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ABSTRACT
Autophagy is deregulated in many cancers and represents an
attractive target for therapeutic intervention. However, the precise
contributions of autophagy to metastatic progression, the principle
cause of cancer-related mortality, is only now being uncovered. While
autophagy promotes primary tumor growth, metabolic adaptation and
resistance to therapy, recent studies have unexpectedly revealed that
autophagy suppresses the proliferative outgrowth of disseminated
tumor cells into overt and lethal macrometastases. These studies
suggest autophagy plays unexpected and complex roles in the
initiation and progression of metastases, which will undoubtedly
impact therapeutic approaches for cancer treatment. Here, we
discuss the intricacies of autophagy in metastatic progression,
highlighting and integrating the pleiotropic roles of autophagy on
diverse cell biological processes involved in metastasis.
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Introduction
Macroautophagy (hereafter termed autophagy) is a lysosomal
degradation pathway that removes superfluous, damaged or toxic
cytosolic proteins, organelles and pathogens. Autophagy requires
over 30 highly conserved autophagy-related genes (ATGs) that
coordinate the formation of double-membrane vesicles, termed
autophagosomes, which encapsulate cytosolic materials and
ultimately fuse with the lysosome for degradation (Bento et al.,
2016). As a result, cargo degraded via autophagy is broken down
into molecular building blocks that are released back to the cytosol
and repurposed for cellular anabolism (Kaur and Debnath, 2015).
Initially viewed as a bulk, non-selective degradative process in
response to limiting nutrients, mounting evidence suggests
exquisite specificity in autophagic cargo selection mediated by
both the ubiquitin-targeting activities of the autophagy receptors
and spatiotemporal control of autophagosome biogenesis
(Zaffagnini and Martens, 2016).
Autophagy plays dual roles in cancer. On the one hand, the

genetic loss of essential components of the autophagy machinery
facilitates cancer initiation due to mitochondrial damage, elevated
oxidative stress and genomic instability (Qu et al., 2003; Takamura
et al., 2011; Yue et al., 2003). On the other hand, autophagic
degradation in established tumors promotes their ability to
metabolically adapt to limiting nutrients and hypoxic conditions,
thereby supporting growth and aggressiveness (Guo et al., 2013;
Rao et al., 2014; Strohecker et al., 2013; Wei et al., 2011; Yang
et al., 2014). Moreover, an increasing body of evidence suggests that

tumor cell autophagy can regulate immune recognition of
established tumors (Box 1). Indeed, recent clinical and pre-
clinical findings have rekindled interest in autophagy inhibition
for cancer therapy (Amaravadi et al., 2019). For example, multiple
studies recently demonstrated that combined inhibition of
autophagy and the mitogen-activated protein kinase (MAPK)
pathway, using both pharmacological or genetic approaches,
elicits potent synergistic cytotoxicity in multiple mutant RAS-
driven models of lung and pancreatic cancer (Bryant et al., 2019;
Kinsey et al., 2019; Lee et al., 2019).

Despite these advances in our understanding of autophagy in
primary tumor progression and response to therapy, the impact of
autophagy on metastasis, the primary cause of cancer-related
mortality, is still being unraveled. Metastasis encompasses a
multistep process in which tumor cells leave the primary tumor by
intravasating into hematogenous circulation, travel as single cells or
cell clusters, extravasate into foreign organs and regain proliferative
potential to colonize secondary sites (Lambert et al., 2017). Tumor
cells must navigate a wide array of stresses during metastasis,
including migration through diverse microenvironments, anchorage-
independent survival, adaptation to nutrient deprivation and hypoxia,
and survival at foreign tissue sites (Nikolaou and Machesky, 2020;
Senft and Ronai, 2016).While in vitro studies demonstrate that tumor
cells utilize autophagy to adapt and survive in response to these
stressors (Kroemer et al., 2010; Mathew et al., 2007), recent in vivo
studies paint a more complex picture of autophagy during metastasis,
demonstrating that autophagy can either promote or restrict metastasis
depending on the specific metastatic stage (Fig. 1). In this Review, we
discuss these nuanced roles of autophagy in metastasis, with a focus
on breast and mammary cancer models, and how they influence
current efforts to therapeutically target this pathway to combat cancer
progression.

Effects of autophagy on metastatic cell biology
Research to date demonstrates that autophagy regulates numerous
metastatic cellular properties (Fig. 2), thereby impacting several
discrete steps during the metastatic cascade; these include (1)
migration, invasion and epithelial-to-mesenchymal transition (EMT),
(2) resistance to detachment-induced cell death, (3) metabolic fitness
and adaptation, and (4) maintenance of dormancy and cancer stem
cells (CSCs), as discussed below.

Migration, invasion and EMT
For metastasis to ensue, cancer cells require increased motility to
invade and escape from the primary tumor site, as well as to
extravasate into foreign organs (Hanahan and Weinberg, 2011;
Langley and Fidler, 2011). Several studies demonstrate that
autophagy promotes the migratory capacity of tumor cells
(Kenific et al., 2016; Kim et al., 2016; Li et al., 2013; Sharifi
et al., 2016), although this is not universally the case (Dower et al.,
2017; Görgülü et al., 2019; Peng et al., 2013; Qiang et al., 2014).
Impaired migration and invasion in autophagy-deficient tumor cells
is at least partly due to perturbed disassembly of focal adhesions at
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the leading edge of migrating cells (Kenific et al., 2016; Sharifi et al.,
2016). Moreover, autophagy promotes the coordinate secretion of the
pro-invasive factors interleukin 6 (IL-6), matrix metalloproteinase-2
(MMP2) and Wnt family member 5a (WNT5A), suggesting that
paracrine effects of autophagy are important for invasive capacity
(Lock et al., 2014). Interestingly, the autophagy machinery also
specifies cargo loading and biogenesis of secreted extracellular
vesicles (EVs), a critical component in establishing a pro-metastatic
environment in secondary organs (Costa-Silva et al., 2015; Leidal
et al., 2020; Murrow et al., 2015; Peinado et al., 2012). Whether EVs
containing autophagy-regulated cargo potentiate the migratory
capacity or colonization efficiency of metastatic tumor cells
remains an important area of future investigation.
EMT is a pro-metastatic process in which epithelial cells acquire

mesenchymal features, including loss of polarity, spindle cell
morphology and enhanced motility. Studies suggest that autophagy
can either promote or restrict the ability of cancer cells to undergo
EMT. For example, the loss of the essential autophagy proteins
ATG3 and ATG7 impairs starvation-induced EMT in hepatocellular
cancer cells (Li et al., 2013). In contrast, the knockdown of
uncoordinated 51-like kinase 2 (ULK2) induces autophagy, which
promotes both EMT and migration in lung cancer cells (Kim et al.,
2016). Moreover, loss of essential ATGs can revert EMT
phenotypes, a phenomenon called mesenchymal-to-epithelial
transition (MET), in RAS-transformed mammary cancer cells
(Lock et al., 2014). Nevertheless, other studies have found that

