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Abstract
NSCLC is the leading cause of cancer-related death in the US. Patients with NSCLC are mostly
treated with platinum-based chemotherapy, often in combination with radiation therapy. However,
the development of chemoresistance is a major hurdle limiting treatment success. In this review,
we summarize the current understanding of the genetic factors modulating chemoresistance to
platinum chemotherapeutics and their association with clinical outcomes for NSCLC patients. We
focus on candidate pathways responsible for drug influx and efflux, metabolism and
detoxification, DNA damage repair, and other downstream cellular processes that modulate the
effect of platinum-based therapy. We also discuss the application of pathway-based polygenic and
genome-wide approaches in identifying genetic factors involved in NSCLC clinical outcomes.
Overall, current studies have shown that the effects of each individual polymorphism on clinical
outcomes are modest suggesting that a more comprehensive approach that incorporates
polygenetic, phenotypic, epidemiologic and clinical variables will be necessary to predict
prognosis for NSCLC patients receiving platinum-based chemotherapeutics.
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1. Introduction
Lung cancer is the leading cause of cancer-related deaths worldwide. In 2002, > 1.2 million
individuals were diagnosed with lung cancer [1]. In the US alone, it is estimated that there
were > 140,000 newly diagnosed lung cancer patients and > 160,000 resulting deaths in
2008 [2]. NSCLC comprises > 75% of lung cancer cases making it the leading cause of
cancer-related death. The prognosis for NSCLC patients is highly dependent on the stage at
diagnosis, and despite efforts to develop early screening tools, a majority of tumors are
detected at an advanced stage [3]. Surgery is the standard of care for patients with resectable
tumors, often with the addition of adjuvant chemotherapy with platinum-based agents such
as cisplatin and carboplatin. Patients with advanced NSCLC have a much dimmer prognosis
[4]. A recent meta-analysis of > 2700 patients has shown that the addition of chemotherapy
to supportive care increases overall survival > 1 year for advanced NSCLC to 29% from
20% [5]. Unfortunately, although these agents have shown success in treating NSCLC, the
use of platinum-based chemotherapeutics is limited by the development of chemoresistance
and toxicity.
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This development of chemoresistance can be intrinsic owing to germ-line genetic variation
or acquired through altered mRNA or protein expression in key pharmacokinetic or
pharmacodynamic pathways. Several excellent reviews have detailed the molecular
mechanisms of resistance to platinum agents [6–8]. These include alterations in drug influx
or efflux, detoxification through glutathione conjugation, DNA repair capacity and other
cellular pathways required for proper response to DNA damage (Figure 1).
Pharmacogenomic analysis of genetic variation in these candidate pathways has shown that
an individual’s genetic background plays a role in determining response to platinum-based
chemotherapy. More recently, unbiased, genome-wide approaches have been taken to
identify unknown genetic modulators and these studies will surely become more valuable.

At present, only clinical variables are used to guide treatment decisions for NSCLC patients
such as stage and performance scores [9]. Through the identification of polymorphisms
associated with response to therapy and overall survival, the physician may have more
information to better select the appropriate treatment regimen. In this review, we focus on
the association between genetic variation and clinical outcomes in advanced NSCLC.

2. Drug influx and efflux
A common characteristic of cancer cells that have become resistant to platinum agents is
reduced intracellular accumulation of drug [10], which may be caused by altered influx or
efflux of the compounds in or out of the target cell. Although the exact processes by which
platinum compounds enter the cell are not fully understood, it is believed that the primary
mechanism is passive diffusion [6]. Another route is through the copper transporter CTR1
(SLC31A1) [11]. This protein has been show to be downregulated in ovarian cancer cell
lines following cisplatin treatment and homozygous knockouts of the gene increase
resistance to both cisplatin and carboplatin [12]. SLC31A1 contains one coding region
polymorphism that results in a proline to alanine change at codon 199 (rs2233915). This
variant was genotyped as part of the HapMap Project and only found in individuals from
Africa. Because of the lack of candidate single nucleotide polymorphisms (SNPs), there are
at present no association studies of genetic variation in this gene and clinical outcomes in
any cancer. However, transfection of CTR1 protein in resistant cell lines with low
expression does not fully convert the cell to a sensitive phenotype, suggesting that another,
unknown membrane transporter may also be involved in platinum uptake [13]. If identified,
genetic variation with this candidate will be of interest.

