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The Interconnections Between Autophagy and Integrin-Mediated 
Cell Adhesion

Ariadne Vlahakis and Jayanta Debnath
Department of Pathology and Helen Diller Family Comprehensive Cancer Center, University of 
California, San Francisco, San Francisco, CA 94143, USA

Abstract

Autophagy is a cellular degradation process integral for promoting cellular adaptation during 

metabolic stress while also functioning as a cellular homeostatic mechanism. Mounting evidence 

also demonstrates that autophagy is induced upon loss of integrin-mediated cell attachments to the 

surrounding extracellular matrix (ECM). Analogous to its established cytoprotective role during 

nutrient starvation, autophagy protects cells from detachment-induced cell death, termed anoikis. 

Here, we review the significance of autophagy as an anoikis resistance pathway, focusing on the 

intracellular signals associated with integrins that modulate the autophagy response and dictate the 

balance between cell death and survival following loss of cell-matrix contact. In addition, we 

highlight recent studies demonstrating that autophagy functions in the upstream regulation of 

integrin-mediated cell adhesion via the control of focal adhesion remodeling, and discuss how 

these emerging interconnections between integrin-mediated adhesion pathways and autophagy 

influence cancer progression and metastasis.
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Introduction

Autophagy is a highly conserved cellular catabolic pathway whose activity is finely tuned to 

promote homeostasis and adaptation to stress. During autophagy, cytoplasmic cargo is 

sequestered via a double membrane vesicle termed the autophagosome, that later fuses with 

lysosomes to deposit cargo for degradation. In response to nutrient starvation, the induction 

of this lysosomal degradation pathway facilitates the bulk degradation and recycling of 

proteins and organelles to sustain metabolic needs and promote cell survival. In addition, 

autophagy also occurs at basal levels to selectively degrade specific cytoplasmic components 

and damaged organelles, and in this way functions as a quality control mechanism to 

maintain homeostasis [1, 2].

Autophagy is induced by a diverse array of insults in addition to nutrient deprivation, which 

includes ER stress, hypoxia, and remarkably, the loss of cell attachment to the extracellular 

matrix (ECM) [3]. Cellular interaction with the ECM via integrins, a large family of 

heterodimeric transmembrane receptors crucial for cell-matrix attachment, is imperative for 

cell survival and tissue maintenance and also plays a key role in mediating important cellular 

biological processes including differentiation and migration. Specifically, prolonged loss of 

integrin mediated cellular-ECM attachments leads to apoptotic cell death, which has been 

termed anoikis (Figure 1) [4, 5]. Furthermore, integrin receptors at cellular-ECM attachment 

sites provide the structural root for the formation of intracellular focal adhesions (FA), 

containing a number of structural and signaling protein complexes that link integrin 

mediated ECM connections to the dynamic cytoskeleton [6, 7]. In this way, integrins and 

their associated focal adhesions translate extracellular changes to intracellular responses and 

are thus tightly linked to several stress responses, including autophagy. Studies examining 

hypo-osmotic swelling in liver cells were among the first to demonstrate an inverse 

functional relationship between integrins and autophagy [8, 9]. Over the past decade, 

additional studies have more directly corroborated that autophagy is induced in response to 

loss of integrin-mediated attachment and started to delineate the diverse signaling 

mechanisms controlling autophagy downstream of integrin signaling. In this review, we 

discuss these pathways and how they intersect to regulate cell fate and survival.

Furthermore, while integrin-mediated ECM attachments inhibit autophagy, new evidence 

indicates that autophagy in turn inhibits the dissolution of integrin-mediated attachments. 

Indeed, recent reports demonstrate that the autophagy pathway targets β1 integrin during 

nutrient starvation [10], and that selective autophagy specifically degrades focal adhesion 

proteins and promotes their turnover [11, 12]. Accordingly, we highlight these emerging 

interrelationships between autophagy, integrin receptors and focal adhesions as well as 

speculate how these fundamental insights into autophagy in cell adhesion receptor biology 

may influence cancer progression and metastasis.

Vlahakis and Debnath Page 2

J Mol Biol. Author manuscript; available in PMC 2018 February 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Detachment-induced autophagy and anoikis resistance

Cell adhesion to the extracellular matrix (ECM) through integrin-mediated adhesions is 

critical for parenchymal cell survival and for sustaining proper cellular shape and function. 

The loss of matrix attachment leads to detachment-induced apoptosis, termed anoikis 

(Figure 1) [4, 5, 13]. Anoikis has been proposed to play a pivotal role during organ 

development through the clearance of luminal tissues, to maintain tissue homeostasis as well 

as safeguard against dysplastic cellular growth [14, 15]. Nevertheless, even in normal 

tissues, ECM detachment triggers anti-apoptotic signals, presumably as a failsafe 

mechanism to delay the onset of anoikis and allow cells to survive if they are able to 

reestablish ECM contact in a timely manner (Figure 1). One such signaling pathway is 

autophagy, which was initially observed in electron microscopic studies of ECM-detached 

cells during lumen formation in glandular epithelial structures (acini) grown in three 

dimensional organotypic cultures [16]. Since those initial observations, studies have 

uncovered that the induction of autophagy is specifically due to the lack of integrin-mediated 

cell adhesion [3, 17]. At the molecular level, integrins translate extrinsic environmental 

changes to the intracellular environment and regulate the signals that promote autophagy 

induction [3, 18]. Accordingly, the inhibition of ITGB1/integrin β1 via antibody-mediated 

function blockade is sufficient to induce autophagy in attached cells, while reconstituting a 

laminin-rich ECM in detached cells abrogates autophagy, corroborating that integrin-binding 

to ECM proteins negatively regulate autophagy [3].

