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Proper execution of cellular function, maintenance of cellular homeostasis and cell survival
depend on functional integration of cellular processes and correct orchestration of cellular
responses to stresses. Cancer transformation is a common negative consequence of
mismanagement of coordinated response by the cell. In this scenario, by maintaining the
balance among synthesis, degradation, and recycling of cytosolic components including
proteins, lipids, and organelles the process of autophagy plays a central role. Several
environmental stresses activate autophagy, among those hypoxia, DNA damage,
inflammation, and metabolic challenges such as starvation. In addition to these
chemical challenges, there is a requirement for cells to cope with mechanical stresses
stemming from their microenvironment. Cells accomplish this task by activating an
intrinsic mechanical response mediated by cytoskeleton active processes and through
mechanosensitive protein complexes which interface the cells with their mechano-
environment. Despite autophagy and cell mechanics being known to play crucial
transforming roles during oncogenesis and malignant progression their interplay is
largely overlooked. In this review, we highlight the role of physical forces in autophagy
regulation and their potential implications in both physiological as well as pathological
conditions. By taking a mechanical perspective, we wish to stimulate novel questions to
further the investigation of the mechanical requirements of autophagy and appreciate the
extent to which mechanical signals affect this process.
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INTRODUCTION

At its completion in 2003, the Human Genome Project (1) was
saluted as the tool to finally cure every cancer. Two decades later,
this largely anticipated promise has yet to be delivered and
the community of cancer researchers, which was once
disproportionally focused on the central dogma of molecular
biology, now embraces more holistic views. One of the most
exciting frontiers of cancer research deals with understanding
homeostatic processes during cancer development and how cancer
cells respond to environmental stresses of a chemical and physical
nature. In this context, the catabolic activity of autophagy is the
key mechanism to maintain the balance between synthesis,
degradation, and recycling of cytosolic components (2). These
routine housekeeping functions provide a cellular mechanism to
preserve homeostasis, enhance resilience to stresses and promote
cell survival. Several environmental stresses activate autophagy,
among those hypoxia, DNA damage, inflammation, and metabolic
challenges such as starvation. Aside from challenges of chemical
nature, cells are also exposed to stresses of mechanical nature,
arising from environmental cues. Sensing of mechanical stress
(mechanosensing) is mediated by force-induced conformational
changes of mechanosensitive proteins directly or indirectly
connected to the cytoskeleton and by mechanically activated ion
channels (3, 4). Mechanosensing results in a modification of
intracellular tension through reorganization of cytoskeletal and
actomyosin contraction, which, in turn, integrate the mechanical
signals into biochemical cascades (mechanotransduction), and, at
longer time scale, lead to modification of gene expression (4).
Hence, the physical properties of the microenvironment, such as
extracellular matrix composition, stiffness, and architecture, have a
profound impact on cellular genotype, phenotype, processes,
tissue organization and overall biological function of the
organism (4). This relation between mechanics and biological
responses is also important during cancer transformation and
progression, where the specific physical microenvironment of the
tumor cells undergoes dramatic changes. These modifications of
the tumor microniche are driven by enhanced cell contractility,
increased pressure resulting from abnormal cell proliferation and
growth of tumor mass, and alterations of composition,
architecture and rheological properties of the surrounding
extracellular matrix (5, 6). It has been reported that these

Abbreviations: AMPK, AMP-activated protein kinase; ATG, autophagy related
protein; EGF, epidermal growth fctor; EMT, epithelial to mesenchymal transition;
ER, endoplasmic reticulum; ESCRT, endosomal sorting complex required for
transport; FAK, focal adhesion kinase; GABARAP, gamma-aminobutyric acid
receptor-associated protein; JMY, junction-mediating and regulatory protein;
LC3, microtubule-associated protein 1A/1B-light chain 3; LKBI, liver kinase B1;
MLCK, myosin light-chain kinase; mTOR, mechanistic target of rapamycin; NPFs,
nucleation-promoting factors; PE, phosphatidylethanolamine; PI(3)P,
phosphatidylinositol 3-phosphate; PI3KC3: class III phosphatidylinositol 3-
kinase; SNARE, soluble NSF attachment protein receptor; TAZ, transcriptional
co-activator with PDZ-binding motif; TRP, transient receptor potential; VEFGR2,
vascular endothelial growth factor receptor 2; VPS, vacuolar sorting protein;
WASH, WAS protein family homolog; WHAMM, WASP homolog associated
with actin, membranes and microtubules; YAP, Yes-associated protein; CAFs,
cancer associated fibroblasts; ECM, extracellular matrix; FIP200, focal adhesion
kinase family interacting protein of 200 kDa; ULK1, unc-51-like kinase 1.

mechanical changes correlate with activation of autophagy,
which may be part of an integrated response to mechanical
stresses employed by cancer cells to escape programmed cell
death and to facilitate their adaptative response to the new
mechanical environment (7). Furthermore, compelling evidence
have suggested that autophagy impact several cancer hallmarks
including cell motility and invasion, cancer stem cell viability and
differentiation, epithelial to mesenchymal transition (EMT),
resistance to apoptosis and anoikis, escape from immune
surveillance and tumor cell dormancy (7, 8). However, the
causative relation between cellular mechanics and autophagy
and their interdependent role in cancer transformation are
fragmentary and largely anecdotical. Here, we aim to review the
autophagic process using a mechanical perspective and explore the
crosstalk between mechanotransduction and cellular catabolism in
order to access their possible contribution to cancer
transformation and survival.

ROLE OF CYTOSKELETON IN CELL
MECHANICS

Vital functions of eukaryotic cells such as resistance to
deformation, control of cellular shape, migration and transport
of intracellular cargos depend on the activity of the cytoskeleton,
an interconnected network of filamentous polymers, motor
proteins and regulatory proteins (9). This network is composed
by three interdependent structural components, namely
microtubules, intermediate filaments, and microfilaments
(actin) which are the engine of the cells as they convert
chemical energy into mechanical energy via ATP-dependent
polymerization and action of motor proteins. This mechanical
energy is used to produce forces that displace cellular elements
(e.g. formation of cellular protrusion, transport of cargos) and/or
store elastic energy therein (e.g. cortical tension, cellular
contractility). The whole process of autophagy being a
sequence of membrane remodeling events is mechanically
accomplished and coordinated by ATP-dependent cytoskeletal
dynamics that lead to mechanical deformation and transport (10,
11). The cytoskeleton acts as an important framework for the
modulation and control of correct positioning, tethering,
docking, priming, fusion, and movement of organelles, such as
autophagosomes and lysosomes. Actin cytoskeleton is composed
by actin filaments and fibers whose assembly and disassembly
generate web-like networks (Arp2/3-mediated branching) and
bundles (formin-dependent crosslinking of filaments). These
networks and bundles structurally support cellular membranes
and determine their dynamics (12). Importantly, the action of
molecular motors of the myosin family puts actin filaments
under tension. Similar to a stretch coil, the release of this
tension produces kinetic energy used for vesicle transport and
membrane remodeling associated to autophagosome formation
(13, 14). In addition, some myosins [i.e. myosin VI (15)] are
directly involved in the transport of various cargos including
autophagosomes (15). Furthermore, microtubules dynamics of
polymerization and depolymerization and the action of

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 11 | Article 632956


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hernandez-Céceres et al.

Mechanics of Autophagy in Cancer

associated motor proteins [i.e. kinesin and dyneins (16, 17)]
orchestrate the movement of pre-autophagosomal structures and
autophagosomes across the cytoplasm during the process of
autophagosome maturation (18, 19) and autolysosome
bidirectional transport (20). The cooperation and competition
between actin and microtubules are responsible for a large part of
cellular mechanics. Together, these ATP-dependent cytoskeletal
processes provide the mechanisms to overcome the energy
barriers imposed by membrane elasticity and resistance to
deformation that affect each step of the autophagic process
(21). Finally, intermediate filaments (i.e. keratins and
vimentin), which do not have evident dynamics and lack
motor proteins, are thought to provide mechanical stability to
the cell and its organelles (22). Intermediate filaments play a key
role in autophagosome and lysosome positioning by providing a
resistance to their free, unregulated movement (23). For instance,
networks of vimentin cables have been observed to form cages
around cellular organelles including the nucleus, endoplasmic
reticulum, and mitochondria (24). Consistently with this

regulatory function, pharmacological disruption of the
vimentin network results in defective flow of the autophagic
process (autophagic flux), the perinuclear position of autophagic
vesicles and a loss of their region-specific localization at different
stages of the process (23).

Step-By-Step Mechanics of Autophagy
From a mechanical point of view, the autophagic process can be
divided into seven main stages, as depicted in Figure 1:
initiation, nucleation, elongation, closure, autophagosome
maturation and transportation toward the perinuclear region
of the cell, fusion with the lysosome, and finally, cargo
degradation and recycling (25).

Initiation Stage

Upon a chemical or mechanical stimulation the autophagic
process begins, with the recruitment of core autophagy factors
(Figure 1—initiation). This stage corresponds to the activation
of the ULKlcomplex (26). As indicated in the schematic in
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FIGURE 1 | Mechanics of the autophagic process. From a mechanical point of view, the autophagic process can be divided into seven main stages: initiation,
nucleation, elongation, closure, autophagosome maturation, autolysosome formation, and finally, cargo degradation and recycling. Cytoskeletal active processes and
membrane organization during the sequential steps of autophagy are highlighted. See the main text for details.
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Figure 2, modulation of the ULK1 complex is achieved by
enhancing the activity of AMPK (induced by ATP depletion)
(27) and/or by inhibition of the mechanistic target of rapamycin
complex 1 (mTORCI1) which acts as repressor of autophagy and,
under basal conditions, maintains ULK1 in an inactive
conformation (27). Canonical initiation of autophagy entails
that metabolic stresses (chemical stimuli), such as nutrient
deprivation, cause mTORCI1 dissociation from ULKI1, which
becomes active and binds to ATG13 and FIP200 (ULK1
complex—Figure 2). This early signaling triggers the
downstream events of autophagosome formation (Figure 1—
initiation). Whether mechanical stresses and signals may play a
direct role in ULK1 activation is still unclear. It has been reported
that mechanosensitive (that responds to mechanical stimuli)
mTORC2 (28, 29) is in a negative feedback loop with
mTORC1 (30, 31), thus could indirectly induce activation of

ULKI1 to initiate autophagy via inactivation of mTORCI1-
repressor function (32). Importantly, mTORC2 can be
mechanically activated by mechanosensitive, focal adhesion
kinase (FAK) (33) (Figure 2). In adherent cells, FAK is part of
focal adhesion, a protein complex mediating cell/substrate
adhesion. Decrease of mechanical forces at the focal adhesions,
which may occur upon detachment of the cells from the substrate
or due to changes in rheological properties of the extracellular
matrix, induce FAK dissociation from the focal adhesion
complex (34). Soluble FAK is free to phosphorylate (activate)
mTORC2 and consequently initiate autophagy (33).
Interestingly, mTORC2 can also activate AKT, which
reestablishes the inhibitory activity of mTORCI1 through an
indirect signaling cascade (28). Hence, FAK, mTORC2 and
AKT may provide a possible negative modulation or an off-
switch to detain the autophagic process (Figure 2).
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Nucleation

The process of formation of the initial complex of membranes
that will elongate and mature into the autophagosome, begins
with the binding of activated ULK1 complex to or in proximity of
the sites for phagophore formation (35) (Figure 1—nucleation).
In yeast, the phagophore assembly site is found in a dedicated
and confined space between the endoplasmic reticulum (ER) exit
site (36, 37) and the vacuole (yeast degradative lysosome) (38).
Interestingly, in yeast, the autophagosome remains in this space
throughout the autophagic process. Conversely, in mammalian
cells, the phagophore assembly sites may be found at different
cytoplasmic locations such as ER, ER-mitochondria junctions, or
ER-plasma membrane, as well as specific subdomains of the
plasma membrane containing the primary cilium (39-41). As
consequence, the autophagosome needs to be transported
throughout the cytosol for proper maturation. These
differences between mammalian and yeast cells may reflect
differences in structural complexity and spatial patterns of
stress signal. It is tempting to speculate that the higher spatial
complexity of the autophagic process seen in mammalian cells
could be a result of higher mechanical complexity as compared to
the wall-protected and sedentary yeast cells. The formation of the
autophagosome begins with a curved membranous structure,
named the omegasome for its shape resembling the Greek letter
omega (42). The omegasome folds as a double membrane digit
that receives lipids from most of the internal compartments of
the cell (42, 43). The omegasome grows into a cup-shaped double
membrane, known as phagophore or isolation membrane, which
is typically connected with the ER membrane at its base (44).
Eventually, the connection between the ER and the omegasome
is sealed off and an independent double-membrane organelle is
formed (42). To achieve this, several mechanical and energetic
requirements need to be met. These include recruitment of
specific ATGs, actin cytoskeleton to support and direct the
curved membrane, and the recruitment of the necessary
material, in particular phospholipids, to allow the de novo
buildup of the phagophore (45) (see Figure 1—nucleation).
ULK1 complex is responsible for the initiation all these
mechanisms. As first step, ULK1 recruits and activates
PI3KC3, a kinase complex formed by VPS34, Beclin-1, VPS15
and ATG14 (46). Activation of PI3KC3 occurs via ULKI1
phosphorylation of Ambral (47), a Beclin-1 interacting
protein. The PI3KC3 complex, which is tethered to the
cytoskeleton through an interaction between the Ambral and
dynein light chains (47), leads to PI3KC3 release from dynein
light chain and the microtubule network, enabling the complex
activation and translocation to the omegasome. In this location,
PI3KC3 phosphorylates Phosphatidylinositol to generate
Phosphatidylinositol 3-phosphate (PI(3)P), which promotes
membrane bending and the recruitment of the additional ATG
proteins required in the later stages of autophagosome formation
(44) (see Figure 1—nucleation; ATGs recruitment). In addition
to PI(3)P, membrane bending is also sustained by Atgl7 (yeast
counterpart of FIP200), a specific scaffolding protein that may
also provide a curvature-sensing mechanism (48, 49). The Atgl7
dimer has multiple hydrophobic residues that favor membrane

interaction. Atgl7 dimers arrange to tether the fused vesicles
together, adopting a peculiar double-crescent shape (48) which is
ideal to induce and sustain membrane bending. In addition, PI
(3)P recruits specific membrane associated nucleation-
promoting factors (NPFs), such as WHAMM (50), MY (51),
and WASH (52). In response to the specific localization of these
factors, Arp2/3 and CapZ polymerize a network of branched
actin proximal to the ER membrane (see Figure 1—nucleation;
actin polymerization). This ATP-dependent and spatially
controlled polymerization of actin generates pushing forces
against the membrane, and thus sustaining the dome-shaped
concavity therein (the isolation membrane) (45). In addition, this
branched actin network provides a structural scaffold to sustain
the pronounced curvature of the membranes forming the
omegasome first and the subsequent phagophore. In particular,
the latter would energetically tend to open into a spherical
vacuole rather than keeping its typical cup shape due to the
high curved edges. The preferred shape of a vesicle is defined by
minimizing the membrane bending energy for a given enclosed
volume (53). To overcome this energy barrier, cells take
advantage of several tools such as asymmetric lipid and protein
distribution between the two faces of the bilayer (e.g. PI(3)P and
cholesterol) and the action scaffolding proteins (e.g. Atgl7) and
scaffolding cytoskeletal structures (actin) (53-56) (see Figure 1—
nucleation). However, in a field that is disproportionally focused
on protein-mediated signaling cascades, the importance of
physical properties of the phospholipid bilayers has been
largely overlooked. While PI(3)P and actin polymerization
primes the physical environment, ULK1 also initiates a second
crucial cascade leading to recruitment of phospholipids to
assemble the pre-autophagosomal double membrane, which is
achieved by the recruitment of vesicles receiving input from
different membrane sources (mitochondria-associated ER
membrane, ER, Golgi, plasma membrane, and recycling
endosomes) (57, 58). This seems to be accomplished by two
mechanisms: ATG9-vesicle transport and fusion with the
omegasome (35) and ATG2-mediated transport of lipids from
one donor compartment to the omegasome (59). Various
signaling pathways such as EGF/Src induce incorporation and
phosphorylation of cytosolic ATG9 in the target membrane and
the formation of ATG9-vescicles (60, 61). The selectivity of the
source of the membranes, depending on the type of autophagy
and the nature of the cargo to be sequestered, is still debated (44).
In general, intracellular membrane trafficking is regulated by the
Rab family of small monomeric GTPases (62). In their GTP-
bound form, Rab proteins recruit effectors to regulate vesicle
trafficking, while hydrolysis of the bound GTP to GDP causes
loss of effector binding and extraction from membranes. Upon
activation of the autophagic process, activated Rab11/Yptll
GTPase regulates the recruitment of ATGY vesicles to the
omegasome through the tethering of ATG9 to ULK1 (48, 49,
63). Actomyosin contractility seems to play a fundamental role
in ATG9-vesicle transport. It has been shown that activation of
myosin ITA via MLCK-like protein Sqa, which is downstream of
UKL, induces transport of ATG9 vesicles to the phagophore
(64). While the proposed mechanism of cargo transport by
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myosin ITA seems farfetched, as myosin IIA is not a cargo
transporter (65), it is possible that cables of actin under
tension provide physical guidance for the flow of vesicles
toward the phagophore. Recent work presents a different
mechanism for the transport of phospholipids from the donor
membrane to the forming autophagosome (66). Indeed,
according to the experimental evidence, Atg9 establishes
membrane contact sites with a donor compartment. Here
phospholipids are transferred between compartments by lipid
transfer proteins like Atg2, resulting in a net flow of lipids from
the vesicles to the autophagosome without vesicle fusion (66).

