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Abstract

Aim—Assuming that genetic variants of the SLC22A2 and SLC31A1 transporter affect patients’ 

susceptibility to cisplatin-induced ototoxicity, we compared the distribution of 11 SLC22A2 
variants and the SLC31A1 variant rs10981694 between patients with and without cisplatin-

induced ototoxicity.

Patients & methods—Genotyping was performed in 64 pediatric patients and significant 

findings were re-evaluated in 66 adults.

Results—The SLC22A2 polymorphism rs316019 (c.808G>T; Ser270Ala) was significantly 

associated with protection from cisplatin-induced ototoxicity in the pediatric (p = 0.022) and the 

adult cohort (p = 0.048; both: Fisher’s exact test). This result was confirmed by multiple logistic 

regression analysis accounting for age which was identified as a relevant factor for ototoxicity as 

well (rs316019: OR [G/T vs G/G] = 0.12, p = 0.009; age: OR [per year]: 0.84, p = 0.02).

Conclusion—These results identified rs316019 as potential pharmacogenomic marker for 

cisplatin-induced ototoxicity and point to a critical role of SLC22A2 for cisplatin transport in 

humans and its contribution to the organ specific side effects of this drug.
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Background

Cisplatin is one of the most potent anticancer drugs and despite dose-limiting nephro- and 

ototoxicity it is still recommended as first line treatment for pediatric as well as adult 

cancers. While nephrotoxicity can be reduced by vigorous hydration, ototoxicity is still of 

concern in adults and especially in children, who are more sensitive to cisplatin-induced 

ototoxicity and depend on unaffected hearing as basis for language development, school 

performance, social integration and an age-based quality of life [1–3].

Permanent bilateral hearing loss was observed at least in 60% of children treated with 

cisplatin [1, 3, 4]. In adults, persisting ototoxicity may affect up to 50% of patients [5]. 

Reporting of ototoxicity in clinical trials bases on the National Cancer Institute Common 

Terminology Criteria for Adverse Events (CTCAE) and the WHO Common Toxicity 

Criteria [6, 7]. These criteria were found to underestimate the incidence of cisplatin 

ototoxicity and new grading systems were developed, which considered clinical differences 

in cisplatin-induced hearing loss and their consequences. Brock et al. established a grading 

system, which is based on standard pure-tone audiologic frequencies at which hearing loss 

equals or exceeds 40 dB hearing level (HL) [8]. This grading system was further modified 

by Chang and Chinosornvantana and by the SIOP Boston Ototoxicity Scale [1, 9]. Both 

grading systems considered 20 dB HL besides 40 dB HL as hearing loss in order to detect 

mild hearing losses. The Muenster classification, which was applied in this study, further 

considers tinnitus and minimal hearing losses (>10 to ≤20 dB HL) to already catch 

beginning ototoxicity classified as grade 1 [8, 10, 11]. Compared to existing scales the 

acquisition of changes as low as >10 to ≤20 dB HL after the second cisplatin dose by the 

Muenster classification identifies patients at risk for serious hearing impairment with high 

sensitivity and predictivity [12].

High cumulative dosages of cisplatin are the most important risk factors predicting cisplatin-

induced ototoxicity [5, 13–15]. In addition, bolus-injections of cisplatin, pre-existing renal 

dysfunction, pre-existing sensorineural hearing loss and cranial radiation significantly 

increase the risk for cisplatin-induced hearing loss. Children <5 years are significantly more 

sensitive to cisplatin-induced ototoxicity than older children, while in adults a history of 

noise exposure further increases the risk of cisplatin-induced ototoxicty [5, 13–17].

Moreover other individual factors exist which allow some patients to tolerate cisplatin 

exposure without any signs of ototoxicity, while others experience hearing impairment 

already after the first dose of cisplatin [3, 4, 18]. The hypothesis that genetics may contribute 

to interpatient variation prompted the search for pharmacogenetic markers associated with 

patients’ individual risk to experience cisplatin-induced ototoxicity. In a high-throughput 

genotyping approach of 220 genes encoding Phase I and II metabolizing enzymes the 

intronic SNPs rs12201199 of the TPMT and rs9332377 of the COMT showed high 

predictivity for cisplatin-induced hearing loss [19, 20]. By selection of candidate genes on 
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the basis of established or postulated mechanisms of cisplatin ototoxicity minor allele 

frequencies of nonsynonymous SNPs in the GST genes, rs17999735 in GSTM3 and rs1695 

in GSTP1, were associated with protection from cisplatin-induced ototoxicity [21, 22]. 

