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Pharmacogenomic biomarkers
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Abstract. Pharmacogenomic biomarkers hold great promise for the future of medicine and have been touted as a means to
personalize prescriptions. Genetic biomarkers for disease susceptibility including both Mendelian and complex disease promise
to result in improved understanding of the pathophysiology of disease, identification of new potential therapeutic targets, and
improved molecular classification of disease. However essential to fulfilling the promise of individualized therapeutic intervention
is the identification of drug activity biomarkers that stratify individuals based on likely response to a particular therapeutic,
both positive response, efficacy, and negative response, development of side effect or toxicity. Prior to the widespread clinical
application of a genetic biomarker multiple scientific studies must be completed to identify the genetic variants and delineate
their functional significance in the pathophysiology of a carefully defined phenotype. The applicability of the genetic biomarker
in the human population must then be verified through both retrospective studies utilizing stored or clinical trial samples, and
through clinical trials prospectively stratifying patients based on the biomarker. The risk conferred by the polymorphism and
the applicability in the general population must be clearly understood. Thus, the development and widespread application of a
pharmacogenomic biomarker is an involved process and for most disease states we are just at the beginning of the journey towards
individualized therapy and improved clinical outcome.
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1. Introduction

Recently, the sequence of the human genome was
reported by two different groups [28,31]. This impres-
sive scientific achievement has led to speculation about
how this knowledge will profoundly change how we
practice medicine and develop drugs. The ability to
identify genes associated with the development of dis-
ease or those that can predict response to therapy or
the development of a side effect has been touted as a
means to improve therapeutic outcome [8]. The term
“the right drug into the right patient” has often been
used to describe the effects the genetic revolution will
have on drug development. While studying the human
genetic code will uncover secrets which will ultimately
impact drug discovery and development, the evolution
of genetic associations into genetic biomarkers requires
multiple, time consuming steps. We are at the begin-
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ning of a long pursuit whose ultimate goal is improved
patient care. However, for most disease states, genetic
biomarkers to identify patients at risk for that disease,
stratify patients by clinical outcome, indicate treatment
response, or predict adverse event occurrences are in
reality, several years away.

2. Development of a genetic biomarker

The development of any successful biomarker re-
quires the completion of multiple steps including lab-
oratory and clinical studies. The development of a ge-
nomic biomarker to stratify patients by susceptibility
to disease or likely response to therapy, including drug
efficacy or vulnerability to adverse event is no different
(Fig. 1, Steps A, B, C). In addition to a complete under-
standing of the risk conferred by the genomic biomark-
er, a validated assay, with defined sensitivity and speci-
ficity, must be available. If the biomarker is intended
to drive prescribing practices, regulatory approval will
also be mandatory.
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Fig. 1. Schematic development of a genetic biomarker. A) A biomarker is identified and associated with the phenotype in the laboratory. B)
Once the genetic marker has been associated with the phenotype in the laboratory, the association is confirmed in samples from patients who have
the phenotype or trait of interest. This may be stored samples or samples from a clinical trial not prospectively stratified by the biomarker. C) If
part B is successful, then the marker is used prospectively in additional clinical trials to validate its use. D) The ultimate goal of this approach is
to stratify patients by the biomarker, into groups by response to drug or susceptibility to side effect development.

The first step in the process is the identification and
validation of the biomarker in a research laboratory
(Fig. 1, Step A). The markers relationship with biologic
function must be thoroughly tested and reproduced. A
variety of methodologies are utilized in this phase to
delineate the relationship. The objective is to frame a
hypothesis that can be tested and validated in a clinical
research setting clearly associating the biomarker with
the phenotype of interest.

The next step, retrospective analysis, is the definitive
association of the biomarker with the phenotype, drug
effect or disease susceptibility in a sample of patients
where the biomarker is not a priori used in their clinical
management (Fig. 1, Step B). This may be achieved by
an after the fact association of the biomarker to the out-
come in a newly collected clinical trial sample or, alter-
natively, on a cohort of stored clinical samples with the
appropriate phenotype. Both methods will be referred
to herein as retrospective analyses. These retrospective
studies provide the initial clinical evidence confirming
the laboratory research and validating the hypothesis.
This confirmation is essential to justify the next step,
prospective clinical trials utilizing the biomarker in the
evaluation or clinical management of the patient (Fig. 1,
Step C).

