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ABSTRACT

The drug-metabolizing enzyme thiopurine S-methyltransferase (TPMT) catalyzes the
S-methylation of thiopurines like 6-mercaptopurine, 6-thioguanine, and azathiopurine, which are
used as immunosuppressants and in the treatment of acute lymphoblastic leukemia and
rheumatoid arthritis. TPMT enzymatic activity is a polymorphic trait and poor metabolizers may
develop life-threatening bone marrow failure. To avoid such adverse effects, the TPMT enzymatic
activity in patients’ RBCs is routinely measured prior to thicpurine administration in a limited
number of oncology clinics. In the present study, we took advantage of a highly sensitive and
specific automated DHPLC technique that not only detects known polymorphic alleles, but also
identifies previously uncharacterized sequence variants. We developed a DHPLC-based protocol to
analyze the entire coding region and validated the protocol by detect all 16 previously described
variant alleles. We further analyzed the entire coding region of the TPMT gene in 288 control
samples collected worldwide and identified two novel amino acid substitutions Arg163Cys (487C>T)
and Arg226Gln (677G>A) within exons 7 and 10, respectively. The clinical application of this
comprehensive screening system for examining the entire TPMT gene would help to identify

patients at risk for bone marrow failure prior to 6-mercaptopurine therapy.

INTRODUCTION

The drug-metabolizing enzyme thiopurine S-methyltransferase (TPMT)
(Weinshilboum and Sladek, 1980) catalyzes the S-methylation of thiopurines like
6-mercaptopurine, 6-thioguanine, and azathiopurine, which are used as
immunosuppressants (3) and in the treatment of acute lymphoblastic leukemia
(Lennard et al., 1989) and rheumatoid arthritis. TPMT enzymatic activity is a
polymorphic trait (Lennard et al., 1987). One in 300 Caucasians are poor
metabolizers of thiopurines, as defined by a low red blood cell [RBC] TPMT activity
level (Lennard et al., 1987). Poor metabolizers of thiopurines who exhibit reduced
TPMT activities may develop life-threatening bone marrow failure (e.g., pancytopenia)
after being treated with standard dosages of thiopurines because of the accumulation of
cytotoxic metabolites of thiopurines (McLeod et al., 1993;Schutz et al., 1993). To avoid
such adverse effects, the TPMT enzymatic activity in patients’ RBCs is routinely
measured prior to thiopurine administration in a limited number of oncology clinics
(Weinshilboum et al., 1978:McLeod et al., 1995). At present, however, RBC-based
enzymatic assays are not commonly applied in clinical settinygs because the assay
protocol is technically demanding and requires rigorous quality control procedures
(Armstrong et al., 2004).

The human TPMT locus is relatively polymorphic with 16 known polymorphic
alleles, including null and hypomorphic alleles (Krynetski et al., 1995;Szumlanski et
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al.,, 1996:;Tai et al., 1996;Otterness et al., 1997;Tai et al., 1997;Loennechen et al.,
1998;0tterness et al., 1998;Spire-Vayron de la Moureyre et al., 1998;Hon et al.,
1999;Colombel et al., 2000;Hamdan-Khalil et al., 2003;Schaeffeler et al.,
2003;Lindgvist et al., 2004). Most Caucasian poor metabolizers have the TPMT*3A
(gene frequency of 3.2-5.7%), TPMT*2 (0.2-0.5%) or TPMT*3C (0.2- 0.8%) allele
(Spire-Vayron de la Moureyre et al., 1998;Ameyaw et al., 1999:McLeod et al., 1999).
The *3C allele is the most frequent variant allele in Asian and African poor
metabolizers. Genotyping results for the *2, *3A, and *3C alleles concord with the
results of RBC enzymatic assays (Yates et al., 1997:Coulthard et al., 1998). Therefore,
genotyping for the hypomorphic alleles of TPMT is considered promising approach for
predicting individual response, potentially replacing the RBC TPMT activity assay
(Balis and Adamson, 1999:McLeod et al., 2000). Several methods, including '
PCR-RFLP, allele-specific PCR (Tai et al., 1996;Yates et al., 1997), pyrosequencing
(Lindqvist et al., 2004), and direct sequencing have been used to screen for relatively
prevalent polymorphic alleles, including the *2, *3A, and *3C alleles. Schaeffeler et al.
demonstrated the usefulness of denaturing high performance liquid chromatography
(DHPLC) for the analysis of exons 5, 7 and 10 of TPMT to discriminate the *2, *3A, and
*3C alleles (Schaeffeler et al., 2001).

