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CANCER is the second leading cause
of death in the United States, and de-
spite the overall decreasing trend in
cancer mortality during the past 10
years, it is expected to become the
leading cause of death in the next de-
cade. The decrease in cancer mortality
has been largely attributed to preven-
tion through the identification of envi-
ronmental and genetic risk factors,
early detection through population-
based screening programs, and ad-
vances in treatment (1,2). However, as
environmental factors are identified
and public exposure reduced, the
identification of high-risk genes that
result in susceptibility to cancer devel-
opment has primarily been limited to
forward genetics, wherein the func-
tions of single genes are typically stud-
ied by creating a mutation or deletion
in a rodent model. Although most of
what is known about the pathophysi-
ology of cancer was learned through
this approach, forward genetics is too
time consuming and cost inefficient to
be applied to every gene responsible
for the characteristics of a single can-
cer, and it is unknown whether the

results would be applicable to human
cancer. Recently, DNA microarrays
have been used to profile and compare
the global gene expression patterns of
different cancers in human patients.
Surprisingly, despite the diversifica-
tion of gene expression that accompa-
nies unregulated cell division, many
similar changes were detected across
the same types of cancer.

This report focuses on the advances
that have been made in our under-
standing of cancer biology with the
use of functional genomics and how
this knowledge translates into deter-
mining the diagnosis, prognosis, and
treatment of different types of cancers.
Additionally, specific areas are identi-
fied in which knowledge is deficient
and further research is needed. Fi-
nally, we briefly discuss how the sci-
ence of cancer genomics, also known
as oncogenomics, could potentially
impact the practice of interventional
radiology. Although individually tai-
lored medicine is currently economi-
cally infeasible and time inefficient,
oncogenomics could allow individual
patients with cancer to be categorized
into molecular subgroups to optimize
their treatment and improve overall
patient care.

CANCER AND MICROARRAYS

Cancer represents a heterogeneous
collection of diseases that all develop
by a similar mechanism and share
many characteristics. The spectrum of
normal to malignant cells is typified
by an accumulation of defects in genes

directly involved in cell proliferation,
differentiation, survival, and death or
indirectly involved through cell-sig-
naling pathways (3,4). Signaling path-
ways are the mechanisms that trans-
late changes in the extracellular
environment into changes in intracel-
lular function, primarily through
changes in gene expression. Through a
process termed clonal selection, cells
accumulating mutations and gene ex-
pression changes that confer the best
survival and proliferative properties
“outcompete” and outgrow the other
cells. Although the time required to
accumulate the number of mutations
sufficient for cells to become malig-
nant is variable, cancer is by definition
a disease of genetic instability. There-
fore, although environmental and di-
etary factors are important in cancer
development, cancer is a genetic dis-
ease caused by an accumulation of
mutations that ultimately result in
large-scale changes in gene expres-
sion.

Surprisingly, despite the diversity
of mutations found in cancers, the de-
fects appear to affect only a limited
number of cell-signaling pathways.
Knowledge of these signaling path-
ways or genetic defects underlying
cancer has led to unique targets for
drug development and has improved
the survival of cancer patients (5). One
example is the discovery of the hybrid
Philadelphia chromosome t(9;22) in
chronic myeloid leukemia (CML) and
how this translocation results in the
constitutive activation of a tyrosine ki-
nase fusion protein, BCR/ABL (6). The
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discovery of the primary genetic de-
fect of CML led to the development of
the tyrosine kinase inhibitor imatinib
(STI571), which blocks the function of
the BCR/ABL fusion protein. In addi-
tion to decreasing the mortality rate of
patients with CML, imatinib has a re-
duced side-effect profile because it
predominantly targets a chimeric pro-
tein that is not present in nonmalig-
nant cells (7). Although CML can be
successfully treated with allogenic bone
marrow transplantation, matched do-
nors are not always available, and the
elderly population affected is not al-
ways composed of good candidates
for this treatment. This example dem-
onstrates how knowledge of gene ex-
pression in cancer can result in the
development of a marker and treat-
ment for a specific type of cancer.

