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Abstract
Background and objective—Gemcitabine is widely used to treat non-small cell lung cancer
(NSCLC). To assess the pharmacogenomic effects of the entire gemcitabine metabolic pathway,
we genotyped SNPs within the 17 pathway genes using DNA samples from NSCLC patients
treated with gemcitabine to determine the effect of genetic variants within gemcitabine pathway
genes on overall survival (OS) of NSCLC patients after treatment of gemcitabine.

Methods—Eight of the 17 pathway genes were resequenced with DNA samples from Coriell
lymphoblastoid cell lines (LCLs) using Sanger sequencing for all exons, exon-intron junctions and
5′-, 3′-UTRs. A total of 107 tag SNPs were selected based on the resequencing data for the 8 genes
and on HapMap data for the remaining 9 genes, followed by successful genotyping of 394 NSCLC
patient DNA samples. Association of SNPs/haplotypes with OS was performed using the Cox
regression model, followed by functional studies performed with LCLs and NSCLC cell lines.

Results—5 SNPs in 4 genes (CDA, NT5C2, RRM1, and SLC29A1) showed associations with OS
of those NSCLC patients, as well as 9 haplotypes in 4 genes (RRM1, RRM2, SLC28A3, and
SLC29A1) with P < 0.05. Genotype imputation using the LCLs was performed for a region of
200kb surrounding those SNPs, followed by association studies with gemcitabine cytotoxicity.
Functional studies demonstrated that downregulation of SLC29A1, NT5C2, and RRM1 in NSCLC
cell lines altered cell susceptibility to gemcitabine.

Conclusion—These studies help identify biomarkers to predict gemcitabine response in
NSCLC, a step toward the individualized chemotherapy of lung cancer.
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Introduction
Lung cancer is one of the most common malignancies and the leading cause of cancer-
related mortality in the United States [1, 2]. Approximately 222,520 new cases and 157,300
deaths from lung cancer were estimated to occur in the United States in 2010 [3]. In spite of
the use of newer agents in lung cancer treatment, chemotherapy is still the front line
treatment, and cytotoxic chemotherapy is the standard care for patients with advanced
NSCLC [4–6]. Standard therapeutic regimens are platinum-based doublets (platinum plus
another agent). The second agent used with platinum includes microtubule-targeted agents
(paclitaxel, docetaxel, or vinorelbine), cytidine analogues (gemcitabine) [7], and DNA-
damaging agents (irinotecan) [6, 7]. The efficacy of each of these combinations has been
shown to be similar by a series of trials, with response rates from 30% to 40% [8–10].
Therefore, the investigation of potential genetic variation that might contribute to the
efficacy of these chemotherapy regimens might help make it possible to better individualize
therapies for lung cancer.

Gemcitabine, a cytidine analogue, shows significant therapeutic effect in a variety of cancers
including NSCLC. It is approved by the FDA in combination with cisplatin for first-line
treatment of patients with locally advanced (stage IIIA or stage IIIB) or metastatic (stage IV
or cancer that has spread) NSCLC [7, 11]. Gemcitabine is a prodrug that must be transported
into cells, activated by kinases to form active di- and triphosphorylated metabolites, and
inactivated by dephosphorylation or deamination [12]. The triphosphorylated metabolite,
gemcitabine TP, can be incorporated into DNA, terminating DNA synthesis, while
gemcitabine DP can inhibit ribonucleotide reductases (RRs), enzymes that catalyze the
conversion of ribonucleotides to deoxyribonucleotidase [13–15]. Seventeen genes are
known to be involved in this cytidine analogue “pathway” (Fig. 1).