Elongation and Closure Stages

After priming of the physical environment, the membrane of the
nascent phagophore elongates to an open cup-shaped structure
thanks to the fusion of additional membrane (Figure 1—
elongation). This novel structure encompasses a portion of the
cell cytosol, which is ready to accept the material to be recycled
(cargo loading) and finally seal through SNARE-mediated fusion
(Figure 1—elongation and closure). In mechanical terms, the
growth of the phagophore double membrane has the same
mechanical requirements as the previous stage. Hence, this
stage follows the same dynamics with lipid being recruited
through ATG9-mediated fusion and/or transfer (Figure 1—
elongation; membrane recruitment) and polymerization of actin
cytoskeleton to structurally support the growing double membrane
and maintain its shape (67) (Figure 1—elongation; actin
polymerization). These processes are under strict regulation by
several ATG proteins (such as ATG3, ATG7, ATG5, ATG12 and
ATGI6L1), including the lipidated LC3/GABARAP protein family
(25). The lipidation process occurs by conjugating the cytosolic
LC3-I protein to phosphatidylethanolamine (PE), which generates
the membrane bound LC3-II (68-70). Importantly, LC3 lipidation
requires the curved rim of the phagophore, as ATG3, the E2-like
enzyme necessary for LC3 lipidation, only functions on a highly
curved membrane (71). Additionally, it has been observed that the
local curvature of the phagophore increases upon LC3 insertion,
indicative of the curvature-inducing properties of LC3 (72). Hence,
PE localization and enrichment on the phagophore inner
membrane is fundamental for the progression of autophagy.
Indeed, it has also been proposed that phospholipid transfer (PE
precursors) from the ER to acceptor membrane on adjacent
organelles (e.g. mitochondria) may be the mechanism which
induces formation of the phagophore on sites other than the ER
(73, 74). Among other cargo-receptors, LC3 is fundamental for
selection and loading of specific cargo into the autophagosome
[reviewed in (75)] (Figure 1—elongation; cargo loading). LC3 is
also known to regulate cytoskeletal dynamics. On one hand, LC3
recruits NPFs (i.e. WHAMM and JMY) to promote the Arp2/3-
mediated expansion of the membrane-proximal actin network and
allow for the phagophore extension and shaping (13, 76). On the
other hand, interaction of LC3 with microtubules has been
proposed to mediate transport and selection of dysfunctional
organelles (77), phagophore expansion and later in the process to
mediate the closure of the autophagosome (16, 78, 79). Once loaded
with its content, the phagophore closes into a double membrane
organelle, the autophagosome proper, to confine its inner

degradative space (80, 81) (Figure 1—closure). Prior to closure all
the ATG proteins tethered to PI(3)P platform are removed from the
surface of the autophagosome. This process requires the removal of
PI(3)P by phosphoinositide phosphatases and possibly other factors
(82-84). It must be noted that the clearance of PI(3)P is an
important mechanism to dismantle the nucleating-elongating
ATG machinery, required for the formation of the mature
autophagosome (82). Finally, the closure of the phagophore is
completed by a scission (or fission) process of the inner and outer
membrane of the phagophore to generate the autophagosome with
a double membrane (85). This process, still not completely
understood, is mediated mainly by the endosomal sorting
complex required for transport (ESCRT) (58, 86) and shares
topology with canonical ESCRT-dependent cellular membrane
scission processes, including cytokinesis, plasma membrane repair
and multivesicular body biogenesis (87, 88). The ESCRT machinery
is composed by distinct conserved complexes (ESCRT- 1, -IT and -1I)
and accessory proteins, such as ATPase protein VPS4, which
disassembles and recycles ESCRT-III complex (89, 90). During
the process, ESCRT-III subunits assemble into helical filaments
providing the driving force to induce membrane deformation, while
the recruitment of VPS4 drives membrane sealing (88) and,
subsequent scission (91, 92). In addition to the ESCRT complex
the motor protein Myo6 and the actin network participate in
phagophore closure (87, 88). Altogether these components bring
the open ends of the autophagosome in close contact to allow for
SNARE-mediated fusion (93).

Maturation and Formation of
Autolysosome

Once the double membrane is fused, the process of
autophagosome maturation begins. This requires fusion of the
autophagosome with early/late endosomes (Figure 1—
maturation) and transport towards a perinuclear region
mediated by microtubules and dynein (Figure 1—maturation;
transport) (18, 19). This is followed by fusion of the mature
autophagosome with lysosome to form the autolysosome where
the degradation of cargo occurs (Figure 1—autolysosome
formation). Autophagosome-endosome/lysosome fusion may
occur by a large variety of mechanisms, including kiss-and-
run, complete fusions or fusion mediated through tubules (94).
In these processes, docking and fusion appear to be two
separately regulated events. Once the autophagosome and the
lysosome encounter, the outer membrane of the autophagosome
fuses with the lysosome forming an autolysosome. The fusion of
endo-lysosomal vesicles with autophagosomes broadly requires
Rab GTPases for trafficking and vesicles docking (in particular
Rab7), membrane-tethering complexes and SNAREs to mediate
vesicles fusion in a specific manner (95-97). The molecular
mechanism regulating the fusion of autophagosomes with
lysosomes has not yet been fully understood. Recent evidence
shows that increased levels of PI(4)P on late endosomes/
lysosomes stimulate the recruitment of the multisubunit
homotypic fusion and vacuole protein sorting (HOPS)
complex (98). HOPS complex, by interacting with LC3, tethers
lysosomes to autophagosomes (99, 100) and, by direct
interaction with autophagosome-localized STX17, facilitates the
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assembly of the SNARE complexes (101) between STX17 with its
partners, ubiquitous SNAP29 and with lysosomal VAMP3 (95,
98). Beside the HOPS complex, TECPRI, a protein that localizes
at lysosomal membranes has also been proposed as tethering
factor that initiates autophagosome-lysosome fusion (102) by
recruitment of LC3 matured autophagosomes to lysosomes and
promoting the degradation of protein aggregates (103). The
whole process of tethering and fusion is accompanied by the
omnipresent actin network that stabilizes the curvatures and
provides the mechanical energy to force the membranes of
different organelles in close contact and fusion (11, 17). This
latter process is mediated by WHAMM-dependent
polymerization of branched actin network (cortactin and
Arp2/3), leading to the appearance of stress-bearing actin
comets (13), and by the unconventional myosin motor protein
MyolC (104). Contrary to the canonical, fast twitching myosins
(e.g. Myosin IIA), MyolC is a slow monomeric actin-based
motor protein adapted for translocation of large loads at a
slow pace. Though its mechanistic action is not completely
elucidated, its suggested function is to link membrane cargo
enriched in PI(3,5)P2 [produced by PIKfyve-dependent PI(3)P
dissipation (105)] to the actin cytoskeleton (106) and to stabilize
membrane ruffles (107).

Cargo Degradation and Recycling

Upon fusion of lysosomes with the autophagosome and the
degradation of the inner membrane, the process of
autophagosomal cargo degradation begins, as depicted in
Figure 1 - Degradation and Recycling (43). During this step
the autolysosomes significantly reduces in size (108), due to
cargo degradation and the transport of small solutes (amino
acids, monosaccharides and nucleosides) mediated by the solute
carrier transporter (109). Solute transport across the
autolysosome membrane is followed by the subsequent
osmotic forces causing an outward flow of water. The
shrinkage of the autolysosome is required for the following
step of lysosome membrane recycling. The high membrane
curvature, driven by the autolysosome shrinkage, recruits the
protein complexes required for the processes of vesiculation and
tubulation that allow lysosomes vesicles to reform (110).
Autolysosome tubulation is also facilitated by the protein
WHAMM, which, once recruited in autolysosome surface,
promotes the formation of a branched actin scaffold that
facilitates the process (108).

CELLULAR MECHANICS AND
AUTOPHAGY

A great variety of biophysical stimuli elicit cellular responses and
determine cellular functions (Figure 3A) (111). Much of these
stimuli stem from short-scale (Figure 3A, blue boxes) interaction
between the cells and their physicochemical microenvironment.
Cells have been reported to sense and respond to the a) physical
status of the extracellular matrix (e.g. composition, stiffness,
topography and density) by exerting traction forces on the

substrate (112-114), b) geometrical cues (e.g. size,
confinement, curvature) affecting cortical and membrane
tension (115, 116), c¢) presence of surrounding cells (e.g. cell
crowding) and their physical activity (e.g. pulling and pushing
causing cell-cell shear and normal forces), and the chemical
composition of the interstitial and luminal fluids (e.g. osmotic
pressure inducing cell swelling or shrinkage and consequent
variation in membrane tension) (117). In addition, cells are
subject and respond to large-scale mechanical forces (Figure
3A, red boxes) such as shear stresses and fluid pressure due to
flow of liquids or solid material in the lumen of tubular structures
(e.g. gut, blood vessels and urinary tract), and lateral stretch and
compression of tissues required for physiological function of
lungs, muscles, and digestive system, among others (118-121).
Short and long-scale force (summarized in Figure 3A) elicit
reactive and adaptive cellular responses that primely involve
active processes mediated by the cell cytoskeleton (4). This can
be activated by the direct action of external mechanical cues on
the cytoskeleton via sensing mechanisms involving various
mechanosensors at the cell surface, such as mechanically
activated ion channels (e.g. TRP and piezo), proteins sensing
tension and curvature of the plasma membrane (e.g. BAR proteins)
and of the cytoskeleton (e.g. filamin), and adhesion protein
complexes (e.g. focal adhesion, adherens junctions) (122). These
mechanosensors translate mechanical inputs into biochemical
signals via mechanotransducers (AKA mechanotransduction
process) that control cytoskeletal organization, membrane
trafficking, gene expression profile and ultimately cellular function
as a whole (4, 123, 124) (Figure 3B). Mechanosensing is generally
achieved by a force-dependent conformational change of the
sensing protein that may lead to the opening of a channel
(typically calcium channels), which subsequently activates a
cellular response via an electrochemical signal, or through the
dissociation of proteins (mechanotransducer) from the sensing
complex. In its freely diffusive form, the mechanotransducer
participates in enzymatic reactions (e.g. phosphorylation), either
as the enzyme or the substrate. As examples of both cases, the rise of
calcium and/or the activation of protein phosphorylation cascades
will lead to short- and long-term adaptation to mechanical stimuli.
Acting as an essential part of the innate adaptive mechanisms of the
cell, the autophagic response aids in the management of mechanical
challenges and allows the cell to adapt to the everchanging physical
environment (Figure 3B). In general terms, mechanical cues may
affect the autophagic process in two ways: firstly, via specific
crosstalk between mechanotransduction and autophagy regulatory
proteins (e.g. mTORC, AMPK) (125, 126) responsible for the
initiation and/or inhibition of the autophagic process and/or
secondly, via the unspecific cooperation/competition mechanisms
between mechanical processes and autophagy to recruit cytoskeletal
elements and phospholipid membranes (127). A growing body of
evidence demonstrates that indeed mechanical cues feed into the
signaling required for the activation of autophagy (7, 128-130).
Conversely, despite being highly plausible, the competition for
cellular components between the two processes and the
consequences of such, have still to be addressed by the literature.
A final point of convergence is the regulatory role of autophagic
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catabolism and recycling of biological components in managing the
turnover of cellular components necessary for proper execution of
mechanical processes. In the following sections, we will discuss the
crosstalk and interactions between cell mechanics and autophagy.
Next, we will discuss in detail some the most relevant and better
known connection between the mechanotransduction machinery
and the autophagic process.

Extracellular Matrix and Focal Adhesions

The macromolecular composition, structural architecture, and
rheological properties of the extracellular matrix undergo
constant remodeling due to the enzymatic and mechanical action
of the cells (113, 131). These modifications and the remodeling
processes deliver a versatile microniche that in turn affects cell
phenotype and function and, when dysregulated, may lead to the
emergence of disease states such as fibrosis and cancer (111). The
ability of cells to sense mechanical properties of the extracellular
matrix in normal and in pathological conditions can be attributed to
the integrin-mediated adhesions, also known as focal adhesions
(132, 133). Focal adhesions are composed of multiple
mechanosensors (e.g., talin, vinculin), signaling molecules (e.g.,
FAK, Src, PI3K), adaptor proteins (e.g. paxillin) and actin linker
proteins (e.g., filamin, alpha-actinin), which physically connect the
integrins to the cytoskeleton [reviewed in (134)]. The binding of
extracellular matrix ligands to integrin heterodimers promotes
tension-induced conformational changes in the integrin
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FIGURE 3 | Schematic representation of cell mechanics and its interplay with autophagy. Cells subjected to a great variety of mechanical forces (red arrows) from
the environment that generate cell-autonomous forces mediated by the cytoskeleton. (A) There are two main different categories of forces sensed by the cells: short
scale (blue boxes) and large scale (red boxes). Short and long-scale forces are perceived by the cells via various mechanosensors, including interfacial protein
complexes (integrin- and cadherin-mediated adhesions), mechanosensitive ion channels (TRP, piezo), tension and curvature sensors at the plasma membrane and
actin cortex (BAR proteins, flamin), and the primary cilium. (B) Mechanical inputs are transduced to biochemical signals (mechanotransducers), such as Ca**,
transcription factors (YAP/TAZ) and signaling proteins (phosphatases and kinases) that affect the cytoskeleton, gene regulation, and other cellular functions.
Autophagy is directly (cellular signaling mediated) and indirectly (cooperative action with the cytoskeleton) activated by mechanical processes. While likely to exist,
negative feedbacks (inhibitions and competition for cytoskeletal elements) are still underexplored in the literature. Autophagy regulates various mechanical processes
via ensuring recycling of cellular components and providing energy during catabolism.

cytoplasmic tail, leading to the recruitment of talin and paxillin
(135,136). As tension increases and focal adhesion mature, protein
tyrosine kinase 2 and Src are recruited, providing the enzymatic
kinase activity to promote downstream signal transduction,
including Rho GTPase signaling, anoikis signaling, mitogenic
signaling, and extracellular matrix turnover (137). Thus, integrin-
mediated adhesions interact with the extracellular matrix and sense
its rigidity, which in turn modulates cellular behavior including
motility and migration (138). Several studies address how the
extracellular matrix and integrin-mediated adhesion may trigger
autophagy via FAK and ILK (integrin linked kinase), thus linking it
to anoikis and cancer progression (detachment-induced cell death)
(139-141). Importantly, these emerging interconnections between
integrin-mediated adhesion pathways and autophagy are relevant
for immunosurveillance (142) and thus impinge on the appearance
of certain diseases, including cancer. Matrix constituents have been
shown to regulate autophagy in both a positive (activators) or
negative (inhibitors) manner. Decorin, collagen VI, kringle 5,
perlecan, and endostatin function as activators (142-145),
whereas laminin a2 is an inhibitor of the autophagic process
(146). The extracellular matrix, which constitutes different
physical and structural properties, can initiate biochemical
signaling cascades that involve membrane receptors (e.g.
integrins, VEGFR2, GRP78) (143, 144, 147), regulatory proteins
(AKT, mTORCI and 2) and autophagy specific effectors, including
VPS34, Beclin-1 and lipidated LC3 (LC3-II) (142, 148). On the
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other hand, autophagy regulates integrin-mediated adhesion, and
therefore cell migration, via controlling focal adhesion turnover
through a mechanism involving LC3, paxillin and Src (149).

Cell-Cell Adhesions

In addition to the extracellular matrix, cells in a tissue physically
interact with other cells (e.g. epithelial cells, muscle cells) through
transmembrane receptors that mediate extracellular bonds with
receptors on neighboring cells to control tissue integrity and
collective cell dynamics (150). Cell-cell contacts are mediated by
various adhesion complexes, such as adherens junctions, tight
junctions and desmosomes, each with distinct functions and
molecular characteristics. Adherens junctions are force-sensor
complexes. Tight junctions only appear to act in parallel to
adherens junctions via a physical connection between the two
complexes. The role of the desmosome in junctional
mechanotransduction responses remains elusive. In adherens
junctions, coupling between the cadherin transmembrane
receptor and the actin cytoskeleton is mediated by a protein
complex collectively termed the cadhesome network (151).
Similarly to the previously described integrin-based adhesion, this
complex has a well-defined spatial organization where force-
transduction is mediated by protein conformation that in turn
modulates the engagement of cadherins with the actin network
(152, 153). Tension at adherens junctions induces an O-catenin
conformational switch with consequent exposure of previously
hidden binding sites for vinculin, resulting in increased functional
integration of the complex with actin dynamics. Tension-induced
conformation changes of vinculin can differentially engage the
signaling layer to the actomyosin contractile machinery and enable
localized actin polymerization through the Mena—VASP complex
associated with vinculin (152, 153). Thus, vinculin serves the role of
‘molecular clutch’ that integrates mechanical and biochemical signals
to engage and disengage the cell-cell junction to internal and external
forces. This remarkable spatial organization and the molecular
mechanism involved therein provide the cells with the strength and
plasticity needed by the highly dynamic epithelial tissues during
biological processes such as collective cell migration, wound healing,
tissue stretching, etc. Autophagy plays a critical role in junctional
homeostasis by actively regulating the recycling of the junctional
complexes in response to various intra- and extra-cellular cues
[reviewed in (154)]. Experimental evidence shows an autophagy-
dependent translocation of cadherin (155) and claudin (156) from the
cell membrane to the cytosol where they are subsequently degraded
by the autophagosome or lysosome. The effect of cell-cell adhesion on
the autophagic process has been less well studied. Nevertheless, it has
been shown that the application of force to E-cadherin stimulates
autophagy via Liver Kinase B1 (LKB1) activation, which recruits the
autophagy-initiator-factor AMPK to the E-cadherin complex (157).

Yes-Associated Protein/Transcriptional

Co-Activator With PDZ-Binding Motif Signaling
In addition to what has been discussed in previous paragraphs,
autophagy, and mechanosensing are interdependent via the YAP/
TAZ system. Yes-associated protein (YAP) and the transcriptional
co-activator with PDZ-binding Motif (TAZ) regulate gene
expression in a force-dependent manner. Pioneering work of

Piccolo and co-workers showed that mechanical forces regulate
YAP/TAZ cytosoliclocalization and nuclear translocation (158). By
analyzing YAP localization and transcriptional response, these
investigators showed YAP activity to be regulated by extracellular
matrix stiffness, cell density and cell geometry. When cells are atlow
density or on a stiff extracellular matrix, YAP and TAZ are active
and localize in the nucleus, where they interact with the DNA-
binding transcription factor TEAD to promote the expression of
several growth-related genes and ultimately induce cell
proliferation (159, 160). Conversely, when cells are at high-cell
density or plated on soft matrix, YAP/TAZ are inactive in the
cytoplasm (158, 161, 162) leading to contact inhibition of
proliferation. This force-dependent control of proliferation is a
fundamental mechanism to maintain tissue homeostasis and allow
tissue repair. Impairment of this system may lead to uncontrolled
cell growth (a cancer hallmark). Interestingly, one of the
transcriptional targets of YAP/TAZ is Armus (163), a protein of
the Rab-GAP family that mediates autophagosome-lysosome
fusion (164). Consequently, it has been seen that the efficiency of
the autophagic flux depends on the physical properties of the cell
microenvironment via YAP/TAZ mechanical response (163).
Furthermore, mTORCI1 regulates YAP by mediating its
autophagic degradation (165), further linking cellular nutrient
status to YAP activity (166).

Mechanosensitive lon Channels

Calcium influx mediated by mechanosensitive channels have been
implicated in the initiation and elongation stages of autophagy
(167). ER-resident channels exhibit the potential to regulate
autophagy at different stages (initiation as well as the
autophagosome-lysosome fusion), due to its special role as a
platform for autophagosome nucleation. However, these ER-
resident channels have not being linked to mechanosensing. On
the other hand, plasma membrane channels have been reported to
control the initiation process via AMPK and mTOR. Interestingly
two large families of calcium channels, the (osmo-mechano and
voltage) transient receptor potential (TRP) channels and pore-
forming Piezo (168) are known to be mechanosensitive. These two
channel families are gated by changes in membrane tension, which
may arise from stretch and compression of the plasma membrane
during cell migration or when the cells are subject to shear flow.
Similarly, these channels respond to osmotic challenges which
increase membrane tension during cellular swelling (169).

