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Pharmacogenetic markers in the therapy of 
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Abstract
Personalised medicine is a contemporary concept in medical practice, based on the observation 
that individuals respond differently to a particular therapy. Biomarkers, which include genetic 
markers, are a central element in the development of personalised medicine. Acute lympho‑
blastic leukaemia (ALL) therapy is among the most successful examples of the implementation 
of pharmacogenetic markers into clinical practice in order to adjust the dosage of drugs to an 
individual. ALL accounts for approximately 80 % of all forms of leukaemia occurring in children 
under the age of 15 years, making it the most common childhood cancer. Despite drastic im‑
provement in the treatment of childhood ALL over the past decades, treatment is still unsuccess‑
ful in some patients either due to toxic effects, or due to the inefficacy of the drugs used, which 
leads to a recurrence of the disease. An additional problem is associated with the long-term toxic 
effects of chemotherapy, which may occur several years after the treatment has been completed. 
In order to improve safety and efficacy, numerous studies have been performed aiming to iden‑
tify biomarkers which would enable tailoring treatment to the individual patient and improve 
treatment’s efficacy and safety.

Of these, the genetic factors associated with the toxicity of 6-mercaptopurine (6-MP), which is 
the cornerstone of maintenance treatment of ALL, have been studied most thoroughly. Thiopu‑
rine S- methyltransferase (TPMT) is a polymorphic enzyme which plays a major role in the deac‑
tivation of thiopurines and to a large extent accounts for the differences in individuals’ response 
to treatment. It has long been known that polymorphisms in the TPMT gene are largely respon‑
sible for reduced enzymatic activities, but numerous studies have shown that the accordance 
between genotype and enzyme activity is incomplete. In many studies published over the past 
decade, new pharmacogenetic markers have been associated with toxic effects of 6-MP as well 
as other drugs used for ALL therapy; however, they are not yet used in clinical practice.
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1  Introduction

Acute lymphoblastic leukaemia 
(ALL) accounts for approximately 80 % 
of all forms of leukaemia occurring in 
children under the age of 15 years, mak-

ing it the most common childhood can-
cer (1). In the last few decades, treatment 
of childhood ALL has advanced remark-
ably, with expected survival currently 
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at almost 90 % (2). The most significant 
contribution to the improved outcome 
of ALL can be attributed to understand-
ing the genetics of the disease and the 
discovery of numerous biomarkers that 
enable risk-based stratification of pa-
tients and the selection of the most ef-
fective treatment schemes. Biomarkers 
that are significant for predicting clin-
ical outcome can generally be divided 
into two groups. The first group includes 
prognostic biomarkers, which are help-
ful tools in making a prognosis on the 
likely course of the disease, regardless 
of therapy. Based on these markers, pa-
tients are divided into subgroups with 
different expected outcomes of the dis-
ease (3). The second group includes pre-
dictive biomarkers that are helpful tools 
in predicting disease outcome, and also 
in identifying and setting the dose of the 
optimal drug. They are used to identify 
patients with greater likelihood of toxic 
effects, so treatment can be adapted ac-
cordingly (3). In the review article, we 
will outline the methods and approaches 
to studying biomarkers and summarise 
the latest discoveries in prognostic and 
predictive pharmacogenetic biomarkers 
in treating childhood ALL.

2  Approaches to studying 
biomarkers

Contemporary studies on new phar-
macogenetic markers are conducted 
at different levels, from cell to animal 
models to retrospective and prospec-
tive clinical trials that are based on ei-
ther hypothetical or non-hypothetical 
approaches. Traditional hypothetical 
approaches to biomarker discovery are 
based on correlation between an indi-
vidual gene, protein or metabolite, and 
pharmacological response. The set hy-
pothesis is based on previous knowledge 
and is tested with a specific experiment. 

The advancement in the development 
of high-throughput omics technologies 
that enable concurrent measurement 
of several thousand variables has led to 
the recognition of the so-called non-hy-
pothetical approach. The approach is 
based on analysing the genome, the 
transcriptome, the proteome and/or the 
metabolome, and processing data using 
advanced bioinformatics and statistical 
tools, enabling wider understanding and 
new insight into molecular mechanisms 
responsible for the individual’s response 
to treatment.

Most published studies on pharmaco-
genetic markers that would enable per-
sonalised treatment of childhood ALL 
are based on the hypothetical approach 
– the so-called candidate gene studies.