Although gemcitabine is commonly used in the treatment of NSCLC, response to this drug
varies widely. Evidence has shown that sequence variation in genes involved in the
gemcitabine transport, metabolism and bioactivation pathway contribute to variation in [16–
21]. However, few comprehensive pharmacogenomic studies taking all of the pathway genes
into account have been performed. Therefore, the objective of the present study is to test the
hypothesis that SNPs in genes within gemcitabine pathway might be associated with
treatment outcomes of NSCLC patients who were treated with gemcitabine (Fig. 2). To
further validate the findings from the clinical study, we also performed functional studies by
using siRNA knockdown of candidate genes in cultured cells. Taken together, the pathway-
based approach with clinical patient samples, followed by functional studies could help us to
identify and understand genetic biomarkers involved in the gemcitabine metabolism and
activation pathway for the treatment of lung cancer.

Materials and Methods
DNA samples and cell lines

DNA samples from 60 Caucasian-American (CA), 60 African-American (AA) and 60 Han
Chinese-American (HCA) subjects (sample sets HD100CAU, HD100AA and HD100CHI)
were obtained from the Coriell Cell Repository (Camden, NJ). These DNA samples have
been widely used for human genetic studies [22–25]. Immortalized lymphoblastoid cell lines
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(LCLs) from the same subjects from whom the DNA was obtained are also available. We
have already generated over 1.3 million SNPs, microarray expression data, and gemcitabine
cytotoxicity data for these LCLs, as described previously [26, 27]. All of these DNA
samples and cell lines were anonymized by the National Institute of General Medical
Sciences prior to deposit, and all subjects had provided written consent for the use of their
DNA and cells for experimental purposes. This study was reviewed and approved by Mayo
Clinic Institutional Review Board. The human NSCLC A549 and H1437 cell lines were
obtained from the American Type Culture Collection (ATCC, Manassas, VA), and were
cultured in RPMI 1640 medium containing 10% FBS.

Lung cancer patient samples
Three hundred and ninety four lung cancer patients with gemcitabine-based treatment were
enrolled and identified at Mayo Clinic (Rochester, MN) between 1997 and 2008. Details
with regard to clinical characteristics of patients, patient enrollment, and data collection
procedures were described previously [25, 28, 29]. Briefly, each case was identified through
the Mayo Clinic pathologic diagnostic (Co-Path) system. After obtaining written informed
consent, blood samples were collected from the patients. Patient characteristics of patients
were abstracted from the medical record, including demographics, lung cancer pathology,
anatomic site, and types and timing of treatment and chemotherapeutic agents. Clinical
staging and recurrence or progression were determined based on the results of chest
radiography, computerized tomography, bone scans, position emission tomography scans,
and magnetic resonance imaging. All patients were actively followed during the initial six
months after diagnosis, with subsequent annual follow-up by mailed questionnaires and
annual verification of patients’ vital status. All research protocols were received and
approved by the Mayo Clinic Institutional Review Board.

In addition to gemcitabine, many of the patients were also treated with radiation therapy
and/or surgery, as well as 4 other classes of anticancer drugs: platinum agents, paclitaxel,
etopside and EGFR inhibitors. Detailed patient demographic information is listed in Table 1.
Overall survival (OS) time, was defined as the time from lung cancer diagnosis to either
death or the last known date alive (i.e., censored at this date), was used as the primary
endpoint.

Resequencing analysis
DNA samples from 3 different ethnic groups (60 CA, 60 HCA and 60 AA) were used to
perform PCR amplifications to resequence 8 genes within the cytidine analogue metabolic
pathway, including 5 that have been already published [22, 23, 30]. Resequencing for the
other 3 genes was performed using the primers and PCR conditions described in
Supplementary Table S1. Resequenced regions included all exons, intron-exon splice
junctions, 1,000 bp of 5′-flanking regions for each of the noncoding exons, and the 3′-
untranslated regions (UTR). Resequencing was performed using dye terminator sequencing
chemistry. Amplicons were sequenced on both strands in the Mayo Molecular Biology Core
Facility with an ABI 377 DNA sequencer. To exclude PCR-induced artifacts, independent
amplifications were performed for samples in which a SNP was observed only once or for
any sample with an ambiguous chromatogram. The chromatograms were analyzed with
Mutation Surveyor (SoftGenetics, State College, PA).

