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Abstract
Cisplatin ototoxicity affects different individuals in a widely variable manner. These variations are
likely to be explained by genetic differences among those affected. It would be highly
advantageous to identify genetic variants that predispose to cisplatin ototoxicity in order to
minimize the risk to susceptible subgroups. Although this area of research is very important, only
a few studies have rigorously examined the genetic basis for cisplatin-induced susceptibility to
hearing loss. This article addresses recent progress in clarifying the incidence of cisplatin
ototoxicity and the risk factors and controversies regarding the identifcation of genetic variants
associated with cisplatin-induced hearing loss.
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Cisplatin is an effective and widely used chemotherapeutic agent for the treatment of solid
tumors including ovarian, testicular, cervical, lung, head and neck and bladder cancers in
adult patients. It is used as a standard therapy for many types of cancer in children, including
neuroblastoma, osteosarcoma and hepatoblastoma. Cisplatin is one of the most effective
chemotherapeutic agents for children with a cure rate of 85% [1]. Dose-limiting side effects
of cisplatin include nephrotoxicity, neurotoxicity and ototoxicity. Although nephrotoxicity
may be prevented by saline hydration as well as mannitol diuresis, there are no known cures
or preventative treatments available for ototoxicity and neurotoxicity. Reports demonstrate
some degree of hearing loss in 75–100% of cisplatin-treated patients [1]. Cisplatin-induced
hearing loss is usually bilateral and irreversible, and is particularly serious in the pediatric
population (age 6 months and onwards) with cancers requiring irradiation of the base of the
skull or brain [2]. A total of 41–61% of children treated with cisplatin may experience
hearing loss [3,4]. Kushner et al. [5] divided pediatric patients with neuroblastoma into three
groups: group 1 had hearing tested after induction, which included two cycles of high-dose
platinum with etoposide (cumulative cisplatin dose of 400 mg/m2); group 2 had hearing
tested after induction, which included three cycles of high-dose platinum with etoposide
(cumulative cisplatin dose of 600 mg/m2); group 3 had hearing tested following carboplatin-
containing myeloablative therapy administered after induction, which included two cycles of
high-dose platinum with etoposide include cumulative dose. Hearing was tested after
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clinical recovery from induction and/or myeloablative therapy using air and bone conduction
testing (at octave intervals 250–8000 Hz and 250–4000 Hz, respectively), speech visual
reinforcement, play audiometry and distortion product otoacoustic emissions. The testing
varied with age and degree of cooperation. Ototoxicity was scored according to the method
of Brock et al. [6], with a threshold level of 40 dB at targeted frequencies of 1000, 2000,
4000 and 8000 Hz. Grades 3 and 4 correlate with hearing loss in the speech frequency range.
All three groups had similar clinical characteristics, including median age at diagnosis of
approximately 3 years. Severe (grade 3/4) deficits affected 25% of group 1, 54% of group 2
and 50% of group 3 patients. Patients younger than 5 years of age experienced greater
ototoxicity than older patients [6]. Loss of hearing at an early developmental stage hampers
speech, cognitive and social development of the child. Although ototoxicity caused by
cisplatin may occur within 72 h to days after drug administration [7], delayed ototoxicity
from cisplatin may occur in children. Pediatric patients treated with cisplatin at cumulative
doses approaching 400 mg/m2 demonstrated worsening of their hearing long after treatment.
Audiograms demonstrated hearing loss in 5% of patients before the end of therapy. After
more than 2 years of follow-up, 44% had significant hearing loss [8]. The median time for
detection of the first significant decrease in hearing was 135 days in children. Additional
follow-up for 6–44 months demonstrated further progression of hearing loss of 10–15 dB
after completion of therapy [9].

High-frequency audiometric thresholds are often affected first. However, hearing
impairment may progress to involve the middle frequencies when doses in excess of 100
mg/m2 are used. If ultra-high frequency audiometric testing is used, up to 100% of patients
receiving high-dose cisplatin (150–225 mg/m2) may demonstrate some degree of hearing
loss [10].

Symptoms of ototoxicity include subjective hearing loss, ear pain and tinnitus [11]. Hearing
loss following cisplatin chemotherapy appears to be quite variable and it may be related to
dose. Ototoxicity has been demonstrated to be more severe in patients receiving higher
cumulative and individual doses, and was most noticeable in patients receiving bolus
injections of cisplatin [11]. The age of the patient (young children, appear to be more
susceptible than adults [3]), and other factors, such as noise exposure [12], exposure to other
ototoxic drugs, depleted nutritional state including low serum albumin and anemia [10], and
cranial irradiation [13], all appear to play a role. Ross et al. [14] hypothesized that because
there is significant interindividual variability in hearing loss in patients receiving similar
doses of cisplatin, genetic factors may be responsible for toxicity.