3  Treating ALL

Combined chemotherapy plays an es-
sential role in treating ALL. It is admin-
istered to patients in a period of two to 
three years. The intensity of treatment 
is determined by the risk of recurrence 
based on several clinical and laborato-
ry factors, including age, white blood 
cell count at presentation, immunophe-
notype, cytogenetic and genetic abnor-
malities, the presence of extramedullary 
disease, leukaemia in the central nerv-
ous system and early response to thera-
py. Table 1 presents prognostic factors in 
greater detail.

ALL is treated based on different 
schemes developed by different ex-
pert cooperative groups, including the 
German Berlin-Frankfurt-Münster 
Group (BFM) (15), the group from 
St. Jude Children‘s Research Hospital 
(SJCRH) (16), the group from Dana-
Farber Cancer Institute ALL Consortium 
(DFC) (17), Children’s Oncology Group 
(COG) (18) and the Nordic Society of 
Paediatric Haematology and Oncology 
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(NOPHO) (19). All include chemother-
apy with three phase of treatment:
1. The phase of initial intensive treat-

ment (induction). The goal of this 
phase, usually lasting 4 to 6 weeks, 
is to achieve complete remission. 
Treatment is based on a combination 
of three to four agents, i.e. vincristine, 
corticosteroids (prednisone or dexa-
methasone), and L-asparaginase, with 
some regimens also adding an anth-

racycline (doxorubicin or daunoru-
bicin). The fourth or the fifth agent 
(anthracycline and/or cyclophospha-
mide) is usually administered to chil-
dren classified as high or very high 
risk (ALL) (20).

2. The phase of repeated intensive treat-
ment (consolidation and reinduc-
tion). Consolidation phase aims to 
eradicate the remaining (residual) 
leukemic cells that have remained 

Table 1: Napovedni dejavniki pri otrocih z ALL (4‑14).

Favourable prognosis Unfavourable prognosis

Age at diagnosis

• From 1 to < 10 years • < 1 year
• ≥ 10 years

White blood cell count upon diagnosis

• <50.000/μL • ≥ 50.000/μL

Immunophenotype

• Common B-cell ALL (CD10 positive) • T-cell ALL
• Pro B-cell ALL (CD10 positive)

Leukaemia

• Negative (CNS 1) • Positive (CNS 3)

Cytogenetic and genetic features

• DNA Index > 1.16
• hyperdiploidity (> 50 chromosomes)

• DNA Index < 1.0
• hypoploidity (< 44 kromosomov)

• t(12;21): ETV6-RUNX1
• znana tudi kot TEL-AML1

• t(9;22): BCR/ABL (chromosome Philadelphia);
• t(4;11): MLL/AF4
• t(1;19): TCF3-PBX1 (also E2A-PBX1)
• iAMP21 (worse prognosis only in case of 

treatment with standard regimes)

• ERg deletion • IKZF1 deletion
• Mutation into JAK2

Early response to treatment

• <0.01% minimal residual disease (MRD) after 7 
days of treatment with prednisone (determined 
from peripheral blood) and after the end of 
induction phase (determined from bone 
marrow)

• <0.01% minimal residual disease (MRD) after 7 
days of treatment with prednisone and a single 
intrathecal dose of methotrexate.
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following induction phase. The ther-
apy is intensive and combinations of 
therapeutic agents similar to the first 
phase are administered, with the ad-
dition of high doses of methrotrexate 
in combination with mercaptopurine 
(6-MP), vincristine and glucocorti-
coid. Patients are also administered 
L-asparaginase for 20–30 weeks. The 
consolidation phase is usually fol-
lowed by the so-called reinduction 
treatment phase, where patients are 
administered chemotherapy very 
similar in composition to induction 
phase (20).

3. Maintenance phase usually lasts two 
years or more and is based on dai-
ly oral administration of 6-MP and 
weekly oral administration of meth-
otrexate with or without periodic 
doses of vincristine and dexametha-
sone (20).

To prevent leukemic cells from 
spreading to the central nervous system 
(CNS), preventative therapy is directed 
against the CNS. This includes direct 
intrathecal and systemic administration 
of chemotherapy, and sometimes crani-
al radiation. For high risk ALL patients 
allogenic hematopoietic stem cell trans-
plantation is pursued (20,21).