Another example of how gene ex-
pression data can affect the treatment
of cancer is the use of tamoxifen in the

treatment of estrogen receptor (ER)–
positive breast cancer. Approximately
50% of newly diagnosed breast can-
cers express the ER, which is a tran-
scription factor that regulates the ex-
pression of several genes responsible
for growth and proliferation. Before
the development of the ER antagonist
tamoxifen, the presence of ERs corre-
lated to a worse prognosis compared
with ER-negative breast cancer (8,9).
The different survival rate between
these two populations is attributed to
a greater resistance to chemotherapy
in the ER-positive group (10). Al-
though the use of tamoxifen as adju-
vant chemotherapy in patients with
ER-positive breast cancer increases the
5-year disease-free survival rate only
4%–12% compared with the control
group, when applied to the approxi-
mately 200,000 newly diagnosed cases
of breast cancer per year, this trans-
lates to a significant reduction in the

number of deaths (11). This example
further demonstrates the potential for
the analysis of gene expression data to
help determine the prognosis and
treatment of cancer.

Although the study of single genes
and changes in their expression in can-
cer has contributed to our understand-
ing of the pathophysiology of cancer,
it is not without its limitations. For
example, although single genes are
important to the development of can-
cer, the vast majority of cancers are
believed to be caused by a change in
expression of many genes (3). Addi-
tionally, it is likely that an initial mu-
tation in any of a diverse set of genes
could allow the development of the
same malignancy in different individ-
uals, provided that the mutation al-
lows the cell to escape apoptosis, di-
vide independently of growth and
inhibitory factors, or increase the rate
of further mutations. In fact, the inter-

Figure 1. Use of gene expression profiling of cancer to predict patient prognosis. (a) In a hypothetical gene expression profile of liver
cancer, each row represents a gene and each column represents a tumor sample. The level of expression of each gene in each sample
is represented by a red/green scale as indicated in the key. Genes sharing a common biologic process are grouped together as “modules”
and are annotated by their general function (angiogenesis, liver differentiation, extracellular matrix, immune cells, protein synthesis, and
proliferation). (b) Composite matrix partitioning patients into subgroups A, B, and C on the basis of each tumor’s average gene
expression vector across each of the six liver cancer gene expression modules. (c) Each tumor is placed into subgroup A, B, or C on the
basis of similar gene expression profiles, wherein the composite of gene module expression determines a good, moderate, or poor
prognosis, respectively.
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val between the time when patients
experience symptoms of cancer and
the time when they seek medical at-
tention is usually sufficient for a mul-
titude of genetic mutations to accumu-
late and subsequent changes in gene
expression to occur within the same
cancer to make addressing these ques-
tions unrealistic. Therefore, to identify
the genes responsible for the develop-
ment and pathophysiology of cancer,

global gene expression profiles of can-
cers must be determined from many
different patients and compared with
one another and with the expression
levels of nonmalignant tissue.

Most, if not all, disease processes
are accompanied by alterations in
gene expression. Cancer is unique be-
cause it is driven by genomic instabil-
ity that is reflected as fundamental al-
terations in gene expression programs.

Microarray technology, described in
our previous review, allows the mea-
surement of global gene expression of
cells and tissue (12). The use of mi-
croarrays to measure and compare the
global gene expression profiles of hun-
dreds of tumors derived from hun-
dreds of patients has led to the discov-
ery that tumors originating from the
same cell type have several changes in
gene expression in common, which

Figure 2. Integration of genome-wide studies to predict individual tumor drug response. (a) A hypothetical gene expression profile
of liver cancer similar to that in Figure 1a, except that, in this example, genes are related to drug metabolism, sensitivity, and resistance.
(b) Single-nucleotide polymorphism haplotype map of a hypothetical chromosome from the same patients in a demonstrating
segregation of individuals into responders and nonresponders on the basis of the presence or absence of particular single nucleotide
polymorphisms. (c) A final composite matrix integrates genome-wide information from gene expression and single nucleotide
polymorphism profiling to collectively segregate patients into groups with different patterns of drug response.
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will be described later in this article.
Therefore, if patterns of gene expres-
sion changes are unique to specific
cancers, one can reason that measure-
ment of the global gene expression of
the cancer could be used to identify
the type of cancer, regardless of the
individual or location at which the
cancer specimen was obtained, and
help determine a patient’s prognosis
and the optimal treatment.

