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Abstract

Objectives: Characteristic for the genes encoding glutathione S-transferase (GST) M1 and GSTT1 is a null allele, suggested to increase
susceptibility to chronic diseases. We report an optimized method for the determination of copy number variation (CNV) in GST genes.

Design and methods: Real-time multiplex PCR reactions were optimized for quantification of GSTM1 and GSTT1 CNV using the ΔCt

method, a fixed volume of diluted DNA, a total volume of 10 μL, 384-well formats, and single determinations of each sample.
Results: Consistent genotyping was obtained using DNA in a range of 0.41 ng to 100 ng. In a general population sample of 20,687

individuals the genotype frequencies were concordant with other methods used as standards. Throughput was 4600 genotypes per day at a reagent
price of 0.5 euros per sample.

Conclusions: This high-throughput, low cost method accurately determines CNV in the GST genes enabling reliable estimates of disease
prediction in large epidemiological samples.
© 2008 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.
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Introduction

Exposure to environmental factors such as smoking and air
pollution causes inflammation, oxidative stress and increased
risk of lung cancer [1,2], bladder cancer [3], ischemic heart
disease [4–7] and airway disease [8,9].

Glutathione S-transferases (GSTs) are a superfamily of phase
II drug-metabolizing enzymes catalyzing the conjugation of
reduced glutathione with a variety of electrophilic compounds,
including carcinogens and environmental toxins, thereby
protecting the cell against xenobiotics and oxidative stress
[10]. A GSTM1*0 null allele is thought to result from
homologous unequal crossing over between two highly identical
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4.2 kb repeated sequences flanking the GSTM1 gene, resulting
in a 15 kb deletion including the entire GSTM1 gene [11]. A
similar mechanism results in the GSTT1*0 null allele [12]. A
gene dosage effect between gene copy number and enzyme
activity has been reported for both GSTM1 and GSTT1 [12,13].
The null genotypes GSTM1*0/0 and GSTT1*0/0 are associated
with complete loss of catalytic activity [14,15], and have been
suggested to be associated with increased risk of ischemic heart
disease in smokers [16], with asthma [17,18], and with cancer
[19–22]. GSTM1*0/0 individuals also appear to have enhanced
allergic responses in the presence of diesel exhaust particles [23].
The frequencies of the GSTM1*0/0 and GSTT1*0/0 genotypes
in Caucasians are approximately 53% and 20% [24].

To perform large population based, molecular epidemiolo-
gical studies of GST genes and other copy number variation
(CNV) genes of potential importance for human disease, high
sample throughput in molecular analyses combined with low
cost is in high demand. In TaqMan real-time PCR reactions
fluorogenic probes hybridize to the target gene sequence, and 5′
. Published by Elsevier Inc. All rights reserved.
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nuclease cleavage of the probe leads to an increase in
fluorescence proportional to the concentration of target
sequences in the initial sample. The signal attributable to the
5′ nuclease reaction is expressed as the normalized change in
fluorescence,ΔRn. TheΔRn value increases as a function of the
number of cycles during the exponential phase of the PCR,
because the amplicon copy number increases until the reaction
approaches a plateau. The threshold cycle (Ct) is defined as the
fractional cycle number at which an increase in ΔRn above a
baseline signal is detected, and is inversely correlated to the
initial DNA concentration in a sample on a logarithmic scale.

The exponential amplification in a PCR reaction is described
by Y=X*(1+E)n, where X denotes the initial number of copies
of the target gene, Y denotes the number of copies after n
cycles, and E is the amplification efficiency. An amplification
efficiency of 100%means that the amount of copies of the target
gene is doubled per cycle in the exponential phase of the
amplification reaction (Y=X*(1+1)1).

The first improved real-time PCR methods to determine
CNV in GSTM1 and GSTT1 in whole blood [17,25,26] and in
paraffin embedded tissue [26] were published recently. Because
these methods relied on the use of fixed concentrations of
sample DNA and triple determinations of each sample in a 96-
well format, they were both too time-consuming and too
expensive for the determination of CNV in large epidemiolo-
gical samples. This was also reflected in the limited number of
samples genotyped (n=29–1032) in these studies.

