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Abstract
Background—Lung cancer is commonly treated with platinum compounds. The “glutathione
pathway” participates in the metabolism of platinum compounds. We set out to test the hypotheses
that single nucleotide polymorphisms (SNPs) or copy number variation for genes within the
glutathione pathway might influence survival in lung cancer patients treated with these drugs.

Methods—Germline DNA samples from 973 lung cancer patients were genotyped for 290
glutathione pathway SNPs. GSTT1 copy number was also assayed. We determined the association
of these polymorphisms with survival for lung cancer patients, followed by functional genomic
validation.

Results—We observed suggestive associations between survival and GSTT1 copy number
(p=0.017), and GSTA5, GSTM4, and ABCC4 SNPs, adjusted for covariates (p=0.018, 0.002, 0.002,
respectively) or not (p=0.005, 0.011, 0.002). One hundred lymphoblastoid cell lines were then treated
with cisplatin, and IC50 values were significantly associated with the GSTM4 SNP (p=0.019).
Furthermore, GSTM4, GSTT1, and ABCC4 overexpression significantly decreased cisplatin
sensitivity in lung cancer and HEK293T cell lines.

Conclusions—These results suggest that GSTM4 polymorphisms are biomarkers for the prediction
of cisplatin response. ABCC4 polymorphisms, as well as GSTT1 copy number, may also help to
predict cisplatin response, but further validation is required.

Impact—These results represent a step toward the individualized chemotherapy of lung cancer.
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Introduction
Platinum compounds are widely used in the treatment of many forms of cancer and they are a
mainstay in the therapy of lung, testicular, ovarian, head and neck, and bladder cancer (1-3).
However, there are large inter-individual variations in response to treatment with these agents,
with response rates of only 30% for cisplatin combination chemotherapy for lung cancer (4).
After platinum chemotherapeutic agents enter the cell and their chloride leaving groups are
aquated, they exert their cytotoxic effects by covalently binding DNA purine bases and forming
adducts (5-8). If unrecognized by the DNA damage recognition and repair machinery, these
adducts can interfere with DNA replication and result in mutations or cell death via apoptosis
or necrosis (9,10). When used in therapeutic doses, cisplatin can cause significant
nephrotoxicity and neurotoxicity, both of which can be severe enough to require
discontinuation of therapy.

Platinum compounds can be inactivated by glutathione conjugation. The “glutathione
pathway” (Figure 1), which includes enzymes responsible for glutathione synthesis and redox
status, as well as glutathione S-transferases and transporters that remove glutathione conjugates
from cells, is highly genetically polymorphic. This pathway has been implicated in cellular
resistance to cancer chemotherapy as a result of the glutathione conjugation of active
metabolites, followed by the excretion of glutathione conjugates (11-13).

Lung cancer is the leading cause of cancer death in both men and women (14). The prognosis
for this disease is poor because of late stage tumor detection, a narrow therapeutic index for
drugs used in its treatment, and lack of algorithms to predict the best drug and dose for
individual patients (15). We set out to study the possible contribution of glutathione pathway
pharmacogenomics to variation in response to platinum therapy of patients with lung cancer –
followed by functional validation of candidate genes identified during the clinical study using
cell-based model systems. Specifically, we genotyped germline DNA from 973 patients with
lung cancer for 290 glutathione pathway SNPs (Table 1), as well as number of copies of the
GSTT1 and GSTM1 genes. We will use the term “copy number polymorphism” (CNP)
subsequently to refer to these gene deletion polymorphisms in GSTT1 and GSTM1. We then
evaluated the effect of candidate SNPs identified during the clinical association study on
cisplatin toxicity using a “Human Variation Panel” cell line model system. Finally, we also
determined the effect of altering the expression of the candidate genes identified during the
clinical study on cisplatin toxicity in cancer cell lines. This series of clinical and complementary
laboratory-based functional studies identified several candidate SNPs and genes that might be
useful biomarkers in predicting both platinum compound toxicity and patient survival after the
treatment of lung cancer with platinum-based antineoplastic agents.

