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Abstract
Objectives—Clinical studies show that Asians (ASN) are more susceptible to toxicities
associated with platinum-containing regimens. We hypothesized that studying ASN as an
`enriched phenotype' population could enable the discovery of novel genetic determinants of
platinum susceptibility.

Methods—Using well-genotyped lymphoblastoid cell lines from the HapMap, we determined
cisplatin and carboplatin cytotoxicity phenotypes (IC50s) for ASN, Caucasians (CEU), and
Africans (YRI). IC50s were used in genome-wide association studies.

Results—ASN were most sensitive to platinums, corroborating clinical findings. ASN genome-
wide association studies produced 479 single-nucleotide polymorphisms (SNPs) associating with
cisplatin susceptibility and 199 with carboplatin susceptibility (P<10−4). Considering only the
most significant variants (P< 9.99 × 10−6), backwards elimination was then used to identify
reduced-model SNPs, which robustly described the drug phenotypes within ASN. These SNPs
comprised highly descriptive genetic signatures of susceptibility, with 12 SNPs explaining more
than 95% of the susceptibility phenotype variation for cisplatin, and eight SNPs approximately
75% for carboplatin. To determine the possible function of these variants in ASN, the SNPs were
tested for association with differential expression of target genes. SNPs were highly associated
with the expression of multiple target genes, and notably, the histone H3 family was implicated for
both drugs, suggesting a platinum-class mechanism. Histone H3 has repeatedly been described as
regulating the formation of platinum-DNA adducts, but this is the first evidence that specific
genetic variants might mediate these interactions in a pharmacogenetic manner. Finally, to
determine whether any ASN-identified SNPs might also be important in other human populations,
we interrogated all 479/199 SNPs for association with platinum susceptibility in an independent
combined CEU/YRI population. Three unique SNPs for cisplatin and 10 for carboplatin replicated
in CEU/YRI.

Conclusion—Enriched `platinum susceptible' populations can be used to discover novel genetic
determinants governing interindividual platinum chemotherapy susceptibility.
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Introduction
Interindividual variation in susceptibility to chemotherapy toxicity poses a significant
therapeutic obstacle for clinicians, as prediction of individuals at greatest risk of
experiencing toxicity remains difficult. Cisplatin and carboplatin are two widely used
chemotherapy agents whose toxicities – predominantly nephrotoxicity and ototoxicity for
cisplatin [1,2] and myelosuppression for carboplatin [3] – are common causes of treatment-
related morbidity and mortality. Although multiple factors can influence toxicity
susceptibility and response to these agents, genetic factors likely explain a portion of the
interindividual heterogeneity. In fact, our laboratory has shown earlier that up to 47 and
36%, respectively, of cisplatin-induced and carboplatin-induced cytotoxicity can be
explained by genetic factors [4,5].

One means by which to illuminate the genetic causes underlying a heritable trait is to
examine a population enriched for the given phenotype of interest. There is some clinical
evidence that individuals from East Asia are particularly sensitive to the effects of
platinating agents and therefore may be an especially informative cohort in which to begin a
search for genetic determinants of platinum susceptibility. As an example, Millward et al.
[6] studied 68 Caucasian and Asian lung cancer patients treated with carboplatin and
paclitaxel and found that although the incidence of febrile neutropenia for the overall study
population was 26%, 50% of an initially treated cohort of Asians experienced this toxicity
and carboplatin was subsequently dose reduced in all Asian patients. However, the overall
disease response rate for Asians was 65%, compared with only 31% for Caucasians (P =
0.01). As a second example, Watanabe et al. [7] tested the tolerability of a US-published,
cisplatin-containing induction chemotherapy regimen in Asian head and neck cancer
patients and found that although the overall doses of the various agents, including cisplatin,
were 80% of the total doses given in the US study, Asians still had a 19% incidence of grade
3 or 4 neutropenia, compared with 8% in the US population. Notwithstanding potential
differences in environmental factors, local treatment practice differences, or unique drug–
drug interactions, these and other clinical observations [8,9] suggest that there may be
underlying genetic causes of the unique susceptibility of Asians to platinum chemotherapies.

