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Pharmacogenomics is of particular importance in oncol-
ogy, a medical subspecialty characterized by rapidly
lethal diseases and drugs with narrow therapeutic indices
and significant toxicities. Identification of individuals
likely to respond to or experience toxicity from a given
chemotherapeutic agent, will have significant impact on
outcomes, particularly in the field of oncology. Several
models currently exist for discovery of pharmacoge-
nomic markers in oncology. Phenotypic variations may
range from variability in response as measured by sur-
vival or time to progression, to variability in toxicity
in individuals treated with a particular agent. Measure-
ments of toxicity can be a challenge to quantify in indi-
viduals because of interobserver variability. Lymphoblas-
toid cell lines (LCLs) and the NCI60 bank of tumor cell
lines have been used as models for clinical phenotypes.
To date, there are several examples of germline polymor-
phisms and somatic mutations that predict likelihood of
response and/or toxicity from chemotherapeutic agents.
A pattern of interethnic variability in response and toxic-
ity has been observed for some chemotherapeutic agents,
and the associated field of pharmacoethnicity is likely to
contribute to our understanding of pharmacogenomics.

Pharmacogenomics has found extensive application
in the field of oncology and is likely to remain an impor-
tant tool in the race toward personalized medicine. Indi-
vidualization of therapies is of particular importance in
oncology because of several unique features of cancer
treatment. First, most oncologic therapies have potential
for organ toxicity and typically give rise to an array of
potential life-threatening side effects. For example, tax-
anes are highly efficacious against malignancies of the
lung, breast, ovary, and head and neck, but are also asso-
ciated with significant toxicities such as myelosuppres-
sion and peripheral neuropathy. Identification of indi-
viduals unlikely to respond to taxane therapy a priori
will be tremendously important in therapeutic decision
making, because alternative therapies can be considered,
thereby reducing the likelihood of unnecessary toxicity.

Second, many oncologic diseases progress rapidly and
are generally lethal in the absence of effective therapy.
Consequently, prompt diagnosis and early institution
of efficacious therapies is of paramount importance. In
the absence of knowledge about predictors of response,
individuals could be subjected to therapies to which their
tumors might not respond, resulting in further disease
progression. With more advanced disease and organ dys-
function, some therapies may no longer be given safely
and may only serve a palliative rather than a curative
role. For example, a five-year period of adjuvant tamox-
ifen therapy following successful treatment of early-stage
estrogen receptor (ER)-positive breast cancer in a pre-
menopausal woman is associated with a reduction in
the rate of disease recurrence and mortality. A poor
metabolizer phenotype results in insufficient conversion
of tamoxifen to endoxifen and an increased risk of disease
relapse and progression (1). Affected individuals may be
better served by alternative antiestrogen maneuvers such
as the combination of ovarian ablation and aromatase
inhibitor therapy. Third, most chemotherapeutic agents
have a fairly narrow therapeutic index (see Figure 10.1).
The therapeutic index of a drug compares the dose that
produces toxicity with the dose that produces the desired
effectand, as such, provides a measure of the drug’s safety.
Given the significant likelihood of an adverse effect even
within the therapeutic window, treatment with a par-
ticular agent is best reserved for individuals likely to
respond, with the careful weighing of risks and benefits
and informed decision making on the part of the patient.
Finally, the expenses associated with oncologic therapies
necessitate avoidance of therapy-related morbidity that
further increases the likelihood of hospitalization and
overall cost of care. For example, trastuzumab is an agent
used in the treatment of HER2neu-positive breast can-
cer, is typically infused on a three-weekly schedule for at
least one year, and may cost as much as $70,000 for a full
course of therapy (2). Given all the aforementioned, it is
not surprising that current pharmacogenomic research
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is dominated by investigation of variability in response
to, and toxicity from, oncologic therapies (3).

PHARMACOGENOMIC DISCOVERY IN
ONCOLOGY

Germline Polymorphisms and
Somatic Mutations

Unlike pharmacogenomic research in other medical sub-
specialties, variability in response to chemotherapeutic
agents may be studied for association with variants in

germline DNA, somatic DNA, or both. Neoplastic cells
are characterized by malignant transformation, a process
that involves significant alteration in the cellular genetic
material, including changes in oncogene and tumor sup-
pressor gene expression (4). Downstream effects include
alteration in cellular signaling, proliferation, and apop-
tosis. These somatic mutations cause a change in the
genotype of the resultant cancer cell, and are not present
in nonmalignant cells. In contrast, germline variants are
found in all cells, may be passed on to offspring, and
can be expected to be identical in all cells of the same
individual (see Figure 10.2).
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Figure 10.2. Distinguishing features of somatic mutations and germline polymorphisms.
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Somatic and germline mutations occurring in the
same gene may give rise to different phenotypes. For
example, the TP53 gene is a tumor suppressor gene
involved in several human malignancies. Germline
mutations give rise to the Li-Fraumeni syndrome, which
is characterized by predisposition to early-onset cancers
such as breast carcinoma, sarcomas, brain tumors, and
adrenocortical carcinomas. On the other hand, somatic
mutations in TP53 occur in almost every type of human
cancer at rates as high as 38 percent to 50 percent, and
tend to be more frequent when the cancer is of advanced
stage or aggressive behavior (5). In addition, it has been
demonstrated that somatic mutations can be highly vari-
able even within the same tumor (6) and change as the
tumor evolves (7). Because the efficacy of an antineo-
plastic agent is related to its ability to exert an effect on
malignant tissues, studies of the variability in intended
drug effect have historically relied on the analysis of

somatic DNA and gene expression within the tumor (8).
For example, mutations in the epidermal growth fac-
tor receptor (EGFR) gene have been found to correlate
with response to EGFR tyrosine kinase inhibitors (Fig-
ure 10.3). In contrast, toxicity results from the effects
on normal tissues and therefore is most likely predicted
by germline polymorphisms and their effects on drug
pharmacokinetics or pharmacodynamics.

Although germline polymorphisms in general are
thought to affect drug toxicity, there is growing evidence
that germline polymorphisms may also predict chemo-
therapeutic response (9). For example, host genetic
variations are associated with treatment response for
childhood acute lymphoblastic leukemia (ALL), with
polymorphisms related to leukemia cell biology and host
drug disposition associated with the lower risk of resid-
ual disease (10). In addition, genotypes in ethnic Asian
patients with non-small cell lung cancer (NSCLC) are
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predictive of response to gemcitabine (11). Although
variation exists, germline DNA and matched somatic
DNA may also have significant concordance in variants
of pharmacogenetic genes (12), a feature that supports
a possibility of correlation between germline polymor-
phisms and intended drug effects. Given the relative ease
with which germline DNA may be collected from healthy
individuals and that it remains the same throughout
an individual’s life, there is great value in determin-
ing germline variants contributing to either response or
toxicity.

Phenotypes in Pharmacogenomic Studies of
Chemotherapeutic Agents

A wide range of phenotypes may be studied for
chemotherapeutic agents both in the clinical and pre-
clinical setting. Clearly, cancer patients are the optimal
system for identifying genetic variants contributing to
chemotherapeutic drug response and toxicity. The prob-
lem with human studies in oncology is the rarity in
which a homogeneous patient population receives the
same dose of a single chemotherapeutic agent. For mea-
surements of chemotherapeutic toxicity, interobserver
variability and difficulty in obtaining quantitative mea-
surements is another factor. To get around these issues
and avoid confounders such as comorbidities, concomi-
tant medications, and diet, preclinical cell-based models
have been developed that provide a useful discovery tool.
Critical to the process is the validation of these markers
in a clinical setting.

