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Challenges and Pitfalls in the Introduction of Pharmacogenetics for Cancer
Marie Loh,1,2MSc, Richie Soong,1,3PhD

Abstract
There have been several success stories in the fi eld of pharmacogenetics in recent years, 

including the analysis of HER2 amplifi cation for trastuzumab selection in breast cancer and 
VKORC1 genotyping for warfarin dosing in thrombosis. Encouraging results from these 
studies suggest that genetic factors may indeed be important determinants of drug response 
and toxicity for at least some drugs. However, to apply pharmacogenetics appropriately, a 
thorough understanding of the scope and limitations of this fi eld is required. The challenges 
include an appreciation of biological variability, logistical issues pertaining to the proper 
management of information, the need for robust methods and adequate sample quality 
with well-designed workfl ows. At the same time, the economics of pharmacogenetic 
testing from the perspective of clinicians, patients, governments, insurance companies 
and pharmaceutical companies will play an important role in determining its future use. 
Ethical considerations such as informed consent and patient privacy, as well as the role 
of regulatory bodies in addressing these issues, must be fully understood. Only once these 
issues are properly dealt with can the full benefi ts of pharmacogenetics begin to be realised.
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Introduction
Pharmacogenetics, by defi nition, refers to the study 

of genetic differences in metabolic pathways which can 
affect an individual’s responses to drugs in terms of both 
therapeutic and adverse effects.1 In recent years, there have 
been several success stories such as HER2 for trastuzumab 
in breast cancer and VKORC1/CYP2C9 for warfarin in 
thrombosis.2-6 Encouraging results from these studies 
suggest that genetic factors may indeed be the major 
determinants of drug response for at least some drugs. This 
presents the possibility of personalising treatments in the 
near future to better suit individual patients. By stratifying 
patients according to their genetic profi le, the aim is to 
identify those that will benefi t from available treatments 
in terms of maximum response and minimal toxicity. 
However, as with ‘conventional’ disease-genetic testing, a 

high level of expertise is required to perform these tests and 
to interpret the results correctly.7 Thus, it is important to be 
aware of the numerous pitfalls regarding biological agents, 
logistics and ethical issues that must be overcome before 
the benefi ts of personalised medicine can be realised. In 
addition to the scientifi c aspects, the economic challenges 
associated with the introduction of pharmacogenetic tests 
should also be considered. 

Pharmacogenetic markers often suffer the same fate as the 
attrition observed during drug development. Starting with 
thousands of potential candidates, companies are often left 
with just one or a small number of viable pharmacogenetic 
markers after many years of research and millions of 
dollars invested. In particular, given that Food and Drug 
Adminstration (FDA) are beginning to request that ‘marker-
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negative’ patients be included in Phase III trials with a view 
to potential off-label use, further delays can be expected 
in the routine introduction of pharmacogenetic markers. 

Another common barrier to the successful implementation 
of pharmacogenetic markers is the lack of reproducibility in 
the reported results. One example is the CETP Taq-I variant 
and response to statins in coronary heart disease. Despite 
the initially promising results observed in association 
studies, the relationship failed the test of replication in 
larger studies.8 Similarly, a recent large-scale clinical trial 
that investigated pharmacogenetic markers of adverse events 
and response to chemotherapy in metastatic colorectal 
cancer failed to validate most previously reported genotype-
toxicity or -effi cacy associations. This was attributed to 
logistic issues such as differences in chemotherapy dosing 
or scheduling, but more importantly to the fact that many 
previously identifi ed markers were likely to be false 
positives resulting from multiple comparisons and non-
representative samples.9 It also highlights the importance 
of distinguishing between statistically signifi cant and 
biologically/clinically signifi cant. For instance, an odds 
ratio of 1.5 may be statistically signifi cant, but can hardly be 
considered clinically relevant. A recent study of published 
meta-analyses and HuGENet reviews of gene–disease 
associations concluded that the amount of scientifi c evidence 
was insuffi cient to support useful applications for most of 
the associations reported to date.10

The diffi culties mentioned above have thus far prevented 
the implementation of routine pharmacogenetic testing 
for all but a handful of applications. It is important to be 
equipped with suffi cient knowledge of the limitations 
and diffi culties involved in pharmacogenetic testing. In 
this review, we highlight some of the common pitfalls in 
pharmacogenetics in terms of biological, logistic, cost and 
ethical issues.

