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INTRODUCTION

Exposure to xenobiotics is thought 
to be one of the most important causes 
of cancer in humans. However, human 
genetic variability may affect the indi-
vidual risk of contracting the disease. 
For example, among environmental car-
cinogens, exposure to cigarette smoke 
is considered one of the main causes of 
cancer (1,2), but only 15% of lifelong 
smokers develop a lung cancer by the 
age of 75 years (3). Genetic variability 
governing metabolism of xenobiotics as 
well as DNA repair, cell cycle control, 
apoptosis, inflammation, and other 
processes are probably responsible for 
these inter-individual differences (4). 
It is thought that the genetic factors 
underlying multifactorial diseases 
could be dissected by the use of suit-
able markers such as single nucleotide 
polymorphisms (SNPs), and by associa-
tion studies comparing the differences 

of SNP frequencies between cases and 
controls. For this purpose, new methods 
of rapid and high-throughput genotyp-
ing analysis have been developed in the 
last decade (5). 

We present here an oligonucleotide 
microarray that allows parallel geno-
typing of SNPs in genes involved in 
xenobiotic metabolism, cell cycle con-
trol, DNA repair, and nicotine addic-
tion (known candidates for conferring 
susceptibility to a broad range of dis-
eases such as cancer) and of potential 
interest in pharmacogenetics. We call 
this microarray “MetaboChip.” The 
MetaboChip is based on the arrayed 
primer extension (APEX) technology 
(6,7). APEX consists of a sequencing 
reaction primed by an oligonucleotide 
anchored with its 5′ end to a glass slide 
and terminating just one nucleotide 
before the polymorphic site. A DNA 
polymerase extends the oligonucleotide 
by adding one fluorescently labeled 

dideoxy nucleoside (5′) triphosphate 
(ddNTP) complementary to the variant 
base. Reading the incorporated fluores-
cence identifies the base in the target 
sequence. This method is suitable 
not only for SNPs but also for small 
insertion/deletion polymorphisms (8).

Previously, APEX produced valuable 
results when 17 mutations of the β-glo-
bin and G6PD genes (7,9), 40 among 
the major known mutations underlying 
the diseases belonging to the “Finnish 
disease heritage” (10), and 25 Y-chro-
mosomal SNPs in a unique collection of 
samples representing five Finno-Ugric 
populations (11) were genotyped. It 
was also extensively used for resequenc-
ing 1.2 kb of the TP53 gene (12). All 
these studies showed that the method 
is reliable, but also that each position 
performs differently depending on the 
flanking sequence, in a way that is not 
easily predicted in silico.

To better assess the reliability of 
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Table 1. Genotype Frequencies Obtained with MetaboChip and Compared with SNP500

Gene Name
Trivial SNP 

Name SNP IDa
Homozygote 

Allele 1 Heterozygote
Homozygote 

Allele 2

Concordant 
Genotypes 
vs. SNP500

(%)