On the basis of these data and the principle that a population enriched for a given phenotype
is ideal for the study of genetic variants responsible for that phenotype, we have chosen to
use a cell-based model previously refined by our laboratory and others [5,10–12] using the
International HapMap collection [13] but which specifically examines individuals from East
Asia as a `phenotype-enriched' discovery cohort. Using these cell lines, and comparing them
to lines from individuals of other ethnic backgrounds within the HapMap collection, we take
advantage of the abundance of existing genetic information [>2 000 000 common single-
nucleotide polymorphisms (SNPs)] on HapMap individuals to use a genome-wide approach
to elucidate possible genetic determinants of susceptibility to cisplatin and carboplatin. We
believe that approaches that are unbiased to known genes in the metabolic or mechanistic
pathways of the platinum agents are necessary because even previously identified platinum
pharmacogenomic candidates (e.g. ERCC1 for cisplatin) [14,15] have been unable to
completely explain the clinical heterogeneity in susceptibility to toxicity or response. Our
genome-wide approach permits the possibility that platinum susceptibility is likely to be a
multigenic trait [16].
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This study proposed to test the following three hypotheses: (i) cell lines from Asian
individuals recapitulate clinical evidence of increased platinum sensitivity, thereby
comprising an especially informative cohort in which to conduct a search for platinum
susceptibility determinants; (ii) novel germline genetic polymorphisms – and their related
genes – are identifiable as important determinants of cisplatin and carboplatin susceptibility
in Asians; and (iii) although Asian-identified susceptibility determinants may be population-
specific, some variants will be also important in individuals from other ethnic populations.

Materials and methods
Cell lines

We utilized the well-genotyped, Epstein–Barr virus-transformed lymphoblastoid cell lines
(LCLs) from apparently healthy individuals in the International HapMap project collection
[13,17]: Asian (ASN) cell lines (total n = 90) represented those combined unrelated
individuals from Tokyo, Japan (n = 45) and Beijing, China (n = 45); unrelated Caucasians
(CEU) of northern and western European ancestry were from Utah, US (n = 57); unrelated
Africans (YRI) were from the Yoruba people in Ibadan, Nigeria (n = 59).

Phenotyping
Cell culture methods and cytotoxicity assays were performed as described earlier [10]
except that ASN cell lines were passaged to a dilution concentration of 200 000 cells/ml
three times weekly. Plating density was identical to the earlier method. Alamar-blue reagent
[10] was used to determine cell growth inhibition at increasing concentrations of drug. IC50s
(concentration at which 50% cell growth inhibition occurred) were calculated as described
[10]. As all individuals in the ASN population were unrelated, for comparison purposes we
included a subset of the previously reported phenotype data [11,18] on CEU and YRI so as
to only include unrelated individuals within these populations in all analyses.

Genome-wide association studies in Asians
ASN IC50s were used along with genotypes for each ASN cell line in genome-wide
association studies (GWAS) to identify SNPs associating (individually) with cisplatin and
carboplatin susceptibility. Approximately 2.4 × 106 HapMap SNPs included in HapMap
release 23a (March, 2008, http://www.hapmap.org) having a minor allele frequency (MAF)
of more than 5% and a genotyping rate of greater than 90% were tested. The HapMap
database was accessed to determine the risk allele frequencies for all SNPs. An additive
model incorporating sex as a covariate [18] was employed using the PLINK software (v1.06,
http://pngu.mgh.harvard.edu/purcell/plink/) [19]. As we intended to be as inclusive as
possible at the discovery stage to avoid eliminating potentially important candidates, we
chose a relatively loose initial-step cut-off of P ≤ 10−4. False discovery rates (FDRs) [20]
were calculated at this raw P value cut-off for both drugs and were based on the number of
SNPs tested.

Backwards elimination analysis to define `genetic signature' of susceptibility
As a means of filtering the initial ASN GWAS SNPs to identify those most likely to be true
positives, a method of backwards elimination was used [11]. Using the ASN population,
linear models were constructed with IC50 values after log2 transforming. The independent
variables included sex and the most significant ASN SNPs, which were defined as SNPs
associating at a raw P value cut-off of less than 9.99×10−6 in the initial GWAS, and any
SNPs from the full initial GWAS (P<10−4) which were uniquely polymorphic in ASN
(monomorphic in CEU and YRI). Linkage disequilibrium (LD) patterns were considered
and SNPs in complete LD were not doubly included. Additive genetic effects were assumed
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for each SNP. Models were reduced using a backwards elimination approach to identify
only SNPs statistically significant at the α=0.05 level. These SNPs were included in the final
model for each drug. R-squared estimates were reported from the final (`reduced-SNP')
models to quantify the genetic contribution of the reduced-SNP genetic signature on drug
susceptibility.

