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A B S T R A C T

Cisplatin (CDDP) is a highly effective antineoplastic agent, widely used in the treatment of various malignant
tumors. However, its major problems are side effects associated to toxicity. Considerable inter-individual dif-
ferences have been reported for CDDP-induced toxicity due to genetic and epigenetic factors. Genetic causes are
well described; however, epigenetic modifications are not fully addressed. In the last few years, many evidences
were found linking microRNA to the development of CDDP-mediated toxicity, particularly nephrotoxicity. In this
review, we described how genetic and epigenetic modifications can be important determinants for the devel-
opment of toxicity in patients treated with CDDP, and how these alterations may be interesting biomarkers for
monitoring toxicity induced by CDDP. Considering the validation in different studies, we suggest that miR-34a,
-146b, -378a, -192, and -193 represent an attractive study group to evaluate potential biomarkers to detect
CDDP-related nephrotoxicity.

1. Introduction

Cisplatin (cis-diamminedichloroplatinum (II); CDDP) is a highly
effective antineoplastic agent, widely used in the treatment of various
malignant tumors, including ovary, endometrium, pulmonary, bladder,
head and neck, testicular, breast and colorectal cancer (Dasari and
Tchounwou, 2014; Prestayko et al., 1979). This chemotherapeutic drug
is known as Peyrone’s salt, he first synthesized it in 1844, however, its
antioncogenic activity was accidentally discovered by Rosenberg et al.
(Rosenberg et al., 1965, 1969) in the 1960′s, they described the potent
antiproliferative effect of CDDP in Escherichia coli cultures and then in a
xenograft model. Clinical trials with CDDP started in 1971, and was
approved as the first platinum compound for use in testicular and
ovarian cancer by the US Food and Drug Administration (FDA) in 1978
(Dilruba and Kalayda, 2016; Kelland, 2007). The usefulness of this drug
in the treatment of cancer is recognized, being associated with complete
or partial remission, or stabilization of the disease. However, its major
problem are side effects associated to toxicity, such as nephrotoxicity,
neurotoxicity, and ototoxicity, among others (Mollman, 1990; Peres

and da Cunha, 2013; Zhu et al., 2015). Regarding CDDP-induced
toxicity, considerable inter-individual differences have been reported.
Some patients have certain toxicities, but others tolerate the treatment
very well. Several factors must be considered for different degrees of
toxicities and outcomes for the same drug, including age, sex, healthy
factors, environmental factors, exposure to tobacco smoke, alcohol, co-
medication and genetic factors. Therefore, we can group the causes of
CDDP-induced toxicity in genetic and epigenetic factors.

Genetic causes are well described and include genetic variants that
affect encoding genes of transporters involved in efflux and influx of
CDDP and metabolizing enzymes responsible for the absorption, dis-
tribution, metabolization and excretion of the drug. Nevertheless, epi-
genetic modifications involved in the regulation of these genes and how
these would be associated to CDDP-induced toxicity are not fully ad-
dressed. Interestingly, in the last few years many evidence were found
linking microRNA (an epigenetic mechanism of genetic regulation)
with the development of CDDP-mediated toxicity, particularly with
nephrotoxicity in patients treated with this chemotherapeutic drug.

In this review we describe how genetic and epigenetic modifications
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can be important determinants for development of toxicity in patients
treated with CDDP, and how these alterations may be interesting bio-
markers to monitor toxicity by CDDP.

2. Mechanism of action

CDDP is a platinum coordination compound, characterized by a
square planar configuration with a central atom of platinum linked to
two chloride and two NH3 groups in cis conformation. Passive diffusion
has been described as the main route for CDDP to enter the cell, since its
uptake is concentration-dependent and non-saturable. However, the
participation of active transport mediated by membrane proteins, such
as copper transporter 1 (CTR1) and 2 (CTR2), P-type copper-trans-
porting ATPases ATP7A and ATP7B, organic cation transporter 2
(OCT2), and multidrug and toxin extrusion transporter 1 (MATE1), was
also reported as being important (Ciarimboli, 2014; Dilruba and
Kalayda, 2016; Gately and Howell, 1993).

The chloride ions are stable in bloodstream (high chloride con-
centrations, 100 nM). Inside the cells, the low chloride concentration
(4–20mM) facilitates CDDP hydrolysis, producing positively charged
species that react with cytoplasmic nucleophilic molecules such as
glutathione, methionine, metallothionein and other cysteine-rich pro-
teins (Boulikas and Vougiouka, 2003). The reactive form of CDDP in-
teracts with DNA to form DNA adducts through covalent bonds, pre-
ferably at the N7-sites of adenine and guanine in DNA. This reaction
allows the interactions DNA-protein and DNA-DNA to form interchain
and intrachain crosslinks (Siddik, 2003). However, intrachain adducts
are reported as the most common and responsible for the cytotoxic
action of CDDP (Pinto and Lippard, 1985). These DNA adducts interfere
with cellular processes, such as the replication and transcription of
DNA, they can arrest the cell cycle in the G2 phase and interfere with
several pathways that control differentiations and stress response,
subsequently, culminating in the activation of apoptosis (Siddik, 2003).
Furthermore, CDDP induces the production of reactive oxygen species
(ROS) with lipid peroxidation and disrupt calcium homeostasis, in-
creasing the efflux of calcium from the mitochondria. This disruption of
calcium homeostasis causes cellular respiration to be interrupted, de-
creasing the production of adenosine triphosphate (ATP) and other
cofactors by enzyme inhibition (Fig. 1) (Dasari and Tchounwou, 2014).

3. Cisplatin toxicities

Nephrotoxicity is the most frequent toxicity associated to CDDP
treatment. CDDP nephrotoxicity is dose-dependent, estimations point
that patients who receive an initial dose of 50–100mg/m2 of CDDP can
develop acute renal failure in approximately 30% of the cases, reaching
values as high as 60% (Kidera et al., 2014; Latcha et al., 2016; Peres and
da Cunha, 2013; Prasaja et al., 2015; Ries and Klastersky, 1986; Sastry
and Kellie, 2005). Furthermore, most patients who develop some de-
gree of renal dysfunction never fully recover (Dentino et al., 1978).

CDDP excretion is mostly renal, biliary and intestinal excretions are
minimal. A recent study showed that approximately 50% of the drug is
excreted in the urine within the first 48 h, most of the excretion occurs
in the first 12 h (Visacri et al., 2017). The drug accumulates in the
kidneys, even at non-toxic blood levels. Toxic effects are initially seen
on the proximal tubules, where CDDP concentrations are higher due to
drug accumulation. These high concentrations in the proximal tubule
cells are primarily associated to the presence of membrane transporters
CTR1 and OCT2, located in the basolateral membrane of proximal tu-
bule cells (Ciarimboli, 2014; Filipski et al., 2009). However, CDDP can
cause damage to the kidneys at the glomerular and interstitial levels too
(Peres and da Cunha, 2013).

The pathophysiological bases of CDDP-induced nephrotoxicity are
being widely studied the last decades and are still not fully understood.
A study presented an interesting approach based on the inhibition of the
Na+/K+-ATPase pump in renal cells as a key element of the patho-
physiological process of CDDP-induced nephrotoxicity (Eljack et al.,
2014). The Na+/K+-ATPase is essential to maintain the cellular con-
centration gradient of sodium, being the only enzyme in the plasma
membrane that performs this function (Huliciak et al., 2012). Reports
show that CDDP specifically inhibits the Na+/K+-ATPase enzyme,
while other platinum drugs like carboplatin and oxaliplatin did not
affect the enzyme activity (Daley-Yates and McBrien, 1982; Kubala
et al., 2014). Sodium concentration is crucial for the transport of nu-
trients such as glucose, Ca2+, H+, and is important in the osmotic
potential for water reabsorptions, thus, the inhibition of Na+/K+-AT-
Pase enzyme in the tubular cells reduces the reuptake of these nutrients,
resulting in the failure of the whole system (Kubala et al., 2014).

Other mechanisms of CDDP nephrotoxicity were described and

Fig. 1. CDDP mechanism of action. CDDP may
enter tumor cells via copper transporter, or-
ganic cation transporters, and organic cation/
carnitine transporters or by passive diffusion.
DNA-Pt adducts block DNA replication, tran-
scription, other nuclear functions and activates
signal transduction pathways, which result in
apoptosis and necrosis in tumor cells. In di-
viding tumor cells, the formation of DNA ad-
ducts is supposed to cause growth inhibition
and cell death, thus, eliminating the tumor
cells. CDDP also disrupts calcium homeostasis
by linking with mitochondrial DNA, and dys-
regulates ROS production, causing lipid per-
oxidation and oxidation of other molecules,
such as proteins and carbohydrates, enhancing
cellular damage. Caption: OCT2: organic cation
transporter-2; CTR1: copper transporter 1;
ROS: Reactive oxygen species.
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include proteins of different cellular pathways, such as TNF and Fas
(extrinsic apoptosis pathway); the tumor suppressor gene p53 (intrinsic
apoptosis pathway) through p53 upregulated modulator of apoptosis-α
(PUMA-α) and p53-induced protein with a death domain (PIDD); CDK2
and p21 (cell cycle regulation); mitogen-activated protein kinases
(MAPKs) involved in the regulation of different processes including
proliferation, differentiation and apoptosis (Karasawa and Steyger,
2015; Miller et al., 2010; Pabla and Dong, 2008).

Oxidative stress and ROS production were also associated with
CDDP-induced nephrotoxicity in many studies (Marullo et al., 2013;
Santos et al., 2007). Oxidative stress biomarkers in human samples
were already associated with alterations in renal parameters (Tuan
et al., 2016). A recent study showed that hydrogen peroxide (H2O2)
production is associated with nephrotoxicity induced by CDDP and
higher grades of serum creatinine increases, as well as creatinine
clearance reductions in head and neck cancer patients (Quintanilha
et al., 2017b).

Regarding clinical characteristics that demonstrate renal failure, the
patients present high concentrations of blood urea nitrogen and serum
creatinine, the urine may contain glucose and small amounts of proteins
as indicative of proximal tubular dysfunction, hypomagnesemia, hy-
pocalcemia, hypophosphatemia, hypokalemia, hyponatremia and hy-
peruricemia, metabolic acidosis, among others (Arunkumar et al., 2012;
Miller et al., 2010; Tsang et al., 2009).

Ototoxicity is a frequent side effect, being present between 11% and
97% of patients treated with CDDP. Usually, it starts as a symmetrical
and irreversible sensorineural hearing loss which initially involves high
frequencies followed by low frequencies, being related to the dose of
CDDP used and having a cumulative nature (Harrison et al., 2015;
Mukherjea and Rybak, 2011; Schell et al., 1989). Histopathological
studies from human temporal bone specimens with minimal post-
mortem autolysis obtained from autopsy, indicate that the damage in-
cluded loss of inner and outer hair cells in the basal turn of the cochlea,
degeneration of the stria vascularis and a significant decrease in spiral
ganglion cells, predominantly in the upper turns (Goncalves et al.,
2013; Hinojosa et al., 1995).

The exact mechanism of CDDP-induced ototoxicity is unclear; A
study proposed that plasma membrane transporters that play a role in
CDDP influx could lead to CDDP-induced ototoxicity. The transporters
include CTR1, CTR2, OCT2, the transient receptor potential channel
family members, calcium channels, multidrug resistance-associated
proteins, mechanotransduction channels, chloride channels, among
others (Waissbluth and Daniel, 2013). Recently, studies proposed that
the increased production of ROS is important in the pathophysiology of
hearing loss (Dehne et al., 2001; Goncalves et al., 2013).