ADH1B R48H rs1229984 0.80 0.13 0.07 97

R369C rs2066702 0.91 0.07 0.02 100

ALDH2 348T>C rs440 0.69 0.30 0.01 100

483T>C rs 441 0.69 0.28 0.03 100

E504K rs671 0.95 0.04 0.01 100

APEX/APE1 Q51H rs1048945 0.96 0.04 0 100

CDKN2A A148T E0284_302 0.97 0.03 0 100

COMT V158M rs4680 0.49 0.35 0.16 100

186C>G rs4818 0.59 0.29 0.12 100

A72S rs6267 0.98 0.02 0 100

rs4633 rs4633 0.40 0.44 0.16 100

CYP1A1 I462V rs1048943 0.83 0.16 0.01 100

T461N rs1799814 0.99 0.01 0 100

rs2606345 rs2606345 0.45 0.14 0.41 100

rs4134577 rs4134577 0.53 0.32 0.16 100

CYP1A2 -3858G>A rs2069514 0.66 0.30 0.04 100

-164C>A rs762551 0.58 0.36 0.08 100

1545T>C rs2470890 0.56 0.36 0.28 100

CYP1B1 -13C>T rs2617266 0.47 0.47 0.06 100

V432L rs1056836 0.35 0.35 0.30 100

rs1056837 rs1056837 0.41 0.32 0.27 100

4390A>G rs1800440 0.79 0.16 0.05 100

CYP2A6 L160H rs1801272 0.92 0.08 0 100

CYP2C19 -681G>A rs4134593 0.78 0.16 0.06 99

CYP2C9 R430C rs1799853 0.87 0.12 0.01 99

I359L rs1057910 0.94 0.06 0 100

CYP2E1 9893C>G rs2070676 0.48 0.37 0.15 100

-1293G>C rs3813867 0.49 0.36 0.15 98

-1053C>T rs2031920 0.94 0.06 0 100

-333T>A rs2070673 0.33 0.40 0.27 99

-71G>T rs4134606 0.88 0.10 0.02 100

CYP3A4 20230G>A rs2242480 0.53 0.23 0.24 100

DRD2 32806C>T rs1800497 0.52 0.44 0.04 100

1412A>G rs6276 0.33 0.38 0.29 100

960C>G rs1801028 0.98 0.02 0 100

rs6277 rs6277 0.57 0.26 0.17 100

7423A>G rs1079597 0.72 0.21 0.07 99

3208G>T rs1076560 0.76 0.20 0.04 100

DRD4 -809G>A rs936461 0.33 0.48 0.19 100

EPHX1 14622C>T rs2234697 0.99 0.01 0 100

17540T>C rs2234698 0.96 0.04 0 100

Y113H rs1051740 0.42 0.44 0.14 100
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Table 1. Continued.

Gene Name
Trivial SNP 

Name SNP IDa
Homozygote 

Allele 1 Heterozygote
Homozygote 

Allele 2

Concordant 
Genotypes 
vs. SNP500

(%)

H139R rs2234922 0.60 0.38 0.02 100

ERCC1 19716G>C rs3212948 0.41 0.44 0.15 100
17677A>C rs3212961 0.65 0.31 0.04 100
8092C>A rs3212986 0.42 0.44 0.14 100

ERCC2 L751Q rs1052559 0.63 0.33 0.04 100
ERCC4 P379S rs1799802 0.99 0.01 0 100

R415Q rs1800067 0.94 0.06 0 100
ERCC5 335T>C rs1047768 0.40 0.44 0.16 99
GRPR 450C>T rs4134652 0.48 0.18 0.34 100

661C>T rs4134653 0.42 0.23 0.35 100

GSTA4 Q117Q rs1802061 0.93 0.07 0 100
GSTM3 *B rs1799735 0.73 0.20 0.07 100
GSTP1 313A>G rs947894 0.42 0.39 0.19 100

341C>T rs1799811 0.90 0.06 0.04 100
GSTT2 M139I rs1622002 0.88 0.08 0.04 96
LIG3 R780H rs3136025 0.95 0.05 0 100

MDM2 E345E rs769412 0.81 0.18 0.01 100
MGMT 171C>T rs1803965 0.75 0.21 0.04 100

262C>T rs12917 0.77 0.19 0.04 100
427A>G rs2308321 0.87 0.10 0.03 99

MPO -463G>A rs2333227 - - - Low intensity
NAT1 -344C>T rs4134716 0.98 0.02 0 100

-40A>T rs4134717 0.99 0.01 0 100
445G>A rs4151100 0.99 0.01 0 100
560G>A rs4986782 0.99 0.01 0 100
1088T>A rs1057126 0.70 0.19 0.11 92
1095A>C rs15561 - - - Low intensity

NAT2 191G>A rs1801279 0.92 0.08 0 100

282C>T rs1041983 0.43 0.32 0.25 96
341T>C rs1801280 0.58 0.30 0.12 100
590G>A rs1799930 0.55 0.34 0.11 100
803A>G rs1208 0.43 0.32 0.25 100
857G>A rs1799931 0.93 0.07 0 100
481C>T rs1799929 0.48 0.42 0.10 97

