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Abstract: Background: Thiopurine S-methyltransferase (TPMT) enzyme metabolizes thiopurine drugs which
are widely used in various disciplines as well as in leukemias. Individual enzyme activity varies depending on
the genetic polymorphisms of TPMT gene located at chromosome 6. Up to 14% of population is known to
have a decreased enzyme activity, and if treated with standard doses of thiopurines, these individuals are at a
high risk of severe Adverse Drug Reactions (ADR) as myelosuppression, gastrointestinal intolerance, pancreati-
tis and hypersensitivity. However, TPMT-deficient patients can successfully be treated with decreased thiopu-
rine doses if enzyme status is identified by a prior testing. TPMT status identification is a pioneering experience
in application of pharmacogenetic testing in clinical settings. 4 TPMT (*2, *3 A, *3B, *3C) alleles are known to
account for 80-95% of a decreased enzyme activity, and therefore, identifying the presence of these alleles sup-
ported by phenotypic measurement of the enzyme activity can reveal patient’s TPMT status. Evaluation of the
levels of thiopurine metabolites further supports the practice of appropriate dose adjustment by providing the
efficient monitoring of drug cytotoxicity.
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Conclusion: We hereby review the thiopurine pharmacogenetics and the methods applied in common
practice to evaluate patient’s TPMT status.
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1. INTRODUCTION: PHARMACOGENETICS

Individual responses to drugs can vary depending on the
genetic variations in their metabolic pathways. Pharmaco-
genetics provides better prediction of drug efficacy and tox-
icity by linking differences in gene expression to drug re-
sponse. Increasing knowledge on genome-disease and ge-
nome-drug interactions provides rationale for individualizing
drug therapy by providing each patient with the right dose,
ensuring improvement in an outcome of disease and decreas-
ing Adverse Drug Reactions (ADR) [1-3].

Modern pharmacogenetics emerged in the 1950s with a
series of discoveries revealing the influence of genetics on
drug response [4-7]. With the increasing knowledge in ge-
netics and development of molecular techniques in the last
two decades, prior genotypic testing became a feasible op-
tion to predict drug response before the drug administration.
Suxamethonium/mivacurium, warfarin, perhexiline and aza-
thioprine/6-mercaptopurine/6-thioguanine are some of the
examples of drugs with a strong evidence or a potential for
the future application of a genetic testing prior to the dose
adjustment [2].
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The rationale behind pharmacogenetics is to study the in-
fluence of genetic polymorphisms on drug’s metabolic
pathways. Many factors like age, concomitant diseases, sub-
stances influencing activity of drug-metabolizing enzymes
are known to alter the drug efficacy.

Variations in the DNA sequences of genes encoding
drug-metabolizing enzymes, drug target proteins and drug
transporters can also cause variable drug responses in pa-
tients. Sequence variations can abolish, decrease, or increase
the activity of a drug-metabolizing enzyme [8, 9]. Screening
of the enzyme phenotype or genotype prior to treatment
could predict the therapy outcome. Currently, the most suc-
cessful example of a pharmacogenetic testing in a clinical
setting is phenotypic and genotypic screening of TPMT en-
zyme status prior to the prescription of thiopurine drugs [10].
In this article, we review the significance of TPMT testing,
supporting evidences, population studies of allelic frequen-
cies, and major methods of patient’s TPMT status determina-
tion.

2. CLINICAL SIGNIFICANCE OF TPMT

TPMT is a cytosolic enzyme (E.C. 2.1.1.67) with the
highest levels in heart and liver and relatively low levels in
brain and lungs [11]. It catalyses the S-methylation of aro-
matic and heterocyclic sulphydryl compounds including an-
ticancer and immunosuppressive thiopurine drugs, which are
Azathioprine (AZA), 6-mercaptopurine (6MP) and 6-
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thioguanine (6TG) [12]. Erythrocytes TPMT activity in
healthy males is 7% higher than in healthy females, and 4-
6% higher in smokers compared to non-smokers. It is also
higher in newborns (about 50%), while children demonstrate
almost the same enzyme activity as adults [13].