The inability to validate at this stage and thus the
demise of many biomarkers is often because of a poor-
ly defined hypothesis, weak scientific evidence inade-
quately linking the phenotype and biomarker, or sta-
tistical issues such as deficiencies in study design and
power. Furthermore, depending on the strength of the
scientific evidence supporting the association, the risk
attributable to the biomarker, and the general applica-
bility of the marker in a variety of populations, mul-
tiple clinical association studies may be required prior
to either regulatory approval or general acceptance by
the medical community. The final step is the incorpo-

ration of the biomarker into general medical practice
and the prospective stratification of patients into groups
based upon the biomarker (Fig. 1, Step D). Because of
the requirement for regulatory approval for this final
phase, realistic time expectations are measured in years
to progress from A to D.

3. Categorization of pharmacogenomic
biomarkers

For purposes of this manuscript genomic biomarkers
are stratified into two main categories, disease suscep-
tibility biomarkers and drug activity biomarkers (Ta-
ble 1).

3.1. Disease susceptibility biomarkers

Genetic biomarkers for disease susceptibility include
those for Mendelian and complex disease including
cancer. Utilization of these biomarkers promises to re-
sult in improved understanding of the pathophysiology
of disease, identify new potential therapeutic targets,
and improve the molecular classification of disease.

3.1.1. Mendelian disease
For years biomarkers have been used to test for sin-

gle gene mutations predisposing to disease. Until re-
cently, the primary biomarkers were assays detecting
the abnormal protein product of the mutated gene such
as measuring phenylalanine levels while testing for
phenylketonuria [9] and the sickledex test [4] for sick-
le cell anemia. With the advent of modern molecular
biology, disease genes are now often identified using
tests for the specific genes themselves. Examples of
these include the trinucleotide (CAG) repeat expansion
in the Huntington’s disease gene [22], the fibrillin-1
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Table 1
Categorization of pharmacogenomic biomarkers

I Disease Susceptibility Genes

A Mendelian Disease Genes

i Cystic Fibrosis
ii Hemophilia
iii Marfan Syndrome

B Complex Diseases

i Alzheimer’s Disease
ii Coronary Artery Disease
iii Diabetes

C Genetic Changes of Tumorogenesis

II Drug Activity Biomarkers

A Genetic Polymorphisms Predicting Drug Metabolism

i N-acetyl transferases
ii Cytochrome P450 genes

B Genetic Polymorphisms Predicting Drug Response

i Beta-2 adrenergic and asthma
ii 5-lipoxygenase and asthma

C Genetic Polymorphisms Predicting Adverse Events

gene in Marfanfls syndrome [12] and the identification
of the mutations for cystic fibrosis, most frequently the
delta F508 variant [11,20,38]. Even though the pen-
etrance of these disease genes is often high with the
presence of the disease gene conferring a high likeli-
hood of manifesting the disease, the scientific valida-
tion of the identified mutations as the causative alleles
can be arduous. However, once confirmed the clinical
validation of these biomarkers is relatively straightfor-
ward, applying the same principles as any diagnostic
test. Hundreds of commercial diagnostics for single
gene disorders are available [18]. While knowledge
of disease causing genes often illuminates the underly-
ing biology and pathophysiology of disease identifying
new potential targets, few to date have yielded curative
therapeutics. The difficulty lies in relating the specific
gene mutation to a “druggable” target.

