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Abstract: Autophagy is an evolutionarily conserved process of cellular self-digestion that serves as a mechanism to 
clear damaged organelles and recycle nutrients. Since autophagy can promote cell survival as well as cell death, 
it has been linked to different human pathologies, including cancer. Although mono-allelic deletion of autophagy-
related gene BECN1 in breast tumors originally indicated a tumor suppressive role for autophagy in breast cancer, 
the intense research during the last decade suggests a role for autophagy in tumor progression. It is now recognized 
that tumor cells often utilize autophagy to survive various stresses, such as oncogene-induced transformation, 
hypoxia, endoplasmic reticulum (ER) stress and extracellular matrix detachment. Induction of autophagy by tumor 
cells may also contribute to tumor dormancy and resistance to anticancer therapies, thus making autophagy 
inhibitors promising drug candidates for breast cancer treatment. The scientific endeavors continue to define a 
precise role for autophagy in breast cancer. In this article, we review the current literature on the role of autophagy 
during the development and progression of breast cancer, and discuss the potential of autophagy modulators for 
breast cancer treatment. 

Keywords: Autophagy, breast cancer, transformation, hypoxia, ER stress, tumor microenvironment, metabolism, 
metastasis, apoptosis, cancer therapy 

Introduction

Breast cancer is the second leading cause of 
cancer-related deaths among women in the 
United States, with over 229,000 new cases 
and over 39,000 deaths estimated for the year 
2013 [1]. Concerted efforts have been made in 
recent years to develop therapies that are able 
to treat various forms of breast cancer more 
effectively. Recent studies suggest that the 
process of autophagy or self-cannibalism plays 
an important role in the development, progres-
sion and response of breast cancer cells to 
chemotherapy [2]. Thus, it is believed that 
understanding the context specific roles of 
autophagy could revolutionize the field of 
breast cancer research.

Autophagy (or macroautophagy) is a cellular 
process by which cells recycle their compo-
nents, such as long-lived proteins and dam-
aged organelles, using the lysosomal degrada-

tion mechanisms of the cell [3, 4]. The proteins 
and organelles that have been tagged for 
destruction are sequestered within a vesicle 
known as an autophagosome. The autophago-
some then fuses with the lysosome, forming a 
complex known as an autolysosome, where the 
cargo is degraded into its constituent mole-
cules and then released [3]. The important 
component proteins involved in the execution 
of autophagy have been grouped as Atg(s) 
(autophagy-related) in yeast [5]. 

Successful completion of the complex process 
of autophagy requires coordinated function of a 
number of proteins/complexes at different 
steps, namely: (i) Atg1 (Unc-51-like kinase 1 
and -2 or ULKs in mammals) complex mediates 
the induction step [6-8], (ii) class III PI3K (phos-
phatidylinositol 3-kinase) complex is required 
for nucleation of the autophagosomal mem-
brane [9], (iii) p62/sequestosome 1 targets 
ubiquitinated proteins to autophagosomes [10], 
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(iv) Atg5-Atg12 and LC3-phosphatidyletha-
nolamine are two ubiquitin-like conjugating sys-
tems that carry out the expansion of the grow-
ing autophagosome membrane [11-13]. Tight 
regulation of each of these steps by upstream 
modulators aids in fine-tuning the autophagic 
process [14]. The mammalian target of rapamy-
cin (mTOR) complex, which is activated by 
growth factors and amino acids, inhibits 
autophagy during fed state by inhibiting ULK1 
complex [7, 15-17]. AMP-activated protein 
kinase (AMPK), in contrast, is activated by low 
energy state in the cell and positively regulates 
autophagy directly by phosphorylating ULK1 
[18-20] or indirectly by inhibiting mTOR [21]. 
The Bcl-2 family proteins, especially Bcl-2, Bcl-
xL and Mcl-1, inhibit autophagy by disrupting 
the interaction of Beclin 1/Atg6 with class III 
PI3K complex thus inhibiting the early stages of 
autophagosome formation [22-24]. 
Deregulation at any of these steps results in 
too much or too little autophagy which is asso-
ciated with a number of disorders, including 
cancer [25].

