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Summary
Although cisplatin is one of the most common antineoplastic drug, its successful utilisation in cancer treatment is limited by the
drug resistance. Multiple attempts have been made to find potential cisplatin chemosensitisers which would overcome cancer
cells resistance thus improving antineoplastic efficacy. Autophagymodulation has become an important area of interest regarding
the aforementioned topic. Autophagy is a highly conservative cellular self-digestive process implicated in response to multiple
environmental stressors. The high basal level of autophagy is a common phenomenon in cisplatin-resistant cancer cells which is
thought to grant survival benefit. However current evidence supports the role of autophagy in either promoting or limiting
carcinogenesis depending on the context. This encourages the search of substances modulating the process to alleviate cisplatin
resistance. Such a strategy encompasses not only simple autophagy inhibition but also harnessing the process to induce
autophagy-dependent cell death. In this paper, we briefly describe the mechanism of cisplatin resistance with a special emphasis
on autophagy and we give an extensive literature review of potential substances with cisplatin chemosensitising properties related
to autophagy modulation.
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Introduction

Cisplatin – General description

Cisplatin (cis-diamminedichloroplatinum(II)) is a square-
planar geometry platinum coordination compound synthe-
sized for the first time in 1844. Its cytotoxic properties were
discovered in the 1970s and since its approval by FDA for
cancer therapy in 1978 it has become one of the most com-
monly used drugs in the treatment of human neoplasm [1].
The classical view on cisplatin cytotoxic activity emphasizes
its interaction with DNA. Cisplatin forms different types of
adducts with DNA (monoadducts, intrastrand crosslinks,
DNA-protein crosslinks) triggering DNA damage response,
cell cycle arrest, and apoptosis [1]. Additionally, the role of

mitochondrial damage resulting in excessive reactive oxygen
species (ROS) generation and lipid peroxidation was
highlighted [1]. Altogether these cellular events trigger intrin-
sic (mitochondrial) apoptotic pathway characterized with cy-
tochrome c release and apoptosome formation leading to cas-
pase activation. Cisplatin was also implicated in cell mem-
brane fluidification which triggers non-specific Fas receptor
activation and leads to extrinsic apoptotic pathway. Other
mechanisms of cisplatin toxicity involve disruption of calcium
signaling and Na+/H+ membrane pump and Na+/K+ ATPase
inhibition [1–3]. Additionally due to its great reactivity cis-
platin may bind to various proteins including enzymes thus
modulating their activity [4].

Cisplatin is administered intravenously. Cellular uptake is
mainly dependent on passive diffusion through the plasma
membrane corresponding to 50% of drug transport [5].
Other possible routes include carrier-mediated transport (via
CTR1 and OCT1–3), fluid-phase endocytosis as well as the
internalisation of cisplatin-bounded transmembrane proteins
[5]. In the cytosol, due to relatively lower chloride anion con-
centration, cisplatin becomes activated – one or two chloride
ligands of platin are replaced by water ligands. This event not
only potentiates cisplatin biological activity but also entraps
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molecule inside the cell. Activated cisplatin reacts with vari-
ous substrates including protein sulfhydryl group and nucleic
acids [1, 5]. Only a small portion of cisplatin (~1%) reaches
the nucleus to bind DNA whereas the rest remains bounded
with cytosolic proteins or entrapped in cellular compartments
as Golgi, lysosomes and secretory vesicles [5, 6].

Cisplatin alone or in combination is utilized in che-
motherapy regimens including first-line treatment of
lung, head and neck, breast, testicular, ovarian, cervical,
prostate, and bladder cancer in approximately 50% of
all cancer-patients [1, 7]. However, its use may be lim-
ited due to numerous undesirable effects including drug
resistance and adverse reactions such as nephrotoxicity,
gastrointestinal disorders, allergic reactions, reduced im-
munity and hearing loss especially in younger patients.
Other platinum-containing anti-cancer drugs such as
carboplatin or oxaliplatin were also developed and suc-
cessfully implemented in clinical use [1, 4]. The sever-
ity and duration of the aforementioned adverse effects
depend on a lifetime cumulative dose of cisplatin which
imposes a strict restriction on drug-based regimens.
Additionally, tissue damage may become irreversible
causing permanent disability [8]. Clinically implementa-
tion of combination therapy with cisplatin successfully
reduces toxicity and resistance [1]. Up to this date,
many substances were found to synergize with cisplatin
anticancer activity as well as to reduce cancer cisplatin
resistance in vitro and in vivo. Clinical studies indicate
that the addi t ion of 5-f luorouraci l , pacl i taxel ,
gemcitabine, doxorubicin to cisplatin results in a
favourable outcome or reduced adverse effects in the
treatment of various neoplasms [9]. However in this
case it is difficult to conclude if the effect depends on
drug synergism or resistance development restriction.
Nevertheless available evidence encourages the search
for new compounds with cisplatin chemosensitising
properties that may improve cisplatin therapy efficacy.

Mechanisms of cisplatin resistance in cancer cells

Antineoplastic drug resistance in cancer cells is a multidimen-
sional phenomenon often difficult to tract. However, research
in this area is required as it may uncover potential targets for
novel cancer co-therapeutics acting synergistically with anti-
neoplastic drugs as chemosensitisers.

Cisplatin resistance was widely explored in the past with
many mechanisms found to play a role. The following sec-
tions will briefly summarize molecular alteration leading to
resistant phenotype in cancer cells. This includes (i) alteration
in DNA metabolism, (ii) epigenetic and transcription pro-
grams changes, (iii) increase in drug detoxification pathways
activity, (iv) disturbed drug localization and trafficking
(Table 1) [10].

Alerted DNA metabolism

An increase in DNA repair machinery activity may directly
protect genomic DNA from cisplatin effects. Among other
pathways, nucleotide excision repair (NER) seems to play a
pivotal role. NER facilitates cisplatin adducts excision and
DNA repair and its activity positively correlates with cisplatin
resistance [1, 10, 11].

Interestingly another mechanism responsible for single-
strand DNA damage repair - mismatch repair (MMR) plays
an opposite role in cisplatin resistance. MMR machinery rec-
ognizes cisplatin lesion sites but is unable to repair hence
shielding cisplatin adducts from NER mediated repair and
promoting apoptosis. Consistently MMR deficiency promotes
cisplatin resistance [11].

Besides NER other mechanisms as homologous recombi-
nation (HR), nonhomologous end joining (NHEJ),Fanconi
anaemia pathway and translesion synthesis (TLS) are impli-
cated in alleviating cisplatin mediated genomic DNA damage
thus contributing resistance [10–12].

Epigenetics and transcription profile alteration

Cisplatin resistant cancer cells are characterized by significant
changes in transcription profile. This depends on epigenetic
changes as an alteration in histone remodeling or DNA meth-
ylation [10].

Overexpression of chromatin remodeling enzymes as
Tip60 acetyl-transferase or histone deacetylases 1, 3 and 4
were linked with cisplatin resistance [10]. Additionally, the
activity of histone demethylase as RBP2/KDM5A/Jarid1A
was found to be required for the cisplatin-tolerance phenotype
[10].

Furthermore, cisplatin resistance development is linked
with significant changes in DNA methylation landscape.
Prolonged cisplatin treatment was shown to induce hyperme-
thylation of many promoter regions leading to reduced gene
transcription and contributing drug resistance. Among others
p53, p73 and insulin-like growth factor-binding protein-3 pro-
moters’ hypermethylation was strongly correlated with cis-
platin resistance [10].

The aforementioned epigenetic changes lead to alteration
in the transcription profile. Cisplatin resistance phenotype was
linked with alerted expression of: proteins involved in cisplat-
in trafficking (CTR1, TMEM205, ATP7A and ATP7B), tran-
scription regulators (f.i. histone H1 and H3, SIRT1, GCF2,
Nrf2, Snail, TWIST), small GTPases (Rab5, Rac1, RhoA,
Rab8), cytoskeletal proteins, endocytosis/exocytosis regula-
tors (ERC, STX6), chaperones (HSP 10, 27, 60 70, 90), ribo-
somal proteins and others. Additionally emerging line of evi-
dence indicates the importance of miRNA expression profile
(miRNome) changes in cisplatin resistance [10].
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Drug detoxification

Apart from cisplatin active efflux (discussed in the fol-
lowing section), intracellular detoxification depends on
endogenous compounds know to inactivate cisplatin.
Among those glutathione and metallothioneins seem to
play a crucial role. Glutathione sulfhydryl groups are
highly reactive toward cisplatin thus sequestering it
and limiting its accessibility. Moreover, increase in both
glu ta th ione and prote ins l ike th ioredoxin and
peroxiredoxin limits oxidative stress caused by cisplatin
[1, 10]. The latter is greatly dependent on Nrf2 tran-
scription factor induction [10]. Additionally, carbonyl
reductase (CBR1), aldo-keto reductases - AKR1C1 and
AKR1C3 activity was implied in resistance-phenotype
development [13].

Drug trafficking and subcellular localization

Increased efflux and decreased influx are important and uni-
versal mechanisms of drug resistance. Although cisplatin up-
take is mainly facilitated by passive diffusion, the role of pro-
tein interaction-mediated and active transport was also empha-
sized (see above). Consequently, CTR1 downregulation may
limit cisplatin efflux and generate cisplatin-resistant pheno-
type [1, 10]. On the other hand, increased expression of cell
membrane (ATP7B and MRP 1–5) or vesicular (ATP5A)
transporters augment active cytoplasmic efflux of cisplatin in
resistant cells [1, 10].

Moreover increased cisplatin accumulation in cellular com-
partments as Golgi, lysosomes, melanosomes and exosomes
have recently gained attention as a potential mediator of cis-
platin resistance [6].

Table 1 Cisplatin resistant phenotype in cancer cells may result from:
(i) alteration in DNA metabolism, (ii) epigenetic and transcription
programs changes, (iii) increase in drug detoxification pathways

activity, (iv) disturbed drug localization and trafficking. Molecular
mechanisms involved in each phenomenon and their effects on cells are
summarised in the following table

Mechanism of resistance Effect Involved molecular mechanism

Alerted DNA metabolism
[1, 10–12]

An increase in DNA repair machinery
activity directly protects genomic
DNA from cisplatin effects.

Increased activity of:
nucleotide excision repair (NER),
homologous recombination (HR),
nonhomologous end joining (NHEJ),
Fanconi anaemia pathway translesion synthesis (TLS).
Mismatch repair (MMR) deficiency.

Changes is epigenetics and
transcription profile [10]

Altered expression of cisplatin
resistance phenotype proteins:

involved in cisplatin trafficking (CTR1,
TMEM205, ATP7A and ATP7B),

transcription regulators (f.i. histone H1
and H3, SIRT1, GCF2, Nrf2, Snail,
TWIST),

small GTPases (Rab5, Rac1, RhoA,
Rab8),

cytoskeletal proteins,
endocytosis/exocytosis regulators (ERC,

STX6), chaperones (HSP 10, 27, 60 70,
90),

ribosomal proteins and others.

Overexpression of chromatin remodeling enzymes as Tip60
acetyl-transferase or histone deacetylases 1, 3 and 4.

The activity of histone demethylase as RBP2/KDM5A/Jarid1
A - required for cisplatin-tolerance phenotype.

Hypermethylation of promoter regions - reduced gene
transcription and contributing drug resistance. Among
others p53, p73 and insulin-like growth factor-binding
protein-3 promoters’ hypermethylation were strongly
correlated with cisplatin resistance.

Drug detoxification [1, 10,
13]

Cisplatin chemical deactivation and
ROS scavenging.

Glutathione sulfhydryl groups are highly reactive toward cisplatin
thus sequestering it and limiting its accessibility.

Glutathione and proteins like thioredoxin and peroxiredoxin limit
oxidative stress caused by cisplatin.

Carbonyl reductase (CBR1), aldo-keto reductases - AKR1C1 and
AKR1C3 activity was implied in resistance-phenotype development.

Drug trafficking and
subcellular localization
[1, 6, 10]

The decreased fraction of cisplatin able
to interact with its molecular targets.

CTR1 downregulation limits cisplatin efflux and generates
cisplatin-resistant phenotype.

Increased expression of cell membrane (ATP7B and MRP 1–5) or
vesicular (ATP5A) transporters augments active cytoplasmic efflux
of cisplatin in resistant cells.

Increased cisplatin accumulation in cellular compartments as Golgi,
lysosomes, melanosomes and exosomes has recently gained attention
as a potential mediator of cisplatin resistance.
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The role of a vesicular compartment in antineoplastic drug
resistance

The role of autophagy in antineoplastic drug resistance is
vastly researched. Cisplatin treatment strongly induces cellu-
lar autophagy [14]. Although it was mainly considered as a
protective mechanism linked to cisplatin-resistant phenotype
recent line of evidence suggests that the autophagy role is
context-dependent. In some conditions, cisplatin triggered au-
tophagy may conversely enhance cell death [14].
Furthermore, the latter effect was shown to be enhanced by
various chemical compounds. In result not only autophagy
inhibitors but more generally its modulators are potential cis-
platin chemosensitisers.

Moreover, cisplatin-resistant cancer cells are characterized
by alterations in vesicular compartment functioning. These
include the reduction of the lysosomal compartment with
downregulation of LAMP-1 and 2 [15, 16]. Aberrant function
and expression of the lysosomal H + -pump in cisplatin-
resistant cells result in decreased lysosomal acidification
[17]. This not only results in deficient lysosomal enzymes
processing but additionally alerts lysosomal localization, traf-
ficking, fusion and promotes lysosomal drug accumulation
and exocytosis [15–18] The latter process may serve as an
additional rout of drug efflux as cisplatin may be actively
transported into lysosomes by ATP5A [5, 6]. Deficiency in
lysosomal enzymes activity was also linked to decreased EGF
degradation [17]. Lately, the role of Rab7A downregulation in
cisplatin resistance was evaluated. Rab7A is a RAB GTPAse
family member localized to late endosomes and lysosomes.
Rab7A facilitates the maturation of early and late endosome,
promotes lysosomal biogenesis, acidification, clustering and
their fusion with late endosomes. Reduced expression of
Rab7A was found in cisplatin-resistant cancer cells to directly
confer drug resistance. Downregulation of Rab7A was linked
with increased production of cisplatin loaded extracellular
vesicles (EV) serving as an additional drug efflux route.
Additionally, another study proved that cisplatin treatment
induces EV release which serves as mediators of communica-
tion with tumor environment to induce invasiveness and drug
resistance [19]. Of note, other studies found reduced expres-
sion of RAB5A and upregulation of RAB8A in cisplatin-
resistant cells [16].

