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SOMMAIRE 

La leucémie lymphoblastique aiguë (LLA) est le cancer le plus fréquent chez les enfants. Malgré 

le fait que plus de 80% des enfants atteints de LLA sont aujourd'hui guéris de leur maladie, ce 

succès a toutefois un prix élevé, car l’exposition aux médicaments cytotoxique et/ou à l’irradiation 

pendant une période vulnérable du développement de l’enfant peut entraîner des conséquences à 

long terme. En effet, environ 60% des enfants ayant survécu à une LLA devront vivre avec des 

problèmes de santé liés au traitement, également appelés effets indésirables tardifs (late-adverse 

effects, LAEs). Parmi ces derniers, on notera des problèmes métaboliques, l’ostéoporose , une 

altération des fonctions cognitives ou cardiaques, ainsi que la dépression et l’anxiété. Si certains 

survivants ne présentent aucune de ces complications, d'autres peuvent en avoir plusieurs. 

Différents facteurs peuvent contribuer à cette variabilité, notamment le traitement reçu, les 

caractéristiques de la maladie, les habitudes de vie et, surtout, la constitution génétique du patient.  

Ce projet s'est concentré sur les biomarqueurs génétiques permettant d'identifier les individus les 

plus susceptibles de souffrir de LAEs. Récemment, une étude exhaustive (évaluations cliniques, 

psychosociales et biochimiques) s’est déroulée au CHU Sainte-Justine pour caractériser chacune 

de ces morbidités chez 250 survivants de la LLA de l'enfant (cohorte PETALE). De plus, on a 

obtenu le profil génétique de chaque participant. Nous avons utilisé cet ensemble de données et 

des outils statistiques et bio-informatiques pour réaliser des études d'association comparant la 

fréquence des variants génétiques chez les survivants ayant développé ou non des LAEs ; en 

particulier, les complications cardiovasculaires et neurocognitives, ainsi que les troubles de 

l'humeur tels que l'anxiété et la dépression. D'autres facteurs de risque tels que les caractéristiques 

de traitement et/ou de la leucémie ont été pris en compte lors de l'analyse pour dériver les meilleurs 

prédicteurs génétiques.  
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Ainsi, en utilisant l'approche des gènes candidats, nous avons identifié les variants communs des 

gènes MTR, PPARA, ABCC3, CALML5, CACNB2 et PCDHB10 qui étaient associés à des déficits 

de performance des tests neurocognitifs, tandis que les variants des gènes SLCO1B1 et EPHA5 

étaient associés à l'anxiété et à la dépression. Deux variants, rs1805087 dans le gène MTR et 

rs58225473 dans le gène CACNB2 sont particulièrement intéressants, car ces associations ont été 

validées dans la cohorte de réplication SJLIFE (St. Jude Children's Research Hospital, Memphis, 

USA). 

Les analyses d'association ont été complémentées par une étude d'association à l'échelle de 

l'exome, qui a identifié plusieurs gènes supplémentaires comme des modulateurs potentiels du 

risque de développer des complications neurocognitives liées au traitement (gènes AK8 et 

ZNF382), ainsi que l'anxiété et la dépression (gènes PTPRZ1, MUC16, TNRC6C-AS1, APOL2, 

C6orf165, EXO5, CYP2W1 et PCMTD1). Le variant rs61732180 du gène ZNF382 a ensuite été 

validé dans la cohorte de réplication SJLIFE. 

Également, nous avons effectué des analyses d’association concernant les complications 

cardiaques liées au traitement qui ont identifié plusieurs nouveaux marqueurs associés à ces 

complications dans les gènes TTN, NOS1, ABCG2, CBR1, ABCC5, AKR1C3, NOD2 et ZNF267.  

De plus, nous avons résumé les connaissances actuelles sur les marqueurs pharmacogénomiques 

qui ont été associés aux effets de cardiotoxicités, induites par les anthracyclines, qui affectent les 

patients atteints de cancer pédiatrique. Nous avons également inclus un aperçu de l'applicabilité 

des résultats rapportés, notamment ceux qui ont été validés dans la cohorte PETALE. 

Par ailleurs, nous nous sommes intéressés aux complications qui surviennent après une greffe de 

cellules souches hématopoïétiques. Nous avons appliqué des approches bio -informatiques et 

statistiques similaires pour obtenir un profil plus complet de la composante génétique derrière ces 
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complications potentiellement mortelles. Ainsi, une étude d'association à l'échelle de l'exome a été 

réalisée dans une cohorte de patients pédiatriques subissant une greffe de cellules souches 

hématopoïétiques après un régime de conditionnement contenant du busulfan. Nous avons 

identifié de nouvelles variations génétiques conférant un risque plus élevé de syndrome 

d'obstruction sinusoïdale (notamment dans les gènes UGT2B10, BHLHE22, et KIAA1715) et de 

maladie aiguë du greffon contre l'hôte (dans les gènes ERC1, PLEK, NOP9 et SPRED1), qui 

pourraient être utiles pour des stratégies personnalisées de prévention et de traitement.  

Ces travaux contribuent à la compréhension de l'influence des facteurs génétiques sur le risque de 

développer des complications liées au traitement, tant au cours du traitement qu'à long terme. De 

plus, les marqueurs génétiques signalés ainsi que d'autres facteurs de risque connus peuvent 

conduire à des modèles de prédiction identifiant les patients à risque accru de ces complications.  
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Leucémie lymphoblastique aiguë de l'enfant, survivants du cancer,  cancer infantile, effets 

indésirables tardifs, complications neurocognitives, anxiété, dépression, performances cognitives, 

troubles de l'humeur, cardiotoxicité induite par les anthracyclines, doxorubicine , syndrome 

d'obstruction sinusoïdale hépatique, maladie aiguë du greffon contre l'hôte, greffe de cellules 

souches hématopoïétiques, busulfan, facteurs génétiques, étude d'association, séquençage de 

l'exome entier. 
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ABSTRACT  

Acute lymphoblastic leukemia (ALL) is the most common cancer in children. Even though more than 80% 

of children with ALL are now cured of their disease, this success comes at a high price as exposure to 

cytotoxic drugs and/or radiation during a vulnerable period of child development may have long-term 

consequences. In fact, approximately 60% of children who survive ALL will have to live with treatment-

related health problems, also called late-adverse effects (LAEs). These include metabolic problems, 

osteoporosis, impaired cardiac or cognitive functions, as well as depression and anxiety. While some 

survivors do not have any of these complications, others may have more than one.   

Different factors can contribute to this variability, in particular, the treatment received, the characteristics 

of the disease, the lifestyle, and, above all, the genetic makeup of the patient.  

This project focused on genetic biomarkers capable of identifying the individuals most likely to suffer from 

LAEs. Recently, an exhaustive study (clinical, psychosocial, and biochemical evaluations) took place at 

Sainte-Justine University Health Center (Montreal, Canada), with the goal to characterize each of these 

morbidities in 250 survivors of childhood ALL (PETALE cohort). In addition, the genetic profile of each 

participant was obtained, and we used statistical and bioinformatics tools to perform association studies on 

this dataset in order to compare the frequency of genetic variants in survivors with or without LAEs. We 

evaluated cardiovascular and neurocognitive complications, as well as mood disorders such as anxiety and 

depression. Other risk factors, such as treatment and/or leukemia characteristics were also considered 

during the analysis to derive the best genetic predictors.  

Thus, using the candidate gene approach, we identified common variants in the MTR, PPARA, ABCC3, 

CALML5, CACNB2, and PCDHB10 genes that were associated with deficits in neurocognitive tests 

performance, whereas variants in the SLCO1B1 and EPHA5 genes were associated with anxiety and 

depression. Two variants, rs1805087 in the MTR gene and rs58225473 in the CACNB2 gene, are of 

particular interest since these associations were validated in an independent SJLIFE replication cohort (St. 

Jude Children's Research Hospital, Memphis, USA). 
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The association analyses were complemented by an exome-wide association study, which identified several 

additional genes as potential modulators of the risk of developing treatment-related neurocognitive 

complications (genes AK8 and ZNF382), as well as anxiety and depression (genes PTPRZ1, MUC16, 

TNRC6C-AS1, APOL2, C6orf165, EXO5, CYP2W1, and PCMTD1). Variant rs61732180 in the ZNF382 

gene was further validated in the replication SJLIFE cohort. 

To a great extent, we performed association analyses regarding treatment-related cardiac complications 

which identified several novel markers associated with these toxicities in the TTN, NOS1, ABCG2, CBR1, 

ABCC5, AKR1C3, NOD2, and ZNF267 genes in survivors of childhood ALL.   

In addition, we summarized the current knowledge on pharmacogenomic markers related to anthracycline-

induced cardiotoxicity affecting pediatric cancer patients. We also included a brief overview of the 

applicability of reported findings to the PETALE cohort, validating several of them.  

Besides, we were interested in the complications that arise after a hematopoietic stem cell transplantation. 

We applied similar bioinformatics and statistical approaches to gain a more complete insight into the genetic 

component behind these life-threatening complications. Thus, an exome-wide association study was 

performed in a cohort of pediatric patients undergoing hematopoietic stem cell transplantation following a 

conditioning regimen containing busulfan. Our results identified new genetic variations conferring a higher 

risk of sinusoidal obstruction syndrome (notably in the UGT2B10, BHLHE22, and KIAA1715 genes) and 

acute graft-versus-host disease (ERC1, PLEK, NOP9, and SPRED1 genes), which could be useful for 

personalized prevention and treatment strategies.  

This work contributes to the understanding of the influence of genetic factors on the risk of developing 

treatment-related complications, both during treatment and in the long term. Furthermore, the reported 

genetic markers along with other known risk factors can lead to prediction models identifying patients at 

increased risk for these complications.  
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PREFACE 

The present thesis entitled “Étude de facteurs génétiques dans les complications du traitement 

chez les patients atteints de la leucémie lymphoblastique aigue de l'enfant et post 

transplantation de cellules souches hématopoïétiques“  has been carried out by me under the 

guidance and supervision of Dr. Maja Krajinovic, and is submitted to the faculty of Medicine at 

the Université de Montréal in partial fulfillment of the requirements for the degree of Philosophiae 

Doctor (Ph.D.) in Pharmacology (Pharmacogenomics option). This work is presented in the by -

article format. 

During my five years of doctoral studies, I had the opportunity to participate in several projects of 

pharmacogenomics research, discover and validate new genetic markers, review, and summarize 

currently available data, as well as to apply my extensive prior experience in programming and 

undertake teaching responsibilities. I had a chance to not only deepen my knowledge in genetics 

and pharmacology, but also to further develop my observational and analytical skills.  

In the body of this thesis, in the first two chapters of Section A, I will provide a brief introduction 

covering the basic information necessary for the understanding of the context of this work and 

describe the developed pipeline used for the genetic association studies. The following chapters of 

this dissertation (Sections B and C) represent the original research papers (except for Chapter 6 

where the original research was combined with a literature review). 

While I feel great pride in the totality of the work presented in this thesis, I remain bound by a 

professional responsibility to be transparent about the extent of my contribution to the different 

projects. For example, in the Busulfan project (described in Section C, Chapters 7 and 8), my part 

could be considered relatively modest compared to the other parts of the thesis, but it had 
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nevertheless an important role in the advancement and the fruitful completion of the work, owing 

to my participation in the conception, assembly, and implementation of the pipeline used. On the 

other hand, my contribution to the remaining sections of the thesis (work in the context of the 

PETALE project, a multidisciplinary research project with the goal to identify and to characterize 

predictive biomarkers associated with treatment-related late adverse effects in childhood ALL 

survivors) could be viewed as more central and significant in comparison with the other authors, 

taking into account that the unfolding of the different outputs from this project was directly and 

predominantly guided by my endeavors.  
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Section A 

Chapter 1 

 

 

General Introduction 

This chapter contains important information related to the various topics covered in this work in 

order to make it easier for readers to understand the following chapters. 
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1. General Introduction 

1.1. Pharmacogenomics 

Advances in clinical research and the implementation of high throughput technologies (e.g., next-

generation sequencing, etc.) significantly increased the clinical use of genomic information. With 

the recent improvements in the ability to sequence and analyze large amounts of genomic data, 

paired with continuous optimization of computational and bioinformatic tools, it became possible 

to obtain an unbiased view of the entire human genome. This allowed for a comprehensive 

interrogation of the genetic variations involved in human health and disease, and for the discovery 

of variants predictive of treatment responsiveness1,2. 

An important part of the diversity of treatment response between individuals can be explained by 

factors such as age, sex, body mass index, comorbidities, and lifestyle. However, it is also well 

understood that the genetic constitution of individuals can considerably contribute  to this 

variability and could be an important cause of treatment resistance and/or serious adverse effects 

in certain patients3-5. Pharmacogenomics (PGx) explores the influence of the genetic component 

on the observed inter-individual differences in response to treatment; intending to identify the 

genetic predictors of variability in drug efficacy and toxicity3,5,6. More specifically, PGx focuses 

on the role of genetics in modulating the activity of metabolizing enzymes, drug transporters, and 

molecular targets, as well as their potential impact on specific drug-related phenotypes. These 

identified genetic markers could also indicate novel drug targets and/or modifiers that may affect 

treatment outcome4,5,7. Characterization of genetic factors that may predispose a patient to an 

adverse drug reaction (ADR) could be essential in preventing such reactions knowing that ADRs 

represent one of the leading causes of death8.  

For instance, cytochrome P450 (CYP) isoenzyme 2D6 (CYP2D6) is highly implicated in drug 

metabolism with an estimation that around 25% of all existing drugs are transformed, at least in 
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part, by the latter9. Patients with multiple copies of the CYP2D6 gene may therefore not achieve 

therapeutic plasma levels at the usual drug dose as they will eliminate the drug from their system 

too quickly (rapid metabolizers); whereas, individuals with only few functional CYP2D6 copies 

may be poor metabolizers, causing drug levels to exceed the therapeutic range9,10.  

An important example of a PGx finding that is making its way from bench to bedside is that of the 

topoisomerase I inhibitor Irinotecan. This drug exerts antitumor effect in a variety of malignancies, 

notably against metastatic colorectal cancer, for which, limited treatment options existed before 

its appearance on market. Clinical pharmacogenomics studies revealed that a fraction of the 

population, which is at a higher risk of severe toxicity following the administration of standard 

doses of Irinotecan, can be identified prospectively11. This was explained by the finding that 

patients with genetic polymorphisms in the gene encoding uridine diphosphate 

glucuronosyltransferase (UGT)1A1, have a lower-than-normal capacity to metabolize SN-38, the 

active metabolite of Irinotecan12,13. Consequently, the US Food and Drug Administration (FDA) 

and Japan`s Pharmaceuticals and Medical Devices Agency (PMDA), as well as other regulatory 

authorities, added pharmacogenomics recommendations to the monography of this drug, 

suggesting the use of a lower initial dose of Irinotecan in patients 

with UGT1A1*28/*28, UGT1A1*6/*6 or UGT1A1*6/*28 dysfunctional genotypes14-16. 

Over the past several decades, significant advances have been made in the field of PGx. Indeed, 

numerous clinical trials to date have demonstrated and validated the additional benefits of PGx-

guided therapy over existing standard approaches in a variety of treatment areas, including pain 

management, cardiology, neurology, oncology, organ transplantation, and immunosuppression17. 

However, the application of PGx approaches seems to vary considerably across different 

healthcare fields. For example, in cancer therapy, the therapeutic agents are often administered at 

https://en.wikipedia.org/wiki/Pharmacogenomics
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high doses, and patients routinely receive multi-drug combinations; which, taken together, and 

coupled with inter-individual variability and narrow therapeutic indexes of some of them, can lead 

to a spectrum of outcomes ranging from underexposure to severe toxicities3,18,19. In this case, the 

ability to predict how a particular patient will respond to a specific treatment is highly valuable; 

especially given the fact that the consequences of treatment failure could be life-threatening. 

PGx has a great potential to improve the use of existing medications in order to enhance efficacy 

and reduce toxicity by allowing for optimal treatment selection and dose personalization based on 

the genetic characteristics of individuals. However, the interpretation of pharmacogenetic test 

results also requires appropriate education of medical professionals, as well as clinical practice 

recommendations and algorithms. 
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1.1.1. Genetic structural alterations  

 

The human genome contains a large number of genetic variations and these variations take many 

different forms ranging from large chromosome rearrangements to single nucleotide 

polymorphisms20. Common genetic variations include: single nucleotide substitutions – referred 

to as single nucleotide polymorphisms (SNPs) in populations (if they are present with a frequency 

of 1% or more) and/or single-nucleotide variations (SNVs) in individuals (SNV can be a common 

SNP or a rare mutation); genomic insertions and deletions (which are often called indels); and 

duplications, collectively known as copy number variations (CNVs); as well as less-frequent 

inversions and translocations21. The most frequent inherited sequence variations are SNPs; of 

those, the ones with a minor allele frequency of >1% occur every 100 to 300 bp 22,23. It is now 

estimated that about 5 to 7 million SNPs exist in humans, and they account for most inherited 

phenotypes, including disease susceptibility22. Interestingly, only a small proportion 

(approximately 60,000) of the known SNPs is located within the coding regions of genes, and 

roughly half of them cause amino acid changes in expressed proteins (non-synonymous SNPs)24. 

Amino acid changes have the potential to affect the function of the encoded protein. It is estimated 

that each human individual carries approximately 250 to 300 loss of function variants in annotated 

genes, and around 50 to 100 variants previously identified in congenital disorders25. SNPs in the 

same region of DNA can be stably inherited and form haplotypes (usually <50 kb apart from each 

other). Therefore, the human genome is organized in haplotype blocks with high linkage 

disequilibrium (LD): regions representing high level of inheritance that are separated by regions 

of low LD26. Accordingly, if a particular SNP, that is in a strong LD with a set of other SNPs is 

found to be associated with a disease phenotype or a drug-response phenotype, it may not 

necessarily be the direct and only cause of the phenotype of interest, but can rather indicate the 
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position in the genome where a susceptibility genetic region is located 6,27. The vast majority of 

genes in the human genome contains regulatory regions. The functional significance of genetic 

variants located at the level of genomic regulatory regions (including those located at the level of 

the promoter, enhancer, and 3′ regulatory regions) is difficult to determine28. SNPs located at the 

5′ regulatory region may influence mRNA transcription. Correspondingly, those located at the 

enhancer regions can alter the expression of several genes. Likewise, variants loca ted in the 3′ 

untranslated regions can affect the stability of the transcripts28. The variants could also alter the 

existing canonical splicing sites (or generate new sites), typically resulting in frame deletion of an 

exon and in generation of a shorter protein28. 

Although many polymorphisms don’t have functionally significant effects, those that result in 

either altered expression or activity of the gene product are those that usually represent an interest 

for pharmacogenomic association studies4,29. The frequency of a genotype and the magnitude of 

the detected effect largely influence the proportion of variability in the outcome (i.e., treatment 

response) that can be explained by polymorphism(s)3,30. 

The clinical significance of genetic variants reflects their functional/biological effects, in other 

words, variants that convey large functional effects are likely to convey a clinically distinct 

phenotype28. This can be seen as a gradient. On one end of the spectrum are those variants that 

exhibit very large effect sizes and, therefore, have high penetrating power28. These variants are 

usually responsible for genetic diseases that follow Mendelian patterns of inheritance, such as 

hereditary cardiomyopathies and ion channel disorders28. Variants with moderate to large effect 

sizes are responsible for single-gene diseases detected in small families (have incomplete 

penetrance) and sporadic cases. On the other end of the spectrum are variants that demonstrate low 
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effect sizes, and these variants are responsible for complex phenotypes such as hypertension, 

atherosclerosis, type 2 diabetes, etc.28. 

Studies identifying a genetic predisposition to the disease generally attempt to demonstrate the 

relationship between the genotype (for one or more polymorphic markers) and the phenotype 

associated with the predisposition to the disease31. There are two main approaches: one is based 

on candidate genes and the other is based on genome-wide association  testing32. 

The candidate genes (CG) approach starts with the selection of presumed candidate genes based 

on their relevance to the studied disease mechanism (trait)33. This is followed by the assessment 

and selection of polymorphisms that have functional consequences, i.e., affect either the regulation 

of the gene, or its protein product33. Then, the variants are tested for association with disease (trait) 

based on the frequency of their occurrence in affected test subjects (cases) and selected controls33. 

Although CG studies tend to have rather high statistical power, they are incapable of discovering 

new genes or gene combinations32. 

Genome-wide association studies (GWAS), based on testing the entire genome, represent one of 

the major advances in biomedical discoveries in recent decades34. Since 2005, after the publication 

of the first GWAS results35, thousands of robust associations between the genetic component and 

complex traits or diseases have been identified. However, the clinical applicability of these 

findings remains unclear, mostly because of the modest effect of associated variants and their 

unclear functional implications (since GWAS can detect genes regardless of whether their function 

has been previously known or identified as associated with the studied outcome)32,34.  

Moreover, despite the extensive discovery of trait- and disease-associated common variants, even 

in diseases for which large GWAS meta-analyses have been undertaken, much of the genetic 

contribution to complex traits remains unexplained36. Therefore, rare variants (with the frequency 



 

8 

lower than 1% in a given population) can explain additional disease risk or trait variability 36. 

Furthermore, evolutionary theory predicts that deleterious alleles are likely to be rare due to 

purging selection36, and in fact, loss-of-function variants that prevent the formation of functional 

proteins are particularly rare37. However, for the analysis of the association of rare variants, tests 

for association with one locus in traditional GWAS are underpowered (due to the low frequency 

of rare variants); except in cases where causal variants have a very large effect size 36. To increase 

power, region-based collapsing or binning approaches, which aggregate variants into single 

genetic units, have become the standard for the rare variants analysis38. These methods assess the 

association of the combined effect of several rare variants with the outcome of interest in a 

biologically relevant region39. 

The methods used for the analysis of common and rare variants in this work will be discussed in 

more details in the following sections.  
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1.1.2.  Implementation of pharmacogenomics knowledge into clinical practice 

Prevention and treatment strategies that consider individual variability (the main concept behind 

precision medicine) have been a part of healthcare for many years40. For example, blood typing 

has been used to determine the type of blood transfusion for decades already40. However, the 

prospect of widespread application of this concept has been greatly improved by the recent 

development of large-scale biological databases (including proteomics, metabolomics, genomics, 

etc.) and powerful computational approaches to analyze big datasets40. 

The ease of use of the genotyping technologies, as well as their improved costs, made it possible 

to proactively assess patients' pharmacogenomic information for variations that could affect their 

response to pharmacotherapy41. For instance, in 2007 the Food and Drug Administration (FDA) 

began including pharmacogenomic information in drug labeling, and since then, approximately 

10% of approved drugs contain this information on their labels42. 

Although, PGx has a growing impact on healthcare and constitutes one of the main knowledge 

resources to support precision medicine, its implementation into clinical practice has been 

relatively slow43. One of the barriers to accepting genetic data to guide drug use is the lack of 

knowledge on how to translate genetic test results into clinical action based on currently available 

evidence43. On the other hand, given that large randomized controlled trials to demonstrate the 

usefulness of pharmacogenetic testing are not always possible or considered necessary to establish 

clinical utility, the selection of appropriate evidence thresholds for routine clinical use of 

pharmacogenomics data becomes controversial and challenging43. Therefore, evidence-based 

guidelines are essential for implementing pharmacogenomic knowledge in daily clinical practice44. 

Currently, there are at least four committees developing guidelines with recommendations 

published in English: the Dutch Pharmacogenetics Working Group (DPWG), the Clinical 

Pharmacogenetics Implementation Consortium (CPIC), the Canadian Pharmacogenomics 

file:///D:/Dropbox/BIZI/Thesis/General%20introduction_final.docx%23_Toc27407116
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Network for Drug Safety (CPNDS), and the French National Network (Réseau) of 

Pharmacogenetics (RNPGx)44. All four committees have similar methodologies for developing 

recommendations. However, at the beginning of their projects, the goals were different, resulting 

in the unique characteristics and strengths of their guiding principles44. In an effort to overcome 

the existing disagreements on recommendations, the committees also initiated the joint 

harmonization projects44.  The DPWG and CPIC focus on pharmacotherapy guidelines for a large 

number of drugs in combination with the patient's genotype or predicted phenotype 44. The DPWG, 

CPNDS, and RNPGx also recommend genetic testing in routine clinical practice, with RNPGx 

even describing the specific clinical setting or medical conditions for which genotyping is 

recommended44.  

For example, these committees provide recommendations on anticancer agents. Both the DPWG 

and the RNPGx consider genotyping of UGT1A1 to be necessary prior to initiation of Irinotecan 

treatment. In addition, the RNPGx recommends genotyping for a particular category of patients, 

those who will receive an increased dose (> 240 mg/m2)44. The CPNDS strongly recommends 

genetic testing for the associated functional TPMT variants (*3A, *3B, and *3C) in all patients 

before starting Cisplatin treatment, as well as functionally inactive TPMT*2 variant in children to 

prevent cisplatin-induced hearing loss44,45. In order to prevent anthracycline-induced 

cardiotoxicity, the CPNDS recommends genotyping the RARG rs2229774, SLC28A3 rs7853758 

and UGT1A6*4 rs17863783 variants in all pediatric cancer patients who begin Doxorubicin or 

Daunorubicin therapy44,46. 

It is also worth mentioning that accurate and systematic quantification of drug response phenotypes 

(e.g. toxicity, resistance, etc.) as well as the establishment of optimal treatment approaches using 

genetic information in conjunction with data on non-genetic causes of inter-patient variability in 
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drug response, could be much more challenging than the detection of genome variability itself  47. 

Therefore, resources provided by organizations such as CPIC, DPWG, CPNDS, and RNPGx that 

use standardized approaches to evaluate the current knowledge and provide clinical guidance are 

indispensable for the implementation of PGx into routine clinical practice43. Accordingly, PGx is 

an excellent example of how interdisciplinary translational research that includes fundamental 

biology, pharmacology, medicine, genetics, and bioinformatics can be integrated into healthcare 

practice. 
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1.2. Normal hematopoiesis and leukemia 

The formed components of blood include different types of cells or cell fragments, each of which 

has a different morphology and function48. These components are produced through a process 

known as hematopoiesis; during which hematopoietic stem cells (HSCs) proliferate and undergo 

self-renewal or differentiation into progenitor cells that continue to differentiate into different 

types of mature blood cells, as well as into a sufficient number of blood cells necessary to maintain  

homeostasis48,49. The ability to self-renew and the ability to differentiate are two main 

characteristics of HSCs required for normal hematopoiesis48. Self-renewal is the process by which 

stem cells enter the cell cycle in order to divide and give rise to more stem cells, thereby preserving 

the stem cell pool50. While the ability to differentiate (also known as multipotency) allows HSCs 

to develop into more mature cells with the gradual lineage determination48. 

The hematopoietic hierarchy is well organized and begins with HSCs developing into myeloid and 

lymphoid progenitor cells. Myeloid progenitor cells continue to develop into erythrocytes, platelets 

(by megakaryocyte fragmentation), neutrophils, monocytes, basophils, and eosinophils; whereas 

lymphoid progenitor cells give rise to B-lymphocytes, T-lymphocytes, natural killer (NK) cells, 

and dendritic cell populations48.  

Normal HSCs reside in a specialized bone marrow (BM) microenvironment, the so -called HSC 

niche, that critically regulates the survival and function of HSCs51. Various cell types, including 

osteoblasts, perivascular, endothelial, and mesenchymal cells, contribute to the HSC niche 51,52. 

Additionally, the BM functions as a primary and secondary lymphoid organ and contains various 

mature immune cells, including T and B cells, dendritic cells, and macrophages, which also 

contribute to the HSC niche51,52. Signals originating from the HSC niche are required to control 

the responses of HSCs and progenitor cells that regulate hematopoiesis during homeostasis, af ter 

BM stress (e.g., cytotoxic chemotherapy, irradiation) or during infection51. 
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Like normal hematopoiesis, leukemia is also organized hierarchically; so that the leukemic stem 

cells (LSC) are responsible for initiating and maintaining disease and producing more 

differentiated malignant cells51. Despite being genetically abnormal, the LSCs share many 

characteristics with normal HSCs, including quiescence, multipotency, and self -renewal51. The 

LSCs depend on signals from the BM microenvironment and occupy similar niches as HSCs. 

However, the BM microenvironment and LSC niche change considerably due to the infiltration of 

activated leukemia-specific immune cells into BM51,53. In addition, many of the immune 

mechanisms that have evolved to activate emergency hematopoiesis during infection may actually 

promote the expansion and differentiation of LSCs, contributing to the progression of leukemia51.  

Figure 1 provides a brief overview of the hierarchical organization of normal hematopoiesis and 

leukemic transformation of hematopoietic cells. 
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Figure 1. Hierarchical organization of normal hematopoiesis and leukemic transformation.  

 

A conventional model of normal hematopoiesis is shown on the left where different blood lineages 

are derived from hematopoietic stem cells (HSCs). Leukemia stem cells (LSCs) are derived from 

the oncogenic transformation of HSCs. However, the transformation of progenitors can also turn 

them into LSCs depending on oncogenic mutations that define leukemia subtypes. An example is 

shown where oncogene BCR-ABL transforms HSCs but not progenitors to generate LSCs in 

chronic myeloid leukemia54.  

 

The BCR-ABL oncogene is generated by the Philadelphia chromosome (Ph) translocation, fusing the BCR (Breakpoint 

Cluster Region Protein) gene to the ABL (Tyrosine-protein kinase ABL1) gene.  

MPPs: multipotent progenitors, CMPs: common myeloid progenitors, CLPs: common lymphoid progenitors, MEPs: 

megakaryocyte-erythroid progenitors, GMPs: granulocyte-monocyte progenitors, MKs: megakaryocytes, EryPs: 

erythroid progenitors, RBCs: red blood cells, platelets (Plt.), granulocytes (gran.), monocytes (mono.). 

 

Reproduced with permission from Wong SW, Lenzini S, Shin JW. Perspective: Biophysical 

regulation of cancerous and normal blood cell lineages in hematopoietic malignancies. APL Bioeng. 

2018;2(3):031802. Published 2018 May 22. PMID: 31069313   

https://www.ncbi.nlm.nih.gov/pubmed/31069313
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1.2.1. Acute Lymphoblastic Leukemia (ALL) 

Acute lymphoblastic leukemia (ALL) is a rare hematological malignant neoplasm of the bone 

marrow in which progenitor lymphoblasts, blocked at an early stage of differentiation, rapidly 

proliferate, and displace normal hematopoietic cells in the bone marrow; hence, provoking a wide 

range of complications55,56. ALL may be of B-cell precursor or T-cell lineage55. 

The incidence of ALL reaches a sharp peak in children aged 1 to 4 and increases gradually in 

adults, from around age 5056. ALL accounts for less than 1% of adult cancers57, but is the most 

common pediatric malignant tumor, accounting for around 25% of cancers and 80% of all 

leukemia in children55,56. 

Several genetic factors (mainly Down syndrome) are associated with an increased risk of ALL, 

but most patients do not have known hereditary factors55. Recent genome-wide association studies 

have reported polymorphic variants in several genes (including ARID5B, CEBPE, GATA3, and 

IKZF1) that are associated with an increased risk of ALL or certain subtypes of ALL; whereas rare 

germline mutations in the PAX5 and ETV6 genes are associated with familial ALL55. 

Chromosomal translocations and intrachromosomal rearrangements are early (and possibly 

initiating) leukemogenesis events55. These translocations and rearrangements are generally present 

in all leukemic cells and persist during relapses55. 

At the same time, few environmental risk factors were associated with ALL in children. For 

example, the increased incidence has been associated with exposure to radiation and some 

chemicals, however these associations represent only a very small number of cases55. 
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1.2.2. Criteria for prognostic risk group classification 

 

The application of risk stratification is one of the main characteristics of the treatment of ALL in 

children; prognostic factors that influence treatment outcome are used to divide patients into 

groups based on the risk of treatment failure. Thus, patients with favorable characteristics can be 

treated with less toxic regimens, while more aggressive treatment modalities are intended for 

patients with a high-risk disease58. 

Criteria for High risk (HR) stratification are mainly attributed based on age, white blood cell count, 

immunophenotype (presence of T-cell markers) and combination of these factors; as well as central 

nervous system (CNS) status and Minimal residual disease (MRD) at diagnosis55,58,59. 

Table 1 summarizes the criteria for prognostic risk group classification used for patients diagnosed 

and treated for childhood ALL according to Dana Farber Cancer Institute (DFCI) ALL protocols 

at Sainte-Justine University Health Center (SJUHC). 
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Table 1. Criteria for prognostic risk group classification, PETALE cohort.  

  Standard Risk High Risk Very High Risk 

Age 

Protocol 87-91: > 2 
year - 8.99 years.              

Protocol 95-00-05: ≥ 1 
year - 9.99 years. 

Protocol 91: <1 year, WBC is based 
upon highest pre-Rx value obtained 

at admission.                                                           
≥ 1 year - ≤2 years or >9 years.                               
Protocol 95-00-05: < 1 years or 

≥10.00 to 17.99 years. 

Protocol 87: WBC> 
100,000/mm3 (100 x 
10^9cells/L) and/or 

<1 year. 

WBC count, pre-
treatment 

Protocol 87-91: 
<20,000/mm3 (20 x 

10^9 cells/L); Protocol 
95-00-05: 

<50,000/mm3 (50 x 
10^9 cells/L). 

Protocol 87-91: ≥20,000/mm3 (20 x 
10^9 cells/L); Protocol 95-00-05: 
≥50,000/mm3 (50 x 10^9 cells/L). 

Presence of MLL 
gene translocations 
[such as t(4;11)] by 

karyotype or FISH or 
molecular analyses. 

Diagnostic Lumbar 
Puncture 

No blast cells in the 
CSF (CNS-1) or < 5 

blasts in CSF (CNS-2) on 
Day 1. 

≥ 5 blast cells in CSF (CNS-3) on Day 
1. 

Presence of 
hypodiploidy < 45 
chromosomes by 
karyotype or FISH 

analysis. 

CNS 
CNS-1 CSF on Day 14 or 

18 and at the                          
end-of-induction. 

<5 blast cells in CSF (CNS-2) on Day 
14 or 18 and at the end-of-induction. 

  

Cranial Nerve Palsy 
and Mediastinal 

mass at Diagnosis 
Absence Presence 

Administration of 
the corticosteroid 

pre-treatment 
No    Yes 

Immunophenotype 
Absence of T-cell 

markers on 
lymphoblasts. 

Predominance of T-cell markers on 
lymphoblasts 

MRD 

A good response to the 
first phase of 

chemotherapy 
(induction), as 

measured by a bone 
marrow test at the end 
of induction phase with 
MRD less than 0.001%. 
And SR patients whose 
end-of-induction MRD 

status cannot be 
determined will still be 

considered SR. 

B-lineage HR patients with MRD level 
< 0.001 on a marrow sample 
obtained at end of remission 

induction therapy will continue to be 
treated as HR. HR patients whose 

end-of-induction MRD status cannot 
be determined will still be 

considered HR. MRD will not be used 
to change risk status of T-lineage 

patients. 
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Chromosomal 
Abnormalities 

Absence of t(9;22), 
MLL gene 

translocations and 
hypodiploidy < 45 
chromosomes by 
karyotype or FISH 

analysis. 

Patients with t(9;22) will be 
continued on protocol as HR and a 
bone marrow donor will be sought 

for transplantation. 

Testicular at 
Diagnosis 

The leukemia hasn’t 
spread to the testicles. 

The leukemia has spread to the 
testicles. 

Re-Classified from 
the Risk Group 

The SR patients with CNS-2 CSF on Days 14 or 18 or at the 
end-of-induction will be re-classified as high risk. 

 
The SR patients with CNS-3 CSF on Day 14 or 18 will be re-
classified as high risk and at the end-of-induction will be 

considered Induction failure. 

B-lineage SR and HR patients with MRD levels > 0.001 at the end of remission 
induction therapy will be re-classified as very HR. 

 

WBC: White Blood Cell; CSF: Cerebrospinal Fluid; CNS: Central Nervous System; MRD: Minimal Residual Disease; 

FISH: Fluorescence In Situ Hybridization; SR: Standard Risk; HR: High Risk; VHR: Very High Risk; LP: Lumbar 

Puncture; MLL (KMT2A): Lysine methyltransferase 2A. 

CNS-1: WBC in CSF <=> 5 Without Blasts, LP is Negative; 

CNS-2: WBC in CSF < 5 With Blasts, LP is Positive; 

CNS-3: WBC in CSF ≥ 5 With Blasts, LP is Positive. 

If a  puncture contains Red Blood Cell: >100 is considered Traumatic; ≤100 is considered Non-Traumatic. 
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1.2.3. Treatment modalities 

  

Since the early 1960s, remarkable therapeutic improvements have been made for pediatric ALL, 

which has become the most successful treatment paradigm in pediatric oncology 55. The clinical 

success is achieved through improved risk-adapted therapy based on clinical presentation, 

cytogenetics, and minimal residual disease, as well as on effective central nervous system (CNS) 

prophylaxis, and enhanced supportive care measures60. Due to the modern treatment modalities, 

the survival rate of children with ALL is currently over 90%55. However, ALL is one of the leading 

causes of cancer-related death, as relapses continue in 15–20% of patients and post-relapse 

outcomes remain poor60. 

Treatment strategies for ALL have changed significantly over the past two decades61. For instance, 

prophylactic cranial irradiation (for prevention of CNS relapse) was gradually replaced by 

contemporary ALL protocols, which consist of intensified intravenous and intrathecal 

administration of chemotherapeutic drugs for standard risk patients62-64. Moreover, a recent clinical 

study demonstrated that with the withdrawal of CRT, ALL chemotherapy-only treatment protocols 

resulted in an unprecedented overall survival rate of 93.5% 65. Nevertheless, patients receiving 

current therapies still exhibit many treatment-related side effects, such as osteonecrosis, 

cardiovascular and endocrine impairments, and other chronic medical conditions66,67.  
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1.2.4. Targeted precision medicine opportunities in ALL  

Understanding the genomics of ALL provides a compelling biological rationale for expanding 

the scope of precision medicine for treating ALL in children68. 

For example, treatment of Philadelphia chromosome (Ph +) positive ALL established the first 

molecular-targeted paradigm of childhood ALL68. Ph + ALL (accounting for approximately 3-5% 

of childhood ALL cases) is characterized by the canonical translocation t (9; 22) (q34; q11), which 

fuses the ABL Proto-Oncogene 1, Non-Receptor Tyrosine Kinase (ABL1) and Breakpoint Cluster 

Region (BCR) genes, in turn creating the BCR-ABL1 oncoprotein. Targeted BCR-ABL1 inhibition 

with ABL tyrosine kinase inhibitors (in combination with chemotherapy) has significantly 

improved survival for pediatric Ph + ALL. With this approach, approximately 70% of children can 

avoid hematopoietic stem cell transplantation (HSCT) in first complete remission 69. 

The most exploitable  pharmacogenomics targets in ALL are germline variants in the  Thiopurine 

S-methyltransferase (TPMT) and Nucleoside Diphosphate-Linked Moiety X Motif 15 (NUDT15) 

genes, which cause myelosuppression with thiopurine therapy 68. Thiopurines are widely used as 

anticancer and immunosuppressive agents, but they also have narrow therapeutic indices due to 

frequent toxicity70. The latter is partly explained by the presence of  TPMT variant alleles 

associated with low enzymatic activity70, therefore leading to the intracellular accumulation of 

thiopurines in haematopoietic tissues71. In addition, recent studies have identified a common 

variant (rs116855232) in the NUDT15 gene as another important determinant of thiopurine 

intolerance72 in patients with inflammatory bowel disease73 and in children with ALL74. TPMT 

and NUDT15 genotyping are currently recommended at the diagnosis of ALL for individual dose 

adjustment of mercaptopurine, thereby demonstrating how pharmacogenomics can be 

implemented in clinical practice as part of the precision medicine approach 68,75. 
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1.2.5. Late-adverse effects of the treatment 

Over the past decades, the survival rate of children and adolescents with cancer has steadily 

increased, while cancer-related mortality has fallen by more than 50%. Currently, eight out of 

every ten children and adolescents diagnosed with cancer will live five years or more after being 

diagnosed. The vast majority of those who reach the five-year survival mark will become long-

term survivors76. 

There are approximately 30,000 cancer survivors estimated to be living in Canada today 77, while 

in the United States, approximately 1 in 750 individuals are childhood or adolescent cancer 

survivors76. 

The reported frequency of late effects among adults who are childhood cancer survivors ranges 

from 33% to 75%, depending on the type of cancer, its stage at the time of diagnosis and the type 

of treatment received77. It is estimated that two-thirds of survivors have at least 1 chronic or late-

occurring effect from their cancer therapy; up to one-third of these late effects are considered 

major, serious or life-threatening77. Late-adverse effects can include cardiopulmonary, endocrine, 

renal, or pulmonary dysfunction, neurocognitive impairments and second cancers, among many 

others76,77.  

Figure 2 summarizes health-related and quality of life outcomes among long-term survivors of 

childhood and adolescent cancers. 
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Figure 2 .Spectrum of health-related and quality of life outcomes among long-term survivors of 

childhood and adolescent cancers. 

The long-term health consequences of childhood cancer may be substantial and can affect growth 

and development, organ function, reproductive capacity, as well as the risk of subsequent 

carcinogenesis. In addition to the adverse physical and chronic health effects associated with 

cancer therapy during childhood and adolescences, long-term survivors are at risk of various 

psychological and social outcomes76. 
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Reproduced with permission from Robison LL, Hudson MM. Survivors of childhood and adolescent 

cancer: life-long risks and responsibilities. Nat Rev Cancer. 2014;14(1):61-70. doi:10.1038/nrc3634 

PMID: 24304873 

Certain classes of chemotherapeutic agents used to successfully treat pediatric cancer patients are 

also associated with a wide range of potential long-term side effects. These medications include 

alkylating agents, anthracycline antibiotics, antimetabolites, corticosteroids, and vinca alkaloids76. 

In general, the risk of long-term side effects associated with chemotherapy depends on the 

cumulative dose, but can also be affected by other factors, such as the route of administration, the 

sex, and the age of the patient76. Selected examples of chemotherapy-related long-term effects are 

presented in Table 276. 

Table 2. Selected examples of established chemotherapy-associated late effects. 

Class of 

Chemotherapy 

Chemotherapeutic Agents Established Late 

Effects 

References 

Alkylating agents Busulfan, Carboplatin, 

Carmustine, Chlorambucil, 

Cisplatin, Cyclophosphamide, 

Ifosfamide, Lomustine, 

Mechlorethamine, Melphalan, 

Procarbazine, Thiotepa; plus, 

the non-classical alkylators 

Dacarbazine and 

Temozolomide 

Secondary 

myelodysplasia or acute 

myeloid leukemia 

Gonadal dysfunction 

and Infertility 

Pulmonary fibrosis 

(with exposure to 

Busulfan, Carmustine or 

Lomustine) 

Urinary tract 

abnormalities (with 

exposure to 

Cyclophosphamide or 

Ifosfamide) 

Kenney LB et al. 78; 

Jones DP et al.79; 

Ritchey M et al.80; 

Huang TT et al.81; 

Metzger ML et 

al.82; Brock PR et 

al.83; Feldman DR 

et al.84; Hijiya N et 

al.85; Skinner R et 

al.86 

https://www.ncbi.nlm.nih.gov/pubmed/24304873
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Class of 

Chemotherapy 

Chemotherapeutic Agents Established Late 

Effects 

References 

Renal dysfunction (with 

exposure to 

Cisplatin/Carboplatin 

and Ifosfamide) 

Ototoxicity (with 

exposure to Cisplatin or 

very high dose 

Carboplatin) 

Dyslipidemia (with 

exposure to Cisplatin) 

Anthracyclines Daunorubicin, Doxorubicin, 

Epirubicin, and Idarubicin 

Left ventricular 

dysfunction 

Cardiomyopathy 

Dysrhythmias 

Van der Pal HJ et 

al.87; Mulrooney 

DA et al.88; 

Lipshultz SE et 

al.89 

Corticosteroids Dexamethasone, Prednisone Reduced bone mineral 

density 

Osteonecrosis 

Cataracts 

Wasilewski-Masker 

K et al.90; Kadan-

Lottick NS et al.91; 

Whelan K et al.92   

Vinca Alkaloids Vincristine, Vinblastine Peripheral sensory and 

motor neuropathy 

Jain P et al.93; 

Ness KK et al.94 
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Class of 

Chemotherapy 

Chemotherapeutic Agents Established Late 

Effects 

References 

Antimetabolites Methotrexate Neurocognitive 

impairment 

Leukoencephalopathy 

Liver dysfunction 

Renal toxicity 

Decreased bone mineral 

density 

Winick N et al.95; 

Jones DP et al.79, 

Wasilewski-Masker 

K et al.90; 

Castellino S et 

al.96;  

Epipodophyllotoxins Etoposide Teniposide Acute myeloid leukemia 
 

 

Reproduced with permission from Robison LL, Hudson MM. Survivors of childhood and adolescent 

cancer: life-long risks and responsibilities. Nat Rev Cancer. 2014;14(1):61-70. doi:10.1038/nrc3634 

PMID: 24304873 

 

The childhood cancer survivor population is increasing in size and lifespan, and this specific 

population needs an effective evaluation and targeted interventions97. Therefore, the healthcare 

providers should consider the impact of medical as well as psychosocial consequences of cancer 

treatment on general health, mental health, and function pertinent to the developmental age of the 

survivor76. Moreover, research that identifies treatment, genetic, demographic, and 

psychosocial/behavioral predictors of adverse outcomes is essential for screening and monitoring 

aging survivors76.  

https://www.ncbi.nlm.nih.gov/pubmed/24304873
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1.3.  Hematopoietic stem cell transplantation (HSCT)  

Hematopoietic stem cell transplantation (HSCT) is a common procedure during which a 

suspension of cells is harvested from marrow cavities and administered intravenously to patients 

or animals whose hematopoietic system is impaired by radio- and/or chemotherapy. Therefore, 

donor cells colonize ablated bone marrow and restore hematopoietic capacity98. 

Indications for the HSCT include the following malignant diseases: Acute Lymphocytic 

Leukemia, Acute Myeloid Leukemia, Hodgkin and Non-Hodgkin Lymphoma,  Multiple 

Myeloma, Myelodysplastic Syndrome, Myelofibrosis, Essential Thrombocytosis, and 

Polycythemia Vera and Solid Tumors; as well as non-malignant conditions such as Aplastic 

Anemia, Sickle Cell Anemia, Thalassemia, Severe Combined Immune Deficiency Syndrome 

(SCID) and other (Khaddour K, Hana CK, Mewawalla P. Hematopoietic Stem Cell 

Transplantation. [Updated 2021 Jul 25]. In: StatPearls [Internet]. Treasure Island (FL): StatPearls 

Publishing; 2021 Jan-. Available from: https://www.ncbi.nlm.nih.gov/books/NBK536951 /). 

Acute leukemia is one the most frequent indication for unrelated donor HSCT. Despite major 

advances in chemotherapy, HSCT remains the best therapeutic option for a subset of patients with 

high-risk disease at presentation, as well as for the majority of patients who relapse99.  

Allogeneic HSCT is a well-established but comprehensive treatment option for malignant and 

non-malignant diseases in pediatric patients. The most commonly used myeloablative and non-

myeloablative conditioning regimens in this category of patients include alkylating agents such 

as Busulfan (BU) and Cyclophosphamide100. 

  

https://www.ncbi.nlm.nih.gov/books/NBK536951
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1.3.1.  Busulfan (BU) as a key component in conditioning protocols for HSCT   

Initially, oral BU was used as palliative treatment of chronic myelogenous leukemia and other 

myeloproliferative disorders101. However, concerns about stunted growth and retarded intellectual 

development have been associated with the use of total body irradiation (TBI) in children; hence, 

this has influenced a gradual shift to chemotherapy-only conditioning in pediatric 

transplantation101. BU (in various combinations) has often been included in conditioning regimens 

used in pediatric HSCT since early 1980s, and is now widely used as an alternative to total body 

irradiation101. 

Intravenous (IV) BU shows large pharmacokinetic (PK) variability. Higher exposure (expressed 

as area-under-the-curve; AUC) is associated with an increased risk of toxicity: e.g., mucositis, 

graft-versus-host disease (GvHD), veno-occlusive disease/sinusoidal obstructive syndrome 

(VOD/SOS), and transplant-related mortality (TRM); whereas low busulfan-AUC has been linked 

with a higher probability to graft-rejection or disease relapse102. Moreover, inter and intra-

individual variability in the kinetics of BU is more common in children compared to adults, and 

the toxicity of BU based regimens remains a concern100. It has been suggested that some of this 

variability in BU pharmacokinetics and treatment outcomes, especially  toxicity, could be 

predicted by genetic variants of enzymes involved in the metabolism of BU100. BU is metabolized 

via conjugation with glutathione (GSH), which is predominantly catalyzed by glutathione-S-

transferase alpha 1 (encoded by the GSTA1 gene). Several studies have investigated the 

relationship between genetic variants of the GSTA1 and GSTM1 genes and the pharmacokinetics 

of Bu103.  
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Section A 

Chapter 2 

 

 

 

This chapter presents the working hypotheses that formed the basis of this research and identifies 

the goals for which the research was conducted. It also describes the main stages of the genetic 

association study pipeline. 
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2.1. Study Hypotheses 

 

The presence of common and rare genetic polymorphisms in patients’ genetic constitution can 

contribute to the substantial variability regarding the occurrence and severity of treatment related 

toxicities in a post hematopoietic stem cell transplantation period in pediatric patients, as well as 

of treatment-related late-adverse effects in survivors of childhood Acute Lymphoblastic Leukemia 

by modifying disease risk in conjunction with treatment. 

 

The application of two different approaches – a candidate genes and an exome-wide association 

study, using common and rare genetic variants derived through whole-exome sequencing, may 

allow the discovery of new genetic markers associated with the risk of developing treatment-

related complications both during treatment and in the long-term. 

 

Assessing and understanding the individual contribution of each of the identified germline 

variants, as well as their combined effect, can provide valuable information about the molecular 

mechanisms that differently predispose patients to studied treatment outcomes. The reported 

genetic markers, along with other known risk factors, can further lead to prediction models 

identifying patients at increased risk for these treatment-related complications.  
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2.2. Research Objectives 

 

 

• to build a pipeline of the genetic association analyses of common and rare variants, using 

bioinformatics tools such as PLINK, SKAT-O and programming language R. 

 

• to use exome-wide sequencing data to perform candidate genes and exome-wide 

association studies in order to identify common and rare germline variations associated 

with: 

 

o long-term treatment-related cardiovascular and neurocognitive morbidities, as well 

as anxiety and depression in childhood ALL survivors.  

 

o acute complications post hematopoietic stem cell transplantation, including hepatic 

sinusoidal obstruction syndrome and acute graft versus host disease. 

 

• to assess top-ranking associations through stratified and multivariate analyses.  

 

• to validate the effect of the identified variants in independent replication cohorts. 
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2.3. Materials and methods 

2.3.1. Genetic association study pipeline 

Figure 1. Genetic association study pipeline. 

  

Discovery cohort: 

a. PETALE cohort* - 233** survivors of childhood ALL, diagnosed and treated with 
DFCI protocols at SJUHC between 1991 and 2011; 

b. Busulfan cohort*** - 87 patients who underwent allogeneic HSCT with Busulfan-
based conditioning at SJUHC between 2000 and 2013. 

 

Clinical and psychosocial data collection 

and sampling 

Whole-exome sequencing 

Identification of SNVs predicted to affect 
protein function**** 

Filters SIFT<0.1 and PolyPhen2 ≥ 0.85 

Adjustment for multiple testing, FDR-BH method with a cut-off value of < 5% 

Association study: 
a. Candidate genes approach; 

b. Exome-wide approach. 

Validation in the independent replication cohorts: 
a. prospective St. Jude Lifetime (SJLIFE) cohort****** 

b. Busulfan replication cohort******* 

Common SNVs 
(frequency ≥ 5%) 

• Allelic Chi-square or Fisher’s 
exact test, Logistic Regression; 

• Quantitative trait association, 
Linear Regression. 
 
PLINK v.1.07, SPSS v.25.0.0.0,  
R-4.1.2 

 

Rare SNVs  
(frequency < 5%) 

• Optimal Sequence Kernel 
Association Test (SKAT-O); 

• Weighting the contributions 
of variants to association 
signals (Collapsing approach) 
*****. 
PLINK v.1.07, R-4.1.2, SPSS 
v.25.0.0.0 
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PETALE: Prévenir les Effets TArdifs des traitements de la LEucémie lymphoblastique aigue; ALL: 

Acute Lymphoblastic Leukemia; DFCI: Dana-Farber Cancer Institute; SJUHC: Sainte-Justine University 

Health Center; HSCT: Hematopoietic Stem Cell Transplantation; SNV: Single nucleotide variation; FDR-

BH: Benjamini–Hochberg false discovery rate. 

*To test and confirm predominant European ancestry in the PETALE cohort the HapMap genotype 

reference data was used for Principal components analysis (a statistical method commonly used in 

population genetics to determine the pattern of distribution of genetic variation by geographic location and 

ethnicity). 

 

** The total number of survivors included in different studies varies based on quality of the sequencing 

data, as well as on inclusion/exclusion criteria. 

 

*** For the Busulfan cohort, only an exome-wide approach was applied, the set of the studied variants also 

included UTR variants. 

 

**** The predicted functional impact of missense, nonsense and splicing common and rare variants was 

assessed in silico using SIFT and PolyPhen-2 filters1-3. 

 

***** Collapsing approach that combines several rare variants into a single variable4,5, with iterative 

exclusion of each single variant, was additionally performed to allow weighting variant contributions to 

association signals. 

 

****** Established in 2007 at St. Jude Children’s Research Hospital, the prospective St. Jude Lifetime 

(SJLIFE) cohort, represents the cohort of survivors of pediatric, adolescent, and young adult cancers, as 

well as frequency-matched community controls. SJLIFE constitutes the collection of comprehensive 

treatment data on all participants, providing protocol-based medical assessments, patient-reported 

outcomes, validation of self-reported medical events, allowing the performance of periodic longitudinal 

evaluations and collection of biologic specimens6. 

 

******* Busulfan replication cohort consisted of 121 pediatric patients who underwent allogeneic HSCT 

from 2001-2015 in four different centers in Europe and Canada (Geneva University Hospital, University 

Medical Center Utrecht, Leiden University Medical Center, Robert Debré Hospital, Paris and Alberta 

Children's Hospital, Calgary). 
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SIFT (Sorting Intolerant From Tolerant) is a bioinformatic tool that predicts whether an amino acid 

substitution affects protein function, substitutions with score less than 0.1 are predicted to affect protein 

function1. 

 

PolyPhen-2 (Polymorphism Phenotyping v2) is a bioinformatic tool which predicts possible impact of an 

amino acid substitution on the structure and function of a protein using straightforward physical and 

comparative evolutionary considerations, variants with score 0.85 and above are predicted to be 

damaging2,3. 

 

PLINK is an open-source genome-wide association analysis toolkit for performing large-scale analyses 

with high computational efficiency7,8. 

 

SPSS (Statistical Package for the Social Sciences) is a software package used for statistical analysis. 

 

R is a programming language and free software environment for statistical computing and graphics.  

 

 

The Optimal Sequence Kernel Association Test (SKAT-O) will be discussed in one of the next sections.

about:blank
about:blank
about:blank
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2.3.1.1. Common variants 

Figure 2. The summary of the common variants’ analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

  

Data management: 

a. Generating file set 

• data.ped (contains pedigree and genotype information)* 
• data.map (contains variant information)** 

b.  Quality control check: 

• missing genotype rate 
Ex.*** --geno [ ] 

• minor allele frequency  
• Hardy-Weinberg equilibrium 

SNV pruning based on Linkage disequilibrium 
Ex.**** --indep-pairwise [window size] [step size] [squared 
correlation (r2) threshold] 

 

Association analysis 

Association analysis Quantitative 
(continuous) outcomes 

Dichotomous 
(binary) outcomes 

Validation in the replication cohort 

Association analysis 

PLINK 

 
 
• Normality test using descriptive 

statistics***** 
SPSS 

• Quantitative trait association 
PLINK 

• Adjustment for multiple testing 
PLINK, R 

• Multivariate regression analysis of 
the top-ranking associations 
PLINK, SPSS 

 

 
• Basic case/control association 

test****** using allelic Chi-square 
and Fisher’s exact test 
PLINK 

• Selection of the p-value based on 
allelic frequency******* 
R 

• Adjustment for multiple testing 
PLINK, R 

• Multivariate regression analysis of 
the top-ranking associations 
PLINK, SPSS 
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* each line of the ped file describes pedigree and genotype information for each sample, that contains 

mandatory 6 columns7: 

 

Family ID 

Individual ID 

Paternal ID (0 if unplaced) 

Maternal ID (0 if unplaced) 

Sex (1=male; 2=female; other=unknown) 

Phenotype (binary or continuous format) 

Genotypes (column 7 onwards) can be represented by different characters (for example: 1,2,3,4 or 

A,C,G,T) and all markers should be biallelic. 

 

** each line of the map file describes a single variant and contains mandatory 4 columns7: 

 

Chromosome (1-22, X, Y or 0 if unplaced) 

rs number or SNV identifier 

Genetic distance (Morgans) or 0 if unplaced 

Base-pair position (bp units) 

 

*** --geno [ ]  

This command filters out all variants with missing call rates exceeding the provided value7.  

For example, --geno 0.2 filters out variants exceeding a missing rate of 20%. 

 

**** --indep-pairwise [window size] [step size] [squared correlation (r2) threshold] 

This command considers a specified window size in variant count (or kilobase, if this modifier is present 

in a dataset) and calculates Linkage disequilibrium (LD) between each pair of SNVs in the window, 

therefore at each step one of a pair of variants in the current window with squared correlation greater than 

the threshold is removed, after the window shifts forward, and procedure is repeated until no such pairs 

remain7.  

For example, --indep-pairwise 50 5 0.8 

Here, a window of 50 SNVs is considered, and LD is calculated between each pair of SNVs in this window, 

then one of a pair of SNVs if the LD is greater than 0.8 (80%) is removed, after the window shifts 5 SNVs 

forward and the procedure is repeated. 

 

***** Normality tests are used to determine whether a dataset respects a normal distribution and to 

calculate the probability that the random variable underlying the dataset is normally distributed.  The main 

tests for the assessment of normality are Kolmogorov-Smirnov (K-S) test, Shapiro-Wilk test and others9. 
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****** Participants with and without indicated complications were defined as cases and controls, 

respectively. The basic association test is based on comparing allele frequencies between cases and controls. 

 

******* P values were calculated by Chi-square and Fisher exact test. The Chi-square p-value was 

considered only for the variants with the minimum number of observations per cell =>5 in a 2 by 2 table: 

 

 
 

A reference allele 

a variant allele 

If at least one of the cells has a frequency less than 5, then the p-value from the Fisher exact test was 

considered.  

 

********R programming software was used to code the p-value selection algorithm as shown in Figure 3.  
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Figure 3. Fragment of the code for the selection of the p-value from chi-square or Fisher exact test 

based on allelic frequency. 

To count the alleles, a table consisting of 4 cells is created, in which, for each polymorphism, the frequency 

of carriers/non-carriers of the variant allele among cases and controls is indicated. If the number of 

observations in any of the categories (cells) is equal to or greater than 5, then the p-value of the chi-square 

test has been taken into account, similarly, if it is less than 5, then the p-value of Fisher's exact test is taken 

into account and added to the table of results.  
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2.3.1.2.  Rare variants 

Figure 4. The summary of the rare variants’ analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Data management: 

a. Generating binary file set 
data.bed (contains genotype information) 
data.fam (contains pedigree/phenotype information)  
data.bim (contains information about the allele names, 
extended map file) 
 

b. Quality control check: 
• missing genotype rate 
• minor allele frequency  
• Hardy-Weinberg equilibrium 

 
c. Creating an SNV set file (SetID)** 

 

Optimal Sequence Kernel 
Association Test (SKAT-O)*** 
 

• Continuous Outcomes**** 

• Dichotomous (binary) 
Outcomes 

PLINK* 

Adjustment for multiple testing 

Weighting the individual contributions 
of variants to association signals 
(Collapsing approach) 

 

 

Validation in the replication cohort 
 

 

R 

SPSS 
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* The first two steps are performed using PLINK, similar to the common variants’ analysis.  

 

** SNV set file represents the complete list of variants assigned to specific genomic region (gene), the 

example of the list is shown in Figure 5. 

  

 
 

Figure 5. SNV set file structure. 

The structure of the SNV set file consists of 2 columns, the first is the name of the gene, the second is the 

variant identifier (rs number) or its position (hg19 position is shown here). 

 

The genomic regions (genes) that contained at least 2 rare variants were considered for analysis. 

 

*** Optimal Sequence Kernel Association Test (SKAT-O)10,11 

 

Common approaches for the powerful rare variant association analysis include burden tests12 and sequence 

kernel association tests (SKAT)13. 

The Sequence kernel association test (SKAT) is a non-burden test. Instead of collapsing variants in a 

particular genetic region into a single burden variable and then to test for the cumulative effects of variants 

in that region11 (defined as burden method), SKAT aggregates individual score test statistics of variants 

with weights (when variant effects are modeled linearly) and efficiently computes a region (a gene) level p 

value. Therefore, when a genetic region has variants with both protective and deleterious effect or many 

noncausal variants, SKAT is particularly powerful11. Nevertheless, it has several limitations. For example, 

SKAT can be less powerful than burden tests if a significant proportion of rare variants in a tested genomic 

region are truly causal and influence the phenotype of interest in the same direction11,14. Additionally, SKAT 

uses large-sample-based p value calculations, which can produce conservative type I errors for small-

sample case-control sequencing association studies11. In order to address these limitations, the Optimal 

Sequence Kernel Association Test (SKAT-O) was proposed, which represents a unified test for rare-variant 
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effects by using the data to find the optimal linear combination of the burden test and SKAT11. Simply put, 

SKAT-O automatically functions like the burden test when the burden test is more powerful than SKAT, 

and functions like SKAT when the SKAT is more powerful than the burden test, which maintains the power 

in both scenarios11. 