Clinical Phenotypes

Clinical phenotypes may be binary, such as death and
survival, or continuous, such as bone marrow suppres-
sion. Because side effects may be subjective, a toxicity-
grading system is often used. The Common Terminol-
ogy Criteria for Adverse Events was developed by the
National Cancer Institute and is the predominant sys-
tem used to describe the severity of adverse events in
oncology clinical trials (13). A myriad of toxicities may
be associated with oncologic therapies and range from
relatively benign to severe and life threatening. Exam-
ples of benign side effects include nausea, vomiting,
alopecia, fatigue, and anorexia, all of which may be seen
with most chemotherapeutic agents. Such side effects
are often easy to control with symptomatic therapies like
antiemetics, and typically do not have a major influ-
ence on the choice of chemotherapeutic agents. On
the other hand, examples of severe toxicities include
peripheral neuropathy from taxanes and epothilones,
cardiomyopathy from anthracyclinesand HER2-targeted
agents, profound myelosuppression from several agents,
central nervous system toxicity from ifosfamide
and 5-fluorouracil (5-FU), and hemorrhagic cysti-
tis from cyclophosphamide. The suppression of bone

marrow cells can be considered a quantitative phenotype;
however, the degree of suppression often depends on the
frequency at which the measurement is taken. Peripheral
neuropathy may be debilitating by affecting an individ-
ual’s ability to perform activities of daily living, whereas
cardiomyopathy and central nervous system toxicity may
be life threatening. The latter category of side effects is of
significant clinical importance, because their occurrence
typically necessitates a change of therapy.

The measurement of the response to chemotherapy
may take several forms, giving rise to a range of clinical
response phenotypes for use in pharmacogenomic stud-
ies. For solid tumors, the response to therapy may take
the form of a decrease in the size of a tumor mass (par-
tial response) or the complete disappearance of a lesion
(complete response). In addition, the lack of change in
a lesion may signify stable disease. For standardization,
the Response Evaluation Criteria in Solid Tumors guide-
lines are most commonly used, and use unidimensional
measurements of target lesions before and after therapy
to evaluate for a complete response, partial response, or
progressive disease (14).

For hematologic malignancies, the response to ther-
apy is assessed differently because such neoplasms are
associated with the presence of aberrant cells in the blood
and/or bone marrow rather than with distinct masses evi-
dent on radiologic imaging. For example, chronic myel-
ogenous leukemia (CML) is characterized by the pres-
ence of large numbers of neoplastic myeloid cells bearing
the Philadelphia chromosome or t(9;22) translocation
that gives rise to the BCR-ABLI chimeric gene (15). Ima-
tinib is standard therapy for CML and induces a high
rate of hematologic and cytogenetic response. A com-
plete hematologic response is defined as the attainment
of a white blood cell count of <10,000/L, no immature
granulocytes and <5 percent basophils, and a platelet
count of <450,000/uL with a nonpalpable spleen. In
contrast, a complete cytogenetic response is defined
by the complete disappearance of Philadelphia chro-
mosome positive cells. A major molecular response is
present when the ratio of BCR-ABL transcript to house-
keeping genes is <0.1 percent on an international scale
(16). Additional parameters such as rate of generation
of metabolites and overall drug exposure, as measured
by the area under the drug pharmacokinetic curve, are
related to drug pharmacokinetics and may also be used
as phenotypes in clinical pharmacogenomic studies (17).

Preclinical Cellular Phenotypes

The selection of molecular phenotypes in cell lines that
accurately reflect clinical drug response is a major chal-
lenge. The appropriate phenotype usually depends on
the mechanism of action of the drug, and on the clini-
cal phenotype of interest (18). For example, anticancer
drugs are intended to cause growth inhibition, cell death,
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or apoptosis; therefore, measuring cellular apoptosis or
cell growth inhibition across a range of drug dosages is
generally performed (19). Another phenotype to con-
sider is measurement of the conversion of parent drug
to active metabolite. This has been effectively analyzed
in the case of methotrexate glutamation (20) and the
chemotherapeutic drug cytarabine, in which the amount
of active metabolite (AraCTP) was associated with a spe-
cific genotype within an important drug-metabolizing
gene (21).

There are a number of advantages to using cell lines
derived from individuals for pharmacogenomic discov-
ery. Cells can be grown under identical conditions, allow-
ing the genetic contributions toward a specific phenotype
to be tested in a well-controlled, isolated system without
the confounders present in vivo. Cell lines offer ease of
experimental manipulation and unlimited resources to
study pharmacodynamic effects that would be consid-
ered unsafe in healthy volunteers. Despite the advantages
of this ex vivo system, there are limitations to using cell
lines to identify pharmacogenetic effects. These include
the following: (1) Few cell lines are available from non-
malignant tissue, making it difficult to find an appropri-
ate ex vivo system to study toxicities such as neurotoxic-
ity, cardiovascular toxicity, and nephrotoxicity, to name
a few. (2) Most cell lines do not have a cytochrome P450
system, making it difficult to study the pharmacokinetics
of drugs that require metabolic conversion. (3) Transfor-
mation of lymphoblasts into LCLs or tumors into tumor
celllines could introduce phenotypic changes, which may
result in expression differences with regard to the phe-
notype of study.

Approaches in Chemotherapy
Pharmacogenomic Research

Whether using cell lines, animals, or humans for pharma-
cogenomic studies, there are primarily two approaches,
the candidate gene approach, in which a gene or path-
way is identified as potentially important based on lit-
erature evidence and then subjected to further study,
and a hypothesis generating approach, in which the
whole genome is considered and no assumptions are
made about what genes are important. The sequenc-
ing of the human genome and the genetic resource pro-
vided by The International HapMap Project have allowed
researchers to greatly expand the focus of pharmacoge-
nomic studies to more routinely perform genome-wide
studies. A major advantage to the genome-wide approach
is the enormous amount of information gained; how-
ever, along with that information comes false-positive
findings as a result of multiple testing on a large scale.
A major advantage of the genome-wide approach is
that it opens up the possibility of identifying pre-
viously unknown genetic variants that contribute to
chemotherapy-induced cytotoxicity.

Candidate Gene Approach in Oncology

In this method, a single gene or genes within a path-
way known to be important in the pharmacokinetics or
pharmacodynamics of a particular drug are examined for
genetic variability and compared with phenotypic varia-
tion. Such an approach has met with success in elucidat-
ing the pharmacogenetics of chemotherapeutic agents
(Table 10.1). Some successful examples of candidate
gene studies include (1) genetic variations in thiopurine
methyltransferase (TPMT) associated with increased risk
for severe myelosuppression after 6-mercaptopurine (6-
MP) treatment (22); (2) UGT1A1*28 associated with
a decrease in UGT1A1 expression and increased risk
of severe neutropenia when irinotecan is administered
(23); and (3) lack of response to tamoxifen in CYP2D6
poor metabolizers (24). Importantly, the candidate gene
approach depends on the presence of a small number
of alleles seen in a significant fraction of the general
population that gives rise to a major alteration in drug
effectiveness. In addition, the approach is most success-
ful if the gene involves a key step in the drug metabolic
pathway. Because such a scenario is not applicable to all
chemotherapeutic agents, and because chemotherapy-
induced response and toxicity are most likely multigenic
traits, a broader approach is important in accurately elu-
cidating genetic predictors of response and toxicity (25).

Genome-Wide Association Studies in Oncology

A genome-wide approach (genome-wide association
study, or GWAS) takes the whole genome into considera-
tion and uses an unbiased method to generate candidate
genes that may be further subjected to functional evalu-
ation and validation (26, 27). GWAS has been facilitated
by completion of the sequencing of the human genome
and the International HapMap projects. The Human
Genome Project was launched in 1990 and completed
in 2004, and served to provide an accurate sequence of
the human genome as a foundation for genetic studies
of disease and response to drugs (28). The International
HapMap Project was initiated in 2002 to characterize
common variations in DNA sequence among four dif-
ferent populations and to construct haplotype maps (29)
but has been extended to study eleven additional popu-
lations.