Active drug efflux will also result in decreased levels of platinum within the cell. Genetic
mutations in ATP7A and ATP7B result in severe copper deficiencies that cause Menkes and
Wilson disease, respectively. Interestingly, these two copper transporters have been shown
to be involved in the development of chemoresistance to platinum agents [14].
Overexpression of either gene resulted in increased resistance and ovarian cancer patients
with high expression had a poorer prognosis [15,16]. As with CTR1, studies of the
association between genetic variation in these two copper transporters and clinical outcomes
have been limited due to lack of functional candidate SNPs.

Copper transporters are not the only mechanism for cisplatin efflux. Several drug
transporters have also been show to be involved in pumping cisplatin out of the cell resulting
in chemoresistance. The strongest evidence is for the multi-drug resistance protein (MRP2,
or cMOAT), encoded for by the gene ABCC2. Expression levels of MRP2 were associated
with chemoresistance in cancer cell lines [17]. Genetic variation of ABCC2 has been studied
for effect on NSCLC clinical outcomes in patients treated with both cisplatin and irinotecan
[18]. Homozygous variant genotypes of two SNPs in ABCC2, −24C>T (rs717620) and
3972C>T (rs3740066), were found to be associated with increased response rate and
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progression-free survival. However, as these patients were treated with cisplatin–irinotecan
combination therapy, and ABCC2 is a known efflux transporter for irinotecan, it is difficult
to assess whether the observed effect is owing to decreased cisplatin efflux.

The ABC transporter ABCB1 (MDR1 or p-glycoprotein) is responsible for the efflux of
many commonly used chemotherapeutics and has been widely studied for involvement in
the development of chemoresistance. It is thought to play a role in platinum efflux, although
to a much lesser extent than the copper transporters or MRP2. Two common variants in
ABCB1 have been studied in lung cancer, rs2032582 (Ser893Ala) and rs1045642
(Ile1145Ile). A small study of only 54 NSCLC patients treated with docetaxel and cisplatin,
the Ser893Ala variant, was found to be associated with better response [19]. However, in
our study of 229 advanced NSCLC patients treated with platinum-based chemotherapy,
neither of these SNPs was associated with overall survival [20]. Other efflux transporters in
the ABC family such as ABCG2 (breast cancer resistance protein or BCRP) and ABCC1
(MRP1) may also play a role in the development of chemoresistance to platinum agents,
although genetic variation in these genes has not been analyzed.

3. Metabolism and detoxification
Once platinum compounds enter the cell, they become aquated creating a more reactive
species that can bind to cellular targets, including DNA. However, this reactive form is
readily inactivated by conjugation with glutathione, potentially resulting in increased
chemoresistance. Reaction with glutathione is dependent on the glutathione levels within the
cell and studies in NSCLC cell lines have shown that glutathione levels are correlated with
resistance or sensitivity to cisplatin [21].

The platinum-glutathione conjugates can form spontaneously when glutathione levels are
high or are aided by the enzyme glutathione S-transferase (GST). There are several members
of the GST family, but much of the attention has been on the π subfamily, specifically
GSTP1. This enzyme was shown to increase the rate of adduct formation and cisplatin
sensitivity increased with transfection of antisense GSTP1 in colon cancer cell lines [22].
Two common nonsynonymous SNPs (nsSNPs) at codons 105 (Ile to Val, rs1695) and 114
(Ala to Val, rs1138272) have been well studied. In in vitro studies, the Val105 variant
resulted in an 80% reduction in GSTP1 enzyme activity, whereas Val114 resulted in a much
smaller decrease in activity of only 20% [23]. However, when these variants were expressed
in cell lines, there were only minor differences in the formation rate of platinum-glutathione
adducts [24].

