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Abstract: Hepatocellular carcinoma (HCC) is the most common primary liver tumor and is of-
ten diagnosed at an unresectable advanced stage. Systemic chemotherapy as well as transarterial
chemoembolization (TACE) and hepatic arterial infusion chemotherapy (HAIC) are used to treat
advanced HCC. TACE and HAIC have long been the standard of care for patients with unresectable
HCC but are limited to the treatment of intrahepatic lesions. Systemic chemotherapy with dox-
orubicin or chemohormonal therapy with tamoxifen have also been considered, but neither has
demonstrated survival benefits. In the treatment of unresectable advanced HCC, cisplatin is admin-
istered transhepatic arterially for local treatment. Subsequently, for cisplatin-refractory cases due
to drug resistance, a shift to systemic therapy with a different mechanism of action is expected to
produce new antitumor effects. Cisplatin is also used for the treatment of liver tumors other than
HCC. This review summarizes the action and resistance mechanism of cisplatin and describes the
treatment of the major hepatobiliary cancers for which cisplatin is used as an anticancer agent, with a
focus on HCC.
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1. Introduction

There are three major types of cancer treatment: surgical resection, radiation therapy,
and drug therapy. Drug therapy is further classified into chemotherapy, molecular targeted
therapy, and immunotherapy. Chemotherapy is used solely or in combination with surgical
resection, radiation therapy, or other drug therapies, depending on the type and progression
of the cancer [1-3].

The development of anticancer drugs began in 1946 when nitrogen mustard, used as a
bioweapon during World War II, was found to have significant efficacy against malignant
lymphomas [4]. Subsequently, nitrogen mustard was used as an alkylating agent in the
treatment of malignant lymphoma and leukemia, and its derivative, cyclophosphamide, is
used extensively [4]. Since then, new anticancer agents have continuously been developed
and have drastically changed cancer treatment, which primarily constituted surgical resec-
tion and radiation therapy. Anticancer agents are broadly classified into antimetabolites,
alkylating agents, anticancer antibiotics, microtubule polymerization and depolymerization
inhibitors, topoisomerase inhibitors, and platinum agents, depending on their mechanism
of action [1-3].

Cisplatin was the first platinum drug approved as an anticancer agent in the 1970s.
Cisplatin and other platinum-based compounds have a broad spectrum of activity and are
most effective in the treatment of various solid tumors, including testicular, ovarian, head
and neck, bladder, lung, cervical, melanoma, and lymphoma, and are widely used to treat
more than 80% of cancers [5,6].

Platinum agents exert anticancer effects through multiple mechanisms, the most
common being induction of cell death by inhibiting DNA replication and transcription.
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However, as with other anticancer drugs, they damage normal cells along with the can-
cer cells; therefore, toxicity to organs other than the target organ (side effects) and the
development of resistance are challenges that limit their use [6]. Although various similar
compounds have been developed to reduce side effects, only two platinum drugs other
than cisplatin, carboplatin and oxaliplatin, are currently certified worldwide and have been
widely used in clinical practice since the initial development of cisplatin [7].

Systemic chemotherapy usually provides modest benefits in terms of disease con-
trol rates, progression-free survival, and overall survival, but at the cost of a substantial
proportion of adverse events [8]. Hepatic arterial chemotherapy, even when combined
with systemic therapy, has shown favorable results in terms of safety and efficacy as an
equivalent or alternative to the gold standard therapy [8]. In addition, during the past few
decades, new molecularly targeted agents have been developed and clinically evaluated
as systemic chemotherapy, with interesting results. However, in many cases with poor
prognosis and poor response to systemic therapy, specific inhibition of cancer cell signaling
alone has proven to be insufficient [9]. Recently, it has become clear that one of the most
important capabilities of tumors is the establishment of an immunosuppressive state within
the tumor microenvironment. Within the liver, the hepatic microenvironment is generally
oriented toward a state of immune tolerance, preventing autoimmune reactions [10]. The
molecular biology of these events and the poor prognosis of advanced hepatocellular
carcinoma is leading to the development of various immunotherapeutic strategies [10].

Hepatocellular carcinoma (HCC) is the most common primary liver tumor, with 70%
to 80% of cases diagnosed at an unresectable advanced stage [11]. Therefore, transarterial
chemoembolization (TACE) and systemic chemotherapy are essential to treat unresectable
HCC; TACE has long been the standard of care for patients with unresectable HCC, but it is
limited to the treatment of intrahepatic lesions. Systemic chemotherapy with doxorubicin
or chemohormonal therapy with tamoxifen has also been investigated [12,13], but none of
these chemotherapies have demonstrated a survival advantage. However, sorafenib is an
effective systemic therapy for unresectable HCC in the 2007 SHARP trial [14], followed by
lenvatinib in the REFLECT trial [15] and the combination of atezolizumab and bevacizumab
in the IMbrave 150 trial [16]. The treatment of unresectable HCC is undergoing a major
paradigm shift.

In the treatment of HCC, cisplatin is administered arterially for treatment; however,
synergistic effects combined with systemic therapy have been anticipated in recent years.

Cisplatin is also used in the treatment of other liver tumors. Cisplatin-based chemother-
apy is a common treatment for cholangiocarcinoma (CCA) and hepatoblastoma (HB).

This review summarizes the mechanism of action and resistance of cisplatin and
describes the treatment of the major hepatobiliary cancers for which cisplatin is used as an
anticancer agent, with a focus on HCC.

2. Development of Cisplatin

Cisplatin was synthesized by Michele Peyrone in 1845 and named the Peyrone salt, and
its structure was deduced by Alfred Werner in 1893 [17-19]. However, its anticancer activity
was not revealed until the 1960s, more than 100 years after its initial synthesis [17-20].

In 1965, Barnett Rosenberg et al. applied an electric current to a solution containing
E. coli using a platinum electrode to study the effect of an electric field on the division
of E. coli and found that the cell growth of E. coli was hindered [19,20]. Upon further
research, they found that this phenomenon was not caused by an electric field but by a
cis-diamminedichloroplatinum compound (i.e., cisplatin) that combined the platinum ions
of the platinum electrode with ammonium chloride in the solvent [19,20]. In 1969, they
examined the administration of cisplatin to mammalian systems and tested its effect on
inhibiting the cell division of sarcoma 180 and leukemia L1210 cells in a mouse model.
Their study results showed that it suppressed rat sarcoma and prolonged the mean survival
period [21,22].
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Based on these results, clinical trials initiated in 1971 confirmed its efficacy as an
anticancer drug, particularly in testicular and ovarian cancer; however, its strong toxicity,
including nephrotoxicity, ototoxicity, and neurotoxicity, was concerning [18,19,23]. How-
ever, after nearly a decade, the US Food and Drug Administration (US FDA) approved it
for use against ovarian and testicular cancer for the first time in 1978, partly because renal
damage could be reduced by large fluid load and diuretic use [18,19,23]. Since then, cancer
treatment options have increased significantly.

