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REVIEW

Autophagy in cancer metastasis

EE Mowers'?°, MN Sharifi'>*° and KF Macleod'*

Autophagy is a highly conserved self-degradative process that has a key role in cellular stress responses and survival. Recent work
has begun to explore the function of autophagy in cancer metastasis, which is of particular interest given the dearth of effective
therapeutic options for metastatic disease. Autophagy is induced upon progression of various human cancers to metastasis and
together with data from genetically engineered mice and experimental metastasis models, a role for autophagy at nearly every
phase of the metastatic cascade has been identified. Specifically, autophagy has been shown to be involved in modulating tumor
cell motility and invasion, cancer stem cell viability and differentiation, resistance to anoikis, epithelial-to-mesenchymal transition,
tumor cell dormancy and escape from immune surveillance, with emerging functions in establishing the pre-metastatic niche and
other aspects of metastasis. In this review, we provide a general overview of how autophagy modulates cancer metastasis and

discuss the significance of new findings for disease management.
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INTRODUCTION

Macro-autophagy (hereafter autophagy) is a highly conserved
catabolic process that targets cellular contents to the lysosomal
compartment for degradation. Because autophagy has the ability
to degrade very large structures, cells depend on this pathway to
turnover damaged organelles, pathogens and large protein
aggregates." Autophagic degradation serves as an important
source of amino acids, nucleotides and fatty acids, especially for
cells unable to acquire sufficient nutrients from the extracellular
milieu to sustain ATP production and biosynthesis.> Autophagy
has a complex and highly context-dependent role in
tumorigenesis® with work from genetically engineered mouse
models demonstrating that autophagy suppresses primary tumor
growth on the one hand*™® but is required for tumor maintenance
and progression to advanced disease on the other”'® More
recently, investigation of the role of autophagy in metastatic
progression has suggested that autophagy promotes multiple
steps in the metastatic cascade (Figure 1).

The metastatic cascade can be divided into a series of stages:
local invasion, intravasation, survival in the circulation, extravasa-
tion, survival at a second site and finally outgrowth at a second
site’'® (Figure 1). All of these steps involve the physical
translocation of cancer cells to new microenvironments, where
they must survive altered nutrient, growth factor and physical
support in order to colonize successfully.'® During local invasion,
epithelial cancer cells break through the basement membrane and
acquire a motile phenotype through induction of the epithelial-
mesenchymal transition (EMT), a process that is active during
mammalian embryonic development and wound healing in the
adult but then co-opted by the tumor as a means to escape and
migrate.'”” The now-motile cancer cells then cross pericyte and
endothelial cell barriers to enter the circulation by utilizing some
of the same matrix-degrading enzymes upregulated during EMT
and facilitated by the inherently leaky and disordered organization

of the tumor vasculature."® Once in the circulation, tumor cells
face additional stresses including cell death signals triggered by
the absence of anchorage to extracellular matrix (ECM) (that is,
anoikis)'? in addition to the mechanical injury inherent in transit
through narrowing blood vessels.'® As tumor cells arrive at
secondary sites in other organs, they either extravasate from the
vessel or grow intraluminally until the new lesion ruptures vessel
walls.">'® The factors determining the target organ at which the
tumor cell arrests and potentially grows out has been the subject
of historical debate between the ‘seed and soil’ theory, wherein
certain tumors (the ‘seed’) exhibit tropism for select secondary
sites above others (the ‘soil’),?° and the theory that circulatory
patterns are sufficient to dictate sites of tumor cell arrest.' It is
likely that both patterns of metastasis contribute to determining
the success of colonization although this may vary from tissue to
tissue.?>?* The colonization process itself during the last stages of
metastasis is multi-step with tumor dormancy, micrometastasis
and macrometastasis defining how rapidly colonization takes
place."*' Basically, once in a new location, tumor cells need to
adapt rapidly to new and unfamiliar stromal interactions; whether
and how quickly tumor cells form micrometastases may be related
to the similarities or differences between the stroma at the tumor
origin versus the stroma at the site of metastasis.'>'®

Emerging evidence shows that autophagy promotes not only
the survival of dormant tumor cells**** and disseminating tumor
cells in the circulation®®?” but also specifically promotes the
survival of stem-like subpopulations of tumor cells that drive
invasion and treatment resistance.?®3° In addition, several
recently identified autophagy substrates indicate novel functions
for autophagy early in the metastatic cascade in the direct
regulation of the EMT, tumor cell migration and invasion®'*
(Figure 2). In this review, we will survey what is known about
functions of autophagy in metastasis and discuss some of the
remaining open questions in this area, with the goal of elucidating
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Schematic illustrating roles of autophagy in the metastatic cascade. Autophagy increases as tumor cells progress to invasiveness and

this in turn is linked to increased cell motility, EMT, a stem cell phenotype, secretion of pro-migratory factors, release of MMPs, drug resistance
and escape from immune surveillance at the primary site in some tumors. Many aspects of these autophagy-dependent changes during
acquisition of invasiveness also likely contribute to the ability of disseminating tumor cells to intravasate, survive and migrate in the
circulation before extravasating at secondary site. At the secondary site, autophagy is required to maintain tumor cells in a dormant state,
possibly through its ability to promote quiescence and a stem cell phenotype, that in turn is linked to tumor cell survival and drug resistance.
Emerging functions for autophagy in metastasis include a role in establishing the pre-metastatic niche as well as promoting tumor cell
survival, escape from immune surveillance and other aspects required to ultimately grow out an overt metastasis.

whether autophagy might be a useful target in clinical efforts to
prevent the most deadly aspect of cancer: metastasis.

