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Abstract. Autophagy is a key catabolic process, in which
cytosolic cargo is engulfed by the formation of a double
membrane and then degraded through the fusing of autopha-
gosomes with lysosomes. Autophagy is a constitutively active,
evolutionarily conserved, catabolic process important for the
maintenance of homeostasis in cellular stress responses and
cell survival. Although the mechanisms of autophagy have
not yet been fully elucidated, emerging evidence suggests that
it plays a dual role in breast cancer and in maintaining the
activity of breast cancer stem cells (CSCs). However, it may
play a complex role in breast CSC therapy. Breast CSCs, a
population of cells with the ability to self-renew, differentiate,
and initiate and sustain tumor growth, play an essential role
in cancer recurrence, anticancer resistance and metastasis. In
addition, the elucidation of the association between autophagy
and apoptosis in the tumor context is crucial in order to better
address appropriate therapy strategies. In the present review,
a summary of the mechanisms and roles of autophagy in
breast cancer and CSCs is presented. The potential value of
such autophagy modulators in the development of novel breast
cancer therapies is discussed.
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1. Introduction

Breast cancer is the most common and aggressive tumor type
affecting women. The typical characteristics of the majority
of patients with breast cancer are that they express receptors
for estrogen (ER) and progesterone receptor (PR) and respond
to hormonal therapy (1). Hormonal therapy, chemical therapy
and radiotherapy have led to increased survival rates. However,
the occurrence rate of breast cancer has still increased. Triple-
negative breast cancer (TNBC), characterized by the lack of
ER, PR and human epidermal growth factor receptor (HER)-2
(ErbB-2, C-erbB2 or Her2/neu) expression, is insensitive to
hormonal therapy, chemotherapy and radiotherapy, and is
more likely to result in anticancer resistance. Therefore, the
development of novel therapeutic strategies is critical for these
patients. Recent studies have suggested that breast cancer stem
cells (CSCs), a small subpopulation of cells, have the ability
to self-renew and differentiate into the entire tumor. They are
resistant to chemotherapy and radiotherapy, and can result in
tumor recurrence, even following surgery (1). Hence, there is
a need for the development of novel strategies that target these
cells. Cell death is a complex phenomenon in multicellular
organisms, which can occur under both physiological and
pathological conditions. Apoptosis, autophagy and necrosis are
three common cell death processes. It is generally recognized
that necrosis is a form of non-programmed cell death and is
independent of the caspase family. Apoptosis and autophagy
are programmed cell death pathways. The 2016 Noble Prize for
Physiology or Medicine was awarded to Dr Yoshinori Ohsumi,
due to his work on the mechanisms of autophagy. Autophagy,
a conserved catabolic pathway, can promote cell homeostasis
during nutrient deprivation (2). Recent data have illustrated that
mutations in genes involved in autophagy play a critical role in
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the pathogenesis of diverse diseases, including cancer (3-6).
Specifically, autophagy has been shown to be associated with
CSC differentiation. However, the functional importance of
autophagy remains unclear in breast cancer and CSCs. Thus,
the present review aimed to elucidate the role and related
mechanisms of autophagy in breast cancer and breast CSCs.
This topic may aid in the development of a novel therapeutic
strategy for breast cancer in the future.

2. Functions and mechanisms of autophagy

Three main types of autophagy are currently recognized:
Micro, macro and chaperone-dependent autophagy. These
processes are made possible due to specific enzymes and
autophagy-related genes (ATGs) (7). Within this review, the
term autophagy refers to macroautophagy, the process through
which unnecessary or dysfunctional cellular components are
removed via the union of lysosomes and autophagosomes to
create autolysosomes. Autophagy levels are usually lower
under normal conditions compared with starvation or nutri-
tion-deficiency conditions. Autophagy can only be induced
extensively by internal or external stimulation. It can be
notably inhibited by knocking down ATGs, which leads to the
damaged proteins and cell organelles, such as the mitochon-
dria, not being removed, thus creating a toxic environment that
can affect the survival of normal cells. In addition, autophagy
provides a supply of metabolic precursors for macromolecular
synthesis during nutrient stress. The cytosolic targets of
autophagy include proteins, lipid droplets, glycogen, granules,
nucleic acids and whole organelles, such as the mitochondria.
Autophagy also plays a critical role in sustaining ATP produc-
tion while under energy failure.

Residues 1-1,375 of the mammalian target of rapamycin
(mTOR) are relatively undefined compared with its other
sections; however, the N-terminal part is mainly formed by
HEAT repetitions (8). The well-defined structure of mTOR
consists of the FAT/REB/kinase/FATC domains (Fig. 1).
The kinase domain (KD) binds ATP within itself, whereas
the FRB domain binds rapamycin-FKB12 within itself. The
components of the well-defined parts of mTOR are kinase
(joined by ATP), FATC, REB and FAT (9,10). The KD serves
as a joint between mTOR and mLST8, playing a consider-
able role in stabilizing the reaction between mTOR and the
receptor (11). Ttil and Tel2 form a supporting platform for
mTOR function, and that of many other compounds. The Tel2
part binds to HEAT repeat regions in mTOR (12,13). DEPTOR
binds to mTOR at the FAT domain and inhibits the mTOR
function (14). mTOR is part of TORC1 and TORC2, which are
both protein structures. Therefore, there are many molecules
that are able to affect mTOR function.

