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Abstract: Cisplatin (CDDP), carboplatin (CP), and oxaliplatin (OXP) are three platinating agents
clinically approved worldwide for use against a variety of cancers. They are canonically known as
DNA damage inducers; however, that is only one of their mechanisms of cytotoxicity. CDDP medi-
ates its effects through DNA damage-induced transcription inhibition and apoptotic signalling. In
addition, CDDP targets the endoplasmic reticulum (ER) to induce ER-stress, the mitochondria via
mitochondrial DNA damage leading to ROS production, and the plasma membrane and cytoskele-
tal components. CP acts in a similar fashion to CDDP by inducing DNA damage, mitochondrial
damage, and ER stress. Additionally, CP is also able to upregulate micro-RNA activity, enhancing
intrinsic apoptosis. OXP, on the other hand, at first induces damage to all the same targets as CDDP
and CP, yet it is also capable of inducing immunogenic cell death via ER stress and can decrease
ribosome biogenesis through its nucleolar effects. In this comprehensive review, we provide de-
tailed mechanisms of action for the three platinating agents, going beyond their nuclear effects to
include their cytoplasmic impact within cancer cells. In addition, we cover their current clinical use
and limitations, including side effects and mechanisms of resistance.

Keywords: cisplatin; carboplatin; oxaliplatin; cellular uptake; DNA damage; transcription regula-
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pumps; ribosome biogenesis; ER stress response; immunogenic cell death; interstrand and in-
trastrand DNA cross-links

1. Introduction

During the first world war the field of cancer treatment shifted from a surgical- and
radiology-focus thanks to the use of the mustard gas [1]. A paper published in 1946 based
on patients with non-Hodgkin’s Lymphoma going into remission after treatment with a
mustard gas analogue pushed the research towards the development of chemotherapeutic
compounds such as methotrexate, thiopurines, and 5-fluorouracil [2]. All previous drugs
share in common that they are all organic chemicals; in the 1960s, however, the discovery
of an inorganic, metallic compound with both cytostatic antibacterial and cytotoxic anti-
cancer behaviour termed cisplatin exploded the field of anticancer research into a com-
pletely different avenue [3, 4]. Although metal-based compounds were used since antig-
uity as treatment for many diseases, platinum-based compounds, like cisplatin, showed
cytotoxic benefit in cancer unlike any other metal, due to their higher selectivity, lower
toxicity, and broader spectrum of activity [3, 4]. Following cisplatin, several platinum (Pt)-
analogues were developed, although only two were globally approved for usage in the
clinic: carboplatin and oxaliplatin. Few others were approved only on a country-specific
basis and will not be discussed here [5-7].
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Since the approval of cisplatin in the late 1970s, Pt-based drugs have remained as
prominent anticancer drugs, and are the dominant treatment for many solid tumours, in-
cluding testicular, ovarian, bladder and colorectal cancers. Cisplatin, carboplatin and ox-
aliplatin are all considered to canonically act via the generation of DNA adducts which
lead to subsequent DNA damage; however, the scope of their complete cytotoxicity within
the cell is much broader and not limited only to the nucleus [6-8]. In this review, we sum-
marize what is known about the three most popularly approved Pt-based drugs as it fol-
lows: (1) usage of Pt drugs in clinical and research settings; (2) investigation of their mech-
anisms of action, including uptake, repair, and organelle-specific effects; (3) limitations of
their utilization based on side effects and drug resistance.

2. Cisplatin: the first platinating agent

Cisplatin, also referred to as cis-diamminedichloroplatinum (II) (CDDP) (Figure 1),
is a widely used, Pt-based anti-cancer chemotherapeutic agent. This transition metal co-
ordination complex has a square planar molecular geometry and presents as a solid, yel-
low powder at room temperature [9] . CDDP is fairly insoluble in most substances; how-
ever, it can be dissolved in dimethylformamide, and is somewhat soluble in water, but
most preferable in saline sodium [9]. In solid form, CDDP is stable for about two years if
stored at room temperature in dry conditions and light protected; however, it is known to
convert slowly to its trans-form [9]. The stability of CDDP in sodium chloride solution is
dependent on the chloride ion concentration; its higher stability is when suspended in at
least 0.2% sodium chloride solution [10].
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Figure 1. Structural formula of cisplatin. The molecule was adapted from the structure published
in the CheBI database [11] using ChemDraw software.

Originally known as Peyrone’s salt, CDDP was first synthesized in 1844 by Michele
Peyrone [12]. Despite its early discovery, the structure of CDDP was not determined until
1893 by Alfred Werner, and its potential as an anti-cancer agent was not elucidated until
the 1960s by Barnett Rosenberg [13-15]. In 1965, Rosenberg sought to determine the effect
of electric fields on the division of Escherichia coli (E. coli), but inadvertently rediscovered
new properties of CDDP. Using Pt electrodes, Rosenberg and his team applied a current
to a chamber containing a solution with E. coli; they found that the bacteria stopped di-
viding but continued to grow up to 300 times their normal size [13]. Over the following
two years, Rosenberg determined that it was not the electric field causing this effect, but
rather the electrolysis products formed from the Pt electrodes. A number of products were
formed after the passing of a current; however, following chemical analysis, CDDP was
found to be the active agent [13]. In 1969, Rosenberg expanded his work with CDDP into
mammalian systems. Mouse models were used to determine the efficacy of CDDP against
sarcoma-180 and leukemia L1210 tumors [14]. In both cases, intraperitoneal injection of
CDDP caused a halt of cancer growth, decreasing mean tumour mass of the sarcomas, and
increasing the mean survival time of the mice with leukemia [14]. The use of CDDP in
clinical trials began in 1971 and yielded positive results in support of the compound as an
anti-cancer drug [16, 17]. While many researchers were in favour of using CDDP as a po-
tential therapeutic agent, there were those that doubted its usefulness due to the toxicity
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associated with injection of the heavy metal. Neurotoxicity, nephrotoxicity, and ototoxi-
city were all among the list of concerns with utilizing CDDP for cancer treatment [18-20].
Despite the reservations regarding its toxicity, however, CDDP was first approved in 1978
by the United States Food and Drug Administration (US FDA) for its use against ovarian
and testicular cancers [7]. Since its FDA approval, CDDP revolutionized cancer therapy,
shifting the established cancer treatment paradigm towards heavy metal adjuvant ther-
apy, and providing options for cancers once deemed untreatable [2].

2.1. Clinical usage of cisplatin

CDDP, despite being approved over 40 years ago, is still used today against many
cancers. These include breast, ovarian, testicular, head and neck, esophageal, lung, blad-
der, and brain tumours [21]. The rise in the use of CDDP for treatment of these cancers
resulted in a marked increase in survival, with testicular cancer as a particularly remark-
able example. Prior to CDDP treatment, disease-free survival rates for testicular cancer
ranged from 5-10%; however, with the introduction of CDDP in the 1980s, these rates
drastically increased to 85% [22]. Today, testicular cancer is virtually curable in the early
stages, with the disease-free survival hovering at 95% [23]. CDDP, in addition to working
well as a cancer therapeutic on its own, also contributed to the practice of combination
chemotherapy, becoming a base upon which, many mixed therapies were developed [9].
CDDP is currently approved in combination with over twenty other anti-cancer drugs for
the treatment of a variety of cancers, and hundreds of trials are currently being performed
using CDDP in combination with other drugs [9, 24].

2.2. Cellular uptake of cisplatin

CDDP is most commonly administered as cycles of IV injection given every three to
four weeks. In the blood, roughly 90% of CDDP is sequestered by plasma proteins, leaving
just 10% to access tissues [25]. The mechanism of CDDP uptake into cells is currently a
subject of debate. Initially, it was thought that CDDP entered the cell solely through pas-
sive diffusion due to its relatively small size and neutral charge. Indeed, the ability of
CDDP to diffuse through lipid bilayers has been shown extensively in vitro [26-28]. In
addition, key pieces of evidence support the notion of a mainly passive mode of CDDP
transport. First, it has been demonstrated that intracellular CDDP uptake remains un-
changed upon co-treatment with analogs [29, 30]. Human ovarian carcinoma cells were
treated with CDDP along with excess carboplatin, transplatin, and cis-PdCl2(NHzs)2. The
presence of these structural analogs were unable to inhibit CDDP uptake, even when us-
ing concentrations 60-fold higher than that of CDDP in the case of carboplatin [29]. Cis-
PdCl2(NHs)2 was the only compound capable of decreasing CDDP uptake, reducing accu-
mulation by 20%. However, the authors suggest that this decrease was likely due to non-
specific damage from the reactive palladium compound, rather than to inhibition of a
transport protein which would have had an expected decrease of 70% [29]. Additional
support for passive diffusion comes from a 1973 study in which Gale ef al. found that
accumulation of cis-diammine(dipyridine) Pt (II) could not be saturated in Ehrlich ascites
tumour cells. Indeed, the rate of uptake remained linear up until the compound reached
its saturation limit in DMSO [26]. Since then, this finding has been confirmed by others
using CDDP in other cell lines [31, 32].

The idea that CDDP accumulation may involve more than simple passive diffusion,
however, arose through studies of CDDP resistance. In 2002, Ishida et al. found a connec-
tion between the high affinity copper uptake protein 1 (CTR1) and CDDP resistance. CTR1
knockouts in yeast resulted in a decreased CDDP uptake and provided resistance to the
cells, allowing them to grow in otherwise toxic doses of CDDP [33]. In addition, cells
that were found to be resistant to copper transport were often found to be cross-resistant
to CDDP, suggesting copper transporter involvement in CDDP uptake. Indeed, yeast with
CTR1 knockouts were found to have a 30% decrease in CDDP adduct formation compared
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to wild-type cells following CDDP treatment [33]. Likewise, this phenomenon was mir-
rored in mammalian cell lines. Homozygous CTR1-knockout mouse ovarian cells were 8-
fold more resistant to CDDP than wild-type cells, while heterozygous mutants displayed
a 4-fold higher resistance [33]. Katano et al. similarly demonstrated cross-resistance to
CDDP in copper transport resistant cell lines [34]. They found that CDDP resistant cell
lines had lower overall intracellular copper concentrations, and that these cells also
showed lower rates of copper and CDDP accumulation [34]. Although these studies
demonstrate a correlation between CTR1 activity and CDDP uptake, it is still debated
whether increased CDDP uptake by CTR1 translates into increased toxicity. In fact, some
argue that while CTR1 may transport CDDP, it does not significantly contribute to CDDP
toxicity. Holzer et al., for example, found that increased CTR1 expression increased CDDP
uptake in ovarian cancer cells, but that there was no resulting increase in cytotoxicity or
DNA adduct formation [35]. Rather, they suggest that CTR1 mediated CDDP transport
results in sequestration of CDDP in such a way that it cannot access the DNA, preventing
CDDP transported by CTR1 from contributing to cytotoxicity [35]. Holzer et al. subse-
quently demonstrated that treatment with CDDP actually leads to degradation of both
exogenous and endogenous CTR1 on the plasma membrane, a phenomenon that was also
observed upon copper treatment [36, 37]. However, the internalization and degradation
of CTR1 following CDDP treatment has been disputed by other groups [31, 38, 39]. It is
even argued that CTR1 does not act at all as a CDDP transporter. Kalayda et al. and Beretta
et al. found that increased expression of CTR1 did not increase CDDP influx in ovarian
carcinoma cells and cervical carcinoma cells respectively, in direct opposition to previous
work in support of CDDP uptake by CTR1 [38, 40]. Another important point to consider
is that CTR1 mediated transport of CDDP seems to be tissue specific [31, 41]. For example,
out of five small-cell lung cancer cell lines, only one showed a correlation between de-
creased CTR1 levels and increased resistance to CDDP [42].

