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Abstract: Autophagy is a delicate intracellular degradation process that occurs due to diverse
stressful conditions, including the accumulation of damaged proteins and organelles as well as
nutrient deprivation. The mechanism of autophagy is initiated by the creation of autophagosomes,
which capture and encapsulate abnormal components. Afterward, autophagosomes assemble with
lysosomes to recycle or remove degradative cargo. The regulation of autophagy has bipolar roles
in cancer suppression and promotion in diverse cancers. Furthermore, autophagy modulates the
features of tumorigenesis, cancer metastasis, cancer stem cells, and drug resistance against anticancer
agents. Some autophagy regulators are used to modulate autophagy for anticancer therapy but the
dual roles of autophagy limit their application in anticancer therapy, and present as the main reason
for therapy failure. In this review, we summarize the mechanisms of autophagy, tumorigenesis,
metastasis, cancer stem cells, and resistance against anticancer agents. Finally, we discuss whether
targeting autophagy is a promising and effective therapeutic strategy in anticancer therapy.

Keywords: autophagy; cancer; metastasis; drug resistance; tumorigenesis; cancer stem cells; au-
tophagy modulators

1. Introduction

Autophagy is a highly conserved cellular process that maintains cellular homeostasis
by the degradation and recycling of damaged or long-lived proteins, misfolded proteins,
and damaged and abnormal organelles [1–3]. In addition, autophagy is regulated to protect
against diverse cellular stress conditions and is involved in starvation, DNA damage,
hypoxia, exposure to chemotherapy, and meets the metabolic requirements of cells to
retain the function of organelles and cellular signaling pathways. Autophagy is a deli-
cate degradation process induced by double membrane vesicles called autophagosomes,
which then form the autolysosomes—after fusion with lysosomes—to recycle cellular
components [2,4].

Autophagy is critical for the preservation of health and initiation of diseases. Ab-
normal autophagy is associated with a variety of diseases, including neurodegenerative
disease [5], cardio-related diseases [6], type II diabetes [7], and cancer [8]. Autophagy has a
tumor-suppressive role in cancer initiation and the progression of malignant tumors. The
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inhibitory effects are brought about by the elimination of abnormal cells and organelles
and the restriction of cell proliferation and genomic instability in cancer [9–11]. In addition,
autophagy plays a promoting role in cancer cells by meeting the metabolic demand of
proliferating cancer cells and inducing chemoresistance [12,13].

In this review, we summarize several mechanisms of autophagy in cancer biology
as well as its roles in tumor processes, such as tumorigenesis, metastasis, and drug resis-
tance. Next, we discuss the function of autophagy in cancer stem cells (CSCs). Finally,
we discuss the potential of targeting autophagy as a promising therapeutic strategy for
anticancer therapy.

2. The Basic Mechanism of Autophagy

Autophagy is a highly evolutionarily conserved process that meets metabolic de-
mands and homeostasis through an intracellular recycling system or self-degradation [14].
The autophagic process is induced under diverse cellular stress conditions, such as star-
vation, cellular damage, and the production of dysfunctional proteins [8]. Autophagy
is classified into macroautophagy, microautophagy, and chaperone-mediated autophagy
(CMA). Macroautophagy is involved in the isolation of cytoplasmic cargo into phagophores,
which induces the formation of autophagosomes composed of double membrane vesi-
cles. Then, autophagosomes fuse with lysosomes to form autolysosomes and carry out
degradation and recycling [15]. Microautophagy is a direct autophagic process involving
the invagination of cytosolic components into the lysosomal membrane by the capturing
of cargo [16]. CMA is a selective autophagy, in which cargo complexed with chaperone
proteins (such as HSC70) is recognized and translocated across the lysosomal lumen by a
lysosomal membrane receptor, such as lysosomal-associated membrane 2A (LAMP-2A)
(Figure 1) [17].
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2.1. Macroautophagy

The macroautophagic process comprises various steps, such as initiation, nucleation,
and maturation. In the initiation step, several autophagy-related genes (ATGs) are involved
in the formation of phagopores, which are derived from mitochondria, endoplasmic retic-
ula, and plasma membranes [18]. The Unc-51-like kinase 1 (ULK1)/ATG13/FAK family-
interacting protein 200 kD (FIP200) kinase complex is activated by the inactivation of the
mammalian target of rapamycin complex 1 (mTORC1) and activation of the AMP-activated
protein kinase (AMPK) [19]. Therefore, the activation of ULK1/ATG13/FIP200 regulates
the other ATG proteins and initiates the formation of autophagosomes [20,21]. The mem-
branes of autophagosomes consist of abundant phosphatidylinositol 3-phosphate (PI3P)
and are modulated by the class-III phosphatidylinositol 3-kinase complex, which is orga-
nized into the vacuolar protein sorting-associated protein 34 (Vps34), Vps15, Atg14, and
Beclin1. This complex forms the phagophore assembly site (PAS) [22]. In the maturation
step, two ubiquitin-like protein (UBL) conjugation systems, such as ATG12/ATG5/ATG16
UBL and microtubule-associated light chain B (LC3B)-phosphatidylethanolamine (PE)
UBL, are required for the PAS for the maturation of autophagosomes, and to induce the
elongation of phagopore membranes [23]. ATG12/ATG5 conjugation is organized with
ATG16L1 and anchored on PI3P to elongate autophagosomal membranes by WD-repeat
domain PI-interacting protein 2 [24]. LC3 is formed into pro-LC3 and cleaved by ATG4.
Then, the cleaved LC3 is linked to PE by ATG7 and ATG3 to form LC3-II, which is its
lipidated form [25]. Next, LC3-II is allowed to fuse with autophagosomes and lysosomes,
and the cytosolic cargo is degraded by lysosomal hydrolases [26].

2.2. Mitophagy

Mitochondria are essential cell organelles for metabolism that play a critical role in
energy production, cell transcription, cell death control, and homeostasis maintenance [27].
Aging or damaged mitochondria are removed by the autophagocytosis process called
mitophagy [28]. Mitochondria with disrupted function are eliminated by mitophagy; new
mitochondria are generated and damage to organization and cells is prevented [29]. Signal-
ing pathways that regulate mitophagy can be classified into the two following categories:
PTEN-induced putative kinase 1 (PINK1)-Parkin mediated and not mediated [27]. Mi-
tophagy may induce the degradation of damaged mitochondria by the E3 ubiquitin ligase
Parkin and the kinase PINK1 [30]. The loss of mitochondrial membrane potential prevents
the proteases from degrading PINKl, and the accumulation of PINK1 protein promotes
the phosphorylation of Parkin [31]. Activated Parkin promotes the ubiquitination of mito-
chondrial proteins, and mitophagy induces the degradation of abnormal mitochondrial
proteins by the proteasome [32,33]. In addition to the PINK1–Parkin pathway, mitophagy
is induced by various proteins, such as NIX, BNIP3, and FUNDC1. These receptors induce
mitophagy by interacting with the LC3 protein in the hypoxic state [34–36].