3. Mechanism of Cisplatin
3.1. Intracellular Transport of Cisplatin

Cisplatin is generally used in vivo by intravascular administration. Following in-
travenous injection in humans, 68-98% of cisplatin in the blood is bound to proteins
(particularly albumin) via histidine (His) and methionine (Met) residues [24-26]. The
mechanism underlying cisplatin uptake into cells is not entirely clear; cisplatin enters
the cell primarily through passive mechanisms such as diffusion [26-29]. This has been
widely shown in vitro [27-30] and is proportional to the extracellular concentration up to a
concentration of 3 mM [26].

Conversely, the involvement of active transport systems [26-29,31-34], including
Na*/K*"-ATPase [27,29] and organic cation and organic anion transporters (OCTs and
OATs) that are highly expressed in tissues sensitive to cisplatin toxicity, such as the kidney,
cochlea, and auditory nerve [26,27,31,32], has been proposed, but no particular inference has
been made (Figure 1). Another hypothesis is copper transporters [27,28,33-36], SLC31A1
and SLC31A2, which have numerous His and Met residues, indicating that they may bind
cisplatin by mimicking binding to albumin binding [26]. CTR1, a member of the SLC31A1
family, is involved in cisplatin uptake and tolerance in experiments using yeast and mice
where CTR1 was knocked out [34], and cisplatin-resistant cell lines were reported to have
lower intracellular copper levels overall [37], indicating a correlation between copper
transporters and cisplatin uptake (Figure 1). However, some of the pathways are skeptical:
the binding of SLC31A1 (CTR1) and SLC31A2 (CTR2) to Met residues does not alter the
rate of cisplatin entry in terms of stability or following an increase in CTR1 expression. The
failure of cisplatin binding to 31A2 (CTR2) and Met residues may imply uncertainty or non-
involvement of these residues in the cellular uptake of cisplatin [26,27,38,39]. Therefore,
numerous aspects of active transport of cisplatin remain to be elucidated. Moreover, the
transport mechanisms involved, and the extent of this involvement are unclear. Further
studies are needed to elucidate the mechanism underlying cisplatin uptake, which is
essential to elucidating the resistance mechanism.

3.2. Damage via DNA Cross-Linking by Cisplatin

The main target of cisplatin is DNA, which exerts anticancer effects by forming
covalent adducts with DNA and causing damage.

Regarding the structure of cisplatin, two chloride atoms and two ammonia molecules
are bound to the central metal, platinum (II) atom, in the cis position [17]. The chloride
atoms are highly unstable and reversible under certain pH and temperature conditions
and can be substituted, while the bond between the platinum and ammonia molecules
is irreversible and substitution inert [17,19,20]. When cisplatin is taken up into the cell
from the blood, the chloride atoms are displaced by water molecules. Cisplatin is relatively
unreactive and stable in blood with high chloride concentrations (100 mM) because the
substitution of the chloride ligand is prevented [18,27,40]. However, in cells with low
chloride concentrations (4 mM), the chloride ligand is hydrolyzed and replaced by a
water molecule [18,40]. Hydrolyzed cisplatin is highly reactive and serves as a potent
electrophile reacting with nucleophiles such as nitrogen atoms of nucleic acids and SH
groups of proteins, which are variously covalently bound to DNA, forming covalent DNA
adducts [19,40,41]. Platinum atoms bind preferentially to the nitrogen atom at position 7 of
the guanine and adenine bases in particular, bridging two adjacent purine bases [19,40,41].
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Most of the cross-links formed by these adducts (approximately 90%) are the 1,2-intrastrand
cross-links (1,2-intrastrand (GpG) and 1,2-intrastrand (ApG)); a smaller proportion of
interstrand cross-links and monofunctional adducts are also formed [19,40,42,43]. These
DNA adducts inhibit the DNA replication machinery and affect transcription [19,41,44].
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Figure 1. Mechanism of the effect of cisplatin in cancer cells.

3.3. Cisplatin-Induced DNA Replication and Transcription Arrest

Cancer cells that are damaged by DNA damage, owing to the formation of DNA
adducts, can have their DNA replication inhibited and their cell cycle arrested at the
Gl1, S, and G2/M phases [45,46]. Distortion of DNA strands by cross-linking affects
RNA transcription arrest [46]. Although the mechanism of transcriptional regulation
has not been fully elucidated, mechanisms such as polymerase and transcription factor
inhibition [47-50] and disruption of chromatin structure by the formation of DNA adducts
have been considered [50-53].

RNA polymerase II (Pol II) is an essential enzyme for DNA transcription, and tran-
scription by RNA polymerase II requires six basic transcription factors: TFIIA, TFIIB, TFIID,
TFIIE, TFIIF, and TFIIH. TFIID is particularly important because it contains a TATA-binding
protein (TBP) that binds to the TATA box, a sequence that defines the start position of
transcription. Transcription is initiated from the correct position. However, TBP binds
directly to the TATA box and the cisplatin-DNA adduct. Consequently, this adduct may
prevent transcription initiation by RNA polymerase II by blocking the binding of TBP to the
TATA box [47]. This inhibition of transcription by the DNA adduct hijacking mechanism
has also been observed for the human upstream binding factor (hUBEF), ribosomal RNA
(rRNA) transcription factor [48,49].

DNA is wrapped around eight histone proteins to form a structure called a nucle-
osome, and the structure of many of these is called chromatin. Chromatin remodeling
plays an important role in the transcription machinery because the tight wrapping of DNA
around histone proteins is a major obstacle for the transcription machinery to access DNA.
Chromatin remodeling allows transcription-related proteins, such as RNA polymerase, to
access DNA by loosening chromatin aggregation through covalent histone modifications
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and by moving nucleosomes in an ATP-dependent manner. Cisplatin inhibits chromatin re-
modeling in vitro and in vivo [50] and intrastrand and interstrand cross-linking is involved
in this inhibition of chromatin remodeling [51-53]. However, there are numerous reports
on the mechanism of cisplatin-induced DNA damage-induced transcriptional inhibition,
which partially explain the mechanism.

3.4. Induction of Apoptosis by Cisplatin

Apoptosis is induced by the activation of caspases via exogenous or endogenous cell
death signals. In the exogenous pathway, caspase-8 is activated by the binding of TNF
or FasL to the cell surface cell death receptors, TNF receptor (TNFR), or Fas. Conversely,
endogenous pathways are activated by factors such as cellular stress and DNA damage
and are mediated by mitochondria. These are regulated by Bcl-2 family proteins, including
those that promote apoptosis, such as Bax and Bak, and those that inhibit apoptosis, such
as Bcl-2 and Bcl-xL. These alter the permeability of the mitochondrial outer membrane,
release cytochrome c into the cytoplasm, and activate Caspase-9 by interacting with Apaf-
1. Initiator caspases, such as caspase-2, -8, -9, and -10, are activated, followed by the
activation of executive caspase-3, -7, and apoptosis. Cisplatin induces apoptosis through
protein kinase C (PKC), mitogen-active protein kinase (MAPK), Jun-amino-terminal kinase
(JNK), p53, and Akt, which are molecules that constitute signaling pathways that stimulate
these cascades.