In the 1967–1973 period, ALL children 
in Slovenia were treated in accordance 
with a protocol that was adapted from 
different treatment schemes, while in the 
1973–1983 period the treatment relied 
on Pediatric Oncology Group (POG). 
From 1983, different schemes were ap-
plied, adapted from the protocols of 
the German Berlin–Frankfurt-Münster 
group (ALL-BFM 83, ALL- BFM 86, 
ALL- BFM 90, ALL- BFM 95, study pro-
tocol ALL IC BFM 2002 and ALL BFM 
2010) (1,22).

Despite immense progress in treating 
ALL in the last decades, in some cases 

treatment is still ineffective due to tox-
ic side effects, some of which may be 
life-threatening, or the inefficiency of 
administered drugs, which leads to the 
recurrence of the disease (20). Major ad-
verse side effects of vincristine include 
haematological toxicity and neurotox-
icity (23), while the most significant side 
effects associated with L-asparaginase 
are allergic reactions, including ana-
filaxis, coagulation disorders and pan-
creatitis (24). Long-term use of gluco-
corticoids may lead to leukemic cells 
developing resistance to steroids and 
may cause adverse side effects, includ-
ing frequent infections or sepsis, oste-
onecrosis, diabetes and myopathy (25). 
Methotrexate treatment may cause ad-
verse side effects in the gastrointestinal 
tract, intestinal mucositis, hepatotox-
icity, nephrotoxicity or bone marrow 
suppression and neurotoxicity (26). Use 
of 6-MP may lead to bone marrow sup-
pression and hepatotoxicity, which may 
in some cases require hospitalisation 
and suspension of treatment (22,27) In 
addition to side effects during therapy, 
long-term toxic effects of chemotherapy 
are also problematic, and include cardio-
myopathy, osteonecrosis and secondary 
tumours that may appear several years 
after the end of treatment (28,29).

4  Pharmacogenetic markers 
of toxicity in ALL treatment

Because of the said side effects that 
may appear while treating ALL, several 
recent studies focused on discovering 
new treatment-related biomarkers that 
would enable individually tailored drug 
selection and dosage. Among these, phar-
macogenetic factors associated with the 
toxicity of 6-mercaptopurine in main-
tenance treatment of ALL (presented in 
chapters 4.1. and 4.2.) have been studied 
the most thoroughly, while pharmacoge-
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netics factors associated with drugs used 
in other phases of treatment (presented 
in chapter 4.3) have been studied to a 
somewhat lesser extent.

4.1  Thiopurine 
methyltransferase (TPMT) as 
a predictive pharmacogenetic 
marker of toxicity of 
6-mercaptopurine in 
maintenance treatment of ALL

The first studies of candidate genes 
in the treatment of ALL included stud-
ies of thiopurine-S-methyltransferase 
(TPMT), which is among the most suc-
cessful clinically useful pharmacogenet-
ic markers used to adjust the dosage of 
6-MP. The latter is the basis for long-
term maintenance treatment of ALL and 
is, together with azathioprine (AZA) 

and 6-thioguanine (6-TG), one of thio-
purine agents. Thiopurines are prodrugs 
that, when metabolised, may have cyto-
toxic and immunosuppressive effects. 
Therefore, in addition to treating ALL, 
they are used in treating several autoim-
mune diseases, such as Chron’s disease 
and ulcerative colitis, and to prevent or-
gan rejections following transplants (30).

The main mechanism of cytotoxic 
activity of thiopurines is the incorpo-
ration of 6-thioguanosines (6-TGN) 
into DNA. This initiates the mismatch 
repair mechanism, which is unsuccess-
ful and leads to a break in the daughter 
strand of DNA. In the next phase, DNA 
damage leads to cell cycle arrest and in-
itiates programmed cell death (apopto-
sis) (31). Moreover, 6-TGN may trigger 
apoptosis directly via the mitochondrial 
pathway, where Rac1, Bcl-xL and NF-κB 

