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ABSTRACT 
D eter mining var iant TPMT alleles to predict patient response to thiopurine therapy r epr esents 
one of the first suc c essful implemen ta tions of pharmacogenomics in clinical practice. How ev er, 
despit e the TPMT -adjust ed thiopurine dosing, some TPMT wild-type pa tien ts still exhibit toxicity a t 
standar d doses. Ov er the past decade, the pharmacogene NUDT15 has emerged as a sig nificant c o- 
modulator of thiopurine therapy . Initially , NUDT15 was considered important predominantly in Asian 
populations, but recent studies have highlighted its relevance in European populations as w ell . 
To ev alua t e the pharmac ogenetic sig nificanc e of NUDT15 in the Slov enian population, w e sequenced 
ext ended reg ions of exon 1 and exon 3 in 109 healthy individuals and 37 pa tien ts with acute 
lymphoblastic leukemia. 
We iden tified eigh t v arian ts, including one with established clinical sig nificanc e (allele *3) and 
one extr emely rar e v arian t (Chr13 a t 48045861; GRCh38, NC_000013.11). The frequencies of most 
previously described v arian ts in both the general population and in the ALL cohort w er e consistent 
with those reported in other European populations, except for rs45465203, which was less frequent 
in the Slovenian population. None of the v arian ts, except for NUDT15*3 , w er e associated with 
cumulative thiopurine doses in ALL patients. How ev er, these var iants war rant further investigation 
in larger ALL cohorts. 

PL AIN L ANGUAGE SUMMARY 
Pharmacogenes are genes coding for enz ymes, transpor ters and drug targets that can affect an 
individual’s response to drugs. D eter mining genetic var iants in pharmacogenes prior to trea tmen t 
enables more personalized and effective trea tmen ts. NUDT15 is a gene that plays a crucial role 
in the metabolism of cytostatic and immunosuppr essiv e drugs, specifically thiopurines, which are 
commonly used in the trea tmen t of acute lymphoblastic leukemia (ALL). Certain genetic v arian ts can 
r esult in low er enzyme activity and consequently a higher risk of sev er e toxicities fr om thiopurines. 
Our study reports the frequencies of NUDT15 genetic v arian ts in the Slovenian population. We 
discov er ed extr emely rar e genetic v arian t in the NUDT15 gene, loca ted on chromosome 13 a t 
position 48045861 (GRCh38, NC_000013.11), which did not hav e a pr eviously assigned rs number. 
Furthermor e, w e found that a patient with ALL who had a v arian t allele NUDT15*3 r eceiv ed a 
lower dose of thiopurines compared with other pa tien ts with the wild-type genotype. This r esear ch 
may help to further understand genetic v aria tions in differen t popula tions. Pa tien ts trea ted with 
thiopurines should have genetic v arian ts in the NUDT15 gene determined. This study further 
supports the guidelines for dose reduction in pa tien ts with v arian t NUDT15*3 genotype. 
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. I ntro duction 

he main objective of the pharmacogenomic approach
o any therapy is to predict the pa tien t’s response to
 drug before its application, t o reduc e risks of side
ffects or ineffectiv e tr ea tmen t. The pa tien t’s response
o trea tmen t can be predict ed by det ermining the
linically relev an t v arian ts in their DNA. The Dutch P har -
acogenetics Working Group (DPWG) and the Clinical
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Pharmacogenomic Implemen ta tion Consortium (CPIC)
proposed that a genetic variant that is included in the
pharmacogenomics (PGx) diagnostic panel has a well-
documen ted associa tion with the gene expression or
protein function and minor allele fr equency (M AF) equal
to or higher than 1% in the general population. In case
the MAF in the general population is lower, the v arian t
should exert an extremely strong association with the
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henotype or should have an MAF of at least 1% in a
pecific subpopulation of interest [ 1 ]. The Association
or Molecular Pathology PGx Working Group has set the
 ecommended M AF for the Tier 1 alleles at ≥0.1% and for
ier 2 alleles at ≥0.01% [ 2 ]. Since the function of many
harmacogenes is the detoxification of xenobiotics, they
re not highly conserved and are very polymorphic with
heir mutation profiles exhibiting heterogeneity across
ifferent ethnic groups [ 3 , 4 ]. 

