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Toward individualized treatment: prediction of anticancer
drug disposition and toxicity with pharmacogenetics
John F. Deekena, William D. Figgb, Susan E. Batesa and Alex Sparreboomb

A great deal of effort has been spent in defining the

pharmacokinetics and pharmacodynamics of

investigational and registered anticancer agents. Often,

there is a marked variability in drug handling between

individual patients, which contributes to variability in the

pharmacodynamic effects of a given dose of a drug. A

combination of physiological variables, genetic

characteristics (pharmacogenetics) and environmental

factors is known to alter the relationship between the

absolute dose and the concentration–time profile in

plasma. A variety of strategies are now being evaluated in

patients with cancer to improve the therapeutic index of

anticancer drugs by implementation of pharmacogenetic

imprinting through genotyping or phenotyping individual

patients. The efforts have mainly focused on variants in

genes encoding the drug-metabolizing enzymes thiopurine

S-methyltransferase, dihydropyrimidine dehydrogenase,

members of the cytochrome P450 family, including the

CYP2B, 2C, 2D and 3A subfamilies, members of the UDP

glucuronosyltransferase family, as well as the ATP-binding

cassette transporters ABCB1 (P-glycoprotein) and ABCG2

(breast cancer resistance protein). Several of these

genotyping strategies have been shown to have

substantial impact on therapeutic outcome and should

eventually lead to improved anticancer

chemotherapy. Anti-Cancer Drugs 18:111–126 �c 2007
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Introduction
Individualizing therapy for patients being treated with

pharmaceutical agents is an overarching goal of basic and

clinical research in this first part of the 21st century. In no

area of medicine is this goal more critical than in cancer

chemotherapy. A better ability to predict which agents to

use in individual patients and an improved means of

dosing drugs are critical needs facing clinical researchers

in oncology care.

Many sources of interindividual variation exist in drug

toxicity and efficacy, both pharmacokinetic and pharma-

codynamic, as highlighted in Fig. 1. These include

patients’ body size and composition, age, ethnicity, and

sex, as well as physiologic aspects, especially disease state

and organ function. Environmental factors include inter-

actions with food, drinks, environmental toxins, other

drugs (prescription, over-the-counter and herbal medica-

tions), as well as interactions with drug formulation

components. Finally, a patient’s genetic profile is a critical

– but not the only – aspect to account for and explain

inter patient variability in drug response.

The pharmacogenetic differences between patients are

also multifactorial, as shown in Fig. 2. One factor of

growing importance as more targeted therapies are

developed is polymorphisms in drug targets, including

cell surface receptors and target proteins. Another is

polymorphisms in hormonal-regulated enzymes. Finally,

and the focus of this review, are polymorphisms in the

genes involved in drug pharmacokinetics that impact

drug absorption, distribution, metabolism and excretion.

A growing body of research is highlighting the role that

variations in the genes encoding drug-metabolizing

enzymes and drug transporters play in explaining, at least

in part, the substantial interindividual variability seen in

the clinical profile of several important drugs. Severe

toxicity might occur in the absence of normal metabolism

of active compounds, whereas the therapeutic effect of a

drug could be diminished in the absence of activation of a

prodrug. Diminished efficacy could be due to the

induction of metabolism enzymes or transporters, an

induction that may be affected by genetic variation. The

importance in detecting polymorphisms for a given
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enzyme depends on the contribution of the variant gene

product to pharmacological response, the availability of

alternative pathways of elimination and the prevalence of

the least-common variant allele. Although many sub-

strates have been identified for the known polymorphic

drug-metabolizing enzymes and transporters, few cancer

chemotherapeutic agents have been associated with such

genetically determined sources of variability. This review

will highlight discoveries in the pharmacogenomics of

drug-metabolizing enzymes and drug transporters, in-

cluding the existence and frequency of single nucleotide

polymorphisms (SNPs) in the genes encoding these

proteins, and how they might influence the disposition of

chemotherapeutic agents.

As the field of pharmacogenomics, and especially how it

applies to cancer chemotherapy, is a nascent area of

clinical research, many findings are incomplete. Different

researchers study different drugs and often different

polymorphisms, using various in-vitro and in-vivo meth-

odologies. Information often is incomplete and at times

contradictory. Thus, often the research findings on

specific polymorphisms are difficult to apply to specific

clinical situations. How this knowledge, can be applied

towards individualizing treatment strategies, if known,

will be presented as well.

Pharmacogenomics of drug-metabolizing en-
zymes
Thiopurine S-methyltransferase

Thiopurine S-methyltransferase (TPMT) genetic poly-

morphism represents a striking example of the potential

clinical impact of pharmacogenetics. is a cytosolic enzyme

in peripheral tissues, including erythrocytes, involved in

the inactivation of the thiopurine drugs 6-mercaptopur-

ine, azathioprine and 6-thioguanine. These prodrugs

require enzymatic activation by hypoxanthine phosphor-

ibosyltransferase to form thiopurine nucleotides. These

nucleotides, in turn, exert their cytotoxic effect by being

incorporated into DNA as well as inhibiting de-novo

purine synthesis. The major inactivation pathway of these

agents in hematopoietic cells is via the TPMT enzyme,

which transfers the methyl group from S-adenosyl

methionine to the sulfur atoms of thiopurines.

TPMT activity in normal volunteers has a trimodal

distribution, with 90% of individuals having high enzy-

matic activity, 10% having intermediate activity and 0.3%

having low or no detectable enzymatic activity. TPMT

deficiency leads to high intracellular accumulation of the

active drug and in turn severe – and even fatal –

hematologic toxicity [1]. The level of enzymatic activity

in individual patients has been found to be determined

by whether they are heterozygote or homozygote for

certain SNPs within the TPMT gene. The variants usually

associated with TPMT deficiency are TPMT*2,

TPMT*3A and TPMT*3C. These three variants together

represent over 95% of the noted deficiencies in the

TPMT activity [2]. The frequencies of allelic variants in

different ethnic populations are listed in Table 1 [3–10].

Knowing a patient’s genotype before starting the therapy

with 6-mercaptopurine, azathioprine and 6-thioguanine is

becoming a common practice. For example, patients

heterozygote for the TPMT gene, with one wild-type and

one variant gene copy, have been found to tolerate about

65% of the standard dosing of these agents, whereas

patients homozygote with two variant gene copies can

tolerate only 10% of the standard dose [11]. A genetic

test for TPMT variants is available through commercial

laboratories. The US Food and Drug Administration is

considering changing the labeling of 6-mercaptopurine to

incorporate guidance on genotyping testing and dose

modification.

Dihydropyrimidine dehydrogenase

Dihydropyrimidine dehydrogenase (DPD) is an enzyme

primarily expressed in the liver, and it functions in the

Fig. 1

Morphometric
Body size
Body composition

Drug specific
Dose and schedule

Dosage form 

Genetics
Drug metabolism

Drug transporters

Environment
Drug–drug interactions
Drug–CAM interactions

Drug–formulation interactions
Drug–food constituent interactions

Physiologic
Disease
Hepatic function
Renal function

Demographic
Age
Race/ethnicity
Sex

VariabilityVariability

Sources of pharmacokinetic and pharmacodynamic variability. *CAM,
complementary and alternative medicine.