The aim of the present study was therefore to establish a
robust high-throughput, low cost method for the determination
of CNV for GST genes also amenable to other CNV genes. This
was achieved using a fixed volume of DNA extracted by a
standard commercial method (QIAamp DNA Mini Kit, Qiagen,
Hilden, Germany), but without prior determination of DNA
concentration, and by multiplexing target and endogenous
control genes in a 10 μL total volume in a 384-well format using
single instead of multiple determinations of each sample. We
used the ΔCt method, obviating the need for standard curves,
to determine CNV in a sample, where ΔCt = (CtTarget gene−
CtEndogenous control gene). The endogenous control is a single copy
gene present in all samples and serves the purpose of
normalizing for differences in input DNA. For the determina-
tion of CNV in large samples, the ΔCt method will group
individuals on the same plate into clusters by number of gene
copies. Thus, the determination of CNV genotype is dependent
on the ΔCt-value of the unknown samples relative to the ΔCt-
value of the control samples on that specific plate.
Table 1
Primers and probes used for determination of copy number variation in GSTM1 and

Name Sequence (5′–3′) 5′ r

GSTM1_forward CTGAGCCCTGCTCGGTTTAG
GSTM1_reverse ATGGGCATGGTGCTGGTT
GSTT1_ forward CGGTCGGTCCCCACTATG
GSTT1_reverse CGAAGGGAATGTCGTTCTTCTT
GSTM1_probe CTGTCTGCGGAATC 6-F
GSTT1_probe TACCTGGACCTGCTGTC 6-F
a FAM: 6-carboxyfluorescein. MGB: minor groove binder. MGB probes contain a
We present the development, optimization and validation of
this method, which easily generated 4600 genotypes per day at a
cost of 0.5 euros per sample, and was used to genotype 20,687
individuals from the Danish general population.

Methods

Identification of controls for determination of copy number
variation

Positive controls i.e. individuals carrying at least one copy
number of the GST genes were identified among 20 participants
in the Copenhagen City Heart Study (CCHS, see Subjects):
DNA was extracted from 200 μL whole blood using QIAamp
DNA Mini Kit (Qiagen, Hilden, Germany), and tested with
GSTM1, GSTT1 and the endogenous control assay (RNaseP) in
singleplex realtime PCR reactions using 2 μL of DNA (diluted
1:10), 250 nmol/L probe, and 36 μmol/L primers (Table 1).
Samples with amplification of the GST genes were charac-
terized as non-nulls (GST*1/0 and GST*1/1), and samples
without amplification as GST*0/0. In non-null samples,
GSTT1*0 and GSTM1*0 alleles were subsequently amplified
by long-range PCR using primer pairs as previously described
to discriminate between GST*1/0 and GST*1/1 [12,27]. The
genotypes of the two controls used in all further optimization
were: GSTM1*1/0, GSTT1*1/0 (Control 1) and GSTM1*1/0,
GSTT1*1/1 (Control 2).

Optimization of method for determination of CNV

Real-time TaqMan assay conditions
Primers and 6-carboxyfluorescein (6-FAM) labeled probes

used to amplify GSTT1 and GSTM1 in all real-time PCR
reactions are shown in Table 1. TaqMan RNaseP Control
Reagents Kit containing 20× concentrated VIC-labeled probe
and gene specific primers was used as an endogenous control
(Applied Biosystems, Foster City, CA, USA). PCR conditions:
following an initial step at 50 °C for 2 min and a denaturation
step at 95 °C for 10 min, amplification was performed for 40
cycles at 95 °C for 15 s, and at 60 °C for 1min. All PCR reactions
used to optimize the method for determination of CNV were
performed in triplicate in 384-well formats, in a 10 μL final
volume with 1× TaqMan Universal PCR Master Mix and
250 nmol/L probe unless otherwise noted, using anABI 7900HT
instrument with a plate stacker (Applied Biosystems). Data were
analyzed using the Absolute Quantification (Standard Curve)
GSTT1

eporter fluorochrome (probes only) 3′ modification (probes only)

AMa MGBa

AMa MGBa

non-fluorescent quencher.



