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Abstract. Bladder cancer (BC) is a potentially life-threatening
malignancy. Due to a high recurrence rate, frequent surveil-
lance strategies and intravesical drug therapies, BC is
considered one of the most expensive tumors to treat. As a
fundamental evolutionary catabolic process, autophagy plays
an important role in the maintenance of cellular environ-
mental homeostasis by degrading and recycling damaged
cytoplasmic components, including macromolecules and
organelles. Scientific studies in the last two decades have
shown that autophagy acts as a double-edged sword with
regard to the treatment of cancer. On one hand, autophagy
inhibition is able to increase the sensitivity of cancer cells to
treatment, a process known as protective autophagy. On the
other hand, autophagy overactivation may lead to cell death,
referred to as autophagic cell death, similar to apoptosis.
Therefore, it is essential to identify the role of autophagy in
cancer cells in order to develop novel therapeutic agents. In
addition, autophagy may potentially become a novel thera-
peutic target in human diseases. In this review, the current
knowledge on autophagy modulation in BC development and
treatment is summarized.
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1. Introduction

Bladder cancer (BC) is a potentially life-threatening malig-
nancy that is considered one of the most expensive tumors
in terms of treatment and medical care (1-3). After prostate
cancer, it is the second most common type of urological cancer
and ranks 10th among the most common types of cancer
around the globe (4). It has been estimated that there were
549,393 new cases of BC and 199,922 deaths resulting from
this disease worldwide in 2018, according to a report from
the International Agency for Research on Cancer (4). The
primary histological subtype of human BC is transitional cell
carcinoma, which occurs at a high rate of >90% (5). Moreover,
70-80% of new cases are diagnosed as non-muscle invasive
BC (NMIBC) (6-8). Despite undergoing transurethral resec-
tion of bladder tumor, up to 50% of patients with NMIBC
can experience relapse, and 20% continue to progress within
5 years (9). The risk factors for NMIBC progression include
tumor stage, grade, size, number and recurrence rate (10).
A multidisciplinary approach for the reduction of the tumor
recurrence rate, involving surgical intervention combined
with radiotherapy, chemotherapy or immunotherapy, is a
therapeutic option in patients with BC (10,11). Nevertheless,
such a treatment tactic still has unsatisfactory clinical effects.
Thus, the development of novel therapies and enhancement of
responses to current therapies is urgently required, in order to
improve clinical outcomes.

Autophagy, a fundamental evolutionary catabolic process,
plays an important role in the maintenance of cellular envi-
ronmental homeostasis by degrading and recycling damaged
cytoplasmic components, including macromolecules and
organelles (12). This process can be activated by various
cellular stress conditions, including nutrient deprivation (13,14),
organelle damage (15), radiotherapy or chemotherapy (15,16),
to satisfy cellular needs and promote cell survival. The role of
autophagy in cancer development and therapy appears to be
paradoxical depending on the context. During the initial stage
of cancer development, autophagy serves a major role in tumor
suppression by maintaining genomic integrity and preventing
proliferation and inflammation (17). However, after the estab-
lishment of cancer, cancer cells may utilize autophagy to
survive cellular stresses in the adverse microenvironment (18).
In addition, autophagy is considered a double-edged sword
with regard to the treatment of cancer. Cellular protective
autophagy induced by anticancer therapy plays an important
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role in therapy resistance among cancer cells. Thus, autophagy
inhibition can increase the sensitivity of cancer cells to anti-
cancer therapy. On the contrary, autophagy promotion may
induce type II programmed cell death, which is referred to
as autophagic cell death, similar to apoptosis (19). In this
review, the current knowledge on autophagy modulation in BC
development and treatment is summarized, with the aim of
exploring novel and potential therapeutic targets.

2. Autophagy overview

Autophagy is a lysosomal degradation process in which
damaged, long-lived cytoplasmic proteins and organelles are
swallowed by double-membrane autophagic vesicles termed
autophagosomes (20). The fusion of an autophagosome with a
lysosome results in the formation of an autolysosome, which
provides an acidic environment for hydrolytic enzymes to
degrade the internalized cellular components (21). Autophagy
is a biological phenomenon widely occurring in eukaryotic
cells. In addition, it is a fascinating process regulated by
multiple autophagy-related proteins.