The first regulatory stage of autophagy is the de-repression
of mTOR. TORCI (hereafter referred to as the TOR complex)
is sensitive to rapamycin. The physiological consequences of
mammalian TORCI deregulation demonstrated that the inhibi-
tion of mMTOR may be useful in the treatment of cancer (15).
mTORC?2 can regulate autophagy via Akt-FoxO3 (16,17). mTOR
consists of the mMTOR catalytic subunit, including the regulatory-
associated protein of mTOR (Raptor), the proline-rich AKT
substrate of 40 kDa (PRAS40) and the G protein 3-subunit-like
protein (GPL), also known as mLST8 (Fig. 1).
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Structures, such as Unc-51-like kinase 1 (ULK1) and
FAK-family interacting protein of 200 kDa (FIP200) are
formed due to the activation of autophagy-related proteins,
which occurs following the inhibition of mTOR (Fig. 2) (18).
GTPases can promote, in the activated areas, the departure
of mTOR to the external section of the lysosome. Vacuolar
ATPase enriches activities associated with amino acids as a
supportive function, binding lysosomes and GTPases (19-21).
Inactive mTORCI does not generate a matrix, such as the
transcription factor EB phosphorylation, being able to regulate
ATG functions when moving to the nucleus (22).

The phagophore is dependent on the combined action of
a number of factors, including Beclinl, UV radiation resis-
tance associated (UVRAG), Bif-1, autophagy and beclin 1
regulator 1 (AMBRAL), as well as others in its viral version
(Fig. 2). The function of the class-III PI3K is critical for vesicle
nucleation. ATGs are equally important and control the elonga-
tion of vesicles. Two protein structural complexes are required
to achieve an increase in the autophagosome membrane:
ATGS5-ATGI12-ATG16 and LC3-PE. These complexes can
transform LC3-I to LC3-II in the cytosol, particularly in the
autophagosome (23). LC3 can be converted into LC3-I by
joining with ATG4, and thereafter LC3-I can be converted
into LC3-II by joining ATG7, ATG3 and PE (phosphatidyl-
ethanolamine). ATGI10 can replace ATG7 in being bound to
ATGS, and this enables ATGS5 to bind to ATG12. LC3-II is
the active form of LC3-I, and can attach to the phagophore
membrane.

Certain pathways can regulate mTOR, including adenosine
monophosphate-activated protein kinase (AMPK) and
PI3K/AKT. mTOR can be considered as a part of the PI3K
pathway, which is significant to autophagy. mTOR exerts a
crucial effect on autophagy as a downstream component in the
signaling pathway of PI3K. Under standard conditions, phos-
phorylated PI3K phosphorylates AKT, which inhibits tuberous
sclerosis complex 1/2 (TSC1/2) and then activates mTOR.
Subsequently, mTOR mediates the expression of several
autophagy proteins, ultimately suppressing the autophagy
process. AMPK plays a fundamental role as a catalyst in the
regulation of energy in a cell. It is activated when intracel-
lular ATP levels become lower than normal. Autophagy can
be regulated through the AMPK pathway in breast cancer, and
inhibition of the AMPK signaling pathway affects the process
of autophagy in breast cancer (24). Activated AMPK activates
autophagy by targeting the ULK1 complex.

3. Breast cancer stem cells

Al-Hajj et al was the first to observe CSCs in cases of breast
cancer in 2003 (25). CSCs may be responsible for the recurrence
of tumors and metastases, thus affecting the treatment progress
(25). CD44, CD24 and aldehyde dehydrogenase (ALDH) are
the three main signs of the association of CSCs with breast
cancer (26). Indeed, the appearance of CSC markers, such as
ALDH, CD44 or CD24, differs among breast cancer molecular
subtypes. ALDH has a scattered distribution in each subtype,
and tumors of the basal type exhibit a high percentage of
CD44*/CD247" cells compared with the luminal type (27).
Additionally, CD44+/CD24"¥ cells are predominant in triple-
negative breast cancers, resulting in a poor prognosis (28). There
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Figure 1. Structure of mammalian target of rapamycin (mTOR). The components of mTOR are marked as to which mTOR domain, or complex protein, they
bind to. Components found in both complexes are Tel2, DEPTOR and mLST8. Specific mTORC1 components are RAPTOR and PRAS40 and a specific

mTORC2 component is rapamycin-FKB12.
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Figure 2. Regulatory mechanisms involved in autophagy. When mammalian target of rapamycin (mTOR) is inhibited, the activation of the ULK1, ATG101,
FIP200 and ATG13 protein complex is induced, which can mediate the initiation of autophagy. The generation of a phagophore is regulated by autophagy-
related genes (ATGs). The Beclinl complexes can be activated by Atgl4L and UVRAG/Bif-1, and the latter can induce the formation of autophagosomes in
a mutually exclusive manner. Two ubiquitin-like protein conjugation systems are important for phagophore elongation into an autophagosome. Finally, the
contents within the autophagosome are degraded when the autophagosome fuses with a lysosome.

are related data to suggest that the CD44/CD24* phenotype
is closely associated with a poor prognosis in early invasive
breast cancer (29). Thus, according to the histological type and/
or tumor stage, the relevance of breast CSC markers may vary.
They may also be relevant to the differentiation degree of cells
within the tumor, which highlights the heterogeneity of the
tumor microenvironment (TME).