Fig. 1. Determination of efficiency with non-limited primers. Standard curves
of genes assayed in singleplex were generated by plotting Ct values versus
log DNA concentration for RNaseP (Panel A), GSTM1 (Panel B), GSTT1
(Panel C). Each DNA concentration was assayed in triplicate, and each point
represents one of three Ct determinations. PCR efficiency is calculated as:
E=(10(−1/slope)−1). Results for Control 1 are shown in all panels.
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document in the SDS software (Version 2.2). The “automaticCt”
option in the analysis setting was used, whereby the optimal
baseline and threshold values are set automatically for each
384-well plate.

Requirements for multiplexing using the ΔCt method
Simultaneous amplification i.e. multiplexing of RNaseP and

the GST gene in the same sample serves the purpose of
normalizing for difference in input DNA (concentration)
between samples, and ensures that no false positive GST*0/0
genotypes due to PCR or pipetting failure, or insufficient DNA
concentration in the original sample are generated. Determina-
tion of CNV in a sample was based on theΔCt value, calculated
as CtGST–CtRNaseP. The use of multiplexing and the ΔCt method
requires that: 1) reactions are primer-limited to ensure that the
amplification of the target gene does not influence the
amplification of the endogenous control or vice versa; 2) the
amplification efficiencies of the GST genes and RNaseP gene
must be similar and close to 100% for singleplex reactions
before and after primer limitation and for multiplex reactions; 3)
the amplification efficiencies of the target gene and the
endogenous control must be reproducible and approximately
equal [28]. The fulfilment of these criteria is described below
using control DNA from two individuals with known genotypes
(see Identification of controls).

Determining the linear dynamic range and defining limiting
primer concentrations. The linear dynamic ranges for GST
and RNaseP genes were determined in singleplex reactions by
plotting Ct values versus log DNA concentrations for six
standard DNA concentrations with 3-fold dilutions in between,
starting at 50 ng genomic DNA per well (Fig. 1). Each standard
dilution was assayed with 250 nmol/L probe and a default
primer concentration of 900 nmol/L was used as non-limiting
for all assays. All reactions were performed in triplicate. Based
on the linear dynamic range, control DNA with a fixed DNA
concentration of 3 ng per well which represented the lowest
concentration of input DNA expected for any sample, was used
for defining limiting primer concentrations. Primer limitation
was performed in singleplex reactions to identify the optimal
primer concentration for each gene to be used in multiplex
reactions (Fig. 2). The RNaseP mix was primer limited in
singleplex reactions using 1x mix (900 nmol/L of each primer
and 250 nmol/L probe) and 1/2× mix (450 nmol/L of each
primer and 125 nmol/L probe). For GST assays the concentra-
tion of each primer in singleplex reactions varied as follows:
300 nmol/L, 200 nmol/L, 150 nmol/L, 100 nmol/L, 75 nmol/L,
50 nmol/L, and 25 nmol/L. The normalized change in
fluorescence (ΔRn) was plotted versus cycle numbers and the
lowest primer concentration which did not increase the
threshold cycle number (Ct value, i.e. the fractional cycle
number at which an increase inΔRn above a baseline signal was
detected) was selected for further optimization. All reactions
were performed in triplicate.

Amplification efficiency and validation of the ΔCt method.
After defining limiting primer concentrations, these should be
verified experimentally. This is accomplished by comparing
amplification efficiency in singleplex reactions using non-
limited primers (Fig. 1) with amplification efficiency in
multiplex reactions using limited primers (Figs. 3A, C).
Amplification efficiency is calculated from the slope of a
standard curve of Ct values plotted against log DNA concentra-
tions, using the following equation: E=(10(−1/slope)−1) [29]. Six
DNA standard concentrations were measured with 3-fold
dilution in between starting at 100 ng genomic DNA per well.
Each standard dilution was assayed with 250 nmol/L probe and
limited primer concentrations in multiplex reactions. All
reactions were performed in triplicate.