Association of SNPs of interest with the expression of target genes in ASN
SNPs comprising the backwards elimination-filtered genetic signatures were tested for
association with differential baseline expression of any target genes using the publicly
available Illumina gene expression array data in the 90 ASN cell lines [21]. Linear
regression was performed evaluating genotypes against all 47 293 probes, although it is
understood that nearly 50% of the interrogated genes are not expressed in LCLs and only
approximately 25% have reasonable variability. Sex was included as a covariate in the
association analysis [22]. We chose a statistical cut-off for association significance at this
step of P<10−4. As a final verification step, genes surviving this SNP-expression analysis
were subjected to linear regression against the original IC50 phenotypes (for each drug) to
determine which genes also associated with cytotoxicity.

Exploratory testing in independent, secondary populations
Significant SNPs from the initial ASN GWAS were tested for phenotype–genotype
association in an independent secondary population, the combined CEU/YRI samples. To do
this, we developed a computer program for the analysis of genotype–phenotype data using
linear regression and chose an additive model (e.g. AA=0, AB=1, BB=2). IC50s, which were
log2 transformed for normalization, were taken as dependent variables in the regression
analysis. For each genotype–phenotype association, the correlation coefficient and
associated P value were reported. ASN-derived SNPs significant in the CEU/YRI
population at a raw P value of less than 0.05 were termed possible `cross-population'
susceptibility SNPs. Adjusted P values were calculated and reported using the QVALUE
software (http://genomics.princeton.edu/storeylab/qvalue/) and the Benjamini–Hochberg
correction [20,23]. The potential cross-population SNPs were then subjected to backwards
elimination analysis, as described above, in the CEU and YRI populations, respectively, to
determine the SNPs most likely to be true positives in these different populations.

Results
Population differences in platinum susceptibility

Cytotoxicity phenotypes (IC50s) for the population of ASN cell lines were compared with
the previously determined platinum IC50s of unrelated CEU and YRI individuals from the
original HapMap release [18]. For cisplatin, ASN had a median IC50 of 3.4 μmol/l, which
was significantly lower than the median for CEU (5.1 μmol/l; P=0.001) and YRI (6.2 μmol/
l; P<1×10−6). There was no statistical difference between the cisplatin medians for the
unrelated CEU and YRI (Fig. 1a), in agreement with our similar previous report using all
CEU and YRI trios [18].

Similarly for carboplatin, ASN were the most sensitive with a population median IC50 of
17.6 μmol/l, significantly lower than that for CEU (20.4 μmol/l; P<0.008) and YRI (27.2
μmol/l; P<1×10−6). For carboplatin, the difference between YRI and CEU was also
significant (P=0.03), indicating that YRI were the most resistant of all three populations to
carboplatin-induced cytotoxicity (Fig. 1b).
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Genome-wide association studies in Asians
As the population `enriched' for the platinum susceptibility phenotype, we first performed
GWAS in 90 ASN individuals as a means to identify potential SNPs governing platinum
susceptibility. As we planned to secondarily test the ASN GWAS SNPs using a backwards
elimination model, and because we also planned testing in a separate exploratory population
(the combined CEU/YRI) (see Fig. 2 for overall schema), we chose a liberal P value of 10−4

as a cut-off for association at this stage.

Of 2 034 708 HapMap SNPs tested, 479 were strongly associated with cisplatin
susceptibility in the ASN population. The corresponding FDR associated with this result was
0.42. For carboplatin, 199 SNPs were strongly associated with susceptibility in ASN
(corresponding FDR for this result was 0.90). To decrease the FDR within ASN, only the
most significant SNPs (those associated at P<9.99×10−6, totaling 70 SNPs for cisplatin and
18 SNPs for carboplatin) were included in the backwards elimination analysis (see schema
Fig. 2, analysis pathway 1). In contrast, all of the ASN GWAS SNPs identified at P<10−4

were included in the cross-population analysis described later, as that analysis was
considered more exploratory.

`Genetic signatures' of susceptibility using a backwards elimination analysis
As a means of further filtering, the most significant ASN GWAS SNPs to identify those
more likely to be true positives, a method of backwards elimination was used that identified
the SNPs that remained significant with IC50 after reduction of a linear model. r2 was used
to assess the degree to which the SNP signature model described the drug susceptibility
phenotype. For cisplatin, the 70 `most significant' SNPs mentioned above plus three
additional SNPs from the ASN GWAS that were uniquely polymorphic in ASN were
included in the full linear model. After removing SNPs in LD, 34 unique SNPs were tested
using backwards elimination reduction. Twelve of these 34 SNPs were significant in the
reduced (final) model: rs10964552, rs11179377, rs12119783, rs1520896, rs2051396,
rs224786, rs224788, rs2309997, rs509620, rs6558058, rs7022486, and rs904106 (P<0.05 for
all 12 SNPs). The 12-SNP final model gives a robust estimate of r2=0.96 for predicting the
phenotype of cisplatin susceptibility. The full model (including 34 SNPs) gives an estimate
of r2 = 0.99, suggesting a relatively small incremental contribution from the 22 eliminated
SNPs. We therefore defined the refined, final model list as a novel ASN-derived `genetic
signature' of cisplatin susceptibility (Table 1).