Materials and Methods
Patient Samples

The study group included 973 patients with pathologically confirmed primary lung cancer,
including both small cell and non-small cell lung cancer, who were treated with platinum-based
chemotherapy. Study subjects were Caucasian patients who were consecutively enrolled in this
protocol from a population of patients diagnosed and/or treated at the Mayo Clinic (Rochester,
MN) between 1997 and 2006. Details with regard to clinical characteristics of patients, patient
enrollment, and data collection procedures were described previously (16-18). Briefly, each
case was identified through the Mayo Clinic pathologic diagnostic (Co-Path) system. After
written informed consent had been obtained, patient medical records were abstracted by a
trained nurse and a blood sample was collected. Vital status and cause of death were determined
by reviewing the Mayo Clinic registration database and medical records, correspondence from
patients' next-of-kin, death certificates, obituary documents, the Mayo Clinic Tumor Registry,
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and the Social Security Death Index website. Additional patient information was collected with
a mail-in questionnaire sent to participants or to their next-of-kin. As of June 2007 (when
patients were last followed and the data were “frozen” for analysis), 694 were deceased and
279 were alive. All patients provided written informed consent for their participation in this
study, and the study was reviewed and approved by the Mayo Clinic Institutional Review
Board.

Cell Lines
“Human Variation Panel” lymphoblastoid cell lines from sample set HD 100CAU,
corresponding to 100 Caucasian-American subjects, were obtained from the Coriell Cell
Repository (Camden, NJ). The National Institute of General Medical Sciences had obtained
and anonymized these cell lines before deposit, and all subjects had provided written informed
consent for the use of their samples for research purposes. Use of these cell lines for research
purposes was reviewed and approved by the Mayo Clinic Institutional Review Board.

Human lung adenocarcinoma cell lines CRL-5872 and CRL-5985 were obtained from the
ATCC (Manassas, VA). HEK293T cell lines stably expressing ABCC4 were a generous gift
from Dr. Piet Borst of The Netherlands Cancer Institute (19).

Genotyping
The Illumina Golden Gate platform was used to genotype 290 SNPs within genes encoding
proteins in the glutathione pathway (Figure 1, Table 1). SNPs were selected on the basis of in-
depth resequencing studies (20-22) for genes previously resequenced in our laboratory and/or
HapMap data to include all other genes in the glutathione pathway. Specifically, SNPs in
GSTT1, GSTM1, GSTP1, GSTO1, and GSTO2 were based on in-depth resequencing studies
and were selected by use of a haplotype-tagging algorithm (20-25). We also genotyped all
nonsynonymous SNPs found in these genes in the Caucasian-American population. Haploview
was used to select additional HapMap tag SNPs in these and in other genes studied. Specifically,
data from the Caucasian (CEU) HapMap population were used to select SNPs with the
following parameters: ignore pairwise comparisons of markers >500 kb apart, exclude
individuals with >50% missing genotypes, Hardy-Weinberg p-value cutoff=0.001, minimum
genotype=75%, maximum number of Mendelian errors=1, Minimum minor allele
frequency=0.001, aggressive tagging, r2 threshold=0.8, LOD threshold for multi-marker
tests=3.0. In order to obtain GSTT1 and GSTM1 CNP information, fluorescent-based fragment
analysis was performed as described previously (20).

The “Human Variation Panel” lymphoblastoid cell line DNA was obtained from the Coriell
Cell Repository. This DNA was genotyped with Illumina HumanHap550k BeadChips.
However, only data for rs4715354, rs560018, and rs7984157 (SNPs for glutathione pathway
genes identified during the clinical study) were used in this study. GSTT1 copy number data
for these same cell lines had been obtained previously (20).