CDDP hematotoxicity is characterized by anemia, leucopenia, neu-
tropenia, lymphopenia, and thrombocytopenia. Anemia and lympho-
penia are more frequent (Visacri et al., 2017), however, neutropenia
seems to cause more serious consequences, such as febrile neutropenia
(Quintanilha and Visacri, 2017). CDDP-induced anemia occurs by bone
marrow aplasia, hemolysis, and erythropoietin deficiency secondary to
nephrotoxicity (Dlott et al., 2004; Gao et al., 2006, 2013; Son et al.,
2011; Vandendries and Drews, 2006). Leucopenia and thrombocyto-
penia are associated with aplasia. Some studies showed that oxidative
stress is associated with myelosuppression, the administration of anti-
oxidants prevented this toxicity (Fuchs-Tarlovsky et al., 2011; Karale
and Kamath, 2017; Markovic et al., 2011; Olas et al., 2004; Sinha et al.,
2015).

Hepatotoxicity may be observed following the administration of
large CDDP doses (Cvitkovic, 1998; Iraz et al., 2006) or small repeated
doses, probably due to accumulation in the liver (Fenoglio et al., 2005;
Pratibha et al., 2006). Studies suggest that the oxidative stress gener-
ated by CDDP plays an important role in hepatic injuries (Iraz et al.,
2006; Mansour et al., 2006; Pratibha et al., 2006). CDDP increases as-
partate aminotransferase and alanine aminotransferase of liver en-
zymes, alters the energy metabolism in the liver (reduces the

concentration of ATP, glutathione and NADPH), causes lipid perox-
idation, oxidative damage to cardiolipin and proteins with sulfhydryl
groups, and hepatic cell death by apoptosis via mitochondria (Martins
et al., 2008).

Nausea and vomiting are very common in CDDP toxicity because
this antineoplastic presents a higher emetogenic potential when com-
pared to other cancer drugs (Rolla et al., 2006). A study showed that
64.4% and 47.5% of head and neck cancer patients treated with one
cycle of high-dose CDDP experienced nausea and vomiting, respec-
tively, even with the regular use of antiemetics (Visacri et al., 2017).
These side effects are very debilitating and significantly affect the
quality of life of oncologic patients (Mitchell, 2006). Evidence suggests
that oxidative stress may be one of the mechanisms by which CDDP
causes emesis (Alam et al., 2017; Gupta and Sharma, 1996; Matsuki
et al., 1993; Ullah et al., 2017). The hypothesis is that ROS generation
may trigger the serotonin release from enterochromaffin cells of the
small intestine, which stimulates the afferent vagus nerve and causes
the vomiting reflex (Alam et al., 2017; Torii et al., 1994).

4. Genetics in cisplatin toxicities

Considerable inter-individual differences exist in CDDP-induced
toxicity. As already mentioned, several factors may influence different
degrees of toxicities and outcomes for the same drug, including age,
sex, healthy factors, environmental factors, exposure to tobacco smoke,
alcohol, co-medication and genetic factors. Regarding genetic factors,
they usually lead to permanent changes in proteins involved in drug
transportation and disposition (Ma and Lu, 2011). Many studies were
performed to verify the influence of genetics and genetic variants in
CDDP-induced toxicities. These genetic variants eventually alter the
synthesis and function of important proteins in the pharmacodynamics
and pharmacokinetics of CDDP, such as transport proteins, proteins
responsible for DNA repair, and proteins involved in metabolization
and detoxification.

Genetic variants in influx transporters, such as OCT2, CTR1, or in
efflux transporters such as MATE1, ATP7A, ATP7B ATP-Binding
Cassette Protein family or ABC transporters, may be determinant for
overall CDDP-induced toxicity. OCT2 is the main OCT in the kidney;
therefore, a genetic variant involving this transporter may be associated
with CDDP-induced nephrotoxicity. Studies observed that patients
having A270S (rs316019) variant for OCT2 showed protection from
nephrotoxicity, while patients with the reference genotype did not
(Filipski et al., 2009; Iwata et al., 2012). The A270S variant is caused by
G > T substitution at the 808 position of the SLC22A2 gene (Song
et al., 2008). Another recent study performed by Qian et al. (Qian et al.,
2016) with platinum-based chemotherapy (CDDP and carboplatin in
association with other antineoplastics), showed that patients with non-
small cell lung cancer (NSCLC) carrying the G allele and OCT2
rs316019 have better tolerance to hematological toxicity and hepato-
toxicity.

Regarding the transporter MATE1, it is encoded by the SLC47A1
gene and expressed in the liver and the brush border membrane of renal
proximal tubule cells (Otsuka et al., 2005). A study in mice demon-
strated that MATE1 (-/-) mice receiving CDDP presented increased
nephrotoxicity compared to wildtype controls (Nakamura et al., 2010),
however, another study revealed that the rs2289669 G > A MATE1
was not associated with CDDP-induced toxicities(Iwata et al., 2012). In
contrast, Qian et al. (Qian et al., 2016) showed in NSCLC patients that A
allele carriers of rs2289669 have poor tolerance to hematological
toxicity caused by platinum-based chemotherapy.

ABC transporters are also involved in CDDP efflux. The subfamily B
member 1 (ABCB1), subfamily C member 2 (ABCC2) and 3 (ABCC3) are
examples of three important subfamilies of ABC transporters. ABCB1
C1236T-TT genotype caused a higher risk to present multiple toxicities
in NSCLC patients (Perez-Ramirez et al., 2016). However, the study
performed by Qian et al. (Qian et al., 2016) found no association of
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platinum-induced toxicities and variants in ABCC2 (rs717620,
rs2273697, and rs3740066) and ABCB1 (rs1045642). Regarding
ABCC3, children patients who carried the G allele of rs1051640 pre-
sented increased risk of developing ototoxicity after CDDP treatment
(Pussegoda et al., 2013).

The initial influx of CDDP is mediated by CTR1, which is encoded by
the gene SLC31A1 (Larson et al., 2010). A study performed in NSCLC
patients showed that patients carrying the C allele of one genetic var-
iant of CTR1 (rs10981694 A > C) were more sensitive to ototoxicity
following CDDP treatment (Xu et al., 2012). CTR1 regulates the uptake
of copper into the cell, however, its removal is mediated by ATP7A and
ATP7B. ATP7A is expressed in the intestinal epithelium and other tis-
sues, except for the liver; and ATP7B is primarily expressed in the liver,
the kidneys and the brain (Murata et al., 1997; Tanzi et al., 1993).

Genetic variants in other genes, which encode proteins other than
that act as transporters, were also investigated in association with
CDDP-induced toxicity. The elFαArg803LyzC > T variant was asso-
ciated with CDDP-induced toxicity in NSCLC patients, T-carrier subjects
presented better tolerance to nephrotoxicity, but poorer tolerance to
ototoxicity (Xu et al., 2013). elF3a is a member of the nucleotide ex-
cision repair (NER) pathway and plays a critical role in regulating the
DNA repair pathway activity. Variants of other genes involved in the
NER pathway, such as xeroderma pigmentosum group C (XPC), group D
(XPD), and DNA excision repair protein (ERCC) were investigated re-
garding their association to toxicity caused by platinum treatment.
Patients with osteosarcoma presented a weak evidence of association
between the CC genotype of rs2228001 (XPC) and ototoxicity (Caronia
et al., 2009). Moderate/severe ototoxicity was not as common in head
and neck cancer patients with XPC c.2815AC or CC genotypes and XPD
c.934AA genotype. In contrast, the XPD c.934 G G genotype was more
common in patients with moderate/severe nausea. In the same group of
patients, moderate/severe nephrotoxicity was more common in XPD
c2251AC or CC genotypes and in the ACT haplotype (variant alleles of
XPD c.934 G > A, XPD c.2241A > C and ERCC1 c.354C > T) (Lopes-
Aguiar et al., 2017). Moreover, the heterozygous for ERCC1 19007 T/C
and 8092 C/A genotypes reported a higher risk of CDDP-induced ne-
phrotoxicity in a study performed with ovarian cancer patients
(Khrunin et al., 2010). The ERCC1 C118T-T allele and ERCC2
rs50872−CC genotype reported a higher risk of general toxicity, the
ERCC2 Asp312As genotype reported a higher risk of presenting mul-
tiple toxicities, and the rs50872−CC genotype was also associated with
grade 3–4 for hematological toxicity or platinum-based chemotherapy
(CDDP and carboplatin) in NSCLC patients (Perez-Ramirez et al., 2016).

In addition to genes involving DNA repair pathways, those involving
platinum detoxification of platinum-based drugs, such as glutathione S-
transferases (GSTs) (e.g. GSTP1, GSTM1, and GSTT1), are also subjects
of studies on genetic variants. Human GSTs constitute a multigene fa-
mily and the genes are polymorphic, either due to single nucleotide
polymorphisms (SNPs) or due to deletions (Motohashi and Inui, 2013).
The homozygous condition suppresses enzymatic activity and may re-
duce CDDP detoxification. A study performed with NSCLC patients
found that those who possessed the 105Val allele or the GSTP1*B
haplotype presented less neutropenic toxicity after platinum-based
chemotherapy treatment (Booton et al., 2006). Other study on testicular
cancer patients verified that homozygosity for GSTP1 105Val was
protective against CDDP-related ototoxicity (Oldenburg et al., 2007).
SNP analyses in a rare case of CDDP toxicity (alopecia, fever, and severe
pancytopenia) on a laryngeal cancer patient showed that the patient
presented GSTT1 deletion and wild GSTP1 105IleIle, in addition to
variant MSH3 1045ThrThr and wild BAX-248GG genotypes (Lopes-
Aguiar et al., 2015).

A study performed with head and neck cancer patients reported that
moderate/severe vomiting was associated to GSTP1 c.313AG or GG
genotype alone and combined to XPD c.934 GA or AA, XPF c.2505TC or
CC, and CASP9 CASP9 c.-1339AG or GG genotypes. This was the first
evidence of a combination of abnormalities in isolated apoptosis

pathway and combined with DNA repair pathway in CDDP-induced
emesis (Carron et al., 2017).

Studies proposed a role for CYP2E1 in CDDP-induced nephrotoxicity
and hepatotoxicity as a site for the generation of ROS and a significant
source of catalytic iron (Liu et al., 2002; Liu and Baliga, 2003;
Masubuchi et al., 2006). A recent review on the relationship between
the CYP450 and CDDP toxicity encouraged studies assessing genetic
variants to evaluate the influence of these variants in CDDP-induced
toxicity, mainly in CYP2E1 and for nephrotoxicity and hepatotoxicity
(Quintanilha et al., 2017a). However, this association with genetic
variants in CYP2E1 has not been established yet. Khrunin et al.
(Khrunin et al., 2010) did not found it after investigating three variants
(rs2031920, rs6413432, and rs2070676) in CDDP-based chemotherapy
in ovarian cancer patients.

Studies performed on patients to investigate the influence of genetic
variants in CDDP-induced toxicities present some difficulties that limit
the interpretation and create discrepancies among the results, such as
other antineoplastic co-administrated with CDDP and the limited
number of patients. However, we can observe that the genetics alone is
not sufficient to explain the inter-individual differences in CDDP-in-
duced toxicity. This is one of the reasons why epigenetic studies became
so important, to better understand the different grades of toxicity
shown by different patients, thus, being increasingly closer to the rea-
lity of personalized medicine.

5. Epigenetics in cisplatin toxicities

The term epigenetics refers to heritable changes of gene expression
without underlying changes in the encoding DNA sequence (Holliday,
2006). These changes can be modified by the environment and explain
some interindividual differences that traditional genetics do not (Wu
and Morris, 2001). Epigenetic regulation is fundamental for many
physiological processes, including gene expression, suppression of
transposable elements, cellular differentiation, embryogenesis, X-chro-
mosome inactivation and genomic imprinting. Epigenetic modifications
regulate both physiological processes and pathological processes
(Portela and Esteller, 2010). In addition to the environment, patients’
characteristics (like sex and ethnicity), lifestyle, diseases, and medica-
tions can contribute to epigenetic modifications and to individual
phenotypes (Fisel et al., 2016). Epigenetic modifications regulating
gene expression usually include DNA methylation, non-coding RNAs
(ncRNAs), and histone modification (Goldberg et al., 2007). We will
only discuss DNA methylation and ncRNAs in this review.

