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Thiopurine methyltransferase (TPMT) catalyses the S-methyl-
ation of thiopurines, including 6-mercaptopurine and 6-thiogu-
anine. TPMT activity exhibits genetic polymorphism, with about
1/300 inheriting TPMT deficiency as an autosomal recessive
trait. If treated with standard doses of thiopurines, TPMT-
deficient patients accumulate excessive thioguanine nucleo-
tides in hematopoietic tissues, leading to severe hematological
toxicity that can be fatal. However, TPMT-deficient patients can
be successfully treated with a 10- to 15-fold lower dosage of
these medications. The molecular basis for altered TPMT
activity has been defined, with rapid and inexpensive assays
available for the three signature mutations which account for
the majority of mutant alleles. TPMT genotype correlates well
with in vivo enzyme activity within erythrocytes and leukemic
blast cells and is clearly associated with risk of toxicity. The
impact of 6-mercaptopurine dose intensity is also being clari-
fied as an important determinate of event-free survival in child-
hood leukemia. In addition, there are emerging data that TPMT
genotype may influence the risk of secondary malignancies,
including brain tumors and acute myelogenous leukemia.
Ongoing studies aim to clarify the influence of TPMT on thiopu-
rine efficacy, acute toxicity, and risk for delayed toxicity.
Together, these advances hold the promise of improving the
safety and efficacy of thiopurine therapy. Leukemia (2000) 14,
567–572.
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Introduction

6-Mercaptopurine (6-MP) is one of the most widely used
medications for childhood acute lymphoblastic leukemia
(ALL).1,2 In standard protocols, 6-MP is administered as a daily
oral dose for a majority of the 2–3 years of maintenance ther-
apy. 6-MP and the other thiopurines, azathioprine and thiogu-
anine, are all inactive prodrugs, requiring metabolism to thi-
oguanine nucleotides (TGN) in order to exert cytotoxicity.3,4

The principal cytotoxic mechanism of these agents is gener-
ally considered to be mediated via incorporation of TGN into
DNA and RNA (Figure 1). For 6-MP, TGNs are formed by a
multi-step pathway which is initiated by hypoxanthine phos-
phoribosyl transferase.4 Alternatively, these agents can
undergo S-methylation catalyzed by thiopurine methyl-
transferase (TPMT) to methylmercaptopurine (meMP) or oxi-
dation to thiouric acid via xanthine oxidase. Metabolism via
either TPMT or xanthine oxidase reduces formation of the
active TGNs. TPMT can also S-methylate 6-thioinosine
59monophosphate (TIMP), yielding the S-methylated deriva-
tive (methylTIMP). MethylTIMP is a potent inhibitor of de
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novo purine synthesis and represents an alternative mech-
anism for cytotoxicity.3,4

Clinicians have known for some time that a small subset of
patients is intolerant to thiopurine therapy. Individual differ-
ences in TGN accumulation after 6-MP therapy have been
shown to be a significant determinate of hematopoietic tox-
icity and anti-leukemic effects.5–7 The cellular accumulation
of TGN is inversely related to TPMT activity, presumably
because high TPMT activity shunts more drug down the
methylation pathway, leaving less for activation to TGNs.3,4

Furthermore, several studies have documented that TPMT-
deficient patients accumulated very high TGN concentrations
in erythrocytes (RBC).6,7 This will result in severe hematopo-
ietic toxicity in TPMT-deficient patients, unless the thiopurine
dosage is reduced 10- to 15-fold.6,7 The use of azathioprine
in a patient with complete TPMT deficiency resulted in death
from neutropenic sepsis.8

Population studies have found the distribution of TPMT
activity in erythrocytes (RBC) to be trimodal; approximately
90% of persons have high activity, 10% have intermediate
activity, and 0.3% have low or no detectable enzyme
activity.4,9 Family and molecular genetic studies have docu-
mented that the 10% with intermediate activity are hetero-
zygous at the TPMT gene locus and the TPMT-deficient sub-
jects are homozygous for low activity alleles. Ethnic variation
in TPMT has been observed, with a median 20% lower
activity in African–American subjects compared with
Caucasians from the same location.9