autophagy deficiency promotes EMT and increased migration in
squamous and gastric tumor cells (Qiang et al., 2014; Qin et al.,
2015). Intriguingly, in several of these studies, autophagy was
found to control the levels of critical EMT-inducing transcription
factors. For example, genetic loss of ATG-encoding genes promotes
p62 (also known as SQSTM1)-dependent stabilization of the EMT-
promoting transcription factor twist family bHLH transcription
factor 1 (TWIST1), which facilitates EMT phenotypes in vitro
(Qiang et al., 2014). Similarly, in breast cancer cells, the activation
of autophagy by death effector domain-containing DNA-binding
protein (DEDD) prevents EMT by promoting selective autophagic
degradation of TWIST, as well as snail family transcriptional
repressor 1 (SNAI1, also known as Snail), another EMT-inducing
transcription factor (Lv et al., 2012). Overall, these results illustrate
the spectrum of interconnections between autophagy, EMT and
tumor cell migration and invasion, all of which dictate the context-
dependent effects of autophagy on early metastatic progression.

Anoikis resistance
Detachment of cells from their surrounding extracellular matrix
(ECM) typically results in anoikis, a form of programmed cell death
caused by loss of integrin-mediated survival cues (Frisch and
Francis, 1994). Metastatic cancer cells encounter prolonged
anoikis-inducing conditions during hematogenous transit and
entry into secondary organs, prior to the restoration of robust
ECM attachments (Paoli et al., 2013; Taddei et al., 2012). Both
normal and tumor cells upregulate autophagy during matrix
detachment, and impaired autophagy promotes anoikis and
decreases the ability of residual cells to recover and grow upon
reattachment (Chen et al., 2017; Fung et al., 2008; Peng et al.,
2013). Moreover, autophagic regulation of anoikis can be observed
during organotypic growth in 3D culture, in which mammary cells
undergo spontaneous apoptosis upon loss of ECM contacts within
the luminal space of growing acini (Chen et al., 2013). Interestingly,
the pro-survival role of autophagy during ECM detachment is
oncogene specific, as mammary cells transformed with prevalent
human oncogenic mutations in phosphatidylinositol-4,5-biphosphate
3-kinase catalytic subunit α (PIK3CA), but not HRAS, are sensitive
to detachment-induced autophagy in 3D morphogenesis assays
(Chen et al., 2013; Lock et al., 2014). At the molecular level, ECM
detachment triggers the activation of a PERK (EIF2AK3)–eIF2a–
ATF4–CHOP (DDIT3) pathway that concomitantly upregulates
expression of the critical autophagy proteins Beclin-1 and LC3B
(MAP1LC3B), and suppresses reactive oxygen species (ROS)
formation, allowing cells to resist anoikis for extended periods of
time (Avivar-Valderas et al., 2011). Thus, PERK performs dual
functions during ECM detachment, promoting robust survival
through induction of autophagy genes and an unfolded protein
response to temporarily arrest cell growth (Brewer and Diehl, 2000).
Furthermore, PERK activation promotes autophagy by activating
the AMP-activated protein kinase (AMPK) catalytic subunits α1 and
α2 (also known as PRKAA1 and PRKAA2), which in turn, inhibits
downstream mammalian target of rapamycin complex 1 (mTORC1)
signaling, thereby releasing the mTORC1-mediated inhibition of
the autophagy initiation machinery (Avivar-Valderas et al., 2013).
Nevertheless, mTORC1-independent pathways also mediate
detachment-induced autophagy, such as the activation of the IκB
kinase (IKK) complex in response to the loss of α3β1 integrin
function in mammary epithelial cells (Chen and Debnath, 2013).
Although detachment-induced autophagy is now considered a
principal mechanism of anoikis resistance, whether it promotes
metastatic progression remains less certain. Notably, in vivo models

Box 1. Tumor cell autophagy and immune recognition
Research over the past decade has elucidated the multifaceted role of
autophagy in distinct immune cell types, as detailed in other reviews
(Jiang et al., 2019; Levine et al., 2011). Early studies investigating
autophagy suggested that, during tumor progression, autophagy-
deficient tumors exhibit elevated necrosis and immune infiltrate
(Degenhardt et al., 2006; Wei et al., 2011). In hypoxic tumor cells, loss
of autophagy promotes susceptibility to cytotoxic T cell (CTL)-mediated
lysis, and autophagy induction protects tumor cells from CTL recognition
via regulation of signal transducer and activator of transcription 3
(STAT3) activation (Noman et al., 2011). Recently, a genome-wide
CRISPR screen utilizing diverse tumor models revealed tumor cell
autophagy as a top determinant of CTL evasion, and loss of autophagy
conferred increased sensitivity to interferon-γ (IFNγ)- and tumor necrosis
factor (TNF)-induced cell death (Lawson et al., 2020). Similarly,
autophagy induction in hypoxic tumor cells impairs natural killer (NK)
cell-mediated killing via autophagic degradation of granzyme B
(Baginska et al., 2013) and connexin 43 (Tittarelli et al., 2015), the
latter of which controls stability of the immunological synapse between
tumor cells and NK cells. Further studies demonstrate that impairment of
autophagy via genetic and pharmacological approaches can enhance
effects of anti-PD-L1 and -PD1 (also known as CD274 and PDCD1,
respectively) immunotherapies (Noman et al., 2020). However, this is not
universally observed across a wide spectrum of tumor models
(Starobinets et al., 2016). Moreover, autophagy can also function to
promote anti-tumor immune responses. Autophagy enhances the
secretion of high mobility group box 1 (HMGB1) from dying cells
(Thorburn et al., 2009), which in turn, activates toll-like receptor 4 (TLR4)
on dendritic cells to enhance adaptive antitumor responses (Apetoh
et al., 2007). Additionally, autophagy supplies the lysosome with ATP,
which is released via lysosomal exocytosis in dying tumor cells and
potentiates the recruitment and activation of tumoral immune populations
(Wang et al., 2013b). Thus, tumor cell autophagy can both facilitate
immune evasion as well as initiate immune responses to dying cells. As
autophagy inhibitors are further developed as cancer therapeutics, it will
be crucial to understand how these compounds influence both tumor
cells and immune populations.
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of hepatocellular carcinoma demonstrate that autophagy promotes
anoikis-resistance and ascites formation, highlighting the importance
of this pathway in a physiological setting (Peng et al., 2013). Thus,

autophagy may promote metastasis by imparting survival advantages
to disseminating tumor cells as they navigate environments that are
deprived of ECM–integrin contact en route to secondary organs.

