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1 Characterization of allelic variants of the TPMT gene (TPMT) responsible for changes in TPMT
activity, and elucidation of the mechanism by which these alleles act, are required because of the clinical
importance of this polymorphism for patients receiving thiopurine drugs.

2 We de®ned the mutational and allelic spectrum of TPMT in a group of 191 Europeans. Using PCR±
SSCP, we screened for mutation the entire coding sequence, the exon-intron boundaries, the promoter
region and the 3'-¯anking region of the gene. Six mutations were detected throughout the ten exons and
seven TPMT alleles were characterized. Four of them, TPMT*2, *3A, *3C and *7, harbouring the
known mutations, G238C, G460A, A719G or T681G, were nonfunctional and accounted for 0.5, 5.7, 0.8
and 0.3% of the allele totality, respectively.

3 Within the promoter region, six alleles corresponding to a variable number of tandem repeats
(VNTR), were identi®ed. VNTR*V4 and *V5a which harbour four or ®ve repeats of a 17 ± 18 bp unit,
were the most frequent (55% and 34%, respectively). The other VNTR alleles, having from ®ve to eight
repeats, were rarer.

4 The TPMT phenotype was correctly predicted by genotyping for 87% of individuals. A clear negative
correlation between the total number of repeats from both alleles and the TPMT activity level was
observed, indicating that VNTRs contribute to interindividual variations of TPMT activity. Therefore,
additional analysis of the promoter region of TPMT can improve the phenotype prediction rate by
genotyping.
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Introduction

The thiopurine S-methyltransferase (TPMT; EC 2.1.1.67) is a
cytosolic enzyme whose precise physiological role is unknown.
It catalyzes the S-methylation of widely used immunosuppres-

sive or cytotoxic thiopurine drugs such as 6-thioguanine, 6-
mercaptopurine and azathioprine (Weinshilboum & Sladek,
1980; Woodson et al., 1982). The in vivo activity of this

cytosolic enzyme is characterized by interindividual and
interethnic variability caused by the genetic polymorphism of
the TPMT gene, which was discovered by the existence of three

major phenotypes, high (HM), intermediate (IM) and de®cient
(DM) methylators (Weinshilboum & Sladek, 1980). As a
consequence, individuals greatly di�er in the detoxication of
thiopurine drugs to 6-methylmercaptopurine and thus, in the

occurrence of side e�ects or therapeutic e�cacy. In this regard,
the TPMT polymorphism has been associated with severe and
potentially fatal myelosuppression occurring in DMs treated

by azathioprine that was not inactivated by the TPMT enzyme
(Evans et al., 1991; Lennard et al., 1987, 1989, 1993; McLeod
et al., 1993; SchuÈ tz et al., 1993). TPMT polymorphism has

been also associated with the rejection of transplanted organ in
HM recipient patients over-treated by immunosuppressive
thiopurine medications (Lennard et al., 1990; SchuÈ tz et al.,

1995). Therefore, in order to avoid 6-methylmercaptopurine

concentration dependent side-e�ects, phenotyping/genotyping
tests prior to the instigation of drug treatment might identify
the patient at risk of treatment failure.

Evaluation of the phenotypic status of patients by the
measurement of RBC TPMT activity has become a clinical
test performed routinely before the initiation of thiopurine

therapy and in the monitoring of treatment (Lennard et al.,
1987; Szumlanski et al., 1992; Weinshilboum et al., 1978).
However, the protocols for testing, and problems with the

correct evaluation of the constitutive TPMT activity if
patients have received transfusion of red blood cells, limit
the use of the phenotyping procedures (Krynetski et al.,
1995; Tai et al., 1996). The large interindividual variability

in enzyme activity has been mainly explained by genetic
factors and genotyping tests have been recently proposed to
avoid these limitations. The gene (TPMT, MIM 187680)

which codes for TPMT has been localized to chromosome 6
(6p22.3) and its sequence has been partially determined
(Szumlanski et al., 1996). Presently, various TPMT alleles,

carrying a point mutation or a combination of mutations in
some of the ten exons or nine introns, as well as in the 5'-
¯anking promoter region, have been associated with

de®cient, intermediate or high TPMT activity (Krynetski et
al., 1995; Otterness et al., 1996, 1997, 1998; Szumlanski et
al., 1996; Tai et al., 1996; Yates et al., 1997). The three
point mutations, G238C, G460A, and A719G represent the

most common genetic defects identi®ed in DMs (Krynetski
et al., 1995; Szumlanski et al., 1996; Tai et al., 1996) and
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account for about 12, 81 and 88% of the detrimental
mutations, respectively (Yates et al., 1997). A polymorphism
in the 5'-¯anking promoter region has also been identi®ed