Cells in the TME, such as endothelial cells, fibroblasts
or even mesenchymal stem cells, are thought to regulate
breast CSCs, when they secrete different signaling molecules
associated with survival, proliferation or differentiation (30).
The constant appearance of CSCs in breast cancer has been
associated with signaling pathways associated with embryonic
development, such as the Notch and hedgehog pathways.
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These proteins promote cellular reproduction and specializa-
tion through signaling routes associated with paracrine and
autocrine processes (31). Sonic, Indian and Desert are the
three types of hedgehog gene in mammals (32). The activa-
tion of the smoothened transmembrane protein is promoted by
interactions between hedgehog proteins and the Patched trans-
membrane protein (33). CSCs appear to be sustained due to the
hedgehog pathway. Proteins of the Notch type have four trans-
membrane glycoproteins and five ligands (34). This signaling
route is associated with the reproduction and specialization of
cells (35). The Notch pathway is activated due to the release
of its intracellular domain through the nucleus by proteolytic
cleavage, and interaction with receptor extracellular domains.
In WNT/B-catenin signaling, the transcriptional activator,
[-catenin, is maintained at low levels through continuous
degradation. Once WNT binds to the Frizzled receptors,
[-catenin is then released from the multi-protein destruc-
tion complex (including APC and GSK-3f) and translocates
from the cytoplasm to the nucleus, thus activating several
proliferation-related target genes (32). During development,
it controls the fate of the cells; however, in adults it supports
tissue self-renewal.

4. Autophagy and the growth of breast cancer and breast
cancer stem cells

Autophagy is a key factor in cell growth; therefore, the
inhibition of autophagy can decrease tumor growth. Cancer-
associated fibroblasts (CAFs) play an essential role in
malignant cancer progression. Beclinl and LC3-1I/I protein
conversion levels in CAFs are higher than those in normal
fibroblasts (NFs). CAF autophagy can enhance triple-negative
breast cancer (TNBC) cell proliferation (36). In addition,
Research has been indicated that anticancer therapy may
induce autophagy (37), affecting tumor cell proliferation.
Therefore, the combination of autophagy inhibition and
chemotherapy may become an effective therapy for breast
cancer (37). Chloroquine (CQ), an autophagy inhibitor,
removes CSCs via an epigenetic mechanism by altering DNA
methylation. CQ causes mitochondrial damage, resulting in
excessive oxidative DNA damage and subsequent cell death
in TNBC CSCs (38).

5. Autophagy and apoptosis in breast cancer and breast
cancer stem cells

The characteristics of type I cell death include a reduction in
cell volume, the destruction of the cellular cytoskeleton, the
condensation and fragmentation of nuclear content, and the
formation of apoptotic bodies that are disposed by phagocytes.
There are two different pathways that can mediate apoptosis:
The receptor pathway and the mitochondrial pathway. It has
been indicated that many types of cancer cells may lack
death-associated protein kinase (DAPK). Phosphorylated
Beclinl can induce the release of Beclinl from Bcl-2-related
proteins and induce autophagy. The protein cleaved by
caspases, Bcl-2, is a negative regulator of Beclinl. This
protein can inhibit autophagy and enhance apoptosis. ATGS5 is
cleaved by calpains to produce an N-terminal ATGS5 cleavage
product, which is believed to induce cytochrome c release
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from mitochondria. Full-length Beclinl and ATGS oppose
this process by regulating the autophagic degradation of active
caspase-8 (39). This suggests that autophagy and apoptosis
may have the same regulatory factors (Fig. 3).

Cell death and survival are notably complex processes, and
both autophagy and apoptosis play significant roles. Based on
the aforementioned analysis, we know that there are common
regulatory factors between autophagy and apoptosis. In addi-
tion, Yousefi et al reported that knocking down ATGs decreased
sensitivity to anticancer therapy (40). Lu et al discovered that
the inhibition of autophagy enhanced the apoptosis induced
by parthenolide in breast cancer (24). Consequently, there is a
close association between autophagy and apoptosis. The inves-
tigation of this association is critical for the understanding of
the mechanisms of autophagy in breast cancer and CSCs.

6. Autophagy and metastasis in breast cancer and breast
cancer stem cells

Invasion and metastasis are important characteristics of tumors
and also increase the risk of cancer. Autophagy provides a
survival mechanism that endowes cancer cells with meta-
bolic flexibility, allowing for their survival in nutrient- and
oxygen-poor TMEs. Cancer cells tend to metastasize under
nutrient- and oxygen-poor conditions. Studies using surrogate
markers have identified a close association between increased
autophagy and metastasis. Increased punctae staining for
microtubule-associated light chain B (LC3B) has been shown
to be associated with lymph node metastasis and decreased
survival in human breast cancer, whereas melanoma metas-
tases demonstrated increased LC3B staining compared with
matched primary tumor samples (4). Moreover, in response
to hypoxia and metabolic stress, necrosis frequently occurs
in carcinoma in situ, which can enhance inflammation and
promote inflammatory cell infiltration, which favors pro-
metastatic immunity (41,42). Autophagy effectively suppresses
necrosis and subsequent inflammatory cell infiltration from
tumor sites by providing energy and metabolic precursors,
and restrains metastasis. Based on this hypothesis, there is
a complex interaction between autophagy and metastasis.
Epithelial-to-mesenchymal transition (EMT) is important for
cancer spreading and dissemination. Two primary regulators
of EMT, Snail and Slug, which can promote EMT by inducing
the loss of epithelial (E)-cadherin-mediated cell-cell adhesion,
are associated with autophagy. Autophagy deficiency has
been discovered to promote EMT by stabilizing Twistl (43).
Recently, some studies on autophagy and metastasis have
identified novel therapeutic methods. For example, the
downregulation of macroautophagy associated with ATGS
by chaperone-regulated autophagy was identified to promote
breast cancer cell metastasis (44).