Another transporter seemingly implicated in CDDP accumulation is a Na*/K*-
ATPase. In 1991, Andrews et al. found that CDDP uptake in OV2008 human ovarian car-
cinoma cells was decreased by 50% upon treatment with the Na*/K*-ATPase inhibitor oua-
bain [43]. In addition, they found that depleting ATP reduced CDDP accumulation [43].
This result has since been replicated by other groups. In 2006, Kishimoto ef al. compared
a parental CDDP-sensitive H4-1I-E cell line with a CDDP-resistant H4-II-E cell line. They
found through western blotting that the CDDP-resistant cell line expressed lower levels
of the Na*/K*-ATPase alpha subunit [44]. In addition, upon depleting ATP using antimy-
cin A, CDDP accumulation was decreased in the sensitive cells, but not in the resistant
cells [44]. This evidence suggests a potential role for active transport in CDDP accumula-
tion that may be lost as a mechanism of CDDP resistance [44]. Interestingly, Andrews et
al. noticed in their study that the net Na*/K*-ATPase levels and activity were virtually
identical in CDDP sensitive and resistant cells [43]. They also found that CDDP accumu-
lation was partially sodium dependent, and that it may depend on the electrochemical
gradient maintained by Na*/K*-ATPase, in addition to the active CDDP transport [43].
Incubation in low sodium media or other conditions that disrupted the sodium gradient
resulted in a significant decrease in CDDP accumulation [43]. Likewise, excess potassium
resulted in a drastic 5-fold increase in CDDP influx, suggesting a relationship between the
membrane polarization state and CDDP accumulation, in which membrane depolariza-
tion increases CDDP uptake [45]. This relationship was further examined by Andrews et
al. who showed that two CDDP resistant cell lines had elevated basal membrane poten-
tials in comparison to CDDP sensitive cell lines [45]. In summary, CDDP transport is likely
a combination of passive, facilitated, and active transport mechanisms. However, it is un-
known how much of a role each mechanism plays in overall CDDP transport. Further
work must be done to reconcile the conflicting evidence presented in this review, as CDDP
transporters could present as an attractive target for CDDP-resistant cancer cases.
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2.3. DNA as the primary target of cisplatin

The most well-studied mechanism of CDDP mediated cell death is nuclear DNA
damage following intracellular uptake. In the plasma, CDDP is relatively unreactive as
the high chloride concentration (~100 mM) prevents the displacement of the chloride leav-
ing groups [46]. The intracellular chloride concentration, however, is much lower, varying
between 5 and 60 mM. The decreased chloride concentration within the cell favours the
aquation of CDDP, resulting in a di-aquo species [47-49]. The resulting compound,
(Pt(H20)2(NHs)2)?, is a powerful electrophile that can bind a variety of cellular constitu-
ents, one of which being the highly nucleophilic N7-sites on the purine bases of the DNA
[48]. CDDP can fit well into the major groove of the DNA helix, allowing easy access for
adduct formation [48]. The major adducts formed by CDDP can be grouped into three
major types: intrastrand crosslinks, interstrand crosslinks, and mono-functional adducts
[48]. The majority (~90%) of CDDP adducts are intrastrand crosslinks; 65% are 1,2-d(GpG)
intrastrand crosslinks, 25% are 1,2-d(ApG) intrastrand crosslinks, and 5% are 1,3-
d(GpXpG) intrastrand crosslinks. The remaining 5% of adducts are comprised of 2-5%
interstrand d(GpG) crosslinks, and less than 1% are CDDP mono-functional adducts [48,
50-52]. As the majority, intrastrand crosslinks are commonly thought to be the primary
lesion responsible for CDDP cytotoxicity, however, the roles of interstrand crosslinks and
mono-functional adducts have not been fully elucidated, and therefore, cannot be dis-
counted when considering CDDP mediated cell death [9]. Indeed, recent studies provide
evidence for interstrand crosslinks as significant contributors to CDDP toxicity and will
be discussed later.

The ability of CDDP to inflict DNA damage has been known since the 1970s and is
considered the principal mechanism of CDDP-mediated toxicity [53-57]. Yet, the exact
mechanisms of how CDDP DNA damage results in cell death remain unclear, in part due
to the complex and multifaceted nature of how CDDP causes damage to the cell, and how
the cell chooses to respond in turn. One long contested subject is the importance of repli-
cation and transcription stalling in CDDP-mediated cell death. Initially, it was thought
that the main mechanism of cell death was inhibition of DNA synthesis, achieved through
blocking DNA replication machinery by CDDP-DNA adducts [58, 59]. In the late 1980s,
studies by Sorenson and Eastman shifted this established paradigm away from inhibition
of DNA synthesis towards prevention of RNA transcription as the primary culprit of
CDDP related cell death [60-62]. The results of these studies made two important points
that casted doubt on the inhibition of DNA synthesis as a mechanism of CDDP-mediated
cell death. First, cells treated with CDDP typically arrest within the G2 phase of the cell
cycle, not the S phase as would be expected with inhibition of DNA synthesis [60]. Second,
in studies of DNA repair-deficient mouse ovarian cell lines, treatment with doses of
CDDP known not to inhibit DNA synthesis were still found to be capable of inducing G2
growth arrest and apoptosis [61]. In addition, they found that DNA was able to double
even in cells that did not divide [60, 62]. Rather, Sorenson and Eastman point to inhibition
of transcription as the key mechanism of CDDP toxicity, suggesting that G2 arrest is a
result of decreased whole-cell RNA and protein levels [60, 62].

2.4. Cisplatin inhibits transcription

The ability of CDDP to inhibit transcription by RNA polymerase II (pol II) has been
widely documented [63-69]. Corda et al. provided early evidence of this phenomenon in
the 1990s. They showed that, in vitro, transcription of a template strand was blocked by
CDDP adducts, while the complementary strand was able to be transcribed [66]. Later,
they determined that ribonucleotide addition was differentially affected by different
CDDP-DNA adducts. For example, d(GpG) intrastrand crosslinks inhibited Pol II to a
higher degree than d(ApG) crosslinks [67]. It was determined that d(GpG) lowered the
binding affinity of pol II to the DNA template, while no such effect was observed with
d(ApG) crosslinks [67]. Comparing interstrand and intrastrand crosslinks revealed that
both types of CDDP adducts where capable of diminishing single nucleotide addition by
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pol II, and that both were able to irreversibly blocking nucleotide elongation [68]. Inter-
estingly, both the cis- and trans- isomers of DDP can inhibit DNA replication, decreasing
DNA synthesis to a similar degree. Yet, the trans isomer is significantly less potent and
dangerous to cancer cells than CDDP [69]. This provides further evidence that inhibition
of DNA replication is not the main culprit in CDDP mediated cell death. Indeed, in 1995,
Mello et al. provided in vivo evidence that CDDP blocked transcript elongation of a plas-
mid template in mammalian cells 2-fold more than transplatin [69]. Furthermore, they
provided evidence that the difference between CDDP and transplatin was not due to pref-
erential repair of transplatin lesions by nucleotide excision repair (NER) or due to a de-
creased number of transplatin adducts compared to CDDP [69]. Finally, 60-76% of trans-
platin adducts could be bypassed by Pol 2, while only 0-17% of CDDP adducts could be
bypassed by the enzyme [69].

CDDP damage decreases transcription levels through three mechanisms; sequestra-
tion of transcription factors, physical blockade of transcriptional complexes, and through
chromatin alterations [70]. In 1997, Vichi et al. were able to prove, through in vitro experi-
ments utilizing reconstituted transcriptional systems, that the presence of CDDP-dam-
aged DNA resulted in a 4-fold reduction in transcription compared to an undamaged tem-
plate [71]. Indeed, this finding was again validated by another group in 1999, providing
further evidence that transcription can be repressed by CDDP-DNA adducts [72]. Moreo-
ver, the TATA binding protein (TBP) was shown to directly bind CDDP-DNA adducts in
nitrocellulose filter binding assays, and incubating CDDP-damaged DNA with TBP in a
recombinant transcriptional system drastically reduced transcription of the undamaged
template [71]. Even when the template DNA contained TATA box motifs, TBP still pref-
erentially bound CDDP-DNA adducts and only by re-introducing excess TBP into the as-
say reaction was the transcriptional repression alleviated [71]. This suggests that CDDP-
damaged DNA acts as a competitive inhibitor of the TBP-TATA box interaction and inter-
feres with transcription through sequestering essential transcriptional machinery [71].
This phenomenon was also seen with other components involved in the transcription
complex such as TFIIB and TFIIH, however to a somewhat lesser degree than with TBP
[71]. Sequestration by CDDP-damaged DNA has since been demonstrated with other
transcription factors. For example, the rRNA transcription factor known as the upstream
binding factor (UBF) is also sequestered by CDDP-DNA damage [73, 74]. UBF tightly
binds 1,2-dGpG intrastrand crosslinks, preventing rRNA transcription in vitro [73, 74]. In
this way, sequestering UBF could halt the production of rRNA, a necessary process during
cell proliferation and growth, and contribute to CDDP toxicity [74]. In addition, the Y-box,
HMGBI, and the SSRP1-Spt16 complex are all important transcription factors that have
each been shown to specifically bind to CDDP-DNA adducts with high specificity, and
likely contribute to transcription inhibition by CDDP [75-77].

Initial evidence for the physical blocking of transcription machinery directly by
CDDP adducts was provided by Mymyrk et al. in 1995, when they showed that CDDP
adducts could block NF1 binding to template DNA [78]. Indeed, in vitro studies confirmed
that CDDP-damaged DNA could block NF1 transcription factor binding. The template
DNA utilized had no chromatin structure, confirming that CDDP was not inducing a
change in chromatin conformation that blocked NF1 binding in this experiment [78]. In
other words, CDDP-adducts alone were shown to be sufficient to directly block transcrip-
tion factor binding, either through steric hindrance or through DNA helix distortion [78].
A clearer picture of how CDDP blocks Pol II came from a structural study of yeast Pol II
in complex with a CDDP-damaged nucleotide scaffold [79]. In this study, a d(GpG) in-
trastrand lesion was specifically placed on the +2/+3 position of the template scaffold, with
the +1 position being where ribonucleotide addition takes place. The authors found that
the bulky CDDP lesion prevent the afflicted base from being stably accommodated in the
Pol II active site. Indeed, backtracking of the polymerase occurred when the lesion was
attempted to be placed in the active site [79]. The authors therefore proposed that CDDP
acts as a translocation barrier of sorts, preventing the adducted base from correctly bind-
ing the active site of Pol II, thereby physically stopping Pol II in its tracks [79]. Another
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observation was the misincorporation of AMP by the Pol II elongation complex at the site
of lesion, creating a G-A mismatch [79]. The phenomenon of AMP misincorporation by
stalled polymerases is well documented, and is known as the A-rule [80]. However, Pol II
stalling was shown to occur regardless of the presence of the G-A mismatch, further sug-
gesting a bulky lesion translocation barrier as the main feature in Pol II stalling [79].

The final mechanism thought to contribute to transcriptional inhibition is the disrup-
tion of nucleosome dynamics. The condensation of eukaryotic DNA into chromatin pro-
vides a dual function; allowing the DNA to fit within the nucleus of the cell acting as a
level of regulation for gene expression [81]. The nucleosome is the base unit of chromatin
structure and consists of DNA coiled around histone core proteins. The wrapped DNA
becomes inaccessible to the transcription machinery, and thus, chromatin remodelling
through nucleosome mobility is critical for ensuring successful gene transcription [82].
CDDP has been shown to interfere with nucleosome dynamics and chromatin remodel-
ling both in vitro and in vivo. As early as 1995, observations were made that CDDP treat-
ment in mouse mammary cells prevented both nucleosome shifting and transcription it-
self; however, a mechanistic explanation of how CDDP prevented nucleosome mobility
was not given [78]. More recently, structural studies have been able to provide some in-
sight into the mechanism of how CDDP locks nucleosomes. X-ray crystallographic studies
by Ober and Lippard have shown that intrastrand crosslinks positioned inside the nucle-
osome adopt a position facing inwards, toward to the core [83, 84]. They suggest that the
sliding of nucleosomes along platinum damaged DNA would bend the lesion into an un-
favourable position [85]. In this way, CDDP crosslinks can lock nucleosomes in place and
prevent chromatin remodelling. Interestingly, 1,2 intrastrand crosslinks were found to
have a stronger inhibitory effect on nucleosome mobility than 1,3 crosslinks, as the 1,2
crosslinks bend at a more severe angle in the nucleosome [85]. Yet, despite being able to
reduce nucleosome mobility, adducting nucleosome DNA with CDDP was unable to pre-
vent transcription by bacterial RNA polymerases. This finding lead Ober and Lippard to
conclude that nucleosome dynamics must not be a mechanism of transcriptional inhibi-
tion by CDDP [85]. Others, however, would disagree with this conclusion. In a 2021 study,
Moon and colleagues found that CDDP locks nucleosomes in place and fastens chromatin.
Even in conditions of high salt and mechanical force, which can release untreated nucleo-
somes, CDDP treatment resulted in nucleosome fixation, fully preventing the disassembly
of the histones [86]. This fixation also seemed to be permanent, remaining even after ex-
posure to 3M NaCl [86]. Important to note, however, is the concentration of CDDP used
in this study. Treatments with 3.3 mM CDDP, and to a lesser extent 0.1 mM, were capable
of locking nucleosomes and supressing transcription of genes contained within the nucle-
osomes [86]. The therapeutic range for CDDP is thought to lie between 1.0-5.0 mg/ml, or
roughly between 3-16 M [87]. Concentrations of 3.3 mM and even 0.1 mM are therefore
much too high to be physiologically relevant and must be considered when analyzing
these findings. Another question to consider is how intrastrand and interstrand crosslinks
differ in their ability to supress nucleosome mobility. In a 2013 study by Zhu, Song and
Lippard, nucleosome shifting was observed upon heat treatment. Nucleosomes pre-
treated with CDDP, however, had a drastically reduced ability to heat shift [88]. Interest-
ingly, nucleosomes with 1,2-d(GpG) intrastrand crosslinks were readily shifted upon heat
exposure, while nucleosomes with interstrand crosslinks demonstrated a significantly re-
duced ability to shift [88]. However, both types of crosslinks were capable of inhibiting
transcription in vivo regardless of their ability to prevent nucleosome shifting [88]. These
results point to a potential mechanistic difference between CDDP intrastrand and inter-
strand crosslinks. Perhaps reduced nucleosome mobility is a mechanism used by inter-
strand, but not intrastrand, crosslinks to inhibit transcription. Alternatively, reduced nu-
cleosome mobility may not play a significant role in the inhibition of transcription, acting
because of CDDP-mediated damage rather than a cause. In either case, these results pro-
vide evidence that interstrand crosslinks may play a larger role in CDDP-mediated tox-
icity, a role that historically was attributed solely to intrastrand crosslinks.
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How CDDP mediates cell death depends not only on the DNA lesions themselves
but also on how the cell chooses to respond to the damage. In cases of short-spanned tol-
erable damage, the cell can activate cell cycle arrest and repair mechanisms. In cases of
unmitigated sustained damage, the cell can activate pro-apoptotic pathways [89]. DNA
damage by CDDP is recognized by various sensor proteins, including but not limited to
HMGB1, hMutSa, hUPB, and TBP [90-92]. Transcriptional inhibition itself may also act as
a pro-apoptotic damage signal, as it may increase the ratio of pro-apoptotic transcripts—
which tend to have longer half-lives—to anti-apoptotic transcripts [70]. The recognition
of CDDP DNA damage by these sensors leads to the activation of both intrinsic and ex-
trinsic apoptotic pathways. In brief, CDDP damage results in action of the ATR kinase,
which phosphorylates serine-15 on p53, resulting in its activation [93]. P53 can also be
activated via ERK, which itself is activated by MAPK upon CDDP damage. Ultimately,
activation of p53 results in upregulation and activation of pro-apoptotic proteins, which
result in cytochrome C release from the mitochondria and activation of caspase-9 [94].
Caspase-9 will in turn activate the executioner caspases-3 and -7 leading to cell death [95,
96]. CDDP may also activate a p53-independent form of intrinsic apoptosis that stems
from the activation of the c-abl tyrosine kinase, resulting in the activation of p73 [97]. P73,
a p53-like protein, activates intrinsic apoptosis similarly to p53, through cytochrome C
release and activation of executioner caspases [97]. Finally, CDDP induction of MAPK also
triggers extrinsic apoptosis through the JNK and p38 pathways, which culminate in Fas
ligand (FasL) gene expression [98, 99]. FasL in turn binds the Fas receptor (FasR) on the
plasma membrane, resulting in the formation of the death-inducing signalling complex
(DISC) followed by apoptosis [98, 99].

