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Introduction

Over the past decade, the technology of studying 
genomes has made considerable improvements 
which are enabling medicine to reveal a specific 
patient’s genome in order to design a personal-
ized therapy.
Pharmaceuticals from a wide spectrum of thera-
peutic classes are used in human medicine world-
wide and include more than 4000 molecules with 
different physicochemical and biological prop-
erties and distinct modes of biochemical action. 
After administration of the active pharmaceutical 
compounds, some drugs are metabolized, while 
others remain intact before being excreted [1].
Pharmacogenomics is the study of variations in 
DNA sequence related to drug response. Common 
genetic variations are single-nucleotide polymor-
phisms (SNPs), genetic insertions and deletions, 
and genetic copy-number variations (CNVs). Both 
SNPs and CNVs play a role in pharmacogenomics, 
in different phenotypic outcomes and measures.  
More specifically, pharmacogenomics studies ge-
netic variations in enzymes metabolizing drug, 

receptors, transporters, and targets, and how these 
variations interact to produce effects such as drug 
response or toxicity. It has also identified the caus-
es of inter-individual variations in the expression 
and function of many of these genes, including 
the role of microRNA (miRNA), DNA methylation, 
copy-number alterations, and single-nucleotide 
differences, either inherited SNPs or somatically 
acquired single-nucleotide variants [2,3].  More 
than 800 medicinal agents have been developed 
to target specific genetic mutations.
These epigenetic mechanisms manifest mostly 
through changes in chromatin packing and in lo-
calized gene promoter changes that influence the 
transcription of the genes involved in carcinogen-
esis [4].  

Pharmacogenetics, on the other hand, informs de-
velopment of safer prescribing criteria and more 
effective drugs. Furthermore, genetic markers can 
indicate novel drug targets or modifiers, serving 
to functionally classify the disease and thereby in-
fluence the design of the treatment. Personalized 
Medicine, based on scanning a person’s genome, 
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Summary
Personalized Medicine is more than just a metabolic ac-
tivity of a person. Pharmacogenomics, pharmacogenetics, 
pharmacoproteomics, and metabolomics play an important 
role in the development of personalized medicines. Person-
alized medicine uses information about a person’s genes, 
proteins, enzyme activities, and cellular environment to di-
agnose and treat disease, cancer included. A major problem 
of personalized medicine is the fact that there is no porta-
ble bedside and low-cost bioanalytical technology that can 

be used in close proximity to the patient. This technology 
could play a significant role in defining the dosage setting 
for subsets of the population. The success of the personal-
ized therapy is possible through the application of technol-
ogy, which can provide a bridge between metabolism status 
and an individual’s response to a particular drug and ther-
apeutic modality.

Key words: cancer, epigenetics, personalized medicine, 
pharmacogenomics, polymorphisms  
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will reveal genetic risks for developing various 
diseases and their genetically governed reactions 
to specific medication [5]. It may also potentially 
benefit on medicine including minimizing risk of 
drug toxicity, increasing benefit from drugs used, 
contributing to the sustainability of healthcare 
system and facilitating drug discovery and devel-
opment programs [6].  
During the past decades, cancer research provided 
great knowledge in genomic alterations involved 
in tumor development. These genomic changes 
may influence genes encoding drug-metaboliz-
ing enzymes or drug transporters, leading to al-
terations in the disposition of active drugs at the 
site of the tumor [7]. For instance, this knowledge 
helped the development of targeted cancer thera-
py in Philadelphia chromosome-positive chronic 
myeloid leukemia or acute lymphoblastic leu-
kemia, targeting the BCR/ABL1 fusion transcript. 
Currently, prescribing on the basis of population 
data does not guarantee benefit for the individu-
al. Prescribing by genotype offers the patient the 
potential benefit that physicians will prescribe the 
right drug at the right dose. This approach max-
imizes efficacy and minimizes toxicity. Pharma-
cogenetic tests offer improvement in short-term 
measures and in long-term mortality. Despite 
the potential benefits, there are other aspects of 
relevance to patients that have to be considered. 
First, given that these are going to be DNA-based 
tests, specific safeguards to maintain confidenti-
ality will have to be put into place. Laboratories 
carrying out such testing will need to undergo an 
accreditation process to ensure safe and secure 
storage of both samples and information. Howev-
er, if pharmacogenetic information leads to pre-
scription of a particular drug, the mere fact that 
the patient is on the drug will betray their geno-
type, even without direct knowledge of the results 
of their genetic test [8,9].
Pharmacogenetic tests may also have implica-
tions for family members. Genetic tests may 
disclose non-paternity, particularly when other 
family members have been tested. The pharma-
cogenetic test may also indicate an increased pre-
disposition to developing certain adverse effects. 
It may be necessary to undertake family screen-
ing, as is currently practised for probabilistic tests 
such as the Factor V Leiden mutation.
In future, pharmacogenomics will increase under-
standing of the genetic basis of drug response and 
help develop more effective and less toxic treat-
ment for individual patients.
The aim of this short review article was to pro-

vide an overview on recent pharmacogenomic 
approaches regarding current applications and 
future prospects towards personalized medicine, 
including targeted cancer monoclonal therapies 
[10].
 