Figure 1 Simplified schematic of metabolism and mechanism of action of thiopurines. 
Active metabolites have red outline and description of action mechanism, inactive metabolites 
have violet outline 6-MP: 6-metylmercaptopurine; 6-MeMP: 6-metylmercaptopurine; 6-MeTg: 
6- methylthioguanine; 6-Tg: 6-thioguanine; AZA: azathioprine; DNPS: de novo purine synthesis; 
dTgTP: deoxithioguanosine triphosphate; gMPS: guanosine monophosphate synthase; 
HPRT: hypoxanthine-guanine phosphoribosyltransferase; IMPDH: inosine-5′-monophosphate 
dehydrogenase; ITPA: inosine triphosphate pyrophosphatase; MeTgMP: metylthioguanosine 
monophosphate; MeTIMP: metylthioinosine monophosphat; TgMP: thioguanosine 
monophosphate; TIMP: thioinosine monophosphate; TITP: thioinosine triphosphate; TA: 
thiouric acid; TXMP: thioxanthine monophosphate; XO: xanthine oxidase; TPMT: thiopurine S- 
methyltransferase
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proteins are involved in the signalling 
pathway (32). A potential mechanism to 
achieve an immunosuppressive effect, 
which probably contributes less to the 
cytotoxic effect, is inhibition of de novo 
purine synthesis (DNPS) by 6-methylth-
ioinosine-5-monophosphate (MeTIMP) 
which is produced in the metabolism of 
thiopurines (33).

Figure 1 presents a schematic of thi-
opurine metabolism, which has three 
main pathways. Phosphoribosylation 
by hypoxanthine-guanine phosphor-
ibosyltransferase (HPRT) is the acti-
vation pathway that leads to the syn-
thesis of active 6-TGN via numerous 
intermediate metabolites, such as thi-
oinosine monophosphate (TIMP). 
Thiopurine deactivation pathways in-
clude oxidation by xanthine oxidase 
(XO) and S-methylation by TPMT (45). 
Because XO is located primarily in the 
liver and the intestines, the enzyme plays 
a significant role in first-pass metabolism, 
metabolising some 84 % of the 6-MP 
dose into inactive thiouric acid. Despite 
being a polymorphic enzyme, which 
means that enzyme activity in individu-
als varies, studies have not established a 
significant influence on the outcome of 
ALL treatment (34). The other thiopu-
rine deactivation pathway, which plays a 
major role particularly in blood-forming 
tissues, is via S-methylation by TPMT to 
form inactive 6-methylmercaptopurine 
(6-MMP). Unlike XO, variability in the 
enzymatic activity of TPMP, which is 
largely the result of TPMT gene poly-
morphisms, is the main cause of differ-
ent responses of individuals to treatment 
with 6-MP.

Thiopurine S-methyltransferase 
(TPMT; EC 2.1.1.67) is a cytosolic enzyme 
that belongs to S-adenosylmethionine-
dependent methyltransferase family. 
Although its role in thiopurine metabo-
lism has been well assessed, its endoge-

nous role and endogenous substrate are 
still unknown. TPMT enzyme activity in 
inviduals varies quite markedly. The dis-
tribution of TPMT activity in Caucasian 
population is trimodal, with 89–94 % of 
people possessing high or normal TPMT 
activity, 6–11 % intermediate and 0.3 % 
low enzyme activity (35). TPMT gene 
polymorphisms are thought to be the 
main reason for reduced activity. Among 
42 discovered polymorphisms (36), the 
most common and clinically significant 
polymorphisms responsible for reduced 
TPMT activity are TPMT*3A (rs1142345 
and rs1800460), TPMT*3C (rs1142345), 
and TPMT*2 (rs1800462) (37). Reduced 
TPMT activity causes increased forma-
tion of active metabolites, which may in 
case of excessive accumulation in healthy 
cells lead to serious adverse effects, with 
bone marrow suppression being the 
most common. Therefore, 6-MP dosage 
should be adjusted to avoid severe side 
effects. The guidelines of the Clinical 
Pharmacogenomics Implementation 
Consortium (CPIC) recommend that 
the dose in patients with a single variant 
allele of TPMT should be reduced to 30–
70 % of the standard dose of 6-MP, and 
by as much as 90 % of the standard dose 
in patients with two variant alleles (38). 
While determination of TPMT gene 
polymorphisms before the introduc-
tion of treatment is a quick, simple and 
cost-effective test, many studies have 
found, TPMT enzyme activity and re-
sponse to treatment cannot be predicted 
from the genotype alone (39-41). TPMT 
activity is, besides genotype, also influ-
enced by some other factors, including 
S-adenosylmethionine (SAM) – a TPMT 
cofactor and methyl donor in the cell. 
We have demonstrated in several studies 
that a higher concentration of SAM cor-
relates with higher TPMT activity due 
to post-translational stabilisation of the 
enzyme (42-44). Therefore, by influenc-
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ing SAM concentration, numerous other 
polymorphisms of the genes related to 
the methionine and folate cycles, which 
are presented in Figure 2 may have an 
effect.

