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Advancements in our understanding of the biology of cancer have
progressed dramatically over the past decade. The application of
cutting-edge molecular profiling techniques analysing the cancer
genome is elucidating an appreciable amount of information. This
data is now being integrated into a catalogue that is providing
researchers with a revolutionary roadmap of the molecular
mechanisms behind cancer. Recent accomplishments in cancer
research are also being introduced into the clinic through the
development of innovative diagnostic technologies and targeted
therapies. Lessons from the past, along with novel therapeutic
approaches being developed today, have stimulated an optimistic
promise for tomorrow’s fight against cancer.

Introduction

Cancer has the largest burden of disease on the health care system
in Australia. [1] Over 100,000 new cases were diagnosed nation-wide
in 2005 and the incidence projections from 2006 through 2010 are
expected to grow by over 3000 cases annually. [1] Combinations of
surgery, radiation and chemotherapy are the most applied treatment
modalities in cancer. Unfortunately, surgery and radiation are often
palliative interventions for metastasising cancers and the number of
systemic treatment options available for cancer is relatively limited.
Many current chemotherapeutic treatments for cancer use the
‘shotgun’ approach, which targets DNA replication with an attempt to
exploit the high rates of cell division, a concept that was discovered
over 50 years ago and has since changed very little. [2] However, a
revolution in the methodology applied to modern molecular medicine
is elucidating fundamental characteristics of the genetics behind
cancer, providing researchers with a ‘molecular handle’ to develop
novel targeted systemic therapeutic strategies.

The advent of the human genome project sprouted a revolution
in ‘~omics’ technologies which accelerated our comprehension of
the molecular mechanisms involved in health and disease. Cancer
is no exception. The biotechnology industry is now developing
novel diagnostic microarray technologies capable of characterising
the extensive variability of cancer genetics between patients with
considerable accuracy and detail, while the pharmaceutical industry
is racing to fill the pipeline with targeted molecular therapeutic agents
never before used clinically. [2-4] Together, ‘personalised’ diagnostic
analyses in partnership with a new generation of drugs have the
potential to change the way cancer is treated and subsequently improve
patient outcomes and survival. Armed with the right tools, tomorrow’s
clinicians could become well equipped cancer-killing assassins.

Molecular profiling and tools in the making

In 1975, a technique called Southern Blotting was developed which
exploited the A-T G-C sequence-specific hybridisation of DNA. This
efficiently enabled the specific identification of individual gene
sequences. [5] This approach is now being applied in a novel way
to gene chips, or microarrays. Microarrays containing thousands of
specific gene sequences are capable of identifying specific genomic
changes and allow visualisation of entire gene expression profiles of
cells under a given set of conditions. [3,6,7] For example, a cell under
normal conditions without any stressors or stimulants will express a
particular set of “housekeeping” genes for optimising survival through
the regulation of mRNA transcription. The relative levels of mRNA
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transcripts can be visualised, monitored and catalogued for future
reference using microarray-based gene expression profiling. [3,6,7] The
expression profiles of cancer cells can then be tested in real time under
various conditions for comparison against the reference catalogues. [6]
The differences between the two expression profiles can be used to
identify changes in gene activation in carcinogenesis.

Tumours are traditionally classified by histology, which enables
the crude prediction of characteristics and prognosis of a cancer.
Microarray analyses of cancers have demonstrated that tumours with
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Figure 1. Gene expression portraits of breast carcinomas. Alterations in mRNA
and protein expression identify breast cancer subtypes previously recognized
by morphology (e.g., lobular carcinomas) and define new subtypes (“luminal
A,” “HER2/neu positive,” and “basal-like”). [10] (Array data courtesy of Dr.
Andrea Richardson, Brigham and Women’s Hospital, Boston, MA, as modified
from Signoretti S, Di Marcotullio L, Richardson A, Ramaswamy S, Isaac B, Rue
M et al. Oncogenic role of the ubiquitin ligase subunit skp2 in human breast
cancer. J Clin Invest 2002;110:633. This image was published in Robbins and
Cotran Pathological Basis of Disease, 8th Edition, Kumar et al., Copyright, 2009,
Saunders, an imprint of Elsevier. Used with permission.)
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histological similarity can develop from distinct genetic mechanisms
which influence the progression of disease. [2,3,8,9] Figure 1
demonstrates the conjoining of histological analyses with microarrays,
allowing greater accuracy in the characterisation of disparate types of
cancer. [2,3,8-10]

Gene expression profiles are also divulging information about the
susceptibility of tumours to different targeted chemotherapeutic
agents which can help clinicians decide on the most effective
treatments. [2,3,8-10] This is the basis of personalised therapeutics.