Other studies addressed variants in genes involved in drug transport and DNA repair and 

were able to link the nonsynonymous mutations in the XPC gene rs2228001, in the LRP2 
gene rs2075252 and in the CTR1 (SLC31A1) gene rs10981694 to an increased risk for 

cisplatin-induced ototoxicity [23–26].

Apart from SLC31A1, OCT2 (SLC22A2) was shown to mediate the cellular transport of 

cisplatin [27–30]. In preclinical models SLC22A2 was already linked to cisplatin-induced 

oto- and nephro-toxicity [29, 30]. Moreover, the T allele of the SNP rs316019 in the 

SLC22A2 gene was associated with protection from cisplatin-induced nephrotoxicity [31, 

32].

Genetic variants of the SLC22A2 gene had not been analyzed for their relevance on 

cisplatin-induced ototoxicity so far. Having confirmed previous observations that in mice 

SLC22A1 and 2 deficiency protects from cisplatin-induced ototoxicity [30], we compared 

the distribution of 11 SNPs of the SLC22A2 gene between children and adolescents who 

experienced ototoxicity by cisplatin treatment and those who did not. Because of its previous 

association with cisplatin-induced ototoxicity we also included the SNP rs10981694 of the 

SLC31A1 gene in the study [26]. Finally, we validated significant findings in an independent 

cohort of adult cancer patients treated with cisplatin.

Patients & methods

Patients

A total of 194 children and adolescents, who were scheduled for cisplatin-based 

chemotherapy at the University Children’s Hospital of Muenster, participated in the 

exploratory phase of the study. The study was approved by the institutional review board and 

all patients and/or their guardians gave their written informed consent to participate in the 

study. Fourteen patients did not receive the scheduled cisplatin in the end and were excluded 

from further comparisons. To account for known risk factors for hearing loss only patients, 

who had no hearing impairment before therapy (audiogram grade = 0), who were ≥5 years at 

the time of therapy, who did not receive cranial irradiation or ototoxic medication in addition 

to cisplatin and who were devoid of renal impairment before cisplatin therapy, were 

considered eligible for final comparison. Audiologic examinations were scheduled before 

therapy, before every course of cisplatin and at the end of treatment. Audiologic follow-up 

examinations were performed additionally. Patients were only considered eligible, if an 

evaluable audiogram was performed before and at least within 6 months after completion of 

therapy at the Department of Phoniatrics and Pedaudiology at University Hospital of 

Muenster.

Chemotherapy was applied according to the treatment protocols of the German Society of 

Pediatric Hematology and Oncology at the Department of Pediatric Hematology and 

Oncology of the University Children’s Hospital of Muenster. The osteosarcoma patients 

were treated according to the COSS-82/86/91/96 or EURAMOS-1 protocol, neuroblastoma 

Lanvers-Kaminsky et al. Page 3

Pharmacogenomics. Author manuscript; available in PMC 2016 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



patients according to the NB 90 or 2004 protocol. Patients with germ cell tumors were 

treated according to the MAKEI 89 or 96 or the MAHO 94 protocol. Depending on protocol 

and tumor staging, the osteosarcoma protocols prescribed cumulative cisplatin dosages of 

240–750 mg/m2, the neuroblastoma protocols cisplatin dosages between 320 and 640 

mg/m2, the MAHO and MAKEI protocols cisplatin dosages of 200–620 mg/m2 and the HIT 

2000 protocol cumulative cisplatin dosages between 240 and 560 mg/m2 cisplatin. The 

modes of cisplatin administration for the respective treatment protocols are summarized in 

Supplementary Table 1 (see online at: www.futuremedicine.com/doi/suppl/10.2217/pgs.

14.182).

None of the known SLC22A2 inhibitors [33] were administered in the pediatric population.