According to the mode of transport for intracellular
components to the lysosome, the following three important
subtypes of autophagy in mammals have been identified:
Macroautophagy, microautophagy and chaperone-mediated
autophagy (CMA) (Fig. 1). Macroautophagy, which is usually
referred to as autophagy, is the main autophagy pathway.
During this pathway, the cell forms a double-membrane
structure termed a phagophore, which develops into an
autophagosome. Subsequently, cytoplasmic components are
engulfed into autophagosomes and delivered to lysosomes for
fusion and degradation. Nevertheless, there is a fundamental
difference between micro- and macroautophagy. In microau-
tophagy, the lysosome membrane autonomously changes shape
via invagination or bulging to engulf cytoplasmic components
directly. CMA is a selective and unique autophagic process
that selectively discerns and degrades substrate proteins
containing the specific KFERQ pentapeptide sequence. Heat
shock cognate protein of 70 kDa, a cytosolic chaperone protein,
is a key component in CMA able to discern the KFERQ motif
and deliver it to lysosome associated membrane protein type 2
for degradation (22,23). Owing to its easily recognizable
double-membrane vesicles, macroautophagy is the best-char-
acterized variant of autophagy. The unique morphological
features of macroautophagy have been the focus of numerous
studies since 1950 (24). Moreover, macroautophagy is the
central hub of autophagy-lysosomal pathways. In consideration
of the large volume of studies existing on macroautophagy
in mammals, the rest of this review will focus on macroau-
tophagy, hereafter referred to as autophagy.

Autophagy is a dynamic process, and is referred to as
autophagic flux. The complete process of autophagic flux can
be divided into the following four steps: i) Activation and elon-
gation, ii) maturation, iii) lysosome fusion and iv) degradation
(Fig. 2) (25). The initial stage of phagophore formation is the
most complex step in the process of autophagic flux, in which
various functional units are involved, including the mammalian
uncoordinated-51-like protein kinase (ULK1/ATGI) complex,
the PI3K complex and two ubiquitin-like conjugation systems
[autophagy-related protein 12 homolog (ATG12) and ATGS]
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(Fig. 3) (26,27). Presumably, ATG8-phosphatidylethanolamine
(PE), a useful marker of autophagic membranes, is involved in
almost all steps of the autophagic flux, particularly the later steps,
including phagophore expansion and lysosome fusion (26).

In addition, more than 30 autophagy-related genes and
homologous proteins have been identified to be essential
for autophagy (28). Therefore, the activation of autophagy
in response to various stresses leads to alterations in the
expression levels of autophagy-related proteins, including
microtubule-associated protein light chain 3 (LC3), p62 and
Beclinl. As a member of the ATG8 family in mammals, LC3
is a specific protein marker of autophagosome formation.
In the ATGS8 ubiquitin-like conjugation system, LC3 is first
cleaved by ATG4, a specific cysteine protease, to expose the
C-terminal cysteine. Subsequently, LC3 is conjugated to PE
by ATG7 and ATGS3, facilitating the conversion of cytosolic
LC3-I to membrane-bound LC3-II (Fig. 3) (29). p62, also
referred to as sequestosome 1, is a multi-functional signaling
protein implicated in cell proliferation, survival and death.
Recent studies have revealed that p62 plays a critical role
in the autophagic proteolytic cascade by binding to and
delivering ubiquitinated contents to autophagosomes. p62
interacts with membrane protein LC3 via its LC3-interacting
region motif (30-32). Therefore, p62 degradation occurs in
autolysosomes. On the contrary, autophagy inhibition is often
accompanied by upregulation of p62 expression. Beclinl,
a multi-domain protein, regulates the cross talk between
autophagy and apoptosis. Additionally, the class IIT PI3K
complex has been identified as an important signaling hub that
regulates the autophagy-flux and balances the processes of
autophagy and apoptosis. Therefore, as a PI3K-III regulatory
subunit, Beclinl plays an important role in the regulation of
autophagy through phosphorylation and ubiquitination (33).

