementation of smaller, shorter, cheaper, and
individualized clinical trials that will increase the success rate and hasten the implementation of
effective therapies into the clinical armamentarium.

J Clin Oncol 28:2777-2783. © 2010 by American Society of Clinical Oncology

the concept, a plethora of technical and regulatory
challenges remain to be resolved before wide-spread

Traditionally, much of medical practice is based on
standards of care. These interventions are based on
knowledge from different levels of evidence gener-
ated by epidemiological and clinical studies or
evidence-based medicine. However, large random-
ized studies, our best level of evidence, are designed
to determine the best approach for the average pop-
ulations and not for specific individuals. The devel-
opment of molecular profiling technologies to assess
DNA, RNA, protein, and metabolites provides the
potential to tailor medical care, both at tumor and
patient levels. These approaches have the potential
to fulfill the promise of delivering the right dose for
the right indication to the right patient at the right
time. Importantly, personalized therapy offers the
opportunity to increase therapeutic efficacy by tar-
geting the genomic aberrations driving tumor be-
havior while at the same time decreasing inadvertent
toxicity due to altered drug metabolism encoded by
the patients’ genetic background. Despite clear and
important examples demonstrating the potential of

implementation of personalized therapy.

Several validated molecular tests performed in
tumor tissue or assessing the patients’ genome are
now part of standard therapeutic decision making in
breast, colorectal, and lung cancers. However, the
field of personalized medicine raises many chal-
lenges including the unexpected high failure rate of
molecular targeted therapeutics, difficulties identi-
fying, and validating molecular markers, homeo-
static feedback loops, and molecular crosstalk and
bypass mechanisms that can lead to unexpected ef-
fects on patient outcomes.'® It is thus critically im-
portant to develop an improved understanding of
the pathways and networks to target as well as of the
homeostatic loops induced by the interventions.

Complex genomic aberrations targeting multiple
genes through mutation, changes in copy number,
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and methylation occur in most epithelial tumors resulting in marked
rewiring of the signaling networks that determine the behavior of the
cancer cell and patient outcomes.”'* High throughput technologies
generate incredible masses of data showing many potential aberra-
tions and connections and allowing visualization and integration of
the data into testable hypotheses. However, much of the data used to
explore the structure of signaling networks are contextual and not
generalizable to a cancer cell in its microenvironment. Thus, the ava-
lanche of data generated from efforts to map genetic aberrations in
tumors including Genome Wide Associations Studies (GWAS) and
the Cancer Genome Atlas (TCGA) as well as international genomics
and proteomics efforts underlines the challenge of understanding the
effects of the aberrations in patient tumors both alone and when
integrated into cellular function. Indeed, the development of high
throughput omics technologies that interrogate tumors at the DNA,
RNA, protein, and metabolomic level has not been paralleled by im-
provements in cell biology approaches to understand the conse-
quences of these changes on cellular, organ, and organismal outputs.

Systems biology uses engineering, computational, and physics
approaches combined with biologic and medical inputs in an iterative
manner to develop representations of the network of interactions
within a cell that regulate cellular, organ, and organismal behavior. As
opposed to the traditional reductionist approaches focusing on the
manipulation of one gene or protein (eg, tumor suppressor or onco-
gene), systems biology attempts to integrate important information
from reductionist approaches with multidimensional data into a com-
prehensive map of the way components of a biologic system integrate
with external inputs to optimally predict the behavior of the system
and how it regulates (Fig 1'°). This map will ultimately describe the
behavior of the cancer cell and thus predict the natural course of the
cancer and its response to specific treatments.'¢

Thus, a multimodal approach including assessment of DNA,
RNA, proteomics, and metabolomics has the potential to interrogate
the patient tumor letting the experiment of nature teach us what is
important to the initiation and progression of cancer. The discovery of
these coordinate events will be a critical event in the process of the
development of targeted therapeutics capitalizing on the Achilles’ heel
of oncogene addiction and synthetic lethality.'”'® High throughput biol-
ogy approaches must be able to rapidly assess functional outcomes and
must be sufficiently flexible to allow simultaneous manipulation of the
multiple candidates that arise from omics approaches in a single cell.

