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Abstract

Cisplatin is a highly-effective and widely-used chemotherapeutic agent that causes ototoxic-
ity in many patients. Pharmacogenomic studies of key genes controlling drug biotransforma-
tion identified variants in thiopurine methyltransferase (TPMT) as predictors of cisplatin-
induced ototoxicity, although the mechanistic basis of this interaction has not been reported.
Expression constructs of TPMT*3A, *3B and *3C variants were generated and monitored
in cultured cells. Cellular TPMT*3A levels were detected at >20-fold lower amounts than the
wild type confirming the unstable nature of this variant. The expression of wild type TPMT
(TPMT*1) in two murine ear cell lines, HEI-OC1 and UB/OC-1, significantly mitigated their
susceptibility to cisplatin toxicity. Cisplatin treatment induced Tir4 gene expression in HEI-
OCH1 cells and this response was blunted by the expression of wild type TPMT but not
TPMT*3A. In line with the significant mitigation of TPMT*1-expressing cells to cisplatin
cytotoxicity, these findings demonstrate a drug-gene interaction between increased TPMT
activity and decreased susceptibility to cisplatin-induced toxicity of inner ear cells.

Introduction

Cisplatin is a chemotherapeutic that is widely used in patients to treat solid tumours owing to
its high effectiveness[1, 2]. However, cisplatin use is constrained by irreversible adverse drug
reactions, including ototoxicity, which manifests as permanent, bilateral sensorineural hearing
loss in 40-60% of treated children, and 20-40% of adults, although some estimates range up to
90% in children depending on assessment criteria[3-8]. At a cellular level, cisplatin-induced
ototoxicity is characterized by reactive oxygen species formation, ensuing cellular damage and
apoptosis in inner and outer hair cells of the ear including the Organ of Corti[4, 9].
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The inter-individual range of susceptibility to cisplatin-induced ototoxicity is broad and
poorly predicted by clinical factors alone[10, 11]. Genetic factors associated with cisplatin-
induced ototoxicity have been reported, many in genes associated with reactive oxygen species
detoxification and drug absorption, metabolism, distribution and excretion (ADME)[12]. One
such pharmacogenomic association was identified, and subsequently replicated, in two inde-
pendent cohorts of Canadian children (approximately 300 cisplatin-treated children)[13, 14].
The underlying genomic variation is linked to the *3A haplotype of the TPMT gene, resulting
in an 8.9 odds ratio of developing cisplatin-induced ototoxicity[13]. Since the initial replica-
tion of the TPMT-cisplatin-induced ototoxicity pharmacogenomic association[13], an inde-
pendent group observed a similar association in a cohort of Spanish children[15]. By contrast,
this association was not replicated in other cohorts[15, 16], that were treated with vastly differ-
ent protocols compared to the original studies. For example, confounding treatments such as
craniospinal irradiation and otoprotectant treatments (amifostine) were used for most
patients, which could override genetic predispositions[17]. Notably, in a patient cohort that
was similarly treated to those of the original studies, the genetic association with TPMT was
preserved, albeit in a small cohort of patients that was underpowered to detect meaningful
associations.

TPMT encodes thiopurine S-methyl transferase, an enzyme that catalyzes the transfer of a
methyl group from the methyl donor S-adenosylmethionine (SAM) to the sulphur residue of
thiopurines, such as 6-mercaptopurine and azathioprine for their metabolism and detoxifica-
tion. Pharmacogenetic variants in TPMT have been associated with severe life-threatening
myelosuppression associated with the use of the immunosuppressant azathioprine and other
thiopurines[18]. Well characterized variants in TPMT include TPMT*3B (rs1800460, minor
allele frequency 1.3%) that encodes the nucleotide change 460C>T, corresponding to the non-
synonymous coding change A154T; TPMT*3C (rs1142345, minor allele frequency 4%) that
encodes the nucleotide change 719T>C, corresponding to the non-synonymous coding
change Y240C; and TPMT*3A which contains both TPMT*3B and *3C variants. Given that
thiopurines are direct substrates of TPMT, the mechanistic basis of the pharmacogenetic asso-
ciation with azathioprine differs from that with cisplatin, where a direct interaction with cis-
platin has not been demonstrated. Thus, to explore a potential drug-gene interaction between
cisplatin and TPMT we sought to examine the effect of TPMT deficiency on cisplatin pheno-
types in model inner ear cell lines. Our findings establish that there is a drug-gene interaction
between cisplatin and TPMT in vitro.