One of the most suc c essful examples of the
mplemen ta tion of pharmacogenomics in clinical
ractice inv olv es thiopurine drugs used in trea tmen ts

or canc er, aut oimmune disease and after organ
ransplan ta tion [ 5 , 6 ]. Thiopurines are prodrugs with
heir active cyt ot oxic metabolit es being 6-thioguanine
ucleotides (TGNs) [ 7 ]. TPMT is the key enzyme in
emat opoietic c ells which deactiv a t es thiopurines t o 6-
ethylmercaptopurine (meMP) [ 7 ]. TPMT gene has been
 major PGx marker in thiopurine therapy, as pa tien ts
ith v arian t alleles causing decreased enzyme activity
or e r eadily experience sev er e side effects [ 8 ]. 
How ev er, in the last decade, the importance of

ther pharmacogenes associated with thiopurine ther-
py has emerged, most notably NUDT15 [ 9 ]. The endoge-
ous substrate for NUDT15 is 8-oxo-guanosine triphos-
ha te, which is dephosphoryla ted to its monophosphate

orm by NUDT15 [ 10 , 11 ]. Due to structural similarity to
ndogenous nucleotides, NUDT15 can also hy dr olyze
ctive metabolites of 6-MP, 6-thioguanosine triphos-
ha te (6-TGTP), in to 6-thioguanosine diphospha te and
-thioguanosine monophosphate. This pr ev ents their

ncorpora tion in to DNA and reduces the cytotoxic effects
f thiopurines [ 10 ]. NUDT15 gene is 10 kb long and is

ocated on the long arm of chromosome 13 (13q14.2) [ 12 ].
enetic v arian ts in NUDT15 can lead to loss of function.

n pa tien ts trea t ed with thiopurines, the presenc e of such
enetic v arian ts r esults in mor e 6-TGTP being available

or incorpora tion in to DNA, thus leading to excessive
y elosuppr ession in an affected pa tien t [ 13–16 ]. 
Currently, both the CPIC [ 9 ] and DPWG [ 1 ] guidelines

ecommend the assessment of TPMT and NUDT15 variants
efore starting thiopurine therapy. Although NUDT15
 arian ts w er e initially consider ed as being clinically
elev an t only in Asian populations [ 14 ], their relevance
s now becoming recognized in European populations as

ell [ 17 ]. The first NUDT15 v arian t associa ted with overt
oxicity of thiopurine drugs was a missense mutation
s116855232 (c.415C > T; p.R139C) [ 13 ]. It causes a
 omplet e loss of enzyme activity in the homozygous state

n vitro , while homozygous pa tien ts receiving standard
oses of thiopur ines exper ience sev er e my elosuppr es-
ion [ 14 ]. Homozygous pediatric ALL patients w er e able
 o t olerat e 8% and het er ozy gous pa tien ts 63% of the
standar d 6-MP dose, r espectiv ely [ 16 ]. To da te, 19 v arian t
alleles in NUDT15 have been iden tified, designa ted as
*2-*20, while *1 is a wild-type allele [ 18 ]. The definition
of NUDT15 alleles, their functionality and population
fr equencies ar e described in Table 1 . 

The majority of v arian ts described in Table 1 lie
in exons 1 and 3 of the NUDT15 gene, pinpointing
exons 1 and 3 as NUDT15 mutational hot spots. Variants
*13, *17 and *18, located in exon 2, have not been
det ect ed in the E uropean population. T he most common
NUDT15 v arian t alleles in the European population are
*3, *6 and *9, with the frequencies of diplotypes *1/*3,
*1/*6 and *1/*9 being 0.5959%, 0.3973% and 0.3633%,
r espectiv ely [ 20 ]. Individuals with such diplotypes are
classified as in termedia te metabolizers, who should use
a decreased dose if the standard dose is 75 mg/m 

2 /day
or higher, while in the case of the low er standar d dose,
dose adjustmen t migh t not be necessary in some cases.
How ev er, it must be noted that in the case where the
pa tien t has an in termedia te metabolizer genotype at
both TPMT and NUDT15 loci, a substantial decrease in
the standard dose is recommended [ 19 ]. Homozygotes
or combined heter ozy gotes for two non-functional alleles
are classified as poor metabolizers. In such pa tien ts,
the recommended starting dose is 10 mg/m 

2 /day for
trea tmen t of malignant disease, while in cases of therapy
for non-malignant disease, alternative non-thiopurine
immunosuppressants should be considered. The most
common poor metabolizer diplotype in Europeans is
*3/*9 with a frequency of 7.3 × 10 -6 [ 9 ]. 