Similarly for carboplatin, the 18 `most significant' SNPs mentioned above and one
additional SNP from the ASN GWAS that was uniquely polymorphic in ASN were included
in the full linear carboplatin model. After removing SNPs in LD, 13 unique SNPs were
tested using backwards elimination. Eight of these 13 SNPs were significant in the reduced
(final) model: rs1321391, rs13241797, rs16939986, rs3789911, rs4740928, rs4792990,
rs7102746, and rs955980 (P<0.007 for all eight SNPs). The eight-SNP final model gives an
estimate of r2=0.76 for predicting the carboplatin susceptibility phenotype. The full model
(including all 13 SNPs) gives an estimate of r2=0.78, again suggesting a relatively small
contribution from the five eliminated SNPs. The final model list was therefore defined as a
novel ASN-derived genetic signature of carboplatin susceptibility (Table 1).

Potential functions of the implicated SNPs in Asians - associations with the expression of
target genes

As the genetic signature SNPs were located either in intronic regions of their host genes or
in unknown regions of the genome, we hypothesized that these SNPs might exert their
function through regulation of target genes located either cis or trans to the SNPs
themselves. We chose to explore this possibility using Illumina gene expression array data
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for the ASN samples [21]. We interrogated whether the 12 cisplatin and eight carboplatin
SNPs of interest (those included in the final reduced-SNP models) were associated with the
differential expression of any target genes.

For cisplatin, the 12 reduced-model SNPs were surprisingly strongly associated with the
differential expression of 82 different target genes (P<10−4). As a means of identifying the
associations most likely to be true positives and validating the importance of the genes (and
the related SNPs), we then tested these 82 genes for significant linear relationship with the
original phenotype, cisplatin IC50, in the 90 ASN cell lines. We believe this integrative,
three-step method (wherein phenotype-SNP, SNP-expression, and then expression-back-to-
phenotype associations are sequentially performed) [10] increases the likelihood that
findings surviving all association steps are true positives. Sixty-one genes survived the
rigorous gene–phenotype verification association at P<0.05 (TMSL2, HIST1H3A,
HIST2H2AB, TMSL4, TMSL1, FLJ10565, FKBP1A, TMSL3, NFYC, KREMEN2, FTO,
SRR, HIST2H3C, ING1, SSBP2, LY86, P15RS, EEF1A1, TH1L, AAMP, LRRTM4,
RPS13, MAPK10, AP1M1, LIF, MTMR1, CNNM4, FLJ14981, C14ORF109, YPEL1,
RPS14, COX6C, CDH15, HMGN2, EVA1, FLJ21290, STX10, ZHX3, RRP46, RBBP6,
ACF, ASNS, MOAP1, RPS23, RPS21, C12ORF10, FOXF2, ARHGAP15, SOX30,
ARID1B, C1QTNF1, C21ORF128, RAB20, DDX4, ABLIM1, CACNB1, PAN3, FLJ10496,
KCNJ16, UNQ431, and TFDP2). For 10 of these 61 genes, the gene–phenotype level of
association was significant even if a strict Bonferroni correction was applied (Pc<0.05):
TMSL2, HIST1H3A, HIST2H2AB, TMSL4, TMSL1, FLJ10565, FKBP1A, TMSL3, and
KREMEN2. As a final observation suggesting the importance of these gene–SNP–phenotype
findings, four of the 12 cisplatin genetic signature SNPs were noted to be `master regulators'
[24] – SNPs associated with the expression of 10 or more different target genes such as
rs2309997 (26 target genes), rs12119783 (24 target genes), rs224786 (12 target genes), and
rs6558058 (11 target genes).

For carboplatin, SNP–expression association analysis identified 15 target genes strongly
associated with the eight reduced-model SNPs of interest (P<10 −4). Eight of these 15 target
genes were also independently associated (P<0.05) with carboplatin IC50 in the 90 ASN cell
lines: CCR3, FBXO32, FLJ21736, FN1, HIST1H3I, KHK, MGC71745, and SORBS1.