Materials and methods
Cells, constructs and reagents

HEK293T cells were purchased from ATCC (Cedarlane), and cultured in DMEM supple-
mented with 10% FBS, 100 U/ml Penicillin, 100 pug/ml Streptomycin and grown at 37°C in the
presence of 5% CO,. The murine inner ear cell line HEI-OC1 (ref. [19]) was obtained from the
laboratory of Dr. Federico Kalinec (UCLA) in April 2014 and were cultured in DMEM supple-
mented with 10% FBS, 100 U/ml Penicillin, 100 pg/ml Streptomycin. The murine inner ear
cell line UB/OC-1 (ref. [20]) was obtained from the laboratory of Dr. Leonard Rybak (SIU) in
August 2012 and were cultured in RPMI supplemented with 10% Fetal Clone II. Murine inner
ear cells were grown at 33°C in the presence of 10% CO,. All cell lines screened negative for
mycoplasma contamination. Transfections for gene expression were performed using Effec-
tene (Qiagen) or X-tremeGENE 9 (Roche), and for Tpmt silencing were performed with
Dharmafect 1 reagent (Thermofisher) according to the manufacturer’s specifications. An
expression clone for TPMT was purchased from Origene (pCMV6-XL5TPMT). For gene
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expression analyses, RNA was purified with the Ambion Purelink RNA mini kit using Purelink
homogenizers and Purelink on-column DNAse digestion and cDNA was generated using the
Invitrogen Superscript III first strand synthesis kit according to the manufacturer’s specifica-
tions (Life Technologies). Real-time RT-PCR (qPCR) experiments of murine Tpmt and Hprt1
gene expression in HEI-OCI cells was performed using primer pairs Tpmt-for2q/Tpmt-rev2q
and Hprtl-forlq/Hprtl-revlq, respectively. The primer sequences used in this study are listed
in S1 Table. gPCR was performed on the PikoReal 96 Real-Time PCR system (Thermo Scien-
tific) and relative gene expression was calculated by the AAC, method using the instrument
software. The rat anti-HA 3F10 monoclonal antibody (Sigma-Aldritch, cat# 11867423001;
Antibody Registry AB_10094468) and the mouse anti-GAPDH 6C5 monoclonal antibody
(Millipore, cat# MAB374; Antibody Registry AB_2107445) were used at (1:1,000) dilution,
while IRDye 800CW Goat anti-Rat and IRDye 800CW Goat anti-Mouse polyclonal antibodies
(Mandel Scientific, cat# 925-32219 and 925-32210) were used at (1:5,000) dilution.

Cloning

The wild type TPMT (*1) open reading frame (ORF) was PCR amplified from
pCMV6-XL5TPMT (Origene) using TPMT-forl and TPMT-revl primers. The amplified prod-
uct was TOPO-cloned into PCR4-TOPO according to the manufacturer’s specifications (Invi-
trogen). Sanger sequencing revealed the TPMT ORF contained the *18S variant. Site directed
mutagenesis was performed using the Quikchange II reagent kit (Agilent) according to the
manufacturer’s specifications. The *3B variant was created using primer pair TPMTg460a_2/
TPMTg460a_as2 (also reverts *1S to *1). The *3A variant was created using the TPMT*3B tem-
plate and primer pair TPMTa719g/TPMTa719g_as. The *3C variant was also separately cre-
ated using primer pair TPMTa719g/TPMTa719g_as and a TPMT*1 template that was itself
created by reversion of the *1S variant using primer pair TPMTt474c / TPMTt474c_as.

Tpmt gene silencing

Tpmt expression was silenced in UB/OC-1 cells using 50 nM siGENOME mouse Tpmt
SMARTpool siRNA or siGENOME Non-Targeting siRNA #3 (Dharmacon). siRNA transfec-
tions were performed using Dharmafect 1 transfection reagent (Dharmacon) for 24 hours
according to the manufacturer’s specifications. Tpmt expression was monitored by SYBR
Green qPCR conducted in a 10 ul reaction consisting of 5 ul PowerSybr Green Master Mix,

2 ul of cDNA, and 300 nM primers using cycling conditions: 95°C—7 min and 40 cycles of
95°C—S5 sec, 60°C—30 sec. Under these conditions Tpmt expression was decreased by 55% in
UB/OC-1 cells (S1 Fig).

TPMT protein quantification

TPMT expression constructs were transfected into HEK293T or HEI-OC1 cells and lysate was
generated 48 hours post-transfection. 40 pg of lysate was separated on a pre-cast 4-20% TGX
gradient gel (BioRad) and then transferred to nitrocellulose using the mixed MW preset on the
Transblot Turbo (BioRad). Probed membranes were scanned on the Odyssey imaging system
(LI-COR). Membranes were stripped with Reblot Strong Stripping Buffer (Millipore) accord-
ing to the manufacturer’s specifications.