Pharmacogenomics in current therapeutics

Drug development is a really expensive pro-
cess, costing at approximately €500-800 million 
per marketed drug. It also takes about 10-15 years 
for each drug to reach the market after discovery 
[8].  In addition, there is a high attrition rate with 
only one out of every 5000 or even 10000 chem-
ical compounds considered to have a therapeutic 
potential being successfully developed for clinical 
use. The incorporation of pharmacogenomics into 
the drug development process has the potential 
to improve target identification, accelerate the de-
velopment process and reduce the attrition rate.

Pharmaceutical companies and health care 
systems have to consider the variability in the 
way individuals respond to drugs, in terms of 
both efficacy and toxicity [11]. For example, there 
is a 20-fold variation in the dose of warfarin re-
quired to achieve optimal anticoagulation across 
patients. Adverse drug reactions are also a major 
problem, costing 5% of all hospital admissions 
and increasing the length of stay in hospital by 
2 days [12]. Predisposing to adverse drug reac-
tions correlates with polymorphisms in drug me-
tabolizing enzyme genes [13].  A large number of 
drugs cited in adverse drug reactions are metabo-
lized by at least 1 enzyme with a variant allele as-
sociated with reduced activity. Also, adverse drug 
reactions are likely to have more than one genetic 
predisposing factor. 

Additionally, adverse reactions and efficacy 
are invariably the outcome of both genetic and 
non-genetic factors. The potential benefits, in 
both health and economic terms, are considerable. 
However, therapeutic intervention based on indi-
viduals’ genetic variation will not be applicable to 
all drugs and careful evaluation of cost effective-
ness will be needed on case-by-case basis [13,14].  

Pharmacogenetics into clinical practice has 
the potential to improve efficacy and reduce tox-
icity, by choosing “the right drug for the right pa-
tient in the right disease at the right dose”. 

Pharmacogenomics -Drug  metabolism 
and development 

Proteomic and genomic technologies may in-
crease the diversity of targets available for future 
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medicinal agents by identifying novel proteins, 
targeting proteins with variant structure, identi-
fying mechanisms of action of drugs, developing 
compounds and increasing the specificity of drug 
action.

Pharmaceutical metabolism taking place in 
several human organs, mostly the liver, is divid-
ed into three phases. In phase I, enzymes such as 
cytochrome P450 oxidases introduce reactive or 
polar groups into the pharmaceutical compound.

These enzyme complexes are due to in-
corporate an atom of oxygen into non-activat-
ed hydrocarbons, which can result in either the 
introduction of hydroxyl groups or N-, O- and 
S-dealkylation of drugs. The reaction mechanism 
of the P450 oxidases proceeds through the reduc-
tion of cytochrome-bound oxygen and the genera-
tion of a highly-reactive oxyferryl species [15,16].

Phase I chemical reactions may occur often in 
the liver by oxidation, reduction, hydrolysis, cy-
clization, decyclization, and addition of oxygen or 
removal of hydrogen, carried out by oxidases.

The modified compounds are then conju-
gated to polar compounds in phase II reactions. 
The above reactions are catalyzed by transferase 
enzymes such as glutathione S-transferases. In 
phase III, the conjugated drugs may be further 
processed, before being recognized by efflux trans-
porters and pumped out of cells [17]. 

On the other hand, clinical trials involving 
new drugs are commonly classified into four also 
distinct and different phases. The drug develop-
ment process will normally proceed through all 
four phases over many years. If the drug success-
fully passes through phases I, II, and III, it will 
usually be approved by the national regulatory 
authority for use in the general population. 

Pharmacogenetics may lead to refinement of 
phase I studies by focusing on individuals with 
known genotypes defined through preclinical 
testing. An earlier identification of problems may 
lead to the compound being dropped during phase 
I rather than in phase III, with considerable sav-
ings in development costs. In phase II, there may 
be further refinement of the pharmacogenetic de-
terminants of drug response, which may provide 
information necessary for design of the phase III 
studies. The sample size for phase III studies may 
be reduced, but there is a possibility that more 
individuals will need to be studied during phases 
I and II [18]. The expected benefits of pharmaco-
genetic applications in clinical trials are summa-
rized in Table 1. 

In the meantime, pharmaco-epidemiological 

studies take place and can continue for the whole 
period the drug is on the market. Phase IV allows 
the detection of rare adverse events occurring in 
this phase. Samples from patients treated with the 
drug can be used for pharmacogenetic testing and 
identification of genetic predisposing factors, al-
lowing an improvement in the risk-benefit ratio 
[18].

Biomarkers in pharmacogenomics/  
genetic variations and drug response

SNPs-CYPs

Childhood acute lymphoblastic leukemia 
(ALL) is the classic example for a drug-responsive 
malignancy, and contemporary risk-directed ther-
apies cure more than 80% of children with ALL 
in industrialized countries. Antileukemic medica-
tions, however, can cause significant adverse drug 
reactions. Moreover, some children have leu-
kemia cell clones which are resistant to current 
antileukemic treatment [19]. 

The first studies focused on the effect of SNPs 
in genes encoding drug metabolizing enzymes in 
a treatment context. SNPs have identified great 
variability among individual responses to both ef-
ficacy and toxicity of different medications. While 
variability in the genetic efficacy and toxicity may 
be linked to clinical manifestations such as dis-
ease pathogenesis and severity, drug interaction, 
the emerging role of pharmacogenetic molecular 
diagnostic testing is increasingly recognized as 
pivotal in optimizing drug therapy [20].