Thiopurines are used in gastroenterology, dermatology,
rheumatology and organ transplantation as immunosupressors,
as well as in the management of Acute Lymphoblastic Leu-
kaemia (ALL) as anti-cancer drugs [14-19]. 6MP and AZA are
widely used immunosuppressants in the treatment of Inflam-
matory Bowel Diseases (IBD) such as Crohn’s disease and
ulcerative colitis. Currently, about half of such patients receive
thiopurine treatment. AZA and 6MP are also effective in auto-
immune diseases and in preventing transplant graft rejection
due to their effects on T-cells [20-22].

Although thiopurines are widely used, ADR like gastro-
intestinal intolerance, pancreatitis, hypersensitivity and mye-
losuppression are observed in up to 30% of patients [23, 24].
Thiopurines have a narrow therapeutic index. The difference
between therapeutic and toxic doses is very little, which
makes appropriate dose adjustment more complicated. Indi-
viduals with normal TPMT activity can be given full thiopu-
rine doses, whereas TPMT-deficient patients are recom-
mended to start with drastically reduced doses and to de-
crease the starting dose gradually. Those patients are at the
high risk of severe ADR, as high levels of drug metabolites
can accumulate if they are given standard thiopurine doses.
Severe myelosuppression cases with a reduced blood cell
production can occasionally be fatal, causing increased sus-
ceptibility to infections, clotting abnormalities and anaemia
[25]. Varying TPMT enzyme activity has an influence on
drug metabolism and cytotoxicity of thiopurines. That is
why, the determination of TPMT enzyme status of a patient
and appropriate dose adjustment is a matter of concern.

3. THIOPURINE DRUG METABOLISM

Thiopurines have a poor bioavailability and a short plas-
ma half-life (6MP has a mean half-life of 1.9+£0.6 hours, 6TG
1.5 hours, and AZA less than 2 hours) [26-28]. Thiopurine
drugs are purine nucleoside analogues. AZA is the 1-methyl-
4-nitro-imadazolyl of thioguanine. It is classed as a prodrug
which is converted by the sulphydryl compounds, glutathi-
one and cysteine to 6MP in the Red Blood Cells (RBC) [29].
This metabolite undergoes activation into thioguanine nucle-
otides (6TGN) via a multi-step enzymatic pathway. 6TGN’s
therapeutic efficacy is primarily related to their cytotoxic
action (Fig. 1). They distort the structure of the newly syn-
thesized DNA and prevent proliferation of bone marrow and
hematopoiesis. Intracellular 6TGN is incorporated into DNA
instead of guanine nucleotides, and triggers cell-cycle arrest
and apoptosis after a strand breakage [30-31].

Three enzymes, Hypoxanthine Phosphoribosyltransferase
(HPRT), Xanthine Oxidase (XO) and Thiopurine Methyl-
transferase (TPMT) compete to break down 6MP into vari-
ous metabolites. HPRT is the primary anabolic route of
6MP, leading to pharmacologically active 6TGN. XO me-
tabolizes 6MP into inactive thiouric acid which is excreted
from the body [32]. This catabolic process takes place in the
liver and intestinal mucosa.
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On the other hand, TPMT methylation diverts a propor-
tion of available substrate away from HPRT pathway to form
6-methylmercaptopurine (6MMP). Therefore, TPMT en-
zyme activity is inversely related to 6TGN levels, subse-
quently, to the drug toxicity. Deficiency in TPMT activity
will result in more substrate following the HPRT route and
the higher concentration of 6TGN produced [33]. On the
contrary, a high TPMT activity will result in less 6TGN be-
ing produced, posing a potential treatment failure. Further-
more, high 6 MMP levels in patients with an increased TPMT
activity can inhibit purine biosynthesis and cause liver dam-
age.
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Fig. (1). Simplified diagram of thiopurine drug metabolism. Thio-
purines are metabolized into different products via multi-step en-
zymatic pathways. Their pharmacologically active metabolites
6TGN exhibit cytotoxic action by incorporating into DNA instead
of guanine nucleotides. TPMT diverts substrates away from this
pathway, therefore it is inversely related to 6TGN concentration
and cytotoxicity. Abbvreviations: AZA, Azathioprine; 6MP, 6-
Mercaptopurine; 6TG, 6-Thioguanine; XO, Xanthine oxidase;
TUA, Thiouric acid; HPRT, hypoxanthine phosphoribosyltransfer-
ase; 6TGN, thioguanine nucleotides; TPMT, thiopurine methyl-
transferase; 6MMP, 6-Methyl mercaptopurine.