Biological Issues
Several important factors contribute to biological 

variability. One key issue is gene penetrance, referring 
to the proportion of individuals who express a trait or 
phenotype out of those that carry a particular associated 
allele or genotype. Penetrance should be considered 
concurrently with other factors such as allele and genotype 
frequencies. For example, some genes such as BRCA1 
have a high penetrance but a low variant frequency.11,12 

Conversely, other genetic variants have a low penetrance 
but a relatively high frequency, and may have as much an 
attributable risk as BRCA1. 

The number of variants to be tested is another 
consideration. One should be aware that the phenotype of 
interest is unlikely to be attributable to any single gene or 

variant, in particular for a complex disease such as cancer. 
An example is the DPYD exon 14 skipping variant which 
was found to explain only about 15% of observed 5-FU 
toxicity.13,14 In deciding upon the panel of variants to be used 
in a pharmacogenetic diagnostic test, one often has to decide 
between a more complete panel or one that includes only the 
most common variants. For example, although 11 variant 
alleles have been associated with low TPMT enzymatic 
activity, over 95% of inherited TPMT defi ciencies are due 
to the 3 most common alleles.15,16 By incorporating the 
additional variants, it is possible to explain the remaining 
5%. Although it is now feasible to sequence all possible 
variants using high-throughput arrays, the most effi cient 
use of limited sample must also be considered given the 
marginal improvement in prediction. 

Various statistical measures of assay performance 
including sensitivity and specifi city are important for 
decision-making. In breast and prostate cancers, a 
multigenic approach consisting of genotype combinations 
was able to predict risk with greater sensitivity than single 
genotypes.17,18 At the same time, there are likely to be other 
gene-environment interactions involving lifestyle and diet 
that could play a role but are impossible to control in the 
usual setting of an association study. The possibility that 
candidate genetic variants may be associated with baseline 
characteristic of the study population such as gender should 
be considered and interpreted with caution.14 

To understand the appropriate application of 
pharmacogenetic markers, a number of important issues 
need to be highlighted. One is the difference between 
germline and somatic variation. Germline variations, 
consisting mainly of single nucleotide polymorphisms and 
copy number variations, are found in cells throughout the 
body and are therefore more likely to be related to host 
issues such as toxicity. Somatic changes, such as gene 
mutations, structural variations and methylation that occur 
only in the tumour cells are more likely to be associated 
with tumour response. Although the majority of current 
applications in pharmacogenetics are germline variations 
that affect metabolism, more emphasis on somatic changes 
are expected as these play a large role in determining 
response, particularly for the targeted agents including 
kinase inhibitors.19 

Another difference to take note of is that of a prognostic 
marker versus a predictive marker. By defi nition, prognostic 
biomarkers provide information about the patients overall 
outcome from disease, regardless of therapy. A predictive 
biomarker on the other hand provides information about the 
likely effect of a therapeutic intervention.20 It is important to 
avoid confusing the two terms as this can lead to incorrect 
conclusions, particularly if the wrong treatment groups 
are compared and if trials are not designed to test the 
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corresponding hypotheses. 

Logistic Issues
The importance of proper management of information, 

appropriate methods and samples, as well as carefully 
designed workfl ows cannot be emphasized enough. This 
is highlighted by the recent suspension of 3 personalised 
medicine clinical trials.21 The trials were based upon a 
publication in Nature Medicine in which the authors claimed 
that signatures derived from gene expression data could be 
used to direct the most suitable chemotherapy for cancer 
patients.22 The trials were initially suspended following the 
report by 2 biostatisticians of an inability to replicate several 
fi ndings in the original article. Investigation of additional 
studies revealed that simple errors such as misalignment of 
data in rows or columns and the mix up of group labels had 
occurred.23 This serves to highlight the importance of highly 
competent infrastructure for analysis, as seemingly minor 
mistakes can have serious repercussions in which patients 
are allocated to sub-optimal or even harmful treatment arms. 