Autophagy is believed to promote cancer by 
allowing cells to survive under conditions of 
metabolic and genotoxic stress [26, 27]. 
Unfavorable conditions of hypoxia and acidity in 
the tumor microenvironment can cause cells to 
be metabolically stressed [28]. Furthermore, 
many chemotherapeutic drugs and radiothera-
pies function by blocking access to essential 
nutrients or by damaging the genome of a 
tumor cell [29]. In this situation, autophagy may 
be triggered within the cells of the neoplasm, 
allowing the cells to survive the conditions 
induced by the chemotherapy and radiothera-
py, in essence giving the tumor resistance to 
the treatment. Under these circumstances, it is 
believed that inhibiting autophagy within the 
neoplastic cells may chemosensitize and radio-
sensitize them, thus increasing the efficacy of 
the treatment [30, 31].

In addition to its ability to promote cell survival, 
excessive autophagy or self-eating may para-
doxically lead to a type of programmed cell 
death (PCD) known as autophagic cell death, or 
type II PCD, a form of death that is considered 
to be distinct from apoptosis and necrosis [32]. 
Unlike apoptosis, there is early degradation of 
organelles and a lack of caspase activation or 
DNA fragmentation and preservation of cyto-
skeleton elements in autophagy [33, 34]. 

Furthermore, autophagy is characterized by 
lack of the inflammatory response seen in 
necrosis. It is believed that inducing autophagic 
cell death within transformed cells that are 
resistant to apoptosis may be a viable thera-
peutic strategy for these types of cancers and 
that the induction of autophagy could poten-
tially be utilized as a prophylactic mechanism in 
high-risk patients [35].

Targeted therapy in breast cancer is dictated by 
the expression of specific molecules such as 
hormone or growth factor receptors. For exam-
ple, triple-negative breast cancer (TNBC) cells 
lack estrogen, progesterone, and human epi-
dermal growth factor 2 (ErbB2 or HER2) mem-
brane receptors and, as such, cannot be treat-
ed with hormonal therapies (e.g. tamoxifen) or 
herceptin (trastuzumab), a humanized antibody 
against HER2 [36]. Furthermore, many types of 
breast cancer possess distinct abnormalities in 
the apoptotic pathway, such as caspase defi-
ciencies and Bcl-2 overexpression, which con-
fer resistance to many forms of chemotherapy 
[37]. Because of the fundamental importance 
of autophagy in the development and progres-
sion of cancer and its ability to influence treat-
ment response, there has been an explosion of 
research on the molecular regulation and sig-
nal transduction mechanisms that control 
autophagy. There are several excellent review 
articles published in the area of autophagy and 
cancer. In this review, we primarily focused on 
how autophagy contributes to the development 
and progression of breast cancer, and its 
impact on various therapeutic options. Although 
it is intended for the breast cancer aficionados, 
it should also benefit investigators engaged in 
other areas of research related to autophagy.

Autophagy and malignant transformation in 
breast cancer

Beclin 1, autophagy and breast cancer

Beclin 1 was originally identified as a Bcl-2-
interacting protein that is structurally similar to 
the yeast Atg6 protein [38], which plays an 
essential role in nitrogen deprivation-induced 
autophagy [39]. Binding of Bcl-2 inhibits the 
association of Beclin 1 with class III PI3K and 
hence prevents autophagy vesicle membrane 
nucleation [22]. Subsequent studies mapped 
BECN1 close to the BRCA1 region on chromo-
some 17, a locus that is frequently deleted in 
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breast, ovarian and prostate cancers [38]. 
Support for a tumor suppressive role of autoph-
agy in breast cancer came from the identifica-
tion of Beclin 1 as a haploinsufficient (Beclin 
1+/-) tumor suppressor [38]. Furthermore, mice 
harboring mono-allelic deletion of Beclin 1 were 
highly susceptible to mammary hyperplasia 
and had an increased incidence of spontane-
ous tumors at various sites [40, 41]. Consistent 
with these studies, breast cancer tissues show 
a decrease in Beclin 1 expression compared to 
normal breast tissue, and the ectopic expres-
sion of Beclin 1 in MCF-7 breast cancer cells, 
which are haploinsufficient for Beclin 1, 
decreased their proliferation and in vivo tumor 
formation [42]. Furthermore, Ras-induced cell 
death in MCF-7 cells was associated with Beclin 
1 upregulation [43]. It has been suggested that 
autophagy-independent functions of Beclin 1 
may also play a role in tumor suppression. 
However, the expression of a wild-type, but not 
an autophagy-deficient mutant of Beclin 1, was 
able to decrease proliferation and tumorigenec-
ity of MCF-7 cells [44]. Nevertheless, the 
autophagy-independent roles of Beclin 1 need 
to be considered when assessing its tumor sup-
pressive function [45].

