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CHAPTER 1  

Introduction
Osteosarcoma is a primary bone tumor which is most prevalent in children and 

adolescents. In June 1986, years after the introduction of chemotherapy treatment, Link 
and colleagues wrote in the New England Journal of Medicine (1): 

“Refinements in therapy for patients with osteosarcoma are needed. Although there has 
been a dramatic improvement in the overall outcome for children with osteosarcoma during 

the past 15 to 20 years, more than one third of children presenting without metastases 
will relapse after receiving therapy currently available. (…) The toxicity and expense of 

chemotherapy regimens currently in use are substantial, and the late effects of such therapy 
have not yet been assessed.”

Today, 35 years after publication of this article, no large improvements have been 
made in the treatment of osteosarcoma. Survival and relapse rates have remained similar 
and survivors suffer from toxicities, long after they finish treatment. When compared to 
other pediatric malignancies, where survival rates are approaching 90%, patients with 
osteosarcoma have lagged behind (2). In this thesis, germline genetic variation is studied 
in order to gain more insight in interindividual differences in treatment response and 
toxicities. Eventually, these findings may lead to novel opportunities for refinements in 
therapy for patients with osteosarcoma. 

Osteosarcoma
Osteosarcoma is the most common primary bone tumor, but it is still a rare disease. 

The incidence is 3-4 cases per million per year worldwide (3). Osteosarcoma can occur at 
any age, but it is most often diagnosed in children and young adults with a median age of 
14 years at diagnosis and 59% of patients is of male sex (4). Treatment of osteosarcoma 
consists of chemotherapy combined with surgery. Most chemotherapeutic treatment 
protocols rely on a backbone of cisplatin, doxorubicin and methotrexate and this also 
holds true for the protocol of the European and American Osteosarcoma Study Group 
(EURAMOS) that is used in The Netherlands. In summary, patients are treated with two 
cycles of chemotherapy before surgery, consisting of one course 75 mg/m2 doxorubicin 
(A) and 120 mg/m2 cisplatin (P) in the first week, and a course of 12 g/m2 methotrexate 
(M) in week 3 and in week 4. Thereafter, the primary tumor and possible metastases 
are resected, preferably with limb sparing procedures. Post-surgery, patients receive two 
additional MAP cycles and two MA cycles, supplemented with etoposide, ifosfamide or 
interferon-α, depending on histological response and randomization. In the latest results 
of the Euramos-1 trial in 2019, the 5-year overall survival (OS) was estimated 71%, along 
with 5-year event-free survival (EFS) of 54% (5). 

The development of severe toxicities can be a major burden for patients, impairing 
quality of life significantly even after treatment. Cisplatin-induced hearing loss (ototoxicity) 
occurs in some form in approximately 60% of the patients (6). This is often irreversible and 
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is especially problematic when it occurs in young children, as it can lead to difficulties in 
learning, language development and psychosocial skills (7, 8). Whereas cisplatin-induced 
ototoxicity usually arises during treatment, doxorubicin-induced cardiotoxicity may also 
arise years after finishing treatment. The risk of cardiac dysfunction is 5-15 higher in 
pediatric cancer survivors treated with doxorubicin than in the general population and 
a diagnosis of heart failure decreases 5-year survival with 50% (9-11). Adverse events 
of the liver (hepatotoxicity), kidneys (nephrotoxicity) and bone marrow (bone marrow 
toxicity) may also develop during chemotherapy treatment of osteosarcoma. In addition 
to the discomfort that patients experience of these adverse events, oncologists may be 
forced to reduce chemotherapy doses or even discontinue treatment when toxicities 
are too severe. This could reduce the anti-tumor effect of chemotherapy and may affect 
survival. Therefore, it is of importance to know which patients have higher risk of toxicity 
to improve both quality-of-life and survival rates.

Many interindividual differences exist in treatment response or the development 
of toxicities. Identifying accurate predictors for these differences could provide new 
leads towards a better understanding of biological mechanisms behind this. The most 
important clinical parameters that can predict a poor treatment response are the 
presence of metastases at diagnosis or an axial skeleton tumor site (5). Clinical risk 
factors for toxicities are young age, male sex, high anthracycline- and cisplatin dose and 
poor kidney function (6, 12, 13). Despite that these predictors are used for stratification 
in protocols, no individualized treatment options are available yet. Germline genetic 
variants may influence processes regarding absorption, distribution, metabolism and 
excretion (pharmacokinetics or ADME) of drugs and processes at drug target sites 
(pharmacodynamics). Therefore, genetic variation could potentially add information to 
predict treatment response and toxicity and may allow us design treatment strategies 
that fit individual patients better.

Pharmacogenomics
Germline genetic variation can have major effects on treatment response. In the field 

of pharmacogenomics, we aim to use genetic variation to optimize treatment. The main goal 
of genetic association studies in pharmacogenomics is to identify genetic variants which 
may explain interpatient variability in drug response in addition to the known predictive 
clinical parameters, to improve drug efficacy and reduce the risk of drug-induced toxicities 
(14). In the early days of pharmacogenetic discovery, the focus was on candidate gene 
studies. These studies only study variants in genes that are known to have a role in e.g. 
pharmacokinetic pathways of a drug of interest. As prices for large scale genotyping have 
decreased and technologies advanced over the years, larger panels of genetic variation 
are assessed in genetic association studies. Especially panels of variants in genes involved 
in the ADME of drugs. This allows the identification of variants in genes that were not 
previously indicated in the pharmacokinetic processes of drugs. Eventually, genome-wide 
association studies (GWAS) gained popularity. With genome-wide coverage of common 
genetic variation and highly developed imputation pipelines, millions of genetic variants 
can be studied at once. In addition, genetic variation in genes that code for proteins 
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involved in pharmacodynamic processes are covered, allowing for discovery of a whole 
new range of genetic variants that can provide opportunities to tailor treatment towards 
individual patients. In this thesis, both GWAS and ADME panels will be used.

Whereas many dosing guidelines were developed to use germline genetic variation 
in the prescription of drugs, this is still limited for pediatric patients (15, 16). Despite 
that, strong evidence for the association of NUDT15 and TPMT and 6-mercaptopurine-
induced toxicities is present in pediatric cancer patients and genotype-guided dosing is 
used in some hospitals (17-21). Although, the rarity of pediatric cancer is one of the main 
challenges in the discovery and consistent replication of many other pharmacogenetic 
associations (18). When studying many genetic variants, for example in GWAS, correction 
for multiple testing is required to avoid false-positive findings. This means that the 
p-value is adjusted according to e.g. Bonferroni correction or Benjamini and Hochberg 
False Discovery Rate (FDR) correction, and therefore only highly powered studies can find 
significant associations with these more stringent p-values. Power dependents on cohort 
size, effect size of the association, variance in the data and minor allele frequencies of 
the genetic variants. In small patient cohorts it could be more sensible to study smaller 
numbers of variants to reduce the effect of multiple testing correction. When the power 
is not sufficient, only associations with very large effect sizes will be detected. Increasing 
patient cohort numbers is the most efficient way to increase power. As osteosarcoma 
is relatively rare, it is very challenging to collect large enough patient cohorts, even if it 
would be possible to collect all osteosarcoma patients in The Netherlands power would 
be low. Therefore, collaboration with international research groups that are studying 
osteosarcoma patient cohorts is critical to obtain the necessary power. In addition, when 
studying toxicities, the mechanism of action is dependent on the medication and not 
necessarily on the malignancy. Therefore, it is even possible to combine different patient 
cohorts with corresponding chemotherapeutic treatment, as will be done in chapter 5 of 
this thesis.

Phenotypes
In genetic association studies, the design of the study and the case definition have 

a great impact on study results (22). Genetic association studies often follow case-control 
designs with dichotomized outcomes, but in some cases it is more advantageous to study 
continuous, ordinal or time-dependent survival outcomes. When studying toxicities, a 
case control design is often preferred, because it gives clear results of genetic variants 
that effect risk to develop a certain clinically relevant adverse event. The U.S. National 
Cancer Institute Common Technology Criteria for Adverse Events (CTCAE) offers grading 
scales that describe many toxicities ranging from grade 0 (no toxicity) to grade 5 (death). 
However, in the case of cisplatin-induced ototoxicity, many additional scales exist with 
slightly different cutoffs for the grade designation, for example, Brock, Chang, International 
Society of Pediatric Oncology (SIOP) Boston and Muenster scales (23). Of these, Brock 
and Chang grades are most concordant (κ=0.969) and Muenster and Chang are least 
concordant (κ=0.665), indicating that the scales should not be used interchangeably 
without great caution (23). On top of that, the grade allocations are then dichotomized to 
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allow for a case-control study and that is not always done similarly, causing heterogeneity 
in results across studies. In some studies, patients with grade 0 are compared to patients 
with grade 1-4, and in other cases grade 1 patients are considered controls or completely 
excluded to allow for a clearer distinction between cases and controls. In addition to that, 
when dichotomizing data, information on the phenotype severity is lost. An ordinal or 
continuous design could be used to include all toxicity information, with ranging severity, 
in the statistical model, which is beneficial for the power of the statistical test. 

When considering treatment efficacy, 5-year EFS or 5-year OS can be used as a 
survival outcome. EFS is a more relevant measure than OS because EFS only describes 
disease related events and OS may also describe death by other causes. An initial 
inadequate drug response can also be defined as progressive disease. This means that 
there is growth of the primary tumor or metastases or new cancerous lesions develop 
during or shortly after treatment, providing a very distinct group of patients with poor 
treatment responses. Studying progressive disease in a case-control design may identify 
genetic variants that are very specific for treatment response. 

Objectives of this thesis
The main aim of this thesis is to identify genetic variants that are associated to 

treatment response or toxicities in patients with osteosarcoma. The phenotypes that 
are studied will be approached from different angles, including both continuous and 
dichotomous outcomes, with a single measure per patient or with repeated measures. At 
the same time, genotyping methods will differ across chapters, ranging from a genome-
wide association study, an array with variants in genes coding for drug metabolizing 
enzymes and transporters to manual genotyping for validation cohorts. Eventually, we 
aim to elucidate more of the functional mechanism behind the genetic association. This 
may give novel opportunities for the refinement of treatment. The approaches that are 
used are briefly described below. 

In Chapter 2 of this thesis, a systematic literature review is presented of genetic 
variants that were discovered to be associated with treatment outcome or toxicities in 
patients with osteosarcoma. In addition to the systematic search, a structured literature 
search was performed to identify all studies that replicate the associations that were 
primarily found in osteosarcoma patient cohorts. This review thus summarizes the 
evidence that is available on pharmacogenetics in patients with osteosarcoma. In addition, 
gaps in knowledge are identified which present opportunities for future research.

Chapter 3 of this thesis is a genetic association study where methotrexate induced 
toxicities are the main focus. In a cohort of patients with osteosarcoma, toxicity data and 
methotrexate plasma levels were collected after every infusion of methotrexate during 
treatment. In addition, these patients were genotyped for a broad range of variants in 
genes in drug metabolizing enzymes and transporters. The aim of this chapter is to identify 
novel genetic variants associated with methotrexate toxicity using repeated measures in 
individual patients. Both continuous toxicity outcomes and dichotomized outcomes were 
analyzed to make optimal use of the information and their clinically predictive relevance.
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Chemotherapy treatment is very effective for some patients, but in other patients 
the tumor continues to grow during treatment. In Chapter 4 we assessed which genetic 
variants in genes that code for drug metabolizing enzymes and transporters are associated 
with disease progression. In addition, functional studies were performed to better 
understand the biological mechanism behind the variants that increase susceptibility to 
disease progression.

In Chapter 5, a genome-wide association study was performed to identify genetic 
variants that are associated to cisplatin-induced ototoxicity. The patient cohort of this 
study consists of pediatric patients that are treated with cisplatin, for osteosarcoma, 
medulloblastoma or low grade glioma. Because cohort size matters in GWASs, we 
collaborated with international research groups to gain as much power as possible to 
discover novel genetic variants that may generate opportunities to decrease hearing loss 
and improve patients’ quality-of-life, also after treatment.

The general discussion of the thesis is given in Chapter 6.
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Abstract
Background: Osteosarcoma is the most common bone tumor in children and 

adolescents. Despite multiagent chemotherapy, only 71% of patients survives and these 
survivors often experience long-term toxicities. The main objective of this systematic 
review is to provide an overview of the discovery of novel associations of germline 
polymorphisms with treatment response and/or chemotherapy-induced toxicities in 
osteosarcoma.

Methods: MEDLINE and Embase were systematically searched (2010-2020). Genetic 
association studies were included if they assessed >10 germline genetic variants in >
5 genes in relevant drug pathways or if they used a genotyping array or other large-
scale genetic analysis. Quality was assessed using adjusted STrengthening the REporting 
of Genetic Association studies (STREGA)-guidelines. To find additional evidence for the 
identified associations, literature was searched to identify replication studies.

Results: After screening 1533 articles, fifteen articles met our inclusion criteria. These 
range from studies focusing on genes in relevant pharmacokinetic pathways to whole 
genome sequencing. Eight articles reported on doxorubicin-induced cardiomyopathy. 
For seven genetic variants in CELF4, GPR35, HAS3, RARG, SLC22A17, SLC22A7 and SLC28A3, 
replication studies were performed, however without consistent results. Four small 
studies reported on bone marrow, nephro- and/or hepatotoxicity. Six studies included 
analysis for treatment efficacy. Genetic variants in ABCC3, ABCC5, FasL, GLDC, GSTP1 were 
replicated in studies using heterogeneous efficacy outcomes.

Conclusions: Despite that results are promising, the majority of associations were 
poorly reproducible due to small patient cohorts. For the future, hypothesis-generating 
studies in large patient cohorts will be necessary, especially for cisplatin-induced 
ototoxicity as these are lacking. In order to form large patient cohorts, national and 
international collaboration will be essential.
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Background
Osteosarcoma is the most common primary bone tumor, that occurs most often 

in adolescents between the age of 10 and 25 (1, 2). Treatment of osteosarcoma consist 
of surgical removal of the tumor combined with systematic pre- and postoperative 
chemotherapy protocols. High-dose methotrexate, doxorubicin and cisplatin form the 
backbone of this chemotherapy treatment (MAP regimen), combined with ifosfamide or 
etoposide in some regimens (3). The introduction of this chemotherapeutic treatment 
in the 1970s has drastically improved survival rates compared to surgery alone (1). 
However, no major improvements in the treatment protocol have been made since then, 
with survival rates remaining 71% in the latest publications of the Euramos-1 trial (4). 

Despite the positive effect of the MAP regimen on survival rates, patients also 
develop toxicities that can have a major effect on patients’ quality of life, during and after 
treatment. Moreover, severe toxicities can force oncologists to modify or even discontinue 
chemotherapy treatment, risking an unfavorable effect on tumor eradication. High-dose 
methotrexate can lead to bone marrow suppression, liver (hepato-) and renal (nephro-) 
toxicities (5). The most treatment-limiting side effect of doxorubicin is cardiotoxicity, 
which can develop during treatment, but most often manifests more than a year after 
treatment (6). Consequently, pediatric cancer survivors have a 5-15 times higher risk to 
develop congestive heart failure compared to the general population (7). Lastly, cisplatin 
can cause acute renal damage and long-term renal insufficiency and above all, cisplatin-
induced hearing loss (ototoxicity). This ototoxicity is often irreversible and has a significant 
impact on quality of life. Approximately 60% of all patients treated with cisplatin will 
develop some form of ototoxicity, of which the risk increases significantly with exposure 
and the final cumulative dose (8). 

Gaining more insight in the cause and the development of toxicities could lead to 
more personalized therapies, without compromising on survival rates. Clinical factors, 
such as age, sex, anthracycline- and cisplatin dose and kidney function, are known to 
contribute to the risk of developing these different toxicities (7, 9). Metastasis at diagnosis 
is the best validated predictor for treatment response and used in current protocols for 
stratification (4, 10, 11). However, this has not led to individualized treatment protocols so 
far. In addition, these clinical predictors do not explain all interpatient variation. Gaining 
more insight in genetic risk factors for survival and risk of toxicities (pharmacogenomics) 
may lead to a better understanding of biological mechanisms behind the different 
phenotypes and may ultimately lead to improved prediction models for these phenotypes 
seen in clinical practice.

The main goal of genetic association studies in the field of pharmacogenomics is 
to identify genetic variants which may explain interpatient variability in drug response, 
to improve drug efficacy and reduce the risk of drug-induced toxicities (12). In patients 
with osteosarcoma, pharmacogenomics may also give new opportunities to optimize 
treatment response and reduce toxicities. Most studies in this field have been focusing 
on genes that were already known to be involved in the working mechanisms of the 
treatments used, as described previously by our group in 2016 (13). So far, this has not 
resulted in the identification of genes that can be used in the clinical setting. Investigating 



20

CHAPTER 2

the genetic background of treatment outcome in a non-hypothesis driven manner has 
the advantage that new unexpected genes might be uncovered. An illustrative example 
is the association between ACYP2 and ototoxicity in patients with pediatric brain tumors 
which was identified in a genome-wide association study (GWAS) (14). This association 
was replicated in other patients, e.g. osteosarcoma patients (15) and adult testicular 
cancer patients (16) and these were combined in meta-analyses (17, 18). In all studies, 
patients with the AA genotype have an increased risk of ototoxicity, however the 
evidence is not yet strong enough to implement interventions based on this association 
in clinical practice. With regard to hypothesis- generating studies, osteosarcoma patients 
are especially suitable, because treatment has been consistent for a long time and is 
comparable around the world allowing the formation of larger homogenous cohorts in 
this relatively rare disease. The size of a homogenous patient cohort is an issue for many 
pediatric pharmacogenetic studies, because cohorts of patients with multiple diseases 
treated with similar medication are often combined. Discovery of novel associations in 
osteosarcoma cohorts reduces variance in the data and may accelerate the path towards 
the implementation to clinical practice. 

This current review aims to systematically summarize the findings of hypothesis-
generating pharmacogenetic studies that included patients with osteosarcoma. More 
specifically, we studied literature about the discovery of novel associations of germline 
polymorphisms with treatment response and/or chemotherapy-induced toxicities (bone 
marrow, hepato-, nephro-, oto-, and cardiotoxicity) in osteosarcoma patients, published 
in the last decade. In addition to that, replication studies of these discoveries were 
summarized to determine the strength of the evidence at this point in time.

Methods
Systematic search

The aim of this systematic review was to assess the currently available literature 
about the discovery of novel genetic variants involved in treatment response or treatment 
toxicity in patients with osteosarcoma. MEDLINE and Embase were systematically searched 
for relevant publications between 2010 and 2020. The search strategy in both electronic 
databases consisted of three elements connected by AND, as shown in Figure S1. The first 
element describes the patient group, which are patients with osteosarcoma. To include 
articles with patient cohorts with multiple diagnoses, a search term is added to describe 
pediatric patients with cancer, studying toxicities of cisplatin, doxorubicin or methotrexate. 
It was assessed manually if these mixed cohorts also include patients with osteosarcoma. 
The second element defines that articles should investigate genetic variation or be 
genome-wide association studies. The third element defines all outcomes of interest. These 
include outcomes that describe treatment efficacy, for example overall survival, event-free 
survival, disease progression or relapse. In addition, search terms are added to include 
toxicities of interest: ototoxicity, nephrotoxicity, bone marrow toxicity, cardiotoxicity and 
hepatotoxicity. These toxicities were studied, because patients with these side effects are 
most at risk for a dose reduction or discontinuation of treatment, which may have negative 
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effects on treatment efficacy. In the final search strategy, all keywords with their synonyms, 
MeSH terms (Pubmed), emtree terms (Embase) were searched, as described in Table S1. 
Cochrane was searched manually with similar search words as the other databases. The 
date of the literature search was 30th of September 2020.

All articles were screened systematically by two independent reviewers (EH and 
AB) for eligibility of titles. Thereafter, abstracts were reviewed and before selection for 
full text, a secondary abstract selection was performed to filter for genetic association 
studies with available full text articles. During full text selection, the number of variants 
and genes that are genotyped for the publications were recorded to be able to filter 
out small candidate gene studies or replication studies. Genetic association studies are 
included if they assess more than 10 germline genetic variants in more than 5 genes in 
relevant drug pathways or if they use a genotyping array or other large-scale genetic 
analysis. The aim of the study should be to generate novel hypotheses as to which genes 
and/or genetic variants play a role in one of our outcomes of interest in patients with 
osteosarcoma. Exclusion criteria include: no osteosarcoma patients, replication studies, 
case reports, review articles, animal studies, in vitro studies, tumor DNA is studied or 
only a conference abstract is available. In case conflicts between reviewers occurred, a 
third independent reviewer evaluated documents leading to consensus (MC). The same 
reviewers (EH and AB) also independently collected and reported results (including study 
design, cohort size, genotyping methods, phenotype, associated variants, effect size with 
confidence intervals and p-values) of the studies that met the inclusion criteria. 

Quality assessment
Quality assessment was performed to assess quality of the articles that were 

found in this systematic review. The quality assessment form was adapted from van 
Vugt and colleagues (Table S5), who adapted a previously published tool (19, 20). Briefly, 
the STrengthening the REporting of Genetic Association studies (STREGA) guidelines 
for reporting of genetic association studies was adjusted to be more applicable to 
pharmacogenetic studies (20, 21). 

Follow-up research
In order to find additional evidence for the associations that were found in the 

systematic search, a structured literature search was performed to identify studies that 
aim to replicate these associations. This included a search of the 91 genetic association 
studies identified during selection of the articles of the systematic search. In addition, 
PharmGKB and Pubmed were searched manually using the gene and variant of interest, 
doxorubicin and/or cardiotoxicity as search words. Furthermore, Web of Science was 
consulted to assess all articles that cited one of our selected articles. The articles that 
contained relevant information on replication of the associations found in the systematic 
search are included in the results.
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Results
Literature search

The systematic search in MEDLINE and Embase yielded a total of 1533 publications. 
The manual search in Cochrane yielded no additional publications. During the screening 
process, 229 duplicates were removed, and 1053 articles were removed because the 
title was not applicable to our research question (Figure 1). Consequently, the abstract 
screening was performed in 2 phases. In the first phase, 113 articles were removed because 
they were other studies than (pharmaco)genetic association studies, and secondly, all 
remaining studies were assessed again to make sure the full text was available, and the 
study included patients with osteosarcoma. In the full-text assessment, an inventory 
was made of the number of variants and genes studied in each article (Table S2 and S3). 
Twenty articles, studying >10 variants in >5 genes, passed our inclusion criteria. Of these, 
two articles were excluded because they were not hypothesis-generating (22, 23), two 
did not have osteosarcoma patients in the discovery phase of the study (24, 25) and one 
article only studied methotrexate (MTX) pharmacokinetics, but not one of the outcomes 
of our interest (26). Table S4 shows an overview of the articles that were excluded in the 
last phases of the selection as a result of the pre-defined inclusion criteria, as indicated 
with an asterisk in Figure 1. Eventually, fifteen articles were explored further in this 
systematic review.
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Figure 1. Flowchart for selection of articles.
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Quality assessment
The 15 studies that resulted from the systematic search were assessed for their 

quality of reporting and the results to the questions are presented in Table S6. The 
reporting of basic characteristics of the patient cohort was sufficient in 13 of 15 studies 
(87%). As shown in Table S7, these 13 studies all reported on the sex, age and diagnosis of 
the patients. The reporting of additional characteristics depended on the main outcome 
that was studied. Of the six articles on treatment efficacy, five reported on metastasis 
at diagnosis, four on the location of the osteosarcoma (axial or not) and four on the 
histological subtype of the tumor. The most important characteristics of the eight studies 
focusing on cardiotoxicity were follow-up time (7/8), radiation involving chest region 
(6/8) and anthracycline cumulative dose (6/8). Power calculations are lacking in 12 of the 
15 studies (80%). Three studies performed a retrospective power calculation to explain 
why variants that were previously found, were not found in their study. Seven studies 
contained a validation cohort to replicate their findings. 

For genotyping, five studies used a genome-wide array, one study used whole 
genome sequencing, four studies assessed an array with variants in genes involved in 
absorption, distribution, metabolism and excretion (ADME) of medicines and one used a 
chip with genes involved in cardiovascular disease. Four studies did manual genotyping 
with (multiplex) allelic discrimination assays. All studies that did not analyze their data as 
a GWAS, had a clear rationale in their introduction or methods regarding the choice of 
variants (e.g. ADME or cardiovascular disease variants). Regarding quality control of the 
genotyping data, nine studies reported on the exclusion of variants based on call rates, 
with cut-offs ranging from 0.85 to 0.99. Hardy Weinberg equilibrium (HWE) calculations 
were performed in 13 studies and lead to exclusion of variants in 12 of these articles if 
a variant deviated from HWE. During statistical analyses 12 studies assessed the effects 
of covariates and corrected for them in their genetic association analysis accordingly. 
Finally, ten studies used a form of correction for multiple testing, ranging from the 
strict Bonferroni correction to adjusting to a stricter p-value threshold without further 
explanation of rationale.

Treatment response
Six of the fifteen studies identified with the systematic review focused on the role of 

genetic variants in treatment response or treatment efficacy of chemotherapy in patients 
with osteosarcoma (Table 1). A variation of treatment outcomes was used to describe 
treatment response, including progression free survival (PFS), event free survival (EFS), 
overall survival (OS), histological response, relapse and tumor necrosis.

Four of the six studies investigated treatment response in a broad panel of 
variants in genes involved in metabolism and transport of cisplatin, doxorubicin and 
methotrexate, as shown in Table 1. In the study by Caronia et al., ABCC3 rs4148416 was 
associated with EFS, with a hazard ratio of 6.33 (95%CI 1.79-12.7, p=0.0021)(27). This was 
the first evidence of the genes’ clinical relevance in osteosarcoma treatment response 
and this was replicated successfully in two Chinese populations with consistent directions 
of effects, as shown in Figure 2 and Table S8 (28, 29). In addition, Caronia et al. identified 
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three variants in ABCB1 to be associated with both EFS and OS (rs4148737, rs1128503, 
rs10276036)(27). The T-allele of the ABCB1 rs1128503 was significantly associated with 
improved survival. However, replication studies of this variant yielded contradictory 
results, namely, one study replicated this significant association with consistent 
directions of effect (29), two studies found significant associations in which the T-allele 
was a risk allele instead of a protective allele (28, 30) and two studies found no significant 
associations with osteosarcoma treatment response whatsoever (31, 32). The second 
study using a pathway approach was the study by Hattinger et al.. They showed that 
GGH rs11545078, CYP2B6*6 and TP53 rs1642785 and ABCC2 rs2273697 are associated 
with EFS (31). However, none of these four variants retained statistical significance in a 
multiparametric Cox proportional hazard regression analysis (31). Despite that Windsor 
et al. could not replicate the association of ABCC2 rs2273697 with EFS, another variant in 
the ABCC2 gene, namely rs717620, was identified to be associated with poor histological 
response (32). However, this association was not confirmed in four replications studies 
(28, 31, 33, 34). In addition, the presence of the G-allele of GSTP1 rs1695 was associated 
with poor histological response and with PFS and a variant in RFC1/SLC19A1 (rs1051266) 
was significantly associated to PFS. Three of the six studies that also assessed GSTP1 
rs1695 and one of three studies that studied RFC/SLC19A1 rs1051266 in association to 
EFS or OS, also found a significant association, as shown in Figure 2 and Table S8 (29-31, 
33, 35-38). Lastly, the study performed by Hagleitner et al. included a discovery cohort of 
126 osteosarcoma patients and a replication cohort of 64 patients (34). Five variants were 
identified to be significantly associated with PFS (Table 1), including FasL rs763110, MSH2
rs4638843, ABCC5 rs939338, CASP3 rs2720376, CYP3A4 rs4646437. Genetic risk scores 
were generated based on these five variants, using the number of unfavorable alleles 
patients had for these variants. This risk score was able to distinguish between patients 
with good and poor outcome, both in patients with and without metastases (34). In the 
replication cohort by Xu et al., only FasL rs763110 and ABCC5 rs939338 contributed to 
the risk score to predict treatment outcome (39). Overall, all studies that used a pathway 
approach found novel genetic variants that may play a role in the response to treatment 
of osteosarcoma, however, the study by Caronia et al. was the only one large enough to 
correct for multiple testing. 
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A genome-wide association study (GWAS) including 523 osteosarcoma patients was 
performed by Koster et al. in 2018. They investigated 510,856 genetic variants in relation 
to OS (40). The variant which had the strongest association with OS, namely rs1030228, 
could not be replicated in their replication cohort, consisting of 109 osteosarcoma 
patients. However, in a combined analysis of the discovery cohort and replication cohort, 
another variant, rs3765555, was inversely associated with OS (HR = 1.76 per copy of the 
A-allele). Imputation of the region centered around this variant identified a second variant, 
rs55933544, significantly associated with OS (HR = 1.92 95% CI 1.53-2.41, p=1.34×10-8). Lin 
et al. replicated the association of rs55933544 with OS in their patient cohort with an odds 
ratio of 2.98 (95% CI 1.87-4.96, p<0.001). Furthermore, expression quantitative trait locus 
(eQTL) analysis showed that the T-allele of rs55933544 was significantly associated with a 
decreased IL33 expression and lower IL33 expression was independently associated with 
worse osteosarcoma patient survival (40). The study by Bhuvaneshwar et al. used whole 
genome sequencing data to identify haplotypes associated with relapse (41). Using both 
the TARGET and INOVA patient datasets, 231 haplotypes were described of which the 
variants could be mapped to 26 genes. From the haplotypes, only four variants in MKI67,
one in CACNA2D4, three in SLC13A2 and two in PPP1R12C were associated with relapse 
in both patient datasets independently. These variants were not previously indicated 
in osteosarcoma treatment response and no replication studies have been performed 
yet. Bhuvaneshwar et al. also extracted variants in ADME genes from their dataset to 
investigate the association with tumor necrosis and OS. A total of 281 variants were 
associated with tumor necrosis and five of these variants, in SLC22A1, SLC22A8, CHST12
and UGT2B15, were also associated with OS, prioritizing these for future research.

Doxorubicin-induced cardiotoxicity
Eight studies reported on pharmacogenetics concerning doxorubicin-induced 

cardiotoxicity (Table 2). These range from small studies with limited numbers of patient 
and small numbers of variants studied to GWASs with larger patient cohorts. In an 
exploratory study by Windsor et al., 36 genetic variants in 21 genes in the pharmacokinetic 
pathways of cisplatin, doxorubicin and methotrexate were investigated in relation to 
multiple outcomes in a patient cohort of 58 osteosarcoma patients (32). With regard to 
doxorubicin-induced cardiotoxicity, the G-allele of GSTP1 rs1695 was associated to both 
early and end-of-treatment cardiotoxicity. This variant was previously mainly indicated 
in treatment efficacy, as described above, however not in cardiotoxicity. Due to the 
exploratory nature of this study and the small patient cohort, these associations were not 
corrected for multiple testing. No replication studies of this association were identified in 
our search (Table S9). 

In another study, Hildebrandt et al. assesses 12 loci that were previously indicated 
in hypertension by a GWAS (42). They found that the G-allele of PLCE1 rs932764 and 
the G-allele of ATP2B1 rs17249754 are protective to doxorubicin-induced cardiotoxicity 
in pediatric cancer survivors. In addition, they showed that doxorubicin exposure to 
iPSC-cardiomyocytes is associated to decreased PLCE1 expression and increased ATP2B1
expression in a dose-dependent manner. 
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In two pharmacogenetic studies by Visscher et al., both studying a broad panel 
of ADME genes, multiple variants in the Solute Carrier (SLC) family were significantly 
associated with anthracycline-induced cardiotoxicity. In their patient cohorts, 
approximately 80% of patients was treated with doxorubicin and the rest was treated 
with other anthracyclines, most often daunorubicin. In the first study in 2012, the A-allele 
of SLC28A3 rs7853758 was found more often in controls than in cases, and significantly 
associated in a protective manner (43). Another variant in the same gene (rs4877847) 
was also significantly associated with anthracycline-induced cardiotoxicity, even after 
conditioning for rs7853758 thus suggesting an independent effect. The association of the 
top-hit (rs7853758) was replicated in the same study in an independent patient cohort. 
In addition, Visscher et al. published a validation study in 2013 in which this effect was 
strengthened in a meta-analysis (22). The additional power of this meta-analysis also 
gained a novel top-hit association. The A-allele of UGT1A6 rs17863783 was found to be 
significantly associated with anthracycline-induced cardiotoxicity (OR (95%CI) = 4.30 (1.97-
9.36), p = 2.4×10-4). Of the additional nine patient cohorts that attempted to replicate the 
SLC28A3 rs7853758 association(44-47), only two cohorts succeeded, as shown in Figure 2 
and Table S9 (24, 48). Interestingly, the associations were only found in pediatric patient 
cohorts and the effect was never found in adults. In their second discovery study, Visscher 
et al. studied a more broad ADME panel, containing 4153 variants in 300 genes. For both 
SLC22A17 rs4982753 and SLC22A7 rs41491178, the minor allele was found more often 
in controls than in cases and had a protective effect for developing cardiotoxicity after 
doxorubicin treatment (49). Both variants were not statistically significantly after a strict 
Bonferroni correction, but finding two variants associated with cardiotoxicity within the 
SLC22 gene family was significantly higher than expected by chance alone. In addition, 
the associations were successfully replicated in an independent patient cohort in the 
same study. However, the associations were not found in a subsequent candidate gene 
study (24) and GWAS (50).
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A study by Wang et al. focused on genes that were previously associated with 
cardiovascular disease, since cardiotoxicity risk is influenced by coexistence of 
cardiovascular disease risk factors like hypertension and diabetes (51). In this study, 
cumulative anthracycline exposure was calculated by multiplying the cumulative dose 
of individual anthracyclines with a factor that describes the drug’s cardiotoxic potential, 
but it was not indicated what percentage of the cohort received which anthracycline. 
Despite that, for this systematic review it was assumed that the majority was treated with 
doxorubicin. No variants were associated with anthracycline-induced cardiomyopathy, 
but a gene-environment interaction analysis identified the variant HAS3 rs2232228. 
Among patients with the GG genotype for this variant, cardiomyopathy was infrequent 
and not dose related. However, the AA genotype conferred an 8.9-fold increased 
cardiomyopathy risk when also exposed to anthracycline doses > 250 mg/m2, compared 
to the GG genotype. In the GWAS that Wang et al. executed two years later, they found no 
variants associated with anthracycline-induced cardiomyopathy (52). Again, they carried 
out a gene-environment analysis, which identified CELF4 rs1786814 to have a gene-
environment interaction with anthracycline dose. Patients with the CELF4 rs1786814 GG 
genotype who were exposed to anthracycline levels greater than 300 mg/m2, had a 10.2-
fold increased risk of cardiomyopathy compared to patients with the GA/AA genotype 
and exposure to anthracycline levels of 300 mg/m2 or lower. Among other variants,
HAS3 rs2232228 and CELF4 rs1786814 were studied by Leger et al. in hematopoietic 
cell transplantation survivors treated with anthracyclines. For the association of CELF4
rs1786814 with cardiomyopathy, the interaction between SNP and anthracycline dose was 
found, with p=0.02 (53). In addition, a significant association was found with an analysis 
limited to anthracycline doses >300 mg/m2 (1-sided p=0.01; Table S9). The interaction of 
HAS3 rs2232228 AG genotype and anthracycline dose had a 1-sided p=0.01 in this study. 
When restricting the analysis to anthracycline doses >250 mg/m2, a significant association 
was found (Table S9). However, no significant association was found when studying the 
main effects of the variants in a complete patient cohort containing all dosages with 
short- or long term cardiomyopathy, for neither HAS3 rs2232228 and CELF4 rs1786814. 