 

**** R programming software was used to code the SKAT-O test as shown in Figure 6. 

 
 

Figure 6. Fragment of the code for continuous outcome analysis with the SKAT-O test.  

A set of binary input files containing the outcome of interest in continuous format, as well as an SNV set 

file, were used to perform the SKAT-O test. 
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Section B 

Chapter 3 

 

 

 

Influence of genetic factors on long-term treatment related 

neurocognitive complications, and on anxiety and depression 

in survivors of childhood acute lymphoblastic leukemia: The 

Petale study. 

 

PLoS One. 2019 Jun 10;14(6): e0217314. doi: 10.1371/journal.pone.0217314. eCollection 2019. 

PMID: 31181069 PMCID: PMC6557490 DOI: 10.1371/journal.pone.0217314 

 

 

 

 

 

 

  

http://www.ncbi.nlm.nih.gov/pmc/articles/pmc6557490/
https://doi.org/10.1371/journal.pone.0217314


 

49 

Influence of genetic factors on long-term treatment related 

neurocognitive complications, and on anxiety and depression in 

survivors of childhood acute lymphoblastic leukemia: The 

Petale study. 

 

Running title: Genetics of Neurocognitive Complications in survivors of childhood 

ALL. 

 

Kateryna Petrykey1,2, Sarah Lippé1,3, Philippe Robaey1,5,6,7
, Serge Sultan1,3, Julie Laniel1,3, Simon 

Drouin1, Laurence Bertout1, Patrick Beaulieu1, Pascal St-Onge1, Aubrée Boulet-Craig1,3, Aziz Rezgui1, 

Yutaka Yasui8, Yadav Sapkota8, Kevin R. Krull8
, Melissa M. Hudson8,9, Caroline Laverdière1,4, Daniel 

Sinnett1,4 and Maja Krajinovic1,2,4* 

1. Sainte-Justine University Health Center (SJUHC), Montreal (Quebec), Canada. 
2. Department of Pharmacology and Physiology, Université de Montréal, Montreal (Quebec), Canada. 

3. Department of Psychology, Université de Montréal, Montreal (Quebec), Canada. 
4. Department of Pediatrics, Université de Montréal, Montreal (Quebec), Canada. 
5. Children’s Hospital of Eastern Ontario, Ottawa (Ontario), Canada. 

6. Department of Psychiatry, Université de Montréal, Montreal (Quebec), Canada. 
7. Department of Psychiatry, University of Ottawa, Ottawa (Ontario), Canada. 
8. Epidemiology and Cancer Control Department, St. Jude Children’s Research Hospital, Memphis (TN), USA. 

9. Oncology Department, St. Jude Children’s Research Hospital, Memphis (TN), USA. 

 

 

*Corresponding author: 

  

Maja Krajinovic 

E-mail: maja.krajinovic@umontreal.ca  

 

 

 

Conflict of interest statement 

The authors declare no potential conflicts of interest. 

  



 

50 

3.1. ABSTRACT 

Background: A substantial number of survivors of childhood acute lymphoblastic leukemia suffer 

from treatment-related late adverse effects including neurocognitive impairment. While multip le 

studies have described neurocognitive outcomes in childhood acute lymphoblastic leukemia (ALL) 

survivors, relatively few have investigated their association with individual genetic constitution.  

Methods: To further address this issue, genetic variants located in 99 genes relevant to the effects of 

anticancer drugs and in 360 genes implicated in nervous system function and predicted to affect protein 

function, were pooled from whole exome sequencing data of childhood ALL survivors (PETALE 

cohort) and analyzed for an association with neurocognitive complications, as well as with anxiety and 

depression. Variants that sustained correction for multiple testing were genotyped in entire cohort 

(n=236) and analyzed with same outcomes. 

Results: Common variants in MTR, PPARA, ABCC3, CALML5, CACNB2 and PCDHB10 genes were 

associated with deficits in neurocognitive tests performance, whereas a variant in SLCO1B1 and 

EPHA5 genes was associated with anxiety and depression. Majority of associations were modulated 

by intensity of treatment. Associated variants were further analyzed in an independent SJLIFE cohort 

of 545 ALL survivors. Two variants, rs1805087 in methionine synthase, MTR and rs58225473 in 

voltage-dependent calcium channel protein encoding gene, CACNB2 are of particular interest, since 

associations of borderline significance were found in replication cohort and remain significant in 

combined discovery and replication groups (OR=1.5, 95% CI, 1-2.3; p=0.04 and OR=3.7, 95% CI, 

1.25-11; p=0.01, respectively). Variant rs4149056 in SLCO1B1 gene also deserves further attention 

since previously shown to affect methotrexate clearance and short-term toxicity in ALL patients. 

Conclusions: Current findings can help understanding of the influence of genetic component on long-

term neurocognitive impairment. Further studies are needed to confirm whether the identified variants 

may be useful in identifying survivors at increased risk of these complications.  
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3.2. INTRODUCTION  

Acute lymphoblastic leukemia (ALL) is the most frequent childhood cancer1 accounting for 

approximately 25% of all cases2. The five-year survival rate of childhood ALL is currently greater than 

85% due to the optimization of multi-agent risk-adapted treatment strategies2,3. However, the exposure 

to specific chemotherapeutic agents and/or cranial radiation therapy during a susceptible period of 

child development results in late-adverse effects (LAEs)4-6 including neurocognitive impairments2. 

Clinically significant deficits among ALL survivors are most commonly found in attention 7-12, working 

memory13, processing speed9,14,15 and executive functions, such as verbal fluency and cognitive 

flexibility16. Neurocognitive impairment in childhood ALL survivors persist for many years after 

treatment17,18. Large survey studies like the Childhood Cancer Survivors Study (CCSS) among other 

studies conducted in childhood ALL survivors7,9,19, have demonstrated higher risk of depression, 

anxiety, behavioural difficulties, distress, as well as post-traumatic symptoms compared to siblings20-

25. Longitudinal follow-up in long-term survivors have indicated that frequency of distress evolves 

over time, with more than 10% of survivors experiencing significant increase in depression as well as 

in anxiety26.  

The childhood ALL survivor population is increasing in size and lifespan, and this specific population 

needs an effective evaluation and targeted interventions27. Thus, better understanding of LAEs and 

factors contributing to their development is important to guide survivorship health surveillance and 

strategies to prevent or remediate treatment-related toxicities2,3. Here we assessed the role of genetic 

factors in neurocognitive impairments along with anxiety and depression by interrogating the 

relationship between the above-mentioned complications and genotypic profiling of 459 candidate 

genes obtained through whole exome sequencing (WES) of childhood ALL survivors.  
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3.3. STUDY POPULATION AND METHODS 

3.3.1. Discovery cohort 

The discovery cohort included 236 patients diagnosed and treated for childhood ALL according to 

Dana Farber Cancer Institute (DFCI) ALL 87-01 to 05-01 protocols at Sainte-Justine University Health 

Center (SJUHC), Montreal, (Quebec), Canada. The participants were recruited during 2013 -2015 in 

the context of the PETALE study, a multidisciplinary research project with the goal to identify and 

comprehensively characterize associated predictive biomarkers of long-term treatment related 

complications in childhood ALL survivors6. Eligible participants were younger than 19 years old at 

diagnosis, at least 5 years after diagnosis of ALL and older than 12 years at evaluation, without history 

of relapse or refractory ALL or neurological condition or Down syndrome and had not received a 

hematopoietic stem cell transplant. The time from end of treatment to evaluation ranged from 5 -26 

year with a median of 13 years. The patients were classified to standard (SR) and high risk (HR) groups 

based on prognostic factors, including age, white blood cell count, immunophenotype, and central 

nervous system (CNS) status at diagnosis28,29. The frequency of patients assigned to SR and HR groups 

during the treatment was 46.6% and 53.4%, respectively. They were almost exclusively of reported 

French Canadian descent (>95%). The HapMap genotype reference data30,31 was used for Principal 

components analysis (PCA)30 to test and confirm predominant European ancestry (S1 Fig). 

3.3.2. Replication cohort 

The replication cohort consisted of 545 ALL survivors (274 males and 271 females) of European 

ancestry (based on genotype data) enrolled in the St. Jude Lifetime Cohort (SJLIFE) study and were 

evaluated using the same testing procedures as in PETALE cohort. Participants were younger than 19 

years old at diagnosis and younger than 40 years old at SJLIFE evaluation, with no diagnosis of 

neurologic condition or Down syndrome, no history of relapse and had not received a hematopoietic 

stem cell transplant.  The time from primary cancer diagnosis to the most recent date of neurocognitive 
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evaluation ranged from 10.95 – 45.60 years with a median of 26.84 years. The risk group assignment 

during the treatment (SR and HR groups) was not available for this cohort.  

3.3.3. Neuropsychological evaluation 

A neurocognitive evaluation was performed using standardized testing procedures. It included three 

indices from two cognitive measures that reflect common impairments among childhood ALL 

survivors and are also good predictors of general neuropsychological outcomes32: Trail Making Test – 

Condition 4 - Letter-Number Sequencing score and Verbal Fluency – Condition 1 – Letter fluency 

score from the Delis-Kaplan Executive Function System (D-KEFS)33; and Digit Span from the 

Wechsler Adult Intelligence Scale-Fourth Edition (WAIS-IV)34 total score. Trail Making Test (D-

KEFS) score is a measure that reflects processing speed, psychomotor speed, and cognitive 

flexibility35. Verbal Fluency (D-KEFS) score is a measure of phonological fluency in verbal 

modality36. Digit span (WAIS-IV) total score is a measure of verbal working memory37. All raw scores 

were converted to age-adjusted scaled scores based on population means38. The neurocognitive 

outcomes were transformed into dichotomous variables and studied accordingly. For each of these 

variables, scores lower than one and a half standard deviations below the mean of the normative dataset 

were indicative of impairment39, all other scores were considered non-impaired. 

3.3.4. Emotional Distress: Anxiety and Depression 

Participants were classified having emotional distress if they demonstrated elevated symptoms 

according to two measures referenced to age-specific norms. This was done in line with published 

recommendations40,41 and previous use of the instruments21,22,26. For younger participants (<19 years), 

we used anxiety and depression modules of the Beck Youth Inventory (BYI), a self-report instrument 

to document psychological status in children from 7 to 18 years old 41. For older participants (≥19 years) 

we used the Brief Symptom Inventory-18 (BSI-18 anxiety and depression score), an 18-item self-report 

questionnaire, assessing psychological distress in adults40, previously also used in cohorts of young 
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and older adult survivors of childhood cancer42,43. Internal consistency coefficients measured by 

Cronbach’s alphas were all satisfactory, >.8044. Age-adjusted scores one standard deviation above the 

population mean were considered as impaired. 

3.3.5. Sequencing and quality control 

Whole-exome sequencing (WES) was performed on germline DNA, extracted from peripheral blood 

samples from a subset of 191 participants of PETALE cohort, using standard protocols as described 

previously6. Whole exomes were captured in solution with Agilent’s SureSelect Human All Exon 

50Mb kits and sequenced on either Life Technologies SOLiD System 4.0 (mean coverage = 40X) or 

Illumina HiSeq 2500 platform (mean coverage = 113.1X) at SJUHC integrated clinical genomic centre 

in pediatrics. Reads were aligned to the hg19 reference genome using SOLiD LifeScope software45 for 

the SOLiD samples and BWA-MEM46 for the samples sequenced on the Illumina system. PICARD47,48 

was used to mark PCR duplicates and collect sequencing quality control metrics. Variant calling was 

performed using the Haplotype Caller and quality score recalibration was performed using Variant 

Recalibrator, both implemented in the Genome Analysis Tool Kit (GATK)48.  Variants were selected 

based on the variant quality score (VQSR = PASS) and minimum depth of coverage (DP >= 10). The 

final germline variants were annotated by ANNOVAR49 and  the predicted functional impact of 

missense, nonsense and splicing common and rare variants was assessed in silico using Sift (<0.1) and 

PolyPhen2 (≥0.85) filters50,51.  Variants were defined as rare (minor allele frequency, MAF<5%) and 

common (MAF≥5%) according to the reported frequency for European populations in the 1000 

Genomes52 and ESP6500 datasets53. These variants were considered as potentially damaging and were 

used for analyses. Variants exceeding missing rate of 20%, with minor allele count<2 and not in Hardy-

Weinberg Equilibrium (P<0.001) were excluded. 
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3.3.6. Association analyses 

Two sets of candidate genes were selected - the first consisted of 99 genes implicated in the metabolism 

of methotrexate (MTX) and corticosteroids (CS) which are known to impact neurocognitive 

outcomes54,55 and the second consisted of 360 genes implicated in nervous system function, selected 

using the KEGG PATHWAY Database56. A total of 76 common variants (27 in MTX/CS pathway and 

49 in nervous system function) and 1337 rare variants that satisfied all above filtering criteria were 

identified as functionally predicted and were used in association analyses.  The analyses between 

common genetic variants and neurocognitive outcomes as well as with anxiety/depression were 

performed by the allelic chi-square or Fisher’s exact test implemented in PLINK v.1.0757,58. Analyses 

were performed in 191 sequenced patients and stratified by sex, risk groups with different treatment 

intensity, and treatment with chemotherapy alone or chemotherapy and cranial radiation; since these 

factors have an established role in modulating neurocognitive outcomes4,59. The Benjamini-Hochberg 

procedure for false discovery rate (FDR)60,61 was used to adjust for multiple testing with a cut-off value 

of < 5% considered statistically significant. Selective genotyping of top-ranking common SNPs (based 

additionally on Bonferroni p-value corrected for the number of variants tested, p<0.001 and p<0.0019 

for the neural and MTX/CS pathways, respectively) was carried out on the Sequenom platform at the 

McGill University and Génome Québec Innovation Centre, Montreal, (Quebec), Canada, to confirm 

the results and extend the analysis to entire cohort (n=236) including one hundred ninety -one patients 

analysed above (S1 Table). Associations of genotyped variants with the outcomes were assessed using 

chi-square or Fisher exact test in SPSS v.24.0.0.0 and appropriate genetic models, which were 

presented relative to the minor allele. Genotype-outcome association was represented as an odds ratio 

(OR) with a 95% confidence interval (CI). For the variants of MTX pathway, for which the association 

showed similar trend in validation cohort, the modulation of the effect by cumulative drug dose was 

also analyzed. To that end, cumulative drug dose was dichotomized to above and below the median 
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and the association was analyzed in each subgroup. Additionally, logistic regression model was used 

in which main effect (genotype and drug dose) and interaction term were added.  The detailed list of 

the studied polymorphisms (DOI: 10.6084/m9.figshare.8051573), as well as the summary statistics 

for all polymorphisms analyzed from the sequencing data beyond those already presented in the regular 

and supplemental tables (DOI: 10.6084/m9.figshare.8051825) are provided. 

For rare variants associations, we used the SKAT-O test (Optimal Sequence Kernel Association 

Test)62,63 implemented in SKAT package v.1.3.2.164 with FDR < 5% considered statistically 

significant.  Collapsing approach that combines several rare variants into a single variable 65,66, with 

iterative exclusion of  each single variant, was additionally performed to allow weighting variant 

contributions to association signals. These analyses were performed as exploratory and associated 

variants were not further analyzed by genotyping.  

3.3.7. Replication analysis 

Genotype data for selected variants were obtained from a larger effort to sequence whole genomes of 

over three thousand long-term survivors participating in the SJLIFE cohort. For this replication 

analysis, we restricted inclusion to 545 ALL survivors of European ancestry. Associations of selected 

variants with respective neurocognitive outcomes were examined using chi-square or Fisher’s exact 

tests, as appropriate, implemented in PLINK 1.957,58. 
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3.4. RESULTS 

3.4.1. Neurocognitive and emotional disturbances 

The median age of ALL survivors at the time of evaluation was 21 years, with almost equal sex 

distribution, their demographics and clinical characteristics are presented in Table 1. The most 

prevalent deficit in neurocognitive test performance was noted for digit span (19.5%) followed by 

verbal fluency (18.6%) and trail making test (9.3%). Moderate-severe anxiety was noted in 10.1% 

survivors, whereas 11.5% of survivors were affected by moderate-severe depression, which was 

comparable to published normative groups on anxiety and depression40-42. 

3.4.2. Common variants    

Among common variants implicated in nervous system function obtained from WES data, significant 

associations were detected for four of them (CALML5, CACNB2, PCDHB10 and EPHA5) either in all 

survivors or following stratification according to sex, risk groups or CRT (S2 Table). These variants 

were further analyzed by genotyping in the entire PETALE cohort, and the association was confirmed 

for all of them (Table 2). The analyses were performed for the same subgroups for which association 

was noted for WES data, and additionally in all participants. The neurocognitive deficit related to digit 

span task was associated, in an additive manner, with the minor allele of rs58225473 in CACNB2 gene 

either in all patients (p=0.02), or those who received chemotherapy only (p=0.004). Homozygotes for 

the minor C allele of CALML5 rs10904516 were at higher risk of having deficit in verbal fluency score, 

whereas the neurocognitive deficit related to trail making test was associated with the minor allele of 

rs2907323 in PCDHB10 gene, both potentiated in HR participants (p=0.03 and p=0.01 respectively).  

The carriers of the minor C allele of EPHA5 rs33932471 were at higher risk of both moderate-severe 

anxiety and depression, with the strongest effects seen in females (p=0.02 and p=0.003, respectively). 

Among common variants implicated in MTX/CS pathway obtained from WES data, the significant 

associations were detected for 6 of them (MTR, PPARA, ABCC3, SHMT1 and SLCO1B1, (S3 Table). 
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The variants in MTR, PPARA, ABCC3 and SLCO1B1 genes were further analyzed by genotyping in 

entire PETALE cohort, and the association was confirmed for all of them  (Table 3). The association 

between deficit in verbal fluency score and GG genotype of MTR rs1805087 was seen for all survivors 

(p=0.01) and male participants (p=0.002). Deficits in verbal fluency performance were also associated 

with GG genotype of ABCC3 rs12604031 among HR patients (p=0.001), as well as with rs1800206 in 

PPARA gene in low-risk groups (p=0.008). The risk of moderate-severe depression was highest among 

carriers of the minor G allele of SLCO1B1 rs4149056 who received chemotherapy only (p=0.002). 

All variants found significantly associated with a tested outcome (except those initially confined to 

risk subgroup such as those in ABCC3 and PCDHB10 genes) were further analyzed for an association 

with respective outcomes in an independent cohort of ALL survivors (SJLIFE cohort)  (Table 4 and 

5). Two associations were noticeable. The association of borderline significance between deficit in 

verbal fluency score and the minor allele of MTR rs1805087 was seen in all survivors (OR=1.7; 95% 

CI, 1.0-2.8; p=0.05). The association between deficit in digit span score and GG genotype of CACNB2 

rs58225473 showed similar trend as in PETALE cohort for all participants (OR=3.7, 95% CI, 1.0 -

13.9), as well as for patients who received chemotherapy only (OR=3.8, 95% CI, 0.9 -16.5), however 

they did not reach significance (p=0.08 and 0.09, respectively). The associations for rs58225473 and 

rs1805087 variants in CACNB2 and MTR genes were significant for combined PETALE and SJLIFE 

cohorts (S4 Table). The association between deficit in digit span score and GG genotype of CACNB2 

rs58225473 was significant for all participants (OR=3.7; 95% CI, 1.25-11; p=0.01) and for patients 

who received chemotherapy only (OR=7.2, 95% CI, 2.1-25; p=0.0004). The association between 

deficit in verbal fluency score and the minor allele of MTR rs1805087 was seen in all survivors 

(OR=1.5; 95% CI, 1-2.3; p=0.04) and in male participants (OR=1.8; 95% CI, 1-3.1; p=0.04). 
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Given that the MTR belongs to the MTX pathway, we further explored whether the effect of rs1805087 

was modulated by cumulative MTX doses, for which such data were available in the discovery group 

(Table 1).  The relationship with the deficit in verbal fluency score was particularly obvious in patients 

who received higher overall cumulative doses (Fig 1, p=0.01 for patients with cumulative doses above 

median vs. p=0.3, for patients with cumulative doses below median).  

3.4.3. Rare variants  

The analysis of functionally predicted rare variants in PETALE cohort led to the detection of an 

association between the deficit in trail making test score and rare variants enrichment in SLCO2B1, 

HSPA4 and GSTT1 genes (p=0.0002, p=0.004 and p=0.003, respectively, Table 6). Using the 

collapsing approach, we explored variant combinations that contributed to the observed association 

signal, identifying two variants in GSTT1, three in HSPA4 and four in SLCO2B1 gene. Replication 

analyses were not performed for these findings because information regarding these variants was not 

available in the SJLIFE cohort.  
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3.5. DISCUSSION 

Functionally predicted germline common variants in MTR, PPARA, SLCO1B1, ABCC3, CALML5, 

CACNB2 and PCDHB10 genes were found to be significantly associated with deficits in 

neurocognitive tests performance, whereas a variant in EPHA5 gene was significantly associated with 

both anxiety and depression. 

3.5.1. Neurocognitive performance 

Among common variants associated with an impairment in neurocognitive function, rs10904516 in 

the MTR gene, which was associated with a deficit in verbal fluency, seems particularly interesting 

given similar observation in the SJLIFE cohort.  The MTR gene encodes a B12 dependent methionine 

synthase involved in remethylation of homocysteine (Hcy), which is the crucial step in methionine 

production in all types of cells67. Mutations in the MTR gene, as well as severe deficiency of vitamin 

B12, could result in elevated concentration of Hcy in plasma and cerebrospinal fluid. Studies have 

shown that Hcy exerts a neurotoxic action and may participate in the mechanisms of 

neurodegeneration, such as excitotoxicity, oxidative stress, calcium accumulation, and apoptosis 68-70. 

MTR gene is involved in the metabolic pathway of MTX. Administration of MTX was associated with 

acute and subacute neurotoxic effects; these detrimental effects may accumulate over time 69.  The 

detected common functional polymorphism (rs1805087) leading to Asp919Gly amino acid 

replacement in the MTR gene could affect enzymatic activity, thus increasing the level of Hcy68,69,71. 

Indeed, we have shown an interaction between MTR rs1805087 and cumulative MTX dose in survivors 

with the deficit in verbal fluency score. This confirms previous finding: this variant together with 

polymorphisms of other genes that are implicated in the Hcy pathway were already studied in the 

context of MTX long-term neurotoxicity and has been found to affect neurocognitive function in 

childhood ALL survivors72,73. 
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CACNB2 rs58225473 variant was associated with the neurocognitive deficit as defined by the digit 

span test, which measures working memory. Similar risk values, although not significant, were noted 

in the SJLIFE cohort in all participants and in the group of survivors who received chemotherapy only. 

The CACNB2 gene encodes an auxiliary voltage-dependent subunit of L-type calcium-channel that is 

mainly expressed in brain and heart tissue. Voltage-dependent calcium channels are crucial for 

neuronal differentiation and maturation. They induce large number of intracellular events such as 

neurotransmitter release, neuronal excitability, synaptic plasticity, and gene regulation74. Calcium 

influx mediated by those channels has both spatial and temporal components and encodes important 

signaling information75. Moreover, in a recent GWAS study CACNB2 was identified among four 

significant risk loci underlying genetic effects shared between five major psychiatric disorders that 

included schizophrenia, autism spectrum disorder, attention deficit-hyperactivity disorder, bipolar and 

major depressive disorders76. Additionally, the rare variants in this gene were found in affected 

members of families with autism spectrum disease77. Given the important role that CACNB2 can play, 

it is not surprising that it was studied as a possible pharmacological target in treatment of mental 

disorders78. The rs58225473 is a c.1803T>G substitution (NM_201590.2) leading to Asp601Glu 

replacement, which is predicted to affect protein function and possibly calcium channel function. 

Common variants in several other genes influenced neurocognitive decline in PETALE cohort. PPARA  

gene belongs to PPARs receptor family of ligand-activated transcription factors involved in the 

regulation of inflammation79. Effects of glucocorticoids can be reinforced by PPAR ligands80. The 

enhanced heterodimer formations of PPARA could be associated with increased expression of brain 

and glial cell-derived neurotrophic factors81. The rs1800206 variant in PPARA gene was associated 

with lower verbal fluency score in females and survivors assigned to SR group or chemotherapy only. 

Similar association was noted for ABCC3 rs12604031. ABCC3 is a member of the superfamily of ATP-
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binding cassette (ABC) transporters, and the bioavailability of MTX may be affected by this 

transporter82. 

CALML5 gene is related to the calmodulin family of calcium binding proteins highly implicated in 

CNS function83. Its protective role and implication in the inhibition of neuronal death was described 

in Alzheimer disease84,85. We observed the significant association of variant rs10904516 and deficit in 

verbal fluency score in all survivors, with the stronger effect seen in the HR group. Similar association 

mostly confined to HR group was noted between lower score on trial making test and rs2907323 in 

the PCDHB10 gene.  PCDH (protocadherin) genes, are expressed in the central and peripheral nervous 

systems and are required for their normal development. They mediate a variety of processes, including 

neuronal survival, morphogenesis and connectivity, synaptic maintenance, and spatial patterning of 

axons and dendrites86. The variants in PCDH genes have been reported to be associated with dyslexia 

and bipolar disorder87,88. 

The neurotoxic effects of treatments in childhood ALL have been the subject of multiple investigations. 

These effects consist of central neurotoxicity clearly noticeable by encephalopathy and/or 

neurodevelopmental cognitive deficits89-91, particularly in survivors exposed to a highly intensified 

treatment protocols with CNS-directed chemotherapy, even in the absence of CRT4,19,92,93. Cognitive 

impairment and information processing have been associated with intensity and duration of CS 

treatment94,95. Female survivors were reported to have more severe short-term memory impairment59 

and lower scores on attentional indices, cognitive flexibility 96,97 and visuomotor control4. Female 

childhood ALL survivors are more likely to present cerebral white matter damage98 that may affect 

cognitive functioning. Congruent with these previous observations, several associations detected in the 

present study were modulated by sex and treatment intensity (reflected by the presence or not of CRT 

or risk groups). 
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3.5.2. Anxiety and depression 

We studied dimensions of internalized symptoms which are frequent in normative populations, namely 

anxiety and depression99, highlighting impairment in mental quality of life of childhood ALL 

survivors21,22,100. Although anxiety and depression measures are not equivalent to clinical diagnosis 

derived from the gold standard systematic interview101, moderate-severe levels are generally 

interpreted as a risk for having clinically relevant anxiety or depression. 

The rs11556218 in the EPHA5 gene was associated with higher risk of both anxiety and depression 

that was further potentiated in female patients.  The EPHA5 gene codes for  a brain-specific kinase that 

is selectively expressed in a subset of serotonin neurons during embryonic and postnatal 

development102. Receptors in the EPH subfamily modify the strength of existing synapses in the adult 

brain103. Divergent vulnerabilities between females and males could be explained by gender 

differences in brain maturation104,105, which might make females more vulnerable to the neurotoxic 

effects of chemotherapy. Other assumptions, such as endocrine factors, have also been hypothesized  

to explain sex differences in the susceptibility59. 

Moreover, we identified the association between depression and the presence of variant rs4149056 in 

SLCO1B1 gene. This association was detected in the group of survivors that received chemotherapy 

without CRT. SLCO1B1 gene encodes a liver-specific member of the organic anion transporter family 

involved in hepatic uptake of MTX. This association deserved further attention given that the same 

variant was detected through genome wide association studies to contribute to inter-individual 

variability in the clearance of high-dose MTX106. It was subsequently replicated in independent cohorts 

and shown also as a predictor of short-term toxicity following MTX treatment106-111. MTX treatment 

has been associated with adverse emotional or behavioral outcomes20; thus, these results could justify 

further studies of SLCO1B1 gene in related contexts. 
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3.5.3. Rare variants’ analysis 

The association between deficits in the trail making test score was identified in relation to rare variants 

enrichment in HSPA4, SLCO2B1 and GSTT1 genes, with a very strong individual contribution of 

rs61745470 in HSPA4 gene. This variant was recently associated with familial genetic risk for suicide 

(as well as with risk for psychiatric or substance abuse conditions)112.  The SLCO2B1 and GSTT1 genes 

are highly implicated in physiological and pharmacological distribution of drugs and endogenous 

molecules. The SLCO2B1, a member of the organic anion transporting polypeptide (OATP) family, is 

involved in steroid hormone uptake and transport of steroid conjugates113,114.  GSTT1 was recently 

associated with higher risk for early onset of severe mental and bipolar disorders115. We also evaluated 

the association of deletion polymorphisms of GSTT1116 (found with a frequency of 23.7% in discovery 

cohort) with the deficits in the trail making test score. There was no association of GSTT1 null genotype 

with the deficits in the trail making test score. 

The impact of here identified rare functional variants requires further investigation. 
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3.6. CONCLUDING REMARKS 

Our study has certain limitations. Its limited sample size may affect the accuracy of the results, 

particularly in the context of the stratified analysis. Other unmeasured factors in this study, for 

example, inflammation and oxidative stress, could modulate or potentiate associations with genetic 

factors. The candidate gene approach may have missed genetic markers potentially involved in 

neurocognitive decline and mood disturbances that could have been detected through unbiased 

approaches. Among associations detected in the PETALE cohort only two showed a similar trend in 

SJLIFE cohort. Despite matching both outcomes and patients’ characteristics between the two cohorts, 

it is possible that small sample size, differences in treatment protocols or time of ALL diagnosis 117-120 

contributed to the observed discrepancies. Likewise, stratification by risk group designation was not 

available for the SJLIFE cohort, precluding replication of the risk-based stratified analyses. Although 

the analyses in PETALE cohort were corrected for multiple testing, and confounding was reduced due 

to homogeneous population and uniform treatment, we cannot exclude that some of the associations 

have been obtained by chance. 

In conclusion, using a comprehensive candidate gene approach and whole exome sequencing data we 

identified a panel of functionally predicted genetic variants significantly associated with 

neurocognitive deficits, anxiety, and depression in childhood ALL survivors. Additional exome wide 

analysis might lead to the discovery of novel genes and genetic variants associated with neurocognitive 

LAEs as well as with the mood disorders.  

While we acknowledge that the identified germline variants still need to be evaluated and validated 

through replication and functional studies, the current findings can help further understanding of the 

influence of genetic component on long-term complications related to cancer therapy.  
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3.7. LIST OF ABBREVIATIONS  

ALL: Acute lymphoblastic leukemia 

PETALE: Prévenir les Effets tardifs des Traitements de la leucémie Aiguë Lymphoblastique chez 
l’Enfant 
SJUHC: Sainte-Justine University Health Center 
LAEs: Late adverse effects 

WES: Whole exome sequencing 
DFCI: Dana-Faber Cancer Institute 
CCSS: Childhood Cancer Survivors Study  
SJLIFE: St-Jude Lifetime cohort 

CRT: Cranial radiation therapy 
D-KEFS: Delis-Kaplan Executive Function System  
WAIS-IV: Wechsler Adult Intelligence Scale-Fourth Edition  
BYI: Beck Youth Inventory  

BSI-18: Brief Symptom Inventory-18  
MAF: Minor allele frequency 
MTX: methotrexate 
CS: corticosteroids 

SKAT-O test: Optimal Sequence Kernel Association Test 
FDR: False discovery rate 
SNP: Single nucleotide polymorphism 
SR: standard risk 

HR: high risk 
OR: odds ratio 
CI: confidence interval  
CNS: central nervous system  

OATP: organic anion transporting polypeptide  
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3.9. TABLES AND FIGURES 

3.9.1. Table 1. Patient demographics and clinical characteristics (N=236). 

 

 
DFCI, Dana-Farber Cancer Institute; IV, intravenous; PO, per os; IT, intrathecal; MTX, methotrexate 

*Score at least 1.5 standard deviation below the norm was considered as impaired in all neuropsychological tests 
** Median (range), 12 Gy (12-18Gy) 
*** Cumulative corticosteroid doses are calculated as prednisone equivalents 

  N % 

Sex 

 Male 115 48.7 

 Female 121 51.3 

Neuropsychological outcomes (affected patients)  

 Trial making test* 22 9.3 

 Verbal fluency* 44 18.6 

 Digit span* 46 19.5 

 Moderate-severe anxiety 21 10.1 

 Moderate-severe depression 24 11.5 

DFCI protocol 

 87-01 18 7.6 

 91-01 48 20.3 

 95-01 71 30.1 

 00-01 75 31.8 

 05-01 24 10.2 

Prognostic risk group 

 Standard risk (SR) 110 46.6 

 High risk (HR) 126 53.4 

Cranial radiation therapy 

 Yes** 131 55.5 

  No 105 44.5 

 Cumulative doses, mg/m2 - median (range) 

 Parenteral/PO MTX (853.6-12750.5)  6576.5 

 IT MTX (0-279) 150.4 

 IV/PO corticosteroids*** (4425.7-24930.1)                8826.6 

 IT corticosteroids*** (2.05-87.19) 31.3 

Age at diagnosis - median (range) 

 Male (1-18) 5.0 

 Female (0-18) 4.0 

Age at follow - up median (range) 

 Male (12-36) 21.0 

 Female (12-38) 21.0 
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3.9.2. Table 2. Frequency of associated genotypes in patients with and without neurocognitive or 

emotional distress, genes of relevance for nervous system function, PETALE cohort (N=236).  

 

Outcome Genotype 
Case*, N 

(%) 

Control*, N 

(%) 
Model 

Case*, N 

(%) 

Control*, N 

(%) 
P**  

OR  

(95%-CI)  

Digit span 

CACNB2 rs58225473 

All patients 

TT 25 (58.1) 128 (71.5) TT 25 (58.1) 128 (71.5) 

0.02a 
2.0  

(1.1-3.9)  
TG 16 (37.2) 51 (28.5) TG 16 (37.2) 51 (28.5) 

GG 2 (4.7) 0 (0.0) GG 2 (4.7) 0 (0.0) 

Chemotherapy only*** 

TT 4 (40.0) 63 (70.8) TT 4 (40.0) 63 (70.8) 

0.004a 
5.0  

(1.5-16.4)  
TG 4 (40.0) 26 (29.2) TG 4 (40.0) 26 (29.2) 

GG 2 (20.0) 0 (0.0) GG 2 (20.0) 0 (0.0) 

 PCDHB10 rs2907323 

Trial 

making 

test 

All patients 

GG 11 (55.0) 155 (73.1) GG 11 (55.0) 155 (73.1)   

GC 8 (40.0) 57 (26.9) GC 8 (40.0) 57 (26.9) 0.02a 2.5 

CC   1 (5.0) 0 (0.0) CC   1 (5.0) 0 (0.0)  (1.1-6.2) 

High risk   

GG 6 (46.2) 85 (76.6) GG 6 (46.2) 85 (76.6)   

GC 6 (46.2) 26 (23.4) GC 6 (46.2) 26 (23.4) 0.01a 4.3 

CC   1 (7.7) 0 (0.0) CC   1 (7.7) 0 (0.0)  (1.4 -12.7) 

Verbal 
fluency 

CALML5 rs10904516 

All patients 

TT 18 (40.9) 93 (48.7) 
TT+TC 37 (84.1) 178 (93.2) 

0.05r 
2.6  

(1.0-6.9) 
TC 19 (43.2) 85 (44.5) 

CC 7 (15.9) 13 (6.8) CC 7 (15.9) 13 (6.8) 

High risk   

TT 8 (34.8) 52 (50.5) 
TT+TC 18 (78.3) 96 (93.2) 

0.03r 
3.8  

(1.1-13.3) 
TC 10 (43.5) 44 (42.7) 

CC 5 (21.7) 7 (6.8) CC 5 (21.7) 7 (6.8) 

Moderate-

severe 

anxiety 

EPHA5 rs33932471 

Females 

AA 5 (55.6) 82 (89.1) AA 5 (55.6) 82 (89.1) 

0.02d 
6.6  

(1.5-28.5) 
AC 4 (44.4) 8 (8.7) 

AC+CC 4 (44.4) 10 (10.9) 
CC 0 (0.0) 2 (2.2) 

Moderate-

severe 

depression 

EPHA5 rs33932471 

All patients 

AA 15 (78.9) 151 (88.8) AA 15 (71.4) 151 (88.8) 

0.03d 
3.2  

(1.1-9.2) 
AC 6 (28.6) 17 (10.0) 

AC+CC 6 (28.6) 19 (11.2) 
CC 0 (0.0) 2 (1.2) 
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Females 

AA 7 (58.3) 80 (89.9) AA 7 (58.3) 80 (89.9) 

0.003d 
6.3 (1.7-

24.2) 
AC 5 (41.7) 7 (7.9) 

AC+CC 5 (41.7) 9 (10.1) 
CC 0 (0.0) 2 (2.2) 

 
CACNB2: Calcium Voltage-Gated Channel Auxiliary Subunit Beta2; CALML5: Calmodulin Like 5, EPHA5: EPH Receptor 
A5, Brain-Specific Kinase; OR, odds ratio; CI, confidence interval. 

*Participants with and without indicated complications are defined as cases and controls, respectively.  
**P values are calculated by chi-square or Fisher exact test, as appropriate.  The most representative genetic model used is 
indicated (a: Additive; d: Dominant, r: Recessive). 

***Chemotherapy without cranial radiation therapy. 
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3.9.3. Table 3. Frequency of associated genotypes in patients with and without neurocognitive or 

emotional distress, genes implicated in methotrexate and corticosteroids pathways, PETALE 

cohort (N=236). 

 

Outcome Genotype 
Case*, N 

(%) 

Control*, N 

(%) 
Model 

Case*, N 

(%) 

Control*, 

N (%) 
P**  

OR 

 (95%-CI)  

Verbal 

fluency 

MTR rs1805087 

All patients 

AA 25 (61.0) 120 (66.7) 
AA+AG 37 (90.2) 178 (98.9) 

0.01r 
9.6  

(1.7-54.5) 
AG 12 (29.2) 58 (32.2) 

GG 4 (9.8) 2 (1.1) GG 4 (9.8) 2 (1.1) 

Males 

AA 12 (52.2) 57 (66.3) 
AA+AG 19 (82.6) 86 (100.0) 

0.002r   AG 7 (30.4) 29 (33.7) 

GG 4 (17.4) 0 (0.0) GG 4 (17.4) 0 (0.0) 

PPARA rs1800206 

Standard risk 

CC 13 (72.7) 76 (92.7) CC 13 (72.7) 76 (92.7) 

0.008a 
4.6  

(1.5-14.5) 
CG 3 (16.7) 6 (7.3) CG 3 (16.7) 6 (7.3) 

GG 2 (11.1) 0 (0.0) GG 2 (11.1) 0 (0.0) 

Chemotherapy only 

CC 12 (75.0) 77 (92.8) CC 12 (75.0) 77 (92.8) 

0.02a 
4.3  

(1.3-13.5) 
CG 2 (12.5) 6 (7.2) CG 2 (12.5) 6 (7.2) 

GG 2 (12.5) 0 (0.0) GG 2 (12.5) 0 (0.0) 

ABCC3 rs12604031 

High risk 

AA 3 (13.0) 33 (33.3) 
AA+AG 14 (60.9) 89 (89.9) 

0.001r 
5.7  

(2.0-16.5) 
AG 11 (47.8) 56 (56.6) 

GG 9 (39.1) 10 (10.1) GG 9 (39.1) 10 (10.1) 

Moderate-

severe 

depression 

SLCO1B1 rs4149056 

Chemotherapy only 

AA 1 (14.3) 59 (75.6 AA 1 (14.3) 59 (76.5) 

0.002d 
18.6 

 (2.1-164.7) 
AG 5 (71.4) 19 (24.4) 

AG+GG 6 (85.7) 19 (24.4) 
GG 1 (14.3) 0 (0.0)  

 
MTR: 5-Methyltetrahydrofolate-Homocysteine Methyltransferase, PPARA: Peroxisome Proliferator Activated Receptor 
Alpha, ABCC3: ATP Binding Cassette Subfamily C Member 3, SLCO1B1: Solute Carrier Organic Anion Transporter 

Family Member 1B1. 
*Participants with and without indicated complications are defined as cases and controls, respectively.  
**P values are calculated by chi-square or Fisher exact test, as appropriate.  The most representative genetic model used is 

indicated (a: Additive; d: Dominant, r: Recessive). 
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3.9.4. Table 4. Frequency of genotypes in patients with and without neurocognitive or emotional 

distress, genes of relevance for nervous system function, replication cohort of SJLIFE (N=545).  

 

Outcome Genotype 
Case*N 

(%) 

Control* N 

(%) 
Model 

Case* N 

(%) 

Control* N 

(%) 
P**  

OR (95%-

CI)  

Digit span 

CACNB2 rs58225473 

All patients 

TT 23 (71.8) 279 (69.1) 
TT+TG 29 (90.6) 393 (97.3) 

0.08r 
3.7 (1.0-

13.9) 
TG 6 (18.8) 114 (28.2) 

GG 3 (9.4) 11 (2.7) GG 3 (9.4) 11 (2.7) 

Chemotherapy only 

TT 16 (66.7) 112 (67.1) 
TT+TG 21 (87.5) 161 (96.4) 

0.09r 
3.8 (0.9-

16.5) 
TG 5 (20.8) 49 (29.3) 

GG 3 (12.5) 6 (3.6) GG 3 (12.5) 6 (3.6) 

Verbal 
fluency 

CALML5 rs10904516 

All patients 

TT 32 (45.7) 180 (40.0) 
TT+TC 62 (88.6) 387 (86.0) 

0.6r 
0.8 (0.4-

1.7) 
TC 30 (42.9) 207 (46.0) 

CC 8 (11.4) 63 (14.0) CC 8 (11.4) 63 (14.0) 

Moderate-
severe 

anxiety 

EPHA5 rs33932471 

Females 

AA 27 (84.4) 205 (87.2) AA 27 (84.4) 205 (87.2) 

0.7d 
1.3 (0.5-

3.5) 
AC 5 (15.6) 27 (11.5) 

AC+CC 5 (15.6) 30 (12.8) 
CC 0 (0.0) 3 (1.3) 

Moderate-

severe 

depression 

EPHA5 rs33932471 

All patients 

AA 58 (79.5) 399 (86.0) AA 58 (79.5) 399 (86.0) 

0.1d 
1.6 (0.8-

3.0) 
AC 15 (20.5) 60 (12.9) 

AC+CC 15 (20.5) 65 (14.0) 
CC 0 (0.0) 5 (1.1) 

Females 

AA 30 (90.9) 202 (86.3) AA 30 (9.9) 202 (86.3) 

0.5d 
0.6 (0.2-

2.2) 
AC 3 (9.1) 29 (12.4) 

AC+CC 3 (9.1) 32 (13.7) 
CC 0 (0.0) 3 (1.3) 

 
*Participants with and without indicated complications are defined as cases and controls, respectively;  

**P values are calculated by chi-square or Fisher exact test, as appropriate.  The most representative genetic model 

used is indicated (d: Dominant, r: Recessive).  
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3.9.5. Table 5. Frequency of genotypes in patients with and without neurocognitive or emotional 

distress, genes implicated in methotrexate and corticosteroids pathways, replication cohort of 

SJLIFE (N=545). 

 

Outcome Genotype 
Case* N 

(%) 

Control* N 

(%) 
Model 

Case* N 

(%) 

Control* N 

(%) 
P** 

OR (95%-

CI)  

Verbal 

fluency 

MTR rs1805087 

All patients 

AA 42 (59.2) 323 (70.7) 
AG+GG 29 (40.8) 134 (29.3) 

0.05d 1.7(1.0-2.8) AG 25(35.2) 121 (26.5) 

GG 4 (5.6) 13 (2.8) AA 42 (59.2) 323 (70.7) 

Males 

AA 23 (60.5) 164 (72.2) 
AG+GG 15 (39.5) 63 (27.8) 

0.1d 
1.7 (0.8-

3.5)  
AG 13 (34.2) 56 (24.7) 

GG 2 (5.3) 7 (3.1) AA 23 (60.5) 164 (72.2) 

PPARA rs1800206 

Chemotherapy only 

CC 39 (81.2) 155 (85.6) CC 39 (73.8) 155 (85.6) 

0.5d 
1.4 (0.6-

3.2) 
CG 9 (18.8) 26 (14.4) 

CG+GG 9 (23.8) 26 (14.4) 
GG 0 (0) 0 (0) 

Moderate-

severe 

depression 

SLCO1B1 rs4149056 

Chemotherapy only 

AA 31 (73.8) 142 (72.4) AA 31 (73.8) 142 (72.4) 

0.9d 
0.9 (0.4-

2.0) 
AG 10 (23.8) 48 (24.5) 

AG+GG 11 (26.2) 54 (27.6) 
GG 1 (2.4) 6 (3.1) 

 
*Participants with and without indicated complications are defined as cases and controls, respectively;  
**P values are calculated by chi-square or Fisher exact test, as appropriate.  The most representative genetic model used is 

indicated (d: Dominant).  
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3.9.6. Table 6. SKAT-O analysis of the rare functional variants, PETALE cohort, WES data, 

demonstrated for the deficit in trail making test scores (N=191).  

 

 
SNP: single nucleotide polymorphism; OR: odds ratio; CI: confidence interval; SLCO2B1: Solute Carrier Organic Anion 
Transporter Family Member 2B1; HSPA4: Heat Shock Protein Family A (Hsp70) Member 4; GSTT1: Glutathione S-

Transferase Theta 1. 
1 OR of significant combination, combination include all variants or variants noted with asterisk*.  
Individual contribution of variant rs61745470 (noted in bold) was identified with OR=19.5, 95% CI [2.97-128], p=0.005. 

  

Outcome Gene 
SNPs tested MAF 

P 

value 
FDR OR1 [95% CI] 

position rs number     

Trail 
making 

test 

SLCO2B1 

chr11:74875089-74875089   0.009 

0.0002 0.004 8.7 [1.3-57.0] chr11:74880370-74880370 rs35199625 0.008 

chr11:74899276-74899276 rs377133671 0.003 

HSPA4 

*chr5:132387979-132387979 rs61745470 0.017 

0.004 0.027 *7.8 [1.7-36.4] 
chr5:132408967-132408967 rs61755724 0.042 

*chr5:132412511-132412511   0.003 

*chr5:132437499-132437499 rs61749631 0.005 

GSTT1 
chr22:24379402-24379402 rs11550605 0.003 

0.003 0.027 19.7 [1.7-230.6] 
chr22:24381742-24381742   0.006 
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Figure 1. Interaction between MTR rs1805087 and cumulative methotrexate dose. 

The frequency of each genotype in affected and non-affected group defined by verbal fluency score is 

presented by black and gray bars, respectively, in the groups that received cumulative MTX below 

median (left panel) or above median (right panel). The number of individuals represented by each bar 

and p values are indicted on the plot. OR for interaction is 3.3, 95% CI 0.9-11.5, p=0.07, as derived 

from logistic regression model including MTR genotype, cumulative MTX dose and interaction term. 
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3.11. SUPPORTING INFORMATION 

 

 

3.11.1. S1 Figure. Principal component analyses (PCA).  

PCA analysis comparing sequencing data of 400 leukemia patients (including PETALE cohort)  

from Sainte-Justine University Health Center (SJUHC) to the HapMap genotype reference  

data (release 23) for Europeans (EUR), East Asians (EAS) and Africans (AFR).  

 

PC1, Principal Component 1; PC2, Principal Component 2. 
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3.11.2. S1 Table. Genotyping: Identity of polymorphisms, details of PCR and ASO hybridization. 

Polymorphisms PCR ASO ASO Method 

gene dbSNP position variation primers probes  

ABCC3 rs12604031 Intron A/G 
F: TGGGTGAGTCGGCTCCAT 

R: AGCAGGTGCTCTGGATGC 

CAGCCGCGGGTTC 

CAGCCGCAGGTTC 

ASO 

CACNB2 rs58225473 Exon T/G(Asp600Glu) Génome Québec  Sequenom 

CALML5 rs10904516 Exon T/C(Lys74Arg) 
F:CAGGCCGGCCCTGGCGTTCT 

F:CAGGCCGGCCCTGGCGTTCC 

 

 
Allele-specific 

PCR 
    R:TGGAAACGGCACCATCAATG  

EPHA5 rs33932471 Exon T/G(Asn81Thr) Génome Québec  Sequenom 

GSTT1   
GSTT1/ GSTT1 

null 

F:TTCCTTACTGGTCCTCACATCTC 

R:TCACCGGATCATGGCCAGCA 

 

 

PCR 

MTR rs1805087 Exon A/G(Asp919Gly) Génome Québec  Sequenom 

PCDHB10 rs2907323 Exon C/G (Thr213Arg)) 
F:AAACTGTGGGGCATTGTCAT 

R:ATTAGTGGCGGTGATGAAGG 

CAGCGCTGTGAGGG 

CAGCGCTCTGAGGG 

ASO 

PPARA rs1800206 Exon C/G(Leu162Val) Génome Québec  Sequenom 

SLCO1B1 rs4149056 Exon T/C(Val174Ala) Génome Québec  Sequenom 

 

R, reverse, F, forward. The base substitution that distinguishes the two variants of each polymorphism is given in bold for 

ASO probes. dbSNP number is provided. Ancestral allele is given in bold and minor allele is underlined. The 

polymorphisms are presented as a change from ancestral to derived allele, unless ancestral allele is not known, when the 

change is given from major to minor allele. SNPs in coding region leading or not to amino-acid substitutions are indicated. 
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3.11.3. S2 Table. Significant results of association study of common variants from the candidate 

genes of relevance for nervous system function, PETALE cohort, WES data (n=191).  

Outcome Gene  SNP  Ref 
allele  

Var 
allele 

MAF P value a Allelic ratio 
frequencies 

AFF UNAFF 

Trial making 
test 

High riskb, N=108  

PCDHB10 rs2907323 C G 0.13 0.0006 9/17 19/167 

Verbal 
fluency 

All cohort, N=191 

CALML5 rs10904516 T C 0.24 0.0002 29/43 56/230 

High riskb, N=108 

CALML5 rs10904516 T C 0.24 0.0002 20/24 28/128 

Digit span  Males, N=87  

CALML5 rs10904516 T C 0.22 0.0003 16/20 21/111 

Chemotherapy only, N=79 

CACNB2 rs58225473 T G 0.17 0.0004 9/11 18/120 

Moderate-
severe 
anxiety 

 Females, N=104 

EPHA5 rs33932471 T G 0.08 0.00003 6/12 9/163 

Moderate-
severe 

depression 

All cohort, N=191 

EPHA5 rs33932471 T G 0.06 0.0004 8/36 13/283 

 Females, N=104 

EPHA5 rs33932471 T G 0.08 0.0003 7/21 8/154 

 

aAssociation test based on comparing allele frequencies between cases and controls. All associations have FDR-BH 
(Benjamini-Hochberg false discovery rate) lower than 5%. All also have p value lower than 0.001, which is Bonferroni 

cut-off value for the number of variants tested in nervous system function pathway.  

bStratified analyses according to  sex and treatment intensity (standard vs high risk); chemotherapy only vs chemotherapy 
and cranial radiation therapy (CRT). 
 

Ref: reference allele; Var: variant allele; MAF: minor allele frequency, PCDHB10, protocadherin beta 10, CALML5: 

Calmodulin Like 5, CACNB2: Calcium Voltage-Gated Channel Auxiliary Subunit Beta2, EPHA5: EPH Receptor A5, 

Brain-Specific Kinase. 
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3.11.4. S3 Table. Results of association study of common variants from methotrexate and 

corticosteroids pathways, PETALE cohort, WES data (n=191). 

Outcome Gene  SNP  Ref 
allele  

Var 
allele 

MAF P value a Allelic ratio 
frequencies 

AFF UNAFF 

Verbal 
fluency 

 Males, N=87 b 

MTR rs1805087 A G 0.19 0.0006 14/22 19/119 

Standard risk, N=83 

PPARA rs1800206 C G 0.07 0.0001 7/21 5/133 

Females, N=104 

PPARA  rs1800206 C G 0.07 0.0003 6/30 4/168 

High risk, N=108 

ABCC3 rs12604031 G A 0.44 0.0006 25/11 50/84 

Chemotherapy only, N=79 

PPARA rs1800206 C G 0.06 0.00005 6/18 4/130 

Chemotherapy and CRT, N=112 

SHMT1c rs1979277 G A 0.27 0.002 21/25 35/123 

ABCC3 rs12604031 G A 0.47 0.003 27/13 55/81 

Moderate-
severe 

depression 

 Standard risk, N=83 

ADORA3c rs35511654 T G 0.12 0.002 6/12 10/112 

Chemotherapy only, N=79 

SLCO1B1 rs4149056 T C 0.15 0.0001 8/10 12/108 

ADORA3c rs35511654 T G 0.10 0.004 5/13 8/112 

ABCC3c rs11568591 G A 0.07 0.004 4/14 5/115 

 

aAssociation test based on comparing allele frequencies between cases and controls. All associations have FDR-BH 
(Benjamini-Hochberg false discovery rate) lower than 5%. 
bStratified analyses according to  sex and treatment intensity (standard vs high risk); chemotherapy only vs chemotherapy 
and cranial radiation therapy (CRT).  
c SNPs or associations that did not qualify for genotyping with p value higher than 0.0019 (Bonferroni cut -off value for the 
number of genes tested in MTX/CS pathway). 

Ref: reference allele; Var: variant allele; MAF: minor allele frequency; MTR: 5-Methyltetrahydrofolate-Homocysteine 

Methyltransferase, PPARA: Peroxisome Proliferator Activated Receptor Alpha, ABCC3: ATP Binding Cassette Subfamily 

C Member 3, SHMT1: Serine Hydroxymethyltransferase 1, ADORA3: Adenosine Receptor A3, SLCO1B1: Solute Carrier 

Organic Anion Transporter. 
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3.11.5. S4 Table. The combined cohort represents the pooled samples from the discovery PETALE 

cohort and replication SJLIFE cohort (N=781). Combined cohort analysis was performed for the 

variants in CACNB2 and MTR genes. 

Outcome Genotype Case* N 

(%) 

Control* N 

(%) 

Model Case* N 

(%) 

Control* N 

(%) 

P** OR 

(95%-

CI) 

Digit 

span 

CACNB2 rs58225473 

All patients 

TT 48 (64.0) 407 (69.8) 
TT+TG 70 (93.3) 572 (98.11) 

0.01r 
3.7 (1.25-

11) 
TG 22 (29.3) 165 (28.3) 

GG 5 (6.7) 11 (1.9) GG 5 (6.7) 11 (1.89) 

Chemotherapy only*** 

TT 20 (58.8) 175 (68.4) 
TT+TG 29 (85.3) 250 (97.7) 

0.0004r 
7.2 (2.1-

25) 
TG 9 (26.5) 75 (29.3) 

GG 5 (14.7) 6 (2.3) GG 5 (14.7) 6 (2.3) 

Verbal 

fluency 

MTR rs1805087 

All patients 

AA 67(59.8) 443 (69.6)  AA 67 (59.8) 443 (69.6) 

0.04d 
1.5 (1-

2.3) 
AG 37 (33.0) 179 (28.1) 

AG+GG 45 (40.2) 194 (30.5) 
GG 8 (7.2) 15 (2.4) 

 

AA 35 (57.4) 221 (70.6) AA 35 (57.4) 221 (70.6) 

0.04d 
1.8 (1-

3.1) 
AG 20 (32.8) 85 (27.2) 

AG+GG 26 (42.6) 92 (29.4) 
GG 6 (9.8) 7 (2.2) 

 

*Participants with and without indicated complications are defined as cases and controls, respectively  
**P values are calculated by Chi-square.  The most representative genetic model used is indicated (d: Dominant, r: 
Recessive). 

***Chemotherapy without cranial radiation therapy. 
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Section B 

Chapter 4 

 

 

 

An exome-wide association study between genetic factors and 

long-term treatment related neurocognitive deficits, and anxiety 

and depression in survivors of childhood acute lymphoblastic 

leukemia. 

 

The following article is currently in preparation; the top-ranking association results are under 

investigation in the SJLIFE replication cohort. 
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4.1. ABSTRACT 

Background: An increased risk of neurocognitive deficits, anxiety, and depression, has been reported 

in childhood cancer survivors exposed to cytotoxic chemotherapeutic drugs and/or cranial radiation 

therapy during a sensitive period of child development. 

Patients and Methods: To further address this problem, we analyzed associations of neurocognitive 

deficits, as well as anxiety and depression, with common and rare genetic variants derived from whole-

exome sequencing data of acute lymphoblastic leukemia survivors (PETALE cohort). In addition, first 

rank associations were assessed using stratified and multivariable analyses.  

Results: Significant associations were identified in the entire discovery cohort between the AK8 gene 

and changes in neurocognitive function, whereas PTPRZ1, MUC16, TNRC6C-AS1 were associated with 

anxiety. Following stratification according to sex, the ZNF382 gene was linked to neurocognitive deficit 

in males, whereas APOL2 and  C6orf165 were associated with anxiety, and EXO5 gene with depression. 

Following stratification according to relapse risk groups, the modulatory effect of rare variants on 

depression was additionally found in the CYP2W1 and PCMTD1 genes.  

Next, top-ranking common associations were analyzed in an independent SJLIFE replication cohort of 

ALL survivors. Among those, the male-specific association between neurocognitive deficit and common 

variant rs61732180 in the ZNF382 gene was not significant, however a p-value<0.05 was observed when 

the entire SJLIFE cohort was analyzed. ZNF382 was significant in males in the combined cohorts as 

shown by meta-analyses as well as the depression-associated gene EXO5. 

Conclusions:  Our results suggest that specific genes may be related to increased neuropsychological 

consequences. Further research is needed to confirm whether the current findings, along with other 

known risk factors, may be of value in identifying patients at increased risk of these long-term 

complications. 

KEYWORDS 

Childhood acute lymphoblastic leukemia, cancer survivors, late adverse effects, genetic factors, 

association study, whole exome sequencing,  pharmacogenomic markers, cognitive performance, 

anxiety, depression, neurocognitive complications, mood disorders. 
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4.2. INTRODUCTION 

The survival rates in children  diagnosed with acute lymphoblastic leukemia (ALL)1,2, the most frequent 

childhood cancer3, have dramatically increased over the past decades due to the introduction of multi-

agent risk-adapted treatment regimens and outstanding improvements in care delivery. However, 

exposure to cytotoxic therapy during a vulnerable period of child development can have long-term 

consequences, including impaired neurocognitive functions4,5, and mood disorders6,7. Furthermore, 

childhood and adolescence are periods characterized by intensive development of the central nervous 

system8,9, which is pertinent in the context of the impact of cancer treatment on the integrity of the white 

matter10-14. Indeed, numerous studies conducted in childhood ALL survivors4,15,16 have reported an 

increased risk of neurocognitive deficits6  in attention15-20, working memory21, processing speed16,22,23, 

and executive functions, such as verbal fluency and cognitive flexibility 24; as well as depression, anxiety, 

behavioral difficulties, distress, and post-traumatic symptoms compared with siblings25-30.  

Varying degrees of neurocognitive dysfunction and levels of emotional distress associated with cancer 

treatment have been observed that differ by patient characteristics, such as age and sex, and possibly 

reflecting different underlying mechanisms5,31,32. Moreover, while some survivors may not experience 

any of these complications, others may have more than one. Factors contributing to this variability, 

include the type of treatment, the characteristics of the malignancy, the lifestyle, and, the genetic makeup 

of the patient33. 

We examined whether common and rare genetic polymorphisms contribute to this variability by altering 

the risk of treatment-related neurocognitive deficits, as well as anxiety and depression in combination 

with non-genetic factors. 

We previously analyzed these complications in a well-described cohort of ALL survivors (PETALE)34  

using a candidate gene approach33; two associations between the MTR and CACNB2 genes and 
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neurocognitive deficit were validated in an independent SJLIFE replication cohort (St. Jude Children's 

Research Hospital, Memphis, USA)33. 

Here, the association analyses are extended to a hypothesis-free approach – an exome-wide association 

study, which could identify additional genes as potential modulators of the risk of these complications. 
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4.3. STUDY POPULATION AND METHODS 

4.3.1. Discovery cohort 

The discovery cohort included 229 patients diagnosed and treated for childhood ALL according to Dana 

Farber Cancer Institute (DFCI) ALL 87-01 to 05-01 protocols at Sainte-Justine University Health Center 

(SJUHC), Montreal, (Quebec), Canada. The participants were recruited during 2013-2015 in the context 

of the PETALE study34. Eligible participants were of European descent, younger than 19 years old at 

diagnosis and older than 12 years at evaluation, at least 5 years after diagnosis of ALL, without a history 

of relapse or refractory ALL or Down syndrome, and had not received a hematopoietic stem cell 

transplant. The median age of patients at the time of diagnosis was 4 years, the time from the end of 

treatment to evaluation ranged from 3-24 year with a median of 13 years (for 76.0% of participants, it 

was ≥10 years), both sexes were equally represented (51.1% of females). The patients we re classified to 

standard (SR) and high relapse risk (HR) groups based on prognostic factors, including age, white blood 

cell count, immunophenotype, and central nervous system (CNS) status at diagnosis35,36. The frequency 

of patients assigned to SR and HR groups during the treatment was 45.9% and 54.1%, respectively.   

4.3.2. Neuropsychological evaluation 

A neurocognitive evaluation was performed using standardized testing procedures. It included three 

indices from two neurocognitive measures that reflect common impairments among childhood ALL 

survivors and are also good predictors of general neuropsychological outcomes37: Trail Making Test – 

Condition 4 - Letter-Number Sequencing score and Verbal Fluency – Condition 1 – Letter fluency score 

from the Delis-Kaplan Executive Function System (D-KEFS)38; and Digit Span from the Wechsler Adult 

Intelligence Scale-Fourth Edition (WAIS-IV)39 total score. Trail Making Test (D-KEFS) score is a 

measure that reflects processing speed, psychomotor speed, and cognitive flexibility 40. Verbal Fluency 

(D-KEFS) score is a measure of phonological fluency in verbal modality41. Digit span (WAIS-IV) total 

score is a measure of verbal working memory42. Raw scores were converted to age-adjusted scaled scores 
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based on population means43. Neurocognitive outcomes were transformed into dichotomous variables 

and studied accordingly. For each of these variables, scores lower than one and a half standard deviations 

below the mean of the normative dataset were indicative of impairment44, all other scores were 

considered non-impaired. 

