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Abstract: Autophagy is a catabolic mechanism crucial for sustaining cellular homeostasis, and in this process, encapsulated
degraded inside repurposed to facilitate metabolic processes. In cancer, autophagy has a dual role: it acts as a tumor suppressor
by preventing the buildup of damaged cellular components, but also as a survival mechanism, that supports tumor growth under
stress. Cancer cells often trigger autophagy to manage the increased metabolic demands of rapid growth. This stress tolerance
allows tumor cells to maintain energy production, contributing to both tumor progression and resistance to treatment. Preclinical
studies have shown that autophagy inhibition reinstates chemotherapeutic sensitivity and increases tumor cell mortality. These
findings indicate that targeting autophagy may represent a viable therapeutic approach, with early-phase clinical trials exploring the
use of hydroxychloroquine alongside chemotherapy or targeted treatments. As comprehension of autophagy in oncology advances,
there is an increasing interest in creating more targeted and efficacious autophagy inhibitors for therapeutic applications.
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1. INTRODUCTION

Macroautophagy, sometimes termed autophagy, is an essential
and conserved cellular mechanism that maintains homeostasis
by digesting organelles and proteins, hence maintaining cellular
survival amid food scarcity or metabolic stress.' The process
starts by the production of double-membrane vesicles termed
autophagosomes, which enclose cytoplasmic materials.
Autophagosomes fuse with lysosomes, facilitating the
degradation and reutilization of their contents. Autophagy is
crucial for the elimination of damaged or senescent cellular
constituents across all cell types.” Impaired autophagy
correlates with increased susceptibility to metabolic stress,
DNA damage, and cancer in animal models, highlighting its
function in tumor inhibition. Monoallelic loss of Beclin I, a
critical autophagy gene, has been seen in 40-75% of human
breast and prostate cancers, and ovarian malignancies,
indicating a protective role function of autophagy against
tumor formation®. However, while autophagy may prevent
tumorigenesis, it can also provide cancer cells with the
resilience to survive harsh conditions. Tumor cells, especially
in hypoxic regions, activate autophagy to meet the increased
metabolic demands of rapid growth. This stress-induced
autophagy can contribute to treatment resistance, tumor
dormancy, and eventual recurrence. In preclinical studies,
blocking survival-driven autophagy through genetic or
pharmacological methods induced tumor cell death and
apoptosis were reported. Combining autophagy inhibitors
with chemotherapy significantly slowed tumor growth and
promoted cell death more effectively than chemotherapy
alone®. These findings suggest that survival-promoting
autophagy could hinder cancer treatment, establishing it as a
possible therapeutic target. Autophagy has a dual function; in
some instances, excessive or extended autophagy may result
in cellular demise, especially in apoptosis-resistant cells.
Comprehending the function, the significance of autophagy in
cancer therapy is paramount, since several anticancer
medicines are recognized to induce autophagy, but the precise
effects of this induction remain ambiguous. As the function of
autophagy in cancer becomes more intricate, it is important to
further explore how autophagy influences cancer development
and treatment outcomes®.

2. AUTOPHAGY REGULATION

Autophagy involves the formation of autophagosomes that
enclose injured organelles or cellular debris, which then fuse
with lysosomes to destroy their contents. Upon the formation
of autophagosomes, the majority of Atg proteins revert to the
cytoplasm, with the exception of a minor fraction of LC3-II
that persists on the inner membrane®. LC3-Il remains on
mature autophagosomes until lysosomal fusion occurs, making
it a common marker for autophagy. LC3-Il also interacts with
p62/sequestosomel (SQSTMI), which aids in delivering
ubiquitinated protein aggregates to the autophagic apparatus.
During the progression of autophagy, p62/SQSTMI undergoes
degradation; however, its levels rise when autophagy is
compromised, as seen in autophagy-deficient animals’.
Subsequent phases of autophagy include the maturation and
the formation of autophagosomes and their subsequent fusion