Genotyping in lung cancer patients
To determine the effect of genetic variation in the gemcitabine pathway genes on response,
tag SNPs in 17 pathway genes were selected on the basis of either our own in-depth
resequencing data or HapMap Release 22 (Phase II) phased haplotype data by using Tagger,
a tool for the selection and evaluation of tag SNPs [31, 32]. Tag SNPs were identified with a
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pair-wise linkage disequilibrium threshold of r2 ≥ 0.8, followed by genotyping 394 DNA
samples from NSCLC patients, using the Illumina GoldenGate platform. Quality control
tests for genotyping were performed to remove SNPs with call rate < 95%, minor allele
frequencies (MAF) < 0.05, and Hardy-Weinberg equilibrium (HWE) P value < 0.001, as
well as monomorphic SNPs. SNPs with Illumina scores < 0.4 were excluded, which resulted
in 107 tag SNPs for further study. Concordance among three genomic control DNA samples
present in duplicate was 100%.

Imputation analysis in LCLs and lung cancer samples
Imputation analysis was performed in a region 200kb up and downstream of candidate
SNPs/or genes that were associated with OS of lung cancer patients. Imputation was
performed with genome-wide SNP data obtained for LCLs with HapMap Release 22 (Phase
II) phased haplotype data (http://hapmap.ncbi.nlm.nih.gov/) as the reference panel using
MACH 1.0 software [33]. Specifically, SNP markers for AA subjects were imputed using
both CEU and YRI data; SNPs for CA subjects were imputed based on CEU data; and SNP
markers for HCA subjects were imputed using CHB and JPT data. For quality control
purposes, imputed SNPs with score MACH Rsq values less than 0.3 were removed from the
analysis.

Data analysis
Association analysis of SNPs/haplotypes with OS in NSCLC patients—
Following genotyping of tag SNPs for each pathway gene, association analysis was
performed with OS as the phenotype using the Cox proportional hazards model. Backward
selection was performed to determine whether associations with SNPs should be adjusted
for the clinical covariates of age at diagnosis, gender, smoking status, disease stage, and
treatment. Disease stage was included in the final multivariate Cox-regression model since it
was significantly associated with OS for the lung cancer patients. Disease stage was divided
into stages I + II versus III versus IV. The association of SNPs with OS in NSCLC patients
was assessed using a Cox regression model that included the effects of SNP genotype
dosage (count of minor allele) and adjustment for stage. The association was repeated for the
top 5 SNPs including both stage and treatment. Hazard ratios (HRs) and 95% confidence
intervals (CI) were estimated for SNP alleles. HR values > 1 indicated that subjects who
carried the minor allele had worse survival. We used 0.05 as a cutoff for P values (without
adjustment for multiple testing) to select SNPs/genes for further functional validation.

Haplotypes have been shown to provide increased power to identify rare causal variants
compared to single markers [34]. Therefore, we performed haplotype analysis for the
subsequent association studies to supplement the single marker approach. To perform full
haplotype analysis for every haplotype in each of the pathway gene, we used the haplo.stats
software package (http://cran.r-project.org/web/packages/haplo.stats) to estimate haplotype
frequencies and to obtain posterior probabilities of haplotype pairs for each subject
conditional on the observed genotype data. We focused on those haplotypes with predicted
count ≥ 5 for further association analysis. Using the haplo.stats framework, a Cox regression
model was used with the haplotype design matrix, incorporating haplotype pair posterior
probabilities and adjusted for tumor stage to test the effects of haplotypes across a gene,
given the available tagging SNPs and stage [31].

Association analysis of SNPs with gemcitabine IC50 values and gene
expression in LCLs—To help determine the possible function of SNPs found to be
associated with OS in the NSCLC patients, we performed genotype-phenotype association
studies with gemcitabine IC50 values in the LCLs, using the genotyped SNPs present on the
Illumina 550K, Illumina 510s, and Affymetrix 6.0 SNP chips, plus imputed SNPs for the
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pathway genes, as described previously [35]. The associations of SNPs with mRNA
expression levels of pathway genes in the same cell lines were assessed using Pearson
correlation analysis, after normalization and covariate adjustment as described previously
[35].