Cancer initiation

Stroma

Blood vessel

Invasion

Intravasation

Extravasation

Macrometastactic growthDTCs

Autophagy         Metastasis

Limits genomic instability, oxidative stress, 
mitochondrial damage and cancer initiation

Invasive cancer

Autophagy         Metastasis

Autophagy         Metastasis

Promotes metabolic adaptation, migration, anoikis
resistance; limits immune-mediated tumor cell killing

Limits necrosis, hypoxia, EMT

Autophagy         Metastasis

Promotes cancer stem cell maintenance and 
survival
Promotes adaptation to limiting nutrients

Autophagy         Metastasis

Autophagy         Metastasis

Promotes immune evasion via MHC-I degradation

Limits emergence of aggressive cancer subpopulations

Key

Tumor cell T cellNeutrophil Extracellular vesicle
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Fig. 1. Stage-specific roles for autophagy during metastatic progression. Pre-clinical evidence demonstrates that autophagy can both suppress and
promote tumor progression at distinct steps of the metastatic cascade. Autophagy hinders cancer initiation, but critically supports the growth andmetabolic fitness
of advanced primary tumors. In primary tumors, autophagy limits hypoxic and necrotic cell death, which might influence critical tumor–stroma interactions
that initiate metastatic spread. Moreover, tumor cells utilize autophagy for migration, invasion and anoikis resistance. Upon initial seeding of distant metastatic
sites, disseminated tumor cells (DTCs) utilize autophagy to facilitate dormant and quiescent cell survival, which may facilitate clinically undetectable
metastatic disease resistant to therapeutic intervention. As DTCs erupt into a proliferative growth phase, autophagy can limit the emergence of aggressive
subpopulations of tumor cells with high proliferative potential. Finally, autophagy selectively degrades MHC-I, which is crucial for immune recognition of tumor cells.
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Metabolic fitness and adaptation
During transit to and upon arrival at secondary organs, cancer cells
must metabolically adapt to changing microenvironments. Stage-
specific metabolic plasticity is a commonly observed feature of
metastatic tumor cells (Lehuédé et al., 2016). For example,
circulating breast cancer cells exhibit elevated mitochondrial
biogenesis and oxidative phosphorylation (OXPHOS) compared
to their isogenic counterparts from both the primary tumor and
established pulmonary metastases (LeBleu et al., 2014). Specific
tissue microenvironments direct metabolic adaptation during
metastasis, with metastatic tumor cells relying more heavily on
glycolytic metabolism when they reside in liver relative to bone and
lung (Dupuy et al., 2015). Given the ability of autophagy to degrade
mitochondria, termed mitophagy, a tempting hypothesis is that
cancer cells employ mitophagy to control the balance between
OXPHOS and glycolytic metabolism during dissemination and
metastatic colonization. Accumulation of damaged mitochondria in
autophagy-deficient cancer cells results in elevated ROS, which can
potentiate cancer initiation and shift the balance from OXPHOS to
glycolytic (Warburg) metabolism (Chourasia et al., 2015; Guo et al.,

2011; Takamura et al., 2011). Moreover, mammary cancer cells
with impaired mitophagy display enhanced metastatic capacity,
underscoring the contribution of autophagy in regulating the
metabolic state of metastatic tumor cells (Chourasia et al., 2015).
Interestingly, autophagy-deficient cells with accumulated damaged
mitochondria adapt to excessive ROS by inducing nuclear factor
erythroid 2 like 2 (NRF2; also known as NFE2L2)-mediated
antioxidant transcriptional programs that are mediated by the
accumulation of the autophagy receptor p62 (Fan et al., 2010;
Komatsu et al., 2010; Lau et al., 2010). Taken together, these studies
support the notion that impaired autophagy might limit the ability of
cancer cells to upregulate OXPHOS in the circulatory environment
due to decreased mitochondrial integrity, but the resultant shift to
glycolytic metabolism and the induction of NRF2-driven
antioxidant programs in these cells might facilitate the subsequent
outgrowth of disseminated tumor cells.

Upon arrival at the metastatic organ, cancer cells encounter
harsh, nutrient-limited environments prior to the establishment
of a tumor-supportive microenvironment. Accordingly, cancer
cells can switch to nonconventional energy sources mediated by
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Fig. 2. Autophagic regulation of tumor cell biological functions that influencemetastatic progression.Autophagy supports multiple pro-metastatic cellular
functions in primary tumors and during the early stages of metastasis, namely metabolic recycling and homeostasis, invasion and migration, and resistance to
anoikis and chemotherapy, as well as cancer stem cell survival and fitness (arrows). In contrast, especially during the late stage of metastasis, such as
colonization, autophagy has been found to be anti-metastatic by restricting the proliferation of disseminated tumor cells and inhibiting pro-metastatic differentiation
programs (inhibitory arrows). How these paradoxical autophagy-regulated phenotypes coalesce during in vivometastasis remains an area of intense investigation
and clinical significance.
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autophagic-lysosomal nutrient scavenging pathways (Lawrence and
Zoncu, 2019). During starvation, AMPK directly associates with
UNC-51-like autophagy activating kinase 1 (ULK1; also known as
ATG1), an upstream component of the autophagy machinery,
resulting in ULK1 phosphorylation and a signaling cascade leading
to productive autophagic flux (Egan et al., 2011; Kim et al., 2011).
In conjunction with recycling of cytosolic components by
autophagy, cancer cells also utilize macropinocytosis to
endocytose bulk protein from the extracellular milieu, degrading
them in the lysosome to fuel tumor growth when conventional
nutrients are limiting (Commisso et al., 2013). Interestingly,
autophagy and macropinocytosis are interconnected as they are
both regulated by upstream mTOR and AMPK signaling (Florey
and Overholtzer, 2019), suggesting that the coordinated regulation
of these two processes promotes cancer cell viability and growth
prior to the creation of tumor-supportive environments in early
metastases.

CSC survival and maintenance
Autophagy is essential for normal maintenance and differentiation
of hematopoietic, adipose, bone, neural and muscle stem cells
(Fiacco et al., 2016; Li et al., 2018; Singh et al., 2009; Tang and
Rando, 2014; Wang et al., 2013a; Warr et al., 2013). Akin to their
normal counterparts, CSCs or tumor-initiating cells comprise small
subpopulations within a tumor and, owing to their capacity to self-
renew and differentiate into multiple cell types, CSCs are proposed
to initiate tumor progression at secondary metastatic sites (Malanchi
et al., 2012). CSCs can remain quiescent, but viable, when they stop
dividing, which at a population level, is termed dormancy. Overall,
CSCs display highmetastatic potential because of their differentiation
properties, invasiveness and resistance to conventional therapies (Hen
and Barkan, 2020; Li et al., 2007; Yeh and Ramaswamy, 2015).
Autophagy is strongly associated with CSC survival and