Cisplatin Cytotoxicity
Cisplatin was obtained from Sigma-Aldrich (St. Louis, MO) and was dissolved in DMSO
immediately prior to use. Cells were incubated in cisplatin for either 72 hours (lymphoblastoid
cells and HEK293) or 120 hours (lung cancer cell lines) in the presence of 8 drug concentrations
ranging either from 0.1 to 80 μM (lymphoblastoid and HEK293T cells) or 0.3 to 320 μM (lung
cancer cell lines) – all with DMSO concentrations of less than 0.1% in a dark incubator. The
cytotoxic effect of cisplatin was evaluated by determining the concentration of cisplatin
required to inhibit growth and/or survival by 50% (IC50) using the CellTiter Blue (Promega,
Madison, WI) assay to perform the cytotoxicity assays.
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Transient Overexpression in Cell Lines
To assess the effect of increased gene expression on cisplatin cytotoxicity in lung
adenocarcinoma, GSTT1, GSTM4, and GSTA5 were transiently overexpressed in the
CRL-5872 and CRL-5985 cell lines. Expression constructs for the wild type cDNA were either
obtained from OriGene (Rockville, MD) or were created as described previously (20).
Expression constructs or empty vector were transfected into the cell lines using the TransFast
reagent (Promega, Madison, WI). After 24 hours, the cells were treated with cisplatin as
described for the cytotoxicity experiments and data for cells transfected with expression
constructs were compared with results obtained after transfection with “empty” vector.

Data Analysis
A total of 251 glutathione pathway SNPs were included in the analysis for the clinical
association study (see Table 1), as well as GSTT1 and GSTM1 copy number. SNPs were
excluded on the basis of genotyping failure, ambiguous “clustering”, monomorphic
genotyping, minor allele frequency less than 0.01, or significant departures from Hardy-
Weinberg Equilibrium (p<0.001). SNPs that had call rates >95% and passed all other quality
control checks were included in the study. Associations of SNP genotypes with overall survival
were analyzed by the Cox proportional hazards model, using the common homozygote as
baseline, to contrast with heterozygotes and homozygotes for the rare allele. For markers with
three genotypes, score tests with 2 degrees of freedom (df) were used, while 1 df tests were
used if no homozygotes for the rare allele were observed. The associations of copy number for
the GSTT1 and GSTM1 genes were analyzed in a similar fashion, except the copy number of
0 was used as baseline, to contrast with subjects with 1 or with 2 copies. To correct for multiple
testing of the 251 SNPs assayed in the initial experiment, the Bonferroni corrected p-value
threshold of 0.0002 was used to determine statistically significant associations. To determine
whether associations with SNPs should be adjusted for the clinical covariates of age at
diagnosis, gender, smoking status, disease stage and treatment, backward selection was
performed. Here stage was divided into five categories: small cell lung cancer with stages
limited versus extensive; non-small cell lung cancer with stages I+II, versus III versus IV.

IC50 values were obtained from the cisplatin cytotoxicity data using GraphPad Prism 4.03 to
fit the data to a sigmoidal dose-response curve, with no constraints. Correlations of the log
transformed cisplatin IC50 values obtained from the “Human Variation Panel” cell-based
model system, and SNP and CNP genotypes were assessed with Pearson correlations and
ANOVA. For the overexpression experiments, group mean values were compared using
Student's t test. Because the associations of SNPs and CNP with survival were used to screen
out the variants most likely to have functional importance, and because only a small number
of SNPs/CNPs were pursued with functional studies, the associations of IC50 values with
SNPs/CNPs were determined to be statistically significant with a p-value threshold of 0.05.

Results
Survival Analyses for Glutathione Pathway Genetic Variation and Lung Cancer Patient
Samples

Overall survival and genotype data for 973 lung cancer patients were included in this study.
Basic demographic and clinical data with regard to the patients studied are listed in Table 2.
At last follow-up, 694 of these patients were deceased and 279 were alive. Four covariates –
disease stage (which also took into account non-small cell vs. small cell), treatment, age at
diagnosis, and gender – were statistically significant predictors of survival, each adjusted for
the others. Smoking history was not significant after adjusting for the other covariates (p=0.15),
so our results were not adjusted for smoking history. Three tag SNPs, one each in GSTA5
(rs4715354), GSTM4 (rs560018), and ABCC4 (rs7984157), were associated with survival,
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whether adjusted for the covariates of stage, treatment, gender and age at diagnosis (p=0.018,
0.002, 0.002, respectively) or not (p=0.005, 0.011, 0.002) (Figure 2, Table 3), although these
SNPs were not statistically significant after correcting for multiple testing. Similar data for all
of the polymorphisms studied are listed in Supplementary Table 1. We should point out that
the associations for GSTM4 and GSTA5 both seemed to be “driven” by the heterozygous
samples – a trend that we also noticed in the cell line-based validation studies described
subsequently. The biological explanation for these observations is not obvious. GSTT1 copy
number was associated with survival before adjustment for covariates (p=0.017), but the
strength of the association decreased after adjusting for all covariates (p=0.079) (Figure 2).