2.5. Non-nuclear targets of cisplatin

While DNA damage is historically considered to be the primary mechanism of
CDDP-induced cell death, there is evidence to suggest that CDDP may induce apoptosis
independently of nuclear DNA (nDNA) damage. For instance, enucleated HNSCC cell
cytoplasts remain as sensitive to CDDP as their nucleated parental cell line [100]. In addi-
tion, it has been reported that CDDP can lead to caspase-3 activation even in enucleated
cytoplasts, suggesting possible apoptotic initiation in the cytoplasm rather than in the nu-
cleus [101, 102]. In fact, in testicular germ cell tumours the DNA damage response proteins
ATM, ATR, and DNA-PK are not required for initiation of apoptosis in response to CDDP
treatment [103]. Thus, it is necessary when evaluating CDDP-mediated cell death to look
for other cellular targets. One target that plays a large role in CDDP toxicity is mitochon-
drial function. Interestingly, CDDP has a higher propensity for forming mitochondrial
DNA (mtDNA) adducts than nDNA adducts, with mtDNA lesions being present in levels
300-500 fold higher than nDNA lesions [100]. Furthermore, in Chinese hamster ovary
cells, there is not only higher initial binding of CDDP to mtDNA than nDNA, but also a
lower rate of excision of mtDNA adducts than nDNA adducts, resulting in higher levels
of mtDNA damage compared to nDNA [104]. Likewise, cells that have been depleted of
their mtDNA are 4-5-fold more resistant to CDDP than their parental cell lines [100, 105].

Mitochondrial damage via CDDP adducts on mtDNA results in oxidative stress and
the production of reactive oxygen species (ROS) [106-109]. The production of ROS by
CDDP has shown to be majorly dependent on mitochondrial damage. Cells with depleted
mtDNA do not generate nearly as high levels of ROS upon exposure to CDDP, and ROS
generated following CDDP treatment is localized to the mitochondria [109, 110]. In addi-
tion, pre-treatment of cancer cell lines with N-acetyl cysteine (NAC), an antioxidant, re-
duces sensitivity to CDDP alleviating its cytotoxic effects. CDDP adducts on mtDNA
block mtDNA transcription, leading to a reduction in the translation of proteins necessary
for the electron transport chain (ETC) [111]. Impaired ETC function can in turn generate
high levels of mitochondrial ROS, which can damage a variety of cellular constituents
including mtDNA, proteins, and lipids. ROS can further impair the mitochondria and the
ETC, causing a positive feedback loop generating even more ROS and culminating in
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apoptosis via the intrinsic or extrinsic pathways [109, 112, 113]. For example, ROS can
increase mitochondrial membrane permeability, disrupt mitochondrial membrane poten-
tial, and facilitate cytochrome C release from the mitochondria through activation of Bak
and Bax [112-116]. ROS can also trigger the extrinsic apoptotic pathway by activating the
death receptors TRAIL-R1/2, FasR, and TNF-R1 on the plasma membrane [112].

A 2019 study by Kleih and colleagues gave further insight into the mechanisms of
CDDP-mediated mitochondrial ROS generation. They determined, in ovarian cancer cell
lines, that CDDP sensitive cells tended to have higher baseline mitochondrial content and
mitochondrial ROS than CDDP resistant cells [117]. Moreover, they found that treatment
with CDDP actually stimulates mitochondrial biogenesis and suggest that CDDP treat-
ment triggers an increase in mitochondrial content and subsequent increase in mitochon-
drial ROS production [117]. Indeed, preventing mitochondrial biogenesis through knock-
down of PGCla or TFAM, important factors for mitochondrial biogenesis, resulted in re-
duced susceptibility to CDDP [117]. This is paralleled by the fact that higher mitochon-
drial content, represented by high TFAM expression, correlates with a better 5 year sur-
vival in ovarian cancer patients [117]. However, this study was done only in ovarian can-
cer and should be repeated in other cancer types. In addition, it is unclear whether ROS
production from CDDP treatment is a result of solely increased mitochondrial content,
through damaged ETC, or a combination of both [117].

The endoplasmic reticulum (ER), an arm of the secretory pathway involved in pro-
tein folding and quality control, lipid synthesis, and calcium storage/homeostasis repre-
sents a cytoplasmic target of CDDP [118, 119]. As part of its role in maintaining protein
quality control, the ER is equipped with mechanisms to overcome disturbances to protein
homeostasis. One such mechanism is the unfolded protein response pathway that be-
comes activated in response to ER stress [120]. Under normal conditions, the ER chaper-
one GRP78 acts to facilitate proper protein folding, as well as negatively regulate UPR
stress sensors [121]. However, upon ER stress, GRP78 becomes activated, in turn activat-
ing transcription factor 6 (ATE6), inositol-requiring protein1 (IRE1 ), and protein kinase
RNA-like endoplasmic reticulum kinase (PERK) [121]. These stress sensors initiate re-
sponses that promote maintenance of protein homeostasis and cell survival, or in cases of
extreme unmitigated ER stress, apoptosis [120, 122]. For example, PERK acts to reduce
global protein translation by phosphorylating eukaryotic translation factor 2 (p-eEIF2 ),
while IRE1  initiates selective degradation of certain mRNAs. Both of these sensors work
to reduce the total amount of protein moving through the ER, allowing the ER to remedi-
ate the imbalance of unfolded proteins and promote cell survival [122, 123]. In cases of
chronic ER stress, ATF4, a downstream factor of the PERK pathway, upregulates the ex-
pression of C/EBP homologous protein (CHOP). CHOP promotes apoptosis through in-
ducing expression of pro-apoptotic factors while simultaneously downregulating anti-
apoptotic factors [123, 124]. In addition, IRE1 activation results in the activation of
caspase-12, an ER-specific caspase that can induce apoptosis upon prolonged ER stress
via activation of caspases-9 and -3 [125, 126]. ATF6, upon ER stress, translocates to the
Golgi apparatus, where it is subsequently cleaved and transported to the nucleus. In the
nucleus, the cleaved portion of ATF6 induces expression of different UPR effectors, in-
cluding ER chaperones and CHOP [127]. CDDP has been shown to induce aggregation of
misfolded proteins within the ER, pushing the cell towards ER stress [128]. Likewise,
CDDP upregulates the expression of UPR markers, such as GRP78, caspase-12, GADD34,
and CHOP [101, 128, 129]. Interestingly, this effect has been observed both in various can-
cer cells lines and in enucleated cytoplasts, confirming again that CDDP can trigger the
cytoplasmic apoptotic pathway independent of nuclear damage [101]. Similarly, inhibi-
tion of caspase-12 activity has been found to reduce the percentage of apoptotic cells upon
treatment with CDDP compared to controls, further implicating ER stress and caspase-12
activity as a notable mechanism of CDDP-mediated cell death [130].

An additional consequence of UPR initiation via CDDP is the efflux of stored calcium
from the ER into the cytoplasm, drastically increasing its cytoplasmic concentration [131].
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Increased calcium in the cytoplasm leads to activation of calpains, calcium dependent cys-
teine proteases, as well as caspase-4 [132]. Calpains aid in triggering cytochrome C release
through the activation of the pro-apoptotic factor Bid, and are also thought to play a role
in caspase-4 activation, both of which ultimately result in apoptosis [133]. Indeed, block-
ing calcium release from the ER through inositol triphosphate receptor inhibitors proved
to prevent caspase-4 and calpain activation, while simultaneously mitigating apoptotic
activation by CDDP [131]. Furthermore, increased calcium in the cytoplasm can cause cal-
cium uptake into the mitochondria through various transporters [134]. Inside the mito-
chondria, the increased calcium concentration leads to the generation of ROS, which fur-
ther damages the mitochondria and activate apoptosis [134, 135].

Despite previous evidence, much remains to be understood regarding the role of ER
stress in CDDP cytotoxicity, as certain studies have shown that ER stress can play a pro-
tective role against CDDP, rather than a cytotoxic one [119, 129, 136]. In a 2017 study, the
HIV protease inhibitor saquinavir, known to induce ER stress in ovarian cancer cells, in-
creased the ICso of CDDP when used in combination [137]. Because of inducing ER stress,
saquinavir also upregulated the expression of genes involved in autophagy, a common
response to ER stress [137, 138]. The authors suggest that increased autophagy resulting
from ER stress assists in protecting the cell from CDDP by aiding in clearance of damaged
cellular constituents [137]. Taken together, it is likely that ER stress affects the action of
CDDP depending on the degree of ER stress. In low levels, ER stress seems to play a pro-
tective role, ameliorating the toxic effects of CDDP by inducing autophagy and other pro-
survival pathways. In cases of consistent, high-level of ER stress, however, cell death
mechanisms in response to CDDP are the favoured response. Further investigation should
be done on the interplay between ER stress and CDDP activity, as the ER stress response
could provide a promising target for cancers with low sensitivity to CDDP.

Other cytoplasmic targets of CDDP are cellular lipids, particularly those of the
plasma membrane. CDDP has been shown to interact with phospholipids and phospha-
tidylserine both in liposome membrane models and in human erythrocytes [139, 140]. In
fact, human erythrocytes change shape as a response to treatment with CDDP, indicating
that CDDP may affect plasma membrane structure [141]. Yet, despite the interaction of
CDDP with the erythrocyte membrane, and subsequent change in membrane integrity,
there was no change in the fluidity of the membrane [141]. However, other studies have
demonstrated changes in membrane fluidity because of CDDP treatment. Studies utiliz-
ing liposomes reveal, via atomic force spectroscopy, that CDDP induced a reduction in
membrane fluidity compared to untreated liposomes [142]. In addition, lateral diffusion
within the lipid bilayer has also been shown to decrease upon treatment with CDDP [143].
In contrast, studies involving HT29 human colon cancer cells provide evidence that CDDP
actually leads to an increase in membrane fluidity [144, 145]. Indeed, treatment with
CDDP resulted in a rapid increase in membrane fluidity due to CDDP-mediated activa-
tion of acid sphingomyelinase (aSMase) activity [144, 145]. Additionally, CDDP induced
the formation and activation of the death-inducing signaling complex (DISC) on the
plasma membrane. CDDP has been shown to cause aggregation of the Fas death receptor
(FasR), a component of the DISC, in the plasma membrane [144]. Furthermore, CDDP
causes accumulation and re-localization of pro-caspase-8 and FADD, other DISC compo-
nents, along with the FasR, to lipid rafts. In this way, CDDP is likely inducing ligand in-
dependent activation of DISC, resulting in capase-8 activation and apoptotic signalling
[144]. Indeed, treatment with nystatin, a compound that sequesters cholesterol, prevented
the redistribution of FasR, FADD, and pro-caspase-8 to lipid rafts upon CDDP treatment,
and reduced CDDP mediated cell death as a result [144]. The increase in membrane fluid-
ity resulting from CDDP treatment is thought to aid in the redistribution of DISC compo-
nents into the lipid rafts [144]. In fact, pre-treatment with cholesterol, which decreases
membrane fluidity, resulted in the reduced re-localization of DISC components to lipid
rafts and reduced apoptosis even in the presence of CDDP, further demonstrating the im-
portance of membrane fluidity in CDDP-mediated DISC activation [144]. Interestingly,
analysis of the plasma membrane composition of CDDP-resistant and CDDP-sensitive cell
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lines reveal that the CDDP-resistant cells had higher levels of phosphatidyl choline and
lower levels of cholesterol in their plasma membranes, decreasing the fluidity [146]. The
decrease in membrane fluidity in CDDP-resistant cells may act as a compensatory re-
sistance mechanism to protect against the increase in membrane fluidity caused by CDDP
[146]. Finally, CDDP induction of aSMase activity results not only in increased membrane
fluidity but also in the production of ceramides [144, 145]. Ceramides are cell death sig-
nalling lipids shown to be involved with Bax accumulation in the mitochondria and per-
meabilization of the outer mitochondrial membrane and activation of caspase-3, ulti-
mately resulting in apoptosis [147]. In this way, production of ceramides by CDDP-medi-
ated activation of aSMase may contribute to cytotoxicity by CDDP.