Several association studies between the GSTP1 variants and response to platinum-based
chemotherapy have been performed but the results have been inconsistent. In a study by Lu
et al., of 425 advanced NSCLC patients, no association was observed between the
Ala114Val polymorphism and survival, but patients with at least one variant Val105 allele
had better survival compared to patients with wild-type genotype [25]. Although not
significant, this trend was also present in a subset of the patients who received
chemotherapy. A similar finding was reported in 108 NSCLC patients treated with platinum-
based chemotherapy [26]. In this study, a trend was also found between Val105 and poor
response to therapy. In our recent analysis of 229 NSCLC patients, those carrying two of the
Val105 alleles who were treated with cisplatin-based chemotherapy had a significant nearly
twofold increased risk of dying [20]. The discrepancy of results may be owing to patient,
tumor and treatment heterogeneity, and insufficient sample size. Further studies of large
sample size with homogeneous patient population (in terms of tumor stage and treatment
regimen) are warranted to clarify the effect of GSTP1 SNPs on NSCLC outcomes.
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Genetic variants in other enzymes involved in cellular detoxification, such as NAD(P)H
dehydrogenase, quinone (NQO1) and myeloperoxidase (MPO), have also been studied [20].
These enzymes control the levels of reactive oxygen species in the cell, and thus contribute
to the level of DNA damage present following cellular stress owing to chemotherapy
treatment. NQO1 and MPO have opposing effects with NQO1 acting as a detoxifier and
MPO as an activator [27]. NQO1*2 (rs1800566) is a proline to serine change that results in
reduced enzyme activity [28]. The MPO variant rs2243828 is located within the 5′-flanking
region of the gene and causes decreased MPO expression [29,30]. Although studies have
linked these variants to NSCLC risk [27], there is no clear evidence that demonstrates
association between these polymorphisms with clinical outcomes following platinum-based
chemotherapy.

4. DNA damage repair
Platinum causes DNA damage through the creation of platinum-DNA adducts. The cell has
mechanisms in place to remove these DNA adducts and repair the damage through
nucleotide excision repair (NER; Figure 2). The first step involves recognition of the Pt-
DNA adduct by the RAD23B/XPC complex, which then recruits the TFIIH complex to the
site. This transcription factor complex includes the two helicases, ERCC3 (also known as
XPB) and ERCC2 (XPD). These helicases unwind the DNA around the site, which then
allows for the binding of XPA and RPA to stabilize the complex. ERCC5 (XPG) is the 3′-
endonuclease and ERCC1 and ERCC4 (XPF) form the 5′-endonuclease. These proteins
excise the lesion along with some nucleotides surrounding the damage site. The missing
nucleotides are then replaced by re-synthesis and ligation (reviewed by Simon et al. [31] and
Christmann et al. [32]). The ability of the cell to successfully undergo this process and
remove the Pt-DNA lesions will result in either resistance or sensitivity to platinum-based
chemotherapy. In NSCLC cell lines, elevated DNA repair capacity was associated with
chemoresistance [33]. Furthermore, there is a large variation among individuals in their
DNA repair capacity and it has been shown that this translates into variation in how NSCLC
patients respond to platinum-based chemotherapy [34]. Because of the importance of this
process in determining sensitivity and resistance, components of the NER and other DNA
damage pathways have been well studied with regard to genetic variation and response to
therapy.

There is a common nsSNP (Ala249Val, rs1805329) in the gene encoding RAD23B. This
SNP was shown to be associated with variation in NER capacity as measured by the
mutagen sensitivity assay [35]. In NSCLC patients, two copies of this variant were modestly
associated with overall survival following cisplatin-based chemotherapy [20]. However, this
finding was not supported in a large study by Matakidou et al. [36]. This difference may be
due to the heterogeneity in patients analyzed: the former study analyzed advanced NSCLC
cases treated with cisplatin whereas the latter one included both NSCLC and small cell lung
cancer patients at all stages of disease.