Increased autophagy promotes epithelial cell survival and fitness in the absence of cell-

matrix contact [3]. Upon detachment of non-transformed mammary epithelial cells 

autophagy is rapidly induced, which protects cells from anoikis over short term periods; 

accordingly, RNAi-mediated knockdown of key ATG proteins leads to increased caspase-3 

activation and results in decreased clonogenic survival following reattachment; taken 

together, these results indicate that autophagy restricts cell death due to anoikis (Figure 1) 

[3]. Similar to normal cells, the loss of integrin-mediated ECM cellular attachments robustly 

induces autophagy in oncogene-transformed cells deprived of ECM contact. Furthermore, 

inhibiting autophagy in multiple human cancer cell lines either harboring oncogenic Ras or 

phosphatidylinositide 3-kinase (PI3K) blocks their ability to resist anoikis and proliferate in 

anchorage independent conditions [19, 20]. Thus, in both transformed and non-transformed 

cells, the induction of autophagy sufficiently promotes cellular adaptation and survival 

following the loss of integrin-mediated ECM contact. Furthermore, anoikis resistance in 

oncogene-expressing cells has been proposed as an important contributor to metastasis in 
vivo. In order to escape from the primary tumor environment and colonize at distant organ 

sites, cancerous cells must detach from the native extracellular matrix (ECM) and acquire 

the pathological ability to evade anoikis in the absence of proper contact to the ECM (Figure 

1) [21–23].

Given the importance of anoikis in both normal tissue homeostasis and cancer progression, 

the initial discoveries demonstrating the induction of autophagy as an adaptive response to 

ECM detachment has motivated immense interest in the signals relayed from disengaged 

integrin receptors to the autophagic machinery. In the following sections, we detail several 

of the key pathways regulating detachment-induced autophagy identified over recent years. 
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Interestingly, studies also indicate that select microRNAs may play an integral role in 

promoting anoikis following detachment by negatively regulating autophagy. For example, 

the loss of ECM cellular contacts leads to increased expression of the non-coding micro 

RNA (miRNA) miR-181a-5p, which is critical for promoting anoikis in mammary epithelial 

cell lines. Importantly, increased expression of miR-181a-5p has been found to promote 

anoikis by attenuating detachment-induced autophagosome formation and turnover in non-

transformed MCF10A mammary epithelial cells [24]. This is consistent with previous 

findings demonstrating that miR-181a-5p negatively regulates starvation-induced autophagy 

in MCF7 breast cancer cells via targeting of ATG5 [25]. Although, the detailed mechanisms 

governing how this and other non-coding RNAs regulate detachment-induced autophagy 

remain to be elucidated, these studies reinforce that increased autophagy following loss of 

integrin-mediated ECM attachment promotes anoikis resistance.

BH3-only Bcl-2 family proteins in anoikis and autophagy

Anoikis resistance is largely attributed to the down-regulation of several pro-apoptotic BH3-

only proteins of the Bcl-2 family that trigger the intrinsic cell death cascade following 

detachment (Figure 2, top) [13, 14, 26]. Bid and Bim are two members of the BH3-only 

family that become activated following loss of integrin mediated ECM attachments [27, 28]. 

When activated, Bid and Bim translocate to the mitochondria and directly promote the pro-

apoptotic assembly of Bax-Bak within the outer mitochondrial membrane, which leads to 

cytochrome c release and promotes anoikis (Figure 2, bottom) [29]. Loss of cell attachments 

to the ECM promote the dissociation of Bim from the microtubule associated dynein light 

chain 1 complex where it is normally sequestered away from mitochondria and inactivated 

[30]. Furthermore, integrin and EGF receptor (EGFR) signaling has been shown to prevent 

anoikis by negatively regulating Bim expression, as detachment induced expression of Bim 

requires a lack of β1-integrin engagement and down-regulation of EGFR (Figure 2) [27]. As 

a result, Bim depletion in mammary epithelial cell lines results in protection from anoikis 

following detachment [27]. Further studies revealed that increased phosphorylation of Bim 

by MAPK/ERK kinase signaling, which is often deregulated in cancer, promotes 

proteasomal degradation of Bim, and leads to increased resistance to anoikis [31–33]. 

Remarkably, Bim was recently shown to inhibit starvation-induced autophagy by 

sequestering Beclin-1 to microtubules via interactions with dynein light chain and inhibiting 

its pro-autophagy function, an event also mediated by ERK/MAPK phosphorylation of Bim 

(Figure 2) [34]. Because anoikis evasion in inflammatory breast cancer cells is at least partly 

mediated by Bim sequestration to microtubules [35, 36], these studies suggest that dynamic 

changes in Bim localization to microtubules and interaction with autophagy regulators such 

as Beclin-1 may provide a rapid molecular switch that allows cells to tune their fate 

following loss of integrin-mediated ECM attachments.

In addition to Bid and Bim, the BH3-only protein Bmf (Bcl2 modifying factor) functions as 

a sensitizer of cellular anoikis by indirectly promoting the interaction of Bid and Bim with 

mitochondrial Bax (Figure 2) [38–40]. Bmf is localized to actin filaments via interactions 

with dynein light chain 2 (DLC2) of the MYO5/myosin V motor complex [41]. Loss of 

integrin-mediated cellular attachments perturbs actin dynamics leading to the release of 

BMF from the cytoskeleton. Subsequent translocation of Bmf to the mitochondria enables 
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Bmf to interact with and sequester the anti-apoptotic protein BCL-2, which promotes anoikis 

[38, 41, 42]. Importantly, recent work also suggests BMF as a potential regulator of 

autophagy during anoikis [43]. In attached cells, actin-associated Bmf interacts with Beclin1 

and stabilizes its inhibitory interaction with Bcl-2, linking this autophagy complex to myosin 

