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The Relationship Between Thiopurine Methyltransferase Activity
and Genotype in Blasts From Patients With Acute Leukemia

By Sally A. Coulthard, Christopher Howell, Jill Robson, and Andrew G. Hall

The level of expression of the enzyme thiopurine methyltrans- ity measured directly in the target of drug action, the
ferase (TPMT) is an important determinant of the metabo- leukemic cell. We have demonstrated that the TPMT activity
lism of thiopurines used in the treatment of acute lympho- in lymphoblasts from 38 children and adults found by PCR to
blastic leukemia (ALL) and acute myeloid leukemia (AML). be homozygotes (*1/*1) was significantly higher than that in
Studies in red blood cells (RBC) have shown that TPMT  the five heterozygotes (*1/*3) detected (median, 0.25 v 0.08,
expression displays genetic polymorphism with 11% of  p < (002, Mann-Whitney U). Similar results were obtained

individuals having intermediate and one in 300 undetectable
levels. The genetic basis for this polymorphism has now
been elucidated and polymerase chain reaction (PCR)-based
assays described for the most common mutations account-
ing for reduced activity. In previous studies, genotype has
been correlated with red blood cell activity. In this report, we
describe the relationship between genotype and TPMT activ-

when results from children were analyzed separately. How-
ever, comparison of activity in blasts from AML and ALL
showed a higher level in the former (0.35 v0.22 nU/mg, P <
.002, n = 17, 35), suggesting that factors other than genotype
may also influence expression.

© 1998 by The American Society of Hematology.

NCE THE INTRODUCTION of combination chemother- TGDP, and TGTP are collectively termed thioguanine nucleo-
apy for the treatment of acute lymphoblastic leukemiatides (TGNSs, see Fig 1). Incorporation of 6-TGTP into DNA is

(ALL) in children, the prognosis for this disease has improvedbelieved to trigger cell death, probably by a process that
steadily such that most trials now report a long-term survivalinvolves the mismatch repair pathw® ! Two enzymes com-
rate of over 70%:2 However, current treatment protocols are pete with HGPRT to reduce the intracellular levels of 6-TGNs.
complex and are associated with significant toxigftyThere  The first, xanthine oxidase, results in the formation of thiouric
are therefore two major priorities in the treatment of childhoodacid. Although this is an important route of inactivation of
ALL; further improvement in the survival rate and a reduction 6-MP, as demonstrated by the potentiation of 6-MP toxicity by
in treatment-associated toxic side effetts. the inhibitor allopurinol, xanthine oxidase levels do not appear

One method, which may be used to achieve these goals, is th® vary greatly between individuald.This is in contrast with
more effective use of currently available chemotherapy. Atthe second enzyme, thiopurine methyltransferase (TPMT,
present, most patients are given cytotoxic drugs at a dosageC 2.1.1.67), which inactivates 6-MP through the formation of
determined by their surface area, despite the fact that, fomethyl mercaptopurine. There is a clearly established variation
several of the agents used, there is good evidence that this TPMT activity, which has been shown in several studies to
results in marked differences in the amount of drug whichfollow a trimodal pattern of distribution within the normal
reaches its targéf This is exemplified by the thiopurine, population. In the original study reported by Weinshilbotfm,
6-mercaptopurine (6-MP), used in many regimes as part of th&9% showed high, 11% intermediate, and one in 300 undetect-
maintenance phase of therapy. able levels of TPMT activity in red blood cells (RBC). Similar