Signaling pathways that stimulate these cascades include PKC, MAPK, JNK, p53, and
Akt [45]. PKCs are a family of lipid-dependent serine-threonine kinases, which are also
classified into three groups: conventional («, 31, BIL, v), novel (5, €, 1, 6), and atypical (¢, 1,
BIL, v). PKC$ is a positive regulator of cisplatin-induced cell death; for human gastric cancer
cells MKN28 with mutations in the p53 gene, PKC6 may cooperate with p53 to regulate
caspase-3-mediated cell death [46]. Cisplatin-induced DNA damage activates extracellular
signal-related kinase (ERK) via PKC3. Three subfamilies of the MAPK family have been
identified: the ERK, JNK, and p38 kinases [47]. Among them, ERK phosphorylates p53 and
activates p53 [48]. Activated p53 upregulates p21, 45kd-growth arrest and DNA damage
(GADD#45), and mouse double minute 2 homolog (Mdm2) [49], causing cell cycle arrest and
allowing time for DNA repair [50]. If damage is not repaired, p53 activates transcription of
Bax and represses transcription of Bcl-2, directly affecting the expression of downstream
genes that regulate apoptosis susceptibility [51].

DNA damage activates JNK, which is observed in both cis and transformation of
cisplatin. p73 forms a complex with JNK and induces cisplatin-induced apoptosis [53]. p73,
similar to p53, also upregulates the expression of apoptosis promoting proteins such as Bax
and PUMA, and initiates apoptosis by upregulating their expression [50]. Furthermore, the
JNK signaling pathway may induce exogenous apoptosis involving FasL via p38 [51]. In
addition, DNA damage mobilizes the tyrosine kinase receptor c-Abl from the cytoplasm to
the nucleus, where it binds and phosphorylates MEK kinase 1, a complex that activates jun
amino-terminal kinase/stress-activated protein kinases (JNK/SAPK). However, activation
by c-Abl is conditional upon recognition of DNA damage by the mismatch repair (MMR)
system, and MMR-deficient cells do not respond to c-Abl [19].

Through the MAPK cascade, p38 induces stabilization of p18 (Hamlet), which in turn
induces apoptosis through the interaction of p53 with apoptosis-promoting genes, PUMA
and NOXA [54]. Other possible mechanisms include degradation of flice-like inhibitory
protein (FLIP), direct binding of B-cell lymphoma-extra-large (Bcl -xL) and counteracting of
its anti-apoptotic function, phosphatase and tensin homolog (PTEN) overexpression, and
inhibition of AMPK [19].

3.5. Mitochondrial Damage by Cisplatin

DNA is present in the mitochondria and the nucleus, making them a target of cisplatin-
induced DNA damage and causing mitochondrial damage [18,55,56]. Mitochondria pro-
duce ATP through the electron transport system, generate reactive oxygen species, and
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are important mediators of apoptosis; therefore, cisplatin-induced mitochondrial damage
induces apoptosis [57]. Cisplatin directly damages mitochondrial DNA, resulting in in-
creased intracellular reactive oxygen species (ROS) levels from decreased mitochondrial
protein synthesis and impaired electron transfer system function [12,58]. The production of
ROS is highly dependent on mitochondrial damage [18,58]. The generated ROS attack the
mitochondria and produce additional ROS.

Cells maintain ROS levels in equilibrium by balancing ROS production and scavenging
systems [57,59]. Scavenging systems include enzymatic scavengers such as superoxide dis-
mutase (SOD) and catalase, and non-enzymatic scavengers such as glutathione (GSH) [57].
Moderate amounts of ROS are necessary for tumor promotion, but excessive ROS sup-
presses the tumor [59]. Therefore, when ROS production overwhelms the scavenging
system, excess ROS induces apoptosis via endogenous or exogenous pathways [19,57-59].

In the extrinsic pathway, ROS activates death-causing receptors on the plasma mem-
brane, such as Fas, TRAIL-R1/2, and TNF-R1 [19,57,59]. In the endogenous pathway, ROS
promotes cytochrome c release via activation of p53 and JNK, depolarization of mitochon-
drial membranes, and Bax and Bak [5,11]. Furthermore, depending on the amount of ROS
generated, they may bring about necrosis and autophagy as well as apoptosis in cancer
cells [60,61].

4. Mechanisms of Cisplatin Resistance

The development of drug resistance, as well as side effects, is one of the major hin-
drances to treatment continuity in cancer chemotherapy. The effective concentration of
cisplatin in cancer therapy is limited to a fairly narrow range and increasing the dosage
may ultimately increase side effects. This complicates the prevention of cisplatin resistance
by increasing therapeutic doses [22].

The acquisition of resistance occurs through various mechanisms at the molecular and
cellular levels. These mechanisms include decreased intracellular accumulation of cisplatin
via intracellular drug influx and efflux, increased detoxification through increased intracel-
lular thiol levels via glutathione and metallothionein, increased DNA repair activity, and
prevention of apoptosis via signaling molecules among other mechanisms [18,22,41,45,62]
(Figure 2).
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Figure 2. Mechanism of cisplatin resistance in cancer cells.
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Decreased intracellular accumulation of cisplatin is primarily associated with de-
creased uptake and markedly increased efflux [41]. The copper transport protein, CTR1,
may be involved in the cellular uptake of cisplatin, and deletion of the CTR1 gene results
in increased cisplatin resistance and decreased intracellular accumulation of cisplatin [34].
In cisplatin-resistant cell lines, CTR1 expression and intracellular accumulation of cisplatin
is decreased [18,63,64].

Conversely, transporter proteins ATP7A and ATP7B, and the multidrug resistance-
related protein MRP2, have been implicated in increased efflux [41,64,65]. Cisplatin binds
to the antioxidant glutathione to form glutathione conjugates, which are then exported
via MRP2 [66,67]; increased MRP2 may be involved in cisplatin resistance [26,65,68].
Therefore, the response that hinders cisplatin retention in cancer cells is a major form
of acquired resistance.

In addition to facilitating efflux, glutathione is involved in detoxification and ROS
removal [64,68]. Glutathione and metallothionein reduce toxicity by coordinating cisplatin
to thiol groups [41,66,68]. Therefore, elevated glutathione levels may be involved in
cisplatin resistance, and elevated glutathione levels have been observed in certain cisplatin-
resistant cells [69,70].