In a GWAS by Aminkeng et al. an association was found which was also replicated 
in their two replication patient cohorts (54). In all cohorts, the majority of patients was 
treated with doxorubicin, followed by daunorubicin and epirubicin. The SNP, RARG 
rs2229774, was associated with anthracycline-induced cardiotoxicity for both patients 
receiving a low to moderate anthracycline dose and patients receiving a high anthracycline 
dose. Overall, rs2229774 carriers (AA or AG genotype) had significantly increased odds 
of developing cardiotoxicity in comparison to non-carriers after doxorubicin treatment 
(OR (95%CI) = 4.7 (2.7-8.3), p = 4.3×10-11). The only other replication study that found a 
significant association, was the study by Schneider and colleagues in 2017 (50). However, 
they found that the A-allele causes a decreased risk rather than an increased risk for 
cardiotoxicity (Table S9). They argue that difference in direction of the effect may be due 
to the general heterogeneity between studies.

The genome-wide analysis of Ruiz-Pinto et al. focused on low frequency exome 
variants, as they used an exome array that is enriched with low frequency variants (80% 
of variants with minor allele frequency (MAF) ≤ 1%) (48). No variant showed a significant 
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association with chronic anthracycline-induced cardiotoxicity after correction for multiple 
testing, but a novel significant association for GPR35 was identified by gene-based testing. 
The SNP rs12468485 made the greatest contribution toward the observed association. 
The T-allele was almost exclusively found in cases, and 67% of cases carrying the CT 
genotype had an extreme chronic cardiotoxicity phenotype. Up to now, no replications of 
this association have been attempted.

Cisplatin-induced ototoxicity
In this systematic review, no publications were identified that studied the association 

of genetic variants with cisplatin-induced ototoxicity in patients with osteosarcoma. 
Windsor et al. planned on including ototoxicity in the genetic association study described 
above (32). However, this analysis was not performed because of incomplete data.

Bone marrow- hepato- and nephrotoxicity
Four studies were identified that focused on nephrotoxicity, hepatotoxicity and/or 

bone marrow toxicity in the systematic search. Table 3 shows that studies by Hattinger 
et al., Hegyi et al., and Windsor et al. are among the smallest studies in this review, as 
they studied 45, 29 and 36 variants in cohorts of 57, 59 and 58 osteosarcoma patients, 
respectively (31, 32, 55). Whereas significant associations were found, none of these studies 
corrected for multiple testing and that was also reflected by many replication studies with 
negative results. The results of the ABCC2 gene is a clarifying example for this. rs2273697 
was associated with hepatotoxicity and thrombocytopenia by Hattinger et al., however, 
as Figure 2 indicates, six studies that also related this variant to hepatotoxicity did not find 
a significant association (31-33, 55-58), negative results were also found in four studies 
that related this variant to thrombocytopenia (31, 32, 56-58). In addition, rs2273697 was 
found to be associated with leukopenia according to both Hattinger et al. and Hegyi et 
al., but this association was not found in 4 other cohorts (31, 32, 55-58). Lastly, Hegyi et 
al. and Windsor et al. found that ABCC2 variants rs3740066 and rs17222723, respectively, 
were associated with leukopenia. However these associations were not replicated in any 
of the replication studies (31, 32, 55, 58). Altogether, multiple replication studies were 
performed of the initial findings, but none of the replication studies could confirm these 
(Table S10). 
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Figure 2. Replication studies of the association of genetic variants with treatment response and toxicities that were 
identified in literature. Associations that are indicated as significant also showed consistant direction of effect with 
the discovery study. Table S8, S9 and S10 elaborate more on phenotypes, effect sizes and significance of these 
replication studies.

The association of MTHFR variant rs1801131 with anemia that was identified by 
Windsor et al., was conformed in two cohorts of acute lymphatic leukemia patients, but 
the association was not significant in five other studies (32, 59-65). In addition, Hattinger 
et al. showed that this variant is also associated to leukopenia. Whereas ten studies also 
assessed this association, there was only one study with a significant result, however 
with an opposite direction of effect (31, 59-61, 64-70). The only association that shows 
consistent replication is the association of ERCC2 variant rs13181 with nephrotoxicity, 
that was identified by Windsor et al.. In four of six patient cohorts treated with cisplatin-
based treatment, the association of the AC or CC genotype was associated with increased 
risk to develop nephrotoxicity was confirmed, with odds ratios ranging from 3.16 to 4.4 
(32, 71-75).

Finally, the study by Hurkmans et al. assessed a panel of 1936 variants in 231 
genes involved in absorption, distribution, metabolism and excretion of medicines for 
multiple toxicities (58). Three variants in the Cytochrome P450 family were significantly 
associated with thrombocyte count, namely CYP4F8 rs4808326, CYP2B6 rs4803418 
and CYP2B6 rs4803419, and these remained significant after Bonferroni correction for 
multiple testing. The two variants in CYP2B6 were in high linkage disequilibrium, and 
thus likely represent the same locus. Regarding CYP4F8 rs4808326, carriers of the A-allele 
had higher thrombocyte counts after methotrexate infusion compared to carriers of the 
G-allele. The gene has not been linked to methotrexate or thrombocyte count before. 
The underlying mechanisms of the associations with all three variants are still unclear 
(58). These associations are not replicated in other patient cohorts yet, as the publication 
was recent.
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Discussion
This systematic review provides an overview of hypothesis-generating pharma-

cogenetic studies in osteosarcoma patients of the last 10 years. In addition, replication 
studies of all top-hit associations of the studies were identified in a structured manner 
to give a more complete idea of the evidence that is present. Treatment response 
and doxorubicin-induced cardiotoxicity are the most extensively studied phenotypes. 
Chemotherapy-induced nephrotoxicity, hepatotoxicity and bone marrow toxicity were 
examined, but only in small patient cohorts. The influence of genetic variants on cisplatin-
induced ototoxicity was not investigated in any of the hypothesis-generating studies.

The only GWAS that was performed in relation to treatment response to 
chemotherapeutic treatment in osteosarcoma patients was the GWAS by Koster et al. 
(40). In that study, two variants in in the GLDC gene were found to be associated to overall 
survival. As previously mentioned, Lin et al. successfully replicated the association of 
rs55933544 with decreased overall survival in their patient cohort (76). Noteworthy, the 
TT genotype of this variant was not related to GLDC expression, but it was associated to 
lower expression of interleukin-33 (IL33) (40, 76). On top of that, Kang and colleagues 
genotyped common variants in the IL33 gene and found that the A-allele of rs1048274 
was associated to survival in a osteosarcoma patient cohort of Chinese ancestry (77). The 
patient cohort of Koster et al. consisted of European and Brazilian subjects and they did 
not identify statistically significant associations with common variants in IL33. Differences 
in linkage disequilibrium structures between populations allowed for different variants 
on the same locus to be associated to survival of patients with osteosarcoma, indicating 
that not GLDC, but IL33 is causal for decreased survival through the variant. This 
emphasizes that studying populations of different ethnicities helps in fine mapping the 
genetic background that causes a phenotype. IL33 was previously associated to prognosis 
in other cancers (78-80) and it is known to have pro- and anti-tumorigenic properties 
mediated through immune cells (81). In osteosarcoma, IL33 plays a role in osteosarcoma 
cell viability in in vitro experiments mediated through the PI3K/AKT pathway (82, 83). 
However, the exact role and the effects of genetic variants remains to be found.

A pathway approach including genes linked to osteosarcoma treatment was used 
by most of the included studies, so consequently members of the ABC transporter 
family were included in the pharmacogenetic investigations and sometimes found to be 
associated to the outcomes of interest. These genes code for membrane-bound proteins 
which participate in the movement of most drugs and their metabolites across cell surface 
and cellular organelle membranes. Defects in these genes can be important in terms 
of cancer therapy and pharmacokinetics (84). As indicated in the results of this review, 
ABCC2 variants were repeatedly associated to toxicities in these studies, however Figure 2 
shows that these associations were scarcely replicated. Doxorubicin and methotrexate 
are both transport substrates for ABCC2, which caused these variants to be studied, but 
this does not necessarily explain the causative functional background of the association 
that is observed. On the other hand, in the pathway approach study by Caronia et al. it 
was found that per T-allele of the ABCC3 rs4148416 variant, patients have an 8-fold higher 
risk of death, and 6 times lower risk on event-free survival, and this association was 
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consistently replicated in two other cohorts (27-29). ABCC3 codes for multidrug resistance 
protein 3 (MRP3) and is an important transporter of bile salts, but is also involved in efflux 
of methotrexate from liver and kidney cells (85, 86). 

The necessity of routine MTX plasma concentration measurement during treatment 
with MTX has allowed several research groups to study genetic variation involved MTX 
pharmacokinetics. This was not one of the clinical outcome measures of interest of this 
systematic review, and therefore these studies were excluded as shown in Figure 1, 
however, genetic variants that are associated to high MTX plasma levels may also give 
increased risk for toxicity and genetic variants that are associated to low MTX plasma 
levels may also predispose to a suboptimal treatment response. Lui et al. found three 
variants localized in ABCG2 to be associated with methotrexate clearance in patients 
with osteosarcoma, namely rs13120400, rs13137622, rs12505410 (26). Rs13120400 was 
the most significant variant, and the CC genotype of this variant was previously also 
associated to increased response to methotrexate in psoriasis patients (87). In addition, 
in the study by Hegyi et al., which included 59 osteosarcoma patients, ABCG2 rs2231142 
was found to be significantly associated with a longer half-life time of methotrexate (55). 
However, this variant is not in LD with variants identified by Lui et al.. ABCG2 codes for 
the breast cancer resistance protein (BCRP) and has an important role in the transport 
of methotrexate out of the liver and kidney and knockdown of ABCG2 increased the 
bioavailability of methotrexate in mice (86, 88). Both ABCC3 and ABCG2 may be of interest 
for further investigation with a larger patient cohort to relate it to both pharmacokinetic 
parameters and clinical outcomes of treatment. 

Six variants were found to be associated with doxorubicin-induced cardiotoxicity 
in a cohort containing osteosarcoma patients and were replicated minimally once in an 
independent patient cohort, namely CELF4 rs1786814, HAS3 rs2232228, RARG rs2229774, 
SLC22A17 rs4982753, SLC22A7 rs4149178, SLC28A3 rs7853758. The associations with HAS3
rs2232228 and CELF4 rs1786814 identified by Wang et al., consisted of gene-environment 
interactions, which means the variant effect is larger in patients that received a higher dose 
of doxorubicin. This emphasizes the importance of doxorubicin dose in the development 
of cardiotoxicity and in the effect size of genetic variant. CUGBP Elav-like family member 
4 (CELF4) is involved in splicing of TNNT2, which codes for cardiac troponin T (cTnT). cTnT 
plays a role in Ca2+ signaling and contraction of the heart muscle and is a biomarker 
for myocardial damage (89). Whereas the embryonal TNNT2 splicing variant, carrying an 
additional exon 5, is usually downregulated in adults, patients with CELF4 rs1786814 GG 
genotype express both the adult and embryonal TNNT2 splicing variant. This results in a 
temporally split myofilament response to calcium, decreasing the ventricular pumping 
efficiency, and thereby increasing the risk on dilated cardiomyopathy and cardiotoxicity 
(52, 90). In addition, pathogenic variants in TNNT2 are an established cause of hypertrophic 
and dilated cardiomyopathy (91). Adult and pediatric patients with cancer who developed 
chemotherapy-induced cardiomyopathy have an increased prevalence of pathogenic 
variants in sarcomere genes compared to controls, indicating that genetics involved in 
susceptibility to cardiomyopathy, such as mutations in sarcomere genes, may also be 
of importance in doxorubicin-induced cardiotoxicity (92). HAS3 encodes for hyaluronan 
which is a component of the extracellular matrix and is involved in tissue remodeling 



36

CHAPTER 2

after cardiac damage. In addition, hyaluronan reduces cardiac injury caused by ROS, 
which is an important element of doxorubicin-induced cardiac damage. Furthermore, 
the RARG gene codes for retinoic acid receptor gamma and binds to the topoisomerase 
IIβ (Top2b) promotor to repress its expression. Top2b is a target of doxorubicin mediated 
DNA damage, and if Top2b expression is low in cardiac tissue due to repression by 
RARG, the tissue is less susceptible to damage caused by doxorubicin (54). Despite 
that replication studies of the association of the RARG variant with cardiotoxicity 
were inconsistent, a functional study in iPSC-derived cardiomyocytes showed that 
the variant RARG increases sensitivity to doxorubicin-induced cardiomyopathy (93). 
Lastly, three variants in genes of the solute carrier transporter family were associated 
to doxorubicin-induced cardiomyopathy. A variant downstream of SLC22A17 was 
associated to cardiotoxicity. SLC22A17 is ubiquitously expressed, also in the heart, and 
plays a role in iron transport and homeostasis. Accumulation of iron in mitochondria 
can cause doxorubicin-induced cardiotoxicity, however the exact role of SLC22A17 
in this process is not studied (94). Secondly, SLC22A7 encodes for the organic anion 
transporter 2 (OAT2), which is highly expressed in liver and kidney and is known to play 
an important role in clearance of medicines but is not previously indicated in transport of 
cisplatin, doxorubicin or methotrexate. Lastly, a variant in SLC28A3 was associated with 
cardiotoxicity. SLC28A3 codes for the sodium-coupled nucleoside transporter 3 (CNT3). 
Only for CNT3, it was established to transport doxorubicin, indicating it may play a role 
in doxorubicin pharmacokinetics (95). Despite that this was not shown for OAT2, it does 
have considerable overlap in substrates with CNT3 and transports several nucleoside-
based drugs, for example 5-fluorouracil and zidovudine (96). 

While cisplatin-induced ototoxicity is one of the most prevalent adverse effects 
of cisplatin treatment, it was not investigated in any of the studies that were identified 
in this systematic review. The most recent GWAS on cisplatin-induced ototoxicity 
that included patients with osteosarcoma, was performed in 2009 and was therefore 
excluded from this review (97). In this study, Ross et al. identified genetic variants in the 
TPMT and COMT gene that are associated to cisplatin-induced hearing loss in pediatric 
patients with cancer. However, replication studies are very contradictive, as shown in a 
meta-analysis by Thiessen et al. in 2018 (17, 18). Whereas this was the only GWAS that 
included patients with osteosarcoma, work from other patient cohorts treated with 
cisplatin may be applicable to patients with osteosarcoma too. Xu et al. identified that 
the A-allele of ACYP2 rs1872328 gives an increased risk to cisplatin-induced ototoxicity 
in a pediatric brain tumor cohort (14). In 2020, Clemens et al. showed in a meta-analysis 
of 5 studies with a total of 1418 pediatric patients that this association was also found in 
cohorts containing patients with osteosarcoma (OR (95%CI) = 3.94 (1.04-14.93), p = 0.04). 
In addition, they showed a significant association of SLC22A2 rs316019 with cisplatin 
induced hearing loss in a meta-analysis of 4 studies (OR (95%CI) = 1.46 (1.07-2.00), p = 
0.02). Whereas these results are significant, the heterogeneity between studies remained 
an obstacle (I2=66% for ACYP2 rs1872328 and 44% for SLC22A2 rs316019). In conclusion, 
in order to find variants associated with cisplatin-induced ototoxicity, the priority would 
be to perform a GWAS with large patient cohorts to find reliable results. In the meantime, 
ACYP2 rs1872328 and SLC22A2 rs316019 could be studied further to find out their true 
potential for clinical practice.
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In general, the quality of reporting data in the included studies was good, as shown with 
the quality assessment using STREGA guidelines. However, there was minimal reporting on 
follow-up and missing data. All data in the studies was collected retrospectively and there 
was no prospective follow-up and, therefore, it is sensible that nothing was reported on 
patients that were lost to follow-up. It was also not reported how missing data was handled 
in statistical analysis or what kind of analysis was used for the main comparison regarding 
the missing data. However, it is assumed that these studies did a complete case analysis, 
because that is most conventional in retrospective genetic association studies. Therefore, 
this does not compromise the quality of these articles. 

The aim of this review was to identify variants that were discovered to be associated 
to a phenotype in a hypothesis-free manner and might form the basis for future 
pharmacogenomic studies in osteosarcoma. The most evident method to identify articles 
that describe these variants would be to limit the systematic search to GWA studies, 
as they are the textbook example to hypothesis-free research. However, the number 
of GWASs is limited in pediatric oncology cohorts and even more so in osteosarcoma 
cohorts. In addition, when a broad range of ADME genes is studied, it does not restrict 
itself to only genes that are previously indicated in the pathway of a drug. In order to 
include all literature with a hypothesis-free component, a boundary has been set to 
articles that assess more than 10 variants in more than 5 genes. The smallest studies 
in this review, by Hattinger et al., Hegyi et al., and Windsor et al. (45, 29 and 36 variants 
in cohorts of 57, 59 and 58 osteosarcoma patients), showed the poorest reproducibility 
(Table S8, S9, S10) (31, 32, 55). Possibly, due to the small number of patients in these 
studies, the power was too low to perform multiple testing correction causing the authors 
to report false-positive findings. 

Not only in the case of small studies, but also in larger studies, replication remains 
laborious. Our structured search shows that many replication studies have been 
performed but the majority do not confirm the findings from the discovery study with 
significant results (see Figure 2). Obvious explanations for this are the general heterogeneity 
between cohorts, different ethnicities, phenotypes and treatment regimens. In addition, 
power in discovery studies is often too low to correct for multiple testing, leading to false-
positive findings. Insufficient power in replication studies may also stand in the way of 
confirming true-positive findings. As a solution for that, meta-analysis of the discovery 
and replication cohorts could increase the total power, however in this review there 
was too much heterogeneity between studies perform reliable meta-analyses. To study 
treatment response different outcome parameters, such as overall survival, event-free 
survival, disease-free survival, progression-free survival, histological response and tumor 
necrosis were used, making it impossible to combine in a meta-analysis. For toxicity 
outcomes, there were large differences in grading systems and the exact definitions for 
which patients are considered cases. In pediatric patient cohorts, cardiotoxicity is defined 
in as fractional shortening below a limit that varies among studies. In adults, cardiotoxicity 
is defined as a decrease of ejection fraction below the lower limit of normal or a large 
absolute reduction in ejection fraction, making it impossible to combine pediatric and 
adult patient cohorts in meta-analysis. The introduction of more sensitive imaging tools 
may allow for earlier detection of cardiac dysfunction and homogenize phenotypes, for 
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example using global longitudinal strain (GLS), 3D volumetric echocardiographic or MRI. 
Lastly, confidence intervals of discovery and replication studies in this review do not 
always overlap, and therefore, it is already to be predicted that meta-analyses will be 
very heterogenous. In the future, the consistency of phenotypes would be improved if 
research groups with similar interests would collaborate to clearly define the phenotypes 
together, in order to perform powerful analyses in larger patient cohorts. 

Conclusion
To conclude, in this systematic review, fifteen articles were found that aimed to 

identify novel genetic variants involved in treatment toxicity or treatment response 
in patients with osteosarcoma. Most research was done on doxorubicin-induced 
cardiomyopathy and for seven genetic variants in CELF4, GPR35, HAS3, RARG, SLC22A17, 
SLC22A7 and SLC28A3, replication studies were performed without consistent results. 
Genetic variants in ABCC3, ABCC5, FasL, GLDC and GSTP1 were repeatedly associated to 
osteosarcoma treatment outcome, using very heterogeneous efficacy outcomes. Studies 
reporting on bone marrow, nephro- and/or hepatotoxicity were small and had poor 
reproducibility. Moreover, none of the articles assessed cisplatin-induced ototoxicity. 
Despite that these results are promising and may have great potential for the future, 
replications often remain contradictory. Therefore, hypothesis-generating studies in 
large patient cohorts will be necessary to confirm these variants and to discover novel 
associations. Large initiatives, for example Euramos-1 or the Children’s Oncology Group, 
could liaise with other research groups around the world with similar interests to boost 
the discovery of pharmacogenetic variants. Thereafter, functional studies are important 
to elucidate the mechanism behind the association and, ultimately, interventions should 
be established that make use of these associations to give patients with osteosarcoma a 
treatment that fits the needs of the individual best.
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Figure S1. General search strategy for electronic databases. 
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Table S1. Search strategy for electronic databases

Search source Pubmed/MEDLINE and Embase

Search date 30th of September 2020

Search restrictions None

Filters used None

Pubmed/MEDLINE 
search strategy

((“Osteosarcoma”[tiab] OR “osteosarcoma”[MeSH Terms] OR “Osteosarcomas”[-
tiab] OR “Sarcoma, Osteogenic”[tiab] OR “Sarcomas, Osteogenic”[tiab] OR “Os-
teogenic Sarcomas”[tiab] OR “Osteogenic Sarcoma”[tiab] OR “Bone Neoplasms/
drug therapy”[Mesh] OR “bone cancer”[tiab] OR “bone tumor”[tiab] or “bone tu-
mour”[tiab] OR “bone tumors”[tiab] or “bone tumours”[tiab]) OR ((“Child”[Mesh] 
OR “Adolescent”[Mesh] OR childhood cancer*[tiab] OR adolescent cancer*[tiab] 
OR pediatric cancer*[tiab] OR childhood tumor*[tiab] OR childhood tumour*[-
tiab]) AND (“Methotrexate”[Mesh] OR “Methotrexate”[tiab] OR “Cisplatin”[Mesh] 
OR “Cisplatin”[tiab] OR “NSC-119875”[tiab] OR “cis-Platinum”[tiab] OR “cis Plat-
inum”[tiab] OR “CDDP”[tiab] OR “Doxorubicin”[Mesh] OR “Doxorubicin”[tiab] OR 
“Anthracyclines”[Mesh:NoExp] OR “anthracycline”[tiab] OR “anthracyclines”[tiab] 
AND (“Ototoxicity”[Mesh] OR “Hearing Loss/chemically induced”[Mesh] OR  “Hear-
ing Loss/genetics”[Mesh] OR “Hearing Loss, Sensorineural”[Mesh] OR “Ear Diseas-
es/chemically induced”[Mesh] OR  “Ear Diseases/genetics”[Mesh] OR ototoxic*[-
tiab] OR “hearing loss”[tiab] OR “Renal Insufficiency”[Mesh] OR “Kidney Diseases/
chemically induced”[Mesh] OR  “Kidney Diseases/drug effects”[Mesh] OR  “Kidney 
Diseases/genetics”[Mesh] OR “Acute Kidney Injury/chemically induced”[Mesh] OR  
“Acute Kidney Injury/drug effects”[Mesh] OR  “Acute Kidney Injury/genetics”[Mesh] 
OR nephrotoxic*[tiab] OR “renal failure”[tiab] OR “kidney failure”[tiab] OR “renal 
function”[tiab] OR “Heart Diseases/chemically induced”[Mesh] OR  “Heart Dis-
eases/genetics”[Mesh] OR “Cardiomyopathies/chemically induced”[Mesh] OR  
“Cardiomyopathies/genetics”[Mesh] OR “Cardiotoxicity”[Mesh] OR cardiac tox-
ic*[tiab] OR cardiotoxic*[tiab] OR heart toxic*[tiab] OR “cardiomyopathy”[tiab] 
or “Bone Marrow/drug effects”[Mesh] OR “Hematopoiesis/drug effects”[Mesh] 
OR  “Hematopoiesis/genetics”[Mesh] OR “Bone Marrow Cells/drug effects”[Mesh] 
OR “myelosuppression”[tiab] OR “myelosuppressive toxicity”[tiab] OR hemato-
logic toxic*[tiab] OR ”anemia”[tiab] OR “myelopoiesis”[tiab] OR  “Chemical and 
Drug Induced Liver Injury”[Mesh] OR “Liver Diseases/chemically induced”[Mesh] 
OR  “Liver Diseases/drug effects”[Mesh] OR “Liver/drug effects”[MAJR] OR  “Liver 
Diseases/genetics”[Mesh] OR “hepatotoxicity”[tiab] OR liver toxic*[tiab] OR hep-
atotoxic*[tiab])))) AND ((“Genome-Wide Association Study”[Mesh] OR “GWAS”[-
tiab] OR “Genome-wide association study”[tiab] OR “Genome-Wide Association 
Studies”[tiab] OR “Whole Genome Association Analysis”[tiab] OR “GWA Study”[-
tiab] OR “GWA Studies”[tiab] OR “Genome Wide Association Scan”[tiab] OR “Ge-
nome Wide Association Studies”[tiab] OR “Genome Wide Association Study”[tiab] 
OR “Genome Wide Association Analysis”[tiab] OR “Whole Genome Association 
Study”[tiab] OR “Genome-wide scan”[tiab] OR “Genome wide scan”[tiab] OR “Ge-
nome-wide association analysis”[tiab] OR “Genome-wide association analysis”[-
tiab]) OR (“Genomic Structural Variation”[Mesh] OR  “Pharmacogenetics”[Mesh] 
OR “Polymorphism, Genetic”[Mesh] OR “Polymorphism, Single Nucleotide”[Mesh] 
OR “Genotype”[Mesh] OR “Germ-Line Mutation”[Mesh] OR genetic variant*[tiab] 
OR genetic variation*[tiab] OR gene variation*[tiab] OR gene variant*[tiab] OR 
polymorphism*[tiab] OR SNP[tiab] OR pharmacogenetic*[tiab] OR pharmacog-
enomic*[tiab] OR genotype*[tiab] OR variation*[tiab] OR variant*[tiab] OR genetic 
variability[tiab] OR germ-line mutation*[tiab] OR germ-line variation*[tiab])) AND 
(“Doxorubicin/adverse effects”[Mesh] OR  “Doxorubicin/toxicity”[Mesh] OR “Doxo-
rubicin/therapeutic use”[Mesh] OR “Doxorubicin/metabolism”[Mesh] OR  “Doxo-
rubicin/pharmacokinetics”[Mesh] OR “Doxorubicin”[tiab] OR “Anthracyclines/
adverse effects”[Majr] OR  “Anthracyclines/toxicity”[Majr] OR “Anthracyclines/ther-
apeutic use”[Majr] OR “Anthracyclines/metabolism”[Majr] OR  “Anthracyclines/
pharmacokinetics”[Majr] OR “anthracycline”[tiab] OR “anthracyclines”[tiab] OR 
“Cisplatin/adverse effects”[Mesh] OR “Cisplatin/metabolism”[Mesh] OR  “Cisplatin/
pharmacokinetics”[Mesh] OR “Cisplatin”[tiab] OR “NSC-119875”[tiab] OR “cis-Plat-
inum”[tiab] OR “cis Platinum”[tiab] OR “CDDP”[tiab] OR “Methotrexate/adverse 
effects”[Mesh] OR “Methotrexate/toxicity”[Mesh] OR “Methotrexate/therapeutic 
use”[Mesh]OR “Methotrexate/metabolism”[Mesh] OR  “Methotrexate/pharmaco-
kinetics”[Mesh] OR “Methotrexate”[tiab] OR “Ototoxicity”[Mesh] OR “Hearing Loss/
chemically induced”[Mesh] OR  “Hearing Loss/genetics”[Mesh] OR “Hearing Loss, 
Sensorineural”[Mesh] OR “Ear Diseases/chemically induced”[Mesh] OR  
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“Ear Diseases/genetics”[Mesh] OR ototoxic*[tiab] OR “hearing loss”[tiab] OR 
“Renal Insufficiency”[Mesh] OR “Kidney Diseases/chemically induced”[Mesh] OR  
“Kidney Diseases/drug effects”[Mesh] OR  “Kidney Diseases/genetics”[Mesh] OR 
“Acute Kidney Injury/chemically induced”[Mesh] OR  “Acute Kidney Injury/drug ef-
fects”[Mesh] OR  “Acute Kidney Injury/genetics”[Mesh] OR nephrotoxic*[tiab] OR 
“renal failure”[tiab] OR “kidney failure”[tiab] OR “renal function”[tiab] OR “Heart 
Diseases/chemically induced”[Mesh] OR  “Heart Diseases/genetics”[Mesh] OR 
“Cardiomyopathies/chemically induced”[Mesh] OR  “Cardiomyopathies/genet-
ics”[Mesh] OR “Cardiotoxicity”[Mesh] OR cardiac toxic*[tiab] OR cardiotoxic*[-
tiab] OR heart toxic*[tiab] OR “cardiomyopathy”[tiab] or “Bone Marrow/drug 
effects”[Mesh] OR “Hematopoiesis/drug effects”[Mesh] OR  “Hematopoiesis/
genetics”[Mesh] OR “Bone Marrow Cells/drug effects”[Mesh] OR “myelosuppres-
sion”[tiab] OR “myelosuppressive toxicity”[tiab] OR hematologic toxic*[tiab] OR 
”anemia”[tiab] OR “myelopoiesis”[tiab] OR  “Chemical and Drug Induced Liver 
Injury”[Mesh] OR “Liver Diseases/chemically induced”[Mesh] OR  “Liver Diseas-
es/drug effects”[Mesh] OR “Liver/drug effects”[MAJR] OR  “Liver Diseases/genet-
ics”[Mesh] OR “hepatotoxicity”[tiab] OR liver toxic*[tiab] OR hepatotoxic*[tiab] 
OR “Treatment Outcome”[Mesh] OR “Efficacy”[tiab] OR “Treatment efficacy”[tiab] 
OR “Survival Analysis”[Mesh] OR “Survival”[tiab] OR “Overall survival”[tiab] OR 
“Disease Progression”[Mesh] OR “Progression”[tiab] OR “Progressive disease” OR 
“disease, progressive”[tiab] OR “Recurrence”[Mesh] OR “Neoplasm Recurrence, 
Local”[Mesh] OR “Recurrence“[tiab] OR “Recurrences”[tiab] OR “Relapse”[tiab] OR 
“Relapses”[tiab] OR “Prognosis”[Mesh] OR “prognosis”[tiab] OR “Neoplasm Metas-
tasis”[Mesh] OR “metastasis”[tiab])

Embase search strategy ((exp osteosarcoma/ or osteosarcoma/dt or bone tumor/dt, si or (osteosarcoma* 
or osteogenic sarcoma* or bone cancer* or bone tumor* or bone tumour*).
ti,ab,kw. ) or ((juvenile/ or adolescent/ or child/ or childhood cancer.mp. or exp 
childhood cancer/) and (methotrexate/ae, dt, to, pd or cisplatin/ae, dt, to, pd 
or doxorubicin/ae, dt, to, pd or anthracycline antibiotic agent/ae, dt, to, pd or 
(cisplatin or doxorubicin or methotrexate or MTX or anthracycline).ti,ab,kw.) and 
(exp ototoxicity/si or ototoxicity.mp. or high frequency hearing loss/si or exp blood 
toxicity/co, si or exp bone marrow toxicity/co, si or exp bone marrow suppression/
co, si or blood toxicity.mp. or bone marrow toxicity.mp. or bone marrow 
suppression.mp. or anemia/si or infection/si or leukopenia/si or exp cardiotoxicity/
co, si or cardiotoxicity.mp. or cardiomyopathy/co, si or cardiovascular disease/co, 
si or exp liver toxicity/ or liver toxicity.mp. or hepatotoxicity.mp. or liver injury/co, 
si or alanine aminotransferase/ or alanine aminotransferase blood level/ or exp 
nephrotoxicity/ or nephrotoxicity.mp. or creatinine blood level/ or creatinine/ or 
*”pharmacokinetic parameters”/ or *”pharmacogenetics”/ or pharmacokinetics/ 
or drug absorption/ or drug clearance/ or drug distribution/ or drug elimination/ 
or drug excretion/ or drug metabolism/ or (ototoxic* or “hearing loss” or blood 
toxicity or bone marrow toxic* or  bone marrow suppression or cardiotoxic* 
or cardiomyopathy or liver toxic* or hepatotoxic* or nephrotoxic* or kidney 
toxic*).ti,ab,kw.))) AND  (exp genetic association/ or exp genome-wide association 
study/ or exp single nucleotide polymorphism/ or pharmacogenetics.mp. or 
exp pharmacogenetics/ or exp genetic variability/ or exp genetic variation/ or 
exp genotype/ or genotype.mp. or exp genetic polymorphism/) AND (treatment 
outcome/ or clinical outcome/ or disease free interval/ or disease worsening 
with drug treatment/ or outcome assessment/ or outcomes research/ or partial 
drug response/ or treatment failure/ or exp survival/ or relapse/dr, dt, si or 
exp recurrent disease/dr, dt, si or (exp ototoxicity/si or ototoxicity.mp. or high 
frequency hearing loss/si or exp blood toxicity/co, si or exp bone marrow toxicity/
co, si or exp bone marrow suppression/co, si or blood toxicity.mp. or bone marrow 
toxicity.mp. or bone marrow suppression.mp. or anemia/si or infection/si or 
leukopenia/si or exp cardiotoxicity/co, si or cardiotoxicity.mp. or cardiomyopathy/
co, si or cardiovascular disease/co, si or exp liver toxicity/ or liver toxicity.
mp. or hepatotoxicity.mp. or liver injury/co, si or alanine aminotransferase/ or 
alanine aminotransferase blood level/ or exp nephrotoxicity/ or nephrotoxicity.
mp. or creatinine blood level/ or creatinine/ or (ototoxic* or “hearing loss” or 
blood toxicity or bone marrow toxic* or immunotoxic* or lymphocytotoxic* or  
bone marrow suppression or cardiotoxic* or cardiomyopathy or liver toxic* or 
hepatotoxic* or nephrotoxic* or kidney toxic*).ti,ab,kw.) or (methotrexate/ae, 
dt, to, pd or cisplatin/ae, dt, to, pd or doxorubicin/ae, dt, to, pd or anthracycline 
antibiotic agent/ae, dt, to, pd) or (cisplatin or doxorubicin or methotrexate or MTX 
or anthracycline).ti,ab,kw.)
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Table S2. Inventory of number of genes studied by the 91 genetic association studies. The bold line indicates the 
border between studies that are excluded (above line) or included (below line) 

Number of genes Number of publications
1 31

2 10

3 12

4 7

5 7

6 1

8 2

9 2

10 1

11 1

12 1

15 1

21 1

24 1

26 1

31 1

54 1

220 1

231 1

300 1

2100 1
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Table S3. Inventory of number of variants studied by the 91 genetic association studies. The bold line indicates the 
border between studies that are excluded (above line) or included (below line) 

Number of variants Number of publications

1-5 54

6-10 13

11-15 4

16-20 1

21-25 1

26-30 2

31-35 0

36-40 1

41-45 2

46-65 0

65-70 1

>100 2

>1000 4
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Table S4. Publications that were excluded from the systematic review in the last phases of the selection as a result 
of the pre-defined inclusion criteria.