Therefore, one of the best-established geno-
type–phenotype relationships is that of the thiopu-
rine methyltransferase (TPMT) gene and its effect 
on thiopurine therapy for acute lymphoblastic leu-
kemia and for immune modulation [21,22]. TPMT 
catalyzes the S-methylation, thus deactivation of 
thiopurines used in the treatment of ALL. There-
by, TPMT regulates the balance between cytotoxic 
thioguanine nucleotide and inactive metabolites 
in hematopoietic cells. Polymorphisms in the 

Table 1. Pharmacogenetics in clinical trials

Clinical trials  Pharmacogenetics

Phase I Detection of individuals with known 
genotypes

Phase II Refinement of the pharmacogenetic  
determinants

Phase III Reduction of studies, or re-evaluation  
of phases I,II

Phase IV Drug is licenced
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TPMT gene have been extensively characterized 
[23]. TPMT-deficient patients are treated with 10- 
to 15-fold lower doses of these medications [24-
27], they develop profound hematopoietic toxicity 
that precludes the administration of other chemo-
therapy and can be fatal [28]. Clinical interest in 
TPMT pharmacogenomics is based on studies 
showing that the TPMT genotype or phenotype 
can be used to identify patients at high risk of he-
matopoietic toxicity after thiopurine therapy [29]. 

So far the role of pharmacogenetics has been 
studied in analgesia [30,31]. A candidate gene 
is the hepatic cytochrome P450 gene CYP2D6, 
which catalyzes the metabolism of many drugs. 
One drug whose metabolism is strongly associ-
ated with CYP2D6 genotype or phenotype is the 
analgesic codeine, a prodrug that must be bioac-
tivated to morphine, a strong opioid agonist, by 
CYP2D6. The efficacy and safety of codeine have 
been shown to be influenced by CYP2D6 poly-
morphisms (Table 2) [32,33].  A SNP affecting the 
action of analgesic agents is also SNP A118G in 
OPRM1 (opioid receptor, mu 1) which causes a 
decrease in opioid potency by a factor of 2 to 3 
[34]. The number of P450  genetic polymorphisms 
in relation to drug metabolism are illustrated in 
Table 2.

Drug efficacy is not influenced solely by var-
iations in drug-metabolizing genes but also by 
polymorphisms in genes that encode drug recep-
tors, transporters, and drug targets. For example, a 
common promoter variant in the molecular target 
of warfarin (VKORC1) strongly influences the dose 
levels required by individual patients. VKORC1 
encodes the vitamin K-epoxide reductase protein, 
the target enzyme of warfarin. Variants in VKO-
RC1 are significantly associated with warfarin 
sensitivity and reduced dose requirements (Table 
3) [35]. Likewise, several transporters have been 
shown to have pharmacogenomic relationships 
with drug pharmacokinetics or effects. 

For example, a synonymous SNP in the 
ABCB1 gene has been associated with the maxi-
mally achievable digoxin concentration [36]. 

Similarly, polymorphisms in the transport-
er SLCO1B1 have been associated with several 
phenotypes, including increased risk of simvasta-
tin-induced myopathy [37], methotrexate-related 
gastrointestinal toxicity [38], and disposition of 
the cyclin-dependent kinase inhibitor flavopiridol 
[39]. 

Other studies have associated a CYP2C19 var-
iant with diminished platelet response to clopi-
dogrel [40] and CYP2C9 variant with warfarin dose 
requirements (Table 3) [41]. In acute leukemia, 
SNPs in the interleukin 15 gene are associated 
with disposition of antileukemic drugs [42]. 

Polymorphisms in cytochrome P450 gene 
CYP3A are associated to antiretroviral therapy 
[43]. CYP3A induction leads to an increased me-
tabolism of the administered substance due to 
upregulated enzymes. This can cause adverse re-
actions, like inflammation of the liver (hepatitis) 
(Table 3) [44]. CYP3A is very polymorphic and 
metabolizes many of the drugs that are key com-
ponents of highly active antiretroviral therapy 

Table 2. Genetic polymorphisms and drug metabo-
lism of cytochrome P450

P450 cytochrome Fraction of drug 
metabolism (%)

Frequency  
of genetic  

polymorphism

CYP1A2
CYP2C9
CYP2C19
CYP2D6
CYP2E1
CYP3A4

5
10
5

20-30
2-4

40-45

+
+++
+++
+++
+
-

Table 3. Examples of personalized therapy approaches

Drug Gene Clinical use Phenotype

Mercaptopurine TPMT Paediatric acute lymphoblastic 
leukemia

Myelosuppression

Tamoxifen CYP2D6 Hormone receptor-positive breast 
cancer

Tamoxifen metabolism, progres-
sion-free and overall survival

Codeine CYP2D6 Analgesia Decrease in opioid potency

Warfarin VKORC1, CYP2C9 Thrombosis,  thromboembolism Reduced dose requirements 

Indinavir/ atazanavir CYP3A Viral infection Hepatitis

Beta-lactam TNF-α Infections Antibiotic allergy

Panitumumab/ cetuximab KRAS, EGFR Colorectal cancer Worse prognosis

Gefitinib/ erlotinib EGFR Lung cancer Response to therapy

Imatinib CKIT Gastrointestinal stromal tumor Response to therapy

Trastuzumab HER2 Breast cancer Resistance to therapy
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regimens. Pharmacogenomic investigations have 
examined the relationship between CYP3A4 and 
indinavir/atazanavir. 