3.1.2. Complex disease genetics
Complex human disorders,caused by multiple genet-

ic and environmental factors, are characterized by high
population prevalence, lack of clear Mendelian patterns
of transmission, etiologic and phenotypic heterogene-
ity, and a continuum between disease and nondisease
states [30,32]. The identification of genes influenc-
ing complex traits such as heart disease, diabetes, and
cancer will not only assist in predicting those individ-
uals who are predisposed to disease, but potentially

have significant impact in the pharmaceutical industry
by providing new targets for therapeutics. Current-
ly all pharmaceutical products are aimed at approxi-
mately 500 targets. The human genome is estimated
to consist of 30,000–60,000 genes, providing 60–120
times that number of potential targets. Either directly,
or indirectly through protein-protein interactions or as
part of feedback loops, the genes associated with com-
plex diseases represent a significant pool of possible
new targets. The use of novel genetic polymorphisms
in the drug discovery process is a long road progress-
ing through multiple phases similar to those previously
outlined (Fig. 1).

The definitive association of the genetic polymor-
phism with disease phenotype is complicated by mul-
tiple factors including the limited understanding of the
role these genetic factors play in the pathophysiology
of disease and the influence of multiple genetic and en-
vironmental co-factors on the disease. Essential to the
successful pursuit of complex disease genes is accurate
phenotypic classification. If the clinical phenotyping is
inaccurate the association of a genetic variant with that
phenotype is complicated by false positive and false
negative associations. Thus, a major challenge fac-
ing the development of genetic biomarkers in complex
disease is etiologic or phenotypic heterogeneity. Het-
erogeneity not only influences the ability to discover a
biomarker but also the clinical utility of the biomarker
once identified. Clearly, a biomarker that is specifical-
ly associated with the phenotype of interest has more
clinical utility than one associated with a range of phe-
notypes [30]. To counter this inherent difficulty and
aid in the discovery of applicable genetic biomarkers,
genetic epidemiology principles are being applied to
refining phenotypic definitions and identify the role of
genetic and environmental risk factors in disease and
drug response.

The linkage and association of CAPN10,the gene en-
coding the cysteine protease calpain-10, with type II di-
abetes, is a recent example of successfully identifying a
genetic variant associated with a complex disease [21].
Initially, the inheritance of specific CAPN10 haplo-
types was associated with an increased risk for type II
diabetes in Mexican Americans from a single county
in Texas. Replication in two northern European popu-
lations, a population from the Botnia region of Finland
and the German population of Saxony, provided confir-
mation and evidence for the general applicability of the
CAPN10 association. However, the role of CAPN10 in
type II diabetes and how a ubiquitous serine protease
affects glucose control, the effect of the polymorphism
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in the calpain-10 locus on the protein product, or how
this might relate to the development of type II diabetes
is unclear [3]. This uncertainty regarding the role of
calpain-10 illustrates one of the complicating factors in
developing biomarkers for complex traits, the difficulty
in understanding the role these genetic factors play in
the pathophysiology of disease. Following association
of a genetic variant with disease, studies demonstrating
a functional change related to the genotype, not simply
an association secondary to the polymorphism being in
disequilibrium with the causative gene, are necessary.

Following an understanding of the relationship be-
tween the identified biomarker and the phenotype, all
additional polymorphisms in the gene or its regulatory
region and their relationship to the observed functional
effect should be investigated. This phase of investiga-
tion often includes studies in a variety of populations,
as a specific polymorphism may have utility in one but
not in another. To continue with the diabetes exam-
ples, this is an active area of investigation for CAPN10.
In a population of Caucasians of British/Irish ancestry,
Evans et al. [16] were unable to replicate the associa-
tion of the specific CAPN10 alleles previously identi-
fied but rather associated additional alleles at the locus
with increased type II diabetes risk. The inability to
replicate and the differing polymorphisms and haplo-
types associated between populations may be due to
multiple susceptibility alleles at CAPN10 or different
patterns of linkage disequilibrium between a common
causal variant [16]. This illustrates the necessity of
large population-based association studies to better un-
derstand both the strength and specificity of the asso-
ciation of CAPN10 polymorphisms to type II diabetes
risk. Only after a more complete understanding of the
polymorphisms’ relationship to diabetes and the pro-
tease’s function can the gene be investigated as a new
therapeutic target. The steps in this process are not
trivial and the development of viable pharmaceuticals
will likely take 5–10 years without substantial luck by
the investigators.

