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Abstract

Purpose To explore the DNA incorporation of 6-thiogua-
nine nucleotide levels (DNA-6TGN) during 6-mercapto-
purine (6MP) therapy of childhood acute lymphoblastic
leukaemia (ALL) and non-Hodgkin lymphoma (NHL) and
its relation to erythrocyte levels of their metabolites: 6-
thioguanine-nucleotides (E-6TGN), methylated metabolites
(E-MeMP), Methotrexate polyglutamates (E-MTX), and to
thiopurine methyltransferase activity (TPMT).

Methods We studied these metabolites in 229 blood sam-
ples from 18 children with ALL (N =16) or NHL (N =2)
on 6MP/Methotrexate maintenance therapy.

Results DNA-6TGN levels were significantly correlated
to E-6TGN (rp =0.66, p=0.003) with a trend to reach a
plateau at high E-6TGN levels. To explore the relative
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DNA incorporation of 6TGN in relation to cytosol 6TGN
levels, a DNA-6TGN index was calculated as DNA-6TGN/
E-6TGN. The DNA-6TGN index was inversely correlated
to E-6TGN (r,=—0.58, p=0.012), which implies that
with increasing levels of E-6TGN relatively less 6TGN are
incorporated into DNA. E-MeMP levels were correlated to
the DNA-TGN index (rp =0.60, p = 0.008), indicating that
high levels of MeMP result in enhanced DNA-6TGN
incorporation, possibly due to inhibition of purine de novo
synthesis, mediated by some of the methylated 6MP
metabolites.

Conclusions DNA-6TGN may prove to be a more rele-
vant pharmacokinetic parameter for monitoring 6MP treat-
ment intensity than the previously used erythrocyte 6MP
metabolites levels. Prospective clinical trials are needed to
evaluate the usefulness of DNA-6TGN for individual dose
adjustments.

Keywords Acute lymphoblastic leukaemia -
Non-Hodgkin lymphoma - Maintenance therapy -
Pharmacokinetics - Paediatric cancer - Paediatric
pharmacology

Introduction

Acute lymphoblastic leukaemia (ALL) is the most common
cancer in childhood [1]. During the last 30 years, the prog-
nosis has improved dramatically and most collaborative
groups in Europe and the United States have obtained over-
all survival rates above 80% [1]. A crucial part of the ALL
and non-B non-Hodgkin lymphoma (NHL) protocols is
maintenance therapy with daily oral 6-mercaptopurine
(6MP) and weekly Methotrexate (MTX) until 2-3 years
from the time of diagnosis.
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Due to large interindividual variations in the metabolism
of these antimetabolites, the response to standard 6MP/
MTX doses varies significantly, and 6MP/MTX mainte-
nance therapy of childhood ALL and NHL is usually
adjusted and targeted to specified degrees of bone marrow
suppression [2, 3]. 6MP is a pro-drug with no intrinsic anti-
cancer activity. The cytotoxic action of 6MP is mediated by
two classes of metabolites—the 6-thioguanine nucleotides
(6TGN) and the methylated metabolites of 6MP (MeMP)
(Fig. 1). 6TGN function as substrates for the DNA-polymerase
by which 6TGN can be incorporated into DNA instead of
guanosine or adenosine, and occasionally be mismatched to
thymidine [4]. 6TGN-thymidine base pairs may activate the
post-replicative mismatch repair systems, and unsuccessful
attempts to correct 6TGN-thymidine mispairing may lead
to DNA strand breaks and other chromosome aberrations
[4]. Some of the methylated 6MP metabolites, most notably
methyl thioinosine monophosphate (Me-TIMP), are strong
inhibitors of purine de novo synthesis [5].

The pharmacokinetics and the response to 6MP therapy
are influenced by common single nucleotide polymor-
phisms in the activity of the enzyme thiopurine methyl-
transferase (TPMT) [6, 7] (Fig. 1). As a result of these
polymorphisms [6], 89% of white populations are homozygous
for high TPMT activity (TPMT, wild type) and, therefore,
have significant lower erythrocyte levels of 6TGN (E-6TGN)
than the remaining 11% heterozygous and the 1 in 300
enzyme deficient of the population, who carries one or two
low activity alleles, respectively.

The majority of clinical studies have used E-6TGN as a
surrogate parameter for DNA-6TGN levels in nucleated
cells [5, 8-11], and some [8, 11], although not all studies
[10], have found E-6TGN to be related to the risk of relapse
and myelotoxicity.