While TPMT genotyping is already used in clinical
practice in Slovenia, NUDT15 genotyping has not yet
been implemented in clinical settings. Ther efor e, this
study aimed to explore the NUDT15 polymorphisms in the
mutational hot spots in exons 1 and 3 in the Slovenian
cohort of ALL pa tien ts and in the Slovenian cohort of
healthy individuals as well as t o investigat e the effect
of the identified variants on the cumulative dose of 6-
MP administered during the maintenance phase of ALL
trea tmen t. 

2. Patients & methods 

2.1. Study design & study population 

The study was designed in two parts. The first part
c onsist ed of an explorator y obser v a tional study with the
aim to explore the presence of NUDT15 genetic v arian ts
in Slovenian pediatric patients with ALL and assess their
effects on the cumulative dose of 6-MP administered
during the maint enanc e phase of the treatment. The
study population c onsist ed of 37 pa tien ts who have
c omplet ed the maint enanc e phase of ther apy. Peripher al
blood was c ollect ed for DNA extraction at the Depart-
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Table 1. NUDT15 alleles definition, functionality and frequencies in South Asian, East Asian and European populations. 

NUDT15 allele Allele definition (NM_018283.4) Allele functionality Allele frequency (%) 

South Asian East Asian European 

*1 Wild-type Normal 93.0024 87.8742 99.313 
*2 rs746071566 (c.38GAGTCG[4]; p.V18_V19insGV) 

+ rs116855232 (c.415C > T; p.R139C) 
No enzyme activity 0.0000 3.5000 0.0000 

*3 rs116855232 (c.415C > T; p.R139C) No enzyme activity 6.7000 6.0500 0.2000 
*4 rs147390019 (c.416G > A; p.R139H) Uncertain effect 0.0033 0.1113 0.0033 
*5 rs186364861 (c.52G > A; p.V18I) Uncertain effect 0.0448 1.1080 0.0008 
*6 rs746071566 (c.38GAGTCG[4]; p.V18_V19insGV) Uncertain effect 0.2000 1.3000 0.3000 
*7 rs766023281 (c.101G > C; p.R34T) Uncertain effect 0.0000 0.0565 0.0000 
*8 (c.103A > G; p.K35E) Uncertain effect 0.0000 0.0000 0.0000 
*9 rs746071566 (c.38GAGTCG[2]; p.del17_18GV) No enzyme activity 0.0495 0.0000 0.1829 
*10 rs769369441 (c.2T > C; p.M1T) Function not assigned 0.0000 0.0000 0.0027 
*11 rs1950545307 (c.139G > A; p.G47R) Function not assigned 0.0000 0.0100 0.0000 
*12 rs149436418 (c.156C > G; p.F52L) Function not assigned 0.0000 0.0000 0.0181 
*13 rs761191455 (c.343dup; p.E115fs) Function not assigned 0.0202 0.0259 0.0000 
*14 rs777311140 (c. 80_81insCGGG; p.C28fs) Likely no enzyme 

activity 
0.0000 0.0000 0.0210 

*15 rs139551410 (c.467T > A; p.L156Q) Function not assigned 0.0036 0.0000 0.0016 
*16 rs1202487323 (c.88C > T; p.L30V) Function not assigned 0.0000 0.0000 0.0000 
*17 rs1368252918 (c.352G > T; p.E118X) Function not assigned 0.0000 0.0000 0.0000 
*18 rs1457579126 (c.221del; p.N74fs) Function not assigned 0.0000 0.0000 0.0000 
*19 (c.3G > C; p.M1I) Function not assigned 0.0000 0.0000 0.0000 
*20 rs768324690 (c.386C > G; p.P129R) Function not assigned 0.0000 0.0000 0.0016 

Data taken from [ 20 ]. 
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en t of Pedia tric Hema t ology and Onc ology, University
hildr en’s Hospital , Univ ersity Medical Centr e Ljubljana.
etailed data on dose intensities of 6-MP, including all
ose changes and trea tmen t in terruptions throughout

he whole period of the maint enanc e phase of therapy,
as ex trac ted from medical r ecor ds of childr en with acute

ymphoblastic leukemia (ALL). The study was appr ov ed by
he National Medical Ethics Committee of the Republic
f Slovenia (KME 89/07/13). For pa tien ts under 18 years,

nformed consent to participate in the study was provided
y their parents or legal guardians. 