with lysosomes to create autolysosomes, a process
necessitating small Rab GT Pases lysosome-associated
membrane protein 2°. The mTOR pathway, comprises
mTORCI| and mTORC2 complexes a key regulator of
autophagy’. Cellular strain inhibits mTORI activity, hence
initiating autophagy. mTOR suppresses autophagy by
phosphorylating Atgl3, therefore disrupting its interaction
with ULK| and compromising development. the ULK|-Atgl3
complex is important for the assembly of autophagosomes'.
Reduced intracellular energy levels stimulate AMP-activated
protein kinase (AMPK) and serves as a vital metabolic sensor
that governs lipid and glucose metabolism. AMP-activated
protein kinase activation inhibits mTOR and initiates
autophagy, and recent studies suggest that AMPK directly
phosphorylates ULKI, plays an essential role in mitochondrial
function and cellular viability during fasting''. Hypoxia, via
activating AMPK, also stimulates autophagy via HIF and its
target gene BNIP3'2,

3. ROLE OF AUTOPHAGY IN TUMOR
SUPPRESSION

Autophagy is an essential homeostatic process that, when
disrupted, may promote the initiation and progression of
cancer. It operates as a tumor suppressor by removing
damaged organelles and proteins, therefore preventing
uncontrolled cell proliferation and genetic instability. The
Beclin | protein is crucial for the commencement of autophagy
studies and have shown that animals with reduced Beclin |
expression (Beclin 1) have a higher susceptibility to tumors,
indicating Beclin | operates as a haploin sufficient tumor
suppressor'®. Conversely, excessive activation overexpression
of Beclin | may impede tumor development via autophagy.
Studies demonstrate that the suppression of p62/SQSTMI
occurs in autophagy-deficient conditions cells reduces ROS
levels and the corresponding DNA damage response'.
Furthermore, studies indicated that animals deficient in
p62/SQSTMI exhibited protection against Ras-induced
pulmonary cancers in contrast to wild-type mice'. Autophagy
may also aid in cancer prevention by diminished necrosis and
chronic inflammation are linked to the synthesis of the
proinflammatory protein HMGBI 'S, Collectively, these data
stresses the significance of autophagy as a tumor-suppressive
mechanism. Key tumor suppressor genes, such as TP53 and
PTEN, regulate this process, with proteins like Beclin-I
(BECN) initiating autophagy |7. The mTOR pathway inhibits
autophagy in nutrient-rich conditions, but its dysregulation is
often seen in cancer. Autophagy markers like LC3 are essential
for autophagosome formation and cargo degradation, while
p53 has a dual role in regulating autophagy. AMPK promotes
autophagy during energy stress by inhibiting mTOR, and
proteins like BNIP3 induce autophagy under hypoxic
conditions. The PI3K-Akt pathway, often overactivated in
cancer, negatively regulates autophagy. Dysfunction in Atg
genes, which are vital for the autophagic process, or the
lysosome, where cargo is degraded, can lead to cancer
progression | 8. Autophagy and apoptosis are interconnected,
with excessive or impaired autophagy potentially leading to
programmed cell death, further contributing to tumor
suppression.
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4. ROLE OF AUTOPHAGY IN TUMOR CELL
SURVIVAL

Evidence suggests that the main function of autophagy in
cancer cells is to augment stress response resilience, therefore
promoting tumor cell survival. Studies demonstrates that
suppressing critical autophagy-related genes in neoplastic cells
might induce or enhance cellular apoptosis. Cancer cells,
owing to their rapid proliferation, exhibit increased metabolic
demands, and in vivo studies indicate that, metabolic stress
adversely affects the survival of cells without autophagy in
comparison to those with autophagy competent ones.
Autophagy may be triggered by cytotoxic and metabolic
stresses, including hypoxia or nutritional deficiencies, to
recycle ATP and support biosynthesis and cell survival. In
hypoxic tumor cells, which are located away from blood
vessels, autophagy is activated through both HIF-la-
dependent and independent mechanisms'®. Inhibiting
autophagy has been shown to improve the effectiveness of
anticancer therapies, highlighting its protective role in tumor
cells. Recent research has shown human cancer cell lines with
activating mutations in H-ras or K-ras have increased
autophagy levels. In these cells, blocking key autophagy-related
proteins has been found to hinder cell growth, underscoring
the importance of autophagy for tumor survival®. This
indicates that targeting autophagy in Ras-driven cancers,
where it plays a crucial role, could be a promising therapeutic
approach.