3. Autophagy signaling pathways

Autophagy is induced under conditions of cellular stress,
including hypoxia, oxidative stress, nutrient deprivation,
organelle damage and radiotherapy or chemotherapy in order
to meet cellular needs and promote cell survival. Moreover,
autophagy levels are regulated by these cellular stresses
through different signaling pathways. Subsequently, once
these stresses are eliminated by autophagy upregulation, levels
return to normal.

mTOR signaling pathway. mTOR isa300-kDaserine/threonine
protein kinase present in mTOR complex 1 (mTORCI) (34).
It plays a crucial role in regulating cellular growth, prolif-
eration and protein synthesis. mTORCI lies upstream of
the ULK1 complex and negatively regulates this complex,
resulting in autophagy suppression. Specifically, ULKI is
phosphorylated at Ser757 by mTORCI and then inactivated
under nutrient-enriched conditions. On the contrary, nutrient
deficiency or mTORCI inhibitors can lead to the activation of
ULKI. Activated ULK1 phosphorylates ATG14 at Ser29 and
Beclinl at Serl4 to stimulate the kinase activity of the class
IIT PI3K, resulting in phagophore and autophagosome forma-
tion (35). In addition, numerous upstream signaling pathways
that regulate mTORCI1 activity may affect the intracellular
autophagy levels (Fig. 3).
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Figure 1. Three main subtypes of autophagy. Long-lived and damaged cytoplasmic components are degraded via different autophagic processes. The diagram
presents the three main subtypes: Macroautophagy, microautophagy and CMA. In macroautophagy, a double-membrane vesicle (phagophore) surrounds
degradation components to form an autophagosome, which fuses with a lysosome for subsequent hydrolysis. In microautophagy, the lysosomal membrane
alters its shape via invagination or bulging to engulf cytoplasmic components for degradation. In CMA, the adapter molecule HSC70 discerns and binds to
the specific KFERQ motif of substrate proteins for translocation to the lysosome and ensures binding to Lamp2 for degradation. CMA, chaperone-mediated
autophagy; HSC70, heat shock cognate protein of 70 kDa; Lamp2, lysosome associated membrane protein type 2.
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Figure 2. Steps of the autophagic flux. Autophagy is activated in response to various cellular stress conditions. A double-membrane vesicle (phagophore) begins
to form and elongate into an autophagosome in order to engulf intracellular degradation components, including mitochondria, damaged organelles and lipid
droplets. The mature autophagosome with intracellular degradation components then fuses with the lysosome and forms an autolysosome, which provides an
acidic environment for hydrolytic enzymes to hydrolyze the engulfed components.

Mitogen stimulation signaling pathway. The mitogen
stimulation signal pathway is characterized by its depen-
dence on serine/threonine kinase Akt. Class I PI3K is
stimulated by multiple mitogen signals, including activated
receptor tyrosine kinases, activated oncogene Ras and G
protein-coupled receptors (36). Activated class I PI3Ks
phosphorylate phosphatidylinositol 4,5-bisphosphate to phos-
phatidylinositol 3,4,5-trisphosphate (PIP3). PIP3 recruits Akt
and phosphoinositide-dependent kinases-1 (PDK1), which
bind to the cell membrane. Akt serine/threonine kinases are
phosphorylated by PDK1 and mTORC?2 at Thr308 and Ser473,

respectively, resulting in their activation. The downstream
effector of the PI3K/Akt pathway is mTOR, which forms two
macromolecular complexes, mMTORC1 and mTORC2. Akt
activates mTORCI via the inhibition of tuberous sclerosis
complex proteins 1/2 (TSC1/2), thereby promoting Rheb (37).
Subsequently, active mTORC]1 inhibits autophagy by hindering
ULKI.