Mechanisms of cisplatin ototoxicity
A simplistic overview of the mechanism for cisplatin ototoxicity is the acute and chronic
generation of reactive oxygen species (ROS), in addition to DNA damage. Increased ROS
generation has been demonstrated in all three subregions of the cochlea: organ of Corti,
lateral wall (stria vascularis, spiral ligament) and spiral ganglionic cells. This ROS overload
leads to the depletion of the cochlear antioxidant enzyme system (e.g., glutathione-S-
transferase [GST], glutathione peroxidase, glutathione reductase, superoxide dismutase,
catalase, amongst others), that scavenge and neutralize the superoxides generated [15].
Therefore, polymorphisms in any of the antioxidant enzymes or scavengers for ROS leads to
cisplatin sensitivity and ototoxicity. Cisplatin-induced chronic increase in ROS generation
causes increased proinflammatory cytokine formation and superoxide generation in the
cochleae. This uncontrolled increase in ROS generation leads to the activation of
proapoptotic pathways (both caspase dependent and independent). A review of drugs in
clinical trials for the amelioration of cisplatin ototoxicity reveals that anti-inflammatory
antioxidants and ROS scavengers are in the pipeline [16].
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Megalin
Megalin (low-density lipoprotein-related protein 2), a multifunctional receptor, is the largest
of the seven members of the low-density lipoprotein family with a size of approximately 600
kDa. It was initially described as a scavenger receptor because it can bind multiple ligands.
It was discovered to be the antigenic determinant for Heymann nephritis in rats [17]. It was
subsequently demonstrated to be critical for the reabsorption of various molecules in the
proximal renal tubule. However, it was also demonstrated that megalin has additional roles
in cell signaling [17]. Megalin is classified as an endocytic receptor that binds and
internalizes a number of ligands including: proteins that carry vitamins and hormones;
proteases and proteaseinhibitor complexes; and lipoproteins [18]. Thus, megalin acts as a
cargo transporter for lipophilic vitamins and steroid hormones bound to carrier proteins.
Megalin is localized to the top of epithelial cells that border lumina and can also be present
within endosomes of embryonic cells and in adult gastrointestinal cells [17].

Megalin & hearing
Megalin appears to play an important role in hearing. In the cochlea, megalin is strongly
expressed within the marginal cells of the stria vascularis. Megalin was localized using a
post-embedding immunogold method in the rat cochlear duct. Marginal cells of the stria
vascularis expressed megalin on the apical, but not on the basolateral surface. This pattern
resembled that observed in kidney proximal tubule cells. Immunoreactivity was also
detected on epithelial cells of the spiral prominence and Reissner’s membrane. Intermediate
and basal cells of the stria vascularis, mesothelial cells of Reissner’s membrane or fibrocytes
in the lateral wall did not demonstrate megalin immunoreactivity. It is interesting to note
that sensory cells and supporting cells of the organ of Corti were also not labeled [19].
Megalin expression was also demonstrated in the neonatal rat inner ear by
immunohistochemistry and immunofluorescence. In the cochlea, the pattern of labeling was
similar to that noted above. In addition, intense labeling was detected in the vestibular dark
cells flanking the crista ampullaris and those in the utricle. These findings suggest that
megalin may play a crucial role in the development of the inner ear. Receptor–ligand
interaction analysis using surface plasmon resonance revealed that a series of six ototoxic
aminoglycoside antibiotics bind to megalin with dissociation constants in the range of 1–3
mM [18].

Homozygous megalin mutant mice exhibit profound hearing loss at 3 months of age
associated with features of presbycusis, enrichment of lipofuscin granules and a reduced
number of microvilli in marginal cells of the stria vascularis. Megalin-deficient mice were
found to have a reduced uptake of fluorescein isothiocyanate-labeled estrogen into marginal
cells. Previous studies had demonstrated that estrogen receptors are expressed in marginal
cells that express megalin. This suggests that estrogen may be a ligand for megalin and may
function through megalin in the inner ear. Megalin acts as a cargo transporter for steroid
hormones bound to carrier proteins. A crucial role of megalin in hearing should be
entertained and the megalin/estrogen interaction needs to be considered as a player in early
presbycusis in estrogen-deficient humans and mice [20].

