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Abstract

Cellular adhesive connections directed by the extracellular matrix (ECM) and maintenance of cellular
homeostasis by autophagy are seemingly disparate functions that are molecularly intertwined, each reg-
ulating the other. This is an emerging field in the brain where the interplay between adhesion and autop-
hagy functions at the intersection of neuroprotection and neurodegeneration. The ECM and adhesion
proteins regulate autophagic responses to direct protein clearance and guide regenerative programs that
go awry in brain disorders. Concomitantly, autophagic flux acts to regulate adhesion dynamics to mediate
neurite outgrowth and synaptic plasticity with functional disruption contributed by neurodegenerative dis-
ease. This review highlights the cooperative exchange between cellular adhesion and autophagy in the
brain during health and disease. As the mechanistic alliance between adhesion and autophagy has been
leveraged therapeutically for metastatic disease, understanding overlapping molecular functions that
direct the interplay between adhesion and autophagy might uncover therapeutic strategies to correct or
compensate for neurodegeneration.
� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://crea-

tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction cellular balance. Autophagy is the process of traf-
ficking cytoplasmic components to the lysosome
for degradation or recycling to sustain energetic
demands and remove cellular waste [3].
The interaction between cells and the ECM acts

to direct critical cellular processes, such as cell
migration, cell fate choice, and even cell survival.
Cell-matrix anchorage is primarily mediated by
integrins, a large family of transmembrane surface
receptors named for their ability to integrate the
intracellular milieu with the extracellular
surroundings (for review [4]). a and b subunits

Research Article
While early descriptions by Golgi and Cajal
provided an elegant framework that formed the
foundation of our understanding of neural cells
within the brain [1], we now know that the cells that
make up the brain don’t do so on their own, but are
rather suspended within a dynamic extracellular
matrix (ECM) [2]. This complex extracellular net-
work guides critical cellular functions and is essen-
tial for supporting homeostasis, working in
conjunction with autophagic machinery to maintain
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heterodimerize to connect the extracellular environ-
ment to the actin cytoskeleton via adaptor mole-
cules and kinases that form adhesive structures
(Fig. 1A). Focal adhesions are the dynamic, large,
sub-cellular protein complexes that form as a result
of integrin-matrix adhesion that act to produce,
transmit, and sense mechanical forces to potentiate
signaling initiated from outside the cell [5]. Proteins
are recruited in a hierarchical manner to the intracel-
lular focal adhesion complex through a phosphory-
lation cascade mediated by the integrin-
associated non-receptor kinases focal adhesion
kinase (FAK) and integrin-linked kinase (ILK). Most
integrins form focal adhesions through FAK associ-
ation, where upon integrin activation the most
immediate downstream molecular event following
matrix adhesion is the recruitment of FAK and its
autophosphorylation at tyrosine 397 [6]. Various
integrins are expressed in different cell types and
tissues throughout the brain [7] (Fig. 1B) and the

ECM-integrin interaction regulates neurodevelop-
mental programs, including lumen formation [8],
vascular patterning [9], and angiogenesis [10].
Additional reports indicate that integrin signaling
and focal adhesions are dysregulated in neurode-
generative disease [11–13], suggesting a broader
role for integrins, focal adhesion dynamics, and
cell-matrix adhesion in disease that will be dis-
cussed in greater detail throughout this review.
There are several mechanisms of autophagy (for

review [14]). This review is focused primarily on
macroautophagy, referred to simply as autophagy
from here, which is a conserved catabolic process
that maintains cellular homeostasis [14]. Autophagy
entails enveloping cytoplasmic contents in a
double-sided membrane, called an autophago-
some, that is then transported to and fuses with
the lysosome to deposit its contents [14] (Fig. 2).
Fusion with the lysosome forms an autolysosome,
which allows lysosomal proteases to degrade the
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autophagosome content for recycling of cellular
components to form other proteins Alternatively,
autophagic cargo modulated by Hsc70 can be
directly targeted to the endosome/lysosome by
direct invagination through microautophagy or by
chaperone-mediated autophagy requiring the lyso-
somal membrane protein Lamp-2A [15]. Further-
more, autophagy can be non-selective or
selective. Selective autophagy, under nutrient-rich
or starvation conditions, can target specific pro-
teins, such as misfolded, aggregated proteins and
dysfunctional compromised organelles that charac-
terize many neurodegenerative diseases, to the
lysosome for degradation. The selection of specific
autophagic targets can be facilitated by autophagy
cargo receptors (ACRs), which often contain a
ubiquitin-binding domain to bind ubiquitinated
cargo, and an LC3-interacting region to connect
these targets with the autophagosomal membrane
[16], but may also function to cluster cargo in
autophagosomes in an LC3- and ubiquitin-
independent manner [17]. Fidelity of autophagic
pathways is critical for maintaining cellular health,
particularly in post-mitotic cell types of the brain that
cannot dilute out cellular waste through division. As
such, autophagy is the most significant mechanism
that cell types of the brain have for removing com-
promised organelles and pathogenic, misfolded

proteins that aggregate in neurodegenerative dis-
eases. However, these same diseases have robust
demonstrations of aberrant autophagic flux that
contribute to pathophysiology [18]. Throughout dis-
ease progression, the balance of autophagic flux
tips. While increased autophagy is beneficial in
early disease, stress-related pathogenic mecha-
nisms, including oxidative stress, hypoxic stress,
and DNA damage, further increase the autophagic
response despite reduced lysosomal function with
aging, causing an accumulation of autophago-
somes and a reduction of lysosomal fusion; late
disease-stage therapies may therefore require inhi-
bition of the autophagic response to maintain bal-
ance. This aberrant regulation of autophagic
balance throughout disease progression demon-
strates the requirement for understanding and
maintaining balance of autophagic pathways in neu-
rodegenerative disease [19]. Since autophagic
stimulation has proven effective in clearance of
aggregated disease-causing proteins in animal
models [18], the discovery and development of bio-
logical processes that stimulate the autophagic
response early in disease progression could serve
as an effective therapeutic modality for these dis-
eases, while inhibition of autophagy may be protec-
tive in late neurodegenerative disease and to slow
some types of cancer cell proliferation. Throughout
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Fig. 1. Cell-type specific integrin-mediated adhesion directs intracellular and extracellular signaling, cell-matrix
anchorage, and cell motility. (A) Integrins are a large family of a/b heterodimeric transmembrane receptors that are
the primary mediators of cell-matrix anchorage. They exist in a conformational flux between inactive and active states,
where dimers either adopt a bent/closed (left) or an extended/open (right) conformation, respectively. Only in their
active, open states are integrins able to bind extracellular ligands that induce the formation of intracellular adhesion
complexes at the cell surface, such as focal adhesion complexes. The most immediate downstream molecular event
following matrix adhesion by most integrins is the recruitment of FAK and its autophosphorylation at tyrosine 397. FAK
phosphorylation then instigates a cascade of hierarchical protein recruitments that form the focal adhesion complex,
linking the focal adhesion to the cytoskeleton. This focal adhesion structure is stabilized by the mechanical forces
from outside the cell, promoting outside-in signaling that relays signals necessary for cell survival, cell polarity, and
activation of gene expression. In turn, the stability of the intracellular adhesion complex promotes inside-out signaling
that creates the forces necessary for cell adhesion and cell migration. (B) Specific integrin a subunits form dimers with
specific b subunits, with at least 24 combinations of heterodimeric pairs. This establishes receptors that are specific
for various extracellular ligands. However, integrin-matrix adhesion is promiscuous, with most integrins recognizing
several matrix proteins and an individual matrix protein serving as the ligand for multiple integrin dimers. Additionally,
since the ECM environment is tissue specific, integrin expression is necessarily cell-type specific to bind the unique
extracellular environments of cell types associated with those tissues. We have highlighted the known adhesion
dynamics and integrin expression profiles associated with specific cell types of the brain. BEC = brain endothelial
cells; LAP-TGFb = latency-associated peptide-TGFb, E-cadherin = epithelial cadherin, VEGF = vascular endothelial
growth factor, VCAM-1 = vascular cell adhesion molecule-1, ICAM = intracellular adhesion molecule. (C) Dissolution
of the intracellular adhesion complex, in part mediated by autophagic degradation, enables cellular motility. As a cell
moves forward (1), integrin dimers at the cell’s leading edge make cell-matrix adhesions, promoting the formation of
intracellular focal adhesion complexes and allowing for adhesion at the leading edge (2). To move forward, focal
adhesion complexes at the trailing edge are disassembled to allow disengagement of integrin dimers with the ECM
(3). Intracellularly, this can occur through selective autophagy, where the cytoskeletal protein paxillin (Pax) that links
the focal adhesion complex to the cytoskeleton is targeted for removal by LC3-positive autophagosomes (3a). The
removal of Pax from the adhesion complex breaks the mechanical forces promoting outside-in signaling that stabilize
the adhesion complex, allowing integrins to disengage from the ECM and dissolving the adhesion complex (3b),
allowing for forward movement of the cell body (4).
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this review, we highlight how autophagy may be
modulated for therapeutic gain in neurodegenera-
tive disease by assessing the regulatory reciprocity
between cellular adhesion and autophagy.
Not only does the ECMand cell adhesion regulate

the autophagic response, but autophagy in turn
regulates adhesion dynamics, forming a
synergistic partnership between these critical
cellular functions in health and disease. While the
interplay between cell adhesion and autophagy is
better studied in non-CNS-related cell types and
neoplastic diseases, it is emerging as an
important regulator of biological functions that
direct neuroprotection and neurodegeneration
[20]. This review highlights the connection between
cellular adhesion and autophagy and how each reg-
ulates the other in cell types of the brain, with a
focus on neurodegenerative disease. An overview
is provided of molecular mechanisms that regulate

ECM- and adhesion-mediated autophagy, molecu-
lar events that govern autophagy-regulated cell
adhesion, and intersecting molecular pathways that
work cooperatively between adhesion and autop-
hagy. Lastly, the merits and caveats of treating dis-
ease by modulating the autophagic response
through the ECM are considered.