Membrane and Cytoskeletal Tensions

As a physical boundary between the cell and the environment, the
plasma membrane constitutes a prime location for
mechanosensation and mechanotransduction (170, 171). The
poorly extensible lipid bilayer (rupture occur at only 3-5% area
expansion) is mechanically supported by the actin cortex, which,
thanks to its active dynamics, absorbs a great portion of applied
stress, control folding and unfolding of plasma membrane into and
out of membrane reservoirs and facilitates vesicle trafficking and
fusion. Mechanical stimuli at the plasma membrane can be
differentiated as tensile stress (cell stretching and hypoosmotic
swelling), compressive stress (cell compression and hyperosmotic
shrinkage), shear stress (flows of fluids over adherent cells) and
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forces generated by topographical cues (confinement caused by the
physical microenvironment). Fluid shear stress has been reported to
induce autophagy by activating the Rho GTPases (Racl, RhoA, and
Cdc42) with consequent upregulation of Beclin-1, ATG5, ATG7
and LC3 (172). Furthermore, cells respond to mechanical stress
with rapid autophagosome formation through an mTOR-
independent pathway (173). Autophagic response demonstrates
high specificity to mechanical load with a transient and gradual
response to the stimulus (half-maximal responses at ~0.2 kPa)
(173). While the exact sensing and signaling mechanisms are not
entirely clear, they may involve BAR proteins that have been
identified as primary membrane tension sensors (174). Another
mechanism of tension sensing involves the actin scaffold protein
filamin. Filamin A control the tensional state of the actin
cytoskeleton by mediating crosslinking of actin filaments at large
angles (175, 176). When cells are challenged by sheer flow, filamin
accumulates throughout the cell, increasing the overall mechanical
stability of the cytoskeleton (177). In addition, filamin A crosslinks
integrin with actin and thus mediates force-dependent
reinforcement at the focal adhesions (178). In response to
tension, filamin A undergoes conformational changes that
promote its ubiquitination and subsequent targeting by
chaperone-mediated autophagy (179).

Mechanosensing at the Primary Cilium

Key processes such as cell migration, differentiation, cell cycle re-
entry and apoptosis largely depend on the specific activity of the
primary cilium (180). Found in the majority of cell types, the
primary cilium is a non-motile microtubule-based appendix that
senses extracellular chemical and mechanical stimuli (181, 182).
For instance, the cilium in kidney cells is a flow sensor. Sheer
forces causing bending of the the cilium induce calcium entry
into the cell via polycystin-2 (PC2) and transient receptor
potential vanilloid 4 (TRPV4) (183). This sheer-stress-
dependent signaling triggers autophagy and leads to cell size
regulation (184, 185) through the LKB1-AMPK-mTOR signaling
pathway (186). In contrast to starvation-induced autophagy,
mechanical signaling from the cilium initiates autophagy in a
ULK1, Beclin-1 and PI3K/VPS34 independent manner (187,
188). It was recently reported that the PI3KC2a lipid kinase
(PI3K class II), required for ciliogenesis and cilium function, can
promote the synthesis of a local pool of PI(3)P in response to
shear stress (188). In turn PI(3)P is crucial for Rabl1la membrane
mobilization and activation (189, 190), and serves as platform for
autophagosome assembly and formation (191, 192). On the
other hand, primary cilium length and assembly (ciliogenesis)
are modulated by autophagy. This involves the degradation of
ciliogenesis regulators (193, 194), as evidenced that during
starvation, several components of the autophagic machinery
(including ATG16L1) localize at the cilium’s basal body (40).

MECHANICS OF AUTOPHAGY DURING
CANCER TRANSFORMATION

Malignant transformation is accompanied by a progressive loss of
tissue homeostasis and perturbations of tissue architecture. It is

widely recognized that a critical component of this transformation
involves alterations in the mechanical phenotype of the cell and of
the surrounding microenvironment, creating a peculiar mechanical
milieu predominantly composed of cancer cells surrounded by a
dense extracellular matrix (6, 195, 196). In addition, a set of
accessory cells may be found in the tumor microenvironment,
including blood and lymphatic vascular cells, lymphocytes,
inflammatory cells and cancer associated fibroblasts (6, 195, 197).
Depending on the context and stage of cancer development,
autophagy has been recognized as a “double-edged sword”
(Figure 4, left panel), as it can act as a mechanism for either
tumor-suppression or tumor-promotion depending on the cellular
context in which it acts (198, 199). Consistent with its role in
promoting cell survival and rejuvenating cellular components,
autophagy serves as a quality-control mechanism, detecting
changes in organelle architecture and protein folding and thus
preventing tumor initiation. On the other hand, these same
mechanisms promote cancer cell survival and escape from
apoptosis. This occurs by aiding the responses against
environmental stress and generating the energy needed for
unregulated growth and metastasis through the recycling and
degradation of cellular organelles (Figure 4) (198, 200-202).

In the context of solid tumors, several mechanical aspects of
the tumor microenvironment contribute to the tumor-
promoting function of autophagy (Figure 4, right panel).
When confined by the extracellular matrix, cancer spheroids
experience forces exerted by the expanding tumor mass as a
result of unchecked proliferation and the resistance to
deformation of the surrounding stromal tissue (203, 204). This
causes increased interstitial pressure (203) and generates shear
stress within the tumor microenvironment (7, 205, 206).
Eventually, this mechanical stress affect cell growth directly, by
compressing cancer cells, and/or indirectly, by compressing the
surrounding blood and lymphatic vessels (207). Due to the
sustained compression of the vasculature within the tumor,
poor tissue perfusion causes hypoxia and eventually necrosis
within the tumor (208). Hypoxia promotes epithelial to
mesenchymal transition (EMT), a reorganization of the
cytoskeleton and dissolution of the epithelial cell-cell junctions.
This enables dynamic cell elongation, directional motility (209),
and consequently an increase in the metastatic potential of the
tumor cells. Furthermore, during EMT the composition of
intermediate filaments changes, switching from keratin to
vimentin (195, 210). Furthermore, during this process the actin
cytoskeleton becomes hypercontractile through the TGF-B-
dependent activation of pathways such as Rho GTPases,
p38MAPK and ERK1/2 (211). This pathway activation triggers
actin reorganization and formation of cellular protrusions,
including lamellipodia and filopodia (212, 213). Furthermore,
TGF-B and hypoxia also promote the formation of cancer
associated fibroblasts (214, 215), which interact with each
cellular component of the tumor microenvironment.

By mediating extracellular matrix stiffness, the cancer
associated fibroblasts can regulate the cancer cell cytoskeleton
(216-218). These changes to the cellular cytoskeleton during
transformation or EMT drastically alters their mechanical
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phenotype and in particular the degree of tension exerted on
neighboring cells and the extracellular matrix, leading to
increased migration, invasion and dissemination potential
(201, 219). To successfully metastasize, tumor cells migrate
locally and invade into surrounding tissue to gain vasculature
access, and subsequently intravasate through the basal
membrane and detach from the extracellular matrix to become
circulating tumor cells (220, 221). Ultimately, circulating tumor
cells that survive in circulation can extravasate from the
bloodstream and engraft in secondary tissue sites and thus
forming metastatic foci (222). All cells that travel in the
bloodstream experience fluctuating levels of shear stress.
Hemodynamic shear stress, caused by the movement of blood
along the cell surface, is influenced by both the fluid viscosity and
fluid flow velocity (210). Shear stress can also be caused by
frictional interaction with endothelial cells (6, 223). Equally,
tumor cells within the bloodstream must survive harsh
conditions, including extracellular matrix detachment-induced
apoptosis (i.e. anoikis), immune system assault, along with the
variations in shear stress (222). The physiological shear stress
(0.5-3 Pa) caused by blood flow may suppress cancer cell
proliferation but may also promote migration and adhesion

(224-227). Substantial evidence suggests that mechanical
stress, such as compressive and shear forces, in the tumor
milieu boosts malignant progression by inducing autophagy
(129, 130, 172, 228). Consistent with this, cervical cancer cells
exposed to pulses of laminar shear stress of 2 Pa (over 3 and 6
minutes) undergo autophagy, by a lipid raft-mediated p38MAPK
dependent process, and delay apoptotic cell death (130).
However, shear stress is not necessarily beneficial to the cancer
cell. Conversely, elevated levels of shear stress (6 Pa), as occurs
during intense exercise, has been shown to promote tumor cell
death (229). Furthermore, fluid shear stress in the range of 0.05
to 1.2 Pa is shown to trigger cancer cell death through apoptosis
and autophagy in several cancer cell lines, including
hepatocarcinoma, osteosarcoma, oral squamous carcinoma,
and carcinomic alveolar basal epithelia. Interestingly, this fluid
shear stress induced death did not occur in non-cancerous cells
(230). Thus, it appears that depending on both the intensity and
the duration of the shear stress, autophagy may act as either a
pro- or anti-survival mechanism. Furthermore, it has been
shown that autophagy induced by shear or compressive stress
plays a role in cytoskeletal remodeling and in the recycling of
proteins essential for cancer progression (149, 172). Indeed,
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increased tissue stiffness is implicated in the control of several
tumor features, such as growth, invasion, and metastasis (203,
231, 232). Accordingly, it has been observed that the stiffness of
cancerous tissue of breast, hepatic and liver origin is higher than
that of the corresponding respective physiological context (233-
236). Extracellular matrix stiffening in tumors is produced as
consequence of stroma reorganization, through the excessive
activity of extracellular matrix proteins and enzymes that
covalently cross-link collagen fibers and other extracellular
matrix components (237, 238). Collagen crosslinking enhances
integrin activation, focal adhesion maturation, intracellular
contraction and thus causes a subsequent increase in the
stiffness of the actin cytoskeleton, which may favor cancer cell
migration and invasion (214, 239-241). The higher extracellular
matrix stiffness also plays a role in the onset of the malignant
phenotype: cytoskeletal tension leads to increased cell-
extracellular matrix adhesions and disruption of cell-cell
junctions (242). Enhanced collagen deposition in the
extracellular matrix leads to activation of the Hippo signaling
pathway (159, 162, 243) with a consequent loss of contact
inhibition. Autophagy is also reported to have a pivotal role at
the center of these processes. Autophagy is reported to be
compromised in contact-inhibited cells in both 2D or 3D-soft
extracellular matrix cultures. In such cells, YAP/TAZ (previously
mentioned to be regulated by mechanical forces) fail to co-
transcriptionally regulate the expression of myosin-II genes,
resulting in the loss of F-actin stress fibers, which leads to
impairment in autophagosome formation. This loss of F-actin
stress fibers is also associated with a reduction in the number of
ATGI6LI puncta per cell and with decreased co-localization of
ATGY9A-LC3, suggesting an alteration in the trafficking of key
autophagy proteins and thus a defective autophagic response
(244). Furthermore, compressive stress-induced autophagy can
promote secretion of matrix metalloproteinase-2 and the
turnover of the focal adhesion paxillin, boosting the
invasiveness of the HeLa cervical cancer cell line (129). In line
with these results, it has been suggested that paxillin binds
directly to LC3 to stimulate focal adhesion disassembly in
MDA-MB-231 human breast cancer and in B16.F10 mouse
melanoma cell lines, and furthermore promote metastasis in
vivo in the 4T1 mouse mammary tumor model (149). Another
mechanism of force sensing in cancer involves filamin A. This
actin and actin-integrins crosslinker is down-regulated in human
bladder cancer, reducing autophagy in these cancer cells, as
indicated by the decrease in the levels of LC3-II and decrease
in LC3-I (245). It has been further reported that upon
overexpression, filamin A attenuates autophagy and suppresses
the invasive ability in cancer cells. The mechanism of action may
involve the inhibition of matrix metalloproteinases expression,
regulation of integrin function and enhances apoptosis (245-
247). Interestingly, YAP/TAZ signaling has been shown to
stimulate filamin A transcription to maintain actin anchoring
and crosslinking under mechanical tension (248). This could be a
potential mechanism for cancer cells, to control autophagy
through a crosstalk between YAP/TAZ and cytoskeletal
elements. Low mechanical stress has been shown to activate

Caveolin-1, triggering the FAK/Src and ROCK/p-MLC
pathways, which are involved in the reorganization of the
cytoskeleton, cell motility, focal adhesion dynamics and breast
cancer cell adhesion (227). PI3K/AKT activation and 3-Catenin-
TCF/LEF-dependent activity downstream from Caveolin-1 also
correlates to increased VEGF expression and thus greater
angiogenic potential of tumor (249). Shear stress-induced
Caveolin-1 activation can induce PI3K/AKT/mTOR signaling
and metalloprotease activity, which have been shown to promote
cell motility and metastasis of breast carcinoma cells (250).
Conversely, it was determined that phosphorylated Caveolin-1
functions to activate autophagy through binding to the Beclin-1/
VPS34 complex under oxidative stress and to protect against
ischemic damage (251). These data suggest that Caveolin-1
function might be cell-context dependent (252), resulting in
different autophagic outcomes. Interestingly, similarly to
autophagy, Caveolin-1 has also been implicated both in tumor
suppression and progression (253, 254). Although potentially
protective in bourgeoning tumors, higher levels of either
Caveolin-1 mRNA or protein have been reported in varying
cancers strongly correlating with poor survival in advanced
cancer patients (227). This further implies that Caveolin-1 has
a role in the metastatic process, as evidenced by increased
migration, invasion and anchorage-independent growth (255).
Furthermore, recent studies have unveiled the existence of an
interplay between the primary cilium and autophagy in the
regulation of cancer development and progression (256-258).
In addition to being considered as a survival mechanism in
tumorigenesis, excessive accumulation of autophagosomes may
induce autophagic cell death or apoptosis (259-262), which, in
the context of cancer, limits tumor growth and spread. Recently,
Wang and collaborators showed that acute shear stress (10 Pa for
60 min) promotes autophagosome accumulation, which is
accompanied by increased fusion of autophagic vesicles with
multivesicular bodies, and reduction of autophagosome-lysosome
fusion, in HeLa and MDA-MB-231 cell lines (263). Furthermore,
the inhibition of autophagosome degradation, induced by
mechanical stress, is associated with increased release of
autophagic components in extracellular nanovesicles, possibly
through a Ca®"-dependent pathway involving autophagy,
multivesicular bodies and exosomes (263). Thus, exosome
secretion might provide a supplementary pathway to maintain
cellular homeostasis when the autophagy pathway is damaged or
insufficient to degrade large amounts of damaged proteins and
prevent cell death (263). In conditions of mechanical stress, these
results suggest a possible crosstalk between degradative and
secretory autophagy to maintain cellular homeostasis and tumor
cell survival (264). Furthermore, following pathological stress,
harmful nucleic acids, molecular chaperones, cytosolic proteins,
and misfolded proteins are released into the extracellular space
through exosomes and may contribute to tumor progression and
metastasis (265, 266).

As we have highlighted in the previous sections, the relation
between cell mechanics and autophagy goes two ways. In the
context of cancer, autophagy regulates multiple metastasis-related
signaling pathways associated with cell mechanics depending on
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cell type and tumor microenvironment. Autophagic protein LC3-1I
mediates the targeted degradation offocal adhesion proteins such as
Src and paxillin (149, 267) to promote focal adhesion disassembly
and turnover and lead to cell migration. Furthermore, integrins can
be differently recycled and degraded, depending on their
conformation, activation by ECM proteins, and binding of
effector proteins, such as TLNs and FERMTs/kindlins. Integrins
trafficking, recycling and degradation affect their availability at the
plasma membrane, focal adhesion dynamics and Rho GTPase-
mediated cytoskeleton remodeling to facilitate cell motility (127,
268). While nutrient starvation (269) increases integrin
internalization and ECM degradation (270), hypoxia (271)
promotes recycling of specific integrin. Since nutrient starvation
and hypoxia are both hallmarks of tumor microenvironment,
further investigation into how autophagy regulates integrin
trafficking may provide insight into the overall role of autophagy
in cancer metastasis and lead to the understanding of how
microenvironmental stress act on cell mechanics to induce cancer
cell exit from the primary tumor.

MECHANOBIOLOGY OF AUTOPHAGY IN
CANCER TREATMENT AND IN
AVOIDANCE OF CHEMORESISTANCE

In the last decade a plethora of new treatments has been
introduced that significantly improved the survival of cancer
patients. Despite this, highly aggressive cancers often develop
primary or acquired resistance that finally cannot be treated. To
this aim, new therapeutic approaches are required to overcome
drug resistance and improve treatment response. Based on the
reviewed literature, considering the “mechanobiology of
autophagy” might represent a novel and promising approach.
Indeed, even if, to the best of our knowledge, to date there are no
drugs approved by the FDA or currently being investigated in
clinical trials that consider the mechanobiology of autophagy in
their approach there are examples of proteins/pathways that are
modulated by mechanical forces thus affecting autophagy.

As previously mentioned, a pathway that is activated in cancer
cells, which is regulated by mechanical forces, is the Hippo-YAP/
TAZ pathway, whose inhibition has been shown promising results
in reducing therapy resistance [for recent reviews see (272, 273)].
Interestingly, blockade of this pathway also reduces autophagy
(244), which is targeted by several drugs currently under
investigation in clinical trials, suggesting that dual inhibition of
YAP-TAZ pathway and autophagy could improve treatment
response. Mechanics also regulate epidermal growth factor
receptor (EGFR), a protein that is regularly amplified or mutated
in glioblastomas, and where autophagy is enhanced promoting cell
survival (274). Inhibition of autophagy, in addition to radiotherapy,
already showed positive results which might be further improved by
considering the mechanics of cancer. Consistently, inhibition of
Janus-associated kinase (JAK) by Ruxolitinib, a drug currently used
in myeloproliferative neoplasms which inhibits cell contractility,
preventing signaling downstream of focal adhesions, has recently
been shown to induce autophagy (275), thus a combination of

ruxolitinib with pharmacological inhibitors of autophagy needs to
be followed for cancer treatment. Another drug that is currently
being studied in clinical trials is losartan, an angiotensin II receptor
blocker, which reduces intratumoral interstitial fluid pressure in
solid tumors (276). Interestingly, this drug has also been shown to
inhibit autophagy promoting autophagic cell death in cancer cells
(277), again confirming the importance of targeting autophagy and
mechanobiology in cancers.

