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andidate gene and genome-wide approaches have been used to
identify genes important in cellular sensitivity to drugs. Although candidate gene approaches have had reasonable success in
identifying genes important in the mechanisms of action of drugs,
the multigenic nature of the drug effect has limited the ability of
these approaches to explain much of the interindividual variation in
drug effect. Genome-wide approaches open up the possibility to
identify multiple components or pathways that contribute to cell
susceptibility to drugs. It is particularly challenging to study genes
that contribute to cellular sensitivity to chemotherapeutic drugs,
because their antitumor effect is dictated by somatic mutation in the
tumor and toxic effects controlled by host genomic effects. Furthermore, chemotherapy cannot be given to noncancerous family
members for classical genetic studies. Recently, the International
HapMap Consortium genotyped cell lines derived from trios of
European and Yoruban descent, providing an extremely rich data
set for genotype–drug effect correlations (1).
Using data generated on the HapMap cell lines, we designed a
three-way model, correlating genotype, gene expression, and cytotoxicity data, with the aim of identifying potentially functional SNPs
and/or haplotypes associated with chemotherapeutic agent-induced
cytotoxicity (Fig. 1). Cell lines derived from individuals of African
and European descent allowed us to define a set of genetic variants
that contribute to chemotherapeutic-induced cytotoxicity through
their effects on gene expression in two different populations. The
long-term goal is to identify gene polymorphisms that influence
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Large interindividual variance has been observed in sensitivity to
drugs. To comprehensively decipher the genetic contribution to
these variations in drug susceptibility, we present a genome-wide
model using human lymphoblastoid cell lines from the International HapMap consortium, of which extensive genotypic information is available, to identify genetic variants that contribute to
chemotherapeutic agent-induced cytotoxicity. Our model integrated genotype, gene expression, and sensitivity of HapMap cell
lines to drugs. Cell lines derived from 30 trios of European descent
(Center d’Etude du Polymorphisme Humain population) and 30
trios of African descent (Yoruban population) were used. Cell
growth inhibition at increasing concentrations of etoposide for
72 h was determined by using alamarBlue assay. Gene expression
on 176 HapMap cell lines (87 Center d’Etude du Polymorphisme
Humain population and 89 Yoruban population) was determined
by using the Affymetrix GeneChip Human Exon 1.0ST Array. We
evaluated associations between genotype and cytotoxicity, genotype and gene expression and correlated gene expression of the
identified candidates with cytotoxicity. The analysis identified 63
genetic variants that contribute to etoposide-induced toxicity
through their effect on gene expression. These include genes that
may play a role in cancer (AGPAT2, IL1B, and WNT5B) and genes not
yet known to be associated with sensitivity to etoposide. This
unbiased method can be used to elucidate genetic variants contributing to a wide range of cellular phenotypes induced by
chemotherapeutic agents.
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Fig. 1. Genome-wide model to identify genetic variants important in drug
cytotoxicity via expression levels. Model includes whole genome association
between SNP genotype and gene expression, association between genotype
and gene expression and linear regression between gene expression and
etoposide IC50. The image to display SNPs is courtesy of the U.S. Department
of Energy’s Joint Genome Institute (Walnut Creek, CA; www.jgi.doe.gov).

chemotherapeutic-induced toxicity in patients, to identify those ‘‘at
risk’’ for adverse events associated with these agents.
Etoposide, a topoisomerase II inhibitor (2), was chosen to
illustrate the utility of our model because of its wide usage in the
treatment of disseminated testicular carcinomas, lung cancer, germinal malignancies, non-Hodgkin’s lymphoma, acute myelogenous
leukemia, and Kaposi’s sarcoma. Etoposide is associated with bone
marrow suppression, fatigue, skin rash, and diarrhea and can cause
a severe delayed toxicity, treatment-related acute myeloid leukemia
or myelodysplastic syndrome (3, 4). Treatment-induced toxicity has
hindered the use of this agent to its full potential. Therefore, the
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Table 2. Biological process of GO for host and target genes
obtained from association studies of genotype and etoposide IC50
or of genotype and gene expression for combined, CEU, and YRI
Gene symbol*
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Fig. 2. Frequency distribution of Box–Cox transformed etoposide IC50 in the
CEU (n ⫽ 87) and YRI (n ⫽ 89).