Additional statistical analyses—Gemcitabine cytotoxicity for lung cancer cell lines
was determined by comparison of area under the dose-response curve (AUC) values
between cells treated with negative control siRNA and gene-specific siRNA using a two-
tailed unpaired t-test.

Transient transfection and cell proliferation assay
siRNA pools with a set of 4 specific siRNAs for candidate genes and negative non-target
control siRNA pool were purchased from Dharmacon (Chicago, IL). Reverse transfection of
siRNA was performed in 96-well plates with either A549 or H1437 cells, using 0.2 μL of
lipofectamine RNAi-MAX reagent (Invitrogen, Carlsbad, CA), and siRNA pools at a final
concentration of 50 nM for 24 hours. Cells were then treated with gemcitabine at final
concentrations of 0, 001, 0.01, 0.1, 1, 10, 100, and 1000 μM. After 72 hours of incubation
with gemcitabine, cytotoxicity assay were performed using the Cell Titer 96 AQueous Non-
Radioactive Cell Proliferation Assay kit (Promega Corporation, Madison, WI), followed by
absorbance measurement at 490 nm in a Safire2 microplate reader (Tecan AG, Switzerland).

Real-time quantitative reverse transcription-PCR (qRT-PCR)
Total RNA was isolated from cultured cells using the Quick-RNA™ MiniPrep kit (Zymo
Research, Orange, CA), followed by qRT-PCR performed with the Power SYBR® Green
RNA-to-CTTM 1-Step Kit (AB Foster CA). Specifically, primers purchased from QIAGEN
were used to perform qRT-PCR using the Stratagene Mx3005P Real-Time PCR detection
system (Agilent Technologies, Santa Clara, CA). All experiments were corrected by using
beta-actin as an internal control.

Results
Gene resequencing and tag SNP selection

Among the 17 genes within the gemcitabine pathway (Figs. 1 and 2), we resequenced 8
genes, 5 genes (DCK, CMPK, DCTD, NT5C3, and CDA) published [22, 23, 30] as well as 3
additional genes encoding the ribonucleotide reductase subunits, RRM1, RRM2 and
RRM2B. All of the resequencing data have been deposited in the PharmGKB NIH database
(http://www.pharmgkb.org/). More than half of the SNPs that we obtained during
resequencing were novel. For example, for the three unpublished genes, 24 of 72 SNPs in
RRM1, 4 of 35 in RRM2, and 28 of 51 in RRM2B were in a publicly available database,
while the remainder was not included in NCBI Build 36.3
(http://www.ncbi.nlm.nih.gov/nuccore).

Since this project was initiated over two years ago, and genotyping was performed prior to
completion of the 1000 Genomes Project [36], we performed tag SNP selection based on our
own resequencing data and HapMap Release 22 (Phase II) phased haplotype data.
Specifically, 325 SNPs for those 8 resequenced genes were used for the subsequent tag SNP
selection. One hundred and twelve of these 325 SNPs were recently identified by the 1000
Genomes Project. A total of 165 tag SNPs were selected, including 93 SNPs based on
resequencing data for 8 genes and 82 based on HapMap data for the remaining 9 pathway
genes (NT5C, NT5C1A, NT5C1B, NT5C2, SLC28A1, SLC28A2, SLC28A3, SLC29A1, and
SLC29A) using Tagger [32]. After quality control as described in the Methods, 107 SNPs
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among these 17 pathway genes were genotyped with the Illumina GoldenGate platform
using 394 DNA samples from NSCLC patients (Fig. 2 and Supplementary Table S2).