CONCLUDING REMARKS

In recent years, autophagy has emerged as one of the key regulators
of cellular, tissue, and organism homeostasis. Vibrant research in
this field has brought to light the intricacies of autophagy’s
molecular machinery, together with its biochemical regulation
and biomedical consequences associated with its impairment. The
complex mechanobiology regulating cellular mechanical and
biochemical processes is also a bourgeoning field. In this review,
we hoped to bring to light the role of physical forces in autophagy
regulation and their potential implications in both physiological as
well as pathological conditions. More importantly, we hoped to
raise questions to help investigate the mechanical requirements of
autophagy and appreciate the extent to which mechanical signals
affect this process. For instance, a diet rich in saturated fatty acids
can negatively impact autophagic flux in neurons (278, 279).
Interestingly, as the steric conformation of these phospholipids is
known to mechanically decrease membrane bending, it could
consequently impair autophagy by preventing vesicle fusion.
However, the mechanical role of phospholipids is largely
overlooked in the literature and it could represent an important
area for future investigation. Similarly, to provide new frontiers for
exploration, areas worthy of investigation are the action of
cytoskeletal dynamics, the mechanical interplay between cellular
processes, and the role of environmental cues. To achieve this a
paradigm shift is required, one that adopts modern interdisciplinary
approaches combining cell biology, physics, and engineering (280).
To this end, cutting-edge techniques such as superresolution
microscopy and the control of the mechanochemical
environment (281) (e.g. by incorporating biomimetic substrates
and microfluidics) will open exciting opportunities and
perspectives. Combined, these technological and conceptual new
directions will lead to a better understanding of autophagy and
mechanisms onsetting related diseases, which in turn would pave
the way to the identification of new pharmacological targets.

AUTHOR CONTRIBUTIONS

MH-C, LM, PL, AR, and CB prepared the figures. JP and FP
investigated the intersection of autophagy and cell mechanics in
the literature by data mining (Cytoscape). MH-C, LM, JP, FP, PL,
PA, GO, EM, AR, and CB reviewed the literature. MH-C, LM,
GO, EM, AC, AR, and CB wrote the manuscript. GO, EM, AR,
and CB proofed the manuscript. AR and CB conceptualized and
supervised the work. All authors contributed to the article and
approved the submitted version.

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 11 | Article 632956


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hernandez-Céceres et al.

Mechanics of Autophagy in Cancer

FUNDING

AR and CB are supported by ANID PIA192015; EM and AC by
ANID PIA 172066; GO by CONICYT FONDAP-15130011, IMII
P09/016-F, and FONDECYT 1180241; EM by FONDECYT
1200499; AC by FONDECYT 1171075 and FONDAP no
15130011. AR acknowledges PUENTE 004/2019 and 012/2020
from the Pontificia Universidad Catolica de Chile. LM, PL, JP,

REFERENCES

1.

o

W

vl

[=2)

~

el

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

Collins FS, Green ED, Guttmacher AE, Guyer MSInstitute USNHGR. A
vision for the future of genomics research. Nature (2003) 422(6934):835-47.
doi: 10.1038/nature01626

. Eskelinen EL, Saftig P. Autophagy: a lysosomal degradation pathway with a

central role in health and disease. Biochim Biophys Acta (2009) 1793(4):664—
73. doi: 10.1016/j.bbamcr.2008.07.014

. Holle AW, Engler AJ. More than a feeling: discovering, understanding, and

influencing mechanosensing pathways. Curr Opin Biotechnol (2011) 22
(5):648-54. doi: 10.1016/j.copbio.2011.04.007

. Iskratsch T, Wolfenson H, Sheetz MP. Appreciating force and shape-the rise

of mechanotransduction in cell biology. Nat Rev Mol Cell Biol (2014) 15
(12):825-33. doi: 10.1038/nrm3903

. Chaudhuri PK, Low BC, Lim CT. Mechanobiology of Tumor Growth. Chem

Rev (2018) 118(14):6499-515. doi: 10.1021/acs.chemrev.8b00042

. Northcott JM, Dean IS, Mouw JK, Weaver VM. Feeling Stress: The

Mechanics of Cancer Progression and Aggression. Front Cell Dev Biol
(2018) 6:17. doi: 10.3389/fcell.2018.00017

. Das J, Chakraborty S, Maiti TK. Mechanical stress-induced autophagic

response: A cancer-enabling characteristic? Semin Cancer Biol (2019)
66:101-9. doi: 10.1016/j.semcancer.2019.05.017

. Mowers EE, Sharifi MN, Macleod KF. Autophagy in cancer metastasis.

Oncogene (2017) 36(12):1619-30. doi: 10.1038/0nc.2016.333

. Banerjee S, Gardel ML, Schwarz US. The Actin Cytoskeleton as an Active

Adaptive Material. Annu Rev Condens Matter Phys (2020) 11(1):421-39.
doi: 10.1146/annurev-conmatphys-031218-013231

Aguilera MO, Beron W, Colombo MI. The actin cytoskeleton participates in
the early events of autophagosome formation upon starvation induced
autophagy. Autophagy (2012) 8(11):1590-603. doi: 10.4161/auto.21459
Kast DJ, Dominguez R. The Cytoskeleton-Autophagy Connection. Curr Biol
(2017) 27(8):R318-R26. doi: 10.1016/j.cub.2017.02.061

Chhabra ES, Higgs HN. The many faces of actin: matching assembly factors
with cellular structures. Nat Cell Biol (2007) 9(10):1110-21. doi: 10.1038/
ncb1007-1110

Kast DJ, Zajac AL, Holzbaur EL, Ostap EM, Dominguez R. WHAMM
Directs the Arp2/3 Complex to the ER for Autophagosome Biogenesis
through an Actin Comet Tail Mechanism. Curr Biol (2015) 25(13):1791-7.
doi: 10.1016/j.cub.2015.05.042

Zientara-Rytter K, Subramani S. Role of actin in shaping autophagosomes.
Autophagy (2016) 12(12):2512-5. doi: 10.1080/15548627.2016.1236877
Tumbarello DA, Waxse BJ, Arden SD, Bright NA, Kendrick-Jones J, Buss F.
Autophagy receptors link myosin VI to autophagosomes to mediate Tom1-
dependent autophagosome maturation and fusion with the lysosome. Nat
Cell Biol (2012) 14(10):1024-35. doi: 10.1038/ncb2589

Geeraert C, Ratier A, Pfisterer SG, Perdiz D, Cantaloube I, Rouault A, et al.
Starvation-induced hyperacetylation of tubulin is required for the
stimulation of autophagy by nutrient deprivation. J Biol Chem (2010) 285
(31):24184-94. doi: 10.1074/jbc.M109.091553

Nakamura S, Yoshimori T. New insights into autophagosome-lysosome
fusion. J Cell Sci (2017) 130(7):1209-16. doi: 10.1242/jcs.196352

Jordens I, Fernandez-Borja M, Marsman M, Dusseljee S, Janssen L, Calafat ],
et al. The Rab7 effector protein RILP controls lysosomal transport by
inducing the recruitment of dynein-dynactin motors. Curr Biol (2001) 11
(21):1680-5. doi: 10.1016/50960-9822(01)00531-0

and FP acknowledge IPREint20 from the Pontificia Universidad
Catolica de Chile.

ACKNOWLEDGMENTS

All figures were created with BioRender.com.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kimura S, Noda T, Yoshimori T. Dynein-dependent movement of
autophagosomes mediates efficient encounters with lysosomes. Cell Struct
Funct (2008) 33(1):109-22. doi: 10.1247/csf.08005

Yang Y, Feng LQ, Zheng XX. Microtubule and kinesin/dynein-dependent,
bi-directional transport of autolysosomes in neurites of PCI12 cells. Int |
Biochem Cell Biol (2011) 43(8):1147-56. doi: 10.1016/j.biocel.2011.04.007
Bahrami AH, Lin MG, Ren X, Hurley JH, Hummer G. Scaffolding the cup-
shaped double membrane in autophagy. PloS Comput Biol (2017) 13(10):
€1005817. doi: 10.1371/journal.pcbi.1005817

Goldman RD, Cleland MM, Murthy SN, Mahammad S, Kuczmarski ER.
Inroads into the structure and function of intermediate filament networks.
J Struct Biol (2012) 177(1):14-23. doi: 10.1016/j.jsb.2011.11.017

Biskou O, Casanova V, Hooper KM, Kemp S, Wright GP, Satsangi J, et al.
The type III intermediate filament vimentin regulates organelle distribution
and modulates autophagy. PloS One (2019) 14(1):¢0209665. doi: 10.1371/
journal.pone.0209665

Lowery ], Kuczmarski ER, Herrmann H, Goldman RD. Intermediate
Filaments Play a Pivotal Role in Regulating Cell Architecture and
Function. J Biol Chem (2015) 290(28):17145-53. doi: 10.1074/jbc.
R115.640359

Al-Bari MAA. A current view of molecular dissection in autophagy
machinery. ] Physiol Biochem (2020) 76(3):357-72. doi: 10.1007/s13105-
020-00746-0

Hurley JH, Young LN. Mechanisms of Autophagy Initiation. Annu Rev
Biochem (2017) 86:225-44. doi: 10.1146/annurev-biochem-061516-044820
Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy
through direct phosphorylation of Ulkl. Nat Cell Biol (2011) 13(2):132-41.
doi: 10.1038/ncb2152

Case N, Thomas J, Sen B, Styner M, Xie Z, Galior K, et al. Mechanical
regulation of glycogen synthase kinase 3beta (GSK3beta) in mesenchymal
stem cells is dependent on Akt protein serine 473 phosphorylation via
mTORC2 protein. ] Biol Chem (2011) 286(45):39450-6. doi: 10.1074/
jbe.M111.265330

Sen B, Xie Z, Case N, Thompson WR, Uzer G, Styner M, et al. mTORC2
regulates mechanically induced cytoskeletal reorganization and lineage
selection in marrow-derived mesenchymal stem cells. ] Bone Miner Res
(2014) 29(1):78-89. doi: 10.1002/jbmr.2031

Tsuji-Tamura K, Ogawa M. Inhibition of the PI3K-Akt and mTORCI1
signaling pathways promotes the elongation of vascular endothelial cells.
J Cell Sci (2016) 129(6):1165-78. doi: 10.1242/jcs.178434

Jhanwar-Uniyal M, Amin AG, Cooper JB, Das K, Schmidt MH, Murali R.
Discrete signaling mechanisms of mTORC1 and mTORC2: Connected yet
apart in cellular and molecular aspects. Adv Biol Regul (2017) 64:39-48. doi:
10.1016/j.jbior.2016.12.001

Conciatori F, Ciuffreda L, Bazzichetto C, Falcone I, Pilotto S, Bria E, et al.
mTOR Cross-Talk in Cancer and Potential for Combination Therapy.
Cancers (Basel) (2018) 10(1):23. doi: 10.3390/cancers10010023

Thompson WR, Guilluy C, Xie Z, Sen B, Brobst KE, Yen SS, et al.
Mechanically activated Fyn utilizes mTORC2 to regulate RhoA and
adipogenesis in mesenchymal stem cells. Stem Cells (2013) 31(11):2528-
37. doi: 10.1002/stem.1476

Kuo JC. Focal adhesions function as a mechanosensor. Prog Mol Biol Transl
Sci (2014) 126:55-73. doi: 10.1016/B978-0-12-394624-9.00003-8
Karanasios E, Stapleton E, Manifava M, Kaizuka T, Mizushima N, Walker
SA, et al. Dynamic association of the ULK1 complex with omegasomes

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 11 | Article 632956


https://BioRender.com
https://doi.org/10.1038/nature01626
https://doi.org/10.1016/j.bbamcr.2008.07.014
https://doi.org/10.1016/j.copbio.2011.04.007
https://doi.org/10.1038/nrm3903
https://doi.org/10.1021/acs.chemrev.8b00042
https://doi.org/10.3389/fcell.2018.00017
https://doi.org/10.1016/j.semcancer.2019.05.017
https://doi.org/10.1038/onc.2016.333
https://doi.org/10.1146/annurev-conmatphys-031218-013231
https://doi.org/10.4161/auto.21459
https://doi.org/10.1016/j.cub.2017.02.061
https://doi.org/10.1038/ncb1007-1110
https://doi.org/10.1038/ncb1007-1110
https://doi.org/10.1016/j.cub.2015.05.042
https://doi.org/10.1080/15548627.2016.1236877
https://doi.org/10.1038/ncb2589
https://doi.org/10.1074/jbc.M109.091553
https://doi.org/10.1242/jcs.196352
https://doi.org/10.1016/S0960-9822(01)00531-0
https://doi.org/10.1247/csf.08005
https://doi.org/10.1016/j.biocel.2011.04.007
https://doi.org/10.1371/journal.pcbi.1005817
https://doi.org/10.1016/j.jsb.2011.11.017
https://doi.org/10.1371/journal.pone.0209665
https://doi.org/10.1371/journal.pone.0209665
https://doi.org/10.1074/jbc.R115.640359
https://doi.org/10.1074/jbc.R115.640359
https://doi.org/10.1007/s13105-020-00746-0
https://doi.org/10.1007/s13105-020-00746-0
https://doi.org/10.1146/annurev-biochem-061516-044820
https://doi.org/10.1038/ncb2152
https://doi.org/10.1074/jbc.M111.265330
https://doi.org/10.1074/jbc.M111.265330
https://doi.org/10.1002/jbmr.2031
https://doi.org/10.1242/jcs.178434
https://doi.org/10.1016/j.jbior.2016.12.001
https://doi.org/10.3390/cancers10010023
https://doi.org/10.1002/stem.1476
https://doi.org/10.1016/B978-0-12-394624-9.00003-8
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hernandez-Céceres et al.

Mechanics of Autophagy in Cancer

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

during autophagy induction. J Cell Sci (2013) 126(Pt 22):5224-38. doi:
10.1242/jcs. 132415

Graef M, Friedman JR, Graham C, Babu M, Nunnari J. ER exit sites are
physical and functional core autophagosome biogenesis components. Mol
Biol Cell (2013) 24(18):2918-31. doi: 10.1091/mbc.e13-07-0381
Hollenstein DM, Kraft C. Autophagosomes are formed at a distinct cellular
structure. Curr Opin Cell Biol (2020) 65:50-7. doi: 10.1016/j.ceb.2020.02.012
Yim WW, Mizushima N. Lysosome biology in autophagy. Cell Discovery
(2020) 6:6. doi: 10.1038/s41421-020-0141-7

Hamasaki M, Furuta N, Matsuda A, Nezu A, Yamamoto A, Fujita N, et al.
Autophagosomes form at ER-mitochondria contact sites. Nature (2013) 495
(7441):389-93. doi: 10.1038/nature11910

Pampliega O, Orhon I, Patel B, Sridhar S, Diaz-Carretero A, Beau I, et al.
Functional interaction between autophagy and ciliogenesis. Nature (2013)
502(7470):194-200. doi: 10.1038/nature12639

Nascimbeni AC, Giordano F, Dupont N, Grasso D, Vaccaro MI, Codogno P,
et al. ER-plasma membrane contact sites contribute to autophagosome
biogenesis by regulation of local PI3P synthesis. EMBO ] (2017) 36
(14):2018-33. doi: 10.15252/emb;j.201797006

Axe EL, Walker SA, Manifava M, Chandra P, Roderick HL, Habermann A,
et al. Autophagosome formation from membrane compartments enriched in
phosphatidylinositol 3-phosphate and dynamically connected to the
endoplasmic reticulum. J Cell Biol (2008) 182(4):685-701. doi: 10.1083/
jcb.200803137

Yu L, Chen Y, Tooze SA. Autophagy pathway: Cellular and molecular
mechanisms. Autophagy (2018) 14(2):207-15. doi: 10.1080/15548627.
2017.1378838

Carlsson SR, Simonsen A. Membrane dynamics in autophagosome
biogenesis. ] Cell Sci (2015) 128(2):193-205. doi: 10.1242/jcs.141036

Mi N, Chen Y, Wang S, Chen M, Zhao M, Yang G, et al. CapZ regulates
autophagosomal membrane shaping by promoting actin assembly inside the
isolation membrane. Nat Cell Biol (2015) 17(9):1112-23. doi: 10.1038/ncb3215
Yang Z, Klionsky DJ. Mammalian autophagy: core molecular machinery and
signaling regulation. Curr Opin Cell Biol (2010) 22(2):124-31. doi: 10.1016/
j.ceb.2009.11.014

Di Bartolomeo S, Corazzari M, Nazio F, Oliverio S, Lisi G, Antonioli M, et al.
The dynamic interaction of AMBRAI with the dynein motor complex
regulates mammalian autophagy. J Cell Biol (2010) 191(1):155-68. doi:
10.1083/jcb.201002100

Ragusa MJ, Stanley RE, Hurley JH. Architecture of the Atgl7 complex as a
scaffold for autophagosome biogenesis. Cell (2012) 151(7):1501-12. doi:
10.1016/j.cell.2012.11.028

Wang J, Menon S, Yamasaki A, Chou HT, Walz T, Jiang Y, et al. Yptl
recruits the Atgl kinase to the preautophagosomal structure. Proc Natl Acad
Sci USA (2013) 110(24):9800-5. doi: 10.1073/pnas.1302337110
Mathiowetz AJ, Baple E, Russo AJ, Coulter AM, Carrano E, Brown JD, et al.
An Amish founder mutation disrupts a PI(3)P-WHAMM-Arp2/3 complex-
driven autophagosomal remodeling pathway. Mol Biol Cell (2017) 28
(19):2492-507. doi: 10.1091/mbc.e17-01-0022

Coutts AS, La Thangue NB. Actin nucleation by WH2 domains at the
autophagosome. Nat Commun (2015) 6:7888. doi: 10.1038/ncomms8888
Xia P, Wang S, Du Y, Zhao Z, Shi L, Sun L, et al. WASH inhibits autophagy
through suppression of Beclin 1 ubiquitination. EMBO ] (2013) 32
(20):2685-96. doi: 10.1038/emboj.2013.189

Sackmann E. The seventh Datta Lecture. Membrane bending energy concept
of vesicle- and cell-shapes and shape-transitions. FEBS Lett (1994) 346(1):3—
16. doi: 10.1016/0014-5793(94)00484-6

Chen Z, Rand RP. The influence of cholesterol on phospholipid membrane
curvature and bending elasticity. Biophys J (1997) 73(1):267-76. doi:
10.1016/S0006-3495(97)78067-6

Stachowiak JC, Schmid EM, Ryan CJ, Ann HS, Sasaki DY, Sherman MB,
et al. Membrane bending by protein-protein crowding. Nat Cell Biol (2012)
14(9):944-9. doi: 10.1038/ncb2561

Martens S, Nakamura S, Yoshimori T. Phospholipids in Autophagosome
Formation and Fusion. ] Mol Biol (2016) 428(24):4819-27 doi: 10.1016/
jjmb.2016.10.029

Staiano L, Zappa F. Hijacking intracellular membranes to feed autophagosomal
growth. FEBS Lett (2019) 593(22):3120-34. doi: 10.1002/1873-3468.13637