RAD23B and XPC form a complex that recognizes Pt-DNA adducts, and similarly to
RAD23B genetic variation, two variants in XPC were also found to be significantly
associated with NER capacity [35]. One of these polymorphisms is an nsSNP (Gln940Lys,
rs2228001), whereas the other is an insertion/deletion within intron 9 (often referred to as
XPC-PAT). However, association studies have not identified a link of these polymorphisms,
or two other XPC SNPs rs2228000 and rs3731062, with overall survival or response to
platinum-based chemotherapy in NSCLC [20,36].

The association between two common nsSNPs in XPD and response to platinum-based
chemotherapy in NSCLC is also not clear. In 39 advanced NSCLC patients treated with
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combination gemcitabine and cisplatin, neither the Asp312Asn (rs1799793) nor the
Lys751Gln (rs13181) variants were significantly associated with overall survival, time to
progression and response [37]. Similar null results were reported by several other studies
[36,38–41], including a large study of 229 advanced patients who received first-line
cisplatin chemotherapy [20]. However, two studies reported positive results.
Gurubhagavatula et al. found that patients with two Asn312 alleles were at an increased risk
of dying compared to those with wild-type genotypes [42] in 103 advanced NSCLC patients.
Booton et al. observed in 108 advanced stage patients that a haplotype containing both
Asn312 and Gln751 was associated with decreased response to chemotherapy and a
corresponding increase in progressive disease rates resulting in decreased overall survival
[43]. Because of these inconsistencies, it is unknown whether these two variants are truly
associated with response to platinum-based chemotherapy.

For XPA genetic variation, Mellon et al. studied the Arg228Gln (rs1805160) and Val234Leu
(rs3176749) polymorphisms in an in vitro system and observed that these nsSNP variants
did not alter DNA repair capacity or cell survival [44]. However, a 5-UTR variant of XPA
(rs1800975) was shown to be associated with increased lung cancer risk and resulted in
impaired NER capacity following tobacco carcinogen exposure [35,45], but not overall
survival [20]. It is possible that this variant is more involved in repair of smoking-related
DNA damage than the removal of Pt-DNA adducts.

Several polymorphisms in ERCC5 (XPG) have been studied with the His1104Asp variant
(rs17655) being associated with a poor response in a lung cancer population comprised of all
stages and both NSCLC and small cell lung cancer [36]. This finding was not supported in
two studies of only advanced NSCLC patients treated with platinum-based chemotherapy
[20,46]. In the study by Sun et al., a synonymous SNP, His46His (rs1047768), was
associated with clinical response [46].

Variation in ERCC1 has been extensively studied for association with platinum-based
chemotherapy response and clinical outcomes for NSCLC. At the protein level, absence of
ERCC1 expression is associated with better response to cisplatin chemotherapy and
increased overall survival in the adjuvant setting [47]. A Phase III trial customizing cisplatin
treatment of NSCLC patients based on quantitative ERCC1 mRNA expression has been
carried out and the results suggest that determination of ERCC1 expression may be a useful
tool in identifying patients who will respond to platinum-based chemotherapy [48]. There
are two common ERCC1 genetic variants, one located in the 3′-UTR of ERCC1 (8092C>A,
rs3212986) and another at codon 118 (Asn118Asn or 118T>C, rs11615). In 229 advanced
NSCLC patients, Wu et al. demonstrated that patients with at least one variant rs3212986
allele had a significant increase in overall survival following cisplatin-based chemotherapy
[20]. This is in contrast to a study of 128 patients in whom this variant was associated with
decreased overall survival [49]. There is yet another study showing no effect on overall
survival by 8092C>A [50]. As for the other common polymorphism, 118C>T, the results are
relatively more consistent with the variant T allele being associated with a poor outcome and
response to therapy in several studies [39,40,50,51]. But, there are studies of 135 and 65
advanced NSCLC patients that did not find any association with either polymorphism
[41,52].

SNPs in other NER genes, such as ERCC4 (XPF) and ERCC6, have been analyzed for
association with clinical outcomes in NSCLC, but no significant findings have been reported
[20,36].