While the mono-allelic deletion of Beclin 1 
increased spontaneous tumors in mice, its 
complete genetic deletion was embryonically 
lethal [40, 41]. What then is the requirement for 
retaining a single copy of Beclin 1 or the strict 
haploinsufficiency in tumors? It has been sug-
gested that transformed cells may not be able 
to tolerate complete loss of Beclin 1 [46] and 
hence maintain a single copy and low levels of 
the Beclin 1 protein to ensure that the pro-sur-
vival autophagy machinery is intact to over-
come the stressful conditions often encoun-
tered by cancer cells [47]. Furthermore, 
incomplete whole body disruption of a second 
essential autophagy gene Atg5 in mice gave 
rise only to hepatomas, suggesting that tumor 
suppression by autophagy may be limited to 
the liver [48]. These observations suggest that 
the role of autophagy in cancer may be context-
dependent and requires an in-depth analysis of 
its tissue-specific roles in cancer development 
and progression.

Role of autophagy in Ras-driven transforma-
tion

Given its role in cell survival, there had been 
earlier speculations about a causal role for 

autophagy in oncogenic transformation [47, 
49]. The role of autophagy in Ras transforma-
tion has been studied extensively in pancreatic, 
lung and colon cancer models, especially 
because Ras mutation is frequently observed 
in these tumors [50, 51]. Although Ras muta-
tion is not observed in large proportions of 
breast tumors, there is considerable evidence 
that the Ras pathway is activated in breast can-
cer cell lines [52]. Ras hyperactivation may also 
occur downstream of ErbB2 signaling, which is 
often amplified in breast cancers [53, 54]. Lock 
et al. showed that autophagy is required for 
Ras-mediated adhesion-independent transfor-
mation in H-Ras-transformed non-malignant 
breast epithelial MCF-10A cells, as well as in 
human breast cancer cell lines that carry K-Ras 
mutations [55]. Similarly, Kim et al. showed 
that K-Ras transformation in MCF-10A cells 
resulted in increased basal autophagy [56]. In 
addition, autophagy was required for the growth 
of Ras-transformed cells in soft agar and tumor 
formation in nude mice. Involvement of autoph-
agy in tumorigenesis was also confirmed in the 
polyoma middle T (PyMT) mouse model of 
mammary cancer, where abrogation of autoph-
agy by genetic deletion of FIP200 (focal adhe-
sion kinase family-interacting protein of 200 
kD) resulted in decreased tumor growth [57]. 

What leads to autophagy upon oncogenic trans-
formation is not precisely known. Kim et al. pro-
vided evidence for the involvement of the ROS 
(reactive oxygen species)-induced JNK (c-Jun 
N-terminal kinase) pathway [56]. According to 
this model, Ras transformation leads to 
increase in ROS, which results in the induction 
of Atg5 and Atg7 via activation of JNK [56]. 
Alternate mechanisms that mediate oncogene-
induced autophagy activation remain to be 
elucidated. 