4.3.3. Anxiety and Depression 

Participants were classified as having anxiety or depression if they demonstrated elevated symptoms 

according to two measures referenced to age-specific norms. This was done in line with published 

recommendations45,46 and previous use of the instruments modality 26,27,47. For younger participants (<19 

years), we used anxiety and depression modules of the Beck Youth Inventories -Second Edition (BYI), 

a self-report instrument to document psychological status in children from 7 to 18 years old46. For older 

participants (≥19 years) we used the Brief Symptom Inventory -18 (BSI-18 anxiety and depression 

score), an 18-item self-report questionnaire, assessing psychological distress in adults45, previously also 

used in cohorts of young and older adult survivors of childhood cancer48,49. Internal consistency 

coefficients measured by Cronbach’s alphas were all satisfactory, >0.8050. Age-adjusted scores one 

standard deviation above the population mean were considered as impaired. 
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4.3.4. Sequencing and quality control 

Whole-exome sequencing (WES) was performed on germline DNA, extracted from peripheral blood 

samples from participants in the PETALE cohort, using standard protocols as described previously33. 

Whole exomes were captured in solution with Agilent’s SureSelect Human All Exon 50Mb kits and 

sequenced on either Life Technologies SOLiD System 4.0 (mean coverage = 40X) or Illumina HiSeq 

2500 platform (mean coverage = 113.1X) at SJUHC integrated clinical genomic center in pediatrics. 

Only missense, nonsense, and splicing common and rare variants with predicted functional impact (Sift 

(<0.1) and/or PolyPhen2 (≥0.85)) were considered51,52. Variants were defined as rare (minor allele 

frequency, MAF<5%) and common (MAF≥5%) according to the reported frequency for European 

populations in public datasets53. Variants exceeding a missing rate of 20%, not in Hardy-Weinberg 

Equilibrium (p=0.05/number of tests)54, and common variants with pairwise linkage disequilibrium (LD, 

r2≥0.8) were excluded. Therefore, 5312 common genetic variants corresponding to 3793 genes, and 

58924 rare genetic variants corresponding to 11441 genes that satisfied the above-mentioned filtering 

criteria entered the association analyses. 

4.3.5. Association analyses 

The P-value threshold of 5 × 10-8, commonly used to identify an association between a common genetic 

variant and an outcome of interest in a typical GWAS55-57 is not applicable to our study since variants 

for analysis were selected from WES data to focus only on those predicted by various instruments to 

affect coding protein function51,52. As a result, 5312 common variants were analyzed, which is far less 

than the typical number of  GWAS variants; and the Benjamini-Hochberg procedure for false discovery 

rate (FDR)58,59 was used to adjust for number of variants tested with an adjusted cut-off value of <5% 

considered to be statistically significant57. The analyses between common genetic variants and 

neurocognitive outcomes, and anxiety/depression were performed by the allelic chi-square or Fisher’s 

exact test implemented in PLINK v.1.0760,61. Analyses were performed in 229 sequenced patients and 
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stratified by sex and risk groups with different treatment intensity because these factors have an 

established role in modulating neurocognitive outcomes62,63. For top-ranking associations, multivariable 

logistic regression analysis was also performed to assess the effect of genotype when controlling for 

non-genetic covariates. Multiple regression models included the following adjustment variables: age at 

the time of diagnosis (continuous variable); time since the end of treatment (continuous variable); sex: 

males/females (categorical variable); DFCI Protocol: 87-01=1, 91-01=2, 95-01=3, 00-01=4, 05-01=5 

(categorical variable); risk: SR/HR (categorical variable); treatment combined variable with the 

following scores: patients who received only chemotherapy =1, patients who received chemotherapy 

and cranial radiation =2 (categorical variable). The associations that remained significant through 

multivariable regression models were retained for further analyses. The effect of genotype was 

quantified by odds ratio (OR) with 95% CI according to the most representative model, which was either 

dominant or recessive in all cases. In addition, the potential additive effect of combining risk loci by 

recoding genotypes as having none, one, or two or more risk alleles has also been explored.  

The effects of rare variants were evaluated using the SKAT-O test (Optimal Sequence Kernel 

Association Test)64-66 implemented in SKAT package v.2.0.167. Only genes with at least two variants 

that satisfied filtering criteria were retained for the SKAT-O test.  To evaluate individual variant 

contributions to association signals, a collapsing approach 68,69, with the iterative exclusion of every 

single variant, was additionally executed in SPSS v.25.0. Similar to the common variant analyses, 

genetic associations were assessed for each of the neurocognitive outcomes in the entire cohort, in 

different sex groups, as well as in SR and HR groups, and through multivariable models adjusted for the 

covariates described above. The multiple test adjustment (FDR) for the number of genes tested was 

included in all analyses.  



 

99 

4.3.6. Replication cohort 

The replication cohort consisted of childhood ALL survivors of European ancestry enrolled in the St. 

Jude Lifetime Cohort (SJLIFE) study with whole-genome sequencing (Table 6). The maximum number 

of participants in the replication cohort with available outcome data was 675; the total number varied 

depending on the outcomes and subgroup studied. Participants were selected to resemble the discovery 

cohort based on demographics and treatment characteristics. They were younger than 19 years at 

diagnosis, older than 12 years at evaluation, with no history of relapse within 5 years of the primary ALL 

diagnosis date, Down syndrome, or hematopoietic stem cell transplantation. The median age at diagnosis 

was 4.9 years, the median time since 5-year survival from ALL diagnosis was 25.8 years for 

neurocognitive evaluation, and 25.6 years for anxiety and depression evaluation;  50.5% of participants 

were males. All outcome measures were the same as in the discovery cohort with the exception of  the 

Patient-Reported Outcomes Measurement Information System (PROMIS) Anxiety and Depression 

Scales70-72 that were used to assess anxiety and depression in participants under 18 years of age. 

Associations that remained significant in the discovery cohort using multivariable regression models  

were analyzed in replication cohort by Fisher exact test for allelic contingency tables and logistic 

regression adjusting for continuous age at diagnosis, sex, continuous time between date of becoming a 

5-year ALL survivor and date of test measurement, whether the survivor was treated with chemotherapy 

only versus chemotherapy plus radiation, and the top 20 principal components adjusting for genetic 

ancestry. Variant rs750295511 (MUC16) did not pass quality control and was excluded from the 

analysis.  Stratification by risk group designation was not available for the SJLIFE cohort. Rare variant 

replication analyses were not performed since rare variant associations in the discovery cohort were only 

detected in risk group stratified analyses. 
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4.4. RESULTS 

4.4.1. Discovery cohort characteristics 

Demographics and clinical characteristics of PETALE participants are presented in Table 1. The 

analyses were performed in either all patients or subgroups. These included patients assigned to standard 

(SR, 45.9%) and high risk (HR, 54.1%) groups, males (48.9%) and females (51.1%). The median age of 

ALL survivors at the time of evaluation was 21 years. The most prevalent deficit in neurocognitive test 

performance was noted for digit span (19.7%) followed by verbal fluency (19.2%) and trail making test 

(8.7%). Moderate-severe anxiety was noted in 9.2% survivors, whereas 10.5% of survivors were affected 

by moderate-severe depression. 

4.4.2. Common variants 

Among the common genetic variants, the top-ranking associations obtained using PLINK 

(Supplemental Tables 1-3) were assessed through multivariate regression models that also included  

non-genetic co-variables. Only the associations that remained significant in these models were retained 

for further analyses (Supplemental Tables 4-7).  

Accordingly, significant associations were detected between Trail making test and rs17407084 variant 

in the AK8 gene (OR=7.3, 95% CI, 2.7-19.7; p=4.52E-04), as well as between Moderate-severe anxiety 

and the following variants: rs740965 in PTPRZ1 (OR=5.1, 95% CI, 1.98-12.9; p=1.00E-03), rs2748431 

in MUC16 (OR=8.3, 95% CI, 3.1-22.5; p=3.10E-05), and rs2748431in TNRC6C-AS1 (OR=6.1, 95% CI, 

2.0-18.1; p=1.00E-03). These association are presented in their best genetic models (Tables 2 and 3) as 

well as by Manhattan plots (Supplemental Figure 1 and 2). Additionally, the combined effect of the 

rs740965 (PTPRZ1), rs2748431 (MUC16), and rs2748431 (TNRC6C-AS1) variants was identified by 

recoding genotypes as having none, one or two and more alleles at risk (Supplemental Figure 3). 
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Following stratification according to sex we identified variant rs61732180 in the ZNF382 gene that was 

associated with the increased risk of deficit scores in the Trail making test in male participants (OR=20.2, 

95% CI, 4.3-95.4; p=2.62E-04, Table 2). Male carriers of the variant alleles in the rs7285167 (APOL2) 

and rs61731441 (C6orf165) genes were more prone to Moderate-severe anxiety (OR=9.6, 95% CI, 2.3-

40.5; p=3.00E-03 and OR=10.9, 95% CI, 2.5-47.0; p=2.00E-03, respectively, Table 3), whereas male 

carriers of the variant allele in the rs35672330 (EXO5) gene were more prone to Moderate-severe 

depression (OR=20.3, 95% CI, 4.1-99.8; p=4.90E-04, Table 4). Additionally, the combined effect of the 

rs7285167 (APOL2) and rs61731441 (C6orf165) variants was seen when they were tested by recoding 

genotypes as having none, one or two and more alleles at risk (Supplemental Figure 4). 

We did not find any significant common variant association that would satisfy multiple testing 

adjustments when performing an exome-wide association with the remaining neurocognitive phenotypes 

either in entire group or following stratification. 

4.4.3. Replication results. 

Common variants associations that remained significant in the discovery cohort using multivariable 

regression models were further analyzed for an association using the respective phenotype measures in 

the independent cohort of ALL survivors (SJLIFE cohort) (Tables 5a and 5b). An association between 

deficit in the trail making test performance and the minor allele of ZNF382 rs61732180 was not observed 

in males, however it was seen in all survivors (OR=1.4; 95% CI, 1.04-1.90; p=0.025) for both allelic 

Fisher and adjusted logistic regression analyses (Tables 5a and 5b, Supplemental Tables 8a and 8b). 

Additionally, variant rs61732180 in the ZNF382 gene remained significant in the combined discovery 

and replication set that included male participants when assessed through meta-analysis (Supplemental 

Figure 5). 

 An allelic association between moderate-severe anxiety and APOL2 rs7285167 was not observed in 

males but was seen with p-value<0.05 in the male-restricted adjusted logistic regression analysis and the 
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full SJLIFE cohort allelic and adjusted logistic regression analyses (Tables 6a and 6b, Supplemental 

Tables 8a and 8b); however, it had the opposite effect and therefore cannot be considered as confirmed 

through the replication study. Moreover, although an association between Moderate-severe depression 

and the minor allele of EXO5 rs35672330 was not observed in males, the effect of this allele was detected 

in the pooled discovery and replication cohort through the meta-analysis (Supplemental Figure 6). 

4.4.4. Rare variants  

The analysis of functionally predicted rare variants in PETALE cohort led to the detection of the 

associations between the moderate-severe anxiety and rare variants in the PCMTD1 and CYP2W1 genes 

in the HR patients (p=9.4E-6 and p=1.3E-5, respectively, Table 6). Using the collapsing approach, we 

explored variant combinations that contributed to the observed association signal, consequently 

identifying two variants in PCMTD1 (rs201786115 and rs200377849), and one in CYP2W1 (rs3735684). 

No significant association was obtained for moderate-severe depression and neurocognitive outcomes 

through the rare variants’ analysis.  
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4.5. DISCUSSION 

4.5.1. Neurocognitive function 

In our study, functionally predicted germline common variants in the AK8 and ZNF382 genes were found 

to be significantly associated with deficits in the performance of the trail making test in PETALE 

participants. The association with the AK8 gene was detected when the entire cohort of survivors was 

analyzed and also in the standard-risk group, whereas that of ZNF382 was only context-dependent, and 

was detected upon sex stratification. The ZNF382 association merits special attention since its effect was 

observed in the replication cohort. The detailed description of the AK8 gene function is provided in 

Supplementary Material (Item S1). 

Zinc finger protein 382, encoded by the ZNF382 gene, is a member of the largest family of transcriptional 

regulators - Krüppel-associated box domain (KRAB) zinc finger proteins73. It plays critical roles as a 

transcription inhibitor and has been suggested to be a tumor suppressor in various types of human cancer, 

including pediatric acute myeloid leukemia74,75. Interestingly, ZNF382 inhibits the activating protein 1 

(AP-1) and nuclear factor kappa-B (NF-kB) signaling. NF-κB involvement was detected in the different 

categories of neurons including both excitatory (glutamatergic) and inhibitory (GABAergic), as well as 

in the neural sub-compartment of the synapse; thus suggesting that neuronal NF-κB signaling pathway 

functions under normal physiological conditions to promote synaptic growth and to improve synaptic 

activity and long-lasting forms of plasticity76. Moreover, its activation by excitatory neurotransmission 

and participation in multiple forms of structural and synaptic plasticity is probably at the basis of the 

function of this transcription factor in cognitive behaviors76. On the other hand, NF-κB, a key regulator 

of innate immunity,  is over-activated in a number of neurodegenerative diseases, including Alzheimer’s 

disease (AD)77. Although the male-specific association between the deficit score in neurocognitive test 

performance and the minor rs61732180 ZNF382 allele identified in our study was not observed in males 

from the SJLIFE replication cohort, however, a p-value<0.05 was obtained for the full SJLIFE 
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population. Therefore, the involvement of the ZNF382 gene in neurocognitive function may warrant 

further investigation. 

Сhildhood ALL patients who have received CNS-directed chemotherapy demonstrate persistent and 

significant neurocognitive impairment that manifests after treatment5,78. Specifically, treatment of ALL 

may result in smaller gray and white matter volumes as well as alterations in white matter microstructure, 

often associated with decreased neurocognitive performance79. Our previous work identified, using a 

candidate gene approach, a panel of several genes that showed an effect on neurocognitive decline in the 

PETALE cohort. Two variants, rs1805087 in the MTR gene and rs58225473 in the CACNB2 gene, 

deserve mention as these associations were confirmed in the independent SJLIFE replica tion cohort.   

Interestingly, genes identified in the present study through a hypothesis-free approach regarding the 

impaired neurocognitive function are associated to varying degrees with oxidative stress (AK8 gene) or 

with immune regulation (ZNF382 gene); and all of them, in one way or another, are also related to the 

function of the CNS. There is a lot of evidence to suggest that the brain is very susceptible to oxidative 

damage due to its high metabolic demand80,81. The oxidative stress, which is related to elevated 

intracellular levels of reactive oxygen species (ROS) is a key mediator of  neuroinflammation, metabolic 

changes, bioenergetic deficiency, and neuronal apoptosis 82. ROS generated during chemotherapy may 

be associated with various harmful events, including neurotoxicity83. For example, methotrexate (MTX) 

promotes oxidative stress in several organs, including the brain 83. In addition, MTX inhibits the 

activation of NF-κB, the already mentioned protein complex, which, among other functions, plays a 

central role in DNA transcription and the regulation of inflammation84,85.   

4.5.2. Anxiety and Depression 

We found that functionally predicted germline common variants in the  PTPRZ1, MUC16, TNRC6C-

AS1, APOL2, and C6orf165 genes were significantly associated with moderate-severe anxiety in ALL 

survivors; whereas the EXO5 gene was associated with the increased risk of moderate-severe depression. 
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Noteworthy, most of the associations were sex-specific and were detected in males, which may be partly 

explained by the fact that self -reported anxiety/depression includes more social variance and less 

biogenetic variance in females than in males86. Additionally, an association was found between the 

moderate-severe anxiety in HR patients and rare variants enrichment in the PCMTD1 and CYP2W1 

genes. The EXO5 association deserves special mention since its effect was also seen in the pooled 

discovery and replication cohort. 

EXO5 (Exonuclease 5) is a single-stranded DNA-specific bidirectional exonuclease that functions in the 

repair of nuclear DNA87. In a recent study, the EXO5 gene was identified as a risk gene involved in 

prostate tumorigenesis88. Although there is no data available on the potential involvement of EXO5 in 

mood disorders or CNS function, it is interesting to note that the effect of the EXO5 gene detected in our 

cohort was also gender-specific and has been identified in male individuals. 

The detailed description of the gene functions of the associations reported above is provided in 

Supplementary Material (Item S1). 

Emotional challenges that arise from diagnosis and treatment of cancer in childhood can be seen as a 

highly traumatic event and can have long-term consequences. There is growing evidence that exposure 

to psychological distress at an early age can seriously affect brain maturation and development89; in 

addition, childhood stress can increase vulnerability to later development of mental disorders,  such as 

depression and anxiety90. Particularly, during peri-adolescence, brain areas critical for emotional 

regulation, such as the prefrontal cortex, hippocampus, and amygdala are still developing and are highly 

sensitive to stress89. In a similar stressful environment, individuals will respond to stress differently as 

only part of them will demonstrate vulnerability, while others will remain resilient30,91.  

The loci reported in the current study have not previously been identified as potential risk predictors of 

anxiety and/or depression susceptibility, however, given their important biological role,  may warrant 
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further study. In addition, the significant combined effect demonstrated in our study  indicates that a 

single marker and/or single genotype may not be sufficient to explain the etiology of psychological 

distress phenotypes, given their complexity and environmental influences.  

We acknowledge that our study has certain limitations. For example, limited sample size may affect the 

accuracy of the results, especially in the context of a stratified analysis.  Some phenotypes, such as trail 

making test, appear to occur with the similar frequency as in the general population, but the cause of 

their development, including genetic predisposition, may differ between patients exposed to the 

treatment and untreated individuals92. At the same time, it is also important to note that survivors may 

tend to systematically report lower or normal distress rates as a result of a tendency to overnormalize 

their situation. If this is the case in the present group, then it is likely that those with moderate -severe 

levels experience feelings to an even more significant degree. Thus, despite the small number of affected 

individuals in the study group it is nevertheless legitimate to explore why some individuals are more 

vulnerable. The association results obtained for rare variants in the discovery cohort (not evaluated in 

the SJLIFE cohort) should be taken with caution given their low number. Most of the common variant 

associations found in the PETALE cohort were not replicated in the SJLIFE cohort. This can be 

explained by several reasons. Mainly, despite the use of similar inclusion/exclusion criteria and the use 

of similar outcomes between the two cohorts, it is possible that the small sample sizes in both cohorts, 

differences in treatment protocols, and/or timing between ALL diagnosis and evaluation contributed to 

the observed discrepancies. Finally, we can not disregard the possibility that some of the associations 

observed in the discovery cohort could have been obtained by chance. 
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4.6. CONCLUDING REMARKS 

Using WES data and a hypothesis-free approach, we identified several genes as potential modulators of 

the risk of developing treatment-related neurocognitive complications, as well as anxiety and depression. 

The association between deficit in the trail making test and variant rs61732180 in the ZNF382 and 

rs35672330 in EXO5 genes are of particular interest since association were also found in the replication 

cohort or poled discovery and replication cohorts.  

Multiple evidence has been collected nowadays for potential genetic and epigenetic risk markers of the 

long-term treatment-related neurocognitive and emotional complications in survivors of childhood 

cancer. In addition, accumulating data suggest that genetic factors contribute significantly to resilient 

responses to trauma and stress93. Large genome-wide association studies on the genetic architecture of 

mental disorders indicate its polygenic nature94-96. Therefore, future studies will be required not only to 

verify current results, but also for multilevel integration of several approaches including polygenic score 

models along with other non-genetic factors, in order to identify markers of neurocognitive and 

emotional disorders and implement them into clinical practice. 
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4.8. TABLES 

4.8.1. Table 1. Patient demographics and clinical characteristics, N=229.  

 

    N % 

Sex 

Males  112 48.9 
Females  117 51.1 
Prognostic risk group 

Standard risk  105 45.9 
High risk  124 54.1 

Criteria for High-risk stratification* 
Age  41 33.1 

WBC  33 26.6 

T-cell markers  5 4.1 
Combination Age and/or WBC 
and/or T-cell markers 

 21 16.9 

CNS involvement  16 12.9 
MRD+  2 1.6 

Other**  6 4.8 
DFCI protocol 

(87-01)  18 7.9 
(91-01)  47 20.5 
(95-01)  68 29.7 

(00-01)  72 31.4 
(05-01)  24 10.5 

Cranial radiation therapy 

Median 18 (Gy) 
Yes  134 58.5 
No  95 41.5 

Age at diagnosis - median (range) 
4 (0-18) 

Time since the end of treatment 

More than 10 years   174 76 
Less than 10 years  55 24 
Median   Min Max 

13   3 24 

TESTED OUTCOMES 

Binary outcomes Affected Unaffected Missing 

 Neurocognitive outcomes 

Trail making test 20 (8.7%) 209 (91.3%) 0 (0.0%) 

Verbal fluency 44 (19.2 %) 184 (80.4%) 1 (0.4%) 

Digit span 45 (19.7%) 187 (80.3%) 0 (0.0%) 
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Emotional distress outcomes 

Moderate-severe anxiety 21 (9.2%) 180 (78.6%) 28 (12.2%) 

Moderate-severe depression 24 (10.5%) 177 (77.3%) 28 (12.2%) 
 

DFCI, Dana-Farber Cancer Institute. WBC: White Blood Cell; CNS: Central Nervous System; MRD: Minimal 

Residual Disease. 

*Criteria for High-risk stratification were mainly attributed based on age, white blood cell count, immunophenotype 

(presence of T-cell markers) and combination of these factors; as well as central nervous system (CNS) status and 

Minimal residual disease at diagnosis. 

**This category represents patients with chromosomal abnormalities and/or combination of factors. 
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4.8.2. Table 2. Top-ranking associations of the common variants analysis regarding the 

performance of the Trail making test. 

Genotype 
Case*, N 

(%) 
Control*, 

N (%) 
Model 

Case*, 
N (%) 

Control*, 
N (%) 

P 
value**  

OR 
[95%-

CI] 

P 
value 

adj*** 

AK8 rs17407084 

All cohort, N=229 

TT 11 (55.0) 188 (90.0) TT 
11 

(55.0) 
188 

(90.0) 2.16E-
04d 

7.3 
[2.7-

19.7] 

4.52E-
04 TC 7 (35.0) 21 (10.0) 

TC+CC 9 (45.0) 21 (10.0) 
CC 2 (10.0) 0 (0.0) 

ZNF382 rs61732180 
Males, N=112 

CC 3 (27.3) 65 (64.4) CC+CT 6 (54.5) 97 (96.0) 
3.58E-

04r 

20.2 

[4.3-
95.4] 

2.62E-
04 

CT 3 (27.3) 32 (31.6) 
TT 5 (45.5) 4 (4.0) 

TT 5 (45.4) 4 (4.0) 

AK8 rs17407084 
Standard risk, N=105 

TT 2 (28.6) 90 (91.8) TT 2 (28.6) 90 (91.8) 
2.44E-

04d 

28.1 
[4.7-

168.8] 

4.40E-

04 
TC 4 (57.1) 8 (8.2) 

TC+CC 5 (71.4) 8 (8.2) 
CC 1 (14.3) 0 (0.0) 

 

AK8:Adenylate Kinase 8 ATP-AMP Transphosphorylase 8;  ZNF: Zinc Finger Protein 382; FDR: false discovery rate; 

OR: odds ratio. 

 

*Participants with and without indicated complications are defined as cases and controls, respectively. 

  
**P values are calculated by chi-square or Fisher exact test, as appropriate.  The most representative genetic model used is 

indicated (a: Additive; d: Dominant, r: Recessive). 
 

***P value adj: p value from logistic regression adjusted for age at diagnosis, sex, time since the end of treatment,  

protocol, and treatment variable with the following scores: patients who received chemotherapy only =1, patients who 

received chemotherapy and radiotherapy =2 (categorical variable). 
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4.8.3. Table 3. Top-ranking associations between common variants and Moderate-severe anxiety. 

Genotype 
Case*, N 

(%) 
Control*, 

N (%) 
Model 

Case*, 
N (%) 

Control*, 
N (%) 

P 
value**  

OR 
[95%-

CI] 

P value 
adj*** 

PTPRZ1 rs740965 

All cohort, N=200 

TT 10 (47.6) 
147 

(82.1) 
TT 10 (47.6) 147 (82.1) 

1.00E-
03d 

5.1 
[1.98-
12.9] 

1.00E-
03 TG 8 (38.1) 31 (17.3) 

TG+GG 11 (52.4) 32 (17.9) 
GG 3 (14.3) 1 (0.6) 

MUC16 rs750295511 
All cohort, N=197 

AA 10 (50.0) 
158 

(89.3) 
AA 10 (50.0) 158 (89.3) 

7.20E-
05d 

8.3 
[3.1-
22.5] 

3.10E-
05 TA 10 (50.0) 19 (10.7) 

AT+TT 10 (50.0) 19 (10.7) 
TT 0 (0.0) 0 (0.0) 

TNRC6C-AS1 rs2748431 
All cohort, N=167 

GG 12 (63.2) 
135 

(91.2) 
GG 12 (63.2) 135 (91.2) 

2.00E-

03d 

6.1 

[2.0-
18.1] 

1.00E-

03 GA 5 (26.3) 11 (7.4) 
GA+AA 7 (36.8) 13 (8.8) 

AA 2 (10.5) 2 (1.4) 

APOL2 rs7285167 

Males only, N=95 

GG 5 (50.0) 77 (90.6) GG 5 (50.0) 77 (90.6) 
4.00E-

03d 

9.6 
[2.3-
40.5] 

3.00E-
03 

GA 4 (40.0) 8 (9.4) 
GA+AA 5 (50.0) 8 (9.4) 

AA 1 (10.0) 0 (0.0) 

C6orf165 rs61731441 
Males only, N=95 

GG 3 (30.0) 70 (82.4) GG 3 (30.0) 70 (82.4) 
1.00E-

03d 

10.9 
[2.5-
47.0] 

2.00E-
03 

GA 6 (60.0) 15 (17.6) 
GA+AA 7 (70.0) 15 (17.6) 

AA 1 (10.0) 0 (0.0) 
 
PTPRZ1: Protein Tyrosine Phosphatase Receptor Type Z1; MUC16: Mucin 16, Cell Surface Associated; TNRC6C-

AS1: TNRC6C antisense RNA 1; APOL2: Apolipoprotein L2; C6orf165: Cilia And Flagella Associated Protein 206; 
FDR: false discovery rate; OR: odds ratio. 

*Participants with and without indicated complications are defined as cases and controls, respectively.  
 
**P values are calculated by chi-square or Fisher exact test, as appropriate.  The most representative genetic model used is 

indicated (d: Dominant). 
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***P value adj: p value from logistic regression adjusted for age at diagnosis, sex, time since the end of treatment,  

protocol, and treatment variable with the following scores: patients who received chemotherapy only =1, patients who 

received chemotherapy and radiotherapy =2 (categorical variable). 
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4.8.4. Table 4. Top-ranking associations between common variants and Moderate-severe 

depression. 

Genotyp
e 

Case*, N 
(%) 

Control*
, N (%) 

Model 
Case*, N 

(%) 
Control*
, N (%) 

P 
value*

*  

OR 
[95%

-CI] 

P 
value 

adj*** 

EXO5 rs35672330 
Males only, N=94 

TT 4 (44.4) 81(94.2) TT 4 (44.4) 81(94.2) 
4.52E-

04d 

20.3 

[4.1-
99.8] 

4.90E-
04 

TC 4 (44.4) 5 (5.8) 
TC+CC 5 (55.6) 5 (5.8) 

CC 1 (11.2) 0 (0.0) 
 

EXO5: Exonuclease 5; FDR: false discovery rate; OR: odds ratio. 

 

*Participants with and without indicated complications are defined as cases and controls, respectively.  

 
**P values are calculated by chi-square or Fisher exact test, as appropriate.  The most representative genetic model used  
is indicated (d: Dominant, r: Recessive). 

 
***P value adj: p value from logistic regression adjusted for age at diagnosis, sex, time since the end of treatment,  protocol, 
and treatment variable with the following scores: patients who received chemotherapy only =1, patients who rece ived 

chemotherapy and radiotherapy =2 (categorical variable). 
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4.8.5. Table 5. Replication results, SJLIFE cohort, N=675.  

a. Fisher exact test results (allelic test), replication cohort of SJLIFE. 

Outcome Category Gene Variant EAF 
cases controls Fisher exact test 

n.2 n.1 n.0 n.2 n.1 n.0 OR 
CI95l 
_OR 

CI95u 
_OR 

P 
value 

Trail 
making 

test 

All AK8  rs17407084 0.05 0 12 140 1 52 470 0.76 0.36 1.45 0.452 

Males 
ZNF382 rs61732180 0.26 7 36 40 14 94 146 1.36 0.90 2.04 0.125 

Moderate-
severe 
anxiety 

All 
PTPRZ1 rs740965 0.15 2 20 45 13 150 445 1.29 0.77 2.09 0.305 
TNRC6C-

AS1 rs2748431 0.07 0 9 58 5 77 526 0.93 0.40 1.92 1.000 

Males 
APOL2 rs7285167 0.08 0 2 32 0 52 254 0.33 0.04 1.29 0.153 

C6orf165 rs61731441 0.10 1 3 30 1 61 244 0.69 0.21 1.80 0.529 

Moderate-
severe 

depression 
Males EXO5 rs35672330 0.06 0 10 45 0 33 251 1.62 0.69 3.50 0.201 

 

b. Logistic Regression results, replication cohort of SJLIFE. 

Outcome Category Gene Variant OR CI95l_OR CI95u_OR beta CI95l CI95u LRT_P 

Trail 
making 

test 

All AK8  rs17407084 0.75 0.36 1.44 -0.29 -1.02 0.36 0.394 

Males 
ZNF382 rs61732180 1.40 0.92 2.15 0.34 -0.09 0.76 0.119 

Moderate-
severe 
anxiety 

All 
PTPRZ1 rs740965 1.52 0.90 2.50 0.42 -0.10 0.91 0.111 
TNRC6C-

AS1 rs2748431 0.86 0.38 1.70 -0.16 -0.96 0.53 0.674 

Males 
APOL2 rs7285167 0.24 0.04 0.94 -1.41 -3.33 -0.06 0.040 

C6orf165 rs61731441 0.71 0.23 1.83 -0.34 -1.49 0.60 0.500 

Moderate-
severe 

depression 
Males EXO5 rs35672330 2.18 0.91 4.97 0.78 -0.10 1.60 0.081 

 

AK8:Adenylate Kinase 8 ATP-AMP Transphosphorylase 8; ZNF: Zinc Finger Protein 382; PTPRZ1: Protein Tyrosine 

Phosphatase Receptor Type Z1; TNRC6C-AS1: TNRC6C antisense RNA 1; APOL2: Apolipoprotein L2; C6orf165: Cilia And 
Flagella Associated Protein 206; EXO5: Exonuclease 5. 
 

EAF: Effect allele frequency; n.2: 2 copies of the effect allele; n.1: 1 copy of the effect allele; n.0: 0 copies of the effect 
allele; OR: odds ratio for each additional copy of the effect allele; CI95l_OR: lower boundary of OR's 95% confidence 
interval; CI95u_OR: upper boundary of OR's 95% confidence interval; beta: beta coefficient for each additional copy of the 

effect allele; CI95l: lower boundary of beta's 95% confidence interval; CI95u: upper boundary of beta's 95% confidence 
interval; LRT_P: Likelihood ratio test p-value. 

 

* Logistic regression analyses adjusted for continuous age at diagnosis, sex, continuous time between date of becoming a 5-

year ALL survivor and date of test measurement, whether the survivor was treated with chemotherapy only versus 
chemotherapy plus radiation, and the top 20 principal components adjusting for genetic ancestry. 
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4.8.6. Table 6. Top-ranking associations of the rare variants identified through the SKAT-O test 

regarding the Moderate-severe anxiety in HR patients, N=124. 

 

Gene 

SNVs tested 

MAF 

P  
value 
SKAT-

O 

FDR-
BH 

11/ 
12+22 

  11 12+22 

P 
value 
Fisher 
test 

OR 
[95% 
CI] position (hg19) 

rs number  

PCMTD1 

chr8:52732981* rs201786115 
0.013 

9.4E-
06 

0.03 

  

21.5 
(4.4-

105.9)* 
chr8:52733110   

0.008 

chr8:52733164 rs149898988 
0.021 

Significant combination of collapsed 
variants** 

chr8:52733209 rs202074278 
0.022 

91/9 
Affected 

5 
(50.0%) 

5 
(50.0%) 

4E-04  

chr8:52733214* rs200377849 
0.025 Unaffected 

86 
(95.6%) 

4 
(4.4%) 

chr8:52733227*   
0.016   

 

CYP2W1 

chr7:1024855* rs3735684 
0.038 

1.3E-
05 

0.03 

Individual contribution* 

21.9 
(4.2-

114.8)* 

chr7:1024874 
  0.005 

85/8 
Affected 

6 
(54.5%) 

5 
(45.5%) 

4E-04  

chr7:1024921 
  0.005 Unaffected 

79 
(96.3%) 

3 
(3.7%) 

 
PCMTD1: Protein-L-Isoaspartate (D-Aspartate) O-Methyltransferase Domain Containing 1; CYP2W1: Cytochrome P450 

Family 2 Subfamily W Member 1; SNV: single nucleotide variation;  MAF: minor allele frequency; FDR-BH: Benjamini–
Hochberg false discovery rate; OR: odds ratio; CI: confidence interval. 
  

*SNVs that are identified as the most important contributors to the association signal are highlighted. 

 

 **Collapsed variants (carriers of at least one of rare variants were included into the model, variants with missing values were  

excluded. 

Genotypes were recoded as follows:11-homozygote wild type; 12-heterozygote variant; 22-homozygote variant. 
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4.10. SUPPLEMENTAL MATERIAL 

4.10.1. Supplemental table 1. Trail making test, PLINK results’ summary. 

All cohort, N=229 

Gene rs number position (hg19) 

P value 
allelic 

test*(Chi2 
or Fisher) 

FDR 
OR allelic 

[95%CI] 

P 

value 
adj** 

Allelic frequencies 

Affected Unaffected 

AK8 rs17407084 chr9:135730257 9.98E-08 0.0005 
7.17 [3.2-

16.3] 
1E-04 11/29 21/397 

Females only, N=117 

KIR3DL1 rs45542639 chr19:55340906 2.12E-07 0.0011 
11.5 

[3.86-
34.5] 

0.0010 10/6 25/173 

PPARG rs1801282 chr3:12393125 6.49E-07 0.0017 
10 [3.5-
28.86] 

0.0004 8/10 16/200 

PLAUR rs4760 chr19:44153100 1.06E-06 0.0019 
9.19 

[3.29-

25.69] 

0.0017 9/9 21/193 

AK8 rs17407084 chr9:135730257 3.56E-06 0.0048 
10.3 [3.2-

33.11] 
0.0027 6/12 10/206 

Males only, N=112 

DUOXA1 rs61751061 chr15:45409732 6.14E-06 0.0111 
9.3 [3.03-

28.4] 
0.0009 7/15 9/179 

DUOX2 rs269868 chr15:45392075 6.22E-06 0.0111 

8.96 

[2.98-
26.9] 

0.0008 7/15 10/179 
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ZNF382 rs61732180 chr19:37118439 3.83E-05 0.05 
5.85 [2.3-

14.6] 
0.0013 13/9 40/162 

Standard risk, N=105 

AK8 rs17407084 chr9:135730257 1.92E-08 0.0001 
17.62[4.9-

62.96] 
0.0005 6/8 8/188 

 
AK8:Adenylate Kinase 8 ATP-AMP Transphosphorylase 8;  KIR3DL1: Killer Cell Immunoglobulin Like Receptor; PPARG: 

Peroxisome Proliferator Activated Receptor Gamma; PLAUR: Urokinase Plasminogen Activator Surface Receptor;  
DUOXA1: Dual Oxidase Maturation Factor 1; DUOX2: Dual Oxidase 2; ZNF: Zinc Finger Protein 382. 
 

*Case/control association test which is based on comparing allele frequencies between cases and controls, chi-square p 
values. 

 
**P value adj: p value from logistic regression in which each genetic variable is adjusted separately for age at diagnosis, sex, 
time since the end of treatment,  protocol, and treatment variable with the following scores: patients who received 

chemotherapy only =1, patients who received chemotherapy and radiotherapy =2 (categorical variable). 
 
 

 
 

 
 
 

 
 
 

 
 

 
 
 

 
 
 



 

128 

4.10.2. Supplemental table 2. Moderate-severe anxiety, PLINK results’ summary. 

All cohort, N=229 

Gene rs number position (hg19) 

P 

value 
allelic 
test 

(Chi2 
or 

Fisher) 

FDR 
OR 

allelic 

[95%CI] 

P 
value 

adj* 

Allelic  frequencies 

Affected Unaffected 

PTPRZ1 rs740965 chr7:121513561 
4.40E-

06 
0.02 

4.9 
[2.4-

10.3] 

9.22E-

05 
14/28 33/325 

MUC16 rs750295511 chr19:9009325 
6.57E-

06 
0.02 

5.9 
[2.5-

13.8] 

3.78E-

05 
10/30 19/335 

TNRC6C-
AS1 

rs2748431 chr17:76105754 
2.87E-

05 
0.05 

5.8 

[2.3-
14.5] 

1.17E-
03 

9/29 15/281 

Males only, N=112 

MICB rs3134900 chr6:31473957 
6.87E-

07 
0.004 

12.4 
[3.8-

40.7] 

3.77E-
03 

7/13 7/161 

ARL16 rs8066889 chr17:79650828 
2.57E-

05 
0.046 

8.6 
[2.7-
26.7] 

6.80E-
03 

7/13 9/143 

APOL2 rs7285167 chr22:36623920 
4.21E-

05 
0.047 

8.7 
[2.6-
28.6] 

1.38E-
03 

6/14 8/162 

C6orf165 rs61731441 chr6:88125542 
5.27E-

05 
0.047 

6.9 
[2.4-

19.5] 

1.45E-

03 
8/12 15/155 
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PTPRZ1: Protein Tyrosine Phosphatase Receptor Type Z1; MUC16: Mucin 16, Cell Surface Associated; TNRC6C-AS1: 
TNRC6C antisense RNA 1; MICB: MHC Class I Polypeptide-Related Sequence B; ARL16: ADP Ribosylation Factor 
Like GTPase 16; APOL2: Apolipoprotein L2; C6orf165: Cilia And Flagella Associated Protein 206. 

 

*Case/control association test which is based on comparing allele frequencies between cases and controls, chi-square p 

values.  

 

**P value adj: p value from logistic regression in which each genetic variant is adjusted for age at diagnosis, sex, time 
since the end of treatment,  protocol, and treatment variable with the following scores: patients who received 

chemotherapy only =1, patients who received chemotherapy and radiotherapy =2 (categorical variable). 
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4.10.3. Supplemental table 3. Moderate-severe depression, PLINK results’ summary.  

 

Males only, N=112 

Gene rs number 
position 
(hg19) 

P 
value 

allelic 
test 

(Chi2 

or 
Fisher) 

FDR 
OR 

allelic 
[95%CI] 

P 
value 
adj* 

Allelic  frequencies 

Affected Unaffected 

EXO5 rs35672330 chr1:40980668 
1.45E-

07 

7.78E-

04 

16.7 

[4.4-
62.7] 

7.00E-

04 
6/12 5/167 

 

EXO5: Exonuclease 5. 
 

*Case/control association test which is based on comparing allele frequencies between cases and controls, chi-square 

p values.  

 

**P value adj: p value from logistic regression adjusted for age at diagnosis, sex, time since the end of treatment,  protocol, 

and treatment variable with the following scores: patients who received chemotherapy only =1, patients who received 
chemotherapy and radiotherapy =2 (categorical variable). 
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4.10.4. Supplemental table 4. Multivariate  regression analysis of the top-ranking associations 

identified in female participants tested for the Trail making test.  

 

 

 

 

 

 

 

 

 

 

 

KIR3DL1: Killer Cell Immunoglobulin Like Receptor; PPARG: Peroxisome Proliferator Activated Receptor Gamma; 

PLAUR: Urokinase Plasminogen Activator Surface Receptor; S.E.: standard error; df: degrees of freedom; DFCI, 

Dana-Farber Cancer Institute. 

 

Multivariate analysis in which all genetic variables associated with a given outcome  are entered in the model in one 

step with non-genetic covariates. Each model thus includes genetic variables in their dominant model and non-genetic 

co-variables: age at diagnosis, time between end of treatment and evaluation, DFCI protocol, treatment (patients who 

received chemotherapy only vs. patients who received chemotherapy and radiotherapy). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 B S.E. Wald df P value 

      

KIR3DL1_chr19_55340906 14.166 9.418 2.262 1 0.133 

PPARG_chr3_12393125 12.836 8.815 2.12 1 0.145 

PLAUR_chr19_44153100 8.485 5.493 2.386 1 0.122 

Age at diagnosis -1.333 1.076 1.535 1 0.215 

Time between end of treatment 
and evaluation  -0.113 0.383 0.088 1 0.767 

DFCI: 87-01=1, 91-01=2, 95-
01=3, 00-01=4, 05-01=5 8.841 6.549 1.822 1 0.177 

Treatment code 3.769 2.707 1.939 1 0.164 

Constant -50.899 34.939 2.122 1 0.145 
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4.10.5. Supplemental table 5. Multivariate  regression analysis of the top-ranking associations 

identified in male participants tested for the Trail making test.   

 

 

 
 

 
 
 

 
 
 

 
 

 
 
 

 
 
 

DUOXA1: Dual Oxidase Maturation Factor 1; DUOX2: Dual Oxidase 2; ZNF: Zinc Finger Protein 382; S.E., 
standard error; df: degrees of freedom; DFCI, Dana-Farber Cancer Institute. 

 

Multivariate analysis in which all genetic variables associated with a given outcome  are entered in the model in one 

step with non-genetic covariates. Each model thus includes genetic variables in their dominant model and non-genetic 

co-variables: age at diagnosis, time between end of treatment and evaluation, DFCI protocol, treatment (patients who 

received chemotherapy only vs. patients who received chemotherapy and radiotherapy). 

  

 B S.E. Wald df P value 

      

ZNF382_chr19_37118439 4.082 1.148 12.643 1 0.0004 

DUOXA1_chr15_45409732 1.745 2.373 0.541 1 0.462 

DUOX2_chr15_45392075 1.426 2.421 0.347 1 0.556 

Age at diagnosis -0.061 0.106 0.327 1 0.567 

Time between end of treatment and evaluation  0.21 0.234 0.804 1 0.37 

DFCI: 87-01=1, 91-01=2, 95-01=3, 00-01=4, 05-01=5 0.368 1.008 0.134 1 0.715 

Treatment code -0.649 1.094 0.352 1 0.553 

Constant -7.158 6.255 1.31 1 0.252 
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4.10.6. Supplemental table 6. Multivariate  regression analysis of the top-ranking associations 

identified in the whole cohort of survivors evaluated for the Moderate-severe anxiety. 

 B S.E. Wald df P value 

      

PTPRZ1_chr7_121513561 1.359 0.579 5.511 1 0.019 

MUC16_chr19_9009325 2.359 0.655 12.96 1 0.0003 

TNRC6C_AS1_chr17_76105754 1.929 0.668 8.345 1 0.004 

Age at diagnosis 0.033 0.067 0.236 1 0.627 

Time between end of treatment and 
evaluation  -0.125 0.164 0.58 1 0.447 

DFCI: 87-01=1, 91-01=2, 95-
01=3, 00-01=4, 05-01=5 -0.192 0.76 0.064 1 0.8 

Treatment code -0.429 0.623 0.474 1 0.491 

Constant -1.374 4.515 0.093 1 0.761 

 

PTPRZ1: Protein Tyrosine Phosphatase Receptor Type Z1; MUC16: Mucin 16, Cell Surface Associated; TNRC6C-
AS1: TNRC6C antisense RNA 1; S.E., standard error; df: degrees of freedom; DFCI, Dana-Farber Cancer Institute. 

  

Multivariate analysis in which all genetic variables associated with a given outcome  are entered in the model in one 

step with non-genetic covariates. Each model thus includes genetic variables in their dominant model and non-genetic 

co-variables: age at diagnosis, time between end of treatment and evaluation, DFCI protocol, treatment (patients who 

received chemotherapy only vs. patients who received chemotherapy and radiotherapy). 
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4.10.7. Supplemental table 7. Multivariate  regression analysis of the top-ranking associations 

identified in male participants evaluated for the Moderate-severe anxiety. 

 B S.E. Wald df P value 

      

MICB_chr6_31473957 1.924 1.098 3.072 1 0.08 

ARL16_chr17_79650828 3.828 2.127 3.239 1 0.072 

APOL2_chr22_36623920 4.298 1.805 5.67 1 0.017 

C6orf165_chr6_88125542 3.237 1.37 5.584 1 0.018 

Age at diagnosis 0.05 0.135 0.138 1 0.71 

Time between end of treatment 
and evaluation  0.062 0.27 0.053 1 0.818 

87-01=1, 91-01=2, 95-01=3, 00-
01=4, 05-01=5 0.594 1.36 0.191 1 0.662 

Treatment code 1.797 1.515 1.407 1 0.236 

Constant -9.65 8.691 1.233 1 0.267 

 

MICB: MHC Class I Polypeptide-Related Sequence B; ARL16: ADP Ribosylation Factor Like GTPase 16; APOL2: 
Apolipoprotein L2; C6orf165: Cilia And Flagella Associated Protein 206; S.E., standard error; df: degrees of freedom; 
DFCI, Dana-Farber Cancer Institute. 

 

Multivariate analysis in which all genetic variables associated with a given outcome  are entered in the model in one 

step with non-genetic covariates. Each model thus includes genetic variables in their dominant model and non-genetic 

co-variables: age at diagnosis, time between end of treatment and evaluation, DFCI protocol, treatment (patients who 

received chemotherapy only vs. patients who received chemotherapy and radiotherapy). 
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4.10.8. Supplemental table 8. 

a. Fisher exact test additional results (allelic test), replication cohort of SJLIFE. 

Outcome Category Gene Variant EAF 
cases controls Fisher exact test 

n.2 n.1 n.0 n.2 n.1 n.0 OR CI95l CI95u 
P 

value 

Trail 
making 

test 

All ZNF382 rs61732180 0.23 11 64 77 21 187 315 1.41 1.04 1.90 0.025 

Moderate-

severe 
anxiety 

All APOL2 rs7285167 0.08 0 4 63 1 100 507 0.34 0.09 0.91 0.026 

 

b.  Logistic Regression* additional results, replication cohort of SJLIFE. 

Outcome Category Gene Variant OR CI95l_OR CI95u_OR beta CI95l CI95u LRT_P 

Trail 
making 

test 
All ZNF382 rs61732180 1.44 1.05 1.98 0.37 0.05 0.69 0.025 

Moderate-

severe 
anxiety 

All APOL2 rs7285167 0.37 0.11 0.96 -0.99 -2.22 -0.05 0.039 

 

ZNF: Zinc Finger Protein 382; APOL2: Apolipoprotein L2. 

 
EAF: Effect allele frequency; n.2: 2 copies of the effect allele; n.1: 1 copy of the effect allele; n.0: 0 copies of the effect 

allele; OR: odds ratio for each additional copy of the effect allele; CI95l_OR: lower boundary of OR's 95% confidence 
interval; CI95u_OR: upper boundary of OR's 95% confidence interval; beta: beta coefficient for each additional copy of the 
effect allele; CI95l: lower boundary of beta's 95% confidence interval; CI95u: upper boundary of beta's 95% confidence 

interval; LRT_P: Likelihood ratio test p-value. 

 

* Logistic regression analyses adjusted for continuous age at diagnosis, sex, continuous time between date of becoming a 5-

year ALL survivor and date of test measurement, whether the survivor was treated with chemotherapy only versus 

chemotherapy plus radiation, and the top 20 principal components adjusting for genetic ancestry. 
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4.10.9. Supplemental Figure 1. P value distribution of the common variants tested for Trail making 

test represented as a Manhattan plot, all cohort, N=229. 

 
Manhattan plot was created to display the statistical significance between common genetic variants 

used in the exome-wide association study and neurocognitive complications as measured by Trail 
making test and ranked according to their associated P value.  
 
AK8: Adenylate Kinase 8. 
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4.10.10. Supplemental Figure 2. P value distribution of the common variants tested for Moderate-

Severe anxiety represented as a Manhattan plot, all cohort, N=229.   

Manhattan plot was created to display the statistical significance between common genetic variants 
used in the exome-wide association study and mood disorders as measured by Moderate-Severe 

anxiety and ranked according to their associated P value. 
  
PTPRZ1: Protein Tyrosine Phosphatase Receptor Type Z1; MUC16: Mucin 16, Cell Surface Associa ted; TNRC6C-

AS1: TNRC6C antisense RNA 1. 
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4.10.11. Supplemental Figure 3. Combined effect model of the PTPRZ1 rs740965, MUC16 

rs750295511 and TNRC6C-AS1 rs2748431 variants. 

 

Association of moderate-severe anxiety with genetic variations in the PTPRZ1, MUC16 and 

TNRC6C-AS1 genes detected in the whole cohort of participants is presented as combined effect 

model. The combined effect was assessed through the multivariate regression model and was 

adjusted for non-genetic co-variables (age at diagnosis, time between end of treatment and 

evaluation, DFCI protocol, treatment – patients who received chemotherapy only vs. patients who 

received chemotherapy and radiotherapy), p=2.00E-05, OR=5.1, 95% CI, 2.4-10.9. The frequency 

of patients with and without moderate-severe anxiety is represented by blue and yellow bars, 

respectively. The total number and percentage of samples per category is displayed inside  the bars. 
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4.10.12. Supplemental Figure 4. Combined effect model of the APOL2 rs7285167 and C6orf165 

rs61731441variants. 

 

Association of  moderate-severe anxiety with genetic variations in the APOL2 and C6orf165 genes 

detected in male participants is presented as combined effect model. The combined effect was 

assessed through the multivariate regression model and was adjusted for non-genetic co-variables 

(age at diagnosis, time between end of treatment and evaluation, DFCI protocol, treatment – 

patients who received chemotherapy only vs. patients who received chemotherapy and 

radiotherapy), p=0.001, OR=32.5, 95% CI, 3.8-275.8. The frequency of patients with and without 

moderate-severe anxiety is represented by blue and yellow bars, respectively.  The total number 

and percentage of samples per category is displayed inside the bars. 
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4.10.13. Supplemental Figure 5. Meta-analysis of the effect of the variant rs61732180 ZNF382 on 

neurocognitive deficit in combined discovery and replication set that included male participants. 

 

 

Plot represents the association of the variant rs61732180 ZNF382 with the deficit in the trail 

making test performance as tested in the discovery cohort (PETALE), the replication cohort 

(SJLIFE) and the cohort combining them both (Total).  Odd-Ratios (OR) comparing carriers to 

non-carriers, along with the 95% confidence intervals (95% CI) and the p-values of the 

associations are provided at the top of the graph. The Meta-analysis was performed using the 

Mantel-Haenszel method implemented in MedCalc software and assuming a fixed-effects model. 
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4.10.14. Supplemental Figure 6. Meta-analysis of the effect of the variant rs35672330 EXO5 on 

moderate-severe depression in combined discovery and replication set that included male 

participants. 

 

 

Plot represents the association of the variant rs35672330 EXO5 with the moderate-severe 

depression as tested in the discovery cohort (PETALE), the replication cohort (SJLIFE) and the 

cohort combining them both (Total).  Odd-Ratios (OR) comparing carriers to non-carriers, along 

with the 95% confidence intervals (95% CI) and the p-values of the associations are provided at 

the top of the graph. The Meta-analysis was performed using the Mantel-Haenszel method 

implemented in MedCalc software and assuming a fixed-effects model. 
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4.10.15. Item S1. The description of the gene identified  through an exome-wide association study 

between genetic factors and long-term treatment related neurocognitive deficits, and anxiety and 

depression in survivors of childhood acute lymphoblastic leukemia. 

 

The AK8 (Adenylate Kinase 8) gene encodes for a nucleoside monophosphate kinase, one of the essential 

regulators for maintaining the proper adenine nucleotide composition for many different cell functions, 

including nervous system development97. It is strongly expressed in the brain, and deletions of the AK8 

gene have been found in medulloblastoma98. Furthermore, it was identified as a gene associated with 

attention deficit / hyperactivity disorder (ADHD) in adults99, and its potential implication in ADHD was 

confirmed in the more recent report that integrated candidate gene and genome-wide association studies 

using bioinformatics and complex network analysis100. In addition, adenylate kinases are modifiers of 

conditions, in which oxidative stress plays a critical role, such as metabolic syndrome or 

neurodegenerative diseases101.  

PTPRZ1 (Protein Tyrosine Phosphatase Receptor Type Z1) encodes protein tyrosine phosphatase 

receptor, which is expressed primarily in the nervous system including oligodendrocytes, astrocytes, and 

neurons102. Diverse evidence suggests that tyrosine phosphorylation is an essential  component in myelin 

formation, differentiation of oligodendrocytes and Schwann cells, and recuperation from demyelinating 

lesions102. Demyelinating lesions are associated with  multiple sclerosis, leukodystrophies and 

demyelinating diseases of the peripheral nerves103. Studies in a mouse model have shown that Ptprz is 

involved in the regulation of the dopaminergic system and plays an important role in behavioral 

responses104. Furthermore, emerging evidence suggests that changes in myelin levels have been 

associated with various mental illnesses89. Indeed, studies in a rodent model have demonstrated that 

juvenile exposure to acute traumatic stress leads to long-term changes in grey matter myelination in adult 

animals and was gender-specific89. Additionally, in a recent study, abnormalities in myelin levels in the 



 

143 

brain were detected by quantitative magnetic resonance imaging in individuals diagnosed with  major 

depressive disorder105. 

The MUC16 (Mucin 16, Cell Surface Associated) gene encodes one of the largest glycoproteins known, 

type I transmembrane mucin - member of the mucin family of proteins106. Besides their normal 

physiological role in protecting epithelial cells, mucins have been shown to be involved in various 

diseases, such as psoriasis, pulmonary tuberculosis, ulcerative colitis and cancer 106.  MUC16 is  

overexpressed in several  cancers106, including breast107, pancreatic108 and lung cancer109, as well as in 

digestive tract adenocarcinomas110. Furthermore, MUC16 was also identified among the genes with 

consistently altered expression in post-mortem brains of individuals with bipolar disorders111. 

Nonetheless, more studies are needed to clarify its potential involvement in mood disorders.  

TNRC6C-AS1 is an antisense RNA gene that belongs to the long non-coding RNA (lncRNA) class of 

cellular transcripts which have demonstrated multifaceted involvement in various fundamental 

biological processes112. While only a few lncRNAs have currently been characterized molecularly or 

functionally, their deregulation is often linked to cancer and to many developmental, cardiovascular, and 

neurological disorders113. TNRC6C-AS1 is located on chromosome 17q25.3, and shares an overlapping 

region with the 3′UTR region of the TNRC6C gene (its cognate sense gene)114. TNRC6C-AS1 regulates 

TNRC6C expression at both the mRNA and protein levels 114. Interestingly, TNRC6C-AS1 was found to 

be up-regulated in type 2 diabetes patients with depressive symptoms115. The contribution of lncRNAs 

has been confirmed in brain development, neuronal function, maintenance and differentiation, as well 

as in synaptic plasticity116. Also, growing evidence suggests the potential involvement of lncRNAs in 

the pathogenesis of neurodegenerative diseases116, and psychiatric disorders113.  Intriguingly, TNRC6C 

was reported to be significant in a recent large-scale genetic association analysis of educational 
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attainment, and was linked to higher mathematical ability117. However, understanding the role of 

TNRC6C-AS1 in emotional distress will require further investigation. 

Furthermore, our analysis also suggests that synergistic interactions might exist between the variants 

identified in the entire discovery cohort in relation to moderate-severe anxiety (rs740965 PTPRZ1, 

rs2748431 MUC16, and rs2748431 TNRC6C-AS1), which could explain the markedly significant 

associations in the combined variants model. 

APOL2 (Apolipoprotein L-II) gene belongs to the APOL gene cluster that encodes high density 

lipoproteins, which has a key role in cholesterol transport118.  Almost all cholesterol present in the CNS 

is synthesized de novo in brain cells, and is efficiently recirculated within the CNS. Accordingly, it exists 

in a compartment distinct from the rest of the body,  and plays an important role in cellular processes 

such as modulation of gene transcription and signaling, both during the development of the nervous 

system and in the adult brain119. Although the biological function of APOL2 in the brain remains 

unclear118,119, its expression is detected in the brain119, and the level of expression is significantly 

upregulated in schizophrenia120. Polymorphisms in this gene have been associated with schizophrenia 

risk121.  

C6orf165, also known as CFAP206 (Cilia And Flagella Associated Protein 206), is a protein-coding 

gene; however, the functions of the encoded protein (DUF3508) are currently poorly understood. In a 

recent study, which suggested that resting myeloid cells are a key source of immune dysfunction in 

Huntington’s disease, C6orf165 was identified as a gene with significant dysregulation of expression122. 

In addition, the C6orf165 gene was characterized as a gene with ciliary functions123. However, C6orf165 

has no currently known associations with the CNS function and /or emotional distress in humans. 

Interestingly, through the combined effect model, we also noted a possible interaction between the  

APOL2 and C6orf165 genes. 
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PCMTD1(Protein-L-Isoaspartate (D-Aspartate) O-Methyltransferase Domain Containing 1) encodes a 

member of the methyltransferase superfamily124. PCMTD1 locus may have a significant role in the 

development or progression of Primary Angle-Closure Glaucoma125 and endometrioid ovarian cancer124. 

Other functions of PCMTD1, including those associated with emotional or behavioral problems, are not 

currently known in the literature. 

CYP2W1 (cytochrome P450 family 2 subfamily W member 1) encodes a cytochrome P450 

monooxygenase126. CYP2W1 was linked to metabolism of a variety of endogenous substrates, including 

lysophospholipids and certain pro-carcinogens such as polycyclic aromatic hydrocarbons127. The 

CYP2W1 rs3735684 (Ala181Thr) identified in our study as the most significant contributor to the 

association signal through the rare variants’ analysis, is also associated with increased risk of colorectal 

cancer126. It is interesting to note that in a mice model, psychosocial stress, along with the gut microbiota, 

were shown to have an important impact on the expression and activity of cytochrome P450 enzymes 

(CYP)128. Furthermore, the stress effectors, the adrenergic receptor-linked pathways, as well as 

glucocorticoids, play essential and distinct roles in stress-mediated regulation of CYPs in a species- and 

tissue-specific manner129. Nonetheless, the data linking the CYP2W1 gene and emotional distress is not 

currently available. 
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5.1. ABSTRACT 

Aim: Cardiovascular disease represents one of the main causes of secondary morbidity and 

mortality in patients with childhood cancer.  

Patients & methods: To further address this issue, we analyzed cardiovascular complications in 

relation to common and rare genetic variants derived through whole-exome sequencing from 

childhood acute lymphoblastic leukemia survivors (PETALE cohort).  

Results: Significant associations were detected among common variants in the TTN gene, left 

ventricular ejection fraction (p ≤ 0.0005), and fractional shortening (p ≤ 0.001). Rare variants 

enrichment in the NOS1, ABCG2 and NOD2 was observed in relation to left ventricular ejection 

fraction, and in NOD2 and ZNF267 genes in relation to fractional shortening. Following 

stratification according to risk groups, the modulatory effect of rare variants was additionally 

found in the CBR1, ABCC5 and AKR1C3 genes. None of the associations was replicated in St-

Jude Lifetime Cohort Study.  

Conclusion: Further studies are needed to confirm whether the described genetic markers may be 

useful in identifying patients at increased risk of these complications.  

 

Keywords 

anthracycline-induced cardiotoxicity, doxorubicin, whole-exome sequencing, genetic association 

studies, pharmacogenomic markers, childhood acute lymphoblastic leukemia, late adverse effects, 

cancer survivors 
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5.2. INTRODUCTION 

The introduction of multi-agent treatment protocols and the optimization of dosing regimens have 

led to a remarkable improvement in cure rates of childhood Acute Lymphoblastic Leukemia 

(ALL), the most frequent pediatric cancer.  However, exposure to cytotoxic therapy at an early age 

has been associated with treatment-related late-adverse effects (LAEs) – often not clinically 

apparent until decades after treatment.  Among LAEs, cardiovascular disease represents one of the 

main causes of secondary morbidity and mortality in patients with childhood cancer1-3.  

While the events leading to cardiovascular disease are diverse, one of the fundamental problems 

is the irreversible loss of cardiomyocytes, which in turn contributes to alterations in ventricular 

contractility and relaxation4 as well as alteration of the function of endothelial cells affected by 

inflammation and by the production of reactive oxygen species5.  

Different molecular mechanisms were suggested behind the genesis and progression of 

cardiovascular disease6-8. For example, exosomes have also been described as playing an important 

role in various processes involved in the pathogenesis of cardiovascular disease such as cardiac 

fibrosis, hypertrophy, and myocardial apoptosis9,10. 

The interaction of at least three main factors determines the cardiovascular status of cancer 

patients: (a) the patient's underlying cardiovascular health status (including pre -existing heart 

disease and cardiovascular risk factors), (b) cancer itself that could directly or indirectly affect the 

heart and vasculature, and (c) cancer treatment (including conventional chemotherapy, targeted 

agents, and radiotherapy) which can damage several pathways that control functions  of the 

cardiovascular system11,12.  

Anthracyclines, especially doxorubicin, are commonly used for a variety of hematological and 

solid malignancies including leukemia, lymphoma,  Wilms tumor, neuroblastoma, 

hepatoblastoma, and high-risk embryonal malignancies13-15. However, anthracycline-related 
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cardiotoxicity including subclinical heart failure, reduction in left ventricular mass and wall 

thickness, or decline in systolic and diastolic function, can develop during, shortly after, or many 

years after exposure adversely affecting the long-term prognosis in pediatric cancer survivors1,2,16-

18.   