focus of this paper is to demonstrate our global genome approach
in the context of identifying genetic variants important in response
or toxicities associated with etoposide through their effect on gene
expression.
Results
Cell Cytotoxicity. Using the alamarBlue cytotoxicity assay, 87 and 89
cell lines derived from Center d’Etude du Polymorphisme Humain
population (CEU) and Yoruban population (YRI) trios were
exposed to increasing concentrations of etoposide (0.02–2.5 M)
for 72 h. Although our intention was to evaluate 90 CEU and 90
YRI lines, two CEU and one YRI cell lines failed to reach 85%
viability on the experiment day on more than three attempts and
therefore were not further evaluated. Additionally, one CEU cell
line (GM12236) was not available from Coriell at the time of
phenotyping. Similar dose-dependent etoposide cell growth inhibition was observed in cell lines from both populations. Interindividual variation in the IC50 was 433- and 222-fold in CEU and YRI
cell lines, respectively (Fig. 2). The median IC50 in CEU and YRI
cell lines was 0.43 and 0.40 M, respectively (5).
Quantitative Transmission Disequilibrium Test (QTDT) Genotype–
Cytotoxicity Association. SNPs (387,417), which represent 22,667

genes, were evaluated for their association with etoposide IC50. This
covered ⬇85% annotated genes of the whole human genome.
Using an arbitrary P value threshold (P ⱕ 0.0001), 49, 122, and 51
SNPs were found to significantly associate with etoposide IC50 in
the combined, CEU and YRI and individual CEU and YRI,
respectively. The binomial tests between the probability of our
significant findings and the probability of random discovery showed
P ⫽ 0.046, ⬍10⫺8, 0.024 in the combined, CEU, and YRI, respectively, which indicates our association test results are not likely to be
random effects. These SNPs were located in or within 10 kb up- and
downstream of 26, 35, and 22 genes (Table 1). A list of these SNPs
can be found in supporting information (SI) Table 3. Gene ontology
(GO) analysis performed on these significant genes in comparison
to 22,667 total genes tested indicated that these genes are enriched
in cell organization and biogenesis, endocytosis, cell adhesion,
intracellular protein transport, intracellular signaling, and cell differentiation process (Table 2).

GO biological function

Corrected
P value

Determined from association analysis between genotype and IC50
FHOD3, FMN2
Cell organization and biogenesis
2 ⫻ 10⫺4
GATA3, PCDH15
Sensory perception of sound
5.5 ⫻ 10⫺3
DNM3, AP4S1
Endocytosis
5.9 ⫻ 10⫺3
FBN1, PCDH15, GRM8
Visual perception
6.6 ⫻ 10⫺3
FHOD3, FMN2
Actin cytoskeleton organization
6.6 ⫻ 10⫺3
and biogenesis
PCDH15, CDH2
Homophilic cell adhesion
7.7 ⫻ 10⫺3
DANJC6, PTPRD
Protein amino acid
7.8 ⫻ 10⫺3
dephosphorylation
SPON1, PCDH15, CNTN5, HNT, Cell adhesion
8.3 ⫻ 10⫺3
CDH2
STX18, AP4S1
Intracellular protein transport
9.3 ⫻ 10⫺3
AP4S1, SORBS2, NUP205,
Transport
9.7 ⫻ 10⫺3
SLC35C2
KCNN3, SLC24A4
Potassium ion transport
9.9 ⫻ 10⫺3
GATA3, KLF13
Transcription from RNA
0.01
polymerase II promoter
KCNN3, GRM8
Synaptic transmission
0.01
ADCY2, FMN2, KSR2
Intracellular signaling cascade
0.01
SPON1, FBN1, FMN2
Development
0.02
KCNN3, SLIT1
Nervous system development
0.03
SLIT1, BMP7
Cell differentiation
0.03
SLC24A4, GRID1
Ion transport
0.03
Determined from association analysis between genotype and expression
CAPNS1, CAPN1, TCIRG1,
Positive regulation of cell
2.3 ⫻ 10⫺4
POU3F2
proliferation
TCIRG1, ATP13A1, ATP2A3
Proton transport
2.4 ⫻ 10⫺4
TUBA1, C9orf48
Microtubule-based movement
6.3 ⫻ 10⫺3
SLC27A4, ATP13A1, ATP2A3,
Metabolism
7.6 ⫻ 10⫺3
AGPAT2
ATP13A1, ATP2A3
Cation transport
0.01
GBP2, GBP4, GBP7, NOTCH1
Immune response
0.01
IGSF8, ACTN4
Cell motility
0.01
CASP10, CAPN1, PEPD, ANPEP Proteolysis
0.01
RECQL4, WNT5B, HOXB9,
Development
0.01
PTMA
RECQL4, UHRF1
DNA repair
0.02
NEU3, PYGB
Carbohydrate metabolism
0.03
NOTCH1, ANPEP
Cell differentiation
0.03
PTMA, IL1B
Regulation of progression
0.03
through cell cycle
IGSF8, IL1B
Cell proliferation
0.03
IL1B, TNFRSF6B
Apoptosis
0.04