GENE EXPRESSION PROFILES
USED TO DIAGNOSE AND
STAGE CANCER

Currently, there is no general unbi-
ased approach for the classification of
cancer in clinical practice. In fact, as-
signing a diagnosis and determining
its subtype is often based on the inter-
pretation of the tumor’s morphology,
histochemistry, immunohistochemis-

try, or cytogenetic analysis. Although
this can be an effective approach, it is
not without limitations, because many
cancers can occur over wide age
ranges and can present as masses dis-
tant from their sites of origin, resulting
in a variety of symptoms. Histologic
preparations have the benefit of in-
cluding surrounding tissue, vascular-
ity, and invasion, but they often lack
specificity, because two cancers that
appear histopathological similar can
have significantly different clinical
courses and treatment outcomes. By
contrast, cytology uses cell markers to
increase the specificity of diagnosis
but gives no information about tumor
invasion or vascularity, which provide
important clinical information for
solid tumors. Some undifferentiated
or poorly differentiated solid tumors
provide additional challenges because
there are no current markers or char-

acteristics to diagnose the type of can-
cer. Therefore, an optimal approach to
diagnose cancer should be applicable
to all types of cancer with a reasonable
level of specificity and should include
clinically relevant information about
the subtype and other characteristics
of the cancer.

One of the first groups to pioneer
the use of microarrays for cancer class
identification and differentiation was
Golub et al (13). To design a system-
atic and unbiased approach for diag-
nosing cancer and determining its sub-
type, global gene expression profiles
of 38 bone marrow samples derived
from patients with known hemato-
logic malignancies—acute myeloid
leukemia (AML) and acute lympho-
blastic leukemia (ALL)—were deter-
mined and analyzed for gene expres-
sion changes across 6,817 genes to
identify genes whose changes in ex-

Figure 3. Potential use of interventional radiologic techniques to integrate oncogenomics information to optimize locoregional
therapies. (a) A patient presenting with cancer first undergoes contrast medium–enhanced computed tomography that demonstrates a
large hepatocellular carcinoma. (b) An image-guided biopsy is then performed. (c) Gene expression profiling and single nucleotide
polymorphism analysis are performed on the tissue for classification and treatment response profile. (d) Integrative analysis is used to
determine treatment possibilities. (e) The patient is then treated accordingly with the appropriate locoregional therapy based on the
tumor’s particular genomic profile.
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pression level were able to distinguish
AML from ALL. Surprisingly, 1,100
genes met these criteria, and reanaly-
sis of the tumors with the 50 genes
with the strongest correlation to class
prediction successfully identified the
tumor type in 36 of the 38 samples.
Additionally, when these 50 genes
were used as criteria to classify 34 ad-
ditional samples collected from pa-
tients of different age groups with dif-
ferent lengths of diagnosis and tissue
origins, as well as from different refer-
ence laboratories, 29 of 34 samples
were correctly classified as AML or
ALL, with no incorrectly classified
samples. The authors suggest that suc-
cess could be improved with a stan-
dardization of sample preparation
(13). Further analysis of these datasets
showed that different criteria could be
used to reclassify both types of cancers
into subpopulations related to their re-
sponse to chemotherapy and clinical
outcome. Remarkably, several genes
that were selected as markers for these
subpopulations are known targets of
currently used chemotherapeutic
drugs or molecular markers for these
types of cancers. Therefore, despite the
diversity in gene expression changes
that occur over time with cancer,
global gene expression profiling can
be used to successfully diagnose and
classify tumors.

