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General introduction and outline of thesis

General Introduction
Adverse drug reactions: major problem in medicine
The paradox of modern drug development is that clinical trials provide evidence about
efficacy and preliminary safety at standardized doses in large populations, while physicians treat individual patients who often differ in their response to drug therapy. A
substantial proportion of patients have no or only partial response to a given drug, while
others will experience severe drug-induced toxicity or an adverse drug reaction (ADR), a
potentially life-threatening or permanently disabling effect that is caused directly by the
drug, even though it is administered at the normal recommended dose. The debilitating
and lethal consequences of severe ADRs are a major problem in modern medicine. In the
United States (US), United Kingdom and the Netherlands, ADRs account for an alarming
5-7% of all hospital admissions in adults.1-3 ADRs are ranked as the 5th leading cause of
death in the US, and cause over 2 million severe reactions and claim more than 100,000
lives annually, and cost over $100 billion dollars each year in the US alone.1,4,5
Despite the much lower drug use and often simpler medication regimens, similar rates
are found in children. In a meta-analysis of several studies published between 2001 and
2007, the rate of ADRs leading to hospital admission was found to be 1.8%, though in the
largest individual study this was as high as 5.8%.6 In hospitalized children, the rate of ADRs
was found to be even 10.9% (range 1.5-19.9%), with up to 30% of these deemed serious.6

Adverse drug reactions in pediatric oncology
For children with cancer, ADRs are a very serious problem. More pediatric cancer patients
are surviving cancer than ever before, with 5 year survival rates greater than 80%.7 However,
this has led to a striking increase in the long-term burden of adverse reactions to cancer
therapy. Nearly three quarters of cancer survivors suffer from an adverse effect related
to their cancer therapy, including anticancer drug therapy.8,9 Of all hospital admissions
for pediatric cancer patients, 22% are caused by ADRs.10 The consequences of these ADRs
can be catastrophic. While some ADRs result in treatment cessation or reduced adherence to needed medications and thus potential undertreatment of their cancer, 40% of
cancer survivors will suffer at least one severe or life-threatening or permanently disabling
adverse event, and are left with long-term sequelae.8,9 While late death due to cancer progression or recurrence is decreasing, mortality due to treatment related adverse effects is
increasing.11 This elevated risk for morbidity and mortality in childhood cancer survivors
continues to increase through aging until several decades after the initial treatment.8,12

Pharmacogenomics of adverse drug reactions
Although many factors influence the effect of medications, such as age, body weight,
dose, organ function, and drug-drug interactions, genetic factors often account for a
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significant proportion of drug response variability.13-16 In many cases, a prime determinant of drug efficacy and toxicity is an agent’s concentration at the drug target site or in
plasma.16,17 The effective concentration of a drug depends on its absorption, distribution,
metabolism and excretion (ADME).14-16 Genetic variations in drug-metabolizing enzymes,
drug transport systems or drug targets may lead to large differences in drug exposure
or response between individuals resulting in toxicity or ineffective drug treatment in
significant numbers of patients.14-18
The goal of pharmacogenomics is to avoid adverse drug reactions and maximize drug
efficacy for individual patients by identifying genetic variants that predict drug response
or the occurrence of adverse reactions.14-16 Once identified and validated, a genetic variant can be incorporated into a diagnostic test that can predict a patient’s response to
the specific drug. In this way, pharmacogenomics may improve the benefits and reduce
the risks of medications by predicting which patients are most likely to respond favourably and in whom there is a greater risk for an adverse drug reaction.19
Unlike other factors influencing drug response, inherited determinants remain stable
throughout a person’s lifetime and provide an unprecedented means to predict and
prevent serious ADRs. The culmination of landmark scientific advances such as sequencing the human genome20 and the International HapMap project,21 as well technological
advances in accurate and efficient high-throughput DNA genotyping and sequencing
have fuelled the discovery of many genetic variants influencing disease susceptibility
and drug response in recent years, and have created an opportunity to make DNA-based
testing for drug safety a reality. In adult oncology, pharmacogenetic diagnostic tests
are already commonly used to guide pharmacotherapy. These include tests for UGT1A1
variants for life-threatening irinotecan-induced toxicity,22,23 TPMT variants to prevent potentially lethal thiopurine myelosuppression,24,25 and CYP2D6 for tamoxifen efficacy.26,27
These tests are recommended by the United States Food and Drug Administration
(FDA), and “point of care” testing for these markers may soon be widely available once
cost-effective test methodology is established.

Pharmacogenomics of serious adverse drug reactions in
pediatric oncology
In children with cancer, no pharmacogenetic tests are routinely used to guide drug
therapy or prevent drug-induced toxicity, but many studies have investigated the role of
genetic variants. Here, we review the current knowledge of genetic susceptibility factors
to selected severe ADRs in patients treated for childhood cancer.
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Thiopurine-induced myelotoxicity
In children with acute lymphoblastic leukemia (ALL), the thiopurines mercaptopurine
(6-MP) and thioguanine (6-TG) are frequently used for treatment.28 Thiopurines are normally administered as a daily oral dose for up to three years of maintenance therapy.28
However, some patients suffer hematopoietic toxicity to thiopurines causing severe
myelosuppression and consequently patients are routinely monitored for blood cell
counts.24,29-31
The pharmacogenetics of thiopurine myelotoxicity are partly explained by genetic
variants in the thiopurine S-methyltransferase (TPMT) gene. Thiopurine drugs are inactive prodrugs that undergo a multistep activation into thioguanine nucleotides (TGN).
The TGN exert their cytotoxicity through incorporation into DNA and RNA and inhibition
of de novo purine synthesis.24,29-31 The cellular accumulation of active TGN is inversely
related to TPMT activity levels, because TPMT inactivates intermediate thiopurine
metabolites, thereby reducing the levels of active TGN.29 However, 10% of people have
reduced TPMT activity levels, and 0.3% of people have no detectable TPMT enzyme
activity, because they inherit one or two TPMT genetic variants that eliminate TPMT
enzyme activity.24,29,31,32 Over 20 variant alleles of TPMT with decreased TPMT activity
have now been identified; however, more than 95% of defective TPMT activity is due
to the most frequent mutant alleles, TPMT*2 and TPMT*3A-D.33 TPMT-deficient patients
accumulate higher concentrations of active TGN and suffer severe, and in some cases
lethal, myelotoxicity, unless thiopurine dose is reduced 10-15-fold.34-36
In 2004, the FDA revised the thiopurine drug label to include information about the
increased risk of severe adverse events caused by TPMT genetic variants.37 This label
change also applies to children as the pharmacogenetics of thiopurine myelotoxicity
is one of the few severe ADRs in oncology that has been studied directly in children.38-40
It is clear that TPMT variants alone do not account for all thiopurine toxicity. In fact,
TPMT deficiency explains only a proportion of myelotoxicity ADRs,41 and is not predictive
of other thiopurine ADRs including hepatotoxicity, pancreatitis, flu-like symptoms, nausea, vomiting, and rash.42 Multiple enzymes are involved in the metabolism of thiopurine
drugs to active or inactive forms, and functional genetic variants in this pathway could
also contribute to thiopurine toxicity. Inosine triphosphate pyrophosphatase (ITPA) is
one gene that has been investigated in the thiopurine pathway. In a meta-analysis of
patients with inflammatory bowel disease, a variant in ITPA (Pro32Thr, rs1127354†) that
abolishes ITPA enzymatic activity was found not to be associated with thiopurine toxicity.43 However, in a more recent study of children with ALL, where TPMT genotype was
also taken into account and used to adjust patient thiopurine doses, the ITPA variant was
†

These rs-numbers are reference SNP identifiers in the National Center for Biotechnology Information SNP
database (dbSNP)
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significantly associated with severe neutropenia (odds ratio 2.98, P-value 0.018).41 As the
genetic factors influencing thiopurine toxicity are further elucidated, new diagnostic
tests will likely be developed that evaluate the cumulative effect of multiple genetic
variants on thiopurine use on a child-by-child basis.42

Vincristine-induced peripheral neuropathy
Vincristine is considered a backbone chemotherapeutic agent in the treatment of ALL
and is also used for several other hematological and solid malignancies. Vincristine is a
natural alkaloid that interferes with the assembly of microtubule structures to effectively
kill rapidly dividing cells. However, peripheral neuropathy is a frequently dose-limiting
serious ADR to vincristine, which occurs in 4% to 28% of children.44 The symptoms of
neuropathy include paresthesias, burning and “shock-like” sensations, stabbing pain,
ataxia, muscle weakness, orthostatic hypotension, bowel dysmotility, and vocal cord
paralysis.45 In some cases, neuropathy is responsible for altering dose regimens or
stopping vincristine anti-tumor therapy. Vincristine neuropathy frequently causes a
significant impairment in day-to-day activities, and may also lead to anxiety and depression, and in severe cases can be lethal.46,47 Severe acute reactions such as vocal cord
paralysis can require emergency intubation and the need for long term tracheostomy
with prolonged mechanical ventilation.48 There are currently no effective strategies to
prevent vincristine-induced peripheral neuropathy leaving only symptomatic treatment
of pain with high dose opioids or gabapentin as an option.49-52
The mechanism of vincristine peripheral neuropathy has not been fully elucidated.
Vincristine peripheral neuropathy appears to be a dose-dependent reaction with
peak plasma vincristine concentrations correlating with peripheral neuropathy.51,53-55
However, some patients are susceptible at any dose, and there is a dramatic 19-fold
variability in vincristine clearance rates in children as well as large inter-racial differences in vincristine toxicity and response rates.56-61 This suggests that genetic factors
may play an important role in individual susceptibility to vincristine-induced peripheral
neuropathy.
The biotransformation of vincristine is primarily catalyzed by CYP3A5, and to a lesser
extent by CYP3A4.62 CYP3A5 is highly polymorphic and is not expressed in 20% of Africans
and 80% of Caucasians.63 Single nucleotide polymorphisms (SNPs) in CYP3A5 (CYP3A5*3,
CYP3A5*6 and CYP3A5*7) cause alternative splicing and protein truncation (*5 and *6)
or a frame shift mutation (*7), resulting in the absence of CYP3A5 activity.64,65 CYP3A5
non-expressers have a 5-fold reduced clearance of vincristine which could significantly
increase the risk of vincristine toxicity.63 In line with this, a study investigating the effect of race on vincristine neurotoxicity found that African-Americans have a more than
7-fold lower rate of neurotoxicity compared to Caucasians.59 Furthermore, a recent study
looking at drug toxicity in pediatric ALL patients receiving vincristine found that variants
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in CYP3A5 (*3) and the vitamin D receptor (VDR), which regulates CYP3A4, CYP3A5, and
ABCB1, are associated with peripheral neuropathy.66
Vincristine is exported from cells by the ABCC1 transporter.62 Expression of ABCC1 in
cancer cells has been associated with reduced accumulation and in vitro resistance to
vincristine. Additionally, P-glycoprotein (ABCB1) may also be involved in the vincristine
export from cells.62 The presence of both transporters in the endothelium of blood
capillaries could suggest that they might limit the diffusion of drugs at the blood-brainbarrier.62 However, the clinical implications of genetic variants in these enzymes on in
vivo pharmacokinetics remain uncertain. For example, the large variability in vincristine
clearance in patients with ALL could not be explained by certain low expression genotypes of ABCB1.67
Vincristine neuropathy may be caused by demyelination, which occurs in cell lines and
animals exposed to vincristine.68 There is a significantly greater risk of severe vincristine
toxicity in patients with pre-existing peripheral neuropathy or with the demyelinating
form of Charcot Marie Tooth (CMT) disease type 1A, an autosomal dominant disease
caused by a duplication of the peripheral myelin protein 22 (PMP22).69 On the other hand,
patients with CMT type 1X due to genetic variants in the gene encoding gap junction
protein beta 1 (GJB1), or connexin 32, may tolerate vincristine without adverse effects.44,70

Cisplatin-induced ototoxicity, neurotoxicity, and nephrotoxicity
Cisplatin is a highly effective chemotherapeutic that binds and alkylates DNA.71 Cisplatin
is widely used throughout the world; however, the use of cisplatin is significantly restricted by the high incidence of severe toxicities, including irreversible hearing loss
(ototoxicity), peripheral neurotoxicity, and nephrotoxicity.72-74 Nephrotoxicity affects up
to 20% of patients receiving cisplatin, culminating in the loss of renal function and triggering acute renal failure.74 Acute and chronic neurotoxicity affects 15-60% of patients,
causing paresthesias, areflexia, loss of proprioception and vibratory sensation, and loss
of motor function.73 Cisplatin has also been described as one of the most ototoxic drugs
in clinical use, causing severe, permanent, bilateral hearing loss in 26-90% of children75-80
and 10-25% of adults,81-83 depending on cisplatin dose and definition of severe hearing
loss. Even mild losses of high-frequency hearing considerably increase a child’s risk of
learning difficulties and social-emotional problems.79,84 Adverse reactions to cisplatin
in children frequently lead to dose reduction and premature termination of cisplatin
treatment, which may affect overall patient survival.77
The significant inter-individual variation in cisplatin toxicity is suggestive of genetic
variation in drug metabolizing enzymes that render them especially susceptible to cisplatin adverse reactions.85 Oxidative stress has been implicated in cisplatin ototoxicity86
and the glutathione S-transferase (GST) gene family encodes isoenzymes that appear
to be critical in protection against oxidative stress. Certain GST genes have null alleles
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(GSTM1 and GSTT1), encode low-activity variants (GSTP1), or are associated with variable inducibility (GSTM3).87 One study in pediatric cancer survivors identified a variant
GSTM3*B, that protects against cisplatin-ototoxicity (allelic OR 0.11, P = 0.02), although
the authors noted that the frequency of the GSTM3*B polymorphism was too low to
be a major factor regarding the susceptibility to cisplatin-induced hearing loss.87 No
associations were found for variants in GSTM1, GSTP1, GSTT1, and GSTZ1.87 More recently,
in a larger study of 173 adult testicular cancer patients, specific genotypes of GSTP1 and
GSTM1 were associated with cisplatin-ototoxicity.88 The GSTP1 “G/G”, (Val/Val) form of the
Ile105Val polymorphism (rs1695) was protective against hearing loss (OR 4.2, P < 0.001),
while the presence of the GSTM1 gene was associated with more severe hearing loss (OR
2.3, P = 0.02). The protective effects of GSTP1 were unexpected, because the 105Val-GSTP1
variant is normally less effective in detoxifying cytotoxic drugs. However, the 105Val-GSTP1
variant was found to specifically protect against cisplatin cytotoxicity in E.Coli compared
to the 105Ile-GSTP1 variant.89
Aminoglycosides exhibit similar nephrotoxicity and ototoxicity as cisplatin. As deficiency of megalin was found to protect from renal aminoglycoside accumulation,90 variants in the megalin gene were also examined for association with cisplatin ototoxicity. In
a study of 50 childhood cancer patients, the megalin Glu4094Lys variant (rs2075252) was
associated with hearing impairment after cisplatin therapy (allelic OR 3.45, P = 0.02).91
The authors noted, however, that this finding requires further validation.
The impact of deafness-related genes in cisplatin-ototoxicity was recently explored
in a pilot study of 11 survivors of childhood cancer who developed severe ototoxicity
after cumulative cisplatin doses of less than 400 mg/m2.92 However, no associations
were found with the three mitochondrial DNA mutations known to be associated with
aminoglycoside-ototoxicity and high-frequency sensorineural hearing loss (A1555C,
A3243G and A7445G), nor in the SLC26A4 or GJB2 (connexin 26) genes,92 which together
are responsible for more than 30% of childhood congenital deafness.93,94
Variations in the ERCC2 gene, which is involved in DNA damage repair, have been
reported to be associated with tumour response to cisplatin. Eighty percent of osteosarcoma patients with the ERCC2 Lys751Gln “TT” genotype (Lys/Lys) variant exhibited a
greater response to cisplatin (characterized as more than 90% tumour necrosis), compared to a 45% response rate in patients that carried at least one “G” (Gln) allele (OR = 4.9,
multiple test corrected P-value = 0.047).95 Similarly, patients with the “TT” genotype had
a longer event free survival (240 months) compared to patients that carried at least one
“G” (Gln) allele (184 months) (hazard ratio = 5.8, P-value = 0.021).95 This study also found
weak evidence (unadjusted P = 0.042) for association of a variant (Lys939Gln) in another
DNA repair enzyme (XPC) and cisplatin ototoxicity.95
Finally, as an alternative to using patients with cisplatin ototoxicity, Dolan et al. used
EBV-transformed B-lymphoblastoid cell lines from Centre d’Etude du Polymorphisme
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Humain (CEPH) pedigrees to show that sensitivity to cisplatin cytotoxicity is under
significant genetic influence, and identified the strongest genetic signal near the
ephrin receptor A2 (EPHA2) gene on chromosome 1.96 The function of EPHA2 is not
well understood, but likely has a role in developmental events in the nervous system.
Subsequent analyses of HapMap sample trios and 27 extended CEPH pedigrees that
looked at cisplatin-induced inhibition of cell growth and incorporated RNA expression
data to refine the analysis to functional variants, revealed new associations, including 10
SNPs located in five genes (CDH13, ZNF659, LRRC3B, PITX2, and LARP2), and 10 intergenic
SNPs.97,98 The authors acknowledged that this in vitro system has limitations, such as the
single lymphoblast cell-type, changes induced by EBV transformation, and limited in
vivo applicability in humans, but this approach does provide a hypothesis generating
system to identify potential targets to validate in larger association studies of patients
that receive cisplatin.

Anthracycline-induced cardiotoxicity
Anthracyclines, such as doxorubicin and daunorubicin, are commonly used to treat
childhood hematological malignancies such as ALL and lymphomas, as well as various
solid tumors, such as osteosarcoma, Wilms’ tumour, and hepatoblastoma. Nearly 60%
of all childhood cancer patients receive anthracyclines99 and their high effectiveness
has contributed significantly to increases in childhood cancer survival rates. However,
even though some patients can safely tolerate very high doses of anthracyclines (>1000
mg/m2), close to 60% of patients who receive normal dose anthracyclines have some
abnormalities in left ventricular structure or function detected by echocardiogram,100
and up to 16% of patients will develop severe cardiotoxicity leading to congestive heart
failure, some even at low doses (<300 mg/m2).101,102 At normal anthracycline doses nearly
6% of patients will eventually develop congestive heart failure, and almost 10% when
treated with doses of 300 mg/m2 or more.99 This may lead to the requirement of heart
transplantation or life-long treatment for chronic cardiac failure, with mortality rates
greater than 50%.103 In addition, there may be an increased risk in children less than
15 years, and in particular in children less than 4 years of age.102 These devastating effects can develop shortly after drug treatment, and may also occur many years after the
completion of chemotherapy.99
The observed heterogeneity in anthracycline cardiotoxicity (ACT) may be explained
by genetic susceptibility and gene-environment interactions. Elucidation of these factors could lead to more informed and patient-specific dosage individualization in the
future.
Even though anthracyclines have been extensively studied, controversy about the
exact mechanisms of cardiac toxicity and the anti-cancer mechanisms remain. It is
generally thought that anthracycline toxicity is caused by the generation of reactive
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oxygen species (ROS) as well as the direct toxic effects of certain anthracycline metabolites.104 The unstable ROS react with DNA, RNA, proteins and lipids, causing oxidative
damage and disrupting many important cellular processes that ultimately leads to cell
death.105,106 Cardiac cells are particularly susceptible to ROS damage due to their highly
oxidative metabolism and relatively poor anti-oxidant capacity.105 Furthermore, the major toxic anthracycline metabolite accumulates more easily in cardiomyocytes.106 Cardiac
damage and progressive myocyte loss subsequently lead to LV wall thinning, increased
afterload and decreased contractility with patients developing cardiomyopathy.105,107
Many enzymes are involved in the metabolism and transportation of anthracyclines.
Variations in enzyme efficiency or increased susceptibility to toxic metabolites due to
genetic factors can be expected to increase the risk of cardiotoxicity. Apart from the wide
variation in human sensitivity to the drug, there are also several in vitro and in vivo studies
supporting this hypothesis. For example, overexpression of the multiple drug resistance
gene (Mdr1/Abcb1) in mice protects them from ACT,108 while knockout of the gene leads
to increased accumulation of doxorubicin and the toxic metabolite doxorubicinol in the
heart.109 Overexpression of important anti-oxidant genes also protects mice from ACT,110,111
while deficiency or overexpression of carbonyl reductase 1, a major doxorubicin-metabolizing enzyme, protects or enhances cardiotoxicity, respectively.112,113 More recently, Huang
et al. applied a similar unbiased genome-wide approach as earlier described for cisplatin,
by looking at drug cytotoxicity in HapMap cell lines and showed a significant association
between the expression of CYP1B1 and daunorubicin cytotoxicity.114
In addition to these in vitro and in vivo models, several studies in humans have reported
the association of genetic variants with anthracycline cardiotoxicity.115-118 Wojnowski et
al. studied a subset of adult patients that had been treated for Non-Hodgkin Lymphoma
(NHL).115 A total of 87 cases (44 acute and 43 chronic toxicity) and 363 well-matched controls were genotyped for 206 SNPs in 82 candidate genes with conceivable relevance to
ACT. Acute toxicity was defined as arrhythmia, myocarditis-pericarditis, and acute heart
failure during the first 3 cycles, and chronic toxicity was defined as heart failure after
the third cycle or a reduction of the ejection fraction <50% or the fractional shortening <25%. They found 5 significant associations with polymorphisms in 3 subunits of
the NAD(P)H oxidase (NCF4, RAC2 and CYBA) involved in superoxide generation and in
two doxorubicin transporters (MRP1/ABCC1 and MRP2/ABCC2).115 Only NCF4 (rs1883112)
seemed to be specifically associated with chronic toxicity, while the others were associated with acute toxicity, and all variants were significant when acute and chronic cases
were combined. To further verify the involvement of NAD(P)H oxidase, mice deficient for
the gp91 subunit of NAD(P)H oxidase resulting in reduced oxidase activity were treated
with doxorubicin and were shown to be protected from ACT. The association of NCF4
with cardiac toxicity was recently replicated in another study of 106 adults who were
also treated for NHL.117 In this study, 19 SNPs in 15 genes were tested for association with
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event-free survival as well as several toxicities; however the exact definition of cardiotoxicity was not provided. Only NCF4 rs1883112 remained significantly associated with
cardiotoxicity in a multivariate analysis.117 Whether the association of NCF4 and ACT is
specific to adults treated for NHL requires further study.
The first pediatric study used a nested case-control study design within the Childhood
Cancer Survivor Study cohort.116 Using questionnaires and interviews, study participants
were ascertained for congestive heart failure (CHF). Thirty cases with CHF were matched
with 115 controls and genotyped for variants in genes involved in anthracycline metabolism: NQO1*2 (rs1800566) and CBR3 V244M (rs1056892). No association was found between the NQO1*2 variant and the risk of CHF. There was a trend toward association with
the CBR3 V244M (G/A) polymorphism (OR=8.16, P=0.056 for G/G vs. A/A and OR=5.44,
P=0.092 for G/A vs. A/A) in multivariate analyses.116 In agreement with this observation,
they next showed that recombinant wild-type CBR3 V244 (G allele) synthesized more
cardiotoxic doxorubicinol than the variant CBR3 M244 (A allele).116 However, the authors
state that follow-up studies are warranted to replicate these marginal significant findings in a larger cohort.
Another small pediatric study focused on several genes involved in ROS metabolism.118
Seventy-six patients treated for ALL during childhood, were evaluated for late cardiotoxicity defined by any abnormality found by echocardiography or electrocardiogram
tracing. The study found an intronic variant (rs10836235) in catalase (CAT) to be marginally associated with toxicity (P=0.02).118 In contrast, a known functional variant in the
promoter region of CAT nor any of the variants in the other genes were significantly
associated.118 Therefore, these findings require further validation.

Methotrexate-induced nausea and vomiting, mucositis and
leukoencephalopathy
Methotrexate disrupts endogenous cellular folate metabolism by inhibiting dihydrofolate reductase (DHFR) and blocking the metabolism of folic acid, thereby killing rapidly
dividing cells by blocking purine synthesis and the synthesis of DNA and RNA.119 Highdose methotrexate (dose 5-12 g/m2) is increasingly used for the treatment of children
with ALL, osteosarcoma, NHL, and brain tumours.120 Methotrexate, however, may cause
severe nausea, vomiting, mucositis, and leukencephalopathy.
Mucositis is a dose-limiting toxicity of methotrexate that is particularly frequent
in young children.121 It is characterized by painful inflammation and ulceration of
the mucous membranes lining the gastrointestinal tract and causes a significantly
reduced quality of life in 5-40% of patients receiving standard doses of methotrexate
and even higher in children.121-124 Mucositis significantly increases the risk of potentially
life-threatening systemic infection, as well as oral bleeding, abdominal pain, vomiting,
diarrhea, and dysphagia limiting the ability to take nutrition, hydration and oral medica-
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tion.122,123 In addition, mucositis has been shown to increase the likelihood of subsequent
chemotherapy dose reductions, thereby reducing the efficacy of the cancer therapy.122,125
The mechanisms of methotrexate-induced mucositis are not fully understood.122 The
gut is especially sensitive to methotrexate because methotrexate blocks DNA synthesis
causing cell cycle arrest and apoptosis in highly proliferative cells, such as the tumour
cells or epithelial cells in the gut.122 Other proposed mechanisms involved in methotrexate-mucositis include alterations in glutathione metabolism, changes in proteolytic
pathways,126 variations in gastrointestinal microflora,127 and variable inflammatory responses by TNF-a, IL-2, IL-6, and CRP.123,124 Genetic variants in these and probably other
pro-inflammatory cytokines may play a role in methotrexate-toxicity and need further
investigation.
Other patients that receive methotrexate develop severe leukoencephalopathy, which
is defined as a diffuse white matter process, specifically not associated with focal necrosis. Acute and sub-acute toxic neurological effects have been observed after low or high
doses of intrathecal and parenteral methotrexate administrations.128 The morbidity of
methotrexate-induced leukoencephalopathy ranges from mild to severe disseminated
necrotizing leukoencephalopathy with severe neurological deficits.129 The prevalence of
methotrexate-induced leukoencephalopathy varies from 0% to 9% during therapy, and
16% to 69% after therapy.130-132 Leukoencephalopathy can occur acutely or as a chronic
toxic effect, especially if high-doses, multiple treatments or radiotherapy were also
administered.129 There is a greater risk of methotrexate-induced leukoencephalopathy in
children under 5 years of age, and in patients who also receive cranial radiation therapy.131
Thus far, there are no validated biological predictors of methotrexate-induced leukoencephalopathy.133 Several mechanisms have been proposed for the development
of methotrexate-induced leukoencephalopathy including inhibition of CNS myelin
turnover; inhibition of DHFR leading to deficiency of S-Adenosyl Methionine (SAM)
which in turn causes demyelination; inhibition of DHFR leading to folate and carbamin
deficiencies and subsequent hyperhomocystinaemia, which is directly toxic to vascular
endothelium; elevation of adenosine concentration in cerebrospinal fluid which interferes with neurotransmitter synthesis; and impaired methionine metabolism influencing
the methotrexate effects.132,134
Most pharmacogenetic studies have focused on the role of genetic factors involved
in methotrexate or folate/methionine metabolism.119,128 Cellular entry of methotrexate
is mediated by the reduced folate carrier (RFC) or SLC19A1. A common G/A non-synonymous variant in SLC19A1 (His27Arg, rs1051266) is associated with a worse prognosis,
as measured by event-free survival, for “A” carriers than “GG” carrier patients, and “AA”
carrier patients have higher plasma levels of methotrexate.135 Serious vomiting episodes,
as defined by the presence of grade 2 symptoms or worse, occurred more frequently in
individuals with an increasing number of “G” alleles.136
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One of the most investigated genes in relation to methotrexate toxicity is methylenetetrahydrofolate reductase (MTHFR). This gene catalyzes the conversion of 5,10-methylene tetrahydrofolate (THF) into 5-methylene THF, which in turn provides the methyl
group for homocysteine methylation into methionine.119 MTHFR has indeed also been
investigated in relation to methotrexate mucositis. Patients with the low activity “Val”
allele of the MTHFR Ala222Val (677C>T, rs1801133) variant were found to have a 20-36%
higher “Oral Mucositis Index”.137 However, in some patient populations that have a
higher frequency of this MTHFR variant, such as in Mexico (80% “Val” carriers vs. 42% in
Caucasians), this variant was not associated with mucositis.138 In this study, the authors
postulated that the folate-rich diet of Mexican patients may have been an attenuating
factor for methotrexate toxicity.
Genetic variants that disrupt folate/methionine metabolism may also enhance susceptibility to methotrexate-induced neurotoxicity. In a study of 68 patients with primary
CNS lymphoma, the occurrence of methotrexate-induced white matter changes was
significantly predicted by the presence of the low activity “Val/Val” / “T/T” genotype of
MTHFR Ala222Val, the “AA” genotype of MTHFR 1298A>C variant, and the “GG” genotype
of transcobalamin 2 (TCN2) 776C>G variant, as well as male gender.134 After analysis of a
pediatric case report with severe toxic encephalopathy, Müller et al. hypothesized that
methotrexate toxicity could be explained by homozygosity of the MTHFR Ala222Val
variant leading to folate status disturbances with subsequent increased vulnerability
of the CNS to antimetabolites as well as a prolonged methotrexate exposure caused by
the delayed methotrexate clearance.139 In contrast, in another study of 53 ALL patients
treated with methotrexate, no association was found between variants in MTHFR or
SLC19A1 and neurotoxicity.140 In another case of severe, acute methotrexate-induced encephalopathy, homozygosity for a rare missense variant in methionine synthase (MTR)
2756A>G (D919G) was observed.141
ABC superfamily proteins ABCB1, ABCC1-4, and ABCG2 are components of the cellular
efflux system for methotrexate and may contribute to methotrexate toxicity.142-145 In
children with ALL, encephalopathy episodes were more frequent among children who
have the ABCB1 3435 “TT” genotype than in the 3435 “CC/CT” group.146 A similar, though
non-significant trend was seen in carriers of the ABCG2 421A allele. In patients carrying
both risk genotypes, a synergistic interaction was observed with significantly increased
neurotoxicity.146

Glucocorticoid-induced osteotoxicity
Glucocorticoids are another class of drugs frequently used for the treatment of ALL and
lymphomas. The improved long-term survival that pediatric cancer patients experience
today has increased the risk of serious long-term effects on bone metabolism due to the
adverse effects of glucocorticoids, which can cause loss of bone mineral density (BMD),
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leading to osteoporosis, osteonecrosis, or avascular necrosis.147-149 Glucocorticoid therapy
is the most common cause of secondary iatrogenic osteoporosis and increases the risk
of fractures, independent of age, gender and other known risk factors of fractures.150
Glucocorticoid-induced osteonecrosis occurs in 10-15% of ALL patients and is caused
by progressive damage of weight bearing joints, most often the hip, that can lead to
collapse of the proximal femoral epiphysis and articular surface destruction with severe
arthritis and pain.149,151 Glucocorticoid therapy longer than 3 months is associated with
rapid bone loss, which varies with the dose and duration of the treatment.152 Children
are more susceptible to glucocorticoid adverse effects than adults, and children are
especially susceptible to adverse effects of glucocorticoids in the formation of growing
bones.153 Glucocorticoids induce osteoblast apoptosis and increase osteoclast survival
and activity, but also influence gonadal hormone activity and calcium homeostasis that
can contribute to bone loss.150 Several genes involved in glucocorticoid metabolism
are promising targets for the identification of genetic variants that increase the risk of
glucocorticoid-induced osteotoxicity. The corticosteroid binding globulin (SERPINA6)
is responsible for glucocorticoid distribution. When glucocorticoids are bound to this
protein, they are kept inactive and not available for metabolism.154 The presence of
polymorphisms in the SERPINA6 gene may cause altered glucocorticoid binding and
distribution, which could influence toxicity.154,155
The development of glucocorticoid resistance has a significant impact on the risk of
osteotoxicity because it frequently leads to increased glucocorticoid doses.156 Reduced
expression and several variants in the glucocorticoid receptor gene (NR3C1) have been
associated with altered glucocorticoid sensitivity.157-160 Nevertheless, one study in ALL
patients failed to show an association between variants in NR3C1 and osteonecrosis.151
The same study was also unable to detect an association between variants in CYP3A4
and CYP3A5, the enzymes largely responsible for glucocorticoid metabolism, and osteonecrosis.151,161 However, it has also been suggested that increased glucocorticoid receptor
expression induces the expression of drug-metabolizing enzymes such as CYP3A4 and
CYP2B6, so variants in these genes might influence the toxic effects of glucocorticoids
as well as other drugs.161
The corticotrophin releasing factor receptor type 1 (CRHR1) is a major regulator of glucocorticoid synthesis. Polymorphisms in CRHR1 have been implicated in glucocorticoidresponse in asthma patients.162 More importantly, one variant in CRHR1 (rs1876828) was
recently found to be associated with BMD, though only in a gender-specific manner.163
The renal isoforms of CYP27B1 and CYP24A1 are responsible for respectively the synthesis and catabolism of 1,25-dihydroxyvitamin D3, the physiologically active form of
vitamin D3.164 In mice, the administration of dexamethasone, a potent glucocorticoid,
caused a 10-fold decreased expression of CYP27B1, and a 30-fold increased expression
of CYP24A1, leading to reduced levels of active vitamin D3.165 This disruption of renal
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vitamin D metabolism may lead to reduced calcium absorption and reabsorption and
disrupted bone growth and remodelling and may contribute to the pathogenesis of
glucocorticoid-induced osteoporosis,165,166 but the implications of specific variants in
these genes remain to be investigated.
One small study in pediatric ALL patients found an association between a polymorphism in the vitamin D receptor (VDR) gene and osteonecrosis.151 Whether this variant
affects the toxic effects of steroids through vitamin D directly, or changes the regulatory
effects of VDR on CYP3A and P-glycoprotein expression, and therefore glucocorticoid
metabolism and excretion, is unclear.151 The same authors also found a variant in thymidylate synthase (TYMS), which is involved in folate metabolism, and associated with
osteonecrosis.151 The authors suggested that this finding is likely due to the osteotoxic
effects of antifolate therapy that these patients received concomitantly and not directly
glucocorticoid related.151 However, a larger study, also in ALL patients, did not replicate
these findings of VDR and TYMS.167 Whether this is due to differences in chemotherapy
treatment or represents false-positive findings in the first study is unclear.167
This larger study did find a variant in the plasminogen activator inhibitor 1 (PAI-1) gene
(gene symbol: SERPINE1) associated with osteonecrosis.167 High serum levels of PAI-1
may lead to increased thrombosis and blocking of blood flow to the femoral head and
ultimately to osteonecrosis.167 The association with this SERPINE1 variant was also studied
in renal transplant patients treated with glucocorticoids, but with conflicting results.168
Also, a more recent study in pediatric ALL patients, that used prospective screening of
hips and knees by magnetic resonance imaging to thoroughly assess osteonecrosis, did
not find an association between osteonecrosis and SERPINE1.169 Instead, this genomewide association study found strong associations with variants in and around acid
phosphatase-1 (ACP1), which regulates lipid levels and osteoblast differentiation.169
These contradictory results make it difficult to assess the validity of these variants and to
include them in a predictive test for glucocorticosteroid-induced toxicity.

Scope and aims of this thesis
There is clearly a need to address the significant problem of severe ADRs in the treatment
of childhood cancer. While many studies have investigated the role of genetic polymorphisms in the development of ADRs for a variety of anticancer drugs in children, these
studies were often hampered by small sample size, incomplete clinical or phenotypic
information, limited number of variants or genes investigated, and lack of replication
or correction for multiple testing. These issues are major obstacles for implementation
of routine pharmacogenetic testing to predict and prevent ADRs in children treated for
cancer. Only through large collaborative efforts will these hurdles be overcome.
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figure Map of Canadian Pharmacogenomics Network for Drug Safety (CPNDS) sites. Both adult and pediatric surveillance sites are shown as well as core facilities.

The Canadian Pharmacogenomics Network for Drug Safety (CPNDS), previously called
Genotypic Approaches to Therapy in Childhood (GATC), is a nationwide collaborative
network (see figure) that was established to identify ADRs and to improve drug safety
through discovery of genetic markers predictive of ADR risk.170,171 Through active surveillance CPNDS clinicians identity and enroll patients who experience ADRs (cases) as well
as drug-matched controls and collect detailed clinical information and biological (DNA)
samples.170,171 These samples are then analyzed and genotyped for a large number of
SNPs in a broad panel of ADME genes using a high-throughput genotyping platform to
identify variants associated with a specific ADR. After this first step towards developing
a pharmacogenetic test, CPNDS aims to continue to replication and validation of these
variants as well as prospective evaluation and cost-effectiveness research.171 CPNDS has
been able to recruit sufficient cases and controls for several ADRs – in particularly for
ADRs in childhood cancer patients due to the high frequency of severe reactions occurring in this group.170 All studies described in this thesis were performed as part of CPNDS.
The aims of the research presented in this thesis are to discover and replicate genetic
variants associated with . cisplatin-induced ototoxicity and . anthracycline-induced
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cardiotoxicity to provide a basis towards developing pharmacogenetic tests to predict
and prevent these severe adverse drug reactions.

Outline of this thesis
Methodological considerations in pharmacogenomic studies
Population stratification or differences in genetic ancestry can confound genetic association studies. In chapter 2 we investigate the use of principal component analysis
(PCA) in pharmacogenomic studies using a limited set of markers in an ethnically diverse population to detect and correct for genetic ancestry and to control for potential
population stratification.

Cisplatin-induced ototoxicity
Chapter 3 describes the use of the ADME genotyping panel to discover and replicate
SNPs associated with cisplatin-induced hearing loss in two cohorts of pediatric cancer
patients from British Columbia and from across Canada, respectively. In chapter 4 the
top findings from chapter 3 are further assessed in another replication cohort of children
receiving cisplatin. Finally, a predictive model combining clinical and genetic risk factors
is constructed and assessed.

Anthracycline-induced cardiotoxicity
Chapter 5 details the discovery and replication of SNPs associated with anthracyclineinduced cardiotoxicity in two cohorts of childhood cancer patients from British Columbia and from across Canada respectively, with further replication of the top SNP in a
cohort from Amsterdam, the Netherlands. Next, in an exploratory analysis, multiple genetic variants are combined with clinical risk factors in a single risk prediction model. In
chapter 6 additional top SNPs are assessed in an extended cohort from the Netherlands
and a new Canadian cohort combined. The multi-variant risk model is also assessed and
refined. A new and extended ADME genotyping panel was developed and used in chapter 7 to discover and replicate additional SNPs associated with anthracycline-induced
cardiotoxicity. Newly discovered and replicated SNPs are added to the refined model
from chapter 6.

Summary and general discussion
Finally, in chapter 8, the results are first summarized and then discussed more generally.
Strengths and limitations of the studies are presented. Future perspectives and suggested directions of future studies are given.
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Abstract
Ethnicity can confound results in pharmacogenomic studies. Allele frequencies of loci
that influence drug metabolism can vary substantially between different ethnicities
and underlying ancestral genetic differences can lead to spurious findings in pharmacogenomic association studies. We evaluated the application of principal component
analysis (PCA) in a pharmacogenomic study in Canada to detect and correct for genetic
ancestry differences using genotype data from 2094 loci in 220 key drug biotransformation genes. Using 89 Coriell worldwide reference samples, we observed a strong correlation between principal component values and geographic origin. We further applied
PCA to accurately infer the genetic ancestry in our ethnically diverse Canadian cohort of
524 patients from the GATC study of severe adverse drug reactions. We show that PCA
can be successfully applied in pharmacogenomic studies using a limited set of markers
to detect underlying differences in genetic ancestry thereby maximizing power and
minimizing false-positive findings.