Fig. 2

Influence on
pharmacokinetics

• Absorption
• Distribution
• Metabolism
• Excretion

Genetic variability 
• Receptors
• Target proteins

Influence on
drug effect

Influence on
hormonal - regulated

enzymes

Three different aspects of pharmacogenetics in drug therapy.

112 Anti-Cancer Drugs 2007, Vol 18 No 2

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



initial and rate-limiting step of pyrimidine catabolism. In

addition to catabolizing uracil and thymine, DPD also

metabolizes 5-fluorouracil (5-FU). Administered 5-FU

can undergo two different enzymatic pathways. In target

tissues, it undergoes anabolism to become cytotoxic

nucleotides that are incorporated into replicating RNA

and DNA. 5-FU can also inhibit thymidylate synthase in

the DNA replication pathway. In the liver, DPD

metabolizes the active drug into inactive dihydrofluor-

ouracil, which then undergoes additional enzymatic steps

before being secreted. More than 85% of an administered

dose of 5-FU is inactivated by DPD [12].

Mutations and SNPs in the gene encoding DPD can

cause deficiencies in enzymatic activity. Patients with

DPD deficiency have a reduced capacity to metabolize 5-

FU and are at risk of developing severe – and even life-

threatening – reactions [13–15]. Thirty-nine different

mutations and polymorphisms have been identified in the

human DPD gene (DYPD) [16], and 14 of these have

been identified in patients experiencing excessive 5-FU

toxicity. Between 3 and 5% of cancer patients may

experience this severe 5-FU-related toxicity owing to

alterations in the DPD gene. The most common

mutation is a point mutation in the invariant splice

donor site (IVS14 + 1G > A mutation). Van Kuilenburg et
al. [14] found this mutation in about one-quarter of

patients experiencing severe 5-FU toxicity. This muta-

tion has been found in patients of Dutch, German,

Finnish, Turkish and Taiwanese descent, but has not been

found in African-Americans or Japanese. The ethnic

frequency of this polymorphism is listed in Table 2 [15].

Identifying at-risk patients before initiating therapy has

proven to be difficult, and genotyping tests for DYPD
mutations typically have low sensitivity. Laboratory-based

testing for DPD activity is laborious and not conducive to

wide use in clinical oncology. Several methods have been

developed to screen for DYPD mutations [16] or to assess

DPD activity before therapy [17–20]. Magne et al. [21]

recently analyzed DPD activity in a population of

patients with 5-FU-related toxicities and reported that

only 28 out of 144 patients (19%) exhibited reduced

enzyme activity (below 100 pmol/min/mg of protein).

Remarkably, DYPD mutations were only detected in two

of 102 patients [21]. These findings suggest that patients

with normal DPD activity may develop 5-FU-related

toxicities and that genotype alone does not predict which

patients will develop toxicity following treatment with

5-FU. To circumvent the shortcoming of genotyping as a

the sole predictive strategy to treatment optimization

with drugs like 5-FU, current work is focused on the

development of a rapid and noninvasive [2-13C] uracil

breath test to determine a-priori DPD activity [22]. The

clinical utility and predictive power of this approach,

however, still needs to be ascertained before routine

implementation.

Cytochrome P450 isozymes

The cytochrome P540 (CYP) family of enzymes are

expressed in many tissues, with the largest activity in the

liver. They function by conducting oxidative metabolism

on many endogenous substrates and over 90% of all drugs.

These include many chemotherapy agents. Genetic

variants, including SNPs, exist in these enzymes, and

clinically significant alterations in drug metabolism,

efficacy and toxicity can occur owing to these variants.

The discovery of these genetic variants, and the

determination of their clinical relevance, have been

fruitful areas of clinical research over the past decade.

Recently, the US Food and Drug Administration approved

the first gene chip platform to rapidly genotype patients

for SNP variations in two important members of the CYP

system.

The CYP superfamily consists of over 60 enzymes that

have been grouped into several families and subfamilies.

Here, we will discuss only those CYP450 enzymes of most

relevance to clinical oncology on the basis of our current

understanding i.e. CYP2B6, CYP2C8, CYP2C9,

CYP2C19, CYP2D6, CYP3A4 and CYP3A5. For each

enzyme, information will be presented on: tissue expres-

sion and localization; drugs known to be substrates, as

well as drugs that inhibit or induce enzyme activity;

genetic variations affecting enzyme sequence; and the

impact, if known, of wild-type and variant proteins on the

metabolism of chemotherapeutic agents.

Table 1 Ethnic frequency (%) of allelic variants in the TPMT gene

Allelic variant SNPs Caucasian African-Americans Asians Hispanics Africans

TPMT*2 G238C 0.17–0.5 0.4 0 0.7–2.2 0
TPMT*3A G460A A719G 3.2–5.7 0.8 0–0.3 1.5–3.1 0
TPMT*3C A719G 0.17–4.8 2.4 2.9–3.7 1.0 7.6

SNP, single nucleotide polymorphism.
Sources: Caucasians [3,4], African-Americans [5], Asians [6,7], Hispanics [8,9], Africans [3,10].

Table 2 Ethnic frequency (%) of the IVS14 + 1G > A variant in the
DYPD gene

Ethnic/nationality Allele frequency (%)

European 0.47–2.2
Turkish 0.75
Taiwanese 0.0–2.7
Japanese 0
African-Americans 0

Source: [15].
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CYP2B6

CYP2B6 is expressed in the liver and in extrahepatic

tissues. Over 70 drugs are known to be completely or

partially metabolized by this enzyme [23]. These include

bupropion, efavirenz and methadone. Thiotepa and

ticlopidine are known to inhibit the enzyme, whereas

the enzyme can be induced by exposure to phenobarbital

and rifampin [24].

Enzymatic activity of CYP2B6 can vary up to 100-fold

between individuals [25]. Women appear to have higher

hepatic expression of the enzyme, including higher

mRNA expression by a factor of 3.9, higher protein level

by 1.6-fold and a 1.7-fold higher enzymatic activity level

as measured by N-demethylation of S-mephenytoin [26].

In addition, more men were found to be poor metabo-

lizers (PMs) by this S-mephenytoin test; 20% of men

(n = 45) were PMs, whereas only 7% (n = 28) of women

were PMs.

The gene encoding CYP2B6 is located on chromosome

19q13.2. Forty SNPs have been identified that lead to 37

different allelic variants, which comprise variants

CYP2B6*2 to CYP2B6*25. Table 3 [26–29] lists the allelic

variants that have SNPs with a frequency of more than 1%

in an ethnic population.

A number of these variants have been found to affect

function and expression. Kirchheiner et al. [27] found that

the CYP2B6*4 variant, containing the A785G SNP, had

increased enzymatic activity measured by bupropion

hydroxylation, with heterozygote individuals (*1/*4)

having 1.6 higher clearance than wild-type individuals.

Both the CYP2B6*4 and CYP2B6*6 carry the A785G

variant. The additional G516T variant in the CYP2B6*6
allele decreases protein expression. It is not clear whether

the overall effect of the CYP2B6*6 variant will be reduced

activity owing to decreased protein expression or higher

activity owing to increased catalytic potential [30,31].

