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Abstract

Paediatric oncology patients who develop severe chemotherapy-induced toxicity that requires dose reduction, delay or
termination of treatment are at risk of decreased treatment efficacy. Previous research has provided evidence that genetic var-
iants in TPMT, NUDT 15, UGTIAI and DPYD are associated with toxicity of anticancer drugs. This led to pharmacogenetic guide-
lines that are integrated into clinical practice in paediatric oncology. Recently, novel genetic variants have been associated with a
higher risk of developing chemotherapy-induced toxicity. In this case series, we selected 21 novel variants and genotyped these in
nine patients with excessive chemotherapy-induced toxicity using whole exome sequencing or micro-array data. Ve observed
that six out of nine patients carried at least one variant that, according to recent studies, potentially increased the risk of devel-
oping methotrexate- or vincristine-induced toxicity. As patient-derived genetic data are becoming widely accessible in paediatric

oncology, these variants could potentially enter clinical practice to mitigate chemotherapy-induced toxicity.
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Background

Understanding why some paediatric oncology patients
develop severe chemotherapy-induced toxicity is key to
improving treatment outcomes. In past decades, discoveries in
the pharmacogenetics field revealed that patients carrying
genetic variants that lead to decreased activity of metabolizing
enzymes of thiopurine methyltransferase (TPMT), nudixhydro-
lase 15 (NUDT15), UDP Glucuronosyltransferase Family 1
Member Al (UGT1A1) and dihydropyrimidine-dehydrogenase
(DPD) are at risk of chemotherapy-induced toxicity.! This
knowledge is now well established in evidenced-based pharma-
cogenetic (PGx) guidelines of thiopurines, irinotecan and fluor-
opyrimidines, including dose and treatment recommendations,
and have been integrated in clinical practice of paediatric oncol-
ogy in the Netherlands.>™ Since 2016, various genome-wide
association studies (GWAS) and retrospective case—control
studies in paediatric oncology cohorts have discovered novel
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genetic variants in metabolism, transporter and drug-target
genes that are associated with a higher risk of developing
chemotherapy-induced toxicity due to anthracyclines, metho-
trexate (MTX), vinca alkaloids or asparaginase (see
Table 1).™'> As these findings have only recently been discov-
ered, there is not sufficient evidence to support uptake into PGx
guidelines, while there is a high need to better predict suscepti-
bility for severe chemotherapy-induced toxicity in paediatric
oncology patients. In this case series, we explored the role
of these novel genetic variants that have recently been asso-
ciated with excessive chemotherapy-induced toxicity of
anthracyclines, MTX, vinca alkaloids or asparaginase in
nine paediatric oncology patients. We genotyped these
patients after they developed severe unexplained grade III/
IV chemotherapy-induced toxicity. Here, we report the geno-
types and chemotherapy-related toxicities of these nine
patients and present future perspectives on follow-up studies
to determine the relevance of genotyping these variants for
clinical practice in paediatric oncology.

Methods

Developing pharmacogenetic test panel

In 2020, we published a review that included recent studies
(from 2016 onward) that investigated associations between
genetic variants and (any grade) toxicity induced by widely
used chemotherapeutic agents in paediatric oncology.’ In this
review, we excluded novel genetic variants that have been asso-
ciated with study outcomes other than chemotherapy-induced
toxicity (e.g. chemotherapy pharmacokinetics, efficacy and/or
survival). From the results of this review, we selected 21
genetic variants (see Table 1) that were available in whole
exome sequencing (WES) data and have been associated (p <
0.05 in univariate analysis) in at least one study with a higher
risk of developing chemotherapy-induced toxicity. Novel
genetic variants reported in our earlier review article were
excluded in this case series in case these could not be extracted
from WES data or have been associated with
chemotherapy-induced toxicity that was not present in our
patients.” Details on nucleotide change and minor allele frequen-
cies (MAF) can be found in supplementary material 1.

Patient inclusion

The nine patients described in this report were treated in the
Princess Maxima Center for Pediatric Oncology in the
Netherlands. In the Princess Maxima Center, around 600 chil-
dren per year are diagnosed and treated for their cancer
disease. Of these patients, most will experience severe
chemotherapy-induced toxicity. We did not select patients
for this series, but the nine patients were brought to our atten-
tion by paediatric oncologists. These patients developed
severe unexplained grade II/IV chemotherapy-induced tox-
icity (measured according to the Common Terminology

Criteria for Adverse Events [CTCAE], version 5) that
limited subsequent treatment.'® At diagnosis, all nine patients
gave informed consent to use their data, which were collected
during regular care in the clinic, for clinical purposes. For this
case series, we retrospectively collected information on diag-
nosis, treatment, dose interventions and toxicities from the
electronic health record system (i.e. HIX) used in the
Princess Maxima Center in the Netherlands.