In the validation phase, data were used from a cohort of 66 adult cancer patients receiving 

intravenous infusions of cisplatin (up to 100 mg/m2) once weekly or once every 3-weeks, 

who were treated at the Erasmus MC–Cancer Institute. Information on dose, schedule, 

diagnosis and concomitant chemotherapy drugs were reported previously [34]. The study 

protocols were reviewed and approved by the local review board, and patients provided 

written informed consent.

Hearing evaluation & ototoxicity

Audiologic examinations performed on the pediatric population included pure-tone 

audiometry via air and bone (in children younger than 3 years sound-field audiometry), 

tympanometry and recording of transient click-evoked and distortion product otoacoustic 

emissions (TEOAE and DPOAE). If necessary, brainstem audiometry was performed. The 

degree of hearing impairment was determined by using the ‘Muenster classification’ for 

early detection of cisplatin-induced bilateral high-frequency hearing loss [11]. A pure tone 

audiogram of grade 0 was necessary to enter the study. The ototoxicity experienced by the 

adult patients was scored according to the NCI-CTCAE criteria.

Genotyping

EDTA blood samples were obtained from all patients, who consented to participate in the 

study. DNA was isolated from peripheral blood mononuclear cells according to standard 

research protocols. Genotyping was carried out using custom-designed genotyping assays 

according to the manufacturer’s instructions (Applied Biosystems, Darmstadt, Germany). 

The assay IDs are given in Supplementary Table 2. Allelic discrimination was conducted 

with an ABI Prism 7700 sequence detection system (Applied Biosystems, Darmstadt, 

Germany). The PCR setup was carried out on a 384-well plate by a Tecan Genesis 150 

robotic system (Tecan Deutschland GmbH, Crailsheim, Germany). For each run two 

nontemplate and three positive controls were added. Reanalysis of 15% of randomly chosen 

samples confirmed the results of previous analysis.

Statistics

Single-marker case–control differences were evaluated for the SLC31A1 variant rs10981694 

and the SLC22A2 variants rs8177513, rs316019, rs8177509, rs596881, rs653753, rs316024, 

rs17588242, rs315988, rs316004, rs316000 and rs316002 using the χ2 test, if the total sum 
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was >40 and each frequency >5. At frequencies ≤5 Fisher’s exact test was used. Odds ratios 

and 95% confidence intervals for the markers in the contingency tables were calculated. To 

account for confounding factors such as age, probability of ototoxicity was modeled by 

multiple logistic regression. This analysis was performed with IBM SPSS Statistics 21 for 

Windows (IBM Corporation, NY, USA).

Linkage, haplotype, deviation from Hardy–Weinberg equilibrium, and pair-wise linkage 

disequilibrium (LD) analysis were done using Haploview [35]. This program takes one 

haplotype at a time and compares it between cases and controls.

All inferential statistics were intended to be exploratory (hypothesis generating), not 

confirmatory, and were interpreted accordingly, that is, p-values are interpreted as metric 

weight of evidence against the respective null hypothesis of no effect. The local significance 

level was set to 0.05. No adjustment for multiple testing was performed.

Results

Overall 194 children and adolescents who were initially designed for cisplatin-based 

chemotherapy were included in the study. While the distribution of the nonsynonymous 

SNPs rs8177509, rs8177513 and rs316019 was determined in all 194 patients, the 

noncoding SNPs of the SLC22A2 gene and the SLC31A1 SNP rs10981694 were only 

analyzed in 192 patients because of insufficient material (Figure 1). Eventually, 180 patients 

received the initially scheduled cisplatin. To reduce the bias by risk factors, which are known 

to increase the risk for cisplatin-induced ototoxicity, 67 patients were further excluded from 

the analysis because of age <5 years, renal insufficiency at diagnosis, cranial irradiation or 

pre-existing hearing loss [1, 3, 5, 13–17]. Finally, 49 patients had to be excluded from the 

final comparison because of nonevaluable audiograms, missing baseline audiograms or 

missing audiograms after completion of therapy (Figure 1). Based on the results of their 

audiological examination the remaining 64 patients were classified into group N (no 

ototoxicity) and O (ototoxicity) according to the Muenster classification [11]. Group O 

comprised 36 patients who experienced hearing impairment ≥1 during cisplatin treatment 

and group N consisted of 28 patients with no signs of ototoxicity (Table 1).