Adjusting for disease stage had the greatest impact on the p-value for GSTT1 copy number,
primarily because 63% of patients with limited stage disease had less than two copies of
GSTT1, while only 56% of the patients with more advanced disease stage were homozygous
or heterozygous for the GSTT1 gene deletion. The correlation of GSTT1 copy number with
stage could result from a contribution of GSTT1 copy number to disease severity in terms of
disease stage, in which case it would not be appropriate to adjust for stage. When we adjusted
only for treatment, sex, and age, the association of GSTT1 copy number with survival did not
diminish (p=0.039) compared to when stage was adjusted. Compared to subjects with no copies
of GSTT1, subjects with a single copy had a 21% increased risk of death (Hazard ratio, [HR]
95% confidence interval, CI=0.96-1.54) and subjects with two copies of GSTT1 had a 40%
increased risk of death (HR 95% CI=1.10-1.76). When GSTT1 copy number was included with
the three tag SNPs that we had identified in a Cox regression model together with treatment,
age, and sex, subjects with two copies of GSTT1 remained at increased risk of death (p=0.03;
HR=1.31, 95% CI=1.03-11.66); subjects heterozygous for the rare SNP allele in GSTA5 were
at increased risk (p=0.009, HR 1.23, 95% CI=1.05-1.42); subjects heterozygous for the rare
SNP allele in GSTM4 were at increased risk (p=0.001, HR=1.29, 95% CI=1.11-1.51), and
subjects homozygous for the rare SNP allele in ABCC4 were also at increased risk (p=0.0001,
HR=2.35, 95% CI=1.51-3.65). These results suggest that GSTT1 copy number and the three
tag SNPs contribute independent effects to the risk for death, supporting a polygenic
mechanism.

SNP-IC50 Correlation Analysis in Lymphoblastoid Cell Lines
The three SNPs identified during the patient survival analysis, as well as the GSTT1 CNP, were
next pursued by in vitro functional validation studies performed with a cell-based model
system, “Human Variation Panel” lymphoblastoid cells obtained from 100 healthy Caucasian-
American subjects. Cells obtained from Caucasian-American subjects were selected to
correspond to the Caucasian patients in the clinical association study. This “model system” has
been used to generate and test pharmacogenetic hypotheses for other antineoplastic drugs
(26). Specifically, these 100 cell lines were used to perform cytotoxicity studies with cisplatin
so the association of SNPs with IC50 could be determined. In this system, rs560018 (the SNP
in GSTM4) was significantly associated with IC50, p=0.019 (Figure 3), but rs4715354 in
GSTA5 and rs7984157 in ABCC4 were not significantly associated with cisplatin IC50 (p=0.582
and 0.598, respectively) (Figure 3). There was also not a statistically significant association
between GSTT1 copy number and IC50 (p=0.509) in this cell line model system (Figure 3). We
next utilized cancer cell lines to perform cytotoxicity experiments as a second cell line-based
functional validation.