Pharmacogenetic testing

Of the 21 variants that have recently been associated with
chemotherapy-induced toxicity, we exclusively extracted
the variants that were relevant for the specific drug and
adverse event that was observed in the patient. To minimize
interventions within our patients, we reused, where pos-
sible, whole exome sequencing (WES) or mRNA sequen-
cing data that has been previously collected. WES and
mRNA genotyping was performed on skin biopsies or
blood and sequenced on the Illumina Novaseq 6000
sequencer. If no sequencing data was available, we geno-
typed and used microarray data that was obtained with
the global diversity array (GDA) from Illumina. Samples
analysed for the WES and on the array were assessed for
several quality control (QC) parameters (sex, heterozygos-
ity, call rates per single nucleotide polymorphism and
sample) and passed all criteria. Most important, the WES
data median coverage was 100x and the array call rate
was >99.3% for all samples, and there were no indications
of swapped samples or contamination.

Case series results

In Table 2, the diagnosis, toxicity and genotype results of
nine paediatric patients can be found. Six out of nine
patients carried a genetic variant that has previously been
associated with an increased risk of developing MTX- or
vincristine-induced toxicity. A complete overview of geno-
type results can be found in supplementary material 2. All
patients were treated with standard chemotherapy regimens
according to the treatment protocols (see supplementary
material 3)."® In eight out of nine patients a dose interven-
tion (i.e. dose reduction, treatment delay and/or complete
termination of chemotherapy) was performed due to the
severity of the toxicity. One patient (patient 3) suffered
from severe mucositis and eventually died in the intensive
care unit due to a septic shock caused by neutropenic
enterocolitis. The treatment interventions (i.e. dose reduc-
tions/termination) were based on the toxicity profile of the
patient, not on the genotype results.

Methotrexate-induced toxicity

In our patients, we identified three variants as potential
risk factors for developing MTX-induced toxicity: ATP
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Table I. Genetic variants associated with chemotherapy-induced toxicity.
Drug agent Gene rsid Role gene Associated with? References
Anthracyclines GPR35 rs12468485 Potential role in cardiac physiology and  More frequent cardiotoxicity 6
pathology
Methotrexate ~ MTHFR rs1801133  Catalyzer in the folic acid cycle Increased risk of mucositis and 77
leucopenia
ABCC2 rs2273697  Drug transporter Increased risk of myelotoxicity 8
and leucopenia
ABCC2 rs3740066  Drug transporter Increased risk of vomiting/nausea ?
ABCC2 rs717620 Drug transporter Increased risk of leucopenia 10
miR-1206  rs2114358  Possible effect on miR-1206 expression Increased risk of mucositis H
ARID5B rs4948496  Regulates transcriptions of target genes Increased risk of leucopenia 10
Vinca alkaloids ITPA rs| 127354  Catalysator in adenosine metabolism Increased risk of neurotoxicity 12
pathway and gastrointestinal toxicity
ADORA2A  rs2236624  Modulate TNF-alpha production and Increased risk of hepatotoxicity ~ '2
hepatic glucogen metabolism
miR- 4481 rs7896283  Regulate genes Increased risk of neurotoxicity I3
SYNE2 rs2781377  Linker within cellular cytoskeleton Increased risk of neurotoxicity 4
MRPL47 rs10513762 Role in oxidative phosphorylation Increased risk of neurotoxicity 4
system
Asparaginase ~ PKD2LI rs6584356  Role in cell-cell interactions Higher risk of thrombosis 4
SLC39A12  rs62619938 Cofactor for enzymes Higher risk of thrombosis 14
MPEGI rs7926933  Role in innate immune system Higher risk of thrombosis 4
RIN3 rs3742717  Interaction-interference proteins Higher risk of thrombosis 4
ADAMTSI7 rs72755233 Role in maturation of proteins Higher risk of pancreatitis 4
IL16 rs| 1556218 Cytokine involved in immune system Higher risk of thrombosis 4
MYBBPIA rs3809849  Role in cellular processes and Higher risk of hypersensitivity 4
developments and pancreatitis
PNPLA3 rs738409 Role in triacylglycerol metabolism and  Higher alanine aminotransferase ~ '°
signaling levels
SPEF2 rs34708521 Role in correct axoneme development  Higher risk of thrombosis 4

2Study design, odds ratios and p-values can be found in supplementary material | of Bernsen et al. 2020.>

binding cassette subfamily C member 2 (ABCC2)
(rs717620, C>T), methylenetetrahydrofolate reductase
(MTHFR) (151801133, G>A) and microRNA(miR)-1206
(rs2114358, G> A).7 101117