Further application of microarrays
to other types of cancer has supported
and extended these findings. Alizadeh
et al (14) used global gene expression
profiling to explore the molecular ba-
sis of the variability in clinical out-
come among patients with the most
common subtype of non-Hodgkin
lymphoma, diffuse large B-cell lym-
phoma. Despite its current classifica-
tion as a single subtype, diffuse large
B-cell lymphoma has variable disease
progression, and only 40% respond
well to chemotherapy. To further sub-
divide this disease into classes that
more accurately reflect their natural
history, gene expression profiles of
lymphocytes from patients with and
without diffuse large B-cell lympho-
mas, as well as from a variety of lym-
phoma cell lines, were compared.
Analysis of a subset of genes that dem-
onstrated differential gene expression
uncovered two molecularly distinct
subtypes of diffuse large B-cell lym-
phoma that were associated with dif-
ferent stages of B cell activation and

differentiation; namely, the germinal
center and activated B-like subtypes.
Remarkably, these two subtypes also
showed significant differences in clin-
ical outcome, with the group showing
an activated b-like gene expression
signature having a significantly worse
5-year survival than its germinal cen-
ter b-like counterpart. Therefore, this
study demonstrated that the molecu-
lar classification of tumors on the basis
of global gene expression profiling
could identify previously undiscov-
ered biologically driven and clinically
significant cancer subtypes that af-
fected and predicted patient survival.

Although the results of the previ-
ously described studies demonstrated
that hematopoietic malignancies could
be diagnosed, classified, and even re-
classified by global expression arrays,
the application of this method to solid
tumors has presented additional chal-
lenges. For example, the expression
profiles of solid tumors may be af-
fected by variability in the immune
response and the amount of normal
tissue that is removed with the tumor.
Additionally, several properties of a
tumor, such as vascularity, encapsula-
tion, metastasis, and surrounding ex-
tracellular matrix, are important in de-
termining the diagnosis, stage, and
prognosis of a tumor, and it is unclear
whether these characteristics can be
reliably detected by gene expression
arrays (15). Despite these obstacles,
systematic investigations of the gene
expression patterns of breast, liver,
and brain cancer have been successful
at determining gene expression pro-
files that can be used to classify these
cancers into clinically relevant sub-
types (16–18).

The results of gene expression stud-
ies in cancer have led to several impor-
tant general concepts that have pro-
vided valuable insight into tumor
biology and how malignancies might
be more accurately diagnosed and
classified. First, although considerable
heterogeneity in gene expression ex-
ists among malignant cells, microar-
rays can be used to correctly diagnose
and classify unknown malignancies.
Gene expression data could also allow
tumor samples to be classified into
subgroups that reflect more clinically
useful information, such as the natural
history of the disease. Second, com-
parisons between gene expression
profiles of paired samples from the

same tumor and different tumors of
the same subtype have shown that the
dominant features of gene expression
profiles are independent of intratumor
histopathologic variation (19,20). This
finding suggests that gene expression
profiles of tumors more accurately re-
flect the pathologic and clinical differ-
ences between tumors than do current
histologically based diagnostic crite-
ria. Third, histopathologic features of
tumors are often incorporated into
their gene expression profiles. The use
of microarrays in diagnosing and clas-
sifying tumors represents an impor-
tant extension of our knowledge of
cancer; however, further work is still
necessary before this research can be
applied in the clinical setting.

DETERMINATION OF
PROGNOSIS BY GENE
EXPRESSION

Microarray experiments comparing
cancer and normal cells typically gen-
erate large sets of differentially ex-
pressed genes. A major challenge in
the application of microarray data to
clinical oncology is the differentiation
of the few important gene expression
differences that are specific to cancer
from the other gene expression differ-
ences that represent cell variability not
specific to the cancer (ie, background).
However, exclusion of too many of the
gene expression changes used to de-
fine a cancer subtype could potentially
result in cancers with very different
natural histories being grouped to-
gether. Therefore, the criteria used to
define and subclassify a cancer need to
be flexible enough to allow for normal
variations among patients with the
same cancer subtype to be grouped
together while still being specific
enough to be clinically useful (13).