Energy signaling pathway. AMP-activated protein kinase
(AMPK), a heterotrimer comprising of an a-catalytic
subunit and regulatory - and y-subunits, is an evolutionarily
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Figure 3. Signaling pathways of autophagy. mTOR kinase is a pivotal molecule in the mTORC1 complex that plays an important role in the regulation of
autophagy. Autophagy activation is triggered by decreased activity of the mTORC1 complex due to the activation of AMPK or p53 signaling. The decreased
activity of mMTORCI, an inhibitor of the mammalian ULK1 complex, leads to the increase the activity of the ULK1 complex, which subsequently initiates the
formation of phagophore in conjunction with the PI3K complex. The elongation and maturation of the phagophore is dependent on two ubiquitin-like conjuga-
tion systems (ATGI12 and ATGS), which involve multiple autophagy proteins, including ATG5, ATG16 and LC3. ATG, autophagy-related protein homolog;
mTORCI1, mTOR complex 1; AMPK, AMP-activated protein kinase; ULK1, uncoordinated-51-like protein kinase; LC3, microtubule-associated protein light
chain 3; PE, phosphatidylethanolamine; TTI1, Tel2-interacting protein 1; TEL2, telomere length regulation protein TEL2; DEPTOR, DEP domain-containing
mTOR-interacting protein; RAPTOR, regulatory-associated protein of mTOR; PRAS40, proline-rich Akt substrate of 40 kDa; MLST8, mTOR-associated
protein LST8 homolog; MAPK, mitogen-activated protein kinase; FIP200, fusion-inhibiting peptide 200.

conserved regulator of cellular energy homeostasis (38). When
the cellular AMP/ATP ratio increases under conditions of
cellular stress, such as hypoxia and nutrient deprivation, AMP
binds directly to the y-subunit, thereby activating AMPK.
TSC2 is phosphorylated by activated AMPK at Ser1345 and
Ser1227, subsequently leading to the inhibition of mTORCI1
activity (39).

Amino acid signaling pathway. Amino acids are not only
substrates of various metabolic pathways, but also signal mole-
cules that regulate signal transduction pathways. The regulation
of mTOR by amino acids is associated with the PI3K/Akt
independent pathway. Mitogen-activated protein kinase kinase
kinase kinase 3 (MAP4K3), a Ste20-related kinase, has been
identified as an upstream regulator of mTORCI in response
to amino acids (40). Amino acids can upregulate the activity
of MAP4K3, which is essential for the activation of S6 kinase
and induce the phosphorylation of eukaryotic initiation factor
4E-binding protein, an mTOR-regulated inhibitor (40). Amino
acids are capable of regulating autophagy via several signaling
pathways, including the Ras/Raf-1/ERK1/2 pathway (41), the
integrin/p38 mitogen-activated protein kinase pathway (42),
and the mTOR signaling pathway, which is dominant compared
with the other pathways.

p53 signaling pathway. Numerous studies have shown that
P53, an important tumor suppressor, plays an important role in
regulating glucose homeostasis (43,44). In the case of glucose
deficiency, p53 is able to induce autophagy through the mTOR
and damage regulated autophagy modulator (DRAM) path-
ways (45). Further studies have indicated that p53 activation

is able to suppress mTOR activity and that this regulation
involves p53-dependent AMPK activation with the subsequent
activation of the TSC1/TSC2 complex (46-48). Moreover,
DRAM is a p53 target gene and encodes a lysosomal protein
that induces autophagy. Crighton et al (49) showed that p53
was able to induce autophagy in a DRAM-dependent manner.

Beclin 1-related regulatory pathways. At present, mTOR
and Beclinl are considered significant signaling hubs in
the context of autophagy. Beclinl, which is described as the
mammalian homolog of yeast ATG6, plays an important role
in the process of autophagosome nucleation. It recruits class I11
PIK3/vacuolar sorting protein-34 to form a regulated complex
that generates phosphatidylinositol 3-phosphate [PI(3)P].
Subsequently, certain proteins, including ATG8 and ATGI12
complex, bind with PI(3)P-binding domains to modulate
autophagosome formation (50). Anti-apoptotic protein Bcl-2
is able to bind to the N-terminal Bcl-2 homology 3 domain of
Beclinl, thus inhibiting autophagy (51).

4. Autophagy regulation in BC

During tumor formation, autophagy plays a major role in
suppressing tumor initiation and development by maintaining
genomic integrity and preventing proliferation and inflam-
mation (17). In the present review, we hypothesize that this
is also the case for BC. To the best of our knowledge, no
studies that prove this hypothesis have been published to date.
Once a tumor has become established, tumor cells can utilize
autophagy to survive cellular stresses in the adverse microen-
vironment. Zhu et al (52) demonstrated that ATG7 was notably
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overexpressed in invasive BC and knockdown of this protein
was able to markedly inhibit BC invasion, suggesting that
ATGT7 was involved in the regulation of BC development.