due to a variable number of tandem repeats (VNTR),
ranging from four to eight repeats (Krynetski et al., 1997;
Spire et al., 1998a). Each repeat consists in 17 or 18 bp unit
and contains a potential binding site for the transcription

factor Sp1. The most frequent alleles VNTR*V4 and *V5
harbor four or ®ve tandem repeats and a heterozygosity rate
of 0.44. This new polymorphism is suspected to contribute

to the regulation of gene transcription (Spire et al., 1998a).
Now, DNA-tests, based on PCR (polymerase chain reaction)
ampli®cation, are available to genotype individuals by

identifying the major genetic defects of coding sequences
on both chromosomes (Otterness et al., 1997; Yates et al.,
1997).

The aim of this study was to determine, in a European
population, (i) the overall mutational spectrum of the TPMT
gene, (ii) the frequency of each mutation and their e�ect on
TPMT activity, and (iii) the potential of using the genotype to

predict individual TPMT activity. We have thus undertaken a
complete analysis of the ten exons including the entire coding
sequence of the TPMT gene and of the 5'- and 3'-untranslated
regions of 191 unrelated individuals, using a previously
described PCR±SSCP strategy (Spire et al., 1998a,b). As
already demonstrated, this technique enables the detection of

known TPMT mutations and is an e�ective method to screen
for new mutations (Spire et al., 1998a,b). The present study
improves our knowledge on the mutational spectrum of the

TPMT gene, and assesses the accuracy of the genotyping
method for predicting TPMT phenotype in a large population
to determine patients at risk for thiopurine toxicity.

Methods

Subjects of investigations and DNA samples

A group of 191 unrelated subjects of European origin have

been involved in the study after local ethic committee approval
and informed consent were obtained. Among the 191 subjects,
146 were healthy volunteers and 45 were patients evaluated for
TPMT activity before initiation of thiopurine therapy. Total

genomic DNA was isolated from peripheral leukocytes by
chloroform/phenol extraction and by isopropanol/sodium
acetate precipitation, as described previously (Maniatis et al.,

1989).

TPMT PCR±SSCP analysis

Each of the ten exons including their splice-site junctions
and the 5'-¯anking promoter region of TPMT were

ampli®ed by PCR for SSCP (single strand conformation
polymorphism) analysis, as described previously (Spire et al.,
1998a,b). Mutated sites analysed by PCR±SSCP in the
present study are listed together with the corresponding

references in Table 1. Additionally, the polyadenylation site,
previously identi®ed within the 3'-untranslated region of the
exon 10 (Szumlanski et al., 1996), was also ampli®ed by

PCR for SSCP analysis. A 303 bp fragment was generated
using a forward primer TPMT-3'F (5'-CAGTAGGGTT-
CAAGG-TGGTC-3'; from nucleotide 1449) and a reverse

primer TPMT-3'R (5'-TATAAGACCTGATGATTTAAA-
CAG-3'; to nucleotide 1752). Primers were designed to
avoid the unwanted ampli®cation of fragments from the
highly homologous TPMTprocessed pseudogene (Lee et al.,

1995), and thereby to exclude false positive detection of
mutations. The ampli®cation reaction was carried out in a
total volume of 15 ml in the presence of 100 ng of DNA,

10 mM Tris-HCl, pH 8.3, 50 mM KCl, 0.01% gelatin, 1 mM

MgCl2, 0.2 mM of each dNTP, 0.5 mM of each primer and
0.25 U Taq DNA polymerase (Boehringer Mannheim
GmbH, Germany). In addition, 0.6 mCi of [a-32P]-dCTP
(3000 Ci mmole71, Amersham, Buckinghamshire, U.K.)
were added to label the ampli®ed fragments. After an initial
denaturation step at 948C for 2 min, 35 cycles of 90 s at

948C, 90 s at 588C, 90 s at 728C were performed, and a ®nal
extension period of 7 min was carried out at 728C. For the
SSCP electrophoresis, 3 ml of this PCR product were mixed

with 3 ml of loading dye (10 mM NaOH, 20 mM EDTA,
95% formamide, 0.05% bromophenol blue and 0.05%
xylene cyanol), denatured at 928C for 2 min and chilled on

ice. Three ml of the mixture were then loaded on a 10%
glycerol non-denaturing MDETM gel, prepared according to
manufacturer's instructions (FMC Bioproducts, Rockland
ME, U.S.A.). The electrophoresis was performed at room

temperature in a 0.66 TBE bu�er (53.4 mM Tris, 53.4 mM

Boric acid, pH 8.3, and 1.2 mM EDTA) using an IBITM

sequencing gel apparatus (Apelex, Massy, France) at 6 W

for 15 h. After electrophoresis, gels were transferred to ®lter
paper, dried and subjected to autoradiography at 7708C for
72 h.

