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Abstract

Autophagy is a major catabolic process in which intracellular membrane structures, protein com-

plexes, and lysosomes are formed as lysoautophagosome to degrade and renew cytoplasmic com-

ponents. Autophagy is physiologically a strategy andmechanism for cellular homeostasis as well as

adaptation to stress, and thus alterations in the autophagy machinery may lead to diverse patho-

logical conditions. The role of autophagy in cancer is complex, and the current literature reflects

this as a ‘double-edged sword’. Autophagy shows promise as a novel therapeutic target in various

types of breast cancer, inhibiting or increasing treatment efficacy in a context- and cell-type-dependent

manner. This review aims to summarize the recent advances in the understanding of themechanisms

bywhich keymodulators of autophagy participate in cancermetastasis, highlight different autophagy-

deficient murine models for breast cancer study, and provide further impetus for the modulation of

autophagy in anticancer therapy.
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Introduction

Metastasis is an advanced stage of cancer progression that generally
indicates poorer prognosis and lower survival rate. Multiple cellular
events, including the dysfunction of programmed cell death,
epithelial-to-mesenchymal transition (EMT) [1–3], the development
of tumor-favorable microenvironment [4], and tumor angiogenesis
[5] are implicated in cancer metastasis. Cell death occurs when mis-
takes are made by solitary disseminating cell during these processes
[6]. Typically, the initial steps of metastasis proceed rapidly, whereas
the final step, colonization, is less so efficient as an estimate of only
∼0.01% of circulating tumor cells eventually form metastatic foci
[7]. This inefficiency may be principally attributed to the activation
of cell death machinery by various stresses within the circulation or
after metastatic cells approach a new environment. Such stresses in-
volve the loss of cell–cell contacts, incapability of extravasation [8],
the destruction of solitary tumor cell either by the immune system or
hemodynamic forces [9], and the lack of essential growth factors, all of

which may trigger programmed cell death, including autophagy [10].
Therefore, tight regulation of cell death is crucial for cancer cells to
survive during metastasis.

During the past decade, pioneering studies led to the classification
of autophagy as a type of programmed cell death. Autophagic cell
death was known to be triggered primarily when the embryonic devel-
opmental programs or homeostatic processes in adulthood reach the
stage that requires massive cell elimination [11]. Besides this ‘self-
disposal’ purpose, however, autophagy is nowmore accepted as a fun-
damental cell survival mechanism to combat environmental stressors
[12]. Tumor cells evolve multiple strategies to evade programmed cell
death via genetic mutations or epigenetic modifications in the key
players of programmed cell death, which include components from
the autophagic pathway [6]. This review provides an overview of the
interplay of autophagy with breast cancer metastasis and summarizes
a list of autophagy-deficient murine models and current anticancer
therapeutics.
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An Introduction to Autophagy

To date, three common types of autophagy (macroautophagy, micro-
autophagy, and chaperone-mediated autophagy) are identified, and
they are mediated by autophagy-related genes (ATG) and their asso-
ciated enzymes [13]. Macroautophagy (hereafter referred to as autop-
hagy) is the best characterized pathway, and it is a highly conserved
multistep process that mediates the turnover of intracellular protein
aggregates and damaged organelles to maintain energetic homeostasis
[12]. To self-digest these proteins and organelles, the cell first under-
goes nucleation by de novo formation of a lipid-based double-
membrane structure phagophore, which depends on the coordinated
activity of a multi-protein complex involving mammalian orthologue
of yeast Atg6 (Beclin-1), class III phosphoinositide-3-kinase (Vps34),
ultraviolet irradiation resistant-associated gene (UVRAG), B cell CLL/
lymphoma 2 (Bcl-2), Bax-interacting factor 1 (Bif-1), and other part-
ners such as activating molecule in beclin-1-regulated autophagy 1
(Ambra1), vacuole membrane protein 1 (VMP1), the viral protein-
infected cell protein 34 (ICP34), and viral form of Bcl-2 (Fig. 1).
The elongation of phagophore is primarily driven by two
ubiquitination-like reactions, which will be discussed in detail in the
next section. Additionally, maturation of mammalian autophago-
somes involves encapsulation of targeted cargo by the elongating
phagophore and subsequent fusion with different endosomal com-
partments. Delivery of autophagosomal cargo for degradation re-
quires further fusion between autophagosomes with lysosomes [14].
These fusion processes require the assembly of several soluble NSF
attachment protein receptor (SNARE)-like proteins to help eventually

form a mature lysoautophagosome that executes degradation and re-
cycling [15] (Fig. 2). Basal level of autophagy is generally described as
a basic cell survival or cytoprotective response to circumvent stress
conditions, such as toxic stimuli, gamma radiation, chemotherapy,
and starvation. It is also of particular importance during developmen-
tal process, as it is suggested to maintain normal metabolism by pro-
viding an alternative cellular source for energy production and
biomolecular synthesis. In the canonical starvation-induced pathway,
autophagosome formation is induced by Beclin-1, PI3K, and ubiquitin-
like conjugation reactions. In contrast to canonical autophagy, non-
canonical autophagy does not require the complete set of ATG proteins
to form autophagosomes. Typically, Beclin-1-independent autophagy is
dependent on the activity of the Unc-51 like kinase 1/2 (Ulk1) complex
to induce autophagy and LC3 for phagophore formation [17]. Recent-
ly, injury-induced autophagy and mitophagy have been established as
non-canonical pathway, as they are PI3K/Beclin-1 independent [18].
Another protective role has been reported that autophagy engages in
the defense against pathogens and T cell repertoire shaping during im-
mune response [19].