Table 1 summarizes the clinical data of patients in groups N and O. The mean age of all 

evaluable patients at diagnosis was 12.8 years. The patients with ototoxicity (group O) were 

significantly younger compared with patients without ototoxicity (group N; p = 0.037, 

Student’s t-test). This difference was attributed to the higher number of patients with brain 

tumors and neuroblastomas in group O (31% in group O vs 18% in group N), who were 

younger compared with the patients with germ cell tumors and osteosarcomas. Cisplatin 

treatment varied according to tumor type as well as protocol. However, the distribution of 

diagnoses, cumulative cisplatin doses, cisplatin infusion rates and treatment duration were 

not statistically different between both groups (Table 1).

The results for the distribution of alleles and genotypes of the SNPs of the SLC22A2 gene 

and the SNP rs10981694 of the SLC31A1 gene are listed in the Supplementary Table 2. All 

SNPs showed no deviation from the Hardy–Weinberg equilibrium. Altogether, for all SNPs 
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no significant differences in allele distribution were observed between patients and reference 

group [36]. The allele distribution of the SLC31A1 SNP rs10981694 was not different 

between group N and O, and out of the 11 SNPs of the SLC22A2 gene only the allele 

distribution of the nonsynonymous SNP rs316019 was significantly different between 

patients who experienced ototoxicity and those who did not. The frequency of the T allele of 

rs316019 was significantly higher in group N (0.161) than group O (0.042), the group of all 

patients (0.095) and the reference group (0.097). This represented a significant intergroup 

difference (N vs O: χ2 = 5.595; p < 0.05; Table 2). In contrast to the HapMap CEU reference 

group we detected no T/T genotype of the SNP rs316019 in all 194 patients. We also 

detected lower frequencies for the T allele of rs315988, the A allele of rs596881, the G allele 

of rs316000 and the T allele of rs316004 in group O compared with group N. However, 

these differences did not reach statistical significance. This association also becomes 

apparent by graphical visualization of the haplotype structure of the analyzed SLC22A2 
SNPs, which showed high D′-values for rs316019, rs316000, rs316004, rs315988 and 

rs596881 (Figure 2). The SNP rs8177509 was not included in this analysis because of an 

observed allele frequency below 1%.

Regarding the fact that despite of the exclusion of children < 5 years, the mean age of 

patients in group N was significantly higher compared with group O, we applied a multiple 

logistic regression model to analyze probability of ototoxicity accounting for age at 

treatment start. Again we could confirm our findings with an odds ratio of 0.12 (95% CI 

[0.02–0.58], p = 0.009) for G/T genotype in rs316019 compared with G/G genotype. The 

odds ratio for age in this model was 0.84 (95% CI [0.73–0.97], p = 0.02), denoting a 

decrease of chance of ototoxicity of 16% comparing two patients with age difference of 1 

year at treatment start. These results were confirmed when repeating the analyses after 

inclusion of patients <5 years (results not shown).

A cohort of 66 adult patients (32 male and 34 female) with solid tumors treated with 

cisplatin-based chemotherapy was used to independently re-analyze significant associations 

observed in the pediatric cohort. Ototoxicity associated with cisplatin treatment of any grade 

≥1 according to CTCAE criteria (group O) was observed in 18 patients (27%), and was 

absent (group N) in 48 patients (73%). Gender distribution did not differ between group N 

and O. Unlike the pediatric cohort no significant difference with respect to age was observed 

between group N and O. Similar to findings observed in the pediatric cohort, we found that 

the frequency of the T allele of rs316019 was significantly higher for group N (0.094) than 

group O (0.00), and the group of all patients (0.068). This represented a significant 

intergroup difference (N vs O: p = 0.048, Fisher’s exact test) in the adult population.