In addition to the plasma membrane, CDDP also induces damage to the cytoskeleton.
Cancer metastasis demands efficient remodelling of the cytoskeletal components, micro-
filaments, intermediate filaments, and microtubules, in order to allow for cell migration
and invasion [148]. CDDP has been shown to directly interfere with the cytoskeleton net-
work, causing its collapse and subsequent aggregation in the cytoplasm [149]. For exam-
ple, CDDP causes vast remodelling of the actin microfilament network, causing loss of
filopodia and an increase in cortical stress fibers [150]. In addition, CDDP causes the de-
stabilization of actin filaments anchored to the plasma membrane, causing its re-localiza-
tion to the cytoplasm. This effect is mediated through ezrin, an actin binding protein with
roles in anchoring actin to the plasma membrane, that becomes deactivated by CDDP via
CDDP-induced aSMase activity [150]. Indeed, knockdown of aSMase activity abrogates
the actin and ezrin re-localization induced by CDDP. In addition, treatment with
ceramides alone cause the same effects of ezrin inactivation as by CDDP, showing that
ceramides produced by CDDP-activated aSMase is responsible for the disruption of the
actin network [150].

CDDP also displays activity against microtubules. Through direct binding to tubulin,
CDDP promotes tubule depolymerization [151]. Furthermore, CDDP prevents assembly
of tubulin into microtubules, what causes accumulation of tubulin aggregates unable to
participate in cellular functions such as migration and mitosis [152]. In fact, a study inves-
tigating the role of CDDP on cytoskeletal function showed that CDDP treatment increased
cell stiffness, and decreased cell migration, invasion, and colony formation as a result of
its cytoskeletal effects [153]. In this way, CDDP exerts anti-tumour activity by disrupting
cytoskeletal remodelling.

2.6. Summary of mechanisms of action of cisplatin as a chemotherapeutic agent

All mechanisms of action previously described for CDDP in its role as a chemother-
apeutic agent are summarized below in Figure 2.
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Figure 2. CDDP targets the nucleus, mitochondria, ER, plasma membrane, and cytoskeleton to
induce cell death in its role as an anti-cancer drug. A CDDP forms intrastrand and interstrand
cross-links, distorting the DNA helix, inhibiting transcription and activating p53-mediated apopto-
sis. B CDDP damages mitochondrial DNA (mtDNA), preventing transcription of electron transport
chain (ETC) genes. Impaired ETC function results in ROS formation that further damages the mito-
chondria and activates the intrinsic and extrinsic apoptotic pathways. C CDDP induces the ER stress
via the unfolded protein response (UPR), marked by upregulation of GRP78 and PERK-phosphor-
ylation of elFa; ATF4 and CHOP are activated leading to ER-induced apoptosis. ER stress also leads
to a release of calcium into the cytoplasm, which can directly activate caspase-12 and -4, as well as
calpains, leading to apoptosis. High levels of calcium are also taken-up by the mitochondria, depo-
larizing the membrane, resulting in apoptosis via cytochrome C release. D CDDP increases mem-
brane fluidity and induces aggregation of components of the death inducing signalling complex
(DISC) in the plasma membrane, resulting in extrinsic apoptotic activation. E CDDP activates acid
sphingomyelinase (aSMase) which leads to cytoskeletal collapse and production of ceramides, sig-
nalling cell death. Created with BioRender.com.

2.7. Limitations of the use of cisplatin

The introduction of CDDP into treatment regimens revolutionized cancer therapy.
However, CDDP has significant drawbacks that limit its usefulness as an anti-cancer
agent. The most significant limitations of CDDP are its severe side effects, which manifest
primarily through nephrotoxicity, ototoxicity, and neurotoxicity. Among them, ne-
phrotoxicity is considered the most significant dose-limiting factor for discontinuance of
CDDP with roughly one third of all patients developing acute kidney injury in response
to CDDP treatment [154-157]. It has been shown that the kidneys accumulate higher levels
of CDDP than any other tissues, and that CDDP action on the kidneys results in reduced
glomerular filtration rate and increased serum creatinine levels, indicating impaired renal
function [157, 158]. Through the same mechanisms described above, CDDP triggers an
apoptotic response in the tubular cells of the proximal and distal tubules of the nephron
[159, 160]. In addition, CDDP treatment results in ROS production that further contributes
to the induction of apoptosis via activation of mitochondrial damage and the extrinsic
apoptotic pathway [161]. Furthermore, CDDP has been shown to induce an acute inflam-
matory response in renal tubular cells. CDDP treatment releases pro-inflammatory medi-
ators, with TNF considered the major factor involved in CDDP-induced inflammation
[162, 163]. Additionally, TNF initiates pro-apoptotic signalling through its interaction
with TNFR2 [163, 164]. Finally, CDDP significantly damages the renal vasculature.
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Through ischemic injury and induced vasoconstriction, CDDP decreases the glomerular
filtration rate and brings about hypoxic injury [165, 166].

Another dose-limiting side effect of CDDP is the resulting ototoxicity [167]. Any-
where from 20% to 70% of patients experience CDDP-related ototoxicity, with this effect
being more prominent in children [167, 168]. CDDP induces ototoxicity through induction
of ROS and apoptotic cell death within the hair cells of the ear [169, 170]. As a result, 40-
80% of patients develop permanent hearing loss [171]. Interestingly, the OCT2 transporter
has been reported to be involved in mediating both CDDP nephrotoxicity and ototoxicity,
by transporting CDDP into both renal tubule cells and hair cells of the inner ear [172, 173].
In fact, blocking OCT?2 activity results in markedly reduced cellular uptake of CDDP by
these cells in vitro, and reduced nephro- and ototoxicity in vivo [172, 173]. OCT2, while
expressed in these cells, is not typically expressed to a significant degree in most tumour
types that CDDP is used to treat [172]. Therefore, OCT2 may prove to be a useful target
for reducing off target toxicity without diminishing CDDPs cytotoxic effects against tu-
mour cells.

Neurotoxicity is an additional side effect of CDDP with severe consequences for pa-
tients. CDDP has been shown to accumulate and cause damage to the dorsal root ganglia
causing morphological changes and resulting in peripheral neuropathy [174]. Sensory
neurons are more significantly affected by CDDP, with common symptoms being pares-
thesia and dysesthesia in the extremities [174, 175]. Neuropathic symptoms can continue
to worsen up to 6 months post-completion of CDDP treatment and recovery tends to occur
very slowly, with some patients reporting neuropathy symptoms up to 20 years post-
treatment [176-178].

Finally, hepatotoxicity and cardiotoxicity have also been observed upon CDDP treat-
ment; however, these are considered rare [179, 180]. More general side effects include nau-
sea and vomiting, diarrhea, fever, weight loss, and transient hair loss, among others [181,
182].

Another major limitation of CDDP is acquired resistance following repeated expo-
sure, which is facilitated by a variety of mechanisms [183]. One way in which cells become
resistant to CDDP is through decreased CDDP accumulation [183]. Many studies have
shown that CTR1, the copper transport protein involved in CDDP import, plays an im-
portant role in CDDP resistance. CDDP-resistant cell lines have shown to have decreased
expression of CTR1, which results in decreased intracellular accumulation of CDDP [184,
185]. CTR2 may also play a role in CDDP resistance by stimulating the cleavage of CTR1
by cathepsin L/B and further reducing accumulation of CDDP [186].

Increased CDDP efflux is another mechanism of acquired resistance [183]. CDDP ef-
flux is mediated by the copper efflux transport proteins ATP7A and ATP7B. Elevated lev-
els of ATP7A/B correlate with increased resistance to CDDP in vitro and with poor prog-
nosis in patients [187-189]. In addition, knocking out ATP7A increases the efficacy of
CDDP in vitro [190, 191]. Finally, multidrug resistance-associated proteins, such as MRP2,
also contribute to enhanced CDDP efflux. MRP2 works to export Pt-bound glutathione
(GSH) and its increased expression increases CDDP resistance [192, 193]. Similarly, in-
creased drug detoxification through GSH also contributes to CDDP resistance [194]. GSH
binds activated CDDP in order to deactivate and facilitate its removal via MRP exporters
and other detoxifying enzymes [194]. Cells resistant to CDDP have shown to have in-
creased expression of GSH and additional enzymes involved in CDDP detoxification
[195]. In fact, reducing intracellular GSH re-sensitizes resistant cells to CDDP [196]. In
addition, increased levels Nrf2, a transcription factor involved in the regulation of GSH
and MRP, is associated with increased CDDP resistance in vitro and in vivo [197-199].

Increased DNA damage repair is another mechanism of CDDP resistance [200]. In-
trastrand crosslinks are primarily repaired through the NER pathway [201, 202]. Crosslink
formation distorts the shape of the DNA helix, allowing them to be detected by a complex
of xeroderma pigmentosum C (XPC) and RAD23B [203-205]. Upon detection of the lesion,
XPC-RAD23B recruits transcription factor Il H (TFIIH), a complex of multifunctional pro-
tein subunits [206]. The XPB subunit unwinds the helix, while XPD locates the lesion and,
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upon stalling at the site of the crosslink, signals for the recruitment of the pre-incision
complex, consisting of RPA, XPA, and XPG [207]. ERCC1-XPF, a 5'-endonuclease, is then
recruited to the protein scaffold by interaction with XPA, where it cuts the DNA strand 5
to the lesion [208]. A 3’ incision is then made by XPG, and together this process is known
as dual excision [209]. Following excision, the lesion is released with TFIIH and repair is
completed by a series of DNA polymerases (d, k, or e.) [210, 211]. Finally, the nick in the
helix is repaired most commonly by DNA ligase I [201]. It has been shown that increased
expression of NER related genes is associated with increased CDDP resistance. This effect
has been observed with a multitude of NER genes, such as XPF, XPA, and XPG, however,
the strongest correlation is seen with ERCC1 [212].

Homologous recombination (HR) is another DNA repair pathway involved in CDDP
lesion repair. The pathway for repair of CDDP interstrand crosslinks involves the for-
mation of double strand breaks (DSB) in the DNA [200]. These DSBs are then in turn re-
paired by specialized DSB-repair pathways such as HR [200]. BRCA-1 and -2 are essential
to HR function and promote DNA end resection and recruitment of other HR components
[213]. Defects in these genes are relatively common in certain cancer types, and increase
the sensitivity of tumour cells to CDDP [214]. However, it has been shown that, in ovarian
cancer cells, HR can be rescued by subsequent mutations that restore BRCA1/2 wild type
activity, increasing resistance to CDDP as a result [215, 216].

Finally, the mismatch repair (MMR) pathway, a DNA repair response that corrects
single nucleotide mismatches, can also recognize CDDP lesions [217, 218]. Interestingly,
MMR cannot effectively repair CDDP adducts, as it causes replacement of the base oppo-
site to the lesion rather than the damaged based itself [219]. As a result, the original dam-
age source is maintained, and the MMR pathway can start again. This process is described
as a futile cycle of repair, and results in the generation of genotoxic DSBs and apoptotic
signalling [219, 220]. In this way, MMR actually contributes to CDDP cytotoxicity in tu-
mour cells, and its downregulation results in acquired resistance, as defective MMR is
associated with decreased CDDP cytotoxicity and poor prognosis in patients [221-223].

3. Carboplatin, the second-generation Pt agent

With the discovery of CDDP and the advantages it gave to the field of chemotherapy
and cancer treatment, analogues and other metal compounds were formulated and stud-
ied. Moreover, the pressing issue of severe nephrotoxicity caused by CDDP called for a
drug that would be as effective as its predecessor but with fewer side effects. Carboplatin
(CP), cis-diammine-[1,1-cyclobutanedicarboxylato] platinum(ll) (Figure 2), is another
globally approved Pt-based chemotherapy agent; CP was synthesized in 1979 and ap-
proved for medical use in 1989 [5-7, 224].
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Figure 3. Structural formula of carboplatin. The molecule was adapted from the structure pub-
lished in the CheBI database [11] using ChemDraw software.