Adhesion-regulated autophagy

While autophagy primarily functions at a
molecular level to recycle cellular components and
provide balanced cellular homeostasis, autophagy
induced by the ECM functions independently from
nutrient demands or energetic requirements [21].
The extracellular regulation of the autophagic
response can occur directly by ECM molecules or
through mechanisms mediated by integrins that
regulate cell-matrix anchorage. This section will

Fig. 2. Macroautophagy in health and neurodegenerative disease Macroautophagy envelopes cytoplasmic
contents in a double-membraned vesicle for transport to and fusion with the lysosome for degradation and recycling.
Autophagosome formation begins with nucleation, followed by elongation, where the membrane becomes decorated
with LC3 molecules. FIP200 scaffolds the autophagy initiation complex, facilitating Ulk1 kinase activity required for
autophagosome nucleation. Sequence homology suggests that HTT may have a similar function. As the double-
membraned vesicles elongates, it captures cellular components for degradation, either through selective or non-
selective pathways. Selective autophagic pathways allow for the capture of compromised organelles and protein
aggregates. Selective cargo slated for degradation by the autophagosome can be tagged with the post-translational
modification ubiquitin and interact with LC3 at the autophagosome membrane, a process mediated by autophagy
cargo receptors (ACR). Once fully formed, the autophagosome fuses with lysosomes to allow for degradation of the
autophagosome contents by lysosomal proteases. These degradation products are then released back into the cell,
where they are recycled for the formation of other proteins. In some neurodegenerative disease at later stages,
protein aggregates accumulate, which may cause aberrant autophagic flux that leads to the accumulation of
autophagosomes. This occurs because autophagosomes have reduced fusion with lysosomes because of disease-
associated lysosomal dysfunction. Together, these alterations tip the balance of the autophagic pathway, contributing
to a buildup of toxic, aggregated proteins.
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detail the regulation of autophagy by the ECM and
adhesive molecules.

Matrix-directed autophagy

Dysregulation of autophagic flux can contribute to
neurodegenerative phenotypes [22,23], and ECM
remodeling that occurs either as a result of age or
pathology appears to be a major determinant for
developing dementias and neurodegenerative dis-
ease [24,25]. Recent reports have shown that
ECM dysregulation can not only directly contribute
to neural dysfunction, but can also potentiate autop-
hagic dysregulation in neurodegenerative disease,
exacerbating the degenerative effect.
Both neurons and glia contribute to the ECM of

the brain, which is encompassed by a structure
called the perineuronal net (PNN) [26]. The PNN
is primarily bound by proteoglycans, which promote
and inhibit synaptic remodeling through neurite
growth to protect against neurodegeneration under
normal molecular programs [25,27,28]. In the stria-
tum, the importance of the PNN for regulation of stri-
atal function has been demonstrated through
experiments that show enzymatic removal of the
striatal PNN leads to abnormalities in mouse gait
and Morris water maze performance [24]. CNS
injury or disease causes a significant increase in
chondroitin sulfate proteoglycans (CSPGs), which
are a major component of the PNN [29]. In rodent
models of spinal cord injury, increased CSPG sig-
naling regulates autophagic flux at the axon growth
cone by reducing autophagosome-lysosome
fusion. This reduction in the autophagic response
leads to axon regeneration failure, demonstrating
matrix-directed contributions to autophagic function
in the CNS that maintain a degenerative response
following CNS injury [29].
Proteoglycan regulation of autophagy may also

contribute to pathophysiology of
neurodegenerative disease [30]; in Alzheimer’s
mouse models with both tau and amyloid precursor
protein mutations, enzymatic CSPG digestion by
chondroitinase ABC ameliorated memory deficits
by increasing neuronal plasticity [29]. In Alzheimer’s
mouse primary cortical neurons treated with tau oli-
gomers from Alzheimer’s disease (AD) patient
brains, reduction of heparan sulfate proteoglycan
synthesis or function prevents tau oligomer internal-
ization, mediates AD-related autophagic alter-
ations, and inhibits tau-related neuronal
cytotoxicity [31]. Proteoglycans have also been
connected to pathology in Huntington’s disease
(HD). HD is a progressive, autosomal dominant,
neurodegenerative disease caused by a genetic
expansion of a CAG repeat within the huntingtin
(HTT) gene, referred to asmutant HTT [32]. In addi-
tion to striking neuronal loss, HD also results in
microglial activation that contributes to neuroinflam-
mation. In the rapidly-progressing, late-stage R6/2
HD mouse model, a reduction in proteoglycan-
containing PNNs contributes to volumetric brain

loss. However, drug-induced microglial depletion
in R6/2 mice globally increases CSPGs within the
brain while partially restoring HD-associated aber-
rant protein clearance systems [33]. Pharmaceuti-
cal microglial depletion occurs through colony-
stimulating factor 1 receptor (CSF1R) inhibition,
and while the direct mechanistic relationship
between CSF1R microglial depletion and global
CSPG increases within this system was not
assessed, the authors hypothesize it may be a
direct or indirect mediation by microglia via astro-
cyte reactivity [33]. While these studies overall
demonstrate that proteoglycans can be both harm-
ful and beneficial and have differing effects on
autophagy, these effects could vary based on dis-
ease, diseasemodel, tissue/cell type, type of autop-
hagy at play within the system, and/or proteoglycan
family or specific proteoglycan, further highlighting
the need for increased study in this area. However,
taken together, these studies suggest that proteo-
glycans in the brain participate in regulating autop-
hagic balance that may contribute to
pathophysiology of both AD and HD.
Matrix proteins, such as collagen, that act as

ligands for transmembrane receptors also aid in
autophagic regulation from outside the cell. While
collagens are widely distributed in many tissues
[34–37], their expression in the brain is less com-
mon, with a few exceptions for collagens expressed
by neurons. These neuronal collagens support
functional roles rather than structural ones, with par-
ticipation in axonal guidance, synaptogenesis, and
differentiation [38]. Collagen VI serves a neuropro-
tective function in AD in both mice and patients
[39]. A 2016 report demonstrates a connection
between collagen VI, autophagy, and neurodegen-
eration – collagen VI null mice (Col6a1-/-) display
motor and memory deficits and increased levels of
p62 that co-localized with ubiquitin-positive aggre-
gates in brain sections [40], similar to phenotypes
observed in motor neuron disease patients
[41,42]. Col6a1-/- brain sections had increased
LC3-II/actin ratio and Beclin 1 protein levels and
increased signs of neurodegeneration, and primary
cortical and hippocampal neurons from these
Col6a1-/- mice display increased apoptosis and an
impaired autophagic response with accumulation
of the autophagic receptor p62 and decreased lipi-
dated LC3, suggesting that ECM molecules can
regulate the autophagy-lysosome system which in
turn may contribute to neurodegenerative pheno-
types [40].