Molecular basis for altered TPMT activity

The molecular basis for altered TPMT activity has now been
defined for the majority of patients.10,11 To date, eight TPMT
alleles have been identified, including three alleles (TPMT*
2, TPMT*3A and TPMT*3C) which account for 80–95% of
intermediate or low enzyme activity cases (Figure 2).10–15 The
mutant allele TPMT*2 is defined by a single nucleotide trans-
version (G238C) in the open reading frame, leading to an
amino acid substitution at codon 80 (Ala.Pro).16 When
assessed in a yeast heterologous expression system, this
mutation lead to a .100-fold reduction in TPMT activity rela-
tive to wild-type cDNA, despite a comparable level of mess-
enger RNA expression.13 The second and more prevalent
mutant allele, TPMT*3A, contains two nucleotide transition
mutations (G460A and A719G) in the open reading frame,
leading to amino acid substitutions at codon 154 (Ala.Thr)
and codon 240 (Tyr.Cys).12 When heterologously expressed
in yeast or COS-1 cells, TPMT*3A had .200-fold lower TPMT
activity and immunodetectable protein compared to wild-type
cDNA.13 Heterologous expression in yeast established an
enhanced rate of proteolysis of mutant TPMT proteins enco-
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Figure 1 Metabolism of 6-mercaptopurine (A), and 6-thioguanine (B) in human leukemia cells. Modified from Refs 33 and 34.

ded by TPMT*2 and TPMT*3A alleles, with degradation half
lives of approximately 15 min for both mutant proteins com-
pared with 18 h for the wild-type protein.13 Subsequent stud-
ies also established that TPMT*3B and TPMT*3C proteins
have an enhanced rate of proteolysis when expressed in mam-
malian cells,17 consistent with the lower protein levels in indi-
viduals who inherit these alleles.18 The mutant alleles TPMT*
4–8 have also been identified during clinical genotype-pheno-
type analysis (Figure 2). TPMT*4 has a G.A transition at the
intron 9–exon 10 junction which disrupts the final nucleotide
of the intron at the 39 acceptor splice site sequence.11,15

TPMT*5 was identified as a T146C transition in a hetero-
zygous individual of undefined ethnicity who had intermedi-
ate TPMT activity.11 This mutation results in a Leu.Ser amino
acid substitution at codon 49. TPMT*6 was identified in a
Korean subject with intermediate activity.11 This A539T trans-
version in exon 8 results in a Tyr.Phe substitution at codon
180. TPMT*7 was identified in a single European subject with
intermediate TPMT activity.14 This allele contains a T681G
transversion in exon 10 which results in a His.Glu amino
acid substitution at codon 227. Lastly, TPMT*8 contains a
single nucleotide transition (G644A) leading to an amino acid
change at codon 215 (Arg.His).19 This allele has been ident-
ified in one African–American individual with intermediate
activity.

Based on the population genotype–phenotype studies per-
formed to date, assays for the molecular diagnosis of TPMT
deficiency have focused on alleles TPMT*2, TPMT*3A and
TPMT*3C.10 By using allele-specific PCR or PCR-RFLP to
detect the three signature mutations in these alleles, a rapid
and relatively inexpensive assay can be performed which will
identify 80–95% of all mutant alleles.10,11 Population studies
in Caucasian, East and West African, African–American, Chi-
nese, Japanese and Southwest Asian populations have demon-
strated the utility of this approach10,19–23 (Figure 3). However,
the frequency and pattern of mutant TPMT alleles is different
among various ethnic populations. For example, Southwest
Asians (Indian, Pakistani) have a lower frequency of mutant
TPMT alleles and all mutant alleles identified to date are
TPMT*3A (Table 1).21 This is in contrast with the East and
West African population in which the frequency of mutant
alleles is similar to Caucasians, but all mutant alleles in the
African populations are TPMT*3C (Table 1).20,22 Among
African–Americans, TPMT*3C is the most prevalent, but
TPMT*2 and TPMT*3A are also found, reflecting the inte-
gration of Caucasians and African–Americans genes in the
US populations.19