Both CDDP and CP are structurally similar; however, their leaving groups differ.
Where CDDP has two chloride ligands, CP has a bidentate cyclobutane dicarboxylate lig-
and [6]. The difference in the leaving groups explains the difference in toxicity and reac-
tivity of the drugs: the chelate group of CP is more stable than CDDP, thus the aquation
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step to activate the drug within the cell occurs much slower. Therefore, the reduced reac-
tivity results in less evident ototoxicity and nephrotoxicity [6, 225]. CP, like all Pt-agents,
has been found to mainly cause damage via forming DNA adducts [6].

3.1. Clinical usage of carboplatin

CP is used in a wide variety of cancers including ovarian cancer, lung cancer, and
certain head-and-neck cancers. In particular, it is often used in patients where the side-
effects of CDDP are too severe, or the patient has developed CDDP-specific resistance
[226]. In ovarian cancer treatment, the combination of CP with paclitaxel has been found
to be less toxic than the CDDP-paclitaxel combination and has become the predominant
treatment [6]. Combination with docetaxel, cyclophosphamide, as well as use as a single
agent have also shown promise in ovarian cancer treatment [227, 228]. In many head-and-
neck cancers such as retinoblastoma or intracranial germ-cell tumours, CP has been used
in combination with etoposide [229]. Additionally, CP has also shown promise in treating
a limited number of metastatic breast cancer patients, and is currently being evaluated for
the treatment of endometrial cancer [230, 231].

3.2. The nuclear impact of carboplatin

Once the drug has been activated and enters the nucleus, it can then bind to the DNA
and form Pt-DNA adducts [232]. CP can form the same cis-diammine DNA adducts that
CDDP does; however, the diverse distribution of adduct types formed and the aforemen-
tioned lower reactivity, result in weaker cytotoxicity by CP [233-236]. While the major
adduct of CDDP is the intrastrand 1,2-d(GG) cross-link, CP tends to produce more 1,3-
d(GXG) cross-links [235]. The 1,2-d(GG) crosslink produced by CDDP is considered to be
the most cytotoxic, due in part to the severe bending of the DNA helix (55-78°) towards
the major groove, and the subsequent unwinding of the helix and opening of the minor
groove. Instead, the 1,3-d(GXG) crosslink of CP only bends the helix ~30°, affecting the
biological impact of the CP-DNA adduct [235]. Importantly, the bending of the helix al-
lows for HMGB1 protein to stably bind the 1,2-d(GG) Pt-adduct and shield it from DNA
repair proteins, unlike with the 1,3-d(GXG) adduct where HMGB1 is unable to bind
cleanly; this is likely another reason for the lowered cytotoxicity and reactivity of CP [235,
237, 238].

Regardless of which adduct CP forms, the resultant cross-links create deformations
in the DNA helix that initiates a similar cell death processes as CDDP; DNA replication
and repair can become inhibited leading to transcription errors and inhibition of cell func-
tion [6, 239]. As a result of the DNA damage, cell cycle arrest is promoted, proliferation is
reduced, and apoptosis is induced [239].

In 2015, Soori et al. demonstrated through spectroscopy that CP had a weaker binding
affinity to chromatin-bound DNA compared to free DNA [233]. Furthermore, CP affected
both the DNA and the histones of the nucleosomes. The authors noticed that the binding
of CP to chromatin does not cause a release of free-DNA or histones, which indicates that
the method of binding to chromatin is different from how CP binds to free DNA. They
did conclude that CP is likely able to cause its cytotoxic effect partially by forming DNA-
histone or histone-histone crosslinks, albeit to a lesser extent than with free-DNA [233].

Once DNA is transcribed into mRNA, it can undergo posttranscriptional regulation
by microRNAs (miRNA); short, single-stranded RNA, is endogenous to the cell and non-
coding, and acts on the mRNA by targeting the 3" untranslated region [239]. In particular,
miR-145 is a tumour suppressor miRNA that is often downregulated in many tumours. It
is transcriptionally regulated by p53 and inhibit proliferation and migration of the tumour
cells [239]. Kilic et al. demonstrated an upregulation of miR-145 in head-and-neck cancer
cells that were treated with CP; they also demonstrated a decrease in the expression of the
targets of miR-145 (OCT4, SOX2, KLF4, and ABCG2) [239]. As CP is known to cause DNA
lesions, which can trigger p53-signalled cell death, the authors looked at two specific ly-
sine amino acids, K120 and K373, which are acetylated from DNA damage and are known
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to improve p53 binding to pro-apoptotic genes like PUMA and Bax [239]. CP was able to
increase p53 expression and promote the acetylation of K120 and K373. In order to confirm
the association of miR-145 expression with p53 induction, they used a p53 inhibitor which
showed miR-145 suppression as well as increased expression of its target genes [239]. Of
the two cell lines they used, HEp-2 cells are wild-type p53 but with a low expression, while
FaDu cells have a mutated p53 allele with a functional transcription regulation ability.
Interestingly, the mutation in the FaDu cells prevented miR145 expression while the lower
P53 expression of HEp2 cells did not have an effect, which indicated that this mechanism
is restricted to tumors with functional p53 [239]. Overall, the authors concluded that CP
is likely able to induce cell death through elevating miR-145 expression.

3.3. Non-nuclear targets of carboplatin

As CDDP is a well-known ER stress inducer, research into assessing the ability of CP
to cause ER stress is prudent [5, 240]. Brozovic et al. assessed CP treatment in a human
laryngeal carcinoma cells parental cell line (HEp2) and a CP-resistant subline (7T) for ER
stress, with ROS production as a cause [240]. Rates of CP accumulation, DNA platination,
and apoptosis were found to be elevated in the HEp2 parental cell line compared to the
7T subline. Both cell lines showed immediate increases in levels of ER stress markers ATF4
and p-elF2a when CP entered the cell; however, the levels in the HEp2 cells were signifi-
cantly higher than in the 7T cells [240]. The downstream ER stress markers, CHOP and
GRP78, were found to be elevated in the sensitive parental cells, but not in the resistant
7T cells. The silencing of CHOP via siRNA to stop ER stress improved survivability of
HEp2 cells but not of 7T cells, indicating that CP was directly influencing the ER stress
pathway. ROS production appeared earlier in HEp2 cells, and when tempol, an antioxi-
dant, was used as pre-treatment these cells had increased survival unlike the 7T cells
which showed no change in survival. The inability of tempol to protect the 7T cells against
CP indicates that ROS formation may not be involved in the 7T subline response to the Pt
agent [240]. Overall, the results of the study suggest that upon entry into a sensitive cell,
CP causes simultaneous DNA damage, ROS production, and activation of the ER stress
response [240].

Apoptosis is well-accepted as the most common cell death pathway to occur from a
Pt-agent treatment [6, 7, 241]. Apoptosis can be initiated by the intrinsic or extrinsic path-
ways; the intrinsic pathway occurs due to oxidative stress or UV radiation which leads to
mitochondrial perturbation and eventual caspase-9 activation, while the extrinsic path-
way occurs when a death receptor is activated and eventually leads to caspase-8 activation
[241, 242]. HN-3, a laryngeal carcinoma cell line, was exposed to multiple concentrations
of CP and the stages of apoptosis were studied; it was determined that the effects of CP
on apoptosis were time- and dose-dependent [241]. Initially, at 12 hours post-exposure,
the cells began to show increased apoptosis, with elevated intracellular Ca?, increased
membrane potential, and mitochondrial depolarization. From these results the authors
concluded that CP caused the ER to release excess Ca? which was taken up by the mito-
chondria and lead to excess ROS production and oxidative stress; treatment with GSH, a
ROS scavenger, prevented ER release of Ca?, indicating that oxidative stress was associ-
ated with excess Ca?* [241]. Furthermore, as the mitochondria became depolarized, it re-
leased cytochrome C and apoptosis-inducing factor (AIF) into the cytoplasm, which lead
to the activation of caspase-9, triggering apoptosis [241]. AIF was also shown to be in-
volved in a positive feedback loop with the mitochondria to produce increased amounts
of ROS to further oxidative stress [241]. At 24 hours, 36 hours, and 48 hours, the cells
showed elevated caspase-8 expression, elevated PARP activity, and caspase-9 activation,
respectively. Elevated PARP levels resulted in AIF translocating to the nucleus from the
mitochondria, which coupled with the CP-induced DNA adducts inhibiting DNA repli-
cation and causing replication errors, induces the PARP-mediated cell death pathway.
From these results, the authors suggested that the effect of CP requires synergism between
caspase-8 and PARP from nuclear damage, and caspase-9 from mitochondrial damage;
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the role of the ER was also further given importance as it was able to induce apoptosis via
caspase-12 activation in the presence of CP [241].

Overall, CP shows similar toxic effects to CDDP, sharing many of the same targets
including the DNA, the mitochondria, and the ER. However, the key difference is in the
lower cytotoxicity of CP, demonstrated by the lower platination and differing DNA ad-
ducts that predominantly forms.

3.4. Summary of mechanisms of action of carboplatin as a chemotherapeutic agent

All mechanisms of action previously described for CP in its role as a chemotherapeu-
tic agent are summarized below in Figure 4.
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Figure 4: CP targets the nucleus, the mitochondria and ER to induce cell death in its role as an
anti-cancer drug. A CP forms DNA adducts, intrastrand or interstrand crosslinks, which result in
deformation of the DNA helix; transcription inhibition results in replication errors, leading to ele-
vated p53 activity, subsequently activating the apoptosis pathway. B CP upregulates micro-RNA
145 (miRNA-145) expression, a tumour-suppressor, leading to p53 activation; subsequently p53-
mediated mitochondrial-induced apoptosis is triggered. C CP causes a production of reactive oxy-
gen species (ROS), leading to ER stress, marked by an upregulation of GRP78 and PERK-mediated
phosphorylation of elF2a; ATF4 and CHOP are activated leading to ER-induced apoptosis. D ER
stress also leads to a release of calcium into the cytoplasm, which can directly activate caspase-12
and lead to apoptosis; high levels of calcium are taken-up by the mitochondria, depolarizing the
membrane. Cytochrome C (Cyt C) and apoptosis-inducing factor (AIF) are released into the cyto-
plasm, where Cyt C is able to activate caspase-9 and cause mitochondrial-induced apoptosis. AIF
also promotes ROS production to further the cycle. E DNA damage leads to elevated PARP levels,
inducing AIF translocation to the nucleus; the combination of both results in PARP-mediated cell
death. Created with BioRender.com.

3.5. Limitations for the use of carboplatin

CP was introduced in the clinic in part to overcome the limitations of CDDP; how-
ever, it is not without its own problems. Although CP is able to circumvent the major
CDDP side effect of nephrotoxicity due to its lower reactivity, there is still a risk for renal
damage to occur [6]. Furthermore, the major dose-limiting side effect of CP is myelosup-
pression, especially thrombocytopenia over neutropenia or anemia [6, 243]. Moreover, the
structural and functional similarities of CP to CDDP create a high risk for cross-resistance;
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therefore patients who have previously been treated with CDDP are unable to be treated
with CP [244].

There is also a concern for developing a hypersensitivity reaction to CP treatment,
with an estimated incidence rate of up to 35%, depending on the grade and severity [245].
The majority of cases tend to occur in women receiving the drug as a second line treat-
ment, with peak incidence around 7 cycles. Both acute and delayed hypersensitivity have
been reported, with mild (flushing, rash, nausea, fever, and facial edema) to severe or life-
threatening (hypertension/hypotension, tachycardia, wheezing, stridor, laryngeal edema,
and shock) symptoms [245].

Compared to the broad spectrum of cancers treated with CDDP, CP has a slightly
smaller scope of effectiveness. Both drugs have an intrinsic resistance for colon or rectal
cancer, while CP in particular is less effective against testicular germ cell cancer, bladder
cancer, and head-and-neck squamous cell carcinoma [6, 246].

The mechanisms of resistance that plague CDDP crossover to CP as well, likely due
to their similar chemical structure, method of entrance into the cell, activation, and action
[6, 246].

Influx and efflux of the drug into the cell is impacted due to altered regulation of
transporters. While the copper transporters CTR1 and CTR2 preferentially bind CP com-
pared to copper, the efflux transporters ATP7A and ATP7B prefer copper to CP; high lev-
els of the efflux transporters have been associated with poor response to CP in ovarian
cancer patients and non-small cell lung cancer [1, 247]. A study conducted in A498 renal
cancer cells demonstrated that CP has a poorer affinity for CTR1, which gave credence to
finding lower intracellular Pt accumulation within the cell; overall DNA platination was
also lower after CP treatment [225]. Another aforementioned study on laryngeal carci-
noma cells demonstrated similar effects, where CP had a stronger impact in the HEp2
parental cells compared to 7T resistant cells with respect to CP-induced apoptosis. Total
cell and DNA platination was also found to be lower in the 7T subline leading to fewer
intrastrand and interstrand DNA break formation [240]. The higher platination in the
HEp?2 cell line was supported by higher influx transporter mRNA levels (CTR1 and NHE1
transporters) and lower efflux transporter mRNA levels (ATP7A and MRP2). More CP
was retained within the parental cells to cause damage, indicating that a method of re-
sistance to CP occurs by altering levels of influx and efflux transporters [240].