5. THE ROLE OF AUTOPHAGY IN INDUCING
CELL DEATH

Autophagy, while mostly acknowledged for its cytoprotective
role, has also been suggested as a process of cellular demise,
particularly when autophagic characteristics have been noted
in cells undergoing death. This type of autophagy, associated
with non-apoptotic cell death, has been seen in cancer cells.
Chronic stress and extended autophagy may result in
celldeath, if the breakdown of proteins and organelles
surpasses the cell's regenerative abilities. The influence of
autophagy-induced cell death in response to anticancer drugs
seems contingent upon the particular cellular classification and
genetic factors. STF-62247, a novel small-molecule drug, has
shown the capacity to trigger apoptosis in renal cell carcinoma
cells lacking VHL via enhancing autophagy. Nevertheless, in

vivo data is less, and it remains uncertain whether autophagy-
mediated cell death can be efficiently used for cancer
treatment.

6. CELL SENESCENCE AND AUTOPHAGY

Autophagy and Senescence is a specific cellular stress response
that functions as a tumor suppressor. Recent findings indicate
that autophagy may facilitate senescence triggered by the Ras
oncogene?'. Cellular senescence refers to a sustained Cell
cycle arrest is induced by inhibitors in metabolically active
cells. Senescence may be induced by several methods,
including oncogenes, DNA damage, and oxidative stress,
including the active p53 and Rb tumor suppressor genes
enhancing this process™. Senescence may contribute to
autophagy-induced tumor dormancy. Furthermore, the
suppression of autophagy in neoplastic cells has been shown
to delay the development of senescence. During senescence,
certain autophagy-related genes (ULKI| and ULK3) are
increased, and the overexpression of ULK3 has been shown
to enhance both autophagy and senescence®.

7. AUTOPHAGY INDUCERS

Conventional cytotoxic agents and radiation have been shown
to induce autophagy. Anticancer drugs recognized for their
capacity to induce autophagy include imatinib, a BCR-ABL
tyrosine kinase inhibitor; cetuximab, an anti-EGFR antibody;
proteasome inhibitors; TRAIL; and HDAC inhibitors, such as
vorinostat and OSU-HDAC42. Arsenic trioxide has shown the
capacity to augment autophagy in leukemia and glioma cells via
regulating the mitochondrial stress sensor BNIP3, particularly
in malignant gliomas®. Furthermore, pharmacological agents
using diverse methodologies, such as Tamoxifen,
cyclooxygenase inhibitors, and the protease inhibitor
nelfinavir, have shown the capacity to stimulate autophagy in
neoplastic cells”. The ramifications of inducing autophagy in
malignant cells persist largely elucidated, since the results are
contingent upon variables such as the degree, length, and
cellular environment. Excessive or extended autophagy could
result in tumor cell death, though its role in vivo is still
uncertain. mTOR is a crucial regulator of cellular growth,
contributing substantially to protein synthesis and the
regulation of autophagy. Rapamycin, a natural Allosteric
mTOR inhibitors and their analogs (temsirolimus, everolimus,
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deforolimus), specifically targets mTORCI to enhance
autophagy®. Despite their effectiveness in treating renal cell
carcinoma, neuroendocrine tumors and lymphoma
demonstrate poor treatment efficacy with rapamycin and its
analogs (rapalogs) in other malignancies. One reason is that
rapamycin does not inhibit mMTORC2 and fails to disrupt the
S6KIRSI negative feedback loop, leading to AKT activation?.
Preclinical  investigations indicate that these dual
mTORCI/mTORC2 inhibitors show antitumor activity and
induce autophagy more effectively than mTORCI inhibitors
alone. For instance, PI-103, a dual PI3K-mTOR inhibitor,
activated Autophagy in glioma cells, coupled with the use of
autophagy inhibitors with PI-103, increased apoptosis.
Moreover, NVP-BEZ235, currently in clinical trials, exhibited
synergistic effects with chloroquine in glioma xenografts,
promoting apoptosis®®. The exact role of autophagy in the
efficacy of these dual inhibitors remains unclear. The
antidiabetic drug metformin can inhibit mTOR signaling via
AMPK activation and has shown cytostatic effects in some
cancer cells. Although metformin induces in colon cancer cells,
it prevented autophagy triggered by 2-deoxyglucose in
prostate cancer cells, reduced Beclin | levels, and shifted the
response from survival to cell death, which challenges the
expected autophagy activation by AMPK. Other autophagy-
inducing agents include fluoxetine, maprotiline, and valproic
acid. Screening assays have also identified the antihypertensive
medications verapamil, minoxidil, and clonidine as autophagy
stimulators through a calpain-dependent, mTOR-independent
pathway?.