V and inhibiting autophagosome formation (Figure 2, top) [43–45]. Furthermore, IFN-γ 
mediated suppression of Bmf promotes autophagy by reducing the interaction between 

Beclin-1 and Bcl-2 [45]. These recent findings motivate the hypothesis that detachment-

induced release of Bmf from actin cables leads to the destabilization of the autophagy 

inhibitory Bcl-2/Beclin1 complex, resulting in increased autophagy (Figure 2, bottom) [43] 

[45, 46]. Furthermore, in addition to posttranslational regulation, Bmf is regulated 

transcriptionally following loss of integrin-mediated cell adhesion. As a result, 

transcriptional down-regulation of Bmf via diverse oncogenes or in response to hypoxia 

protects cells from anoikis [26, 47]. An important unanswered question is whether 

autophagy contributes to anoikis resistance downstream of these emerging pathways that 

suppress BMF transcription. Overall, these current findings broach previously unappreciated 

roles for Bim and Bmf, two BH3-only Bcl-2 family proteins that have been classically 

associated with the intrinsic apoptotic pathway, in mediating the switch between anoikis and 

autophagy following detachment. In addition to Bim and Bmf, autophagy has been also 

demonstrated to tune the kinetics and extent of mitochondrial apoptosis by regulating the 

expression of another BH3-domain containing protein, PUMA [48]. During death receptor-

induced apoptosis, autophagy downregulates PUMA levels via an indirect mechanism that 

attenuates the transcription of PUMA mRNA [48]. As a result, autophagy impedes apoptosis 

by slowing the kinetics and efficiency of mitochondrial outer membrane permeabilization 

(MOMP), a cellular event widely considered to be the point of no return that marks 

commitment to apoptotic cell death. However, it remains to be determined whether this 

autophagy-dependent regulation of PUMA similarly impacts MOMP during anoikis. Further 

elucidation of molecular events controlling the transcriptional and spatio-temporal regulation 

of pro-apoptotic factors Bim, Bmf, and PUMA, as well as how such events modulate 

autophagy downstream of ECM detachment remain important topics for future study.

ER stress and mTOR signaling during detachment-induced autophagy

Significant interest in the mechanisms that drive anoikis resistance has led to a growing body 

of evidence indicating that epithelial cells activate ER stress signaling for survival following 

detachment [50, 51]. In healthy epithelial cells, surviving anoikis may allow for the 

possibility for reattachment, whereas in cancer, ER-stress signaling is often hijacked to 

promote long-term survival following loss of integrin-mediated attachments [50–52]. 

Specifically, recent evidence demonstrates that ECM-detached mammary epithelial cells 

robustly activate the ER stress kinase PERK, which has been shown to promote survival in a 

variety of non-transformed cell lines. In addition, PERK promotes anoikis resistance in 

diverse cancer cells, including ductal carcinoma breast cells, colorectal adenocarcinoma 

cells, and highly metastatic human fibrosarcoma cells [50, 53].

Following the accumulation of misfolded proteins in the ER, the unfolded protein response 

(UPR) kinase PERK becomes active and has classically been implicated as a negative 

regulator of protein translation through direct phosphorylation and inhibition of the 
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translation initiation complex subunit eIF2α (Figure 3) [54, 55]. At the same time, PERK 

phosphorylation of eIF2α serves a key activator of the integrated stress response, resulting in 

the upregulation of the transcription factor ATF4, which coordinately promotes a number of 

cell survival pathways during stress [55, 56]. In particular, loss of ECM-attachment is 

correlated with a rapid decrease in ATP levels and an increase in ROS production [57, 58]. 

Detachment-induced PERK activation alleviates these stresses via ATF4-dependent 

expression of genes that promote ATP production, and the expression of a key antioxidant 

enzyme, heme oxygenase 1 (HO-1), which promotes the cellular oxidative response [53].

Importantly, PERK-ATF4 signaling supports cell survival following detachment via the 

activation of autophagy [50, 58, 59]. Studies in diverse cell types demonstrate that during 

cell stress, activated ATF4 directly binds to and enhances the expression of a growing 

number of key autophagy related genes, including ATG3, ATG5, ATG7, ATG12, ATG16, 

Ulk1, Beclin1, MAP1LC3B, as well as the selective autophagy cargo adaptor proteins NBR1 

and p62/SQSTM1 (Figure 3) [50, 53, 58–62]. Importantly, a recent study investigating the 

role of ATF4 in regulating anoikis resistance in highly metastatic human fibrosarcoma cells 

demonstrated that knockdown of ATF4 led to a significant increase in apoptosis that 

correlated with diminished autophagosome formation in suspended cells [53]. Furthermore, 

inhibiting the ATF4 dependent transcriptional upregulation of the key autophagy mediators 

ATG5, ATG7, or Ulk1 in these cells abrogated the ability of these cells to resist anoikis. 

Thus ATF4 mediated induction of autophagy in response to matrix detachment acts as a 

cytoprotective mechanism against anoikis (Figure 3).

However, because ectopic expression of ATF4 in PERK deficient cells fails to completely 

reverse the anoikis-sensitive phenotype, PERK may promote anoikis resistance via 

additional signaling mechanisms [53]. In this regard, PERK has been demonstrated to 

alternatively phosphorylate and activate the transcription factor NRF2, which is also 

implicated in PERK-mediated cell survival and cancer progression [63, 64]. Activated NRF2 

has been demonstrated to enhance the transcription of p62/SQSTM1, which may amplify the 

autophagy response [65]. Importantly, targeted deletion of NRF2 results in increased cell 

death following ER-stress, intimating that NRF2, in addition to ATF4, may tune the 

autophagic response downstream of PERK and promote anoikis resistance [63]. NRF2 has 

gained significant attention in cancer biology, as it is often up regulated in a number of 

cancer cells of the prostate, breast, esophagus, and lung [64]. Furthermore, a high level of 

NRF2 signaling is associated with chemo-resistance to cytotoxic chemotherapeutics 

including doxorubicin and cisplatin [66, 67]. Future studies elucidating additional 

transcriptional targets by which non-canonical PERK-NRF2 signaling may regulate 

autophagy following loss of ECM attachment may reveal novel mechanisms utilized by 

cancer cells to induce autophagy and promote anoikis resistance and metastasis.