One method of filtering the list of
the hundreds of differentially ex-
pressed genes is to focus exclusively
on genes with clinical importance,
such as genes that correlate with pa-
tient prognosis (Fig 1). One study
comparing the gene expression pro-
files from 117 patients with primary
breast cancer examined this very ques-
tion (21,22). The investigators initially
analyzed a filtered dataset of approx-
imately 5,000 differentially expressed
genes. Initial hierarchical clustering of
these 5,000 genes identified two major
subgroups that began to reveal a struc-
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ture related to prognosis. With super-
vised analysis, the investigators then
reduced these initial 5,000 genes to a
panel of 70 genes that strongly pre-
dicted the appearance of distant me-
tastases within 5 years of diagnosis
(23). This 70-gene profile was deter-
mined to be a stronger predictor of
survival in young patients than the
currently used system based on clini-
cal and histologic criteria. Not surpris-
ingly, tumors in the poor prognosis
group were found to have increased
expression of genes involved in cell
cycle regulation, invasion, metastasis,
and angiogenesis. Therefore, in breast
cancer, an original list of 5,000 genes
that are differentially expressed
among different tumor samples can be
further narrowed to a list of 70 genes
that focus predominantly on the prog-
nosis and indeed, in composite, are a
very powerful independent predictor
of patient outcome.

A similarly designed study com-
paring the gene expression profiles in
glioblastoma multiforme tumors iden-
tified 70 genes that were differentially
expressed between patients with a rel-
atively good or poor prognosis (18).
Overexpression of these 70 genes
translated into a 4-month median sur-
vival time in the poor prognosis
group, in contrast to a 25-month me-
dian survival time in the good prog-
nosis group. In contrast to what was
expected, the gene expression profiles
defining these two subgroups did not
necessarily correlate with the differ-
ences in tumor histology. Notably,
many of the genes associated with a
relatively short survival time (ie, poor
prognosis signature) were involved in
cell migration and invasion, suggest-
ing a possible relation to glial or neu-
ral progenitor cells. One of these
genes, FABP7, is involved in glial cell
migration and was found to be
strongly predictive of a poor progno-
sis in an independent dataset based on
immunohistochemistry alone. In addi-
tion to suggesting a potential mecha-
nism for glioblastoma multiforme
pathogenesis, these results identify
potential markers for determining a
patient’s prognosis that may be more
clinically valuable than tumor histol-
ogy alone.

Some cancers, such as prostate car-
cinoma, already have a marker that
can identify affected individuals
within a population. In fact, despite

being a nonspecific marker, the mea-
surement of serum prostate-specific
antigen levels in the United States has
successfully identified early-stage can-
cers in many asymptomatic men.
However, although prostate cancer is
a leading cause of death in men, it is
often an indolent disease. Addition-
ally, although prostate-specific anti-
gen levels can help alert physicians to
underlying prostate pathologic pro-
cesses that warrant biopsy, they can-
not be used to determine the progno-
sis of the patient before treatment.
Current methods for prediction of the
natural history of the tumor are inad-
equate; as a result, many men undergo
unnecessary and harmful procedures
that result in little or no measurable
benefit. To identify tumor markers
that can distinguish between these
two clinical phenotypes, Lapointe et al
(24) compared the gene expression
profiles of 112 prostate tissue samples
(including 62 primary prostate cancers
and nine unmatched lymph node me-
tastases) and used the results to define
three distinct subtypes of prostate tu-
mors strictly on the basis of their gene
expression profiles. Two of these three
subtypes included a disproportionate
number of tumors that had a more
aggressive phenotype, including tu-
mors that were more likely to be high-
grade tumors, to metastasize to lymph
nodes, and to recur. Despite the large
number of genes that are differentially
expressed among the three subtypes,
some genes were identified as strong
predictors of an aggressive or indolent
phenotype, as well as tumors with an
increased or a decrease risk of recur-
rence. The results of this study indi-
cated that patients with prostate can-
cer will potentially benefit from
further workup to classify their tu-
mors into one of these three subgroups
before they undergo potentially un-
necessary and harmful treatment.