2.3. Chaperone-Mediated Autophagy

CMA is a selective type of autophagy with unique mechanisms for cargo recognition
and translocation into the lysosomal membrane in mammalian cells [17]. CMA works
on proteins targeted by heat shock 70 kDa protein 8 (HSC70), which is recognized and
bound to the pentapeptide motif (KFERQ) in the substrate protein [37]. HSC70-linked
substrate proteins move to the lysosomal membrane and bind to the monomer of the
cytosolic tail of LAMP2A and induce the multimerization of LAMP2A [38,39]. The substrate
proteins are unfolded and translocation into the lysosomal lumen is mediated, and these
proteins are quickly degraded. In addition, substrate–receptor complexes are stabilized
by HSP90 on the lumenal side of the lysosomal membrane [38]. After translocation of
the substrate by lumenal HSC70, these complexes are separated by cytosolic HSC70, and
LAMP2A is reverted to its monomeric form and newly binds the substrate proteins and
commences translocation [38]. Therefore, modulation of the CMA process rate is related
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to the expression levels of LAMP2A, and regulates CMA activity and the degradation of
substrate proteins [40].

3. The Bipolar Role of Autophagy in Cancer

Autophagy works to maintain cellular homeostasis and degrade damaged proteins
and organelles. In addition, many studies have suggested that autophagy is related to
an important role in several diseases, although it is currently unclear whether autophagy
plays a protective or inhibitory role [41]. In cancer, autophagy has a dual role in tumor
promotion and suppression. Autophagy has an inhibitory function through the elimination
of damaged cells and organelles during tumor initiation and malignant transformation [42].
In addition, autophagy has a protective function by meeting the metabolic and energy
production demand of cancer cells during cancer development (Figure 2) [43].
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3.1. The Mechanism of Autophagy in Tumorigenesis

Autophagy has a suppressive role in tumorigenesis due to the preservation of physio-
logical homeostasis [44]. In addition, autophagy prevents the conversion of normal cells to
malignant cells by decreasing genotoxic stress and inflammation related to tumorigene-
sis [45]. The inhibition or deficiency of autophagy promotes oncogenesis and malignant
transformation. A relationship between autophagy and tumorigenesis has been found
through the ATG knockout (KO) animal model, with results showing roles of Beclin-1,
ATGs, and inhibition of autophagy in inducing a high incidence of carcinogenesis [46,47].

Beclin-1 is related to the initiation of autophagy and several other cellular processes,
such as development, aging, adaptation to stress, and cell death. Additionally, Beclin-1
modulates cancer initiation and progression by regulating autophagic activity by interact-
ing with other autophagy mediators, such as ATGs, mTOR, PI3K-III, and P53 [48]. Beclin-1
regulates autophagic activity toward the suppression of tumorigenesis and a decrease in
its expression causes cancer proliferation and tumorigenesis [49]. Beclin-1 induces the
autophagy and inhibits human epidermal growth factor receptor 2 (HER2)-mediated tu-
morigenesis. On the other hand, HER2 binds the Beclin-1 and suppresses the autophagy,
and then induces the tumorigenesis of breast cancer cells [50]. Moreover, ABHD5 (ab-
hydrolase domain containing 5) shows the tumor suppressive role in colorectal cancer
and regulates the autophagy and CRC tumorigenesis via interaction with Beclin-1 [51].



Int. J. Mol. Sci. 2021, 22, 179 5 of 22

The BECN1 gene is rarely mutated in cancer; however, the mutation of BECN1 occurs in
colorectal, gastric, breast, and prostate cancer [52] due to the similar genomic proximity to
the breast cancer susceptibility gene BRCA-1 [53]. The inhibition of Beclin-1 induces the
reduction of autophagic activity in hepatocellular carcinoma (HCC), with a tendency to
initiate the voluntary formation of malignant lesions in Beclin-1 heterozygous disruption
mouse models [54].

The expression level of p62 is related to cancer development [55,56]. p62 is associated
with the activity of autophagy as a substrate protein and decreases autophagy through
its accumulation in cells. Moreover, p62 plays a protective role in cells by preventing
cellular stress through a variety of signaling pathways, such as the interaction of kelch-like
ECH-associated protein 1/nuclear factor erythroid 2-related factor 2 (Nrf2) [57] and tumor
necrosis factor receptor-associated factor 6/receptor-interacting serine/threonine-protein
kinase-1 and mammalian mitogen-activated protein kinase/regulatory-associated protein
of mTOR [58]. Therefore, increased p62 concentration contributes to cancer cell survival
and enhances tumor progression. p62 is activated to Nrf2 and induces the increased
potential of cell proliferation and anticancer drug resistance in HCC cells [57]. Moreover,
the accumulation of p62 is observed in clinical liver tumors, and the loss of p62 is observed
in liver-specific ATG5 or ATG7-deficient mice [55]. p62 overexpresses in nasopharyngeal
carcinoma (NPC) and related to tumor invasion and metastasis. The inhibition of p62
shows the decreased proliferation, clone forming ability, autophagy, and migration via
regulation of ERK pathway, and NPC clinical analysis indicates the relation with p62 and
metastasis [59]. The expression of p62 decreases by programmed cell death 4 (PDCD4),
and suppresses the cell proliferation and tumorigenesis and induces the apoptosis in lung
cancer cells [60].

Mitophagy is the specific and selective autophagy of mitochondria and plays an
important role in mitochondrial homeostasis and quality control through the elimination
of damaged and abnormal mitochondria [61]. Deficiency of mitophagy is related to the
damage of mitochondrial functions, tumorigenesis, and tumor progression in various
cancers [62]. The function of mitophagy includes a variety of roles, depending on the stage
of tumor progression. In early tumorigenesis, mitophagy maintains the metabolic demand
of normal cells and suppresses tumorigenesis. In late tumor development, mitophagy
enhances cell tolerance and improves tumor progression [63]. The loss of mitochondrial
function by mutation or functional change in a variety of critical genes leads to the accu-
mulation of impaired mitochondria and the inhibition of mitophagy, thus, the induction of
tumorigenesis [64]. The Pink1/Parkin signal pathway has a key role in the mitophagy path-
way [65]. The decreased function of Parkin suppresses mitophagy and induces oncogenesis
in various cancer models. The suppression of mitophagy leads to increased reactive oxygen
species (ROS) levels, which influences the function of cells and organelles. In Parkin KO
mouse models, the loss of Parkin induces the voluntary development of HCC [66,67].