Fig. 2. Primer limitation of GSTassays and the RNaseP assay. The RNaseP assay was optimized in primer limitation experiments using 1× mix (900 nmol/L of primers
and 250 nmol/L of probe) and 1/2× mix (450 nmol/L of primers and 125 nmol/L of probe). The normalized change in fluorescence (ΔRn) was plotted on a log-axis
versus cycle number (Panel A). The (red) horizontal line indicates the threshold (marked with an arrow), which was set automatically using the “automatic Ct” option,
as recommended by the manufacturer. The GSTM1 (Panel B) and GSTT1 (Panel C) assays were optimized with a dilution series of primers (as indicated) and
250 nmol/L of probe. Results for Control 1 are shown in all panels.
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To validate the use of the ΔCt method, the slope of ΔCt

(CtGST−CtRNaseP) versus log DNA concentration in multiplex
reactions was evaluated (Figs. 3B, D). A slope of 0 signifies
Fig. 3. Determination of efficiency and validation ofΔCt method. Standard curves of
concentration (0.41 to 100 ng) for GSTM1 (⦁) and RNaseP (ο) (Panel A) and GSTT
independent runs. Each DNA concentration was assayed in triplicate, and each po
E=(10(−1/slope)−1). Ct values in panels A and C were subtracted and plotted versus l
shown in all panels.
equal amplification efficiencies of the two multiplexed genes,
and slopes less than +/−0.1 are accepted for using the ΔCt

method [30].
genes assayed in multiplex were generated by plotting Ct values versus log DNA
1 (⦁) and RNaseP (ο) (Panel C). The figure shows a typical example of 1 of 10
int represents one of three Ct determinations. PCR efficiency is calculated as:
og DNA concentration (Panels B and D, respectively). Results for Control 1 are
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Reproducibility. To test the reproducibility of the multi-
plexed reactions, the mean slope of standard curves (plots
of Ct values versus log DNA concentrations in multiplex
reactions as described above), and the amplification
efficiencies for target and control genes were determined
for both control samples in 10 consecutive runs. To test the
reproducibility of the ΔCt method the mean differences in
amplification efficiencies between target and control genes
at different DNA concentrations (ΔCt versus log DNA
concentration from multiplex reactions as described above)
were determined for both control samples in 10 consecutive
runs.

Genotyping of 20,687 individuals from the general population

Subjects
Studies were approved by institutional review boards and

Danish ethical committees (KF)V.100.2039/91 and (KF)01-
144/01, Copenhagen and Frederiksberg Committee. Written
informed consent was obtained from all participants. All
participants were white and of Danish descent.
Fig. 4. Scatterplot of ΔCt values (CtGST–CtRNaseP) for GSTM1 and GSTT1 non-null
where each plot represents non-null samples from 380 samples analyzed on a 384-wel
below the plot. Panel B shows plots where all *2/1 samples found in the entire stud
together with the same number of randomly selected *1/0 and *1/1 samples. On all p
values and *1/0 samples at the highest ΔCt values, and *1/1 samples in between. Th
because they are not amplified.
The Copenhagen City Heart Study. The Copenhagen City
Heart Study (CCHS) is a prospective population study
of individuals selected based on the national Danish Civil
Registration System to reflect theDanish general population aged
20–80+ years. At the 1991–1994 and 2001–2003 examinations,
10,632 participants gave blood for DNA analyses [31,32].

The Copenhagen General Population Study. The Copenha-
gen General Population Study is a cross-sectional study of the
Danish general population initiated in 2003 and still recruiting;
the aim is to total 100,000 participants ascertained exactly as in
the CCHS [33]. We genotyped the first 10,055 individuals from
this study.

Genotyping
DNAwas extracted from 200 μL whole blood using QIAamp

DNA Mini Kit (Qiagen), eluted in a total volume of 400 μL,
diluted ×5, and stored in 96-well microtiter plates. DNA
concentration was not determined before use, but the yield from
200 μL whole blood is typically between 4 and 12 μg. DNA
from the 20,687 samples from the CCHS and the Copenhagen
samples from the general population sample. Panel A shows two typical plots,
l plate. Red squares indicate *2/1 samples, theΔCt values of which are indicated
y among the 20,687 samples (n=16 for GSTM1, n=27 for GSTT1) are assayed
lots, each square represents one sample. *2/1 samples cluster at the lowest ΔCt

e mean ΔCt value is shown below each plot. GST⁎0/0 samples are not plotted,



Table 2
GSTM1 and GSTT1 genotype data of a general population sample (n=20,687)

Gene Call First run a After rerun b

GSTM1 *0/0 10,137 (49%) 10,726 (52%)
*1/0 7804 (38%) 8225 (40%)
*1/1 1463 (7%) 1598 (8%)
*2/1 21 (0.1%) 16 (0.1%)
Undetermined c 1262 (6.1%) 122 (0.6%)