Fig. 1 The main metabolic
pathways and metabolites of
6MP. Purine salvage pathway is
limited in malignant lympho-
blasts. Inhibition of purine de
novo synthesis by some of the
methylated mercaptopurine
metabolites (including Me-
TIMP) may thus increase 6TGN
incorporation into DNA. TPMT
thiopurine methyltransferase,
HGPRT hypoxanthine guanine
phosphoribosyltransferase, 6MP
6-mercaptopurine, 67GN 6-
thioguanine-nucleotides

TPMT

TPMT activity competes with the formation of 6TGN, as
it methylates thiopurines (especially 6MP) and some of
their metabolites. Most of the methylated metabolites are
relatively non-toxic, although some, e.g. methyl thioinosine
monophosphate (Me-TIMP), are known to be powerful
inhibitors of the purine de novo synthesis [5]. Since the lev-
els of MeMP increase with higher dose of 6MP [9], such
6MP dose increments in TPMT homozygous patients could
potentially lead to enhanced DNA-6TGN incorporation due
to inhibition of purine de novo synthesis, which has been
indicated by in vitro studies [5]. However, clinical studies
of the significance of this mechanism have been lacking.

In a preliminary exploration of whether DNA-6TGN
could be a useful parameter for monitoring thiopurine ther-
apy, we have in the present study mapped the distribution
of DNA-6TGN and the relative DNA-incorporation of
6TGN (DNA-6TGN index) in a cohort of children on 6MP/
MTX maintenance therapy and their relation to TPMT
activity and to erythrocyte levels of 6TGN (E-6TGN),
MeMP (E-MeMP), and MTX polyglutamates (E-MTX),
since these pharmacological parameters by many groups
have been used as surrogate parameters for the 6MP and
MTX metabolism in nucleated cells and for treatment
intensity [9-12].

This pharmacokinetic study did not include correlations
to drug doses, blood counts, or liver parameters.

Materials and methods
Patients

The samples were collected and stored from March 1999 to
March 2000 after approval by the Ethical Committee of
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Copenhagen and Frederiksberg municipalities (no. V.200.
2080/91) and informed consent by the parents according to
the Declaration of Helsinki. The samples were subse-
quently thawed and analysed as part of the present study.
We measured DNA-6TGN at a median of 10 times (range
3-34 times) in 5 girls and 13 boys with ALL (N =16) or
NHL (N = 2) on 6MP/MTX maintenance therapy attending
the University Hospital, Rigshospitalet, Copenhagen. The
patients were between 18 months and 12 years of age at
diagnosis, in first remission, and had three or more stored
blood samples. Their median age was 6.1 years at their
first DNA-6TGN measurement (range 1.5-12.5 years)
(Table 1).

All patients were TPMT-genotyped for the 460G>A and
719A>G low activity polymorphisms. 15 patients were
homozygous for the high activity allele, and three patients
were TPMT heterozygous.

Therapy

All patients were treated according to the NOPHO ALL-92
or NHL-95 protocols [13] and started maintenance therapy
with oral doses of 75 mg/m*/day for 6MP and 20 mg/m?/
week for MTX, which subsequently were titrated to a target
leukocyte count of 1.5-3.5 x 107/1.

Table 1 Data on the included 18 patients

Patients Gender Age at Samples  Genotype Disease
diagnosis  (N)

1 M 5.81 10 Homozygous ALL
2 M 6.39 3 Homozygous ALL
3 M 5.56 10 Homozygous ALL
4 M 3.56 34 Homozygous ALL
5 F 7.26 16 Homozygous ALL
6 M 4.10 17 Homozygous ALL
7 F 11.94 Homozygous ALL
8 F 1.50 8 Homozygous ALL
9 M 10.55 Homozygous NHL
10 M 6.78 23 Heterozygous NHL
11 M 2.15 20 Heterozygous ALL
12 M 10.19 Homozygous ALL
13 M 3.90 9 Homozygous ALL
14 F 9.79 21 Homozygous ALL
15 M 4.50 8 Homozygous ALL
16 M 12.52 13 Heterozygous ALL
17 M 4.23 15 Homozygous ALL
18 F 4.68 4 Homozygous ALL
Total 6.07 229

Chemicals

Nuclease P1 was purchased from Boehringer Mannheim
GmbH, Mannheim, Germany; Mercurycellulose was pur-
chased from Clauson-Kaas, Farum, Denmark; and all other
reagents were purchased from Sigma Chemical Company,
St. Louis, USA.