Characterization of autophagy pathway was initially performed in
yeast with identification of almost 30 Atg genes [20] as well as their
mammalian homologs, and seminal experiments defining the induc-
tion of autophagy in mammalian hepatocytes revealed another eight
ATG genes regulating the steps of autophagosome formation and de-
composition [21]. These studies established the significance of nutrient
levels, energy status, and hormonal regulation as key modulators of
autophagy. In addition, environmental stressors such as hypoxia,

Figure 1. Beclin-1 interaction complexes Atg14L and UVRAG/Bif-1 activate the Beclin-1 complexes and induce the formation of autophagosomes in a mutually

exclusive manner. UVRAG also potentially functions to promote autophagosome maturation and endocytic trafficking through pathways independent of its

interaction with Beclin-1. VMP-1 and PINK1 are two other interacting partners and inducers of autophagy. NIF-1 is a component of the PI3K complex

contributing to the interaction of Beclin-1 and Bcl-2 at the ER surface. Bcl-2/Bcl-XL has similar function in Beclin-1 binding and autophagy inhibition. JNK1 and

DAPK are autophagy inducers that phosphorylate Bcl-2 and Beclin-1, respectively, to disrupt their interaction with each other. HMGB1 (high-mobility group box

1), a p53 interacting chromatin protein, induces autophagy for cell protection against damage in a similar fashion. TRAF6 and USP13 are reported to play a role

in Beclin-1 ubiquitination. Survivin is a Beclin-1-binding anti-apoptotic protein to regulate TRAIL-induced apoptosis. Rubicon binds Beclin-1 to inhibit

autophagosome formation and maturation. Dissociation of upstream activators TAB1/2 in TAK1-IKK pathway is thought to be necessary for autophagy

induction. GAPR-1 binds Beclin-1 to inhibit autophagy; however, the mechanism is not entirely clear.
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heat stress, and reactive oxygen species accumulation can also induce
autophagy. The endoplasmic reticulum (ER) is a robust and finely
regulated organelle in charge of protein folding fidelity and a veritable
menagerie of cellular processes. If the ER microenvironment is dis-
rupted, the unfolded protein response will be activated to trigger au-
tophagy through eukaryotic translation initiation factor 2-alpha
kinase 3 (EIF2AK3) and activating transcription factor 6 (ATF6) path-
ways in an effort to ameliorate the accumulation and aggregation of
misfolded proteins. Therefore, ER stress is also a potent autophagy in-
ducer. In general, autophagy is implicated in various aspects including
longevity, disease prevention, and promotion, as well as mammalian
development [2].

Core Machinery Involved in Autophagy

Among the various ways to modulate autophagy, one autophagic sig-
naling pathway of great importance involves mammalian target of ra-
pamycin (mTOR), a serine and threonine kinase. As a part of the
energy-sensing mechanism and stress response, the mTOR kinase is
an important repressor of autophagy and a controller of cell growth
and proliferation. mTORC1 andmTORC2 are twomTOR complexes
that are located and regulated differently but are both induced by nu-
trient starvation, stress, and reduced growth factor signaling. The
mTOR pathway inhibits autophagy under normal conditions, but it
regulates metabolic stress signals to drive cell growth in the presence
of abundant nutrients. Upstream of mTOR is the putative class I
PI3K that receives internal or external signals (insulin, growth factors,
amino acids, etc.) and functions to facilitate phosphorylation of

protein kinase B (Akt) by 3-phosphoinositide-dependent kinase 1
(PDK1). Phosphorylated Akt activates the mTOR complex to inhibit
autophagy in nutrient-rich conditions by promoting the activation of
downstream Ulk1 complex and disrupting the interaction of Ulk1 and
AMP-activated protein kinase (AMPK) complex [22]. Typically,
mTORC2 affects cell metabolism and survival by phosphorylating
serine/threonine protein kinase Akt/PKB at the serine residue S473,
which leads to consequent activation of Akt by PDK1. Under low-
energy state, the key energy sensor heterotrimeric enzyme AMPK is
turned on to effectively induce autophagy by directly rendering
MTORC1 inactive or by phosphorylating Ulk1 [23], which in turn
phosphorylates Atg13 and RB1CC1/FIP200 [24] to activate the nucle-
ation stage. The Bcl-2 family proteins suppress autophagy by disrupt-
ing the interaction of Beclin-1 with PI3K complex, thus inhibiting
early formation of autophagosomes (Fig. 3). The nucleation stage is
an orchestrated process relying on the PtdIns3K complex that serves
to phosphorylate phosphatidylinositol (PI) to phosphatidylinositol
3-phosphate (PI3P), the latter of which recruits protein complexes
and lipids to expand the autophagosome membrane. The PtdIns3K
complex anchors two core interacting partners PIK3C3/Vps34 and
Beclin-1, which exhibit distinct functions depending on the compo-
nents of ancillary proteins in the complex. UVRAG/Bif1 and ATG14
are found in the Beclin-1 complex in a mutually exclusive manner.
Moreover, the ULK1/2 and Vps34 complexes recruit the two ubiquitin-
like protein conjugation systems essentially required to accomplish the
expansion of the growing autophagosome membrane (Fig. 4): Atg5–
Atg12–Atg16 and LC3-phosphatidylethanolamine (PE) systems
[26,27]. Atg12 is initially activated in an ATP-based reaction with