*Represents both host genes (the genes hosting the SNPs of cis-/trans-acting
regulations) and target genes (the genes whose mRNA levels regulated by
the cis-/trans-acting regulators)

QTDT Genotype and Gene Expression Association. To obtain equally

enriched gene expression data, we generated expression data by
using the Affymetrix GeneChip Human Exon 1.0 ST Array (exon
array). This exon array contains ⬇1.4 million probe sets designed to
represent all known and predicted exon regions within the human
genome (Build 34). Gene expression analysis was performed on 176
lymphoblastoid cell lines (LCLs) (87 CEU and 89 YRI) by using the

Table 1. Three-way model significant results in combined, CEU, or YRI
Model
SNP associated with etoposide IC50 (P ⱕ 0.0001)
SNP associated with etoposide IC50 and with gene
expression (Bonferroni corrected P ⬍ 0.05)
Gene expression correlated with etoposide
IC50 (P ⬍ 0.05)

Huang et al.

Combined populations
49 SNPs (in or near 26 genes)
7 trans-acting events (6 genes)
3 genes (associated with 4 SNPs)

CEU

YRI

122 SNPs (in or near 35 genes)
2 cis- and 132 trans-acting events
(21 genes)
18 genes (associated with 54 SNPs)

51 SNPs (in or near 22 genes)
45 trans-acting events (40 genes)
24 genes (associated with 6 SNPs)
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Linear Regression of Gene Expression and Etoposide IC50. We examined the correlation between gene expression and etoposide IC50 by
using a general linear model that was constructed to reflect the trio
relationship in our data. Six gene expressions were evaluated in the
combined population. Three had significant correlation to etoposide IC50 (P ⬍ 0.05). They were TSPAN7, CAPNS1, and AGPAT2
(Fig. 3 and SI Table 3). We also found 18 and 24 genes whose
expression significantly correlated to etoposide IC50 in CEU and
YRI, respectively (P ⬍ 0.05; SI Table 3). We identified 4, 54, and
6 SNPs that were significantly associated with etoposide IC50
through regulation of 3, 18, and 24 gene expressions in the
combined CEU and YRI, respectively. After taking into consideration linkage disequilibrium (LD), our final findings consist of 3,
7, and 5 representative SNPs that significantly associated with 3, 18,
and 24 gene expressions. One example was the significant associ-

ation between the genotype of rs446112 (located in intron 1 of
ZNF663 gene on chromosome 20) and etoposide IC50 (P ⫽ 5 ⫻
10⫺5). This SNP was associated with the expression of AGPAT2
gene (located on chromosome 9, P ⫽ 2 ⫻ 10⫺6), whose expression
significantly correlated to etoposide IC50 (P ⫽ 0.03; Fig. 3). In the
individual CEU population, we identified 45 significant SNPs
(located in SLC2A9 gene on chromosome 4 and in high LD) whose
genotypes were associated with etoposide IC50 and expression of 8
genes (Fig. 4). The expression of these 8 genes was significantly
correlated with etoposide IC50 (SI Table 3). Also in the CEU
population, we identified rs6539870 (located in the 5⬘-tail end of
SLC6A15 gene on chromosome 12) as associated with etoposide
IC50 (P ⫽ 2 ⫻ 10⫺5) and IL1B gene expression (P ⫽ 7 ⫻ 10⫺7). We
also found a strong correlation between the IL1B expression and
etoposide IC50 (P ⫽ 2 ⫻ 10⫺5 and Fig. 5). In the YRI, we identified
a strong association between the genotype of SNP rs2784917,
located in SLIT1 gene on chromosome 10, and the expression of
WNT5B gene, located on chromosome 12 (P ⫽ 7 ⫻ 10⫺8) along with
a significant SNP genotype and etoposide IC50 association (P ⫽ 5 ⫻