Genome-wide studies of germline DNA have been
used in generating genomic predictors of response to a
variety of chemotherapeutic agents. As a result of the
large number of polymorphisms studied for association,
GWAS may result in a high false-discovery rate. This
important limitation may be curtailed by validation of
findings in an independent set of similarly treated cells or
patients. Nevertheless, a few GWAS findings have been
correlated with results obtained by using a candidate gene
approach. For example, cytarabine is a chemotherapeutic
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Table 10.1. Pharmacogenomics, of Chemotherapeutic Agents Derived by a Candidate Gene Approach

Chemotherapeutic Pharmacogenomic Issues of
Tumor Type Agentfs) Molecular Target ~ Importance Clinical Significance
Breast cancer Tamoxifen ER At least seventy CYP2D6 allelic Breast cancer patients
variants exist and give riseto  homozygous for the null
poor, intermediate, extensive, allele, CYP2D6*4 have
and ultrarapid metabolizers shorter time to relapse and
with progressively higher worse disease-free survival
concentrations of the active than those with CYP2D6%*4/*1
metabolite, endoxifen. or CYP2D6*1/*1 genotypes.
No CYP2D6*4/*4 patients
experienced moderate or
severe hot flashes, whereas
approximately 20% of women
with CYP2D6%4/*1 or
CYP2D6*1/*1 do experience
hot flashes.
Colorectal Irinotecan Topoisomerase | The UGT1A1*28 allele, Several studies show that
cancer Monoclonal EGFR characterized by seven TA individuals homozygous for
antibodies against repeats in the promoter region, the UGT1A1*28 allele are
EGFR (EGFR-1), e.g., results in reduced activity of more predisposed to late
cetuximab, the UGT1A1 enzyme, with irinotecan toxicity
panitumumab consequent accumulation of ~ manifesting as diarrhea,
the toxic metabolite, SN-38. neutropenia, or both.
Gain-of-function mutations in ~ Patients with KRAS-mutated
the KRAS gene involved in tumors are resistant to
downstream signaling resultin therapy with EGFR-I agents.
bypassing of the EGFR
signaling pathway.
NSCLC EGFR-tyrosine kinase EGFR-tyrosine Somatic mutations in EGFR Somatic mutations in EGFR in
inhibitors (EGFR-TKI), kinase gene resultin altered function NSCLC are highly correlated
e.g., gefitinib and of the associated tyrosine with response to gefitinib and
erlotinib kinase. erlotinib, particularly among
nonsmoking Asian females.
Multiple 5-FU Dihydropyrimidine  Several sequence variations in Mutations resulting in DPD
malignancies dehydrogenase the dihydropyrimidine deficiency resultin
Thymidylate dehydrogenase gene (DPYD) increased likelihood of
synthetase have been described; potentially life-threatening
however, only the relatively toxicity from 5-FU. High 7S
infrequent DPYD*2A and gene expression variants are
DPYD*13 alleles have been associated with decreased
consistently associated with survival in colorectal cancer
DPD deficiency. Variants such patients treated with 5-FU.
as a 6 base pair insertion and
deletion polymorphism in the
3'-untranslated region, and a
variable number of tandem
repeats in the
promoter-enhancer region,
lead to increased expression
of the thymidylate synthetase
gene (TS).
A variety of 6-MP and Purine analogs, Azathioprine is converted to Low TPMT activity results in
hematologic 6-thioguanine (6-TG)  antagonists to 6-MP. Both 6-MP and 6-TG are failure to catabolize purine

malignancies,
e.g., childhood
and adult ALL,
childhood AML,
childhood
non-Hodgkin’s
lymphoma

endogenous
purines required for
DNA synthesis in
the S-phase of the
cell cycle

catabolized by thiopurine
methyltransferase (TPMT).
Seventeen mutant TPMT
alleles have been described,
some of which give rise to
intermediate or low enzyme
activity.

analogs, with consequent
life-threatening toxicity,
including myelosuppression.
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agent used in the treatment of hematologic malignancies
such as adult acute myeloid leukemia (AML). The rate-
limiting step in cytarabine catabolism is catalyzed by the
enzyme deoxycytidine kinase (DCK). Earlier research
demonstrated that low levels of DCK mRNA in blast
cells correlated with poorer outcome as shown by a
shorter disease-free and overall survival (30). In addi-
tion, clinical studies showed that low intracellular levels
of cytarabine in leukemia cells resulted in similarly poor
outcomes (31, 32). Consistent with clinical findings, a
GWAS study using LCLs showed that single-nucleotide
polymorphisms (SNPs) within the gene DCK resulted
in increased enzyme levels and heightened sensitivity to
cytarabine (21).

Advances in molecular biology and bioinformatics
coupled with the development of methods for high-
throughput analysis have made it feasible to study large
numbers of individuals in GWAS. Such studies may be
conducted clinically by genotyping individuals with a
variable drug response; however, there are important
considerations in clinical GWAS. First, because varia-
tion in response to most clinically administered drugs
depends on the combined contribution of multiple
genes, one must consider sample size for a study to have
adequate statistical power. Clinical GWAS studies are
expensive and time consuming, and require large num-
bers of patients and infrastructure to obtain reliable clini-
cal phenotype data. Establishing a prospective cohort can
take years because of the time required to meet regulatory
requirements, to accrue a population of sufficient size,
and for follow-up analysis. Although samples from retro-
spective clinical trials require fewer resources, in general,
they are not powered to answer specific pharmacoge-
netic questions. This problem is further compounded by
the need for multiple large patient cohorts to enable both
discovery and replication studies. In addition, confound-
ing factors such as comorbidities, dosage, timing of drug
administration, and diet are difficult to standardize and
cannot be easily separated from genomic contributions
to variation in drug response. Uncontrolled confoun-
ders, including population stratification or admixture,
can bias measured effect estimates of genotype-
phenotype relationships. Finally, pharmacogenetic dis-
covery for highly toxic drugs, such as chemotherapeutics
and certain antiviral agents, poses additional challenges
because these drugs cannot be administered to healthy
individuals for classical genetic studies. For the reasons
just mentioned, some researchers have turned to the use
of human cell-based models for pharmacogenetic dis-
covery and validation studies (18).

Cell-Based Models in Chemotherapy
Pharmacogenomic Discovery

For oncologic research, the examples of cell lines used
include those from healthy individuals, and those derived

from tumors from humans. As described earlier, the DNA
and certainly expression of genes can vary considerably
between normal tissue and tumor. Lymphoblastoid cell
lines and the NCI60 bank of tumor cell lines are the most
frequently used cell-based models for pharmacogenomic
discovery. The NCI60 bank of cancer cell lines is derived
from multiple human tumors and contains somatic
DNA. As part of the International HapMap Project,
LCLs were collected in phases from distinct world pop-
ulations, including whites from Utah (CEU), Yorubas
from Nigeria (YRI), Chinese from Beijing (CHB), and
Japanese from Tokyo (JPT). LCLs are commercially avail-
able, genotyped (with many being sequenced through the
1000 Genome Project), and, for the CEU samples, also
are part of large pedigrees. The NCI60 bank of tumor
cell lines are derived from diverse human malignancies
including those of the brain, blood and bone marrow,
breast, colon, kidney, lung, ovary, prostate, and skin.
For cell-based models, phenotypes such as growth inhi-
bition, cell death through apoptosis, generation of an
active metabolite, and biochemical activities have been
used (18).