Remarkably, autophagy promoted tumorigene-
sis by enhancing proliferation of transformed 
cells rather than increasing cell survival [55, 
57]. The exact mechanism by which autophagy 
promotes cell proliferation remains to be estab-
lished. Present studies have led to the “autoph-
agy addiction” model of transformed cells [46]. 
According to this model, oncogenic transforma-
tion alters cellular metabolism in a way that 
makes autophagy indispensable for tumor pro-
gression. Transformed cells, in which autopha-
gy is inhibited by genetic manipulation, are 
characterized by accumulation of defective 
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mitochondria and defects in glucose metabo-
lism. Intriguingly, different pathways of glucose 
metabolism are affected in different model sys-
tems. In breast cancers, autophagy helps in 
glucose uptake and facilitates glycolysis in 
transformed cells, and a defect in autophagy 
leads to reduced glycolysis [55-57]. However, in 
pancreatic and kidney cancer models, the 
requirement of autophagy comes from its abili-
ty to sustain the tricarboxylic acid (TCA) cycle 
[50, 51]. It has been speculated that autophagy 
helps maintain a pool of healthy mitochondria 
by causing the degradation of defective mito-
chondria (i.e. mitophagy) and thus supports the 
TCA cycle. In addition, autophagy-supplied sub-
strates might also be essential for the TCA 
cycle [46]. White et al. have suggested several 
insightful mechanisms on how autophagy 
might regulate the metabolism of transformed 
cells [46].

Autophagy and tumor cell survival during star-
vation, hypoxia and endoplasmic reticulum 
(ER) stress

Tumor progression is characterized by a highly 
proliferative dense tumor core. Neoangiogene- 
sis tries to cater to the increasing needs of the 
growing tumor, but fails after a point. This leads 
to nutrient and growth factor deprivation and 
reduced oxygen supply in the tumor core. 
Autophagy is perhaps the only process that is 
promptly induced in response to starvation. 
Nutrient recycling during starvation is a func-
tion of autophagy that is conserved from yeast 
to mammals [58, 59]. Thus, autophagy is 
expected to be an important survival mecha-
nism for tumor cells during starvation. 
Autophagy is induced by growth factor depriva-
tion and nutrient starvation in breast cancer 
cell lines and promotes cell survival [60, 61]. 
Whether autophagy promotes cell survival 
under starvation in animal models of breast 
cancer remains to be studied. Nevertheless, 
autophagy was shown to be increased in 
patient-derived mammary tumors and was 
associated with decreased long-term patient 
survival [62].

In order to combat reduced oxygen availability, 
tumor cells induce hypoxia-inducible factors 
(HIFs). HIF-1α is overexpressed in tumors and 
helps in tumor cell adaptation to hypoxia by 
altering metabolism, pH, angiogenesis, erythro-
poiesis, cell migration, invasion, and inflamma-

tion [63, 64]. Recent studies have shown that 
hypoxia can also lead to the induction of 
autophagy [65-67]. Hypoxia-induced autopha-
gy was mediated via Bnip3 [65], a Bcl-2-
interacting BH3-only protein that was initially 
shown to function as a cell death effector [66]. 
Subsequent studies, however, showed that 
Bnip3 induces autophagy, as a survival mecha-
nism, by disengaging Bcl-2 from Beclin 1 [65, 
67]. Thus, HIF-1α/Bnip3 represents the prima-
ry axis that mediates hypoxia-induced auto- 
phagy.

HIF-1α is overexpressed in a subset of breast 
cancers. Its expression was associated with 
ER/PR-negative and ErbB2-positive status [68, 
69]. HIF-1α expression is also increased in 
familial breast cancers in comparison to spo-
radic tumors [70]. Moreover, transcriptional 
activation of HIF-1α target genes was shown to 
be required for breast cancer progression 
[71]. HIF-1α mediates pro-survival autophagy in 
breast cancer cells in response to PPARγ (per-
oxisome proliferator-activated receptor γ) acti-
vation [72]. Hypoxia-induced autophagy pro-
motes cell survival in breast cancer cells [73]. 
However, HIF-1α is not the only mechanism by 
which hypoxic cells induce autophagy. Hypoxia 
can also induce autophagy via activation of 
AMPK or inhibition of mTOR, independent of 
HIF-1α [74, 75].