TPMT in childhood ALL
HL McLeod et al

569

Figure 2 Allele variants at the human thiopurine methyltransferase
locus. Gray boxes represent exons that contain mutations that result
in changes of amino acids. White boxes are untranslated regions and
black boxes represent exons in the open reading frame. The dashed
box represents exon 2, which was detected in one of 16 human
liver cDNAs.

Genotype–phenotype relationship

The relationship between TPMT genotype and phenotype has
been most clearly defined for TPMT*2, TPMT*3A and TPMT*
3C in patients with leukemia and normal volunteers.10,24

TPMT*2 is the least common of the three alleles, representing
0.2–0.5% of all alleles in Caucasian populations.10,21,22,24–26

In Caucasian subjects, TPMT*3A is the most common of the
three alleles, with a frequency of 3.2–5.7%, while TPMT*3C
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has an allele frequency 0.2–0.8%.10,22,24–26 The presence of
TPMT*2, TPMT*3A or TPMT*3C is predictive for phenotype,
in that patients heterozygous for these alleles all have inter-
mediate activity and subjects homozygous for these alleles are
TPMT deficient.10 In addition, compound heterozygotes
(TPMT*2/*3A, TPMT*3A/*3C) are also TPMT deficient,10 as
would be expected. While most studies to date have used
erythrocytes as a surrogate tissue for measuring TPMT activity,
a recent study demonstrated that TPMT genotype also influ-
ences TPMT activity in blast cells from leukemia patients,24

as would be predicted from previous studies of TPMT activity
in these two tissues.27 The median TPMT activity among 50
children and adults with ALL, who were homozygous for a
wild-type genotype, was 0.25 nU/mg protein compared with
0.1 nU/mg protein in the five patients heterozygous for TPMT*
3A.24 A high degree of variability in TPMT activity was
observed within both the homozygous wild-type and hetero-
zygous patient groups, suggesting that these TPMT nucleotide
polymorphisms are not the only factors regulating catalytic
activity (eg promoter polymorphisms, drug interactions, diag-
nosis, environment, etc).

Relationship between genotype and toxicity

The enthusiasm for TPMT pharmacogenetics has been stimu-
lated by the confirmation that TPMT genotype does identify
patients who are at risk of toxicity from 6-MP or azathioprine.
In a study of 67 patients treated with azathioprine for rheu-
matic disease, six patients (9%) were heterozygous for mutant
TPMT alleles.26 Five of the six patients discontinued therapy
because of low leukocyte counts within 1 month of starting
treatment. The sixth patient had documented non-compliance
with azathioprine therapy. Patients with wild-type TPMT
received therapy for a median 39 weeks compared with a
median of 2 weeks in patients heterozygous for mutant TPMT
alleles. This study clearly demonstrated that prospective
knowledge of TPMT genotype will aid the clinical manage-
ment of patients receiving thiopurine therapy. In addition, it
highlights the importance of not relying on molecular biology
alone. One of the patients with a heterozygous genotype had
no toxicity, because she was non-compliant with her azathi-
oprine therapy. Therefore the combination of molecular test-
ing and patient counselling is needed to make management
more effective.