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Melia TJ, Lystad AH, Simonsen A. Autophagosome biogenesis: From
membrane growth to closure. J Cell Biol (2020) 219(6):¢202002085. doi:
10.1083/jcb.202002085

Chowdhury S, Otomo C, Leitner A, Ohashi K, Aebersold R, Lander GC, et al.
Insights into autophagosome biogenesis from structural and biochemical
analyses of the ATG2A-WIPI4 complex. Proc Natl Acad Sci USA (2018) 115
(42):E9792-E801. doi: 10.1073/pnas.1811874115

Jia R, Guardia CM, Pu J, Chen Y, Bonifacino JS. BORC coordinates
encounter and fusion of lysosomes with autophagosomes. Autophagy
(2017) 13(10):1648-63. doi: 10.1080/15548627.2017.1343768

Zhou C, Ma K, Gao R, Mu C, Chen L, Liu Q, et al. Regulation of mATG9
trafficking by Src- and ULKIl-mediated phosphorylation in basal and
starvation-induced autophagy. Cell Res (2017) 27(2):184-201. doi:
10.1038/cr.2016.146

Stenmark H. Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol Cell
Biol (2009) 10(8):513-25. doi: 10.1038/nrm2728

Longatti A, Lamb CA, Razi M, Yoshimura S, Barr FA, Tooze SA. TBC1D14
regulates autophagosome formation via Rab11- and ULK1-positive recycling
endosomes. ] Cell Biol (2012) 197(5):659-75. doi: 10.1083/jcb.201111079
Tang HW, Wang YB, Wang SL, Wu MH, Lin SY, Chen GC. Atgl-mediated
myosin II activation regulates autophagosome formation during starvation-
induced autophagy. EMBO ] (2011) 30(4):636-51. doi: 10.1038/
emboj.2010.338

Bialik S, Pietrokovski S, Kimchi A. Myosin drives autophagy in a pathway
linking Atgl to Atg9. EMBO J (2011) 30(4):629-30. doi: 10.1038/
emboj.2011.8

Sawa-Makarska J, Baumann V, Coudevylle N, von Bulow S, Nogellova V,
Abert C, et al. Reconstitution of autophagosome nucleation defines Atg9
vesicles as seeds for membrane formation. Science (2020) 369(6508):
eaaz7714. doi: 10.1126/science.aaz7714

Monastyrska I, He C, Geng ], Hoppe AD, Li Z, Klionsky DJ. Arp2 links
autophagic machinery with the actin cytoskeleton. Mol Biol Cell (2008) 19
(5):1962-75. doi: 10.1091/mbc.e07-09-0892

Tanida I, Ueno T, Kominami E. Human light chain 3/MAP1LC3B is cleaved
at its carboxyl-terminal Metl21 to expose Glyl20 for lipidation and
targeting to autophagosomal membranes. J Biol Chem (2004) 279
(46):47704-10. doi: 10.1074/jbc.M407016200

Parzych KR, Klionsky DJ. An overview of autophagy: morphology,
mechanism, and regulation. Antioxid Redox Signal (2014) 20(3):460-73.
doi: 10.1089/ars.2013.5371

Brier LW, Ge L, Stjepanovic G, Thelen AM, Hurley JH, Schekman R.
Regulation of LC3 lipidation by the autophagy-specific class III
phosphatidylinositol-3 kinase complex. Mol Biol Cell (2019) 30(9):1098-
107. doi: 10.1091/mbc.E18-11-0743

Nath S, Dancourt J, Shteyn V, Puente G, Fong WM, Nag S, et al. Lipidation
of the LC3/GABARAP family of autophagy proteins relies on a membrane-
curvature-sensing domain in Atg3. Nat Cell Biol (2014) 16(5):415-24. doi:
10.1038/ncb2940

Dall’Armi C, Devereaux KA, Di Paolo G. The role of lipids in the control
of autophagy. Curr Biol (2013) 23(1):R33-45. doi: 10.1016/j.cub.
2012.10.041

Hailey DW, Rambold AS, Satpute-Krishnan P, Mitra K, Sougrat R, Kim PK,
et al. Mitochondria supply membranes for autophagosome biogenesis
during starvation. Cell (2010) 141(4):656-67. doi: 10.1016/j.cell.2010.04.009
McEwan DG, Dikic I. Not all autophagy membranes are created equal. Cell
(2010) 141(4):564-6. doi: 10.1016/j.cell.2010.04.030

Birgisdottir AB, Lamark T, Johansen T. The LIR motif - crucial for selective
autophagy. J Cell Sci (2013) 126(Pt 15):3237-47.doi: 10.1242/jcs.126128
Hu X, Mullins RD. LC3 and STRAP regulate actin filament assembly by JMY
during autophagosome formation. J Cell Biol (2019) 218(1):251-66. doi:
10.1083/jcb.201802157

Hanna RA, Quinsay MN, Orogo AM, Giang K, Rikka S, Gustafsson AB.
Microtubule-associated protein 1 light chain 3 (LC3) interacts with Bnip3
protein to selectively remove endoplasmic reticulum and mitochondria via
autophagy. J Biol Chem (2012) 287(23):19094-104. doi: 10.1074/
jbe.M111.322933

Fass E, Shvets E, Degani I, Hirschberg K, Elazar Z. Microtubules support
production of starvation-induced autophagosomes but not their targeting

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 11 | Article 632956


https://doi.org/10.1242/jcs.132415
https://doi.org/10.1091/mbc.e13-07-0381
https://doi.org/10.1016/j.ceb.2020.02.012
https://doi.org/10.1038/s41421-020-0141-7
https://doi.org/10.1038/nature11910
https://doi.org/10.1038/nature12639
https://doi.org/10.15252/embj.201797006
https://doi.org/10.1083/jcb.200803137
https://doi.org/10.1083/jcb.200803137
https://doi.org/10.1080/15548627.2017.1378838
https://doi.org/10.1080/15548627.2017.1378838
https://doi.org/10.1242/jcs.141036
https://doi.org/10.1038/ncb3215
https://doi.org/10.1016/j.ceb.2009.11.014
https://doi.org/10.1016/j.ceb.2009.11.014
https://doi.org/10.1083/jcb.201002100
https://doi.org/10.1016/j.cell.2012.11.028
https://doi.org/10.1073/pnas.1302337110
https://doi.org/10.1091/mbc.e17-01-0022
https://doi.org/10.1038/ncomms8888
https://doi.org/10.1038/emboj.2013.189
https://doi.org/10.1016/0014-5793(94)00484-6
https://doi.org/10.1016/S0006-3495(97)78067-6
https://doi.org/10.1038/ncb2561
https://doi.org/10.1016/j.jmb.2016.10.029
https://doi.org/10.1016/j.jmb.2016.10.029
https://doi.org/10.1002/1873-3468.13637
https://doi.org/10.1083/jcb.202002085
https://doi.org/10.1073/pnas.1811874115
https://doi.org/10.1080/15548627.2017.1343768
https://doi.org/10.1038/cr.2016.146
https://doi.org/10.1038/nrm2728
https://doi.org/10.1083/jcb.201111079
https://doi.org/10.1038/emboj.2010.338
https://doi.org/10.1038/emboj.2010.338
https://doi.org/10.1038/emboj.2011.8
https://doi.org/10.1038/emboj.2011.8
https://doi.org/10.1126/science.aaz7714
https://doi.org/10.1091/mbc.e07-09-0892
https://doi.org/10.1074/jbc.M407016200
https://doi.org/10.1089/ars.2013.5371
https://doi.org/10.1091/mbc.E18-11-0743
https://doi.org/10.1038/ncb2940
https://doi.org/10.1016/j.cub.2012.10.041
https://doi.org/10.1016/j.cub.2012.10.041
https://doi.org/10.1016/j.cell.2010.04.009
https://doi.org/10.1016/j.cell.2010.04.030
https://doi.org/10.1242/jcs.126128
https://doi.org/10.1083/jcb.201802157
https://doi.org/10.1074/jbc.M111.322933
https://doi.org/10.1074/jbc.M111.322933
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hernandez-Céceres et al.

Mechanics of Autophagy in Cancer

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

and fusion with lysosomes. ] Biol Chem (2006) 281(47):36303-16. doi:
10.1074/jbc.M607031200

Weidberg H, Shvets E, Shpilka T, Shimron F, Shinder V, Elazar Z. LC3 and
GATE-16/GABARAP subfamilies are both essential yet act differently in
autophagosome biogenesis. EMBO ] (2010) 29(11):1792-802. doi: 10.1038/
emboj.2010.74

Ravikumar B, Sarkar S, Davies JE, Futter M, Garcia-Arencibia M, Green-
Thompson ZW, et al. Regulation of mammalian autophagy in physiology
and pathophysiology. Physiol Rev (2010) 90(4):1383-435. doi: 10.1152/
physrev.00030.2009

Zhao YG, Zhang H. Autophagosome maturation: An epic journey from the
ER to lysosomes. J Cell Biol (2019) 218(3):757-70. doi: 10.1083/
jcb.201810099

Cebollero E, van der Vaart A, Zhao M, Rieter E, Klionsky DJ, Helms JB, et al.
Phosphatidylinositol-3-phosphate clearance plays a key role in
autophagosome completion. Curr Biol (2012) 22(17):1545-53. doi:
10.1016/j.cub.2012.06.029

Nakatogawa H, Ishii J, Asai E, Ohsumi Y. Atg4 recycles inappropriately
lipidated Atg8 to promote autophagosome biogenesis. Autophagy (2012) 8
(2):177-86. doi: 10.4161/auto.8.2.18373

Lee YK, Lee JA. Role of the mammalian ATG8/LC3 family in autophagy:
differential and compensatory roles in the spatiotemporal regulation of
autophagy. BMB Rep (2016) 49(8):424-30. doi: 10.5483/BMBRep.2016.
49.8.081

Knorr RL, Lipowsky R, Dimova R. Autophagosome closure requires
membrane scission. Autophagy (2015) 11(11):2134-7. doi: 10.1080/
15548627.2015.1091552

Li L, Tong M, Fu Y, Chen F, Zhang S, Chen H, et al. Lipids and membrane-
associated proteins in autophagy. Protein Cell (2020) 1-25. doi: 10.1007/
$13238-020-00793-9

Yu S, Melia TJ. The coordination of membrane fission and fusion at the end
of autophagosome maturation. Curr Opin Cell Biol (2017) 47:92-8. doi:
10.1016/j.ceb.2017.03.010

Takahashi Y, Liang X, Hattori T, Tang Z, He H, Chen H, et al. VPS37A
directs ESCRT recruitment for phagophore closure. ] Cell Biol (2019) 218
(10):3336-54. doi: 10.1083/jcb.201902170

Christ L, Raiborg C, Wenzel EM, Campsteijn C, Stenmark H. Cellular
Functions and Molecular Mechanisms of the ESCRT Membrane-Scission
Machinery. Trends Biochem Sci (2017) 42(1):42-56. doi: 10.1016/
j.tibs.2016.08.016

Schoneberg J, Lee IH, Iwasa JH, Hurley JH. Reverse-topology membrane
scission by the ESCRT proteins. Nat Rev Mol Cell Biol (2017) 18(1):5-17.
doi: 10.1038/nrm.2016.121

Chiaruttini N, Redondo-Morata L, Colom A, Humbert F, Lenz M, Scheuring
S, et al. Relaxation of Loaded ESCRT-III Spiral Springs Drives Membrane
Deformation. Cell (2015) 163(4):866-79. doi: 10.1016/j.cell.2015.10.017
Adell MA, Vogel GF, Pakdel M, Muller M, Lindner H, Hess MW, et al.
Coordinated binding of Vps4 to ESCRT-III drives membrane neck
constriction during MVB vesicle formation. J Cell Biol (2014) 205(1):33-
49. doi: 10.1083/jcb.201310114

Corona AK, Jackson WT. Finding the Middle Ground for Autophagic
Fusion Requirements. Trends Cell Biol (2018) 28(11):869-81. doi: 10.1016/
j-tcb.2018.07.001

Trivedi PC, Bartlett JJ, Pulinilkunnil T. Lysosomal Biology and Function:
Modern View of Cellular Debris Bin. Cells (2020) 9(5):1131. doi: 10.3390/
cells9051131

Ttakura E, Kishi-Itakura C, Mizushima N. The hairpin-type tail-anchored
SNARE syntaxin 17 targets to autophagosomes for fusion with endosomes/
lysosomes. Cell (2012) 151(6):1256-69. doi: 10.1016/j.cell.2012.11.001

Diao ], Liu R, Rong Y, Zhao M, Zhang J, Lai Y, et al. ATG14 promotes
membrane tethering and fusion of autophagosomes to endolysosomes.
Nature (2015) 520(7548):563-6. doi: 10.1038/naturel4147

Guerra F, Bucci C. Multiple Roles of the Small GTPase Rab7. Cells (2016) 5
(3):34. doi: 10.3390/cells5030034

Miao G, Zhang Y, Chen D, Zhang H. The ER-Localized Transmembrane
Protein TMEM39A/SUSR2 Regulates Autophagy by Controlling the
Trafficking of the PtdIns(4)P Phosphatase SAC1. Mol Cell (2020) 77
(3):618-32.¢5. doi: 10.1016/j.molcel.2019.10.035

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Manil-Segalen M, Lefebvre C, Jenzer C, Trichet M, Boulogne C, Satiat-
Jeunemaitre B, et al. The C. elegans LC3 acts downstream of GABARAP to
degrade autophagosomes by interacting with the HOPS subunit VPS39. Dev
Cell (2014) 28(1):43-55. doi: 10.1016/j.devcel.2013.11.022

McEwan DG, Popovic D, Gubas A, Terawaki S, Suzuki H, Stadel D, et al.
PLEKHMI1 regulates autophagosome-lysosome fusion through HOPS
complex and LC3/GABARAP proteins. Mol Cell (2015) 57(1):39-54. doi:
10.1016/j.molcel.2014.11.006

Jiang P, Nishimura T, Sakamaki Y, Itakura E, Hatta T, Natsume T, et al. The
HOPS complex mediates autophagosome-lysosome fusion through
interaction with syntaxin 17. Mol Biol Cell (2014) 25(8):1327-37. doi:
10.1091/mbc.e13-08-0447

Chen D, Fan W, Lu Y, Ding X, Chen S, Zhong Q. A mammalian
autophagosome maturation mechanism mediated by TECPRI and the
Atgl2-Atg5 conjugate. Mol Cell (2012) 45(5):629-41. doi: 10.1016/
j.molcel.2011.12.036

Wetzel L, Blanchard S, Rama S, Beier V, Kaufmann A, Wollert T. TECPR1
promotes aggrephagy by direct recruitment of LC3C autophagosomes to
lysosomes. Nat Commun (2020) 11(1):2993. doi: 10.1038/s41467-020-16689-5
Zhang Y, Jiang X, Deng Q, Gao Z, Tang X, Fu R, et al. Downregulation of
MYO1C mediated by cepharanthine inhibits autophagosome-lysosome
fusion through blockade of the F-actin network. J Exp Clin Cancer Res
(2019) 38(1):457. doi: 10.1186/s13046-019-1449-8

Kim GH, Dayam RM, Prashar A, Terebiznik M, Botelho RJ. PIKfyve
inhibition interferes with phagosome and endosome maturation in
macrophages. Traffic (2014) 15(10):1143-63. doi: 10.1111/tra.12199
Kruppa AJ, Kendrick-Jones J, Buss F. Myosins, Actin and Autophagy. Traffic
(2016) 17(8):878-90. doi: 10.1111/tra.12410

Bose A, Robida S, Furcinitti PS, Chawla A, Fogarty K, Corvera S, et al.
Unconventional myosin Myolc promotes membrane fusion in a regulated
exocytic pathway. Mol Cell Biol (2004) 24(12):5447-58. doi: 10.1128/
MCB.24.12.5447-5458.2004

Dai A, Yu L, Wang HW. WHAMM initiates autolysosome tubulation by
promoting actin polymerization on autolysosomes. Nat Commun (2019) 10
(1):3699. doi: 10.1038/s41467-019-11694-9

Freeman SA, Grinstein S. Resolution of macropinosomes, phagosomes and
autolysosomes: Osmotically driven shrinkage enables tubulation and
vesiculation. Traffic (2018) 19(12):965-74. doi: 10.1111/tra.12614
McMahon HT, Gallop JL. Membrane curvature and mechanisms of dynamic
cell membrane remodelling. Nature (2005) 438(7068):590-6. doi: 10.1038/
nature04396

Sainio A, Jarvelainen H. Extracellular matrix macromolecules: potential tools
and targets in cancer gene therapy. Mol Cell Ther (2014) 2:14. doi: 10.1186/
2052-8426-2-14

Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell
lineage specification. Cell (2006) 126(4):677-89. doi: 10.1016/
j.cell.2006.06.044

Vogel V, Sheetz M. Local force and geometry sensing regulate cell functions.
Nat Rev Mol Cell Biol (2006) 7(4):265-75. doi: 10.1038/nrm1890

Doss BL, Pan M, Gupta M, Grenci G, Mege RM, Lim CT, et al. Cell response to
substrate rigidity is regulated by active and passive cytoskeletal stress. Proc Natl
Acad Sci USA (2020) 117(23):12817-25. doi: 10.1073/pnas.1917555117

Vedula SR, Leong MC, Lai TL, Hersen P, Kabla AJ, Lim CT, et al. Emerging
modes of collective cell migration induced by geometrical constraints. Proc
Natl Acad Sci USA (2012) 109(32):12974-9. doi: 10.1073/pnas.1119313109
Ravasio A, Cheddadi I, Chen T, Pereira T, Ong HT, Bertocchi C, et al. Gap
geometry dictates epithelial closure efficiency. Nat Commun (2015) 6:7683.
doi: 10.1038/ncomms8683

Baumgarten C, Feher J. Osmosis and Regulation of Cell Volume. In:
Sperelakis N, editor. Cell Physiology Source Book, 4th ed. Ohio, U.S.A.:
Academic Press (2012). p. 261-301.