3.1.3. Genetic changes associated with tumorogenesis
By definition cancer is a genetic disease requiring

a progression of genetic changes for tumor formation,
the multi-hit theory of tumorogenesis [27,29]. Com-
paring the genetic background of the tumor with the
genetic background of the patient is a powerful inves-
tigative tool often implicating genes involved in tumor
formation. Although several small molecules aimed at
inhibiting genes and proteins implicated in cancer for-
mation are in development, most genetic changes in the

cascade are not utilized as specific therapeutic targets.
HerceptinTM and GleevecTM, two notable exceptions,
are therapeutics designed directed at a genetic target.
GleevecTM for the treatment of chronic myelogenous
leukemia (CML) is specifically designed at a genetic
target, the bcr-abl fusion gene or the Philadelphia chro-
mosome. The bcr-abl fusion gene results from a recip-
rocal translocation between chromosome 9 and 22 and
the gene product demonstrates increased kinase activ-
ity. Bcr-abl is an attractive target as it is sufficient to
cause disease and is present in over 95% of patients
with CML [23]. GleevecTM is a tyrosine kinase in-
hibitor designed to block the ability of bcr-abl to phos-
phorylate its unknown substrate [24].

In general medical practice the most widespread use
of genetic biomarkers to identify patients eligible for
treatment is in the identification of breast cancer pa-
tients eligible for treatment with Herceptin. HER2 is
the protein product of the oncogene erbB-2, a member
of the growth factor family of receptors [39]. In ap-
proximately one-third of breast cancer cases, the over-
expression of HER2 on the surface, closely linked to
the amplification of the erbB-2 DNA, contributes to
the growth characteristics of the tumor. Genentech
developed Herceptin, a humanized trastuzumab anti-
body against HER2, for the treatment of HER2 over-
expressing breast cancer [7]. Treatment with Herceptin
in HER2 overexpressing breast cancers especially in
combination with other chemotherapeutic agents is now
considered the standard of care. Since breast cancer
with normal levels of HER2 expression does not re-
spond to Herceptin, an assay to identify patients el-
igible for treatment with Herceptin is rational; thus,
immunohistochemistry (IHC) and fluorescence in situ
hybridization (FISH) assays were developed [5,19,25].

The development of Gleevec and Herceptin illus-
trates the complexityof developinga directed therapeu-
tic, aimed at a genetic target [5,14,19,25]. The process
included identification of an appropriate target, testing
the compound in a number of preclinical models, con-
ducting human ex-vivo studies, ultimately culminating
in phase I, II and III clinical trials and FDA approval.
In order to proceed to generalized use, and convince
the appropriate regulatory agencies, the science sup-
porting the rationale as well as the methodology must
be sufficiently compelling. This usually also means the
development of a diagnostic assay and more than one
study confirming the sensitivity and specificity. Mul-
tiple studies generally require multiple years. There-
fore, the claim that we will have an explosion of ge-
netic markers suitable for general use in the immediate
future appears unrealistic.
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A potentially more timely clinical utility of gene ex-
pression changes with tumor formation will be in the
reclassification of tumors. Tumor classification cur-
rently relies upon morphology, tumor size, and at times
cell surface protein expression. These parameters are
widely used to help determine prognosis, but have not
been helpful in identifying those likely to respond or
not to various therapeutics and personalizing prescrip-
tions. A better understanding of the molecular basis of
tumors and a more comprehensive assessment of ex-
pressed genes may enable the identification of those pa-
tients likely to respond to particular treatments, in addi-
tion to identifying new targets for directed therapeutics
such as Gleevec and Herceptin.