Following suit with these genomic technologies are proteomics and
metabolomics, which utilize analytical methods to monitor the set
of proteins and metabolites within a cell. [4,6] Collectively, these
techniques have many implications in modern medicine. For example,
they allow the analysis of the effects of various drug compounds on
different cell types or the precise characterisation of specific tumours
or other cells in diseased states. [4,6] The applications of molecular
profiling technologies such as these have the potential to increase
the rate of success of drug discovery and development. By predicting
drug response and toxicity before the compound ever enters clinical
trials, failure rates and overall development costs would ultimately be
reduced. [3,11]

The first eukaryotic gene expression microarray was developed in
1997 and now, more than a decade later, this technology is eliciting an
immense amount of data about the molecular biology of the cell at an
ever increasing rate.

Cancer Genome Atlas website. [6] Courtesy: The Broad Institute of MIT and
Harvard, the National Cancer Institute (NCI) and the National Human Genome
Research Institute (NHGRI). [6]

Building a roadmap of cancer

In 2006, a joint effort between the National Cancer Institute (NCI) and
the National Genome Research Institute (NGRI) in the United States
spurred a pilot project called The Cancer Genome Atlas (TCGA), aimed
at creating a reference data set of the genomic changes that occur in
three major types of cancer. [6,7] This project utilised high-throughput
technologies (Figure 2) to sequence and catalogue gene mutations,
chromosome rearrangements, gene copy numbers, gene expression
profiles and epigenetic changes from collected tissue samples of brain,
lung and ovarian cancers. [6,7] This has generated an immense amount
of data which is being integrated into an online catalogue, publicly
available to researchers around the world. [6]

Mapping the genetic changes in cancer with the integrative analysis
of multidimensional genomic data such as DNA copy numbers,
gene expressions and DNA methylation aberrations is proving to be
extremely informative. In 2008, TCGA researchers identified three
major signalling pathways (RB, p53 and RTK/RAS/PI3K) which harboured
mutations in 75% of cases of glioblastoma multiforme (GBM), the most
common and deadliest form of brain cancer. [12] This suggests that
these pathways are promising targets for drug development.

The TCGA database has also contributed to a number of other studies

focusing on the genetics of cancer and the list is growing rapidly.
[6] One study using data from TCGA identified the gene ANXA7 as a
tumour suppressor for the epidermal growth factor receptor gene,
EGFR. [13] Mutations of ANXA7 have previously been associated with
breast and prostate cancer, whereas EGFR is the most common genetic
defect in growth factor signalling in GBM and is implicated in several
other cancer types. [13,14] Genetic players such as these, with roles in
multiple cancer types, are encouraging targets for the pharmaceutical
industry.

In October of 2009, TCGA announced its expansion efforts to
characterise over 10,000 tumours from 20 different tumour types
by the year 2015, creating a comprehensive database describing the
foundations of cancers. [6] This endeavour will significantly increase
the rate of advancement for the treatment and management of cancer
in tomorrows’ clinics. The clinical relevance of understanding the
molecular origins of carcinogenesis have already been demonstrated
in leukaemia, breast and lung cancer. [2,8] Prognostic tests for specific
genetic mutations from tumour biopsies are giving direction regarding
which drugs patients will most likely respond to. [7,9,11,14]

Retrospective as well as prospective samples are being collected for
TCGA to analyse the changes that occur in the progression of drug
resistance, a frequent problem in the treatment of cancer. [6] This will
provide insight for the direction of drug development and the future
managementofthe disease. Many patients with GBM initially respondto
temozolomide treatment, an alkylating agent, but develop therapeutic
resistance which invariably leads to death. [15,16] TCGA data from
tumours of GBM patients were analysed before and after treatment
with temozolomide for the identification of elements responsible
for the development of therapeutic resistance. [16] Mutations in the
mismatch repair gene, MSH6, arose after treatment and were found to
give rise to a hypermutation phenotype that mediated the resistance
of GBM against temozolomide. [16] Eventually, the initially effective
treatment developed resistance by selecting for cells with genetic
aberrations that enabled the cancer to resist the therapy.