LCL Model

Use of the LCL model allows pharmacogenomic research
to be conducted with cells from healthy, related indi-
viduals for whom inclusion in chemotherapeutic drug
studies would not be feasible because of ethical con-
siderations. Cell lines in culture may be treated with a
range of drug concentrations for a set period of time to
obtain cellular growth rate inhibition or apoptosis. In
addition, parameters such as concentration at which 50
percent growth inhibition occurs (ICsy) or area under
the percentage survival-concentration curve (AUC) can
be used as a single value representing the degree of cel-
lular sensitivity to the drug. Lymphoblastoid cell lines
are prepared by Epstein-Barr virus (EBV) transforma-
tion of peripheral blood mononuclear cells, which results
in the immortalization of B-lymphocytes and the abil-
ity to proliferate indefinitely (33). In particular, during
the past few years, GWAS using the EBV-transformed
LCLs (e.g., the HapMap samples) have demonstrated the
feasibility of integrating genotypic data (e.g., >3.1 mil-
lion SNPs) with cytotoxicities of anticancer agents; for
example, 5-FU, docetaxel, etoposide, cisplatin, daunoru-
bicin, carboplatin, cytarabine, and gemcitabine (21, 34—
37). Table 10.2 lists some of the discoveries made by
using this cell-based model. One of the main criti-
cisms of the use of LCLs for pharmacogenomic discov-
ery of variants contributing to chemotherapeutic tox-
icity is the effect of confounders (variation in cellular
growth rate, baseline EBV copy number, and ATP lev-
els) on phenotypes measured or cellular growth rate
(38). Although studies have shown that baseline ATP or
EBV copy number was not significantly correlated with
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Table 10.2. Examples of Pharmacogenomic Discoveries Using LCLs

Chemotherapeutic Examples of

Agent Related Gene(s) Significant SNPs and Loci Pharmacogenomic Discovery Reference
5-FU TYMS rs2847153 and rs2853533 2 SNPs in TYMS, the gene (59), (35)
9q13-922 encoding thymidylate
synthetase, are significantly
associated with 5-FU
cytotoxicity in HapMap CEPH
LCLs.
Genome-wide linkage analyses
demonstrate a quantitative trait
locus (QTL) at 9q13-q22 which
influences 5-FU cytotoxicity in
HapMap LCLs.
Docetaxel N/A 5q11-21, 9913-22 Genome-wide linkage analyses  (35)
demonstrates 2 QTLs on
chromosomes 5q11-21 and
9913-922 which influence
docetaxel cytotoxicity in
HapMap LCLs.
Etoposide UVRAG, SEMA5A, 22 SNPs with 15 located Linkage-directed association (60)
SCL7A6, PRMT7 within introns of the demonstrates 22 SNPs that are
aforementioned genes significantly associated with
(rs10079862, rs571826, etoposide cytotoxicity at one or
rs16882871, rs10213926, more treatment concentrations
rs2135071, rs3777359, in HapMap CEPH LCLs.
rs369459, rs446732, rs421548,
rs442173, rs486947, and
rs268478 in SEMASA;
rs7116263 in UVRAG;
rs11644360 in SLC7A6; and
rs3785125 in PRMT7) and 1
(rs1127773) located in a
3'-untranslated region of
SLC7A6
Cisplatin CDH13, ZNF659, 20 SNPs including 10 located ~ Linkage-directed association (61)

Daunorubicin

LRRC3B, PITX2,
LARP2

HNRPD, CYP1B1

within the 5 aforementioned
genes (rs17758876 in CDH13;
rs17041972, rs17624452,
rs17041968, and rs2278782 in
PITX2; rs4834232 in LARP2;
rs1026686 and rs3860575 in
SNF659; and rs17018468 and
rs7652737 in LRRC3B), and 10
nongenic SNPs (rs7131224,
rs7113868, rs7119153,
rs7949504, rs11944754,
rs1028074, rs12795809,
rs10510534, rs7683488, and
rs6848982)

rs1551315, rs12052523,

rs2195830, rs623360,
rs10083335, rs3750518.

analysis demonstrates that 20
SNPs are associated with
cisplatin cytotoxicity in HapMap
CEPH LCLs, with 4 of those
explaining 10% of variation in
apoptosis.

2 SNPs (rs120525235 and (62)
rs3750518) were significant
predictors of transformed
daunorubicin ICsg in a validation
set of HapMap CEPH LCLs,
whereas 6 SNPs predicted 29%
of variation of transformed
daunorubicin I1Csg. rs3750518
acts by altering HNRPD gene
expression. Additionally,
rs10932125 genotype was
associated with CYP1B1
expression and transformed
daunorubicin ICsp.
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Chemotherapeutic Examples of
Agent Related Gene(s)

Significant SNPs and Loci

Pharmacogenomic Discovery Reference

Carboplatin GPC5

Cytarabine G1T1, SCL25A37,
P2RX1, CCDC24,

RPS6KA2, SSH2,

L0C399491, rs10906723, rs2430853,
ANPEP, SOD3 rs10181725, rs10193059 in
Yoruba LCLs
Gemcitabine and  IQGAP2 and rs3797418 and rs6082527
cytarahbine TGM3

rs1031324 and rs1993034

rs17808412, rs2775139,
rs17795186, rs368182 in
Caucasian LCLs; rs938562,

2 SNPs are significantly (63)
associated with carboplatin
cytotoxic phenotypes at all
concentrations and ICsg through
an effect on GPC5 gene
expression in HapMap LCLs
from Yoruba individuals
probably by a distant-acting
effect because the SNPs are
not located within the GPC5
gene.

4 SNPs explain 51% of variability ~ (21)
in sensitivity to cytarabine in

HapMap cell lines from white
individuals, while 5 SNPs explain

58% of variation in HapMap cell

lines from Yoruba individuals, by
affecting expression of the
aforementioned target genes.

A SNP in IQGAP2 (rs3797418) is  LiL, et al. 2009
significantly associated with (43)
variation in multiple gene

expression as well as both
gemcitabine and cytarabine ICsg

in ethnically defined “Human

Variation Panel” LCLs. A second

SNP in TGM3 (rs6082527) is

associated with gene

expression and gemcitabine

|C50.

cellular growth rate or drug-induced cytotoxicity, cel-
lular growth rate and drug-induced cytotoxicity were
significantly, directly related for a number of chemother-
apeutic agents. Importantly, cellular growth rate is under
appreciable genetic influence (> = 0.30-0.39). Not sur-
prisingly, a percentage of SNPs that significantly asso-
ciate with drug-induced cytotoxicity also associate with
cellular growth rate (P < 0.0001). Studies using LCLs
for pharmacologic outcomes should therefore consider
that a portion of the genetic variation explaining drug-
induced cytotoxicity is mediated via heritable effects on
growth rate (39).

NCI60 Cell Lines

The NCI60 is a bank of sixty human cancer cell lines
derived from several malignant tissues including those
in the brain, blood and bone marrow, breast, colon, kid-
ney, lung, ovary, prostate, and skin. NCI60 cell lines have
been screened for the cytotoxic effect of more than 40,000
compounds, and results are publicly available (40). In
addition, they have been used to study genetic pre-
dictors of response to several chemotherapeutic agents.
For example, the pharmacogenomics of gemcitabine has

been studied in such a model (41). A number of studies
have correlated baseline gene expression with sensitivity
to specific compounds in the NCI60 panel (42). Table
10.3 lists some of the discoveries made using the NCI60
cell lines. An important limitation in the use of can-
cer cell lines for pharmacogenomic research lies in the
small sample size that is available and that the sixty cell
lines comprises nine different tissue types. Nevertheless,
tumor cell lines may be used for functional studies of pre-
dictive genes/loci derived from clinical studies or studied
in LCLs. For example, RNA interference technology may
be used to upregulate or downregulate gene function
in relevant tumor cell lines in order to study variability
in drug response resulting from altered gene expression
(43).