The variant G>A at -308 of TNFα correlates to 
IgE–mediated hypersensivity to beta–lactam. The 
TNFα GG genotype was a significant independent 
predictor of primary risk of beta–lactam allergy, 
concurrently with total IgE level. TNFα polymor-
phisms associate with risk of beta–lactam allergy 
(Table 3) [45].

Cancer-Therapy-Monoclonal antibodies

Cancer is a growing health problem around 
the world,   particularly with the steady rise in 
life expectancy. More than 10 million cases of 
cancer per year are reported by the World Health 
Organization. According to the National Cancer 
Institute, an estimated 580,350 people died this 
year in the U.S.A. Cancer results from a multi-
stage, multi-mechanism carcinogenetic process 
that involves mutagenic cell death and epigenetic 
mechanisms, during the three distinguishable but 
closely allied stages: initiation, promotion, and 
progression. Since reducing the initiation phase 
to a zero level is impossible, the most effective 
intervention would be at the promotion phase to 
eliminate premalignant cells before they become 
malignant [46-48].  

Carcinogenesis is a complex process and 
both genetic and epigenetic factors are involved 
to cancer development. Epigenetic changes, such 
as DNA methylation, histone modifications and 
post transcriptional gene regulation by non-cod-
ing miRNAs are easily influenced by dietary and 
environmental factors [49]. These processes affect 
transcript stability, nucleosome positioning, and 
complete nuclear organization of the genetic ma-
terial. Synergistically and cooperatively they de-
termine whether a gene is silenced or expressed, 
as well as the timing and tissue-specificity of the 
expression of these genes [50]. 

DNA methylation is a well researched epige-
netic mark that differs between normal cells and 
tumor cells in humans. In cancer cells, CpG islands  
preceding tumor suppressor gene promoters are 
often hypermethylated, while CpG methylation of 
oncogene promoter regions and parasitic repeat 
sequences is often decreased. However, in normal 
cells, CpG islands preceding gene promoters are 
generally unmethylated [51]. 

Cancer cells have been seen to exhibit de-
creased monoacetylated and trimethylated forms 
of histone H4 [52]. Loss of histone H4 Lysine 16 
acetylation (H4K16ac), that  is a mark of aging at 

the telomeres, specifically loses its acetylation 
and this histone acetylation loss might be battled 
with a histone deacetylase (HDAC) inhibitor spe-
cific for SIRT1, an HDAC specific for H4K16 [53]. 

In mammals, miRNAs regulate around 60% 
of the transcriptional activity of protein-encoding 
genes. Some miRNAs have also been found to un-
dergo methylation-associated silencing in cancer 
cells [54,55]. 

Given the adverse effects and variable re-
sponses associated with cancer chemotherapy and 
the somatic genetic variation inherent in the biol-
ogy of cancer, it is not surprising that some of the 
most promising applications of pharmacogenom-
ics are found in oncology. 

KRAS mutations are a predictor to resistance 
to pharmacologic inhibition of EGFR, such as the 
anti-EGFR monoclonal antibodies panitumumab 
and cetuximab.  KRAS mutations are also associ-
ated with a worse prognosis (Table 3) [56,57]. So-
matic mutations in EGFR are found to be present 
in most patients who respond to gefitinib and er-
lotinib treatment. It is postulated that these mu-
tations, which cluster around the ATP-binding 
site of the tyrosine kinase domain (exons 18,19 
and 21), stabilize the interaction between drug 
and the tyrosine kinase domain (Table 3) [58]. In 
lung cancer, the EGFR amplification, which is not 
as frequent as initially reported, is also associated 
with response to this treatment with cetuximab 
and gefitinib (Table 3) [59]. Patients with GIST 
(gastrointestinal stromal tumor), carrying CKIT 
mutations, respond to imatinib. Imatinib inhibits 
cell proliferation in tumors with mutated CKIT 
or PDGFR. However, CKIT activating mutation 
D816V is associated with imatinib resistance (Ta-
ble 3) [60,61]. 

HER2 gene amplification causes gene over-
expression and offers a response to therapy, in 
breast cancer and other types of cancer [62,63]. 
Trastuzumab was originally approved for use in 
HER2-positive metastatic breast cancer by the 
United States Food and Drug Administration 
(FDA) in 1998, based on a randomised phase III 
study, where the combination of trastuzumab and 
chemotherapy in previously untreated patients 
significantly improved the objective response 
rates (ORR), progression-free survival (PFS), and 
overall survival (OS) over chemotherapy alone 
(Table 3) [64]. Despite this notable success, 70% 
of patients with HER2-positive breast cancers 
demonstrate intrinsic or secondary resistance to 
trastuzumab, highlighting the importance of de-
veloping new therapies for this disease [65].
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Discussion

Barriers between pharmacogenomic testing and clin-
ical trials

As it was stated, the aim of pharmacogenom-
ics is to elucidate functionally relevant genomic 
determinants for drug disposition and response 
in order to optimize drug therapy based on a pa-
tient’s genomic profile. Pharmacogenomics has 
evolved from the study of single candidate genes 
to large-scale genome-wide strategies.

Proteomics has been also applied both in an-
ticancer drug discovery and for personalized man-
agement of cancer. Examples of applications of 
oncoproteomics are given for cancers of various 
organs such as the brain, breast, colon and rec-
tum, prostate, and leukemia [66]. 