CMA is related to selectively degrade targeted proteins and participates in the mod-
ulation of several cellular processes. Increased CMA induces the protoncogenic and
prosurvival functions in many cancers. CMA can control the expression levels of spe-
cific proteins, such as proto-oncogenic proteins [double-minute 2 homolog (MDM2)] and
translationally controlled tumor-associated protein [68,69]. In addition, CMA limits the
malignant transformation of normal cells. Abnormal CMA is related to aging and is a
high-risk factor for various cancers. The inhibition of CMA in mouse livers leads to a
higher incidence of voluntary hepatic tumors with age [70]. Moreover, CMA is activated by
lipids, and increased LAMP2A levels are observed in non-alcoholic steatohepatitis mouse
models [71,72]. In contrast, the irregular increased intracellular lipids suppress CMA and
induce the reduction of LAMP2A expression in steatosis models [73,74]. Decreased CMA
induces steatosis, and this disease further suppresses CMA. Eventually, the inhibition of
CMA leads to the perpetuation of metabolic dysregulation and progression to fibrosis and
HCC [74]. Moreover, sorting nexin 10 (SNX10) relates to the activation of CMA by regulat-
ing expression of p21Cip1/WAF1 and the deficiency of SNX10 induces the tumorigenesis and
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progression of colorectal cancer via activation of CMA (29355659). Increased CMA activity
induces the tumorigenesis and metastasis of human breast cancer cells via downregulation
of ATG5-mediated macroautophagy. The suppression of CMA activity inhibits the tumor
growth and metastasis by downregulation of LAMP2A in breast cancer cells in vivo and
in vitro [75].

3.2. The Relationship between Autophagy and Metastasis

Tumors can locally invade and cause distant metastasis, which causes over 90% of
cancer deaths. Recently, proportions of cancer deaths caused by metastases was deter-
mined [76]. In this study, the population-based data from the Cancer Registry of Norway
for the years 2005-2015 was analyzed. The results showed that, for solid tumors, 66.7%
of cancer deaths were registered with metastases as a contributing cause. In addition to
cancer metastasis, other causes of death may due to side effects from systemic cancer treat-
ment, or some patients commit suicide after receiving cancer diagnosis [77]. Tumor cells
can escape from primary tumors by invasion and metastasis under stressful conditions,
such as starvation and hypoxia. In primary cancer, autophagy is related to hypoxia and
starvation, and the inhibition of tumor cell necrosis and inflammation [78]. Moreover, au-
tophagy suppresses the epithelial–mesenchymal transition (EMT) through the degradation
of p62 and the cargo protein TWIST1, which promotes EMT as a transcription factor [79].
Autophagy can enhance or reduce the invasion and metastasis of cancer. During initial
metastasis, autophagy enhances the survival of cancer cells through metabolic stress and
hypoxia by decreasing necrosis [80,81]. In addition, autophagy diminishes the infiltration
of macrophages that is required for the start of metastasis [82–84], and autophagy can
enhance the modulation of cell adhesion signaling pathways and promote cancer invasion
and migration [85]. Autophagy leads to the overcoming of cell death by anoikis, which is a
type of cell death induced by the detachment from the extracellular matrix [86–88].

The specific inhibition of focal adhesion kinase activates the SRC kinase and sup-
presses autophagy [89]. Moreover, the suppression of autophagy inhibits cell migration
and metastasis by regulating oncogenic SRC activity through interactions with LC3 and
paxillin [85]. Starvation-induced autophagy leads to the induction of metastasis and
invasion in HCC cells through the regulation of TGF-β/Smad3 signaling [90]. In addi-
tion, the activation of autophagy enhances tumor metastasis and glycolysis through the
Wnt/β-catenin signaling-mediated upregulation of monocarboxylate transporter 1 [91].
The inhibition of autophagy by miR-140-5p induces a decrease in cancer cell survival and
invasion potential [92]. In addition, the induction of autophagy enhances the degrada-
tion of Snail and suppresses EMT and metastasis by decreasing the levels of EMT and
metastatic proteins in cancer cells. In contrast, ATG7 knockdown induces the suppression
of autophagy, inhibits Snail degradation, and promotes EMT and metastasis [93].

Cancer cells replacing the aerobic respiration of mitochondria with cytosolic lactic
acid fermentation is called the Warburg effect, which maintains the energetic demand of
cancer cells [94]. Cancer cells exhibit the Warburg effect, dysfunctional quality control
of mitochondria, dysfunctional regulation of ROS and the redox state, and deficiency of
apoptosis signals [64]. Mitophagy can enhance cancer cell survival by adapting to stress
through the elimination of abnormal mitochondria [95,96]. Parkin is a key mediator of mi-
tophagy and inhibits cancer migration and invasion by targeting HIF-1α for ubiquitination
and degradation [97]. On the other hand, Parkin is overexpressed in melanoma compared
with normal dermatic tissues, and increased Parkin levels induce metastasis and tumor
growth, and the loss of Parkin suppresses tumor formation and metastasis through the
inhibition of MFN2 ubiquitination [97,98]. BNIP3 is a pro-apoptotic protein that inhibits the
fusion of impaired mitochondria and promotes mitophagy [99]. The inhibition of BNIP3
induces abnormal mitophagy and the accumulation of mitochondrial ROS levels as well as
enhances cancer metastasis in human triple-negative breast cancer [100]. In contrast, the
increased expression of BNIP3 induces excessive mitophagy and suppresses metastasis in
HCC cells [101].
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CMA is related to cancer metastasis as the inhibition of CMA decreases metastasis
through the reduction of migration and resistance to anoikis [102]. There is a correlation
between CMA activity and metastasis in breast cancer [75]. CMA degrades the multifunc-
tional protein HSD17B4, which modulates the properties for the invasion and migration
of cells [103]. Moreover, decreased CMA by the modulation of LAMP2A inhibits tumor
growth and metastasis by upregulating ATG5-dependent macrophages in human breast
cancer [75].

3.3. The Roles of Autophagy in Chemoresistance

Anticancer therapy, such as the use of chemotherapeutic agents, induces cancer cell
apoptosis. However, multi-drug resistance (MDR) can occur with prolonged exposure
to the same drugs combined with the deficiency of apoptosis [104]. Autophagy plays
a protective role by removing the damaged organelles and proteins, and excessive au-
tophagy plays a suppressive role by inducing autophagic cell death. Further, autophagy
contributes to tumorigenesis, cancer progression, and resistance to anticancer therapy [105].
Autophagy is induced during anticancer therapies, such as radiation therapy, chemother-
apy, and targeted therapies, predominantly through cytoprotective functions through the
induction of MDR against therapy-induced stress responses [106–108]. Therefore, the
suppression of autophagy resensitizes cancer cells and promotes the therapeutic effects of
anticancer therapies. In contrast, autophagy mediates autophagic cell death, which differs
from apoptosis.