Furthermore, despite an established dose-dependent association, there is a substantial variability 

regarding the occurrence and severity of anthracycline-induced cardiotoxicity in survivors of 

childhood cancer19, which may be related to genetic factors. 

In this study, we examined whether common and rare genetic polymorphisms contribute to this 

variability by altering the risk of treatment-related cardiotoxicity in combination with other 

factors. We performed candidate gene analyses in a well-described cohort of ALL survivors 

(PETALE)20,21 in relation to treatment-related cardiac complications which identified several 

novel markers associated with these complications in the TTN, NOS1, ABCG2, CBR1, ABCC5, 

and AKR1C3 genes. In addition, the association analyses were supplemented by a hypothesis-free 

approach - an exome-wide association study, which detected the contribution of the rare variants 

in the NOD2 and ZNF267 genes as potential modulators of the risk of developing treatment-

related cardiotoxicity in survivors of childhood ALL. 
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5.3. STUDY POPULATION AND METHODS 

5.3.1. Discovery cohort 

A total of 233 patients treated for childhood ALL according to Dana Farber Cancer Institute 

(DFCI) ALL 87-01 to 05-01 protocols at Sainte-Justine University Health Center (SJUHC), 

Montreal (Quebec), Canada, were included in the analysis.  The discovery set was composed of 

participants of previously described 20,21 PETALE study, a multidisciplinary research project 

aiming to identify and comprehensively characterize associated predictive biomarkers of long-

term treatment-related complications in childhood ALL survivors. The participants were recruited 

during 2013-2015, and their characteristics are shown in Table 1. Briefly, eligible participants 

were younger than 19 years old at diagnosis, survived at least 5 years after diagnosis of ALL, 

without a history of relapse or refractory ALL, Down syndrome, or hematopoietic stem cell 

transplantation. Participants were all of European descent21. The median age of patients at the 

time of diagnosis was 4 years, the time from the end of treatment to evaluation ranged from 3-24 

year with a median of 13 years (for 74.7%  of participants, it was ≥10 years), both sexes were 

equally represented (51.1% of females). 

The patients were classified into standard (SR) and high risk (HR) groups based on prognostic 

factors, including age at diagnosis, white blood cell count, immunophenotype, and central nervous 

system (CNS) involvement at diagnosis of ALL (2, 3). The frequency of patients assigned to SR 

and HR groups during the treatment was 45.5% and 54.5%, respectively. Anthracycline-exposed 

participants had a normal cardiac function before anthracycline exposure.  During the induction 

phase of childhood ALL treatment, all patients were given two 30 mg/m2 doses of doxorubicin. 

HR patients continued to receive one weekly doxorubicin dose during the consolidation phase, for 

a total cumulative dose of 294.52 mg/m2 (median value, range 137.78 - 472.85 mg/m2). HR 

patients treated with 95-01 protocol were randomized to receive (or not) dexrazoxane, a 
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cardioprotective agent, during induction and consolidation therapy, while  all HR patients treated 

with 00-01 and 00-05 protocols, received dexrazoxane before doxorubicin administration 

(cumulative doses ranged from 1433.84 mg/m2 to 3706.17 mg/m2, with the median value of 

2961.85 mg/m2). 

5.3.2. Echography measurement of cardiac function and structures  

Measurements and calculations were made according to the previously published 

recommendations22 and were obtained at the last follow-up examination20,23. Participants were 

questioned and examined for symptomatic heart failure according to New York Heart Association 

functional criteria24. Height and body weight were measured at evaluation. Current use of 

medication modulating cardiovascular state was noted20. Echocardiographic parameters for the 

quantitation of left ventricular (LV) morphology and function included the LV end -diastolic 

diameter (EDD), fractional shortening (FS), and ejection fraction (EF). Two measurements of the 

LVEF were studied – LVEF M-Mode and LVEF 2D (Simpson). LVEDD values were transformed 

into z scores adjusted for height, weight, gender, and age. LVEDD z score outcome was calculated 

by splitting the patients into those ≤ 18 years old at the time of evaluation and those >18 years 

old. The z scores were calculated using the online calculator corresponding to the above-

mentioned age groups25,26 (http://www.parameterz.com/sites/m-mode).  

Written informed consent was obtained from every patient or parent/legal guardian. The study 

was conducted in accordance with the Declaration of Helsinki and the protocol was approved by 

the Ethics Committee of SJUHC.  
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5.3.3. Sequencing and quality control 

Whole-exome sequencing (WES) was performed on germline DNA, extracted from peripheral 

blood samples from participants of the PETALE cohort, using standard protocols as described 

previously20. Whole exomes were captured in solution with Agilent’s SureSelect Human All Exon 

50Mb kits and sequenced on either Life Technologies SOLiD System 4.0 (mean coverage = 40X) 

or Illumina HiSeq 2500 platform (mean coverage = 113.1X) at SJUHC integrated clinical genomic 

center in pediatrics. Reads were aligned to the hg19 reference genome using SOLiD LifeScope 

software27 for the SOLiD samples and BWA-MEM28 for the samples sequenced on the Illumina 

system. PICARD29,30 was used to mark PCR duplicates and collect sequencing quality control 

metrics. Variant calling was performed using the Haplotype Caller and quality score recalibration 

was performed using Variant Recalibrator, both implemented in the Genome Analysis Tool Kit 

(GATK)30.  Variants were selected based on the variant quality score (VQSR = PASS) and the 

minimum depth of coverage (DP≥10). The final germline variants were annotated by 

ANNOVAR31. Only missense, nonsense, and splicing common and rare variants with predicted 

functional impact (Sift (<0.1) and PolyPhen2 (≥0.85)) were considered32,33.  Variants were defined 

as rare (minor allele frequency, MAF<5%) and common (MAF≥5%) according to the reported 

frequency for European populations in the 1000 Genomes34 and ESP6500 datasets35. Variants 

exceeding a missing rate of 20%, not in Hardy-Weinberg Equilibrium (P<0.001), and common 

variants with pairwise linkage disequilibrium (LD, r2≥0.8) were excluded. 

5.3.4. Association analyses 

To conduct genetic association studies, we used a candidate gene approach with three gene sets  

(listed in Supplemental Table 1). These sets included genetic variants in 51 genes selected for 

doxorubicin action pathways36-40, as well as the 107 genes involved in the functioning of the 

cardiac system, and 107 genes relevant for the mitochondrial function selected  due to the role of 
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oxidative stress in cardiovascular disease41,42. All candidate genes were selected using the KEGG 

PATHWAY Database43. A total of 80 common variants present in 49 genes (51 variants in 

cardiovascular system function, 16 variants in doxorubicin pathway, and 13 variants in 

mitochondria function) that satisfied all above-mentioned filtering criteria were used in 

association analyses. For an exome-wide association study, there were 5373 common genetic 

variants corresponding to 3793 genes that were retained for this analysis according to the 

described criteria. 

The analyses between common genetic variants and each of the four echocardiographic 

parameters of interest were performed using Quantitative trait association based on Wald statistic 

and linear regression implemented in PLINK v.1.07 software44,45, and SPSS v.25.0.0.0. Analyses 

were performed in 236 sequenced ALL survivors and stratified by risk groups with diffe rent 

treatment intensity, and treatment with or without dexrazoxane cardioprotection in HR patients 

because these factors have an established role in modulating studied outcomes 19,46,47. The 

Benjamini-Hochberg procedure for false discovery rate (FDR)48,49 was used to adjust for multiple 

testing with a cut-off value of < 5% considered statistically significant (top-ranking variants);  

additionally, p<0.0006 is the Bonferroni p-value corrected threshold for the number of variants 

tested. Multiple regression models included the following adjustment variables: age at the time of 

diagnosis (continuous variable); time since the end of treatment (continuous variable); sex: 

males/females (categorical variable); DFCI Protocol: 87-01=1, 91-01=2, 95-01=3, 00-01=4, 05-

01=5 (categorical variable); and a risk-treatment combined variable with the following scores: SR 

patients =1, HR patients that received a cardioprotective drug (dexrazoxane)=2, HR patients that 

did not receive  dexrazoxane=3 (categorical variable). 
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A total of 1124 rare variants present in 102 genes (845 variants in 55 genes related to 

cardiovascular system function, 216 variants in 33 genes in doxorubicin pathway, and 63 variants 

in 14 genes involved in mitochondria function) that satisfied all above-mentioned filtering criteria 

for variants selection were used in the first part of the association analyses  using a candidate gene 

approach. Next, 59044 rare genetic variants corresponding to 11441 genes that satisfied the 

filtering criteria entered the exome-wide association analysis.  

The effects of rare variants in both the candidate genes and exome-wide approaches were 

evaluated using the SKAT-O test (Optimal Sequence Kernel Association Test)50,51 implemented 

in SKAT package v.1.3.2.152. Only genes with at least two variants that satisfied filtering criteria 

were retained for the SKAT-O test. Multiple test adjustments (with a cut-off value of FDR < 5% 

considered statistically significant) were performed, including adjustment for every candidate 

genes’ data set separately.  To evaluate individual variant contributions to association signals, a 

collapsing approach53,54, with the iterative exclusion of every single variant, was additionally 

executed. Similar to the common variant analyses, genetic associations were assessed for each of 

the four outcomes in the entire cohort, as well as in SR and HR groups, and through multivariable 

models adjusted for the same covariates.  

5.3.5. Replication cohort 

The replication cohort consisted of childhood ALL survivors of European ancestry enrolled in the 

St. Jude Lifetime Cohort (SJLIFE) study with whole-genome sequencing. SLIFE participants 

included in the replication analysis were limited to those with at least one of the echocardiographic 

measures identified to have a statistically significant genetic association in the PETALE cohort. 

The maximum number of participants in the replication cohort with available outcome data was 

149; the total number analyzed varied depending on the outcomes and subgroup studied. 
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Therefore, the effect between the significant variants identified in the discovery cohort and LVEF 

M-mode and FS outcomes was tested in 90 patients in total (regardless of their risk ass ignment); 

while 56 and 102 SR patients were tested in relation to the LVEF M-mode and LVEF 2D changes, 

respectively. Participants were selected to resemble the discovery cohort based on demographics 

and treatment characteristics (risk groups). They were younger than 19 years at diagnosis, with no 

history of relapse within 5 years of the primary ALL diagnosis date, Down syndrome, or 

hematopoietic stem cell transplantation. The number of participants tested for each outcome 

including risk groups, along with the age at diagnosis, years since the end of treatment, and sex 

distribution are provided in Supplemental Table 5); on average the age at diagnosis was 4.7 

years, time since the end of treatment was 27.4 years and 48.5%  of participants were females. 

Participants met the definitions for the 1980s SR and HR ALL populations as defined previously55, 

(risk group definitions are provided in Supplemental Table 6).  The latter criteria for the two risk 

groups were implemented since not all variables used for risk classification in the discovery cohort 

were available in the replication group. Unlike the discovery cohort, none of the HR survivors 

were exposed to dexrazoxane; this variable was not used in replication analysis. Analyses of top-

ranking common variants were performed by linear regression adjusting for continuous age at 

diagnosis, sex, continuous time since the end of treatment, and the SR and HR groups. Analyses 

of top-ranking rare variants were performed by SKAT-O (when applicable) and by linear 

regression, adjusting for the same covariates. Upon quality control, if variants present within a 

gene of interest became monomorphic after excluding samples without phenotype data, they were 

not analyzed.   
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5.4. RESULTS 

Demographics and clinical characteristics of PETALE participants are presented in Table 1. The 

analyses were performed in either all patients or subgroups that differ relative to doxorubicin 

treatment. These included patients assigned to standard (SR, 45.5%) and high risk (HR, 54.5%) 

groups who received different cumulative doxorubicin doses20 and HR patients who received or 

not cardioprotectant (53.5% and 46.5%, among HR patients, respectively). 

Among common variants implicated in cardiac system function, significant associations were 

detected between LVEF and FS M-mode with single nucleotide variations (SNVs) in the titin  

(TTN) gene when the entire cohort of survivors was analyzed. The higher mean values for the 

minor allele carriers, and thus better LVEF, were observed for all three TTN rs72648998, 

rs3829747, and rs2303838 polymorphisms (Table 2a, p=0.0003, 0.0003 and 0.0005, 

respectively). The association is also depicted by the Manhattan plot (Figure 1) and p-value 

distributions are represented in the histograms in Supplemental Figure 1.  The same three TTN 

polymorphisms were also associated with the higher FS values (Table 2b, p=0.0002, 0.0004 and 

0.001, respectively). All TTN variants (except rs2303838 in relation to FS) sustained Bonferroni 

correction for multiple testing. The TTN genotypes also remained significant in a multiple linear 

regression model when controlling for non-genetic covariates (Table 3a and 3b). 

The analysis of functionally predicted rare variants related to the doxorubicin pathway  (Table 4 

and Supplemental Table 2) led to the detection of an association between LVEF M-Mode and 

rare variants enrichment in NOS1 and ABCG2 genes (p=0.0013 and p=0.0026, respectively) in the 

full PETALE cohort. Following stratification according to the risk groups, the additional 

association of the same outcome was detected with candidate genes CBR1 in the SR group and 

ABCC5 in the HR group, (p=0.0015 and p=0.0008, respectively), but NOS1 and ABCG2 

associations were not detected in either stratum. The same association of CBR1 and ABCC5 genes 
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in a risk dependent manner was noted with FS. Additionally, in SR patients, the association 

between FS and LVEF 2D outcomes and rare variants in the ABCG2 gene was observed (p=0.0027 

and p=0.0019, respectively); as well as between LVEF 2D and rare variants enrichment in 

AKR1C3 gene (p=0.0067). 

Using the collapsing approach, we further explored the most significant contribution of single 

variants or their combination (Table 4) to the association signal obtained by SKAT-O. The 

analyses identified rs76090928, rs199473672, and rs2835266 SNVs in NOS1, ABCG2 and CBR1 

respectively; and significant combinations of two  SNVs in ABCC5 and AKR1C3 genes. A risk 

effect was seen for CBR1 rs2835266 polymorphism, while the presence of all other collapsed rare 

variants for NOS1, ABCG2, and AKR1C3 was associated with a protective effect. The top-ranking 

individual rare loci or identified combinations remained significant in their respective 

multivariable models (data not shown). An illustrative example with the effect of the most 

contributing variants in the NOS1 and ABCG2 genes on LVEF in M-mode, in the presence of non-

genetic covariates is given in Supplemental Table 3 and Supplemental Figure 2. 

We did not identify any significant common variant associations that would satisfy multiple 

testing adjustments with an FDR threshold of <5% through exome-wide association.  In contrast, 

analysis of functionally predicted rare variants on the exome-wide level in the full PETALE cohort 

(Table 5 and Supplemental Table 4) led to the detection of an association between FS and rare 

variants enrichment in the NOD2 and ZNF267 genes (p=1.39x10-6 and p=3.51x10-6, respectively). 

In addition, rare variant enrichment in the NOD2 gene was also detected in relation to LVEF M-

Mode (p=2x10-6). Variant combinations that contributed most to the observed association signals 

are presented in  Table 5 using the collapsing approach. 
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5.4.1. Replication analysis 

The number of statistically significant discovery variants proposed for SJLIFE replication can be 

found in Supplemental Table 7. All 3 TTN common variants were available in the SJLIFE whole-

genome sequencing data. Of the 46 rare variants proposed for replication, only 26 passed SJLIFE 

whole-genome sequencing quality control, consistent with the variant information availability 

with gnomAD56, of which only 8 were not monomorphic in SJLIFE. The results of the replication 

analyses are presented in Supplemental Tables 8 and 9 for common variants in the TTN gene and 

non-monomorphic quality-controlled rare variants across several genes (most important 

contributors).  None of the associated genes were replicated in the SJLIFE cohort. It is interesting 

to note nevertheless that the same direction of the effect was observed for the collapsed NOS1 and 

CBR1 rare variant signal, notably the carriers of the NOS1 rare variants in the full population had 

LVEF M-mode 71% vs 65% for non-carriers, and 62% vs 67% for CBR1 in the SR group 

(Supplemental Table 9). 
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5.5. DISCUSSION 

Elevated risk of clinical heart failure has been reported in survivors of childhood cancer exposed 

to anthracycline treatment47,57,58. The increased risk of cardiotoxicity underlines the importance 

of understanding the mechanisms behind this complication and its predictors.  

Several candidates gene and genome-wide association studies (GWAS) have reported genetic 

variants that are associated with long-term treatment-related cardiotoxicity23,29,59-71. Our analyses, 

using candidate genes and exome-wide approaches, identified 8 loci that can influence the 

treatment-related cardiotoxicity, notably common and rare variants in TTN, NOS1, ABCG2, 

ABCC5, CBR1, AKR1C3, NOD2, and ZNF267 genes.  It is worth mentioning that all of these 

genes, with the exception of ZNF267, have been previously associated with treatment-related 

cardiotoxicity23,61,72-74 and/or studied in the context of cardiovascular morbidity75,76. 

5.5.1. Variants detected through candidate gene analyses. 

5.5.1.1. Functioning of the cardiac system (TTN) 

We have shown a cardioprotective effect of the three common independent (without a strong 

linkage disequilibrium, r2<0.8) TTN variants for both LVEF and FS M-mode outcomes. Titin, 

encoded by the TTN gene, is the largest known human protein (molecular mass of up to ~3800 

kDa) and serves as the main scaffold of the sarcomere and participates in structural, sensory, and 

signaling functions of the heart77,78. Titin-truncating variants represent the most common genetic 

predisposition to the dilated cardiomyopathy78-80. Moreover, polymorphisms of the TTN gene 

have been associated with other clinical phenotypes, including peripartum cardiomyopathy81,82 

and skeletal myopathies (some of which are also characterized by cardiac impairment) 83-86. 

Moreover, the TTN gene has been mentioned in the context of cardiac function during endurance 

training87 and previously detected in the PETALE participants in association with 

cardiorespiratory fitness88. Furthermore, two recent studies reported the contribution of rare 



 

161 

variants in the TTN gene that lead to truncated isoforms of the protein, to the increased risk for 

chemotherapy-induced cardiomyopathy in children and adults59,89. Our results in contrast 

identified common TTN variant alleles that are associated with lower susceptibility to 

anthracycline-related cardiotoxicity. Interestingly, one of the variants described in our study, 

rs72648998, was found to be associated with prolonged QT interval in the GWAS of 31 cohorts 

of European origin90. Given demonstrated importance of the TTN gene for the impairment of 

cardiac function, we evaluated all nominally significant variants from WES data in this gene even 

if they did not pass the FDR threshold (details on all tested common TTN variants are presented 

in Supplemental Table 10a. Interestingly, we detected the rs35813871 variant with a risk-

increasing effect on LVEF (M-mode) and FS (Supplemental Table 11). The rs35813871  TTN is 

tagging one of the TTN haplotypes (Supplemental Table 10b), which includes a non-

synonymous SNV (missense variant) predicted to affect the protein function (NP_001254479.2: 

p.Thr811Ile), however, the evidence on its role in the context of cardiovascular disease is limited. 

It is important to note that due to the high frequency of TTN variants in the general population and 

their incomplete penetrance, interpretation of TTN variants may demand further investigation, 

including a comprehensive assessment of the clinical phenotypes, as well as functional studies.  

5.5.1.2. Semiquinone Formation: One Electron Reduction (NOS1) 

An association between LVEF M-Mode and rare variants enrichment in the NOS1 gene coding 

for Neuronal nitric oxide synthase (nNOS) was detected through candidate gene association 

studies. The one-electron reduction of anthracyclines to generate a semiquinone radical in the 

cytosol is carried out by nitric oxide synthases (nNOS), Inducible nitric oxide synthase (iNOS), 

and Endothelial NOS (eNOS))91. Doxorubicin is involved in the inhibition of NOS activity as it 

binds to all three isoforms92. A cardioprotective effect of the common variant in NOS3 gene 

(encoding the eNOS enzyme) has been previously reported in survivors of ALL23.  
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Decreased bioavailability of nitric oxide (NO) in the endothelium, a key precursor for impaired 

vasodilation and hypertension, has been linked to cardiac hypertrophy, fibrosis, and myocardial 

infarction93. In the healthy heart, nNOS are localized in the cytosol, however, pathological stimuli 

may change its properties and location (nNOS translocate from sarcoplasmic reticulum to 

cytoplasmic membrane)94, affecting downstream signaling93.  

In hypoxic conditions, the increase in mRNA and protein expressions as well as the activity of 

nNOS in the systematic and local arteries has been observed in  an animal model and in a human 

aortic cell line95. Interestingly, rs76090928 (identified in the current study as the strongest 

contributor to the association signal in the set of rare variants), is located in exon 1; this exon 

contains a hypoxia-responsive promotor and is exclusively transcribed in hypoxic conditions96, 

thus functionally affecting the vascular smooth muscle contraction95.  

5.5.1.3. Membrane transporters (ABCG2, ABCC5) 

We report a protective effect of functionally predicted rare variants of the ABCG2 (ATP-binding 

cassette subfamily G member 2) gene; ABCG2 (also known as breast cancer resistance protein 

BCRP) belongs to the G-subsection of the superfamily of ABC transporters97. Its expression has 

been detected in a variety of tissues including endothelial cells of the human heart97; besides, its 

variable cardiac expression could be induced by dilated and ischemic cardiomyopathies97. High 

expression of ABCG2 has been observed in adult ALL patients98. The modulating effect of ABCG2 

on chemotherapy-related cardiotoxicity remains controversial. The variant allele of common 

rs2231142 polymorphism in ABCG2 gene was associated with greater cardiac toxicity in adults 

treated for acute myeloid leukemia (AML)99, whereas similar studies conducted in AML,  

childhood ALL and osteosarcoma did not demonstrate such an effect65,73.  
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Following stratification according to risk groups, the analysis of rare variants led to the detection 

of a protective effect between LVEF and FS, and rare variants enrichment in the ABCC5 gene in 

survivors treated according to the high-risk protocols. Several variants were previously identified 

as predictors of anthracycline-induced cardiotoxicity in the ABCC subfamily65,67,68,100, in 

particular, the ABCC5 rs7627754 TT genotype, was linked  to significant reductions in EF and FS 

in survivors of childhood ALL23. 

5.5.1.4. Hydroxylation: Two Electron Reduction (CBR1, AKRC1) 

We observed the higher risk of toxicity for the rare CBR1 rs2835266 polymorphism in SR patients, 

which was the only risk-increasing effect identified in our study. This finding corresponds to the 

previously reported modifying effect of CBR common genotypes (CBR3 V244M) that was 

restricted only to low- to moderate-dose anthracycline regimens61.  

The CBR1 gene is located adjacent to the related CBR3 gene which encodes for a homolog with 

supposedly similar catalytic properties101. The polymorphisms in CBR genes have been 

investigated in several research studies and have been shown to affect the catalytic activity  for 

anthracyclines61,102. Besides, the importance of the CBR1 gene in doxorubicin reduction has been 

demonstrated in animal models,  in which the inactivation of one Cbr1 allele protected murine 

cardiac tissue from the damage caused by doxorubicin103. Interindividual differences in the 

expression and activity of  CBR1 could be responsible for the variability of the reduction of 

doxorubicin and the formation of its metabolites in cancer patients. Moreover, the generation of 

anthracycline alcohol metabolites does not seem to be dependent on anthracycline dose. In the 

cases of high anthracycline doses, cardiotoxicity is mainly mediated by oxidative stress caused by 

an excess of unmetabolized anthracyclines61 and is thus independent from anthracycline alcohol 

metabolites, which might explain the effect of CBR1 variants seen in SR patients. 
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We also discovered an association between LVEF 2D and rare variants in the AKR1C3 genes in 

standard-risk patients. The encoded enzyme is one of the main anthracycline-reducing cytosolic 

enzymes but may also play an important regulatory role in cell proliferation and 

differentiation104,105. Several AKR1C3 variants, which alter the enzymatic activity, have been 

identified, in particular variants A106T, R170C, and P180S significantly reduced doxorubicin 

metabolism compared with the wild-type enzymes74. The protective effect of the AKR1C3 gene 

variants identified in our study could be linked to reduced activity of the enzyme, a functional 

study is nevertheless needed to confirm this suggestion. 

5.5.2. Variants detected through exome-wide analyses 

5.5.2.1. NOD-like receptors (NOD2) 

To further address the role of the genetic component in long-term chemotherapy-related 

cardiotoxicity we have used a hypothesis-free approach and detected an association between 

LVEF M-Mode and rare variants enrichment in the NOD2 (Nucleotide Binding Oligomerization 

Domain Containing 2, also designated as CARD15) gene. NOD-like receptors play an important 

role in the innate immune response106. Current evidence has established a relationship between 

the immune response and cardiovascular disease38,76,106-111. In particular, several recent studies in 

the murine model have shown that NOD2 is one of the critical components of a signal transduction 

pathway that connects heart damage through exacerbation of inflammation 106. Moreover, NOD2 

is involved in the expansion of the lipid-rich necrotic core and promotes vascular inflammation in 

atherosclerosis in hypercholesterolemic mice107; NOD2 also debilitates cardiac hypertrophy and 

fibrosis (via regulation, among others, of  MAPKs, and NF-κB, pathways)108. Genetic association 

studies of inflammation and immune response in the pathogenesis of atherosclerosis confirmed 

indeed that common polymorphisms in the NOD2 gene may influence the risk of developing 

clinically evident coronary artery disease76. 
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5.5.2.2. Zinc-finger proteins (ZNF267) 

Another signal that reached an exome-wide significance level of association was detected within  

ZNF267 (Zinc Finger Protein 267 also known as human zinc finger 2 or HZF2) locus, suggesting 

a link between rare variants and higher values of FS. ZNF267  belongs to the Kruppel-like (KLF) 

family of  DNA binding transcription factors that are major regulators of tissue homeostasis112. In 

recent years, KLFs have been studied in the context of cardiovascular health and disease, and their 

critical function in cardiomyocyte remodeling has been proposed 112. In particular, KLFs are 

involved in myocyte enlargement, fibrosis and changes in myocardial energy metabolism, and the 

pathogenesis of cardiac hypertrophy112. ZNF267 mRNA is up-regulated in response to the nitric 

oxide treatment in venous endothelial cells113, whereas, studies of chronic liver disease, showed 

that ROS formation also increases ZNF267 mRNA expression114.  Although the potential 

implication of the ZNF267 gene in the oxidative stress response warrants further investigation, its 

role in chemotherapy-induced cardiotoxicity remains unknown. 

  



 

166 

5.6. CONCLUDING REMARKS 

Special attention is currently paid to the contribution of rare and low-frequency variants to human 

traits and diseases. Furthermore, they could contribute significantly to the understanding of the 

role of the genetic component on the pathophysiology of cardiotoxicity induced by 

chemotherapy115. 

While several candidate genes and GWAS have reported the input of common genetic variants, 

the knowledge about the contribution of rare variants remains limited. In this study, using WES 

data and two complementary approaches of the genetic association studies, we demonstrated the 

contribution of rare genetic variants on long-term treatment-related cardiotoxicity in childhood 

ALL survivors. 

We acknowledge that our study has certain limitations. For example, the limited sample size may 

affect the accuracy of the results, particularly in the context of the stratified analysis and different 

candidate gene groups. The association results obtained for rare variants should be taken with 

caution given their low number. None of the associations detected in the PETALE cohort were 

replicated in the SJLIFE cohort. This could be explained by several reasons. First of all, despite 

the application of similar inclusion/exclusion criteria and use of similar outcomes between the 

two cohorts, it is possible that small sample sizes in both cohorts, differences in treatment 

protocols (for example, in SJLIFE patients were not treated with dexrazoxane, and only 30% were 

treated with doxorubicin compared to 100% of PETALE participants) and/or time of ALL 

diagnosis116 contributed to the observed discrepancies. Likewise, in some cases, only a limited 

number of discovery rare variants within a locus of interest, particularly those with extremely low 

minor allele frequencies, passed quality control and were not monomorphic in SJLIFE and were 

thus evaluable for replication. Nevertheless, we can not disregard the possibility that some of the 

associations observed in the discovery cohort could have been obtained by chance.  
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It is worth noting that even though identified genetic markers were not validated in the SJLIFE 

cohort, some of these loci have already been associated with treatment-related cardiotoxicity 

whereas others have been shown to play an important role in cardiovascular biology, suggesting 

that the current findings provide nevertheless further evidence of genetic contribution to the 

treatment-related cardiovascular outcomes in ALL patients. The identification of genetic markers 

associated with high or low risk of treatment-related cardiac complications (together with other 

known risk factors)117, could enable their mitigation through individualized treatment adaptation, 

targeted therapies118,119 or  development of new prevention, intervention, and follow-up strategies. 
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5.7. SUMMARY POINTS 

An important number of survivors of childhood acute lymphoblastic leukemia (ALL) suffer from 

treatment-related late adverse effects, with cardiovascular complications being one of the leading 
causes of treatment-related morbidity and mortality.  
 
Significant associations derived through the candidate gene approach were detected among 

common variants rs72648998, rs3829747, and rs2303838 in the titin (TTN) gene, left ventricle 
ejection fraction (LVEF p≤0.0005), and fractional shortening (FS p≤0.001).  
 
Rare variants enrichment in the NOS1 and ABCG2 of doxorubicin pathway (p=0.001 and p=0.003) 

was observed in relation to LVEF, whereas the exome-wide approach detected contribution of 
rare variants in NOD2 to LVEF (p=2x10-6), and in NOD2 and ZNF267 genes to FS (p=1.4x10-6 
and p=3.5x10-6, respectively).  

 

Following stratification according to risk groups, the modulatory effect of rare variants was also 
found in the candidate CBR1, ABCC5, ABCG2, and AKR1C3 genes (p≤0.007).  

 
The association with common TTN variants in the independent St. Jude Lifetime Cohort (SJLIFE) 
was not significant.  
 

Among 46 associated rare variants, 8 non-monomorphic rare variants were identified in SJLIFE 
and passed quality control but were not replicated. 
 
Current findings may help to understand the influence of genetic factors on long-term treatment-

related cardiovascular complications enabling their mitigation through individualized treatment 
approaches and preventive strategies. 
 
Further studies are needed to confirm whether the described genetic markers may be useful in 

identifying patients at increased risk of these complications. 
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5.8. LIST OF ABBREVIATIONS  

ALL: Acute lymphoblastic leukemia 

PETALE: Prévenir les Effets tardifs des Traitements de la leucémie Aiguë Lymphoblastique chez 
l’Enfant 
SJUHC: Sainte-Justine University Health Center 
DFCI: Dana-Faber Cancer Institute 

LVEF M-MODE: Left Ventricular Ejection Fraction (M-mode; Teichholz) 
LVEF 2D (Simpson): Left ventricular ejection fraction method of discs biplane (decimal) 
LVFS M-MODE: Left ventricular fractional shortening (M-mode, decimal) 
SNV: Single nucleotide variation  

MAF: Minor allele frequency 
SKAT-O test: Optimal Sequence Kernel Association Test 
FDR: False discovery rate 
SR: standard risk 

HR: high risk 
GWAS: Genome-wide association study 
SJLIFE: St-Jude Lifetime Cohort Study 
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5.10. TABLES AND FIGURES 

5.10.1. Table 1. PETALE cohort: patient demographics and clinical characteristics, N=233.  

  N % 

Sex 

Males 114 48.9 

Females 119 51.1 

Prognostic risk group 

Standard risk 106 45.5 

High risk* 127 54.5 

DFCI protocol 

(87-01) 18 7.73 

(91-01) 47 20.17 

(95-01) 68 29.18 

(00-01) 74 31.76 

(05-01) 26 11.16 

Age at diagnosis - median (range) 

4 (0-18) 

Time since the end of treatment 

10 or more years  174 74.7 

Less than 10 years 59 25.3 

Median  Min Max 

13 3 24 

Dexrazoxane treatment in High-risk patients  

Yes 68 53.5 

No 59 46.5 

Dexrazoxane cumulative dose (mg/m2) 
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Median Max Min 

2961.9 3706.2 1433.8 

Doxorubicin cumulative dose (mg/m2) 

Median Max Min 

209.3 472.9 41.3 

Continuous outcomes 

 Mean Median Max Min 

FS 35.13 35.09 46.3 24 

LVEF M-Mode (%)                                       60.05 59.87 77.3 47 

LVEF 2D (%)                             55.96 55.89 66.8 39 

LVEDD (mm) z-score 0.649 0.675 4.28 -1.83 

 

DFCI: Dana-Farber Cancer Institute; FS: fractional shortening; LVEF: left 

ventricular ejection fraction; LVEDD: Left Ventricular End Diastolic Diameter. 

*Criteria for High-risk stratification were mainly attributed based on age, white 

blood cell count, immunophenotype (presence of T-cell markers) and combination 

of these factors; as well as central nervous system (CNS) status and Minimal residual 

disease at diagnosis. 
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5.10.2. Table 2. Top-ranking associations of the common variants’ analysis, all cohort, N=233.   

a. Associations detected between LVEF M-mode (%) and SNVs in the TTN gene. 

 

Outcome  
SNVs 

tested 
Position 
(hg19) 

P 
value 

FDR* 
Genotype 

Genetic model 

CC/ 

CT+TT 
Mean SD 

Beta** 
[CI, 

0.95]  CC/CT/TT 

LVEF       

M-Mode 
(%) 

rs72648998 chr2:179575511 0.0003 0.011 207/19/3 207/22 
59.6/ 
64.4 

5.6/ 
5.8 

4.78 
[2.3-
7.3] 

rs3829747 chr2:179397561 0.0003 0.011 181/40/8 181/48 
59.4/ 
62.7 

5.6/ 
5.9 

3.33 
[1.5-
5.2] 

rs2303838 chr2:179444939 0.0005 0.014 161/55/11 161/66 
59.3/ 
61.9 

5.6/ 
6.1 

2.59 
[0.9-
4.2] 

 

b.  Associations detected between FS M-mode (%) and SNVs in the TTN gene. 
 

Outcome  
SNVs 

tested 
Position 
(hg19) 

P 
value 

FDR* 
Genotype 

Genetic model 

CC/ 
CT+TT 

Mean SD 
Beta** 

[CI, 
0.95]  CC/CT/TT 

FS            

M-Mode 
(%) 

rs72648998 chr2:179575511 0.0002 0.014 207/19/3 207/22 
34.8/ 
38.1 

3.9/ 
4.1 

3.35 
[1.6-
5.1] 

rs3829747 chr2:179397561 0.0004 0.014 181/40/8 181/48 
34.7/ 
37.0 

3.9/ 
4.1 

2.34 
[1.1-
3.6] 

rs2303838 chr2:179444939 0.001 0.03 161/55/11 161/66 
34.7/ 
36.3 

3.9/ 
4.3 

1.68 
[0.5-
2.8] 

 

 

SNV: single nucleotide variation; LVEF: Left ventricular ejection fraction; TTN: titin; FDR: false discovery rate; SD: 

standard deviation; FS: fractional shortening; OR: odds ratio; CI: confidence interval. 
* All associations have FDR-BH (Benjamini-Hochberg false discovery rate) lower than 5%. Additionally, all 

associations have p value lower than 0.0006, except rs2303838 in relation to FS, which is Bonferroni cut-off value 

for the number of variants tested through the candidate gene approach.  

**Unstandardized beta coefficient was obtained through the linear regression using the dominant genetic model. 
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5.10.3. Table 3. Multiple linear regression models including non-genetic covariates, TTN gene. 

 

a. LVEF M-mode (%), all cohort, N=233. 

 

SNV TEST BETA L95 U95 P 

rs72648998 

TTN 0.24 0.12 0.37 0.0002 

Age at diagnosis 0.10 -0.04 0.24 0.1669 

Time end treatment 0.26 -0.10 0.63 0.1616 

Sex 0.02 -0.10 0.15 0.7182 

Protocol 0.36 -0.02 0.73 0.0637 

Risk-treatment* -0.17 -0.32 -0.03 0.0213 

 

b. FS M-mode (%), all cohort, N=233. 

SNV TEST BETA L95 U95 P 

rs72648998 

TTN 0.24 0.11 0.36 0.0003 

Age at diagnosis 0.09 -0.05 0.23 0.1957 

Time end treatment 0.05 -0.32 0.43 0.7747 

Sex 0.05 -0.08 0.17 0.4598 

Protocol 0.07 -0.31 0.45 0.7085 

Risk-treatment* -0.18 -0.33 -0.03 0.0162 
 

LVEF: left ventricular ejection fraction; SNV: single nucleotide variation; FS: fractional 

shortening.  

TTN: titin. 

Due to the partial linkage disequilibrium between reported TTN variants, their association with 

LVEF M-mode is not independent, however it is independent from the effect of several non-

genetic covariables. The results for the variant with the strongest effect are presented in the table.   

* This variable is combined based on risk category and dexrazoxane treatment, as defined in 
methodology (categorical variable). 
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5.10.4. Table 4. Top-ranking associations of the rare variants of doxorubicin pathway identified 

through SKAT-O test.   

Outcome 

All cohort N=233 

Gene 
SNVs* 

P 
value 
SKAT-
O** 

Collapsed variants*** 

Genotype 
11/12/22 

11/     
12+22 

Mean SD P value 
position rs number 

LVEF M-
mode 

(%) 

NOS1 chr12:117768154 rs76090928 0.0013 227/4/0 227/4 
59.9/ 
71.4 

5.6/  
2.3 

0.00007 

ABCG2 chr4:89052998 rs199473672 0.0026 230/2/1 230/3 
59.9/ 
70.5 

5.7/ 
5.9 

0.002 

SR group N=106 

CBR1 chr21:37444697 rs2835266 0.0015 101/5/0 101/5 
61.0/ 
53.5 

5.6/ 
5.5 

0.005 

HR group N=127 

ABCC5 
chr3:183681203 . 

0.0008 
125/2/0 

117/10* 
59.04/ 
65.7 

5.5/ 
5.7 

0.0003 
chr3:183681255 . 119/8/0 

FS M-
mode 

(%) 

SR group N=106 

ABCG2 chr4:89052998 rs199473672 0.0027 104/1/1 104/2 
35.4/ 
43.9 

3.7/ 
3.1 

0.002 

CBR1 chr21:37444697 rs2835266 0.0037 103/5/0 101/5 
35.8/ 
31.2 

3.7/ 
4.1 

0.009 

HR group N=127 

ABCC5 
chr3:183681203 . 

0.0014 
125/2/0 

117/10* 
34.5/ 
38.4 

4.1/ 
4.1 

0.004 
chr3:183681255 . 119/8/0 

LVEF 2D 
(%) 

SR group N=106 

ABCG2 

chr4:89018670 rs45605536 

0.0019 

104/1/0 

100/4 
55.7/ 
63.4 

4.5/ 
3.4 

0.001 chr4:89052998 rs199473672 103/1/1 

chr4:89060981 . 103/1/0 

AKR1C3 
chr10:5139642 rs200981816 

0.0067 
104/1/0 

103/2 
55.9/ 
65.4 

4.5/ 
0.99 

0.003 
chr10:5141609 rs34186955 104/1/0 

 

SNV: single nucleotide variation; LVEF: left ventricular ejection fraction, HR: high risk; SR: standard risk; FS: fractional 

shortening; SD: standard deviation; MAF: minor allele frequency. 

NOS1: Nitric Oxide Synthase 1 (Neuronal); ABCG2: ATP Binding Cassette Subfamily G Member 2 (Junior Blood Group); 

CBR1: Carbonyl Reductase 1; ABCC5: ATP Binding Cassette Subfamily C Member 5; AKR1C3: Aldo-Keto Reductase 

Family 1 Member C3. 

*SNVs that are identified as the most important contributors to the association signal are presented. 

** P value refers to the gene-level analysis with the SKAT-O test as reported in Supplemental table 2. 

***Collapsed variants, carriers of at least one of the rare variants were counted as carriers in the model. 
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5.10.5. Table 5. Top-ranking associations of the rare variants identified through SKAT-O test in the 

exome-wide association study.   

Outcome 

All cohort N=233 

Gene 
SNVs* 

P value 
SKAT-
O** 

Collapsed variants*** 

Genotype 
11/12/22 

11/     
12+22 

Mean SD P value 
position rs number 

FS M-
mode 

(%) 

NOD2 

chr16:50745114  rs104895431 

1.39x10-6 

228/3/0 

215/7* 
34.9/ 
43.6 

3.8/ 
3.1 

7.6x10-9 
chr16:50746086 rs61747625 224/3/0 

chr16:50746100 rs3813758 226/1/0 

chr16:50746199 rs104895444 229/2/0 

ZNF267 

chr16:31926312 . 

3.51x10-6 

232/1/0 

216/7* 
34.8/ 
41.9 

3.8/  
4.3 

2x10-6 chr16:31927308 rs118056264 227/5/0 

chr16:32077452 . 226/1/0 

LVEF M-
mode 

(%) 
NOD2 

chr16:50745114 rs104895431 

2x10-6 

228/3/0 

215/7* 
59.7/ 
72.4 

5.4/ 
3.5 

3.6x10-9 
chr16:50746086 rs61747625 224/3/0 

chr16:50746100 rs3813758 226/1/0 

chr16:50746199 rs104895444 239/2/0 

 

SNV: single nucleotide variation; LVEF: Left ventricular ejection fraction; FS: fractional shortening; SD: standard 

deviation; MAF: minor allele frequency. 

ZNF267: Zinc Finger Protein 267; NOD2: Nucleotide Binding Oligomerization Domain Containing 2. 

*SNVs that are identified as the most important contributors to the association signal are presented. 

** P value refers to the gene-level analysis with the SKAT-O test as reported in Supplemental table 4. 

***Collapsed variants, carriers of at least one of the rare variants were counted as carriers in the model. 
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Figure 1. P value distribution of all common variants tested in the entire PETALE cohort for LVEF 

M-Mode (%) represented as a Manhattan plot. 

Manhattan plot was created to display the statistical significance between all common genetic 
variants used in the candidate gene association study (data combined from three candidate genes 
datasets) and LVEF M-Mode (%) outcome and ranked according to their associated P value.  

TTN: titin; LVEF: Left ventricular ejection fraction. 
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5.12. SUPPLEMENTAL MATERIAL 

 

5.12.1. Supplemental Table 1. Complete list of candidate genes and SNVs. 

Common variants 
Cardiovascular function data set 

Gene SNV position 
MAF 

(PETALE 
cohort) 

BAG3 chr10:121436286-121436286 0.085 

CACNB2 chr10:18828635-18828635 0.157 

COX15 chr10:101473218-101473218 0.115 

CRYAB chr11:111781047-111781047 0.295 

DSG2 chr18:29104714-29104714 0.070 

DSG2 chr18:29122618-29122618 0.075 

EYA4 chr6:133789728-133789728 0.375 

FKTN chr9:108366734-108366734 0.292 

JAG1 chr20:10628721-10628721 0.085 

JAG1 chr20:10622501-10622501 0.066 

JPH2 chr20:42747247-42747247 0.129 

KCNH2 chr7:150645534-150645534 0.236 

LAMA4 chr6:112522852-112522852 0.057 

LAMA4 chr6:112457383-112457383 0.275 

LMNA chr1:156096387-156096387 0.057 

LMNA chr1:156099669-156099669 0.090 

MYBPC3 chr11:47371598-47371598 0.082 

MYH6 chr14:23859610-23859610 0.133 

MYH6 chr14:23876267-23876267 0.129 

MYOM1 chr18:3188976-3188976 0.465 

MYOM1 chr18:3086065-3086065 0.056 

MYPN chr10:69934258-69934258 0.466 

MYPN chr10:69959242-69959242 0.447 

NDUFAF1 chr15:41679685-41679685 0.178 

NEBL chr10:21139389-21139389 0.097 

NEXN chr1:78392446-78392446 0.113 

SGCD chr5:155935708-155935708 0.072 

SYNE1 chr6:152453291-152453291 0.087 

SYNE1 chr6:152772264-152772264 0.439 

SYNE1 chr6:152443744-152443744 0.122 

TBX1 chr22:19766782-19766782 0.206 

TBX5 chr12:114793240-114793240 0.322 

TMPO chr12:98927830-98927830 0.093 

TTN chr2:179397561-179397561 0.125 
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TTN chr2:179444939-179444939 0.172 

TTN chr2:179575511-179575511 0.054 

TTN chr2:179558366-179558366 0.234 

TTN chr2:179464527-179464527 0.233 

TTN chr2:179650408-179650408 0.252 

TTN chr2:179659912-179659912 0.057 

TTN chr2:179582537-179582537 0.210 

TTN chr2:179644855-179644855 0.136 

TTN chr2:179498042-179498042 0.104 

TTN chr2:179554305-179554305 0.351 

TTN chr2:179542464-179542464 0.063 

TTN chr2:179439880-179439880 0.059 

TTN chr2:179406294-179406294 0.084 

TTN chr2:179432185-179432185 0.294 

TTN chr2:179590256-179590256 0.087 

TTN chr2:179606538-179606538 0.071 

TXNRD2 chr22:19907099-19907099 0.398 

Doxorubicin pathway data set 

ABCB1 chr7:87160618-87160618 0.400 

ABCB5 chr7:20687604-20687604 0.129 

ABCB5 chr7:20691047-20691047 0.210 

ABCB8 chr7:150732812-150732812 0.051 

ABCC1 chr16:16173232-16173232 0.064 

ABCC2 chr10:101553324-101553324 0.091 

ABCC3 chr17:48761053-48761053 0.062 

ABCC3 chr17:48712711-48712711 0.364 

ABCC4 chr13:95859035-95859035 0.057 

CBR1 chr21:37444120-37444120 0.128 

CBR3 chr21:37518706-37518706 0.341 

ERBB2 chr17:37884037-37884037 0.400 

NOS2 chr17:26096597-26096597 0.182 

NQO1 chr16:69748869-69748869 0.066 

NQO1 chr16:69745145-69745145 0.172 

SLC22A16 chr6:110763875-110763875 0.087 

Mitochondrion function data set 

COX17 chr3:119395799-119395799 0.285 

CRTC1 chr19:18876309-18876309 0.135 

NCOA3 chr20:46264888-46264888 0.104 

NCOA3 chr20:46256424-46256424 0.053 

NDUFA10 chr2:240946766-240946766 0.364 

NDUFA10 chr2:240923050-240923050 0.425 

NDUFA11 chr19:5893058-5893058 0.091 

NDUFA11 chr19:5892954-5892954 0.346 



 

188 

NDUFA6 chr22:42486723-42486723 0.317 

NDUFS2 chr1:161182208-161182208 0.102 

NDUFV2 chr18:9122611-9122611 0.053 

NDUFV3 chr21:44324365-44324365 0.447 

SIRT3 chr11:236091-236091 0.105 
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Rare variants 

 Cardiovascular function data set 

Gene SNV position 

MAF 
(PETALE 
cohort) 

ABCC9 chr12:22005346-22005346 0.002 

ABCC9 chr12:22040812-22040812 0.004 

ABCC9 chr12:22063777-22063777 0.002 

ABCC9 chr12:22078391-22078391 0.003 

ACTN2 chr1:236907958-236907958 0.002 

ACTN2 chr1:236908011-236908011 0.006 

ACTN2 chr1:236917271-236917271 0.006 

AKAP9 chr7:91603056-91603056 0.002 

AKAP9 chr7:91622199-91622199 0.002 

AKAP9 chr7:91631177-91631177 0.002 

AKAP9 chr7:91659251-91659251 0.004 

AKAP9 chr7:91670154-91670154 0.002 

AKAP9 chr7:91672039-91672039 0.002 

AKAP9 chr7:91674339-91674339 0.002 

AKAP9 chr7:91674405-91674405 0.002 

AKAP9 chr7:91682142-91682142 0.004 

AKAP9 chr7:91690677-91690677 0.002 

AKAP9 chr7:91694604-91694604 0.002 

AKAP9 chr7:91695782-91695782 0.004 

AKAP9 chr7:91708459-91708459 0.002 

AKAP9 chr7:91714884-91714884 0.002 

AKAP9 chr7:91714925-91714925 0.002 

AKAP9 chr7:91726475-91726475 0.004 

AKAP9 chr7:91726481-91726481 0.038 

AKAP9 chr7:91726527-91726527 0.002 

AKAP9 chr7:91731917-91731917 0.002 

AKAP9 chr7:91737827-91737827 0.002 

ANK2 chr4:114067061-114067061 0.003 

ANK2 chr4:114171003-114171003 0.017 

ANK2 chr4:114203904-114203904 0.002 

ANK2 chr4:114203975-114203975 0.002 

ANK2 chr4:114251586-114251586 0.006 

ANK2 chr4:114264279-114264279 0.004 

ANK2 chr4:114267122-114267122 0.002 
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ANK2 chr4:114274210-114274210 0.002 

ANK2 chr4:114274366-114274366 0.002 

ANK2 chr4:114274428-114274428 0.002 

ANK2 chr4:114275548-114275548 0.013 

ANK2 chr4:114275802-114275802 0.004 

ANK2 chr4:114275980-114275980 0.002 

ANK2 chr4:114276520-114276520 0.002 

ANK2 chr4:114279057-114279057 0.002 

ANK2 chr4:114279058-114279058 0.002 

ANK2 chr4:114279628-114279628 0.011 

ANK2 chr4:114279674-114279674 0.034 

ANK2 chr4:114288920-114288920 0.004 

ANK2 chr4:114293725-114293725 0.010 

ANK2 chr4:114294462-114294462 0.011 

ANK2 chr4:114294537-114294537 0.002 

ANKRD1 chr10:92675322-92675322 0.004 

ANKRD1 chr10:92675343-92675343 0.008 

ANKRD1 chr10:92675944-92675944 0.002 

ANKRD1 chr10:92678728-92678728 0.002 

CACNA1C chr12:2224449-2224449 0.004 

CACNA1C chr12:2602367-2602367 0.002 

CACNA1C chr12:2602428-2602428 0.004 

CACNA1C chr12:2694651-2694651 0.002 

CACNA1C chr12:2702450-2702450 0.009 

CACNA1C chr12:2702451-2702451 0.009 

CACNA1C chr12:2705099-2705099 0.002 

CACNA1C chr12:2711126-2711126 0.002 

CACNA1C chr12:2743475-2743475 0.002 

CACNA1C chr12:2788733-2788733 0.007 

CACNA1C chr12:2795368-2795368 0.004 

CACNA2D1 chr7:81591256-81591256 0.002 

CACNA2D1 chr7:81596943-81596943 0.004 

CACNA2D1 chr7:81598203-81598203 0.002 

CACNA2D1 chr7:81635140-81635140 0.004 

CACNA2D1 chr7:81679904-81679904 0.002 

CACNA2D1 chr7:81689805-81689805 0.002 

CACNB2 chr10:18823110-18823110 0.004 

CACNB2 chr10:18828181-18828181 0.004 

CACNB2 chr10:18828309-18828309 0.002 

CACNB2 chr10:18828486-18828486 0.034 
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CACNB2 chr10:18828598-18828598 0.011 

CASQ2 chr1:116247824-116247824 0.002 

CASQ2 chr1:116310934-116310934 0.002 

CASQ2 chr1:116310937-116310937 0.006 

COX15 chr10:101478161-101478161 0.002 

COX15 chr10:101478205-101478205 0.015 

COX15 chr10:101480780-101480780 0.004 

COX15 chr10:101486775-101486775 0.002 

COX15 chr10:101491735-101491735 0.004 

CSRP3 chr11:19204274-19204274 0.004 

CSRP3 chr11:19204275-19204275 0.004 

CSRP3 chr11:19213980-19213980 0.002 

CSRP3 chr11:19213986-19213986 0.006 

DES chr2:220284873-220284873 0.002 

DES chr2:220284876-220284876 0.015 

DES chr2:220284998-220284998 0.002 

DES chr2:220285637-220285637 0.002 

DES chr2:220290449-220290449 0.002 

DSG2 chr18:29099844-29099844 0.002 

DSG2 chr18:29099850-29099850 0.002 

DSG2 chr18:29101156-29101156 0.006 

DSG2 chr18:29104840-29104840 0.002 

DSP chr6:7558439-7558439 0.002 

DSP chr6:7565727-7565727 0.029 

DSP chr6:7576619-7576619 0.002 

DSP chr6:7580126-7580126 0.002 

DSP chr6:7580958-7580958 0.044 

DSP chr6:7581032-7581032 0.011 

DSP chr6:7581546-7581546 0.034 

DSP chr6:7581641-7581641 0.002 

DSP chr6:7581774-7581774 0.004 

DSP chr6:7582993-7582993 0.013 

DSP chr6:7583703-7583703 0.017 

DSP chr6:7584376-7584376 0.002 

DSP chr6:7584708-7584708 0.002 

DSP chr6:7585411-7585411 0.002 

DSP chr6:7585419-7585419 0.004 

DSP chr6:7585489-7585489 0.004 

DSP chr6:7585804-7585804 0.002 

DTNA chr18:32374109-32374109 0.002 
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DTNA chr18:32400878-32400878 0.002 

DTNA chr18:32407586-32407586 0.002 

DTNA chr18:32418088-32418088 0.002 

DTNA chr18:32418749-32418749 0.004 

DTNA chr18:32418752-32418752 0.006 

DTNA chr18:32455297-32455297 0.002 

DTNA chr18:32459599-32459599 0.006 

DTNA chr18:32459679-32459679 0.004 

DTNA chr18:32462088-32462088 0.002 

EYA4 chr6:133785956-133785956 0.036 

EYA4 chr6:133789765-133789765 0.004 

EYA4 chr6:133833868-133833868 0.002 

FKTN chr9:108363426-108363426 0.031 

FKTN chr9:108366499-108366499 0.019 

FKTN chr9:108397495-108397495 0.017 

FKTN chr9:108397496-108397496 0.002 

GAA chr17:78078656-78078656 0.038 

GAA chr17:78078846-78078846 0.002 

GAA chr17:78081504-78081504 0.002 

GAA chr17:78084553-78084553 0.002 

GAA chr17:78085871-78085871 0.004 

GAA chr17:78086777-78086777 0.005 

GAA chr17:78092031-78092031 0.002 

GAA chr17:78092585-78092585 0.004 

GATA4 chr8:11615875-11615875 0.002 

GATA4 chr8:11615928-11615928 0.002 

GATA4 chr8:11615936-11615936 0.002 

GATA4 chr8:11615955-11615955 0.002 

HCN4 chr15:73614857-73614857 0.005 

HCN4 chr15:73616505-73616505 0.002 

HCN4 chr15:73616506-73616506 0.002 

HCN4 chr15:73616507-73616507 0.002 

HCN4 chr15:73622035-73622035 0.004 

JAG1 chr20:10625561-10625561 0.002 

JAG1 chr20:10625592-10625592 0.015 

JAG1 chr20:10629711-10629711 0.004 

JAG1 chr20:10639244-10639244 0.002 

JPH2 chr20:42815290-42815290 0.002 

JPH2 chr20:42815294-42815294 0.004 

JPH2 chr20:42815301-42815301 0.006 
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JUP chr17:39914695-39914695 0.002 

JUP chr17:39915108-39915108 0.004 

JUP chr17:39921270-39921270 0.006 

JUP chr17:39925713-39925713 0.030 

JUP chr17:39927995-39927995 0.006 

KCNA5 chr12:5153825-5153825 0.002 

KCNA5 chr12:5154058-5154058 0.006 

KCNA5 chr12:5154064-5154064 0.006 

KCNA5 chr12:5154437-5154437 0.006 

KCNA5 chr12:5154747-5154747 0.004 

KCNE2 chr21:35742799-35742799 0.011 

KCNE2 chr21:35742814-35742814 0.004 

KCNE2 chr21:35742955-35742955 0.002 

KCNH2 chr7:150645550-150645550 0.002 

KCNH2 chr7:150648643-150648643 0.002 

KCNH2 chr7:150648644-150648644 0.002 

KCNH2 chr7:150649923-150649923 0.002 

KCNJ5 chr11:128781289-128781289 0.002 

KCNJ5 chr11:128781805-128781805 0.002 

KCNJ5 chr11:128786525-128786525 0.002 

LAMA4 chr6:112430719-112430719 0.004 

LAMA4 chr6:112430720-112430720 0.004 

LAMA4 chr6:112438956-112438956 0.002 

LAMA4 chr6:112439053-112439053 0.004 

LAMA4 chr6:112441506-112441506 0.002 

LAMA4 chr6:112453998-112453998 0.008 

LAMA4 chr6:112460365-112460365 0.025 

LAMA4 chr6:112460461-112460461 0.004 

LAMA4 chr6:112476135-112476135 0.002 

LAMA4 chr6:112496640-112496640 0.004 

LAMA4 chr6:112496641-112496641 0.004 

LAMA4 chr6:112506487-112506487 0.002 

LAMA4 chr6:112508770-112508770 0.004 

LDB3 chr10:88428502-88428502 0.002 

LDB3 chr10:88439193-88439193 0.002 

LDB3 chr10:88441539-88441539 0.002 

LDB3 chr10:88451715-88451715 0.002 

LDB3 chr10:88466320-88466320 0.002 

LDB3 chr10:88469801-88469801 0.002 

LDB3 chr10:88476354-88476354 0.002 
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LDB3 chr10:88476387-88476387 0.002 

LDB3 chr10:88485932-88485932 0.002 

MYBPC3 chr11:47354367-47354367 0.002 

MYBPC3 chr11:47357481-47357481 0.002 

MYBPC3 chr11:47357511-47357511 0.002 

MYBPC3 chr11:47359273-47359273 0.002 

MYBPC3 chr11:47367848-47367848 0.002 

MYH6 chr14:23851683-23851683 0.002 

MYH6 chr14:23852473-23852473 0.004 

MYH6 chr14:23853925-23853925 0.002 

MYH6 chr14:23857474-23857474 0.002 

MYH6 chr14:23858697-23858697 0.011 

MYH6 chr14:23862646-23862646 0.004 

MYH6 chr14:23863351-23863351 0.002 

MYH6 chr14:23865523-23865523 0.002 

MYH6 chr14:23865624-23865624 0.004 

MYH6 chr14:23868072-23868072 0.004 

MYH6 chr14:23874459-23874459 0.004 

MYH6 chr14:23876339-23876339 0.011 

MYH7 chr14:23886375-23886375 0.036 

MYH7 chr14:23886409-23886409 0.019 

MYH7 chr14:23886470-23886470 0.002 

MYH7 chr14:23890168-23890168 0.002 

MYH7 chr14:23890169-23890169 0.005 

MYH7 chr14:23894192-23894192 0.002 

MYH7 chr14:23894196-23894196 0.011 

MYH7 chr14:23896053-23896053 0.004 

MYH7 chr14:23896932-23896932 0.017 

MYH7 chr14:23900998-23900998 0.002 

MYH7 chr14:23902385-23902385 0.002 

MYH7 chr14:23902802-23902802 0.002 

MYH7 chr14:23902818-23902818 0.004 

MYL2 chr12:111348976-111348976 0.004 

MYL2 chr12:111356937-111356937 0.006 

MYL2 chr12:111356938-111356938 0.013 

MYL2 chr12:111356947-111356947 0.006 

MYLK2 chr20:30407962-30407962 0.002 

MYLK2 chr20:30408306-30408306 0.016 

MYLK2 chr20:30414706-30414706 0.004 

MYLK2 chr20:30419886-30419886 0.002 
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MYLK2 chr20:30419932-30419932 0.002 

MYOM1 chr18:3071878-3071878 0.002 

MYOM1 chr18:3135569-3135569 0.002 

MYOM1 chr18:3135644-3135644 0.002 

MYOM1 chr18:3135692-3135692 0.004 

MYOM1 chr18:3141984-3141984 0.002 

MYOM1 chr18:3151736-3151736 0.002 

MYOM1 chr18:3151799-3151799 0.002 

MYOM1 chr18:3154949-3154949 0.004 

MYOM1 chr18:3155022-3155022 0.002 

MYOM1 chr18:3174118-3174118 0.002 

MYOM1 chr18:3188778-3188778 0.004 

MYOM1 chr18:3188873-3188873 0.048 

MYOM1 chr18:3193928-3193928 0.011 

MYOM1 chr18:3193931-3193931 0.026 

MYOM1 chr18:3193932-3193932 0.026 

MYOM1 chr18:3215126-3215126 0.004 

MYPN chr10:69905278-69905278 0.002 

MYPN chr10:69905283-69905283 0.002 

MYPN chr10:69934259-69934259 0.040 

MYPN chr10:69957185-69957185 0.002 

NDUFAF1 chr15:41679701-41679701 0.002 

NDUFAF1 chr15:41688732-41688732 0.031 

NDUFAF1 chr15:41688890-41688890 0.002 

NEBL chr10:21097546-21097546 0.006 

NEBL chr10:21101809-21101809 0.002 

NEBL chr10:21157621-21157621 0.002 

NEBL chr10:21178852-21178852 0.004 

NEBL chr10:21309081-21309081 0.002 

NEBL chr10:21358886-21358886 0.005 

NEBL chr10:21461352-21461352 0.008 

NEBL chr10:21461353-21461353 0.008 

NEBL chr10:21461354-21461354 0.008 

NEXN chr1:78383296-78383296 0.002 

NEXN chr1:78383297-78383297 0.002 

NEXN chr1:78401514-78401514 0.006 

NEXN chr1:78401632-78401632 0.002 

NEXN chr1:78401664-78401664 0.002 

NEXN chr1:78408491-78408491 0.002 

PDLIM3 chr4:186427735-186427735 0.023 
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PDLIM3 chr4:186435461-186435461 0.004 