Discussion

Susceptibility to cisplatin-induced ototoxicity varies between individuals and the reasons for 

these variations have not yet been fully elucidated. However, uptake of cisplatin by 

transporters selectively expressed in certain organs might contribute to the distinct pattern of 

organ toxicities induced by cisplatin [27–32]. So far, various groups confirmed cisplatin 

transport by SLC22A2 [29–32]. Moreover, apart from the kidney SLC22A2 is expressed in 

the cochlea of mice, and SLC22A1/2 deficient mice were less prone to cisplatin-induced 
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ototoxicity [30]. We addressed the role of SLC22A2 for cisplatin-induced ototoxicity in 

humans and analyzed retrospectively in an explorative manner the allele frequencies of 11 

SNPs in the SLC22A2 gene in a cohort 194 children and adolescents who either themselves 

and/or whose guardians agreed to participate in a study aiming at the identification of 

pharmacogenetic risk factors predicting cisplatin-induced ototoxicity.

We included three nonsynonymous SNPs in the SLC22A2 gene, namely rs8177513, 

rs316019 and rs8177509, because the resulting amino acid exchanges are supposed to affect 

transport functions of SLC22A2. The SNPs rs316019 and rs8177509 are located in the 

transmembrane domain of the SLC22A2 protein, while rs8177513 is located in the 

cytoplasmatic domain [37]. The nonsynonymous SNPs were primarily chosen as tag SNPs 

because of their reported allele frequencies in order to increase the probability to detect 

differently distributed allele frequencies between group N and O. The observed minor allele 

frequencies of the nonsynonymous SNPs rs8177513 and rs8177509 were found to be below 

1%, and only one G allele of rs8177513 was detected in one out of 194 patients screened. 

We noted a statistically significant association between the nonsynonymous SNP rs316019 

and cisplatin-induced ototoxicity, in that the T allele occurred more frequently in patients 

who experienced no ototoxicity from cisplatin treatment.

Grading of ototoxicity is crucial for the evaluation of risk factors and for the comparison of 

results from different studies addressing these issues. Compared with the NCI-CTCAE scale 

[6], the Brock [8] and the SIOP Boston [1] ototoxicity scales, which were primarily 

developed as outcome measures to report the incidence and severity of acquired hearing loss 

in children after completion of platinum-based chemotherapies, the Muenster classification 

was optimized for the early detection of ototoxicity during cisplatin treatment. Considering 

tinnitus and minimal hearing loss (>10 to ≤20 dB HL) as grade 1 the Muenster classification 

consequently identified more patients with hearing impairment than the NCI-CTCAE scale 

and the Brock scale [1, 8, 11]. Despite of using the more sensitive Muenster classification 

for phenotyping of the pediatric cohort, we were also able to confirm significant findings for 

rs316019 in the adult cohort graded for ototoxicity according to the less sensitive NCI-

CTCAE criteria. The fact that in contrast to the pediatric cohort no T allele carriers were 

observed in the group of adults with ototoxicity might be explained by the use of the less 

sensitive NCI-CTCAE criteria.

Apart from ototoxicity grading the definition of the study population is critical for the 

evaluation of genetic risk factors for cisplatin-induced ototoxicity. Because irrespective of 

tumor type and treatment protocol all children treated with cisplatin are at risk to experience 

ototoxicity, we decided to admit all patients who were supposed to receive cisplatin to our 

study. Due to different diagnoses and treatment protocols cisplatin administration varied 

with respect to dose and infusion rates, which are both significantly associated with patients’ 

risk to suffer from cisplatin-induced ototoxicity. Though cumulative cisplatin doses ranged 

from 120 to 644 mg/m2 and infusion rates from 0.028 to 1.33 mg/min, neither the 

cumulative cisplatin doses administered nor infusion rates differed between group N and 

group O (Table 1). In addition, the infusion rates and cisplatin dose were not significantly 

different between patients, who carried the 808G>T variant and those who did not (p > 0.05, 

Mann–Whitney U test). Thus, patients carrying the 808G>T variant were not protected 
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because of lower cisplatin-doses or lower cisplatin infusion rates. To exclude confounding 

factors we defined a number of eligibility criteria with the result that only one third of the 