AUTOPHAGY IS UPREGULATED DURING METASTASIS

Given the numerous challenges that metastatic tumor cells
overcome to successfully establish distant colonies (for example,
invasion, anoikis resistance and colonization) and the critical role
of autophagy as a response to cellular stress, various roles for
autophagy in the metastatic cascade have been postulated.®
Indeed, autophagic flux is induced by many of the environmental
stresses that are known to promote metastasis, such as hypoxia, as
well as those that are experienced by disseminating tumor cells,
including nutrient deprivation®® and detachment from the
ECM.'>"%3738 Although at present it is not possible to directly
assess autophagic flux in primary human tumor samples, various
studies using surrogate markers have identified an association
between increased autophagy and metastasis. For example,
increased punctate staining for microtubule associated light chain
B (LC3B) was associated with lymph node metastasis and reduced
survival in human breast cancer’**° whereas melanoma metas-
tases exhibited increased LC3B staining compared with matched
primary tumor samples.>**'4? LC3B expression was also correlated
with metastasis in hepatocellular carcinoma, with higher LC3B
staining in metastases relative to primary tumors and in early
metastatic colonies relative to late metastatic colonies.?*?” Mean-
while in human glioblastoma, increased expression of an
autophagy gene signature was associated with a more aggressive
and invasive phenotype.*®

Autophagy is regulated at both the transcriptional and
post-translational level in response to nutrient signaling
pathways.>**** However, it remains to be fully elucidated
whether increased autophagy associated with progression to
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invasive cancer is a downstream effect of reduced nutrient
availability in the changing microenvironment of the growing
tumor, or whether, as seems more likely, control of autophagy by
nutrient sensing mechanisms becomes uncoupled during tumor
progression. Tumors have evolved to scavenge nutrients from
their environment by unconventional means, such as
macropinocytosis,”’ and have frequently upregulated cellular
nutrient transporters and rewired their metabolism to make them
less sensitive to loss of nutrient support from the environment.*®
In human pancreatic cancer, for example, elevated expression of
autophagy genes was found to occur due to constitutive
activation of the microphthalmia/transcription factor E (MiT/TFE)
transcription factors that removed them from negative regulation
by target of rapamycin complex-l (mTORC1).** TFE transcription
factors are phosphorylated by and co-localize with mTORC1 at the
lysosome when nutrients are present.* Inactivation of mTORC1 or
nutrient deprivation promotes nuclear translocation of TFEB and
expression of target genes involved in lysosomal biogenesis
thereby providing a mechanistic link between lysosomal activity
and nuclear gene expression in response to changes in nutrient
availability.** In contrast to tight nutrient control of MiT/TFE
factors in untransformed cells, nuclear translocation of MiT/TFE
factors in pancreatic cancer was promoted by Importin-8 in a
manner that overrides suppression by mTORC1.** Deregulation of
MIT/TFE transcription factors has also been identified in other
tumor types, including human melanoma.® Evidence addressing
how post-translational negative control of autophagy by target of
rapamycin (mTOR) signaling is surmounted in tumors came with
work showing that protein phosphatase 2A has elevated
phosphatase activity against Unc51-like autophagy activating
kinase-1 (ULK1) in pancreatic cancer compared with normal
cells.® ULK1 activity is inhibited by mTORC1 phosphorylation on
S$637 amongst other sites but protein phosphatase 2A acts against
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Autophagy promotes tumor cell motility. Autophagy promotes tumor cell motility through various mechanisms including: (a)

promoting a stem cell phenotype that may be linked to as association of increased autophagy in response to stresses such as hypoxia and
TGF-B, with EMT; (b) promoting survival in response to matrix detachment; (c) modulating levels of RhoA and Rho signaling while conversely
being induced by Rho signaling; (d) through coordinated control of autophagy and FAK via FIP200; (e) a role in promoting focal adhesion
turnover both directly and via regulation of SRC activity; (f) autophagy-dependent production of secreted factors that promote invasion, such

as IL-6 and MMP2.

this by de-phosphorylating phosphor-S637 resulting in elevated
ULK1 activity in tumor cells despite mTORC1 activity.?' Thus, there
are both transcriptional and post-translational mechanisms that
may explain the conundrum of how robust autophagic flux and
mTOR pathway activity can co-exist in tumor cells. In addition, it is
possible that elevated autophagy during cancer progression to
metastasis is genetically determined by additional oncogenic
lesions or metastasis-specific mutations that remain to be
characterized.

LINKS BETWEEN AUTOPHAGY, EMT AND CANCER STEM CELLS

Tumor cells undergo EMT resulting in adherent epithelial cells
morphing into highly motile mesenchymal cells, as part of the

early stages of cancer progression to invasiveness and
metastasis.'’ This involves reorganization of the cytoskeleton,
downregulation of proteins important for maintaining epithelial
cell-cell junctions, particularly E-cadherin and upregulation of
proteins that confer mesenchymal characteristics, leading to loss
of cell polarity, dissolution of cell-cell junctions, and secretion of
matrix metalloproteinases (MMPs) and other proteases involved in
ECM degradation.'” Significantly, various inducers of EMT,
including hypoxia and transforming growth factor beta (TGFp),
also potently activate autophagy.®*>>

However, it is not clear to what extent EMT is dependent on
autophagy and thus whether EMT and autophagy act in sequence
or in parallel to promote tumor cell invasiveness (Figure 2a).
One study reported that autophagy is required for TGF-B-induced
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EMT and invasion of hepatocellular carcinoma cell lines, in part
through a dependence on autophagy for TGF-B signaling.>® It was
also shown that ULK2, which promotes autophagy through
phosphorylation of the Beclin1-containing initiation complex,
stimulates EMT, downregulation of E-cadherin and increased
invasiveness in vitro.>* Increased autophagy was also linked to a
more mesenchymal stem-like phenotype and to be required for
invasion and migration of glioblastoma stem cell lines** although
a more recent study has argued that autophagy limits glioblas-
toma tumor cell migration through downregulation of Snail
and Slug.>

Interestingly, the p62/Sqstm1 autophagy cargo adapter was
shown to bind to the EMT regulator, Twist and prevent its
proteasomal degradation leading to increased EMT, increased
invasiveness in vitro and metastasis in vivo3' A similar study
validated these effects of p62/Sqstm1 on EMT through p62-
dependent stabilization of both Twist and SMAD4, a TGF-3 signal
transducer.®® By inference this suggests that autophagy, by
limiting p62/Sqstm1 accumulation indirectly inhibits EMT and
thus acts to reduce tumor cell migration which contradicts the
aforementioned findings showing a role of autophagy in
promoting tumor cell motility."®*27353° These apparently dispa-
rate conclusions in the field highlight the need for increased effort
to determine whether autophagy and EMT are directly or
indirectly linked and if so, whether this varies as a function
of tumor sub-type and underlying genetics, and also whether
p62/Sgstm1 can act independently of autophagy to promote cell
migration and metastasis.