The role of autophagy appears to be paradoxical in cancer
therapy depending on the context. On one hand, inhibition of
autophagy may be employed to increase the cytotoxic effect of
treatments, including chemotherapy and radiotherapy (53-55).
On the other hand, excessive activation of autophagy may
lead to autophagic cell death, also known as programmed cell
death type II, which is similar to apoptosis and is defined as
cell death in the presence of lysosomes (56-60). Therefore, it
is essential to identify the role of autophagy in cancer cells in
order to develop new therapeutic agents.

Inhibiting protective autophagy in BC. BC is a malignant
tumor associated with high morbidity and mortality, and a
significant economic burden associated with it (4). A compre-
hensive treatment approach involving surgery combined
with chemoradiotherapy or immunotherapy is a therapeutic
option to reduce the tumor recurrence rate in patients with
BC (10,11). Yet, in spite of effective therapy, the majority of
patients still experience disease relapse and ultimately die
of tumor metastasis (61). Poor prognosis is often attributed
to resistance to various therapeutic interventions, which is a
distinguishing feature of cancer. Numerous studies suggest
that cancer cells may achieve resistance through a wide variety
of mechanisms, including cell intrinsic and extrinsic factors,
such as genetic heterogeneity (62), autophagy (19,53), tumor
microenvironment (63) and cancer stem cells factors (64).
Furthermore, autophagy may affect the tumor microenviron-
ment by supplying cellular energy demands and preventing
cytotoxicity under stressful conditions such as hypoxia, oxida-
tive stress, inflammation and cytokine release. In addition,
autophagy may have an impact on the regulation of cancer
stem cell homeostasis by contributing to the maintenance of
stemness (65). Given the importance of these mechanisms,
increasing interest has arisen in the development of efficient
therapeutic approaches based on the autophagy regulation.

Autophagy may be inhibited at any stage of the
autophagic flux. In the last decade, many studies involving
autophagy mechanisms have been performed to identify
chemical inhibitors of autophagy, including chloroquine
(CQ) and 3-methyladenine (3-MA). Numerous studies have
revealed that inhibition of protective autophagy via various
approaches, including pharmaceutical inhibitors (53,55,66,67),
RNA-interference agents (66,68) and natural bioactive
compounds (69,70) (Table I), is able to increase the sensitivity
of BC to therapeutic interventions.

CQ, an anti-malarial drug, is the most frequently used and
proficient agent for the inhibition of autophagy. Currently, CQ
and its derivative hydroxychloroquine are the only clinically
available autophagy inhibitors approved by the US Food and
Drug Administration (71). These drugs are weak lipophilic
bases that have the ability to accumulate in lysosomes,
increasing lysosomal pH. Subsequently, the alkalization of
lysosomes prevents their fusion with autophagosomes and
inactivates lysosomal acidic proteases, thereby preventing
cargo degradation in autolysosomes. Studies have indicated
that CQ-mediated lysosomal dysfunction is able to sensitize
cancer cells to chemotherapy and radiotherapy, thus enhancing
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the anticancer effect of this therapeutic method. A recent study
in which BC cells were treated with CQ in combination with
cisplatin, demonstrated that inhibition of autophagy enhanced
the cytotoxicity of cisplatin (55). Another study revealed the
same result that inhibition of cisplatin-induced autophagy
using CQ significantly increased BC cell sensitivity to
cisplatin, hence enhancing its cytotoxicity (66). These findings
suggest that autophagy is induced by cisplatin as a protective
mechanism in BC cells and that inhibition of autophagy is able
to significantly enhance chemosensitivity in cisplatin-resistant
cells. Moreover, it has also been proved that autophagy inhibi-
tion by CQ is able to enhance the radiosensitization efficiency
in BC cells. Wang et al (53) reported that radiotherapy acti-
vated autophagy in BC cells and that subsequent protective
autophagy was strongly associated with radioresistance. In
addition, the combination of radiation and CQ induced syner-
gistic anticancer effects, as confirmed by evidence of enhanced
apoptosis rate, indicating that inhibition of autophagy contrib-
utes to the enhancement of radiosensitization (53).