It is particularly interesting to note that two members of the H3 histone family (of histone
cluster 1) were commonly implicated by both drugs (HIST1H3A for cisplatin, and HIST1H3I
for carboplatin), suggesting a possible platinum drug class effect for this gene family. To
illustrate this as an example of the above findings for cisplatin and carboplatin, the SNP–
expression and expression–phenotype relationships involving HIST1H3A/I are illustrated in
Fig. 3.

Identifying cross-population susceptibility SNPs
As an exploratory aim of our study, we desired to determine whether ASN-derived (`the
enriched population') SNP candidates also conferred platinum susceptibility in other ethnic
populations (i.e. as `cross-population' platinum susceptibility determinants) or whether the
ASN genetic signatures were unique to ASN and therefore perhaps explain a portion of the
population susceptibility differences that are seen. To do this, we interrogated the broad
ASN GWAS-significant SNPs for genotype–phenotype relationships in the combined CEU
and YRI populations (Fig. 2, analysis pathway 2).

For cisplatin, we first excluded SNPs that could simply not be tested in CEU and YRI
because they were not genotyped in these populations. This reduced the number of tested
SNPs from 479 to 466. An additional 13 SNPs were excluded from testing because the
combined MAF in CEU/YRI was less than 0.05. Ten SNPs of interest showed genotype–
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IC50 susceptibility associations in CEU/YRI (P<0.05); however, none were individually
significant after correction for multiple testing. The directionality of the association in CEU/
YRI was opposite to that in ASN for seven of these 10 SNPs, so these seven were discarded
from further consideration. Three SNPs remained: rs293331, rs7937567, and rs16946737
(Table 2). rs293331 and rs7937567 were also significant upon backwards elimination
(Preduced<0.05; Preduced = 0.002) in CEU and YRI, respectively, although the magnitude of
their effects (r2 = 0.07; r2 = 0.16) in predicting cisplatin susceptibility variation in these
populations was limited, as might be expected for single SNPs.

For carboplatin, an identical process for examining ASN-derived SNPs in the CEU/YRI
populations was performed. Of the 199 SNPs from the initial carboplatin ASN GWAS, one
SNP was not genotyped in either CEU or YRI, and four additional SNPs had combined
MAF of less than 0.05, leaving 194 SNPs for replication testing. Genotype–phenotype
associations (P<0.05) were found for 12 unique SNPs, and 10 of these SNPs (rs11120986,
rs11120989, rs11587056, rs11590447, rs6691275, rs7519687, rs2463460, rs7867305,
rs7134205, rs1426897) showed the association in the same direction as seen in ASN (Table
2). In addition, seven of these 10 SNP associations were significant even after a correction
for multiple testing. None of the SNPs were in significant LD with each other across all
three populations (although some SNPs were in LD within a single population). rs7867305
was significant upon backwards elimination in CEU (Preduced = 0.0003; r2 = 0.25), whereas
rs11120986 (Preduced = 0.0009) and rs2463460 (Preduced = 0.02) were significant upon
backwards elimination in YRI (r2 for the pair = 0.38). The exploratory nature of these
specific SNP results in CEU and YRI – especially considering the large differences in the
SNP LD patterns between the populations – needs to be emphasized. Note that all of the
SNPs replicating in CEU/YRI had raw P values from the initial ASN GWAS that fell below
the adopted P value cut-off for the ASN-specific analysis (Fig. 2, analysis pathway 1),
explaining why none of the SNPs themselves were part of the prior ASN-specific signatures.
Furthermore, because the `cross-population' SNPs were first derived using the enriched-
phenotype ASN population, there are likely additional SNPs that are important especially in
CEU and YRI, respectively, which are not captured in the cross-population analyses.

The genotype–phenotype relationships for a representative `cross-population' SNP for both
cisplatin and carboplatin are shown in Fig. 4 in both the ASN and CEU/YRI populations.

As a final analysis of the cross-population SNPs, we examined whether these SNPs were
associated with any target genes in ASN using the Illumina platform. Intriguingly, when the
`cross-population' cisplatin-identified SNP rs7937567 – located in GALNTL4 (a host gene
previously implicated in a genome-wide analysis of cisplatin susceptibility in YRI [11]) –
was analyzed using the ASN Illumina gene expression array data, we found that it was
strongly associated with the differential expression of the target gene LY86 (P = 3.0 ×
10 −5), which was one of the genes that survived the rigorous three-step association analysis
with rs2309997 of the original ASN-derived cisplatin genetic signature.