The second part of the study was a population-based
tudy aiming to explore the presence and frequencies of
UDT15 polymorphisms in the mutational hot spots in
xons 1 and 3 in general Slovenian population. Peripheral
lood from 109 unrelated healthy adult volunteers from
lovenia was randomly c ollect ed a t the Studen t Health
entre of the University of Ljubljana as a part of a
harmacogenomic study, which was appr ov ed by the
ational Medical Ethics Committee (KME 85/06/15). All
articipating subjects provided their informed consent to
articipate in the study. 

.2. DNA extraction, polymerase chain reaction & 

sequencing 

irst , DNA was e x trac t ed from 200 μl of c ollect ed blood
c c ording t o the manufacturer’s instructions (QIAamp
NA Blood Mini Kit, Qiagene, Venlo, Netherlands). The

eg ion of int erest was then amplified using the follow-
ng primers (Merck, Sigma-Aldrich, USA): Exon 1 was
amplified using forward primer with 5 ′ -3 ′ sequence
C AAAGC AC AACTGTAAGCGAC and r ev erse primer with
5 ′ -3 ′ sequence C AC ACCTC AC AGACGAACTC (the size of
the amplicon was 680 bp) and Exon 2 was amplified
using forward primer with 5 ′ -3 ′ sequence CAAGCAAAT-
GC AAAGC ATC AC and r ev erse primer with 5 ′ -3 ′ sequence
GGCTGAAA GA GTGGGGGATA (the size of the amplicon
was 451 bp). Before Sanger sequencing, we performed
separ ate polymer ase chain reactions (PCRs) for exon 1
and exon 3 of NUDT15 . The PCR reaction mix contained
75–150 ng of DNA per sample. For PCR, we used Hot Fire
Pol Taq DNA Polymerase, buffer, MgCl (all Solis BioDyne,
Tartu, Estonia) and dNTPs (Promega, USA) ac c ording t o
the manufacturer’s instructions. The mixture for exon 1
contained 15% of G/C rich enhancer (Solis BioDyne, Tartu,
Estonia). T he follo wing thermal cy cling conditions w er e
applied: 12 min 95 ◦C, 45 × (30 s 95 ◦C, 30 s 58 ◦C (exon
1) or 55 (exon 3), 1 min 72 ◦C), 8 min 72 ◦C and cooling.
The presence of PCR fragments was confirmed by gel
electr ophor esis composed of 2% agarose with 1X SYBR
safe DNA gel stain (Thermo Fisher Scientific , Invitr ogen,
Waltham, MA, USA). The separation of fragments was
performed at 100 V and 400 A and lasted 20 min. Samples
w er e sequenced in forward and reverse direction by
McLab (San Francisco, CA, USA). 

2.3. Dat a analy sis & st atistical methods 

Sequences in NUDT15 regions w er e determined using
Finch TV software (Version 1.4.0; Geospiza, Inc, WA,
USA; h ttp://www.geospiza.com ). Da ta analysis and da ta

http://www.geospiza.com
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resen ta tion were performed using MS Excel (Version
408, Microsoft 365 for enter pr ise), GraphPadPr ism (Ver-
ion 10.2.3) and R (Version, 2023.06.1). Where applica-
le, the Shapiro-Wilk test was used for assessing the
ormality of the distribution. The sig nificanc e of Hardy-
einberg equilibrium and comparison of allele frequen-

ies betw een differ en t popula tions w as determined by
isher’s e xact test . Rela tive cumula tive dose in tensities
etw een gr oups with differ ent genotypes w er e com-
ared using the Student t -test. Prediction algorithms
mbedded in the Franklin (2024.2) platform (Agg regat ed
rediction, Splice AI, FATHMM, Revel, AlphaMissense,
UT Assessor, SIFT, MetaLR, DANN, MT, GenoCanyon

nd fitCons) w er e used to assume the c onsequenc es of
den tified v arian ts. 