Megalin polymorphisms & ototoxicity
Megalin has been demonstrated to bind aminoglycoside antibiotics [18]; it is also possible
that megalin binds cisplatin. A study of 74 pediatric cancer patients was performed to
ascertain whether megalin SNPs were associated with risk of hearing loss from cisplatin. A
total of 24 patients were excluded from analysis owing to the presence of other risk factors
for hearing loss or because the dose of cisplatin was deemed to be insufficient to cause
hearing impairment. Of the remaining 50 subjects, half of these developed hearing loss after
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cisplatin. The other 25 patients did not suffer hearing loss after receiving cisplatin. The
mean age of both groups was similar (13.6 and 12.6 years of age), respectively and the mean
cumulative dose of cisplatin at the end of therapy was equivalent in patients who did or did
not develop hearing loss after cisplatin. The authors compared the distribution of megalin
SNPs between the two groups. The A allele SNP rs2075252 occurred more frequently in the
group susceptible to hearing loss compared with the group without hearing loss after
cisplatin (p < 0.016). On the other hand, the allele distribution of SNP rs4668123 of megalin
was no different in patients who developed hearing loss after cisplatin therapy compared
with those who maintained their hearing [21]. Audiologic assessments were performed prior
to therapy and after each course of cisplatin treatment and again at the follow-up. These
assessments consisted of pure-tone audiometry with air and bone conduction, tympanometry
and transient click-evoked and distortion product otoacoustic emissions (TEOAE and
DPOAE). In some cases, brain stem audiometry was performed. The extent of hearing
impairment was classified according to the Muenster classification [21]. A pure-tone
audiogram grade of 0 was required for entry into the study. There were 50 patients eligible
for analysis in this study. They were classified into two groups. Group 0 consisted of 25
patients with no significant hearing impairment after therapy (grade ≤1); group S comprised
25 patients (grade ≥2) following cisplatin treatment. Genotyping was carried out with
peripheral blood mononuclear cells using the validated genotyping assays for two SNPs,
rs2075252 and rs4668123), out of 757 SNPs reported for the megalin gene since they were
nonsynonymous. The rs2075252 SNP has a G to A exchange in position 12,384 of megalin
mRNA, resulting in an amino acid exchange of glutamic acid for lysine. The rs4668123
SNP has a nucleotide transition of A to G in position 8718 of megalin mRNA, yielding an
amino acid exchange of threonine for alanine at position 2872 of the megalin protein. The
allele distributions of the rs2075252 SNP between the two groups of patients with or without
hearing loss following cisplatin were significantly different. The frequency of occurrence of
the A allele in group S was higher than in group 0, in the whole group of patients and in a
reference group. The difference between the two groups of patients was statistically
significant. The allele distributions of the rs4668123 SNP were not significantly different
between the two groups. The frequency of the T allele was not significantly different
between groups. However, the T/T genotype of the rs4668123 SNP distribution was
significantly higher in group S compared with group 0. The distribution of C/C and C/T + T/
T genotypes was not significantly different between the two groups. It is interesting to note
that there were neither T/T homozygotes of rs4668123 nor A/A homozygotes of rs2075252
in group 0 as opposed to group S, which included five T/T homozygotes and three A/A
homozygotes. Furthermore, all three A/A homozygotes of rs2075252 were also homozygous
for T/T in rs4668123.

Although the A allele of the rs2075252 SNP was found with a significantly greater
frequency in patients with cisplatin ototoxicity than in those who did not experience hearing
loss, it was not found in every patient suffering cisplatin-induced hearing loss. The data
from this study suggests that megalin may be involved in the transport of cisplatin or its
adducts and that polymorphisms of the megalin gene could be associated with susceptibility
to cisplatin-induced ototoxicity. On the other hand, since megalin has only been localized to
the marginal cells of the stria vascularis, Reissner’s membrane, endolymphatic sac and dark
cells of the vestibular apparatus [18,19] as well as the kidney, but not in the sensory cells of
the organ of Corti or the spiral ganglion cells, it is difficult to explain why these latter two
groups of key target cells for cisplatin ototoxicity could be directly affected by megalin
polymorphisms [21]. Perhaps the ototoxicity occurs via an indirect mechanism through the
cells of the stria vascularis.

By contrast, a more recent study of a large group of Canadian children failed to identify
significant associations with cisplatin ototoxicity and the megalin rs2075252 A allele [14].
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The contrast between the findings of this latter study and the report by Riedemann et al. [21]
could be owing to ethnic differences. The latter study was carried out in 74 German
pediatric patients, and the data obtained could be related to ethnic differences in genetic
background. Additional studies of larger samples of patients experiencing hearing loss from
cisplatin are needed to confirm or refute these findings.