Integrin activation and autophagy

Expression and activity of integrins have been
shown to regulate autophagic function in neural
models of neurodegenerative disease. Using SH-
SY5Y 1-Methyl-4-phenylpyridinium ion (MPP+)-
treated cells to model Parkinson’s disease,
neurotoxicity occurred in conjunction with reduced
expression of integrins aV and b3 and an
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increased LC3-II to LC3-I ratio, suggesting an
increase in the autophagic response upon integrin
reduction [43]. Previous work from this group
showed that MPP+ treatment increases oxidative
stress to induce cell death through changes in the
insulin signaling pathway, depriving cells of this sig-
naling molecule that is highly enriched in the brain
and that maintains neural functions critical for brain
health and promoting neuroprotection, such as glu-
cosemetabolism and neurotransmission [44]. In the
MPP+-treated SH-SY5Y cells, pre-treatment with
insulin had a neuroprotective effect that was
observed concomitantly with increased expression
of integrins aV and b3, ILK activation via AKT phos-
phorylation, and autophagic induction, implicating
the cooperative effects of integrin activation and
nutrient-rich autophagic induction under neuropro-
tective conditions [43].
Recently, a role for integrins in protein clearance

of misfolded tau was described [45]. The integrin
aV/b1 dimer is critical for endocytosis of recombi-
nant extracellular tau aggregates by primary mouse
astrocytes. Only in the presence of this integrin
dimer can tau aggregates be phagocytosed by
astrocytes, eliciting inflammatory signaling path-
ways that lead to pathogenic astrocytic activation
[45]. While aggregate phagocytosis by astrocytes
in neurodegenerative disease initially aids in facili-
tating clearance of misfolded proteins released by
neurons [46,47], the eventual inability to clear this
toxic buildup in later disease stages leads to pro-
teotoxic neurodegeneration through cytokine and
chemokine release in various diseases [48,49].
While the direct role of autophagy was not assessed
as it relates to integrin-mediated astrocytic phago-
cytosis of tau aggregates, this work highlights the
role that integrins play as receptors for protein clear-
ance of pathogenic, misfolded proteins in neurode-
generative disease – an area that deserves further
study given the contemporary interest in under-
standing how astrocytes convert to a neurotoxic
state and the therapeutic potential of blocking
integrin-mediated endocytosis to prevent astrocytic
activation.
Deficits in the cerebrovascular system and blood–

brain barrier (BBB) are a notable feature of many
neurodegenerative diseases [50–55], which pre-
cede and may even promote neurodegeneration
[55–58]. Induction of autophagy that prevents
matrix detachment-induced cell death has been
demonstrated in a rat model of cerebral ischemic
stroke as well as human brain microvascular
endothelial cells [59]. When human microvascular
endothelial cells were treated with methylglyoxal,
a chemical that induces endothelial cell injury and
dysfunction, FAK phosphorylation increased and
an autophagic response was mounted, as evi-
denced by increased LC3-II conversion [59]. Similar
results were demonstrated in vivo. These results
suggest that the protective effect of autophagy
induced upon injury to brain endothelial cells is

associated with FAK activation and thus integrin
activation.

Anoikis resistance through autophagy

Most cells undergo apoptosis upon detachment
from the ECM. The requirement of cell anchorage
for survival was first described in 1993 using
fibroblasts [60] and termed “anoikis” in 1994 [61],
adopting the Greek term for homelessness to
describe this unique form of detachment-induced
apoptosis. Anoikis is critical for organ development,
providing molecular cues that allow for the clear-
ance of luminal spaces [62,63]. Molecular evidence
for anoikis has been described in a multitude of tis-
sues and cell types, including cell types of the brain,
with the demonstration that excitotoxic death is
reduced in hippocampal neurons in vitro upon lami-
nin adhesion [64,65] and in vivo hippocampal neu-
rons undergo anoikis upon laminin degradation
[66]. Cellular detachment from the ECM results in
programed cell death unless survival is molecularly
promoted. One such mechanism that is robustly
induced following cell-matrix detachment to pro-
mote survival is autophagy [67,68].
The first report that an autophagic response was

mounted following anoikis came in 2002 when
studying lumen formation in mammary tissue [63].
Organoids were used to determine that neither
apoptotic inhibition nor proliferation enhancement
prevented lumen formation and microscopic analy-
sis revealed many cytoplasmic vacuoles, suggest-
ing the induction of autophagy contributes to
lumen formation following anoikis. Subsequent
reports described an inverse relationship between
integrin activation and autophagic response by
examining hypoosmotic swelling in rat livers
[69,70], specifically implicating loss of integrin-
mediated adhesion in autophagic induction as a cel-
lular survival strategy [71,72]. In mammary epithe-
lial cells, antibody inhibition of integrin b1 in
attached cells is sufficient to induce autophagy,
while providing suspended cells a laminin-rich
ECM suppresses autophagy, suggesting that
integrin-mediated adhesion inhibits autophagic
function [71]. When these cells are detached from
matrix, caspase-3 activation, and thus decreased
survival, results from RNAi-mediated knockdown
of the ATG proteins ATG5, ATG6 (Beclin 1), and
ATG7, critical for an autophagic response.
Together, these results suggest that disengage-
ment of integrins from the ECM would lead to anoi-
kis, however the cell’s response to induce
autophagy sufficiently evades anoikis and promotes
cell survival [71]. These findings highlight the nec-
essary balance in autophagic flux necessary for cel-
lular survival regulated by adhesion dynamics.
The role of anoikis resistance in

neurodevelopment has only recently been
described, examining the neurogenic niche in
mice at the ventricular zone during cerebral cortex
development [73]. Under a normal developmental
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paradigm, progenitor cells adhere to one another at
the apical side of the ventricle and give rise to
daughter neuroblasts that delaminate, altering their
transcriptional profile as adhesion is lost to escape
anoikis. When adhesion is disrupted at the apical
surface, either through developmental errors or for
pathological reasons, aberrant detachment and
delamination occurs and developmental anoikis is
initiated. This acts to prevent neurogenic defects
that may result from progenitors with retained prolif-
erative capacity residing outside of the neurogenic
niche, which could lead to future brain malforma-
tions. Interestingly, aberrant neurodevelopment
was recently described at the ventricular zone in
HD using human embryonic, cortical tissue [74]. In
HD, adhesion proteins are mislocalized in the ven-
tricular zone and the number of progenitor cells is
decreased while the pool of cells committed to a
neuronal lineage is increased. It is hypothesized
that these neurodevelopmental defects increase
the vulnerability of the corticostriatal circuitry, con-
tributing to the later neuronal dysfunctions in HD.
Recent findings regarding developmental anoikis
[73] suggest that aberrant adhesion dynamics as
a result of mutant HTT expression may be regulat-
ing neurodevelopmental deficits in HD. HTT regu-
lates cell–cell adhesion [75], and expression of
mutant HTT may reduce cell–cell adhesion at the
apical surface of the ventricle, leading to aberrant
delamination and an increased propensity for neu-
rogenesis. Uncovering and identifying molecular
mechanisms that direct aberrant neurogenic pro-
grams in diseases like HD may help to identify
mechanisms that can be leveraged for compensa-
tion later in life. While current work doesn’t define
a link between developmental anoikis and autop-
hagy, novel findings that either corroborate or inval-
idate anoikis resistance through autophagy in
neurodegenerative disease could improve pathol-
ogy not only by compensating for neurodevelop-
mental deficits, but also by stimulating clearance
of protein aggregates that characterize many of
these diseases.

Autophagic regulation of cell adhesion

Themolecular players of focal adhesions form the
complex that is primarily responsible for cellular
motility by mediating intracellular connection to the
extracellular matrix via integrins. These complexes
are highly dynamic, continuously assembling at
the leading edge and disassembling at the trailing
edge to allow for forward movement of the cell
(Fig. 1C) – a mechanism first described in 1971
by examining the leading edge of fibroblast
motility with electron microscopy [76]. Since then,
various pathways have been identified that disband
adapter proteins that form integrin-mediated adhe-
sion complexes to promote the destabilization of
focal adhesions. While several mechanisms con-
tribute to focal adhesion disassembly, including

calpain-mediated proteolysis and microtubule-
dependent transport [77], this section will focus on
the role of autophagic turnover of focal adhesions.