Furthermore, cisplatin resistance phenotype was linked
with aberrations in the endocytic compartment. This includes
disruption in endocytic recycling leading to in membrane pro-
teins mislocalization. Moreover, cisplatin-resistant cells lose
normal perinuclear localization of the endocytic recycling
compartment (ERC) which becomes dispersed equally. This
was suggested to depend on alterations in microtubules and to
play a direct role in cisplatin resistance [20].

At last reduced fluid-phase endocytosis was suggested to
reduce drug uptake in cisplatin-resistant cells [5].

Autophagy and lysosomes

Autophagy in cancer

The role of autophagy in cancer is ambiguous and context-
dependent. Autophagy may limit carcinogenesis through the
elimination of damaged mitochondria (mitophagy) generating
excessive amounts of ROS [14]. On the other hand, autophagy
serves as a cellular mechanism to overcome environmental
stress thus acting as a protective mechanism to promote tumor
growth [14]. Specifically, autophagy induction was linked to
the chemoresistant phenotype, cancer stemness, and dorman-
cy [14, 21].

The biological role, molecular mechanism and regulation

Autophagy is a physiological and evolutionary conserved pro-
cess leading to a controlled degradation of cell’s components.
Although basic level of autophagy is maintained to remove
damaged cellular components, it is significantly upregulated
in response to various stressors. Autophagy is subdivided in
three different types – macroautophagy, micorautophagy and
chaperone-mediated autophagy [22]. In this review term au-
tophagy will mostly concern macroautophagy unless other-
wise specified. The latter two types are utilized autonomously
by lysosomes either by direct engulfment of cytoplasmic car-
go in the case of microautophagy or by translocation of solu-
ble cytosolic proteins through specialized transporters in lyso-
some membrane [22]. The following sections are aimed to
review the mechanism and regulation of autophagy.
Additionally, a simplified scheme of the process is presented
in Fig. 1.

Macroautophagy begins with the formation of prime
vesicles – omegasomes on the membrane of endoplasmic
reticulum (ER). This specific location at ER is primed by
the presence of ATG9 protein. The active ULK1/2 (unc-
51 like autophagy activating kinase) complex is recruited
to omegasome causing phosphorylation of PI3K class 3
complex and following PI3P formation. Subsequent series
o f even t s l eads to the rec ru i tment o f va r ious
autophagosome membrane protein (e.g. ATG5-ATG12/
ATG16L and LC3 with its further conversion to LC3-
II), the formation of phagophore vesicle, its elongation
and maturation [23]. Phagophore engulfs cytoplasmic ma-
terial either nonspecifically (bulk autophagy) or specifi-
cally. The latter is reserved for distinct structures as dam-
aged mitochondria (mitophagy), protein aggregates and
others. This depends on the interaction of LC3
autophagosome residual protein with “eat-me” signals
(for instance ubiquitin chains, proteins with LC3-
interacting region, or distinct lipids) presented on target
structures [22, 24]. The next phagosome undergoes enclo-
sure around engulfed cargo with the formation of the
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double-membrane autophagosome. To successfully re-
trieve materials from engulfed structures mature
autophagosome need to fuse with the lysosome. This
event delivers enzymes to digest the autophagosome inner
membrane and its content. Successful fusion depends on
tethering factors present on lysosomal and autophagosome
membrane - HOPS complex, Rab7 and a set of adaptor
proteins. Following tethering outer autophagosome mem-
brane undergoes SNARE dependent fusion with lysosom-
al membrane forming autolysosome [23, 24]. After the
breakdown of cargo by lysosomal hydrolases, nutrients
are retrieved from the lumen of autolysosome by mem-
brane transporters. At last lysosome reformation begins –
vesicles rich in lysosomal membrane proteins buds from
autolysosome outer membrane in a clathrin-mediated pro-
cess called autophagic lysosome reformation (ALR) [23].

Proper maturation and microtubule transport of
autophagosome are essential for autophagy realization and
disruption of any may lead to stalling of the process.
Similarly appropriate lysosomal trafficking is a prerequisite

for fusion with autophagosome [23, 24]. In this context, it is
worth mentioning that lysosome positioning alteration is one
of cancer hallmarks [25].

Proper lysosomal activity is required for autophagy to suc-
ceed. Lysosomes are single membrane vesicular organelles
containing acid hydrolytic enzymes implied in digestion -
both extracellularly (after exocytosis) and intracellularly upon
fusion with endosomes and autophagosomes. For the optimal
activity of enzymes, lysosomal lumen pH is maintained at a
low level by the presence of membrane V-ATPase. In addition
to a conventional role in digestion, lysosomes play a vital role
in metabolism regulation, cellular signaling, secretion and cell
membrane repair [26].

Under specific circumstances, lysosome may fuse with cell
membrane in an exocytosis process. This both supplies mate-
rial for membrane repair and mediates secretion of lysosomal
lumen content. The latter delivers proteolytic enzymes to
cleave extracellular matrix which may promote cancer migra-
tion and progression. Additionally, lysosome exocytosis may
serve as a paracrine mechanism through ATP transport [26].

Fig. 1 A simplified scheme depicting: autophagosome formation,
autophagy process and lysosome reformation with associated regulatory
pathways. A more detailed description is provided in the corresponding
sections. Note that for convenience “ULK”, “PI3KC3”, “ATG” stands for
entire complexes consisting of respective proteins. Utilized abbreviations

stand for: GF – growth factor, Pi – phosphate group, PIP2 – phos-
phatidylinositol-(3,4,5)-triphosphate, PIP2 – phosphatidylinositol-
(4,5)-bisphosphate. Green arrows symbolize activation processes
whereas red blunt-ended lines correspond to inhibition. Other arrows
depict the sequence of the process or transformation

542 Invest New Drugs  (2021) 39:538–563



Importantly this process is also related tomulti-drug resistance
in canner by contribution to drug efflux. Cytotoxic drugs,
especially cationic amphiphilic compounds, are known to be
sequestered in the lysosomal lumen and to trigger their exo-
cytosis [27].

As mentioned above autophagy may be greatly enhanced
in response to many cues which require strict regulation. This
includes two master regulators –mTORC1 and TFEB. mTOR
is a protein complex with kinase activity implied mainly in
cellular metabolism and growth regulation. Active mTORC1
both phosphorylates and sequester ATG13 and ULK1 to di-
minish their activity, while mTORC1 inhibition (f.i. during
starvation) promotes ATG13 and ULK1 activity, initiating
autophagy [24]. Lysosomes serves as a scaffold for
mTORC1.mTORC1 is recruited to the lysosome by lysosome
membrane resident Rag GTPases upon their activation by
nutrient flux. Additionally, another lysosomal GTPase –
Rheb may allosterically activate mTORC1 in response to
growth factor (GF) signaling. Importantly lysosomal tethering
enables close coordination of nutrient sensing and growth fac-
tor signaling in mTORC1 activation [28]. On the other hand,
TFEB is a transcription factor pivotal for the expression of
both autophagy and lysosome biogenesis related genes [24].
Its activity is inhibited by mTORC1 and promoted by
nutrient-deficiency mediated lysosomal calcium efflux. Off
note TFEB signaling is also thought to be pivotal for lysosome
exocytosis [26, 28].

Many feedback loops are involved in a proper autophagy
regulation. For instance, mTORC1 deactivates TFEB. In turn,
TFEB controls mTORC1 lysosomal recruitment and
upregulates mTORC1 activating Ras-related GTP-binding
protein D [24]. Other proteins implicated in autophagy regu-
lation include AMPK, BCL-2, AKT and MAPK pathway
components [22, 24].

Autophagy and lysosomes in cell death

For a long time, autophagy was considered as an exclusively
cytoprotective mechanism and was implied to oppose apopto-
sis. Indeed autophagy and apoptosis are to some extent mutu-
ally exclusive. Autophagy limits apoptotic cell death by the
elimination of mitochondria which prevents ROS generation
and cytochrome-c release [29]. Conversely during the course
of the apoptotic execution phase caspases cleave autophagy-
related proteins thus inhibition the latter process [29].
Interest ingly products of this cleavage often act
proapoptotically in a positive feedback loop [29].
Additionally, sequestration of autophagy regulator protein -
beclin-1 by antiapoptotic bcl-2, bcl-xl and Bim is vital for
discussed crosstalk [29]. In opposition to its protective role
autophagy may also contribute to cell death. Selective autoph-
agy of apoptosis inhibitors as FoxO3a (transcription factor for
proapoptotic Puma), Bruce (intrinsic apoptotic pathway

inhibitor), Fap-1 (Fas-mediated apoptosis inhibition), or
caveolin-1 promotes this modality of cell death [29–31].
Furthermore, selective autophagy of catalase promotes
necrotic-like cell death and autophagy of ferritin causes
ferroptosis – a type of cell death mediated by excessive free
iron accumulation [31]. Interestingly autophagosome may
serve as a scaffold for apoptotic or necroptotic machinery
facilitating respectively FADD-caspase 8 and FADD-RIP1-
RIP3 (necrosome) activation [31]. Additionally, mitophagy
as well as stalled autophagy resulting from autolysosome for-
mation failure may lead to cellular demise [32]. Importantly
autophagy-dependent cell death may occur independently on
other modalities of apoptosis, necroptosis or ferroptosis. This
may be the result of excessive “bulk” autophagy or may de-
pend on autosis - a distinct form of PCD involving the Na+/
K+ ATPase [32].

At last, lysosomes are also implicated in programmed cell
death. Current nomenclature guidelines define lysosomal cell
death as dependent on primary lysosomal membrane perme-
ability (LMP) and lysosomal acid proteases - cathepsin activ-
ity. LMP is characterized by comprised lysosomal membrane
integrity which enables lysosome content leakage into the
cytoplasm [33]. This is promoted by various factors including
caspase activity, Bax, p53, ROS, membrane lipid changes,
lysosomotropic agents (including some chemotherapeutic)
and prevented by antioxidants, Bcl-2, Hsp70, LAMP-1/2
and membrane cholesterol [34]. As mentioned above cathep-
sins are the main executors of lysosome dependent cell death.
Upon cytoplasmic translocation, they cleave various target
proteins. Cathepsin activity results in degradation of
antiapoptotic XIAP, Bcl-2, Bcl-xl and Mcl1 as well as inacti-
vation of proapoptotic caspase8, Bid and Bak [34, 35]. The
additional mechanism depends on calpain cleavage as well as
on iron release and consequent ROS generation [34]. Whereas
moderate LMP leads to apoptosis, a massive one may trigger
necroptosis [33]. Lysosomes are an attractive target for anti-
neoplastic therapy due to the convergence of many cellular
processes and pathways dysregulated in cancer on those
organelles.

Literature review

Rationale and methodology of the study

Cisplatin is currently one of the most important antineoplastic
drugs in use. However high prevalence of primary and ac-
quired cisplatin resistance is a vital limitation for cisplatin
treatment regimes. The development of effective co-
therapeutics capable of overcoming this phenomenon is a pos-
sible solution for improving clinical outcomes. This requires
the knowledge of molecular mechanisms standing behind re-
sistant phenotype and identification of potential targets.
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Simultaneously numerous reports indicate the importance of
autophagy and lysosomes in cancer development and more
specifically in drug resistance. These, combined with high
autophagy inducing potential of cisplatin, prompted us to
write this paper in a form of review on chemical compounds
modulating autophagy and lysosomal physiology that sensi-
tizes cancer cells to cisplatin.

We searched PubMed database for entries containing ex-
perimental data linking modulation of autophagy/lysosomes
with chemical compounds (excluding pure gene manipula-
tions) and cisplatin treatment efficacy in vitro or in vivo. We
identified 39 chemical compounds capable of cisplatin
chemosensitization (Table 2). In the following sections, we
will briefly main findings from the research.

Compounds

Chloroquine and its derivatives

Chloroquine (CQ) is a multi-active quinoline derivative with
anti-inflammatory, anti-viral and anti-parasitic activity [36].
CQ is a weak base capable of passive diffusion through cell
membrane. It accumulates in acid intercellular vesicles like
lysosomes where it becomes protonated and entrapped.
Experimentally CQ is commonly utilized as a late-stage au-
tophagy inhibitor. CQ inhibits lysosome–autophagosome fu-
sion (while not significantly affecting lumen pH value) which
may be due to disruption of SNAP29 recruitment to lysosomal
membrane [36, 37]. This may cause autophagic flux stalling
with autophagosomes accumulation leading to autophagy-
dependent cell death. Moreover, LC-3 lipidation promotion
by CQ induced osmotic imbalance may affect autophagic flux
[37]. Additionally CQ treatment leads to lysosomal clustering
and enlargement as well as to disorganization of Golgi com-
plex and endo-lysosomal system expressed in disruption of
EGF-R endocyt ic t ransfer [37] . Moreover , af ter
intralysosomal accumulation CQ may destabilize the lyso-
somal membrane leading to LMP (preferentially in cisplatin-
resistant cells characterized with increased lysosomes num-
ber) due to its detergent-like properties. The latter is most
visible during treatment with high concentrations of CQ
(40–160 μM) whereas at lower concentrations (10–20 μM)
autophagy inhibition is a predominant effect [48].

CQ or HCQ were shown to potentiate CPT anti-neoplastic
effect in multiple cancer cell lines [38–49, 51–57].

CQ enhances CPT induced apoptosis and/or senescence.
CQ treatment was also linked to loss of mitochondrial poten-
tial as well as to caspase 7 and 3 activation implicating the role
of intrinsic mitochondrial apoptotic pathway [45, 48, 54, 55].