Dietl P, Frick M, Mair N, Bertocchi C, Haller T. Pulmonary consequences of a deep
breath revisited. Biol Neonate (2004) 85(4):299-304. doi: 10.1159/000078176
Ravasio A, Hobi N, Bertocchi C, Jesacher A, Dietl P, Haller T. Interfacial
sensing by alveolar type II cells: a new concept in lung physiology? Am |
Physiol Cell Physiol (2011) 300(6):C1456-65. doi: 10.1152/ajpcell.00427.2010
Shivashankar GV, Sheetz M, Matsudaira P. Mechanobiology. Integr Biol
(Camb) (2015) 7(10):1091-2. doi: 10.1039/C5IB90040A

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 11 | Article 632956


https://doi.org/10.1074/jbc.M607031200
https://doi.org/10.1038/emboj.2010.74
https://doi.org/10.1038/emboj.2010.74
https://doi.org/10.1152/physrev.00030.2009
https://doi.org/10.1152/physrev.00030.2009
https://doi.org/10.1083/jcb.201810099
https://doi.org/10.1083/jcb.201810099
https://doi.org/10.1016/j.cub.2012.06.029
https://doi.org/10.4161/auto.8.2.18373
https://doi.org/10.5483/BMBRep.2016.49.8.081
https://doi.org/10.5483/BMBRep.2016.49.8.081
https://doi.org/10.1080/15548627.2015.1091552
https://doi.org/10.1080/15548627.2015.1091552
https://doi.org/10.1007/s13238-020-00793-9
https://doi.org/10.1007/s13238-020-00793-9
https://doi.org/10.1016/j.ceb.2017.03.010
https://doi.org/10.1083/jcb.201902170
https://doi.org/10.1016/j.tibs.2016.08.016
https://doi.org/10.1016/j.tibs.2016.08.016
https://doi.org/10.1038/nrm.2016.121
https://doi.org/10.1016/j.cell.2015.10.017
https://doi.org/10.1083/jcb.201310114
https://doi.org/10.1016/j.tcb.2018.07.001
https://doi.org/10.1016/j.tcb.2018.07.001
https://doi.org/10.3390/cells9051131
https://doi.org/10.3390/cells9051131
https://doi.org/10.1016/j.cell.2012.11.001
https://doi.org/10.1038/nature14147
https://doi.org/10.3390/cells5030034
https://doi.org/10.1016/j.molcel.2019.10.035
https://doi.org/10.1016/j.devcel.2013.11.022
https://doi.org/10.1016/j.molcel.2014.11.006
https://doi.org/10.1091/mbc.e13-08-0447
https://doi.org/10.1016/j.molcel.2011.12.036
https://doi.org/10.1016/j.molcel.2011.12.036
https://doi.org/10.1038/s41467-020-16689-5
https://doi.org/10.1186/s13046-019-1449-8
https://doi.org/10.1111/tra.12199
https://doi.org/10.1111/tra.12410
https://doi.org/10.1128/MCB.24.12.5447-5458.2004
https://doi.org/10.1128/MCB.24.12.5447-5458.2004
https://doi.org/10.1038/s41467-019-11694-9
https://doi.org/10.1111/tra.12614
https://doi.org/10.1038/nature04396
https://doi.org/10.1038/nature04396
https://doi.org/10.1186/2052-8426-2-14
https://doi.org/10.1186/2052-8426-2-14
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1038/nrm1890
https://doi.org/10.1073/pnas.1917555117
https://doi.org/10.1073/pnas.1119313109
https://doi.org/10.1038/ncomms8683
https://doi.org/10.1159/000078176
https://doi.org/10.1152/ajpcell.00427.2010
https://doi.org/10.1039/C5IB90040A
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hernandez-Céceres et al.

Mechanics of Autophagy in Cancer

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Jennings P, Bertocchi C, Frick M, Haller T, Pfaller W, Dietl P. Ca”* Induced
Surfactant Secretion in Alveolar Type II Cultures Isolated from the H-2Kb-
tsA58 Transgenic Mouse. Cell Physiol Biochem (2005) 15(1-4):159-66. doi:
10.1159/000083648

Fletcher DA, Mullins RD. Cell mechanics and the cytoskeleton. Nature
(2010) 463(7280):485-92. doi: 10.1038/nature08908

Chen Y, Ju L, Rushdi M, Ge C, Zhu C. Receptor-mediated cell
mechanosensing. Mol Biol Cell (2017) 28(23):3134-55. doi: 10.1091/
mbc.e17-04-0228

Wolfenson H, Yang B, Sheetz MP. Steps in Mechanotransduction Pathways
that Control Cell Morphology. Annu Rev Physiol (2019) 81:585-605. doi:
10.1146/annurev-physiol-021317-121245

Han 'Y, Liu C, Zhang D, Men H, Huo L, Geng Q, et al. Mechanosensitive ion
channel Piezol promotes prostate cancer development through the
activation of the Akt/mTOR pathway and acceleration of cell cycle. Int |
Oncol (2019) 55(3):629-44. doi: 10.3892/i0.2019.4839

Guo Y, Steele HE, Li BY, Na S. Fluid flow-induced activation of subcellular
AMPK and its interaction with FAK and Src. Arch Biochem Biophys (2020)
679:108208. doi: 10.1016/j.abb.2019.108208

Dower CM, Wills CA, Frisch SM, Wang HG. Mechanisms and context
underlying the role of autophagy in cancer metastasis. Autophagy (2018) 14
(7):1110-28. doi: 10.1080/15548627.2018.1450020

King JS. Mechanical stress meets autophagy: potential implications for
physiology and pathology. Trends Mol Med (2012) 18(10):583-8. doi:
10.1016/j.molmed.2012.08.002

Das J, Agarwal T, Chakraborty S, Maiti TK. Compressive stress-induced
autophagy promotes invasion of HeLa cells by facilitating protein turnover in
vitro. Exp Cell Res (2019) 381(2):201-7. doi: 10.1016/j.yexcr.2019.04.037
Das ], Maji S, Agarwal T, Chakraborty S, Maiti TK. Hemodynamic shear
stress induces protective autophagy in HeLa cells through lipid raft-mediated
mechanotransduction. Clin Exp Metastasis (2018) 35(3):135-48. doi:
10.1007/s10585-018-9887-9

Vogel V. Unraveling the Mechanobiology of Extracellular Matrix. Annu Rev
Physiol (2018) 80:353-87. doi: 10.1146/annurev-physiol-021317-121312
Jiang G, Huang AH, Cai Y, Tanase M, Sheetz MP. Rigidity sensing at the
leading edge through alphavbeta3 integrins and RPTPalpha. Biophys ] (2006)
90(5):1804-9. doi: 10.1529/biophys;j.105.072462

Ross TD, Coon BG, Yun S, Baeyens N, Tanaka K, Ouyang M, et al. Integrins
in mechanotransduction. Curr Opin Cell Biol (2013) 25(5):613-8. doi:
10.1016/j.ceb.2013.05.006

Wozniak MA, Modzelewska K, Kwong L, Keely PJ. Focal adhesion regulation
of cell behavior. Biochim Biophys Acta (2004) 1692(2-3):103-19. doi:
10.1016/j.bbamcr.2004.04.007

Kim M, Carman CV, Springer TA. Bidirectional transmembrane signaling by
cytoplasmic domain separation in integrins. Science (2003) 301(5640):1720-
5. doi: 10.1126/science.1084174

Luo BH, Carman CV, Springer TA. Structural basis of integrin regulation
and signaling. Annu Rev Immunol (2007) 25:619-47. doi: 10.1146/
annurev.immunol.25.022106.141618

Caswell PT, Vadrevu S, Norman JC. Integrins: masters and slaves of
endocytic transport. Nat Rev Mol Cell Biol (2009) 10(12):843-53. doi:
10.1038/nrm2799

Seetharaman S, Etienne-Manneville S. Integrin diversity brings specificity in
mechanotransduction. Biol Cell (2018) 110(3):49-64. doi: 10.1111/
boc.201700060

Lock R, Debnath J. Extracellular matrix regulation of autophagy. Curr Opin
Cell Biol (2008) 20(5):583-8. doi: 10.1016/j.ceb.2008.05.002

Vlahakis A, Debnath J. The Interconnections between Autophagy and
Integrin-Mediated Cell Adhesion. J Mol Biol (2017) 429(4):515-30. doi:
10.1016/j.jmb.2016.11.027

Anlas AA, Nelson CM. Soft Microenvironments Induce Chemoresistance by
Increasing Autophagy Downstream of Integrin-Linked Kinase. Cancer Res
(2020) 80(19):4103-13. doi: 10.1158/0008-5472.CAN-19-4021

Gubbiotti MA, Tozzo RV. Proteoglycans regulate autophagy via outside-in
signaling: an emerging new concept. Matrix Biol (2015) 48:6-13. doi:
10.1016/j.matbio.2015.10.002

Nguyen TM, Subramanian IV, Kelekar A, Ramakrishnan S. Kringle 5 of
human plasminogen, an angiogenesis inhibitor, induces both autophagy and

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

apoptotic death in endothelial cells. Blood (2007) 109(11):4793-802. doi:
10.1182/blood-2006-11-059352

Nguyen TM, Subramanian IV, Xiao X, Ghosh G, Nguyen P, Kelekar A, et al.
Endostatin induces autophagy in endothelial cells by modulating Beclin 1
and beta-catenin levels. J Cell Mol Med (2009) 13(9B):3687-98. doi: 10.1111/
j.1582-4934.2009.00722.x

Castagnaro S, Chrisam M, Cescon M, Braghetta P, Grumati P, Bonaldo P.
Extracellular Collagen VI Has Prosurvival and Autophagy Instructive
Properties in Mouse Fibroblasts. Front Physiol (2018) 9:1129. doi: 10.3389/
fphys.2018.01129

Carmignac V, Svensson M, Korner Z, Elowsson L, Matsumura C, Gawlik KI,
et al. Autophagy is increased in laminin alpha2 chain-deficient muscle and its
inhibition improves muscle morphology in a mouse model of MDC1A. Hum
Mol Genet (2011) 20(24):4891-902. doi: 10.1093/hmg/ddr427

Neill T, Schaefer L, lozzo RV. Instructive roles of extracellular matrix on
autophagy. Am ] Pathol (2014) 184(8):2146-53. doi: 10.1016/
j.ajpath.2014.05.010

Neill T, Schaefer L, Iozzo RV. Decorin: a guardian from the matrix. Am |
Pathol (2012) 181(2):380-7. doi: 10.1016/j.ajpath.2012.04.029

Sharifi MN, Mowers EE, Drake LE, Collier C, Chen H, Zamora M, et al.
Autophagy Promotes Focal Adhesion Disassembly and Cell Motility of
Metastatic Tumor Cells through the Direct Interaction of Paxillin with
LC3. Cell Rep (2016) 15(8):1660-72. doi: 10.1016/j.celrep.2016.04.065
Angulo-Urarte A, van der Wal T, Huveneers S. Cell-cell junctions as sensors
and transducers of mechanical forces. Biochim Biophys Acta Biomembr
(2020) 1862(9):183316. doi: 10.1016/j.bbamem.2020.183316

Zaidel-Bar R. Cadherin adhesome at a glance. J Cell Sci (2013) 126(Pt 2):373-
8. doi: 10.1242/jcs.111559

Han MK, de Rooij J. Resolving the cadherin-F-actin connection. Nat Cell Biol
(2016) 19(1):14-6. doi: 10.1038/ncb3457

Bertocchi C, Wang Y, Ravasio A, Hara Y, Wu Y, Sailov T, et al. Nanoscale
architecture of cadherin-based cell adhesions. Nat Cell Biol (2017) 19(1):28-
37. doi: 10.1038/ncb3456

Nighot P, Ma T. Role of autophagy in the regulation of epithelial cell junctions.
Tissue Barriers (2016) 4(3):e1171284. doi: 10.1080/21688370.2016.1171284
Damiano V, Spessotto P, Vanin G, Perin T, Maestro R, Santarosa M. The
Autophagy Machinery Contributes to E-cadherin Turnover in Breast
Cancer. Front Cell Dev Biol (2020) 8:545. doi: 10.3389/fcell.2020.00545

Hu CA, Hou Y, Yi D, Qiu Y, Wu G, Kong X, et al. Autophagy and tight
junction proteins in the intestine and intestinal diseases. Anim Nutr (2015) 1
(3):123-7. doi: 10.1016/j.aninu.2015.08.014

Bays JL, Campbell HK, Heidema C, Sebbagh M, DeMali KA. Linking E-
cadherin mechanotransduction to cell metabolism through force-mediated
activation of AMPK. Nat Cell Biol (2017) 19(6):724-31. doi: 10.1038/
ncb3537

Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi M, et al.
Role of YAP/TAZ in mechanotransduction. Nature (2011) 474(7350):179-
83. doi: 10.1038/nature10137

Zhao B, Ye X, Yu ], Li L, Li W, Li §, et al. TEAD mediates YAP-dependent
gene induction and growth control. Genes Dev (2008) 22(14):1962-71. doi:
10.1101/gad.1664408

Zhou Y, Huang T, Cheng AS, Yu J, Kang W, To KF. The TEAD Family and
Its Oncogenic Role in Promoting Tumorigenesis. Int ] Mol Sci (2016) 17
(1):138. doi: 10.3390/ijms17010138

Wada K, Itoga K, Okano T, Yonemura S, Sasaki H. Hippo pathway
regulation by cell morphology and stress fibers. Development (2011) 138
(18):3907-14. doi: 10.1242/dev.070987

Aragona M, Panciera T, Manfrin A, Giulitti S, Michielin F, Elvassore N, et al.
A mechanical checkpoint controls multicellular growth through YAP/TAZ
regulation by actin-processing factors. Cell (2013) 154(5):1047-59. doi:
10.1016/j.cell.2013.07.042

Totaro A, Zhuang Q, Panciera T, Battilana G, Azzolin L, Brumana G, et al.
Cell phenotypic plasticity requires autophagic flux driven by YAP/TAZ
mechanotransduction. Proc Natl Acad Sci USA (2019) 116(36):17848-57.
doi: 10.1073/pnas.1908228116

Carroll B, Mohd-Naim N, Maximiano F, Frasa MA, McCormack J, Finelli M,
et al. The TBC/RabGAP Armus coordinates Racl and Rab7 functions during
autophagy. Dev Cell (2013) 25(1):15-28. doi: 10.1016/j.devcel.2013.03.005

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 11 | Article 632956


https://doi.org/10.1159/000083648
https://doi.org/10.1038/nature08908
https://doi.org/10.1091/mbc.e17-04-0228
https://doi.org/10.1091/mbc.e17-04-0228
https://doi.org/10.1146/annurev-physiol-021317-121245
https://doi.org/10.3892/ijo.2019.4839
https://doi.org/10.1016/j.abb.2019.108208
https://doi.org/10.1080/15548627.2018.1450020
https://doi.org/10.1016/j.molmed.2012.08.002
https://doi.org/10.1016/j.yexcr.2019.04.037
https://doi.org/10.1007/s10585-018-9887-9
https://doi.org/10.1146/annurev-physiol-021317-121312
https://doi.org/10.1529/biophysj.105.072462
https://doi.org/10.1016/j.ceb.2013.05.006
https://doi.org/10.1016/j.bbamcr.2004.04.007
https://doi.org/10.1126/science.1084174
https://doi.org/10.1146/annurev.immunol.25.022106.141618
https://doi.org/10.1146/annurev.immunol.25.022106.141618
https://doi.org/10.1038/nrm2799
https://doi.org/10.1111/boc.201700060
https://doi.org/10.1111/boc.201700060
https://doi.org/10.1016/j.ceb.2008.05.002
https://doi.org/10.1016/j.jmb.2016.11.027
https://doi.org/10.1158/0008-5472.CAN-19-4021
https://doi.org/10.1016/j.matbio.2015.10.002
https://doi.org/10.1182/blood-2006-11-059352
https://doi.org/10.1111/j.1582-4934.2009.00722.x
https://doi.org/10.1111/j.1582-4934.2009.00722.x
https://doi.org/10.3389/fphys.2018.01129
https://doi.org/10.3389/fphys.2018.01129
https://doi.org/10.1093/hmg/ddr427
https://doi.org/10.1016/j.ajpath.2014.05.010
https://doi.org/10.1016/j.ajpath.2014.05.010
https://doi.org/10.1016/j.ajpath.2012.04.029
https://doi.org/10.1016/j.celrep.2016.04.065
https://doi.org/10.1016/j.bbamem.2020.183316
https://doi.org/10.1242/jcs.111559
https://doi.org/10.1038/ncb3457
https://doi.org/10.1038/ncb3456
https://doi.org/10.1080/21688370.2016.1171284
https://doi.org/10.3389/fcell.2020.00545
https://doi.org/10.1016/j.aninu.2015.08.014
https://doi.org/10.1038/ncb3537
https://doi.org/10.1038/ncb3537
https://doi.org/10.1038/nature10137
https://doi.org/10.1101/gad.1664408
https://doi.org/10.3390/ijms17010138
https://doi.org/10.1242/dev.070987
https://doi.org/10.1016/j.cell.2013.07.042
https://doi.org/10.1073/pnas.1908228116
https://doi.org/10.1016/j.devcel.2013.03.005
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hernandez-Céceres et al.

Mechanics of Autophagy in Cancer

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Liang N, Zhang C, Dill P, Panasyuk G, Pion D, Koka V, et al. Regulation of
YAP by mTOR and autophagy reveals a therapeutic target of tuberous
sclerosis complex. J Exp Med (2014) 211(11):2249-63. doi: 10.1084/jem.
20140341

Pocaterra A, Romani P, Dupont S. YAP/TAZ functions and their regulation
at a glance. J Cell Sci (2020) 133(2):jcs230425. doi: 10.1242/jcs.230425
Kondratskyi A, Kondratska K, Skryma R, Klionsky DJ, Prevarskaya N. Ion
channels in the regulation of autophagy. Autophagy (2018) 14(1):3-21. doi:
10.1080/15548627.2017.1384887

Moroni M, Servin-Vences MR, Fleischer R, Sanchez-Carranza O, Lewin GR.
Voltage gating of mechanosensitive PIEZO channels. Nat Commun (2018) 9
(1):1096. doi: 10.1038/s41467-018-03502-7

Liedtke WB. TRP Ion Channel Function in Sensory Transduction and
Cellular Signaling Cascades. Durham, North Carolina and Stanford,
California, U.S.A.: CRC Press/Taylor & Francis (2006).