6-MP is a prodrug, which requires activation before it canpatterns have subsequently been reported in several other
exert its cytotoxic effects. As an analogue of hypoxanthine, itpopulations (reviewed in Otterness ét'al
can act as a substrate for hypoxanthine-guanine phosphoribosyl- The importance of TPMT activity in the inactivation of 6-MP
transferase (HGPRT) leading to the formation of 6-thioinosineis demonstrated by the severe myelosuppression suffered by
monophosphate (TIMP). Sequential reactions involving inosineindividuals with a congenital absence of the enzyme when
monophosphate dehydrogenase and guanine monophosphajigen standard doses of 6-MP or the closely related drug,
synthetase yields thioguanosine monophosphate (TGMP). Sulazathiopriné>-18 In addition, studies performed on children
sequent reactions by phosphokinases yields 6-thioguanosingith ALL have shown an inverse relationship between TPMT
diphosphate and triphosphate (TGDP and TGTP). TGMPexpression and the level of red blood cell thioguanine nucleo-
tides (RBC TGNs}?2°The level of RBC TGNs have, in turn,
been shown to predict outcome, with those children with levels
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Fig 1. The metabolism of 6-mercaptopurine.
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Studies of heterologous expression of mutated TPMT genes in
yeast have shown that most mutations are associated with a
decreased protein stability through the action of an adenosine
triphosphate (ATP)-dependent proteasome-mediated pafiway.
Population studies have been performed on RBC, as these are
a convenient source of material in which enzyme activity
measurements can be made using small samples of venous
blood. In patients with leukemia, such measurements may be
rendered unreliable by prior red cell transfusion. It has been
suggested that genotyping may be used as a reliable indicator of
endogenous TPMT activiff. The potential problem with this
approach is that although most mutations occur at two loci
(A719G or G460A), studies in which direct sequencing has
been used across the entire open reading frame have shown that,
in a significant minority of cases, especially in non-Caucasians,
mutations may occur at other sitédirect sequencing is, using
current technology, not a practical approach for routine analy-
sis. In this study, we have investigated the use of measurements

these cases, mutations are usually found at two sites, G4604f activity in leukemic blasts as an additional means of

and A719G (TPMT*3A, Fig 2). However, cases have beendetermining TPMT status and have correlated these measure-
described in which the G460C or, more commonly, the A719Gments with genotype. We have shown that reliable measure-
mutation occur in isolation (TPMT*3B and C, respectively). ments may be made on as few as 10 million blasts and that blast

3 4

3 4

3 4
Fig 2. Allelic variants of the TPMT gene. Boxes
depict exons in the open reading frame of the human
TPMT gene. The positions of the three point muta-

tions detected by PCR-based assays are indicated. 3 4
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activity correlates with genotype. In addition we have comparecdbptical density (OD) of the supernatant after ultracentrifigation was
the level of activity in blasts from patients with ALL with those measured at 430 nm and the amount of protein attributable to red blood
from patients with acute myeloid leukemia (AML) and shown cell contamination was assessed by reference to a standard curve of

that expression is lineage-dependant. OD,3p versus protein concentration calculated using normal RBC. This
value was subtracted from the total protein measurement. The maxi-
MATERIALS AND METHODS mum contamination noted was equivalent to 0.2 g/L of haemoglobin. At

this level, the effect on TPMT activity will be negligible, as this

tivit tsf total of 55 patients with ALL (35 child represents a 1:100 dilution of the concentration used in red blood cell
activity measurements from a fotal of 55 patients wi (35 children assay$’ Results were expressed as units of enzyme activity per

and 20 adults) and 17 patients with AML (all adults) who presentedmi”i ram of protein, where one unit represents the formation of 1 mmol
between March 1984 and September 1995 in the Northern Region of the g P ' P

United Kingdom. Of the children with ALL, 23 were boys and 12 were of methyl mercaptopurine per hour of mcubatl.on at .37 C. Multiple
; assays of CCRF-CEM (a human T-lymphoblastoid cell line) cells gave a
girls. The age ranged from 11 months to 15 years 6 months. Seven™ " _°" A~ -
oefficient of variability of 8.4% (n= 10; mean activity, 0.24 nU/mg).

adults with ALL were men and 13 were women. The age range was 16 . B
Genotype analysis. DNAwas extracted from cell pellets obtained at

to 57 years. Of the adults with AML, 14 were men and three were h ) h df d o h
women. The age range of this group was between 23 and 77 years. the same time as those used for enzyme determination or, where not