PDLIM3 chr4:186435476-186435476 0.011 

PDLIM3 chr4:186435906-186435906 0.002 

PDLIM3 chr4:186435975-186435975 0.002 

PKP2 chr12:32945612-32945612 0.002 

PKP2 chr12:32955415-32955415 0.034 

PKP2 chr12:32975454-32975454 0.002 

PKP2 chr12:32977026-32977026 0.006 

PKP2 chr12:33031395-33031395 0.002 

PRKAG2 chr7:151262467-151262467 0.002 

PRKAG2 chr7:151478406-151478406 0.002 

PRKAG2 chr7:151573675-151573675 0.004 

PSEN2 chr1:227068398-227068398 0.002 

PSEN2 chr1:227071475-227071475 0.007 

PSEN2 chr1:227071518-227071518 0.002 

PSEN2 chr1:227073271-227073271 0.004 

PSEN2 chr1:227077798-227077798 0.002 

PSEN2 chr1:227079504-227079504 0.002 

RAF1 chr3:12627230-12627230 0.002 

RAF1 chr3:12632305-12632305 0.002 

RAF1 chr3:12653509-12653509 0.006 

RAF1 chr3:12660096-12660096 0.004 

RAF1 chr3:12660099-12660099 0.002 

RBM20 chr10:112540785-112540785 0.004 

RBM20 chr10:112540897-112540897 0.002 

RBM20 chr10:112541062-112541062 0.003 

RBM20 chr10:112541271-112541271 0.002 

RBM20 chr10:112541481-112541481 0.002 

RBM20 chr10:112543134-112543134 0.006 

RBM20 chr10:112544134-112544134 0.003 

RBM20 chr10:112557338-112557338 0.009 

RBM20 chr10:112583294-112583294 0.004 

RBM20 chr10:112595695-112595695 0.003 

RYR2 chr1:237659888-237659888 0.002 

RYR2 chr1:237659966-237659966 0.002 

RYR2 chr1:237664127-237664127 0.002 

RYR2 chr1:237674997-237674997 0.002 

RYR2 chr1:237711862-237711862 0.002 

RYR2 chr1:237753175-237753175 0.002 

RYR2 chr1:237754138-237754138 0.002 
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RYR2 chr1:237777706-237777706 0.002 

RYR2 chr1:237811912-237811912 0.002 

RYR2 chr1:237823367-237823367 0.002 

RYR2 chr1:237824227-237824227 0.002 

RYR2 chr1:237863717-237863717 0.004 

RYR2 chr1:237870285-237870285 0.009 

RYR2 chr1:237872268-237872268 0.004 

RYR2 chr1:237872280-237872280 0.002 

RYR2 chr1:237880510-237880510 0.004 

RYR2 chr1:237919639-237919639 0.002 

RYR2 chr1:237919642-237919642 0.006 

RYR2 chr1:237951416-237951416 0.004 

SCN5A chr3:38592174-38592174 0.004 

SCN5A chr3:38592795-38592795 0.006 

SCN5A chr3:38603922-38603922 0.002 

SCN5A chr3:38607917-38607917 0.004 

SCN5A chr3:38622478-38622478 0.002 

SCN5A chr3:38628974-38628974 0.006 

SCN5A chr3:38663951-38663951 0.002 

SOS1 chr2:39213083-39213083 0.008 

SOS1 chr2:39250011-39250011 0.006 

SOS1 chr2:39250012-39250012 0.006 

SOS1 chr2:39250104-39250104 0.006 

SOS1 chr2:39281837-39281837 0.006 

SOS1 chr2:39281948-39281948 0.002 

SOS1 chr2:39283929-39283929 0.004 

SOS1 chr2:39285912-39285912 0.013 

SOS1 chr2:39285913-39285913 0.013 

SYNE1 chr6:152454556-152454556 0.004 

SYNE1 chr6:152456292-152456292 0.002 

SYNE1 chr6:152464870-152464870 0.013 

SYNE1 chr6:152469204-152469204 0.006 

SYNE1 chr6:152469354-152469354 0.002 

SYNE1 chr6:152469432-152469432 0.002 

SYNE1 chr6:152470620-152470620 0.002 

SYNE1 chr6:152470698-152470698 0.002 

SYNE1 chr6:152472711-152472711 0.006 

SYNE1 chr6:152473212-152473212 0.002 

SYNE1 chr6:152473266-152473266 0.004 

SYNE1 chr6:152501317-152501317 0.002 
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SYNE1 chr6:152501409-152501409 0.013 

SYNE1 chr6:152501416-152501416 0.008 

SYNE1 chr6:152529141-152529141 0.004 

SYNE1 chr6:152532702-152532702 0.021 

SYNE1 chr6:152534850-152534850 0.002 

SYNE1 chr6:152536156-152536156 0.002 

SYNE1 chr6:152542681-152542681 0.002 

SYNE1 chr6:152551777-152551777 0.002 

SYNE1 chr6:152570346-152570346 0.002 

SYNE1 chr6:152583258-152583258 0.002 

SYNE1 chr6:152605279-152605279 0.002 

SYNE1 chr6:152631566-152631566 0.004 

SYNE1 chr6:152631852-152631852 0.002 

SYNE1 chr6:152642918-152642918 0.002 

SYNE1 chr6:152647746-152647746 0.002 

SYNE1 chr6:152650973-152650973 0.002 

SYNE1 chr6:152651024-152651024 0.002 

SYNE1 chr6:152651196-152651196 0.002 

SYNE1 chr6:152651557-152651557 0.002 

SYNE1 chr6:152652505-152652505 0.002 

SYNE1 chr6:152658053-152658053 0.011 

SYNE1 chr6:152658056-152658056 0.021 

SYNE1 chr6:152658062-152658062 0.024 

SYNE1 chr6:152660405-152660405 0.002 

SYNE1 chr6:152665298-152665298 0.011 

SYNE1 chr6:152665299-152665299 0.002 

SYNE1 chr6:152668211-152668211 0.015 

SYNE1 chr6:152674445-152674445 0.002 

SYNE1 chr6:152679518-152679518 0.011 

SYNE1 chr6:152683324-152683324 0.002 

SYNE1 chr6:152686067-152686067 0.004 

SYNE1 chr6:152688257-152688257 0.004 

SYNE1 chr6:152688276-152688276 0.002 

SYNE1 chr6:152690150-152690150 0.002 

SYNE1 chr6:152690199-152690199 0.002 

SYNE1 chr6:152697692-152697692 0.002 

SYNE1 chr6:152708334-152708334 0.002 

SYNE1 chr6:152712505-152712505 0.002 

SYNE1 chr6:152718102-152718102 0.002 

SYNE1 chr6:152722413-152722413 0.002 
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SYNE1 chr6:152728282-152728282 0.004 

SYNE1 chr6:152730273-152730273 0.004 

SYNE1 chr6:152757224-152757224 0.002 

SYNE1 chr6:152768726-152768726 0.002 

SYNE1 chr6:152770696-152770696 0.002 

SYNE1 chr6:152771884-152771884 0.002 

SYNE1 chr6:152771956-152771956 0.004 

SYNE1 chr6:152774626-152774626 0.004 

SYNE1 chr6:152776571-152776571 0.002 

SYNE1 chr6:152776583-152776583 0.002 

SYNE1 chr6:152779933-152779933 0.030 

SYNE1 chr6:152784601-152784601 0.002 

SYNE1 chr6:152784621-152784621 0.007 

SYNE1 chr6:152786497-152786497 0.004 

SYNE1 chr6:152786498-152786498 0.004 

SYNE1 chr6:152804227-152804227 0.002 

SYNE1 chr6:152806014-152806014 0.002 

SYNE1 chr6:152823872-152823872 0.006 

SYNE1 chr6:152826378-152826378 0.002 

SYNE1 chr6:152861132-152861132 0.002 

TMEM43 chr3:14170981-14170981 0.002 

TMEM43 chr3:14180731-14180731 0.004 

TMEM43 chr3:14183204-14183204 0.002 

TMPO chr12:98921742-98921742 0.002 

TMPO chr12:98926805-98926805 0.002 

TMPO chr12:98927272-98927272 0.006 

TMPO chr12:98927312-98927312 0.008 

TMPO chr12:98927695-98927695 0.002 

TMPO chr12:98938295-98938295 0.011 

TMPO chr12:98941467-98941467 0.002 

TTN chr2:179393111-179393111 0.039 

TTN chr2:179393691-179393691 0.004 

TTN chr2:179393859-179393859 0.022 

TTN chr2:179395508-179395508 0.002 

TTN chr2:179395554-179395554 0.009 

TTN chr2:179395555-179395555 0.009 

TTN chr2:179395560-179395560 0.037 

TTN chr2:179395573-179395573 0.011 

TTN chr2:179396162-179396162 0.030 

TTN chr2:179396320-179396320 0.004 
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TTN chr2:179396329-179396329 0.024 

TTN chr2:179396446-179396446 0.004 

TTN chr2:179396682-179396682 0.002 

TTN chr2:179396766-179396766 0.019 

TTN chr2:179396782-179396782 0.004 

TTN chr2:179396928-179396928 0.002 

TTN chr2:179396961-179396961 0.002 

TTN chr2:179396965-179396965 0.002 

TTN chr2:179397342-179397342 0.002 

TTN chr2:179398465-179398465 0.002 

TTN chr2:179398509-179398509 0.037 

TTN chr2:179398914-179398914 0.002 

TTN chr2:179398944-179398944 0.002 

TTN chr2:179399539-179399539 0.002 

TTN chr2:179399576-179399576 0.017 

TTN chr2:179399677-179399677 0.006 

TTN chr2:179399748-179399748 0.024 

TTN chr2:179399755-179399755 0.011 

TTN chr2:179400130-179400130 0.015 

TTN chr2:179400433-179400433 0.004 

TTN chr2:179400541-179400541 0.002 

TTN chr2:179400895-179400895 0.030 

TTN chr2:179401740-179401740 0.028 

TTN chr2:179401742-179401742 0.013 

TTN chr2:179403702-179403702 0.004 

TTN chr2:179403703-179403703 0.004 

TTN chr2:179403750-179403750 0.026 

TTN chr2:179404393-179404393 0.002 

TTN chr2:179404402-179404402 0.004 

TTN chr2:179404498-179404498 0.006 

TTN chr2:179404501-179404501 0.004 

TTN chr2:179404550-179404550 0.002 

TTN chr2:179404628-179404628 0.030 

TTN chr2:179404661-179404661 0.002 

TTN chr2:179404872-179404872 0.002 

TTN chr2:179406044-179406044 0.006 

TTN chr2:179406266-179406266 0.006 

TTN chr2:179407159-179407159 0.002 

TTN chr2:179407236-179407236 0.011 

TTN chr2:179407482-179407482 0.002 
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TTN chr2:179408585-179408585 0.002 

TTN chr2:179408713-179408713 0.028 

TTN chr2:179409096-179409096 0.006 

TTN chr2:179410184-179410184 0.002 

TTN chr2:179410282-179410282 0.022 

TTN chr2:179410298-179410298 0.004 

TTN chr2:179410397-179410397 0.002 

TTN chr2:179410607-179410607 0.004 

TTN chr2:179410954-179410954 0.002 

TTN chr2:179411011-179411011 0.028 

TTN chr2:179412307-179412307 0.002 

TTN chr2:179412452-179412452 0.002 

TTN chr2:179413223-179413223 0.002 

TTN chr2:179413483-179413483 0.002 

TTN chr2:179413571-179413571 0.002 

TTN chr2:179413601-179413601 0.002 

TTN chr2:179414062-179414062 0.002 

TTN chr2:179414162-179414162 0.004 

TTN chr2:179414177-179414177 0.002 

TTN chr2:179414318-179414318 0.028 

TTN chr2:179414512-179414512 0.002 

TTN chr2:179414944-179414944 0.002 

TTN chr2:179414992-179414992 0.011 

TTN chr2:179415710-179415710 0.004 

TTN chr2:179415776-179415776 0.004 

TTN chr2:179415859-179415859 0.002 

TTN chr2:179416659-179416659 0.002 

TTN chr2:179416924-179416924 0.006 

TTN chr2:179416925-179416925 0.006 

TTN chr2:179417104-179417104 0.002 

TTN chr2:179417919-179417919 0.002 

TTN chr2:179417925-179417925 0.002 

TTN chr2:179418507-179418507 0.009 

TTN chr2:179419203-179419203 0.004 

TTN chr2:179419338-179419338 0.002 

TTN chr2:179419353-179419353 0.002 

TTN chr2:179419464-179419464 0.002 

TTN chr2:179419792-179419792 0.002 

TTN chr2:179422470-179422470 0.004 

TTN chr2:179422669-179422669 0.002 
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TTN chr2:179422882-179422882 0.004 

TTN chr2:179424514-179424514 0.002 

TTN chr2:179425021-179425021 0.002 

TTN chr2:179425136-179425136 0.002 

TTN chr2:179425213-179425213 0.002 

TTN chr2:179425387-179425387 0.002 

TTN chr2:179425819-179425819 0.006 

TTN chr2:179426711-179426711 0.002 

TTN chr2:179427560-179427560 0.002 

TTN chr2:179427754-179427754 0.002 

TTN chr2:179427796-179427796 0.002 

TTN chr2:179428061-179428061 0.002 

TTN chr2:179428168-179428168 0.002 

TTN chr2:179428595-179428595 0.002 

TTN chr2:179428678-179428678 0.002 

TTN chr2:179428769-179428769 0.002 

TTN chr2:179429387-179429387 0.002 

TTN chr2:179430124-179430124 0.004 

TTN chr2:179430142-179430142 0.002 

TTN chr2:179430224-179430224 0.002 

TTN chr2:179430305-179430305 0.002 

TTN chr2:179430521-179430521 0.002 

TTN chr2:179430815-179430815 0.004 

TTN chr2:179430960-179430960 0.002 

TTN chr2:179431076-179431076 0.019 

TTN chr2:179431207-179431207 0.006 

TTN chr2:179431214-179431214 0.004 

TTN chr2:179431444-179431444 0.002 

TTN chr2:179431544-179431544 0.002 

TTN chr2:179431594-179431594 0.028 

TTN chr2:179431879-179431879 0.002 

TTN chr2:179433046-179433046 0.002 

TTN chr2:179433221-179433221 0.028 

TTN chr2:179433317-179433317 0.002 

TTN chr2:179433580-179433580 0.028 

TTN chr2:179434120-179434120 0.002 

TTN chr2:179434139-179434139 0.028 

TTN chr2:179434160-179434160 0.002 

TTN chr2:179434508-179434508 0.004 

TTN chr2:179434516-179434516 0.037 
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TTN chr2:179435027-179435027 0.002 

TTN chr2:179435250-179435250 0.004 

TTN chr2:179435887-179435887 0.002 

TTN chr2:179435964-179435964 0.002 

TTN chr2:179436320-179436320 0.002 

TTN chr2:179437034-179437034 0.004 

TTN chr2:179437255-179437255 0.002 

TTN chr2:179437928-179437928 0.006 

TTN chr2:179438390-179438390 0.002 

TTN chr2:179438528-179438528 0.002 

TTN chr2:179438560-179438560 0.002 

TTN chr2:179438866-179438866 0.026 

TTN chr2:179439154-179439154 0.002 

TTN chr2:179439491-179439491 0.002 

TTN chr2:179439710-179439710 0.011 

TTN chr2:179439823-179439823 0.006 

TTN chr2:179439877-179439877 0.022 

TTN chr2:179439884-179439884 0.013 

TTN chr2:179439974-179439974 0.002 

TTN chr2:179440163-179440163 0.006 

TTN chr2:179440885-179440885 0.002 

TTN chr2:179441119-179441119 0.002 

TTN chr2:179441295-179441295 0.004 

TTN chr2:179441513-179441513 0.004 

TTN chr2:179441917-179441917 0.002 

TTN chr2:179441932-179441932 0.011 

TTN chr2:179442198-179442198 0.002 

TTN chr2:179442825-179442825 0.002 

TTN chr2:179444768-179444768 0.002 

TTN chr2:179444915-179444915 0.002 

TTN chr2:179445129-179445129 0.002 

TTN chr2:179445189-179445189 0.002 

TTN chr2:179446381-179446381 0.015 

TTN chr2:179446764-179446764 0.002 

TTN chr2:179447787-179447787 0.002 

TTN chr2:179447927-179447927 0.002 

TTN chr2:179448393-179448393 0.002 

TTN chr2:179448493-179448493 0.002 

TTN chr2:179449131-179449131 0.030 

TTN chr2:179449186-179449186 0.006 
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TTN chr2:179452459-179452459 0.006 

TTN chr2:179452902-179452902 0.004 

TTN chr2:179452911-179452911 0.002 

TTN chr2:179453355-179453355 0.002 

TTN chr2:179453429-179453429 0.011 

TTN chr2:179453918-179453918 0.002 

TTN chr2:179454020-179454020 0.004 

TTN chr2:179454299-179454299 0.002 

TTN chr2:179454392-179454392 0.002 

TTN chr2:179454393-179454393 0.002 

TTN chr2:179454530-179454530 0.006 

TTN chr2:179455086-179455086 0.007 

TTN chr2:179455128-179455128 0.002 

TTN chr2:179455352-179455352 0.004 

TTN chr2:179456911-179456911 0.006 

TTN chr2:179456929-179456929 0.002 

TTN chr2:179457370-179457370 0.002 

TTN chr2:179458020-179458020 0.006 

TTN chr2:179458396-179458396 0.002 

TTN chr2:179458426-179458426 0.002 

TTN chr2:179460495-179460495 0.004 

TTN chr2:179460521-179460521 0.002 

TTN chr2:179462345-179462345 0.002 

TTN chr2:179462367-179462367 0.002 

TTN chr2:179462477-179462477 0.002 

TTN chr2:179463490-179463490 0.002 

TTN chr2:179463987-179463987 0.002 

TTN chr2:179464030-179464030 0.030 

TTN chr2:179464119-179464119 0.007 

TTN chr2:179464572-179464572 0.002 

TTN chr2:179465827-179465827 0.002 

TTN chr2:179468704-179468704 0.002 

TTN chr2:179468729-179468729 0.002 

TTN chr2:179468804-179468804 0.002 

TTN chr2:179468833-179468833 0.002 

TTN chr2:179469468-179469468 0.002 

TTN chr2:179469738-179469738 0.002 

TTN chr2:179469873-179469873 0.004 

TTN chr2:179471766-179471766 0.004 

TTN chr2:179472223-179472223 0.004 
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TTN chr2:179472292-179472292 0.030 

TTN chr2:179472293-179472293 0.002 

TTN chr2:179472319-179472319 0.002 

TTN chr2:179472610-179472610 0.002 

TTN chr2:179472662-179472662 0.002 

TTN chr2:179474216-179474216 0.002 

TTN chr2:179474668-179474668 0.015 

TTN chr2:179476557-179476557 0.002 

TTN chr2:179476584-179476584 0.002 

TTN chr2:179476841-179476841 0.002 

TTN chr2:179477267-179477267 0.011 

TTN chr2:179477678-179477678 0.002 

TTN chr2:179479288-179479288 0.002 

TTN chr2:179481337-179481337 0.011 

TTN chr2:179481488-179481488 0.011 

TTN chr2:179481489-179481489 0.009 

TTN chr2:179481885-179481885 0.004 

TTN chr2:179481892-179481892 0.026 

TTN chr2:179481894-179481894 0.009 

TTN chr2:179482089-179482089 0.002 

TTN chr2:179482937-179482937 0.009 

TTN chr2:179482994-179482994 0.006 

TTN chr2:179483108-179483108 0.002 

TTN chr2:179483349-179483349 0.002 

TTN chr2:179484965-179484965 0.002 

TTN chr2:179485125-179485125 0.002 

TTN chr2:179485946-179485946 0.002 

TTN chr2:179486037-179486037 0.004 

TTN chr2:179486223-179486223 0.004 

TTN chr2:179486283-179486283 0.002 

TTN chr2:179486431-179486431 0.002 

TTN chr2:179495039-179495039 0.002 

TTN chr2:179497316-179497316 0.002 

TTN chr2:179498789-179498789 0.006 

TTN chr2:179499530-179499530 0.013 

TTN chr2:179499914-179499914 0.002 

TTN chr2:179501209-179501209 0.015 

TTN chr2:179501444-179501444 0.002 

TTN chr2:179515483-179515483 0.006 

TTN chr2:179517220-179517220 0.002 
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TTN chr2:179528603-179528603 0.002 

TTN chr2:179537200-179537200 0.002 

TTN chr2:179547465-179547465 0.006 

TTN chr2:179547573-179547573 0.002 

TTN chr2:179549131-179549131 0.024 

TTN chr2:179549404-179549404 0.005 

TTN chr2:179549407-179549407 0.017 

TTN chr2:179553849-179553849 0.002 

TTN chr2:179554549-179554549 0.002 

TTN chr2:179556748-179556748 0.002 

TTN chr2:179557242-179557242 0.002 

TTN chr2:179558686-179558686 0.009 

TTN chr2:179559353-179559353 0.002 

TTN chr2:179560789-179560789 0.002 

TTN chr2:179560847-179560847 0.002 

TTN chr2:179560942-179560942 0.002 

TTN chr2:179563606-179563606 0.002 

TTN chr2:179567340-179567340 0.002 

TTN chr2:179569098-179569098 0.002 

TTN chr2:179569387-179569387 0.028 

TTN chr2:179571448-179571448 0.024 

TTN chr2:179571595-179571595 0.002 

TTN chr2:179571618-179571618 0.004 

TTN chr2:179572274-179572274 0.011 

TTN chr2:179572519-179572519 0.002 

TTN chr2:179575869-179575869 0.002 

TTN chr2:179576757-179576757 0.002 

TTN chr2:179578704-179578704 0.024 

TTN chr2:179578891-179578891 0.002 

TTN chr2:179579172-179579172 0.002 

TTN chr2:179579273-179579273 0.011 

TTN chr2:179579977-179579977 0.022 

TTN chr2:179579989-179579989 0.002 

TTN chr2:179579990-179579990 0.002 

TTN chr2:179581835-179581835 0.032 

TTN chr2:179582760-179582760 0.004 

TTN chr2:179582853-179582853 0.037 

TTN chr2:179584430-179584430 0.006 

TTN chr2:179585257-179585257 0.004 

TTN chr2:179585312-179585312 0.004 
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TTN chr2:179586604-179586604 0.028 

TTN chr2:179587094-179587094 0.002 

TTN chr2:179587097-179587097 0.004 

TTN chr2:179587955-179587955 0.002 

TTN chr2:179588279-179588279 0.002 

TTN chr2:179589058-179589058 0.004 

TTN chr2:179589241-179589241 0.015 

TTN chr2:179590329-179590329 0.022 

TTN chr2:179590714-179590714 0.002 

TTN chr2:179592096-179592096 0.004 

TTN chr2:179593352-179593352 0.019 

TTN chr2:179593503-179593503 0.002 

TTN chr2:179593664-179593664 0.004 

TTN chr2:179595241-179595241 0.004 

TTN chr2:179595277-179595277 0.009 

TTN chr2:179595372-179595372 0.002 

TTN chr2:179596049-179596049 0.004 

TTN chr2:179596191-179596191 0.004 

TTN chr2:179596554-179596554 0.006 

TTN chr2:179596838-179596838 0.002 

TTN chr2:179596920-179596920 0.002 

TTN chr2:179597259-179597259 0.002 

TTN chr2:179597276-179597276 0.004 

TTN chr2:179597443-179597443 0.004 

TTN chr2:179597444-179597444 0.004 

TTN chr2:179597593-179597593 0.004 

TTN chr2:179597600-179597600 0.009 

TTN chr2:179598004-179598004 0.002 

TTN chr2:179598041-179598041 0.002 

TTN chr2:179598553-179598553 0.004 

TTN chr2:179599069-179599069 0.004 

TTN chr2:179599074-179599074 0.002 

TTN chr2:179599088-179599088 0.006 

TTN chr2:179599144-179599144 0.004 

TTN chr2:179599473-179599473 0.002 

TTN chr2:179599491-179599491 0.002 

TTN chr2:179599667-179599667 0.009 

TTN chr2:179600300-179600300 0.002 

TTN chr2:179600303-179600303 0.002 

TTN chr2:179600640-179600640 0.002 
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TTN chr2:179600648-179600648 0.048 

TTN chr2:179603970-179603970 0.002 

TTN chr2:179603994-179603994 0.011 

TTN chr2:179604042-179604042 0.004 

TTN chr2:179604160-179604160 0.045 

TTN chr2:179604221-179604221 0.004 

TTN chr2:179604222-179604222 0.004 

TTN chr2:179604366-179604366 0.045 

TTN chr2:179605073-179605073 0.002 

TTN chr2:179605380-179605380 0.009 

TTN chr2:179605658-179605658 0.002 

TTN chr2:179605706-179605706 0.015 

TTN chr2:179605707-179605707 0.015 

TTN chr2:179605725-179605725 0.030 

TTN chr2:179605991-179605991 0.009 

TTN chr2:179606288-179606288 0.002 

TTN chr2:179610320-179610320 0.005 

TTN chr2:179610967-179610967 0.006 

TTN chr2:179611711-179611711 0.044 

TTN chr2:179613191-179613191 0.004 

TTN chr2:179614454-179614454 0.002 

TTN chr2:179615278-179615278 0.002 

TTN chr2:179615654-179615654 0.002 

TTN chr2:179615931-179615931 0.004 

TTN chr2:179616446-179616446 0.004 

TTN chr2:179616458-179616458 0.009 

TTN chr2:179621309-179621309 0.002 

TTN chr2:179621353-179621353 0.002 

TTN chr2:179621503-179621503 0.011 

TTN chr2:179622464-179622464 0.006 

TTN chr2:179622616-179622616 0.002 

TTN chr2:179623887-179623887 0.004 

TTN chr2:179628918-179628918 0.008 

TTN chr2:179628946-179628946 0.002 

TTN chr2:179629367-179629367 0.002 

TTN chr2:179631128-179631128 0.002 

TTN chr2:179631233-179631233 0.006 

TTN chr2:179632496-179632496 0.019 

TTN chr2:179632598-179632598 0.002 

TTN chr2:179633472-179633472 0.006 
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TTN chr2:179634936-179634936 0.044 

TTN chr2:179634961-179634961 0.025 

TTN chr2:179635985-179635985 0.002 

TTN chr2:179637861-179637861 0.041 

TTN chr2:179638651-179638651 0.002 

TTN chr2:179638721-179638721 0.017 

TTN chr2:179638834-179638834 0.002 

TTN chr2:179639725-179639725 0.002 

TTN chr2:179640399-179640399 0.002 

TTN chr2:179640923-179640923 0.002 

TTN chr2:179640946-179640946 0.002 

TTN chr2:179641283-179641283 0.002 

TTN chr2:179641901-179641901 0.002 

TTN chr2:179641975-179641975 0.044 

TTN chr2:179642153-179642153 0.002 

TTN chr2:179642440-179642440 0.002 

TTN chr2:179642441-179642441 0.002 

TTN chr2:179642589-179642589 0.015 

TTN chr2:179643656-179643656 0.002 

TTN chr2:179643775-179643775 0.006 

TTN chr2:179644012-179644012 0.009 

TTN chr2:179644035-179644035 0.031 

TTN chr2:179645962-179645962 0.004 

TTN chr2:179647782-179647782 0.019 

TTN chr2:179647783-179647783 0.017 

TTN chr2:179649074-179649074 0.004 

TTN chr2:179649075-179649075 0.004 

TTN chr2:179654142-179654142 0.002 

TTN chr2:179658175-179658175 0.028 

TTN chr2:179659236-179659236 0.002 

TTN chr2:179659795-179659795 0.002 

TTN chr2:179659806-179659806 0.002 

TTN chr2:179659911-179659911 0.002 

TTN chr2:179664292-179664292 0.004 

TTN chr2:179665163-179665163 0.002 

TTN chr2:179666894-179666894 0.004 

TTN chr2:179666979-179666979 0.002 

TTN chr2:179666982-179666982 0.015 

TTN chr2:179666988-179666988 0.006 

TTN chr2:179669295-179669295 0.004 
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TTR chr18:29178549-29178549 0.002 

TTR chr18:29178562-29178562 0.004 

TTR chr18:29178610-29178610 0.002 

TXNRD2 chr22:19882691-19882691 0.002 

TXNRD2 chr22:19883021-19883021 0.002 

TXNRD2 chr22:19918615-19918615 0.004 

VCL chr10:75849898-75849898 0.002 

VCL chr10:75855491-75855491 0.004 

VCL chr10:75860740-75860740 0.002 

VCL chr10:75864961-75864961 0.002 

VCL chr10:75865066-75865066 0.002 

Doxorubicin pathway data set 

ABCB1 chr7:87138760-87138760 0.002 

ABCB1 chr7:87145953-87145953 0.015 

ABCB1 chr7:87168609-87168609 0.002 

ABCB1 chr7:87175288-87175288 0.002 

ABCB1 chr7:87179256-87179256 0.002 

ABCB1 chr7:87179813-87179813 0.025 

ABCB1 chr7:87196161-87196161 0.011 

ABCB1 chr7:87196164-87196164 0.008 

ABCB1 chr7:87214975-87214975 0.006 

ABCB5 chr7:20682884-20682884 0.026 

ABCB5 chr7:20683170-20683170 0.011 

ABCB5 chr7:20685484-20685484 0.011 

ABCB5 chr7:20685488-20685488 0.006 

ABCB5 chr7:20685493-20685493 0.002 

ABCB5 chr7:20691167-20691167 0.004 

ABCB5 chr7:20691184-20691184 0.002 

ABCB5 chr7:20691185-20691185 0.002 

ABCB5 chr7:20698170-20698170 0.002 

ABCB5 chr7:20721260-20721260 0.002 

ABCB5 chr7:20739510-20739510 0.004 

ABCB5 chr7:20739703-20739703 0.002 

ABCB5 chr7:20767954-20767954 0.019 

ABCB5 chr7:20768024-20768024 0.004 

ABCB5 chr7:20782528-20782528 0.002 

ABCB5 chr7:20784910-20784910 0.009 

ABCC1 chr16:16142079-16142079 0.011 

ABCC1 chr16:16162142-16162142 0.004 

ABCC1 chr16:16165569-16165569 0.006 
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ABCC1 chr16:16208889-16208889 0.006 

ABCC2 chr10:101557063-101557063 0.006 

ABCC2 chr10:101559093-101559093 0.004 

ABCC2 chr10:101564013-101564013 0.004 

ABCC2 chr10:101577182-101577182 0.002 

ABCC2 chr10:101578952-101578952 0.011 

ABCC2 chr10:101591737-101591737 0.015 

ABCC2 chr10:101591866-101591866 0.002 

ABCC2 chr10:101596043-101596043 0.002 

ABCC2 chr10:101604107-101604107 0.002 

ABCC3 chr17:48742541-48742541 0.002 

ABCC3 chr17:48744940-48744940 0.004 

ABCC3 chr17:48744966-48744966 0.002 

ABCC3 chr17:48746251-48746251 0.012 

ABCC3 chr17:48746739-48746739 0.002 

ABCC3 chr17:48753045-48753045 0.003 

ABCC3 chr17:48755145-48755145 0.002 

ABCC3 chr17:48755178-48755178 0.006 

ABCC3 chr17:48757208-48757208 0.006 

ABCC3 chr17:48761062-48761062 0.006 

ABCC3 chr17:48762190-48762190 0.002 

ABCC3 chr17:48762223-48762223 0.002 

ABCC3 chr17:48765024-48765024 0.002 

ABCC3 chr17:48765063-48765063 0.002 

ABCC4 chr13:95696575-95696575 0.004 

ABCC4 chr13:95705380-95705380 0.013 

ABCC4 chr13:95705424-95705424 0.006 

ABCC4 chr13:95735520-95735520 0.006 

ABCC4 chr13:95818570-95818570 0.002 

ABCC4 chr13:95829966-95829966 0.006 

ABCC4 chr13:95830300-95830300 0.002 

ABCC4 chr13:95860061-95860061 0.002 

ABCC4 chr13:95863008-95863008 0.044 

ABCC5 chr3:183669271-183669271 0.006 

ABCC5 chr3:183677620-183677620 0.017 

ABCC5 chr3:183677621-183677621 0.017 

ABCC5 chr3:183679412-183679412 0.009 

ABCC5 chr3:183681203-183681203 0.004 

ABCC5 chr3:183681255-183681255 0.017 

ABCC5 chr3:183689395-183689395 0.002 
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ABCC5 chr3:183695316-183695316 0.002 

ABCC5 chr3:183700648-183700648 0.002 

ABCG2 chr4:89016692-89016692 0.002 

ABCG2 chr4:89016693-89016693 0.002 

ABCG2 chr4:89016694-89016694 0.002 

ABCG2 chr4:89018670-89018670 0.002 

ABCG2 chr4:89052317-89052317 0.002 

ABCG2 chr4:89052998-89052998 0.008 

ABCG2 chr4:89060981-89060981 0.002 

ACO1 chr9:32405589-32405589 0.002 

ACO1 chr9:32408612-32408612 0.006 

ACO1 chr9:32418473-32418473 0.002 

ACO1 chr9:32427386-32427386 0.002 

ACO1 chr9:32430509-32430509 0.002 

ACO1 chr9:32430510-32430510 0.002 

ACO1 chr9:32433782-32433782 0.008 

ACO1 chr9:32434610-32434610 0.002 

ACO1 chr9:32436107-32436107 0.019 

AKR1A1 chr1:46032311-46032311 0.042 

AKR1A1 chr1:46035584-46035584 0.004 

AKR1A1 chr1:46035585-46035585 0.006 

AKR1C3 chr10:5139642-5139642 0.002 

AKR1C3 chr10:5141583-5141583 0.002 

AKR1C3 chr10:5141609-5141609 0.013 

CAT chr11:34470833-34470833 0.002 

CAT chr11:34477621-34477621 0.002 

CAT chr11:34477698-34477698 0.002 

CBR1 chr21:37443349-37443349 0.002 

CBR1 chr21:37444697-37444697 0.034 

CBR1 chr21:37444971-37444971 0.002 

CBR1 chr21:37445131-37445131 0.002 

CBR3 chr21:37507719-37507719 0.002 

CBR3 chr21:37510224-37510224 0.004 

CBR3 chr21:37518728-37518728 0.004 

ERBB2 chr17:37866395-37866395 0.004 

ERBB2 chr17:37872115-37872115 0.002 

ERBB2 chr17:37872806-37872806 0.002 

ERBB2 chr17:37873672-37873672 0.048 

ERBB2 chr17:37882019-37882019 0.002 

ERBB2 chr17:37884176-37884176 0.002 
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ERBB2 chr17:37884217-37884217 0.002 

ERBB2 chr17:37884285-37884285 0.002 

ERCC2 chr19:45855769-45855769 0.002 

ERCC2 chr19:45860581-45860581 0.002 

ERCC2 chr19:45860928-45860928 0.002 

ERCC2 chr19:45868386-45868386 0.002 

HAS3 chr16:69143315-69143315 0.002 

HAS3 chr16:69143510-69143510 0.002 

HAS3 chr16:69152282-69152282 0.002 

MLH1 chr3:37056007-37056007 0.004 

MLH1 chr3:37061893-37061893 0.002 

MLH1 chr3:37061929-37061929 0.004 

MLH1 chr3:37083821-37083821 0.002 

MLH1 chr3:37089098-37089098 0.002 

MLH1 chr3:37089130-37089130 0.008 

MLH1 chr3:37089131-37089131 0.008 

MLH1 chr3:37090087-37090087 0.004 

MLH1 chr3:37090417-37090417 0.002 

MLH1 chr3:37092019-37092019 0.006 

MLH1 chr3:37092025-37092025 0.002 

MSH2 chr2:47637301-47637301 0.002 

MSH2 chr2:47643457-47643457 0.008 

MSH2 chr2:47702358-47702358 0.002 

MSH2 chr2:47705493-47705493 0.002 

NFKB1 chr4:103432092-103432092 0.020 

NFKB1 chr4:103432093-103432093 0.020 

NFKB1 chr4:103514626-103514626 0.006 

NFKB1 chr4:103516106-103516106 0.002 

NFKB1 chr4:103518700-103518700 0.002 

NFKB1 chr4:103537719-103537719 0.002 

NOS1 chr12:117693787-117693787 0.002 

NOS1 chr12:117693822-117693822 0.002 

NOS1 chr12:117710246-117710246 0.004 

NOS1 chr12:117725904-117725904 0.034 

NOS1 chr12:117768154-117768154 0.009 

NOS2 chr17:26093543-26093543 0.002 

NOS2 chr17:26096131-26096131 0.002 

NOS2 chr17:26108154-26108154 0.002 

NOS2 chr17:26109102-26109102 0.011 

NOS2 chr17:26110047-26110047 0.017 



 

214 

NOS2 chr17:26110055-26110055 0.002 

NOS3 chr7:150693634-150693634 0.009 

NOS3 chr7:150693636-150693636 0.009 

NOS3 chr7:150695677-150695677 0.002 

NOS3 chr7:150695728-150695728 0.002 

NOS3 chr7:150696347-150696347 0.009 

NOS3 chr7:150696348-150696348 0.006 

NOS3 chr7:150696369-150696369 0.002 

NOS3 chr7:150696378-150696378 0.004 

NOS3 chr7:150696436-150696436 0.002 

NOS3 chr7:150704236-150704236 0.002 

NOS3 chr7:150709519-150709519 0.002 

NR1I2 chr3:119526176-119526176 0.002 

NR1I2 chr3:119526203-119526203 0.025 

NR1I2 chr3:119526265-119526265 0.007 

NR1I2 chr3:119535974-119535974 0.002 

NR1I2 chr3:119536041-119536041 0.009 

PTGS2 chr1:186643727-186643727 0.002 

PTGS2 chr1:186645242-186645242 0.002 

PTGS2 chr1:186646011-186646011 0.002 

SLC22A16 chr6:110763506-110763506 0.004 

SLC22A16 chr6:110763890-110763890 0.002 

SLC22A16 chr6:110763935-110763935 0.028 

SLC22A16 chr6:110768128-110768128 0.015 

SLC22A16 chr6:110778099-110778099 0.017 

SLC28A3 chr9:86900369-86900369 0.042 

SLC28A3 chr9:86912182-86912182 0.002 

SLC28A3 chr9:86912183-86912183 0.002 

SLC28A3 chr9:86917301-86917301 0.040 

TOP1MT chr8:144398198-144398198 0.002 

TOP1MT chr8:144399938-144399938 0.007 

TOP1MT chr8:144408466-144408466 0.004 

TOP1MT chr8:144411609-144411609 0.002 

TOP1MT chr8:144413430-144413430 0.002 

TOP2A chr17:38545824-38545824 0.037 

TOP2A chr17:38546384-38546384 0.013 

TOP2A chr17:38559269-38559269 0.004 

TOP2A chr17:38564238-38564238 0.017 

TOP2A chr17:38567619-38567619 0.002 

TOP2B chr3:25639821-25639821 0.004 
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TOP2B chr3:25646268-25646268 0.004 

TOP2B chr3:25659978-25659978 0.002 

TOP2B chr3:25660150-25660150 0.009 

TOP2B chr3:25660151-25660151 0.009 

TOP2B chr3:25666192-25666192 0.002 

TOP2B chr3:25666268-25666268 0.002 

TOP2B chr3:25668084-25668084 0.002 

TOP2B chr3:25674005-25674005 0.004 

TOP2B chr3:25674035-25674035 0.004 

UGT1A1 chr2:234677027-234677027 0.004 

UGT1A1 chr2:234680917-234680917 0.004 

UGT1A1 chr2:234680986-234680986 0.002 

UGT1A6 chr2:234601816-234601816 0.002 

UGT1A6 chr2:234601817-234601817 0.002 

UGT1A6 chr2:234602507-234602507 0.002 

XDH chr2:31560536-31560536 0.002 

XDH chr2:31560572-31560572 0.021 

XDH chr2:31562390-31562390 0.002 

XDH chr2:31565072-31565072 0.004 

XDH chr2:31570459-31570459 0.004 

XDH chr2:31588857-31588857 0.002 

XDH chr2:31588938-31588938 0.002 

XDH chr2:31590859-31590859 0.002 

XDH chr2:31590917-31590917 0.038 

XDH chr2:31600072-31600072 0.006 

XDH chr2:31605901-31605901 0.002 

XDH chr2:31609376-31609376 0.002 

XDH chr2:31610711-31610711 0.002 

Mitochondrion function data set 

AIFM2 chr10:71874714-71874714 0.002 

AIFM2 chr10:71876524-71876524 0.004 

AIFM2 chr10:71883836-71883836 0.002 

AIFM3 chr22:21328571-21328571 0.002 

AIFM3 chr22:21330954-21330954 0.002 

AIFM3 chr22:21331032-21331032 0.003 

AIFM3 chr22:21333954-21333954 0.002 

COX10 chr17:13977645-13977645 0.004 

COX10 chr17:13977646-13977646 0.004 

COX10 chr17:13980176-13980176 0.002 

COX10 chr17:13980356-13980356 0.006 
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COX11 chr17:53040128-53040128 0.004 

COX11 chr17:53040261-53040261 0.006 

COX11 chr17:53045929-53045929 0.002 

KAT2A chr17:40265734-40265734 0.002 

KAT2A chr17:40266241-40266241 0.009 

KAT2A chr17:40267842-40267842 0.002 

NCOA3 chr20:46252801-46252801 0.002 

NCOA3 chr20:46256321-46256321 0.002 

NCOA3 chr20:46264171-46264171 0.013 

NCOA3 chr20:46268708-46268708 0.002 

NCOA3 chr20:46268732-46268732 0.002 

NCOA3 chr20:46279753-46279753 0.002 

NCOA3 chr20:46279918-46279918 0.008 

NDUFA10 chr2:240913012-240913012 0.009 

NDUFA10 chr2:240944661-240944661 0.004 

NDUFA10 chr2:240951057-240951057 0.002 

NDUFA10 chr2:240951071-240951071 0.013 

NDUFA10 chr2:240957978-240957978 0.002 

NDUFA10 chr2:240960659-240960659 0.006 

NDUFA10 chr2:240960712-240960712 0.002 

NDUFA5 chr7:123196827-123196827 0.002 

NDUFA5 chr7:123196884-123196884 0.002 

NDUFA5 chr7:123196936-123196936 0.004 

NDUFA5 chr7:123196955-123196955 0.026 

NDUFA5 chr7:123197120-123197120 0.011 

NDUFA5 chr7:123197142-123197142 0.002 

NDUFA9 chr12:4763994-4763994 0.007 

NDUFA9 chr12:4777682-4777682 0.002 

NDUFA9 chr12:4791451-4791451 0.013 

NDUFA9 chr12:4796219-4796219 0.002 

NDUFS2 chr1:161179085-161179085 0.002 

NDUFS2 chr1:161180482-161180482 0.004 

NDUFS2 chr1:161183446-161183446 0.002 

NDUFV1 chr11:67375944-67375944 0.002 

NDUFV1 chr11:67377928-67377928 0.019 

NDUFV1 chr11:67378519-67378519 0.002 

NDUFV3 chr21:44317065-44317065 0.002 

NDUFV3 chr21:44317156-44317156 0.015 

NDUFV3 chr21:44323856-44323856 0.002 

PPARGC1A chr4:23803919-23803919 0.002 
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PPARGC1A chr4:23814701-23814701 0.004 

PPARGC1A chr4:23814707-23814707 0.044 

PPARGC1A chr4:23816049-23816049 0.002 

PPARGC1A chr4:23826104-23826104 0.002 

PPARGC1A chr4:23831108-23831108 0.002 

PPARGC1A chr4:23886388-23886388 0.002 

PPARGC1A chr4:23886457-23886457 0.028 

SIRT3 chr11:218791-218791 0.004 

SIRT3 chr11:219008-219008 0.003 

SIRT3 chr11:224194-224194 0.002 

SIRT3 chr11:230474-230474 0.015 

SIRT3 chr11:233037-233037 0.002 

 
SNV: single nucleotide variation; MAF: minor allele frequency.  
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5.12.2. Supplemental Table 2. Complete results of the SKAT-O test, the candidate genes 

association study. 

 

Doxorubicin pathway, All cohort N=233 

Outcome Gene 

SNVs tested 

MAF 

SKAT-O 

Complete position rs number 
P 

value 
FDR 

LVEF M-
mode (%) 

NOS1 

chr12:117693787-117693787   0.002 

0.0013 0.020 

chr12:117693822-117693822 rs200972861 0.002 

chr12:117710246-117710246 rs41356652 0.004 

chr12:117725904-117725904   0.03 

chr12:117768154-117768154* rs76090928 0.009 

ABCG2 

chr4:89016692-89016692   0.002 

0.0026 0.020 

chr4:89016693-89016693   0.002 

chr4:89016694-89016694   0.002 

chr4:89018670-89018670 rs45605536 0.002 

chr4:89052317-89052317   0.002 

chr4:89052998-89052998* rs199473672   0.008 

chr4:89060981-89060981   0.002 

Doxorubicin pathway, SR group N=106 

LVEF M-
mode (%) 

CBR1 

chr21:37443349-37443349 rs41557318 0.005 

0.0015 0.037 
chr21:37444697-37444697* rs2835266 0.023 

chr21:37444971-37444971   0.005 

chr21:37445131-37445131   0.005 

Doxorubicin pathway, HR group N=127 

LVEF M-
mode (%) 

ABCC5 

chr3:183669271-183669271   0.01 

0.0008 0.016 

chr3:183677620-183677620   0.02 

chr3:183677621-183677621   0.02 

chr3:183679412-183679412   0.01 

chr3:183681203-183681203*   0.01 

chr3:183681255-183681255*   0.03 

chr3:183689395-183689395 rs368112213 0.004 

chr3:183695316-183695316   0.004 

Doxorubicin pathway, SR group N=106 

FS M-
mode (%) 

ABCG2 

chr4:89018670-89018670 rs45605536 0.005 

0.0027 0.040 chr4:89052998-89052998* rs199473672 0.014 

chr4:89060981-89060981   0.005 

CBR1 

chr21:37443349-37443349 rs41557318 0.005 

0.0037 0.040 chr21:37444697-37444697* rs2835266 0.023 

chr21:37444971-37444971   0.005 
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chr21:37445131-37445131   0.005 

Doxorubicin pathway, HR group N=128 

FS M-
mode (%) 

ABCC5 

chr3:183669271-183669271   0.01 

0.0014 0.035 

chr3:183677620-183677620   0.02 

chr3:183677621-183677621   0.02 

chr3:183679412-183679412   0.01 

chr3:183681203-183681203*   0.01 

chr3:183681255-183681255*   0.03 

chr3:183689395-183689395 rs368112213 0.004 

chr3:183695316-183695316   0.004 

Doxorubicin pathway, SR group N=108 

LVEF  2D 
(%)  

ABCG2 

chr4:89018670-89018670* rs45605536 0.005 

0.0019 0.009 chr4:89052998-89052998* rs199473672 0.014 

chr4:89060981-89060981*   0.005 

AKR1C3 
chr10:5139642-5139642* rs200981816 0.005 

0.007 0.017 
chr10:5141609-5141609* rs34186955 0.005 

 

 

SNV: single nucleotide variation; LVEF: left ventricular ejection fraction; FS: Fractional shortening;  HR: 

high risk; SR: standard risk; MAF: minor allele frequency; FDR: false discovery rate. 

NOS1: Nitric Oxide Synthase 1 (Neuronal); ABCG2: ATP Binding Cassette Subfamily G Member 2 (Junior 

Blood Group); CBR1: Carbonyl Reductase 1; ABCC5: ATP Binding Cassette Subfamily C Member 5; 

AKR1C3: Aldo-Keto Reductase Family 1 Member C3. 

*SNVs that are identified as the most important contributors to the association signal and presented in more 

details in Table 4. 
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5.12.3. Supplemental Table 3. Multiple linear regression model that included genetic variant 

combination of the two most contributing rare variant associations with LVEF M-mode (%), N=236. 

 

TEST BETA L95 U95 P 

NOS1 chr12:117768154* 0.23 0.11 0.35 0.00024 

ABCG2 chr4:89052998* 0.25 0.13 0.37 0.00006 

Age at diagnosis 0.09 -0.04 0.23 0.1584 

Time end treatment 0.30 -0.07 0.63 0.1159 

Sex -0.02 -0.14 0.10 0.7184 

Protocol 0.37 0.02 0.73 0.0417 

Risk-treatment ** -0.16 -0.30 -0.02 0.0217 
 

LVEF: left ventricular ejection fraction; NOS1: Nitric Oxide Synthase 1 (Neuronal); 

ABCG2: ATP Binding Cassette Subfamily G Member 2 (Junior Blood Group). 
*SNVs that are identified as the most important contributors to the association signal 

are presented. 
** Risk-treatment combined variable with the following scores: SR patients =1, HR 

patients that received  a cardioprotective drug (dexrazoxane)=2, HR patients that did 
not receive a cardioprotective drug =3 (categorical variable). 
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5.12.4. Supplemental Table 4. Complete results of the SKAT-O test, the exome-wide association 

study. 

Exome-wide association, All cohort, N=233 

Outcome Gene 
SNVs tested 

MAF 
SKAT-O 

position rs number P value FDR 

 FS M-
mode (%) 

NOD2 

chr16:50731162-50731162   0.009 

1.39x10-6 0.014 

chr16:50733823-50733823   0.002 

chr16:50741791-50741791 rs61755182 0.008 

chr16:50744753-50744753 rs104895427 0.002 

chr16:50744927-50744927   0.006 

chr16:50745099-50745099   0.004 

chr16:50745114-50745114* rs104895431 0.006 

chr16:50745233-50745233 rs1078327 0.002 

chr16:50746086-50746086* rs61747625 0.007 

chr16:50746100-50746100* rs3813758 0.002 

chr16:50746199-50746199* rs104895444 0.004 

chr16:50756540-50756540 rs2066845 0.025 

chr16:50757286-50757286   0.004 

chr16:50759443-50759443 rs148561632 0.002 

ZNF267 

chr16:31926312-31926312* . 0.002 

3.5x10-6 0.018 

chr16:31927308-31927308* rs118056264 0.011 

chr16:31927353-31927353 rs79859029 0.002 

chr16:32077452-32077452* . 0.002 

chr16:32077650-32077650 rs200744708 0.003 

chr16:32077657-32077657 rs144576359 0.005 

Exome-wide association, All cohort, N=233 

LVEF M-
mode (%) 

NOD2 

chr16:50731162-50731162   0.009 

2x10-6 0.025 

chr16:50733823-50733823   0.002 

chr16:50741791-50741791 rs61755182 0.008 

chr16:50744753-50744753 rs104895427 0.002 

chr16:50744927-50744927   0.006 

chr16:50745099-50745099   0.004 

chr16:50745114-50745114* rs104895431 0.006 

chr16:50745233-50745233 rs1078327 0.002 

chr16:50746086-50746086* rs61747625 0.007 

chr16:50746100-50746100* rs3813758 0.002 

chr16:50746199-50746199* rs104895444 0.004 

chr16:50756540-50756540 rs2066845 0.025 

chr16:50757286-50757286   0.004 

chr16:50759443-50759443 rs148561632 0.002 
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SNV: single nucleotide variation; LVEF: left ventricular ejection fraction, MAF: minor allele frequency; FDR: 
false discovery rate; ZNF267: Zinc Finger Protein 267; NOD2: Nucleotide Binding Oligomerization Domain 
Containing 2. 
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5.12.5. Supplemental Table 5. Demographic characteristics of SJLIFE participants included for 

replication analysis. 

 

Replication 
Analysis 

Outcome Group N 
Age at diagnosis  

(min/median/max) 

Years since the 
end of treatment 

(min/median/max) 

Sex 
(n female/n 

male) 

Candidate genes,  LVEF-2D SR 102 0.2/4.2/17.4 17.9/28.6/50.0 49/53 

total number=149 LVEF-2D HR 46 1.9/4.8/15.2 24.7/33.5/38.0 23/23 
 LVEF-2D All 148 0.2/4.6/17.4 17.9/29.7/50.0 72/76 
 LVEF M-Mode SR 56 0.9/4.3/17.4 17.9/23.0/45.3 31/25 
 LVEF M-Mode HR 32 2.4/5.1/15.2 25.1/28.8/38.0 15/17 
 LVEF M-Mode All 88 0.9/4.8/17.4 17.9/26.2/45.3 46/42 
 FS M-Mode SR 56 0.9/4.3/17.4 17.9/23.0/45.3 31/25 
 FS M-Mode HR 32 2.4/5.1/15.2 25.1/28.8/38.0 15/17 
 FS M-Mode All 88 0.9/4.8/17.4 17.9/26.2/45.3 46/42 

total At least one 
measurement 
for one of the 

above 
outcomes 

SR 103 0.2/4.3/17.4  50/53 

 HR 46 1.9/4.8/15.2 varies by outcome 23/23 

 All 149 0.2/4.6/17.4  73/76 

Exome-wide 
association study, 

 
LVEF-2D 

 
SR 

 
109 

 
0.2/4.5/17.4 

 
17.9/28.5/50.0 

 
51/58 

total number=158 LVEF-2D HR 48 1.9/4.7/15.2 24.7/33.3/38.0 24/24 
 LVEF-2D All 157 0.2/4.6/17.4 17.9/29.7/50.0 75/82 
 LVEF M-Mode SR 58 0.9/4.3/17.4 17.9/23.0/45.3 31/27 
 LVEF M-Mode HR 32 2.4/5.1/15.2 25.1/28.8/38.0 15/17 
 LVEF M-Mode All 90 0.9/4.8/17.4 17.9/26.2/45.3 46/44 
 FS M-Mode SR 58 0.9/4.3/17.4 17.9/23.0/45.3 31/27 
 FS M-Mode HR 32 2.4/5.1/15.2 25.1/28.8/38.0 15/17 
 FS M-Mode All 90 0.9/4.8/17.4 17.9/26.2/45.3 46/44 

total At least one 
measurement 
for one of the 

above 
outcomes 

SR 110 0.2/4.6/17.4  52/58 

 HR 48 1.9/4.7/15.2 varies by outcome 24/24 

 All 158 0.2/4.7/17.4  76/82 

 

LVEF: Left ventricular ejection fraction; FS: fractional shortening; SR: standard risk; HR: high risk; All refers to all 
patients tested independent of the risk group (HR+SR). 
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5.12.6. Supplemental Table 6.  1980s SR and HR childhood ALL risk group definitions from the 

Childhood Cancer Survivor Study (48).  

Exposure/Event 1980s SR-like 1980s HR-like 

Cranial Radiation 0<CRT≤20 Gy >0 Gy 

Dexamethasone No No 

Anthracycline cumulative 
dose 

≤120 mg/m2 >120 mg/m2 

Cyclophosphamide  Yes or No Yes or No 

Cytarabine, IV* Yes or No Yes 

Relapse  No No 

Transplant No No 

 
SR: standard risk; HR: high risk; ALL: childhood Acute Lymphoblastic Leukemia, IV: 

intravenous. 
* Is exposure to IV cytarabine/high dose cytarabine or IT cytarabine. Only a handful of ALL 
survivors had IT but not IV cytarabine exposure. 

Exposures/events are only considered if they occurred within five years of the ALL primary 

diagnosis date. 
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5.12.7. Supplemental Table 7. Summary of non-monomorphic variant genotypes passing quality 

control in SJLIFE replication cohort. 

 

Gene 
Nb. of Variants 

in the Discovery 
cohort 

Nb. of Discovery 
Variants Passing 
SJLIFE QC (Nb. of 

Discovery Variants 
available* in 

gnomAD) 

Nb. of SJLIFE QC-passing 
Variants Monomorphic 

in SJLIFE 

Nb. of Variants 
Analyzed in 

SJLIFE 

TTN 3 3 (3) 0 3 

NOS1 5 3 (3) 1 2 

ABCG2 7 3 (3) 2 1 

CBR1 4 2 (2) 1 1 

AKR1C3 2 2 (2) 1 1 

ZNF267 6 3 (3) 1 2 

NOD2 14 10 (10) 9 1 

ABCC5 8 0 (0) - 0 

Total 49 26 (26) 15 11 

 

SJLIFE: St. Jude Lifetime Cohort; QC: quality control, TTN: titin; NOS1: Nitric Oxide Synthase 1 
(Neuronal); ABCG2: ATP Binding Cassette Subfamily G Member 2 (Junior Blood Group); CBR1: 

Carbonyl Reductase 1; AKR1C3: Aldo-Keto Reductase Family 1 Member C3; ZNF267: Zinc Finger 
Protein 267; NOD2: Nucleotide Binding Oligomerization Domain Containing 2; ABCC5: ATP Binding 
Cassette Subfamily C Member 5. 

*gnomAD availability means there was a variant at the locus in gnomAD, the variant passed gnomAD QC, 
and the frequency of the variant was >0.015% (0.015% would mean approximately one variant carrier 
expected in SJLIFE). 
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5.12.8. Supplemental Table 8. Replication analysis of the TTN common variants, SJLIFE cohort. 

 
TTN: titin; LVEF: Left ventricular ejection fraction; FS: fractional shortening; MISS: missing 
genotyping rate; MAF: minor allele frequency; HWE: p-value of Hardy-Weinberg Equilibrium 
test. 

All refers to all patients tested independent of the risk group. 
N, genotype counts: 11 / 12+22.  

Allele coding for all three variants: 1=C, 2=T. 
P, p-value from linear regression adjusting for age at diagnosis, sex, time since end of treatment, 
and risk-treatment factor. 

 

  

Outcome 
(Group) 

Variant ID in the 
proposal 

(hg19) 

ID in SJLIFE WGS 
(hg38) 

Quality Control  Linear Regression 

MISS MAF HWE N a 11 b 12+22b Beta Se P c 

LVEF chr2:179397561 chr2.178532834.C.T 0.00 0.15 0.10 62/26 0.65(0.08) 0.66(0.06) 0.014 0.017 0.413 

M-Mode chr2:179444939 chr2.178580212.C.T 0.00 0.18 0.17 57/31 0.65(0.08) 0.65(0.07) 0.002 0.017 0.894 

(All) chr2:179575511 chr2.178710784.C.T 0.00 0.07 0.45 75/13 0.65(0.08) 0.66(0.06) 0.007 0.022 0.740 

FS chr2:179397561 chr2.178532834.C.T 0.00 0.15 0.10 62/26 0.36(0.06) 0.37(0.04) 0.010 0.013 0.433 

M-Mode chr2:179444939 chr2.178580212.C.T 0.00 0.18 0.17 57/31 0.36(0.06) 0.36(0.05) 0.001 0.013 0.926 

(All) chr2:179575511 chr2.178710784.C.T 0.00 0.07 0.45 75/13 0.36(0.06) 0.36(0.04) 0.004 0.017 0.818 
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5.12.9. Supplemental Table 9. Replication analysis of rare variants, SJLIFE cohort. 

 

Outcome 
(Group) 

Gene 
SKAT-O test Analysis of the most important contributor through Linear Regression  

N1 n P1 Variants tested N2 11 12+22 Beta Se P2 

LVEF M-Mode 
(All) 

NOS1 88 2 0.402 chr12:117768154* 84/4 0.65(0.07) 0.71(0.06) 0.06 0.04 0.100 

LVEF M-Mode 
(SR) 

CBR1 56 1 . chr21:37444697* 49/7 0.67(0.070) 0.62(0.09) -0.04 0.03 0.241 

LVEF-2D  
(SR) 

ABCG2 102 1 . chr4:89052998* 101/1* 0.63(0.05) 0.59(NA) -0.03 0.05 0.488 

AKR1C3 102 1 . chr10:5139642* 101/1* 0.63(0.05) 0.6(NA) -0.02 0.05 0.603 

FS M-Mode 
(SR) 

CBR1 56  1 . chr21:37444697* 49/7 0.37(0.05) 0.34(0.07) -0.02 0.02 0.292 

FS M-Mode 
(All) 

ZNF267 
 

90 
  

2 0.373 chr16:31927308* 
87/3*  0.36(0.05)  0.35(0.05)  -0.01  0.03  0.671  

NOD2 90 1 . chr16:50756540 87/3 0.36(0.05) 0.37(0.08) 0.01 0.03 0.729 

LVEF M-Mode 
(SR) 

NOD2 90 1 . chr16:50756540 87/3 0.65(0.07) 0.66(0.10) 0.01 0.04 0.826 

 
LVEF: Left ventricular ejection fraction; FS: Fractional Shortening; NOS1: Nitric Oxide Synthase 1 (Neuronal); 

ABCG2: ATP Binding Cassette Subfamily G Member 2 (Junior Blood Group); CBR1: Carbonyl Reductase 1; 

AKR1C3: Aldo-Keto Reductase Family 1 Member C3; ZNF267: Zinc Finger Protein 267; NOD2: Nucleotide 

Binding Oligomerization Domain Containing 2; ABCC5: ATP Binding Cassette Subfamily C Member 5. 
All refers to all patients tested independent of the risk group. 

N1, number of samples used the SKAT-O test. 
n, number of rare variants used in the SKAT-O test. 

P1, p-value of SKAT-O test. 
N2, genotype counts: 11/12+22.   
* the most significant rare contributors requested for replication within specific outcome. 

P2, p-value from linear regression adjusting for age at diagnosis, sex, time since end of treatment, and risk-
treatment factor.  

The analyses are performed as SKAT-O (combination of available variants in the gene) and as collapsing analyses 

of the most important contributor(s) detected in the discovery cohort. Please note that the results (p values) for 

SKAT-O analyses are not included if only one rare variant was detected in the gene. Genes in which all discovery 

variants were monomorphic in SJLIFE for a particular phenotype included ABCC5 for all outcomes and the 

ABCG2 gene, except for LVEF 2D mode for the latter.  

 

 

 

 

 



 

228 

 

5.12.10. Supplemental Table 10. TTN common variants available in the PETALE whole-exome 

sequencing data. 

(A) TTN common variants details. 

 

Gene Position (hg19) Ref Var rs number Amino Acid change Function 
MAF 

(PETALE) 

TTN 

chr2:179397561 C T rs3829747 
TTN:NM_003319:exon186: 

c.G76586A:p.R25529H 
nonsynonymous 

SNV 
0.125 

chr2:179444939 C T rs2303838 
TTN:NM_003319:exon146: 

c.G39880A:p.V13294I 
nonsynonymous 

SNV 
0.172 

chr2:179464527 T C rs1001238 
TTN:NM_003319:exon117: 

c.A28906G:p.N9636D 
nonsynonymous 

SNV 
0.233 

chr2:179558366 T C rs2042995 
TTN:NM_133378:exon116: 

c.A27832G:p.I9278V 
nonsynonymous 

SNV 
0.234 

chr2:179575511 C T rs72648998 
TTN:NM_133378:exon95: 

c.G24581A:p.R8194Q 
nonsynonymous 

SNV 
0.054 

chr2:179582537 G T rs2627043 
TTN:NM_133378:exon84: 

c.C21332A:p.A7111E 
nonsynonymous 

SNV 
0.21 

chr2:179650408 G A rs35813871 
TTN:NM_003319:exon14: 

c.C2294T:p.T765I 
NP_001254479.2:p.Thr811Ile 

nonsynonymous 
SNV 

0.252 

chr2:179659912 G A rs16866538 
TTN:NM_001256850:exon7: 

c.C982T:p.R328C 
nonsynonymous 

SNV 
0.057 
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(B) Haplotype that is tagged by rs35813871. 