The use of gene expression profiles
to diagnose and classify tumors based
on the basis of prognosis has the po-
tential to change the management of
patient care. However, much work re-
mains before microarray technology
can be applied to the general popula-
tion. Although several groups have
successfully narrowed the number of
genes needed to determine the sub-
group or prognosis of a tumor, the list
is still too extensive to screen in every
patient. Additionally, the number of

patients tested with the algorithms
used to categorize patients is based on
a relatively small sample of tumors.
As the number of samples increases,
tumors may be excluded from a group
with a similar prognosis because the
diversity of gene expression changes
that result in the same prognosis may
increase as the number of samples in-
crease. Based on the cumulative re-
search of microarray technology and
algorithms to determine the prognosis
of a tumor, this potential caveat ap-
pears less likely.

The enormous weight that patients,
their families, and their physicians
place on the diagnosis and prognosis
of cancer makes the development of
an accurate method that can be ap-
plied to the majority of cases para-
mount to patient care. Although a
wide variety of gene expression
changes occur in the development of
cancer, the number of genes that pre-
dict prognosis appears to be relatively
small. Further research in the gene ex-
pression changes that determine prog-
nosis may suggest possible mecha-
nisms for the development of cancer
and improve the quality of patient
care by differentiating patients in
whom aggressive therapy would be
futile and harmful from patients
whose survival and quality of life
would benefit from current therapy.

DETERMINATION OF THE
OPTIMAL COMBINATION OF
CHEMOTHERAPY

Current standards for effective can-
cer therapy are based on drug trials
and years of clinical experience
through trial and error. Although this
approach has been successful in the
treatment of some cancers, it is slow
and time consuming. For example,
ALL was a lethal disease in the major-
ity of patients who received that diag-
nosis 25 years ago, but it is now cur-
able in 90% of patients simply as a
result of the optimization of combina-
tions of existing drugs. Despite the
success of this approach in ALL, some
cancers, for unknown reasons, do not
respond well to any known combina-
tion of chemotherapeutic agents cur-
rently available. Therefore, the devel-
opment of new drugs and of methods
to rapidly determine the appropriate
chemotherapeutic drug or combina-
tion thereof are essential in the devel-
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opment of effective treatment strate-
gies for cancer (25,26).

Microarray technology allows the
interrogation of thousands of genes si-
multaneously to generate a gene ex-
pression profile that details how a cell
responds to its environment. The gene
expression profile can then be used to
facilitate drug development and opti-
mize combination therapy for cancer
(27). In addition to identifying tumors
that are sensitive to a single drug or
combination of drugs, microarray data
can be used to identify individuals or
subpopulations that are more likely to
experience side effects or beneficial ef-
fects from a drug (28). Although this
issue is beyond the scope of this re-
view, gene expression data can also be
used for therapeutic discovery by pri-
oritizing genes as potential targets.
Accordingly, microarray technology is
rapidly emerging as a crucial step in
the discovery, testing, and optimiza-
tion phases of drug discovery.

Although age, organ function, and
drug interactions have significant in-
fluences on the effects of a medication,
it is estimated that 20%–95% of the
variability in drug disposition and ef-
fects are inherited. The variability in
the absorption, distribution, metabo-
lism, excretion, and effects of many
medications in a population is often
coded for by single nucleotide poly-
morphisms found in the coding and
noncoding regions of genes (29). Poly-
morphisms can affect the expression
and function of a gene product and
therefore help determine an individu-
al’s response and the side effects a
drug will cause. As a result of the het-
erogeneity in the way individuals re-
spond to drugs, a genome-wide ap-
proach, termed pharmacogenomics, is
used to identify polymorphisms in
genes and study how their products
influence the pharmacodynamics and
pharmacokinetics of a medication in
individuals (30). A genome-wide ap-
proach allows the simultaneous study
of genetic variation in the more than
30 families of drug-metabolizing en-
zymes found in the human popula-
tion. It also identifies variations in
drug target receptors and drug trans-
port proteins. Although there are cur-
rently several examples of polymor-
phisms associated with an increase in
the bioavailability of a drug, a de-
crease in signal transduction in re-
sponse to a drug, and alterations in

drug metabolism, there remains to be
an example of this information chang-
ing the course of a patient’s treatment
(31).