Rapidly growing tumor cells also display 
increased ER stress due to overload on protein 
synthesis machinery. When the load on protein 
folding machinery is overwhelming, there can 
be accumulation of unfolded proteins. As a 
result, the cell triggers UPR (unfolded protein 
response). Key enzymes activated during UPR 
are PERK (PKR-like ER kinase), IRE1 (inositol 
requiring-1α) and ATF6 (activating transcription 
factor-6) [76]. These enzymes attempt to res-
cue cells by reducing the rate of new protein 
synthesis and increasing the expression of 
chaperon proteins. When the ER stress is 
excessive and unmanageable, UPR triggers 
ER-associated protein degradation (ERAD), 
which is responsible for degradation of unfold-
ed proteins. The proteosomal degradation sys-
tem was the only recycle system known to be 
triggered in response to ER stress. Recently, 
autophagy has been shown to work as an alter-
nate pathway to aid protein degradation during 
ER stress.
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ER stress can induce autophagy through sev-
eral different mechanisms. PERK-mediated 
phosphorylation of eIF2α and Atg12 was shown 
to be required for autophagy induction in 
response to polyglutamine aggregates [77]. 
Similarly, PERK-eIF2α mediated radiation-
induced autophagy [78]. On the other hand, 
IRE1 induced autophagy in response to a vari-
ety of ER stressors by activating JNK [79]. 
Inhibition of Akt and mTOR has also been impli-
cated in ER stress-induced autophagy [80]. ER 
stress and the UPR pathway can also regulate 
autophagy during starvation and hypoxia [65, 
73]. Such a cooperative regulation of autopha-
gy is expected, as different stresses prevail 
concomitantly in the tumor core.

A number of studies suggest that inhibition of 
ER stress-induced autophagy could be exploit-
ed for the treatment of breast cancer [81, 82]. 
In MCF-7 and MDA-MB-231 breast cancer cell 
lines, capsaicin treatment induced autophagy, 
causing resistance to ER stress-mediated 
apoptosis [81]. Such protective autophagy was 
not induced in non-malignant MCF-10A cells 
[81]. Moreover, ER stress and autophagy were 
shown to form the basis of Bortezomib resis-
tance in MCF-7 cells, and inhibition of autopha-
gy increased Bortezomib sensitivity [82].

While most studies suggest a protective role for 
autophagy, some reports show that autophagy 
may act as a cell death mechanism in response 
to stress. Autophagy was shown to promote cell 
death in apoptosis-deficient cells [83]. Using 
Bax/Bak double knockout MEFs, Ullman et al. 
showed that ER stress induced autophagy in 
both apoptosis-competent as well as apopto-
sis-deficient cells [83]. However, while autopha-
gy was cytoprotective in apoptosis-competent 
cells, it led to necrotic cell death in apoptosis-
deficient cells [83]. Inhibition of autophagy 
using 3-methyladenine (3-MA), as well as by 
genetic knockdown of Atg5, resulted in 
decreased cell survival in response to ER stress 
[83]. Similarly, ER stress-mediated autophagy 
in response to radiation was cytotoxic in cas-
pase-3/7-deficient cells [78]. Hypoxia on the 
other hand was shown to induce autophagic 
cell death in various cancer cell lines, including 
apoptosis-competent MDA-MB-231 and ZR-75 
breast cancer cell lines [84]. Thus, the cross-
talk between apoptosis and autophagy appears 
to be stimulus-dependent and warrants further 

investigation in order to exploit this interaction 
to achieve maximum killing of cancer cells.

Autophagy in tumor microenvironment

It is being increasingly appreciated that the 
tumor microenvironment plays a critical role in 
tumor growth [85]. The tumor microenviron-
ment consists, apart from cancer cells, of non-
malignant epithelial cells, fibroblasts, blood 
vessels, immune cells and extracellular matrix. 
There is an active interaction between these 
different factors that govern overall tumor out-
come [85]. How other cell types, like fibroblasts, 
support tumor cell survival is an area of intense 
investigation [86]. Since autophagy can serve 
as a crucial survival mechanism, it is important 
to understand how the process of autophagy is 
regulated in cancer cells versus stromal cells, 
and how this interaction governs the fate of 
tumor cells.