Of the CP-DNA adducts that can form, 90% are intrastrand and are usually repaired
by the NER pathway due to their substantial size, while the other 10% are interstrand
crosslinks, which are repaired by homologous recombination or the MMR system. Repa-
ration of the DNA adducts, and cross-links slows down the cell death and can lead to Pt
resistance [225, 232, 248, 249]. CP treatment of A498 kidney cancer cells showed an eleva-
tion of transcript levels of XPC, DDB1, DDB2, and GADDA45A, all of which are indirectly
or directly associated with the NER pathway, thus indicating that the NER pathway was
activated after CP treatment [225]. Of this pathway an important protein is cross-comple-
mentation group 1 (ERCC1). Ovarian, non-small cell lung, and colorectal cancer patients
have demonstrated an inverse relationship between response to CP and ERCC1 mRNA
levels [247].

Changes to DNA repair, such as mutations in BRCA or in components of the MMR
pathway correlate with CP resistance [1, 247]. As DNA mismatch repair is able to identify
DNA malformation caused by the CP-DNA adducts, an attempt at repair can lead to sig-
nalling for apoptosis; therefore, a loss of MMR lowers the chance of apoptosis to occur [1,
247]. Ovarian tumours with a loss of MMR have been associated with resistance to CP
treatment [247].

A study looking into a CP-specific prognostic biomarker for resistance in epithelial
ovarian cancer suggested that MEKI1, involved in the MAPK cascade and the greater
EGEFR pathway by enhancing proliferation and anti-apoptotic signals, is a strong candi-
date [1]. Ovarian cancer is predominantly treated with Pt agents, in particular CP. As
EGEFR is overexpressed in 70% of ovarian cancers and is correlated with chemoresistance
and a worse prognosis, the authors looked further into the role of MEK1 [1]. Furthermore,
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MEKT1 activation is thought to cause resistance to Pt-agents due to activation of ERCC1,
which has already been correlated with CP resistance [1]. The authors concluded the study
by suggesting a concurrent treatment of CP with a MEK1 inhibitor would be beneficial to
reduce resistance to the drug [1].

4. Oxaliplatin, a third attempt

Oxaliplatin (OXP), [oxalate(2-)-O,0][1R,2R-cyclohexanediamine-N,N’]platinum(II)
(Figure 5), was synthesized in 1976 but only approved by the US FDA in 2002 [6, 7, 250,
251]. OXP shows limited or no cross-resistance to CDDP and CP, which makes it a suitable
replacement in cancers where an acquired resistance to either drug develops [6, 7, 252]. In
fact, in cancers that CDDP is intrinsically resistant to, such as colorectal cancer, OXP has
shown great efficacy [6].

HQ 0 0
N/
AN

sz 0 O

Figure 3. Structural formula of oxaliplatin. The molecule was adapted from the structure published
in the CheBI database [11] using ChemDraw software.

The structure of OXP differs from the other Pt-drugs based on its carrier ligand, 1,2-
diaminocyclohexane (DACH) and an oxalate leaving group [6, 7]. The DACH ligand is
highly lipophilic, which allows the drug to enter the cell very efficiently by passive diffu-
sion and by utilizing non-CTR1 influx transporters [6, 7, 253]. Hydrolysis of OXP within
the cell transforms it into a reactive monoaquated or diaquated species, the only forms
able to bind DNA [254, 255]. The larger structure of the DACH ligand also allows for OXP
to have a different spectrum of action and resistance than CDDP and CP [6, 7, 253, 256-
258]. Bioactivation of OXP compared to CDDP is slower due to the slow dissociation of
the bidentate oxalate leaving group, which results in lower levels of DNA platination and
adduct formation [257]. Thus, the oxalate reduces the reactivity of OXP resulting in a sig-
nificantly lower risk of developing nephrotoxicity or ototoxicity when compared to CDDP

[6].

4.1. Clinical usage of oxaliplatin

OXP was specifically developed to overcome the resistance to CDDP or CP, and in
the NCI 60-cell human tumour panel, OXP showed a different pattern of sensitivity than
CDDP, indicating a differing array of cancers OXP could treat. Reports have also shown
that OXP has promise in cancers against which CDDP is weak [6, 7]. Furthermore, in both
in vitro and in vivo models, OXP is shown to be only partially cross-resistant to CP or
CDDP, and synergistic with both compounds [252]. In patients who develop hypersensi-
tivity to CDDP and CP, OXP has been studied as a potential substitute as the traditional
method of switching CP out for CDDP can result in adverse reactions. The substitution of
CDDP or CP with OXP is well tolerated, no additional hypersensitivity occurs, and the
general toxicity response is manageable or negligible [252].

OXP has been explicitly approved for the treatment of adjunctive and/or metastatic
colorectal cancer by the US FDA and other drug administration bodies globally [6, 7, 259,
260]. OXP can be given alone, or provided as part of the FOLFOX combination (5-fluor-
ouracil, leucovorin and OXP) [6, 7, 259, 260]. FOLFOX has been very successful when
treating colorectal cancer and is the usual standard of treatment [7, 259, 260]. Combina-
tion of OXP with irinotecan (IROX) or gemcitabine (GEMOX) also show promise in treat-
ment [7, 260, 261]. Other combinations that have been studied include OXP with CDDP,
paclitaxel, cyclophosphamide, docetaxel, bevacizumab, or pegylated liposomal doxorubi-
cin [252].
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Beyond colorectal cancer, there are off-label uses of OXP in the treatment of other
digestive system cancers like esophageal and gastric cancers. Advanced biliary adenocar-
cinoma, chronic lymphocytic leukemia, advanced pancreatic cancer, and advanced ovar-
ian cancer all list OXP as an indication [6, 252, 259, 260]. Research is ongoing into use in
breast cancer and non-small cell lung cancer [6].

4.2. Causation of DNA damage by oxaliplatin

OXP, like other Pt-based agents, is a DNA-damage inducer via the formation of Pt-
DNA adducts, causing growth arrest and triggering apoptosis [225, 262]. OXP has a ten-
dency to form hydrogen bonds on the alternate side of the DNA strand compared to
CDDP and CP [263]. This difference allows for a particular interaction between the amine
group of the DACH ligand and a 3’ guanine base. The result of that crosslink causes a
structural distortion specific to the biologically active form of OXP [263]. In general, DNA-
adduct conformations differ between CDDP and OXP due to their ligands; the bulky size
of the DACH compared to the two CDDP-chlorides alter the formation of adducts and the
response by the cell [256, 263].

The adducts formed by OXP, predominantly 1,3-d(GpNpG) and Pt-dG or Pt-dA
monoadducts [263, 264], often result in a bend to the DNA helix that has a narrow major
groove and a wider minor groove which prevents HMGB1 proteins from binding with the
OXP-adducts as effectively as with CDDP or even CP [238, 257]. Even the 1,2-d(GpG) in-
trastrand crosslinks that OXP does form are structurally dissimilar to the highly cytotoxic
version caused by CDDP, having a smaller dihedral angle, smaller minor groove, and a
less bent crystal structure [257].

OXP can enter the cell via passive diffusion and is only known to use the main Pt-
influx transporter, CTR1, at lower concentrations, whereas higher concentrations of OXP
tends to enter the cell independently of CTR1 (Table 1) [7, 225, 253, 265, 266]. In fact, up-
regulation of CTRI is not correlated with an increase in OXP resistance, indicating a lack
of connection between the drug and the receptor [253]. Instead, solute carrier transporters,
specifically the organic ion transporter subgroup organic cation transporters 1-3 (OCT 1-
3), are more commonly considered the main OXP-influx transporters. Albeit the particular
affinity of the OXP substrate for each of these transporters within a particular cancer has
varied along different reports [253, 262, 267, 268].

Table 1. Comparison of influx, efflux, and cellular targets of cisplatin, carboplatin, and oxaliplatin.

Drug Influx Efflux Organelle Targets
Nucleus, ER, Mito-
. . CTR1, passive diffu- chondria, Cytoskele-
Cisplatin .
sion ton, Plasma Mem-
brane
. CTR1, passive diffu- ATP7A, ATP7B, Nucleus, ER, Mito-
Carboplatin ) MRP2 .
sion chondria
OCT 1-3, CTR1 (mi- Nucleus, Nucleolus,
Oxaliplatin nor), passive diffu- ER, Mitochondria
sion

The chemical structure of OXP also hinders its ability to form DNA adducts. While
the DACH ligand allows for a strong deformation of the DNA strand, the slow dissocia-
tion of the oxalate ligand results in lower rates of Pt accumulation. An OXP analogue,
[Pt(DACH)Clz], where the oxalate was replaced with chloride leaving groups, like that of
CDDP, showed higher rates of adduct formation at equimolar concentrations of OXP
[257]. Due to the lower amount of DNA platination, fewer DNA adducts tend to form
with OXP treatment. However, OXP is able to more effectively inhibit cell growth com-
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pared to CDDP per the same number of DNA adducts [225, 253, 257, 269, 270]. Further-
more, OXP is able to form DNA adducts in nearly identical regions to CDDP and main-
tains a comparable cytotoxicity to CDDP [225, 253, 256, 269-272].

As mentioned with respect to CDDP and CP, OXP interacts predominantly with
chromatin rather than free DNA [233]. Soori ef al. showed that OXP has a stronger binding
affinity to chromatin compared to CP [233, 273]. OXP was also able to maintain a cooper-
ative binding pattern to chromatin, wherein an OXP molecule is more likely to bind to
chromatin that already has another OXP bound. This was because OXP had more binding
sites for chromatin than CP [233]. Thus, the authors concluded that OXP is able to bind to
chromatin better and stronger than CP [233]. OXP is also able to bind to other nucleophilic
molecules like RNA and to a lesser extent, proteins [253, 257].

In addition to the inhibition of DNA replication, OXP was shown to also be effective
in inhibiting transcription as demonstrated by a study which utilized immobilized DNA
templates to create site specific 1,2- and 1,3-crosslinks for CDDP and OXP [263]. Yuan et
al. integrated the crosslinks into DNA strands that were encouraged to undergo transcrip-
tion, both promoter-dependent and independent, in a representative reconstituted sys-
tem. Of the combinations of crosslinks and drug, 1,3-OXP adducts caused the strongest
transcription inhibition comparatively [263].

Bruno et al., assessed RNA interference (RNAi) signatures, comparing CDDP, CP,
and OXP, to predict the mechanism of their cytotoxic drug action [274]. The authors com-
pared levels of specific RNAs associated with cell death signalling pathways to create the
signatures [274, 275]. In doing so, CDDP and CP were predominantly found to elevate
levels of RNA that are associated with DNA crosslink formation. Contrastingly, OXP
demonstrated increased RNA involved in transcription and translation inhibition [274].

4.3. Oxaliplatin damages nucleolus integrity and inhibits ribosome biogenesis

Ribosome biogenesis is often elevated in cancer and inhibition of the process is cur-
rently being studied as a treatment mechanism [274, 276]. The steps of ribosome biogene-
sis include ribosomal RNA (rRNA) transcription, rRNA processing, and ribosomal subu-
nit production [276].

Studies looking at OXP-treated lymphoma and lung adenocarcinoma cells showed
levels of pre-RNA that fluctuate in a similar pattern to that of a known ribosome biogen-
esis stressor, actinomycin D [274, 276]. In a similar manner, inhibiting ribosome biogenesis
by knocking out RPL11, a critical protein involved in the process, resulted in reduced total
p53 and PARP levels in OXP treated cells while CDDP did not show any difference [274].
OXP was able to disrupt protein synthesis affecting the translation machinery in as early
as 9 hours, whereas CDDP was not. Interestingly, utilization of a translation inhibitor and
ribosome biogenesis stressor in combination with OXP showed an antagonistic effect, sug-
gesting that active translation is required for OXP to display its cytotoxic effect [274]. To
determine the ability of OXP to induce ribosome biogenesis stress, the gene expression of
the translation machinery was assessed. In multiple cancers, gene expression of the ma-
chinery was elevated after OXP exposure. The study also went on to suggest that the cells
compensate for the stress by increasing the expression of translation molecules implying
a “translation addiction” whereby even in the presence of depleted ribosome activity, the
cell attempts to instigate translation [274]. The impact of ribosome biogenesis also gives
some idea for why OXP is effective in colorectal cancer and less so in ovarian cancer —
genes associated with this process were found more prevalently in colorectal cancer tissue
samples compared to ovarian cancer [274].