Ayad NME, Kaushik S, Weaver VM. Tissue mechanics, an important
regulator of development and disease. Philos Trans R Soc Lond B Biol Sci
(2019) 374(1779):20180215. doi: 10.1098/rstb.2018.0215

Le Roux AL, Quiroga X, Walani N, Arroyo M, Roca-Cusachs P. The plasma
membrane as a mechanochemical transducer. Philos Trans R Soc Lond B Biol
Sci (2019) 374(1779):20180221. doi: 10.1098/rstb.2018.0221

Yan Z, Su G, Gao W, He J, Shen Y, Zeng Y, et al. Fluid shear stress induces
cell migration and invasion via activating autophagy in HepG2 cells. Cell Adh
Migr (2019) 13(1):152-63. doi: 10.1080/19336918.2019.1568141

King JS, Veltman DM, Insall RH. The induction of autophagy by mechanical
stress. Autophagy (2011) 7(12):1490-9. doi: 10.4161/auto.7.12.17924

Peter BJ, Kent HM, Mills IG, Vallis Y, Butler PJ, Evans PR, et al. BAR
domains as sensors of membrane curvature: the amphiphysin BAR structure.
Science (2004) 303(5657):495-9. doi: 10.1126/science.1092586

Glogauer M, Arora P, Chou D, Janmey PA, Downey GP, McCulloch CA. The
role of actin-binding protein 280 in integrin-dependent mechanoprotection.
] Biol Chem (1998) 273(3):1689-98. doi: 10.1074/jbc.273.3.1689

Razinia Z, Makela T, Ylanne J, Calderwood DA. Filamins in mechanosensing
and signaling. Annu Rev Biophys (2012) 41:227-46. doi: 10.1146/annurev-
biophys-050511-102252

Jackson WM, Jaasma MJ, Tang RY, Keaveny TM. Mechanical loading by
fluid shear is sufficient to alter the cytoskeletal composition of osteoblastic
cells. Am ] Physiol Cell Physiol (2008) 295(4):C1007-15. doi: 10.1152/
ajpcell.00509.2007

Gehler S, Baldassarre M, Lad Y, Leight JL, Wozniak MA, Riching KM, et al.
Filamin A-betal integrin complex tunes epithelial cell response to matrix
tension. Mol Biol Cell (2009) 20(14):3224-38. doi: 10.1091/mbc.e08-12-1186
Ulbricht A, Eppler FJ, Tapia VE, van der Ven PF, Hampe N, Hersch N, et al.
Cellular mechanotransduction relies on tension-induced and chaperone-
assisted autophagy. Curr Biol (2013) 23(5):430-5. doi: 10.1016/
j.cub.2013.01.064

Satir P, Pedersen LB, Christensen ST. The primary cilium at a glance. J Cell
Sci (2010) 123(Pt 4):499-503. doi: 10.1242/jcs.050377

Praetorius HA. The primary cilium as sensor of fluid flow: new building
blocks to the model. A review in the theme: cell signaling: proteins, pathways
and mechanisms. Am ] Physiol Cell Physiol (2015) 308(3):C198-208. doi:
10.1152/ajpcell.00336.2014

Orhon I, Dupont N, Codogno P. Primary cilium and autophagy: The
avengers of cell-size regulation. Autophagy (2016) 12(11):2258-9. doi:
10.1080/15548627.2016.1212790

Praetorius HA, Spring KR. Bending the MDCK cell primary cilium increases
intracellular calcium. ] Membr Biol (2001) 184(1):71-9. doi: 10.1007/s00232-
001-0075-4

Orhon I, Dupont N, Zaidan M, Boitez V, Burtin M, Schmitt A, et al. Primary-
cilium-dependent autophagy controls epithelial cell volume in response to
fluid flow. Nat Cell Biol (2016) 18(6):657-67. doi: 10.1038/ncb3360

Zemirli N, Boukhalfa A, Dupont N, Botti ], Codogno P, Morel E. The
primary cilium protein folliculin is part of the autophagy signaling pathway
to regulate epithelial cell size in response to fluid flow. Cell Stress (2019) 3
(3):100-9. doi: 10.15698/cst2019.03.180

Boehlke C, Kotsis F, Patel V, Braeg S, Voelker H, Bredt S, et al. Primary cilia
regulate mTORCI activity and cell size through Lkb1. Nat Cell Biol (2010) 12
(11):1115-22. doi: 10.1038/ncb2117

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

202.

203.

204.

205.

206.

207.

Boukhalfa A, Nascimbeni AC, Dupont N, Codogno P, Morel E. Primary
cilium-dependent autophagy drafts PIK3C2A to generate PtdIns3P in
response to shear stress. Autophagy (2020) 16(6):1143-4. doi: 10.1080/
15548627.2020.1732687

Boukhalfa A, Nascimbeni AC, Ramel D, Dupont N, Hirsch E, Gayral S, et al.
PI3KC2alpha-dependent and VPS34-independent generation of PI3P
controls primary cilium-mediated autophagy in response to shear stress.
Nat Commun (2020) 11(1):294. doi: 10.1038/s41467-019-14086-1

Franco I, Gulluni F, Campa CC, Costa C, Margaria JP, Ciraolo E, et al. PI3K
class II alpha controls spatially restricted endosomal PtdIns3P and Rabl1
activation to promote primary cilium function. Dev Cell (2014) 28(6):647-
58. doi: 10.1016/j.devcel.2014.01.022

Campa CC, Margaria JP, Derle A, Del Giudice M, De Santis MC, Gozzelino
L, et al. Rabl1 activity and PtdIns(3)P turnover removes recycling cargo
from endosomes. Nat Chem Biol (2018) 14(8):801-10. doi: 10.1038/s41589-
018-0086-4

Puri C, Vicinanza M, Ashkenazi A, Gratian MJ, Zhang Q, Bento CF, et al.
The RABI11A-Positive Compartment Is a Primary Platform for
Autophagosome Assembly Mediated by WIPI2 Recognition of PI3P-
RABI11A. Dev Cell (2018) 45(1):114-31.¢8. doi: 10.1016/j.devcel.2018.03.008
Vicinanza M, Puri C, Rubinsztein DC. Coincidence detection of RABI1A
and PI(3)P by WIPI2 directs autophagosome formation. Oncotarget (2019)
10(27):2579-80. doi: 10.18632/oncotarget.26829

Pierce NW, Nachury MV. Cilia grow by taking a bite out of the cell. Dev Cell
(2013) 27(2):126-7. doi: 10.1016/j.devcel.2013.10.013

Tang Z, Lin MG, Stowe TR, Chen S, Zhu M, Stearns T, et al. Autophagy
promotes primary ciliogenesis by removing OFD1 from centriolar satellites.
Nature (2013) 502(7470):254-7. doi: 10.1038/nature12606

Kumar S, Weaver VM. Mechanics, malignancy, and metastasis: the force
journey of a tumor cell. Cancer Metastasis Rev (2009) 28(1-2):113-27. doi:
10.1007/510555-008-9173-4

Ravasio A, Le AP, Saw TB, Tarle V, Ong HT, Bertocchi C, et al. Regulation of
epithelial cell organization by tuning cell-substrate adhesion. Integr Biol
(Camb) (2015) 7(10):1228-41. doi: 10.1039/C5IB00196]

Sharma A, Seow JJW, Dutertre CA, Pai R, Bleriot C, Mishra A, et al. Onco-
fetal Reprogramming of Endothelial Cells Drives Immunosuppressive
Macrophages in Hepatocellular Carcinoma. Cell (2020) 183(2):377-94 e21.
doi: 10.1016/j.cell.2020.08.040

White E, DiPaola RS. The double-edged sword of autophagy modulation in
cancer. Clin Cancer Res (2009) 15(17):5308-16. doi: 10.1158/1078-
0432.CCR-07-5023

Bhutia SK, Mukhopadhyay S, Sinha N, Das DN, Panda PK, Patra SK, et al.
Autophagy: cancer’s friend or foe? Adv Cancer Res (2013) 118:61-95. doi:
10.1016/B978-0-12-407173-5.00003-0

Morselli E, Galluzzi L, Kepp O, Vicencio JM, Criollo A, Maiuri MC, et al.
Anti- and pro-tumor functions of autophagy. Biochim Biophys Acta (2009)
1793(9):1524-32. doi: 10.1016/j.bbamcr.2009.01.006

. Li X, Wang J. Mechanical tumor microenvironment and transduction:

cytoskeleton mediates cancer cell invasion and metastasis. Int ] Biol Sci
(2020) 16(12):2014-28. doi: 10.7150/ijbs.44943

Panda PK, Mukhopadhyay S, Das DN, Sinha N, Naik PP, Bhutia SK.
Mechanism of autophagic regulation in carcinogenesis and cancer
therapeutics. Semin Cell Dev Biol (2015) 39:43-55. doi: 10.1016/
j.semcdb.2015.02.013

Jain RK, Martin JD, Stylianopoulos T. The role of mechanical forces in tumor
growth and therapy. Annu Rev BioMed Eng (2014) 16:321-46. doi: 10.1146/
annurev-bioeng-071813-105259

Nia HT, Liu H, Seano G, Datta M, Jones D, Rahbari N, et al. Solid stress and
elastic energy as measures of tumour mechanopathology. Nat BioMed Eng
(2016) 1:0004. doi: 10.1038/s41551-016-0004

Shieh AC, Swartz MA. Regulation of tumor invasion by interstitial fluid flow.
Phys Biol (2011) 8(1):015012. doi: 10.1088/1478-3975/8/1/015012

Hyler AR, Baudoin NC, Brown MS, Stremler MA, Cimini D, Davalos RV,
et al. Fluid shear stress impacts ovarian cancer cell viability, subcellular
organization, and promotes genomic instability. PloS One (2018) 13(3):
€0194170. doi: 10.1371/journal.pone.0194170

Stylianopoulos T. The Solid Mechanics of Cancer and Strategies for Improved
Therapy. ] Biomech Eng (2017) 139(2):021004. doi: 10.1115/1.4034991

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 11 | Article 632956


https://doi.org/10.1084/jem.20140341
https://doi.org/10.1084/jem.20140341
https://doi.org/10.1242/jcs.230425
https://doi.org/10.1080/15548627.2017.1384887
https://doi.org/10.1038/s41467-018-03502-7
https://doi.org/10.1098/rstb.2018.0215
https://doi.org/10.1098/rstb.2018.0221
https://doi.org/10.1080/19336918.2019.1568141
https://doi.org/10.4161/auto.7.12.17924
https://doi.org/10.1126/science.1092586
https://doi.org/10.1074/jbc.273.3.1689
https://doi.org/10.1146/annurev-biophys-050511-102252
https://doi.org/10.1146/annurev-biophys-050511-102252
https://doi.org/10.1152/ajpcell.00509.2007
https://doi.org/10.1152/ajpcell.00509.2007
https://doi.org/10.1091/mbc.e08-12-1186
https://doi.org/10.1016/j.cub.2013.01.064
https://doi.org/10.1016/j.cub.2013.01.064
https://doi.org/10.1242/jcs.050377
https://doi.org/10.1152/ajpcell.00336.2014
https://doi.org/10.1080/15548627.2016.1212790
https://doi.org/10.1007/s00232-001-0075-4
https://doi.org/10.1007/s00232-001-0075-4
https://doi.org/10.1038/ncb3360
https://doi.org/10.15698/cst2019.03.180
https://doi.org/10.1038/ncb2117
https://doi.org/10.1080/15548627.2020.1732687
https://doi.org/10.1080/15548627.2020.1732687
https://doi.org/10.1038/s41467-019-14086-1
https://doi.org/10.1016/j.devcel.2014.01.022
https://doi.org/10.1038/s41589-018-0086-4
https://doi.org/10.1038/s41589-018-0086-4
https://doi.org/10.1016/j.devcel.2018.03.008
https://doi.org/10.18632/oncotarget.26829
https://doi.org/10.1016/j.devcel.2013.10.013
https://doi.org/10.1038/nature12606
https://doi.org/10.1007/s10555-008-9173-4
https://doi.org/10.1039/C5IB00196J
https://doi.org/10.1016/j.cell.2020.08.040
https://doi.org/10.1158/1078-0432.CCR-07-5023
https://doi.org/10.1158/1078-0432.CCR-07-5023
https://doi.org/10.1016/B978-0-12-407173-5.00003-0
https://doi.org/10.1016/j.bbamcr.2009.01.006
https://doi.org/10.7150/ijbs.44943
https://doi.org/10.1016/j.semcdb.2015.02.013
https://doi.org/10.1016/j.semcdb.2015.02.013
https://doi.org/10.1146/annurev-bioeng-071813-105259
https://doi.org/10.1146/annurev-bioeng-071813-105259
https://doi.org/10.1038/s41551-016-0004
https://doi.org/10.1088/1478-3975/8/1/015012
https://doi.org/10.1371/journal.pone.0194170
https://doi.org/10.1115/1.4034991
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hernandez-Céceres et al.

Mechanics of Autophagy in Cancer

208.

209.

210.

211.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

Stylianopoulos T, Martin JD, Snuderl M, Mpekris F, Jain SR, Jain RK.
Coevolution of solid stress and interstitial fluid pressure in tumors during
progression: implications for vascular collapse. Cancer Res (2013) 73
(13):3833-41. doi: 10.1158/0008-5472.CAN-12-4521

Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-
mesenchymal transition. Nat Rev Mol Cell Biol (2014) 15(3):178-96. doi:
10.1038/nrm3758

Wirtz D, Konstantopoulos K, Searson PC. The physics of cancer: the role of
physical interactions and mechanical forces in metastasis. Nat Rev Cancer
(2011) 11(7):512-22. doi: 10.1038/nrc3080

Xie L, Law BK, Chytil AM, Brown KA, Aakre ME, Moses HL. Activation of
the Erk pathway is required for TGF-betal-induced EMT in vitro. Neoplasia
(2004) 6(5):603-10. doi: 10.1593/ne0.04241

. Derynck R, Zhang YE. Smad-dependent and Smad-independent pathways in

TGF-beta family signalling. Nature (2003) 425(6958):577-84. doi: 10.1038/
nature02006

Ridley AJ. Life at the leading edge. Cell (2011) 145(7):1012-22. doi: 10.1016/
j.cell.2011.06.010

Gilkes DM, Semenza GL, Wirtz D. Hypoxia and the extracellular matrix:
drivers of tumour metastasis. Nat Rev Cancer (2014) 14(6):430-9. doi:
10.1038/nrc3726

Stylianou A, Gkretsi V, Stylianopoulos T. Transforming growth factor-beta
modulates pancreatic cancer associated fibroblasts cell shape, stiffness and
invasion. Biochim Biophys Acta Gen Subj (2018) 1862(7):1537-46. doi:
10.1016/j.bbagen.2018.02.009

Gaggioli C, Hooper S, Hidalgo-Carcedo C, Grosse R, Marshall JF,
Harrington K, et al. Fibroblast-led collective invasion of carcinoma cells
with differing roles for RhnoGTPases in leading and following cells. Nat Cell
Biol (2007) 9(12):1392-400. doi: 10.1038/ncb1658

Garcia-Palmero I, Torres S, Bartolome RA, Pelaez-Garcia A, Larriba MJ,
Lopez-Lucendo M, et al. Twistl-induced activation of human fibroblasts
promotes matrix stiffness by upregulating palladin and collagen alphal(VI).
Oncogene (2016) 35(40):5224-36. doi: 10.1038/0nc.2016.57

Najafi M, Farhood B, Mortezaee K. Extracellular matrix (ECM) stiffness and
degradation as cancer drivers. J Cell Biochem (2019) 120(3):2782-90. doi:
10.1002/jcb.27681

Yu H, Mouw JK, Weaver VM. Forcing form and function: biomechanical
regulation of tumor evolution. Trends Cell Biol (2011) 21(1):47-56. doi:
10.1016/j.tcb.2010.08.015

Plaks V, Koopman CD, Werb Z. Cancer. Circulating tumor cells. Science
(2013) 341(6151):1186-8. doi: 10.1126/science.1235226

Massague J, Obenauf AC. Metastatic colonization by circulating tumour
cells. Nature (2016) 529(7586):298-306. doi: 10.1038/nature17038

Strilic B, Offermanns S. Intravascular Survival and Extravasation of Tumor
Cells. Cancer Cell (2017) 32(3):282-93. doi: 10.1016/j.ccell.2017.07.001

Fan R, Emery T, Zhang Y, Xia Y, Sun J, Wan J. Circulatory shear flow alters
the viability and proliferation of circulating colon cancer cells. Sci Rep (2016)
6:27073. doi: 10.1038/srep27073

Avvisato CL, Yang X, Shah S, Hoxter B, Li W, Gaynor R, et al. Mechanical
force modulates global gene expression and beta-catenin signaling in
colon cancer cells. J Cell Sci (2007) 120(Pt 15):2672-82. doi: 10.1242/
jcs.03476

Mitchell MJ, King MR. Fluid Shear Stress Sensitizes Cancer Cells to
Receptor-Mediated Apoptosis via Trimeric Death Receptors. New | Phys
(2013) 15:015008. doi: 10.1088/1367-2630/15/1/015008

Ma S, Fu A, Chiew GG, Luo KQ. Hemodynamic shear stress stimulates
migration and extravasation of tumor cells by elevating cellular oxidative
level. Cancer Lett (2017) 388:239-48. doi: 10.1016/j.canlet.2016.12.001
Xiong N, Li S, Tang K, Bai H, Peng Y, Yang H, et al. Involvement of caveolin-
1 in low shear stress-induced breast cancer cell motility and adhesion: Roles
of FAK/Src and ROCK/p-MLC pathways. Biochim Biophys Acta Mol Cell Res
(2017) 1864(1):12-22. doi: 10.1016/j.bbamcr.2016.10.013

Wang X, Zhang Y, Feng T, Su G, He J, Gao W, et al. Fluid Shear Stress
Promotes Autophagy in Hepatocellular Carcinoma Cells. Int ] Biol Sci (2018)
14(10):1277-90. doi: 10.7150/ijbs.27055

Regmi S, Fu A, Luo KQ. High Shear Stresses under Exercise Condition
Destroy Circulating Tumor Cells in a Microfluidic System. Sci Rep (2017)
7:39975. doi: 10.1038/srep39975

230.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

Lien SC, Chang SF, Lee PL, Wei SY, Chang MD, Chang JY, et al.
Mechanical regulation of cancer cell apoptosis and autophagy: roles of
bone morphogenetic protein receptor, Smad1/5, and p38 MAPK. Biochim
Biophys Acta (2013) 1833(12):3124-33. doi: 10.1016/j.bbamcr.
2013.08.023

. Chaudhuri O, Koshy ST, Branco da Cunha C, Shin JW, Verbeke CS, Allison

KH, et al. Extracellular matrix stiffness and composition jointly regulate the
induction of malignant phenotypes in mammary epithelium. Nat Mater
(2014) 13(10):970-8. doi: 10.1038/nmat4009

Tung JC, Barnes JM, Desai SR, Sistrunk C, Conklin MW, Schedin P, et al.
Tumor mechanics and metabolic dysfunction. Free Radic Biol Med (2015)
79:269-80. doi: 10.1016/j.freeradbiomed.2014.11.020

Masuzaki R, Tateishi R, Yoshida H, Sato T, Ohki T, Goto T, et al. Assessing
liver tumor stiffness by transient elastography. Hepatol Int (2007) 1(3):394-7.
doi: 10.1007/s12072-007-9012-7

Lopez JI, Kang I, You WK, McDonald DM, Weaver VM. In situ force
mapping of mammary gland transformation. Integr Biol (Camb) (2011) 3
(9):910-21. doi: 10.1039/c1ib00043h

Pang M, Teng Y, Huang J, Yuan Y, Lin F, Xiong C. Substrate stiffness
promotes latent TGF-betal activation in hepatocellular carcinoma.
Biochem Biophys Res Commun (2017) 483(1):553-8. doi: 10.1016/
j.bbrc.2016.12.107