4. TPMT GENE

Activity of TPMT enzyme is related to Single Nucleotide
Polymorphisms (SNPs) which are inherited co-dominantly
[34]. It gives rise to the three patterns of the enzyme activity:
homozygous TPMT-deficient patients with two mutant al-
leles (approx. 1 in 178 to 1 in 3736 individuals), heterozy-
gous individuals with a decreased enzyme activity (approx.
3-14% of the population), and homozygous wild-type indi-
viduals (approx. 86-97% of the population) [35]. More than
30 allelic variants of TPMT gene, which is located in the
short arm of 6™ chromosome (6p22.3), have been reported to
date [11]. The gene comprises 10 exons, 8 of them encode
for 245 amino acid long protein, and common mutations are
located in exon 5, 7 and 10 (Fig. 2).
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Fig. (2). Schematic diagram of the human thiopurine methyltransferase gene and its common mutant alleles. The gene is located in the short
arm of the chromosome 6 and is comprised of 10 exons. Mutations of the common alleles are located in the V, VII and X exons. Gray rec-
tangles represent exons that contain mutations. White rectangles are untranslated regions and black rectangles represent exons in the open

reading frame.

TPMT alleles contain point mutations leading to amino
acid substitutions (TPMT*2, -*34, -*3B, -*3C, -*3D, -*5,
and -*6), formation of a premature stop codon (TPMT*3D),
or destruction of a splice site (TPMT*4). However, only 4 of
these alleles (TPMT?*2, -*34, -*3B, -*3C) account for 80-
95% of people with decreased TPMT activity, and the rest of
the alleles are very rare [36-41].

5. ALLELE FREQUENCIES

Despite the known common alleles among the world popu-
lation, frequencies of mutant alleles have been reported to vary
between different ethnic groups (Table 1) [35, 42-55]. The
most frequent allele in most populations is TPMT*34, which is
mainly followed by TPMT*3C. Europeans especially have
been reported to have one of the highest frequencies of
TPMT*34, and all the mutant alleles in common [13, 42-45].
On the other hand, Asians and Africans show higher frequen-
cies of TPMT*3C [35, 52-55]. TPMT*3C is mainly detected in
these ethnicities, and the rest of the world shows a considerably
lower frequency of it. It is also almost the only mutant allele
observed in the Asians. The less common allele TPMT*2 is
mainly seen in South American and Middle Eastern ethnicities,
especially in Iranian population [35, 48]. Turkey, on the other
hand, has been reported to have a lower frequency of mutant
alleles compared to nearby countries [47].

6. GENOTYPE - PHENOTYPE CORRELATION

Numerous in vitro, preclinical and clinical studies
demonstrated a significant concordance between TPMT gen-
otype and thiopurine-related ADR. Homozygous mutant
TPMT alleles have been associated with the absence of the
thiopurine catabolism into 6MMP in human RBC, lympho-