Autophagic regulation of cell motility and
adhesion dynamics

Not only does autophagy function downstream of
the ECM through cells eliciting an autophagic
response following cell-matrix detachment, but
autophagy also functions upstream of integrin-
mediated cell adhesion by regulating cellular
migration via focal adhesion remodeling [78]. How-
ever, this relationship appears to be complex and
various studies have elicited contradictory results.
For example, some reports suggest that autophagic
induction promotes cellular migration [79–82] and
others find that migration correlates with autophagic
reduction [78,83]. Reduction of Atg5 and Atg7
increases migration in HeLa cells, mouse embry-
onic fibroblasts [78], and endothelial progenitor cells
[83]. In glioblastoma multiforme stem cells, the
autophagy-associated proteins p62 and DRAM1
regulate cell motility and invasion of this aggressive
brain cancer [81]. Additionally, autophagy functions
to recycle focal adhesions to promote cellular
migration, with autophagic inhibition leading to
reduced migration [80] and focal adhesion enlarge-
ment [79]. In cancer cells, several reports have
established autophagic regulation of adhesion
dynamics through selective autophagy, which
directly targets focal adhesion proteins, such as
paxillin and Src kinase to LC3-positive autophago-
somes [67,79,80]. Mechanistically, this breaks the
intracellular focal adhesion connection with the
actin cytoskeleton, allowing for cellular movement,
as the adhesion complex protein paxillin acts to
scaffold the adhesion complex to the cytoskeleton
(Fig. 1C). Taken together, these reports suggest
that autophagic regulation of cell adhesions
appears to be cell type specific and context depen-
dent [80,84] or be differentially regulated by the type
of autophagy that is induced or inhibited.
While much of the understanding of autophagic

turnover of focal adhesion comes from metastatic
cell types (for review [85]), focal adhesion dynamics
are known to play critical roles for health and sur-
vival in cell types of the brain [86]. Cues that allow
or prevent migration alter levels of autophagy-
associated molecules in neuroblasts of tissue slices
from adult mouse forebrain [87]. Compared to non-
migrating cells, migrating neuroblasts expressed
high levels of Atg5 and LC3-II, correlating the for-
mation of autophagosomes with cell migration.
The well-described inhibitor of autophagy, Bafilo-
mycin A1 [88], as well as genetic depletion of Atg5
suppressedmigration of neuroblasts in vivo in mice,
implicating an autophagy-dependent mechanism
for cell migration [87]. Similar to non-neuronal stud-
ies [79,80], autophagic regulation of neuronal
migration occurs via LC3-mediated recycling of
paxillin, with reduced motility correlating with
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decreased paxillin recycling and an increased
autophagosome to autolysosome ratio [87]. Inter-
estingly, modulating neuroblast migration con-
versely influenced autophagy by inducing changes
in LC3-II [87], demonstrating an inextricable link
between the critical cellular processes of cellular
motility and autophagy that allow them to act in con-
cert to regulate and maintain cellular homeostasis.

FIP200 – An autophagy protein that regulates
FAK-mediated adhesion

A major player in autophagic function is FIP200
(FAK family-interacting protein of 200 kDa).
FIP200 is essential for the formation of
autophagosomes as part of the autophagosome
initiation complex (Fig. 2), which also includes
Ulk1/Ulk2 and Atg13 [89–91]. In this initiation com-
plex, FIP200 scaffolds the remodeling of portions of
the endoplasmic reticulum (ER) into cup-like struc-
tures, which then recruit autophagosome elonga-
tion factors to generate an autophagosome [92].
FIP200 is also proposed to have sequence homol-
ogy with the yeast autophagy scaffolds Atg17 and
Atg11 [93]. Atg17 scaffolds non-selective,
starvation-induced autophagy, whereas Atg11 scaf-
folds selective autophagy by binding to cargo-
bound autophagy receptors. FIP200 appears to
have a sequence more similar to Atg11 [94], and
indeed, is required for the selective degradation of
the ER in mammals as Atg11 is in yeast [95].
FIP200 is also required for normal neuronal

development and function. FIP200 ablation in
mouse radial glial cells resulted in postnatal
progressive loss of neural stem cells and
impairment of neuronal differentiation caused by
apoptosis and cell cycle arrest [96]. The first report
to link FIP200 to autophagic regulation of neuronal
homeostasis in vivo deleted FIP200 selectively in
neuronal cells of mice, demonstrating that loss of
FIP200 leads to several degenerative phenotypes
in the cerebellum, such as progressive neuronal
loss, gliosis, neurite degeneration, increased apop-
tosis, and spongiosis [97], or intercellular edema,
that may reflect extracellular matrix dysregulation.
Additionally, ubiquitinated p62-positive protein
aggregates accumulated in neurons while
autophagosomes were not detected, suggesting
aberrations in autophagic flux in neurons following
FIP200 deletion [97].
Interestingly, prior to its reported contribution in

autophagy, FIP200 was identified for its regulatory
roles in FAK Inhibition [98]. FIP200 directly binds
FAK in vitro and in vivo, inhibiting the phosphoryla-
tion event [98] that occurs following integrin-
mediated adhesion [6]. Autophagy serves to inhibit
focal adhesions by inhibiting FAK phosphorylation
through the Atg13/Ulk1/FIP200 complex to promote
a stationary cellular state in tumor cells [99]. The
association between FIP200 and FAK is decreased
following integrin-ligand association, allowing for
FAK phosphorylation and progression of the down-

stream adhesion signaling cascade [6,98], suggest-
ing this key autophagy protein is critical in regulating
FAK-mediated adhesion. While, to the best of our
knowledge, no report has assessed the interplay
between the adhesion and autophagic pathways
asmediated by FIP200 in cell types of the brain, this
relationship is well established in metastatic cell
types [98,99] and many of the degenerative cellular
phenotypes described following FIP200 deletion in
neurons have additionally been linked to
adhesion-related deficits (anoikis) [61], reduced
cell–cell adhesion [100,101], and adhesion-
mediated roles in axonal outgrowth and pathfinding
[102,103]), warranting future study of this area.

Huntingtin as an autophagic scaffold
that modulates adhesion

An in vivo genome-wide single cell genetic screen
in the CNS of the R6/2 exon 1 fragment and zQ175
full-length HTT HD mouse models was performed
to identify genetic modifiers of mutant HTT toxicity
[13]. Genes identified as being essential for neu-
ronal viability in these models were assessed using
KEGG and GO analysis, which identified genes
associated with integrin-mediated signaling and
focal adhesion terms as being protective against
mutant HTT toxicity [13]. In an in vitro cell death
assay using mouse striatal neurons expressing
mutant HTT, knockdown of integrin aIIB reduced
levels of a highly toxic small mutant HTT fragment
[12]. These results suggest that integrin modulation
may have therapeutic relevance for reducing
mutant HTT toxicity. While the mechanism of
mutant HTT toxicity in relation to integrin aIIB
expression was not assessed, integrin reduction
may function to stimulate an autophagic response
that aids in clearance of toxic mutant HTT frag-
ments. Together, these findings implicate a
disease-specific role for integrins in HD pathophys-
iology and onemay hypothesize that theremay per-
haps be an autophagic benefit for therapeutically
targeting this large family of adhesion proteins.
In addition to FIP200, the HTT protein has been

proposed to be a mammalian Atg11-like
autophagy scaffold [94]. HTT is a large protein that
interacts with many autophagy proteins, including
autophagy receptor p62 and autophagosome initia-
tion complex component ULK1 [104,105]. Condi-
tional knockout of HTT in the mouse CNS results
in a significant accumulation of p62 and ubiquitin
puncta [105], and in HTT loss-of-function Droso-
phila, p62 and ubiquitinated proteins accumulate
in brain tissue from old animals [104]. There is some
evidence that HTT plays a role in autophagosome
cargo loading, and that HTT loss-of-function results
in the formation of empty vesicles [104,106]. HTT
also interacts with the dynactin complex to facilitate
transport of vesicles [107,108], including
autophagosomes. The association of HTT with
cytoskeletal components may also be important
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for adhesion; HTT depletion in human fibroblasts
reduces adhesion and alters cellular morphology.
HTT staining localizes to adhesion contacts, mem-
brane ruffles, and actin stress fibers [109]. Similarly,
in Dictyostelium HTT is necessary for cell adhesion
during starvation [110].
In the HdhQ111 full-length HTT knock-in mouse

model, mutant HTT created a deficit of ATP,
which reduced levels of energy-sensitive N-
cadherin, a transmembrane protein that functions
to mediate cell–cell adhesion, with age [111]. N-
cadherin is ubiquitously expressed in the neural
tube during development [112] and later functionally
supports neurite outgrowth, axon guidance, den-
dritic arborization, and early synaptogenesis [113].
Later in development, N-cadherin localization is
restricted to synapses [114], where it serves adhe-
sive functions [115–117]. Unlike in cell-matrix
detachment-induced anoikis, N-cadherin-mediated
survival was not dependent on AKT activation.
Rather the Erk1/2 MAP kinase pathway was
engaged and the pro-apoptotic protein Bim was
reduced [118]. Since Bim repression increases
autophagosome production [119], this mechanism
may serve to activate autophagy when N-cadherin
adhesion is reduced. Under wild type conditions,
HTT has an evolutionarily conserved role in adhe-
sion through interaction with the metalloproteinase
ADAM10 that cleaves N-cadherin, perhaps evolving
as a regulatory mechanism to control neural adhe-
sion for brain development [75]. In primary striatal
neurons from HdhQ111 mice, reduced cell cluster-
ing and cell adhesion resulted from decreased N-
cadherin mRNA expression and increased N-
cadherin protein turnover, which in turn resulted in
decreased neurite maturation [111]. In HD patient
brains, ADAM10 aberrantly accumulates at the
synapse where increased cleavage of N-cadherin
is observed, ultimately leading to decreased extra-
cellular adhesion and the loss of synaptic contacts
[120]. These results suggest that the overlap
between adhesion and autophagy participates in
neurodegeneration in HD, perhaps through
engagement of the ERK pathway and Bim repres-
sion to activate selective autophagy scaffolded by
HTT that in turn affects adhesion mediated by N-
cadherin, causing maturation abnormalities and
structural defects at the synapse.