Pang MF, Siedlik MJ, Han §, Stallings-Mann M, Radisky DC, Nelson CM.
Tissue Stiffness and Hypoxia Modulate the Integrin-Linked Kinase ILK to
Control Breast Cancer Stem-like Cells. Cancer Res (2016) 76(18):5277-87.
doi: 10.1158/0008-5472.CAN-16-0579

Egeblad M, Rasch MG, Weaver VM. Dynamic interplay between the collagen
scaffold and tumor evolution. Curr Opin Cell Biol (2010) 22(5):697-706. doi:
10.1016/j.ceb.2010.08.015

Lu P, Weaver VM, Werb Z. The extracellular matrix: a dynamic niche in
cancer progression. J Cell Biol (2012) 196(4):395-406. doi: 10.1083/
jcb.201102147

Levental KR, Yu H, Kass L, Lakins JN, Egeblad M, Erler JT, et al. Matrix
crosslinking forces tumor progression by enhancing integrin signaling. Cell
(2009) 139(5):891-906. doi: 10.1016/j.cell.2009.10.027

Pickup MW, Laklai H, Acerbi I, Owens P, Gorska AE, Chytil A, et al.
Stromally derived lysyl oxidase promotes metastasis of transforming growth
factor-beta-deficient mouse mammary carcinomas. Cancer Res (2013) 73
(17):5336-46. doi: 10.1158/0008-5472.CAN-13-0012

Rubashkin MG, Cassereau L, Bainer R, DuFort CC, Yui Y, Ou G, et al. Force
engages vinculin and promotes tumor progression by enhancing PI3K
activation of phosphatidylinositol (3,4,5)-triphosphate. Cancer Res (2014)
74(17):4597-611. doi: 10.1158/0008-5472.CAN-13-3698

Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg GI, Gefen A, et al.
Tensional homeostasis and the malignant phenotype. Cancer Cell (2005) 8
(3):241-54. doi: 10.1016/j.ccr.2005.08.010

Zhao B, Wei X, Li W, Udan RS, Yang Q, Kim J, et al. Inactivation of YAP
oncoprotein by the Hippo pathway is involved in cell contact inhibition and
tissue growth control. Genes Dev (2007) 21(21):2747-61. doi: 10.1101/
2ad.1602907

Pavel M, Renna M, Park SJ, Menzies FM, Ricketts T, Fullgrabe J, et al.
Contact inhibition controls cell survival and proliferation via YAP/TAZ-
autophagy axis. Nat Commun (2018) 9(1):2961. doi: 10.1038/s41467-018-
05388-x

Wang Z, Li C, Jiang M, Chen J, Yang M, Pu J, et al. (FLNA) regulates
autophagy of bladder carcinoma cell and affects its proliferation, invasion
and metastasis. Int Urol Nephrol (2018) 50(2):263-73. doi: 10.1007/s11255-
017-1772-y

Sun GG, Lu YF, Zhang J, Hu WN. Filamin A regulates MMP-9 expression
and suppresses prostate cancer cell migration and invasion. Tumour Biol
(2014) 35(4):3819-26. doi: 10.1007/s13277-013-1504-6

Krebs K, Ruusmann A, Simonlatser G, Velling T. Expression of FLNa in
human melanoma cells regulates the function of integrin alphalbetal and
phosphorylation and localisation of PKB/AKT/ERK1/2 kinases. Eur ] Cell
Biol (2015) 94(12):564-75. doi: 10.1016/j.¢jcb.2015.10.006

Ulbricht A, Arndt V, Hohfeld J. Chaperone-assisted proteostasis is essential
for mechanotransduction in mammalian cells. Commun Integr Biol (2013) 6
(4):€24925. doi: 10.4161/cib.24925

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 11 | Article 632956


https://doi.org/10.1158/0008-5472.CAN-12-4521
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/nrc3080
https://doi.org/10.1593/neo.04241
https://doi.org/10.1038/nature02006
https://doi.org/10.1038/nature02006
https://doi.org/10.1016/j.cell.2011.06.010
https://doi.org/10.1016/j.cell.2011.06.010
https://doi.org/10.1038/nrc3726
https://doi.org/10.1016/j.bbagen.2018.02.009
https://doi.org/10.1038/ncb1658
https://doi.org/10.1038/onc.2016.57
https://doi.org/10.1002/jcb.27681
https://doi.org/10.1016/j.tcb.2010.08.015
https://doi.org/10.1126/science.1235226
https://doi.org/10.1038/nature17038
https://doi.org/10.1016/j.ccell.2017.07.001
https://doi.org/10.1038/srep27073
https://doi.org/10.1242/jcs.03476
https://doi.org/10.1242/jcs.03476
https://doi.org/10.1088/1367-2630/15/1/015008
https://doi.org/10.1016/j.canlet.2016.12.001
https://doi.org/10.1016/j.bbamcr.2016.10.013
https://doi.org/10.7150/ijbs.27055
https://doi.org/10.1038/srep39975
https://doi.org/10.1016/j.bbamcr.2013.08.023
https://doi.org/10.1016/j.bbamcr.2013.08.023
https://doi.org/10.1038/nmat4009
https://doi.org/10.1016/j.freeradbiomed.2014.11.020
https://doi.org/10.1007/s12072-007-9012-7
https://doi.org/10.1039/c1ib00043h
https://doi.org/10.1016/j.bbrc.2016.12.107
https://doi.org/10.1016/j.bbrc.2016.12.107
https://doi.org/10.1158/0008-5472.CAN-16-0579
https://doi.org/10.1016/j.ceb.2010.08.015
https://doi.org/10.1083/jcb.201102147
https://doi.org/10.1083/jcb.201102147
https://doi.org/10.1016/j.cell.2009.10.027
https://doi.org/10.1158/0008-5472.CAN-13-0012
https://doi.org/10.1158/0008-5472.CAN-13-3698
https://doi.org/10.1016/j.ccr.2005.08.010
https://doi.org/10.1101/gad.1602907
https://doi.org/10.1101/gad.1602907
https://doi.org/10.1038/s41467-018-05388-x
https://doi.org/10.1038/s41467-018-05388-x
https://doi.org/10.1007/s11255-017-1772-y
https://doi.org/10.1007/s11255-017-1772-y
https://doi.org/10.1007/s13277-013-1504-6
https://doi.org/10.1016/j.ejcb.2015.10.006
https://doi.org/10.4161/cib.24925
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hernandez-Céceres et al.

Mechanics of Autophagy in Cancer

249.

250.

251.

252.

253.

254.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

Sanhueza C, Wehinger S, Castillo Bennett J, Valenzuela M, Owen GI, Quest
AF. The twisted survivin connection to angiogenesis. Mol Cancer (2015)
14:198. doi: 10.1186/s12943-015-0467-1

Yang H, Guan L, Li S, Jiang Y, Xiong N, Li L, et al. Correction: Mechanosensitive
caveolin-1 activation-induced PI3K/Akt/mTOR signaling pathway promotes
breast cancer motility, invadopodia formation and metastasis in vivo. Oncotarget
(2018) 9(66):32730. doi: 10.18632/oncotarget.26065

Nah J, Yoo SM, Jung S, Jeong EI, Park M, Kaang BK, et al. Phosphorylated
CAV1 activates autophagy through an interaction with BECN1 under
oxidative stress. Cell Death Dis (2017) 8(5):€2822. doi: 10.1038/cddis.2017.71
Quest AF, Gutierrez-Pajares JL, Torres VA. Caveolin-1: an ambiguous
partner in cell signalling and cancer. ] Cell Mol Med (2008) 12(4):1130-50.
doi: 10.1111/§.1582-4934.2008.00331.x

Bender FC, Reymond MA, Bron C, Quest AF. Caveolin-1 levels are down-
regulated in human colon tumors, and ectopic expression of caveolin-1 in
colon carcinoma cell lines reduces cell tumorigenicity. Cancer Res (2000) 60
(20):5870-8.

Simon L, Campos A, Leyton L, Quest AFG. Caveolin-1 function at the
plasma membrane and in intracellular compartments in cancer. Cancer
Metastasis Rev (2020) 39(2):435-53. doi: 10.1007/s10555-020-09890-x

. Diaz-Valdivia N, Bravo D, Huerta H, Henriquez S, Gabler F, Vega M, et al.

Enhanced caveolin-1 expression increases migration, anchorage-
independent growth and invasion of endometrial adenocarcinoma cells.
BMC Cancer (2015) 15:463. doi: 10.1186/s12885-015-1477-5

Fabbri L, Bost F, Mazure NM. Primary Cilium in Cancer Hallmarks. Int J
Mol Sci (2019) 20(6):1336. doi: 10.3390/ijms20061336

Ko JY, Lee EJ, Park JH. Interplay Between Primary Cilia and Autophagy and
Its Controversial Roles in Cancer. Biomol Ther (Seoul) (2019) 27(4):337-41.
doi: 10.4062/biomolther.2019.056

Liu L, Sheng JQ, Wang MR, Gan Y, Wu XL, Liao JZ, et al. Primary Cilia
Blockage Promotes the Malignant Behaviors of Hepatocellular Carcinoma
via Induction of Autophagy. BioMed Res Int (2019) 2019:5202750. doi:
10.1155/2019/5202750

Shimizu S, Kanaseki T, Mizushima N, Mizuta T, Arakawa-Kobayashi S,
Thompson CB, et al. Role of Bcl-2 family proteins in a non-apoptotic
programmed cell death dependent on autophagy genes. Nat Cell Biol
(2004) 6(12):1221-8. doi: 10.1038/ncb1192

Yu L, Alva A, Su H, Dutt P, Freundt E, Welsh S, et al. Regulation of an
ATG7-beclin 1 program of autophagic cell death by caspase-8. Science (2004)
304(5676):1500-2. doi: 10.1126/science.1096645

Espert L, Denizot M, Grimaldi M, Robert-Hebmann V, Gay B, Varbanov M,
et al. Autophagy is involved in T cell death after binding of HIV-1 envelope
proteins to CXCR4. J Clin Invest (2006) 116(8):2161-72. doi: 10.1172/]JCI26185
Mukhopadhyay S, Panda PK, Sinha N, Das DN, Bhutia SK. Autophagy and
apoptosis: where do they meet? Apoptosis (2014) 19(4):555-66. doi: 10.1007/
$10495-014-0967-2

Wang K, Wei Y, Liu W, Liu L, Guo Z, Fan C, et al. Mechanical Stress-
Dependent Autophagy Component Release via Extracellular Nanovesicles in
Tumor Cells. ACS Nano (2019) 13(4):4589-602. doi: 10.1021/
acsnano.9b00587

Gonzalez CD, Resnik R, Vaccaro MI. Secretory Autophagy and Its Relevance
in Metabolic and Degenerative Disease. Front Endocrinol (Lausanne) (2020)
11:266. doi: 10.3389/fendo.2020.00266

Zhang L, Zhang S, Yao ], Lowery FJ, Zhang Q, Huang WC, et al.
Microenvironment-induced PTEN loss by exosomal microRNA primes
brain metastasis outgrowth. Nature (2015) 527(7576):100-4. doi: 10.1038/
naturel5376

Zomer A, Maynard C, Verweij FJ, Kamermans A, Schafer R, Beerling E, et al. In
Vivo imaging reveals extracellular vesicle-mediated phenocopying of metastatic
behavior. Cell (2015) 161(5):1046-57. doi: 10.1016/j.cell.2015.04.042
Sandilands E, Serrels B, McEwan DG, Morton JP, Macagno JP, McLeod K, et al.
Autophagic targeting of Src promotes cancer cell survival following reduced
FAK signalling. Nat Cell Biol (2011) 14(1):51-60. doi: 10.1038/ncb2386

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

Arjonen A, Alanko J, Veltel S, Ivaska J. Distinct recycling of active and
inactive betal integrins. Traffic (2012) 13(4):610-25. doi: 10.1111/j.1600-
0854.2012.01327.x

Rainero E, Howe JD, Caswell PT, Jamieson NB, Anderson K, Critchley DR,
et al. Ligand-Occupied Integrin Internalization Links Nutrient Signaling to
Invasive Migration. Cell Rep (2015) 10(3):398-413. doi: 10.1016/
j.celrep.2014.12.037

Colombero C, Remy D, Antoine S, Mace A-S, Monteiro P, ElKhatib N, et al.
mTOR repression in response to amino acid starvation promotes ECM
degradation through MT1-MMP endocytosis arrest. bioRxiv (2021). doi:
10.1101/2021.01.29.428784

Yoon SO, Shin S, Mercurio AM. Hypoxia stimulates carcinoma invasion by
stabilizing microtubules and promoting the Rabll trafficking of the
alpha6beta4 integrin. Cancer Res (2005) 65(7):2761-9. doi: 10.1158/0008-
5472.CAN-04-4122

Nguyen CDK, Yi C. YAP/TAZ Signaling and Resistance to Cancer Therapy.
Trends Cancer (2019) 5(5):283-96. doi: 10.1016/j.trecan.2019.02.010
Thompson BJ. YAP/TAZ: Drivers of Tumor Growth, Metastasis, and
Resistance to Therapy. Bioessays (2020) 42(5):e1900162. doi: 10.1002/
bies.201900162

Jutten B, Keulers TG, Schaaf MB, Savelkouls K, Theys J, Span PN, et al. EGFR
overexpressing cells and tumors are dependent on autophagy for growth and
survival. Radiother Oncol (2013) 108(3):479-83. doi: 10.1016/
j.radonc.2013.06.033

Machado-Neto JA, Coelho-Silva JL, Santos FPS, Scheucher PS, Campregher
PV, Hamerschlak N, et al. Autophagy inhibition potentiates ruxolitinib-
induced apoptosis in JAK2(V617F) cells. Invest New Drugs (2020) 38(3):733-
45. doi: 10.1007/s10637-019-00812-5

Chauhan VP, Martin JD, Liu H, Lacorre DA, Jain SR, Kozin SV, et al.
Angiotensin inhibition enhances drug delivery and potentiates
chemotherapy by decompressing tumour blood vessels. Nat Commun
(2013) 4:2516. doi: 10.1038/ncomms3516

Woo Y, Jung YJ. Angiotensin II receptor blockers induce autophagy in
prostate cancer cells. Oncol Lett (2017) 13(5):3579-85. doi: 10.3892/
0l.2017.5872

Hernandez-Caceres MP, Cereceda K, Hernandez S, Li Y, Narro C, Rivera P,
et al. Palmitic acid reduces the autophagic flux in hypothalamic neurons by
impairing autophagosome-lysosome fusion and endolysosomal dynamics.
Mol Cell Oncol (2020) 7(5):1789418. doi: 10.1080/23723556.2020.1789418
Hernandez-Caceres MP, Toledo-Valenzuela L, Diaz-Castro F, Avalos Y,
Burgos P, Narro C, et al. Palmitic Acid Reduces the Autophagic Flux and
Insulin Sensitivity Through the Activation of the Free Fatty Acid Receptor 1
(FFAR1) in the Hypothalamic Neuronal Cell Line N43/5. Front Endocrinol
(Lausanne) (2019) 10:176. doi: 10.3389/fendo.2019.00176

Grenci G, Bertocchi C, Ravasio A. Integrating Microfabrication into
Biological Investigations: the Benefits of Interdisciplinarity. Micromachines
(Basel) (2019) 10(4):252. doi: 10.3390/mil0040252

. Bertocchi C, Goh WI, Zhang Z, Kanchanawong P. Nanoscale imaging by

superresolution fluorescence microscopy and its emerging applications in
biomedical research. Crit Rev Biomed Eng (2013) 41(4-5):281-308. doi:
10.1615/critrevbiomedeng.2014010448

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Hernandez-Caceres, Munoz, Pradenas, Pena, Lagos, Aceiton,
Owen, Morselli, Criollo, Ravasio and Bertocchi. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

20

February 2021 | Volume 11 | Article 632956


https://doi.org/10.1186/s12943-015-0467-1
https://doi.org/10.18632/oncotarget.26065
https://doi.org/10.1038/cddis.2017.71
https://doi.org/10.1111/j.1582-4934.2008.00331.x
https://doi.org/10.1007/s10555-020-09890-x
https://doi.org/10.1186/s12885-015-1477-5
https://doi.org/10.3390/ijms20061336
https://doi.org/10.4062/biomolther.2019.056
https://doi.org/10.1155/2019/5202750
https://doi.org/10.1038/ncb1192
https://doi.org/10.1126/science.1096645
https://doi.org/10.1172/JCI26185
https://doi.org/10.1007/s10495-014-0967-2
https://doi.org/10.1007/s10495-014-0967-2
https://doi.org/10.1021/acsnano.9b00587
https://doi.org/10.1021/acsnano.9b00587
https://doi.org/10.3389/fendo.2020.00266
https://doi.org/10.1038/nature15376
https://doi.org/10.1038/nature15376
https://doi.org/10.1016/j.cell.2015.04.042
https://doi.org/10.1038/ncb2386
https://doi.org/10.1111/j.1600-0854.2012.01327.x
https://doi.org/10.1111/j.1600-0854.2012.01327.x
https://doi.org/10.1016/j.celrep.2014.12.037
https://doi.org/10.1016/j.celrep.2014.12.037
https://doi.org/ 10.1101/2021.01.29.428784
https://doi.org/10.1158/0008-5472.CAN-04-4122
https://doi.org/10.1158/0008-5472.CAN-04-4122
https://doi.org/10.1016/j.trecan.2019.02.010
https://doi.org/10.1002/bies.201900162
https://doi.org/10.1002/bies.201900162
https://doi.org/10.1016/j.radonc.2013.06.033
https://doi.org/10.1016/j.radonc.2013.06.033
https://doi.org/10.1007/s10637-019-00812-5
https://doi.org/10.1038/ncomms3516
https://doi.org/10.3892/ol.2017.5872
https://doi.org/10.3892/ol.2017.5872
https://doi.org/10.1080/23723556.2020.1789418
https://doi.org/10.3389/fendo.2019.00176
https://doi.org/10.3390/mi10040252
https://doi.org/10.1615/critrevbiomedeng.2014010448
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Mechanobiology of Autophagy: The Unexplored Side of Cancer
	Introduction
	Role of Cytoskeleton in Cell Mechanics
	Step-By-Step Mechanics of Autophagy
	Initiation Stage
	Nucleation
	Elongation and Closure Stages
	Maturation and Formation of Autolysosome
	Cargo Degradation and Recycling

	Cellular Mechanics and Autophagy
	Extracellular Matrix and Focal Adhesions
	Cell–Cell Adhesions
	Yes-Associated Protein/Transcriptional Co-Activator With PDZ-Binding Motif Signaling
	Mechanosensitive Ion Channels
	Membrane and Cytoskeletal Tensions
	Mechanosensing at the Primary Cilium

	Mechanics of Autophagy During Cancer Transformation
	Mechanobiology of Autophagy in Cancer Treatment and in Avoidance of Chemoresistance
	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