. Results 

.1. NUDT15 va ria nts in patients with acute 
lymphoblastic leukemia 

s an important phar macogenetic mar ker, NUDT15 is
ritical for predicting thiopurine r esponse. Ther efor e, w e
rst aimed to investigate its influence on thiopurine
rea tmen t. The study cohort comprised 23 female and
4 male pedia tric pa tien ts with ALL in the maint enanc e
hase of their trea tmen t. The median age a t diagnosis
as 7 years, with interquartile range (IQR) of 5 years,

ndica ting significan t heterogeneity within the study
opulation. All subjects w er e tr eat ed ac c ording t o the ALL

nt erc ontinental-B er lin-Fr ankfurt -Münst er 2009 prot oc ol
ALL IC BFM 2009) [ 21 ]. 

All DNA samples from pa tien ts were sequenced for
UDT15 exon 1 and exon 3 with their vicinities, as
ost pharmacogenetically important variants lie within

his region. All pa tien ts were of European descent. The
den tified v arian ts in our ALL cohort w er e rs45465203,
s61973267, rs61746486 and rs116855232 with MAFs of
.1%, 9.5%, 4.1% and 1.4%, r espectiv ely. We found one
a tien t heter ozy gous for allele NUDT15*3 (rs116855232). 

.2. Dosing regimen & NUDT15 genotypes 

e next c orrelat ed the dosing of 6-MP with the presence
f genetic v arian ts in NUDT15 found in ALL pa tien ts.
he pedia tric popula tion is quit e het erogeneous, espe-
ially in age, weight and height, which significantly
ffects the dosing of 6-MP. The dose of 6-MP is fur-
her adjusted throughout maintenance therapy based
n hemat olog ical paramet ers, pr imar ily leukocyt e c ount
nd the severity of adverse events. To normalize the

n terindividual v ariability in dose regimens in pa tien ts in
ur c ohort, we calculat ed the ratio between the actual
cumulativ e dose r eceiv ed during the entir e maint enanc e
therapy and the theoretical cumulative dose an individual
w ould r eceiv e based on body surface ar ea calculation
(Mosteller formula) and individual-specific duration of
maint enanc e therapy with treatment interruption days
excluded (r elativ e cumulativ e dose intensity). The values
of r elativ e cumulativ e dose intensities among 37 studied
pa tien ts ranged from 0.42 to 1.46, with a mean of
0.96 ± 0.24. This indicates that patients in our cohort
r eceiv ed , on av erage, 96% of the theoretical cumulative
dose. 

We observed a trend, although statistically non-
significan t, tha t individuals with a heter ozy gous geno-
type for rs61746486 r eceiv ed higher r elativ e cumulativ e
doses of 6-MP as a part of their maint enanc e phase of ALL
trea tmen t compared with pa tien ts without this v arian t
(1.17 vs. 0.94). Similarly, individuals with at least one
v arian t allele for rs61973267 r eceiv ed higher cumulativ e
doses of 6-MP compared with non-v arian t homozygotes
(1.05 v s. 0.95, statistically non-sig nificant). No differenc e
in cumulative dose intensity of 6-MP according to
rs45465203 genotype was observed ( Table 2 ). 

In terestingly, the pa tien t with the NUDT15*3 allele
r eceiv ed a r elativ e cumulativ e dose of 6-MP that was 1.25-
times lower than that of other non-variant patients (0.77
vs. 0.97 ± 0.24), which aligns with the reported lower
enzyme activity in individuals carrying this allele and thus
lower tolerability of standard 6-MP doses. Since there was
only one pa tien t with the NUDT15*3 (rs116855232) allele
in our cohort, the statistical significance of this observed
differenc e c ould not be calculat ed. 

3.3. Genetic va ria nts in NUDT15 in the general 
Slovenia n p opulation 

To further understand the distribution and impact
of NUDT15 genetic v arian ts, we extended our
analy sis t o a health y population. The inf ormation
on population genetics enables the determination
of the frequency and thus rationalizes the clinical
diag nostic sig nificanc e of these polymorphisms in ALL
pa tien ts. 