The second most widely used autophagy inhibitor is
3-MA, a class III PI3K inhibitor. PI3Ks are a diverse family
of lipid kinases that play important roles in cellular processes,
including cell proliferation, metabolism and autophagy regu-
lation (72,73). Class III PI3K, which represents one of the
three classes of PI3Ks in mammalian cells, is an activator of
autophagy that plays an important role in the early stages of
autophagosome formation (25). Fan et al (67) performed a study
that aimed to assess the antitumor effects of fangchinoline
(Fcn), which is a natural product found in Stephania tetrandra,
on BC. They reported that Fcn was able to induce autophagy
and apoptosis in BC cells and that inhibition of autophagy by
3-MA resulted in the enhancement of Fcn-induced apoptosis,
evident by the increased cleavage of caspase-3 (67). These
results suggest that inhibition of protective autophagy may
enhance the apoptotic efficiency of anticancer drugs.

In addition to the pharmaceutical inhibitors listed in
Table I, natural bioactive compounds have also been proved
to possess synergistic anticancer effects with other agents by
inhibiting autophagy. Icaritin, a flavonol glycoside isolated
from the genus Epimedium, is a hydrolysate of the traditional
Chinese herb icariin (69). Previous studies have demonstrated
that icaritin has the potential to be an effective anticancer
agent by promoting apoptosis, inhibiting cell proliferation and
inducing the cell cycle. Pan et al (69) treated human BC cells
with icaritin and/or epirubicin (EPI) to investigate how icaritin
plays a synergistic role in suppressing BC development. The
results indicated that the half maximal inhibitory concentra-
tion values with regard to the inhibition of both BT5637 and
T24 cell proliferation were significantly higher with icaritin or
EPI alone than in combination. Western blot analysis revealed
that icaritin not only downregulated the expression levels of
major autophagy proteins (ATG3, ATGS, ATG7 and ATG12),
but also induced a significant decrease in the LC3-1I/LC3-1
ratio, suggesting that icaritin was able to enhance BC cell
sensitivity to EPI through the inhibition of EPI-induced protec-
tive autophagy (69). In addition, another bioactive compound,
marine triterpene glycoside frondoside A, extracted from the
sea cucumber Cucumaria frondosa, has been demonstrated
to exert an anticancer effect. Dyshlovoy et al (70) used
frondoside A in combination with cisplatin and gemcitabine
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Table I. Autophagy inhibitors in bladder cancer.
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Inhibitor Mechanism of action Treatments combined with inhibitor Bladder cell line (Refs.)

Chloroquine Lysosomal lumen Cisplatin, radiotherapy, lapatinib EJ, T24,RT-112, 5637, J82 (53,55,
alkalizer or gefitinib 66,68)

3-Methyladenine  PI3K inhibitor Cisplatin, Fangchinoline, lapatinib RT-112,T24,J82 (55,67,68)

or gefitinib

Icaritin Protein synthesis Epirubicin 5637, T24 (69)
inhibitor

Frondoside A Protein synthesis Cisplatin and gemcitabine RT112 (70)
inhibitor

shRNA Knockdown of Beclinl  Cisplatin 5637, T24 (66)
and ATG7/ATG12

siRNA Suppression of ATGI2  Lapatinib or gefitinib T24,182 (68)

shRNA, short hairpin RNA; siRNA, small interfering RNA; ATG, autophagy-related protein.

and demonstrated that frondoside A was able to enhance the
anticancer capabilities of the two standard chemotherapeutic
agents in BC RT112 cells by inhibiting protective autophagy.