Transformed IC50

exon array. The QTDT association analysis was conducted between
gene expression and the SNPs that were significantly associated
with etoposide IC50 (Table 2). After normalization and robust
multiarray average summary by the core sets of exon probes, we
obtained gene/transcript cluster signal intensity ranging from 4 to
13. Only 14,722 genes that had the mean sample gene expression
intensity of greater than five, indicating expression in both CEU and
YRI, were included in the analysis. We found 7 trans-acting
relationships in the combined populations, 2 cis- and 132 transacting relationships in CEU, and 45 trans-acting relationships in
YRI (Bonferroni corrected P ⬍ 0.05; Table 1). These cis–transacting relationships involved 7 SNPs located in or within 10 kb upor downstream of 3 genes and associated with 6 genes in the
combined population; 56 SNPs located in or within 10 kb up- or
downstream of 9 genes and associated with 21 genes in CEU; and
6 SNPs located in or within 10 kb up- or downstream of 5 genes and
associated with 40 genes in YRI (SI Table 3). We identified 45 SNPs
in SLC2A9 gene (chromosome 4) that were significantly associated
with gene expression of CAPNS1 (chromosome 19), GBP7/GBP2/
GBP4 (chromosome 1), NOTCH1 (chromosome 9), MBD5 (chromosome 2), and CWF19L1/ BLOC1S2 (chromosome 10) in CEU
(Fig. 4). We use the host genes to refer to the genes hosting the
SNPs of cis- or trans-acting regulations and target genes to refer to
the genes whose mRNA levels are regulated by the cis- or transacting regulators. The GO test on 65 target genes of ⬎14,722
reference genes showed that these target genes are enriched in
biological processes, including cell proliferation regulation, cell
metabolism, development, cell motility, DNA repair, proteolysis,
and apoptosis (Table 2).

Fig. 4. Relationship between SNPs located in SLC2A9 gene, gene expression
and etoposide IC50 in CEU population. (A) SLC2A9 gene conservation in 17
other species (obtained from University of California Santa Cruz Genome
Browser on Human March 2006 Assembly; http://genome.ucsc.edu). The circle
indicates the highly conserved region. (B) HapMap LD plot of 45 significant
SNPs associated with etoposide IC50 and gene expression. The black lines show
significant associations between SNPs in SLC2A9 and potential target genes.
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Fig. 3. Relationship between rs446112, AGPAT2 gene expression and etoposide IC50 in combined CEU and YRI. (A) rs446112 genotype and Box–Cox
transformed etoposide IC50 association. (B) rs446112 genotype and log2 transformed AGPAT2 expression association. (C) Log2 transformed AGPAT2 expression and Box-Cox transformed etoposide IC50 correlation.
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IC50 in CEU. (A) rs6539870 genotype and Box–Cox-transformed etoposide IC50
association. (B) rs6539870 genotype and log2 transformed IL1B expression
association. (C) Log2-transformed IL1B expression and Box–Cox-transformed
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Fig. 6. Relationship among rs2784917, WNT5B gene expression, and etoposide IC50 in YRI. (A) rs2784917 genotype and Box–Cox-transformed etoposide
IC50 association. (B) rs2784917 genotype and log2-transformed WNT5B expression association. (C) Log2-transformed WNT5B expression and Box–Coxtransformed etoposide IC50 correlation.