Recent studies have provided insights into the 
role of autophagy in tumor-associated stromal 
cells and its effect on heterotypic signaling 
between stroma and tumor cells [87, 88]. Using 
immortalized fibroblast and breast cancer cell 
co-culture system, it was shown that breast 
cancer cells increase oxidative stress in the 
cancer-associated fibroblasts (CAFs) [89], and 
that increased oxidative stress leads to induc-
tion of autophagy in CAFs [90, 91]. The autoph-
agy then provides recycled nutrients, which 
support the growth of cancer cells. Moreover 
the CAFs lose their mitochondria through 
autophagy and hence switch to anaerobic gly-
colysis, resulting in the excess production of 
lactate, pyruvate and ketone bodies [92, 93]. 
These molecules are then utilized by the cancer 
cells via the TCA cycle to provide energy for 
anabolic processes in cancer cells [94-96]. 
Thus, anaerobic glycolysis in CAFs supports 
aerobic oxidation in tumor cells, a phenomenon 
that the authors term as the “reverse Warburg 
effect” [97]. 

The autophagy in CAFs is associated with the 
loss of caveolin-1 (Cav-1) [92]. Cav-1 is a scaf-
folding protein which is found in the caveolae 
membranes of most cell types and has roles in 
receptor-independent endocytosis [98, 99]. 
Cav-1 loss is associated with early tumor recur-
rence, increased lymph node metastasis and 
tamoxifen resistance in breast cancer patients 
[100-103]. Lisanti et al. showed that Cav-1 loss 
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leads to further increase in autophagy in a 
feed-forward fashion [87]. Cav-1 loss and ROS 
stimulate autophagy in CAFs and induce hypox-
ia-like responses, such as upregulation of HIF-
1α, Beclin 1, BNIP3 and BNIP3L in the tumor 
microenvironment [90]. 

Breast cancer stem cells have been implicated 
in tumor promotion [104, 105]. Recent studies 
have shown that cancer stem cells utilize 
autophagy for their survival [106, 107]. Cufi et 
al showed that autophagy inhibition by knock-
down of autophagy genes was associated with 
a decrease in the number of cells with 
CD44+CD24-/low expression, while it enhanced 
the expression of the CD24 gene [107]. 
Similarly, serum-deprived mesenchymal stem 
cells (SD-MSC) were shown to survive starva-
tion stress via upregulation of autophagy [108]. 
Moreover, SD-MSC also inhibited apoptosis 
and promoted survival of breast cancer cells 
during serum/nutrient deprivation in vitro as 
well as in xenograft models [108]. Thus, autoph-
agy in the stromal cells of a tumor’s microenvi-
ronment presents a new druggable target for 
cancer treatment. 

Autophagy and metastasis

Metastasis involves detachment of tumor cells 
from the primary tumor, intravasation into the 
blood stream, transportation to the secondary 
site and colonization and re-growth of the sec-
ondary tumor [109]. Given the versatile nature 
of autophagy as well as that of metastasizing 
tumor cells, studying their relation is a fascinat-
ing area of investigation. As discussed before, 
autophagy was shown to be induced during 
extracellular matrix (ECM) detachment [110, 
111]. It is generally believed that when adher-
ent cells are deprived of ECM attachment, they 
undergo detachment-induced cell death, or 
anoikis [112]. However, autophagy is also 
induced in matrix attachment-deprived cells in 
suspension culture, as wells as in the luminal 
cells in three-dimensional (3D) culture [113]. 
Moreover inhibition of integrin β1, the key mol-
ecule mediating matrix attachment, also 
induced autophagy [111]. Although it was ini-
tially believed that autophagy in 3D culture 
helps in the luminal clearance [114], a subse-
quent study showed autophagy as a survival 
mechanism in the attachment-deprived cells 
[110]. While it is conceivable that autophagy 

helps detached cancer cells survive while they 
traverse through the circulation, it remains to 
be tested in an in vivo setting. 