Recent studies have identified novel mutant alleles of TPMT in Caucasian and
non-Caucasian populations (Krynetski et al., 1995;Szumlanski et al., 1996;0tterness et
al., 1997;0tterness et al., 1998;Spire-Vayron de la Moureyre et al., 1998:Hon et al.,
1999;Colombel et al., 2000;Hamdan-Khalil et al., 2003;Schaeffeler et al.,
2003;Lindqvist et al., 2004). Therefore, comprehensive screening of the entire coding
region is preferable to a limited screening of previously known variant alleles. In the
present study, we took advantage of a highly sensitive and specific automated DHPLC
technique (Harvey and Sampson, 2004) that not only detects known polymorphic
alleles, but also identifies previously uncharacterized sequence variants. The purposes
of the present study are threefold. First, we developed a DHPLC-based protocol to
analyze the entire coding region. Second, we tested whether the optimized protocol
could detect all 16 previously described variant alleles. Lastly, we analyzed the entire
coding region of the TPMT gene in 288 control samples collected worldwide and
obtained from the DNA Polymorphism Discovery Resource (Collins et al., 1998).

MATERIALS AND METHODS
Site-directed mutagenesis

PCR amplicons containing all previously described polymorphic alleles of TPMT
(Krynetski et al., 1995;Szumlanski et al., 1996;Otterness et al,, 1997;0tterness et al.,
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1998:Spire-Vayron de la Moureyre'et al., 1998;Hon et al., 1999 ;:Colombel et al.,
2000;Hamdan-Khalil et al., 2003;Schaeffeler et al., 2003) were generated using the
'splicing by overlap extension' PCR method (Horton et al., 1990;Horton et al., 1993).
Briefly, two segments of a gene were independently amplified by PCR and then fused
together in a subsequent reaction. Mutations were introduced into a targeted region
using mutant primers containing mismatches in their central region. Because the
mutant primers were complementary, the two overlapping fragments could be fused
together in a subsequent extension reaction. Two PCR steps were performed to amplify
two separate products using appropriate outer and inner mutated primers. PCR
conditions for the primary PCR were 30 cycles of 95°C for 30s, 58°C for 30s and 72°C
for 60s using outer forward-inner reverse and inner forward-outer reverse primer pairs
(Table 1), respectively. Then, PCR products were purified by desalting column (Qiagen).
Secondary PCR was performed using the outer forward and outer reverse primers and
an appropriate amount of two primary PCR products as a template, using the same
conditions as for the primary PCR. The PCR products were purified using a desalting
column (Qiagen), sequence-verified, and used as the positive controls for the DHPLC
assay (see below).

Study population

The DNA Polymorphism Discovery Resource (Collins et al., 1998), developed by
the National Human Genome Research Institute (NHGRI) in collaboration with the
National Institute of General Medical Sciences (NIGMS) and its Human Genetic Cell
Repository, contains cell lines and DNA samples from 450 unrelated individuals (120
European-Americans, 120 African-Americans, 60 Mexican-Americans, 30 Native
Americans, and 120 Asian-Americans). Since we planned to use a 96-well PCR plate
and wanted to utilize a sample number that was a multiple of 96, we analyzed 288
samples selected randomly from the 450 samples (No. 0108-0187, 0189-0396) in the
DNA polymorphism discovery resource panel. The study protocol was approved by the
local ethics committee.

PCR amplification of the mutagenesis product and genomic DNA

PCR fragments generated by site-directed mutagenesis or genomic DNA from
the control individuals were amplified using the primers. The primer sequences and
the specific PCR conditions are listed in Table 2. The primers were designed so that the
primer pairs used to amplify each exon would have the same cycling conditions. For
exons 3, 4 and 5, non-template GC-clamp was added to the primers (Table 2, shown in
uppercase) to detect mutations within the higher melting temperature domain. PCRs
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were performed in a volume of 20 pL containing 30 ng of genomic DNA, 10 pmol of
forward and reverse primer, 0.2 mM of dNTPs, 0.5 U of Optimase polymerase
(Transgenomic), and the buffer supplied by the manufacturer.

The annealing temperature was decreased by 0.5°C every second cycle
beginning at 63°C and decreasing to a 'touchdown' (Don et al., 1991) annealing
temperature of 58°C, which was then used for 30 cycles. When analyzing the
population control samples, the primer pairs were aliquoted on a 96-well format PCR
plate. In this manner, all the exons were amplified simultaneously using a single
PCR machine. The PCR products were directly sequenced using the dideoxy
sequencing method (BigDye Dideoxy sequencing kit; Applied Biosystems) and an
automated sequencer (ABI3100; Applied Biosystems). The sequence-verification
primers were the same as the PCR primers.