Patients 2 and 8 carried a heterozygote variant in ABCC2
(rs717620, C>T) that has been associated with the devel-
oped MTX-induced haematological toxicity.'” ABC genes
encode for proteins that facilitate active efflux transport of
drugs such as methotrexate.?® Recently, there has been an
increase in number of publications studying associations
between genetic variants in ABCC2 and efficacy and tox-
icity of MTX.?'"? MTX toxicity is a complex process
and is in most cases related to prolonged (low concentra-
tion) MTX exposure or persistent high MTX levels.***
An interesting approach is adopted by Grzelj et al. who
showed a possible association between MTX efficacy and
ABCC2 polymorphism (rs717620) in patients diagnosed
with psoriasis who received low-dose MTX therapy.?® In
this study, the authors demonstrated that MTX drug sur-
vival has been significantly longer in patients carrying a T
allele in ABCC2 (rs717620, C>T) than patients carrying
ABCC?2 (15717620, C>T) CC genotype who discontinued
their treatment due to a lack of treatment response (hazard

ratio, 0.606; 95% confidence interval, 0.380-0.967; p =
0.036). However, in paediatric oncology it is common to
administrate high-dose (HD) MTX (dose >500 mg/mz)
that could potentially lead to prolonged MTX exposure in
paediatric patients carrying an ABCC2 (15717620, C>T)
variant. A recent study showed that heterozygote or homo-
zygote ABCC?2 (15717620, C>T) genotypes lead to higher
MTX blood concentrations in a paediatric ALL cohort.”!
However, Simon et al. showed that there is an association with
lower MTX plasma concentrations and ABCC2 (15717620, C>
T), yet in a small sample size (n = 50).%> Also, in a recent system-
atic review, Taylor et al. (2021) studied genetic variants that influ-
enced elimination and pharmacokinetics (PK) of HD-MTX in
paediatric cancers. They found consistent evidence that the
solute carrier organic anion transporter family member 1B1
(SLCOIBI) has an effect on MTX PK and exposure, but not
for ABCC2 (15717620, C>T).?*® In particular, SLCOIBI
(14149056, T>C) has repeatedly been associated with an
increased MTX exposure and presumably a lower MTX clear-
ance. In this study, Taylor et al. (2021) excluded pharmacoge-
netic studies investigating associations between genetic variants
and MTX-induced toxicity as an outcome (hence the reason
this variant was not included in this report), as this was not the
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objective of their review. Although this study contributes to a
better insight into genes involved in MTX PK and exposure
and can help to create practical recommendations including
MTX dose adjustments, it potentially overlooks genetic indica-
tors such as variants in ABCC2 that could be predictive for
MTX-induced toxicity, but lack a clear effect on MTX PK.
However, the role of ABCC2 (15717620, C>T) in MTX toxicity
is uncertain as shown by the conflicting study results. Notably,
both patients 2 and 8 had high MTX plasma concentrations
after MTX infusion (T = 48, >0.2-1.0 umol/L, reference value
(0-0.2 umol/L), which recovered quickly after rescue medication.

We found two patients (patients 3 and 8) with a heterozygote
variant in MTHFR (rs1801133, G> A) that has previously been
associated haematological toxicity.”'” The homozygote geno-
type of MTHFR (rs1801133, G> A) has been significantly asso-
ciated with MTX-induced mucositis. There are a considerable
number of studies investigating MTHFR (rs1801133, G>A)
associations with MTX-induced toxicity.” The MTHFR
enzyme is involved in the metabolism of folate to active
folate moieties. The homozygote genotype of MTHFR
(rs1801133, G>A) leads to an impaired MTHFR function
with a reduced capacity of around 50%, which could lead to
slower folate metabolism and cell repair.®>>' Given that
MTX also acts as an inhibitor in the folate pathway, there is a
potential synergistic effect in patients with an MTHFR
(rs1801133, G>A) variant. Patients 3 and 8 developed
extreme toxicities with drastic consequences as patient 3 even-
tually died of a septic shock caused by neutropenic enterocolitis.
Patient 8 experienced such severe and persistent thrombocyto-
penia that chemotherapy treatment was prematurely terminated.

Patient 3 additionally carried a heterozygote variant in
miR-1206 (rs2114358, G>A) that has earlier been asso-
ciated with MTX-induced mucositis. MicroRNAs are short
non-coding RNAs that regulate gene expression.*>* Since
the discovery of microRNAs, it has been suggested that
they also play a role in the regulation of pharmacokinetic
and pharmacodynamics genes and drug toxicity.** Three
recent studies assessed the role of miR-1206 (rs2114358,
G>A) in MTX-induced mucositis.''*>*® These studies
have shown a possible role of miR-1206 (rs2114358, G>
A) in MTX-induced mucositis but could not replicate the sig-
nificant finding found in earlier studies.**>>

Notably, two patients (patients 3 and 8) carried two het-
erozygote pharmacogenetic variants that have previously been
associated with toxicity due to MTX. Likely, the metabolism
and transport of MTX are affected by multiple genes and var-
iants in these pharmacogenes could potentially contribute to
an overall higher risk of developing MTX-induced toxicity.

