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Cisplatin is a widely used and effective chemotherapeutic 
agent, although its use is restricted by the high incidence  
of irreversible ototoxicity associated with it1. In children, 
cisplatin ototoxicity is a serious and pervasive problem, 
affecting more than 60% of those receiving cisplatin2–5 
and compromising language and cognitive development. 
Candidate gene studies have previously reported associations 
of cisplatin ototoxicity with genetic variants in the genes 
encoding glutathione S-transferases and megalin6–8. We report 
association analyses for 220 drug-metabolism genes in genetic 
susceptibility to cisplatin-induced hearing loss in children. We 
genotyped 1,949 SNPs in these candidate genes in an initial 
cohort of 54 children treated in pediatric oncology units, 
with replication in a second cohort of 112 children recruited 
through a national surveillance network for adverse drug 
reactions in Canada. We identified genetic variants in TPMT 
(rs12201199, P value = 0.00022, OR = 17.0, 95%  
CI 2.3–125.9) and COMT (rs9332377, P value = 0.00018,  
OR = 5.5, 95% CI 1.9–15.9) associated with cisplatin-induced 
hearing loss in children.

Cisplatin has been described as one of the most ototoxic drugs in 
clinical use, causing serious, permanent, bilateral hearing loss in  
10–25% of adults receiving the drug, 50% of individuals receiving 
high doses (>400 mg/m2) and 41–61% of children2–5,9. 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 problems4,10. Cisplatin ototoxicity frequently leads 
to dose reduction and premature termination of cisplatin treatment, 
which may affect overall survival rates. There is substantial inter- 
individual variation in ototoxicity in individuals receiving similar 
doses of cisplatin; this has led to the hypothesis that some individuals 

have polymorphisms in genes encoding drug-metabolizing enzymes 
that render them especially susceptible to cisplatin ototoxicity11.

A discovery cohort of 54 children treated in pediatric oncology units 
who received cisplatin therapy was recruited from the BC Children’s 
Hospital in Vancouver, British Columbia, Canada (Table 1). Children 
who suffered serious cisplatin-induced ototoxicity (n = 33) were 
defined by the development of grade 2–4 hearing impairment following 
cisplatin therapy using Cancer Therapy Evaluation Program, Common 
Terminology Criteria for Adverse Events (CTCAE) criteria, showing 
a hearing loss of >25 dB at frequencies of 4–8 kHz. In this cohort, 
22 (40%) children on cisplatin treatment did not experience any sig-
nificant hearing loss (CTCAE grade 0). To better differentiate between 
cisplatin ototoxicity and normal hearing, children with hearing loss 
defined as grade 1 (n = 4) were removed from the initial analysis.

A second, independent replication cohort of 112 children treated 
in pediatric oncology units who received cisplatin chemotherapy was 
recruited from pediatric oncology units across Canada (Table 1). In 
this cohort, 73 (66%) children suffered serious (defined as grade 
2–4) cisplatin-induced ototoxicity. In the replication and combined 
cohorts, male gender was moderately associated with ototoxicity 
(67% compared to 50% in females, P value = 0.042 overall) and fewer 
children with germ-cell tumors developed ototoxicity (6.6% versus 
26.8%, P value = 0.0006 overall), although these differences did not 
show a similar trend in the discovery cohort.

Study participants’ DNA samples were genotyped for 1,949 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 (Supplementary Table 1). We used a tiered analysis strat-
egy to identify variants that were highly associated with cisplatin oto-
toxicity in the initial discovery cohort (P < 0.01) and that remained 
highly associated in a second replication cohort (P < 0.01)12. The key  
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advantages of this approach are increased power in the discovery 
cohort because the subjects were ascertained from a single site, yield-
ing a more homogeneous sample set less subject to biases, and the fact 
that the broadly ascertained replication cohort ensured generalizabil-
ity of clinically significant findings and minimized the likelihood of 
false positives. We also combined the cohorts to demonstrate the over-
all level of significance to show that these variants remained highly 
significant after correction for multiple testing. We identified two 
SNPs in the genes encoding thiopurine S-methyltransferase (TPMT) 
and catechol O-methyltransferase (COMT) that were highly associ-
ated with cisplatin-induced deafness in the discovery cohort and that 
were replicated in the second cohort (Table 2).

