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Cisplatin treatment promotes autophagy in both cisplatin-sensitive and cisplatin-resistant cells. Consequently, inhibition of
autophagy can be considered a strategy for improving cisplatin chemosensitivity. This is the positive side, which is called
Yang. However, the functional activity of cisplatin-induced autophagy is related to different genetic phenotypes and tumor
types as well as the microenvironment of the tumor. In addition, preclinical studies have found that pharmacological
autophagy inhibitors are not uniformly effective in enhancing the effectiveness of cisplatin and may also exacerbate the
side effects of cisplatin toward normal tissue. This is the negative side, which is called Yin.
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| 1. Introduction

Cisplatin (cis-diamminedichloroplatinum (1)) was first approved for clinical use by the FDA in 1978 and has continued to
be used as a first-line chemotherapeutic agent for the treatment of approximately 50% of solid tumors, including lung,
head and neck, breast, testicular, ovarian, prostate, and bladder cancers 2. Cisplatin was initially synthesized by Michel
Peyrone in 1845 and therefore was initially called Peyrone’s salt. In testing the effects of platinum compounds on E. coli
proliferation, Rosenberg and his group found that cisplatin also has inhibitory effects on sarcoma 180 and L1210 leukemia
cells B4, Prior to this time, chemotherapeutic drugs in the clinic were all natural or synthetic organic compounds, and
cisplatin became the first antitumor candidate containing heavy metal elements. After approximately 15 years of preclinical
experimentation, through 1975, clinical trials led by the J.M. Hill laboratory confirmed the antiproliferative activity of
cisplatin against multiple solid tumors &, Although cisplatin has a wide range of antitumor activity, its side effects continue
to limit its therapeutic use and efficacy. In the clinic, patients treated with cisplatin often experience symptoms of renal
tubular necrosis (nephrotoxicity), hearing loss or cochlear damage (ototoxicity), and peripheral sensory neuropathy
(neurotoxicity) 8. These side effects appear more frequently with increasing doses of the drug. In addition to side effects,
patients with solid tumors will frequently develop resistance to cisplatin, forcing physicians to consider other treatment
options. As cisplatin resistance is often associated with cross-resistance to other commonly used cytotoxic
chemotherapeutic drugs, such as doxorubicin and etoposide, this results in a reduction in treatment options . There are
many factors leading to cisplatin resistance, including alterations in DNA metabolism, epigenetic and transcriptional
modifications, activation of drug efflux systems, and subcellular drug localization and translocation .

The mechanisms mediating the antitumor actions of cisplatin have been studied for decades, with DNA being the primary
drug target. Once inside the cell, cisplatin undergoes aquation to form [Pt(NH3)2CI(OH2)]+ and reacts with DNA to form
monoadducts, interstrand, intrastrand or DNA-protein cross-links, affecting the DNA double helix structure and
nucleosomes of cancer cells 29, This |eads to replication and transcriptional repression, and DNA double-strand breaks
(DSBs), which then initiate DNA repair. Once DNA repair fails or is overwhelmed by excessive DNA damage, cell death is

triggered 1. An increased capacity to repair DNA is considered as the most significant feature of platinum-resistant cells
[12][13]

The central downstream event following cisplatin interaction with cellular DNA is apoptosis L4518l The intrinsic pathway
of cisplatin-induced apoptosis involves the promotion of oxidative stress, whereby cisplatin-treated cells accumulate
excessive reactive oxygen species (ROS) (hydroxyl radicals and superoxide). Abnormally accumulated ROS damages
mitochondrial respiratory function, leading to mitochondrial dysfunction &4, ROS, influencing the pro-apoptotic protein
Bax, also cause damage to mitochondrial DNA and a reduction in mitochondrial membrane potential, which promotes
mitochondrial destruction. Cytochrome ¢ and caspase 9 are then released by damaged mitochondria and evoke a
cascade of caspase cleavage reactions 18],