maintenance and thus tumor aggressiveness (Nazio et al., 2019;
Smith and Macleod, 2019). Autophagy has been shown to
positively regulate the CSC-like phenotype in breast cancer by
maintaining breast CSCs, identified by CD44+ CD24−/low surface
expression, in vitro; RNAi-mediated depletion of LC3B or ATG12
reduced the number of epithelial cells and favored CD24+ cells in
human breast ductal carcinoma in situ, demonstrating that
autophagy is functionally required for the maintenance of breast
CSCs (Cufí et al., 2011). In a genome-wide mammosphere-based
screen for CSC function, ATG4 was identified as a regulator of this
CD44+ CD24−/low cell population and their ability to form
mammospheres in vitro (Wolf et al., 2013); interestingly, a second
study found that ATG4 similarly controlled stem-like properties in
gastric tumor cells via regulation of Notch signaling in an
autophagy-independent fashion (Yang et al., 2016). Not
surprisingly, CD44 has been correlated with increased metastatic
invasiveness, and TGF-β, which promotes EMT and tumor cell
motility, and also induces autophagy and stemness (Comen et al.,
2011). Similarly, in MDA-MD-468, a triple-negative breast cancer
cell line that depends on autophagy for survival, autophagy promoted
IL-6 secretion, which was required for the CD44+ CD24−/low

phenotype and mammosphere formation (Maycotte et al., 2015).
Finally, in mouse mammary cancer models driven by the polyoma
middle T oncogene (MMTV-PyMT), the autophagy regulator
FIP200 (also known as RB1CC1) was genetically required for the
tumor-initiating potential of two different CSC populations, ALDH-
active luminal CSCs and mesenchymal CD29hi CD61+ CSCs (Yeo
et al., 2016). Althoughwe focus here on breast cancer, the importance
of autophagy in CSC maintenance and function has been

demonstrated in other cancer types, as detailed in other reviews
(Nazio et al., 2019).

Stage-specific effects of autophagy on metastatic
progression in vivo
Pre-clinical evidence to date suggests that autophagic control of
metastasis in vivo is nuanced and context-dependent, with evidence
that autophagy both supports and restricts metastasis at different
steps in the metastatic cascade (Fig. 1). Again, we focus on human
breast and mouse mammary cancer models as a paradigm; however,
additional work has been conducted in other cancer types (Caino
et al., 2013; Görgülü et al., 2019; Li et al., 2016, 2019; Maes et al.,
2014; Peng et al., 2013; Qiang et al., 2014; Qin et al., 2015; Yang
et al., 2016).

Early work in the well-characterized MMTV-PyMT-driven
mammary tumor model on the FVB/N background demonstrated
that genetic loss of Fip200, a critical regulator of autophagy
induction, potently attenuated primary tumor growth and resulted in
decreased spontaneous pulmonary metastases (Wei et al., 2011).
Similar findings on reduced primary tumor growth and metastasis
were found in our recent study utilizing orthotopic transplantation of
MMTV-PyMT cells deficient for Atg12 or Atg5 in C57BL/6 mice
(Marsh et al., 2020). In contrast, autophagy-deficient tumors
displayed increased spontaneous metastasis compared to
autophagy-competent counterparts following excision of size-
matched primary tumors, highlighting the importance of
disentangling the effects of autophagy on primary tumor versus
metastasis phenotypes (Marsh et al., 2020). The potential
discrepancies between these studies may be due to enhanced
susceptibility to tumorigenesis in the FVB/N mouse genetic
background relative to in C57BL/6 mice (Davie et al., 2007).
Additional studies utilizing distinct models underscore the cell-
type-dependent effects of autophagy on metastasis. Specifically,
Atg5 or Atg7 knockdown in monoclonal 4T1 mammary cancer cells
did not impair primary tumor growth but led to decreased numbers
of spontaneous pulmonary and hepatic metastases. This effect was
not seen in experimental metastasis assays, suggesting autophagy
inhibition impaired tumor cell dissemination from the primary
tumor (Sharifi et al., 2016). Similarly, knockdown of Beclin1 or
administration of the anti-malarial lysosomal inhibitor chloroquine
(CQ) in 4T1 cells reduced spontaneous metastasis but did not
impair primary tumor growth (Barnard et al., 2016). However, CQ
administration after primary tumor resection or in experimental
metastasis assays with 4T1 or B16-F10 melanoma had no effect on
metastatic burden, providing further support that autophagy
primarily promotes early metastatic dissemination in these models
(Barnard et al., 2016). A separate study corroborated that CQ did not
impact B16-F10 metastasis, whereas Atg5 knockdown decreased
experimental metastasis, revealing divergent effects of CQ and
genetic autophagy inhibition in this melanoma line (Maes et al.,
2014). In contrast, studies using MDA-MB-231 human breast
cancer cells harboring a hypoxia-inducible dominant-negative
mutation of ULK1 have demonstrated that hypoxia-dependent loss
of autophagy did not impair primary tumor growth, but increased
spontaneous pulmonary and hepatic metastases, a result similarly
observed in experimental metastasis models, once again broaching
that autophagy restricts the late stages of metastasis in these cells
(Dower et al., 2017).

During metastasis, disseminated tumor cells often remain
dormant and undetectable at metastatic sites for protracted periods
of time, before erupting into proliferative growth cycles and forming
macrometastatic lesions. This process of outgrowth of disseminated
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tumor cells into clinically lethal metastasis, termed metastatic
colonization, is now viewed as a key rate-limiting step in the
metastatic cascade (Lambert et al., 2017). Understanding the
mechanisms by which these cells emerge from dormancy has
profound implications for patients; in breast cancer, metastatic
recurrence can occur decades after primary tumor removal (Sosa
et al., 2014). Because autophagy is upregulated in dormant cancer
cells and controls the maintenance and survival of CSCs in vitro,
whether autophagy regulates the emergence from dormancy and
metastatic colonization in in vivo physiological settings represents
an issue of immense biological and clinical significance. In recent
years, several studies have tried to address this question. The first
utilized a dormant-to-proliferative switch model in which
pulmonary fibrosis induces otherwise dormant D2.OR mammary
cancer cells to become proliferative (Vera-Ramirez et al., 2018). In
this context, the acute administration of hydroxychloroquine (HCQ)
immediately after tumor cell inoculation into the pulmonary
environment decreased proliferative outgrowth compared to
vehicle-treated controls in immune-compromised animals,
indicating that autophagy is important for the survival and early
expansion of disseminated dormant tumor cells in vivo. In contrast,
HCQ treatment after this proliferative switch had occurred under
fibrotic conditions had minimal impact. Interestingly, decreased
autophagic flux was associated with emergence from dormancy
under fibrotic conditions, potentially underlying the lack of effect of
HCQ during the later stages of colonization (Vera-Ramirez et al.,
2018). A second study demonstrated the pro-metastatic effects of
autophagy inhibition in D2.OR cells under non-fibrotic conditions
in syngeneic animals (La Belle Flynn et al., 2019). Atg3 knockdown
in this context elicited the emergence of proliferative, stem-like
metastatic cells marked by elevated levels of a key glycolysis
regulator, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
(PFKFB3), suggesting a heterogeneous response to autophagy
inhibition that gives rise to aggressive subpopulations (La Belle
Flynn et al., 2019). A third study employing adriamycin-induced
dormant breast cancer cells found that stable impairment of
autophagy mediated by knockdown of Atg5, but not transient
blockade of autophagy with CQ, resulted in both escape from
dormancy and earlier metastatic recurrence (Aqbi et al., 2018). In
this study, autophagy-deficient metastases exhibited higher
frequencies of proliferating polyploid-like cells, indicating that the
loss of autophagy promotes genomic instability and
macrometastatic outgrowth. Finally, in the MMTV-PyMT model,
the impairment of tumor cell autophagy by conditional genetic
deletion of Atg5 or Atg12 after cells have seeded the pulmonary
environment resulted in highly proliferative, basal-like
subpopulations and increased metastatic outgrowth (Marsh et al.,
2020). Similar results were found upon Atg12 knockdown in
polyclonal 4T1 experimental metastasis models, suggesting that
heterogeneity in the response to autophagy inhibition might impart
distinct functional consequences (Marsh et al., 2020). Additionally,
enforced autophagy induction by knockdown of Rubicon
(RUBCN), an established negative regulator of autophagy,
decreased the emergence of aggressive basal populations, thereby
attenuating macrometastatic outgrowth (Marsh et al., 2020). The
emergence of aggressive subpopulations of tumor cells downstream
of autophagy inhibition occurs across a broad range of cancer cell
types (Towers et al., 2019). Taken together, these findings suggest
that autophagy promotes early stages of metastasis, including
dissemination and survival in circulation, as well as survival and
maintenance of dormant tumor cells. However, during later stages
of metastasis, autophagy attenuates metastatic colonization by