Upstream of PERK, a recent study in spontaneous lymphomas demonstrates a link between 

Myc-dependent transformation and ER-stress induced autophagy, which may have 

implications during ECM detachment (Figure 3) [52]. The activation of c-Myc leads to an 

unchecked increase in protein translation, which induces the UPR and activates PERK [52]. 

Genetic deletion of PERK in cells with increased UPR signaling due to oncogenic c-Myc 

leads to an increase in cell death and reduced tumor formation via the inhibition of 
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cytoprotective autophagy. Thus, PERK functions as an enhancer of c-Myc-induced 

transformation by promoting autophagy. Notably, decreased α6β4 integrin signaling 

correlates with enhanced activity of the oncogenic transcription factor c-Myc, which has 

been proposed to promote cancer cell proliferation [68]. Given the importance of Myc in 

tumor progression and metabolic adaptation [69, 70], an important unanswered question is 

whether Myc-induced UPR signals contribute to detachment-induced autophagy and anoikis 

resistance. Furthermore, the mechanisms that induce autophagy downstream of the UPR 

during Myc transformation remains unclear; thus, further studies of ATF4 or NRF2 may 

reveal common pathways regulating autophagy following PERK activation downstream of 

Myc activation.

In addition to the transcriptional upregulation of autophagy genes, PERK has been recently 

implicated in promoting autophagy during ECM detachment via the inhibition of mTORC1 

[51]. Mechanistic TOR (mTOR) kinase functions in two highly conserved and distinct 

multiprotein complexes, mTORC1 and mTORC2, that collectively regulate discrete aspects 

of cell growth and metabolism [71]. In particular, mTORC1 is an archetypal negative 

regulator of autophagy, as it directly phosphorylates and inhibits the autophagy initiating 

Ulk1-Atg13 complex [72, 73]. In mammary epithelial cells, the disruption of cell adhesion 

via a β1 integrin-blocking antibody leads to robust activation of the TORC1 inhibitor, 

AMPK, and subsequent inhibition of mTOR signaling as evidenced by decreased 

phosphorylation of the mTORC1 effector p70S6K (Figure 3) [51]. Importantly, the genetic 

deletion of PERK prevents detachment-induced AMPK activation and leads to sustained 

mTORC1 activity in these cells. The regulation of AMPK by PERK appears to be strictly 

dependent on ECM detachment rather than by classical ER stress inducers, such as 

thapsigargin [51]. PERK was found to activate AMPK and inhibit mTORC1 via a 

mechanism that required the AMPK kinase, LKB1, and subsequent activation of TSC2, an 

indirect inhibitor of mTORC1 activity. By decreasing mTORC1 activity, activation of PERK 

following loss of integrin-mediated attachments promoted the rapid induction of autophagy, 

which may be further tuned by the transcriptional mechanisms governing PERK-mediated 

autophagy to promote anoikis resistance. Further insight into the direct mechanisms by 

which integrin-mediated PERK signaling regulates LKB1 is integral to uncovering the 

distinct role that integrin-mediated adhesions play in autophagy activation. Furthermore, it 

remains to be determined whether PERK activation directs other AMPK targets to promote 

autophagy and cell survival following ECM detachment.

Recent findings also suggest that impaired autophagy may in turn lead to elevated ER stress. 

For example, a study examining autophagy and ER stress in aging adipose tissue-derived 

stromal vascular fraction cells (SVF) demonstrates that aged SVF cells exhibit decreased 

autophagy and increased ER-stress [74]. Furthermore, the loss of autophagy in mouse 

colorectal tumors via genetic inhibition of ATG5 or treatment with the lysosomal inhibitor 

chloroquine lead to elevated ER stress as well as increased CHOP and BiP expression [75]. 

Notably, this study also uncovers that the inhibition of autophagy and subsequent increase in 

ER stress results in increased apoptosis. Altogether, these recent findings support that the 

communication between autophagy and ER stress is bidirectional.
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Integrin mediated NFKB-IKK signaling and detachment-induced autophagy

Recent studies further defining the intracellular signals that regulate detachment-induced 

autophagy demonstrate a link between integrin function and the activation of the IκB kinase 

(IKK) complex [17]. IKK functions as a central regulator of the nuclear factor kappa B 

(NFKB) signaling pathway, which has been implicated in autophagy regulation as well as 

anoikis resistance [76, 77]. NFKB has been shown to induce autophagy by transcriptionally 

activating the expression autophagy promoting protein Beclin-1 [78]. In attached and non-

stressed cells, NFKB is sequestered and inactivated in the cytoplasm via the inhibitory 

molecule IκB. Activation of IKK family kinases leads to the phosphorylation and 

proteasomal degradation of IκB, enabling free NFKB dimers to translocate to the nucleus 

and promote the expression of pro survival genes to prevent apoptosis and enhance cell 

proliferation [79].