Selection of the most appropriate and accurate detection 
method is another major consideration. Concordance in 
the immunohistochemical results obtained using different 
antibodies, fl uorescence in situ hybridization (FISH) and 
other methods has been widely investigated for HER2 
testing in relation to the appropriate treatment of breast 
cancer.24-26 Given the importance of KRAS mutation status in 
the selection of appropriate therapy for advanced colorectal 
cancer patients, a recent multicenter blinded comparison 
revealed that comparable results were obtained using a 
variety of different assay platforms. Concordance values of 
83% and 96% were obtained for KRAS mutation status in 
samples of frozen and paraffi n tissues, respectively.27 This 
study nevertheless reported differences in reagent costs, 
labour and turnaround time, detection limit and availability 
of sequence outputs between the different methods.27 

Sample heterogeneity is an area of logistics that needs to 
be addressed for clinical application. In many studies, high-
throughput assays such as gene expression and methylation 
arrays are often used to identify candidate pharmacogenetic 
markers. However, unlike cell lines, clinical tumour 
samples have heterogeneous cell content. In a recent study 
using Illumina Goldengate methylation arrays involving 
98 pairs of gastric tumours and matching normal tissues, 
we demonstrated that tumour cell content signifi cantly 
infl uenced the interpretation of apparent methylation levels 
and hence of candidate gene identifi cation.28 Without taking 
tumour heterogeneity into account, one runs the risk of 
inaccurately identifying potential pharmacogenetic markers. 

As mentioned earlier, novel and effi cient workfl ows are 
essential for successful clinical integration. Following 

discussion between scientists and clinicians on testing for 
epidermal growth factor receptor mutation in the care of 
lung cancer patients, it was apparent that the length of time 
to receive test results was of primary concern.29 Clinicians 
are unlikely to consider using molecular genetic tests unless 
the results can be delivered within a reasonable timeframe. 

Similarly, a survey of clinicians in 4 European countries 
indicated that the quality of technical infrastructure 
including the convenience of sending samples and direct 
communication with the laboratory would affect the clinical 
uptake of molecular tests.30 The lack of standard protocols 
for processing samples for genetic tests was also identifi ed 
as a signifi cant barrier to successful implementation.31 
Experience suggests that with proper planning in place 
before the commencing of a trial, a high compliance 
rate can be achieved. This was seen for example in the 
BATTLE (Biomarker-integrated Approaches of Targeted 
Therapy for Lung cancer Elimination) trial where the goal 
was to profi le lung tumours with the aim of developing 
personalised therapy. Using a novel clinical trial design and 
tissue collection procedures, a compliance rate of close to 
80% was obtained for the challenging task of obtaining 3 
core biopsies per tumour.32,33 

As with the development of any diagnostic test, 
pharmacogenetic tests need to be rigorously evaluated for 
various aspects such as sensitivity, specifi city and positive 
predictive value (PPV). Since sensitivity and specifi city 
are not fully informative regarding the correct test result, 
PPV is often used. However, it is important to realise that 
PPV is highly dependent on the phenotype prevalence. 
Consequently, PPV may not be directly transferable 
between different populations or ethnic groups where 
the underlying phenotype frequencies may differ.34 As 
mentioned earlier, differences in the frequency of genetic 
variants between different ethnic groups could also impact 
on the interpretation of gene penetrance.35,36 Since the results 
of pharmacogenetic tests can have serious repercussions for 
patients, the reliability of the assays is of utmost importance.

Economic Issues
The economics of pharmacogenetic testing from the 

perspective of both clinicians and pharmaceutical companies 
will play an important role in determining its introduction 
for routine application. Although several studies have 
previously reported on the cost-effectiveness of HER2 
and TPMT testing,37,38 funding remains a major issue for 
physicians in Europe.30 Apart from the direct cost of the 
test itself, indirect costs such as genetic counselling and 
additional visits to the clinic also need to be considered.39 
For example, up to 78% of individuals who considered 
using genetic testing services would ask for help from their 
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physician to interpret the results, thus leading to increased 
costs and pressure on the healthcare system.40  

To encourage the routine use of pharmacogenetic testing 
in a clinical setting, much needs to be done to convince both 
private insurers and government healthcare providers to 
cover the associated costs. Without this support, doctors are 
unlikely to order such tests on a routine basis in light of the 
additional fi nancial burden for their patients. For example, 
TPMT testing is not routinely carried in the Netherlands 
because reimbursement costs have yet to be arranged.30 