 

Order of SNVs 
Haplotype 
sequence* 

Haplotype 
frequency (SD)** 

rs3829747 0 

0.225 (0.004) 

rs2303838 0 

rs1001238 0 

rs2042995 0 

rs72648998 0 

rs2627043 0 

rs35813871 1 

rs16866538 0 

 
TTN: titin; SNV: Single Nucleotide Variation; MAF: minor allele frequency; Ref: reference allele; Var: variant 

allele, SD: standard deviation. 

The SNVs identified as top-ranking associations (FDR<=5%) with protective effect are highlighted, the risk-

increasing variant is represented in italics. 

*0 corresponds to reference allele, 1 corresponds to variant allele. 

**Estimation of the haplotype frequency for the entire PETALE cohort. 
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5.12.11. Supplemental Table 11. Association results for the TTN common risk-increasing variant. 

 

 

LVEF: Left ventricular ejection fraction; FS: Fractional Shortening;  FDR: false discovery rate; SD: standard 

deviation; Add: additive model; Rec: recessive model. 

*P value was obtained using Quantitative trait association and allelic model based on Wald statistic implemented in 

PLINK. 

**P value for additive genetic model was obtained through linear regression implemented in SPSS, multiple 

regression model included the above-described adjustment variables: age at the time of diagnosis; time since the end 

of treatment; sex; DFCI Protocol; and a risk-treatment combined variable. 

***P value for recessive genetic model was obtained through linear regression implemented in SPSS, multiple 

regression model included the above-described adjustment variables: age at the time of diagnosis; time since the end 

of treatment; sex; DFCI Protocol; and a risk-treatment combined variable. 

 

 

  

All cohort, N=236 Genetic models 

Outcome rs number 
 

P 
value* 

FDR Add Mean SD 
 
P 

value** 
Rec Mean SD 

 
P 

value 
***  

LVEF M-
mode 

rs35813871 0.024 0.24 
130/89

/14 
60.5/59.97 

/55.99 
5.97/ 

5.5/4.2 
0.017 

219
/14 

60.3/ 
55.99 

5.8/
4.2 

0.009 

FS M-
mode 

rs35813871 0.021 0.24 
130/89

/14 
35.5/34.9 

/32.69 
4.1/  

3.99/2.97 
0.024 

219 
/14 

35.3/ 
32.7 

4.1/
2.97 

0.035 
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5.12.12. Supplemental Figure 1. P value distribution of the common variants tested through 

candidate genes approach for FS M-Mode (%) and LVEF M-Mode (%) represented in histograms. 

 

The P value distribution of all common variants (N=80) tested for each outcome (FS M-Mode (%) 
and LVEF M-Mode (%)) was shown in the histograms. The P values are distributed between 0 and 
1. There is an apparent overabundance of low P values, suggesting the existence of genes that have 
a potential modulating effect on LVEF and FS.  

LVEF: Left ventricular ejection fraction; FS: fractional shortening.  
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5.12.13. Supplemental Figure 2. The top-ranking rare loci associated with LVEF M-mode (%) 

identified in the complete cohort (N=236) through the candidate genes approach.  

 
A box plot represents the distribution of the mean values of the LVEF M-mode (%) between 
genotypes, genotypes were recoded according to the dominant model. 

LVEF: left ventricular ejection fraction; NOS1: Nitric Oxide Synthase 1 (Neuronal); ABCG2: ATP Binding Cassette 
Subfamily G Member 2. 
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Section B 

Chapter 6 

 

 

 

Genetic factors in anthracycline-induced cardiotoxicity in 

patients treated for pediatric cancer. 

 

Expert Opin Drug Metab Toxicol. 2020 Oct;16(10):865-883. doi: 
10.1080/17425255.2020.1807937. Epub 2020 Sep 24. 

PMID: 32772754 DOI: 10.1080/17425255.2020.1807937 
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6.1. ABSTRACT 

Introduction. Cardiovascular diseases are the main cause of treatment-related morbidity and 

mortality in childhood cancer patients. Anthracyclines, one of the most common chemotherapeutic 

agents in treatment regimens, are implicated in chemotherapy-induced cardiotoxicity.  

Areas covered: This review describes the pharmacogenomic markers related to anthracycline-

induced cardiotoxicity affecting childhood cancer patients. We also included a brief overview of 

the applicability of reported findings to the well established PETALE cohort of childhood acute 

lymphoblastic leukemia survivors of the Sainte-Justine University Health Center (Canada).  

Expert opinion: The wide variation in interindividual susceptibility to anthracycline-induced 

cardiotoxicity along with a multitude of genetic variants detected through association studies 

suggests that genetic contributions could be essential for the design of new individualized 

preventive approaches. 

Keywords 

anthracycline-induced cardiotoxicity, genetic association studies, pharmacogenomic markers, 

doxorubicin, childhood cancer. 
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6.2. ARTICLE HIGHLIGHTS 

 

Anthracyclines, highly effective anticancer agents widely used to treat a variety of childhood 

malignancies, are linked to chemotherapy‐induced cardiotoxicity.  

 

Known clinical and treatment-related risk factors do not adequately explain variability in 

response to anthracyclines, suggesting the contribution of genetic determinants. 

 

Gene-treatment interactions in the context of specific treatment protocols are important for the 

implementation of pharmacogenetics findings. 
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6.3. INTRODUCTION 

Remarkable improvement in cure rates for childhood cancer has been achieved over the past few 

decades due to recent advances in cancer research and diagnosis, combined with  the introduction 

of multi-agent treatment protocols and the optimization of dosing regimens. The use of 

anthracyclines, highly effective anticancer agents, contributed significantly to the increase of 5 -

year survival rates for several childhood cancers1-4. However, despite the fact that approximately 

80% of children with cancer are currently recovering from their illness5,6, many of them are facing 

long-term morbidity. Over 60% of survivors suffer from treatment-related effects, which may 

include, among others, growth issues, cardiac and metabolic problems, neurocognitive and motor 

impairments, neurological and endocrine disorders, emotional difficulties, and  fertility 

problems1,7-9. Cardiovascular diseases are the main cause of secondary morbidity and mortality in 

childhood cancer patients1,10,11. These patients are eight times more prone to death from 

cardiovascular diseases than the normal population12,13. Indeed, manifested as asymptomatic 

cardiac dysfunction in up to 57% cancer survivors14, cardiomyopathy may lead to subsequent 

congestive heart failure in up to 16% of cases15.  

Anthracyclines are an essential component of childhood cancer therapy, with doxorubicin being 

the most used agent administered in a wide spectrum of hematological and solid malignancies 

including leukemia, lymphoma, and sarcomas16-18. Approximately 50–60% of childhood cancer 

survivors have been treated with an anthracycline regimen 2,10,18,19. The clinical presentation of 

anthracycline‐induced cardiotoxicity (ACT) may manifest as decreased ability to perform physical 

exercise, chest pain and shortness of breath4,10,20. Additional attention is required for asymptomatic 

patients, their identification is important as the effects of cardiac toxicity could be reversible if 

detected early19,21. 
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ACT is defined as a more than 10% decrease in left ventricular ejection fraction (LVEF) to levels 

of less than 50-55% compared with pre-treatment values and, depending on the population and 

duration of follow‐up, it is associated with heart failure (HF) in 5% to 26% cases22-26. Based on 

the time of manifestation, ACT can be categorized as acute, or ACT with early-and late-onset. In 

acute ACT, symptoms manifest within hours or days of administration, early -onset ACT occurs 

within 1 year of treatment, and late-onset develops ≥ 1 year after treatment 19. Early- and late-onset 

ACT are defined by progressive LV dysfunction, which, in some cases, leads to subsequent 

congestive HF3,17,19.  

Higher cumulative doses are an independent risk factor for ACT27,28; thus, explaining the fact that 

up to 60% of patients exposed to high doses ( > 250  mg/m2) of anthracyclines will subsequently 

develop cardiac abnormalities24,27. However, some patients may have subclinical cardiotoxicity 

even at low doses29-31. Known clinical and treatment-related risk factors (such as young age, 

female gender, cumulative anthracycline dose, and radiotherapy involving the cardiac region)8,32 

do not adequately explain variability in response to anthracyclines, thereby suggesting the 

contribution of other determinants. Indeed, several research groups explored the potential of 

genetics in predicting ACT and improving the risk stratification. Identification of such markers 

could allow identifying individuals who may benefit from additional monitoring, cardioprotective 

medications, and early initiation of treatment.  

The purpose of this review is to summarize the current knowledge of genetic variants that 

contribute to ACT in patients treated for childhood cancer. It should be mentioned that some 

reported genetic markers have been identified through studies that evaluated children with cancer 

treated with anthracyclines for both early and late cardiotoxicity; while the other markers have 

been reported in pediatric cancer survivors years after treatment.  
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6.4. PATHOPHYSIOLOGY OF ACT 

Chemotherapy related cardiotoxicity can be characterized as type 1 or type 2 depending on the 

effect of the drug on cardiomyocytes25. Type I cardiotoxicity implies the death of cardiomyocytes 

either through necrosis or apoptosis and is irreversible, whereas type II is due to cardiomyocyte 

dysfunction rather than cell death, and may be reversible21,22. Long-term cardiotoxicity caused by 

anthracyclines includes the permanent cardiac damage and subsequent death of cardiomyocytes 

and, therefore, represents the type I toxicity21,33. 

The current inability to predict and prevent the cardiotoxicity of anthracyclines is partly due to the 

fact that the underlying molecular mechanisms are complex and not fully understood34.  

Based on studies in animal and in vitro models, several hypotheses have been proposed to explain 

the mechanisms of damage to cardiomyocytes by anthracyclines. The suggested mechanisms are 

summarized in Figure 1 and are described only briefly (more details can be found elsewhere8,19,35-

39, as an introduction for the selection of candidate genes for association studies.  Some of these 

mechanisms are detailed further depending on the finding of the described studies.  

6.4.1. Oxidative stress 

Oxidative stress is one of the most studied and commonly accepted cellular mechanism related to 

ACT3,4. There is no doubt that the biochemical transformations of anthracyclines lead to the 

formation of reactive oxygen species (ROS). However, the potential involvement of the formation 

of ROS in the cytotoxicity of anthracyclines (both in context of antitumor activity and 

cardiotoxicity) is complex and subject to much discussion 40-42. The quinone structure allows 

anthracyclines to act as electron acceptors in reactions mediated by oxidoreductive enzymes, 

including cytochrome P450 reductase, NADH dehydrogenase, and xanthine oxidase 43,44. 

Conversion of quinone to semiquinone is associated with ROS generation , which can cause the 

DNA damage inducing the activation of apoptotic pathways and cell death21. 



 

240 

One of the reasons for the high sensitivity of cardiomyocytes to oxidative stress caused by 

anthracyclines could be explained by their high dependence on the metabolism of the oxidative 

substrate (due to high volume of mitochondria in cardiomyocytes compared to glycolytic tumor 

cells). Indeed, the oxidative damage induced by doxorubicin in tumor cells was observed only at 

very high concentrations of the drug37. Moreover, the heart has a reduced ability to block the 

formation of the ROS by various scavengers such as superoxide dismutase (SOD), catalase (CAT), 

and glutathione peroxidase45,46 which may also sensitise cardiac myocytes to ROS induced 

injury2,19.  

While the formation of ROS is induced by the quinone component of anthracyclines, oxidative 

stress can also arise through the induction of nitric oxide synthase, which leads to the formation of 

nitric oxide and peroxynitrite47. This mechanism has been associated with nitration and 

inactivation of key enzymes in the heart, including myofibrillar creatine kinase34. 

6.4.2. DNA damage through interference with topoisomerase II  

Topoisomerase II (TOP2) is an adenosine triphosphate (ATP)‐dependent enzyme with several 

crucial functions such as involvement in DNA replication, transcription and chromosome 

segregation35,48; it is expressed in the form of TOP2α and TOP2β isoenzymes35 . TOP2α is highly 

expressed in proliferating cells, whereas TOP2β is the major form in the heart muscle 41. The 

formation of a ternary cleavage complex (DNA‐TOP2‐Anthracyclines) leads to double -stranded 

DNA breaks35,49. While in the proliferating malignant cells this complex inhibits DNA replication 

and induces apoptosis as intended, the damage to non-proliferating cardiomyocytes will lead to 

adverse effects35. For example, doxorubicin disrupts the normal catalytic cycle of TOP2β, causing 

DNA double-stranded breaks that in turn result in p53 activation50. This further changes the 

transcriptome, leading to defective mitochondrial biogenesis and increase in ROS41,51. 

Consequently, cardiomyocytes presented myofibrillar disarray and vacuolization51.  
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6.4.3. Accumulation of drug and cardiotoxic metabolites 

The individual differences in the rate of conversion of anthracyclines into active metabolites  as 

well as their absorption/elimination by transmembrane carriers may affect the risk to develop ACT 

33. For example, anthracycline alcohol metabolites  form a reservoir in cardiomyocytes32,52 and 

impair contractility by inhibiting the activity of the Ca2+ and Na+/K+ pumps32,37. Interindividual 

variability in the formation of these metabolites may affect the risk of cardiomyopathy53. The 

synthesis of cardiotoxic alcohol metabolites is catalyzed by myocardial cytosolic carbonyl 

reductases (CBRs)52,53 which are considered as the main metabolizing enzymes of anthracyclines 

in the human heart37.  

Several transporters can modify anthracyclines uptake or efflux changing their plasmatic and 

cellular concentration. The solute carriers (SLC) are known to encode membrane proteins that can 

transport a large number of endogenous compounds and drugs54. Moreover, the expression of these 

transporters in the myocardium may significantly contribute to anthracycline induced 

cardiotoxicity55. Adenosine triphosphate-binding cassette subfamily C (ABC) transporters include 

several efflux pumps that influence the level of anthracyclines in leukemia cells and other tissues, 

including myocardium56-60.  

6.4.4. Disruption of iron metabolism 

Iron is supposed to play a crucial role in the ACT due to its important role in the generation of 

ROS 35. More precisely, formation of doxorubicin‐Fe2+ complexes may catalyse a Fenton reaction 

(Fe2+‐catalysed transformation of hydrogen peroxide to hydroxyl radical) resulting in the 

generation of ROS35,61. Several studies have indicated that iron loading aggravates the toxic effects 

of anthracyclines. For example, patients with higher concentrations of iron in tissues (individuals 

with hereditary disorders of iron metabolism) have an increased risk of heart damage because the 

accumulation of iron can enhance the response of ROS to the effects of anthracyclines.  
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Interestingly, the only FDA-approved cardioprotective agent – dexrazoxane62, has two biological 

activities: it may chelate iron, which  prevents anthracycline-induced oxidative damage63 and can 

change the configuration of TOP2, and thus its binding to anthracyclines. This can subsequently 

improve anti-oxidant gene expression preventing mitochondrial dysfunction and cardiomyocyte 

death62. 
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6.5. GENETIC VARIATIONS ASSOCIATED WITH ANTHRACYCLINE-INDUCED CARDIOTOXICITY  

A total of 45 SNPs located in 34 genes were reported related to ACT in patients treated for 

childhood cancer. The summary of these studies with all details, including authors, research 

design, anthracycline type, and significant associations, is reported in Table 1. Studies are 

described below in the sections 3.1 to 3.7 focusing on the genes coding for transporters, 

metabolizing and antioxidative enzymes as well as proteins involved in cardiac function . Most of 

the studies used a candidate gene approach32,64-74, two variants were nevertheless identified 

through genome-wide association studies (GWAS)74,75  

6.5.1. Membrane transporters. 

ATP Binding Cassette (ABC) 

ABCB1, ABCB4, ABCC1, ABCC2, ABCC5 

Polymorphisms in genes coding for ABC transporters were correlated with higher incidence of 

ACT in childhood cancer patients treated with anthracyclines54,65,70. In addition to its role as efflux 

transporters, the ABCC subfamily is involved in endothelial homeostasis (for example, in the 

regulation of vascular tone and systemic blood pressure) and may have important effects in the 

myocardium through the efflux of cyclic nucleotides, in particular through the depletion of cellular 

cyclic adenosine monophosphate76. 

 Eight variants in five genes (ABCB1, ABCB4, ABCC1, ABCC2, ABCC5) were identified as 

predictors of ACT65,69,70,72. Some studies reported validation in internal replication cohorts. For 

example, Krajinovic et al. reported that survivors of childhood acute lymphoblastic leukemia 

(ALL) with ABCC5 rs7627754 TT genotype had significant reductions in ejection fraction (EF) 

and fractional shortening (FS)65; Visscher et al. reported two gender-dependent associations in 

ABCB4 gene (rs1149222 and rs4148808) that appear to be significant only among females 77; in 

addition, variants in ABCB1 (rs2235047) and ABCC1 (rs4148350) were also associated with higher 
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risk of ACT in patients with various pediatric cancer72,77. Two other associations in ABCC1 gene 

(rs3743527 and rs246221) were identified by Semsei et al. in relation to anthracycline-induced LV 

dysfunction in childhood ALL patients70. Likewise, ABCC2 rs3740066 GG genotype had lower 

FS during both acute phase of therapy and 5–10 years after treatment in pediatric ALL and sarcoma 

patients69. The last two studies did not have an internal replication cohort and further verifications 

are necessary.  

The ABCC1  is  one of the most studied transporter-coding genes in the context of cancer treatment 

and  cardiotoxicity. It was the first described in a doxorubicin-resistant cell line and is expressed 

in different tissues including myocardium59,78. The reduced activity may exacerbate an 

intracellular anthracyclines’ accumulation and subsequently results in cellular toxicity79, while 

higher ABCC1 activity could then explain lower drug levels and reduced toxicity. Furthermore, 

human ABCC1 is expressed not only on the plasma membrane but is also found in the cytoplasm. 

It has been hypothesized that such expression can allow the sequestration of doxorubicin in 

lysosomes, without even reaching its target, the nucleus54,78.   

Interestingly, rs4148350 variant in ABCC1 gene associated with ACT in pediatric patients72,75,77 is 

located within the same haplotype block as nonsynonymous variant Gly671Val reported in adults 

with non-Hodgkin lymphoma54; suggesting the linkage disequilibrium (LD) between these SNPs 

and similar involvement of some of the variants in ACT following treatment of  both pediatric and 

adult cancers72. 

Solute carriers (SLC) 

SLC10A2, SLC22A2,  SLC22A6, SLC22A7, SLC22A17, SLC28A1, SLC28A3 

Given essential role the SLCs play in the absorption and excretion of drugs, considerable 

knowledge has been accumulated on SLC subfamilies, mainly expressed in the kidneys, liver, and 

intestine80,81. The association with ACT was reported for SNPs located in several SLCs. The 
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protective role of minor alleles of rs7853758 and rs4877847 in SLC28A3 gene was identified and 

replicated in at least 2 pediatric cancer cohorts71,72,77. Interestingly, the association of rs4877847 

remained significant after conditioning on rs7853758, suggesting an independent effect of the 

former72. Moreover, rs7853758 was recently recommended for pharmacogenomic testing in 

childhood cancer patients that received doxorubicin or daunorubicin (Level B – moderate)82. The 

association between SLC28A3 rs7853758 and ACT seems to be more specific for childhood cancer 

patients since it was not replicated in  adult cohorts of breast cancer83 and aggressive B-cell 

lymphoma84. However, it is worth noting that certain inconsistencies were reported for  rs4877847, 

since minor A allele of, was found more frequent by Sági et al. among ALL and osteosarcoma 

patients with ACT69.   

Regarding other SLC genes, Visscher et al. identified and replicated rs4982753 and rs4149178  

SNPs in SLC22A17 and SLC22A7 genes, respectively, as potential protective markers of ACT in 

childhood cancer patients71. The same group reported through different studies additional 

protective variants in SLC10A2 (rs9514091 and rs7319981) and SLC22A2 (rs316019); 

interestingly, the effect of the latter was age-related and was observed in younger patients (younger 

than 5 years)72,77. Both risk and protective variant (rs2305364 and rs2290271, respectively) were 

also reported in SLC28A1 gene72,75,77. Finally, the SLC22A6 rs6591722 rare AA genotype was 

associated with lower mean FS 5–10 years after the diagnosis in patients treated for childhood 

ALL69. 

The SLC28A1 gene encodes a pyrimidine-preferred nucleoside transporter and is considered to be 

the best candidate to mediate uptake of a variety of fluoropyrimidines currently used in the 

treatment of solid tumors85,86, while SLC28A3 gene encodes a carrier with a wider range of 
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substrates87. Remarkably, in  human cultured leukemia cells (HL60), nucleoside transporters are 

involved in the uptake of anthracyclines, including doxorubicin, but not daunorubicin88. 

The SLC22A7 transporter has been increasingly recognized in terms of its role in drug 

disposition89. The well-characterized drug substrates of SLC22A7 include various antibiotics89, 

antivirals90 and antimetabolites (5-fluoro-uracil and methotrexate)91. These transporters are widely 

expressed in different tissues, including myocardium89, therefore it would be fair to assume that 

the proteins encoded by this gene could transport anthracyclines into the cell and that variable 

intake may either protect against cardiotoxicity or lead to undesirable effects71. 

The SLC22A6 gene is involved in renal excretion of endogenous and exogenous organic anions 

and mediate excretion of many drugs including methotrexate92. In an in vitro study, adverse cardiac 

effects of indoxyl sulfate (non-dialysable uremic toxin, that has direct pro-hypertrophic and 

profibrotic effects on cardiac myocytes and fibroblasts93) were attenuated by SLC22A694. This 

gene was for the first time mentioned in the context of  anthracycline-induced cardiotoxicity or 

cardiac function by Sagi et al.69. 

The specific role of other transporters such as SLC22A17, SLC10A2 and SLC22A2 (mainly 

expressed in the brain95, in the liver and intestines96 and kidney97, respectively) in relation to ACT 

requires further investigation. 

6.5.2. Anthracyclines metabolizing enzymes. 

Hydroxylation 

Carbonyl reductases (CBR) 

CBR3 

Several studies confirmed that CBR-mediated two-electron reduction of the C-13 carbonyl group 

in the anthracycline side chain is one of the main metabolic pathways involved in the pathogenesis 

of cardiotoxicity because it results in the formation of cardio toxic alcohol metabolites 



 

247 

(doxorubicinol, daunorubicinol) in the myocardium32,37,98. Blanco et al., examined modifying 

effect of two functional polymorphisms, CBR1 1066G> A and CBR3 V244M, on the dose 

dependent risk of ACT in patients diagnosed with various childhood cancers32. They found that 

among homozygotes for the minor G allele of CBR3 rs1056892 (V244M), exposure to low-to-

moderate doses of anthracyclines increased the risk of ACT by three times compared to other 

genotypes32. However, the other groups that studied the effect  of CBR3 rs1056892 could not 

replicate its association with ACT71,72.  

One Electron Reduction 

Nitric Oxide Synthases (NOS) 

NOS3 

NOS3 is an endothelial enzyme that catalyzes the production of nitric oxide (NO). This enzyme is 

involved in the regulation of vascular tone, cellular proliferation, leukocyte adhesion, and platelet 

aggregation99. In addition, NOS3 participates in the one-electron reduction of anthracyclines32. The 

rs1799983 SNP in NOS3 gene results in an amino-acid substitution that alters susceptibility to 

cleavage and decreases endothelial NO 65. A cardioprotective effect of this polymorphism was 

observed in high-risk ALL patients who received a higher cumulative dose of doxorubicin 65. 

NADPH Dehydrogenase  

NQO1 

NQO1 is implicated in both one- and two-electron reduction of anthracyclines. NQO1 reduces 

quinone to hydroquinone conversion and prevents oxidative stress, potentially playing a role in 

defense against pro-oxidant drugs53,100.  Sági et al. reported an association between  rs1043470 

polymorphism in this gene and reduced cardiac function in childhood ALL and osteosarcoma 

patients69. The evidence of the NQO1 role in ACT risk is nevertheless controversial32,101, and 

requires additional validation. 
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 6.5.3. Other enzymes with potential effect on the metabolism of anthracyclines 

Alcohol Dehydrogenase (ADH) 

ADH7 

Alcohol dehydrogenase (ADH) catalyzes the interconversion between ethanol and acetaldehyde, 

the latter is  metabolized to acetate by aldehyde dehydrogenase (ALDH)102. The genetic variation 

of ADH and ALDH can modify the kinetic properties of enzymes, creating abnormal accumulation 

of acetaldehyde103, which in turn, can generate adducts with DNA and proteins102,103. The ADH 

polymorphisms are potentially implicated in induction of oxidative stress and apoptosis through 

the activation of stress signaling102,104,105, which may induce myocardial hypertrophy106. 

Moreover, it was suggested that mitochondrial aldehyde dehydrogenase (ALDH2) exerts a 

protective effect against doxorubicin-induced cardiotoxicity107. Visscher et al.72 reported a variant 

rs729147 in ADH7 gene linked to an increased risk of ACT. 

Cytochrome P450 (CYP) 

CYP3A5 and CYP4F11 

Cytochrome P450 (CYP) enzymes located in the heart can influence both drug metabolism and 

endogenous cellular function108. The importance of  CYPs in cardiovascular physiology stems 

from their ability to metabolize arachidonic acid  (starting material in the synthesis of essential 

substances such as prostaglandins and leukotrienes109) into epoxyeicosatrienoic acids (EETs)110. 

The cardioprotective effect of EETs has been demonstrated in ischemia/reperfusion injury111, 

cardiac hypertrophy and in cardiotoxicity induced by doxorubicin112.   

Among several investigated CYP polymorphisms, only rs2108623 in CYP4F11 gene was reported 

associated with an increased risk of ACT in two independent cohorts of childhood cancer 

survivors72,77. The risk of pathological FS was significantly affected by rs4646450 in the CYP3A5 

gene in childhood ALL and osteosarcoma patients69, this association needs nevertheless further 

validation. 
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6.5.4. Other medication neutralizing enzymes  

Glutathione S-transferase (GST) 

GSTP1 

Glutathione S-transferases (GSTs)  catalyze the detoxification of many endogenous or exogenous 

compounds (including anthracyclines). They also reduce the oxidative damage produced by these 

compounds;  their expression is induced by the ROS generation113. The polymorphisms of GSTP1 

(rs1138272 and rs1695) have been correlated with a less active enzyme, increasing exposure to 

the drug and reducing the clearance of anthracyclines114. The association between rs1695 GSTP1 

and cardiotoxicity, measured by reduced ejection fraction was reported by Windsor et al.115.  

Sulfotransferase (SULT) 

SULT2B1 

Other enzymes related to oxidative stress include sulfotransferase (SULT) responsible for sulfate 

conjugation of anthracyclines. Polymorphisms in this gene were correlated to ACT in pediatric 

cancer patients72,75,77. Gender specific protective effect, seen only in males, was reported for  

intronic variant rs10426377 in SULT2B1 gene77. 

UDP-glucuronosyltransferase (UGT) 

UGT1A6 

UGT1A6 is an important player in drug detoxification (including anthracyclines metabolites) via 

glucuronidation pathway77. Noteworthy, a synonymous SNP rs17863783 has been associated with 

an increased risk of ACT in three independent cohorts of pediatric cancer patients with leukemia 

and lymphoma, sarcoma, and other malignancies71,72,77,82. Moreover, this functional variant was 

recommended for  pharmacogenomic testing in childhood cancer patients treated with doxorubicin 

or daunorubicin therapy82. Additionally, an increased risk of ACT associated with functional 

variant  rs6759892 in UGT1A6 was also shown72,77. 



 

250 

6.5.5. Other antioxidative Enzymes, Catalase (CAT) 

CAT 

There is only one study conducted in survivors of childhood ALL patients that showed an 

association between intronic rs10836235 variant in the CAT gene and the risk of developing 

cardiac toxicity in patients exposed to anthracyclines67. Interestingly, other study conducted in 

childhood cancer patients72 examined 19 other variants of this gene, but did not confirm their role 

in ACT development. 

6.5.6. Genes involved in cardiac function 

RARG, HAS3, CELF4, PLCE1, ATP2B1, HNMT, GPR35 

A recent genome-wide association study (GWAS), conducted by Aminkeng et al., identified a new 

gene associated with ACT in survivors of childhood cancer composed of ALL, Ewing’s sarcoma, 

and rhabdomyosarcoma75. The study design included a discovery phase followed by replication in 

two independent survivor cohorts. A meta-analysis of all study populations using logistic 

regression adjusted for age, dose, radiotherapy to the heart and type of malignancy consistently 

reproduce the association between the non-synonymous coding variant rs2229774 in the RARG 

(Retinoic Acid Receptor Gamma) gene and the risk of ACT75,82. Overall, carriers for the minor A 

allele of rs2229774 had significantly increased odds of developing ACT compared to non -

carriers75. The functional studies conducted by the same team confirmed that the presence of the 

non-synonymous rs2229774 variant (p.Ser427Leu) alters the function of RARG, which in turn 

affects the repression of Top2b37,41. This resulted into higher Top2b levels, conferring increased 

susceptibility of the cells to the cytotoxic effect of anthracyclines37,75. This association is 

considered as one of the most convincing and consistent across several cohorts. It is recommended 

as a marker for pharmacogenomic testing in childhood cancer patients receiving doxorubicin or 

daunorubicin therapy82.  
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Wang et al, used a matched case-control study design, to explore the relation between ACT and 

polymorphisms in Hyaluronic Acid Synthase 3 (HAS3) gene73. They identified a common SNP, 

rs2232228, that exerts a modifying effect on anthracycline dose-dependent cardiomyopathy risk. 

Among pediatric cancer survivors with rs2232228 GG genotype, cardiomyopathy was infrequent 

and not dose-related, while in individuals exposed to high-dose anthracyclines, the rs2232228 AA 

genotype conferred an increased ACT risk. This finding was successfully replicated in an 

independent cohort of patients with ACT. In order to functionally explain the reported association 

this team suggested that Hyaluronan, a glycosaminoglycan abundantly found in the extracellular 

matrix plays an important role during tissue remodeling following injury73,116.  Hyaluronan is also 

involved in reducing ROS–mediated cardiac toxicity116. Therefore, high risk rs2232228 AA 

genotype could be related to inappropriate remodeling and/or inadequate protection of the 

cardiomyocytes from ROS-induced injury during high-dose anthracyclines exposure73. 

While conducting a subsequent GWAS in childhood cancer survivors, the same research group 

(Wang et al) reported a dose-dependent association of rs1786814 in the CELF4 (CUGBP Elav-

Like Family Member 4) gene74. The multivariable analyses adjusted for age at cancer diagnosis, 

sex, anthracyclines dose and chest radiation, disclosed that in carriers of A allele, ACT was not 

frequent and did not depend on dose, whereas carriers of GG genotype, exposed to h igher doses 

of anthracyclines (greater than 300 mg/m2) were more prone to the risk of ACT. Recent evidence 

has emerged showing that variations in the CELF4 gene are implicated in alternative splicing of 

TNNT274, the gene that encodes for cardiac troponin T (cTnT) and is known as a biomarker of 

myocardial injury117. 

The hypertension-susceptibility loci of the PLCE1 (Phospholipase C Epsilon 1) and ATP2B1 

(ATPase Plasma Membrane Ca2+ Transporting 1) genes (rs9327264 and rs17249754 
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respectively) were reported by Hildebrandt et al.64 to be significantly associated with ACT risk in 

a cohort of survivors of various pediatric cancers both conferring a protective effect. These 

findings require further validation and replication. 

The Histamine N-methyltransferase, encoded by HNMT gene, catalyzes the N-methylation of 

histamine. Moreover, in an animal model of hypotension, central inhibition of  HNMT activates the 

histaminergic system and induces the mobilization of compensatory cardiovascular mechanisms. 

The pathophysiological functions of cardiac histamine levels and related histamine receptors were 

previously investigated in the context of the development of chronic heart failure118,119, suggesting 

the possible involvement of the HNMT gene as a modulator of cardiotoxicity120. An age-related 

effect of rs17583889 and rs17645700 in this gene was suggested, since the significant association 

with increased ACT was detected only in younger patients (younger than 5 years)77. Almost all 

associations previously reported in this review (except one in SLC22A6 gene) focused on common 

polymorphisms with a frequency of minor alleles (MAF) >5%. Alternatively, Ruiz‐Pinto et al. 

investigated the implication of low-frequency variants (MAF<5%) in the susceptibility to ACT in 

pediatric cancer patients68. They carried out a GWAS using the Illumina HumanExome BeadChip 

array, enriched with low-frequency coding variants. Through gene-based testing, they explored 

the combined effects of common and low-frequency variants and identified a novel significant 

association between GPR35 (G Protein-Coupled Receptor 35) gene and increased risk of ACT. A 

missense variant rs1246848568 had the greatest contribution to the association signal. The GPR35 

gene belongs to the G protein-coupled receptor family of membrane proteins mediating a wide 

range of physiological processes with potential role in cardiac physiology and pathology 121. This 

association lacks replication and will require future studies. 
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6.5.7. Iron metabolism 

HFE 

Lipshultz et al.66 explored the frequency of hemochromatosis gene (HFE) mutations associated 

with hereditary hemochromatosis (a genetic disorder with symptoms of a pathological increase in 

iron levels) and their relationship with doxorubicin-associated ACT in survivors of childhood 

high-risk ALL, suggesting that carriers of rs1800562 HFE variant were more prone to heart 

injury66. Interestingly, Armenian et al. reported that the congestive heart failure in survivors of 

hematopoietic cell transplantation was associated with HFE rs1799945 variant, but not with 

rs1800562; these results were reported in combined cohort of pediatric and adult patients122. 

 6.5.8. Other function 

SPG7, FMO3, FMO2 

Mitochondrial dysfunction plays an important role in the pathogenesis of multiple cardiac 

diseases123. The oxidative stress increased mitochondrial Ca(2+) and ROS generation act 

synergistically to produce the mitochondrial permeability transition pore (mPTP) and cell 

death124,125. Therefore, the inhibition of the mPTP appears to be protective in cardiac diseases, 

including cardiomyopathies123,125. It was recently confirmed that ubiquitously expressed inner 

mitochondrial membrane integral protein, SPG7 (encoded by SPG7 gene), is a core component124 

or modulator of the mPTP126. 

The flavin-containing monooxygenases (FMO) are NADPH-dependent flavoenzymes catalyze the 

oxidation of numerous drugs and xenobiotics. Several recent studies have found a link between 

either FMO3 (the isoform 2 encoded by FMO2 gene represents the truncated form without 

catalytic activity127) or its enzymatic product, trimethylamine N-oxide, with cardiovascular 

disease128-130.  With the respect to ACT in childhood cancers, protective variants rs2019604,  

rs2020870 and rs1736557 in the SPG7, FMO2 and FMO3 genes are reported, respectively72,77 .  
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6.6. MODIFYING EFFECT OF REPORTED PHARMACOGENES IN THE PETALE COHORT 

To further explore the described ACT-associated genes, we pooled the information on genetic 

variants from these genes using whole exome sequencing (WES) data available from the well 

described PETALE cohort of childhood ALL survivors of the Sainte-Justine University Health 

Center (SJUHC)9 and analyzed whether they correlate with ACT development. The analyses 

comprised a set of genes identified through reviewed studies (Table 1) that were also validated in 

an independent replication cohort. 

The characteristics of the PETALE cohort were previously described9,131,132; briefly this cohort is 

composed of 236 patients diagnosed and treated for childhood ALL according to Dana Farber 

Cancer Institute (DFCI) ALL 87-01 to 05-01 protocols at SJUHC, Montreal, (Quebec), Canada. 

Eligible participants were younger than 19 years old at diagnosis, at least 5 years after diagnosis, 

without history of relapse or refractory ALL and had not received a hematopoietic stem cell 

transplant. The median age of patients at the time of diagnosis was 9 years and the time from end 

of treatment to evaluation ranged from 3-24 years with a median of 12 years. The analyses were 

performed in either all patients or subgroups that differ relative to doxorubicin treatment. These 

included  patients assigned to standard (SR, 45.8%) and high risk (HR, 54.2%) groups based on 

prognostic factors, who received different cumulative doxorubicin doses9 and HR patients who 

received or not cardioprotectant (53.1% and 46.9%, among HR patients, respectively)9. They were 

almost exclusively of reported French Canadian descent (>95%). Details are outlined in  

Supplemental Table 1.  

The genotypes of 108 common and 381 rare variants of 22 genes were pooled from WES 

data9,131,132 followed by association studies with cardiac complications, as defined by the left 

LVEF, FS and LVEDD (left ventricular end-diastolic diameter) evaluated by echocardiography9 

in PETALE participants.  
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Even if we did not necessarily test the same lead SNPs (unless the SNPs were present in WES 

data) as in original studies, almost all genes (21/22) had at least one of the variants significantly 

associated with tested outcomes. Common variants with risk eff ect were detected in ABCB1, 

ABCC1, ABCC5, ADH7, CYP4F11, FMO2, FMO3, HNMT, NOS3, RARG, SLC10A2, SLC22A2, 

SLC22A7, SLC28A1, SPG7, SULT2B1 and UGT1A6 genes (Table 2) and with protective effect in 

ABCB1, ABCB4, ABCC1, ABCC5, ADH7, CYP4F11, FMO2, FMO3, NOS3, SLC10A2, SLC22A2, 

SLC28A1 and SLC28A3 genes (Table 3). The significant effect of rare variants was noted in 

ABCC5, ADH7, CELF4, HAS3, HNMT, NOS3, SLC10A2, SLC22A2 and SLC28A1 genes (Table 

4). These analyses confirmed the importance of the genes identifying through prior studies and, in 

some cases, pointed to potentially causal variants. It should be noted that, given many variants 

tested, only few of them had false discovery rate, FDR133,134, lower or equal to 5%. Among such 

variants, are common SNPs in ABCC1, SLC22A7 and SPG7 genes. A risk effect of minor G allele 

of ABCC1 rs246232 was observed in all patients, as based on LVEDD (p=0.0005) while the 

protective effect of minor A allele of ABCC1 rs2230671 was seen in SR patients, as based on 

LVEF (p=0.0009). Likewise, carriers for the minor A allele of SLC22A7 rs70953680  and  SPG7 

rs66845605 who were assigned to SR group, were at higher risk of having lower LVEF (OR=4.9; 

95% CI, 1.99-11.8; p=0.0002 and OR=4.2; 95% CI, 1.7-10.3; p=0.001, respectively) 

(Supplemental table 2). Interestingly, the identified SPG7 rs66845605 variant is in a LD with 

initially reported SPG7 rs2019604 variant (r2=0.73, D’=0.94)72,77. 

The results obtained here are adding further weight to ABCC1 gene, which seems to play an 

important role in ACT in pediatric cancer patients, as described in the section 3.1.1. 70,72,77. Recent 

evidence suggests that SLC22A7, which is widely expressed in different tissues including cardiac 
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tissue135,136, is involved not only in the transport of naturally occurring nucleosides135, but is also 

linked to the transport of  various drugs80,91,136.  

The SPG7 gene is highly implicated in mitochondrial function, more precisely, it is one of the key 

regulators of the mitochondrial permeability transition pore (PTP), the opening of which leads to 

a bioenergetic crisis and to cell death123,125. 

The analysis of rare variants led to the detection of a risk effect between LVEF (%) and rare 

variants enrichment in SLC10A2 (p=0.002) and ADH7 (p=0.001) genes  (Supplemental table 3).  

SLC10A2 is expressed at tissue sites that are involved in the enterohepatic circulation of bile 

acids137. Dawson et al.137 suggested that certain drugs and/or drug metabolites, may interact as 

inhibitors of SLC10A2 138, which in turn may explain some of the side effects associated with these 

drugs137. However, possible interaction between SLC10A2 and anthracyclines remains unclear. 

The polymorphisms of alcohol dehydrogenase (ADH) are potentially implicated in induction of 

oxidative stress and apoptosis through the activation of stress signaling102,104,105, which may in turn 

induce myocardial hypertrophy106. Different alleles of ADH7 gene  were associated with the early 

stages of alcohol metabolism, alcohol-induced cardiac dysfunction, and insulin resistance75,105,139. 

Interestingly, the effect of minor alleles in ADH1 gene was linked to lower rate of complete 

remission in AML patients36. Additional studies will be needed to elucidate the role of ADH7 gene 

in the metabolism of anthracyclines and/or its role in ACT.  

Several lead SNPs identified through described studies were also present in our dataset. Many of 

these markers were also associated with ACT in PETALE cohort (indicated in Tables 2 and 3), 

among them, are associations in FMO2, FMO3, NOS3 and UGT1A6 genes. In addition, SLC28A1 

rs2290272 variant was identified in the PETALE cohort as a risk marker, which  is in a strong LD 

with initially reported rs22900271.  
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Furthermore, in the PETALE cohort, minor allele of  RARG rs2229774 was associated with an 

increased susceptibility to ACT in standard-risk patients (Table 2). This SNP is included in the 

pharmacogenomic panel for testing childhood cancer patients who receive doxorubicin or 

daunorubicin82. 

These associations provide further evidence of genetic contribution to the ACT in childhood ALL 

survivors.  
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6.7. CONCLUSION 

This systematic review provides an insight into pharmacogenomic markers related to ACT in 

patients treated for childhood cancer. We also included a brief overview of the applicability of 

reported findings to the well established PETALE cohort.  

An important number of genes have been identified through association studies of ACT. These 

findings may altogether lead to prediction models to identify patients who might be highly 

susceptible to ACT and require treatment adjustment or closer follow-up or have lower 

susceptibility to ACT, therefore may not need the cardio protectants and/or may not require 

additional follow-ups. 

However, in some cases, replication analyses failed to validate initial findings. This discordance 

can be attributed to several factors, such as the heterogeneity between cohorts, the inconsistency 

in the definition of ACT, the differences among protocols, the type, and doses of anthracyclines, 

among many others.  

Given certain limitations of the current pharmacogenomic evidence, we emphasize that new, well 

designed prospective studies on larger and well-defined populations are needed to accurately 

validate the predictive value of reported genetic biomarkers associated with ACT. 

As more reliable data become available, healthcare providers will be able to integrate the results 

of pharmacogenomic testing into clinical therapeutic and follow-up decisions in order to detect the 

individuals that are at higher risk to have treatment-related cardiotoxicity, thus, to maximize 

treatment’s efficacy and reduce its long-term effects in the particularly vulnerable population of 

pediatric patients. 
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6.8. EXPERT OPINION 

Anthracycline-induced cardiotoxicity (ACT) occurs in almost 60% of treated patients and remains 

an important limitation of anthracycline-based chemotherapy82. The struggle to mitigate ACT has 

given rise to several new preventative strategies currently used in clin ical practice, such as 

limitation of the dose exposure; encapsulation of anthracyclines in liposomes to reduce myocardial 

uptake38; modification of anthracycline structure in an effort to reduce myocardial toxicity; 

administration concurrently with the iron chelator dexrazoxane to reduce free iron-catalyzed ROS 

formation8,34,35. Despite advances in supportive and protective therapy for myocardial function,  

serious adverse effects of anthracyclines, like congestive heart failure are still causing major 

clinical problems. 

The wide variation in interindividual susceptibility to ACT along with a multitude of genetic 

variants detected through association studies suggests that genetic contribution should be taken 

into consideration for the design of new individualized preventive approaches.  

A major drawback of the current genetic studies is inconsistency across different populations and 

treatment protocols. Further validation is needed in the context of well-defined interacting and 

confounding factors such as, among others, treatment protocol, and disease. In that regard the 

gene-treatment interactions are important for the implementation of pharmacogenetics findings 

since the effect of  polymorphisms could be related to the type of malignancy, the dose of the drug, 

and the duration of treatment, which can vary considerably across protocols. Other factors that are 

intrinsic to each study and which can affect the interpretation of the outcome include the type of 

drug, the definition of the patient risk group, definition of studied phenotypes, time of evaluation 

relative to the end of treatment, frequency of follow up, nutrition, life habits, and prophylactic 

treatment.  
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One of the recent publications on ACT includes evidence-based clinical practice recommendations 

for pharmacogenomic testing. Aminkeng et al.82 pointed to the polymorphisms rs7853758,  

rs2229774 and rs17863783 in SLC28A3, RARG and UGT1A6 genes, respectively, as genetic 

markers with the strongest association with ACT in patients with various childhood cancers. 

Interestingly, our results conducted in leukemia patients treated with doxorubicin replicated one 

of the findings, the risk variant rs2229774 in the RARG gene, in a subgroup of patients, suggesting 

that this variant warrant validation through a prospective study. Variability across studies 

demonstrates the challenge facing the clinical implementation of pharmacogenomics and the 

continuous need to critically analyze rapidly emerging data. 

In conclusion, pharmacogenomics has a great potential to improve the use of medications to 

enhance efficacy and reduce toxicity by allowing for optimal treatment selection and/or dose 

personalization based on the genetic characteristics of individuals; it may also provide an improved 

ability to detect the likelihood of long-term adverse effects of the cancer treatments. It is worth 

mentioning that the establishment of optimal treatment approaches using genetic information in 

conjunction with data on non-genetic causes of inter-patient variability in drug responses could be 

much more challenging than the detection of genomic variability itself. Furthermore, the 

implementation of pharmacogenetic testing often relies on appropriate algorithms and adequate 

recommendations. Therefore, clinical implementation will need consensus guidelines that could 

help health professionals to interpret the results of testing and guide their decision-making process. 
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6.10. TABLES AND FIGURES 

Table 1. Studies investigating genotypic associations with anthracycline-induced cardiotoxicity in childhood cancer patients. 

SNP Gene Study approach Study cohort ACT definition 
Anthracycline 

type  

Follow-up, 
years, mean or 
median (range)  

Author Replication 

Protective 
variant 

CAT 

Candidate genes: 
genes that encode 
ROS metabolizing 

enzymes SOD2 and 
CAT; glutathione S-
transferases GSTT1 

and GSTM1 

Long-term survivals 
of childhood ALL 
treated with BFM 

protocols 

 LVEDD, LVESD, 
septal and 

posterior wall 
thickness in 

diastole, LVEF, 
FS.  

Not specified 

Every 6 months 
for the first 3 

years and yearly 
afterwards. 

Rajic et al., 
2009 (1) 

no  

rs10836235 

  

Risk variant 

GSTP1 

Candidate genes: 36 
candidate SNPs in 
triple-drug MAP 
(methotrexate, 

doxorubicin, 
cisplatin) pathway 

genes  

Osteosarcoma 
pediatric patients 

LVEF Doxorubicin 
Months 41.5 

(12-93) 
Windsor et 
al., 2012 (2) 

no 

 rs1695 

  

Risk variant 

CBR3 

Candidate genes: 
functional genetic 
polymorphisms in 
CBR1 and CBR3 

genes  

Childhood cancer 
survivors (treated for 
soft tissue sarcoma, 
leukemia, lymphoma, 
bone tumors, other)  

LVEF and/or FS 

Doxorubicin, 
daunomycin, 
epirubicin 
and 
idarubicin 

Cases= 7.0 (0.1-
35.1), controls = 
11.2 (0.4-40.3) 

Blanco et 
al., 2012 (3) 

no 

rs1056892 
(V244M) 

  

Risk 
variants 

ABCC1 
Candidate gene: 

SNPs of the ABCC1 
gene 

 Paediatric patients 
with ALL treated with 

anthracycline 
chemotherapy. 

LV function 
alteration 

measured by 
LVEDD and 
LVESD, FS.     

Doxorubicin, 
Daunorubicin 

End of the 
treatment 2.0 

(0.7–3.4);                                                  
Latest ECHO 6.3 

(2.4–13.7). 

Semsei et 
al., 2012 (4)  

no  
rs246221 

rs3743527 
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Risk variants  

Candidate genes: 
2977 SNPs in 220 key 

drug 
biotransformation 

genes 

Patients treated for 
childhood cancer 

including AML, Other 
leukemia, HL/NHL, 

Osteosarcoma, 
Rhabdomyosarcoma, 

Ewing's sarcoma, 
Other sarcoma, 

Nephroblastoma, 
Hepatoblastoma, 
Neuroblastoma, 

Carcinoma.  

Early- or late-
onset LV 

dysfunction 
measured by FS 

and/or 
symptoms 
requiring 

intervention 
based on 
CTCAEv3 

Doxorubicin, 
Daunorubicin, 

other 

Cases = 6.8 (0.1-
21.2);                 

controls = 8.6 
(5.0-18.6) 

Visscher et 
al., 2012 (5) 
Visscher et 
al., 2013 (6) 

yes 

rs6759892 

UGT1A6 rs17863783 

rs4261716 

rs1149222 
ABCB4 

rs4148808 

rs4148350 ABCC1 

rs17583889 HNMT 

rs729147 ADH7 

rs2305364 SLC28A1 

rs2235047 ABCB1 

Protective variants 

rs7853758 

SLC28A3 rs4877847 

rs885004 

rs1736557 FMO3 

rs2019604  SPG7 

rs9514091 
SLC10A2 

rs7319981 

rs17645700 HNMT 

rs2290271 SLC28A1 

rs316019 SLC22A2 

rs2108623 CYP4F11 

rs10426377 SULT2B1 

  

Risk variant 

HFE 

Candidate gene: two 
common HFE allelic 
variants: C282Y and 

H63D 

Paediatric patients 
with high-risk ALL 

treated with the DFCI 
protocols 

LV structure and 
function Z-

scores. 
Doxorubicin 

Time from 
registration on 

original protocol 
to post-baseline 
echocardiogram, 
years, median 

 Lipshultz 
et al., 2013 

(7)  
no  

rs1800562 
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(range) 6.1 (1.0–
16.1) 

  

Risk variant 

HAS3 

Candidate genes: 
ITMAT/Broad CARe  
SNP array to profile 

common SNPs in 
2100 genes relevant 

to de novo 
cardiovascular 

disease. 

Childhood cancer 
survivors with and 

without 
cardiomyopathy 

treated for: 
ALL/AML, soft tissue 
sarcoma, HL/NHL, 

bone tumors, other. 

Signs and 
symptoms 

and/or LVEF and 
FS. 

Not specified 

Cases= 10.0 
(0.1-35.1), 

controls = 11.3 
(0.9-41.0) 

Wang et 
al., 2014 (8) 

yes 

 rs2232228 

  

Protective 
variant 

SLC22A17 

Candidate gene: 
4578 SNPs in more 

than 300 genes 
preselected for 

relevance in drug 
ADME, including 

genes relevant for 
ACT. 

The discovery cohort 
comprised patients 

recruited from 
pediatric oncology 

units and long-term 
follow-up clinics 
across Canada. 

Early- or late-
onset LV 

dysfunction 
measured by FS 

and/or 
symptoms 
requiring 

intervention 
based on 
CTCAEv3 

Doxorubicin, 
Daunorubicin 

Cases = 6.8 (0.1-
21.2);                 

controls = 8.6 
(5.0-18.6). 

Visscher et 
al., 2015 (9)  

yes 

rs4982753 

Protective 
variant 

SLC22A7 

rs4149178  

Risk 
variants 

 SULT2B1 

rs10426628 
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Risk variant 

RARG 
GWAS discovery 

analysis: 740K SNP 
assay 

Patients treated for 
childhood cancer 

including AML, ALL, 
Other leukemia, 

HL/NHL, 
Osteosarcoma, 

Rhabdomyosarcoma, 
Ewing's sarcoma, 
Other sarcoma, 
Wilms tumor, 

Hepatoblastoma, 
Neuroblastoma. 

FS or signs and 
symptoms of 

cardiac 
compromise 

requiring 
intervention 

based on 
CTCAEv3 

Doxorubicin 
Cases= 7.5 (2.5-
15.5), controls = 

9 (7-12) 

Aminkeng 
et al., 2015 

(10) 
yes 

rs2229774 

  

Risk variant 

CELF4  GWAS 

Childhood cancer 
survivors with and 

without 
cardiomyopathy 

treated for: 
ALL/AML, sarcoma, 

HL/NHL, other. 

Signs and 
symptoms 

and/or LVEF and 
FS. 

Not specified 
Cases= 9.4 (0.1-
35.1), controls = 

12.9 (1.4-41) 

Wang et 
al., 2016 

(11) 
yes 

rs1786814 

  

Risk variant 

ABCC5 
Candidate genes: 
polymorphisms in 

the DOX metabolic 
and functional 

pathway, including 
genes coding for 

efflux transporters 

Paediatric patients 
with ALL treated with 

the DFCI protocols 

 LVEDD, LVED 
posterior wall 
thickness, FS, 
LVEF and LV 

mass.  
 

 

 
 

Doxorubicin 

Discovery 
cohort, 8.4 (1.0 - 
18.0); Validation 

cohort, 5.25 
(3.1-9.3) 

Krajinovic 
et al., 2016 

(12) 
yes 

rs7627754 

Protective 
variant 

NOS3 

rs1799983 
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Protective variants Candidate genes: 12 
GWAS-identified 

hypertension-
susceptibility loci  

Long-term childhood 
cancer survivors 

(treated for sarcoma, 
leukemia, lymphoma, 

other) 

LVEF 

Standardized 
to 
doxorubicin 
equivalents 

Cases = 
21.2(11.2); 
controls = 
15.7(7.6) 

Hildebrandt 
et al., 2017 

(13) 
no 

rs9327264 PLCE1 

rs17249754 ATP2B1 

  

Risk variant 

GPR35 

Candidate genes: 
SNP array included 

247870 variants 
(majority protein-

altering), 
representing 

multiple ethnicities 
and complex traits 

Anthracycline-
treated pediatric 
cancer patients 

(Leukemia, 
osteosarcoma, Ewing 

sarcoma) 

 LV dysfunction 
assessed by FS 

or 
symptoms/signs. 

Doxorubicin, 
daunorubicin, 
or epirubicin 

Cases= 8.3 (1-
24.1), controls = 

10.5 (1-27.5) 

Ruiz-Pinto 
et al., 2017 

(14) 
no  

 rs12468485  

  

Risk variants  

Candidate genes: 70 
single nucleotide 
polymorphisms 

(SNPs) in 26 genes 
coding for xenobiotic 

transporters and 
metabolizing 

enzymes 

Pediatric ALL and 
OSC patients  

LVEF and FS 

Standardized 
to 
doxorubicin 
equivalents 

Follow-up 
categories:      1) 
at the diagnosis 

(control); 2) 
acute phase;                              

3) maintenance 
chemotherapy;                   

4) end of the 
treatment;                   
5) up to 5 y. 

after dx;                           
6) 5–10 y. after 

dx;             7) 10–
15 y. after dx;                       
8) more than 
15 y. after dx.  

Sági et al., 
2018 (15)  

no  

 rs3740066  ABCC2 

rs4646450 CYP3A5 

rs1043470  NQO1 

rs6591722  SLC22A6 
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rs7853758 SLC28A3 

 

LVEDD: left ventricle end diastolic diameter; LVESD: left ventricle end systolic diameter;  LVEF: left ventricle ejection fraction; FS: fractional shortening; LV: left ventricle; 
SNP: single nucleotide polymorphism; BFM: Berlin-Frankfurt-Munster protocol; ALL: acute lymphoblastic leukemia; ECHO: Echocardiogram; CTCAEv3: Common 

Terminology Criteria for Adverse Events version 3; AML: acute myelogenous leukemia; HL: Hodgkin’s Lymphoma; NHL: Non-Hodgkin’s Lymphoma; DFCI: Dana-Farber 

Cancer Institute; GWAS: genome-wide association study. 
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Gene 
Fractional 

Shortening 

 

LVEF-Mmode 
LVEF-Mmode 

binary 

 

LVEF 2D 
 

LVEF 2D binary 
 

LVEDD z score 

 
 

ABCB1 

rs2229109**,   rs2235035, rs2235035, rs2235035, 

p=0.036 p=0.026 p=0.009 p=0.043 

    rs2235035, 

p=0.019 
 

 
 
 
 
 
 
 
 

 
ABCC1 

    
rs111263400, 

 rs246232, 

p=0.0005; 

p=0.028; rs903880, 

rs4238623, p=0.0052; 

p=0.038 rs3765129, 

p=0.024 

     rs246232, 

p=0.008; 

rs3765129, 

p=0.006 

     rs45511401**, 

p=0.025; 

     rs246232, 

p=0.017 
 

ABCC5   rs6443924, 

p=0.049 
   

 

ADH7 
rs17537595, 

p=0.046 

rs17537595, 

p=0.014 
    

 

CYP4F11 
     rs1064796, 

p=0.013 
 
 

FMO2 

rs2020870**, rs2020870**, rs2020870**,    
p=0.021 p=0.027 p=0.006 

rs2020870**, rs2020870**,     
p=0.00095 p=0.002 

FMO3 rs2066528,  
 
 

rs1736557**, 

 
rs1920149, 

 
 
 

rs2266780**, 

  
p=0.009; 

rs2266780**, p=0.045; 

p=0.013; p=0.046 rs2266782**, p=0.020 

rs1920149, p=0.045 

p=0.042 

 
rs1736557**, 

rs2266782**,  
rs1736557**, 

 
rs2266780**, 

  
p=0.029; 

p=0.020 rs1920149, p=0.012 p=0.020 

p=0.032 

 

Table 2. Summary of the common variants’ analysis in the PETALE cohort (N=236), risk associations*.  
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 rs2066528,   
 
 

rs1920149, 

   

p=0.045; 

rs2266780**, 

p=0.010; p=0.013; 

rs1920149, rs2266782**, 

p=0.024; p=0.012 

rs2266782**, 

p=0.033 
rs2266782**,  rs2266780**,    

p=0.026; p=0.0490 
 
 

HNMT 

  rs3842548, 

p=0.040 

   

  rs3842548, 

p=0.016 

   

 
 

NOS3 

  rs891512, 

p=0.0498 

rs891512, 

p=0.009 

rs891512, 

p=0.018 

 

   rs891512, 

p=0.028 

rs891512, 

p=0.019 

 

 

RARG 
  rs2229774**, 

p=0.021 

   

 
 

SLC10A2 

rs8000956, 
p=0.041; 

rs279940, 
p=0.050 

     

 
 

SLC22A2 

rs316019, 

p=0.024 

 rs2774230, 

p=0.018 

   

  rs2774230, 

p=0.032 

   

 

SLC22A7 
rs70953680, 

p=0.011 

rs70953680, 

p=0.015 

rs70953680, 

p=0.0002 

   

 
 
 
 
 

SLC28A1 

 
rs4980349, 

 
rs8187763, 

rs2242046**,   
rs2242046**, 

rs4980349, 

p=0.037; p=0.027; 

p=0.036 p=0.049 rs8187763, p=0.025 rs2290272**, 

p=0.037 p=0.037 
     

rs2242046**, 

rs3825875, 

p=0.029; 

p=0.010 rs2290272**, 

p=0.0099 
 
 
 
 
 

SPG7 

rs66845605,  
rs66845605, 

rs461405,    

p=0.021; p=0.026; 

rs461405, p=0.036 rs66845605, 

p=0.038 p=0.040 

  rs66845605,    

p=0.001; 

rs12960**, 

p=0.020 
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SULT2B1 
 rs2302948, 

p=0.032 

    

 
 

UGT1A6 

 rs6759892**, 

p=0.033 

rs6759892**, 

p=0.037 

rs6759892**, 

p=0.017 

rs6759892**, 

p=0.015 

 

 rs6759892**, 

p=0.019 

    

 
 
LVEF: left ventricular ejection fraction; LVEDD: Left Ventricular End Diastolic Diameter. 
* results reflect association for minor/derived alleles as obtained through allelic ratio analyzes implemented in PLINK 
**functional variants 

Variants that were reported in the original studies or in LD with reported variants are in bold and highlighted in red  
Color code: 

  All cohort  

  Standard risk group 

  High risk group 

  High risk patients who received dexrazoxane 
  High risk patients who did not receive dexrazoxane 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

271 

 

Table 3. Summary of the common variants’ analysis in the PETALE cohort (N=236), protective 

associations*. 

 
 

 

Gene 
Fractional 

Shortening 

 

LVEF M-mode 
LVEF M-mode 

binary 

 

LVEF 2D 
 

LVEF 2D binary 
 

LVEDD z score 

 

 
 
 

ABCB1 

   rs2235013, 

p=0.045 

  

   rs2235013,  
rs2032582**, 

 

p=0.010; 

rs2032582**, p=0.022 

p=0.042 
 

ABCB4 
     rs31675, 

p=0.020 
 
 

ABCC1 

rs2230671, 

p=0.011 

  rs2230671, 

p=0.025 

rs2230671, 

p=0.0009 

 

rs35588, 

p=0.045 

rs35588, 

p=0.034 

rs35588, 

p=0.0054 

   

 

 
 
 

ABCC5 

rs7636910,  
rs7636910, 

    
rs56373140, p=0.003; 

rs56348509, 
p=0.02 

p=0.012 p=0.046 

     rs56373140, 

p=0.032 
 

 
 
 

ADH7 

rs75076500, 

p=0.047 

     

rs1154460, 

p=0.037 

rs1154460, 

p=0.038 

    

rs1154470, 

p=0.023 

     

 
 
 
 
 

CYP4F11 

   
rs2305804, 

rs2305801,  
rs2305801, 

 
rs2305801, p=0.021; 

p=0.034 rs1064796, p=0.034 p=0.03 

p=0.047 

   rs2305801, 

p=0.017 

 rs2305804, 

p=0.048 

   rs2305801, 

p=0.048 
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FMO2 

rs2020861, rs2020861,   
rs28969551, 

  
rs2020863**, p=0.013; p=0.038; 

rs2020863**, rs2020862**, p=0.013 p=0.045 

p=0.016 p=0.040 

rs2020861,      

p=0.005; 

rs2020862**, 

p=0.012; 

rs2020863**, 

p=0.017 
 

FMO3 
    rs143661234, 

p=0.044 

 

 

NOS3 
rs1799983**, 

p=0.038 

rs1799983**, 

p=0.031 

rs1799983**, 

p=0.01 

 rs1799983**, 

p=0.033 

rs1799983**, 

p=0.026 
 

SLC10A2 
     rs2301157, 

p=0.015 
 

SLC22A2 
   rs2774230, 

p=0.0125 

rs2774230, 

p=0.0125 

 

 
 
 
 
 

SLC28A1 

  rs2305367, 

p=0.0056 

rs8025045, 

p=0.024 

rs1562885, 

p=0.018 

rs2290269, 

p=0.025 

  rs1562885,  
 
 

rs2290269, 

p=0.012; 

rs2305366, 

p=0.013; p=0.044 

rs3825875, 

p=0.044 
 

SLC28A3 
rs7867504, 

p=0.028 

     

 
 
LVEF: left ventricular ejection fraction; LVEDD: Left Ventricular End Diastolic Diameter. 