restricting the emergence of aggressive cancer cell subpopulations
and suppressing macrometastatic outgrowth.

Selective autophagy receptors and metastasis
Autophagy sequesters and degrades large portions of the cellular
proteome (Zhang and Ghaemmaghami, 2016). Research over the
past decade has revealed exquisite selectivity for autophagic cargo
(Zaffagnini and Martens, 2016). This selectivity is mediated by a
related group of proteins termed autophagy receptors, which share
common features including ubiquitin-binding domains and LC3-
interacting regions (LIRs). Thus, autophagy receptors bring the
ubiquitylated cargos into proximity with LC3 on the growing
autophagosomal membrane for their eventual degradation (Box 2)
(Johansen and Lamark, 2020). Interestingly, recent work
demonstrates that autophagy receptor binding to cargo is
sufficient to recruit the autophagosome initiation complex and to
stimulate the formation of the isolation membrane in a
spatiotemporal manner (Ravenhill et al., 2019; Turco et al., 2019;
Vargas et al., 2019), suggesting that the recognition of cargo by
autophagy receptors can precede autophagosome biogenesis in
particular contexts. Upon fusion of the autophagosome with the
lysosome, autophagy receptors are degraded alongside ubiquitylated
cargo (Johansen and Lamark, 2020). Remarkably, an important
consequence of autophagy inhibition includes cytosolic

Box 2. The autophagy receptors p62 and NBR1
Selective autophagy is mediated by a group of proteins termed
autophagy receptors, including p62 (also called sequestosome 1;
SQSTM1), NBR1, OPTN, NDP52, BNIP3, TAX1BP1 and NCOA4
(Johansen and Lamark, 2020). Among these, p62 and NBR1, two
evolutionarily related proteins with ubiquitous expression in humans, are
the best studied for their impact in human disease (Aguet et al., 2017).
p62 and NBR1 possess similar domain structures, including a N-terminal
PB1 domain, a ZZ type zinc-finger domain, a LC3-interacting region
(LIR) and a C-terminal ubiquitin-binding domain (UBD) (Kirkin and
Rogov, 2019). During autophagy, cargo recognition is mediated by
binding of the UBD to ubiquitylated cargo and interaction with LC3 family
proteins on the autophagosomal membrane via LIRs (Johansen and
Lamark, 2020). Phosphorylation of S403 and S409 on the p62 UBD
enhances an otherwise poor avidity for ubiquitin chains and promotes
autophagic cargo recognition and clearance (Lim et al., 2015;
Matsumoto et al., 2011; Matsumoto et al., 2015). Similarly,
phosphorylation of LIR domains can promote binding affinity for LC3
family proteins (Wild et al., 2011). p62 and NBR1 both polymerize
independently and cooperatively via PB1 domains, a process which
promotes formation of phase-separated aggregates and autophagic
degradation of cargo (Bjørkøy et al., 2005; Sun et al., 2018; Svenning
et al., 2011; Zaffagnini et al., 2018). Formation of phase-separated
condensates require ubiquitin chains, and elevated monoubiquitin can
inhibit their formation (Zaffagnini et al., 2018). Interestingly, p62-positive
condensates require NBR1 for their formation, and overexpression of
NBR1 prevents autophagic clearance of condensates and promotes
activation of NRF2 by p62 (Kirkin et al., 2009; Sánchez–Martín et al.,
2020). Although these findings highlight the importance of autophagy
receptors in mediating phase separation, the consequences of these
emerging properties for tumorigenesis remain obscure. Finally, NBR1
possesses distinct domains compared with p62, including a coiled-coil
domain that is important for dimerization, a FW domain and an
amphipathic helix adjacent to the UBD (Kirkin and Rogov, 2019).
However, the functional importance of these domains in cancer biology
remains unclear. Overall, future studies are needed to uncover how
these autophagy receptors govern distinct signaling events during
cancer progression, both in the setting of autophagy competence and
deficiency.

6

REVIEW Journal of Cell Science (2021) 134, jcs247056. doi:10.1242/jcs.247056

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



accumulation of autophagy receptors, which can function as critical
signaling scaffolds. Moreover, accumulation of specific autophagy
receptors (i.e. p62 andNBR1) induces aggregate formation and phase
separation (Kirkin et al., 2009; Sun et al., 2018; Zaffagnini et al.,
2018), which might sequester key signaling modulators away from
canonical signaling partners, thus impacting downstream pathways or
leading to novel signaling interactions within the aggregate. Thus, the
modulation of autophagy may regulate tumorigenesis and metastasis
through multiple, non-mutually exclusive, routes. How these
functions of autophagy receptors impact cancer progression and
metastasis is only starting to be deciphered (Fig. 3).