Both EMT and autophagy promote the cancer stem cell
state”°7°® making the link between EMT and autophagy
particularly intriguing (Figure 2a). Cancer stem cells (CSCs) have
been postulated to drive tumor metastasis due to both their more
motile and plastic phenotype and their ability to propagate de
novo CSCs and tumor heterogeneity at secondary sites,'*">>° with
numerous reports of a clinical correlation between expression of
CSC markers and increased invasiveness and metastasis.'”%°53
Induction of EMT promotes the cancer stem cell phenotype
through the activity of transcription factors, such as Slug that are
part of the so-called EMT-TF, that activates self-renewal gene
expression programs, upregulation of CD44 and tumor-
propagating properties in breast cancer.'>>”">%%55 |ntriguingly,
components of the EMT-TF modulate MITF activity during
melanomagenesis® that, as mentioned, activates autophagy gene
expression.**

Autophagy is similarly required to maintain CD44"CD24~
breast cancer stem cells?®2° and the central autophagy initiator,
Beclin1 emerged from an shRNA screen for genes that modulate
cancer stem cell plasticity.®” Autophagy is required for normal
tissue stem cell maintenance and differentiation®®7° with
hematopoietic stem cells dependent on autophagy for
survival'®”! and muscle stem cells dependent on autophagy to
prevent senescence.”? In human breast ductal carcinoma in situ
(DCIS), subpopulations of cells exhibiting increased tumor-
initiating capacity and migration/invasion capabilities were shown
to have increased autophagy and were dependent on autophagic
flux for their survival and stem cell phenotype.?®?® The require-
ment for autophagy in CD44%/CD24~"°" breast cancer cells was
further supported by studies identifying ATG4 (autophagy related
gene 4) as a regulator of this cell population and their ability to
form mammospheres in vitro and form tumors in vivo.2%3*° Thus, a
model emerges in which cancer stem cells couple increased
autophagy to induction of EMT to promote self-renewal, motility,
survival and drug resistance in a hypoxic or otherwise stressful
microenvironment (Figure 2a).

/low
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AUTOPHAGY AND RESISTANCE TO ANOIKIS

Epithelial cells rely on attachment to the ECM via integrins to
maintain survival, and prolonged detachment from the ECM
results in a form of apoptotic cell death called anoikis
(Figure 2b).”®> Autophagy is induced in epithelial cells by matrix
detachment or by direct inhibition of integrins, while inhibition of
autophagy increases epithelial cell death upon detachment.3®
Thus, it has been proposed that autophagy has a key role in
preventing anoikis and supporting the survival of detaching tumor
cells during metastatic dissemination.”* In mammary tumor
models, autophagy induction in response to matrix detachment
or integrin blockade was associated with reactive oxygen species
(ROS)-dependent activation of the ER-stress responsive kinase,
protein kinase R-like ER kinase (PERK1).>” Consistently, inhibition
of PERK or autophagy itself during matrix detachment or integrin
signaling blockade promoted cell death and reduced clonogenic
recovery following detachment, supporting a role for PERK-
induced autophagy in mammary tumor cell survival during matrix
detachment 378

However, the mechanism through which PERK activates
autophagy downstream of integrin blockade during matrix
detachment is less well understood. Activated PERK activates
elF-2a to suppress general protein translation but permit selective
translation of the ATF4 transcription factor,®” which is known to
induce ATG5 (autophagy related gene 5) and LC3B expression.”®
Active PERK also induces the NF-E2 related factor 2 (NRF2) de-
toxification pathway to activate LKB1-AMPK signaling downstream
of integrin blockade. This in turn inhibits mTOR signaling”® to
theoretically relieve mTORC1-mediated inhibition of autophagy.
However, a subsequent study showed that while mTORC1
signaling is indeed reduced during matrix detachment in
mammary epithelial cells, enforced re-activation of mTORC1
during detachment does not inhibit autophagy, indicating that
autophagy induction during detachment does not require
mTORC1 inhibition in contrast to settings such as nutrient
deprivation.”” Instead, this study found that inhibitor of kappa
B kinase activity which stimulates autophagy independent of
NF-kB in response to nutrient deprivation’® was required for
autophagy induction in response to integrin blockade or matrix
detachment in mammary epithelial cells.”” Elevated ROS induced
by matrix detachment also likely contributes to autophagy
induction via activation of Atg4 directly.”® Thus, it appears that
matrix detachment activates autophagy downstream of integrin
blockade through multiple signaling pathways (Figure 2b).
Intriguingly, some preliminary work has also suggested that
specific components of the ECM, including collagen VI and laminin
a2,%° can modulate intracellular autophagy through as-yet
unknown mechanisms.

In addition to the studies described above in mammary tumor
systems,>”877 autophagy has also been shown to promote
survival following matrix detachment of hepatocellular carcinoma
and melanoma cells leading to increased lung colonization during
metastasis.”®*”#" Together, this work points to a critical role for
autophagy in promoting the survival of detached epithelial cells
when tumor cells are initially escaping the primary site, circulating
in the periphery or following arrival at secondary sites prior to
re-attachment.

AUTOPHAGY AND CELL MOTILITY

Metastasis depends on the increased motility of tumor cells to
both escape the primary tumor site and to successfully colonize
secondary sites.'*?%*® Cell motility requires the execution of a
series of mechanical acts: protrusion of the plasma membrane,
adhesion to the ECM at the front end of the cell, contraction of the
cell body and detachment from the ECM at the rear of the cell 8
Protrusion of the plasma membrane and contraction of the cell



body are driven by actin polymerization®® whereas adhesion to
the ECM is mediated by integrin signaling to focal adhesion
complexes®®*  Although it is now understood that cells
migrate in different ways depending on the cell type and
microenvironment,®? all cell migration still requires some combi-
nation of these basic components.

In addition to modulating tumor cell invasiveness through
regulation of an EMT-like program as described above, evidence is
accumulating that autophagy also has a direct role in key aspects
of tumor cell motility and invasion,®>®*®” including through
modulation of the tumor cell secretome,®? turnover of compo-
nents of the cell migration machinery®>* and ECM proteins®®
amongst other roles as discussed below.