TPMT rs12201199 showed 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 individuals with cisplatin ototoxicity in the discov-
ery and replication cohorts, whereas it was not present in controls 
without cisplatin ototoxicity in the discovery cohort and was present 
in only 1 (2.4%) control in the replication cohort, conferring odds 
ratios of 15.9 (95% CI 0.87–290.0) and 9.82 (95% CI 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 = 2.2 × 10−4, Bonferroni-corrected P = 0.032). The COMT 
A allele of rs4646316 was present in 10 (50.0%) and 21 (58.3%) of 
the controls in the discovery and replication cohorts, respectively, but 
in only 10 (33.3%) and 21 (29.2%) of the individuals with cisplatin 
ototoxicity in the two cohorts. The protective AA genotype conferred 
odds ratios of 23.8 (95% CI 1.2–457.5) and 4.2 (95% CI 0.4–48.3) in 
the discovery and replication cohorts, respectively.

Because the polymorphisms in TPMT and COMT could be in link-
age 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 controls 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 individuals 
with cisplatin ototoxicity having the rs12201199 variant. The loss-
of-function variant rs1142345 (TPMT*3C, Tyr240Cys) was present 
in all 17 of these individuals, and rs1800460 (TPMT*3B, Ala154Thr) 
was also present in 15 of these individuals and none of the controls 
(Table 2). Individuals who 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 of 
cisplatin ototoxicity with rs12201199 is likely due to linkage with 
rs1142345 and rs1800460. At least 23 variant alleles of TPMT have 
now been reported13, and DNA sequencing of the entire coding region 
and intron boundaries of the TPMT gene did not reveal other poten-
tially causal variants in these study participants.

DNA sequencing of COMT revealed an additional variant associ-
ated with cisplatin ototoxicity, rs9332377 in a 7.5-kb haplotype block 
with rs4646316 (Supplementary 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, that 
showed a trend toward 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 structure14,15.

In this study, we decided a priori to compare individuals with no 
hearing loss to individuals with grade 2–4 ototoxicity because in stand-
ardized cisplatin chemotherapy protocols, clinical intervention occurs 
at grade 2 ototoxicity, at which point the dose of cisplatin is either 
reduced or discontinued (Supplementary Table 2). Thus, grade 2  
individuals might have gone on to develop grade 3 or 4 toxicity if  
cisplatin therapy had not been discontinued. Grade 1 individuals were 
excluded to better discriminate between no hearing loss and serious 
hearing loss. Looking back at the individuals with grade 1 ototoxicity 
in both cohorts, three of the four carried TPMT or COMT ototoxicity 

Table 1  Subject demographics
Discovery (n = 53) Replication (n = 109) Combined (n = 162)

Ototox. Controls Ototox. Controls Ototox. Controls

(n = 33) (n = 20) P value (n = 73) (n = 36) P value (n = 106) (n = 56) P value

Age, y (median (min, max)) 5.0 (0, 16) 9.0 (0, 16) 0.213 6 (0, 16) 9.5 (1, 19) 0.187 6 (0, 16) 9 (0, 19) 0.086

Dose, cumulative mg/m2  

(median (min, max))

360 (180, 630) 360 (180, 720) 0.854 400 (120, 720) 410 (100, 700) 0.469 400 (120, 720) 400 (100, 720) 0.655

Treatment duration, wk  

(median (min, max))

4.0 (1, 11) 4.5 (1, 9) 0.365 5.0 (1, 12) 4.0 (1, 11) 0.673 5.0 (1,12) 4.0 (1, 11) 0.890

Gender (male n, (%)) 22 (66.7%) 14 (70.0%) 1.000 49 (67.1%) 14 (38.9%) 0.0072a 71 (67.0%) 28 (50.0%) 0.0425a

Concomitant medication (n, (%))

  Tobramycin 0 0 18 (24.66%) 10 (27.8%) 0.267 18 (17.0%) 10 (17.9%) 0.275

  Vancomycin 1 (3.03%) 1 (5%) 1.000 12 (16.44%) 5 (13.9%) 1.000 13 (12.3%) 6 (10.7%) 0.764

  Vincristine 2 (6.06%) 0 7 (9.59%) 0 0.176 9 (8.5%) 0 0.055

  Gentamicin 0 0 10 (13.70%) 3 (8.3%) 1.000 10 (9.4%) 3 (5.4%) 1.000

Tumor type (n, (%))