194 genotyped patients was eligible for final comparison. Thirty five percent of patients 

were considered ineligible because they were already at risk to experience ototoxicity 

because of cranial irradiation, pre-existing renal impairment or an age <5 years. Because 

preexisting hearing impairment was reported to increase the risk for cisplatin-induced 

ototoxicity [5], we decided to require a complete and reliable baseline evaluation before 

onset of therapy in order to identify and exclude those patients. In addition, an evaluable 

audiogram within 6 month after completion of therapy was also required to confirm 

existence or continued absence of ototoxicity. Due to the lower noise thresholds used by the 

Muenster classification all audiograms had to be performed at the Department of Phoniatrics 

and Pedaudiology at the University Hospital of Muenster to guarantee that all examinations 

were carried out and evaluated by accordingly experienced staff and to reduce artifacts (e.g., 

by earphone placement) and inter-rater variation. Implementing these criteria another 49 

patients (approximately 25% of the initial cohort) had to be excluded from final analysis, 

which is comparable to drop outs reported from other studies addressing cisplatin-induced 

ototoxicity in children [16]. The excluded patients might well have compromised the final 

study results. However, the allele distribution in the group of excluded patients did not differ 

from the group of all patients (n = 194) and the patients included in the final comparison (n 

= 64). This indicates that no imbalance with respect to allele distribution was introduced by 

the exclusion of patients not meeting the inclusion criteria for this study (Supplementary 

Table 2). Moreover, the replication of the pediatric study results in a cohort of adult patients 

did not suggest an exclusion bias.

Though we tried to eliminate age as confounder by exclusion of patients <5 years [14], the 

patients in the group O were significantly younger compared with the group N and logistic 

regression analysis identified a significant association between children’s age and their risk 

to experience ototoxicity by cisplatin treatment. However, the multiple logistic regression 

model confirmed a significant association between cisplatin ototoxicity and rs316019 as 

well as age. In the adult cohort no significant differences between group N and O were 

observed with respect to age. This is in line with previous studies in a cohort of 400 adult 

cancer patients, which observed no influence of patients’ demographics such as age, tumor 

type, concurrent chemotherapy (taxol or VP16), serum chemistry parameters and 

environmental variables such as smoking, alcohol on cisplatin ototoxicity in adult patients 

[38].

In addition our data are in line with previous observations that T allele carriers of rs316019 

were less prone to cisplatin-induced nephrotoxicity [31, 32]. However, in our study 

nephrotoxicity was not ascertained along with ototoxicity, because the vigorous hydration 

regimens prescribed in the pediatric treatment protocols virtually eliminated cisplatin 

nephrotoxicity [39].

Reduced Km and Vmax values along with reduced uptake of SLC22A2 substrates like 1-

methy-4-phenylpyridinium, dopamine, norepinephrine and propranolol were reported by the 

SLC22A2 variant 808G>T [37, 40–42]. Supposing that in humans, like in mice, SLC22A2 is 

expressed in the cochlea, and that the SLC22A2 variant 808G>T has a reduced affinity for 
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cisplatin as well, one might speculate that a reduced accumulation of cisplatin in the inner 

ear protects this organ from the deleterious effects of cisplatin and, thus prevents from 

cisplatin-induced ototoxicity [29, 30]. However, because the effects of the SLC22A2 variant 

808G>T on cisplatin transport as well as the expression of SLC22A2 in the human cochlea 

still need to be determined, the exact mechanism underlining the observed phenomenon of 

less ototoxicity in T allele carriers of rs316019 remains unknown.

We also analyzed the SNP rs10981694 in the SLC31A1 gene. But, in contrast to a 

pharmacogenetic study in adults with non-small-cell lung cancer, we failed to find an 

association between the SNP rs10981694 of the SLC31A1 gene and cisplatin-induced 

ototoxicity [26]. The observation that genetic deletion of SLC22A1 and SLC22A2 or 

treatment with the SLC22A2 inhibitor cimetidine were sufficient to protect mice from 

cisplatin-induced ototoxicity, suggests that SLC31A1, though expressed in the inner ear and 

involved in cisplatin transport, is probably less important for cisplatin-induced ototoxicity 