Leukocyte DNA 6-thioguanine nucleotide (DNA-6TGN)
assay

DNA isolation

Leukocytes were isolated from 6 ml whole blood. Leuko-
cyte DNA was isolated by the method described by Miller
[14] by means of QIAamp blood kit (purchased from
QIAGEN, Diisseldorf, Germany). The isolated DNA was
resuspended in 400 pl distilled water. DNA concentration
and purity were determined by spectroscopy from absor-
bance at 260 and 280 nm.

6TGN extraction from DNA and 6TGN quantification

DNA was digested into free nucleotides with 80 pl of a P,
nuclease/acid phosphatase solution for a minimum of 1 h at
42°C. 6TGN were then selectively extracted from the natu-
ral nucleotides by mercury cellulose extraction in parallel
with an external standard curve [15]. The extracted 6TGN
in the sample and the standards were quantified by high
performance liquid chromatography (HPLC) with UV
detection by a minor modification of the method described
by Bruunshuus and Schmiegelow [15] designed to measure
6TGN in erythrocytes. The procedure was performed in the
following steps: (1) measurement of OD at 260 and
280 nm. (2) 195 pl DNA sample was added to 80 pl of P1
nuclease/acid phosphatase. (3) The sample was incubated
for minimum 1 h at 42°C. (4) The sample was transferred to
the HPLC-UV for quantification of the amount of DNA-
6TGN at wavelength 342 nm. All measurements were done
in duplicates. The coefficient of variation of the analysis
was less than 10% with an intra-assay variation of 4%.
Given a blood sample of 10 ml, a white blood cell count of
3 x 10°/1, and complete DNA-extraction, the sensitivity
limit for DNA-6TGN incorporation is a ratio of 1:24,154
6TGN per DNA nucleotides.

Erythrocyte 6-mercaptopurine metabolites, Methotrexate
and TPMT phenotyping

All analyses of E-6TGN, E-MeMP (which primarily is

Me-TIMP), E-TPMT activity, and E-MTX were performed
at the laboratory for Pediatric Oncology, The University
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Hospital, Rigshospitalet, Copenhagen as part of a standard
monitoring program of maintenance therapy [15-17].

Statistics

The associations between the parameters of interest were
investigated by the use of subject means. To account for the
different number of measurements on each patient, all anal-
yses were weighted by the number of measurements for the
relevant patient. For continuous variables, the correlation
between variables was assessed by the weighted Pearson
correlation coefficient (rp) [18], whereas the relations
between continuous and dichotomous variables were
explored by weighted two-sample ¢ tests. When needed,
continuous variables were log-transformed to obtain nor-
mality.

To explore the relative DNA-incorporation of 6TGN in
relation to cytosol 6TGN, a DNA-6TGN index was calcu-
lated as DNA-6TGN/E-6TGN.

The median incorporation ratio of 6TGN per DNA
nucleotide was calculated as the median of the 229 blood
samples.

The relationship between E-6TGN and DNA-6TGN was
explored by the Loess smoothing, non-linear regression
curve fitting method [19].

In all analyses, two-sided p values <0.05 were regarded
as being significant. Data analysis was performed with SAS
software package version 9.1 and R software package ver-
sion 2.8.0.

Results

Of the 305 samples available, the DNA-6TGN could not be
quantified in 76 samples due to lack of sufficient amounts
of DNA or DNA-6TGN levels below the detection limit.
These 76 blood samples all had measurable levels of
meanE-6TGN, meanE-MeMP, and meanE-MTX, which
exclude non-compliance as an explanation for unmeasur-
able DNA-6TGN.

The mean DNA concentration for the TPMT homozy-
gote patients was 0.88 pg/pl (168 ng) and 0.84 pg/ul
(132.95 pg) for the TPMT heterozygote patients.

The median E-6TGN level for the remaining 229 sam-
ples was 284 nmol/mmol hb (range 51-864). The median
DNA-6TGN level was 0.52 pmol 6TGN/ug DNA (range
0.05-2.12) corresponding to a median incorporation ratio
of 1:4,949 6TGN per DNA nucleotides (range 1:60,300 to
1:1,502).

meanDNA-6TGN levels were not related to age
(r, = —0.13, p=0.63) or gender (p = 0.46).