DNA damage repair mechanisms may also be involved in the resistance mecha-
nism. DNA repair mechanisms are enhanced in cisplatin-resistant cells and suppressed in
cisplatin-sensitive cells [71]. DNA repair mechanisms that work against cisplatin-induced
DNA damage include nucleotide excision repair (NER), homologous recombination (HR),
and mismatch repair (MMR) [41].

Intrastrand cross-links are mainly repaired by NER, and ERCC1 (excision repair
cross-complementing 1) and XPF (xeroderma pigmentosum complementation group F) are
involved in this repair pathway. These proteins form a protein heterodimer, cleaving the 5’
end of the strand where cisplatin and DNA bind, allowing for the removal of the adduct [41].
The relationship between increased expression of ERCC1 and XPF and cisplatin resistance
have been reported in past studies [16-18]. In addition, the expression of replication protein
A (RPA) 14 [72] and xeroderma pigmentosum group C (XPC) [73], which are involved
in NER, are associated with the expression of mi-RNA 488. miR-488 activates NER by
suppressing elF3a expression and increasing XPC and RPA 14 expression, thus contributing
to cisplatin resistance [74].

Intrastrand cross-links are repaired by HR, a repair mechanism for double-strand
breaks (DSBs), which involves BRCA-1 and BRCA-2 [41,75]. Mutations in these genes may
contribute to cisplatin sensitivity or resistance [76,77]. RAD21 is involved in HR, and low
expression of miR-17 and miR-92 families may promote DNA damage repair by increasing
RAD21 expression and contribute to cisplatin resistance [78].

The loss of MMR function may also be associated with increased resistance; MSH2
and MLH1 genes involved in MMR are mutated or downregulated by cisplatin resistance,
and apoptosis is suppressed [41]. In addition, the aforementioned apoptotic mechanisms
involving c-Abl and JNK are absent in MMR-deficient cells [19,79].

One resistance mechanism that interferes with cell death by DNA adducts is inacti-
vation of the T53 gene encoding p53, which results in the loss of apoptotic control and
the development of resistance in 50% of human cancers [80]. In addition, there are vari-
ous cisplatin resistance mechanisms, including changes in various proteins involved in
apoptosis-inducing signaling, inhibition of antioxidant enzyme activity and autophagy,
and involvement of miRNAs [18,22,41,45,62]. The acquisition of resistance clearly poses
significant clinical problems, and further research is needed to address this problem.

5. Adverse Events of Cisplatin

Despite being an effective cancer treatment, cisplatin is toxic to normal organs. The
mechanism and extent of toxicity to normal cells, as well as prophylactic and therapeutic
measures, are largely unknown. Despite the fact that toxicity is dose-dependent and over-
dosage can have severe consequences, related incidence is unknown and guidelines for
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overdosage have not been established [45]. Cisplatin has various side effects, including gen-
eral cytotoxic effects such as nausea and vomiting, decreased blood cell production in the
bone marrow (myelosuppression), immunosuppression, hepatotoxicity, and cardiotoxicity
(Table 1). In particular, the kidneys, auditory organs, and peripheral nerves are the most
commonly affected organs, and nephrotoxicity, ototoxicity, and neurotoxicity are typical
and severe side effects (Table 1) [18,22,45,81,82].

In clinical practice, cisplatin treatment-induced acute kidney injury occurs in one-third
of treated patients approximately 10 days after treatment [81,83-85]. Nephrotoxicity is a
common limitation of cisplatin. Cisplatin is primarily excreted via the glomerular filtration
and tubular functions of the kidney [86]. Cisplatin accumulates in nephron proximal
tubular epithelial cells at more than five times the serum concentration [22,84], and is
contained in higher levels in the kidney than in any other tissue. As mentioned earlier,
CTR1 and OCT?2 are involved in the cellular uptake of cisplatin; CTR1 is highly expressed
in proximal and distal renal tubular cells and is localized to the basolateral tubules, the
main site of cisplatin uptake [87]. In vitro studies have shown that OCT2 is also highly
expressed in the proximal tubular basement membrane, and the cellular accumulation
and nephrotoxicity of cisplatin is enhanced by OCT2 expression [31,88]. The loss of OCT2
decreases urinary excretion and nephrotoxicity of cisplatin [89].

Cisplatin accumulated in renal cells undergoes metabolic activation in the kidney to
become a more potent toxin and damages nuclear and mitochondrial DNA, causing ROS
generation and activating endogenous and exogenous apoptosis [90]. Although ROS [91,92]
and apoptotic [93,94] activity contribute to renal cell death, many of these pathways also
contribute to the antitumor mechanism of cisplatin. Therefore, strategies to reduce renal
injury may result in a reduction of the antitumor effect of cisplatin and must be carefully
considered [90]. Inflammatory mechanisms have also been implicated in the pathogenesis
of cisplatin nephrotoxicity [95-98]. The injury of renal epithelial cells by cisplatin results
in the production of various inflammatory cytokines and chemokines; the activations of
TNF« [95-97] and T lymphocytes [98] are among these inflammatory mechanisms.

Hydration, mannitol, and magnesium effectively prevent cisplatin-induced nephrotox-
icity [83]. Hydration significantly decreases proximal tubular transit time and significantly
decreases the half-life of cisplatin and urinary cisplatin concentration [83]. Short-term, low-
dose hydration can be performed on an outpatient basis, allowing for relatively safe contin-
uation of cisplatin therapy without compromising cisplatin’s anticancer effects [99-102].

Magnesium supplementation with hydration inhibits the nephrotoxicity of
cisplatin [103-106]. Magnesium may be involved in transporters for cisplatin intracellular
influx or excretion, and magnesium deficiency increases intracellular accumulation [107-109].
This phenomenon may be more pronounced in normal renal cells than in cancer cells, and
magnesium supplementation may play a renoprotective role without compromising the
anticancer effects of cisplatin [108]. In addition, the concomitant use of mannitol, an osmotic
diuretic, is beneficial in the prevention of nephrotoxicity when high-dose cisplatin is ad-
ministered [110,111], although some reports point to the possibility of hyponatremia [112].
Moreover, there is no proof that the use of mannitol is more nephroprotective than that of
hydration alone, and further studies are needed [113,114].