Transient Overexpression in Cancer Cell Lines
SNPs have been shown to influence the activity of enzymes and the function of transporters
by either altering the quantity of protein as a result of an effect on transcription or protein
synthesis/degradation, or as a result of an effect on “active sites” (27,28). The SNPs identified
in our clinical association study were located in introns, making the mechanism by which they
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may be associated with clinical outcome unclear. They might be linked to other functional
SNPs or they might alter promoter elements – found in introns approximately one-third of the
time (29) – thus affecting transcription and the level of enzyme or transporter expressed.
Without resequencing each gene in its entirety, it is impossible to decipher whether the SNPs
that we identified were the functional SNPs or if they are linked to other, functionally important
SNPs. Therefore, we attempted to determine the effect of altered level of the enzymes and
transporter identified during our clinical association study on cisplatin cytotoxicity in cancer
cell lines as a functional approach to the validation of the possible impact of these and/or linked
SNPs. Specifically, we overexpressed the genes in which the SNPs were found in either lung
cancer or in HEK293T cells. Adenocarcinoma cell lines were selected because adenocarcinoma
represented the largest percentage of patients in our clinical association study. We found that,
compared to IC50 values for CRL-5872 and CRL-5985 lung cancer cells transfected with empty
vector as a control, there were significant changes in IC50 values, with increased resistance
after the overexpression of GSTM4 (159±18.9%, p=0.014 and 170±30.7%, p=0.050,
respectively) and GSTT1 (161±17.5%, p=0.017 and 144±5.0%, p=0.013, respectively) (Figure
4). Overexpression of GSTA5 did not result in significant alterations of IC50 values in either
cell line (95.7±6.3%, p=0.383, and 141±25.5%, p=0.188) (Figure 4). ABCC4 overexpression
was only tested in HEK293T cell lines. The two clones studied, both stably overexpressing
ABCC4, displayed IC50 values that increased slightly in the direction of increased resistance
(118±3.3%, p=0.058, and 119±3.6%, p=0.035) (Figure 4).

Discussion
Platinum-containing agents are a mainstay in the chemotherapy of lung cancer. Cisplatin
response and toxicity both exhibit inter-individual variation. That is due, in part, to multiple
mechanisms for resistance to these compounds, including reduced drug accumulation,
enhanced DNA repair, increased drug detoxification, and/or increased removal of glutathione-
conjugates from the cell (30-33). Glutathione conjugation is one mechanism by which platinum
compounds can be detoxified either by the conjugation of free cisplatin or by binding DNA-
platinum mono-adducts, thus preventing cytotoxic DNA crosslink formation (31,34,35). In the
present study, we evaluated the possible contribution of genetic variation in the “glutathione
pathway” to differences in response to platinum antineoplastic agents by performing an
epidemiologic genotype-phenotype association study of lung cancer patient survival after
treatment with platinum-containing agents. We then used two different cell line-based
approaches in an attempt to biologically validate the results of our clinical association study –
lymphoblastoid cell lines and complementary tumor cell line experiments. Specifically, we
studied SNPs with the lowest p-values observed during the clinical association study using a
lymphoblastoid cell-based model system, and by evaluating the effect on cisplatin IC50 of
altered expression of genes in which these SNPs were found in lung cancer and HEK293T cell
lines.

The clinical association study presented here utilized a patient cohort from a single institution.
All lung cancer patients treated with a platinum compound were included in our study in an
attempt to be representative of the general population of patients with lung cancer. It should
be emphasized that germline mutations have been shown to be of great importance in
pharmacogenomics. In addition, although non-small cell and small cell lung cancer have many
differences, both cancers are treated very similarly with platinum agents (36,37). Including
both non-small cell and small cell lung cancer patients allowed us to have greater power when
studying the possible effects of germline mutations on patient survival after adjusting for
disease stage—including histologic type and severity of lung cancer.

GSTT1 copy number polymorphism and three SNPs, one each in GSTM4, GSTA5, and
ABCC4, were associated with survival in lung cancer patients treated with platinum-containing
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agents, although none of these associations achieved statistical significance when we accounted
for all 251 SNPs evaluated. GSTT1, GSTM4, and GSTA5 are all glutathione S-transferase
enzymes that can catalyze the conjugation of glutathione to reactive electrophiles, while
ABCC4 encodes a cell membrane transporter, MRP4, that contributes to drug efflux from cells
(38). The GSTT1 CNP has been reported previously to be associated with response to cisplatin
in combination with other genotypes (15,39). In the present study, we found that this association
appeared to be directly related to GSTT1 copy number. That is not surprising, since we have
previously shown that GSTT1 expression increases with increasing copies of GSTT1 (20).
Therefore, it is likely that the GSTT1 CNP may be associated with outcome as a result of
increased levels of GSTT1 enzyme and, therefore, increased GSTT1-mediated conjugation.
Obviously, failure to observe significant associations with the phenotype of interest, survival,
for the other genes included in our study does not rule out a significant association for those
genes if additional SNPs had been studied.