SAM is synthesised from methionine 
in the methionine cycle, and is convert-
ed to S-adenosylhomocysteine (SAH) af-
ter the transfer of the methyl group, and 
then to homocysteine. Homocysteine 
then enters the transsulfuration path-
way or is converted back to methio-
nine, with 5-methyltetrahydrofolate 
(5-methyl-THF) as the substrate in the 
reaction. The conversion is catalysed 
by 5,10-methylenetetrahydrofolate re-
ductase (MTHFR), one of the most 
significant enzymes in the folate cycle 
(Figure 2). MTHFR gene polymorphisms 
that affect enzyme activity by affecting 
5-methyl-THF and SAM concentration 

may thereby influence TPMT activity 
and the toxicity of 6-MP. A retrospective 
study of paediatric patients with ALL in 
Slovenia has showed that the presence 
of at least one variant allele MTHFR 
677C > T (rs1801133) and/or 1298A > C 
(rs1801131) with the concurrent pres-
ence of the variant allelle TPMT*3A 
orTPMT*3C contributes to increased 
toxicity of maintenance treatment (45). 
Another two gene polymorphisms relat-
ed to the folate or methionine pathway 
were linked to adverse effects in main-
tenance treatment, i.e. polymorphisms 
rs61886492 in the FOLH1 gene (46) and 
rs10948059 in the GNMT gene (47). The 
FOLH1 gene encodes the folate hydro-
lase enzyme, which participates in the 
folate cycle, while GNMT encodes the 
glycine N-methyltransferase, a key en-
zyme for maintaining the methylation 

Figure 2: Schematic of folate and methionine cycle 
B12: vitamin B12; oxi-B12: oxidised form of vitamin B12; BHMT: betaine-homocysteine 
methyltransferase; DHFR: dihydrofolate reductase; DHF: dihydrofolate; FOLH1: folate 
hydrolase; Fol-Mg: folate monoglutamate; Fol-Pg: folate polyglutamate; gNMT: glycine 
N-methyltransferase; Me-B12: methylysed vitamin B12; MAT: methionine adenosyltransferase; 
MTHFD1: methylenetetrahydrofolate dehydrogenase 1; MTHFR: 5,10-methylenetetrahydrofolate 
reductase, MTR: methionine synthase; MTRR: methionine synthase reductase; SAM:  S-adenosyl 
methionine; SAH: S-adenosyl-L-homocysteine; TyMS: thymidylate synthase; SHMT: serine 
hydroxymethyltransferase; THF: tetrahydrofolate.
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balance in the cell and a significant reg-
ulator of intracellular concentration of 
S-adenosylmethionine (48).

4.2  Other pharmacogenetic 
factors related to toxicity in 
the maintenance treastment of 
ALL

Several studies have been published 
in recent years that show that several 
polymorphisms in the gene for Nudix 
hydrolase 15 (NUDT15) are also related 
to the toxicity of maintenance treatment. 
NUDT15 is a nucleoside phosphatase 
that protects cells from oxidative DNA 
damage by inactivating oxidised purine 
nucleoside triphosphates. Due structur-
al similarity, NUDT15 may also inacti-
vate deoxy-thioguanosine triphosphate, 
which is an active metabolite of 6-MP. 
If an individual receiving 6-MP has 
NUDT15 polymorphism, which reduces 
enzyme activity, this may lead to exces-
sive accumulation of active metabolites 
and thereby excessive toxicity of the 
drug. So far, 7 polymorhpisms related to 
lower enzyme activity of NUDT15 and 
toxicity of thiopurines have been de-
scribed, including the most significant 
one, c.415C > T (rs116855232), which has 
been examined in several independent 
studies. It has been demonstrated that 
individuals with T variant allele have a 
greater risk of adverse side effects due 
to bone marrow suppression compared 
to individuals with C wild type al-
lelle (49-51). While there has been over-
whelming evidence on the correlation 
between polymorphisms in NUDT15 
gene, all but one have been described in 
Asian and Hyspanic population (52), so 
their influence and significance in other 
populations is rather smaller.