Use of principal component analysis to pharmacogenomics

Introduction
Individuals manifest considerable variability in their response to drug treatment influenced by differences in gender, age, environment as well as genetic determinants. The
importance of ethnicity with regards to drug response, including efficacy and risk of
toxicity, has been long recognized.1 Geographic and ethnic differences in the frequency
of allele variants in genes that influence drug response such as drug-metabolizing
enzymes, transporters and drug targets have been studied since the 1950s and provide
a mechanistic basis for at least part of the differences in drug-response between populations.2-4 In addition, there can be ancestry-specific variants associated with serious
adverse drug reactions that occur in a specific ethnicity. An important example is the
HLA-B*1502 allele and carbamazepine-induced Stevens-Johnson syndrome which has
only been found in Asian populations.5
Recently, with advances in technology and availability of data from the HapMap
project, there have been many publications of large genome wide association studies
(GWAS) for several common diseases (see ref. 6 for a current list). Furthermore, the first
two GWAS that explore genetic variability of drug response have now been published.7,8
Most of these studies are performed using a homogeneous study cohort with cases
and controls of similar geographic, ethnic or racial descent and individuals from other
origins are excluded.9,10 The reason is that underlying differences in allele frequencies
between individuals of different genetic ancestry, called population stratification, can
cause systematic differences in allele frequencies between cases and controls and lead
to false-positive associations.11 This confounding bias can occur when differences in
phenotypic frequencies (e.g. disease or drug toxicity) exist between different genetic
subpopulations included in a study. Genetic markers that happen to have a high allele
frequency in a subpopulation with a high phenotype frequency which would also be
overrepresented in cases of a study could lead to spurious associations.11,12 Combining
different ethnic (sub) populations in one study can also mask true effects leading to false
negatives, especially if the populations are ethnically distant.13 It is therefore necessary
to detect and correct for these ancestral genetic differences.
In our national study of severe adverse drug reactions (ADRs) in children (Genotypespecific Approaches to Therapy in Children or GATC), we are collecting samples from
many surveillance sites across Canada.14 Canada is an ethnically diverse country with
visible minorities representing 16% of the total population and almost half the population in large metropolitan areas such as Toronto and Vancouver.15 Many marriages and
common-law unions in Canada are interethnic unions. In Vancouver for example, up to
8.5% of all unions are between people of different ethnicities.15
To maximize the statistical power in our pharmacogenomic association study, we
need to include as many samples as possible, while minimizing possible false-positive
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associations due to population stratification. It is vital to control for the genetic ancestry
of each sample. However, commonly used ethnic labels are often insufficient and inaccurate proxies of genetic ancestry especially in populations with extensive admixture16
and some individuals do not know or wrongly assume their ethnicity. It is therefore
imperative to apply other methods to determine genetic ancestry.
Several methods have been developed to detect and correct for population stratification in genetic association studies and to estimate genetic ancestry.17 In many pharmacogenomics studies to date, ancestry informative markers (AIMs) or neutral markers have
been used to detect genetic ancestry differences and to assign individuals to different
populations using a model-based clustering method.18,19 However, this method can be
computationally intensive when run on thousands of markers for many individuals at
once and the assignment of individuals to ancestry clusters is limited by an a priori assumption of the number of clusters.20
Genomic control is an alternative adjustment method that relies on a quantitative
estimate of the degree of population stratification at reference SNPs used to adjust for
any stratification that might be present in the tested SNPs. The method relies on the
use of unselected random SNPs, because AIMs could artificially inflate the population
structure estimate. However, this method is conservative as the same correction factor
is used for all investigated markers.12
Principal component analysis (PCA) is an alternative method to detect and correct for
population stratification. PCA was first applied to genetic data more than 30 years ago,21
but it was not until more recently that a solid statistical basis was provided.20,22 Principal
component analysis is a mathematical method that reduces complex multidimensional
data (in this case genotype data) to a smaller number of dimensions by calculating the
main axes or “principal components” of variation. These components are orthogonal
vectors that each capture the maximum variability present in the data. The first component explains the most variation in the data, and each subsequent component accounts
for another, smaller part of the variability. When applied to genotype data, these axes
of variation have been shown to have a striking relationship with geographic origin. For
example, PCA of genotype data from hundreds of thousands of loci in 1,387 individuals
from across Europe, shows how a two-dimensional genetic map based on the first and
second principal components closely mirrors the geographic map of Europe and can be
used to accurately estimate ancestral origin of samples.23 The PCA method is simple to
use and is an efficient method even with large datasets. Compared to other clustering
methods, PCA does not assume a predefined number of expected ancestry clusters,20
and it has the advantage of being valid when used directly with the SNPs genotyped in
a study, provided that those are present at a sufficiently high number.24
To explore the benefits of PCA in pharmacogenomic studies in Canada, we applied PCA
to genotype data from 2094 loci in 220 key drug biotransformation genes to detect and

Use of principal component analysis to pharmacogenomics

correct for genetic ancestry differences. Using Coriell reference samples we observed a
strong correlation between principal component values and geographic origin. In addition, we were able to infer the genetic ancestry of samples from the GATC study with
high accuracy and to estimate the genetic ancestry of samples of unknown origin. This
demonstrates that PCA can successfully be applied in pharmacogenomics to correct for
population stratification using a limited set of markers.

Results
We genotyped 89 Coriell worldwide reference samples using a customized pharmacogenomics SNP panel which was designed to capture the genetic variation of 220 key
drug biotransformation genes (see Methods and Supplemental table 1). These samples
were chosen to reflect as much genetic variation as possible across the world. We then
genotyped 524 patient samples from our GATC study (see Supplemental table 2 for detailed patient clinical characteristics). To identify underlying genetic ancestry differences
we performed principal component analysis on the genotype data from both Coriell
reference samples and GATC samples. The first two principal components (PC1 and PC2)
represent the main axes of variation within this data and explained 4.62% and 3.46% of

Figure 1 Scatter plot of principal component axis one (PC1) and axis two (PC2) based on genotype data of
Coriell reference samples shows the pattern of genetic structure to resemble the worldwide geographic
map. Individual data points are colored similarly by continental or ethnic origin (see legend).

39

40

Chapter 2

variation respectively. We created scatter plots of these components to visualize this
data.
Initially, we plotted PC1 and PC2 of the Coriell reference samples to assess the world
wide pattern of genetic variation for this pharmacogenomics panel (Fig.1). As expected,
the cluster pattern resembled a geographic map of the world with the three continents
Europe, Asia and Africa each on different points of the ‘triangle’, consistent with other
reports.25,26 The first principal component distinguished between Europeans and EastAsians, with samples from the Indian subcontinent at intermediate values.
The second component (PC2) distinguished between Africans and non-Africans, with
North Africans clustered between Sub-Saharan Africans and Europeans. Within the
African cluster there was more variability which reflects the greater genetic diversity in
samples of African ethnicity.27
Next, we plotted PCs of GATC samples for which the self-reported geographic origin
of all four grandparents were from the same continental cluster (Europe, Asia or Africa)
or India (Fig. 2). Of these samples, almost all of the individuals fell within or close to their
expected cluster with one notable exception; one of the East-Asian samples fell very
close to the Indian cluster. This individual was of Singaporean origin and was therefore

Figure 2 Scatter plot of PC1 and PC2 of GATC samples with self-reported geographic origin of all four grandparents from same continental cluster (Europe, Asia or Africa) or India. For reference the Coriell samples are
also plotted in light grey. Almost all individuals have values within or close to their expected clusters. One
exception is one individual labelled as Asian with origins from Singapore that falls close to the Indian cluster (see arrow). This individual could well be descendant from one of the many ethnic Indians in Singapore.
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Figure 3 Scatter plot of PC1 and PC2 of GATC samples with self-reported geographic origin from Canada.
PCA reveals that the genetic structure of most of these individuals is similar to Europeans.

labelled as East-Asian. However, according to census data, 8.9% of residents in Singapore are ethnic Indians.28
In large studies, participants may not know their ancestry or simply list themselves
as ‘Canadian’. For example, the Canadian census data lists more than 30% of the total
population responded as having ‘Canadian’ origins.15 Of all GATC samples, parents of 107
individuals identified their family origin as from Canada. When we plotted the PCs of
these samples, most individuals fell within the European cluster (Fig. 3), which is not
surprising given the large number of descendants from immigrants from Europe in
Canada.15
Next, PCA was used to estimate the genetic ancestry of individuals from other geographic or ethnic origins that could not be easily placed in one of the previous clusters
(Fig. 4A-E). For each of these groups only a small number of samples were available in our
cohort. Of the six individuals of Caribbean origin, four showed a genetic structure similar
to Sub-Saharan Africans and African Americans and are most likely of Afro-Caribbean
descent (Fig. 4A). Two others had values close to the Indian and European clusters;
again not unexpected given the history of immigration of Europeans and Indians to the
Caribbean. The Canadian First-Nations samples showed intermediate values between
the European and East-Asian clusters (Fig. 4B). The native inhabitants of the Americas
are thought to have originated from East-Asia,29 so one might have expected values
closer to East-Asians. Middle-Eastern individuals clustered near the border between
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the European and North-African clusters which is consistent with what has been shown
before26,30 (Fig. 4C). Two Latin American individuals clustered between the three conti-

Figure 4 Scatter plots of PC1 and PC2 showing the genetic structure of GATC samples with origins from other geographic regions. A. Caribbean. Four individuals have a genetic structure similar to Sub-Saharan Africans, while the two others are closer to India and Europe. B. First-Nations. The individuals with First-Nations
origin show intermediate values between Europe and Asia. C. Middle-Eastern. PC values of individuals with
Middle-Eastern origin are on the border of Europe and North-Africa. D. Latin-American. The two individuals from Latin-America have PC values between the 3 continental clusters. E. Fijian. Three individuals with
origins from the Fijian Islands show genetic structure similar to Indians.
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nental clusters, which likely reflects the admixture of Europeans, Africans and Native
Americans over the last 5 centuries in South and Central America (Fig. 4D). Interestingly,
three individuals originating from the Fijian Islands in the South-Pacific clustered within
the Indian ancestry cluster. Several studies have shown that people originating from the
South Pacific or Oceania are genetically closest to East-Asians.31,32 However, demographic
information shows that 37.1% of Fijians are of Indian descent,33 due to immigration in
colonial times, so these three samples are likely of Indian descent.

Figure 5 A. Scatter plot of PC1 and PC2 of GATC samples with mixed origins. The majority has PC values
between the two continental or geographic clusters they are originating from. There seems to be a genetic
dose effect; for example, 3 individuals with 2 European and 2 Caribbean grandparents fall on the border of
the African cluster (open arrow), while 1 individual with 3 European and 1 Caribbean grandparent falls closer
to the European cluster (closed arrow); B. Scatter plot of PC1 and PC2 of GATC with unknown geographic
origin. Based on the PC values most samples seem to be of European origin.
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Plotting principal components (PC1 and PC2) for individuals of mixed origin revealed
that the majority of these individuals had intermediate values between their two continental clusters of origin (Fig. 5A). In some cases, there was a clear genetic dose effect.
For example, the three individuals with two grandparents from Europe and two from
the Caribbean clustered directly between the African and European clusters, while one
individual with one grandparent from the Caribbean and three from Europe fell closer to
the European continental cluster.
The PCA results of individuals of unknown or unreported geographic origin revealed
that the majority of these samples were similar to individuals of European ancestry (Fig.
5B) with some being similar to Asians and Africans. The individuals with intermediate
values between the European and Asian continental clusters could be of mixed or First
Nations origin however with the current data it is not possible to distinguish them.

Discussion
Ethnicity plays an important role in pharmacogenomics because allele frequencies of
genetic variants with significant effects on the biotransformation of drugs can vary considerably between different ethnicities. Mixing populations of different ancestries in an
association study can lead to spurious associations. Therefore, it is critically important to
determine genetic ancestry of samples to correct for these differences in a pharmacogenomic association study. We describe here the implementation of principal component
analysis to easily and reliably ascertain the genetic ancestry of study samples using a
limited set of pharmacogenomic markers in order to assess population stratification
within a Canadian study cohort and to correct for these ancestry differences, thereby
maximizing the number of samples and power, while minimizing false-positive associations.
When studies are conducted in ethnically diverse cohorts with mixed and sometimes
unknown ancestry, like the GATC pharmacogenomics study of adverse drug reactions in
children, determining underlying genetic ancestry can be difficult because self-reported
ethnic or racial labels are often insufficient proxies for genetic ancestry, or may be undisclosed or unknown by the study participant. Methods that determine genetic ancestry
using patient genotype data reflect differences in allele frequencies significantly more
accurately.4,16,34 Preferably, these methods should be fast and easy to use even on large
datasets without the need for genotyping additional ancestry informative markers. Unlike some other methods, principal component analysis of genotype data is fast and
easy, can be used on large datasets and does not require any additional genotyping.20
Other groups have shown that PCA can accurately detect underlying differences in
genetic ancestry and estimate an individuals’ ancestral origin with high accuracy.20,23 We
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show here that PCA using a limited set of important pharmacogenomic markers in an
ethnically diverse cohort can reliably detect underlying differences in genetic ancestry.
We have applied PCA to detect differences in genetic ancestry using 2094 SNPs in 220
key drug biotransformation genes in a varied cohort of samples from the GATC study
in patients with geographic origins from around the world. Initially, worldwide Coriell
reference samples of predetermined ancestry were used to assess worldwide genetic
variation using PCA, and then the principal components of GATC samples were plotted.
We found that the first two principal components were highly informative of genetic
ancestry and strongly correlated with the known geographic origin of samples. We were
also able to determine the genetic ancestry of samples with mixed or unknown origins.
PCA could also detect outliers, such as an individual from Singapore that otherwise may
have been misclassified. Furthermore, PCA is a powerful approach to classify groups
of patients that do not belong to one of the three continental groups. The principal
component values could be used to stratify samples into different, genetically similar
groups for analysis. However, principal components are continuous axis of variation,20
and therefore, in most cases, it will be more appropriate to use them as continuous covariates in regression analyses. This strategy will increase the power of a study because
all participants can be analysed together, while at the same time correct for population
stratification.
Our ability to discriminate between samples from different ethnic or geographic origins and to detect further population stratification will likely increase when more SNPs
are investigated in our pharmacogenomics panel.22 Using PCA on hundreds of thousands
of markers, several groups were able to show detailed underlying genetic differences
with high correlation between the genetic and geographic map in Europe.23,35
Increasing the number of samples might further increase the ability to detect additional population structure. Currently, samples with genetic ancestry from Europe
were relatively overrepresented in our cohort compared to the number of samples from
Asian and especially African ancestry. Genetic diversity in certain regions such as Africa
or India is extensive27,36 and including more samples from these origins and from other
geographic locations will likely further improve this method.
Increasing the number of SNPs or including more samples, however, will likely not
change the overall worldwide map when plotting PC1 and PC2, but investigating plots
of subsequent principal components might reveal additional geographic structure in
subpopulations.25,26 In this study, visual inspection of plots of subsequent components
(PC3-PC10) did not show further discrimination possible between subpopulations (data
not shown).
To test the robustness of PCA and to estimate the minimum number of SNPs needed
in our SNP panel to detect population structure, we performed PCA using sets of different numbers of randomly selected SNPs. Plotting the first two components using 1000
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or 500 randomly selected SNPs, shows a similar cluster pattern as using the full dataset
(Suppl. Fig 1A and B). Using less SNPs (250, 100 or even as low as 50) still shows some
evidence of the continental clusters (Suppl. Fig. 1C-E), however, the clusters are close
together and there is substantial variability within clusters. The plots suggest that at
least 250-500 SNPs are needed to discriminate clearly between clusters.
The pharmacogenomic SNP genotyping panel consisted of different classes of SNPs
(i.e. non-synonymous, synonymous, intronic etc.). To evaluate whether the results only
depended on a particular class, we applied PCA to the dataset using only intronic (n=972)
or only non-synonymous (n=332) SNPs. Again, plotting the first two components using
either group of SNPs shows a similar cluster pattern as using the full dataset (Suppl.
Fig. 2). This suggests that the observed structure does not depend on a particular class
of SNP, as long as the dataset is sufficiently large. Removing the ancestry informative
markers (AIMs), which were included in the design of the SNP panel, from the full dataset
also did not change the results (data not shown).
Principal component analysis to detect population structure works well if the genetic
markers are independent. However, in extreme cases of linkage disequilibrium (LD) the
results can be difficult to interpret. Components can be correlated with genotype patterns in large blocks in which all markers are in LD and distort the eigenvalue structure if
not corrected for.22 In this study, many genes have been densely genotyped with varying
patterns of LD. To assess whether LD between markers might influence our results, we
removed a marker from every pair of markers that were in tight LD, so that only unlinked
markers were included in the genotype dataset (n=778). We then applied PCA to this
reduced dataset and plotted the first two components (PC1 and PC2) of the Coriell reference samples (Suppl. Fig. 3). The cluster pattern revealed in this analysis is very similar to
the initial PCA using the full set of markers, which suggests that LD between markers in
our dataset did not influence our results, which is consistent with what has been shown
previously.25
Several other factors such as inter-assay variability or cryptic relatedness can potentially lead to evidence for structure in genotyping data and be mistaken for population
stratification.20,37,38 However, inter-assay variability for our genotyping panel was low
with a concordance in genotyping results for replicates of greater than 99.9% (n=132).
We also assessed cryptic relatedness, or hidden distant kinship, by calculating the average identity by state (IBS), but found no cryptic related individuals. These factors will
therefore not have influenced the results substantially.
We have shown that PCA applied to a limited set of pharmacogenomic data can be
used to detect important underlying differences in genetic ancestry. PCA can be used
in pharmacogenomic association studies to maximally utilize available patient samples,
which are often very valuable and in limited supply, while at the same time minimizing
the likelihood of finding false-positive associations.
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Material and methods
Populations and samples
Initially, DNA samples from different reference populations were selected and obtained
from the Human Variation Panel from the Coriell Cell Repositories (Coriell Institute for
Medical Research, Camden, NJ, USA): 10 Northern-European, 9 Italian, 9 Hungarian, 9
Indo-Pakistani, 9 Chinese, 9 Japanese, 9 Southeast Asians, 9 African-American, 7 Africans
North of the Sahara and 9 Africans South of the Sahara.
A total of 524 patient DNA samples were then analyzed as part of the GATC project, a
national project established in Canada to identify novel predictive genomic markers of
severe adverse drug reactions in children.14 Patients who suffered any serious adverse
drug reaction were enrolled as well as drug-matched controls. Patients were treated for
a variety of diseases with many different drugs. There were slightly more males than
females (57% vs. 43%). No siblings or relatives were included in this analysis. As part of
this study, parents were asked for the geographic origin of the four grandparents of
their child. See Supplemental table 2 for more details on patient characteristics. Written
informed consent was obtained from each study participant or parents and the study
was approved by ethics committees of all participating universities and hospitals. DNA
was extracted from blood, saliva or buccal swabs using the QIAamp 96 DNA Blood Kit
(Qiagen, ON, Canada).

Genotyping
All DNA samples were genotyped for 2977 single nucleotide polymorphisms (SNPs) using
a customized Illumina GoldenGate SNP genotyping assay (Illumina, San Diego, CA, USA)
which was designed to capture the genetic variation of 220 key drug biotransformation
genes (i.e., phase I and II drug metabolism enzymes, drug transporters, drug targets,
drug receptors, transcription factors, ion channels, and other disease-specific genes
related to the physiological pathway of ADRs). The panel consisted of 1536 tagSNPs
identified using the LD Select algorithm to select a maximally informative set of tag
SNPs to assay in the candidate genes.39 The tag SNP selection was performed using data
from the International HapMap project that included all four populations (CEU, CHB, JPT,
YRI) with a threshold for the linkage disequilibrium statistic r2 of 0.8, and a minor allele
frequency of more than 0.05. Furthermore, 1536 functional SNPs were included that had
been identified primarily by literature review or from public databases that cause nonsynonymous amino acid changes or have been or could be associated with changes
in enzyme activity or function. 95 SNPs were both tag and functional SNP, so a total of
2977 unique SNPs were included. The initial design also included 50 ancestry informative
markers (AIMs). All SNPs were manually clustered in the BeadStudio software suite. SNPs
that could not be clustered or were non-polymorphic were excluded from further analy-
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ses (883 SNPs). In total 2094 SNPs were available for analysis. See Supplemental table 1
for more details on the SNP panel. Researchers who wish to obtain more information can
contact the corresponding author.

Data quality control
Samples with a call rate of less than 95% were not included in the analysis. The average
genotyping call rate for all samples was 99.3%.
To evaluate our genotyping platform for inter-assay variability or batch-to-batch
variation, we genotyped all Coriell samples as well as a subset of patient samples in
replicate. In addition a positive control sample with known genotypes was included in
each genotyping batch. The concordance of genotype calls between these replicate
genotyped samples was greater than 99.9% (n=132).
The average identity by state (IBS) was computed for each subject-pair, as implemented in PLINK,40 but no duplicates (>99% identity) or (cryptic) related individuals
(86-98% identity) were found.

Principal Component Analysis
Principal components of the SNP genotype data from the Coriell reference samples and
the GATC patient samples were calculated using the Eigenstrat method20 implemented
in HelixTree 6.4.2 (Golden Helix, Bozeman, MT, USA) using default settings. Applying PCA
to the genotype data consisting of 2094 SNPs, reduced this multidimensional dataset
into a smaller number of principal components, that each explain subsequent parts of
variation. The first and second principal components that explain the largest portion of
variation, 4.62% and 3.46% respectively, were plotted using Excel (Microsoft, Redmond,
WA, USA).
A second PCA was performed using only markers not in linkage disequilibrium (n=778).
LD between all pairs of markers was calculated in HelixTree. A marker was removed
from every pair of markers that were in LD, so that only unlinked markers (r2<0.2) were
included.
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Supplemental tables and figures
Supplemental Table 1. Overview SNP Panel
No. of genes

Genotyped SNPs

Included SNPs1

Phase I Metabolizing Enzymes

78 (35%)

861 (29%)

563 (27%)

Phase II Metabolizing Enzymes

52 (24%)

530 (18%)

380 (18%)

Transporters

46 (21%)

1034 (35%)

749 (36%)

Receptors / Drug Targets

11 (5.0%)

81 (2.7%)

56 (2.7%)

6 (2.7%)

113 (3.8%)

73 (3.5%)

27 (12%)

308 (10%)

228 (11%)

50 (1.7%)

45 (2.1%)

2977 (100%)

2094 (100%)

Gene Class

Transcription factors
Others
AIM2
TOTAL

220 (100%)

1. 883 SNPs that were not polymorphic or did not meet quality control criteria were removed. See text for
details.
2. AIM: Ancestry Informative Marker
Supplemental Table 2. GATC Patient Demographics
No. of patients

524

Age mean (range)1

6.93 (0.04-18.80)

Gender Male n (%)

297 (57%)

Self-reported ethnicity n(%)2
European

237 (45%)

Indian

23 (4.4%)

East-Asian

39 (7.4%)

Sub-saharan African

6 (1.1%)

Diagnosis n (%)
Leukemia
ALL

212 (40%)

AML

16 (3.1%)

Other

3 (0.6%)

Lymphoma
Hodgkin’s

32 (6.1%)

Non-Hodgkin’s

34 (6.5%)

Canada

71 (14%)

Wilms’ Tumor

25 (4.8%)

Other3

24 (4.6%)

Hepatoblastoma

26 (5.0%)

Mixed

72 (14%)

Neuroblastoma

39 (7.4%)

Unknown

52 (9.9%)

Osteosarcoma

38 (7.3%)

Ewing’s Sarcoma

19 (3.6%)

Other Sarcoma

15 (2.9%)

Germ Cell Tumor

27 (5.2%)

Medulloblastoma

20 (3.8%)

Other Brain Tumor

12 (2.3%)

Other Tumor

1. Age in years at start of therapy
2. Self-reported origin of 4 grandparents
3. Other consists of 6 Caribbean, 7 First-Nations, 2 Latin-American, 6 Middle-Eastern and 3 Fijian

6 (1.1%)
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Supplemental Figure 1 Scatter plots of principal component axis one (PC1) and axis two (PC2) using a
random set of A 1000, B 500, C 250, D 100 and E 50 markers respectively. The plots are based on genotype
data of Coriell reference samples. In the first two panels the 3 continental clusters are easily distinguishable.
However, when reducing the number of markers, the clusters become less clear. Individual data points are
colored similarly by continental or ethnic origin (see legend).
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Supplemental Figure 2 Scatter plots of principal component axis one (PC1) and axis two (PC2) using only A
intronic (n=972) and B non-synonymous (n=332) SNPs. The plots are based on genotype data of Coriell reference samples and show a similar pattern of genetic structure as when using the full set of genetic markers
(Fig.1). Individual data points are colored similarly by continental or ethnic origin (see legend).
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Supplemental Figure 3 Scatter plot of principal component axis one (PC1) and axis two (PC2) using only
markers not in linkage disequilibrium (r2<0.2). The plot is based on genotype data of Coriell reference samples and shows the same pattern of genetic structure as when using the full set of genetic markers (Fig.1).
Individual data points are colored similarly by continental or ethnic origin (see legend).
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Abstract
Cisplatin is a widely used and effective chemotherapeutic agent, although its use is significantly restricted by the high incidence of irreversible ototoxicity.1 In children, cisplatin
ototoxicity is a serious and pervasive problem, affecting more than 60% of patients receiving cisplatin,2-5 and compromising language and cognitive development. Candidate
gene studies have previously reported associations of cisplatin ototoxicity with genetic
variants in the glutathione-S-transferases and megalin genes.6-8 We report association
analyses for 220 drug metabolising genes in genetic susceptibility to cisplatin-induced
hearing loss in children. We genotyped 1949 SNPs in these candidate genes genes in an
initial cohort of 54 pediatric oncology patients, with replication in a second cohort of
112 patients recruited through a national adverse drug reaction surveillance network in
Canada. We identified genetic variants in TPMT (rs12201199 p-value 0.00022, odds ratio
17.0 (2.3-125.9) and COMT (rs9332377 p-value 0.00018, odds ratio 5.5 (1.9-15.9) associated
with cisplatin-induced hearing loss in children.

TPMT and COMT associated with cisplatin-induced hearing loss

Cisplatin has been described as one of the most ototoxic drugs in clinical use, causing
serious, permanent, bilateral hearing loss in 10-25% of adult patients, 50% of patients
receiving high doses (>400 mg/m2), and 41-61% of children.2-5,9 In children, the impact
of hearing loss is most profound because even mild losses of hearing considerably
increase a child’s risk of learning difficulties and social-emotional problems.4,10 Cisplatinototoxicity frequently leads to dose reduction and premature termination of cisplatin
treatment, which may affect overall patient survival. There is significant inter-individual
variation in ototoxicity in patients receiving similar doses of cisplatin, and this has led
to the hypothesis that some patients have polymorphisms in genes encoding drug
metabolizing enzymes that render them especially susceptible to cisplatin-ototoxicity.11
A discovery cohort of 54 pediatric oncology patients who received cisplatin therapy was
recruited from the British Columbia Children’s Hospital in Vancouver, Canada (Table 1).
Patients who suffered serious cisplatin-induced ototoxicity (n=33) were defined by the
development of grade 2-4 hearing impairment following cisplatin therapy using CTCAE
criteria, exhibiting a hearing loss of >25 dB at frequencies of 4-8 kHz. In this cohort, 22
(40%) of patients were on cisplatin treatment that did not experience any significant
hearing loss (CTCAE grade 0). To better differentiate between cisplatin-ototoxicity and
normal hearing, grade 1 patients were removed from the initial analysis.
A second, independent, replication cohort of 112 pediatric oncology patients who
received cisplatin chemotherapy were recruited from pediatric oncology units across
Canada (Table 1). In this cohort, 73 (66%) of the patients suffered serious cisplatin-induced
ototoxicity. In the replication and combined cohorts, male gender was moderately associated with ototoxicity (67% vs. 50% female, p-value 0.042 overall) and fewer patients
with germ cell tumours developed ototoxicity (6.6% vs. 26.8%, p-value 0.0006 overall),
although these differences did not show a similar trend in the discovery cohort.
Patient DNA samples were genotyped for 1949 single nucleotide polymorphisms (SNPs)
using an Illumina GoldenGate® assay designed to capture the genetic variation in 220
key genes involved in the absorption, distribution, metabolism, and elimination (ADME)
of medications and their metabolites (Supplemental Table 5). We used a tiered analysis
strategy to identify variants that were highly associated with cisplatin-ototoxicity in the
initial discovery cohort (p < 0.01), and remained highly associated in a second replication
cohort (p < 0.01).12 The key advantages of this approach are increased power in the discovery cohort because the patients were ascertained from a single site, yielding a more
homogeneous sample set less subject to biases, and the broadly ascertained replication
cohort ensured generalizability of clinically significant findings and minimized the likelihood of false positives. We also combined the cohorts to demonstrate the overall level
of significance to show that these variants remained highly significant after correction
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0.086

p-value

23 (21.7%)

1 (0.9%)

24 (22.6%)

26 (24.5%)

1 (0.9%)

0

22 (20.8%)

7 (6.6%)

0

25 (23.6%)

10 (9.4%)

9 (8.5%)

13 (12.3%)

18 (17.0%)

71 (67.0%)

5.0 (1,12)

7 (12.5%)

1 (1.8%)

16 (28.6%)

9 (16.1%)

0

1 (1.8%)

5 (8.9%)

15 (26.8%)

1 (1.8%)

8 (14.3%)

3 (5.4%)

0

6 (10.7%)

10 (17.9%)

28 (50.0%)

4.0 (1, 11)

0.202

1.000

0.446

0.233

1.000

0.346

0.075

0.0006*

0.346

0.219

1.000

0.055

0.764

0.275

0.0425*

0.890

400 (120, 720) 400 (100, 720) 0.655

6 (0, 16)

Ototox.
(n= 106)

Combined (n=162)

For age, dose and treatment duration, the Wilcoxon-Mann-Whitney test with normal approximation was used. For gender, medication, tumor type and cranial irradiation,
the Fisher exact test was used. Ototox., individuals with ototoxicity
* Statistically significant at 0.05 type-I error rate

7 (21.2%)

1 (3.0%)

Sarcoma

Cranial irradiation (n, (%))

8 (24.2%)
7 (21.2%)

Neuroblastoma

0

Osteosarcoma

	Nasopharyngeal carcinoma

0

7 (21.2%)

Hepatoblastoma

Lymphoma

2 (6.1%)

0

Germ cell tumor

	Endodermal sinus tumor of thymus

8 (24.2%)

2 (6.06%)

Vancomycin

Tumor type (n, (%))

0
1 (3.03%)

Tobramycin

Concomitant medication (n, (%))

9.0 (0, 16)

Controls
(n= 20)

360 (180, 630) 360 (180, 720) 0.854

5.0 (0, 16)

Ototox.
(n= 33)

Discovery (n=53)

Treatment duration, months (median (min, max))

Dose, cumulative mg/m2 (median (min, max))

Age, years (median (min, max))

Table 1. Subject demographics
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for multiple testing. We identified 2 SNPs in thiopurine S-methyltransferase (TPMT) and
catechol O-methyltransferase (COMT) that were highly associated with cisplatin-induced
deafness in the discovery cohort and replicated in the second cohort (Table 2).
TPMT rs12201199 exhibited similar effect sizes in both the discovery and replication
cohorts. The risk allele was present in 9 (27.3%) and 16 (21.9%) of the cisplatin-ototoxicity
patients in the discovery and replication cohorts, while the risk allele was not present in
control patients in the discovery cohort, and only 1 (2.4%) control patient in the replication cohort, conferring odds ratios of 15.9 (0.87-290.0) and 9.82 (1.25-77.37), respectively.
The TPMT variants remained significant after Bonferroni correction for multiple testing in a combined analysis (Fisher exact allelic test p=2.2x10−4, Bonferroni corrected
p=0.032). The COMT A allele of rs4646316 was present in 10 (50.0%) and 21 (58.3%) of the
control patients in the discovery and replication cohorts, while 10 (33.3%) and 21 (29.2%)
of the cisplatin-ototoxicity patients carried the protective allele in the two cohorts. The
protective AA genotype conferred odds ratios of 23.8(1.2-457.5) and 4.2(0.4-48.3) in the
discovery and replication cohorts.
Since the polymorphisms in TPMT and COMT could be in linkage disequilibrium (LD)
with other causal variants in the regions, in follow-up analyses we sequenced TPMT
and COMT genes in the children with cisplatin-ototoxicity (n=106) and control patients
without cisplatin-ototoxicity (n=56). DNA sequencing of TPMT revealed two previously
described, loss-of-function, variants that eliminate normal TPMT enzyme activity, present in 17 of 25 (68%) of the cisplatin-ototoxicity patients with the rs12201199 variant. The
loss of function variant rs1142345 (TPMT*3C, Tyr240Cys) was present in all 17 of these
patients and rs1800460 (TPMT*3B, Ala154Thr) was also present in 15 of these patients
and none of the control patients (Table 3). Individuals that carry both the rs1142345
(TPMT*3C) and rs1800460 (TPMT*3B) variants are defined as carriers of the TPMT*3A
haplotype. These findings suggest that the association with rs12201199 is likely due to
linkage with rs1142345 and rs1800460. At least 23 variant alleles of TPMT have now been
reported,13 and DNA sequencing of the entire coding region and intron boundaries of
the TPMT gene did not reveal other potentially causal variants in these patients.
DNA sequencing of COMT revealed an additional cisplatin-ototoxicity associated variant, rs9332377 in a 7.5 kb haplotype block with rs4646316 (Suppl.Fig.1). In a combined
analysis, the rs9332377 variant remained significant after correction for multiple testing (Fisher exact allelic test p=0.000182, Bonferroni corrected p=0.026) (Table 2). The
haplotype of rs9332377 A and rs4646316 G carried a low activity synonymous COMT
variant, rs4818 which exhibited a trend towards an association with cisplatin-ototoxicity
(Fisher exact allelic test p=0.014). The synonymous rs4818 variant confers an 11 to 18-fold
reduction in COMT activity and protein levels through alterations in mRNA secondary
structure.14,15
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9

24

10

56

A/_

T/T

A

8

25

8

58

G/G

A

G

A

8

8

58

G

A/_

25

A/A

A/G

8

G/_

0

8

G/A

rs1800460 A/A

0

rs1142345 G/G

T

0

8

40

0

20

0

0

0

40

0

20

0

0

0

20

0

0

1

A/T

0

Genotype Ototox. Controls
/ Allele (n= 33) (n= 20)

rs12201199 A/A

TPMT

SNP

11.0 (0.61, 197.6)

1

13.7 (0.74, 251.1)

13.7 (0.74, 251.1)

-

11.0 (0.61, 197.6)

1

13.7 (0.74, 251.1)

13.7 (0.74, 251.1)

-

14.3 (0.81, 251.7)

1

15.9 (0.87, 290.0)

14.2 (0.77, 261.6)

2.51 (0.1, 65.0)

OR (95%CI)

Discovery (n=53)

-

0.022

0.019

0.019

1

0.022

0.019

0.019

1

0.0097

0.0097

0.017

2

138

8

66

7

6

1

135

11

64

9

7

2

128

18

57

16

14

70

0

35

0

0

0

71

1

35

1

1

0

71

1

35

1

1

0

8.12 (0.46, 143.4)

1

8.01 (0.44, 144.3)

6.94 (0.38, 126.8)

1.60 (0.06, 40.3)

5.79 (0.73, 45.7)

1

4.92 (0.60, 40.4)

3.83 (0.45, 32.4)

2.75 (0.13, 58.9)

9.98 (1.31, 76.4)

1

9.82 (1.25, 77.4)

8.60 (1.08, 68.3)

3.09 (0.14, 66.2)

OR (95%CI)

Replication (n=109)
P value Ototox. Controls
(n= 73) (n= 36)

a

Table 2. Genetic variants associated with cisplatin-induced hearing loss

0.046

0.094

0.17

1.00

0.044

0.16

0.26

0.54

0.0071

0.010

0.018

0.53

P value

a

196

16

91

15

14

1

193

19

89

17

15

2

184

28

81

25

22

3

110

0

55

0

0

0

111

1

55

1

1

0

111

1

55

1

1

0

Ototox. Controls
(n= 106) (n= 56)
0.28

18.0 (1.07, 302.7)

1

18.8 (1.10, 320.5)

17.6 (1.03, 300.7)

1.82 (0.07, 45.5)

10.9 (1.44, 82.7)

1

10.5 (1.36, 81.2)

9.27 (1.19, 72.2)

3.10 (0.15, 65.8)

0.41

0.18
0.0031

0.24

0.0020

1.00
0.0013

1.00

0.22

0.63
0.0017

0.81

0.011

1.00
0.0068

0.527

16.9 (2.27, 125.9) 0.00022c 0.032c

1

17.0 (2.23, 129.0) 0.00018c 0.023c

0.086

1.00

P valuea Adjusted
P valueb

14.9 (1.96, 114.1) 0.00061

4.77 (0.24, 94.1)

OR (95%CI)

Combined (n=162)
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53

13

A/A

G

A

b

33

G/_

20

14

52

G/G

A

G

38

2

18

2

2

0

15

25

5

15

5

10

c

5.12 (1.10, 23.9)

1

5.85 (1.16, 29.5)

5.40 (1.06, 27.5)

2.71 (0.10, 70.7)

2.45 (1.01, 5.91)

1

23.8 (1.24, 457.5)

27.0 (1.27, 576.0)

21.5 (1.08, 426.7)

0.024

0.028

0.052

1.00

0.044

0.0054

0.0075

0.0093

124

22

55

18

14

4

23

123

1

72

21

51

70

2

34

2

2

0

23

49

2

34

19

15

6.21 (1.42, 27.2)

1

5.56 (1.21, 25.5)

4.71 (1.01, 22.0)

5.59 (0.29, 107.2)

2.51 (1.29, 4.89)

1

4.24 (0.37, 48.3)

2.21 (0.19, 26.4)

6.80 (0.58, 80.3)

OR (95%CI)

Replication (n=109)
P valuea Ototox. Controls
(n= 73) (n= 36)

Fisher exact test, Bonferroni corrected p-value, p < 0.05 after Bonferroni multiple testing correction.

a

12

13

A/G

A/_

1

13

G/A

rs9332377 A/A

20

rs4646316 G/G

COMT

SNP

OR (95%CI)

Discovery (n=53)

Genotype Ototox. Controls
/ Allele (n= 33) (n= 20)

Table 2. (continued)

0.0087

0.017

0.051

0.29

0.0059

0.25

0.61

0.15

176

36

75

31

26

5

36

176

1

105

34

71

108

4

52

4

4

0

38

74

7

49

24

25

9.92 (1.14, 86.0)

0.538
0.148

0.0052
5.37 (1.79, 16.14) 0.00109

5.52 (1.91, 15.95) 0.00018c 0.0261c

1

4.51 (1.48, 13.68)

1.000

0.076

0.32
0.00055

0.96

0.022
0.0026

0.156

7.65 (0.41, 141.32)

2.51 (1.48, 4.27)

1

15.0 (1.80, 125.3)

0.14

P valuea Adjusted
P valueb

19.9 (2.33, 169.7) 0.00098

OR (95%CI)

Combined (n=162)
P valuea Ototox. Controls
(n= 106) (n= 56)
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rs12201199

TPMT
0 (0.0%)

Controls
(n= 20)

a

b

1 (2.8%)

Controls
(n= 36)

a

2 (5.6%)

2 (5.6%)

42 (57.5%) 34 (94%)

31 (42.5%)

55 (75.3%) 34 (94.4%)

18 (24.7%)

57 (78.1%) 35 (97.2%)

16 (21.9%)

Ototox.
(n= 73)

a

Replication (n=109)

12.5

5.6

9.8

OR

4 (7.1%)

4 (7.1%)

55 (51.9%) 52 (92.9%)

51 (48.1%)

75 (70.8%) 52 (92.9%)

31 (29.2%)

81 (76.4%) 55 (98.2%)

1 (1.8%)

(n= 56)

(n= 106)
25 (23.6%)

Controls

Ototox.

a

a

0.0011

0.00018

P valueb

29.2%

23.6%

Sens

92.9%

98.2%

Spec

88.6%

96.2%

PPV

40.9%

40.4%

NPV

12.1 3.4x10−8 48.1% 92.9% 92.7% 48.6%

5.4

17.0

OR

Combined (n=162)

Number of individuals (percentage of the entire group). Determined using Fisher exact test. cCombination of unique carriers of either TPMT risk genotype (rs12201199
A/_) or COMT risk genotype (rs9332377 A/_). Ototox, individuals with ototoxicity. Sens, sensitivity; spec, specificity; PPV, positive predictive value; NPV, negative predictive
value.