The SNP in GSTM4 that we identified was associated with both the survival of lung cancer
patients treated with platinum-containing agents and with cisplatin IC50 in the lymphoblastoid
cell line-based model system. Overexpression of GSTM4 resulted in a greater than 50% change
in IC50 in a direction indicating increased resistance in both lung cancer cell lines exposed to
cisplatin. While this was a robust association and, to our knowledge, is the first time that a
specific GSTM4 SNP has been reported to play a role in cisplatin resistance, this is not the first
time that GSTM4 has been implicated as a factor in cisplatin response. When the expression
pattern of an MCF-7 cisplatin-resistant derivative cell line was compared to the parental cell
line, GSTM4 was one of 28 genes found to be differentially expressed between the two cell
lines (40). Furthermore, a different SNP in GSTM4, rs650985, has also been associated with
risk for the development of lung cancer (41) and that polymorphism is in linkage disequilibrium
with the SNP identified in our study (D′=1.0) (Figure 5). Obviously, future studies will be
required to determine the possible role(s) of GSTM4 in lung cancer carcinogenesis and
treatment response – although those studies would be technically challenging because of the
high degree of sequence similarity among genes encoding GSTM family members.

GSTA5 was first identified in 2002 and it remains controversial whether this gene is even
expressed, so the function of GSTA5 remains to be clarified (42). This is the first report of an
association between a genetic polymorphism in this gene, a polymorphism located in intron 1,
and a phenotype, survival of lung cancer patients after platinum-treatment. The SNP that we
identified has a high minor allele frequency of approximately 50%, and is linked to several
other GSTA5 polymorphisms (Figure 5). To date, no studies have been performed that might
clarify the functional significance of GSTA5 polymorphisms.

ABCC4 is a highly polymorphic gene encoding a member of the ATP-binding cassette family
of membrane transporters, the multidrug resistance protein 4 (MRP4). Five ABCC4 SNPs in
addition to rs7984157 were among the 20 SNPs with the lowest unadjusted p-values associated
with the survival of our lung cancer patients (Table 2). Four of the 5 additional ABCC4 SNPs
were in moderate to high linkage disequilibrium with rs7984157 (rs1564351, D′=0.85,
r2=0.384; rs2274405, D′=0.434, r2=0.023; rs943290, D′=0.606, r2=0.021; rs4636781, D′=1.0,
r2=0.057). There is evidence that cisplatin can form complexes with glutathione and that these
complexes are substrates for organic anion transporters, but drug resistance caused by increased
transport of these complexes appears to be complex and to depend on a combination of changes
in the glutathione pathway (31,43,44). MRP4 is expressed at low levels in only a few tissues,
including lung, kidney, and bladder (45). Although MRP4 overexpression was not detected in
cisplatin-resistant cell lines in one study (45), Savaraj et al. reported that MRP4 was
overexpressed in a cisplatin-resistant variant small cell lung cancer cell line (46). Wakamatsu
et al. also found that MRP4 expression was increased 11.3-fold over expression in wild type
cells in hepatocellular carcinoma cells resistant to cisplatin (47). These data suggest that
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cisplatin resistance due to alterations in transporters is complex, and that polymorphisms,
whether present in germline DNA or induced in the tumor genome, might cause alterations in
ABCC4 expression and might result in altered glutathione-conjugate efflux.