The extrinsic pathway of cisplatin-induced apoptosis is mediated via a type-lIl membrane protein that activates the Fas
receptor in conjunction with the Fas ligand, thereby promoting the formation of the apoptosome complex by the Fas-
associated death domain and pro-caspase 8. This apoptosome complex activates caspase 3, caspase 6, and caspase 7,



ultimately leading to apoptosis 9. In addition, cisplatin generally arrests cells in the G1/S or G2 phase of the cell cycle,
providing time for repair of damaged DNA prior to DNA synthesis. When cells fail to repair DNA damage at the cell cycle
checkpoints, they are forced to re-enter the cycle prematurely, progressing to apoptosis 221 As a “gatekeeper”, the
activation of p53 also contributes to cisplatin-induced tumor cell apoptosis 22. In addition, the p21, MDM2, GADDA45 [23],
MAPK pathway 241, and PI3K/Akt pathways 221, which are related to p53 and cell cycle regulation, have all been shown to
be involved in cisplatin-induced apoptosis.

Macroautophagy (which will be refered to as autophagy) is a critical process in eukaryotic cells whereby superfluous
organelles, misfolded proteins, and other cellular debris are cleared, restoring a state of cellular equilibrium 28, This
process is an evolutionarily conserved process whereby cellular debris or toxic cellular components are engulfed by the
autophagosome, a double-layered membrane structure, and transported to acidic lysosomes, where they undergo
degradation and recycling &, Autophagy occurs in cells under nutrient-poor conditions, responding to the decline in
external energy sources. Therefore, autophagy is generally considered to reflect a survival-promoting function. However, if
autophagy is continuously or overly activated, cell death will be triggered. Upon cisplatin treatment, autophagy induction
has been detected in both cisplatin-sensitive and cisplatin-resistant cancer cells. In fact, the basal level of autophagy was
significantly elevated in cisplatin-resistant cells [28129](301(31]

Defective apoptosis is one cause of cisplatin resistance, which confers a survival advantage to tumor cells. This defect
facilitates the generation of cellular stress-mediated autophagy, which precedes or effectively blocks the apoptotic
cascade. A large number of studies have shown that when cisplatin-induced autophagy is inhibited in cancer cells, the
manner of cell death switches to apoptosis 28], Therefore, taken together, cisplatin-induced autophagy is often considered
one of the primary factors thwarting its chemotherapeutic effects. However, the role of autophagy is often far more
complex than has been appreciated.

In addition to autophagy and apoptosis, the tumor cell response following cisplatin treatment can include cellular
senescence, as in some cases, persistent DNA damage leads to long-term growth arrest 22, Although senescence was
previously considered an irreversible response after chemotherapy, recent studies from a number of laboratories have
shown that tumor cells have the capacity to escape from this therapy-induced senescence 22l

| 2. The Yin and Yang Faces of Autophagy Inhibition in Cisplatin Therapy

2.1. A Beneficial Treatment Strategy of Autophagy Inhibition Combined with Cisplatin Is Closely
Related to Tumor Types

CQ and HCQ are quinoline derivatives that exhibit a variety of activities and are able to cross cell membranes by passive
diffusion. These drugs accumulate and are subsequently protonated in acidic vesicles such as lysosomes. This
accumulation leads to a weakened acidic environment, thereby disrupting the endolysosomal system B4l The fusion of
lysosomes and autophagosomes is a critical step for the completion of autophagy, sometimes referred to as autophagic
flux. CQ interferes with the fusion process and is therefore considered to be an effective inhibitor of late-stage autophagy
B3] The combination of CQ with cisplatin has been reported to not only increase the chemotherapeutic efficacy of
cisplatin-sensitive cancer cells B2l but also to effectively improve the chemosensitivity of cisplatin-resistant cancer cells
(Table 1). For example, as listed in Table 1 below, CQ increased cisplatin sensitivity by inhibiting autophagy in cisplatin-
resistant A549 (Ab549/cisplatin) (361 endometrial cancer BZ, urothelial carcinoma 38, epithelial ovarian cancer (9]
esophageal cancers 29, and neuroblastoma 49, Apart from the generally recognized autophagy inhibitory effect, recent
studies have also reported autophagy-independent activities of CQ against breast cancer 21, as well as increased
cisplatin sensitivity to laryngeal tumor cells by promoting repolarizing tumor-associated macrophages from M2 to M1 in
vivo and in vitro 42,

Table 1. Effect of CQ or HCQ on cisplatin-treated cancer cells.