8. AUTOPHAGY INHIBITORS

Several studies have shown that inhibiting autophagy, either
through genetic manipulation of autophagy-related genes
(Atgs) or by using pharmacological agents, can significantly
boost apoptosis of neoplastic cells induced by several
oncological therapies in preclinical models. Specifically,
blocking autophagy in these models increased tumor cell
sensitivity to alkylating agents. In leukemia, among colon
cancer cell lines with impaired apoptosis, a decrease in
autophagy was shown to increase the vulnerability of cells
resistant to TRAIL-induced apoptotic treatment. Moreover,
the suppression of autophagy significantly enhanced apoptosis.
Cetuximab is a monoclonal antibody that specifically targets
the Epidermal growth factor receptor (EGFR)*. Bafilomycin
Al preferentially inhibits vacuolar ATPase, while monensin and
chloroquine/hydroxychloroquine function as lysosomotropic
agents, preventing the acidification needed for the digestive
enzymes in lysosomes to function properly’’. Drugs like
Taxanes, nocodazole, colchicine, and vinca alkaloids damage
microtubules. Autophagy inhibitors that impair the destruction
of autophagosomes involves the tricyclic antidepressant
clomipramine in conjunction with the anti-parasitic drug
lucanthone. Animal studies have established that, autophagy
inhibition enhances chemosensitivity and induces tumor
remission. In a Myc-driven murine lymphoma model,
chloroquine (CQ) was used to inhibit autophagy resulted in an
increase in tumor cell death mediated by cyclophosphamide,
analogous to the effects seen with shRNA-mediated Atg5
knockdown, and also extended the duration before
recurrence of the tumor?. In a colon cancer xenograft model,
the amalgamation of chloroquine and vorinostat yielded in a
substantial decrease in tumor burden and enhanced apoptosis.
In prostate cancer xenograft models, CQ improved the
therapeutic effectiveness of the Src inhibitor saracatinib which
alone reduced tumor growth compared to control groups,