Taken together, individual polymorphisms have no or only modest effect on response to
platinum-based chemotherapy. However, the cumulative effects of these SNPs on overall
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survival in the NER pathway are striking [20]. Advanced stage NSCLC patients with less
than two unfavorable genotypes had a significant lengthening of their median survival time
to 26.9 months compared to 10.9 months for those patients with five or more unfavorable
genotypes (p < 0.001). These results demonstrate that combined analyses may be more
powerful in detecting the true effect of these polymorphisms on clinical outcomes.

5. Other cellular pathways
5.1 Cell cycle control

Once the target cell recognizes the DNA damage and begins the repair process, the cell
cycle must be arrested to allow sufficient time for DNA repair and to avoid replication of
this damage. Several genes responsible for cell cycle control have been analyzed for
association with response to platinum-based chemotherapy. Cyclin D1 is responsible for the
G1/S transition, and because of this function it plays an integral role in maintaining genome
integrity. A common genetic polymorphism (rs9344) in CCND1 results in the production of
an alternatively spliced transcript and a poor prognosis for NSCLC patients and has been
associated with response to platinum-based chemotherapy [53,54]. However, variation in
expression for several cell cycle regulators, including cyclin D1, cyclin D3, cyclin E,
p27Kip1, p16INK4A and Ki-67, was analyzed in 778 NSCLC patients treated with cisplatin-
based therapy [55]. In this study, cyclin D1 expression was not predictive of receiving
benefit from cisplatin-based therapy, but patients with p27Kip1-negative tumors did show a
benefit resulting in longer survival. Another cyclin, cyclin H, is part of the TFIIH complex
and links NER with cell cycle control. A polymorphism at codon 270 results in a valine to
alanine substitution (rs2266690). Two large studies of NSCLC patients did not find an
association between this variant and overall survival [20,36].

5.2 DNA synthesis
Once the Pt-DNA adduct is excised from the DNA strand, the missing nucleotides are
replaced requiring the synthesis of deoxyribonucleotides. Several enzymes are responsible
for this process, and several have been candidate genes for variation in clinical outcomes of
NSCLC patients, including ribonucleotide reductase M1 (RRM1). RRM1 gene expression
has been shown to be a prognositic marker for NSCLC [56,57], but the effect of genetic
variation in RRM1 is less known. Bepler et al. resequenced the RRM1 promoter and
identified two functional polymorphisms that altered promoter activity. These variants
showed a modest association with overall and disease-free survival in NSCLC [58].
However, in another study of 135 advanced NSCLC cases, one of these SNPs (rs12806698)
was not found to be associated with overall survival, except for patients with a performance
status of 0 [52]. It remains to be seen if there is a genetic basis for the observed variation in
gene expression that can be used as a direct prognostic marker.

5.3 Apoptosis
If the Pt-DNA lesions are not repaired, the damaged DNA triggers activation of the
apoptosis pathway. This is an essential step for the effectiveness of platinum-based
chemotherapeutics in killing tumor cells and deficiencies in this process can contribute to
the development of chemoresistance. Several polymorphisms have been analyzed for
association with response to therapy and overall survival. TP53 (p53) is considered the
gatekeeper for cell survival or death. There are several TP53 polymorphisms, but the most
commonly studied is the arginine to proline change at codon 72 (rs1042522). The Arg72
variant was shown to be better at inducing apoptosis compared to the Pro allele [59,60]. Han
et al. reported that patients carrying two copies of Pro72 were more likely to be resistant to
cisplatin–irinotecan chemotherapy in advanced NSCLC [61]. However, this result was not
duplicated in a population of 148 advanced NSCLC patients also treated with cisplatin-
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based chemotherapy [20]. TP53 is regulated by the oncogene MDM2. Genetic variation in
MDM2 has also been shown to be associated with clinical outcomes in NSCLC [61]. For
this intronic SNP (rs2279744), those with the TT genotype had increased p53 expression
and increased overall survival.