The population was tested using known wild-type and
mutated sequences as controls (Spire et al., 1998a,b). In order
to avoid erroneous shift of electrophoretic mobility due to

mutation resulting from possible replication errors of the DNA
polymerase, the PCR±SSCP procedure was repeated twice
when a fragment displayed a SSCP pattern di�erent from the
controls.

TPMT sequencing

Samples with an abnormal SSCP pattern were sequenced using
an automated DNA sequencer (Model 373A, Applied
Biosystems Inc., Foster City, U.S.A.) with the ABIPRISMTM

Dye Terminator Cycle Sequencing Ready Reaction FS kit
(Applied Biosystems, ABI, Foster City, U.S.A.) according to
manufacturer's instructions. Sequencing primers were the
primers used in the SSCP analysis. The sequence of both

strands was analysed from at least two independent PCR
ampli®cations to ensure that all identi®ed mutations were not
PCR-induced artifact.

Characterization of TPMT alleles and frequency
calculations

To characterize both TPMT alleles from each individual, we
used the nomenclature to assess all previously known TPMT

variants (Otterness et al., 1997). The mutations G460A and
A719G are presumed to be combined on the same allele in
Caucasians (Otterness et al., 1997; Yates et al., 1997).
Genotypes were therefore de®ned assuming that G460A and

A719G are present on the same allele TPMT*3A, when both
mutations were detected in a particular DNA sample.
Individuals were classi®ed as DM, IM or HM according

to the genotype determined using SSCP results. Homo-
zygous subjects for the functional TPMT allele *1 were
predicted as HMs. Heterozygous individuals for one

nonfunctional TPMT allele *2, *3A, *3B, *3C, *3D, *4,
*5, *6 or *7 were predicted as IMs, while homozygous or
compound heterozygous carriers of nonfunctional TPMT
alleles were predicted as DMs.
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TPMT phenotype determinations

TPMT activity was measured on erythrocyte lysates using a

radiochemical enzymatic assay according to the modi®ed

procedure (Szumlanski et al., 1992) of the method of
Weinshilboum et al. (1978). This assay is based on the
methylation of 6-mercaptopurine with [14C-methyl]-S-adeno-

syl-L-methionine as methyl donor. Erythrocyte lysates were

Table 1 Local distribution and nature of the mutations identi®ed on TPMT gene and analysed by PCR±SSCP in this study

Position, nature1 Consequences References

7168 T?G

791 A?G

VNTR 3

VNTR 4

VNTR 5a

VNTR 5b

VNTR 6

VNTR 7

VNTR 8

7178 C?T

730 T?A

146 T?C

238 G?C

292 G?T

339 C?T

460 G?A

474 T?C

539 A?T

AG?AA

681 T?G

719 A?G

AATAAA

None

None

±

±

±

±

±

±

±

None

None

49 Leu?Ser3

80 Ala?Pro2

98 Glu?Stop2

Silent

154 Ala?Thr2

Silent

180 Tyr?Phe3

Splicing defect2

227 His?Glu3

240 Tyr?Cys2

Polyadenylation
site

Krynetski et al., 1997; Spire et al., 1998a

Krynetski et al., 1997; Spire et al., 1998a

Szumlanski et al., 1996

Spire et al., 1998a

Krynetski et al., 1997; Spire et al., 1998a

Spire et al., 1998

Spire et al., 1998a

Spire et al., 1998a

Spire et al., 1998a

Spire et al., 1998b

Otterness et al., 1997

Otterness et al., 1997

Krynetski et al., 1995

Otterness et al., 1997

Otterness et al., 1997

Tai et al., 1996; Szumlanski et al., 1996

Szumlanski et al., 1996

Otterness et al., 1997

Otterness et al., 1996

Spire et al., 1998b

Tai et al., 1996; Szumlanski et al., 1996

Szumlanski et al., 1996

1Nucleotides 5'-upstream from cDNA translation initiation codon and intronic nucleotides 5'-upstream from the
corresponding exon are numbered negatively. 2Mutations responsible of loss of TPMT activity. 3Mutations
suspected to be responsible of loss of TPMT activity. Dashed boxes represent ORF (open reading frame).
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prepared according to the procedure from whole blood
collected in heparinized tubes by experimented nurses from
the Center of Clinical Investigation. The phenotype was

assigned on the basis of TPMT activity (Otterness et al.,
1997). The high methylator phenotype (HM) was de®ned as a
TPMT activity higher than 13.7 U ml71 of red blood cells
(RBC). Individuals having TPMT activity from 5 to

13.7 U ml71 RBC were de®ned as intermediate methylators
(IMs). De®cient methylators (DMs) were individuals with
values lower than 5 U ml71 RBC.