The most well-studied and archetypal autophagy receptor is p62,
which mediates pleiotropic functions upon accumulation in
autophagy-deficient cells. p62 acts as a scaffold to potentiate pro-
tumorigenic, inflammatory NFκB signaling downstream of RANK-L
(also known as TNFSF11), TNF and IL-1 stimulation by binding
TRAF6 and RIP (also known as RIPK1) and enhancing activation of
atypical protein kinase C (Fig. 3A) (Durán et al., 2004; Sanz, 1999,
2000). Moreover, several studies demonstrate that p62 promotes
NFκB signaling and growth of primary tumors (Duran et al., 2008;
Mathew et al., 2009; Wei et al., 2014), although it is unclear whether
similar pathways promote metastases. Additionally, p62 antagonizes

Scaffolding phenotypes Degradation phenotypes

Autophagy competent

Sequestration phenotypes

Autophagy deficient

Inflammation

Cell growth

Cytokine production
and differentiation
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Anti-oxidant transcriptional
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epithelial transcriptional
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Fig. 3. Pleiotropic functions of autophagy receptors in cancer. Selective autophagy is mediated by receptors, such as p62 and NBR1, which recognize
ubiquitylated substrates and target them to the autophagosome for degradation. As a result, autophagy receptors are themselves degraded via autophagy.
(A) Upon inhibition of autophagy, p62 and NBR1 accumulate within cells and act as scaffolds for components that are critical for MAPK and NFκB signaling
cascades. (B) Elevated levels of cytosolic autophagy receptors in autophagy-deficient cells may also stabilize pro-metastatic transcription factors (NRF2, TP63
and TWIST1) or metabolic enzymes (PFKFB3) by sequestrating molecules that would normally promote the proteasomal degradation of these metastasis-
promoting factors in autophagy-competent cells. (C) In autophagy-competent cells, NBR1 selectively removes MHC-I from the cell surface for autophagic
degradation, thereby facilitating tumor cell immune evasion. aPKC, atypical protein kinase C; Ub, ubiquitin.
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ERK1 and ERK2 (also known asMAPK3 andMAPK1, respectively)
MAPK signaling, a key driver of cancer cell proliferation, by directly
binding to ERK1/2 and sequestering it away from the downstream
MEK1/2 kinases (MAP2K1 and MAP2K2) (Fig. 3A) (Rodriguez
et al., 2006). In contrast, p62 promotes p38 family MAPK signaling
and downstream cytokine production, as well as differentiation gene
expression programs, suggesting that p62 may serve to balance
functional outcomes of MAPK activation (Fig. 3A) (Kawai et al.,
2007; Sudo et al., 2000). In addition to providing a scaffold for key
signaling pathways, p62 can also prevent the proteasomal degradation
of important antioxidants, EMT and metabolic effectors (Fig. 3B).
Notably, p62 accumulation stabilizes NRF2, a transcription factor
that mediates antioxidant gene expression during oxidative stress, by
preventing the KEAP1-dependent recruitment of the E3-ubiqiutin
ligase cullin-3 to NRF2 (Fig. 3B) (Komatsu et al., 2010).
Additionally, by preventing the degradation of TWIST1,
overexpression of p62 promotes both primary tumor and metastatic
growth in vivo (Fig. 3B) (Qiang et al., 2014). Similarly, p62
accumulation prevents proteasomal degradation of PFKFB3, a critical
glycolysis mediator, and promotes the outgrowth of otherwise
dormant metastatic tumor cells (Fig. 3B) (La Belle Flynn et al., 2019).
Overall, the level of p62 controls key signaling programs, and its
accumulation upon autophagy inhibition confers important pro-
tumorigenic functions that likely impact metastatic progression
in vivo.
Recently, important roles for NBR1, which is closely related to

p62, have been delineated in cellular differentiation and cancer.
Early studies demonstrated that NBR1 directly interacts with
activated p38 MAPK family proteins, and mice expressing a
NBR1 truncation mutant exhibit aberrant p38 MAPK signaling that
mediates increased osteoblast differentiation and bone formation
(Fig. 3A) (Whitehouse et al., 2010). Later, NBR1 was found to
interact withMEKK3 (also known asMAP3K3) via its PB1 domain
to induce JNK MAPK signaling in myeloid cells, which promoted
polarization of M2 macrophages and obesity-induced inflammation
in adipose tissue (Fig. 3A) (Hernandez et al., 2014). In breast cancer
models, NBR1 is both necessary and sufficient for pulmonary
metastatic colonization and the acquisition of aggressive, basal
differentiation traits (i.e. cytokeratin 14 expression) downstream of
the basal epithelial transcription factor TP63, in disseminated tumor
cells (Fig. 3B) (Marsh et al., 2020). Moreover, we found that
accumulation of NBR1 is required for both pro-metastatic
differentiation and macrometastatic outgrowth of autophagy-
deficient tumor cells, suggesting that NBR1 is responsible for the
generation of pro-metastatic tumor cell subpopulations that arise
when autophagy is impaired, and that this effect is functionally
independent of its role in selective autophagic degradation (Marsh
et al., 2020). Finally, in pancreatic cancer models, NBR1 is required
for autophagy-dependent translocation of major histocompatibility
complex, class I (MHC-I) from the plasma membrane to the
lysosome, which elicits immune evasion and subsequent tumor
growth in vivo (Fig. 3C) (Yamamoto et al., 2020). Overall, these
results point to NBR1 as a novel regulator of a spectrum of
differentiation states in tumor cells and suggest that its accumulation
potentiates tumor metastasis.
In addition, the mitophagy receptor BNIP3 has been shown to be

critical for mammary tumor progression (Chourasia et al., 2015).
Loss of BNIP3 increased ROS and HIF1α expression in primary
tumor cells and induced a shift from OXPHOS to glycolytic
metabolism, ultimately leading to increased spontaneous metastasis
in autochthonous models. Interestingly, loss of BNIP3 in the
stromal compartment had no effect on metastatic progression in this

model, suggesting a tumor-cell-intrinsic role for mitophagy during
metastasis (Chourasia et al., 2015). As therapeutic modulation of
autophagy in cancer continues to evolve, it will be important to
consider the effects of these strategies on autophagy receptor
abundance and associated functions when evaluating their potential
utility in preventing and treating metastasis.