Author Year Title Exclusion 
phase

Exclusion 
reason

Ref.

Clemens 
et al. 

2020 Genetic variation of cisplatin-induced 
ototoxicity in non-cranial-irradiated 
pediatric patients using a candidate gene 
approach: The International PanCareLIFE 
Study

Inventory # 
variants and # 
genes (Table S3 
and S4)

≤10 variants but 
>5 genes

(1) 

Goricar 
et al. 

2014 Influence of the folate pathway 
and transporter polymorphisms on 
methotrexate Treatment outcome in 
osteosarcoma

Inventory # 
variants and # 
genes  (Table S3 
and S4)

≤10 variants but 
>5 genes

(2)

Goricar 
et al. 

2015 Genetic variability of DNA repair 
mechanisms and glutathione-S-
transferase genes influences treatment 
outcome in osteosarcoma

Inventory # 
variants and # 
genes (Table S3 
and S4)

≤10 variants but 
>5 genes

(3)

Kang 
et al. 

2019 Relationship of common variants in 
Interleukin 33 gene with susceptibility 
and prognosis of osteosarcoma in Han 
Chinese population

Inventory # 
variants and # 
genes (Table S3 
and S4)

≤5 genes but >10 
variants

(4)

Langer 
et al. 

2020 Usefulness of current candidate genetic 
markers to identify childhood cancer 
patients at risk for platinum-induced 
ototoxicity: Results of the European 
PanCareLIFE cohort study

Final full text 
assessment

Replication study (5)

Lanvers-
Kaminsky 
et al. 

2015 Human OCT2 variant c.808G>T confers 
protection effect against cisplatin-induced 
ototoxicity

Inventory # 
variants and # 
genes (Table S3 
and S4)

≤5 genes but >10 
variants

(6)

Lui et al. 2018 A Pharmacokinetic and Pharmacogenetic 
Analysis of Osteosarcoma Patients 
Treated With High-Dose Methotrexate: 
Data From the OS2006/Sarcoma-09 Trial

Final full text 
assessment

Wrong outcome (7)

Ruiz-Pinto 
et al. 

2018 Exome array analysis identifies ETFB as a 
novel susceptibility gene for anthracycline-
induced cardiotoxicity in cancer patients

Final full text 
assessment

No osteosarcoma 
in discovery 
phase

(8)

Sági et al. 2018 Possible roles of genetic variations in 
chemotherapy related cardiotoxicity in 
pediatric acute lymphoblastic leukemia 
and osteosarcoma

Final full text 
assessment

No osteosarcoma 
in discovery 
phase

(9)

Spracklen 
et al. 

2014 Genetic variation in otos is associated with 
cisplatin-induced ototoxicity

Inventory # 
variants and # 
genes (Table S3 
and S4)

≤5 genes but >10 
variants

(10) 

Sun et al. 2015 Genetic polymorphisms in nucleotide 
excision repair pathway influences 
response to chemotherapy and overall 
survival in osteosarcoma

Inventory # 
variants and # 
genes (Table S3 
and S4)

≤10 variants but 
>5 genes

(11)

Visscher 
et al. 

2013 Validation of variants in SLC28A3 and 
UGT1A6 as genetic markers predictive of 
anthracycline-induced cardiotoxicity in 
children

Final full text 
assessment

Replication study (12)
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Table S5. Quality assessment form.

QUALITY ASSESMENT FORM

Study rationale
1. Was there a clear rationale for the selected candidate genes?

Yes; No; n/a (for GWAS)

Sample selection
2. Was a power calculation performed?

Yes, before initiation of study; Yes, but retrospectively; No

3. If a power calculation was performed (Yes to #2), were the number of 
inclusions required for a power of 80 met?
Yes; No; n/a (No to #2)

4. Were in- and exclusion criteria clearly described?
Yes; No

5. Were sufficient basic characteristics reported for the study population?*
Yes; No, name characteristics

6. Was a validation cohort selected (in this study) to test reproducibility of 
findings in the original cohort?
Yes; No

* The basic characteristics that were reported in 2 or more studies were considered as most relevant baseline 
characteristics. Based on that and depending on the outcome variable, an estimation was made if this article 
reported sufficient baseline characteristics.

Treatment and outcome
7. Were all patients treated according to label?

Yes; No; NR

8. Were clinical data collected prospectively of retrospectively?
Prospectively; Retrospectively; NR
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Follow-up and missing data
9. Does the study describe the number of participants who withdrew and/or 

were lost to follow-up after the start of the observation period?
Yes, complete (could replicate); Yes, partial (could not replicate); No; n/a

10. What was the overall percentage of participants who withdrew or were lost 
to follow-up after the start of the observation period?
Specify percentage; NR; n/a

11. What was the overall percentage of missing data for the association between 
the pharmacogenetics interaction and the main outcome?
Specify percentage; NR; n/a

Genotyping
12. Specify genotyping method(s) used.

PCR; Sanger sequencing; allelic discrimination assays; GWA array; other (specify); NR

13. For studies using genome-wide association study (GWAS) data, specify the 
allele-calling algorithm used.
Specify algorithm; NR; n/a

14. How many SNPs were excluded based on call rate, and what cut-off point for 
exclusion was used?
Specify number of excluded SNPs (specify cut-off point); NR

15. Was duplicate genotyping performed?
Yes; No; NR; n/a (for GWAS)

16. If duplicate genotyping was performed (Yes to #16), what was the duplicate 
genotyping concordance?
Specify percentage; n/a

17. Was Hardy-Weinberg equilibrium calculated?
Yes; No

18. If alleles were not in HWE, how were they handled?
Excluded based on P-value; Included (specify); Other (specify) 
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Statistical analyses
19. How were missing data handled (select all that apply)?

Excluded (complete case analysis)

Single imputatation (specify method)

Multiple imputation (specify method)

Other (specify)

NR

n/a

20. What type of analysis was used for the main comparison? 
Intention to treat analysis

As treated/complete case analysis

Other (specify)

NR

21. For studies investigating more than one genetic variant, was adjustment for 
multiple testing applied?
Yes; No; n/a

22. Were analyses performed to assess the effect of confounders?
Yes (specify); No; n/a

Other
23. Please provide any additional remarks (either positive or negative) on 

quality.
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Table S6. Results of quality assessment according to the STrengthening the REporting of Genetic Association 
studies (STREGA) guidelines for reporting of genetic association studies was adjusted to be more applicable to 
pharmacogenetic studies

Study rationale
Question 1. Was there a clear rationale for the selected 

candidate genes?
Aminkeng et al., 2015 n/a
Bhuvaneshwar et al. 2019 n/a
Caronia et al., 2011 n/a
Hagleitner et al., 2015 Yes
Hattinger et al. 2016 Yes
Hegyi et al., 2017 Yes
Hildebrandt et al. 2017 Yes
Hurkmans et al., 2020 Yes
Koster et al., 2018 n/a
Ruiz-Pinto et al., 2017 n/a
Visscher et al., 2012 Yes
Visscher et al., 2015 Yes
Wang et al., 2014 Yes
Wang et al., 2016 n/a
Windsor et al., 2012 Yes

Sample selection
Question 2. Was a power calculation performed?
Aminkeng et al., 2015 No
Bhuvaneshwar et al. 2019 No
Caronia et al., 2011 No
Hagleitner et al., 2015 Yes, but retrospectively
Hattinger et al. 2016 Yes, but retrospectively
Hegyi et al., 2017 No
Hildebrandt et al. 2017 No
Hurkmans et al., 2020 No
Koster et al., 2018 No
Ruiz-Pinto et al., 2017 No
Visscher et al., 2012 No
Visscher et al., 2015 No
Wang et al., 2014 No
Wang et al., 2016 Yes, but retrospectively
Windsor et al., 2012 No
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Question 3. If a power calculation was performed (Yes to #2), 
were the number of inclusions required for a power of 
80 met?

Aminkeng et al., 2015 n/a
Bhuvaneshwar et al. 2019 n/a
Caronia et al., 2011 n/a
Hagleitner et al., 2015 Yes
Hattinger et al. 2016 No
Hegyi et al., 2017 n/a
Hildebrandt et al. 2017 n/a
Hurkmans et al., 2020 n/a
Koster et al., 2018 n/a
Ruiz-Pinto et al., 2017 n/a
Visscher et al., 2012 n/a
Visscher et al., 2015 n/a
Wang et al., 2014 n/a
Wang et al., 2016 Yes
Windsor et al., 2012 n/a

Question 4. Were in- and exclusion criteria clearly described?
Aminkeng et al., 2015 Yes
Bhuvaneshwar et al. 2019 Yes
Caronia et al., 2011 Yes
Hagleitner et al., 2015 Yes
Hattinger et al. 2016 Yes
Hegyi et al., 2017 Yes
Hildebrandt et al. 2017 Yes
Hurkmans et al., 2020 Yes
Koster et al., 2018 No
Ruiz-Pinto et al., 2017 Yes
Visscher et al., 2012 Yes
Visscher et al., 2015 Yes
Wang et al., 2014 Yes
Wang et al., 2016 Yes
Windsor et al., 2012 Yes
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Question 5. Were sufficient basic characteristics reported for 
the study population?

Aminkeng et al., 2015 Yes; age, gender, cumulative anthracycline exposure, 
anthracycline chemotherapy, primary diagnosis, 
radiotherapy involving heart, use of cardioprotectants, 
duration follow-up

Bhuvaneshwar et al. 2019 No
Caronia et al., 2011 Yes; age, sex, tumor location, response to treatment, 

metastasis, survival status, relapse
Hagleitner et al., 2015 Yes; age, gender, primary metastasis, tumor in axial 

skeleton, poor histologic response, 5-year PFS
Hattinger et al. 2016 Yes; age, gender, tumor site, metastasis at diagnosis, 

histologic subtype, surgery, treatment
Hegyi et al., 2017 Yes; age, gender, risk group, hepatotoxicity, myelotoxicity, 

peak MTX, 48h MTX, AUX, T1/2
Hildebrandt et al. 2017 Yes; age, gender, race, chest radiation, cancer site, 

anthracycline cumulative dose, follow-up time, average EF, 
risk score, hypertension

Hurkmans et al., 2020 Yes; age, sex, ethnicity, metastasis, treatment protocol, 
MTX cumulative dose

Koster et al., 2018 Yes; age, sex, vital status, metastasis at diagnosis
Ruiz-Pinto et al., 2017 Yes; age, sex, primary diagnosis, family history of 

cardiovascular disease, radiotherapy involving the 
heart, cumulative anthracyline dose, anthracycline type, 
concomitant therapy, follow-up

Visscher et al., 2012 Yes; age, sex, dose, anthracycline type, tumor type, 
radiotherapy involving heart, follow-up

Visscher et al., 2015 No
Wang et al., 2014 Yes; race, age, sex, diagnosis, year of diagnosis, follow-

up, cumulative anthracycline dose, chest radiation, age at 
cardiomyopathy diagnosis, ejection fraction

Wang et al., 2016 Yes; race, age at primary cancer, age at study participation, 
sex, primary diagnosis, year of primary diagnosis, follow-
up, chest radiation, ejection fraction, fractional shortening

Windsor et al., 2012 Yes; age, follow-up, sex, ethnic group, primary tumor site, 
metastasis at diagnosis, histological subtype, histological 
response, death, relapse
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Question 6. Was a validation cohort selected (in this study) to 
test reproducibility of findings in the original cohort?

Aminkeng et al., 2015 Yes
Bhuvaneshwar et al. 2019 No
Caronia et al., 2011 No
Hagleitner et al., 2015 Yes
Hattinger et al. 2016 No
Hegyi et al., 2017 No
Hildebrandt et al. 2017 No
Hurkmans et al., 2020 No
Koster et al., 2018 Yes
Ruiz-Pinto et al., 2017 No
Visscher et al., 2012 Yes
Visscher et al., 2015 Yes
Wang et al., 2014 Yes
Wang et al., 2016 Yes
Windsor et al., 2012 No

Treatment and outcome
Question 7. Were all patients treated according to label?
Aminkeng et al., 2015 Yes
Bhuvaneshwar et al. 2019 Yes
Caronia et al., 2011 Yes
Hagleitner et al., 2015 Yes
Hattinger et al. 2016 Yes
Hegyi et al., 2017 Yes
Hildebrandt et al. 2017 Yes
Hurkmans et al., 2020 Yes
Koster et al., 2018 Yes
Ruiz-Pinto et al., 2017 Yes
Visscher et al., 2012 Yes
Visscher et al., 2015 Yes
Wang et al., 2014 Yes
Wang et al., 2016 Yes
Windsor et al., 2012 Yes
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Question 8. Were clinical data collected prospectively of 
retrospectively?

Aminkeng et al., 2015 Retrospectively
Bhuvaneshwar et al. 2019 Retrospectively
Caronia et al., 2011 Retrospectively
Hagleitner et al., 2015 Retrospectively
Hattinger et al. 2016 Retrospectively
Hegyi et al., 2017 Retrospectively
Hildebrandt et al. 2017 Retrospectively
Hurkmans et al., 2020 Retrospectively
Koster et al., 2018 Retrospectively
Ruiz-Pinto et al., 2017 Retrospectively
Visscher et al., 2012 Retrospectively
Visscher et al., 2015 Retrospectively
Wang et al., 2014 Retrospectively
Wang et al., 2016 Retrospectively
Windsor et al., 2012 Retrospectively

Follow-up and missing data
Question 9. Does the study describe the number of participants 

who withdrew and/or were lost to follow-up after the 
start of the observation period?

Aminkeng et al., 2015 No
Bhuvaneshwar et al. 2019 No
Caronia et al., 2011 No
Hagleitner et al., 2015 No
Hattinger et al. 2016 No
Hegyi et al., 2017 No
Hildebrandt et al. 2017 No
Hurkmans et al., 2020 No
Koster et al., 2018 No
Ruiz-Pinto et al., 2017 No
Visscher et al., 2012 No
Visscher et al., 2015 No
Wang et al., 2014 No
Wang et al., 2016 No
Windsor et al., 2012 Yes, three patients were excluded due to missing data
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Question 10. What was the overall percentage of participants 
who withdrew or were lost to follow-up after the start 
of the observation period?

Aminkeng et al., 2015 n/a
Bhuvaneshwar et al. 2019 n/a
Caronia et al., 2011 n/a
Hagleitner et al., 2015 n/a
Hattinger et al. 2016 n/a
Hegyi et al., 2017 n/a
Hildebrandt et al. 2017 n/a
Hurkmans et al., 2020 n/a
Koster et al., 2018 n/a
Ruiz-Pinto et al., 2017 n/a
Visscher et al., 2012 n/a
Visscher et al., 2015 n/a
Wang et al., 2014 n/a
Wang et al., 2016 n/a
Windsor et al., 2012 n/a

Question 11. What was the overall percentage of missing data 
for the association between the pharmacogenetics 
interaction and the main outcome?

Aminkeng et al., 2015 NR
Bhuvaneshwar et al. 2019 NR
Caronia et al., 2011 NR
Hagleitner et al., 2015 NR
Hattinger et al. 2016 NR
Hegyi et al., 2017 NR
Hildebrandt et al. 2017 NR
Hurkmans et al., 2020 Yes, ranges from 8% to 66% (Table 2)
Koster et al., 2018 NR
Ruiz-Pinto et al., 2017 NR
Visscher et al., 2012 NR
Visscher et al., 2015 NR
Wang et al., 2014 NR
Wang et al., 2016 NR
Windsor et al., 2012 NR
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Genotyping
Question 12. Specify genotyping method(s) used.
Aminkeng et al., 2015 GWA array and allelic discrimination assays
Bhuvaneshwar et al. 2019 Whole genome sequencing
Caronia et al., 2011 Multiplex allelic discrimination assays
Hagleitner et al., 2015 ADME array
Hattinger et al. 2016 Allelic discrimination assays
Hegyi et al., 2017 Allelic discrimination assays
Hildebrandt et al. 2017 Allelic discrimination assays
Hurkmans et al., 2020 ADME array
Koster et al., 2018 GWA array
Ruiz-Pinto et al., 2017 GWA array
Visscher et al., 2012 ADME array
Visscher et al., 2015 ADME array
Wang et al., 2014 Cardiovascular SNP array
Wang et al., 2016 GWA array
Windsor et al., 2012 GWA array

Question 13. For studies using genome-wide association study 
(GWAS) data, specify the allele-calling algorithm used.

Aminkeng et al., 2015 GenomeStudio 
Bhuvaneshwar et al. 2019 Sickle, Bowtie2, Samtools, Picard, and GATK’s 

HaplotypeCaller.
Caronia et al., 2011 GenomeStudio
Hagleitner et al., 2015 GenomeStudio
Hattinger et al. 2016 n/a
Hegyi et al., 2017 GenomeStudio
Hildebrandt et al. 2017 n/a
Hurkmans et al., 2020 DMET console software
Koster et al., 2018 NR
Ruiz-Pinto et al., 2017 GenomeStudio
Visscher et al., 2012 NR
Visscher et al., 2015 GenomeStudio
Wang et al., 2014 NR
Wang et al., 2016 NR
Windsor et al., 2012 Beadstudio
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Question 14. How many SNPs were excluded based on call rate, 
and what cut-off point for exclusion was used?

Aminkeng et al., 2015 Number of SNPs NR, cut-off was 0.95
Bhuvaneshwar et al. 2019 NR
Caronia et al., 2011 20 SNPs excluded in total (call rate+HWE), cut-off at 95%
Hagleitner et al., 2015 7 SNPs excluded with call rate <0.85
Hattinger et al. 2016 NR
Hegyi et al., 2017 NR
Hildebrandt et al. 2017 NR
Hurkmans et al., 2020 26 SNPs excluded with of call rate <0.9
Koster et al., 2018 Number of SNPs NR, cut-off was at 0.9
Ruiz-Pinto et al., 2017 Number of SNPs NR, cut-off was at 0.99
Visscher et al., 2012 NR
Visscher et al., 2015 374 SNPs excluded in QC, possibly due to low call rate, cut-

off was at 0.95
Wang et al., 2014 998 SNPs excluded with call rate < 0.95
Wang et al., 2016 2999 SNPs excluded with call rate < 0.95
Windsor et al., 2012 NR

Question 15. Was duplicate genotyping performed?
Aminkeng et al., 2015 Yes
Bhuvaneshwar et al. 2019 Yes
Caronia et al., 2011 Yes, duplicate samples and CEPH trio’s
Hagleitner et al., 2015 NR
Hattinger et al. 2016 NR
Hegyi et al., 2017 NR
Hildebrandt et al. 2017 Yes
Hurkmans et al., 2020 No
Koster et al., 2018 NR
Ruiz-Pinto et al., 2017 Yes, 6 duplicate samples
Visscher et al., 2012 NR
Visscher et al., 2015 Yes, 54 duplicate SNPs
Wang et al., 2014 No
Wang et al., 2016 No
Windsor et al., 2012 NR
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Question 16. If duplicate genotyping was performed (Yes to #16), 
what was the duplicate genotyping concordance?

Aminkeng et al., 2015 100%
Bhuvaneshwar et al. 2019 9/20 (45%) in group A, 100% in group B and C
Caronia et al., 2011 NR
Hagleitner et al., 2015 n/a
Hattinger et al. 2016 n/a
Hegyi et al., 2017 n/a
Hildebrandt et al. 2017 NR
Hurkmans et al., 2020 n/a
Koster et al., 2018 n/a
Ruiz-Pinto et al., 2017 NR
Visscher et al., 2012 n/a
Visscher et al., 2015 Yes, 99.9% concordance
Wang et al., 2014 n/a
Wang et al., 2016 n/a
Windsor et al., 2012 n/a

Question 17. Was Hardy-Weinberg equilibrium calculated?
Aminkeng et al., 2015 Yes
Bhuvaneshwar et al. 2019 No
Caronia et al., 2011 Yes
Hagleitner et al., 2015 Yes
Hattinger et al. 2016 Yes
Hegyi et al., 2017 Yes
Hildebrandt et al. 2017 NR
Hurkmans et al., 2020 Yes
Koster et al., 2018 Yes
Ruiz-Pinto et al., 2017 Yes
Visscher et al., 2012 Yes
Visscher et al., 2015 Yes
Wang et al., 2014 Yes
Wang et al., 2016 Yes
Windsor et al., 2012 Yes
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Question 18. If alleles were not in HWE, how were they handled?
Aminkeng et al., 2015 Excluded if HWE P<1.0 × 10−4 
Bhuvaneshwar et al. 2019 n/a
Caronia et al., 2011 Excluded if deviated from HWE (threshold NR)
Hagleitner et al., 2015 31 variants with HWE p<0.05 were excluded
Hattinger et al. 2016 Excluded if HWE p<0.01
Hegyi et al., 2017 Excluded if HWE p<0.05
Hildebrandt et al. 2017 n/a
Hurkmans et al., 2020 1 variant with HWE p<0.0001 was excluded
Koster et al., 2018 Excluded if HWE p<10^-7
Ruiz-Pinto et al., 2017 Excluded if HWE p<10^-8
Visscher et al., 2012 23 SNPs with HWE p<1.5*10^-4 were excluded
Visscher et al., 2015 29 SNPs had HWE p<1.7 × 10-5. These SNPs were marked, 

but retained in the analysis.
Wang et al., 2014 108 SNPs with HWE p<0.000001 were excluded
Wang et al., 2016 3295 SNPs with HWE p<0.0001 were excluded
Windsor et al., 2012 Excluded if HWE p<0.001

Statistical analyses
Question 19. How were missing data handled (select all that 

apply)?
Aminkeng et al., 2015 NR
Bhuvaneshwar et al. 2019 NR
Caronia et al., 2011 NR
Hagleitner et al., 2015 NR
Hattinger et al. 2016 NR
Hegyi et al., 2017 NR
Hildebrandt et al. 2017 NR
Hurkmans et al., 2020 Correction for number of datapoints per patient
Koster et al., 2018 NR
Ruiz-Pinto et al., 2017 NR
Visscher et al., 2012 NR
Visscher et al., 2015 NR
Wang et al., 2014 NR
Wang et al., 2016 NR
Windsor et al., 2012 NR
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Question 20. What type of analysis was used for the main 
comparison?

Aminkeng et al., 2015 NR
Bhuvaneshwar et al. 2019 NR
Caronia et al., 2011 NR
Hagleitner et al., 2015 NR
Hattinger et al. 2016 NR
Hegyi et al., 2017 NR
Hildebrandt et al. 2017 NR
Hurkmans et al., 2020 NR
Koster et al., 2018 NR
Ruiz-Pinto et al., 2017 NR
Visscher et al., 2012 NR
Visscher et al., 2015 NR
Wang et al., 2014 NR
Wang et al., 2016 NR
Windsor et al., 2012 NR

Question 21. For studies investigating more than one genetic 
variant, was adjustment for multiple testing applied?

Aminkeng et al., 2015 Yes stage 1: threshold of P < 1 × 10−5, stage 2: threshold 
of p < 0.006, stage 3 threshold p < 0.05.

Bhuvaneshwar et al. 2019 Yes, Benjamini Hochberg false discovery rate
Caronia et al., 2011 Yes, corrected for 696 tests
Hagleitner et al., 2015 No
Hattinger et al. 2016 No
Hegyi et al., 2017 No
Hildebrandt et al. 2017 No
Hurkmans et al., 2020 Yes, Bonferroni
Koster et al., 2018 Adjusted p-value threshold: SNPs with p<10^-4 were 

replicated in second patient cohort
Ruiz-Pinto et al., 2017 Yes, FDR correction
Visscher et al., 2012 Yes, simpleM correction
Visscher et al., 2015 Yes, a tiered analysis to identify SNPs associated at 

p < 0.01 in the larger discovery cohort that remained 
associated in the smaller replication cohort at p < 0.05. 
For combined cohort: Bonferroni corrected significance 
threshold at p<1.7*10^-5.

Wang et al., 2014 Yes, according to Purcell et al. (P < 5 *10^-6)
Wang et al., 2016 Yes, repeated sliding-window procedure
Windsor et al., 2012 No
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Question 22. Were analyses performed to assess the effect of 
covariates?

Aminkeng et al., 2015 Yes
Bhuvaneshwar et al. 2019 NR
Caronia et al., 2011 Yes
Hagleitner et al., 2015 Yes
Hattinger et al. 2016 No
Hegyi et al., 2017 Yes
Hildebrandt et al. 2017 Yes
Hurkmans et al., 2020 Yes
Koster et al., 2018 Yes
Ruiz-Pinto et al., 2017 Yes
Visscher et al., 2012 Yes
Visscher et al., 2015 NR
Wang et al., 2014 Yes
Wang et al., 2016 Yes
Windsor et al., 2012 Yes

Other
Question 23. Please provide any additional remarks (either 

positive or negative) on quality.
Aminkeng et al., 2015 -
Bhuvaneshwar et al. 2019 The results in the paper of the targeted DMET analysis 

do not correspond to the results in the supplementary 
material

Caronia et al., 2011 -
Hagleitner et al., 2015 -
Hattinger et al. 2016 -
Hegyi et al., 2017 -
Hildebrandt et al. 2017 -
Hurkmans et al., 2020 -
Koster et al., 2018 -
Ruiz-Pinto et al., 2017 -
Visscher et al., 2012 -
Visscher et al., 2015 -
Wang et al., 2014 -
Wang et al., 2016 -
Windsor et al., 2012 -

NR, not reported; n/a, not applicable
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CHAPTER 2 -  SUPPLEMENTARY MATERIALS
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CHAPTER 3

Abstract
High-dose methotrexate is a cornerstone agent in the chemotherapeutic treatment 

of patients with osteosarcoma. However, patients often develop methotrexate-
induced toxicities. We aim to identify determinants of methotrexate-induced toxicities 
in osteosarcoma patients by investigating the relation between drug plasma levels, 
methotrexate-induced toxicities, and germline variants in genes related to drug 
absorption, distribution, metabolism and elimination.

A cohort of 114 osteosarcoma patients was genotyped for 1,931 variants in 231 
genes using the Drug Metabolism Enzymes and Transporters Plus array. Methotrexate 
plasma levels and laboratory measurements during and after high-dose methotrexate 
treatment concerning renal function, liver damage and myelopoiesis to reflect toxicity 
outcomes were obtained. 113 patients and a subset of 545 variants in 176 genes passed 
quality control checks. Methotrexate plasma levels showed associations with creatinine, 
alanine aminotransferase, and hemoglobin.

Genetic variant rs3736599 in the 5’-untranslated region of SULT1E1 was associated 
with lower 48 hour methotrexate plasma levels (coef -0.313 [95% CI -0.459 ― -0.167]; 
p=2.60×10-5). Association with methotrexate-induced decreased thrombocyte counts 
was found for two intronic variants in CYP2B6 (rs4803418 (coef -0.187 [95% CI -0.275 ― 
-0.099]; p=3.04×10-5) and rs4803419 (coef -0.186 [95% CI -0.278 ― -0.093]; p=8.80×10-5)). 
An association with increased thrombocyte counts was identified for the intronic variant 
rs4808326 in CYP4F8 (coef 0.193 [95% CI 0.099 ― 0.287]; p=6.02×10-5). Moreover, a 
secondary analysis with a binary approach using CTCAE toxicity criteria, resulted in a 
nominal significant associations (p<0.05) for two out of three variants (rs4803418 and 
rs4808326). 

This is the first study to identify genetic variants in SULT1E1, CYP2B6 and CYP4F8 
to be associated with methotrexate pharmacokinetics and toxicities. Validation of these 
variants in an independent cohort and further functional investigation of variants in the 
identified genes is needed to determine if and how they affect methotrexate plasma 
levels and the development of methotrexate-induced toxicities.
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Introduction
Methotrexate (MTX) is an antifolate agent widely used in oncologic treatment. In high 

doses (≥1 g/m²), MTX is used as a cornerstone agent in the chemotherapeutic treatment 
of osteosarcoma, the most common primary bone tumor in children and adolescents (1, 
2). Introduction of chemotherapeutic treatment with a regimen of the agents doxorubicin, 
cisplatin and high dose (HD-)MTX in osteosarcoma has resulted in tremendous increase 
of patients’ survival rates compared to surgery alone (5-year overall survival up to 70% 
compared to <20%, respectively) (3-6). Despite its contribution to improved prognosis, 
HD-MTX treatment can however lead to harmful toxicities including renal toxicity, 
myelosuppression and liver damage (1, 7, 8). These HD-MTX-related toxicities can occur 
despite appropriate leucovorin rescue, intensive hydration and monitoring of drug 
plasma levels. Clinical factors, such as age and kidney function, are known to contribute 
to the risk of developing toxicities but do not sufficiently explain all interpatient variation 
(7, 9). Pharmacogenetic studies aim to fill the gap of unexplained interpatient variability 
in drug response by investigating how genetic variants affect relevant traits such as drug 
plasma levels and drug-related adverse events. 