TCGA

TCGA, a joint program of the National Cancer Institute (NCI)
and the National Human Genome Research Institute, is an effort to
accelerate the understanding of the molecular basis of cancer through
genome analysis, including large-scale genome sequencing, analysis of
DNA copy number, methylation, transcriptional profiling, and assess-
ment of splicing aberrations. The goal of TCGA is to provide the
molecular and physical map of cancer aberrations to improve our
ability to diagnose, treat, and prevent cancer.'” TCGA is paralleled and
extended by other collaborative international efforts. In the initial
project, TCGA described the discovery of new genetic mutations and
other DNA alterations with potential implications for the diagnosis
and treatment of glioblastoma (GBM). The key observation from the
GBM project was the demonstration that the genomic aberrations
present in GBM integrate into limited pathways in which no single
aberration is present at a sufficient level to act as a beacon to change
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patient management. Rather, the integrated analysis of multiple com-
ponents of the pathway is necessary to reflect activation state of the
pathway and potentially alter patient therapy.”® The challenge is to
determine the role of each aberration as biomarkers and as therapeutic
targets and the optimal methods to interrogate a pathway.

High Throughput Technologies for the Study of the
Pathogenesis of Cancer

DNA copy number. DNA copy number aberrations (CNA) alter
the amount and organization of genomic material, which can increase
or decrease the transcriptional activity of critical genes or regulatory
RNAs. CNAs can be small altering function of a single gene or poten-
tially affect a large chromosomal region. CNAs are inherited or caused
by somatic such as deletions, duplications, inversions, or transloca-
tions. High throughput technologies including comparative genomic
hybridization, digital karyotyping, representational oligonucleotide
microarray (ROMA), single nucleotide polymorphism arrays, molec-
ular inversion probes, and next generation sequencing are now capa-
ble of rapidly and efficiently profiling copy number changes across
entire cancer genomes.' "%

DNA mutation detection. 'The strongest predictors of risk of
developing cancer and of response to therapy appear to be at the DNA
level. Whether this reflects a readily assessed dichotomous variable
(presence or absence of a mutation) versus changes in levels of
RNA or protein, or reflects a greater effect on underlying biology
remains to be determined. When identifying indicators of increased
cancer risk, efforts have moved from positional cloning of rare, high-
risk alleles such as BRCAI and BRCA2 to identification of common
low-risk variants through candidate gene analysis or GWAS. High
throughput DNA sequencing offers a new approach to gene rese-
quencing. However, most approaches incorporate error prone ampli-
fication steps requiring deep sequencing and statistical approaches to
validate the results.”**> Single molecule sequencing has the potential
to bypass this challenge, but high costs currently restrict the technol-
ogy to in depth studies of specific questions. A mass spectroscopy—
based (MassARRAY) approach (Sequenom Inc, San Diego, CA)
aimed at evaluating SNPs can facilitate rapid, high-throughput and
cost-effective detection of hot-spot gene mutations (ie, in PIK3CA,
AKTI, KRAS).***” However, it is not applicable to genes targeted by
nonhot-spot mutations in tumor suppressors (ie, TP53, PTEN). SNP
detection either through array approach or MassARRAY can be also
applied to assess germline changes in metabolizing enzymes that could
alter therapy efficacy (ie, CYP-2D6).

Epigenetic profiling. A number of genome- or methylome-wide
approaches to assess methylation state of important genes are under
development. As with other technologies, next generation sequencing
approaches are in the processes of supplanting current technologies.
The challenge remains in validating the observations with orthologous
technologies and developing high throughput biology approaches to
determine the functional relevance of methylation changes. Some of
these epigenetic phenomena responsible for silencing important tu-
mor suppressor genes may be targetable.”®

Gene-expression profiling. The ability to measure thousands of
mRNA transcripts in a single experiment has resulted in a rapid
increase in our understanding of tumor pathophysiology as well as in
identifying tumor classifiers that identify lineages, establish prognosis,
and predict therapy response. A number of genomic tests that have
been approved or are under evaluation provide better predictions of
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Functional proteomic arrays to assess
protein expression and function

Transcriptional profiling arrays

to assess MRNA expression
List of candidate ‘drivers’

Network and
functional analysis

Example: alterations
in the interacting FGF,
EGFR, ERBB2, and
PI3K pathways in
breast cancer

8 2 — & & —
H-RAS PDK MAPK8-10
v ~ v o
Proliferation via Survival via Survival via
ERK/MAPK cascade AKT signaling JNK signaling