As ribosome biogenesis occurs within the nucleolus, nucleolar morphology can be
assessed for tumour severity, and it is therefore of interest with OXP treatment [276, 277].
Ribosome biogenesis stress-inducing agents are known to cause nucleolar segregation,
which is characterized by rRNA damage and transcription impairment, separation of the
fibrillarin center and granular component, nucleophosmin (NPM1) migration, and nucle-
olar cap formation [276-278]. Studies have indicated that OXP, but not CDDP, is able to
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induce NPM1 migration from the nucleolus to the nucleoplasm [276, 278]. In particular,
the DACH ligand is associated with elevated NPM1 translocation compared to the chlo-
ride groups of CDDP [278]. As A549 cell lung carcinoma cells are well-characterized for
the nucleolar stress pathway, they were exposed to OXP and CDDP in order to determine
how NPM1 migration correlates with ribosome biogenesis [276]. Inhibition of rRNA tran-
scription by RNA polymerase I (PolI) occurred post-OXP treatment early on compared to
equivalent concentrations of CDDP. This inhibition was found to be correlated with
NPML1 translocation prior to the formation of fibrillarin-containing nucleolar caps, which
indicated impact on transcription and early processing [276].

Pol I inhibition can occur from ribosomal DNA damage; however, direct DNA dam-
age can also show an increase in Pol I inhibition as with CDDP-treated cells. On the other
hand, clinically relevant doses of OXP also increased Pol I inhibition, but DNA damage
was not found abundantly surrounding the nucleoli, suggesting that the mechanism of
Pol I inhibition was separate from DNA damage and likely correlated with the nucleolar
perturbation (NPM1 redistribution) [276]. The results of the study support the idea that
OXP is likely impacting ribosome biogenesis and nucleolar integrity more than causing
direct DNA damage [276].

Beyond the nucleosome, there is also the potential for OXP affecting ribosome bio-
genesis by forming canonical DNA crosslinks like CDDP and CP [279]. For instance,
HCT116 colorectal cancer cells were treated with CDDP and OXP and nuclear proteins
were extracted. Specific DNA probes for each drug with 1,2-crosslinks and 1,3-crosslinks
were created to bind and isolate the proteins most impacted by each drug-crosslink pair.
It was found that across both drugs, the probes for 1,2-crosslinks bound more phosphor-
ylated protein than the 1,3-crosslinks, which coincides with previous reports of 1,2-cross-
links being repaired less effectively and being the dominant lesion of CDDP [225, 279].
With respect to CDDP, both 1,2- and 1,3-probes largely isolated mRNA processing clusters
of proteins; on the other hand, OXP 1,2-crosslink probes focused on chromatin remodel-
ling proteins while 1,3-crosslinks were split between rRNA processing and mRNA pro-
cessing [279]. These differences based on drug were also shown in the distinct patterns of
protein phosphorylation that were generated. UBF1, a DNA binding protein involved in
ribosome biogenesis, was chosen for its functional relevance. Both CDDP and OXP low-
ered the expression of UBF1 and its 5484 phosphorylated isoform; however, OXP man-
aged to do so in a stronger manner than CDDP. These results support the role of OXP in
isolating TRNA processing proteins and the elevated cytotoxicity that OXP was shown to
have in HCT116 cells compared to CDDP [279]. The 5484 phosphorylated isoform of UBF1
is required to interact with RNA Pol I as well as to activate rDNA transcription which has
been demonstrated to be downregulated by OXP [279]. Overall, the study demonstrated
the ability of OXP to hinder ribosome biogenesis via DNA adduct formation as well as the
superior effect of the drug compared to CDDP in this process [279].

4.4. Oxaliplatin induces mitochondrial apoptosis

Although OXP is a Pt-based drug akin to CDDP and CP, the drug is often successful
against cancers that CDDP and CP have been proven ineffective in, which gives further
credence to the assumption that the mechanism of action of OXP might differ from that of
the other agents [263, 274]. For instance, Gourdier et al. demonstrated that OXP was able
to induce mitochondrial apoptosis via activation of pro-apoptotic factors Bax and/or Bak
in a p53 independent manner in OXP-sensitive cells; a defect in the Bcl-2 family of proteins
was shown to be a critical mechanism for OXP-resistance [253, 272, 280]. Additionally,
enucleation of the sensitive cells maintained OXP-induced mitochondrial apoptosis and
cell death, indicating that the nucleus is not the sole source of OXP activity [272].


https://doi.org/10.20944/preprints202211.0271.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 November 2022 d0i:10.20944/preprints202211.0271.v1

4.5. Oxaliplatin is an inducer of immunogenic cell death

A unique mechanism of OXP in treating cancerous cells is the induction of immuno-
genic cell death (ICD) [260, 281]. ICD is the process by which the tumour microenviron-
ment is altered to provide an anti-tumour immunity via a dying tumour cell acting as an
“eat-me” signal to nearby immune cells [282]. Previous studies have demonstrated an as-
sociation between a functional immune system and a successful chemotherapy effect, thus
agents able to prepare or bolster the immune system are attractive for cancer research
[281]. Well-known ICD inducers include the anthracycline class of drugs, which are able
to induce production of activated tumour-specific cytotoxic T-cells in a dendritic cell-de-
pendent manner that can then create an anti-cancer vaccine environment. For ICD, the
exposure or release of specific damage-associated molecular patterns (DAMPs) are neces-
sary, in particular: calreticulin (CRT), adenosine triphosphate (ATP), and high-mobility
group box 1 (HMGB1) [281, 282].

ER stress, from drug treatment, results in caspase-8 activation that prompts the trans-
location of CRT and ERp57 from the ER to the plasma membrane surface, where CRT acts
as an “eat-me” or engulfment signal to the nearby immune cells. The translocation of CRT
occurs early on in apoptosis, prior to any morphological changes or phosphatidylserine
exposure [281-283]. Whereas blocking or depletion of CRT is associated with no immuno-
genicity [284], additional recombinant CRT has been shown to induce ICD in cells that
when treated by a particular drug would normally undergo non-immunogenic cell death
[281, 283, 285]. For example, the results of multiple colorectal cancer cell lines treated with
CDDP indicate that CDDP cannot translocate sufficient levels of CRT to the plasma mem-
brane surface to induce ICD, however, providing additional CRT generates immunogen-
icity [281]. ATP and HMGBI release occur sequentially by the cell later on during apop-
tosis. ATP acts as a “find-me” signal to monocytes, macrophages and dendritic cells (DC),
while HMGBI causes a strong proinflammatory effect and is able to interact with recep-
tors on DCs like toll-like receptor 4 (TLR4) [281, 282, 286]. A loss of TLR4 or a mutated
allele, such as those found in some breast cancer patients, diminishes the interaction be-
tween OXP and HMGBI; relapse after chemotherapy in these patients is more common
than in those with a normal TLR4 allele [281, 284, 286, 287]. Once activated by HMGB1,
mature DCs are able to recognize apoptotic cells and initiate the subsequent immune re-
sponse [282, 286]. HMGBI1 release is also suggested to instigate general and mitochon-
drial-specific autophagy of the tumour cell [282].

Colorectal cancer is heavily influenced by the immune system, with the type, density,
and location of lymphoid infiltrates present in the tumour bed affecting the development
and progression of the disease; thus, cytotoxic T cells and T-helper cells can be beneficial
in treating this cancer [281]. As OXP is a potent drug used in treating colorectal cancer,
there was reason to believe that OXP is able to induce ICD, and research has supported
this conclusion: OXP is able to prepare T cells for interferon-y production and mediate the
anti-cancer vaccine environment in a way that CDDP is unable to [281]. Furthermore, the
difference between the toxicities of OXP and CDDP in colorectal cancer cells was found to
be due to CRT-exposure; as stated above, CDDP is unable to translocate significant levels
of CRT to the plasma membrane while OXP is able to do so. Moreover, removing or in-
hibiting CRT translocation in OXP-treated cells removed the immunogenicity of the cells
[281].

An important point to acknowledge is the requirement of a functioning immune re-
sponse for OXP efficacy. Progression-free and overall survival is lowered in colorectal
cancer patients receiving OXP treatment in those who have a loss-of-function TLR4 mu-
tation, indicating that even with a release of HMGB1 and translocation of CRT, without
an active immune system an anti-cancer vaccine environment cannot be formed [281].

In a study looking at colorectal cancer cell lines (HCT116 and HT29CC) and hepato-
cellular carcinoma (HCC) cell lines (HepG2, SK-Hep1, SNU423, and Hep3b), OXP was
shown to induce necrosis and a stronger inflammatory state in the HCC cells compared
to the colorectal cell lines which more often underwent apoptosis [288]. In this study, OXP
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was shown to elevate ROS, which can trigger oxidative stress damage and induce an im-
mune response; however, in the colorectal cell lines the activation of p53 at the correct
stage pushed the cell death towards apoptosis. On the other hand, in HCC cells, the p53
activation was not sufficient to counteract the building of ROS levels, thus necrosis and a
subsequent inflammatory state were induced [288].

In a 2020 study, murine HCC (H22 and Hepa-16) and human HCC (HepG2 and
SMMC7721) cells were exposed to multiple doses of CDDP and OXP each; a single maxi-
mally-effective dose of 20 uM was chosen to avoid higher dose-side effects [282]. Similar
to the preceding colorectal cancer study, CDDP was unable to induce ICD whereas OXP
was. Cells with CRT exposed on the plasma membrane, as well as extracellular release of
ATP and HMGBI, were observed after OXP treatment. Moreover, signals of immune ac-
tivation were also elevated: higher numbers of activated mature DCs, CD8* T-cells and
reduced Foxp3* T-reg cells which are a strong indication of survival [282]. The presence
of increased CRT exposure as well as mature DCs indicate that OXP is able to induce HCC
engulfment by the DCs and create an anti-tumour environment [282]. The study also sug-
gested a method to bolster a cancer-weakened immune system by combining OXP treat-
ment with an anti-PD-1 antibody, which would act to inhibit PD-L1 expression on the
tumour cells, thus allowing the immune system to react favourably to OXP-induced ICD.
Finally, the researchers shifted from in vitro assays to in vivo syngeneic mouse models,
utilizing their tested cell lines (murine and human) to create tumours, which when treated
with OXP demonstrated ICD induction [282]. These results, both in vitro and in vivo, sup-
port the conclusion that OXP is able to act as an ICD inducer in HCC and colorectal cancer.

4.6. Summary mechanisms of action of oxaliplatin as a chemotherapeutic agent

All mechanisms of action previously described for OXP in its role as a chemothera-
peutic agent are summarized below in Figure 6.
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Figure 6: OXP targets the nucleus in two ways, the mitochondria and ER to induce cell death in
its role as an anti-cancer drug. A OXP forms DNA adducts, intrastrand or interstrand crosslinks,
which result in deformation of the DNA helix; transcription inhibition results in transcription and
replication errors, leading to elevated p53 activity, subsequently activating the apoptosis pathway.
B OXP induces nucleophosmin (NPM1) translocation from the nucleolus to the nucleoplasm; this
process causes nucleolar segregation, inhibition of RNA Polymerase I (RNA Pol I) activity and for-
mation of fibrillarin caps. RNA Pol I is also inhibited by DNA damage blocking the phosphorylated
5484 isoform of UBF1. Subsequently, ribosomal DNA (rDNA) transcription is inhibited, and ribo-
some biogenesis is inhibited. Translation is thus inhibited. C OXP induces reactive oxygen species
(ROS) production leading to the activation of pro-apoptotic factors, Bax and Bak, in a nuclear-inde-
pendent fashion that leads to caspase-9 activation and subsequent mitochondrial-induced apopto-
sis. D ROS production by OXP causes sufficient ER stress to begin apoptosis; during early-apoptosis
calreticulin (CRT) and ERp57 translocate to the plasma membrane and act as “find-me” and “eat-
me” signals to nearby immune cells; during early-to-late apoptosis and late-apoptosis, ATP and
high-grade mobility box 1 (HMGB1), respectively, are secreted into the extracellular environment.
ATP acts as another “find-me” signal to monocytes, macrophages and other immune cells, while
HMGBI can bind to TLR4 on dendritic cells to instigate a full immune response. Created with Bio-
Render.com.

4.7. Limitations of the use of oxaliplatin

As with CDDP and CP, OXP has limitations to its use, either because of side effects,
hypersensitivity, or chemoresistance. The major dose-limiting side effect of OXP is periph-
eral neurotoxicity, occurring acutely or chronically [252, 260, 289-291]. Acute OXP-in-
duced peripheral neuropathy (OIPN) occurs in the majority of patients and can be exac-
erbated by cold stimulation; the symptoms begin to present within hours of the infusion
and can last up to 7 days [252, 291]. A suggested mechanism of OXP to induce the acute
neuropathy is via metabolites of the oxalate group blocking the dorsal root ganglion volt-
age-gated sodium channel activation and impairing nerve excitability [291]. Acute OIPN
occurrence can help to predict the degree of chronic OIPN, which occurs after cumulative
dosages of OXP greater than 750-850 mg/m?. A suggested mechanism for chronic OIPN is
through mitochondrial damage and death of sensory neurons (nerve cell necrosis) [291].
Cases of chronic OIPN tend to be irreversible in less than 5% of cases, and generally within
6-12 months of discontinuation of treatment, the symptoms begin to dissipate [252, 260].
Symptoms of OIPN include cold-sensitive peripheral paresthesia, prolonged muscular
contractions and fasciculations, and problems with proprioception and sensation loss.
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Also, approximately 60% of patients with chronic OIPN experience “coasting” or pro-
longed neuropathic symptoms that impair their daily quality of life beyond completion of
the last course of chemotherapy [252, 291]. While there are no unique risk factors to de-
veloping OIPN, patients tend to be of older age, have previous comorbidities, are on opi-
oids or (3-blockers, have a high BMI, low serum albumin, low creatinine clearance, and
smoke [291]. Furthermore, those who have a baseline neuropathic condition or have spe-
cific genetic polymorphisms such as to glutathione transferases, cytochrome p450 en-
zymes, or OCT2, are known to be more susceptible to developing OIPN. While there is no
current treatment, duloxetine is sometimes given to high risk-factor patients treated with
OXP in order to avoid developing OIPN [291].