The most inclusive technique for gene expression
analysis is array profiling, which monitors the RNA
expression of multiple genes simultaneously. Recent
reports have used array profiling in the classification of
B cell lymphomas [2,26], epithelial ovarian cancer [1],
and breast cancer [35]. In these reports, total RNA
from each tumor was hybridized to gene chips with
thousands of human sequences and the tumors classi-
fied based on the expression profile. As with any novel
technique, the disadvantage for array profiling is the
newness of the technology. Prior to widespread utility
in a clinical setting, a complete understanding of the
capabilities, limitations, and reproducibility of these
techniques is needed. Until the variability and inher-
ent noise level are understood, the robustness of the
technology and the ability to detect minor changes in
expression level remain uncertain. While the technolo-
gy seems adept when comparing groups of individuals,
the utility for an individual patient remains unknown.
Array technology has not been utilized in prospective
clinical trials under regulatory scrutiny, and until it is,
the utility of microarray technology in clinical trials is
difficult to determine.

3.2. Drug activity biomarkers

The primary focus in the pharmaceutical industry is
on the utilization of genetics to develop rational ther-
apeutics. As described above, the identification of ge-
netic biomarkers for disease susceptibility may lead to
new targets and better classification of disease. Howev-
er essential to more personalized prescribing practices
is the identification of biomarkers that stratify individ-
uals into groups based on likely response to a particular
therapeutic, both efficacy and likelihood of experienc-
ing an undesired reaction.

3.2.1. Genetic polymorphisms predicting drug
metabolism

The most common application of genetic mark-
ers in drug development and medicine today is the
genotyping of the drug metabolism enzymes. Drug
metabolizing enzymes with known genetic polymor-
phisms include the cytochrome P450 enzymes such as
CYP2D6, CYP3A1, CYP2C9, CYP2C19, CYP2E1,
and CYP2A6 and the glutathione S-transferases and
N-acetyl transferases [37]. The list of drugs metab-
olized by each enzyme system is large, and reviewed
elsewhere [6,36]. Unlike disease-associated variants,
the genetic polymorphisms in these enzymes do not
predict disease or response to therapy but lead to dif-
ferences between individuals in metabolic activity and
clearance of drugs. Approximately 25% of the cur-
rent commercially available drugs [34] are metabolized
by one of the cytochrome P450 enzymes, CYP2D6.
CYP2D6 has at least 37 known polymorphisms, some
exhibiting decreased or absent enzyme activity [10].
An individual with two copies of a slow metabolizing
variant has significantly reduced clearance of the parent
drug, resulting in a prolonged half-life and potential-
ly warranting a reduced dose. The drug metabolizing
enzymes are not targets for new therapeutics but rather
may require dosing regimen alterations for therapeutics
metabolized by the enzyme. Even though these tests
are not widely used outside of clinical trials, there is
growing acceptance for their use in determining proper
dosing regimens.

3.2.2. Genetic polymorphisms predicting drug
response

In addition to polymorphisms in the genes encod-
ing drug-metabolizing enzymes affecting dosing reg-
imens, an individual’s clinical response to treatment
may be influenced by genetic variants in the coding or
regulatory regions of genes involved in the therapeutic
pathways. Therefore, genetic biomarkers for response
may facilitate classification of individuals by response,
improving therapeutic outcome, and personalizing pre-
scriptions. Although the clinical utility of such genetic
biomarkers has not yet been established, recently a few
publications have reported the first step, the association
of genetic variants with clinical drug response.

The response toβ agonists aimed at reversing the
acute bronchospasm in asthma has been associated with
polymorphisms in the B2 adrenergic gene. The genet-
ic polymorphisms identified in B2 adrenergic receptor
gene and associated with response toβ agonists have
also been shown to have functional consequencesin
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vitro and in vivo. However, conflicting results have
been reported and the relationship between the genet-
ic variants and bronchodilatory response toβ agonists
remains unclear. As outlined for complex trait associa-
tion studies, the analysis is complex and a multitude of
reasons could account for the conflicting results. One
possibility is that a haplotype, or combination of sin-
gle nucleotide polymorphisms, rather than an individ-
ual variant is associated with clinical response. For
example, a recent report utilized phylogenetic analysis
to organize thirteen single nucleotide polymorphisms
into twelve estimated haplotypes in a sample of Cau-
casians. The analysis associated some of these haplo-
types but not any of the individual polymorphisms with
bronchodilatory response to albuterol [15]. The biolog-
ical effect, differential response, may be due to inter-
actions involving transcription, translation, and protein
processing of the multiple polymorphisms comprising
the haplotype. As illustrated with CAPN10, the asso-
ciation of an estimated haplotype in a relatively small
population is just the initial step in a long process. The
association of the B2 adrenergic receptor gene needs
to be replicated in a larger sample and the functional
consequences of the polymorphisms understood in a
variety of populations.