Integrin endocytosis and trafficking

Integrin trafficking (for review [121]), the process
by which integrins are redistributed around and
throughout a cell by endocytic/exocytic recycling
[122–124], is critical for maintaining dynamic cell-
ECM contact. Drosophila embryos were used to
demonstrate that the primary mechanism of integrin
trafficking for bPS, the primary b integrin in flies, is
internalization rather than lateral diffusion within
the membrane [125]. Integrins are initially internal-
ized through several distinct mechanisms, classi-

fied under either clathrin-mediated or clathrin-
independent endocytosis [121]. While the down-
stream molecular events involved in various routes
of integrin internalization have been assessed and
detailed, the discriminatory factors that determine
initial internalization routes have not been fully elu-
cidated. Several reports implicate the importance
of extracellular cues by way of integrin
mechanosensing for internalization and trafficking
[126,127] as well as the identity of the integrin dimer
itself and available substratum [128]. As such, sub-
sequent studies are required to determine the
molecular events that direct initial integrin internal-
ization. However, both integrin a and b subunits
contain common endocytosis motifs [129,130] that
suggest the mechanisms involving integrin endocy-
tosis are more ubiquitous than many of the
adhesion-r elated mechanisms previously
described.
Downstream from the initial internalization,

clathrin or non-clathrin vesicles fuse with
endosomes. Ultimately, integrin trafficking is
dependent on the Rab family of small GTPases
[122,123,131,132]. Rab proteins are central to the
elegant, organized eukaryotic endomembrane sys-
tem that allows for exo- and endocytosis, bridging
the exchange between the extra- and intracellular
compartments [133]. With approximately 60 mem-
bers in the Rab family, these proteins serve as
mediators of the endocytic process [133]. Specific
Rab proteins determine the recruitment of effector
proteins, acting as endosomal zip codes that guide
the shuttling of endosomes and their contents to
specific locations throughout the cell [133].
Integrin-containing endosomes are shuttled by
Rab proteins for sorting [122,123,131,132]. Upon
vesicle/endosome fusion, integrins are contained
in Rab5-positive early endosomes [134] where the
fate of endocytosed integrins is determined. They
are either destined for recycling back to the plasma
membrane or for lysosomal degradation. If integrins
are fated for recycling, the contents transit to
Rab11-positive or Rab4-positive recycling endo-
somes [135–137] that are preferentially exocytosed
to the plasma membrane at sites of focal adhesions
[138]. If integrins are fated for degradation, the
endosomal contents transit to Rab-positive late
endosomes which fuse with lysosomes [121] by
way of autophagosomes [139–142]. Recent work
shows that integrins can also serve as receptors
for a process called LC3-associated phagocytosis,
a form of non-canonical autophagy. Integrin aM
serves as a receptor to detect Listeriamonocytoge-
nes and initiate recruitment of LC3 to Listeria-
containing phagosomes, which enhances degrada-
tion and prevents intracellular replication [143]. Sim-
ilarly, aV or b3 integrin subunits in B cells direct TLR
trafficking to the lysosome by recruiting LC3 to TLR-
containing endosomes [144,145].
While there is known overlap between cellular

machinery that participates in the endosomal and
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autophagic pathways [146], such as Rab-mediated
regulation of the merger of the autophagosome and
the lysosome to form the autolysosme [147], evi-
dence for autophagic contribution in endosomal
trafficking is only recently coming to light. The inter-
section between the endosomal trafficking and
autophagic pathways may converge on Rab11-
positive recycling endosomes. In HEK293 cells,
the autophagy proteins ULK1 and Atg9 co-localize
with Rab11-positive endosomes [148]. Endosomal
co-expression of TBC1D14 (TBC1 domain family
member 14) blocks ULK1-mediated autophagic
degradation, unless starvation is induced. Upon
starvation, TCB1D14 dissociates and allows for
ULK1-mediated autophagic induction.
Autophagic participation in integrin trafficking has

been demonstrated in vitro using embryonic neural
crest cells [128] that give rise to several cell types,
including neurons and glia of the CNS [149]. Integrin
a6 is intracellularly trafficked in neural crest cells via
Rab4-positive, Rab11-positive, and Rab4-/Rab11-
positive vesicles for return to the cell surface to aid
in rapid cellular movement [128]. When treated with
Bafilomycin A1, cell migration is slowed and integrin
trafficking is inhibited [128], suggesting contribution
of the autophagic pathway in integrin trafficking in
neuronal cell types. Rab11 also aids in integrin b1
trafficking in adult rat dorsal root ganglion neurons
to support axon growth, perhaps indicating a neu-
roregenerative capacity for Rab11-directed integrin
trafficking [150]. Indeed, in HD, there is a disruption
in Rab11-mediated exocytosis in various models
(Fig. 3), including Drosophila [151–153], HttQ74-
expressing PC12 cells [153], HD patient-derived
fibroblasts [154], HD140Q knock-in mouse model
[154], and the transgenic, rapidly-progressing R6/2
mouse model [153]. Interestingly, in these models,
Rab11 overexpression was sufficient to restore
endosomal trafficking pathways and rescue HD-
associate phenotypes. Specifically, phenotypes
associated with integrin-mediated functions were
restored, such as dendritic spine development in
the hippocampus [153,155], resistance to
glutamate-induced neuronal death [64,156], and
amelioration of synaptic dysfunction [152,157]. Fur-
thermore, Rab11, HttQ47, and LC3 co-localized in
amphisomes in dendrites of primary rat hippocam-
pal neurons, connecting deficits in autophagy and
Rab11-mediated exocytosis in HD [153]. Rab11
dysregulation also influences pathology in other
neurodegenerative diseases, notably Alzheimer’s
and Parkinson’s [158].
Mutant HTT disrupts the functions of other Rab

proteins via effector proteins [159], including Rab5
that is critical for integrin trafficking [160,161]. More
recently, Rab4 has been implicated in HD patho-
genesis [162]. In patient-derived neurons differenti-
ated from iPSCs and Drosophila larva, expression
of mutant HTT perturbs the axonal motility of HTT-
containing Rab4 vesicles, and HD Drosophila larva
demonstrate aberrant movement, defects in synap-

tic morphology, and reduced lifespan, phenotypes
all rescued by Rab4 overexpression [162]. These
results suggest that expression of mutant HTT
causes defects in HTT-mediated Rab4 vesicle
transport to the synapses, which may alter integrin
trafficking at these areas with susceptibility of early
degeneration in HD. Previous knowledge about the
intersection between Rab-mediated endocytosis/
exocytosis, integrin trafficking, and autophagy
makes it tempting to speculate that HD-related def-
icits involving Rab4 and Rab11 may be converging
on the relevant, associated phenotypes directed by
adhesion and autophagy in HD.

Intersecting pathways and cellular
machinery

Key molecular pathways that intersect between
integrin-mediated cell adhesion and autophagy
have been nicely reviewed elsewhere, with a
particular interest in the participation of these
signaling events in cancer and the metastatic
process [163]. Here, we review the intersection of
selected pathways between autophagy and adhe-
sion to highlight the relevance of this integration to
the brain and neurodegenerative disorders. While
a number of pathways have overlapping functions
in adhesion and autophagy, few have been studied
in cell types of the brain. As such, some seemingly
obvious pathways are absent from our discussion,
such as WNT and AMPK, since literature detailing
the interplay between adhesion and autophagy in
these pathways in cell types of the brain is lacking.
Hereweprovideexamplesof pathwayswith apartic-
ular focus on the cooperativemechanisms that exist
between adhesion and autophagy in cell types of the
brain.