In addition to mediating NFKB activity, IKK phosphorylates additional cellular proteins and 

promotes a number of NFKB independent pathways, indicating a complex role in cell 

survival signaling [80]. Importantly, constitutively active IKK in human cells and murine 

models has been shown to stimulate starvation-induced autophagy via the activation of 

AMPK, resulting in a subsequent decrease in mTORC1 activity, as well as by activation of 

the kinase JNK1, which promotes autophagy by phosphorylating and inhibiting Bcl-2 to 

release Beclin-1 [77]. Importantly, because inhibition of NFKB does not suppress IKK-

induced autophagy, these studies indicate that IKK promotes autophagy in an NFKB 

independent manner. Such results are consistent with reports demonstrating that IKK, but 

not NFKB, is critical for basal and starvation-induced expression of autophagy genes [81]. 

Furthermore, a study in mammary epithelial cells demonstrates that the inhibition of IKK or 

known activators of IKK, such as MAP3K7, attenuates the autophagy response following 

loss of α3β1 integrin mediated ECM attachments [17]. Importantly, this study demonstrates 

that IKK mediated activation of detachment-induced autophagy occurs independently of 

both mTORC1 signaling and NFKB, once again corroborating that an alternative signaling 

mechanism underlies IKK-mediated regulation of autophagy following matrix detachment. 

Consistent with a role in promoting autophagy-dependent cell survival, pharmacological 

IKK inhibition enhanced anoikis and accelerated apoptosis during acinar morphogenesis in 

3D mammary epithelial culture [17]. It remains to be determined whether JNK1 signaling 

plays a role in mediating autophagy in detached mammary epithelial cells downstream of 

IKK. Further insight into the cellular contexts that influence the IKK signaling cascade to 

regulate autophagy is necessary given that IKK mediated autophagy regulation is tightly 

linked to anoikis resistance and cancer progression [80, 82].

Overall, given the complexity of the signaling pathways mediating ECM detachment-

induced autophagy, it is likely that both autophagy regulation and anoikis resistance relies on 

the integration of multiple signaling pathways. Further understanding how these diverse 

signals cooperate in the temporal regulation of autophagy and anoikis following ECM 

detachment will provide new perspectives into the highly context-dependent functions of the 

autophagy pathway in cancer progression in vivo. Finally, though autophagy is traditionally 

viewed as an autodigestive process, it is also important to recognize that non-canonical 

autophagy pathways may influence integrin-mediated signaling as well as anoikis resistance. 
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Remarkably, a recent study found that detachment results in the co-internalization of the 

receptor tyrosine kinase c-Met and β1-integrin from the cell surface; both are subsequently 

recruited to LC3B-positive autophagy-related endomembranes (ARE) [37]. In detached 

cells, this internalized pool of unliganded β1-integrin promotes c-Met-dependent 

phosphorylation and activation of ERK1/2, which supports anchorage-independent cell 

survival, tumorigenesis, invasion and lung colonization. Importantly, this signaling is 

dependent on ATG5 and Beclin1, but not on ATG13, thus implicating a non-canonical 

autophagy pathway in mediating this process [37].

Autophagy dependent regulation of focal adhesion dynamics

As the foundation of cellular-ECM contact sites, integrin mediated focal adhesions not only 

anchor the cell to the substratum but also play a pivotal role in transducing both mechanical 

and biochemical signaling events within the cell. As such, focal adhesions comprise both 

scaffolding and signaling proteins organized into functional layers that link cytoplasmic 

portions of integrins to signaling and adaptor molecules and facilitate the transmission of 

forces via interactions with cytoskeletal elements (Figure 4) [6, 7]. Focal adhesions are 

highly dynamic and the balance of assembly to disassembly from the ECM is often altered 

in metastatic cancer cells that must detach, undergo migration, and re-reattach at the 

metastatic site [83].

Tension via connections to the cytoskeleton is a key mediator of focal adhesion dynamics. 

Increased tension induces changes in focal adhesion protein conformations and alters protein 

phosphorylation states to promote adhesion stabilization and growth [84–87]. One such 

event includes the phosphorylation of the focal adhesion adaptor protein, paxillin (PXN), by 

the focal adhesion kinase (FAK) and Src complex [88–90]. Studies on the spatio-temporal 

regulation of focal adhesions suggest that FAK-Src localizes to nascent focal adhesions prior 

to PXN and tyrosine phosphorylation by this complex promotes disassembly [86, 90, 91]. In 

contrast, establishment of tension at nascent focal adhesions promotes the accumulation of 

de-phosphorylated PXN at focal adhesions and loss of FAK association, which encourages 

strengthening of focal adhesions and further recruitment of downstream signaling partners 

(Figure 2) [86, 90, 91].

A number of signaling mechanisms also regulate the disassembly of focal adhesions, and 

recently, autophagy has been implicated as a key mediator of this process by targeting 

directly focal adhesion proteins for degradation (Figure 4) [83]. Phosphorylation of PAX by 

Src has been shown to promote its interaction with the autophagosome associated LC3 

proteins and subsequent autophagic degradation leading to focal adhesion disassembly [12]. 

Additionally, in cells with reduced or altered FAK signaling, autophagy has been 

demonstrated to promote the targeted degradation of activated Src, an event mediated by the 

LC3 interacting autophagy cargo receptor, Cbl (Figure 4) [92]. Furthermore, the degradation 

of active Src via autophagy results in the subsequent degradation of Ret, a tyrosine kinase 

that activates FAK at focal adhesions, hence broaching additional molecular links between 

autophagy and focal adhesion disassembly [93, 94]. Further studies have revealed that the 

mTORC1 effector p70S6K is the kinase responsible for targeting Src to autophagosomes, 

further implicating autophagy signaling pathways in the control of integrin-mediated ECM 
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cellular attachments (Figure 4) [95]. In addition to degrading focal adhesion components, 

autophagy has been demonstrated to selectively target a key regulator of actinomyosin 

contractility, the GTPase RhoA, which modulates tension via myosin II activation (Figure 4) 