The transition from pharmacogenomics to 
clinical practice seems necessary, and clinicians 
have a key role in this process. The use of geno-
type-guided therapies requires that clinicians will 
have a level of knowledge sufficient to understand 
and interpret the rationale for prescribing for cer-
tain genotypes, but not for others [67]. Clinicians 
have to know the influence of genetic variation 
in drug response and should be well educated on 
the clinical value, availability, and interpretation 
of pharmacogenomic tests. However, clinician 
acceptance is presently an unknown factor. It is 
possible that this may be a significant barrier to 
introduction of widespread genotype-based thera-
py. Recent surveys of pharmacists and physicians 
in the United States reveal that many feel inad-
equately educated in pharmacogenomics [68-70]. 
Results have also shown that more often clinicians 
who were well informed about the availability 
and potential applications of pharmacogenomic 
tests, incorporated pharmacogenetics into clin-
ical practice [68]. Reported deficiencies included 
knowledge about the kinds of the tests available, 
how to procure them, and how to interpret and 
apply the results to a patient’s care in the context 
of other clinical variables [68,71]. 

SNPs are very common in human genome, 
therefore millions of SNPs must be identified and 
analyzed to determine their involvement in drug 
response. Furthermore, our knowledge of which 
genes are involved with each drug response is 
limited. Since many genes are likely to influence 
responses, it is highly time-consuming and com-
plicated to associate gene variations and drug re-
sponse. 

Another common problem is the limited drug 
alternatives. Since there are only one or two ap-

proved drugs available for treatment, patients 
carrying gene variations may be left without any 
alternatives for treatment. Also, the need for al-
ternative drugs that serve only a small portion 
of the population and the great cost of bringing 
a new drug in market may be a disincentive for 
drug companies [72].

Cost is a potential barrier to the widespread 
implementation of pharmacogenetic testing into 
routine clinical practice. Test information will 
need to be balanced against other clinical (and 
cost) considerations, and a modified rather than 
strict gatekeeper model may be most appropri-
ate [67]. While the costs of drug development to 
the pharmaceutical industry up to licensing will 
be reduced through a more efficient streamlined 
drug development process, the use of the drug af-
ter licensing will incur the combined cost of the 
drug and the pharmacogenetic test. Thus, cost-ef-
fectiveness of pharmacogenomic tests becomes 
an important parameter. In general, it is thought 
that the cost-effectiveness of health care technol-
ogies is primarily dependent on the cost and ef-
fectiveness of the technology, the morbidity and 
mortality associated with the phenotype, and the 
cost of treating the phenotype [14]. Several studies 
evaluated the clinical validity and utility of phar-
macogenomic tests and provided support for the 
need to invest in implementation strategies [73-
75].  A case study examined the cost–effectiveness 
of thiopurine methyltransferase (TPMT) genotyp-
ing prior treatment and showed that TPMT test-
ing has a favorable cost–effectiveness ratio. This 
study indicated that TPMT genotyping should be 
seriously considered as an integral part of health-
care prior to the initiation of therapy with thiop-
urine drugs [74]. In addition, a recent study found 
that CYP2C9 and VKORC1 genotyping resulted in 
a 43% lower risk of hospitalization for bleeding or 
thromboembolism [76]. 

There is also the question of test location. 
Pharmacogenetic tests can be conducted in med-
ical treatment (point of care testing, POCT) or by 
commercial laboratories. Current pharmacogenet-
ic tests are conducted by specialist clinics. Howev-
er, pharmacogenetic tests development for other 
clinical situations, such as general practice, may 
in practice be less acceptable. Technologies for 
genetic POCT will eventually become available, 
but this will require considerable investment in 
infrastructure and training.

A patient having a pharmacogenetic test may 
have implications in obtaining life insurance. Life 
insurance companies routinely use phenotypic 
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information to decide on insurance information. 
It is unknown whether pharmacogenetic infor-
mation will not be used in a similar manner. It 
is likely therefore that in the future they will be 
given access to some information. For example, 
an individual who has a high risk of developing 
a disease, but has a favorable response genotype 
may actually have to pay lower premiums than 
an individual with a low risk of disease but with a 
genotype that indicates poor response to the drug. 

Commercially available technology that is 
available for in vitro quantification of drug and 
drug metabolite levels in blood and plasma in-
clude high-performance liquid chromatography, 
mass spectrometers, flow cytometers, SPR bio-
sensing instrument, ELISA. 

However, these technologies are not prac-
tical for personalized medicine applications be-
cause they are expensive, require specialized rea-
gents labeled with fluorescent or radioactive tags, 
semi-quantitative, time-consuming and unable 
to distinguish between substrates and inhibitors. 
Therefore, current screening of drugs and metab-
olism status of each patient on a daily basis is not 
yet practical. The solution to decentralization of 
hospital-based tests for the evaluation of drug 
metabolism is through design and development 
of new portable biosensor technology capable of 
evaluating pharmacokinetic parameters such  ab-
sorption, distribution, metabolism, and excretion 
(ADME), along with measuring the  toxicological 
effect of a drug in a real-time. 

References
1.	 Carlson CS, Eberle MA, Rieder MJ et al. Additional 

SNPs and linkage-disequilibrium analyses are nec-
essary for whole-genome association studies in hu-
mans. Nat Genet 2003; 33: 518–521.