Vinca alkaloid-induced toxicity

We identified three variants as potential risk factors for
developing vincristine-induced hepatotoxicity and neuro-
toxicity seen in our patients: adenosine A2A receptor
(ADORA2A) (rs2236624, T>C), miR-4481 (rs7896283,

A>1g}l)3and inosine triphosphatase (ITPA) (rs1127354, C>
A). >

Patient 5 carried a heterozygote variant in ADORA2A
(rs2236624, T>C), but only the homozygote wild type
genotype (TT genotype) has been significantly associated
with vinca alkaloid-induced hepatotoxicity.'> ADORA2A
genes are expressed in various tissues such as the brain,
liver, bone marrow and lymph nodes.*’** The ADORA2A
receptor is a guanine nucleotide-binding protein (G protein)-
coupled receptor (GPCR) and plays an important role in the
activation of cellular responses and the cyclic adenosine
monophosphate (cCAMP) signal pathway and is suggested to
play a role in liver injury. One study showed a possible asso-
ciation between the homozygote TT genotype of ADORA2A
(rs2236624, T > C) and vinca alkaloid-induced hepatotoxicity.
However, the association was not significant after multiplicity
correction and it was difficult to identify the chemotherapeutic
agent causing hepatotoxicity.'> We encountered the same dif-
ficulties in patient 5. This patient developed multiple toxicities,
including severe neurotoxicity and hepatotoxicity during treat-
ment with vincristine and pegasparaginase. In the literature,
there are no studies investigating the link between genetic var-
iants and pegasparaginase-induced hepatotoxicity.*

Patient 6 carried a heterozygote variant in miR-4481
(rs7896283, A >G), yet only the homozygote GG genotype
has been significantly associated with vinca alkaloid-induced
neurotoxicity.* This patient developed a vocal cord paresis
after a single vincristine administration. As mentioned
before, it has been suggested that microRNAs play a role in
the regulation of genes.>* However, the target genes of
miR-448]1 that are involved in pharmacokinetics and pharma-
codynamics of vinca alkaloids are unknown. In the literature,
there are no further studies addressing miR-4481. In the study
by Gutierrez-Camino et al., the significance of this association
was lost after false discovery rate (FDR) correction. 13 patient 9
developed severe neurotoxicity with constipation grade III,
facial weakness and peroneal nerve paralysis for which the
vincristine treatment was eventually discontinued completely
because a dose reduction to 60% was still intolerable. This
patient carried a heterozygote variant in ITPA (rs1127354, C
>A) that has been associated with vinca alkaloid-induced
neurotoxicity.'? The ITPA enzyme plays a role in the metab-
olism and synthesis of purines.*’ The heterozygote genotype
has been reported to lead to a 75% reduction in enzyme activ-
ity of ITPA*' One study showed a possible association
between ITPA and vinca alkaloid-induced neurotoxicity (and
gastrointestinal toxicity).12 However, this association was
not significant after multiplicity correction.

Discussion

Recent studies revealed novel genetic variants that have
been associated with a higher risk of developing
chemotherapy-induced toxicity in paediatric oncology
patients beyond the widely recognized pharmacogenes
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(i.e. TPMT, NUDTI5, UGTIAI and DPYD). In this case
series, we explored the possible role of these newly discov-
ered genetic variants in nine paediatric oncology patients
with unexplained severe chemotherapy-induced toxicity
(Table 2). Six out of nine patients carried at least one
genetic variant that potentially serves as a risk factor for devel-
oping MTX- or vincristine-induced toxicity: ABCC2
(1717620, C>T), MTHFR (rs1801133, G>A), miR-1206
(rs2114358, G>A), ITPA (rs1127354, C>A), ADORA2A
(12236624, T>C) and miR-4481 (157896283, A>G).

Although we observed potential risk variants for toxicity
in our patients, the clinical relevance of these variants
included in this report (Table 1) is not fully established.
ABCC2 (15717620, C>T), MTHFR (131801133, G>A),
miR-1206 (rs2114358, G>A), ITPA (151127354, C>A),
ADORA2A (152236624, T >C) and miR-4481 (rs7896283,
A>G) lack consistent evidence to be implemented into
clinical practice as predictors for developing toxicity. For
the majority of these variants, associations between
variant and chemotherapy-induced toxicity have not been
replicated in a prospective setting and validated in inde-
pendent cohorts.>™> Also, homozygote genotypes of
MTHFR (rs1801133, G>A), ADORA2A (152236624, T>
C) and miR-4481 (rs7896283, A>G) have been signifi-
cantly associated with MTX- or vincristine-induced toxicity
in earlier studies, leading to uncertainties if heterozygote
genotypes of patient 3, 5 and 6 can also be identified as
risk factors for toxicity.”'*'*!” Notably, the variants
ITPA (151127354, C>A), ADORA2A (152236624, T>C)
and miR-4481 (rs7896283, A>G) that have previously
been associated with vincristine-induced toxicity lost sig-
nificance after multiplicity correction, indicating that these
associations could be either weak or underpowered
studies to show a significant effect.'*"'?