10⫺5). The TT genotype of rs2784917 was associated with higher
WNT5B gene expression and lower etoposide IC50. This was further
indicated by the inverse correlation found between WNT5B gene
expression and etoposide IC50 (P ⫽ 4 ⫻ 10⫺6 and Fig. 6).
Multivariate Models to Predict Etoposide IC50 with Genotypes. To
examine the overall contributions of our selected genetic variants to
sensitivity of etoposide, additional general linear models were
constructed. All SNP genotypes that were significantly associated
with etoposide IC50 through their effects on gene expression were
included as the independent variables to predict etoposide IC50 as
the dependent variable in each tested population. The backwards
elimination approach was applied for models reduction. In the
combined population, three of the four tested SNPs were included
in the final model (P ⬍ 0.0003 for all SNPs). Specifically, rs460869,
rs6588131, and rs16965867 were all significant predictors of etoposide IC50. Computing a weighted sum of R2 from each group of
unrelated individuals gives an overall estimate of R2 ⫽ 0.30,
indicating 30% of the variation in etoposide IC50 can be explained
by these three SNPs in the combined populations. In the CEU
population, rs10018204, rs11222869, rs16965867, rs1846644, and
rs6539870 were included in the final model (P ⬍ 0.015 for all five
SNPs). The indicator of gender is a significant predictor (P ⬍
0.0077), which is in agreement with our previous finding of a
significant difference in etoposide IC50 between female and male
within the YRI (5). The overall estimate of R2 ⫽ 0.55, indicating
55% of the etoposide IC50 variation can be explained by these five
SNPs in the CEU population. In the YRI, four of the six tested
SNPs were included in the final model (P ⬍ 0.015 for all SNPs).
Specifically, rs10061997, rs12190776, rs2784917, and rs9730073
were all significant predictors of etoposide IC50. The overall estimate of R2 ⫽ 0.40, indicates 40% of the etoposide IC50 variation can
be explained by these 4 SNPs in the YRI.

Discussion
We have developed a genome-wide approach to identify genetic
variants that are important in chemotherapy-induced cytotoxicity as
well as other quantitative traits that can be measured in HapMap
cell lines. Our model includes complementary approaches merging
whole-genome association between genotype and phenotype (sensitivity to drug) and association between genotype and gene expression, as well as linear regression analysis between gene expression and phenotype to identify genetic variants that are important to
drug-induced cytotoxicity through modulation of gene expression.
Previously, our laboratory used cell lines derived from large
pedigrees to demonstrate that a significant genetic component
Huang et al.