MDR in cancer is induced by diverse factors, such as heterogeneity, target mutation,
and the cancer microenvironment [109–111]. Increased autophagy induces MDR and is
related to a poor prognosis. S100 calcium-binding protein A8 (S100A8) induces the devel-
opment of MDR through the regulation of autophagy via interactions with S100A8 and
BECN1 in leukemia cells [112]. HSP90AA1 is induced by chemotherapeutic reagents, such
as doxorubicin, cisplatin, and methotrexate, in osteosarcoma. The inhibition of HSP90AA1
restores the sensitivity to chemotherapy in osteosarcoma cells through the reduction of
autophagy via the PI3K/AKT/mTOR pathway and the induction of apoptosis via the
JNK/P38 pathway [113]. CircPAN3, which is a circular RNA, mediates the development
of acute myeloid leukemia (AML) drug resistance, and the inhibition of cricPAN3 resen-
sitizes the drug resistance to doxorubicin by modulating autophagy, which is regulated
by the AMPK/mTOR pathway, and inducing apoptosis-related proteins in ADM-resistant
cells [114]. Poly (adenosine diphosphate ribose) polymerase (PARP) inhibitors have anti-
cancer activity against ovarian cancers, but their therapeutic efficiency is restricted by drug
resistance. PARP inhibitors, such as olaparib, niraparib, rucaparib, and talazoparib, are
limited in usage due to this acquired drug resistance by the upregulation of autophagy
in ovarian cancer cells and the inhibition of autophagy with chloroquine (CQ) promotes
the sensitivity of ovarian cancers [115]. The inhibition of autophagy using CQ restores the
sensitivity to paclitaxel and decreases the potential of metastasis of NSCLCs via an increase
in the levels of intracellular ROS and modulation of the Wnt/β-catenin signaling pathway
and AKT activity [116]. 3-methyladenine (3-MA) is an autophagy inhibitor and treat-
ment with 3-MA resensitizes the resistance of CDDP-resistant osteosarcoma cells against
chemotherapy agents. The suppression of autophagy by 3-MA enhances the expression of
FOXO3A transcription factor and PUMA, which is a pro-apoptotic protein, and leads to an
increase in apoptosis [117].

miRNAs can contribute to resistance to anticancer therapy. miR-496-3p acts as a tumor
suppressor or oncogene miRNA in cancer, and is related to cancer proliferation, metastasis,
and chemoresistance. Decreased expression of miR-495-3p occurs in gastric cancer tissue
and MDR cell lines and the overexpression of miR-495-3p restores the sensitivity of MDR
gastric cancer to four chemotherapeutic agents (adriamycin, CDDP, fluorouracil, and vin-
scristine) [118]. On the other hand, decreased miR-495-3p inhibits the tumor growth in vivo
via the suppression of autophagy by downregulating GRP78, which stimulates AMPK
and activates class III PI3K. The low expression level of miR-30a induces chemoresistance
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against cisplatin and weakens apoptosis in gastric cancer [119]. The upregulation of miR-
30a restores the sensitivity to cisplatin in resistant gastric cancer by reducing autophagy
and promoting apoptosis. The expression of miR-199a-5p is decreased in patients with
AML and adriamycin-resistant AML cells. The inhibition of miR-199a-5p restores the
sensitivity to adriamycin in AML by regulating autophagy via the inhibition of the damage
regulator autophagy modulator 1 [120]. Overexpressed miR-22 induces the resensitization
of 5-FU-resistant colorectal cancer through the inhibition of autophagy and increase in
apoptosis, via the downregulation of B-cell translocation gene 1 [121]. Moreover, miR-26a
reduces dabrafenib-mediated autophagy and promotes the sensitivity of melanoma cells to
dabrafenib by targeting HMGB1 [122].

Mitophagy is related to the efficacy of chemotherapy and acquisition of drug re-
sistance. Mitophagy rapidly removes the impaired mitochondria—resulting from the
chemotherapeutic treatment—of cancer cells and mediates drug resistance [123]. General
chemotherapeutic drugs, including cisplatin, paclitaxel, doxorubicin, and 5-fluorouracil,
remove cancer cells in the anticancer therapy of several solid cancers. However, the ac-
quisition of drug resistance induces the failure of anticancer therapy by autophagy or
mitophagy [124]. The E3 ubiquitin ligase ARIH1 is widely expressed in many cancers, such
as breast cancer and lung adenocarcinoma, and induces mitophagy in a PINK1-dependent
manner. ARIK1-mediated mitophagy inhibits chemotherapy-induced cell death and leads
to acquired chemoresistance [125]. The inhibition of PINK1–Parkin mediated mitophagy
enhances the efficacy of the anticancer drug B5G1, a new derivative of betulinic acid, by
inducing cancer cell death [126]. The induction of mitophagy using BAY 87-2243, an in-
hibitor of mitochondrial respiratory chain complex I, enhances necrosis and ferroptosis by
increasing ROS levels in melanoma cells [127]. The suppression of mitophagy using liensi-
nine as a major isoquinoline alkaloid restores the sensitivity of doxorubicin in breast cancer
and promotes doxorubicin-induced apoptosis through the induction of DNM1L-mediated
mitochondrial fusion [128].

3.4. Autophagy in Cancer Stem Cells

CSCs (also known as tumor-initiating or tumor-propagating cells) are characterized
by limited self-renewal and differentiation abilities compared to normal stem cells [129].
Pluripotency is the main feature of CSCs, and they can divide and maintain an undifferen-
tiated state indefinitely. CSCs were first isolated by John Dick’s group using fluorescence
activated cell sorting based on CD34 and CD38 (CD34+CD38-) surface marker expression
in AML [130]. Autophagy is a major factor in the survival and resistance of CSCs [131,132].
Autophagy plays a critical role in maintaining dynamic equilibrium between CSCs and
cancer cells [133]. In particular, the protein/organ quality control of autophagy may be
relevant during periods of quiescence and/or differentiation [134]. The delicate mecha-
nism of autophagy in the biology of CSCs has not yet been explained. Considering the
similarity between CSCs and stem cells, it is expected that autophagy plays a protective
role in CSCs. Nevertheless, deregulation of this catabolic process in CSCs may also be
justified, as autophagy suppresses the early stages of tumorigenesis. We summarize below
the experimental results for autophagy in CSCs.