6. Genome-wide approaches
With advances in genotyping and gene expression technologies, several studies have taken
an unbiased approach towards understanding the genetic factors influencing response to
platinum-based chemotherapy. These studies include those analyzing lymphoblastoid cell
lines generated as part of the international HapMap Project, lung cancer cell lines from the
NCI-60 panel and tumor tissue from NSCLC patients. In lymphoblastoid cell lines obtained
from pedigrees of Centre d’Etudes du Polymorphisme Humain individuals of European
background, it was estimated that ~ 30 – 40% of the variation in cisplatin-induced
cytotoxicity was owing to heritable factors [62,63]. This has been followed by several other
studies analyzing genetic factors contributing to cisplatin and carboplatin cytotoxicity in
HapMap cell lines from Centre d’Etudes du Polymorphisme Humain and African
individuals [63–66]. The advantage of utilizing these cell lines is that the HapMap provides
genome-wide SNP data and, thus, are useful tools for performing linkage and association
studies. This approach has identified several loci and, interestingly, none of the significant
genes have previously been associated with cisplatin response. However, the results of these
studies have not been replicated in any cancer patients treated with platinum-based
chemotherapeutics. There is a possibility that these results are specific for cytotoxicity in
lymphoblastoid cell lines or, owing to the genome-wide nature of the studies, false-positives.

Another useful tool is the NCI-60 tumor cell line panel [67]. This panel is comprised of
tumor cell lines from several sites, including nine NSCLCs. These cells have been analyzed
for sensitivity/resistance to many chemotherapeutic agents and, with the availability of
genome-wide gene expression data, have been used to identify variation in gene expression
associated with cell survival [68]. For cisplatin resistance, interestingly, the candidate
pathways identified were what would be expected based on what is known about the
pharmacokinetics and pharmacodynamics of this drug [69]. In another study,
hypermethylation of TP73, a homologue of p53, was shown to increase sensitivity to
cisplatin and other alkylating agents [70]. However, because of the limited number of
NSCLC cell lines included in the NCI-60 panel, it is difficult to study individual variation in
response to chemotherapy. Therefore, the main use of these cell lines is to identify candidate
pathways for analysis in a larger patient population.

Expression studies utilizing tumor tissue from NSCLC patients have shown to be successful
in identifying prognostic signatures. Chen et al. published a five-gene signature based on
tissue samples from 125 stage I–III NSCLC patients [71]. In a replication set of 60 samples,
these five genes were able to successfully identify high and low risk groups for overall and
relapse-free survival. Similarly, a signature containing 133 genes was shown to be valuable
in predicting recurrence in 89 patients with early-stage NSCLC [72]. Unfortunately, the
results of these studies and others do not overlap, most likely owing to tumor heterogeneity,
lack of statistical power and data analysis differences [73]. Another strategy is to query
microRNA expression differences. A microRNA profile was shown to be associated with
overall survival and relapse in tumor samples from 112 NSCLC [74]. This signature
containing five microRNAs was validated and shown to be an independent predictor of
clinical outcome for early stage NSCLC.

Although tissue expression-based approaches show promise, the disadvantage of these
studies is that they rely on tumor tissue. Advanced NSCLC patients who receive platinum-
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based chemotherapy are often not candidates for surgery and a portion of patients with
locally advanced or even local disease are also not surgical candidates owing to other
underlying medical conditions. This limitation would make expression-based profiles
impossible for a large subset of NSCLC patients. Therefore, it would be advantageous to
link gene expression profiles to underlying genetic variation. This would allow for an
assessment of prognosis through DNA easily obtained from a blood sample and not
dependent on tumor tissue acquisition.

With the emergence the of genome-wide SNP arrays, genome-wide association studies
(GWAS) in large patient populations are now possible. These GWAS have been shown
useful in identifying previously unknown risk loci for lung cancer [75–77]. The case
component of these studies, with the inclusion of well characterized treatment and outcome
information, can be used for clinical outcome study. The available GWAS data would be
invaluable in identifying predictors of clinical outcomes. One of the first genome-wide
pharmacogenomic studies was recently published in the New England Journal of Medicine
[78], and surely more will follow. The danger of these studies is the high probability of
false-positive findings. However, these studies will be immensely useful in uncovering new
susceptibility loci.