  Brain tumor 8 (24.2%) 2 (10.0%) 0.286 17 (23.3%) 6 (16.7%) 0.467 25 (23.6%) 8 (14.3%) 0.219

  Endodermal sinus  

    tumor of thymus

0 0 0 1 (2.8%) 0.330 0 1 (1.8%) 0.346

  Germ cell tumor 2 (6.1%) 3 (15.0%) 0.354 5 (6.9%) 12 (33.3%) 0.0012a 7 (6.6%) 15 (26.8%) 0.0006a

  Hepatoblastoma 7 (21.2%) 2 (10.0%) 0.456 15 (20.6%) 3 (8.3%) 0.169 22 (20.8%) 5 (8.9%) 0.075

  Lymphoma 0 0 0 1 (2.8%) 0.330 0 1 (1.8%) 0.346

  Nasopharyngeal  

    carcinoma

0 0 1 (1.4%) 0 0.121 1 (0.9%) 0 1.000

  Neuroblastoma 8 (24.2%) 4 (20.0%) 1.000 18 (24.7%) 5 (13.9%) 0.223 26 (24.5%) 9 (16.1%) 0.233

  Osteosarcoma 7 (21.2%) 8 (40.0%) 0.209 17 (23.3%) 8 (22.2%) 1.000 24 (22.6%) 16 (28.6%) 0.446

  Sarcoma 1 (3.0%) 1 (5.0%) 1.000 0 0 1 (0.9%) 1 (1.8%) 1.000

Cranial irradiation (n, (%)) 7 (21.2%) 2 (10.0%) 0.456 16 (21.9%) 5 (13.9%) 0.440 23 (21.7%) 7 (12.5%) 0.202

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 otoxicity.
aStatistically significant at 0.05 type I error rate.
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risk variants. In an analysis of all affected individuals including those 
with grade 1 ototoxicity (n = 166), the results for TPMT and COMT are 
made more significant when the grade 1 and grade 2–4 individuals are 
grouped together (TPMT rs12201199, P = 6.2 × 10–5, COMT rs9332377, 
P = 1.1 × 10−4) (Supplementary Table 3). Similarly, in an analysis of 
individuals with severe hearing loss (grade 3 and 4) versus controls with 
no ototoxicity, TPMT remains significant (Supplementary Table 4).

Using the Eigenstrat principal component analysis, we found 
that the majority of the study participants (85%) were of European 
ancestry16,17 (Supplementary Fig. 2). In a subgroup analysis of 
only individuals of European ancestry (n = 143), the associations 
became stronger for the variants associated with cisplatin ototoxicity 
(Supplementary Table 5).

A Kaplan-Meier graph of an increasing number of TPMT and 
COMT risk allele combinations showed an earlier onset (P = 0.00009) 
and a greater severity of cisplatin-induced hearing loss for individuals 
with more than one risk allele (P = 0.0000027) (Fig. 1). The occur-
rence of TPMT and COMT risk genotypes in affected individuals did 
not substantially overlap, and a combination of cisplatin-ototoxicity 
variants cumulatively accounted for 48.1% of the individuals with 
cisplatin ototoxicity (Table 3).

Individuals with cisplatin ototoxicity 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 adjustment 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 they received cispla-
tin. To investigate whether susceptibility to deafness in the absence 
of cisplatin is affected by these variants, we genotyped 192 children 
referred to the BC Children’s Hospital for sensorineural hearing loss 
who had not been on cisplatin therapy. We confirmed that these vari-
ants 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 Africans18. The African population has a 
unique LD structure in which the tag SNP rs12201199 is not in LD with 
rs1142345 and rs1800460, demonstrating the greater genetic diversity 
in this population (Supplementary Fig. 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 than the general US population to develop  
cisplatin-induced nephrotoxicity19; however, the influence of ancestry on 
cisplatin-induced ototoxicity has not previously been reported.

Although the endogenous substrate of TPMT is currently unknown, 
TPMT can methylate and inactivate exogenous thiopurine com-
pounds, such as the metabolites of azathioprine20. Genotyping of 

Table 2  Genetic variants associated with cisplatin-induced hearing loss



Discovery (n=53) Replication (n = 109) Combined (n = 162)

SNP

Genotype/

allele

Ototox. 

(n = 33)

Controls 

(n = 20) OR (95% CI) P valuea

Ototox. 