Autophagy is associated with various CSCs [45], such as colon [135,136], breast [137,138],
pancreatic [139,140], AML [130,141], ovarian [142], and glioblastoma [143] CSCs, and im-
pairment of autophagy negatively influences the expression of stemness markers and cell
self-renewal capacity. In colon CSCs, curcumin induces the survival of colon CSCs and sig-
nificantly decreases the expression levels of stemness markers at the optimal concentration.
Curcumin enhances proliferation and reduces autophagic cell death in CSCs. Spheroid
cultures are degraded by curcumin in vitro but are regenerated within 30 to 40 days after
treatment with cisplatin [144]. This suggests the survival benefits of autophagy while
allowing the long-term persistence of colon cancer.

Studies regarding breast CSCs have clarified that autophagy homeostasis is an es-
sential function for maintaining pluripotency under various pathophysiological condi-
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tions [145]. Compared to adherent cells, autophagy is upregulated in mammospheres, and
the key proteins BECLIN1 and ATG4, which are involved in autophagy, are necessary for
maintenance and expansion [146,147]. Serum-deprived mesenchymal stem cells (SD-MSCs)
assist MCF-7 tumor growth, and SD-MSC-injected tumors show differentiation and de-
creased apoptosis. The staining of Beclin-1 reveals autophagic regions surrounding active
proliferating cells. Furthermore, SD-MSCs survive via autophagy and release paracrine
factors that assist tumor cells under nutrient/serum deficiency [133]. Autophagy markers,
such as Atg5, Atg12, and LC3B, are overexpressed in dormant stem cells, such as breast
cancer cells, and the suppression of autophagy by 3-MA reverses dormant expression [148].
c-Jun NH2 terminal kinase (JNK/SAPK) is unregulated in breast cancer cells, such as
dormant stem cells, and is responsible for enhancing autophagy [138]. Increased expres-
sion of Beclin1 is found in human breast cancer as well as other breast cancer cell lines,
such as MCF-7 and BT474, which are crucial for Beclin1 to maintain CSCs and tumor
development [137].

Higher autophagic flux has revealed the increased expression of HIF-1α and its spe-
cific role in promoting dynamic equilibrium between CSCs and non-CSCs [149], which
is important for developing a treatment strategy that targets CSCs as well as microenvi-
ronmental impacts on tumors. In hematologic malignancies, autophagy can act as both a
chemoresistance and tumor-suppressive mechanism. Depending on the type of autophagy
and the stage of the leukemia (early versus advanced), autophagy can play opposite roles.
The autophagy level in CML appears to be closer to that of solid tumor CSCs, as some ATGs
(ATG4, ATG5, and BECLIN 1) are upregulated and the inhibition of ATG7 or ATG4B by
small interfering RNA (siRNA) influences cell survival [150–152]. In contrast, the function
of autophagy is necessary to protect the progression of myelodysplastic syndrome. Many
ATGs will mutate or downregulate in some patients with AML. The suppression of ATGs
enhances apoptosis caused by imatinib mesylate (IM) in CML cell lines and primary CML
cells. Phenotypically and functionally defined CML stem cells are completely eliminated
by combination treatment with tyrosine kinase inhibitors (TKIs), such as IM, nilotinib,
or dasatinib, and an autophagy inhibitor [131]. These results indicate that autophagy
inhibitors promote the therapeutic effect of TKIs in CML treatment.

Side population (SP) is a subset of CSCs, and the SP of urinary bladder cancer cells
(T25, UM-UC-3) shows a high mRNA expression of stemness genes. In addition, these cells
are likely to create rotational force in non-adherent conditions in comparison with non-SP
and other cells. SP cells exhibit significant resistance against gemcitabine, mitomycin, and
cisplatin treatment. In addition, SP cells, depending on the autophagic flux rate, show resis-
tance to chemotherapy, and the inhibition of autophagy through pharmacological reagents
and siRNA, promotes the therapeutic effects of bomitabine, mitomycin, and cisplatin in SP
cells [153]. In contrast, delat-24-RGF, an antimicrobial agent for glioblastoma cells, induces
the accumulation of autophagic proteins and vacuoles in brain CSCs isolated from surgical
glioblastoma, and this accumulation promotes apoptosis [132]. In glioblastoma mouse
models, the treatment of delta-24-RGD improved survival, and immunofluorescence analy-
sis has shown that the expression of ATG increases and can be used as a marker for the
glioblastoma prevention effect.

The fate of autophagy appears to differ based on diverse factors, such as stimulus,
cell type, and microenvironment. Therefore, understanding the mechanism of autophagy
is critical for determining its role in CSCs and developing therapeutic strategies. Further
studies are needed regarding novel and promising autophagy regulators for more effective
and safer anticancer strategies.

4. Targeting Autophagy as an Anticancer Therapy
4.1. The Effect of Autophagy Inhibitors in Anticancer Therapy

The upregulation of autophagy is related to the acquired mechanism of drug resistance
and survival of cancer cells [104]. The suppression of autophagy by genetic or pharmaco-
logical methods enhances the sensitivity of anticancer therapy in diverse cancer cells [154].
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Diverse inhibitors of autophagy can be used alone or in combination with anticancer drugs
for anticancer therapy (Table 1).

The inhibition of autophagy by ATG5 and Beclin-1 siRNA restores the sensitivity
to cisplatin in lung cancer cells and enhances cisplatin-mediated apoptotic cell death
by upregulating caspase activity and reducing cell viability [155]. The suppression of
autophagy by 3-MA (an autophagy inhibitor) enhances hypoxia-mediated apoptosis in
colorectal cancer [9]. Moreover, in bladder cancer, the efficacy of enzalutamide (ENZ) is
restricted by the resistance ensued by the induction of autophagy via an increase in AMPK,
ATG5, LC3B, and ULK1 levels [9]. Genetic inhibition of autophagy using ATG5 siRNA
promotes the ENZ-mediated apoptosis, and the combination treatment with ENZ and CQ
improves the therapeutic efficacy by restoring the sensitivity against ENZ via the reduction
of tumor growth and induction of apoptosis [156].

Atorvastatin (ATO) is a cholesterol reducing agent that has anticancer effects in diverse
cancer cells. ATO decreases cancer growth and enhances apoptosis in cervical cancer cells
via the induction of apoptosis-related proteins, such as caspase-3, PARP, and Bim. ATO
treatment also induces autophagy, which restricts the therapeutic effect of anticancer drugs.
A combination of ATO and an autophagy inhibitor, such as 3-MA or bafilomycin A1
(Baf A1), has synergetic effects, such as the enhancement of ATO-induced apoptosis in
cervical cancer [157]. Reactivation of p53 and induction of tumor cell apoptosis (RITA) is a
small molecule that interrupts the p53–MDM2 interaction and shows anticancer effects by
inducing exclusive apoptosis, but resistance is a major challenge in cancer therapy. The
combination treatment with RITA and 3-MA shows effective therapeutic effects of cisplatin-
or RITA-resistant head and neck cancer cells via the inhibition of autophagy and induction
of apoptosis [158].