Perhaps most interestingly, for carboplatin the cross-population SNP rs7134205 is strongly
associated with the differential expression of HIST1H3A (P = 1.8 × 10−5), a gene in the
same histone family that was implicated by ASN-derived SNPs for both cisplatin and
carboplatin and a gene which is independently and strongly associated with susceptibility to
both drugs (P = 7.1 × 10−5 and P = 1.1 × 10−3, respectively). These findings further suggest
the importance of this gene in platinum susceptibility and show possible coordinated control
or biological redundancy in the genetic variants governing the effect.
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Discussion
Importantly, our lymphoblastoid cell model findings recapitulated clinical observations that
Asian individuals are particularly sensitive to platinum agents compared with their
international counterparts. Using the principle, then, that a population enriched for a given
phenotype is ideal for the study of genetic variants responsible for that phenotype, we were
able to identify a novel list of SNPs and related genes associated with platinum
susceptibility in ASN. The SNPs comprised highly descriptive genetic signatures of
susceptibility in ASN, explaining more than 95% of the observed variability in cisplatin
susceptibility, and more than 75% of the variation in carboplatin susceptibility. The final-
model SNPs were also further validated by demonstrating their association with the
differential expression of several target genes in ASN (for each drug) which themselves
were shown to be linearly correlated with platinum-induced cytotoxicity in ASN. Finally,
several ASN-derived SNPs were also shown to be associated with platinum susceptibility in
an independent Caucasian/African population, indicating that, in addition to population-
specific signatures, our method was able to identify variants that may be important across
populations.

In considering the means by which the SNPs of interest might govern platinum
susceptibility, our analysis of genes related to these SNPs produced several interesting
findings. From the standpoint of target genes whose expression was associated with the
SNPs of interest, the most interesting finding was that one gene family, histone H3, was
identified as a key target for both cisplatin and carboplatin, suggesting a platinum drug class
effect. Given the function of histones as essential parts of the nucleosome, the evidence that
histone-free DNA favors platinum adduct formation [25], and the fact that nucleosome
disassembly must occur for platinum lesions to be repaired [26], it is especially interesting
that our genome-wide approach identified histone H3 as a consistent, strong finding. Others
have previously shown that platinums also form adducts on histones – specifically with
histone H3 for cisplatin – and have suggested that such histone adducts could act as a
nuclear `reservoir' of platinum compounds for further DNA adduct formation [27]. Wang
and Lippard [28] showed that cisplatin treatment results in histone H3 phosphorylation in
cancer cells. To our knowledge, our findings are the first to suggest that specific genetic
variants might mediate these mechanisms in a pharmacogenetic manner.

From the standpoint of `host genes' for the SNPs of interest, six unique SNPs within
CAMTA1 were associated with carboplatin susceptibility in the cross-population analysis of
our study. CAMTA1 encodes Homo sapiens calmodulin binding transcription activator 1, a
transcription factor that may participate in the induction of cell differentiation and cell cycle
regulation [29]. In the arena of oncology, it is noteworthy that CAMTA1 is frequently
deleted in human neuroblastomas, and low expression of CAMTA1 is related to worse
outcomes [30]. For cisplatin, it was interesting to find a significant SNP in the gene
GALNTL4, as this gene was earlier identified as associated with cisplatin susceptibility by
our laboratory using LCLs derived from YRI samples and a modified method of analysis
[11]. Even more intriguingly, the cross-population cisplatin-identified SNP in GALNTL4 –
rs7937567 – was associated with the differential expression of the target gene LY86, which
was one of the genes that survived the rigorous three-step association analysis with
rs2309997 in ASN. These two SNPs are not in LD. While not only heightening the potential
importance of LY86 (lymphocyte antigen 86, which itself has been found to be uniquely
upregulated in tumor-associated macrophages compared to normal macrophages [31]), this
finding suggests that an SNP like rs7937567, which is apparently important across multiple
populations, may, in ASN, coregulate the common target gene LY86 along with another SNP
(rs2309997) thereby providing biological pliability and a potential basis for allelic dose
regulation of the phenotype.