DHPLC analysis

PCR amplicons from human genomic DNA or PCR amplicons with mutations
generated by site-directed mutagenesis were analyzed by DHPLC according to the
method developed by Qefner and Underhill (Harvey and Sampson, 2004) using an
analysis system purchased from Transgenomic (Omaha, Nebraska). The PCR products
were denatured at 95°C for 5min and reannealed by cooling to 25°C with a temperature
change of -1.5°C/min. All DHPLC conditions, including the melting temperatures and
buffer gradients specific to each PCR amplicon, were determined using melting
temperature prediction software (Transgenomic WAVEMAKER). A single temperature
condition was used except for exons 3, 4 and 10. Because software predicted these
fragments to consist of two different melting temperature domains, two analysis
temperatures were needed to scan the entire exon sequence. The samples were applied
to a preheated reversed-phase column. The elution gradient was generated by mixing
buffer A (0.1 mol/L triethylammonium acetate) and buffer B (0.1 mol/L
triethylammonium acetate containing 250 mI/L acetonitrile) in a linear gradient from
start to the final %B over a period of 4.5 minutes, as shown in Table 2. Amplicons were
then run on the DHPLC at three different temperatures (predicted temperature and
1°C above and 1°C below). When screening the samples, the DHPLC profiles were
visually compared with the previously determined profiles of known mutation controls.
All the samples with abnormal elution profiles were confirmed to have mutations by

direct DNA sequencing.

RESULTS

Optimization of the PCR conditions and DHPLC analysis
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The optimized sets of PCR primers are shown in Table 2. All the exons were
successfully amplified under a single condition without any artifacts resulting from
mispriming or primer-dimer formation (Fig. 1).

Site-directed mutagenesis of known variant alleles and their analysis by DHPLC

PCR amplicons flanking the previously described polymorphic alleles of TPMT
were generated using the 'SOE' (splicing by overlap extension) PCR method, and direct
sequencing of the mutagenesis products confirmed that the desired mutant fragments
had been successfully generated (data not shown). Equimolar quantities of reference
wild-type PCR product and mutant PCR product were mixed, re-annealed, and
analyzed by DHPLC. Representative DHPLC elution profiles are shown in Fig. 2. The
chromatograms of the PCR products generated by site-directed mutagenesis exhibited
multiple peaks, whereas those of the PCR products amplified from known wild-type
homozygotes exhibited a sharp, single peak. The optimized DHPLC analytic
conditions are shown in Table 2.

DHPLC analysis of 288 DNA samples collected worldwide

The genotype distribution is summarized in Table 3. Two novel sequence
variants were found within the coding region (Fig. 3): Arg163Cys (487C>T) and
Arg226GIn (677G>A) amino acid substitutions within exons 7 and 10, respectively.
These sequence variants were only observed once each: one of the 288 individuals
from whom a DNA sample was examined was heterozygous for the Arg163Cys
(487C>T) variant, whereas another individual was heterozygous for both the newly
identified Arg226GIn polymorphism and the previously known Argl15His
polymorphism.

DISCUSSION

In the present study, we developed a DHPLC-based method that allows the
entire coding region of the TPMT gene to be screened. The ability of the
DHPLC-based method to detect all previously described variant alleles supports the
notion that the DHPLC protocol described herein is a highly sensitive and specific
genotyping method. Furthermore, the identification of two novel polymorphisms,
Arg163Cys and Arg226GIn, among 288 control individuals collected world-wide
demonstrates the effectiveness of the DHPLC-based TPMT mutation analysis.
Whether the new amino acid substitutions result in altered enzymatic activity has yet
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to be determined.

Nine of the 288 samples that were examined were found to be from individuals
heterozygous for the *8 allele. The *8 allele frequency in this series was 1.4%, which
is higher than the previously reported figure. Unfortunately, ethnic information
regarding the individual samples in the DNA Polymorphism Discovery Resource is not
available because of ethical concerns regarding potential genetic discrimination based
on polymorphisms. Thus, we were unable to determine the ethnic origin of the
individuals possessing the *8 alleles. Further analysis of ethnically homogeneous
panels of control samples is warranted to clarify whether the incidence of the * 8 allele
is higher in some ethnic group than in others.

We propose that DHPLC-based screening of the entire TPMT gene may be useful
alternative to the RBC-based TPMT assay for assessing the inherent capacity of an
individual to metabolize thiopurines. First, DHPLC is a very sensitive mutation
detection method (O'Donovan et al., 1998). Second, the DHPLC assay can be
performed in a relatively short period of time (10 hours), with minimal human labor.
Third, the results of the DHPLC assay are not affected by blood transfusions. In
contrast, TPMT activity cannot be reliably determined within 30-60 days after
transfusion if a deficient or heterozygous patient has received red blood cell
transfusions from a homozygous wild-type individual (Yates et al., 1997). In summary,
the clinical application of this comprehensive screening system for examining the
entire TPMT gene would help to identify patients at risk for bone marrow failure prior
to 6MP therapy.
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