In addition, PACSIN2 and ITPA gene 
polymorphisms have also been linked 
to toxicity of maintenance treatment in 

Table 2: Genes associated with drug toxicity in ALL treatment. The 
listed genes have polymorphisms, which, according to PharmGKB (76) 
database, are potential toxicity markers for treating paediatric ALL. The 
degree of evidence in accordance with PharmGKB classification is also 
given for each gene.

Drug and gene Degree of 
evidence*

6-mercaptopurine (6-MP)

TPMT 1A

NUDT15 1B

MTHFR; GNMT; FOLH1; ITPA; PACSIN2 3

Methotrexate

ABCB1; SLCO1B1 2A

MTRR 2B

GSTP1; ABCC2; ABCC3; ABCC4; DHFR; GGH; ARID5B; 
MTHFR; ITPA; TYMS; SHMT1; MTHFD1; CCND1; NALCN

3

Asparaginase

GRIA1; HLA-DRB1; SOD2; PNPLA3; CPA2; NFATC2 3

Vincristine

CEP72 2B

ABCB1 3

Glucocorticoids (dexamethasone)

SERPINE1; TYMS; VDR FokI; ACP1; CNTNAP2 3

*Classification of the degree of evidence: (1A) There are clinical guidelines 
from the Clinical Pharmacogenetics Implementation Consortium (CPIC) or 
relevant medical consortiums for the combinations of gene polymorphisms 
and drugs. (1B) There is numerous hard evidence on association with 
toxicity or efficacy for a combination of gene polymorphisms that have 
been demonstrated in several independent studies. (2A) The combination 
of the gene polymorphism and drug is among major pharmagogen with 
known functional significance. (2B) There is medium evidence on the 
association with toxicity or efficacy for a combination of a polymorphism 
and a drug. While the association has been presented in over one study, 
there are also studies that do not confirm the link or the influence of 
polymorphism is little. (3) Association of the combination of polymorphism 
and drug with toxicity or efficacy is presented in a single yet unrepeated 
study or evidence on association from different studies are inconsistent.
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some studies. PACSIN2 encodes the sub-
strate of protein kinase C and the casein 
kinase in neurones 2 (PACSIN2), which 
also takes part in the processes of en-
docytosis, organisation in membranes, 
membrane transport and the dynamics 
of actin cytoskeleton. As a candidate 
factor with influence on TPMT activity, 
rs2413739 polymorphism was also pre-
sented in the genome-wide association 
study in a panel of HapMap cell lines 
on samples of Hapmap cell lines and 
confirmed in a group of 286 paediatric 
patients with ALL. Patients with two 
PACSIN2 rs2413739 variant alleles had 
lower activity of TPMT, and also had 
a higher risk of gastrointestinal toxici-
ty (53). A retrospective study conducted 
among a group of paediatric patients 
with ALL in Slovenia showed that wild-
type TPMT patients with two PACSIN2 
rs2413739 variant alleles were at a higher 
risk of experiencing haematological tox-
icity than patients without the variant 
allele or a single one (47).

ITPA encodes the enzyme inosine 
triphosphatase, which catalyses the hy-
drolysis of inosine triphosphate (ITP) 
to inosine monophosphate (IMP) and 
thereby prevents accumulation of harm-
ful nucleotides in the cell. ITPA also 
takes part in the metabolism of 6-MP, 
where it catalyses the conversion of thi-
oinosine triphosphate (TITP) into thi-
oinosine monophosphate (TIMP), as 
shown in Figure 1. The most studied pol-
ymorphisms that reduce the activity of 
ITPA enzyme, are 94C > A (rs1127354) in 
IVS2 + 21A > C (rs7270101). Some studies 
linked the presence of the former with 
greater incidence of febrile neutropenia, 
particularly in patients undergoing geno-
type-tailored treatment TPMT (54), and 
with a greater risk of hepatotoxicity (55). 
In a study involving paediatric ALL pa-
tients in Slovenia, the presence of at least 
one non-functional allele (94C > A and/

or IVS2 + 21A > C) was linked to longer 
event-free survival or smaller risk of an 
early relapse (56).