Studies investigating the impact of genetic variants on MTX pharmacokinetics 
and toxicities have already shown significant results. A genome-wide association study 
(GWAS) in patients with acute lymphoblastic leukemia (ALL) showed that genetic variants 
in SLCO1B1 are associated with MTX clearance (10). This association has been replicated 
by others (11-17). Osteosarcoma patients receive a substantial higher cumulative dose 
of MTX compared to patients with ALL (12 g/m² compared to 2 g/m² in most treatment 
protocols, respectively). This is particularly relevant as important differences are described 
between high and lower MTX dosages concerning cellular transport pathways (18). 
Therefore, one needs to be precautious with direct generalization of pharmacogenetic 
associations found in other malignancies or other low dose MTX-treated traits such as 
autoimmune diseases to osteosarcoma. In osteosarcoma, only candidate gene studies 
have been performed to identify relevant pharmacogenetic variants, resulting in the 
identification of statistically significantly associations between variants in MTHFR, MTR
and ABCB1, and MTX pharmacokinetics, toxicities and survival rates (19-23). Previously, 
our group investigated the role of a genetic variant in MTHFR (rs1801133) in MTX-induced 
liver toxicity in patients with osteosarcoma and ALL(24). The present study follows up on 
that in a larger cohort, and looking beyond candidate genes by exploring a broad panel 
of variants in genes involved in drug absorption, distribution, metabolism and excretion 
(ADME). This panel contained part of the previously identified genetic variants in MTX 
pathways, but also provided us with a broader and unbiased view on the contribution 
of ADME gene variation on variability in HD-MTX response. This study focused on MTX 
plasma levels as well as laboratory markers for HD-MTX-induced renal toxicity, liver 
damage, and bone marrow toxicity in patients with osteosarcoma.
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Materials and methods
Patients and treatment

The study cohort consisted of 114 patients diagnosed with primary, high-grade 
osteosarcoma, who were treated between 2003 and 2014 at (pediatric) oncology 
departments of four Dutch hospitals (Radboud university medical center; Leiden University 
Medical Center; Academic Medical Center Amsterdam; University Medical Center 
Groningen). Inclusion criteria were: age ≤ 45 years, self-reported Caucasian ethnicity, and 
treatment according to the EURAMOS-1 protocol (25). The current study was approved 
by the institutional review board of the Radboud university medical center (Commissie 
Mensgebonden Onderzoek Regio Arnhem Nijmegen), and approval for inclusion of 
patients in other institutes was obtained from institutional ethics committees. Written 
informed consent was acquired from all patients and/or their parents. According to the 
treatment protocol, patients received a maximum of 12 courses HD-MTX (12 g/m² per 
course) as a 4 hour infusion, together with adequate hydration and urinary alkalinization. 
Leucovorin rescue (15 mg/m²) was started 24-28 hours after start of MTX infusion and was 
prolonged if MTX plasma levels were >0.40 µmol/L at 48 hours. In addition to HD-MTX, 
chemotherapeutic treatment consisted of doxorubicin (maximum cumulative dose: 450 
mg/m²) and cisplatin (maximum cumulative dose: 480 mg/m²), with or without additional 
ifosfamide/etoposide or interferon-α depending on randomized EURAMOS-1 treatment 
arm. None of the patients received trimethoprim-sulfamethoxazole during treatment 
due to its interaction with MTX.

MTX plasma levels and toxicity data
MTX plasma levels and laboratory results of MTX-induced toxicities after each 

course of MTX were retrospectively collected from electronic medical records. MTX 
plasma levels were routinely measured at 48 hours after initiation of MTX infusion by 
a fluorescence polarization immunoassay (TDx/FLx, Abott Diagnostics, The Hague, The 
Netherlands) or enzyme immunoassay (for three patients) (Syva Emit TDM assay, Siemens 
Healthcare, Hoofddorp, The Netherlands), without differences in reference value. For 
renal toxicity, creatinine plasma levels at 48 hours and after one week (ranging from 
day five until day nine) after start of MTX infusion were collected, in order to assess both 
the acute and later effects of MTX on renal cells. To analyze liver damage, plasma levels 
of alanine aminotransferase (ALAT) and aspartate aminotransferase (ASAT) at 48 hours 
were obtained. For bone marrow toxicity, levels of hemoglobin and counts of leukocytes, 
thrombocytes and neutrophils were collected, approximately one week (ranging from 
day five until day nine) after MTX infusion. 

Genotyping
Germline DNA was isolated from blood (n=54) using the QIAamp DNA Blood Midi kit 

(Qiagen, Venlo, The Netherlands) or from saliva (n=53) using the Oragene saliva collection 
kit (DNA Genotek, Kanata, Ontario, Canada) according to the manufacturer’s protocols. For 
patients who had passed away before study inclusion (n=7), germline DNA was isolated 
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from normal formalin-fixed paraffin-embedded bone tissue as described previously 
(26). DNA samples were genotyped for 1,936 genetic variants across 231 genes involved 
in drug absorption, distribution, metabolism and excretion, using the DMET Plus array 
(Affymetrix UK Ltd, High Wycombe, UK) according to the manufacturer’s instructions. 
Genotypes were determined with DMET console software version 1.3 (Affymetrix UK 
Ltd, High Wycombe, UK) using the Dynamic Genotype Boundaries algorithm version 2. 
After exclusion of copy number variants, X-chromosomal variants and tri-allelic variants 
present on the array, quality control (QC) was performed. Variants with unreliable cluster 
plots, i.e. plots without distinct cluster boundaries, were excluded. Further QC consisted 
of exclusion of variants with a call rate below 0.90, a minor allele frequency (MAF) below 
0.05, and variants, which deviated from the Hardy Weinberg equilibrium (HWE p<0.0001), 
and exclusion of samples with a call rate below 0.90.

Statistical analyses with continuous outcomes 
First, analyses using continuous outcomes for MTX levels and toxicities were 

performed. After assessing normality of the data, Spearman’s rank-order correlation 
(rs) was used to assess the correlation between MTX plasma levels and toxicity markers 
at different time points during treatment. Genetic association analyses for MTX plasma 
levels and toxicity markers were performed using Generalized Estimating Equation (GEE) 
analysis, an extended linear regression analysis in which correlations among repeated 
measurements obtained from individual subjects over time are taken into account. Sex, 
age (at diagnosis) and cumulative MTX dose were tested for association with MTX plasma 
levels and toxicity markers using GEE analysis. Variables that showed an association 
at p<0.05 were included as a covariate in multivariate genetic association analyses to 
reduce the variation explained by these covariates on the outcome variables, and 
thereby increase the precision of the estimate of the effects of the genetic variants. A 
description of included covariates in analysis of each toxicity marker is provided  in the 
Supplementary (Table S3-S10). Creatinine plasma level one week after MTX infusion was 
included as a covariate in all association analyses (except in analyses of renal toxicity) 
to adjust for decreased renal clearance of MTX. Prior to the GEE analysis, MTX plasma 
levels, and levels of thrombocytes, leukocytes, neutrophils, ALAT and ASAT were log-
transformed to obtain normal distributions. Association analyses were performed using 
family(gaussian), link(identity), correlation(exchangeable) and vce(robust) as options of 
the xtgee command in STATA. Regression coefficients and corresponding 95% confidence 
intervals were generated for each genetic variant under the assumption of an additive 
genetic model. Associations were considered statistically significant if they surpassed 
the Bonferroni-corrected p-value threshold (p=0.05 divided by the number of variants 
including in the analyses after QC). Genetic association analyses were performed using 
STATA version 11.2 (Stata corporation, College Station, TX, USA), all other analyses using 
IBM SPSS Statistics version 22 (SPSS Inc., Chicago, Ill, USA).
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Statistical analyses with binary outcomes
To further assess the clinical relevance of genetic associations, additional analyses 

was performed treating the toxicity markers as binary (case-control) outcomes. Grading 
of laboratory results was performed according to the Common Terminology Criteria 
for Adverse Events (CTCAE) version 5.0 of the National Cancer Institute (Table S11) (27). 
Reference values for the laboratory results according to the hospital of inclusion, were 
used as ‘upper limit of normal’ and ‘lower limit of normal’. The values of the CTCAE 
grades for each toxicity outcome were evaluated to determine a clinical relevant cut-off 
for case-control designation. For the CTCAE terms ‘Alanine aminotransferase increased’, 
‘Aspartate aminotransferase increased’, ‘White blood cell decreased’ and ‘Anemia’, grade 
0 and 1 were considered controls and grade 2, 3 and 4 (and if applicable, grade 5) were 
considered cases. For ‘Neutrophil count decreased’, grade 0, 1 and 2 were assigned as 
controls and grade 3 and 4 as cases.  For ‘Platelet count decreased’, patients with grade 
0 were considered controls, and patients with grade 1, 2, 3 and 4 were considered cases. 
Performing an association analyses with CTCAE graded outcomes was not feasible for 
renal damage, as over 95% of all creatinine measurements were graded as grade 0 
according to CTCAE term ‘Creatinine increased’. Logistic multivariate GEE analysis was 
performed, including covariates that showed an association (p<0.05) with the graded 
toxicity endpoint (described in Table S3-S10). Also, it was performed using family(binomial), 
link(logit), correlation(exchangeable) and vce(robust) as options of the xtgee command 
in STATA. Other than that, the same approach was used as the analyses of continuous 
outcomes (as descripted above).

Results
Patient characteristics

Characteristics of the included osteosarcoma patients are provided in Table 1. The 
patients received a total of 1,256 MTX courses. All patients were treated according to 
the EURAMOS-1 protocol. 42.0% of the patients received a chemotherapeutic regimen 
containing methotrexate, doxorubicin and cisplatin (MAP), 13.3% of the patients received 
additional ifosfamide and etoposide (MAPie), and 10.6% received additional interferon-
alfa (MAPinf). 89 patients (78.8%) received all 12 courses according to protocol. Reasons 
for cancelled courses included ineffective treatment, poor physical conditions of the 
patient (whether or not caused by treatment toxicities), a patient’s own request, or death.
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Table 1. Characteristics of 113 osteosarcoma patients.

Age at diagnosis in years, median (range) 15.0 (5.6 – 43.0)

Sex, number of males (%) 64 (56.6)

Self-reported ethnicity, number of Caucasians (%) 113 (100)

Metastases present at diagnosis, number of patients (%) 20 (17.7)

Treatment protocol, number of patients in EURAMOS-1 (%) 113 (100)

EURAMOS-1 treatment arm, number of patients (%)
      MAP 
      MAPie
      MAPifn
      Personalized
      Unknown 

50 (44.2)
15 (13.3)
12 (10.6)

4 (3.5)
32 (28.3)

MTX cumulative dose (12 g/m2 per course), number of patients
      12 – 72 g/m²
      84 – 132 g/m²
      144 g/m²

8
16
89

MAP: regimen of methotrexate, doxorubicin, cisplatin
MAPie: regimen of methotrexate, doxorubicin, cisplatin, ifosfamide, etoposide
MAPinf: regimen of methotrexate, doxorubicin, cisplatin, interferon-alfa

Table 2. Characteristics of laboratory markers of nephrotoxicity, liver damage, and bone marrow toxicity in 
included osteosarcoma patients.

Measurement in plasma Mean (SD) or 
median (range)*

Number of datapoints 
(of number of patients)

MTX level (t=48 hours), µmol/L 0.25 (0.05 – 82.34) 1238 (113)

Creatinine levels (t=48 hours), µmol/L 48.2 (15.1) 551 (91)

Creatinine levels (t=week 1), µmol/L 51.7 (17.9) 857 (110)

ALAT levels (t=48 hours), U/L 260 (10 – 4,677) 475 (87)

ASAT levels (t=48 hours), U/L 106 (11 – 4,420) 461 (87)

Hemoglobin levels (t=week 1), mmol/L 6.5 (0.8) 908 (112)

Thrombocyte counts (t=week 1), x 103 /mm³ 184 (10 – 740) 896 (112)

Leukocyte counts (t=week 1), x 109 /L 4.4 (0.8 – 38.2) 905 (112)

Neutrophil counts (t=week 1), x 109 /L 2.3 (0.0 – 35.8) 709 (109)

* Mean and standard deviation (SD) for normally distributed data, median and range for other.

Genotyping
Copy number variants (n=5), tri-allelic variants (n=1) and X-chromosomal variants 

(n=46) were not included in the analysis. QC resulted in exclusion of 90 variants due 
to unreliable cluster plots, 26 variants because of low call rate, 1,222 variants due to 
MAF<0.05, and one variant which deviated from HWE. One patient was excluded because 
of low overall sample call rate. A total of 113 patients and 545 variants were included 
for genetic association analyses (see Table S1 for the included variants). The Bonferroni 
corrected p-value threshold was < 0.05 / 545 = 9.2×10-5. 
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MTX plasma levels
Median MTX plasma level 48 hours after MTX infusion was 0.25 µmol/L, ranging 

from 0.05 to 82.34 µmol/L (1,238 datapoints in 113 osteosarcoma patients) (Table 2). 
Weak but statistically significant correlations were found for MTX plasma levels with 
creatinine levels at t=48 hours (rs=0.187, p=1.8×10-5) and t=week 1 (rs=0.163, p=1.8×10-6), 
hemoglobin levels (rs=-0.190, p=0.001) and with ALAT levels (rs=0.102, p=0.03) (Table 4). 
Neither sex, age or cumulative MTX dose were associated with MTX plasma levels (data 
not shown) and were not included as covariate in the genetic association analyses. 33 
genetic variants in 20 genes were associated with MTX plasma levels at p<0.05 (Table S2). 
Variant rs3736599 in SULT1E1 passed the Bonferroni corrected p-value threshold (G vs. A 
allele; coef -0.31, (95% CI -0.46 - -0.17), p=2.60 × 10-5)(Table 5).

Table 3. Characteristics of laboratory markers for liver damage and bone marrow toxicity, graded according to 
National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE) Version 5.0

CTCAE term Case-control 
designation

Cases, n of 
measurements (%)

Controls, n of 
measurements (%)

Alanine aminotransferase increased CTCAE grade 0 - 1 
vs. grade 2 - 4

358 (75.4) 177 (24.6)

Aspartate aminotransferase increased CTCAE grade 0 - 1 
vs. grade 2 - 4

237 (51.4) 224 (48.6)

Anemia CTCAE grade 0 - 1 
vs. grade 2 - 5

293 (32.3) 615 (67.7)

Platelet count decreased CTCAE grade 0    
 vs. grade 1 - 4

351 (39.2) 545 (60.8)

White blood cell decreased CTCAE grade 0 - 1 
vs. grade 2 - 4

194 (21.4) 711 (78.6)

Neutrophil count decreased CTCAE grade 0 - 2 
vs. grade 3 - 4

87 (12.3) 622 (87.7)

Table 4. Correlation of MTX plasma levels at 48 hours with toxicity markers.

Measurement (in plasma) Spearman’s correlation 
coefficient

P-value

Creatinine level (t=48 hour) 0.187 0.000018

Creatinine level (t=week 1) 0.163 0.0000018

ALAT levels (t=48 hour) 0.102 0.03

ASAT levels (t=48 hour) 0.085 0.07

Hemoglobin levels (t=week 1) -0.109 0.001

Thrombocyte counts (t=week 1) -0.053 0.12

Leukocyte counts (t=week 1) 0.023 0.50

Neutrophil counts (t=week 1) -0.033 0.38

Values depicted in bold are statistically significant (P-value<0.05)
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Toxicity markers
Availability and characteristics of collected toxicity markers are shown in Table 2 

(continuous outcomes) and Table 3 (binary outcomes). Sex, age and cumulative MTX 
dose were tested for association with each toxicity marker, and included as a covariate in 
multivariate genetic association analyses for that respective toxicity marker if associated 
(p<0.05). A description of included covariates in the analysis of each toxicity marker, and 
an overview of results of genetic association analyses of both continuous and binary 
outcomes are provided  in Tables S3-S10. 

The results of the genetic association analyses with continuous outcomes showed no 
genetic variants to be statistically significantly associated (p<9.2×10-5) with creatinine levels, 
ASAT and ALAT, hemoglobin levels, leukocyte counts and neutrophil counts (Table S3-S10).
Association analysis of thrombocyte count (as a continuous variable) showed three 
statistically significantly associated variants in two genes (Table 5). These were rs4808326 
in CYP4F8 (G vs. A allele; coef 0.20, (95% CI 0.11-0.29), p=2.91 × 10-5), rs4803418 in CYP2B6
(C vs. G allele; coef -0.19, (95% CI -0.27 - -0.10), p=3.04 × 10-5) and rs4803419 in CYP2B6 
(C vs. T allele, coef -0.19, (95% CI -0.28 - -0.09), p=8.80 × 10-5). 

For the nominally associated genetic variants (p<0.05), association analyses using 
toxicity markers as a binary outcome (using the CTCAE graded toxicity measures) were 
performed to assess clinical relevance of these findings. This additional analysis was not 
possible for renal damage, as the vast majority of creatinine measurements were graded 
as grade 0. The analysis of the other binary outcomes did not yield additional variants 
surpassing the Bonferroni corrected p-value threshold. The statistically significant 
associations identified in the analysis with continuous data, being the association 
between thrombocyte counts and variants in CYP2B6 and CYP4F8, did show a nominal 
significant association in binary analysis (p<0.05) for two of the three identified variants, 
as depicted in Table 5 (rs4808326 in CYP4F8 and rs4803418 in CYP2B6).
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Discussion
This study identified statistically significant associations between four genetic 

variants in three drug metabolism genes and pharmacokinetic and toxicity markers 
derived from routine plasma measurements after HD-MTX infusion in osteosarcoma 
patients. These novel findings may add to further understanding of variation in the 
development of HD-MTX induced toxicities in osteosarcoma patients.

A variant in the 5’ untranslated region of the sulfotransferase family 1E member 1
gene (SULT1E1, rs3736599) was statistically significantly associated with MTX plasma 
levels. In this cohort, carriers of the A allele had significantly lower MTX plasma levels 
at 48 hours compared to carriers of the G allele. SULT1E1 encodes the enzyme estrogen 
sulfotransferase, which is mainly responsible for sulfate conjugation of hormones and 
is known to be involved in metabolism of hormonal therapies (28). SULT1E1, or other 
members of the sulfotransferase family, were not linked to MTX metabolism before, as 
MTX is not known to undergo sulfate conjugation. Variants in this gene family were also not 
found to be associated with MTX clearance in the GWAS in 434 patients with ALL by Trevino 
et al. (10). Studies in rats have shown a potential link between MTX and sulfotransferases, 
as this drug was found to be a xenobiotic inducer of sulfotransferases expressed in 
the intestine and liver (29, 30). This could implicate a role for sulfotransferases in MTX 
elimination via the liver and intestines, tissues in which SULT1E1 is also mainly expressed 
(31). However, the identified variant in this study (rs3736599) is, due to its location in the 
5’UTR region, not known to have a direct impact on SULT1E1 protein function, or to be an 
expression quantitative trait locus (eQTL), meaning it is not associated to the expression 
level of SULT1E1, or any other gene in any tissue (31).

Three variants in two genes were statistically significantly associated with 
thrombocyte counts after HD-MTX using continuous outcome measures in a linear 
regression model, being two variants (rs4803418 and rs4803419) in cytochrome P450 
family 2 subfamily B member 6 (CYP2B6) and one variant (rs4808326) in cytochrome P450 
family 4 subfamily F member 8 (CYP4F8). Secondary analysis of these variants using a binary 
approach with CTCAE graded toxicity data resulted in a nominal significant associations 
(p<0.05). Although not surpassing the Bonferroni-corrected p-value threshold (most 
likely due to decreased power), this result does underline the potential clinical relevance 
of these findings. This also indicates that the primary analyses, with an approach using 
continues outcomes, indeed aids in the identification of genetic variants that might have 
clinical relevance.  

The variants in CYP2B6 (rs4803418 and rs4803419) are located in an intronic region, 
and are in high linkage disequilibrium (r2=0.88), therefore likely represent the same 
locus (32). Carriers of the variant alleles (G allele in rs4803418 and T allele in rs4803419) 
showed lower thrombocyte counts after HD-MTX courses compared to patients carrying 
the reference alleles. CYP2B6 is involved in the metabolism of many drugs, e.g. efavirenz, 
cyclophosphamide and bupropion (33). Both identified (intronic) variants are not known 
to have an direct effect on protein function, but are significant eQTLs for expression of 
CYP2B6 in the transverse colon (31). Interestingly, evidence exists that a missense variant in 
CYP2B6 (rs3211371) has an influence on efficacy of the thrombocyte aggregation inhibitor 
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clopidogrel (34). The underlying mechanism for this association was hypothesized to be a 
pharmacokinetic effect on clopidogrel metabolism. This association was not replicated by 
others, nor were associations with other variants in CYP2B6 identified (35, 36). Both our 
identified variants were not investigated in relation to clopidogrel or other phenotypes 
related to thrombocytes. The variants in CYP2B6 were also nominally associated (p<0.05) 
with leucocytes and neutrophils (Table S9 and S10, respectively). As variants in CYP2B6
were not associated to MTX pharmacokinetics in our study or previous studies, one could 
hypothesize there is a potential effect of the CYP2B6 protein on myelopoiesis. However, 
CYP2B6 is expressed mainly in the liver, but not in the bone marrow or whole blood, leaving 
the underlying mechanism of these associations unclear (31).

The third statistically significant associated variant in our toxicity analyses was the 
intronic variant rs4808326 in CYP4F8. Carriers of the A allele had higher thrombocyte 
counts after MTX infusion compared to those carrying the G allele. CYP4F8 codes for an
enzyme known to be involved in metabolism of prostaglandins, leukotrienes and long 
chain fatty acids, and is mainly expressed in prostate and skin (37). This gene is not known 
to have a prominent role in drug metabolism, and was not linked to MTX or thrombocyte 
counts before. rs4808326 is a significant eQTL for expression of other CYP4F subfamily 
members, including CYP4F12, CYP4F24P and CYP4F3, in multiple tissues (31). However to 
our knowledge, none of the CYP4F subfamily members were previously implicated in 
MTX pharmacokinetics or MTX-induced toxicities, nor were these eQTLs present in liver, 
kidneys or bone marrow. A GWAS on mean platelet volume and thrombocyte count in 
66,867 healthy Caucasian individuals by Gieger et al. showed no genome-wide significant 
association with genetic variants in CYP4F8 (or our other top hits in CYP2B6), suggesting 
that our identified associations were MTX-induced effects (38).

To get more insight in the effect of the identified variants on gene function we used 
RegulomeDB, which annotates variants with known and predicted regulatory elements 
(39). Here, multiple public data sources are used to generate a predictive score, where a 
higher score indicates that a variant is more likely to have regulatory impact. According 
to this database, the two identified variants in CYP2B6 are not likely to have a regulatory 
effect (RegulomeDB score of 0.18 for both variants), whereas the variants in CYP4F8
and SULT1E1 have higher score (RegulomeDB scores of 0.52 and 0.61, respectively), 
suggesting a potential regulatory effect  more specifically as indicated by the database 
via transcription binding sides and DNase peaks. 

Genetic variation associated with HD-MTX efficacy or toxicity has been studied in 
the past. To date, pharmacogenetic studies in this field have resulted in genetic variants 
annotated with level 2A evidence at highest, meaning there is moderate evidence for the 
variant-drug combination but no clinical implementation yet (28). These level 2A variants 
include rs1045642 in ABCB1, rs11045879 in SLCO1B1, rs1801133 in MTHFR and rs1801394 
in MTRR and rs4673993 in ATIC with MTX pharmacokinetics or toxicity outcomes. MTHFR, 
MTRR and ATIC were not present on the DMET array used in our study. The previously 
identified variant rs1045642 in ABCB1 was included in our genetic association analyses, 
showing no association (p=0.430) with MTX plasma levels, nor with any of the toxicity 
markers. Multiple candidate gene studies found this variant to be associated to MTX 
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plasma levels and different MTX-induced toxicities in patients with hematological 
malignancies (14, 40-43). Potential contributors to contrasting findings are differences in 
outcomes, different populations with different genetic backgrounds, and different HD-
MTX treatment regimens (2 – 5 g/m² in hematological malignancies compared to 12 g/m² 
in osteosarcoma). A prospective candidate gene study investigating the relation of genetic 
variants and HD-MTX pharmacokinetics in osteosarcoma patients identified statistically 
significant associations between MTX clearance and variants in ABCG2 and  UGT1A (44). 
ABCG2 was not included in this study but the identified variant in UGT1A (rs4148324) was 
in high LD (r² > 0.90) with three variants in the present study (rs887829, rs111741722, 
rs10929302), but these variants showed no association with MTX 48-hour plasma levels 
(using both an additive and dominant model, data not shown). The discrepancy in results 
is most likely due to major differences in study design and outcome measures. 

The only GWAS on MTX-related phenotypes to date identified an association 
between variant rs11045879 in SLCO1B1 and MTX clearance in patients with ALL, which 
was replicated by others (10-17). SLCO1B1 codes for a transporter known for its function 
of transporting MTX into the hepatocyte (45). Unfortunately, rs11045879 was not present 
on the DMET array, so its association with MTX pharmacokinetic and toxicity markers 
was not directly investigated in our cohort. However, 18 other variants in SLCO1B1 were 
present, including variant rs4149056 which is in high LD with rs11045879 (r2=0.92) (32). We 
did not identify an association with this variant and MTX 48 hour plasma levels (p=0.211). 
A possible explanation might be a difference in outcome measure, as the original GWAS 
used multiple MTX plasma levels to calculate average MTX clearance, compared to MTX 48 
hour plasma levels in this study. Additionally, the limited sample size could have resulted 
in insufficient power to detect this association with a relatively low allele frequency in this 
cohort (MAF=0.16). Despite the result not being significant, the direction of association 
is consistent with previous findings, being higher MTX 48 hour plasma levels in case of 
carrying the (C) allele (coef 0.112) (10-17). Our analyses did show an association with 
levels of liver enzyme ALAT after HD-MTX infusion (p=0.007, uncorrected for multiple 
testing) with the variants rs4149056 and rs11045819 in SLCO1B1. As this gene is a highly 
expressed transporter on the basolateral membrane of hepatocytes with MTX as its 
substrate, one could hypothesize that its activity has an influence on the intracellular 
accumulation of MTX in hepatocytes, and therefore could facilitate liver damage (45).

MTX induced toxicities typically develop in a dose-dependent fashion. Therefore, 
correlations were calculated between MTX plasma levels and the different toxicity markers 
in this study. The observed directions of effects were consistent with expectations, except 
for the positive correlation with leukocytes. Hemoglobin, thrombocyte and neutrophil 
counts showed a negative correlation with MTX levels, indicating more bone marrow 
suppression with higher MTX plasma levels. Creatinine, ALAT and ASAT showed a positive 
correlation with MTX plasma levels, indicating more nephrotoxicity and hepatotoxicity 
with higher MTX plasma levels. Some correlations were statistically significant, but all 
correlations were too weak for clinical relevance. The strongest significant correlation was 
observed for MTX plasma levels and creatinine levels, 48 hours after MTX infusion. This 
corresponds with the results of Tsuruwasa et al., as they found significant associations 
of MTX plasma levels with nephrotoxicity, but not with hepatotoxicity or infections (46). 
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Taking into account more extensive information, for example measuring metabolite 
levels (e.g. 7-OH-MTX), might result in more accurate predictions of nephrotoxicity or 
hepatic toxicity (7, 47).

The present study aimed to gain insight in the relevance of ADME gene variation 
for MTX metabolism, but had its limitations. Firstly, the power of this study was limited 
due to a modest number of patients and independent data points. Secondly, this study 
focused on phenotypes that are routinely measured in clinical practice to obtain reliable 
repeated measures after each MTX course. These continuous measures give insight 
in the MTX-induced metabolism changes in a patient, but are no direct measures of 
toxicities. Some other clinically relevant MTX-induced adverse events, including e.g. 
mucositis and encephalopathy, were not included in the present study. Reason for this 
is that these outcomes could not be retrospectively collected in a reliable way. However, 
regarding the clinical relevance of these adverse events, future prospective studies 
to investigate these adverse events in more detail will be certainly of value. Finally, 
osteosarcoma patients receive a multidrug chemotherapeutic regimen, and although the 
other chemotherapeutic drugs are not given simultaneously with MTX, they could have 
an impact on laboratory results measured, especially in later stages of the treatment. 
Drugs with known interactions with MTX, e.g. trimethoprim-sulfamethoxazole, were 
not administered close to or together with MTX according to protocol. However, other 
drugs with unknown interactions may have influenced MTX clearance via impaired renal 
function or may directly influence the laboratory results that were used as outcome 
measures. These interactions were not mentioned in the protocols and as a consequence, 
these were not taken into account in this study. 

In conclusion, this study identified statistically significant associations for a genetic 
variant in SULT1E1 with MTX plasma levels and three genetic variants in CYP2B6 and 
CYP4F8 with thrombocyte counts after HD-MTX infusion in osteosarcoma patients. These 
variants were not previously described to play a role in MTX pharmacokinetics. Replication 
of these findings and pinpointing the exact role of these variants and genes in MTX 
metabolism and development of toxicities will improve understanding the interpatient 
variability in MTX response and may ultimately provide new opportunities to optimize 
treatment for osteosarcoma patients. 
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Table S2. Genetic variants associated with MTX plasma levels, 48 hours after MTX infusion (P<0.05)

Gene SNP Chr Position Minor allele MAF Coefficient 95% CI P
SULT1E1 rs3736599 4 70,725,821 A 0.08 -0.31 -0.46 -0.17 0.00003

SLC6A6 rs2341970 3 14,474,225 T 0.25 -0.21 -0.33 -0.10 0.0004

CYP1B1 rs1056837 2 38,298,150 T 0.42 -0.17 -0.27 -0.07 0.0007

CYP1B1 rs1056836 2 38,298,203 G 0.42 -0.16 -0.26 -0.07 0.0008

GSTM2 rs530021 1 110,210,780 C 0.06 -0.27 -0.43 -0.10 0.002

SLC22A2 rs316003 6 160,645,832 G 0.19 -0.18 -0.30 -0.06 0.003

ABCB11 rs4148776 2 169,870,882 C 0.08 -0.21 -0.35 -0.06 0.006

CHST1 rs2028985 11 45,695,362 A 0.07 -0.25 -0.43 -0.07 0.007

CHST10 rs1530031 2 101,009,326 A 0.47 -0.16 -0.28 -0.04 0.007

CHST10 rs3828193 2 101,031,561 C 0.48 -0.13 -0.22 -0.04 0.007

CHST10 rs3748930 2 101,010,082 C 0.47 -0.16 -0.27 -0.04 0.008

PPARD rs6901410 6 35,330,030 C 0.06 -0.24 -0.43 -0.05 0.013

GSTP1 rs1138272 11 67,353,579 T 0.11 -0.18 -0.33 -0.04 0.013

ABCB11 rs3755163 2 169,875,539 A 0.05 -0.21 -0.37 -0.04 0.017

ABCB11 rs4148771 2 169,875,534 delCT 0.05 -0.20 -0.37 -0.03 0.020

PPARD rs6922548 6 35,353,523 G 0.06 -0.22 -0.40 -0.03 0.022

PPARD rs7739752 6 35,339,035 T 0.06 -0.22 -0.40 -0.03 0.022

NR1I2 rs2276707 3 119,534,153 T 0.18 -0.14 -0.26 -0.02 0.022

CYP2C8 rs1058930 10 96,818,119 G 0.06 0.45 0.05 0.85 0.026

CYP2S1 rs338599 19 41,700,493 G 0.05 -0.22 -0.41 -0.02 0.027

SLC22A14 rs149738 3 38,367,984 G 0.46 0.11 0.01 0.22 0.031

SLC22A14 rs183574 3 38,363,837 C 0.46 0.11 0.01 0.22 0.031

SLC22A14 rs171248 3 38,363,393 C 0.46 0.11 0.01 0.22 0.031

GSTM3 rs1799735 1 110,280,254 delAGG 0.12 -0.17 -0.32 -0.01 0.035

POR rs17685 7 75,616,105 A 0.29 -0.12 -0.23 0.00 0.041

SLC22A2 rs624249 6 160,679,400 T 0.42 0.14 0.01 0.28 0.042

ABCB4 rs2097937 7 87,030,903 C 0.24 -0.15 -0.30 -0.01 0.042

ABCB11 rs4148768 2 169,887,154 T 0.09 0.23 0.01 0.44 0.044

ABCC6 rs8058696 16 16,278,869 C 0.42 -0.10 -0.20 0.00 0.044

CYP2D6 rs1065852 22 42,526,694 T 0.23 -0.13 -0.25 0.00 0.046

CYP2A13 rs1709082 19 41,601,609 G 0.07 0.30 0.01 0.60 0.046

CYP2D6 rs28360521 22 42,528,976 A 0.24 -0.12 -0.23 0.00 0.048

MTX, methotrexate; SNP, single nucleotide polymorphism; Chr, chromosome; MAF, minor allele frequency; 95% 
CI, 95% confidence interval; P, p-value; del, deletion.
Covariate included in statistical model is creatinine plasma levels at week 1.
Effect sizes and 95% CI are reported for the minor allele. 
A coefficient below 0 indicates that carriers of minor allele have lower MTX plasma levels compared to carriers of 
the major allele.
The variant depicted in bold surpasses the Bonferroni corrected p-value threshold of 9.2×10-5.
The following variants are in linkage disequilibrium (r2>0.80): rs3755163 and rs4148771 (ABCB11), all depicted 
variants within CHST10, CYP1B1, SLC22A14, PPARD and CYP2D6.
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Table S3. Genetic variants associated with creatinine plasma levels, 48 hours after MTX infusion (P<0.05)

Gene SNP Chr Position Minor allele MAF Coefficient 95% CI P
ABCC1 rs246221 16 16,138,322 C 0.25 -4.86 -7.82 -1.89 0.001