Fig 1. A systems approach integrating
genomic and functional proteomic data
to identify molecular strategies for the
treatment of breast cancer. A compre-
hensive list of aberrant genes identified
by copy number and sequence studies
is filtered using expression arrays and
functional proteomics. The found tar-
gets most likely represent important
drivers of oncogenesis and can be
mapped using network and functional
analysis approaches into interconnect-
ing molecular pathways. This pathway
analysis can then be used to design ratio-
nal therapeutic approaches in individual
patients. Bottom panel reproduced with
permission from Leary et al.’® Copyright
(2008) National Academy of Sciences,
U.S.A. FGF, fibroblast growth factor; EGFR,
epidermal growth factor receptor; PI3K,
phosphatidylinositol-3-OH kinase.
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Table 1. High Throughput Technologies for the Study of the Pathogenesis of Cancer

Parameter

Available Technology

Target for Detection

Tissue
Requirement

Advantage

Disadvantage

DNA copy number

Comparative genomic

DNA copy number

Blood (cDNA or

High throughput

Most platforms still require

a mutation

High throughput DNA
sequencing

Single molecule
sequencing

Mass spectroscopy for
single nucleotide
polymorphisms

Germline changes in
metabolizing enzymes

profiling

RT-PCR

Detection of splicing Exon junction arrays Exome

RNA forms
Genome tiling arrays

Functional
proteomics

Reverse phase protein
arrays

Protein expression and
activation

Mass spectroscopy

hybridization aberrations germline DNA) high quality frozen
material
Digital karyotyping Polymorphisms Fresh/frozen Comprehensive/whole genome Limited dynamic range
ROMA Genomic Paraffin embedded Expensive
rearrangements
Single nucleotide
polymorphism arrays
Molecular inversion
probes deep
sequencing
DNA mutation Candidate gene analysis Identification of common Blood (cDNA or High throughput Expensive
detection low risk variants germline DNA)
GWAS Presence or absence of  Fresh/frozen Comprehensive Many platforms require

Paraffin embedded

Epigenetic profiling  Methylation arrays Methylation Blood (cDNA or High throughput Most platforms still require
germline DNA) high quality frozen
material
Acethylation arrays Acethylation Fresh/frozen Comprehensive/whole genome
Paraffin embedded
Gene expression Transcriptional profiles Messenger RNA Fresh/frozen High throughput Most platforms still require

Paraffin embedded Comprehensive/whole genome

Fresh/frozen

Fresh/frozen

Paraffin embedded Allows simultaneous study of

high quality frozen
material

high quality frozen
material

Limited dynamic range (eg,
in comparison with
gPCR)

Expensive

Requires high quality
frozen material

Particularly comprehensive/whole Limited dynamic range
exome

High throughput

Most appropriate
applications and analysis
approaches still to be
defined

Expensive

Limited to proteins with
available high-quality
antibodies

High throughput

Primarily discovery tool
several hundred proteins
Applicable to both frozen and
formalin fixed paraffin
embedded tumor samples

Useful to study specific
candidates

Inexpensive

Platforms still not robust
and difficult to compare
across centers

Abbreviations: ROMA, representational oligonucleotide microarray; GWAS, Genome Wide Associations Studies; gPCR, quantitative polymerase chain reaction.

clinical outcome than traditional clinicopathologic standards, allow
prediction of effects of therapies, and explore the activity of signaling
pathways with targetable components.***! One of the most striking
uses of this technology are predictors to identify women with early-
stage breast cancer who do not benefit from chemotherapy.>?
Detection of splicing RNA forms. It is predicted that each gene is
alternately or aberrantly spliced in cancer resulting in five to 50 differ-

2780 © 2010 by American Society of Clinical Oncology

ent proteins from each gene. Tumor-specific or aberrant splicing that
alters the function of target proteins appears to be a common event
during tumorigenesis. Exon junction arrays use probes specific to the
expected or potential splice sites of predicted exons for each gene in the
genome. They are designed to detect each individual exon and to
detect different splicing isoforms. Genome tiling arrays consist of
overlapping probes designed to densely represent a genomic region of
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interest to detect alternatively spliced forms that may not have been
previously known or predicted.”