The meanDNA-6TGN level was 0.48 pmol/jig DNA (range
0.26-0.91) (TPMT-homozygous patients: 0.49 pmol/pg
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DNA, TPMT heterozygous patients: 0.66 pmol/ng DNA).
meanDNA-6TGN levels were significantly correlated to
meanE-6TGN (rp =0.67, p = 0.003) with a trend to reach a
plateau at high mE-6TGN levels (Fig. 2). This correlation
was virtually unchanged, when TPMT heterozygous
patients were excluded (r,, = 0.66, p = 0.008).

The meanDNA-6TGN index was inversely correlated to
meanE-6TGN (rp = —0.58, p=0.011), which implies that
with increasing levels of E-6TGN relatively less 6TGN
were incorporated into DNA (Fig. 3).

The median DNA-6TGN index was 0.18 pmol/pg/nmol/
mmol DNA (range 0.032-0.74). The median E-MeMP
level was 5,579 nmol/mmol hb (range 172-25,830) (TPMT
homozygous patients: 6,705 nmol/mmol hb, TPMT hetero-
zygous patient: 1,628 nmol/mmol hb) (Table 2).

meanE-MeMP levels were significantly correlated to the
mDNA-6TGN index (rp =0.49, p = 0.033), which indicates
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Fig. 2 a E-6TGN versus DNA-6TGN in individual blood samples.
The solid line is a Loess smoothing curve, describing the relationship
between E-6TGN and DNA-6TGN. DNA-6TGN levels were signifi-
cantly correlated to E-6TGN, with a trend to reach a plateau at high
E-6TGN levels. Inverted triangle TPMT heterozygous patients, filled
square TPMT homozygous patients. b mE-6TGN versus mDNA-
6TGN. mDNA-6TGN levels were significantly correlated to mE-
6TGN, with a trend to reach a plateau at high mE-6TGN levels. Inverted
triangle TPMT heterozygous patients, filled square TPMT homozy-
gous patients
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Fig. 3 a E-6TGN versus DNA-6TGN index in individual blood sam-
ples. The DNA-6TGN index was inversely correlated to E-6TGN,
which implies that with increasing levels of E-6TGN relatively less
6TGN were incorporated into DNA. Inverted triangle TPMT heterozy-
gous patients, filled square TPMT homozygous patients. b mE-6TGN
versus mDNA-6TGN index. The mDNA-6TGN index was inversely
correlated to mE-6TGN, which implies that with increasing levels of
mE-6TGN relatively less 6TGN were incorporated into DNA. Inverted
triangle TPMT-heterozygous patients, filled square TPMT-homozy-
gous patients

that with high levels of MeMP there is an enhanced
incorporation of 6TGN into the DNA as measured by
DNA-6TGN index (Fig.4). Furthermore, meanE-MeMP
was significantly inversely correlated to E-6TGN (r, = —0.48,
p = 0.04), the TPMT activity (rp =0.63, p = 0.009), but not
to DNA-6TGN (r, = —0.14, p =0.13).

meanE-MTX was not significantly correlated with
meanE-6TGN (rp =0.04, p =0.89), meanDNA-6TGN (rp =
—0.31, p=0.22), meanDNA-6TGN index (rp =—-0.37,
0.13), TPMT-genotype (rp =0.32, p=0.20), meanTPMT

Table 2 Median and mean values on the included 18 patients

activity (rp = —0.04, p = 0.88), or meanE-MeMP (rp =0.05,
p=0.84).

Discussion

Maintenance therapy of childhood ALL and NHL is tradi-
tionally monitored and adjusted by the degree of myelosup-
pression [3] which reflects the assumption that efficacy and
toxicity are interrelated, and that myelosuppression is
required for a successful anticancer effect [2]. The treat-
ment intensity obtained during maintenance therapy reflects
the dose adjustment guidelines of the relevant protocol,
individual drug disposition, and the compliance to the pro-
tocol by both the physician and the patient [20, 21].

TPMT homozygous patients have an increased risk of
relapse, probably due to their reduced formation of 6TGN
[6, 22]. In contrast, TPMT heterozygous patients produce
higher E-6TGN and DNA-6TGN levels, and these patients
experience enhanced myelosuppression at standard 6MP-
dosage, necessitating a substantial dosage reduction to
avoid severe toxic effects [22-24]. The majority of clinical
studies have used E-6TGN as a surrogate parameter for
DNA-6TGN levels in nucleated cells [9-12], but dose
adjustments of maintenance therapy by E-6TGN have
failed to reduce relapse rates [25].