mTOR

mTOR is a master regulator of growth and
autophagy [164–166] and emerging evidence sug-
gests that mTOR signaling can also regulate cellu-
lar adhesion, the intersection of which may
mediate neuronal activity. mTOR is activated in
conditions of nutrient and energy sufficiency, either
by sensing abundance of intracellular nutrients,
such as amino acids and cholesterol within lyso-
somes, or by extracellular ligands such as insulin
or insulin-like growth factor-1 (IGF-1). In these
nutrient-rich conditions, the autophagic starvation
response is not necessary, therefore activated
mTOR associates with the mTOR complex 1
(mTORC1). This complex suppresses autophagy
at the level of the autophagosome initiation complex
through two mechanisms (Fig. 2). First, it phospho-
rylates Atg13 to reduce its association with Ulk1.
Second, it phosphorylates and thus represses the
kinase activity of UlK1, which is required for the
activity of the autophagosome initiation complex
[167]. Functioning as an autophagic scaffold, wild
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type HTT may regulate the interaction of the
mTORC1 complex with ULK1 to activate autop-
hagy, a function that may become impaired with
HTT mutation in HD(Rui et al., 2015). While HTT
does not affect the kinase activity of mTORC1, it
was found to compete with it for binding with
ULK1. Starvation-independent stresses that induce
selective autophagy like proteotoxicity, lipotoxicity,
or mitotoxicity may result in an increased associa-
tion of ULK1 with HTT at the expense of mTOR,
thus freeing ULK1 from its inhibition by mTORC1
to activate autophagy under nutrient-rich condi-
tions. mTOR may also associate with the mTORC2
complex, which may upregulate autophagy in some
contexts, such as chaperone mediated autophagy
in the neuroblastoma cell line SH-SY5Y and

expanded autophagy in response to influenza A
infection in MDCK cells [168–170]. A major function
of mTORC2 is in the phosphorylation of the actin
cytoskeleton [171]. Elimination of the mTORC2
complex causes thick, disconnected cytoplasmic
actin fibers, similar to stress fibers, with reduced
cortical actin. These cytoskeletal changes alter cel-
lular morphology, with HeLa cells appearing flatter
and square-like.
The mTOR complexes 1 and 2 (found as TOR

complexes in yeast) are highly conserved [172]
and can be found in neurons, where they regulate
growth as in other types of cells [173], as well as
contributing to neuronal-specific processes such
as postsynaptic responsiveness (mTORC1) and
presynaptic neurotransmitter release (mTORC2)

Fig. 3. Rab-mediated integrin endocytosis and trafficking The Rab family of small GTPases directs integrin-
containing endosomes for trafficking, where specific Rab proteins label endosomes for recycling back to the cell
surface or for fusion with autophagosomes for degradation. In a healthy brain, immediately upon being endocytosed
integrin-containing vesicles are labeled with Rab5. If they are to be recycled back to the cell surface, they either transit
to Rab4- or Rab11-positive endosomes prior to returning to the surface at sites of focal adhesions. When co-labeled
with ATG9, ULK1, and TBC1D14, endosomes are blocked from autophagic degradation. However, the removal of
TBC1D14 from Rab11-positive endosomes slates them for fusion with autophagosomes for degradation. In a brain
with neurodegenerative disease, Rab-mediated integrin trafficking is disrupted. Expression of mutant HTT (mHTT)
disrupts endosomal transport of Rab5- and Rab4-positive vesicles. Additionally, Rab11-mediated exocytosis is
disrupted in HD. However, endosomal trafficking pathways can be restored by Rab overexpression, rescuing
pathological phenotypes at the dendrites and synapses.
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[174]. Several studies have shown that mTOR sig-
naling contributes to long-term potentiation, and
mTORC2 in particular is required for long-term
potentiation through its effect on actin polymeriza-
tion and rearrangement in neurons [175–177].
mTOR is also expressed in astrocytes and micro-
glia [178]. In neurodegenerative disease, clearance
of protein aggregates and dead cells may stress the
lysosomal system in glia [179,180], making proper
mTOR signaling critical. Dysregulation of mTOR
signaling found in neurological disease has been
previously studied and reviewed [181–184]; for
example, several studies have found that mTOR
signaling is hyperactive in AD, which may suppress
autophagy and lysosomal degradation of b-amyloid
[185–189]. In HD, mTOR dysregulation is complex
[190] and may depend on the stage of disease.
Mutant HTT may promote mTOR signaling [191],
and the mTOR inhibitor Rapamycin has been found
to have therapeutic potential in models of HD [192].
An mTOR activating GTPase expressed specifi-
cally in the striatum, Rhes [193], binds to mutant
HTT and induces its SUMOylation, which causes
cytotoxicity [194,195], again suggesting that upreg-
ulation of mTOR signaling may contribute to dis-
ease. However, mTOR may also become
hypoactive late in disease as it is sequestered into
mutant HTT aggregates [196,197].
The mTOR signaling cascade has recently been

shown to intersect with adhesion on several levels
(4). IGF-1, an mTOR signaling pathway ligand,
activates adhesion through both direct activation of
b1-containing integrin dimers and through AKT
signaling upstream of mTOR [198,199]. Direct inhi-
bition of eithermTORC1ormTORC2 reduces adhe-
sion in a variety of cell types including hepatocellular
carcinoma, cardiomyocytes, rhabdomyosarcoma
cells, and monocytes [200–203]. A proteomic
screen of cells with reduced mTORC2 revealed that
adhesion is significantly dysregulated [204], consis-
tent with the role of mTORC2 in regulating the actin
cytoskeleton. In mammary epithelial cells, the dis-
ruption of cell adhesion via a b1 integrin-blocking
antibody leads to robust activation of AMPK, which
activates mTORC2 and inhibits mTORC1 activity
[205]. Finally, FAK phosphorylates a component of
mTORC1 for its positive regulation [206].
Several studies have suggested that mTOR

signaling may regulate adhesion specifically in
neuronal cells. PC12 cells require mTOR/cadherin
signaling for adhesion to extracellular matrix [207].
Reduction of mTOR complex activity results in
reduction of neural cell adhesion molecule (NCAM)
at neuromuscular junctions, resulting inmuscle fiber
denervation [208]. Finally,mTORC1hyperactivation
results in upregulation of genes associated with cel-
lular adhesion in iPSC-derived neurons [209].

Erk

The ERK pathway intersects with the mTOR
pathway (Fig. 4) and impacts both adhesion and

autophagic function to participate in critical
process for maintaining brain health, such as
action potential, actin rearrangement, and
angiogenesis, while regulating a response to
neural insult. This is done through a signaling
cascade initiated by extracellular signals, like
Epidermal Growth Factor (EGF), that facilitates
the communication of plasma membrane
receptors with intracellular targets to regulate
proliferation, differentiation, and survival through
TSC1/2, an upstream inhibitor of mTORC1 [210].
In a rat subarachnoid hemorrhagic stroke model,
nasal delivery of the ECM molecule osteopontin
enhanced autophagy, resulting in reduced neuronal
apoptosis and improved neurobehavior [211].
Mechanistically, osteopontin was shown to activate
FAK phosphorylation, which in turn decreased the
levels of ERK1/2 phosphorylation and increased
expression of Beclin 1, ATG5, and the LC3-II to
LC3-I ratio while decreasing p62 in neurons. These
effects were abrogated with a FAK inhibitor, demon-
strating a direct correlation between ECM-induced
integrin activation through the FAK/ERK cascade
to mediate autophagic flux, likely through disinhibi-
tion of TSC1/2 to reduce mTORC1 activity and
allow for increased autophagy. However, given that
different types of autophagy share core machinery,
such as Beclin 1, ATG5, and LC3, no conclusions
can be drawn about the type of autophagy at play
in this system and autophagic balance that changes
throughout disease progression to regulate neuro-
protection and neurodegeneration must be consid-
ered. Though neurodegenerative diseases
characterized by protein aggregation have docu-
mented autophagic flux aberrations [18] and the
reports highlighted here show that exogenous addi-
tion of ECM molecules can be used to potentiate
autophagy through the ERK pathway, the connec-
tion between integrin activation, ERK signaling,
and autophagy has not been studied in neurode-
generative diseases to our knowledge. Nonethe-
less, the findings detailed above justify future
studies exploring this topic in models of neurode-
generative disease.

Transglutaminase

Signaling involving transglutaminase appears to
regulate neuroinflammation through involvement
with both autophagy and adhesion (Fig. 5).
Transglutaminases are Ca2 + -dependent
enzymes that cross-link glutamine and lysine
residues [212]. Type 2 transglutaminase (TG2) sep-
arates itself from other transglutaminases in that it
catalyzes additional biochemical reactions, includ-
ing acting as a serine/threonine kinase [213]. While
TG2 is localized both intra- and extracellularly, its
localization dictates function [214]. Intracellularly,
TG2 serves to modulate apoptosis, both positively
and negatively [215], and is involved in
autophagolysosome maturation [216]. In TG2
knockout mice, preautophagic vesicles accumulate,
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indicating an induction of the autophagic response
[217], and ubiquinitated proteins accumulate,
specifically implicating a role for TG2 in ubiquitin-
mediated selective autophagy [218].
The crossover between TG2 activity and

autophagy has a significant role in protein
aggregation and accumulation in neurode-
generative disease. TG2 cross-links various
proteins associated with neurodegenerative
disease that are prone to aggregation in the
disease state, including b-amyloid, a-synuclin, tau,
and HTT [219]. Additionally, transglutaminase activ-
ity is increased in patient brains associated with

these diseases. These findings, combined with the
TG2 function as an autophagic inhibitor [219], sug-
gest that aberrant TG2 activity may be at least one
of themechanisms reducing autophagy in these dis-
eases to contribute to pathogenesis – cross-linking
aggregation-prone versions of disease-causing pro-
teins and reducing autophagic mechanisms that
would aid in aggregate clearance, further tipping
protein homeostasis and autophagic balance in a
pathogenic direction. Additionally, the disease-
causingproteins themselvesmay contribute to aber-
rant TG2-mediated autophagy. In the case of HD,
wild type HTT associates with TG2 in brain tissue,