NQO1 R139W rs4134728 0.95 0.05 0 100
P187S rs1800566 - - - Low intensity

OGG1 S326C rs1052133 0.67 0.31 0.02 100
PCNA 2232T>C rs25406 0.41 0.36 0.23 100

3890A>C rs17352 - - - Low intensity
POLB P242R rs3136797 0.97 0.03 0 100

SLC6A3 -1476T>G rs4134767 0.95 0.05 0 100
SOD2 V16A rs1799725 0.36 0.43 0.21 100
TP53 R72P rs1042522 0.32 0.39 0.29 100

XRCC1 R194W rs1799782 0.80 0.19 0.01 100
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Table 1. Continued.

Gene Name
Trivial SNP 

Name SNP IDa
Homozygote 

Allele 1 Heterozygote
Homozygote 

Allele 2

Concordant 
Genotypes 
vs. SNP500

(%)

R280H rs25489 0.88 0.11 0.01 100
R399Q rs25487 0.50 0.37 0.13 100

XRCC2 R188H rs3218536 0.92 0.07 0.01 100
XRCC3 T241M rs861539 0.60 0.30 0.10 100
XRCC9 P330S rs4986940 0.99 0.01 0 100

V464F E0343_302 - - - Low intensity
T297I rs2237857 0.96 0.04 0 100

a Reference SNP (rs) numbers from dbSNP (http://www.ncbi.nlm.nih.gov/SNP/) or E0_numbers from SNP500 project (http:
//snp500cancer.nci.nih.gov/home.cfm) for single nucleotide polymorphisms (SNPs) not yet posted in dbSNP.

-, not applicable.

the method, we prepared the Metabo-
Chip with 93 SNPs (belonging to 42 
genes) characterized in the context 
of the SNP500 cancer project (http://
snp500cancer.nci.nih.gov/home.cfm). 
Then we used the microarray to geno-
type the 102 reference DNA samples 
of the Coriell Biorepository (Camden, 
NJ, USA), resequenced with direct se-
quencing, in the context of the SNP500 
project. In this way, we could assess the 
performance of each SNP genotyped 
with APEX by comparing the results 
obtained with MetaboChip against 
those obtained by the SNP500 project 
by direct sequencing, considered the 
“gold standard.” Table 1 contains de-
tailed information about every SNP.

MATERIALS AND METHODS

DNA Samples

DNAs from the SNP500 project 
were kindly donated by Dr. Stephen 
Chanock (National Cancer Institute, 
Bethesda, MD, USA). The SNP500 
project studies the genomes of 102 
individuals of self-described heritage, 
culled from different geographic and 
ethnic populations: African, Caucasian, 
Hispanic, and Pacific Rim heritage. 
The purpose of the SNP500 project is 
to resequence (by direct sequencing) 
reference DNAs using anonymous 
samples from the Coriell Bioreposito-
ry. The project seeks to validate known 
or newly discovered SNPs and other 

important classes of genetic variants 
of potential importance to molecular 
epidemiology studies of cancer and 
other diseases. 

SNP Selection

We selected 93 SNPs in genes re-
lated to xenobiotic metabolism, DNA 
repair, cell cycle control, and nicotine 
addiction for which the genotypes of 
the reference DNAs were known by 
direct sequencing from the SNP500 
cancer project. Because there was no 
special priority in doing the selection, 
the selected SNPs have to be consid-
ered a random sample of SNPs taken 
for validation purposes.