Glutathione-S-transferases
Glutathione is a water soluble antioxidant tripeptide compound, consisting of glycine,
glutamic acid and cysteine molecules, synthesized de novo in mammalian cells. Glutathione
conjugation is considered to be an innate protective mechanism, developed to protect the
body from potentially damaging electrophilic compounds. GSTs are a complex group of
isoenzymes which catalyze the conjugation of potentially damaging electrophiles with
glutathione. Compounds metabolized by GSTs include environmental pollutants, pesticides,
carcinogens, drugs, drug metabolites and byproducts of oxidative stress – all of which
represent electrophilic threats to the body [22,23]. GSTs exist in the soluble cytosolic form
as well as in membrane-bound forms. Membrane-bound microsomal isoforms differ from
cytosolic GSTs structurally and play key roles in the endogenous metabolism of leukotrienes
and prostaglandins. Soluble mammalian GSTs exist as dimers and based on their amino acid
similarities they have been classified into eight known classes: κ, μ, Ω, π, σ, θ and ζ [24–
30,101]. GSTs are expressed in virtually every tissue of the body including the brain [31].

Genetic polymorphisms in GSTs in the population have been demonstrated to render
individuals with certain genotypes more susceptible to cancers and to side effects from
chemotherapeutic drugs like cisplatin [25,32–34]. Individuals with inherited homozygous
deletions or null variants of the GSTT1 or GSTM1 gene demonstrate no enzymatic activity
[35,36]. However, GSTP1 polymorphism consists of a single nucleotide substitution (A→G)
at position 313 resulting in the replacement of isoleucine with valine at codon 105, which in
turn substantially decreases the catalytic activity of the GSTP1 enzyme [29,36,37].

Glutathione-S-transferase subclasses M1, T1 and P1 have been demonstrated to influence
the outcome of chemotherapy with platinum compounds and are directly involved in their
detoxification [37–41]. This can result in the development of resistance by cancer cells or
may lead to enhanced therapeutic response to platinum drug chemotherapy.

GSTM1 is a member of the GSTμ class of isoenzymes, is polymorphic and has three alleles
GSTM1*A, GSTM1*B and GSTM1*0 in humans [42–44]. Amino acid exchange from lysine
to asparagine at the 172 position constitutes the difference in the *A and *B alleles [45],
while the deletion of the entire gene is designated as GSTM1*O [46]. Approximately 42–
60% of the Caucasian population and 42–54% of the Asian population is deficient for the
GSTM1 gene (GSTM1*0: null genotype), and do not express the GSTM1 protein [47–51].

GSTT1 is a member of the GSTθ class of GSTs and is polymorphic. Between 13–16% of the
Caucasian population and 35–52% of the Asian population [26,49] has been reported to be
deficient or lacking function of this enzyme owing to homozygous deletions. Interestingly, a
recent report demonstrated that the deletion of 37 kb in the GSTT2B gene created a
potentially null allele for GSTT2 as seen in all three HapMap populations tested [52].
Furthermore the researchers discovered that there was nonrandom association of GSTT2B/
GSTT1 deletions in humans while chimpanzees retained both the GSTT1 and GSTT2B genes.

GSTP1 is a paralog of the GSTπ class, and is a SNP as discussed above. Thus a SNP
resulting in an A to G transition at position +313 (amino acid 105) and a C to T transition at
position +341 (amino acid 114), leads to GSTP1*A (105Ile/114Ala), GSTP1*B (105Val/
114Ala) and GSTP1*C (105Val/114Val) genotypes [29,53,102,103]. Another class,
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GSTP1*D (105Ile/114Val), has also been identified, but no clinical significance has been
reported [37,104].

Glutathione-S-transferase polymorphisms and their effect on platinum drug therapy have
been studied for more than two decades in animal and human cell lines, animal models and
in humans [42,54–56]. However, very few reports have studied GST polymorphisms in
cisplatin-induced ototoxicity.

GST polymorphisms & cisplatin ototoxicity
The GSTM and GSTP proteins are expressed in the inner ear [57–59], and along with
GSTT1 have been implicated in the development of cisplatin ototoxicity. The most frequent
polymorphisms occurring in the GST isoforms related to platinum drug ototoxicity are
controlled by the GSTP1, GSTT1 and GSTM1 genes which either decrease or completely
abolish enzymatic activity of GST.