Survival analysis for gemcitabine pathway SNPs/haplotypes in NSCLC patients
To determine genetic variation in the gemcitabine pathway that might contribute to the
outcome of gemcitabine treatment of NSCLC patients, we performed an association analysis
of tag SNPs for those genes with OS (Fig. 2). The results showed that 5 SNPs located in
introns of 4 genes, NT5C2, SLC29A1, RRM1, and CDA, were associated with OS (P < 0.05).
However none of these associations achieved statistical significance after Bonferroni
correction for multiple comparisons (Table 2A and Supplementary Table 2). We have
adjusted for the stage during the analysis. However, since these were heterogeneous patients
with regard to their tumor stage and treatment, we redid analysis with the top 5 SNPs, but
including both stage and prior treatment as adjusting covariates, the P values remained
<0.05. Haplotype association analysis was also performed to assess the effect of haplotypes
for each gemcitabine pathway gene on OS. Nine haplotypes in 4 genes, SLC28A3, RRM1,
RRM2, and SLC29A1, were associated with OS (P < 0.05) (Table 2B). Five haplotypes in
SLC28A3, RRM1, and RRM2 showed association P values < 0.01 (Table 2B). None of these
associations were significant after Bonferroni correction since we had conducted 135 tests
with haplotypes. The most significant haplotype in SLC28A3, with an estimated frequency
of 0.008, was associated with OS with an HR = 5.35 (P value = 0.0001).

SNP association analysis with both gemcitabine IC50 values and pathway gene expression
in LCLs

In an attempt to determine the possible functional implications of the top genetic variants
observed in the NSCLC patient samples, we took advantage of LCLs for which we had
obtained 1.3 million genome-wide SNPs, expression array data and gemcitabine IC50 values
(Fig. 2) [27, 35]. Specifically, we examined a total of 1311 SNPs for the pathway genes that
had been genotyped on our GWAS platforms and also imputed an additional 600 SNPs in
regions extending 200kb up and downstream of the top SNPs in the LCLs within the 6 genes
(NT5C2, CDA, SLC29A1, RRM1, RRM2, and SLC28A3) that were identified using the
clinical DNAS samples, followed by association analysis of those SNPs with gemcitabine
IC50 values to identify potential functional SNPs. As a result, the survival-associated SNP
in NT5C2, rs2274341, was associated with gemcitabine IC50 values (P = 0.045), but so were
12 additional SNPs in this gene (P < 0.05) (Table 3 and Fig. 3). Among those 12 SNPs, the
rs1163238 SNP was moderately linked to rs2274241 (r2 = 0.543, and D′ = 1) and had the
smallest P value = 0.018 (Table 3 and Fig. 3). Furthermore, there were two clinical survival-
associated SNPs in SLC29A1, rs9394992 and rs747199, which showed associations with
gemcitabine IC50 values in LCLs, with P values of 0.026 and 0.155, respectively. In
addition, 4 SNPs, rs9472236, rs4714772, rs1875324, and rs3757283 in SLC29A1, also
showed associations with gemcitabine IC50 values with small P values (Psmallest = 0.013)
(Table 3). Finally, one SNP (rs10868141) within the strongest clinical survival-associated
haplotype in SLC28A3 was also associated with gemcitabine IC50 values (P = 0.048) (Table
3). Since the frequency of this haplotype in SLC28A3 was low, we did not have power to
detect haplotype associations in LCLs.

One possible mechanism by which these SNPs might have functional impact is through
transcription regulation. Therefore, we also examined the relationship of these SNPs and
haplotypes to gene expression in the LCLs through cis-regulation. We found that the
survival-associated SNP in RRM1, rs720106, was associated with mRNA expression level of
RRM1 in the LCLs (P = 9.9 × 103), suggesting that this SNP might have an effect on
variation in gemcitabine response through cis-regulation of gene expression. However, none
of the other SNPs showed a significant association with mRNA gene expression for the
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corresponding gene in the LCLs. These results indicated the existence of other potential
mechanisms by which those SNPs might influence gemcitabine response if the associations
that we observed can be replicated.