5.1. DNA methylation

DNA methylation is an epigenetic mechanism used by the cell to
regulate gene expression, particularly to “turn it off” (Phillips, 2008).
The mechanism consists of the addition of a methyl group in the cy-
tosine that precedes a guanine, usually in regulatory regions of the
genes, called cytosine-phosphate-guanine (CpG) dinucleotide. Methy-
lation occurs through the action of the DNA methyltransferase (DNMT)
family of enzymes, which adds a methyl (−CH3) at the 5′ position of
cytosines; the methyl group is transferred from S-adenosylmethionine.
The presence of these methyl groups on the cytosines on CpG can in-
hibit the binding of transcription factors to these regions, the non-
binding of these to their specific sites results in the absence of gene
transcription (Portela and Esteller, 2010; Szyf, 2007). Therefore, when
the promoter region of a gene becomes hypermethylated, the con-
sequence is the inhibition of gene expression. Since DNA methylation is
crucial in gene expression, alterations in methylation levels may explain
variations in the response to environmental stimuli and treatment.

CDDP is the most important chemotherapeutic inducer of DNA hy-
permethylation, probably due to conformational changes induced by
CDDP adducts, which turns the DNA into a better substrate for DNA
cytosine 5-methyltransferase (Nyce, 1989). Although many studies
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evaluated DNA methylation levels and response to CDDP treatment,
research on biomarkers and indicators that can simultaneously monitor
both treatment response and CDDP-induced toxicities are scarce. Wang
et al. (Wang et al., 2015), found an association between DNA methy-
lation levels in two genes often methylated in lung cancer patients (APC
and RASSF1A) and total plasma DNA concentration with tumor re-
sponse and toxicities in patients with advanced lung cancer treated with
CDDP-based therapy. They found higher grades of toxicity (mainly
hepatotoxicity, nephrotoxicity and gastrointestinal symptoms) in pa-
tients who presented higher methylation levels 24 h following che-
motherapy (meth24h>meth0h) and total plasma DNA ratio after 24 h
and before chemotherapy higher than 2 (DNA24h/DNA0h>2).

Brown et al. (Brown et al., 2017), performed an epigenome wide
association study and analyzed ototoxicity susceptibility in CDDP-
treated pediatric patients with embryonal tumors. They identified and
replicated novel CpG methylation loci (cg14010619) that may regulate
PAK4 activity. This methylation was inversely associated with oto-
toxicity grades, they also found evidence of a possible downstream
PAK4 gene expression. The PAK4 gene encodes a serine/threonine p-21-
activated kinase (PAK), which is expressed by the inner and outer co-
chlear hair cells (Shen et al., 2015). This gene is important to regulate
stereociliary bundle migration, orientation and positioning during the
organ of Corti development (Lee et al., 2012; Sipe and Lu, 2011).
Sensory hair cells are the primary suspected target of CDDP-induced
ototoxicity. Therefore, the genome-wide study presented the hypothesis
that PAK4 expression provides protection against CDDP-induced da-
mage.

Epigenetic regulation of transporter gene expression by DNA me-
thylation has been studied for members of SLC transporter family, such
as OCT1, encoded by SLC22A1 gene, which was hypermethylated after
long-term of CDDP treatment and caused CDDP resistance in human
esophageal cancer cells (Lin et al., 2013). These studies were not per-
formed with the objective of assessing the influence of DNA methyla-
tion in CDDP-induced toxicities, however, we can extrapolate the re-
sults and hypothesize the consequences of these methylation in
toxicities. Given the hypermethylation results in the inhibition of gene
expression, a hypermethylated transporter can directly influence CDDP
intake and efflux within the cells, and consequently, in the toxicities of
the cells expressing these transporters. However, further studies must
be performed to investigate these hypothetical associations.

5.2. Non-Coding RNAs

NcRNAs comprise a class of RNA molecules that do not encode
proteins, but exert a regulation of protein expression (Mattick and
Makunin, 2006). NcRNAs can be subdivided in small interfering RNAs
(siRNAs), microRNAs (miRNAs), PIWI-interacting RNAs (piRNAs),
small nucleolar RNAs (snoRNAs), large intergenic non-coding RNAs
(lincRNAs), transcribed ultraconserved regions (T-UCRs), and long
noncoding RNAs (lncRNAs). These ncRNAs regulate gene expression
under physiological and pathological conditions, acting at various steps
along the protein biosynthetic process. The most studied class of
ncRNAs are miRNAs (Esteller, 2011; Li et al., 2017).

MiRNAs are small molecules of simple-stranded RNA composed by
approximately 22 nucleotides, they are important in the post-tran-
scriptional regulation of gene expression (Lagos-Quintana et al., 2001;
Lau et al., 2001; Lee and Ambros, 2001). This regulation occurs with
the complementary binding of miRNAs to the 3′ untranslated region (3′-
UTR) of the target messenger RNA (mRNA) (Baek et al., 2008; Mishra
et al., 2007; Selbach et al., 2008). Since its discovery in C. elegans (Lee
et al., 1993; Wightman et al., 1993) and recognition of its conservation
in many species (Pasquinelli et al., 2000), studies involving miRNAs
increased exponentially over the last few years, revealing the regulatory
role of miRNAs in cellular functions. Depending on the com-
plementarity of miRNA, it is capable of inhibiting mRNA transcription
(imperfect complementarity) or even inducing the degradation of

mRNA (perfect complementarity) and regulating the expression of en-
coded proteins (Bartel, 2004). Estimations point that approximately
60% of human mRNA can be modulated by miRNAs, suggesting that
each miRNA is capable of being paired with hundreds of different
mRNAs (Friedman et al., 2009).

MiRNAs can be detected in various biological fluids like plasma,
urine, saliva, cerebrospinal fluid, among others (Weber et al., 2010).
Although extracellular fluids present high concentrations of RNA de-
grading enzymes, miRNAs are highly stable since these molecules exist
primarily in vesicles, such as the exosomes (Cortez and Calin, 2009;
Kosaka et al., 2010), or associated with a protein complex, such as high
density lipoproteins and Argonaut (Arroyo et al., 2011; Vickers et al.,
2011). Many miRNAs are only found in specific fluids, other types can
be found in several different fluids. Many studies started to be per-
formed to identify miRNAs as possible disease and drug-induced toxi-
city biomarkers due to their high stability in extracellular fluids and
specific expression in different tissues or pathological conditions.

Few studies were performed to relate CDDP-induced toxicities to the
expression of miRNAs. Nephrotoxicity was the mainly CDDP-induced
toxicity already related to the expression of some miRNAs, and most
studies were performed in vitro or in vivo (animal models). Table 1
shows a summary of miRNAs studies on CDDP-induced nephrotoxicity.
To the best of our knowledge, only one study investigated this re-
lationship with CDDP administered in humans. In this study miR-21,
-200c and -423 were found to be increased in the urine of patients with
mesothelioma following CDDP infusion; however, there was no re-
lationship between the expression of these miRNAs and renal toxicity
(Pavkovic et al., 2016).

Two independent studies were performed to identify rats’ urinary
miRNAs that could be biomarkers of CDDP-induced nephrotoxicity
(Kanki et al., 2014; Pavkovic et al., 2014). They assessed urine excreted
at different times, and both concluded that peak miRNA expression
occurs on the fifth day after CDDP administration, however, on the
third day it may be possible to quantify a portion of them. The greatest
renal damage was observed seven and eight days after the adminis-
tration of the chemotherapy. After the quantification and normalization
of the various miRNAs expressed, Pavkovic et al. (Pavkovic et al.,
2014), found 18 miRNAs as possible biomarkers of nephrotoxicity,
Kanki et al. (Kanki et al., 2014), found 25 miRNAs. Based on the
miRNAs found in the study of Kanki et al. (Kanki et al., 2014), Pavkovic
et al. (Pavkovic et al., 2014) also concluded that miR-15, -16, -20a,
-192, -193, and -210 are the best possible urinary biomarkers of CDDP-
induced nephrotoxicity. These miRNAs were statically altered in rat
urine three and five days after different doses of CDDP infusion (1mg/
kg and 3mg/kg), while the maximal tubular necrosis and the tradi-
tional biomarkers were altered eight days after the treatment (Pavkovic
et al., 2014). The performance of these two studies, in parallel and
independently, strengthens the potential of the suggested urinary bio-
markers that are candidates for CDDP-induced nephrotoxicity.

Another study sought to relate CDDP-induced nephrotoxicity and
identified significant changes in the levels of six urinary miRNAs,
twelve plasmatic, and five in the kidney tissue after the administration
of the antineoplastic in rats (Wolenski et al., 2017). The samples were
collected and analyzed 24 and 72 h after the administration of CDDP.
Wolenski et al. (Wolenski et al., 2017), concluded that miR-378 may be
a good urinary biomarker of nephrotoxicity, since this miRNA pre-
sented the most elevated levels in urine and was elevated in the study
performed by Kanki et al. (Kanki et al., 2014).

Studies performed on renal cells and tissue showed a relationship of
expression of some miRNAs with increased CDDP-induced ne-
phrotoxicity, such as miR-181a (Zhu et al., 2012), -449 (Qin et al.,
2016), -146b (Zhu et al., 2016), and -375 (Hao et al., 2017). MiR-181a
seems to be induced by CDDP and suppressed in Bcl-2 expression, in-
ducing apoptosis in tubular epithelial cells (Zhu et al., 2012). Bcl-2 is an
anti-apoptotic protein, increasing cell resistance to apoptosis and sup-
pressing oxidative processes (Hockenbery et al., 1993). Regarding miR-
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449, Qin et al. (Qin et al., 2016), showed that the up-regulation of this
miRNA might inhibit the expression of a protein that protects renal
proximal tubular cells, Sirtuin 1 (SIRT1), which further elevates
acetylated p53 and BAX, thus activating the mitochondria apoptosis
pathway. MiR-146b may contribute to CDDP-induced renal damage by
downregulation of ErbB4 (Zhu et al., 2016) (also known as human
epidermal growth factor receptor 4 – HER4), a member of epidermal
growth factor receptor (EGFR) family (Raab and Klagsbrun, 1997),
which is critical for kidney development. A recent study showed that
miR-375 had its expression induced in CDDP-treated renal cells, and its
inhibition decreased the CDDP-induced apoptosis in these cells, sug-
gesting that miR-375 is a pro-apoptotic miRNA induced by p53 and the
transcription nuclear factor NF-κB (Hao et al., 2017). NF-κB mediates
inflammation, cell death, proliferation and differentiation under var-
ious conditions (Karin, 2006; Perkins, 2007). The induction of miR-375
may repress the transcription factor Hnf-1β (Hao et al., 2017), which
drives the expression of genes for renal development, maturation and
function of renal epithelial cells (Igarashi et al., 2005; Naylor and
Davidson, 2014).

MiR-122 and miR-34a were also associated with nephrotoxicity
following the administration of CDDP in mice and renal cells. The
downregulation of miR-122 by CDDP contributed to tubular cell injury
by increasing Foxo3 translation, while the upregulation of miR-34a
after CDDP may contribute to nephrotoxicity by repressing SIRT1.
SIRT1 promotes the acetylation (activation) of Foxo3. Foxo3 induced
and activated by these dysregulated miRNAs may contribute to renal
damage by increasing the p53 signaling pathway (Kanki et al., 2014).

Other studies also performed on renal cells and tissue showed a
protective role of miRNAs in CDDP-induced renal injury, such as miR-
34a (Bhatt et al., 2010), -125b (Joo et al., 2013) and -155 (Pellegrini
et al., 2014). Although the study of Lee et al. (Bhatt et al., 2010) showed
that miR-34a may contribute to acute tubular injury, Bhatt et al. (Joo
et al., 2013), showed that miR-34a was induced via p53 and has a
protective role. MiR-125b is transcriptionally increased by nuclear
factor-erythroid 2-related factor 2 (Nrf2), which induces the expression
of antioxidant genes and is important for the protection of many organs
from oxidative stress (Aleksunes et al., 2010). MiR-155 potential target
c-Fos (Pellegrini et al., 2014), when combined with Jun proteins can
inhibit anti-apoptotic proteins, such as Bcl2 and Bcl-xL (Eferl and
Wagner, 2003).