(n = 73)

Controls 

(n = 36) OR (95% CI) P valuea

Ototox.  

(n = 106)

Controls 

(n = 56) OR (95% CI) P valuea



Adjusted  
P valueb

TPMT
rs12201199 A/A 1 0 2.51 (0.1, 65.00) – 2 0 3.09 (0.14, 66.17) 0.528 3 0 4.77 (0.24, 94.11) 0.277 1.000

A/T 8 0 14.22 (0.77, 261.62) 0.017 14 1 8.60 (1.08, 68.26) 0.018 22 1 14.94 (1.96, 114.09) 0.00061 0.086

A/_ 9 0 15.90 (0.87, 290.02) 0.0097 16 1 9.82 (1.25, 77.37) 0.010 25 1 16.98 (2.23, 128.99) 0.000181c 0.0231c

T/T 24 20 1 57 35 1 81 55 1

A 10 0 14.29 (0.81, 251.74) 0.0097 18 1 9.98 (1.31, 76.36) 0.0071 28 1 16.89 (2.27, 125.88) 0.00022c 0.0318c

T 56 40 128 71 184 111

rs1142345 G/G 0 0 – 1 2 0 2.75 (0.13, 58.92) 0.543 2 0 3.10 (0.15, 65.79) 0.527 1.000

G/A 8 0 13.67 (0.74, 251.10) 0.019 7 1 3.83 (0.45, 32.39) 0.264 15 1 9.27 (1.19, 72.15) 0.011 0.812

G/_ 8 0 13.67 (0.74, 251.10) 0.019 9 1 4.92 (0.60, 40.46) 0.160 17 1 10.51 (1.36, 81.17) 0.0068 0.633

A/A 25 20 1 64 35 1 89 55 1

G 8 0 11.03 (0.61, 197.64) 0.022 11 1 5.79 (0.73, 45.72) 0.044 19 1 10.93 (1.44, 82.74) 0.0017 0.221

A 58 40 135 71 193 111

rs1800460 A/A 0 0 – 1 1 0 1.60 (0.06, 40.34) 1.000 1 0 1.82 (0.07, 45.45) 0.999 1.000

A/G 8 0 13.67 (0.74, 251.10) 0.019 6 0 6.94 (0.38, 126.78) 0.174 14 0 17.59 (1.03, 300.74) 0.0020 0.244

A/_ 8 0 13.67 (0.74, 251.10) 0.019 7 0 8.01 (0.44, 144.31) 0.094 15 0 18.80 (1.10, 320.51) 0.0013 0.175

G/G 25 20 1 66 35 1 91 55 1

A 8 0 11.03 (0.61, 197.64) 0.022 8 0 8.12 (0.46, 143.37) 0.046 16 0 17.96 (1.07, 302.66) 0.00312 0.413

G 58 40 138 70 196 110

COMT

rs4646316 G/G 20 10 21.48 (1.08, 426.70) 0.0093 51 15 6.80 (0.58, 80.28) 0.148 71 25 19.88 (2.33, 169.70) 0.00098 0.135

G/A 13 5 27.00 (1.27, 575.95) 0.0075 21 19 2.21 (0.19, 26.38) 0.607 34 24 9.92 (1.14, 85.95) 0.022 0.959

G/_ 33 15 23.77 (1.24, 457.45) 0.0054 72 34 4.24 (0.37, 48.34) 0.253 105 49 15.00 (1.80, 125.29) 0.0026 0.321

A/A 0 5 1 1 2 1 1 7 1

G 53 25 2.45 (1.01, 5.91) 0.044 123 49 2.51 (1.29, 4.89) 0.0059176 74 2.51 (1.48, 4.27) 0.00055 0.076

A 13 15 23 23 36 38

rs9332377 A/A 1 0 2.71 (0.10, 70.65) 1.000 4 0 5.59 (0.29, 107.16) 0.293 5 0 7.65 (0.41, 141.32) 0.156 1.000

A/G 12 2 5.40 (1.06, 27.47) 0.052 14 2 4.71 (1.01, 21.95) 0.051 26 4 4.51 (1.48, 13.68) 0.0052 0.538

A/_ 13 2 5.85 (1.16, 29.54) 0.028 18 2 5.56 (1.21, 25.49) 0.017 31 4 5.37 (1.79, 16.14) 0.00109 0.148

G/G 20 18 1 55 34 1 75 52 1

A 14 2 5.12 (1.10, 23.85) 0.024 22 2 6.21 (1.42, 27.19) 0.0087 36 4 5.52 (1.91, 15.95) 0.000182c 0.0261c

G 52 38 124 70 176 108
aDetermined using Fisher exact test. bDetermined using Bonferroni-corrected P value. cP < 0.05 after Bonferroni multiple testing correction. Ototox., individuals with ototoxicity.