contributed to susceptibility to the cytotoxic effects of cisplatin, a
chemotherapeutic agent (6). Variation in susceptibility to two
additional chemotherapeutic agents, fluorouracil (5-FU) and docetaxel, were also shown to have a significant genetic component
(7). Cheung’s group has shown that expression of a considerable
number of genes is directly controlled by cis- or trans-acting
elements of the genotype (8–10). Many studies have also demonstrated the correlation between gene expression and treatment
effect (11–19). The present study links genotype to gene expression
to cell line treatment response and ultimately identified genetic
variants that influence drug-induced cytotoxicity.
For etoposide, our model allowed us to uncover previously
unknown genetic variants important in drug cytotoxicity. We
applied our model to the combined populations (CEU ⫹ YRI),
which provided more power to detect significant genetic variants
and because both populations showed similar sensitivity to etoposide at all concentrations studied. However, the possibility exists
that, even though both populations showed similar sensitivity to
etoposide, this phenotype could be controlled by different genetic
variants in each population; therefore, we also applied our model
independently to CEU and YRI. One challenge in the application
of this genome-wide approach is that the multiple testing may result
in false discovery. To decrease the false discovery rate, a conventional approach is to use a stringent statistical cutoff (20). However,
these arbitrarily chosen cutoff values may not hold true biological
meaning. Our stepwise approach linked SNP genotype, gene expression, and sensitivity to drugs together. We limited our search to
identify genetic variants that associated sensitivity to drugs through
regulation of gene expression. Without the gene expression element
of the model, the QTDT analysis between genotype and etoposide
IC50 yielded 49, 122, and 51 significant SNPs (P ⱕ 0.0001) associated with etoposide IC50 from the combined CEU- and YRIderived cell lines, respectively. Taking into account these associations composed of those SNPs associated and not associated with
expression, we further reduced our list to only those associated with
expression to obtain 4, 54, and 6 SNPs through the expression of 3,
18, and 24 genes in combined, CEU and YRI, respectively. The
stepwise approach allows us to narrow down genes whose expression is correlated to etoposide cytotoxicity and provides us with
greater confidence in the SNPs identified for further validation.
All SNP genotypes and gene expressions found through this
model can be considered relevant to sensitivity to etoposide.
Functional studies are currently underway to confirm the role of
these genetic variants contribution. Of the 63 genetic variants we
identified, some of them have not been described previously,
whereas others are supported by literature to play a role in the cell
sensitivity to etoposide. For example, we identified a strong association among genetic variants of SNP rs446112, gene expression of
AGPAT2, and susceptibility to etoposide-induced cytotoxicity in
the combined populations. Niesporek et al. (11) have shown the
increased expression of AGPAT2 was significantly linked to reduced overall survival time as well as to shorter progression-free
survival time in ovarian cancer patients. Our study showed that the
AA genotype of SNP rs446112 was associated with higher AGPAT2
gene expression, which correlated with lower sensitivity to etoposide. Further studies to confirm AGPAT2 as a mechanism of
resistance to etoposide are warranted.
An association between genetic variants of SNP rs6539870, gene
expression of IL1B, and etoposide IC50 was identified in CEU. IL1B
is an important cytokine, which mediates the inflammatory response and is involved in a variety of cellular activities, including cell
proliferation, differentiation, and apoptosis (21). It has been shown
that IL-1␣, a close member of the same interleukin protein family,
can dramatically increase the sensitivity of etoposide in osteosarcoma cells (22). The synergistic antitumor effects of IL-1␣ and
etoposide have also been observed in melanoma and ovarian cell
lines (23, 24). Our study showed that the GG genotype of SNP
rs6539870 associated with higher IL1B gene expression and greater
PNAS 兩 June 5, 2007 兩 vol. 104 兩 no. 23 兩 9761
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sensitivity to etoposide. Another association was identified among
genetic variants of rs2784917, gene expression of WNT5B, and
etoposide IC50 in the YRI. WNT signaling pathway plays a key role
in carcinogenesis and embryogenesis and has been found to be
up-regulated in gastric, esophageal, pancreatic, breast cancer cell
line, and uterine leiomyoma cells (25, 26). Our study showed that
the TT genotype of SNP rs2784917 was associated with higher
WNT5B gene expression and greater sensitivity to etoposide. These
genes may be targets for synergizing tumor cells to etoposide.
Additionally, many genes identified through our model were not
previously studied and could also be targets for etoposide treatment
induced toxicity.
We also found that the expression levels of many genes shared the
same regulatory region. For example, we found 45 SNPs with high
LD located in the SLC2A9 gene. These SNPs are significantly
associated with the expression of eight genes. Among the 45 SNPs,
we identified haplotypes associated with NOTCH1 and GBP2/4/7
gene expression as well as haplotypes associated with CWF19L1/
BLOC1S2 gene expression. An intronic region located in SLC2A9
gene that has been shown to be highly conserved across 17 species
(University of California Santa Cruz Human Genome Browser,
March 2006 assembly; http://genome.ucsc.edu) contains two of our
significant SNPs (rs6449178 and rs6449179). Further study is
needed to evaluate the role of this region, because it may host a new
gene or contain an alternative splicing site or noncoding, micro-, or
siRNA.
The ultimate goal of the model is to identify genetic variants
important in drug response or toxicity, so patients at risk for
nonresponse or toxicities can be given alternative therapy. However, one limitation of the model is that it represents only one type
of cell line and may not represent protein expression in a tissue of
known toxicity or tumor. Furthermore, candidate genes known to
contribute to the pharmacokinetics of etoposide, e.g., CYP3A,
UGT1A1, and ABCB1, are not expressed or are expressed at very
low levels in LCLs (data not shown). The advantage to the model
is that genes important in the pharmacodynamics of the drug can
be identified without confounding variables from pharmacokinetic
variables. Although the model allowed us to identify several genetic
variants significantly associated with etoposide-induced cytotoxicity
through gene expression, functional studies are required to confirm
the contribution of these genetic variants to etoposide-induced
cytotoxicity. There are also other genetic variants that are not
associated through expression that may contribute to the variation
in cytotoxicity that will require further study.
In summary, this genome-wide approach successfully integrated
genotype, gene expression, and sensitivity to drug information to
identify genetic variants that are important in drug treatment. It can
be used to uncover important genetic variants contributing to a
wide range of phenotypes that can be measured in LCLs.
Methods
Cell Lines. EBV-transformed B LCLs derived from 30 Center