Mononuclear cells were separated by centrifugation on a Ficoll-available, during_ remissi'on. Detection of TPMT mutations gsing the
Hypaque density gradient from bone marrow or peripheral bloodPOlymerase chain reaction (PCR) was performed according to the
samples, which were surplus to diagnostic requirements, following™ethod described by Yates et@lising a Perkin Eimer thermal cycler
guidelines established by the local ethics committee. Examination ofPerkin Elmer-Cetus, Foster City, CA). Briefly, detection of the G238C
cytocentrifuge preparations of these samples showed that they consist&gutation relied on the use of wild-type and mutant specific primers (Fig
of more than 85% malignant cells in each case studied, apart from twA): Positive control DNA for this reaction was kindly provided by
cases of AML with 61 and 69%. Leukemic blasts were stored as pellet$rofessor W.E. Evans (St Jude Hospital, Memphis, TN). Detection of
of 10 to 20 million cells at-80°C before analysis. G460A used digestion of PCR products from the junction between

TPMT activity in blasts. For the measurement of TPMT activity in  intron 6 and exon 7 using théwol restriction enzyme. Wild-type DNA
frozen pellets, cells were lysed by sonication{(3.0 second bursts) on  Yields fragments of 267 and 98 bp, whereas mutated DNA fails to digest
ice following the addition of 0.5 mL of 50 mmol/L Tris-HCI pH 7.8  (Fig 3B). Detection of A719G used digestion of PCR products from the
containing 1 mmol/L EDTA and 1 mmol/L dithiothreitol (lysis buffer). junction between intron 9 and exon 10 usiAgc|. In this case, the
Samples were centrifuged at 5,000 rpm in a microfuge and thepresence of a mutation introduces a restriction site and leads to the
supernatant removed for centrifugation at 100@@® 1 hour using a  production of fragments of 207 and 86 bp, whereas the wild-type DNA
benchtop ultracentrifuge (Beckman, Oxford, UK). Fifty-microliter is undigested (Fig 3C).
aliquots were mixed with an equal volume of lysis buffer before Chemicals. S-[methyl3“C]-adenosyl-L-methionine (specific activ-
measurement of TPMT activity according to the method described byity, 57 mCi/mmol) was purchased from Amersham International
McLeod?8 Total protein levels in the supernatant were measured using dBucks, UK). Optiphase Hisafe Il scintillation cocktail was obtained
commercially available kit (BioRad, Hemel Hempstead, UK). As from Amersham Pharmacia Biotech (Uppsala, Sweden), and Lympho-
variable red blood cell contamination was noted in several samples, therep Ficoll-Hypaque solution from Nycomed (Oslo, Norway). Taq

Patients and samples.Samples were available for TPMT enzyme
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Fig 3. Results of PCR assays for mutations at position G238C (A), G460A (B), and A719G (C). Photographs of ethidium bromide-stained gels
are shown. “M” represents marker lanes. In (A) “A” indicates the result with wild-type and “B”, the result with mutation-specific primers. In (B
and C), “—" indicates the result before digestion and “+” after digestion with restriction enzymes, as descibed in Materials and Methods.
Homozygous mutated DNA was obtained from cases with absent TPMT activity not included in the present study.
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polymerase was from Promega (Southampton, UK), and the buffers Correlation between genotype and phenotype in blasts.
used in the PCR reactions from Invitrogen (NV Leek, The Netherlands).Correlation of genotype with phenotype in children with ALL
All other chemipals were from Sig'ma Chemical Co (Pool, Dorset, UK). showed that the TPMT activity was significantly higher in those
Data analysis. The Mann Whitney U test was used to compare yith no evidence of mutation at the three loci tested as
enzyme activity between the groups of patients described below. compared with those with detectable mutations (€.05L,P <
RESULTS .005, Fig 4(.3).. The relationship between genotype and phgno-
o . type was similar when all cases of ALL were compared, ie,
TPMT activity measurementsTPMT activity in lympho- 54,145 and children. The median activity in the nonmutated

blasts varied between 0.04 and 0.86 nU/mg protein, with agroup was 0.25 and that in the heterozygotes OF&:(.002,
median of 0.22 nU/mg. This was significantly lower than the Fig 4D).