GSTT1 *0/0 2793 (14%) 3030 (15%)
*1/0 9239 (47%) 9764 (47%)
*1/1 7313 (35%) 7786 (38%)
*2/1 51 (0.2%) 27 (0.1%)
Undetermined c 1291 (6.2%) 80 (0.4%)

a Data are presented as absolute numbers and percentage in parentheses.
b Rerun samples are samples that are identified as undetermined after the first

run.
c The undetermined group includes samples with atypical amplification plots,

samples with no amplification of RNaseP and samples identified as at risk of
misclassification by the Rankit plot.
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General Population Study were transferred to 384-well micro-
titer plates using a Biomek 2000 robot for automatic dispensing
(Ramcon, Birkerød, Denmark). Aliquots of 2 μL diluted DNA
(approximately 4–12 ng) were added to 8 μL PCR mix (1×
TaqMan Universal PCR Master Mix, 1× TaqMan RNaseP
Control Reagents Kit (900 nmol/L of each primer and
250 nmol/L probe), 100 nmol/L of each GSTM1 or GSTT1
primers and 250 nmol/L of GSTM1 or GSTT1 probe). In each
384-well plate, samples were tested as single determinations,
and two no template controls and two controls with *1/0 and *1/
1 genotypes, respectively, were included. Samples were assayed
using the Relative Quantification (ΔΔCt) document in the SDS
software and analyzed using the Relative Quantification
(ΔΔCt) Study document. The “automatic Ct” option in the
analysis setting was used, whereby the optimal baseline and
threshold values are set automatically for each run. For each
384-well plate, ΔCt values= (CtGST−CtRNaseP) were plotted
versus sample number, and samples were assigned a genotype
based on the position of the ΔCt value in genotype clusters
(Fig. 4). The two control samples defined the *1/0 and *1/1
genotype clusters. An arbitrary line midway between the *1/0
and *1/1 genotype clusters, was used for the preparation of
Fig. 5. Identification of cutoff intervals for samples with *1/0 and *1/1
genotypes. Samples were assigned a genotype (*1/0 or *1/1) based on ΔCt

values. ΔCt values of samples designated *1/0 and *1/1 were sorted ascending
and descending, respectively. The cumulated frequency of the two groups of
sorted samples was plotted versus ΔCt values. A Rankit y-axis, representing the
inverse normal function of the cumulated frequency, is shown to the left. Limits
for 2 SD are indicated at Rankit values −1.96 and 1.96 respectively. Results for
one run with samples assayed for GSTM1 (Panel A) and GSTT1 (Panel B) are
shown.
Rankit plots (Fig. 5, see Statistical analysis). Samples identified
as at risk of misclassification on Rankit plots were undeter-
mined samples. Altogether, “undetermined samples” were clear
outliers on amplification plots, samples with no amplification of
RNaseP, and Rankit reruns (Table 2).

Samples were assigned the *2/1 genotype when clearly
separated from the *1/1 cluster (Fig. 4A). *2/1 samples were
verified in re-amplification runs. Finally, all *2/1 samples
identified in the study were assayed together on the same 384-
plate together with a comparable number of *1/1 and *1/0
samples (Fig. 4B).

The expected difference in ΔCt values between geno-
type clusters (the ΔΔCt value) can be derived from the equa-
tion: fold change in gene copies=2−ΔΔCt, where ΔΔCt =
ΔCtunknown genotype−ΔCtreference genotype, provided the amplifi-
cation efficiency of both control and target gene is close to 100%.
Thus, with 100% amplification efficiency, the expected ΔΔCt

value for *1/1 samples versus *1/0 (where fold change equals 2)
is −1.00, and the expected ΔΔCt value for *2/1 samples versus
*1/0 samples (where fold change equals 3) is −1.58.

Finally, to determine the amount of misclassification, we
repeated the genotyping of the first 1139 individuals from
CCHS for both GST genes.

Validation
To validate the high-throughput genotyping method, we

genotyped the first 40 individuals with the genotypes
GSTM1*0/0, *1/0, *1/1, GSTT1*0/0, *1/0, *1/1, and all
individuals with the genotypes GSTM1*2/1 or GSTT1*2/1 by
long-range PCR as previously described [12,34].

