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Abstract

Since the International Human Genome Sequencing Consortium declared that the 

Human Genome Project had been completed in 2003, pharmacogenomic testing 

gained acceleration, especially in translational cancer research and clinical trials investi-

gating existing and newly developed drugs. Th e enthusiasm increased in the scientifi c 

and clinical community since the promise of personalized medicine seemed to be an 

achievable goal in the near future. Currently, the term genetic testing is synonymously 

used with pharmacogenetic testing. While genetic testing refers more to inherited 

genetic variations associated with a disease phenotype (mainly diagnostic), pharmaco-

genetic testing mainly describes genetic variations associated with response to a drug 

(diagnostic and therapeutic). Recent epigenetic studies indicated that the diff erential 

methylation patterns of drug metabolizing enzymes could infl uence response to treat-

ment; therefore we suggest the use of the term pharmacogenomic testing instead of 

pharmacogenetic testing to account for both genetic and epigenetic testing and other 

possible future mechanisms regulating the human genome. Owing to the recent 

advances in pharmacogenomic testing and the increased knowledge about the inter-

individual diff erences in drug metabolism and disposition, the concept of “one size fi ts 

all” became questionable. Th is is more obvious in chemotherapeutic agents showing a 

narrow therapeutic window and adverse events in a signifi cant number of cancer 

patients. To date, despite the progress and outstanding advance in genetic and genomic 

molecular technology, the era of the promised personalized medicine is delayed by sev-

eral challenges. Th ese challenges are at the analytical, clinical, industrial, regulatory, 

marketing and fi nancial levels. Facing these challenges fall under the jurisdiction of 

many agencies including governmental (e.g., Food and Drug Administration, FDA), 

non-governmental (e.g., patients advocacy groups), academic (e.g., universities and 

research centers) and industrial (e.g., pharmaceutical companies) organizations.

Background

Th e challenges preventing pharmacogenomic testing, from gaining the expected and needed 

momentum in patients’ clinical care could be overcome by a collaborative eff ort of all involved 

entities. Due to the complexity of issues pertaining to pharmacogenomic testing, it became 

evident that gaining knowledge and expertise in this emerging fi eld is essential for understand-

ing the nature of the challenge and devising the most suitable approach to face it. Soon enough 

all concerned organizations, governmental and non-governmental, including the FDA, real-

ized that no single entity has enough experience in pharmacogenomic testing, to be solely 
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responsible for providing guidance and setting the necessary  regulations for the transfer of safe 

pharmacogenomic testing to clinical practice(1). Th e FDA has been proactive and reached for 

collaborations within existing centers through the establishment of the Offi  ce of Combination 

Products (U.S. Department of Health and Human Services and FDA 2003) also the joint 

eff ort by the Center for Drug Evaluation and Research and the Center for Devices and 

Radiological Health (for guidance on combination products, FDA 2003). Currently, the FDA 

is aiming at establishing a collaborative model that will include all organizations concerned 

with pharmacogenomic testing including patients advocacy groups. Th e goal is to discuss and 

share the gained information in good faith (2). Th e shared information will guide the develop-

ment of pharmacogenomic testing and will craft the regulatory process during the approval of 

the Pharmacogenomic test (3). Another proactive approach, is a 3-year model project 

(Evaluation of Genomic Applications in Practice and Prevention, EGAPP, http://www.cdc.

gov/genomics/gtesting/egapp.htm), sponsored by the Centers for Disease Control and 

Prevention (CDC), to evaluate the transition of genomic technology from research to practice. 

Th is model project will apply an evidence-based process build on integrating existing knowl-

edge and recommendations from organizations like the Agency for Healthcare Research and 

Quality/U.S. Preventive Services Task Force and the international health technology assess-

ment experience, to evaluate genetic tests and genomic applications(3).

Clinical and Translational Leads

Although this article deals with pharmacogenomic testing of cancer chemotherapy, refer-

ring to a couple of classic examples of pharmacogenomic testing in non cancer patients 

might assist in relating to the current status of pharmacogenomic testing.

For example, the variable eff ect of the antidepressant nortriptyline (NT) was associated 

with alterations in CYP2D6 gene (a member of the cytochrome P450 family), and almost a 

10-fold variation in NT plasma levels of patients was observed. A limitation in this example 

is the absence of solid evidence that associates the genotype with increased toxicity or 

decreased drug effi  cacy (1). Th e experiences gained from this example indicates that the limi-

tations or challenges faced were due to the small number of studied participants reported in 

the literature, the use of single dose experiments, the study of limited specifi c populations 

and the lack of end points associating CYP2D6 genotype with drug effi  cacy or toxicity data. 

All of the above equally contribute to the absence of solid scientifi c evidence that supports 

the integration of this pharmacogenomic test into clinical practice (1).