Although we identified one CNP and 3 SNPs that may be associated with overall survival after
the treatment of lung cancer patients with platinum compounds, only one of those
polymorphisms was associated with cisplatin IC50 in the 100 lymphoblastoid cell-based model
system that we also studied. That may be due, in part, to a different cellular environment in the
tumor, resulting in differential effects of sequence variation in GSTT1, GSTM4, GSTA5, and
ABCC4. However, it has been demonstrated repeatedly that germline polymorphisms can be
important for pharmacogenomic effects in drug response during the treatment of cancer†.
Because the GSTs can be induced by many chemicals, it is possible that the importance of
these SNPs may not be evident until patients have been exposed to an agent which might cause
these genes to be regulated differently than in the controlled environment that exists in a cell
culture system. In addition, the associations that we observed using DNA from lung cancer
patients were not statistically significant after correction for multiple comparisons, so it is also
possible that these polymorphisms failed to demonstrate significant associations in the model
system because they were false positives during the clinical study, but that explanation is less
likely for those that were functionally validated by altering cisplatin IC50 values after
overexpression in lung cancer cell lines. Resequencing of each of these genes and identifying
linkage patterns would be useful to help identify functionally important SNPs and, thus, to
identify mechanisms underlying our observed associations.

Finally, the approach that we used in this series of studies, beginning with a clinical association
study and then moving to the laboratory in an attempt to validate and/or study mechanisms
responsible for the observed statistical associations, is one that may find increasing application
as the expense of genotyping continues to decrease, the number of polymorphisms queried
rises and the statistical challenges of addressing the issue of multiple comparisons increases.

In conclusion, we have studied the importance of glutathione pathway gene sequence and copy
number variation in the response of lung cancer patients and cell line systems to platinum-
based antineoplastic agents. A GSTT1 copy number variant and one SNP each in GSTM4,
GSTA5, and ABCC4 were associated with overall survival in lung cancer patients treated with
platinum-containing antineoplastics. The SNP in GSTM4 was also associated with cisplatin
IC50 in a lymphoblastoid cell line-based model system that has been used to study individual
genetic variation. Furthermore, overexpression of GSTT1, GSTM4, and ABCC4 altered
cisplatin IC50 values in cancer cell lines, resulting in increased cisplatin resistance.

These results suggest that GSTM4 genetic variants may represent useful biomarkers for the
prediction of cisplatin response. GSTT1 and ABCC4 genetic variants may also ultimately prove
to be useful biomarkers, but they require further validation. However, future studies designed
to explore mechanisms by which variation in this important pathway for drug response might
contribute to cisplatin resistance/sensitivity will be needed. Those studies might result in the
identification of useful biomarkers and improved algorithms for the treatment of cancer with
platinum-containing agents.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

†www.FDA.gov/cder/genomics/genomic_biomarkers_table.htm
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Figure 1. The “Glutathione Pathway”
The figure shows a schematic representation of the “glutathione pathway.” Glutathione (GSH)
is synthesized from glutamate, cysteine, and glycine by γ-glutamylcysteine synthetase and
glutathione synthetase. Glutathione redox state is regulated, in part, by glutathione peroxidases,
forming oxidized glutathione (GSSG), and by a reaction catalyzed by glutathione reductase.
Glutathione is conjugated to substrates both through the action of the glutathione S-transferases
and through non-enzymatic reactions. Glutathione conjugates can be excreted from the cells
by members of the ABCC transporter family.
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Figure 2. Lung Cancer Patient Survival Curves
Kaplan-Meier survival curves for lung cancer patients are shown for the GSTT1 CNP and for
SNPs in GSTM4, GSTA5, and ABCC4. The x-axis on each graph indicates years since lung
cancer diagnosis, while the y-axis indicates the percentage of patients surviving. The p-values
unadjusted for covariates (p) and after adjustment for covariates (p adj) are indicated for each
variant. For GSTT1, 0, 1, and 2 indicate the number of copies of GSTT1. For GSTM4,
GSTA5, and ABCC4, CC indicates two copies of the common allele, CR refers to heterozygotes,
and RR indicates patients having two copies of the rare allele.
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Figure 3. Association of SNPs and Cisplatin IC50 Values in Lymphoblastoid Cells
The plots show log cisplatin log IC50 values by copy number or SNP genotype in 100
lymphoblastoid cell lines from Caucasian-American subjects. Each dot represents an individual
sample. The green line across the center of each diamond represents the group mean, while the
vertical span of each diamond represents the 95% confidence interval for each group. Mean
values and standard deviation lines are shown as blue lines. The p-value for each ANOVA is
listed at the bottom left of the plot.