Statistical analysis
To identify *1/0 samples at risk of being misclassified as

*1/1 and vice versa, Rankit plots were constructed for each 384-
well plate [35]. ΔCt values of samples designated *1/1 were
sorted descending and ΔCt values of samples designated *1/0
were sorted ascending. The cumulated frequencies of the sorted
samples were plotted versus ΔCt value resulting in a V formed
plot. The cumulated frequency was converted to Rankit values
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by inverse normal transformation, and introduced on a new
y-axis. Undetermined Rankit reruns were samples with ΔCt

values between the intersection points of the Rankit plots with
the 2 SD limit (=Rankit −1.96). These samples were ream-
plified regardless of whether they could reliably be assigned a
genotype using the ΔCt method above.

Results

Requirements for multiplexing using the ΔCt method

For simplicity only data obtained with Control 1 are shown.
Similar results were obtained with Control 2.

Determining the linear dynamic range and defining limiting
primer concentrations

The linear dynamic range for assays using non-limited
primers in singleplex was at least 0.21–50 ng, and the ampli-
fication efficiency was close to 100% (95.6%–100.6%) for all
three genes (Fig. 1).

In primer limitation studies in singleplex using a fixed DNA
concentration of 3 ng per well, 1/2× RNaseP mix (450 nmol/L
each primer, 125 nmol/L probe) increased the Ct value
compared to 1× RNaseP mix (Fig. 2, Panel A). For GSTM1
and GSTT1, Ct values increased for primer concentrations
lower than 50 nmol/L (Fig. 2, Panels B and C). Based on these
results we used 1X RNaseP mix (900 nmol/L each primer,
250 nmol/L probe), and 100 nmol/L of each GST primer as
limiting primers and 250 nmol/L probe for GSTM1 and GSTT1
in all multiplex reactions.

Amplification efficiency and validation of the ΔCt method
Fig. 3 (Panels A and C) shows examples of 1 of 10 standard

curves for GSTM1 and GSTT1 run with limited primer
concentrations, as determined above in multiplex with RNaseP.
For both genes, reactions were performed in triplicate and the
linear dynamic range was at least 0.41–100 ng per well; for
comparison the amount of DNA in 2 μL 10× diluted DNA (the
amount used for genotyping in this study) isolated as described is
typically between 4 and 12 ng. For GSTM1 and RNaseP in
multiplex the amplification efficiencies were 100.3% and
101.8%, respectively (Panel A). The efficiencies were 98.4%
and 100.4%, respectively, for GSTT1 and RNaseP in multiplex
(Panel C). The corresponding plots ofΔCt values versus logDNA
concentration are shown in Fig. 3, Panels B and D. The slope was
−0.035 for GSTM1 in multiplex, and −0.046 for GSTT1 in
multiplex, well within the +/−0.1 accepted for using the ΔCt

method.

Reproducibility
The reproducibility of the multiplexed assays was tested in

ten consecutive runs for each target gene. The mean
amplification efficiencies (+/−SD) of ten standard curves of
Ct versus log DNA concentration were 100.5% (+/−1.22%)
and 100.5% (+/−2.38%) for GSTM1 and RNaseP in multi-
plex, and 99.9% (+/−1.34%) and 100.7% (+/−1.97%) for
GSTT1 and RNaseP in multiplex. The mean slopes (+/−SD)
of ΔCt versus log DNA concentration from 10 runs were 0.003
(+/−0.05) for GSTM1, and −0.018 (+/−0.05) for GSTT1 in
multiplex reactions well within the acceptable +/−0.1.

Taken together, primer limitation validated the use of 1×
RNaseP mix and 100 nmol/L GST primers in multiplex
reactions. The use of multiplexing was verified, as no reduction
in amplification efficiency was observed for any assay when
shifting from singleplex (Fig. 1) to multiplex reactions (Fig. 3,
Panels A and C). High reproducibility and a slope ofΔCt versus
log DNA concentration close to zero in 10 consecutive runs
validated the use of the ΔCt method within a linear dynamic
spanning the range of DNA concentrations expected in samples
isolated by a standard commercial method (QIAamp DNAMini
Kit).