Statistical analysis

Statistical analysis was performed with the StatviewTM v1.0
program (Abacus Concepts, Inc., Berkeley CA, U.S.A.).
Signi®cant di�erences between the TPMT activity means was

tested (a) between carriers of one and two functional alleles
and (b) between carriers of eight to 12 total VNTR, by the use
of one-way analysis of variance test.

Results

Detection of TPMT gene mutations by PCR±SSCP

One hundred and ninety-one unrelated individuals were

analysed by PCR±SSCP for mutations in the ten exons of
the TPMT gene and its 5'- and 3'-¯anking regions. Patterns

obtained for each ampli®ed exon were compared with those
obtained for control DNAs. Di�erences in SSCP migration
patterns were observed for exons 1, 5, 7, 10 and for the 5'-
¯anking region. All mobility shifts observed in the di�erent
patterns corresponded to a mutation already characterized in
controls (Spire et al., 1998a,b), except for two patterns
observed in the 5'-¯anking region. Further sequencing of

samples with the two novel patterns allowed us to identify (i) a
new VNTR allele termed *V5b, which di�er from *V5a (or
*V5) by the nucleotide sequence of one repeated motif (Figure

1), and (ii) an individual homozygous for a VNTR containing
seven repeats (allele *V7). The nucleotide sequence of the allele
VNTR *V5b reported in this paper have been submitted to the
Genbank with accession number AF060074.

When the sequences of fragments were compared to the
previously reported TPMT*1 wild-type sequence (Szumlanski

et al., 1996), a total of 14 mutations were detected in the
population tested. Eight were characterized in the 5'-¯anking
region, including two point mutations found in all of the
individuals. The six remaining sequence variations observed in

the 5'-¯anking region were the VNTRs (Spire et al., 1998a),
with repeats varying from four to eight. Four missense
mutations were detected in some of the ten exons, including

the three deleterious mutations G238C, G460A and A719G
and the T681G mutation suspected to be associated with a
decrease of the TPMT activity. Additionally, two silent

mutations were detected in exon 1 (C-178T) and exon 7
(T474C). The frequency of the inactivating point mutations
and of the VNTRs in all the 191 individuals is given in Tables 2

and 3, respectively. The most prevalent inactivating mutations
were A719G (89%) and G460A (79%). The rare inactivating
mutations G238C and T681G represented 8% and 4%,
respectively. These four mutations displayed a cumulated

frequency of 12.7%. VNTR containing four repeats was the
most frequent (55%), followed by the VNTRs with ®ve repeats
(34%). The number of VNTR sequences containing from six to

eight repeats decreased progressively from 7% to 0.8% (Table
3).

TPMT allelic variants and their frequencies

Based on the TPMT allele nomenclature (Otterness et al.,
1997), we characterized a total of seven TPMT alleles (Table

2). Two alleles, carrying mutations that did not alter encoded

Figure 1 Nucleotide sequence of the two VNTR alleles containing
®ve repeat units characterized in the 5'-¯anking region of the TPMT
gene from nucleotides 7132 to 740 upstream from the exon 1. The
17 bp and 18 bp repeat units (written between brackets) di�ered from
each other by three to four bases and have a consensus 14 bp
nucleotide sequence (written in bold). The number of repeated units
is indexed above the brackets. Di�erences in repeat numbers between
the two sequences are noted with (*).

Table 2 Allelic variants of TPMT gene and their frequency among 191 European individuals (n=382 alleles)