To place these findings in a clinical context, it should be
noted that the genotypes of the six patients in this report are
common in the European population; 1/3 of the population
carries a heterozygous variant of ABCC2 (rs717620, C>T)
and ADORA2A (rs2236624, T > C), and half of the popula-
tion carries a heterozygote variant of MTHFR (rs1801133,
G>A), miR-1206 (152114358, G>A) and miR-4481
(rs7896283, A>G)."” A slightly less common variant,
ITPA (151127354, C> A), is present in 13% of the popula-
tion as a heterozygote genotype.'® Due to these high allele
frequencies, it was expected to find heterozygote genotypes
in our patients, which make it difficult to know what the
actual contribution of these variants is on the toxicity
seen in our patients. Nevertheless, the role of common var-
iants (MAF >1%) in developing toxicity should not be
underestimated. For example, common variants in
UGTIAI are leading to pre-emptive pharmacogenetic
screening of UGTIA] variants to mitigate the risk of devel-
oping irinotecan-induced toxicity.*> Another important
aspect is that chemotherapy-induced toxicity is a complex
system with most likely multiple contributing factors. As

the patients in this report (and in paediatric oncology in
general) are not treated with one, but with multiple che-
motherapeutic agents simultaneously, each of these agents
will probably contribute to the toxicity seen in the patient.
For some toxicity, such as neurotoxicity, it is widely recog-
nized that this is most likely induced by vincristine.
Haematotoxicity, however, could be induced by all che-
motherapeutic agents. This makes it difficult to investigate
the clear effects of one (or more) genetic variants on
chemotherapy-induced toxicity.

As more paediatric oncology centres are collecting
genetic data upon diagnosis, we expect that future clinical
practices in paediatric oncology will use pharmacogenetic
screening as a tool to pre-emptively intervene in cancer
treatments (beyond thiopurines, irinotecan and fluoropyri-
midines) to reduce the risk of severe toxicity. A good
example is shown in a recent case report by Loucks
et al.*> The authors genotyped UGTIAG6 (rs17863783, G >
T), retinoic acid receptor gamma (RARG) (1s2229774, G >
A) and solute carrier family 28 member 3 (SLC28A3)
(rs7853758, G>A) in three paediatric oncology patients.
They used this information to reduce the risk of
anthracycline-induced cardiotoxicity (ACT) by pre-
emptively intervening in anthracycline therapy (i.e. avoid
anthracycline treatment, dexrazoxane administration or con-
tinue treatment). A gap in knowledge for the novel variants
included in this report is the lack of data on the required treat-
ment intervention for patients with risk genotypes. A possible
solution is to research the genotype—phenotype correlation of
these novel variants. For example, the discovery of lower
enzyme activity of TPMT genetic variants supported decision-
making regarding dose reductions of thiopurines that were
necessary for patients carrying genetic variants in TPMT.**
Most of these correlations are performed in in vitro studies,
but new tools such as in silico and neural network-based
model AlphaFold has been developed that predicts the function
and structure of proteins. These tools could give new insights
for suitable drug and treatment interventions based on the activ-
ity of the affected protein and can highly contribute to the inter-
pretation of GWAS and case—control studies results.***°

Despite uncertainties of the exact role of ABCC2
(rs717620), MTHFR (rs1801133), miR-1206 (rs2114358),
ADORA2A (rs2236624), miR-4481 (rs7896283) and ITPA
(rs1127354) in MTX- or vincristine-induced toxicity,
these variants could potentially support decision making
in clinical practice to better predict susceptibility for
chemotherapy-induced toxicity in patients. As an enormous
quantity of genetic data (e.g. whole exome sequencing and
whole genome sequencing data) is collected in paediatric
oncology, we will use this data to further examine the
role of these and other variants, including UGTIA6
(rs17863783, G>T), RARG (12229774, G>A) and
SLC28A3 (rs7853758, G>A) that have been associated
with ACT and SLCOIBI (rs4149056, T>C) that has
been associated with an increased MTX exposure, in new
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paediatric oncology cohorts.”®* In particular, SLCOI1BI
(rs4149056, T > C) has repeatedly been associated with an
increased MTX exposure and presumably a lower MTX
clearance. We did not screen SLCOIBI (rs4149056, T >
C) in our patients as this variant has been associated with
MTX pharmacokinetics and, to our knowledge, not (yet)
with MTX-induced toxicity, but will include this and
other novel variants that have a possible effect on pharma-
cokinetics of chemotherapy in future pharmacogenetic
studies. Furthermore, to include complex interactions
between metabolism, transport and other genes that are
involved in chemotherapeutic agents’ pharmacokinetics
and/or pharmacodynamics, we want to explore new study
approaches in pharmacogenetics such as polygenic risk
scores and in silico tools that contribute to sophisticated
predicting models for developing chemotherapy-induced
toxicity in paediatric oncology. In this way, we can hope-
fully mitigate and hopefully prevent the risk of developing
severe toxicity seen in the examples in this case series.