2.	 Hinds DA, Stuve LL, Nilsen GB et al. Whole-genome 
patterns of common DNA variation in three human 
populations. Science 2005; 307: 1072–1079.

3.	 Sachidanandam R, Weissman D, Schmidt SC et al. A 
map of human genome sequence variation containing 
1.42 million single nucleotide polymorphisms. Na-
ture 2001; 409: 928–933.

4.	 Magic Z, Supic G, Brankovic-Magic  M. Towards tar-
geted epigenetic therapy of cancer. J BUON 2009;14 
(Suppl 1):S79-88.

5.	 Cheok MH, Pottier N, Kager L et al. Pharmacogenet-
ics in acute lymphoblastic leukemia. Semin Hematol 
2009; 46: 39–51.

6.	 Sorich MJ, McKinnon RA. Personalized medicine: po-
tential, barriers and contemporary issues. Curr Drug 
Metab 2012;13:1000-1006.

7.	 Cheng Q, Yang W, Raimondi SC et al. Karyotypic ab-
normalities create discordance of germline genotype 
and cancer cell phenotypes. Nat Genet 2005; 37: 878–
882.

8.	 Hewitt P. Tufts Centre for the Study of Drug Devel-
opment Pegs Cost of a New Prescription Medicine at 
$802 Million. Boston: Tufts Center for the Study of 
Drug Development, 2001. 

9.	 DiMasi JA, Hansen RW, Grabowski HG. The price of 
innovation: new estimates of drug development costs. 
J Health Econ 2003; 22: 151-185.

10.	 DiMasi JA. The value of improving the productivity of 
the drug development process: faster times and better 
decisions. Pharmacoeconomics 2002; 20: 1-10.

11.	 Evans W, Johnson JA. Pharmacogenomics: The Inher-

ited Basis for Interindividual Differences in Drug Re-
sponse. Annu Rev Genomics Hum Genet 2001; 2: 9-39. 

12.	 Pirmohamed M, Breckenridge AM, Kitteringham NR 
et al. Adverse drug reactions. BMJ 1998; 316: 1295-
1298.

13.	 Phillips KA, Veenstra DL, Oren EEO et al. Potential 
Role of Pharmacogenomics in reducing Adverse Drug 
Reactions: A Systematic Review. JAMA 2001; 286: 
2270-2279.

14.	 Veenstra DL, Higashi MK, Phillips KA. Assessing 
the cost-effectiveness of pharmacogenomics. AAPS 
Pharmsci 2000; 2: E29.

15.	 Guengerich FP. Common and uncommon cytochrome 
P450 reactions related to metabolism and chemical 
toxicity. Chem Res Toxicol 2001; 14: 611–650.

16.	 Schlichting I, Berendzen J, Chu K et al. The catalytic 
pathway of cytochrome p450cam at atomic resolu-
tion. Science 2000; 287 (5458): 1615–1622.

17.	 Akagah B, Lormier AT, Fournet A, Figadère B. Oxida-
tion of antiparasitic 2-substituted quinolines using 
metalloporphyrin catalysts: scale-up of a biomimetic 
reaction for metabolite production of drug candidates. 
Org Biomol Chem 2008; 6: 4494–4497.

18.	 Brazell C, Freeman A, Mosteller M. Maximizing the 
value of medicines by including pharmacogenetic 
research in drug development and surveillance. Br J 
Clin Pharmacol 2002; 53: 224-231.

19.	 Kager L. Genomic strategies to improve outcome and 
individualize therapy in cancer: the paradigm of child-
hood acute lymphoblastic leukemia. J BUON 2009;14 
(Suppl 1):S181-186.

20.	 Evans W, Relling M. Pharmacogenomics: translating 
functional genomics into rational therapeutics. Sci-
ence 1999; 286: 487–491.

21.	 Relling MV, Pui CH, Cheng C et al. Thiopurine meth-
yltransferase in acute lymphoblastic leukemia. Blood 
2006; 107: 843–844.



Pharmacogenomics in current and personalized therapeutics 577

JBUON 2013; 18(3): 577

22.	 Schwab M, Schäffeler E, Marx C et al. Azathioprine 
therapy and adverse drug reactions in patients with 
inflammatory bowel disease: impact of thiopurine 
S-methyltransferase polymorphism. Pharmacogenet-
ics 2002; 12: 429–436. 

23.	 Yates CR, Krynetski EY, Loennechen T et al. Molecular 
diagnosis of thiopurine S-methyltransferase deficien-
cy: genetic basis for azathioprine and mercaptopurine 
intolerance. Ann Intern Med 1997; 126: 608–614. 

24.	 Evans WE, Horner M, Chu YQ et al. Altered mercapto-
purine metabolism, toxic effects, and dosage require-
ment in a thiopurine methyltransferase-deficient 
child with acute lymphocytic leukemia. J Pediatr 
1991; 119: 985–989.

25.	 Lennard L, Gibson BE, Nicole T et al. Congenital thi-
opurine methyltransferase deficiency and 6-mercap-
topurine toxicity during treatment for acute lympho-
blastic leukaemia. Arch Dis Child 1993; 69: 577–579.

26.	 McLeod HL, Miller DR, Evans WE. Azathioprine-in-
duced myelosuppression in thiopurine methyltrans-
ferase deficient heart transplant recipient. Lancet 
1993; 341: 1151. 