[96]. When ubiquitinated, RhoA becomes a substrate for the selective autophagy cargo 

adaptor protein, p62 [97]. While this study mainly focused on the role of autophagy 

mediated RhoA degradation in mediating cytokinesis, this relationship is consistent with 

autophagy supporting focal adhesion turnover as RhoA is known to localize at focal 

adhesions to promote focal adhesion maturation [98]. Furthermore, when bound to 

unanchored integrins, RhoA induces a tension-dependent cell death response, and 

degradation by autophagy may provide a mechanism for anoikis resistance [98]. Indeed, 

initial studies suggest that autophagy may affect migration by capturing RhoA in autophagic 

vesicles located near the lamellipodia of migrating cells; accordingly, inhibiting 

autophagosome formation leads to the release of active RhoA to the plasma membrane, 

resulting in increased actin polymerization and impaired cell motility [99]. Thus, while non-

selective autophagy may mediate cell stress responses and metabolic adaptation following 

ECM detachment, it is becoming apparent that various forms of selective autophagy serve to 

fine-tune focal adhesion dynamics and signaling.

This notion is further strengthened by most recent findings demonstrating that the selective 

autophagy cargo adaptor, NBR1, is a key regulator of focal adhesion turnover and migration 

[11]. Specifically, NBR1 depletion impairs focal adhesion turnover, leading to the 

accumulation of focal adhesions, increased cell spreading, and reduced cell migration [11]. 

NBR1 localizes to the leading edge of focal adhesions, and has been shown to biochemically 

interact with a number of focal adhesion proteins including, PXN, vinculin, zyxin, and FAK, 

which may mediate its localization to focal adhesions (Figure 4) [11]. However it remains to 

be determined whether NBR1 directly mediates the autophagic degradation of its associated 

focal adhesion proteins, which would be consistent with its role in promoting disassembly. 

Interestingly, both NBR1 and FAK are directly regulated by the glycogen synthase kinase, 

GSK3β, which has also been implicated in mediating cell migration and spreading by 

promoting focal adhesion disassembly, suggesting another regulatory link between NBR1 

and focal adhesions [100–102]. However, further studies are required to unveil the spatio-

temporal regulation of GSK3β in mediating the interplay between NBR1 and FAK at focal 

adhesions and the implications this may have on cell adhesion and motility. Furthermore, 

given the existence of a number of autophagy cargo adaptors and the importance of 

autophagy in mediating focal adhesion dynamics, further studies on the interrelationships 

between the various autophagy cargo adaptors and focal adhesion proteins is required to 

unveil a more in-depth mechanism for selective autophagy in tuning cellular adhesions to the 

ECM.

The selective degradation of cargo by autophagy is often specified by ubiquitination, as 

demonstrated by RhoA mediated degradation by p62 [103, 104]. Evidence demonstrates a 

requirement for the ubiquitin-binding (UBA) domain of NBR1 in focal adhesion 

disassembly, suggesting that NBR1 substrates at focal adhesions may be regulated by 

ubiquitin [11]. Furthermore, several E3 ubiquitin ligases have been localized at focal 

adhesions, where they have been linked to the ubiquitination of focal adhesion proteins, such 

as FAK and paxillin [11, 105–108]. However, the precise role of ubiquitination in the 
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selective autophagy of focal adhesion proteins remains unknown as autophagic targeting of 

specific substrates has also been shown to occur via ubiquitin-independent mechanisms [92, 

103, 109, 110]. Furthermore, the identity of such E3 ligases mediating selective autophagy 

in focal adhesion turnover remains elusive. In light of recent findings, one tempting 

candidate may be a member of the cullin-RING ligases (CRL) recently implicated in 

mediating both focal adhesions as well as autophagy [111, 112]. CRL3 has recently been 

localized to focal adhesion structures at the cell leading edge and demonstrated to promote 

cell migration by ubiquitinating the microtubule interacting protein, EB1 [112]. Highlighting 

the importance of CRL proteins in mediating focal adhesion dynamics, cells with decreased 

activity of the CRL3 KLHL21 ligase or non-ubiquitinated EB1 are unable to migrate as they 

exhibit defects in focal adhesion dynamics and in the formation of lamellipodia [112]. 

Additionally, CRL proteins have been linked to autophagy via the targeted degradation of a 

number of autophagy regulators including DAPK, which regulates the dissociation of 

Beclin-1 from Bcl-2; Atg14L, which is involved in autophagosome initiation; and the ULK1 

substrate Ambra1, which associates with other CRL proteins to promote autophagy by 

suppressing mTORC1 [111, 113–116]. Thus, autophagy and CRL family ligases may 

antagonize each other at focal adhesions, or they may cooperate to regulate the 

ubiquitination and potential degradation of a number of focal adhesion proteins; however, 

these possibilities remain open to investigation. Overall, further understanding the interplay 

between E3 ligases and selective autophagy may reveal novel interactions important for 

focal adhesion remodeling in both normal and cancerous cells.

Taken together, these current findings demonstrate that autophagy functions to fine-tune 

focal adhesion dynamics. Thus, one can speculate that heightened autophagic activity 

positively influences cancer progression and metastatic migration by degrading focal 

adhesions of cells to the ECM while also preventing anoikis. In support of this model, 

reduced autophagy in highly aggressive 4T1 mammary carcinoma cells is associated with 

reduced metastatic dissemination from the primary tumor using in vivo orthotopic 

transplantation models [12].

Highlighting the pathological importance of maintaining proper focal adhesion dynamics, 

PXN overexpression and phosphorylation has been demonstrated to promote tumor 

progression and is associated with poor overall survival in lung cancer patients [117]. 