Baf A1 exhibits autophagy inhibition and enhancement of apoptosis in the treatment
of cancer. However, the therapeutic effect is shown at high concentrations of Baf A1, and
its application is limited due to the potential toxicity [159]. Baf A1 has therapeutic effects
at low concentrations in pediatric B-cell acute lymphoblastic leukemia via the inhibition
of autophagy, targeting of mitochondria, and induction of apoptosis [160]. Cisplatin
induces the activation of autophagy, which in turn leads to resistance to cisplatin in
bladder cancer [161]. Treatment with Baf A1 promotes the therapeutic effect of cisplatin
by inhibiting autophagy. In gastric cancer, resistance to 5-FU treatment is acquired due
to autophagy, and combination treatment of Baf A1 inhibits the viability, clone formation,
invasion, and migration as well as promotes apoptosis and overcomes 5-FU resistance via
the suppression of autophagy [162].

The antimalarial drugs Chloroquine (CQ) and hydroxychloroquine (HCQ) have poten-
tial anticancer effects by suppressing autophagy and inducing apoptosis in bladder cancer
cells [163]. Recombinant Bacillus caldovelox arginase mutant (BCA-M) has been developed
for the therapy of several cancer cell lines, and has positive effects in anticancer therapy
by reducing cancer growth in human cervical cancer cells [164]. In a phase III clinical trial,
BCA-M showed positive therapeutic effects on cancer cells via the inhibition of growth,
by increasing apoptosis and cell cycle arrest. In addition, combination treatment with
BCA-M and CQ promotes the therapeutic effects of BCA-M by reducing autophagy. In
phase I clinical trial, the combination of HCQ and chemotherapeutic reagents is increased
the median progression-free survival (mPFS) and overall survival (OS) in 18 patients with
relapsed or refractory multiple myeloma [165]. Additionally, the therapeutic efficacy of
combination with HCQ and vorinostat (VOR), which is the histone deacetylase inhibitor,
has been investigated in 19 patients with metastatic colorectal cancer [166]. The combina-
tion treatment is showed the 2.8 months mPFS and 6.7 months OS in patients with refectory
colorectal cancer and confirmed the safe and well tolerated in refractory CRC patients. In
phase 1/2 trial, 35 patients with borderline resectable pancreatic adenocarcinomas were
treated with an HCQ dose of 1200 mg daily until the day of surgery combined with doses
of fixed-dose gemcitabine (1500mg/m2) [167]. The trial demonstrated that pre-operative
autophagy inhibition with HCQ plus gemcitabine is safe and well-tolerated. Nineteen
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of 35 patients showed a decrease in surrogate biomarker response and 29 of 35 patients
underwent surgical resection suggesting autophagy inhibition with HCQ could produce
positive outcome. Overall, HCQ in combinatory therapy is being actively used in clinical
trials in various type of cancers.

The selective ULK1 inhibitor SBI-0206965 regulates autophagy and cell survival. The
combination treatment with SBI-0206965 and mTOR inhibitors promotes the death of tumor
cells [168]. ULK-101 is a small molecule inhibitor of ULK1 that inhibits autophagy and
the autophagy flux by responding to different stimuli [169]. SAR405 is a low molecular
mass kinase inhibitor of PIK3C3 that inhibits autophagy by suppressing the catalytic
activity of PIK3C3 [170]. The combination treatment of everolimus and SAR405 exhibits
a synergistic anticancer effect via the reduction of cell proliferation in renal cancer cells.
SB02024, which is a selective inhibitor of Vps34, is a new highly potent selective inhibitor
that improves sensitivity to sunitinib and erlotinib by the inhibition of autophagy by
targeting Vps34 [171].

Doxorubicin is a DNA damaging agent, which induces an anticancer effect via the
induction of the abnormal function of mitochondria and superoxide production [172]. The
inhibition of mitophagy by silencing BNIP3L, a main regulator of mitophagy, restores the
sensitivity of doxorubicin in colorectal CSCs [173]. Tanshinone IIA (Tan IIA) is derived
from the Chinese medicine Danshen and is used in the treatment of angina, coronary heart
disease, hypertension, cerebrovascular diseases, and cancer. In colorectal cancer, treatment
with Tan IIA promotes mitochondrial apoptosis by reducing mitophagy by modulating the
expression of AMPK and deactivation of Parkin [174]. Mitochondrial division inhibitor
1 (mdivi-1) is a selective inhibitor of mitochondrial division-related protein DRP1 and
dynamin I and decreases mitophagy. The inhibition of mitophagy by mdivi-1 enhances
silibinin-mediated apoptosis in breast cancer [175].

4.2. The Effect of Autophagy Inducers in Anticancer Therapy

The regulation of autophagy plays a protective role in cancer cells against chemother-
apy. Therefore, combination therapy with autophagy inhibitors is a good therapeutic
strategy for anticancer therapy [176]. In contrast, the excessive induction of autophagy by
anticancer drug treatment or autophagy inducers also promotes cancer cell death [177]
(Table 2).

Quercetin is a natural flavonol and a multi-kinase inhibitor that restores the sensitivity
to ABT-737, and is used as a combination treatment agent with therapeutic effects on
leukemic cell lines and B-cells derived from patients via the inhibition of the PI3K/AKT
pathway and induction of autophagy [178]. ABT-797 and its derivatives (ABT-263 and ABT-
199) have anticancer efficacy in glioblastoma cells via the involvement of autophagic-like
cell death by interfering with the interaction with Beclin-1 and Bcl2 [179]. Metformin is
used as a synthetic derivative of guanidine against symptoms of diabetes. Additionally,
metformin has anticancer effects by inducing autophagy in malignant cells lines and mouse
models. Metformin induces the inhibition of cell viability and proliferation via cell cycle
arrest and promotes apoptosis by inducing autophagy in endometrial cancer cells [180].
In addition, metformin promotes the TRAIL-mediated apoptosis in TRAIL-resistant lung
cancer cells by inducing the autophagic flux via the accumulation of LC3-II and a decrease
in p62 levels [181].
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Table 1. The role of autophagy inhibitors in cancer therapy.