27.	 Andersen JB, Szumlanski C, Weinshilboum RM et al. 
Pharmacokinetics, dose adjustments, and 6-mercap-
topurine/methotrexate drug interactions in two pa-
tients with thiopurine methyltransferase deficiency. 
Acta Paediatr 1998; 87: 108–111.

28.	 Schutz E, Gummert J, Mohr F et al. Azathioprine-in-
duced myelosuppression in thiopurine methyltrans-
ferase deficient heart transplant recipient. Lancet 
1993; 341: 436.

29.	 Lennard L, Lilleyman JS, Van Loon J et al. Genetic var-
iation in response to 6-mercaptopurine for childhood 
acute lymphoblastic leukaemia. Lancet 1990; 336: 
225–229.

30.	 Drendel A. Pharmacogenomics of Analgesic Agents. 
Clin Ped Emerg Med 2007; 8: 262-267.

31.	 Stamer UM, Stüber F. The pharmacogenetics of anal-
gesia. Expert Opin Pharmacother 2007;8:2235-2245.

32.	 Lötsch J, Rohrbacher M, Schmidt H et al. Can extreme-
ly low or high morphine formation from codeine be 
predicted prior to therapy initiation? Pain 2009; 144: 
119–124. 

33.	 Kirchheiner J, Schmidt H, Tzvetkov M et al. Pharma-
cokinetics of codeine and its metabolite morphine in 
ultra-rapid metabolizers due to CYP2D6 duplication. 
Pharmacogenomics J 2007; 7: 257–265. 

34.	 Somogyi AA, Barratt DT, Coller JK. Pharmacogenetics 
of opioids. Clin Pharmacol Ther 2007; 81: 429-444.

35.	 Rieder MJ, Reiner AP, Gage BF et al. Effect of VKORC1 
haplotypes on transcriptional regulation and warfarin 
dose. N Engl J Med 2005; 352: 2285–2293.

36.	 Hoffmeyer S, Burk O, von Richter O et al. Functional 
polymorphisms of the human multidrug resistance 
gene: multiple sequence variations and correlation of 
one allele with P-glycoprotein expression and activity 
in vivo. Proc Natl Acad Sci USA 2000; 97: 3473–3478.

37.	 Link E, Parish S, Armitage J et al. SLCO1B1 variants 
and statin-induced myopathy–a genomewide study. N 
Engl J Med 2008; 359: 789–799.

38.	 Treviño LR, Shimasaki N, Yang W et al. Germline 
genetic variation in an organic anion transporter 
polypeptide associated with methotrexate pharma-
cokinetics and clinical effects. J Clin Oncol 2009; 27: 
5972–5978.

39.	 Ni W, Ji J, Dai Z et al. Flavopiridol pharmacogenet-
ics: clinical and functional evidence for the role of 
SLCO1B1/OATP1B1 in flavopiridol disposition. PLoS 
ONE 2010; 5: e13792.

40.	 Shuldiner AR, O’Connell JR, Bliden KP et al. Associ-
ation of cytochrome P450 2C19 genotype with the 
antiplatelet effect and clinical efficacy of clopidogrel 
therapy. JAMA 2009; 302: 849–857.

41.	 Cooper GM, Johnson JA, Langaee TY et al. A ge-
nome-wide scan for common genetic variants with a 
large influence on warfarin maintenance dose. Blood 
2008; 112: 1022–1027.

42.	 Yang JJ, Cheng C, Yang W et al. Genome-wide interro-
gation of germline genetic variation associated with 
treatment response in childhood acute lymphoblastic 
leukemia. JAMA 2009; 301: 393–403.

43.	 Lakhman SS, Ma Q, Morse GD. Pharmacogenomics 
of CYP3A: considerations for HIV treatment. Pharma-
cogenomics 2009; 10: 1323–1339.

44.	 Willson TM, Kliewer SA. PXR, CAR and drug metabo-
lism. Nat Rev Drug Discov 2002; 1: 259-266.

45.	 Guéant-Rodriguez RM, Guéant JL, Viola M et al. Asso-
ciation of tumor necrosis factor-alpha -308G>A poly-
morphism with IgE-mediated allergy to beta lactams 
in an Italian population. Pharmacogenomics J 2008; 
8: 162-168.

46.	 Trosko JE. The role of stem cells and gap junctions as 
targets for cancer chemoprevention  and chemother-
apy. Biomed Pharmacother 2005; 59: 326-331.

47.	 Karikas GA. Anticancer and chemopreventing natural 
products: some biochemical and therapeutic aspects. J 
BUON 2010; 15: 627-638.

48.	 Karikas GA. Chemoprevention molecular and bio-
chemical mechanisms involved in cancer control and 
management. Health Sci J 2011; 5: 149-156.

49.	 Karikas GA. Natural and synthetic agents in cancer 
chemoprevention. Pharmakeftiki 2012; 24:79-88.

50.	 Ellis L, Atadja PW, Johnstone RW.  Epigenetics in can-
cer: targeting chromatin modifications. Mol Cancer 
Ther 2009; 8: 1409–1420.

51.	 Esteller M. Cancer epigenomics: DNA methylomes 
and histone-modification maps. Nat Rev Genet 2007; 
8: 286-298.

52.	 Fraga MF, Ballestar E, Villar-Garea A et al. Loss of 
acetylation at Lys16 and trimethylation at Lys20 of 
histone H4 is a common hallmark of human cancer. 
Nat Genet 2005; 37: 391-400.