Cell viability assay of cisplatin-treated cells

5x 10° HEI-OC1 or UB/OC-1 cells were seeded into each well of a 96-well plate in the appro-
priate medium indicated above and grown overnight at 33°C and 10% CO,. The following day
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cells were transfected with TPMT*1 and TPMT*3A expression constructs. UB/OC-1 cells were
transfected with siRNA to silence endogenous Tpmt as indicated above, 24h prior to transfec-
tion of TPMT expression constructs. The next day cells were treated with 0, 0.316, 1, 3.16, 10,
31.6, 100 or 316 uM cisplatin for 48 hours. Cell viability was assayed using MTT (Sigma) and
absorbance was read on a POLARstar Omega plate reader (BMG Labtech).

Colony survival assay of cisplatin-treated cells

2 x 10° HEI-OCI cells were seeded into a 10 cm dish in DMEM media supplemented with
10% FBS and 1% L-glutamine and grown overnight at 33°C and 10% CO,. The following day
cells were transfected with TPMT*1 and TPMT*3A expression constructs as indicated above.
The next day cells were harvested and reseeded at 6 x 10 cells/well in 6-well plate and treated
with 3.16, 31.6, or 316 nM cisplatin for 48 hours. Cells were then harvested, pooled with cul-
ture supernatants and PBS washes, and reseeded at 200 cells per well in a 24 well plate and
grown at 33°C and 10% CO, for 1-2 weeks until colonies were visible. Colonies were metha-
nol-fixed, stained with Cresyl Violet then counted and imaged on an Evos XL Core micro-
scope. Two independent experiments were performed in duplicate.

Gene expression analyses

2x 10° HEI-OCI cells were seeded into each well of a 6-well dish in DMEM media supple-
mented with 10% FBS and 1% L-glutamine. The following day fresh medium containing 0, 10
and 25 pM cisplatin was added to cells. Cells were grown for 24 hours then total RNA was
immediately purified and used for cDNA synthesis. qPCR reactions were conducted in a 10 pul
reaction volume that consisted of 5 ul 2X TagMan Universal Master Mix, 0.5 ul TagMan probe
and 2 pl cDNA with standard cycling conditions on PikoReal instrumentation (Thermo)
according to the manufacturer’s specifications. Validated Tagman assays were used to detect
expression of murine Tlr4 (Mm00445273_m1) and Hprtl (Mm00446968_m1).

Data analyses

Cell viability data was analyzed using GraphPad Prism v5 and fitted to a non-linear regression,
dose-response log (inhibitor) vs. normalized response model. Statistical significance of ICs
values was analyzed using the extra sum-of-squares F test. Relative gene expression was calcu-
lated using Hprtl as a housekeeping gene using PikoReal software. Western blot quantification
was performed using ImageLite software (LI-COR).

Results

To study the role of TPMT pharmacogenetic variants on cellular cisplatin phenotypes, the
TPMT*3B and TPMT*3C haplotypes were individually created by site-directed mutagenesis
and then combined to form the TPMT*3A haplotype[14]. Previous studies have reported that
the TPMT* 3B, *3C and *3A variants have differential stability in cell culture and this pheno-
type was examined with the constructs generated in this study[21-23]. Immunodetection of
TPMT variants in cell culture lysate, via an epitope tag revealed that TPMT*3C abundance was
similar to wild type TPMT (*1), whereas TPMT*3B and TPMT*3A levels were reduced to 39%
and 4% of wild type levels, respectively (Fig 1). The observed instability of TPMT*3B and
TPMT*3A is in line with prior reports where TPMT*3A levels were virtually undetectable[21].
Similar results were observed when quantifying TPMT variant protein levels in the murine
inner ear HEI-OCI cell line (S2 Fig). These data indicate that the constructs used in this study
reproduce the physiological properties associated with TPMT pharmacogenetic variants.
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Fig 1. Pharmacogenetic variants in TPMT show differential stability in cell culture. Top, Representative
western blot of HEK293T cells expressing indicated TPMT variants. TPMT was specifically detected using an
HA-epitope tag. Bottom, quantification of West blot analysis, normalizing HA signal intensity to corresponding
GAPDH signal intensity. Shown are results from two independent experiments. TPMT*3A levels are 4% of
wild type TPMT levels.