RNA inference functional validation of 6 pathway genes in NSCLC cell lines
Functional studies of the 6 genes identified during our clinical study (NT5C2, RRM1, RRM2,
CDA, SLC28A3, and SLC29A1) were performed using siRNA knockdown in human NSCLC
A549 and H1437 cell lines (Fig. 2). Knockdown of SLC29A1 in both A549 and H1437 cells
desensitized the cells to gemcitabine (Fig. 4A), which is consistent with the function of
SLC29A1 since it is a transporter involved in uptake of gemcitabine into cells [37, 38].
Furthermore, knockdown of NT5C2 in A549 cells sensitized cells to gemcitabine, while
downregulation of RRM1 in H1437 cells resulted in enhanced resistance, observations
consistent with the biological functions of these genes (Fig. 4B and 4C) [39–41]. NT5C2 is a
nucleotidase that dephosphorylates active phosphorylated gemcitabine metabolites to make
the drug less active. Therefore, knockdown of NT5C2 would be expected to result in
sensitization of cells to gemcitabine. RRM1 is a target for gemcitabine. Therefore, decreased
expression of RRM1 would be anticipated to cause resistance to gemcitabine. In all of our
experiments, knockdown efficiency was confirmed using real-time QRT-PCR (Fig. 4).

Discussion
Gemcitabine, a cytidine analogue, has been widely used to treat a variety of solid cancers
[15, 42]. Seventeen genes are known to be involved in the so-called “gemcitabine
metabolism pathway” [15] (Fig. 1). Therefore, pharmacogenomic studies of these pathway
genes might help us to systematically understand the contribution of genetic variation to
gemcitabine response in the treatment of cancer, including NSCLC. Our pathway-based
pharmacogenomic study is complementary to other approaches such as genome-wide
association studies (GWAS). Using GWAS approaches, we have previously identified
variations in gene expression across the entire genome that appears to contribute to variation
in gemcitabine response. One gene in the gemcitabine pathway, NT5C3, was identified using
this GWAS and cell-based model system approach [26]. Furthermore, we also demonstrated
that genetic variation in NT5C3 might affect protein function and potentially influence drug
response based on gene resequencing and functional genomic studies [22]. Therefore, it is
important to determine the contribution of genetic variation in pathway genes to variation in
gemcitabine response during cancer therapy. In the present study, we selected tag-SNPs for
pathway genes to genotype DNA samples obtained from NSCLC patients treated with
gemcitabine-based chemotherapy in an attempt to understand the possible influence of
genetic variation in these genes on gemcitabine response (Table 2).

Specifically, we genotyped 107 tag SNPs for these 17 gemcitabine pathway genes to
determine their possible association with treatment outcome in NSCLC. We identified
potential candidate SNPs within pathway genes that might contribute to variation in
gemcitabine response and OS for NSCLC patients. Furthermore, several of these SNPs were
functionally validated on the basis of association analysis of SNP genotype data with
gemcitabine cytotoxicity in human LCLs. For example, the rs2274341SNP in NT5C2,
associated with OS of NSCLC patients, was also associated with gemcitabine IC50 values in
the LCLs (P = 0.04), as were 12 other linked NT5C2 SNPs, among which rs1163238 in
moderate LD (r2 = 0.543) with rs2274341 might also be important for gemcitabine response
since it had an even smaller P value, 0.018, in the LCLs (Table 3 and Fig. 3). In addition, the
strongest association observed was for a haplotype in SLC28A3 (P = 0.0001, HR = 5.436),
which contained one SNP (rs10868141) that was also associated with gemcitabine IC50
values (P = 0.048) (Table 3). Therefore, those SNPs in NT5C2 and SLC29A1, as well as the
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SLC28A3 haplotype, might be potential biomarkers for gemcitabine response, of course
requiring further investigation and replication.

One of the possible mechanisms for which those genetic variants might have functional
impact on drug response is through transcription regulation. Therefore, we also determined
if SNPs and haplotypes might influence the expression of their own gene (cis-regulation)
using LCL data. Few SNPs in the pathway genes were correlated with mRNA expression for
their corresponding genes, suggesting that other mechanisms exist. Difference in tissue-
specific transcription regulation between lung cancer tissue and LCLs is the most likely
explanation. In addition, these SNPs might contribute to variation in gemcitabine response
via trans-regulation of the expression of other genes, or additional variant sequence in the
same LD region might be responsible for variation in gemcitabine response.