Another genetic variant associated with the clinical
response to drug treatment recently reported in the lit-
erature is the 5-lipoxygenase (ALOX5) promoter geno-
type’s association with response to anti-asthma treat-
ment [13]. Tissue culture experiments associated DNA
sequence variants in the regulatory region of ALOX5
with diminished promoter activity. Analyzing the re-
sults from a clinical trial for ABT-761, a selective in-
hibitor of ALOX5, demonstrated that individuals ho-
mozygous for rare variants demonstrated significantly
decreased response as measured by FEV1 when com-
pared with individuals heterozygous and homozygous
for the wild-type alleles. Although individuals ho-
mozygous for the rare variants appear to explain a por-
tion of the individuals who do not respond to ALOX5
inhibition, a biomarker for the ALOX5 variants is not
yet ready for routine use. The report by Drazen in-
cluded only 10 individuals homozygous for the mutant
allele [13]. Prior to implementation of routine genetic
testing of the ALOX5 promoter in the clinic, the results
of this study need to be replicated in a larger trial with
multiple outcome measures. In addition, as approxi-
mately only 6% of non-responders carry the allele at
the ALOX5 promoter locus, there may be other genet-
ic defects in the pathway yet to be identified. Iden-
tification of genetic biomarkers for drug response has

potential applicability in understanding those likely to
respond to a particular therapeutic. However, as these
recent reports in the literature illustrate, these markers
are in the early stages of development.

3.2.3. Predicting adverse events or side effects
Adverse events related to drug therapy are not un-

common. Fortunately, most are mild and do not re-
quire cessation of therapy. However more serious ad-
verse events result in significant morbidity and mor-
tality. Drugs fail during development and in several
instances even after launch due to the occurrence of
adverse events. Often touted as one area of significant
potential impact for pharmacogenomics, prediction of
those patients likely to experience a drug induced ad-
verse event would greatly benefit pharmaceutical com-
panies and medicine in general. Unfortunately, aside
from those genetic differences predicting altered drug
metabolism and the associated drug toxicity, no ex-
amples exist where pharmacogenomics has predicted
these unwanted occurrences.

Nonetheless, genetics plays a large role in patients’
reactions to medications, and pharmacogenomics of-
fers great potential to avert unwanted side effects. For
a genetic biomarker to have clinical utility, we propose
that at least four criteria are needed: 1) the adverse
event must be relatively frequent, 2) the adverse event
must be non-life threatening, 3) the adverse event must
be less or equal in severity to the medical condition
requiring treatment, and 4) the therapy must fill a niche
in the marketplace such as few alternatives for therapy
are available or a compelling reason to take the medi-
cation exists, such as a better formulation or improved
efficacy. These conditions are especially true for the
first drug to place genetic testing for susceptibility to
adverse event in its label.