By analyzing all these studies involving miRNAs and CDDP-induced
nephrotoxicity, we can observe that only a few miRNAs were involved

in more than one study: miR-20b, -21, -34a, 130b, -140, -146b, -191a,
-192, -193, -378a, -1839, and let-7 g. MiR-20b was identified in urine
and kidney tissue of rats and was associated with nephrotoxicity by
Kanki et al. (Kanki et al., 2014) and Pavkovic et al. (Pavkovic et al.,
2014); however, Pavkovic et al. (Pavkovic et al., 2014) did not suggest
further investigations of this miRNA as a biomarker of renal damage.
MiR-21 was also identified in Pavkovic et al. (Pavkovic et al., 2014);
however, another study performed by the same author found no re-
lationship of nephrotoxicity and this miRNA after the administration of
CDDP in cancer patients (Pavkovic et al., 2016).

Pavkovic et al. (Pavkovic et al., 2014), suggested as possible bio-
markers of nephrotoxicity miR-192 and -193, which were also altered
in Kanki et al. (Kanki et al., 2014). MiR-1839, -140, -191a, -130b, let-
7 g, and -378a were not upregulated only in the urine of rats in Kanki
et al. (Kanki et al., 2014), but also in the urine, plasma or kidney of rats
treated with CDDP in Wolenski et al. (Wolenski et al., 2017), miR-378a
was the most elevated miRNA and the only suggested as a urinary
biomarker. MiR-34a and -146b were significantly altered after CDDP
infusion in two studies, Kanki et al. (Kanki et al., 2014) and Wolenski
et al. (Wolenski et al., 2017), and other authors also studied them. MiR-
34a was shown to be a miRNA induced by CDDP that performs a pro-
tective role in renal cells (Bhatt et al., 2010), and was also identified as
a promoter of Foxo3 acetylation by repressing SIRT1, thus contributing
to renal damage (Lee et al., 2014); miR-146b was shown to contribute
to CDDP renal injury via downregulation of ErbB4 (Zhu et al., 2016).
Table 2 shows the main miRNAs suggested as possible biomarkers of
CDDP-induced nephrotoxicity. Fig. 2 shows the mechanisms already
studied to explain how some of them induce renal damage.

The involvement of miRNA in CDDP-induced ototoxicity was also
observed. This involvement was studied by a research performed to
assess the pathway of the protective effect of Ginkgolide B (GB) against
hearing impairment. CDDP was administrated to House Ear Institute-
Organ of Corti 1 (HEI−OC1) cells and significantly decreased miR-214
expression, GB treatment significantly increased miR-214, which de-
creases p53 and, consequently, reduced NOX4 and p66shc downstream
(Ma et al., 2016). NOX4 is a primary member of the NOX family and is
involved in the cytotoxicity induced by CDDP (Kim et al., 2010); acti-
vated p66shc regulates state redox within mitochondria, generating ROS
(Bhat et al., 2015; Natalicchio et al., 2015). Based on this result, miR-
214 may be considered as a protector miRNA in CDDP-induced oto-
toxicity. Another miRNA was identified as a protector against ototoxi-
city, miR-182. Overexpression of miR-182 before the CDDP treatment

Table 2
Main miRNAs suggested as possible biomarkers of CDDP-induced nephrotoxicity.

miRNA Study that identified the miRNA Mechanism/reason why can be a biomarker

34a Bhatt et al. (Bhatt et al., 2010) (2010)
Lee et al. (Lee et al., 2014) (2014)
Pavkovic et al. (Pavkovic et al., 2014)
(2014)
Wolenski et al. (Wolenski et al., 2017)
(2016)

Altered in rat urine. Controversial role: identified as protective against renal injury (via p53) and as an inducer of
nephrotoxicity (by acetylation of Foxo3 and repressing SIRT1).

146b Pavkovic et al. (Pavkovic et al., 2014)
(2014)
Wolenski et al. (Wolenski et al., 2017)
(2016)
Zhu et al. (Zhu et al., 2016) (2016)

Up-regulated in the urine and kidney of rats and contributes to renal injury of CDDP via downregulation of ErbB4.

378a Wolenski et al. (Wolenski et al., 2017)
(2016)
Kanki et al. (Kanki et al., 2014) (2014)

Up-regulated in the urine of rats with renal injury and suggested as a biomarker of CDDP-induced toxicity. This miRNA was the
most elevated in study of Wolenski.

192 Kanki et al. (Kanki et al., 2014) (2014)
Pavkovic et al. (Pavkovic et al., 2014)
(2014)

Up-regulated in the urine of rats with renal injury and suggested as a biomarker of CDDP-induced toxicity.

193 Kanki et al. (Kanki et al., 2014) (2014)
Pavkovic et al. (Pavkovic et al., 2014)
(2014)

Up-regulated in the urine of rats with renal injury and suggested as a biomarker of CDDP-induced toxicity.

Caption: CDDP: cisplatin; miRNA: microRNA; SIRT1: Sirtuin 1.
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was found to inhibit the expression of Foxo3a, a pro-apoptotic tran-
scription factor, in hair cell nuclei (Li et al., 2016).

MiRNAs polymorphisms are also a relatively new subject of in-
vestigations in the pharmacogenomics field. MiR-polymorphisms (ge-
netic variants in the miRNA regulatory pathway) occur at or near a
miRNA binding site of a functional gene, which interferes on the miRNA
expression and function (Mishra et al., 2008). These variants can occur
in the 3′-UTR of a miRNA target gene, in the genes involved in miRNA
biogenesis and pri-, pre-, and mature-miRNA sequences. A genetic
variant that affect the biogenesis of the miRNA can affect several genes,
while a variant in the 3′-UTR is probably more specific and causes fewer
consequences (Mishra and Bertino, 2009).

A functional SNP in Has-miR-196a2 (rs11614913) was associated
with severe toxicity induced by platinum-based chemotherapy in
NSCLC patients. In the study performed by Xiaoying et al. (Zhan et al.,
2012), the patients were treated with chemotherapy regimens involving
more than one antineoplastic, being one of these CDDP 75mg/m2 or
carboplatin AUC 5. Severe overall toxicity required the presence of
severe hematologic toxicity (leukocytopenia, neutropenia, anemia, or
thrombocytopenia) or gastrointestinal toxicity (nausea or vomiting).
The risk of severe overall toxicity was significantly higher in individuals
with homozygous CC (p= 0.02; odds ratio (OR)=1.73; 95% con-
fidence interval (CI) 1.10–2.71) compared with T allele carriers (TT/
CT). However, the genetic variant had no significant association with
leukocytopenia, neutropenia, anemia, thrombocytopenia, or hemato-
logic and gastrointestinal toxicity. In the association with specific
treatment, among the patients receiving CDDP regimen, the severe
overall toxicity was also higher in homozygous CC (p=0.008;
OR=2.04; 95% CI 1.20–3.48). MiR-196a target regulation molecules
including Homeobox B8 (HOXB8), High Mobility Group AT-Hook 2
(HMGA2), annexin A1, and the CC genotype, increase the binding ef-
ficiency to its target mRNA (Hu et al., 2008). This study showed the
potential influence of miR-polymorphisms in CDDP-induced toxicity;
however, further studies must be performed on patients using CDDP as
the only chemotherapy treatment, as well as evaluating more toxicities.

5.3. Potential utility of epigenetic biomarkers in toxicity induced by cisplatin

The need for new biomarkers for CDDP-induced toxicity is real,
since these toxicities result in the interruption of treatment or decreased
doses of CDDP in many cancer patients, and until now, we have no
effective biomarkers of the main toxicities.

Traditional markers for renal damage usually are not sensitive, since
some of them are only altered after the kidney injury is extensive, and
unspecific due to several other physiological processes, it may change
their baseline levels. This lack of sensitivity and specificity can lead to
false positive or false negative results, causing the late detection of a
renal lesion or false conclusions (Herrera-Perez et al., 2016). The most
commonly used biomarkers for assessing CDDP-induced nephrotoxicity
are serum creatinine and urea; however, they may be influenced by
various physiological processes, such as protein synthesis and de-
gradation (Gautier et al., 2010), and dehydration (Mendelssohn et al.,
1999).

Studying epigenetic biomarkers is a challenge since these are not
constitutive biomarkers like genetic ones, being necessary to detect
them at specific moments. There are very few research on DNA me-
thylation as possible biomarkers of toxicities induced by CDDP.
However, a study already showed that DNA methylated in white blood
cells can be used as a biomarker to predict chemotherapy toxicity in
cancer patients (Flanagan et al., 2013). Studies involving CDDP-in-
duced toxicities and DNA methylation are scarce and did not focus on
new epigenetic biomarkers, unlike miRNAs, which are much more
studied for this purpose.

Identifying miRNAs as new biomarkers of CDDP-induced toxicity is
a challenge since many studies present conflicting results. To circum-
vent this challenge, comparing the results found by other studies and
the identified miRNAs in specific organs is necessary. Additionally,
further research are needed to assess the specificity of the miRNAs se-
lected in the cited studies for CDDP-induced nephrotoxicity and other
toxicities. Human studies are also needed to confirm if the expression of
miRNAs is altered in the biological fluids of those subjects with toxi-
cities caused by chemotherapy, since the identification of mechanisms
that regulate these toxicities and the monitoring of the expression of
one or more specific miRNAs may offer new methods to optimize CDDP
treatment.

We must emphasize that a single biomarker is not enough to per-
form an early and specific detection, but a group of biomarkers are
necessary to improve the sensitivity and specificity of the test, and to
associate the genes with the pathophysiology of the disease to be de-
tected. The validation in different studies is also a strong indication that
a miRNA can be a good biomarker. Considering this discussion, the
miRNAs miR-34a, -146b, -378a, -192, and -193 represent an attractive
study group to evaluate potential biomarkers of detection of CDDP-re-
lated nephrotoxicity.

Based on new epigenetic biomarkers, the distinction between pa-
tients who tolerate intensive CDDP treatment from those patients who
are more susceptible to toxicities may result in a clinical improvement,
providing an opportunity to intervene or tailor the treatment without
sacrificing efficacy.
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Fig. 2. Proposed mechanisms for induced renal damage by the possible miRNAs
biomarkers of CDDP-induced nephrotoxicity. The overexpression of miR-146b
suppresses the ErbB4 expression, involved in kidney development. The induc-
tion of miR-34a via p53 protects CDDP-induced apoptosis in renal cells; on the
other hand, CDDP can up-regulate miR-34a, which promotes the acetylation of
Foxo3 by repressing SIRT1.

J.C.F. Quintanilha, et al. Critical Reviews in Oncology / Hematology 137 (2019) 131–142

139



Acknowledgements

This work was supported by grants from the São Paulo Research
Foundation-FAPESP (grant 2017/02338-0 and 2017/11329-4) and
from Fondo Nacional de Desarrollo Científico y Tecnológico
-FONDECYT-Chile (grant 3160567 and 1171765).

References

Alam, J., Subhan, F., Ullah, I., Shahid, M., Ali, G., Sewell, R.D., 2017. Synthetic and
natural antioxidants attenuate cisplatin-induced vomiting. BMC Pharmacol. Toxicol.
18 (1), 4.

Aleksunes, L.M., Goedken, M.J., Rockwell, C.E., Thomale, J., Manautou, J.E., Klaassen,
C.D., 2010. Transcriptional regulation of renal cytoprotective genes by Nrf2 and its
potential use as a therapeutic target to mitigate cisplatin-induced nephrotoxicity. J.
Pharmacol. Exp. Ther. 335 (1), 2–12.

Arroyo, J.D., Chevillet, J.R., Kroh, E.M., Ruf, I.K., Pritchard, C.C., Gibson, D.F., Mitchell,
P.S., Bennett, C.F., Pogosova-Agadjanyan, E.L., Stirewalt, D.L., Tait, J.F., Tewari, M.,
2011. Argonaute2 complexes carry a population of circulating microRNAs in-
dependent of vesicles in human plasma. Proc. Natl. Acad. Sci. U. S. A. 108 (12),
5003–5008.