Figure 2. General stages of autophagy Autophagy is characterized by the induction of phagophore by the ULK complex, which is activated by being liberated from

the mTORC1 complex due to its inactivity. This dissociation event results in the dephosphorylation of inhibitory sites of Ulk1/2 and autophosphorylation of its

activating sites, which leads to concomitant activation of its interacting partners mAtg13 and FIP200 and localization of the ULK complex from the cytosol to the

ER. Activation of the ULK complex also mediates the activation and ER assembly of class III PI3K complex that consists of Beclin-1, Vps34, and p150 during the

nucleation phase [16]. Complete elongation of the phagophore generates a structure called ‘autophagosome’, and this process involves two ubiquitin-like

conjugation pathways. The autophagosome sequesters its cargo and fuses with the lysosome on a Beclin-1-dependent manner to form the lysoautophagosome

and where the contents are digested by lysosomal enzymes for degradation or recycle. Details are provided in the text.
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Atg7 (E1-like enzyme) and then conjugated to Atg5 by Atg10. Atg16
then becomes covalently bound to the Atg12–Atg5 conjugate, forming
an Atg12–Atg5–Atg16L1 trimeric complex on the forming membrane.
When elongation completes, components of the complex dissociate
from the autophagosome and return to the cytoplasm. Mammalian
homolog of yeast protein ATG8 (MAP1LC3) is the modified target of
the second conjugation pathway. Atg4B cleaves the C-terminal 22 resi-
dues of precursor LC3, producing cytoplasmic LC3-I that is subse-
quently conjugated with PE by Atg7 and Atg3, an E2-like enzyme.
The lipidated form of LC3 (LC3-II) is selectively incorporated into
the forming autophagosomal membrane with the help of adaptor
p62/SQSTM1 via its C-terminal ubiquitin-binding domain and LC3-
interacting region (LIR) [28]. Sequestosome 1 (SQSTM1) is a scaffolding
protein constitutively expressed and turned over by autophagy-induced
selective degradation. Fusion with the lysosome results in degradation
of targeted cargo proteins along with the LC3-II associated on the
inner membrane of autophagosome (LC3-II on the outer membrane
dissociates) for recycling of macromolecule. Fine-tuning of signals is
crucial for fidelity of functional autophagy, as deregulation at any of
the above-mentioned steps could result in too much or too little autop-
hagy, which is linked to distinct types of diseases, including cancer.

Autophagy also has its double-sword effect, however, as progres-
sive autophagy under certain environment can be detrimental and sub-
stitute for apoptosis in induction of cell death. Thus, it is crucial to
differentiate between cytoprotective autophagy and the cellular set-
tings under which autophagy could cause cell death, where autophagy
is cytotoxic [29,30].

Autophagy and Breast Cancer

Alteration in autophagy is involved in several types of cancer including
breast cancer. In cancer, autophagy is believed to possess both tumor-
suppressive and tumor-promoting functions, the paradoxical roles of
which may be contributed to distinct context and stages of tumorigen-
esis. During tumor initiation, autophagy is thought to serve a benefi-
cial cancer-preventing role by, for instance, limiting inflammation,
tissue damage, and genome instability, and by preventing oncogene-
induced senescence, thereby restricting the invasion and dissemination
of cancer cells from the primary site.

During advanced cancer stages, autophagy may play either pro- or
anti-metastatic roles depending on the context. It has been suggested
that transformation, mediated by certain oncogenes or/and loss of
tumor suppressor genes, induces a metabolic switch [31] in cancer
cells that predispose them to autophagy under basal and starvation
conditions. Autophagy tends to facilitate metastatic process by sus-
taining spreading cell survival and colonization at a secondary site
and by inducing these cells to enter dormancy if they fail to establish
stable contact with the extracellular matrix in the new environment.
Interestingly, however, in fully transformed cancer cells, it appears
that defective autophagy is associated with malignant transformation
and carcinogenesis. Additionally, it may also contribute to breast can-
cer development in a manner independent of genotoxic stress and gen-
omic instability through the induction of ER stress. Based on a study of
Kongara et al. [32] in 2010, autophagy plays a role in p62-dependent
keratin 8 homeostasis in mammary epithelial cells and low Beclin-1

Figure 3. Autophagy and some of its regulatory pathways Binding of insulin or growth factors to the insulin receptor triggers the PI3K pathway, converting PIP2

into PIP3 that recruits PDK1 and Akt to the plasma membrane. Activation of Akt by insulin binding or direct mTORC2 stimulation inactivates TSC1/2 (tuberous

sclerosis 1/2) [25], resulting in the activation of Rheb and mTORC1. Under starvation or rapamycin application, Ulk1 is phosphorylated by AMP-activated protein

kinase and detaches from mTORC1 complex, rendering it inactive and triggers the autophagy pathway. The mTORC1 complex and AMP-activated protein kinase

sense the nutrient state of the cell and accordinglymaintains homeostasis by controlling levels of amino acids through various pathways, including autophagy. LC3

mediates selective autophagy by recruiting several adapter proteins, including p62, to the autophagosome. The activity of PI3K complex can be manipulated by

several pharmacological modulators such as activators like BH3 mimetics and inhibitors such as spautin-1. Other modulators of autophagy are also shown in

the figure.
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expression level is linked to phosphor (Ser73) accumulation in human
breast carcinoma.