We also compared our findings with previous pharmacogenomic studies of gemcitabine.
None of the SNPs identified in the current study have been previously reported for NSCLC
patients treated with gemcitabine [19, 39, 42–44]. One study from Japan had genotyped
germline DNA samples from 94 healthy Asian donors and 53 NSCLC patients receiving
gemcitabine-based chemotherapy. They found that in NSCLC patients, a SNP in the coding
region of CDA, rs1048977, was associated with a lower response rate (P = 0.026) and
shorter time to progression (P = 0.016), while a SNP in the coding region of SLC28A1
(rs2242046) was associated with neutropenia (P = 0.030) and thrombocytopenia nadir (P =
0.037) [45]. However, we did not observe the same associations in our NSCLC samples,
which might be due to differences in sample size and/or allele frequencies for the two
variants among different populations. According to that report, the frequency of rs2242046
in SLC28A1 was significantly lower in healthy Chinese (12%), Malays (30%) and Indians
(35%) compared with Caucasians (73%). The allele frequency of rs1048977 in CDA is 0.260
in CEPH, and 0.307 in CHB + JPT HapMap LCLs. In our previous study, we also found that
the level of NT5C3 gene expression was significantly associated with gemcitabine
sensitivity in pancreatic and breast cancer cell line [26]. However, none of the tag SNPs in
NT5C3 associated with OS of NSCLC patients. One possibility is that rare variants in
NT5C3 that were not genotyped or linked to the genotyped SNPs might contribute to the
variation in gemcitabine response in NSCLC patients.

In the present study, we used LCL data to help us interpret association results for the patient
samples. Obviously, there are limitations associated with the use of EBV transformed LCLs.
Expression profiles might differ between lung cancer tissue and LCLs, and EBV
transformation can influence both gene expression and sensitivity to chemotherapeutic
agents. Other confounding factors such as ATP levels and cell growth rates might also
influence drug cytotoxicity assays [46, 47]. However, we have used this same system to
successfully interpret SNP signals for other clinical studies and have also used this system to
help identify and understand pharmacogenomic candidates [48, 49]. In addition, our
functional genomic studies performed with lung cancer cell lines validated several of the
candidate SNPs (Fig. 4). Although we did not see an effect of NT5C2 on gemcitabine
sensitivity in our previous study, this difference could be due to the different cell lines used
in the two studies, where a pancreatic (SU86) and a breast cell line (MBA-MD-231) were
used in our previous study, while NSCLC cell lines were used in the current study.

Clinical phenotypes for the patients included in this study have been well documented and
some of the samples were used in previous pharmacogenomic studies to test different
hypotheses [25, 50, 51]. However, our patient population is heterogeneous with regard to the
treatment they received. Most patients were treated with multiple drugs besides gemcitabine,
including platinum compounds, paclitaxel, etoposide and EGFR inhibitors, as well as with
radiation therapy and/or surgery. To be more precise, we also repeated analyses for the 5

Li et al. Page 8

Pharmacogenet Genomics. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



SNPs reported in Table 2, including both stage and prior treatment as adjusting covariates,
and all 5 SNPs remained statistically significant (P value < 0.05). In addition, our studies
with LCLs using gemcitabine cytotoxicity as a phenotype helped us to interpret results
obtained by genotyping the clinical samples and our functional studies make it possible to
directly assess the influence of SNPs on gemcitabine cytotoxicity and also help to validate
our association study results.