Other major side effects from OXP treatment include gastrointestinal reactions, mye-
losuppression, and hypersensitivity reactions [252, 260, 289-291]. Less major, albeit still
common side effects include fatigue and cytopenia [289].

Gastrointestinal problems tend to be of minor concern, limited to mild-to-moderate
nausea, vomiting and diarrhea; generally, there are no impacts on the liver or kidney un-
less previously impaired [252, 260]. However, a growing number of colorectal cancer pa-
tients present with hepatic sinusoidal obstruction syndrome (HSOS) after being treated
with OXP [290]. HSOS is a hepatic vascular disease in which the hepatic sinus endothelial
cells are damaged and shed off, blocking the hepatic sinus outflow tract. This obstruction
results in liver congestion, reduced liver functional reserve, portal hypertension and wors-
ened postoperative course of patients after liver resection. Clinically, the disease also pre-
sents with splenomegaly and thrombocytopenia. Patients diagnosed with OXP-induced
HSOS tend to have higher rates of bleeding risk, transfusion rate, reduced tumour re-
sponse to drug-treatment, longer hospital stays and increased overall morbidity [290]. A
correlation between patients treated with OXP and developing HSOS has been demon-
strated, with more cases of HSOS being found in patients treated with OXP than those
treated with another form of chemotherapy. Incidence and severity of the disease progres-
sion is associated with cumulative OXP dose and length of treatment period [290].

With respect to myelosuppression and myelotoxicity, symptoms tend to be moder-
ate: a greater amount of grade 3-4 neutropenia compared to anemia or thrombocytopenia;
fever only tends to present in less than 4% of patients [252, 260].

Although OXP was designed to overcome hypersensitivity induced by CP or CDDP,
patients can still develop hypersensitivity to OXP as the cumulative dosage increases
[289]. Notably, across multiple studies the incidence rate of OXP-induced hypersensitivity
varies from 2% to 25%, irrespective of the cancer in question. Regardless, less than 1% of
cases tend to be life threatening. Most patients present with cutaneous symptoms like pal-
mar and facial flushing, shortness of breath, nausea, vomiting, and diarrhea; a more severe
reaction includes cardiac arrest, dyspnea, myalgia, rhinorrhea, and severe anaphylaxis
[289]. The number of chemotherapy sessions a patient has underwent is a significant pre-
dictor for risk of developing OXP-induced hypersensitivity. Between 7-9 sessions of OXP
treatment tends to be the point at which hypersensitivity develops [289]. Developing
grade 3 or 4 hypersensitivity is more common in females and in patients with high neu-
trophils and low monocytes [289].

As with all drugs, resistance can be innately present or acquired over time and use.
The mechanisms that increase resistance to OXP include cellular influx/efflux and detox-
ification, DNA adduct repair, and cell death mechanisms [253, 260, 262].

Even though OXP is not known to be solely reliant on CTR1 for its predominant in-
flux into cells, OXP is still reliant on transporters. The levels and function of transporters
like soluble carrier transporter family (OCT 1-3) are critical for OXP influx into the cell.
Therefore, in models of acquired OXP-resistance, colorectal cancer and ovarian cancer cell
lines were induced to have OXP-resistance. Pt-accumulation, DNA adduct formation,
transporter expression and DNA repair genes were assessed [262]. Noordhuis et al. con-
cluded that levels of OCT 1-3 gene expression were significantly correlated to Pt-accumu-
lation and the loss or reduction of expression contributed to OXP resistance seen in the
induced-resistant cell [262]. Similarly, efflux transporters, such as p-type ATPases (ATP7A
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and ATP7B), have also shown a potential role in OXP resistance [253, 262]. ATP7A, in
particular, has been shown to be significantly correlated with the ability of OXP to induce
DNA adduct formation. However, that study concluded that the ability of a cell to pro-
duce DNA adducts was separate from the cytotoxicity of the drug and suggested that the
mechanisms of resistance and action of OXP lay elsewhere [262]. In one clinical trial look-
ing at ATP7A and ATP7B expression levels in colorectal cancer patients treated with first
line OXP, patients with lower levels of ATP7B demonstrated better overall survival [253,
292]. Another efflux transporter family are the ABC transporters, in particular the ABCC
subfamily including MRPs, which have been demonstrated to be associated with OXP
resistance [253]. In an ovarian carcinoma in vitro model, MRP1 and MRP4 were found to
have higher expression and an altered N-linked glycosylation that resulted in less accu-
mulation of OXP within the cell and increased resistance to the drug [253, 293]. In another
study, reduction of Na*K*-ATPase [1 subunit was found to be correlated with OXP re-
sistance in an Na*K*ATPase-pump independent manner; this result suggested that exog-
enous introduction of the 31 subunit was able to increase uptake and sensitization of the
cell to OXP, whereas resistance was maintained with a loss of this subunit [253, 294].

Another method of resistance to OXP is detoxification, namely by the glutathione
system, mediated by the ABCC transporter subfamily [253]. The aquated isomer of OXP
is inactivated by glutathione, catalyzed by the glutathione S-transferase enzyme [258]. In
vitro results have shown contradictory evidence between levels of glutathione and OXP
resistance; for instance, in a study conducted in vitro in six colorectal cancer cell lines that
assessed glutathione and glutathione S-transferase levels and activity after OXP and
CDDP activity, no correlation could be found between either drug or protein with respect
to cytotoxicity or resistance [258]. However, in vivo, some correlation was found in colo-
rectal cancer and gastric cancer patients given OXP. Those with polymorphisms to the
GSTP1, a member of the glutathione S-transferases superfamily, causing a reduction in
the enzyme, tended to have better overall survival after OXP treatment than those with
normal levels of GSTP1 [253]. An important aspect to be noted is the role of the microen-
vironment with respect to glutathione and OXP resistance. Zhang et al. showed an in-
crease in intracellular glutathione after OXP treatment in chronic lymphocytic leukemia
cells, however, this was determined to be due to increased cysteine release into the micro-
environment by bone marrow stromal cells, which is taken up by the cancer cells and used
to promote glutathione synthesis, bolstering OXP resistance [253, 295].

With respect to DNA repair, OXP is unhindered by a deficiency in MMR due to the
bulky DACH ligand. OXP-treated cells are therefore able to undergo apoptosis irrespec-
tive of MMR pathway functionality [6, 7, 256, 258]. In fact, colorectal cancer, which OXP
is used to treat predominantly, is often MMR deficient and this might be a reason why
CDDP and CP are unable to treat it effectively [253, 296]. Instead, OXP-induced DNA
damage is often repaired by the NER system in vitro, in which ERCC1 and XPA have been
identified as key mediators [257, 258]. In a six-line colorectal cancer in vitro study, OXP
cytotoxicity was found to be predicted by ERCC1 levels, and in cells that were able to
maintain lower levels of XPA, OXP DNA adducts had a stronger cytotoxic effect [258].
However, ERCC1 and XPA have also been associated with OXP resistance. In vitro models
of preclinical intrinsically low levels of ERCC1 have been correlated with OXP sensitivity,
while elevated levels have been associated with resistance [253, 260, 297-299]. siRNA-me-
diated silencing of ERCC2 and XPA results in less DNA repair, thus increasing OXP sen-
sitivity and further supporting the association between NER activity and OXP function
[253, 300]. In patients with stage 3 colorectal cancer treated with OXP, those with ERCC1
positive tumours were found to have a lower 5-year disease free and overall survival than
those with ERCC1 negative tumours [301]. OXP is also able to induce free radicals, which
create single strand DNA (ssDNA) breaks, resulting in oxidative DNA damage. The base
excision repair (BER) system is able to repair these ssDNA breaks, thus an alteration in
BER functionality would affect sensitivity to OXP [253]. In colorectal and gastric cell lines,
an elevation in polymerase (3 or polymerase 1, major BER DNA polymerases, has been
correlated with OXP resistance [253, 302, 303].


https://doi.org/10.20944/preprints202211.0271.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 November 2022 d0i:10.20944/preprints202211.0271.v1

Once OXP has caused its damage and the repair mechanisms have failed to protect
the cell, the cell inevitably must undergo cell death; however, there are resistance mecha-
nisms that at this stage too, can interfere with OXP. Alterations to levels of certain pro-
apoptotic and anti-apoptotic factors, such as the Bcl-2 family, Bax, inhibitors of apoptosis
proteins (IAP) including survivin and BIRC, and p53 have all been correlated with re-
sistance to the intrinsic apoptotic pathway [253, 272, 280, 304, 305]. Impairment of the ex-
trinsic apoptotic pathway has also been demonstrated as an OXP resistance mechanism;
overexpression of MMP7, which is able to degrade FasL, prevents the progression of the
extrinsic apoptosis pathway while silencing of MMP? restores OXP sensitivity by increas-
ing levels of the Fas receptor bolstering apoptosis [306].

5. Overall conclusions

The introduction of CDDP, CP, and OXP into cancer chemotherapeutics has resulted
in dramatic improvements in survival and quality of life for cancer patients. However, in
the literature, their nuclear effects have been the predominant focus, while their non-nu-
clear targets have often been neglected in assessing cytotoxicity. More research needs to
be conducted on their cytoplasmic mechanisms of action, as these effects can provide in-
formation on the cellular responses and toxicity that may be missed by solely evaluating
nuclear damage. Furthermore, elucidating additional cellular targets of these drugs can
provide insight into potential methods of reducing side effects and resistance, while en-
hancing cytotoxicity. A conclusion to be taken from this review is the need for further
research to differentiate the actions of CP from those of CDDP. CP is often considered to
be equivalent to CDDP and conclusions reached from research on CDDP cytotoxicity is
often applied to CP. However, as demonstrated in this review, these drugs do not show
identical cytotoxicity towards cancer cells, and while certain mechanisms are common
between the two, current research inadequately covers the scope of effects induced by CP.
In addition, OXP requires further comparison within CDDP-effective cancers to deter-
mine whether it could be used as a low-side effect substitution. Overall, further research
needs to be conducted on CP and OXP so as to provide a more well-rounded conclusion
of their mechanisms of action, resistance, and what cancers they could be used to treat.
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AIF Apoptosis-inducing factor
aSMase Acid sphingomyelinase

ATF6 Activating transcription factor 6
ATP Adenosine triphosphate

BER Base excision repair

CDDP Cisplatin

CHOP C/EMP homologous protein

cp Carboplatin

CRT Calreticulin
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CTR1 High affinity copper uptake protein 1
CytC Cytochrome C

DAMP Damage-associated molecular patterns

DC Dendritic cell

DISC Death-inducing signaling complex

DSB Double strand breaks

ER Endoplasmic reticulum

ERCC1 Cross-complementation group 1

FasR Fas receptor

FDA US Food and Drug Administration
FOLFOX 5-fluorouracil, leucovorin, oxaliplatin drug combination
GEMOX Gemcitabine, oxaliplatin drug combination
GSH Glutathione

HCC Hepatocellular carcinoma

HMGBI1 High-mobility group box 1

HR Homologous recombination

HSOS Hepatic sinusoidal obstruction syndrome
IAP Inhibitors of apoptosis proteins

ICD Immunogenic cell death

ICL Interstrand crosslink

IREla Inositol-requiring protein 1ot

IROX Irinotecan, oxaliplatin drug combination
miRNA microRNA

MMR Mismatch repair

MRP Multidrug resistance proteins

mtDNA Mitochondrial DNA

nDNA Nuclear DNA

NPM1 Nucleophosmin

OCT Organic cation transporter

OIPN Oxaliplatin-induced peripheral neuropathy
OXpP Oxaliplatin

pEIF2x Phosphorylated eukaryotic translation factor 2o
PERK Protein kinase RNA-like endoplasmic reticulum kinase
Pol 1 RNA Polymerase I

Pt Platinum

Pt Platinum

ROS Reactive oxygen species


https://doi.org/10.20944/preprints202211.0271.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 November 2022 d0i:10.20944/preprints202211.0271.v1

rRNA Ribosomal RNA
ssDNA Single strand DNA breaks
TFIIH Transcription factor II H
TLR4 Toll-like receptor 4
UBF Upstream binding factor
XPC Xeroderma pigmentosum
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