The impact of a heterozygous TPMT genotype in ALL has
recently been examined. A study of 147 British children with
ALL identified a heterozygous variant TPMT allele frequency
of 10.9%, with one patient (0.7%) homozygous for low TPMT
activity.2 There was no clear difference in the percentage of
weeks where no therapy could be administered for the homo-
zygous wild-type and heterozygous patients. However, the
patient with a homozygous mutant TPMT genotype received
no therapy for 53% of the maintenance period, due to severe
toxicity from 6-MP.2 With the recent data demonstrating the
clinical importance of 6-MP dose intensity on survival, clini-
cal situations such as that found in this homozygous mutant
individual could place them at greater risk for a poor outcome
from ALL therapy. A recent study in 180 children with ALL
treated at St Jude Children’s Research Hospital also identified
an important role for TPMT genotype on tolerance to 6-MP
therapy.28 The two TPMT-deficient patients tolerated full dose
6-MP for only 7% of weeks, whereas heterozygous and homo-
zygous wild-type patients tolerated full doses for 65% and
84% weeks of therapy over the 2.5 years of treatment, respect-
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Figure 3 Ethnicity and mutant TPMT alleles. The observed mutant TPMT alleles are indicated for each country, with the most common
mutant allele in bold.

Table 1 Ethnic variation in TPMT alleles

n wt/wt % wt/mut* % mut/mut* % TPMT*2 % TPMT*3A % TPMT*3C %

British Caucasians (Ameyaw et al, 1999) 199 89.9 9.6 0.5 0.5 4.5 0.3
French Caucasians (de la Moureyere et al, 191 85.9 13.6 0.5 0.5 5.7 0.8
1998)
American Caucasian (Yates et al, 1997) cal. 92.5 7.4 0.14 0.2 3.2 0.2
African–American (Hon et al, 1999) cal. 90.7 9.2 0.2 0.4 0.8 2.4
Kenyan (McLeod et al, 1999) 101 89.1 10.9 0 0 0 5.4
Ghanaian (Ameyaw et al, 1999) 217 85.3 14.4 0.5 0 0 7.6
Chinese (Collie-Duguid et al, 1999) 192 95.3 4.7 0 0 0 2.3
Japanese (Kumagai et al, in press) 553 97.3 2.4 0.4 0 0 1.5
Southwest Asian (Collie-Duguid et al, 1999) 99 98 2 0 0 1 0

n, number of subjects, calculated; *, including TPMT*2, TPMT*3A and TPMT*3C.

ively. The percentage of weeks in which 6-MP dosage had to
be decreased to prevent toxicity was 2%, 16% and 76% in
wild-type, heterozygous, and homozygous mutant individ-
uals.28 Heterozygous patients were significantly more likely
to miss weeks of 6-MP than homozygous wild-type patients,
although they were not more likely to be hospitalised for fever
or infection.28 The British and St Jude studies had a similar
6-MP dosage and frequency of TPMT heterozygotes, but the
heterozygous TPMT phenotype was associated with increased
toxicity only in the St Jude study. One possible explanation for
this discordance is the higher intensity of pulse chemotherapy
during the consolidation phase in the St Jude study.28 Consoli-
dation therapy may influence bone marrow reserve and
unmask the influence of a heterozygous TPMT genotype on

6-MP myelosuppression. Overall, these studies demonstrated
that the influence of TPMT genotype is most dramatic for
homozygous mutant patients, but is also of clinical relevance
for heterozygous individuals.

Effect of 6-mercaptopurine dose intensity on outcome

The prognostic importance of 6-MP has recently been inten-
sively evaluated in 182 children receiving the St Jude Chil-
dren’s Research Hospital Total Therapy XII study protocol for
ALL.1 A number of demographic, biochemical, molecular and
pharmacological variables were evaluated as predictors of
event-free survival, including RBC TGN, TPMT activity,
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methotrexate polyglutamates, area under the curve for metho-
trexate, teniposide, or cytarabine, or the dose intensity for 6-
MP (mg/m2/week). The most powerful predictor of event-free
survival was the dose intensity for 6-MP in both univariate
and multivariate models.1 The occurrence of neutropenia was
also associated with a worst outcome. In the multivariate
analysis, only higher dose intensity of 6-MP was a significant
predictor of event-free survival, with lower TPMT activity
tending to associate with better outcome. 6-MP dose intensity
was also associated with event-free survival among patients
with a homozygous wild-type TPMT phenotype. Lower 6-MP
dose intensity was primarily due to missed weeks of therapy
and not to reductions in daily dose. This study concluded that
increased dose intensity of 6-MP is an important determinant
of event-free survival in childhood ALL, particularly among
children with a homozygous wild-type TPMT phenotype.1 The
study also highlighted that increasing intensity of therapy,
such that neutropenia precludes other chemotherapy adminis-
tration, would be counter productive.