PHARMACOGENOMICS OF IMPORTANCE
IN ONCOLOGY

Germline Polymorphisms

Historically, such variants have been found to pre-
dominantly affect pharmacokinetic pathways resulting
in altered levels of active drugs and/or metabolites.
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Table 10.3. Examples of Pharmacogenomic Discoveries Using NCI60 Cell Lines

Class(es) of
Chemotherapeutic
Agents Studied Related Gene(s) Significant SNPs Pharmacogenomic Discovery  Reference
Taxanes, ERCC2, ERCC5, and  rs13181, rs17655, rs1695  Cytotoxicity of taxanes is (64)
topoisomerase GSTP1 markedly dependent on ERCC2
inhibitors, genotype; ERCC5 genotype is
antimetabolites, N7 important only for taxanes; and
alkylating agents. GSTP1 polymorphisms are
relevant for other drug classes.
Gemcitabine CDC5L, EPC2, rs525043, rs2279653, SNPs in 4 genes are (41)
POLS, and PARP1  rs6739555, rs2293464 significantly associated with
gemcitabine sensitivity.
Erlotinib, EGFR rs2227983 EGFR-216G>T rs2227983 is associated with (65)
geldanamycin, lower sensitivity to alkylating
topoisomerase | and agents, whereas -216G>T
Il'inhibitors, variants are associated with
alkylating agents increased sensitivity to
erlotinib and reduced
sensitivity to geldanamycin,
topoisomerase | inhibitors, and
alkylating agents.
Antimetabolites MTHFR MTHFR-A1298C Cells homozygous for the (66)
mutant allele (CC at
MTHFR-A1298C) are more
sensitive to cyclocytidine,
cytarabine, and floxuridine
than those with AA or AC.
Alkylating agents MDM2 SNP309 SNP309 is significantly (67)

and topoisomerase |
inhibitors

associated with increased
sensitivity to alkylating agents
and topoisomerase | inhibitors
in cells with wild-type TP53
gene.

Germline polymorphisms have typically predicted tox-
icity from chemotherapeutic agents, although there is
emerging evidence that such variants may also predict
response. A few clinically relevant examples are detailed
here.

CYP2D6 Genotype and Tamoxifen

Tamoxifen is a selective estrogen receptor modula-
tor (SERM) that exerts agonist effects on uterine
endometrium and antagonist effects on breast tissues
(44). Tt is the most widely used antiestrogen therapy in
adjuvant treatment of ER-positive breast cancer in pre-
menopausal women, and also has efficacy in prevent-
ing invasive and noninvasive breast cancer in women
at highest risk. The National Surgical Adjuvant Breast
and Bowel Project P1 trial (45) demonstrated a 49
percent reduction in the incidence of invasive breast
cancer among high-risk women treated with a five-
year course of tamoxifen. As a prodrug, the activity
of tamoxifen depends on conversion to a number of
active metabolites. In hepatocytes, it is metabolized by

cytochrome P450 enzymes to N-desmethyltamoxifen
and 4-hydroxytamoxifen (see Figure 10.4). Oxidation of
both metabolites results in the synthesis of 4-hydroxy-
N-desmethyltamoxifen (endoxifen). The antiestrogenic
effects of tamoxifen and its metabolites depend on inter-
action with the ERs. Although both 4-hydroxytamoxifen
and endoxifen have significant affinity for ER, endoxifen
plasma concentrations are five- to tenfold higher, and so
it is believed to be the more important metabolite (1).
CYP2D6 is one of the cytochrome enzymes involved
in tamoxifen metabolism, and it is encoded by the
CYP2D6 gene on chromosome 22q13.1. Several poly-
morphisms are known to be present in the gene, and
more than seventy-five variant alleles have been reported
(46). Null alleles such as CYP2D6*4 and *6 are particu-
larly important, because homozygosity for them results
in a poor metabolizer phenotype, a condition in which
CYP2D6 enzyme activity is negligible. Clinical trials have
demonstrated that affected patients have lower endox-
ifen levels and poorer outcomes as shown by worse
relapse-free time and disease-free survival in compari-
son with patients lacking null alleles (24). Concurrently,
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Figure 10.4. Tamoxifen pharmacokinetics and pharmacodynamics. Reproduced with permission from PharmGKB and Stanford

University (68).

patients with homozygosity for the null alleles are less
likely to experience hot flashes, a common side effect of
tamoxifen. CYP2D6 genotyping s clinically available and
is listed in the U.S. Food and Drug Administration (FDA)
table of valid genomic biomarkers (47).

UGT1AT1 and Irinotecan Therapy

Irinotecan is a topoisomerase I inhibitor and acts by
binding reversibly to a topoisomerase I-DNA complex
to induce double-strand DNA breaks that lead to cell
death in the S-phase of the cell cycle (48). Irinotecan
is indicated for treatment of metastatic colorectal car-
cinoma in combination with 5-FU and leucovorin,
and may also be used in combination with cetux-
imab (49). Conversion of irinotecan to a more potent

metabolite, SN-38, results from the activity of serum
carboxylesterases. Degradation of SN-38 is mediated
by wuridine diphosphate-glucuronyltransferase 1A1
(UGT1A1), resulting in the formation of the glucuronide
conjugate, SN-38-glucuronide (Figure 10.5). SN-38 is
largely responsible for toxicities of irinotecan such as
neutropenia and diarrhea (50).

Inadequate UGT1A1 activity results in accumulation
of SN-38 and increased likelihood of irinotecan toxicity
(51). Several polymorphisms in the UGT1AI gene have
been reported to date (52). The homozygous genotype
of UGT1A1%28 has a frequency as high as 10 percent to
20 percent in some ethnic groups and has correlated with
a high frequency of delayed irinotecan toxicity in clin-
ical trials (53). Based on those findings, the irinotecan
label was modified to incorporate the role of UGT1A1*28
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polymorphism in predicting severe neutropenia with
irinotecan therapy.

Dihydropyrimidine Dehydrogenase (DPYD) and
Thymidylate Synthetase (TS) Polymorphisms and
5-FU Therapy

An important drug in the treatment of colorectal cancer,
5-FU, is a pyrimidine antimetabolite that acts by inhibi-

tion of thymidylate synthetase, an enzyme involved in the
synthesis of dTMP in the DNA synthetic pathway. 5-FU
has efficacy in the treatment of other solid malignan-
cies, most notably those of the breast and head and neck.
An oral prodrug formulation of 5-FU, capecitabine, is
also in clinical use. Common side effects of 5-FU include
myelosuppression, diarrhea, stomatitis, and hand-and-
foot syndrome.
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The catabolic pathway of 5-FU involves the activ-
ity of DPD, an enzyme encoded by the DPYD gene
on chromosome 1p22 (Figure 10.6). More than 80 per-
cent of 5-FU is metabolized by DPD, and levels of the
enzyme show significant interindividual variability. It
has been estimated that 3 percent to 5 percent of the

population is partially DPD deficient, whereas 0.2 per-
cent is completely deficient (54). Several polymorphisms
of uncertain significance have been reported in the DPYD
gene; however, the DPYD*2A variant has been seen in
40 percent to 50 percent of individuals with partial or
complete DPD deficiency (55). In pediatric oncology,
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severe neurologic toxicity has been seen with complete
DPD deficiency (56). Although such a state is almost
invariably associated with a heightened risk of 5-FU
toxicity, studies have shown that DPYD mutations do
not always have an effect on DPD enzyme activity (55).
As a result, decreased levels of DPD, rather than DPYD
mutations, have been included in the FDA table of valid
genomic biomarkers.

In addition to DPD, genetic variability in TS, the gene
encoding thymidylate synthetase, is associated with out-
comes in patients with colorectal cancer treated with
5-FU. Variants such as a six base pair insertion and
deletion polymorphism in the 3’-untranslated region,
and variable number tandem repeat polymorphisms
in the promoter-enhancer region, lead to increased TS

gene expression. In clinical studies, these high-expression
variants have correlated with decreased survival in
patients treated with 5-FU (55).