13 (39.4%) 18 (90.0%)

a

Non-carriers

5.8

15.9

OR

2 (10.0%) 13.8

20 (60.6%) 18 (90.0%)

G/G

20 (60.6%)

13 (39.4%)

2 (10.0%)

24 (72.7%) 20 (100%)

9 (27.3%)

Ototox.
(n= 33)

a

Discovery (n=53)

A/_

T/T

A/_

Genotype

Unique carriers of eitherc

COMT rs9332377

SNP

Table 3. Combined effect of TPMT and COMT genotypes on cisplatin-induced hearing loss
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In this study, we decided a priori to compare patients with no hearing loss versus
patients with grade 2-4 ototoxicity, because in standardized cisplatin chemotherapy
protocols clinical intervention occurs at grade 2 ototoxicity, at which point the dose of
cisplatin is either reduced or discontinued. Thus, grade 2 patients may have gone on
to develop grade 3 or 4 toxicity if cisplatin therapy had not been discontinued. Grade
1 patients were excluded to better discriminate between no hearing loss and serious
hearing loss. Looking back at the grade 1 ototoxicity patients, three of the four grade 1
patients carry TPMT or COMT ototoxicity risk variants. In an analysis of all patients including grade 1 patients (n=166), the results for TPMT and COMT are strengthened when
the grade 1 cases are grouped with the grade 2-4 patients (TPMT rs12201199 p=6.2x10−5,
COMT rs9332377 p=1.1x10−4) (Supplemental Table 2). Similarly, in an analysis of patients
with severe hearing loss (grade 3-4) versus control patients with no ototoxicity, TPMT
remains significant (Supplemental Table 3).
Using the Eigenstrat principal component analysis, we found that the majority of the
patients (85%) were of European ancestry16,17 (Supplemental Figure 2). In a subgroup
analysis of only patients of European ancestry (n=143) the associations became stronger
for the cisplatin-ototoxicity associated variants (Supplemental Table 4).
A Kaplan Meier graph of an increasing number of TPMT and COMT risk allele combinations showed an earlier onset of more severe cisplatin-induced hearing loss (p = 0.00009)
(Fig.1).The occurrence of TPMT and COMT risk genotypes in patients did not significantly
overlap, and a combination of cisplatin-ototoxicity and protective variants cumulatively
accounted for 48.1% of the cisplatin-ototoxicity patients (Table 3).
Cisplatin-ototoxicity patients were more likely to be male (67.0%; p=0.042) (Table 1).
Regression analysis revealed that TPMT rs12201199 and COMT rs4646316 remained significant after adjusting for age and gender in the combined cohorts (p=0.009, p=0.0024,
respectively).
The baseline hearing values for all of the children in these pediatric oncology cohorts
were normal (grade 0) before receiving cisplatin. To investigate whether susceptibility
to deafness without cisplatin is affected by these variants, we genotyped 192 children
referred to the B.C. Children’s Hospital for sensorineural hearing loss that had not been
on cisplatin therapy. We confirmed that these variants were indeed not seen at higher
frequency in children with general deafness compared to the general population, but
are likely specific to cisplatin-induced ototoxicity.
The frequency of the TPMT tag SNP rs12201199 is 5% in Europeans, 1.7% in Asians, and
51.7% in Africans.18 The African population has a unique LD structure where the tag

65

66

Chapter 3

A

B

Number of TPMT and/or COMT Risk Alleles
0

1

2

3+

Ototoxicity Patients (Grade 1+)

56 (51.9%)

41 (93.2%)

12 (92.3%)

1 (100%)

Normal Hearing Controls

52 (48.1%)

3 (6.8%)

1 (7.7%)

0 (0%)

Ototoxicity Grade (mean ± SEM)

1.53 ± 0.53

2.57 ± 0.14

2.62 ± 0.21

3.00 ± 0

Figure 1. Kaplan Meier graph of cisplatin ototoxicity and number of TPMT and COMT risk alleles
shows that an increasing number of TPMT rs12201199 and COMT rs9332377 risk alleles is associated with an
earlier onset (p = 0.00009) (A) and more severe (B) hearing loss.

SNP rs12201199 is not in LD with rs1142345 and rs1800460, demonstrating the greater
genetic diversity in this population (Supplemental Figure 1a). In African populations,
the higher frequency of TPMT loss-of-function variants would be expected to increase
the frequency of cisplatin-ototoxicity. Indeed, African-American subjects are more likely
to develop cisplatin-induced nephrotoxicity,19 however, the influence of ancestry on
cisplatin-induced ototoxicity has not yet been reported.
Although the endogenous substrate of TPMT is currently unknown, TPMT can methylate
and inactivate exogenous thiopurine compounds, such as the metabolites of azathioprine.20 Genotyping of TPMT SNPs rs1142345 and rs1800460 are particularly important
to identify patients with an increased probability of adverse events, in particular bone
marrow toxicity, if treated with standard doses of mercaptopurine or azathioprine.21,22
Cisplatin normally binds thiol-containing compounds and purines, especially guanine,
and exerts its cytotoxic effect by forming intra-strand and inter-strand DNA cross-links,
causing cell death in rapidly dividing cells. One potential mechanism of decreased
TPMT enzyme activity causing cisplatin-ototoxicity is through reduced inactivation of
cisplatin-purine compounds, thereby increasing the efficiency of cisplatin cross-linking,
and increasing cisplatin toxicity.

TPMT and COMT associated with cisplatin-induced hearing loss

TPMT and COMT are methyltransferases dependent on the S-adenosyl methionine
(SAM) methyl donor substrate in the methionine pathway.23,24 A putative mechanism
for cisplatin-ototoxicity through reduced TPMT and COMT activity could be mediated
through increased levels of this substrate. In a recent study, administration of SAM
to mice was not toxic, and administration of cisplatin alone exhibited only moderate
toxicity, while administration of SAM and cisplatin together substantially increased
cisplatin toxicity 3-6.2-fold, as monitored by renal dysfunction.25 These results suggest
that cisplatin-induced ototoxicity could be related to increased levels of SAM, through
reduced TPMT or COMT activity. Recent studies have also shown that LRTOMT2, an enzyme with 60% similarity to COMT for 212 conserved amino acids including the substrate
binding region, appears to function as a catechol-O-methyltransferase and is essential
for auditory function in mice and humans.26,27
We did not identify significant associations with the previously reported associations
with cisplatin-ototoxicity for the megalin rs2075252 A-allele (in our combined cohort
Fisher exact allelic p-value = 0.55, OR = 1.2), the protective GSTP1 rs1695 G/G genotype
(Fisher exact p-value 0.61, odds ratio 0.71), or the presence of the GSTM1 gene (Fisher
exact p-value = 0.51, odds ratio 0.78).
In this study, the strong association of cisplatin-induced hearing loss with specific genetic variants were identified with a relatively small number of samples, likely due to
the large effect size. The success of large-scale screens with relatively small numbers of
cases is limited to those situations in which there is a small number of relatively common
adverse drug reaction (ADR) genetic risk factors, each with a large effect.28 For severe
ADRs where the genetic effect is large, like that of cisplatin-induced ototoxicity reported
here, and carbamazepine-induced Stevens-Johnson syndrome, abacavir-induced hypersensitivity, statin-induced myopathy29 and gefitinib-induced diarrhoea, the number of
cases required to identify a highly significant association using large-genome-wide scan
is 10 to 100 cases.28 This is supported by the retrospective genome-wide analysis of the
abacavir-hypersensitivity reaction, where a marker in linkage disequilibrium with the
causal HLA-B*5701 variant was among the 10 most significant SNPs when as few as 15
hypersensitivity reaction cases were analyzed.28
These findings suggest that it may be possible identify patients at higher risk of cisplatin-ototoxicity based on genotype, which would improve counseling and treatment
options. Alternative treatment options may include lower doses of cisplatin, or treatment with carboplatin, which shows a nearly similar cure rate with reduced ototoxicity.
Patients at higher risk may also be selected for experimental otoprotectant studies.
Validation of these findings in additional pediatric cohorts is required prior to considerations of clinical application. Investigation of these variants in adult populations is
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also necessary to understand the contribution of these variants to cisplatin-ototoxicity
in adults, where for example, cisplatin is the drug of choice in the management of ovarian cancer. It is likely that other genetic factors are also involved, and after recruitment
of sufficient patients, a genome-wide association study will be a valuable next step to
identify additional genetic factors that may be involved in cisplatin-induced ototoxicity.
The identification of genetic variants that contribute to cisplatin-ototoxicity is the first
step in the development of predictive diagnostic markers to reduce the incidence of
cisplatin-ototoxicity, thereby improving treatment outcomes.
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Supplemental Methods
Subjects
Study participants were recruited by the Canadian Pharmacogenomics Network for
Drug Safety (CPNDS), a national multi-centre active surveillance consortium for studying adverse drug reactions in children.30 In the first phase of the study, individuals with
cisplatin-induced serious hearing loss and drug-matched controls who received cisplatin
but did not suffer significant hearing loss were recruited from the B.C. Children’s Hospital,
Vancouver, Canada. A second cohort of pediatric oncology patients were recruited from
across Canada: Alberta Children’s Hospital (Calgary, AB), Stollery Children’s Hospital (Edmonton, AB), Winnipeg Health Sciences Centre (Winnipeg, MB), London Health Sciences
Centre (London, ON), Hospital for Sick Children (Toronto, ON), Kingston General Hospital
(Kingston, ON), Children’s Hospital of Eastern Ontario (Ottawa, ON), Hospital Sainte-Justine
(Montreal, QC), IWK Health Centre (Halifax, NB), McMaster Children’s Hospital (Hamilton,
ON). Cisplatin-induced ototoxicity was diagnosed on the basis of audiometric findings using criteria described by the CTCAE (Cancer Therapy Evaluation Program, Common Terminology Criteria for Adverse Events) Version 3 (Supplemental Table 1). All patient data were
reviewed blind to genotype data by a clinical pharmacologist, audiologist, oncologist,
and ADR surveillance clinician who reviewed audiogram test results and medical records.
Patients with serious cisplatin-ototoxicity were defined as patients with ≥ grade 2 CTCAE
hearing impairment after treatment with cisplatin. Grade 2 to 3 hearing impairment is the
point at which cisplatin chemotherapy protocols recommend halting or reducing cisplatin
doses. Controls included pediatric oncology patients who did not develop significant hearing impairment (grade 0). The high incidence of serious ototoxicity limited the enrolment
of control patients. Informed written consent was obtained from each subject and the
study was approved by ethics committees of all participating universities and hospitals.
An anonymized cohort of 192 unrelated children with a clinical history of severe hearing loss that was not induced by cisplatin. were recruited from the British Columbia
Children’s Hospital to determine the frequency of cisplatin-ototoxic genetic variants in
a pediatric population with hearing impairment. The analysis of this anonymized cohort
was approved by the ethics committees of the University of British Columbia and British
Columbia’s Children’s Hospital.

Genotyping
Genomic DNA was purified using the QIAamp DNA purification system (Qiagen, USA).
DNA samples were genotyped for 1949 single nucleotide polymorphisms (SNPs) using
a customized Illumina GoldenGate SNP genotyping assay (Illumina, San Diego, CA,
USA) designed to capture the genetic variation of 220 key drug metabolism genes (i.e.,
phase I and II drug metabolism enzymes, drug transporters, drug targets, drug recep-
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Supplemental Table 1. Definition of CTCAE Ototoxicity Criteria and Grades
Grade

Description of Hearing Loss

Audiometric Criteria

Grade 0

Normal Hearing

Normal hearing (<20 dB hearing loss)
at all frequencies

Grade 1

Mild Hearing Impairment

Hearing loss of 20-25 dB at 4-8 kHz

Grade 2

Moderate Hearing Impairment that may require Speech Hearing loss of >25 dB at 4-8 kHz
Therapy or Hearing Aid

Grade 3

Severe Hearing Impairment Requiring Hearing Aid

Grade 4

Severe Hearing Impairment Requiring Cochlear Implant Hearing loss of >40 dB at 1-8 kHz

Hearing loss of >25 dB at 2-8 kHz

tors, transcription factors, ion channels, and other disease-specific genes related to the
physiological pathway of cisplatin). All SNP genotype data was manually clustered using
BeadStudio software (Illumina, San Diego, CA, USA). SNPs that could not be clustered or
were non-polymorphic were excluded from further analyses. The ADME panel consisted
of 597 functional SNPs identified primarily by literature review that cause non-synonymous amino acid changes or have been associated with changes in enzyme activity
or function. The panel also consisted of 1352 tagSNPs identified using the LD Select
algorithm to select a maximally informative set of tag SNPs to assay in the candidate
genes.31 The tag SNP selection was performed using data from the International HapMap
project that included all four populations (CEU, CHB, JPT, YRI) with a threshold for the
linkage disequilibrium statistic r2 of 0.8, and a minor allele frequency of more than 0.05.
The concordance of genotype calls between replicate genotyped samples was greater
than 99.9% (n = 25). The average genotyping call rate for all samples was 98.8%. If the
call rate for any sample was below 95%, the sample was excluded from further analysis.

Statistical Analysis
Hardy-Weinberg equilibrium tests were conducted using the permutation version of the
exact test of Hardy-Weinberg of Guo and Thompson.32 We adjusted for multiple testing
using the simpleM correction33 and calculated the effective number of independent
tests (MeffG) at 147, for a significance threshold of 0.00034. Thirteen SNPs were removed
due to HW disequilibrium and 133 SNPs with <0.90 completion were removed, leaving
1803 SNPs for analysis. Case-control tests of association for the genotypic (2 df ), allelic
(1 df ) and Armitage trend tests (1 df ) were performed on the discovery cohort using
SAS/Genetics release 9.1 (SAS Institute Inc., Cary, NC, USA). The average identity by state
(IBS) was computed for each subject-pair, as the sum of the number of identical by state
alleles at each locus divided by twice the number of loci. We found no duplicated (≥98%
identity) or related individuals (86-97%). Principal component analysis was used to assess the population structure in the dataset.16 Graphical display of principal components
were prepared with the HelixTree® software using the Eigenstrat method. We used
forward selection in logistic regression testing for the first principal component, sex,

TPMT and COMT associated with cisplatin-induced hearing loss

age, cisplatin dose and treatment duration. None of the variables were retained in the
discovery cohort at a threshold of 0.10, but gender (p=0.0425) and age (p=0.086) were
entered in the combined cohort.
We calculated homozygous and heterozygous odds ratios (OR) using the homozygous
genotype of the protective allele as reference. OR computations in the presence of
empty cells were adjusted by adding 0.5 to all cells. Sensitivity was measured to assess
how well the heterozygous, homozygous, or combined genotypes can correctly classify
ototoxicity cases. Similarly, specificity was measured to assess how well the genotypes
can correctly classify controls. Positive predicted value (PPV) was calculated as the
proportion of subjects with the ototoxicity-associated genotypes with ototoxicity, and
negative predicted value (NPV) was calculated as the proportion of subjects without the
ototoxicity-associated genotype and without ototoxicity.

DNA Sequencing
The coding regions and intron/exon splice sites of TPMT and COMT were sequenced
using an ABI PRISM® 3100 Genetic Analyzer (Applied Biosystems). An additional 1000
bp were sequenced upstream and downstream of each gene, providing coverage of
the TPMT promoter and the distal (membrane bound) as well as the proximal (cytosolic)
promoters of COMT. PCR and sequencing primers were designed using ExonPrimer
software, primers were synthesized by Invitrogen (USA), and PCR reaction products were
purified by Qiaquik 96 Purification Kit (Qiagen, Canada). Sequence data was analyzed
using the Phred/Phrap/Consed software package (Genome Software Development,
University of Washington (Seattle, WA, USA).
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Supplementary Figure 1. Linkage disequilibrium maps of the TPMT and COMT genomic regions. LD
and haplotype block in the HapMap European (CEU), Asian (CHB+JPT) and African (YRI) populations A)
35kb region of TPMT on chromosome 6p22.3. Arrows indicate the locations of (1) rs1142345 (TPMT*3C), (2)
rs1800460 (TPMT*3B),
and (3) rs12201199 and risk haplotypes. Rs1800460 was not genotyped in HapMap. B)
Supplemental Figure 2. PCA analysis to determine the distribution of population
30kb region ofancestry.
COMT on chromosome 22q11.21. Arrows indicate the locations of rs9332377 (4) and rs4646316
(5) and risk haplotypes (found only in the CEU and YRI populations).

Supplemental Figure 2. PCA analysis to determine the distribution of population ancestry. Two-dimensional visualization
of population
ancestry
generated
using Eigenstrat
PCA showed
that the majority
Supplemental
Figure 2. PCA
analysis
to determine
the distribution
of population
Two-dimensional
visualization
ancestry
generated
using Eigenstrat
of the patientsancestry.
(85%) were
of European
ancestry. ofIn population
a subgroup
analysis
of European
ancestry patients
PCA showed that the majority of the patients (85%) were of European ancestry. In a subgroup
(circled) (n=143),
TPMT and COMT remained highly associated with cisplatin-ototoxicity.
analysis of European ancestry patients (circled) (n=143), TPMT and COMT remained highly
associated with cisplatin-ototoxicity.
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Abstract
Cisplatin is a widely used chemotherapeutic agent for the treatment of solid tumors.
A serious complication of cisplatin treatment is permanent hearing loss. The aim of
this study was to replicate previous genetic findings in an independent cohort of 155
pediatric patients. Associations were replicated for genetic variants in TPMT (rs12201199,
P=0.0013, odds ratio (OR) 6.1) and ABCC3 (rs1051640, P=0.036, OR 1.8). A predictive model
combining variants in TPMT, ABCC3 and COMT with clinical variables (patient age, vincristine treatment, germ cell tumor and cranial irradiation) significantly improved the
prediction of hearing loss development as compared with using clinical risk factors
alone (area under the curve (AUC) 0.786 vs. 0.708, P=0.00048). The novel combination of
genetic and clinical factors predicted the risk of hearing loss with a sensitivity of 50.3%
and a specificity of 92.7%. These findings provide evidence to support the importance
of TPMT, COMT and ABCC3 in the prediction of cisplatin-induced hearing loss in children.

Replication of TPMT and ABCC3 in cisplatin-induced hearing loss

Introduction
Cisplatin is one of the most effective chemotherapeutic agents for children with solid
tumors, including hepatoblastoma, brain tumors and germ cell tumors, and has contributed to a dramatic increase in the survival rate. Cisplatin has shown efficacy in standard
risk hepatoblastoma and can be used as monotherapy with a >80% 3-year event-free
survival.1 A major complication that limits the use of cisplatin is the risk of drug-induced
ototoxicity,2 which manifests as permanent, bilateral hearing loss in about 10-25% of adults
and 26-90% of children depending on dose and treatment regimen.3-8 In children, even
mild losses in hearing can significantly influence speech and language development and
increase the risk of learning difficulties.9,10 In adults, the rate of hearing loss may be higher
than reported due to a lack of baseline and follow-up audiometry in cisplatin protocols.
Interindividual variability of cisplatin-induced effects on hearing in patients receiving
the same dose of cisplatin is considerable, from no hearing loss to high frequency hearing loss often progressing to severe hearing impairment in the speech frequencies.2,10,11
Furthermore, patients show no improvement in hearing and often the progression
of hearing loss continues long after the end of therapy.12 Higher cumulative cisplatin
dose,3,13,14 younger age,3,13,15 cranial irradiation,14,16 and concomitant use of aminoglycosides and vincristine13,17,18 are known to influence cisplatin-induced ototoxicity.11 However, the debate over ototoxicity of vincristine continues; case reports suggest that
vincristine may be ototoxic19,20 or transiently ototoxic at high doses,13 whereas larger
systematic clinical trials have reported that vincristine, alone, is not ototoxic.21,22 Because
of the limited number of large studies, there is insufficient evidence to either support or
refute the hypothesis that vincristine is an ototoxic agent. The interindividual variability
in hearing loss suggests that clinical factors alone are insufficient predictors of safety.
At present, no standard methods exist to identify individuals who are at increased risk of
developing hearing loss. Genetic factors involved in drug biotransformation, transport,
and receptors have been recognized to influence patient drug response and susceptibility to adverse drug events, including ototoxicity.23-25 The identification of genetic markers
that increase susceptibility to cisplatin-induced ototoxicity has important implications
for improving patient care during cisplatin treatment.
Recently, a candidate gene study in children receiving cisplatin identified genetic
variants in thiopurine S-methyltransferase (TPMT) (rs12201199, rs1800460, rs1142345),
catechol O-methyltransferase (COMT) (rs9332377, rs4646316) and several other variants
including the ATP-Binding Cassette transporter C3 (ABCC3) (rs1051640) as conferring
increased risk of developing cisplatin-induced hearing loss.9
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10.0 (0, 19)
400 (92, 800) 400 (20, 768)
4.0 (0, 14)
4.0 (0, 15)
114 (59.1%) 62 (50.0%)
150 (77.7%) 102 (82.3%)

0.026
0.15
0.00046
0.013
0.30
0.56
0.073
0.019
0.56
0.39
1.00
1.00
9.3×10−5
0.025

0.44
0.23
1.1×10−9
0.89

0.012
0.71
0.85
0.13
0.39

p-value

For age, dose, treatment duration and follow-up, the Wilcoxon-Mann-Whitney test with normal approximation was used. For gender, ethnicity, concomitant medication,
tumor type, cranial irradiation the Fisher exact test was used. In bold are statistically significant values at p<0.05 type-I error rate. aResults from the initial combined cohort 9 compared to the current replication cohort as well as all cohorts combined. bCaucasian ethnicity assessed by principal component analysis

Age, years (median (min, max))
Dose, cumulative mg/m2 (median (min, max))
Treatment duration, months (median (min, max))
Gender (Male n, (%))
Caucasian ethnicity (n (%))
Concomitant medication (n, (%))
Tobramycin
Vancomycin
Vincristine
Gentamicin
Tumor type (n, (%))
Brain tumor
	Endodermal sinus tumor of thymus
Germ cell tumor
Hepatoblastoma
Lymphoma
	Nasopharyngeal carcinoma
Neuroblastoma
Osteosarcoma
Other sarcoma
Other carcinoma
Retinoblastoma
	Mesenchymal tumor of the liver
Follow-up, years (median (min, max))
Cranial irradiation (n, (%))

Table 1. Patient Demographics
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For clinical application, it is essential to replicate these genetic findings in independent
cohorts of patients so as to reduce the number of false positive results and to ensure
that the genetic risk prediction is consistent.26 It is now well recognized that replication of genetic associations are required before any causal inferences can be drawn.26
However, several studies have reported that consistent replication is challenging and
difficult to achieve. The aim of this study was to investigate replication of genetic risk
factors for cisplatin-induced hearing loss in an independent cohort of patients recruited
from across Canada, as well as to evaluate a predictive multi-SNP (Single Nucleotide
Polymorphism) model.

Results
Patient Characteristics
Patient characteristics of the initial cohort,9 current replication cohort and the combined cohort are listed in Table 1. Adverse drug reaction (ADR) surveillance clinicians
routinely update information in the Canadian Pharmacogenomics Network for Drug
Safety (CPNDS) patient database as new clinically relevant information (i.e., relapse
and data on concomitant medication use) becomes available. For the initial cohort, we
included additional demographic data, including relevant data on the clinical course
of these patients in the time since the study was first reported;9 we have also included
additional concomitant medication details. In the current replication cohort, 87 (56%)
of the 155 pediatric oncology patients developed hearing loss. Concomitant vincristine
treatment was significantly higher in cases than in controls in the replication cohort
(66.7% vs. 27.9%, P=2.1x10−6), as well as in the initial cohort (50.9% vs. 17.9%, P = 4.1 x
10−5; combined cohort P=1.1x10−9). Fewer patients with osteosarcoma in the replication
cohort developed hearing loss (11.5% in cases vs. 29.4% in controls, P=0.0073), but the
difference was not significant in the initial cohort (22.6% in cases vs. 28.6% in controls,
P=0.45). Furthermore, follow-up after therapy was longer in cases than in controls in the
replication cohort (5.0 years vs. 2.0 years, P=2.1x10−4) but the difference was not significant in the initial cohort (3.0 years vs. 2.0 years, P=0.10).

Genetic Results
In the replication cohort, all genetic variants assessed in TPMT (rs12201199, rs1142345, and
rs1800460) showed a significant association with cisplatin-induced hearing loss (Table
2), rs12201199 being the most strongly associated variant (P=0.0013, OR 6.1). The risk allele (A) was observed in 21 (12%) cases and 3 (2%) controls. The analysis of the combined
cohort of all 317 patients showed a stronger association with rs12201199 (P=8.7x10−7, OR
8.9) than in the initial cohort alone.9 The other TPMT variants, rs1142345 and rs1800460,
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3
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1.8 (1.0-3.3)

1.4 (0.8-2.4)

1.3 (0.8-2.3)

3.6 (1.0-12.8)

4.5 (1.3-15.7)

6.1 (1.8-20.9)

OR (95%CI)

0.036

0.28

0.33

0.038

0.011

0.0013

p-value

Replication Cohort (n=155)
87 cases, 68 controls
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312

74
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317
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29

351

35

337

49
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Results from the initial combined cohort 9compared to the current replication cohort as well as all cohorts combined
Adjusted for age, vincristine treatment, germ cell tumor and cranial irradiation
In bold indicates results more significant in current combined cohort than in previous combined cohort.9
SNP, Single Nucleotide Polymorphism; OR, Odds Ratio; CI, Confidence Interval.
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rs1051640

ABCC3

rs9332377
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rs1800460

rs1142345
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SNP

Initial Cohorta (n=162)
106 cases, 56 controls

Table 2. Genetic variants associated with cisplatin-induced hearing loss
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4
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4

Control

2.0 (1.3-2.9)

1.9 (1.2-3.1)

1.8 (1.2-2.6)

6.6 (2.0-21.8)

6.1 (2.1-17.3)

8.9 (3.2-24.9)

OR (95%CI)

0.00078

0.0054

0.0021

0.00043

0.00014

8.7×10−7

p-value

Combined Cohort (n=317)
193 cases, 124 controls

0.0033

0.043

0.0068

0.00073

0.00039

4.0×10−5

p-valueb

84
Chapter 4

Replication of TPMT and ABCC3 in cisplatin-induced hearing loss

also showed a stronger association with cisplatin-induced hearing loss in the combined
cohort than in the initial cohort (Table 2). Moreover, in the combined cohort, all three
TPMT variants remained significantly associated with cisplatin-induced hearing loss
after correcting for clinical factors including patient age, vincristine treatment, germ cell
tumor and cranial irradiation.
The protective ‘A’ allele of COMT rs4646316 was observed in 33 (19%) cases and 32 (24%)
controls in the replication cohort. However, the effect of this variant in the replication
cohort, although in the same direction as that of the initial cohort, was smaller (OR 1.3)
and not significantly associated with hearing loss (P=0.33). A similar effect was seen for
COMT rs9332377 (P=0.28, OR 1.4).
Next, we assessed whether other genetic variants could be replicated, thereby improving the model in predicting the risk of cisplatin-induced hearing loss. Three of the six
variants showed an effect in the same direction as the initial cohort (Table 2, Supplemental Table 1). One synonymous variant in ABCC3 (rs1051640) (E1503E) was significantly
associated with cisplatin-induced ototoxicity in the current replication cohort (P=0.036,
OR 1.8), and showed a stronger association in the combined cohort (P=7.8x10−4, OR 2.0;
Table 2). The protective ‘A’ allele of ABCC3 rs1051640 was observed in 28 (16%) cases and
35 (26%) controls in the replication cohort. The association of ABCC3 rs1051640 with
cisplatin-induced hearing loss remained significant in the combined cohort after adjusting for clinical factors (P=0.0033).
By principal component analysis, a majority (80%) of patients were found to have European genetic ancestry27 (Supplementary Figure 1). With the aim to reduce potential bias
caused by population stratification, we assessed whether associations in the replication
cohort remained significant in a more homogeneous subset of patients of only European ancestry (n=124). For this subset, the findings were similar (Supplemental Table 2).
We generated a model that combines the effects of associated risk genotypes and
clinical risk factors and receiver operating characteristic (ROC) analyses were performed.
Three independent SNPs (TPMT rs12201199, ABCC3 rs1051640, and COMT rs4646316)
were selected to construct a genetic-only model based on forward logistic regression.
Although no significant association with variants in COMT in the current replication
cohort was found, the combined cohort logistic regression retained COMT rs4646316
because it added significantly to the prediction model. The clinical-only model used the
dichotomized variables age (median patient age cut-off; <8 years or >8 years), vincristine treatment, germ cell tumor and cranial irradiation. The combination of clinical and
genetic variables significantly improved the prediction of cisplatin ototoxicity (Figure 1),
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B
Model
Clinical variables
Model

AUC (95% CI)

p-value

0.708 (0.651-0.765)
p-value

AUC (95% CI)

-

Genetic variables
(3 SNPs)
Clinical variables

0.696 (0.638-0.754)0.708 (0.651-0.765)

0.77

Genetic
SNPs)
Clinical
andvariables
genetic(3variables

0.696 (0.638-0.754)
0.77
0.786 (0.736-0.836)

0.00048

Clinical and genetic variables

0.786 (0.736-0.836)

0.00048

Figure 1. Receiver operating characteristic (ROC) curves of clinical and genetic variables for the prediction of cisplatin-induced hearing loss in the combined cohort (n=317) (a) The clinical variables include
age, vincristine treatment, germ cell tumours and cranial irradiation while the genetic variables combine
the effect of TPMT rs12201199, COMT rs4646316 and ABCC3 rs1051640 (b) The area under the curve (AUC) for
the combined cohort for each model. The p-values indicate the statistical significance between the curves
for the combination of genetic and clinical variables compared to the clinical variables alone.

yielding a higher area under the curve (AUC 0.786) than that of the clinical-only model
(AUC 0.708, P=0.00048).
A predictive multimarker model based on these genetic variants could stratify patients
by risk of ototoxicity. Using this model, we defined risk groups according to predictive
values (PVs) as at lower (PV <0.4), intermediate (0.4-0.8) and high (>0.8) risk. Accordingly,
30 (9.5%) individuals were classified as at lower risk, 245 (77.3%) at intermediate risk, and
42 (13.2%) at high risk (Table 3). In the high risk group, 39 (92.9%) individuals developed
ototoxicity (positive predictive value (PPV), 92.9%) as compared with 3 (7.1%) controls,
conferring a specificity of 97.6% (Table 4). In the lower risk group, 8 (26.7%) individuals
developed ototoxicity (PPV 73.3%) as compared with 22 (73.3%) controls, conferring a
sensitivity of 95.9% (Table 4).
Individuals in the high risk group also had a significantly higher risk of cisplatin-induced
ototoxicity as compared with the lower to intermediate risk group (P=1.3x10−4, OR 11.0;
Table 4). Severity of hearing loss also increased with increasing risk group status (Table 3).
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Table 3. Risk Group Comparisons and Grade of Hearing Loss
Patients with
Hearing Loss
Number (%a)

Normal Hearing
Controls
Number (%a)

Total
Number (%b)

Grade of Hearing
Loss
Mean ± SEM

Lower Risk (<0.4)

8 (26.7%)

22 (73.3%)

30 (9.5%)

0.77 ± 0.24

Intermediate Risk (0.4-0.8)

146 (59.6%)

99 (40.4%)

245 (77.3%)

1.69 ± 0.092

High Risk (>0.8)

39 (92.9%)

3 (7.1%)

42 (13.2%)

2.71 ± 0.13

a

Percentage in risk group
Percentage of total

b

A Kaplan-Meier plot (Figure 2) shows that the intermediate and high risk groups have a
significantly increased risk of hearing loss over time (Ptrend=5.3x10−9).
The model combining the effect of TPMT, ABCC3 and COMT was able to distinguish
patients as at lower or high risk better than the model based on TPMT alone (Table 4).
Patients at lower risk could therefore be identified with more certainty if ABCC3 and
COMT are included in the model. However, the ability to identify patients at high risk
was similar for the TPMT only model and for the combined model, which includes TPMT,

HR (95% CI): 5.9 (2.7-12.8)

HR (95% CI): 2.3 (1.1-4.8)

Figure 2. Kaplan-Meier curve of cisplatin-induced hearing loss in three different risk groups (Table
3) combining genetic factors (TPMT rs12201199, ABCC3 rs1051640 and COMT rs4646316). The curves show
that the incidence of hearing loss increases with increasing risk group status. Hazard ratios (HR) were used
to compare curves to the lower risk group and were adjusted for clinical variables (Ptrend=5.3x10−9).
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161 (73.2%)
32 (33.0%)

Low (<0.45)

96 (45.5%)

Low plus Intermediate
(<0.8)

High plus
Intermediate(>0.45)

97 (91.5%)

8 (26.7%)

Low (<0.4)

High (>0.80)

185 (64.5%)

154 (56.0%)

Low plus Intermediate
(<0.8)

High plus
Intermediate(>0.4)

39 (92.9%)

High (>0.8)

65 (67.0%)

59 (26.8%)

115 (54.5%)

9 (8.5%)

22 (73.3%)

102 (35.5%)

121 (44.0%)

3 (7.1%)

3.1 (1.6, 5.9)

8.8 (4.0, 19.2)

4.8 (1.9, 11.9)

11.0 (3.2, 37.6)

9.3 (3.1, 27.4)

OR (95% CI)a

4.3x10−4

5.5x10−8

7.1x10−4

1.3x10−4

5.5x10−5

P-valuea

83.4%

50.3%

95.9%

20.2%

22.3%

Sens

Ototox, Ototoxicity; OR, Odds Ratio; Sens, Sensitivity; Spec, Specificity; PPV, Positive Predictive Value; NPV, Negative Predictive Value
a
Adjusted for age, vincristine treatment, germ cell tumor and cranial irradiation
b
Percentage of total
c
Risk haplotype carriers are individuals that are heterozygous or homozygous for TPMTrs12201199 risk variant

Clinical + TPMT,
ABCC3, COMT

Clinical + TPMT,
ABCC3, COMT

TPMT, ABCC3, COMT

TPMT, ABCC3, COMT

120 (44.4%)

Non carriers

150 (55.6%)

4 (8.5%)

Risk haplotype carriersc 43 (91.5%)

Controls
(Number, %)

TPMT only

Ototox.
(Number, %)

Risk Group

Model

Table 4. Comparison of Risk Groups

52.4%

92.7%

17.7%

97.6%

96.8%

Spec

73.2%

91.5%

64.5%

92.9%

91.5%

PPV

67.0%

54.5%

73.3%

44.0%

44.4%

NPV
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HR (95% CI): 3.9 (2.4-6.5)

HR (95% CI): 1.6 (0.99-2.6)

Figure 3: Kaplan-Meier curve of cisplatin-induced hearing loss in three different risk groups (Table
3) combining both clinical and genetic information. The clinical variables include age, vincristine treatment, germ cell tumours and cranial irradiation while the genetic variables combine the effect of TPMT
rs12201199, COMT rs4646316 and ABCC3 rs1051640. The curves show that the incidence of hearing loss increases with increasing risk group status. Hazard ratios (HR) were used to compare curves to the lower risk
group and were adjusted for clinical variables (Ptrend=3.4x10−19).

ABCC3, and COMT (PPV 91.5 vs. 92.9%) (Table 4). As illustrated by a Kaplan-Meier plot,
we were able to identify 97 (50.3%) patients at high risk using a model combining both
clinical and genetic variables, as compared with only 39 (20.2%) patients using a model
based on genetics alone (Figure 3, Table 4). In the high risk group 97 (91.5%) of individuals developed hearing loss (PPV 91.5%) as compared with 9 (8.5%) controls, conferring a
specificity of 92.7% and a sensitivity of 50.3% (Table 4).