7. Characteristics of autophagy in breast cancer and breast
cancer stem cells

Characteristics of autophagy in breast cancer. Autophagy
plays a significant role in all stages of cancer development.
Recently, it was reported that autophagy is a ‘double-edged
sword’; it can inhibit cancerous growth, and can also suppress
inflammation, tissue injury and chromatin instability in the
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Figure 3. Association between autophagy and apoptosis. Autophagy and apoptosis are regulated by a number of common molecules. The anti-apoptotic
members of the Bcl-2 family can interact with Beclinl, which can suppress Beclinl-dependent autophagy. Pro-apoptotic proteins play different roles and can
induce autophagy. Moreover, autophagy-related genes (ATGs) can activate apoptosis. Caspase-3 can induce apoptosis via mediating Beclinl, and the cleavage

of Beclinl renders cells sensitive to apoptosis.

initial stages of cancer, which is mostly relative to the forma-
tion of cancer. During other stages, autophagy may perform
a complex function depending on the internal and external
context (39). One of the typical features of cancer is prolif-
eration, which can promote metastasis and lead to nutrient
deficiency. Autophagy tends to induce the metastatic process
by maintaining and spreading cell survival, and causes the cells
to enter a dormant state if they cannot establish stable contact
with the extracellular matrix in the new environment (39).
However, in fully transformed carcinoma cells, the deficiency
of autophagy can facilitate malignant tumor metastasis and
neoplasia. Moreover, it may also facilitate breast cancer
progression, independent of genotoxic stress and genomic
instability. Kongara et al (45) reported that a low expression
of Beclinl was linked to phosphorus (Ser73) accumulation
in human breast cancer. When cancer cells are able to be
placed under conditions with metabolic and genotoxic stress
due to progression and metastasis, and therapy is accepted,
autophagy shifts to tumor-promoting mechanisms by main-
taining the survival of the tumor cells (46). Hypoxia and acidic
material can lead to metabolic pressure, while chemotherapy
and radiotherapy lead to genotoxic pressure. Autophagy can
decrease sensitivity to anticancer treatments, eliminate organ-
elle damage, DNA fragmentation, and preserve the integrity
of the cells. Based on these effects, the inhibition of autophagy
can enhance the sensitivity to anticancer therapy.

In mice with autophagy dysfunction, damaged mito-
chondria and complexes with p62 and ubiquitinated proteins
accumulate, which can result in the massive generation of
reactive oxygen species (ROS), and can lead to DNA muta-
tion and chromatin condensation (47 and refs therein). Since
genetic damage can increase the risk of tumor occurrence, the
gene protection mechanism regulated by autophagy is likely to

involve the inhibition of tumor development. Under continuous
stimulation, tumor cells with autophagy deficiency often fail to
sustain their survival processes, leading to chronic death. The
chronic death of cells causes an inflammatory response that
can further promote the development of cancer. Autophagy
dysfunction may induce necrosis and inflammation through
the release of pro-inflammatory factors. For example, high
mobility group protein Bl (HMGBI), generated by necrotic
cells, binds to cell surface receptor of advanced glycation
end products (RAGE), which can activate transcription factor
nuclear factor (NF)-«kB and cause inflammation (48). Similarly,
nucleic acids released from necrotic cells stimulate the
inflammatory response by activating Toll-like receptors (49).
Additionally, excessive autophagy can lead to autophagic
death. Under continuous stress and progressive autophagy,
cells die due to self-consumption (50), following the high
expression of Beclinl and massive autophagosomes.

Characteristics of autophagy in breast cancer stem cells.
Autophagy is considered to be a conserved cellular process,
consisting of the response of cells to various external stimuli,
such as radiation and the low concentration of oxygen or
nutrients. Morever, CSCs are considered to depend on their
surroundings to maintain development and growth. Autophagy
is also activated by environmental factors, as aforementioned
and it affects the surrounding tumor environment, regulating
the activity between tumor cells and stromal components, such
as fibroblasts, immune cells and endothelial elements. The
inhibition of autophagy has been demonstrated to enhance
the sensitization of tumor cells to treatment; however, this has
not been clearly demonstrated for CSCs. In recent studies, the
de-activation of autophagy-related genes in order to inhibit
autophagy was observed to decrease the effects of CSCs
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Figure 4. Autophagy and cancer stem cells (CSCs). During anticancer therapy, the process of autophagy can sustain the activity of CSCs, which can facilicate
tumor cell growth and can lead to resistance to the effects of the treatment drugs.

(63,65) (Fig. 4). Combining this method with traditional cancer
therapies can improve the rate of cancer elimination and cura-
tive treatment. It has been demonstrated that autophagy can
drive CSC levels in breast cancer (51-53), and that some ATGs,
such as Beclinl and ATG4A, serve a function in sustaining
breast CSCs. This is consistent with the theory that autophagy
plays a supportive role in CSCs (52,53).

Furthermore, certain studies have focused on breast CSC
treatment. Autophagy may play a dual role in the therapeutic
process of targeting breast CSCs. For example, Zhao et al
discovered that autophagy played a positive role, increasing
the sensitivity of glioma stem cells to X-ray radiation (54).
Autophagy induced by Rottlerin can promote breast CSC
apoptosis (55,56). However, Wei et al found that autophagy
inhibited colon CSC apoptosis induced by photodynamic
therapy (57). In breast cancer, the inhibition of autophagy can
decrease the drug-resistance of breast CSCs, as well as reduce
the ability of breast CSCs to form tumors (55,58). Therefore,
further research is required to elucidate the complex associa-
tion between autophagy and breast CSCs.