CQ chemosensitizing properties manifest with selectivity
in some experiments. CQ effect on CPT cytotoxicity was less-
er in normal and CPT-sensitive cancer cell lines [43, 48, 54].
However other experiments do not support this conclusion

[38, 41, 42, 53]. Additionally, no influence on CPT treated
cell viability was also observed for several types of cancers
(glioblastoma, pediatric medulloblastoma cell lines and atyp-
ical teratoid/rhabdoid tumour cell lines) [50]. Circu et al.
found that a low dose of CPT (25 uM) is inefficient in enhanc-
ing CPT activity in resistant A549 cell line though it success-
fully inhibits autophagy. On the other hand, high concentra-
tions (100 uM) of CQ synergized with CPT in cell viability
reduction. The latter effect was suggested rather to depend on
LMP induction than autophagy inhibition. Conversely in the
same experiment ATG5 knockout efficiently reversed CPT
resistance. It was suggested that CQ at low concentrations
may exhibit additional side mechanism limiting autophagy-
inhibition induced cancer cells chemosensitization [48]. On
the other synergistic effect of CQ and CPT was proved in
other studies for CQ at concentrations as low as 1uM in ovar-
ian cancer and at 4 μg/mL (~12,5 uM) in a resistant A549 cell
line [43, 53]. Additionally, xenografts experiments proved
that CQ administrated peritumourally is in enhancing CPT
mediated tumor mass reduction in CPT-resistant oesophageal
cancer, melanoma and hepatocarcinoma [45, 51, 52]. In the
first case, CPT treatment alone was totally inefficient.

Clinically co-administration of CPT and member of tyro-
sine kinase inhibitors (TKI) such as gefitinib or erlotinib was
shown not to improve outcomes. This may result from TKI
mediated induction of autophagy which generates CPT-
resistant phenotype. CQ addition to gefitinib and CPT regi-
ment was shown to overcome this antagonistic effect enhanc-
ing cell death in NSCLC cell line [39].

CPT resistance correlates with high basal autophagy.
Consistently ATG genes knock down and CQ treatment
sens i t i zes cance r ce l l s to CPT [48 , 51 , 53] .
Subsequently ATG5/7 knockout inhibits CQ (in mono-
therapy) antineoplastic activity [43]. This suggests that
although autophagy induction itself acts as a CPT-
protective mechanism, it is necessary for CQ activity.
As mentioned above in some cases CPT resistant cell
lines characterized with the higher basal level of au-
tophagy were more prone for CQ mediated growth in-
hibition. Simultaneous autophagy induction by CPT and
late stage autophagy flux inhibition with consequent ac-
cumulation of unfused autophagosomes and lysosomes
may play a vital role in CQ-CPT synergism.

Off note experiments with oxaliplatin (OXA) proved that
CQ or 3-MA addition augments OXA induced ROS genera-
tion. ROS scavenging with N-acetylcysteine, significantly re-
duced OXA-CQ/CPT-3-MA induced cell death. Given the
similarity of OXA and CPT ROS may play an important role
in CQ mediated chemosensitization [57].

Hydrochloroquine (HCQ) is a less toxic derivative of CQ
with similar clinical applications. HCQ cellular effects are
similar to those of CQ and consistently its was shown to pos-
sess CPT chemosensitizing properties in vitro [46, 47, 49].

544 Invest New Drugs  (2021) 39:538–563



Ta
bl
e
2

L
is
to
f
co
m
po
un
ds

re
po
rt
ed

to
se
ns
iti
ze

ca
nc
er
ce
lls

to
w
ar
ds

C
PT

in
th
e
m
ec
ha
ni
sm

of
au
to
ph
ag
y/
ly
so
so
m
es

m
od
ul
at
io
n.
A
br
ie
f
ch
ar
ac
te
ri
za
tio

n
of

co
m
po
un
ds
,t
he
ir
ce
llu

la
r
ef
fe
ct
s,
an
d
m
ai
n

fi
nd
in
gs

fr
om

re
vi
ew

ed
re
se
ar
ch

ar
e
pr
es
en
te
d.

L
.p

C
om

po
un

d
P
ha

rm
ac
ol
og
ic
al
/b
io
lo
gi
ca
la

ct
iv
it
y

T
yp

e
of

st
ud

y
C
P
T
ch
em

os
en
si
ti
za
ti
on

-
m
ec
ha

ni
sm

of
ac
ti
on

R
ef
er
en
ce
s

C
la
ss
ic
al

au
to
ph

ag
y
in
hi
bi
to
rs

1.
C
hl
or
oq
ui
ne

an
d
its

de
ri
va
tiv

es
(C
Q
)

-
m
ul
ti-
ac
tiv

e
qu
in
ol
in
e
de
ri
va
tiv

e
-
an
ti-
in
fl
am

m
at
or
y,
an
ti-
vi
ra
la
nd

an
ti-
pa
ra
si
tic

ac
tiv

ity
-
au
to
ph
ag
os
om

e-
ly
so
so
m
e
fu
si
on

in
hi
bi
to
r

-
ac
cu
m
ul
at
es

in
ly
so
so
m
es

-
tr
ig
ge
rs
L
M
P

In
vi
tr
o:

N
SC

L
C
,o
es
op
ha
ge
al
ca
nc
er
,o
va
ri
an

ca
nc
er
,

m
el
an
om

a,
ur
ot
he
lia
lc
ar
ci
no
m
a,
ga
st
ri
c

ca
nc
er
,s
al
iv
ar
y
gl
an
d
ca
rc
in
om

a,
en
do
m
et
ri
al

ca
nc
er

an
d
to
ng
ue

sq
ua
m
ou
s
ca
rc
in
om

a
In

vi
tr
o:

gl
io
bl
as
to
m
a,
pe
di
at
ri
c
m
ed
ul
lo
bl
as
to
m
a

ce
ll

lin
es

an
d
at
yp
ic
al
te
ra
to
id
/r
ha
bd
oi
d

tu
m
or

In
vi
vo
:

m
ou
se

xe
no
gr
af
tC

PT
-r
es
is
ta
nt

oe
so
ph
ag
ea
l,

m
el
an
om

a
an
d
he
pa
to
ca
rc
in
om

a
ca
nc
er

m
od
el

-
↑
C
P
T
in
du
ce
d
ap
op
to
si
s
an
d/
or

se
ne
sc
en
ce

-
lo
ss

m
ito

ch
on
dr
ia
lm

em
br
an
e
po
te
nt
ia
l

-
↑
ca
sp
as
es

8,
3
le
ve
l

-
se
le
ct
iv
ity

in
so
m
e
ex
pe
ri
m
en
ts
-

no
ef
fe
ct
in

no
rm

al
ce
ll
lin

es
-
↑
au
to
ph
ag
y

-
↓
la
te
st
ag
e
au
to
ph
ag
y
fl
ux

-
↑R

O
S

-
no

in
fl
ue
nc
e

-
↓
tu
m
or

m
as
s

[3
6–
57
]

2.
B
af
ilo

m
yc
in
-A

1(
B
af
-A

1)
-
a
se
le
ct
iv
e
in
hi
bi
to
r
of

V
-A

T
P
as
e

A
T
P6

V
0C

/V
0
su
bu
ni
tc

-
S
E
R
C
A
C
a2
+
pu
m
p
in
hi
bi
to
r

-
in
hi
bi
ts
-a
ut
op
ha
go
so
m
e-
ly
so
so
m
e

fu
si
on

an
d/
or

ly
so
so
m
al
di
ge
st
io
n

In
vi
tr
o:

bl
ad
de
r,
oe
so
ph
ag
ea
la
nd

ce
rv
ic
al

ca
nc
er
,t
on
gu
e
sq
ua
m
ou
s
ce
ll
ca
rc
in
om

a
-
↓
of

ly
so
so
m
al
C
PT

up
ta
ke

th
us

↑
th
e
D
N
A
-b
ou
nd

C
P
T
po
rt
io
n

-
↑
ly
so
so
m
al
bi
og
en
es
is
by

c-
A
bl
/T
FE

B
pa
th
w
ay

[4
1,
51
,

58
–6
1]

3.
3-
M
et
hy
la
de
ni
ne

(3
-M

A
)

-
no
n-
sp
ec
if
ic
ph
os
ph
os
ph
at
id
yl
in
os
ito

l
3-
ki
na
se
s
(P
I3
K
)
in
hi
bi
to
r

In
vi
tr
o:

ce
rv
ic
al
ca
nc
er
,g
lio

m
as
,s
al
iv
ar
y
ad
en
oi
d

cy
st
ic
ca
rc
in
om

a,
os
te
os
ar
co
m
a,
ov
ar
ia
n

ca
nc
er
,

N
S
C
L
C
,
n
as
o
p
h
ar
y
n
g
ea
l
ca
rc
in
o
m
a,

la
ry
ng

ea
l
ca
nc
er
,
he
pa
to
ca
rc
in
om

a
an
d

ur
ot
he
lia
lc
ar
ci
no
m
a

In
vi
tr
o:

to
ng
ue

sq
ua
m
ou
s
ce
ll
ca
rc
in
om

a
In

vi
vo
:

H
um

an
S
al
iv
ar
y
A
de
no
id

C
ys
tic

C
ar
ci
no
m
ax
en
og
ra
ft
m
od
el
s

-
↑
ca
sp
as
e-
de
pe
nd
en
t a
po
pt
os
is

-
m
ito

ch
on
dr
ia
hy
pe
rp
ol
ar
is
at
io
n

-↑
E
R
-s
tr
es
s
m
ar
ke
rs
w
hi
ch

w
er
e
lin

ke
d
to

ca
sp
as
e-
4
an
d
ca
sp
as
e-
3
ac
tiv

at
io
n

-
no

ef
fe
ct

-
↓
tu
m
or

m
as
s

[3
8,
40
,4
2,

45
,5
4,
56
,

62
–7
1]

4.
W
or
tm

an
in

(W
T
)

-
no
n-
sp
ec
if
ic
ph
os
ph
os
ph
at
id
yl
in
os
ito

l
3-
ki
na
se
s
(P
I3
K
s)
in
hi
bi
to
r

In
vi
tr
o:

ch
ol
an
gi
oc
ar
ci
no
m
a,
N
SC

L
C

In
vi
vo
:
ch
ol
an
gi
oc
ar
ci
no
m
a
xe
no
gr
af
t

m
od
el

-
↑
in
tr
in
si
c
ap
op
to
tic

pa
th
w
ay

-
ac
ts
se
le
ct
iv
el
y
to
w
ar
ds

ra
pi
dl
y

pr
ol
if
er
at
in
g
ce
lls

-
↓
tu
m
or

m
as
s

[4
4,
63
]

C
om

po
un

ds
w
el
ls
pe
ci
fi
ed

m
ol
ec
ul
ar

ta
rg
et
s

5.
m
T
O
R
/P
I3
K
in
hi
bi
to
rs
:

PK
I4
02

In
vi
tr
o:

he
pa
to
ca
rc
in
om

a
In

vi
tr
o:

-
↑
ly
so
so
m
al
bi
og
en
es
is
(m

tR
O
S/
T
FE

B
)

-
↑
ly
so
so
m
es

nu
m
be
r

[3
6,
44
,7
2]

545Invest New Drugs  (2021) 39:538–563



T
ab

le
2

(c
on
tin

ue
d)

L
.p

C
om

po
un

d
P
ha

rm
ac
ol
og
ic
al
/b
io
lo
gi
ca
la

ct
iv
it
y

T
yp

e
of

st
ud

y
C
P
T
ch
em

os
en
si
ti
za
ti
on

-
m
ec
ha

ni
sm

of
ac
ti
on

R
ef
er
en
ce
s

A
Z
D
20
14

-
m
T
O
R
is
a
re
gu
la
to
r
of

ce
llu

la
r
m
et
ab
ol
is
m

lin
ki
ng

nu
tr
ie
nt

st
at
us

an
d
gr
ow

th
fa
ct
or

(G
F)

si
gn
al
in
g
w
ith

au
to
ph
ag
y
in
du
ct
io
n

gl
io
bl
as
to
m
a,
N
SC

L
C
,

no
rm

al
ce
lls

-
in
du
ce
d
m
ito

ch
on
dr
ia
ld

ep
ol
ar
iz
at
io
n,

-
↑m

tR
O
S
ge
ne
ra
tio

n
-
↑a
po
pt
os
is

-
↓
ce
ll
de
at
h

6.
M
A
PK

in
hi
bi
to
rs

(U
O
12
6)

-
M
A
PK

s
ar
e
ki
na
se
s
re
sp
on
si
bl
e

fo
r
ex
tr
a
an
d
in
tr
ac
el
lu
la
r
si
gn
al

tr
an
sd
uc
tio

n,
am

pl
if
ic
at
io
n

an
d
co
or
di
na
tio

n

In
vi
tr
o:

N
S
C
L
C

In
vi
tr
o:

oe
so
ph
ag
ea
lc
an
ce
r

-
up
re
gu
la
tio

n
of

th
ym

id
yl
at
e
sy
nt
ha
se

an
d
th
ym

id
in
e
ph
os
ph
or
yl
as
e
th
at

gr
an
ts
C
P
T
re
si
st
an
ce

-
↓
au
to
ph
ag
y

-
↑
ap
op
to
si
s

-
↑
se
ne
sc
en
ce

-
↓c
el
lu
la
r
gr
ow

th
-
↓a
po
pt
os
is

-
↓s
en
es
ce
nc
e

[5
1,
73
]

7.
M
PT

0L
14
5

-
se
le
ct
iv
e
FG

F-
R
in
hi
bi
to
r

In
vi
tr
o:

bl
ad
de
r
ca
nc
er

-
↓
vi
ab
ili
ty

of
in

C
P
T
-t
re
at
ed

C
P
T
-r
es
is
ta
nt

bl
ad
de
r
ca
nc
er

(m
ito

ch
on
dr
ia
ld

ys
fu
nc
tio

n,
R
O
S

pr
od
uc
tio

n,
an
d
D
N
A
da
m
ag
e)

-
↑
in
co
m
pl
et
e
au
to
ph
ag
ic
fl
ux

[7
4]

8.
N
im

ot
uz
um

ab
-
an
ti-
E
G
F-
R
m
on
oc
lo
na
la
nt
ib
od
y
co
m
m
on
ly

ut
ili
ze
d
in

ca
nc
er

th
er
ap
y

In
vi
tr
o:

oe
so
ph
ag
ea
l

sq
ua
m
ou
s
ce
ll
ca
rc
in
om

a
-
↑
se
ns
iti
vi
ty

to
w
ar
ds

C
PT

or
pa
cl
ita
xe
l-
in
du
ce
d
vi
ab
ili
ty

re
du
ct
io
n

-
↑
au
to
ph
ag
y

[7
5]

9.
PI
K
3C

3/
V
ps
34

in
hi
bi
to
r:

S
A
R
40
5

-
P
IK

3C
3/
V
ps
34

is
a
lip

id
ki
na
se

im
pl
ic
at
ed

in
ve
si
cu
la
r
tr
af
fi
ck
in
g
an
d
au
to
ph
ag
os
om

e
m
at
ur
at
io
n

In
vi
tr
o:

ur
ot
he
lia
lc
ar
ci
no
m
a

-
↓
ce
ll
vi
ab
ili
ty

[4
2,
76
]

10
.