* results reflect association for minor/derived alleles as obtained through allelic ratio analyzes implemented in PLINK 
**functional variants 
Variants that were reported in the original studies are in bold and highlighted in red  
Color code: 

  All cohort  

  Standard risk group 

  High risk group 

  High risk patients who received dexrazoxane 
  High risk patients who did not receive dexrazoxane 
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Table 4. SKAT-O analysis of the rare variants in the PETALE cohort using WES data (N=236).  

 
 

Gene 
Fractional 

Shortening 

 

LVEF M-mode 
LVEF M-mode 

binary 

 

LVEF 2D 
 

LVEF 2D binary 
 

LVEDD z score 

 
ABCC5 

p=0.0146 p=0.0105     

p=0.0090 p=0.0302     

p=0.0111      

 
ADH7 

 p=0.0440  p=0.0392 p=0.0013  

    p=0.0083  

    p=0.0184  

CELF4   p=0.0077    

HAS3 p=0.0445 p=0.0502   p=0.0289  
 

HNMT 
  p=0.0320 p=0.0101  p=0.0431 

     p=0.0394 

NOS3      p=0.0034 
 

SLC10A2 
p=0.0085 p=0.0022 p=0.0272    

p=0.0062 p=0.0043 p=0.0050    
 

SLC22A2 
 p=0.0392     

 p=0.0299     
 

SLC28A1 
    p=0.0182  

    p=0.0115  
 
LVEF: left ventricle ejection fraction; LVEDD: left ventricle end diastolic diameter.  
Top-ranking associations, those that were detected with the false discovery rate (FDR) ≤ 5%, 

are in bold. 

Color code:  

  All cohort  

  Standard risk group 

  High risk group 

  High risk patients who received dexrazoxane 
  High risk patients who did not receive dexrazoxane 
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Figure 1. Summary of suggested pathophysiological mechanisms that mediate anthracycline‐

induced cardiotoxicity (ACT) and identified genetic variations associated with ACT in patients 

treated for childhood cancer. 

 

The pharmacogenomic markers presented in this systematic review support 4 main 

pathophysiological mechanisms related to ACT:  

a. Oxidative stress; 

b. DNA damage through interference with topoisomerase II; 

c. Accumulation of cardiotoxic metabolites; 

d. Disruption of iron metabolism. 
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6.12. SUPPLEMENTAL MATERIAL 
 

Supplemental Table 1. PETALE cohort: patient demographics and clinical characteristics. 

 
 
 

 N % 
 

Sex 
Males 115 48.7 

Females 121 51.3 

Prognostic risk 
group 

Standard risk 108 45.8 
High risk* 128 54.2 

 

 
 
DFCI protocol 

(87-01) 18 7.6 
(91-01) 48 20.3 

(95-01) 68 28.8 
(00-01) 75 31.8 
(05-01) 27 11.5 

 
 
Age at diagnosis - 

median (range) 

 
 
 

9 (0-18) 

 
Time since the end 

of treatment 

More than 10 years 168 71.2 
Less than 10 years 68 28.8 

Median Min Max 

12 3 24 

Dexrazoxane 

treatment in 

High-risk patients 

Yes 68 28.8 

No 60 25.4 

 
Dexrazoxane 

cumulative dose 

 
 
Median 

 
 
Max 

 
 
Min 
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(mg/m2) 2961.8 3706.2 1433.8 

 
Doxorubicin 

cumulative dose 

(mg/m2) 

 
 
Median 

 
 
Max 

 
 
Min 

207.2 479.2 41.3 

 Landmark Threshold Max Min 

FS (%) less then 28 46.33 24 

LVEF M-Mode (%) less then 55 77.3 47 

LVEF 2D (%) less then 55 66.8 39 

LVEDD (mm) z-score more than 2 4.28 -1.91 

binary outcomes 

 Affected Unaffected Missing 

LVEF M-Mode (%) 50 (21.2%) 186 (78.8%) 0 (0.0%) 

LVEF 2D (%) 85 (36.0%) 143 (60.6%) 8 (3.4%) 

 
DFCI: Dana-Farber Cancer Institute; FS: fractional shortening; LVEF: left ventricular ejection fraction; LVEDD: Left Ventricular End Dia stolic Diameter. 
*Criteria for High-risk stratification were mainly attributed based on age, white blood cell count, immunophenotype (presence of T-cell markers) and combination 
of these factors; as well as central nervous system (CNS) status and Minimal residual disease at diagnosis. 

 
 

 

 

 

 

 

 

 

 

 

 



 

287 

 

Supplemental Table 2. Top-ranking associations from common variants analysis, of the PETALE cohort using WES data.  

 

LVEDD z score, All cohort, N=236 
 

Gene 
 

chr 
 

position 
Ref 

allele 

Var 

allele 

 

function 
 

rs number 
 

MAF 
 

P value 
 

FDR 
Genotype 

22/12/11 

 

Mean 22/12/11 
 

SD 

ABCC1 16 16130524 C G intronic rs246232 0.33 0.0005 0.05 23/106/103 0.95/0.83/0.39 1.1/0.9/0.98 

LVEF Mmode (%) binary, SR group, N=108 
 

Gene 
 

chr 
 

position 
Ref 
allele 

Var 
allele 

 

function 
 

rs number 
 

MAF 
P value 
allelic test 

 

FDR 
Additive 
model 

 

0* 
 

1 
 

2 
 

P value 

 

SLC22A7 
 

6 
 

43267831 
 

G 
 

A 
 

intronic 
 

rs70953680 
 

0.1 
 

0.0002 
 

0.01 
Unaffected 63 11 1  

0.003 
Affected 10 6 3 

 

Gene 
 

chr 
 

position 
Ref 
allele 

Var 
allele 

 

function 
 

rs number 
 

MAF 
P value 
allelic test 

 

FDR 
Dominant 
model 

 

12+22** 
 

11 
 

P value 

 

SPG7 
 

16 
 

89616790 
 

G 
 

A 
 

intronic 
 

rs66845605 
 

0.1 
 

0.001 
 

0.03 
Unaffected 13 60  

0.007 
Affected 9 10 

LVEF 2D (%) binary, SR group, N=108 
 

Gene 
 

chr 
 

position 
Ref 

allele 

Var 

allele 

 

function 
 

rs number 
 

MAF 
P value 

allelic test 

 

FDR 
Dominant 

model 

 

12+22** 
 

11 
 

P value 

 

ABCC1 
 

16 
 

16228242 
 

G 
 

A 
 

intronic 
 

rs2230671 
 

0.2 
 

0.0009 
 

0.047 
Unaffected 32 31  

0.002 
Affected 8 31 

 
LVEDD: left ventricular end diastolic diameter; LVEF: left ventricle ejection fraction; chr: chromosome; Ref: reference; Var: variant; MAF: minor allele 

frequency;  
SD: standard deviation; FDR: false discovery rate; ABCC1: ATP Binding Cassette Subfamily C Member 1; SLC22A7: Solute Carrier Family 22 Member 7, 
ADH7: Alcohol Dehydrogenase 7. 
*Genotypes were recoded as follows: 0-homozygote wild type; 1-heterozygote variant; 2-homozygote variant. 
** Genotypes were recoded as follows: 11-homozygote wild type; 12-heterozygote variant; 22-homozygote variant. 
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Supplemental Table 3. SKAT-O analysis of the rare variants in the PETALE cohort using WES data. 

 

 
LVEF Mmode (%), All cohort, N=236 

 

 
Gene 

 

SKAT-O 
SNPs tested Linear regression model for 

all variants combined 

 

Collapsed  variants** 
 
position 

 
function 

 
rs number 

 
MAF  

P value 
 

FDR 
11/ 

12+22 

 

Mean 
 

SD 
P 

value 

11/ 

12+22* 

 

Mean 
 

SD 
P 

value 

Beta 

[95% CI] 

 
 
 
 
 
 
 
 
 
 
 
 
 

SLC10A2 

 
 
 
 
 
 
 
 
 
 
 
 
 
0.002 

 
 
 
 
 
 
 
 
 
 
 
 
 
0.036 

103698506a
 exonic . 0.002  

 
 
 
 
 
 
 
 
 
 
 
 
131/60 

 

 
 
 
 
 
 
 
 
 
 
 
 
60.1/ 

58.7 

 

 
 
 
 
 
 
 
 
 
 
 
 
5.7/ 

6.1 

 
 
 
 
 
 
 
 
 
 
 
 
 
0.121 

 
 

 
 

 
 

 
 

 
 

 
 

 
179/28 

 
 

 
 

 
 

 
 

 
 

 
 

 
60.5/ 

56.3 

 
 

 
 

 
 

 
 

 
 

 
 

 
5.9/ 

4.9 

 
 

 
 

 
 

 
 

 
 

 
 

 
0.001 

 
 
 

 
 

 
 

 
 

 
 

 
(-0.24) 

[(-0.38)-(- 

0.11)] 

103701648a
 exonic rs61966074 0.002 

103701672a
 exonic rs71640248 0.002 

103701689a
 exonic rs139024168 0.002 

103701690a
 exonic rs56398830 0.015 

103703609a
 exonic rs150229163 0.002 

103704995a
 exonic rs201929731 0.002 

103705001a
 exonic rs199920394 0.002 

103705050 exonic rs41281678 0.034 

103705098 intronic rs66842575* 0.015 

103705132 intronic rs67736127* 0.016 

103710571 intronic rs142412008 0.004 

103710635a
 exonic rs60380298* 0.015 

103710685a
 exonic rs117447044* 0.002 

103710721a
 exonic rs201341384 0.002 

103718211 intronic rs56182000* 0.015 

103718236a
 exonic . 0.004 

103718308a
 exonic rs55971546* 0.045 

103718370a
 exonic rs143297386 0.002 

103718421a
 exonic rs201392859 0.002 

103718471 exonic rs41281680* 0.015 

103718616 UTR5 rs41281682* 0.009 

LVEF 2D (%), All cohort, N=236 
 
Gene 

 

SKAT-O 
SNPs tested All variants combined 

 

position 
 

function 
 

rs number 
 

MAF  
11/12+22 

 
ADH7 

 
11 

 
12+22 

P 

value 

*** 

 
OR[95% CI] P value FDR 

 
 

 
 

 
 

100334324a
 exonic . 0.002 

100336649 exonic * 0.004   
63 10   
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ADH7 

 
 
 
 
 
0.0013 

 
 
 
 
 
0.028 

100341705 exonic rs139516819 0.006  
166/16 

Affected (86.3%) (13.7%)  
0.056 

 
2.7 [0.94-7.9] 100341927 exonic . 0.002  

Unaffected 
103 

(94.5%) 

6 

(5.5%) 100349136a
 exonic * 0.004 

100349160 intronic . 0.002 Significant  combination* 

100349343 intronic . 0.002  
11/12+22* 

 
ADH7 

 
11 

 
12+22 

P 

value 

*** 

 
OR[95% CI] 100349765a

 exonic . 0.002 

100349793 intronic rs72681953* 0.025 

100349797 intronic . 0.002  

 
218/11 

 

Affected 
81 

(89.0%) 

10 

(11.0%) 

 

 
0.001 

 
16.9 [2.13- 

134.6]* 
100349828 intronic . 0.002 

100350648 intronic . 0.002  

Unaffected 
137 

(99.3%) 

1 

(0.7%) 100356528 UTR5 . 0.003 

 
 
LVEF: left ventricle ejection fraction; FDR: false discovery rate; MAF : minor allele frequency; SLC10A2: Solute Carrier Family 10 Member 2; ADH7: Alcohol 

Dehydrogenase 7. 
*SNPs that are identified as the most important contributors to the association signal obtained through collapsing approach of several SNPs in each gene. 

**Collapsed variants (carriers of at least one of rare variants were included into the model, variants with missing values we re excluded). 
***Chi-square or Fisher test.  
a Considered functional if identified with at least one of the prediction tools, PolyPhen2 and/or SIFT.
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Section C 

Chapter 7 

 

 

 

Genetic Susceptibility to Hepatic Sinusoidal Obstruction 

Syndrome in Pediatric Patients Undergoing Hematopoietic 

Stem Cell Transplantation. 
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7.1. ABSTRACT  

Sinusoidal Obstruction Syndrome (SOS) is a well-recognized and potentially life-threatening 

complication of hematopoietic stem cell transplantation (HSCT). SOS arises from endothelial cell 

damage and hepatocellular injury mostly due to the transplantation conditioning regimens but also to 

other patient, disease, and treatment-related factors. Understanding risk factors associated with the 

development of SOS is critical for early initiation of treatment or prophylaxis.  The knowledge about 

genetic contribution is limited; few studies investigated so far selected set of genes. To get more 

comprehensive insight in the genetic component, we performed exome-wide association study using 

genetic variants derived from whole-exome sequencing. The analyses were performed in a discovery 

cohort composed of 87 pediatric patients undergoing HSCT following busulfan -containing 

conditioning regimen. Eight lead SNPs were identified after correction for multiple testing and 

subsequently analyzed in a validation cohort (n=182). Three SNPs were successfully replicated 

including rs17146905 (p=0.001), rs16931326 (p=0.04) and rs2289971 (p=0.03), located respectively 

in UGT2B10, BHLHE22 and KIAA1715 genes. UGT2B10 and KIAA1715 were retained in 

multivariable model while controlling for non-genetic covariates and previously identified risk variants 

in GSTA1 promoter. The modulation of associations by conditioning regimens was noted, KIAA1715 

was dependent on the intensity of conditioning regimen, whereas the effect of UGT2B10 was equally 

applicable to all of them. Combined effect of associated loci was also observed (p=0.00006) with 

genotype-related SOS risk of 9.8. This is the first study addressing the genetic component of SOS at 



 

293 

 

an exome-wide level and identifying novel genetic variations conferring higher risk of SOS, which 

might be useful for personalized prevention and treatment strategies.  
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7.2. BACKGROUND  

Hepatic sinusoidal obstruction syndrome (SOS), also known as veno-occlusive disease (VOD), is a 

life-threatening complication that occurs after hematopoietic stem cell transplantation (HSCT)1. It is 

mostly related to the intensity of the conditioning regimen and employed drugs, such as busulfan (Bu), 

cyclophosphamide (Cy) or melphalan (Mel) that cause sinusoidal endothelial cell damage and 

hepatocellular injury2,3. Other patient, disease and treatment-related factors can also modify the risk of 

SOS, such as for example patient age, liver dysfunction, concomitant medica tion, alloreactivity, 

cytokine-release due to inflammation and engraftment4-10. Experimental models  showed that 

endothelial damage triggers formation of gaps between sinusoidal endothelial cells and passage of 

erythrocyte to the perisinusoidal space11. Additionally, locally released cytokines induce activation of 

cell adhesion molecules, coagulation, and fibrinolytic pathways12. Fibrin deposition, clot formation and 

erythrocyte extravasation have all been reported to contribute to the narrowing of the sinusoids and 

reduction of hepatic venous outflow, leading to central venular-occlusion, hepatocellular necrosis, 

hepatic enlargement and ultimately to SOS2. Patients with severe forms can have significant 

complications, including multi-organ failure, and high mortality rate. SOS is reported to occur in up to 

18% of pediatric patients after HSCT7. Well-established risk factors mentioned above can influence 

the risk of SOS. Nevertheless, patients with similar treatments, disease and demographics are not 

equally vulnerable to SOS development suggesting a genetic contribution. Indeed, candidate gene 

studies have led to the identification of genetic factors contributing to SOS risk including glutathione 

S transferase (GST) polymorphisms, which might affect Bu metabolism, such as GSTM1-null genotype 

and GSTA1 *B haplotype, as well as polymorphisms that might affect glutathione levels and oxidative 

liver injury13-18. However, these studies focused on a selected set of candidate genes. To address the 

role of genetic susceptibility in a more comprehensive manner, we have used a hypothesis-free 
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approach and assessed the relationship of SOS development in children undergoing HSCT with genetic 

variants obtained from whole-exome sequencing (WES). Top-ranking association signals were verified 

in a replication cohort, identifying novel genetic loci contributing to SOS. 
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7.3. PATIENTS AND METHODS 

7.3.1. Patients groups 

Participants were recruited from the Institutional HSCT biobank at Saint-Justine University Health 

Center (SJUHC), Montreal (Quebec), Canada, and in the context of a multicentric study of European 

Society for Blood and Marrow Transplantation (EBMT) (ClinicalTrials.gov Identifier: 

NCT01257854)19. The discovery cohort included 87 patients who underwent allogeneic HSCT 

between 2000 and 2013 at SJUHC, Montreal, (Quebec), Canada, whose DNA was of sufficient quality 

and quantity to perform WES. The replication cohort was an independent cohort composed of 182 

unselected patients, including 61 patients from SJUHC who underwent allogeneic or autologous HSCT, 

and who were either not included in sequencing due to insufficient DNA quantity or were recruited 

after the sequencing has been performed (2013-2015). The replication cohort also included 121 

pediatric patients who underwent allogeneic HSCT from 2001-2015 in four different centers in Europe 

and Canada (Geneva University Hospital, University Medical Center Utrecht, Leiden University 

Medical Center, Robert Debré Hospital, Paris and Alberta Children's Hospital, Calgary) and were in 

part included in our previous study on GSTA1 polymorphisms19. The characteristics of the discovery 

and replication cohorts are given in Tables 1 and 2, respectively, and are also provided in Supplemental 

material (Item S1). The information on SOS was collected from patients’ medical charts. SOS was 

diagnosed according to the Modified Seattle Criteria18, which is, the occurrence of two of the following 

events: unexplained weight gain of more than 2% from baseline because of fluid accumulation,  

hyperbilirubinemia ≥ 2mg/dL, hepatomegaly, or upper right quadrant pain of liver o rigin. 

7.3.2. Whole exome sequencing  

WES in the discovery cohort was performed on germline DNA, extracted from peripheral blood or 

saliva samples before transplant as described previously20. Briefly, exomes were captured in solution 
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with Agilent’s SureSelect Human All Exon V5 + UTRs kit, and sequenced on the Illumina HiSeq2500 

platform (mean coverage of 40X) at SJUHC integrated clinical genomic centre in pediatrics. Reads 

were aligned to the hg19 reference genome using BWA-MEM21. PICARD22 was used to mark PCR 

duplicates and collect sequencing quality control metrics. Variant calling was performed using the 

Haplotype Caller and quality score recalibration was performed using Variant Recalibrator, bo th 

implemented in the Genome Analysis Tool Kit (GATK)23.  Variants were selected based on the variant 

quality score (VQSR = PASS) and minimum depth of coverage (DP ≥ 10). The annotation of the 

identified germline variants was performed using ANNOVAR24.  Common SNPs located in exons and 

UTRs with minor allele frequency (MAF) higher than 5% were selected for the analyses.  They were 

filtered  to exclude variants exceeding missingness rate of 20%, not in Hardy-Weinberg equilibrium 

(P<0.001)25, or with pairwise linkage disequilibrium (LD, r2>0.8). To further reduce the complexity 

of the analysis and focus on the coding variants with potential causal effects, only non -synonymous 

variants with predicted functional effect, nonsense variants and variants in splicing sites were 

conserved. The predicted effect of non-synonymous variants on the protein function was assessed in 

silico using SIFT and PolyPhen-2 26,27. All above filtering resulted in 4,946 common exonic variants 

and 28,540 common SNPs located in UTRs that were retained for the analyses.  

7.3.3. Association study 

The analysis between genetic variants obtained from WES data and SOS was performed by allelic ratio 

implemented in PLINK v.1.0728 using chi-square or Fisher’s exact test, as applicable. Analyses were 

corrected for multiple testing using the Benjamini-Hochberg procedure29 for the false discovery rate 

(FDR) with a cut-off value of < 5%. Variants significantly associated with SOS were subsequently 

analyzed by SPSS (version 24, SPSS Inc, NY) using cumulative incidence of SOS and one minus 

survival curves in Kaplan–Meier (KM) framework according to the best genetic model presented 
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relative to the minor allele. The difference between genotypes was assessed by log-rank test. Univariate 

Cox regression analysis was used to estimate a hazard ratio (HR) with 95% confidence interval (CI). 

Variants that were significantly associated with SOS were genotyped in the replication cohort using 

the Sequenom platform at the McGill University, Montreal (Quebec), Canada and Genome Quebec 

Innovation Centre, or by PCR-coupled Allele Specific Oligonucleotide (ASO) hybridization assay30. 

The pre-transplant DNA was available for 175 patients. The amplification was not equally efficient for 

all loci and the maximum number of individuals with successful genotyping data ranged from 167 to 

175, depending on the locus analyzed. The analyses of cumulative incidence of SOS in relation to the 

genotypes were performed in KM framework, as explained above. Multivariable Cox regression 

(backwards stepwise selection method) was used to estimate the impact of associated genotypes in the 

presence of other covariates in the replication cohort. Other covariates included age as a continuous 

variable, sex, diagnosis (non-malignant disease, hematological malignancies, and neuroblastoma), 

frequency of Bu administration (once or four times daily), type of conditioning regimen categorized 

according to the number of alkylating agents and whether patient received or not tota l body irradiation 

(TBI)31. GSTA1 haplotype groups defined previously to be a risk factor for SOS in the same cohorts 16,19 

were also included in the multivariate analyses as well as dose adjusted cumulative  area under the curve 

(cumAUC, mg×h/L) estimated from the first dose AUC and each individual dose received. GSTA1 

haplotypes groups are defined by promoter polymorphisms, which are not available in WES data set, 

therefore previously obtained genotypes were either used or were obtained by PCR-ASO and resulting 

haplotypes/diplotypes were recoded based on their metabolic capacity (slow metabolizers vs. 

remaining groups).  Stratified analyses according to conditioning regimen were also performed.  
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7.4. RESULTS 

The association analysis using WES data in the discovery cohort revealed eight loci significantly 

associated with SOS after multiple testing adjustment (Table 3, p ranged from 1.5x10-5 to 8x10-7). All 

loci (HADH, rs17511319; FAT3 rs11823754, UGT2B10 rs17146905; ZNF608 rs75323508; AMPH 

rs2810; BHLHE22 rs16931326; AGPAT3 rs11537798; and KIAA1715 rs2289971) were in 3’UTR of 

respective genes. The associated genes are implicated in different cellular functions such as 

transcriptional regulation, lipid homeostasis, or glucuronidation (Table S1). Cumulative SOS 

incidence in relation to the genotypes is shown in Fig 1. In most cases, the dominant model was the 

most appropriate given the low number of homozygotes for the minor alleles, except for SNPs in 

UGT2B10 and FAT3 gene where the risk increased in an additive manner with each copy of the minor 

allele. The cumulative risk of SOS ranged from 4.8 to 12.8; HR for the carriers of the minor allele at 

UGT2B10 rs17146905 was 4.8 (95% CI =2.3-10.4, p=4x10-6) and for rs17511319 in HADH gene was 

12.8, 95% CI, 4.1-40 (p=1.5x10-8).  There was only one case of SOS in Bu/fludarabine (Flu) - based 

conditioning regimens, thus results mostly reflected association in patients that received Bu -Cy 

combinations. All associations were equally present in patients with malignant (n=45) and non-

malignant disease (n=42) and among patients of European ancestry (n=62) (Table S2).  

The variants in these genes were further analyzed by genotyping in the replication cohort; the results 

are summarized in Table 4. The association was confirmed for UGT2B10, BHLHE22 and KIAA1715 

gene variants (p<0.05). The frequency of risk genotype ranged from 23.1-34.6% in patients with SOS 

as compared to 10.3-11.4% seen in patients without this complication (Table 4). Although borderline 

significant association was also noted for HADH (p=0.05), the direction of the effect was opposite as 

compared to the effect seen in discovery cohort.  This locus was not considered replicated. The 
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cumulative incidence of SOS in relation to KIAA1715, UGT2B10 and BHLHE22 (p=0.03, 0.001 and 

0.04, respectively) is also depicted in Fig S1.   

Multivariable analyses (Table 5) were subsequently performed and included KIAA1715, UGT2B10 

and BHLHE22 genotypes and non-genetic factors (age, sex, diagnosis, conditioning regimen, cumAUC 

and TBI). Additionally, GSTA1 haplotype groups (classified as the slow vs. fast and normal 

metabolizers) were included in the model based on our previous studies showing in discovery and 

replication cohort higher risk of SOS for GSTA1 diplotypes defining slow metabolizing capacity16,19. 

Please note that GSTA1 promoter polymorphisms defining metabolic capacity were not available in 

WES dataset and could not be revealed through the WES data analyses in discovery cohort. In the 

multivariable analysis, UGT2B10 and KIAA1715 remained associated with higher risk of SOS (HR 

=4.7, 95% CI=2.0-11.2, p=0.0004 and HR= 2.7, 95% CI=1.0-7.5, p=0.05, Table 5), while controlling 

for other explanatory covariates. Other factors that remained in the final model included GSTA1 

haplotype groups, disease diagnosis (categorized as non-malignant disease, hematological 

malignancies, or neuroblastoma) and conditioning regimen in which two or more alkylating agents 

were classified against Busulfan only, with the higher risk noted for neuroblastoma or more intensive 

conditioning regimen. The maximal number of cases with available genotypes for non -malignant 

diseases, hematological malignancies, and neuroblastoma was 73, 92 and 10, and respective number 

of SOS cases was 8, 13 and 5. 57 patients received condition regimens with one alkylating agent (Bu 

in Bu-Flu based regimens), 4 cases had SOS; 118 patients received more than one alkylating agent 

mostly represented by Bu/Cy, Bu/Mel and Bu/Cy/Mel combination, of which 22 had SOS.  

We previously reported that association of the GSTA1 genotypes with SOS was present in double or 

triple alkylator setting16,19, and Table 6 presents stratified analyses in replication cohort by conditioning 
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regimen relative to the genotypes retained in multivariable model. Beside GSTA1, the effect of 

KIAA1715 was dependent on the number of alkylating agents (p=0.01), whereas the effect of UGT2B10 

was seen irrespectively of the type of conditioning regimen and was also present in Bu -Flu based 

protocols (p=0.001). A model combining risk alleles of KIAA1715, UGT2B10 and GSTA1 was then 

built and tested in a more intensive conditioning regimen (Fig 2). The risk of SOS increased in additive 

manner from 3.9 (95% CI=1.4-10.4, p=0.007) in patients with one risk genotype at any locus (group 

1), to 9.8 (95% CI=2.8-33.8, p=0.0003) in patients with two risk genotypes (group 2) when compared 

to those with no risk genotypes (group 0). The significance for overall difference across genotypes was 

0.00006.  There were no patients with three risk genotypes. 
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7.5. DISCUSSION 

This study reports identification of the genetic contribution to SOS in pediatric patients undergoing 

HSCT. To our knowledge there is no other study that has performed genome or exome wide data 

analyses in either pediatric or adult patients undergoing HSCT. SOS has been reported as one of the 

most serious life-threatening complications in the post-transplantation period1,7. Identification of 

patient- and transplantation-specific risk factors for the development of SOS can help guide 

prophylaxis and treatment of this complication12. Our analyses identified three replicated loci, notably 

BHLHE22, KIAA1715, and UGT2B10, of which the last two were retained in multivariable model, 

while controlling for other risk factors such as intensity of conditioning regimen, disease indication, 

Bu exposure, TBI and GSTA1 haplotypes. None of these genes was previously related to SOS and the 

exact mechanism of their potential effect is not yet clear. They may contribute to SOS development 

through mechanisms underlying SOS pathophysiology, conditioning regimen drug pathways or even 

pathology of the disease for which HSCT is performed.  

KIAA1715 is coding for endoplasmic reticulum (ER) junction formation factor also known as a 

lunapark (LNPK), ubiquitously expressed in number of tissues32. The rs2289971 in KIAA1715 is an 

expression quantitative trait locus (eQTL) with higher expression  noted for minor allele (Fig S2), as 

shown by the analyses of data available through Genotype-Tissue Expression (GTEx) Project33,34. 

Loss-of-function mutations in LNPK lead to aberrant ER structures and increased luminal mass 

density32. When cells are subjected to changes in their extracellular environment, unfolded proteins 

accumulate in the ER, causing ER stress35. This initiates the unfolded protein response (UPR), a signal 

transduction cascade aiming at restoring cellular homeostasis, which is involved in the pathogenesis of 

many diseases including chronic liver diseases 32,35,36. Among other pathways, the UPR plays a 

significant role in vascular endothelial growth factor A (VEGFA) regulation, which is up regulated in 
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the presence of endothelial damage37.  Association of VEGFA levels after conditioning regimen was 

noted with non-relapse mortality and importantly with SOS; thus, confirming VEGFA significance as 

an endothelial damage marker in the setting of HSCT38. Whether LNPK change in expression can be 

linked to VEGFA level modulation, or to other mechanisms resulting from ER stress, remains to be 

determined. KIAA1715 rs2289971 variant was associated in our study with SOS in patients that 

received a more intensive conditioning regimen. 

The UDP-glucuronosyltransferase (UGT) 2B enzymes are important in the detoxification of a variety 

of endogenous and exogenous compounds, including many hormones, drugs and carcinogens. Recent 

observations revealed that human UGT2B10, mostly expressed in liver, catalyzes N-glucuronidation of 

amine-containing compounds39. This eventually can affect the levels of biologically active metabolites 

of Cy and Mel40. There is also evidence that UGT expression in the context of chronic lymphocytic 

leukemia treatment can be affected by fludarabine-containing regimens41. It is worth noting that 

UGT2B10 rs17146905 was the only variant significantly associated in our study with SOS in Flu-based 

conditioning regimen. The UGT2B10 is extensively regulated through alternative splicing 42, but also 

by microRNA (miR)43. Interestingly, rs17146905 SNP is predicted to lead to target-gain for hsa-miR-

454-5p44.  

The BHLHE22 gene encodes a protein that belongs to the basic helix-loop-helix (bHLH) family of 

transcription factors that regulate cell fate determination, proliferation, and differentiation45. This gene 

is thought to play a role mostly in neural circuit assembly46. However, its downregulation by 

microRNA was recently reported in the formation of insulin-producing cells47. It was also one of three 

genes whose methylation was most predictive for endometrial cancer48, suggesting wider regulatory 

role of this gene in different tissues. How this protein can be connected to SOS is not clear. One of the 

possibilities is a crosstalk with hypoxia induced factors (HIF), as shown for the other bHLH members49. 

http://www.mirbase.org/cgi-bin/query.pl?terms=hsa-miR-454-5p
http://www.mirbase.org/cgi-bin/query.pl?terms=hsa-miR-454-5p
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HIF pathway in turn is well known for its regulation of VEGF35.  The other possibility might lie in the 

proximity of BHLHE22 to CYP7B1 whose hepatic activity is implicated in the inactivation of 

oxysterols50 and could suggest a LD between their variants. Loss of CYP7B1 activity is associated with 

liver failure in children51-53. Nevertheless, BHLHE22 rs16931326 variant was not retained in a 

multivariable model, which might suggest its relatively minor role.  

Among non-genetic factors included in multivariable model, highest risk of SOS was noted for 

neuroblastoma and more intensive conditioning regimen. Both factors were previously reported to be 

associated with higher incidence of SOS4,5. 

Our study suffers certain drawbacks such as limited sample size, heterogeneity in terms of diagnosis 

and conditioning regimen within and between cohorts and study design that did not include the 

promoter variants. In spite of uniform SOS diagnostic criteria across study centers, it is worth noting  

a retrospective nature of the study with the wide period for patients’ enrolment, which ended in 2015; 

therefore, the study did include last up to date diagnostic criteria6, what might have biased the estimate 

of SOS incidence.  Likewise, the information on SOS prophylaxis was missing in the majority of 

patients of the replication cohort, for which reason this co-variate was not included in the multivariable 

model.  
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7.6. CONCLUSIONS  

We used WES data to perform whole exome/adjacent UTR analysis of the genetic component of SOS 

in pediatric patients undergoing HSCT.  Despite certain study drawbacks, three loci conferring higher 

risk of SOS were successfully replicated in independent patient group. Most of the associations were 

found in more intensive conditioning regimens (double or triple alkylator setting) and could increase 

the risk of SOS through combined gene effect, including previously identified GSTA1 diplotypes 

underlying low metabolic capacity. These loci have not been previously identified as potential SOS 

predictors. Although we acknowledge that they still need to be investigated through functional assays, 

additional replication studies (e.g., with larger sample size, different diseases, and adult population) 

and prospective evaluation with up to date SOS diagnostic criteria, the current findings could help 

further understand the role of genetic component on pathophysiology of the SOS.  Combining these 

genetic markers with known risk factors may lead to prediction models to identify children who might 

be highly susceptible to SOS in a HSCT setting and could possibly benefit from early prophylactic 

intervention.  
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7.7. LIST OF ABBREVIATIONS  

SOS: Sinusoidal Obstruction Syndrome  

HSCT: Hematopoietic Stem Cell Transplantation 

WES: Whole exome sequencing 

SNP: Single nucleotide polymorphism 

VOD: Veno-Occlusive Disease  

Bu: Busulfan   

Cy: Cyclophosphamide  

Mel: Melphalan  

GST: glutathione S transferase  

SJUHC: Sainte-Justine University Health Center 

EBMT: European Society for Blood and Marrow Transplantation  

MAF: Minor allele frequency 

LD: linkage disequilibrium  

FDR: False discovery rate 

KM: Kaplan–Meier  

HR: hazard ratio   

CI: confidence interval  

cumAUC: cumulative area under the curve 

ER: endoplasmic reticulum  

eQTL: expression quantitative trait locus  

GTEx: Genotype-Tissue Expression  

LNPK: lunapark (endoplasmic reticulum junction formation factor) 

UPR: unfolded protein response 

VEGFA: vascular endothelial growth factor A  

UGT: UDP-glucuronosyltransferase  

bHLH: basic helix-loop-helix  

HIF: hypoxia induced factors  
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7.10. TABLES AND FIGURES 

7.10.1. Table1. Demographic and treatment characteristics of discovery cohort (n=87)  

 

Abbreviations: BM: Bone Marrow; PBSC: Peripheral Blood Stem Cells; Bu: Busulfan; CY: Cyclophosphamide; 

VP16: Etoposide; Flu: Fludarabine; SOS: Sinusoidal Obstruction Syndrome; cumAUC, cumulative area under the 

Demographic Characteristics Patients 

N % 
Gender Male 

Female 

40 

47 

46 

54 

 
Ethnicity  

 

 
Caucasians 

Other 

 
62 

25 

 
71.3 

28.7 

 

Diagnosis1 

 

 

Malignancies 

 

45 

42 

 

51.7 

48.3 Non-Malignancies 

 

HLA compatibility                                    

 

 

 

Unrelated donor 

Related donor 

HLA identical sibling 

 

50 

1 

36 

 

57.5 

1.1 

41.4 

 
Stem Cell Source1 

 

 
BM 

PBSC 

Cord blood 

 
43 

2 

42 

 
49.4 

2.3 

48.3 

 

Conditioning 
 

 

Bu/Cy 
Bu/Cy/VP16 

Bu/Flu 

Bu/Flu/Thiotepa 

 

62 
5 

19 

1 

 

71.3 
5.7 

21.8 

1.1 

 

Busulfan Protocol 

 

 

One dose per day 

Four doses per day 

 

67 

20 

 

77 

23 
 

Chemotherapy Regimen1 

 

 

 

 

Myeloablative 

Myeloablative with reduced 

toxicity 

Non-Myeloablative 

 

68 

16 

 

3 

                   

78.2 

18.4 

 

3.4 
 

SOS 

 

Yes 

No 

 

12 

75 

 

13.8 

86.2 

 

Prophylaxis of SOS 

 

Ursodeoxycholic acid  

 

87 

 

100 
 

Age in years Median (Range) 

 

7.4 (0.1-23.5) 

  

 

сumAUC (mg×h/L) Median (Range) 

 

59.6 (25.5-79.0) 

  

 

GSTA12 

 

13(14.9%)/74(85.1%) 
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curve; GSTA1, glutathione S transferase A1 1 Further details of discovery cohort, particularly regarding diagnosis, 

stem cell source and chemotherapy regimens are provided in supplemental material (Item S1) 2Number and 
frequency of diplotypes, as derived from genotype data, with and without reduced metabolic capacity.   
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7.10.2. Table 2. Demographic and treatment characteristics of replication cohort (n=182). 

 

Characteristics Patients 

N % 

Centers CHU St-Justine, Montreal (Canada) 

Geneva University Hospital, Geneva (Switzerland) 
Robert Debré, University Hospital, Paris (France) 

University Medical Center, Utrecht (Netherlands) 

Alberta Children's Hospital, Calgary (Canada) 

 

61 

4 
13 

66 

38 

33.5 

2.2 
7.1 

36.3 

20.9 

Gender Male 
Female 

 

109 
73 

59.9 
40.1 

Ethnicity  

 

 

Caucasian 

Other 

Not available data 

 

150 

27 

5 

82.4 

14.8 

2.8 

Diagnosis1 

 

Hematologic Malignancies 100 54.9 

Neuroblastoma  10 5.5 

Non-Malignancies 

 

72 39.6 

HLA compatibility                                    
 

 

Unrelated donor 
Related donor 

Autologous 

HLA identical sibling 

 

121 
3 

14 

44 

66.5 
1.6 

7.7 

24.2 

Stem Cell Source1 
 

BM 
PBSC 

Cord blood 

BM+PBSC 

 

76 
42 

63 

1 

41.8 
23.1 

34.6 

0.5 

Conditioning 
 

 

 

 

 

 
 

Bu/Cy 
Bu/Cy/Mel 

Bu/Cy/VP16 

Bu/Mel 

Bu/Mel/Ara-C 

Bu/Mel/Gem 

Bu/Flu 
Bu/Flu/Thiotepa 

71 
31 

7 

12 

1 

3 

54 
3 

 

39.0 
17.0 

3.8 

6.6 

0.5 

1.7 

29.7 
1.7 

 

Busulfan Protocol 

 

One dose per day 

Four doses per day 

122 

60 

67 

33 

Chemotherapy Regimen 

 
 

 

Total Body Irradiation1 

Myeloablative 

Myeloablative with reduced toxicity4 
Non-Myeloablative 

 

Yes5 

No 

125 

50 
7 

 

28 

154 

68.7 

27.5 
3.8 

 

15.4 

84.6 
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Abbreviations: BM: Bone Marrow; PBSC: Peripheral Blood Stem Cells; SOS: Sinusoidal Obstruction Syndrome; 

Bu: Busulfan; CY: Cyclophosphamide; Flu: Fludarabine; Mel: Melphalan; VP16: Etoposide; Gem: Gemcitabine.  1 

Further details of replication cohort, particularly regarding diagnosis, stem cell source, chemotherapy regimen and 
total body irradiation are provided in supplemental material (Item S1) 2Number and frequency of diplotypes with 

and without reduced metabolic capacity.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

SOS 

 

Yes 

No 

 

27 

155 

14.8 

85.2 

Prophylaxis of SOS 

 

Ursodeoxycholic acid 

Defibrotide 

Heparin 
Defibrotide & Ursodeoxycholic acid 

Not available data 

 

60 

5 

8 
4 

105 

33.0 

2.7 

4.4 
2.2 

57.7 

Age in years Median 

(Range) 

4.71 (0.0-21)   

 

сumAUC (mg×h/L) 

Median (Range) 

 

61.9 (31.6-118.7) 

  

 

GSTA12 

 

24(15.3%)/133(84.7%) 
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7.10.3. Table 3. Top-ranking loci of SOS identified in discovery cohort through exome-wide 

association study. 

 

Locus SNP Gene MAF Allelic 

P-

value 

Allelic* 

Ratio 

SOS+ 

Allelic 

Ratio 

SOS- 

 

Allelic OR 

(95% CI) 

chr2_176788639 

(3’UTR) 

rs2289971 

(T>C) 

KIAA1715 0.09 3.4x10-6 8/16 7/143 10.2  

(3.3 –31.9) 

chr4_108956331 

(3’UTR) 

rs17511319 

(A>G) 

HADH 0.059 1.2x10-5 7/17 2/148 30.5  

(5.9 – 158.6) 
chr4_69696638 

(3’UTR) 

rs17146905 

(A>G) 

UGT2B10 0.11 6.9x10-6 9/15 2/140 8.4  

(3.0 – 23.9) 

chr5_123973164 

(3’UTR) 

rs75323508 

(C>T) 

ZNF608 

 

0.07 1.3x10-5 7/17 6/144 9.9  

(3.0 – 32.8) 

chr7_38424328 

(3’UTR) 

rs2810 

(T>C) 

AMPH 0.09 1.1x10-5 8/16 8/142 8.9  

(2.9 – 26.9) 
chr8_65495333 

(3’UTR) 

rs16931326 

(G>A) 

BHLHE22 0.09 1.1x10-5 8/16 8/142 8.9  

(2.9 – 26.9) 

chr11_92625944 

(3’UTR) 

rs11823754 

(G>T) 

FAT3 0.10 8.3x10-7 9/15 8/142 10.7  

(3.6 – 31.7) 

chr21_45403546 
(3’UTR) 

rs11537798 
(A>G) 

AGPAT3 0.07 1.3x10-5 7/17 6/144 9.9  
(3.0 – 32.8) 

 

The results are obtained by allelic ratio implemented in PLINK. KIAA1715, lunapark (LNPK); HADH, 
hydroxyacyl-CoA dehydrogenase; UGT2B10, UDP, glucuronosyltransferase family 2 member B10; ZNF608, zinc 

finger protein 608; AMPH, amphiphysin; BHLHE22, basic helix-loop-helix family member e22; FAT3, FAT 

atypical cadherin 3; AGPAT3, 1-acylglycerol-3-phosphate O-acyltransferase 3; MAF, minor allele frequency in 

entire cohort. *Allelic ratio is presented as ratio of minor vs. major allele in patients with (+) and without ( -) 

Sinusoidal Obstruction Syndrome (SOS). OR, odds ratio; CI, confidence interval.  
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7.10.4. Table 4. Summary of the analysis of top-ranking association signals in replication cohort. 

 

Gene/SNP N of patients 

(p*) 

SOS cases in 

genotype groups 

(%) ** 

Risk genotypes in 

SOS groups  

(%)*** 

KIAA1715 
rs2289971 

N=175 
 (0.03) 

7/24 (29.2) 
19/151 (12.6) 

7/26 (26.9) 
17/149 (11.4) 

HADH 
rs17511319 

N=172  
 (0.05) 

0/21 (0) 
26/151 (17.2) 

 

UGT2B10 

rs17146905 

N=172  

 (0.001) 

9/24 (37.5) 

17/148 (11.5) 

9/26 (34.6) 

15/146 (10.3) 
ZNF608 

rs75323508 
N=174   
(0.4) 

1/14 (7.1) 
25/161 (15.5) 

 

AMPH 

rs2810 

N=173   

( 0.9) 

6/39 (15.4) 

20/134 (14.9) 

 

BHLHE22 
rs16931326 

N=169  
 (0.04) 

6/21 (28.6) 
20/148 (13.5) 

6/26 (23.1) 
15/143 (10.5) 

FAT3 

rs11823754 

N=171  

(1.0) 

4/26 (15.4) 

22/145 (15.2) 

 

AGPAT3 
rs11537798 

N=167   
(0.1) 

2/31 (6.5) 
25/136 (18.4) 

 

 

*P is obtained by log-rank test  
**Analyses are done according to dominant model. Number of SOS cases in minor allele carriers 

(heterozygous and homozygous individuals combined) and non-carriers (homozygotes for major allele), 

with the frequency given in brackets. ***Number of risk genotypes (presence of at least one copy of minor 

allele, with the frequency in brackets), in patients with SOS (upper line) and without SOS (lower line) for 

significantly associated loci. 
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7.10.5. Table 5. Variables retained in stepwise selection in multivariate Cox regression model in 

replication cohort. 

 

Variable P-value HR (95%-CI) 

UGT2B10 rs17146905 0.0004 4.7 (2.0-11.5) 

KIAA1715 rs2289971 0.05 2.7 (1.0-7.5) 

GSTA1 0.02 3.1 (1.2-8.0) 

Disease (hematological 

malignancies)  

0.5 1.4 (0.5-3.7) 

Disease (neuroblastoma) 0.003 6.1 (1.9-20.1) 

Conditioning regimen 0.05 3.2 (1.0-9.9) 

 

HR, hazard ratio, CI, confidence interval. 

UGT2B10 and KIAA1715 are analyzed according to dominant model in which carriers of minor alleles are 
compared to major allele homozygotes. GSTA1 diplotypes associated with reduced metabolic capacity are 

compared to remaining groups. Conditioning regimens are categorised into more than one vs. one alkylating 

agent (latter corresponding to Bu only or Flu containing regimen). Disease indication is categorised into 

non-malignant disease, hematological malignancies, and neuroblastoma. Presented HRs reflect risk of 

hematological malignancies and neuroblastoma; p=0.009 if the risk is compared across disease categories. 
Other co-variables that were not retained in the final model included age at HSCT and dose-adjusted 

cumAUC as continues variables, sex, frequency of Bu administration (once vs. 4 times a day), use or not 

of total body irradiation and BHLHE22 rs16931326 genotype.  
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7.10.6. Table 6. Analysis of SOS associated genotypes in replication cohort in relation to 

conditioning regimen. 

 

 One alkylating agent (Bu) Two and more alkylating 

agents 

Gene/SNP N of 

patients 

(p*) 

SOS cases in 

genotype 

groups (%) ** 

N of 

patients 

(p*) 

SOS cases in 

genotype 

groups (%) ** 

KIAA1715 

rs2289971 

N= 57 

(p = 0.6) 

1/9 (11.1) 

3/48 (6.3) 

N= 118 

(p = 0.01) 

6/15 (40.0) 

16/103 (15.5) 
UGT2B10 
rs17146905 

N= 56 
(p = 0.001) 

3/9 (33.3) 
1/47(2.1) 

N= 116 
(p = 0.04) 

6/15 (40.0) 
16/101 (15.8) 

GSTA1*** N= 50 

(p = 0.3) 

0/10 (0) 

4/40 (10.0) 

N= 107 

(p = 0.003) 

6/14 (42.9) 

14/93 (15.1) 
 
*P is obtained by log-rank test  

**Number of SOS cases in patients with and without the minor allele with the frequencies given in brackets.  

*** GSTA1, diplotypes with and without reduced metabolic capacity. 
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7.10.7. Figure 1. Cumulative incidence of SOS in relation to top ranking loci identified through 

exome-wide association study of discovery cohort.  

Cumulative incidence of sinusoidal obstruction syndrome (SOS), plotted for indicated genotype 

groups according to dominant or additive model.  The gene name and SNP rs number are given 

at the top of the panels. The total number of patients in each group with number of patients with 

SOS in brackets, and p value derived by log-rank, is depicted on all plots. Hazard ratio with 95% 

confidence interval in brackets is indicated below panels. 
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7.10.8. Figure 2. Model combining risk alleles of KIAA1715, UGT2B10 and GSTA1 in intensive 

conditioning regimen.  

 

Cumulative incidence of SOS in patients that received two or more alkylating agents and have 0, 

1 or 2 risk genotypes at any locus. Risk loci are minor alleles for UGT2B10 rs17146905 and 

KIAA1715 rs2289971, and diplotypes associated with reduced GSTA1 metabolic capacity.  P 

value derived by log-rank test for the difference across genotypes groups is indicated on the plot. 

HR (95% CI) for group 1 vs. group 0 is 3.9 (1.4-10.4, p=0.007) and for group 2 vs. group 0 is 9.8 

(2.8-33.8, p=0.0003). Group 1 are patients with one risk genotype at any locus, group 2 are 

patients with any two risk genotypes and group 0 are patients with no risk genotypes; there were 

no patients with three risk genotypes. 
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7.12. SUPPLEMENTAL MATERIAL 

 

7.12.1. Table S1. Function of the genes associated with a SOS in discovery cohort.  

 

Gene Role 

KIAA1715 Endoplasmic reticulum Junction Formation Factor 

HADH Fatty Acid Oxidation 
UGT2B10 Phase 2 Metabolism 

ZNF608 Transcription Regulation 

AMPH Cytoplasmic surface of synaptic vesicles 

BHLHE22 Transcription factors that regulate cell fate determination, 
proliferation, and differentiation 

FAT3 Cell adhesion  

AGPAT3 De novo phospholipid biosynthetic pathway 
 

KIAA1715, lunapark (LNPK); HADH, hydroxyacyl-CoA dehydrogenase; UGT2B10UDP, 
glucuronosyltransferase family 2 member B10; ZNF608, zinc finger protein 608; AMPH, amphiphysin; 

BHLHE22, basic helix-loop-helix family member e22; FAT3, FAT atypical cadherin 3; AGPAT3, 1-

acylglycerol-3-phosphate O-acyltransferase 3. 
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7.12.2. Table S2. Relationship between genotypes and SOS in patients of discovery cohort relative 

to diagnosis and population.   

 

 
*, P 

is 

obtained by log-rank test. Number of SOS cases in all patients with the minor allele (heterozygous and 

homozygous individuals combined for dominant (DOM) model or each of them depicted separately for 
additive (ADD) model) followed by number of SOS in all patients without minor allele (homozygotes for 

major allele). SOS frequency for genotype groups is given in brackets. **, no homozygotes for minor allele 

for these loci was observed. 
 

 

  

Gene/SNP MODEL Malignant 

(n=45) * 

Non-Malignant 

(n=42) * 

European 

ancestry 

(n=62) * 

KIAA1715 
rs2289971 

DOM  p = 0.001 
4/7 (57.1) 
 3/38 (7.9) 

p = 0.001 
3/7 (42.9) 
2/35 (5.7) 

p = 2x10-6 
6/12 (50) 
2/50 (4) 

HADH 
rs17511319 

DOM p = 0.001 
3/5 (60) 

4/40 (10) 

p < 10-7 
3/3 (100) 

2/39 (5.1) 

p < 10-7 
4/5 (80) 

4/57 (7) 

UGT2B10 
rs17146905 

ADD p = 0.001 
2/3 (66.7) 
2/6 (33.3) 
3/36 (8.3) 

p = 0.006 
3/7 (42.9) ** 

2/35 (5.7) 

p = 0.001 
1/2 (50) 

4/10 (40) 
3/50 (6) 

ZNF608 
rs75323508 

DOM p = 0.01 
4/9 (44.4) 

3/36 (8.3) 

P = 4x10-5 
2/2 (100) 

3/40 (7.5) 

p < 10-7 
6/10 (60) 

2/52 (3.8) 

AMPH 
rs2810 

DOM p = 0.004 
4/9 (44.4) 
3/36 (8.3) 

p = 3x10-5 
3/5 (60) 

2/37 (5.4) 

p = 0.02 
3/8 (37.5) 
5/54 (9.3) 

BHLHE22 
rs16931326 

DOM p = 0.006 
3/6 (50) 

4/39 (10.3) 

p = 3x10-4 
4/9 (44.4) 
1/33 (3.0) 

p < 10-7 
5/7 (7.1) 

3/55 (5.5) 

FAT3 

rs11823754 

DOM p = 0.02 

3/7 (42.9) 
4/38 (10.5) 

p = 8x10-6 

4/7 (57.1) 
1/35 

p = 7x10-5 

5/10 (50) 
3/52 (5.8) 

AGPAT3 
rs11537798 

DOM p = 0.01 
4/9 (44.4) 
3/36 (8.3) 

p = 3x10-4 
2/3 (2.9) 

3/39 (7.7) 

p = 0.003 
4/10 (40) 
4/52 (7.7) 
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7.12.3. Figure S1. Cumulative incidence of SOS in replication cohort plotted for indicated genotype 

groups. 

 

The gene name and SNP rs number are given at the top of the panels. Total number of patients 

in each group with number of patients with SOS in brackets, and p value derived by log -

rank, is depicted on all plots. Hazard ratio with 95% confidence interval in brackets is 

indicated below panels. 
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7.12.4. Figure S2. Relationship of KIAA1715 rs2289971 with the mRNA expression.  

Representative example depicting significant change in expression according to the 

KIAA1715 rs2289971 genotype, as obtained from public database: The Genotype-Tissue 

Expression (GTEx) Project. 
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7.12.5. Item S1. Demographic and treatment characteristics of replication cohort.  

Demographic and treatment characteristics of replication cohort related to Table 1. 

Hematologic Malignancies include Acute Lymphoblastic Leukemia (n=3); Acute Myeloid 

Leukemia (n=27); Myelodysplastic Syndrome (n=13); Chronic Myeloid Leukemia (n=2). Non -

Malignancies include Hemoglobinopathy (n=13), Immunodeficiency (n=12), Metabolic Disease 

(n=5), Chronic Granulomatous Disease (n=7) and Hemophagocytic Syndrome (n=5).  

Among 42 patients who received a cord blood transplant, there were 3 patients who received 

double cord blood.  

Patients who received myeloablative regimen with reduced toxicity (n=16), received a Bu/Flu 

combination with a cumulative dose of Bu >8mg/kg.  

None of patients received inotuzumab or gemtuzumab or total body irradiation (TBI).  

Demographic and treatment characteristics of replication cohort related to Table 2. 

Hematologic Malignancies include Acute Lymphoblastic Leukemia (n=26); Acute Myeloid 

Leukemia (n=37); Biphenotypic Acute Leukemia (n=2); Myelodysplastic Syndrome (n=30); 

Chronic Myeloid Leukemia (n=2); Lymphoma (3).  

Non-Malignancies include Bone Marrow Failure Syndrome (n=5), Hemoglobinopathy (n=12), 

Immunodeficiency (n=19), Metabolic Disease (n=22), Chronic Granulomatous Disease (n=1), 

Hemophagocytic Syndrome (n=10) and Osteoporosis (n=3).  

Among 63 patients who received a cord blood transplant, there were 3 patients who received the 

double cord blood.  

Patients who received myeloablative regimen with reduced toxicity (n=50)  received a Bu/Flu 

combination with a cumulative dose of Bu >8mg/kg.  

None of patients received inotuzumab or gemtuzumab.  

Among patients that received autologous transplantation, 10 patients were with neuroblastoma and 

4 patients had Hodgkin (n=2) and non-Hodgkin lymphoma (n=2). None of patients had a tandem 

HSCT and neuroblastoma patients did not receive therapeutic Metaiodobenzylguanidine (MIBG). 

Patients from Alberta Children’s Hospital, Calgary (n=28) received a TBI, 4 Gy given in 2 

fractions of 2 Gy each. Of these, 24 patients received myeloablative regimen with reduced toxicity 

and 4 patients received non-myeloablative regimen. 
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8.1. ABSTRACT  

The most frequent complication of allogeneic hematopoietic stem cell transplantation is acute graft 

versus host disease (aGVHD). Proliferation and differentiation of donor T cells initiate 

inflammatory response affecting the skin, liver, and gastrointestinal tract. Besides recipient–donor 

HLA disparities, disease type, and the conditioning regimen, variability in the non-HLA genotype 

has an impact on aGVHD onset, and genetic variability of key cytokines and chemokines was 

associated with increased risk of aGVHD. To get further insight into the recipient genetic 

component of aGVHD grades2-4 in pediatric patients, we performed an exome-wide association 

study in a discovery cohort (n= 87). Nine loci sustained correction for multiple testing and were 

analyzed in a validation group (n=168). Significant associations were replicated for ERC1 

rs1046473, PLEK rs3816281, NOP9 rs2332320 and SPRED1 rs11634702 variants through the 

interaction with non-genetic factors. The ERC1 variant was significant among patients that 

received the transplant from HLA-matched related individuals (p=0.03), bone marrow stem cells 

recipients (p=0.007), and serotherapy-negative patients (p=0.004). NOP9, PLEK, and SPRED1 

effects were modulated by stem cell source, and serotherapy (p<0.05). Furthermore, ERC1 and 

PLEK SNPs correlated with aGVHD3-4 independently of non-genetic covariates (p=0.02 and 

p=0.003). This study provides additional insight into the genetic component of moderate to severe 

aGVHD. 
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8.2. INTRODUCTION 

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is used in the treatment of 

hematologic malignant and non-malignant diseases incurable by conventional treatment1.  

However, the success of allo-HSCT is limited by transplant-associated toxicities. The most 

frequent complication is acute Graft versus Host Disease (aGVHD), occurring in up to 30-60% of 

children undergoing HSCT2-4. Acute GVHD is characterized by an inflammatory response and a 

combination of signs and symptoms that target the skin, liver, and gastrointestinal tract1,5. The 

major pathophysiological mechanism includes damage of the host tissues by conditioning regimen, 

which raises the level of proinflammatory cytokines activating host antigen -presenting cells, 

resulting in donor T cells stimulation. Proliferation and diff erentiation of donor T cells, in turn, 

lead to rapid intracellular biochemical cascades activating cellular and inflammatory mediators 

such as tumor necrosis factors, interleukins, interferons, and nitric oxide, resulting in tissue injury 5-

7. Major clinical factors associated with aGVHD include the degree of HLA compatibility between 

donor and recipient, patient age, sex, stem-cell source, GVHD prophylaxis, underlying disease, 

and conditioning regimen1,5. Donor T-cell recognition that induces aGVHD can be directed against 

host major histocompatibility complex (MHC) and/or minor histocompatib ility antigen (miH) 

disparities5,8. The role of miH is supported by genome-wide analysis of single nucleotide 

polymorphisms (SNPs) resulting in amino acid coding differences between recipients and donors9. 

Additionally, SNPs for chemokines, cytokines, and their receptors, costimulatory molecules, 

micro-RNAs, and drug-metabolizing enzymes have been reported as associated with aGVHD risk. 

Genetic associations reported so far indicate the limited utility of a single SNP as a predictive 

biomarker. Indeed, predictive models combining several genetic variants have been developed 6,10. 
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To further address the role of recipient genetic susceptibility in aGVHD, we have assessed the 

relationship of aGVHD development in children undergoing HSCT with genetic variants obtained 

from whole-exome sequencing (WES). Top-ranked association signals were further verified in an 

independent cohort, identifying novel genetic loci associated with higher aGVHD incidence.  
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8.3. PATIENTS AND METHODS 

8.3.1. Patients’ groups 

Participants were recruited from the Institutional HSCT biobank at Sainte-Justine University 

Health Center (SJUHC), Montreal (Quebec), Canada, and in the context of a multicentric study of 

the European Society for Blood and Marrow Transplantation (EBMT) (ClinicalTrials.gov 

Identifier: NCT01257854)11. Discovery and replication cohorts were presented in a recently 

reported study on the association between WES and post-HSCT sinusoidal obstructive syndrome 

(SOS) in pediatric patients12. The discovery group included 87 children who underwent allo-HSCT 

between 2000 and 2013 at SJUHC. The replication cohort was an independent cohort composed 

of all remaining (unselected) 168 patients who underwent allo-HSCT. These included 47 patients 

from SJUHC, who were either not included in sequencing due to insufficient DNA quantity or 

were recruited after the sequencing has been performed (2013-2015). The remaining patients are 

121 pediatric patients who underwent allo-HSCT from 2001-2015 in four different centers in 

Europe and Canada (Geneva University Hospital, University Medical Center Utrecht, Leiden 

University Medical Center, Robert Debré Hospital, Paris, and Alberta Children's Hospital, 

Calgary). The characteristics of the discovery and replication cohorts are as previously described12 

and are also given in Table 1 and Supplemental material (Item S1). The information on aGVHD 

was collected from patients’ medical charts and was based on  skin rash, serum bilirubin levels, 

diarrhea, and upper gastrointestinal symptoms according to the 1994 Consensus Conference13. 

Clinical presentation was used to differentiate acute from chronic form. Acute GvHD was 

diagnosed and considered up to day 180 post-HSCT to consider late cases of aGvHD14. Only 

moderate and severe cases diagnosed as grades 2 to 4 were considered for the analyses.  Prophylaxis 

of GvHD was given for all patients, four patients of the replication cohort did not have available 



 

335 

 

data. Prophylaxis includes calcineurin inhibitors associated or not with methotrexate, 

mycophenolate mofetil (MMF), and/or steroids. Details are provided in Supplemental material 

(Item S1). 

8.3.2. Whole exome sequencing  

WES was performed on the patient’s DNA in the discovery cohort as described previously12. 

Exomes were captured in solution with Agilent’s SureSelect Human All Exon V5 + untranslated 

(UTRs) kit and sequenced on the Illumina HiSeq2500 platform (mean coverage of 40X) at SJUHC 

integrated clinical genomic center in pediatrics. Common SNPs that were included in the 

association analyses  were defined by minor allele frequency (MAF) higher than 5%, according to 

the frequency reported in public datasets15. They were filtered to exclude variants exceeding a 

missingness rate of 5%, not in Hardy-Weinberg equilibrium (P<0.001), or with pairwise linkage 

disequilibrium (LD, r2>0.8). To further reduce the complexity of the analysis and focus on the 

coding variants with potential causal effects or potentially acting as miH, for exonic variants, only 

non-synonymous variants with predicted functional effect, nonsense variants, and variants in 

splicing sites were conserved16,17. All the above filtering resulted in 4,911 common exonic variants 

and 27,086 common SNPs located in UTRs that were retained for the analyses.  