In summary, results from these studies indicate that genetic variation in genes encoding
proteins involved in the gemcitabine metabolism and activation pathway might contribute to
variation in gemcitabine response in the treatment of lung cancer. Taken together, a
pathway-based pharmacogenomic approach with clinical patient samples, followed by
functional studies, can potentially help identify genetic biomarkers involved in the
gemcitabine metabolism and activation pathway and understand its role in variation in
response to the treatment of lung cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic diagram of the gemcitabine drug metabolizing pathway
Seventeen genes are known to be involved in the “gemcitabine metabolism pathway”. These
include two different types of nucleoside transporters, human equilibrative nucleoside
transporters (hENT) and human concentrative nucleoside transporters (hCNT). Gemcitabine
has been shown to be a substrate for two hENT family members (SLC29A1 and 29A2) and
three hCNT family members (SLC28A1, A2 and A3) [37, 52]. Once gemcitabine is inside
the cell, it is phosphorylated by deoxycytidine kinase (DCK) to form a monophosphorylated
metabolite, difluorodeoxycytidine monophosphate (gemcitabineMP) [13]. This metabolite is
subsequently phosphorylated by nucleoside monophosphate (CMPK) and nucleoside
diphosphate kinase to generate active forms of the drug, difluorodeoxycytidine diphosphate
(gemcitabineDP) and difluorodeoxycytidine triphosphate (gemcitabineTP) [13]. These
phosphorylated gemcitabine metabolites can be dephosphorylated by 5′-nucleotidase (5′-
NT) family members [40], including 5 known 5′-nucleotidases: NT5C, NT5C1A, NT5C1B,
NT5C2 and NT5C3. Gemcitabine is inactivated by deamination catalyzed by cytidine
deaminase (CDA) and deoxycytidylate deaminase (DCTD) [23]. GemcitabineDP can inhibit
ribonucleotide reductase (RRM1, RRM2 and RRM2B) enzymes that catalyze reactions
which generate deoxynucleoside triphosphates required for DNA synthesis [41].
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Figure 2. Experimental strategy
Tag SNPs were selected based on either our gene resequencing data or HapMap data,
followed by genotyping of DNA samples from NSCLC patients. Top findings were
validated by functional assays using siRNA knockdown in lung cancer cell lines and
gemcitabine cytotoxicity in LCLs.
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Figure 3. NT5C2 Haplotype structure
The haplotype structure of NT5C2 was generated based on HapMap Phase II Release 22
data. Colors ranging from black to gray to white indicate the range of R2 values from high to
low. The SNP that we identified in the survival analysis for NSCLC patients is in the red
box, whereas SNPs in blue boxes are linked to this SNP with R2 > 0.5.
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Figure 4. Functional validation in two human non-small cell lung cancer (NSCLC) cell lines
Cells were treated with control siRNA or specific siRNA for (A) SLC29A1, (B) NT5C2 or
(C) RRM1, followed by MTS assays. QRT-PCR was used to determine knockdown
efficiency.
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Table 1

Characteristics of 394 NSCLC patients who were treated with gemcitabine-based therapy

Characteristics of diagnosis and treatment Values and percentages

Age at Diagnosis

 Mean (SD) 61.9 (10.94)

 Median (range) 63.0 (35.0 – 88.0)

Gender

 Female 179 (45.4%)

 Male 215 (54.6%)

Cigarette smoking status

 Never 100 (25.4%)

 Former smokers 194 (49.2%)

 Current smokers 96 (24.4%)

 Some Smokers 4 (1%)

NSCLC Stage

 Stage I and II 69 (17.5%)

 Stage III 143 (36.3%)

 Stage IV 182 (46.2%)

Histologic Cell Type

 Adenocarcinoma/Bronchioloalveolar carcinoma 253 (64.2%)

 Squamous cell carcinoma 60 (15.2%)

 Large Cell carcinoma 6 (1.5%)

 Mixed and unspecified NSCLC 70 (17.7%)

 Others 5 (1.3%)

Tumor Differentiation Grade

 Well differentiated 44 (11.2%)

 Moderately differerntiated 167 (42.4%)

 Poor/undifferentiated 145 (36.8%)

 Nongradable or unknown 38 (9.6%)

Treatment Modality

 Chemotherapy 132 (33.5%)

 Surgery & Chemotherapy 70 (17.8%)

 Radiation & Chemotherapy 126 (32%)

 Surgery & Radiation & Chemotherapy 66 (16.8%)

Total 394 (100%)

Stage for NSCLC is defined on the basis of the tumor-node-metastasis classification.
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