In later stages of cancer development, however, when cancer cells
are exposed to metabolic and genotoxic stress during progression, me-
tastasis, and cancer therapy, autophagy shifts to tumor-promoting
mechanisms by enabling survival of tumor cells [33]. In essence,
unfavorable conditions of hypoxia and acidity within the tumor micro-
environment can put cells under metabolic stress [34], while chemother-
apeutic drugs and radiotherapies function to damage the genome of
tumor cells [35]. In this situation, autophagy is often triggered within
the neoplasm, proffering the tumor cell resistance to circumvent the le-
thal attacks ‘executed’ by chemotherapy and radiotherapy. Typically,
excessive and sustained autophagy leads to a type of programmed cell
death known as autophagic cell death, represented by early degradation
of organelles and a lack of caspase activation or DNA fragmentation
and preservation of cytoskeleton elements. Therefore, it has been pro-
posed with this regard that autophagy should be inhibited during can-
cer treatment to increase the efficacy of therapy [36].

Being the second leading cause of cancer-related death in women in
the United States [37], breast cancer is one of the most common ma-
lignancies where accumulation of abnormal cells is possibly ascribed
to disordered autophagy regulation and imbalanced cell proliferation
and apoptosis [38]. Breast carcinoma is well known for its propensity
to relapse after a long latency period following initial treatment [39].
Recurrence of the disease is often highly metastatic and exhibits resist-
ance to available treatments. Targeted therapy in breast cancer is often
dictated by the expression of certain markers such as hormone or
growth factor receptors. Therefore, some types of breast cancer such
as triple-negative breast cancer (TNBC) that lack such molecules
cannot be treated with hormonal therapies or respective antibodies
[40]. In addition, there are also other types of breast cancer that dis-
play distinct abnormalities in apoptotic pathways, which confer resist-
ance to many forms of chemotherapy [41]. In regard of the
fundamental importance of autophagy in cancer development and
progression as well as its influence on treatment response, this review
mainly focuses on the pivotal roles of autophagy protein Beclin-1 con-
tributing to the malignant transformation in breast cancer and its im-
pact on various therapeutic options.

Autophagy Protein Beclin-1 and Breast Cancer

Beclin-1 is a protein encoded by the Becn1 gene, which is a mamma-
lian ortholog of the yeast autophagy-related gene 6 (Atg6). Beclin-1
was originally identified as a Bcl-2 interacting protein, and this bind-
ing inhibits the association of Beclin-1 with class III PI3K and hence
prevents autophagy nucleation phase. Subsequent studies mapped
Becn1 gene in close proximity with BRCA1 region on chromosome
17, a locus frequently deleted in breast, ovarian, and prostate cancers
[42]. While complete deficiency of Beclin-1 is embryonically lethal,
mice harboring mono-allelic deletion of Becn1 exhibited high suscep-
tibility to mammary hyperplasia and suffered increased incidence of
spontaneous tumors at various sites. Early studies reported allelic de-
letion of autophagy regulator Becn1 in breast cancers implicating
Becn1 loss, and likely defective autophagy, in tumorigenesis. Consist-
ently, breast cancer tissues showed lower expression profile of Beclin-1
compared with normal breast tissue and ectopic expression of Beclin-1
by mono-allelic Becn1 in MCF-7 breast cancer cells showed decreased
proliferation and in vivo tumor formation. These studies identified
pro-autophagic protein Beclin-1 as a haplo-sufficient tumor suppres-
sor. Since transformed cells may not tolerate complete loss of Beclin-1,
it is indicated that maintaining a single copy and low level of Beclin-1
serves a beneficial way to ensure intact pro-survival autophagy ma-
chinery to overcome stress conditions often encountered by cancer
cells. Despite the lethality of Becn1−/− during early embryonic stage,
mice lacking several other ATGs (e.g.Atg3, Atg5, Atg7, andAtg16) ac-
tually survive until birth, ultimately die of metabolic deficiencies during
neonatal starvation period [43]. Further observations suggest that the
role of autophagy in cancer may be context-dependent and tissue-
specific. Remarkably, autophagy promotes tumorigenesis by increasing
proliferation of transformed cells rather than facilitating cell survival,
and the underlyingmechanism remains to be explored. Intriguingly, au-
tophagy increases glucose uptake and facilitates glycolysis in trans-
formed breast cancer cells, as defect in autophagy leads to reduced
glycolysis. A speculation involves a supportive role for autophagy in
maintaining a pool of healthymitochondria by degradation of defective
mitochondria and thus sustaining the tricarboxylic acid cycle.

Loss of autophagy is associated with a wide array of diseases such
as liver failure, inflammatory bowel disease, aging, and cancer. Impli-
cation of defective autophagy in human cancer was first reported with
a mono-allelic deletion of crucial autophagy regulator BECN1/
Beclin-1. Restoration of normal level of Beclin-1 expression in
MCF-7 cells suppresses xenograft tumor growth [44], and mono-
allelic Becn1+/− mice develop spontaneous lung and liver carcinomas,
lymphomas, and even mammary hyperplasia [45]. Complete loss of
UVRAG-binding protein Bif-1, a positive regulator of autophagy
and Beclin-1-interacting protein, increases spontaneous tumor forma-
tion in mice [46].

Recent studies in different tumor cell lines (e.g. breast tumor) have
corroborated that tumor resistance to anticancer therapies such as ra-
diation therapy and chemotherapy is often associated with up-
regulation of autophagy. Since Becn1 and Atg5 are two essential
genes required for autophagy promotion, interfering with Beclin-1
and/or Atg5 expression reduces autophagy and protects against au-
tophagic cell death. However, increasing evidence implicates a para-
doxical role of autophagy following anticancer treatment that
autophagy induction also mediates antitumor action of therapeutics.
Thus, it is critical to understand the pathophysiology of the disease
along with functional relevance of autophagy within the tumor to pre-
vent resistance and enhance the effects of anticancer therapies for can-
cer patients.