VKORC1 rs7294 16 31,102,321 A 0.33 -4.51 -7.30 -1.73 0.001

GSTA1 rs4715332 6 52,669,185 G 0.42 5.68 2.13 9.24 0.002

ABCB4 rs2230028 7 87,056,176 G 0.11 -5.40 -9.16 -1.65 0.005

CYP3A43 rs17342647 7 99,459,256 T 0.08 7.62 2.32 12.92 0.005

CROT rs7785206 7 87,021,023 C 0.10 -5.89 -10.01 -1.78 0.005

SLCO3A1 rs3743369 15 92,707,569 G 0.42 -4.51 -7.69 -1.32 0.006

SLC22A7 rs2242416 6 43,273,604 A 0.43 4.90 1.37 8.44 0.007

GSTA5 rs4715354 6 52,708,797 T 0.47 -3.87 -6.70 -1.04 0.007

CDA rs1048977 1 20,945,055 T 0.34 3.62 0.90 6.34 0.009

ADH1A rs12512110 4 100,195,815 A 0.08 6.22 1.53 10.90 0.009

VKORC1 rs9923231 16 31,107,689 A 0.47 4.27 1.05 7.50 0.009

VKORC1 rs8050894 16 31,104,509 C 0.48 4.12 1.01 7.23 0.009

VKORC1 rs9934438 16 31,104,878 T 0.47 4.18 1.02 7.35 0.010

ABCB11 rs2287622 2 169,830,328 T 0.41 4.90 1.05 8.76 0.013

SLC15A1 rs2297322 13 99,376,181 A 0.15 5.71 1.18 10.25 0.014

POR rs17685* 7 75,616,105 A 0.29 -4.23 -7.59 -0.87 0.014

ABCC5 rs3749442 3 183,660,585 T 0.18 -5.12 -9.29 -0.94 0.016

ABCB11 rs4148768* 2 169,887,154 T 0.09 8.39 1.50 15.28 0.017

SLC16A1 rs9429505 1 113,454,571 C 0.24 4.72 0.83 8.61 0.017

ABCB1 rs9282564 7 87,229,440 G 0.10 -6.21 -11.33 -1.08 0.018

VKORC1 rs2884737 16 31,105,554 G 0.30 3.85 0.61 7.10 0.020

MAT1A rs9285726 10 82,035,150 T 0.35 3.81 0.56 7.05 0.021

GSTP1 rs1138272* 11 67,353,579 T 0.11 6.77 1.00 12.54 0.021

NQO1 rs10517 16 69,743,760 T 0.13 -4.91 -9.12 -0.70 0.022

ABCB11 rs3770603 2 169,883,218 A 0.09 8.09 1.14 15.03 0.023

XDH rs2295475 2 31,589,847 T 0.32 4.60 0.55 8.65 0.026

SLC6A6 rs9036 3 14,530,721 G 0.26 3.71 0.44 6.99 0.026

ADH7 rs1573496 4 100,349,669 C 0.11 -4.57 -8.73 -0.41 0.031

CYP4F8 rs4646523 19 15,726,487 G 0.38 3.10 0.27 5.93 0.032

SLC22A12 rs11231825 11 64,360,274 T 0.34 -4.12 -7.91 -0.33 0.033

FMO3 rs2066534 1 171,077,372 G 0.16 -4.05 -7.84 -0.26 0.036

ADH7 rs971074 4 100,341,861 A 0.12 -4.28 -8.30 -0.26 0.037

CYP1B1 rs1800440 2 38,298,139 G 0.14 -5.25 -10.29 -0.20 0.042

FMO2 rs2307492 1 171,168,545 C 0.07 -3.63 -7.16 -0.09 0.044

SPN rs4788172 16 29,668,253 A 0.06 -5.08 -10.07 -0.09 0.046

POR rs6965343 7 75,592,925 T 0.38 -3.21 -6.36 -0.05 0.046

MTX, methotrexate; SNP, single nucleotide polymorphism; Chr, chromosome; MAF, minor allele frequency; 95% 
CI, 95% confidence interval; P, p-value.
Covariate included in statistical model is age.
Effect sizes and 95% CI are reported for the minor allele.
A coefficient below 0 indicates that carriers of minor allele have lower creatinine plasma levels compared to 
carriers of the major allele.
The following variants are in linkage disequilibrium (r2>0.80): rs2230028 (ABCB4) and rs7785206 (CROT), 
rs4715332 (GSTA1) and rs4715354 (GSTA5), all depicted variants within ABCB11, ADH7 and VKORC1 (except rs7294 
and rs2884737). 
* variant is also associated with MTX plasma levels at 48 hours (P<0.05, Table S2).
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Table S4. Genetic variants associated with creatinine plasma levels, 1 week after MTX infusion (P<0.05)

Gene SNP Chr Position Minor allele MAF Coefficient 95% CI P
CYP1B1 rs1800440 2 38,298,139 G 0.14 -8.66 -13.07 -4.26 0.0001

CYP3A43 rs17342647 7 99,459,256 T 0.08 8.06 3.52 12.59 0.0005

SLC22A3 rs668871 6 160,769,811 T 0.47 -5.03 -8.56 -1.51 0.005

SLCO3A1 rs3743369 15 92,707,569 G 0.42 -4.40 -7.57 -1.23 0.006

SLC13A1 rs1880179 7 122,838,633 A 0.41 -3.44 -6.03 -0.86 0.009

SLC22A2 rs624249* 6 160,679,400 T 0.42 -4.24 -7.48 -0.99 0.011

SLCO5A1 rs16936279 8 70,584,809 C 0.12 -5.38 -9.61 -1.14 0.013

SLCO3A1 rs1517618 15 92,647,645 G 0.17 -5.12 -9.17 -1.06 0.013

CDA rs2072671 1 20,915,701 C 0.33 -4.47 -8.03 -0.91 0.014

SLC13A1 rs2204295 7 122,838,090 G 0.40 -3.22 -5.81 -0.63 0.015

ATP7B rs2277448 13 52,585,548 C 0.37 -4.30 -7.84 -0.77 0.017

SLC22A11 rs2078267 11 64,334,114 C 0.47 -4.30 -7.93 -0.68 0.020

CYP39A1 rs2277119 6 46,609,905 A 0.25 4.89 0.63 9.14 0.024

FMO2 rs2307492 1 171,168,545 C 0.07 -4.93 -9.24 -0.62 0.025

ATP7B rs1051332 13 52,507,720 A 0.46 4.27 0.50 8.03 0.026

UGT2B7 rs7668258 4 69,962,078 C 0.42 3.52 0.39 6.65 0.028

UGT2B7 rs7662029 4 69,961,912 G 0.42 3.52 0.39 6.65 0.028

UGT2B7 rs7439366 4 69,964,338 C 0.42 3.48 0.35 6.61 0.029

UGT2B7 rs7438284 4 69,964,337 T 0.42 3.48 0.35 6.61 0.029

GSTP1 rs1138272* 11 67,353,579 T 0.11 6.15 0.58 11.71 0.030

VKORC1 rs7294 16 31,102,321 A 0.33 -3.34 -6.46 -0.22 0.036

CYP4A11 rs11211402 1 47,392,054 G 0.16 -4.20 -8.17 -0.23 0.038

VKORC1 rs2884737 16 31,105,554 G 0.30 3.57 0.19 6.95 0.039

SLC22A12 rs11231825 11 64,360,274 T 0.34 -3.77 -7.35 -0.19 0.039

VKORC1 rs8050894 16 31,104,509 C 0.48 3.40 0.17 6.62 0.039

CYP2A6 rs28399433 19 41,356,379 G 0.07 6.52 0.33 12.70 0.039

CROT rs31652 7 87,029,687 G 0.15 -4.31 -8.49 -0.13 0.043

VKORC1 rs9934438 16 31,104,878 T 0.47 3.36 0.10 6.61 0.043

CYP4F12 rs609290 19 15,789,140 A 0.07 5.73 0.13 11.33 0.045

CYP4F12 rs609636 19 15,789,098 A 0.07 5.73 0.13 11.33 0.045

ABCC4 rs4148551 13 95,673,518 G 0.42 -3.42 -6.79 -0.05 0.047

ABCC4 rs3742106 13 95,673,791 G 0.42 -3.48 -6.93 -0.04 0.047

ABCC1 rs8187858 16 16,162,039 T 0.09 -4.68 -9.32 -0.03 0.048

MTX, methotrexate; SNP, single nucleotide polymorphism; Chr, chromosome; MAF, minor allele frequency; 95% 
CI, 95% confidence interval; P, p-value.
Covariates included in statistical model are age and MTX cumulative dose.
Effect sizes and 95% CI are reported for the minor allele.
A coefficient below 0 indicates that carriers of minor allele have lower creatinine plasma levels compared to 
carriers of the major allele.
The following variants are in linkage disequilibrium (r2>0.80): all depicted variants within ABCC4, CYP4F12, SLC3A1, 
UGT2B7 and VKORC1 (except rs7294 and rs2884737).
* variant is also associated with MTX plasma levels at 48 hours (P<0.05, Table S2).
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CHAPTER 3 -  SUPPLEMENTARY MATERIALS
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CHAPTER 3 -  SUPPLEMENTARY MATERIALS
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Abstract
Despite (neo)adjuvant chemotherapy with cisplatin, doxorubicin and methotrexate, 

some patients with primary osteosarcoma progress during first-line systemic treatment 
and have a poor prognosis. In this study, we investigated whether patients with early 
disease progression (EDP), are characterized by a distinctive pharmacogenetic profile.

Germline DNA from 287 Dutch high-grade osteosarcoma patients was genotyped 
using the DMET Plus array (containing 1,936 genetic markers in 231 drug metabolism 
and transporter genes). Associations between genetic variants and EPD were assessed 
using logistic regression models and associated variants (P<0.05) were validated in 
independent cohorts of 146 (Spain and UK) and 28 patients (Australia). The functional 
relevance of the top hits was explored by immunohistochemistry staining and an in vitro
transport models.

In the association analyses, EPD was significantly associated with an SLC7A8 locus 
and was independently validated (meta-analysis validation cohorts: OR 0.19 [0.06-0.55], 
P=0.002). SLC7A8 encodes for the L-type amino acid transporter 2 (LAT2). Transport 
assays in HEK293 cells overexpressing LAT2 showed that doxorubicin, but not cisplatin 
and methotrexate, is a substrate for LAT2 (p < 0.0001). Finally, SLC7A8 mRNA expression 
analysis and LAT2 immunohistochemistry of osteosarcoma tissue showed that the lack 
of LAT2 expression is a prognostic factor of poor prognosis and reduced overall survival 
in patients without metastases (p = 0.0099 and p = 0.14, resp.). 

This study identified a novel locus in SLC7A8 to be associated with EPD in 
osteosarcoma. Functional studies indicate LAT2-mediates uptake of doxorubicin, which 
could give new opportunities to personalize treatment of osteosarcoma patients.
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Introduction
Osteosarcoma is a malignant bone tumor that mainly affects children and 

adolescents. Although the number of people affected by osteosarcoma is low (worldwide 
3-4 patients per million), the disease is ranked as one of the most frequent causes of 
cancer-related death in young patients (1). The disease has a great impact on the 
patient’s life, as treatment requires an intensive combination of chemotherapy, often 
disabling surgery, and prolonged periods of rehabilitation. Despite this harsh treatment 
regimen, some patients fail to respond, showing no response or even tumor growth 
during primary treatment (early disease progression – EPD). Recognition of patients that 
do not benefit from current chemotherapy schedules at an early phase in treatment is 
therefore important. 

Although the genetics and biology of the tumor are likely to contribute to 
the heterogeneous response to treatment, we postulate that germline variants in 
drug metabolizing enzymes or transporters might also contribute to this observed 
heterogeneity. Pharmacogenetics holds the promise to identify germline genetic variants 
predictive of drug response in individual patients. Most studies aimed at identifying 
germline genetic variants predictive of treatment outcome in osteosarcoma have 
considered survival as the main clinical endpoint. However, patients with EPD, who 
may have a distinctive pharmacogenetic profile, have not been widely studied as a 
subgroup. The few studies comparing complete or partial responders investigated only 
a few candidate genes involved in DNA repair (CCNH, ERCC1/2/5/6, MMS19L and XPC) and 
GSTP1, a gene involved in detoxification of exogenous and endogenous compounds (2-
5). Significant associations of genetic variants in ERCC2/5, MMS19L, XPG and GSTP1 with 
clinical response have been identified. However, validation in additional samples is 
necessary to confirm these associations as the results are conflicting (4-6). 

We performed a screening of 1,936 genetic variants in 231 drug metabolism and 
transporter genes in a group of osteosarcoma patients with the objective of discovering 
a relationship with suboptimal drug response during the first-line treatment, followed 
by validation in independent cohorts of patients. Finally, we studied the top hit gene 
by performing functional assays to elucidate the biological mechanism behind the 
association.
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Materials and methods
Patient cohorts

A discovery cohort of 287 osteosarcoma patients was retrospectively collected 
at the Radboud university medical center (Nijmegen), the University Medical Center 
of Groningen (Groningen), Leiden University Medical Center (Leiden) and the Emma 
Children’s Hospital/Academic Medical Center (Amsterdam), The Netherlands. All patients 
were treated between 1978 and 2013 and the clinical data were retrospectively collected 
from medical records. Eligibility criteria were: histological diagnosis of primary high-
grade osteosarcoma with or without metastatic disease, age ≤45 years, treatment with 
cisplatin and doxorubicin-based chemotherapy (also neoadjuvant), and self-reported 
Caucasian ethnicity. Patients were treated either according to institutional standard 
therapy consisting of cisplatin (maximum cumulative dose 600 mg/m2) and doxorubicin 
(maximum cumulative dose 450 mg/m2), or according to the standard schedule as given 
in the EURAMOS-1 trial, which consisted of cisplatin (480 mg/m2)/ doxorubicin (450 mg/
m2) and additionally high-dose methotrexate (MTX; 144 g/m2), with or without additional 
ifosfamide/etoposide or interferon-α (7). 

A combined cohort of 146 high-grade osteosarcoma patients treated with cisplatin 
and doxorubicin-based chemotherapy from Spain (N=95) and England (N=51) was used for 
independent validation of the positive findings in the discovery cohort (8, 9). Information 
on treatment has been reported previously (8, 9). In a second validation phase, a cohort 
of 28 high-grade osteosarcoma patients, treated with cisplatin and doxorubicin-based 
chemotherapy from Australia (Sydney Children’s Tumour Bank Network), was included. 
Patients were treated with a cisplatin cumulative dose of 480 mg/m2 or 600 mg/m2 and 
doxorubicin cumulative dose of 450 mg/m2. The same inclusion criteria as used in the 
discovery cohort were applied, with the exception of ethnicity. 

The study was approved by the Institutional review board of the Radboud university 
medical center, and approval for inclusion of patients in other institutions was obtained 
from the corresponding institutional ethics committees. All patients and/or parents 
provided written informed consent. 

Response definition
The clinical (radiological) response to treatment was based on imaging results (CT/

MRI/X-ray) reviewed by local expert radiologists. EPD was defined as: (1) growth of the 
primary tumor (>20%) and/or metastases (>20%), or development of new lesions, in the 
time from start of primary treatment until 3 months after end of adjuvant chemotherapy 
or end of first-line treatment in case of primary metastatic disease, and/or (2) inadequacy 
to reach complete remission at the end of (surgical and chemotherapeutic) therapy for 
primary localized or primary metastatic osteosarcoma. The opposite extremes, patients 
showing an adequate drug response with no signs of relapse were considered controls. 
Thus, patients with recurrent disease, defined as local or distant relapse later than 3 months 
after end of primary treatment to end of follow-up, were excluded from the analysis.
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Genotyping methods
For the discovery cohort, germline DNA was isolated from blood using the 

QIAamp DNA Blood Midi kit (Qiagen, Venlo, The Netherlands), or from saliva using 
the Oragene saliva collection kit (DNA Genotek, Kanata, Ontario, Canada) according 
to the manufacturer’s protocols. From patients who had died before inclusion in this 
pharmacogenetic study, DNA was isolated from normal formalin-fixed, paraffin-
embedded (FFPE) tissue as described previously (10, 11). However, for 16 patients of the 
initial Dutch patient cohort, DNA yield isolated from FFPE tissue was too low for array 
genotyping. These patients were deceased with often progressive disease. Therefore, 
the exclusion of these patients was non-random, possibly inducing bias. The limited 
available DNA was used to manually genotype the top SNPs from the study to assess the 
effect of exclusion on the main findings. The DNA samples from all other patients were 
genotyped for 1,936 genetic variants using the Affymetrix DMET Plus array according to 
the manufacturer’s instructions (Affymetrix UK Ltd, High Wycombe, UK). Genotypes were 
calculated with DMET console software 1.3 using the Dynamic Genotype Boundaries 
version 2 algorithm. Variants were excluded from analysis if the genotype cluster plots 
were considered unreliable, being plots with genotype calling showing merged clusters 
without distinct cluster boundaries. Additional stringent evaluation of the genotype 
clustering in combination with expected genotype frequencies was carried out for 
variants significant in association analysis. Quality control was carried out on the total 
cohort of 316 genotyped patients. Samples and variants were excluded if call rates <0.9, 
minor allele frequency (MAF) <0.01 and/or deviating from Hardy-Weinberg equilibrium 
(HWE) (P-value <0.0001). The five copy number variants, 46 X-chromosomal variants and 
one tri-allelic variant present on the array were not included in the analyses. 

Isolation of germline DNA in the validation cohort has been previously reported (8, 
9); from the Australian validation cohort germline DNA was isolated from blood using 
the QIAamp DNA Blood Mini kit (Qiagen) according to the manufacturer’s instructions. 
Genotyping of the validation cohort was performed for seven of the ten significant variants 
in the discovery cohort, excluding three variants that were in linkage disequilibrium with 
any of the seven variants (based on r2≥0.80) and that had higher P-values than their 
linked variants. Genotyping of the second validation cohort was subsequently performed 
for the five variants that were significant in the first validation stage and that showed 
the same direction of effect in the discovery and validation cohorts. KASP-On-Demand 
(KOD) assays were used for CYP4F12 rs688755, SLC22A5 rs274548, FMO6 rs7886938 
and SLC7A8 rs8013529; KASP-By-Design (KBD) assays were used for CYP8B1 rs6771233, 
SLC22A2 rs316003, and SLC7A8 rs1884545, all according to the manufacturer’s protocol 
(LGC Genomics, Hoddesdon, UK). Fluorescence was measured with a 7500FAST Real-
Time PCR System (ThermoFisher, Nieuwegein, The Netherlands). Genotypes were scored 
using the algorithm and software (v2.0.6) supplied by ThermoFisher. Blanks (3%) as well 
as duplicates between plates were included as quality controls for genotyping.
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Statistical analysis
Statistical differences in demographic data between patients with EPD and control 

patients were assessed by the Fisher exact, Pearson chi-square or Mann-Whitney U 
tests as appropriate using SPSS v22 (SPSS Inc., Chicago, Ill, USA). To assess the effect 
of a genetic variant on EPD, the data were dichotomized to EPD yes/no Associations 
between genetic variants and EPD were assessed by multivariable logistic regression 
analysis in PLINK using the command --logistic (additive model) (PLINK v1.07) (12). For 
genetic variants significantly associated with EPD in the discovery cohort, we assessed 
potential associations with two other clinical endpoints: recurrent disease (using PLINK), 
and 5-year disease free survival (DFS) (time interval from diagnosis to either progression 
or recurrence) using Cox proportional hazards models in SPSS. These variants were 
excluded from subsequent analysis, to filter out those variants that were not specific 
for the inadequate drug response observed in EPD patients. Reported P-values are two-
sided and are considered statistically significant if <0.05 in the genetic analyses (<0.05 
for selection of clinical covariables). No correction for multiple testing was performed 
because of the exploratory nature of the study. Meta-analysis of the association analysis 
results of the discovery and validation cohorts, and of all three cohorts including the 
second validation cohort, was performed using a fixed effects or random effects (in case 
of large heterogeneity: I2>50) model in PLINK.

Data availability
Summary statistics of the discovery analysis will be available at RIS (Research 

Information Services), the current research information system of Radboud University. 

Cell culture and transduction
HEK293 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

containing GlutaMAX with 10% (v/v) Fetal Bovine Serum (FBS) at 37°C, 5% CO2 until 70-80% 
confluence. Cells were diluted 1:5 and ~300,000 cells per well were seeded into Poly-D-
lysine coated 24-wells plates. Twenty-four hours after seeding, cells were transduced with 
60-90µL of recombinant baculoviruses and sodium butyrate (3 mM) was added to a final 
volume of 600 µL. These baculoviruses were modified to induce protein overexpression 
in HEK293 cells as previously described (13). Briefly, cDNA of the control, LAT2 or 4F2 was 
cloned downstream of a CMV promotor in the baculoviruses using a Bac-to-Bac gateway 
system (Invitrogen, Breda, The Netherlands). The sequences of the cDNA are equal to 
the reference genome (GRCh37/hg19) without genetic variants. During transduction, the 
baculoviruses induced expression of EYFP (negative control), LAT2 or 4F2. For expressing 
both LAT2 and 4F2, cells were transduced with both baculoviruses. After transduction, 
cells were incubated for 48-72h at 37°C, 5% CO2.
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Transport assay
After HEK293 cell transduction, the transport assay was performed in a 24-wells 

plate. Culture medium was removed and cells were washed with Na+-free buffer (37°C) 
containing 125 mM choline chloride, 4.8 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 1.3 
mM CaCl2, 5.6 mM glucose and 25 mM HEPES at pH 7.4, according to Khunweeraphong 
et al. (14). Thereafter, cells were exposed to a radiolabeled compound (3H-methotrexate 
or 3H-alanine) or an unlabeled compound (cisplatin or doxorubicin) diluted in Na+-Free 
HBSS-HEPES buffer at 37°C. When studying inhibition, cells were exposed to a mixture 
of a substrate and an inhibitor. 3H-L-alanine and BCH (2-Aminobicyclo(2.2.1)heptane-2-
carboxylic acid) were used as known substrate and inhibitor, respectively, to validate the 
model. Exposure time and concentrations are specified per experiment in the results 
section. After incubation, cells were washed with ice cold Na+-free buffer containing 0.5% 
BSA (m/v) (4°C) and with Na+-free buffer only (4°C). Ultimately, cells were lysed in 1-0.1M 
NaOH or 0.1% Triton X-100. 

To determine uptake of radiolabeled substrates, cell lysates were mixed with 4 mL 
OPTI-FLUOR (PerkinElmer, Waltham, MA, USA) and analyzed with the Hidex automatic 
TDCR liquid scintillation counter (Turku, Finland). Doxorubicin uptake was measured in 
lysed cells with 0.1% Triton X-100 by determining the fluorescence of doxorubicin using 
the Victor X3 multimode plate reader at an excitation and emission wavelength of 485 
nm and 590 nm, respectively (PerkinElmer Nederland B.V., Groningen, The Netherlands). 
Cisplatin uptake concentrations were determined using inductively coupled plasma mass 
spectrometry (ICP-MS). For this, a Thermo Scientific (Waltham, Massachusetts, USA) iCAP 
TQ mass spectrometer was used (in SQ modus). The system operated under the standard 
conditions (specified in supplementary methods). Measurements were performed in a 
matrix of 0.1 M NaOH, which is consistent with the lysis buffer of cells in the transport 
experiment (Merck - Darmstadt, Germany).

The protein concentration was determined (Bio-Rad Laboratories) and measured 
using a Benchmark Plus plate reader (595 nm). The transport assays were corrected for 
protein content in the wells. The mean ± SD of three experiments with cells transduced 
by independently produced baculoviruses was plotted with GraphPad Prism version 
8. Significant uptake was determined using a one-way ANOVA, comparing conditions 
to control, with Dunnett’s post-test. To determine if inhibition was significant, relative 
substrate uptake in the presence of inhibitor was compared to a solvent only control 
using an independent t-test.

SDS-page and western blot
LAT2 protein expression was determined with SDS-PAGE and western blotting. 

HEK293 cells were transduced according to the same protocol as in preparation for 
the transport assays, but in a T75 flask. Subsequently, cells were lysed and the total 
membrane fraction (20000g) was run on a SDS-Page and transferred to a Nitrocellulose 
membrane. LAT2 was visualized with the Odyssey (LI-COR) and the SLC7A8 mouse 
monoclonal antibody, clone UMAB70 (OriGene, Analog No: UM570058)
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Immunohistochemistry
Immunohistochemistry (IHC) of eight tissue micro arrays (TMAs) (one from the 

Australian cohort and seven from the Dutch cohort) was performed to assess LAT2 
protein expression in tumor tissue of osteosarcoma patients (UMAB70 antibody, OriGene 
Technologies, Inc., Rockville, USA). In addition, IHC was performed for p-mTOR expression 
to assess possible LAT2 mediated mTOR phosphorylation (#2976, Cell Signaling 
Technology, Danvers, USA). More detailed methods on the TMAs and IHC staining are 
available in the supplementary methods section. Only tissue samples from diagnostic 
biopsies, that were chemotherapy naive, were analyzed. TMAs were scored by two 
independent observers (EH, YVJ, FS) on percentage of cells with expression (none, <10%, 
10-50% or >50%) and intensity of expression (0, + or ++). Differences between observers 
were resolved by consensus. Eventually, expression data were dichotomized and tissues 
with expression ≥10% of cells were considered positive and tissues with expression in <
10% of cells were considered negative for LAT2 or p-mTOR expression. 

SLC7A8 mRNA expression analysis
SLC7A8 mRNA expression data of osteosarcoma tissue of a previous study by Kuijjer 

et al. was accessed through the ‘R2: Genomics Analysis and Visualization Platform’ (15, 
16). The R2 online interface was utilized for the visualization of the data in a Kaplan Meier 
curve, with subsequent Log-Rank test for significance. 

Results
Patient population

The genetic study was carried out following a three-stage design, including a discovery 
cohort, and two independent validation cohorts. Of the 287 eligible patients in the discovery 
cohort, four patients were excluded based on a genotype call rate lower than 0.9, leaving 
283 patients for analysis. From the first validation cohort, all 146 patients were successfully 
genotyped, while from the second, one of the 28 patients was excluded based on genotyping 
failure for all variants, leaving 27 patients for analysis. The patient characteristics of the 
three cohorts are provided in Table 1. EPD was observed in 13.8%, 12.3% and 18.5% of 
patients in the discovery, first and second validation cohorts, respectively.

In the discovery cohort, of all clinical variables included in Table 1, male gender 
(P=0.003), the presence of primary metastases (P<0.001), and poor histologic response 
(P<0.001) were significantly associated with the occurrence of EPD. Therefore, these were 
included as clinical covariates in the genetic analyses, with the exception of the histologic 
response. Histologic response and progression are both a reflection of the response to 
chemotherapy, inclusion of the histologic response as covariate would unintentionally 
remove variation between EPD and control patients and would therefore result in 
overcorrection. Despite that the association with increased age at diagnosis was not 
significant (P=0.058), age was included as a covariate since it was previously identified as 
a prognostic factor in osteosarcoma (17). 
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Table S1 shows demographic data of the additional cohort of patients that was non-
randomly excluded from the initial association analysis due to limited availability of DNA.

In the discovery cohort, 11 (28.2%) of 39 EPD patients; nine with follow-up of greater 
than 5 years. Seven patients were classified as EPD because of primary tumor progression, 
which was in all cases followed by interruption of chemotherapy and early surgery. The 
other four patients showed progression of distant metastases (N=3), or progression of 
both primary tumor and metastases (N=1); in three of these cases surgical removal of 
the metastatic lesions was performed. In the validation cohort, six (all with follow-up of 
>5 years) of 18 patients survived EPD of the primary tumor (N=1), metastases (N=3), local 
recurrence (N=1) or unknown (N=1). In the second validation cohort, two of five patients 
survived EPD either in the form of local recurrence (follow-up <1 year) or metastases.

Association analyses in the discovery cohort
Of the 1,884 variants included in the quality control, 90 variants were excluded 

based on unreliable cluster plots, 28 variants were excluded because of genotype call 
rates of <0.9 and 1,056 variants because of a MAF of <0.01. All remaining variants were 
in HWE. After quality control, 710 variants were included in the analysis of the discovery 
cohort. In multivariable logistic regression analysis, comparing patients with EPD to 
controls and including sex, age at diagnosis, and the presence of primary metastases as 
covariates, 11 genetic variants were significantly associated with EPD, after filtering of 
variants also associated with recurrent disease or 5-year DFS. The genotype cluster plot 
of one of these variants, CYP2B6 rs2279341, was considered unreliable after additional 
stringent evaluation of the clustering combined with expected genotype frequencies, 
leading to 10 remaining variants in 6 genes (Table 2, Table S2).

Validation results
In the validation cohort, seven variants were investigated based on the results of 

the discovery cohort. All variants were in HWE (P>0.05) and showed an average call rate 
of 0.98. Upon multivariable logistic regression analysis of the validation cohort similar to 
the discovery cohort, two of the seven genetic variants showed a significant association 
with EPD (Table 2). For these variants, rs8013529 and rs1884545 located in the Solute 
Carrier Family 7 (Amino Acid Transporter Light Chain, L System) Member 8 (SLC7A8) gene, 
a protective effect was observed for patients carrying the T allele in case of rs1884545 
(P=0.020) or the C allele in case of rs8013529. The effect remained significant with addition 
of inclusion site (Spain or England) as covariate (P=0.018). 
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Meta-analysis
A meta-analysis of the association analysis results was performed of the seven 

variants genotyped in both the discovery and validation cohort. Two variants in the 
SLC7A8 locus independently validated and the effect further reinforces when combined in 
a meta-analysis. The rs1884545 variant showed a significant protective effect in patients 
with EPD with an odds ratio (OR) of 0.16 (95% confidence interval 0.05-0.50) (Table 2, 
Table S3). In both the discovery and validation cohorts, none of the patients with EPD 
were homozygous for the T allele, whereas in the control groups of the discovery and 
validation cohort, 1.2% and 2.2% of patients were homozygous, respectively. In addition, 
a substantially lower percentage of patients were heterozygous in the EPD group (7.7% 
in discovery and 5.6% in validation) compared to controls (25.0% and 24.2%). As linkage 
disequilibrium between the two SLC7A8 variants is high (R2 = 0.78), these numbers were 
comparable for the C allele of rs8013529. In addition to the SLC7A8 variants, three other 
variants (CYP8B1 rs6771233, SLC22A2 rs316003, SLC22A5 rs274548) were significantly 
associated with EPD in the meta-analysis, showing a stronger association compared to 
the results of the discovery or validation cohorts alone. 

Based on the meta-analysis results of the discovery and validation cohort, five 
variants were investigated in a second validation cohort, including 27 additional 
patients. In a meta-analysis including all samples investigated, a significant association 
of SLC7A8 rs1884545 with an OR of 0.22 (0.07-0.63) and of SLC7A8 rs8013529 with an OR 
of 0.19 (0.06 – 0.55) was observed, corresponding to an approximately four to five-fold 
protective effect. Despite that, the association did not become stronger compared to the 
meta-analysis without these additional 27 patients (Table 2). The other variants, SLC22A5
rs274548, CYP8B1 rs6771233, and SLC22A2 rs316003, remained significantly associated 
with EPD, with the latter two showing a stronger association. 

Validation of LAT2 overexpression model
SLC7A8 codes for the L-type amino acid transporter 2 (LAT2), which mainly transports 

neutral amino acids and is also involved in the transport of multiple medicines, e.g. 
gabapentin and L-DOPA. This transporter is most active when it is bound to its heterodimer 
4F2. In order to study the role of the LAT2 transporter in chemotherapeutic treatment of 
osteosarcoma, an in vitro LAT2-4F2 overexpression cell model was developed in HEK293 
cells. The Western blot with the anti-LAT2 antibody in Figure 1A only shows bands in the 
LAT2-HEK293 cells and the LAT2-4F2-HEK293 cells, indicating a LAT2 overexpression 
effect. Radiolabeled 3H-L-Alanine was used to functionally test and characterize LAT2-
mediated transport in this model. Figure 1B shows that overexpression of LAT2 alone 
causes significant (P=0.0001) uptake compared to control-transduced cells when cells 
are exposed to 0.017 µM 3H-L-alanine for 2 minutes. It was confirmed that 4F2-HEK293 
cells do not have any transport activity. Overexpression of both LAT2 and 4F2 further 
enhanced L-alanine uptake (P<0.0001). 
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Figure 1. Western blot (A) and functional validation (B and C) of the transport assay in HEK293 cells overexpressing 
the L-type amino acid transporter 2 (LAT2). Figure B confirms 3H-L-alanine as a substrate of LAT2 and LAT2-4F2, 
after exposure to 0.018 µM of 3H-L-Alanine for 2 minutes at 37˚C. Data is expressed as mean ± SD (N=3). Figure C 
shows L-alanine (10 µM) uptake, in the presence of cisplatin (1 mM), doxorubicin (1 mM), methotrexate (1 mM) or 
BCH (1 mM), after 1 minute incubation at 37˚C. BCH is a known inhibitor of LAT2-4F2 and was therefore included 
as a positive control. Inhibition was expressed as a percentage ± SD of L-alanine uptake with solvent control only, 
which was fixed at 100% (N=3).

To further characterize transport, time and concentration dependent uptake was 
studied in a time curve and Michaelis-Menten curve (Figure S1). As shown in Figure S1a, 
the uptake rate is linear until two minutes, and therefore, the Michaelis-Menten curve 
was performed with an incubation time of one minute. The Km for LAT2-4F2 mediated 
L-alanine uptake was estimated at 598 µM, with 95% confidence interval of 304 µM – 892 
µM (Figure S1b). 