An increasing number of studies focusing on
RNA-interference have been performed to further explore the
effects of protective autophagy inhibition on anticancer therapy.
Kang et al (68) demonstrated that genetic inhibition of autophagy
by disabling ATGI2, which is one of the key transcription
genes for autophagosome formation and completion, was able
to potentiate the anticancer effects of epidermal growth factor
receptor (EGFR) inhibitors on BC cells. Small interfering RNA
(siRNA) was transfected into BC cells to suppress autophagy
through blockage of ATGI2. Subsequently, the transfected cells
were treated with the EGFR inhibitors lapatinib or gefitinib. The
results indicated that inhibition of autophagy by ATGI2-siRNA
synergistically increased apoptotic cell death when combined
with EGFR inhibitors, as confirmed by flow cytometry analysis,
suggesting that autophagy acted as a protective mechanism in
BC cells (68). In addition, Lin et al (66) combined the autophagy
inhibitor short hairpin RNA (shRNA)-based lentivirus with
cisplatin and demonstrated that inhibition of autophagy through
knockdown of ATG7/ATGI2 or Beclinl using shRNA was able
to synergistically enhance the anticancer capabilities of cisplatin
in BC 5637 and T24 cells. The results showed that inhibition
of autophagy by shRNA increased cisplatin-induced apoptosis,
which was evident by the enhanced cleavage of caspase-3,
indicating that the combination of cisplatin with autophagy
inhibitors was able to increase the sensitivity of BC cells to
cisplatin, thus enhancing the cytotoxicity of this chemothera-
peutic drug (66).

In summary, autophagy has been identified as a critical
mechanism contributing to cancer therapy resistance.
Moreover, autophagy may be regarded as a potential target for
therapies involving autophagy inhibitors in combination with
conventional therapeutics. The numerous studies mentioned
above indicate that inhibition of protective autophagy may
be able to increase the sensitivity of BC to chemotherapy or
radiotherapy, providing important information on the effective
regulation of autophagy during cancer treatment.

Activation of autophagic cell death in BC. Autophagy appears
to play a contradictory role in cancer therapy depending on
the context. Apart from cytoprotective autophagy, the other
primary and opposing form of autophagy, which may facilitate
cell death either alone or in association with apoptosis, is cyto-
toxic autophagy. Functionally, cytotoxic autophagy is capable of
decreasing the number of viable cells and/or reducing clonogenic
survival upon treatment (74). Gewirtz (74) hypothesized that the
contradictory functions of autophagy may be associated with
specific signaling pathways and/or substrates for the autophagic
machinery. Moreover, it has been widely acknowledged that high
autophagy levels may induce type II programmed cell death,
which is also known as autophagic cell death (56). On the basis
of this concept, a number of studies have been performed to
investigate the therapeutic potential of autophagic cell death acti-
vation in different fields of cancer treatment. In BC, autophagic
cell death has been noted in chemotherapy with pazopanib (57),
biological therapy with Cheliensisine A-fluoride (ChlA-F) (58)
and with alternative therapies (59,60,75) (Table II).

A better understanding of the potential role of vascular
endothelial growth factor (VEGF) in tumor formation and
progression has led to the addition of more effective agents
to the therapeutic field of multiple tumor types. Among these
anti-angiogenic agents, pazopanib, an oral tyrosine kinase
inhibitor that targets the VEGF receptor, has been approved for
metastatic renal cell carcinoma and soft tissue sarcoma (57).
However, to the best of our knowledge, the development
of pazopanib for BC is still in the initial stages of clinical
research. A previous study, in which BC cells were treated with
pazopanib, indicated that this anti-angiogenic agent was able
to induce autophagy by increasing ERK1/2 phosphorylation,
as evaluated by LC3-II/LC3-I ratio increase, acidic vesicular
organelle formation, p62 protein degradation and autophagic
flux (57). In addition, pazopanib has been proven to induce
autophagic cell death, which is markedly reverted by 3-MA.
The aforementioned study confirmed that autophagic cell death
induced by pazopanib was associated with increased cathepsin
B activity. Finally, comparative gene expression analysis in BC
cells at the molecular level indicated that pazopanib induced
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Table II. Activators of autophagic cell death in bladder cancer.

Activator Mechanism of action Signaling pathways involved Bladder cell line (Refs.)
Pazopanib Increasing cathepsin B activity ERK1/2 5637,1J82 67
ChlA-F Upregulating Sestrin-2 expression Sestrin-2 RT4,T24T, UMUC3 (58)
Ubenimex Akt agonist Akt 5637,RT112 (75)
Salidroside ~ Suppressing PI3K and p-Akt Autophagy/PI3K/Akt T24 59)
Tetrandrine ~ Upregulating p-AMPK and downregulating AMPK/mTOR T24,5637 (60)

p-mTOR

ChlA-F, Cheliensisine A-fluoride; AMPK, AMP-activated protein kinase; p-, phosphorylated.

cytotoxic autophagy by affecting the expression of autophagic
genes, such as the upregulation of ATG9B and downregulation
of the tumor protein p73 gene (57).