C
ep
ha
ra
nt
hi
ne

-
ch
ol
es
te
ro
lt
ra
ff
ic
ki
ng

in
hi
bi
to
r
ta
rg
et
in
g

N
ie
m
an
n-
P
ic
k
di
se
as
e
ty
pe

C
1
(N

PC
1)

pr
ot
ei
n

-
pr
ev
en
tin

g
ch
ol
es
te
ro
le
ff
lu
x
in
to

th
e
cy
to
pl
as
m

-
di
sr
up
tio

n
of

ly
so
so
m
es

In
vi
vo
:

br
ea
st
an
d
lu
ng

ca
nc
er

xe
no
gr
af
tm

od
el
s

-
sy
ne
rg
iz
e
w
ith

C
P
T
to

↓
tu
m
or

gr
ow

th
[7
7]

C
om

po
un

ds
in
fl
ue
nc
in
g

ce
llu

la
r
m
et
ab
ol
is
m

11
.

M
et
fo
rm

in
-
an
tid

ia
be
tic

dr
ug

-
m
ito

ch
on
dr
ia
lc
om

pl
ex

I
an
d
m
ito

ch
on
dr
ia
l

gl
yc
er
op
ho
sp
ha
te
de
hy
dr
og
en
as
e
in
hi
bi
to
r

-
gl
ut
am

in
as
e
in
hi
bi
to
r

-
↑β

-o
xi
da
tio

n,
gl
uc
os
e
up
ta
ke
,g
ly
co
ly
si
s

-
an
tin

eo
pl
as
tic

ac
tiv

ity

In
vi
tr
o:

br
ea
st
an
d
ce
rv
ic
al
ca
nc
er

ce
lls
,

-
↓
in

C
P
T
in
du
ce
d
au
to
ph
ag
y

-
↑a
po
pt
os
is

-
↓
ca
nc
er

ce
lls

pr
ol
if
er
at
io
n

-
↓
of

au
to
ph
ag
y
se
co
nd
ar
y
to

↓
of

am
m
on
ia
pr
od
uc
tio

n

[7
8,
79
]

12
.

2-
de
ox
y-
D
-g
lu
co
se

(2
-D

G
)

-
gl
yc
ol
ys
is
in
hi
bi
to
r

In
vi
tr
o:

co
lo
n
ca
nc
er
,n
eu
ro
bl
as
to
m
a,

gl
io
m
a
gr
ad
e
IV

C
el
lu
la
r-
sp
ec
if
ic
ef
fe
ct
s:

-
↑
en
do
pl
as
m
ic
re
tic
ul
um

(E
R
)

st
re
ss

an
d
au
to
ph
ag
y

-
↑
ap
op
to
si
s

[8
0,
81
]

13
.

In
su
lin

-
a
pe
pt
id
e
ho
rm

on
e
se
cr
et
ed

by
th
e
pa
nc
re
as

im
pl
ic
at
ed

in
gl
uc
os
e
ce
llu

la
r
up
ta
ke

an
d

m
et
ab
ol
is
m

re
gu
la
tio

n

In
vi
tr
o:

oe
so
ph
ag
ea
ls
qu
am

ou
s

ce
ll
ca
rc
in
om

a
-
↑
A
kt

an
d
m
T
O
R
ex
pr
es
si
on

an
d
↓

au
to
ph
ag
y
in
iti
at
io
n
w
hi
ch

co
rr
el
at
ed

w
ith

↑
th
e
ap
op
to
tic

ra
tio

[8
2]

546 Invest New Drugs  (2021) 39:538–563



T
ab

le
2

(c
on
tin

ue
d)

L
.p

C
om

po
un

d
P
ha

rm
ac
ol
og
ic
al
/b
io
lo
gi
ca
la

ct
iv
it
y

T
yp

e
of

st
ud

y
C
P
T
ch
em

os
en
si
ti
za
ti
on

-
m
ec
ha

ni
sm

of
ac
ti
on

R
ef
er
en
ce
s

14
.

N
ic
ot
in
am

id
e

Ph
os
ph
or
ib
os
yl
tr
an
sf
er
as
e

in
hi
bi
to
r:
FK

86
6

-
in
hi
bi
ts
en
zy
m
e
th
e
ca
ta
ly
zi
ng

co
nv
er
si
on

of
ni
co
tin

am
id
e
to

ni
co
tin

am
id
e
m
on
on
uc
le
ot
id
e

In
vi
tr
o:

ne
ur
ob
la
st
om

a
an
d

ce
rv
ic
al
ca
nc
er

-
↑
ce
ll
de
at
h

[8
3]

N
at
ur
al

co
m
po
un

ds
an

d
th
ei
r
de
ri
va
tiv
es

15
.

O
ri
do
ni
n

-
bi
oa
ct
iv
e
en
t-
ka
ur
an
e
di
te
rp
en
oi
d,
a

m
aj
or

ac
tiv

e
co
ns
tit
ue
nt

of
R
ab
do
si
a

ru
be
sc
en
s,
w
hi
ch

ha
s
be
en

w
id
el
y

us
ed

in
tr
ad
iti
on
al
C
hi
ne
se

m
ed
ic
in
e

(a
nt
i-
ca
nc
er
,a
nt
i-
in
fl
am

m
at
or
y)

In
vi
tr
o:

ov
ar
ia
n
ca
nc
er
,N

SC
LC

-
↑a
po
pt
os
is

-
↓
B
el
in
-1

le
ve
l

-
↓
au
to
ph
ag
y

-
lim

its
ad
ve
rs
e
ef
fe
ct
s
of

th
er
ap
y

(C
PT

-i
nd
uc
ed

ne
ph
ro
to
xi
ci
ty

in
vi
vo

in
m
ic
e)

[8
3,
84
]

16
.

Ph
en
ox
of
io
l(
PX

D
)

-
an

is
of
la
vo
ne

an
al
og

w
ith

w
id
el
y

pr
ov
ed

an
tic
an
ce
r
ac
tiv

ity
-
in
hi
bi
to
r
of

ap
op
to
si
s
pr
ot
ei
n
(X

IA
P)

an
d
FL

IC
E
in
hi
bi
to
ry

pr
ot
ei
n
(F
L
IP
)

-
di
re
ct
in
hi
bi
tio

n
of

to
po
is
om

er
as
e
II

an
d
E
N
O
X
2
(e
ct
o-
N
O
X
di
su
lf
id
e-
th
io
le
xc
ha
ng
er

2)

In
vi
tr
o:

ov
ar
ia
n
ca
nc
er

-
X
IA

P
do
w
nr
eg
ul
at
io
n

-
↓
au
to
ph
ag
y

-
↓
B
ec
lin

-1
le
ve
l

-
lim

its
ad
ve
rs
e
ef
fe
ct
s
of

th
er
ap
y

(C
PT

-i
nd
uc
ed

ne
ur
ot
ox
ic
ity

in
vi
tr
o)

[4
7,
85
,8
6]

17
.

A
nd
ro
gr
ap
ho
lid

e
-
na
tu
ra
lly

oc
cu
rr
in
g
la
bd
an
e
di
te
rp
en
oi
d

-
an
ti-
in
fl
am

m
at
or
y,
an
tiv

ir
al
,a
nt
io
xi
da
nt

an
d

an
tic
an
ce
r
ac
tio

n
-
m
ay

di
sr
up
ta
ut
op
ha
go
so
m
e-
ly
so
so
m
e
fu
si
on

-
ac
tiv

at
or

of
N
rf
2

In
vi
tr
o:

N
S
C
L
C
an
d
co
lo
n
ca
nc
er

In
vi
vo
:

N
SC

L
C
xe
no
gr
af
tm

od
el

-
↑
ap
op
to
si
s

-
↓
PT

E
N

-
↑
lif
es
pa
n

[8
7–
89
]

18
.

4-
A
ce
ty
la
nt
ro
qu
in
on
ol

-t
et
ra
hy
dr
o
ub
iq
ui
no
ne

de
ri
va
tiv

e
fo
un
d
in
A
nt
ro
di
a

ca
m
ph
or
at
e,
m
us
hr
oo
m

po
pu
la
r
in

T
ai
w
an

an
d

C
hi
ne
se

m
ed
ic
in
e

-
an
ti-
ca
nc
er

ac
tiv

ity

In
vi
tr
o:

ov
ar
ia
n
ca
nc
er

ce
ll
lin

es
In

vi
vo
:

ov
ar
ia
n
ca
nc
er

xe
no
gr
af
tm

od
el
s

-
↑
ap
op
to
si
s

-
↓
au
to
ph
ag
y

-
↓
A
kt

an
d
m
T
O
R
ac
tiv

ity
-
↓
tu
m
or

gr
ow

th

[4
6]

19
.

Pr
is
tim

er
in

-
qu
in
on
em

et
hi
de

tr
ite
rp
en
oi
d
w
ith

an
ti-
ca
nc
er

ac
tiv

ity
is
ol
at
ed

fr
om

C
el
as
tr
ac
ea
e
an
d
H
ip
po
cr
at
ea
ce
ae

-
pr
ot
ea
so
m
e
an
d
te
lo
m
er
as
e
in
hi
bi
to
r

-
↓
M
E
K
/E
R
K
,E

G
F-
R
,P

I3
K
/A
kt
,W

nt
/β
-c
at
en
in
,

N
fx
B

-
↑
JN

K
-
↓
au
to
ph
ag
y/
↑
au
to
ph
ag
os
om

e
ac
cu
m
ul
at
io
n

In
vi
tr
o:

N
S
C
L
C

In
vi
vo
:

N
SC

L
C
m
ic
e
xe
no
gr
af
tm

od
el

-
↓
m
iR
-2
3a

-
↓
A
kt

an
d
G
SK

3B
ph
os
ph
or
yl
at
io
n

-
↓
au
to
ph
ag
y

-
↓t
um

or
gr
ow

th

[9
0–
92
]

20
.

Ic
ar
iin

-
fl
av
on
oi
d
us
ua
lly

de
ri
ve
d
fr
om

E
pi
m
ed
iu
m

sa
gi
tta
tu
m

-
an
ti-
ca
nc
er
,a
nt
i-
in
fl
am

m
at
or
y,
an
ti-
ox
ia
nt
,

an
ti-
ap
op
to
tic

In
vi
tr
o:

m
ul
tid

ru
g-
re
si
st
an
to

va
ri
an

ca
nc
er

ce
ll

-
↑
ap
op
to
si
s

-
↓
au
to
ph
ag
ic
fl
ux

[9
3]

21
.

M
el
at
on
in

-
hu
m
an

ho
rm

on
e
re
gu
la
tin

g
th
e
sl
ee
p-
w
ak
e
cy
cl
e

-
an
tio

xi
da
nt

-
N
rf
2
ac
tiv

at
or

-
↑/
↓
au
to
ph
ag
y
(m

ay
be

ce
ll
lin

e
sp
ec
if
ic
)

In
vi
tr
o:

ce
rv
ic
al
ca
nc
er

an
d
he
ad

an
d

ne
ck

sq
ua
m
ou
s
ce
ll
ca
rc
in
om

a

-
↑
ap
op
to
si
s

-
↓
m
ito

ph
ag
y
(s
ec
on
da
ry

to
↓

JN
K
/p
ar
ki
ni
n
ac
tiv

ity
)

-
↑
m
ito

ch
on
dr
ia
lR

O
S

[9
4–
96
]

22
.

Pr
oc
ya
ni
di
ns

(O
C
P)

-
Fl
av
on
oi
ds

In
vi
tr
o:

-
↑
ap
op
to
si
s

-
↑
au
to
ph
ag
y

[9
7]

547Invest New Drugs  (2021) 39:538–563



T
ab

le
2

(c
on
tin

ue
d)

L
.p

C
om

po
un

d
P
ha

rm
ac
ol
og
ic
al
/b
io
lo
gi
ca
la

ct
iv
it
y

T
yp

e
of

st
ud

y
C
P
T
ch
em

os
en
si
ti
za
ti
on

-
m
ec
ha

ni
sm

of
ac
ti
on

R
ef
er
en
ce
s

-
an
ti-
ox
id
at
iv
e,
an
ti-
in
fl
am

m
at
or
y,
an
tim

ic
ro
bi
al
,

an
tiv

ir
al
an
d
an
ti-
ca
nc
er

ac
tiv

ity
la
ry
ng
ea
lc
ar
ci
no
m
a

23
.

N
ef
er
in
e

-
bi
sb
en
zy
lis
oq
ui
no
lin

e
al
ka
lo
id

w
ith

an
ti-
ca
nc
er

ac
tiv

ity
de
ri
ve
d
fr
om

L
ot
us

se
ed
s

-
P
-g
ly
co
pr
ot
ei
n
1
in
hi
bi
to
r

In
vi
tr
o:

N
S
C
L
C

-
↑
R
O
S
ge
ne
ra
tio

n
-
↓
PI
3K

/A
kt
/m

T
O
R
pa
th
w
ay

-
↑
au
to
ph
ag
y
(↑
L
C
3B

-I
I/
L
C
3B

-I
ra
tio

)
-
↓
B
ec
lin

-1
an
d
PI
3K

C
II
I

[9
8,
99
]

24
.

H
yp
er
os
id
e

-
fl
av
on
ol

gl
yc
os
id
e
pr
es
en
tm

ai
nl
y
in

m
em

be
rs
of

H
yp
er
ic
um

an
d
C
ra
ta
eg
us

ge
ne
ra

-
an
ti-
in
fl
am

m
at
or
y,
an
ti-
ox
id
an
ta
nd

an
tic
an
ce
r

ac
tiv

iti
es

In
vi
tr
o:

ov
ar
ia
n
ca
nc
er

-
↑
ap
op
to
si
s

-
↑
au
to
ph
ag
y

-
se
le
ct
iv
e
to
w
ar
ds

C
P
T
-r
es
is
ta
nt

ce
lls

ch
ar
ac
te
ri
ze
d
w
ith

PG
R
M
C
1

ex
pr
es
si
on

an
d
au
to
ph
ag
ic
fl
ux

[1
00
]

25
.