Discussion
The development of hearing loss after treatment with cisplatin leads to serious lifelong
disability, particularly in children.2 A method to identify patients at high risk of developing serious cisplatin-induced hearing loss would significantly improve the safety of
pediatric cancer therapy.
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Recently, we identified genetic variants associated with cisplatin-induced hearing loss
in children after cancer therapy.9 The replication of genetic associations for validation in
independent populations is critical before development and clinical implementation of
guidelines. In this replication study, we recruited a large independent cohort of pediatric
patients from across Canada who received cisplatin therapy. We confirmed the associations of genetic variants in TPMT and ABCC3 with moderate to severe cisplatin-induced
hearing loss. Genetic variants in COMT exhibited smaller effect sizes in the replication
cohort (OR 2.5 vs. 1.3 and 5.5 vs. 1.4; previous vs. new cohorts). We generated a novel
predictive model combining TPMT, ABCC3 and COMT genetic risk factors with clinical
risk factors. The combined model was more predictive than a model based on clinical
risk factors alone (AUC 0.786 vs. 0.708; P= 0.00048). The most highly associated COMT
variant was included because it statistically significantly added to the predictive model
with TPMT and ABCC3. The COMT and ABCC3 variants do not contribute to the prediction
of patients at high risk of cisplatin-induced ototoxicity significantly; instead they stratify
patients between intermediate and lower risk. The model was based on results from
the combined cohort; further studies in children are needed to validate the model and
assess its clinical utility.
Our study is the first to replicate the reported association between TPMT (rs12201199,
rs1142345, and rs1800460) and cisplatin-induced hearing loss in a large independent
cohort of pediatric patients treated for a variety of malignancies. There is evidence
that patients who are heterozygous or homozygous for these TPMT variants have an
increased risk of cisplatin-induced hearing loss, probably through reduced activity of
the gene.9 The loss of function of TPMT is likely to increase the risk of cisplatin toxicity by
inactivating the binding of the compound to purines in DNA, thereby regulating cisplatin cross-linking. Another potential mechanism of cisplatin toxicity is the accumulation
of S-adenosylmethionine due to reduced activity of TPMT.9,28-30
The association between the synonymous variant in ABCC3 rs1051640 (E1503E) and
cisplatin-induced hearing loss was also significantly replicated. Patients who carried the
G-allele of rs1051640 were at increased risk of developing hearing loss after cisplatin
treatment. This is the first study to describe the role of genetic variation in ABCC3 in
the context of cisplatin ototoxicity. ABCC3 is a transporter that mediates the efflux of
organic anions, xenobiotics and glutathione S-conjugates.31,32 One of the mechanisms
by which cancer chemotherapies, including platinum drugs, are detoxified is through
conjugation of the active metabolite to glutathione making the compound more anionic,33,34 thus enabling the compounds to be more readily exported from cells through
an ATP-dependent pump. Studies in rat hepatocyte cell lines have shown that both
ABCC2 and ABCC3 protein levels and mRNA expression increased after treatment with
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cisplatin.35,36 Studies in lung cancer cells lines have also shown that ABCC3 mRNA expression levels are significantly correlated with resistance to cisplatin and other platinum
drugs.37,38 Reduction in ABCC3 activity can affect the detoxification pathway, resulting in
ineffective transport of toxic compounds out of the cell, which leads to toxicity. In turn,
polymorphisms may regulate ABCC3 levels or affect transporter function. Further studies
are required to assess the exact mechanisms by which variants in ABCC3 are associated
with cisplatin-induced hearing loss.
The allele frequencies observed in our cohort were consistent with reported population frequencies of mainly European and Asian descent. For example, the minor allele
frequency of TPMT*3C ranges from 0.7 to 2.7% in Europeans and Asians, in line with our
findings of 8.9% in cases and 1.6% in controls (HapMap). Furthermore, the minor allele
frequency of rs1051640 ranges from 19% in the European population to 3.6% in Asian
populations, in line with the observed 15% in cases and 26% in controls (HapMap).
Vincristine is a chemotherapy drug that is sometimes administered to patients receiving
cisplatin. Whether vincristine itself is ototoxic is currently unclear. Case reports suggest
that vincristine may be ototoxic19,20 or transiently ototoxic at high doses,13 whereas systematic clinical trials have reported that vincristine alone is not ototoxic.21,22 Bokemeyer
et al. reported an increase in the prevalence of ototoxic symptoms in patients receiving
vincristine together with cisplatin.13 To examine the effect of vincristine on the genetic
associations with cisplatin-induced ototoxicity, binary logistic regression analyses were
conducted with and without vincristine as a covariate. The regression analyses revealed
that concomitant vincristine did not affect the associations of TPMT, COMT, and ABCC3
variants with cisplatin-induced ototoxicity (Supplemental Table 3).
Based on our a priori power calculations considering the effect sizes and genotype frequencies of the original studies, we had sufficient power for all polymorphisms to find
similar effect sizes in the replication cohort. However, several SNPs, previously reported
to have an association, could not be replicated, limiting the use of these variants in
the risk prediction model. This is not surprising; many original studies have reported
stronger genetic associations with larger effect sizes than in follow-up studies.39,40 There
are several other potential reasons for non-replication of initial findings. Significant
interstudy heterogeneity can arise due to differences in the cohorts such as those
related to population diversity, gender, and treatment protocols.39,40 This could lead to
differences in the effects of variants in specific subpopulations or masking of the effects
by factors that have not been sufficiently controlled for. We aimed to control for these
factors by first evaluating power to ensure that the sample size is large enough to detect
an association, then adjusting for clinical variables in the cohort and finally carrying out
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a subgroup analysis in patients of only European ancestry. Nevertheless, a combination
of these factors may explain why we could not significantly replicate the association
between COMT as well as other polymorphisms and cisplatin-induced hearing loss. Another limitation of this study is the longer follow-up of cases than controls in the current
replication cohort as compared with the initial cohort. This could introduce a potential
source of bias but is likely to underestimate the positive results seen because rarely do
controls have late adverse events of cisplatin therapy that were not uncovered during
treatment or the 2 year period following treatment.
Combining the effect of TPMT, ABCC3 and COMT with clinical factors significantly
improved the ability of the model to predict risk as compared with the model using
clinical factors alone (AUC 0.786 vs. 0.708, P=0.00048). By combining clinical risk factors and genetic markers, we could identify more patients at high risk as compared to
using genetic factors alone (50.3% for combined vs. 20.2% for genetic alone). This is of
particular importance in children, for whom even mild losses in hearing can cause difficulties in school performance.41,42 Several strategies have been proposed to prevent
hearing loss in individuals at high risk of adverse effects from cisplatin. Patients might
be placed on alternative medications that are less ototoxic (e.g., carboplatin which is less
ototoxic in older patients),15,43 receive increased monitoring for hearing loss, or be given
otoprotective agents. However, the possibility of compromise of antitumor activity has
raised concern.44,45 Hearing aids or cochlear implantation are also options used to manage cisplatin-induced hearing loss.
In conclusion, this study confirms previous findings and provides further evidence in
an independent patient cohort for the associations of TPMT and ABCC3 with cisplatininduced hearing loss and for the association of COMT with cisplatin-induced hearing
loss in the combined cohort. The combination of TPMT, ABCC3 and COMT with clinical
variables provides a novel method that promises to improve the risk prediction of
hearing loss from cisplatin therapy. With the discovery of additional variants through
genome-wide association studies, the current predictive model may be improved and
refined further. The combination of clinical and genetic risk factors can potentially
improve risk classifications for hearing loss and may allow for individualized treatment.

Materials and Methods
Patients
Study participants were recruited through the CPNDS, a national multicenter surveillance
consortium for studying adverse drug reactions.46 Between June 2008 and March 2011,
a new independent replication cohort of 155 pediatric patients with cisplatin-induced
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hearing loss and drug-matched control patients were recruited. The previous cohort
(discovery and replication) included in the combined analyses has been described
previously.9
Cisplatin-induced hearing loss was diagnosed on the basis of audiometric findings
using criteria described by the CTCAEv3 (Common Terminology Criteria for Adverse
Events).47 To better differentiate between cases and controls, subjects with serious
cisplatin-induced hearing loss were defined as with grade 2 or higher hearing impairment. Control patients were defined as those with normal audiometric data after
cisplatin therapy (grade 0). Patients with grade 1 (n=8) hearing loss were excluded from
the analysis. Serious hearing impairment (grades 2-4 hearing loss) was defined as the
point at which chemotherapy protocols recommend reducing or terminating cisplatin
treatment. Only the most recent audiological assessment was used. Informed written
consent or assent was obtained from each subject or his or her parents/legal guardians. The study was approved by the University of British Columbia/Children & Women’s
Health Centre of British Columbia Research Ethics Board (H04-70358).

Genotyping
DNA of patients was extracted from blood, saliva or buccal swabs using the QIAmp
DNA purification system (Qiagen, Toronto, ON, Canada) according to the manufacturer’s
protocol. We selected 11 single nucleotide polymorphisms (SNPs) to assess whether the
prediction of risk of hearing loss could be improved. We selected genetic variants for
genotyping on the basis of evidence of a significant association (P<0.01) in the initial
combined cohort9 as well as P<0.01 in either the initial discovery or replication cohort.9
We first assessed whether variants in TPMT (rs12201199, rs1800460, and rs1142345) and
COMT (rs9332377 and rs4646316) could be replicated in the current replication cohort. We
then assessed whether the associations with other variants in ABCC3 (rs1051640), MTHFR
(rs3737964), VKORC1 (rs17884333 and rs8050894), and SLCO1A2 (rs4115170 and rs2306231)
could be replicated. Patient DNA was genotyped using a custom Illumina GoldenGate
SNP genotyping assay (Illumina, San Diego, CA, USA). This assay included additional
non-study SNPs for principal component analysis for the determination of patient ancestry and for quality control purposes. All SNP genotype data were clustered manually
using GenomeStudio software (Illumina, San Diego, CA, USA). Samples with a call rate
below 95% were excluded. The average genotyping call rate for included samples was
98.3%. The overall genotype call rate of the 11 study SNPs was 99.9% and all SNPs were in
Hardy-Weinberg equilibrium (P>0.05).

Statistical Analysis
Clinical characteristics of patients with and without cisplatin-induced hearing loss
were compared using the Wilcoxon-Mann-Whitney U-test for continuous variables, and
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Fisher’s exact test for categorical variables. Hardy-Weinberg equilibrium was confirmed
in cases and controls using the permutation version of the exact test of Hardy-Weinberg
of Guo and Thompson.48
The study had a statistical power between 65 and 99% (mean 86%) based on the
previous effect sizes and genotype frequencies, in order to replicate previously associated polymorphisms with cisplatin-induced hearing loss at P=0.05. Two genetic variants in SLCO1A2 (rs11045913 and rs11045912) were excluded prior to genotyping due to
inadequate power (<10%) in detecting an association. Homozygous and heterozygous
odds ratios (ORs) were calculated using the homozygous genotype of the protective
allele as identified in the initial cohort as a reference.9 ORs in the case of empty cells
were calculated by adding 0.5 to the empty cells. The association between genetic
polymorphisms and cisplatin-induced hearing loss was assessed by computing Fisher’s
exact test for unadjusted (nonregression) P-values and adjusted P-values determined by
logistic regression. Independent clinical factors for the prediction of cisplatin-induced
hearing loss in the combined cohort were identified by forward logistic regression. The
following factors were included: the first principal component, patient age, cisplatin
dose, treatment duration, vincristine treatment and germ cell tumor. None of the variables was retained in the combined cohort at a threshold of 0.10 except concomitant
vincristine treatment (P=1.4×10−9). However, we also included variables that are known
to increase risk of hearing loss and that were significantly different (P=0.05) between
cases and controls. Therefore, patient age, concomitant vincristine treatment, germ cell
tumor, and cranial irradiation were included as covariates. The treatment of all non-CNS
germ cell tumors is unique, because these patients are treated at low individual doses of
20 mg/m2 over 5 days and are known to be at less risk of hearing loss.49 In an additional
analysis, we combined the initial cohort9 and the current cisplatin replication cohort of
patients to determine the overall significance of associations. Associations with variants
were considered to be statistically significant, if they had P<0.05 in the new replication
cohort.
Population stratification in the data set was assessed by PCA using SVS/HelixTree
software.27 Patients of African ancestry (n=8) were excluded from the analysis to match
the ancestry of the previous cohort.9 A graphical display of principal components was
constructed using GraphPad Prism 5 software (GraphPad Software Inc., San Diego, CA,
USA). A secondary stratified analysis of individuals of only European ancestry was based
on the first two principal components.
Genetic variants were further evaluated in a multivariate logistic regression model
including clinical variables using an additive model. A risk score was calculated by
multiplying each variable with the estimated β (log odds ratio) from the current combined cohort. The clinical-only model included dichotomized variables. Therefore, age
(median patient age; <8 years or >8 years), vincristine treatment, germ cell tumor, and
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cranial irradiation were included in the model. The genetic only model included variants
(TPMT rs12201199, ABCC3 rs1051640 and COMT rs4646316) that were selected based on
statistical evidence from a forward logistic regression model in the combined cohort.
The association between genetic risk score and cisplatin-induced hearing loss was
assessed using logistic regression. Three prediction models were investigated: (i) clinical variables only, (ii) genetic variables only, and (iii) clinical and genetic variables. The
contribution of genetic and/or clinical risk scores to the prediction of cisplatin-induced
hearing loss was investigated by comparing the area under the receiver operating
characteristic curves of the prediction models. AUC estimates were obtained using
the receiver operating characteristic plot function on the basis of the linear predictors
obtained from the logistic regression model for clinical factors and genotypic scores.
The statistical difference between the curves was calculated using DeLong’s method50
implemented in the R package pROC.51 Two-sided P-values <0.05 were considered statistically significant.
Risk groups were defined based on the PVs for each patient sample from the multi-SNP
logistic regression model that included three SNPs (TPMT rs12201199, ABCC3 rs1051640,
and COMT rs4646316). The threshold for genetic variables used to determine lower risk
was the median predicted value of controls minus one standard deviation (PV<0.4); high
risk was defined as the median predicted value of cases plus one standard deviation
(>0.8). Intermediate risk was defined as a PV between 0.4 and 0.8. The threshold for the
combination of clinical and genetic variables for lower risk was defined as the median
PV of controls (PV<0.45), and high risk was defined as the median PV of cases (>0.8).
Intermediate risk was defined as a PV between 0.45 and 0.8. We calculated sensitivity,
specificity, PPV and negative predictive value for each defined threshold. Kaplan-Meier
curves were generated for each risk group using time from start of treatment to the
time of first evidence of toxicity or last audiogram. Log-rank test was used to compare
the trends of survival curves. Hazard ratios for each curve were calculated using the Cox
regression model considering the lower risk group as the reference.
Statistical genetic analyses were conducted using SNP and Variation Suite 7.4.5
(Golden Helix, Bozeman, USA), SPSS Statistics 19 (SPSS Inc., Chicago, IL, USA) and R 2.13.0
(R Development Core Team).
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Supplemental Figure 1: Distribution of ancestry of patients in the initial combined cohort9and replication cohort.
The first two principal components were generated using SVS/Helixtree to visualize the distribution of
population ancestry. The majority (80%) of the patients in replication cohort were of European ancestry
after the removal of patients of African ancestry (n=8). A subgroup analysis of these patients (n=124), TPMT
remained highly associated with Cisplatin-induced hearing loss.
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Abstract
Purpose: Anthracycline-induced cardiotoxicity (ACT) is a serious adverse drug reaction
limiting its use and causing substantial morbidity and mortality. Our aim was to identify
genetic variants associated with ACT in patients treated for childhood cancer.
Patients and Methods: We carried out a study of 2977 single nucleotide polymorphisms
(SNPs) in 220 key drug biotransformation genes in a discovery cohort of 156 anthracycline-treated children from British Columbia, with replication in a second cohort of 188
children from across Canada and further replication of the top SNP in a third cohort of
96 patients from Amsterdam, the Netherlands.
Results: We identified a highly significant association of a synonymous coding variant
rs7853758 (L461L) within the SLC28A3 gene with ACT (odds ratio (OR) 0.35, P = 1.8x10−5
all cohorts combined). Further associations (P<0.01) with risk and protective variants in
other genes including SLC28A1 and several ABC-transporters (ABCB1, ABCB4 and ABCC1)
were present. We further explored combining multiple variants into a single prediction
model together with clinical risk factors and classification of patients into three risk
groups. In the high-risk group, 75% of patients were accurately predicted to develop
ACT, with 36% developing this within the first year alone; while in the low-risk group
96% of patients were accurately predicted not to develop ACT.
Conclusions: We have identified multiple genetic variants in SLC28A3 and other genes
associated with ACT. Combined with clinical risk factors, genetic risk profiling might
be used to identify high-risk patients who can then be provided with safer treatment
options.

Pharmacogenomics of anthracycline-induced cardiotoxicity

Introduction
Anthracyclines are chemotherapeutic agents widely used to treat a variety of childhood
malignancies which has contributed to the increased 5-year survival rates for childhood
cancer to over 80% today.1,2 However, a major limitation of anthracyclines is the risk of
cardiotoxicity manifest as asymptomatic cardiac dysfunction in up to 57%3,4 and cardiomyopathy with subsequent clinical heart failure in up to 16% of patients.5-7 Subclinical
cardiac abnormalities are persistent and progressive after anthracycline therapy and can
lead to significant clinical symptoms.1 Anthracycline-induced congestive heart failure
(CHF) is often resistant to therapy and has a mortality rate as high as 72%.1,5,8
Anthracyclines have been used for decades, but the pathophysiology of anthracyclineinduced cardiotoxicity (ACT) is not fully understood. However, reactive oxygen species
play a major role.1,9-12 Cardiac cell damage and progressive myocyte loss subsequently
lead to left ventricular (LV) wall thinning, increased afterload and decreased contractility.1,9
Established risk factors for ACT are higher cumulative anthracycline dose and concomitant cardiac irradiation, as well as higher individual dose, shorter infusion time,
younger age, longer time since treatment, and female gender.1,3,6,7,13 However, these risk
factors alone are insufficient to accurately stratify patients into high and low risk for ACT,
which may have major implications for patient care.12
Genetic studies may help to identify markers predictive of adverse effects or could help
to elucidate more precise mechanisms of ACT.14 Several candidate gene studies have
been previously conducted in both adults and children.10,15-17 However, most of these
studies, particularly in children, were done in relatively small cohorts or included only
a few candidate genes, and have not yet been replicated. To identify genetic markers
predictive of ACT in children, we conducted a genetic study of 220 key genes involved
in absorption, distribution, metabolism and elimination and toxicity of medications
in a discovery and replication cohort from Canada with further replication in a third,
independent cohort from the Netherlands.

Methods
Subjects
Study participants were recruited through the Canadian Pharmacogenomics Network
for Drug Safety (CPNDS).18 The initial discovery cohort was recruited at BC Children’s Hospital, Vancouver, and a second, replication cohort from pediatric oncology units across
Canada. A third cohort was recruited at Emma Children’s Hospital/Academic Medical
Centre in Amsterdam, the Netherlands (Dutch-EKZ cohort).4,19 In the Dutch-EKZ cohort
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cases and controls were matched for age, gender and cumulative dose where possible
and follow-up time in controls with time to first available echocardiogram showing
cardiotoxicity in cases.
ACT was defined as early- or late-onset LV dysfunction measured by echocardiogram
(shortening fraction, SF) and/or symptoms requiring intervention based on CTCAEv3
(Common Terminology Criteria for Adverse Events).20 To better differentiate between
cardiotoxicity cases and controls we used a more stringent SF threshold of ≤26% at any
time during or after anthracycline therapy to define cardiotoxicity. Only echocardiograms
obtained ≥21 days after a dose were used to exclude transient acute cardiotoxicity. Control patients were defined as those having normal echocardiograms (SF≥30%) during
and after therapy, with a follow-up of >5 years after completion of anthracycline therapy.
Cumulative anthracycline doses were calculated using doxorubicin equivalents.21
Written informed consent or assent was obtained from each subject or their parents
or legal guardians. The study was approved by the ethics committees of all participating
universities and hospitals.

Genotyping
DNA samples from the two Canadian cohorts were genotyped for 2977 SNPs using a
customized Illumina GoldenGate SNP genotyping assay, which was designed to capture
the genetic variation of 220 key drug biotransformation genes. After quality control,
1931 SNPs remained for analysis. DNA samples from the Dutch replication cohort were
genotyped for rs7853758 by TaqMan SNP genotyping.

Statistical analysis
Statistical genetic analyses were conducted using SVS/HelixTree, R and PLINK.22 The
overall significance threshold accounting for multiple testing was calculated at 0.00015
using the simpleM correction.23 Twenty-three SNPs with P<0.00015 in the HardyWeinberg Equilibrium Fisher’s Exact test were removed, leaving 1908 SNPs for analysis
(Supplemental Data). Average identity-by-state for each subject pair was computed,
and no duplicates (>99% identity) or (cryptic) related individuals (86-98% identity) were
found. Population stratification was assessed by principal component analysis.24,25
Primary association tests consisted of single marker tests using logistic regression with
cumulative dose, age, gender and radiation therapy to the heart included as covariates
as well as the first two principal components using an additive model. A tiered single
marker analysis strategy was used to identify variants highly associated with ACT in the
discovery cohort (P<0.01) that remained associated in the Canadian replication cohort
(P<0.01). Both cohorts were combined to show overall significance levels of all SNPs.
The top SNP was further evaluated in the Dutch-EKZ cohort and in all three cohorts
combined. SNPs with P<0.01 in the single SNP test for the combined Canadian cohort
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were considered for potential inclusion in a multi-marker risk prediction model. Using
step-wise logistic regression with forward selection including covariates, SNPs were
retained with P<0.01 in the final multi-SNP model.
Receiver Operating Characteristic (ROC) analysis was performed using the actual value
(case or control) and predicted value for each sample from the multi-marker regression
model.
Three risk groups were defined using the predicted values from the multi-marker regression model. Group thresholds were set based on the mean predicted value in cases
and controls, respectively. High risk was defined as predictive value >0.5 and low risk as
<0.1, with intermediate risk in between. Kaplan-Meier plots were generated for each risk
group using time from start of treatment to first occurrence of toxicity (uncensored) or
to last echocardiographic follow-up (censored) and hazard ratios were calculated using
the low-risk group as reference. Please refer to Supplemental Methods for full methodological details.

Results
Patient characteristics
In the discovery cohort 38 (24%) patients developed ACT, while in the second, independent replication cohort 40 (21%) patients experienced ACT (Table 1). Age at start
of treatment was significantly different in the replication cohort with a similar trend
in the discovery cohort (combined: 5.1 versus 7.3 years; P=0.0058; Supplemental Table
1). Cumulative anthracycline doses were significantly higher in cases in the discovery
cohort (P=0.0015). There were fewer children with acute lymphoblastic leukemia (ALL)
among cases (19% versus 43%, P<0.0001) and similarly, the use of the combination of
doxorubicin and daunorubicin, frequently used to treat ALL, was significantly higher in
controls (5% versus 16%, P=0.014). In contrast, more cases had acute myeloid leukemia,
rhabdomyosarcoma or Ewing’s sarcoma (12% vs. 4%, P=0.019; 6% vs. 1%, P=0.0077; and
12% vs. 5%, P=0.031, respectively). Furthermore, there was a trend towards a significant
difference in use of radiotherapy involving the cardiac region (23% versus 14%, P=0.077).
Finally, follow-up after therapy was longer in controls (6.8 versus 8.6 years; P=0.0088). In
the Dutch-EKZ replication cohort characteristics were matched for cases and controls,
though follow-up was longer in cases (20.2 versus 15.4 years, P=0.0078).

Genetic association study
We identified a synonymous coding SNP (rs7853758 – L461L) in the solute carrier family
28, member 3 (SLC28A3) gene that was highly associated with ACT in the discovery cohort
(P=0.0071), and replicated in the Canada-wide cohort (P=0.0072), which remained signifi-
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8 (20%)
4 (10%)
1 (3%)
6 (15%)
4 (10%)
0 (0%)
2 (5%)
4 (10%)
2 (5%)
7 (18%)
1 (3%)
1 (3%)
0 (0%)
12 (30%)
7.4 (0.2-20.7)

0.00014
0.31
1.00
0.34
0.52
0.14
0.045
0.039
0.15
0.69
0.60
0.74
1.00
0.11
0.12

64 (54%)
8 (7%)
0 (0%)
5 (4%)
9 (8%)
6 (5%)
1 (1%)
4 (3%)
1 (1%)
6 (5%)
3 (3%)
11 (9%)
0 (0%)
8 (7%)
7.8 (5.0-17.9)

7 (18%)
5 (13%)
0 (0%)
0 (0%)
4 (11%)
5 (13%)
3 (8%)
5 (13%)
2 (5%)
3 (8%)
2 (5%)
2 (5%)
0 (0%)
6 (16%)
6.5 (0.1-21.2)

50 (34%)
2 (1%)
3 (2%)
11 (7%)
13 (9%)
10 (7%)
1 (1%)
8 (5%)
3 (2%)
17 (11%)
13 (9%)
17 (11%)
0 (0%)
29 (20%)
9.2 (5.0-18.6)

0.058
0.024
1.00
0.22
1.00
0.12
0.13
0.47
0.31
0.43
0.20
0.079
1.00
0.19
0.030

0.85
0.47
0.26
1.00
0.12
1.00
1.00

28 (70%)
8 (20%)
2 (5%)
0 (0%)
2 (5%)
0 (0%)
0 (0%)

0.16
0.69
0.043
1.00
0.14
1.00
1.00

77 (65%)
8 (7%)
24 (20%)
2 (2%)
6 (5%)
1 (1%)
0 (0%)

30 (79%)
1 (3%)
2 (5%)
0 (0%)
5 (13%)
0 (0%)
0 (0%)

106 (72%)
22 (15%)
19 (13%)
0 (0%)
1 (1%)
0 (0%)
0 (0%)

Replication (n=188)
Cardiotoxicity
Controls
P-value
(n=40)
(n=148)
6.2 (0.4-17.6) 3.7 (0.05-16.9) 0.031
18 (45%)
66 (45%)
1.00
270 (45-840)
250 (25-600) 0.33

Discovery (n=156)
Cardiotoxicity
Controls
P-value
(n=38)
(n=118)
5.5 (0.04-17.0) 3.9 (0.5-16.5) 0.075
21 (55%)
52 (44%)
0.26
300 (36-540)
175 (60-600) 0.0015

10 (23%)
0 (0%)
0 (0%)
4 (9%)
10 (23%)
3 (7%)
4 (9%)
6 (14%)
2 (5%)
3 (7%)
0 (0%)
0 (0%)
1 (2%)
10 (23%)
20.2 (7.4-27.9)

28 (65%)
2 (5%)
2 (5%)
3 (7%)
0 (0%)
0 (0%)
8 (19%)

6 (11%)
6 (11%)
1 (2%)
6 (11%)
15 (28%)
3 (6%)
3 (6%)
3 (6%)
1 (2%)
9 (17%)
0 (0%)
0 (0%)
0 (0%)
13 (25%)
15.4 (5.1-29.8)

25 (47%)
1 (2%)
4 (8%)
8 (15%)
0 (0%)
0 (0%)
15 (28%)

0.17
0.031
1.00
1.00
0.64
1.00
0.70
0.29
0.59
0.22
1.00
1.00
0.45
1.00
0.0078

0.10
0.59
0.69
0.34
1.00
1.00
0.34

Dutch-EKZ (n=96)
Cardiotoxicity
Controls
P-value
(n=43)
(n=53)
9.0 (0.5-16.8) 10.6 (2.1-17.7) 0.50
21 (49%)
26 (49%)
1.00
360 (100-720)
300 (50-720) 0.25

For age, dose and follow-up the Wilcoxon-Mann-Whitney test with normal approximation was used. For gender, anthracycline type, tumor type and radiotherapy involving the heart region, the Fisher exact test was used. In bold are statistically significant values at p<0.05.
a
Cumulative anthracycline dose in doxorubicin isotoxic equivalent doses. bOther anthracycline type included idarubicin, epirubicin or mitoxantrone.

Age in yrs, median (range)
Gender, no. female (%)
Dose in mg/m2, median (range)a
Anthracycline typeb, no. (%)
Doxorubicin
Daunorubicin
Doxorubicin plus daunorubicin
Doxorubicin plus other
Daunorubicin plus other
	Doxorubicin, daunorubicin plus other
Other
Tumor type, no. (%)
Acute Lymphoblastic Leukemia
Acute Myelogenous Leukemia
Other Leukemia
Hodgkin’s Lymphoma
Non-Hodgkin’s Lymphoma
Osteosarcoma
Rhabdomyosarcoma
Ewing’s sarcoma
Other sarcoma
Nephroblastoma
Hepatoblastoma
Neuroblastoma
Carcinoma
Radiotherapy involving heart, no. (%)
Follow-up in yrs, median (range)

Table 1. Subject demographics
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Table 2. Risk and protective variants for anthracycline-induced cardiotoxicity
Single marker test

Multi marker model

Gene

Chr

Positiona

OR (95% CI)

P-value

OR (95% CI)

rs6759892

UGT1A6

2

234,383,669

1.77 (1.20 - 2.61)

0.0038

2.93 (1.74 - 4.94)

0.000022

rs1149222

ABCB4

7

86,718,426

1.87 (1.20 - 2.92)

0.0054

2.31 (1.34 - 4.00)

0.0023

rs4148350

ABCC1

16

16,077,978

3.44 (1.65 - 7.15)

0.0012

3.77 (1.46 - 9.75)

0.0051

rs17583889

HNMT

2

138,579,771

1.91 (1.21 - 3.02)

0.0057

2.21 (1.22 - 4.01)

0.0088

SNP rs-ID

P-value

Risk variants

Protective variants
rs7853758

SLC28A3

9

84,130,480

0.31 (0.16 - 0.60)

0.00010

0.20 (0.09 - 0.45)

0.0000071

rs2020870

FMO2

1

167,886,617

0.14 (0.03 - 0.59)

0.00042

0.09 (0.02 - 0.46)

0.00021

rs2019604

SPG7

16

88,143,266

0.39 (0.20 - 0.76)

0.0021

0.33 (0.15 - 0.73)

0.0026

rs9514091

SLC10A2

13

102,512,255

0.43 (0.23 - 0.78)

0.0033

0.41 (0.21 - 0.82)

0.0074

rs4877847

SLC28A3

9

84,175,971

0.60 (0.41 - 0.89)

0.0092

0.54 (0.33 - 0.87)

0.0097

Both single and multi marker regression models included important clinical covariates and the first two
principal components using an additive genetic model. Odds ratios are per copy of the minor allele. Results
shown are for the combined Canadian cohort. Only variants included in the final multi-marker model are
shown.
OR Odds Ratio; CI Confidence Interval
a
Chromosome positions based on NCBI Build 35

cant after correction for multiple testing in the combined Canadian cohort (P=1.0x10−4,
Table 2, Supplemental Table 2). The effect size of SLC28A3 rs7853758 was similar in both
cohorts with the minor allele (A) found more often in controls than in cases (20% vs.
7.7%), and thus protective, conferring odds ratios (ORs) of 0.29 (95%CI 0.11-0.81) and 0.33
(95%CI 0.13-0.80) in discovery and replication cohort respectively, and a combined OR
of 0.31 (95%CI 0.16-0.60). Next, we genotyped this variant in an independently ascertained cohort of 96 Dutch patients. While all Canadian patients received doxorubicin or
daunorubicin, twenty-three patients in the Dutch-EKZ cohort received other anthracyclines instead. Nevertheless, in this cohort as a whole, a similar trend was seen with the
rs7853758 A-allele conferring protection (OR 0.69), though this did not reach statistical
significance (P=0.38). However, when assessing only patients that received doxorubicin
or daunorubicin (n=73), we replicated our previous finding (OR 0.42, 95%CI 0.16-1.08,
P=0.067), with a combined OR for all three cohorts of 0.35 (95%CI 0.21-0.59; P=1.8x10−5).
In a subgroup analysis of Canadian patients with European ancestry (n=263),
determined by the first two principal components24,25 (Supplemental Figure 1), and
non-Europeans (n=81), rs7853758 remained significantly associated with ACT in each
subgroup (P=0.0031 and P=0.0035 respectively). Similarly, in an analysis of patients with
more severe cardiotoxicity (SF≤24% or symptoms, CTCAE grade 2-4), rs7853758 remained
significant in the combined Canadian cohort (P=0.0078), Dutch-EKZ cohort (P=0.029)
and all cohorts combined (P=0.00052).
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Further examination of SLC28A3 revealed two other variants (rs885004 and rs4877847)
that were associated with ACT in the combined Canadian cohort (Supplemental Table
2). Variant rs885004 had a similar effect size as rs7853758 (OR 0.31; P=2.1x10−4). There was
high linkage disequilibrium (LD) between these two SNPs (r2=0.83). When the analysis
was re-run adjusting for the effect of rs7853758, the association of rs885004 disappeared
(P=0.74). Interestingly, the association of rs4877847 remained significant after conditioning on rs7853758 (OR 0.54; P=0.0023), suggesting an independent effect of this SNP.

Predictive multi-marker model
In addition to the variants in SLC28A3, we found suggestive evidence (P<0.01) for association of variants in several other genes with ACT (Supplemental table 2). Genetic profiles
based on a set of risk or protective markers can potentially better classify patients as
high or low risk than individual genetic variants.26 Therefore, in an exploratory analysis,
we created a multi-marker model including non-genetic variables. In the final model 9
SNPs were retained (P<0.01) (Table 2) along with the non-genetic covariates.
To assess the ability of this model to predict ACT, we performed ROC analyses comparing this model to a model that included only clinical variables and to one with only the 9
SNPs (Figure 1). The multi-marker model performed better (AUC 0.87) than the SNP-only
model (AUC 0.81) or clinical model (AUC 0.68, P=4.8x10−6). Similar results were obtained
in the discovery and replication cohorts separately (Supplemental Table 3).
To create clinically useful categories, we defined 3 risk groups based on the predicted
values from the multi-marker model. Using this approach, 56 (17%) individuals were
classified as high, 124 (37%) as intermediate, and 151 (46%) as low risk (Table 3). In the
high-risk group, 42 patients developed ACT (PPV 75%) while in the low-risk group most
patients did not develop cardiotoxicity (NPV 96%) (Table 4). Similarly, the severity of cardiotoxicity increased with higher risk group classification (Table 3). Kaplan-Meier plots
of the high and intermediate risk groups show significantly increased cardiotoxicity over
Table 3. Risk groups and cardiotoxicity grades
Risk group

Cases

Controls

Total

Cardiotox. Grade

No.

%

No.

%

No.

%

High (>0.5)

42

55%

14

6%

56

17%

1.39 ± 0.15

Intermediate (0.1-0.5)

29

38%

95

37%

124

37%

0.44 ± 0.08

6

8%

145

57%

151

46%

0.05 ± 0.02

77

100%

254

100%

331

100%

Low (<0.1)
Total

mean ± s.e.m.

Risk groups based on predicted value from multi-marker regression model. High risk is defined as predicted
value >0.5, intermediate risk: 0.1-0.5, low: <0.1. Mean cardiotoxicity grade in each group based on CTCAE
v3 criteria. Note: 13 samples were not successfully genotyped for all variants included in the multi-marker
prediction model and could therefore not be classified in one of the risk groups. Cardiotox., Cardiotoxicity;
s.e.m., standard error of mean
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Model

AUC (95% CI)

P-value

Clinical variables only

0.68 (0.61-0.74)

0.00031

SNPs only

0.81 (0.76-0.86)

2.16x10−14

Multi-marker model including non-genetic variables

0.87 (0.82-0.91)

2.07x10−18

Figure 1 Receiver operating characteristic (ROC) curves of three different models A) ROC curves of
the two models constructed by plotting the false positive rate (1 – specificity) versus the true positive rate
(sensitivity). The clinical only model includes age at start of treatment, cumulative dose, gender, radiation
therapy involving the heart region, and the first two principal components for ethnicity. The multi-marker
model includes the clinical variables as well as the 9 SNPs (Table 2), while the SNP-only model contains just
the 9 SNPs. B) The area under the curve (AUC) or c-statistic for all three models and the p-values of the full
logistic regression models. The higher AUC of the multi-marker model shows the better discriminatory ability of this model. CI: Confidence Interval

time compared to the low-risk group (log-rank Ptrend=6.7x10−25; Figure 2). After one year,
36% of patients in the high-risk group had developed cardiotoxicity, 24% of whom went
on to develop CHF, and this number continued to increase over time. In contrast, only
4% of the low-risk group patients experienced cardiotoxicity and none developed CHF.
Table 4. Risk group comparisons
Cases

Controls

No.

%

No.

%

High risk (>0.5)

42

55%

14

6%

Low + Intermed. (<0.5)

35

45%

240

94%

High + Intermed. (>0.1)

71

92%

109

43%

6

8%

145

57%

Low risk (<0.1)

OR

P-value

Sens

Spec

PPV

NPV

20.6

8.9x10−24

54.5%

94.5%

75.0%

87.3%

15.7

2.8x10−14

92.2%

57.1%

39.4%

96.0%

High and low risk groups compared to the respective other two groups combined and their predictive
values. OR, Odds Ratio; Sens, Sensitivity; Spec, Specificity; PPV, Positive Predictive Value; NPV, Negative Predictive Value
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100

High (>0.5)
Intermediate (0.1-0.5)

Patients with cardiotoxicity (%)

114

Low (<0.1)

80

HR (95% CI): 29.4 (12.4 - 69.4)
60

40

20

HR (95% CI): 6.55 (2.72 - 15.8)

0
0

5

10

15

20

Years post start anthracycline treatment
Figure 2 Anthracycline cardiotoxicity in the 3 different risk groups Kaplan-Meier graph of anthracycline-induced cardiotoxicity in the 3 different risk groups (Table 3) shows that in the high risk group the
incidence of cardiotoxicity is highest in the first year, but continues to increase over time. Similarly, cardiotoxicity continues to increase in the intermediate group, though at a lower level. In contrast, very few
patients in the low-risk group developed cardiotoxicity over time (Ptrend = 6.7x10−25). HR, Hazard Ratio compared to low-risk group.