Fig. 4. mTOR and ERK signaling in adhesion and autophagy mTOR is a master autophagic regulator, activity of
which is activated under nutrient-rich conditions. When energetic demands are sufficient, active mTOR associates
with the mTORC1 complex to suppress autophagy by phosphorylating Atg13 and Ulk1 to reduce Atg13/Ulk1
association, which blocks the autophagosome initiation complex. Starvation inactivates mTORC1, preventing
phosphorylation of Atg13 and Ulk1 and allowing for their association and initiation of autophagosome formation.
mTOR also associates with the mTORC2 complex, which can upregulate chaperone-mediated autophagy. Active
mTORC2 phosphorylates the actin cytoskeleton to aid in polymerization and rearrangement, which facilitates
neuronal potentiation. Additionally, mTOR activity intersects with adhesion. IGF-1 is an upstream activator of mTOR
signaling that activates adhesion through integrins and AKT signaling. In various cell types, inhibition of both
mTORC1 and mTORC2 reduces adhesion, perhaps in part through the role mTORC2 plays in stabilization of the actin
cytoskeleton. Additionally, integrin-targeting antibodies activate AMPK signaling that leads to mTORC1 inhibition and
mTORC2 activation. ERK signaling, which can be initiated by extracellular signals such as Epidermal Growth Factor
(EGF), intersects with the mTOR pathway by inhibiting TSC1/2, an upstream inhibitor of mTORC1. FAK
phosphorylation inhibits ERK, disinhibiting TSC1/2, which reduces mTORC1 activity to increase autophagic activity.
These signaling pathways aid in functions related to action potential, actin rearrangement, and angiogenesis within
the brain. Solid arrows are indicative of a direct interaction, dashed arrows an indirect interaction.
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which together may target oligomerized, ubiquiti-
nated proteins to the lysosome for degradation
[220]. A reduction in this function by expression of
mutant HTT may thus subsequently block autop-
hagy. However, at least in HD, TG2 modulation for
therapeutic purposeshas variable effects in different
mouse models, with some showing improvement
upon TG2 knockout [221,222] and others showing
noeffect [223,224].While not explored in these stud-
ies, this perhaps suggests the involvement of differ-
ent kinds of autophagy and differences in
autophagic balance requirementsat variousdisease
stages.
At the cell surface and extracellularly, TG2 cross-

links ECMmolecules to aid in cell-ECM stabilization
[225] and adhesion [226]. It has also been reported
to act as a co-receptor of b1 and b2 integrins
through fibronectin to mediate adhesion and
spreading and potentiate integrin signaling in fibrob-
lasts [226,227]. TG2 overexpression enhances
adhesion by enlarging focal adhesions and increas-
ing FAK phosphorylation, a process that is depen-

dent on integrin association. Concordant results
have been found in other cell types: in endothelial
cells, reducing TG2 reduced adhesion and spread-
ing on fibronectin [228,229] and in melanoma cells,
TG2 aids in stabilizing cell adhesion [230].
In cell types of the brain, TG2 has also been

shown to interact with fibronectin and may
contribute to neurodegenerative disease in a
similar manner to its described extracellular
function in endothelial and melanoma cells. In
primary rat astrocytes, TG2 interacts with
fibronectin to stimulate migration and the
formation of focal adhesions following treatment
with pro-inflammatory cytokines [231]. In neuroin-
flammatory disorders, such as multiple sclerosis
(MS), glial scarring that results from astrocyte
migration at demyelinated lesions may be the result
of this mechanism. In fact, astrocytes associated
with active and chronic MS lesions have increased
TG2 positivity and localize with fibronectin [232],
which demonstrates excessive accumulation at
MS lesions [233,234] and may therefore serve as

Fig. 5. Intra- and extracellular signaling mediated by transglutaminase 2 in health and disease. Transglutaminases
are calcium-dependent enzymes that cross-link glutamine (Q) and lysine (K) residues and are found both intra- and
extracellularly, where localization, specifically of TG2, dictates function. In a healthy brain (left), intracellularly, TG2
modulates apoptosis and is involved in autophagolysosome maturation and ubiquitin-mediated selective autophagy.
Extracellularly, TG2 cross-links ECM molecules to support cell-matrix stabilization and acts as an integrin co-receptor
to mediate adhesion. Integrin-mediated adhesion potentiated by TG2 aids in focal adhesion formation, creating
mechanical forces that allow for cellular migration and potentiating intracellular signaling related to cell survival. In
neurodegenerative disease (right) where transglutaminase activity is increased (bold arrows), TG2 cross-links
disease-causing protein aggregates. As a known autophagic inhibitor, TG2 may be contributing to pathology by cross-
linking aggregation-prone proteins and reducing mechanisms for aggregate clearance. Solid arrows are indicative of a
direct interaction.
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a catalyst of elevated TG2 activation at these sites.
Neuroinflammation activated in MS can normally be
negatively regulated, in part, by autophagy [235].
However, this process is dysregulated inMS lesions
where expression of Lamp2 and the LC3 ratio is
decreased, suggesting the autophagic process,
likely occurring through chaperone-mediated autop-
hagy, at the site of MS lesions is aberrantly reduced
[235]. Thus, aberrant ECM deposition at these
lesions and concomitant deficits in autophagic flux
may contribute to pathological hallmarks of neuroin-
flammation, highlighting a connection between
TG2-regulated cell adhesion and autophagy in
maintenance of brain health. However, to date, no
study has explicitly examined the interplay between
the intra- and extracellular functions of TG2 as it
relates to adhesion and autophagy, respectively,
to mediate pathological effects of neurodegenera-
tive disease.

Primary cilia

The involvement of primary cilia in extracellular
environment and autophagy [236,237] as it relates
to brain health and disease has been increasingly
considered in the past several years [238,239]. Pri-
mary cilia are non-motile microtubule-based sen-
sory structures at the cell surface, acting as
antennae that sense changes in the extracellular
space to guide the cellular reaction to its
environment.
The autophagic pathway has reciprocal regulation

with primary cilia – each directing the biological
function of the other. Primary cilia act to regulate
the autophagic response by serving as a
recruitment site for ATG proteins to mediate the
formation of autophagosomes [236]. Mouse embry-
onic fibroblasts (MEFs) and kidney epithelial cells
were used to show that functional primary cilia and
active Hedgehog signaling are required for
autophagosome formation under starvation condi-
tions [240], suggesting that primary cilia participate
in the regulation of autophagosome biogenesis.
Conversely, autophagy controls ciliogenesis by
degrading ciliary proteins; basal autophagy
degrades proteins essential for ciliogenesis inMEFs
and MCF7 cells, allowing autophagy to regulate pri-
mary cilia length in response to extracellular stimuli
[240,241].
While the regulatory crossover between primary

cilia and autophagy is well documented, the overt
connection between these processes in cell types
of the brain has only recently been described. In
the brain, primary cilia are found on progenitors,
neurons, and astrocytes [242] where these struc-
tures receive input from neurotransmitters, neuro-
modulators, growth factors, and morphogens
[238,239]. In particular, primary cilia help to direct
development of the cerebral cortex, participating in
axon pathfinding, neuronal migration, neurogene-
sis, and circuit formation [238,239]. Aberrant struc-
ture and/or function of primary cilia leads to a host of

diseases referred to as ciliopathies that typically
present with intellectual disability, brain malforma-
tions, and ataxia [238,239]. Dysfunction of primary
cilia has been most extensively studied in neurode-
velopmental disorders [243] where disrupted cilio-
genesis can be caused by autophagic
perturbations resulting from genetic dysregulation
of the mTOR pathway [244]. Primary cilia changes
have also been described in neurodegenerative dis-
eases [245–247]. In HdhQ111 mice and HD patient
tissue, primary cilia length is increased in ependy-
mal cells, altering the flow of cerebrospinal fluid
[246]. Additionally, in human fetal tissue that carries
the HD mutation, cilia length and number is
increased in the developing cortex [74]. Primary
cilia have also been implicated in Parkinson’s dis-
ease pathology in an MPP+-induced mouse model,
whereMPP+-treated animals have elongated cilia in
neurons of the substantia nigra that fail to undergo
autophagic induction and are more susceptible to
apoptosis [248]. Together, these findings suggest
that neurodegenerative disease-related changes
in primary cilia regulated by autophagy directly lead
to pathology.