B
u-
Z
ho
ng
-Y

i-
Q
i

D
ec
oc
tio

n
(B
Z
Y
Q
D
)

-
C
hi
ne
se

he
rb
al
m
ed
ic
at
io
n
co
m
pr
is
in
g
ex
tr
ac
ts

fr
om

si
x
di
ff
er
en
th

er
bs

-
an
ti-
ca
nc
er

ac
tiv

ity

In
vi
tr
o:

N
S
C
L
C

-
↑
ap
op
to
si
s

-
↑
au
to
ph
ag
y
(a
cc
um

ul
at
io
n
of

L
C
3-
II
an
d
A
tg
7)

-
↑
R
O
S
ge
ne
ra
tio

n

[1
01
]

26
.

M
on
an
ch
oc
id
in

A
(M

on
A
)

-
an

al
ka
lo
id

is
ol
at
ed

fr
om

m
ar
in
e
sp
on
ge

M
on
an
ch
or
a
pu
lc
hr
a

-
cy
to
to
xi
c
pr
op
er
tie
s
in

ca
nc
er

ce
ll
lin

es

In
vi
tr
o:

re
si
st
an
tg

er
m

ce
ll
tu
m
or

ce
ll

lin
e,
pr
os
ta
te
an
d
bl
ad
de
r
ca
nc
er

-
se
le
ct
iv
ity

(c
an
ce
r
sp
ec
if
ic
)

-
↑
ce
ll
de
at
h

-
↑
un
se
le
ct
iv
e
au
to
ph
ag
ic
pr
ot
ei
n

de
gr
ad
at
io
n

-
↑
L
M
P
at
hi
gh
er

co
nc
en
tr
at
io
ns

[1
02
]

27
.

(−
)-
E
pi
ga
llo

ca
te
ch
in

ga
lla
te
(E
G
C
G
)

-
po
ly
ph
en
ol
ic
ca
te
ch
in

-
an
ti-
ca
nc
er

ac
tiv

ity
in

vi
tr
o

In
vi
tr
o:

co
lo
re
ct
al
ca
nc
er

-
↓
ca
nc
er

ce
lls

pr
ol
if
er
at
io
n

-
↑
ce
ll
de
at
h

-
↑
au
to
ph
ag
os
om

e
fo
rm

at
io
n
an
d

ac
cu
m
ul
at
io
n

[1
03
]

28
.

C
ha
lc
on
e-
24

(C
ha
l-
24
)

-
a
m
em

be
r
of

ch
al
co
no
id
s

-
an
ti-
m
ic
ro
bi
al
,a
nt
i-
in
fl
am

m
at
or
y
an
d

an
ti-
ne
op
la
st
ic
ac
tiv

ity

In
vi
tr
o:

N
S
C
L
C

-
↑
ap
op
to
si
s

-
↑
JN

K
/B
cl
-2
/B
ec
lin

1
de
pe
nd
en
t

au
to
ph
ag
y
in
du
ct
io
n

[1
04
]

29
.

R
es
ve
ra
tr
ol

-
po
ly
ph
en
ol
ic
co
m
po
un
d

-
an
ti-
ox
id
an
t,
an
ti-
in
fl
am

m
at
or
y,
cy
to
pr
ot
ec
tiv

e,
an
ti-
ne
op
la
st
ic
ef
fe
ct

-
pl
ei
ot
ro
pi
c
bi
ol
og
ic
al
ac
tiv

ity

In
vi
tr
o:

N
S
C
L
C

-
↑
au
to
ph
ag
ic
fl
ux

-
↑
ap
op
to
si
s
(↑
B
ax

ex
pr
es
si
on

an
d

↓B
cl
-2

an
d
A
kt

ph
os
ph
or
yl
at
io
n)

[1
05
–1
07
]

30
.

G
am

bo
gi
c
A
ci
d
(G

A
)

-
a
xa
nt
ho
no
id

co
m
po
un
d
de
ri
ve
d
fr
om

G
ar
ci
ni
a
ha
nb
ur
yi

-
an
ti-
ca
nc
er

ac
tiv

ity
pr
ov
ed

in
vi
tr
o
an
d
in

vi
vo

In
vi
tr
o:

N
S
C
L
C

-
↑
ca
nc
er

gr
ow

th
in
hi
bi
tio

n
-
↑
au
to
ph
ag
y

-
↓
A
kt
/m

T
O
R
pa
th
w
ay

[1
08
]

31
.

G
M
I
-a
n
im

m
un
om

od
ul
at
or
y
pr
ot
ei
n

de
ri
ve
d
fr
om

G
an
od
er
m
a

m
ic
ro
sp
or
um

fu
ng
us

-a
nt
in
eo
pl
as
tic

ac
tiv

ity
w
as

pr
ov
ed

in
vi
vo

af
te
ro

ra
l

ad
m
in
is
tr
at
io
n

-
↑
E
R
st
re
ss
/c
al
ci
um

/A
kt
/m

T
O
R
pa
th
w
ay

an
d

tr
ig
ge
rs
au
to
ph
ag
ic
ce
ll
de
at
h
at
tr
ib
ut
ed

to
un
fu
se
d
au
to
ph
ag
os
om

e
ac
cu
m
ul
at
io
n

In
vi
tr
o:

N
S
C
L
C

-
↑
ap
op
to
si
s

-
do
w
nr
eg
ul
at
io
n
of

E
R
C
C
1,
X
PF

,
an
d
su
rv
iv
in

[1
09
]

32
.

G
la
uc
oc
al
yx
in

B
(G

L
B
)

-d
ite
rp
en
oi
d
w
ith

an
ti-
ca
nc
er
ac
tiv

ity
ex
tr
ac
te
d
fr
om

R
ab
do
si
a
ja
po
ni
ca
.

In
vi
tr
o:

ga
st
ri
c
ca
nc
er

-
D
N
A
da
m
ag
e

-
↑
R
O
S
pr
od
uc
tio

n
-
↑
au
to
ph
ag
y

[1
10
]

33
.

-m
ul
tid

ir
ec
tio

na
lp
os
iti
ve

ef
fe
ct
s
in
hu
m
an

or
ga
ni
sm

In
vi
tr
o:

-
↑
ap
op
to
si
s
(↑
ca
sp
as
e
3/
7
ac
tiv

ity
)

[1
11
,1
12
]

548 Invest New Drugs  (2021) 39:538–563



T
ab

le
2

(c
on
tin

ue
d)

L
.p

C
om

po
un

d
P
ha

rm
ac
ol
og
ic
al
/b
io
lo
gi
ca
la

ct
iv
it
y

T
yp

e
of

st
ud

y
C
P
T
ch
em

os
en
si
ti
za
ti
on

-
m
ec
ha

ni
sm

of
ac
ti
on

R
ef
er
en
ce
s

Po
ly
-u
ns
at
ur
at
ed

fa
tty

ac
id
s

(P
U
F
A
s)
:

A
ra
ch
id
on
ic
ac
id

(A
A
),

ei
co
sa
pe
nt
ae
no
ic
ac
id

(E
PA

),
do
co
sa
he
xa
en
oi
c
ac
id

(D
H
A
)

N
S
C
L
C
,c
er
vi
ca
lc
an
ce
r

-
↑
au
to
ph
ag
y

-
↓
ca
nc
er

ce
lls

vi
ab
ili
ty

-
↓
ca
sp
as
e
3
an
d
P
A
R
P
cl
ea
va
ge
,

bu
tw

ith
B
cl
-2

do
w
nr
eg
ul
at
io
n

an
d↓

L
C
3B

-I
I
ex
pr
es
si
on

-
lim

iti
ng

C
P
T
-m

ed
ia
te
d
ne
ph
ro
to
xi
ci
ty

in
m
ic
e

O
th
er

C
om

po
un

ds

34
.

Q
ui
na
cr
in
e
(Q

C
)

-
an
ti-
m
al
ar
ia
ld

ru
g

-
st
ru
ct
ur
al
ly

re
la
te
d
to

C
Q

In
vi
tr
o:

ov
ar
ia
n
ca
nc
er

an
d
he
ad

an
d

ne
ck

sq
ua
m
ou
s
ce
ll
ca
rc
in
om

a

-
↑
au
to
ph
ag
ic
fl
ux

-
↑
au
to
ph
ag
os
om

e
ac
cu
m
ul
at
io
n

[1
13
,1
14
]

35
.

G
ra
ph
en
e
ox
id
e

-
m
ed
ic
al
na
no
te
ch
no
lo
gy
,(
dr
ug

de
liv

er
y
sy
st
em

s)
-
m
ay

tr
ig
ge
r
L
M
O

-
su
bs
eq
ue
nt

↑
au
to
ph
ag
y
in
du
ct
io
n

an
d
↓
la
te
-s
ta
ge

fl
ux

(↓
ly
so
so
m
al
de
gr
ad
at
io
n)

In
vi
tr
o:

ce
rv
ic
al
,p
ro
st
at
e,
ov
ar
ia
n
an
d

co
lo
n
ca
nc
er

In
vi
tr
o:

N
S
C
L
C

-
↑
ce
ll
de
at
h

-
↑
ne
cr
os
is

-
↑
au
to
ph
ag
y

-
no

in
fl
ue
nc
e

[1
15
,1
16
]

36
.

P
ro
te
as
om

e
in
hi
bi
to
r:

bo
rt
ez
om

ib
-
pr
ot
ea
so
m
es

ar
e
re
sp
on
si
bl
e
fo
r

pr
ot
ei
n
de
gr
ad
at
io
n

-
↓
au
to
ph
ag
ic
fl
ux

(↓
ca
th
ep
si
n

ac
tiv

ity
se
co
nd
ar
y

to
su
st
ai
ne
d
E
R
K
ac
tiv

at
io
n)

In
vi
tr
o:

ov
ar
ia
n
ca
nc
er

-
↑
ce
ll
de
at
h

[1
17
]

37
.

Z
ol
ea
nd
ro
ni
c
ac
id

(Z
A
)

-
tr
ea
tm

en
to

f
m
ul
tip

le
bo
ne

di
so
rd
er
s
as

os
te
op
or
os
is
an
d
bo
ne

m
et
as
ta
si
s

In
vi
tr
o:

sa
liv

ar
y
ad
en
oi
d
cy
st
ic

ca
r c
in
om

a
ce
ll
lin

e

-
↑
ap
op
to
si
s

-
↑
R
O
S
pr
od
uc
tio

n
-
L
C
3B

au
to
ph
ag
y
m
ar
ke
r
ac
cu
m
ul
at
io
n

[1
18
]

38
.

L
ith

iu
m

(L
i)

-
m
ul
tip

le
bi
ol
og
ic
al
ef
fe
ct
s

-
↑
au
to
ph
ag
y
in
du
ct
io
n

-
la
te
-s
ta
ge

au
to
ph
ag
y
in
hi
bi
tio

n
an
d
ve
si
cl
es

ac
cu
m
ul
at
io
n

In
vi
tr
o:

oe
so
ph
ag
ea
la
nd

co
lo
re
ct
al
ca
nc
er

-
↑
ce
ll
de
at
h

-
ac
cu
m
ul
at
io
n
of

cy
to
pl
as
m
ic
ve
si
cl
es

-
L
M
P
in
du
ct
io
n

[1
19
]

39
.

C
60
(N

d)
na
no
pa
rt
ic
le
s

(C
60
(N

d)
)

-
m
ed
ic
al
na
no
te
ch
no
lo
gy
,(
dr
ug

de
liv

er
y
sy
st
em

s)
In

vi
tr
o:

ce
rv
ic
al
ca
nc
er

-
↑
ce
ll
de
at
h

[1
20
]

549Invest New Drugs  (2021) 39:538–563



Bafilomycin-A1

Bafilomycin-A1 (Baf-A1) is a macrolide considered to be a
selective inhibitor of V-ATPase ATP6V0C/V0 subunit c. Its
action results in decreased proton flux into lysosomal lumen
thus decreasing their acidification. This disrupts proper lyso-
some functioning (specifically lysosomal enzymes activation)
and autophagic flux [58]. Bafilomycin-A1 inhibits lysosome-
autophagosome which is secondary to lysosomal deacidifica-
tion or Ca2+ pump SERCA inhibition [59]. Additionally,
there is evidence for BafA1 mediated disruption of endocytic
compartment [58].

In v i t ro Baf -A1 success fu l ly media ted CPT-
chemosensitisation of: bladder, oesophageal and cervical can-
cer as well as tongue squamous cell carcinoma cell lines [41,
51, 60, 61]. In the latter case, Baf-A1 and CPT synergistic
effect was shown to rely on the inhibition of lysosomal CPT
uptake thus enhancing the DNA-bound CPT portion.
Importantly autophagy inhibition by ATG5 knockout or 3-
MA did not replicate this synergism suggesting that autopha-
gy is not the primary target of Baf-A1. Consistently co-
treatment with CPT and Baf-A1 did not significantly influence
autophagic flux measured by LC3-II protein level.
Conversely, CPT induces lysosomal biogenesis by c-Abl/
TFEB pathway and TFEB knock-down successfully increased
the cytotoxic effect of CPT [60]. Moreover, Leisching et al.
proved Baf-A1 addition to nontoxic CPT concentrations sig-
nificantly enhanced cell death in cervical cancer cell lines
while subsequently protecting normal cervical epithelial cells
from CPT cytotoxic effect. This was correlated with a higher
level of basal autophagy in cancerous cell lines [61].

3-MA

3 -M e t h y l a d e n i n e ( 3 -MA ) i s a n o n - s p e c i f i c
phosphosphatidylinositol 3-kinases (PI3K) inhibitor com-
monly utilized in vitro to inhibit autophagy. PI3K activity
hindrance leads to inhibition of autophagosome maturation.
However as different PI3K members are implicated in many
cellular processes, 3-MA action is pleiotropic and not limited
to autophagy inhibition. For instance, PI3K/Akt pathway in-
hibition may lead to diminished activity of mTORC1 and
paradoxically to autophagy induction [36]. Whereas short
treatment with 3-MA was shown to reduce autophagy,
prolonged treatment may conversely promote autophagy in
nutrient-rich conditions [36]. In addition 3-MA was shown
to induce caspase-dependent cell death independently of au-
tophagy modulating effect [121].

3-MA was shown to enhance the effect of CPT treatment
in vitro in a number of cell lines [38, 40, 42, 45, 54, 56,
62–71]. Additionally, it was shown to be an effective
chemosensitiser in vivo upon intraperitoneal injection in
Human Salivary Adenoid Cystic Carcinoma xenograft models

[69]. In contrast, little effect was found after the addition of 3-
MA to CPT treated tongue squamous cell carcinoma cells. In
the latter experiment ATG5 knockout was also incapable of
augmenting CPT sensitivity [60].