PCR Protocol

PCR amplifications of all DNA 
fragments containing the 93 selected 
polymorphisms were designed as mul-
tiplex to minimize the total number of 
reactions and to work under the same 
conditions. Briefly, multiplex PCRs 
were performed in a final volume of 20 
µL containing 1× Platinum Taq buffer 
(Invitrogen, Carlsbad, CA, USA), 1.5 
mM MgCl2, 10 pmol of each forward 
and reverse primer, 1.25 U Platinum 
Taq polymerase, and 20 ng of template 
DNA. PCRs were performed with 50 
µM dUTP, 150 µM dTTP, and 200 µM 
of dATP, dCTP, and dGTP, to allow 
PCR product fragmentation. Cycling 
parameters were as follows: initial 
denaturation at 94°C for 10 min; 20 

touchdown cycles of 94°C for 30 s, 
68°C for 30 s -1°C/cycle, 72°C 30 s; 
20 cycles of 94°C for 30 s, 51°C for 30 
s, 72°C for 30 s; and final elongation 
at 72°C for 10 min. The preparation of 
PCRs was performed by robotically 
plating primer mixes in a well-specific 
fashion and dispensing DNA and the 
reagent mixture on top of the primers. 
More details on primer sequences and 
grouping of multiplex PCRs are re-
ported in Table 2 and elsewhere (http:
//www-gan.iarc.fr/MetaboChip.html 
and Supplementary Table 1, List of 
Genes and SNPs with Their Rela-
tive APEX Oligonucleotides, at http:
//www.BioTechniques.com/Oct03/
Canziansupplementary.html) (13).

APEX Protocol

Since both sense and antisense 
strands are sequenced, two oligo-
nucleotides were designed for each 
polymorphism. The complete sequence 
of APEX oligonucleotides is available 
on the Web (http://www-gan.iarc.fr/
MetaboChip.html). 5′ (C-12) amino-
linker oligonucleotides were synthe-
sized by Sigma Genosys (Cambridge, 
UK) and spotted onto silanized slides 
as reported elsewhere (8,14). PCR 
products were pooled, purified, and 
concentrated using Microcon YM-30 
columns (Millipore, Billerica, MA, 
USA). To allow better hybridization 
with the arrayed oligonucleotides, the 
PCR products were reduced in size 
by fragmentation. To achieve this, 
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15 µL of eluate were col-
lected and treated with 1 U 
uracil N-glycosylase (UNG; 
EPICENTRE, Madison, WI, 
USA) and 1 U shrimp alkaline 
phosphatase (sAP; Amersham 
Biosciences, Milwaukee, WI, 
USA). The mixture was incu-
bated at 37°C for 1.5 h and at 
95°C for 30 min. DNA with 
abasic sites is labile and is 
denatured and fragmented at 
95°C, whereas UNG and sAP 
are inactivated. Then, 9 µL 
of the mixture were added to 
a reaction mixture containing 
fluorescently labeled ddNTPs 
(4 × 50 pM), 10× reaction buf-
fer (260 mM Tris-HCl, pH 9.5, 
and 65 mM MgCl2), and 4 U 
of Thermo Sequenase (Amer-
sham Biosciences), diluted in 
the provided dilution buffer, 
to give a final volume of 20 
µL. The mixture was quickly 
placed onto the spotted slide 
and incubated at 58°C for 25 
min. Slides were washed and 
a droplet of SlowFade® Light 
Antifade Reagent (Molecular 
Probes, Eugene, OR, USA) 
was added to limit the bleach-
ing of fluorescein. Slides were 
imaged by a Genorama-003 
four-color detector equipped 
with Genorama image analysis 
software (Asper Biotech, Tartu, 
Estonia). Four images were 
analyzed, each correspond-
ing to a fluorochrome (i.e., a 
base). Fluorescence intensities 
at each position were converted 
automatically into base calls 
by the software. In the case of 
more than one signal present 
on a given position, only the 
main signal was considered, 
when the intensity of the weak-
er signal was lower than 10% 
of the main signal.

RESULTS AND 
DISCUSSION

Five out of 93 SNPs did not 
give signals intense enough to 
allow a clear discrimination 
among genotypes and were 
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discarded. Among the others, we ob-
tained 76 SNPs (86%) with a complete 
concordance with genotypes reported 
by the SNP500 database, and 6 with a 
concordance of 99%. Overall, 82 out 
of 88 SNPs had a concordance equal 
to or greater than 99%. The remaining 
6 had a concordance between 92% and 
98.5%. The results are summarized in 
Table 1. 