Discussion
Persistent cardiotoxicity and CHF after anthracycline treatment are serious life-long
problems for both children and adults and are associated with high morbidity and
mortality. The large inter-individual variability suggests a significant genetic component
to cardiotoxicity risk.1 We have identified SNPs in SLC28A3 and several other genes that
are significantly associated with ACT in a discovery and replication cohort of children
treated for a variety of malignancies with notable long-term follow-up (median 8.6
years). We further replicated the association of the top SLC28A3 SNP in a second, independent replication cohort. Combining these genetic variants with clinical risk factors
could be used to identify patients at high and low risk for ACT.
The strongest associated SNP was rs7853758, a synonymous coding variant (L461L) located in SLC28A3 or human concentrative nucleoside transporter (hCNT3). This sodiumcoupled nucleoside transporter is broadly selective for both pyrimidines and purines
as well as several anticancer drugs, such as gemcitabine and fludarabine.27,28 CNT3 is
expressed in many tissues throughout the body including the heart.27 In vitro functional
characterization of SLC28A3 variants has only been reported for several non-synonymous
SNPs.27-29 However, several studies provide supportive evidence for the functional importance of rs7853758 or a linked variant. Carriers of the rs7853758 minor allele exhibit
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reduced SLC28A3 mRNA expression in monocytes (P=8.9x10−13).30 Furthermore, rs7853758
has been associated with increased survival after gemcitabine treatment for pancreatic
cancer.31 CNTs such as SLC28A3 and SLC28A1 can transport several anthracyclines into
cells,32 providing a potential mechanism by which these variants could affect ACT. The
differential effect of rs7853758 on ACT observed in the Dutch-EKZ cohort for patients
who received doxorubicin or daunorubicin versus those on other drugs, suggests that
the effect of SLC28A3 is specific to these two drugs. Interestingly, most of these other
patients received epirubicin, which is metabolized differently than doxorubicin and is
extensively glucuronidated by UGT2B7.33
Many of the other associated (P<0.01) SNPs were located in genes encoding for
proteins involved in processes known to affect anthracycline absorption, distribution,
metabolism and elimination (ADME), such as transport (ATP-binding cassette (ABC)
transporters ABCB1, ABCB4 and ABCC1),34-36 enterohepatic reuptake (SLC10A2),37-39 and
anthracycline metabolite glucuronidation.40,41 Further functional studies will be required
to establish the exact mechanisms by which these variants affect ACT. As these variants
may influence anthracycline pharmacokinetics, they could also affect outcomes such
as tumor killing or disease free survival. Future studies will be needed to assess these
questions.
We found one variant in ABCC1 (rs4148350) to be associated with ACT. This variant is
located in close proximity (<3 Kb) and within the same haplotype block as the previously
associated non-synonymous variant G671V,10 suggesting these variants are likely in LD. In
contrast, we found no significant associations with the previously reported10,15 variants in
ABCC2 rs8187694, CYBA rs4673, RAC2 rs13058338 or NCF4 rs1883112 (P=0.90, P=0.63, P=0.13,
and P=0.76 respectively) nor with any other genotyped variant in those genes. However,
those studies were conducted in adults treated for B-cell lymphoma, whereas our study
was conducted in children treated for a variety of cancers. In addition, their phenotypes
included transient acute cardiotoxicity and electrocardiographic abnormalities, which
is different from our clinically more severe phenotype of early- and late-onset LV dysfunction. Lastly, their median follow-up was only 3 years compared to almost 9 years
for controls in our study, which is critical for correctly delineating cases and controls.
Similarly, we did not replicate the association with CBR3 rs1056892 (V244M)16 (P=0.48).
This prior small study (n=140), conducted in children, used self-reported symptoms of
CHF to define cases, but did not fully assess possible asymptomatic cardiac dysfunction
in controls. Furthermore, this finding was only marginally significant (P=0.058).16 Finally,
another small study (n=76) in patients treated for childhood ALL found an association
with rs10836235 in catalase (CAT), though not with the functional rs1001179 in the same
gene.17 We did not directly assess rs10836235, but found none of the 19 other variants
genotyped in CAT to be significantly associated with ACT. In addition to the small study
size, this previous study applied less stringent criteria (SF<30%) for cardiotoxicity.
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The differences in clinical features between cases and controls in the Canadian
cohorts were corrected for by including them as covariates in the logistic regression
genetic analyses (Table 1). The higher observed cumulative anthracycline doses in cases
in the discovery cohort and the trend to increased cardiac irradiation is concordant
with previous studies establishing them as important risk factors for cardiotoxicity.4,6,7,13
Cumulative doses in the CPNDS replication cohort were not significantly different, which
is likely reflective of recruitment being focused on long-term follow-up clinics at some
sites, therefore selecting for controls with relatively higher cumulative doses. This may
have led to a lower predictability of the clinical-only as well as the combined multimarker model. Younger age at start of treatment is considered another risk factor.4,7 In
the Canadian cohorts, however, cases were older, likely due to the five years minimum
follow-up requirement for controls, selecting for younger patients, which also led to a
longer follow-up in controls. Furthermore, controls contained more ALL patients and
higher use of the combination of doxorubicin and daunorubicin. Both findings are likely
reflective of the lower cumulative doses used in ALL. The higher frequency of several
tumor types in cases is likely due to the higher cumulative doses used in these malignancies. The longer follow-up in cases in the Dutch-EKZ cohort is reflective of the matching
of follow-up in controls to the time to the first echocardiogram with cardiotoxicity in
cases.
In the high-risk group, based on the prediction model that combined genetic and
clinical factors, 36% of patients developed cardiotoxicity within one year after treatment
and 57% within five years, and this number continued to rise. With the majority of children now surviving many years after their cancer treatment, and ACT being persistent
and progressive with more patients developing overt CHF over time,1,4 which is often
refractory to therapy, an increasing number of patients progress to end-stage cardiac
failure requiring intra-ventricular assist devices or cardiac transplant.42 Therefore, it is
important to reduce or prevent cardiotoxicity, particularly in high risk groups. Cardioprotective agents such as dexrazoxane that are currently only considered before high
cumulative anthracycline doses are given,1,9,43-45 may also be useful in patients at high
risk based on their genetic predisposition to cardiotoxicity. Another strategy might be to
increase the frequency of echocardiogram monitoring or evaluation of biomarkers such
as troponins, brain natriuretic peptide or endomyocardial biopsies to detect early damage.1,9 If signs of damage are present, anthracycline dose reduction or discontinuation,
or heart failure treatment could be initiated to minimize further damage.1,9
In contrast, in the low-risk group, which comprises 46% of all patients, only 4% developed cardiotoxicity. Whether these patients might need less intensive monitoring or
could even receive higher cumulative anthracycline doses, without significantly increasing ACT,46 requires further investigation.
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Our findings demonstrate that it might be possible to discriminate between individuals at higher and lower risk for ACT based on the patient’s genetic information
in combination with clinical risk factors. This information could inform treatment and
monitoring decisions. Further validation and replication of the predictive model and
genetic variants beyond rs7853758 will be required while additional studies in different
cohorts and genome-wide approaches or sequencing might uncover additional genetic
variants contributing to ACT. This is the first step in the identification and development
of predictive genetic markers that will ultimately help to reduce ACT and improve the
safety of cancer therapy in children.
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Supplemental Methods
Subjects
Study participants were recruited through the Canadian Pharmacogenomics Network
for Drug Safety (CPNDS), a multicenter active surveillance consortium for studying adverse drug reactions (ADRs) in children.18 The initial discovery cohort was recruited at BC
Children’s Hospital, Vancouver, Canada. A second, replication cohort of children was recruited at pediatric oncology units across Canada: Alberta Children’s Hospital (Calgary),
Stollery Children’s Hospital (Edmonton), Winnipeg Health Sciences Centre (Winnipeg),
Children’s Hospital at the London Health Sciences Centre (London), McMaster Children’s
Hospital (Hamilton), Hospital for Sick Children (Toronto), Children’s Hospital of Eastern
Ontario (Ottawa), Hôpital Sainte-Justine (Montreal) and IWK Health Centre (Halifax). A
third study cohort was recruited from the long-term follow-up clinic for late effects after
childhood cancer at the Emma Children’s Hospital/Academic Medical Centre in Amsterdam, the Netherlands (Dutch-EKZ cohort).4,19
The study cohorts consisted of cases who developed cardiotoxicity during or after
treatment with anthracyclines for childhood cancer and controls who received anthracyclines but did not show cardiotoxicity. The main goal in the Dutch-EKZ cohort was to
see whether the initial genetic findings could be replicated in a separate cohort from a
distinctly different geographic region. To minimize potential confounding of important
clinical variables in the genetic analysis, and to increase sampling efficiency and power
while reducing costs by selecting only the most appropriate controls, cases and controls
in this cohort were matched for age, gender and cumulative dose where possible and
follow-up time in controls with time to first available echocardiogram showing cardiotoxicity in cases.
Anthracycline-induced cardiotoxicity was defined as early- or late-onset left ventricular dysfunction measured by echocardiogram (shortening fraction) and/or symptoms
requiring intervention based on CTCAE (Common Terminology Criteria for Adverse
Events) Version 3.20 While the low end of normal shortening fraction (SF) is 28%, to better
differentiate between cardiotoxicity cases and controls we used a more stringent SF
threshold of ≤26% at any time during or after anthracycline therapy to define cardiotoxicity. Only echocardiographic results at least 21 days after an anthracycline dose were
used to ensure that reduced cardiac function was not due to transient acute cardiotoxicity. Control patients were defined as those having normal echocardiograms with
SF≥30% during and after therapy and with a follow-up of at least 5 years after completion of anthracycline therapy. The minimum follow-up of 5 years for controls was applied
because toxicity can occur years after treatment. Cumulative anthracycline doses were
calculated using doxorubicin equivalents.21
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Written informed consent or assent was obtained from each subject or their parents
or legal guardians. The study was approved by the ethics committees of all participating
universities and hospitals.

Genotyping
Genomic DNA was extracted from blood, saliva or buccal swabs using the QIAamp
DNA purification system (Qiagen, Canada). DNA samples from the two Canadian study
cohorts were genotyped for 2977 SNPs using a customized Illumina GoldenGate SNP
genotyping assay (Illumina, San Diego, USA), which was designed to capture the genetic
variation of 220 key drug biotransformation genes (i.e. phase I and II drug metabolism
enzymes, drug transporters, drug targets, drug receptors, transcription factors, ion channels and other specific genes known to be related to the pathophysiological pathway of
ADRs. This ADME (absorption, distribution, metabolism and elimination)-toxicity panel
consisted of 1536 tagSNPs identified using the ldSelect algorithm to select a maximally
informative set of tagSNPs to assay in the candidate genes.47 The tagSNP selection was
performed using data from phase II of the International HapMap project that included
all four populations (CEU, CHB, JPT and YRI)48 with a threshold for the linkage disequilibrium (LD) statistic r2 of 0.8 and a minor allele frequency of more than 0.05. Furthermore,
1536 functional SNPs were included that had been identified primarily by literature
review or from public databases that cause non-synonymous amino-acid changes or
could be associated with changes in enzyme activity or function. Ninety-five SNPs were
in both tagging and functional SNP sets, so a total of 2977 unique SNPs were included.
All SNP genotypes were manually clustered using Illumina BeadStudio software. SNPs
that could not be clustered, were non-polymorphic, or had a completion rate <90% as
well as 50 ancestry informative markers (AIMs) that were included in the initial design
were excluded from further analyses. In total 1931 SNPs were available for analysis. The
concordance of genotype calls between replicate genotyped samples including Coriell reference samples was greater than 99.9% (n=132). Samples with a call rate below
95% were excluded. The average genotyping call rate for included samples was 99.5%.
DNA samples from the Dutch replication cohort were genotyped for rs7853758 using
a TaqMan SNP genotyping assay according to the manufacturer’s protocol (Applied
Biosystems, Canada).

Statistical analysis
Statistical analyses were conducted using SVS/HelixTree 7.3.1 (Golden Helix, Bozeman,
USA), R 2.8.1 (R Development Core Team) and PLINK (v1.07).22 We applied the simpleM
correction23 for multiple testing and calculated the effective number of independent
tests (MeffG) at 332, for an overall significance threshold of 0.00015. We used HelixTree to
conduct Fisher’s Exact Tests for Hardy-Weinberg Equilibrium (HWE). Twenty-three SNPs
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with P<0.00015 from the HWE test were removed, leaving 1908 SNPs for analysis (Supplemental Data). The average identity-by-state for each subject pair was computed using
PLINK. No duplicates (>99% identity) or (cryptic) related individuals (86-98% identity)
were found. To assess population structure in the dataset, principal components (PCs)
were calculated with HelixTree based on the EIGENSTRAT24 method. The AIMs included
in the initial design were not used for calculating the PCs. Visual inspection of the top
PC plots showed that the first two PCs were correlated with underlying population
structure based on self-reported ethnicity (Supplemental Figure 1), which is similar to
what we have described previously.25 Additional PCs did not show any further clustering.
The primary association test was a single marker test using logistic regression with
cumulative dose, age, gender and radiation therapy to the heart included as covariates
as well as the first two PCs to correct for potential population stratification. The association tests were implemented in HelixTree using an additive SNP model. We calculated
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-0.4

-0.5
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Supplemental Figure 1 Principal Component Analysis to determine genetic ancestry
Principal component analysis identified the majority (76%) of Canadian samples from European genetic
ancestry (boxed).24,25 Other consisted of individuals from Indian, First-Nations and mixed descent. In subgroup analyses of only patients of European ancestry (n=263) and of only non-Europeans (n=81), rs7853758
remained highly associated with anthracycline-induced cardiotoxicity (P = 0.0031 and P = 0.0035 respectively).
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the genomic inflation factor to be 1.0 before and after correcting for the first two PCs,
indicating no obvious population stratification. Nevertheless, the first two PCs were
included as covariates. In the subgroup analyses by ethnicity, the first two PCs were also
included. A tiered single marker analysis strategy was used to identify variants highly
associated with ACT in the initial discovery cohort (P<0.01) that remained associated
in the Canadian replication cohort (P<0.01). We also combined the cohorts to show the
overall significance level of all SNPs. The top SNP was further evaluated in the Dutch-EKZ
replication cohort and in all three cohorts combined.
SNPs with a p-value <0.01 in the single SNP test for the combined Canadian cohort
were considered for potential inclusion in a multi-marker risk prediction model. Using
step-wise logistic regression with forward selection including covariates, SNPs were
retained if they had P<0.01 in the final multi-SNP model.
Receiver Operating Characteristic (ROC) curves were constructed and the c-statistic
(Area Under the Curve – AUC) was calculated using the actual value (case or control)
and predicted regression value for each sample using GraphPad Prism 5.02 (GraphPad
Software, San Diego, USA).
Three risk groups (high, intermediate and low) were defined using the predicted values from the multi-marker regression model that included 9 SNPs as well as non-genetic
covariates. Group thresholds were set based on the mean predicted value in cases and
controls, respectively. High risk was defined as predictive value >0.5 and low risk as
<0.1, with intermediate risk in between. Kaplan-Meier plots were generated for each
risk group using time from start of treatment to first occurrence of toxicity (uncensored)
or to last echocardiographic follow-up (censored) in GraphPad Prism and hazard ratios
were calculated using the low risk group as reference.
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Supplemental table 1. Subject demographics combined CPNDS cohort
CPNDS combined (n=344)
Cardiotoxicity
(n=78)

Controls
(n=266)

6.1 (0.04-17.6)

3.8 (0.05-16.9)

39 (50%)

118 (44%)

292 (36-840)

219 (25-600)

Doxorubicin

58 (74%)

183 (69%)

Daunorubicin

9 (12%)

30 (11%)

1.00

Doxorubicin plus daunorubicin

4 (5%)

43 (16%)

0.014

Doxorubicin plus other

0 (0%)

2 (1%)

1.00

Daunorubicin plus other

7 (9%)

7 (3%)

0.021

Doxorubicin, daunorubicin plus other

0 (0%)

1 (0.4%)

1.00

Other

0 (0%)

0 (0%)

1.00

Acute Lymphoblastic Leukemia

15 (19%)

114 (43%)

Acute Myelogenous Leukemia

9 (12%)

10 (4%)

0.019

Other Leukemia

1 (1%)

3 (1%)

1.00

Hodgkin’s Lymphoma

6 (8%)

16 (6%)

0.60

Non-Hodgkin’s Lymphoma

8 (10%)

22 (8%)

0.65

Osteosarcoma

5 (6%)

16 (6%)

1.00

Age in yrs, median (range)
Gender, no. female (%)
2

a

Dose in mg/m , median (range)

P-value
0.0058
0.44
0.0030

Anthracycline typeb, no. (%)
0.40

Tumor type, no. (%)
<0.0001

Rhabdomyosarcoma

5 (6%)

2 (1%)

0.0077

Ewing’s sarcoma

9 (12%)

12 (5%)

0.031

Other sarcoma

4 (5%)

4 (2%)

0.082

Nephroblastoma

10 (13%)

23 (9%)

0.28

Hepatoblastoma

3 (4%)

16 (6%)

0.58

Neuroblastoma

3 (4%)

28 (11%)

0.075
1.00

Carcinoma
Radiotherapy involving heart, no. (%)
Follow-up in yrs, median (range)

0 (0%)

0 (0%)

18 (23%)

37 (14%)

6.8 (0.1-21.2)

8.6 (5.0-18.6)

0.077
0.0088

For age, dose and follow-up, the Wilcoxon-Mann-Whitney test with normal approximation was used. For
gender, anthracycline type, tumor type and radiotherapy involving the heart region, the Fisher exact test
was used. In bold are statistically significant values at p<0.05. aCumulative anthracycline dose in doxorubicin isotoxic equivalent doses. bOther anthracycline type included idarubicin or mitoxantrone.
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6

rs17583889 HNMT

2

19

7

UGT1A6

SLC22A2

rs4261716

rs316019

2

ABCB4

UGT1A6

rs6759892

15

CYP4F11

SLC28A1

rs2290271

13

15

rs1149222

SLC10A2

rs9514091

rs2108623

SLC28A1

rs2305364

13

2

SLC10A2

rs7319981

16

16

1

9

9

Chr

rs17645700 HNMT

ABCC1

FMO2

rs2020870

SPG7

SLC28A3

rs885004

rs2019604

SLC28A3

rs7853758

rs4148350

Gene

SNP rs-ID

Type

138,579,771 intronic

15,878,006 flanking/5’UTR

86,718,426 intronic

138,614,664 flanking/3’UTR

160,640,693 coding
(S270A)

234,375,117 intronic

234,383,669 coding
(S7A)

83,248,639 intronic

102,512,255 intronic

83,253,280 intronic

102,521,723 flanking/5’UTR

88,143,266 intronic

16,077,978 intronic

167,886,617 coding
(D36G)

84,139,104 intronic

84,130,480 coding
(L461L)

Positiona

A/C

G/A

C/A

G/A

A/C

A/C

C/A

C/A

A/G

A/G

A/G

C/A

A/C

G/A

A/G

A/G

Alleleb

0.0020

0.017

0.0071

P-value

0.35 (0.08 - 1.51)

0.29 (0.11 - 0.79)

0.33 (0.13 - 0.80)

OR (95% CI)

3.67 (1.75 - 7.71)

0.72 (0.40 - 1.31)

2.24 (1.18 - 4.24)

0.47 (0.21 - 1.08)

0.19 (0.05 - 0.72)

1.09 (0.60 - 1.97)

1.14 (0.64 - 2.06)

0.78 (0.43 - 1.42)

0.22 (0.08 - 0.63)

1.10 (0.63 - 1.94)

0.43 (0.21 - 0.86)

0.25 (0.07 - 0.88)

0.49 (0.28 - 0.87)

1.57 (0.82 - 3.00)

0.43 (0.19 - 0.98)

0.55 (0.23 - 1.29)

2.54 (1.45 - 4.45)

2.52 (1.44 - 4.42)

0.44 (0.25 - 0.79)

0.71 (0.31 - 1.59)

2.49 (1.43 - 4.35)

0.55 (0.29 - 1.04)

0.49 (0.21 - 1.12)

0.00034 1.14 (0.60 - 2.18)

0.27

0.0121

0.059

0.0044

0.78

0.66

0.42

0.0010

0.74

0.010

0.011

0.69

0.012

0.17

0.031

0.15

0.00079

0.00093

0.0038

0.39

0.00081

0.061

0.071

0.45

0.10

0.0057

0.0072

0.26

0.34

0.31

0.12

0.06

0.46

0.46

0.29

0.12

0.51

0.26

0.07

0.10

0.01

0.06

0.08

0.15

0.46

0.22

0.19

0.14

0.34

0.34

0.40

0.21

0.40

0.36

0.17

0.04

0.08

0.17

0.20

P-value

1.91 (1.21 - 3.02)

0.57 (0.38 - 0.86)

1.87 (1.20 - 2.92)

0.46 (0.26 - 0.82)

0.40 (0.20 - 0.81)

1.76 (1.19 - 2.59)

1.77 (1.20 - 2.61)

0.56 (0.37 - 0.83)

0.43 (0.23 - 0.78)

1.76 (1.20 - 2.58)

0.51 (0.32 - 0.81)

0.39 (0.20 - 0.76)

3.44 (1.65 - 7.15)

0.0057

0.0055

0.0054

0.0053

0.0049

0.0043

0.0038

0.0035

0.0033

0.0033

0.0029

0.0021

0.0012

0.14 (0.03 - 0.59) 0.00042

0.31 (0.15 - 0.62) 0.00021

0.31 (0.16 - 0.60) 0.00010

OR (95% CI)

Combined (n=344)

P-value Cardiotox. Controls
MAF
MAF

Replication (n=188)

11.86 (3.37 - 41.76) 0.000028 1.52 (0.52 - 4.48)

0.05 (0.00 - 0.91)

0.33 (0.12 - 0.91)

0.29 (0.11 - 0.81)

OR (95% CI)

Discovery (n=156)

Supplemental Table 2. Genetic variants associated with anthracycline-induced cardiotoxicity at P<0.01 in combined Canadian cohort
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2

1

rs17863783 UGT1A6

rs1736557

ABCB4

rs4148808

7

7

9

Type

86,750,446 flanking/5’UTR

84,175,971 intronic

86,783,183 intronic

100,690,445 flanking/3’UTR

53,784,046 intronic

167,811,738 coding
(V257M)

234,384,277 coding
(V209V)

Positiona

A/G

A/C

C/A

G/A

A/C

A/G

A/C

Alleleb

1.65 (0.85 - 3.18)

0.70 (0.40 - 1.23)

4.03 (1.32 - 12.33)

2.01 (1.02 - 3.97)

0.35 (0.17 - 0.72)

0.29 (0.08 - 1.06)

4.09 (1.03 - 16.17)

0.14

0.21

0.011

0.041

0.0019

0.029

0.040

P-value

Discovery (n=156)
OR (95% CI)

2.02 (1.02 - 4.01)

0.52 (0.29 - 0.93)

2.56 (0.72 - 9.03)

1.78 (0.93 - 3.39)

0.72 (0.38 - 1.36)

0.38 (0.10 - 1.40)

3.96 (0.92 - 17.02)

0.046

0.022

0.15

0.084

0.30

0.11

0.075

0.28

0.38

0.10

0.32

0.22

0.04

0.07

0.18

0.49

0.05

0.21

0.32

0.10

0.02

1.86 (1.17 - 2.96)

0.60 (0.41 - 0.89)

2.92 (1.31 - 6.49)

1.86 (1.18 - 2.93)

0.54 (0.34 - 0.86)

0.33 (0.13 - 0.81)

3.68 (1.45 - 9.30)

OR (95% CI)

Combined (n=344)

P-value Cardiotox. Controls
MAF
MAF

Replication (n=188)
OR (95% CI)

0.0093

0.0092

0.0087

0.0072

0.0071

0.0060

0.0059

P-value

Single marker logistic regression models in discovery, replication and combined Canadian cohorts included important clinical covariates and first two principal components using an additive genetic model. Odds ratios are per copy of the minor allele. aChromosome positions based on NCBI Build 35; bSNP alleles assayed; minor allele is
mentioned first; P-values in bold are significant after multiple testing correction in combined cohort; OR, Odds Ratio; CI, Confidence Interval; MAF, minor allele frequency

ABCB1

SLC28A3

rs4877847

4

ADH7

rs729147

rs2235047

19

rs10426377 SULT2B1

FMO3

Chr

Gene

SNP rs-ID

Supplemental Table 2. (continued)
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Supplemental Table 3. AUCs of different models in CPNDS discovery and replication cohort
AUC (95% CI)
Model

Discovery

Replication

Clinical only

0.71 (0.61 - 0.80)

0.65 (0.56 - 0.75)

SNPs only

0.86 (0.80 - 0.92)

0.77 (0.69 - 0.85)

Multi-marker (incl. clin.)

0.91 (0.85 - 0.96)

0.83 (0.75 - 0.90)

AUCs for all three models in each cohort. The clinical only model includes age at start of treatment, cumulative dose, gender, radiation therapy involving the heart region, and the first two principal components for
ethnicity. The multi-marker model includes the clinical variables as well as the 9 SNPs (Table 2), while the
SNP-only model contains just the 9 SNPs. AUC, Area Under the Curve; CI, Confidence Interval
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Abstract
Background: The use of anthracyclines as effective antineoplastic drugs is limited by
the occurrence of cardiotoxicity. Multiple genetic variants predictive of anthracyclineinduced cardiotoxicity (ACT) in children were recently identified. The current study was
aimed to assess replication of these findings in an independent cohort of children.
Procedure: Twenty-three variants were tested for association with ACT in an independent cohort of 218 patients. Predictive models including genetic and clinical risk factors
were constructed in the original cohort and assessed in the current replication cohort.
Results: We confirmed the association of rs17863783 in UGT1A6 and ACT in the replication
cohort (P=0.0062, odds ratio (OR) 7.98). Additional evidence for association of rs7853758
(P=0.058, OR 0.46) and rs885004 (P=0.058, OR 0.42) in SLC28A3 was found (combined
P=1.6x10−5 and P=3.0x10−5, respectively). A previously constructed prediction model did
not significantly improve risk prediction in the replication cohort over clinical factors
alone. However, an improved prediction model constructed using replicated genetic
variants as well as clinical factors discriminated significantly better between cases and
controls than clinical factors alone in both original (AUC 0.77 vs. 0.68, P=0.0031) and
replication cohort (AUC 0.77 vs. 0.69, P=0.060).
Conclusions: We validated genetic variants in two genes predictive of ACT in an independent cohort. A prediction model combining replicated genetic variants as well
as clinical risk factors might be able to identify high and low-risk patients who could
benefit from alternative treatment options.

Validation of SLC28A3 and UGT1A6 variants associated with ACT

Introduction
Improvements in the treatment of childhood cancer have considerably improved
survival rates over the last several decades to over 80% today.1 However, this has been
accompanied by the occurrence of many long-term treatment-related complications resulting in substantial morbidity and mortality.2,3 In particular, childhood cancer survivors
are at risk for cardiovascular complications with an 8-fold increase in mortality due to
cardiovascular disease4 and a 6-fold increased risk of congestive heart failure.5 Treatment
with anthracyclines is one of the main causes of this increased cardiovascular risk and
cardiac dysfunction.5,6
Anthracycline-induced cardiotoxicity (ACT) can manifest as either asymptomatic echocardiographic abnormalities which can be progressive or as clinical heart failure requiring
treatment.7-11 Many clinical risk factors for ACT have been identified, most notably higher
cumulative anthracycline doses and concomitant cardiac irradiation.6-13 More recently
however, it has become apparent that genetic factors also play an important role.14-18
Further identification of these genetic risk factors might allow for better stratification of
patients at low and high risk for ACT and lead to improved treatment and monitoring
options and increased safety of cancer therapy without compromising survival.
We recently identified a highly significant association of a genetic variant (rs7853758)
in SLC28A3 with ACT in children treated for a variety of malignancies.18 We also found
additional evidence for association with several other genes involved in drug absorption, distribution, metabolism and elimination.18 Combining these multiple variants with
clinical risk factors in a predictive model allowed for improved classification of patients
at risk for ACT over clinical factors alone.18
In order to assess the relevance of these findings, additional studies in independent
cohorts are necessary. In the current study, we assessed replication of these genetic
findings in an independent cohort to validate and improve the risk prediction model.

Methods
Samples
Study participants were recruited through the Canadian Pharmacogenomics Network
for Drug Safety (CPNDS), a multicenter active surveillance consortium studying adverse
drug reactions in children.19 The replication cohort used in this study (n=218) consisted
of a new Canadian-CPNDS cohort (n=90) that was recruited from pediatric oncology
units and long-term follow-up clinics across Canada between February 2010 and April
2011 and a Dutch-EKZ cohort (n=128) that was recruited at the Emma Children’s Hospital/
Academic Medical Centre in Amsterdam, the Netherlands, between July 2009 and April
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2011.6 Part of the Dutch-EKZ cohort (n=96) was used previously to replicate one SNP
(rs7853758).18 The new Canadian-CPNDS and Dutch-EKZ cohorts were analyzed together
as “replication cohort” to have sufficient power to replicate previous associations and to
test the prediction models (see below).
The two Canadian cohorts (discovery and replication) from the original publication18
were combined as “original cohort” (n=344) and used to select the SNPs for replication,
and training of the prediction models (see below). Study cohorts consisted of patients
who developed cardiotoxicity during or after treatment with anthracyclines for childhood cancer (cases) and patients who received anthracyclines but did not show cardiotoxicity (controls). In the Dutch-EKZ cohort cases and controls were matched for age at
start of treatment, gender and cumulative dose where possible and follow-up time in
controls was matched with time to first available echocardiogram showing cardiotoxicity in cases.
ACT was defined based on CTCAEv3 (Common Terminology Criteria for Adverse
Events)20 as early- or late-onset left ventricular dysfunction measured by echocardiogram (shortening fraction, SF) and/or symptoms requiring intervention. Echocardiogram
results were obtained through chart review and were not blinded to treatment status.
We used a more stringent threshold of SF≤26% at any time during or after anthracycline
therapy to better differentiate between cardiotoxicity cases and controls and to reduce
the potential effect of intra-observer and inter-observer variability in echocardiographic
readings. To exclude transient acute cardiotoxicity, echocardiograms obtained <21 days
after a dose of anthracyclines were excluded. Control patients were required to have
normal echocardiograms (SF≥30%) during and after therapy, with a follow-up of >5
years after completion of anthracycline therapy. Doxorubicin equivalents were used to
calculate cumulative anthracycline doses.21 After reviewing new additional radiotherapy
data from the Dutch-EKZ cohort, two cases were reclassified as not having received
cardiac irradiation and one case and one control were reclassified as having received
cardiac irradiation.18
Each subject or their parents or legal guardians provided written informed consent
or assent. The ethics committees of all participating universities and hospitals approved
this study.

Genotyping
Twenty-three SNPs were selected that previously showed evidence of association
(P<0.01) with ACT.18 Genomic DNA was extracted from blood, saliva or buccal swabs
using the QIAamp DNA purification system (Qiagen, Canada). DNA samples were
genotyped using a custom 96-plex Illumina Veracode GoldenGate SNP genotyping
assay according to manufacturer’s instructions (Illumina, San Diego, USA). This assay
included an additional 63 non-study SNPs used for quality control purposes only. All SNP
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genotypes were manually clustered using Illumina GenomeStudio software. One SNP
in FMO2 (rs2020870) could not be reliably clustered and was therefore removed from
further analyses. Two non-study SNPs with a SNP call rate of <95% were also removed.
Sixteen samples (2 cases and 14 controls) with a call rate of <95% were removed. The
remaining 202 samples had an average call rate of 99.7%. The 22 remaining study SNPs
had a call rate of >98% (mean 99.7%) and were in Hardy-Weinberg equilibrium (P>0.05).

Statistical analysis
We calculated a priori to have 61-92% (mean 72%) statistical power to detect an association based on previous effect sizes and allele frequencies and a two-sided type I error
rate of 0.05 using QUANTO v1.2.4.22
Clinical variables in cases and controls were compared using Fisher’s exact test for
proportional variables and Wilcoxon-Mann-Whitney rank-sum test for continuous variables. Hardy-Weinberg Equilibrium of polymorphisms was tested using Fisher’s Exact
test in controls. The primary association test was a single SNP test assuming an additive
genetic model using logistic regression with cumulative anthracycline dose, age at
start of treatment, gender and radiation therapy to the heart included as covariates. As
we had previously noted an effect of SLC28A3 rs7853758 only in patients who received
doxorubicin and/or daunorubicin,18 we decided a priori to conduct our primary analysis
in the 192 (out of 218) patients who received doxorubicin and/or daunorubicin – of these,
177 were successfully genotyped. We also combined the original cohort18 and the current
replication cohort to show overall significance.
Exploratory, secondary association tests were stratified analyses in the overall combined cohort. These analyses were stratified by clinical variables and included the other
clinical variables that were not used to stratify as covariates (e.g. stratification by agegroup did not include age as a covariate). For continuous variables, the median was used
to define the subgroups. Heterogeneity between groups was assessed using Cochran’s
Q-statistic. A p-value of <0.05 was considered to be statistically significant.
Multivariate logistic regression models including multiple genetic variants and/or
clinical variables were trained in the original cohort18 and tested in the current replication cohort (Dutch-EKZ and Canadian-CPNDS patients combined). Risk scores were
calculated by the sum of each variable multiplied with its estimated beta (log odds
ratio) from the training cohort. The previous full model was constructed using step-wise
regression with forward selection, where 9 out of the 23 SNPs with P<0.01 were retained
in the final model.18 In the replication cohort rs2020870 failed genotyping. The contribution of this SNP to the risk score could therefore not be calculated for this SNP and was
set at zero.
The revised model was constructed to include the SNPs that showed an effect in the
same direction in the current replication cohort and that were more statistically sig-
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nificant in the combined analysis than before (6 out of the 23 SNPs) as well as the same
clinical variables. One SNP in SLC28A3 (rs885004) was not included in this model as it was
in high linkage disequilibrium (LD) (r2=0.83) with another SNP (rs7853758) as previously
shown.18 Models were assessed by constructing Receiver Operating Characteristic (ROC)
curves and calculating the c-statistic (Area Under the Curve - AUC) using the risk scores
from the model and the actual value (case or control).
Statistical analyses were conducted using SNP and Variation Suite 7.4.5 (Golden Helix,
Bozeman, USA) and R 2.13.0 (R Development Core Team).

Results
Patient characteristics
Patient baseline characteristics are provided in Table 1 for the Dutch-EKZ and CanadianCPNDS cohort separately. Cumulative anthracycline doses were significantly different
between cases and controls in both cohorts (P=0.0071 and P=0.00017, respectively) –
particularly in the Canadian cohort in which all cases received a higher dose than the
median dose in controls. In addition, controls were significantly younger in the Canadian
cohort (P=0.013). Furthermore, there were more acute myeloid leukemia among Canadian cases (P=0.0069), although the overall numbers were low. Finally, follow-up was
significantly longer in cases in the Dutch-EKZ cohort (P=0.012).

Genetic results
We confirmed the previous association between rs17863783 in UGT1A6 and ACT
(P=0.0062; odds ratio (OR) 7.98; Table 2). Furthermore, two SNPs in SLC28A3 (rs7853758
and rs885004) and one in SULT2B1 (rs10426377) were close to being significantly associated in the replication cohort (P=0.058, P=0.058 and P=0.054, respectively). As 96 of the
Dutch-EKZ samples were used previously to replicate rs7853758,18 we also performed the
analysis in a smaller cohort without these patients, which, while underpowered, showed
a similar, though not statistically significant result (OR 0.25; P=0.16). The two SLC28A3
SNPs were also significantly associated with ACT in a combined analysis of the original
and replication cohort after applying the same threshold for multiple testing as previously defined (P<1.5x10−4),18 while rs17863783 showed a trend (Pcorrected=0.078). In total, 16
out of 22 SNPs showed an effect in the same direction, which is significantly higher than
expected by chance alone (P=0.026). Six SNPs were also more statistically significant in
all cohorts combined than in the original cohort. Including patients who did not receive
doxorubicin or daunorubicin, but received other anthracyclines instead, yielded similar,
though slightly less significant results (Supplemental Table 1).
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Table 1. Subject demographics replication cohorts
Dutch-EKZ (n=128)
Cardiotoxicity
(n=44)

Controls
(n=84)

Canadian-CPNDS (n=90)
P-value Cardiotoxicity
(n=12)

Controls
(n=78)

P-value

Agea in yrs, median (range)

9.1(0.5-16.8)

11.2(1.8-17.7) 0.30

12.6(0.9-17.0) 4.9(0.5-16.0) 0.013

Gender, no. female (%)

21(48%)

40(48%)

1.00

4(33%)

360(100-720)

280(50-720)

0.0071 300(175-550)

150(50-540) 0.00017

	Doxorubicin

28(64%)

46(55%)

0.35

7(58%)

59(76%)

0.29

	Daunorubicin

2(5%)

6(7%)

0.71

2(17%)

9(12%)

0.64

	Doxorubicin plus
daunorubicin

2(5%)

6(7%)

0.71

1(8%)

7(9%)

1.00

	Doxorubicin plus other

3(7%)

8(10%)

0.75

0(0%)

1(1%)

1.00

	Daunorubicin plus other

0(0%)

1(1%)

1.00

2(17%)

2(3%)

0.08

	Doxorubicin, daunorubicin
plus other

0(0%)

0(0%)

1.00

0(0%)

0(0%)

1.00

	Epirubicin

6(14%)

14(17%)

0.80

0(0%)

0(0%)

1.00

	Epirubicin plus other

3(7%)

2(2%)

0.34

0(0%)

0(0%)

1.00

	Other

0(0%)

1(1%)

1.00

0(0%)

0(0%)

1.00

	Acute Lymphoblastic
Leukemia

10(23%)

14(17%)

0.48

3(25%)

29(37%)

0.53

	Acute Myelogenous
Leukemia

0(0%)

7(8%)

0.09

3(25%)

1(1%)

0.0069

	Other Leukemia

0(0%)

1(1%)

1.00

1(8%)

2(3%)

0.35

	Hodgkin Lymphoma

4(9%)

10(12%)

0.77

0(0%)

9(12%)

0.60

	Non-Hodgkin Lymphoma

10(23%)

19(23%)

1.00

0(0%)

7(9%)

0.59

	Osteosarcoma

3(7%)

11(13%)

0.38

0(0%)

2(3%)

1.00

	Rhabdomyosarcoma

4(9%)

4(5%)

0.45

0(0%)

3(4%)

1.00

	Ewing sarcoma

6(14%)

5(6%)

0.19

1(8%)

2(3%)

0.35

	Other sarcoma

2(5%)

1(1%)

0.27

0(0%)

0(0%)

1.00

	Nephroblastoma

3(7%)

11(13%)

0.38

3(25%)

12(15%)

0.41

	Hepatoblastoma

0(0%)

0(0%)

1.00

1(8%)

1(1%)

0.25

	Neuroblastoma

0(0%)

0(0%)

1.00

0(0%)

10(13%)

0.35

	Carcinoma

2(5%)

0(0%)

0.12

0(0%)

0(0%)

1.00

	Germ Cell Tumor

0(0%)

1(1%)

1.00

0(0%)

0(0%)

1.00

Radiotherapy involving heart,
no. (%)

9(20%)

19(23%)

0.83

4(33%)

18(23%)

0.48

Follow-up in yrs, median (range)

21.3(7.4-28.5) 16.8(5.0-31.6) 0.012

6.8(0.4-27.2)

7.4(5.0-23.1) 0.81

b

2

Dose in mg/m , median (range)

47(60%)

0.12

Anthracycline typec, no. (%)

Tumor type, no. (%)

Patient characteristics for Dutch-EKZ and Canadian-CPNDS replication cohort separately. For age, dose and
follow-up, Wilcoxon-Mann-Whitney test with normal approximation was used. For gender, anthracycline
type, tumor type and radiotherapy involving the heart region, Fisher exact test was used. In bold are statistically significant values at p<0.05. aAge at start of treatment, bCumulative anthracycline dose in doxorubicin
isotoxic equivalent doses. cOther anthracycline type included idarubicin, epirubicin or mitoxantrone.
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FMO3

SPG7

SLC10A2

UGT1A6

UGT1A6

ABCB1

SLC28A3

ADH7

ABCB4

CYP4F11

SLC22A2

rs1736557

rs2019604

rs7319981

rs4261716

rs6759892

rs2235047

rs4877847

rs729147

rs1149222

rs2108623

rs316019

A/C

G/A

C/A

G/A

A/C

C/A

C/A

A/C

A/G

C/A

A/G

C/A

A/C

A/G

A/G

G/A

A/C

A/C

A/G

0.40(0.20-0.81)

0.57(0.38-0.86)

1.87(1.20-2.92)

1.86(1.18-2.93)

0.60(0.41-0.89)

2.92(1.31-6.49)

1.77(1.20-2.61)

1.76(1.19-2.59)

0.51(0.32-0.81)

0.39(0.20-0.76)

0.33(0.13-0.81)

0.56(0.37-0.83)

1.91(1.21-3.02)

1.86(1.17-2.96)

0.43(0.23-0.78)

0.46(0.26-0.82)

3.44(1.65-7.15)

1.76(1.20-2.58)

0.54(0.34-0.86)

3.68(1.45-9.30)

0.31(0.15-0.62)

0.31(0.16-0.60)

OR (95%CI)

0.0049

0.0055

0.0054

0.0072

0.0092

0.0087

0.0038

0.0043

0.0029

0.0021

0.0060

0.0035

0.0057

0.0093

0.0033

0.0053

0.0012

0.0033

0.0071

0.0059

1.90(0.89-4.05)

1.17(0.68-1.99)

0.89(0.49-1.61)

0.94(0.50-1.74)

1.06(0.61-1.84)

1.34(0.51-3.49)

0.99(0.58-1.69)

1.02(0.60-1.74)

0.93(0.54-1.59)

0.84(0.39-1.80)

0.67(0.25-1.79)

0.80(0.46-1.39)

1.26(0.65-2.46)

1.41(0.72-2.77)

0.77(0.41-1.46)

0.70(0.36-1.36)

1.29(0.48-3.47)

1.48(0.88-2.51)

0.52(0.26-1.04)

7.98(1.85-34.4)

0.42(0.16-1.10)

−4

2.1x10

0.46(0.20-1.08)

OR (95%CI)

0.10

0.57

0.69

0.83

0.83

0.56+

0.96

0.93+

0.78+

0.64+

0.41+

0.43+

0.50+

0.33+

0.42+

0.29+

0.61+

0.14+

0.054+

0.0062+

0.058+

0.058+

P-value

Replication cohort (n=177)
46 cases, 131 controls

1.0x10−4

P-value

Original cohort (n=344)
78 cases, 266 controls

0.75(0.46-1.21)

0.77(0.57-1.04)

1.36(0.97-1.90)

1.43(1.02-2.01)

0.73(0.54-0.98)

1.79(1.05-3.04)

1.43(1.05-1.94)

1.44(1.06-1.95)

0.66(0.47-0.93)

0.56(0.35-0.90)

0.47(0.25-0.87)

0.66(0.48-0.91)

1.67(1.15-2.41)

1.67(1.15-2.43)

0.57(0.38-0.87)

0.56(0.37-0.86)

2.40(1.33-4.33)

1.60(1.18-2.17)

0.56(0.38-0.81)

4.30(1.97-9.36)

0.34(0.20-0.60)

0.36(0.22-0.60)

OR (95%CI)

0.23

0.084

0.075

0.041

0.037

0.036

0.022

0.018

0.016

0.012

0.011

0.0098

0.0073

0.0072*

0.0063

0.0054

0.0040

0.0020*

0.0015*

2.4x10−4*

3.0x10−5*

1.6x10−5*

P-value

Combined (n=521)
124 cases, 397 controls

Results from original cohort compared to replication cohort and all cohorts combined. In the replication cohort, only patients that received doxorubicin and/or daunorubicin were included. ORs are per copy of minor allele. Plus (+) sign indicates result in same direction in replication cohort. Star (*) sign indicates result more significant in
combined cohort than in original cohort.18 aSNP alleles assayed; minor allele mentioned first; P-values in bold are significant after multiple testing correction in combined
cohort; SNP, Single Nucleotide Polymorphism; OR, Odds Ratio; CI, Confidence Interval.