7. Expert opinion
Platinum-based chemotherapeutics are the mainstay of treatment for advanced NSCLC.
Unfortunately, survival rates for patients after treatment are still poor at only 29% [5]. The
primary obstacle to successful treatment with cisplatin, carboplatin and other platinum
agents is the development of chemoresistance. Although much work has been on genetic
variation influencing risk of NSCLC, as this review has shown, there is a growing body of
evidence that genetic variation also modulates how a patient responds to platinum
chemotherapy.

These studies are difficult to design, complete and interpret owing to several issues related
to how NSCLC patients are treated. Advanced NSCLC is commonly treated with cisplatin
(or carboplatin) combination therapy, often with the addition of radiation. This can make it
difficult for sorting out the influence of genetic variation on sensitivity or resistance to
platinum agents when the effect may be owing to the other chemotherapeutics used or
radiotherapy. This has resulted in several reports of single SNP effects on overall survival or
response that have been inconclusive and inconsistent. Further studies with larger and well-
characterized patient populations are necessary to explain the effects of genetic variation on
each aspect of an NSCLC patient’s treatment regimen. These studies will also need to be
anchored by functional genomic studies that clearly demonstrate how the genetic variant is
able to alter response to platinum agents.

Much of the focus on genetic variation influencing clinical outcomes following platinum-
based therapy has been on SNPs within the DNA damage and repair pathway. Studies have
shown that the effects of each individual SNP are modest and suggest that a single genetic
variant alone is not strongly associated with resistance or sensitivity to chemotherapy.
However, when the effect of several SNPs within the same pathway is analyzed, the effect is
much more dramatic as shown by Wu et al. [20]. These results also highlight the need to use
advanced statistics to better identify patients at risk for a poor prognosis. Statistical tools
such as survival tree analysis and classification and regression tree analysis are methods that
allow for the identification of gene–gene and gene–environment interactions and have been
extensively used for identifying higher-order interactions modulating cancer risk [79–83]
and more recently for NSCLC and esophageal overall survival [20,84,85].
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A further hurdle to overcome is the relationship between chemoresistance and toxicity. If we
are able to identify patients who respond well to specific drugs and, therefore, decreased
chemoresistance, how do we balance the expected increased risk of toxicity? Studies need to
be developed that not only identify appropriate chemotherapeutics, but also the best dose
and duration for each patient to avoid the common dose-limiting side effects of platinum-
based therapy. Studies have shown that many of the same genes involved in
chemoresistance are involved in the development of toxicity, including genetic variation in
ERCC1 [86]. Obviously, this is a much bigger issue and one that needs to be addressed in
the future to individualize therapy for each patient.

The success of GWAS in identifying novel susceptibility loci for several cancers has opened
the door for similar studies of clinical outcomes following platinum-based chemotherapy for
NSCLC. GWAS may uncover the hidden genetic variants that influence response to therapy.
GWAS are not fool-proof although and are limited by the great number of false-positive
findings. This requires large sample populations with several replications and validations to
identify the true causative variant. This will only be possible through collaborative efforts to
cross-validate and pool information.

We propose that the best mechanism to accurately predict clinical outcome is the creation of
a risk prediction model that incorporates genetic, phenotypic, epidemiologic and clinical
variables calibrated specifically for NSCLC patients receiving platinum-based
chemotherapeutics. These comprehensive risk prediction models have been developed for
cancer risk prediction [87–90]. This same approach can be implemented for clinical
outcomes to supply the physician with the information necessary to select the most
appropriate treatment regimen.

Finally, before any of this information can truly make a difference in the clinic, prospective
studies are needed to validate and confirm that knowledge of the patient’s underlying
genetic variation makes a significant difference in clinical outcome for advanced NSCLC
patients. This is not an easy task, but with well-designed studies utilizing current knowledge
as the foundation, pharmacogenomics can go from the bench to the bedside.
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Figure 1.
Platinum drug action pathway.
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Figure 2.
Nucleotide excision repair (NER) of platinum-DNA adducts.
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