8. Autophagy-related molecules in breast cancer and
cancer stem cells

Autophagy plays an important role in breast cancer and breast
CSCs, and is controlled by ATGs. Knowing more about the
roles of ATGs may be crucial to improving the effectiveness
of breast cancer therapy. There are some molecules that can
regulate breast cancer, as well as breast CSCs (Table I).

In addition, there are certain pathways that are associated
with breast CSCs, which can regulate cellular differentiation
and survival and are closely associated with tumors (61). Recent
research has indicated that the downstream target of AKT,
mTOR, is also essential to breast CSCs (79). Based on these
findings, mTOR is a key control point for autophagy. Thus,
the PI3K/AKT signaling pathway may play an important role
in the autophagy of breast CSCs. Transforming growth factor
(TGF)-p can be mediated by SMAD2/SMAD3, resulting in
the regulation of autophagy. The Wnt signaling pathway may
be linked to autophagy, and the inhibition of the Wnt signaling
pathway can induce autophagy. Via transcription factor 4

(TCF4), B-catenin can suppress the formation of autophagic
vacuoles, and suppress the expression of p62/SQSTM1 (80).
The overexpression of LC3-II and Beclinl is contrary to the
role of the Notch signaling pathway. The inhibition of the
hedgehog pathway exerts the same effects as those induced by
the inhibition of the Wnt and Notch pathway (81).

9. Inhibitors of autophagy in breast cancer and cancer
stem cells.

Autophagy may protect the anticancer resistance response of
breast cancer cells and maintain the activity of breast CSCs.
In addition, autophagy can exert effects on the initiation,
proliferation and progression of tumors and CSCs. The inhibi-
tion of autophagy can increase cancer cell death. Therefore,
it is important to increase our knowledge of inhibitors of
autophagy. There are some inhibitors of autophagy (Table II)
that can exert an effect on breast cancer and breast CSCs.
Understanding their current stage in research and develop-
ment is essential for breast cancer therapy. In addition, these
compounds can suppress autophagy, which could be critical to
identifying new therapeutic mechanisms.

In addition, there are other medications that can exert
effects on autophagy, including eriocalyxin B (93), tetran-
drine (94) and suberoylanilide hydroxamic acid, which is also
critical in breast cancer therapy (95). Based on our analysis,
the majority of inhibitors of autophagy may play an important
role in both breast cancer and breast CSCs. However, further
research is required in order to determine whether chloroquine
or 3-methyladeninecan can directly inhibit breast cancer cell
growth. Therefore, more attention should be paid to the novel
therapeutic mechanisms of these autophagy-associated drugs.

10. Autophagy and different types of breast cancer
Recent studies have revealed autophagy-dependent pathways
in different subtypes of breast cancer. It would thus be helpful

to discuss the role of autophagy in breast cancer subtypes.

Autophagy and TNBC. TNBC, a subgroup of tumors, do not
express clinically significant levels of ER, PR and HER2, and
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Table I. Molecules associated with autophagy.
Functions
Molecules Breast cancer Breast CSCs (Refs.)
mTOR With an increased amount of protein synthesis and Increasingly, research has connected mTOR (59-61)
increased inhibition of autophagy, the activation activity to a phenotype of stem cell-like cancer,
of mTOR complexes can promote the growth which can mediate breast cancer metastasis.
of tumors. Research has generally demonstrated In addition, studies have confirmed that the
that activated mTOR signaling increases tumor inhibition of mMTORC1/2 can spare a cell
progression and often decreases patient survival. population with stem cell-like properties and
High mTOR expression is associated with poor facilitate Notch activity in triple-negative
prognosis in patients with breast cancer breast cancer cell lines
ULK1 Expression of the kinase-dead ULK1 mutant K46N  Targeting AMPK-ULK1-mediated autophagy (62,63)
induced by hypoxia inhibits autophagy and increases can combat resistance to BET inhibitor in acute
lung metastases in MDA-MB-231 xenograft tumor myeloid leukemia stem cells, which demonstrates
mouse models. Similarly, the expression of the that ULK 1-mediated autophagy can maintain the
dominant-negative mutant of ULK 1, ATG4b or activity of stem cells
ULK1-shRNA enhances cell migration in vitro
FIP200 FIP200, as a component of the ULK1-ATG13- Deletion of FIP200 (RbIccl) decreases tumor (63,65)
FIP200-ATG101 complex, has been demonstrated to ~ development and progression in MMTV-PyMT-
be important for autophagosome formation. FIP200  driven mammary tumors and does not affect the
deficiency can decrease tumor initiation and percentage of ALDH* breast CSCs. However, it
progression by disrupting tumor cell proliferation and significantly reduces the CD29"CD61* breast
increasing immune surveillance in an MMTV-PyMT  cancer CSCs in comparison with isogenic
mouse model of human breast cancer (vehicle-treated) control cells
UVRAG  Studies have reported that the interaction between UVRAG deficiency leads to uncontrolled (64,66)
UVRAG and Beclinl can promote Vps34 complex proliferation and impaired differentiation without
binding to and activation by Beclinl through its preventing autophagy in Drosophila intestinal
coiled-coil domain. However, research regarding stem cells. However, the association between
the UVRAG-knockout or conditional-knockout UVRAG and breast CSCs is not yet clear
mouse is currently unavailable
Beclinl Complete deficiency of Beclinl is lethal in the Gong et al showed that the expression of Beclinl  (53,72)
embryo. Mice harboring a mono-allelic deletion of (an autophagy protein) was increased in
Beclinl exhibit high susceptibility to mammary mammospheres derived from human breast
hyperplasia and an increased incidence of cancer. Similar findings were observed in other
spontaneous tumors at various sites. Studies have breast cancer cell lines (MCF-7, BT474). This
reported that the allelic deletion of the autophagy study highlights a role of the autophagic
regulator Beclinl led to Beclin1 loss, and likely to pathway for CSC maintenance
defective autophagy in breast cancer
ATG3 Anticancer drugs may induce autophagy in breast ATG3-dependent autophagy is essential for (67)
cancer-associated ATG3 mitochondrial remodeling during somatic cell
reprogramming and regulating mitochondrial
homeostasis in embryonic stem cells
ATG4 ATG4 proteases are well known for their crucial roles  Silencing of ATG4C impairs mammosphere (68,69)
in the lipidation and delipidation of LC3 during the = formation in breast cancer
autophagy process. Some studies have recently shown
that abnormal expression levels of some human ATG4
proteins occur in several types of cancer cells, which
may be closely associated with tumor progression,
tumor suppression and resistance to cancer therapy
ATGS5 Mice with a mosaic deletion of ATGS5 exhibit an Chaterjee et al showed that the autophagy marker, (70-72)