The hybridization and extension 
steps are conducted under the same 
conditions, which explains why a 
number of SNPs did not elicit any 
signal. The fact that all SNPs are pro-
cessed in the same tube after pooling 
of PCRs is one of the advantages of 
the APEX approach, from the point 
of view of manipulation and cost. 
However, it also makes tuning of the 
conditions for individual SNPs impos-
sible. The five failures (5/93) could 
be the consequence of insufficient 
hybridization between the oligonucle-
otides anchored onto the glass slide 
and the PCR product. Oligonucleotide 
design was performed by using an 
algorithm established for oligonucle-
otide in solution (NetPrimer: http:
//www.premierbiosoft.com/netprimer/
netprlaunch/netprlaunch.html), to 
allow a theoretical hybridization at 
58°C. However, it has been shown that 
other variables should be included in 
the calculation when the oligonucle-
otide is anchored with its 5′ end on the 
glass, including the electric potential 
of the dielectric surface and the surface 
conditions (15). Moreover, secondary 
structures are sometimes unavoid-
able, because there is little freedom in 
choosing the position where to place 
the APEX oligonucleotides. Thus, we 
should consider the 5% failure rate as 
normal for this technique. Among the 
88 SNPs that gave signals, the results 
are promising with an overall discor-
dance rate of 0.26%. Only 6 out of 88 
SNPs had a performance lower than 
99% and should not be recommended 
for use with sensitive applications. 
These discrepancies may be explained 
by several different aspects of the 
technique. Often the SNP500 proj-
ect used PCR primers different from 
those used in our laboratory. Thus, if 
there is an unknown polymorphism in 
linkage disequilibrium with the SNP 
under study, positioned in the region 

where PCR primers anneal, there 
could be a skewed amplification. An 
asymmetrical amplification of the two 
homologue chromosomes could lead 
to errors in the calls of the SNP under 
study, causing a misclassification of 
the heterozygotes as homozygotes. 
Alternatively, a polymorphism in 
linkage disequilibrium with the one 
of interest could reside in the region 
where APEX primers anneal. In this 
case one of the two alleles could be 
biased during the APEX step. We 
should also consider that, although 
we used the direct sequencing as the 
gold standard to test MetaboChip, this 
method can be affected by possible 
biases. These biases include skewed 
amplifications of the two homologues 
and/or an unequal incorporation of the 
terminators, leading to an unbalanced 
height of the peaks and resulting in a 
potential underestimation of heterozy-
gotes when the sequences are read by 
the software.

However, the overall numbers of 
discordances are in agreement with pre-
vious studies where APEX was shown 
to be a genotyping technique with high 
specificity and sensitivity (7,9,12,16).

It is important to recognize that 
throughput of the APEX technology 
is lower than that of other approaches, 
such as TaqMan (Applied Biosys-
tems, Foster City, CA, USA) (17) or 
Invader (Third Wave Technologies, 
Madison, WI, USA) (18) assays, in 
terms of number of samples processed. 
In practice, it is difficult to process 
more than a few hundred samples with 
the MetaboChip in a reasonable time 
span. On the other hand, it is important 
to note that the sheer cost of SNP-
specific probes for TaqMan or Invader 
assays makes these approaches less 
attractive when more than a handful 
of SNPs are studied. APEX, however, 
offers the advantage that SNP-specific 
reagents are more than one order of 
magnitude less expensive than Taq-
Man. In this study we selected only 
polymorphisms of interest for our 
studies that were represented in the 
SNP500 database, to provide a rigor-
ous validation. However, it is possible 
to produce APEX microarrays with 
several hundred SNPs using the same 
off-the-shelf technology we used for 
the present study (19).

In summary, we screened a relative-
ly large number of polymorphisms by 
APEX, representative of biochemical 
pathways involved in metabolism of 
xenobiotics and DNA repair. After the 
testing phase, we showed that 82 out of 
88 SNPs are highly reliable. Thus, the 
low overall error rate combined with 
the low operating costs could make the 
MetaboChip an efficient tool for future 
studies of genetic epidemiology and 
pharmacogenetics.
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