Effect of CQ or HCQ
Cancer Types In Vitro Study Models In Vivo Study Models on Cisplatin Reference
Sensitivity
NSCLC Ab549Icisplatin cells - Increased 261
H460 cells - No effect a3]
Endometrial cancer . . . [37]
Ishikawalcisplatin cells - Increased

cells




Effect of CQ or HCQ

Cancer Types In Vitro Study Models In Vivo Study Models on Cisplatin Reference
Sensitivity
Urothelial RT-112/cisplatin cells - Increased [28]

carcinoma cells

An orthotopic mouse model
A2780-CP20/cisplatin established with A2780-CP20 cells [29]
. . X Increased
cells and a drug-resistant patient-derived
xenograft model

Ovarian cancer

ARHI-low expressed

- [44]

SKOV3 cells No effect
. . Nude mice xenografted with [29]

Esophageal cancers EC109/cisplatin cells EC109/cisplatin cells Increased

Cisplatin-resistant
Neuroblastoma cells model SK-N-BE(2)Cres - Increased [40]
cells
Oral squamous cell SCC-4 cells and SCC- Increased in SC?'A' [45]
carcinoma 4/cisplatin cells ) cells, no effect in
p SCC-4/cisplatin cells
Pediatric
medulloblastoma DAOY and ONS76 cells - no effect 48]
cells

Breast cancer cells 67NR and 4T1 cells - no effect [41]

The above studies appear to suggest that the combination of CQ and cisplatin is indeed a potential approach to
overcoming cisplatin resistance, where this sensitizing effect is largely relevant to specific tumor types. For instance, in
patients with cisplatin-resistant oral squamous cell carcinoma, inhibition of autophagy does not seem to be an ideal
treatment. A recent study showed that although CQ increased the apoptosis rate of cisplatin-treated SSC-4 cells, it had a
very limited effect on the apoptosis of cisplatin-resistant SSC-4 cells (only about a 5—7% increase) 43,

For cells that are inherently sensitive to cisplatin, the outcomes for CQ in combination with cisplatin seem to be more
relevant to the tumor types. For example, in cisplatin-sensitive glioblastoma, pediatric medulloblastoma cell lines, atypical
teratoma/rhabdomyosarcoma cell lines €, low ARHI-expressing ovarian cancer SKOV3 cells 44, p53 wild-type lung
cancer H460 cells 43 and p53-null mouse breast cancer 67NR and 4T1 cells ¥, CQ had no significant effect on the
activity of cisplatin (Table 1).

In addition to CQ, Bafilomycin-Al and PI3K inhibitors (3-MA and wortmannin) are also common inhibitors of autophagy
and have been reported to increase the chemosensitivity of cisplatin in different tumor cells in a large number of studies,
which have been summarized in many reviews 28, Nevertheless, there are also exceptions. An example is that the 3-MA
showed no effect on the cell proliferation rate in cisplatin-treated nasopharyngeal carcinoma CNE1 cells 2. More
interesting examples are cisplatin-resistant gastric cancer KATO-III cells, for which studies have shown that the resistance
is independent of MRP1 and MDR1 and rather linked to Aldoketoreductasel C1 and C3 (AKR1C1 and AKR1C3). When
AKR1C1 and AKR1C3 were inhibited, the combination of 3-MA paradoxically decreased the cell death rate of KATO-III
induced by cisplatin 48,

Based on the data presented above using combinations of autophagy inhibitors with cisplatin, although most of the
reported cisplatin-resistant cells demonstrated sensitization from the combination treatments, inefficient or even ineffective
outcomes were also evident. Moreover, most of the experimental data were generated solely in in vitro cellular models.
Furthermore, the paradigm that “autophagy is a drug resistance mechanism” may have occasionally resulted in a less
than objective interpretations of the data.