Current findings demonstrate that increased Src mediated PXN phosphorylation leads to 

increased expression of the anti-apoptotic Bcl-2 protein, and that this contributes to 

resistance of the chemotherapeutic cisplatin [118]. This is supported clinically by the 

observation that cisplatin-based chemotherapies are less effective on patients with lung 

tumors expressing heightened PXN signaling and Bcl-2 expression compared to negative 

tumors [118]. Transcriptional activation of Bcl-2 downstream of FAK-Src PXN signaling 

was attributed to increased ERK signaling [118]. Moreover, it is interesting to note that 

mechanical stress has been shown to promote nuclear localization of FAK, thus broaching 

the possibility that FAK may serve a more direct role in signaling changes to the nucleus to 

regulate cell fate following detachment [119]. Additionally, autophagic targeting of focal 

adhesion proteins has been shown to promote cancer cell survival when FAK signaling is 

reduced or altered [120]. Thus, it is imperative to uncover a more comprehensive map of 
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autophagy targets at focal adhesions and define their physiological roles in order to further 

understand the tumor promoting mechanisms resulting from increased autophagy.

Autophagy and cancer metastasis

The lethality of epithelial cancers (carcinomas) is primarily attributed to the unchecked 

invasion and metastases of tumor cells throughout the body [21, 23]. The loss of integrin-

mediated ECM attachments and resistance to anoikis are both intimately linked to the 

tumorigenesis and metastasis of various cancers and recent evidence suggests that autophagy 

facilitates the dissemination of tumor cells to metastatic sites [12]. Furthermore, a clinical 

study focusing on melanoma and breast cancer tumors found strong correlations between 

high expression levels of the autophagy protein, LC3B, and both increased metastasis and 

worsened patient outcome [121]. Furthermore, increased expression of Beclin1 protein has 

been shown to predict poor survival and high occurrence of distant metastasis in 

nasopharyngeal carcinoma [122]. Heightened Beclin1 activity has also been implicated in 

the growth and metastasis of colorectal cancer [123]. These findings are corroborated by a 

recent study of hepatocellular carcinoma (HCC) cell metastasis, which revealed that 

silencing of autophagy genes BECN1 (Beclin1) or ATG5 significantly decreased the 

incidence of pulmonary metastases in vivo, attenuated anoikis-resistance via the up 

regulation of pro-apoptotic factors, and decreased lung colonization of HCC cells [124]. 

Furthermore, HCC metastases exhibited significantly higher LC3 expression than primary 

tumors, with the highest levels associating with early metastatic colonies [125]. In addition, 

the chemical and genetic inhibition of autophagy in experimental metastasis models results 

in delayed metastasis development, while stimulation of autophagy hastens development 

[126]. Thus, for several cancer types, the modulation of autophagy is linked to metastatic 

progression and autophagy-mediated anoikis resistance has been implicated in early stage 

metastatic disease.

Current studies are only beginning to uncover the how autophagy regulates tumor 

metastasis. While autophagy does not correlate with invasion and migration of human HCC 

cells in mouse models, autophagy inhibition decreases the invasive capacity in glioma cells 

via a mechanism that may involve the autophagy cargo adaptor protein, p62/SQSTM1 [127–

129]. However, it remains unclear whether other autophagy cargo adaptors mediate invasion 

in vivo. Interestingly, during starvation in cell culture, the invasion of human HCC cells is 

promoted by autophagy-mediated activation of the transforming growth factor beta (TGFβ) 

signaling pathway, which stimulates the epithelial-to-mesenchymal transition (EMT) [130]. 

Remarkably, in addition to regulating autophagy, integrins have been shown to modulate 

TGFβ signaling and EMT progression in mammary epithelial cells [131], broaching the 

hypothesis that integrin-mediated regulation of autophagy may act as a context dependent 

promoter of metastasis by driving pro-metastatic EMT signals. However, other studies 

support an inhibitory role for autophagy during EMT. A study investigating the role of 

death-effector domain-containing DNA-binding protein (DEDD) in EMT and metastasis 

revealed that increased DEDD expression inhibits EMT by activating autophagy-dependent 

degradation of SNAIL and TWIST, two principal transcriptional EMT regulators [132]. 

Interestingly, DEDD levels promotes autophagy via direct interaction with class III PI-3-
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kinase (PI3KC3)/Beclin1. However, it remains to be determined whether autophagy 

functions as an in vivo suppressor of EMT during metastasis [133].

In addition to modulating EMT, integrin signaling promotes metastasis via the formation of 

integrin β1 adhesion plaques and filopodium-like protrusions in extravasated cancer cells, 

which allows for proliferation of micro-metastases into the surrounding tissue parenchyma. 

Because early colonization is a rate-limiting step in metastasis [134], one can speculate that 

integrin-mediated autophagic signaling may modulate these later stages of adhesion to 

promote the attachment and proliferation of disseminated metastatic cells. Importantly, the 

proliferative outgrowth of micrometastases after extravasating into the parenchyma has been 

shown to be highly dependent on the integrin β1-mediated activation of focal adhesion 

kinase (FAK) [135]. While autophagy promotes the selective degradation and turnover of 

integrin-mediated focal adhesions, more direct roles for autophagy in mediating FAK-driven 

proliferative signaling remains unknown.

In addition to modulating migration and adhesion dynamics, other mechanisms are likely at 

play with regards to the role of autophagy in metastasis. For example, autophagy promotes 

oncogenic RAS-driven invasion and metastasis by regulating the secretion of a multiple pro-

invasive factors, including the pro-migratory cytokine, interleukin-6 (IL-6) [136]. 

Nevertheless, given the roles of integrin-mediated signaling and autophagy in anoikis 

resistance and metastasis, further investigation into the interrelationships of the autophagy 

pathway with cell-matrix adhesion signaling cascades should provide unique insights into 

the complex functions of autophagy during cancer metastasis in vivo.