https://doi.org/10.1371/journal.pone.0175711.9001

To examine the affect of TPMT on cellular responses to cisplatin, wild type and variant
TPMT were transfected into two murine inner ear cells lines and a dose-response of cisplatin
concentration and cell viability was established. Relative to TPMT*3A-expressing HEI-OC1
cells, viability was increased in TPMT*1-expressing cells at all cisplatin concentrations tested
and this was reflected in a significantly higher cisplatin ICs, value in these cells as determined
by MTT assay (Fig 2 and S2 Table). A moderately enhanced cell viability effect was observed
when endogenous Tpmt was reduced by knockdown in UB/OC-1 cells that have a 3-fold lower
basal expression of Tpmt as quantified by qPCR (Fig 2 and S2 Table). TPMT*1 particularly
influenced cell viability at sub-ICs, cisplatin concentration where statistically significant differ-
ences were noted at 10 uM cisplatin in HEI-OCI cells and 3.16 and 10 uM cisplatin in UB/
OC-1 cells (S3 Fig). Similar observations were made in a colony survival assay performed with
HEI-OC1 cells, where expression of TPMT*1 led to increased colony numbers and improved
cellular morphology in this assay compared to expression of TPMT*3A (S3 Fig). These data
suggest that overexpression of the functional TPMT allele (TPMT*1) reduces the susceptibility
of murine inner ear cells to cisplatin-mediated cell death.

It has been previously reported that cisplatin treatment of HEI-OC1 cells leads to increased
expression of the Tlr4 gene in a dose and time-dependent manner[24]. We assessed the suit-
ability of utilizing Tlr4 expression as a sensitive biosensor to cisplatin using real-time
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Fig 2. TPMT variation influences cisplatin cytotoxicity in murine inner ear cell lines. HEI-OC1 or UB/
OC-1 cells expressing TPMT*1 or TPMT*3A (as indicated) were treated with varying concentrations of
cisplatin, quantified by MTT assay and the best-fit ICs, values were determined using a non-linear log
(inhibitor) vs. normalized response model. Dose response curves are shown in S3 Fig and curve fitting
parameters are listed in S2 Table. Data are presented as the mean and standard error of the mean. * and
** denote P<0.05 and P < 0.01, respectively using Extra sum-of-squares F test.

https://doi.org/10.1371/journal.pone.0175711.9002

quantitative PCR. As shown in Fig 3A, higher Tlr4 expression was observed with increasing
cisplatin concentrations. This Tlr4 response to cisplatin was used to assay cells expressing
wild type (TPMT*1) and inactive TPMT*3A as a sensitive measure of cisplatin exposure.
TPMT*3A-expressing cells showed a significant induction in TIr4 expression when treated
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Fig 3. TPMT influences response of a cisplatin biosensor in a murine inner ear cell line. A, TIr4 expression was quantified in HEI-OC1 cells treated with
the indicated concentrations of cisplatin. Tir4 expression increased with increasing cisplatin and served as a cisplatin biosensor. B, HEI-OC1 cells expressing
TPMT*1 or TPMT*3A were treated with 25 uM cisplatin or left untreated and relative expression of the cisplatin biosensor was determined. Data are
presented as the mean and standard error of the mean for nine replicates for untreated cells (3 independent experiments) and 6 replicates for cisplatin treated
cells (2 independent experiments). *, ** and ns denote P < .05, P <.01 and not significant, respectively using one-way ANOVA with Tukey post-test analyses.

https://doi.org/10.1371/journal.pone.0175711.g003
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with cisplatin, whereas this was not observed in TPMT*1-expressing cells (Fig 3B). The
decreased response to cisplatin in cells expressing TPMT*1 implies that these cells are exposed
to a lower effective concentration of cisplatin. This finding was consistent with the mitigated
cisplatin-mediated cytotoxicity observed for TPMT*1-expressing cells, and demonstrates a
critical role of TPMT in cisplatin metabolism/detoxification.

Discussion

In this work we have demonstrated that the cellular responses to cisplatin in murine

inner ear cell lines are altered by pharmacogenetic variation in TPMT. Both cisplatin cyto-
toxicity and biosensor responses were increased in TPMT*3A variant-expressing cells. These
altered responses suggest that TPMT plays a critical role in cisplatin metabolism and/or
detoxification.

In contrast to a previous report that analyzed the correlation between TPMT genotype and
pre-determined ICs, values generated in human B lymphoblastoid cells[16], the current study
showed a significant impact of TPMT haplotype on cisplatin ICs, values, which were decreased
by approximately one-third in the presence of TPMT*3A. This could be attributable to experi-
mental differences since the current study employed two independent murine inner ear cell
lines to generate robust cisplatin cytotoxicity data (R* > 0.8, multiple independent experi-
ments), whereas the previous study used pre-determined ICs, values generated in human B
lymphoblastoid cells. As a point of comparison, the ICs, for thioguanine, a direct substrate of
TPMT, was decreased by only 20% in Tpmt null primary astrocytes compared to wild type pri-
mary astrocytes[25], suggesting that the 30% shift in cisplatin ICs, values as a function of
TPMT haplotype observed in this study is in line with other TPMT substrates.