Genotyping of 20,687 individuals from the general population

To validate the performance of the genotyping method, the
optimized assays were used to genotype 20,687 DNA samples
from two large population studies, the Copenhagen City Heart
Study and the Copenhagen General Population Study. ΔCt

values clearly segregated into four distinct groups, representing
*0/0 (no amplification), *1/0, *1/1 and *2/1 samples (Fig. 4).
The obtained ΔΔCt values were very close to those expected
assuming 100% amplification efficiency (see “Genotyping” in
Methods): ΔΔCt (±SD) for *1/1 versus *1/0 samples on single
determinations was −0.89±0.18 for a typical plate for GSTM1,
and −0.88±0.18 for a typical plate for GSTT1 (expected
ΔΔCt =−1.0, Fig. 4A); ΔΔCt (±SD) for *2/1 versus *1/0
samples (n=16, the total number of *2/1 samples identified in
the study versus n=16, randomly selected from the population
sample) on single determinations was −1.54±0.13 for GSTM1,
and −1.55±0.18 for GSTT1 (n=27, the total number of *2/1
samples identified in the study versus n=28, randomly selected
from the population sample; expected ΔΔCt =−1.58, Fig. 4B).

In order not to misclassify any *1/0 or *1/1 samples, with
approximately 1 ΔCt value in between, a Rankit plot was
applied. Fig. 5 shows examples of Rankit plots for GSTM1
(Panel A) and GSTT1 (Panel B). As the Rankit plot transforms
Gaussian distributed values into straight lines, Fig. 5 shows that
the ΔCt values for *1/0 and *1/1 samples were normally
distributed. The samples at risk of misclassification are located
below a Rankit value of−1.96 and between the two Rankit plots.

The genotyping results for the general population sample
obtained before and after rerun are given in Table 2. The rerun
frequency was approximately 6% for both assays and was
equally distributed between genotypes. After rerun, 0.4–0.6%
of samples could not be assigned a genotype. The genotype
distribution for GSTM1 was 52% *0/0, 40% *1/0 and 8% *1/1.
Sixteen individuals (0.1%) had three GSTM1 copies. For
GSTT1 the genotype distribution was 15% *0/0, 47% *1/0 and
38% *1/1 (Table 2). Twenty-seven individuals carried three
GSTT1 copies (0.1%). Genotype frequencies did not differ from
those predicted by the Hardy–Weinberg equilibrium (χ2: P
(GSTM1)=0.15; P (GSTT1)=0.12).

When comparing the first and second round of genotyping of
the first 1139 individuals, we found 0.2% discrepancy between
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genotypes for GSTT1 and no discrepancy for GSTM1. The true
genotype of these samples was verified by long-range PCR.

Finally, genotyping by long-range PCR of 283 samples – 40
for each of the genotypes *0/0, *1/0 and *1/1 for both genes and
all *2/1 samples (n=16 for GSTM1 and n=27 for GSTT1;
Table 2) – was in 100% agreement with the genotypes
determined by high-throughput real-time PCR for the *0/0
and *1/0 genotypes. As expected, long-range PCR could not
discriminate clearly between *1/1 and *2/1 genotypes, and
typed both genotypes as *1/1, although the separation of these
genotypes was quite clear using real-time PCR (Fig. 4B).

Discussion

This paper presents a real-time PCR method to determine
CNV in GSTM1 and GSTT1 in large epidemiological samples
with the endogenous control RNaseP as a reference. The
principal findings are: 1) The method provides high sample
throughput; 2) The linear dynamic range spans from 0.41 to
100 ng of DNA, as a minimum. As a standard purification from
whole blood contains DNA at concentrations within this range,
any given sample can be genotyped without the need for time-
consuming concentration determinations; 3) By multiplexing
target and endogenous control genes in 10 μL total volume in a
384-well format using single instead of multiple determinations
of each sample, cost per sample was considerably reduced. 4)
With single determinations, this method provides reproducible
genotypes with less than 0.2% misclassification; 5) The method
was used to genotype 20,687 individuals from the general
population with less than 0.6% undetermined for both genes
after rerun; 6) In contrast to long-range PCR, the method can
discriminate *2/1 from *1/1 genotypes.