Interaction of LAT2-4F2 with cisplatin, doxorubicin and methotrexate
The association of a locus in the SLC7A8 gene to EPD may be caused by an interaction 

of LAT2 with chemotherapeutics that are used in the treatment of osteosarcoma. First, 
potential inhibition of LAT2-4F2-mediated L-alanine transport was measured for cisplatin, 
doxorubicin and methotrexate. BCH is a known amino-acid transport inhibitor and 
inhibitor of LAT2 and was used as a positive control. BCH (1 mM) significantly (p=0.01) 
inhibited L-alanine (10 µM) uptake transport after 1 minute exposure at 37˚C. Under the 
same conditions, cisplatin (1 mM), doxorubicin (1 mM) or methotrexate (1 mM) did not 
significantly inhibit L-Alanine (10 µM) transport in this cell model (Figure 1C). 

Finally, transport assays were performed to assess if methotrexate, cisplatin or 
doxorubicin are substrates of LAT2-4F2 (Figure 2). No significantly increased uptake 
of 3H-methotrexate by LAT2-4F2 (P=0.1) was found compared to the control. The 
accumulation of cisplatin was measured as platinum uptake by ICP-MS. As this technique 
was not previously used in this assay, a positive control transporter (OCT2) was also 
included. The uptake of cisplatin by OCT2 compared to control was significant (p < 0.0001, 
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Figure S2), but no uptake of cisplatin by LAT2-4F2 was measured. Finally, doxorubicin was 
identified as a substrate of LAT2-4F2 (p < 0.0001, Figure 2B) and transport of doxorubicin 
(10 µM) was inhibited to 81% (SD = 5.2%) by BCH (1 mM) under the same experimental 
conditions (p = 0.0032, data not shown). Altogether, doxorubicin, and not methotrexate 
or cisplatin, was shown to be a substrate for LAT2 which gives novel implications for the 
role of LAT2 in osteosarcoma therapy response to doxorubicin.
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Figure 2. Transport assay to assess if methotrexate (A), doxorubicin (B) or cisplatin (C) are substrates for LAT2-4F2. 
HEK293 cells were incubated with methotrexate (500 µM), doxorubicin (500 µM) and cisplatin (330 µM) for 30 
minutes at 37˚C. No significant difference in uptake of methotrexate or cisplatin was found in LAT2-4F2-HEK293 
cells (p = 0.1, p=0.0028, resp.) compared control cells. Doxorubicin uptake was significant in LAT2-2F4-HEK293 cells 
(p < 0.0001). All data is expressed as mean ± SD (N=3).

Immunohistochemistry and mRNA expression analysis
Protein expression analysis through IHC and mRNA expression analysis of 

osteosarcoma tissue at diagnosis was performed to assess if SLC7A8 and LAT2 expression 
affects disease progression and survival. The presence of metastasis at diagnosis is the 
best clinical predictor of poor treatment outcome in patients with osteosarcoma, and 
therefore, this was also taken into account and analyses were stratified for metastases. 
Figure 3A and S5 shows poorest OS and DFS, respectively, in patients with metastases at 
diagnosis and without LAT2 expression. Best DFS and OS was observed patients without 
metastases at diagnosis and with LAT2 expression (pDFS=0.025, pOS=0.017). This indicates 
that LAT2 expression may enhance survival, especially in patients without metastases 
at diagnosis. Similarly, SLC7A8 mRNA expression is significantly associated with overall 
survival in patients without metastases (p = 0.0099, Figure 3). 

p-mTOR was stained in IHC as mTOR phosphorylation was previously implicated to 
be a downstream process of LAT2-mediated amino-acid uptake (18-20). A representable 
example of LAT2 expression in tissue is displayed in Figure S3. Table S4 describes that 
LAT2 expression was present in 25.5% of patients and p-mTOR in 27.9% of patients. 
Expression of LAT2 or p-mTOR was not significantly associated to the SLC7A8 rs1884545 
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T allele or EPD (Table S5). In addition, LAT2 expression was not significantly associated 
to p-mTOR expression (OR (95%CI) = 3.5 (0.8-15.947), p=0.117). Although not significant, 
p-mTOR expression showed a trend towards poorer DF disease-free survival (DFS) 
(pDFS=0.08, pOS=0.92, Figure S4) and LAT2 expression may improve DFS and overall survival 
(OS), however this was neither significant (pDFS=0.15, pOS=0.081, Figure S4). 

Figure 3. Overall survival of osteosarcoma patients according to or LAT2 protein expression (A), stratified 
for the presence of metastasis, or SLC7A8 mRNA expression (B and C). Protein expression was determined by 
immunohistochemistry in the discovery cohort of this study and no patients with LAT2 expression and metastases 
at diagnosis were identified. mRNA expression was analyzed in an independent patient cohort (available from 
Kuijjer et al. (15, 16)). 

Discussion
In our study we provided evidence that five genetic variants are associated with EPD 

in osteosarcoma, of which a locus in SLC7A8 was confirmed in an independent validation 
cohort. In addition, three variants in other genes showed a similar direction of effect in 
the discovery and validation cohorts and were significantly associated in meta-analyses. 
Functional analysis showed that L-type amino acid transporter 2 (LAT2, gene SLC7A8) is 
involved in the transport of doxorubicin. Our results may have novel implications for 
personalized treatment of patients with osteosarcoma, because we suggest that LAT2-
mediated doxorubicin uptake in osteosarcoma tumor cells could play an important role 
in treatment resistance and eventually treatment response. 

In this study, we identified a novel locus in the SLC7A8 gene to be associated with 
EPD in patients with osteosarcoma. The SLC7A8 gene encodes the LAT2 transporter 
present in the basolateral membrane of the proximal tubule in the kidney, as well as 
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in the colon and intestine (21). LAT2 (light chain) is active when it forms a heterodimer 
with 4F2 (heavy chain) via a disulphide bond and is involved in the uptake and efflux of 
large and small neutral amino acids. At our current state of knowledge, little is known 
on the role and function of LAT2 in osteosarcoma or osteosarcoma treatment response, 
although it has been assessed in pharmacogenetic studies in other cancer types. Other 
germline variants and in this gene, that are not in linkage disequilibrium (LD) with the 
locus we identified, have been linked to outcome after platinum-based therapy in 
esophageal cancer (22). Acquired mutations in SLC7A8 in the same patient group caused 
resistance to cisplatin-verapamil combination therapy and these results were reinforced 
by functional experiments (23). When looking at expression of LAT2 in tumor tissues, LAT2 
expression was associated with improved survival in estrogen receptor positive (ER+) 
breast cancer (24, 25) and in lung cancer (26). El Ansari et al. describes that SLC7A8 mRNA 
expression and LAT2 protein expression in ER+ breast cancer were strongly associated 
with good prognostic features. Conversely, LAT2 expression was associated with poorer 
survival in pancreatic cancer and was indicated to play a role in the pathogenesis of 
glomerulonephritis, both through LAT2-mediated mTOR activation (18, 20). 

Our results show that patients with expression of LAT2 in osteosarcoma tissue 
may have better survival compared to patients without expression of LAT2, especially 
in patients that present without metastases. Previous literature showed that amino acid 
uptake by LAT2 could enhance mTOR phosphorylation leading to mTORC1 activation 
and thereby a less favourable prognosis (18-20). Therefore, p-mTOR expression was 
assessed by immunohistochemistry. Based on this hypothesis it would be expected that 
high LAT2 expression is associated with p-mTOR and both would result in poorer overall 
survival (OS) and disease-free survival (DFS). However, our non-significant results are 
in contrast with those expected if LAT2 led to mTORC1 phosphorylation suggesting no 
LAT2-mediated mTOR phosphorylation in tissue of osteosarcoma patients.

Apart from large and small neutral amino acids, other studies have shown that LAT2 
also contributes to the transport of various medicines e.g. L-DOPA, melphalan, baclofen, 
gabapentin, and thyroid hormones (27). However, a potential interaction between LAT2 
and osteosarcoma chemotherapeutics has never been investigated. In this study, we 
found that doxorubicin is a Na+-independent substrate of LAT2. Doxorubicin was not an 
inhibitor of L-alanine in our assay. This could indicate that the LAT2 affinity for L-alanine is 
greater than that to doxorubicin. This may lead to L-alanine to be the superior substrate 
in competition with doxorubicin, resulting in the absence of an inhibitory effect of 
doxorubicin. In combination with the association of LAT2 expression in tumor tissue with 
improved survival in patients without metastasis, LAT2-mediated doxorubicin transport 
could mechanistically explain the association of genetic variation in SLC7A8 that is 
associated with EPD in patients with osteosarcoma. A previous study in neuroendocrine 
tumors showed that LAT1 and LAT2 expression in tumor cells caused increased L-DOPA 
uptake (28). We hypothesize that increased LAT2 expression in osteosarcoma tissue 
could lead to increased uptake of doxorubicin, therefore higher intracellular exposure 
and improved cell death. Future research should further address this to translate the 
findings of this study to the clinical setting.
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The genetic variants in the SLC7A8 locus associated with EPD include a synonymous 
variant (rs1884545) and an intron variant (rs8013529). The exact effect of these variants on 
the protein function or on protein expression remains unknown. According to data from 
the ENCODE project, rs1884545 is more likely to have an effect on regulation of SLC7A8 
expression than rs8013529. Regulation could be the result of histone modifications 
(H3K4me1 histone mark), transcription factor binding (POLR2A, CTCF, etc.) and DNase 
hypersensitivity peaks. However, no expression quantitative trait loci (eQTLs) are found 
to indicate an association of one of the variants to protein expression. The effect might as 
well be caused by linked variants, or even a combination of multiple linked rare variants. 
Additional studies, for example through fine-mapping or functional experiments are 
necessary to give additional insight. 

Notably, two other genes (SLC22A2, Solute carrier family 22 member 2 and 
SLC22A5, Solute carrier family 22 member 5) of the four identified genes also encode 
transporters that function in the kidneys. SLC22A2, which codes for the organic cation 
transporter 2 (OCT2) is implicated in the transport of cisplatin in tubular cells, which was 
also confirmed in this study (Figure S2). A genetic variant in the gene (rs316019, not in 
LD with rs316003) has been linked to cisplatin induced nephrotoxicity (29-31). SLC22A5
is involved in the reabsorption of carnitine by the proximal tubular cells. Studies have 
indicated that cisplatin inhibits SLC22A5 functioning also leading to nephrotoxicity (32, 
33). Unfortunately, we could not further investigate the relation between the identified 
variants in SLC22A2 and SLC22A5 and nephrotoxicity, as the availability of information on 
the adverse drug event in our study cohort was only limited. The fourth identified gene 
(CYP8B1, Cytochrome P450 8B1) is expressed in hepatocytes and is involved in bile acid 
production and glucose homeostasis (34). Thus far, no clear connection between this 
gene and chemotherapy treatment has been reported. 

We have pharmacogenetically studied the largest cohort of osteosarcoma 
patients with EPD to date and are the first to include independent validation cohorts. 
Nevertheless, patient numbers are small for genetic association studies. This however 
reflects the rarity of the disease and even for these numbers, international collaboration 
was required. Therefore, we consider the current study as a first but important step 
into the pharmacogenetic background of a suboptimal drug response in patients with 
osteosarcoma. As we have retrospectively included patients diagnosed over the past 
decades, during which imaging techniques have improved, it is possible that we have 
missed some cases of EPD in patients diagnosed in the early years. In addition, the 
discovery cohort was heterogeneous regarding treatment protocols. A proportion of 
the patients received two drugs (doxorubicin and cisplatin), whereas others received 
drugs in addition to cisplatin and doxorubicin (mostly only MTX), which could give a more 
favorable outcome. However, there was no significant effect of the presence of MTX in 
the treatment regimen on EPD in our cohort, which makes it likely that the influence of 
the differences in treatment regimens on the results is limited. Furthermore, because 
we studied germline variants, we may have missed tumor-specific mutations in genes 
involved in the uptake of the chemotherapeutic drugs, although studies on genetic 
variants in genes involved in drug metabolism and transport showed high concordance 
between DNA derived from tumor and blood or saliva (35). In addition, the tumor genetic 
background is also likely to define the intrinsic response to chemotherapy (36).
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The goal of identifying pharmacogenetic variants involved in EPD is to enable pre-
treatment identification of patients who are at pharmacogenetic risk of a poor response 
to treatment with conventional chemotherapy. The genetic loci identified in the present 
study are not yet discriminative for implementation in the clinical setting, but the 
evidence that is presented here does present novel opportunities for the future. Upfront 
identification of such patients could provide an opportunity to personalize therapy and 
help achieve a better balance of treatment outcome and toxicity burden. For example, 
other second-line treatments could be considered as first-line treatment for this 
subgroup of patients (37-42). In addition to such a clinical implementation, these genetic 
association studies are important to gain more insight into the mechanisms of action of 
the drugs investigated. This is illustrated by the outcome of the functional studies where 
doxorubicin is identified as a novel substrate of the LAT2 transporter in this study and 
cisplatin is linked to both SLC22A2 and SLC22A5 in literature (32, 33). In addition, these 
results may provide new leads for development of agents to modulate the response to 
chemotherapy.

From the patient’s perspective, it is important to identify those at risk of a suboptimal 
response to chemotherapy and possible EPD. This study illustrates that it is indeed 
possible to distinguish this patient group as we identified pharmacogenetic variants 
specifically associated with EPD in osteosarcoma. Ultimately, clinical implementation of a 
validated (genetic) risk profile may enable treatment strategies specifically targeting this 
subgroup of patients. 
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CHAPTER 4 -  SUPPLEMENTARY MATERIALS

Supplementary methods
Inductively coupled plasma mass spectrometry to measure platinum concentration

Cisplatin uptake concentrations were determined using inductively coupled plasma 
mass spectrometry (ICP-MS). For this, a Thermo Scientific (Waltham, Massachusetts, 
USA) iCAP TQ mass spectrometer was used (in SQ modus). The system operated 
under the standard conditions, briefly: Rf power 1550 W, argon gas flow rates: cooling 
14 L/min, auxiliary 0.8 L/min, nebulizer 1.03 L/min, sampler, skimmer: nickel, spray 
chamber: cyclone, 3 oC, torch: quartz, nebulizer: concentric, data acquisition: masses 
89, 195, sweeps 10, dwell time 100 ms. The calibration standards were prepared from 
commercially available stock solutions. The platinum standard (1000 mg/L) was supplied 
by VWR (Leicestershire, England). Yttrium, used as the internal standard, was prepared 
from a 1000 mg/L solution obtained from Merck (Darmstadt, Germany). Measurements 
were performed in a matrix of 0.1 M NaOH, which is consistent with the lysis buffer of 
cells in the transport experiment (Merck - Darmstadt, Germany).

Immunohistochemistry
Immunohistochemistry (IHC) staining on 4 µm thick slides from eight osteosarcoma 

tissue micro arrays (TMAs) (one from the Australian cohort and seven from the Dutch 
cohort), with one or two 2.0 mm cores per tumor samples from representative tumor 
areas, was performed to assess LAT2 protein expression and p-mTOR expression to 
assess possible LAT2 mediated mTOR phosphorylation. Pancreas and kidney served 
as positive controls for LAT2 and p-mTOR, respectively. Sections were deparaffinized in 
xylene and rehydrated through a graded ethanol into water series. Antigen retrieval was 
performed by heating the slides in citrate buffer, pH6 for 10 min (p-mTOR) at 100 °C 
or heating the slides in the 2100-Retriever (Diagnostic Technology, Belrose, Australia) 
(LAT2). Endogenous peroxidase activity was blocked with 3% H2O2 in distilled water for 
10 min at room temperature. Subsequently, sections were incubated with monoclonal 
mouse anti-LAT2 antibody (1:50, UMAB70 antibody, OriGene Technologies, Inc., Rockville, 
USA) or monoclonal rabbit anti-phospho-mTOR (Ser2448) (1:50, #2976, Cell Signaling 
Technology, Danvers, USA) in antibody diluent in a humidified chamber overnight at 4 °C. 
Next, tissue sections were incubated with Poly-HRP-GAMs/Rb IgG (ImmunoLogic, Duiven, 
The Netherlands) in EnVision™ FLEX Wash Buffer (Dako, Agilent Technologies, Santa Clara, 
CA, USA) (1:1) for 30 min at room temperature. Antibody binding was visualized using 
the EnVision™ FLEX Substrate Working Solution (Dako) for 10 min at room temperature. 
Finally, slides were counterstained with haematoxylin, dehydrated and coverslipped. 
Only tissue samples from diagnostic biopsies, that were not exposed to chemotherapy, 
were analyzed. TMAs were scored by two independent observers on percentage of cells 
with expression (none, <10%, 10-50% or >50%) and intensity of expression (0, + or ++). 
Differences between observers were resolved by consensus. Eventually, expression data 
were dichotomized and tissues with expression ≥10% of cells were considered positive 
for LAT2 or p-mTOR expression.
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Figure S1. Time- and concentration dependent uptake of L-Alanine in LAT2-4F2-HEK293 cells. Figure A shows 3H-L-
Alanine uptake in LAT2-4F2-HEK293 cells after exposure of 0.017 µM 3H-L-Alanine at 37˚C. The uptake rate is linear 
until 2 minutes, and therefore, the Michaelis-Menten curve was performed with 1 minute incubation time. For 
B, cells were exposed to increasing concentrations of L-Alanine and 0.017 µM 3H-L-Alanine. The Km for LAT2-4F2 
mediated L-alanine uptake was estimated at 598 µM (95% CI = 304 µM – 892 µM). All signals were subtracted by 
the background signal that was measured in EYFP-HEK293 cells under the same conditions. Data in figure A is 
expressed as mean ± SD (N=3). Figure B is expressed as a percentage ± SD of Vmax, which was fixed at 100% (N=3).
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Figure S2. Transport assay to validate that platinum concentration measurements by ICP-MS are appropriate to 
measure uptake in this cell model. The SLC22A2 gene codes for the organic cation transporter 2 (OCT2), which was 
previously indicated in the transport of cisplatin. 50 µM cisplatin was exposed for 10 minutes to EYFP-HEK293 
cells and LAT2-4F2-HEK293 cells at 37˚C. The cisplatin uptake was significantly higher in LAT2-2F4-HEK293 cells 
(p < 0.0001). Altogether, it was concluded that cisplatin uptake was measured accordingly by ICP-MS. All data is 
expressed as mean ± SD (N=3).
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Figure S3. Representative example of LAT2 protein expression in osteosarcoma tissue at diagnosis. Brown staining 
indicates LAT2.

Table S4. Immunohistochemistry staining of LAT2 and p-mTOR in osteosarcoma tissue at diagnosis. Patients with 
<10% expression are considered controls and patients with ≥10% expression are considered cases.

LAT2 expression p-mTOR expression

All patients

(N=47)

Progressive 
diseasea

(N=7)

No 
progressive 

disease 
(N=26)

All 
patients 

(N=43)

Progressive 
diseasea

(N=7)

No 
progressive 

disease 
(N=23)

Controls 35 (74.5%) 7 (100%) 17 (65.4%) 31 (72.1%) 4 (57.1%) 20 (87%)

Cases 12 (25.5%) 0 (0%) 9 (34.6%) 12 (27.9%) 3 (42.9%) 3 (13%)

a Progressive disease was defi ned as: (1) growth of the primary tumor (>20%) and/or metastases (>20%), or 
development of new lesions, in the time from start of primary treatment until 3 months after end of adjuvant 
chemotherapy or end of fi rst-line treatment in case of primary metastatic disease, and/or (2) inadequacy to reach 
complete remission at the end of (surgical and chemotherapeutic) therapy for primary localized or primary metastatic 
osteosarcoma. The opposite extremes, patients showing an adequate drug response with no signs of relapse were 
considered controls. Thus patients with recurrent disease, defi ned as local or distant relapse from 3 months after 
end of primary treatment to end of follow-up, were excluded from the comparison for progressive disease.

Table S5. Association of LAT2 or p-mTOR protein expression with genetic variant or disease progression, calculated 
with X2 test.

LAT2 expression p-mTOR expression 
N OR (95%CI) p N OR (95%CI) p

SLC7A8 rs1884545 T-allele 47 0.26 (0.03-2.33) 0.414 43 1.71 (0.40-7.43) 0.467

Progressive disease 33 0.65 (0.49-0.87) 0.149 30 5 (0.73-34.35) 0.361
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Figure S4. Kaplan Meier survival curves of overall survival (A and C) and disease-free survival (B and D) in 
osteosarcoma patients with and without LAT2 (A and B) or p-mTOR (C and D) protein expression in tumor tissue at 
diagnosis. P-values are the result of a log-rank test.
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Abstract
Cisplatin and carboplatin are cornerstone anti-neoplastic medicines in many 

malignancies. Despite their beneficiary effects on survival rates, hearing loss is a major 
side effect. Platinum-induced hearing loss can affect quality-of-life, especially in childhood 
cancer patients, and when it occurs during treatment it may lead to dose reduction, 
risking reduced anti-tumor effect of platinum treatment. Pharmacogenetics has the 
ability to not only predict platinum-induced hearing loss but also elucidate the biological 
mechanism. Therefore, the aim of this study is to identify novel genetic variants that play 
a role in platinum-induced hearing loss.

In the present study, a genome-wide association analysis (GWAS) was performed 
using two childhood cancer patient cohorts: the Genetics of Childhood Cancer Treatment 
(GO-CAT) cohort (n=261) and the United Kingdom Molecular Genetics of Adverse Drug 
Reactions in Children Study (UK MAGIC) study cohort (n=248). In primary analysis, 
patients with SIOP Boston grade ≥1 were considered cases. Results of both cohorts were 
combined in a meta-analysis and suggestively significant results were replicated in the 
PanCareLIFE cohort, consisting of 390 platinum-treated childhood cancer patients.

No genome-wide significant associations are found, but variants in TSPAN5, 
RBBP4P5, AC010090.1 and RNU6-38P were suggestively associated to platinum-induced 
hearing loss. The lowest p-value was found for the T-allele of rs7671702 in TSPAN5 (OR 
(95%CI) = 2.04 (1.54 – 2.69), p = 5.01×10-7). None of the associations were significant in the 
replication cohort, although effect directions were consistent among all cohorts. 

The functional role of TSPAN5 in the development of platinum-induced ototoxicity 
is hypothesized by influencing regulation of ADAM10 and thereby influencing cisplatin 
sensitivity in cells. Additional research is necessary to further explore this association. 
These insights in the development of platinum-induced hearing loss can ultimately 
contribute to a more personalized treatment plan without hampering treatment efficacy.
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Introduction
Cisplatin and carboplatin are used as cornerstone anti-neoplastic treatments in 

many malignancies. Despite their desirable anti-tumor effects, ototoxicity (or hearing 
loss) is a major side effect. Platinum-induced ototoxicity is generally irreversible and 
occurs in 42-67% of patients treated with cisplatin (1-4) and in up to 20% of patients 
after carboplatin treatment (5, 6). Severe hearing loss during chemotherapy treatment 
may lead to a dose reduction of the platinum compound to prevent further hearing loss, 
risking its anti-tumor effect. In addition, it can have a negative effect on quality of life, 
especially in childhood patients treated for cancer. It was shown that these children are 
at increased risk for learning and reading problems and psychosocial difficulties (7, 8). 

Clinical risk factors for platinum-induced ototoxicity include co-treatment with 
other ototoxic drugs such as aminoglycosides or furosemide, cumulative dose and 
administration duration of platinum treatment, cranial irradiation, young age and 
male sex (9). These risk factors can partly explain the interindividual differences in the 
development of ototoxicity, although genetic risk factors are hypothesized to play a 
role. For example, Xu et al. found a common variant in the ACYP2 gene (rs1872328) to be 
associated with cisplatin-induced hearing loss (10). This finding was replicated multiple 
times and meta-analysis showed an almost 4-times increased risk for patients carrying the 
G-allele to develop ototoxicity (11, 12). Also, genetic variants in TCERG1L, SLC22A2, WFS1, 
OTOS, ABCC3 and others were indicated in the risk of cisplatin-induced ototoxicity. These 
studies show that genetic variation plays a role in the development of platinum-induced 
ototoxicity. Despite the existing evidence, no widely accepted treatment protocols are 
in place for pharmacogenetic testing in clinical practice, nor to guide treatment (13, 14).

Larger patient cohorts are required to establish and replicate potential 
pharmacogenomic signals with certainty. As pediatric cancer is relatively rare, an 
international collaboration between the Genetics of Childhood Cancer Treatment (GO-
CAT) consortium and UK Molecular Genetics of Adverse Drug Reactions in Children 
(MAGIC) study was initiated to establish such an international cohort with enough 
patients to perform statistically meaningful analyses. A genome-wide association study 
(GWAS) was performed in a childhood cancer cohort who were treated with platinum 
chemotherapy. The recently published GWAS by the PanCareLIFE consortium served as 
a replication cohort (14). The aim of this study was to identify novel genetic markers that 
can predict the occurrence of platinum-induced ototoxicity and possibly elucidate more 
about its biological mechanisms. 

Materials and methods
Patients and treatment

The discovery study was a meta-analysis of GWASs in two patient cohorts; the 
GO-CAT cohort and the UK MAGIC study cohort. The GO-CAT cohort is a multinational 
retrospective cohort of pediatric cancer patients, treated between 1975 and 2020. 
Participating centers included Radboud university medical center (Nijmegen, the 
Netherlands), University Medical Center of Groningen (Groningen, the Netherlands), 
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Leiden University Medical Center (Leiden, the Netherlands), Academic Medical Center 
(Amsterdam, the Netherlands), Fondazione IRCCS Istituto Nazionale Tumori (Milan, 
Italy) and The Children’s Hospital at Westmead (Sydney, Australia). The majority of this 
cohort was platinum-treated, and of a subset, genetic material was available sufficient 
for genome-wide genotyping. The UK MAGIC study cohort was a retrospective cohort of 
platinum-treated pediatric cancer patients recruited between January 2012 and March 
2018 at eight UK sites, being Alder Hey Children’s Hospital (Liverpool, UK), Leeds General 
Infirmary (Leeds, UK), Royal Manchester Children’s Hospital (Manchester UK), Great 
Ormond Street Hospital NHS Trust (London, UK), Nottingham University Hospitals NHS 
Trust (Nottingham, UK), Leicester Royal Infirmary NHS Trust (Leicester, UK), Newcastle 
Hospitals NHS Trust (Newcastle, UK), York Hill Hospital (Glasgow, UK)(12). These studies 
were approved by all local ethical committees. Written informed consent was obtained 
of all included patients that were alive at the moment of inclusion and/or their parents or 
legal guardians if applicable. 

Patients were eligible for inclusion if they were diagnosed with a tumor (with or 
without metastases), mainly patients with medulloblastoma or osteosarcoma, which was 
histological proven or, if no tumor material has been investigated, confirmed by imaging, 
and received primary chemotherapeutic treatment including a platinum agent. Patients 
from the GO-CAT cohort were treated with cisplatin or carboplatin, whereas patients 
from the UK MAGIC cohort were primarily treated with cisplatin. Treatment regimens 
depended on tumor type and local treatment protocols. Full inclusion and exclusion 
criteria for MAGIC have been published previously (12). Generally, patients were included 
if material for DNA isolation or genotyping data with genome-wide coverage was available, 
and passed genotyping quality control, and well-documented patient data was available 
concerning baseline characteristics and received treatment to establish clinical factors 
with potential impact on hearing loss (e.g., age, platinum dose and concomitant use of 
other ototoxic drugs). If applicable, data regarding cranial or craniospinal irradiation was 
a necessity, since its known impact on hearing. Audiograms were collected at baseline 
(and should not have clinically relevant hearing loss at baseline, being >20 dB hearing 
loss at any frequency), during chemotherapy (if available) and (at least one) during follow-
up for ototoxicity assessment. 

Ototoxicity assessment
For case-control assignment in childhood patient cohorts, the SIOP Boston ototoxicity 

scale was used (Table S1). This scale is based on sensorineural hearing thresholds in 
dB hearing level (2). Sensorineural hearing loss was established by examining unaided 
audiograms showing bone conduction, or air conduction with a normal tympanogram to 
rule out a conductive hearing loss component. From all patient’s available audiograms 
during chemotherapy and follow-up, the worst audiogram and the worst ear were scored. 
Scoring of audiograms was performed by trained audiologists or experienced clinicians. 
For the primary analysis, patients with grade 0 were considered controls and patients 
with grade 1 or higher were assigned as cases. In secondary analyses, patients with grade 
0 and 1 were considered controls and patients with grade 2-4 were cases. 
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Genotyping and quality control 
Germline DNA was extracted from blood or saliva using the QIAamp DNA Blood 

Midi kit (Qiagen, Venlo, The Netherlands) and GeneFiX collection kits (GeneFiX DNA Saliva 
Collector GFX-02, Isohelix, UK), respectively. DNA isolation took place using ChemagicStar 
(Hamilton Robotics, Reno, NV, USA), using Chemagic STAR DNA Saliva 4k Kit, according 
to the manufacturer protocol. From patients who had passed away before inclusion, 
germline DNA was isolated from paraffin-embedded tissue samples as described 
previously (15). All samples were genotyped using genotyping arrays with genome-wide 
coverage. Samples from the GO-CAT cohort were genotyped using the Illumina Infinium 
Global Screening Array-24 version 2.0 and version 3.0, performed by Human Genomics 
Facility at Erasmus MC, Rotterdam, The Netherlands. Samples from the UK MAGIC study 
cohort were genotyped using the Illumina Infinium OmniExpressExome-8 version 1.4, 
performed by Illumina Cambridge Ltd, Cambridge, UK. To increase number of genetic 
variants and achieve harmonization across different genotyping arrays, genotyping data 
from all sites were phased and imputed using software Eagle (v2.3.5) and Minimac3, 
respectively, with the 1000 Genomes European dataset as a reference panel (16, 17).

Quality control (QC) of genotyped data started with exclusion of samples with 
individual call rates below 90%. On the marker level, genetic variants were removed if 
they showed a call rate below 98%, when minor allele frequency (MAF) was below 0.5% 
or when they deviated from the Hardy Weinberg equilibrium (HWE), with a p-value below 
1x10-6. To retain a homogenous cohort, principal component analysis was performed, 
using a PCA cut-off of -0.01 in GO-CAT, and 2 standard deviations of two principal 
components in UK MAGIC. Samples were excluded if they showed sex discrepancies 
between genotyping and phenotyping data, and in cases of relatedness between samples 
within the cohort (proportion inherited by descent (PI-HAT above 0.2). All steps in the 
process of phasing, imputation and QC in the GO-CAT cohort were performed using the 
Rapid Imputation and Computational Pipeline for Genome-Wide Association Studies 
(18). In the UK MAGIC study cohort, identical analyses were performed using multiple 
command line programs (PLINK was used for QC, Eaglev2.4 for phasing (EUR population) 
and imputation was performed using the Michigan Server using Minimac4 1.5.7 with the 
1000G Phase 3 v5 Reference panel).

Statistical analysis
A power calculation was performed to explore the power of detecting a statistical 

association with the number of available subjects, using Quanto (version 1.2.4, Los Angeles, 
CA). It was shown that a GWAS analysis in a cohort with sample size of 500, a case-control 
ratio of 1, a log additive inheritance mode and an alpha of 5x10-8, would result in a power of 
0.06 – 0.97 for a variant with an odds ratio of 2 and an allele frequency of 0.05 – 0.3. Under 
these conditions, a power of 0.8 was reached at minor allele frequencies of 0.16 or higher.

To test for potential associations between clinical characteristics and platinum-
induced hearing loss, variables were analyzed using Pearson’s Chi-square, Fisher’s 
Exact, independent samples T or Mann-Whitney U, depending on the type of data and 
the Gaussian distribution, using SPSS Statistics (version 25.0, IBM Corp.). A two-sided 



168

CHAPTER 5

p-value of less than 0.05 was considered to be significant, which resulted in inclusion of 
this clinical variable in as a covariate in further GWAS analysis.  Multiple GWAS analyses 
were performed to study the effect of cranial irradiation, cisplatin/carboplatin treatment 
and phenotype definition (as explained under Ototoxicity assessment) on the results of 
the analysis. Altogether, this article will focus on the primary analysis, in which patients 
with SIOP grade 0 are controls and patients with SIOP grade 1-4 are cases, a subset of 
patients received cranial irradiation and patients are treated with cisplatin or carboplatin. 
Furthermore, secondary analyses were performed in subgroup cohorts with only cisplatin 
treated patients, non-irradiated patients and different case-control designation (SIOP 
grade 0-1 compared to grade 2-4), which will be included in the supplemental material. It 
is hypothesized that cohorts are more homogenous with more stringent inclusion criteria, 
leading to lower overall variance. However, in the secondary analyses power will be lower 
due to lower patient numbers, but power may be restored by decreased variance.

The GWAS was performed as a logistic regression analysis, under the assumption 
of an additive model, using the software PLINK (v2.0, Cambridge, MA) (19). Based on each 
cohorts’ eigenvalues, the first four (GO-CAT) and two (UK MAGIC) principle components 
were included as covariates to account for potential population stratification bias. Age at 
diagnosis, or age at first cisplatin treatment, and concomitant vincristine treatment were 
included as a covariate as a result of the covariate analysis. The p-value threshold for 
genome-wide statistical significance was set to 5 x 10-8, and the threshold for suggestive 
significance is p-value of 1 x 10-5. Summary statistics were shared among GO-CAT and 
the UK MAGIC study and a random effect meta-analysis was performed using METAL 
(v2007-2009 Goncalo Abecasis, released on 2020-05-05) (20). Effect size estimates and 
standard errors from the summary statistics were used to perform the meta-analysis 
(SCHEME STDERR). In addition, heterogeneity across samples (I2) was calculated. Meta-
analysis results were filtered for variants that were present in both cohorts (leaving 
results of 7,272,050 variants in the primary analysis) and were subsequently annotated 
and visualized using FUMA (v1.3.6b, Amsterdam, The Netherlands)(21). FUMA was used 
to identify risk loci and their lead SNPs with a p-value below the suggestive significance 
threshold of 1 x 10-5. In addition, a gene-wide analysis was performed using MAGMA, 
which is integrated in FUMA.