Lang et al. [28] reported that the C1459T polymorphism,

found in the CYP2B6*5 and CYP2B6*7 allelic variants,

leads to lower protein expression in both homozygote and

heterozygote individuals. Lamba et al. [26] found a

correlation between this SNP and diminished activity in

women but not in men. Lang et al. [32] also found an in-

vitro decrease in the expression or function in the

CYP2B6*11, *12, *13, *14 and *15 variants, a finding that

needs to be validated in vivo. Klein et al. [33] found a

decreased expression of the CYP2B6*18, *19, *20 and *21
variants in vitro. Finally, Zukunft et al. [34] found a natural

occurring SNP in the TATA box ( – C82T), which led in
vitro to an increased expression and function of the

enzyme.

CYP2B6 is involved in the metabolism of chemotherapy

agents, including cyclophosphamide and ifosfamide.

Schmidt et al. [35] showed that the sex difference in

CYP2B6 expression translated to sex-dependent differ-

ences in ifosfamide metabolism in vitro. Liver microsomes

for women had a 2-fold higher N-dechloroethylation of

ifosfamide than those from men. Xie et al. [36] has

explored the effect of the G516T SNP found in the

CYP2B6*6 and *7 variants on cyclophosphamide metabo-

lism. Earlier studies had shown no difference in

metabolism to 4-hydroxy-cyclophosphamide as a function

of total CYP protein between wild-type individuals and

those homozygous for the CYP2B6*6 allele. Later, when

looking at patients with hematologic malignancies treated

with cyclophosphamide, Xie et al. [36] explored the

relative clearance of the drug by CYP enzymes CYP2B6,

CYP2C9 and CYP2C19. Although total drug metabolism

was relatively constant, the relative contribution of

CYP2B6 in total drug metabolism was 2-fold higher in

patients with the G516T variant than in those with the

wild-type variant [36]. Further clinical investigation is

needed to assess fully what impact sex and genetic

variation in CYP2B6 have on the efficacy and toxicity of

cyclophosphamide and ifosfamide.

The CYP2C subfamily. The CYP2C subfamily has four

members (CYP2C8, CYP2C9, CYP2C18 and CYP2C19)

and together this subfamily metabolizes approximately

20% of all clinically used drugs. Polymorphisms in the

CYP2C8, CYP2C9 and CYP2C19 genes have been shown to

correlate with toxicity of certain anticancer drugs in

affected individuals [37].

CYP2C8

Expression of CYP2C8 by mRNA has been found in the

liver as well as in the kidney, lung, adrenal gland, brain,

uterus, mammary gland, ovary and duodenum. The

enzyme metabolizes about 5% of drugs that undergo

oxidative metabolism in the liver [38]. Substrates for the

enzyme include paclitaxel, amiodarone, torsemide, cer-

ivastatin and repaglimide. Inhibitors include gemfibrozil

and montelukast [24]. In addition, dexamethasone,

phenobarbital and cortisol are known to induce enzymatic

Table 3 Ethnic frequency (%) of allelic variants in CYP2B6

Allelic variant SNPs Caucasians African-
Americans

Asians Hispanics

CYP2B6*2 C64T 5.3–9.0 0 4.7
CYP2B6*3 C777A 0.5 0
CYP2B6*4 A785G 4.0–32.6 16.7 9.3 14.3
CYP2B6*5 C1459T 9.5–13 9.0 1.1 0
CYP2B6*6 G516T

A785G
25.6 16.4

CYP2B6*7 G516T
A785G
C1459T

0–3.0 0

CYP2B6*8 A415G 1.0 0 0 0

SNP, single nucleotide polymorphism.
Sources: Caucasians [26–29], African-Americans [26], Asians [29], Hispanics
[26].
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activity of CYP2C8. In fact, CYP2C8 appears to be the

most inducible member of the 2C subfamily in vitro [38].

Like the other members of the 2C subfamily, the gene

encoding CYP2C8 is located at 10q24. There are a

number of nonsynonymous SNPs that have been

identified as well as three synonymous SNPs in the

50 untranslated region of the gene, encoding nine

different allelic variants. Table 4 [38–40] lists the allelic

variants with a frequency greater than 1% in an ethnic

population.

Paclitaxel, which is also metabolized by the CYP enzymes

3A4 and 3A5, has been used as a probe for in vitro analyses

on the effect of SNPs in the CYP2C8 gene. The

CYP2C8*2 variant has only 15% of the paclitaxel

hydroxylation activity seen in the wild-type variant

[41]. The CYP2C8*3 variant has only 50% of the in vitro
6a-hydroxylation activity as wild-type [42,43]. Of note,

these in vitro observations did not explain the significant

interpatient variability observed with paclitaxel clearance

when tested in a normal Caucasian population [44]. It is

possible that paclitaxel can be eliminated through

compensatory pathways in individuals who carry one or

more of the CYP2C8 variant alleles.

Garcia-Martin et al. [45] recently found that patients with

the CYP2C8*3 allele had reduced clearance of R-( – )-

ibuprofen, whereas patients with the CYP2C8*3 and

CYP2C9*2 SNP variants had diminished clearance of S-

( + )-ibuprofen. Of note, these authors and Yasar et al.
[46] found that the CYP2C8*3 and CYP2C9*2 alleles are

in incomplete linkage disequilibrium. The CYP2C8*5
variant, with a frame shift at 475delA, leads to an early

stop codon at residue 177, which results in an enzyme

missing 64% of its structure. One report documented a

Japanese patient who was homozygous for this variant and

experienced rhabdomylosis while receiving the CYP2C8

substrate drug cerivastatin [47]. The CYP2C8*8 variant,

with a frequency of only 0.0025 in a Japanese population,

was found to have only 10–20% of the activity in vitro of

the wild-type enzyme [48].

In view of the apparent contradiction between in vitro and

in vivo results pertaining to the importance of CYP2C8
variants, especially in the context of paclitaxel metabo-

lism, more rigorous assessment is urgently needed to

determine the clinical significance of such polymorph-

isms with respect to treatment outcome with anticancer

substrate drugs.

CYP2C9

CYP2C9 is the principal member of the 2C subfamily in

the liver [37]. Expression is also found in the kidney,

testes, adrenal glands, prostate, ovary and duodenum

[38]. A large number of commonly used drugs are

metabolized by CYP2C9. These include the anti-

inflammatory drugs diclofenac, naproxen, ibuprofen and

celecoxib, the diabetic agents glyburide, tolbutamide and

glipizide, the angiotensin II receptor blockers losartan

and irbesartan, as well as S-warfarin, zafirlukast, pheny-

toin and fluoxetine. The enzyme can be induced by

rifampin and secobarbital [24]. Numerous drugs are

known to inhibit CYP2C9, including amiodarone, fluco-

nazole and isoniazid. Serious adverse reactions can occur

from use of these inhibitors. For example, patients on

warfarin, tolbutamide or phenytoin can experience

significant overanticoagulation, hypoglycemia or neuro-

toxicity [49].

The gene is located on 10q24. Thirty-four SNPs are

contained in 27 allelic variants, designated *2 to *24.