5-hydroxytryptamine 3 receptor antagonists e.g., tropisetron (4); ondansetron (5) used in 

standard doses to prevent nausea and vomiting is known to be metabolized by CYP2D6. 

Ultra metabolizers with a high number of functional CYP2D6 alleles demonstrated 

 genotype-dependent pharmacokinetics of tropisetron in healthy volunteers (6) and in cancer 

patients treated with ondansetron(5). Th ese individuals experienced more events of nausea 

and vomiting. However, the low prevalence of UM genotype in northern Europe again 

makes the implementation of CYP2D6 pharmacogenomic testing in clinical practice, a 

fi nancial burden on the health system, especially in the presence of alternative antiemetics 

and the possibility of dose titration as a more practical approach (7). Th e above two men-

tioned examples highlights the lack of two important factors that should be considered 
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before the implementation of a pharmacogenomic test into clinical practice, mainly, the sci-

entifi c evidence that support the clinical relevance of the test i.e., the association between the 

genotype and the toxicity or drug effi  cacy and the cost eff ectiveness analysis i.e., fi nancial 

burden, whether on the health system or the sponsor, especially in the presence of cheaper 

alternatives (8).

Irinotecan is an example of chemotherapy drugs which is currently approved as fi rst line 

treatment in combination with 5-FU and Leucovorin in treatment of patients with meta-

static colorectal cancer (3). Irinotecan is metabolized by UGT1A1 gene and wild-type pro-

moter of UGT1A1 harbors six dinucleotide repeats (TA) designated UGT1A1*1. Alleles 

with seven TA repeats are designated UGT1A1*28. Th e frequency of the UGT1A1*28 allele 

varies according to population studied. In Europeans it is approximately 30–40% and it is 

15% in Native Americans (9) and Asians (10) whereas, in sub-Saharan Africans it is 43% 

(9). Studies investigating the pharmacogenomic association between UGT1A1*28 and iri-

notecan toxicity have demonstrated a higher risk of ADRs mainly neutropenia and/or diar-

rhea in patients homozygous for the UGT1A1*28 allele (10). Some studies have shown 

stronger association between grade IV neutropenia and UGT1A1 genotype, but not with 

diarrhea (11, 12) while few other reports have indicated the presence of signifi cant associa-

tion with diarrhea but not neutropenia (13). Incomplete clinical evidence supporting the 

association between the genotype and outcome is one of the challenges in pharmacogenomic 

testing, especially when the data reported in the drug label do not fully support the sug-

gested dose adjustments (14). Although the sponsor of this pharmacogenomic test deems 

the test to be useful in selecting patients likely to benefi t or at risk of developing toxicity fol-

lowing irinotecan treatment, in 2005 the FDA following its mandate of protecting the pub-

lic health and safety, due to the insuffi  cient scientifi c evidence, practiced caution, in approving 

a statement on irinotecan label that recommends the performance of this pharmacogenomic 

test, and suffi  ce with the reference to information about UGT1A1 alleles (15). To date, 

mandatory pharmacogenomic testing is mentioned only in the label of trastuzumab (16).

In acute lymphoblastic leukemia (ALL) patients, higher relapse rates were associated with 

higher TPMT (Th iopurine methyltransferase) activities and low TGN (Th ioguanine) con-

centrations. Patients with a homozygous TPMT genotype and signifi cantly elevated levels of 

TGN were reported to experience severe hematologic toxicity. Pharmacogenomic testing for 

TPMT in ALL patients has demonstrated that reduction in 6MP dose is required for 100% 

of homozygous-TPMT defi cient patients, whereas only 7% and 35% of wild type and het-

erozygous patients required a dose reduction, respectively. A follow-up evaluating the out-

come of dose reduction in these patients indicated that they did not experience loss of 

effi  cacy as measured by remission rate (16). In 2004 the FDA approved label changes for 

6MP to include pharmacogenetic information without a recommendation for the manda-

tory testing for TPMT genotype (17).

Challenges and Future Directions

Currently, many challenges are associated with almost all phases of pharmacogenomic test-

ing, commencing with the process of development of the pharmacogenomic test and ending 

with the FDA approval of the test for patients care. In between the development and approval 
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processes the pharmacogenomic test passes through analytical validation (accuracy and qual-

ity), clinical validation (relevance, effi  cacy and usefulness), data provision (voluntary and 

mandatory), and numerous guidelines laid by the FDA and collaborating agencies for test 

approval. Th e approval usually comes in a very reserved format in which genetic information 

is added to the drug label, mostly with a cautious reference to genetic testing and rarely a 

recommendation for performing the pharmacogenomic test. Testing for HER2/neu over-

expression has become standard practice for guiding trastuzumab drug therapy for meta-

static breast cancer. Of note, this is the only example available, where mandatory testing is 

required(16). Th ese Challenges add multiple layers of complexity to the regulatory process 

guiding the development, acceptance and approval of the test. Additionally, the fi nancial 

concerns of the sponsoring agencies builds up with the FDA’s increase in regulatory guide-

lines/requirements, as more regulations is usually translated into additional fi nancial burden, 

and may be refl ected into decreased market share (no blockbuster drug). However, the major 

consensus among the scientifi c, clinical and pharmaceutical communities indicates, with 

some reservations, that the FDA is the most suitable agency to guide the process of 

Pharmacogenomic testing.