Acknowledgements

The authors want to thank the patients, parents and paediatric
oncologists in the Princess Maxima Center for Pediatric
Oncology for their input and approval of writing this case series.
The authors also want to thank Marco Koudijs for helping with
the genetic data extraction.

Authors’ contribution

EB collected patient data and literature and wrote the first draft of the
manuscript. BT and MvdL were involved in the genetic data extrac-
tion (methods). EB, LHanff, LHaveman and MD reviewed and edited
patient results and interpretation. All authors reviewed and edited the
manuscript and approved the final version of the manuscript.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

ORCID iD
EC Bernsen https:/#orcid.org/0000-0002-0249-1216
Supplemental material

Supplemental material for this article is available online.

References

1. Richards, et al. The clinical pharmacogenetics implementa-
tion consortium: 10 years later. Clin Pharmacol Ther 2018;
176: 139-148.

2. Pharmacogenetics—KNMP.nl [Internet]. Available from:
https:/www.knmp.nl/patientenzorg/medicatiebewaking/

10.

11.

12.

13.

14.

15.

16.

. CPIC

farmacogenetica/pharmacogenetics-1/pharmacogenetics
(accessed 6 July 2021).
[Internet]. Available
(accessed 6 July 2021).

from: https:/cpicpgx.org/

. Hoffman JM, Haidar CE, Wilkinson MR, et al. PG4KDS: a

model for the clinical implementation of pre-emptive pharma-
cogenetics. Am J Med Genet Part C Semin Med Genet 2014;
166: 45-55.

. Bernsen EC, Hagleitner MM, Kouwenberg TW, et al.

Pharmacogenomics as a tool to limit acute and long-term
adverse effects of chemotherapeutics: an update in pediatric
oncology. Front Pharmacol 2020; 11: 1-19.

. Ruiz-Pinto S, Pita G, Patifio-Garcia A, et al. Exome array ana-

lysis identifies GPR35 as a novel susceptibility gene for
anthracycline-induced cardiotoxicity in childhood cancer.
Pharmacogenet Genomics 2017; 27: 445-453.

. Ramirez-Pacheco A, Moreno-Guerrero S, Alamillo I, et al.

Mexican Childhood acute lymphoblastic leukemia: a pilot
study of the MDR1 and MTHFR gene polymorphisms and
their associations with clinical outcomes. Genet Test Mol
Biomarkers 2016; 20: 597-602.

. Hegyi M, Arany A, Semsei AF, et al. Oncotarget 9388

www.impactjournals.com/oncotarget pharmacogenetic ana-
lysis of high-dose methotrexate treatment in children with
osteosarcoma. Oncotarget [Internet] 2017; 8: 9388-9398.
Available from: www.impactjournals.com/oncotarget/.

. Hattinger CM, Biason P, lacoboni E, et al. Candidate germ-

line polymorphisms of genes belonging to the pathways of
four drugs used in osteosarcoma standard chemotherapy asso-
ciated with risk, survival and toxicity in non-metastatic high-
grade osteosarcoma. Oncotarget 2016; 7: 61970-61987.
Razali RH, Noorizhab MNF, Jamari H, et al. Association of
ABCC2 with levels and toxicity of methotrexate in Malaysian
childhood acute lymphoblastic leukemia (ALL). Pediatr
Hematol Oncol [Internet] 2020; 37: 185-197. Available from:
https:/doi.org/10.1080/08880018.2019.1705949.
Gutierrez-Camino A, Oosterom N, Den Hoed MAH, et al.
The miR-1206 microRNA variant is associated with
methotrexate-induced oral mucositis in pediatric acute
lymphoblastic leukemia. Pharmacogenet Genomics 2017,
27: 303-306.

Franca R, Rebora P, Bertorello N, et al. Pharmacogenetics and
induction/consolidation therapy toxicities in acute lympho-
blastic leukemia patients treated with AIEOP-BFM ALL
2000 protocol. Pharmacogenomics J 2017; 17: 4-10.
Gutierrez-Camino A, Umerez M, Martin-Guerrero 1, et al.
Mir-pharmacogenetics of vincristine and peripheral neurotox-
icity in childhood B-cell acute lymphoblastic leukemia.
Pharmacogenomics J [Internet] 2018; 18: 704-712. Available
from: http:/dx.doi.org/10.1038/s41397-017-0003-3.

Abaji R, Gagné V, Xu CJ, et al. Whole-exome sequencing
identified genetic risk factors for asparaginase-related compli-
cations in childhood ALL patients. Oncotarget 2017; 8:
43752-43767.

Liu Y, Fernandez CA, Smith C, et al. Genome-Wide study
links PNPLA3 variant with elevated hepatic transaminase
after acute lymphoblastic leukemia therapy. Clin Pharmacol
Ther 2017; 102: 131-140.