Variants with a frequency greater than 1% are listed in

Table 5 [51–57]. Studies have generally shown decreased

activity of the CYP2C9*2 variant, both in vitro and in vivo
[49]. Kirchheiner et al. [58] found decreased clearance of

tolbutamide in patients with the CYP2C9*2 and

CYP2C9*3 variants. Individuals with the CYP2C9*2
variant had 75% of the clearance of the drug compared

with wild-type individuals. The CYP2C9*3 variant causes

a substantial reduction in enzymatic activity. Individuals

with this variant had only 16% of the clearance of wild-

type individuals and should be considered PMs. Patients

with the CYP2C9*3 variant also require less warfarin

dosing to sustain therapeutic anticoagulation. This

variant is also associated with an increased risk for

bleeding in patients on warfarin [59]. In patients with the

CYP2C9*3 variant, the mean clearance of S-warfarin,

glipizide, celecoxib and fluovostatin was below 25% of the

level seen in wild-type individuals, whereas patients

heterozygous for this variant (*1/*3) had clearances of

these drugs ranging between 40 and 70% compared with

wild-type [60]. The CYP2C9*4 polymorphism was found

in a Japanese patient with an adverse reaction to

phenytoin [61], whereas the rare CYP2C9*6 variant was

found in an African-American who also had an adverse

Table 4 Ethnic frequency (%) of allelic variants in CYP2C8

Allelic variant SNPs Caucasians African-Americans Asians Others

CYP2C8*2 A805T 0.4 4.0–18 0 Malaysian: 3.5
CYP2C8*3 G416A A1196G 9.5–23 2.0–3.3 0.7–5.0 Malaysian: 5.3
CYP2C8*4 C792G 7.5–11 0

SNP, single nucleotide polymorphism.
Sources: Caucasian [38], African-Americans [38,39], Asians [38], other [40].
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reaction to that drug [62]. Allabi et al. [51] found a

decreased in vivo enzymatic activity, as measured by the

metabolism of losartan, for the CYP2C9*5 and CYP2C9*6
variants. Blaisdell et al. [51] found that the CYP2C9*11
and CYP2C9*12 variants were a PM phenotype, with the

CYP2C9*11 variants having a 2-fold lower clearance of

tolbutamide in an in vitro model than the wild-type. Using

an in vitro bacterial cDNA expression system and site-

directed mutagenesis as a model, DeLozier et al. [52]

found that the CYP2C9*15 and CYP2C9*18 allelic variants

were likely null alleles. These authors also reported that

using an in vitro model, the CYP2C9*14 and CYP2C9*16
variants had a greater than 90% reduction in clearance of

tolbutamide than the wild-type, whereas the CYP2C9*17
and CYP2C9*19 variants had a more modest 30–40%

reduction in enzymatic activity.

Cyclophosphamide is partially metabolized by CYP2C9.

Using a yeast model expressing wild-type, CYP2C9*2 and

CYP2C9*3 variants, Xie et al. [31] found a 3-fold reduction

in drug metabolism in these recombinant variants. No

difference was found, however, in human microsomes

expressing these variants when compared with micro-

somes from patients with the wild-type variant. Hence,

the in vivo relevance of genetic variation in the CYP2C9
gene with respect to cyclophosphamide treatment

remains unclear.

CYP2C19

Expression of CYP2C19 is limited to the liver and the

duodenum [38]. Commonly used drugs that are metabo-

lized by this enzyme include the proton pump inhibitors

lansoprazole, omeprazole, pantoprazole and rabeprazole;

the antiseizure medications S-mephenytoin and diazepam;

as well as amitriptyline, citalopram, indomethacine, nelfi-

navir, proguanil, propronalol and teniposide. Drugs known

to inhibit enzymatic activity include fluoxetine, ketocona-

zole, lansoprazole, omeprazole and ticlopidine [24].

The gene is also located on 10q24. Combinations of 23

different SNPs in exon coding regions comprise 25

different allelic variants, listed in Table 6 [63]. The

CYP2C19*2 and CYP2C19*3 variants are notable for both

leading to premature stop codons and premature trunca-

tion of the protein, with a resultant completely inactive

enzyme. As noted in Table 6, there is a high frequency of

the CYP2C19*2 variant in African-Americans, Caucasians

and Asians, whereas the CYP2C19*3 is less common. It is

estimated that the CYP2C19*2 defective allele accounts

for 75–85% of the PMs in Asians and Caucasians. The

CYP2C19*4 and CYP2C19*5 variants also lead to transla-

tion of inactive enzymes, whereas the CYP2C19*6 and

CYP2C19*8 variants have 2 and 9% of the relative activity

of the wild-type version, respectively [37]. Cyclopho-

sphamide and ifosfamide undergo 4-hydroxylation by

CYP2C19, and both of their metabolites are active

compounds [64,65]. Timm et al. [66] reported that for

patients treated with cyclophosphamide at dosages below

1000 mg/m2, there was a significant correlation with the

CYP2C19*2 genotype and pharmacokinetic parameters,

whereas there were no correlations in polymorphisms in

other genes, including CYP2B6, CYP2C9, CYP3A5, and

GSTA1. This correlation was lost at dosages above

1000 mg/m2, indicating the potential induction of a CYP

or other metabolic pathway. Thalidomide, an antiangio-

genesis agent being actively investigated in clinical trials,

is also metabolized by CYP2C19 to three different

metabolites [67]. No study has yet shown a correlation

between CYP2C19 genotype and alteration in the

pharmacokinetics, efficacy or toxicity of thalidomide.

Table 5 Ethnic frequency (%) of allelic variants in CYP2C9

Allelic variant SNPs Caucasians African-Americans Asians Hispanics Africans

CYP2C9*2 C430T 6.8–13.2 1.0–2.5 0 8.0
CYP2C9*3 A1075C 4.3–15.9 0.5–1.25 0–2.2 6.0
CYP2C9*5 C1080G 0 1.7
CYP2C9*7 C55A 7.1
CYP2C9*8 G449A 6.7 7.1
CYP2C9*9 A752G 0.5 13.3 14.3
CYP2C9*11 C1003T 1
CYP2C9*12 C1465T 0.5

SNP, single nucleotide polymorphism.
Sources: Caucasians [51–54], African Americans [52,54,55], Asians [52,56], Hispanics [57], Africans [52].

Table 6 Ethnic frequency (%) of the poor metabolizing allelic variants (*2 and *3) in the CYP2C19 gene

Allelic variant SNPs Caucasians African-Americans Asians Africans Middle Eastern

CYP2C19*2 G681A 1.2–3.8 0–7.0 5.7–13.5 0.4–2.6 2–2.9
CYP2C19*3 G636A 0 0 1.6–1.9 0–3.2 0

SNP, single nucleotide polymorphism.
Source: [63].
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CYP2D6

While representing only a small percentage of total

expressed CYP enzyme protein in the liver, CYP2D6 has a

significant role in drug metabolism. It is estimated that

between 20 and 25% of all clinically used drugs are

metabolized by this enzyme [68]. These include

commonly used antidepressants such as amitriptyline,

desipramine, and paroxetine, b-blockers such as carvedi-

lol, S-metoprolol, propafenone and timolol, antipsychotics

including haloperidol, risperidone and thioridazin, antiar-

rhythmics such as flecainide and lidocaine, as well as the

antiemetic ondansetron. Known inhibitors include amio-

darone, buproprion, chlorpheniramine, cimetidine, clomi-

pramine, duloxetine, fluoxetine, haloperidol, paroxetine,

methadone, mibefradil, ritonavir and quinidine. Both

dexamethasone and rifampin can induce enzymatic

activity [24,68].