Alleles with single base changes1 at nucleotide number Frequency

TPMT alleles 146 238 292 460 539 (71) exon 10 681 719 n %

*12

*2
*3A
*3B
*3C
*3D
*4
*5
*6
*7

T
±
±
±
±
±
±
C
±
±

G
C
±
±
±
±
±
±
±
±

G
±
±
±
±
T
±
±
±
±

G
±
A
A
±
A
±
±
±
±

A
±
±
±
±
±
±
±
T
±

G
±
±
±
±
±
A
±
±
±

T
±
±
±
±
±
±
±
±
G

A
±
G
±
G
G
±
±
±
±

354
2
22
0
3
0
0
0
0
1

92.7
0.5
5.7
0.0
0.8
0.0
0.0
0.0
0.0
0.3

Frequency of point mutations
Data 146 238 292 460 539 (71) exon 10 681 719

n
%

0
0

2
0.5

0
0

22
5.7

0
0

0
0

1
0.3

25
6.5

1Inactivating single-base changes. 2Wild-type allele (Wt).
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amino acids (mutation T474C) or that was not located within
the coding exons (mutation C-178T in exon 1), were considered
as a functional allele TPMT*1 which accounted for about 93%

of all allelic variants in the total population. The three most
common defective alleles *3A, *3C and *2 were detected.
TPMT*3A was the most prevalent mutant allele (22 out of 28);
TPMT*3C and *2 were rarer (three and two out of 28,

respectively). The mutant allele *7 (with the mutation T681G
in exon 10), suspected to be nonfunctional, was detected in one
individual. None of the other alleles TPMT*3B, *3D and *4

associated with a de®cient TPMT activity, as well as alleles
TPMT*5 and *6 suspected to be defective alleles, were
identi®ed in our population.

The linkage analysis of the association between VNTR and
allelic variants of TPMT was estimated for 96% of the
population (Table 3). Six individuals for whom heterozygous

SSCP patterns were observed for the 5'-¯anking region and
exons 7 and/or 10, have been therefore excluded for the
calculation of allele frequency. Each VNTR, from *V4 to *V8,
was associated with the functional allele TPMT*1 (Table 3).

Each nonfunctional allele was associated at least once with
*V4. Additionally, the nonfunctional allele TPMT*3A can be
also associated with *V5 or *V6.

Phenotype determination in Europeans

Erythrocyte TPMT enzyme activity was measured in each of
the 191 individuals participating in the study. The mean value
was 20.85 U ml71 RBC and TPMT activity values varied

widely from 0.3 ± 50 U ml71 RBC in our population. The
frequency distribution histogram di�ered from that reported
for American subjects and did not include a clearly de®ned
subgroup with intermediate activity (data not shown),

probably due to the relatively small number of subjects tested.
Out of the 191 individuals phenotyped, one was de®cient, 32
were intermediate methylators and 158 were high methylators.

Phenotype/genotype correlation

On the one hand, individuals were classi®ed according to the
observed TPMT genotypes into groups of high (HMs),
intermediate (IMs) or de®cient methylators (DMs). In the
population studied, 164 subjects carrying two functional alleles

(genotype *1/*1) were predicted as HMs (86%), 26 subjects
heterozygous for one nonfunctional allele [*1/*2 (n=2), *1/
*3A (n=20), *1/*3C (n=3), and *1/*7 (n=1)] were predicted

as IMs (13.5%), and one subject homozygous for the
nonfunctional allele *3A was predicted as a DM (0.5%). On
the other hand, erythrocyte activity was measured in a single

blind analysis for the 191 genotyped individuals. The
phenotype determined conventionally was then compared to
that predicted by PCR±SSCP analysis. As shown in Figure 2,

the subject predicted as a DM showed, as expected, a low
TPMT activity (55 U ml71 RBC). Subjects predicted as IMs
exhibited a TPMT activity range from 5 ± 20 U ml71 RBC and

subjects predicted as HMs exhibited a TPMT activity range
from 10 ± 50 U ml71 RBC. The median TPMT activity was
signi®cantly higher in predicted HMs than in predicted IMs
(22.4 U ml71 RBC versus 11.7 U ml71 RBC; P50.0001).

Phenotypes were in good accordance with genotypes for
87% of individuals. However, nine out of the 26 heterozygotes
for one nonfunctional allele presented a TPMT activity

between the cuto� value of 13.7 U ml71 RBC to 20 U ml71

RBC. Likewise, 15 out of the 164 homozygotes for the
functional allele *1 presented a TPMT activity from 10 to

13.7 U ml71 RBC. Sequencing the ten exons and the 5'- and 3'-
¯anking regions of TPMT from these 15 DNA samples
con®rmed the genotypes as determined by our PCR±SSCP

analysis. Therefore, there was an overlap between genotyped
IM and HM groups in the functional range of 10 ± 20 U ml71

RBC and the genotype is in agreement with the phenotype for
the DM, 53% of the IMs and 94% of the Hms.