median level in myeloblasts (0.35 nU/miB,< .002, Fig 4A)
where the activity ranged from 0.22 to 0.83 nU/mg.
Comparison of the activity in lymphoblasts from children
with measurements from cells from adults showed no signifi- Although the empirical approach to the development of
cant difference (0.2¢0.16 nU/mgP = .08, Fig 4B). treatment for ALL has been highly successful, it has resulted in
TPMT genotyping. Samples were available for genotyping very complex regimes, which use multiple drugs, given either
for 33 of the 35 cases of childhood ALL, 10 of the 20 cases ofas short pulses (induction and intensification) or prolonged
adult ALL, and nine of the 17 cases of adult AML. Mutations at periods (continuing therapy). The way in which these trials have
positions 230, 460, or 719 were detected in five cases in totabeen performed has resulted in the titration of dosage and
(9%); four were in children with ALL and one in an adult with dose-intensity to a population determined level of toxicity.
ALL. All were of the *3A type with mutations at both positions However, in recent years, there has been an increased awareness

DISCUSSION
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Fig4. Comparison of TPMT activity in blasts from patients with ALL and AML (A), adults and children with ALL (B), and children with ALL who
had the *1/*1 and *1/*3 genotype (C). (D) Shows the relationship between TPMT phenotype and genotype for all cases of ALL (adults and
children). Lines indicate median values.
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drugs due, in part, to pharmacogenetic factors and it hagoncentrated on the effects of this enzyme on drug conversion
recently been demonstrated that improvements in long-termwithin leukemic cells, it is possible that variations in expression

survival can be achieved by adjusting drug dosages in responsg the liver and intestine will also influence response through an
to individual differences in pharmacokinetit? effect on systemic pharmacokinetics.

Although more than 95% of patients with ALL achieve  Family studies have shown that TPMT deficiency is inherited
complete morphologic remission using vincristine, steroids, andas an autosomal recessive téiThere are no apparent adverse
asparaginase, evidence from molecular studies suggests theffects unless and until treatment is instigated with 6-MP, 6-TG,
many still have some residual disease at the end of intensificasr azathioprine (a widely used immunosuppresant that is
tion therapy?® This observation explains the marked impact that metabolized to 6-MP). Administration of thiopurines to these
continuing therapy makes on treatment outcome. There igpatients is rapidly followed by life-threatening myelosuppres-
evidence to suggest that sustained treatment with the maximursion. Recently two groups have reported the cloning and
tolerated doses of 6-MP and methotrexate is particularlycharacterization of cDNA from TPMT-deficient patients and
important during this phase of treatment. For example, theshowed a novel mutant allele (TPMT*3) containing two
introduction of continuous daily 6-MP and titration of the nucleotide transitions (G(460)A and A(719)-G) producing
dosage to specified neutrophil and platelet counts duringamino acid changes at codons 154 (Ad&@hr) and 240
continuing therapy was associated with a 15% to 20% increas€Tyr—Cys)23:38 This differed from the rare mutant TPMT
in the 4-year survival rate in a trial performed by the Medical allele, ie, TPMT*2 with only G(238)-C, previously identified
Research Council in the United Kingdom (UKALL VIIl). by the group from St Jude Hospital. Site-directed mutagenesis
Although this trial also introduced intramuscular rather thanand heterologous expression established that either TPMT*3
intravenous asparaginase therapy, it was noted that the mostutation alone leads to a reduction in catalytic activity
striking clinical difference between UKALL VIII and earlier (G(460)—A, ninefold reduction; A(719»G, 1.4-fold reduc-
trials was sustained myelosuppression during continuingion), while the presence of both mutations leads to complete
therapy2! Furthermore, the importance of continuing therapy in loss of activity. Using mutation-specific PCR-restriction frag-
preventing relapse is supported by recent studies, which suggestient length polymorphism (RFLP) analysis, the TPMT*3 allele
that treatment with five drugs (vincristine, dexamethasonewas detected in genomic DNA from approximately 75% of
asparaginase, methotrexate, and mercaptopurine) may be asrelated white subjects with heterozygous phenotypes, indicat-
effective as treatment with eight in low-risk patief#g3 ing that TPMT*3 is the most prevalent mutant allele associated