increased incidence of tumors. The knockdown
ATGS is associated with the inhibition of autophagy
in melanoma cells. The progression-free survival

of patients with melanoma negatively correlates
with ATGS5 expression

ATGS, was overexpressed in dormant stem
cell-like breast cancer cells
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Table I. Continued.

Molecules

Functions

Breast cancer

Breast CSCs (Refs.)

ATG7

ATG7 is essential for autophagy based on controlling Knockdown of ATG7 modifies the CD44*/CD24"" (73,74)

the formation of autophagosomes. The upregulation
of ATG7 has been observed in various cancer tissues
including breast mammary tissue. ATG7-dependent

autophagy protects breast cancer cells against
mitoquinone mesylate-induced oxidative stress,
which exerts a cytoprotective effect. This leads to
resistance chemotherapy in breast cancer
ATG10 Genetic variants in ATG10 may be
associated with breast cancer susceptibility
in the Chinese population

ATGI12

HER2-overexpressing breast cancer cells by
analyzing the transcriptional status of ATG12 in
>50 breast cancer cell lines. Significantly, in an

ATG12-deficient genetic background, the growth of

trastuzumab-unresponsive tumors was prevented
completely following trastuzumab therapy
LC3 Knocking down autophagy-related genes LC-3,
Atgl2 and Beclinl can suppress tumor formation,

including breast cancer

Studies have suggested that the ATG12 transcript is
commonly upregulated in trastuzumab-unresponsive

population in breast cancer cells by regulating
, CD24 and IL-6 secretion

ATG10 may provide tumor stromal support when (75,76)

it activates autophagy in mesenchymal stem cells

ATG12, an activator of autophagy, provides tumor (76,77)
stromal support in mesenchymal SCs

LC3 suppresses CSCs, which are associated with (78)
the progression of autophagy in TNBC. The
level of autophagy is low in CSCs/progenitor
cells during the progression and development

of TNBC. The LC3-/CD44*/CD247%
immunophenotype indicates a highly aggressive
TNBC subgroup associated with a poor
prognosis. LC3 deficiency may restrain TNBC in
mature tumor cells and CSCs. Therefore, an
effective therapeutic strategy in TNBC may
involve the induction of autophagy

CSCs, cancer stem cells; ULK1, UNC-51-like autophagy-activating kinase; FAK200, FAK family-interacting protein of 200 kDa; UVRAG,
ultraviolet irradiation resistant-associated gene; ATG, autophagy-related protein; LC3, light chain 3.

thus cannot be treated with endocrine or anti-prognosis when
compared to other tumor subtypes. TNBC is believed to be
invasive. Some studies have reported that radiotherapy is effec-
tive for TNBC treatment, although the treatment effects are
limited (96,97). There are a large amount of factors, including
autophagy that can lead to limited therapeutic effects. Thus,
the development of novel therapeutic strategies is essential
for TNBC therapy. For example, Liu ef al demonstrated that
the inhibition of autophagy led to low levels of Chkl, which
impaired the DNA repair capacity and diminished the ability to
repair DNA double-strand breaks via homologous recombina-
tion (98). Zhou et al demonstrated that MK-8776, an inhibitor
of Chkl increased the radiosensitivity of TNBC cell lines by
inhibiting autophagy in vitro. MK-8776 may have potential as a
radiotherapy sensitization agent (99). Insulin-like growth factor
(IGF)-1 receptor (IGF-1R) activated by binding IGF-1 results in

cell proliferation, metastasis and drug resistance, and IGF-1R
promotes the survival and proliferation of TNBC cell lines
(100). NVP-AEW541, an inhibitor of IGF-1R, inhibits TNBC
cell proliferation and induces autophagy. The role of autophagy
induced by NVP-AEW541 is unclear. However, subsequent
results have confirmed that the inhibition of autophagy
enhances NVP-AEWS541-induced cell growth suppression and
the apoptosis of TNBC cells (101). Recently, autophagy has been
reported to function both as a tumor suppressor mechanism and
a survival mechanism, according to the tumor cell context. Salt-
inducible kinase 2 (a member of the AMPK family; SIK?2) is
essential for survival, particularly in the claudin-low subtype.
It has been reported that SIK?2 restrains the autophagic flux to
support TNBC survival (102). Furthermore, excessive autoph-
agic cell death may provide a novel therapeutic approach for
cancer therapy instead of the induction of apoptosis. Gao et al