TPMT and secondary malignancy

Several recent studies have identified an interaction between
6-MP pharmacology and the incidence of secondary malig-
nancies, including brain tumors after radiotherapy. During St
Jude Children’s Research Hospital Total Therapy study XII, a
higher incidence of brain tumors was observed, particularly
among those who received prophylactic cranial radiotherapy
(6/52; 12.8%) compared with patients in the same study who
did not receive radiotherapy (0/101) and with other protocols
that included cranial radiotherapy.29 This protocol differed
from previous protocols, in that more intensive systemic anti-
metabolite therapy was given before and during radiotherapy.
Of the six children with secondary brain tumors, four had
erythrocyte TGN concentrations higher than the 70th percen-
tile of the entire cohort and three had a genetic defect in
TPMT.29 The 8 year cumulative incidence of brain tumor
among children with defective TPMT was 42.9% vs 8.3% in
wild-type TPMT patients (Figure 4).29 Although specific bio-
chemical or molecular mechanisms behind this apparent
interaction between radiation and 6-MP are not clear, this
study suggests that concurrent therapy should be avoided.
Several studies have also evaluated the influence of 6-MP
pharmacology on secondary leukemia. In a study of eight
patients who developed secondary AML and 23 matched
patients from the same protocol, no significant difference
between RBC TPMT activity or 44 h methotrexate concen-
tration was observed, although TPMT activity tended to be
lower in the AML group (P = 0.16).30 There was also the

Figure 4 Estimated cumulative incidence of radiation associated
secondary malignant brain tumour for seven children in St Jude Chil-
dren’s Research Hospital total XII study for ALL who received prevent-
ative cranial radiotherapy and had genetic defects in thiopurine
methyltransferase compared with 45 with wild-type status
(reproduced from Ref. 29, with permission).
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suggestion that lower TPMT activity tended to be associated
with shorter onset of secondary AML. A second study from
the Nordic Society for Paediatric Hematology and Oncology
Group (ALL-1992) evaluated TPMT activity and RBC TGN and
MeMP concentrations in 439 children with ALL, including five
who developed secondary myelodysplasia or AML.31 RBC
TPMT activity was significantly lower in patients who
developed myelodysplasia or AML (P = 0.03). The 55 patients
with TPMT activity ,14 U/ml RBC had a 5 year risk of
myelodysplasia/AML of 9% vs 1% for the remaining patients
(P = 0.002).31 All five patients with secondary malignancies
had TGN and/or MeMP levels greater than the 90th percentile
or had TPMT activity ,14 U/ml RBC.31 These data demon-
strate an increased leukemogenic risk with 6-MP in patients
with low TPMT activity and suggest that high TGN and/or the
methylmetabolites may lead to DNA damage. Together, these
studies raise important issues about the use of this class of
medications and give further impetus to developing clinically
useful tests for TPMT.

The way forward

There is now a growing body of evidence that prospective
information on functional TPMT status would be of high util-
ity, especially in the treatment of childhood ALL, as these
patients often require acute transfusions at diagnosis. The
common use of RBC as a surrogate tissue of the measurement
of TPMT activity is not appropriate in patients who have
recently received donor erythrocytes, since this will yield spu-
riously high activity results.10 However, using current techno-
logies, genotype analysis can successfully predict TPMT status
in 80–95% of patients and with newer genomic approaches,
such as DNA chip technology to screen for all known TPMT
inactivating mutations, this should approach 100% predictive
ability and allow genotype-guided use of thiopurine medi-
cations to soon become a reality.32
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