Compound Combination
Treatment Cancer Type Experimental

Model Function Reference

ATG5 siRNA
Beclin-1 siRNA Cisplatin Lung cancer

(A549) In vitro

Inhibition of autophagy
Restore the sensitivity of cisplatin

Enhancement of cisplatin-mediated apoptosis
Upregulation of caspase activity

Reduction of cell viability

[155]

3-MA Colorectal cancer
(HCT116) In vitro Promotion of hypoxia-mediated apoptosis [9]

Enzalutamide
Chloroquine

3-MA
Bafilomycin A1

Bladder cancer
(J82, T24, and UMUC3)

In vitro
/In vivo

Restores the sensitivity against ENZ
Reduction of autophagy and tumor growth

Induction of apoptosis
[156]

Atorvastatin 3-MA
Bafilomycin A1

Cervical cancer
(SiHa and Caski)

In vitro
/In vivo

Enhancement of ATO-mediated apoptosis
Reduction of autophagy [157]

Reactivation of p53 and
induction of tumor

cell apoptosis (RITA)
3-MA

Head and neck
cancer

(AMC-HN2-10)

In vitro
/In vivo

Promotion of therapeutic effects of
cisplatin resistance or RITA-resistant cancer

Inhibition of autophagy
Induction of apoptosis

[158]

Bafilomycin A1

Pediatric B-cell
acute lymphoblastic

leukemia
(RS4;11, NB4, HL-60,

K562 and BV173)

In vitro
/In vivo

Therapeutic effect at low concentrations
Inhibition of autophagy
Targeting mitochondria
Induction of apoptosis

[160]

Cisplatin Bafilomycin A1
chloroquine

Bladder cancer
(5637 and T25) In vitro Enhancement of the therapeutic effect to cisplatin

Inhibition of autophagy [161]

Bafilomycin A1 5-FU Gastric cancer
(SGC-7901) In vitro

Inhibition of cell viability, colony formation,
invasion, and migration

Enhancement of apoptosis
Suppression of autophagy

[162]

Chloroquine and
hydroxychloroquine

Bladder cancer
(RT4, 5637, T24, PC3,

and MCF-7)
In vitro Inhibition of autophagy

Induction of apoptosis [163]

Recombinant
Bacillus caldovelox
arginase mutant

Chloroquine
Cervical cancer

(Hela, ME-180, C-33A
and SiHa)

In vitro
Reduction of tumor growth

Increased apoptosis and cell cycle arrest
Reduction of autophagy

[164]

SBI-0206965 mTOR inhibitors

Prostate cancer
Lung cancer
glioblastoma

(HEK-293T, U87MG,
PC3 and A549)

In vitro
Inhibition of autophagy

Reduction of cell survival
Promotion of cell death

[169]

SAR405 Everolimus Renal cancer In vitro
Inhibition of autophagy

Suppression of catalytic activity of PI3KC3
Reduction of cell proliferation

[170]

SB02024 Sunitinib
Erlotinib

Breast cancer
(HOS and

MDA-MB-231)

In vitro
/In vivo

Inhibition of autophagy
Improvement of sensitivity to Sunitinib and

Erlotinib
[171]

Doxorubicin BNIP3L Colorectal cancer
(HCT8) In vitro Inhibition of mitophagy

Restoration of the sensitivity of doxorubicin [173]

Tanshinone IIA 3-MA Colorectal cancer
(SW837 and SW480) In vitro

Reduction of mitophagy
Promotion of mitochondrial apoptosis

Decrease of AMPK and Parkin
[174]

Mitochondrial division
inhibitor 1 Silibinin

Breast cancer
(MCF7 and

MDA-MB-231)
In vitro

Inhibition of DRP1 and Dynamin I
Decrease of mitophagy

Enhancement of silibinin-induced apoptosis
[175]

Salinomycin (Sal) induces death in several cancer cells via the regulation of various
signal pathways, with effects such as the accumulation of dysfunctional mitochondria
and induction of ER stress [182]. However, the autophagy inhibitor 3-MA reduces Sal-
mediated cell death in melanoma cells via an increase in autophagic markers and reduced
formation of autophagosomes. Esomeprazole restores the sensitivity of paclitaxel in non-
small cell lung cancer by inhibiting V-ATPase expression and cell proliferation and inducing
autophagy, and the treatment with the autophagy inhibitor 3-MA reverses the therapeutic
effect of esomeprazole, which enhances paclitaxel-mediated apoptosis [183]. AZD3463
exhibits an anticancer effect as a potential ALK/IGF1R inhibitor and induces apoptosis and
autophagy by regulating the PI3K/AKT/mTOR pathway. The co-treatment of AZD3463
and rapamycin increases the efficacy of anticancer therapy via the induction of apoptosis
autophagy and reduction of cell proliferation in breast cancer cells [184]. Isoliquiritigenin
(ISL) is derived from a flavonoid from Glycyrrhiza glabra and shows anticancer effects both
in vivo and in vitro. ISL induces the inhibition of cell growth by increasing apoptosis and
autophagy via the modulation of the PI3K/AKT/mTOR pathway. Autophagy inhibitor
HCQ promotes the therapeutic effect of anticancer therapy against HCC by inducing
ISL-mediated apoptosis [185].
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The PI3K/mTOR pathway is a promising chemotherapeutic target, which is usually
activated in many cancers [186,187]. RAD-001 is known as everolimus and is a derivative
of rapamycin. RAD-001 induces sensitivity to paclitaxel-induced apoptosis by activating
autophagy via the downregulation of AKT/mTOR phosphorylation and accumulation of
LC3 in endometrial cancer and HEC01A cells [188]. Rapamycin activates the expression
of Beclin-1 in a dose-dependent manner in pancreatic carcinoma PC-2 cells, and induces
autophagic vacuoles, leading to the inhibition of proliferation and induction of apopto-
sis [189]. In a phase I clinical trial, everolimus was tested in combination with autophagic
flux inhibitor HCQ in women, and was found to influence lymphangioleiomyomatosis
(NCT01687179). Rapamune (commercial name; rapamycin) has been tested in combination
with HCQ in patients with advanced cancer (NCT01266057).

Table 2. The role of autophagy promoters in cancer therapy.