Discrimination between GST*1/0 and GST*1/1 individuals
was previously performed with time-consuming long-range
PCR unsuitable for high-throughput, partly because to deter-
mine the genotype it is necessary to run each individual DNA
on an agarose gel following PCR [12,27,34,36]. Another
problem with long-range PCR, as demonstrated in this study, is
misclassification of *2/1 genotypes as *1/1, because the
diagnosis in this case relies on differences in intensity of a
single band on a gel. Genotyping has also been performed by
expensive and time-consuming fluorescent-based fragment
analysis [36]. Characteristically therefore, these methods have
been used to genotype relatively few individuals (n=29–1032).

The first high-throughput methods to determine GSTM1 and
GSTT1 CNV [17,25,26] used triple determinations and 96-well
format, resulting in a throughput of approximately 384
genotype determinations per day. The new method presented
here uses single determinations, 10 μL volume and 384-well
formats, and includes a stack-holder that enables automatic
loading of plates for analysis. With this method approximately
4600 genotypes can be determined per day. With the highly
optimized assays, more than 99% were assigned a genotype in a
clinical sample of 20,687 individuals. Using the method with
lower throughput, due to individual determinations of DNA
concentration prior to analysis and triplicate runs, Brasch-
Andersen et al. [17] obtained 98% and 97% genotype assign-
ment for GSTM1 and GSTT1, respectively. In conclusion,
despite single determinations, we obtain slightly better geno-
typing assignment than the previously described method,
without the need for time-consuming DNA concentration
determinations, and with much higher throughput.

The optimized assays were highly sensitive in discriminating
between GST*1/0 and GST*1/1 samples which segregated into
two separate groups with no overlap in between. In the paper by
Brasch-Andersen et al. [17] an overlap between GST*1/0 and
GST*1/1 samples resulted in approximately 2% and 1% mis-
classification ofGSTM1 and GSTT1 samples, respectively. In the
present study, we used a very conservative approach and
reanalyzed all samples that were within upper and lower 2 SD
limits forGST*1/1 andGST*1/0 samples on Rankit plots, respec-
tively, although no overlap occurred between the two genotypes.

The GST*0 allele is thought to result from homologous
unequal crossing over between two highly identical sequences
flanking the GST gene [11,12]. The same mechanism can result
in gene duplication (two gene copies on the same chromosome)
which has been reported for GSTM1 [13], but to our knowledge
never previously for GSTT1. The high sensitivity of the real-
time method allowed identification of individuals with three
GSTM1 gene copies and three GSTT1 gene copies. This is not
possible with the long-range PCR method which does not
discriminate properly between one or more gene copies on the
same allele. No samples with three gene copies were identified
in any of the former studies using real-time PCR [17,25], most
likely due to the small sample sizes tested. Finally, in validation
experiments there was complete concordance between the *0/0
and *1/0 genotypes measured by real-time PCR and validated
by long-range PCR, but as expected all 43 *2/1 genotypes were
misclassified as *1/1 using long-range PCR, due to the inability
of this method to discriminate between one or more gene copies
when present on the same allele.

A gene dosage effect between gene copy number and
enzyme activity has been reported for both GSTM1 [13] and
GSTT1 [12]. Therefore, as GSTs are involved in detoxification
of for example carcinogens and environmental toxins, there are
potential links between CNV in these genes and the develop-
ment of chronic diseases. In a review by Bolt and Thier [37], the
connection between GSTM1 and GSTT1 genotypes and chronic
diseases in humans was presented. Bladder cancer is to a large
extent caused by smoking and the risk associated with the null
genotype of GSTM1 was approximately 1.5 in two large meta-
analyses [21,22], and a possible gene dosage effect was
suggested [22]. Although also lung cancer is to a large extent
caused by smoking and environmental factors potentially
detoxified by GSTs, the risk associated with the null genotypes
of GSTM1 and GSTT1 was only marginally above 1 in a large
scale meta-analysis including N20,000 cases [20]. However,
these latter studies have not discriminated between *1/0 and *1/
1 genotypes and *1/1 and *2/1 genotypes due to lack of
appropriate methods, and possible gene dosage effects are very
likely to have weakened the associations. High-throughput
CNV assays are thus in high demand.

In conclusion, the optimized ΔCt method provides precise,
low cost and high-throughput determination of CNV in GSTM1
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and GSTT1, and is anticipated to be a strong tool for the
determination of gene-dosage effect of GSTM1 and GSTT1 on
risk of chronic diseases in large populations. The design,
optimization, and validation approach described here can be
used to determine CNV in other genes as well.
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