Therapeutically targeting autophagy in metastasis
In addition to its role in tumorigenesis and metastasis, autophagy
induction can be cytoprotective to cancer cells against commonly
used cancer treatments, including a wide array of FDA-approved
drugs (Rebecca and Amaravadi, 2016). Indeed, autophagy is
implicated in therapeutic resistance in multiple cancers, including
chemo-resistance to genotoxic therapies, kinase inhibitors,
androgen-ablation therapy and targeted therapies (Cook et al.,
2014; Frassanito et al., 2016; Mulcahy Levy et al., 2017; Nguyen
et al., 2014;Wang andWu, 2014;Wei et al., 2013; Yan et al., 2016).
Potential mechanisms include the effects of autophagy on CSC
plasticity, the expression of multi-drug resistance genes, and
evasion of anoikis and immune recognition (Amaravadi et al.,
2019). Because chemotherapeutic treatments can induce autophagy
in cancer cells, combining cytotoxic drugs with autophagy
inhibitors can augment their chemosensitivity and also target
refractory cells, including CSCs (Sui et al., 2013). This concept
prompted the first clinical trials of autophagy inhibitors,
repurposing the anti-malarial CQ and its less toxic form
hydroxychloroquine (HCQ) (see Table 1) for a wide spectrum of
advanced tumors. With over 60 clinical trials either completed or
ongoing, several striking responses and prolonged stable disease in
patients with colon cancer, myeloma, melanoma and renal cell
carcinoma provide evidence to support regimens that include
anti-malarials (Table 1). However, CQ and HCQ only indirectly
inhibit autophagy; their primary target is proposed to be palmitoyl-
protein thioesterase 1 (PPT1), an enzyme involved in removal
of fatty acyl groups during endolysosomal degradation (Rebecca
et al., 2019). Since PPT1 itself is required for tumor growth, it is
unclear whether the efficacy of CQ or HCQ treatment can be
attributed to classical autophagy inhibition, to broader effects on the
lysosome, or both. Furthermore, CQ may facilitate autophagy-
independent mechanisms to reduce cancer cell invasion,
intravasation and tumor hypoxia, as well as the number of
circulating tumor cells (Maes et al., 2014). Specifically, it has
been posited that, in endothelial cells, Notch1 functions
downstream of CQ, but not genetic Atg deletion, to partially
prevent metastasis by promoting vessel normalization, thereby
improving the delivery and efficacy of chemotherapy and perhaps
immune cell infiltration (Maes et al., 2014).

With regard to metastasis, four clinical trials specifically
designed to investigate the effect of HCQ in metastatic
malignancies have reported encouraging results (Table 1). Partial
responses or prolonged stable disease for these HCQ combinations
have been reported in metastatic colorectal cancer (O’Hara et al.,
2017), metastatic renal cell carcinoma (Amato et al., 2009) and
metastatic melanoma (Rangwala et al., 2014a,b). Furthermore,
certain patients showed an increase in the autophagy markers LC3
and p62 in peripheral blood mononuclear cells and exhibited
increased intact autophagosomes within the cytosol as determined
by electron microscopy (O’Hara et al., 2017). From a cell biological
standpoint, these results highlight a key difference in the mechanism
of action between anti-malarial-mediated lysosomal inhibition
versus genetic ablation of autophagosome formation. In response
to HCQ, autophagy receptors, including p62 and NBR1, are
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Table 1. Current status of clinical trials inhibiting autophagy using CQ or HCQ in various cancers

Cancer Type Target(s) Therapeutic Status Trial ID Result/Ref

Breast cancer Lysosome HCQ Phase II recruiting NCT01292408
NA

Breast cancer Lysosome CQ Phase II recruiting NCT02333890
NA

Breast cancer (HR+/HER2−) Lysosome
Aromatase
CDK4/CDK6
Estrogen/progesterone
receptor

HCQ
Letrozole
Abemaciclib
Faslodex/
Anastrozole

Phase I prior to
recruitment

NCT04316169
NA

Non-small cell lung cancer Lysosome
VEGF

HCQ
Bevacizumab
Paclitaxel (chemo)
Carboplatin
(chemo)

Phase II completed NCT01649947
Mild increase in PFS (Malhotra et al.,
2019)

Colorectal cancer Lysosome
HDAC/Autophagy
VEGFR/c-RET

HCQ
Vorinostat
Regorafenib

Phase II completed NCT02316340
Improved antitumor immunity
(Patel et al., 2016)

KRAS-mutant gastrointestinal cancer Lysosome
MEK
PDL1

HCQ
Cobimetinib
Atezolizumab

Phase I/II prior to
recruitment

NCT04214418
NA

Pancreatic cancer Lysosome HCQ
Gemcitabine
(chemo)

Abraxane (chemo)

Phase II completed NCT01978184
Safe/tolerated 61% patients=reduced
CA199 (Boone et al., 2015)

BRAF V600-mutant melanoma Lysosome
MEK
BRAF

HCQ
Trametinib
Dabrafenib

Phase I/II recruiting NCT03754179
NA

Melanoma Lysosome HCQ Phase I completed NCT00962845
Not posted

Prostate cancer Lysosome HCQ Phase II active/not
recruiting

NCT00726596
NA

Myeloma Lysosome
mTOR

HCQ
Rapamycin

Phase I completed NCT01396200
Feasible/tolerated (Scott et al., 2017)

Refractory multiple myeloma Lysosome
Proteasome

HCQ
Bortezomib

Phase I completed NCT00568880
Feasible
PR=14%
MR=14%
SD=45% (Vogl et al., 2014)

Hepatocellular cancer Lysosome
VEGFR/RAF/PDGFR

HCQ
Sorafenib

Phase II recruiting NCT03037437
NA

Glioblastoma Lysosome Chloroquine Phase II prior to
recruitment

NCT02432417
NA

Glioma crade IV Lysosome
DNA/RNA Synthesis/
autophagy HDAC

HCQ
Temozolomide
Valproic acid

Phase III recruiting NCT03243461
NA

Glioma with BRAF aberrations Lysosome
BRAF
MEK

HCQ
Dabrafenib
Trametinib

Phase I/II recruiting NCT04201457
NA

Osteosarcoma Lysosome HCQ
Gemcitabine
(chemo)

Docetaxel (chemo)

Phase I/II recruiting NCT03598595
NA

Continued
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postulated to be sequestered inside undigested autophagosomes
rather than accumulating in the cytoplasm. Accordingly, this lack of
accumulation of autophagy receptors in the cytosol will not trigger
adverse downstream signaling events that promote metastatic
behavior. In support of this argument, the anti-malarial CQ does
not impact metastatic outgrowth or pro-metastatic differentiation in
contrast to genetic ablation of early autophagy genes in mammary
cancer models (Marsh et al., 2020). Hence, such results might
ameliorate concerns that HCQ treatment in cancer patients will
promote metastasis.
Nevertheless, HCQ has associated toxicity risks and fails to

inhibit autophagy in acidic environments (pH≤6.8) in melanoma,
colon carcinoma and osteosarcoma likely due to reduced cellular
uptake (Pellegrini et al., 2014; Shi et al., 2017). This has motivated

the development of next-generation autophagy inhibitors, and
several small molecules have already emerged as intriguing tool
compounds in the preclinical setting. For instance, ROC325, Lys05,
DC661 and DQ661 are second-generation analogs of HCQ that
show enhanced lysosome inhibition, as well as potent antitumor
activity, as single agents both in vitro and in vivo (Carew and
Nawrocki, 2017; Carew et al., 2017; Nicastri et al., 2018; Rebecca
et al., 2019; White, 2012). In addition, several molecules have been
developed that target earlier steps in autophagosome formation,
either directly or indirectly. For example, Spautin-1 blocks
autophagy by inhibiting the deubiquitylation activities of C-
terminal hydrolase 10 (USP10) and 13 (USP13), leading to
increased ubiquitination and proteasomal degradation of the class
III phosphoinositide 3-kinase (PI3K) complex [e.g. VPS34