Similarly to CQ, 3-MA/CPT co-treatment was linked to
activation of caspase 3, 9 and apoptosis [45, 54, 62, 65, 66,
68, 69, 71]. Some studies linked these with mitochondrial
hyperpolarization [45, 54]. However, one study in CPT resis-
tant A2780cp ovarian carcinoma cell line found that although
the addition of 3-MA to CPT increased cell death, it had no
effect on apoptosis suggesting other modality of PCD to play a
role [67]. Off note in the same experiment Beclin-1 (autoph-
agy regulation protein) knockdown enhanced cisplatin-
induced cell death and apoptosis. Furthermore, 3-MA was
shown to further enhance expression of CPT upregulated
ER-stress markers which were linked to caspase-4 and
caspase-3 activation and apoptosis [66].

Wortmannin

Wortmannin (WT) is another nonspecific PI3Ks inhibitor.
Additionally, at high concentrations, it was shown to target
other vital kinases. Furthermore, WT is characterized with
PI3K-inhibition profile alternative to that of 3-MA with dif-
ferent relative and absolute IC50 values for distinct PI3K fam-
ily members [36].

The effectiveness of WT to potentiate CPT antineoplastic
effect was shown in vitro in NSCLC and cholangiocarcinoma
cell lines and in vivo in the cholangiocarcinoma xenograft
model [44, 63] WT action was linked to the intrinsic apoptotic
pathway. Moreover, it was suggested WT may act as a selec-
tive CPT sensitizer in rapidly proliferating cells [44].

mTOR/PI3K inhibitors

mTORC1 is a master regulator of cellular metabolism linking
nutrient status and growth factor (GF) signaling with autoph-
agy induction. During starvation, a decrease in mTORC1 ac-
tivity leads to TFEB, ATG13 and ULK1 disinhibition which
results in increased lysosomal biogenesis and autophagy ini-
tiation [36].

Wortmanin (WT) and 3-methyladeninie (3-MA) are exam-
ples of PI3K inhibitors. Additionally,WT is capable of mTOR
inhibition. Due to their common utilization as autophagy in-
hibitors, they are discussed in other sections.

PKI-402 is an inhibitor of mTOR kinase as well as
of PI3K α, β, γ and δ isoforms. It was shown to
po t en t i a l i z e an t i n eop l a s t i c e f f e c t o f CPT in
hepatocarcinoma cell lines [72]. This was suggested to
depend on lysosomal-mitochondrial crosstalk disruption.
CPT alone is capable of lysosomal biogenesis induction
via mtROS/TFEB pathway. Increased lysosomal activity
favors mitophagy and damaged mitochondria removal
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thus limiting mtROS generation and conferring CPT re-
sistance. PKI-402 addition to CPT was shown to further
increase lysosomes number as well as it induced mito-
chondrial depolarization, mtROS generation and led to
apoptosis through LMP induction. Furthermore, LMP
seems to lay upstream of mtROS overproduction and
apoptosis. However it is important to note that whereas
low ROS accumulation may lead to compensatory lyso-
somal biogenesis and act protectively, high amounts
may itself facilitate LMP [34]. In the same study
rapamycin (mTORC1 inhibitor) was shown to confer
CPT resistance probably due to autophagy and lysosom-
al biogenesis induction [72]. Of note, it would be ben-
eficial to assess the influence of PKI-402 on autophagic
flux which was not elucidated in the aforementioned
study.

Conversely, another mTOR/PI3K inhibitor - AZD2014
was shown to antagonize CPT effect in glioblastoma,
NSCL, and normal cells [44]. This discrepancy may be attrib-
uted either to cell line and condition dependence or different
profile of drugs action. Although both compounds target the
same enzymes, their inhibitory properties are different [122,
123].

MAPK inhibitors

Mitogen-activated protein kinases (MAPKs) are the group of
serine/threonine protein kinases involved in extra- and intra-
cellular signaling transduction, amplification and coordina-
tion. Classically they may be grouped in three modules
forming three kinase signaling chains: (i) MAPK/ERK (Ras-
Raf-MEK-ERK), (ii) JNK/p38 and (iii) MEK5/ERK5 path-
ways [124].

U0126 is a selective MEK1/2 (kinases upstream of ERK)
inhibitor. In ovarian cancer cell lines, CPT alone was shown to
activate ERK1/2, JNK, p38 and subsequently induce autoph-
agy. Co-treatment with U0126 overcame drug resistance, re-
duced autophagy and promoted CPT induced apoptosis.
Similar results were obtained upon 3-MA treatment as well
as ERK1/2 or ATG5 knockdown. Conversely JNK and p38
inhibitors exhibited little effect [64].

U0126 was also shown to increase sensitivity towards CPT
in NSCLC [73]. In this study, CPT-induced ERK-1/2 activa-
tion was linked to the upregulation of thymidylate synthase
and thymidine phosphorylase which grants CPT resistance.

Inconsistently a study in the oesophageal cancer cell line
showed that the addition of U0126 to CPT alleviates CPT-
induced growth inhibition suppressing both senescence and
apoptosis [51].

Taking into account limited research in this topic, further
study is required to elucidate this discrepancy. Furthermore, it
is important to note that MEK1/2 and ERK1/2 role in autoph-
agy is complex which will be discussed later.

MPT0L145

MPT0L145 was designed as a selective FGF-R inhibitor and
is capable of inducing non-apoptotic autophagy-dependent
cell death. As it occurred MPT0L145 possesses second activ-
ity to inhibit PIK3C3 – a membrane protein implicated in
endosome and autophagosome maturation process.
MPT0L145 was found to reduce the viability of bladder can-
cer cell lines in vitro. This was associated with mitochondrial
dysfunction, ROS production, and DNA damage. Moreover
enhanced induction with concomitant impairment of late-
stage autophagy (resulting in incomplete autophagic flux)
and perinuclear accumulation of enlarged and deacidified
late-endosomes were found after MPT0L145 stimulation.
Whereas autophagic flux stalling and endosome maturation
disruption were ascribed to PIK3C3 inhibition, simultaneous
inhibition of FGF-R seems to induce autophagy potentializing
cytotoxic effect. Furthermore, ATG5-knockout rescued cells
from MPT0L145 induced cell death which indicates the im-
portance of autophagic cell death in MPT0L145 cytotoxicity
[74].

In the same study,MPT0L145 addition was found to mark-
edly diminish cell viability in CPT-treated CPT-resistant blad-
der cancer cell line. However, the importance of autophagy
was not directly evaluated for MPT0L145/CPT combined
treatment [74].

Nimotuzumab

Nimotuzumab is an anti-EGF-R monoclonal antibody com-
monly utilized in cancer therapy [75].

In oesophageal squamous cell carcinoma cell line
nimotuzumab was found to enhance the sensitivity towards
CPT or paclitaxel-induced viability reduction. The extent of
such effect positively correlated with EGF-R levels and re-
quired its high expression. Nimotuzumab alone induced au-
tophagy which was further enhanced by the addition of CPT
or paclitaxel. Notably, chemosensitising effects of
nimotuzumab was abrogated by ATG-5 knock-down indicat-
ing for the importance of autophagy induction in cytotoxicity
[75].

SAR405

PIK3C3/Vps34 (phosphatidylinositol 3-kinase, catalytic
subunit type 3) is a lipid kinase localized on vesicular com-
partment membranes which play a vital role particularly in
vesicular trafficking and autophagosome maturation. Its inhi-
bition is linked to decreased autophagy, disruption of late
endosomal compartment with the presence of swollen late
endosome-lysosomes and defects in proper cathepsin D mat-
uration [76].
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SAR405 belongs to specific inhibitors of PIK3C3/Vps34.
It was proved to enhance cytotoxic effect of CPT in both CPT-
sensitive and resistant urothelial carcinoma cell lines [42].

Cepharanthine

Cepharanthine (CEP) is a cholesterol trafficking inhibitor
targeting Niemann-Pick disease type C1 (NPC1) protein at
lysosomal/autolysosomal membrane thus preventing choles-
terol efflux into cytoplasm. It was shown to comprise lyso-
somal function by cholesterol accumulation, rise in luminal
pH value as well as by facilitating mTORC1 dissociation from
lysosomal membrane and its inactivation. Off note impaired
NPC1 functioning and lysosomal cholesterol accumulation
was found to disrupt autophagosome-lysosome fusion [77,
125].

CEP was found to synergize with CPT to reduce tumor
growth in breast and lung cancer xenograft models.
However, the specific mechanism of this effect was not eval-
uated [77].

Metformin

Metformin, a biguanid derivative with antihyperglycemic ac-
tivity, is the most widely used orally administered antidiabetic
drug. The molecular mechanism of metformin is versatile.
Metformin inhibits mitochondrial respiratory chain (complex
I) and mitochondrial glycerophosphate dehydrogenase.
Moreover, it was suggested to affect the lysosomal membrane
to favor mTORC1 dissociation from the regulatory complex
and its deactivation. The aforementioned effects result in in-
creased AMP:ATP ratio, AMPK activity and resultant chang-
es in cellular metabolism including: enhanced B-oxidation,
glucose uptake, glycolysis, mitophagy and autophagy [78].
Importantly some of the aforementioned mechanisms were
proved for millimolar concentrations of metformin.
Moreover, large cohort study inked metformin to decreased
cancer burden. Particularly metformin was showed to improve
neo-adjuvant therapy outcomes in neck, cervix and breast
cancer. Consistently in vitro experiments confirms metformin
antineoplastic activity [79].

Saladini et al. showed that metformin in micromolar (5–
30 μM) concentrations effectively sensitized breast and cervi-
cal cancer cell lines towards CPT. This was associated with a
decrease in CPT-induced autophagy and increased apoptosis.
Metformin alone was also capable of triggering those changes
and inhibited cell proliferation, however to a lesser extent. The
action of micromolar concentrations of metformin was inde-
pendent of ATP production alteration and AMPK/mTOR
pathway. On the other hand, metformin treatment led to a
decrease in cellular ammonia production which was attributed
to direct inhibition of glutaminase (GLS) [79].

GLS is an enzyme responsible for glutamine deamination
and ammonia production. It is often overexpressed in cancer
which may utilize glutamine as an additional source of energy
and nitrogen for incorporation into amino acids. Moreover
ammonia accumulation was shown to induce autophagy in a
non-canonical mTORC1 independent manner. Consistently
metformin in micromolar concentrations diminished ammonia
production as well as it reduced MAP1LC3B-II, GABARAP,
BECN1 and ATG12/ATG5 expression. GLS-silencing
reproduced metformin effects. Furthermore, CPT and metfor-
min co-treatment lead to further decrease in ammonia concen-
tration supporting the contribution of this mechanism to CPT-
chemosensitization. Interestingly metformin increased BCL2-
BECN1 binding thus sequestering the first and possibly
preventing its antiapoptotic action [79].

2-Deoxy-D-glucose

Cancer cells may depend on glycolysis as a primary source of
ATP. This widely studied metabolic shift, often considered as
one of cancer hallmarks, is called Warburg effect. Energetic
imbalance with alerted ATP:ADP ratio leads to changes in
autophagy and cell death which may potentialize antineoplas-
tic efficacy of chemotherapeutics [80].

In this context 2-Deoxy-D-glucose (2-DG) – glycolysis
inhibitor, was evaluated as a CPT-sensitizer in cancer. 2-DG
treatment alone was showed to induce apoptosis in RKO co-
lon carcinoma cells and neuroblastoma cell lines (Tet21N,
SK-N-BE(2), SH-SY5Y). On the other hand, it attenuated
apoptosis in HCT116 colon carcinoma cell line suggesting
its effect to be cell line-specific. 2-DG triggered endoplasmic
reticulum (ER) stress, suppression of which alleviates apopto-
sis in SK-N-BE(2). Importantly 2-DG induced ER-stress fa-
cilitates autophagy induction in HCT116 but not in SK-N-
BE(2). Consistently ER-stress or autophagy inhibition with
Baf-A1 diminished the protective role of 2-DG in HCT116.
2-DG additively enhanced apoptosis in CPT-treated SK-N-
BE(2) which was diminished by ER-stress inhibition or au-
tophagy induction by rapamycin. In contrast, 2-DG rescued
HCT116 from CPT-induced apoptosis which was even more
visible after the addition of rapamycin and attenuated by ER-
stress inhibition [80].

This suggests glycolysis inhibition by 2-DG leads to ER-
stress and its effect on cell growth depends on the direction of
subsequent changes in autophagic flux. Furthermore, 2-DG
may play a dual role as an adjuvant for CPT treatment either
promoting or diminishing antineoplastic activity depending
on cell line.

Another study assessed the combination of CPT and 2-DG
in glioma grade IV cell lines. The combination of drugs led to
synergistic reduction of cell viability and induction of apopto-
sis both under normoxia and hypoxia conditions. 2-DG alone
was shown to induce autophagy which was probably
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attributed to increased ER-stress. Interestingly CPT alone de-
creased autophagy in those cell lines standing in contrast with
other studies in which CPT mediated autophagy induction
was emphasized. Even more strikingly co-treatment with
CPT and 2-DG led to the reduction of both ER-stress (mea-
sured by BIP expression) and autophagy. Of note the this
effect was replicated by co-treatment with 2-DG and Akt in-
hibitor LY294002 [81].

The aforementioned studies highlight the importance of
autophagy in 2-DG–CPT interplay in cancer cells. However,
owing cell line specificity of the co-treatment effect and some
inconsistent results further study is required to elucidate the
role of 2-DG in CPT-chemosensitization.

Insulin

Insulin is a peptide hormone secreted by the pancreas impli-
cated in glucose cellular uptake and metabolism regulation in
general. Due to its pleiotropic activity, insulin is involved in
many pathologies including cancer disease. Insulin membrane
receptor is a tyrosine kinase receptor activation of which fa-
cilitates Akt and MAPK/ERK signaling [82].

In the oesophageal squamous cell carcinoma cell line insu-
lin and CPT co-treatment was showed to increase Akt and
mTOR expression and decrease autophagy initiation which
correlated with increased apoptotic ratio [82].

Nicotinamide Phosphoribosyltransferase inhibitor

Nicotinamide Phosphoribosyltransferase (Nampt) is a rate-
limiting enzyme catalyzing conversion of nicotinamide to nic-
otinamide mononucleotide as an initial step of nicotinamide
adenine dinucleotide (NAD+) salvage pathway. NAD is a
substrate in many cellular synthetic pathways as well as a vital
signaling molecule. Therefore Nampt up-regulation found in
several tumors may be an important event in carcinogenesis
[83].