Arunkumar, P.A., Viswanatha, G.L., Radheshyam, N., Mukund, H., Belliyappa, M.S.,
2012. Science behind cisplatin-induced nephrotoxicity in humans: a clinical study.
Asian Pac. J. Trop. Biomed. 2 (8), 640–644.

Baek, D., Villen, J., Shin, C., Camargo, F.D., Gygi, S.P., Bartel, D.P., 2008. The impact of
microRNAs on protein output. Nature 455 (7209), 64–71.

Bartel, D.P., 2004. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116
(2), 281–297.

Bhat, S.S., Anand, D., Khanday, F.A., 2015. p66Shc as a switch in bringing about con-
trasting responses in cell growth: implications on cell proliferation and apoptosis.
Mol. Cancer 14, 76.

Bhatt, K., Zhou, L., Mi, Q.S., Huang, S., She, J.X., Dong, Z., 2010. MicroRNA-34a is in-
duced via p53 during cisplatin nephrotoxicity and contributes to cell survival. Mol.
Med. 16 (9-10), 409–416.

Booton, R., Ward, T., Heighway, J., Ashcroft, L., Morris, J., Thatcher, N., 2006.
Glutathione-S-transferase P1 isoenzyme polymorphisms, platinum-based che-
motherapy, and non-small cell lung cancer. J. Thorac. Oncol. 1 (7), 679–683.

Boulikas, T., Vougiouka, M., 2003. Cisplatin and platinum drugs at the molecular level.
Review) Oncol. Rep. 10 (6), 1663–1682.

Brown, A.L., Foster, K.L., Lupo, P.J., Peckham-Gregory, E.C., Murray, J.C., Okcu, M.F.,
Lau, C.C., Rednam, S.P., Chintagumpala, M., Scheurer, M.E., 2017. DNA methylation
of a novel PAK4 locus influences ototoxicity susceptibility following cisplatin and
radiation therapy for pediatric embryonal tumors. Neuro Oncol.

Caronia, D., Patino-Garcia, A., Milne, R.L., Zalacain-Diez, M., Pita, G., Alonso, M.R.,
Moreno, L.T., Sierrasesumaga-Ariznabarreta, L., Benitez, J., Gonzalez-Neira, A.,
2009. Common variations in ERCC2 are associated with response to cisplatin che-
motherapy and clinical outcome in osteosarcoma patients. Pharmacogenomics J. 9
(5), 347–353.

Carron, J., Lopes-Aguiar, L., Costa, E.F.D., Nogueira, G.A.S., Lima, T.R.P., Pincinato, E.C.,
Visacri, M.B., Quintanilha, J.C.F., Moriel, P., Lourenco, G.J., Lima, C.S.P., 2017.
GSTP1 c.313A&G, XPD c.934G&A, XPF c.2505T&C and CASP9 c.-1339A&G poly-
morphisms and severity of vomiting in head and neck Cancer patients treated with
cisplatin chemoradiation. Basic Clin. Pharmacol. Toxicol.

Ciarimboli, G., 2014. Membrane transporters as mediators of cisplatin side-effects.
Anticancer Res. 34 (1), 547–550.

Cortez, M.A., Calin, G.A., 2009. MicroRNA identification in plasma and serum: a new tool
to diagnose and monitor diseases. Expert Opin. Biol. Ther. 9 (6), 703–711.

Cvitkovic, E., 1998. Cumulative toxicities from cisplatin therapy and current cytopro-
tective measures. Cancer Treat. Rev. 24 (4), 265–281.

Daley-Yates, P.T., McBrien, D.C., 1982. The inhibition of renal ATPase by cisplatin and
some biotransformation products. Chem. Biol. Interact. 40 (3), 325–334.

Dasari, S., Tchounwou, P.B., 2014. Cisplatin in cancer therapy: molecular mechanisms of
action. Eur. J. Pharmacol. 740, 364–378.

Dehne, N., Lautermann, J., Petrat, F., Rauen, U., de Groot, H., 2001. Cisplatin ototoxicity:
involvement of iron and enhanced formation of superoxide anion radicals. Toxicol.
Appl. Pharmacol. 174 (1), 27–34.

Dentino, M., Luft, F.C., Yum, M.N., Williams, S.D., Einhorn, L.H., 1978. Long term effect
of cis-diamminedichloride platinum (CDDP) on renal function and structure in man.
Cancer 41 (4), 1274–1281.

Dilruba, S., Kalayda, G.V., 2016. Platinum-based drugs: past, present and future. Cancer
Chemother. Pharmacol. 77 (6), 1103–1124.

Dlott, J.S., Danielson, C.F., Blue-Hnidy, D.E., McCarthy, L.J., 2004. Drug-induced
thrombotic thrombocytopenic purpura/hemolytic uremic syndrome: a concise re-
view. Ther. Apheresis Dialysis 8 (2), 102–111.

Eferl, R., Wagner, E.F., 2003. AP-1: a double-edged sword in tumorigenesis. Nat. Rev.
Cancer 3 (11), 859–868.

Eljack, N.D., Ma, H.Y., Drucker, J., Shen, C., Hambley, T.W., New, E.J., Friedrich, T.,
Clarke, R.J., 2014. Mechanisms of cell uptake and toxicity of the anticancer drug
cisplatin. Metallomics 6 (11), 2126–2133.

Esteller, M., 2011. Non-coding RNAs in human disease. Nat. Rev. Genet. 12 (12),
861–874.

Fenoglio, C., Boncompagni, E., Chiavarina, B., Cafaggi, S., Cilli, M., Viale, M., 2005.
Morphological and histochemical evidence of the protective effect of procainamide

hydrochloride on tissue damage induced by repeated administration of low doses of
cisplatin. Anticancer Res. 25 (6B), 4123–4128.

Filipski, K.K., Mathijssen, R.H., Mikkelsen, T.S., Schinkel, A.H., Sparreboom, A., 2009.
Contribution of organic cation transporter 2 (OCT2) to cisplatin-induced ne-
phrotoxicity. Clin. Pharmacol. Ther. 86 (4), 396–402.

Fisel, P., Schaeffeler, E., Schwab, M., 2016. DNA methylation of ADME genes. Clin.
Pharmacol. Ther. 99 (5), 512–527.

Flanagan, J.M., Wilhelm-Benartzi, C.S., Metcalf, M., Kaye, S.B., Brown, R., 2013.
Association of somatic DNA methylation variability with progression-free survival
and toxicity in ovarian cancer patients. Ann. Oncol. 24 (11), 2813–2818.

Friedman, R.C., Farh, K.K., Burge, C.B., Bartel, D.P., 2009. Most mammalian mRNAs are
conserved targets of microRNAs. Genome Res. 19 (1), 92–105.

Fuchs-Tarlovsky, V., Bejarano-Rosales, M., Gutierrez-Salmean, G., Casillas, M.A., Lopez-
Alvarenga, J.C., Ceballos-Reyes, G.M., 2011. [Effect of antioxidant supplementation
over oxidative stress and quality of life in cervical cancer]. Nutr. Hosp. 26 (4),
819–826.

Gao, L., Ma, R., Zhou, J., Cheng, S., 2006. Changes of serum erythropoietin during
Cisplatin- or 5-Fluorouracil-induced anemia in rats. Toxicol. Mech. Methods 16 (9),
501–506.

Gao, L.P., Li, Z., Guo, Z.Y., Zhao, Y.M., 2013. The effects of vitamin C on DDP-induced
anemia in rats. Toxicol. Mech. Methods 23 (6), 383–388.

Gately, D.P., Howell, S.B., 1993. Cellular accumulation of the anticancer agent cisplatin: a
review. Br. J. Cancer 67 (6), 1171–1176.

Gautier, J.C., Riefke, B., Walter, J., Kurth, P., Mylecraine, L., Guilpin, V., Barlow, N.,
Gury, T., Hoffman, D., Ennulat, D., Schuster, K., Harpur, E., Pettit, S., 2010.
Evaluation of novel biomarkers of nephrotoxicity in two strains of rat treated with
Cisplatin. Toxicol. Pathol. 38 (6), 943–956.

Goldberg, A.D., Allis, C.D., Bernstein, E., 2007. Epigenetics: a landscape takes shape. Cell
128 (4), 635–638.

Goncalves, M.S., Silveira, A.F., Teixeira, A.R., Hyppolito, M.A., 2013. Mechanisms of
cisplatin ototoxicity: theoretical review. J. Laryngol. Otol. 127 (6), 536–541.

Gupta, Y.K., Sharma, S.S., 1996. Antiemetic activity of antioxidants against cisplatin-in-
duced emesis in dogs. Environ. Toxicol. Pharmacol. 1 (3), 179–184.

Hao, J., Lou, Q., Wei, Q., Mei, S., Li, L., Wu, G., Mi, Q.S., Mei, C., Dong, Z., 2017.
MicroRNA-375 is induced in cisplatin nephrotoxicity to repress hepatocyte nuclear
factor 1-beta. J. Biol. Chem. 292 (11), 4571–4582.

Harrison, R.T., DeBacker, J.R., Bielefeld, E.C., 2015. A low-dose regimen of cisplatin
before high-dose cisplatin potentiates ototoxicity. Laryngoscope 125 (2), E78–83.

Herrera-Perez, Z., Gretz, N., Dweep, H., 2016. A comprehensive review on the genetic
regulation of cisplatin-induced nephrotoxicity. Curr. Genomics 17 (3), 279–293.

Hinojosa, R., Riggs, L.C., Strauss, M., Matz, G.J., 1995. Temporal bone histopathology of
cisplatin ototoxicity. Am. J. Otol. 16 (6), 731–740.

Hockenbery, D.M., Oltvai, Z.N., Yin, X.M., Milliman, C.L., Korsmeyer, S.J., 1993. Bcl-2
functions in an antioxidant pathway to prevent apoptosis. Cell 75 (2), 241–251.

Holliday, R., 2006. Epigenetics: a historical overview. Epigenetics 1 (2), 76–80.
Hu, Z., Chen, J., Tian, T., Zhou, X., Gu, H., Xu, L., Zeng, Y., Miao, R., Jin, G., Ma, H., Chen,

Y., Shen, H., 2008. Genetic variants of miRNA sequences and non-small cell lung
cancer survival. J. Clin. Invest. 118 (7), 2600–2608.

Huliciak, M., Vacek, J., Sebela, M., Orolinova, E., Znaleziona, J., Havlikova, M., Kubala,
M., 2012. Covalent binding of cisplatin impairs the function of Na(+)/K(+)-ATPase
by binding to its cytoplasmic part. Biochem. Pharmacol. 83 (11), 1507–1513.

Igarashi, P., Shao, X., McNally, B.T., Hiesberger, T., 2005. Roles of HNF-1beta in kidney
development and congenital cystic diseases. Kidney Int. 68 (5), 1944–1947.

Iraz, M., Ozerol, E., Gulec, M., Tasdemir, S., Idiz, N., Fadillioglu, E., Naziroglu, M., Akyol,
O., 2006. Protective effect of caffeic acid phenethyl ester (CAPE) administration on
cisplatin-induced oxidative damage to liver in rat. Cell Biochem. Funct. 24 (4),
357–361.

Iwata, K., Aizawa, K., Kamitsu, S., Jingami, S., Fukunaga, E., Yoshida, M., Yoshimura, M.,
Hamada, A., Saito, H., 2012. Effects of genetic variants in SLC22A2 organic cation
transporter 2 and SLC47A1 multidrug and toxin extrusion 1 transporter on cisplatin-
induced adverse events. Clin. Exp. Nephrol. 16 (6), 843–851.

Joo, M.S., Lee, C.G., Koo, J.H., Kim, S.G., 2013. miR-125b transcriptionally increased by
Nrf2 inhibits AhR repressor, which protects kidney from cisplatin-induced injury. Cell
Death Dis. 4, e899.