The gene encoding CYP2D6 is located on 22q13. Thus

far, there have been 58 different allelic variants described.

Including allelic subtypes, there are 101 known variants,

including 26 null alleles. In fact, about 71% of the

CYP2D6 alleles are functional in Caucasians, whereas 26%

are nonfunctional. Only about 50% of CYP2D6 alleles are

functional in Asians. This high level of variance may be

due to the close proximity of the gene to two pseudo-

genes (CYP2D7 and CYP2D8), as well as the increased

relative activity of the locus compared with other CYP

genes [68]. The most common of these variants are listed

in Table 7 [69]. In addition to these variants, CYP2D6
gene duplication, which causes individuals to be ultra-

rapid metabolizers, has been found in a number of

different ethnic groups at high frequencies, including

Swedish (2%), German (3.6%), Spanish (7–10%), Italian

(10%), Saudi Arabians (20%) and Ethiopian (29%) [70].

Recent evidence has shown that the CYP2D6 genotype

may have a profound impact on patients treated with

tamoxifen. About 90% of tamoxifen is metabolized to an

inactive compound, N-desmethyl-tamoxifen, by CYP3A4,

whereas about 10% is metabolized by CYP2D6 to 4-

hydroxy-tamoxifen. This latter compound has a 50- to

100-fold higher activity level than the parent compound

[71]. In a recent retrospective analysis of 223 women

treated with tamoxifen, patients were genotyped for the

*4 and *6 variants of CYP2D6. Women homozygous for the

CYP2D6*4 variant had a worse relapse-free time

(P = 0.023) and disease free-survival (P = 0.012), but

not overall survival (P = 0.169) compared with women

with other variants, leading to the hypothesis that

tamoxifen was being rapidly metabolized in these

patients. Interestingly, and consistent with these clinical

parameters, was the finding that women homozygous for

the CYP2D6*4 variant had a lower incidence of hot flashes

relative to patients who were heterozygous or homo-

zygous for the wild-type variant [72].

CYP3A4 and CYP3A5

The CYP3A subfamily of enzymes is the largest

cytochrome P450 subfamily in terms of expression level

in the liver, accounting for 30% or more of total CYP

protein [73]. In all, there are four family members, i.e.

CYP3A4, CYP3A5, CYP3A7 and CYP3A43. CYP3A7 is the

predominant CYP3A member expressed in the fetus, but

is present only at low levels in the adult [74]. CYP3A43

was recently discovered, but appears to have a limited

role in drug metabolism [75]. This enzyme has only low

expression levels in the liver, prostate and testis, and thus

may be less relevant to clinical pharmacology. It does

have, however, a role in metabolizing testosterone to less

active forms of the hormone, which, coupled with the

existence of polymorphisms in the gene encoding

CYP3A43, raises the possibility that this enzyme plays a

role in the risk of developing prostate cancer [76]. The

predominant enzymes in this subfamily in terms of drug

pharmacogenetics are CYP3A4 and CYP3A5, with the

former playing the more significant role.

CYP3A4 is highly expressed in the liver. It is also

expressed in the breast, small intestine and large

intestine [77]. It is estimated that over 50% of all

current medications as well as endogenous steroids and

environmental compounds and toxins are metabolized by

this enzyme [73,78,79]. Commonly used medications

metabolized by CYP3A4 include the macrolide antibiotics

erythromycin and clarithromycin; the benzodiazepines

alprazolam, midazolam and triazolam; calcium channel

blockers amlodipine, diltiazem, nifedipine and verapamil;

the hyperlipidemic agents atorvastatin, lovastatin, and

simvastatin; as well as dextromethorphan, propranolol,

Table 7 Ethnic frequency (%) of allelic variants in the CYP2D6 gene

Allelic variant SNPs Caucasians African-Americans Asians Hispanics Africans Middle Easterns

CYP2D6*2 C2850T 22–34 17.5–26.9 9.2–20 18.5–22.8 10.9–78 10–16
CYP2D6*3 2549A del 1.0–3.9 0.3–0.6 0–0.8 0 0–0.5 0–0.8
CYP2D6*4 G1846A 11.6–23.0 5.8–8.5 0.5–1.2 3.6–10.3 1.2–7.0 3.5–11.3
CYP2D6*5 2D6 deleted 1.6–7.3 6.0–6.9 4.5–6.2 2.3–4.2 33–6.1 0.1–1.5
CYP2D6*6 1797T del 0.7–1.4 0.5 0 0.7
CYP2D6*10 C100T 1.4–8.0 2.5–7.5 38.1–70 1.8–7.4 3.1–8.6 0.3–6.1
CYP2D6*17 C1023T 0.1–0.3 14.6–26 0–0.5 0 9.0–34 0.1–0.3

SNP, single nucleotide polymorphism.
Source: [69].
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quinine, salmeterol, sildenafil and zolpidem, and many

others. Drugs that inhibit enzyme activity include the

antiretroviral agents indinavir, nelfinavir and ritonavir, as

well as amiodarone, cimetidine, clarithromycin, erythro-

mycin, diltiazem, ketoconazole, fluvoxamine, nefazodone

and verapamil, and grapefruit juice. Drugs that can

induce enzymatic activity include carbamazepine, phe-

nobarbital, phenytoin, rifampin, troglitazone, rifabutin

and St John’s wort [24].

CYP3A4 activity shows wide interindividual variation of

up to 40-fold [73]. Ozdemir et al. [80] initially estimated

that 60–90% of the observed variation in metabolism of

CYP3A4 substrates could be explained by genetic

differences. Several lines of evidence have clouded this

picture, as well as the findings that health status,

endogenous hormone levels and age affect enzyme

expression and activity [81]. Thus, for the moment it is

not clear that genetic variants play a critical role in

explaining interindividual variation in the metabolism of

CYP3A4 substrates.

The gene encoding CYP3A4 is located at 7q21. Thus far,

39 different allelic variants have been named, arising from

22 nonsynonymous SNPs, nine synonymous SNPs and

eight SNPs in the promoter region [82]. The SNP

variants leading to alterations in amino acid sequences

along with their ethnic frequencies are shown in Table 8

[77,83–85]. Although there are no null alleles, a number

of these variants lead to proteins with reduced function.

These include the variants CYP3A4*2, *4, *5 and *6 [86].

The CYP3A4*18 variant was found in vitro to have

increased activity, but the effect of this polymorphism

on in vivo activity has not yet been shown.

Like CYP3A4, the CYP3A5 enzyme is expressed in the

liver, small intestine and large intestine [87]. Unlike

CYP3A4, CYP3A5 is also significantly expressed in

extrahepatic tissues, including the prostate, kidney,

adrenal gland and pituitary gland [88–91]. Its expression

is silenced, however, in 60–90% of Caucasians and a lower

percentage of African-Americans owing to polymorphisms

in the gene. These include the CYP3A5*3C variant, with

the A6986G SNP in intron 3, which causes a complete

silencing of genetic expression. Up to 90% of Caucasians

and 30% of African-Americans are homozygous for this

variant and thus deficient in CYP3A5 expression [92,93].