Control of RhoA and downstream signaling by autophagy

The Rho family of small GTPases, that include RhoA, Rac1 and
CDC42, are key regulators of cell motility®® through effects on
membrane protrusion and cytoskeletal remodeling, with different
cell types using different patterns of migration depending on
which Rho family members are active.®>?° Several reports link
autophagy to the function of Rho family members including an
initial study in Drosophila showing that autophagy is required for
hemocyte migration during wound healing.®> Specifically, the
production of Rho1-induced cell protrusions and cell spreading of
hemocytes, but not cortical actin dynamics, was dependent on
both Atg? (autophagy related gene 1) and the Drosophila
homolog of cargo adapter p62/sqstm1 and inactivation of
autophagy prevented blood cell migration to larval wound
sites.®> Similarly, knockdown of ULK1 or Beclin1 prevented cell
spreading in mouse macrophages,® although the specific targets
of autophagic degradation underlying the cell spreading defect in
either cell type were not identified. Subsequently, a role for p62/
Sgstm1 in targeting active RhoA, the mammalian homolog of
Drosophila Rho1, to the autophagosome for degradation was
shown.”’ Aberrant accumulation of RhoA at the cell mid-body,
when autophagy was inhibited through ATG5 knockdown,
resulted in cytokinesis defects, multinucleation and aneuploidy®’
demonstrating novel consequences of autophagy deficiency in
cancer cells.

Conversely, Rho signaling has also been implicated in the
regulation of autophagy.”*®* Chan et al’® identified Rho-
associated kinase-1 (ROCK1), a downstream effector of Rho, as a
regulator of starvation induced but not basal autophagy.
Inhibition of ROCK1 elevated autophagic flux and led to the
accumulation of enlarged, early autophagosomes that were highly
enriched for ULK1 kinase (the catalytic component of the
pre-initiation complex) but not WIPI2 or other later stage
autophagosome markers. This led the authors to speculate that
ROCK1 limits autophagosome size by reducing time spent in the
phagophore elongation phase of early autophagy.”® Subsequent
work showed ROCKT activation by amino acid deprivation
promoting autophagy through direct phosphorylation of
Beclin1.>* ROCK1 interacted directly with and phosphorylated
Beclin1 on Thr119 leading to disruption of the autophagy
inhibitory complex of Bcl-2 with Beclin1.** Furthermore, condi-
tional deletion of Rockl in murine cardiac muscle impaired
starvation-induced autophagy, attesting to an important role for
Rock1 in autophagy in vivo.’* These findings, that Rho signaling
regulates autophagy, are in agreement with a systems wide
approach in which a Rho GTPase signaling module including
RhoA, Rac1 and CDC42, was identified within an autophagy-
centered human gene interaction network.”®> The authors further
experimentally validated CDC42 as a protein that fine-tunes
autophagic responses to environmental conditions.>®

The interplay between autophagic flux and control of cell
migration was further highlighted by work identifying coordinated
control of Rab7, a small GTPase involved in the maturation of late
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stage autophagosomes and lysosomal fusion,”® with Rac1, a Rho
family GTPase required for formation of lamellipodia and cell
motility.”” Armus, a known RabGAP, was shown to localize to
autophagosomes through direct interaction with LC3 thereby
promoting efficient cycling of the Rab7 GTPase activity required
for autophagolysosome maturation in response to amino acid
starvation in primary keratinocytes.”®*° This was coordinated with
inactivation of Rac1 that also interacts with Armus and shown in
previous studies to promote autophagic degradation and
recycling of E-Cadherin during EGF-stimulated cell scattering.”®
Failure to inactivate Rac1 during amino acid starvation blocked
autophagy as Rac1 competed with LC3 for binding to Armus
thereby preventing Rab7 localization to maturing autophagolyso-
somes resulting in a block to autophagic flux.”® However, the
mechanism of Rac1 inhibition during starvation was not described
and how differential control of Racl during EGF-induced
scattering®® versus starvation-induced autophagy is achieved,®
remains unclear. Nevertheless, these studies highlight how control
of autophagy is closely coordinated with control of cell migration
(Figure 2c). In summary, there appears to be reciprocal regulation
of autophagy by Rho GTPase signaling components, and of Rho
family activity and cell migration by autophagy. Our under-
standing of how and in what physiological contexts these
processes interact will likely increase as further studies emerge.

Autophagic control of focal adhesion dynamics

In addition to the interplay with Rho GTPases, autophagy also has
a direct role in focal adhesion dynamics.>***%’ Early evidence for a
close functional relationship between autophagy and focal
adhesions came with the identification of FIP200 (focal adhesion
kinase (FAK)-interacting protein of 200 kD). FIP200 was initially
isolated as a protein that binds to and inhibits the kinase activity
of FAK,'® a key regulator of focal adhesion dynamics, but was
subsequently also found to be the mammalian homolog of yeast
autophagy gene Atg17 (autophagy related gene 17) and a critical
component of the autophagy pre-initiation/Ulk1 complex in
mammals'®' (Figure 2d).

FIP200 inhibits FAK autophosphorylation when overexpressed,
leading to decreased cell spreading, decreased migration and
inhibition of cell cycle progression' although it is now clear that
aspects of the ability of FIP200 to modulate cell cycle are
dependent on its interaction with and positive regulation of p53
leading to activation of p21Cip1, p16/Ink4A and pRB1
expression.'® Intriguingly, it has been proposed that p53
negativel;/ modulates autophagy through its interaction with
FIP200.'% In autophagy, FIP200 activity lies downstream of both
starvation-induced AMPK-dependent activation and cell growth
induced mTORC1 inhibition of the ULK1 pre-initiation
complex.*®1%471% |y one study, limiting AMPK and ULK1 activity
through the activity of specific HSP90s induced release of FAK
from FIP200-mediated inhibition enhancing cellular invasion and
metastatic dissemination of tumor cells in experimental metastasis
models.'”” This suggested that FIP200 mediates an inverse
relationship between autophagic flux and FAK activity/cell
migration. However, the mechanism by which reduced AMPK/
ULK1 activity titrated FIP200 away from FAK was not elucidated
and AMPK has other known functions in cell migration, for
example in control of microtubule polymerization, that were not
discussed.'®® Thus, the extent to which FIP200 mediates cross-talk
between autophagy and cell migration remains unclear. Numer-
ous factors affecting FIP200 levels and post-translational modifica-
tion likely have into which functions of FIP200 are dominant or
indeed exclusive in any given cell type or cellular stress condition.
Recent studies have begun to separate out the functions of FIP200
in autophagy from those in other cellular processes.'® By mutating
amino acids 582-585 to alanine (FIP200-4A) and preventing the
interaction of FIP200 with Atg13 (autophagy related gene 13),

Oncogene (2017) 1619-1630



Cancer metastasis
EE Mowers et al

Chen et al.'® were able to block the function of FIP200 in autophagy.