TPMT and Purine Analogs

Thiopurines such as 6-MP and 6-thioguanine (6-TG)
are used in treatment of hematologic malignancies
such as AML, ALL, and non-Hodgkin’s lymphoma.
Both drugs require activation by hypoxanthine-guanine
phosphoribosyl transferase to exert cytotoxic effects by
inhibiting DNA synthesis in the S-phase of the cell cycle.
As analogs of the naturally occurring purines, they act as
antagonists, thereby blocking DNA and RNA synthesis.
A significant catabolic pathway for both 6-MP and 6-TG
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involves conversion by TPMT to inactive metabolites,
6-methyl-MP and 6-methyl-TG (Figure 10.7). In the
absence of TPMT activity, the active agents accumulate,
increasing the likelihood of toxicity. Like many other
chemotherapeutic agents, thiopurines have a narrow
therapeutic index. The most concerning side effect seen
is myelosuppression with increased risks of infection and
bleeding. Several low-activity alleles are known to exist at
the TPMT gene locus on chromosome 6p22.3, and may
give rise to a heterozygous state with intermediate activ-
ity (10 percent of white individuals) or a homozygous
state with negligible (0.3 percent of whites) activity (57).
Examples of such low-activity alleles include TPMT*2,
TPMT*3A, and TPMT*3C, which together account for
80 percent to 95 percent of cases of intermediate or low
enzyme activity. Affected individuals are at heightened
risk for potentially life-threatening myelosuppression
as a consequence of thiopurine therapy. Furthermore,
thiopurines and TPMT activity provide a successful
example of genotype-driven chemotherapy dosing with
recommendations for lower doses (30 percent to 50
percent) in patients with intermediate TPMT levels (57).

PHARMACOGENOMICS AND
PHARMACOETHNICITY

Pharmacogenomics challenges the “one size fits all”
approach that has dominated medical oncology care
for decades. Of particular importance and relevance to
global oncology practice is a pattern of interethnic differ-
ences in response to chemotherapeutic agents, as exem-
plified by the heightened sensitivity to EGFR-TKI seen
among young, Asian, nonsmoking females with NSCLC.
Although such differences are multifactorial, the evi-
dence for a significant genetic component is growing.
This area of study has been referred to as pharmacoeth-
nicity and may be defined as ethnic diversity in drug
response or toxicity (58). The objective of pharmacoge-
nomics is to identify individuals most susceptible to a
particular drug; however, the populations most sensi-
tive to specific drugs may be enriched in the genetic
variants associated with drug sensitivity. In low-resource
settings, pharmacoethnicity will be of particular impor-
tance because sparse resources may be preferentially
channeled toward purchase and administration of spe-
cific chemotherapeutic agents.

CASE PRESENTATIONS

Case 1: CYP2D6 Genotype and Response to
Tamoxifen Therapy

A thirty-year-old postmenopausal woman sought med-
ical care for a lump in the left breast. A mammogram

revealed a suspicious left breast mass, and a core biopsy
revealed malignant cells. Breast magnetic resonance
imaging showed a single 2.2 x 2.6 cm mass in the upper
outer quadrant of the left breast. She underwent lumpec-
tomy and sentinel lymph node biopsy. Pathologic anal-
ysis of the resected specimen revealed a grade IIT infil-
trating ductal carcinoma measuring 2.6 cm in greatest
diameter. The tumor had estrogen (ER) and progesterone
receptor (PR) expression, as well as gene amplification.
None of four sentinel lymph nodes had metastatic dis-
ease. An Oncotype DX assay revealed a high recurrence
score indicating a high likelihood of disease recurrence.
As a result, a decision was made to treat with adjuvant
chemotherapy in addition to antiestrogen therapy. She
received four cycles of docetaxel and cyclophosphamide
followed by local breast irradiation. Afterward, she was
started on letrozole, an aromatase inhibitor. Unfortu-
nately, she experienced severe joint aches that persisted
even after letrozole was replaced by exemestane. After
learning that tamoxifen was another option, the patient
requested CYP2D6 genotyping to exclude the presence
of a null allele.

Case 2: UGT1A1 Genotype and
Irinotecan Toxicity

A seventy-six-year-old man was evaluated for abdom-
inal cramping and a lower gastrointestinal bleed.
Colonoscopy revealed a cecal mass that was biopsied
with a finding of moderately differentiated adenocar-
cinoma of the colon. He underwent laparotomy and
hemicolectomy. Pathologic analysis revealed a mod-
erately differentiated colonic adenocarcinoma measur-
ing 3 cm. The tumor penetrated the colon wall and
extended into pericolic fat. Fourteen of fifty-seven peri-
colic lymph nodes had metastatic disease. Subsequently,
staging computed tomography (CT) scans demonstrated
multiple liver metastases. He was started on a combina-
tion chemotherapy with 5-FU, leucovorin, oxiliplatin,
and bevacizumab. He received a total of six cycles and
had a complete response with no further metastatic
lesions evident on a repeat CT scan. Six months later,
CT scans revealed new hepatic lesions and pathologic
retroperitoneal adenopathy. Because his initial therapy
had been administered less than twelve months earlier,
he was started on a different regimen consisting of 5-
FU, leucovorin, and irinotecan. After the first cycle, he
developed profuse diarrhea, dehydration, and neutrope-
nia that required inpatient management. Studies ruled
out an infectious etiology. The same happened with the
second and third cycles, even though the dose of irinote-
can had been reduced by 25 percent for the latter. Genetic
testing revealed homozygosity for the UGT1A1*28 poly-
morphism.



Uchenna 0. Njiaju and M. Eileen Dolan

SUMMARY POINTS

Chemotherapeutic agents are associated with signif-
icant toxicities and narrow therapeutic indices, and,
for some drugs, high costs, making the field of phar-
macogenomics of anticancer agents extremely impor-
tant.

A distinguishing feature of pharmacogenomic
research in oncology is the consideration of both
somatic DNA and germline DNA.

Both candidate gene and genome-wide approaches
have been used successfully in the study of pharma-
cogenetics of oncologic therapies.

Although germline polymorphisms and somatic
mutations have historically correlated with toxicity
and response, respectively, there is emerging evidence
to support a role for germline variants in predicting
response.

Pharmacoethnicity is an area that focuses on intereth-
nic variability in drug responses and is likely to be
an important focus in future chemotherapy pharma-
cogenomic research.

REFERENCES

10.

Hoskins JM, Carey LA, & McLeod HL. CYP2D6 and
tamoxifen: DNA matters in breast cancer. Nat Rev Can-
cer. 2009;9:576-86.

Fleck LM. The costs of caring: who pays? who profits? who
panders? Hastings Cent Rep. 2006;36:13—17.

Holmes MV, Shah T, Vickery C, Smeeth L, Hingorani AD,
& Casas JP. Fulfilling the promise of personalized medicine?
Systematic review and field synopsis of pharmacogenetic
studies. PLoS. 2009;4:e7960.

Devereux TR, Risinger JI, & Barrett JC. Mutations and
altered expression of the human cancer genes: what they
tell us about causes. IARC Sci Publ. 1999;19-42.

Olivier M, Hollstein M, & Hainaut P. TP53 mutations in
human cancers: origins, consequences, and clinical use.
Cold Spring Harb Perspect Biol. 2010;2:a001008.

Chung JH, Choe G, Jheon S, Sung S-W, Kim TJ, Lee KW,
LeeJH, & Lee C-T. Epidermal growth factor receptor muta-
tion and pathologic-radiologic correlation between multi-
ple lung nodules with ground-glass opacity differentiates
multicentric origin from intrapulmonary spread. ] Thorac
Oncol. 2009;4:1490-5.