Kanki, M., Moriguchi, A., Sasaki, D., Mitori, H., Yamada, A., Unami, A., Miyamae, Y.,
2014. Identification of urinary miRNA biomarkers for detecting cisplatin-induced
proximal tubular injury in rats. Toxicology 324, 158–168.

Karale, S., Kamath, J.V., 2017. Effect of daidzein on cisplatin-induced hematotoxicity and
hepatotoxicity in experimental rats. Indian J. Pharmacol. 49 (1), 49–54.

Karasawa, T., Steyger, P.S., 2015. An integrated view of cisplatin-induced nephrotoxicity
and ototoxicity. Toxicol. Lett. 237 (3), 219–227.

Karin, M., 2006. Nuclear factor-kappaB in cancer development and progression. Nature
441 (7092), 431–436.

Kelland, L., 2007. The resurgence of platinum-based cancer chemotherapy. Nat. Rev.
Cancer 7 (8), 573–584.

Khrunin, A.V., Moisseev, A., Gorbunova, V., Limborska, S., 2010. Genetic polymorphisms
and the efficacy and toxicity of cisplatin-based chemotherapy in ovarian cancer pa-
tients. Pharmacogenomics J. 10 (1), 54–61.

Kidera, Y., Kawakami, H., Sakiyama, T., Okamoto, K., Tanaka, K., Takeda, M., Kaneda, H.,
Nishina, S., Tsurutani, J., Fujiwara, K., Nomura, M., Yamazoe, Y., Chiba, Y., Nishida,
S., Tamura, T., Nakagawa, K., 2014. Risk factors for cisplatin-induced nephrotoxicity
and potential of magnesium supplementation for renal protection. PLoS One 9 (7)
e101902.

Kim, H.J., Lee, J.H., Kim, S.J., Oh, G.S., Moon, H.D., Kwon, K.B., Park, C., Park, B.H., Lee,
H.K., Chung, S.Y., Park, R., So, H.S., 2010. Roles of NADPH oxidases in cisplatin-
induced reactive oxygen species generation and ototoxicity. J. Neurosci. 30 (11),

J.C.F. Quintanilha, et al. Critical Reviews in Oncology / Hematology 137 (2019) 131–142

140

http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0005
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0005
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0005
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0010
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0010
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0010
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0010
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0015
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0015
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0015
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0015
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0015
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0020
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0020
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0020
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0025
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0025
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0030
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0030
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0035
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0035
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0035
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0040
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0040
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0040
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0045
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0045
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0045
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0050
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0050
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0055
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0055
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0055
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0055
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0060
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0060
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0060
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0060
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0060
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0065
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0065
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0065
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0065
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0065
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0070
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0070
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0075
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0075
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0080
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0080
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0085
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0085
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0090
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0090
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0095
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0095
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0095
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0100
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0100
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0100
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0105
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0105
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0110
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0110
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0110
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0115
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0115
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0120
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0120
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0120
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0125
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0125
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0130
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0130
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0130
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0130
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0135
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0135
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0135
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0140
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0140
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0145
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0145
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0145
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0150
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0150
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0155
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0155
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0155
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0155
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0160
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0160
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0160
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0165
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0165
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0170
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0170
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0175
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0175
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0175
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0175
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0180
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0180
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0185
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0185
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0190
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0190
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0195
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0195
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0195
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0200
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0200
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0205
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0205
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0210
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0210
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0215
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0215
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0220
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0225
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0225
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0225
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0230
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0230
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0230
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0235
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0235
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0240
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0240
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0240
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0240
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0245
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0245
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0245
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0245
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0250
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0250
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0250
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0255
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0255
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0255
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0260
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0260
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0265
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0265
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0270
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0270
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0275
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0275
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0280
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0280
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0280
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0285
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0285
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0285
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0285
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0285
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0290
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0290
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0290


3933–3946.
Kosaka, N., Iguchi, H., Ochiya, T., 2010. Circulating microRNA in body fluid: a new

potential biomarker for cancer diagnosis and prognosis. Cancer Sci. 101 (10),
2087–2092.

Kubala, M., Geleticova, J., Huliciak, M., Zatloukalova, M., Vacek, J., Sebela, M., 2014. Na
(+)/K(+)-ATPase inhibition by cisplatin and consequences for cisplatin ne-
phrotoxicity. Biomed. Pap. Med. Fac. Univ. Palacky Olomouc Czech. 158 (2),
194–200.

Lagos-Quintana, M., Rauhut, R., Lendeckel, W., Tuschl, T., 2001. Identification of novel
genes coding for small expressed RNAs. Science 294 (5543), 853–858.

Larson, C.A., Adams, P.L., Jandial, D.D., Blair, B.G., Safaei, R., Howell, S.B., 2010. The
role of the N-terminus of mammalian copper transporter 1 in the cellular accumu-
lation of cisplatin. Biochem. Pharmacol. 80 (4), 448–454.

Latcha, S., Jaimes, E.A., Patil, S., Glezerman, I.G., Mehta, S., Flombaum, C.D., 2016. Long-
term renal outcomes after cisplatin treatment. Clin. J. Am. Soc. Nephrol. 11 (7),
1173–1179.

Lau, N.C., Lim, L.P., Weinstein, E.G., Bartel, D.P., 2001. An abundant class of tiny RNAs
with probable regulatory roles in Caenorhabditis elegans. Science 294 (5543),
858–862.

Lee, R.C., Ambros, V., 2001. An extensive class of small RNAs in Caenorhabditis elegans.
Science 294 (5543), 862–864.

Lee, R.C., Feinbaum, R.L., Ambros, V., 1993. The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14. Cell 75 (5), 843–854.

Lee, J., Andreeva, A., Sipe, C.W., Liu, L., Cheng, A., Lu, X., 2012. PTK7 regulates myosin II
activity to orient planar polarity in the mammalian auditory epithelium. Curr. Biol.
22 (11), 956–966.

Lee, C.G., Kim, J.G., Kim, H.J., Kwon, H.K., Cho, I.J., Choi, D.W., Lee, W.H., Kim, W.D.,
Hwang, S.J., Choi, S., Kim, S.G., 2014. Discovery of an integrative network of
microRNAs and transcriptomics changes for acute kidney injury. Kidney Int. 86 (5),
943–953.

Li, Y., Li, A., Wu, J., He, Y., Yu, H., Chai, R., Li, H., 2016. MiR-182-5p protects inner ear
hair cells from cisplatin-induced apoptosis by inhibiting FOXO3a. Cell Death Dis. 7
(9), e2362.

Li, H., Ma, S.Q., Huang, J., Chen, X.P., Zhou, H.H., 2017. Roles of long noncoding RNAs in
colorectal cancer metastasis. Oncotarget 8 (24), 39859–39876.

Lin, R., Li, X., Li, J., Zhang, L., Xu, F., Chu, Y., Li, J., 2013. Long-term cisplatin exposure
promotes methylation of the OCT1 gene in human esophageal cancer cells. Dig. Dis.
Sci. 58 (3), 694–698.

Liu, H., Baliga, R., 2003. Cytochrome P450 2E1 null mice provide novel protection
against cisplatin-induced nephrotoxicity and apoptosis. Kidney Int. 63 (5),
1687–1696.

Liu, H., Baliga, M., Baliga, R., 2002. Effect of cytochrome P450 2E1 inhibitors on cis-
platin-induced cytotoxicity to renal proximal tubular epithelial cells. Anticancer Res.
22 (2A), 863–868.

Lopes-Aguiar, L., Visacri, M.B., Nourani, C.M., Costa, E.F., Nogueira, G.A., Lima, T.R.,
Pincinato, E.C., Moriel, P., Altemani, J.M., Lima, C.S., 2015. Do genetic poly-
morphisms modulate response rate and toxicity of Cisplatin associated with radio-
therapy in laryngeal squamous cell carcinoma? A case report. Medicine (Baltimore)
94 (16), e578.

Lopes-Aguiar, L., Costa, E.F., Nogueira, G.A., Lima, T.R., Visacri, M.B., Pincinato, E.C.,
Calonga, L., Mariano, F.V., de Almeida, Milani, Altemani, A.M., Altemani, J.M.,
Coutinho-Camillo, C.M., Ribeiro Alves, M.A., Moriel, P., Ramos, C.D., Chone, C.T.,
Lima, C.S., 2017. XPD c.934G&A polymorphism of nucleotide excision repair
pathway in outcome of head and neck squamous cell carcinoma patients treated with
cisplatin chemoradiation. Oncotarget 8 (10), 16190–16201.

Ma, Q., Lu, A.Y., 2011. Pharmacogenetics, pharmacogenomics, and individualized med-
icine. Pharmacol. Rev. 63 (2), 437–459.

Ma, W., Li, J., Hu, J., Cheng, Y., Wang, J., Zhang, X., Xu, M., 2016. miR214-regulated
p53-NOX4/p66shc pathway plays a crucial role in the protective effect of Ginkgolide
B against cisplatin-induced cytotoxicity in HEI-OC1 cells. Chem. Biol. Interact. 245,
72–81.

Mansour, H.H., Hafez, H.F., Fahmy, N.M., 2006. Silymarin modulates Cisplatin-induced
oxidative stress and hepatotoxicity in rats. J. Biochem. Mol. Biol. 39 (6), 656–661.

Markovic, S.D., Djacic, D.S., Cvetkovic, D.M., Obradovic, A.D., Zizic, J.B., Ognjanovic,
B.I., Stajn, A.S., 2011. Effects of acute in vivo cisplatin and selenium treatment on
hematological and oxidative stress parameters in red blood cells of rats. Biol. Trace
Elem. Res. 142 (3), 660–670.

Martins, N.M., Santos, N.A., Curti, C., Bianchi, M.L., Santos, A.C., 2008. Cisplatin induces
mitochondrial oxidative stress with resultant energetic metabolism impairment,
membrane rigidification and apoptosis in rat liver. J. Appl. Toxicol. 28 (3), 337–344.

Marullo, R., Werner, E., Degtyareva, N., Moore, B., Altavilla, G., Ramalingam, S.S.,
Doetsch, P.W., 2013. Cisplatin induces a mitochondrial-ROS response that con-
tributes to cytotoxicity depending on mitochondrial redox status and bioenergetic
functions. PLoS One 8 (11) e81162.

Masubuchi, Y., Kawasaki, M., Horie, T., 2006. Down-regulation of hepatic cytochrome
P450 enzymes associated with cisplatin-induced acute renal failure in male rats.
Arch. Toxicol. 80 (6), 347–353.

Matsuki, N., Torii, Y., Saito, H., 1993. Effects of iron and deferoxamine on cisplatin-
induced emesis: further evidence for the role of free radicals. Eur. J. Pharmacol. 248
(4), 329–331.

Mattick, J.S., Makunin, I.V., 2006. Non-coding RNA. Hum Mol Genet 15 (Spec No 1),
R17–29.

Mendelssohn, D.C., Barrett, B.J., Brownscombe, L.M., Ethier, J., Greenberg, D.E., Kanani,
S.D., Levin, A., Toffelmire, E.B., 1999. Elevated levels of serum creatinine: re-
commendations for management and referral. CMAJ 161 (4), 413–417.

Miller, R.P., Tadagavadi, R.K., Ramesh, G., Reeves, W.B., 2010. Mechanisms of cisplatin

nephrotoxicity. Toxins (Basel) 2 (11), 2490–2518.
Mishra, P.J., Bertino, J.R., 2009. MicroRNA polymorphisms: the future of pharmacoge-

nomics, molecular epidemiology and individualized medicine. Pharmacogenomics 10
(3), 399–416.

Mishra, P.J., Humeniuk, R., Mishra, P.J., Longo-Sorbello, G.S., Banerjee, D., Bertino, J.R.,
2007. A miR-24 microRNA binding-site polymorphism in dihydrofolate reductase
gene leads to methotrexate resistance. Proc. Natl. Acad. Sci. U. S. A. 104 (33),
13513–13518.