cytes, liver and kidney [34, 56-58]. TPMT knock-out mice
exhibited a higher thiopurine-related morbidity and mortality
compared to heterozygous and wild-type mice [59]. Fur-
thermore, clinical studies demonstrated a 60-70% concord-
ance in patients with a low TPMT activity, and >90% overall
[13]. Since TPMT enzyme diverts thiopurines away from the
HPRT pathway preventing the formation of cytotoxic and
anti-leukemic product 6TGN, TPMT wild-type genotype is
associated with an increased risk of relapse and higher levels
of residual leukaemia in ALL patients [60-62]. Homozygous
and heterozygous individuals, on the other hand, demon-
strated higher risks of life-threatening toxicity, myelosup-
pression, and leukopenia from standard thiopurine doses [15,
63-65]. Testing of the genotype is thus a potential diagnostic
tool for identifying individuals prone to poor thiopurine me-
tabolism, and preventing ADR. Specificity, sensitivity and
the positive and negative predictive value of the genotype
testing were reported to be higher than 90% [13].

7. METHODS OF TPMT STATUS DETERMINATION

Since thiopurine ADR has been shown to correlate with a
TPMT activity, the determination of TPMT status by labora-
tory methods can predict the toxicity potential of patients in
advance, as well as provide the monitoring of effective drug
dosing. It can be done by measuring a TPMT activity or lev-
els of thiopurine metabolites in erythrocytes (6TGN), and by
an identification of TPMT genotype [10, 15, 66].

Since the first description of TPMT assay [57], it has gradu-
ally become an established clinical practice [67, 68], and is now
recommended by most guidelines [35]. Nevertheless, TPMT
testing does not completely exclude thiopurine ADR. Factors
other than genetic predisposition can also influence cytotoxicity.



26 Cardiovascular & Hematological Agents in Medicinal Chemistry, 2017, Vol. 15, No. 1

Asadov et al.

Table 1. Frequencies of TPMT mutant alleles in major ethnic groups and populations (%).
Ethnicity *2 *3A *3B *3C *4 Reference
Caucasian 0.2 35 0.04 0.4 -l [35]
Mediterranean 0.4 25 0.4 0.5 - [35]
Middle Eastern 0.7 1.1 0.5 0.5 - [35]
Asian 0 0.01 0 1.5 - [35]
African 0.08 0.2 0 4.9 - [35]
South American 0.8 2.8 0.05 0.9 0.05 [35]
European 0.5 5.7 0 0.8 - [42]
British 0.5 4.5 0 0.3 - [43]
German 0.2 4.5 0 0.4 - [13]
Russian 0.1 2.3 0 0.4 - [44]
Italian-Caucasian 0 2.2 0.3 0.3 - [45]
Spanish 0 2.5 0.7 1 - [46]
Turkish 0 0.9 0 0.9 - [47]
Iranian 2.2 1.7 1.6 0.5 - [48]
Israeli 0 1.2 0 0.4 - [49]
Kazak 0 0.3 0 0.9 - [50]
Egyptian 0 0.3 0 1.3 - [51]
Chinese 0 0.1 0 1 - [52]
Japanese 0 0 0 1.6 - [53]
Korean 0 0 0 1 - [54]
Indian 0 0.5 0 0.8 - [55]

frequency was not reported.

Although a decreased TPMT activity is associated with thiopu-
rine-related toxicity, not all ADRs are initiated due to a low en-
zyme activity. Approximately 70% of patients with adverse
events have normal TPMT activity, and factors as concomitant
diseases, drug therapies, and other impairments in the drug met-
abolic pathway can also have a role in initiating ADR. There are
other genes like Inosine Triphosphate Pyrophosphohydrolase
(ITPA) and recently discovered NUDT15 has been linked to the
thiopurine metabolism [69-74]. However, its significance is
weaker or there is a lack of sufficient evidence to support its clin-
ical use for now.

TPMT screening via measuring erythrocyte enzyme activity
or TPMT genotyping is ideally performed prior to treatment for
an individual dose assignment, whereas monitoring 6TGN con-
centrations of a patient already under the thiopurine therapy pro-
vides useful information on patient’s response to thiopurines and
enables adequate dose adjustment [10, 75].