FK866 is a specific Nampt inhibitor. It was shown to in-
duce autophagy-dependent cell death in neuroblastoma and
cervical cancer cell lines. Its cytotoxicity was reduced by 3-
MA and potentiated by CQ indicating the importance of early-
stage but not late-stage phases of autophagy in the process.
Co-treatment with CPT or etoposide and ineffective concen-
trations of FK866 was found to synergistically induce cell
death in neuroblastoma and cervical cancer cell lines. FK866
addition to CPT or etoposide was suggested to unmask mito-
chondrial NAD depletion. However, no effect of autophagy
inhibition on CPT/FK866 co-treatment was evaluated [83].

Oridonin

Oridonin is a naturally occurring plant terpenoid extensively
studied in terms of cancer chemosensitisation i.e. towards

CPT. It was shown to induce apoptosis in cancer through p-
AMPK degradation dependent glucose/lactate metabolism
imbalance and consequent autophagy activation [126].
Oridonin alone had little effect on cell viability in ovarian
cancer cell lines. However, administration of oridonin to
CPT-treated cells led to a great increase in apoptosis even in
CPT-resistant cell line. This was associated with Belin-1
downregulation and autophagy reduction. Importantly 3-MA
addition further increased cell death and rapamycin (autopha-
gy inducer) or Beclin-1 overexpression antagonize oridonin
effects. Off note oridonin showed no effect in CPT treated
normal epithelial ovarian cell line suggesting its effect to be
cancer-specific [127]. Another study proved oridonin mediat-
ed CPT sensitization to occur in NSCLC cell line [128]. Here
oridonin treatment was linked to AMPK/Akt/mTOR-depen-
dent autophagosome accumulation and apoptosis.
Subsequently, it was shown to protect mice from CPT-
induced nephrotoxicity.

Phenoxofiol

Phenoxofiol (PXD) is an isoflavone analog with widely
proved anticancer activity. It was approved by FDA for clin-
ical studies, however, no statistically significant beneficial
outcome of treatment was reported. The molecular mecha-
nism of PXD action was suggested to involve X-linked inhib-
itor of apoptosis protein (XIAP) and FLICE inhibitory protein
(FLIP) downregulation as well as direct inhibition of topo-
isomerase II and ENOX2 (ecto-NOX disulfide-thiol exchang-
er 2). PXD was shown to sensitize ovarian cancer cell line
towards CPT [47, 85]. This was accompanied by XIAP down-
regulation and autophagy inhibition with Beclin-1 inhibition.
Interestingly siRNA knockdown of XIAP was shown to con-
versely enhance autophagy in response to CPT and was less
efficient in sensitizing cells towards drug-induced growth in-
hibition. This suggests PXD chemosensitising action depends
on double activity to simultaneously diminish XIAP level and
autophagy [47].

In addition, PXD conferred protection against CPT-
induced neurotoxicity in vitro proving it may simultaneously
limit adverse effects of therapy [86]. Of note, another study
provides evidence for PXD efficacy in carboplatin
chemosensitisation in vitro and in vivo in ovarian cancer [86].

Andrographolide

Andrographolide is a naturally occurring labdane diterpenoid.
It was characterized by various biological activities including
anti-inflammatory, antiviral, antioxidant and anticancer ac-
tion. Molecularly andrographolide effects were mainly attrib-
uted to Nrf2 activation which in turn facilitates oxidative
stress response thus limiting ROS accumulation.
Additionally, andrographolide was shown to disrupt
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endocytic receptor degradation by affecting trafficking from
late endosome to lysosomes [87].

Andrographolide was shown to sensitize NSCLC and co-
lon cancer cell lines in vitro towards CPT induced growth
suppression and apoptosis [87–89] Moreover it improved
CPT therapy outcomes in NSCLC xenograft model including
lifespan prolongation [89]. These actions were linked to
andrographolide capacity to inhibit autophagic flux. In one
study the latter was attributed to PTEN downregulation, con-
sequent Akt and mTORC1 activation. Both wortmannin (used
as Akt inhibitor) and vector-mediated PTEN overexpression
was shown to attenuate CPT and andrographolide co-
treatment efficacy [88]. However these results require cau-
tious interpretation as both wortmannin and PTEN transfec-
tion may act on various pathways. Other studies indicated that
androghapholide CPT-sensitizing activity may result from its
ability to disrupt autophagosome-lysosome fusion [87, 89].
Off note andrographolide did not affect other lysosomal func-
tions [87]. Moreover silencing Beclin-1 or ATG-7 impairs
andrographolide activity suggesting that its activity depends
on late flux stalling rather than complete autophagy inhibition
[87, 89] The latter also indicates andrographolide may be
more efficient in cells with a higher level of autophagy for
instance due to CPT stimulation. Off note in the same study
ATG-7 knock-down itself sensitizes cells towards CPT [87].

4-Acetylantroquinonol

Antroquinol is a tetrahydro ubiquinone derivative found in
Antrodia camphorate, a type of mushroom popular in
Taiwan and Chinese medicine, reported to possess anticancer
activity [46].

Synthetic derivative of antroquinol - 4-acetylantroquinonol
(4-AAQB) was shown to synergistically induce apoptosis
with CPT in ovarian cancer cell lines. Moreover, the addition
of 4-AAQB to CPT regiment reduced tumor growth in ovarian
cancer xenograft models after oral or intraperitoneal adminis-
tration. The compound was shown to reduce autophagy in
CPT-treated cells as measured by Atg-5 and Atg-7 downreg-
ulation. Simultaneously 4-AAQB was shown to reduce Akt
and mTOR phosphorylation which is known to induce rather
than reduce autophagy yet the opposite effect was noted [46].

Pristimerin

Pristimerin is a quinonemethide triterpenoid with anti-cancer
activity isolated from Celastraceae and Hippocrateaceae. It
was shown to affect apoptosis, autophagy and drug resistance.
Molecularly pristimerin was shown to directly inhibit protea-
some and telomerase activity, to diminish MEK/ERK, EGF-
R, PI3K/Akt, Wnt/β-catenin, NfxB pathways as well as to
induce JNK [90, 91].

The effect of pristimerin on autophagy is not clear. Some
studies showed it to reduce autophagy initiation whereas
others indicated for facilitating incomplete autophagic re-
sponse with cytoplasmic vacuolization and accumulation of
autophagy-related proteins [90–92] Moreover one study
showed that autophagy initiation inhibition by 3-MA reduced
pristimerin cytotoxicity indicating for the role of autophagy-
dependent cell death [92]. Interestingly the same study subse-
quently found that ERK1/2 inhibition was required for
pristimerin/paclitaxel co-treatment mediated LC3-II accumu-
lation. That stands in opposition to the majority of studies
suggesting that ERK1/2 induces autophagy.

Of note MEK/ERK pathway was shown to interact with
autophagic machinery at multiple levels. MEK/ERK is re-
quired for maintaining a basal level of autophagy which de-
pends on direct interaction with TSC [129, 130] This is nec-
essary for proper TSC activity and mTORC1 inhibition which
promotes autophagy initiation. Conversely sustained activa-
tion of ERK seems to diminish autophagy [117]. Moreover,
MEK inhibition was suggested to alert irradiation-induced
autophagy at late stages [129]. Of note MEK can bypass
ERK to promote autophagy. On the other hand, LC3-II avail-
ability on autophagosomes seems to be necessary with ERK1/
2 activity [117].

Nevertheless in each case, pristimerin reduced cancer via-
bility. In terms of CPT antineoplastic activity, pristimerin was
shown to synergize with the drug in NSCLC cell line in vitro
and in xenograft experiment. This was linked with downreg-
ulation of miR-23a, reduction of Akt and GSK3B phosphor-
ylation and inhibition of autophagy initiation [91].

Icariin

Icariin is a flavonoid usually derived from Epimedium
sagittatum with various biological effects including anti-can-
cer, anti-inflammatory, anti-oxiant, anti-apoptotic and anti-
autophagic activity. Icariin was showed to sensitize
multidrug-resistant ovarian cancer cell line towards CPT me-
diated apoptosis in vitro. It was linked with reduced autopha-
gic flux. Furthermore, autophagy induction by rapamycin or
Atg-5 overexpression partially diminished CPT-icariin co-
treatment mediated cytotoxicity [93].

Melatonin

Melatonin is a hormone secreted by pineal glands and regu-
lating the sleep-wake cycle. It is also an anti-oxidant capable
of both direct free radicals scavenging and Nrf-2 induction.
The latter is also linked to autophagy induction. Interestingly
melatonin was shown to differentially affect autophagic re-
sponse upon hypoxia/reoxygenation induced oxidative stress
- promoting it in normal cells thus acting pro-survival while
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reducing autophagy in cancer thereby facilitating apoptosis
[94].

Co-treatment with CPT and melatonin was showed to po-
tentiate apoptotic response in cervical and head and neck
squamous cell carcinoma [95, 96] It was shown to increase
the pool of damaged mitochondria and mitochondrial ROS
production which enhanced CPT mediated apoptosis. This
effect may be attributed to melatonin triggered alteration of
mitophagy which normally has a protective role against CPT
induced mitochondrial damage. Whereas CPT was shown to
induce JNK/parkinin pathway thus promoting mitophagy, the
addition of melatonin decreased JNK activation and mito-
chondrial removal. Of note aforementioned studies reported
contradictory data regarding conventional autophagy as the
autophagy-related genes were found to be either up- or
down-regulated after the addition of melatonin.

Procyanidins

Procyanidins (OCP) are members of flavonoids suggested
possessing anti-oxidative, anti-inflammatory, antimicrobial,
antiviral and anti-cancer activity [97].

OCP was shown to significantly enhance CPT-induced ap-
optosis while simultaneously inducing autophagy.
Importantly pre-treatment with 3-MA to reduce autophagy
was shown to decrease pro-apoptotic activity implying au-
tophagy involvement in cell death [97].

Neferine

Neferine is a bisbenzylisoquinoline alkaloid with anti-cancer
activity derived from Lotus seeds. This was showed to depend
on P-glycoprotein 1 (P-gp) direct inhibition and/or downreg-
ulation. P-gp is a member of the ATP-binding cassette sub-
family B (ABCB) transporter family. It is often upregulated in
cancer-promoting drug efflux and multidrug-resistant pheno-
type. Interestingly neferine preferentially reduces the viability
of drug-resistant cell lines [98].

Nerefin co-treatment effectively enhanced CPT mediated
cell viability reduction in NSCLC cell line in vitro. This was
associated with increased ROS generation and downregula-
tion of PI3K/Akt/mTOR pathway. Furthermore, induction of
autophagy observed as an increased LC3B-II/LC3B-I ratio
was reported. Autophagic flux was possibly stalled at a late
stage which was the cause of acid vesicular accumulation. The
involvement of non-canonical autophagy rather than canoni-
cal was proposed as neferine treatment subsequently lead to
the downregulation of Beclin-1 and PI3KCIII. Additionally
ROS scavenger – glutathione was suggested to reverse
neferine effects on autophagy and cell viability. Interestingly
pre-treatment with 10uM CQ partially reversed neferine/CPT
viability loss, reduced AV accumulation and decreased
LC3B-II/LC3B-I ratio which is somehow contradictory taking

into account CQ molecular mechanism. Of note it was report-
ed that pre-treatment with higher CQ concentrations further
reduced the viability of neferine/CPT treated cells [99].

Quercetin-3-O-β-D-galactopyranoside (hyperoside)

Hyperoside is a flavonol glycoside present mainly in members
of Hypericum and Crataegus genera. It was characterised with
anti-inflammatory, anti-oxidant and anticancer activities
[100].

Hyperoside was shown to synergistically induce apoptosis
with CPT in the ovarian cancer cell line. This was associated
with increased autophagy. Its inhibition with 3-MA attenuated
the effect suggesting the role of autophagic cell death.
Additionally decreased phosphorylation of Akt and Bcl-2 ex-
pression were involved. Interestingly the magnitude of
hyperoside effect correlated with progesterone receptor mem-
brane component 1 (PGRMC1) expression. PGRMC1 is often
upregulated in drug-resistant cancer cells which is linked to
protective autophagy, cytochrome p450 activation and pro-
survival advantage. Moreover PGRMC1 is able to bind with
LC3B-II and is implicated lysosome-autophagosome function
as well as essential for the proper course of autophagy [100].
These results suggest hyperoside may act as CPT sensitizer
with selective action towards CPT-resistant cells characterized
with high PGRMC1 expression and autophagic flux.

Bu-Zhong-Yi-Qi decoction

Bu-Zhong-Yi-Qi Decoction (BZYQD) is a traditional Chinese
herbal medication comprising extracts from six different
herbs. It was shown to induce apoptosis in some cancer cell
lines [101].

BZYQD was shown to sensitize resistant NSCLC cell line
towards CPT mediated apoptosis. This was associated with
increased autophagy induction and accumulation of LC3-II
and Atg7. Importantly 3-MA addition significantly reduced
BZYQD/CPT cytotoxicity which suggests the involvement
of autophagic cell death. Moreover, co-treatment increased
ROS generation and scavenging them with N-acetylcysteine
almost completely suppressed cell death [101].

Monanchocidin A

Monanchocidin A (MonA) is an alkaloid isolated frommarine
spongeMonanchora pulchra exhibiting cytotoxic properties in
cancer cell lines [102].

MonA in combination with CPT was showed to synergis-
tically induce cell death in CPT-resistant germ cell tumor cell
line. Moreover, MonA alone was equally cytotoxic against
CPT-sensitive and resistant cell lines of germ cell tumor, pros-
tate and bladder cancer, whereas non-malignant cells were less
sensitive for MonA induced cell. Long-term low-doses
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(<2uM) MonA treatment was associated with unselective au-
tophagic protein degradation which was blocked by 3-MA
treatment. Interestingly high-dose (>2uM) MonA induced
rapid and unspecific degradation of proteins was not inhibited
by 3-MA. Furthermore, high concentrations of MonA were
shown to promote LMP. It was proposed that MonA has bi-
phasic dose-dependent action. At lower doses autophagy in-
duction is a predominant mode of action whereas higher doses
preferentially facilitate LMP [102].