Another important process that usually corre-
lates with metastasis is epithelial to mesenchy-
mal transition (EMT), which is characterized by 
the loss of epithelial phenotype (i.e. loss of tight 
junctions) and the gain of mesenchymal pheno-
type, which includes spindle shaped cells that 
have increased migratory and invasive poten-
tial [115]. A recent study showed that induction 
of autophagy by death-effector domain-con-
taining DNA-binding protein (DEDD) correlates 
with EMT inhibition in breast cancer cells [116]. 
Moreover, the knockdown of BECN1 gene 
increased the EMT markers in MCF-7 cells 
[116]. This study implies a negative regulation 
of EMT by autophagy. A recent study showed 
that EMT helps metastasizing tumor cells to 
migrate to a secondary site, where they revert 
back to epithelial phenotype (mesenchymal to 
epithelial transition, MET), which is essential 
for the growth of the secondary tumor [117, 
118]. It is possible that at both the primary and 
secondary site, autophagy helps tumor cells 
grow by maintaining their epithelial phenotype.

A critical aspect of recurrent metastatic tumors 
is dormancy. Isolated tumor cells exit the cell 
cycle and reside in quiescence, thus evading 
cell killing by chemotherapeutic drugs that tar-
get proliferating cells [119]. After long disease-
free periods, regrowth of these dormant cells 
can result in cancer relapse. Recently, autopha-
gy was shown to be required for the survival of 
the dormant ovarian cancer cells [120]. Since 
inhibition of integrin β1 is known to induce 
autophagy [111], and it was shown to promote 
dormancy in the PyMT model of mouse mam-
mary tumor [121], it has been speculated that 
the induction of autophagy, upon integrin β1 
inhibition, promotes survival of dormant breast 
tumor cells [122]. Another mechanism by which 
autophagy can contribute to tumor dormancy is 
via its ability to cause TNF-related apoptosis 
inducing ligand (TRAIL) resistance [123]. 
Autophagy was shown to be cytoprotective 
against TRAIL-induced apoptosis [123]. 
Moreover detached breast tumor cells can 
remain in bone marrow for extended periods 
before making their way to bone. Since bone 
marrow has elevated levels of TRAIL [124], 
there have been speculations that autophagy 
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in detached tumor cells fights TRAIL cytotoxicity 
in bone marrow and thus helps in bone metas-
tasis of breast cancer [122].

Autophagy modulators in breast cancer treat-
ment

Due to its dual ability to be cytoprotective and 
cytotoxic, autophagy has been described as a 
double-edged sword in cancer therapy [125]. 
Autophagy was found to be induced by most of 
the cancer therapeutic agents, since they result 
in cellular stress [126, 127]. Because some 
inducers of autophagy augmented cell death in 
response to anti-cancer drugs, it was believed 
that chemotherapy leads to autophagic cell 
death [128-132]. Consistent with this notion, 
inhibition of autophagy by the knockdown of 
the specific autophagy genes was cytoprotec-
tive in several settings [133, 134]. Studies 

examining the role of autophagy as a cell death 
mechanism had suffered from the lack of a 
specific autophagy inducer. A recent report has 
identified a cell-permeable autophagy-inducing 
peptide, which is derived from an evolutionarily 
conserved domain of Beclin 1 [135]. This pep-
tide induced autophagy and showed anti-viral 
activity in mice. Development of this peptide is 
an important advancement in the field of 
autophagy and could be an attractive thera-
peutic approach in scenarios where autophagy 
induction is desired.

A number of studies also implicate autophagy 
in therapy resistance. Indeed, autophagy is 
induced in response to targeted therapy, endo-
crine therapy, chemotherapy, as well as radia-
tion therapy [126, 127, 136]. Endocrine or hor-
monal therapy includes antiestrogens (e.g., 
tamoxifen) or aromatase inhibitors (e.g., 