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Table 3  Combined effect of TPMT and COMT genotypes on cisplatin-induced hearing loss
Discovery (n = 53) Replication (n = 109) Combined (n = 162)

Gene SNP Genotype

Ototoxa  

(n = 33)

Controlsa  

(n = 20) OR

Ototoxa  

(n = 73)

Controlsa  

(n = 36) OR

Ototoxa  

(n = 106)

Controlsa  

(n = 56) OR P valueb Sens Spec PPV NPV

TPMT rs12201199 A/_ 9 (27.3%) 0 (0.0%) 15.9 16 (21.9%) 1 (2.8%)   9.8 25 (23.6%) 1 (1.8%) 17.0 0.000181 23.6% 98.2% 96.2% 40.4%

T/T 24 (72.7%) 20 (100%) 57 (78.1%) 35 (97.2%) 81 (76.4%) 55 (98.2%)

COMT rs9332377 A/_ 13 (39.4%) 2 (10.0%)   5.8 18 (24.7%) 2 (5.6%)   5.6 31 (29.2%) 4 (7.1%)   5.4 0.00109 29.2% 92.9% 88.6% 40.9%

G/G 20 (60.6%) 18 (90.0%) 55 (75.3%) 34 (94.4%) 75 (70.8%) 52 (92.9%)

Unique carriers of eitherc 20 (60.6%) 2 (10.0%) 13.8 31 (42.5%) 2 (5.6%) 12.5 51 (48.1%) 4 (7.1%) 12.1 3.4 × 10−8 48.1% 92.9% 92.7% 48.6%

Non-carriers 13 (39.4%) 18 (90.0%) 42 (57.5%) 34 (94%) 55 (51.9%) 52 (92.9%)
aNumber of individuals (percentage of the entire group). bDetermined 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.




TPMT SNPs rs1142345 and rs1800460 is particularly important to 
identify individuals with an increased probability of adverse events, 
in particular bone marrow toxicity, if treated with standard doses of 
mercaptopurine or azathioprine21,22. Cisplatin normally binds thiol-
containing compounds and purines, especially guanine, and exerts its 
cytotoxic effect by forming intra- and interstrand DNA cross-links, 
causing cell death in rapidly dividing cells. One potential mechanism 
of decreased TPMT enzyme activity that causes cisplatin ototoxicity 
may function through reduced inactivation of cisplatin-purine com-
pounds, thereby increasing the efficiency of cisplatin cross-linking 
and increasing cisplatin toxicity.

TPMT and COMT are methyltransferases dependent on the S- 
adenosylmethionine (SAM) methyl donor substrate in the methionine 
pathway23,24. 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 
resulted in only moderate toxicity, whereas administration of SAM 
and cisplatin together increased cisplatin toxicity substantially, by 

3–6.2-fold, as monitored by renal dysfunction25. 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 humans26,27.

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, OR = 0.71) or the presence of the GSTM1 
gene (Fisher exact P value = 0.51, OR = 0.78).

In this study, the strong associations 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 affected individu-
als 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 effect28. For severe ADRs where the genetic effect  
is large, such as the cisplatin-induced ototoxicity reported here,  
carbamazepine-induced Stevens-Johnson syndrome, abacavir-
induced hypersensitivity, statin-induced myopathy29 and gefitinib- 
induced diarrhea, the number of affected individuals required to  
identify a highly significant association using a large, genome-wide 
scan is 10–100 people28. This is supported by the retrospective genome-
wide analysis of the abacavir-hypersensitivity reaction, where a marker 
in LD with the causal HLA-B*5701 variant was among the 10 most  
significant SNPs when as few as 15 hypersensitivity reaction cases 
were analyzed28.