In addition to variations in drug
metabolism and effects, genome-wide
platforms can be used to detect the
presence of polymorphisms that iden-
tify tumors that are sensitive to spe-
cific chemotherapy regimens. The
treatment of patients with cancers that
are genetically unlikely to respond fa-
vorably to a particular chemotherapy
regimen would delay the administra-
tion of a potentially beneficial treat-
ment and unnecessarily expose pa-
tients to drugs with harmful side
effects. For example, in a subset of pa-
tients with non–small-cell carcinoma
of the lung, the epidermal growth fac-
tor receptor tyrosine kinase inhibitor
gefitinib (Iressa; AstraZeneca, Wil-
mington, DE) induces tumor regres-
sion. High-throughput sequencing of
receptor tyrosine kinase genes from
genomic DNA of responders and non-
responders determined that the re-
sponse to the drug correlated with the
presence of a polymorphism that re-
sulted in a somatic missense mutation
in the epidermal growth factor recep-
tor gene (32). Interestingly, this study
also identified subpopulations with a
higher prevalence of the mutated epi-
dermal growth factor receptor gene
(patients of Japanese decent, women,
and patients with adenocarcinomas),
further demonstrating the potential of
genomic approaches to identify pa-
tients with tumors that will respond to
specific therapy.

In many cases, tumors may initially
respond favorably to a drug but de-
velop resistance as the malignant cells
divide. Although all cancers have the
potential to develop resistance as a re-
sult of their inherent genomic instabil-
ity, microarrays could be used to iden-
tify tumors with the potential to
develop resistance to specific drugs, in
addition to identifying alternative
drugs or adjuvant therapies likely to
be more effective (Fig 2). For example,
a study comparing gene expression
differences of ALL and their responses
to prednisolone, vincristine, asparagi-
nase, and daunorubicin (33) found
that the resistance and sensitivity of
the cancer cells was correlated with
the expression and repression of a
small number of genes. Therefore, the
gene expression profile can be used to

predict the response of individual can-
cers to various treatments.

The ultimate goal of pharmacog-
enomics is to individualize medicine.
However, even short of this goal, its
application to cancer can enhance
drug discovery by identifying new
drug targets for the development of
subpopulation-specific drugs. The use
of microarrays to identify polymor-
phisms that influence drug metabo-
lism and its effects, as well as to in-
crease the probability of successful
chemotherapy treatment, is a way in
which a genomic approach may influ-
ence clinical decision making in the
future (34).

Despite the retrospective success of
genomic technology in cancer treat-
ment, few examples exist in which
these advances have been translated to
clinical practice. To translate the
knowledge gained from research in
human genomics into better therapeu-
tic agents, prospective controlled trials
are needed. Such trials should com-
pare the current strategy of a stan-
dardized approach to the treatment of
all patients with a type of cancer and
then modifying the treatment of non-
responders according to trial and error
versus a strategy that uses genomic
data from the cancer and patient sub-
populations to determine the appro-
priate treatment. Although a genomic
approach would be very expensive to
apply to individuals at the initiation of
treatment, it might prove to be more
cost effective than the current ap-
proach because an individual’s genetic
profile would need to be determined
only once in his or her life, and several
trials of different chemotherapeutic
regimens would be abandoned in fa-
vor of the treatment with the greatest
probability of success.

GENOMICS AND
INTERVENTIONAL
RADIOLOGY

As the scope of interventional on-
cology continues to expand, it will be-
come increasingly important for inter-
ventional radiologists to be familiar
with new technology that may affect
cancer patient care. The use of mi-
croarrays to create gene expression
profiles of different types of cancer is
an example of such a technology that
is beginning to influence how we
think about the classification and
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treatment of cancer. It is likely that the
information learned from ongoing on-
cogenomic research will eventually
find its way to the bedside. Therefore,
it is important for interventional radi-
ologists to understand how to inte-
grate oncogenomics with the adminis-
tration of care to patients with cancer,
as well as recognize their potential
role in contributing to this research.