4.3  Pharmacogenetic factors 
related to toxic effects in other 
phases of ALL treatment

Pharmacogenetic factors related to 
the toxicity and efficacy of methotrexate 
that is used in high doses in the consoli-
dation phase of paediatric ALL treatment 
have also been widely studied in recent 
years. Candidate gene studies mostly 
focused on common polymorphisms 
in the genes for enzymes related to the 
folate cycle, such as MTHFR, methio-
nine synthase reductase (MTRR), thy-
midylate syntase (TYMS), dihydrofolate 
reductase (DHFR), methylenetetrahy-
drofolate dehydrogenase (MTHFD1) 
and serine hydroxymethyltransferase 
(SHMT1) (57-60). These, the most stud-
ied were definitely polymorphisms 
MTHFR 677C > T (rs1801133) and 
1298A > C (rs1801131), which are linked 
to lower enzyme activity and for which 
some studies have demonstrated link-
age to haematological toxicity, survival 
or exposure to drug, while other studies 
have not confirmed the link (61,62). In 
addition to the genes of the folate cycle, 
numerous studies focused on the in-
fluence of polymorphisms in the genes 
that may affect the pharmacokinetics of 
methotrexate. A genome-wide associ-
ation study conducted by Trevino et al 
was the first to identify several common 
polymorphisms in the gene for the sol-
ute carrying organic anionic transporter 
SLCO1B, which were associated with the 
clearance of methotrexate and GI toxic-
ity (63). SLCO1B1 is also involved in the 
transfer of methotrexate from the blood 
to hepatocytes, and gene polymorphisms 
were linked both to increased and re-
duced carrier function (64). Several 
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studies have linked methotrexate clear-
ance and consequently the efficacy and 
toxicity of treatment also to polymor-
phisms in the genes that encode other 
carriers, i.e. ABCB1, which has been more 
widely supported (65-67), and ABCC2, 
ABCC3 and ABCC4, for which the link 
between the clearance and methrotrex-
ate toxicity has been reported only in a 
few studies (67-69). The aforementioned 
and several other polymorphisms asso-
ciated with toxicity and efficacy of meth-
otrexate in consolidation phase of ALL 
treatment are listed in Table 2, and more 
widely examined in other review arti-
cles (61,70).

Pharmacogenetic markers associ-
ated with the toxicity of the remaining 
drugs used for treating ALL have been 
less examined so far. Individual studies 
have found that individuals carrying 
HLA-DRB*07:01 allele have a higher risk 
of hypersensitivity to L-asparaginase, 
which is used in ALL both in the induc-
tion and consolidation phase (71). Some 
studies have also associated several pol-
ymorphisms in the GRIA1 gene that en-
codes the subunit of AMPA receptor, a 
tetramer ionotrope transmembrane glu-
tamate receptor in the central nervous 
system (72) with a higher risk of hyper-
sensitivity. Individual polymorphisms 
in the gene for ABCB1 carrier that were 
linked to its overexpression were asso-
ciated with unresponsiveness to gluco-
corticoids used in consolidation phase 
of ALL treatment, while polymorphisms 
in the TYMS, VDR Fok1, SERPINE1 and 
ACP1 genes were associated with a high-

er risk of osteonecrosis (73-75). These 
and some other genes, whose polymor-
phisms were connected to the toxicity 
and effectiveness of ALL treatment, are 
listed in Table 2.

5  Conclusion

Contemporary approaches in med-
icine focus on personalised treatment 
that may, compared to the tradition-
al approach, enable more effective and 
safe use of drugs, decrease side effects 
and ensure cost-effective pharmaceu-
tical care. Such an approach is based 
on selective and sensitive biomarker, so 
their examination has become a central 
element both in drug development and 
after acquiring marketing authorization 
for a medicinal product (77).

One of the first predictive pharma-
cogenetics markers that was successful-
ly introduced in clinical practice was 
TPMT genotype that is used to adjust the 
dose of 6-MP in children with ALL. Our 
studies have also identified MTHFR and 
PACSIN2 gene polymorphisms as poten-
tial phamacogenetic markers but they 
are not yet used in clinical practice due 
to a lack of sufficient number of repeat-
ed studies. In Slovenia, physicians may 
order genotyping of TPMT and MTHFR 
in patients treated with thiopurines 
and measurements of measurements of 
blood 6MP/AZA metabolite levels in the 
Laboratory for Molecular Diagnostics 
that operates under the University of 
Ljubljana, Faculty of Pharmacy.
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