Furthermore, indirect evidence supporting a cisplatin-TPMT drug-gene interaction was
recently reported where the transcriptomic and metabolomic responses of cisplatin-treated ES
cells were described demonstrating that cisplatin-treatment increased TPMT expression[26].
We similarily observed a significant upregulation of TPMT expression in response to 10 uM
cisplatin. von Stechow and colleagues also reported that cisplatin treatment increased the con-
centration of the TPMT substrate, S-adenosylmethionine[26]. Combined with a report that
SAM stabilizes TPMT[27], these observations are consistent with a putative role for TPMT in
the detoxification of cisplatin. Given that increased SAM levels have been shown to exacerbate
cisplatin adverse drug reactions[28] in mice, it is possible that TPMT variants, transcriptionally
upregulated by cisplatin and destabilized by the *3A mutations, are unable to utilize the SAM
co-substrate potentially leading to a two-fold mechanism of enhanced cisplatin cytotoxicity—-
SAM metabolite accumulation and diminished cisplatin detoxification.

It is noteworthy that mechanistic studies of cisplatin nephrotoxicity indicate that cisplatin
undergoes conjugation to glutathione through the sulthydryl moiety of the latter. In vivo and
in vitro data suggest that the cisplatin-glutathione conjugate undergoes further enzymatic pro-
cessing to ultimately generate a cisplatin-thiol entity that is highly reactive and nephrotoxic
[29, 30]. Such a reactive thiol could act as a nucleophilic substrate bound by methyltrans-
ferases, such as TPMT, to catalyze methyl transfer from SAM and potentially detoxify the cis-
platin-thiol molecule[31]. While speculative, this model would be consistent with the data
observed in the current study that to our knowledge provides the first direct evidence for a cis-
platin-TPMT interaction in vitro.

Supporting information

S1 Data. Source data for figures and supplementary figures.
(XLSX)
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S1 Fig. Endogenous Tpmt silencing efficiency in the UB/OC-1 murine inner ear cell line.
Endogenous Tpmt was silenced using siRNA in UB/OC-1 cell lines and relative Tpmt expres-
sion was determined using HprtI as a housekeeping gene. A silencing efficiency of 55% was
observed. Data are presented as the mean and standard error of the mean for 5 replicates in a
single experiment. p-values were calculated using student T test.

(TIF)

S2 Fig. Pharmacogenetic variants in TPMT show differential stability in murine inner ear
cells. Representative western blot of HEI-OC1 cells expressing indicated TPMT variants.
TPMT was specifically detected using an HA-epitope tag. The relative stability of the TPMT
variants in murine inner ear cells is in good agreement with HEK293T cells (see Fig 1).

(TTF)

S3 Fig. Cisplatin cytotoxicity response is influenced by TPMT haplotype in murine inner
ear cell lines. A, HEI-OCI1 cells expressing TPMT*1 or TPMT*3 A were treated with varying
concentrations of cisplatin. B, UB/OC-1 cells silenced for endogenous Tpmt and expressing
TPMT*1 or TPMT*3A were treated with varying concentrations of cisplatin. Cell viability
was normalized to untreated cells and quantified by MTT assay in both experiments. C, Col-
ony survival assay for HEI-OC1 cells expressing TPMT*1 or TPMT*3A and grown at the
indicated concentration of cisplatin. Shown are colony counts normalized to the lowest cis-
platin concentration (left panel) and actual counts (right panel). The area under the curve
was 200 for TPMT*1-expressing cells compared to 190 for TPMT*3A-expressing cells. D,
Representative images of cells from colony survival assay. Data are presented as the mean
and standard error of the mean for twenty replicates (4 independent experiments, panel A),
12 replicates (2 independent experiments, panel B) and 8 replicates (2 independent experi-
ments, panel C). * denotes P < .05 using student’s T test. See S2 Table for ICso and R* values.
(TIF)

S4 Fig. Representative full western blot images of TMPT variant expression in vitro.
(TIF)

S§1 Table. Primer sequences used in this study.
(PDF)

$2 Table. Curve fitting parameters for cisplatin cytotoxicity studies in murine inner ear
cell lines.
(PDF)

Author Contributions
Conceptualization: APB BCC CJDR.
Formal analysis: APB.

Funding acquisition: BCC CJDR.
Investigation: APB EPG YL JSH.
Methodology: APB CJDR.

Project administration: APB BCC CJDR.
Resources: BCC CJDR.

Supervision: APB BCC CJDR.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175711  April 13,2017 8/10


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175711.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175711.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175711.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175711.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175711.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175711.s007
https://doi.org/10.1371/journal.pone.0175711

@° PLOS | ONE

TPMT variation and in vitro cellular cisplatin phenotypes

Validation: APB EPG YL JSH.

Visualization: APB CJDR.