Interestingly, knock-in of the FIP200-4A mutant allele into mice
extended the lifespan of Fip200 =/~ mice from E16.5"'° to birth when
other Atg gene knockout mice are known to die.'"" However, the
extended lifespan was attributed to the non-autophagy functions of
FIP200 in protecting against TNF-a-induced apoptosis'”® as opposed
to any role in cell migration. Nevertheless, reagents from these mice
and future structure—function analyses with FIP200 may ultimately
allow us to determine how important FIP200 is to coordinated
control of autophagy and cell migration.

Further insight to the role played by autophagy in focal
adhesion dynamics (Figure 2e) came from work demonstrating
that active SRC kinase is targeted for autophagic degradation in
cells in which FAK activity is inhibited through substrate
detachment, expression of non-phosphorylatable FAK, or FAK
deletion.®” These results suggest that autophagy has a role in
regulating the function of the FAK-Src pathway through direct
degradation of active SRC by autophagosomes downstream of
FAK signaling. Targeting of SRC to autophagosomes was mediated
by c-CBL, an E3 Ubiquitin ligase that possesses a LC3-interacting
region (LIR) motif and interacts directly with processed LC3B.5’
The authors showed that c-CBL functioned as a cargo adapter for
active SRC, targeting it for autophagic degradation through
interaction with LC3 in a manner not requiring its E3 Ub-ligase
activity. Inhibition of autophagy restored SRC expression at focal
adhesions but was associated with cell death®” suggesting that
autophagic turnover of SRC was an adaptive response to cell
detachment or FAK inactivation. Levels of autophagic flux were
increased when FAK was inhibited in cells suggesting that
FAK activity can inhibit autophagy, possibly by sequestering or
otherwise interfering with FIP200, although this was not
examined. Alternatively, FAK and FIP200 have both been reported
to positively regulate mTOR activity through inhibitory interac-
tions with tuberous schlerosis complex 2 (T5C2)""*'"® and mTOR is
a potent autophagy inhibitor.”®* It will be interesting to further
determine how FAK modulates rates of autophagy and whether
this requires FIP200, TSC2 or other signaling mechanisms.

Both FAK and SRC are key regulators of focal adhesion
dynamics'™ " and intriguingly, several recent reports have
identified a novel role for autophagy in focal adhesion
turnover®>* (Figure 2e). Kenific et al.>® reported that autophagy
was required for both focal adhesion assembly and disassembly in
HRas""*-transformed MCF10A cells although autophagosomes
were only associated with focal adhesions during disassembly.
This work directly implicated the autophagy cargo adapter,
Near BRCAT (NBRT1) in delivery of multiple focal adhesion proteins
to the autophagosome® In a separate study, Sharifi et al>*
showed that inhibition of autophagy in metastatic cancer cell lines
inhibited tumor cell migration and invasion in vitro and
suppressed metastasis to lung and liver in vivo in orthotopic
mouse models. This defect in cell motility and metastasis was
associated with reduced focal adhesion disassembly but in
contrast to Kenific et al., this was mediated by a direct interaction
between LC3B at the autophagosome and the focal adhesion
protein Paxillin (PXN).>* The targeting of PXN for autophagic
degradation was independent of NBR1, and also independent of
P62/Sqstm1, but required a conserved LIR motif in PXN.3* PXN is a
critical scaffolding and signaling component of focal adhesions
that is phosphorylated on multiple tyrosine residues by SRC
kinase.'” Interestingly, the interaction between PXN and LC3B
was strongly stimulated by oncogenic SRC and required the Y40
residue at position +1 of the LIR motif in PXN,>* a site previously
identified as a target of SRC phosphorylation but with unknown
function.""®

Conversely, PXN has also been implicated in the regulation of
autophagic flux. Atg? (the Drosophila homolog of ULK1) was
identified using a transposon-based mis-expression screen as a
gene whose inactivation could suppress defects in wing
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development in dPax (the Drosophila homolog of PXN) mutant
flies."*® Follow-up analyses showed that Atg1/Ulk1 could phos-
phorylate Pxn in vitro and that, in response to nutrient deprivation,
Pxn and vinculin, a different focal adhesion protein, relocated
from the plasma membrane to cytosolic puncta resembling
autophagosomes, with relocation of vinculin to autophagosomes
dependent on functional Pxn.'?® Intriguingly, Pxn was required for
efficient autophagosome formation in nutrient-deprived mouse
embryonic fibroblasts (MEFs)'?° again suggesting reciprocal
control of autophagy by the processes and molecules it controls.
Given the significance of Rho-dependent signaling for effective
autophagy, as discussed above, it will be informative in future
studies to examine whether PXN modulates autophagosome
formation via its critical activity in the proper localization of Rho
GTPases in cells.'"®

Autophagy and tumor cell invasion

One of the most fascinating findings linking autophagy to
increased tumor cell migration and invasion has been work
demonstrating a requirement for autophagy in the production of
pro-migratory cytokines, such as IL-6, during tumor cell invasion.3?
This study found that inhibition of autophagy-blocked cellular
protrusions and invasion of Ras-transformed MCF10A cells
through a laminin-rich ECM, whereas conditioned media from
autophagy competent tumor cells rescued protrusion and
invasion defects in autophagy-deficient cells>> The authors
identified interleukin-6 (IL-6), MMP2 and WNT-5A as the specific
factors that were dependent on autophagy for their secretion and
required for effective protrusion formation and tumor cell
invasion.3? Although autophagy is known to transcriptionally
regulate cytokine expression during cellular senescence,'' the
effect of autophagy on IL-6 production in this study occurred at a
post-transcriptional level, although further work is needed
to elucidate exactly how autophagy promotes secretion of
pro-migratory cytokines in Ras-transformed epithelial cells.>?
Certainly, this study raises several provocative questions, including
whether autophagy modulates the secretion of other pro-invasive
factors beyond those examined here and also whether the same
autophagy machinery is involved in promoting both secretion and
degradation. Autophagy has been shown in other studies to
promote secretion of factors, such as IL-18'?> where it was
proposed that the ‘secretory’ and ‘degradative’ forms of autop-
hagy are distinct.'”'** However, the relationship between
autophagy and secretory phenotypes is likely more complex
(Figure 2f), as illustrated by a recent study showing an inhibitory
function for autophagy in senescence-associated secretory
phenotype associated with DNA damage induced senescence,
via p62-dependent degradation of GATA-4 upstream of NFkB
signaling."”’ How these different functions of autophagy in
control of secreted factors are integrated or deregulated in cancer
metastasis is another area of future endeavor.