Ototoxicity has a high incidence rate, with 20-70% of patients experiencing cisplatin-
related ototoxicity and 40-80% developing permanent hearing loss [18]. This causes
progressive, irreversible, bilateral high-frequency hearing loss, tinnitus, and ear pain [115].
CTR1 is expressed in outer and inner hair cells, choroid and spiral ganglia, and OCT2
in the Corti organ and choroid [116]. Similar to nephrotoxicity, ototoxicity also occurs
when cisplatin accumulates in cochlear cells, causing DNA damage, generating ROS,
and inducing inflammation and apoptosis [116]. Therefore, even for ototoxicity, it is
important to reduce toxicity without decreasing anticancer activity. Although no treatment
or prophylaxis has been established, local treatment with intratympanic administration of
otoprotective agents may a novel way to prevent systemic effects [116].
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Neurotoxicity is another side effect, with frequency of occurrence ranging from 19%
to over 85% [117]. Cisplatin accumulation primarily damages the dorsal root ganglia and
manifests as peripheral sensory neuropathy characterized primarily by “stocking and glove”
distribution of paresthesias, paresthesias, and numbness [118-120]. Abnormal sensations,
such as burning, pain, and decreased sensitivity to vibration, often persist or increase for
months or longer after treatment ends, and these long-term effects are associated with
depression, insomnia, falls, and reduced health-related quality of life [121,122]. Similar
to nephrotoxicity and ototoxicity, the mechanism of neurotoxicity involves mitochondrial
damage and induction of apoptosis via ROS. Cisplatin also activates glial cells, immune
cells, and inflammatory cytokines, hyper-excites peripheral nerve cells by activating Na+,
K+, and TRP ion channels, and damages the blood-brain barrier [117,122]. No effective
treatment has been established, and the efficacy of «-lipoic acid, glutathione, amifostine,
and vitamin E have been investigated, but data to support clinical application are not yet
available [123].

Although cisplatin is a very useful anticancer agent, these toxicities limit its usefulness,
and elucidating and controlling the mechanisms of this toxicity may be critical in successful
cancer chemotherapy.

Table 1. Incidence of each adverse event by cisplatin for HCC.

nausea 44% [124]
vomiting 44% [124]
myelosuppression 32% [125]
immunosuppression 18% [125]
hepatotoxicity 18% [126]
cardiotoxicity 6% [127]
nephrotoxicity 30-40% [84-86,90]
ototoxicity 20-70% [116]
neurotoxicity 19% to over 85% [117-120]

6. Cisplatin for HCC Treatment
6.1. Epidemiology and Treatment Algorithm for HCC

Primary liver cancer is the sixth most commonly diagnosed cancer worldwide with
approximately 906,000 new cases, and is the third leading cause of cancer death with
approximately 830,000 deaths in 2020 [128,129]. HCC is common in East Asia, Southeast
Asia, and North and West Africa, with increasing incidence in Europe and the United
States [128,130]. HCC accounts for 75-85% of primary liver cancers, followed by intra-
hepatic cholangiocarcinoma, which accounts for 10-15% of these cancers [128]. Major risk
factors vary according to region, with hepatitis B virus infection in Asia, hepatitis C virus
infection in Japan, and alcoholic liver disease and non-alcoholic fatty liver disease in Europe
and North America [129]. The survey mechanism of these patients for early detection of
HCC is important [131].

The Barcelona Clinic Liver Cancer (BCLC) staging system is widely used to classify
patients into very early (0), early (A), intermediate (B), advanced (C), and terminal (D)
stages according to the progression stage and the patient’s performance status. Trans-
arterial chemoembolization (TACE) is a local treatment method for inducing tumor necrosis
by the anticancer effect of local retention of anticancer drugs and the inhibitory effect of
embolization of tumor nutrient blood vessels, and cisplatin, doxorubicin, and epirubicin
are often used, with cisplatin being the most commonly used for HCC [132]. Despite
numerous reports showing the usefulness of cisplatin in TACE for HCC [133-136], no
inference on the superiority of any particular drug has been made [137]. According to the
European Association for the Study of the Liver (EASL) guidelines in 2018, TACE was
mainly the first choice in the intermediate stage [2]. However, with the advent of molecular
targeted agents (MTAs) and immune checkpoint inhibitors (ICIs), MTAs and/or ICIs have
become more effective even in the intermediate stage [138,139]. Therefore, according to the
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2022 update, TACE is recommended for HCC in the intermediate stage with well-defined
tumor size, and selective embolization with preserved portal vein blood flow and systemic
chemotherapy are recommended for diffuse, invasive, and extensive lesions [140]. The
concept of treatment stage migration (TSM), where a change to a preferred therapy at a
different stage is recommended if the initial recommendation fails or depending on the
individual patient profile, has been incorporated [140]. TACE may be recommended even
at very early-stage HCC.

Another HCC treatment using cisplatin is hepatic arterial infusion chemotherapy
(HAIC), which delivers high concentrations of anticancer drugs directly to target sites in the
liver via the hepatic artery, allowing for stable and continuous local administration of anti-
cancer drugs, thereby keeping the systemic concentration of anticancer drugs low. Although
the efficacy of HAIC using a regimen of cisplatin plus 5-FU has been reported [141-143],
HAIC is generally not recommended owing to the lack of evidence of improved prognosis
in large randomized trials of HAIC in patients with advanced HCC, and the risk of vascular
injury due to catheter and reservoir placement and management [144].

6.2. Molecular Mechanisms in TACE

As mentioned above, TACE is administered by injecting chemotherapeutic agents
directly into the hepatic artery that feeds the tumor and embolizing the artery with an
embolic substance. The ischemia caused by embolization leads to hypoxia in hepatocytes
and surrounding liver tissue [145]. In HCC, the hypoxia inducible factor (HIF) signaling
pathway is stimulated under hypoxia induced by TACE, among which, HIF1« is expressed
in an oxygen-dependent manner [146]. The induction of HIF-1x by hypoxia promotes
the expression of VEGFA, FGF2, and PDGFA in HCCs; VEGFA binds to VEGFR2 and
activates the PI3K/ACT and RAF/MAPK pathways, whereas FGF2 interacts with fibroblast
growth factor receptor 1 (FGFR1) and activates the RAF/MAPK pathway. By activating the
RAF/MAPK pathway, PDGFA activates MEK/ERK signaling via platelet-derived growth
factor receptor (PDGFR) [86]. These mechanisms promote HCC angiogenesis. The newly
formed vessels are usually hyperpermeable, creating areas of high interstitial pressure
and severe hypoxia or necrosis, promoting HCC progression and angiogenesis [86]. The
decrease in HIF1 o expression in endothelial cells of tumor vessels reduces the expression of
VEGEF and suppresses vascular growth and tumor size [147]. Serum VEGF in HCC patients
after TACE administration has been found to increase significantly with prolonged high
levels associated with distant metastasis and tumor growth [145,148,149]. Poor therapeutic
effects of TACE are associated with tumor angiogenesis in residual lesions after TACE, and
HIF1a and VEGF may play an important role in the regulation of these angiogenesis [150].

Regarding epigenetic changes after TACE, decreased miRNA-125b is involved in the
recurrence of HCC patients after adjuvant TACE [151]. miR-125b inhibits the translation of
HIF1la in HCC and is an important tumor suppressor [151]. This indicates that decreased
miRNA-125b contributes to HIF1e activation and may be involved with resistance to
TACE [151]. Furthermore, miR-200a [121], miR-133b, miR-26a, miR-107, and miR-106 [152],
and exosomal miR-122 [153] are miRNA changes that can be utilized as prognostic biomark-
ers for TACE, but further studies are needed to determine differences among different
anticancer agents including cisplatin.