d’Etude du Polymorphisme Humain trios (mother, father, and
child) from Utah residents with ancestry from Northern and
Western Europe (HAPMAPPT01, CEU) and 30 trios collected
from the Yoruba in Ibadan, Nigeria (HAPMAPPT03, YRI) were
purchased from the Coriell Institute for Medical Research (Camden, NJ). Cell lines were maintained in RPMI medium 1640
(Mediatech, Herndon, VA) supplemented with 15% FBS (HyClone, Logan, UT) and 1% L-glutamine (Invitrogen, Carlsbad,
CA). Cell lines were passaged three times per week and seeded at
a concentration of 350,000 cells/ml at 37°C in a 95% humidified 5%
CO2 atmosphere.
Drug. Etoposide (NSC-141540) was provided by the Drug Synthesis
and Chemistry Branch, Division of Cancer Treatment, National
Cancer Institute, Bethesda, MD. PBS (pH 7.4) was from Invitrogen,
and DMSO was from Sigma–Aldrich (St. Louis, MO).
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Cytotoxicity Assay. The cytotoxic effect was determined by using the
nontoxic colorimetric-based assay, alamarBlue (Biosource, Camarillo, CA). Exponentially growing lymphoblastoid cells with ⬎85%
viability, as determined by the trypan blue dye exclusion method by
using Vi-Cell XR viability analyzer (Beckman Coulter, Fullerton,
CA), were plated in triplicate at a density of 1 ⫻ 105 cells/ml in
96-well round-bottom plates (Corning, Corning, NY) for 24 h.
Etoposide was initially dissolved in DMSO and further diluted with
media. Cells were treated with either vehicle (0.025% DMSO) or
0.02, 0.1, 0.5, and 2.5 M etoposide for 72 h. AlamarBlue was added
24 h before absorbance reading at wavelengths 570 and 600 nm by
using the Synergy-HT multidetection plate reader (BioTek, Winooski, VT). Percent survival was quantified by using the manufacturer’s protocol. Final percent survival was averaged from at
least six replicates from two independent experiments. IC50 was
determined for each cell line by curve fitting of percent cell survival
against concentrations of drug.
Genotype and Cytotoxicity Association Analysis. SNP genotypes were

downloaded from the International HapMap database (www.
HapMap.org) (release 21). To perform a high-quality wholegenome association study, several data filters were used. To reduce
possible genotyping errors, we excluded 100,536 and 138,533 SNPs
with Mendelian allele transmission errors on 22 autosomes in the
30 CEU and 30 YRI HapMap trios, respectively. To exclude the
extreme outliers and increase the power of the association studies
within our limited number of samples, we included only the SNPs
that met the criteria of having three genotypes (homozygous wild
type, heterozygous, and homozygous variant) and containing a
minimum of two samples for each genotype in the unrelated
individuals of each population. To obtain functionally relevant
SNPs, we further filtered the SNPs by location. Only SNPs located
within 10-kb up- or downstream and within a gene were included.
Thus, our final data set consisted of 387,417 very informative SNPs
covering 22,667 well annotated genes.
Eighty-seven CEU and 89 YRI HapMap samples were phenotyped for etoposide cytotoxicity. A Box–Cox transformation was
applied to these 176 IC50 values by using MINITAB14 (Minitab,
State College, PA) followed by a Kolmogorov–Smirnov test of
normality. The transformed data with P ⬎ 0.05 were considered
normally distributed. The QTDT was performed to identify any
genotype–cytotoxicity association by using QTDT software (27)
(www.sph.umich.edu/csg/abecasis/QTDT). Because of the possible
heterogeneity between and within each population, we performed
QTDT studies in these two ethnic groups separately by using sex as
a covariate and together by using sex and race as covariates. P ⱕ
0.0001 was considered statistically significant. The binomial tests
were performed between the probability of our significant findings
and the probability of random discovery.
Gene Expression Assessment. Before sample collection, LCLs were

diluted to 500,000 cells/ml in RPMI growth media four times over
2 wk. LCLs (8.5 million cells) were in log-growth phase at the time
of collection with ⱖ85% viability. Trypan blue exclusion test was
used to assess viability and concentration. RNA from 87 CEU and
89 YRI cell lines were extracted at the fourth dilution by using
RNeasy Plus Mini kits (Qiagen, Valencia, CA). RNA quality was
assessed by using the RNA 6000 Nano Assay (Agilent Technologies,
Palo Alto, CA). RNA samples were further purified and prepared
according to the manufacturer’s protocol by using Affymetrix’s
GeneChip Whole Transcript Sense Target Labeling Assay with
reagents specifically designed for the Human Exon arrays. Gene
expression profiles were assessed by using Affymetrix GeneChip
Human Exon 1.0 ST array. Probe-signal intensities were sketchnormalized by using a subset of the 1.4 million probe sets. Transcript
cluster expression was summarized by using a robust multiarray
average method (28) with a core set of well annotated exons
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Genotype and Gene Expression Association Analysis. A second