Table 9 [29,84,94,95] shows the ethnic frequencies of

these allelic variants.

Complicating our understanding of this enzyme is the

significant overlap in the drugs that are substrates,

inhibitors, and inducers of CYP3A5 [94]. Thus, the role

of CYP3A5 is not always clear, and depends on the drug

and site of action of the drug. Genetic variants of this

enzyme, including those that lead to no enzyme

expression at all in vivo, could have significant importance

in clinical pharmacology. A further complication in this

area of research is the fact that the probe drug used for

investigating these enzymes, midazolam, may not be an

accurate probe for pharmacogenetic studies – at least in

cancer patients – and does not correlate with genotype

variation in CYP3A4 and CYP3A5 [96].

A number of important chemotherapy agents are

metabolized by both CYP3A4 and CYP3A5, including

docetaxel, paclitaxel (in part), etoposide and vincristine,

and the immunosuppressive agents sirolimus and cyclos-

porine. These two enzymes account for an estimated 64–

93% of docetaxel total metabolism [97]. The clearance of

docetaxel is correlated with CYP3A activity, as measured

by midazolam metabolism [98], the erythromycin breath

test [99], urinary excretion of cortisol [100,101] or

dexamethasone pharmacokinetic parameters [102]. The

role of genetic variations in CYP3A4 and CYP3A5 and

docetaxel pharmacology, however, is not yet clear.

Interestingly, Goh et al. [98] found that individuals who

had the CYP3A5 genotype causing no protein expression

actually had a trend (although not statistically significant)

towards a higher mean drug clearance than those patients

with one or two active CYP3A5 alleles, as if a

compensatory increase in another subfamily member

had resulted. For etoposide clearance, Kishi et al. [103]

found that the CYP3A5 PM genotype predicted lower

Table 8 Ethnic frequency (%) of allelic variants in CYP3A4

Allelic variant SNPs Caucasians African-Americans Asians Hispanics Africans

CYP3A4*2 T15713C 2.7
CYP3A4*3 T1334C 0.6–4.2 0 0.3 0
CYP3A4*4 A352G 0.4–3.3
CYP3A4*5 C653G 0.6–1.4
CYP3A4*6 831insA 4.0 0 0.1–0.5
CYP3A4*7 G167A 1.1
CYP3A4*10 G520C 0.5–4.0 0 0
CYP3A4*15 G485A 0 2.4–4.2 0 4.2
CYP3A4*16 C554G 0 0 1.3–5.0 5.0
CYP3A4*17 T566C 0–2.1 0 0–5.0 0
CYP3A4*18 T878C 0 0.8–2.8 0
CYP3A4*19 C1399T 2.1

SNP, single nucleotide polymorphism.
Sources: Caucasians [77,83,84], African-Americans [77,84], Asians [77,83–85], Hispanics [77], Africans [83].
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drug clearance, but only in patients of African descent

and not in Caucasians. Paclitaxel is metabolized by both

CYP3A4 and CYP2C8. The parent drug can be metabo-

lized by CYP3A4 to 3-p-hydroxypaclitaxel and then

CYP2C8 to 6a,3-p-dihydroxypaclitaxel, or can be meta-

bolized first by CYP2C8 to 6a-hydroxypaclitaxel and then

CYP3A4 to 6a,3-p-dihydroxypaclitaxel. By giving an agent

that inhibits CYP3A4 (PSC-833, valspodar), levels of 6a-

hydroxypaclitaxel have been shown to increase along with

toxicities in patients treated with both drugs. This was, at

least in part, due to the inhibition of P-glycoprotein

(ABCB1) by PSC-833, but the inhibition of CYP3A4 was

also a potential cause of toxicities in patients treated with

this combination. This interaction required a reduction in

paclitaxel dosing levels by 50% in patients treated with

PSC-833 [104].

DeMichele et al. [105] investigated genotypes for

CYP3A4, CYP3A5, as well as in the glutathione S-

transferase gene in 90 node-positive breast cancer

patients receiving anthracycline-based chemotherapy

followed by high-dose, multiagent chemotherapy fol-

lowed by stem cell rescue. They found that patients with

the CYP3A4*1B and CYP3A5*3C variants who also did not

have deletions in the gene encoding glutathione S-

transferase (GSTM1 or GSTT1) had a nearly 5-fold poorer

disease-free survival rate and 4-fold poorer overall survival

rate than women who did not have these variants in

CYP3A but had deletions in GST [105]. Zhang et al. [106]

found that patients homozygous for CYP3A5*3 had higher

dose-adjusted concentrations of tacrolimus at 1 week, 1

month and 3 months after kidney transplantation than

those heterozygous or homozygous for the wild-type

allele. Seven other investigators have confirmed this

finding [107].

In terms of the effect of CYP3A4 and CYP3A5 on

explaining interindividual variation in drug metabolism,

much still needs to be researched and conflicting

evidence needs to be reconciled. Open questions remain

unanswered, including whether polymorphisms in

CYP3A5 have the greater impact in explaining variability

in drug disposition than polymorphisms in CYP3A4, and

whether influences such as health status and age better

explain the variability in CYP3A4 expression and activity

than genotypic differences. Given the important sub-

strates in clinical oncology metabolized by these en-

zymes, and the known wide variability in these drugs’

pharmacokinetic profiles, it is important that we resolve

these questions once and for all in the months and years

ahead.

UDP glucuronosyltransferase

UDP glucuronosyltransferases (UGTs) are membrane-

bound enzymes that serve as one of the primary pathways

in phase II drug metabolism. These enzymes catalyze the

conjugation of glucuronic acid from uridine diphospho-

glucuronic acid to endogenous and exogenous substrates.

This, in turn, increases the polarity of the conjugated

molecule and facilitates the elimination of the new

product in the bile or urine. A wide range of substrates are

metabolized by UGT enzymes and UGTs are thought to

be responsible for 35% of all drugs metabolized by

conjugation reactions, or ‘phase II’ reactions, including

drug metabolism via acetylation, glucuronidation, sulfa-

tion and methylation [78]. Although predominantly

expressed in the liver, UGTs are also expressed in a wide

range of tissues, including the kidneys, brain, placenta,

breast, prostate, and uterus. In their putative role in

metabolizing exogenous environmental toxins, UGTs are

also expressed in the nasal mucosa, gastrointestinal tract,

white blood cells and the skin [108].

Eighteen different functioning UGT proteins are en-

coded in the genome, and are classified into two families

– UGT1 and UGT2. They are further classified into three

subfamilies owing to their sequence homology – UGT1A,

UGT2A and UGT2B. The best studied, and thus far the

most critical UGT family member in terms of che-

motherapy pharmacology, is UGT1A1.