Protein arrays. Traditional protein assay techniques like western
blotting or enzyme-linked immunosorbent assay can assess expres-
sion and phosphorylation of only a limited number of proteins, and
they cannot map intracellular signal transduction or apoptotic path-
ways. Forward phase and reverse phase proteins arrays (RPPA) have
the potential to screen large numbers of candidates. Forward phase
arrays offer convenience, but are difficult to quantify. RPPA consti-
tutes a low-cost, sensitive, high-throughput platform for marker
screening, pathophysiology studies, identification of novel targets im-
portant in cancer growth, and therapeutic monitoring. Because most
potential molecular markers and targets are proteins, proteomic pro-
filing is expected to yield more direct answers to functional and phar-
macologic questions than transcriptional profiling.>**> RPPA can
concurrently evaluate activation, proliferation, apoptosis, or any pro-
cess for which high quality antibodies exist. Clinical applicability and
potential benefits of RPPA have already been demonstrated.”®*

Driver Abnormalities Can Be Identified by the
Integration of Multidimensional Data Sets
Multidimensional data sets permit the identification of mul-
timodality aberrations that occur when a critical signaling protein is
targeted in multiple ways in different patients. For example, the epi-
dermal growth factor receptor (EGFR) tyrosine kinase can be mu-
tated, amplified, or targeted by other signaling molecules, such as
increased ligand expression, formation of heterodimers, or constitu-
tive activation of the pathway. Multimodality aberrations that con-
verge on a single molecule point to this molecule as being a driver or
key node in the pathway which may represent an optimal marker or
therapeutic target. Further, a signaling protein could be constitutively
activated by epigenetic modification, amplification, or a point muta-
tion. Comparing information obtained through different platforms,
one will potentially be able to parse passenger aberrations that are
usually noise. Conversely, by comparing these multidimensional data
sets in different patients, one will potentially be able to identify con-
verging aberrations that target the same driver molecule by different
mechanisms and that result in the same functional outcome.*»**

Characterization of Tumors With Unusual Response
to Therapies

In early clinical trials, a small but real number of patients dem-
onstrate remarkable responses. They offer the opportunity to serve as
beacons that teach important lessons if we are able to deconvolute the
underlying mechanisms. Novel high throughput technologies could
be used to fully characterize these tumors and to define the molecular
aberration(s) that explains this unique therapy responsiveness. Stud-
ies of very small numbers of patients with this concept lead to the
demonstration that EGFR mutations, but not EGFR protein levels
identify a population of patients with lung cancer likely to benefit from
EGFR-targeted therapy.*' A more recent study demonstrated that KIT
mutations are functionally relevant targets in melanoma.** This em-
phasizes the need to obtain biopsies from patients in clinical trials and
underpins a major effort to identify and validate new targets.

WWW.jco.org

Interspecies Comparative Genomics May Provide a
Novel Approach to Identify Drivers

Evolutionary conservation of genomic aberrations across species
points to an important role of those conserved regions in tumorigen-
esis. Dysregulated pathways involved in oncogenesis are conserved by
evolution in different species. Such comparative genomic approaches
can reveal important driving mutations in cancer. For example, com-
parison of gene expression changes in lung cancer in mice and lung
cancer in humans uncovered gene expression signatures that demon-
strate activation of the K-Ras oncogene.*’ Comparisons of point mu-
tations and DNA copy number alterations in different species are now
underway to unravel crucial aberrations in tumor formation.

Cell-Line Models

Cell lines provide a first step for validation of putative driver
aberrations and for establishing their mechanisms of action at the
molecular level. High-throughput small interfering RNA, short hair-
pin RNA, and microRNA screening assays were developed to facil-
itate a comprehensive evaluation the role of genes in cellular
functions and potential synthetic lethality.>* Similar approaches us-
ing overexpression of open reading frames or regulatory RNA can
elucidate the function of increased levels of genes. These approaches
have been most often applied to cell lines to identify candidate onco-
genes. Application to model organisms is allowing comprehensive in
vivo screens. For example, high-throughput screens using RNA inter-
ference in cell lines can identify and validate candidate oncogenes.
High throughput RNAi screens in human cell lines in vitro led to the
identification of PIK3CA mutations and resistance to trastuzumab in
breast cancer.>*

Drug Screens

High-throughput in vitro proliferation/viability drug screening
assays have been developed to facilitate a comprehensive evaluation of
the antitumor efficacy of drugs across multiple cell lines that are
representative of different cancer types, distinct subtypes of specific
cancers, and of the various genomic and proteomic aberrations that
are present in cancer.**

Using the Unit of Function: The Cancer Cell in
Its Microenvironment

Tumor initiation and progression as well as response to therapy
depend on the interplay between the cancer and its host—the micro-
environment. The success of our attempts at treating cancer will de-
pend on a thorough understanding of these interactions at a molecular
level. Therefore, the use of three-dimensional modeling systems*” to
study the microenvironment as well as the direct study of the effects of
the stroma in tumors cannot be excluded from the systems biol-
ogy approach.