AUTOPHAGY IN TUMOR CELL DORMANCY AND THERAPY
RESISTANCE

Metastatic dormancy has emerged over the past 10 years as a
significant clinical challenge, but also as a potential therapeutic
target to prevent the outgrowth of macrometastatic
disease.'*?*'%> The realization that a lag period of up to 20 years
between ‘successful’ treatment of primary breast cancer'?® and
the emergence of metastatic disease in patients led to investiga-
tion of this phenomenon in breast, prostate and other cancers.
Dormant tumor cells are generally considered to be growth
arrested, although there is some debate about whether sites of
micrometastatic disease instead exist in a balance of proliferation
and death that only appears as an arrested state.”> By analogy
with tissue stem cells, it has been proposed that dormant tumor



cells are in fact tumor stem cells that exist in a quiescent state but
occasionally expand to propagate tumor outgrowth.”® Indeed,
there is significant evidence that stem cell markers are upregu-
lated on disseminated tumor cells found in the bone marrow of
breast cancer patients."*” Given the role of autophagy in cancer
stem cells and in promoting tumor cell survival, several groups
have proposed that dormant tumor cells depend on autophagy to
survive at secondary sites over extended periods of time to grow
out later as macrometastases.?*>

As already discussed, autophagy may simply support the
metabolic needs and survival of disseminated tumor cells
deprived of key growth factors by maintaining amino acid levels,
ATP production and preventing energetic catastrophe.>?>'%
Alternatively, autophagy could facilitate tumor cell dormancy by
promoting quiescence, a process that is also required for the
cancer stem cell state,”? which as we have described above, has
also been linked to autophagy induction. Indeed, the induction of
autophagy, G1 arrest and cell survival have been shown to be
coordinated downstream of LKB1-AMPK activation.'”® Liang
et al.'* showed that, in addition to stimulating ULK1-dependent
autophagy,*® LKB1-AMPK activates a p27<P'-dependent growth
arrest in G1 of cell cycle. In the absence of p27/KIP1, LKB1-AMPK
signaling under nutrient stress resulted in rapid apoptotic cell
death'®” suggesting a mechanism by which autophagy induction
is linked to growth arrest to prevent programmed cell death.

The ARHI protein (aplasia Ras homolog member ), a tumor
suppressor that is decreased in over 60% of ovarian cancers'>° has
also been proposed to have a role in cancer cell dormancy
through induction of autophagy.* ARHI induces autophagy in
part by inhibiting the phosphatidyl inositol 3-kinase (PI3K)-protein
kinase B (AKT) growth factor signaling pathway and this has been
suggested to underlie aspects of its tumor suppressor function'?'
while re-expression of ARHI in ARHI-deficient SKOv3 ovarian
cancer cells in vitro induces autophagy.”* When ARHI was
re-introduced into ARHI-deficient SKOv3 ovarian cancer cells and
implanted under the skin of nude mice, the tumors failed to grow
but when ARHI was subsequently knocked down again, tumors
grew out suggesting that ARHI was maintaining tumor
dormancy.?* Inhibition of autophagy, during the period of non-
proliferation in tumors re-expressing ARHI, prevented tumor
regrowth when ARHI was subsequently repressed, indicating that
the dormancy observed was autophagy dependent?* Taken
together, these studies linking coordination of autophagy induc-
tion with growth arrest and cell survival during growth arrest,
support a function for autophagy in tumor cell dormancy as part
of a growth arrest/quiescence program, possibly one determined
by the stem-like state of these cells.

If autophagy is required for this state, either to maintain
quiescence or other aspects of stemness, then inhibition of
autophagy comes into focus as a therapeutic option, as dormancy
has been postulated to underlie the persistence of minimal
residual disease.?” Indeed, Gupta et al.'** showed that autophagy
induction was associated with Imatinib-induced reversible growth
arrest (quiescence) in gastrointestinal stromal tumor cells. Inhibi-
tion of autophagy through either knockdown of key autophagy
genes or treatment with lysosomotrophic agents, such as
chloroquine, caused rapid cell death.'? This is consistent with a
role for autophagy in promoting the survival of cells undergoing
stress-induced growth arrest and suggests that therapies combin-
ing Imatinib or other TKIs with autophagy inhibitors may increase
the likelihood of durable treatment responses.

The quiescent stem-like state of dormant tumor cells has also
been suggested to lead to tumor cell resistance to genotoxic
therapies that target proliferating cells. Indeed, radiation treat-
ment has been shown to induce autophagy in vitro, whereas
conversely inhibition of autophagy reduced clonogenic survival of
breast, lung and cervical cancer cell lines following irradiation.'3*
Significantly, reduced clonogenic survival was noted for
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radioresistant but not radiosensitive sub-clones after irradiation.'>
Similar observations have been made with several cytotoxic
chemotherapies. For example, doxorubicin resistance in the HEp3
liver cancer dormancy model was attributed to p38-induced
upregulation of ER chaperones and PERK'** that stimulates
autophagy via induction of ATF4 and its downstream targets, ATG5
and LC3B.”> Also, autophagy inhibition in a Myc-driven model of
lymphoma suppressed tumor recurrence in mice treated with
alkylating agents consistent again with a role for autophagy in
promoting both tumor dormancy and drug resistance.'*® Taken
together, these studies suggest that autophagy promotes survival
of dormant tumor cells and contributes to therapy resistance.
This argues that the combination of genotoxic therapy with
autophagy inhibition would preferentially eliminate dormant tumor
cells and thereby limit metastatic dormancy and minimal residual
disease.