To increase the efficacy of 6-thiopurines in ALL, attempts with TPMT-deficiency in Caucasians. This is in agreement with
have been made to maintain patients at the maximum toleratedur findings where all of the five mutations detected were of the
dose at all times. However, in a study of the effect of TPMT*3Atype.
individualized dose escalation of 6-MP during continuing Most population studies of TPMT activity have used RBC as
therapy, Welch and Lilleym&hfound that the median cumula- a convenient source of samples. Levels in RBC have been
tive dose was not increased above levels achieved in conventioshown to reflect levels in other tissues, including lympho-
ally treated patients and that the chief consequence of thiblasts?® One major problem with the use of RBC is the fact that
approach to therapy was to generate longer periods off therapgamples must be obtained before transfusion. This is often not
The investigators noted that this could effectively decrease th@ractical in a disease that may present with life-threatening
antineoplastic activity of the drug. To achieve maximum anemia. As an alternative, genotyping may be performed using
tolerated dosage in individual patients, more information iSDNA extracted from lymphoblasts or normal tissues. One
required relating to variations in the clinical and molecular potential problem with this approach is that although more than
pharmacology of 6-MP. 80% of heterozygotes have the TMPT*3 mutation, a small, but

6-Thiopurines are orally administered prodrugs, which aresignificant, minority have more rare mutations. In the work
only effective once they have entered the lymphoblast and haveeported in this publication, we assessed the value of measuring
been converted to thioguanine nucleotides before incorporatioPMT activity in leukemic blasts and, for the first time, have
into DNA. It may be inferred that a number of pharmacokinetic related this directly to genotype.
and intracellular factors may influence the efficacy of these We found that reliable measurements could be made using 10
drugs. These include variations in compliadekepatic metabo-  million leukemic cells and that the enzyme activity in cells with
lism, cellular uptake, catabolism and anabolism, DNA incorpo-TPMT*3 mutations were significantly lower than those from
ration, and the development of tolerance to DNA incorporationcases in which mutations were not detectable. It was noticeable,
of fraudulent bases. however, that there were several cases in which low activity was

6-MP undergoes extensive first-pass metabolism. At a dose afot associated with detectable mutations, suggesting either the
75 mg/n¥, the mean bioavailability is only 16% (range, 5% to presence of mutations in regions of the gene, which were not
37%)36 One cause is the presence of xanthine oxidase in thexamined, or that other factors may regulate TPMT expression.
intestinal mucosa and liver. This is demonstrated by the fact that The presence of factors that effect TPMT expression other
allopurinol, a potent inhibitor of xanthine oxidase, increasesthan the number of nonmutated genes present is also suggested
bioavailability by a factor of 5. A second route of catabolism is by the finding that the level in blasts from patients with AML is
via S-methylation through the action of TPMT. Unlike xanthine significantly higher than that in lymphoblasts (Fig 4A). Previ-
oxidase levels of TPMT expression vary considerably, asous reports in which levels of TPMT activity in RBC increase
described above. Although studies of the role of TPMT in during maintenance therapy also suggests that epigenetic fac-
determining the response of patients to continuing therapy haveors may affect the rate of transcriptiéhlnterestingly, we
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could find no difference in the level of TPMT in blasts obtained 9. Galpin AJ, Evans WE: Therapeutic drug monitoring in cancer