Figure 4. Molecular regulation of the two ubiquitin-like conjugation system

The elongation of the autophagosome membrane is dependent on the

formation of Atg12–Atg5–Atg11 complex and phosphotidylethanolamine

(PE)-conjugated LCIII (Atg8), the major products of the two ubiquitin-like

conjugation pathways. Black line indicates the cleavage of pro-LC3. Curved

arrow represents the recycling of Atg4b. Details are included in the text.
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Anticancer Therapies Correlated with Autophagy

Since autophagy has been associated with diverse diseases including
cancer, it has been a very promising target in breast cancer treatment.
Indeed, persistent research on identifying genes, proteins, small mol-
ecule compounds, and related molecular mechanisms involved in au-
tophagy regulation and breast cancer eradication has been intensive
over the past few years. Despite the uncertainty, substantial progress
has been made to prove autophagy-based pharmacotherapy as an
attractive new target of great interest to the pharmaceutical industry.
Autophagy can be pharmacologically modulated through either
stimulation or suppression in numerous pathways.Table 1 shows clin-
ical studies testing the effects of autophagy modulators on breast can-
cer therapies [47].

Autophagy stimulation

Table 2 lists a set of compounds identified as inducers of autophagy
(also based on Table 3 of Cheng et al. [47]). Antiestrogen tamoxifen
has long been established as a potent inducer of autophagy in various
breast cancer cells [59–61]. Screens for chemical modulators of autop-
hagy have revealed a wide array of therapeutic inhibitors of mTORC
signaling [48,50,53], including three drugs approved for use in hu-
mans (amiodarone, niclosamide, and perhexiline) [62]. mTORC1 in-
hibitor rapamycin and its analogs (called rapalogs) such as everolimus
(RAD001) are shown to enhance the sensitivity of tumors to radiation
by induction of autophagy [63,64]. In the everolimus trials, adverse
effects (AEs) such as fatigue, stomatitis, anorexia, diarrhea, and
metabolic disorders are often observed in patients but usually can be
tolerated with dose reduction. Similar AEs are also noticed in the tem-
sirolimus trials, with some milder cases of headache and fever, and se-
vere cases of hyperglycemia, hyperlipemia, and asthenia [65,66].
Natural products such as cyclovirobuxine D (CVB-D), an alkaloid
component isolated from the roots of Buxus microphylla var. Sinica,
are often used as direct or indirect sources to enhance the efficacy of
chemotherapy or ameliorate its side effects [67]. A recent study re-
ported carnosol, a naturally occurring polyphenol, being an inducer
of ROS-mediated Beclin-1-independent autophagy and apoptosis in
triple negative MDA-MB-231 cell line [68].

Autophagy can be induced by most of the anticancer drugs due to
cellular stress [69]. Some inducers of autophagy, including chemother-
apy, augment cell death as a response and eventually cause autophagic
cell death [54–57,70]. A recent report on a cell-permeable autophagy-
inducing peptide, derived from an evolutionally conserved domain of
Beclin-1, confirmed its autophagy-inducing role and anti-viral activity
in mice. Other types of drugs with an autophagy-inducing effect
also possess potential application in cancer treatment [49,51,58,71].
For instance, histone deacetylase (HDAC) inhibitors (givinostat,

vorinostat, panobinostat, etc.) execute anticancer action through in-
duction of autophagic cell death [52]. Niclosamide contributes to
the clearance of ubiquitinated proteins through lysosomal pathway
caused by proteasome inhibition [72].

Autophagy inhibition

Numerous functional studies have reported that autophagy inhib-
ition can be combined with extant therapies in breast cancer to im-
prove clinical outcome. Table 3 (also based on Table 2 of Cheng
et al. [47]) lists a set of compounds identified as inhibitors of autop-
hagy. The inhibitors that act on later stage of autophagy include
chloroquine (CQ) and its derivative hydroxychloroquine (HCQ),
which can increase lysosomal pH and compromises the digestive ac-
tivity of hydrolases, ultimately leading to inhibition of fusion of au-
tophagosome with lysosome and degradation of auto-lysosome.
However, HCQ appears to be preferred over CQ owing to its more
tolerable side effects [74]. It was shown recently that the combination
of rapamycin and resveratrol effectively blocks autophagy and in-
duces apoptosis in both estrogen receptor positive and negative breast
cancer cells [75]. Given the prevalence of resistance in ER+ breast can-
cers, autophagy inhibition might serve as an advantageous combin-
ation strategy for these subsets of breast cancer patients. Similarly, in
a small cohort of breast cancer patients with HER2/c-neu amplifica-
tion, the concomitant loss of Beclin-1 is significantly associated with
better clinical response to trastuzimab, indicative of the cell death-
promoting aspect of autophagy in response to the targeted treatment
[76]. This evidence supports the hypothesis that defective autophagy
functions as a modifier, potentially a fundamental driver, of genomic
damage during tumor progression. Doxorubicin predominantly in-
duces autophagy at low doses and apoptosis at high doses. The com-
bination of Bcl-2 siRNA treatment with a low dose of doxorubicin
was reported to enhance autophagic cell death and tumor inhibition
[77]. Notably, in vitro finding on MDA-MB-231 cell lines by co-
treatment of autophagy inhibitor such as CQ and chemotherapeutic
drugs with docetaxel-loaded dendritic copolymer nanoparticles has
provided evidence for the development of nanomedicine as a valuable
method to enhance cancer cell killing [78]. Microtubule stabilizing
agents (taxanes) are common anticancer drugs partially for their pro-
found effects on autophagy. Microtubules support the whole autop-
hagosome formation and trafficking process and regulate the two
major complexes involved in autophagy initiation: mTORC1 and
class III PI3K complex. The cytotoxic effect of taxanes (docetaxel
and paclitaxel) has been demonstrated to induce autophagic cell
death possibly by blocking autophagosome transport and matur-
ation. Other microtubule-targeting drugs like vinblastine disrupt
microtubules and thus decrease autophagic flux, which is important
since autophagy is always induced in response to stress posed by
chemotherapy [73].