Compound Combination
Treatment Cancer Type Experimental

Model Function Reference

Quercetin ABT-737
ABT-263

Leukemic cell lines
B-cells
(HG3)

In vitro
Inhibition of the PI3K/AKT pathway

Induction of autophagy
Restoration of the sensitivity to ABT-737

[178]

ABT-737
ABT-263
ABT-199

Glioblastoma cells In vitro
Induction of autophagic cell death

Interruption of the interaction with Beclin-1 and
Bcl2

[179]

Metformin
3-MA

Chloroquine

Endometrial
cancer cells

(Ishikawa cells)
In vitro

Inhibition of cell viability and proliferation
Increased cell cycle arrest and apoptosis

Enhancement of autophagy
[180]

TRAIL-resistant
lung cancer

(A549, Calu-3 and HCC-15)
In vitro

Promotion of autophagic flux
Accumulation of LC3-II

Reduction of p62
[181]

Salinomycin
Melanoma cells

(M7, M8, M21, M29,
SK-MEL-1, SK-MEL-12 and

A375)

In vitro
/In vivo

Induction of cell death
Accumulation of abnormal mitochondria

Increased ER stress
[182]

Esomeprazole Paclitaxel
Non-small cell

lung cancer
(A549)

In vitro
Restoration of the sensitivity to paclitaxel

Inhibition of V-ATPase and cell proliferation
Enhancement of autophagy

[183]

AZD3463 Rapamycin Breast cancer
(MCF7) In vitro

AZD3463: ALK/IGF1R inhibitor
Promotion of apoptosis and autophagy

Reduction of cell proliferation
[184]

Isoliquiritigenin

Hepatocellular
carcinoma

(MHCC97-H, LO2 and
SMMC7721)

In vitro
/In vivo

Inhibition of cell growth
Enhancement of apoptosis and autophagy

Modulation of the PI3K/AKT/mTOR pathway
[185]

RAD-001 Paclitaxel
Endometrial
cancer cells

(Ishikawa and HEC-1A)
In vitro

Induction of sensitivity to paclitaxel
Promotion of apoptosis and autophagy

Downregulation of AKT/mTOR
Accumulation of LC3

[188]

Rapamycin
Pancreatic
carcinoma

(PC-2)
In vitro

Activation of Beclin-1
Induction of autophagic vacuoles

Inhibition of proliferation and induction of
apoptosis

[189]

Everolimus Hydroxychloroquine Lymphangioleiomyomatosis Phase I
/Complete

Investigation of the effect on the regulation of
autophagy

in lymphangioleiomyomatosis
NCT01687179

Rapamune Hydroxychloroquine Advanced cancer Phase I
/Active

Investigation of the effect on the regulation of
autophagy

in advanced cancer
NCT01266057

5. Conclusions

Autophagy modulates the delicate intracellular processes responding to stressful
conditions, such as nutrient deprivation, damaged organelles, and anticancer therapy. Au-
tophagy plays a bipolar role in cell survival and death in cancer initiation and development.
Studies with autophagy-defected mouse models have demonstrated that basal levels of
autophagy can have a suppressive effect on tumor formation, development, and CSCs.
However, the induction of autophagy plays a protective role in cancer progression in many
cancers. In addition, autophagy aids in fulfilling the metabolic demand of cancer cells to
maintain cancer growth. However, autophagy may also inhibit tumor growth, and the
initiation and development of tumors, and CSCs. The different properties of autophagy
have been used for devising different potent therapies against different cancers. Additional
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preclinical studies in a variety of biological fields are essential for a better understanding
of the dual role of autophagy in cancer and working to clinical trials for cancer therapy
using autophagy regulator. The targeting of autophagy is necessary to develop effective
therapeutic strategies for anticancer therapy. In addition, clinical trials testing the efficacy
of anticancer therapies utilizing different combinations of autophagy modulators and
anticancer drugs are needed (Table 3).

Table 3. Clinical trials using autophagy modulators in cancer therapy.

NCT Number Title Status Cancer Type Drugs Phase

NCT03037437 Sorafenib Induced Autophagy Using Hydroxychloroquine
in Hepatocellular Cancer Recruiting Hepatocellular cancer Sorafenib

Hydroxychloroquine Phase II

NCT01649947 Modulation of Autophagy in Patients With
Advanced/Recurrent Non-small Cell Lung Cancer Complete Non-small cell lung

cancer

Paclitaxel
Carboplatin

Hydroxychloroquine
Bevacizumab

Phase II

NCT04214418

Study of Combination Therapy With the MEK Inhibitor,
Cobimetinib, Immune Checkpoint Blockade, Atezolizumab,

and the AUTOphagy Inhibitor, Hydroxychloroquine in
KRAS-mutated Advanced Malignancies

Recruiting Gastrointestinal cancer
Cobimetinib

Hydroxychloroquine
Atezolizumab

Phase I/II

NCT04333914 Prospective Study in Patients With Advanced or Metastatic
Cancer and SARS-CoV-2 Infection Recruiting

Advanced or Metastatic
Hematological or Solid

Tumor

Autophagy inhibitor
(GNS651)

Avdoralimab
Monalizumab

Phase II

NCT01206530 FOLFOX/Bevacizumab/Hydroxychloroquine (HCQ) in
Colorectal Cancer Complete Rectal and colon cancer

Hydroxychloroquine
Oxaliplatin
Leucovorin

Phase I/II

NCT03774472
Hydroxychloroquine, Palbociclib, and Letrozole Before
Surgery in Treating Participants With Estrogen Receptor

Positive, HER2 Negative Breast Cancer
Recruiting Breast cancer

Hydroxychloroquine
Letrozole

Palbociclib
Phase I/II

NCT02316340 Vorinostat Plus Hydroxychloroquine Versus Regorafenib in
Colorectal Cancer Complete Colorectal cancer

Voriostat
Hydroxychloroquine

Regorafenib
Phase II

NCT04132505 Binimetinib and Hydroxychloroquine in Treating Patients
With KRAS Mutant Metastatic Pancreatic Cancer Recruiting Pancreatic cancer Binimetinib

Hydroxychloroquine Phase I

NCT04524702
Paricalcitol and Hydroxychloroquine in Combination With

Gemcitabine and Nab-Paclitaxel for the Treatment of
Advanced or Metastatic Pancreatic Cancer

Recruiting Pancreatic cancer

Cemcitabine
Hydroxychloroquine

Nab-paclitaxel
Paricaitol

Phase II

NCT03377179
A Study of ABC294640 (Yeliva ®) Alone and in

Combination With Hydroxychloroquine Sulfate in
Treatment of Patients With Advanced Cholangiocarcinoma

Recruiting Cholangiocarcinoma ABC294640
Hydroxychloroquine Phase II

NCT04163107 Combined Carfilzomib and Hydroxychloroquine in
Patients With Relapsed/Refractory Multiple Myeloma Recruiting Multiple Myeloma

Hydroxychloroquine
Carfizomib

Dexamethasone
Phase I

NCT03598595
Gemcitabine, Docetaxel, and Hydroxychloroquine in

Treating Participants With Recurrent or Refractory
Osteosarcoma

Recruiting Osteosarcoma
Docetaxel

Gemcitabine
Hydroxychloroquine

Phase I/II
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