Bzl SPANDIDOS

=y PUBLICATIONS INTERNATIONAL JOURNAL OF ONCOLOGY 52: 1057-1070, 2018 1065
Table II. Inhibitors of autophagy.
Functions
Compounds Breast cancer Breast CSCs (Refs.)
Chloroquine (CQ) CQ affects the fusion between autophagosomes In a mouse model, CQ inhibits CSCs, induces (82)
autophagosomes and lysosomes, which can apoptosis and inhibits tumor formation.
inhibit autophagy. The combination of CQ with Besides, CQ can inhibit autophagy-related
other anticancer drugs can increase the gene expression
apoptosis of breast cancer cells
3-Methyladenine  3-MA blocks the formation of autophagosomes. 3-MA treatment significantly suppresses bone (83)
(3-MA) The combination of 3-MA with other anticancer marrow mesenchymal stem cells derived from
drugs can increase the apoptosis of breast patients with multiple myeloma (MM-MSCs)-
cancer cells induced resistance, which indicates that
autophagy sustains the activity of CSCs. It is
suggested that 3-MA can maintain the activity
of MM-MSCs. However, whether it can sustain
the activity of breast CSCs needs to be clarified
Paclitaxel Paclitaxel blocks the fusion of autophagosomes Paclitaxel reduces the proportion of breast CSCs (84,58)
with lysosomes or affects lysosomal proteolysis.
Paclitaxel also induces apoptosis in breast cancer
Salinomycin Salinomycin blocks the autophagic flux and Salinomycin has recently been shown to reduce  (58)
lysosomal proteolytic activity in both CSCs and the proportion of breast CSCs
non-CSCs derived from breast cancer cells.
Salinomycin induces apoptosis in breast cancer
Mefloquine Mefloquine inhibits autophagy, and induces Mefloquine may impair the ability of neoplastic ~ (85)
breast cancer cell death self-renewal of human CSCs
Verteporfin Verteporfin inhibits autophagy. Verteporfin- Verteporfin can eliminate cancer stem-like cells (86,87)
induced high molecular weight protein
complexes require the presence of light
Quinacrine Quinacrine inhibits lysosome acidification. Quinacrine induces the apoptosis of metastatic  (88,89)
Quinacrine effectively kills/inhibits the breast CSCs
proliferation of cancer cells
BAY11 BAY11 can inhibit autophagy. BAY11-7028, There is no relevant research which describes ~ (90,91)
an inhibitor of NF-xB, can mimic the effect of  the role of BAY 11 in breast CSCs. Thus, the
G-1 to suppress IL-6 and VEGF-A, and inhibit  function of BAY11 needs to be confirmed,
migration and angiogenesis in TNBC which is believed to play an essential role in
breast cancer treatment
ARNS5187 4-[[[1-(2-fluorophenyl)cyclopentyl]amino] There is no research on the role of ARN5187 92)
methyl]-2-[(4-methylpiperazin-1-yl)methyl] in breast CSCs
phenol, 1 (ARNS5187) is a novel dual inhibitor
of REV-ERBf and autophagy. ARN5187
enhances the cytotoxic effects against BT-474
breast cancer cells compared with CQ
ZPCK ZPCK inhibits cargo degradation inside There is no research regarding the functions of  (90)

the vacuole

ZPCK in breast cancer and breast CSCs, but it
may be a novel route for breast cancer therapy

CQ, chloroquine; 3-MA, 3-methyladenine; NF-kB, nuclear factor-kB.

demonstrated that small-molecule RL71 triggered excessive
autophagic cell death as a potential therapeutic strategy in

TNBC (103).

Autophagy and luminal breast cancer. Luminal breast cancer
(Luminal A, Luminal B) accounts for 50-60% of all breast

cancer cases. Although Luminal BC is sensitive to anticancer
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Table III. Summary of the effects of autophagy-associated agents on cell growth in different types of breast cancer.

Agents/factors Breast cancer cells Autophagy target Function of agents (Refs.)

CQ MCF-7, MDA-MB-231 Inhibits lysosomal functions  Inhibits cell growth (96,112,113)
BT-47D, SKBR3 and
JIMT-1 cells

3-MA MCF-7, MDA-MB-231, PI3KC3 Inhibits cell growth  (114-116)
MDA-MB-468, BT474
and AUS565 cells

Bafilomycin Al MDA-MB-231, MDA-MB-468  Inhibits lysosomal functions Inhibits cell growth ~ (117,118)
and SKBR3 cells

siRNA against ATG 7 MCEF-7 cells Inhibits lysosomal functions, Inhibits cell growth (119)

ATG 7

siRNA against ATG 12 SKBR3 and JIMT1 cells Inhibits lysosomal functions  Inhibits cell growth an

PD98059 MCF-7 and MDA-MB-231 cells ERK1/2 pathway Inhibits cell growth (120)

Cantharidin MDA-MB-231 and Inhibits the conversion of Inhibits cell growth (121)
MDA-MB-468 cells LC3Ito LC31I

siRNAs against Beclinl MCEF-7R cells Inhibit Beclinl Inhibit cell growth (122)