ChlA-F, a novel derivative of Cheliensisin A isolated from
Goniothalamus cheliensis Hu, has been identified as a poten-
tial anticancer drug due to its enhanced water solubility and
chemical stability. Hua et al (58) treated human BC cells and
the normal urothelial cell line UROtsa with ChlA-F to inves-
tigate the anticancer activity and molecular mechanisms of its
biological effects. The results revealed that ChlA-F significantly
inhibited BC cell growth and led to a significant increase in the
LC3-II/LC3-I ratio, indicating that ChlA-F was able to activate
autophagy in human BC cells and may possess antitumor prop-
erties. Interestingly, the inhibition of human BC cell growth
by ChlA-F was significantly reversed by combining treatment
with bafilomycin Al, a fusion inhibitor of autophagosomes and
lysosomes (58). Moreover, Hua er al (58) evaluated the effects of
ChlA-F on autophagy-related protein expression to illustrate the
molecular mechanisms involved in ChlA-F-induced autophagy.
They demonstrated that ChlA-F treatment notably increased
Sestrin-2 (SESN2) protein expression; however, no prominent
effects on the expression levels of other autophagy-related
proteins were reported. Further studies confirmed that ChlA-F
treatment specifically induced SESN2 expression by increasing
its transcription and mRNA stability (58). These findings
suggest that the activation of cytotoxic autophagy via specific
signaling pathways contributes to the anticancer effects of
ChlA-F, therefore providing new information for therapeutic
alternatives against human BC.

With the exception of pazopanib and ChlA-F, a number
of alternative BC therapies have also been proven to provide
anticancer effects through autophagy induction. One example
is ubenimex, a broad-spectrum antitumor agent that has been
used in adjuvant therapy. Aminopeptidase N (APN), known
as the cell surface molecule CD13, is involved in several cell
life activities, including cell survival, blood pressure regula-
tion, angiogenesis, invasion and metastasis of tumor cells (76).
Therefore, as an APN inhibitor, ubenimex is a promising agent
for cancer treatment. Ubenimex has been shown to inhibit the
proliferation, migration and invasion of BC cells by downregu-
lating APN expression levels and inducing autophagy through
inhibition of the Akt signaling pathway (75). On the contrary,
autophagy inhibition with 3-MA reversed the antiproliferative
properties of ubenimex, indicating that ubenimex was capable
of inducing autophagic cell death in BC cells (75).

Salidroside, a bioactive tyrosine-derived phenolic
compound isolated from Rhodiola rosea, possesses properties
against fatigue, anoxia, cardiovascular disease and cancer (77).
Furthermore, salidroside has been proven to induce autophagic
cell death along with apoptosis in BC cells. It has been
demonstrated that salidroside causes apoptosis through the
autophagy/PI3K/Akt and matrix metalloproteinase-9 signaling
pathways (59). Kou et al (60) indicated that autophagy induced
by tetrandrine may synergistically enhance apoptosis in human
BC cells by regulating the AMPK/mTOR signaling pathway.

5. Conclusions

Although a large number of studies have been performed to
confirm novel treatment methods for BC over the past few
decades, the management and long-term survival rate of
patients with BC have remained relatively stagnant without any
significant improvement in clinical outcomes. Autophagy has
been shown to be a complex cellular process with contrasting
effects in the treatment of BC. Undoubtedly, the aforementioned
findings prove that the application of autophagy activators
and inhibitors provides further insight for the development of
novel therapeutic options against human BC. To the best of our
knowledge, since the multidisciplinary approach of surgery
combined with radiotherapy, or chemotherapy is usually
considered in patients with BC, autophagy inhibitors, including
CQ and 3-MA, may be more beneficial in BC treatment due to
their ability to increase cancer cell sensitivity to chemotherapy
or radiotherapy. Therefore, a better understanding of the role
of autophagy in BC treatment is crucial for the selection of
effective drugs to target the autophagic pathway.
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