VNTR in¯uence on TPMT activity

The in¯uences of the genetic polymorphism of the 5'-¯anking
region of the TPMT gene on the basal TPMT activity and on
the genotype/phenotype discrepancies were assessed. The in

vivo functional consequence of the VNTRs on TPMT activity
was ®rst explored for individuals genotyped as HMs. For this
purpose, the 164 HM subjects were classi®ed according to their

total number of repeats corresponding to the sum of both
alleles. Seven groups with eight to 14 total VNTR repeats were
constituted. Mean TPMT activity and its 95% con®dence
limits were calculated for groups containing more than one

individual (®ve groups with eight to 12 total VNTR repeats).
As shown in Figure 3a, a statistically-signi®cant correlation
between the TPMT activity and the total number of repeats

was found, and an inverse relationship between the two
variables was demonstrated. Secondly, a similar analysis was
performed to estimate the in¯uence of VNTR repeats on

Table 3 Frequency of TPMT alleles combined with the
VNTR markers among 191 Europeans

VNTR
TPMT alleles *V4 *V5a *V5b *V6 *V7 *V8 Total

*1
*2
*3A
*3C
*1, *3A, *3C or *71

191
2
11
1
4

120
±
5
±
3

4
±
±
±
±

19
±
3
±
5

11
±
±
±
±

3
±
±
±
±

348
2
19
1
12

1Mutation-linkage pattern could not be de®ned for six
individuals who were heterozygous for both VNTR and
mutant TPMT alleles.

Figure 2 Distribution of thiopurine S-methyltransferase (TPMT)
activity among 191 European individuals in relation to their TPMT
genotypes determined by PCR±SSCP according to the previously
described procedure (Spire et al., 1998b). The grey shaded area
depicts the range of TPMT activity in erythrocytes that de®nes
TPMT intermediate activity (5 ± 13.7 U ml71 of packed red blood
cells) and which separates TPMT de®ciency activity from TPMT high
activity. Individuals genotyped homozygous for the functional allele
TPMT*1 were predicted as HMs, individuals genotyped hetero-
zygous for the nonfunctional alleles *2, *3A, *3C and *7 were
predicted as IMS and individual genotyped homozygous for the
nonfunctional allele *3A was predicted as DM.
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TPMT activity for individuals genotyped as IMs. Due to the
small number of individuals (n=26), the mean TPMT activity
and its 95% con®dence limits were calculated for only three

groups of IMs (groups with eight, ten and 11 total VNTR
repeats). As shown in Figure 3b, no statistically-signi®cant
correlation between the TPMT activity and the total number
of VNTR repeats was found although the data trend is clearly

in the direction of an inverse relationship between the two
variables.

Consequently, this polymorphism can be considered

responsible for shifts to lower or higher TPMT activities
observed among discordant individuals. Seven out of the nine
phenotyped HMs but genotyped IMs were carrier of a total of

eight VNTR repeats. This low number of repeat can account
for the switch to high TPMT activities for these samples.
Likewise, the 13 out of the 15 IMs, erroneously predicted as

HMs by genotyping, were carriers of 9 ± 11 VNTR repeats. The
augmented number of repeats can be involved for the switch to
low TPMT activity for these samples.

Discussion

Genetic polymorphism of TPMT activity is an important
factor responsible for large individual di�erences in thiopurine
toxicity and therapeutic e�cacy. Therefore, it is essential to

fully characterize the extent of allelic variation at the TPMT
gene locus, to understand the functional consequences of each
variant, and to develop accurate diagnostic tests for

discriminating them in population. With this aim, we de®ned

the mutational and allelic spectrum of TPMT in a large group
of European individuals using an e�cient and sensitive method
of PCR±SSCP for TPMT mutation detection. The relation-

ship between the TPMT activity and genotype of the 191
individuals participating in the study was further examined.

Up to date, 20 mutations distributed on seven exons and on
the 5'-¯anking promoter region of the TPMT gene have been

reported (Table 1). Five have been demonstrated as being
responsible for a de®cient TPMT phenotype and three others
are suspected to be deleterious. Genotyping procedures based

on PCR have been developed for the identi®cation of the three
mutations characterizing the alleles TPMT *2, *3A, *3B and
*3C (Yates et al., 1997). These genotyping tests are very

simple, rapid and e�cient, but have the disadvantage to be
only focused on known variant nucleotides, allowing the
prediction of only about 95% of the DM individuals

(Otterness et al., 1997). Therefore, we designed a PCR±SSCP
strategy for the identi®cation of the 20 known mutations of the
TPMT gene as well as for the detection of new mutations. This
PCR±SSCP strategy was performed on the ten exons and the

5'- and 3'-¯anking regions of TPMT and was applied to DNA
samples of 191 Europeans. Fourteen mutations have been
detected of which one is novel. Only four were deleterious

mutations characterizing allelic variants TPMT *2, *3A, *3C,
and *7. Six were mutations characterizing di�erent VNTRs in
the promoter region, of which one corresponded to a new