HNMT

SLC28A1

rs17583889

rs2290271

SLC10A2

ABCB4

rs9514091

rs4148808

18

A/C

rs2305364

ABCC1

SULT2B1

SLC28A1

rs10426377

HNMT

UGT1A6

rs17863783

rs4148350

SLC28A3

rs885004

rs17645700

A/G

SLC28A3

rs7853758

A/G

Gene

SNP rs-ID

Allelea

Table 2. Association between SNPs and anthracycline-induced cardiotoxicity
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Table 3. Association between SNPs and anthracycline-induced cardiotoxicity by gender
SNP rs-ID

Gene

Female (n=248)
59 cases,189 controls

rs1149222

ABCB4

2.18(1.31-3.60)

0.0024

0.89(0.56-1.44)

rs4148808

ABCB4

2.53(1.47-4.36)

6.7x10−4

rs10426377

SULT2B1

0.82(0.50-1.34)

0.42

OR (95%CI)

Male (n=273)
65 cases,208 controls

P-value

OR (95%CI)

Phet-value

P-value
0.65

0.012

1.07(0.62-1.85)

0.81

0.028

0.35(0.20-0.64)

2.1x10−4

0.033

Results from all cohorts combined. ORs are per copy of minor allele. Only statistically significant values at
Phet<0.05 are shown. SNP, Single Nucleotide Polymorphism; OR, Odds Ratio; CI, Confidence Interval; Phet,
P-value for heterogeneity

We assessed whether our definition of cardiotoxicity using a threshold of SF≤26%
influenced our results by performing a subgroup analysis of patients with more severe
cardiotoxicity (SF<24% or symptoms, CTCAE grade 2-4). Again, similar results were
obtained with comparable effect sizes (Supplemental Table 2). Interestingly, in the combined cohort of severe cardiotoxicity, UGT1A6 rs17863783 now was significantly associated with ACT after correcting for multiple testing (P=1.1x10−4; OR 6.22; Pcorrected=0.036).
Next, we explored whether the effects of these variants were influenced by gender,
age at start of treatment or cumulative anthracycline dose (effect-size heterogeneity)
which could explain some of the differences in susceptibility to ACT. In females, two
variants in ABCB4 (rs4148808 and rs1149222) were associated with increased risk for ACT,
while these variants had no effect in males (Table 3) which was significantly different
(Phet=0.028 and Phet=0.012, respectively). Conversely, SULT2B1 variant rs10426377 only had
an effect in males, but not in females (Phet=0.033). None of the other variants showed
significant gender-specific effects (Phet>0.05). Similarly, in younger children (<5.3 years),
HNMT variant rs17583889 was associated with increased ACT, while this effect was not
detected in older children (Phet=0.0022; Table 4). A similar pattern was observed for
rs316019 in SLC22A2 (Phet=0.016), though this SNP did not replicate in the current replication cohort (Table 2). No statistically significant different effect-sizes were detected for
any genetic variant between higher and lower cumulative dose groups (Phet>0.05).
Previously, we created a risk prediction model that incorporated multiple genetic
variants as well as clinical risk factors.18 To assess the ability of this model to discriminate
between cases and controls, we applied this model to the current replication cohort and
performed ROC analyses (Table 5). This model did not significantly improve prediction
over clinical factors alone, which is not surprising as several SNPs included in the previous
model did not replicate. We therefore revised the previous model to include only SNPs
that replicated in the same direction and were more significant in the combined cohort
(Table 2). The revised model, that included 5 SNPs (rs7853758, rs17863783, rs10426377,
rs2305364 and rs4148808) and clinical variables, was trained in the original cohort and
then tested in the current replication cohort. In the training set, the full (clinical plus
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Table 4. Association between SNPs and anthracycline-induced cardiotoxicity by age-group
SNP rs-ID

Gene

<5.3 years (n=257)
45 cases,212 controls

rs17583889

HNMT

3.53(1.79-6.93)

2.5x10−4

1.13(0.72-1.79)

0.59

0.0022

rs316019

SLC22A2

0.16(0.03-0.71)

0.0021

1.16(0.68-2.00)

0.59

0.016

OR (95%CI)

≥5.3 years (n=264)
79 cases,185 controls

P-value

OR (95%CI)

P-value

Phet-value

Results from all cohorts combined. ORs are per copy of minor allele. Only statistically significant values at
Phet <0.05 are shown. SNP, Single Nucleotide Polymorphism; OR, Odds Ratio; CI, Confidence Interval; Phet,
P-value for heterogeneity
Table 5. AUCs of different models in training and test sets
AUC (95%CI)
Model

Training set
Original cohort

Test set
Replication cohort

0.68(0.61-0.74)

0.67(0.58-0.75)

Previous model
Clinical only
Genetic only (9 SNPs)

0.81(0.76-0.87)

0.57(0.47-0.67)

0.87(0.82-0.91)

0.67(0.58-0.76)

Clinical only

0.68(0.62-0.75)

0.69(0.61-0.77)

Genetic only (5 SNPs)

0.71(0.65-0.78)

0.65(0.56-0.74)

0.77(0.71-0.83)

0.77(0.69-0.85)

Full (clinical + genetic)
Revised model

Full (clinical + genetic)

AUCs for different models in training set (original cohort)18 and test set (replication cohort). Clinical-only
model includes age at start of treatment, cumulative dose, gender, radiation therapy involving the heart
region. Full model includes clinical variables as well as genetic variants, while genetic-only model contains
only SNPs. AUC, Area Under the Curve; CI, Confidence Interval; SNP, Single Nucleotide Polymorphism

genetic) revised model performed better than the clinical-only model (AUC 0.77 versus
0.68; P=0.0031; Table 5). In the test set (current replication cohort), similar metrics were
obtained with the full model discriminating better between cases and controls than the
clinical-only model (AUC 0.77 versus 0.69) which was close to being significant (P=0.060).

Discussion
In this study, we demonstrated replication of several genetic variants associated with
anthracycline-induced cardiotoxicity in an independent cohort of patients treated
for childhood cancer. Several SNPs included in the previously constructed prediction
model did not replicate, thereby limiting the utility of this model. However, an optimized
model, constructed using replicated variants and clinical risk factors, did discriminate
better between cases and controls than clinical risk factors alone in both the original
training cohort as well as the replication cohort.
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The most significantly replicated SNP in this study was rs17863783, a synonymous
variant (Val209Val) in UDP glucuronosyltransferase 1A6 (UGT1A6), which is known to
glucuronidate several different substrates.23 This variant tags a specific haplotype (*4)
that has been shown to have altered enzyme activity,23 although this effect might be
substrate specific.24 In contrast, we were unable to replicate two other variants in UGT1A6
(rs6759892 and rs4261716). Variant rs6759892, which is in high LD with rs4261716, also
occurs on haplotype *4 as well as on other haplotypes (e.g. *2 and *3).23 Lack of replication of rs6759892 might suggest that only *4 has an effect on ACT, while the others do
not, or only to a smaller extent. Even though the doxorubicin and daunorubicin parent
compounds are likely not glucuronidated, it has been shown that certain metabolites do
undergo glucuronidation.25 Thus altered glucuronidation might lead to accumulation of
toxic anthracycline metabolites. Similarly, the replication of rs10426377 in sulfotransferase 2B1 (SULT2B1), which catalyzes the sulfate conjugation of many compounds,26 might
be explained by altered sulfonation of anthracycline metabolites.25
Previously, we showed the highly significant association of rs7853758 in SLC28A3 with
ACT and further replication in a subset of the Dutch-EKZ cohort used in this study.18
Here, we further substantiated this finding as well as that of another SNP in SLC28A3
(rs885004) in an extended cohort. In addition, we now found additional, although
not statistically significant, evidence for association of rs2305364 in SLC28A1, which is
structurally similar to SLC28A3 and has substantial substrate overlap.27 Both SLC28A
genes encode for concentrative nucleoside transporters, which, in HL60 cells, a cultured
human leukemia cell line, can transport several anthracyclines including doxorubicin,
but not daunorubicin into cells.28
Interestingly, we found evidence for association of two variants in the ATP-binding cassette transporter B4 (ABCB4) in females only. ABC-transporters such as ABCB4 are known
to efflux a variety of drugs including anthracyclines.29 Reduced function or expression
will lead to intracellular accumulation of anthracyclines. The strongest associated variant in ABCB4 (rs4148808) is located in the promoter region of the gene,30 potentially affecting expression. Female sex hormones likely reduce the expression of ABCB4 as well,
as women with heterozygous mutations in ABCB4 can develop intrahepatic cholestasis
during pregnancy when such hormones are high,31 providing an explanation why an
association was only seen in females.
Similarly, the effect of SULT2B1 rs10426377 was observed in males only. While no
differences in SULT2B1 expression were found between male and female mice,32 they
do respond differently in SULT2B1 upregulation after treatment with certain enzyme
inducers.33
Finally, we noticed an effect of rs17583889, and to a lesser extent of rs17645700, in
histamine N-methyltransferase (HNMT) in younger children (<5.3 years) only. HNMT
catalyzes the N-methylation of histamine thereby terminating its activity.34 In an experi-
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mental rat model of hypotension, central inhibition of HNMT, leads to activation of the
histaminergic system and mobilization of compensatory cardiovascular mechanisms.35
HNMT activity gradually increases in both mouse and rat brain after birth and in mouse
kidney the activity is about 60 times higher at maturation then at birth.36 In human
red blood cells HNMT activity is correlated with age with younger age having lower
activities,37 though no children under 5 years were included and no such correlation
was seen in liver or renal samples.38 Nevertheless, in younger patients, in whom activity
may be lower, the effects of variants might therefore have a greater impact. The exact
mechanisms by which these variants affect ACT as well as validation of these potential
heterogeneic effects will require future studies.
Although this study had moderate to high statistical power to replicate the previous
associations, some variants could not be replicated. While this might implicate that
these associations were false-positive, other explanations exist. Our study was powered
to find similar effect sizes, but often effects are smaller in replication studies.39 Even
though we tried to keep the replication cohorts similar to the original cohorts, small
differences might exist, for example in ethnicity, (supportive) treatment or follow-up,
which could potentially lead to non-replication due to different effects of the variants in
specific populations or subgroups.39
In our analyses we corrected for the effects of several important clinical risk factors.
Not unexpectedly, cumulative doses were statistically significant higher in cases compared to controls in both the Dutch-EKZ and CPNDS cohort. Age at start of treatment
was higher in CPNDS cases, whereas younger age is usually considered a risk factor.10
This is likely in part due to our requirement of controls to have at least 5 year follow-up,
selecting for relatively younger controls in the CPNDS cohort.
Population stratification could not be assessed in the current replication cohort as the
number of SNPs included was insufficient to use principal component analysis to assess
population structure.40 However, in the original study cohorts, which were ethnically
very diverse, we calculated the genomic inflation factor to be 1.0 before and after principal component correction, indicating no population stratification and suggesting no or
little influence on the results.18 Nevertheless, it will be important to assess these variants
and associated ACT risk in other ethnically different cohorts where allele frequencies
and LD patterns may be different since the majority of patients included in our study are
of European descent.18,40
Although many clinical risk factors for ACT have been found, reliably predicting who
will develop ACT and who will not, is currently not possible. Our previously constructed
model that included non-replicated variants did not significantly improve risk prediction in the current study cohort. However, our optimized risk prediction model based
on replicated genetic variants and clinical factors significantly improved the ability to
discriminate between cases and controls compared to clinical factors alone (AUC 0.77
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versus AUC 0.69), with similar metrics in the original and replication cohorts. This optimized model will likely be more robust as it was based on results from a larger cohort
than the previous model, and included only replicated or more significantly associated
variants.
Nevertheless, future studies, including prospective studies in children as well as studies in adults will be needed to further validate these findings and to assess the clinical
utility of including genetic variants to inform treatment before use in clinical practice.
Furthermore, additional genetic risk variants might exist that may be uncovered through
even larger studies or studies including more variants such as genome-wide association
studies or sequencing efforts. Adding these variants to our existing model might even
further improve prediction of ACT risk in children, and potentially adults, which could
help to improve the safety of cancer therapy.
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Abstract
Aims: To identify novel variants associated with anthracycline-induced cardiotoxicity
(ACT) in children and to assess these in a genotype-guided risk prediction model.
Patients & Methods: Two cohorts treated for childhood cancer (n=344 and n=218,
respectively) were genotyped for 4,578 SNPs in drug ADME and toxicity genes.
Results: Significant associations were identified in SLC22A17 (rs4982753, P=0.0078) and
SLC22A7 (rs4149178, P=0.0034), that were replicated in the second cohort (P=0.0071 and
P=0.047, respectively). Additional evidence was found for SULT2B1 and several genes related to oxidative stress. Adding the SLC22 variants to a genotype-guided risk prediction
model improved its discriminative ability (AUC 0.78 vs. 0.75 [P=0.029]).
Conclusion: Two novel variants in SLC22A17 and SLC22A7 were significantly associated
with ACT and improved a genotype-guided risk prediction model. This could lead to
better risk stratification of patients who may benefit from alternative treatment, monitoring or preventive measures.

Variants in SLC22A17 and SLC22A7 associated with ACT

Introduction
Anthracycline-induced cardiotoxicity (ACT) is one of the most serious adverse drug
reactions in childhood cancer therapy with potential life-long consequences causing
substantial morbidity and mortality, as well as limiting anthracycline use.1-3 Nevertheless, anthracyclines are widely used – nearly 60% of childhood cancer patients receive
anthracyclines – and anthracyclines have been key in improving cancer survival rates.2
Anthracycline-cardiotoxicity can occur early – during or within one year after therapy
– or late, occurring one or many years after treatment.3 ACT manifests as asymptomatic
subclinical left ventricular dysfunction that is usually diagnosed using echocardiography
in up to 57% of patients. ACT can be progressive4-6 leading to severe clinical heart failure
requiring treatment in up to 16% of patients.2,7-9
Identification of patients at higher risk for ACT is important to allow for risk stratification that can inform treatment and monitoring options. Multiple clinical risk factors for
ACT have been identified, most importantly higher cumulative anthracycline doses and
concomitant cardiac irradiation, with some of these known for decades.2-10 More recently,
several studies have started to unravel the genetic susceptibility to ACT – including in
children – though only few variants have been replicated in independent cohorts.11-17 We
recently identified and replicated genetic variants that are predictive of ACT in SLC28A3
and UGT1A6 and found evidence for association of variants in SULT2B1, SLC28A1 and
ABCB416,17. Combining these variants with clinical risk factors into a risk prediction model
allowed for significantly better discrimination between cases and controls than clinical
factors alone.16,17
Nevertheless, additional genetic susceptibility variants might exist that could further
improve the prediction of ACT. To identify and replicate additional variants predictive
of ACT, we conducted a study using an extended genotyping panel including over
4,500 SNPs in more than 300 genes pre-selected for relevance in pharmacokinetics
and dynamics, including genes relevant for anthracycline transport, metabolism, and
toxicity . We enrolled a large cohort of children treated with anthracyclines with further
replication in an independent cohort of pediatric cancer patients, and assessed whether
the addition of newly identified variants would improve the risk prediction model.

Patients & Methods
Samples
Study participants were recruited through the Canadian Pharmacogenomics Network for
Drug Safety (CPNDS), a multicenter active surveillance and pharmacogenomics research
consortium studying adverse drug reactions in children.18 The discovery cohort (n=344)
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consisted of patients recruited from pediatric oncology units and long-term follow-up
clinics across Canada between February 2005 and January 2010 and comprised of the
two Canadian cohorts combined that were used previously to identify variants associated with ACT.16 The replication cohort (n=218) consisted of additional patients recruited
from across Canada between February 2010 and April 2011 and patients recruited at the
Emma Children’s Hospital/Academic Medical Centre in Amsterdam, the Netherlands, between July 2009 and April 2011.2,6 This replication cohort was used previously to replicate
earlier genetic findings and to validate the prediction model.17
The study cohorts and case-control definitions have been described in detail elsewhere.16,17 In short, ACT cases were defined by early- or late-onset left ventricular dysfunction, during or after anthracycline treatment, on echocardiogram and/or symptoms
requiring intervention based on CTCAEv3 (Common Terminology Criteria for Adverse
Events).19 To better differentiate between cases and controls, a more stringent shortening fraction (SF) threshold of ≤26% was used for cases, while controls were required to
have normal echocardiograms with SF≥30% during and at least 5 years after completion
of anthracycline therapy. Transient acute cardiotoxicity was excluded by using only
echocardiograms obtained ≥21 days after an anthracycline dose. Cumulative anthracycline doses were calculated using doxorubicin equivalents.20
Written informed consent or assent was obtained from each subject or their parents
or legal guardians. The study was approved by the relevant ethics committees of all
participating universities and hospitals.

Genotyping
Genomic DNA was extracted from blood, saliva or buccal swabs using the QIAamp DNA
purification system (Qiagen, Canada). DNA samples were genotyped for 4,536 SNPs using a customized Illumina GoldenGate SNP genotyping assay (Illumina, San Diego, USA),
which was designed to capture the genetic variation of over 300 key drug biotransformation genes (i.e. phase I and II drug metabolism enzymes, drug transporters, drug targets,
drug receptors, transcription factors, ion channels and other specific genes known to
be related to the pathophysiological pathway of ADRs). The pharmacokinetic or ADME
(absorption, distribution, metabolism and elimination)-toxicity panel consisted of functional variants that cause non-synonymous amino-acid changes or could be associated
with changes in enzyme activity or function that have been identified primarily by literature review and from public databases. In addition, tagSNPs were included that were
identified using the ldSelect algorithm to select a maximally informative set of tagSNPs
to assay the candidate genes.21 TagSNP selection was performed using data from phase II
of the International HapMap project that included all four populations (European (CEU),
Han-Chinese (CHB), Japanese (JPT) and Yoruban (YRI)) with a threshold for the linkage
disequilibrium (LD) statistic r2 of 0.8 and a minor allele frequency of >0.05. The current
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SNP panel is an updated version of the panel that was used previously,16,22 which was
extended to include additional genes and further optimized by replacing previously
unsuccessful SNPs with others where possible or by optimizing the design of specific
oligonucleotides.23 In addition, the main SNP panel was supplemented with a custom
96-SNP Illumina Veracode GoldenGate genotyping assay to include both functional and
tagSNPs in genes involved in the metabolism of anthracyclines into alcohol metabolites
(aldo-keto and carbonyl reductases - AKRs and CBRs)13,14,24 as well as other SNPs possibly
related to ACT that were not included in the main panel.
All SNP genotypes were manually clustered using Illumina GenomeStudio software.
Fifty-four SNPs were assayed in duplicate, so a total of 4578 unique SNPs were included.
Furthermore, 374 SNPs that could not be clustered, were non-polymorphic or had a
completion rate of <95% as well as 51 ancestry-informative markers were excluded,
leaving a total of 4153 SNPs for further analysis. The average call rate for the included
SNPs was 99.8%. Concordance between replicate samples (n=34) was >99.9%. Sixteen
samples (3 cases and 13 controls) with a call rate <95% were removed. The remaining 546
samples had an average call rate of 99.8%.

Statistical analysis
Hardy-Weinberg Equilibrium (HWE) tests were conducted using Fisher’s Exact test in controls only. Twenty-nine SNPs had P<1.7x10−5 in the HWE test. These SNPs were marked, but
retained in the analysis. All of the top associated SNPs were in HWE. To reduce possible
false-positive associations due to multiple testing, we applied a tiered analysis to identify
SNPs associated at P<0.01 in the larger discovery cohort that remained associated in the
smaller replication cohort at P<0.05. We also provide p-values for the combined cohort,
We calculated a more conservative overall Bonferroni corrected significance threshold
at P<1.7x10−5 using the effective number of independent tests (MeffG).25 For SNPs not
identified in the tiered analysis, P<0.005 in the combined cohort was considered suggestive evidence. No duplicate or (cryptic) related samples were found by calculating
the average identity-by-state for each subject-pair. Population structure was assessed
by principal component analysis.
Our primary analysis was a case-control association test using logistic regression
assuming an additive genetic model. We included cumulative anthracycline dose, age
at start of treatment, gender and radiation therapy to the heart as important clinical
covariates and the first two principal components to correct for potential population
stratification. As our primary aim was to identify additional variants, we also included
the previously17 validated variants in SLC28A3 (rs7853758) and UGT1A6 (rs17863783) as covariates to adjust for the effect of these variants. The primary analysis was conducted in
patients who received at least doxorubicin and/or daunorubicin as the effect of rs7853758
had previously only been observed in these patients,16 and of these, 520 patients (122
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Replication (n=185)
44 cases, 141 controls

Discovery (n=335)
78 cases, 257 controls

SNPs associated with anthracycline-induced cardiotoxicity in discovery cohort at P<0.01 and validated in replication cohort at P<0.05. Results are from logistic regression
analysis that included important clinical variables as well as the previously validated variants rs7853758 in SLC28A3 and rs17863783 in UGT1A617. Only patients that did
receive doxorubicin and/or daunorubicin were included.
Odds ratios are per copy of the minor allele. aPosition based on NCBI Build 36.3; bRelative to gene of interest; cSNP alleles assayed, minor allele mentioned first; SNP, Single
Nucleotide Polymorphism; OR, Odds Ratio; CI, Confidence Interval.
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SNP rs-ID

Table 1. Discovery and replication of SNPs associated with anthracycline-induced cardiotoxicity
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cases and 398 controls) were successfully genotyped. Haplotypes were inferred using
the expectation-maximization algorithm. Haplotype association tests were done using
logistic regression and included the same covariates.
Multivariate logistic regression models including multiple genetic variants and/or
clinical variables were all trained in the discovery cohort and tested in the replication
cohort as described previously.17 Risk scores were calculated by multiplying each variable with the estimated beta (log odds ratio) from the training cohort. To assess whether
adding the newly identified variants to our previous model – that consisted of 5 SNPs as
well as the clinical variables gender, age, anthracycline dose and radiation to the heart17
– would improve prediction of ACT, we constructed Receiver Operating Characteristic
(ROC) curves and calculated the c-statistic (Area Under the Curve - AUC) using the risk
scores from the model and the actual value (case or control). The AUCs of the different
models were compared using DeLong’s method.
Statistical analyses were conducted using SNP and Variation Suite 7.4.5 (Golden Helix,
Bozeman, USA) and R 2.13.0 (R Development Core Team) with package pROC 1.4.3.26

Results
SLC22A17 and SLC22A7
In a tiered analysis, we identified two novel SNPs, one located in the 3’ region of solute carrier family 22, member 17 (SLC22A17; rs4982753) and another variant in SLC22A7
(rs4149178), that were significantly associated with ACT in the discovery cohort (P=0.0078
and P=0.0034, respectively) and were confirmed in the replication cohort (P=0.0071 and
P=0.047, respectively – Table 1). Both SNPs had similar effect sizes in both the discovery
and replication cohorts with combined odds ratios (OR) of 0.50 (95% CI 0.33-0.75) and
0.45 (95% CI 0.26-0.75) respectively.
Nearly identical results were obtained when also including patients who received
other anthracyclines other than doxorubicin or daunorubicin (combined P=6.7x10−4 and
P=9.4x10−4; OR 0.53 and OR 0.45, respectively). To evaluate whether the effect was specific
to one of the anthracyclines, we performed a subgroup analysis of patients treated only
with doxorubicin (92 cases, 281 controls), which showed similar effect sizes (combined
OR 0.63 (95% CI 0.39-1.00) and 0.45 (95% CI 0.25-0.82) respectively). In daunorubicin only
treated patients, the effects seemed slightly stronger (combined OR 0.34 (95% CI 0.071.66) and 0.22 (95% CI 0.03-1.54, respectively), though sample size was small (12 cases, 44
controls).
Similarly, in a subgroup analysis of patients of only European ancestry (99 cases, 314
controls), as determined by the first two principal components,22 results were similar
for SLC22A17 rs4982753 (combined OR of 0.57; 95% CI 0.37-0.88) and SLC22A7 rs4149178
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Other SNPs associated with anthracycline-induced cardiotoxicity in combined cohort at P<0.005. None of these variants were significant after Bonferroni correction.
Results are from logistic regression analysis that included important clinical variables as well as the previously validated variants rs7853758 in SLC28A3 and rs17863783 in
UGT1A617. The replication cohort included only patients that did receive doxorubicin and/or daunorubicin.
Odds ratios are per copy of the minor allele. aPosition based on NCBI Build 36.3; bRelative to gene of interest; cSNP alleles assayed, minor allele mentioned first; SNP, Single
Nucleotide Polymorphism; UTR, Untranslated Region; OR, Odds Ratio; CI, Confidence Interval.
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(combined OR of 0.45; 95% CI 0.25-0.79) . Finally, in a subgroup analysis of patients (64
cases) with more severe cardiotoxicity (SF<24% or symptoms, CTCAE grade 2-4), the
result for SLC22A7 rs4149178 was comparable (OR 0.49 [95% CI 0.25-0.95]), while the effect
for SLC22A17 rs4982753 was less strong in this analysis [OR 0.73 (95% CI 0.44-1.20)].
Additional variants in both genes were also genotyped. One additional variant in
SLC22A17 (rs11625724) showed a marginal significant association with ACT (P=0.020, OR
1.63 in the combined cohort). To see whether this was due to LD between rs4982753 and
this marker (r2=0.067), we adjusted for the effect of rs4982753 in SLC22A17 in the regression analysis. However, the effect of rs11625724 did not completely disappear (P=0.11,
OR 1.40), suggesting a potentially independent effect of this SNP. Interestingly, two
other SNPs in SLC22A17 (rs12882406 and rs12896494) also became marginal significant
after adjusting for the effect of rs4982753 (P=0.042 and P=0.031; OR 1.52 and OR 0.65,
respectively). Haplotype analysis including these 4 SNPs did not reveal more significant
results (data not shown).

Additional variants
In addition to the variants in SLC22A17 and SLC22A7, suggestive evidence (P<0.005) was
found for association of several other variants with ACT (Table 2). While these variants
were not identified in the tiered analysis, nor significant after Bonferroni correction in
the combined cohort, it is possible that some of these variants are true associations.
The most significant SNP was rs10426628 (combined P=3.2x10−4, OR 1.92), located in
the sulfotransferase 2B1 (SULT2B1) gene. Since an association with another variant in
SULT2B1 (rs10426377) had previously been found and included in the prediction model,17
the analysis was re-run adjusting for the effect of rs10426377. In this analysis, rs10426628
remained associated with ACT (combined P=0.0013, OR 1.80), suggesting an independent effect of this variant. Haplotype analysis revealed that the protective effect of the
minor allele of rs10426377 (A) in carriers of haplotype AG (OR 0.41 [95% CI 0.26-0.66],
P=7.4x10−5) and, to a lesser extent, the risk effect of the minor A-allele of rs10426628
in CA-carriers (OR 2.04 [95% CI 1.38-3.03], P=4.4x10−4) was offset by the other allele in
haplotype AA-carriers (OR 1.50 [95% CI 0.72-3.11], P=0.29 – Table 3).
Interestingly, six (30%) out of the 20 variants with P<0.005 were found in genes related
to oxidative stress or anti-oxidant defense, while variants in these genes comprised only
8.3% of the total SNP panel. This enrichment was statistically significant (Pbionomial=0.0045).
In contrast, we did not find any significant association with variants in the aldo-keto
reductases (AKRs) and carbonyl reductases (CBR) genes (all P>0.01 in combined cohort).
In particular, no association was found with CBR3 rs1056892 (P=0.67, OR 0.93), that was
reported by others to be associated.13,14 In addition, in a subgroup analysis of only patients that received low-to-moderate doses of anthracyclines (<250 mg/m2), similar to
the analysis by Blanco et al.,14 no association was found (P=0.88). Instead of assuming an
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Table 3. SULT2B1 haplotype analysis and anthracycline-induced cardiotoxicity
Haplotype

Combined (n=520)
122 cases, 398 controls
Freq. cases

Freq. controls

OR (95% CI)

P-value

rs10426377-A

rs10426628-G

0.14

0.25

0.41 (0.26-0.66)

7.4 x10−5

rs10426377-C

rs10426628-A

0.26

0.17

2.04 (1.38-3.03)

4.4 x10−4

rs10426377-A

rs10426628-A

0.07

0.06

1.50 (0.72-3.11)

0.29

rs10426377-C

rs10426628-G

0.53

0.52

0.97 (0.68-1.37)

0.85

Haplotype analysis of variants rs10426377 and rs10426628 in SULT2B1. Protection of rs10426377-A is offset by
risk of rs10426628-A in AA-carriers and vice versa. Haplotypes were inferred by EM-algorithm. Results are
from logistic regression including clinical covariates. Odds ratios are per copy of the haplotype compared to
all other haplotypes. Freq., haplotype frequency; OR, Odds Ratio; CI, Confidence Interval.

additive model, we also compared the GG-genotypes versus GA or AA combined, but
again, we did not detect an association with this variant (P=0.52, OR 1.16), also not in the
low-to-moderate dose group (P=0.77 OR 1.12).
We also directly genotyped the G671V variant (rs45511401) in ABCC1,11 but while a
marginal association was found in the discovery cohort (P=0.037, OR 2.47), this was not
confirmed in the replication cohort (P=0.62, OR 1.28; combined P=0.07, OR 1.78).

Predictive model
Next, we assessed whether adding the newly identified and replicated variants in
SLC22A17 and SLC22A7 to the risk prediction model that was previously created,17 would

Table 4. Comparison of different predictive models
Model

Discovery
(n=335)

Replication
(n=185)

Combined (n=520)
P-value

AUC

95% CI

AUC

95% CI

AUC

95% CI

vs. Clin-only vs. Clin+5SNPs

Clinical only

0.68 (0.61-0.75)

0.66

(0.58-0.75) 0.68 (0.62-0.73)

--

--

Clinical + 5 SNPs
(Previous model)

0.76 (0.70-0.82)

0.74

(0.66-0.82) 0.76 (0.71-0.80)

6.8 x10−4

--

Previous + SLC22A17

0.77 (0.72-0.83)

0.75

(0.67-0.83) 0.77 (0.72-0.81)

1.9 x10−4

0.16

Previous + SLC22A17
+ SLC22A7

0.79 (0.74-0.85)

0.76

(0.68-0.83) 0.78 (0.74-0.83)

1.7 x10−5

0.029

Comparison of different models that were trained in the discovery and then tested in the replication cohort. P-values calculated for the combined cohort. The clinical only model included age, cumulative dose,
gender, radiation therapy involving the heart region and the first two principal components. The previous model (Clinical + 5 SNPs) includes the same clinical variables as well as five SNPs (rs7853758, SLC28A3;
rs17863783, UGT1A6; rs10426377, SULT2B1; rs2305364, SLC28A1; and rs4148808, ABCB4) from Visscher et al.17
The SNPs in SLC22A17 (rs4982753) and SLC22A7 (rs4149178) were subsequently added. AUC, Area Under the
Curve; CI, Confidence interval.
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improve the ability to discriminate between cases and controls. ROC (receiver operator
curve) analyses showed that adding the two variants to the previous model did improve
the AUC (area under curve) in the discovery cohort, in which the models were constructed, as well as in the replication cohort, in which the models were tested (Table 4). The
AUC for the extended model in the combined cohort was 0.78 compared to 0.76 for the
previous model (P=0.029). Similarly, in a genetic-only model (without clinical variables
included), adding the 2 SNPs improved the AUC significantly (0.72 vs. 0.67, P=0.0081;
Supplemental Table 1).

Discussion
Previously, several genetic variants were found to be associated with anthracyclineinduced cardiotoxicity in children, though few have been replicated to date.13,15-17 In this
study, we report the identification and replication of two novel variants in SLC22A17 and
SLC22A7 as predictive markers of ACT. In addition, we found additional evidence for association of variants in SULT2B1 and several antioxidant genes. Addition of the replicated
variants to an ACT risk prediction model further improved the ability of this model to
predict patients at risk.
The two identified and replicated variants were both found in genes of the solute carrier family 22 gene family. This large gene family consists of 26 members that encode the
organic cation transporters (OCTs), organic cation/carnitine transporters (OCTNs), and
organic anion transporters (OATs).27,28 Interestingly, two members of this family, SLC22A16
(OCT6) and SLC22A4 (OCTN1), have recently been identified as transporters of doxorubicin into cells, whereas another (SLC22A15) was shown to be down-regulated in doxorubicin resistant cells.29-31 SLC22A17 or brain-type OCT, as it was first identified in brain,
is an orphan transporter without a known endogenous substrate and is expressed in a
variety of tissues, including the heart.32 SLC22A17 shows significant sequence similarity to
many other OCTs, though differences do exist.32 SLC22A7 or OAT2, which has been studied in more detail, is widely expressed, including in cardiac tissue.33 SLC22A7 transports
naturally occurring nucleobases, nucleosides and nucleotides, with a preference for
guanine analogs, and several nucleoside-based drugs, and has considerable substrate
overlap with concentrative nucleoside transporters such as SLC28A3.33,34 As SLC28A3 has
also been associated with ACT in children,16,17 it seems plausible to hypothesize that
these genes could all transport anthracyclines into the cell leading to increased toxicity,
whereas reduced function will be protective.
The identified association of rs10426628 in SULT2B1 with ACT in combination with the
previously identified, independent association of rs10426377,16,17 provides compelling
evidence for a role of genetic variants in SULT2B1 in ACT risk. Interestingly, inspection
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of these two intronic variants in the UCSC genome browser (http://genome.ucsc.edu/)
revealed that they are located less than 200bp apart in a region with specific histone
marks, DNase hypersensitivity and transcription factor binding which implies putative
enhancer activity,35 suggesting that these SNPs might affect SULT2B1 expression. This
sulfotransferase, which catalyzes the sulfate conjugation of many compounds,36 might
influence anthracycline metabolite sulfonation,37 thereby affecting excretion of the drug
and its toxic metabolites.
Finally, we found suggestive evidence for variants in several other genes associated
with ACT. Strikingly, many of these variants were in genes known to be involved in
antioxidant defences or anthracycline metabolism and toxicity, indicating that they
might represent true associations. One variant was found in cytochrome P450 2J2
(CYP2J2). This enzyme, which is abundantly expressed in the heart, is involved in the
biosynthesis of epoxyeicosatrienic acids (EETs) from arachidonic acid.38 Cardiomyocytespecific overexpression of human CYP2J2 in mice protects them from both acute and
chronic doxorubicin-induced cardiotoxicity.39 This protection is likely mediated by EETs
protecting from doxorubicin-induced mitochondrial damage, though CYP2J2 could also
metabolize doxorubicin directly.39 Two other variants were located in xanthine dehydrogenase (XDH). Reduction of doxorubicin by this enzyme leads to production of reactive
oxygen species (ROS) contributing to cytotoxicity.40,41 Reduced activity or expression
of XDH would therefore lead to reduced toxicity. Several antioxidant enzymes exist
that can reduce the effects of these ROS, such as superoxide dismutase (SOD), glutathione peroxidase (GPX), glutathione S-transferase (GST) and catalase (CAT).42 In fact,
it has been found that overexpression of SOD2 or CAT protects mice from doxorubicininduced cardiotoxicity43,44 and overexpression of GSTA4 protects cardiomyocytes from
anthracycline-induced cell death,42 whereas mice deficient in GPX1 are more susceptible
to doxorubicin-induced cardiotoxicity.45 Perhaps not surprisingly therefore, we also
found evidence for association of variants in GSTA2, GSTM3, GPX3, and SOD2 with ACT.
Finally, we found one variant in ABCC9 (rs11046217). Mutations in this gene, which
encodes for a subunit of a cardiac potassium channel, have been linked to idiopathic
dilated cardiomyopathy (DCM), due to disrupted calcium handling predisposing to maladaptive remodeling.46 Similar processes are also involved in ACT.5 Interestingly, calcium
channel blockers, which have been used as cardioprotective treatments for ACT,47 are
also effective in DCM.46 Therefore, ACT and DCM might share similar pathophysiologic
mechanisms, and could potentially benefit from the same treatments.
Though biologically plausible, additional studies will be required to firmly establish
and significantly replicate these variants as markers predictive of ACT. Future studies
will also be required to establish the exact mechanisms by which the identified variants
influence ACT.
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Anthracyclines are metabolized by carbonyl reductases (CBRs) and aldo-keto reductases (AKRs) into more cardiotoxic alcoholic metabolites.14,24 Previously, two variants
in CBR1 and CBR3, that increased formation of anthracycline alcohol metabolites, were
associated with ACT in children.13,14 Other variants in these CBRs, as well as in several
AKRs (AKR1A1, AKR1C3, AKR1C4 and AKR7A2), were also shown to reduce anthracycline
alcohol metabolite formation.24 However, despite extensive genotyping of both functional and tagging SNPs in these genes, we did not find any significant association with
ACT. In particular, we could not replicate the association with CBR3 rs1056892, also not
when assuming different genetic models or in subgroup analyses of patients receiving
low-to-moderate cumulative doses.14 Other studies in adult patients with acute myeloid
leukemia receiving daunorubicin,48 or after hemotopoetic stem cell transplantation49
also failed to replicate the association of CBR3 rs1056892 with ACT. Our study did have
sufficient statistical power to detect similar effect sizes. Furthermore, patient characteristics in our cohort were similar to Blanco et al.14 (data not shown), so these will unlikely
have influenced our results substantially. Nevertheless, yet unidentified differences in
patient characteristics may play a role. Alternatively, the effect size of the variant may
have been overestimated in the initial study (Winner’s Curse), so that we were unable to
detect a smaller true effect.
We were also unable to significantly replicate the association of the previously11 reported variant in ABCC1 (rs45511401; G671V), although there was a non-significant trend
in the same direction. While in vitro data also supports a role for this variant in ACT, this
might only be in acute or early cardiotoxicity.11,50
Using a tiered analysis approach, we have reduced the likelihood of finding falsepositives (type I error). To limit the influence of clinical risk factors for ACT, such as cumulative dose and concomitant cardiac irradiation, these clinical factors were included
as covariates in the analysis. We also corrected for potential population stratification by
including principal components in our analysis to reduce false-positives. Furthermore,
we excluded cases with mild cardiotoxicity (SF≥27-30%) as well as controls with less than
5 years follow-up to ensure optimal separation between cases and controls and increasing the chance to find true associations. We performed sensitivity analyses by carrying
out several subgroup analyses. Most of these showed similar results ensuring that the
associations were not driven by a small subset of patients. Using a more stringent definition for cases (SF<24%), limited by the inherent smaller sample size and less confident
estimate of the effect size, the result for SLC22A17 seemed less strong, though the effect
size was well within the 95% confidence interval of the full cohort. Also, many cases with
SF 24-26% may later develop more severe cardiotoxicity, as ACT is often progressive.5
Therefore effects are not necessarily stronger in the patients with currently more severe
ACT.
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Adding the variants in SLC22A17 and SLC22A7 significantly improved our ACT risk prediction model. While each variant alone only marginally increased AUC, the combination
of genetic variants added to the clinical risk factors substantially increased the AUC,
pushing it close to a clinically actionable threshold of 0.80.51 Other biologically plausible
variants may further improve this model, but will first require further replication, and
larger or genome-wide studies may reveal additional undiscovered variants predictive
of ACT.
Risk stratification for anthracycline-induced cardiotoxicity based on a model that
includes genetic risk variants, and not solely clinical risk factors, might prove useful to
inform monitoring frequency to detect early damage as well as indicate the benefit
of preventive measures such as use of cardioprotective agents (e.g. dexrazoxane) or
alternative anthracycline dosing or formulations.3,47,52,53 Before clinical implementation
of stratification based on genetic and clinical risk factors, future prospective studies will
likely be needed to validate the current risk prediction model and to establish the benefit
of such measures in these patients. Our current findings help to further unravel genetic
risk of ACT, thereby providing means to improve cancer therapy safety in children and
potentially adults as well.