In addition, circ-G004213 in exosomes is a potential predictor of the efficacy of TACE
with cisplatin [154]. Exosomes contain active substances such as DNA and noncoding
RNA (ncRNA), and circular RNA (circRNA), a type of ncRNA, is enriched in exosomes
and plays an important role in cancer biology [155]. Many circRNAs act as miRNA sponge
molecules and regulate gene expression [155]. High expression of circ-G004213 by TACE
interacts with miR-513b-5p and its target gene PRPF39, upregulating PRPF39 after TACE
and RPF39 was associated with cisplatin sensitivity [m], indicating that circ-G004213 /miR-
513b-5p/PRPF39 may be effective for predicting the therapeutic effects of cisplatin-based
TACE [154].
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6.3. Systemic Therapy and Cisplatin-Based TACE for HCC

Recently, the combination of TACE with systemic therapy for their cumulative ef-
fect has been investigated. Six chemicals have been approved as systemic therapies for
unresectable HCC based on Phase III clinical trials: sorafenib [156], regorafenib [157], lenva-
tinib [15], cabozantinib [158], ramucirumab [159], and atezolizumab plus bevacizumab
(atezo + bev) [16].

Systemic therapy for HCC is dominated by the combination of MTAs sorafenib and
lenvatinib and ICIs atezolizumab and bevacizumab, and the combination of these agents
with combination therapy with TACE is considered to be a new and potentially effective
strategy. The combination of TACE with sorafenib improves progression free survival
(PFS) and significantly prolong overall survival (OS) [160]. In addition, lenvatinib-TACE
sequential therapy, where TACE is performed after prior administration of lenvatinib, is
effective [139,161,162]. The effects of prior administration of lenvatinib are synergistic
effects: (1) tumor shrinkage and necrosis, (2) curative TACE and preservation of hepatic
functional reserve, (3) normalization of blood vessels for efficient and uniform distribution
of anticancer drugs, and (4) inhibition of angiogenesis induced by hypoxia after TACE
through VEGF inhabitation [65].

Tyrosine kinases inhibited by MTAs are a variety of proteins, including RTKs, which
are phosphorylated to regulate cell growth, differentiation, and death through various
intracellular signaling molecules (Table 2) [9]. RTKs typically involved in tumorigenesis in-
clude VEGEFR, EGFR, FGFR, PDGFR, and insulin receptors (INsR) [9]. The target molecules
of each of the MTAs are listed in Table 1. The combination of TACE and MTAs not only pro-
vides anti-proliferative and anti-angiogenic effects of these molecules via these molecules,
but also reduces vascular permeability and tumor stromal pressure by normalizing blood
vessels, which may improve the intratumor distribution of anticancer drugs [162,163].

Table 2. Molecular targeted agents and immune checkpoint inhibitors for HCC.

Drug Target References

Tyrosine Kinase Inhibitors

Almost 40 tyrosine kinases, such as c-RAF, B-RAF,
VEGFR1-3, PDGFR-«/ 3, c-Kit, FLT-3, and RET

c-RAF, wild-type and mutant (V600E) B-RAF,
VEGFR1-3, FGFR1-2, PDGEFR, KIT, RET,
Regorafenib angiopoietin 1 receptor (TIE2), and p-38-c (greater  [9,164,165]
potency to target VEGFR, KIT, TIE2, and RET
compared to Sorafenib)

Sorafenib [9,156,164]

Lenvatinib VEGFR1-3, FGFR1-4, PDGFR-«, KIT, and RET [9,15,164]
Cabozantinib VEGEFR 1-3, KIT, RET, TIE2, FLT3, c-MET, and AXL [9,158,164]
i - 159,164
VEGF Inhibitors Ramucirumab VEGFR-2 [9,159,164]
Bevacizumab VEGEFR2 by binding VEGF-A [9,164,165]
Immune Checkpoint Inhibitor ~ Atezolizumab PD-L1 [9,164,165]

c-RAF, c-rapidly accelerated fibrosarcoma; B-RAF, b-rapidly accelerated fibrosarcoma; VEGFR, vascular endothe-
lial growth factor receptor; PDGFR-«/ 3, platelet-derived growth factor receptor-a/3; FLT-3, fms like tyrosine
kinase 3; RET, rearranged during transfection; FGFR1-4, fibroblast growth factor receptors 1-4; TIE2, tyrosine
kinase with immunoglobulin-like and EGF-like domains; VEGFA, vascular endothelial growth factor A; PD-L1,
programmed death-ligand 1.

There is also growing evidence regarding the efficacy of HAIC combined with systemic
therapy for HCC. Recently, a randomized clinical trial of sorafenib combined with cisplatin-
based HAIC was conducted, and in a randomized phase 2 trial comparing HAIC plus
sorafenib versus sorafenib alone, the primary endpoint of OS was superior in the HAIC plus
sorafenib [17]. In addition, a phase 3 study (SILIUS study) comparing the combination of
sorafenib and HAIC with cisplatin plus 5-FU to sorafenib alone did not achieve a prolonged
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OS benefit with the combination of sorafenib and HAIC, but a sub-analysis showed that
only the tumor plug in the advanced portal vein had an additive effect [166].

Notably, TACE or HAIC with cisplatin may also be effective in the treatment of
MTA-resistant HCC, which is a clinical problem. In a basic study, we reported that cis-
platin induces G2/M cell cycle arrest through DNA damage response via the ATM/ATR-
Chk1/Chk2 signaling pathway in lenvatinib-resistant HCC and shows antitumor ef-
fects [167], and that in a real clinical setting, cisplatin combination on-demand TACE
was effective in patients with intrahepatic metastases who were resistant to sorafenib and
lenvatinib, leading to re-administration of lenvatinib [168]. Other authors have reported
cases demonstrating the efficacy of drug-eluting beads (DEB)-TACE with cisplatin for
rapidly growing tumors after atezolizumab plus bevacizumab therapy [169] and HAIC for
HCC with an inadequate response to initial TACE treatment and lenvatinib [170].

Regarding immunotherapy, in tumor specimens from surgically treated HCC patients,
the effects of TACE on the immune system have become clear, including that expression of
programmed death-1 (PD-1) and programmed death-ligand 1 (PD-L1) in tumor (Table 2) is
considerably higher in patients undergoing preoperative TACE [171], TACE-induced tumor
cell necrosis increases the release of tumor-associated antigens and CD4+ T cells [172].
Cisplatin also enhances PD-L1 expression in certain cancer types and may be effective in
combination therapy with ICI [173,174], and a similar mechanism has been suggested in
HCC [175,176]. These findings suggest that combination therapy with TACE and ICI using
cisplatin may be a promising treatment option. In addition, clinical trials of the three-drug
combination of TACE, MTAs, and ICI are underway, with the three-drug combination
achieving a conversion rate to surgical resection as high as 42%, indicating that surgical
resection can maximize the outcome of patients with unresectable HCC [177].