Table 1. Continued

Cancer Type Target(s) Therapeutic Status Trial ID Result/Ref

Cholangiocarcinoma Lysosome
SK2

HCQ
Opaganib
(ABC294640)

Phase II recruiting NCT03377179
Well-tolerated (Britten et al., 2017)

Advanced cancers Lysosome
mTOR
HDAC

HCQ
Sirolimus
Vorinostat

Phase I active/not
recruiting

NCT01266057
NA

Advanced solid tumors unresponsive
to chemotherapy

Lysosome
RTKs (EGFR, PDGFR,
c-Kit)

HCQ
Sunitinib

Phase I active/not
recruiting

NCT00813423
NA

Advanced solid tumors Lysosome
AKT

HCQ
MK2206

Phase I active/not
recruiting

NCT01480154
NA

Metastatic or unresectable solid tumors Lysosome
DNA/RNA Synthesis/
autophagy

HCQ
Temozolomide

Phase I completed NCT00714181
PR=14%
SD=27% (Rangwala et al., 2014a)

Metastatic solid tumors unresponsive
to treatment

Lysosome
mTOR

HCQ
Temsirolimus

Phase I completed NCT00909831
SD=74%
PFS=3.5 months
(Rangwala et al., 2014b)

Advanced and metastatic
adenocarcinoma (pancreatic cancer)

Lysosome HCQ
Gemcitabine

Phase I/II active/not
recruiting

NCT01506973
NA

KRAS-mutant metastatic pancreatic
cancer

Lysosome
MEK

HCQ
Binimetinib

Phase I recruiting NCT04132505
NA

Metastatic colorectal cancer Lysosome
DNA/RNA synthesis
Folic acid derivative
Phosphorylase
VEGF

HCQ
Oxaliplatin
Leucovorin
5-Fluorouracil
Bevacizumab

Phase I/II
completed

NCT01206530
ORR=68%
CRR=11% (O’Hara et al., 2017)

Metastatic colorectal cancer Lysosome
VEGF

HCQ
Bevacizumab
XELOX (chemo)

Phase II completed NCT01006369
Not posted

NRAS-mutant metastatic melanoma Lysosome
MEK

HCQ
Trametinib

Pre-Phase I prior to
recruitment

NCT03979651
NA

Metastatic renal cell carcinoma Lysosome
mTOR

HCQ
RAD001
(Everolimus)

Phase I/II
completed

NCT01510119
PFS=6.3 months (Haas et al., 2019)

BRAF, B-Raf oncogene, serine/threonine kinase; CA199, xarbohydrate antigen (CA) 19-9 cancer marker; CDK4/6, cyclin dependent kinase 4/6; chemo,
chemotherapy; CQ, chloroquine; CRR, complete response rate; EGFR, epidermal growth factor receptor; HCQ, hydroxychloroquine; HDAC, histone deacetylase;
HER2, human epidermal growth factor receptor 2; HR, hormone receptor; MEK, mitogen-activated protein kinases 1/2; MR, minor response; mTOR, mammalian
target of rapamycin; NA, not applicable; ORR, overall response rate; PDGFR, platelet-derived growth factor receptor; PDL1, programmed death-ligand 1, PFS,
progression free survival; PR, partial response; RTK, receptor tyrosine kinase; SD, stable disease; SK2, sphingosine kinase-2; VEGF, vascular endothelial
growth factor; VEGFR, VEGF receptor; XELOX, capecitabine plus oxaliplatin.
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(PIK3C3), Beclin-1, ATG14L, VPS15 (PIK3R4) and UVRAG],
which is necessary for early stages of autophagosome formation
(Donner, 2011; Liu et al., 2011). Additionally, Spautin-1 synergizes
with clinically relevant cancer therapies (Shao et al., 2014). Another
molecule, SAR405, which targets kinase vacuolar sorting protein
18 (VPS18) and VPS34, two key components of class III PI3K
complex, impairs vesicle trafficking between late endosomes and
the lysosome. When combined with the mTOR inhibitor
everolimus, SAR40 impairs proliferation in renal cancer cells
(Pasquier et al., 2015; Ronan et al., 2014). Other VPS34 inhibitors
with clinical potential include SB02024 and Compound 13
(Dyczynski et al., 2018; Pasquier, 2015). In addition, the small-
molecule SBI-0206965 inhibits the serine/threonine kinase ULK1
in the core autophagy pathway, synergizing with the mTOR
inhibitor rapamycin to reduce viability of lung cancer and
glioblastoma cells (Egan et al., 2015). Owing to off-target effects
of SBI-0206965, the more specific compound ULK101 has been
developed and is under investigation (Martin et al., 2018).
NSC185058 is an ATG4B inhibitor that suppresses tumor growth
in osteosarcoma both in vitro and in vivo (Akin et al., 2014), and new,
more potent, ATG4B-targeting compounds, such as S130 and FMK-
9a, have been reported (Chu et al., 2018; Fu et al., 2019). Finally,
several inhibitors of the phosphoinositide lipid kinase, FYVE-type
zinc finger-containing kinase (PIKFYVE), which controls
endolysosomal membrane trafficking, such as apilimod, have been
developed; however, as PIKFYVE acts at multiple intracellular
locations apart from autophagosomes and lysosomes, further studies
are needed to scrutinize whether their mechanism of action is
specifically due to targeting autophagy (Gayle et al., 2017; Sharma
et al., 2019). Moreover, it remains to be determined whether any of
these preclinical drug candidates will be effective in preventing or
treating metastatic disease, or, alternatively, whether they harbor any
long-term risks of enhancing metastasis in cancer patients.

Concluding perspectives
Despite substantial progress in our understanding of autophagy in
cancer, we still have much to learn about the precise biological roles
of autophagy in metastasis and how selective autophagy receptors
contribute to late-stage cancer progression. Although initial clinical
trials employing repurposed anti-malarials have garnered some
encouraging results, it remains unclear whether these effects arise
from impaired tumor cell autophagy, dysregulated lysosomal
homeostasis or broader effects on the tumor microenvironment.
Considering the tumor-suppressive effects of autophagy,
researchers and clinicians should continue to scrutinize whether it
is appropriate to inhibit autophagy in cancer treatment; specifically,
studies are needed to establish whether therapeutic ‘windows of
opportunity’ exist in which autophagy can be specifically targeted
in tumors without untoward effects on metastasis. As novel and
more-specific compounds targeting autophagy are developed, it will
also be important to consider the stage of metastatic progression at
which autophagy is being targeted in patients and recognize the
downstream effects of autophagy receptor-mediated phenotypes in
order to efficiently combat metastatic disease.
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