O'Donnell et al. Page 8

Pharmacogenet Genomics. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We compared our current SNP findings to the results we reported earlier using linkage-
directed association studies of these two drugs [5,32]. Although the prior studies included
only Caucasians, because this is the only population that LCLs from pedigrees are available,
there is some interesting overlap. For carboplatin, rs7102746 (Table 1) falls under the
previously identified linkage peak on chromosome 11 with the 1-logarithm of odds (LOD)
confidence interval of 11q21-q23.1 (95–105 cm, peak at 99 cm) having a peak LOD score of
genome-wide significance of 3.36 (for the IC50 phenotype) [5]. This SNP was not
interrogated in subsequent linkage-directed association studies because those studies were
limited to SNPs within genes. In addition, all of the currently identified SNPs in CAMTA1
(Table 2) fall under the previously identified linkage peak on chromosome 1 with the 1-
LOD confidence interval 1p36.32-36.22 (6–23 cm, peak at 15 cm) with a peak at LOD 1.64
for the 10 μmol/l carboplatin phenotype [5]. The current novel carboplatin SNPs in
CAMTA1 fall very close to the peak of this region. In our earlier publication, we performed
linkage analysis on all drug concentrations but followed up with association studies on only
linkage regions associated with the IC50 phenotype [5].

For cisplatin, one current SNP (rs1520896) (Table 1) interestingly falls under two previously
identified cisplatin linkage peaks (also on chromosome 11, 11p15.4-q13.2), which had peak
LOD scores of 2.15 (5 μmol/l cisplatin phenotype, 1-LOD confidence interval 11–67 cm,
peak at 22 cm) and 2.50 (10 μmol/l cisplatin phenotype, 1-LOD confidence interval 13–55
cm, peak at 22 cm) [32]. This SNP did not meet the P<1×10−4 significance threshold in a
linkage-directed association study of cisplatin IC50 phenotype in 86 CEU samples [32].

It is important to note that the individual SNPs identified in our genome-wide approach may
not themselves be the causative SNPs governing the phenotype relationship. As the
identified SNPs were all genotyped as part of the HapMap project, it is equally possible that
any SNP in LD with the identified SNP is the causative locus. This does not, however, affect
the translational applicability of our findings, as clinical genotyping of any SNP in perfect
LD with the causative SNP should be adequate; however, the possibility exists that a rarer
SNP in LD may have an even larger effect. In addition, each individual's specific platinum
susceptibility phenotype is likely to be a composite of the risk allele effects for some or all
of the identified SNPs (in addition to other undiscovered SNPs), explaining why, upon
inspection of the data from Figs 3 and 4, some individuals homozygous for one apparent
`risk' allele, for example, can have relatively lower platinum susceptibility (higher IC50s)
than other individuals who are heterozygous or absent for that same given allele. In other
words, rather than functioning alone to determine the phenotype, each SNP of interest acts
in concert with the other genetic determinants to determine phenotype in a given individual.
This concept has been advanced since other studies of genetic susceptibility that assess or
test the effects of one SNP in isolation often reveal a very low odds-ratios of effect on the
phenotype, or no replicable effect at all, but studies which instead consider complex trait
genetics as determined by a genetic signature (or haplotype) of multiple interacting SNPs
have found that relatively large odds ratios of effect can be found, even when any one SNP
by itself is not found to be significant [33]. We believe that this concept is likely also true of
the multiple SNPs of interest implicated by this work. Our backwards elimination predictive
model supports this statement, showing the robust ability with which a group of SNPs (a
genetic signature) can describe the overall phenotypic variation.

Several candidate genes implicated by other earlier studies of platinum toxicity
susceptibility, such as ERCC1, ABCC2, and EPHA2 [4,15,34], were not identified using our
model, but this may be because of characteristics of the gene expression profile of lympho-
blasts, limited HapMap genotyping coverage of previously-implicated candidate genes,
relatively modest (yet still important) statistical association in the initial ASN GWAS, or
because these genes are not important in Asians, from which all findings in our model
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originated. These considerations emphasize the paramount relevance of combining our
genome-wide method's results with those of candidate gene methods to arrive at a composite
picture of platinum susceptibility. In addition, it should be emphasized that there may be
critical rare variants in the ASN population (having a MAF <5%) that would not have been
detected by this study because of the method we used. Such SNPs, in fact, may be most
important toward explaining interethnic susceptibility differences [35]. Our cross-population
SNP-identifying method, however, offers the advantage of identifying relatively common
SNPs testable in individuals of diverse ethnicities. Restriction of our analysis to identify the
uncommon variants might also be fruitful and could represent a novel model for
investigating genetic variation underlying ethnic differences in response to chemotherapy
drugs [36,37].