Writing - original draft: APB.

Writing - review & editing: APB EPG BCC CJDR.

References

1.

10.

11.

12

13.

14.

15.

16.

Estlin EJ, Veal GJ. Clinical and cellular pharmacology in relation to solid tumours of childhood. Cancer
Treat Rev. 2003; 29(4):253-73. PMID: 12927566

Ho GY, Woodward N, Coward JI. Cisplatin versus carboplatin: comparative review of therapeutic man-
agement in solid malignancies. Crit Rev Oncol Hematol. 2016; 102:37—46. https://doi.org/10.1016/].
critrevonc.2016.03.014 PMID: 27105947

Brock PR, Knight KR, Freyer DR, Campbell KC, Steyger PS, Blakley BW, et al. Platinum-induced oto-
toxicity in children: a consensus review on mechanisms, predisposition, and protection, including a new
International Society of Pediatric Oncology Boston ototoxicity scale. Journal of clinical oncology: official
journal of the American Society of Clinical Oncology. 2012; 30(19):2408-17.

Langer T, am Zehnhoff-Dinnesen A, Radtke S, Meitert J, Zolk O. Understanding platinum-induced oto-
toxicity. Trends Pharmacol Sci. 2013; 34(8):458—69. https://doi.org/10.1016/j.tips.2013.05.006 PMID:
23769626

van As JW, van den Berg H, van Dalen EC. Platinum-induced hearing loss after treatment for childhood
cancer. Cochrane Database Syst Rev. 2016; 8:CD010181.

Waissbluth S, Peleva E, Daniel SJ. Platinum-induced ototoxicity: a review of prevailing ototoxicity crite-
ria. European archives of oto-rhino-laryngology: official journal of the European Federation of Oto-
Rhino-Laryngological Societies (EUFOS): affiliated with the German Society for Oto-Rhino-Laryngol-
ogy—Head and Neck Surgery. 2016.

Yancey A, Harris MS, Egbelakin A, Gilbert J, Pisoni DB, Renbarger J. Risk factors for cisplatin-associ-
ated ototoxicity in pediatric oncology patients. Pediatric blood & cancer. 2012; 59(1):144-8.

Hayes-Lattin B, Nichols CR. Testicular cancer: a prototypic tumor of young adults. Semin Oncol. 2009;
36(5):432-8. https://doi.org/10.1053/j.seminoncol.2009.07.006 PMID: 19835738

Rybak LP, Whitworth CA, Mukherjea D, Ramkumar V. Mechanisms of cisplatin-induced ototoxicity and
prevention. Hear Res. 2007; 226(1-2):157-67. https://doi.org/10.1016/j.heares.2006.09.015 PMID:
17113254

Mukherjea D, Rybak LP. Pharmacogenomics of cisplatin-induced ototoxicity. Pharmacogenomics.
2011; 12(7):1039-50. Epub 2011/07/27. https://doi.org/10.2217/pgs.11.48 PMID: 21787192

Travis LB, Fossa SD, Sesso HD, Frisina RD, Herrmann DN, Beard CJ, et al. Chemotherapy-induced
peripheral neurotoxicity and ototoxicity: new paradigms for translational genomics. J Natl Cancer Inst.
2014; 106(5):dju044. https://doi.org/10.1093/jnci/dju044 PMID: 24623533

Lee JW, Pussegoda K, Rassekh RS, Monzon JG, Liu G, Hwang S, et al. Clinical Practice Recommen-
dations For The Management And Prevention Of Cisplatin-Induced Hearing Loss Using Pharmacoge-
netic Markers. Ther Drug Monit. 2016; 38(4):423-31. https://doi.org/10.1097/FTD.0000000000000298
PMID: 26960170

Pussegoda K, Ross CJ, Visscher H, Yazdanpanah M, Brooks B, Rassekh SR, et al. Replication of
TPMT and ABCC3 genetic variants highly associated with cisplatin-induced hearing loss in children.
Clinical pharmacology and therapeutics. 2013; 94(2):243-51. Epub 2013/04/17. https://doi.org/10.
1038/clpt.2013.80 PMID: 23588304

Ross CJ, Katzov-Eckert H, Dube MP, Brooks B, Rassekh SR, Barhdadi A, et al. Genetic variants in
TPMT and COMT are associated with hearing loss in children receiving cisplatin chemotherapy. Nat
Genet. 2009; 41(12):1345-9. https:/doi.org/10.1038/ng.478 PMID: 19898482

Hagleitner MM, Coenen MJ, Patino-Garcia A, de Bont ES, Gonzalez-Neira A, Vos HI, et al. Influence of
genetic variants in TPMT and COMT associated with cisplatin induced hearing loss in patients with can-
cer: two new cohorts and a meta-analysis reveal significant heterogeneity between cohorts. PLoS One.
2014; 9(12):e115869. https://doi.org/10.1371/journal.pone.0115869 PMID: 25551397