Peters et al. [60] were the first group to publish on GST polymorphisms that were associated
with cisplatin ototoxicity. They reviewed hearing assessments (which included pure-tone
audiometry from both ears, tympanometry, measurements of transient evoked and distortion
product emissions) from 71 young adults (3–22 years of age) diagnosed with sarcoma, germ
cell tumor, neuroblastoma and brain tumor who received cisplatin chemotherapy. Patients
were grouped as group N (n = 19) with intact hearing and group H (n = 20) who were those
patients that suffered early hearing loss >20 dB at 4 kHz. GST polymorphisms assessed
were the GSTM (GSTM1*A, GSTM1*B, GSTM3*A, GSTM3*B and GSTM1*0
homozygotes), GSTT (GSTT1 and GSTT1*0 homozygotes), GSTP (GSTP1*A, GSTP1*B
and GSTP1*C) and GSTZ alleles (GSTZ1*A, GSTZ1*B and GSTZ1*C). Frequency of
occurrence of GST- M1, T1, P1 and Z1 mutations between the two groups failed to
demonstrate any associations of statistical significance. However, the GSTM3*B allele was
present in group N (frequency: 0.18) with normal hearing, at higher frequency than in the
group H (frequency: 0.025) – the group with significant hearing loss – and therefore was
reported as otoprotective. This was the first evidence of link between GST polymorphism in
cisplatin induced hearing loss in the pediatric population, albeit in a small sampling of
patients. In 2007, Oldenburg et al. published a larger study wherein 173 testicular cancer
survivors (TCS) treated with cisplatin revealed a clear association between protection from
cisplatin-induced ototoxicity and the expression of certain GSTP1 and GSTM1 alleles [53].
Audiometry was performed by measuring air and bone conduction thresholds at nine
frequencies ranging from 250 to 8000 Hz. These audiometric threshold results were
categorized at a 4 kHz frequency into six categories according to decibel thresholds for five
percentiles for decadal age groups: 10th, 25th, 50th, 75th and 90th percentiles at 4 kHz as
was depicted by Engdahl et al. in 23,446 males [61]. The three GST polymorphisms tested
were GSTT1, GSTM1 and GSTP1 (homozygous deletions in GSTT1 and GSTM1 constitute
nonfunctional enzymes, while the A315G SNP in GSTP1 leads to 105Ile or 105Val).
Association between these three GST polymorphisms and the six categories linked
protection from cisplatin-induced hearing loss to homozygous GSTP1 GG, as opposed to
GSTP1 AA or AG. Notably, out of 28 TCS with the protective GSTP1 GG, only two
patients (7%) reported severe hearing loss. GSTP1 AA or AG were reported in 145 TCS of
which 34 (23.4%) reported severe hearing loss. Conversely, excellent hearing was reported
in 32% of TCS with GSTP1 GG and in only 5.5% of TCS with GSTP1 AA or AG.
Interestingly, the presence of GSTM1 was found to be detrimental for cisplatin ototoxicity.
Combination genotypes of pattern 1 (GSTT1+, GSTM1+ and 105Ile/105Ile-GSTP1) were
found to be associated with impaired hearing ability (17 out of 30 TCS had severe hearing
loss), while pattern 2 (GSTT1+, GSTM1+ and 105Val/105Val-GSTP1) had better hearing
ability (three out of 20 TCS had severe hearing loss) than TCS without these patterns.
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Contradictory findings of GSTM1 being detrimental for hearing ability after cisplatin
treatment was explained by the authors as GSTM1 and GSTP1 competing for glutathione
and therefore the deletion of GSTM1 leads to increased availability of glutathione for
GSTP1; and GSTM1 binds and inactivates apotosis signal-regulating kinase [62]. Thus in the
absence of GSTM1, activation of apotosis signal-regulating kinase may lead to increased
activity of the JNK/p38 pathway thereby increasing the susceptibility to cisplatin-induced
apoptosis in the organ of Corti. The protective effect of GSTP1 GG was explained as
105Val-GSTP1 when expressed in Escherichia coli not only conferring the ability to tolerate
higher doses of cisplatin compared with 105Ile-GSTP1 but also having a higher substrate
specificity for cisplatin [63]. The Oldenburg et al. study [53] has been corroborated by the
238 TCS who self-reported tinnitus and hearing impairment [64].

In their study on medulloblastoma and GST polymorphisms Barahmani et al. [51] did not
find any relationship between development or time-to-development of ≥grade 3 ototoxicity.
Serial hearing evaluations for 34 patients were reviewed: 19 developed ≥grade 3 ototoxicity.
All patients were treated with craniospinal radiation followed by chemotherapy including
cisplatin. However it was reported that the GSTM1T1 polymorphism was associated with
several adverse effects including ≥grade 3 toxicities owing to treatment [51]. This was a
small group study with 34 patients and only ≥grade 3 toxicities were reported; 15 patients
out of 34 did not demonstrate grade 3 ototoxicity. The method of analyses was different and
more attention was given to the development of grade 3 toxicities such as myelosuppression,
nephrotoxicity, neurotoxicity, ototoxicity and intellectual impairment. This study was not
geared towards determining cisplatin-induced hearing loss; several different treatment
regimens were followed although all seemed to include cisplatin. Cumulative dosage for
cisplatin was not reported, nor were toxicities grade 3. In addition, neither hearing loss
gradation nor adjustments for decadal age groups were performed.