Moyer et al. Page 14

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2011 March 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Effect Overexpression on Cisplatin IC50
Relative cisplatin IC50 values, after overexpression of the gene indicated, are shown in the cell
lines indicated. The IC50 value after transfection with the empty vector control for each
experiment was defined as 100%, and IC50 values are reported as a percentage of that for the
control. All experiments were performed at least six times. * indicates p<0.05
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Figure 5. GSTM4 and GSTA5 Haplotype Structures
The SNPs that we identified in both GSTM4 and GSTA5 are linked to other SNPs in these
genes. The haplotype structures of the two genes were obtained from the HapMap. SNP pairs
with high D′ values are shown in red, while SNP pairs with lower D′ values are shown in lighter
red, grey, or white. The SNPs which we identified are “boxed” in red, while a SNP in
GSTM4 that we did not identify but which is discussed in the text is indicated with a “broken”
red box.
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Table 1

Glutathione Pathway panel genes. “Panel SNPs” indicates the number of SNPs in each gene originally selected
for genotyping for each gene, while “SNPs Analyzed” indicates the number of SNPs that passed all quality control
checks and were included in the final analysis.

Gene Name Panel SNPs SNPs Analyzed

ABCC1 29 28

ABCC2 17 14

ABCC3 15 13

ABCC4 68 65

GCLC 16 16

GCLM 3 3

GPX1 3 1

GPX2 3 3

GPX3 6 5

GPX5 3 3

GPX6 3 3

GPX7 2 2

GSR 7 6

GSS 7 7

GSTA1 1 1

GSTA2 5 4

GSTA3 6 5

GSTA4 10 8

GSTA5 8 6

GSTM1 10 5

GSTM2 2 1

GSTM3 3 3

GSTM4 5 4

GSTM5 7 4

GSTO1 8 6

GSTO2 12 9

GSTP1 12 8

GSTT1 7 7

GSTT2 0 0

GSTZ1 12 11

Total 290 251
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Table 2

Description of 973 patients who were diagnosed with primary lung cancer and received platinum-based drug
therapy, Mayo Clinic, 1997-2006. Stage for NSCLC is described on the basis of the TNM classification. The
SCLC staged is described as suggested by the American Cancer Society (48) as either “EXTENSIVE” or
“LIMITED”.

Characteristics at the Diagnosis and Treatment Values and Percentages

Age at Diagnosis

 Mean (standard deviation) 62.1 (10.4)

 Median (range) 63.0 (34.0-93.0)

Gender, N (%)

 Female 439 (45.1%)

 Male 534 (54.9%)

Cigarette smoking status

 Non-smokers 155 (15.9%)

 Smokers 818 (84.1%)

Lung cancer stage

 Unknown 10 (1.0%)

 SCLC: LIMITED 103 (10.7%)

  EXTENSIVE 68 (7.1%)

 NSCLC: I 96 (9.9%)

  II 65 (6.7%)

  III 340 (35.3%)

  IV 291 (30.2%)

Histologic cell type

 Adenocarcinoma 443 (45.5%)

 Squamous cell carcinoma 169 (17.4%)

 Small cell carcinoma 172 (17.7%)

 Large cell carcinoma 30 (3.1%)

 Mixed and unspecified NSCLC 152 (15.5%)

 Carcinoid or salivary gland tumors 7 (0.7%)

Tumor differentiation grade

 Nongradable or unknown 76 (7.8%)

 Well Differentiated 75 (7.7%)

 Moderately Differentiated 319 (32.8%)

 Poor/Undifferentiated 503 (51.7%)

Treatment Modality

 Only platinum drugs 334 (34.3%)

 Surgery & platinum drugs 189 (19.4%)

 Radiation & platinum drugs 285 (29.3%)

 Surgery & radiation & platinum drugs 165 (17.0%)
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