One limitation of our work is that, on account of the relatively small sizes of our population
cohorts, the chosen P value cut-offs for the initial ASN GWAS and for cross-population
significance testing, when corrected for multiple testing, would not meet the most stringent
levels of significance [38]. Although it remains possible that some or all of the SNP
associations are produced by chance alone, we believe that this possibility is highly unlikely
given the facts that (a) the SNPs of interest, when tested in multi-SNP genetic signatures
(which more closely approximate the biology) rather than in isolation, are highly significant
in backwards elimination models which show that the genetic contribution of these
signatures on predicting platinum susceptibility is robust; (b) the finding of multiple,
independently identified SNPs within the same host gene (as with the SNPs identified in
CAMTA1 for carboplatin) suggests that this location is much less likely to be identified by
chance, but rather, adds import to this region as a true region of significance for
susceptibility to the drug; (c) several of our SNPs fall under previously identified linkage
regions associated with susceptibility to these drugs; and (d) target gene expression analysis
for the SNPs shows that several are strong master regulators of multiple genes, that these
genes themselves are independently correlated to platinum sensitivity, and that one gene is
implicated for both cisplatin and carboplatin showing an expected commonality within the
platinum family. Separately, our approach defined ASN as the combined Chinese and
Japanese HapMap populations – a method proposed by the plan of the International HapMap
project [13], supported by genetic ancestry/migration data on these populations [39], and
consistent with earlier data suggesting significant genetic homogeneity [40] – but it is still
likely that some genetic differences exist between these two populations [41]. Finally, these
cell-based studies of human LCLs are intended to allow discovery of SNPs which can then
be tested in a formal clinical trial, following the paradigm set forth by Hirschhorn and Daly
[42]. Such clinical testing is currently ongoing.

In summary, we used a cell-based, genome-wide approach centered on a phenotypically
enriched population to identify novel genetic variants governing cisplatin and carboplatin
susceptibility. The composite list of novel SNPs and related genes, along with SNPs in
previously identified platinum pathway genes, deserve study in clinical settings toward the
goal of identifying individuals at risk of toxicity from, and perhaps response to, these
commonly used platinum agents.
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Fig. 1.
Comparative population cytotoxicities upon treatment of lymphoblastoid cell lines with (a)
cisplatin and (b) carboplatin for Asians (ASN), Caucasians (CEU), and Africans (YRI).
Each individual cell line is represented by a unique dot. Population medians are shown by
horizontal bars through the population clusters. Values corresponding to these medians are
shown horizontally across the bottom of the graph.
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Fig. 2.
Flow diagram of the single-nucleotide polymorphism (SNP)-discovery/replication methods
used. Asian (ASN) cells were phenotyped by exposure to cisplatin and carboplatin,
separately. Genome-wide association studies (GWAS) were performed in ASN cell lines
associating genotype with IC50, and SNPs of interest which associated at P<10−4 for each
drug were retained. Next (analysis pathway 1), the most significant of these ASN SNPs
(P<9.99 × 10−6) were included in a backwards elimination approach to identify SNPs
comprising genetic signatures which robustly describe the ASN drug phenotype variation.
These final reduced-model SNPs were then further validated by testing their association
with the differential expression of any target genes (P<10−4), and any identified target genes
were then interrogated against the original ASN platinum phenotypes to provide final,
summary evidence of the importance of these genes and SNPs. In analysis pathway 2, the
initial ASN GWAS SNPs were also tested for genotype–phenotype association in an
independent set of combined Caucasian (CEU) and African (YRI) cell lines. SNPs
replicating (as single SNPs) for each drug at P<0.05 were identified as `cross-population'
platinum variants.
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Fig. 3.
Platinum susceptibility single-nucleotide polymorphisms (SNPs) of interest may function
through regulation of a common target gene family. (a) In Asians (ASN), an example SNP
of interest derived from the cisplatin analysis (left panel) and one derived from the
carboplatin analysis (right panel) are each associated with the differential expression of a
member of the histone H3 family of genes (HIST1H3A and HIST1H3I). Baseline histone H3
expression is plotted as a function of genotype for each SNP. (b) ASN cisplatin and
carboplatin IC50s are plotted separately as a function of expression for the respective target
histone H3 genes. The cytotoxicity phenotypes for both drugs were correlated with histone
H3-member expression levels.
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Fig. 4.
Representative graphical depiction of the genotype–phenotype relationships for one of the
SNPs (rs7937567) identified as associated with cisplatin susceptibility (a) and a SNP
(rs11120986) associated with carboplatin susceptibility (b) in Asians (ASN; top panels) and
replicated in the combined population of Caucasians/Africans (CEU/YRI; bottom panels).
Each individual cell line is represented by a unique dot. Genotype groups are shown on the
horizontal axis. Genotype group medians are shown by horizontal bars through the
respective clusters.
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