Future of Clinical Trials: Smaller, Shorter,
Cheaper, Individualized

Neoadjuvant trials represent an emerging opportunity for the
rapid validation of biomarkers in cancer. Ideally, biomarker-driven
trials should require mandated tumor biopsies, testing patient tumors
for the presence of specific genetic lesions in specific pathways, to
deliver rationally designed therapy that targets the underlying aberra-
tions in tumors as well as the potential bypass mechanisms. This
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Fig 2. Schema of a neoadjuvant phase Il molecular marker—driven randomized study. Patients have a baseline biopsy and molecular imaging, and are stratified
(STRATA) according to the marker, then adaptively randomly assigned (AR) to standard therapy versus standard therapy plus a targeted therapy directed to the marker
of interest. A second biopsy and molecular imaging are performed at 2 weeks of treatment to study pharmacodynamic markers in both arms and correlate the
pharmacodynamic changes and marker status with response at the time of surgery. This is a modified “Marker by Treatment Interaction Design”*® in which there is
an assumption that a hypothesized marker splits the population into groups in which the efficacy of a particular treatment will differ. This design can be viewed as a
classical randomized clinical trial with upfront stratification for the marker. Importantly, patients with and without the marker have the same chance of being randomly
assigned to either therapy until the adaptive part of the study begins. Once enough information is gathered (safety or efficacy according with the end points of the
study), the group with the advantage is enriched. Strict early stopping rules are built in. The main goal of these studies is to generate a better hypothesis to be tested

in an adequately powered clinical trial. Sx, surgery.

approach must clearly be compared with the standard of care. Patients
should be rebiopsied during therapy to monitor pharmacodynamic
markers and at recurrence or progression to understand mechanisms
of resistance. Figure 2 shows and explains the characteristics and of a
generic example of a biomarker driven randomized phase I neoadju-
vant study.

The use of a systems biology approach and the design and execution of
biomarker-driven clinical trials remains a challenging task.

Segregating Driving Aberrations From Noise: Finding
the Needle in the Haystack

Solid tumors evolve through the accumulation of genetic abnor-
malities through a process of natural selection of mutations and CNAs
that give a proliferative or survival advantage called driver and con-
tributing aberrations. A parallel process leads to the accumulation of
passenger mutations (noise) through the induction of genetic insta-
bility. A major challenge that researchers face is the parsing of drivers
versus noise. The multiple comparisons problem represents an insid-
ious challenge. In most cases, large amounts of data are acquired on a
limited number of samples resulting on over-training results and
identifying spurious associations. Many approaches to limit this chal-
lenge have been proposed, but the most effective is the rigorous use of
independent training, test and validation sets. This parallels the con-
cept of the need for confirmatory clinical trials. The success at identi-
fying causal genetic lesions for the aim of therapeutic targeting will
involve the use of comparative technologies. Common themes will
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emerge, and conserved aberrations will have a higher probability of
being drivers. Validation of driver genes can be facilitated by the
demonstration of alterations at the DNA, RNA, and protein levels to
be tested as potential targets for novel therapies.

Regulatory Implications

The progress toward personalized therapy also has important
regulatory implications. A large number of exploratory biomarkers
can be studied during clinical trials, but to make therapeutic decisions
such us stratification for randomized studies, the used test should be
done in a Clinical Laboratory Improvement Amendments—certified
environment.*” Further, new clinical trial designs to identify and val-
idate biomarkers and targeted therapeutics require education of reg-
ulatory committees in institutions and at the US Food and Drug
Administration to ensure that effective approaches reach patients ef-
ficiently without compromising their safety.

A systems biology approach to apply new high throughput technolo-
gies will be required to efficiently fulfill the promise of personalized
molecular medicine. New clinical trial designs are needed to rapidly
evaluate the hundreds of targeted therapeutics and potential biomar-
kers that are under preclinical evaluation. At our institution, we are
implementing an effort designated Project T9 (10,000 therapies,
10,000 tests, and 10,000 treatments). We will characterize aberrations
in 10,000 patients for all of the genes shown to be mutationally acti-
vated in 5% of any major cancers. Information will be used to deter-
mine the frequency of mutation and comutation events, to correlate

JOURNAL OF CLINICAL ONCOLOGY



mutations with patient outcomes, and to direct patients to targeted
therapy trials aiming the aberrations present in their tumors. This is
designed to develop paradigms and approaches to bypass the chal-
lenges associated with wide spread implementation of biomarker-

driven personalized molecular medicine.
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