VNTR sequence termed *V5b. The four remaining mutations
were silent mutations or were out of the open reading frame
(ORF). Mutation and allele frequencies of our population are

in agreement with previous studies (Otterness et al., 1997;
Weinshilboum & Sladek, 1980; Yates et al., 1997), and the
allele *3A was con®rmed to be the most common detrimental
mutations present in about 89% of the null alleles. Other

mutations corresponding to the nonfunctional TPMT alleles
*3D, *4, *5 and *6 have not been characterized in our
population. Although our PCR±SSCP method would allow

their detection, the absence of these mutations is not surprising
since they are very rare and their frequency distribution can be
di�erent from a population to another (Otterness et al., 1997).

However, no controls for those rare mutations could be
included in the PCR±SSCP strategy and despite many
precautions, it could be possible that they were not detected
because of the chosen electrophoretic conditions. Nevertheless,

the nucleotide sequence analysis performed on the discordant
DNA samples with a HM genotype but corresponding to IM
individuals did not allow the identi®cation of those rare

inactivating mutations and thus con®rmed the genotype as
determined by SSCP.

An additional PCR-based assay has to be developed for

each new inactivating mutation identi®ed. The SSCP analysis
is therefore more e�cient compared with conventional
genotyping procedures since it allows simultaneously the

detection of known and new mutations of the TPMT gene.
However, as observed with conventional genotyping tests, it
appears that the SSCP strategy does not distinguish the IM
genotype *1/*3A from the DM genotype *3B/*3C, which

slightly reduces the phenotype prediction capacity of genotyp-
ing.

In the present study, a relatively large population of 191

European individuals was genotyped and phenotyped for
TPMT by using a PCR±SSCP method and a conventional
radiochemical enzymatic assay, respectively. The distribution

of RBC TPMT in the European population was di�erent from
a trimodal distribution as reported previously in the American
population (Weinshilboum & Sladek, 1980) but was similar to
a Gaussian distribution as previously reported in the French

Figure 3 Correlation between TPMT activity and the total number
of VNTR repeats carried by both chromosomes. (a) analysis of the
genotyped HM population; (b) analysis of the genotyped IM
population. Means of TPMT activity and their 95% con®dence
limits were calculated for groups consisting of more than one
individual. Statistical analysis was performed using the Fisher F-test
and by the use of one-way analysis of variance test (ANOVA).
Signi®cant di�erences were, for the HM group as follows: 8 versus 12
and 9 versus 12 with P50.05.
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population (Jacqz-Aigrain et al., 1994) or in the Korean
population (Park-Hah et al., 1996). TPMT activity measured
in our population was substantially higher than those

previously reported for American subjects (Otterness et al.,
1997) but range values for RBC TPMT activity varied from a
population to another (Jacqz-Aigrain et al., 1994; Jang et al.,
1996; Jones et al., 1993; McLeod et al., 1994; Park-Hah et al.,

1996; Szumlanski et al., 1996). One individual was found to be
DM by both genotyping and phenotyping tests. The
genotyping method has allowed the correct assignation of

HM and IM for 87% of the individuals and discrepancies
between phenotype and genotype appeared for individuals
with a TPMT activity close to the antimode value.

The reasons why phenotype/genotype discrepancies exist
are multiple. The most likely explanation could result from
mutations that our PCR±SSCP strategy failed to detect.

However, in all cases, subsequent DNA sequencing of the
TPMT exons and their ¯anking regions con®rmed the
genotype as determined by PCR±SSCP. Methodological
problems with the TPMT assay could be also incriminated.

Procedural variability of the TPMT phenotyping tests
(Szumlanski et al., 1992), determination of the cut-o� value
used to separate IMs from HMs (Otterness et al., 1997),

extrapolation of RBC lysate volumes to standard hematocrit
(Klemetsdal et al., 1995), are di�erent factors in¯uencing the
reproducibility of the phenotyping method from a laboratory

to another. Moreover, phenotyping determination cannot be
applied to individuals receiving blood transfusions as the test
will then not be performed on their own red blood cells (Tai et

al., 1996). Thus, some phenotype/genotype discrepancies may
be explained by a lack of reliability of TPMT activity values.