7.1. TPMT Phenotyping

Human TPMT enzyme activity is measured in RBC. Eryth-
rocyte TPMT activity has been demonstrated to correlate with

other tissues, especially with liver and kidney [57, 76], and it is
also easily accessible from peripheral blood. Measurement of
TPMT activity is performed by incubating whole blood or
erythrocyte lysate with either 6MP or 6TG, and the methyl
donor  S-Adenosylmethionine  (SAM), yielding 6-
Methylmercaptopurine (6MMP) or 6-methylthioguanine
(6MTG). These products can then be measured by different
methods, including radiochemical assay, High-Performance
Liquid Chromatography (HPLC), Enzyme-Linked Immuno-
sorbent Assay (ELISA), and mass spectrometry.

Radiochemical assay is based on the transfer of methyl
groups from radio-labelled 14C-methyl-SAM to 6MP. The
radioactivity of the reaction products is then measured by
scintillation counter [77]. This is not commonly used due to
the operational difficulties of working with radioactive iso-
topes, and its safety implications.

HPLC, on the other hand, is a commonly used method.
Reaction products of the assay are measured by injecting
them into a column with high pressure liquid, and after sepa-
ration, they are quantified via absorbance or fluorescence
detection [78, 79].
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ELISA uses an antibody specific to the 6MMP. Antibod-
ies binding to the metabolite and streptavidin-coated micro-
plate well produce a colour signal which is detected via spec-
trophotometer [80].

Liquid Chromatography — Tandem Mass Spectrometry is
now used to measure TPMT enzyme activity, as well as to
quantify thiopurine metabolites for clinical monitoring of
patients under the thiopurine therapy [81].

Despite the variety of methods available for phenotyping,
some pre-analytical factors interfering test results should be
carefully taken into consideration when choosing an appro-
priate method. Enzymatic reactions are easily affected by
outside factors like incubation temperature, duration, pres-
ence of inhibitors and the source and concentration of a sub-
strate [82]. TPMT activity results are also influenced by red
cell transfusions [83], as well as leukaemia and treatment
related factors in ALL patients [84]. Variety in the enzyme
activity due to age, gender, ethnicity, erythrocyte lifespan,
and all the factors mentioned above should be considered
when interpreting TPMT activity results [85-87].

7.2. TPMT Genotyping

Since the 4 most common alleles (TPMT*2, TPMT*34,
TPMT*3B, and TPMT*3C) account for 80% to 95% of a
decreased TPMT activity [13, 15, 35], most of the genotyp-
ing assays include these SNPs only. This can occasionally
cause misdiagnosis in cases where the rare mutations are
present, since the assay will not be able to detect them [35].
Genotyping assays are also not able to differentiate whether
two mutations are located in the same allele, or in opposite
alleles (e.g. *1/34 or *3B/3C). However, genotyping results
are not influenced by outside factors and are relatively sta-
ble. Considering some weaknesses of both phenotyping and
genotyping methods, it is recommended that their results are
interpreted together [10, 75].

TPMT genotyping assays are mainly based on the tech-
niques including Restriction Fragment Length Polymor-
phism (RFLP), Single Strand Conformational Polymorphism
(SSCP), Amplification Refractory Mutation System
(ARMS), Reverse Dot-Blot (RDB) hybridization, denaturing
HPLC, pyrosequencing [88], Microchip Technology and
Mass Spectrometry (MALDI-TOF).

RFLP was one of the early methods applied in TPMT
genotyping using restriction endonucleases which cleave
DNA molecules at specific nucleotide sequences. Its major
drawback is possible erroneous readings due to incomplete
restriction digestion [67].

SSCP is based on electrophoresis of the exons of TPMT
gene, since different mutations cause different migratory
patterns on a gel [89]. This method is not routinely used in
clinical settings.

ARMS uses primers designed to function only when an-
neal to specific sequences. Consequently, PCR product can
be detected if a target sequence is present. It can be per-
formed in a multiplex, containing the several primers com-
plementary for different mutations [90].