A recent example of a drug taken off the market fol-
lowing adverse event occurrence, troglitazone, will be
used to highlight the reasoning behind these criteria.
During the clinical development of troglitazone, a thia-
zolidinedione antidiabetic agent for the management of
type II diabetes mellitus, some degree of liver toxicity
was noted in 48 of approximately 2500 patients, 20 of
which withdrew from treatment [17]. Following dis-
continuation of therapy, the elevation of liver enzymes
reversed and the FDA subsequently licensed the drug.
During the first two years after launch,∼ 1,000,000 pa-
tients were placed on troglitazone with 70 experiencing
liver failure, 60 deaths and 10 transplants, which lead
to troglitazone’s recall [17].
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The troglitazone example helps to illustrate the ra-
tionale behind these criteria. To power the analysis to
definitively associate a genetic biomarker with the ad-
verse event a sufficient number of patients need to ex-
perience the event. In the troglitazone example, 70 out
of ∼ 1,000,000 patients had severe liver toxicity. This
is likely not sufficient to power an association study
even if a single genetic polymorphism confers a high
risk. Liver toxicity associated with troglitazone use is
likely multifactorial with multiple genetic and environ-
mental factors of moderate effect involved. Assuming
that DNA is available from all of the 70 individuals ex-
periencing the adverse event and this sufficiently pow-
ers the study for the initial association, an additional
∼ 1,000,000 patients must evaluated to get the confir-
matory sample of 70 individuals. The ethical and legal
issues involved in collecting the replicate samples, the
safety of these individuals, and the cost make it unlike-
ly that any pharmaceutical company would support this
effort.

Due to the rigorous monitoring of drug related ad-
verse events, with serious side effects, the recall process
is fortunately invoked long before sufficient numbers of
patients exist to prove causation. Further limiting the
sample size is the availability of DNA from the individ-
uals who experienced the adverse event. In the event of
death, DNA may not be available from the individuals
who experienced the event. In addition, those who ex-
perience serious adverse events or their survivors may
be unwilling to cooperate with the drug manufacturer.
Following the disclosure of the side effects related to
troglitazone therapy and the availability of alternative
treatments, physicians and patients would be unlikely
to take the risk and agree to troglitazone treatment. In
the case of a less severe adverse event, a medical condi-
tion more acute severity, or where few or no alternative
therapies are available, pharmacogenomics may have
more applicability.

At present genetic biomarkers may have greater util-
ity for adverse event prediction in the pre-clinical are-
na. Although animal models have been helpful in triag-
ing drugs that are clearly toxic to the liver, kidney, and
heart, these models do not accurately predict all toxicity
seen in humans. If correlation between animal models
and human outcomes can be established, especially at
the transcriptional level, the effect of drugs under de-
velopment in the appropriate animal model could dic-
tate the future of the drug. A drug under development
could be terminated sooner and failed human trials pre-
vented if the correlation between clinical liver, kidney,
or heart toxicity in humans and the pre-clinical models

could be improved. While no examples are evident to
date, the potential for preventing human morbidity is
worth a considerable investment.

4. Conclusion

Genetic biomarkers hold great promise for the
future of medicine. The identification of genetic
markers of disease susceptibility, tumor classification,
metabolism, dose response, and the development of ad-
verse events has the potential to improve therapeutic
outcome. However, prior to widespread clinical appli-
cation of a genetic biomarker multiple scientific and
clinical studies must be completed to identify the genet-
ic variants and delineate their functional significance in
the pathophysiology of a carefully defined phenotype.
What information is conferred by the biomarker includ-
ing the risk conferred by the polymorphism and the
applicability in the general population must be clearly
understood. Subsequently, a validated assay with un-
derstood specificity and sensitivity must be developed
and available for general use.

In addition, prior to the general application of ge-
netic markers in the clinical setting, issues related to
privacy and the ethical and legal use of genetic data
must be addressed [33]. The difficult genetic privacy
concerns may be avoided in a scientific research setting
as the research may proceed on anonymized samples,
without identifiable links to the individual. However,
prior to use in the general clinical setting, patients and
practitioners need to be educated regarding the infor-
mation gleaned from genetic biomarkers and the impor-
tance of environmental factors. The concerns regard-
ing privacy and confidentiality, the potential for genet-
ic discrimination, and the societal implications for in-
creased information about human variation need to be
addressed [33]. Genetics will provide valuable infor-
mation to assist in the management of patients and has
the potential to revolutionize medicine. However, the
development and application of genetic biomarkers is
an involved process and we are just at the beginning of
a long journey toward improved therapeutic outcome.
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