National Cancer Institute. Common Terminology Criteria for
Adverse Events (CTCAE) [Internet]. 2021. Available from:


https://orcid.org/0000-0002-0249-1216
https://orcid.org/0000-0002-0249-1216
https://www.knmp.nl/patientenzorg/medicatiebewaking/farmacogenetica/pharmacogenetics-1/pharmacogenetics
https://www.knmp.nl/patientenzorg/medicatiebewaking/farmacogenetica/pharmacogenetics-1/pharmacogenetics
https://www.knmp.nl/patientenzorg/medicatiebewaking/farmacogenetica/pharmacogenetics-1/pharmacogenetics
https://cpicpgx.org/
https://cpicpgx.org/
www.impactjournals.com/oncotarget/
https://doi.org/10.1080/08880018.2019.1705949
https://doi.org/10.1080/08880018.2019.1705949
http://dx.doi.org/10.1038/s41397-017-0003-3
http://dx.doi.org/10.1038/s41397-017-0003-3

Bernsen et al.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

https:/ctep.cancer.gov/protocoldevelopment/electronic_
applications/ctc.htm.

Yousef AM, Farhad R, Alshamaseen D, et al. Folate pathway
genetic polymorphisms modulate methotrexate-induced toxicity
in childhood acute lymphoblastic leukemia. Cancer Chemother
Pharmacol [Internet] 2019; 83: 755-762. Available from:
http:/dx.doi.org/10.1007/300280-019-03776-8.

Stichting Kinderoncologie Nederland [Internet]. Treatment
guidelines pediatric oncoloy. Available from: https:/skion.
nl/voor-professionals/per-ziekte-beeld/ (accessed 1
December 2021).

. dbSNP [Internet]. Available from: https:/www.ncbi.nlm.nih.

gov/snp/ (accessed 9 February 2022).

Van Der Schoor LWE, Verkade HJ, Kuipers F, et al. New
insights in the biology of ABC transporters ABCC2 and
ABCC3: impact on drug disposition. Expert Opin Drug
Metab Toxicol 2015; 11: 273-293.

LiuY, Yin Y, Sheng Q, et al. Association of ABCC2 —24C>T
polymorphism with high-dose methotrexate plasma concen-
trations and toxicities in childhood acute lymphoblastic leuke-
mia. PLoS One 2014; 9: 1-7.

Zgheib NK, Akra-Ismail M, Aridi C, et al. Genetic poly-
morphisms in candidate genes predict increased toxicity
with methotrexate therapy in Lebanese children with acute
lymphoblastic leukemia. Pharmacogenet Genomics 2014;
24: 387-396.

Simon N, Marsot A, Villard E, et al. Impact of ABCC2 poly-
morphisms on high-dose methotrexate pharmacokinetics in
patients with lymphoid malignancy. Pharmacogenomics J
2013; 13: 507-513.

Bidaki R, Kian M, Owliaey H, et al. Accidental chronic poi-
soning with methotrexate; report of two cases. Arch Acad
Emerg Med 2017; 7: 3-6.

Pignon T, Lacarelle B, Duffaud F, et al. Pharmacokinetics of
high-dose methotrexate in adult osteogenic sarcoma. Cancer
Chemother Pharmacol 1994, 33: 420-424.

Grzelj J, Marovt M, Marko PB, et al. Polymorphism in gene
for abec2 transporter predicts methotrexate drug survival in
patients with psoriasis. Med 2021; 57: 1-12.

Schulte RR, Choi L, Utreja N, et al. Effect of SLCO1B1 poly-
morphisms on high-dose methotrexate clearance in children
and young adults with leukemia and lymphoblastic lymph-
oma. Clin Transl Sci 2021; 14: 343-353.

Taylor ZL, Vang J, Lopez-Lopez E, et al. Systematic review
of pharmacogenetic factors that influence high-dose metho-
trexate pharmacokinetics in pediatric malignancies. Cancers
(Basel) 2021; 13: 1-20.

PharmGKB. Clinical Annotation for rs1801133 (MTHFR);
methotrexate; Burkitt Lymphoma, Leukemia, Lymphoma,
Lymphoma, T-Cell and Precursor Cell Lymphoblastic
Leukemia-Lymphoma (level 2A Metabolism/PK) [Internet].
Available from: https:/www.pharmgkb.org/clinical Annotation/
1451504901 (accessed 13 December 2021).

Botto LD and Yang Q. S5,10-Methylenetetrahydrofolate
reductase gene variants and congenital anomalies: a HuGE
review. Am J Epidemiol 2000; 151: 862-877.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Robien K and Ulrich CM. 5,10-Methylenetetrahydrofolate
reductase polymorphisms and leukemia risk: a HuGE minire-
view. Am J Epidemiol 2003; 7: 571-582.