Conclusion
In conclusion, we identified and replicated two novel risk variants in SLC22A17 and
SLC22A7, respectively, that are associated with ACT. In addition, evidence was found for
variants in SULT2B1 and genes related to oxidative stress as well as others. Adding the
two SLC22 variants to a genotype-guided risk prediction model further improved its
discriminative ability. Further replication of the variants and the model in other cohorts
is desired as well as studies investigating the biological mechanisms by which these
variants and genes lead to ACT. Nevertheless, these findings might help to better stratify
patients at risk for ACT, which could influence treatment decisions and help to improve
safety and efficacy of anthracyclines in children.
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Supplemental Table 1. Comparison of different genetic only predictive models
Model

Discovery (n=335)
AUC

95% CI

Replication (n=185)
AUC

95% CI

Combined (n=520)
AUC

95% CI

P-value
vs. 5 SNPs only

5 SNPs only

0.70

(0.63-0.76)

0.61

(0.52-0.71)

0.67

(0.62-0.72)

--

5 SNPs only + SLC22A17

0.72

(0.66-0.79)

0.65

(0.56-0.74)

0.70

(0.65-0.75)

0.018

5 SNPs only + SLC22A17
+ SLC22A7

0.74

(0.68-0.80)

0.66

(0.58-0.75)

0.72

(0.67-0.77)

0.0081

Comparison of different genetic only models that were trained in the discovery and then tested in the
replication cohort. P-values calculated for the combined cohort. The 5 SNPs only model includes five SNPs
(rs7853758, SLC28A3; rs17863783, UGT1A6; rs10426377, SULT2B1; rs2305364, SLC28A1; and rs4148808, ABCB4)
from Visscher et al.17 The SNPs in SLC22A17 (rs4982753) and SLC22A7 (rs4149178) were subsequently added.
AUC, Area Under the Curve; CI, Confidence interval.
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Summary
Survival of children with cancer has been increasing over the last decades for all malignancies due to improvements in multimodal treatment protocols and supportive care.1-3
However, this increasing survival has come at the cost of severe lifelong adverse effects
of treatment for many survivors.4,5 Identifying patients at highest risk for these adverse
effects might offer ways to prevent or reduce associated morbidity and mortality.
Chemotherapy is an important part of childhood cancer treatment and adverse drug
reactions are a significant contributor to the total burden of cancer treatment related
adverse events.4 While many factors influence the effect of drugs, genetic factors have
been shown to account for a substantial proportion of drug variability.6-9
Pharmacogenomics aims to identify genetic variants that predict drug response or
occurrence of adverse reactions. Several studies have sought to investigate the role
of genetic polymorphisms in the development of adverse drug reactions (ADRs) for a
variety of anticancer drugs, including cisplatin-induced ototoxicity10-12 and anthracycline
induced cardiotoxicity.13-16
In chapter 1 the current knowledge of genetic susceptibility factors to several selected severe ADRs in patients treated for childhood cancer is reviewed. Many of the
studies have methodological shortcomings including small sample size, incomplete
clinical information, limited number of variants or genes investigated, or lack of replication or correction for multiple testing, thereby delaying the implementation of routine
pharmacogenetic testing to predict and prevent ADRs.
The studies in this thesis were performed as part of the Canadian Pharmacogenomics Network for Drug Safety (CPNDS), a large collaborative network, established to
overcome these issues and to recruit sufficient numbers of patients to identify genetic
markers predictive of serious ADRs. In particular, the studies were aimed to discover
and replicate genetic variants associated with cisplatin-induced ototoxicity and anthracycline induced cardiotoxicity in children – two severe ADRs in pediatric oncology that
carry high morbidity and in the case of anthracyclines also mortality.

Ethnicity
Ethnicity is very important with regards to drug response, both in terms of efficacy and
risk of toxicity. Geographic or ethnic differences in the frequency of allele variants in
genes that influence drug response can explain part of the variability in drug response.17-19
In addition, including patients from different ethnicities in genetic studies can lead to
false positive associations due to underlying ancestral genetic differences or population
stratification,20,21 or mask true effects leading to false negatives.22 To maximize the statistical power in (pharmaco)genetic association studies, one needs to include as many
well-characterized samples as possible, while minimizing possible false-positive asso-
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ciations due to population stratification. In chapter 2 the use of principal component
analysis (PCA) was examined to detect and correct for genetic ancestry in an ethnically
diverse Canadian population using a limited set of pharmacogenetic markers. We observed a strong correlation between principal component values and geographic origin
of samples and were able to accurately infer genetic ancestry of patients. We showed
that PCA can successfully be applied in pharmacogenomic studies thereby maximizing
power and minimizing false-positive findings.

Cisplatin-induced ototoxicity
Cisplatin is a widely used and effective chemotherapeutic agent for solid tumors.
However, it also causes severe hearing loss in a high percentage of children. Chapter 3
describes the first large study of genetic susceptibility to cisplatin-induced ototoxicity
in children, in which 2977 variants in 220 genes were analyzed (1949 SNPs after quality control), involved in drug transport, metabolism and toxicity using a custom-made
SNP genotyping panel. We identified two SNPs in the genes encoding thiopurine Smethyltransferase (TPMT) and catechol O-methyltransferase (COMT) that were highly associated with cisplatin-induced hearing loss in a discovery cohort of 54 patients treated
at BC Children’s Hospital in Vancouver, British Columbia, Canada and were replicated
in a second cohort of 112 children treated across Canada (TPMT rs12201199, OR 16.9,
P=2.2x10−4 and COMT rs9332377, OR 5.5, P=1.8x10−4, respectively for the combined cohort).
Both variants remained significantly associated after Bonferroni correction for multiple
testing. We did not confirm previously reported associations in the megalin gene (LRP2),
GSTP1 or GSTM1.11,12 Sensitivity analyses showed that the results for TPMT and COMT were
robust after including patients with grade 1 ototoxicity, in an extreme analysis of only
toxicity grades 3 and 4 and in a subgroup of European ancestry only. Overall, carriers
of combinations of either TPMT or COMT variant were at substantial risk for developing
ototoxicity (positive predictive value 92.7%).
In chapter 4, the top associated genetic variants from the study in chapter 3 were
further assessed in an independent replication cohort of 155 children treated with
cisplatin from across Canada. We were able to replicate three variants in TPMT including the top SNP rs12201199 (OR 6.1, P=0.0013), and also the loss-of-function variants
rs1142345 and rs1800460 (OR 4.5, P=0.011 and OR 3.6, P=0.038 respectively). In all cohorts
combined, rs12201199, was highly significant (OR 8.9, P=8.7x10−7). The two variants in
COMT (rs4646316 and rs9332377) both showed an effect in the same direction as the
original study, but the results were not statistically significant (OR 1.3, P=0.33 and OR
1.4, P=0.28 respectively). One other variant in ATP-binding cassette transporter C3
(ABCC3; rs1051640), that showed suggestive evidence for association in the initial study
(OR 2.1, P=0.0092), was replicated (OR 1.8, P=0.036). Finally, a risk prediction model was
constructed using clinical variables as well as variants in TPMT, COMT and ABCC3 that
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significantly improved cisplatin-induced ototoxicity prediction compared to a model of
clinical variables only (AUC 0.786 vs. 0.708, P=0.00048). Using this combination model
allowed prediction of patients at high risk of developing cisplatin-induced hearing loss
with a positive predictive value of 91.5% and a negative predictive value of 54.5%.

Anthracycline-induced cardiotoxicity
The use of anthracyclines as effective anticancer drugs for a variety of childhood cancers
is limited by the occurrence of anthracycline-induced cardiotoxicity (ACT) with up to
60% of survivors suffering of echocardiographic abnormalities. In chapter 5, we investigated genetic susceptibility to ACT in childhood cancer survivors by analyzing the same
2977 variants in 220 genes from chapter 3 (1931 SNPs after quality control) involved in
drug transport, metabolism and toxicity. One significant synonymous coding variant
(rs7853758, L461L) in the solute carrier 28A3 (SLC28A3) was identified in a discovery cohort
of 156 anthracycline treated children from British Columbia, Canada (OR 0.29, P=0.0071)
that was replicated in another cohort of 188 children treated across Canada (OR 0.33,
P=0.0072). This variant was further investigated in another smaller replication cohort of
96 anthracycline treated childhood cancer survivors from Amsterdam, the Netherlands.
In this cohort a similar effect was seen, but, interestingly, only in patients treated with the
same type of anthracyclines (doxorubicin or daunorubicin) as the Canadian patients (OR
0.42, P=0.067). In all cohorts combined rs7853758 was highly significant even after Bonferroni correction (OR 0.35, P=1.8x10−5, Pcorrected=0.0060). In addition, suggestive evidence
(P<0.01) was found for association of variants in several other genes with ACT including
one variant in ATP binding cassette transporter C1 (ABCC1, rs4148350) which is in linkage
disequilibrium with a previously reported associated variant (G671V) in this gene.13 In
contrast, we were unable to confirm any of the other previously reported associated
variants in ABCC2, CYBA, RAC2, NCF4, CBR3 or CAT.13-16 In an exploratory analysis, a risk
prediction model was constructed that included nine SNPs as well as clinical variables.
This model performed better than a clinical variables only model (AUC 0.87 vs. 0.68,
P=4.8x10−6). The combination model was used to define three risk groups. In the high
risk group 75% of patients developed ACT (positive predictive value), whereas in the low
risk 96% of patients did not develop ACT (negative predictive value).
Next, in chapter 6, all twenty-three top associated variants (P<0.01) from the study
in chapter 5 were further assessed in an independent combined cohort of 218 patients
including the ninety-six Dutch patients used previously to assess rs7853758 only, as well
as additional Dutch and Canadian patients. In this replication cohort, the previous association of rs17863783 in UDP glucuronosyltransferase 1A6 (UGT1A6) was confirmed (OR
7.98, P=0.0062). Furthermore, the evidence for association of two variants in SLC28A3
(rs7853758 and rs885004) with ACT was strengthened (P=0.058 for both variants,
combined cohort P=1.6x10−5 and P=3.0x10−5, respectively). Another variant in sulfotrans-
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ferase 2B1 (SULT2B1, rs10426377) was close to being statistically significantly replicated
(P=0.054). We also performed exploratory analyses to detect gender, age and dose specific differences in association of variants. While such differences were found for gender
(ABCB4 and SULT2B1) and age (HNMT and SLC22A2), none were found for dose. Though
these findings need to be confirmed in larger studies. Finally, the risk prediction model
from chapter 5 was assessed in this new replication cohort. However, the model from
chapter 5, including both genetic and clinical variables, did not significantly improve
prediction compared to the clinical variables only model. Therefore, a revised model was
constructed and trained in the original cohorts and validated in the new replication cohort. This revised model was able to discriminate better between ACT cases and controls
than a clinical only model, in both the original cohort (AUC 0.77 vs. 0.68, P=0.00031) as
well as in the replication cohort (AUC 0.77 vs. 0.69, P=0.060).
Finally, in chapter 7, an improved and extended SNP genotyping panel containing
4636 unique SNPs (4153 after quality control) was used to identify additional genetic
variants contributing to ACT. The combined cohort from the study in chapter 5 was used
to discover new variants which were replicated in the combined replication cohort from
the study in chapter 6. Two variants in SLC22A17 (rs4982753) and in SLC22A7 (rs4149178)
were significantly associated with ACT in the discovery cohort (P=0.0078 and P=0.0034,
respectively) as well as in the replication cohort (P=0.0071 and P=0.047) with combined
odds ratios of 0.50 (95% CI 0.33-0.75) and 0.45 (95% CI 0.26-0.75) respectively. We also
found suggestive evidence for association with another variant in SULT2B1 (rs10426628)
in the combined cohort (P=3.2x10−4). This association was independent of the effect of
rs10426377 in SULT2B1 that was found earlier in chapter 6. Haplotype analysis showed that
in patients carrying both variants, the increased risk effect of one variant (rs10426628)
was offset by the protective effect of the other (rs10426377) and vice versa. Many other
variants with evidence for association were found in genes related to oxidative stress,
which is known to be an important mechanism contributing to ACT. In contrast, we
did not find any significant associations with variants in aldo-keto-reductases (AKRs) or
carbonyl reductases (CBRs); enzymes that metabolize anthracyclines into toxic alcohol
metabolites.
The two variants in SLC22A17 and SLC22A7 were also added to the predictive model
constructed in chapter 6 that contained five variants and clinical variables. This extended
model was able to discriminate significantly better between cases and controls than the
previous model (combined cohort AUC 0.781 vs. 0.755, P=0.029). Also when not including
clinical variables into the model, adding the two SNPs significantly improved the model
(AUC 0.716 vs. 0.671, P=0.0081).
In summary, several novel genetic variants contributing to cisplatin-induced ototoxicity
and anthracycline-induced cardiotoxicity susceptibility have been identified and repli-
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cated. Combining these variants with clinical risk factors into a single model improves
prediction of patients at risk for these toxicities. When these findings are replicated and
validated in other cohorts, they could inform treatment decisions or monitoring options
in individual patients to provide the best cancer treatment while minimizing toxicity.

Discussion
The improvement in survival of children with cancer over the past decades is truly
remarkable.1,2 Unfortunately, the long term sequelae of anticancer therapy are becoming increasingly clear, showing significant morbidity and even mortality.4,5 Therefore,
long term follow-up (LTFU) clinics have been established in many countries to detect
and monitor these adverse effects as soon as they occur, and to instigate supportive
treatment when possible to prevent (further) damage.23 Also, several pediatric oncology collaborative groups have set up LFTU guidelines and efforts to harmonize existing
guidelines are currently underway.24 Of course, these measures to detect and treat early
disease due to adverse events before significant morbidity occurs, or to treat and reduce
adverse events once they have occurred, are important. However, primary prevention,
that is preventing adverse events from occurring altogether, would be even better
and more effective.25 Especially since cisplatin-induced ototoxicity is irreversible,26 and
anthracycline-induced cardiotoxicity is progressive and difficult to treat once it becomes
symptomatic, primary prevention is essential.27,28

Prevention of toxicity
Eliminating or reducing the use of chemotherapeutic drugs such as cisplatin and anthracyclines would certainly reduce their adverse effects. Indeed, after the dose-dependent
cardiotoxic effects of anthracyclines became clear, maximum cumulative doses were
implemented in most treatment protocols.29 In general, after decades of trying to cure
cancer at any cost, the focus has now shifted towards cure at the least cost of longterm toxicity.30 However, dose reduction or even elimination of these agents needs to
be weighed against their antitumor efficacy and availability of alternatives.29,31 Many
studies have investigated the use of risk stratification to identify patients at high risk
for relapse or poor response that benefit from more intensive treatment, whereas treatment intensity for patients with low risk for relapse or good response is reduced to avoid
therapy complications without compromising survival and this approach is already
implemented in many treatment protocols.32-37
In addition to dose reduction, other strategies have been investigated to reduce cisplatin-induced ototoxicity and anthracycline-induced cardiotoxicity such as alternative
dosing schedules,38 different drug types or formulations (e.g. carboplatin vs. cisplatin,
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epirubicin vs. doxorubicin, liposomal formulations),39-41 and use of oto- or cardioprotectants.26,39,42,43
Also, in patients at risk of developing toxicity, intensive monitoring is used to detect
early damage. For example, audiograms are performed at regular intervals during and
after cisplatin treatment in most protocols. Once certain toxicity levels are reached,
further doses are reduced or withheld. Furthermore, hearing aids or other audiologic
interventions can be started early to reduce negative consequences of hearing loss in
children.26 Similarly, during and after anthracycline treatment, echocardiograms are
performed at regular intervals. If cardiac function is found to be reduced, then doses
are reduced or even withheld. Unfortunately, most toxicity is not detected until after
treatment, sometimes even after many years.44,45 As a result, novel methods are being
investigated to detect early cardiotoxicity including more advanced ultrasound techniques, cardiac magnetic resonance imaging, as well as monitoring certain biomarkers
such as troponins, brain natriuretic peptide (BNP) and NT-pro-BNP.39,46-48 Once early damage has been detected, further doses of anthracyclines could be withheld or supportive
cardiac treatment could be started. However, once cardiac function is reduced, this is
often progressive and very difficult to treat or reverse.39,45
Therefore, identifying patients at high risk for development of toxicity before any chemotherapy is given, would be significantly more beneficial. At the same time, patients
at low risk for toxicity could also be identified, who might benefit from more intensive
cancer treatment, if needed, based on the specific tumor type and staging.

Clinical risk factors for chemotherapy induced toxicity
Many clinical risk factors for toxicity due to cisplatin or anthracyclines have been identified over the years largely through epidemiological studies. Higher cumulative cisplatin
dose,49-53 younger age,49,50 cranial irradiation49,52,53 and concomitant use of aminoglycosides or vincristine51,53 can all increase the risk of cisplatin-induced ototoxicity. Similarly,
higher cumulative anthracycline dose,44,54-57 cardiac irradiation,55-57 higher individual
doses,55 younger age,55 and female sex55 among others, have all been found to influence
anthracycline-induced cardiotoxicity risk. Nevertheless, the high inter-individual variability in toxicity in patients on similar treatment protocols, indicates that these clinical
risk factors alone are insufficient to accurately predict who will develop toxicity. Genetic
risk factors, therefore, undoubtedly play an important role in the development of these
toxicities. Identifying and incorporating these genetic factors together with clinical
risk factors into a single prediction model, could improve prediction accuracy and risk
stratification and ultimately lead to less toxicity and safer treatment.
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Genetic risk factors in cisplatin-induced ototoxicity
In the studies presented in this thesis, variants in TPMT, COMT and ABCC3 were identified
as genetic risk factors for cisplatin-induced ototoxicity. Importantly, the variants in TPMT
and ABCC3 were replicated in a follow-up study, whereas the ones in COMT showed an
effect in the same direction, though were not statistically significant.
Several other studies have also investigated the role of genetic variants in cisplatininduced ototoxicity. Oxidative stress has been implicated in cisplatin-induced ototoxicity. Therefore, one small study in children and young adults investigated several variants
in glutathione-S-transferases (GSTs), which are important in protection against oxidative
stress and cisplatin-induced ototoxicity.10 They found a significant association with the
GSTM3*B allele, but not with variants in GSTM1, GSTP1, GSTT1 or GSTZ1.10 In contrast, a
larger study in adult testicular cancer survivors found associations with the variants
in GSTP1 (rs1695; I105V) and the GSTM1 null allele, but not with GSTT1.11 An association
between ototoxicity and the GSTP1 rs1695 variant was also found in medulloblastoma
patients treated with cisplatin and craniospinal irradiation, but the association was in
the opposite direction and seemed to correlate with radiation dose and not cisplatin
dose.58 Finally, Choeyprasert et al. recently reported an association between the GSTT1
null allele and cisplatin-induced ototoxicity in pediatric solid tumor patients, but not
with GSTM1.59 In our large study in children, we were unable to replicate the associations
of the GSTM1 and GSTP1 variants. Similarly, Khrunin et al. did not find any association
with GST variants and cisplatin-induced ototoxicity in ovarian cancer patients, including
GSTM3*B, GSTP1 rs1695, GSTM1 null and GSTT1 null alleles.60
As cisplatin and aminoglycosides share similar toxicity profiles, one study investigated
two non-synonymous variants in the megalin gene, which has been associated with
aminoglycoside ototoxicity.12 They found a significant association with one of these
variants (rs2075252), but not with the other (rs2228171).12 In contrast, we were unable to
replicate this finding in our cohort, whereas recently another study found an association
with rs2228171, but not with rs2075252.59
Cisplatin forms intra-strand and interstrand cross-links with DNA that results in DNA
distortion and inhibition of DNA replication.61 Nucleotide excision repair genes are
important in repairing this damage and removal of cisplatin-DNA adducts.61 One small
study in osteosarcoma patients investigated the role of variants in several of these genes
in cisplatin-induced ototoxicity and found a marginal significant association with a variant in XPC.61 We, however, could not replicate this finding in our cohort.
Recently, Yang et al. attempted replication of the variants in TPMT and COMT in a cohort
of children with medulloblastoma who were treated based on either of two similar
medulloblastoma treatment protocols.62 They reported no association between ototoxicity and variants in these genes.62 However, the majority of patients on these protocols
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received amifostine, an otoprotectant shown to reduce cisplatin ototoxicity,63 and all
patients received cranial irradiation, which may enhance ototoxicity.64 In contrast, very
few patients in our studies received amifostine and less than 25% received cranial irradiation. These large and important differences in clinical characteristics could mask
any genetic effect of TPMT and COMT as patients carrying a risk variant will be protected
by amifostine, whereas patients not carrying risk variants could still develop hearing loss
due to the cranial irradiation. In the same study, a small second cohort of children with
different types of solid tumors, that did not receive amifostine or cranial irradiation, was
also examined and again the authors reported no association with TPMT and COMT.62
However, while this cohort was much similar in clinical characteristics to our cohorts, it
lacked statistical power due to its small size and particularly lack of controls. Nevertheless, in line with our findings, all patients in this cohort with at least one of the functional
TPMT variants developed ototoxicity.62 Interestingly, another study recently found an
association with one functional TPMT variant (rs1142345) and progression free survival
in adults treated with cisplatin for ovarian cancer.65 While no association was found with
ototoxicity, this could be due to the lower prevalence of ototoxicity in adults.65 Yet,
additional studies will be needed to determine in which patients and under which
conditions (i.e. tumor type, treatment protocol etc.) these variants are associated with
cisplatin-induced ototoxicity to identify patients who will benefit most from a predictive
test incorporating these risk variants.
In Europeans, the SNP in TPMT most significantly associated with cisplatin-induced ototoxicity (rs12201199) is in high linkage disequilibrium with two known loss-of-function
variants, TPMT*3B and TPMT*3C, which combined form the TPMT*3A haplotype.66 Both
functional variants were also associated with cisplatin-induced ototoxicity, albeit
slightly less significantly. Nevertheless, the association is likely through these functional
variants. Similarly, a haplotype combining the identified SNPs in COMT (rs4646316 and
rs9332377) carries a synonymous COMT variant (rs4818) that has reduced enzyme activity. How reduced activity of these enzymes leads to cisplatin ototoxicity remains to be
determined. However, as TPMT can methylate and inactivate thiopurine compounds,
one mechanism could be through reduced inactivation of cisplatin-purine compounds,
leading to increased cisplatin DNA cross-linking and toxicity. Another potential mechanism could be due to accumulation of S-adenosylmethionine (SAM), which is the methyl
donor substrate for TPMT and COMT in the methionine pathway.66,67 If TPMT or COMT
activity is reduced, this could lead to increased levels of SAM, which has been shown
to increase cisplatin toxicity in mice.68 Although this effect of SAM on cisplatin toxicity
could also be through TPMT and COMT due to post-translational stabilization of these
proteins.69 Nevertheless, these potential mechanisms need to be further investigated
in vitro or in vivo. Yang et al. studied the effect of TPMT and COMT variants on cisplatin
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toxicity in lymphoblastoid cell lines.62 These cell lines combined with drug toxicity assays
have inherent experimental and statistical power limitations and major differences exist
with the inner ear cells of the human cochlea.70,71 The authors state that cisplatin IC50, as
a measure for toxicity, was not associated with TPMT or COMT genotypes.62 However,
despite the aforementioned limitations, in the cell lines derived from Europeans, in
which rs12201199 is in LD with the functional TPMT variants, a trend of increased toxicity
is observed in carriers of the variant allele, though this is not significant largely due to
low number of cell lines carrying the variant.62 The same authors also report no difference in ototoxicity between TPMT wild-type and deficient mice that were administered
cisplatin for 4 subsequent days.62 However, hearing was only assessed 24 hours after
the last dose, whereas in humans ototoxicity usually develops months, and sometimes
even years after treatment.72 Also, after 24 hours, the highest frequency hearing was
nearly eliminated in both wild-type and TPMT deficient mice, making it difficult to find
a difference.62 Therefore, this rapid high-dose experiment in mice may not adequately
recapitulate the slow onset hearing loss in cisplatin treated patients.
The associated SNP in ABCC3 (rs1051640) is a synonymous coding variant (E1503E).
While no functional studies of this variant have been reported, in silico analysis using
the online SNPinfo function prediction module (FuncPred)73 shows that this variant is
highly conserved and has potential regulatory function, possibly as an exonic splicing
enhancer. ABCC3 is a transporter that mediates efflux of many compounds including
glutathione-S-conjugates.74 As detoxification of cisplatin occurs through conjugation to
glutathione to make the compound more anionic,75 reduced efflux by ABCC3, could lead
to accumulation and increased toxicity. In fact, studies in lung cancer cells have shown
that ABCC3 mRNA levels are correlated with resistance to cisplatin.76,77
In summary, we identified and replicated several genetic risk variants in TPMT, COMT
and ABCC3 for cisplatin-induced ototoxicity, though the effects might be different in
patients treated with concomitant cranial irradiation or otoprotectants as exemplified
by the study by Yang et al.62 Functional data for most of these variants is available, but
the exact mechanisms by which they contribute to cisplatin-ototoxicity are still unclear.
Other groups identified associations with multiple variants in GST (oxidative stress
protection) and DNA repair genes, but none have been consistently replicated or show
conflicting results, making it difficult to interpret these findings.

Genetic risk factors in anthracycline-induced cardiotoxicity
Similarly, we identified several genetic risk variants for anthracycline-induced cardiotoxicity. Most notably, variants in SLC28A3, UGT1A6, SLC22A17 and SLC22A7 were first identified in one cohort and then replicated in an independent cohort using a tiered analysis
strategy. In addition, we found evidence for association of variants in SULT2B1, SLC28A1
and ABCB4 as well as in several genes related to oxidative stress, though these did not
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meet our strict criteria for statistical significance after multiple testing correction, nor
were they statistically significantly replicated. So far, no other group has examined any
of these variants, but the replication of several of the identified variants in our independent cohort provides compelling evidence that these are true variants. For the other
variants however, further replication will be needed.
While the variant in SLC28A3 (rs7853758 – L461L) has been shown to reduce mRNA expression,78 so far no functional effect is known for the SLC22A17 (rs4982753) and SLC22A7
(rs4149178) variants. However, rs4149178 has recently been linked to changes in urate
levels, suggesting a functional effect of this SNP or a variant in LD.79 Interestingly, there
is substantial substrate overlap between SLC28A3 and SLC22A7.80,81 Furthermore, SLC28
transporters as well as several SLC22 transporters have been shown to transport certain
anthracyclines into cells.82-85 Reduced activity of these importers could therefore lead
reduced toxicity, which is line with the protective effect of the identified variants in
SLC28A3, SLC22A7 and SLC22A17.
Uridine 5’-diphospho (UDP)-glucuronosyltransferases (UGTs) and sulfotransferases
(SULTs) are enzymes involved in the metabolism and detoxification of many compounds,
including drugs, through glucuronidation and sulfonation, respectively.86,87 Elimination
of anthracyclines and toxic anthracycline metabolites also involves glucuronidation and
sulfonation.88 The variant we identified and replicated in UGT1A6 (rs17863783) is a coding
variant (V209V), which tags the *4 haplotype that has been shown to lead to altered enzyme activity for specific compounds.89,90 More recently, this specific variant was shown
to increase mRNA expression of the UGT1A6.1 splicing form.91 We also found evidence
for independent association of two variants in SULT2B1 (rs10426377 and rs10426628)
with ACT. While no functional studies of these intronic variants have been performed,
they are located less than 200 base pairs apart in a region with several epigenetic marks
that imply putative enhancer activity.92 Moreover, very recently, one of these variants
(rs10426628) was associated with reduced levels of endogenous hormones and increased
levels of inactive glucuronide conjugates as well as progression free survival in prostate
cancer patients,93 suggesting a functional role for this variant or a variant in high LD.
Anthracycline transport
Several other variants in multiple genes have previously been found to be associated
with ACT, however often with conflicting results. In one study, variant G671V (rs45511401)
in ABCC1, the gene coding for multidrug resistance protein 1, was associated with acute
cardiotoxicity in adults.13 In our discovery cohort we identified another SNP (rs4148350)
in linkage disequilibrium with G671V to be associated with ACT, but in the replication
cohort this effect was less strong and not statistically significant. Similarly, subsequent
direct analysis of G671V showed only a marginal significant association in the discovery
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cohort, but not in the replication cohort. More recently, another study also tried to examine this variant, but was unable to obtain reliable genotypes.94 Finally, another small
study in children did not find an association with rs45511401, but did report marginally
significant results for two intronic variants, though no correction for multiple testing
was performed.95 In vitro data does support a role for G671V in ACT as this variant was
linked to reduced efflux of toxic metabolites formed after doxorubicin induced lipid peroxidation, and therefore more toxicity.96 It is possible that the variant only leads to early
toxicity, but not chronic toxicity.13 Nevertheless, whether this variant is clinically relevant
remains uncertain. Wojnowski et al. also found 2 variants in complete LD with each other
in another ABC-transporter (ABCC2) to be associated with acute ACT.13 We and two other
studies, one in adults15 and a very recent study in children,97 could not replicate this finding, while a fourth study in adults patients after hemopoietic stem cell transplantation
(HSCT) did see an effect.94 Taken together, these data suggest no large effect of these
ABCC2 variants in children, but perhaps in adults treated with anthracyclines.
Oxidative stress
As reactive oxygen species (ROS) and oxidative stress are thought to play an important
role in ACT, several studies have examined genes in pathways related to ROS and oxidative stress. One study in adults found variants in 3 genes (rs1883112 in NCF4, rs13058338 in
RAC2 and rs4673 in CYBA) coding for subunits of NAD(P)H oxidase to be associated with
ACT.13 They also showed that mice deficient in NAD(P)H oxidase, which is involved in ROS
generation, were resistant to doxorubicin induced cardiotoxicity.13 Rossi et al. examined
the same variants in adults who were treated using a similar protocol and was able to
replicate the variant in NCF4, but not in RAC2 or CYBA.15 Armenian et al., on the other
hand, replicated the RAC2 variant in adults after HSCT, but not the two in NCF4 and CYBA
respectively,94 whereas another study linked the NCF4 and CYBA variants, but not the
RAC2 variant, to histopathological changes in hearts of deceased adults treated with
anthracyclines.98 In contrast, we were unable to replicate any of these variants in these
genes. While these inconsistent results might mean that these associations are spurious,
another explanation could be that since all adult patients in the first two studies as well
as the majority in the third study received cyclophosphamide, which can induce ROS
generation and give rise to acute cardiotoxicity as well,99 that changes in NADPH oxidase
activity become more important. However, many children in our study also received
cyclophosphamide. Therefore, alternatively, these conflicting findings could be due to
the differences between patients treated as children or as adults, where the latter may
have been exposed to increased levels of ROS for a longer period of time through life
due to constitutively increased NADPH oxidase activity.
Lubieniecka et al. very recently found some preliminary evidence (i.e. not significant
after multiple testing correction) for the association of 3 variants (rs2868177, rs13240755,
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and rs4732513) in NADPH P450 oxidoreductase (POR) with ACT.100 POR catalyzes the
one-electron reduction of anthracyclines which leads to generation of ROS.100 We also
genotyped several variants in this gene including rs13240755 and rs2868180, which
is in complete LD with rs2868177. No statistically significant associations were found,
though a trend in the same direction was observed (OR 1.30, P=0.12 and OR 1.31, P=0.10
for rs13240755 and rs2868180, respectively) One- and two-electron reduction of anthracyclines by xanthine dehydrogenase (XDH) also leads to increased formation of reactive
oxygen species.101 Interestingly, two variants in XDH, including one synonymous variant,
were found to be associated with ACT in our studies.
Iron metabolism
ROS can also be generated through redox cycling of anthracycline-iron complexes and
free iron can catalyze generation of ROS.102 Dexrazoxane, an iron chelator, is currently
the only established cardioprotectant in routine clinical use in some institutions.103
Patients with mutations in the hemochromatosis gene (HFE) suffer from hereditary
hemochromatosis, resulting in tissue iron overload, and mice deficient for the gene
show increased susceptibility to ACT.104 Lipshultz et al. recently investigated whether
carriers of two common variants in HFE (C282Y – rs1800562 and H63D – rs1799945) were
at increased risk for cardiotoxicity.104 Carriers of C282Y were more likely to have multiple
abnormal measurements of serum cardiac troponin-T (cTnT), a marker for myocardial
injury, during treatment with doxorubicin; this finding was nominally significant, but
no multiple testing correction was applied.104 This effect was not observed for carriers of
H63D, and also no association was found with NT-pro-BNP, a marker for cardiomyopathy,
or with any of the echocardiographic measurements.104 Armenian et al. also studied
the same HFE variants, but failed to replicate the association with C282Y, though they
did find a significant association with H63D.94 Given these contradictory results, these
variants need to be further evaluated in other cohorts. Unfortunately, this gene was not
included in our genotyping panel, so could not be evaluated in our cohorts. Furthermore, whether the association with cTnT levels in the study by Lipshultz et al.,104 but not
with NT-proBNP or echocardiographic values is clinically relevant is unclear, as both cTnT
and NT-proBNP are markers predictive of long term cardiotoxicity.46,47
Antioxidant defense
Cells have multiple defense mechanisms to reduce the damage inflicted by ROS. Not
surprisingly, several studies have examined variants in genes involved in antioxidant
defenses in relation to ACT. Overexpression of two of these genes (catalase [CAT] and
superoxide dismutase 2 [SOD2]) have been shown to protect against anthracycline-induced cardiotoxicity in mice,105,106 whereas overexpression of glutathione-S-transferase
A4 (GSTA4) protected against anthracycline-induced cardiomyocyte cell death.107 Indeed,
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Rajic et al. found a marginally significant association in childhood ALL survivors with an
intronic variant of unknown function (rs10836235) in CAT, though not with the important
promoter variant in this gene (rs1001179).16 While we did not genotype the exact same
intronic variant, we did not find an association with rs7947841, which is complete LD
with rs10836235 in Europeans. Rajic et al. did not find an association with the functional
variant rs4880 in SOD2.16 In contrast, in our study, rs4880 was not genotyped successfully, but evidence for association with another variant near SOD2 (rs7754103) was found.
Another study showed a trend for increased cardiotoxicity in carriers of the variant allele
of rs4880 (Puncorrected=0.07), though this was not significant after correction for multiple
testing (P=0.28).94 Therefore, the role of variants in SOD2 in ACT, while promising, requires further investigation.
The glutathione-S-transferases (GSTs) are involved in antioxidant defense through
glutathione conjugation of toxic metabolites. In a small pilot study in osteosarcoma
patients, one variant in GSTP1 (rs1695), that reduces enzyme function, was found to be
associated with ACT108 similar to another small study in adults.109 However, we and others
could not significantly replicate this finding.15 In contrast, we found suggestive evidence
for association of variants in GSTA2 and GSTM3 with ACT as well as with a variant near
glutathione peroxidase 3 (GPX3) that are also involved in antioxidant defense.
Overall, while many variants in genes related to oxidative stress and antioxidant defense pathways have been linked to ACT, none has been established conclusively.
Beside antioxidant defenses, other mechanisms exist that protect cardiomyocytes after
cellular stress such as epoxyeicosatrienoic acids (EETs).110 We found evidence for association of one variant near cytochrome P450 2J2 (CYP2J2), which is abundantly expressed
in the heart and catalyzes the biosynthesis of EETs from arachidonic acid.111 Interestingly,
cardiomyocyte-specific overexpression of human CYP2J2 in mice protects them from
both acute and chronic doxorubicin-induced cardiotoxicity.110 This protection is likely
mediated by EETs protecting cells from doxorubicin-induced mitochondrial damage,
although CYP2J2 could also metabolize doxorubicin directly.110
In addition, in our studies, one variant in ABCC9 (rs11046217) showed suggestive evidence for association with ACT. Mutations in this gene, which encodes for a subunit of
a cardiac potassium channel, have been linked to idiopathic dilated cardiomyopathy
(DCM).112 The abnormally functioning KATP-channels, lead to calcium disruption predisposing to maladaptive remodeling.112 After anthracycline therapy, children also usually
develop a dilated cardiomyopathy, though over time this might progress to restrictive
cardiomyopathy pattern.45 Disruptive calcium handling is also proposed to be involved
in ACT.45 Indeed, calcium channel blockers, such as verapamil and prenylamine, have
been used as cardioprotective treatments for ACT,43 and are effective in DCM as well.112
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Therefore, ACT and DCM might share similar pathophysiologic mechanisms, and could
potentially benefit from the same treatments.
Anthracycline metabolism
Both doxorubicin and daunorubicin are metabolized by several aldo-keto-reductases
(AKRs) and carbonyl reductases (CBRs) into their corresponding carbon-13 (C13) alcohol
metabolites (doxorubicinol and daunorubicinol, respectively).113-116 These C13 alcohol
metabolites themselves can be directly cardiotoxic.102 Reduced formation of these toxic
metabolites by less functional AKRs and CBRs might lead to less cardiotoxicity. Blanco
et al. first investigated this hypothesis in a small cohort within the Childhood Cancer
Survivor Study and found a trend toward less cardiotoxicity in carriers of a variant in
CBR3 (rs1056892), that changes a valine into a methionine at amino acid position 244
(V244M).14 Carriers of two wild-type alleles had an increased risk of ACT compared to
carriers of two variant alleles (P=0.056).14 The M244 isoform was also shown to form less
doxorubicinol than the wildtype (V244) variant.14,116 The association was followed up by
the same group in a larger cohort where a smaller, though statistically significant, effect
was found (OR 1.79, P=0.02 for carriers of two wild-type alleles versus carriers of one or
two variant alleles).117 This effect was stronger in patients who received low to moderate
doses of anthracyclines, perhaps due to the overwhelming toxic effects of anthracyclines at higher doses.117 We also examined this variant, but failed to find a significant
association, also not in patients that received low to moderate doses. Two other studies
in adults also failed to find an association between this variant and ACT,94,118 whereas yet
another found an effect in the opposite direction.109 Furthermore, it is unclear whether
the second study by Blanco et al.117 represents true replication in a cohort independent
of the first study,14 or is an extension of this first study. Additional studies are needed to
establish the role of this variant in ACT, particularly in children.
We and others also examined the role of variants in CBR1 as well as different AKRs, including functional variants, but despite their obvious role in anthracycline metabolism,
failed to find a significant association,94,118 though the Blanco et al. study suggests there
could be dose-dependent effect for CBR1 rs9024 as well.117
Cardiac remodelling
Very recently, members of the Children’s Oncology Group (COG) published another
study reporting an association between a variant (rs2232228) in the hyaluronan synthase
3 gene (HAS3) and ACT.97 They used a large genotyping array (35,000 SNPs in 2,100 genes)
aimed at cardiovascular disease to investigate the role of these genes in ACT in childhood cancer survivors. While no direct association was found between any of the SNPs
and ACT, a significant SNP-interaction with cumulative anthracycline dose was found
for rs2232228.97 The modifying effect of this variant was only found in patients treated
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with high doses (>250 mg/m2) of anthracyclines.97 This result was further evaluated in a
case-only cohort of adults after HSCT, which was used previously to interrogate other
variants in the Armenian et al. study mentioned before,94 and a similar modifying effect
was observed.97 The rs2232228 variant alters mRNA expression of HAS3, which is thought
to play a role in cardiac remodelling after injury,97 thereby providing a possible mechanism by which this variant influences ACT risk.
In summary, we and others found associations with variants in genes involved in various
distinct pathways (see Table): transporters (both uptake and excretion), drug metabolism, reactive oxygen species generation and antioxidant defense, iron homeostasis,
and cardiac remodelling. Several of these variants have also been replicated. However,
many variants have not (yet) been replicated (in children) or show conflicting results,
limiting their usefulness as predictive markers. Also, while for some variants and genes,
functional data is available and mechanisms of toxicity have been established, for others
this data is lacking.