With the rapid spread of clinical use of MTA and ICI, synergistic effects can be expected
from the combination of systemic therapy and cisplatin-based TACE or HAIC, and this
combination therapy is expected to be a new treatment strategy for MTA- and ICI-resistant
HCC that is more effective and can continue systemic therapy for longer periods (Table 3).

Table 3. Clinical trials of cisplatin in combination with molecular targeted agents and immune
checkpoint inhibitors for HCC.

Molecular targeted agents

Sorafenib HCC with portal vein invasion [178]
Advanced HCC [179]
HCC with portal vein tumor thrombosis [180]
Advanced HCC [181]
Advanced HCC [166]
Unresectable HCC [182]
Advanced HCC [183]
Unresectable HCC [184]
Advanced HCC [185]
Pediatric HCC [186]

Immune checkpoint inhibitors

Atezolizumab Advanced HCC [187]

7. Cisplatin and Treatment of Cholangiocarcinoma

Cholangiocarcinoma (CCA) is an invasive malignant tumor arising from the biliary
epithelium; intrahepatic CCA arising from the small intrahepatic bile duct upstream of the
right and left hepatic ducts accounts for 20% [188]. Perihepatic CCA arising from second
biliary ducts segmentation through common hepatic duct accounts for 50-60%, and distal
CCA arising from common bile duct downstream from the confluence of the bile duct
accounts for 20-30%, which were previously classified as extrahepatic CCA. CCA is a rare
malignancy that accounts for approximately 3% of all digestive cancers, with an annual
incidence of 2 per 100,000 people in Western countries, but has been reported to be on
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the rise in recent years [189]. Similar to HCC, intrahepatic CCC has also been associated
with an increased incidence of chronic liver disease related to alcohol consumption and
metabolic syndrome. CCA is largely unresectable (60-70%) at diagnosis, and systemic
chemotherapy is indicated for systemic chemotherapy [188], although there are consider-
ably fewer regimens recommended as first-line regimen. Owing to the complexity of early
detection and few treatment options, the median overall survival of CCA was reported to
be below 12 months and the 5-year survival rate below 5%, representing an extremely poor
prognosis [190,191].

Randomized comparisons of gemcitabine (GEM) plus cisplatin (CIS) vs. GEM alone in
the ABC-01 phase II and ABC-02 phase III trials showed a significant survival advantage
with GEM/CIS therapy [192,193]. The ABC-02 phase III trial showed that GEM/CIS
therapy was significantly superior to GEM alone, regardless of tumor stage or location, with
a median overall survival (OS) of 11.7 and 8.1 months, respectively [193]. A comparative
study in an Asian population using a similar regimen was conducted and showed favorable
results with GEM/CIS therapy [194]. Since then, the first-line standard has been 24 weeks,
or 8 cycles of CG therapy. In a phase II trial, a three-drug combination therapy (GCS
therapy) with S-1 added to GEM/CIS therapy was tried, the results were excellent, with
a response rate of 24% and a median OS of 16.2 months [195]. The KHBO1401 phase
III trial comparing GCS and GEM/CIS therapy was subsequently conducted, proving
the superiority of GCS therapy over GEM/CIS therapy [196]. GCS therapy is now being
positioned as a new treatment option. In fact, several oncogenic drivers, i.e., FGFRs or
isoforms 1 and 2 isocitrate dehydrogenase (IDH1/2), have recently been identified as
potential useful therapeutic targets for CCA [197], but the usefulness of MTAs for CCA has
not been well demonstrated. In combination therapy with cytotoxic agents and MTAs, the
clinical study of GEM/CIS therapy plus cediranib, a vascular endothelial growth factor
receptor inhibitor, was conducted but did not yield promising results [198]. Therefore,
there have been limited anticancer drug regimens other than GEM/CIS therapy for first-
line treatment of CCA, but with the advent of immunotherapy in 2022, that therapeutic
strategy is about to undergo a breakthrough. In the phase IIl TOPAZ-1 trial, patients with
advanced CCA were randomized to receive durvalumab, anti-PD-L1 inhibitor, or placebo
for eight cycles combined with standard GEM/CIS therapy. The duravalumab group
had significantly better OS, PFS, and objective response rate than the placebo group [199].
Interestingly, the combination of GEM/CIS therapy and durvalumab improved PFS when
PD-L1 positivity in the tumor area was >1%, but had no significant impact on OS, indicating
that it is important to identify biomarkers that predict response to immunotherapy. In
addition, it is necessary to evaluate whether there is a long-term survival benefit typical of
armored vehicles for cancer immunotherapy in the future.

The cellular mechanisms of GEM resistance to common cancers include altered drug
metabolism, decreased drug accumulation in cancer cells, and activation of pro-survival
pathways, which are common to CIS [163,200]. In addition, CIS resistance is enhanced
by the activation of DNA damage repair [201]. By inhibiting Akt serine/threonine kinase
activity, GEM can increase the retention of platinum drugs, such as CIS, owing to decreased
DNA repair, making GEM/CIS therapy an excellent drug synergist [202]. In addition, CIS
resistance can be reversed by combining GEM in several types of cancer [203,204]. Al-
though GEM/CIS therapy is highly effective in the treatment of certain cases of CCA, drug
resistance progresses rapidly in other cases. The resistance mechanism of GEM/CIS therapy
is essential to enhancing its therapeutic effects. The recent study on GEM sensitivity to CCA
showed that serum thrombospondin-1 (TSP1) could predict gemcitabine sensitivity in CCA
patients, and in a functional analysis, TSP1 enhanced the effect of GEM [205]. Interestingly,
a basic study that established GEM/CIS-resistant CCA cells and analyzed their resistance
mechanism showed that resistant CCA acquired vulnerability to the molecular second
mitochondrial activator of caspase (SMAC) mimetics, LCL161 and Birinapant, and was
associated with increased expression of apoptosis inhibitory protein 2 (cIAP2), a known
target of SMAC mimetics [206]. Analysis in xenograft models of GEM/CIS-resistant CCA
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cells also showed that LCL161 downregulated clAP2 expression and restored sensitivity
to GEM/CIS, suggesting that the combination of LCL161 and GEM/CIS could prevent
the emergence of drug resistance in CCA. Another study on N6-methyladenosine (mé6
A) modification, which plays an important role in chemotherapy resistance, showed that
CIS-resistant CCA tissue YTH domain family 2 (YTHDF2) expression was upregulated
and correlated with poor prognosis [207]. YTHDF2 silencing caused cell cycle arrest and
promoted apoptosis in cisplatin-resistant CCA cells, and decreased YHHDEF2 expression
restored cisplatin resistance in CCA cells. Although preclinical studies on chemotherapy
for CCA are lacking, compared to those on other cancer types, elucidating the mechanisms
of chemotherapy, particularly GEM/CIS, will not only provide biomarkers for selecting
treatment regimens for patients with advanced CCA, but will contribute to therapeutic
strategies, such as combination drugs, to overcome drug resistance.