Concluding remarks

Integrin-focal adhesion signaling and autophagy exhibit an inverse relationship, as the loss 

of ECM-cellular attachments or disengagement of integrin receptors induces a protective 

autophagy response that negatively regulates anoikis and promotes cell survival. While 

healthy cells possess the capability of tipping the balance towards cell death following 

prolonged detachment, cancer cells rely on a durable autophagy response to overcome 

anoikis and survive in the absence of integrin-mediated cellular adhesions to the ECM. 

Moreover, the emerging cell biological roles of autophagy in promoting focal adhesion 

turnover and integrin–mediated intrinsic signaling provide new perspective into the 

mechanisms through which autophagy influences cancer progression. Further investigating 

how autophagy controls cell adhesion and how integrin-mediated signaling pathways in turn 

regulate autophagy will enhance our understanding of how these pathways influence 

important biological processes such as cellular motility and differentiation. Finally, such 

research will undoubtedly offer fresh insight into the paradoxical roles of autophagy in 

cancers, especially in the progression towards metastasis.
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Highlights

Loss of integrin-mediated cell matrix adhesion induces autophagy, which protects 

cells from detachment-induced cell death (anoikis).

Multiple intracellular signaling pathways regulate detachment-induced autophagy.

Autophagy regulates integrin-mediated cell adhesion by promoting focal adhesion 

remodeling.
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Figure 1. The balance between autophagy and anoikis following ECM detachment
Loss of integrin-mediated cell attachment to the extracellular matrix (ECM) promotes 

autophagy while also leading to cell death by anoikis. Healthy cells initiate an acute 

autophagy response following detachment, which functions as a cell survival mechanism 

that represses anoikis, affording cells with time to reattach. However, prolonged ECM 

detachment tips the balance towards anoikis. In contrast, cancer cells exhibit a durable 

autophagy response, which protects them from anoikis. Furthermore, by promoting anoikis 

resistance, autophagy may facilitate the ability of metastatic cancer cells to migrate away 

from the native ECM environment, intravasate into the systemic circulation and ultimately, 

to extravasate, reattach and proliferate at the metastatic site.
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Figure 2. BH3-only Bcl-2 family proteins in anoikis and autophagy
Top: The BH3-only Bcl-2 proteins Bim and Bmf mediate anoikis by activating the intrinsic 

mitochondrial apoptosis pathway. In attached cells, intact integrin-mediated adhesions and 

active EGFR signaling repress these apoptotic pathway activators by multiple mechanisms. 

First, ERK1/2 signaling downstream of EGFR inhibits anoikis by downregulating the 

transcription of Bim and Bmf. Second, ERK phosphorylation promotes the proteasomal 

degradation of Bim, as well as promotes the sequestration of phosphorylated-Bim at 

microtubules. Remarkably, Bim binding to microtubules and the localization of Bmf to actin 

both function in the upstream regulation of autophagy via inhibiting the critical autophagy 

regulator, Beclin-1 (ATG6), hence suppressing autophagosome formation. Bottom: The loss 

of integrin-mediated adhesion attenuates EGFR signaling and destabilizes cytoskeletal-focal 

adhesion associations. As a result, the mRNA expression of Bim and Bmf is increased and 
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the associations of Bim and Bmf with the cytoskeleton are lost. The subsequent recruitment 

of Bim and Bmf to mitochondria triggers the intrinsic apoptotic cascade, including 

BAX/BAK mediated cytochrome c release and caspase activation, leading to anoikis. At the 

same time, upon disassociation from Bim and Bmf, free Beclin1 promotes autophagy 

following ECM detachment. These opposing effects of Bim and Bmf on both autophagy and 

apoptosis likely dictate cell fate in ECM detached cells.
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Figure 3. ER stress signaling during detachment-induced autophagy
ECM detachment activates the ER stress kinase, PERK, which promotes anoikis resistance 

by activating detachment-induced autophagy. PERK is an EIF2α kinase that mediates the 

integrated stress response, marked by a global decrease in protein translation and de-

repression of the ATF4 transcription factor, which leads to the coordinate induction of 

numerous autophagy regulatory proteins. PERK also promotes detachment-induced 

autophagy by activating AMPK, which leads to enhanced autophagy via the negative 

regulation of mTORC1. Furthermore, PERK phosphorylation of the transcription factor 

NRF2 promotes its activation and translocation to the nucleus; this results in increased 

transcription of p62/SQSTM1, which may amplify the autophagic response. Finally, reduced 

or aberrant integrin signaling has been linked to the activation of MYC in cancer cells, 

which induces the unfolded protein response (UPR) and promotes PERK activation.
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Figure 4. Autophagy dependent regulation of focal adhesion dynamics
Focal adhesion turnover is mediated by autophagy. During cell migration, nascent focal 

adhesions (NA) mature into larger focal adhesions (FA) that are connected to cytoskeletal 

elements, which transmit the forces necessary to promote forward motility. Subsequently, 

these FAs must disassemble to allow the cell body to productively move forward, and 

selective autophagy is crucial for this process. Autophagy promotes focal adhesion 

disassembly via multiple pathways involving LC3 and autophagy cargo receptors that 

selectively target FA components. First, NBR1 promotes focal adhesion remodeling by 

recruiting LC3-containing autophagosomes to FAs. NBR1 binds to focal adhesion proteins, 

such as vincullin, FAK, paxillin, and zyxin, and promotes their sequestration within 

autophagosomes. Second, Src-mediated phosphorylation of paxillin targets phosphorylated 

paxillin to autophagosomes via the direct association with LC3. Third, active Src serves a 

direct target for the autophagy cargo adaptor, Cbl, which recruits autophagosomes to 

degrade Src. Finally, autophagic targeting of RhoA via p62/SQSTM1 perturbs FA actin 

dynamics.
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