 From the standpoint of pharmaceutical companies, the 
development of phamacogenetic markers is an expensive 
and risky process. The majority of companies are currently 
using biomarkers to facilitate their research and most have 
programs in place for companion diagnostics. The majority 
of executives from top biopharmaceutical companies have 
indicated they are developing biomarkers for almost half 
their compounds, but less than 10% have plans to launch 
companion diagnostic tests within the next 5 to 10 years.41 
This is due mainly to the incursion of additional time and 
cost at a time of increasingly strict demands from regulatory 
bodies. Based on a hypothetical model, start-up molecular 
diagnostic companies are likely to experience decreases in 
profi t amounting to millions of dollars with just a single 
year of delay in FDA approval.41

Ethical Issues
Several ethical issues need to be addressed before 

pharmacogenetic tests can be applied in a routine clinical 
setting. These include informed consent, use and storage 
of genetic information, confi dentiality, pre- and post-test 
counselling, as well as discrimination and stigmatization 
of groups and individuals.7,42,43 

Informed consent from the patient may not provide 
complete protection of their rights. There has been some 
evidence that patients who participate in clinical trials often 
do not fully understand the details of trial procedures and 
the potential risks. As such, their consent to participate in 
trials involving pharmacogenetic testing may not represent 
a truly informed decision.44 Patients in such studies are 
often asked to give consent to the main clinical drug trial 
and testing involving the specifi ed pharmacogenetics-drug 
effect. However, they are also often requested to give a 
general consent for unspecifi ed genetic tests to be used 
in future pharmacogenetics research. Unaware to most of 
them, the patients are thus essentially giving permission to 
indefi nitely use and store their genetic profi les for association 
with other personal information such as medical history.7,44 

By prescribing the treatment for a patient according to his 
or her genotype derived from genetic testing, the indirect 
consequence is disclosure of that patient’s genetic profi le 

at the medical and administrative level. Confi dentiality is 
not possible in this case unless the patient declines the more 
suitable treatment for them.45 

For pre- and post-test counselling, a high level of expertise 
is necessary to allow correct interpretation of the results.7 The 
majority of patients have indicated they are likely to turn to 
their physician for help.40 This not only increases the burden 
on clinicians but could also lead to incorrect conclusions 
and misleading interpretations. A previous survey found 
that of 407 physicians claiming to have attended courses 
or training on HER2 testing, 20% still found it diffi cult to 
correctly interpret test results.30 

A direct impact of the possible discrimination of 
individuals according to their germline pharmacogenetic 
profi le will be on insurance risk. The likelihood of a patient 
responding to treatment becomes an additional consideration 
to disease susceptibility when assessing an individual’s 
insurance risk.45 This information may be used by insurance 
companies to restrict enrolment for plans or to adjust the 
premiums accordingly. 

Conclusion
Despite the numerous challenges and pitfalls covered 

in this review, the future of pharmacogenetics remains 
promising. The potential benefi ts to be gained from the 
appropriate use of pharmacogenetic information are still 
being realised. Stratifying patients to receive the optimal 
treatments available promises to lead to considerable benefi ts 
in terms of improved quality of life, longer survival and 
cost savings. 

Nonetheless, it is important to be aware that many obstacles 
remain. The clinical application of pharmacogenetic tests 
that lack a high level of accuracy carries the risk of over- 
or under-dosing patients. Currently, many clinicians are 
not equipped with suffi cient background knowledge of 
pharmacogenetic testing and its limitations, thus  possibly 
resulting in wrong treatment decisions.46 

Regulatory bodies play a critical role in sanctioning the 
proper application of pharmacogenetic tests and several 
measures are currently in place to support this. Examples 
include the Proposed International Guidelines on Ethical 
Issues in Medical Genetics and Genetic Services by the 
World Health Organization (WHO) which mandates 
autonomy, benefi cence and justice.45,47,48 Another is the 
Genetic Information Nondiscrimination Act (GINA) passed 
through US Congress in 2008 that protects Americans from 
discrimination in terms of health insurance and employment 
opportunities based on genetic information. Finally, the long-
awaited guidance document by the FDA on the development 
of companion diagnostics is likely to be launched during 
2011. Given the recent advances in scientifi c knowledge 
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and technical capacity, pharmacogenetics can be expected 
to gain increasing prominence as clinical practice evolves 
towards personalised medicine and treatment. 
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