8. Cisplatin for Pediatric Liver Tumors

Primary liver tumors account for 0.5-1.5% of tumors that occur in children [17] and are
rare, with an incidence of approximately 1.6 cases per million children aged 0-14 years [208].
Hepatoblastoma (HB) is the most common (67-80%) type, followed by HCC, which ac-
counts for 20-30% of the aforementioned cases [209]. HB generally develops in infancy,
from 6 months to 3 years of age, and is the most common liver cancer among children
under 3 years of age, decreasing after 5 years of age [209,210]. The male-to-female ratio
is 1.6:1.0, with a predilection for boys [209,210]. The etiology of HB is unknown, but is
associated with very low birth weight and various genetic disorders [210]. In contrast,
most cases of HCC are adult-onset, with only a few pediatric cases, accounting for only
0.4 cases per million children aged 0-14 years [211]. Unlike adults, the etiology is unclear
in most pediatric cases [208]. However, HCC occurring in underlying liver disease includes
infections, such as HBV, and metabolic diseases, such as tyrosinemia and Alagille syndrome,
with causes having regional variations depending on the prevalence of HBV [208,211,212].

Preoperative and postoperative chemotherapy and surgical approaches including
hepatectomy and liver transplantation are effective in the treatment of HB and HCC [211].
HB combined with preoperative and postoperative chemotherapy has greatly improved
outcomes [209]. In fact, the recurrence-free survival (EFS) and overall survival (OS) rates
for HB are very high, ranging from about 30% in the 1970s to 70-90% in the 2010s [208].
Conversely, HCC is generally less sensitive to chemotherapy than HB [213], but preopera-
tive chemotherapy may lower the stage of the cancer to a level where surgical resection
is possible, and postoperative chemotherapy may minimize the risk of recurrence and
metastasis [211]. Therefore, chemotherapy is a major determinant of the success of the
surgical approach, and cisplatin is one of the key anticancer agents in that chemotherapy.
Historically, HB and HCC have been treated with the same protocols. SIOPEL-1, the
first other center trial by SIOPEL, included all HB patients introduced to PLADO (CDDP:
80 mg/m?, DXR 60 mg/m?) as preoperative chemotherapy, which showed a 5-year EFS of
66% and a favorable OS of 75% [214]. Moreover, 18 of 37 patients (49%) with HCC exhibited
a partial response to PLADO, indicating that HCC can be sensitive to chemotherapy, unlike
adult patients, but complete tumor resection was achieved in 14 of 39 patients (36%), and
the 5-year EFS and OS accounted for 17% and 28% of the cases, respectively, which were
not as good as the HB outcomes [215,216]. In subsequent SIOPEL-2 and SIOPEL-3 clini-
cal trials, cisplatin-based regimens also showed remarkable OS and EFS in HB [217,218],
but HCC did not show comparable efficacy to HB [217-219]. In addition, for such rare
cancers, multicenter collaborative studies are essential to establishing high-quality evi-
dence. Therefore, the Children’s Hepatic tumors International Collaboration (CHIC) was
established in 2011, and is a collaboration of the Children Oncology Group (COG), Society
of Liver Tumor Study Group (SIOPEL), the German Society of Pediatric Oncology and
Hematology (GPOH), and the Japanese Study Group for Pediatric Liver Tumor (JPLT),
the Pediatric Hepatitis International Treatment Trial (PHITT) was established to pursue
optimal treatment [220,221].
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The most problematic side effect of cisplatin in children is ototoxicity, the incidence of
which ranges from 26% to more than 90% [222]. Cisplatin-induced hearing loss is generally
bilateral, sensorineural, and permanent, and the degeneration of inner and outer hair
cells of the cochlea involved in ototoxicity cannot be regenerated once damaged [223].
High frequencies (>4000 Hz) are initially affected, but may gradually progress to low
frequencies (500-4000 Hz) necessary for understanding language, which may also affect
language development [224]. Hearing loss is higher with higher cumulative doses of
cisplatin or when treated from an early age [224]. Approximately 50% of children treated
with cisplatin have some degree of permanent hearing loss, up to 90% have moderate-to-
severe hearing loss, and up to 25% have severe hearing loss when cumulative doses exceed
400 mg/m? [225]. Long-term surveillance is important in young patients until language
development is complete, as ototoxicity can occur even after treatment is completed [226].

Although there is no clear prophylaxis for ototoxicity, the efficacy of sodium thio-
sulfate administration has been reported in several studies, with the addition of sodium
thiosulfate reportedly reducing the risk of hearing loss by 48% [227,228]. Sodium thiosul-
fate acts as a reactive oxygen scavenger [224,228], and amifostine and D-methionine may
be effective through a similar mechanism [224,229-231]. In clinical use, sodium thiosulfate
is strongly recommended, particularly for non-metastatic hepatoblastoma [228]. Similar
to the anticancer effects of cisplatin, the mechanism of ototoxicity is also thought to be
due to cell cycle arrest and apoptosis caused by inhibition of DNA synthesis and RNA
transcription associated with intra/inter-strand cross-linking of DNA strands, and cell
death associated with caspase activation due to the production of ROS [229]. Therefore,
local administration of auriculoprotective agents has generated great interest, dispelling
concerns that they interfere with anticancer effects, and the efficacy of trans-ear drum
administration of N-acetylcysteine is expected; however, lack of sufficient data has not led
to a recommendation for clinical use [228].

9. Conclusions

Cisplatin, the first platinum-based compound approved as an anticancer drug, and
other platinum-based compounds are the most effective in the treatment of various solid
tumors, including hepatocellular carcinoma (HCC).

The most common mechanism by which platinum-based drugs exert their anticancer
effects is by inducing cell death through inhibition of DNA replication and transcription.
However, as with other anticancer drugs, they damage cancer and normal cells, and side
effects to non-target organs and the acquisition of resistance remain critical problems, thus
limiting their use. Various similar compounds have been developed to reduce side effects,
and currently only two platinum drugs, carboplatin and oxaliplatin, other than cisplatin
have been approved worldwide.

HCC is the most common primary liver tumor and is often diagnosed at an unre-
sectable advanced stage. TACE and systemic chemotherapy are used to treat unresectable
HCC. Systemic chemotherapy with doxorubicin or chemohormonal therapy with tamoxifen
has also been investigated, but neither has demonstrated survival advantages. However,
molecular-targeted agents and immune checkpoint inhibitors are effective as systemic
therapy for unresectable HCC, and synergistic effects are expected when cisplatin is admin-
istered transhepatic arterially for treatment and then combined with systemic therapy.
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