Replication
Variants suggestively associated to platinum-induced ototoxicity in the primary 

analysis (p-value < 1 x 10-5) were eligible for replication. The recently published GWAS in 
the PanCareLIFE cohort was also performed in a childhood cancer cohort, and therefore, 
results of suggestively associated variants from this study were extracted for publicly 
available summary statistics (14). The PanCareLIFE data of these variants was combined 
with the GO-CAT and UK MAGIC study cohort in a meta-analysis under the same conditions 
as described under Statistical analysis. 
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Results
Patient population

The process of patient inclusion is depicted in Figure 1. In summary, of the 971 
subjects in the clinical dataset of GO-CAT, a total of 591 subjects met the clinical inclusion 
criteria, of whom 360 subjects had genetic material available for genotyping. In the UK-
MAGIC study cohort, of 435 subjects who were considered eligible, a total of 248 met the 
inclusion criteria and had genetic material available for genotyping. After quality control of 
genetic data (Figure 1), a total of 509 patients remained for GWAS and meta-analysis in the 
discovery phase of this study, of which 261 were analyzed in the GO-CAT cohort and 248 
in the UK MAGIC study cohort (with originating center of inclusion presented in Table S2). 

The clinical characteristics of the GO-CAT and UK MAGIC study cohort are 
represented in Table 1. Despite variety in diagnoses, the common denominator among 
these patients was the platinum treatment. The GO-CAT cohort consists of 136 patients 
with osteosarcoma (52.1%), 79 with medulloblastoma (30.3%) and 46 with low-grade 
glioma (17.6%). Of these, 212 patients were primarily treated with cisplatin of which the 
median cumulative dose was 480 mg/m2, ranging from 120-900 mg/m2. 49 patients were 
primarily carboplatin treated, and in 21 patients, primary chemotherapeutic regimen 
contained both platinum agents, with a median cumulative carboplatin dose of 1,300 
mg/m2 (range 640-16,047). The majority of patients in the UK MAGIC study cohort are 
also patients with osteosarcoma (25.5%) or medulloblastoma (25.1%), the rest of these 
patients being diagnosed with hepatoblastoma (10.9%), neuroblastoma (10.9%), low-
grade glioma (5.3%), Hodgkin’s lymphoma (2.0%), ependymoma (4.6%), intracranial germ 
cell tumor (2.8%), nasopharyngeal carcinoma (2.8%), or even rarer types of childhood 
cancer. All patients in the UK MAGIC study cohort received treatment with cisplatin, with 
a median cumulative dose of 350 mg/m2, ranging from 60-720 mg/m2. A total of 40.2% 
of patients in the UK MAGIC study cohort received concomitant carboplatin, mainly 
including medulloblastoma (16.7%), neuroblastoma (8.9%), hepatoblastoma (4.0%) and 
ependymoma (4.0%). The use of concomitant vincristine treatment was significantly higher 
in ototoxicity cases than in controls in the UK MAGIC cohort (p = 0.001). Despite that this 
difference was not significant in the GO-CAT cohort (p = 0.092), concomitant vincristine 
use was included as a covariate in all GWAS analyses. Males were overrepresented in 
both cohorts, with 150 males (57.5%) in the GO-CAT cohort and 151 (60.9%) in the UK 
MAGIC study cohort, nevertheless the proportion of males was not different between 
cases and controls. The median age ranged from 10.1 to 10.8 years among all groups, 
except for ototoxicity cases in the UK MAGIC study cohort where the median age was 
7.9 years. As age is significantly lower in these cases than in controls (p = 0.048), it was 
included as a covariate in all GWAS analyses. 

Grade 1-4 platinum-induced ototoxicity occurred in 59.3% (302 cases and 207 
controls) of the total discovery cohort. The percentage of cases was higher in the UK 
MAGIC cohort (66.5%) than in the GO-CAT cohort (52.5%). In the both the GO-CAT cohort 
and the UK MAGIC study cohort, the percentage of patients with cranial irradiation 
was significantly higher in cases compared to controls (p < 0.0001 in both cohorts). The 
significant difference is related to significant differences in diagnosis, intracranial tumor 
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site, receiving cranial surgery and total dose of radiotherapy received between cases 
and controls (Table 1). Including all these factors as covariates would represent the same 
variation multiple times and lead to overcorrection. Therefore, secondary analyses were 
performed where patients who received cranial irradiation are excluded to assess how 
the presence of patients with cranial irradiation infl uences the main results. 

Figure 1. Genetic variant and sample selection fl owchart. Process of quality control of clinical and genetic data for 
GO-CAT cohort and UK MAGIC study cohort. 
a quality control of genetic data of GO-CAT cohort was performed in a larger dataset of 848 pediatric oncology 
subjects, of which a subset of subjects included in this study were extracted after imputation
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Genotyping
The process of genotyping, QC and imputation for the GO-CAT cohort took place 

in larger cohort of pediatric cancer patients (848 subjects), of which a subset of subjects 
included in this study was extracted after imputation. Genotyping in the UK-MAGIC cohort 
was performed in 248 subjects. The process of QC for both cohorts is depicted in Figure 1. 
After QC, imputation and matching clinical and genetic data, a total of 261 subjects and 
11,166,569 variants were included from the GO-CAT cohort, and a total of 248 subjects 
and 9,921,267 variants in the UK-MAGIC study cohort. Combining both cohort in meta-
analysis, this resulted in a total of 509 subjects and 7,272,049 genetic variants. 

Genome-wide association analyses and meta-analysis 
In the primary meta-analysis, four variants were suggestively associated to 

platinum-induced ototoxicity (p-value <1 x 10-5, Table 2). Of these, the result of analysis of 
rs7671702 in TSPAN5 showed the lowest p-value. The T-allele of this variant was shown 
to increase risk of ototoxicity 2.04 (95%CI 1.54 - 2.69) times in childhood cancer patients 
with cisplatin or carboplatin as primary platinum treatment (p = 5.01×10-7) (Table 2). When 
looking only at patients with cisplatin as their primary platinum treatment, the eff ects 
sizes are similar, but the p-value is higher (p = 7.08×10-6). 

AC010090.1
rs1 3 6 5 7 7 8

RNU7-38P
rs9 2 8 5 2 9 4

RBBP4P5
rs1 2 2 3 2 0 9 2

TSPAN5
rs7 6 7 1 7 0 2

Figure 2. Manhattan plot of the primary GWAS meta-analysis, including patients treated with cisplatin or carboplatin 
and patients with and without cranial irradiation. In this analysis, patients with SIOP grade 0 are considered 
controls and patients with SIOP grade ≥ 1 are cases. 
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Figure 3. Zoom plot of TSPAN5 locus in chromosome 4. Locus suggestively associated to platinum-induced hearing 
loss in the primary GWAS meta-analysis

The TSPAN5 locus can be recognized as the hit in chromosome 4 on the Manhattan plot 
in Figure 2. In addition, Figure 3 shows that this concerns an intronic locus, where multiple 
other genetic variants, which are in high linkage disequilibrium, are also associated with 
similar signifi cance and eff ect sizes. The other variants that were suggestively associated 
to platinum-induced ototoxicity were located in RBBP4P5, AC010090.1 and RNU6-38P. The 
quantile-quantile plot of this analysis (Figure S1) shows that the GWAS meta-analysis was 
underpowered.

In total, eight genome-wide association analyses were performed according to the 
same protocols, with varying inclusion criteria and phenotype defi nitions. It is depicted 
in Figure 4 (and Table S3) that excluding patients from this cohort often caused decreased 
power, which can be interpreted from the larger 95% confi dence intervals. Also, excluding 
not irradiated patients had a larger eff ect on the results of the analysis than excluding 
patients treated with carboplatin primarily. Above all, when patients with SIOP grade 1 
were considered controls instead of cases, the eff ects size decreased for the associations 
of all four variants. This emphasizes the importance of homogenous patient cohorts, 
especially in terms of cranial irradiation and phenotype designation.
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Not irradiated + cisplatin
Not irradiated
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Figure 4. Results in primary and secondary analyses of four variants (A-D) that were suggestively associated with 
platinum-induced ototoxicity in the primary GWAS meta-analysis. The top bar represents the primary analysis 
(SIOP grade 0 vs 1-4, ‘all patients’). In the ‘cisplatin’ subgroup, patients treated with carboplatin were excluded and 
in the ‘not irradiated’ subgroup, patients that received cranial irradiation were excluded. 



176

CHAPTER 5

Ta
bl

e 
2.

 R
es

ul
ts

 o
f t

he
 g

en
et

ic
 v

ar
ia

nt
s 

th
at

 a
re

 s
ug

ge
st

iv
el

y 
as

so
ci

at
ed

 to
 p

la
tin

um
-in

du
ce

d 
he

ar
in

g 
lo

ss
 in

 th
e 

pr
im

ar
y 

G
W

AS
 m

et
a-

an
al

ys
is

. T
he

 G
O

-C
AT

 a
nd

 U
K 

M
AG

IC
 

st
ud

y 
co

ho
rt

s 
fo

rm
 to

ge
th

er
 th

e 
di

sc
ov

er
y 

co
ho

rt
. R

es
ul

ts
 a

re
 s

pe
ci

fie
d 

pe
r 

co
ho

rt
 a

nd
 th

e 
co

m
bi

ne
d 

re
su

lts
 a

re
 d

et
er

m
in

ed
 w

ith
 a

 m
et

a-
an

al
ys

is
. 

G
W

A
S 

G
O

-C
A

T 
co

ns
or

ti
um

 
N

=2
61

G
W

A
S 

U
K 

M
A

G
IC

 s
tu

dy
 

co
ho

rt
 

N
=2

45

M
et

a-
an

al
ys

is
 

(G
O

-C
A

T 
+ 

U
K 

M
A

G
IC

)
Re

pl
ic

at
io

n 
Pa

nC
ar

eL
IF

E 
co

ho
rt

 
N

=3
90

M
et

a-
an

al
ys

is
(G

O
-C

A
T 

+ 
U

K 
M

A
G

IC
 +

 
Pa

nC
ar

eL
IF

E)

O
R 

p-
va

lu
e

O
R 

p-
va

lu
e

O
R 

p-
va

lu
e

I2
O

R 
p-

va
lu

e
O

R 
p-

va
lu

e
I2

(9
5%

 C
I)

(9
5%

 C
I)

(9
5%

 C
I)

P he
t

(9
5%

 C
I)

(9
5%

 C
I)

P he
t

TS
PA

N
5,

 
rs

76
71

70
2,

 A
1=

T
1.

83
1.

84
×1

0-3
2.

31
2.

43
×1

0-5
2.

04
5.

01
×1

0-7
0

1.
19

0.
24

2
1.

58
8.

88
×1

0-6
73

.6

(1
.2

5 
- 2

.6
7)

(1
.5

6 
- 3

.4
1)

(1
.5

4 
- 2

.6
9)

0.
41

1
(0

.8
9 

- 1
.5

9)
(1

.2
9 

- 1
.9

3)
0.

02
33

RB
BP

4P
5,

  
rs

12
23

20
92

, 
A

1=
A

2.
53

1.
18

×1
0-3

2.
03

2.
14

×1
0-3

2.
21

9.
11

×1
0-6

0
1.

23
0.

27
5

1.
68

7.
09

×1
0-5

63
.4

(1
.4

4 
- 4

.4
4)

(1
.3

 - 
3.

17
)

(1
.5

6 
- 3

.1
4)

0.
54

5
(0

.8
5 

- 1
.7

8)
(1

.3
 - 

2.
16

)
0.

06
52

AC
01

00
90

.1
, 

rs
13

65
77

8,
 

A
1=

A

2.
38

6.
42

×1
0-4

2.
03

2.
40

×1
0-3

2.
18

5.
24

×1
0-6

0
1.

18
0.

32
8

1.
61

8.
92

×1
0-5

69
.5

(1
.4

5 
- 3

.9
1)

(1
.3

2 
- 3

.1
1)

(1
.5

6 
- 3

.0
5)

0.
64

4
(0

.8
4 

- 1
.6

6)
(1

.2
7 

- 2
.0

4)
0.

03
75

RN
U

6-
38

P,
 

rs
92

85
29

4,
 A

1=
T

0.
48

2.
11

×1
0-4

0.
6

1.
02

×1
0-2

0.
53

8.
76

×1
0-6

0
1

0.
99

9
0.

71
1.

10
×1

0-3
79

.4

(0
.3

2 
- 0

.7
1)

(0
.4

1 
- 0

.8
8)

(0
.4

 - 
0.

7)
0.

44
1

(0
.7

4 
- 1

.3
5)

(0
.5

8 
- 0

.8
7)

0.
00

78
2

A1
, e

ff
ec

t a
lle

le
; O

R,
 o

dd
s 

ra
tio

; 9
5%

CI
, 9

5%
 c

on
fid

en
ce

 in
te

rv
al

; I
2 , 

he
te

ro
ge

ne
ity

 v
al

ue



177

GWAS of platinum-induced hearing loss in childhood cancer patients

5

In the primary gene-wide and gene-enrichment analysis, no statistically significant 
associations were found after Bonferroni or FDR multiple testing correction (data not 
shown). Despite the non-significant results, the GBP1 gene in chromosome 1 is in the top 
5 in all gene-wide analyses. This suggests that this robust finding is not largely dependent 
on the exact inclusion criteria of the patient cohorts. 

Replication 
Four variants were eligible for replication in the PanCareLIFE cohort. This cohort consists 

of 390 cisplatin-treated, non-cranially irradiated childhood cancer patients. Forty-three 
percent (n=168) of these patients suffered from cisplatin-induced hearing loss (Muenster 
≥ grade 2b) (14). None of the associations were significant in the replication cohort alone, 
however the effect goes in the same direction in all groups (Table 2). In a meta-analysis of 
all pediatric cancer cohorts (GO-CAT, UK MAGIC and PanCareLIFE), the effect of the TSPAN5
variant remains suggestively significant (OR (95%CI) = 1.58 (1.29 – 1.93), p = 8.88×10-6). 

Discussion
In this study, the main finding was the suggestive association of a genetic variant in 

the TSPAN5 gene with platinum-induced hearing loss in pediatric cancer patient cohorts. 
In addition, suggestively significant associations were found for variants in RBBP4P5, 
AC010090.1 and RNU6-38P. These findings confirm that germline genetic variation may 
play a role in the development of hearing loss after platinum treatment. 

The T-allele of rs7671702 in the TSPAN5 gene was suggestively associated to a 
two-times increased risk of platinum-induced hearing loss in childhood cancer patients. 
rs7671702 is an intronic variant in the first intron of the TSPAN5 gene. This variant was 
previously found to be an expression quantitative trait locus (eQTL) for TSPAN5 in skeletal 
muscle and tibial nerves, meaning that the variant is associated to expression of TSPAN5
(22). TSPAN5 codes for tetraspanin 5, which is an ubiquitously expressed protein that is 
responsible for the translocation of ADAM10 to the cell membrane (23). It was previously 
shown that ADAM10 is involved in cisplatin-induced renal toxicity through cleaving C-X-C 
ligand 16 (CXCL16) into its soluble form, causing recruitment of T-cells and subsequent 
inflammation-mediated apoptosis (24). The drug Enoxaparin could relieve this form of 
platinum-induced nephrotoxicity in vitro (24). Also, regulation of ADAM10 by PAX2 or miR-
320a influences cisplatin sensitivity of melanoma cells and gastric cancer cells, respectively 
(25, 26). This indicates that deviated ADAM10 translocation by TSPAN5 may also affect 
sensitivity to platinum compounds. In addition, ADAM10 regulates sensory regeneration in 
the avian vestibular organs (27). In previous gene-wide analyses, it was shown that TSPAN5
is associated to tinnitus (puncorrected = 0.00187 (28)) and that there is an association of ADAM10
with cisplatin-induced ototoxicity (puncorrected = 0.0466 (29)). Altogether, this indicates that 
there may be a role for both TSPAN5 and ADAM10 in platinum-induced hearing loss.

Despite that there could be a mechanical explanation for the association between 
TSPAN5 variant and platinum-induced ototoxicity, this association was not found in 
the study in the PanCareLIFE cohort published by Meijer et al. The patient cohorts are 
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relatively comparable, as they both consist of pediatric cancer patients, but the definition 
of ototoxicity is different. In the current study’s primary analysis, patients with SIOP grade 
≥ 1 are considered cases (>20 dB hearing loss at >4 kHz) and in the PanCareLIFE study 
hearing loss was considered deleterious at Muenster level 2b (>40 dB hearing loss at 
≥4 kHz), which are more stringent criteria. In the secondary analyses of this study, SIOP 
grade ≥ 2 are considered cases (>20 dB hearing loss at ≥4 kHz), which would be more 
comparable to the PanCareLIFE study. Secondary analyses are also more comparable to 
the PanCareLIFE study in terms of inclusion criteria, because PanCareLIFE only included 
cisplatin-treated, non-irradiated patients. Different hearing thresholds in the case-
control designation can have a large effect on the results of a genetic association study, 
as was previously described in a study focusing on cisplatin induced nephrotoxicity (30). 
They used four grading tools to represent acute kidney injury, including CTCAE grading, 
adjusted CTCAE grading, serum creatinine and estimated glomerular filtration rate. It 
was found that these different case designations lead to variability in risk ascertainment 
of the phenotype. This effect was also illustrated by the differences in results in the 
analyses with cases defined as SIOP grade ≥ 1 compared to cases defined as SIOP grade 
≥ 2, respectively (Figure 4). Altogether, this highlights the importance of homogenous 
clinically relevant outcome definitions. 

In the primary association analysis of this study, both cis- and carboplatin treated 
patients are analyzed together. Despite known differences in ototoxic potency of these 
agents, cisplatin being more ototoxic than carboplatin, the mechanism of ototoxicity is 
carried out through the same biological mechanism, being death of sensory hair cells in 
the cochlea (2). Since the aim of this genetic association study is to unraveling biological 
mechanisms via statistical methods in order to increase knowledge of interindividual 
differences, patients treated with either or both agents were included in primary analyses, 
also to enhance power by increasing cohort size. Contrary to that, excluding patients 
treated primarily with carboplatin, and/or patients who received cranial irradiation, was 
hypothesized to decrease variance in the data and thereby increase power. However, the 
resulting decrease in patient number and subsequent decrease in power is detrimental 
for a small study, leading to minimal (suggestively) significantly associated findings in 
secondary analyses (Table S4). For the top-hit variants in the primary analysis, the p-values 
were higher and confidence intervals were larger in secondary analyses (Figure 4, Table 
S3), which further confirms that the patient number was more important than stringent 
selection criteria in this study.

Despite the investment in collaboration with multiple research groups, no genome-
wide significant associations are found and the results were not replicated in both the 
PanCareLIFE cohort. Fifteen genetic variants that were previously associated to platinum-
induced ototoxicity were not significantly associated to platinum-induced ototoxicity 
in this study (Table S5). The lack of replication could be due to heterogeneity between 
studies, differences in outcome definitions, different analysis methods or false-positive 
findings in discovery studies. Poor reproducibility remains an issue in genetic association 
studies, and specifically when studying platinum-induced ototoxicity (31). In the quest 
for meaningful associations with an impact on patient care, homogenous and powerful 
analyses are necessary. 
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To conclude, an association of a variant in the TSPAN5 gene with platinum-induced 
hearing loss was identified in this study. Moreover, there may be a functional role for 
TSPAN5 in the development of platinum-induced ototoxicity by regulation of ADAM10 
and thereby influencing cisplatin sensitivity in cells. This study once again emphasizes 
the importance of standardized outcome definitions, homogenized analyses and 
collaboration among research groups to optimize power in GWAS studies. Therefore, 
the Genetics of Childhood Cancer Treatment (GO-CAT) consortium will continue to invest 
in collaborations to perform larger analyses in the future. This exploratory study is a 
step in the identification of genetic variants involved in platinum-induced hearing loss. 
This will ultimately lead to prediction models to identify patients at risk for hearing loss 
before treatment. On top of that, it may contribute to an improved understanding of the 
mechanism behind platinum-induced hearing loss and the development of interventions 
to improve the quality-of-life of cancer survivors. 
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Table S1. Hearing levels that are designated to toxicity grades according to SIOP Boston ototoxicity scale for 
pediatric patients (2).

SIOP Boston 
Grade 0 ≤ 20 dB all

Grade 1 >20 dB at >4 kHz

Grade 2 >20 dB at ≥4 kHz

Grade 3 >20 dB at 2 or 3 kHz

Grade 4 >40 dB at ≥2 kHz

Table S2. Hospital of inclusion of the patients in the discovery and replication cohorts. 

Controls Cases
Genetics of Childhood Cancer Treatment (GO-CAT) consortium

Radboudumc Nijmegen, The Netherlands 45 27

Leiden UMC, The Netherlands 4 12

AMC, Amsterdam, The Netherlands 6 11

UMC Groningen, The Netherlands 4 12

The Children’s Hospital at Westmead, Australia 27 16

Fondazione IRCCS Istituto Nazionale Tumori Milan, Italy 37 31

UK MAGIC study cohort 

AHC, Alder Hey Children’s Hospital, Liverpool, England  16 30

GOS, Great Ormond Street Hospital NHS Trust, London, UK 5 13

LGI, Leeds General Infirmary, Leeds, UK 21 43

LRI, Leicester Royal Infirmary NHS Trust, Leicester, UK 1 3

NUT, Nottingham University Hospitals NHS Trust, Nottingham, UK 28 50

QMC, Newcastle Hospitals NHS Trust, Newcastle, UK 4 12

RMC, Royal Manchester Children’s Hospital, Manchester, UK 8 11

YHH, York Hill Hospital, Glasgow, UK 0 3

PanCareLIFE

Available at: Meijer AJM, Diepstraten FA, Langer T, Broer L, Domingo IK, Clemens E, et al. TCERG1L allelic 
variation is associated with cisplatin-induced hearing loss in childhood cancer, a PanCareLIFE study. NPJ 
Precis Oncol. 2021;5(1):64.
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Figure S1. QQ-plot of the primary GWAS meta-analysis to identify genetic variants associated to platinum-induced 
hearing loss.
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Table S3. Four variants were suggestively associated with platinum-induced ototoxicity in primary analysis and this 
table shows the results of these associations in the secondary analyses. Selection criteria of patients in primary (1A) 
and secondary analyses (1B-4B) are specified in this table. In the ‘cisplatin’ subgroup, patients treated with carboplatin 
were excluded and in the ‘not irradiated’ subgroup, patients that received cranial irradiation were excluded. 

Gene, rsID # Inclusion criteria Control
SIOP 

grade

Case
SIOP 

grade

N OR (95% CI) Uncorrected 
p-value

TSPAN5, 
rs7671702

1A All patients 0 1-4 506 2.21 (1.56 - 3.14) 9.112E-06

1B Cisplatin 0 1-4 456 2.22 (1.53 - 3.22) 2.491E-05

2A Not irradiated 0 1-4 352 2.12 (1.4 - 3.22) 0.0004074

2B Not irradiated + Cisplatin 0 1-4 331 2.16 (1.42 - 3.28) 0.0003275

3A All patients 0-1 2-4 506 1.59 (1.1 - 2.29) 0.01363

3B Cisplatin 0-1 2-4 456 1.59 (1.08 - 2.33) 0.01757

4A Not irradiated 0-1 2-4 352 1.92 (1.19 - 3.11) 0.007856

4B Not irradiated + Cisplatin 0-1 2-4 331 1.9 (1.17 - 3.1) 0.009534

AC010090.1, 
rs1365778

1A All patients 0 1-4 506 2.18 (1.56 - 3.05) 5.235E-06

1B Cisplatin 0 1-4 456 2.25 (1.58 - 3.2) 7.569E-06

2A Not irradiated 0 1-4 352 2.47 (1.64 - 3.72) 1.363E-05

2B Not irradiated + Cisplatin 0 1-4 331 2.49 (1.66 - 3.76) 1.239E-05

3A All patients 0-1 2-4 506 1.53 (1.09 - 2.14) 0.01302

3B Cisplatin 0-1 2-4 456 1.52 (1.08 - 2.15) 0.0172

4A Not irradiated 0-1 2-4 352 1.83 (1.17 - 2.86) 0.007635

4B Not irradiated + Cisplatin 0-1 2-4 331 1.87 (1.19 - 2.94) 0.006409

RNU6-38P, 
rs9285294

1A All patients 0 1-4 506 2.04 (1.54 - 2.69) 5.013E-07

1B Cisplatin 0 1-4 456 1.96 (1.46 - 2.64) 7.081E-06

2A Not irradiated 0 1-4 352 1.95 (1.42 - 2.7) 4.562E-05

2B Not irradiated + Cisplatin 0 1-4 331 1.97 (1.42 - 2.73) 4.361E-05

3A All patients 0-1 2-4 506 1.7 (1.27 - 2.28) 0.0004241

3B Cisplatin 0-1 2-4 456 1.61 (1.18 - 2.18) 0.002354

4A Not irradiated 0-1 2-4 352 1.72 (1.18 - 2.49) 0.00468

4B Not irradiated + Cisplatin 0-1 2-4 331 1.73 (1.18 - 2.53) 0.004764

RBBP4P5, 
rs12232092

1A All patients 0 1-4 506 0.53 (0.4 - 0.7) 8.758E-06

1B Cisplatin 0 1-4 456 0.54 (0.41 - 0.72) 3.358E-05

2A Not irradiated 0 1-4 352 0.54 (0.39 - 0.75) 0.0002025

2B Not irradiated + Cisplatin 0 1-4 331 0.54 (0.39 - 0.75) 0.0002073

3A All patients 0-1 2-4 506 0.56 (0.41 - 0.76) 0.0002158

3B Cisplatin 0-1 2-4 456 0.59 (0.43 - 0.8) 0.0008312

4A Not irradiated 0-1 2-4 352 0.65 (0.44 - 0.95) 0.02829

4B Not irradiated + Cisplatin 0-1 2-4 331 0.64 (0.43 - 0.95) 0.02796

OR, odds ratio; CI, confidence interval.
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Table S5. Results of genetic variants that were associated to platinum-induced ototoxicity in previous studies, in 
the GWAS meta-analysis of this study.

#* Gene SNP Allele 1 Allele 2 Effect 
direction1

OR (95CI) Uncorrected 
p-value

1B ABCC3 rs1051640 a g -- 0.87 (0.6 - 1.27) 0.476

1A ABCC3 rs1051640 a g +- 0.91 (0.64 - 1.3) 0.603

4B ABCC3 rs1051640 a g ++ 1.12 (0.67 - 1.88) 0.666

4A ABCC3 rs1051640 a g -+ 1.1 (0.66 - 1.82) 0.714

2A ABCC3 rs1051640 a g -+ 0.95 (0.62 - 1.45) 0.802

3B ABCC3 rs1051640 a g -+ 0.95 (0.64 - 1.42) 0.811

2B ABCC3 rs1051640 a g -+ 0.96 (0.62 - 1.48) 0.858

3A ABCC3 rs1051640 a g -+ 1.03 (0.7 - 1.51) 0.89

3B ACYP2 rs1872328 a g -- 0.58 (0.19 - 1.78) 0.339

3A ACYP2 rs1872328 a g -- 0.63 (0.23 - 1.72) 0.364

4A ACYP2 rs1872328 a g -- 0.77 (0.23 - 2.62) 0.68

4B ACYP2 rs1872328 a g +- 0.82 (0.24 - 2.79) 0.748

1B ACYP2 rs1872328 a g ++ 1.17 (0.44 - 3.08) 0.757

2B ACYP2 rs1872328 a g ++ 1.1 (0.38 - 3.13) 0.865

2A ACYP2 rs1872328 a g ++ 1.07 (0.38 - 3.01) 0.903

1A ACYP2 rs1872328 a g -+ 1 (0.42 - 2.37) 0.999

3A GSTP1 rs1695 a g +- 0.77 (0.56 - 1.06) 0.112

3B GSTP1 rs1695 a g +- 0.79 (0.57 - 1.1) 0.16

2B GSTP1 rs1695 a g +- 0.8 (0.56 - 1.14) 0.214

1A GSTP1 rs1695 a g +- 0.84 (0.62 - 1.13) 0.245

1B GSTP1 rs1695 a g +- 0.83 (0.61 - 1.14) 0.251

4B GSTP1 rs1695 a g +- 0.8 (0.53 - 1.21) 0.294

2A GSTP1 rs1695 a g +- 0.83 (0.58 - 1.18) 0.302

4A GSTP1 rs1695 a g +- 0.82 (0.54 - 1.23) 0.336

1B LRP2 rs2075252 t c ++ 1.16 (0.82 - 1.64) 0.402

1A LRP2 rs2075252 t c ++ 1.06 (0.76 - 1.47) 0.726

2A LRP2 rs2075252 t c +- 0.96 (0.66 - 1.39) 0.817

3B LRP2 rs2075252 t c -+ 1.04 (0.72 - 1.52) 0.823

3A LRP2 rs2075252 t c -+ 0.97 (0.67 - 1.4) 0.87

4A LRP2 rs2075252 t c +- 0.98 (0.63 - 1.54) 0.937

4B LRP2 rs2075252 t c +- 1.02 (0.65 - 1.59) 0.948

2B LRP2 rs2075252 t c +- 0.99 (0.68 - 1.45) 0.976

2B NFE2L2 rs6721961 t g -- 0.57 (0.32 - 1) 0.049

2A NFE2L2 rs6721961 t g -- 0.59 (0.34 - 1.03) 0.063

1B NFE2L2 rs6721961 t g -- 0.69 (0.43 - 1.08) 0.106

1A NFE2L2 rs6721961 t g -- 0.73 (0.48 - 1.13) 0.162
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#* Gene SNP Allele 1 Allele 2 Effect 
direction1

OR (95CI) Uncorrected 
p-value

4B NFE2L2 rs6721961 t g -- 0.68 (0.35 - 1.33) 0.261

4A NFE2L2 rs6721961 t g -- 0.7 (0.37 - 1.35) 0.287

3A NFE2L2 rs6721961 t g -- 0.89 (0.57 - 1.4) 0.624

3B NFE2L2 rs6721961 t g +- 0.93 (0.59 - 1.47) 0.758

4A OTOS rs2291767 t c -+ 2.05 (0.7 - 6.06) 0.193

4B OTOS rs2291767 t c -+ 1.97 (0.67 - 5.84) 0.22

2A OTOS rs2291767 t c ++ 1.63 (0.61 - 4.4) 0.332

2B OTOS rs2291767 t c ++ 1.63 (0.6 - 4.41) 0.337

1B OTOS rs2291767 t c ++ 1.45 (0.58 - 3.65) 0.431

1A OTOS rs2291767 t c ++ 1.34 (0.58 - 3.1) 0.49

3A OTOS rs2291767 t c -+ 1.07 (0.46 - 2.5) 0.88

3B OTOS rs2291767 t c -+ 1.04 (0.42 - 2.6) 0.935

3A SLC16A5 rs4788863 t c ++ 1.32 (0.95 - 1.83) 0.096

4B SLC16A5 rs4788863 t c ++ 1.42 (0.92 - 2.2) 0.115

4A SLC16A5 rs4788863 t c ++ 1.4 (0.91 - 2.15) 0.131

3B SLC16A5 rs4788863 t c ++ 1.22 (0.87 - 1.71) 0.26

1A SLC16A5 rs4788863 t c +- 1.17 (0.86 - 1.6) 0.319

2B SLC16A5 rs4788863 t c +- 1.15 (0.8 - 1.66) 0.445

1B SLC16A5 rs4788863 t c +- 1.12 (0.81 - 1.55) 0.482

2A SLC16A5 rs4788863 t c +- 1.13 (0.79 - 1.63) 0.494

4A SLC22A2 rs316019 a c ++ 1.14 (0.61 - 2.12) 0.69

2A SLC22A2 rs316019 a c +- 1.05 (0.62 - 1.8) 0.849

3A SLC22A2 rs316019 a c -- 0.96 (0.59 - 1.54) 0.853

3B SLC22A2 rs316019 a c -- 0.95 (0.58 - 1.57) 0.855

4B SLC22A2 rs316019 a c ++ 1.05 (0.55 - 2.01) 0.874

1B SLC22A2 rs316019 a c +- 1.02 (0.63 - 1.63) 0.948

1A SLC22A2 rs316019 a c +- 1.01 (0.65 - 1.58) 0.952

2B SLC22A2 rs316019 a c +- 0.99 (0.58 - 1.71) 0.981

2A SOD2 rs4880 a g -- 0.76 (0.55 - 1.07) 0.114

2B SOD2 rs4880 a g -- 0.77 (0.55 - 1.08) 0.129

1A SOD2 rs4880 a g -- 0.83 (0.62 - 1.1) 0.199

1B SOD2 rs4880 a g -- 0.85 (0.63 - 1.14) 0.268

3B SOD2 rs4880 a g -- 0.85 (0.63 - 1.15) 0.296

3A SOD2 rs4880 a g -- 0.87 (0.64 - 1.17) 0.344

4B SOD2 rs4880 a g +- 0.85 (0.57 - 1.25) 0.403

4A SOD2 rs4880 a g +- 0.86 (0.58 - 1.27) 0.445
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#* Gene SNP Allele 1 Allele 2 Effect 
direction1

OR (95CI) Uncorrected 
p-value

1B TCERG1L rs893507 t c +? 1.28 (0.72 - 2.31) 0.402

1A TCERG1L rs893507 t c +? 1.15 (0.68 - 1.93) 0.607

2A TCERG1L rs893507 t c +? 1.14 (0.61 - 2.12) 0.675

2B TCERG1L rs893507 t c +? 1.14 (0.61 - 2.13) 0.675

3A TCERG1L rs893507 t c -? 0.88 (0.47 - 1.65) 0.7

4B TCERG1L rs893507 t c -? 0.88 (0.39 - 1.96) 0.747

4A TCERG1L rs893507 t c -? 0.92 (0.41 - 2.04) 0.833

3B TCERG1L rs893507 t c +? 1.06 (0.52 - 2.15) 0.872

4A TPMT rs1142345 t c ++ 2.23 (0.92 - 5.39) 0.076

4B TPMT rs1142345 t c ++ 2.22 (0.92 - 5.38) 0.076

3B TPMT rs1142345 t c ++ 1.54 (0.75 - 3.14) 0.24

3A TPMT rs1142345 t c ++ 1.52 (0.75 - 3.09) 0.245

1B TPMT rs1142345 t c -+ 1.1 (0.56 - 2.18) 0.783

2B TPMT rs1142345 t c -+ 0.95 (0.45 - 2.01) 0.887

2A TPMT rs1142345 t c -+ 0.95 (0.45 - 2) 0.889

1A TPMT rs1142345 t c -+ 1.04 (0.54 - 2) 0.907

4A TPMT rs12201199 a t ++ 1.8 (0.84 - 3.88) 0.132

4B TPMT rs12201199 a t ++ 1.79 (0.83 - 3.86) 0.136

3A TPMT rs12201199 a t ++ 1.51 (0.82 - 2.76) 0.182

3B TPMT rs12201199 a t ++ 1.52 (0.82 - 2.8) 0.183

2A TPMT rs12201199 a t -+ 0.77 (0.4 - 1.48) 0.431

2B TPMT rs12201199 a t -+ 0.77 (0.4 - 1.49) 0.435

1A TPMT rs12201199 a t -+ 0.93 (0.53 - 1.61) 0.786

1B TPMT rs12201199 a t -+ 0.94 (0.53 - 1.67) 0.825

4A TPMT rs1800460 t c -- 0.37 (0.14 - 0.94) 0.036

4B TPMT rs1800460 t c -- 0.37 (0.15 - 0.94) 0.038

3B TPMT rs1800460 t c -- 0.52 (0.24 - 1.12) 0.094

3A TPMT rs1800460 t c -- 0.53 (0.25 - 1.12) 0.096

1B TPMT rs1800460 t c +- 0.8 (0.38 - 1.7) 0.569

1A TPMT rs1800460 t c +- 0.86 (0.42 - 1.75) 0.681

2A TPMT rs1800460 t c +- 0.85 (0.38 - 1.91) 0.687

2B TPMT rs1800460 t c +- 0.85 (0.37 - 1.94) 0.701

1A TPMT rs1800462 Not available ??