On the other hand, Ross et al. genotyped 1949 SNPs using the Illumina Goldengate assay to
determine genetic variation in 220 key genes involved in absorption, distribution,
metabolism and elimination, but did not find any significant association of GSTP1 or
GSTM1 with cisplatin ototoxicity [14]. The study consisted of 54 children in the initial
cohort with 33 children exhibiting cisplatin-induced hearing loss and 22 children on
cisplatin treatment with normal hearing. The second independent replicate cohort of 112
children treated with cisplatin was recruited (73 children suffered from moderate–severe
ototoxicity). A total of 192 children with hearing loss unrelated to cisplatin were recruited to
determine the frequency of genetic variants contributing to cisplatin ototoxicity.

TMPT & catechol-O-methyl transferase
DNA samples were obtained from patients in Canada who were treated with cisplatin and
were genotyped for approximately 2000 SNPs in order to evaluate the genetic variation in
220 genes involved in drug disposition. Severity of hearing loss was classified based on the
Cancer Therapy Evaluation Program Common Terminology Criteria for Adverse Events
Criteria. A multistage approach was employed to increase the power to detect clinically
relevant genetic variants. An initial discovery cohort of 54 children treated with cisplatin
among which 33 (61%) suffered serious ototoxicity from a single hospital were genotyped.
This was followed by a second cohort of 112 children of whom 73 (66%) had experienced
serious ototoxicity, recruited through the National Surveillance for Adverse Drug Reactions
in Canada. Male gender was moderately associated with ototoxicity (67 vs 50% in females)
[14,65].

Two genetic variants in thiopurine S-methyltransferase (TPMT; rs12201199) and catechol-
O-methyl transferase (COMT; rs9332377) were found to be highly associated with cisplatin-
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induced hearing loss in both groups [14]. The data from the discovery cohort was combined
with that of the replication group. The risk allele was not present in controls who did not
experience ototoxicity in the discovery group and was only found in one control patient who
did not experience ototoxicity in the replication cohort, whereas it was present in nine of the
discovery cohort and in 16 of the replication group of patients. This resulted in an odds ratio
of 15.9 in the discovery cohort and 9.82 in the replication group. The Bonferroni corrected
p-value was 0032 [14]. The COMT risk allele, rs9332377, was found in 14 out of 16
discovery patients with ototoxicity and 22 out of 24 patients in the replication cohort group,
and a total of 36 out of 40 patients in the combined group. The Bonferroni corrected p-value
was 0.026. In a Kaplan–Meier plot, the combined effect of an increasing number of TMPT
rs1220199 and COMT rs9332377 risk alleles was associated with earlier onset and increased
severity of cisplatin-induced hearing loss [14]. A combination of risk genotypes accounted
for 48% of children who experienced ototoxicity [14].

How do the genetic variants in these enzymes relate to hearing loss caused by cisplatin? The
endogenous substrate of TPMT is unknown; this enzyme inactivates exogenous purine
compounds such as the metabolites of azathioprine [14]. Cisplatin binds to purines and
forms intra- and inter-strand crosslinks with DNA leading to cell death. It is possible that
decreased TPMT enzyme activity may reduce the inactivation of cisplatin-bound purines,
resulting in increased cisplatin crosslinking of DNA, thus increasing cisplatin toxicity [14].
Ototoxicity may also result from increased S-adenosylmethionine (SAM) levels owing to
reduced TPMT and COMT enzyme activity. TPMT and COMT are methyltransferases that
require SAM, a methyl donor substrate in the methionine pathway. A study conducted in
mice administered SAM did not demonstrate SAM toxicity. The administration of cisplatin
resulted in moderate nephrotoxicity. However, the combination of SAM and cisplatin
increased nephrotoxicity significantly [66]. These findings suggest that the ototoxicity
associated with cisplatin may be related to an accumulation of SAM substrate, resulting
from a reduction in the activity of TMPT or COMT in the presence of cisplatin [14]. Recent
studies of LRTOMT2, an enzyme that has 60% similarity with COMT, including the
substrate-binding region, demonstrate that it functions as a COMT and is essential for proper
auditory function in both mice and humans [14,67–69]. A novel gene, COMT2, was recently
reported which produces a unique isoform of COMT–COMT2 which is expressed in the
inner and outer hair cells of the cochlea [68]. These findings suggest that a loss of COMT
may result in hearing loss when patients are treated with cisplatin [65].

Other candidate genes
Peters et al. [70] were able to characterize clustering of mitochondrial DNA mutations for
haplotype by restriction analysis. They reported that out of 39 patients on cisplatin
treatment, 20 patients had hearing impairment and 19 patients did not have hearing loss.
Patients in the rare European haplogroup J clustered more frequently (five out of 20 in the
hearing loss group) compared with those with normal hearing (one out of 19 in the
nonhearing loss group). The European mitochondrial haplotype J is also associated with
Leber’s Hereditary Optic Neuropathy and may form the basis for genetically predisposing
this group of individuals to cisplatin-induced hearing loss. Neither the mitochondrial
mutation A7445G, nor the 7472insC insertion or the A1555G mutation were identified in
any of the patients [70].