Autophagy-deficient Models for Breast

Cancer Study

The majority of proteins that participate in the modulation of autop-
hagy are either tumor suppressors or oncogenes. Therefore, it is not
surprising that mechanisms involved in this process largely overlap
with signaling pathways implicated in the control of cancer. Before
the advent of transgenic techniques, early studies on cancer were large-
ly modeled by tissue culture of cell lines established from human and
animal tumors, as well as by inoculation of such cells lines under the
skin of immune-deficient mice. However, these models failed to fully

Table 1. Clinical studies testing the effects of autophagy

modulators on breast cancer therapiesa

Autophagy
modulation

Phase Therapeutic regimen Identifier

Activation II Rapamycin+trastuzumab NCT00411788
I/II Temsirolimus+neratinib NCT01111825

Inhibition II HCQ NCT01292408
I/II HCQ + ixabepilone NCT00765765
I/II CQ + tamoxifen NCT01023477

aBased on Table 4 of [47].
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Table 2. Representative compounds known to activate autophagya

Mode of action Type of agent Compound Chemical structure Ref.

Inhibits mTORC pathway or
facilitates autophagosome
formation

Inhibitors of mTORC Amiodarone [47]

Perhexiline [47]

Mollugin [48]

Inhibitors of tyrosine kinase Rottlerin [47]

Thiotanib [49]

Inhibitor of Rheb GTPase Cysmethynil [50]

Inhibitors of HDAC Panobinostat [47]

Vorinostat (SAHA) [47]

Table continues
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Table 2. Continued

Mode of action Type of agent Compound Chemical structure Ref.

Givinostat [51]

MRJF4 [52]

Activator of MPK Avicin D [53]

Activates autophagy to
eradicate damaged proteins

Inhibitors of proteasome Bortezomib [47]

Niclosamide [47]

Disrupts Bcl-2 and Beclin-1
interaction and induces
autophagy

BH3 domain mimetics ABT-737 [47]

Table continues
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Table 2. Continued

Mode of action Type of agent Compound Chemical structure Ref.

HA14-1 [47]

Inhibitor of Bcl-XL Z36 [54]

Increases Beclin-1 and induces
autophagy

Antiestrogen Tamoxifen [47]

Inhibitor of glycolysis 2-Deoxyglucose [47]

Promotes caspase-dependent
apoptosis or autophagic cell
death

Inhibitor of MMP-2 ARP101 [55]

Stimulator of ER stress Glucosamine [56]

Inhibitor of caspase-9 FR122047 [57]

Inhibitor of PI3K AS605240 [58]

aModified from Table 3 of [47].
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Table 3. Representative compounds known to suppress autophagya

Mode of action Type of agent Compound Chemical structure Ref.

Blocks the formation of autophagosomes Inhibitor of Class III PI3K 3-Methyladenine
(3-MA)

[47]

Promotes Vps34 complex degradation by
promoting Beclin-1 ubiquitination

Inhibitor of
ubiquitin-specific
peptidase

Spautin-1 [47]

Blocks the fusion of autophagosome with
lysosome or affects lysosomal proteolysis

Inhibitors of microtubule
formation

Nocodazole [47]

Bafilomycin A1 [47]

Paclitaxel (Taxol) [73]

Docetaxel (Taxotere) [73]

Inhibitors of lysosome
acidification

CQ [47]

HCQ [47]

Table continues
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recapitulate the subtleties observed in human tumors [79]. It was the
eminent developmental biologists Rudolf Jaenisch and Beatrice Mintz
who sought to introduce SV40 DNA tumor virus into mice via viral
infection of early embryos that shed light on subsequent generation
of tumor-prone oncomice-transgenic mice carrying dominant onco-
genes [80]. In addition to such transplant tumor models, an ever-

expanding set of research tools have emerged to mimic human cancer
development and progression.

Perhaps not surprisingly, our knowledge of genetic contribution to
human cancer has been further enhanced with the incorporation of
tissue-specific gene deletion techniques. Two distinct types of murine
models have been employed to characterize autophagy based on the

Table 3. Continued

Mode of action Type of agent Compound Chemical structure Ref.

Quinacrine (QN) [70]

33b [70]

34b [70]

ARN5187 [71]

aModified from Table 2 of [47].
bThe names of compounds ‘33’ and ‘34’ were unidentified in literature as of April 2015.

Table 4. Autophagy-deficient murine models for breast cancer studiesa

Gene Genotype Phenotype Ref.

RB1CC1 or
FIP200

Tek-Cre;rb1cc1f/f Perinatal lethal from severe erythroblastic anemia. [15]
rb1cc1f/+;p62+/− Viable; mammary tumor growth severely impaired in FIP200-null comparedwith FIP200 and p62

double-knockout mice.
[15]

rb1cc1−/− Embryonic lethal at E14.5–15.5. [15]
rb1cc1f/f;MMTV-Cre;
MMTV-PyMT

Develop palpable mammary tumor with T50 of 85d; >60% decrease in epithelial surface covered
by hyperplastic nodules and 2.5-fold reduction in the average mass of the mammary glands
compared with that for rb1cc1f/f;MMTV-PyMT mice.