Yang JJ, Lim JY, Huang J, Bass J, Wu J, Wang C, et al. The role of inherited TPMT and COMT genetic
variation in cisplatin-induced ototoxicity in children with cancer. Clin Pharmacol Ther. 2013; 94(2):252—
9. https://doi.org/10.1038/clpt.2013.121 PMID: 23820299

PLOS ONE | https://doi.org/10.1371/journal.pone.0175711  April 13,2017 9/10


http://www.ncbi.nlm.nih.gov/pubmed/12927566
https://doi.org/10.1016/j.critrevonc.2016.03.014
https://doi.org/10.1016/j.critrevonc.2016.03.014
http://www.ncbi.nlm.nih.gov/pubmed/27105947
https://doi.org/10.1016/j.tips.2013.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23769626
https://doi.org/10.1053/j.seminoncol.2009.07.006
http://www.ncbi.nlm.nih.gov/pubmed/19835738
https://doi.org/10.1016/j.heares.2006.09.015
http://www.ncbi.nlm.nih.gov/pubmed/17113254
https://doi.org/10.2217/pgs.11.48
http://www.ncbi.nlm.nih.gov/pubmed/21787192
https://doi.org/10.1093/jnci/dju044
http://www.ncbi.nlm.nih.gov/pubmed/24623533
https://doi.org/10.1097/FTD.0000000000000298
http://www.ncbi.nlm.nih.gov/pubmed/26960170
https://doi.org/10.1038/clpt.2013.80
https://doi.org/10.1038/clpt.2013.80
http://www.ncbi.nlm.nih.gov/pubmed/23588304
https://doi.org/10.1038/ng.478
http://www.ncbi.nlm.nih.gov/pubmed/19898482
https://doi.org/10.1371/journal.pone.0115869
http://www.ncbi.nlm.nih.gov/pubmed/25551397
https://doi.org/10.1038/clpt.2013.121
http://www.ncbi.nlm.nih.gov/pubmed/23820299
https://doi.org/10.1371/journal.pone.0175711

@° PLOS | ONE

TPMT variation and in vitro cellular cisplatin phenotypes

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Carleton BC, Ross CJ, Bhavsar AP, Amstutz U, Pussegoda K, Visscher H, et al. Role of TPMT and
COMT genetic variation in cisplatin-induced ototoxicity. Clinical pharmacology and therapeutics. 2014;
95(3):253. https://doi.org/10.1038/clpt.2013.219 PMID: 24193170

Relling MV, Gardner EE, Sandborn WJ, Schmiegelow K, Pui CH, Yee SW, et al. Clinical Pharmacoge-
netics Implementation Consortium guidelines for thiopurine methyltransferase genotype and thiopurine
dosing. Clin Pharmacol Ther. 2011; 89(3):387-91. https://doi.org/10.1038/clpt.2010.320 PMID:
21270794

Kalinec F, Kalinec G, Boukhvalova M, Kachar B. Establishment and characterization of conditionally
immortalized organ of corti cell lines. Cell Biol Int. 1999; 23(3):175-84. https://doi.org/10.1006/cbir.
1998.0339 PMID: 10562438

Rivolta MN, Grix N, Lawlor P, Ashmore JF, Jagger DJ, Holley MC. Auditory hair cell precursors immor-
talized from the mammalian inner ear. Proc Biol Sci. 1998; 265(1406):1595-603. https://doi.org/10.
1098/rspb.1998.0477 PMID: 9753783

Salavaggione OE, Wang L, Wiepert M, Yee VC, Weinshilboum RM. Thiopurine S-methyltransferase
pharmacogenetics: variant allele functional and comparative genomics. Pharmacogenet Genomics.
2005; 15(11):801-15. PMID: 16220112

Tai HL, Fessing MY, Bonten EJ, Yanishevsky Y, d’Azzo A, Krynetski EY, et al. Enhanced proteasomal
degradation of mutant human thiopurine S-methyltransferase (TPMT) in mammalian cells: mechanism
for TPMT protein deficiency inherited by TPMT*2, TPMT*3A, TPMT*3B or TPMT*3C. Pharmacoge-
netics. 1999; 9(5):641-50. PMID: 10591545

Wang L, Nguyen TV, McLaughlin RW, Sikkink LA, Ramirez-Alvarado M, Weinshilboum RM. Human
thiopurine S-methyltransferase pharmacogenetics: variant allozyme misfolding and aggresome forma-
tion. Proc Natl Acad Sci U S A. 2005; 102(26):9394-9. https://doi.org/10.1073/pnas.0502352102 PMID:
15967990