Knoll et al. [71] screened for the GJB2 (codes for connexin) and SLC26A4 (codes for
pendrin, an anion transporter) genes as well as three mitochondrial mutations in buccal
washes of 11 patients diagnosed with osteosarcoma, soft tissue sarcoma and CNS tumors
who developed severe hearing loss and received a cumulative dose of 400 mg/m2 cisplatin
chemotherapy. The three mitochondrial mutations tested were A1555G (progressive
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nonsyndromic high-frequency sensorineural hearing loss), A3243G and A7445G (abnormal
glutathione transport or oxidative stress), and were found to be associated with drug-
mediated ototoxicity (aminoglycoside). No mutant alleles for any of the five genes tested
were found [71]. The group size for this study was very small (n = 11), and larger studies are
required to rule out the involvement of polymorphisms of these genes.

Caronia et al. [72] analyzed eight SNPs in the ERCC2, XPC, XPA, ERCC1, ERCC4 and
ERCC5 genes in 91 patients with osteosarcoma who had been treated with cisplatin.
Audiometric data was available for 32 patients (15 with ototoxicity and 17 with normal
hearing). Association with cisplatin ototoxicity was detected with the rs2228001 SNP (XPC
gene). Genotype XPC CC predisposed 80% of the patients to ototoxicity (four out of five),
XPC AA rendered 50% of the patients (eight out of 16) carrying this mutation with hearing
loss while the XPC AA allele was observed in 27% (three out of 11 patients). Furthermore
AA, AC and CC genotype frequencies in this SNP were 20, 53 and 27% respectively in the
15% of patients with hearing loss and 47, 47 and 6% respectively in 17 patients with normal
hearing [72]. The results of various pharmacogenomic studies of cisplatin ototoxicity are
listed in Table 1.

An organic cation transporter has been implicated in the cellular uptake of cisplatin by the
kidney. In mice, deletion of Oct1 and Oct2 resulted in significantly impaired urinary
excretion of cisplatin without an apparent influence on plasma levels. Furthermore, the
Oct1/Oct2-deficient mice were protected from severe cisplatin-induced renal tubular
damage. Subsequently, it was found that a nonsynonymous SNP in the OCT2 gene SLC22A2
(rs316019) was associated with reduced cisplatin-induced nephrotoxicity in patients.
Collectively, these results indicate the critical importance of OCT2 in the renal handling and
subsequent renal toxicity of cisplatin [73]. OCT2 is expressed in hair cells of the cochlea.
OCT1/2 double-knockout (KO) mice demonstrated no sign of ototoxicity and only mild
nephrotoxicity after cisplatin treatment of KO mice compared with wild-type mice [74]. To
date, no studies of the effects of mutations in the OCT2 gene on cisplatin ototoxicity in
humans have been reported. In the future, it would be extremely interesting to study patients
with the nonsynonymous SNP in the OCT2 gene SLC22A2 (rs316019) to determine whether
they are protected from cisplatin ototoxicity.

Latest trends in the identification of polymorphisms: the genome-wide
approach

Chemotherapeutic cytotoxicity as well as efficacy have been attributed to genetic factors and
identification of the genetic variants that confer susceptibility to the cytotoxic effects can
help tailor drug therapy to decrease adverse events. Sequencing of the human genome and
the international haplotype map (HapMap) project provide valuable resources for the
expansion of pharmacogenetic studies and for genome-wide studies. The International
HapMap project was initiated in 2002 to help characterize common genetic variations in
DNA sequence among four different populations and to construct haplotype maps. Cell lines
derived from individuals from four different populations were extensively genotyped [105]:

▪ A total of 30 trios (mother, father and child), that is, 90 Utah (USA) residents
with ancestry from northern and western Europe (CEU);

▪ A total of 30 trios (mother, father and child), that is, 90 Yoruba in Ibadan,
Nigeria (YRI);

▪ A total of 15 trios, that is, 45 Japanese in Tokyo, Japan (JPT);