Figure 1. Role of autophagy in breast cancer initiation and progression. Autophagy plays an important role in several 
aspects of breast cancer, such as tumor initiation or transformation of mammary epithelial cells, resistance of 
breast cancer cells to detachment-induced cell death facilitating metastatic spread and maintenance of epithelial 
phenotype to possibly promote tumor growth at secondary sites. While excessive self-eating can promote death, 
low levels of autophagy activated in response to cellular stress is believed to promote resistance of breast cancer 
cell to chemotherapy, radiation and targeted therapy in most settings. Another area where autophagy is gaining 
importance is in the heterotypic signaling between the mammary tumor and stroma to sustain the growth of cancer 
cells.
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exemestane). It is the first-line of therapy in the 
treatment of hormone receptor-positive breast 
cancers. Tumor cells often develop resistance 
to hormonal therapy. Autophagy inhibition was 
shown to sensitize breast cancer cells to tamox-
ifen treatment [137]. ErbB2 is another impor-
tant target for breast cancer therapy. However 
trastuzumab, the most widely used monoclonal 
antibody against ErbB2, is not sufficient in 
reducing the tumor burden. The combination of 
trastuzumab with the autophagy inhibitor 3-MA 
increased the anticancer effect of trastuzum-
ab, in ErbB2-positive breast cancer cells [138]. 
Autophagy inhibition also showed promise in 
treating triple-negative breast cancers that are 
difficult to treat due to the lack of any molecular 
targets [139-141]. AMPK activators, as well as 
histone deacetylase inhibitors, induced autoph-
agy in TNBCs [139, 140]. Moreover, inhibition 
of autophagy by chloroquine increased the 
cytotoxic activity of both agents [139, 140]. 
Cytoprotective autophagy is also induced in 
response to radiation therapy [142, 143]. 
Inhibition of autophagy using chemical inhibi-
tors or by genetic manipulation of ATG genes 
sensitized breast cancer cells to ionizing radia-
tion [142, 143]. The radiosensitizing effect of 
autophagy inhibition is seen in hormone recep-
tor-positive as well as TNBC cells [142, 143]. 

Although autophagy inhibitors present attrac-
tive therapeutic agents, caution must be exer-
cised while interpreting the effects of these 
inhibitors. A usual concern with chemical inhibi-
tors is their lack of selectivity. For example, 
3-methyladenine, which is used to inhibit 
autophagy by inhibition of class III PI3K, can 
also inhibit class I PI3K [144]. Similarly, lyso-
somal inhibition by chloroquine or bafilomycin 
A1 can block other cellular processes like 
receptor endocytosis and phagocytosis [145]. 
In fact, chloroquine has been shown to reduce 
cell viability independent of autophagy [146]. 
Hence, the specific contribution of autophagy 
to the effect of these pharmacological agents 
is yet to be determined. Moreover, none of the 
inhibitors inhibit autophagy at every single step. 
While 3-MA inhibits autophagy at an early step, 
the lysosomal inhibitors chloroquine and bafilo-
mycin A1 inhibit autophagy at later steps. 
Inhibition of autophagy at different stages 
might have different consequences. Neverthe- 
less, chloroquine and hydrochloroquine have 
shown promise and are in clinical trials for the 

treatment of a variety of cancers, including 
breast cancer [126, 145].

Conclusions

While autophagy modulation is an attractive 
approach for breast cancer therapy, the area is 
still premature. Autophagy plays important 
roles in multiple stages of breast cancer as 
described in Figure 1. The prevailing idea is 
that autophagy prevents tumor initiation but 
favors the progression of established tumors. 
However, existing studies show that generaliza-
tion of the role of autophagy in cancers from 
different tissues of origin would be nearsight-
ed. An area that could potentially shed more 
light on the complex relationship between 
autophagy and breast cancer is its role in 
breast cancer prevention by caloric restriction, 
the physiologically relevant inducer of autopha-
gy [147]. In established tumors that are meta-
bolically dependent on their microenvironment, 
how can autophagy in the microenvironment of 
the mammary tumor be targeted? Given the 
important role of basal autophagy in develop-
ment and tissue homeostasis, what would be 
the effects of autophagy inhibition on normal 
tissue? For example, autophagy inhibition can 
impair the flux through the ubiquitin-protea-
some system leading to the accumulation of 
toxic, aggregate-prone proteins [148]. Also, in 
this age of personalized medicine, will autopha-
gy modulation depend on the status of the 
apoptotic machinery in the tumor of a particu-
lar patient? These questions suggest that mod-
ulating autophagy for cancer therapy is highly 
context-dependent, and warrant further 
research into the pathways that activate it and 
the molecules that execute it. 
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