[82]

rb1cc1f/+;MMTV-Cre;
MMTV-PyMT

Develop palpable mammary tumor with T50 of 62d. [82]

rb1cc1f/f;MMTV-PyMT Develop palpable mammary tumor with T50 of 56d. [82]
Beclin-1 Becn1+/−;MMTV-Wnt1 Display significantly shorter mammary tumor-free survival (4 vs. 7.2 months) and overall survival

compared with Becn1+/+;MMTV-Wnt1.
[83]

Tsc1 tsc1f/f;MMTV-PyMT Viable [25]

aModified from Table 2 of [15].
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purpose of research. The first type takes advantage of a reporter model
system to detect and quantify the level of autophagy in vivo, while the
second type modifies the mouse genome to perform global or tissue-
specific gene deletions, thereby creating pathological disease condi-
tions [81]. Accordingly, the effect of autophagy on tumorigenesis
could be evaluated using different models that recapitulate the defi-
ciency for specific autophagy factors. This section will discuss several
types of autophagy knockout murine models based on the implication
of the gene in various stages of autophagy (see Table 4, also refer to
Table 2 of [15]), plus an additional MMTV/c-neu knockout model
that is heavily involved in breast cancer metastasis.

Ulk1/Ulk2

Ulk1 (mammalian homolog of yeast Atg1) is a member of the ULK
kinase complex, which consists of Ulk1, Atg13, RB1CC1, and
C12orf44/Atg101. During nutrient stress and the induction phase of au-
tophagy, Ulk1 andAtg13 are liberated fromMTORC1 phosphorylation
to induce autophagy pathway. The ulk1 conventional knockoutmice are
phenotypically normal and viable, indicating that starvation-induced au-
tophagy is not impaired in the mutants. Like ulk1 knockouts, ulk2
knockout mice are also viable and show no overt developmental defects
due to the likelihood of functional redundancy in mammalian system.
However, ulk1 and ulk2 double knockouts die shortly after birth, sug-
gesting the critical role of Ulk1 in survival [15].

FIP200

FIP200 (FAK family-interacting protein of 200 kDa) encodes an evo-
lutionarily conserved protein characterized by a large coiled-coil re-
gion containing a leucine zipper motif. FIP200, as a component of
ULK1–ATG13–FIP200–ATG101 complex, is shown to be essential
for autophagosome formation. FIP200 conditional knockout in the
MMTV-PyMTmouse model of human breast cancer showed reduced
tumor initiation and progression by both impairing tumor cell prolif-
eration and inducing increased immune surveillance [82].

Ultraviolet irradiation resistant-associated gene

Mono-allelic deletion of ultraviolet irradiation resistant-associated gene
(UVRAG) has been reported to be present in numerous human malig-
nancies. Interaction between UVRAG and Beclin-1 via their coiled-coil
domain is suggested to promote Vps34 complex binding to and activa-
tion by Beclin-1.However, noUVRAG knockout or conditional knock-
out mouse is currently available [15].

Bif-1

Unlike Becn1 null mice, which are embryonic lethal, Bif-1 knockout
mice develop normally but are prone to spontaneous tumors. In con-
trast to 14.3% of wild-type mice, around 89.7% of Bif-1−/− mice de-
veloped spontaneous tumors at 12 months of age [84].

Pik3c3

Themain role of PIK3C3 in autophagy is to phosphorylate PI and gen-
erate PI3P for phagophore membrane elongation. A global knockout
of Pik3c3 in early developmental stage by crossing conditional Pik3c3
allele with Meox1-Cre transgenic strain manifested a high rate of le-
thality at E7.5, similar to Becn1 null mutants. Like several other
autophagy-deficient models, the Pik3c3 heterozygous knockout strain
exhibits no obvious phenotype [15].

Bcl-2

In mammals, the Bcl-2 family is categorized into anti-apoptotic members
(e.g. Bcl-2 and Bcl-XL) and pro-apoptotic members (e.g. Bax and Bak)

with four BH domains, and typically pro-apoptotic Bcl-2 homology 3
(BH3)-only members. The anti-cell death function of Bcl-2 was solely at-
tributed to the inhibition of apoptosis [85,86], until the identification of
Beclin-1 as a Bcl-2-binding protein connecting Bcl-2 to a distinct type of
cell death—autophagy. Inhibition of autophagy is accomplished by the
BH3 domain of Beclin-1 interacting with the BH3-binding groove in
Bcl-2/Bcl-XL [87,88]. Bcl-2 mutants with no Beclin-1 binding activity
fail to inhibit autophagy under nutrient starvation in Beclin-1-expressing
human breast cancer cells. Remarkably, a viral form of Bcl-2, encoded by
tumorigenic murine r-herpesvirus 68, binds to Beclin-1 at a much higher
level than cellular Bcl-2. Such binding affinity renders the viral Bcl-2 re-
sistant to displacement from Beclin-1 [89].