from children and those from adults, suggesting that differenceganagement. Clin Chem 39:2419, 1993

in the extent of 6-MP methylation does not contribute to the 10. Waters TR, Swann PF: Cytotoxic mechanism of 6-thioguanine:

poor treatment outcome in older patients. hMutsa., the human .misma.tch bi.nding heterodimer, binds to DNA
The finding of relatively high levels of TPMT in AML blasts containing $-methylthioguanine. Biochemistry 36:2501, 1997

is of interest in view of the fact that many treatment regimes for 11. Swann PF, Waters TR, Moulton DC, Xu YZ, Zheng QG,

Edwards M, Mace R: Role of postreplicative DNA mismatch repair in

this disease use 6-thioguanine for remission induction. 6—Th|o-the cytotoxic action of thioguanine. Science 273:1109, 1996

guanine is also a substrate for TPMT, although the fact that 15" Gyerciolini R, Szumlanski C, Weinshilboum RM: Human liver
methyl thioinosine monophosphate (Me tIMP, Fig 1) is not xanthine oxidase: Nature and extent of individual variation. Clin
formed with this drug means that the consequences of variationsharmacol Ther 50:663, 1991
in TPMT expression are likely to differ, as me tIMP can actas an 13. Weinshilboum RM, Sladek SL: Mercaptopurine pharmacogenet-
inhibitor of de novo purine synthesis. ics: Monogenic inheritance of erythrocyte thiopurine methyltransferase
In summary, we have provided evidence that TPMT measureactivity. Am J Hum Genet 32:651, 1980
ments in leukemic blasts reflect the genotype of the patient and 14. Otterness D, Szumlanski C, Lennard L, Klemetsdal B, Aarbakke
may be used as an additional means of assessing the TPMF Park-Hah JO, lven H, Schmiegelow K, Branum E, O'Brien J,
status. Such measurements may be of more direct relevance Ygelnshllboum R: Human th|opu_r|ne mthyItransferase pharmacogenet-
the extent of drug inactivation by methylation than genotyping ics: Gene sequence polymorphisms. Clin Pharmacol Ther 62:60, 1997
S . LS ' 15. Evans WE, Horner M, Chu YQ, Kalwinsky D, Roberts WM:
as the effect of \./z.arlatlons in the rate of tl’anS(.JI’IptIOI"I IS aISOAltered mercaptopurine metabolism, toxic effects, and dosage require-
assessed. In addition the Cha_nce Of falsg r_]egat've results due fgnt in a thiopurine methyltransferase-deficient child with acute
the presence of rare mutations is eliminated. The generalmphocytic leukemia. J Pediatr 119:985, 1991
application of this method is limited by the need to obtain a 16. Escousse A, Mousson C, Santona L, Zanetta G, Mounier J,
relatively large number of cells at diagnosis. Furthermore,Tanter Y, Duperray F, Rifle G, Chevet D: Azathioprine-induced
studies need to be performed on different ethnic groups to defingancytopenia in homozygous thiopurine methyltransferase-deficient
accurate cut-off values of prognostic value in different popu|a_renal transplant recipients: A family study. Transplant Proc 27:1739,
tions. It is also important to note that genotyping and measurel995 _ _ _ _
ments in RBC may more accurately reflect systemic expression, 17- Lennard L, Gibson BES, Nicole T, Lilleyman JS: Congenital

which may in turn, be of importance in controling the amount of thlqpurlne methyltransferase deficiency _and 6-mer(_:aptopur|n(_e toxu_:lty
. during treatment for acute lymphoblastic leukaemia. Arch Dis Child
6-MP that reaches the target tissues.

69:577, 1993
18. Lennard L, Van Loon JA, Weinshilboum RM: Pharmacogenetics
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