In addition to these more classical autophagy inhibitors, there are some compounds and nanomaterials that have also
been found to overcome cisplatin resistance by disrupting autophagy. U0126, a MAPK inhibitor, enhanced cisplatin-
induced apoptosis by inhibiting autophagy in cisplatin-resistant ovarian cancer cells 42 and NSCLC cells BY, Some
natural products have also been found to promote the activity of cisplatin by regulating autophagy (Table 2). For example,
astragaloside IV (AS-1V) derived from Astragalus membranaceus sensitizes cisplatin-resistant NSCLC cells to cisplatin by
inhibiting ER stress and autophagy 1. However, the role of autophagy induced by natural products in combination with

cisplatin is not consistent. For instance, Gardenia jasminoides (GJ), a medicinal herb abundant with flavonoids, in



combination with cisplatin paradoxically activated cytotoxic autophagy in glioblastoma multiforme 2. In addition, the
combination of autophagy-inhibiting nanoparticles or materials with cisplatin enhanced the chemosensitivity or reduced
the resistance to cisplatin. For instance, a nanoparticle-based co-delivery system (siBecl@PPN) is centered on the
efficient co-delivery of Beclinl siRNA (Beclinl is an autophagy initiation factor) and cisplatin to enhance the inhibitory
effect on cisplatin-resistant A549 cells by inhibiting autophagy in vivo and in vitro 231, Compared with the poly lactic acid
(PLA) + cisplatin nanoparticles (CDDP-PLA NPs), the PLA + cisplatin-CQ nanoparticles (CDDP/CQ-PLA NPs) reduced
autophagy and enhanced the ROS and apoptosis of Cal-27 cells 4],

Table 2. Role of autophagy in synergistic effects of natural products and cisplatin.

The Role of Effect of
In Vitro Study In Vivo Study Autophagy in Combination
Compound Models Models Cisplatin Only- Treatment on Reference
Treated Models Autophagy
Ast.r agaloside IV (AS-IV) Cisplatin-resistant Decreased [51]
derived from Astragalus X - Unknown
NSCLC cell lines autophagy levels
membranaceus
Hederagenin, a NSCLC cell lines
triterpenoid derived from NCI-H1299 and )':L?;H:':figmc:;z Unknown au tc[:e'(]:;eas; (\j/els [55]
Hedera helix NCI-H1975 9 phagy
Acetyl-11-keto-B3-
boswellic z.:\md.(AKBA), a NSCLC cell lines } Unknown Decreased [56]
pentacyclic triterpenes, A549 autophagy levels
from Boswellia serrata
Cisplatin-resistant ;?:Lgi::zla:_t;?t Unknown Decreased [57]
Andrographolide (Andro), A549 cells modelg autophagy levels
one of the major active
components in ]
Andrographis paniculata Colon cancer cells Cytoprotective Decreased
HCT-116 (p53 wild - autophagy (both cell autophaay levels (58]
type and p53-null) lines) phagy
HepG2 cell HepG2 xen.ograft Unknown Decreased [591
nude mice autophagy levels
Morin hydrate, a
bioflavonoid, isolated Cisplatin-
from the Moraceae famil i in-resi i
y  Cisplatin-resistant resistant HepG2 Unknown Decreased [59]
HepG2 cells xenograft nude autophagy levels
mice
Gardenia jasminoides Glioblastoma inctlj:clz(:t;)‘c,:vnt:)?:)t(ic Increased
(GJ) is a medicinal herb multiform US7MG - y cytotoxic [52]