▪ A total of 15 trios, that is, 45 Han Chinese in Beijing, China (CHB).
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In this genome-wide approach the entire genome is analyzed without bias towards a
particular gene or pathway [75]. Dolan et al. published a study on Epstein–Barr virus-
transformed B-lymphoblastoid cell lines from ten Caucasian Utah Centre d’Etude du
Polymorphisme Humain (CEPH) families (1331, 1332, 1333, 1346, 1347, 1362, 1408, 1413,
1416 and 1423) and reported that genetic components mediate 38–47% of variation in
cisplatin-induced cytotoxicity in humans [76]. In an attempt to further identify the genetic
variants in cisplatin cytotoxicity, the same group used cell lines derived from 30 trios of the
European descent (CEU) and 30 trios of Yoruba African descent (YRI). Cytotoxicity and
gene expression was performed using cell growth inhibition and the Affymetrix Genechip
Human exon 1.0 ST array. These researchers identified several SNPs in the populations
tested that were deemed important in ‘cisplatin cytotoxicity’. In the combined population six
SNPs exerted their effects on eight genes; in the CEPH population two SNPs regulated two
genes; and in the Yoruban (YRI) populations nine SNPs regulate 16 gene expressions. These
genetic variants thus explain the 27, 29 and 45% variation in cisplatin sensitivity in the
above mentioned populations, respectively [77]. The same group then studied linkage-
directed association analysis of 86 CEPH HapMap samples to narrow down the linkage
regions contributing to cisplatin-induced cytotoxicity. A total of 20 SNPs were found to
contribute to cisplatin cytotoxicity, ten of the these SNPs were located in five genes, and
four of these 20 SNPs contributed to over 10% of the variation observed in cisplatin-induced
apoptosis [78].

Conclusion
Genetic polymorphisms and their effect on cisplatin ototoxicity have been reported;
however, several controversies exist as to the importance of the different genes and their
variants on cisplatin ototoxicity. Phase II metabolic enzymes such as GST are documented
as being important contributors to cisplatin ototoxicity as they are not only involved in
xenobiotic detoxification but are also expressed in the organ of Corti. Several studies have
reported different genetic variants of GST contributing to cisplatin ototoxicity; however, the
protective effect of GSTP1 and GSTM1 on cisplatin ototoxicity is not well established and
reports from different groups are contradictory. Different reports have used variable criteria,
methods of analyses, statistics and interindividual variation and there is always the inherent
variability in chemotherapy regimens, cumulative dosage of cisplatin and different tumor
types. This trend seems to hold with most of the other polymorphisms in genes linked to
cisplatin ototoxicity such as megalin, TPMT, COMT, XPC amongst others. The genome-
wide approach is a novel method for analyzing and determining a large number of SNPs and
multiple genes and thus pathways associated with cisplatin ototoxicity, and seems to be the
way forward. However, it has its own drawbacks; high false discovery rate and the
probability of overlooking rare genetic variants. Additional pharmacogenomic research with
larger and well-defined cohorts are urgently needed to provide robust risk assessments for
cisplatin ototoxicity in combination with the functional validation of genes. One may
postulate a monogenetic cause for cisplatin induced ototoxicity; however, owing to the
complexity of cisplatin toxicology for the auditory system, several genes may be responsible
for the susceptibility to hearing loss. This is implied by the studies of Oldenburg et al.
[53,64] and Ross et al. [14]. No single polymorphism was found in all affected individuals.

Future perspective
Sequencing of the human genome and the international HapMap project has provided a
wealth of genotypic information based on more than 6 million SNPs for each cell line
derived from the four major haplotype groups. This has revolutionized the field of
pharmacogenetics. Several groups are racing to perform genome-wide search for genetic
variants of genes responsible for drug sensitivities for various diseases. This budding field is
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still in its infancy and researchers are developing techniques for analysis of whole genome
data like the gene sequence enrichment analysis [79] and methods for validation of the genes
identified by these studies. Thus it is reasonable to foresee that in the next few years’
genotyping people may be carried out in order to customize chemotherapy and to minimize
adverse drug effects and optimize therapeutic benefit.

Executive summary

Incidence

▪ A wide variability of hearing loss resulting from cisplatin exists ranging from
10 to 100%, depending on dose and risk factors.

▪ Young children are highly susceptible and can suffer effects that have severe
consequences for future functioning.

Phenotyping

▪ Symptoms of cisplatin ototoxicity include otalgia, hearing loss and tinnitus.

▪ Documentation of hearing loss should be made by performing auditory
testing before, during and following the completion of cisplatin treatment.

▪ Delayed onset of ototoxicity may occur.

▪ High-frequency audiometry and the measurement of otoacoustic emissions
appear to offer earlier indications of cisplatin-induced hearing loss than do
routine audiometric tests.

Genome-wide approach

▪ The entire genome has been analyzed without any bias towards a particular
gene to determine gene variants and SNPs related to cisplatin ototoxicity.

▪ Several genetic variants revealed were able to explain interindividual
differences in cisplatin ototoxicities.

▪ In the future, it will be important to genotype patients to provide tailored
chemotherapy to maximize drug efficacy with minimal side effects.

▪ With large amounts of data being generated, bioinformatic programs are still
being developed to analyze the results.

▪ The downsides include: high false discovery rate, contradictory findings in
the initial studies reported and targets, which still have to be validated in
study groups.
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