UGT1A1

A critical endogenous substrate for UGT1A1 is bilirubin

produced from the catabolism of heme. Several familial

forms of hyperbilirubinemia, including Crigler–Najjar

type 1 and the more common Gilbert’s syndrome, have

been found to be due to genetic polymorphisms in the

UGT1A1 gene. To date, more than 60 different genetic

variations have been identified in the UGT1A1 gene and

its promoter. One of these, and the one that has been

most frequently associated with Gilbert’s syndrome, is

based on the number of TA dinucleotide repeats in the

Table 9 Ethnic frequency (%) of allelic variants in CYP3A5

Allelic variant SNPs Caucasians African-Americans Asians Hispanics Africans

CYP3A5*2 C27289A 0–1.3 0 0
CYP3A5*3 A6986G 90.8–93.2 32.2 72.9–74.0 63 28.6
CYP3A5*6 G14690A 0.43 11.9 0 3.7 16.8
CYP3A5*7 27131–32insT 0 8.5–19 0 1.9
CYP3A5*8 C3699T 0 0 4
CYP3A5*9 G19386A 0 0 1–5.0
CYP3A5*10 T29753C 2 1 1

SNP, single nucleotide polymorphism.
Sources: Caucasians [29,84,94], African Americans [84,94], Asians [29,84,94], Hispanics [84], Africans [94,95].
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TATA-box region of the promoter. The wild-type has six

repeated TA pairs. The UGT1A1*28 has seven and is

found in patients with Gilbert’s syndrome. Two additional

variants, UGT1A1 *33 and UGT1A1*34, have five and

eight TA repeats, respectively. Increasing the number of

repeats leads to a decrease in the rate of transcription

initiation and thus lowers protein expression. Thus, the

mild hyperbilirubinemia of Gilbert’s syndrome is due to a

lower protein expression of UGT1A1. The ethnic

frequency of these polymorphic alleles varies consider-

ably (Table 10) [109] with Caucasians and African-

Americans more commonly having variants in the

promoter region, whereas Asians more commonly have

missense mutations in the coding region [110].

The importance of genetic variation in the UGT1A1 gene

has been most extensively studied in the context of

chemotherapeutic treatment with the topoisomerase I

inhibitor, irinotecan. This prodrug is activated in vivo by

carboxylesterase 2 (hCE2) to its active metabolite, 7-

ethyl-10-hydroxy-camptothecin (SN-38), which is 1000-

fold more potent than its parent drug. SN-38 is

glucuronidated by several UGT1A isoforms, including

UGT1A1 and UGT1A9, and is then subsequently

eliminated mainly in the bile [111]. Numerous studies

have shown that genetic polymorphisms in the UGT1A1
gene correlate with irinotecan’s pharmacokinetics and

toxicity. In a retrospective study of 118 Japanese patients

treated with the drug, Ando et al. [112] reported that

patients with the UGT1A1*28 allelic variation had a

higher incidence of toxicity, including myelosuppression

and severe diarrhea, than those with the wild-type allele.

The frequency of the UGT1A1*28 allele was 3.5-fold

higher in those patients experiencing grade 4 leucopenia

and/or grade 3 or 4 diarrhea. Almost half of all patients

who experienced severe toxicity carried one or more

UGT1A1*28 alleles. Of the 92 patients without toxicity, 3

and 11% were homozygous and heterozygous, respec-

tively, for the UGT1A1*28 allele. Iyer et al. [113] then

studied patients prospectively, and found that the

glucuronidation rate of SN-38 was 3.9-fold lower in

patients with the UGT1A1*28 variant than those who

were homozygous for the wild-type allele. In addition,

patients carrying the UGT1A1*28 allele had a 2.5-fold

lower absolute neutrophil count at the nadir after

treatment with irinotecan. Additional researchers have

confirmed these findings [114,115].

On the basis of the confirmatory studies, in 2005 the US

Food and Drug Administration changed the labeling of

irinotecan to suggest that all patients be genotyped for

the promoter polymorphism [116]. If patients are found

to have the UGT1A1*28 allele, it was recommended that

they receive a lower dose. Unfortunately, not until late

2005 was a test licensed to perform this genotyping and

clinicians remain, to this day, without clear guidance on

what sort of dose reduction to perform if patients are

found to be heterozygous or homozygous for the

UGT1A1*28 allele.

Pharmacogenomics of drug transporting
polypeptides
In addition to the effect of metabolism enzymes on drug

pharmacokinetics, transporting proteins expressed in the

gastrointestinal tract, liver and kidney may affect both

the absorption and elimination of substrates. Most of the

transporters identified thus far have been categorized

into two superfamilies: the ATP-binding cassette trans-

porters (ABC) and the solute carrier (SLC) transporter

family. The Human Genome Organization Nomenclature

Committee has categorized the 49 ABC transporters into

seven families (ABCA to ABCG), and the 360 SLC

transporters into 46 families (SLC1 to SLC46). Some

members of these families have been very well categor-

ized and found to transport specific endogenous and

exogenous substrates including drugs. Others are only

beginning to be characterized and may or may not

transport pharmaceutical agents.

Genetic variations in some of the genes encoding these

transporters have also been identified, and found to

correlate with significant variation in the expression and

function of these proteins. In turn, these genetic

polymorphisms help explain interpatient variability in

the pharmacology and response to commonly used drugs

[117,118]. Differences in protein expression and function

can impact the oral absorption as well as the liver or renal

elimination of agents. They can also affect cellular influx

and efflux at the drug target, a fact especially relevant in

cancer therapy.

Research on many of these transporters is just beginning

to identify and characterize their expression, function and

genetic variations. The most extensively studied over the

past decade is ABCB1, also known as P-glycoprotein.

Another ABC transporter, ABCG2 [also known as breast

cancer resistance protein (BCRP)], has been found to be

of importance clinically, and both are discussed below.

ABCB1

ABCB1 is encoded by the MDR-1 gene and is expressed

at high levels in the liver and the kidney, where it serves

as an efflux transporter involved in the elimination of

numerous endogenous and exogenous substrates [119]. It

Table 10 Ethnic frequency (%) of TA repeat variants in UGT1A1

No. of TA repeats Caucasians African-Ameri-
cans

Asians Hispanics

5 0 4.5 0 0
6 65.7–71.1 63.6 85–100 50–62.5
7 29.0–34.3 18.2 0–15 37.5–50
8 0 13.7 0 0

Source: [109].
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is found in the epithelium of the small intestine located

at the apical enterocyte membrane where it is involved in

the efflux of substrates into the gut lumen from the

circulation. It is expressed in the placenta serving as part

of the maternal–fetal barrier. It is also expressed in the

vasculature of the central nervous system, preventing

entry of substrates into the central nervous system from

the blood stream, where it serves a key role in forming the

blood–brain barrier. Finally, it is expressed in a number of

malignant cells, both in vitro and in vivo, and is a central

mechanism of multidrug resistance [120].

A substantial number of approved chemotherapy agents

are substrates for ABCB1, including actinomycin D,

daunorubicin, docetaxel, doxorubicin, etoposide, paclitax-

el, vinblastine and vincristine [121]. Agents that inhibit

ABCB1 that have been tested preclinically and clinically

as a means to overcome ABCB1 drug efflux and multidrug

resistance include verapamil, the phenothiazines, quini-

dine, quinacrine, quinine, amiodarone, several neurolep-

tics, tamoxifen, progesterone, cyclosporine, dexverapamil,

dexniguldipine, GF-902128, PSC-833 and VX-710 [120].