53.	 Dang W, Steffen KK, Perry R et al. Histone H4 ly-
sine16 acetylation regulates cellular lifespan. Nature 
2009; 459: 802-807.

54.	 Saito Y, Liang G, Egger G et al. Specific activation of 
microRNA-127 with downregulation of the proto-on-
cogene BCL6 by chromatin-modifying drugs in hu-
man cancer cells. Cancer Cell  2006; 9: 435-443.

55.	 Lujambio A, Ropero S, Ballestar E et al. Genetic un-



Pharmacogenomics in current and personalized therapeutics578

JBUON 2013; 18(3): 578

masking of an epigenetically silenced microRNA in 
human cancer cells. Cancer Res 2007; 67: 1424-1429.

56.	 Lièvre A, Bachet JB, Le Corre D et al. KRAS mutation 
status is predictive of response to cetuximab therapy 
in colorectal cancer. Cancer Res 2006; 66:3992-3995.

57.	 Amado RG, Wolf M, Peeters M et al. Wild-type KRAS 
is required for panitumumab efficacy in patients with 
metastatic colorectal cancer. J Clin Oncol 2008; 26: 
1626-1634. 

58.	 Kobayashi S, Boggon TJ, Dayaram T et al. EGFR mu-
tation and resistance of non-small-cell lung cancer to 
gefitinib. N Engl J Med 2005; 352: 786–792.

59.	 Cappuzzo F, Hirsch FR, Rossi E et al. Epidermal growth 
factor receptor gene and protein and gefitinib sensi-
tivity in non-small cell lung cancer. J Natl Cancer Inst 
2005; 97: 643–655. 

60.	 Growney JD, Clark JJ, Adelsperger J et al. Activa-
tion mutations of human c-KIT resistant to imatinib 
mesylate are sensitive to the tyrosine kinase inhibitor 
PKC412. Blood 2005; 106:721-724.

61.	 Siehl J, Thiel E. C-kit, GIST, and imatinib. Recent Re-
sults Cancer Res 2007; 176: 145-151. 

62.	 Cappuzzo F, Bemis L, Varella-Garcia M. HER2 Muta-
tion and Response to Trastuzumab Therapy in Non–
Small-Cell Lung Cancer. N Engl J Med 2006; 354: 
2619-2621.

63.	 Wong ALA, Lee SC. Mechanisms of Resistance to 
Trastuzumab and Novel Therapeutic Strategies in 
HER2-Positive Breast Cancer. Int J Breast Cancer 
2012; 415170. doi: 10.1155/2012/415170. Epub 2012, 
May 9.

64.	 Slamon DJ, Leyland-Jones B, Shak S et al. Use of 
chemotherapy plus a monoclonal antibody against 
HER2 for metastatic breast cancer that overexpresses 
HER2. N Engl J Med 2001; 344: 783-792.

65.	 Arribas J, Baselga J, Pedersen K et al. p95HER2 and 
breast cancer. Cancer Res 2011; 71: 1515–1519.

66.	 Jain KK. Recent advances in clinical oncoproteomics. J 
BUON 2007;12 (Suppl 1):S31-38.

67.	 Robertson JA, Brody B, Buchanan A et al. Pharma-
cogenetic Challenges For The Health Care system. 
Health Affairs 2002; 21: 155-167. 

68.	 Stanek EJ, Sanders CL, Taber KA et al. Adoption of 
pharmacogenomic testing by US physicians: results 
of a nationwide survey. Clin Pharmacol Ther 2012; 91: 
450–458.

69.	 Shields AE, Lerman C. Anticipating clinical integra-
tion of pharmacogenetic treatment strategies for ad-
diction: are primary care physicians ready? Clin Phar-
macol Ther 2008; 83: 635–639.

70.	 McCullough KB, Formea CM, Berg KD et al. Assess-
ment of the pharmacogenomics educational needs of 
pharmacists. Am J Pharm Educ 2011; 75: 51. 

71.	 Relling MV, Klein TE. CPIC: Clinical Pharmacoge-
netics Implementation Consortium of the Pharma-
cogenomics Research Network. Clin Pharmacol Ther 
2011; 89: 464–467.

72.	 Lazarou J, Pomeranz BH, Corey PN. Incidence of ad-
verse drug reactions in hospitalized patients: a me-
ta-analysis of prospective studies. JAMA 1998; 279: 
1200-1205.

73.	 Wong WB, Carlson JJ, Thariani R et al. Cost effective-
ness of pharmacogenomics: a critical and systematic 
review. Pharmacoeconomics 2010; 28: 1001–1013.

74.	 van den Akker-van Marle ME, Gurwitz D, Detmar SB 
et al. Cost-effectiveness of pharmacogenomics in clin-
ical practice: a case study of thiopurine methyltrans-
ferase genotyping in acute lymphoblastic leukemia in 
Europe. Pharmacogenomics 2006; 7: 783–792.

75.	 Hughes AR, Spreen WR, Mosteller M et al. Pharma-
cogenetics of hypersensitivity to abacavir: from PGx 
hypothesis to confirmation to clinical utility. Pharma-
cogenomics J 2008; 8: 365–374.

76.	 Epstein RS, Moyer TP, Aubert RE et al. Warfarin gen-
otyping reduces hospitalization rates results from 
the MM-WES (Medco-Mayo Warfarin Effectiveness 
study). J Am Coll Cardiol 2010; 55: 2804–2812.