This present in vivo study indicates that DNA-6TGN
levels may be useful for monitoring 6MP/MTX mainte-
nance therapy, since it combines the effects of 6TGN and
MeMP levels. Furthermore, the DNA-6TGN plateau
reached at high levels of mE-6TGN may explain why
TPMT low activity patients can tolerate very high E-6TGN
levels without unacceptable myelosuppression, since our
data imply that with increasing mE-6TGN levels the rela-
tive incorporation ratio into DNA decreases.

Me-TIMP is known to be a powerful inhibitor of the
purine de novo synthesis and can thus potentiate the incor-
poration of 6TGN into DNA [26]. This may explain why
TPMT heterozygous and TPMT-deficient patients have and
tolerate very high E-6TGN levels compared to the TPMT
wild-type patients, when both are adjusted to 6MP doses
that give acceptable myelotoxicity, since this can probably
reflect that the TPMT low activity group lack or have very
reduced levels of Me-TIMP [23, 25, 31]. Thus, both

Median concentration

Mean concentration

E-6TGN 284 nmol/mmol hb (range 51-864)

295.63 nmol/mmol hb (range 103.28-563.66)

DNA-6TGN
DNA-6TGN index
MeMP

0.52 pmol 6TGN/pg DNA (range 0.05-2.12)
0.18 p mol/pg/mmol/mmol DNA (range 0.032-0.74)
5.579 nmol/mmol hb (range 172-25,830)

0.48 pmol 6TGN/pg DNA (range 0.26-0.91)
0.17 pmol/pg/mmol/mmol DNA (range 0.08-0.27)
6,528.39 nmol/mmol hb (range 482.61-18,040.37)
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Fig. 4 a MeMP versus DNA-6TGN index in individual blood sam-
ples. MeMP were significantly correlated to DNA-6TGN index indi-
cating that with high levels of MeMP there was a significant increase
in the relative incorporation of 6TGN into DNA. Inverted triangle
TPMT heterozygous patients, filled square TPMT homozygous
patients. b mMeMP versus mDNA-6TGN index. mMeMP were sig-
nificantly correlated to mDNA-6TGN index indicating that with high
levels of MeMP there was a significant increase in the relative incor-
poration of 6TGN into DNA. Inverted triangle TPMT heterozygous
patients, filled square TPMT homozygous patients

patients with high intracellular 6TGN levels and patients
with high MeMP will have enhanced 6TGN incorporation
into DNA.

We found a wide interindividual and intraindividual var-
iation in the pharmacokinetic variables (data not shown),
which could be explained by individualized dosing of 6MP
and MTX depending on body surface area and bone mar-
row suppression.

To our knowledge, this is the first in vivo study of child-
hood lymphoblastic malignancies where DNA-6TGN has
been measured in nucleated cells. The findings are in line
with in vitro results of methylated thiopurine metabolites
being significantly correlated to the incorporation of 6TGN
into the DNA [5]. The results of the present study may
explain why patients with low E-MeMP (such as TPMT
heterozygous or deficient patients) tolerate high levels of
cytosol E-6TGN without excessive myelotoxicity, but
develop severe toxicity when exposed to high-dose MTX
[23, 27]. Secondly, it may explain why not only patients

@ Springer

with low TPMT activity and/or very high E-6TGN levels,
but also those with high E-MeMP levels could have an
increased risk of therapy-related second AML/myelodys-
plasia because of enhanced DNA-6TGN incorporation
[28, 29]. Thirdly, it could explain why attempts to improve
the efficacy of thiopurine therapy by giving 6-thioguanine
instead of 6MP to children with leukaemia have failed to
improve the outcome significantly. Thus, children who
received 6-thioguanine had several fold higher E-6TGN
levels than those who received 6MP, but they lack the
methylated metabolites, which could have compromised
their DNA-6TGN incorporation [30, 31]. So far, clinical
data comparing DNA-6TGN incorporation in 6-thiogua-
nine- and 6MP-treated patients are lacking.

Large prospective clinical trials are needed to explore
the potential advantage of monitoring leukocyte DNA-
6TGN levels during 6MP/MTX maintenance therapy of
childhood ALL and NHL. Such a study is part of the ongo-
ing Nordic Society of Paediatric Haematology and Oncol-
ogy ALL-2008 protocol.
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