Bell DW. Our changing view of the genomic landscape of
cancer. J Pathol. 2010;220:231—-43.

Ikediobi ON. Somatic pharmacogenomics in cancer. Phar-
macogenomics J. 2008;8:305-14.

Bernig T & Chanock S. Challenges of SNP genotyping and
genetic variation: its future role in diagnosis and treatment
of cancer. Expert Rev Mol Diagn. 2006;6:319-31.

Yang JJ, Cheng C, Yang W, Pei D, Cao X, Fan Y,
Pounds SB, Neale G, Trevino LR, French D, Campana
D, Downing JR, Evans WE, et al. Genome-wide inter-
rogation of germline genetic variation associated with

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

treatment response in childhood acute lymphoblastic
leukemia. JAMA. 2009;301:393—403.

Soo RA, Wang LZ, Ng SS, Chong PY, Yong WP, Lee SC,
Liu JJ, Choo TB, Tham LS, Lee HS, Goh BC, & Soong R.
Distribution of gemcitabine pathway genotypes in ethnic
Asians and their association with outcome in non-small
cell lung cancer patients. Lung Cancer. 2009;63:121-7.
McWhinney SR & McLeod HL. Using germline genotype
in cancer pharmacogenetic studies. Pharmacogenomics.
2009;10:489-93.

Trotti A, Colevas AD, Setser A, Rusch V, Jacques D, Budach
V, Langer C, Murphy B, Cumberlin R, Coleman CN, &
Rubin P. CTCAE v3.0: development of a comprehensive
grading system for the adverse effects of cancer treatment.
Semin Radiat Oncol. 2003;13:176-81.

Therasse P, Arbuck SG, Eisenhauer EA, Wanders J, Kaplan
RS, Rubinstein L, Verweij J, Van Glabbeke M, van Oost-
erom AT, Christian MC, & Gwyther SG. New guidelines to
evaluate the response to treatment in solid tumors. Euro-
pean Organization for Research and Treatment of Cancer,
National Cancer Institute of the United States, National
Cancer Institute of Canada. ] Natl Cancer Inst. 2000;92:205—
16.

Santos FP & Ravandi F. Advances in treatment of chronic
myelogenous leukemia — new treatment options with tyro-
sine kinase inhibitors. Leuk Lymphoma. 2009;50(suppl
2):16-26.

Kantarjian H, Schiffer C, Jones D, & Cortes J. Monitoring
the response and course of chronic myeloid leukemia in
the modern era of BCR-ABL tyrosine kinase inhibitors:
practical advice on the use and interpretation of monitoring
methods. Blood. 2008;111:1774-80.

Thorn CF, Klein TE, & Altman RB. Pharmacoge-
nomics and bioinformatics: PharmGKB. Pharmacoge-
nomics. 2010;11:501-5.

Welsh M, Mangravite L, Medina MW, Tantisira K, Zhang
W, Huang RS, McLeod H, & Dolan ME. Pharmacoge-
nomic discovery using cell-based models. Pharmacol Rev.
2009;61:413-49.

Shukla SJ & Dolan ME. Use of CEPH and non-CEPH lym-
phoblast cell lines in pharmacogenetic studies. Pharma-
cogenomics. 2005;6:303—-10.

Masson E, Relling MV, Synold TW, Liu Q, Schuetz JD,
Sandlund JT, Pui CH, & Evans WE. Accumulation of
methotrexate polyglutamates in lymphoblasts is a determi-
nant of antileukemic effects in vivo. A rationale for high-
dose methotrexate. J Clin Invest. 1996;97:73-80.

Hartford CM, Duan S, Delaney SM, Mi S, Kistner EO,
Lamba JK, Huang RS, Dolan ME. Population-specific
genetic variants important in susceptibility to cytarabine
arabinoside cytotoxicity. Blood. 2009;113:2145-53.
Lennard L, Lilleyman JS, Van Loon J, & Weinshilboum
RM. Genetic variation in response to 6-mercaptopurine
for childhood acute lymphoblastic leukaemia. Lancet.
1990;336:225-9.

Hoskins JM, Goldberg RM, Qu P, Ibrahim JG, & McLeod
HL. UGT1A1*28 genotype and irinotecan-induced neu-
tropenia: dose matters. ] Natl Cancer Inst. 2007;99:1290-5.
Goetz MP, Rae JM, Suman V], Safgren SL, Ames MM,
Visscer DW, Reynolds C, Couch FJ, Lingle WL, et al. Phar-
macogenetics of tamoxifen biotransformation is associated



Oncologic Drugs

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

with clinical outcomes of efficacy and hot flashes. J Clin
Oncol. 2005;23:9312—-18.

Hartford CM & Dolan ME. Identifying genetic variants that
contribute to chemotherapy-induced cytotoxicity. Phar-
macogenomics. 2007;8:1159-68.

Huang RS & Ratain MJ. Pharmacogenetics and phar-
macogenomics of anticancer agents. CA Cancer ] Clin.
2009;59:42-55.

Zhang W & Dolan ME. Impact of the 1000 genomes project
on the next wave of pharmacogenomic discovery. Pharma-
cogenomics. 2010;11:249-56.

International Human Genome Sequencing Consortium.
Finishing the euchromatic sequence of the human genome.
Nature. 2004;431:931-45.

International HapMap Consortium. The International
HapMap Project. Nature. 2003;426:789-96.

Galmarini CM, Thomas X, Graham K, El Jafaari A, Cros
E, Jordheim L, Mackey JR, & Dumontet C. Deoxycytidine
kinase and cN-II nucleotidase expression in blast cells pre-
dict survival in acute myeloid leukaemia patients treated
with cytarabine. Br ] Haematol. 2003;122:53-60.

Estey E, Plunkett W, Dixon D, Keating M, McCredie K,
& Freireich EJ. Variables predicting response to high dose
cytosine arabinoside therapy in patients with refractory
acute leukemia. Leukemia. 1987;1:580-3.

Raza A, Gezer S, Anderson J, Lykins ], Bennett J, Brow-
man G, Goldberg J, Larson R, Vogler R, & Preisler HD.
Relationship of [3H]Ara-C incorporation and response
to therapy with high-dose Ara-C in AML patients: a
Leukemia Intergroup study. Exp Hematol. 1992;20:1194—
1200.

Ling PD & Huls HM. Isolation and immortalization of
lymphocytes. Curr Protoc Mol Biol. 2005;Chapter 28:Unit
28.22.

Dolan ME, Newbold KG, Nagasubramanian R, Wu X,
Ratain MJ, Cook EH Jr, & Badner JA. Heritability and link-
age analysis of sensitivity to cisplatin-induced cytotoxicity.
Cancer Res. 2004;64:4353—6.

Watters JW, Kraja A, Meucci MA, Province MA, &
McLeod HL. Genome-wide discovery of loci influenc-
ing chemotherapy cytotoxicity. Proc Natl Acad Sci USA.
2004;101:11809-14.

Huang RS, Duan S, Shukla SJ, Kistner EO, Clark TA, Chen
TX, Schweitzer AC, Blume JE, & Dolan ME. Identifica-
tion of genetic variants contributing to cisplatin-induced
cytotoxicity by use of a genomewide approach. Am ] Hum
Genet. 2007;81:427-37.

Duan S, Bleibel WK, Huang RS, Shukla SJ, Wu X,
Badner JA, & Dolan ME. Mapping genes that con-
tribute to daunorubicin-induced cytotoxicity. Cancer Res.
2007;67:5425-33.