AUTOPHAGY IN TUMOR IMMUNE SURVEILLANCE

Autophagy has a major role in the immune response to infection
and disease, as has been reviewed eloquently elsewhere.'3¢'37
These functions include intracellular degradation of pathogens,
secretion of immune modulatory cytokines and proteases,
generation of antigen peptides for MHC-Il presentation and
modulation of pro-inflammatory signaling.'*®"'*® The importance
of these autophagy functions in immunity is illustrated by the
susceptibility of autophagy-deficient animals to infection'® and by
the Iinkage of certain autoimmune conditions to autophagy
defects.'®

Tumor cells both at the primary site and throughout metastatic
dissemination and colonization evolve to evade immune surveil-
lance by cytotoxic T lymphocytes (CTLs) and natural killer
(NK) cells in order to survive and proliferate.”® Significantly,
autophagy acts within the tumor cell itself to modulate
recruitment and interaction with components of both the
adaptive and innate immune system.'*® Recruitment of both
dendritic cells and T cells to subcutaneous CT26 murine colon
carcinoma tumors in response to chemotherapy was dependent
on autophagy, such that inhibition of autophagy significantly
inhibited immune cell recruitment to these tumors in vivo."'
Furthermore, strong punctate LC3B staining in human breast
cancers correlated with increased tumor infiltration by CD8+ CTLs
and reduced infiltration by FoxP3+ T-regulatory cells (Tregs)
consistent with tumor cell autophagy promoting increased
immune surveillance."? Similar conclusions were drawn from
studies in which genetic targeting of autophagy in a K-Ras
driven GEM model of lung cancer, showed increased infiltration of
pro-tumorigenic FoxP3+CD25+ Tregs into autophagy-deficient
tumors compared with controls.® Increased lung tumor initiation
in this autophagy-deficient mouse model was reversed by
depletion of CD25+ Treg cells supporting a role for autophagy
in preventing recruitment of Tregs to the tumor and in promoting
tumor immune surveillance.’ Intriguingly, the ability to promote
tumor immune surveillance with caloric restriction mimetics was
dependent on functional autophagy.'*® Mechanistically, autop-
hagy has been shown to promote release of ATP and other
danger-associated molecular patterns from dying tumor cells, in
addition to its role in trafficking tumor epitopes to the lysosome
for processing and presentation on antigen-presenting dendritic
ceIIs.136’138'141

However, autophagy has also been reported to block tumor
immune surveillance in other settings. In MCF-7 breast cancer cells
induced to undergo EMT, acquisition of the mesenchymal
phenotype was associated with both increased autophagic flux
and Beclin1-dependent resistance to CTL-mediated cell lysis,
suggesting a model in which the acquisition of pro-metastatic
behavior is linked via autophagy with resistance to immune
surveillance."* Similarly, autophagy has been reported to
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suppress immune surveillance in other tumor contexts, such as in
the MMTV-PyMT mouse mammary tumor model in which deletion
of FIP200 increased CTL infiltration into the primary tumors, most
likely secondary to increased CXCL10 production by autophagy-
deficient tumor cells, leading to reduced primary tumor growth
and decreased metastastic dissemination,’* although, in this
scenario, autophagy was deficient in both the tumor and the
immune system. Autophagy also promotes hypoxic tumor cell
resistance to both CTL and NK cell-mediated through autophagy-
dependent granzyme B degradation in breast cancer cells'*® and
destabilization of the immune synapse and other functions in
melanoma cells."*”'*® A feedback loop has also been described
wherein inhibition of autophagy sensitizes renal cell carcinoma
cells to NK cell-mediated lysis, whereas NK cells themselves induce
autophagy in renal cell carcinoma cells via the protein, Inositol 1, 4, 5-
triphosphate receptor type 1.'*

The identification of both pro- and anti-immune surveillance
functions of autophagy in different tumor models may reflect
tissue- or stage-specific differences in responses to stresses such
as hypoxia or chemotherapy that modulate tumor cell interactions
with the immune system. Cancer cells are likely to have evaded
anticancer immune surveillance in order to become metastatic but
whether autophagy plays a positive or negative role in this aspect
of the metastatic cascade requires further analysis.

OTHER FUNCTIONS OF AUTOPHAGY IN THE TUMOR
MICROENVIRONMENT

The tumor stroma, particularly fibroblasts and tumor-infiltrating
immune cells, are a major source of pro-migratorz/ growth factors
and chemokines in the tumor microenvironment'>° and thus have
an important role in modulating the metastatic potential of tumor
cells. For example, M2 polarized tumor-associated macrophages
(TAMs) are key contributors to tumor cell motility and
invasiveness.'”' The extent of TAM recruitment is correlated with
poor prognosis in a number of different solid tumor types and loss
of macrophage recruitment to primary tumors inhibits metastasis
in mouse models of breast and ovarian cancer.'®*>'>® Defective
autophagy in tumor cells promoted macrophage recruitment to
tumors in vivo as a result of increased pro-inflammatory necrotic
cell death in hypoxic tumor cells* that in turn stimulated
pro-invasive signaling in the tumor. Meanwhile, stromal cells,
particularly macrophages'® and fibroblasts'>* are a major source
of matrix-degrading enzymes required in the tumor microenvir-
onment to promote invasion and intra-vital imaging has
suggested that perivascular macrophages are required for tumor
cell intravasation into blood vessels.">>"'*® As described above,
autopha%/ functions in both secretion and immune cell
function®#"37"%” making it likely that autophagic flux within the
stroma, as distinct from autophagy in tumor cells, alters the
metastatic phenotype. Put simply, there is growing evidence that
autophagy has multiple significant functions in modulating
paracrine signaling between tumor cells and stromal cells in the
tumor microenvironment to regulate tumor cell escape.
Autophagy has a particularly important role in macrophage
activation by modulating inflammasome activation and release of
pro-inflammatory cytokines IL-13 and [L-18.'2%137138138 pqf
example, several groups have shown that autophagic degradation
of damaged mitochondria inhibits initial activation of inflammo-
somes by limiting levels of ROS and free mitochondrial DNA in the
cell, both of which stimulate inflammasome activation.'3815%:16°
Autophagy also acts downstream to degrade active inflamma-
somes and thus limit the duration of the inflammatory
response.'*® The immune response generated by inflammasome
activation may be considered anti-tumorigenic as it opposes the
pro-invasive and immune-suppressive microenvironment gener-
ated by M2 macrophages and other cell types.”*” Indeed, mice
deficient in Atg8 family member GABARAP are resistant to
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chemically induced carcinogenesis due to increased macrophage
and lymphocyte secretion of chemokines and cytokines, such as
IL-1B, IL-6, IL-2 and IFN-y that augment the anti-tumor immune
response.'®’ Thus, autophagy in TAMs appears to limit anti-tumor
responses, allowing them to switch their secretome towards a
pro-invasive, pro-angiogenic, pro-metastatic phenotype. However,
it has also been suggested that failure to dampen inflammasome
activation in a timely manner as a result of autophagy deficiencies
could promote cancer as a result of macrophage cell death and
the uncontrolled recruitment of other immune cell types to the
tumor.'®® Again, further work is required to fully resolve these
questions in metastatic cancer models in vivo.