Our study cohort comprised 109 healthy individuals,
including 78 females and 31 males, all of European
descent, with a median age of 19 years at the time of
blood collection. All DNA samples w er e sequenced for
NUDT15 exon 1, exon 3 and their vicinities. We identified
eight NUDT15 SNPs in the Slovenian population. The iden-
tified polymorphisms included rs181638201, rs45465203,
rs79687000, rs1249937565, rs61746486, a novel SNP
at Ch13 48045861 A > G ( Figure 1 ), rs61973267 and
rs116855232, also known as NUDT15*3 allele ( Table 3 ).
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Wild-type individual Wild-type individual

Ch13 48045861 A>G Ch13 48045861 A>G

Forward sequence Reverse sequence

Figure 1. Part of a sequence of NUDT15 for a non- varian t homozygous individual (above) and the heterozygous individual (below) for 
genetic polymorphism at Chr13 48045861. Electr opher og r ams w er e obtained after forward (left) and r ev erse (right) Sanger sequencing 
of a PCR fr ag ment , c orresponding to exon 3 of NUDT15 . 

Table 3. Genetic polymorphisms identified in the Slovenian population and their allele and genotype frequencies. 

rs number Wild-type allele 
Variant allele 

Allele frequency [%] Genotype Genotype frequency 
[%] (N) 

Har dy- Weinberg a 

rs181638201 G 
A 

99.5 
0.50 

GG 
GA 
AA 

99.1 (108) 
0.9 (1) 

0.0 

> 0.9999 

rs45465203 G 
A 

91.3 
8.7 

GG 
GA 
AA 

82.6 (90) 
17.4 (19) 

0.0 

0.8555 

rs79687000 C 
T 

97.2 
2.8 

CC 
CT 
TT 

94.5 (103) 
5.5 (6) 

0.0 

> 0.9999 

rs1249937565 A 
G 

95.9 
4.1 

AA 
AG 
GG 

91.7 (100) 
8.3 (9) 

0.0 

> 0.9999 

rs61746486 A 
C 

99.1 
0.9 

AA 
AC 
CC 

98.2 (107) 
1.8 (2) 
0.00 

> 0.9999 

Chr13 48045861 A 
G 

99.5 
0.5 

AA 
AG 
GG 

99.1 (108) 
0.9 (1) 

0.0 

> 0.9999 

rs61973267 G 
A 

96.8 
3.2 

GG 
GA 
AA 

94.5 (103) 
4.6 (5) 
0.9 (1) 

0.7680 

rs116855232 C 
T 

99.5 
0.5 

CC 
CT 
TT 

99.1 (108) 
0.9 (1) 

0.0 

> 0.9999 

a p -value after Fisher’s exact test. 
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ll genetic polymorphisms w er e in Hardy-Weinberg equi-
ibrium. The minor allele frequencies (MAF) of identified
NPs in Slovenian population were 0.5% for rs181638201,
.7% for rs45465203, 2.8% for rs79687000, 4.1% for
s1249937565, 0.9% for rs61746486, 0.5% for Chr13
8045861 A > G, 3.2% for rs61973267 and 0.5% for
s116855232. Compared with data on population of
general European origin, we observed significantly lower
MAF for rs45465203 (Fisher’s e xact test , p = 0.0115) and
lower (but not significantly) MAF for rs61973267 (Fisher’s
e xact test , p = 0.1124) [ 22 ]. How ev er, compar ed with
global fr equencies, M AFs for both alleles w er e in line
with the published data. For rs181638201, rs79687000,
rs61746486 and rs116855232, the allele fr equencies w er e



PHARMACOGENOMICS 521 

s  

p

4

T  

i  

t  

i  

N  

i  

b  

i  

o  

c  

u  

h  

s  

p  

t  

I  

N  

g  

c  

o  

O  

w  

r  

b  

i  

e  

i  

T  

i  

A  

p  

t  

u  

i  

v  

m  

o  

d  

t
 

w  

A  

t  

a  

i  

m  

a  

T  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

imilar to those previously reported for the European
opulation in the 1000 Genome project [ 22 ]. 

. Discussion 

he present study is the first t o investigat e variants
n the NUDT15 , an important pharmacogene related to
hiopurine trea tmen t, in pa tien ts with ALL as well as
n the general population in Slovenia. Altogether, eight

UDT15 v arian ts loca ted in or near exons 1 and 3 w er e
dentified in our study. Four variants w er e det ect ed in
oth study cohorts, pediatric patients with ALL and

n the general Slovenian population. Allele frequencies
f iden tified v arian ts in the ALL cohort w er e higher
ompared with those reported for the European pop-
lation (i.e., 5.6, 6.1, 0.4 and 0.28%, r espectiv ely) [ 22 ];
ow ev er, this discr epancy may be ascribed to the small
ample size. Due to the influence on thiopurine toxicities,
harmac ogenomic guidelines rec ommend adjusting the

hiopurine dose ac c ording t o the NUDT15 genotype.
ndividuals carrying NUTD15*2 , NUDT15*3 , NUDT15*6, or