(−)-Epigallocatechin gallate

(−)-Epigallocatechin gallate (EGCG) is the main member of
polyphenolic catechin present in green tea with numerous
studies exploring its anti-cancer activity [103].

The synergistic effect of EGCG and CPT or oxaliplatin
treatment on proliferation reduction and cell death in colorec-
tal cancer cell lines was explored. This was associated with
increased autophagosome formation and accumulation.
Importantly siRNA knock-down of autophagy-related ATG
genes was shown to reverse EGCG chemosensitising effect
which suggests the involvement of autophagic cell death
[103].

Chalcone-24

Chalcone-24 (Chal-24) is a member of chalconoids – a group
of natural phenols with anti-microbial, anti-inflammatory, and
anti-neoplastic activity. Chal-24 efficiently induces cell death
in a cancer cell in vitro and in vivo without signs of toxicity in
mice. Moreover, it was shown to facilitate autophagy-
dependent necroptosis [104].

Chal-24 was found to synergistically induce apoptosis with
CPT in NSCLC cell lines. CPT/Chal-24 co-treatment led to an
increase in JNK/Bcl-2/Beclin 1 dependent autophagy induc-
tion, facilitated ERK-dependent proteasomal degradation of
cellular inhibitor of apoptosis proteins (c-IAPs) and triggered
Ripoptosome (RIP1/FADD/caspase 8) complex assembly as
well as it dramatically reduced levels of Riopotosome inhibi-
tor – cFLIPL. Importantly autophagy inhibitor (CQ, WT or 3-
MA) addition partially reversed CPT/Chal-24 toxicity sug-
gesting the importance of the autophagic process in cell death
[104].

Resveratrol

Resveratrol is a natural polyphenolic compound associ-
ated with pleiotropic beneficial activities in human in-
cluding anti-neoplastic effect. Resveratrol molecular
mechanism was linked to many molecular pathways
and its potential ability to directly influence cell mem-
brane was highlighted [105, 106].

Resveratrol was shown to synergistically induce apoptosis
with CPT in NSCLC cell line. This was associated with au-
tophagic flux induction. Furthermore, its inhibition by 3-MA
reduced apoptotic response. Moreover combined treatment
led to an increase in Bax expression and subsequent decrease
in Bcl-2 and Akt phosphorylation [107].

Gambogic acid

GambogicAcid (GA) is a xanthonoid compound derived from
Garcinia hanburyi with anti-cancer activity proved in vitro and
in vivo [108].

Co-treatment with CPT and GA was shown to subsequent-
ly enhance growth inhibition and autophagy of NSCLC cell
lines compared to monotherapy. The effect on cell death could
be markedly reduced by the addition of autophagy inhibitors –
3-MA and CQ. Moreover, treatment with GA was linked to
Akt/mTOR pathway inhibition and the addition of mTOR
inhibitor - rapamycin further increased autophagic flux and
cell death [108].

Fungal immunomodulatory proteins

GMI is an immunomodulatory protein derived from
Ganoderma microsporum fungus. It was shown to facilitate
telomerase inhibition, senescence and autophagic cell death in
cancer cells. Moreover its antineoplastic activity was proved
in vivo after oral administration. GMI activity was attributed
to autophagic cell death characterized with unfused
autophagosome accumulation which depended on ER stress/
calcium/Akt/mTOR pathway [109].

In NSCLC CPT and GMI co-treatment was shown to syn-
ergistically induce apoptosis. Importantly while 3-MA or LC3
downregulation led to the reduction of GMI/CPT induced
apoptosis, CQ addition further increased enhanced apoptotic
response. This suggests an early stage but not late-stage au-
tophagy is important in GMI action. Furthermore, GMI pro-
moted the downregulation of ERCC1, XPF, and survivin
[109].

Glaucocalyxin B

Glaucocalyxin B (GLB) is a diterpenoid with anti-cancer ac-
tivity extracted from Rabdosia japonica [110].

Low and non-toxic doses of GLB were found to sensitize
gastric cancer cell line towards CPT induced cytotoxicity.
This was accompanied by enhancement of DNA damage,
ROS production and greatly increased autophagy. However,
no further experiments were performed to elucidate the role of
autophagy in GLB/CPT cytotoxicity [110].
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Poly-unsaturated fatty acids

Poly-unsaturated fatty acids (PUFAs) positive role in human
organism is nowadays widely highlighted [131].

Arachidonic acid (AA), eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) were shown to enhance CPT
mediated viability reduction in NSCLC cell line in vitro.
The effect was more pronounced for EPA and DHA.
Additionally EPA and DHA but not AA co-treatment with
CPT was linked with higher caspase 3/7 activity and an in-
crease in autophagy. Importantly autophagy inhibition by 3-
MA reversed DHA and EPA induced sensitization indicating
for the importance of autophagic cell death in this process
[111].

Consistently in cervical cancer cell line oleanolic acid (OA)
was shown to enhance CPT mediated viability reduction.
Interestingly this was associated with reduced caspase 3 and
PARP cleavage, but with Bcl-2 downregulation and increased
LC3B-II expression. This indicates that autophagic cell death
may be the main mechanism CPT-sensitization in the case of
OA. Strikingly this study simultaneously proved that OA
treatment was effective in limiting CPT-mediated nephrotox-
icity in mice which correlated with the reduction of: oxidative
stress, apoptosis, autophagy, NfxB, STAT3 and Erk1/2 sig-
naling [112]. These results are of particular interest as OA
seems to exert the opposite effect on autophagy in kidney
tissue and cancer cells.

Quinacrine

Quinacrine (QC) is an anti-malarial drug structurally related to
CQ.

QC was shown to synergize CPT or carboplatin anti-
proliferative activity in ovarian cancer and head and neck
squamous cell carcinoma cell lines [113, 114] Importantly
chemoresistant cell lines were more prone for QC/CPT co-
treatment effect. QC promoted autophagic flux as well as
autophagosome accumulation. The addition of Baf-A1 re-
versed QC mediated cell death and chemosensitisation.
Interestingly the reduction of p62 linked to increased autoph-
agic flux was suggested to play a role in the aforementioned
actions as p62 knock-down reproduced QC effect. p62 is an
autophagosome protein interacting with LC3 and acting as a
cargo receptor. It is necessary for selective autophagy.
Moreover, combinations of QC and carboplatin or CPT were
shown to reduce tumor growth respectively in chemoresistant
ovarian and head and neck squamous cancer xenograft model
more efficiently than monotherapy [113, 114].

Graphene oxide

In recent years graphene gained extensive attention in terms of
medical nanotechnology, particularly drug delivery systems.

Graphene oxide (GO) is a single-atomic layered chemically
modified graphene containing various oxygen functional
groups. GO is characterized by great intracellular penetration.
Clathrin-mediated endocytosis is believed to be one of the
possible routes for GO enter. GO was showed to colocalize
with lysosomes which further supports this vision.
Interestingly GO was also showed to localize in cytoplasm
and nucleus which was attributed to lysosomal escape. Only
high concentrations of GO were shown to disrupt lysosomal
membrane stability triggering lysosome-dependent cell death.
Importantly GO subsequently induces autophagy and blocks
its flux at late stages due to low degradative activity of lyso-
somes [115]. Interestingly in nuclei GO was shown to colo-
calize with LC-3. Furthermore, knock-down of ULK1 or Atg-
7 but not inhibition of autophagosome-lysosome fusion com-
prises LC-3/GO nuclear local izat ion suggest ing
autophagosome formation and elongation are required for
GO nuclear trafficking [116]. Off note LC-3 nuclear pool is
also present physiologically and important in autophagy reg-
ulation [132].

Treatment with GO/CPT formulation markedly enhanced
cell death in cervical, prostate, ovarian, and colon cancer cell
lines compared to CPT alone. However, no significant differ-
encewas found in A549NSCLC cells. GO/CPTwas shown to
induce necrosis whereas apoptotic response was not signifi-
cantly affected. Consistently GO/CPT treatment facilitates au-
tophagy initiation in all researched cell lines apart from A549
and autophagy induction was required for CPT/GO/LC-3 nu-
clear localization as well as for necrotic death [116].

Proteasome inhibitors

The proteasome is a protein enzymatic complex with proteo-
lytic activity implicated in the degradation of proteins tagged
with ubiquitin. This process is implicated in the proper regu-
lation of cellular pathways as well as important in oxidative
and unfolded protein stress response. Due to the accumulation
of damaged protein characteristic for some cancers protea-
some inhibitors as bortezomib are successfully utilized in che-
motherapy regimens [133].

Bortezomib was found to block autophagic flux without
affecting autophagosome-lysosome function. This was linked
to the suppression of lysosomal cathepsin activity which
depended on sustained ERK phosphorylation. Moreover,
bortezomib co-administration synergized with the cytotoxic
effect of CPT in ovarian cancer [117].

Zoleandronic acid

Bisphosphonates, with zoleandronic acid (ZA) being one of
them, are a group of drugs that affect bone tissue metabolism.
ZA is utilized in the prevention and treatment of multiple bone
disorders as osteoporosis and bone metastasis. Importantly its
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administration was linked to improve survival in cancer pa-
tients which was attributed to reduced incidence of bone me-
tastasis [118].

Co-treatment with ZA and CPT or paclitaxel was shown to
synergistically facilitate apoptotic response in a salivary ade-
noid cystic carcinoma cell line in vitro. This was accompanied
by increased ROS accumulation and autophagy marker -
LC3B expression. Furthermore, ROS scavenging with N-
acetylcysteine, autophagy inhibition by Beclin-1 knockdown
or pre-treatment with 3-MA reduced ZA monotherapy effect
on apoptosis. However, effects of these manipulations on ZA/
CPT co-treatment were not evaluated [118].

Lithium

Lithium (Li) is known to induce autophagy. In oesophageal
and colorectal cancer cells Li treatment led to ineffective au-
tophagy induction that was stalled at late-stages and caused
peripheral cytoplasmic accumulation of vesicles. Consistently
CQ addition led to a mild further increase in vesicles accumu-
lation in Li-treated cells in contrast to a marked effect in
rapamycin- induced autophagy. Li was shown to
chemosensitise cancer cells towards CPT or 5-FU which
was also accompanied by enhanced accumulation of cytoplas-
mic vesicles. This effect was not replicated by 5-FU/
rapamycin/CQ or Baf-A1 co-treatment suggesting that addi-
tional Li effects, apart from late-autophagic event inhibition,
may play a role. Furthermore, Li induced depletion of LAMP-
1, LAMP-2 and cathepsin B indicating for comprised lyso-
somal stability. At last Li with oxaliplatin was found to syn-
ergistically inhibit tumor growth in the xenograft colorectal
carcinoma model [119].

C60(Nd) nanoparticles

C60(Nd) nanoparticles (C60(Nd)) are fullerene (allotrope of
carbon) derivative with neodymium (Nd) atom trapped inside
a spherical “cage” made of carbon atoms. Their intracellular
trafficking depends on endocytosis, pinocytosis and passive
membrane permeation. C60 were shown to induce cytotoxic
autophagy and to sensitize cancer cells towards chemothera-
peutics [120, 134].

Pre-treatment of cervical cancer cell lines with non-toxic
concentrations of C60(Nd) was showed to greatly potentiate
CPT mediated cell death. The same effect was achieved
concerning doxorubicin. Unfortunately, precise mechanism
of C60(Nd) action was elucidated for doxorubicin (DOX)
co-treatment and the following conclusions came from those
experiments. The addition of C60(Nd) to DOX resulted in
enhanced autophagy and its inhibition by 3-MA or WT par-
tially reduced the chemosensitising effect. Moreover, co-
treatment led to increased ROS accumulation, scavenging of
which with N-acetylcysteine rescued cells from both

autophagy induction and chemosensitisation. Conversely, au-
tophagy induction by rapamycin was showed to alleviate
DOX cytotoxicity [120]. These results suggest that C60(Nd)
mediated chemosensitisation depends on ROS induced cyto-
toxic autophagy.

Conclusion

Approach to alleviate cisplatin resistance by compounds that
affect autophagy and/or lysosomes is justified by the great
potential of the drug to induce both. Two different strategies
may be utilized. First, inhibition of autophagy and lysosome
biogenesis may diminish their protective role. On the other
hand, successful effect may be achieved by modulating the
physiology of autophagosomes and/or lysosomes to uncover
their death-promoting functions.

Inhibition of lysosomes biogenesis would restrict vesicular
cisplatin accumulation and its efflux via exocytosis/
extracellular vesicles. Furthermore, autophagy inhibition
would limit its protective role manifested in its antiapoptotic
and pro-survival functions. The aforementioned research sup-
ports this concept – some natural or synthetic substances were
shown to limit autophagy induction and alleviate cisplatin
resistance. Moreover, results obtained from the knockout or
downregulation of autophagy-related genes further confirms
this notion.

Cisplatin is characterized with a great potential to induce
autophagy and cisplatin-resistant cells to present both high
level of basal autophagy and alterations in vesicular [14–18].
The latter includes elevated extracellular vesicles secretion,
alteration in lysosomal size, number and localization as well
as disrupted localization and functioning of endosomal
recycling compartment. Consequently, CPT treatment-
induced autophagy shown to facilitate drug resistance was
also suggested to confer autophagy induction vulnerability.
CPT-resistant cells with a higher level of basal autophagy
were much more prone to undergo apoptosis after glutamine
deprivation than CPT-sensitive cells [135]. This depended on
AMPK/ULK1-triggered autophagy. It was also suggested that
ULK-1-triggered autophagy (especially mitophagy) leads to
ROS overproduction which may contribute to cells entry into
apoptosis.

Furthermore, cisplatin may affect lysosomal stability both
directly (f.i. affecting membrane fluidity) and indirectly by
increased ROS production, decreased LAMP-1 and 2 expres-
sions [14–18]. This convergence of different molecular events
characteristic for cancer and further augmented by cisplatin/
cisplatin resistance on lysosomes makes them a potential tar-
get for cancer therapy. Consistently autophagy late-stage in-
hibition in cells with a high level of autophagy, facilitating
excessive induction of autophagy, promotion of LMP and
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others not yet elucidated mechanisms were shown to sensitize
cancer cells to cisplatin.

The search for novel substances for cancer therapy
targeting the aforementioned mechanisms is encouraged by
a recent report of tacrine-melatonin heterodimer C10 antineo-
plastic activity [136]. This compound induces senescence and
apoptosis of cancer cells which is dependent on its double
activity: as autophagy inducer and late-stage autophagy
inhibitor.
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