CQ, chloroquine; 3-MA, 3-methyladenine; PI3KC3, class III phosphatidylinositol 3 kinase; siRNA small interfering RNA; ATG, autophagy-

related gene; LC3, light chain 3.

therapy, a conspicuous proportion of patients with breast will
gradually develop resistance to anticancer therapy and relapse.
Autophagy is deemed to play a critical role in response to
resistance to therapy. For example, adriamycin, a first-line
chemotherapeutic agent, plays an essential role in cancer.
However, a high basal level of autophagy was demonstrated in
adriamycin-resistant MCF-7 cells, and the silencing of TRPC5
(an inducer of autophagy) and the inhibition of autophagy
reversed the resistance to adriamycin (104). Resistin is a novel
adipokine that is upregulated in patients with breast cancer and
promotes breast cancer cell growth, invasion and migration. In
a previous study, resistin via an increased level of autophagy,
inhibited the doxorubicin-induced apoptosis of MCF-7
cells (105). In addition, autophagy seems to play a dual role
in luminal breast cancer, as well as TNBC. Autophagic cell
death is characterized by an extensive sequestrated cytoplasm,
resulting in cell death with the formation of autophagosomes or
autolysosomes. Autophagic cell death can inhibit cancer devel-
opment. Researches have shown that tetrandrine increases the
autophagic flux in MCF-7 cells, resulting in cell death (94).
The GABARAPLI protein belongs to the ATGS family whose
members are involved in autophagy. GABARAPLI acts as a
tumor suppressor protein associated with autophagic vesicles
and regulating autophagic flux in breast cancer (106).

Autophagy and HER2-positive breast cancer. HER2-positive
breast cancer accounts for approximately 20-30% of all breast
cancer cases. Anti-human epidermal growth factor 2 (HER2)
therapy has been approved as a standard practice for patients
with HER2-positive breast cancer, leading to the improvement
of patient prognosis during the past decade. However, this
resistance to anti-HER?2 treatment has been a primary issue in
clinical practice. Recently, autophagy has been reported to be

associated with resistance to therapy. For example, autophagy
protects from cytotoxicity induced by trastuzumab in breast
cancer with HER2 overexpression (107). Beclinl (also known
as Becn-1), an autophagy-related gene, is important to initiate
the phases of autophagy. Researches have demonstrated that a
deficiency of Becn-1 enhances the sensitivity to HER2-targeted
therapy, implying that the inhibition of autophagy in conjunc-
tion with HER?2 inhibition is critical for promoting tumor
regression, and that autophagy stimulation can transform the
effectiveness of HER2 treatments (108). In parallel with these
results, the knockdown ATGI12 has been shown to suppress
tumor growth and to sensitize trastuzumab-resistant xeno-
grafts to trastuzumab (77). The ability of chloroquine to block
autophagy by inhibiting lysosomal proteases and preventing
the fusion between autophagosomes and autolysosomes has
established chloroquine as the most widely used drug for
the inhibition of autophagy in vitro and in vivo. Connecting
chloroquine with trastuzumab-based regimens may therefore
improve outcomes among women with autophagy-addicted
HER2-positive breast cancer (109).

In addition, we summarized the inhibitors of autophagy
in different breast cancer cell lines (Table III). A recent study
demonstrated that the level of autophagy differed between
different subtypes of breast cancer. TNBC had substantially
more autophagosomes than other types of breast cancer. Basal
autophagy was high and was not influenced by chemotherapy
in MDA-MB-231 cells. The expression of LC3b was similar in
the control group and chemotherapy group. Compared with the
MDA-MB-231 cells, basal autophagy was low in the MCF-7
cells and increased with chemotherapy (110). Treatment with
chloroquine may lead to synergistic effects with chemotherapy.
The combination treatment between doxorubicin and chloro-
quine has exhibited synergistic effects in TNBC compared
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with MCF-7 cells. TNBC cell lines showed significantly higher
levels of activated STAT3 by Tyr phosphorylation than the
luminal cell lines. These cells were believed to be STAT3-
dependent. The inhibition of autophagy decreased STAT3
phosphorylation in TNBC cell lines, and this reduction in
STAT3 activity induced cell death. The inhibition of autophagy
was more effective in TNBC than luminal cell lines (111).

11. Conclusion

In conclusion, autophagy is regulated by a complex network
of stress responses. The function of autophagy in breast
cancer remains unclear. Autophagy can be reduced at various
developmental and metastatic phases of breast cancer, and cn
even be a primary cell death pathway in some tumors with
apoptosis deficiency. By contrast, autophagy can effectively
maintain the existence of tumors under stimulation. Moreover,
further research is required to elucidate the association
between autophagy and breast CSCs. This review outlined
the various elements and processes that are involved in the
association between breast CSCs and autophagy. As these
factors promote the development of tumors, their comprehen-
sive study under different circumstances and environments is
critical for the development of novel new treatment strategies
for breast cancer. Autophagy seems to play an effective role in
breast cancer and breast CSCs. However, its function is linked
to a number of other factors, including metabolic reactions,
immunoreactions and the TME. Therefore, our aim is to better
understand the autophagy-related molecular mechanisms
and signaling pathways, and to devote more attention to the
association between breast cancer, CSCs, and autophagy. It is
hoped that this will result in a meaningful strategy that could
provide novel approaches to breast cancer therapy.
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