Additionally, genetic as well as epigenetic factors are also
known to in¯uence TPMT activity (Krynetski et al.,

1996;Vuchetich et al., 1995). Interindividual variability of the
TPMT activity can be partially explained by VNTRs identi®ed
in the promoter region and highly suspected to be implicated in

the regulation of TPMT expression (Spire et al., 1998a). Each
repeat consists of a 17 or 18 bp unit which contains a potential
binding site for the transcription factor Sp1. Analysis of the

e�ect of each VNTR allele on promoter activity of a reporter
gene, performed in various cell lines by transient transfection
assay, revealed that alleles having six or seven tandem copies
had a notable lower promoter activity than other alleles with

less tandem copies (Spire et al., 1998a). Moreover, the inverse
correlation between the total number of VNTR repeats present
on both TPMT alleles (from eight to 12) and the TPMT

activity reported in this study, supports this hypothesis. About
77% of the discordant genotyped IMs with a TPMT activity
slightly higher than 13.7 U ml71 RBC were carrier of only

eight VNTR repeats. At the opposite, 87% of the discordant
genotyped HMs with a TPMT activity slightly lower than the
antimode value were carrier of more than eight VNTR repeats.

Thus, the mechanism by which the VNTR decreases the
expression of TPMT in a copy number-dependent manner has
to be clari®ed, but it can explain the switch from a group to
another for some individuals. Epigenetic factors can also

in¯uence the enzyme activity (Krynetski et al., 1996). Patients
age (McLeod et al., 1995; Paci®ci et al., 1991), renal function
including chronic renal failure (Pazmino et al., 1980), as well as

drug interactions with thiopurine therapy (for example with
sulphasalazine or thiazide diuretics) (Bergan et al., 1997; Lysaa
et al., 1996; Szumlanski & Weinshilboum, 1995) are known to

in¯uence in vitro and in vivo TPMT activity. The measurement
of TPMT activity in patients on thiopurine therapy can also

bias the phenotype determination, because of enzymatic
induction phenomena (Chocair et al., 1992; Lennard et al.,
1990; Mircheva et al., 1995). Discrepancies were not related to

the nature of the included subjects as they were observed as
well as for healthy volonteers than for patients. However,
although none of the patients included in this study was on
thiopurine therapy, physiological or pathological status of

some individuals can be involved to explain some discrepan-
cies. Results of TPMT phenotyping tests have to be interpreted
with caution in light of these informations.

TPMT phenotype determination appears more complex
than originally thought as both genotyping and phenotyping
methods have their advantages and limits. The application of a

phenotyping or a genotyping method to determine TPMT
activity will depend on laboratory skills and experience, on the
pathological status of patients, and on the aim of phenotype

assignment. The elucidation of the molecular basis for TPMT
polymorphism suggests that genotyping use to diagnose DMs
and IMs o�ers advantages over RBC phenotype measurement,
(i) for patients with chronic diseases or under multiple drug

treatments, (ii) for patients receiving blood transfusions and
(iii) for laboratory without experience in TPMT phenotyping.
The development of a panel of PCR-based tests, or the use of

PCR±SSCP analysis, for the detection of major deleterious
TPMT mutations, would allow the identi®cation of DMs with
a predictive e�cacy close to 100%. Guidelines for dose

adjustments for such patients are now described (Andersen et
al., 1998). In large-scale epidemiological studies, PCR±SSCP
analysis strategy o�ers the advantage of its ability to detect

simultaneously known and new mutations. We demonstrated
that our TPMT genotyping test enables the determination of
the metabolic capacity for 87% of individuals. However, it
appears that genotyping is a poor predictor of TPMT

metabolic capacity in HMs for whom the enzymatic activity
varies over 4 fold. Identi®cation of HMs with very high TPMT
activity can only be performed by phenotyping and is useful to

prevent them from under treatment and rejection episodes
(Bergan et al., 1997). Additional analysis of the TPMT
promoter using PCR-based tests for direct identi®cation of

the VNTR alleles might improve the phenotype predictive
value of genotyping.

In conclusion, allelic variations at the TPMT locus result in
large individual di�erences in the activity of the enzyme TPMT

that the gene encodes and are responsible for large di�erences
in toxicity and e�cacy of thiopurine drugs. Therefore, it is
important to fully characterize the extent of allelic variation at

the TPMT gene locus in populations, to understand the
functional consequences of each variant, and to develop
accurate diagnostic tests for discriminating them. To our

knowledge, the present study is the ®rst extensive study of the
mutational spectrum of the TPMT gene in a European
population and of its consequence on TPMT activity. Data

from this study improve our understanding of the molecular
mechanisms of the polymorphism which a�ects TPMT
activity. They also provide a rational basis for the choice of
the methodology to apply, in clinic or in research, to explore

the TPMT polymorphism.
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