Mishra, P.J., Mishra, P.J., Banerjee, D., Bertino, J.R., 2008. MiRSNPs or MiR-poly-
morphisms, new players in microRNA mediated regulation of the cell: introducing
microRNA pharmacogenomics. Cell Cycle 7 (7), 853–858.

Mitchell, E.P., 2006. Gastrointestinal toxicity of chemotherapeutic agents. Semin. Oncol.
33 (1), 106–120.

Mollman, J.E., 1990. Cisplatin neurotoxicity. N. Engl. J. Med. 322 (2), 126–127.
Motohashi, H., Inui, K., 2013. Organic cation transporter OCTs (SLC22) and MATEs

(SLC47) in the human kidney. AAPS J. 15 (2), 581–588.
Mukherjea, D., Rybak, L.P., 2011. Pharmacogenomics of cisplatin-induced ototoxicity.

Pharmacogenomics 12 (7), 1039–1050.
Murata, Y., Kodama, H., Abe, T., Ishida, N., Nishimura, M., Levinson, B., Gitschier, J.,

Packman, S., 1997. Mutation analysis and expression of the mottled gene in the
macular mouse model of Menkes disease. Pediatr. Res. 42 (4), 436–442.

Nakamura, T., Yonezawa, A., Hashimoto, S., Katsura, T., Inui, K., 2010. Disruption of
multidrug and toxin extrusion MATE1 potentiates cisplatin-induced nephrotoxicity.
Biochem. Pharmacol. 80 (11), 1762–1767.

Natalicchio, A., Tortosa, F., Labarbuta, R., Biondi, G., Marrano, N., Carchia, E.,
Leonardini, A., Cignarelli, A., Bugliani, M., Marchetti, P., Fadini, G.P., Giorgio, M.,
Avogaro, A., Perrini, S., Laviola, L., Giorgino, F., 2015. The p66(Shc) redox adaptor
protein is induced by saturated fatty acids and mediates lipotoxicity-induced apop-
tosis in pancreatic beta cells. Diabetologia 58 (6), 1260–1271.

Naylor, R.W., Davidson, A.J., 2014. Hnf1beta and nephron segmentation. Pediatr.
Nephrol. 29 (4), 659–664.

Nyce, J., 1989. Drug-induced DNA hypermethylation and drug resistance in human tu-
mors. Cancer Res. 49 (21), 5829–5836.

Olas, B., Wachowicz, B., Bald, E., Glowacki, R., 2004. The protective effects of resveratrol
against changes in blood platelet thiols induced by platinum compounds. J. Physiol.
Pharmacol. 55 (2), 467–476.

Oldenburg, J., Kraggerud, S.M., Cvancarova, M., Lothe, R.A., Fossa, S.D., 2007. Cisplatin-
induced long-term hearing impairment is associated with specific glutathione s-
transferase genotypes in testicular cancer survivors. J. Clin. Oncol. 25 (6), 708–714.

Otsuka, M., Matsumoto, T., Morimoto, R., Arioka, S., Omote, H., Moriyama, Y., 2005. A
human transporter protein that mediates the final excretion step for toxic organic
cations. Proc. Natl. Acad. Sci. U. S. A. 102 (50), 17923–17928.

Pabla, N., Dong, Z., 2008. Cisplatin nephrotoxicity: mechanisms and renoprotective
strategies. Kidney Int. 73 (9), 994–1007.

Pasquinelli, A.E., Reinhart, B.J., Slack, F., Martindale, M.Q., Kuroda, M.I., Maller, B.,
Hayward, D.C., Ball, E.E., Degnan, B., Muller, P., Spring, J., Srinivasan, A., Fishman,
M., Finnerty, J., Corbo, J., Levine, M., Leahy, P., Davidson, E., Ruvkun, G., 2000.
Conservation of the sequence and temporal expression of let-7 heterochronic reg-
ulatory RNA. Nature 408 (6808), 86–89.

Pavkovic, M., Riefke, B., Ellinger-Ziegelbauer, H., 2014. Urinary microRNA profiling for
identification of biomarkers after cisplatin-induced kidney injury. Toxicology 324,
147–157.

Pavkovic, M., Robinson-Cohen, C., Chua, A.S., Nicoara, O., Cardenas-Gonzalez, M., Bijol,
V., Ramachandran, K., Hampson, L., Pirmohamed, M., Antoine, D.J., Frendl, G.,
Himmelfarb, J., Waikar, S.S., Vaidya, V.S., 2016. Detection of drug-induced acute
kidney injury in humans using urinary KIM-1, miR-21, -200c, and -423. Toxicol. Sci.
152 (1), 205–213.

Pellegrini, K.L., Han, T., Bijol, V., Saikumar, J., Craciun, F.L., Chen, W.W., Fuscoe, J.C.,
Vaidya, V.S., 2014. MicroRNA-155 deficient mice experience heightened kidney
toxicity when dosed with cisplatin. Toxicol. Sci. 141 (2), 484–492.

Peres, L.A., da Cunha Jr., A.D., 2013. Acute nephrotoxicity of cisplatin: molecular me-
chanisms. J. Bras. Nefrol. 35 (4), 332–340.

Perez-Ramirez, C., Canadas-Garre, M., Alnatsha, A., Villar, E., Delgado, J.R., Faus-Dader,
M.J., Calleja-Hernandez, M.Y., 2016. Pharmacogenetic predictors of toxicity to pla-
tinum based chemotherapy in non-small cell lung cancer patients. Pharmacol. Res.
111, 877–884.

Perkins, N.D., 2007. Integrating cell-signalling pathways with NF-kappaB and IKK func-
tion. Nat. Rev. Mol. Cell Biol. 8 (1), 49–62.

Phillips, T., 2008. The role of methylation in gene expression. Nature Education 1 (116).
Pinto, A.L., Lippard, S.J., 1985. Binding of the antitumor drug cis-diamminedi-

chloroplatinum(II) (cisplatin) to DNA. Biochim. Biophys. Acta 780 (3), 167–180.
Portela, A., Esteller, M., 2010. Epigenetic modifications and human disease. Nat.

Biotechnol. 28 (10), 1057–1068.
Prasaja, Y., Sutandyo, N., Andrajati, R., 2015. Incidence of cisplatin-induced ne-

phrotoxicity and associated factors among cancer patients in Indonesia. Asian Pac. J.
Cancer Prev. 16 (3), 1117–1122.

Pratibha, R., Sameer, R., Rataboli, P.V., Bhiwgade, D.A., Dhume, C.Y., 2006. Enzymatic
studies of cisplatin induced oxidative stress in hepatic tissue of rats. Eur. J.
Pharmacol. 532 (3), 290–293.

Prestayko, A.W., D’Aoust, J.C., Issell, B.F., Crooke, S.T., 1979. Cisplatin (cis-diammine-
dichloroplatinum II). Cancer Treat. Rev. 6 (1), 17–39.

Pussegoda, K., Ross, C.J., Visscher, H., Yazdanpanah, M., Brooks, B., Rassekh, S.R., Zada,
Y.F., Dube, M.P., Carleton, B.C., Hayden, M.R., Consortium, C., 2013. Replication of
TPMT and ABCC3 genetic variants highly associated with cisplatin-induced hearing
loss in children. Clin. Pharmacol. Ther. 94 (2), 243–251.

Qian, C.Y., Zheng, Y., Wang, Y., Chen, J., Liu, J.Y., Zhou, H.H., Yin, J.Y., Liu, Z.Q., 2016.

J.C.F. Quintanilha, et al. Critical Reviews in Oncology / Hematology 137 (2019) 131–142

141

http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0290
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0295
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0295
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0295
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0300
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0300
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0300
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0300
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0305
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0305
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0310
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0310
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0310
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0315
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0315
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0315
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0320
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0320
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0320
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0325
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0325
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0330
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0330
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0335
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0335
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0335
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0340
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0340
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0340
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0340
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0345
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0345
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0345
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0350
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0350
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0355
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0355
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0355
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0360
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0360
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0360
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0365
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0365
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0365
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0370
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0370
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0370
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0370
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0370
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0375
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0375
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0375
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0375
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0375
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0375
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0380
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0380
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0385
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0385
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0385
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0385
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0390
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0390
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0395
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0395
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0395
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0395
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0400
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0400
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0400
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0405
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0405
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0405
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0405
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0410
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0410
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0410
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0415
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0415
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0415
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0420
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0420
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0425
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0425
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0425
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0430
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0430
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0435
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0435
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0435
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0440
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0440
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0440
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0440
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0445
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0445
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0445
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0450
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0450
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0455
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0460
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0460
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0465
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0465
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0470
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0470
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0470
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0475
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0475
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0475
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0480
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0480
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0480
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0480
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0480
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0485
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0485
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0490
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0490
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0495
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0495
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0495
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0500
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0500
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0500
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0505
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0505
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0505
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0510
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0510
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0515
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0515
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0515
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0515
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0515
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0520
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0520
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0520
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0525
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0525
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0525
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0525
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0525
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0530
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0530
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0530
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0535
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0535
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0540
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0540
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0540
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0540
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0545
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0545
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0550
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0555
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0555
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0560
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0560
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0565
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0565
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0565
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0570
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0570
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0570
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0575
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0575
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0580
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0580
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0580
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0580
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0585


Associations of genetic polymorphisms of the transporters organic cation transporter
2 (OCT2), multidrug and toxin extrusion 1 (MATE1), and ATP-binding cassette
subfamily C member 2 (ABCC2) with platinum-based chemotherapy response and
toxicity in non-small cell lung cancer patients. Chin. J. Cancer 35 (1), 85.

Qin, W., Xie, W., Yang, X., Xia, N., Yang, K., 2016. Inhibiting microRNA-449 attenuates
cisplatin-induced injury in NRK-52E cells possibly via regulating the SIRT1/P53/BAX
pathway. Med. Sci. Monit. 22, 818–823.

Quintanilha, J.C.F., Visacri, M.B., 2017. New promising approaches to treatment of
chemotherapy-induced toxicities. AvidScience (Ed.) Chemotherapy. 2–52.

Quintanilha, J.C.F., de Sousa, V.M., Visacri, M.B., Amaral, L.S., Santos, R.M.M.,
Zambrano, T., Salazar, L.A., Moriel, P., 2017a. Involvement of cytochrome P450 in
cisplatin treatment: implications for toxicity. Cancer Chemother. Pharmacol. 80 (2),
223–233.

Quintanilha, J.C.F., Visacri, M.B., Sousa, V.M., Bastos, L.B., Vaz, C.O., Guarnieri, J.P.O.,
Amaral, L.S., Malaguti, C., Lima, C.S.P., Vercesi, A.E., Moriel, P., 2017b. Cisplatin-
induced human peripheral blood mononuclear cells’ oxidative stress and ne-
phrotoxicity in head and neck cancer patients: the influence of hydrogen peroxide.
Mol. Cell. Biochem.

Raab, G., Klagsbrun, M., 1997. Heparin-binding EGF-like growth factor. Biochim.
Biophys. Acta 1333 (3), F179–199.

Ries, F., Klastersky, J., 1986. Nephrotoxicity induced by cancer chemotherapy with
special emphasis on cisplatin toxicity. Am. J. Kidney Dis. 8 (5), 368–379.

Rolla, F., Hesketh, P.J., Herrstedt, J., 2006. Antiemetic Subcomittee of the Multinational
Association of Supportive Care in Cancer. Prevention of chemotherapy and radio-
therapy-induced emesis: results of the 2004 Perugia International Antiemetic
Consensus Conference. Ann Oncol. 17, 20–28.

Rosenberg, B., Vancamp, L., Krigas, T., 1965. Inhibition of cell division in Escherichia coli
by electrolysis products from a platinum electrode. Nature 205, 698–699.

Rosenberg, B., VanCamp, L., Trosko, J.E., Mansour, V.H., 1969. Platinum compounds: a
new class of potent antitumour agents. Nature 222 (5191), 385–386.