UDT15*9 allele are assigned as in termedia te (heterozy -
otes) or poor metabolizers (v arian t homozygotes or
 ompound het er ozy gotes), who hav e to r eceiv e 30–80%
r 10% of the standard thiopurine dose, respectively.
f the v arian ts, rs116855232 ( NUDT15*3 allele) has a
ell-established clinical impact on thiopurine trea tmen t-

elat ed t olerability. It is one of the first NUDT15 v arian ts to
e associated with int oleranc e t o thiopurines (i.e., requir-

ng a dose reduction) or thiopurine-r elated adv erse drug
ffects such as leukopenia in pa tien ts with ALL as well as

n pa tien ts with inflamma tory bowel disease (IBD) [ 18 , 23 ].
he association has been confirmed later by several

ndependent studies which w er e mostly c onduct ed in
sian pa tien ts [ 14 , 18 , 23–27 ] and also in the recently
ublished sy st ematic review [ 28 ]. When we analyzed

he genetic background and predicted phenotypes by
sing advanced platforms for v arian t classifica tion and

n terpreta tion (Franklin by Genoox) – Table 4 [ 29 ], this
 arian t w as classified as deleterious by sev eral pr ediction
odels, although some categorized it as benign. Based

n strong evidence from clinical studies, the PharmGKB
atabase assigns a level 1A association (the highest level)

o this v arian t concerning thiopurine therapy. 
In our cohort of ALL pa tien ts, we iden tified one pa tien t

ith the rs116855232 v arian t in the heter ozy gous state.
lthough statistical analysis could not be performed due

o the small sample size, we observed that the patient’s
ctual cumulative dose intensity was only 77% of the

n tended cumula tiv e dose of 6-MP r eceiv ed as a part of
aint enanc e therapy. During this period , sev eral dose

djustments and treatment interruptions w er e r equir ed .
 he observed lo wer tolerability of 6-MP by this pa tien t
having one NUDT15*3 allele is in line with this v arian t’s
well-established clinical impact on thiopurine trea tmen t-
relat ed t olerability. 

No association with the calculated ratio between
actual and theor etical 6-MP cumulativ e dose was
demonstrated for the other three variants det ect ed
among pa tien ts with ALL in this study , namely ,
rs61973267, rs45465203 and rs61746486. Among those,
only rs61973267, a v arian t loca ted in the 5 ′ -un transla ted
region of the NUDT15 , has been previously associated
with the response to the thiopurine trea tmen t. A letter
to the editor reported tha t pa tien ts with chronic IBD
carrying one v arian t allele and undergoing azathioprine
therapy have an increased risk of myelosuppression
compared with pa tien ts with the reference rs61973267
GG genotype [ 30 ]. How ev er, w e did not det ect sig nificant
deviations from intended standard cumulative 6-MP
dose in ALL pa tien ts carrying v arian t allele, nor did
in silico prediction models suggest any functional or
pa thological associa tions for this v arian t. Prediction
models do not suggest any functional or pathological
associations for other variants det ect ed in the ALL cohort
and we did not find an association between them and
the cumulative 6-MP dose. 

Additional four v arian ts w er e identified in a cohort
of the general Slovenian population. Of these, one
w as in tr onic (rs79687000), tw o w er e upstr eam gene
v arian ts (rs181638201 and rs1249937565) and one was
a downstream gene v arian t (Chr13 48045861 A > G,
NC_000013.11), which has not been reported in either
Ensembl v aria tion da tabase, 1000 Genomes Project or
NCBI dbSNP. How ev er, during the paper r evision pr ocess,
w e hav e become awar e tha t the la test release of the
gnomAD database (v4.1.0) does list one among 807,162
individuals carrying this v arian t, making it extremely rare
in European populations. For rs1249937565, this is the
first report on population genetics. Variant rs79687000
is located 117 base pairs upstream of the first exon in
NUDT15 and although no clinical data have linked this
v arian t to a response to thiopurine therapy, functional
predictions suggest it may alter the splicing of the exon
and ther efor e affec t enzyme func tion, classifying it as
pot entially delet er ious. Var iant rs1249937565 is located
53 bp upstream of exon 1, suggesting it might be located
in a splicing r egion. How ev er, pr ediction models do not
associate it with any pathology or functional effects.
D etailed infor ma tion on genetic v arian ts iden tified in
the general Slovenian population and ALL cohort are
summarized in Table 4 . 