while the combination with CQ further decreased tumor
proliferation®. This combinatorial therapy yielded a minimum
twofold augmentation in apoptotic tumor cells, indicating that
autophagy inhibition facilitates apoptosis. Moreover, the use of
3-methyladenine to suppress autophagy enhanced the
apoptosis triggered by 5-fluorouracil, linked to regression of
tumors in colon cancer xenografts. Research suggests that the
suppression of autophagy may enhance the efficacy of
chemotherapeutic drugs via many cellular mechanisms. Among
the several autophagy inhibitors, only CQ and
hydroxychloroquine (HCQ) are notable are notable and have
undergone evaluation in human trials, owing to their prevalent
use in treating malaria and autoimmune disorders. Both
medications can penetrate the blood-brain barrier, with
hydroxychloroquine being favored in clinical settings due to its
better side-effect profile. Encouraged by preclinical data,
numerous Phase /Il studies are now examining the
combination of HCQ with cytotoxic agent therapy across
several cancer types. Nevertheless, obstacles remain, for
HCQ's the extended half-life The need for micromolar
quantities to successfully inhibiting autophagy may restrict its
use in human investigations. A phase | study assessed
hydroxychloroquine  in  conjunction  with  adjuvant
temozolomide radiotherapy in glioblastoma patients,
determining 600 mg per day as the highest tolerable dosage of
HCQ, which attained quantities requisite for autophagy
inhibition seen in prior research® The results of the
biomarker analysis indicate the possibility of autophagy
monitoring regulation throughout treatment and associating
these changes with clinical outcomes. Autophagy facilitates the
breakdown of intracellular proteins via lysosomes and the
ubiquitin-proteasome pathway. Considering the critical
functions of both routes in protein degradation, it is suggested
that their simultaneous blockage may provoke ER stress-
related cytotoxicity owing to the buildup of unfolded protein
aggregates, potentially activating autophagy via the JNK or
PERK/elF2a pathways®. The synergistic effect of the
proteasome, the combination of the inhibitor bortezomib and
CQ has shown a more pronounced decrease in tumor
development, than the treatment of each drug separately in
colon cancer xenografts.

9. RELATIONSHIP BETWEEN AUTOPHAGY
AND APOPTOSIS

Inhibition of autophagy has been shown to augment apoptosis
in neoplastic cells, that have functional apoptotic signaling
pathways. While inhibition of apoptosis is frequently observed
in human tumors, cancer cells under stress often resort to
alternative cell death mechanisms. Although autophagy can
serve as an alternative pathway for the specific circumstances,
the mechanisms aaand the processes are inadequately defined.
A multifaceted connection occurs between autophagy and
apoptosis at various phases, since both processes use similar
mediators, including essential equipment and upstream
regulators. Recent study has shown a relationship between
autophagy and the extrinsic apoptotic pathway, via the
regulation of p62/SQSTMI. This protein interacts with
caspase-8, promoting its aggregation and activation, hence
augmenting TRAIL-induced apoptosis. PATH, a cytokine
recognized for its ability to trigger apoptosis in several tumor
types, is now being assessed the processes of cell death in
apoptosis-resistant cells are inadequately defined®. A
multifaceted connection occurs between autophagy and
apoptosis at various phases. is often seen in several cancers,
promoting both intrinsic and extrinsic resistance to therapies.
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10. AUTOPHAGY AS A THERAPEUTIC TARGET

Autophagy is crucial for tumor suppression, and its activation
may serve as a vital technique for the prevention of cancer.
The combination of the inhibitor bortezomib and CQ has
shown a more significant reduction in tumor progression
compared to the administration of each medication individually
in colon cancer xenografts (6). Current Phase I/ll clinical
studies are investigating this combination in patients with
relapsed or refractory multiple myeloma. An additional study
found that metformin’s inhibition of mTOR signaling decreased
carcinogenesis in tumor model37. Moreover, sustained the
injection of modest doses of Rapamycin in APCMin/+ mice,
who have elevated AKT-mTOR signaling, significantly reduced
intestinal neoplasia®®. Inadequate autophagy has been
associated with the onset of colonic cancers, mostly due to
the abnormal activation of signaling caused by autophagy. The
exploration of additional pharmacological agents that activate
autophagy could be beneficial for cancer chemoprevention,
warranting further investigation.

1l. CONCLUSION

Autophagy serves dual roles in cancer biology; it acts serving
as a tumor suppression mechanism while simultaneously acting
as a flexible stress response in neoplastic cells, facilitating their
survival under increased metabolic circumstances demanding,
low oxygen levels, or during cancer therapies. This autophagy-
mediated survival may contribute to the progression of
developed neoplasms. Preclinical investigations suggest that
stress-induced autophagy primarily provides cytoprotection to
tumor cells, suggesting that, inhibiting this process could
enhance the effectiveness of various anticancer treatments by
promoting tumor cell death. As a result, autophagy emerges
as a promising therapeutic target, opening new possibilities for
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