The ammunition: Examples of currently used targeted therapy

Standard cytotoxic chemotherapy does not adequately discriminate
between cancerous and normal cells, reducing the efficacy of
treatment and increasing side effects. In contrast, targeted therapeutic
treatment regimens generally permit the use of higher concentrations
for longer durations, with fewer harmful side-effects. Effective
therapeutic strategies such as these are already showing promise.
Table 1 summarizes several examples of targeted therapies currently
in use or being tested. Advances in high-throughput technologies and
molecular profiling have also sparked new developments in cancer
research, identifying the mechanisms involved in acquired resistance.

Imatinib is a synthetic tyrosine kinase inhibitor used in the treatment
of chronic myeloid leukaemia (CML). It is specifically designed to
inhibit the BCR-ABL fusion protein which is a result of a chromosome
translocation, known as the Philadelphia chromosome. [17] The
constitutively active tyrosine kinase targeted by imatinib, BCR-ABL,
activates signalling pathways involved in the regulation of bone
marrow stroma cell adhesion, cell proliferation and apoptosis. [17]
Imatinib has also been shown to block the activity of additional tyrosine
kinases, including c-Kit receptor and the platelet-derived growth factor
receptor (PDGFR), both of which promote tumour growth. [17,18]
Imatinib has significantly increased the effectiveness of CML treatment
with fewer complications and side-effects compared to the traditional
chemotherapy regimen, with an improved five year survival rate. [17]

Approximately 25% of invasive primary breast cancers exhibit
amplification of the receptor tyrosine kinase human epidermal growth
factor receptor 2 (HER2). [18] Trastuzumab is a monoclonal antibody
which inhibits the activity of the HER2 tyrosine kinase. [19] This
targeted monoclonal antibody significantly improved outcomes of
patients with HER2-positive breast cancer when used in combination
with traditional chemotherapy. [20-22] However, over time the
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treatment loses efficacy through the development of resistance, likely
mediated through IGF-1 and related EGFR signalling pathways. [19]
Pre-clinical studies are currently elucidating the mechanisms regulating
trastuzumab resistance for the identification of additional candidate
targets for drug development. [19] In addition, another novel antibody,
lapatinib, appears to reduce HER2, EGFR and IGF-1 signalling and is
showing promise in combination therapy. [19]

The addition of rituximab, an anti-CD20 monoclonal antibody, to the
treatment of B-cell non-Hodgkin’s lymphoma (NHL) is another example
where targeted molecular therapy in combination with standard
chemotherapy has become first-line treatment. [11,23] The side-effects
associated with rituximab are minimal and have proven to be tolerable
for long durations. [11,23] The antibody treatment is now being tested
as a long-term maintenance therapy for NHL, and preliminary results
from phase lll clinical trials have shown that progression-free survival is
significantly improved on the maintenance regimen. [24]

The activation of the hedgehog signalling pathway has been implicated
in several types of cancer, including basal-cell carcinoma of the skin
and medulloblastoma of the brain. [25] The hedgehog pathway is
responsible for the control of several processes in embryogenesis and is
mostly inactive in adult tissues; thus, blocking this pathway may reveal
a large degree of selectivity against the cancer with fewer harmful side-
effects. [26] A new compound, GDC-0449, has been found to inhibit
the hedgehog signalling pathway and has recently reported to generate
beneficial responses in two preliminary studies, a phase | clinical
trial and a case report of a patient with refractory medulloblastoma.
[25,27] Both studies demonstrated compelling evidence that therapy
directed at hedgehog signalling is an encouraging new direction in
the treatment of basal-cell carcinoma, medulloblastoma and other
cancer types. [25-27] Importantly, molecular profiling of tumours
in both studies is helping to characterise the mechanisms involved
in hedgehog-regulated carcinogenesis and the development of
therapeutic resistance to GDC-0449.