Oh G-SS, Kim H-JJ, Choi J-HH, Shen A, Kim C-HH, Kim S-JJ, et al. Activation of lipopolysaccharide-
TLR4 signaling accelerates the ototoxic potential of cisplatin in mice. J Immunol. 2011; 186(2):1140-50.
https://doi.org/10.4049/jimmunol.1002183 PMID: 21148032

Hosni-Ahmed A, Barnes JD, Wan J, Jones TS. Thiopurine methyltransferase predicts the extent of cyto-
toxicty and DNA damage in astroglial cells after thioguanine exposure. PLoS One. 2011; 6(12):e29163.
https://doi.org/10.1371/journal.pone.0029163 PMID: 22216194

von Stechow L, Ruiz-Aracama A, van de Water B, Peijnenburg A, Danen E, Lommen A. Identification of
cisplatin-regulated metabolic pathways in pluripotent stem cells. PLoS One. 2013; 8(10):e76476. Epub
2013/10/28. https://doi.org/10.1371/journal.pone.0076476 PMID: 24146875

Milek M, Smid A, Tamm R, Kuzelicki NK, Metspalu A, Mlinaric-Rascan |. Post-translational stabilization
of thiopurine S-methyltransferase by S-adenosyl-L-methionine reveals regulation of TPMT*1 and *3C
allozymes. Biochem Pharmacol. 2012; 83(7):969-76. https://doi.org/10.1016/j.bcp.2012.01.010 PMID:
22274639

Ochoa B, Bobadilla N, Arrellin G, Herrera LA. S-Adenosyl-L-methionine increases serum BUN and cre-
atinine in cisplatin-treated mice. Arch Med Res. 2009; 40(1):54-8. https://doi.org/10.1016/j.arcmed.
2008.10.006 PMID: 19064128

Townsend DM, Deng M, Zhang L, Lapus MG, Hanigan MH. Metabolism of Cisplatin to a nephrotoxin in
proximal tubule cells. J Am Soc Nephrol. 2003; 14(1):1-10. PMID: 12506132

Zhang L, Hanigan MH. Role of cysteine S-conjugate beta-lyase in the metabolism of cisplatin. J Phar-
macol Exp Ther. 2003; 306(3):988-94. https://doi.org/10.1124/jpet.103.052225 PMID: 12750429

Zhang J, Zheng YG. SAM/SAH Analogs as Versatile Tools for SAM-Dependent Methyltransferases.
ACS Chem Biol. 2016; 11(3):583-97. https://doi.org/10.1021/acschembio.5b00812 PMID: 26540123

PLOS ONE | https://doi.org/10.1371/journal.pone.0175711  April 13,2017 10/10


https://doi.org/10.1038/clpt.2013.219
http://www.ncbi.nlm.nih.gov/pubmed/24193170
https://doi.org/10.1038/clpt.2010.320
http://www.ncbi.nlm.nih.gov/pubmed/21270794
https://doi.org/10.1006/cbir.1998.0339
https://doi.org/10.1006/cbir.1998.0339
http://www.ncbi.nlm.nih.gov/pubmed/10562438
https://doi.org/10.1098/rspb.1998.0477
https://doi.org/10.1098/rspb.1998.0477
http://www.ncbi.nlm.nih.gov/pubmed/9753783
http://www.ncbi.nlm.nih.gov/pubmed/16220112
http://www.ncbi.nlm.nih.gov/pubmed/10591545
https://doi.org/10.1073/pnas.0502352102
http://www.ncbi.nlm.nih.gov/pubmed/15967990
https://doi.org/10.4049/jimmunol.1002183
http://www.ncbi.nlm.nih.gov/pubmed/21148032
https://doi.org/10.1371/journal.pone.0029163
http://www.ncbi.nlm.nih.gov/pubmed/22216194
https://doi.org/10.1371/journal.pone.0076476
http://www.ncbi.nlm.nih.gov/pubmed/24146875
https://doi.org/10.1016/j.bcp.2012.01.010
http://www.ncbi.nlm.nih.gov/pubmed/22274639
https://doi.org/10.1016/j.arcmed.2008.10.006
https://doi.org/10.1016/j.arcmed.2008.10.006
http://www.ncbi.nlm.nih.gov/pubmed/19064128
http://www.ncbi.nlm.nih.gov/pubmed/12506132
https://doi.org/10.1124/jpet.103.052225
http://www.ncbi.nlm.nih.gov/pubmed/12750429
https://doi.org/10.1021/acschembio.5b00812
http://www.ncbi.nlm.nih.gov/pubmed/26540123
https://doi.org/10.1371/journal.pone.0175711