[29, 30]. On the other hand replication failures occur and need careful reflection. A high-

throughput screening approach identified variants of the TPMT and the COMT gene to be 

significantly associated with an increased risk for cisplatin-induced ototoxicty. Though 

validated and replicated in large cohorts of pediatric cancer patients with various tumors, it 

could not be replicated in a large cohort of medulloblastoma patients [19, 20, 43]. The 

composition of the study population by patient numbers, demographics and ethnicities, the 

definition of inclusion criteria and phenotype classification affect the identification of risk 

factors and can lead to contradictory results. Moreover, if complex networks of interacting 

pathways are involved, variations in multiple genes might affect the phenotype to different 

degrees, thereby complicating associations between geno- and phenotype. This and different 

ethnicities (Asian and Caucasian) may be responsible for the different results regarding the 

role of the SLC31A1 SNP rs10981694 for cisplatin-induced ototoxicity in the study of Xu et 
al. and our studies [26].

In this respect, the replication of the significant findings for rs316019 in the pediatric cohort 

in an entirely different cohort has to be acknowledged accordingly. But, before these 

findings can be considered for clinical decision-making independent confirmation by 

prospective studies in children and adults are warranted.

Conclusion

In conclusion, we were able to link the nonsynonymous SNP rs316019 of the SLC22A2 
gene, which adversely affects transport of SLC22A2 substrates, to patients’ individual risk 

to experience cisplatin-induced totoxicity. Taking into account that in mice reduced 

expression of SLC22A 1 and 2 protects from cisplatin-induced ototoxicity, our results point 

to a critical role of the SLC22A2 transporter in the in vivo handling of cisplatin and its 

contribution to the organ specific side effects of this drug.

Future perspective

We identified a novel, plausible pharmacogenomic marker, which should be considered in 

further pharmacogenomics studies aiming at the definition of algorithms for the individual 
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risk of patients to experience cisplatin-induced ototoxicity. Furthermore, our results point to 

the critical role of SLC22A2 for cisplatin-induced ototoxicity in humans. This provides a 

direct rationale for the development of novel targeted approaches to mitigate cisplatin-

induced ototoxicity through the use of SLC22A2 inhibitors provided that the inhibitors do 

not interfere with the antitumor effect of cisplatin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Executive summary

Background

• Assuming that genetic variants of the SLC22A2 gene affect patients’ 

interindividual susceptibility to cisplatin-induced ototoxicity, we analyzed the 

distribution of 11 SLC22A2 variants and the SLC31A1 SNP rs10981694 in 

pediatric and adult cancer patients who experienced cisplatin-induced 

ototoxicity and those who did not.

Results

• The SLC22A2 SNP rs316019, which adversely affects SLC22A2 function, 

protected from cisplatin-induced ototoxicity in the initial cohort of pediatric 

patients as well as in the independent replication cohort of adult patients.

Conclusion

• Apart from the identification of rs316019 as potential pharmacogenomic marker 

for protection from cisplatin-induced ototoxicity our results indicate that 

interference with SLC22A2 function effects cisplatin-induced ototoxicity in 

humans and, thus, stimulate further efforts to prevent cisplatin-induced 

ototoxicity by selective inhibition of SLC22A2 function.
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Figure 1. Consort flow diagram
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Figure 2. Haplotype structure overview of the SLC22A2 SNPs analyzed
The normalized D′ values are given in the respective boxes.
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Table 1

Patients’ characteristics.

Group N Group O p-value

Age at therapy (years) (Mean, range) 14.0 (5–20) 11.8 (5–22) 0.042†

Sex (Male/female) 18/10 20/16 0.481

Diagnosis Osteosarcoma 17 24 0.182‡

Neuroblastoma 1 3

Brain tumor 4 8

Germ cell tumor 6 1

Cumulative cisplatin
dose (mg/m2)

(Mean, range) 420 (161–560) 412 (120–644) 0.766†

Infusion rate (mg
cisplatin/min)

(Median, 25th–
75th percentile)

0.0278 (0.0278–0.333) 0.0278 (0.0278–0.1940) 0.346§

Treatment duration

(days)¶
(Median, 25th–
75th percentile)

143 (130–160) 155 (90.5–201) 0.511§

†
t-test.

‡
Fisher’s exact test.

§
Mann–Whitney U test.

¶
Time interval between first and last cisplatin administration of therapy.
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