Ligand-independent epidermal growth factor receptor (EGFR)
activation occurs in a subset of non-small-cell lung (NSCL) cancer,
resulting in constitutive activation of the intracellular tyrosine kinase
domain. [14,28] Erlotinib and gefitinib are targeted tyrosine kinase
inhibitors of the EGFR that give rise to an improved patient outcome,
although not a cure, with modest side effects. [14,18] Mutations in the
EGFR tyrosine kinase domain have been demonstrated in a number
of other metastatic cancers such as pancreatic, colorectal, breast and

Table 1. Examples of some targeted therapeutic drugs currently approved for use o

glioma, where the efficacy of erlotinib is also being tested. [28]

An exciting new development in the area of gene expression is the
discovery of so-called microRNAs (miRNAs). These short regulatory
RNA molecules function in the control of gene expression. Microarray
analyses of tumours are revealing increasing evidence that these
microRNAs also play a functional role in cancer as oncogenes and
tumour suppressor genes. [29-31] Studies are elucidating which are key
players, and a new class of anticancer therapeutics under investigation
is aimed at regulating these microRNAs. [29-31] Theoretically, all RNA
or protein molecules that are cancer targets can be down-regulated
through a process called RNA interference. This requires the synthetic
production of sequence-specific siRNAs which specifically target the
molecule in question. Although effective delivery of siRNAs is likely to
be the most challenging hurdle in the effective use of RNAi therapeutics,
novel strategies exploiting lipid complexes, viral capsids and antibodies
may prove to be successful in overcoming these obstacles. [29,32]

Tomorrow’s promise

The most troublesome attribute of cancer is its ability to develop
resistance against traditional and new age classes of drugs. This is
primarily done by manipulating the network of interacting signalling
pathways that mediate growth, replication, survival and apoptosis. Past
lessons have taught us that monotherapeutic approaches will likely
continue to fail in this comprehensive cross-talk model of correlated
genes interacting with related signalling pathways. [33] Yet a great
sense of optimism remains, as current and prospective technological
advances continue to expand our understanding of the mechanisms
that drive cancer. The progression towards drug resistance is an
evolutionary process of selection, familiar to the field of medicine.
However, past successful approaches preventing nature’s propensity to
adapt should be emphasised, the treatment of HIV being one example.
The ‘cocktail’ regimen of antiretroviral therapy uses several medications
which target a combination of biological processes essential for HIV
replication, and has been successful in preventing mutations in the
virus which regulate drug resistance. The further development of novel
therapeutic approaches targeting additional specific mechanisms in
cancer will hopefully provide tomorrow’s clinicians with a ‘cocktail’
arsenal of ammunition, capable of surmounting cancer’s tendency to
adapt.
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lymphoma complement and apoptosis

Medulloblastoma  Compound GDC-0449 Synthetic ligand inhibitor

Synthetic tyrosine
kinase inhibitorSynthetic
tyrosine kinase inhibitor

Non-small-cell Erlotinib
lung cancer Gefitinib

Hedgehog signalling is implicated in
Hedgehog signalling basal-cell carcinoma, medulloblastoma
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Glossary of Terms

Epigenetic processes are changes in the regulation of the expression
of gene activity without alteration of genetic structure.

Molecular profiling studies utilise measurement of global mRNA
and protein patterns towards identification of individual genes and
groups of genes that mediate particular aspects of cellular physiology
and pathology. Proteomics is the global analysis of cellular proteins.

Proteomics uses a combination of sophisticated techniques including
two-dimensional (2D) gel electrophoresis, image analysis, mass
spectrometry, amino acid sequencing, and bio-informatics to resolve
comprehensively, to quantify, and to characterize proteins. The
application of proteomics provides major opportunities to elucidate
disease mechanisms and to identify new diagnostic markers and
therapeutic targets.

Metabolomics is the study of the biological metabolic profile of
a cellular specimen in a specific environment at an isolated time
point. This discipline depicts the physiological states of cells
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and organisms by focusing on carbohydrates, lipids, and other
metabolites. Several analytical techniques are utilized to quantify
the metabolic content of specimens such as mass spectrometry and
electrophoretic applications.

miRNA or MicroRNA is a sequence of single-stranded RNA which is
typically 20-25 nucleotides in length and may regulate the expression
of other genes. miRNAs are regulatory RNA molecules which are
transcribed from DNA, but are not translated into proteins.

RNAi or RNA Interference is sequence-specific posttranscriptional
gene silencing. It is mediated by 21- and 22-nucleotide small
interfering RNAs (siRNAs).

SiRNA or Small Interfering RNA is 21- and 22-nucleotide double-
stranded RNAs. These are the mediators of a sequence-specific
messenger RNA degradation process known as RNA interference.
SiRNAs can also be synthetically produced.

Definitions are in part adapted from the National Cancer Institute (NCI) Terminology Browser (http://nciterms.nci.nih.gov/NCIBrowser/Dictionary.do) using the NCI

Thesaurus terminology.
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