Santos, N.A., Catao, C.S., Martins, N.M., Curti, C., Bianchi, M.L., Santos, A.C., 2007.
Cisplatin-induced nephrotoxicity is associated with oxidative stress, redox state un-
balance, impairment of energetic metabolism and apoptosis in rat kidney mi-
tochondria. Arch. Toxicol. 81 (7), 495–504.

Sastry, J., Kellie, S.J., 2005. Severe neurotoxicity, ototoxicity and nephrotoxicity fol-
lowing high-dose cisplatin and amifostine. Pediatr. Hematol. Oncol. 22 (5), 441–445.

Schell, M.J., McHaney, V.A., Green, A.A., Kun, L.E., Hayes, F.A., Horowitz, M., Meyer,
W.H., 1989. Hearing loss in children and young adults receiving cisplatin with or
without prior cranial irradiation. J. Clin. Oncol. 7 (6), 754–760.

Selbach, M., Schwanhausser, B., Thierfelder, N., Fang, Z., Khanin, R., Rajewsky, N., 2008.
Widespread changes in protein synthesis induced by microRNAs. Nature 455 (7209),
58–63.

Shen, J., Scheffer, D.I., Kwan, K.Y., Corey, D.P., 2015. SHIELD: An Integrative Gene
Expression Database for Inner Ear Research. Database (Oxford) 2015, bav071.

Siddik, Z.H., 2003. Cisplatin: mode of cytotoxic action and molecular basis of resistance.
Oncogene 22 (47), 7265–7279.

Sinha, S., Jothiramajayam, M., Ghosh, M., Jana, A., Chatterji, U., Mukherjee, A., 2015.
Vetiver oil (Java) attenuates cisplatin-induced oxidative stress, nephrotoxicity and
myelosuppression in Swiss albino mice. Food Chem. Toxicol. 81, 120–128.

Sipe, C.W., Lu, X., 2011. Kif3a regulates planar polarization of auditory hair cells through
both ciliary and non-ciliary mechanisms. Development 138 (16), 3441–3449.

Son, J.Y., Shin, J.W., Wang, J.H., Park, H.J., Kim, H.G., Raghavendran, H.R., Son, C.G.,
2011. Chemotherapy-induced myelotoxicity and incidence of lung metastasis in an
animal model. Hum. Exp. Toxicol. 30 (7), 649–655.

Song, I.S., Shin, H.J., Shim, E.J., Jung, I.S., Kim, W.Y., Shon, J.H., Shin, J.G., 2008.
Genetic variants of the organic cation transporter 2 influence the disposition of
metformin. Clin. Pharmacol. Ther. 84 (5), 559–562.

Szyf, M., 2007. The dynamic epigenome and its implications in toxicology. Toxicol. Sci.
100 (1), 7–23.

Tanzi, R.E., Petrukhin, K., Chernov, I., Pellequer, J.L., Wasco, W., Ross, B., Romano, D.M.,
Parano, E., Pavone, L., Brzustowicz, L.M., et al., 1993. The Wilson disease gene is a
copper transporting ATPase with homology to the Menkes disease gene. Nat. Genet. 5
(4), 344–350.

Torii, Y., Saito, H., Matsuki, N., 1994. Induction of emesis in Suncus murinus by pyr-
ogallol, a generator of free radicals. Br. J. Pharmacol. 111 (2), 431–434.

Tsang, R.Y., Al-Fayea, T., Au, H.J., 2009. Cisplatin overdose: toxicities and management.
Drug Saf. 32 (12), 1109–1122.

Tuan, B.T., Visacri, M.B., Amaral, L.S., Baldini, D., Ferrari, G.B., Quintanilha, J.C.,
Pincinato, E.C., Mazzola, P.G., Lima, C.S., Moriel, P., 2016. Effects of high-dose cis-
platin chemotherapy and conventional radiotherapy on urinary oxidative and ni-
trosative stress biomarkers in patients with head and neck Cancer. Basic Clin.
Pharmacol. Toxicol. 118 (1), 83–86.

Ullah, I., Subhan, F., Lu, Z., Chan, S.W., Rudd, J.A., 2017. Action of Bacopa monnieri to
antagonize cisplatin-induced emesis in Suncus murinus (house musk shrew). J.

Pharmacol. Sci. 133 (4), 232–239.
Vandendries, E.R., Drews, R.E., 2006. Drug-associated disease: hematologic dysfunction.

Crit. Care Clin. 22 (2), 347–355 viii.
Vickers, K.C., Palmisano, B.T., Shoucri, B.M., Shamburek, R.D., Remaley, A.T., 2011.

MicroRNAs are transported in plasma and delivered to recipient cells by high-density
lipoproteins. Nat. Cell Biol. 13 (4), 423–433.

Visacri, M.B., Pincinato, E.C., Ferrari, G.B., Quintanilha, J.C.F., Mazzola, P.G., Lima,
C.S.P., Moriel, P., 2017. Adverse drug reactions and kinetics of cisplatin excretion in
urine of patients undergoing cisplatin chemotherapy and radiotherapy for head and
neck cancer: a prospective study. Daru 25 (1), 12.

Waissbluth, S., Daniel, S.J., 2013. Cisplatin-induced ototoxicity: transporters playing a
role in cisplatin toxicity. Hear. Res. 299, 37–45.

Wang, H., Zhang, B., Chen, D., Xia, W., Zhang, J., Wang, F., Xu, J., Zhang, Y., Zhang, M.,
Zhang, L., Lu, Y., Geng, Y., Huang, P., Huang, P., Wang, H., Pan, S., 2015. Real-time
monitoring efficiency and toxicity of chemotherapy in patients with advanced lung
cancer. Clin. Epigenetics 7, 119.

Weber, J.A., Baxter, D.H., Zhang, S., Huang, D.Y., Huang, K.H., Lee, M.J., Galas, D.J.,
Wang, K., 2010. The microRNA spectrum in 12 body fluids. Clin. Chem. 56 (11),
1733–1741.

Wightman, B., Ha, I., Ruvkun, G., 1993. Posttranscriptional regulation of the hetero-
chronic gene lin-14 by lin-4 mediates temporal pattern formation in C. Elegans. Cell
75 (5), 855–862.

Wolenski, F.S., Shah, P., Sano, T., Shinozawa, T., Bernard, H., Gallacher, M.J., Wyllie,
S.D., Varrone, G., Cicia, L.A., Carsillo, M.E., Fisher, C.D., Ottinger, S.E., Koenig, E.,
Kirby, P.J., 2017. Identification of microRNA biomarker candidates in urine and
plasma from rats with kidney or liver damage. J. Appl. Toxicol. 37 (3), 278–286.

Wu, C., Morris, J.R., 2001. Genes, genetics, and epigenetics: a correspondence. Science
293 (5532), 1103–1105.

Xu, X., Ren, H., Zhou, B., Zhao, Y., Yuan, R., Ma, R., Zhou, H., Liu, Z., 2012. Prediction of
copper transport protein 1 (CTR1) genotype on severe cisplatin induced toxicity in
non-small cell lung cancer (NSCLC) patients. Lung Cancer 77 (2), 438–442.

Xu, X., Han, L., Duan, L., Zhao, Y., Yang, H., Zhou, B., Ma, R., Yuan, R., Zhou, H., Liu, Z.,
2013. Association between eIF3alpha polymorphism and severe toxicity caused by
platinum-based chemotherapy in non-small cell lung cancer patients. Br. J. Clin.
Pharmacol. 75 (2), 516–523.

Zhan, X., Wu, W., Han, B., Gao, G., Qiao, R., Lv, J., Zhang, S., Zhang, W., Fan, W., Chen,
H., Zhang, T., Gu, A., Shen, J., Wu, Q., Lu, D., 2012. Hsa-miR-196a2 functional SNP is
associated with severe toxicity after platinum-based chemotherapy of advanced
nonsmall cell lung cancer patients in a Chinese population. J. Clin. Lab. Anal. 26 (6),
441–446.

Zhu, H.Y., Liu, M.Y., Hong, Q., Zhang, D., Geng, W.J., Xie, Y.S., Chen, X.M., 2012. Role of
microRNA-181a in the apoptosis of tubular epithelial cell induced by cisplatin. Chin.
Med. J (Engl) 125 (3), 523–526.

Zhu, S., Pabla, N., Tang, C., He, L., Dong, Z., 2015. DNA damage response in cisplatin-
induced nephrotoxicity. Arch. Toxicol. 89 (12), 2197–2205.

Zhu, Y., Yu, J., Yin, L., Zhou, Y., Sun, Z., Jia, H., Tao, Y., Liu, W., Zhang, B., Zhang, J.,
Wang, M., Zhang, X., Yan, Y., Xue, J., Gu, H., Mao, F., Xu, W., Qian, H., 2016.
MicroRNA-146b, a sensitive Indicator of mesenchymal stem cell repair of acute renal
injury. Stem Cells Transl. Med. 5 (10), 1406–1415.

Júlia Coelho França Quintanilha is Pharmacist from University of São Paulo, Brazil, has
a Master`s degree in Medical Sciences (Clinical Research) from University of Campinas,
Brazil; and now is a PhD Student of Medical Sciences (Clinical Research) in University of
Campinas Brazil.

Kathleen Francinette Saavedra has a PhD in Science major in Applied Cell and
Molecular Biology from Universidad de La Frontera, Temuco, chile, and now is Professor
from Universidad de La Frontera, Chile.

Marília Berlofa Visacri is Pharmacist from University of Campinas, Brazil, has a Master`s
degree and a PhD in Medical Sciences (Clinical Research) from University of Campinas,
Brazil; and now is working as a clinical pharmacist in Fundação Centro Médico de
Campinas, Brazil.

Patricia Moriel is Pharmacist from São Paulo State University, Brazil, has a Master`s
degree and a PhD in Pharmacy (Clinical Analysis) from University of São Paulo, bRAZIL;
and now is a Professor from Faculty of Pharmaceutical Sciences, University of Campinas,
Brazil.

Luis A Salazar has a PhD in Pharmacy from University of São Paulo, Brazil, Postdoc in
Applied Molecular Biology from University of São Paulo, Brazil, and with a diploma in
Higher Education (2015); and now is a Professor from Universidad de La Frontera, Chile.

J.C.F. Quintanilha, et al. Critical Reviews in Oncology / Hematology 137 (2019) 131–142

142

http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0585
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0585
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0585
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0585
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0590
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0590
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0590
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0595
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0595
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0600
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0600
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0600
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0600
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0605
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0605
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0605
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0605
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0605
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0610
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0610
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0615
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0615
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0620
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0620
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0620
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0620
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0625
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0625
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0630
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0630
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0635
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0635
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0635
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0635
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0640
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0640
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0645
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0645
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0645
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0650
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0650
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0650
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0655
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0655
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0660
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0660
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0665
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0665
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0665
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0670
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0670
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0675
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0675
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0675
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0680
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0680
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0680
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0685
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0685
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0690
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0690
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0690
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0690
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0695
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0695
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0700
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0700
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0705
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0705
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0705
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0705
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0705
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0710
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0710
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0710
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0715
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0715
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0720
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0720
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0720
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0725
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0725
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0725
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0725
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0730
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0730
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0735
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0735
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0735
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0735
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0740
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0740
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0740
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0745
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0745
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0745
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0750
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0750
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0750
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0750
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0755
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0755
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0760
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0760
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0760
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0765
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0765
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0765
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0765
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0770
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0770
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0770
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0770
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0770
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0775
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0775
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0775
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0780
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0780
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0785
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0785
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0785
http://refhub.elsevier.com/S1040-8428(18)30391-3/sbref0785

	Role of epigenetic mechanisms in cisplatin-induced toxicity
	Introduction
	Mechanism of action
	Cisplatin toxicities
	Genetics in cisplatin toxicities
	Epigenetics in cisplatin toxicities
	DNA methylation
	Non-Coding RNAs
	Potential utility of epigenetic biomarkers in toxicity induced by cisplatin

	Conflict of interest statement
	Authors’ contributions
	Acknowledgements
	References