Gene expression profiling of cancer
promises to directly and indirectly
revolutionize the way cancer is cur-
rently viewed, managed, and ulti-
mately treated. However, to date, the
vast majority of cancer gene expres-
sion microarray analyses have been
performed on large surgically resected
tissue specimens, making the practical
adoption of this technology to every
individual presenting with a potential
cancer impractical. Alternatively, ra-
diographic imaging provides a reliable
method to noninvasively characterize
the location, morphology, and tissue
characteristics of the cancer in situ. Ac-
cordingly, the coupling of advances in
image-guided interventions with ad-
vances in array technology and ampli-
fication techniques that significantly
decrease the amount of tissue required
to perform microarray analyses places
interventional radiologists in an ideal
position to procure tissue for microar-
ray gene expression analysis. In this
manner, patients could potentially be
treated with a minimally invasive bi-
opsy of their cancer by an interven-
tional radiologist in an outpatient set-
ting that could then be analyzed to
provide an individualized genomic
profile of their tumor (Fig 3). Addi-
tionally, it is possible that interven-
tional radiologists could also provide
tailored pharmacologic or ablative lo-
coregional cancer therapies based on
the prognostic and drug-response pro-
file of the tumor’s gene expression
profile. For example, primary or met-
astatic liver tumors that exhibit gene
expression signatures implicating sus-
ceptibility to certain chemotherapeutic
drug regimens, such as antiangiogenic
or DNA-stabilizing drugs, could be di-
rectly targeted with local intraarterial
delivery of molecular-targeted drug
regimens tailored to the gene expres-
sion profile of the underlying tumor.
Alternatively, tumors that express dif-
ferent gene expression signatures may
be better suited for ablative therapies.
Therefore, interventional radiologists

could find themselves actively in-
volved in the transition to personal-
ized medicine by providing the pri-
mary care team with the diagnosis,
classification, and molecular subtyp-
ing of a cancer, as well as the locore-
gional and molecular-targeted treat-
ment of these tumors.

CONCLUSION

In most if not all cases, the pheno-
type of a cell, whether normal or sec-
ondary to a disease process, can be
correlated with a set of genes whose
expression is governed by specific reg-
ulatory programs. The genetic regula-
tory programs of a cell are determined
directly or indirectly by interactions of
that cell with its microenvironment,
including responses to pharmacologic,
mechanical, and infectious stimuli or
stressors. The gene expression profile
of a cell is a reflection of its internal
state and its local microenvironment.
Therefore, the use of microarrays will
facilitate our understanding of cancer
by providing a detailed molecular
window of each tumor at the level of
gene expression.

We are already beginning to see po-
tential ways in which the knowledge
gained from gene expression profiling
of cancer can be translated into clinical
application. As we have demon-
strated, expression profiling can be
used to classify cancers into clinically
relevant molecular-based subtypes
that reveal underlying tumor biology
and help predict prognosis and opti-
mal treatment. Gene expression pro-
files can also be used to determine the
likely side-effect profile and response
of an individual to a given drug, and
therefore potentially reduce unneces-
sary drug toxicity. In addition, be-
cause tissue is required for these anal-
yses, it is evident that interventional
radiologists can play a fundamental
role in clinical cancer genomics by
providing a simple and safe means of
tissue procurement for genomic anal-
ysis. Even more so, interventional ra-
diologists can also play a critical role
in cancer therapy through delivery of
targeted locoregional therapies based
on the gene expression results. There-
fore, it is clear that expression profil-
ing of cancer will play a fundamental
role in personalized medicine and that
interventional radiologists can play an
active role in its execution.

APPENDIX: GLOSSARY

Pharmacogenomics: the science of
developing drug therapies to compen-
sate for genetic differences in patients
that cause varied responses to a single
therapeutic regimen.

Pharmacodynamics: the study of
the action and effects of drugs on liv-
ing organisms.

Chimeric DNA: DNA that is com-
posed of parts of different chromo-
somes.

Oncogenomics: the science of can-
cer genomics.
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