The guidelines suggest four basic cr iter ia for the inclu-
sion of a particular v arian t in t o the pharmac ogenomics
diagnostic panel [ 1 ]. According to population databases,
the most frequent NUDT15 haplotypes in populations
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f European descent, as listed by the Pharmacogene
ariation Consortium, are NUDT15*6 (0.3%), followed by
UDT15*3 (0.2%) and NUDT15*9 (0.18%). We found the
UDT15*3 v arian t in one ALL pa tien t (MAF 1.4%) and

n one individual from the healthy cohort (MAF 0.5%).
lthough the v arian t does not c omplet ely meet the
r iter ion of a minor allele frequency (MAF) equal to
r higher than 1% in the general population [ 1 ], the
ubstantial 6-MP dose reduction in the heterozygous
a tien t suggests tha t it would be ra tional t o sequenc e
a tien ts for this v arian t prior to thiopurine trea tmen t in
lovenia. 

The most abundant NUTD15 variant in the Slovenian
opulation is rs45465203, which was found in 17.4%
f healthy individuals (MAF 8.7%) and in 18.9% of ALL
a tien ts, in all individuals in the heter ozy gous state. The

requency of v arian t alleles in individuals fr om Slov enia
s significantly lower compared with some populations
f European origin and higher than in populations from
frican and East Asian countries [ 22 ]. 

Since this was an exploratory study, it has some
imitations. First, the number of patients in the ALL
ohort was too low to enable statistical evaluation of
he observed association of the rs116855232 v arian t with
 low er cumulativ e dose of 6-MP during maint enanc e
herapy. Further r esear ch is r equir ed to ev alua te this
ssociation. Second, the sample size of the cohort of the
eneral population was too small to detect rare v arian ts,
hich might have important functional c onsequenc es
n the pr otein, ther efor e w e c ould not det ect their

requencies. 

. Conclusion 

his study is the first to investigate the presence of
enetic v arian ts in clinically importan t regions of the
UDT15 gene in the Slovenian general population and in

he small cohort of Slovenian ALL pa tien ts on thiopurine
herapy. We identified extremely rare v arian t in the
UDT15 gene in the downstream region of the gene,
hich the in silico prediction tools classified as being
enign. We w er e not able to ev alua t e its sig nificanc e in

he clinical setting, since it was not present in the ALL
ohort. Frequencies of most of the previously described
 arian ts found in the general population and in the ALL
ohort w er e in c onc ordanc e with those found in the other
 uropean populations. T he exception was rs45465203,
hich was less frequent in the Slovenian population.
e found only one v arian t allele included in the CPIC

ecommendations in the ALL cohort, namely NUDT15*3 .
he pa tien t heter ozy gous for this allele was able to
 olerat e lower than standard doses of 6-MP, which is
in c onc ordanc e with the established CPIC recommen-
da tions. We conclude, tha t despite the rela tively low
frequencies in Slovenian population, NUDT15 variants
migh t be importan t in clinical settings when ev alua ting
pa tien ts with 6-MP toxicity and absen t v arian t TPMT
alleles. 

Article highlights 

• An important pharmacogene, NUDT15 was sequenced for the 
extended regions of exon 1 and exon 3 in 109 healthy individuals 
fr om Slov enia and 37 patien ts with acute lymphoblastic leuk emia. 

• This study systematically investigates the minor allele frequencies 
(MAF) of identified NUDT15 genetic variants in the Slovenian 
population. When compared with the general European 
population, we observed significantly lower MAF for rs45465203. 

• Within the cohort of healthy individuals, we identified extremely 
rare genetic variant on chromosome 13 at position 48045861 
(GRCh38, NC_000013.11) without an assigned rs number. 

• A patient with acute lymphoblastic leukemia and a heterozygous 
genotype for NUDT15*3 r eceiv ed a significantly lower relative 
cumulative dose of 6-mercaptopurine compared with other 
patients without this variant. 

• Determining genetic variants that impact enzyme functionality 
prior to thiopurine treatment can improve the dosing of 
6-mercaptopurine and the safety of the trea tment . 
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