These findings suggest that it may be possible identify individuals 
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 carbo-
platin, which shows a nearly similar cure rate with reduced ototoxicity. 
Individuals at higher risk may also be selected for experimental oto-
protectant 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 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 a sufficient number of 
participants, 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 devel-
opment of predictive diagnostic markers to reduce the incidence of 
cisplatin ototoxicity, thereby improving treatment outcomes.
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Figure 1  Cisplatin ototoxity and number of risk alleles. (a) The 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 earlier onset of cisplatin-
induced hearing loss (P = 0.00009). (b) An increasing number of these 
risk alleles is also associated with more severe cisplatin-induced hearing 
loss (P = 0.0000027).
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Methods
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS
Subjects. Study participants were recruited by the Canadian Pharmacogenomics 
Network for Drug Safety (CPNDS), a national multicenter active surveillance 
consortium for studying adverse drug reactions in children30. 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 hear-
ing loss were recruited from the BC Children’s Hospital, Vancouver, Canada.  
A second cohort of children treated in pediatric oncology units were recruited 
from across Canada: Alberta Children’s Hospital (Calgary, Alberta), Stollery 
Children’s Hospital (Edmonton, Alberta), Winnipeg Health Sciences Centre 
(Winnipeg, Manitoba), London Health Sciences Centre (London, Ontario), 
Hospital for Sick Children (Toronto, Ontario), Kingston General Hospital 
(Kingston, Ontario), Children’s Hospital of Eastern Ontario (Ottawa, Ontario), 
Hôpital Sainte-Justine (Montreal, Quebec), IWK Health Centre (Halifax, New 
Brunswick) and McMaster Children’s Hospital (Hamilton, Ontario). 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 (Supplementary 
Table 2). All subject data were reviewed blind to genotype data by a clini-
cal pharmacologist, an audiologist, an oncologist and an ADR surveillance 
clinician who reviewed audiogram test results and medical records. Subjects 
with serious cisplatin ototoxicity were defined as those with grade 2 or higher 
CTCAE hearing impairment after treatment with cisplatin. Grade 2–3 hearing 
impairment is the point at which cisplatin chemotherapy protocols recom-
mend halting or reducing cisplatin doses. Controls included children treated in 
pediatric oncology units who did not develop hearing impairment (grade 0).  
The high incidence of serious ototoxicity limited the enrollment of control 
subjects. 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 purifica-
tion system (Qiagen). DNA samples were genotyped for 1,949 SNPs using a 
customized Illumina GoldenGate SNP genotyping assay (Illumina) designed 
to capture the genetic variation of 220 key drug metabolism genes (that is, 
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 cisplatin). All SNP genotype data were 
manually clustered using BeadStudio software (Illumina). SNPs that could 
not be clustered or were nonpolymorphic were excluded from further analy-
ses. The ADME panel consisted of 597 functional SNPs, identified primarily 
by literature review, that cause nonsynonymous amino acid changes or have 
been associated with changes in enzyme activity or function. The panel also 
consisted of 1,352 tag SNPs identified using the ldSelect algorithm to select a 
maximally informative set of tag SNPs to assay in the candidate genes31. The 
tag SNP selection was performed using data from the International HapMap 
project that included all four populations (CEU, CHB, JPT and YRI) with a 
threshold for the LD 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 
Thompson32. 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 Hardy-
Weinberg disequilibrium and 133 SNPs with <0.90 completion were removed, 
leaving 1,803 SNPs for analysis. Case-control tests of association for the geno-
typic (2 d.f.), allelic (1 d.f.) and Armitage trend tests (1 d.f.) were performed 
on the discovery cohort using SAS/Genetics release 9.1 (SAS Institute Inc.). 
The average identity by state 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 individu-
als (86–97%). Principal component analysis was used to assess the popula-
tion structure in the dataset16. 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, age, cisplatin dose and treatment duration. None of the vari-
ables 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 pre-
dicted 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 1,000 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 soft-
ware, primers were synthesized by Invitrogen and PCR reaction products were 
purified by QIAquick 96 PCR Purification Kit (Qiagen, C. Sequence data were 
analyzed using the Phred/Phrap/Consed software package (Genome Software 
Development, University of Washington, Seattle, Washington, USA).

URLs. ldSelect, http://droog.gs.washington.edu/ldSelect.html; ExonPrimer, 
http://ihg2.helmholtz-muenchen.de/ihg/ExonPrimer.html.

http://droog.gs.washington.edu/ldSelect.html
http://ihg2.helmholtz-muenchen.de/ihg/ExonPrimer.html
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