abundant with flavonoids

and U373MG cells

autophagy when
combined with GJ

autophagy levels

One final issue that the researchers suggest is worthy of additional attention is the “switch” between the roles played by
autophagy in different tumors. As mentioned earlier, although in many if not most cases where cisplatin-induced
autophagy has been detected the autophagy was functionally cytoprotective, particularly in cisplatin-resistant cells, the
non-protective form of autophagy (i.e., where autophagy inhibition failed to influence cisplatin sensitivity) has also been
observed, particularly in cisplatin-sensitive cells 434441 However, interestingly, re-expression of ARHI in SKOV3 cells
allowed for CQ to suppress cisplatin sensitivity 44l whereas knockdown of p53 in H460 cells resulted in enhanced
cisplatin sensitivity 43!, which is what the researchers refer to as the “autophagic switch”. This again argues that studies to
improve the efficacy of chemotherapy by altering autophagy function should first distinguish the role of autophagy in
specific models. In the absence of such a strategy, experimental conclusions in preclinical models may prove to be
flawed, while translation of the work could be compromised.

2.2. Does Autophagy Inhibition Have the Potential to Exacerbate the Toxicity of Cisplatin to Normal
Tissue?

The above extensive literature strongly suggests that inhibition of autophagy could, in fact, prove to be an effective
strategy for combating cisplatin resistance in the clinic. However, this approach does not fully consider, for example, the
troublesome issue of cisplatin toxicity to the kidneys. Cisplatin nephrotoxicity is related to the excretion of cisplatin, which
occurs through the kidney tubular epithelial cells. Asymptomatic elevation of serum creatinine levels or even acute tubular
injury requiring dialysis therapy occurs with cisplatin chemotherapy in the clinic. Patients who present with this condition



often need to have their medication doses reduced to avoid further kidney damage, resulting in under-treatment of the
disease 84, Renal injury is often accompanied by other complications such as water and nitrogenous waste retention and
is associated with a poorer patient prognosis 2. Recent studies have shown that proximal tubule-specific autophagy-
deficient mice are more susceptible to kidney injury after cisplatin treatment than wild-type mice £3l. This may be related
to autophagy protecting the proximal tubular cells from mitochondrial oxidative stress and protecting the proximal tubular
cells from DNA damage. Furthermore, autophagy also protects the proximal tubular cells from ischemic injury 4. Zhang
et al. reported that the mechanism of cisplatin nephrotoxicity may be related to the inhibition of autophagy by the
activation of protein kinase C & 83, Li et al. found that 3-dehydroxyceanothetric acid 2-methyl ester (3DC2ME) isolated
from the roots of jujube (Ziziphus jujuba, Rhamnaceae) protected against cisplatin-induced renal epithelial LLC-PK1 cell
injury via autophagy modulation 8. Retinoic acid, a major derivative of vitamin A, attenuates cisplatin-induced acute
kidney injury by activating autophagy BZ. Numerous reports have demonstrated a protective effect of autophagy against
cisplatin-induced renal cell injury 8. Thus, prolonged coadministration of high doses of CQ or other autophagy inhibitors
may exacerbate the nephrotoxicity of cisplatin. An example of this outcome can be taken from a study of amniotic fluid
stem cells (AFSC) by Minocha et al., who found that AFSC reduced cisplatin-induced renal apoptosis in rats and served to
protect against acute kidney injury, but CQ counteracted the renal protective effect of the AFSC 89, The protective effect
of autophagy was also demonstrated in cisplatin-induced damage to the cochlear cells 29, In addition, the current
research also demonstrates the importance of autophagy in enhancing the therapeutic potential of stem cell therapy in
attenuating cisplatin-associated liver injury 1. The two-sided nature of autophagy inhibition during cisplatin treatment
suggests the necessity of elucidating the pattern of autophagy in therapy and finding ways to target the delivery of
autophagy inhibitors to lesions while mitigating nephrotoxicity as well as other normal tissue injury associated with the
administration of cisplatin in cancer therapy.
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