Merits and caveats of treating disease via
extracellular autophagy modulation

The interplay between cell adhesion and
autophagy may represent a therapeutic interface
for neurodegenerative disease, as
neuropathological therapeutics may be feasibly
designed to take advantage of ECM-regulated
autophagic function. While autophagic flux has
well-documented dysfunction in a variety of
neurodegenerative diseases [18], modulating the
extracellular environment to control the tunable
matrix-integrin interaction could allow for autophagic
calibration that may be leveraged to increase turn-
over of aggregated proteins for therapeutic benefit.
The autophagic response to extracellular cues rein-
forces the idea that novel therapeutics for neurode-
generative pathologies could be delivered using
matrix-based modalities [249]. An example of the
therapeutic utility of this approach was cited earlier,
where nasal delivery of the ECM molecule osteo-
pontin activated autophagy to reduce neuronal
apoptosis and improve neurobehavior in a rat stroke
model [211]. As such, understandingECMcomposi-
tion and adhesion dynamics in wild type and neu-
rodegenerative disease conditions could be
advantageous for treatment of neurodegenerative
diseases, such as those mentioned here.
While the extracellular space is more accessible

than plasma membrane-protected intracellular
components, dosing of the neural matrix space
requires passage across the BBB. Relevantly,
deficits in the BBB are a significant feature of
neurodegenerative diseases [50–53]. Patients with
Alzheimer’s and Parkinson’s have reduced glucose
transport [57,250,251] and the reduced ability to
remove pharmaceuticals and xenobiotics via
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P-glycoprotein transport, demonstrating BBB trans-
port deficits [252,253]. In HD patients, MRI shows
that increaseddiseaseburdenscorepositively corre-
lates with BBB permeability [254], which is observed
before atrophy and extensive neurodegeneration
[55–57]. Additionally, post-mortem HD brains show
capillary leakage [254], aberrant angiogenesis
[51,254], and disruption of tight junction protein
expression in brain endothelial cells [254], suggest-
ing autonomous deficits in the cell type primarily
responsible for barrier fidelity. Studies such as these
suggest that it may be feasible to treat neurological
diseases with adhesion molecule-targeting drugs
even if those drugs are known to not cross intact
BBBs; studies specifically assessing drug pene-
trance across diseased BBB should be performed.
For neurodegenerative diseases characterized by

large, intracellular protein aggregates, such as HD,
AD, Parkinson’s disease, and amyotrophic lateral
sclerosis, increasing autophagic function to clear
aberrant misfolded proteins has had therapeutic
success in various animal models [255]. Interest-
ingly, certain autophagic modulators that have
shown success alsomodulate adhesion. Verapamil,
which induces autophagy through AMPK activation,
has shown therapeutic benefit in neurodegenerative
animalmodels and has roles in adhesion. InADzeb-
rafish, verapamil reduced insoluble tau levels and
improved phenotypes related to morphology [256].
In HD PC12 cell, fly, and zebrafish models, vera-
pamil reduced mutant HTT aggregates and
decreased photoreceptor degeneration [257]. Addi-
tionally, verapamil inhibited adhesion of fibroblasts
and reduced scar formation following peripheral
nerve repair by inhibiting ECM secretion [258]. This
secondary mechanism of action that has not been
explored as it relates to neurodegenerative disease
may also be contributing to the therapeutic benefit of
verapamil in thesemodels, particularly those related
to morphological defects in AD zebrafish, as those
results are suggestive of cellular remodeling that
may involve changes inECMdeposition to aid in cel-
lular migration. While other autophagy inducers that
improve outcome in neurodegenerative models
[259] alsohave roles inadhesion, namely rapamycin
[260], resveratrol [261], lithium [262], nilotinib [263],
bosutinib [264], and gemfibrozil [265], the link
between these drugs and adhesion has primarily
been explored in cancer or non-CNS-related cell
types. However, adhesion-related functions for
some, namely metformin [266], humanin [267],
SB216763 [268], sodium valproate [269], and mela-
tonin, have been explored in cell types of the brain.
Melatonin, which induces autophagy through AMPK
stimulation, increased autophagic flux and improved
memory in AD mice [270]. Additionally, melatonin
has regulatory roles in the expression of NCAMs,
which are central for learning and memory [271].
Melatonin treatment in rats increased NCAM
expression in the hippocampus and cortex, areas
of the brain responsible for cognitive function [271].

Thus, the improvement of AD mice upon melatonin
treatmentmay be the results of the dual roles for this
compound in increasing autophagy to clear protein
aggregates and restore protein homeostasis as well
as increasing expression levels of adhesion mole-
cules with known roles in learning and memory.
The overlap in function for the drugs described here
may be conferring benefit in neurodegenerative dis-
ease models by functionally targeting both autop-
hagy and adhesion, compounding their therapeutic
potential through the interplay between these critical
biological functions using mechanisms and path-
waysdescribed in this review. Futurework is needed
to explicitly determine the individual or dual roles of
these drugs relating to their effects on adhesion
and autophagy for therapeutic benefit of neurode-
generative disease.
Not only is the autophagic response amenable to

modulation by various compounds, but integrins
themselves are sensitive to pharmacologic
manipulation. There are 117 integrin-targeting
molecules in active or completed clinical trials
(clinicaltrials.gov) and 6 with FDA approval
[272,273]. Natalizumab, an FDA approved integrin
a4 antagonist that interferes with lymphocyte adhe-
sion and migration to reduce inflammation, reduces
neuroinflammation in MS [274] and improves MS-
associated cognitive impairment [275]. Another
drug that acts on adhesion-related molecules that
recently completed trials for breast cancer metasta-
sis is reparixin. Reparixin acts at the surface of can-
cer stem cells to block the activation of FAK
phosphorylation that in turn activates the WNT
pathway to regulate cell proliferation [276]. Recently
published results from the reparixin trial demon-
strated that the drug also acts to modulate autop-
hagy, evidenced by decreased levels of p62 in
tumors from reparixin-treated breast cancer
patients [276]. Relevantly, reparixin was only found
within the CNS of patients who experienced metas-
tasis that compromised their BBB [277], perhaps
suggesting a similar effect would be possible in
patients with a compromised BBB due to neurode-
generation. While the clinical relevance of the inter-
play between adhesion and autophagy in this
system is not yet clear, reparixin represents the only
drug, to our knowledge, that conclusively targets
both of these critical biological processes. Given
the profound interconnection between adhesion
and autophagy and their regulation of a vast num-
ber of molecular events with therapeutic potential
for various diseases, including neurodegenerative
pathologies, we predict that this is the first of many
drugs that will target both adhesion and autophagy
for therapeutic gain.

Conclusions

Data in non-CNS-related cell types robustly
demonstrates biological synergy between cellular
adhesion and autophagy to maintain homeostasis,
and mounting evidence suggests that these
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processes may also work cooperatively in cell types
of the brain. The interplay between adhesion and
autophagy governs many critical biological
functions in the brain that have roles in both
neuroprotection and neurodegeneration. In neural
cell types, there is a matrix-directed response to
engage autophagic flux following cellular
detachment to promote cell survival.
Concomitantly, autophagy aids in controlling
adhesion, by directly regulating focal adhesion
turnover to mediate cell motility. This autophagic
regulation of adhesion dynamics to control
movement is critical for neurodevelopment,
directing the migration of cells as the brain forms
to maintain a normal developmental paradigm.
Additionally, autophagy of focal adhesions
molecularly contributes to programs essential for
neurite outgrowth and synaptic plasticity, which
are disrupted in the neurodegenerative diseases
described here. Thus, known disease-mediated
aberrations in autophagy and adhesion may
directly contribute to neurodegenerative
pathologies. Further, the molecular responses to
adhesion and autophagy converge on the same
signaling pathways to elicit differing biological
responses with the same molecules. While the
individual contributions of adhesion and
autophagy for each of the pathways highlighted
here is evident, the direct intersection of both of
these biological processes in each of these
pathways has not been fully elucidated. Gaining a
deeper understanding of this intersection in
neurodegenerative diseases and how adhesion
and autophagy cooperatively contribute to
molecular signaling pathways may help to
elucidate disease pathology. Understanding
molecular mechanisms that exist at this
synergistic junction – between adhesion and
autophagy – may offer novel therapeutic
modalities for neurodegenerative disease. The
extracellular space is significantly more accessible
than intracellular components, since bypassing the
plasma membrane is no longer a challenge.
Additionally, adhesion-mediating proteins are
highly-druggable. Thus, leveraging the
extracellular response to stimulate autophagy in
cell types of the brain may be a feasible
mechanism for clearing protein aggregates that
characterize many neurodegenerative diseases to
improve or compensate for pathophysiology.
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