Saliminejad K, Khorram Khorshid HR, Soleymani Fard S, et al.
An overview of microRNAs: biology, functions, therapeutics,
and analysis methods. J Cell Physiol 2019; 234: 5451-5465.
Bartel DP. MicroRNAs: genomics, biogenesis, mechanism,
and function. Cell 2004; 116: 281-297.

Yokoi T and Nakajima M. MicroRNAs as mediators of drug
toxicity. Annu Rev Pharmacol Toxicol 2013; 53: 377-400.
Lépez-Lépez E, Gutiérrez-Camino A, Pifidn MA, et al.
Pharmacogenetics of MicroRNAs and MicroRNAs biogen-
esis machinery in pediatric acute lymphoblastic leukemia.
PLoS One 2014; 91-7.

Umerez M, Garcia-Obregon S, Martin-Guerrero 1, et al. Role
of miRNAs in treatment response and toxicity of childhood
acute lymphoblastic leukemia. Pharmacogenomics 2018;
19: 361-373.

GTExPortal. Gene Page ADORA2A [Internet]. Available
from: https:/gtexportal.org/home/gene/ADORA2A (accessed
15 December 2021).

Fredholm BB, Arslan G, Halldner L, et al. Structure and func-
tion of adenosine receptors and their genes. Naunyn
Schmiedebergs Arch Pharmacol 2000; 362: 364-374.
Roszkiewicz J, Michatek D, Ryk A, et al. The impact of single
nucleotide polymorphisms in ADORA2A and ADORA3 genes
on the early response to methotrexate and presence of therapy
side effects in children with juvenile idiopathic arthritis: results
of a preliminary study. Int J Rheum Dis 2020; 23: 1505-1513.
Bierau J, Lindhout M and Bakker JA. Pharmacogenetic sig-
nificance of inosine triphosphatase. Pharmacogenomics
2007; 8: 1221-1228.

Heller T, Oellerich M, Armstrong VW, et al. Rapid detection
of ITPA 94C > A and IVS2 + 21 A > C gene mutations by real-
time fluorescence PCR and in vitro demonstration of effect of
ITPA IVS2 + 21A > C polymorphism on splicing efficiency.
Clin Chem 2004; 50: 2182-2184.

Reference SNP (rs) Report 153064744 [Internet]. Available
from: https:/www.ncbi.nlm.nih.gov/snp/rs3064744 (2022,
accessed 9 January 2022).

Loucks CM, Yan K, Tanoshima R, et al. Pharmacogenetic
testing to guide therapeutic decision-making and improve out-
comes for children undergoing anthracycline-based chemo-
therapy. Basic Clin Pharmacol Toxicol 2021130(S1), 95-99.
Yates CR, Krynetski EY, Loennechen T, et al. Molecular
diagnosis of thiopurine S-methyltransferase deficiency:
genetic basis for azathioprine and mercaptopurine intolerance.
Ann Intern Med 1997; 126: 608-614.

Jumper J, Evans R, Pritzel A, et al. Highly accurate protein
structure prediction with AlphaFold. Nature [Internet].
2021; 596: 583-589. Available from: http:/dx.doi.org/10.
1038/s41586-021-03819-2.

Cafiero C, Re A, Micera A, et al. Pharmacogenomics and pharma-
cogenetics: in silico prediction of drug effects in treatments for
novel coronavirus SARS-CoV2 disease. Pharmgenomics Pers
Med 2020; 13: 463-484.


https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm
http://dx.doi.org/10.1007/s00280-019-03776-8
http://dx.doi.org/10.1007/s00280-019-03776-8
https://skion.nl/voor-professionals/per-ziekte-beeld/
https://skion.nl/voor-professionals/per-ziekte-beeld/
https://skion.nl/voor-professionals/per-ziekte-beeld/
https://www.ncbi.nlm.nih.gov/snp/
https://www.ncbi.nlm.nih.gov/snp/
https://www.ncbi.nlm.nih.gov/snp/
https://www.pharmgkb.org/clinicalAnnotation/1451504901
https://www.pharmgkb.org/clinicalAnnotation/1451504901
https://www.pharmgkb.org/clinicalAnnotation/1451504901
https://gtexportal.org/home/gene/ADORA2A
https://gtexportal.org/home/gene/ADORA2A
https://www.ncbi.nlm.nih.gov/snp/rs3064744
https://www.ncbi.nlm.nih.gov/snp/rs3064744
http://dx.doi.org/10.1038/s41586-021-03819-2
http://dx.doi.org/10.1038/s41586-021-03819-2
http://dx.doi.org/10.1038/s41586-021-03819-2

	 Background
	 Methods
	 Developing pharmacogenetic test panel
	 Patient inclusion
	 Pharmacogenetic testing

	 Case series results
	 Methotrexate-induced toxicity
	 Vinca alkaloid-induced toxicity
	 Discussion
	 Acknowledgements
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