1B TPMT rs1800462 Not available ??

2A TPMT rs1800462 Not available ??

2B TPMT rs1800462 Not available ??

3A TPMT rs1800462 Not available ??
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#* Gene SNP Allele 1 Allele 2 Effect 
direction1

OR (95CI) Uncorrected 
p-value

3B TPMT rs1800462 Not available ??

4A TPMT rs1800462 Not available ??

4B TPMT rs1800462 Not available ??

2A WFS1 rs62283056 c g ++ 1.29 (0.85 - 1.95) 0.23

2B WFS1 rs62283056 c g ++ 1.28 (0.85 - 1.95) 0.24

1B WFS1 rs62283056 c g ++ 1.14 (0.79 - 1.66) 0.474

3A WFS1 rs62283056 c g +- 0.89 (0.61 - 1.3) 0.552

4A WFS1 rs62283056 c g +- 1.14 (0.7 - 1.83) 0.604

1A WFS1 rs62283056 c g -+ 1.08 (0.76 - 1.54) 0.655

4B WFS1 rs62283056 c g +- 1.11 (0.68 - 1.8) 0.683

3B WFS1 rs62283056 c g +- 0.93 (0.63 - 1.38) 0.726

OR, odds ratio; CI, confidence interval.
* case-control designation and inclusion criteria of each analysis are specified in Table S3.
1 Effect direction represents the effect direction in the GO-CAT cohort and the UK MAGIC cohort, respectively, 
where ‘+’ means that allele 1 is linked to increased risk to develop the phenotype (OR > 1) and ‘–‘ to decreased risk 
(OR < 1). A question mark means this variant was absent in this cohort.
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Children and young adults with osteosarcoma do not always benefit enough from 
the chemotherapy treatment that is given to eradicate their disease. A proportion of 
patients develop severe toxicities due to the drugs given or tumor growth can be 
observed despite treatment. In order to predict who is at risk for an inadequate response 
to treatment, or to further understand why these interindividual differences exist, the 
main aim of this thesis was to identify genetic variants that are associated with treatment 
response or toxicities in patients with osteosarcoma. In this general discussion, I will 
first reflect on the main results including the genetic associations that are found in this 
thesis. Subsequently, the next steps towards clinical implementation of personalized 
treatments will be discussed. 

Discovery of pharmacogenetic associations
The main challenge in a genome-wide association study (GWAS) is to obtain 

sufficiently large patient cohorts, which is even harder in a relatively rare disease as 
osteosarcoma. In Chapter 2, a systematic literature search showed that many genetic 
variants were previously associated with multiple phenotypes related to osteosarcoma 
treatment response, however these often were poorly reproducible. Reasons for the 
lack of reproducibility may be small patient cohorts in the discovery study, leading to 
false-positive findings, or fundamental differences between discovery and replications 
studies. Despite that we were aware of these challenges, we were not able in this thesis 
to fully overcome them. In this thesis, a retrospectively recruited cohort of patients 
with osteosarcoma was used to identify genetic variants associated with treatment-
related phenotypes. All patients were treated with a cisplatin and doxorubicin-based 
chemotherapy regimen, which was supplemented with methotrexate in the majority of 
patients. In addition to that, it was decided to join forces among researchers with similar 
interests from around the world and form the Genetics of Childhood Cancer Treatment 
(GO-CAT) consortium in the final chapters of the thesis.

Statistical power can be increased by performing fewer tests than in a GWAS by 
making informed decisions about the focus of the study. In Chapter 3 and 4, an array 
with variants in drug-metabolizing enzymes and transporter genes was used. As these 
genes play a crucial role in pharmacokinetics, these are more likely to affect treatment 
response and were therefore prioritized. In Chapter 3, the aim was to identify variants 
associated with methotrexate-induced toxicities. To that end, laboratory markers for 
multiple toxicities were collected after every course of methotrexate and a generalized 
estimated equation (GEE) analysis was performed. GEE is an analysis that uses multiple 
measures per patients, taking into account that the variance within patients is lower 
than between patients and thereby increases power compared to a conventional linear 
regression analysis. A genetic variant (rs3736599) in SULT1E1 was found to be statistically 
significantly associated with lower methotrexate plasma levels. Furthermore, two intronic 
variants in CYP2B6 (rs4803418 and rs4803419) were associated to methotrexate-induced 
decreased thrombocyte counts and an association with increased thrombocyte counts 
was identified for the intronic variant rs4808326 in CYP4F8. In this study, thrombocyte 
counts were one of the proxies used to reflect methotrexate-induced bone marrow 
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suppression and therefore, a role for these genes is indicated in the development of this 
adverse event. These genes were not previously indicated in this phenotype or another 
phenotype related to methotrexate metabolism. This, together with the challenge of 
predicting the effect of intronic variants on gene function, emphasize that additional 
research is required before these results can be translated to clinical practice. 

Chapter 4 focusses on patients with early progressive disease. This subcategory 
is extremely hard to treat in clinical practice, interestingly however, this study led to the 
identification of a subcategory of patients with improved survival rates. In the initial 
genetic association study, it was attempted to identify genetic variants associated to early 
progressive disease to study if these patients have a distinct pharmacogenetic profile. 
In total, seven variants were identified to be associated with early progressive disease 
(rs8013529 and rs1884545 in SLC7A8, rs6771233 in CYP8B1, rs316003 in SLC22A2, rs274548 
in SLC22A5, rs7886938 in FMO6 and rs688755 in CYP4F12). The two variants in SLC7A8 were 
validated in independent cohorts, samples and/or data were provided by collaborators 
form Spain, Australia and the United Kingdom within the GO-CAT consortium. SLC7A8
codes for the L-type amino acid transporter 2 (LAT2) and, it was found that doxorubicin 
is a substrate for this transporter. Moreover, it was shown that expression of LAT2 in 
osteosarcoma tumor tissue at diagnosis was associated to improved survival in patients 
without metastases. This was also confirmed in mRNA expression data in the non-
metastatic subgroup of an independent patient cohort. The fact that this association 
refrains itself to non-metastatic patients can be explained by the detrimental effect 
that metastases have on treatment success. For now, it was proposed that increased 
expression of LAT2 in tumor tissue, causes higher chemotherapy exposure and therefore 
decreased risk of progression and improved survival rates. Future research will have to 
prove this functional hypothesis but despite that, LAT2 expression has proven to be a 
novel prognostic factor in patients with osteosarcoma without metastases. 

In Chapter 5, a genome-wide association study was performed to identify genetic 
variants that play a role in platinum-induced ototoxicity. To increase power, the 
osteosarcoma patient cohort was combined with other cohorts of platinum-treated 
childhood cancer patients within the framework of the GO-CAT consortium. Despite that, 
no genome-wide significant associations were found, but a variant in TSPAN5 (rs7671702) 
was suggestively associated with platinum-induced ototoxicity. Interestingly, there may 
be a functional role for TSPAN5 in the development of platinum-induced ototoxicity by 
regulation of ADAM10 and thereby influencing cisplatin sensitivity in cells. Therefore, 
this finding may contribute to the elucidation of the functional mechanism behind 
platinum-induced ototoxicity. Larger patient cohort will be necessary to identify reliable 
prediction models to identify patients at high risk for platinum-induced ototoxicity, using 
standardized outcome definitions and homogenized analyses. The GO-CAT consortium 
aims to contribute to these challenges. In Chapter 4, the data of the consortium was 
used to replicate results in independent patient cohorts and in Chapter 5 the data 
was included in the discovery phase of the GWAS using a meta-analysis approach to 
greatly increase power. Unfortunately, power was still insufficient to reach genome-wide 
significant results. Notwithstanding, this is only the beginning of the GO-CAT consortium 
and larger studies with additional collaborators from the United States and Canada are 
in the pipeline. For more information, please visit www.go-consortium.eu. 
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The road towards clinical implementation
The discovery of genetic variants associated to treatment-related phenotypes 

through observational studies is a necessary start, but after that there is still a long 
road to go until patients can benefit from this knowledge. Figure 1 shows what research 
is needed preparatory to the implementation of novel pharmacogenetic treatment 
strategies in clinical practice (adapted from Thorn et al. (1)). In general, pharmacogenetic 
associations should first be replicated in multiple patient cohorts and/or one should 
mechanistically understand why there is an association, e.g. through functional assays. 
Thereafter, it should be studied which diagnostic test and subsequent intervention can 
improve treatment response or reduce toxicities in (subgroups of) patients. Finally, it is 
important to show cost-effectiveness and relevance of the novel intervention in clinical 
trials to ultimately convince clinicians to implement new treatment regimens.

For the confirmation and reinforcement of the evidence, literature search, database 
searches and bioinformatics tools could be applied to find out what existing knowledge 
can help in giving a functional explanation for the association. This appeared to be a 
fruitful approach to determine possible functional relevance of the TSPAN5 gene in the 
development of platinum-induced ototoxicity. In the literature search, it was found that 
TSPAN5 codes for tetraspanin 5, which is responsible for the translocation of ADAM10 to 
the cell membrane (2). ADAM10 is a desintegrin and metalloprotease that cleaves proteins 
at the cell membrane, involved in cisplatin-induced renal toxicity and cisplatin sensitivity 
of melanoma cells and gastric cancer cells (3-5). In addition, ADAM10 regulates sensory 
regeneration in the avian vestibular organs (6). An expression quantitative trait locus 
(eQTL) of the discovered variant for TSPAN5 expression in skeletal muscle and tibial nerves 
was found in the GTEx database, meaning that the variant is associated to expression 
of TSPAN5 in these tissues (7). In previous gene-wide analyses, which were identified 
using the Atlas of GWAS Summary Statistics (8), it was found that TSPAN5 is associated 
to tinnitus (8) and that ADAM10 with cisplatin-induced ototoxicity (9). Altogether, this 
indicates that there may be a role for both TSPAN5 and ADAM10 in platinum-induced 
hearing loss and this reinforced the relevance of the suggestive significant finding.

Additional bioinformatics analyses could further exploit GWAS results. FUMA is an 
online interface that analyzes and visualizes GWAS results in gene-wide and pathway-
based analyses. This could give more insight into genes and pathways that may be 
involved in the development of the phenotype (10). A polygenic risk score (PRS) could 
enhance the predictive potential of GWAS results by combining many small effects of 
single variants to create a genetic risk score (11). To calculate a PRS, two independent 
patient samples are required. In the first sample (base data) the GWAS is performed 
and in the second sample (target data), PRSs based on effects form the base data, are 
calculated in individual-level genotype and phenotype data. These scores can ultimately 
be used to provide an estimate of genetic liability to a trait at the individual level. When 
different, but related, traits are studied in the base and target data, shared etiology among 
traits can be assessed. For example, if a GWAS on cisplatin-induced tinnitus (12) was 
used as base sample and our GWAS on platinum-induced ototoxicity as target sample, it 
could be studied if platinum induced tinnitus and hearing loss develop following similar 
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mechanisms. Similarly, a significant PRS with serum platinum levels (13) as base sample 
would suggest that the development of platinum-induced ototoxicity may be a result of 
increased serum platinum levels. Furthermore, GWASs on age-related hearing impairment 
(14) or cisplatin-induced peripheral neuropathy (15) would be relevant to include in such 
analyses. Other bioinformatics approached to combine different GWASs are calculations of 
genetic correlation through LD score regression (16). However, the advantage of PRSs over 
LD score regression is that the target sample in PRSs can be small. For LD score regression, 
also two patient samples are required and large power is necessary in both cohorts. On 
contrary, LD score regression does not require individual genotype data of patients so 
when only summary statistics are available this may be more suitable. 

Sequencing pharmacogenes can allow for fine-mapping the rare genetic variation 
of a locus of interest. It was previously shown that rare variants account for a large 
proportion of variance in gene function of transporters (17). Especially fine-mapping in 
ethnically diverse populations will give thorough understanding of common and rare 
genetic variation within a gene and its effect on phenotypes. Similar to 78% of all other 
genetic association studies, this thesis only focuses on patients from European descent 
(18). This means that these data cannot be extrapolated to other populations because 
allele frequencies differ among ethnic groups which compromises their predictive 
value, leading to unequal availability of personalized treatments. In previous studies, 
sequencing the CYP2D6 gene in sub-Saharan African, American Indian and Alaska Native 
populations lead to the identification of novel high-frequency missense variants (19, 20). 
The translation of CYP2D6 guidelines to other populations is very valuable, yet future 
pharmacogenetic studies should make efforts to represent more diverse populations in 
the identification of novel pharmacogenes (21, 22). 

Cell models can be used to functionally explain the biological mechanism behind 
associations. In chapter 4 we described that doxorubicin is a substrate of the LAT2 
transporter, giving new implications for further research. We hypothesize that increased 
LAT2 expression in osteosarcoma tumor tissue leads to increased uptake of doxorubicin 
and more cell death, which ultimately decreases risk on progression and increases survival 
rates. A previous study in neuroendocrine tumors showed that LAT1 and LAT2 expression 
in the tumor caused increased DOPA uptake according to a similar mechanism (23). 
Another study also revealed that progesterone significantly upregulates SLC7A8 mRNA 
and LAT2 protein expression in uterine leiomyoma tissues, and knockdown of SLC7A8 
markedly increased leiomyoma cell proliferation (24). An osteosarcoma cell model, e.g. 
using FOB cells which express LAT2, would be suitable to test if LAT2 expression enhances 
doxorubicin-mediated apoptosis and how progesterone could induce this further (25). 
A 3D cell culture system, for example using organoids, would even better mimic the 
tumor microenvironment in vivo (26, 27). Future functional studies would have to show 
if LAT2 expression can be modulated to optimize intracellular doxorubicin exposure and 
eventually improve patient survival.

When genetic variants are found to be associated with toxicities functional studies 
should be performed in the relevant tissues. An elegant functional model that may be 
applied are patient-derived induced pluripotent stem cells (iPSC). One could isolate cells 
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from patients with and without the genetic variants of interest. Thereafter, use CRISPR-
Cas9 systems to introduce the variant in a cell line without the specific variants and to 
remove the variant in a line with a variant. The four cell lines should then be differentiated 
into a relevant cell type, for example hairy cells in case of an association with cisplatin-
induced ototoxicity or cardiomyocytes when there was an association with anthracycline-
induced cardiomyopathy (28, 29). The exposure of different concentrations of the relevant 
chemotherapeutic compound to all four cell lines will show if there are differences in cell 
death among cell lines and if these are caused by the variant of interest. Eventually, the 
effect may be rescued with other medicines that can be a candidate as an intervention 
in patients. This gives novel evidence as to the mechanism behind the toxicity, the model 
can confirm the functional role of the genetic variant in the risk of developing the toxicity 
and interventions to relieve the toxicity can be tested. Combined with the possibility of 
applying this model to the different adverse events, it gives major opportunities to bring 
pharmacogenetic findings closer to patient care.

Once it is proven with different methods that a genetic variant is predictive of a 
phenotype and a suitable intervention, for example a genotype-guided dose reduction, 
is established, prospective clinical trials can be performed. These clinical trials will show 
clinical utility and cost-effectiveness of these pharmacogenetic tests. Several factors 
must be taken into account when looking at cost-effectiveness, for example the variant 
allele frequencies, the test sensitivity, specificity and costs, the prevalence, outcomes and 
economic impacts of the disease and its treatment (30). Nevertheless, cost-effectiveness 
studies remain scarce in the field of pediatric oncology, but they are inevitably necessary 
to reach implementation of novel diagnostic tests. 

Concluding remarks
Since the 1970s, treatment regimens of patients with osteosarcoma have remained 

the same. Survival rates have not improved substantially and patients suffer from long-
term side effects as a result of the harsh treatment. In this thesis, we identified genetic 
variants that are associated with treatment outcome and toxicities. These studies 
show that there is a genetic basis of treatment response and support the potential of 
pharmacogenetics in the treatment of osteosarcoma. However, large collaborative efforts 
are required to further validate these findings and ultimately develop pharmacogenetic 
guidelines. Eventually, this may lead to refinements in treatment regimens, decreased 
toxicities and improved quality-of-life and survival rates of patients with osteosarcoma. 
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Summary
Osteosarcoma is the most common primary bone tumor that occurs most often 

in children and adolescents. These patients are treated with a combination of surgery 
and intensive chemotherapy, based on a backbone of cisplatin and doxorubicin. This 
chemotherapy regimen was introduced in the 1970s and had a major impact on survival 
rates of the patients, but survival rates have not improved since then. In 2019, the 5-year 
overall survival (OS) was estimated 71%, along with 5-year event-free survival (EFS) of 54%. 
The presence of metastasis at diagnosis and an axial tumor site increase risk of poorer 
survival, however, it cannot explain all variation among patients. Moreover, the majority of 
patients encounters severe side effects that greatly reduce quality-of-life during and after 
treatment, for example cisplatin-induced ototoxicity, doxorubicin-induced cardiotoxicity, 
hepatotoxicity, nephrotoxicity and bone marrow toxicity. Whereas these toxicities can 
partly be predicted by young age, male sex, high anthracycline- and cisplatin dose and poor 
kidney function, these clinical factors do not explain all interindividual variation. Genetic 
variation has the potency to explain additional variation in treatment response and toxicity. 
The main goal of genetic association studies in the field of pharmacogenomics is to identify 
genetic variants which may explain interpatient variability in drug response to improve 
drug efficacy and reduce the risk of drug-induced toxicities. Eventually, it is intended to 
elucidate more of the functional mechanism behind the association when possible. This 
may give novel opportunities for the refinement of treatment.

In Chapter 2, an overview is provided of studies focusing on the discovery of genetic 
associations (germline polymorphisms) with treatment response and/or chemotherapy-
induced toxicities in patient cohorts with osteosarcoma patients. For this, a systematic 
literature search in MEDLINE and Embase was performed. Fifteen articles met our 
inclusion criteria. Eight articles reported on doxorubicin-induced cardiomyopathy, 
four small studies reported on bone marrow, nephro- and/or hepatotoxicity and six 
studies included analysis for treatment efficacy. A structured literature search on all 
associations described in these articles was performed to estimate the complete body of 
evidence. Despite that the results are promising, the majority of associations were poorly 
reproducible due to heterogeneity among studies and small patient cohorts. 

The aim of Chapter 3 was to identify genetic variants associated to methotrexate-
induced toxicities. To that end, methotrexate plasma levels and laboratory measurements 
during and after high-dose methotrexate treatment. The laboratory measurements 
concern renal function, liver damage and myelopoiesis were obtained to reflect 
respective toxicities. After data analysis, a variant in SULT1E1 was associated with lower 
methotrexate plasma levels. Also, an association with methotrexate-induced decreased 
thrombocyte counts was found for two intronic variants in CYP2B6 and association with 
increased thrombocyte counts was identified for a variant in CYP4F8. This is the first 
study to identify genetic variants in SULT1E1, CYP2B6 and CYP4F8 to be associated with 
methotrexate pharmacokinetics and toxicities. 

Despite treatment regimen comprising intensive chemotherapy and surgery, a 
proportion of patients show on-treatment early disease progression (EDP). In Chapter 4, 
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we identified that the L-type amino acid transporter 2 (LAT2) may be important in governing 
treatment response to doxorubicin, a critical component of the treatment regimen. First, 
in a genetic association study of 287 patients with osteosarcoma, an association of EPD 
with a locus in SLC7A8 was found. SLC7A8 is the gene that codes for the LAT2 protein. This 
association was replicated in an independent patient cohort. Thereafter, LAT2 expression 
in osteosarcoma tissue was found to be a prognostic factor related to improved survival 
and doxorubicin was identified to be a substrate of LAT2. We postulate that the absence 
of LAT2 in osteosarcoma tissue may cause lower intracellular doxorubicin concentrations, 
contributing to EDP and poorer survival. Improved understanding of the mechanism may 
lead to potential for manipulation of treatment in those patients with osteosarcoma that 
are at risk for EPD. 

In Chapter 5 a genome-wide association study (GWAS) was performed to identify 
genetic variants associated to platinum-induced ototoxicity. Platinum-induced ototoxicity 
can affect quality-of-life, especially in childhood cancer patients, and when it occurs during 
treatment it may lead to dose reduction, risking reduced anti-tumor effect of platinum 
treatment. This study was performed in a cohort of 509 childhood cancer patients treated 
with cisplatin or carboplatin. No genome-wide significant associations were found, but 
the lowest p-value was found for the association of a variant in TSPAN5 with platinum-
induced ototoxicity. There may be a functional role for this gene in the development of 
platinum-induced ototoxicity by regulation of ADAM10 and thereby influencing cisplatin 
sensitivity in cells. 

Altogether, additional research, e.g. through replication studies or functional studies, 
is necessary to further explore the association that are found in this thesis. Nevertheless, 
these results give novel insights in the development of methotrexate induced bone 
marrow suppression, platinum-induced ototoxicity, doxorubicin treatment response 
and early progressive disease. This can ultimately contribute to a more personalized 
treatment plan, giving new opportunities to improve survival rates and quality-of-life of 
osteosarcoma patients.
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Samenvatting
Osteosarcoom is de meest voorkomende primaire bottumor en komt met 

name voor bij kinderen en adolescenten. Deze kinderen worden behandeld met een 
operatie en chemotherapie, gebaseerd op cisplatin, doxorubicine en methotrexaat. De 
combinatie van deze drie middelen wordt al gebruikt sinds de jaren ’70 en had destijds 
een grote invloed op overlevingskansen, maar sindsdien zijn de protocollen nauwelijks 
verbeterd. De overlevingskansen zijn daarmee vergelijkbaar gebleven. In 2019 werd de 
5-jaars overleving (‘overall survival’) geschat op 71% en de 5-jaars event-vrije overleving  
(‘event-free survival’) op 54%. De aanwezigheid van metastase bij diagnose en axiale 
lokalisatie van de tumor verslechteren de overlevingskansen, maar dit verklaart niet alle 
variatie in therapierespons tussen patiënten. Daarnaast ondervindt de meerderheid 
van de patiënten ernstige bijwerkingen, bijvoorbeeld gehoorschade (ototoxiciteit) als 
gevolg van cisplatin en cardiotoxiciteit door gebruik van doxorubicine. Patiënten met 
een jonge leeftijd, mannelijk geslacht, hoge doxorubicine- en cisplatindosering en een 
slechte nierfunctie hebben een groter risico deze bijwerkingen te ontwikkelen, maar 
deze klinische factoren verklaren wederom niet alle variatie tussen patiënten. Genetische 
variatie is mogelijk een aanvulling in het voorspellen van therapierespons en toxiciteit 
voor individuele patiënten. Het belangrijkste doel van genetische associatiestudies 
op het gebied van farmacogenetica is het identificeren van genetische varianten die 
geassocieerd zijn met de respons op geneesmiddelen. Uiteindelijk wordt nagestreefd 
om meer van de biologische mechanismen achter de klinische beelden te begrijpen en 
dit biedt kansen voor het personaliseren van de behandeling.

In Hoofdstuk 2 wordt een overzicht gegeven van genetische associatiestudies die 
kijken naar therapierespons en/of bijwerkingen in cohorten met osteosarcoompatiënten. 
Voor dit overzicht is een systematisch literatuuronderzoek uitgevoerd in MEDLINE en 
Embase. Vijftien artikelen voldeden aan de inclusiecriteria. Daarvan rapporteerden 
acht artikelen over doxorubicine-geïnduceerde cardiotoxiciteit, vier studies over 
beenmerg-, nefro- en/of hepatotoxiciteit en zes studies bekeken de therapierespons. 
Van alle beschreven associaties in deze artikelen is vervolgens een gestructureerd 
literatuuronderzoek uitgevoerd om een vollediger beeld te krijgen van al het beschikbare 
bewijs. Ondanks dat de resultaten veelbelovend zijn, waren de meeste associaties slecht 
reproduceerbaar vanwege heterogeniteit tussen studies en kleine patiëntencohorten.

Het doel van Hoofdstuk 3 was om genetische varianten te identificeren 
die geassocieerd zijn met methotrexaat-geïnduceerde toxiciteiten. Daartoe zijn 
methotrexaatplasmaspiegels en laboratoriummetingen verzameld van 114 patiënten 
met osteosarcoom, tijdens en na behandeling. De laboratoriummetingen hadden 
betrekking op nierfunctie, leverschade en bloedcellen en dienen als maat voor 
respectievelijke toxiciteiten. Na data-analyse is er een associatie gevonden van een 
variant in het SULT1E1-gen met lagere plasmaspiegels van methotrexaat. Daarnaast 
is er een verband gevonden van een intronische locus in het CYP2B6-gen met lagere 
trombocytenaantallen en is er een verband gevonden van een variant in het CYP4F8-gen 
met hogere trombocytenaantallen. Dit is de eerste studie waarin deze genen gerelateerd 
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worden aan de farmacokinetiek en toxiciteit van methotrexaat. In de toekomst draagt dit 
mogelijk bij aan een betere voorspelling van welke patiënten een groter risico hebben op 
bijwerkingen door methotrexaat.

Een deel van de patiënten met osteosarcoom ontwikkelt ondanks de intensieve 
behandeling alsnog ziekteprogressie. In Hoofdstuk 4 is gevonden dat de L-type 
aminozuurtransporter 2 (LAT2) een belangrijke rol speelt in de therapierespons op 
doxorubicine. In een genetische associatiestudie van 287 patiënten met osteosarcoom 
is een associatie gevonden van progressieve ziekte met een locus in het SLC7A8-gen, 
het gen dat codeert voor LAT2. Deze associatie werd gerepliceerd in een onafhankelijk 
patiëntencohort. In de functionele studies die hierop volgden bleek LAT2-expressie 
in osteosarcoomweefsel een prognostische factor te zijn voor overleving én werd 
doxorubicine geïdentificeerd als een substraat van LAT2. Onze hypothese is dat de 
afwezigheid van LAT2 in osteosarcoomweefsel kan leiden tot lagere intracellulaire 
doxorubicineconcentraties, wat bijdraagt   aan progressie en slechtere overleving. Nu 
we beter begrijpen waarom bij sommige patiënten ziekteprogressie optreedt, kan 
vervolgonderzoek bijdragen aan het personaliseren van de behandeling voor deze 
kwetsbare groep.

In Hoofdstuk 5 is een genoomwijde associatiestudie (GWAS) uitgevoerd om 
genetische varianten te identificeren die geassocieerd zijn met platina-geïnduceerde 
ototoxiciteit, oftewel gehoorschade. Platina-geïnduceerde ototoxiciteit kan de kwaliteit 
van leven verslechteren, vooral bij kinderen. Daarnaast kan het leiden tot dosisverlaging, 
met het risico op een minder effectieve platinabehandeling. Deze GWAS is uitgevoerd 
in een cohort van 509 patiënten met kanker die behandeld werden met cisplatin of 
carboplatin. Er zijn geen genoomwijd significante associaties gevonden, maar de associatie 
met een variant in het TSPAN5-gen had de laagste p-waarde. Uit literatuuronderzoek 
blijkt dat dit gen mogelijk betrokken is bij de ontwikkeling van platina-geïnduceerde 
ototoxiciteit door regulatie van het ADAM10-eiwit, dat de gevoeligheid van platinum in 
cellen kan beïnvloeden. Toekomstig onderzoek moet uitwijzen welke rol dit gaat spelen 
in de klinische praktijk.

De resultaten die zijn beschreven in dit proefschrift geven nieuwe inzichten in 
de ontwikkeling van methotrexaat-geïnduceerde toxiciteiten, platina-geïnduceerde 
ototoxiciteit en progressieve ziekte. Aanvullend onderzoek is nodig om de bevindingen 
te bevestigen en om nieuwe diagnostische testen en interventies te ontwikkelen. Dit kan 
uiteindelijk bijdragen aan een meer gepersonaliseerd behandelplan voor patiënten met 
osteosarcoom, met betere overlevingskansen en een verbeterde kwaliteit van leven.
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Data management
For this PhD thesis, data was obtained from patient files from the Radboudumc 

and other hospitals, DNA was genotyped and experimental data was collected. The data 
management of this study is described below.

The medical and ethical review board Committee on Research Involving Human 
Subjects Region Arnhem Nijmegen, Nijmegen, the Netherlands has reviewed the study 
protocol (2017-3978). They concluded that this study does not fall within the remit of 
the Medical Research Involving Human Subjects Act (WMO), and had passed a positive 
judgment on the study. Subsequently, all patients and/or their parents gave informed 
consent for this study. The signed informed consent forms are stored in the safe at 
Radboudumc Department of Human Genetics in room M320.05.072 and scans of these 
forms are uploaded in the patient files in Epic. 

All data that was extracted from patient files is stored in a Castor EDC database 
which is accessible for all researchers involved. Castor EDC contains an audit trail, 
allowing safe storage of original data. For privacy, all participants are represented for by a 
study number instead of their names. The key to their name and date of birth are stored 
elsewhere and protected with a password. The data that was received from collaborators 
from Spain and Australia was also uploaded in Castor EDC to harmonize coding of the 
data and variable names. Eventually, data from Castor EDC was converted to SPSS files for 
data analysis and these are stored on the Radboudumc department server: H:\GR Theme 
groups\09 PI Group Marieke Coenen\Kinderoncologie\OSTEO\Evelien\Pharmacogenetics 

Raw data will be saved on local Radboudumc servers and in Castor EDC for 15 years 
after termination of the study. The summary statistic data of all large-scale discovery 
studies will be made available at RIS (Research Information Services). RIS is the front-end 
of Metis, the current research information system of Radboud University. 

The DNA samples of patients are stored at the Human Genetics department in a 
-20˚C freezer with Ultimo ID 96011 in room M320.05.048.  Raw DMET genotyping data 
(chapter 3 and 4) is stored at T:\PIgroup-Marieke-Coenen\Kinderoncologie\OSTEO\Hanneke. 
GWAS data (chapter 5) is stored at the Radboudumc department server T:\PIgroup-
Marieke-Coenen\Kinderoncologie\GWAS data ototoxicity nephrotoxicity.

All results from experimental data are stored in Labguru. Labguru is a digital lab book 
client which is centrally stored and daily backed-up on the local Radboudumc server. All 
data archives (view only) are stored on Labguru and accessible by the associated senior 
staff members.
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