Th orough well written reviews (1, 7, 16), about the status of pharmacogenetic testing, 

indicated that the solution for the challenges facing the development of useful pharmacoge-

nomic testing is in the transparency and collaborative eff ort of all concerned organizations. 

Th is consensus emerged from the realization that no individual entity, including the FDA, 

has all the necessary expertise to solely outline the guidelines of Pharmacogenomic testing. 

Reviewing the literature indicates that the delay in the incorporation of the pharmacoge-

nomic testing into clinical practice is due in part to the scantiness of clinical trials with well 

designed translational approach and the use of small numbers of patients in convenient 

cohorts or even healthy individuals; Th e absence of multiple dose studies in associations 

between genotype and drug toxicity or effi  cacy; Th e lack of data validation in an indepen-

dent patient population. Taken collectively, these factors delayed the availability of solid evi-

dence supporting the association between genotype and clinical response and/or the proof 

that patients care has improved with pharmacogenomic testing (1). Currently, the literature 

lack well designed studies that account for the rate at which pharmacogenomic testing actu-

ally prevents adverse drug reactions.

At the analytical level many issues complicate the selection of a reliable pharmacogenomic 

test predictive of outcome or drug effi  cacy. To start with, the power of analysis used, refl ected 

by the number of patients in the diff erent arms of the clinical trial and the associated vari-

ables and confounding factors; the type of tissue, and whether matched normal and tumor 

tissue samples were used; the availability of a reliable surrogate tissue. Tumor heterogeneity 

is an important factor when statistical bias is to be avoided. It is expected that thoroughness 

comes at a price, time, eff ort and cost. Th erefore, in clinical trials investigating tumor tissue 

samples, the option of macro or micro dissection depends mainly on study fi nances and cost 

eff ectiveness of the entire clinical trial. Th e data on diagnostic test criteria (sensitivity, speci-

fi city and predictive value) is almost not provided in clinical trials despite its importance in 

verifying that the pharmacogenomic test will predict outcome of drug treatment. Th e lack 

of standardization between the diff erent methodologies and techniques used is a challenge. 
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Th is is most apparent with the advent of the microarray technologies providing data using 

diff erent platforms (e.g., Aff ymetrix and Ilumina). Since a useful pharmacogenomic test 

must predict the outcome of drug treatment, and drug response is not always an all-or-none 

eff ect, and the use of a single polymorphism in a pharmacogenomic test may partially 

account for variability in drug response and due to the possible contribution of non-genetic 

factors to drug response (18), recent studies have attempted to develop algorithms that inte-

grates a combination of parameters, including multiple genetic and non-genetic factors in 

the prediction of patient’s response to treatment or dose adjustments (1). Th is might be the 

correct approach, given the complexity of the mechanisms and pathways involved in drug 

metabolism and disposition.

Due to the above mentioned limitations in the process of pharmacogenomic testing, a 

need for a regulatory and organizational measure was obvious to the scientifi c community. 

Th e realization of the importance of such organizational and regulatory measures became 

crystal clear to governmental organizations with functions relevant to pharmacogenomic 

testing, including Food and drug Administration (FDA), Center for Drug Evaluation and 

Research (CDER), the Federal trade commission (FTC) the regulator of direct-to-consumer 

marketing of product in the United States, as well as to patients’ advocacy groups. Th e pro-

cess of developing a pharmacogenomic test is becoming more sophisticated / complicated 

including intricate layers of detailed scientifi c information that have to be superimposed. 

However, the goal is noble - the development of an accurate and reliable pharmacogenomic 

test that could be useful in predicting treatment outcome and/or drug effi  cacy and safely 

implemented in the patients’ clinical standard of care.

Currently the status of pharmacogenomic testing indicates that much research is required 

before the integration of pharmacogenomic testing into clinical practice. Evidence based 

pharmacogenomic prediction of ADRs (clinical relevance) and dose adjustments (improve-

ment in treatment outcome) remains inadequate and the collaborative eff orts for crafting 

the guidelines for pharmacogenomic testing is still work in progress.
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