Atg5 and Atg7

Atg5−/− mice are documented as autophagy deficient, and Atg5−/−;
GFP-LC3 mice show no indication of autophagosome formation
[15,90]. Mouse models with systemic mosaic deletion ofAtg5 or liver-
specific Atg7−/− develop liver adenomas. Autophagy-defective hepato-
cytes in these models exhibit oxidative and genotoxic stress as well as
aberrant accumulation of p62/SQSTM1 (p62), damaged mitochon-
dria, ER chaperones, and protein disulfide isomerases due to failure
of protein quality control. The accumulation of p62 upon metabolic
stress leads to increased ROS production and consequent deregulation
of the NF-κB pathway, creating a positive feedback loop for cellular
stress. Tumor growth is partially suppressed in Atg7−/− liver devoid
of p62, indicating a supporting role of p62 accumulation in liver
tumor progression. Spontaneous tumors arisen in these models are be-
nign, autophagy deficient, and uniformly restricted to only one tissue
type (fail to exhibit distant metastasis) [33]. Higher-level understand-
ing of autophagy in tumor metastasis has yet to be elucidated, but we
know autophagy is required for advanced tumor progression [91].

Beclin-1

Beclin-1 is a core protein constituent of the PtdIns3K complex required
for nucleation phase of autophagy, and it contains an N-terminal BH3
domain to be bound and inhibited by Bcl-2/Bcl-2L1. Beclin-1 is ex-
pressed at a high level in normal breast epithelial cells but is markedly
decreased in breast cancer cell lines such as MCF-7. Perhaps attributed
to its cross-talking role in both apoptosis and autophagy, Beclin-1
knockout displays a more severe phenotype than other ATG. Becn1−/−

mice die in utero around E7.5d due to developmental failure to close
the pro-amniotic canal [92]. Heterozygous deletion of Becn1 pro-
motes spontaneous tumor progression compared with control litter-
mates and that aberrant expression of Beclin-1 in many kinds of
tumor tissues correlates with poor prognosis [83,93]. Many breast
carcinoma cells lines with deletions of one or more Becn1 alleles
and human breast tumors exhibit reduced Beclin-1 levels compared
with normal adjacent tissue. Becn1+/− mice, like other pro-autophagy
heterozygous mutants of UVRAG or Bif-1, do not show increased fre-
quency of mammary tumors, but are rather susceptible to lymphomas,
hepatocellular carcinoma, and lung tumors after long latency through
an increase in genetic instability [94]. Additional induced mutant
models for Becn1 demonstrated a development-specific role of autop-
hagy in maintaining a pool of undifferentiated lymphocyte progenitor
cell [95]. On the other hand, overexpression of Beclin-1 leads to a de-
crease in MCF-7 cellular proliferation, and breast cancer formation oc-
curs in nude mice. Furthermore, Negri et al. [76] reported that Becn1
heterozygosity suppressed Palb2-associated mammary tumorigenesis
by p53-dependent mechanism in Palb2f/f;Wap-Cre;Becn1+/− mice.

To study mammary tumorigenesis in autophagy-defective models,
an alternative approach would involve the use of MMTV/c-neu
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transgenic mice. In contrast to the stochastic occurrence of solitary
mammary tumors in transgenic mice carrying the MMTV/c-myc or
the MMTV/v-Ha-ras oncogenes, the MMTV/c-neu transgene-bearing
mice develop adenocarcinomas that extensively infiltrate the entire
mammary epithelium in each gland. Histological analysis of these tu-
mors and surrounding tissues revealed a complete absence of morpho-
logically normal mammary epithelium, suggesting that the expression
of the mutant c-neu transgene can sufficiently transform the mammary
epithelium [96]. Several cancer cell lines and primary tumor profiling
provided evidence for autophagy to be permissive for tumor growth
and enhanced in primary tumors, indicating the necessity of autophagy
for the quick growth and high metabolic needs of some tumor cells de-
scribed as ‘addicted to autophagy’. What leads to autophagy upon
oncogenic transformation is not precisely known. A proposed genetic
model is to generate Becn1−/−;MMTV/c-neu transgenic mice, by cross-
ing Cre-Becn1f/− line with MMTV/c-neu line, in order to assess the
characteristics of tumor growth and their susceptibility to apoptosis.

Conclusions and Perspectives

One of the unresolved problems in cancer therapy is the increased
tumor resistance to extant treatments, which is a direct consequence
of apoptotic defect. Mediating an alternative from of cell death, ca-
nonical or non-canonical autophagy, via multiple pathways might
be an ultimate solution to maximize cancer cell death.

In this review, we summarized howautophagy affects breast cancer
metastasis based on the current literature. However, we are still at the
very preliminary phase of understanding the intertwining relationship
of autophagy and cancer. As we dig further, it gets clear that autop-
hagy is deeply integrated into diverse biological pathways, involving
metabolism, stress response, and programmed cell death. Nowadays,
the consensus view is that the role of autophagy in cancer progression
is dual-sided with both anti- and pro-metastatic properties at various
stages and aspects of cancer. While promoting autophagy to prevent
chronic inflammation and persistent tissue damage might benefit can-
cer prevention, blocking autophagy-mediated survival of tumor cells is
probably more promising in the treatment of cancer. Existing antineo-
plastic regimens including radiation, chemotherapy, HDAC inhibitors
(vorinostat, etc.), cytokines (TNFα, IFNγ, etc.), imatinib, rapamycin,
arsenic trioxide, and antiestrogen hormonal therapies (tamoxifen,
etc.) have been demonstrated to induce autophagy as a pro-survival
mechanism for human cancer cell lines. Therefore, the therapeutic ef-
ficacy of these agents could be largely improved if autophagy is inhib-
ited. However, we should exercise a reasonable degree of caution in
the clinical evaluation of tumor genotype and drug action before turn-
ing autophagy inhibitors into all-purpose solution for breast cancer.
With this being said, the next decades will inevitably witness the enor-
mous challenge of designing clinical trials to combine targeted drugs
for more effective treatment.
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