Hoffmeyer et al. [122] were the first to systematically

perform sequencing analysis on human DNA of the

ABCB1 gene. They identified 15 polymorphisms, eight in

exon sequences and seven in introns [122]. One SNP, a

synonymous wobble mutation at C3435T in exon 26, was

found to correlate with a significant reduction in protein

expression along the duodenum. This finding by Hoff-

meyer et al. [122] has been confirmed by some

investigators, whereas others have found no correlation

between this SNP and protein expression [123–127].

This SNP also correlated with altered oral absorption of a

number of drugs thought to be substrates for the

transporter [128]. Genotypic variation has been found

to correlate with response to neoadjuvant chemotherapy

in breast cancer [129]. Additional research has found that

alterations in recommended drug dosing can be generated

by knowing patients’ ABCB1 genotype for drugs such as

immune modulators and antiretrovirals [130,131]. The

ethnic frequency of this and other SNPs in the ABCB1
gene are listed in Table 11 [132].

Thus, whereas earlier studies showed significant correla-

tions between SNPs and transporter expression and

function of ABCB1, subsequent studies have provided

conflicting results. These contradictory findings still

must be resolved. Nevertheless, a survey of the literature

indicates that most common genetic variants in the ABCB1
gene are not strongly associated with the pharmacokinetics

of anticancer drugs, unless ABCB1 plays a crucial role in

the oral absorption of a substrate drug.

ABCG2

ABCG2 was initially discovered in a breast cell cancer cell

line resistant to anthracyclines [133]. It is highly

expressed in the placenta, and also has significant

expression in the central nervous system, liver, adrenal

gland, placenta, prostate, testes and uterus. Lower levels

are found in the small and large intestine, stomach, lung,

kidney and pancreas [133,134]. Although it was discov-

ered in a breast cancer-resistant cell line, and was named

BCRP from that discovery, its expression in nonlactating

normal and cancerous breast tissue does not appear to be

clinically significant.

A growing number of drugs have been identified as

substrates for ABCG2. These include the antibiotics

ciprofloxacin, oflaxacin and norfloxacin [135], cimetidine

[136], the anti-lipid agent cerivastatin [127], as well as

antiviral agents zidovudine [138], and lamivudine [139].

Agents found to inhibit the transporter include the

immune suppressants tacrolimus, sirolimus and cyclos-

porine A [140]; the antivirals ritonavir, saquinavir and

nelfinavir [141]; and the proton pump inhibitors panto-

prazole and omeprazole [142]. Chemotherapy agents that

are substrates for ABCG2 include mitoxantrone, metho-

trexate [143], flavopiridol [144], topotecan [145], irino-

tecan and its active metabolite SN-38 [146], UCN-01

[147], imantinib [148], and gefitinib [149].

Several SNPs have been identified in coding regions of

the gene and at least four nonsynonymous SNPs have

been identified. These SNPs occur at mRNA positions 34

(V12M; exon 2), 421 (Q141K, exon 16), 616 (I206L, exon

6) and 1768 (N590Y, exon 15). The ethnic frequencies of

these SNPs are shown in Table 12 [150–153]. The SNPs

of V12M, I206L and N590Y have not to date been found

to confer an alteration in protein expression or function.

The nonsynonymous substitution C421A, in which a

lysine is substituted for glutamine at codon 141 (Q141K),

has been shown to have a functional significance. Various

Table 11 Ethnic frequency (%) of allelic variants in the ABCB1
gene

Allelic variant Caucasians African-
Americans

Asians Africans Middle
Easterns

C1236T 62
G2677T 42–48 37
G2677A 2 19
C3435T 33–65 14–16 37–47 17–27 45

Source: [132].

Table 12 Ethnic frequencies (%) of allelic variants in ABCG2 gene

Allelic
var-
iant

Caucasians African-
Americans

Asians Hispanics Africans Middle
Easterns

V12M 2 4 20–45 40 5
Q141K 11–14 2.3–5.0 15–35 10 1.0 13
I206L 0 0 0 10 0
N590Y 1

Sources: [150–153].
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researchers have found that this SNP can lead to lower

plasma membrane expression [150,154–156] reduced

drug efflux [157,158], and reduced ATPase activity

[156,157]. This loss-of-function polymorphism can lead

to lower IC50 levels in cell lines exposed to cytotoxic

agents that are ABCG2 substrates, including mitoxan-

trone, irinotecan and SN-38. Plasma concentrations of

orally administered drugs, including oral topotecan, are

higher in patients with the Q141K SNP, which correlates

with the protein’s role in drug excretion. The SNP also

has been found to correlate with higher drug levels in vivo
in patients exposed to topotecan, irinotecan and diflo-

motecan, coinciding with its role in biliary and intestinal

elimination of xenobiotics. Further clinical testing will be

needed to determine whether prospective genotyping

and dose modifications on the basis of this polymorphism

are warranted.

Conclusion

Over the past decade, great advances have been made in

discovering and understanding the proteins involved in

drug transport and metabolism, as well as in polymorph-

isms and allelic variants in the genes encoding these

proteins. This knowledge has opened up the possibility

that we may one day be able to understand how these

proteins and their genetic variants alter function within

individual patients. This, in turn, could allow us to choose

and dose medications on the basis of each individual’s

drug metabolism profile.

Finding ways to individualize medical therapy, drug

choice and dosage is a top priority for medical research

and government regulators. The US Food and Drug

Administration identified this field as a ‘Key Opportunity’

in its 2004 ‘Critical Path’ for the future. The National

Institutes of Health is currently in its second 5-year

funding cycle, supporting the development of a multi-

institutional Pharmacogenomics Research Network, as

well as building a comprehensive clinical research

database for investigators from around the world looking

for correlations between genotype and phenotype in

medical therapy. In no area is this research endeavor more

relevant than in medical oncology, in which treatment

with chemotherapy needs to be performed within a

narrow therapeutic index, balancing drug efficacy with

significant drug toxicity.

In the last few decades, a great number of genetic

variants in drug-metabolizing and transporter genes have

been identified, but most variants are rare and occur in

less than 1% of patients. Although in vitro models have

indicated that genetic variants may have an increased or

decreased phenotype when compared with wild-type,

very few clinical studies have been performed to explore

how these genetic variants affect drug disposition within

patients. Finally, whereas the elimination pathways for

some of our current chemotherapeutic agents have been

fairly well described, including those for cyclophospha-

mide and irinotecan, for the vast majority of the drugs

used in medical oncology we still do not know which

enzymes and transporters are involved in their disposi-

tion.

To bridge this gulf between what is known about genetic

variants in metabolizing enzymes and transporters, and

how little is known on whether and how we should alter

our dosing schema of specific drugs on the basis of these

genetic variants, there is a critical need to expand greatly

the pharmacogenomic component of clinical trials in all

phases of drug development. This applies to newer

targeted therapies undergoing phase I and phase II

studies, as well as to more traditional cytotoxic

chemotherapies being used in large phase III trials. As

the cases of drugs such as 5-FU, irinotecan and 6-

mercaptopurine show, we may be putting our patients at

risk of unnecessary toxicity if we ignore the pharmaco-

genomic aspects of drug therapy. Alternatively, we might

be giving some patients subtherapeutic doses of che-

motherapy if we ignore genotypic variation that causes

the rapid metabolism or excretion of cancer drugs.

Ignoring the pharmacogenomic aspect of cancer care

under this scenario puts our patients’ chances of

treatment, and even cure, at risk.
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