RDB hybridization is able to detect multiple mutations
simultaneously. PCR amplification with biotinylated primers
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is followed by hybridization of amplification products onto
the strip containing multiple allele-specific oligonucleotide
probes. If mutant sequences are present, they are bound to
oligonucleotides, and are detected via colour reaction [91].

Denaturing HPLC is particularly effective in analysing
DNA polymorphisms. PCR products are denatured and rean-
nealed to form hetero duplexes, which make extra peak in
HPLC data and can be easily distinguished from a wild type
[13].

DNA microchip technology similarly uses multiple com-
plementary oligonucleotides attached to microchips. Fluo-
rescently labelled oligonucleotides are then detected via la-
sers. This technique is also able to detect multiple polymor-
phisms simultaneously [92].

Mass spectrometry is another state of the art technique
providing multiplex genotyping. Matrix-assisted laser de-
sorption/ionization - time of flight (MALDI-TOF) mass
spectrometry is able to detect minor differences in base pair
mass, which is applied to differentiate SNPs [93].

Rare alleles which cannot be detected by routine genotyp-
ing are investigated by Sequence-based techniques. Conven-
tional Sanger sequencing as well as the less time consuming
and labour intensive High-Resolution Melting Analysis
(HRMA) are applied to analyze complete coding sequence of
the TPMT gene and to determine the spectrum and the preva-
lence of the TPMT gene sequence variations [94, 95]. Howev-
er, sequence-based techniques are not used as first-line diag-
nostic methods due to their expensiveness and not being readi-
ly available in most diagnostic facilities. Therefore, initial gen-
otyping is usually performed by aforementioned methods in a
multiplex, including most of the clinically significant alleles
which account for up to 95% of a decreased enzyme activity.
An unexpected negative result, which is not in concordance
with a decreased enzyme activity or patient’s thiopurine-related
ADR, is then followed by a complete 7PMT sequencing to
investigate the possibility of rare alleles.

The genotype-phenotype concordance of TPMT has been
reported to be 60-70% in patients with a low TPMT activity,
and >90% overall [96]. Although genotyping methods are
more reliable and are not influenced by red cell transfusions,
drug interactions and sample age, they are relatively costly
and time-consuming. Since most commercial methods are
able to detect only 4-5 most common alleles, genotyping can
also miss the rest alleles, identifying these patients as a wild
type. Neither measurement of TPMT enzyme activity nor
identifying TPMT genotype is sufficient by itself to be ap-
plied as a single method to reveal patient’s thiopurine status.
Phenotyping results can be influenced by aforementioned
outside factors, whereas genotyping is comparably time-
consuming and more complicated to perform. Most laborato-
ries initially perform phenotyping as a main TPMT screening
method and use genotyping to confirm controversial cases.
However, most recent guidelines recommend thiopurine
dosage according to the genotype, which makes genotyping
of all patients necessary [35].

7.3. Measurement of Thiopurine Metabolites

6TGN are thiopurine metabolites, and their levels are
measured in patients already receiving a thiopurine therapy
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in order to monitor individual drug metabolism and provide
adequate dose adjustment. 6TGN levels have been demon-
strated to correlate with a disease remission and leukopenia
[97, 98], making it a successful indicative for therapeutic
drug monitoring. Additionally, TPMT activity has been re-
ported to be induced in patients receiving thiopurine therapy
[99]. Therefore, measuring metabolite levels is considered a
comparably reliable method for monitoring thiopurine me-
tabolism.

CONCLUSION

ADR attributed to thiopurines is known to be dose-
dependent, and especially myelosuppression, which is more
common in childhood ALL compared to patients receiving thio-
purines as immunosupressors, requires a special attention of cli-
nicians and can be prevented by an individual dose adjustment.
This is possible by a prior testing and identification of patient’s
TPMT status in advance. Considering the limitations of pheno-
typing and genotyping of TPMT activity, both methods are rec-
ommended to be applied in a combination supported by the
measurement of thiopurine metabolite levels. The variety of
techniques enables to choose the appropriate one for clinical
facilities with different recources.
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