QTDT test that integrated candidate SNPs with mRNA level gene
expression was performed to identify possible genotype-expression
association. Significant SNPs generated from the genotype–
cytotoxicity association in CEU, YRI, or combined populations
were tested for their association with gene expression in the same
population. Genes with average intensity greater than five from
Affymetrix GeneChip Human Exon 1.0 ST Array analysis were
considered as expressed genes and included in this association
analysis. The QTDT test was carried out by using gene expression
in CEU and YRI separately and in combined CEU and YRI with
sex and race (in the combined samples) as covariates. We examined
not only the cis-acting gene, defined as gene expression associated
with SNP(s) within 2.5 Mb on the same chromosome, but also the
trans-acting gene, defined as gene expression associated with
SNP(s) on different chromosome(s). A Bonferroni correction (P ⫽
0.05) was used to adjust raw P values after QTDT analysis.
GO Analysis. To further characterize sets of functionally related

genes that may affect drug response, we used Onto Express (29–32)
to classify genes according to their GO annotations (33). The genes
hosting SNPs that were significantly associated with etoposide IC50,
and those genes that were regulated by SNPs in a cis or trans
manner were tested for their potential enrichment in a particular
GO term by using biological process function. Hypergeometric
distribution (Bioconductor Vignette, http://bioconductor.org/docs/
vignettes.html) was used with each GO term having an associated
P value relating to the number of genes that are annotated at that
term. GO terms enriched in our sets of genes relative to the
references (as total number of genes tested) was indicated at a
Benjamin–Hochberg FDR of 5%.
Gene Expression and Etoposide IC50 Linear Regression Analysis. To

examine the relationship between gene expression and sensitivity to
etoposide, a general linear model was constructed with etoposide
IC50 (transformed by using the Box–Cox transformation) as the
dependent variable and robust multiarray average-summarized
log2-transformed gene expression level together with an indicator
for gender as the independent variables. The dependent variable
was transformed to satisfy the assumption of normality. Trios were
treated as units of analysis, and members of different families were
considered independent. The covariance structure within a trio was
modeled by using a Toeplitz structure with two diagonal bands, such
that the trios were ordered father, offspring, and then mother. With
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this covariance structure, mother and father IC50 values were
independent, but the offspring’s value was allowed to covary with
both father’s and mother’s values. If a SNP was significantly
associated with etoposide IC50, and the same SNP was significantly
associated with gene expression, then the above approach was used
to test whether gene expression significantly predicted IC50. Sixteen
genes/transcripts were tested for their expression correlation with
etoposide IC50 in the CEU population, and 33 genes were tested in
the YRI. Only six genes were tested by using combined CEU and
YRI. With the combined approach a predictor of population was
included in the model. P ⬍ 0.05 was considered statistically
significant. The model was programmed by using the PROC
MIXED procedure in SAS/STAT software (Version 9.1, SAS
Institute, Cary, NC). The REPEATED statement was used to
model the Toeplitz covariance structure. The LD of significant
SNPs within each population was evaluated by using Haploview
version 3.32 (www.broad.mit.edu/mpg/haploview).
Multivariate Model to Predict Etoposide IC50 with Genotypes. To

examine the overall genetic variant contributions to sensitivity of
etoposide, additional general linear models were constructed with
transformed etoposide IC50 as the dependent variable. The independent variables included all of the significant SNP genotypes
(assuming an additive genetic effect) that were selected from the
three-way model in the combined populations and the two populations independently. These SNP genotypes are significantly associated with etoposide IC50 through their effect on gene expression.
For the model of combined populations, indicators of race and sex
were also included as predictors. Trios were analyzed as independent units. The covariance was modeled as described above. Models
were reduced by using a backwards elimination approach. SNPs
included in each of the final models were statistically significant at
the ␣ ⫽ 0.05 level. Using the final model, predicted transformed
IC50 values were computed. Within the unrelated individuals (parents from the trios and separately offspring from the trios) an R2
was estimated between observed IC50 and the predicted IC50 from
the final model. Last, a weighted average of the two R2 estimates
was computed to quantify the amount of variation in etoposide IC50
explained by the selected SNP genotypes.
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(⬇200,000). The ExACT program developed by Affymetrix with its
Integrated Genome Browser was used to determine gene signal.