8.3.3. Association study 

For all association analyses, patients with and without aGVHD were considered as cases and 

controls, respectively. The analysis between genetic variants and aGVHD grade 2 -4 was 

performed by allelic ratio implemented in PLINK v.1.0718 using chi-square or Fisher’s exact test, 

as applicable. Analyses were corrected for multiple testing using false discovery rate (FDR)19 with 

a cut-off value of < 1%, which was close to Bonferroni corrected p=1 x10-5 for exonic variants and 

p=2 x10-6 for variants located in UTRs. Variants significantly associated with aGVHD2-4  were 
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subsequently analyzed by SPSS (version 24, SPSS Inc, NY) using one minus survival curves in 

Kaplan-Meier (KM) framework. The difference between genotypes was assessed by a log-rank 

test. Univariate and multivariate Cox regression analysis was used to estimate a hazard ratio (HR) 

with a 95% confidence interval (CI). Cumulative incidence of aGVHD in relation to the genotype 

was additionally estimated using competing events (death or death and relapse) and Gray test 

analyses using EZR software20. Nine SNPs sustained correction for multiple testing and were 

genotyped in the replication cohort using the Sequenom platform at the Genome Quebec 

Innovation Centre, or by PCR-coupled Allele-Specific Oligonucleotide (ASO) hybridization 

assay21. The amplification was not equally efficient for all loci and the maximum number of 

individuals with successful genotyping data ranged from 147 to 164, depending on the locus 

analyzed. The replication cohort has sufficient power (≥90%) to detect similar effect sizes as the 

ones obtained for these loci in the discovery cohort.  The analyses of cumulative incidence of 

aGVHD2-4 and aGVHD3-4 in relation to the genotypes were performed in the KM framework 

and accounting for a competing event, as explained above.  Univariable and multivariable Cox 

regression (stepwise selection method) was used to estimate the impact of non-genetic covariates. 

The covariates included age as a continuous variable, sex, diagnosis (non-malignant disease and 

hematological malignancies),  type of conditioning regimen categorized according to the number 

of alkylating agents, to which total body irradiation (TBI) was added as the “equivalent” of one 

alkylating agent, busulfan (Bu) exposure (cumulative area under the curve (cumAUC, 

mg×h/L)11,22,  type of donor (HLA identical related individuals vs other donors); stem cell source 

(peripheral blood stem cell vs. bone marrow or cord blood) and whether patients received (or not) 

serotherapy. Covariates with p≤0.1 were retained for further stratified analyses with genetic 
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factors. Genetic factors were considered significantly replicated if p<0.05 and if more than one 

individual harbored risk genotype among aGVHD cases.  
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8.4. RESULTS 

The association analysis using allelic ratio and WES data of the discovery cohort revealed 11 loci 

significantly associated with aGVHD2-4 after multiple testing adjustments (Table 2), of which 5 

were in the coding region and 6 in UTRs. The difference in aGVHD2-4 incidence according to the 

genotypic model is shown in Table 3 and Supplemental Figure 1. Two variants did not sustain 

correction for multiple testing in the genotyping model and 9 variants were carried further to the 

replication phase. Among these 9 loci, the hazard ratio (HR) of aGVHD2-4 in the discovery cohort 

ranged from 4.0 to 13.5 and all of them remained significant in the multivariable model with the 

inclusion of non-genetic covariates (Supplemental Table 1).  The cumulative aGVHD2-4 

incidence in the discovery cohort (obtained in 1-KM framework) did not change if competing 

event analyses were performed (Supplemental Figure 2 and Supplemental Table 2).  Details of 

association analyses in the replication group are presented in Supplemental Table 3; none of the 

tested loci was significant in the entire cohort or in patients of European ancestry.  

We next investigated whether the impact of genetic variants is modulated by clinical risk factors. 

For that, we analyzed non-genetic covariates through a univariable (Supplemental Table 4) and 

multivariable Cox regression model, the latter showed associations of patient age, type of donor, 

serotherapy, and stem cell source with aGVHD2-4 (Table 4). The association of genetic variants 

with aGVHD2-4 in relationship with these covariates was then assessed through stratified 

analyses. Significant associations were found for the ERC1, PLEK, NOP9 and SPRED1 SNPs 

(rs1046473, rs3816281 rs2332320, and rs11634702, respectively, p<0.05, Figure 1). The 

association followed either the additive (ERC1) or recessive genetic model for the remaining loci, 

with the risk value ranging from 2.2 to 5.8. The ERC1 variant was significant among patients that 

received the transplant from HLA-identical siblings (p=0.03). It was also significant among 
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recipients of bone marrow grafts (p=0.007), likely due to the correlation with HLA compatibility 

(Supplemental Table 5) and among patients that did not receive serotherapy (p=0.004). PLEK 

was significant among serotherapy-negative patients (p=0.04). SPRED1 was significant among 

serotherapy positive patients (p=0.02) and NOP9 among patients who received cord blood stem 

cells (p=0.01). We next verified whether any of the 9 variants that were carried forward for 

replication analyses were predictive of aGVHD3-4. Significant associations were found for the 

same variants in the ERC1 (rs1046473, p=0.02) and PLEK (rs381628, p=0.003) genes in the entire 

replication cohort independently of non-genetic covariates (Figure 2). Serotherapy and HLA 

compatibility between donors and recipients were clinical factors associated with aGVHD3-4 

(p=0.0002 and 0.01, respectively). None of the results of the replication cohort were affected by 

competing event analyses (Supplemental Table 6). 
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8.5. DISCUSSION 

This study reports the identification of the recipient genetic contribution to higher aGVHD grades 

in pediatric patients undergoing HSCT using WES data. Although an exome-wide association 

study was performed on overall survival, transplantation- and disease-related mortality23, to our 

knowledge, there is no other study that has performed such analyses with aGVHD in either 

pediatric or adult settings. We identified four novel loci that can contribute to aGVHD 

development, notably ERC1, PLEK, NOP9, and SPRED1, which were validated in the replication 

cohort. It is worth mentioning that they were associated with aGVHD2-4 development through 

interaction with known clinical predisposing factors, such as serotherapy, HLA compatibility, and 

stem cell source, whereas ERK1 and PLEK gene variants were also associated with aGVHD3-4 

development irrespective of non-genetic covariates. None of these genes was previously related to 

aGVHD and the exact mechanism of their potential effect is not yet clear. Their possible 

connection to aGVHD development is summarized below. 

ERC1 (ELKS/RAB6-interacting/CAST family member 1) participates in the canonical DNA 

damage response (DDR) signaling pathway, which is interesting in the context of its possible 

connection to an aGVHD onset. The treatment administered during conditioning regimens, like 

the one administered to the patients in this study, induces DNA damage and activates DDR 

signaling resulting in cell cycle arrest - cellular senescence, which has been described to be 

associated with pro-inflammatory secretion controlled by the NF-kB system involved in aGVHD 

pathogenesis24-28. Indeed, knock-down of the ERC1 gene resulted in reduced activity of NF-kB29. 

Two SNPs from the NFKB1 gene were recently identified associated with aGVHD in recipients 

allografted from HLA-identical donors28. The rs1046473 in ERC1 gene associated with aGVHD 

in our study has been predicted to result in gain and loss of binding sites for several miRNAs 30,31 
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(Supplemental Table 3), which might modulate the ERC1 expression, potentially leading to 

increased NFkB activity.  

There are several studies showing that the PLEK (pleckstrin) gene provides a common genetic 

background for several autoimmune diseases and inflammatory conditions 32,33. The gene 

expression profile of several such conditions, including periodontitis, cardiovascular disease, 

rheumatoid arthritis, and ulcerative colitis, identified PLEK as the only gene significantly 

overexpressed in all of them implicating its participation in the common inflammatory pathways 

underlying these diseases34.  This is in accordance with a known role of PLEK as a protein kinase 

C substrate, inducibly (including bacterial stimuli) expressed by macrophages34.  Importantly, 

PLEK was suggested to be an important intermediate in the secretion and activation pathways of 

the pro-inflammatory cytokines, TNF-a and IL-1ß35,36, secreted by lymphocytes, macrophages, or 

tissue cells providing a possible connection to the aGVHD pathophysiology. The rs3816281 in 

PLEK is predicted to lead to amino-acid substitution that might affect protein function 

(Supplemental Table 3). The same variant is identified as an expression quantitative trait locus, 

most likely due to LD with the promoter variants in the same gene, as shown by the analyses of 

data available through the Genotype-Tissue Expression (GTEx) Project (Supplemental Figure 

3)37. Interestingly, preliminary analyses of our in-house RNAseq data in relation to half-maximal 

inhibitory concentration (IC50) of Busulfan (Bu) in lymphoblastoid cell lines (LCLs) showed a 

1.5 increase in PLEK expression levels after Bu treatment among Bu-sensitive LCLs 

(Supplemental Figure 4), further advocating potential implication of this gene.  

SPRED1 (sprouty-related, EVH1 domain-containing protein 1), among other functions, acts as a 

tumor suppressor and is a negative regulator of the RAS MAPK pathway 38.  It is highly expressed 

in hematopoietic cells and negatively regulates hematopoiesis by suppressing stem cell factor and 
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interleukin-3 (IL-3)-induced ERK activation38. SPRED1 plays a role in leukemia 

predisposition38,39. It was also shown to play a role in the repair of the endothelium after vascular 

injury40, possibly linking it to the damage of vascular endothelium and endothelial cells associated 

with aGVHD41-43. Additionally, several studies implicated mast cell involvement in GVHD 

pathogenesis44,45; better survival was identified in the murine T cell-mediated model of GVHD in 

which recipients lack mast cells45. SPRED1 in turn negatively regulates mast cell activation, as 

shown by SPRED1- knockout mice46. SPRED1 was also shown to play an important role in the 

proliferation, apoptosis, and cytokine secretion of innate lymphoid cells47, which are associated 

with reduced susceptibility to GVHD48. Further work is needed to demonstrate whether any of 

these hypotheses are true and to establish a direct functional link of rs11634702 with aGVHD. 

The knowledge about nuclear protein Nop9 is limited. NOP9 is similar to the PUF family of RNA-

binding proteins. Both Nop9 and Puf -A participate in sequence-specific RNA recognition and 

preribosomal RNA processing49,50. Alterations in expression level or sequence of NOP9 and Puf-

A are associated with breast cancer, autoimmunity, and learning/language impairment50-53. One of 

the genes that belong to PUF RNA binding family members is identified as a minor 

histocompatibility antigen52,53. Whether a similar role can be attributed to NOP9 remains to be 

defined. Both rs11634702 SPRED1 and rs2332320 NOP9 are located in 3’UTR and have been 

predicted to result in gain and loss of binding sites for several miRNAs30,31 (Supplemental Table 

3) which might modulate their expression. In that regard, miRNA was indeed found to regulate 

the translation of SPRED154. 

We have to emphasize certain drawbacks of the study, such as a limited number of patients, which 

could have affected the study power and the accuracy of analyses within the subgroups and 

overestimated the effect sizes. Likewise, there is a lack of genetic analyses in donors as well as 



 

343 

 

cohort’s heterogeneity, including treatment characteristics, that could have resulted in different 

frequencies of aGVHD between cohorts. Given the heterogeneity in GVHD prophylaxis, we could 

not investigate the relationship between a particular prophylaxis type and the genetic component.  

In conclusion, we used WES data to perform whole exome/adjacent UTR analysis of the genetic 

component of aGVHD in pediatric patients undergoing HSCT. Four loci conferring the higher risk 

of aGVHD were replicated in the independent patient groups; and are dependent on the interaction 

with non-genetic factors such as serotherapy, stem cell source, and donor type. The loci identified 

here have not been previously linked to aGVHD but have been linked to inflammatory and 

autoimmune diseases and, despite certain study drawbacks, could help to further understand the 

role of the genetic component on the pathophysiology of the aGVHD.  Given that prior work 

assessing the genetics of aGVHD indicates that the SNPs located in the several cytokines 

combined with clinical risk factors improve aGVHD prediction6, it would be interesting to assess 

whether the polygenic risk score can be further improved with the loci discovered in this study. 

Combining genetic markers with the best predictive ability with other known risk factors may lead 

to prediction models to identify children who might be highly susceptible to aGVHD in an HSCT 

setting and could possibly benefit from early prophylactic and therapeutic interventions.   
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8.7. TABLES AND FIGURES 

8.7.1. Table 1. Demographic and treatment characteristics of discovery (n=87) and replication 

cohort (n=168). 

 

Demographic Characteristics 

Cohorts 

Discovery Replication 

Patients 

N (%) N (%) 

Centers 
CHU St-Justine, Montreal 

(Canada) 
87 (100) 47 (28) 

 Geneva University Hospital, 

Geneva (Switzerland) 
− 4 (2.4) 

 Robert Debré, University 
Hospital, Paris (France) 

− 13 (7.7) 

 University Medical Center, 

Utrecht (Netherlands) 
− 66 (39.3) 

 Alberta Children's Hospital, 

Calgary (Canada) 
− 38 (22.6) 

    

Gender2 Male 40 (46) 101 (60.1) 

  Female 47 (54) 67 (39.9) 

        

Ethnicity  European ancestry  69 (79.3) 147 (87.5) 
 Other 18 (20.7) 16 (9.5) 
 Not available data − 5 (3) 
    

Diagnosis1 Malignancies 45 (51.7) 94 (56) 

  Non-Malignancies 42 (48.3) 74 (44) 

        

HLA 
compatibility1                                    

Unrelated donor 51 (58.6) 121 (72) 

 Identical related donor 30 (34.5) 44 (26.2) 
 Non-identical related donor 6 (6.9) 3 (1.8) 
    

Stem Cell Source1,2 BM 43 (49.4) 70 (41.7) 

  PBSC 2 (2.3) 31 (18.4) 

  Cord blood 42 (48.3) 63 (37.5) 

  BM+PBSC − 4 (2.4) 

        

Conditioning Bu/Cy 62 (71.3) 71 (42.3) 
 Bu/Cy/VP16 5 (5.7) 7 (4.2) 
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 Bu/Flu 19 (21.8) 54 (32.1) 
 Bu/Flu/Thiotepa 1 (1.1) 3 (1.8) 
 Bu/Mel − 2 (1.2) 
 Bu/Mel/Cy − 31 (18.5) 
                      

Chemotherapy 
Regimen1, 

Myeloablative 68 (78.2) 113 (67.3) 

  
Myeloablative with reduced 

toxicity 
16 (18.4) 48 (28.6) 

  Non-Myeloablative 3 (3.4) 7 (4.2) 

        

Total Body 

Irradiation1,2 
Yes − 28 (16.7) 

 No − 140 (83.3) 
    

aGvHD grade 2-42 Yes 11 (12.6) 45 (26.8) 

  No 76 (87.4) 123 (73.2) 

        

aGvHD grade 3-4 Yes 5 (5.7) 17 (10.1) 
 No 82 (94.3) 151 (89.9) 
    

Serotherapy2 No serotherapy 23 (26.4) 23 (13.7) 

  Antithymocyte Globulin  56 (64.4) 121 (72) 

  Alemtuzumab (Campath) 8 (9.2) 2 (1.2) 

  NA − 22 (13.1) 

        

Age in years Median (Range)2 7.4 (0.1-23.5) 4.71 (0.0-21) 

    

сumAUC (mg×h/L) Median (Range)2 
                                    

59.6 (25.5-79.0) 
                              

61.14 (31.6-118.7) 

        

 

Abbreviations: BM: Bone Marrow; PBSC: Peripheral Blood Stem Cells; Bu: Busulfan; CY: 

Cyclophosphamide; Mel: Melphalan; Flu: Fludarabine; VP16: Etoposide; aGvHD: Acute Graft-versus-Hot 

Disease; cumAUC, cumulative area under the curve; 1Further details of discovery and replication cohort, 

particularly regarding diagnosis, stem cell source, chemotherapy regimens, HLA compatibility, total body 

irradiation and aGvHD prophylaxis are provided in supplemental material (Item S1). 2Characteristics that 

are significantly different between discovery and replication cohort at p<0.05, as obtained by chi-square 

for categorical variables and Mann-Whitney for continuous variables, for HLA compatibility, identical 

related individuals are compared to the rest of the donors and for the conditioning regimens, Flu-based 

regimens are compared to the remaining ones; NA, not available. 
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8.7.2. Table 2. Top-ranking loci of aGvHD grade 2-4 identified in discovery cohort through exome-

wide association study using allelic ratio test. 

 

Locus SNP Gene MAF 

(%) 

P-

value 

Allelic* 

Ratio 

GvHD

+ 

Allelic 

Ratio 

GvHD 

- 

OR  

(95% CI) 

chr3:122003769 

(exonic) 

rs1042636 

(A>G) 

CASR 6.9 8x10-7 7/15 5/147 13.7  

(3.9 –48.6) 

chr15:89195245 

(exonic) 

rs59188950 

(C>T) 

ISG20 13.2 1.8x10-6 10/12 13/139 8.9  

(3.2 – 24.6) 
chr16:48258198 

(exonic) 

rs17822931 

(A>G) 

ABCC11 13.2 1.8x10-6 10/12 13/139 8.9 

(3.2 – 24.6) 

chr17:32647831 

(exonic) 

rs1133763 

(A>C) 

CCL8 11.5 3.7x10-6 9/13 11/141 8.9  

(3.1 – 25.3) 

chr2:68607947 

(exonic) 

rs3816281 

(G>T) 

PLEK 25.9 1.5x10-5 14/8 31/121 6.8  

(2.6 – 17.7) 
chr15:38647386 

(3’UTR) 

rs11634702 

(A>G) 

SPRED1 

 

10.0 2.2x10-7 9/13 8/140 12.1 

(4.0– 36.7) 

chr1:109289353 

(5’UTR) 

rs1124427 

(G>C) 

STXBP3 

 

27.6 4.0x10-7 16/6 32/120 10.0 

(3.6– 27.6) 

chr12:1600978 
(3’UTR) 

rs1064125 
(A>T) 

ERC1 
 

14.9 8.0x10-7 11/11 15/137 9.1 
(3.4– 24.6) 

chr14:24776219 

(3’UTR) 

rs2332320 

(T>C) 

NOP9 

 

10.9 1.4x10-6 9/13 10/142 9.8 

(3.4– 28.5) 

chr12:1604490 

(3’UTR) 

rs1046473 

(A>T) 

ERC1 

 

29.9 2.6x10-6 16/6 36/116 8.6 

(3.1– 23.6) 
chr6:159456212 

(3’UTR) 

rs4709265 

(A>T) 

TAGAP 7.5 3.4x10-6 7/15 6/146 11.4 

(3.4– 38.2) 

 

The results are obtained by allelic ratio implemented in PLINK. CASR, calcium sensing receptor; ISG20,  

interferon stimulated exonuclease gene 20; ABCC11, ATP binding cassette subfamily C member 11; CCL8, 

C-C motif chemokine ligand 8; PLEK, pleckstrin; SPRED1, sprouty related EVH1 domain containing 1; 

STXBP3; syntaxin binding protein 3;  ERC1, ELKS/RAB6-interacting/CAST family member 1; NOP9, 

NOP9 nucleolar protein; TAGAP, T cell activation RhoGTPase activating protein. *Allelic ratio is presented 

as ratio of minor vs. major allele in patients with (+) and without (-) acute graft versus host disease 

(aGvHD), grade, 2-4, for which  OR (odds ratio) with  CI (confidence interval) is calculated; p value reflects 

the difference in allelic ratio between patients with and without aGvHD.  
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8.7.3. Table 3. Genotypic model of top-ranking loci of aGvHD grade 2-4 in the discovery cohort. 

 

 

Gene and SNP P Model HR (95%-CI) 
CASR rs1042636 (exonic)* 7.6x10-8 D 13.5 (3.9 – 46.3) 

ISG20 rs59188950 (exonic) 6x10-6 A 4.3 (2.1 – 9.1) 

ABC11 rs17822931 (exonic) 1x10-5 A 4.0 (2.0 – 8.2) 

CCL8 rs1133763 (exonic) 1x10-5 A 4.8 (2.2 – 10.8) 

PLEK rs3816281 (exonic) 8x10-6 R 9.2 (2.8 – 30.4) 

SPRED1 rs11634702 (UTR) 1.6x10-7 D 12.8(3.7 – 43.8) 

STXBP3 rs1124427 (UTR)** 4.0x10-6 A 5.4 (2.3 – 12.8) 

ERC1 rs1064125 (UTR) 7.6x10-7 A 4.8 (2.3 – 9.9) 

NOP9 rs2332320 (UTR) 1.0x10-6 A 4.9 (2.3 – 10.4) 

ERC1 rs1046473 (UTR) 2.4x10-7 A 9.3 (3.5 – 24.9) 

TAGAP rs4709265 (UTR)** 1.0x10-5 A 4.4 (2.0 – 9.4) 

 
P-KM, p value is obtained by log-rank test in Kaplan -Meier framework for the cumulative difference 

between genotype groups, HR (hazard ratio) with 95% CI (confidence interval) obtained through univariate 

Cox regression analyses, Analyses are done according to the model that best fits the data, A, additive, D, 

dominant or R, recessive  *, there was no homozygotes individuals for minor CASR allele; ** variants that 

did not sustain correction for multiple testing in genotypic model (2x10-6 for UTR variants), and  not 
retained for the analyses in replication group.  
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8.7.4. Table 4. Non-genetic variables retained in stepwise selection in multivariate Cox regression 

model in the replication cohort. 

 

Variable P-value HR (95%-CI) 

Donor type 0.001 5.6 (2.0-15.7) 

Serotherapy 0.01 0.3 (0.1-0.8) 

Age  0.02 1.07 (1.0-1.13) 

Cell stem source 0.1 1.8 (0.9-3.6) 

 
Donor type, unrelated or unmatched donors vs. HLA-identical siblings; serotherapy (yes vs. no); Stem 

source, peripheral blood vs others; Age is continuous variable. Other variables that were included but not 

retained in the final model are sex, baseline disease, conditioning regimens, and cumulative busulfan AUC.  
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8.7.5. Figure 1. Cumulative incidence of aGVHD 2-4 in relation to top-ranking loci identified 

through validation analysis of replication cohort. 

Cumulative incidence of acute graft versus host disease (aGVHD), grades 2 -4, plotted for indicated 

genotypes in particular patient subgroups.  The gene name and SNP rs number are given at the top 

of the panels. P value is derived by log-rank test. Total number of patients in each genotype group 

followed by the number of patients with aGVHD 2-4 is indicated next to each curve. Hazard ratio 

(HR) with 95% confidence interval (in brackets) is calculated through univariate Cox regression 

according to recessive model for PLEK, SPRED1, and NOP9 and according to additive genetic 

model for ERC1. 
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8.7.6. Figure 2. Cumulative incidence of aGVHD 3-4 in replication cohort relative to the variants in 

ERC1 and PLEK genes. 

Cumulative incidence of acute graft versus host disease (aGVHD), grades 3 -4, plotted for indicated 

genotypes in the entire replication cohort.  The gene name and SNP rs number are given at the top 

of the panels. P value derived by log-rank test for the difference across genotypes is indicated on 

the plot. Hazard ratio (HR) with 95% confidence interval (CI) in brackets is indicated below panels 

and is derived through multivariate Cox regression model, which included besides genotype, non-

genetic factors significantly associated with aGVHD 3-4 (HLA compatibility and serotherapy, 

p=0.01 and 0.0002, respectively). 
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8.9. SUPPLEMENTAL MATERIAL 

8.9.1. Supplemental Table 1.  Multivariate Cox regression analyses in the discovery cohort.  

Variable P-value HR (95%-CI) 

ERC1 rs1046473 0.001 13.1 (3.1-55.5) 

ERC1 rs1064125 0.001 4.6 (1.8-11.4) 

ISG20 rs59188950 0.004 8.4 (2.6-27.4) 

CASR rs1042636 0.0002 31.2 (5.1-191.5) 

ABC11 rs17822931 0.001 4.7 (1.9-11.5) 

CCL8 rs1133763 0.001 7.4 (2.4—22.8 

PLEK rs3816281 0.001 11.4 (2.7-47.9) 

SPRED1 rs11634702 0.00008 22.7 (4.8-107.4) 

NOP9 rs2332320 0.001 16.7 (3.2-86.2) 

 

Multivariate models analyze the effect of each genotype separately with the presence of non-genetic 

covariates: donor type, serotherapy, stem source, age, sex, baseline disease, conditioning regimens, and 

cumulative busulfan AUC. Genetic model for each locus is the same as indicated in Table 3. Variants that 

did sustain correction for multiple testing (STXBP3 and TAGAP) were not included in the multivariate 

model. 
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8.9.2. Supplemental Table 2. The difference between genotype groups in the discovery cohort as 

obtained by competing event analysis and Gray test. 

Gene SNP p1 p2  p3 p4 

ISG20 rs59188950 7x10-5 0.8 7x10-5 0.6 

CCL8 rs1133763 3x10-5 0.9 3x10-5 0.5 

SPRED1 rs11634702 3x10-6 1.0 3x10-6 0.5 

NOP9 rs2332320 2x10-5 0.9 2x10-5 0.5 

ERC1 rs1046473 5x10-7 0.7 5x10-7 0.6 

PLEK rs3816281 3x10-5 0.4 2x10-5 0.2 

ERC1 rs1064125 2x10-5 0.6 2x10-5 0.6 

ABCC11 rs17822931 1x10-4 0.8 1x10-4 0.5 

CASR rs1042636 5x10-7 0.3 8x10-7 0.6 

 

p1 and p3 reflect the comparison between genotype groups for aGvHD 2-4 with inclusion of a death, or 

death and relapse, respectively, as a competing event.  p2 and p4 are the significance of comparison across 

categories of corresponding competing event. The graphs obtained by competing event analyses are 

presented in Supplemental Figure 2. The genetic model is the same as presented for 1-KM analyses for each 

of these SNPs in Supplemental Figure 1. 
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8.9.3. Supplemental Table 3. Analysis of top-ranking loci of aGvHD grade 2-4 in the replication 

cohort. 

 

Locus SNP Gene Functional 

impact 

P 

KM 

Minor 

allele 

carriers* 

Event+ 

 

Minor 

allele 

carriers 

Event- 

 

P 

KM** 

Model 

chr3:122003769 
(exonic) 

rs1042636  
(A>G) 

CASR Arg990Gly1 0.35 2/41 2/115 0.5 R 

chr15:89195245 
(exonic) 

rs59188950 
(C>T) 

ISG20 His34Tyr2 0.37 1/43 7/114 0.62 R 

chr16:48258198 
(exonic) 

rs17822931 
(A>G) 

ABCC11 Gly180Arg1 
 

0.18 0/44 6/115 0.34 R 

chr17:32647831 
(exonic) 

rs1133763  
(A>C) 

CCL8 Lys69Gln1 0.22 10/45 39/119 0.35 D 

chr2:68607947  
(exonic) 

rs3816281  
(G>T) 

PLEK Lys97Asn1 0.17 7/43 9/116 0.3 R 

chr15:38647386 
(3’UTR) 

rs11634702 
(A>G) 

SPRED1 
 

gain or loss 
of miR 

target3 

0.07 3/40 2/107 0.77 R 

chr12:1600978 
(3’UTR) 

rs1064125 
(A>T) 

ERC1 
 

gain of miR 
target3 

0.49 3/43 11/112 0.25 R 

chr14:24776219 

(3’UTR) 

rs2332320 

(T>C) 

NOP9 

 

gain or loss 

of miR 
target3 

0.29 10/41 38/116 0.52 D 

chr12:1604490 
(3’UTR) 

rs1046473 
(A>T) 

ERC1 
 

gain or loss 
of miR 

target3 

0.1 28/43 58/112 0.09 D 

The chromosome position of the variant, type of nucleotide substitution, dbSNP identification 

number, gene name and functional impact are provided. 1damaging impact of amino-acid 

substitution as identified by SIFT or PolyPhen; 2only identified as missense variant in particular 

isoforms; 3change in miR (microRNA) binding sites, as identified by miRNASNP-v3 database 

(30, 31). P-KM, p value is obtained by log-rank test in Kaplan-Meier framework in entire cohort; 

* Minor allele carriers according to indicated genetic model among patients with (+) and without 

(-) event. Analyses are done according to the model that best fits the data; A, additive, D, dominant 

or R, recessive. ** p value obtained by log-rank test in Kaplan-Meier framework when the analyses 

are restricted to Caucasians only.   
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8.9.4. Supplemental Table 4. Univariate Cox regression analyses for non-genetic covariates of the 

replication cohort. 

Variable P-value HR (95%-CI) 

Sex 0.5 0.8 (0.4-1.5) 

Age 0.08 1.05 (1.0-1.1) 

Baseline disease 0.03 2.0 (1.1-3.8) 

Donor type 0.02 2.7 (1.2-6.4) 

Serotherapy 0.9 0.9 (0.4-2.1) 

Conditioning regimen 0.5 0.8 (0.4-1.7) 

Cell stem source 0.05 1.9 (1.0-3.7) 

Cumulative Bu AUC 0.1 1.02 (1.0-1.04) 

 

These covariates included age as a continuous variable, sex (male vs females), baseline disease 

(hematological malignancies vs non-malignant disease),  type of a donor (HLA identical related individuals 

vs other donors); whether patients received (or not) serotherapy, type of conditioning regimen categorized 

according to the number of alkylating agents (more than one vs one), to which total body irradiation (TBI) 

was added as the “equivalent” of one alkylating agent,  stem cell source (peripheral blood stem cell vs. bone 

marrow or cord blood) and busulfan cumulative area under the curve (cumAUC, mg×h/L), estimated from 

the first dose AUC and each individual dose received. 
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8.9.5. Supplemental Table 5. Correlation between stem cell source and donor type. 

 

 

Stem Cell Source 

Total 

Peripheral or cord 

blood Bone Marrow 

Donor type HLA identical 

siblings 

Number 15 29 44 

%  34.1% 65.9% 100.0% 

Remaining 

donors 

Number 79 45 124 

%  63.7% 36.3% 100.0% 

Total Number 94 74 168 

%  56.0% 44.0% 100.0% 

High frequency of bone marrow grafts was noted among HLA identical siblings, p=0.001.  
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8.9.6. Supplemental Table 6. The difference between genotype groups in the replication cohort as 

obtained by competing event analysis and Gray test. 

Gene SNP Association group  p1 p2  

ERC1 rs1046473 HLA-identical siblings  0.04 0.7   
Serotherapy negative patients  0.01 - 

  
Stem cell source- Bone marrow 0.005 0.6 

PLEK rs3816281 Serotherapy negative patients  0.06 - 

SPRED1 rs11634702 Serotherapy positive patients  0.03 0.5 

NOP9 rs2332320 Stem cell source- Cord blood 0.008 0.7 

ERC1 rs1046473 entire cohort* 0.02 0.7 

PLEK rs3816281 entire cohort* 0.003 0.2 

 

P1 reflect the analysis between genotype groups for aGVHD2-4 with inclusion of a death as a competing 

event. p2, difference between genotype group for a competing event. Association group is indicated and is 

same as in Figures 1 and 2 when using corresponding 1-KM analyses for each SNP, - absence of competing 

events. 
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8.9.7. Item S1 

Demographic and treatment characteristics of replication cohort related to Table 1. 

Hematologic Malignancies include Acute Lymphoblastic Leukemia (n=3); Acute Myeloid 

Leukemia (n=27); Myelodysplastic Syndrome (n=13); Chronic Myeloid Leukemia (n=2). Non -

Malignancies include Hemoglobinopathy (n=13), Immunodeficiency (n=12), Metabolic Disease 

(n=5), Chronic Granulomatous Disease (n=7) and Hemophagocytic Syndrome (n=5).  

Among 42 patients who received a cord blood transplant, there were 3 patients who received 

double cord blood.  

Patients who received myeloablative regimen with reduced toxicity (n=16), received a Bu/Flu 

combination with a cumulative dose of Bu >8mg/kg.  

Prophylaxis of GvHD include cyclosporine (CSA, n=1), CSA and steroids (n=30), CSA and 

methotrexate (MTX, n=30), CSA and Mycophenolate mofetil (MMF, n=21), CSA, MMF and 
steroids (n=2) and MTX and tacrolimus (n=2). 

None of patients received total body irradiation (TBI).  

Demographic and treatment characteristics of replication cohort related to Table 1.  

Hematologic Malignancies include Acute Lymphoblastic Leukemia (n=26); Acute Myeloid 

Leukemia (n=37); Biphenotypic Acute Leukemia (n=2); Myelodysplastic Syndrome (n=30); 

Chronic Myeloid Leukemia (n=2); Lymphoma (3).  

Non-Malignancies include Bone Marrow Failure Syndrome (n=5), Hemoglobinopathy (n=12), 

Immunodeficiency (n=19), Metabolic Disease (n=22), Chronic Granulomatous Disease (n=1), 

Hemophagocytic Syndrome (n=10) and Osteoporosis (n=3).  

Among 63 patients who received a cord blood transplant, there were 3 patients who received the 

double cord blood.  

Patients who received myeloablative regimen with reduced toxicity (n=50)  received a Bu/Flu 

combination with a cumulative dose of Bu >8mg/kg.  

Prophylaxis of GvHD include (CSA, n=16), CSA and steroids (n=39), CSA and MTX (n=77), CSA 
and tacrolimus (n=1), CSA, MTX and tacrolimus (n=1), CSA, MTX, tacrolimus and steroids, 
(n=1) CSA and MMF (n=18), CSA, MMF and tacrolimus (n=2), CSA, MMF, MTX and tacrolimus 
(n=1) CSA, MMF and steroids (n=2), MTX and tacrolimus (n=4), MMF and tacrolimus (n=2), 

data not available (n=4). 

 

Patients from Alberta Children’s Hospital, Calgary (n=28) received a TBI, 4 Gy given in 2 

fractions of 2 Gy each. Of these, 24 patients received myeloablative regimen with reduced toxicity 

and 4 patients received non-myeloablative regimen. 
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Section D 

Chapter 9 

 

 

General Discussion 

 

 

In this chapter, I highlight the most important insights that can be gleaned from the various sections 

presented in this thesis. I point out the limitations that may have influenced the obtained results. 

In conclusion, I outline the most important research findings presented in this dissertation.  
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9.1. General Discussion 

9.1.1. Discussion of Section A 

Genetic variations in the DNA sequence affect the risk of developing many diseases and/or 

complex traits. Early studies that investigated genetic variations underlying rare conditions with 

clear Mendelian patterns of family segregation (e.g., Huntington's disease, cystic fibrosis) were 

very successful in detecting these genetic variations, primarily because these variations carried a 

100% risk and were the only cause of the disease1. Typically, difficulties arise when a simple 

match between genotype and phenotype is violated, as either the same genotype can lead to 

different phenotypes (due to chance, incomplete penetrance, the environment, or the interaction 

with other genes) or different genotypes can lead to the emergence of different phenotypes2. Thus, 

the term "complex trait" was proposed by geneticists to denote any phenotype that does not exhibit 

recessive or dominant Mendelian inheritance attributable to a single gene 2. It is therefore not 

surprising that finding genetic variants underlying common "complex diseases" (e.g., type 2 

diabetes, cardiovascular disease, many types of cancer) has proven to be much more challenging. 

This was later explained by the fact that each variant individually is only one of many genetic and 

environmental causal factors, each of which is neither necessary nor sufficient to cause d isease1. 

Therefore, they predispose rather than directly lead to its development1.  

Genetic variants that result in a slight increase in the risk of a common condition can still have 

significant public health implications (for example, in terms of the number of people affected by 

them); thus, identifying such variants is very important. Moreover, such findings may reveal new 

causal relationships worthy of further investigation1.  

Next-generation sequencing (NGS) platforms and large-scale genome-wide association studies 

(e.g., microarrays for copy number alterations), as well as whole transcriptome analysis, exhibit 
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nowadays an unprecedented ability to classify new molecular subgroups of currently known 

conditions based on their gene expression profiles3. For instance, this approach has revealed new 

oncogenic drivers of leukemogenesis. Many of them have been shown to have prognostic and/or 

therapeutic value3. From a diagnostic standpoint, elucidating a molecular diagnosis can provide 

clinical utility by predicting prognosis, anticipating future symptoms, allowing early intervention, 

and identifying treatment options, while avoiding inappropriate interventions4. For example, since 

the early 2000s, large-scale genomic research on ALL, greatly advanced by the NGS, has led to 

the development of a new taxonomy for ALL, identifying new subsets of ALL (characterized by 

"driver" oncogenic changes) previously hidden for conventional methods of karyotyping3.  

On the other hand, the cure rate for many pediatric cancers (including ALL) has reached a 

remarkable incidence (has exceeded 90% in some contemporary clinical trials)5. However, the 

dose intensity of conventional chemotherapy has been pushed to its limit; therefore, further 

improvement in outcomes will need to rely more on molecular therapeutic approaches (including 

immune and cell therapy) as well as on precise risk stratification5-7. 

Furthermore, a significant number of genes have been identified through association studies of 

treatment-related outcomes in cancer patients. These results may well lead to predictive models 

capable to identify patients who might be at increased risk for specific treatment-related side 

effects (both acute and long-term) and therefore require treatment adjustment or closer monitoring 

(or have lower susceptibility, therefore may not need additional follow-ups). 

In addition, special attention is currently being paid to the contribution of rare and low-frequency 

variants to human traits and diseases8; in turn, they could contribute significantly to our 

understanding of the role of the genetic component in the pathophysiology of toxicities associated 

with chemotherapy treatment.  
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9.1.2. Discussion of Section B 

The neurotoxic effects of cancer treatments consist of peripheral neuropathy and central 

neurotoxicity, characterized by encephalopathy and/or neurodevelopmental cognitive deficits, are 

well documented in childhood ALL survivors9. These effects have been mainly associated with 

cranial radiotherapy (CRT) and intrathecal methotrexate (MTX)10. Furthermore, several 

psychiatric syndromes have been associated with cranial radiotherapy (CRT)11,12 and intensive 

treatment13-15. With regard to psychoaffective status CRT alone or in combination with MTX has 

been associated with higher incidence of depression/anxiety, degraded social skills, attention 

deficits and antisocial behaviours16. With different dosages depending on the risk status, the DFCI 

protocols implicate the administration of corticosteroids (CS) in the induction phase for 

intensification and continuation of treatment. An intensified CS treatment could also affect 

emotional regulation (depression and suicidal tendencies,17 anxiety 17,18, and externalizing 

problems19 20), in the short term and to have longer-term effects21. For instance, treatments with 

high-dose CS increase the neurotoxicity of MTX and CRT22,23. By their action on the hippocampus 

and limbic system, CS treatments yield a dysregulation of levels of endogenous CS and might 

affect the hypothalamic-pituitary-adrenal axis response (HPA axis), and have an impact on the 

actual structure of the HPA axis24,25 giving rise to chronic stress 26 and depression17,18. These 

detrimental effects seem to vary depending on treatment intensity and the nature of the CS. For 

example, the most important psychoaffective effects among young and older children were noted 

with Dexamethasone (vs. Prednisone)19,27. Therefore, it is possible that adjustments introduced in 

therapies over time (changes in CRT doses, as well as CS: substitution of Dexamethasone for 

Prednisone)28 might differentially impact the level of emotional adjustment in the long-term29. It 

was also suggested that manifestation of long-term treatment-related side effects (rather than the 
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remote cancer diagnosis or treatment history) could affect,  the  emotional well-being of childhood 

cancer survivors30, with a cancer-related pain31,32 and learning or memory problems33,34 being 

between the most relevant late effects, but potentially amenable to intervention 30. 

In addition, available epidemiological and neuroimaging results indicate that ALL survivors who 

received contemporary therapeutic protocols (which consist of intensified intravenous and 

intrathecal administration of chemotherapeutic drugs for standard risk patients35) were still at risk 

of neurocognitive problems36. Future research should then move from simply describing and 

quantifying the prevalence of these adverse outcomes to detailing the underlying 

pathophysiological processes so that early detection and preventive measures can be assessed36. 

In our study, we addressed the genetic component in the neurocognitive impairments along with 

anxiety and depression by first interrogating the relationship between the above -mentioned 

complications and genotypic profiling of candidate genes obtained through whole exome 

sequencing (WES) of childhood ALL survivors. We identified a panel of common variants that 

were associated with deficits in neurocognitive tests performance and variants that were associated 

with anxiety and depression. Then, the association analyses were complemented by an exome-

wide association study, which identified several additional genes as potential modulators of the 

risk of developing treatment-related neurocognitive complications as well as anxiety and 

depression. 

Few genes are of particular interest since these associations were validated in the replication 

SJLIFE Cohort (USA). For instance, the MTR gene that is involved in the metabolic pathway of 

MTX. The detected common functional variant rs1805087 potentially affects enzymatic activity, 

therefore increasing the level of homocysteine 10,37,38, which is the essential in methionine 

production39. This variant along with other polymorphisms implicated in the Hcy pathway were 
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already studied in the context of MTX long-term neurotoxicity and has been found to affect 

neurocognitive function in childhood ALL survivors40,41. Another gene identified by the candidate 

gene approach is the CACNB2 gene that is highly expressed in hippocampal pyramidal neurons 

and linked to the Bipolar disorders42, autism spectrum disorders43 and social cognition in 

schizophrenia patients44. Moreover, although this gene has not been confirmed in the replication 

SJLIFE Cohort, the SLCO1B1 gene also deserves further attention since previously shown to affect 

MTX clearance and short-term toxicity in ALL patients. Additionally, the association between 

deficit in the trail making test and variant rs61732180 in the ZNF382 gene is also worth mentioning 

since association was found across the entire replication SJLIFE Cohort (despite a non-significant 

male-specific association). All confirmed associations identified by candidate genes and exome-

wide approaches are summarized in Table 1a. Furthermore, our analysis also suggests that 

synergistic interactions might exist between the variants identified in the entire discovery cohort 

(rs740965 PTPRZ1, rs2748431 MUC16, and rs2748431 TNRC6C-AS1)  and in the group of male 

participants (rs7285167 APOL2, and rs61731441 C6orf165) in relation to moderate-severe 

anxiety; which could explain the markedly significant associations in the combined variants 

model.  

Interestingly, although several validated genes described in this thesis are linked to cancer 

treatment, only two confirmed variants - rs1805087 MTR and rs4149056 SLCO1B1, have a direct 

impact on the pharmacodynamics and pharmacokinetics of the anticancer agent MTX, respectively  

(Table 1a). 

 Multiple evidence has been collected nowadays for potential genetic and epigenetic risk markers 

of the long-term treatment-related neurocognitive and emotional complications in survivors of 

childhood cancer. In addition, accumulating data suggest that genetic factors contribute 
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significantly to resilient responses to trauma and stress45. However, large genome-wide association 

studies on the genetic architecture of mental disorders indicate its polygenic nature, which means 

that the contribution of genetic factors is due to small effects of several genetic variants distributed 

throughout the genome46-48. Therefore, future studies will be required not only for independent 

replications, but also for evaluation of the potential prognostic and/or therapeutic value of the 

reported findings in order to implement them into clinical practice. 

In a similar fashion to our first study in the PETALE cohort presented earlier, we carried another 

analysis that focused on treatment-related cardiac complications. Cardiovascular diseases 

represent the main cause of secondary morbidity and mortality in childhood cancer patients 49-51. 

Anthracyclines are an essential component of childhood cancer therapy, with Doxorubicin being 

the most widely used agent, administered in a wide spectrum of hematologic and solid 

malignancies, including leukemia, lymphoma, and sarcomas52-54. Approximately 50–60% of 

childhood cancer survivors have been treated with an anthracycline regimen 49,54-56. Major 

complication of the Anthracycline toxicity (ACT) include  cardiomyopathy, coronary artery 

disease, and atherosclerosis57. Furthermore, at the present time, there is no imaging approach or 

specific guidelines to prospectively identify patients who are at risk of ACT58. 

We performed candidate gene analyses regarding treatment-related cardiac complications which 

identified several novel markers associated with these toxicities in the. In addition, through an 

exome-wide association study, the contribution of the rare variants genes was linked to the risk of 

developing treatment-related cardiotoxicity in survivors of childhood ALL.  

It is worth mentioning that even though identified genetic markers were not validated in the 

SJLIFE cohort (all the details of the replication results were discussed earlier), several identified 

loci have already been associated with treatment-related cardiotoxicity whereas others have been 
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shown to play an important role in cardiovascular biology. For example, we detected a 

cardioprotective effect of the three common independent variants in the TTN gene (a gene strongly 

associated with cardiomyopathy) for both LVEF and FS M-mode outcomes.   

In addition, in this study, we demonstrated the endowment of rare genetic variants to long-term 

treatment-related cardiotoxicity in childhood ALL survivors; contributing to knowledge about the 

implication of rare variants that usually remains limited in candidate gene and GWAS studies. 

Therefore, the current results nevertheless provide further evidence for the genetic contribution to 

treatment-related cardiovascular outcomes in patients with ALL. 

Furthermore, we reviewed published pharmacogenomic markers related to ACT affecting 

childhood cancer patients and included a brief overview of the applicability of reported findings 

to the PETALE cohort, validating several of them. Interestingly, almost all evaluated genes had at 

least one of the variants significantly associated with tested outcomes in the PETALE cohort. At 

the same time, it should be mentioned that only few of them passed a false discovery rate threshold 

(FDR lower or equal to 5%). Among such variants, are common SNPs in ABCC1, SLC22A7 and 

SPG7 genes (more details can be found in Table 1b). It is worth noting that the ABCC1 gene 

requires special attention, as the associations reported in our study lend additional weight to this 

gene, which seems to play an important role in ACT in pediatric cancer patients (as described in 

Section b, Chapter 6). Moreover, our results conducted in leukemia patients treated with 

doxorubicin replicated the risk variant rs2229774 in the RARG gene (currently referred for 

pharmacogenomic testing in the Evidence-Based Clinical Practice Guidelines). Therefore, these 

results not only validated the genes identified by previous studies but, in some cases, pointed to 

potentially causal variants.  
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Mortality from childhood ALL has dropped dramatically since the introduction of effective 

chemotherapy combinations. The main challenge now is to further minimize complications from 

the disease and treatment, as well as improve the quality of life for ALL survivors 36. The 

identification of genetic markers associated with high or low risk of treatment-related 

complications in childhood cancer survivors (together with other known risk factors), could enable 

their mitigation through individualized treatment approaches or  development of new prevention, 

intervention, and follow-up strategies. In addition, given the complex polygenic structure of 

cardiovascular, neurocognitive, and emotional disorders, it could be important to evaluate the 

synergistic interactions between the reported variants and genes in order to identify the most 

significant risk and/or protective combinations.  

 

 

9.1.2.1. Table 1. Summary table of risk-associations confirmed by replication analysis presented in 

the context of the thesis (PETALE Cohort). 

a. Neurocognitive deficits, anxiety, and depression, PETALE Cohort. 

Study 
design 

Outcome Variant Gene Gene Function 
Effect on 

PK/PD 

Neurocognitive deficits, anxiety, and depression 

Candidate 
genes 

Digit span rs58225473 CACNB2 

auxiliary voltage-dependent 
subunit of L-type calcium-channel, 
mainly expressed in brain and 
heart tissue 

n/a 

Verbal fluency rs1805087 MTR 

B12 dependent methionine 
synthase involved in remethylation 
of homocysteine (Hcy), is required 
to maintain adequate intracellular 
methionine, intracellular folate, 
and normal homocysteine levels; 
studied in the context of MTX long-
term neurotoxicity 

rs1805087 
variant may 

reduce 
enzymatic 

activity  
(affects PD) 
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Moderate-
severe 

depression 
rs4149056* SLCO1B1 

liver-specific member of the 
organic anion transporter family 
involved in hepatic uptake of MTX 

rs4149056 is 
associated 

with low MTX   
clearance 

(affects PK) 

Exome-
wide 

association 
study 

Trail making 
test 

rs61732180 ZNF382  

transcription inhibitor, inhibits the 
activating protein 1 (AP-1) and 
nuclear factor kappa-B (NF-kB) 
signaling 

n/a 

 

b. Chemotherapy-induced cardiotoxicity reported common variants replicated in the 

PETALE Cohort. 

Study 
design 

Outcome Variant Gene Gene Function 
Effect on 

PK/PD 

Chemotherapy-induced cardiotoxicity 

Replication 
of 

reported 
findings 

LVEDD z 
score, LVEF 

2D (%) 

binary 

rs246232  ABCC1 

ATP Binding Cassette (ABC) 
transporter-coding gene 

mediating efflux of multiple 
anticancer drugs and other 

xenobiotics, their metabolites, 
and multiple other bioactive 

molecules 

n/a 

LVEF Mmode 
(%) binary 

rs70953680 SLC22A7 
Solute carrier (SLC), sodium-
independent organic anion 

transmembrane transporter 
n/a 

LVEF Mmode 
(%) binary 

rs4149056 SPG7 
regulator of the mitochondrial 

permeability transition pore (PTP) 
n/a 

PK: pharmacokinetics; PD: pharmacodynamics; n/a: data on the role of the variant on PK or PD are not available. 

CACNB2: Calcium Voltage-Gated Channel Auxiliary Subunit Beta2; MTR: 5-Methyltetrahydrofolate-Homocysteine 
Methyltransferase; SLCO1B1: Solute Carrier Organic Anion Transporter Family Member 1B1.ABCC1: ATP Binding 

Cassette Subfamily C Member 1; SLC22A7: Solute Carrier Family 22 Member 7; SPG7: Spastic paraplegia type 7. 

 

* This association was not replicated in the SJLIFE cohort, but was added to the summary table due to its 

proven association with individual variability in high-dose MTX clearance. Its role as a predictor of short-

term toxicity after MTX treatment has been confirmed in other independent cohorts.  
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9.1.3. Discussion of Section C 

HSCT usually involves preparatory or conditioning regimens that include chemotherapy and/or 

high-dose radiation therapy16. These regimens, as well as other pre- and post-HSCT treatments 

(such as immunosuppressants to prevent graft-versus-host disease (GVHD)), can damage a 

patient's organs and tissues and induce both acute and long-term complications59. The most 

common post-HSCT complications include mucositis, sepsis, haemorrhagic cystitis, endothelial 

damage, pulmonary toxicity, sinusoidal obstruction syndrome and acute graft versus host disease 

(aGVHD) among others59,60. 

Using WES data of pediatric patients who underwent allogeneic HSCT, we performed the genetic 

association studies and addressed two of the most life-threatening complications – hepatic 

sinusoidal obstruction syndrome (SOS), also known as veno-occlusive disease (VOD) and 

aGVHD. A summary table of variants supported by replication studies (for both SOS and aGVHD) 

can be found in Table 2. 

Our analyses identified few significant loci, notably in the BHLHE22, KIAA1715, and UGT2B10 

genes, that were associated with an increased risk of SOS; also, through the interaction with non-

genetic factors variants ERC1 rs1046473, PLEK rs3816281, NOP9 rs2332320 and SPRED1 

rs11634702 were associated with higher aGVHD incidence; all these variants were validated in 

the independent replication cohort of pediatric patients who underwent allogeneic or autologous 

HSCT (Table 2). Moreover, the combined effect model of risk alleles of KIAA1715, UGT2B10 

and GSTA1 (GSTA1 haplotype groups classified as slow vs. fast and normal metabolizers, were 

included in the model based on the previous studies showing the higher risk of SOS for GSTA1 

diplotypes) was tested in a more intensive conditioning regimen, demonstrating the increased SOS 

in additive manner from 3.9 (95% CI=1.4-10.4, p=0.007) in patients with one risk genotype at any 
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locus (group 1), to 9.8 (95% CI=2.8-33.8, p=0.0003) in patients with two risk genotypes (group 2) 

when compared to those with no risk genotypes (group 0). 

It is important to note that dose adjustment of BU after therapeutic drug monitoring contributes to 

a better outcome of HSCT61. Genotype-guided BU dose adjustments can contribute to further 

improvement. Since BU is eliminated by conjugation with glutathione catalyzed by glutathione S-

transferase enzymes (GST) primarily by the Glutathione S Transferase Alpha1 (GSTA1) isoform 

followed, to a lesser extent, by the Glutathione S Transferase Mu 1 (GSTM1) and Glutathione S 

Transferase Pi 1 (GSTP1)62; several genetic polymorphisms have been studied, including variants 

within the genes for glutathione S transferase61. One of the recent reports revealed that 

GSTA1 diplotypes (conferring slow metabolizing capacity) were associated with a higher 

incidence of SOS, aGVHD, and combined treatment-related toxicity61. However, it is unclear 

whether GSTA1 affects SOS beyond its influence on BU clearance61,63. 

In our study variants in the KIAA1715, and UGT2B10 genes were retained in multivariable model, 

while controlling for other risk factors such as intensity of conditioning regimen, disease 

indication, Bu exposure, TBI and GSTA1 haplotypes. It is worth mentioning that most of the 

published association studies for SOS have used a candidate-gene approach63; while our study is 

the only one currently known that used an exome-wide approach and had a validation in the 

independent replication cohort63. In conclusion, the genetic markers uncovered in our study, along 

with other known risk factors, may lead to prediction models capable to identify children who 

might be highly susceptible to SOS in a HSCT setting and could potentially benefit from early 

prophylactic intervention.  

It is believed that several genes may be involved in GVHD, however the most characterized genetic 

system is that of the human major histocompatibility complex (MHC) system located on 
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chromosome 664. In addition, particular HLA genotypes also serve as prognostic indicators of 

GVHD64. Moreover, the limited utility of a single SNP as a predictive biomarker was observed; 

whereas models that included clinical and genetic variables from the cytokine genes predicted 

severe aGVHD significantly better than models including only clinical variables or only genetic 

variables65. Therefore, it would be interesting to assess whether the polygenic risk score for 

aGVHD can be further improved with the loci discovered in this study.  

 

 

9.1.3.1. Table 2. Summary table of risk-associations for Sinusoidal Obstruction Syndrome (SOS) 

and acute graft versus host disease (aGVHD) confirmed by replication analysis, Busulfan cohort.  

 

Study 
design 

Outcome Variant Gene Gene Function 
Effect on 

PK/PD 

Exome-
wide/UTR 
adjacent 

association 
study 

Sinusoidal obstruction syndrome (SOS) 

Sinusoidal 
obstruction 
syndrome 

(SOS) 

rs17146905 UGT2B10 

N-glucuronidation of amine-
containing compounds (mostly 

expressed in liver), involved in the 
detoxification of a variety of 
endogenous and exogenous 
compounds, including many 

hormones, drugs and carcinogens 

n/a 

rs16931326 BHLHE22 

basic helix-loop-helix (bHLH) 
family of transcription factors that 
regulate cell fate determination, 

proliferation, and 
differentiation45 

n/a 

rs2289971 KIAA1715  

endoplasmic reticulum (ER) 
junction formation factor, 

ubiquitously expressed in number 
of tissues 

n/a 

acute graft versus host disease (aGVHD) 

acute graft 
versus host 

disease 
(aGVHD) 

rs1046473 ERC1 
participates in the canonical DNA 
damage response (DDR) signaling 

pathway 
n/a 

rs3816281 PLEK 
the major protein kinase C 

substrate of platelets 
n/a 
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 rs2332320 NOP9  
nuclear protein similar to the PUF 

family of RNA-binding proteins 
n/a 

rs11634702   SPRED1 
tumor suppressor and is a 

negative regulator of the RAS 
MAPK pathway38 

n/a 

PK: pharmacokinetics; PD: pharmacodynamics; n/a: data on the role of the variant on PK or PD are not available. 

UGT2B10: UDP Glucuronosyltransferase Family 2 Member B10; BHLHE22: Basic Helix-Loop-Helix Family 
Member E22; KIAA1715: Lunapark, ER Junction Formation Factor; ERC1: ELKS/RAB6-interacting/CAST family 

member 1; PLEK (pleckstrin); NOP9: Nucleolar Protein 9; SPRED1 (sprouty-related, EVH1 domain-containing 
protein 1). 
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9.2. Limitations 

 

The present studies have certain limitations: 

• First, the limited sample size of the discovery cohorts (especially of the Busulfan 

project) may affect the accuracy of the results (for example increase the possibility 

of finding false-positive associations), particularly in the context of the stratified 

analysis and different candidate gene groups.  

 

• The association results obtained for rare variants should be taken with caution given 

their low number.    

 

• Other unmeasured factors in these studies, for example, inflammation and oxidative 

stress, could modulate or potentiate associations with genetic factors.  

 

• Furthermore, among associations detected in the PETALE cohort only few showed 

a similar trend in the replication SJLIFE cohort. This could be explained by several 

reasons. Despite the application of similar inclusion/exclusion criteria, matching 

outcomes, and patients’ characteristics between the two cohorts, differences in 

treatment protocols or time of ALL diagnosis67-70 may contribute to the observed 

discrepancies. Likewise, in some cases, only a limited number of discovery rare 

variants within a locus of interest, particularly those with extremely low minor allele 

frequencies, passed quality control, were not monomorphic in SJLIFE and were 

therefore considered for replication.  
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• Although the analyses were corrected for multiple testing (in addition, in the 

PETALE cohort confounding was reduced due to homogeneous population and 

uniform treatment) we cannot disregard the possibility that some of the associations 

observed in the discovery cohorts could have been obtained by chance.  

 

• Finally, it should be noted that the functional role of the reported genetic markers, in 

particular those that have been successfully validated in replication cohorts, must be 

evaluated. 
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9.3. Prospective studies 

Further research is needed to confirm whether the described genetic markers may be useful in 

identifying patients at increased risk for treatment-related complications (both acute and long-

term). Besides, it would certainly be useful to consider groups of genes and pathways instead of 

focusing on individual variants. Indeed, the current understanding of the genetic contribution to 

treatment-related complications is that in most cases it is of a polygenic nature, comprising a 

number of genetic variants (or polymorphisms), each of which has a small effect (possibly with 

varying degrees of effect) on the outcome of interest. Polygenic scores are commonly used to 

assess the cumulative effect of an identified genetic variation on a phenotype of interest. Therefore, 

the confirmed genetic markers presented in this dissertation can be evaluated along with already 

confirmed markers from various studies to build better predictive models capable of identifying 

high-risk and low-risk patients who may benefit from alternative treatment options. Thus, the 

validation of current results may include not only additional independent replications and 

functional studies, but also a multi-level integration of several approaches, including, as mentioned 

above, polygenic risk assessment models (taking into account also other non-genetic factors such 

as gender, severity of symptoms and etc.). 

The inability to replicate the rapidly emerging results of association studies has shifted the focus 

from single-locus studies to the study of the complex effects of multiple genes (including gene-

gene and gene-treatment interactions) on drug response phenotypes66-69. Epistasis or gene-gene 

interactions occur when the effects of alleles on the phenotype depend on the genetic background70. 

Epistasis is an important component of genetic variation and may be causally related in certain 

complex diseases or traits70. For example, one of the recent studies identified epistatic networks 

that could be applied to risk estimation for On-Statin major adverse cardiovascular events67. 
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However, measurement of epistasis requires an adequate mathematical or statistical model capable 

of analyzing multiple patterns of genomic interactions71. Furthermore, the calculation of epistatic 

interactions in general is a very complex computational problem due to the lack of simple, fast and 

accessible methods for their evaluation70. 

Quantification of epistasis might be of particular interest in the context of anthracyc line-induced 

cardiomyopathy, where markers of both risk and protective effect have been reported (as described 

in Chapters 5 and 6) and may represent one of the future directions of the research. 

At the same time, the individual contribution of each associated genetic variant should not be 

disregarded, as it can be valuable in identifying a gene or pathway of biological significance. 

In order to translate genetic findings into clinical practice and develop new individual preventive 

approaches, well-designed prospective studies in larger, well-defined populations are needed to 

accurately confirm the predictive value of reported genetic biomarkers. It should also be noted that 

implementation of the treatment approaches using genetic information (combined with data on 

non-genetic factors of interpatient variability in drug response), as well as an accurate and 

systematic quantification of drug response phenotypes such as toxicity, resistance, etc., can be a 

much more difficult task than identification of the pharmacogenomic associations. Furthermore, 

despite biotechnological advances, most healthcare systems currently lack the infrastructure to 

screen even well-established PGx variants72, as well as the consensus guidelines that could help 

health professionals to interpret the results of testing and guide their decision-making process. 
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9.4. Concluding remarks 

The presence of common and rare genetic polymorphisms in patients’ genetic constitution can  

contribute to the substantial variability in terms of the occurrence and severity of treatment-related 

toxicities in a post HSCT period in pediatric patients, as well as of treatment-related late-adverse 

effects in survivors of childhood ALL. The application of two different approaches – a candidate 

genes and an exome-wide association study, using common and rare genetic variants derived 

through whole-exome sequencing (WES), permitted the discovery of new genetic markers 

associated with the risk of developing treatment-related complications both during treatment and 

in the long-term.  

Although a few candidate genes studies and GWAS have reported the input of common genetic 

variants, the knowledge about the contribution of rare variants remains limited. In this study (in 

the context of the PETALE project), besides identifying the panel of common variants as potential 

modulators of the risk of developing late adverse effects of the treatment, we also demonstrated 

the important contribution of rare genetic variants on long-term treatment-related complications 

in childhood ALL survivors.  

In addition, we used WES data to perform whole exome/adjacent UTR analysis of the genetic 

component of SOS and aGVHD in pediatric patients undergoing HSCT. Several reported genetic 

markers were successfully replicated in independent patient groups, while also demonstrating 

dependence on non-genetic factors. These loci have not been previously identified as potential 

risk predictors and may help understand the molecular mechanisms behind these acute potentially 

life-threatening therapeutic complications. 

This work contributes to the general knowledge of the influence of genetic factors on the risk of 

developing treatment-related complications both during treatment and in the long-term.  
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Other contributions 

 

NGALL is a MySQL database of genomic variants obtained by sequencing or genotyping. In 

addition, the database includes several types of annotations from local or external sources to 

characterize variations. The web interface, built using the R Shiny package, has been designed to 

provide data access to a user without programming skills. 

NGALL was developed by the bioinformatics team from Dr. Sinnett’s laboratory.  

I am especially proud to have had the opportunity to apply my programming skills and contribute 

very little to the conception of this database. Specifically, I wrote code to convert sequencing data 

to PLINK format. The fragment of the code is presented in Figure 1. 

 

Figure 1. Fragment of the R code for reading sequencing data. 

R programming software was used to code the algorithm which reads the sequencing data from a vcf type 

data file and then transforms the selected columns into a result file containing the genotyping data in PLINK 

format.  
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