Risk profiles
Each genetic risk factor that was identified only explains part of the risk and on its own
is not sufficient to predict whether a patient is at high or low risk for toxicity. Instead,
these SNPs appear to act in combination with other risk factors, both genetic and nongenetic.119 Therefore, combining multiple risk factors or markers into a genetic profile
can increase their usefulness to identify individuals at higher or lower risk of toxicity.120,121
Adding important clinical risk factors such as age, dose or concomitant treatment to
such a profile could improve risk prediction even further.121,122 Therefore, we explored
creating prediction models that included multiple associated SNPs as well as important
clinical risk factors. While several different methods exist to incorporate multiple SNPs
into a risk model,119,121 we chose to use regression analysis to fit each SNP together with
clinical factors in a prediction model to estimate the effects of each risk factor. This way
the weight of each variant (i.e. small or large effect) is accounted for, and effect sizes
are corrected for the effect of the other SNPs as well as the clinical risk factors.119 We
used the area under the curve (AUC) of the receiver operating curve (ROC) to evaluate
these prediction models as this method has several favorable properties, and facilitates
comparisons between different models.120,122
The risk prediction models that we created, which included both clinical and genetic
risk factors, showed improved prediction accuracy over clinical risk factors alone for
both cisplatin-induced ototoxicity and anthracycline-induced cardiotoxicity. The AUCs
for these combined models were relatively high, close to 0.80, which means they could
be a good test for screening purposes.120 While the estimation of the effect sizes of the
clinical risk factors might not be completely accurate due to the nature of case-control
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studies, the models using only genetic risk factors still improved risk prediction. The
genetic risk could therefore easily be added to the established clinical risk. Adding additional risk factors could further improve these risk models.
As the ROC displays the specificity and sensitivity for each possible cut off point of a
continuous test,120 different cut off points can be also used for risk stratification to create
clinically relevant and clinically actionable risk groups such as low, intermediate or high
risk. For each of these groups, positive and negative predictive values (PPV and NPV)
can be calculated. The cut off values can be adjusted to increase the PPV or NPV for a
risk group, depending on what the subsequent intervention for that risk group will be.
For example, if the high risk group will receive an alternative treatment that might be
less effective, a high PPV is desired (using a higher cut off value) to select only patients
that are true positives, i.e. that most definitely will develop toxicity. This will reduce the
likelihood that a patient that would not have developed toxicity is harmed by being
subjected to a possible inferior treatment. Unfortunately, using a higher cut off will also
lead to a lower NPV, so that more patients that do develop toxicity are marked as low
or intermediate risk and still receive treatment that leads to severe toxicity. In contrast,
if patients predicted to be at “high risk” will only receive more intensive monitoring
for toxicity, then a lower PPV is acceptable with a subsequently higher NPV. This way,
some patients that would have never developed toxicity, receive unnecessary, but nonharmful, intensive monitoring, though at increased economic cost. At the same time,
more patients will benefit who would have otherwise developed toxicity, but are identified early, so they can receive treatment to mitigate the toxicity.
The balance between higher and lower predictive values therefore needs to be carefully weighed and depends on the a priori risk of toxicity (prevalence) as well as the
possible therapeutic options. Nevertheless, creating risk profiles that include genetic
and clinical risk factors is an important step in developing clinically relevant and actionable information.

Strengths and limitations
Through the CPNDS consortium, we were able to recruit sufficient numbers of patients,
with over 300 cisplatin treated patients and more than 500 anthracycline treated patients, which ensured adequately powered studies and allowed replication. To reduce
false positive findings, we employed a tiered approach of discovery and then replication
in one or more cohorts in addition to applying a more conservative Bonferroni multiple
testing correction in the combined cohorts. Several of the initially discovered variants
could be successfully replicated, strengthening the validity of these findings.
Many of the previous studies investigating genetic risk variants for cisplatin-induced
ototoxicity or anthracycline-induced cardiotoxicity did not include replication, or replication studies showed conflicting results. Many of these studies were also small, with
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sample sizes less than 100 patients, and investigated more than one variant or phenotype without correction for multiple testing. These conditions can easily lead to spurious
associations or false negative findings.123 We attempted replication of many of these
previous reported associated variants, but, while sufficiently powered, we were unable
to significantly replicate any of these associations. Differences in patient characteristics
(e.g. adults versus children), tumor types, treatment protocols (e.g. concomitant medication or radiation), follow-up duration, ethnicity and/or case/control definitions could
potentially explain why these previous findings were not replicated, but, given the small
sample size of many of the original studies, spurious associations are well possible.123
Using a well developed and broad drug ADME (absorption, distribution, metabolism,
excretion) and toxicity based genotyping panel incorporating thousands of SNPs in hundreds of genes, we were able to discover novel genes that were not previously linked to
cisplatin or anthracycline toxicity. Though we provide potential mechanisms by which
the identified risk variants could lead to toxicity, further direct functional studies will
need to be done in order to understand the effects and potentially provide strategies
for intervention. Furthermore, while not limited to a few candidate genes, the studies
in this thesis are not completely hypothesis-free like genome-wide association studies
(GWAS) that might uncover additional, unexpected genes.124,125 However, GWAS require
even more stringent multiple testing correction, resulting in need for larger effect sizes
or even bigger sample sizes to identify statistically significant associations,125 whereas
our approach is a good balance between number of SNPs, effect size and sample size.
In our studies, detailed clinical information on all patients was collected, including
concomitant medication or treatment as well as detailed phenotypic information.
Analyses could be corrected for potential confounding of these variables and cases and
controls could be clearly defined. To separate cases and controls even better, we used
more extreme outcomes by removing cases with intermediate (grade 1) toxicity and
requiring sufficient follow-up for anthracycline controls. In order to reduce confounding
due to population stratification, we applied principal component analysis to determine
and correct for genetic ancestry of patients, which is important in our ethnically diverse
cohorts. We also performed analyses in subgroups of only patients with European
ancestry, showing similar results as the full cohort. Nevertheless, even though we corrected for multiple variables, our cohorts consisted of patients treated for many different
cancers using a multitude of different protocols and supportive treatments. Therefore,
these results might be different for specific subgroups or under certain conditions. This
is illustrated by the failure of Yang et al. to replicate the associations of TPMT and COMT
with cisplatin-induced ototoxicity in a medulloblastoma cohort, that received different concomitant (both ototoxic and otoprotective) treatment, while they observed a
similar trend, in line with our findings, in their second, cohort that was much similar
to our cohort.62 Another example is the replication of the association of SLC28A3 with
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anthracycline-induced cardiotoxicity in the Dutch-EKZ cohort, that was only observed
in patients that received similar anthracyclines (i.e. doxorubicin and/or daunorubicin).
Finally, the identified genetic risk factors in these studies were included in models
that combined genetic and clinical risk factors to allow for risk stratification. While these
models require further validation, they do provide potential clinically actionable tools
that can be evaluated in prospective studies.

Future directions
The studies in this thesis have identified and replicated multiple genetic risk variants for
two important toxicities related to childhood cancer therapy: cisplatin-induced ototoxicity and anthracycline-induced cardiotoxicity. Identification of these genetic risk variants
leads to better understanding of these toxicities and possibly to new opportunities to
mitigate toxicity. Furthermore, the development of risk prediction models provides tools
for risk stratification for individual patients to optimize treatment safety and effectiveness. However, more research needs to be done before these findings can be translated
into everyday clinical practice. The functional consequences of the identified genetic
risk variants need to be investigated further. Additional replication of the risk variants in
independent cohorts will be needed to firmly establish their role as predictive variants.
This replication needs to include different ethnic populations as well as specific cancer
types, to help identify patients who will benefit most from a predictive test incorporating these variants and possibly identify risk variants that are specific to certain groups
of patients. Larger studies, including GWAS, could uncover additional risk variants and
improve the risk models. Finally, prospective studies are needed to further replicate the
identified genetic risk variants as well as thoroughly evaluate the risk prediction models
to examine whether applying these models in risk stratification improves final outcomes
in terms of morbidity and mortality due to both the original disease as well as treatment
related toxicity.

Functional consequences of genetic risk variants
Understanding the mechanisms by which the identified genetic risk variants lead to
toxicity will strengthen the evidence for the association of the variants.126 Furthermore,
it could lead to opportunities to influence or mitigate the drug-induced toxicity. For
example, uptake or excretion by certain transporters can be blocked by specific
compounds and metabolism increased by inducing or inhibiting certain enzymes.127
Therefore, better understanding the functional consequences of the genetic risk variants will be important. Genetic refinement using fine-mapping or deep (re-)sequencing
can assist to narrow down which exact variants to study.126 Functional studies in vitro and
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in vivo could help to elucidate the consequences on RNA expression, protein levels and
function.126 Using established and publically available databases and in silico tools can
further aid the search for the functional effects of the risk variants. For example, SNAP
(SNP Annotation and Proxy Search) to find other SNPs in linkage disequilibrium with the
associated variants,128 the expression quantitative trait locus (eQTL) browser (http://eqtl.
uchicago.edu) to find SNPs influencing gene expression, the UCSC Genome Browser to
visualize genetic and epigenetic information collected from many studies around the
genes and/or variants of interest,129 SNPinfo to predict SNP function,73 PharmGKB to
obtain manually curated information on important genes and variants in pharmacogenomics130 as well as many others.131 Obviously, these tools will not replace specifically
planned experiments aimed at better understanding the mechanisms by which the risk
variants influence drug toxicity.

Replication and validation
While we replicated the associations of several variants with either cisplatin-induced
ototoxicity or anthracycline-induced cardiotoxicity in our studies, further replication is
desirable. In particular, replication in patients on different treatment protocols, receiving
different supportive therapy, or with different ethnic backgrounds are important as this
will demonstrate generalizability or show whether risk variants are specific to certain
subgroups. This will inform which patients will benefit most from a predictive test incorporating these variants. These studies could also include adults, though care should
be taken as many adult patients have multiple comorbidities at start of treatment that
are not common in children.132 Adults might also receive other cardiotoxic treatments
such as trastuzumab,133 which could complicate such studies. Nevertheless, as survival
rates for cancer in adults and life expectancies are increasing, long-term effects of cancer
treatment are also becoming more important in adults.134-136
Variants that showed suggestive, but not conclusive, evidence should also be further
replicated, including variants discovered by other research groups. Large collaborations
through consortia such as the Canadian Pharmacogenomics Network for Drug Safety
and the Childhood Cancer Survivor Study will be needed to attain sufficient statistical
power and will likely involve meta-analysis of multiple (smaller) studies.126,137,138 Furthermore, genome-wide studies will need to be done to uncover additional variants
in genes not covered by our ADME toxicity panel. Again, large studies will be needed
for sufficient statistical power, although variants with large effects can be detected in
smaller studies, which is not uncommon for pharmacogenomic GWAS.124,139
Validation and refinement of the risk profiles including genetic risk variants, will
likely be an iterative process, in which additional risk variants are added once firmly
established, possible interactions included (e.g. SNP*dose or SNP*ethnicity), and less
informative variants removed.
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Translating findings into clinical practice
For patients to benefit from all these discoveries, the findings need to be incorporated
into routine treatment protocols. However, before routine use, rigorous testing will be
required involving prospective studies, possibly even randomized-controlled trials, to
evaluate the effect of using these risk variants or risk profiles for risk stratification, on
clinical outcomes. Proper cut offs for risk profile scores will need to be defined to create
useful risk groups that can then be offered different treatment or monitoring options
or receive additive protective measures. For example, patients at high risk for cisplatininduced ototoxicity, could be offered to receive carboplatin instead, which is reportedly
less ototoxic, but possibly also less efficient in treating the cancer.26,42,140,141 Alternatively,
they might be candidates for otoprotectants such as sodium thiosulfate.26,42 Patients at
high risk for anthracycline-induced cardiotoxicity could benefit from dexrazoxane, a
proven cardioprotectant,43,103 or receive potentially less toxic formulas such as liposomal
anthracyclines.43,142,143 At minimum, these patients should be more intensively monitored
for (subclinical) cardiotoxicity, possibly using state-of-the-art imaging techniques such
2D strain echocardiography or cardiac MRI or using biomarkers such as cardiac troponins
and pro-NT-BNP.47,48,144,145
Conducting these prospective studies will be difficult and expensive.124 In particular
because some of these toxicities, e.g. anthracycline-induced cardiotoxicity, develop
many years after treatment and it will be difficult to recruit enough patients in a reasonable amount of time. Nevertheless, pharmacogenomic testing can easily be embedded
in protocols from national and international collaborative pediatric oncology groups
such as COG (Children’s Oncology Group) or SIOP (International Society of Paediatric
Oncology) for prospective evaluation, perhaps first without any intervention based on
the testing. Furthermore, instead of using outcomes that become evident years after
treatment, surrogate or more sensitive markers of toxicity that predict or precede longterm overt toxicity can be used such as pro-NT-BNP or troponins or 2D strain echocardiography for anthracycline-induced cardiotoxicity.47,133,144,146
In conclusion, we have discovered and replicated multiple novel genetic risk factors
for cisplatin-induced ototoxicity and anthracycline-induced cardiotoxicity in patients
treated for childhood cancer. We have shown that combining these genetic risk factors
with conventional clinical risk factors allows for risk stratification to inform treatment
decisions. Yet, more research is needed for further replication and evaluation. Also,
genetic risk factors for other drug-induced toxicities still remain largely undiscovered
or are awaiting replication. Nevertheless, these pharmacogenomic studies of severe adverse drug reactions in pediatric oncology are paving the way for individualized patient
cancer therapy; selecting the best treatment for the patient, not just for the tumor.
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Samenvatting
De overleving van kinderen met kanker is de afgelopen tientallen jaren toegenomen
voor alle soorten maligniteiten als gevolg van verbeteringen in de multi-modale behandelingsprotocollen en ondersteunende therapie. Echter, deze toegenomen overleving
is voor veel overlevenden gepaard gegaan met ernstige, levenslange, nadelige effecten
van de therapie. Het kunnen identificeren van patiënten die het hoogste risico lopen
op deze nadelige effecten, zou mogelijkheden kunnen bieden om de hieraan geassocieerde morbiditeit en mortaliteit te voorkomen of te verminderen.
Chemotherapie is een belangrijk onderdeel in de behandeling van kinderkanker en
ernstige bijwerkingen van medicatie veroorzaken een belangrijk gedeelte van het totaal
aan kankerbehandeling gerelateerde nadelige effecten. Hoewel veel factoren het effect
van medicatie beïnvloeden, is aangetoond dat genetische factoren een substantieel
deel van variabiliteit in medicatie effect verklaren.
De farmacogenetica probeert om genetische varianten te identificeren die respons
op medicatie of het optreden van bijwerkingen kunnen voorspellen. Meerdere studies
hebben de rol van genetische polymorfismen onderzocht met betrekking tot het optreden van bijwerkingen van verschillende anti-kanker medicijnen, zoals cisplatinum
geïnduceerde gehoorschade (ototoxiciteit) en anthracycline geïnduceerde hartschade
(cardiotoxiciteit).
In hoofdstuk 1 wordt de huidige kennis van genetische gevoeligheidsfactoren beschreven voor enkele, geselecteerde, ernstige bijwerkingen van medicatie in patiënten die
zijn behandeld voor kinderkanker. Echter, veel van de studies hebben methodologische
tekortkomingen zoals kleine patiënten aantallen, incomplete klinische informatie, beperkt aantal varianten of genen die onderzocht werden, of het ontbreken van replicatie
of correctie voor het doen van multipele testen. Hierdoor wordt de implementatie van
routinematig farmacogenetisch testen om bijwerkingen te voorspellen en te voorkomen vertraagd.
De studies in dit proefschrift zijn uitgevoerd als onderdeel van het Canadian Pharmacogenomics Network for Drug Safety (CPNDS), een groot samenwerkingsverband dat is
opgericht om deze problemen tegen te gaan en voldoende patiënten te rekruteren om
genetische markers te identificeren die ernstige bijwerkingen kunnen voorspellen. In
het bijzonder, waren deze studies er op gericht om genetische varianten te ontdekken
en repliceren die geassocieerd zijn met cisplatinum geïnduceerde gehoorschade en
anthracycline geïnduceerde cardiotoxiciteit in kinderen – twee ernstige bijwerkingen
binnen de kinderoncologie die een hoge morbiditeit hebben en in het geval van anthracyclines ook mortaliteit.
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Etniciteit
Etniciteit is erg belangrijk met betrekking tot respons op medicatie, zowel met betrekking tot werkzaamheid als risico op toxiciteit. Geografische of etnische verschillen in
de frequentie van allelische varianten in genen die medicatie respons beïnvloeden
kunnen deels de variabiliteit in de respons op medicatie verklaren. Daarnaast kan het
includeren in genetische studies van patiënten met verschillende etnische afkomst
leiden tot fout positieve associaties als gevolg van onderliggende ancestrale genetische
verschillen of populatie stratificatie, alsook echte effecten maskeren die leiden tot fout
negatieven. Om de statistische power in (farmaco)genetische studies zo groot mogelijk
te laten zijn, is het nodig om zoveel mogelijk goed in kaart gebrachte patiëntenmonsters te includeren en tegelijkertijd de kans op fout positieve associaties als gevolg van
populatie stratificatie zo laag mogelijk te houden. In hoofdstuk 2 wordt het gebruik van
principal component analyse (PCA) onderzocht om genetische afkomst te detecteren
en hiervoor te corrigeren in een etnisch diverse Canadese populatie gebruikmakend
van een beperkte set van farmacogenetische markers. Er werd een sterke correlatie
geobserveerd tussen de principal component waarden en geografische afkomst van de
patiëntenmonsters en het was mogelijk om accuraat de genetische afkomst van patiënten te bepalen. Hiermee werd aangetoond dat PCA succesvol kan worden toegepast
in farmacogenetische studies om hiermee statistische power te maximaliseren en fout
positieve bevindingen te minimaliseren.

Cisplatinum geïnduceerde gehoorschade
Cisplatinum is een veel gebruikt en effectief chemotherapeutisch middel voor solide
tumoren. Echter, het veroorzaakt ook ernstig gehoorverlies in een groot percentage
kinderen. Hoofdstuk 3 beschrijft de eerste grote studie naar genetische susceptibiliteit
voor cisplatinum geïnduceerde gehoorschade in kinderen, waarin 2977 varianten in
220 genen werden onderzocht (1949 SNPs na kwaliteitscontrole), die betrokken zijn in
transport, metabolisme en toxiciteit van medicatie, gebruikmakend van een speciaal
ontwikkeld SNP genotyperingspaneel. Er werden 2 SNPs geïdentificeerd in de genen die
coderen voor thiopurine S-methyltransferase (TPMT) en catechol O-methyltransferase
(COMT) die sterk geassocieerd waren met cisplatinum geïnduceerd gehoorverlies in een
initieel cohort van 54 patiënten die behandeld werden in het B.C. Children’s Hospital in
Vancouver, Brits Columbia, Canada, en die gerepliceerd werden in een tweede cohort
van 112 kinderen die elders in Canada behandeld waren (TPMT rs12201199, odds ratio
(OR) 16.9, P=2.2x10−4 and COMT rs9332377, OR 5.5, P=1.8x10−4, respectievelijk voor het
gecombineerde cohort). Beide varianten bleven significant geassocieerd na Bonferroni
correctie voor het doen van multipele testen. De voorheen gerapporteerde associaties
met het megaline gen (LRP2), GSTP1 of GSTM1 konden niet worden bevestigd. Sensitiviteitsanalyses lieten zien dat de resultaten voor TPMT en COMT robuust waren na inclusie
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van patiënten met graad 1 gehoorschade, in extreme analyse van alleen toxiciteitsgraad
3 en 4 en in een subgroep van alleen Europese afkomst . Bij elkaar liepen dragers van of
de TPMT en/of de COMT variant een substantieel risico op het ontwikkelen van gehoorschade (positief voorspellende waarde 92.7%).
In hoofdstuk 4, werden de top geassocieerde varianten uit de studie in hoofdstuk 3
verder onderzocht in een onafhankelijk replicatie cohort van 155 kinderen die behandeld zijn met cisplatinum in heel Canada. Drie varianten in TPMT konden worden gerepliceerd, inclusief de top SNP rs12201199 (OR 6.1, P=0.0013), en ook de twee varianten
die leiden tot functieverlies r s1142345 en rs1800460 (OR 4.5, P=0.011 en OR 3.6, P=0.038,
respectievelijk). In alle cohort gecombineerd was rs12201199 zeer significant (OR 8.9,
P=8.7x10−7). De twee varianten in COMT (rs4646316 en rs9332377) lieten beiden een effect
in dezelfde richting zien als de originele studie, maar de resultaten waren niet statistisch
significant (OR 1.3, P=0.33 en OR 1.4, P=0.28 respectievelijk). Één andere variant in de
ATP-bindende cassette transporter C3 (ABCC3; rs1051640), waarvoor suggestief bewijs
voor associatie in de eerste studie bestond (OR 2.1, P=0.0092), werd gerepliceerd (OR 1.8,
P=0.036). Tot slot werd een risico predictie model geconstrueerd met zowel klinische
variabelen als varianten in TPMT, COMT en ABCC3, welke een significante verbetering
gaf van voorspelling van cisplatinum geïnduceerde gehoorschade ten opzichte van een
model dat alleen klinische variabelen bevatte (AUC 0.786 vs. 0.708, P=0.00048). Met dit
combinatie model konden patiënten worden voorspeld, die een hoog risico op cisplatinum geïnduceerd gehoorverlies liepen, met een positief voorspellende waarde van
91.5% en een negatief voorspellende waarde van 54.5%.

Anthracycline geïnduceerde hartschade
Het gebruik van anthracyclines als effectieve antikanker medicijnen voor verschillende
vormen van kinderkanker wordt gelimiteerd door het optreden van anthracycline geïnduceerde hartschade (ACT), waarbij tot 60% van de overlevers afwijkingen hebben op
een hartecho. In hoofdstuk 5 wordt de genetische susceptibiliteit voor ACT in overlevers
van kinderkanker onderzocht door dezelfde 2977 varianten in 220 genen als in hoofdstuk 3 te analyseren (1931 SNPs na kwaliteitscontrole) die betrokken zijn in transport,
metabolisme en toxiciteit van medicatie. Er werd één significante synoniem coderende
variant (rs7853758, L461L) in de ‘solute carrier’ 28A3 (SLC28A3) ontdekt in het eerste cohort van 156 met anthracyclines behandelde kinderen uit Brits Columbia, Canada (OR
0.29, P=0.0071) welke werd gerepliceerd in een ander cohort van 188 kinderen die elders
in Canada behandeld waren (OR 0.33, P=0.0072). Deze variant werd verder onderzocht
in een ander kleiner replicatie cohort van 96 met anthracycline behandelde overlevers
van kinderkanker uit Amsterdam. In dit cohort werd een vergelijkbaar effect gezien,
maar interessant genoeg, alleen in patiënten die met dezelfde types anthracyclines
(doxorubicine of daunorubicine) waren behandeld als de Canadese patiënten (OR 0.42,
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P=0.067). In alle cohorten gecombineerd was rs7853758 zeer significant, zelfs na Bonferroni correctie (OR 0.35, P=1.8x10−5, Pgecorrigeerd=0.0060). Verder werd er suggestief bewijs
(P<0.01) gevonden voor de associatie van varianten in verschillende andere genen met
ACT inclusief een variant in de ATP-bindende cassette transporter C1 (ABCC1, rs4148350)
welke in linkage disequilibrium is met een variant in hetzelfde gen (G671V), waarvan
eerder een associatie is gerapporteerd. In contrast hiermee konden andere voorheen
geassocieerde varianten in ABCC2, CYBA, RAC2, NCF4, CBR3 en CAT niet bevestigd worden. In een explorerende analyse, werd een risico predictie model geconstrueerd welke
negen SNPs bevatte alsook klinische variabelen. Dit model werkte beter dan een model
met alleen klinische variabelen (AUC 0.87 t.o.v. 0.68, P=4.8x10−6). Dit combinatie model
werd gebruikt om drie risico groepen te definiëren. In de hoog risico groep ontwikkelde
75% van de patiënten ACT (positief voorspellende waarde), terwijl in de laag risico groep
96% van de patiënten geen ACT ontwikkelde (negatief voorspellende waarde).
Vervolgens werden in hoofdstuk 6 alle drieëntwintig top geassocieerde varianten
(P<0.01) uit de studie in hoofdstuk 5 verder onderzocht in een onafhankelijk, gecombineerd cohort van 218 patiënten, inclusief de zesennegentig Nederlandse patiënten die
eerder waren gebruikt om alleen rs7853758 te onderzoeken, aangevuld met extra Nederlandse en Canadese patiënten. In dit replicatie cohort werd de associatie van rs17863783
in UDP glucuronosyltransferase 1A6 (UGT1A6) bevestigd (OR 7.98, P=0.0062). Tevens
werd het bewijs voor associatie van twee varianten in SLC28A3 (rs7853758 and rs885004)
met ACT verder versterkt (P=0.058 voor beide varianten, in alle cohorten gecombineerd
P=1.6x10−5 en P=3.0x10−5, respectievelijk). Een andere variant in sulfotransferase 2B1
(SULT2B1, rs10426377) werd bijna statistisch significant gerepliceerd (P=0.054). Er werden
ook verkennende analyses gedaan om geslachts-, leeftijds- of dosisspecifieke verschillen in associaties op te sporen. Hoewel dergelijke verschillen werden gevonden voor geslacht (ABCB4 en SULT2B1) en leeftijd (HNMT en SLC22A2), werden er geen gevonden voor
dosis. Evenwel moeten deze bevindingen nog worden bevestigd in grotere studies. Tot
slot werd het risico predictie model uit hoofdstuk 5 onderzocht in dit nieuwe replicatie
cohort. Echter, het model uit hoofdstuk 5 dat zowel genetische als klinische variabelen
bevatte, verbeterde niet significant de predictie vergeleken met een model van alleen
klinische variabelen. Hierop werd een gereviseerd model geconstrueerd en getraind in
het originele cohort en gevalideerd in het nieuwe replicatie cohort. Dit gereviseerde
model kon beter onderscheid maken tussen ACT cases en controles dan een model
met alleen klinische variabelen zowel in het originele cohort (AUC 0.77 tegenover 0.68,
P=0.00031) als ook in het replicatie cohort (AUC 0.77 t.o.v. 0.69, P=0.060).
Tot slot werd in hoofdstuk 7 een verbeterd en uitgebreid SNP genotyperingspaneel
gebruikt dat 4636 unieke SNPs bevatte (4153 na kwaliteitscontrole) om additionele genetische varianten te identificeren die bijdragen aan ACT. Het gecombineerde cohort van
de studie uit hoofdstuk 5 werd gebruikt om nieuwe varianten te ontdekken die werden
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gerepliceerd in het gecombineerde replicatie cohort van de studie uit hoofdstuk 6.
Twee varianten in SLC22A17 (rs4982753) en in SLC22A7 (rs4149178) waren significant geassocieerd met ACT in het eerste cohort (P=0.0078 en P=0.0034, respectievelijk) alsook
in het replicatie cohort (P=0.0071 en P=0.047) met gecombineerde odds ratios van
0.50 (95% BI 0.33-0.75) en 0.45 (95% BI 0.26-0.75) respectievelijk. Er werd ook suggestief
bewijs gevonden voor associatie met een andere variant in SULT2B1 (rs10426628) in alle
cohorten gecombineerd (P=3.2x10−4). Deze associatie was onafhankelijk van het effect
van rs10426377 in SULT2B1 dat eerder in hoofdstuk 6 was gevonden. Haplotype analyse
liet zien dat in patiënten die drager waren van beide varianten het verhoogde risico
van de ene variant (rs10426628) werd gecompenseerd door het beschermende effect
van de ander (rs10426377) en vice versa. Verder werden meerdere andere varianten met
suggestief bewijs voor associatie gevonden in genen die gerelateerd zijn aan oxidatieve
stress, waarvan bekend is dat het een belangrijk mechanisme is dat bijdraagt aan ACT.
In tegenstelling vonden we geen significante associaties met varianten in aldo-ketoreductases (AKRs) of carbonyl reductases (CBRs); enzymen die anthracyclines metaboliseren in toxische alcohol metabolieten.
De twee varianten in SLC22A17 en SLC22A7 werden toegevoegd aan het predictie
model dat was ontwikkeld in hoofdstuk 6 dat vijf varianten en klinische variabelen
bevatte. Dit uitgebreidere model kon significant beter onderscheid maken tussen cases
en controles dan het vorige model (gecombineerd cohort AUC 0.781 tegenover 0.755,
P=0.029). Ook wanneer er geen klinische variabelen in het model werden geïncludeerd
werd het model significant verbeterd door toevoeging van de twee SNPs (AUC 0.716
tegenover 0.671, P=0.0081).
Samenvattend werden verschillende, nieuwe genetische varianten geïdentificeerd en
gerepliceerd die bijdragen aan cisplatinum geïnduceerde gehoorschade en anthracycline geïnduceerde hartschade. Het combineren van deze varianten met klinische risico
factoren in een enkel model verbeterd de predictie van het risico dat patiënten lopen.
Wanneer deze bevindingen worden gerepliceerd en gevalideerd in andere cohorten,
kunnen ze helpen om beslissingen te nemen omtrent de behandeling of opties voor
monitoring in individuele patiënten om de beste kanker behandeling te geven terwijl
toxiciteit wordt geminimaliseerd.
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Het maken van een proefschrift is als een reis. Één die mij in dit geval letterlijk naar de
andere kant van de wereld heeft gebracht. Tijdens een reis zijn er stukken die je alleen
reist, altijd wetend dat er thuis of ergens iemand is die aan je denkt en je steunt. Je
komt vele mensen tegen. Sommigen stukken reis je samen en natuurlijk zijn er gidsen of
mensen die tips hebben over waar je naar toe moet. Zo ging het ook met dit het maken
van dit proefschrift, dat niet zonder de hulp, inzet en steun van velen tot stand was
gekomen. Hier wil ik hen dan ook van harte bedanken.
Allereerst wil ik graag alle kinderen, adolescenten, volwassenen en hun ouders bedanken die mee gedaan hebben aan dit onderzoek. Waar sommigen van jullie nog iedere
dag tegen deze vreselijke ziekte vechten, hebben anderen nog iedere dag last van alle
bijwerkingen en gevolgen van de therapie. Hoewel de uitkomsten van dit onderzoek
jullie waarschijnlijk niet meer zal helpen, hebben jullie toch mee gedaan om voor
anderen de therapie veiliger te maken. Jullie vechtlust en doorzettingsvermogen zijn
bewonderenswaardig en vormen de basis van dit proefschrift.
Mijn promotoren, professor A.B.J. Prakken en professor M.R. Hayden. Beste Berent, het
is nu eindelijk klaar. Er waren momenten dat ik dacht dat het nooit zou lukken, maar
jij bent altijd in mij blijven geloven. “Great Expectations” van Dickens stond er op de
mok die je mij gaf. Je was een mentor op afstand, maar één die ik niet had kunnen en
willen missen. Het is geen immunologie of reumatologie geworden, maar dat maakt
niet uit. Ik ben trots dat jij desalniettemin mijn promotor wilde zijn. Dank je voor je wijze
woorden tijdens de moeilijke momenten de afgelopen jaren. De manier hoe jij kliniek
en wetenschap weet te combineren en tegelijkertijd ook tijd voor privé overhoudt vind
ik bewonderenswaardig en is tot een voorbeeld voor mij.
Dear Michael, it’s been a long journey. We’ve known each other for more than 14 years
now. The first time I came to your lab for a year as a medical student was by coincidence,
as you thought I had been sent by your friend John Kastelein from Amsterdam, which
I had not. Apparently, I had been able to impress you enough, as the second time you
invited me to come to do a PhD in your lab. My interest in genetics and pediatrics were
perfect for this exciting new project you had just started. Along the way, you have
been an incredible mentor for me. At times, when I only saw problems and difficulties,
you saw opportunities and showed them to me. You pushed me to get the most out
of everything and to go beyond my own limits. Sometimes this was difficult, but the
reward was big and you were always there to support and guide me to get it done. I
admired how you were able to manage all these different research projects as well as
your company. You never seem to run out of energy and always take on new things. Dear
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Michael, thanks for your support and guidance and I hope our paths will keep crossing
in the future as you and I both take on new endeavours.
My copromotor, dr. C.J.R. Ross. Dear Colin, without your dedication and perseverance,
this thesis would not have been possible. Without your grant writing skills, the whole
project likely would not have been funded in the first place. You were the glue between
all the different researchers involved and always managed to stay calm. You were involved in every way from conception to final manuscript. Your knowledge of genotyping
platforms, assays and sample preparation were invaluable. You were always available
when I came into your office with problems or questions, or to bounce off new ideas.
Thank you for helping me focus, and reviewing my manuscripts over and over again.
Also, thanks for all the travel tips in your beautiful province of British Columbia. We
both started in the lipid research group, did some Huntington work, and finally worked
closely together in the pharmacogenomics group. I hope to collaborate with you for
years to come.
Professor B.C. Carleton, dear Bruce. I really feel our collaboration got better and better
over the years and so did our friendship. Your enthusiasm and large network within
the clinical pharmacology community made this project and thesis to a success. Even
though we still can’t agree on which computer is best (apples should be eaten), we did
manage to agree on many other things. Thanks for all the helpful discussions and also
for the great tip to visit Cannon Beach.
Dr. S.R. Rassekh and professor P.C. Rogers. Dear Rod, your help and advice as a pediatric
oncologist was invaluable on how to interpret the clinical data. Your optimism and
humor are admirable. I know all your patients love you, especially when the Canucks are
in the play-offs and you let your beard grow. I loved hanging out and having drinks with
you and Kate at the last SIOP meeting in Toronto.
Dear Paul, thank you for your continued support throughout the years. It was nice to
meet you again in Toronto as well. And yes, I might want to become a pediatric oncologist too.
Dr. H. Al-Saloos and professor G.S. Sandor. Dear Hesham, your time and help with the
echocardiogram data was great. It made it possible to define the best phenotype for our
anthracycline studies to make it a success. Dear George, you were always very kind and
willing to help. Thank you for your support.
Dr. L.C.M. Kremer, dr. H.J. van der Pal, dr. E.C. van Dalen en professor H.N. Caron. Beste
Leontien, jij was mijn link terug naar Nederland. Je was meteen enthousiast toen ik je
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benaderde om mee te doen met onze studie en een cohort in Nederland te verzamelen.
Ik waardeer je kritische blik op de artikelen en onze uitgebreide discussies hierover.
Daarnaast ook dank voor je hulp bij het verder uitstippelen van mijn weg terug in
Nederland. Hopelijk gaan we hier nog meer farmacogenetische studies samen doen.
Beste Heleen en Elvira, dank voor jullie hulp in het AMC met het verzamelen van de
patiënten en de speeksel monsters. Tijdens de paar weken dat ik daar was, hebben jullie
mij snel wegwijs gemaakt en veel geholpen, zodat we uiteindelijk een mooi replicatie
cohort met alle gegevens in handen hadden. Elvira, ook bedankt voor je scherpe oog
voor details bij het lezen. Beste Huib, dank ook voor jouw support en kritische blik bij
het lezen van de artikelen.
Geachte leden van de beoordelingscommissie: prof. dr. P.I.W. de Bakker, prof. dr. A.C.G.
Egberts, prof. dr. E.E.S. Nieuwenhuis, prof. dr. N.M. Wulffraat en prof. dr. R. Pieters, hartelijk dank voor uw bereidheid dit proefschrift te willen beoordelen.
CPNDS investigators and supporting staff. The network would not be possible without
the commitment and work of many individuals. Many thanks to all the site investigators
and recruiting clinicians, nurses, and supporting staff. In particular, I would like to thank
Claudette Hildebrandt and Anne Smith in Vancouver. Dear Claudette, you must have
gone crazy, every time I asked you for more information and more data on particular
patients. Nevertheless, you always managed to get it for me. You always worked very meticulous, which is vital for these studies. I really enjoyed our conversations and will make
sure to drop by when I am visiting Vancouver again. Dear Anne, your help with the ethics
approval, shipment and other legal stuff for the Dutch study was invaluable. You know
your stuff and way through the system, which made my life so much easier; thank you.
Many thanks to the lab technicians who helped with sample preparation and genotyping work. Catherine, your sample tracking and accurate work, made the genotyping go
smooth. Thank you Fudan and Michelle for all the hard work in running the samples.
Thank you as well, Terry and Graeme, including for all the conversations and coffee runs
to Starbucks.
I also want to thank the other students and researchers in the pharmacogenomics group
for their help, insights and useful discussions: Hagit, Johanna, Kusala, Folefac, Ursula and
Teneille. Thank you Stephanie for your help and introduction into the bioinformatics
world.
CMMT lab members. Working in such a vibrant place with all these dedicated people is a
privilege. Even though the PGx group moved to another building, we were always close.
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I had a lot of fun at all the social gatherings such as playing poker or the CMMT Cup
Challenges. Many of you have become friends and we did so many fun things making
my life in Vancouver so much nicer. Dear Roshni, thank you for all the dinners I had
with you and Brett. It was through you Michael heard of me looking for a PhD position
and invited me to come back. I admire your hard work. Dear Shaun, Crystal, Ashley and
Niels, thanks for all the ski trips, day and weekend (hiking) trips, BBQs and drinks we had
together. The memories will last a life time. Simon, it was great to get to know you and
be able to help each other out with our work. I really enjoyed the conversations we had
over beers or coffee.
Na de tijd in Vancouver kwam het afronden van dit proefschrift, terwijl ik ondertussen
begonnen was aan mijn opleiding tot kinderarts, eerst in het Jeroen Bosch Ziekenhuis
te Den Bosch en later in het Radboudumc te Nijmegen. Ik wil alle kinderartsen en collega’s gedurende deze tijd bedanken voor hun begrip, hulp en ondersteuning tijdens
de laatste loodjes. Een aantal mensen wil ik in het bijzonder bedanken: Prof. dr. E. de
Vries, beste Esther, als mijn opleider in het JBZ gaf jij mij de ruimte en tijd om aan mijn
proefschrift te werken. Het heeft uiteindelijk toch nog langer op zich laten wachten,
maar nu is het dan toch echt af. Dr. J.M.T. Draaisma, beste Jos, dank voor je steun als
opleider in het Radboud en het vertrouwen dat jij mij gaf.
Beste vrienden, boys, Michiel, Florens, Joris, Hans, Ritse, Sander, Emile, Maarten, Tim en
Jurrian. Al jaren zijn wij een hechte vriendengroep. Onze tripjes wanneer er weer één van
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