Cancer associated fibroblasts (CAFs) also make up a key part of
the tumor stroma that promotes both transformation of normal
epithelium and progression to carcinoma and metastasis through
release of matrix-degrading enzyme and pro-migratory cytokines
and chemokines.'®? It has been proposed that release of hydrogen
peroxide by tumor cells induces senescence in CAFs that forces an
autophagy-dependent switch to aerobic glycolysis in CAFs and the
production of lactic acid, ketone bodies and free fatty acids that
fuel tumor cell growth when secreted by the CAFs."®® This role for
autophagy in promoting the pro-tumorigenic and pro-metastatic
functions of CAFs was also dependent on autophagic degradation
of caveolin-1, a putative tumor suppressor protein found in lipid
rafts at the plasma membrane that negatively regulates Ras
signaling.’®* Loss of stromal caveolin-1 in human tumor-
associated stroma has been associated with early progression
from DCIS to invasive cancer,'® lymph node metastasis in breast
cancer and metastatic disease in prostate cancer.'®® Increased
autophagy in CAFs may explain reduced stromal expression of
caveolin and increased CAF proliferation that would in turn
support tumor cell progression to metastasis. Beyond caveolin,
autophagy may directly promote release of MMPs and
pro-migratorz/ cytokines by CAFs, as was previously reported for
tumor cells.?

Finally, it is important to consider that autophagy may be
regulated differently in the tumor stroma from in tumor cells in a
way that has significance for the use of autophagy inhibitors in
cancer therapy. The use of lineage-specific knockout of autophagy
in GEM models may be needed to properly separate out distinct
functions of autophagy in the tumor versus the tumor stroma and
the implications of inhibiting autophagy to limit metastasis.

AUTOPHAGY AND EMERGING FUNCTIONS IN ESTABLISHING
THE PRE-METASTATIC NICHE

Through co-evolution with the tumor stroma, metastatic cancer
cells acquire the ability to modulate the tumor microenvironment
both at the primary site and at secondary sites.'”” The
re-programming of the new microenvironment to which the
tumor cell will metastasize is achieved through secretion of
circulating chemokines and other factors, such as lysyl oxidase
(LOX), a matrix remodeling factor that accumulates at distant sites
where it is required to cross-link collagen and trap bone marrow-
derived myeloid cells.'® Such bone marrow-derived myeloid
cells promote MMP release and vascular endothelial growth factor
bio-availability amongst other activities to establish the so-called
‘pre-metastatic niche’ resulting in suppression of anti-tumor
immunity, as well as provision of growth factors and
pro-angiogenic factors to support tumor cell proliferation.'®®
Given the critical role of autophagy in release of secreted factors
by cells,>? it will be interesting to assess in future studies whether
autophagy is required to establish the pre-metastatic niche in
tumor models and in human metastases.

The production of exosomes by tumor cells also contributes to
the remodeling of distant sites to promote metastatic
outgrowth.'®'”? Exosomes are small membrane vesicles derived
from the endosomal system, primarily late endosomes and



multivesicular bodies, and subsequently secreted through fusion
with the plasma membrane.'”® They contain soluble factors such
as cytokines, integrins and growth factors but are also capable of
delivering other proteins, mRNAs, microRNAs and lipids at distant
sites.'’*1”> Exosomes released by metastatic melanoma cells
reprogram bone marrow progenitor cells to be pro-vasculogenic
and pro-metastatic, promoting vascular leakiness at pre-metastatic
sites.'”® Similarly, exosomes released by renal carcinoma CSCs
have been shown to promote an activated angiogenic phenotype
in normal endothelial cells in vitro and tumor cell colonization of
the lung and angiogenesis in vivo.'’® As autophagy itself is also
part of the endolysosomal membrane system,'”” it is unsurpris-
ing that the autophagy machinery has been linked to exosome
production'”® and it is tempting to speculate that autophagic
regulation of exosome release by tumor cells might participate
in pre-metastatic niche conditioning. However, at this time, the
mechanisms that might underlie such regulation and whether
this becomes functionally relevant during tumor progression
and metastasis remain an important area of on-going
investigation.

CONCLUSIONS

In sum, a growing body of work has identified a number of critical
functions for autophagy throughout cancer metastasis, offering
the opportunity to define specific points in the metastatic cascade
where autophagy inhibitors may be directed to reduce cancer
mortality rates. Various studies have highlighted the key role of
autophagy in modulating tumor cell motility and invasion, the
cancer stem cell phenotype, drug resistance, tumor dormancy and
tumor immune surveillance with emerging roles in other
processes determining the metastatic success of cancer cells.
Several themes emerge from this review, including the key role of
autophagy in the induction of EMT and the stem cell state in
response to hypoxia, TGF-B and other signals, although there are
clearly gaps in our current understanding of how this occurs
mechanistically. Investigation into autophagic degradation of key
cell fate regulators, such as Twist, Smad4 and GATA-4 suggests
one mechanistic paradigm, but as with many of the higher
functions of autophagy, it is most likely that additional as-yet-
unidentified mechanisms are involved. Another recurring theme
that emerges is the existence of reciprocal regulatory mechanisms
between autophagy and the cellular processes in which it
participates. For example, during tumor cell migration, autophagy
modulates Rho activity and conversely Rho signaling regulates
autophagy; also, autophagy promotes PXN degradation while
PXN is required for autophagosome formation, and so on. Finally,
at the cellular level, it will be important to determine how the
functions of autophagy in tumor cells are coordinated with those
of autophagy in the tumor microenvironment, to properly predict
the outcome of autophagy inhibitors used in the clinic to treat or
prevent metastatic disease.
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