Choy E, Yelensky R, Bonakdar S, Plenge RM, Saxena R, De
Jager PL, Shaw SY, Wolfish CS, Slavik JM, Cotsapas C, Rivas
M, Dermitzakis ET, Cahir-McFarland E, Kieff E, Hafler D,
Daly MJ, & Altshuler D. Genetic analysis of human traits in
vitro: drug response and gene expression in lymphoblastoid
cell lines. PLoS Genet. 2008;4:¢1000287.

Stark AL, Zhang W, Mi S, Duan S, O’Donnell PH, Huang
RS, & Dolan ME. Heritable and non-genetic factors as
variables of pharmacologic phenotypes in lymphoblastoid
cell lines. Pharmacogenomics. 2010;10:505-12.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Shoemaker RH. The NCI60 human tumour cell line anti-
cancer drug screen. Nat Rev Cancer. 2006;6:813-23.
Jarjanazi H, Keifer J, Savas S, Briollais L, Tuzmen S, Pabalan
N, Ibrahim-Zada I, Mousses S, & Ozcelik H. Discovery
of genetic profiles impacting response to chemotherapy:
application to gemcitabine. Hum Mutat. 2008;29:461-7.
Mori S, Chang JT, Andrechek ER, Potti A, & Nevins JR.
Utilization of genomic signatures to identify phenotype-
specific drugs. PLoS. 2009;4:e6772.

Li L, Fridley BL, Kalari K, Jenkins G, Batzler A, Wein-
shilboum RM, & Wang L. Gemcitabine and arabinosyl-
cytosin pharmacogenomics: genome-wide association and
drug response biomarkers. PLoS. 2009;4:7765.

Jensen EV & Jordan V. The estrogen receptor: a model for
molecular medicine. Clin Cancer Res. 2003;9:1980-9.
King MC, Wieand S, Hale K, Lee M, Walsh T, Owens K,
Tait J, Ford L, Dunn BK, Constantino J, Wickerham L,
Wolmark N, & Fisher B. Tamoxifen and breast cancer inci-
dence among women with inherited mutations in BRCA1
and BRCA2. JAMA. 2001;286:2251-6.
Ingelman-Sundberg M, Sim SC, Gomez A, & Rodriguez-
Antona C. Influence of cytochrome P450 polymorphisms
on drug therapies: pharmacogenetic, pharmacoepigenetic
and clinical aspects. Pharmacol Ther. 2007;116:496-526.
Table of valid genomic biomarkers in the context of
approved drug labels. 2009. http://www.fda.gov/Drugs/
ScienceResearch/ResearchAreas/Pharmacogenetics/
ucm083378.htm. Accessed March 3, 2010.

Furuta T. Pharmacogenomics in chemotherapy for GI tract
cancer. ] Gastroenterol. 2009;44:1016-25.

Wong SF. Cetuximab: an epidermal growth factor receptor
monoclonal antibody for the treatment of colorectal cancer.
Clin Ther. 2005;27:684-94.

Ando Y, Saka H, Asai G, Sugiura S, Shimokata K, &
Kamataki T. UGT1Al genotypes and glucuronidation of
SN-38, the active metabolite of irinotecan. Ann Oncol.
1998;9:845-7.

Innocenti F, Undevia SD, Iyer L, Chen PX, Das S, Kocher-
ginsky M, Karrison T, Janisch L, Ramirez J, Rudin CM,
Vokes EE, & Ratain MJ. Genetic variants in the UDP-
glucuronosyltransferase 1A1 gene predict the risk of severe
neutropenia of irinotecan. J Clin Oncol. 2004;22:1382-8.
Nagar S & Remmel RP. Uridine disphosphoglucurono-
syltransferase pharmacogenetics and cancer. Oncogene.
2006;25:1659-72.

Ramchandani RP, Wang Y, Booth BP, Ibrahim A, Johnson
JR, Rahman A, Mehta M, Innocenti F, Ratain MJ, & Gob-
buru JV. The role of SN-38 exposure, UGT1A1*28 poly-
morphism, and baseline bilirubin level in predicting severe
irinotecan toxicity. J Clin Pharmacol. 2007;47:78-86.
Walter A, Johnstone E, Swanton C, Midgley R, Tomlinson
I, & Kerr D. Genetic prognostic and predictive markers in
colorectal cancer. Nat Rev Cancer. 2009;9:489-99.

Yen JL & McLeod HL. Should DPD analysis be required
prior to prescribing fluoropyrimidines? Eur ] Cancer.
2007;43:1011-16.

Van Kuilenburg AB, Vreken P, Abeling NG, Bakker HD,
Meinsma R, Van Lenthe H, De Abreu RA, Smeitink JA,
Kayserili H, Apak MY, et al. Genotype and phenotype
in patients with dihydropyrimidine dehydrogenase defi-
ciency. Hum Genet. 1999;104:1-9.



Uchenna 0. Njiaju and M. Eileen Dolan

57.

58.

59.

60.

61.

62.

63.

Sahasranaman S, Howard D, & Roy S. Clinical pharma-
cology and pharmacogenetics of thiopurines. Eur J Clin
Pharmacol. 2008;64:753-67.

O’Donnell PH & Dolan ME. Cancer pharmacoethnic-
ity: ethnic differences in susceptibility to the effects of
chemotherapy. Clin Cancer Res. 2009;15:4806—14.

Peters EJ, Kraja AT, Lin SJ, Yen-Revollo JL, Marsh S,
Province MA, & McLeod HL. Association of thymidylate
synthase variants with 5-fluorouracil cytotoxicity. Pharma-
cogenet Genomics. 2009;19:399-401.

Bleibel WK, Duan S, Huang RS, Kistner EO, Shukla SJ,
Wu Z, Badner JA, & Dolan ME. Identification of genomic
regions contributing to etoposide-induced cytotoxicity.
Hum Genet. 2009;125:173-80.

Shukla SJ, Duan S, Badner JA, Wu X, & Dolan ME. Suscep-
tibility loci involved in cisplatin-induced cytotoxicity and
apoptosis. Pharmacogenet Genomics. 2008;18:253—62.
Huang RS, Duan S, Kistner EO, Bleibel WK, Delaney
SM, Fackenthal DL, Das S, & Dolan ME. Genetic variants
contributing to daunorubicin-induced cytotoxicity. Cancer
Res. 2008;68:3161-8.

Huang RS, Duan S, Kistner EO, Hartford CM, & Dolan
ME. Genetic variants associated with carboplatin-induced

64.

65.

66.

67.

68.

cytotoxicity in cell lines derived from Africans. Mol Cancer
Ther. 2008;7:3038—46.

Le Morvan V, Bellott R, Moisan F, Mathoulin-Pelissier
S, Bonnet J, & Robert J. Relationships between genetic
polymorphisms and anticancer drug cytotoxicity vis-a-
vis the NCI-60 panel. Pharmacogenomics. 2006;7:843—
52.

Puyo S, Le Morvan V, & Robert J. Impact of EGFR gene
polymorphisms on anticancer drug cytotoxicity in vitro.
Mol Diagn Ther. 2008;12:225-34.

Sasaki S, Kobunai T, Kitayama J, & Nagawa H. DNA methy-
lation and sensitivity to antimetabolites in cancer cell lines.
Oncol Rep. 2008;19:407—12.

Liu W, He L, Ramirez J, & Ratain MJ. Interactions between
MDM2 and TP53 genetic alterations, and their impact
on response to MDM?2 inhibitors and other chemother-
apeutic drugs in cancer cells. Clin Cancer Res. 2009;15:
7602-7.

Klein TE, Chang JT, Cho MK, Easton KL, Fergerson R,
Hewett M, Lin Z, Liu Y, Liu S, Oliver DE, Rubin DL, Shafa F,
Stuart JM, & Altman RB. Integrating genotype and pheno-
type information: an overview of the PharmGKB Project.
Pharmacogenomics J. 2001;1:167-70.



